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Lorna Catherine Waters

Title: Solution Structures of Proteins and Complexes Involved in the Regulation of 

Eukaryotic Gene Expression

ABSTRACT

The regulation of eukaryotic gene expression is dependent on the formation of specific 

protein-protein and protein-nucleic acid complexes. The crucial roles played by these 

protein complexes highlights the importance of the work reported here, which focuses on 

the structures and interactions of two specific regulatory complexes. The initial work 

focused on the interaction between the general coactivator CBP (SID domain) and 

members of the p i60 family of coactivators (ADI domain), which is a key step in the 

activation of transcription by nuclear receptors. The solution structure of the CBP SID / 

SRC1 ADI complex described in this thesis shows that the two helical domains are 

intimately associated, with the first helix in SRC1 ADI and the first three helices in CBP 

SID forming a four helix bundle, which is capped by the fourth helix of the ADI domain. 

Comparisons with the structure of the related CBP SID / ACTR ADI complex showed that 

while the CBP SID domain adopts a similar fold in complex with different p i60 proteins, 

the topologies of the ADI domains are strikingly different, a feature that is likely to 

contribute to functional specificity of these complexes. The second part of the work 

described here focused on the interaction between the MA-3 domains of the tumour 

suppressor Pdcd4 and the translation factor eIF4A, which has been shown to inhibit cap- 

dependent translation. The C-terminal MA-3 domain (Pdcd4 MA-3c) was shown to 

consist of three atypical HEAT repeats capped by a final helix. This domain was found to 

interact with the N-terminal domain of eIF4A through a conserved surface region. The 

comparison of NMR spectra obtained from Pdcd4 MA-3c and the tandem MA-3 region 

strongly suggests that the tandem MA-3 region is composed of two equivalent domains 

connected by a semi-flexible linker. The high resolution structural information obtained 

provides important insights into the interactions and functional specificity of the protein 

complexes studied.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Regulation o f Eukaryotic Gene Expression

The regulation of gene expression in multi-cellular organisms is critical for many essential 

cellular events, including: cell growth, proliferation, differentiation, apoptosis, and 

homeostasis. The breakdown or misregulation of expression is associated with many 

major diseases including: cancer, polio, Huntington’s disease and HIV. Regulation at all 

levels along the gene expression pathway involves the formation of specific protein-protein 

and protein-nucleic acid complexes. The essential roles played by these complexes 

emphasises the importance of the work described in this thesis, which focuses on the 

structures and interactions of two protein-protein complexes involved in the regulation of 

gene expression: the complex formed between the interaction domains of the 

transcriptional coactivators CBP and SRC1 and the complex formed between the 

translational regulators Pdcd4 and eIF4A.

As indicated above the expression of genes can be regulated at a number of levels:

The structure of chromatin affects the ability of the transcription initiation machinery to 

access specific genes.

The initiation of transcription is regulated at many levels by external stimuli, 

transcription factors and coregulators.

The mRNA transcripts are processed and modified by a number of enzymes, which are 

involved in the addition of the 5’ cap and 3’ polyadenylate tail, and splicing. 

mRNA transcripts are selectively transported from the nucleus to the cytoplasm.

The stability of certain mRNA transcripts is dependent on the presence of sequences 

that signal for rapid degradation in the cytoplasm.
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Translation initiation is regulated by eukaryotic initiation factors, signal transduction 

pathways and translational regulators.

Whilst all of these processes are important, only chromatin structure, and the regulation of 

transcription initiation and translation initiation relate to the focus of this thesis and hence 

are discussed in more detail. A general introduction to these processes is presented below, 

with more specific introductions relating to the structural studies of CBP and Pdcd4 

contained within the relevant experimental chapters.

7.2 Histone Modifications and Chromatin Remodelling

The condensation of DNA in chromatin suppresses gene activity partly through the 

inaccessibility of promoter sequences to the transcription apparatus (Cheung et al., 2000). 

Chromatin is composed of repeating nucleosome units, which consist of approximately 146 

base pairs of DNA wound around an octamer of eight histones (two molecules of each of 

the core histones: H2A, H2B, H3 and H4) (Luger et al., 1997). The structure of a 

nucleosome unit is shown in figure 1.1. The additional binding of histone HI to the 

outside of the octamer and the linker DNA helps to form more compact higher order 

structures. The four core histones consist of globular domains with unstructured amino 

and carboxy terminal tails that are subject to various reversible posttranslational 

modifications, including lysine acetylation, arginine and lysine methylation, serine and 

threonine phosphorylation, lysine sumoylation and lysine ubiquitination (reviewed in 

Davie & Murphy, 1990; Kimura et al., 2005; Nowak & Corces, 2004; Sterner & Berger, 

2000; Zhang & Reinberg, 2001). These modifications may serve as epigenetic markers, 

which are able to influence the patterns of gene expression and have been implicated in 

both the recruitment of regulatory proteins (discussed below) and in transcriptional 

silencing (reviewed in Mellor, 2006; Nightingale et al., 2006; Rosenfeld et al., 2006).
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Figure 1.1 Structure of the nucleosome core particle (Luger et a l 1997) (PDB 

code 1AOI). The nucleosome is composed of 146 base pairs of DNA (shown in grey) 

wound around a histone octamer, which contains two molecules of histones H2A, 

H2B, H3 and H4. The ribbon representation of the backbone topology of histones 

H2A are shown in red, H2B in purple, H3 in blue and H4 in green. Where visible, the 

unstructured N-terminal tails are labelled. It should be noted that a number (between 3 

and 37) of the N-terminal residues are absent from the histone structures. The 

nucleosome unit shown in panel B has been rotated by approximately -90° about the 

horizontal axis as compared to panel A.
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Research into histone modifications has, until recently, focused primarily on histone 

acetylation, a process which is generally associated with transcriptional activation (Hebbes 

et al., 1988). The acetylation of lysine residues neutralises the 8-amino groups positive 

charge, which is believed to weaken the intemucleosomal interactions and destabilise the 

chromatin structure (Hong et al., 1993). Histone acetyltransferases (HATs), such as CBP 

(discussed in section 2.1.3), play an important role in the control of transcription and hence 

cellular control. Their misregulation is involved in the development of some human 

tumours (reviewed in Timmermann et al., 2001) and they are also targeted by many viral 

proteins (reviewed in Caron et al., 2003). However, the precise roles of histone acetylation 

are not fully understood. This is highlighted by specific examples where histone

acetylation is associated with transcriptional repression and deacetylation with 

transcriptional activation. For example, the acetylation of K12 of histone 4 (H4) is 

increased in heterochromatic regions (Turner et al., 1992), and the HD AC Hos2 has been 

shown to function as a transcriptional activator (Kurdistani & Grunstein, 2003).

Histone methylation has been shown to both inhibit and activate transcription (reviewed in 

Nightingale et al., 2006; Santos-Rosa & Caldas, 2005). For example, the arginine 

methyltransferases CARM 1 (coactivator-associated arginine methyltransferase) and 

PRMT1 (protein arginine methyltransferase 1) have been shown to enhance transcription 

(Koh et al., 2001), whilst the methylation of K27 of H3 is associated with transcriptional 

repression (Cao et al., 2002; Kuzmichev et al., 2002). Histone phosphorylation also plays 

contradictory roles in transcriptional regulation. For example, Phosphorylation of S 10 of 

H3 results in either the condensation of chromatin, or transcriptional activation, depending 

on the context (reviewed in Nowak & Corces, 2004). The ubiquitination or sumoylation of 

lysine residues are generally associated with transcriptional activation and inhibition 

respectively. For example, ubiquitination of H2B in yeast is associated with transcriptional
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activation. Sumoylation is associated with the recruitment the transcriptional corepressors 

HDAC1 and HP1 (reviewed in Santos-Rosa & Caldas, 2005).

Specific patterns of histone modifications have been observed in nucleosomes. For 

example, the phosphorylation of S10 of H3 has been shown to promote the acetylation of 

K14 of H3, whilst the ubiquitination of K 123 of yeast H2B is required for the subsequent 

methylation of K4 and K79 of H3 (reviewed in Nightingale et al., 2006; Santos-Rosa & 

Caldas, 2005). The existence of these histone modification patterns, in conjunction with 

the contradictory roles of specific modifications and the residue specificity of histone 

modifying enzymes, is consistent with a hypothesis known as the ‘histone code’ (reviewed 

in Kimura et al., 2005; Sterner & Berger, 2000; Strahl & Allis, 2000). The code holds that 

residue specific posttranslational modifications of histones influences subsequent cofactor 

binding and modifications to either the same or different histone molecules (Fischle et a l, 

2003; Jenuwein & Allis, 2001; Strahl & Allis, 2000; Turner, 2000).

The modified histones serve as recognition sites for the recruitment of effectors that 

stimulate further modifications or nucleosome remodelling, in which the nucleosome slides 

along the DNA exposing or occluding local DNA areas to interactions (Agalioti et al., 

2002; Kimura et al., 2005; Mellor, 2006). These chromatin interacting proteins interact 

through common domains such as chromodomains, which bind methylated histones 

(Bannister et al., 2001) and bromodomains, which bind to acetylated histones (Dhalluin et 

al., 1999). Bromodomains are present in many histone modifying proteins and chromatin- 

remodelling complexes, for example CBP/p300 and BRG1 (brahma-related gene 1) 

(Margueron et al., 2005; Ragvin et al., 2004).

Studies of human estrogen receptor a (hERa) induced transcription initiation at the pS2 

promoter of MCF-7 cells showed that cycles of histone modifications were observed
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during the cycles of transcription initiation (Mellor, 2006; Metivier et al., 2003; Reid et al., 

2003). These modifications are shown in figure 1.2.

Time riri*
0 X  40 SC SC IX  150 "4C

Nulii;

Unproductive cycle Productive cycle I Productive cycle II Productive cycle I

Tr,rf. i r RH II all

'h  J  i  I,:,!: j

j  m \ j Ht ^
K3 ' M3 ' «3  1 H

f  f  f  T

I I I 4 ' I i
H « f lp  H -m m  H4 (

MJ /  -  ' M3 / I H3 I \  Ml I O l  H 3 »

'  i n 1
. 3

I I Ac H4 
Ac H3 
Met-H4 
M et-H3

 EB.
Ac H J 
Ac-H4 
Pol II

 M et-H3
 M et-H4

-  -  TDP

NucE

Metivier et a l , 2006 

Figure 1.2 Histone modifications observed at the pS2 promoter during cycles of 

transcription activation (Metivier et a l 2006). Panel A shows the recruitment of 

cofactors to the pS2 promoter of MCF-7 cells observed during estrogen receptor a 

(ERa) mediated transcription initiation, as determined by chromatin 

immunoprecipitation assay. Steroid deprived cells were treated with a-amanitin to 

prevent basal transcription. The pS2 promoter was subsequently stimulated with 10 

nM estradiol. The y axis represents the amount of immunoprecipitated pS2 promoter 

expressed as a percentage of the input. The details of the transcriptional cycles are 

discussed in section 2.1.1. The periodic association of HATs, HDACs, HMTs and 

SWI/SNF (Brg/Brm), as well as other important proteins/complexes are indicated.
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Also shown are the levels of acetylated H3 K14 and H4 K16, and of methylated H3 R17 

and H4 R3. Panel B shows the corresponding nucleosome dynamics. The location of 

the modified histones in nucleosome E (NucE) and nucleosome T (NucT), which are 

associated with the estrogen response element (ERE) and TATA box respectively, are 

shown. Increased accessibility of either the TATA box or the ERE is shown by dashed 

lines. The schemes are based on Metivier et al (2003), Reid et al (2003) and Metivier et 

al (2006). Abbreviations used are: Acetylated histone 3 K14 (Ac-H3), acetylated 

histone 4 K16 (Ac-H4), AAA ATPase proteins independent of 20S (APIS), estrogen 

response element (ERE), histone methyltransferase (HMT), methylated histone 3 R17 

(Met-H3), methylated histone 4 R3 (Met-H4), nucleosome remodelling and 

deacetylating complex (NuRD), switch/sucrose non-fermentation (SWI/SNF).

1.3 Overview o f the Regulation o f Transcription Initiation

Initiation of transcription is one of the most complex control points of gene expression. It 

requires the coordinated functions of a vast number of proteins including the basal 

transcription machinery; sequence specific DNA binding transcription factors, chromatin 

remodelling enzymes and cofactors that act as scaffolds and bridges.

In order to initiate the transcription of protein encoding genes, RNA polymerase II (Pol II) 

requires the assistance of several general transcription factors (GTFs): TFIIA, TFIIB, 

TFIID, TFIIE, TFIIF and TFIIH, which together form the pre-initiation complex (PIC) 

(reviewed in Thomas & Chiang, 2006). With the exception of TFIIB, all the GTFs are in 

fact multiprotein complexes, composed of between two and fifteen different proteins. 

Similarly, Pol II is also a multiprotein complex composed of 12 different protein subunits. 

The assembly of the PIC begins with the recruitment of TFIID, which is composed of the 

TATA-binding protein (TBP) and a number of TBP-association factors (TAFs: TAF1 -
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TAF15), to the TATA box, initiator element (Inr) and/or the downstream promoter element 

(DPE) of the core promoter (reviewed in Lee & Young, 2000; Lemon & Tjian, 2000; 

Thomas & Chiang, 2006). The other GTFs and Pol II are subsequently recruited through 

one of two possible pathways: the sequential assembly pathway or the Pol II holoenzyme 

pathway (reviewed in Lemon & Tjian, 2000; Thomas & Chiang, 2006).

In the sequential assembly pathway, the GTFs and Pol II are sequentially recruited to 

promoter bound TFIID. The initial step in this pathway involves the recruitment of TFIIA 

followed by TFIIB. In the case of TATA box containing promoters, these two GTFs help 

to stabilize the TBP-TATA complex, as shown in figure 1.3 panels A and B. TFIIB also 

plays an important role in the subsequent recruitment of the Pol II - TFIIF complex. In 

addition to interacting with TFIIB, TFIIF plays several other important roles in PIC 

assembly, including, stabilizing the Pol II-TFIIB-TBP-promoter complex and recruiting 

TFIIE. TFIIE in turn recruits the final GTF, TFIIH, to the PIC. TFIIH possesses DNA- 

dependent ATPase activity, ATP-dependent helicase activity and kinase activity, which are 

all required for transcription initiation. Cyclin-dependent kinase 7 (CDK7), a component 

of the TFIIH protein complex, has been shown to phosphorylate the C-terminal domain of 

Pol II, an event that is believed to be an important step in the release of Pol II from the PIC 

(reviewed in Boeger et al., 2005; Bushnell et al., 2004; Lemon & Tjian, 2000; Nikolov & 

Burley, 1997; Thomas & Chiang, 2006). The proposed structural model of the PIC is 

shown in figure 1.3 panel C.

19



Figure 1.3 Model of the promoter bound general transcription factor and RNA 

polymerase II complexes. Panels A and B show the model of the TFIIA-TFIIB- 

TBP-DNA complex, based on the structures of the C-terminal (c) TFIIB-TBP-TATA 

(Nikolov et al., 1995) and the TFIIA-TBP-TATA complexes (Geiger et al., 1996; Tan 

et al., 1996), proposed by (Nikolov & Burley, 1997). The transcription start site is 

labelled as +1. The TBP N-terminus is shown in light blue, the TBP second repeat in
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second repeat in dark blue, TFIIA small subunit in green, TF1IA large subunit in 

yellow, cTFIIB first repeat in red, cTFIIB second repeat in magenta and DNA in grey. 

Panel C shows a model of the PIC, which was proposed on the basis of crystallography 

(TBP, TFIIB, Pol II, Rpb4, Rpb7) and electron microscope (TFIIE, TFIIF and TFIIH) 

structures (Boeger et al., 2005; Bushnell et al., 2004). The individual structures are 

shown on the left side of the panel and the assembled complex on the right. TFIIB is 

shown in yellow (N-terminal) and purple (C-terminal), TBP in green, TFIIE in purple, 

TFIIF in blue, TFIIH in orange, Pol II in grey, polymerase subunits Rbp4 and Rbp7 in 

red and the DNA in red, blue and white.

The Pol II holoenzyme pathway was proposed as a result of the discovery that Pol II could 

be recruited as part of a preassembled complex, containing a subset of GTFs and cofactors. 

For example, Wu et al reported the isolation of a complex composed of Pol II, TFIIB, 

TFIIE, TFIIF, TFIIH, GCN5, SWI/SNF and Mediator complex (Wu & Chiang, 1998). 

Many different complexes have been observed, depending on the experimental methods 

and materials used, however, none of these complexes contain TFIID. The holoenzyme 

pathway is therefore believed to consist of two steps, the initial recruitment of TFIID to the 

promoter, followed by the recruitment of the Pol II complex (reviewed in Lemon & Tjian, 

2000; Thomas & Chiang, 2006).

The formation of the promoter bound PIC is sufficient for a basal level of transcription. 

However, the coordinated assembly of additional transcription factors and coactivator 

complexes are required for higher levels of regulated transcriptional activity. Transcription 

factors are recruited to DNA promoter or enhancer sequences, which are found up to 

thousands of base pairs upstream or downstream of the core promoter. Transcription 

factors are composed of distinct functional domains; a DNA binding domain and, in the
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majority of cases, one or more activation domains (Ptashne & Gann, 1997; Triezenberg, 

1995). The DNA binding domains generally conform to one of a number of structural 

motifs including the basic helix-loop-helix, the Cys4 type and Cys2 -His2 zinc fingers, the 

basic leucine zipper and the helix-tum-helix. The majority of the activation domains that 

have been studied, have been shown to be regulated by either ligand binding or 

posttranslational modifications. They function by recruiting coregulators, which are 

required to regulate transcription at nearby promoters (Pugh & Tjian, 1990). A schematic 

representation of the transcription factor/coactivator complexes formed at the promoter and 

enhancer sequences is shown in figure 1.4.

Coactivators enhance gene transcription by several methods, including the posttranslational 

modification of transcriptional regulators and histones, by remodelling chromatin structure, 

by acting as a scaffold for the formation of multiprotein complexes, or as a bridge between 

the enhancer bound transcriptional activators and the PIC (reviewed in Perissi & 

Rosenfeld, 2005; Spiegelman & Heinrich, 2004). The role of some cofactors in 

transcriptional activation has been shown to be context dependent (Chiba et al., 1994; 

Jepsen et al., 2000; Metivier et al., 2003; Underhill et al., 2000). For example, the ATP- 

dependent remodelling complex SWI/SNF has been shown to play a role in both 

transcriptional activation and repression (Metivier et al., 2003; Underhill et al., 2000). 

Transcriptional repressors also play a key role in the regulation of gene expression. They 

function by competing with activators for DNA binding, sequestering activators, 

interacting with the core transcription machinery and modifying histones and 

transcriptional regulators (reviewed in Jepsen & Rosenfeld, 2002; Perissi & Rosenfeld, 

2005; Rosenfeld et al., 2006).
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Figure 1.4 A schematic representation of the protein-protein complexes that are 

required for eukaryotic transcription initiation. (Adapted from Taatjes et al., 

2004). The pre-initiation complex (PIC) is primarily composed of RNA polymerase II 

(PolII), general transcription factors (TFIIA/B/E/F/H) and TBP-associated proteins 

(TAFs), which assemble on promoter elements, including the TATA box, the initiator 

(INR) and downstream promoter element (DPE). The Mediator complex serves to 

bridge the PIC and enhancer bound transcription factors (TF) and associated 

coactivators (CoA) complexes. Nucleosome units are represented by pink cylinders.

The coordinated control of the cellular levels and activities of transcription factors and 

coactivators are crucial for the normal development of organisms, as a result their 

misregulation is associated with developmental disorders and cancer (reviewed in Lonard 

& O'Malley, 2005; Spiegelman & Heinrich, 2004). One of the primary regulatory 

mechanisms is through the binding of ligands and coregulatory complexes (reviewed in 

Lonard & O’Malley, 2005; Perissi & Rosenfeld, 2005). A number of signalling pathways, 

as well as other coregulators, are able to regulate transcription initiation by 

posttranslationally modifying transcription factors and coregulators. These modifications,
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which include ubiquitination, acetylation, sumoylation, methylation, and phosphorylation, 

have been shown to influence processes such as, degradation, enzyme activity, protein- 

protein interactions and subcellular localisation (reviewed in Baek & Rosenfeld, 2004; 

McKenna & OMalley, 2002; Perissi & Rosenfeld, 2005). The translocation of regulators 

between the nucleus and cytoplasm has also been shown to be an important regulatory 

mechanism and may function to influence the concentration of regulators in different 

tissues (reviewed in Baek & Rosenfeld, 2004).

1.4 Regulation o f Translation Initiation

1.4.1 Overview o f Cap-Dependent Translation Initiation

Translation initiation is a highly regulated multi-step process that is catalysed by a number 

of eukaryotic initiation factors (elFs) (reviewed in Gingras et al., 1999; Hershey, 2000a; 

Marintchev & Wagner, 2004; Preiss & Hentze, 2003). One of the key regulatory points of 

translation initiation is the recruitment of the 43S preinitation complex, by the eIF4F 

complex, to the 5’ mRNA cap. As a result the different components of the eIF4F complex, 

especially eIF4E, are targeted by a number of translational regulators and signal 

transduction pathways. The structure, function and regulation of the eIF4F complex are 

discussed in more detail in section 1.4.2.
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Figure 1.5 Schematic representation of the translation initation pathway.

(Adapted from Hershey, 2000a; Marintchev & Wagner, 2004; Preiss & Hentze, 2003). 

Initiation begins with the dissociation of the ribosomal subunits, followed by the 

formation of the 43S complex. The 43S preinitiation complex is recruited to the 5’ 

mRNA by the eIF4F complex, which also assists the ribosomal subunit in scanning. 

Upon start site recognition the ribosomal subunits rejoin and the initiation factors are 

released in GTP dependent processes, marking the end of initiation.
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Translation initiation begins with the dissociation of the 60S and 40S ribosomal subunits, 

which is believed to be promoted by eIF3 and elFlA. The 40S subunit then binds elFl, 

eIF5, eIF5B-GTP and the eIF2-GTP-Met-tRNAi ternary complex to form the 43S 

preinitiation complex. This complex is subsequently recruited to the 5’ end of the mRNA 

by the eIF4F complex, which is composed of the RNA helicase eIF4A, the cap-binding 

protein eIF4E and the scaffold protein eIF4G. In addition, eIF4G also interacts with the 

poly(A)-binding protein (PABP), which also binds the 3’ poly(A) mRNA tail, resulting in 

the circularisation of the mRNA. eIF4F assists the ribosomal subunit and associated 

initiation factors in scanning the 5’ untranslated region (UTR), in search of an initiation 

codon. Upon recognition of the codon, the GTPase eIF2, aided by GTPase-activating 

protein (GAP) eIF5, hydrolyses GTP, resulting in the release of eIF2-GDP from both the 

Met-tRNAi and the ribosomal subunit. Finally, the joining of the ribosomal subunits and 

release of the intiation factors, is stimulated by the GTPase activity of eIF5B (reviewed in 

Gingras et al., 1999; Hershey, 2000a; Marintchev & Wagner, 2004; Preiss & Hentze, 

2003). A schematic representation of the different stages in translation initiation is shown 

in figure 1.5.

In addition to the cap-dependent translation, which is described above, a second initiation 

mechanism, known as internal ribosome entry (IRES) exists for some mRNAs, allowing 

them to bind directly to the initiation codon (Belsham & Sonenberg, 1996; Jackson, 2000). 

The work described in this thesis does not relate to IRES-mediated translation and hence it 

will not be discussed.

1.4.2 Structure and Function o f the eIF4F Complex

The translation initiation factor eIF4G plays a central role in cap-dependent translation as it 

both serves as a scaffold for the assembly of the cap binding complex (eIF4F) and recruits
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the 43S ribosomal subunit to the 5’ cap via an interaction with eIF3 (reviewed in Hershey, 

2000a; Marintchev & Wagner, 2004). The N-terminal region of eIF4G, which is believed 

to be unstructured in the free protein, contains binding sites for the poly(A)-binding protein 

(PABP) and the cap binding protein eIF4E (Groft & Burley, 2002; Gross et al., 2003; 

Imataka et al., 1998; Mader et al., 1995; Marcotrigiano et al., 1999; Tarun & Sachs, 1996). 

Through its interactions with both eIF4E and PABP, eIF4G bridges the mRNA 5’ and 3’ 

ends (Tarun & Sachs, 1996). This circularisation of the mRNA serves to protect the 43S 

subunit from nucleases and translational repressors, is necessary to transfer signals from 

the 3’ to 5’ ends and may also function to channel the dissociated 40S subunit back to the 

cap (reviewed in Marintchev & Wagner, 2004; Preiss & Hentze, 2003). This interaction 

between eIF4G, eIF4E and PABP also increases the affinity of eIF4E for the 5’ mRNA cap 

(Borman et al., 2000; Haghighat & Sonenberg, 1997; Wei et al., 1998).

The middle region of eIF4G contains an interaction domain often referred to as an mIF4G 

(middle of eIF4G) domain, which binds to eIF4A, eIF3 and mRNA (Imataka & Sonenberg, 

1997; Lamphear et al., 1995; Marcotrigiano et al., 2001; Morino et al., 2000). The C- 

terminal region of eIF4G from higher eukaryotes contains two further interaction domains. 

Although this C-terminal region is not considered essential for translation initation, it is 

required for robust translation (Morino et a l, 2000). The first of the C-terminal region 

domains, is an extended MA-3 domain, which interacts with eIF4A (Bellsolell et al., 2006; 

Imataka & Sonenberg, 1997; Morino et al., 2000). The adjacent W2 domain, which is 

homologous to the W2 HEAT domains of eIF2Be and eIF5 (Bellsolell et al., 2006; Boesen 

et al., 2004), interacts with the MAP kinase activated protein kinase, Mnkl (Morino et al., 

2000; Pyronnet et a l, 1999; Waskiewicz et a l, 1999). Mnkl has been shown to 

phosphorylate eIF4E, regulating the rate of translation initiation (reviewed in Scheper & 

Proud, 2002). All three of these domains are composed of between 3 and 5 atypical HEAT
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repeats. The arrangement of these atypical HEAT domains of eIF4G shows homology to 

that of the nuclear cap-binding protein 80 (CBP80), suggesting that the domains of eIF4G 

might form a similar compact structure (Marintchev & Wagner, 2004; Mazza et al., 2001). 

This would allow for extensive cross talk between the different interaction domains 

(reviewed in Marintchev & Wagner, 2004; Prevot et al., 2003). The domain organisation 

and structure of the interaction domains of human eIF4G are shown in figure 1.6.

Two eIF4G genes/proteins have been characterised in human, eIF4GI and eIF4GII, which 

share 46% sequence identity (reviewed in Hernandez & Vazquez-Pianzola, 2005; Prevot 

et a l , 2003). Biochemical and functional analysis of the human eIF4G proteins have 

revealed only very minor differences, for example, eIF4GI is selectively recruited to 

capped mRNA at the onset of cell differentiation (Caron et a l , 2004). In this thesis, given 

the high sequence homology and the functional similarities between the two human eIF4G 

proteins, they are generally referred to collectively as eIF4G. Likewise, unless otherwise 

stated, the residue numbers refer to the human eIF4GI isoform.

eIF4A is a member of the DEAD box RNA helicase protein family (Linder et a l , 1989). 

Its helicase activity is stimulated by the binding of eIF4A to eIF4G or when bound to 

eIF4B or eIF4H (Abramson et a l, 1987; Richter-Cook et a l, 1998; Rogers et a l,  2001; 

Rozen et a l, 1990). eIF4A catalyses the unwinding of mRNA secondary structure at the 5’ 

UTR, allowing the recruitment of the 40S ribosomal subunit to the 5’ cap and the 

subsequent scanning (reviewed in Hershey, 2000a; Rogers et a l, 2002).
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Figure 1.6 Schematic diagram of the functional regions of the translation 

initiation factor eIF4GI. The PABP interaction domain (residues 174-199), eIF4E 

interaction domain (557-646), mIF4G (752-993), extended MA-3 domain (1234-1427) 

and W2 domain (1438-1566) are all indicated. The ribbon representation of the 

backbone topology of the eIF4E interaction domain (Gross et al., 2003) (PDB code 

1RF8), mIF4G (Marcotrigiano et al., 2001) (1HU3), extended MA-3 domain and W2 

domain (Bellsolell et al., 2006) (1UG3) are also shown. The N and C-terminals are 

labelled. The structure of the PABP interaction domain, which consists of a short 

helical region has also been solved (Groft & Burley, 2002) (1LJ2).

The DEAD box proteins share nine highly conserved sequence motifs (between 3 and 9 

residues in length), which are required for RNA binding, ATPase activity and helicase
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acitivity (Pause & Sonenberg, 1992). Motifs I, II and probably VI and Q are required for 

ATP binding and hydrolysis, motifs la, lb, IV and V are believed to be involved in RNA 

binding and unwinding, and motifs III and VI link ATP hydrolysis with helicase activity 

(Gorbalenya & Koonin, 1993; Pause et al., 1993; Pause & Sonenberg, 1992; Tanner et al.,

2003).

Three eIF4A genes have been identified in mammals: eIF4AI (generally referred to as 

eIF4A), eIF4AII and eIF4AIII (reviewed in Hernandez & Vazquez-Pianzola, 2005). The 

eIF4AI and eIF4AII proteins share 91% amino acid sequence identity and are believed to 

be functionally indistinguishable (Nielsen & Trachsel, 1988; Yoderhill et al., 1993). 

eIF4AIII shares -65% conserved sequence identity with eIF4AI. However, despite the 

level of sequence homology, eIF4III is unable to bind the C-terminal region of eIF4G, or 

facilitate the binding of the 40S ribosomal subunit and associated factors to mRNA. 

Instead it has been suggested that eIF4AIII may play an inhibitory role in translation (Li et 

al., 1999). eIF4AIII has also been shown to form part of the exon junction complex, which 

plays a role in the posttranscriptional regulation of mRNA (reviewed in Bono et al., 2006; 

Hernandez & Vazquez-Pianzola, 2005).

Crystal structures of yeast eIF4A and human eIF4AIII have shown that the protein consists 

of two separate compact domains, an N- and C- terminal domain, as shown in figure 1.7 

(Andersen et al., 2006; Bono et al., 2006; Caruthers et al., 2000). Distinct open (inactive) 

and closed (active) interdomain conformations of eIF4A have been observed in these 

structures (figure 1.7). The closed conformation is formed in the presence of ATP and 

RNA, whose binding sites are located at the interface. The binding of eIF4Gm to the C- 

terminal domain (CTD) of eIF4A is believed to stabilise this closed active form of eIF4A 

(Oberer et al., 2005). The additional binding of the extended MA-3 domain of eIF4G
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plays a modulatory role on translation (Ali & Jackson, 2001; Morino et al., 2000). The 

interaction between eIF4A and eIF4G is not constant during translation initiation and it is 

believed that eIF4A cycles in and out of the eIF4F complex during RNA unwinding (Pause 

etal., 1994).

CTD

Figure 1.7 Structure of the translation initiation factor eIF4A. Panel A shows a 

schematic representation of the domain organisation of mouse eIF4AI. Panels B and C 

show ribbon representations of the backbone structure of human eIF4AIII (Andersen 

et al., 2006) (PDB codes 2HYI and 2HXY respectively). Panels B shows the ATP and 

RNA bound closed interdomain orientation. Panel C shows the open conformation, 

with the N-terminal domain shown in the same orientation as in panel B. The ATP, 

RNA and the N- and C-terminal domains (NTD and CTD) are highlighted.

31



The orientation of eIF4A with respect to the ribosomal subunit is unknown. However, it 

seems likely that eIF4A would be located on the 3’ side of the subunit, allowing it to 

stabilise the single stranded conformation of mRNA (reviewed in Marintchev & Wagner, 

2004).

e lF 4 G N

Figure 1.8 Structure of the cap binding protein eIF4E. Panel A shows the structure 

of the isolated human eIF4E protein (Volpon et al., 2006) (PDB code 2GPQ). The 

structure of yeast eIF4E in complex with eIF4G (residues 393-490) and the cap 

analogue m7GDP has also been solved and is shown in panel B (Gross et al., 2003) 

(1RF8). eIF4G binding induces conformational changes in eIF4E, which stabilise cap 

binding. Similarly cap binding is believed to stabilise eIF4G binding. The N- and C- 

termini of the proteins and m7GDP are labelled. eIF4E is shown in red and cyan, 

eIF4G in green and m7GDP in dark blue.

m7G DP
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As previously mentioned, eIF4E recruits the eIF4F complex and indirectly the 43S subunit, 

to the 5’ end of mRNA (reviewed in Hershey, 2000a; Hershey, 2000b; Marintchev &
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Wagner, 2004). eIF4E has been shown to interact with a 100 residue sequence from the N- 

terminal region of eIF4G (figure 1.6) (Gross et al., 2003). This interaction induces 

conformational changes in the N-terminal region and the cap binding surface of eIF4E, 

which stabilises the interaction between eIF4E and the 5’ 7-methyl-5’guanosine 

triphosphate-5*-N (m7G(5’)ppp(5’)N) cap structure of mRNA (Gross et al., 2003; Volpon 

et al., 2006). eEF4E can also interact with the 4E-binding proteins (4E-BPs), which act as 

translational regulators (Haghighat et al., 1995; Marcotrigiano et al., 1999). The structure 

of eIF4E in isolation and when bound to the cap analogue m7GDP and eIF4G is shown in 

figure 1.8.

The translation of translationally repressed mRNAs with structured 5’ untranslated regions 

(UTRs) is dependent on the components of the cap-binding complex (eIF4F), particularly 

eIF4A (Svitkin et al., 2001). Such mRNAs include those coding for transcription factors, 

growth factors, growth promotion genes and protooncogenes. The need to tightly regulate 

the eIF4 proteins, and as a result the translation of such genes, is highlighted by the fact 

that elevated levels of eIF4A, eIF4E and eIF4G have been observed in human tumours and 

tumour cell lines (Bauer et al., 2001; De Benedetti & Harris, 1999; Eberle et al., 1997). 

Translational regulators have been shown to interact with all three components of the 

eIF4F complex and PABP (reviewed in Hershey, 2000b; Marintchev & Wagner, 2004). 

They function by either posttranslationally modifying the eIF4F proteins, affecting their 

binding to partner proteins, or by directly competing with the initiation factors for binding. 

For example, the 4E-BPs, Pdcd4 and DAP5/NATl/p97, which all share homology with 

regions of eIF4G, have been shown to compete with eIF4G for binding to either eIF4E or 

eIF4A (Haghighat et al., 1995; Imataka & Sonenberg, 1997; Marcotrigiano et al., 1999; 

Yang et al., 2003a). Some regulators have been shown to indirectly modulate translation 

initiation by affecting the binding of specific translational regulators (reviewed in
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Marintchev & Wagner, 2004).

1.5 Aims o f the Project

The regulation of eukaryotic gene expression involves the formation of a vast number of 

protein-protein complexes. The aim of this project was to obtain high resolution structural 

data for two particular protein-protein complexes that are involved in the regulation of 

gene expression. This data may provide important insights into how the 

proteins/complexes function, as well as revealing the specificity of their interactions.

(1) The structure of the complex formed between the interaction domains of the 

transcriptional coactivators CBP and SRC1.

The coactivator function of the scaffold protein CBP is partly dependent on its ability to 

recruit coregulator complexes to DNA bound transcription factors, including ligand bound 

nuclear receptors. In addition it has been shown to acetylate both transcriptional regulators 

and histones, and serves as a bridge between transcription factor/coregulator complexes 

and the basal transcription machinery (reviewed Chan & La Thangue, 2001). CBP is 

indirectly recruited to nuclear receptors through its interaction with the ADI domain of the 

pl60 proteins (Kamei et al., 1996; Sheppard et al., 2001). The interaction between the 

SID domain of CBP and the p i60 ADI domains is essential for ligand-dependent 

transcription mediated by the steroid hormone receptors (Kim et al., 2001; Sheppard et al., 

2001). The original aim of the work described in the first experimental chapter of this 

thesis was to determine the solution structure of the complex formed by the CBP SID 

domain and the ADI domain of the p i60 protein SRC1. As mentioned above the 

interaction between CBP SID and the pl60 ADI domains is vital for the recruitment and 

assembly of multiprotein complexes that are required for nuclear receptor mediated
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transcription initiation. The structure of the CBP SID / SRC1 ADI complex would 

therefore be likely to provide important insights into the functions and interactions of CBP. 

Abnormalities in the expression or misregulation of both CBP and the pi 60s have been 

strongly linked to human disease including cancer (reviewed in Goodman & Smolik, 2000; 

Kalkhoven, 2004; Xu & Li, 2003). Therefore detailed structural knowledge of the CBP 

SID / p i60 ADI complex could potentially form the basis for the development of 

therapeutic agents that could regulate nuclear receptor mediated transcription. During the 

initial stages of this project the structure of the CBP SID domain in complex with the 

ACTR ADI domain was published (Demarest et al., 2001). The structure determined for 

CBP SID / SRC1 ADI was compared with the published CBP SID / ACTR ADI complex, 

with the aim of understanding the molecular basis for the functional specificity of different 

CBP / pi 60 complexes.

In addition to binding pi 60s, the SID domain also facilitates interactions with a number of 

other unrelated nuclear proteins including the transcription factors Etsl, Ets-2, p53 and 

IRF-3, and viral activators such as El A, KSHV IRF-1 and Tax (Kamei et al., 1996; Lin et 

al., 2001; Livengood et al., 2002; Scoggin et al., 2001; Sheppard et al., 2001). 

Competition between proteins for binding to the CBP SID domain has been shown to 

contribute to the negative cross-talk between different signalling pathways (Matsuda et al.,

2001). The CBP SID / p i60 ADI complexes were also compared to the recently published 

structure of the CBP SID / IRF-3 IAD complex with the aim of understanding the ability of 

the CBP SID domain to interact with a number of diverse transcriptional proteins and any 

potential functional differences between the different CBP SID complexes.
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(2) The structure of the C-terminal MA-3 domain of Pdcd4 and the characterisation of 

its interaction with the translation initiation factor eIF4A.

A number of studies have highlighted the potential roles of the tumour suppressor protein 

Pdcd4 in normal cell physiology and cancer prevention (Afonja et al., 2004; Chen et al., 

2003; Jansen et al., 2004; Jansen et al., 2005). The cellular functions of Pdcd4 have just 

started to emerge, with recent work indicating that Pdcd4 plays essential roles in the 

regulation of both transcription and translation (Bitomsky et al., 2004; Yang et al., 2004; 

Yang et al., 2003a). The regulation of translation involves specific interactions with the 

eukaryotic initiation factors eIF4A and eIF4G, which are mediated via the two tandem 

MA-3 domains (Yang et al., 2004; Yang et al., 2003a). MA-3 domains are present in over 

200 eukaryotic proteins, including eIF4G. At the commencement of this project no 

structure or detailed interaction data existed for any region of Pdcd4 or MA-3 domain. The 

initial aim of this work was to solve the solution structure of the C-terminal MA-3 domain 

of Pdcd4 (Pdcd4 MA-3c), and subsequently use chemical shift mapping experiments to 

characterize the interaction between Pdcd4 MA-3c and eIF4A. This will provide important 

insights into the general structure of MA-3 domains, and will for the first time define the 

regions of MA-3 domains involved in binding eIF4A, and potentially other partner 

proteins. The structural and interaction data will significantly enhance our understanding 

of the interaction between Pddc4 and eIF4A and the role of Pdcd4 in the regulation of cap 

dependent translation. These results should also lead to a clearer picture of the functions of 

Pdcd4 that are associated with its role as a tumour suppressor and could potentially pave 

the way for the development of novel therapeutics for cancer treatment.
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CHAPTER 2

SOLUTION STRUCTURE OF THE COMPLEX FORMED BETWEEN THE CBP

SID / SRC1 ADI DOMAINS

2.1 Introduction

2.1.1 Nuclear Receptor-Mediated Transcriptional Activation

Nuclear receptor proteins activate the transcription of specific genes in response to 

hormonal or metabolic stimuli. They function by recruiting coactivator complexes, which 

act as scaffolds or bridges, or by posttranslationally modifying chromatin or regulatory 

proteins (reviewed in Perissi & Rosenfeld, 2005; Rosenfeld et al., 2006). The nuclear 

receptor superfamily includes ligand-inducible transcription factors, such as the steroid, 

retinoid and thyroid hormone receptors, as well as orphan receptors for which no ligand 

has yet been identified (Giguere, 1999; Laudet, 1997). Nuclear receptor proteins have a 

conserved domain structure (reviewed in Aranda & Pascual, 2001; Jordan, 2003), which 

includes a highly conserved zinc finger DNA binding domain (DBD) (region C) (Luisi et 

al., 1991; Schwabe et al., 1993), a hinge region (region D) and a ligand binding domain 

(LBD) (region E). In addition to binding ligand, the LBD also mediates receptor 

dimerisation. The conserved regions of the human estrogen receptor a  (hERa) are 

illustrated in figure 2.1.

Nuclear receptors also contain two transactivation domains, AF-1 and AF-2, which can 

function either independently or synergistically to facilitate interactions with 

transcriptional coactivators (Lees et al., 1989; Tora et al., 1989). The ligand independent 

AF-1 (activation function-1) is located in the A/B region and is regulated by 

phosphorylation, which is mediated by several signalling pathways, including the mitogen- 

activated protein kinase (MAPK) signalling cascade, and cyclin dependent kinases

37



(Bunone et al., 1996; Kato et al., 1995; Legoff et al., 1994; RochetteEgly et al., 1997; 

Rogatsky et al., 1999). Phosphorylation of AF-1 is believed to regulate nuclear receptor 

activity by enhancing the ligand independent recruitment of coactivators such as the p i60 

protein steroid receptor coactivator 1 (SRC1) (Dutertre & Smith, 2003).

AF-1 AF-2
I

A B C D E F

DBD LBD

Figure 2.1 Schematic representation of the functional regions within the human 

estrogen receptor oc. Nuclear Receptors contain six conserved regions: A (residues 

1-38 of hERa), B (39-179), C (180-262), D (263-301), E (302-552) and F (553-595). 

The DNA binding domain is located within region C and the ligand binding domain 

within region E. The activation functions AF-1 and AF-2 are contained within the 

variable A/B region and ligand binding domain (region E) respectively.

AF-2 (activation function-2) is located in the LBD and is regulated by ligand binding 

(Hollenberg & Evans, 1988; Lees et al., 1989; Webster et al., 1988). Agonist binding 

activates transcription either by stabilising, or causing conformational changes to the LBD, 

(Bourguet et al., 1995; Nolte et al., 1998; Renaud et al., 1995) (reviewed in Nagy & 

Schwabe, 2004) allowing coactivators, such as the p i60 proteins, to bind through the 

common sequence motif LXXLL (where L is a leucine residue and X is any other residue) 

(Heery et al., 1997). This motif adopts an a helical structure on binding to the LBD of 

nuclear receptors (Nolte et al., 1998; Shiau et al., 1998). Antagonist binding repositions
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helix 12, such that it occludes the coactivator recognition site, thereby preventing 

coactivator binding (Brzozowski et al., 1997; Shiau et al., 1998). A comparison of the 

structures of the agonist and antagonist bound LBD of the hERa is shown in figure 2.2.

A B

Figure 2.2 Structure of the ligand binding domain of human estrogen receptor a.

Ribbon representations of the backbone topology of the hERa (human estrogen 

receptor a) LBD bound to the agonist diethylstilbestrol (DES) and the antagonist 4- 

hydroxytamoxifen (OHT) are shown in panels A and B respectively (Shiau et al., 

1998). Agonist binding stabilises the active orientation of helix 12 (HI2), which is 

shown in green, allowing the p i60 coactivators to bind. The nuclear receptor binding 

motif II (NR box II) of the p i60 TIF2 is shown in blue. In panel B H12 is repositioned 

by antagonist binding such that it occludes the coactivator recognition site.

In the absence of ligand, classical steroid receptors, such as the glucocorticoid receptor, 

reside in the cytoplasm. However, heterodimeric nuclear receptors, such as the retinoic 

acid receptor and the thyroid receptor, are constitutively bound to DNA and often recruit 

repressive complexes to the target promoter where they generate a repressive chromatin
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environment (reviewed in McKenna & O'Malley, 2002). In addition to inducing the 

exchange of corepressors for coactivators (reviewed in Glass & Rosenfeld, 2000), ligand 

binding can also result in the nuclear translocation of receptors and the formation of either 

homo- or heterodimers, which are able to associate with the target promoter on specific 

sequences termed response elements (reviewed in Aranda & Pascual, 2001).

Recent work suggests that the recruitment of coactivator complexes to nuclear receptors 

occurs in a sequential, highly ordered process (reviewed in Metivier et al., 2006; Perissi & 

Rosenfeld, 2005). Cross linking and Chromatin immunoprecipitation (ChIP) assays have 

shown that the recruitment of nuclear receptors and cofactor complexes to a number of 

promoters, including pS2, mouse mammary tumour virus (MMTV), cathepsin D (CATD), 

prostrate specific antigen and kallikrein 2 promoter, occurs in a cyclical pattern. This 

allows ligand levels to be continually sampled allowing a rapid response to changes in 

ligand concentration (Kang et al., 2002b; Metivier et al., 2003; Nagaich et al., 2004; Shang 

et al., 2000).

The best characterised example of cyclical recruitment is the hERa at the pS2 promoter of 

MCF-7 cells (Metivier et al., 2003). A summary of the ChIP assay data and the resulting 

proposed model of transcriptional activation at the pS2 promoter are shown in figures 1.2 

and 2.3 respectively. An initial cycle was also observed, which fails to initiate 

transcription but serves to generate a permissive chromatin environment at the core 

promoter through the recruitment of the ATP-dependent remodelling complex SWI/SNF. 

It is unknown if this cycle exists under normal physiological conditions in vivo, or whether 

it is a result of the treatment of the cells with a-amanitin, which is required to inhibit basal 

transcription initiation. A similar cycle was also observed in the absence of ligand. It has 

been suggested that this cycle functions to keep the chromatin poised, such that an
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immediate response to estrogen can occur. The existence of this cycle is somewhat 

surprising, as in the absence of ligand, the steroid hormone receptors are believed to reside 

predominantly in the cytoplasm.
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Figure 2.3 Ordered cyclic recruitment by the estrogen receptor a at the pS2 

promoter. The figure shows a summary of the model of cyclic ERa and cofactor 

recruitment proposed by Metivier et al, based on kinetic ChIP experiments
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(Metivier et al., 2003; Metivier et al., 2006; Reid et al., 2003). In the presence of 

ligand two similar, transcrptionally productive cycles were observed. The first cycle 

begins with the recruitment of ligand bound ERa and the remodelling complex 

SWI/SNF to the unmodified promoter (shown in the box in the bottom left comer). A 

number of histone modifying proteins are then recruited prior to the general 

transcription machinery; the enzymatic acivities of these proteins on the nucleosomes is 

indicated. At the end of the first cycle, ERa is targeted to the proteasome and the 

second productive cycle can commence (via the blue dashed arrow). At the end of the 

second cycle the nucleosome remodelling complex NuRD is recruited (via the red 

dashed arrow), which resets the promoter, allowing for subsequent sets of productive 

cycles. Where specific histone acetyltransferases and histone methyltransferases were 

detected they are named, otherwise HMT or HAT is used to signify one of multiple 

enzymes detected. An initial unproductive cycle was also observed in the presence of 

estrogen (not shown). It is unknown whether this cycle exists under physiological 

conditions or whether it is an artefact caused by a-amanitin treatment. The figure does 

not reflect the actual protein-protein interactions present. Elps, Elongator proteins; 

ERE, estrogen response element.

Two similar transcriptionally productive cycles were found to follow. Each cycle involves 

the sequential recruitment of coactivator complexes that serve to remodel chromatin and/or 

recruit components of the basal transcription machinery. The cycles begin with the 

recruitment of either the RNA helicase p68 or SWI/SNF, followed by complexes 

containing histone methyltransferases (HMTs), members of the p i60 protein family and 

HATs. The subsequent recruitment of components of the basal transcription machinery 

and the TRAP/mediator complex results in the phosphorylation of Pol II and the initiation 

of transcription (Metivier et al., 2003). At the end of each cycle hERa becomes
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ubiquitinated and targeted to the proteasome allowing further cycles to occur (Reid et al.,

2003). In addition, histone deacetyltransferase (HDAC)-SWI/SNF complexes remodel the 

local chromatin structure inducing a restrictive environment (Metivier et al., 2003). The 

ATP-dependent remodelling complex, NuRD (nucleosome remodelling and histone 

deacetylation complex) is specifically recruited at the end of the second transcriptionally 

productive cycle to remodel the nucleosome associated with the TATA box (Metivier et 

al., 2003).

Cyclical recruitment of transcriptional complexes has also been observed at other 

promoters and for other nuclear receptors although different sequences of 

receptor/coactivator recruitment were observed (Agalioti et al., 2002; Kang et al., 2002b; 

Shang et al., 2000; Sharma & Fondell, 2002; Vaisanen et al., 2005). For example, on the 

CATD promoter, TRAP/mediator and the pi 60s were shown to be recruited 

simultaneously by the ERa, whilst CBP was not recruited until after Pol II (Shang et al., 

2000). Unlike the ER and androgen receptor, the thyroid receptor is not targeted to the 

proteasome at the end of each cycle, but persists on thyroid hormone responsive promoters 

(Sharma & Fondell, 2002).

In addition to activating transcription, some nuclear receptors have been shown to inhibit 

transcription in a ligand-dependent manner, either by binding negative response elements 

or corepressors, or by antagonising the activities of transcription factors (Delage-Mourroux 

et al., 2000; Kamei et al., 1996; White et al., 2004) (reviewed in Gronemeyer et al., 2004; 

Rosenfeld et al., 2006). For example, competition between glucocorticoid receptor and 

retinoic acid receptor for limiting amounts of CBP has been shown to inhibit Activator 

protein-1 (AP-1) activation (Kamei et al., 1996). In addition, a selective repressor of 

estrogen receptor activity (REA) is recruited to hormone bound ER, preventing the ER
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from binding to the p i60 proteins (Delage-Mourroux et al., 2000).

2.1.2 p l60  Steroid Receptor Coactivator Family

2.1.2.1 Overview o f the p l60  Proteins

The p i60 steroid receptor coactivator proteins (SRC) are single chain polypeptides 

(approximately 160 kDa), which function as transcriptional coactivators for a number of 

transcription factors, including the nuclear receptors, AP-1, MyoD and CREB (Lee et al., 

1998b; Onate et al., 1995; Torchia et al., 1997; Wu et al., 2005). Research into the pl60 

proteins has primarily focused on their role in ligand-dependent, nuclear receptor mediated 

transcription initiation. The pi 60s enhance transcription by recruiting HATs and HMTs to 

promoters via interactions with nuclear receptors (reviewed in Xu & Li, 2003; Xu & 

O'Malley, 2002).

The p i60 gene family contains three homologous members: SRC1, also known as NCoA-1 

(nuclear receptor coactivator 1) (Onate et al., 1995), TIF2 (transcription intermediary 

factor 2), also known as GRIP1 (glucocoticoid receptor-interacting protein), SRC2 or 

NCoA-2 (Hong et al., 1996; Voegel et al., 1996), and ACTR (activator for thyroid 

hormone and retinoid receptors), also known as p/CIP (p300/CBP interacting protein), 

RAC3 (receptor-associated coactivator 3), AIB1 (amplified in breast cancer 1), TRAM-1 

(thyroid hormone receptor activator molecule 1), SRC3 or NCoA-3 (Anzick et al., 1997; 

Torchia et al., 1997).

The amino acid sequence of the three p i60 proteins is highly conserved (sequence identity 

43-48%) (Xu & Li, 2003), and the proteins share a conserved domain organisation, which 

is shown for the p i60 protein SRC1 in figure 2.4. The most conserved portion is the N- 

terminal region which encompasses the basic helix-loop-helix (bHLH) and Per/Ah receptor
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nuclear translocator (ARNT)/Sim (PAS) domains (Xu & Li, 2003). This region is involved 

in protein-protein interactions. For example, the bHLH/PAS domains of TIF-2 have been 

shown to interact with several myogenic factors leading to the coactivation of myogenin 

and MEF-2C mediated transactivation (Chen et al., 2000), whilst the interaction of STAT6 

with the PAS-B domain of SRC1 is required for the transcriptional activation of IL-4 

(Litterst & Pfitzner, 2001; Litterst & Pfitzner, 2002). In addition, the bHLH/PAS domains 

were shown to mediate the formation of p i60 heterodimers on the ER-binding fragment- 

associated antigen-9 (EBAG9) promoter (Zhang et al., 2004). The nuclear receptor 

interaction domain (NID) is located in the central region of the p i60 proteins. The 

interaction between the NID and the AF-2 domain of ligand bound nuclear receptors is 

mediated by one of three LXXLL motifs (where L is leucine and X any amino acid) (Heery 

et al., 1997; Torchia et al., 1997). Each LXXLL motif forms part of an amphipathic a 

helix, which is able to bind to a conserved hydrophobic cleft in the surface of the LBD of 

ligand bound nuclear receptors, as shown in figure 2.2 (Shiau et al., 1998). The glutamine 

(Q) -rich region of the pi 60s has been shown to interact with the AF-1 of the androgen and 

estrogen receptors, and is therefore believed to play a role in ligand independent 

transcriptional initiation (Bevan et al., 1999; Ma et al., 1999; Webb et al., 1998). The 

p i60 proteins also contain two transcriptional activation domains (ADI and AD2). The 

ADI domain interacts with acetyltransferases, including CBP and p300, and acts as a 

potent transcriptional activator in mammalian and yeast cells (Chen et al., 1997; 

Kalkhoven et al., 1998; Kamei et al., 1996; Mclnemey et al., 1998; Sheppard et al., 2001; 

Sheppard et al., 2003; Voegel et al., 1998), while the C-terminal AD2 domain has been 

shown to interact with the arginine methyltransferases CARM1 (Chen et al., 1999a) and 

PRMT1 (Koh et al., 2001). These acetyltransferases and methyltransferases are involved 

in chromatin remodelling, as well as the posttranslational modification of other 

transcriptional regulators (Chen et al., 1999b; Xu et al., 2001). The C-terminal regions of
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SRC1 and ACTR have also been reported to possess weak HAT activity, although they 

show no sequence similarity to other known HAT domains (Chen et al., 1997; Spencer et 

al., 1997). However, the HAT activity of SRC1 is believed to be relatively unimportant in 

nuclear receptor mediated transcription (Liu et al., 2001), though it is required for the 

coactivation of the myogenic factor MyoD (Wu et al., 2005).

HAT

Hi 1441

bHLH P A S NID AD1 Q-rich A D 2

Figure 2.4 Schematic diagram of the functional regions of human SRC1. The

basic helix-loop-helix (bHLH) (residues 24-81), Per/ARNT/Sim region (PAS) (109- 

385), nuclear receptor interaction domain (NID) (570-780), activation domain-1 (ADI) 

(926-970), glutamine rich region (Q-rich) (1053-1185) and activation domain-2 (AD2) 

(1240-1345) are indicated. The ribbon representation of the backbone topology of the 

PAS-B (residues 257-385) (Razeto et al., 2004) (PDB code 10J5) and ADI (Demarest 

et al., 2002) (1KBH) domains are also shown. The C-terminal region which has been 

reported to possess weak HAT activity is also indicated.
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The viability of p i60 knock-out mice, together with analysis of p i60 expression patterns 

(Gehin et al., 2002; Nishihara et al., 2003; Xu et al., 1998), indicate that the pi 60s can 

partially substitute for each other functionally. Despite this partial redundancy between the 

pi 60s, they have also been shown to have specific functions. For example, SRC1 and 

ACTR have been shown to interact with thymine DNA glycosylase, whereas TIF2 does not 

(Lucey et al., 2005). SRC1 and ACTR have also been shown to function as coactivators of 

MyoD-mediated transcription, whereas TIF-2 functions as a corepressor (Wu et al., 2005). 

Interestingly, different combinations of pi 60s can be detected on target promoters for the 

androgen and estrogen receptor, possibly through the formation of distinct p i60 

heterodimers (Zhang et al., 2004). Phenotypic differences in knock-out mice also indicate 

that the pi 60s have specific functions. For example, SRC1 knock-out mice are partially 

resistant to steroid and thyroid hormones (Weiss et al., 1999; Xu et al., 1998), TIF2 

knock-out animals exhibit significantly reduced male and female fertility levels (Gehin et 

al., 2002), whilst ACTR knock-outs display growth retardation and reduced adult body 

size (Wang et al., 2000; Xu et al., 2000).

Chromosomal rearrangements involving the p i60 proteins have been implicated in the 

development of several specific cancers. For example, a translocation resulting in the 

production of a MOZ-TIF2 fusion protein is associated with acute myeloid leukaemia 

(Carapeti et al., 1998). This fusion protein contains the C-terminal region of TIF2, 

including the AD 1 and AD2 domains, and the acetyltransferase catalytic domain of MOZ 

(monocytic leukaemia zinc finger protein). A translocation involving a similar region of 

SRC1 and the transcription factor PAX3 has recently been identified in alveolar 

rhabdomyosarcoma (Wachtel et al., 2004). In addition, the overexpression of ACTR has 

been implicated in the development of primary breast and ovarian cancers (Anzick et al., 

1997; Bautista et al., 1998).
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2.1.2.2 Steroid Receptor Coactivator 1

SRC1 was originally identified as a coactivator of ligand-bound human progesterone 

receptor, and was subsequently shown to be a coactivator of thyroid hormone receptor and 

estrogen receptor (Kamei et al., 1996; Onate et al., 1995; Takeshita et al., 1996). The two 

main splice variants of human SRC1, SRC1A and SRC IE, are widely expressed in 

different cell lines and differ in their ability to enhance estrogen receptor mediated 

transcription (Hayashi et al., 1997; Kalkhoven et al., 1998).

SRC1 is expressed in many tissue types, including, brain, testis, lung, liver, kidney and 

heart (Torchia et al., 1997; Xu et al., 1998). It has been shown to play an important role in 

brain development and function (Nishihara et al., 2003). For example, SRC1 is critically 

involved in the hormone-dependent development of normal male reproductive behavior 

and brain morphology (Auger et al., 2000). In addition, adult SRC1 knockout mice have 

been shown to exhibit moderate motor learning dysfunction and delayed development of 

cerebellar purkinje cells (Nishihara et al., 2003).

2.1.2.3 Activation Domain 1

The ADI domain of the p i60 proteins is a potent, CBP/p300-dependent, transcriptional 

activator (Chen et al., 1997; Kalkhoven et al., 1998; Sheppard et al., 2001; Torchia et al., 

1997; Voegel et al., 1998). In transiently transfected cells, only the NID and ADI domains 

of SRC1 were required to enhance ligand-dependent nuclear receptor mediated 

transcription (Sheppard et al., 2001). The ADI domain of human SRC1 has been mapped 

to residues 926-970, whilst 926-960 have been shown to be sufficient for binding to the 

SRC1 interaction domain (SID) of CBP (Sheppard et al., 2001). Similar domain 

boundaries have been observed for TIF2 (1041-1106) and ACTR (1039-1088) (Chen et al., 

1997; Voegel et a l, 1998). The amino acid sequence of the ADI domains is well
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conserved among the p i60 proteins, with approximately 54% homology as illustrated in 

figure 2.5.
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Figure 2.5 Multiple sequence alignment of the ADI domains of human SRC1, 

TIF2 and ACTR. The alignment illustrates the high degree of sequence homology 

between the p i60 ADI domains. Residues with conserved sequence identity are 

highlighted in red, those which are conserved in two domains are highlighted in 

yellow. The consensus sequence is shown below. The alignment was prepared using 

ClustalW and ESPript.cgi (http://npsa-pbil.ibcp.fr/cgi-bin/align_clustalw.pl)

The ADI domain has been shown to be intrinsically disordered in isolation, but upon 

complex formation with the CBP SID domain folds into a highly helical structure 

(Demarest et al., 2002; Lin et al., 2001). The structure of the ADI domain of ACTR, 

which was solved in complex with CBP SID (Demarest et al., 2002) is shown in figure 2.4.

Phosphorylation of residues, outside of the ADI domain (T24, S543, S857, S860 and S867 

of ACTR), has been shown to enhance the interaction of ACTR with CBP (Wu et al.,

2004). This may be as a result of additional binding between other regions of ACTR and 

CBP and/or conformational changes in ACTR that affect the affinity of the ADI domain 

for CBP. Only one of these residues, S543 (S517 of SRC1) has been shown to be 

phosphorylated in SRC1 (Rowan et al., 2000), suggesting that the specific phosphorylation
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of non-conserved residues could play an important role in the regulation of the individual 

p i60 proteins.

2.1.3 CREB binding protein (CBP)

2.1.3.1 Overview o f the homologous coactivators CBP and p300

The transcriptional coactivator CBP (cAMP Response Element Binding (CREB)- Binding 

Protein) and its homologue p300 were originally identified in protein interactions assays 

using CREB (Chrivia et al., 1993) and the adenoviral transforming protein El A (Stein et 

al., 1990) respectively. Through their function as coactivators, CBP/p300 participate in the 

regulation of diverse cellular processes including proliferation, differentiation and 

apoptosis (reviewed in Chan & La Thangue, 2001; Giordano & Avantaggiati, 1999; 

Goodman & Smolik, 2000).

The coactivator function of CBP/p300 is dependent on its ability to interact with a variety 

of different proteins which are involved in transcription, including transcription factors 

such as CREB, C/EBP, c-Myb and c-Jun (Bannister et al., 1995; Chrivia et al., 1993; Dai 

et al., 1996; Mink et al., 1997) and coregulators such as pCAF and the pi 60s (Chen et al., 

1997; Torchia et al., 1997; Yang et al., 1996; Yao et al., 1996). The interactions are 

mediated by a number of conserved interaction domains that are linked by highly polar 

flexible linkers (Dyson & Wright, 2005). A schematic of the domain organisation of CBP, 

together with a partial list of binding partners, is shown in figure 2.6.
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Figure 2.6 Schematic views of the functional regions of mouse CBP with a partial 

list of proteins that bind the conserved domains. The nuclear receptor interaction 

domain (NRID) (residues 60-74), TAZ1 (346-438), KIX (586-672), Bromo (1081- 

1196), PHD (1225-1318), HAT (1319-1694), ZZ (1695-1752), TAZ2 (1764-1855) and 

SID (2059-2117) domains are indicated. Ribbon representations are shown for the 

backbone topologies of the TAZ1 domain (De Guzman et a l, 2005) (PDB code 

1U2N), KIX domain (Radhakrishnan et a l, 1997) (1KDX), Bromodomain (Mujtaba et 

a l, 2004) (1JSP), ZZ domain (Legge et a l, 2004) (1TOT), TAZ2 domain (De 

Guzman et a l, 2000) (1FS1) and SID domain (Demarest et a l, 2002) (1KDH).

TAZ1
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The modular structure of CBP/p300 allows it to act as either a scaffold for the assembly of 

multiprotein complexes or as a bridge between sequence-specific transcription factors and 

the transcriptional apparatus (reviewed in Chan & La Thangue, 2001; Dyson & Wright,

2005). As CBP/p300 is present in limited amounts competition between a variety of 

transcriptional regulators may play an important role in transcriptional regulation. For 

example, the nuclear receptors and AP-1 have been shown to compete for CBP binding 

(Avantaggiati et al., 1997; Horvai et al., 1997; Hottiger et al., 1998; Kamei et al., 1996; 

Lee et al., 1998a; Nakajima et al., 1996). CBP/p300 also posseses intrinsic HAT activity 

and has been shown to acetylate both the N-terminal tails of histones and other proteins 

involved in transcription (discussed below) (Bannister & Kouzarides, 1996; Chen et al., 

1999b; Ogryzko et al., 1996) (reviewed in Kalkhoven, 2004; Perissi & Rosenfeld, 2005).

CBP/p300 contains three cysteine-histidine (CH) rich, zinc ion binding, protein interaction 

regions: TAZ1 (CHI), PHD (CH2), and the TAZ2 and ZZ domains (CH3). The 

homologous TAZ1 and TAZ2 domains have been shown to bind more than thirty different 

transcription factors, and a number of viral proteins, examples of which are shown in 

figure 2.6. The TAZ1 domain, which interacts with H IF la  and CITED2, has been shown 

to play a role in regulating the hypoxic response (Arany et al., 1996; Bhattacharya et al., 

1999; De Guzman et al., 2004; Freedman et al., 2002). The CH2 region contains a highly 

conserved plant homeodomain type zinc finger, which forms an integral part of the 

enzymatic HAT domain of CBP (Bordoli et al., 2001; Kalkhoven et al., 2002). The HAT 

domain of CBP/p300 has been shown to acetylate both histones and transcriptional 

regulators. For example, CBP has been shown to acetylate ACTR resulting in its 

dissociation from the nuclear receptor LBD (Chen et al., 1999b). Contained within the 

HAT domain is a 60 residue highly polar/charged sequence which is believed to regulate 

its catalytic activity (Thompson et al., 2004). The bromodomain mediates the interaction
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of CBP/p300 with acetylated proteins, including the acetylated C-terminal region of p53, 

MyoD and histones (Mujtaba et al., 2004; Polesskaya et al., 2001; Ragvin et al., 2004). 

The KIX domain binds the transactivation domain of a number of transcription factors, 

many of which are unstructured in isolation, including the phosphorylated KID domain of 

CREB and c-Jun, as well as the viral proteins Tat and TAX (Campbell & Lumb, 2002; 

Radhakrishnan et al., 1997; Vendel & Lumb, 2003; Vendel et al., 2003). The C-terminal 

SID domain (also referred to as the IRF3 interaction domain (IBiD)) mediates the 

interaction of CBP/p300 with a number of diverse nuclear proteins including the p i60 

proteins, Ets-1, Ets-2, El A, IRF-3, TAX, p53 and CAS (Kamei et al., 1996; Lin et al., 

2001; Livengood et al., 2002; Matsuda et al., 2004; Ryan et al., 2006; Scoggin et al., 2001; 

Sheppard et al., 2001). CBP/p300 is generally believed to be indirectly recruited to steroid 

hormone receptors via its interaction with the p i60 proteins (Coulthard et al., 2003; 

Sheppard et al., 2001), however, CBP/p300 is also able to interact directly with nuclear 

receptors via their N-terminal nuclear receptor interaction domain (NRID) (Chakravarti et 

al., 1996; Heery et al., 2001; Kamei et al., 1996). As with the p i60 nuclear receptor 

interaction domain this interaction is also mediated by an LXXLL motif (Heery et al., 

2001).

CBP and p300, are believed to have many overlapping roles, for example during 

embryonic development where CBP and p300 knockout mice show similar phenotypes 

(Chan & La Thangue, 2001; Goodman & Smolik, 2000; Yao et al., 1998). However, they 

have also been shown to have unique functions, for example, p300, but not CBP, is 

required for the differentiation of F9 cells (Chan & La Thangue, 2001; Goodman & 

Smolik, 2000; Kawasaki et al., 1998; Ugai et al., 1999). The HAT activities of CBP and 

p300 has also been shown to exhibit distinct substrate specificity profiles (McManus & 

Hendzel, 2003). For example, CBP, but not p300, has been shown to acetylate K12 of
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histone 4, whilst p300, but not CBP, was shown to acetylate K8 of histone 4. As shown in 

figure 2.3, CBP is specifically recruited with Gcn5 and TAF250 to the pS2 promoter by 

ERa during both transcriptionally productive cycles (Metivier et al., 2003).

CBP/p300 is regulated by several signal transduction pathways, which compete for the 

limited amounts of CBP/p300 in order to regulate the transcription of particular responsive 

genes, for example the Ras pathway (reviewed in Chan & La Thangue, 2001; Goodman & 

Smolik, 2000). The activity of CBP/p300 has been shown to be positively or negatively 

regulated by a number of kinases including calcium calmodulin (CaM) kinase IV, protein 

kinase A (PKA), MAPK, CDC2 and CDK2 (Ait-Si-Ali et al., 1998; Banerjee et al., 1994; 

Chawla et al., 1998; Hu et al., 1999; Janknecht & Nordheim, 1996; Nakajima et al., 1996; 

Perkins etal., 1997).

Abnormalities in the expression, or mis-regulation of CBP/p300 has been strongly linked 

to human disease (reviewed in Goodman & Smolik, 2000; Kalkhoven, 2004). For 

example, haploinsufficiency of CBP is believed to result in the developmental disorder 

Rubinstein Tabi syndrome, which results in multiple abnormalities including growth and 

mental retardation, and increased tumour risk (Miller & Rubinstein, 1995; Rubinstein & 

Taybi, 1963). Mutations in CBP/p300 have also been observed in a number of tumours, 

which is consistent with reports that CBP and p300 posses tumour suppressor activity 

(reviewed in Iyer et al., 2004; Kishimoto et al., 2005). In addition, a number of viral 

proteins, such as the viral oncoprotein El A, SV40 large T antigen and HTLV Tax, have 

been shown to target CBP/p300 in order to affect the transcription of genes involved in 

cellular processes including cell growth and differentiation (Bex et al., 1998; Eckner et al., 

1994; Eckner et al., 1996; Stein et al., 1990; Yang et al., 1996; reviewed in Goodman & 

Smolik, 2000; Iyer et al., 2004). Several chromosomal translocations that generate fusions
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of CBP, or its partner proteins, with other proteins are associated with hematologic 

malignancies (reviewed in Iyer et al., 2004; Kalkhoven, 2004). For example, the 

interaction of CBP with the MOZ-TIF2 fusion protein is an important feature of MOZ- 

TIF2 action in acute myeloid leukaemia. This interaction, which is dependent on the AD 1 

domain of TIF2, has been shown to reduce the cellular levels of CBP, disrupting the 

activity of CBP-dependent activators, such as the nuclear receptors and p53 (Collins et al., 

2006; Kindle et al., 2005, reviewed in Troke et al., 2006).

2.1.3.2 SRC1 Interaction Domain (SID)

The interaction between the C-terminal SID domain of CBP/p300 and the p i60 ADI 

domain is essential for ligand dependent transcription mediated by steroid hormone 

receptors (Kim et al., 2001; Sheppard et al., 2001). The SID domain has been mapped to 

residues 2058-2117 (Demarest et al., 2002; Sheppard et al., 2001). The secondary and 

tertiary structure of the isolated domain has previously been studied by far UV circular 

dichroism and NMR (Demarest et al., 2002; Heery, Unpublished data; Lin et al., 2001). 

Although the CBP SID domain was shown to contain helical secondary structure, it is not 

believed to contain any stable tertiary structure (Demarest et al., 2004; Demarest et al.,

2002). Upon binding to partner proteins, such as the pi 60s, CBP SID folds to form a 

stable, highly helical protein domain (Demarest et al., 2002). The structure of the CBP 

SID domain (2058-2117) in complex with the ACTR ADI domain and a shorter CBP SID 

construct (2067-2112) in complex with the IAD (IRF association domain) domain of IRF-3 

have been solved (Demarest et al., 2002; Qin et al., 2005). These structures suggest that 

the domain can exist in different conformations depending on its binding partner. The 

structure of the CBP SID domain, taken from the complex with ACTR is shown in figure

2.6 (Demarest et al., 2002).
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As mentioned above the SID domain interacts with a number of coactivators, transcription 

factors and viral proteins, which contain virtually no sequence similarity. However, a semi 

conserved leucine rich motif, which corresponds to the amphipathic helix A al of the 

ACTR ADI domain, is believed to play a key role in binding CBP SID (Matsuda et al.,

2004). Competition between proteins for binding to the CBP SID domain contributes to 

the negative cross talk between different signalling pathways (Matsuda et al., 2004).

The interactions between CBP SID and SRC1 ADI, El A and Ets-2 have been investigated 

by mutational analysis (Matsuda et al., 2004; Sheppard et al., 2001). Whilst very similar 

results were observed for the SRC1 ADI and El A interactions, subtle differences were 

observed for the interaction between CBP SID and Ets-2 (Sheppard et al., 2001).

As can be seen above structural studies have focused on the SID domain of CBP. The SID 

domains of CBP and p300 share 6 8 % amino acid sequence identity and 82% sequence 

homology. With the exception of the substitution of Q2082 for a leucine, all the non­

similar amino acid substitutions are located in the N- and C-termini of the domain, in 

regions that appear to be unstructured (Demarest et al., 2002). Given the high homology 

between the two proteins, it seems likely that the SID domain of p300 would form very 

similar complexes to those observed for CBP.

2.1.4 Aims

The aims of the work described in this chapter were to determine the solution structure of 

the complex formed between the interaction domains of the transcriptional coactivators 

CBP and SRC1, and compare the features of the complex to that reported for the closely 

related CBP SID / ACTR ADI complex. The boundaries of the interacting regions of CBP 

SID (2059-2117) and SRC1 ADI (920-970) were based on the results of previous detailed
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mapping experiments (Demarest et al., 2002; Sheppard et al., 2001). Expression and 

purification of the isolated SRC1 ADI domain had previously been shown to be 

impossible and precluded preparation of the complex by mixing the individual purified 

domains. This problem was also reported in structural studies of the closely related ACTR 

ADI domain, and presumably indicates that the isolated ADI domain is unfolded and 

therefore very susceptible to proteolysis.

2.2 Materials and Methods

2.2.1 Protein Expression and Purification

Uniformly ,5N and ,5 N/,3C labelled samples of the CBP SID domain (mouse residues 

2059-2117) complexed with the SRC1 ADI domain (human residues 920-970) were 

expressed and purified in collaboration with Dr. B Yue. The samples were prepared from 

a modified pET22b E. coli expression vector (a gift from Peter Wright, Scripps Institute), 

which allowed coexpression of the two domains. The vector introduced a C-terminal hexa- 

histidine tag to the SRC1 domain linked via a 5 residue region. The labelled CBP SID and 

SRC1 ADI domains were coexpressed in minimal media containing 0.6 g/1 >99% l5N 

ammonium sulphate and unlabelled or 2 g/1 >99% C glucose as the sole nitrogen and 

carbon sources. The medium was also supplemented with 50 mg/L unlabelled methonine 

as the host strain used (B834) is a methionine auxotroph. Transformed cells were grown at 

37°C and expression of the two proteins forming the complex was induced in mid log 

phase by the addition of isopropyl-1-thio-P-D-galactopyranoside (IPTG) to 1 mM. The 

cells were harvested at 3 hours post induction by centrifugation (6000 g for 20 minutes), 

resuspended in 20 mM sodium phosphate, 100 mM sodium chloride and 5mM imidazole 

buffer at pH 7 and then lysed by sonication. Insoluble cell debris was removed by 

centrifugation at 13,000 g for 30 minutes and the resulting supernatant containing the CBP
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SID / SRC1 ADI complex was filtered through a 0.2 pm millipore filter in preparation for 

chromatography. The initial step in the purification of the complex involved affinity 

chromatography on a Ni-NTA column. After loading the lysate supernatant, and a simple 

wash step to remove non-bound material, the CBP SID / SRC1 ADI complex was eluted 

from the column, using a two step linear gradient of imidazole (5-250mM). Fractions 

containing the complex were then pooled and subjected to a final polishing purification 

step by gel filtration on a Superdex 75 16/60 pre-packed column (Amersham Biosciences). 

The purified complex obtained was judged to be greater than 95% pure by SDS-PAGE 

(Invitrogen 4-12% Bis-Tris NuPAGE gel system).

2.2.2 Reverse Phase High Performance Liquid Chromatography (HPLC)

Reverse phase HPLC analysis of the complex on a C4 column, was used to determine the 

stoichiometry of the purified complex. The individual domains were resolved on the C4 

column by applying a linear gradient of acetonitrile (1.6-80%) and the relative amounts of 

each were quantified by their absorbance at 215 nm.

2.2.3 Circular Dichroism (CD) Spectroscopy

Far UV CD spectra were obtained from 0.4 mM samples of the CBP SID / SRC1 ADI 

complex in a 20 mM sodium phosphate, 100 mM sodium chloride buffer at pH 7. Samples 

were placed in a 0.1 mm path length cell and spectra were recorded from 180 to 250 nm at 

a resolution of 1 nm and scan speed of 2 0  nm/min, with each spectrum representing the 

average of 10 accumulations. Prior to analysis CD spectra were corrected for buffer 

absorbance and the raw data converted to molar CD per residue. The software package 

CDPro was used to determine the proportions of regular secondary structure in the 

complex indicated by the CD data (Sreerama & Woody, 2000).
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2.2.4 NMR Spectroscopy

NMR spectra were acquired from 0.35 mL samples of 1.5 mM CBP SID / SRC1 ADI 

complex in a 20 mM sodium phosphate, 100 mM sodium chloride, 10 pM EDTA and 

0.02% (w/v) sodium azide buffer at pH 7, containing either 90% D2 O /1 0 % H2O or 100% 

D2O as appropriate. All NMR data were acquired at 25°C on either an 800 MHz Varian 

Inova or a 600 MHz Bruker Avance spectrometer (table 2.1). The 2D and 3D spectra 

recorded to obtain sequence specific assignments for CBP SID and SRC1 ADI in complex 

were: 'H TOCSY (Braunschweiler & Ernst, 1983) with mixing times of 40 and 55 ms, and 

NOESY (Macura & Ernst, 1980) with an NOE mixing time of 100 ms; ^ N /H  HSQC 

(Bodenhausen & Ruben, 1980); TOCSY-HSQC (Marion et al., 1989a) with a mixing time 

of 50 ms and NOESY-HSQC (Marion et al., 1989b) with an NOE mixing time of 100 ms; 

l3C/'H HCCH-TOCSY (Bax et al., 1990) with a mixing time of 20 ms, HMQC-NOESY 

(Zuiderweg et al., 1990) with an NOE mixing time of 100 ms; and i5 N/13C/'H  HNCACB 

(Wittekind & Mueller, 1993) and CBCA(CO)NH (Grzesiek & Bax, 1993). Typical 

acquisition times in Fj and F2 for the 3D experiments were 11-13 ms for 15N, 7.5-9.5 ms 

for 13C and 15 ms for 'H, and an acquisition time of 75 ms in F3 (JH). The majority of the 

3D spectra were collected over approximately 8 8  hours, 2D ]H experiments over 8.5-24 

hours and '^N/’H HSQC spectra over about 30 minutes. Typical acquisition times in 2D 

experiments were either 70 ms ( 15N) or 35 ms (]H) in F] and 250 ms in F2 (!H). The 

WATERGATE method was used to suppress the water signal when required (Piotto et al., 

1992). The 3D NMR data were processed using NMRPipe (Delaglio et al., 1995) with 

linear prediction used to extend the effective acquisition times by up to 1 .5 -2  fold in F| 

and F2 . The spectra were analysed using the XEASY package (Bartels et al., 1995).

59



Table 2.1 NMR experimental details

Experiment Solvent Spectrometer

i5 N/i3C/'H HNCACB 10% D2O/90% H20 600 MHz Bruker Avance

l5 N /'3C/'H CBCA(CO)NH 10% D2O/90% H20 600 MHz Bruker Avance

l5N/'H TOCSY-HSQC 10% D2O/90% H20 600 MHz Bruker Avance

l5 N/'H NOESY-HSQC 10% D2O/90% H20 800 MHz Varian Inova

n C/'H HCCH-TOCSY 1 0 0 % d 2o 600 MHz Bruker Avance

l3C/'H NOESY-HSQC 1 0 0 % d 2o 800 MHz Varian Inova

'H-'H  TOCSY 1 0 0 % d 2o 600 MHz Bruker Avance

'H-'H  NOESY 1 0 0 % d 2o 600 MHz Bruker Avance

2.2.5 Sequence Specific Assignments

Sequence-specific backbone resonance assignments (N, NH, C a and CP) were obtained for 

the CBP SID / SRC1 ADI complex from the identification of intra and inter-residue 

connectivities in HNCACB, CBCA(CO)NH and ^N/'H  NOESY-HSQC spectra. Initially, 

intra and inter-residue amide nitrogen/proton to C a  and Cp peaks were identified in the 

triple resonance spectra and used to search for signals from neighbouring residues in the 

sequence. The identification of signals from adjacent residues was confirmed wherever 

possible by the observation of NH to NH NOEs in the NOESY-HSQC spectra.

Assignments were then extended to the side chain signals using correlations observed 

primarily in l5 N/!H TOCSY-HSQC and 13C/!H HCCH-TOCSY, with additional supporting 

evidence provided in some cases by l5 N/'H NOESY-HSQC and i3C/'H HMQC-NOESY 

spectra. H/ H TOCSY and NOESY spectra were used to assign aromatic side chain 

protons.
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2.2.6 Secondary Structure Determination

The Chemical Shift Index (CSI) method was used to predict the secondary structure of the 

CBP SID / SRC1 ADI domains on the basis of their Ca, Cp, and H a chemical shifts 

(Wishart & Sykes, 1994; Wishart et al., 1992). In addition, the pattern of sequential and 

medium range NOEs involving backbone amide signals, observed in the 15N/*H NOESY- 

HSQC spectrum, was used to confirm the locations of helical regions (Wuthrich, 1986).

2.2.7 Structural Calculations

The family of converged CBP SID / SRC1 ADI structures was determined in a two stage 

process using the program CYAN A (Guntert et al., 1997). Initially, the Combined 

Automated NOE assignment and structure determination protocol (CANDID) (Herrmann 

et al., 2002) was used to automatically assign the NOE cross peaks identified in three

i c  n
dimensional N- and C-edited NOESY spectra and to produce preliminary structures of 

the protein. After which several cycles of simulated annealing combined with redundant 

dihedral angle constraints (REDAC) were used to produce the final converged CBP SID / 

SRC1 ADI structures (Guntert & Wuthrich, 1991).

The input for the CANDID stage consisted of essentially complete 15N, ,3C and !H 

resonance assignments for the non-exchangeable groups in the CBP SID / SRC1 ADI 

complex, two manually picked three-dimensional NOE peak lists corresponding to all 

NOEs involving amide protons (1179) and all NOEs between aliphatic protons (2371), and 

one manually picked two-dimensional NOE peak list corresponding to all NOEs involving 

aromatic sidechain protons (127). In addition, the CANDID stage included 80 torsion 

angle constraints for CBP SID and 64 torsion angle constraints for SRC1 ADI as 

determined by the protein backbone dihedral angle prediction programme TALOS 

(Comilescu et al., 1999). Hydrogen bond constraints (between i and i+4) were also added
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for regions indicated to contain regular helical secondary structure by both the NOE and 

chemical shift data (Guntert et al., 1997; Wishart & Sykes, 1994; Wishart et al., 1992; 

Wuthrich, 1986), which corresponds to residues A2067-L2075, Q2082-K2092 and A2099- 

A2107 of CBP SID and E929-S941 of SRC1 ADI. The peak lists were prepared using 

XEASY and the intensity of peaks were obtained using the ‘interactive integration’ option 

within the programme (Bartels et al., 1995). CANDID calculations were carried out using 

the default parameter settings in CYANA 1 .0 . 6  with chemical shift tolerances set to 0 . 0 2  

ppm (direct and indirect *H) and 0.3 ppm (15N and 13C).

The final converged CBP SID / SRC1 ADI structures were produced from 100 random 

starting coordinates using a standard torsion angle-based simulated annealing protocol 

combined with 5 cycles of redundant dihedral angle constraints (REDAC) (Carr et al., 

2003; Muskett et al., 1998). The calculations were based upon 1855 non-redundant, NOE- 

derived upper distance limits, assigned to unique pairs of protons using CANDID, 104 

hydrogen bond constraints (4 constraints for each of the 26 hydrogen bonds) for residues 

suggested to adopt regular helical structure by both the NOE and chemical shift data, and 

142 O and ¥  torsion angle constraints derived from TALOS (Guntert et al., 1997; Wishart 

& Sykes, 1994; Wishart et al., 1992). Typical 'P and O angle constraints, within helical 

regions, were between ± 10° and ± 30°. A complete list of the dihedral angle constraints 

used in the structural calculations is shown in appendix A2 sections 1 and 2.

Analysis of the family of structures obtained was carried out using the programs CYANA 

and MOLMOL (Guntert et al., 1997; Koradi et al., 1996).
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2.3 Results

2.3.1 Expression and Purification o f the CBP SID /  SRC 1 ADI Complex.

A pET22b dual expression vector, containing sequences encoding the CBP SID (2059- 

2117) and SRC1 ADI (920-970) domains, was used to coexpress the polypeptides in E. 

coli (in collaboration with Dr. B Yue). The complex was purified in two stages. The 

presence of a polyhistidine tag at the C-terminus of SRC1 ADI allowed the complex to be 

purified by anion exchange chromatography, as shown in figure 2.1. The pooled His- 

tagged CBP SID / SRC1 ADI complex fractions were subjected to a final polishing 

purification step by gel filtration, as shown in figure 2.8. Typical yields were about 10 

mg/1.

The gel filtration elution profile clearly shows that the CBP SID and SRC1 ADI 

polypeptides associate with high affinity, with over 95% of the two domains forming the 

complex. Based on these results, the upper limit of the dissociation constant (K<j) for the 

CBP SID / SRC1 ADI complex can be calculated as ~ 1 X 10' 7 M. This result is 

comparable to the IQ of 3.4 X 10' 8 M (34 nM) that was calculated by isothermal titration 

calorimetry for the CBP SID / ACTR ADI complex (Demarest et al., 2002).
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Figure 2.7 Purification of the His-tagged CBP SID / SRC1 ADI complex. Panel A 

shows a typical FPLC profile attained for the Ni-NTA column based purification of the 

His-tagged CBP SID / SRC1 ADI complex. The complex was eluted over a two step 

linear gradient from 5-250 mM imidazole (indicated in green). The flow-through, 

contaminant and CBP SID / SRC1 ADI elution peaks are labelled. The pooled 

fractions are also highlighted. Panel B shows an SDS PAGE gel displaying FPLC 

elution fractions. Lanes 1-11 show samples removed from the second contaminant (1- 

4) and CBP SID / SRC1 ADI (5-11) elution peaks. The CBP SID (6692.7 Da) and His- 

tagged SRC1 ADI (7432.3 Da) protein bands are not resolved from each other. 

Fractions from lanes 5-10 were pooled for further purification. Lane 12 contains ultra 

low weight molecular markers (Sigma).
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Figure 2.8 Purification of the CBP SID / SRC1 ADI complex by gel filtration.

Panel A shows a typical FPLC elution profile attained by gel filtration on a superdex 

75 16/60 column. The contaminant and CBP SID / SRC1 ADI elution peaks are 

labelled. The pooled fractions are also highlighted. Panel B shows an SDS PAGE gel 

displaying FPLC elution fractions. Lanes 1-9 show samples removed from the CBP 

SID / SRC1 ADI elution peak. The CBP SID (6692.7 Da) and His-tagged SRC1 ADI 

(7432.3 Da) protein bands are not resolved from each other. Fractions from lanes 2-8 

were pooled. Lane 12 contains ultra low weight molecular markers (Sigma).

2.3.2 Reverse Phase HPLC

Under denaturing conditions the CBP SID and SRC1 ADI domains were readily separated 

by reverse phase HPLC and quantification of the peptide bond absorbance from both

65



fractions confirmed the formation of a 1:1 complex, as shown in figure 2.9.
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Figure 2.9 Reverse phase HPLC spectrum of the purified CBP SID / SRC1 ADI 

complex. The absorbance was measured at 215 nm. The areas under the two peaks 

were used to confirm the expected ratio of CBP SID to SRC1 ADI in the purified 

complex. The identities of the two major fractions were confirmed by mass 

spectrometry to correspond to the intact CBP-SID and SRC 1-ADI domain.

2.3.3 Circular Dichroism Spectroscopy

The far UV CD spectra acquired for the CBP SID / SRC1 ADI complex are typical of a 

structured helical protein, with characteristic negative elipticity peaks at approximately 209 

and 221 nm and a large positive peak at 195 nm (Sreerama & Woody, 1994), as shown in 

figure 2.10. Analysis of the spectra using the CD Pro software package, suggested that the 

complex contained around 54% (±7.3%) helical, 20% (±6.1%) turn and 25% (±5.7%)

random coil secondary structure (± standard deviation) (Sreerama & Woody, 2000).
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Figure 2.10 Far UV circular dichroism spectrum for the CBP SID / SRC1 ADI 

complex. Analysis of the spectrum revealed that the complex is predominantly helical 

(54%).

2.3.4 Sequence Specific Assignments

Very comprehensive sequence-specific resonance assignments were obtained for the CBP 

SID / SRC1 ADI complex despite the relatively poor dispersion observed in spectra, which 

is illustrated by the HSQC spectrum shown in figure 2.11. For example, backbone amide 

assignments were obtained for all non-proline residues in the complex except: N2060, 

R2061, and Q2117 in CBP SID and N927 in SRC1 ADI (96%) and for all C a  and Cp 

signals apart from the two unlabelled methionines and two residues in CBP SID (P2059 

and Q2117) (96%). A representative set of 15N strips from the HNCACB spectrum of the 

CBP SID / SRC1 ADI complex used to assign the backbone atoms (NH, N, C a  and Cp) 

are shown in figure 2.12. The corresponding set of representative ,5N strips from the 

^N /'H  NOESY-HSQC spectrum, used to confirm the backbone assignments, are shown in 

figure 2.13.
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Figure 2.11 lsN/lH HSQC spectrum of the CBP SID / SRC1 ADI complex. The

assignments of the signals from backbone amide groups in both domains are indicated 

by residue type and number, with the overlapped region between 7.85 and 8.35 ppm in 

'H and 118.5 and 121.5 ppm in ,5N shown in the expanded region to the right of the 

complete spectrum. For clarity residues are numbered according to their position in 

the domain. Thus for CBP residues P2059-Q2117 are numbered P2-Q60 and for SRC1 

residues P920-S970 are numbered P303-S353, with the C terminal linker to the His- 

tag numbered 354-361. The region between 6.5 and 7.7 ppm in 'H and 108.5 and

113.5 ppm in ,5N contains, with the exception of S36, signals from the side chain 

amide groups of asparagine and glutamine residues. Assignments obtained for the 

sidechain NH2 groups of asparagine residues are also indicated on the spectrum.
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Figure 2.12 15N strips from the HNCACB spectrum of the CBP SID / SRC1 

ADI complex illustrating the intra- and inter-residue cross peaks linking 

residues V2087 to S2093. Ca signals are represented by solid contours and CP by 

broken contours. Intra-residue connectivities between amide nitrogen/proton and 

C a and Cp show stronger signals than those observed for sequential connectivities. 

Red lines indicate sequential C a and Cp connections. Ambiguities caused by the 

overlap of intra- and inter-residue cross peaks, or the absence of peaks were 

resolved using the CBCA(CO)NH spectrum.
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Figure 2.13 1SN strips from the NOESY-HSQC spectrum of the CBP SID / SRC1 

ADI complex illustrating typical NOE connectivities linking residues V2087 to 

S2093. Red lines indicate sequential NH-NH NOEs, blue lines indicate i to i+2 NH- 

NH NOEs and green lines indicate examples of sequential aliphatic to NH NOEs.
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N2089 Hp2

In the case of Ha and Hp signals, assignments were obtained for all residues except: 

P2059, L2071 (only Hp absent), M2098 and Q2117 in CBP SID; and G942, L948 and 

D952 in SRC1 ADI (94%). For the remaining non-exchangeable aliphatic side chain 

signals (13C and *H) complete assignments were obtained apart from: P2059 (Cy, Hy, C8, 

H8), L2068 (Cy ,Hy), P2081 (H83), Q2083 (Cy, Hy), L2088 (Cy, Hy), M2098 (Cy, Hy, Ce,
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He), M2116 (Ce, He), Q2117 (Cy, Hy) in CBP SID and V923 (Cy2, Hy2), L936 (Cy, Hy, 

C8 ), L948 (Cy, Hy, C5, H5), L960 (Cy, Hy), V344 (Cy), L966 (Cy, Hy, C5) and L969 (Cy, 

Hy) for SRC1 ADI (91.5%). No attempts were made to assign aromatic ,3C signals, as 

these were not required for the analysis of the 13C edited NOESY spectra.

2.3.5 Secondary Structure Prediction

2.3.5.1 Chemical Shift Index

The secondary structure of the CBP SID / SRC1 ADI complex was predicted using the 

Chemical Shift Index (CSI) method, which compares the observed Ca, Cp, and H a 

chemical shifts for the complex with the average random coil values (Wishart & Sykes, 

1994; Wishart et al., 1992). The l3C NMR shifts of the C a of all naturally occurring 

amino acids experience a downfield shift (with respect to the random coil value) when in a 

helical conformation and a comparable upfield shift when in a p-strand extended 

conformation (Wishart et al., 1991). In contrast, the 'H NMR shifts of the H a and the 13C 

NMR shifts of the Cp experience an upfield shift (with respect to the random coil value) 

when in a helical conformation and a comparable downfield shift when in a p-strand 

extended conformation (Spera & Bax, 1991; Wishart et al., 1992). However, due to the 

overlap observed for the CP shifts their chemical shifts can only be used identify stretches 

of p-sheet (Wishart & Sykes, 1994).

The consensus CSI results suggestted that the CBP SID domain contained three helices 

located between residues S2066-L2075, Q2082-K2092 and A2099-A2107, and that the 

SRC1 ADI domain contained two helices between residues E929-S941 and A949-A954. 

The CSI data is summarised in figure 2.14.
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Figure 2.14 Predicted secondary structure of the CBP SID / SRC1 ADI 

complex. Panels A and D show the pattern of NH-NH and Ha-NH NOEs observed 

for the CBP SID domain and SRC1 ADI domain respectively. Regions that contain
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characteristic helical pattern of NOEs are contained within the red boxes. Panels B and 

E show the average deviation of the observed C a and H a shifts from the average 

random coil values. Panel B shows the deviations observed for the CBP SID domain 

and panel E those seen for the SRC1 ADI domain. To compensate for the larger 

secondary shifts observed for the C a signals, and for the expected opposite shifts 

observed for C a and H a signals in helical regions, the average deviation was

Calculated as. (((SCaobserved-^Carandom coil) X 0.16) - (6 H a observed " &Ha random coil)) 12.. 

Helical regions are characterised on the histogram by positive secondary shifts. For 

comparison the deviations observed for the CBP SID / ACTR ADI complex are also 

shown, with the deviations for CBP SID shown in panel C and for ACTR ADI in panel 

F. The secondary structure of the CBP SID domain, when in complex with SCR1 

ADI, is predicted by both the NOE pattern and the chemical shift deviations to be 

composed of three helical regions. Similar results were obtained for the chemical shift 

deviations of the CBP SID domain when in complex with ACTR ADI. The secondary 

structure of the SRC1 ADI domain was shown by both methods to contain one N- 

terminal helix. However, the chemical shift deviations also suggested that the SRC1 

ADI contains a further three helical regions. Similar results were observed for the 

homologous ACTR ADI domain, however, there are minor differences in the positions 

of the predicted helices.

2.3.5.2 NOE Pattern

Regions of proteins which contain regular secondary structure display characteristic 

patterns of inter-residue NOEs. For example a-helical structures are characterised by 

strong sequential and weaker i to (i+2) NH-NH NOEs, as well as by i to (i+3) and i to (i+4) 

'H to 'H NOEs (Wuthrich, 1986).
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The pattern of NOEs that were calculated by CYANA are summarised in figure 2.14 

panels A and D. Analysis of the pattern indicates that the CBP SID domain contains 3 

helices between residues, A2067-S2077, Q2082-N2094 and Q2096-N2112. These results 

are similar to those obtained by the CSI method, the main difference being that the third 

helix is extended by 2-3 residues at both the N- and C-termini. In contrast to the CSI 

secondary structure prediction for the SRC1 ADI domain, which suggested that the 

domain contained two helical regions, the NOE pattern suggests that the SRC1 ADI 

domain contains only one well defined helix between residues E929 and S941. The NOE 

pattern for the remaining region of the SRC1 ADI domain is inconclusive.

2.3.5 Structural Calculations

The CANDID protocol proved effective at determining unique assignments for the NOEs

1S IIidentified in the three dimensional N- and C-edited NOESY and the aromatic to 

aliphatic region of the two dimensional NOESY. At the end of the final cycle, unique 

assignments were obtained for 89.8% (1059/1179) of the NOE peaks picked in the ,5 N/'H 

NOESY-HSQC spectra, 89.3% (2117/2371) in the 13C /1H HMQC-NOESY spectra and 

92.1% (117/127) in the NOESY spectrum. The uniquely assigned NOE peaks produced 

1759 non-redundant 'H to 'H upper distance limits, which were used as the principle 

constraints in the final round of structural calculations.

The final family of CBP SID / SRC1 ADI complex structures was determined using a total 

of 2005 NMR-derived structural constraints (an average of 18.2 per residue), including 

1759 NOE-based upper distance limits (328 intra residue, 514 sequential (i, i+l), 643 

medium range (/, i<4) and 274 long range (i, i >5)), 142 backbone torsion angle constraints 

(71 O and 71 40 and 104 hydrogen bond constraints in regions of regular helical structure.
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Following the final round of CYANA calculations, 37 satisfactorily converged structures 

were obtained from 100 random starting structures. The converged structures contain no 

distance or van der Waals violation greater than 0.5 A and no dihedral angle violations 

greater than 5°, with an average value for the CYANA target function of 6.17 ± 0.95 A2. 

The sums of the violations for the upper distance limits, lower distance limits, van der 

Waals contacts and torsion angle constraints were 20.7 ± 1.84 A, 1.5 ± 0.24 A, 14.8 ± 1.55 

A and 33.8 ± 6.53° respectively. Similarly, maximum violations for the converged 

structures were 0.40 ± 0.05 A, 0.24 ± 0.08 A, 0.28 ± 0.04 A and 3.44 ± 0.64° respectively. 

The family of converged CBP SID / SRC1 ADI complex structures, together with the 

NMR constraints, have been deposited in the Protein Data Bank (accession code 2C52). 

The NMR constraints and structural statistics for the CBP SID / SRC1 ADI complex are 

summarised in table 2 .2 .

The solution structure of the CBP SID / SRC1 ADI complex is determined to high 

precision, which is clearly evident from the superposition of the protein backbone shown 

for the family of converged structures in figure 2.15 (best fit for residues 2063-2113 (CBP- 

SID) and 928-963 (SRC 1-ADI)) and is reflected in low root mean standard deviation 

(r.m.s.d.) values to the mean structure for both the backbone and all heavy atoms of 0.49 ± 

0 . 1 0  A and 0.95 ± 0.09 A respectively.
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Table 22  NMR constraints and structural statistics for the CBP SID/SRC 1 ADI complex

a) No. of Constraints used in Final Structural Calculation

Intraresidue NOEs 328
Sequential NOEs (/, /+1) 514
Medium-range NOEs (/, i<4) 643
Intramolecular long-range NOEs (i, i >5) 166
Intermolecular long-range NOEs (/, / >5) 108
Torsion angles 142 (71 <t> and 71VP)
Hydrogen bonding___________________ 1_04______________________

b) Maximum and Total Constraint Violations in 37 Converged CBP
SID/SRC 1 ADI Structures

Upper distance limits (A) 0.40 ± 0.05 20.7 ± 1.84
Lower distance limits (A) 0.24 ± 0.08 1.5 ±0.24
van der Waals contacts (A) 0.28 ± 0.04 14.8 ± 1.55
Torsion angle ranges (°) 3.44 ± 0.64 33.8 ± 6.53
Average CYANA target function (A2)____ 6.17 ± 0.95______________

c) Structural Statistics for the Family of Converged CBP SID/SRC 1 ADI Structures

Residues within the
favourably allowed 71
additionally allowed 20
generously allowed 6
disallowed 2

regions of the Ramachandran plot (%)
Backbone atom r.m.s.d. for structured region (residues 

2063-2113 of CBP SID and 928-963 of SRC 1 AD 1) 0.49 ± 0.10 A
Heavy atom r.m.s.d. for structured region (residues 

2063-2113 of CBP SID and 928-963 of SRC 1 AD 1) 0.95 ± 0.09 A
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Figure 2.15 Stereo view of the solution structure of the CBP SID / SRC1 ADI 

complex. The CBP SID domain is shown in blue and the SRC1 ADI domain is 

shown in red. Shown is the best fit superposition of the family of 37 converged 

structures obtained. The four helices of CBP SID, C al, Ca2, Ca3, and Ca3’ and the 

four helices of SRC1 ADI, S al, S a2 \ Sa2 and Sa3 are labeled, as is the N and C 

termini of both domains.

2.1 Discussion

2.4.1 Structural Features o f the CBP SID /  SRC 1 ADI Complex

The backbone topology of the CBP SID / SRC1 ADI complex is illustrated by the ribbon 

diagrams shown in figure 2.16. The complex is primarily composed of eight helices linked 

by turns and loops, including four a-helices in the CBP SID domain (Cal S2066-K2076, 

Ca2 Q2082-S2093, Ca3 P2095-T2106 and Co3’ Y2109-N2112) and three in the SRC1 

ADI domain (Sal E929-S941, Sa2’ E945-L948 and Sa3 I957-Q962). SRC1 ADI also
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contains a short 3io-helix (Sa2 E950-L955). These helices constitute just over 50% of the 

polypeptide in the complex, which fits with the CD data prediction of 54% helical 

secondary structure.

SRC1SRC1

SRC1'

Figure 2.16 Backbone topology of the CBP SID / SRC1 ADI complex. The CBP

SID domain is shown in blue and the SRC1 ADI in red. Panel A shows a ribbon 

representation of the backbone topology of the two domains in the complex in the 

same orientation as in figure 2.15. In panel B the ribbon representation of the 

complex is rotated by -50° about the vertical axis compared to the view shown in 

panel A. The four helices of CBP SID, C al, Ca2, Ca3, and Ca3’ and the four 

helices of SRC1 ADI, Sal, S a2 \ Sa2 and Sa3 are labelled, as is the PSSP turn and 

the N and C termini of both domains.

The two domains are intimately associated in the complex, with C al, Ca2, Ca3 and Sal 

forming a four-helix bundle (figure 2.16). The middle helices in the SRC1 ADI domain 

(Sa2’ and Sa2) pack together on one side of the complex to stabilise the corner region of 

the ‘L’ shaped domain and are not involved in the interface with CBP SID. In contrast, the
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fourth helix of SRC1 ADI (Soc3) serves to cap the four-helix bundle region and forms 

extensive contacts with the third helix of CBP SID (Ca3) and with the well defined five 

residue turn that links the N-terminal two helices of CBP SID (C al and Ca2). As a result 

of its amino acid sequence (SPSSP), this turn is referred to as the PSSP turn.

The N-terminal helix of CBP SID (C al) contains a leucine rich motif and lies almost 

parallel to Ca2. The N-terminus of Ca2 contains a five residue polyglutamine stretch 

which proceeds the hydrophobic residue rich C-terminal half of the helix. The third helix 

of CBP SID (Ca3) is inclined away from C a l and Ca2 exposing a hydrophobic groove 

between C a l and Ca3, which accommodates the first helix of SRC1 ADI (Sal). The C- 

terminal helix of CBP SID (Ca3’) is separated from Ca3 by a short region of irregular 

structure, with the two helices resembling a single bent helix. The stabilising interactions 

between the CBP SID helices C a l and Ca2, and between Ca2 and Ca3 appear to involve 

no ionic or hydrogen bonds, but rely solely on favourable van der Waals contacts, 

primarily involving residues; A2067, L2071 and T2074 from C a l; Q2083, V2087, 12090 

and L2091 of Ca2; and L2097, F2101 and T2106 from Ca3. Residue N2094 also makes a 

number of van der Waals interactions with the adjacent two helices Ca2 and Ca3. 

Likewise the SRC1 ADI domain appears to be primarily stabilised by van der Waals 

interactions, which involve residues A931 and Q935 from S a l; K943 from the 

unstructured region between S a l and S a2’; T946 from Sa2’; A949 which links Sa2’ to 

Sa2 and G956 which links Sa2 to Sa3. This extensive network of stabilising van der 

Waals interactions is summarised in figure 2.17. Two potential salt bridges, formed 

between E945 and K959 and between D952 and K959, have also been identified. The 

mutation of one of these residues, D952 to alanine has been shown to abrogate the binding 

of CBP SID to SRC1 ADI (Waters et al., 2006).
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Figure 2.17 A summary of the intra- and inter-domain interactions observed in 

the CBP SID / SRC1 ADI complex and the CBP SID / ACTR ADI complex.

Panel A shows the amino acid sequences of the CBP SID and SRC1 ADI domains, the 

position of the helices are indicated above the sequences. Residues involved in inter­

domain van der Waals contacts responsible for stabilising the complex are indicated by 

purple triangles, and residues involved in stabilizing intra-domain van der Waals 

contacts are indicated by green circles. For comparison the amino acid sequences and 

intra- and inter-domain contacts observed in the CBP SID / ACTR ADI complex are 

also shown in panel B.

The interface between the two domains is fairly substantial, corresponding to a solvent 

inaccessible surface of 1019 A2 on CBP SID and 1088 A2 on SRC1 ADI, which is 

consistent with the tight binding observed. The binding of the N-terminal helix of SRC 1
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ADI in the hydrophobic groove situated between C al and Cot3 is also stabilised by van 

der Waals interactions. The interdomain stabilising van der Waals interactions are 

summarised in figure 2.17. The favourable contacts between the N-terminal helices of 

CBP SID and SRC1 ADI mainly involve interactions between buried side chains found in 

the leucine rich motifs of C al (LXXLLXXL corresponding to L2068, L2071, L2072, 

L2075) and S al (LLXXLXXFL corresponding to L932, L936). These leucine rich motifs 

are similar to the LXXLL motifs known to mediate protein-protein interactions between 

many transcription factors and coregulators (Heery et al., 1997). Additional favourable 

van der Waal interactions are found between residues Q935 and F939 from S al and the 

leucine residues of C a l. A potential salt bridge between K2076 of C a l and D944 which 

is located between S al and S a2’ may also stabilise this region of the complex. The 

mutation of residue D944 to alanine has been shown to prevent the binding of the ADI 

domain to CBP SID, suggesting that this potential salt bridge may play a role in stabilising 

the complex (Waters et al., 2006).

Stabilising van der Waals contacts are also found between SRC1 ADI S a l and the N- 

terminal end of CBP SID Ca3, involving the leucine rich motif (L933, L936, L940) and 

residues E929 and V937 of S a l, and residues Q2096, L2097, A2100, F2101 and Q2104 of 

Ca3. Point mutations in Ca3 (mutants F2101P and K2103P), which are likely to disrupt 

the helical structure of Ca3, have been shown to result in the complete loss of binding 

between CBP SID and SRC1 ADI (Matsuda et al., 2004; Sheppard et al., 2001). In 

addition the mutation of F2101, which is located in the core of CBP SID / SRC1 ADI 

complex, to serine also prevented the binding of CBP SID to SRC1 ADI (Sheppard et al., 

2001 ).
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The final helix of SRC1 ADI (Sa3) fits into a second hydrophobic groove located between 

the well defined PSSP turn linking C a l and Ca2, and the C-terminus of Ca3 (figure 2.16). 

This extension of the interface between SRC1 ADI and CBP SID has been shown to play 

an important role in stabilising the binding of CBP SID to SRC1 ADI. The mutation of 

key Sa3 residues (particularly D958A and L960A) were shown to abrogate the binding of 

CBP SID to SRC1 ADI (Waters et al., 2006). This interaction is again stabilised purely by 

van der Waals contacts, which involve residues L955, 1957, L960, V961, Q962 and G964 

of SRC 1 and S2079, S2080, Q2084, R2105, K2108 and Y2109 of CBP.

The final five C-terminal residues of SRC1 ADI loop back towards Sa3 and C a 3 \ as a 

result van der Waals contacts are observed between L969 and Y2109 of C a 3 \ In 

addition, a potential interdomain salt bridge was identified between R2105 of Ca3 and 

D967. However, this loop is primarily stabilised by van der Waals interactions involving 

residues within the C-terminal linker region introduced by the expression construct used 

and Q962 of Sa3. In the absence of these interactions the contacts between L969 and 

Y2109 may not be present and this C-terminal region of SRC1 ADI, including Sa3, is 

likely to be solvent exposed and available to make interactions with additional proteins, or 

domains of CBP or SRC 1.

Some features of the NMR data obtained for the CBP SID / SRC1 ADI complex clearly 

show the presence of a second minor conformational state, which is in exchange with the 

major species whose structure is reported here. This is most clearly indicated by the 

presence of cross peaks between signals from backbone amide groups in i5N/'H TOCSY- 

HSQC spectra (figure 2.18), which can only arise through chemical exchange processes 

(Feeney et al., 1991). In the majority of cases no NOEs arising from the minor 

conformation were observed in the '^N/'H NOESY-HSQC spectrum. However, in a few
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cases some weak amide to aliphatic NOEs were observed. The intensity of these peaks 

suggest that less than 10% of the complex is in the minor conformation. The amide 

nitrogen/proton chemical shifts for the major and minor conformations were well resolved, 

and only the NOEs arising from the major conformation were included in the peak lists used 

for structural calculations.

K943

D958
E945

1 ■ 1 ' i ............. i .............. i  ..............  i ■ • ■ ■ i  ------  ■ I 9.0
9.0 8.5 8.0 7.5 7.0 6.5

1H ppm

Figure 2.18 Two-dimensional 'H /'H  projection of the lsN/'H TOCSY-HSQC 

spectrum of the CBP SID / SRC1 ADI complex. The backbone amide region of the 

'^N/'H TOCSY-HSQC spectrum clearly shows the presence of a number of cross 

peaks between signals from backbone amide groups. These peaks arise through 

chemical exchange processes, which predominantly involve the C-terminal two-thirds 

of the SRC1 ADI domain. The majority of the cross peaks present in the region 

between 6.5 and 7.5 ppm are between signals from sidechain amide groups. The 

identity of a number of the signals is indicated on the spectrum.
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The conformational exchange also results in the broadening of a significant number of 

backbone amide signals, as evident in the '^N/'H HSQC spectrum shown in figure 2.11.

Interestingly, only a couple of the TOCSY exchange peaks involve residues in CBP SID, 

whereas almost all of the residues between L936-V961 of SRC1 ADI are affected, which 

corresponds to the C-terminal six residues of S al through to the end of Sa3. This 

suggests that the SRC1 ADI domain has very limited conformational stability, even when 

bound to CBP SID, which may facilitate the formation of a more transient complex that is 

inherently better suited to a functional role in control of gene expression. However, the 

possibility that other protein/protein interactions may stabilise complexes of the full length 

proteins is not excluded.

2.4.2 Structural Homology between the CBP SID /  SRC1 ADI and CBP SID /  ACTR ADI 

Complexes

The solution structure of CBP SID in complex with the closely related ADI domain from 

ACTR has recently been reported (Demarest et al., 2002) and from comparison of the 

structures shown for both CBP SID / ADI complexes it is clear that the CBP SID domain 

adopts a very similar secondary and tertiary structure, when bound to both ADI domains, 

as shown in figure 2.19 panel A. Comparisons of the backbone atom coordinates yield an 

r.m.s.d. of 1.79 A for the superposition of residues 12063, P2065-A2067, D2070-S2079 

and Q2085-K2108. One of the major differences between the CBP SID domain structure 

in complex with SRC1 ADI and ACTR ADI is the conformation of a region formed from 

five glutamine residues (2082-2086) (figures 2.19A and 2.20). In the CBP SID / SRC1 

ADI complex these residues form the N-terminus of an extended second helix, whereas in 

the ACTR ADI complex, the N-terminal three glutamine residues form part of an ill 

defined, proposed flexible loop (figure 2.19A and 2.20). This difference probably reflects
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the lack of many NMR signal assignments for residues in this region of the ACTR 

complex, resulting in few NMR constraints on the conformation, rather than a true 

difference in the structure of this region.

Figure 2.19 Comparison of the backbone topologies of the CBP SID and p i60 

ADI domains in the CBP SID / p i60 ADI complexes. Panel A shows a comparison 

of the backbone topology of the CBP SID domain taken from the SRC1 (blue) and 

ACTR (cyan) ADI complexes. The CBP SID domain was overlaid on residues 12063, 

P2065-A2067, D2070-S2079 and Q2085-K2108. Panel B shows a comparison of the 

backbone topologies of the ADI domains of SRC1 (red) and ACTR (yellow). The 

ADI domains were overlaid on residues 12063, P2065-A2067, D2070-S2079, Q2085- 

K2108 of CBP SID and residues D928-S941 and D1044-S1057 of SRC1 and ACTR 

respectively. The position of the helices, PSSP turn, PolyQ loop and the N- and C- 

termini are also labelled.

A
CBP(ACTR)

'CBP(SRCI) N SRC1

ACTR

'ACTR
CBP(SRC1)

CBP(ACTR

B

P S S P  Turn
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Figure 2.20 Comparison of the solution structures of the closely related CBP SID 

/ SRC1 ADI and CBP SID / ACTR ADI complexes. Panels A & B show 

equivalent views of the backbone topology of the CBP SID / SRC1 ADI and CBP 

SID / ACTR ADI complexes respectively, which were obtained by superimposing the 

CBP SID domain from both complexes (residues 12063, P2065-A2067, D2070-S2079, 

Q2085-K2108). The CBP SID domain is shown in blue, SRC1 ADI is shown in red 

and ACTR ADI in green. The alternative views of the complexes shown in panels C 

and D were obtained by rotating the structures by -50° about the vertical axis. The 

position of the helices, PSSP turn, PolyQ loop and the N- and C-termini are labelled.
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In contrast to the CBP SID domain, the structural similarity between SRC1 ADI and 

ACTR ADI when bound to CBP SID is confined to just the N-terminal helix, which forms 

the fourth helix of the four-helix bundle (figures 2.19B and 2.20).

CBP-SID

PNRSISPSALQDLLRTLKSPSSPQQQQQVLNILKSNPQLMAAFIKQRTAKYVANQPGMQ

SRC 1-ADI 930 940 950 960 970

S a 2  ■  S a 3
I _____

PTTVEGRNDEKALLEQLVSFLSGKDETELAELDRALGIDKLV-QGGGLDVLS
PSNLEGQSDERALLDQLHTLLSNTDATGLEEIDRALGIPELVNQGQALEPKD

1040 1050 1060 1070 1080

ACTR-AD1

Figure 2.21 Comparison of the secondary structures of the CBP SID / SRC1

ADI and CBP SID / ACTR ADI complexes. The amino acid sequence of the CBP 

SID domain is shown at the top of the figure. The positions of the four a-helices of 

CBP SID present in the CBP SID / SRC1 ADI complex are indicated above the 

sequence, whilst the three a-helices identified in the CBP SID / ACTR ADI complex 

are indicated below the sequence. The lower panel contains an optimized sequence 

alignment of the ADI domains from SRC1 and ACTR, with positions occupied by 

identical residues highlighted in bold, and clearly illustrates the extensive sequence 

homology. The positions of the four SRC1 ADI helices present in the CBP SID / 

SRC1 ADI complex are indicated in red, whilst the three a-helices of ACTR ADI 

identified in CBP SID / ACTR ADI complex are indicated in green.
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The remaining residues of both ADI domains adopt strikingly distinct structures, to the 

extent that SRC1 ADI contains three further helical regions (residues Sa2’ E945-L948 

Soc2 E950-L955 and Sa3 I957-Q962), whilst ACTR ADI contains only two (residues Aa2 

L1064-L1071 and Aa3 I1073-Q1079). The secondary structure of the two complexes are 

summarised in figure 2.21. This difference is somewhat surprising since SRC1 and ACTR 

share 53% sequence identity and 67% homology over the ADI domain (figure 2.5).
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Figure 2.22 Overall changes in the chemical shifts of CBP SID backbone signals 

when bound to either SRC1 or ACTR. The differences in the chemical shifts of 

backbone amide proton and nitrogen, Ha and Ca were calculated. To compensate for 

the increased chemical shift range of nitrogen and carbon compared to proton, the

overall change was calculated by: (A1 Ha + A'HN + (AI5N x 0.2) + (Al3Ca x 0.1)) / 4.

It is important to note that the striking structural differences are reflected in significant 

chemical shift differences for NMR signals for CBP SID residues that make distinct 

contacts in the two complexes; in particular, the C-terminus of Ca3 and C a3 \ and the
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polyQ region, as shown in figure 2.22. Significant chemical shift differences were also 

noted between the N-terminal five residues of CBP SID. In the CBP SID / SRC1 ADI 

complex these residues are solvent exposed, whilst in the ACTR ADI complex they form 

part of an extended N-terminal interdomain interface. It is unknown whether these 

structural differences in the N-terminal regions would be present in the full length proteins.

In the CBP SID / ACTR ADI complex, Aa2 and Aa3 essentially wrap around Ca3 

making extensive contacts, as shown in figures 2.17 and 2.20. The sequence of ACTR 

ADI Aa2 corresponds to that of the SRC1 ADI helix Soe2 (figure 2.21). However, unlike 

in the SRC1 ADI domain, where Soc2 packs against the previous SRC1 ADI helix (Sa2’), 

Aa2 fits into the groove between the PSSP turn and Cot3. In the CBP SID / SRC1 ADI 

structure this groove is instead filled by Sa3, whose sequence corresponds to that of Aa3 

(figure 2.21). This C-terminal helix of ACTR ADI (Aa3) packs against the adjacent 

hydrophobic face of Ca3. The sequence of the Sa3 helix (IDKLV) is somewhat divergent 

from that of ACTR and TIF2 (IPELV). Interestingly one of the divergent residues of 

SRC1 ADI, K959, could potentially form intradomain salt bridges with residues D952 and 

E945, which may help to stabilise the comer region of SRC1 ADI. In contrast, neither of 

the divergent residues of ACTR are involved in the formation of inter- or intradomain 

interactions (Waters et al., 2006).

Another notable difference in this region of the complex is the length of Ca3, which is 17 

residues long (P2095-A2111) in CBP SID / ACTR ADI, whilst in the CBP SID / SRC1 

ADI complex this region forms two shorter helices (Ca3: P2095-T2106 & C a3’: Y2109- 

N2112) which are 12 and 4 residues long respectively. The second of these helices, C a3’ 

is inclined away from the rest of the four-helix bundle to a greater extent than the C- 

terminus of Ca3 in the ACTR ADI complex, which allows Sa3 to fit into the hydrophobic
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groove.

In the CBP SID / ACTR ADI complex a salt bridge, between D1068 in Aa2 and R2105 in 

Cot3 and two coordinating hydrogen bonds (between residues D1060 and R2105, and 

D1068 and Y2109), were identified at the molecular interface of the CBP SID / ACTR 

ADI complex. These interactions are believed to contribute to the specificity of binding 

(Demarest et al., 2004; Demarest et al., 2002). Despite the fact the equivalent residues are 

conserved in the CBP SID / SRC1 ADI complex the residues are spatially distant and no 

such interactions are present. The position of residues R2105, Y2109, D944 and D952 

(equivalent to D1060 and D1068 respectively) in the CBP SID / SRC1 ADI complex are 

highlighted in figure 2.23. Three other potential hydrogen bonds were identified in the 

CBP SID / ACTR ADI complex, however, these interactions are also absent from the CBP 

SID /SRC 1 ADI complex.

As would be expected from the tertiary structures of the two complexes, CBP SID has a 

significantly larger interface with ACTR ADI than SRC1 ADI (corresponding to solvent 

inaccessible surfaces of 1681 A2 and 1019 A2 respectively). Likewise the SRC 1 ADI 

domain interface with CBP SID is significantly smaller than that of ACTR ADI 

(corresponding to solvent inaccessible surfaces of 1088 A2 and 1839 A2 respectively).

To summarise, the backbone fold for CBP SID and the first helix of the SRC1 or ACTR 

ADI domain is very similar in the closely related complexes, which is reflected in a 

backbone atom r.m.s.d. of 2.05 A for the superposition of residues 12063, P2065-A2067, 

D2070-S2079, Q2085-K2108 of CBP-SID and residues D928-S941 and D1044-S1057 of 

SRC1 ADI and ACTR ADI respectively. The subsequent regions of the ADI domains 

adopt very distinct folds, though both domains contain a conserved C-terminal helix that
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interacts with CBP SID and appears to be essential for stabilistation of the complex.

^SRC1

Y 2 1 0 9

^CBP

Ncbp

Figure 2.23 Relative location of key residues from the CBP SID / ACTR ADI 

complex in the CBP SID / SRC1 ADI complex. In the CBP SID / ACTR ADI 

complex a salt bridge was formed between residues R2105 and D1068 (equivalent to 

D952 of SRC1), whilst hydrogen bonds were detected between R2105 and D1060 

(equivalent to D944) and between Y2109 and D1068. The position of residues R2105, 

Y2109, D952 and D958 in the CBP SID / SRC1 ADI complex are highlighted on the 

complex. It is evident from the location of these residues, that these interactions are 

absent in the CBP SID / SRC1 ADI complex. A potential interdomain salt bridge was 

identified between K2076 and D944. The positions of these residues are also shown.

2.4.3 Comparison of the Secondary and Tertiary Structure of the isolated and ADI bound 

CBP SID Domain

The NMR structure of a shorter CBP SID construct (mouse residues 2067-2112) has been 

solved in isolation (Lin et al., 2001). The domain was shown to consist of three a  helices, 

Cal (residues A2067-K2076), Ca2 (V2087-K2092) and Ca3 (Q2096-R2105), which fold

D 9 5 8

D 9 4 4

R 2 1 0 5

SRC1
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around a hydrophobic core so that C al and Ca3 lie almost parallel to each other. The Ca2 

and Ca3 helices of the isolated SID domain are shorter than those observed in the CBP 

SID / pl60 ADI complexes. The region between Cal and Ca2, which is referred to as LI, 

contains the PSSP and polyQ sequences. As is evident in figure 2.24, the isolated SID 

domain has a very different topology from that observed in the CBP SID / p i 60 ADI 

complexes.

CBP SID (2067-2112) CBP SID (2059-2117)

Figure 2.24 Comparison of the isolated and ADI bound CBP SID domain. The

structures of the CBP SID domain obtained in isolation (Lin et al., 2001) and in 

complex with SRC1 ADI are shown in panels A and B respectively. The very 

different conformation of the CBP SID domain is clearly evident from the 

comparison of the backbone topologies. The backbone atoms of the CBP SID 

domains were superimposed over residues L2088-T2106. Part of the LI region is 

absent from the structure, as no assignments were obtained for four of the five 

glutamine residues in this region. The N- and C-termini and positions of the helices 

are labelled, as is the LI region of the isolated SID domain.
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Interestingly denaturation and differential scanning calorimetry studies have shown that the 

isolated CBP SID domain (residues 2059-2117) is not cooperatively folded (Demarest et 

al., 2004; Demarest et al., 2002). This suggests that although the isolated domain contains 

a significant amount of helical secondary structure it has no stable tertiary structure. In 

addition, Demarest et al reported that they were only able to obtain a stable fold of the 

isolated CBP SID domain at very high salt concentrations (750mM NaCl or 500mM 

Na:S0 4 ) but the domain was not able to bind ACTR (Demarest et al., 2002). It has 

therefore been suggested that the isolated SID domain exists as a molten globule and that 

the reported structure may represent one of many possible conformations.

2.4.4 Structural Flexibility o f the CBP SID Domain Permits Complex Formation with 

Multiple Partners

A number of transcription factors, coactivators and viral proteins, which contain virtually 

no sequence homology, have been shown to bind the CBP SID domain. It has been 

proposed that the interaction of these diverse proteins with the CBP SID domain is 

mediated via a semi conserved leucine rich motif (LLXXLXXLL), which is contained 

within S al of SRC1 ADI and A al of ACTR ADI (Matsuda et al., 2004). In the case of 

SRC1 ADI, the penultimate leucine in the LLXXLXXLL motif is substituted for 

phenylalanine. As in the case of SRC1 and ACTR, this sequence is believed to form part 

of an amphipathic helix, which, upon interaction with CBP SID, forms the fourth helix of 

the four-helix bundle. Mutation of the conserved leucine residues of SRC1 S al (residues 

L932/L933/L935) to alanine has been shown to prevent CBP SID binding (Waters et al., 

2006). Similarly, the deletion of the conserved motif of Ets2, El A or CAS has previously 

been shown to abrogate binding (Matsuda et al., 2004; Ryan et al., 2006).

The crystal structure of the CBP SID domain (mouse residues 2066-2112) in complex with
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the IRF association domain (IAD) of the transcription factor IRF-3 has recently been 

reported (Qin et al., 2005). The secondary structure of the CBP SID domain was 

composed of three a-helices, C a l (residues S2066-T2074), Ca2 (S2080-S2093) and Ccx3 

(N2094-R2105). The helical boundaries are similar to those observed for the N-terminal 

three helices of the CBP SID / SRC1 ADI complex, however the C-terminal helix (Ca3’) 

seen in the CBP SID / SRC1 ADI complex (corresponding to the C-terminal six residues 

of Ca3 in the CBP SID / ACTR ADI complex) is absent. In common with the CBP SID / 

SRC1 ADI complex, the polyQ region is contained within Ca2. Despite the similar 

secondary structure, the tertiary structure of the CBP SID domain in complex with the IAD 

domain is distinct from that seen for the CBP SID / ADI complexes, as shown in figure 

2.25 (Demarest et al., 2002; Waters et al., 2006). Instead of forming three quarters of a 

four-helix bundle, the three a-helices and the loop connecting C al and Ca2 fold to form a 

rectangular framework, which interacts with IRF-3 via a flat surface.

The interaction between the IAD and SID domains is mediated by hydrophobic contacts 

involving the three helices of CBP SID and two amphipathic a-helices, H3 and H4, of the 

IAD domain. Notably neither of these IAD helices contain the conserved leucine rich 

motif that is proposed to mediate binding between the CBP SID domain and partner 

proteins (Matsuda et al., 2004). The stabilising van der Waals interactions primarily 

involve residues: T2074 of C a l, L2075 of the loop between C al and Ca2, Q2082, Q2083, 

Q2086, V2087 and 12090 of Ca2, N2094, Q2096, L2097, A2100, F2101 and Q2104 of 

Ca3, and 1326, 1330, T333, C371, A374, L375, M378, V381, G382 and G383 of the IAD 

domain. The complex is also stabilised by two interdomain hydrogen bonds between 

residues E203 and S2080 and between S221 and E2086.
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A B SRC1

SRC1

C a1 l\ )  C a3-

C B P  SID /  IRF3 IAD C B P  S I D / S R C 1  AD1

Figure 2.25 Comparison of the CBP SID / SRC1 ADI and CBP SID / IRF-3 IAD 

structures. The equivalent views of the backbone topology of the CBP SID domain 

in complex with the IRF-3 IAD domain and the SRC1 ADI domain are shown in 

panels A and B respectively. The backbone atoms of the CBP SID domains were 

superimposed over residues K2076-K2103 of helices Ca2 and Ca3. The surface 

representation of the IAD domain is shown in grey and the ADI domain in pink. The 

CBP SID domain forms two distinct conformations when in complex with the different 

domains. The position of the helices, and the N- and C-termini of the CBP SID 

domains are labelled.

The ability of the CBP SID domain to fold into distinct conformations could potentially 

allow the domain to interact with distinct groups of transcriptional regulators that possess 

little if any sequence or structural similarity. It has also been suggested that the marked 

difference in the positioning of the N- and C-termini of the CBP SID domain could impact 

on other regions of the CBP protein, potentially affecting the binding of additional 

transcriptional regulators or the acetyltransferase activity of CBP (Qin et al., 2005).
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2.4.5 Conclusion

Structural studies of the CBP SID domain have shown a high degree of structural plasticity 

in the functional complexes formed by this region of CBP. For example, the domain can 

adopt at least two distinct folds when in complex with different partner proteins, allowing 

it to interact with a number of diverse classes of transcriptional regulators, and potentially 

influencing its coactivator activities. Comparison of the NMR structures obtained for the 

closely related CBP SID / p i60 ADI complexes revealed that whilst the CBP SID domain 

adopts a similar fold, the topologies of the p i60 ADI domains are distinct. These 

structural differences may reflect functional differences between the p i60 proteins. For 

example, the different solvent accessible surfaces could potentially create different 

interaction surfaces, allowing for the formation of p i60 specific higher order complexes.
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CHAPTER 3

SOLUTION STRUCTURE OF THE C-TERMINAL MA-3 DOMAIN OF PDCD4 

AND THE CHARACTERISATION OF ITS INTERACTION WITH THE 

TRANSLATION INITIATION FACTOR eIF4A

3.1 Introduction

3.1.1 Programmed Cell Death 4

Pdcd4 (Programmed Cell Death Protein 4) is a highly conserved, eukaryotic protein, which 

has recently been shown to play critical roles in the regulation of both transcription and 

translation (Bitomsky et al., 2004; Yang et al., 2004; Yang et al., 2003a). The protein was 

initially discovered in a screen for genes activated during apoptosis (Shibahara et al., 1995) 

and then subsequently identified as a tumour suppressor in studies of a mouse keratinocyte 

model of tumour promotion, in which high levels of Pdcd4 were found to render cells 

resistant to transformation by the tumour promoter TPA (Cmarik et al., 1999; Yang et al., 

2001). Pdcd4 has been shown to inhibit the activation of Activator protein-1 (AP-1)- 

responsive promoters by complexes containing c-Jun, providing a possible explanation for 

its ability to suppress TPA-induced transformation (Yang et al., 2001; Yang et al., 2003b).

Recently, loss of Pdcd4 expression has been strongly implicated in the development and 

progression of both human lung cancer and aggressive malignant breast cancer (Afonja et 

al., 2004; Chen et al., 2003). The expression of Pdcd4 has been shown to be reduced in 

many renal-, lung- and glia- derived tumours (Jansen et al., 2004). In addition, Pdcd4 has 

been shown to suppress tumour development in a mouse model of skin carcinogenesis 

(Jansen et al., 2005). This suggests that Pdcd4 might be a potential molecular target for 

cancer prevention. Although the exact mechanism of Pdcd4s anti-tumour activity is 

unknown, it has been suggested that it may involve processes such as the induction of 

apoptosis and the indirect suppression of the expression of carbonic anhydrase and cyclin-
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dependent kinase l/cdc2 (Afonja et al., 2004; Goke et al., 2004; Jin et al., 2006; Lankat- 

Buttgereit et al., 2004; Zhang et al., 2006).

Human (also referred to as H731-L) and mouse Pdcd4 are 469 residue proteins, which 

contain at least three domains, an N-terminal RNA-binding region (residues 1-157) and 

two MA-3 domains (residues 157-287 and 319-449) (Bohm et al., 2003; Ponting, 2000). 

Pdcd4 also contains two potential nuclear localisation signals, which are found close to the 

N- and C-termini, and two nuclear export signals, which are found within the middle MA-3 

domain (M A -3 m )  (Bohm et al., 2003). The domain structure of mouse Pdcd4 is shown in 

figure 3.1.

□
1 RNA-binding MA-3m MA-3c 4 6 9

Figure 3.1 Schematic diagram of the functional regions of mouse Pdcd4. The

RNA-binding region (residues 1-157), middle MA-3 domain (MA-3m) (157-287) and 

C-terminal MA-3 domain (MA-3c) (319-449) are indicated.

Characterisation of the cellular functions of Pdcd4 is the focus of many ongoing 

investigations, however, recent work indicates essential roles in the control of both 

transcription and translation, mediated via specific protein-protein and protein-RNA 

interactions (discussed in sections 3.1.2 and 3.1.3) (Bitomsky et al., 2004; Yang et al., 

2004; Yang et al., 2003a). The best characterised functional interaction is between the 

MA-3 domains of Pdcd4 and the eukaryotic initiation factors eIF4A and eIF4G, with
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complex formation resulting in the inhibition of cap-dependent translation (Goke et al., 

2002; Kang et al, 2002b; Yang et al., 2004; Yang et al., 2003a).
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Figure 3.2 Amino acid sequence conservation between the MA-3 domains of 

Pdcd4 and eIF4G proteins. The multiple sequence alignment of the MA-3 domains 

of Pdcd4 (mouse, human and chicken), human eIF4G and its homologue DAP- 

5/NATl/p97 illustrates the high degree of sequence homology between the MA-3 

domains. Residues with conserved sequence identity are highlighted in red, those 

which are conserved sequence similarity in five or more domains are highlighted in 

yellow. The positions of two functionally important, semi-conserved aspartate residues 

(D414 and D418 of Pdcd4 MA-3c) are indicated (*). The consensus sequence is shown 

below. Amino acids with conserved sequence identity are shown in uppercase; those 

with conserved sequence similarity in over 60% of the sequences are shown in 

lowercase. Similar residues were grouped as follows: AVILM, FYW, KRH, DE, 

STNQ, PG and C. The symbol T  is used to denote either I or V, ‘$’ denotes L or M, 

and ‘#’ denotes anyone of NDQE. The alignment was prepared using ClustalW and 

ESPript.cgi (http://npsa-pbil.ibcp.fr/cgi-bin/align_clustalw.pl)
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To date, MA-3 domains have been found in over 200 eukaryotic proteins, including eIF4G,
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and appear to be involved in mediating specific protein-protein interactions 

(http://www.sanger.ac.uk/Software/Pfam/)(Finn et al., 2006).

As Pdcd4 has been shown to regulate both nuclear and cytoplasmic processes, a number of 

studies have focused on determining its subcellular localisation, but a somewhat confusing 

picture has emerged (Goke et al., 2004; Yang et al., 2003a; Yoshinaga et al., 1999; Zhang 

et al., 2006). Two recent studies have shown that Pdcd4 is able to shuttle between the 

nucleus and the cytoplasm but under normal cell growth conditions it appears to be 

predominantly localised to the nucleus (Bohm et al., 2003; Palamarchuk et al., 2005). It 

was further shown that the phosphorylation of residue S457 of Pdcd4 by the 

serine/threonine kinase Akt promotes the nuclear translocation of Pdcd4 (Palamarchuk et 

al., 2005). In addition, the phosphorylation of either residue S67 or S457 by Akt has been 

shown to significantly reduce the ability of Pdcd4 to inhibit AP-1 dependent activation of 

gene expression (Palamarchuk et al., 2005).

Recent results suggested that S67 of Pdcd4 is also phosphorylated by the mTOR-ribosomal 

protein S6  kinase 1 (S6K1) in response to mitogens. This promotes the phosphorylation of 

S71 and S76, by an unidentified kinase, and the subsequent degradation of Pdcd4 by the 

ubiquitin ligase SCF^trcp. It has been suggested that this degradation of Pdcd4 allows for 

the efficient translation of proteins required for cell growth and proliferation (Dorrello et 

al., 2006).

3.1.2 Inhibition o f AP-1 Dependent Transactivation by Pdcd4

As previously mentioned, Pdcd4 has been shown to inhibit the transcription factor AP-1, 

which is known to regulate a wide range of cellular processes including; proliferation, 

differentiation, invasion, metastasis, hypoxia, angiogenesis and apoptosis (reviewed in
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Eferl & Wagner, 2003; Shaulian & Karin, 2002). The AP-1 complex is formed from 

different dimeric combinations of proteins from the Jun (c-Jun, JunB, JunD) and Fos (c- 

Fos, FosB, Fra-1, Fra-2) subfamilies, which form either Jun-Jun homodimers or Jun-Fos 

heterodimers. Work by Bitomsky et al. suggested that Pdcd4 inhibits AP-1 dependent 

transcription by interacting with both c-Jun and Jun N-terminal kinase (JNK), thereby 

preventing JNK-dependent phosphorylation of c-Jun and the recruitment of the coactivator 

p300 by AP-1 complexes (Bitomsky et al., 2004). Phosphorylation of c-Jun residues S63 

and S73 is believed to enhance transcription by inducing the exchange of AP-1 bound co­

repressor complexes for coactivators such as CBP and p300 (Bannister et al., 1995; 

Derijard et al., 1994; Hibi et al., 1993; Lee et al., 1996; Ogawa et al., 2004; Smeal et al., 

1991).

A second mechanism for the inhibition of AP-1 dependent transcription by Pdcd4 has been 

proposed, in which Pdcd4 indirectly inhibits AP-1 by targeting the expression of a kinase 

found upstream of JNK. Recent microarray data showed that Pdcd4 inhibits the 

transcription of mitogen activated protein kinase kinase kinase kinase 1 (MAP4K1), 

resulting in the inhibition of JNK dependent phosphorylation of c-Jun. It was suggested 

that Pdcd4 works indirectly by inhibiting the translation of a transcription 

factor/coactivator that is required for the expression of MAP4K1 (Yang et al., 2006).

Interestingly, it has been shown that both nuclear and cytoplasmic Pdcd4 are capable of 

inhibiting AP-1 dependent transactivation (Palamarchuk et al., 2005). It would seem likely 

that nuclear Pdcd4 acts by binding to c-Jun and JNK, thus inhibiting c-Jun 

phosphorylation. However, cytoplasmic Pdcd4 could function by either interacting with 

cytoplasmic JNK, again directly inhibiting c-Jun phosphorylation, or through inhibiting the 

translation of proteins required for AP-1 dependent transactivation.
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3.1.3 Pdcd4 dependent Translational Regulation

The eIF4F cap-binding complex (eIF4A, eIF4E and eIF4G) plays a key role in cap- 

dependent translation, as it recruits the small ribosomal subunit to the 5’ mRNA cap and is 

subsequently involved in scanning for the initiation codon. The translation of mRNAs 

with structured 5’UTRs is dependent on the helicase activity of eIF4A (Svitkin et al., 

2001), which is stimulated by binding to eIF4F (Abramson et al., 1987; Richter-Cook et 

al., 1998; Rogers et al., 2001). The recruitment of eIF4A to eIF4F is mediated by two 

domains contained in the middle and C-terminal regions of eIF4G (discussed in section 

1.4.2) (Imataka & Sonenberg, 1997; Morino et al., 2000).

Pdcd4 has been shown to suppress translation by competitively inhibiting the interaction 

between eIF4A and the C-terminal regulatory region of eIF4G (eIF4Gc: residues 1040- 

1560), which is likely to result in the decreased recruitment of eIF4A to the eIF4F complex 

(Laronde-Leblanc et al., 2006; Yang et al., 2004; Yang et al., 2003a). The interaction of 

eIF4Gc with eIF4A is mediated by an MA-3 domain, homologous to those found in Pdcd4 

(Bellsolell et al., 2006; Imataka & Sonenberg, 1997; Morino et al., 2000). Recent data has 

shown that the C-terminal MA-3 domain of Pdcd4 (Pdcd4 MA-3c) effectively competes 

with eIF4Gc for binding to eIF4A. In addition, it was shown that the isolated Pdcd4 MA- 

3c domain is sufficient to inhibit the translation of 5’ UTR structured mRNA (Laronde- 

Leblanc et al., 2006).

Mutational studies have shown that the interactions between eIF4A and the MA-3 domains 

of either Pdcd4 or eIF4Gc involve two conserved acidic residues (Pdcd4 MA-3m: E249 & 

D253, Pdcd4 MA-3o D414 & D418, eIF4Gc: D1329 & D1333), which are highlighted in 

figure 3.2 (Yang et al., 2004). The substitution of one of these conserved residues in either 

Pdcd4 MA-3 domain, or removal of one of the MA-3 domains, has been shown to
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dramatically reduce binding to eIF4A. Similarly, substitution of conserved residues in 

either domain of eIF4A results in reduced affinity for Pdcd4 (Zakowicz et al., 2005). 

These results clearly suggest that the two MA-3 domains of Pdcd4 and the two globular 

domains of eIF4A are involved in forming a tight complex.

Pdcd4 also appears to bind tightly to the middle region of eIF4G (eIF4Gm; residues 672- 

1065), but to a site distinct from that involved in eIF4A binding (Yang et al., 2003a). This 

interaction is also believed to contribute to the inhibitory effect of Pdcd4 on translation, 

possibly by locking eIF4A into the eIF4F complex and preventing the required eIF4A- 

eIF4F association/dissociation cycles (Pause et al., 1994).

The ability of Pdcd4 to suppress the helicase activity of eIF4A means that the translation of 

mRNAs with structured 5’UTRs are highly susceptible to translational inhibition by Pdcd4 

(Yang et al., 2004; Yang et al., 2003a). Although no specific translational targets of Pdcd4 

have yet been identified, a recent study has suggested that Pdcd4 may inhibit the 

translation of a transcription factor/coactivator that is required for the transcription of 

MAP4K1 (Yang et al., 2006).

3.1.4 Aims

The main aim of the work described in this chapter was to study the interaction of the C- 

terminal MA-3 domain of Pdcd4 and eIF4A. At the commencement of this project no 

structure existed for any MA-3 domain or region of Pdcd4. Therefore the initial aim was 

to determine the solution structure of the Pdcd4 MA-3c and subsequently use NMR 

mapping experiments to characterise its interaction with eIF4A.
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3.2 Materials and Methods

3.2.1 Protein Expression and Purification

3.2.1.1 Expression and Purification o f Pdcd4 MA-3c

Unlabelled and uniformly l5N and l5 N/l3C labelled samples of Pdcd4 MA-3c (mouse 

residues 319-449) were prepared from a pGex6P2 based E. coli expression vector, which 

introduced an N-terminal glutathione-S-transferase (GST) tag linked via a 5 residue 

sequence. The unlabelled samples were grown in LB medium and the labelled samples 

were grown in minimal media containing 0.6 g/1 >99% 15N ammonium sulphate and/or 2

13 13g/1 >99% C glucose as the sole nitrogen and carbon sources. A C labelled protein 

sample which was used for the i3C/'H NOESY-HSQC experiment was prepared as 

described above, but with the addition of non-isotopically labelled aromatic amino acids to 

the minimal media (His, Phe, Trp and Tyr at 50 mg/1). Transformed cells were grown at 

37°C and the expression of protein was induced in mid log phase by addition of IPTG to 

0.45 mM. The cells were induced for four hours at 30°C and then harvested by 

centrifugation at 6600g for 20 minutes. The cell pellet was resuspended and lysed in 50 

mM tris-(hydroxymethyl)-methylamine (Tris), 0.5 mM EDTA and 0.1% Triton X100 (v/v) 

buffer at pH 8 , to which was added 100 pg/mL lysozyme and 0.1 mM PMSF 

(phenylmethylsulfonyl fluoride) to inhibit protease activity. In addition, 5 mM magnesium 

chloride and 0.065 mg/L DNase I were added in order to break down the DNA. Insoluble 

debris was removed from the cell lysate by centrifugation at 13,000g for 20 minutes. The 

resulting supernatant, which contained the GST fusion protein, was dialysed into 150 mM 

sodium chloride, 50 mM Tris, 2 mM 1,4-dithiothreitol (DTT) and 1 mM EDTA column 

running buffer at pH 7.4 in preparation for purification by affinity chromatography. The 

dialysate was mixed with 10 ml of S-linked glutathione agarose beads and incubated with 

constant agitation for 1 hour at 4°C to promote binding. After incubation the agarose 

beads were washed twice with the column running buffer to remove non-bound material
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and then packed into a column. Using an AKTA FPLC the column was washed with a 

further 3-4 column volumes of the column running buffer. The GST-tagged Pdcd4 MA-3c 

protein was then eluted by the application of 10 mM reduced glutathione in 150 mM 

sodium chloride, 50 mM Tris, 2 mM DTT and 1 mM EDTA buffer at pH 7.4. FPLC 

fractions containing the fusion protein were pooled and dialysed into PreScission Protease 

cleavage buffer; 150 mM sodium chloride, 50 mM Tris, 1 mM DTT and 1 mM EDTA, at 

pH 7. The GST tag was then removed by cleavage with PreScission Protease (150 U/L) 

(Pharmacia) and the two products separated by gel Filtration on a superdex 75 16/60 

column (Amersham Biosciences). The Pdcd4 MA-3c fractions were eluted in 100 mM 

sodium chloride, 25 mM sodium phosphate, 0.5 mM DTT and 10 pM EDTA buffer at pH 

6.5. The purified protein was judged to be greater than 95% pure by SDS-PAGE 

(Invitrogen 4-12% Bis-Tris NuPAGE gel system). The identity of the purified protein was 

confirmed by mass spectroscopy.

3.2.1.2 Expression and Purification o f the Pdcd4 Dual MA-3 Domain Protein.

A protein encompassing the two MA-3 domains of Pdcd4 (residues 157-449) was prepared 

by a visiting Ph.D student (Thore Schmedt). The protein was prepared from a pGex6P2 

based E. coli expression vector. Uniformly l5N and l5 N/,3C labelled samples were 

prepared essentially as described for Pdcd4 MA-3c, however, the transformed cells were 

induced for 20 hours at 15 °C. In addition, the cleaved Pdcd4 (157-449) and GST were 

dialysed in to 300 mM sodium chloride, 50 mM Tris, 2 mM DTT and ImM EDTA buffer 

at pH 7.4. The GST tag was removed from the sample by re-incubating the two proteins 

with the glutathione agarose beads. The purified Pdcd4 (157-449) was then dialysed into 

the NMR buffer.
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3.2.1.3 Expression and Purification of eIF4A Proteins

The N-terminal histidine-tagged full length mouse eIF4A and the isolated N-terminal 

domain of eIF4A (residues 1-242) were prepared from pET28a-based E. coli expression 

vectors. Transformed cells were grown at 37°C in LB medium and expression of the 

protein was induced in mid log phase by addition of IPTG to 0.45 mM. The cells were 

harvested at 3 hours post induction by centrifugation at 6600g for 20 minutes. The cell 

pellet was resuspended in 50 mM Tris, 0.5 mM EDTA and 0.1% Triton X I00 (v/v) buffer 

at pH 8 , to which was added 100 pg/ml lysozyme and 0.1 mM PMSF. The cells were then 

lysed by sonication. Insoluble debris was removed from the cell lysate by centrifugation at 

13,000g for 30 minutes. The resulting supernatant, which contained the His-tagged eIF4A 

proteins, was dialysed into 100 mM sodium chloride, 20 mM Tris and 15 mM imidazole 

column running buffer at pH 8  and filtered through a 0.2 pm millipore filter in preparation 

for affinity chromatography. The dialysate was loaded onto a 10 mL Ni-NTA column and 

then washed with 2 column volumes of column running buffer. His-tagged eIF4A proteins 

were eluted from the column using a linear imidazole gradient (15-300 mM). FPLC 

fractions containing the eIF4A proteins were pooled and dialysed into 125 mM sodium 

chloride, 25 mM sodium phosphate, 0.5 mM DTT and 10 pM EDTA, at pH 7 and then 

subjected to a polishing purification step by gel filtration chromatography on a Superdex 

75 16/60 pre-packed column (Amersham Biosciences). The purified protein was judged to 

be greater than 95% pure by SDS-PAGE (Invitrogen 4-12% Bis-Tris NuPAGE gel 

system).

The isolated C-terminal domain of eIF4A (residues 237-406) was prepared by a visiting 

Ph.D student (Thore Schmedt) essentially as described above, but using a higher IPTG 

concentration of 0.9 mM. The identities of the purified eIF4A proteins were confirmed by 

mass spectroscopy.
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3.2.2 Circular Dichroism (CD) Spectroscopy

Far UV CD was employed to monitor possible changes in the secondary structure of the 

full length or isolated domains of eIF4A upon increasing sample temperature. Spectra 

were obtained from 15 pM samples of full length elF4A in 100 mM sodium chloride, 25 

mM sodium phosphate, 0.5 mM DTT and 10 pM EDTA buffer at pH 7 and the isolated bl­

and C-terminal domains of eIF4A in a 125 mM sodium chloride, 25 mM sodium 

phosphate, 5 mM DTT and 10 pM EDTA buffer at pH 7. CD spectra were recorded at 5 

°C intervals over a temperature range of 5 to 85 °C. Samples were placed in a 1 mm path 

length cell and spectra were recorded from 190 to 250 nm at a resolution of 1 nm and scan 

speed of 2 0  nm/min, with each spectrum representing the average of 1 0  accumulations. 

The CD spectra were corrected for buffer absorbance and the raw data converted to molar 

CD per residue. In addition, changes in the intensity of the maximum negative peak at 221 

nm were recorded as a function of increasing temperature, with the temperature rising 

incrementally at 1 °C/min.

3.2.3 NMR Spectroscopy

3.2.3.1 Experiments Acquired to Determine the Structure o f Pdcd4 MA-3c 

NMR spectra were acquired from 0.35 ml samples of 0.6 -  1.0 mM Pdcd4 MA-3c in a 25 

mM sodium phosphate, 100 mM sodium chloride, 0.5 mM DTT, 10 pM EDTA and 0.02% 

(w/v) sodium azide buffer at pH 6.5, containing either 10% D2O/90% H2O or 100% D2 O 

as appropriate. All NMR data were acquired at 25°C on either 600 MHz Bruker 

Avance/DRX systems, or an 800 MHz Varian Inova spectrometer (table 3.1). The 2D and 

3D spectra recorded to obtain sequence specific assignments and calculate the structure of 

Pdcd4 MA-3c were: 'H-'H TOCSY (Braunschweiler & Ernst, 1983) with mixing times of 

40 and 60 ms, 'H-’H NOESY (Macura & Ernst, 1980) with an NOE mixing time of 100 

ms; '^N/’H HSQC (Bodenhausen & Ruben, 1980); TOCSY-HSQC (Marion et al., 1989a)
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with a mixing time of 55 ms; NOESY-HSQC (Marion et al., 1989b) with an NOE mixing 

time of 100 ms; i3C/'H HSQC; HCCH-TOCSY (Bax et al., 1990) with a mixing time of 13 

ms, NOESY-HSQC (Zuiderweg et al., 1990) with an NOE mixing time of 100 ms and 

' W ’c / ' H  HNCACB (Wittekind & Mueller, 1993) and CBCA(CO)NH (Grzesiek & Bax, 

1993). Typical acquisition times in Fi and F2 for the 3D experiments were 9.2-24 ms for 

ISN, 6.6-10.0 ms for 13C and 15-18 ms for 'H, and with an acquisition time of 80 ms in F.i 

(*H). The majority of the 3D spectra were collected over approximately 72 hours, 2D 'H 

experiments over 24 hours and '^N/'H and i3C/'H HSQC spectra over about 1 hour and 20 

minutes respectively. Typical acquisition times in 2D experiments were either 60 ms 

(,5 N), 10 ms (13C) or 35-42 ms ('H) in F, and 85-125 ms in F2 ('H). The WATERGATE 

method was used to suppress the water signal when required (Piotto et al., 1992).

Table 3.1 NMR experimental details

Experiment Solvent Spectrometer

l5 N/13C/'H HNCACB 10% D2O/90% H20 600 MHz Bruker Avance

l5 N/13C/'H CBCA(CO)NH 10% D2O/90% H20 600 MHz Bruker Avance

i5 n / 'h t o c s y - h s q c 10% D2O/90% H20 600 MHz Bruker Avance

i5N/'H NOESY-HSQC 10% D2O/90% H20 800 MHz Varian Inova

'■’C/'H HCCH-TOCSY 1 0 0 % d 2o 600 MHz Bruker Avance

"C/'H  NOESY-HSQC 1 0 0 % d 2o 600 MHz Bruker DRX 
(with cryoprobe)

'h - 'h t o c s y 1 0 0 % d 2o 600 MHz Bruker DRX 
(with cryoprobe)

'h - 'h n o e s y 1 0 0 % d 2o 600 MHz Bruker DRX 
(with cryoprobe)

The 3D NMR data were processed using either NMRPipe (Delaglio et al., 1995) or 

Topspin (Bruker Biospin Ltd) with linear prediction used to extend the effective
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acquisition times by up to 2 fold in Fi and F2 The spectra were analysed using the Sparky 

package (Goddard et al., unpublished).

3.2.3.2 Chemical Shift Mapping Experiments

I5 N/'H and i3C/'H HSQC spectra (Bodenhausen & Ruben, 1980) of Pdcd4 MA-3c were 

acquired in the presence and absence of eIF4A to identify any changes in the positions of 

signals induced by eIF4A binding. In these experiments, unlabelled full length eIF4A or 

the N- or C-terminal domains alone, were added to lOOpM 15N or l3C-labelled Pdcd4 MA- 

3c in a 25 mM sodium phosphate, 125 mM sodium chloride, 5 mM DTT, 10 pM EDTA 

and 0.02% (w/v) sodium azide buffer at pH 7, containing either 10% D2O/90% H20  

(l5 N/'H HSQC) or 100% D20  (''C /'H  HSQC). The full length elF4A was titrated to a 

concentration of 150 pM (limiting solubility of eIF4A) and the isolated N-and C-terminal 

domains to between 400pM and ImM. '^N/'H HSQC spectra were collected as described 

previously, but with an acquisition time of 75 ms in F2 (!H) for a period of 6.5 hours. 

'^C/'H HSQC spectra of lOOpM l3C-labeled Pdcd4 MA-3c (with unlabeled aromatics) in 

the presence and absence of unlabeled 400 pM eIF4A N-terminal domain were collected as 

described previously, but with an acquisition time of 75 ms in F2 (!H) for a period of 12 

hours. All spectra were acquired on a 600 MHz Bruker DRX spectrometer with a 

cryoprobe. The spectra were processed and analysed as described in section 3.2.3.1.

3.2.3.3 Spectra Acquired for the Comparison o f the Pdcd4 MA-3c and Pdcd4 Dual MA-3 

Domain (J57-449) Proteins

i5 N/'H HSQC (Bodenhausen & Ruben, 1980) of 200 pM Pdcd4 (residues 157-449) were 

collected as described in section 3.2.3.1. i5 N/i3C/’H HNCO (Grzesiek & Bax, 1992) 

spectra of 300 pM Pdcd4 (residues 157-449) and 200 pM Pdcd4 MA-3c were acquired to 

identify shifts in the position of Pdcd4 MA-3c signals in the dual MA-3 domain (157-449)
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protein. All spectra were acquired on a 600 MHz Bruker Avance spectrometer. Typical 

acquisition times for the HNCO were 75 ms in F3 (‘H), 14.5 ms in F2 ( l5 N), and 8 . 6  ms in 

Fi ( 13C), with the spectra collected over approximately 40 hours. The 2D and 3D NMR 

data were processed and analysed as described in section 3.2.3.1.

3.2.4 Sequence Specific Assignments

Sequence specific backbone and sidechain assignments were obtained for the Pdcd4 MA- 

3c domain, essentially as previously described in section 2.2.5.

3.2.5 Structural Calculations

The family of converged Pdcd4-MA3c structures was determined in a two stage process 

using the program CYANA (Guntert et al., 1997), as previously described in section 2.2.7. 

The input for the CANDID stage consisted of essentially complete 15N, 13C and 'H 

resonance assignments for the non-exchangeable groups in Pdcd4 MA-3c (Waters et al., 

2006), two manually picked three-dimensional NOE peak lists corresponding to all NOEs 

involving amide protons (1346) and all NOEs between aliphatic protons (2497), and one 

manually picked two-dimensional NOE peak list corresponding to all NOEs involving 

aromatic sidechain protons (411). In addition, the CANDID stage included 174 torsion 

angle constraints for Pdcd4 MA-3c as determined by the protein backbone dihedral angle 

prediction programme TALOS (Comilescu et al., 1999). Typical ¥  and <D angle 

constraints, within helical regions, were between ± 15° and ± 20°. A complete list of the 

dihedral angle constraints used in the structural calculations is shown in appendix A2.3. 

CANDID calculations were carried out using the default parameter settings in CYANA 2.1 

with chemical shift tolerances set to 0.03 ppm (direct and indirect 'H) and 0.3 ppm (,5N 

and l3C).
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The final converged Pdcd4 MA-3c structures were produced from 100 random starting 

coordinates using a standard torsion angle-based simulated annealing protocol combined 

with 5 cycles of redundant dihedral angle constraints (REDAC) (Carr et al., 2003; Muskett 

et al., 1998). The calculations were based upon 2545 non-redundant, NOE-derived upper 

distance limits, assigned to unique pairs of protons using CANDID, 87 and H* torsion 

angle constraints derived from TALOS. In addition, hydrogen bond constraints, involving 

17 residues with slowly exchanging backbone amide signals (residues 337, 338, 366-370, 

372, 381, 384-388, 429-431), and where the hydrogen bond acceptor was unambiguous in 

preliminary structures, were added to the final round of calculations. Analysis of the final 

family of structures obtained was carried out using the programs CYANA and MOLMOL 

(Guntert et al., 1997; Koradi et al., 1996).

3.2.6 Chemical Shift Mapping o f the eIF4A Binding Site on Pdcd4 MA-3c 

The minimal shift approach was used to estimate the changes in the positions of Pdcd4 

MA-3c NMR signals resulting from eIF4A binding (Muskett et al., 1998; Williamson et 

al., 1997). The minimum change in the position for all backbone amide peaks between the 

free and eIF4A-bound Pdcd4 MA-3c was obtained by using Microsoft Excel to calculate 

the combined chemical shift difference in l5N and !H for each assigned peak in the l5 N/'H 

HSQC spectrum of the free protein compared to all peaks observed in the HSQC spectra of 

the complexes formed with eIF4A. The combined amide proton and nitrogen chemical

shift difference (A8 ) was defined according to the calculation A S = t ] ( a S „ n  Y + IaS 

where A5 h n  and A 8 n  correspond to the differences in 'H and 15N chemical shifts between 

pairs of compared HSQC peaks and (Xn is a scaling factor of 0.2 required to account for 

differences in the range of amide proton and nitrogen chemical shifts. For each individual 

HSQC peak, the minimal shift induced by ligand binding was taken as the lowest possible 

combined shift value (A8 ). The minimum change in the position of peaks arising from the
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well resolved Ca/Hoc and methyl signals in '^C/'H HSQC spectra was similarly 

determined, but using a scaling factor of 0.1 for the Cot shifts and 0.12 for the methyl 

carbon shifts. The minimal shift approach was also used to determine any significant 

changes in the positions of Pdcd4 MA-3c signals in HNCO spectra of the dual MA-3 

domain protein (157-449), with a scaling factor of 0.35 used for carbonyl signals.

3.3 Results

3.3.1 Protein Expression and Purification

3.3.1.1 Expression and Purification o f the Pdcd4 MA-3q Domain.

A pGEX expression vector, containing the sequence encoding the Pdcd4 MA-3c domain 

(319-449) was used to express the polypeptide in E. coli. The domain was purified in two 

stages. The GST-Pdcd4 fusion protein was initially purified by affinity chromatography 

using S-linked glutathione agarose resin, as shown in figure 3.3. The GST tag was then 

removed by cleavage with PreScission Protease (figure 3.4), and the two products were 

separated by gel filtration, as shown in figure 3.5. A small amount of the cleaved Pdcd4 

MA-3c and GST appeared to form a disulphide linked complex, however, this was also 

separated from the cleaved Pdcd4 MA-3c and GST by gel filtration. Typical yields were 

about 4 mg/1. Electrospray mass spectroscopy was used to determine the mass of the 

purified l5 N-labelled protein (15578.1 Da). This corresponds closely to that of the 

expected full length Pdcd4 MA-3c domain minus the C-terminal serine (15575.7 Da).

113



E
c
o
00
CVJ

c3
CDOcCO

- Q
o
COn
<

mAU

2000

1500

1000

500

GST-tagged 
Pdcd4 MA-3C 
peak

Flow-through 
peak

Pooled fractions ,*

0.0 10.0 20.0 30.0 40.0 50.0 60.0

B

66 —

20 —

Eluted GST-Pdcd4 
MA-3C peak

1 2  3 4 5 6  7 8 9  10

Figure 3.3 Purification of the GST-tagged Pdcd4 MA-3c domain. Panel A shows a 

typical FPLC profile attained for the glutathione agarose column based purification of 

the GST-tagged Pdcd4 M A -3c domain. The Pdcd4 M A -3c domain was eluted by the 

application of elution buffer containing 10 m M  reduced glutathione, as indicated on the 

profile in green. The flow-through and Pdcd4 MA-3c elution peaks are labelled. The 

pooled fractions are also highlighted. Panel B shows an SDS PAGE gel displaying 

FPLC elution fractions. Lane 2 shows a sample removed from the initial flow-through, 

lanes 3-10 show samples removed from the Pdcd4 M A -3c elution peak. Samples were 

taken from every other fraction. Fractions from lanes 3-7 were pooled for further 

purification. Lane 1 contains high molecular weight markers (Sigma).
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Figure 3.4 PreScission Protease mediated cleavage of the GST-Pdcd4 MA-3c 

fusion protein. Lane 2 of the SDS PAGE gel shows a sample taken from the purified 

GST tagged Pdcd4 MA-3c sample. Lane 3 shows a sample taken after the fusion 

protein had been incubated overnight with PreScission Protease (150 U/l). No 

remaining fusion protein is visible in lane 3, confiming that the all the protein had been 

cleaved. Lane 1 contains high molecular weight markers (Sigma).
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Figure 3.5 Purification of the Pdcd4 MA-3c domain by gel filtration. Panel A 

shows a typical FPLC elution profile obtained by gel filtration on a Superdex 75 16/60 

column. The disulphide linked GST / Pdcd4 MA-3c complex, GST and Pdcd4 MA-3c 

elution peaks are labelled. The pooled fractions are also highlighted. Panel B shows an 

SDS PAGE gel displaying FPLC elution fractions. Lane 2 shows a sample taken from 

the GST elution peak and lanes 3-10 show samples removed from the Pdcd4 MA-3c 

elution peak. Fractions from lanes 3-10 were pooled. Lane 1 contains high molecular 

weight markers (Sigma).

3.3.1.2 Expression and Purification o f the Pdcd4 Dual MA-3 Domain Protein (157-449). 

The Pdcd4 dual MA-3 domain protein (157-449) was purified as described in section 

3.2.1.2. A gel showing the purified protein is shown in figure 3.6.
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Figure 3.6 SDS PAGE gel showing the purified Pdcd4 dual MA-3 domain (157- 

449) protein. The cleaved Pdcd4 (157-449) protein and GST were separated by 

affinity chromatography. Lane 4 shows a sample of purified Pdcd4 (157-449) protein 

after incubation with glutathione agarose beads, lanes 2 and 3 show samples of the 

cleaved GST that was eluted from the glutathione agarose beads by the application of 

10 mM reduced glutathione elution buffer. No remaining fusion protein is visible in 

lanes 2-4 confirming that all the protein had been cleaved. Lane 1 contains high 

weight molecular weight markers (Sigma).

3.3.1.3 Expression and Purification o f the eIF4A Proteins

A pET28a expression vector, containing the sequence encoding either the full length 

eIF4A protein or just the N-terminal domain, was used to express the polypeptides in E. 

coli. The proteins were purified in two stages. The N-terminal hexa-histidine tag allowed 

the proteins to be purified by affinity chromatography, as shown in figure 3.7. The pooled 

His-tagged eIF4A protein fractions were subjected to a final polishing purification step by 

gel filtration, as shown in figure 3.8. Typical yields for full length eIF4A were 5 mg/mL, 

and for the N-terminal domain were 40 mg/L. SDS PAGE gels showing the purified N- 

terminal domain and full length eIF4A are shown in figures 3.8 and 3.9 respectively. A gel
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showing the isolated C-terminal domain after purification is also shown in figure 3.9.
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Figure 3.7 Purification of the His-tagged N-terminal domain of eIF4A. Panel A 

shows a typical FPLC profile attained for the Ni-NTA column based purification of the 

His-tagged eIF4A N-terminal domain (NTD). The eIF4A NTD was eluted over a linear 

gradient from 15 mM to 300 mM imidazole (indicated in green). The flow-through and 

eIF4A NTD elution peaks are labelled. The pooled fractions are also highlighted. Panel 

B shows an SDS PAGE gel displaying the FPLC elution fractions. Lanes 2-4 shows

samples removed from the loaded cell lysate, column flow-through and wash

respectively, lanes 5-12 show samples removed from the eIF4A NTD elution peak.

Fractions from lanes 7-11 were pooled for further purification. Lane 1 contains high 

molecular weieht markers (SiemaL
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Figure 3.8 Purification of the N-terminal domain of eIF4A by gel filtration.

Panel A shows a typical FPLC elution profile attained by gel filtration on a Superdex 

75 16/60 column. A high molecular weight contaminant and the eIF4A NTD elution 

peaks are labelled. The pooled fractions are also highlighted. Panel B shows an SDS 

PAGE gel displaying the FPLC elution fractions. Lanes 2 and 3 show samples taken 

from the load and contaminant elution peak respectively, and lanes 4-12 show 

samples removed from the eIF4A NTD elution peak. Fractions from lanes 6-9 were 

pooled for structural studies. Lane 1 contains high molecular weight markers 

(Sigma).
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Figure 3.9 SDS PAGE gels showing the purified full length and isolated C- 

terminal domains of eIF4A. Panels A and B show gels displaying gel filtration 

fractions of the purified full length eIF4A and isolated C-terminal domain (CTD) of 

eIF4A respectively. Lane 1 of each gel contains high molecular weight markers 

(Sigma).

The identity of the purified eIF4A proteins were confirmed by electrospray mass 

spectroscopy, as shown in table 3.2. The mass of the purified full length eIF4A protein 

was approximately 36 Da larger than expected, suggesting that the protein may have been 

acetylated. The masses of the purified N- and C-terminal domains of eIF4A were within 

the 0.025% error range of the expected masses.

Table 3.2 Mass spectroscopy results obtained for the eIF4A proteins

Expected Mass (Da) Mass of Purified Protein 
(Da)

Full-length eIF4A 48317.2 48353.6

eIF4A N-terminal domain 29119.3 29125.2

eIF4A C-terminal domain 22108.0 22111.9
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3.3.2 Circular Dichroism Spectroscopy

Far UV CD spectra acquired for the eIF4A proteins are typical of structured proteins 

containing helical secondary structure, with characteristic negative elipticity peaks at 

approximately 210 and 221 nm (Sreerama & Woody, 1994), as shown for the full length 

eIF4A protein in figure 3.10 panel B. The series of far UV CD spectra recorded at 

increasing temperatures showed that the full length and isolated N- and C-terminal 

domains of eIF4A are stable to thermal denaturation to about 30, 40 and 45°C respectively. 

The change in the intensity of the negative peak at 221 nm was recorded as a function of 

increasing temperature, as shown figure 3.10 panels A, C and D. The cooperative 

sigmoidal unfolding curves obtained for all three eIF4A proteins show that they contain 

stable tertiary structure and almost certainly form fully folded proteins.

3.3.3 Sequence Specific Assignments

Pdcd4 MA-3c gives rise to well-resolved spectra, as illustrated by the 15N/!H HSQC 

spectrum shown in Figure 3.11, which allowed essentially complete backbone resonance 

assignments to be made. Backbone amide assignments were obtained for all residues in 

Pdcd4 except: H326, K329, E330, V356, H360,1397, D418, V419 and S422 (94%) and for 

all C a  and CP signals. A representative set of 15N strips from the HNCACB spectrum of 

Pdcd4 MA-3c used to assign the backbone atoms (NH, N, C a  and Cp) are shown in figure 

3.12. The corresponding set of representative 15N strips from the 15N/*H NOESY-HSQC 

spectrum, used to confirm the backbone assignments, are shown in figure 3.13. 

Assignments were also obtained for all H a and Hp signals. For the remaining non­

exchangeable side chain signals (l3C and ]H) complete assignments were obtained apart 

from: K329 (Ce), H358 (Hel, H52), H361 (Hel, H52), L372 (Cy, Hy), 1383 (Cyl), Q400 

(Cy, Hy2, Hy3), 1412 (Hyl2, Hyl3) 1438 (Cyl) and F434 (HQ (98%). The comprehensive 

15N, 13C and !H resonance assignments obtained for Pdcd4 have been deposited at the
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BioMagResBank database, (accession number 6900).

-10
O)S
Q -20 

O  *30

-40 "I—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—r 
5 15 25 35 45 55 65 75 85

Temperature (°C)

-15

o -25 O
£  -35 
O
«  -45

15°C

2 1 0  2 2 0  2 3 0  2 4 0

Wavelength (nm)

 1—i—i—i—i—i—i—i—i—i—i—i—i—i—i—r
5 15 25 35 45 55 65 75 85

Temperature (°C)
5 15 25 35 45 55 65 75

Temperature (°C)

^  -10 o> o> o  
E
O ' * 0o

Figure 3.10 Far UV circular dichroism analysis of the temperature stability of 

eIF4A proteins. Panels A, C and D show the effects of increasing temperature on the 

helical secondary structure of full length eIF4A (panel A), and the isolated N-terminal 

(C) and C-terminal (D) domains, reflected as the change in CD intensity at 221 nm. 

Panel B shows overlays of far UV spectra acquired for the full length eIF4A protein 

over a range of temperatures. The spectra are the result of 10 accumulations. The 

spectra acquired at 15 (blue), 20 (pink), 25 (green), 30 (yellow), 35 (red), 40 (cyan), 

45 (black), 50 (magenta), and 55°C (dark green) are shown. Examination of the low 

temperature spectra (15-30°C) shows that the eIF4A proteins contain predominantly 

helical secondary structure. It is evident from the overlays of the CD spectra and the 

sigmoidal denaturation curves that the eIF4A proteins unfold in a cooperative manner, 

and that they are resistant to thermal denaturation to between 30 and 45 °C.
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Figure 3.11 ^N/1!! HSQC spectrum of the C-terminal MA-3 domain of Pdcd4.

The assignments of the signals from backbone amide groups are indicated by residue 

type and number. In addition, sidechain amide group assignments are also labeled 

with residue type and number followed by ‘s’.
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Figure 3.12 15N strips from the HNCACB spectrum of Pdcd4 MA-3c illustrating 

the intra- and inter-residue cross peaks linking residues L340 to A347. Ca

signals are shown in red and Cp in green. Intra-residue connectivities between amide 

nitrogen/proton and C a and CP show stronger signals than those observed for 

sequential connectivities. Black lines indicate sequential Ca and Cp connections. 

The F3 proton chemical shift, F2 nitrogen chemical shift and residue name and 

number are shown beneath the strips.

124



o 4

L340 H(33!

(32

Oo

. o

L340 Ha'

■ ' 9 '

P’ 4 , r
1344 H|33 

;  I344,H(32

m —■
1344 Ha
■ o orb

9  <>

©

0
©

©

O
O
&

53
, o »

I *

8

'O '-'T
■ 1

— CL . S

• % ?  • . * d *

— 4 ^ c t
•

7 .2 3 5 8 .1 9 5 9 .4 4 3 8 .2 1 8 8 .6 3 4 8 .2 0 8 8 .0 7 7 7.51
1 1 6 .7 1 1 4 1 1 4 .4 119.1 1 3 0 1 1 6 1 2 3 .9 1 2 3 .3
L340 S341 C 3 4 2 D 3 4 3 I344 S 3 4 5 E 346 A 3 4 7

Figure 3.13 15N strips from the NOESY-HSQC spectrum of Pdcd4 MA-3c

illustrating typical NOE connectivities linking residues L340 to A347. Black lines 

indicate sequential NH-NH NOEs, blue lines indicate i to i+2 NH-NH NOEs and 

green lines indicate examples of sequential aliphatic to NH NOEs. The F3 proton 

chemical shift, F2 nitrogen chemical shift and residue name and number are shown 

beneath the strips.
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3.3.4 Structural Calculations for Pdcd4 MA-3c

The combined automated NOE assignment and structure determination protocol 

(CANDID) (Herrmann et al., 2002) proved very effective at determining unique 

assignments for the NOEs identified in the two and three dimensional NOESY -based 

spectra. Unique assignments were obtained for 95.3% (1283/1346) of the NOE peaks 

picked in the l5N/'H NOESY-HSQC spectra, 94.2% (2353/2497) in the i3C/'H NOESY- 

HMQC spectra and 88.3% (363/411) in the NOESY spectrum, which produced 2545 non- 

redundant !H to upper distance limits. The final family of Pdcd4 MA-3c structures was 

determined using a total of 2787 NMR-derived structural constraints (an average of 21.3 

per residue), including 2545 NOE-based upper distance limits, 174 backbone torsion angle 

constraints and 6 8  hydrogen bond constraints in regions of regular helical structure (table 

3.3). Following the final round of CYANA calculations, 49 satisfactorily converged 

structures were obtained from 100 random starting structures. The converged structures 

contain no distance or van der Waals violation greater than 0.5 A and no dihedral angle 

violations greater than 5°, with an average value for the CYANA target function of 1.46 ± 

0.25 A2. The sums of the violations for the upper distance limits, lower distance limits, 

van der Waals contacts and torsion angle constraints were 2.9 ± 0.7 A, 0 . 0  ± 0 . 0  A, 5 . 6  ± 

0 . 8  A and 16.2 ± 3.4 ° respectively. Similarly, maximum violations for the converged 

structures were 0.32 ± 0 . 0 2  A, 0 . 0 0  ± 0 . 0 1  A, 0.27 ± 0 . 0 2  A and 3.03 ± 0.67° respectively. 

The NMR constraints and structural statistics for Pdcd4 MA-3c are summarised in table 

3.3. The family of converged Pdcd4-MA3c domain structures, together with the NMR 

constraints, have been deposited in the Protein Data Bank (accession code 2HM8).

126



Table 3.3 NMR Constraints and Structural Statistics for Pdcd4 MA-3c

NMR Constraints and Structural Statistics for Pdcd4 MA-3c
a) No. o f Constraints used in Final Structural Calculation

Intraresidue NOEs 614  

Sequential NOEs (/, i+ 1) 562 

Medium-range NOEs (i, i<4) 599  

Long-range NOEs (/, / >5) 771

Torsion angles 174 

Hydrogen bonding 68

(87d> and 874*)

b) Maximum and Total Constraint Violations in 49 Converged Pdcd4 M A-3C Structures

Upper distance limits (A) 0.32 ± 0.02 2.9 ± 0 .7

Lower distance limits (A) 0.00 ± 0.01 0.0 ± 0.0

van der Waals contacts (A) 0.27 ± 0.02 5.6 ± 0 .8

Torsion angle ranges (°) 3.03 ± 0.67  

Average CYANA target function (A2) 1.46 ± 0.25

16.2 ± 3 .4

c) Structural Statistics for the Family o f Converged Pdcd4 M A-3C Structures 

Residues within the

favourably allowed 84.6

additionally allowed 13.7

generously allowed 1.4

disallowed 

regions o f the Ramachandran plot (%)

Backbone atom r.m.s.d. for structured region (residues

0.3

327-356, 359-412,421-448 o f Pdcd4 M A-3C) 

Heavy atom r.m.s.d. for structured region (residues

0.49 ± 0.07 A

327-356, 359-412,421-448 o f  Pdcd4 M A-3C) 0.92 ± 0.07 A

The solution structure of Pdcd4 MA-3c is determined to high precision, which is clearly 

evident from the superposition of the protein backbone shown for the family of converged 

structures in figure 3.14 panel A (best fit for residues 327-356, 359-412 and 421-448) and 

is reflected in low root mean squared deviation (r.m.s.d.) values to the mean structure for 

both the backbone and all heavy atoms of 0.49 ± 0.07 A and 0.92 ± 0.07 A respectively.

127



I I m . I.... _ n iL . J 11 na I — I r ~fcff
GGQQPVNHLVKEIDMLLKEYLLSGDISEAEHCLKELEVPHFHHELVYEAIVMVLESTGESAFKMIL 

390 4 00  4 10  4 20  43 0  440

i a 11 n  i I ns i I I i  .afeL -jnz] li
DLLKSLWKSSTITIDQMKRGYERIYNEIPDINLDVPHSYSVLERFVEECFQAGIISKQLRDLCPS

Figure 3.14 Solution structure of the Pdcd4 MA-3c domain. Panel A shows a best fit 

superposition of the protein backbone for the family of 49 converged structures obtained. 

Panel B contains a stereo view of the ribbon representation of the backbone topology of Pdcd4 

M A -3c based on the structure closest to the mean and is shown in the same orientation as in 

panel A. The seven helical regions of Pdcd4 M A-3c, ocl, ot2, ot3, a4, a5, a 6  and a l  are 

labelled, as are the N and C termini of the domain. For clarity the locations of the seven helical 

regions are also indicated above the amino acid sequence of Pdcd4 M A -3c shown in panel C.

3.3.5 Mapping o f the eIF4A Binding Site

The positions of signals from backbone amide groups in proteins are highly sensitive to 

changes in their local environment and have been used to localize the eIF4A binding site 

on Pdcd4 M A -3c. Typical ^ N / 'H  H SQ C  spectra obtained from samples of 15N-labelled 

Pdcd4 M A -3c (100 pM) in the presence and absence of an excess of full length eIF4A 

(150pM), are shown in figure 3.15 panel A.

128



105 105

110 110
G376

E
&  U S

T375 o
115S374

Z
in H361

120 120

L i. o
125- 125

A379
••130 130

10 9 8 7

F, 1H (ppm)

B 10

105

110

E
& US

120-

125

130

> ir

■n *81-
-^ g c e

»

10 9 8 7

F2 'H (ppm)

105

110

115

120

125

130

10

E
CL
Q l

105

110

115

120

125

130

***

o ■ fl *-c3 •«*>
•** 3% * . - « *• *

10 9 8 7

F2 1H (ppm)

105

110

115

120

125

130

129



Figure 3.15 Pdcd4 MA-3C chemical shift changes induced by eIF4A binding. The

above overlays of 15N/!H HSQC spectra of uniformly 15N labelled Pdcd4 MA-3c were 

acquired in the presence and absence of full length unlabelled eIF4A (panel A) or the N- 

terminal domain (panel B) and clearly show that a number of peaks have shifted in the 

presence of either eIF4A protein. The spectrum of the free Pdcd4 MA-3c domain (100 

pM) is shown in black, and for Pdcd4 MA-3c (100 pM) bound to full length eIF4A 

(150 pM) or the N-terminal domain of eIF4A (500 pM) in red. Peaks arising from a 

number of residues that were significantly shifted on formation of the Pdcd4 MA-3c- 

full length eIF4A complex have been highlighted. Panel C shows an overlay of the 

HSQC spectra for the free Pdcd4 MA-3c domain (100 pM), which is shown in black, 

and for Pdcd4 MA-3c (100 pM) in the presence of an excess of the C-terminal domain 

of eIF4A (400 pM), which is shown in red. No observable chemical shift changes were 

observed in the presence of the C-terminal domain of eIF4A. The results indicate that 

Pdcd4 MA-3c interacts solely with the N-terminal domain of eIF4A.

These spectra allowed backbone amide minimal shift values to be determined for nearly all 

the residues of bound Pdcd4 MA-3c, which are summarised in the histogram shown in 

figure 3.16 panel A.

130



0.100 a1 I «2 ■  «3 I  ■  a5 a 6 m

0.080

^  0.060

2  0.040

0.020

0 .0 0 0

B
0.100

Residue Number

0.080

^  0.060

|  0.040

0.020

0 .0 0 0

Residue Number

Figure 3.16 Mapping of the eIF4A binding site on Pdcd4 MA-3o Panels A and B 

show histograms of the minimal chemical shift changes observed for backbone amide 

groups of Pdcd4 MA-3c on binding of full length eIF4A (A) and the isolated N-terminal 

domain (B). The positions of the helices in Pdcd4 MA-3c are highlighted above the 

histograms. In panel B minimal shift data for Cot/Ha, is shown for a few residues where 

no information was obtained for the backbone amide groups (white bars). The bar for 

residue 1396 has been truncated (minimal shift 0.113 ppm).
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Examination of the histograms clearly identifies 11 residues (H361, E362, E373, S374, 

T375, G376, N410, D414, 1415, L416 and R428) in Pdcd4 MA-3c whose backbone amide 

signals undergo large chemical shift changes on binding of full length eIF4A. These 

residues are highlighted in red on the Pdcd4 MA-3c sequence shown in figure 3.17A.
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Figure 3.17 A summary of the Pdcd4 MA-3c domain residues implicated in 

eIF4A binding. Panel A shows a sequence alignment of the MA-3 domains from 

Pdcd4, eIF4G and DAP-5/NATl/p97. The MA-3 domains of Pdcd4 and DAP­

S/NAT l/p97 are aligned on the basis of amino acid sequence similarity, whilst eIF4G 

MA-3 is aligned with Pdcd4 MA-3c according to the structural based sequence 

alignment produced by DALI (Holm & Sander, 1993). The positions of the helices in 

Pdcd4 MA-3c are shown above the alignment. Residues in Pdcd4 MA-3c are colour 

coded to indicate the minimal shifts in backbone amide signals induced by eIF4A 

binding, with changes of between 0.015 and 0.025 ppm shown in blue, between 0.025 

and 0.045 ppm in yellow and by over 0.045 ppm in red. Equivalent conserved
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residues are also highlighted in the other MA-3 domains. Residues for which no chemical 

shift data was obtained are shown in grey. The position of a number of site-directed 

mutants of Pdcd4 characterised by Yang and co-workers are also indicated (Yang et al., 

2004). L339A, Y365E, H421L and V430A were found to have no effect on eIF4A 

binding. D343N, L354M, A367V and G437E reduced binding by 40-60%. D414K and 

D418A effectively blocked eIF4A binding. In panel B, residues of Pdcd4 MA-3c with 

backbone amide signals that were significantly perturbed by binding of the N-terminal 

domain of eIF4A are colour coded as described for Panel A. For a few residues where no 

chemical shift perturbation could be obtained for backbone amide signals (V328, V356, 

P357, K392, T395, 1396, T397, M401, P413, D418, P420, S422 and P448), the colour 

coding refers to minimal shifts for C a/H a signals.

Analogous chemical shift mapping experiments were also carried out for Pdcd4 MA-3c 

(100 pM) in the presence of a 5 and 10 fold molar excess of the isolated N-terminal 

domain of eIF4A, as shown by the HSQC spectra shown in figure 3.15 panel B. Similar 

changes in the HSQC spectra of Pdcd4 MA-3c were observed at both N-terminal domain 

eIF4A concentrations used (data not shown) and are summarised for the 5 fold molar 

excess by the histogram shown in figure 3.16 panel B. Analysis of the data clearly reveals 

that the same groups of residues were affected by binding of the isolated N-terminal 

domain of eIF4A as observed with the full length protein, with the most substantial shifts 

(>0.45 ppm) seen for residues N325, H361, E362, E373, T375, G376, 1408, 1412, D414, 

1415, L417, R428 and V430. These residues are highlighted in red on the Pdcd4 MA-3c 

sequence shown in figure 3.17 panel B. The side chain amide group of N416 was also 

significantly shifted by both full length eIF4A and the isolated N-terminal domain. In 

contrast, no significant shifts were observed in 15N/!H HSQC spectra of Pdcd4 MA-3c
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(100 pM) acquired in the presence of a five fold excess of the isolated C-terminal domain 

of eIF4A, as shown in the overlay of HSQC spectra shown in figure 3.15 panel C.

We were unable to use 15N/'H HSQC spectra to monitor the effects of eIF4A binding to a 

number of non-proline residues in Pdcd4 MA-3c (H326, V328, K329, E330, H349, V356, 

H360, Y365, K392, T395, 1396, T397, M401, D418, V419, H421 and S422) since it was 

not possible to identify the corresponding backbone amide peak in either the free or bound 

Pdcd4 MA-3c spectra. To try to establish whether any of these residues were located on 

the interface with eIF4A, ^C /’H HSQC spectra were acquired for Pdcd4 MA-3c (100 pM) 

in the presence and absence of the isolated N-terminal domain of eIF4A (400 pM), as 

shown in figure 3.18. Analysis of the C a-H a region of the spectra provided reliable 

minimal shift information for 13 additional residues of Pdcd4 MA-3c (V328, V356, P557, 

K392, T395, 1396, T397, M401, P413, D418, P420, S422 and P448). Substantial shifts 

were observed for four of these residues: 1396, P413, D418 and S422, as shown in figures 

3.16B, 3.17B and 3.18B. In addition, several signals from methyl groups were perturbed 

significantly by eIF4A binding, in particular, those from 1331, 1408 and 1412 (figure 

3.18A), which also showed significant changes in their backbone amide signals.
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Figure 3.18 Comparison of the ^C /1!! HSQC spectra of uniformly 13C labelled 

Pdcd4 MA-3c acquired in the presence and absence of the isolated N-terminal 

domain of eIF4A. The above overlay of the methyl (panel A) and Cot/Ha (panel b)
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Ca/Ha (panel B) regions of the 13C/1H HSQC spectra of uniformly 13C labelled Pdcd4 

MA-3c acquired in the presence and absence of the isolated N-terminal domain of 

unlabelled eIF4A clearly shows that a number of peaks have shifted in the presence of 

eIF4A. The spectrum of the free Pdcd4 MA-3c domain (100 pM) is shown in black, 

and for Pdcd4 MA-3c (100 pM) bound to the N-terminal domain of eIF4A (400 pM) in 

red. Peaks arising from a number of residues that were significantly shifted on 

formation of the Pdcd4 MA-3c - eIF4A complex have been highlighted.

3.4 Discussion

3.4.1 Structural Features o f the Pdcd4 MA-3c Domain

The backbone topology of the Pdcd4 MA-3c domain is illustrated by the ribbon diagram 

shown in figure 3.14 panel B. In agreement with the secondary structure predictions, the 

domain is primarily composed of seven a-helices (al H326-S341, a2 I344-E353, a3 H361- 

E373, a4 S378-K392, a5 1398-1408, a 6  S422-A436 and a l  K441-L446) linked by turns 

and loops (figure 3.14C). The six N-terminal helices are arranged as three pairs of anti­

parallel helix-tum-helix hairpins, which stack upon each other, with each pair of helices 

offset by approximately 45° from the previous layer. The C-terminal helix, a l, is located 

centrally above helices a5 and a 6 . One notable feature of the protein backbone is the loop 

between a5 and a 6 . In contrast to the short well defined turns between a l and a l  (2 

residues) and between a3 and a4 (4 residues), the long loop between a5 and a 6  (13 

residues) appears to be relatively mobile and exist in multiple conformations. In part, the 

poor definition of this loop reflects the absence of backbone amide resonance assignments 

for several residues in this region (D418, V419, P420 and S422), resulting in fewer NMR 

structural constraints, however, the broad lines observed for many signals are strongly 

indicative of the presence of conformational heterogeneity (reviewed in Cavanagh et al.,
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1995). Chemical shift and NOE data indicate that part of the loop (Y409-L417) has a 

propensity to adopt a helical conformation. This region of Pdcd4 MA-3c forms part of the 

interaction site with eIF4A (discussed in section 3.4.5) and binding of eIF4A may stabilise 

the helical conformation, either extending the C-terminal end of a5 by up to three turns, or 

forming a separate shorter helix. The absence of Ha to HP (i, i+3) NOEs in the latter half 

of the a5 to a 6  loop (residues D418 to H421), for which no backbone amide assignments 

are available, is consistent with the lack of helical secondary structure in this region of the 

loop. The amino acid sequence in this region is fairly well conserved across the different 

MA-3 domains (figures 3.2 and 3.17), with two aspartate residues (D414 and D418) being 

conserved in over 65% of MA-3 domains, and may reflect some functional importance of 

this region.

The stabilising interactions between the helical hairpins and between their constituent 

helices rely almost entirely on favourable van der Waals contacts. A hydrogen bond 

between the carbonyl of L390 and the amide proton of 1396, which are located in the C- 

terminal end of a4 and the following linker to a5, helps to stabilise this region of the 

domain. A second hydrogen bond was also identified between the sidechain hydroxyl 

group of Y409 and the carbonyl of L443, which contributes to a stable interaction between 

a5 and a7.

3.4.2 Comparison o f the NMR and Crystallography Structures o f Pdcd4 MA-3c 

A high resolution crystallography structure of Pdcd4 MA-3c (320-469) has just been 

reported (Laronde-Leblanc et al., 2006) (PDB code 2NSZ). Very similar secondary and 

tertiary structures were observed for Pdcd4 MA-3c in the solution and crystallography 

structures, as shown by the ribbon representations in figure 3.19. The similarity is also 

highlighted by comparisons of the backbone atom coordinates, which yield an r.m.s.d. of
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0.98 A for the superposition of residues V328-E353, E355-S374, G376-I412, H421-L446.

Figure 3.19 Comparison of the backbone topologies of the Pdcd4 MA-3c domain 

observed in the solution and crystal structures. Panels A & B show equivalent views of 

the backbone topology of the Pdcd4 MA-3c domain, which were obtained by superimposing 

the backbone atoms of residues V328-E353, E355-S374, G376-I412, H421-L446. The 

solution structure is shown in red (panel A) and the crystallography structure in blue (panel 

B). The helical regions, a5 -  a6 loop and the N- and C-termini are labelled.

Two minor differences were noted in the secondary structure of the two structures. In the 

crystal structure one turn of 3jo helix is found at the N-terminus of a3 (residues P357- 

F359), whereas in the solution structure these residues do not form part of a regular helix. 

Secondly, the C-terminal end of a5 is extended by approximately three turns in the crystal 

structure (residues Y409-D418, figure 3.19). As mentioned in section 3.4.1, this region of 

the solution structure forms an ill defined loop, part of which may adopt a helical 

conformation on eIF4A binding. In agreement with the NMR data, analysis of the 

temperature factors in this region of the crystal structure suggests that it may be somewhat
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mobile or disordered. For example, residues I417-H421 have an average B-factor value of 

25.0 A2 (for Ca atoms), whilst the regions of well ordered secondary structure have an 

average B-factor value of 15.2 ± 3.8 A2.

3.4.3 MA-3 Domain Structural Homology

The structure of the C-terminal region of eIF4G (residues 1234-1566) has also recently 

been solved by X-ray crystallography (Bellsolell et al., 2006). This region contains a single 

MA-3 domain with approximately 36% sequence homology to Pdcd4 MA-3c. Comparison 

of the structures of the Pdcd4 MA-3c and eIF4G MA-3 domains clearly shows that they 

adopt similar secondary and tertiary structures, as highlighted by the ribbon representations 

shown in figure 3.20 and by a backbone atom rmsd of 2.7 A for the superposition of the 

two domains (residues Q321-V324, N325-S374, G376-I439, S440-P448 of Pdcd4 MA-3C 

and residues S1234-A1237, E1241-R1290, S1291-V1354, L1359-L1367 of eIF4G MA-3). 

One major difference between the two MA-3 domain structures is the presence of an 

additional short helix (oc5b: residues A1327-H1330 of eIF4G MA-3, equivalent to 1412- 

1415 of Pdcd4 MA-3c) between helices ot5 and a 6  of eIF4G MA-3 (figure 3.20B). As 

previously discussed, the NMR data obtained for the loop between a5 and a 6  of Pdcd4 

MA-3c suggests that this region has a propensity to adopt a helical conformation. The very 

recently reported crystal structure of Pdcd4 MA-3c also contains an additional helical 

section in this region (Laronde-Leblanc et al., 2006). As with Pdcd4 MA-3c, the 

crystallographic data suggests that this region of eIF4G MA-3 may be somewhat mobile or 

disordered (Bellsolell et al., 2006; Laronde-Leblanc et al., 2006). The other notable 

difference between the Pdcd4 and eIF4G MA-3 domains is the orientation of the seventh 

helix. The MA-3 domain of eIF4G forms part of a larger eIF4A binding region, which is 

comprised of five anti-parallel helical hairpins or atypical HEAT repeats, as shown in 

figure 1.6 (Bellsolell et al., 2006). Consequently, in contrast to the final C-terminal helix
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of Pdcd4 MA-3c, which caps the previous layer of helices, oc7 of eIF4G MA-3 forms part 

of a fourth helical hairpin, which is offset from the previous layer. Full length Pdcd4 

contains an additional twenty residues beyond the C-terminus of Pdcd4 MA-3c, however, 

this region is rich in glycines and polar residues, and is not predicted to adopt a helical 

conformation (Cuff et al., 1998). In addition, no conformational data could be obtained for 

this region of Pdcd4 MA-3c by crystallography, as the region is not visible in the electron 

density maps used to determine the crystal structure, which suggests that it is highly 

flexible or disordered (Laronde-Leblanc et al., 2006).
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Figure 3.20: Structural homology between MA-3 domains and atypical HEAT 

domains. Panel A shows a structure based sequence alignment for Pdcd4 MA-3c, eIF4GI
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MA-3 (residues 1234-1367), eIF4GI W2 HEAT domain (residues 1438-1563) and 

cIF4GIIm HEAT domain (residues 745-915), which was obtained using DALI (Holm & 

Sander, 1993). Pdcd4 MA-3m was aligned to Pdcd4 MA-3c on the basis of sequence 

conservation. Regions of helical secondary structure have been highlighted in yellow. 

Residues with conserved sequence similarity in three or more of the domains shown are 

highlighted as follows: hydrophobic (AVILM) in green, aromatic (FYW) in cyan, 

positively charged (KRH) in blue, negatively charged (DE) in red and polar (STNQ) in 

orange. The position of the conserved hydrophobic (A) and polar (*) residues found in the 

atypical HEAT repeats are highlighted below the alignment. Panel B shows equivalent 

views of ribbon representations of the backbone structure of the homologous regions of 

eIF4GI MA-3, Pdcd4 MA-3c and eIF4GIlM- Residues 851-880 of cIF4GIIm are absent

Canonical HEAT repeats consist of tandem repeats of pairs of anti-parallel helical hairpins, 

which form right-handed, solenoid-type structures, with extended quasi-cylindrical shapes 

(Groves & Barford, 1999). The repeats contain a highly conserved proline residue within 

the first helix of each pair, which results in a marked bend in the helix (Andrade & Bork, 

1995). Despite the absence of the conserved proline residues, the middle and C-terminal 

regions of eIF4G, including the MA-3 domain, are considered to be atypical members of 

the HEAT repeat protein superfamily (Bellsolell et al., 2006; Marcotrigiano et al., 2001). 

HEAT repeats are generally involved in protein-protein interactions and several atypical 

HEAT repeats have been shown to play an essential role in the assembly of the protein 

synthesis machinery (Bellsolell et al., 2006; Marcotrigiano et al., 2001; Mazza et al., 2001; 

Yamamoto et al., 2005). The amino acid sequences of the helices in Pdcd4 MA-3c fit the 

proposed consensus sequence for atypical HEAT repeats (Bellsolell et al., 2006). The 

consensus sequence features three clusters of conserved hydrophobic residues in each helix 

(figure 3.20A), which allow favourable contacts within the HEAT repeat and with adjacent
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HEAT repeats. There is also a conserved solvent exposed polar residue, which lies 

between the second and third hydrophobic clusters.

Comparison of the backbone topology of Pdcd4 MA-3c with other known folds in the 

Protein Data Bank using Dali identified almost 600 structural neighbours (Holm & Sander, 

1993). Four of the five closest structural homologues were of the type found in eIF4G, 

which are often referred to as mIF4G domains, and have been found in a number of 

eukaryotic initiation factors and the nuclear cap binding protein CBP80 (Ponting, 2000). 

This confirms previous suggestions that despite little sequence homology, MA-3 domains 

might be distantly related examples of mIF4G domains (Ponting, 2000).

Among the mIF4G domains of known structure, the closest structural homologue to Pdcd4 

MA-3c is the central region of eIF4G (cIF4GIIm, residues 745-915 (Marcotrigiano et al., 

2001), which is reflected in a backbone RMSD of 3.65 A (residues 322-326, 327-341, 343, 

344-352, 354-374, 378-394, 397-413, 417-420, 421-449 of Pdcd4 MA-3C and residues 

745-749, 751-765, 768, 773-781, 782-802, 804-820, 834-849, 882-885, 886-915 of 

cIF4GIIm) and is clearly apparent from the structural views shown in figure 3.20 panel B. 

cIF4Gm is involved in binding to eIF3, RNA and eIF4A (Imataka & Sonenberg, 1997; 

Lamphear et al., 1995; Marcotrigiano et al., 2001; Morino et al., 2000). The interaction 

between eIF4GM and the C-terminal domain of eIF4A is believed to stabilise the closed, 

catalytically active orientation of the two domains of eIF4A (Oberer et al., 2005). The 

most striking difference between Pdcd4 MA-3c and cIF4Gm (745-915) is the loop between 

a5 and a 6 , which is approximately thirty residues longer than the corresponding loop in 

Pdcd4 MA-3c- There is no conformational data available for this extended loop in 

cIF4Gm, as the region is not visible in the electron density maps used to determine the 

crystal structure (Marcotrigiano et al., 2001). This region may serve a similar function to
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the flexible, ill defined loop of Pdcd4 MA-3c, which is involved in binding partner proteins 

(see section 3.4.5). Pdcd4 MA-3c also shows structural homology to the C-terminal W2 

domain of eIF4Gc, which is involved in binding to Mnkl (Bellsolell et a l, 2006). This is 

reflected in a backbone RMSD of 3.5 A (residues 324-354, 355-360, 361-373, 374-392, 

397-416, 421-434, 438-446 of Pdcd4 MA-3C and residues 1438-1468, 1474-1479, 1481- 

1493, 1499-1517, 1521-1540, 1541-1554, 1555-1563 of eIF4G). A structure based 

alignment of the sequences from Pdcd4 MA-3c and the atypical HEAT domains of eIF4G 

are shown in figure 3.20 panel A.

3.4.4 Relative Orientation o f the MA-3 Domains in Pdcd4

The two MA-3 domains of Pdcd4 share 18% sequence identity and 22% sequence 

similarity, which suggests they will adopt similar overall structures. In addition, secondary 

structure predictions suggest that Pdcd4 MA-3m will contain virtually identical secondary 

structure to Pdcd4 MA-3c- However, the predicted helices a l, a3 and a 6  of Pdcd4 MA-3m 

all contain a proline residue, which is not conserved in the Pdcd4 MA-3c and eIF4G MA-3 

domains (figure 3.20). These additional proline residues are likely to disrupt or cause a 

bend in the helices, as seen in canonical HEAT repeats. As a result some minor 

differences in the secondary and tertiary structures and/or the stability of Pdcd4 MA-3m 

may be observed as compared to Pdcd4 MA-3c and eIF4G MA-3. The two Pdcd4 MA-3 

domains are linked by a stretch of 33 residues, which is predicted by JPRED (Cuff et al., 

1998) to contain an additional 16 residue long helix (data not shown). This helix, together 

with the expected seventh C-terminal helix of Pdcd4 MA-3m may form a fourth HEAT 

repeat and thereby a somewhat extended domain. The remaining fifteen residues in the 

linker region are predicted to form an extended or irregular structure and the presence of 

six glycine residues implies significant flexibility. This region may therefore allow 

significant flexibility in the positioning and orientation of the two Pdcd4 MA-3 domains,
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perhaps facilitating interactions with both domains of eIF4A, or other partner proteins.

Comparison of the linewidths for backbone amide signals in 15N/1H HSQC spectra 

obtained from the isolated Pdcd4 MA-3c domain (18.2 ± 1.4 Hz) and the Pdcd4 dual MA-3 

domain protein (157-449) (25.4 ± 3.8 Hz), suggest that there is a significant degree of 

independent motion of the two domains consistent with a flexible linker. Analysis of 

HNCO spectra for isolated Pdcd4 MA-3c and Pdcd4 (157-449) identified small but 

significant shifts in signals from Pdcd4 MA-3c residues located on the exposed surface of 

a l  and a2, which suggests some transient interaction between the two MA-3 domains that 

may be stabilised on binding of eIF4A.

Previous studies have shown that Pdcd4 contains two leucine rich nuclear export signals 

(NES), which are located within the middle MA-3 domain (Bohm et al., 2003). Given the 

significant level of sequence conservation between the two Pdcd4 MA-3 domains, it seems 

very likely that the regions of the middle MA-3 domain corresponding to the NES motifs 

will adopt the structure as seen in Pdcd4 MA-3c- NES1 (residues 243-253) is likely to be 

located in an unstructured loop between Pdcd4 MA-3m oc5 and a 6 , which suggests it may 

be functionally active. Whilst NES2 (residues 184-194) will probably form the C-terminal 

end of a l  and part of the linker to a3. This suggests that the conserved leucine residues, 

within NES2 will be buried and therefore not available as a functional signal.

3.4.5 Characterisation o f eIF4A Binding to Pdcd4

The chemical shift changes induced by eIF4A binding have clearly highlighted a number 

of residues on Pdcd4 MA-3c that are located at the interface with eIF4A, most notably 

E373, S374, T375 and G376, which are positioned at the C-terminal end of a3 and the 

following turn, and N 410,1412, P413, D 414,1415, L417 and D418, which are found at the
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C-terminal end of cx5 and the following ill defined loop (figures 3.16 and 3.17). These 

residues are arranged in a broad strip on the surface of Pdcd4, which runs over a quarter of 

the way around the molecule, as illustrated in figure 3.21 panels A and B. A few of the 

residues with shifted signals (Y405, 1408 and S422) are hidden behind the a5-a6  loop and 

so observed changes here may reflect localised conformational changes in Pdcd4 MA-3c 

induced by eIF4A binding. As discussed previously, the N-terminal half of the ill defined 

loop between ot5 and a 6  may adopt a helical conformation upon eIF4A binding. This 

conformational change could expose the hidden residues and form a groove in the surface 

of Pdcd4 MA-3c between residues E373-G376 and D414-H421. A small group of residues 

at the N-terminal end of oc3 were also affected by eIF4A binding (figures 3.16, 3.17 and 

3.21). These residues are somewhat separated from the main interaction site and it seems 

probable that the changes arise from a slight change in the orientation of a3 induced by the 

interaction of eIF4A with residues at the C-terminus of oc3.

Very similar patterns of chemical shift changes were observed for Pdcd4 MA-3c in the 

presence of both full-length eIF4A and the N-terminal domain alone, which clearly 

demonstrates that only the N-terminal domain is required for binding to Pdcd4 MA-3o In 

addition, no changes were observed for Pdcd4 MA-3c in the presence of the isolated C- 

terminal domain. Previous studies have shown that both the N- and C-terminal domains of 

eIF4A, and the two MA-3 domains of Pdcd4 are required for the formation of a very high 

affinity complex (Yang et al., 2004; Zakowicz et a l, 2005). As Pdcd4 MA-3c clearly 

interacts with the N-terminal domain of eIF4A, this strongly suggests that the C-terminal 

domain will bind to Pdcd4 MA-3m, giving a head to tail arrangement to the two proteins in 

the complex.
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Figure 3.21 Location, features and properties of the eIF4A-binding site on Pdcd4 MA-

3c. Panel A shows a space filled view of Pdcd4 MA-3c in which residues are coloured 

according to the perturbation of their backbone amide signals induced by eIF4A binding. 

Residues that showed a minimal shift change of less than 0.010 ppm are shown in white, 

over 0.045 ppm in red, and between 0.010 and 0.045 ppm are coloured according to the 

magnitude of the shift on a linear gradient between white and red. Residues for which no 

minimal shift data was obtained are shown in yellow. In panel B the backbone amide 

chemical shift changes induced by binding of the isolated N-terminal domain are 

highlighted using the same colour scheme as described above. Where possible, residues for 

which no backbone amide minimal shift data was available were coloured according to 

changes of their C a/H a signals (V328, V356, P357, K392, T395,1396, T397, M401, P413, 

D418, P420, S422 and P448) with the same colour scheme used. The position of D414 and 

D418, which have previously been reported to be involved in the interaction between Pdcd4 

MA-3c and eIF4A, are also highlighted. Panel D shows a surface view of Pdcd4 MA-3c, 

which is coloured according to electrostatic potential, with areas of significant negative 

charge shown in red, significant positive charge in blue and neutral in white. The 

electrostatic potential was calculated using MOLMOL (Koradi et al., 1996), with the 

threshold for depicting significant areas of charge chosen to obtain a neutral representation 

for the aromatic ring of F434. Calculations were done with the assumption that all histidine 

residues were uncharged. Panels E and F show space filled views of Pdcd4 MA-3c in 

which residues are highlighted on the basis of sequence conservation, with equivalent 

residues identical in the MA-3 domains of Pdcd4 and eIF4G shown in blue and those 

conserved to a close homologue shown in cyan. Panel F is rotated by 180° about the Y axis 

from the view shown in panel E. Panel C shows a ribbon representation of the backbone 

topology of Pdcd4 MA-3c, in the same orientation as panels A,B,D and E.
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Calculation of the electrostatic surface of Pdcd4 MA-3c revealed that the eIF4A interaction 

site is predominantly negatively charged, as shown in figure 3.21 panel D, which is 

consistent with the high number of acidic residues in this region. Interestingly, several of 

these acidic residues are conserved in the other MA-3 domains known to bind eIF4A, and 

in the case of eIF4G MA-3, they have been shown to form part of a similar negatively 

patch on the surface of the domain. The structure of the N-terminal domain of human 

eIF4A, which is identical in sequence to mouse eIF4A has recently been deposited (PDB 

code 2G9N). This reveals that the surface of the N-terminal domain of eIF4A is 

characterised by a number of large basic patches, located in and around the regions 

involved in ATP and RNA binding, as shown in figure 3.22 (Pause et al., 1993; Pause & 

Sonenberg, 1992; Svitkin et al., 2001; Tanner et al., 2003). It therefore seems very likely 

that Pdcd4 MA-3c will bind to one or more of these basic regions on eIF4A, which is 

supported by recent mutagenesis data (Zakowicz et al., 2005).

Pdcd4 MA-3c has recently been shown to directly compete with eIF4G MA-3 for binding 

to eIF4A, which suggests that both these MA-3 domains bind to the same/similar surface 

of the N-terminal domain of eIF4A (Laronde-Leblanc et al., 2006). Interestingly, analysis 

of the amino acid sequence of the MA-3 domains of Pdcd4 and eIF4G suggests that the 

secondary and tertiary structure of Pdcd4 MA-3m might differ slightly from the structures 

that have been solved for Pdcd4 MA-3c and eIF4G MA-3 (discussed in section 3.4.4). 

These minor structural differences would be consistant with the hypothesis that Pdcd4 

MA-3m binds to a distinct interaction site on the C-terminal domain of eIF4A. eIF4Gm 

has previously been shown to bind the C-terminal domain of eIF4A at a surface adjacent to 

the RNA-, ATP- and eIF4A NTD interaction sites (Oberer et al., 2005). However, it seems 

unlikely that Pdcd4 MA-3m binds to the same region, as previous competition assays have 

shown no evidence for any competition between the domains for binding to eIF4A (Yang
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et a iy 2003). The surface of the C-terminal domain of eIF4A also contains a number of 

large positively charged patches, given the sequence conservation of the negatively 

charged eIF4A binding surface of the MA-3 domains (discussed below), it seems like that 

Pdcd4 MA-3m will interact with one of these regions.

A B C

Figure 3.22 Structure and properties of the isolated N-terminal domain of human 

eIF4A. Panels A and C show a surface view of the N-terminal domain of human eIF4A 

(PDB code 2G9N), which is coloured according to electrostatic potential, with areas of 

significant negative charge in red, positive charge in blue and neutral in white. The 

electrostatic potential was calculated using MOLMOL (Koradi et al., 1996), with the 

threshold for depicting significant areas of charge chosen to obtain a neutral 

representation for the aromatic ring of F52. Calculations were done with the assumption 

that all histidine residues were uncharged. The structure in panel C is rotated by 180° 

about the Y axis from the view shown in panel A. Panel B shows a ribbon representation 

of the backbone topology of the N-terminal domain in the same orientation as panel A.

The degree of amino acid sequence conservation for surface exposed residues in the MA-3 

domains of Pdcd4 and eIF4G, is illustrated by the space-filled views of Pdcd4 MA-3c 

shown in figure 3.21 panels E and F. There is clearly significantly more conservation in
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the region shown here to form the interface with eIF4A, which suggests that all three MA- 

3 domains share a common eIF4A binding site. Interestingly, one of the strictly conserved 

residues, D414, is substituted by a lysine in the MA-3 domain of the eIF4G homologue 

DAP-5/NATl/p97, which is unable to bind eIF4A (Imataka & Sonenberg, 1997; Yang et 

al., 2004).

Recent mutagenesis studies of Pdcd4 have shown that the substitution of D414 with lysine, 

or D418 with alanine, results in a dramatic fall in eIF4A binding (Yang et al., 2004). These 

two aspartate residues are located adjacent to each other on the surface of Pdcd4 MA-3c 

and lie at the heart of the eIF4A binding site identified by the NMR studies reported here, 

as highlighted in figure 3.2IB. The equivalent mutations in Pdcd4 MA-3m and eIF4G MA- 

3 also result in dramatic falls in eIF4A binding, which strongly supports the suggestion of a 

conserved eIF4A binding site (Yang et al., 2004). The Pdcd4 D418A variant was shown to 

retain full cIF4Gm binding activity, which clearly suggests that Pdcd4 interacts with 

cIF4Gm through a site distinct from that involved in eIF4A binding (Yang et al., 2003).

Similar site-directed mutagenesis studies of the interaction of eIF4G (residues 1080-1600, 

eIF4Gc) with eIF4A, suggested that a cluster formed by R1281 and four surrounding 

glutamate residues on the MA-3 domain formed part of the probable binding site for eIF4A 

(Bellsolell et al., 2006). We were not able to obtain chemical shift perturbation data for 

the equivalent residue of Pdcd4 MA-3c (Y365), however, it is located within the N- 

terminal half of a3. This region showed significant shifts in signals on eIF4A binding, 

which were attributed to localised conformational changes, rather than direct contact with 

eIF4A. As discussed previously, the eIF4A binding site identified on Pdcd4 by NMR is 

largely conserved on eIF4G (see figure 3.2IE), which strongly implies a common binding 

site for eIF4A on both MA-3 domains. In contrast, neither R1281, nor the surrounding
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glutatmate residues are conserved in Pdcd4 MA-3o The study of eIF4Gc also suggested 

that the loop between helices 5 and 6 of eIF4G MA-3 was not required for eIF4A binding 

(Bellsolell et al., 2006). The work reported here clearly shows that the equivalent loop in 

Pdcd4 MA-3c forms a major part of the interface with eIF4A, which is supported by 

previous mutagenesis studies of Pdcd4 and eIF4G (Yang et al., 2004; Yang et al., 2003). 

Given the structural similarity of the two MA-3 domains, the level of sequence 

conservation in this region and the earlier mutational data, it seems very likely that the a5 - 

a6  loop is an important element of the eIF4A binding site in both Pdcd4 MA-3c and eIF4G 

MA-3.

3.4.6 Conclusions

We have shown that Pdcd4 MA-3c is composed of 3 layers of helix-tum-helix hairpins 

capped by a single helix. The structure shows close structural homology to the atypical 

HEAT repeats found in many eukaryotic initiation factors. The interaction data reported in 

this chapter unambiguously identifies the binding site for eIF4A on Pdcd4 MA-3c- This 

binding site primarily involves residues located on a conserved surface region 

encompassing the loop connecting ot5 and a6, and the turn linking ot3 and a4. This site is 

strongly conserved in other MA-3 domains known to interact with eIF4A, including the 

preceding domain of Pdcd4, suggesting a common mode of binding. In addition, the N- 

terminal domain of eIF4A is shown to be sufficient for binding to Pdcd4 MA-3c, which 

strongly implies that in complexes formed by the intact proteins the C-terminal domain of 

eIF4A will bind to Pdcd4 MA-3m, resulting in an inhibitory complex with a head to tail 

arrangement of the proteins. Analysis of the sequence conservation and features of NMR 

spectra obtained from the single domain and tandem MA-3 region, strongly suggests that 

the tandem MA-3 region is composed of two equivalent domains connected by a somewhat 

flexible linker.
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CHAPTER FOUR

CONCLUSIONS

The regulation of eukaryotic gene expression involves the formation of a large number of 

multi-subunit protein-protein, protein-DNA and protein-RNA complexes, for example the 

transcription and 43S pre-initiation complexes and enhanceosome complexes. In the case 

of the enhanceosome different combinations of regulators are recruited depending on the 

promoter and cell type (reviewed in Perissi et a l 2005; Rosenfeld et al. 2006). Central to 

many of these complexes are scaffold proteins, such as the transcriptional coactivators 

CBP and p300, and the translation initiation factor eIF4G, which function to recruit 

specific combinations of cofactors that are required to correctly regulate gene expression.

Many proteins involved in the regulation of eukaryotic gene expression have been shown 

to contain large (>50 residues) unstructured/disordered regions, which lack stable 

secondary or tertiary structure (Dunker et al. 2002; Uversky 2002). These regions are 

characterised by a low content of bulky hydrophobic residues and a high proportion of 

polar and charged residues. The length, composition and in some cases the sequences of 

these regions are often highly conserved between species and homologous proteins, 

suggesting that they may be functionally important. Many of these regions have been 

shown to fold upon binding to their biological targets, or else form linker regions between 

functional domains (reviewed in Wright et al. 1999; Dyson et al. 2005). These flexible 

linkers are necessary for the correct assembly of large complexes. For example, several of 

the interaction domains of CBP/p300 are separated by long linkers (-150-400 residues) 

that allow the domains to simultaneously form interactions with several transcriptional 

regulators that are bound over large promoter/enhancer regions (reviewed in Dyson et al. 

2005). The nuclear cap binding protein CBP80 is composed of three atypical HEAT
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domains that are linked by extended linkers (Mazza et a l  2001). However, unlike the 

independent domains of CBP/p300 that are generally believed to behave like ‘beads on a 

string’, the CBP80 domains interact to form a compact structure. The two linker regions of 

CBP80 also interact extensively with the domains, contributing to the stability of the 

protein. The scaffold protein eIF4G is also believed to form a similar compact structure, 

although the role and positioning of the significantly longer linker regions is unknown 

(Marintchev et al. 2004).

As previously mentioned, many of these unstructured/disordered proteins and domains 

undergo coupled folding and binding reactions. For example, the activation domains of the 

transcription factors c-Jun and p53 and the N-terminal region of the viral protein Tat fold 

upon binding to the KIX domain of CBP/p300, whilst the CBP SID and p i60 ADI 

domains undergo mutual synergistic folding (Radhakrishnan et al. 1997; Campbell et a l 

2002; Demarest et a l  2002; Vendel et a l 2003). Coupled folding and binding has an 

entropic cost that needs to be countered by a favourable enthalpic contribution (reviewed 

in Wright et al. 1999; Dyson et al. 2005). In the case of the interaction between the KID 

domain of CREB and the KIX domain of CBP this enthalpic compensation comes largely 

from the interactions formed with the phosphate group bound to S I33 of CREB KID 

(Radhakrishnan et al. 1997).

The unstructured/disordered nature of these proteins/domains has several potential 

advantages, including the fact that it provides potential mechanisms by which the proteins 

can be easily regulated. Coupled folding and binding of unstructured/disordered proteins 

to their targets is often regulated by posttranslational modifications, for example, only the 

phosphorylated form of the KID domain of CREB is able to bind the CBP KIX domain 

(Radhakrishnan et al. 1997; Dyson et al. 2005). In addition, it has been suggested that the
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targeted degradation of these relative unstable proteins by the ubiquitin-proteasome 

pathway could allow their cellular levels to tightly regulated (Salghetti et al. 2001; Dyson 

et al. 2005).

Some of the proteins/domains that undergo coupled folding and binding contain 

disproportionately large hydrophobic interfaces that they are unable to bury in the absence 

of binding partners. For example, the SRC1 ADI domain folds upon binding to CBP SID 

to form an ‘L’ shaped helical domain. In the absence of CBP the interaction surface would 

be solvent exposed. Similar results were observed for the ADI domain of ACTR 

(Demarest et al. 2002). In addition the SRC1 and ACTR ADI domains contain very 

few/no long range intramolecular interactions, instead their tertiary structures are stabilised 

by interactions with CBP SID. The molten globule CBP SID domain is also unable to 

sufficiently bury its hydrophobic rich motifs in the absence of a binding partner (Demarest 

et al. 2002; Demarest et al. 2004). The extensive interdomain interfaces present in these 

domains allow for the formation of complexes with high specificity, while the coupled 

folding and binding produces complexes with relatively low affinity (reviewed in Dyson et 

al. 2005). This mechanism for the formation of reversible complexes may be an important 

feature in the regulation of gene expression. Interestingly, NMR data obtained for the CBP 

SID / SRC1 ADI complex suggested that the SRC1 ADI domain has very limited 

conformational stability, which may facilitate the formation of a transient complex. In the 

absence of coupled folding and binding these proteins/domains would have to be several 

times larger in order to stabilise their tertiary structure in isolation.

A final advantage of coupled folding and binding is the ability of some 

unstructured/disordered proteins to interact with several unrelated proteins. For example, 

as discussed in chapter 2, the SID domain of CBP folds upon binding into at least two
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distinct conformations (Demarest et al. 2002; Qin et al. 2005; Waters et al. 2006). The 

first conformation was observed in the mutually folded CBP SID / p i60 ADI domain 

complexes, whilst the second conformation was observed in the complex formed with the 

natively folded IRF-3 IAD domain. This structural plasticity may explain the ability of the 

CBP SID domain to interact with a number of diverse proteins that contain very little or no 

sequence homology. Whether the tertiary structure of the SID domain is restricted to just 

these two reported folds remains to be answered. These observations highlight the 

importance of detailed structural analysis of multiple complexes containing 

proteins/domains such as CBP SID that have the potential to form multiple conformations 

upon binding to different unrelated proteins. The functional significance of the different 

conformations observed for the CBP SID domain may extend beyond its ability to interact 

with these unrelated families of transcriptional regulators. The different CBP SID 

conformations formed upon binding could potentially influence the subsequent binding of 

additional transcriptional regulators and as a result the transcriptional outcome.

Many folded proteins/domains undergo localised folding upon binding, for example as 

observed for eIF4E upon binding to eIF4G (Gross et al. 2003). As reported in chapter 

three of this thesis, the unstructured 13 residue loop between a5 and a6 of Pdcd4 MA-3c is 

believed to fold into a helical conformation upon binding to the N-terminal domain of 

eIF4A. The additional mobility of this loop may facilitate the recruitment of eIF4A or 

other partner proteins. In addition, short linker regions (-15 residues) have also been 

identified between the MA-3 domains of Pdcd4, and N- and C-terminal domains of eIF4A 

(Caruthers et al. 2000; Waters et al. 2007). These linkers allow significant flexibility in 

the positioning and orientation of the domains, facilitating interactions with partner 

proteins, and in the case of eIF4A with RNA and ATP.
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As previously mentioned the enhanceosome complexes selectively recruit different 

combinations of regulators depending on the context. It is possible that the ability of the 

domains of scaffold proteins to form different conformations upon binding to distinct 

transcriptional regulators could result in the selective ordered recruitment of cofactors to 

the enhanceosome complex. In order to understand the molecular basis for the 

combinatorial specificity observed in the enhanceosome we need to study large higher 

order complexes as a whole and not just focus on the individual interactions. Structural 

studies of such complexes would need to involve a combination of high resolution 

structural data obtained by X ray crystallography and NMR, and low resolution data 

obtained by techniques such as electron microscopy. For example, as used to develop the 

model of the transcription pre-initiation complex shown in figure 1.3 (Boeger et al. 2005). 

Similarly, detailed structural analysis of other large multisubunit complexes, such as the 

43S translation pre-initiation complex would provide important insights into the 

recruitment of transcriptional/translational regulators to these complexes, as well as 

increasing our understanding of the complexes function. The work described in this thesis 

represents a significant step towards the ultimate goal of obtaining detailed structural 

information for the large dynamic complexes involved in the regulation of eukaryotic gene 

expression.
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APPENDICES

A .l Culture Media

LB Broth

Per litre, 10 g tryptone, 5 g yeast extract and 10 g NaCl. Make up to volume with 

deionised H2O and autoclave. When cool add the desired antibiotic.

Minimal Media

Minimal media allowing the introduction of selective nitrogen or carbon isotopes into 

expressed proteins was prepared as follows;

Per litre culture,

( N H 4)2s o 4 ( i ) l.Og MnCl2 16.0 mg

Na2HP04 6.8 g FeCl3 5.0 mg

k h 2p o 4 3.0 g ZnCl2 0.5 mg

NaCl 0.5 g CuCl2 0.1 mg

Na2S 04 0.3 mM CoCl2 0.1 mg

EDTA 50.0 mg H 3B O 3 0.1 mg

were dissolved in dH20  and autoclaved. When cool the following were added aseptically: 

M gS04 1.0 mM Thiamine 1.0 mg

CaCl2 0.3 mM Glucose (2) 4.0 g

d-Biotin 1.0 mg Antibiotic

(1) For ISN labelled and ’’’N nC labelled samples the ammonium sulphate was replaeed with 0.6 g/1 (l5NH4)2S04 (ISN 

99% - ISOTEC, Inc.).

(2) For nC labelled and "N nC labelled samples the glucose was replaced with 2 g/1 D-glucose U-nC6 (l3C 99% +, 

Cambridge Isotope Laboratories, Inc.).
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A.2 TALOS Based Torsion Angle Constraints used for Structural Calculations

A.2.1 CBP SID Torsion Angle Constraints

R esidue Angle Constraint R ange

2064 SER PHI -118 -50

2064 SER PSI 90 182

2066 SER PHI -100 -20

2066 SER PSI -65 -13

2067 ALA PHI -90 -30

2067 ALA PSI -90 -20

2068 LEU PHI -90 -30

2068 LEU PSI -56 -16

2069 GLN PHI -75 -55

2069 GLN PSI -53 -29

2070 ASP PHI -77 -49

2070 ASP PSI -50 -30

2071 LEU PHI -82 -54

2071 LEU PSI -90 -25

2072 LEU PHI -72 -52

2072 LEU PSI -54 -26

2073 ARG PHI -75 -55

2073 ARG PSI -55 -19

2074 THR PHI -84 -52

2074 THR PSI -57 -25

2075 LEU PHI -89 -49

2075 LEU PSI -53 -17

2076 LYS PHI -109 -53

2076 LYS PSI -62 22

2082 GLN PHI -75 -55

2082 GLN PSI -90 -20

2083 GLN PHI -90 -30

2083 GLN PSI -60 -15

2084 GLN PHI -90 -30

2084 GLN PSI -56 -28

2085 GLN PHI -75 -55

2085 GLN PSI -51 -23

2086 GLN PHI -83 -59

2 086 GLN PSI -52 -24

2087 VAL PHI -76 -56

2087 VAL PSI -55 -35

2088 LEU PHI -68 -48

2088 LEU PSI -52 -32

2089 ASN PHI -74 -54

2089 ASN PSI -90 -30

2090 ILE PHI -78 -54

2090 ILE PSI -90 -30

2091 LEU PHI -90 -30
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2091 LEU PSI -54 -30

2092 LYS PHI -90 -30

2092 LYS PSI -51 -27

2096 GLN PHI -84 -48

2096 GLN PSI -62 -18

2097 LEU PHI -84 -52

2097 LEU PSI -54 -22

2098 MET PHI -71 -51

2098 MET PSI -55 -27

2099 ALA PHI -70 -50

2099 ALA PSI -59 -27

2100 ALA PHI -80 -56

2100 ALA PSI -60 -15

2101 PHE PHI -75 -55

2101 PHE PSI -64 -24

2102 ILE PHI -90 -30

2102 ILE PSI -55 -31

2103 LYS PHI -74 -54

2103 LYS PSI -61 -29

2104 GLN PHI -72 -52

2104 GLN PSI -68 -12

2105 ARG PHI -97 -47

2105 ARG PSI -75 24

2106 THR PHI -103 -39

2106 THR PSI -54 -12

2107 ALA PHI -78 -53

2107 ALA PSI -62 -5

2108 LYS PHI -106 -39

2108 LYS PSI -73 14

2109 TYR PHI -108 -40

2109 TYR PSI -88 36

2110 VAL PHI -112 -36

2110 VAL PSI -69 3

2111 ALA PHI -107 -51

2111 ALA PSI -74 42

2113 GLN PHI -126 -46

2113 GLN PSI 80 192



A.2.2 SRC I ADI Torsion Angle Constraints

R esidue Angle Constraint R ange

929 GLU PHI -90 -30

929 GLU PSI -90 -20

930 LYS PHI -84 -48

930 LYS PSI -61 -17

931 ALA PHI -77 -57

931 ALA PSI -57 -17

932 LEU PHI -90 -30

932 LEU PSI -60 -20

933 LEU PHI -77 -49

933 LEU PSI -54 -14

934 GLU PHI -90 -30

934 GLU PSI -48 -28

935 GLN PHI -77 -57

935 GLN PSI -53 -29

936 LEU PHI -84 -56

936 LEU PSI -58 -22

937 VAL PHI -74 -50

937 VAL PSI -54 -34

938 SER PHI -72 -52

938 SER PSI -53 -29

939 PHE PHI -74 -54

939 PHE PSI -57 -33

940 LEU PHI -72 -52

940 LEU PSI -51 -31

941 SER PHI -85 -53

941 SER PSI -54 -18

943 LYS PHI -154 -42

943 LYS PSI 56 196

945 GLU PHI -70 -46

945 GLU PSI -56 -12

946 THR PHI -79 -51

946 THR PSI -56 -24

947 GLU PHI -79 -55

947 GLU PSI -90 -5

948 LEU PHI -90 -30

948 LEU PSI -55 -15

949 ALA PHI -79 -51

950 GLU PHI -90 -30

950 GLU PSI -56 -24

951 LEU PHI -81 -53

951 LEU PSI -52 -32

952 A SP PHI -79 -55

952 ASP PSI -90 -16

953 ARG PHI -90 -30

953 ARG PSI -64 -12

954 ALA PHI -90 -30

954 ALA PSI -62 -2
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955 LEU PHI -110 -74

955 LEU PSI -30 26

956 GLY PHI 64 104

956 GLY PSI -90 33

957 ILE PSI -70 20

958 A SP PHI -94 -46

958 ASP PSI -72 24

959 LYS PHI -87 -47

959 LYS PSI -66 -6

960 LEU PHI -100 -40

960 LEU PSI -63 -7

961 VAL PHI -113 -45

961 VAL PSI -90 -5

962 GLN PHI -107 -30

962 GLN PSI -45 19
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A.2.3 Pdcd4 MA-3c Torsion Angle Constraints

R esidue Angle Constraint R ange

326 HIS PHI -78 -46

326 HIS PSI -53 -29

327 LEU PHI -75 -55

327 LEU PSI -49 -28

328 VAL PHI -90 -46

328 VAL PSI -54 -34

329 LYS PHI -72 -50

329 LVS PSI -48 -28

330 GLU PHI -81 -50

330 GLU PSI -55 -26

331 ILE PHI -76 -56

331 ILE PSI -53 -29

332 ASP PHI -71 -50

332 ASP PSI -53 -33

333 MET PHI -76 -55

333 MET PSI -53 -30

334 LEU PHI -79 -53

334 LEU PSI -56 -24

335 LEU PHI -81 -54

335 LEU PSI -51 -29

336 LYS PHI -80 -50

336 LYS PSI -58 -15

337 GLU PHI -79 -58

337 GLU PSI -54 -24

338 TYR PHI -76 -52

338 TYR PSI -52 -32

339 LEU PHI -82 -51

339 LEU PSI -58 -18

340 LEU PHI -87 -59

340 LEU PSI -53 -5

344 ILE PHI -71 -47

344 ILE PSI -64 -20

345 SER PHI -76 -48

345 SER PSI -54 -26

346 GLU PHI -73 -53

346 GLU PSI -63 -23

347 ALA PHI -77 -52

347 ALA PSI -55 -25

348 GLU PHI -75 -55

348 GLU PSI -50 -30

349 HIS PHI -73 -53

349 HIS PSI -56 -32

350 CYS PHI -72 -52

350 CYS PSI -55 -35

351 LEU PHI -74 -54

351 LEU PSI -54 -29

352 LYS PHI -77 -48
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352 LYS PSI -51 -26

353 GLU PHI -82 -50

353 GLU PSI -58 -14

361 HIS PHI -77 -49

361 HIS PSI -51 -31

362 GLU PHI -75 -55

362 GLU PSI -57 -20

363 LEU PHI -77 -57

363 LEU PSI -52 -23

364 VAL PHI -74 -53

364 VAL PSI -56 -36

365 TYR PHI -77 -48

365 TYR PSI -61 -28

366 GLU PHI -71 -51

366 GLU PSI -52 -29

367 ALA PHI -75 -55

367 ALA PSI -58 -22

368 ILE PHI -74 -54

368 ILE PSI -53 -33

369 VAL PHI -75 -54

369 VAL PSI -54 -34

370 MET PHI -71 -51

370 MET PSI -54 -21

371 VAL PHI -74 -54

371 VAL PSI -53 -33

372 LEU PHI -76 -45

372 LEU PSI -60 -23

373 GLU PHI -91 -51

373 GLU PSI -63 -11

378 SER PHI -73 -49

378 SER PSI -56 -16

379 ALA PHI -84 -56

379 ALA PSI -53 -29

380 PHE PHI -74 -54

380 PHE PSI -51 -30

381 LYS PHI -75 -48

381 LYS PSI -55 -30

382 MET PHI -72 -52

382 MET PSI -61 -21

383 ILE PHI -77 -55

383 ILE PSI -52 -27

384 LEU PHI -72 -52

384 LEU PSI -56 -33

385 A SP PHI -74 -54

385 ASP PSI -47 -27

386 LEU PHI -74 -54

386 LEU PSI -55 -35

387 LEU PHI -72 -52

387 LEU PSI -56 -31

388 LYS PHI -71 -51
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388 LYS PSI -50 -30

389 SER PHI -73 -53

389 SER PSI -57 -32

390 LEU PHI -72 -47

390 LEU PSI -60 -25

391 TRP PHI -72 -51

391 TRP PSI -54 -32

392 LYS PHI -83 -47

392 LYS PSI -52 -4

393 SER PHI -127 -55

393 SER PSI -17 11

398 ILE PHI -70 -50

398 ILE PSI -54 -22

399 ASP PHI -78 -54

399 ASP PSI -50 -26

400 GLN PHI -76 -56

400 GLN PSI -57 -31

401 MET PHI -73 -53

401 MET PSI -52 -32

402 LYS PHI -72 -52

402 LYS PSI -54 -32

403 ARG PHI -72 -52

403 ARG PSI -57 -29

404 GLY PHI -77 -54

404 GLY PSI -63 -25

405 TYR PHI -76 -49

405 TYR PSI -56 -36

406 GLU PHI -68 -48

406 GLU PSI -53 -33

407 ARG PHI -75 -55

407 ARG PSI -58 -26

408 ILE PHI -97 -37

408 ILE PSI -62 10

414 A SP PHI -103 -39

414 ASP PSI -73 11

415 ILE PHI -100 -44

415 ILE PSI -59 -23

422 SER PHI -72 -52

422 SER PSI -54 -22

423 TYR PHI -73 -53

423 TYR PSI -57 -36

424 SER PHI -75 -55

424 SER PSI -49 -26

425 VAL PHI -80 -54

425 VAL PSI -53 -33

426 LEU PHI -71 -51

426 LEU PSI -52 -25

427 GLU PHI -75 -55

427 GLU PSI -50 -29

428 ARG PHI -76 -56
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428 ARG PSI -51 -31

429 PHE PHI -75 -55

429 PHE PSI -55 -35

430 VAL PHI -73 -53

430 VAL PSI -56 -32

431 GLU PHI -77 -52

431 GLU PSI -57 -15

432 GLU PHI -84 -53

432 GLU PSI -57 -28

433 CYS PHI -74 -54

433 CYS PSI -50 -29

434 PHE PHI -76 -56

434 PHE PSI -53 -33

435 GLN PHI -82 -49

435 GLN PSI -50 -25

436 ALA PHI -125 -57

436 ALA PSI -29 27

441 LYS PHI -67 -47

441 LYS PSI -58 -22

442 GLN PHI -72 -49

442 GLN PSI -57 -21

443 LEU PHI -75 -55

443 LEU PSI -52 -27

444 ARG PHI -83 -51

444 ARG PSI -55 -17

445 A SP PHI -81 -49

445 ASP PSI -53 -25
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A.3 Chemical Shift Index Data

A.3.1 Sequence Specific Assignments Obtained for the CBP SID Domain

2059 PRO

2060 ASN

2061 ARG

2062 SER

2063 ILE

2064 SER

CA 62.4 2064 SER HB3 3.89
CB 34.6 N 122.6
CG 24.6
CD 50.2 2065 PRO CA 65.0
HA 4.72 CB 32.0
HB2 2.43 CG 27.7
HB.3 2.17 CD 51.0
HG2 1.96 HA 4.29
HG3 1.86 HB2 2.34
HD2 3.59 HB3 2.02
HD3 3.56 HG2 2.21

HG3 2.02
CA 53.5 HD2 4.11
CB 39.0 HD3 3.96
HA 4.76
HB2 2.88 2066 SER CA 60.2
HB3 2.80 CB 62.4
HD21 7.60 H 8.08
HD22 6.94 HA 4.26
ND2 112.7 HB2 3.93

HB3 3.85
CA 55.9 N 113.7
CB 30.7
CG 27.2 2067 ALA CA 54.8
CD 43.3 CB 18.6
HA 4.43 H 7.83
HB2 1.92 HA 4.24
HB3 1.78 HB 1.42
HG2 1.66 N 126.3
HG3 1.65
HD2 3.22 2068 LEU CA 58.3
HD3 3.22 CB 41.5

CD1 25.9
CA 58.3 CD2 25.9
CB 64.2 H 7.86
H 8.40 HA 3.93
HA 4.55 HB2 1.77
HB2 3.89 HB3 1.61
HB3 3.86 HD1 0.90
N 117.6 HD2 0.86

N 118.3
CA 60.9
CB 39.3 2069 GLN CA 59.0
CGI 28.0 CB 28.0
CG2 18.0 CG 33.9
CD1 13.5 H 8.16
H 8.46 HA 3.93
HA 4.08 HB2 2.18
HB 1.75 HB3 2.12
HG12 1.59 HG2 2.43
HG13 0.95 HG3 2.43
HG2 0.87 N 118.1
HD1 0.82
N 123.5 2070 ASP CA 57.2

CB 40.1
CA 55.2 H 8.27
CB 63.4 HA 4.41
H 8.46 HB2 2.84
HA 4.80 HB3 2.60
HB2 4.07 N 121.2
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2071

2072

2073

2074

2075

2076

LEU

LEU

ARG

THR

LEU

LYS

CA 58.2 2076 LYS HG3 1.43
CB 41.1 HD2 1.62
CD1 24.3 HD3 1.61
H 8.60 HE2 2.90
HA 3.94 HE3 2.79
HD1 0.92 N 116.5
N 123.5

2077 SER CA 58.0
CA 58.4 CB 62.7
CB 41.1 H 7.41
CG 27.1 HA 4.74
cm 25.3 HB2 4.10
CD2 22.9 HB3 4.02
H 8.42 N 117.9
HA 3.64
HB2 1.76 2078 PRO CA 63.0
HB3 1.27 CB 32.0
HG 1.63 CG 27.7
HD1 0.77 CD 50.5
HD2 0.58 HA 4.36
N 119.3 HB2

HB3
2.36
1.83

CA 59.3 HG2 2.11
CB 30.2 HG3 2.10
CG 27.7 HD2 3.91
CD 43.0 HD3 3.63
H 8.05
HA 3.90 2079 SER CA 59.0
HB2 1.93 CB 63.1
HB3 1.93 H 8.45
HG2 1.73 HA 4.30
HG3 1.58 HB2 3.90
HD2 3.25 HB3 3.84
HD3 3.23 N 117.4
N 117.6

2080 SER CA 56.9
CA 66.5 CB 63.0
CB 68.4 H 7.84
CG2 23.2 HA 4.89
H 7.99 HB2 4.24
HA 3.94 HB3 4.12
HB 4.16 N 119.8
HG2 1.24
N 116.5 2081 PRO CA

CB
65.5
31.8

CA 57.1 CG 28.0
CB 42.1 CD 50.5
CG 26.9 HA 4.39
CD1 26.2 HB2 2.46
CD2 26.4 HB3 1.95
H 8.55 HG2 2.21
HA 3.94 HG3 2.06
HB2 1.78 HD2 3.92
HB3 1.39 HD3 3.92
HG 1.77
HDI 0.82 2082 GLN CA 59.0
HD2 0.79 CB 27.7
N 122.6 CG

H
34.2
8.24

CA 57.0 HA 4.11
CB 32.7 HB2 2.11
CG 25.9 HB3 2.02
CD 29.3 HG2 2.48
CE 41.9 HG3 2.41
H 7.39 N 117.2
HA 4.31
HB2 2.01 2083 GLN CA 59.1
HB3 1.76 CB 27.1
HG2 1.51 H 8.05
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2083

2084

2085

2086

2087

2088

2089

GLN N 124.4

GLN CA 59.3
CB 28.0
CG 34.3
H 8.33
HA 3.73
HB2 2.28
HB3 1.95
HG2 2.59
HG3 2.27
N 119.5

GLN CA 58.3
CB 28.0
CG 33.9
H 7.89
HA 3.93
HB2 2.17
HB.3 2.17
HG2 2.44
HG3 2.43
N 117.9

GLN CA 59.1
CB 28.3
CG 33.9
H 7.97
HA 4.13
HB2 2.30
HB3 2.11
HG2 2.51
HG3 2.41
N 119.8

VAL CA 67.4
CB 31.2
CGI 23.4
CG2 21.5
H 8.14
HA 3.31
HB 2.24
HG1 0.96
HG2 0.66
N 120.0

LEU CA 58.4
CB 41.1
CD1 24.5
CD2 24.3
H 8.00
HA 3.76
HB2 1.75
HB3 1.59
HG 1.68
HD1 0.85
HD2 0.83
N 119.0

ASN CA 56.1
CB 37.9
H 8.34
HA 4.37
HB2 2.93
HB3 2.82
HD21 7.55
HD22 6.96
N 117.2
ND2 111.5

2090 ILE CA 65.5
CB 38.2
CGI 28.8
CG2 18.0
CD1 14.0
H 8.03
HA 3.69
HB 1.86
HG12 1.03
HG13 1.02
HG2 0.86
HD1 0.73
N 122.3

2091 LEU CA 58.4
CB 40.9
CG 25.9
CD1 22.7
CD2 25.9
H 8.27
HA 3.89
HB2 1.87
HB3 1.34
HG 1.78
HD1 0.55
HD2 0.25
N 120.0

2092 LYS CA 59.0
CB 32.3
CG 25.9
CD 29.3
CE 41.8
H 8.67
HA 3.94
HB2 1.87
HB.3 1.87
HG2 1.61
HG3 1.40
HD2 1.64
HD3 1.65
HE2 2.90
HE3 2.90
N 116.5

2093 SER CA 59.4
CB 64.2
H 7.49
HA 4.50
HB2 4.00
HB3 4.00
N 111.8

2094 ASN CA 51.5
CB 41.4
H 7.36
HA 5.33
HB2 2.79
HB3 2.59
N 118.8

2095 PRO CA 65.8
CB 32.3
CG 27.5
CD 50.5
HA 4.41
HB2 2.42
HB3 2.00
HG2 2.16
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2095

2096

2097

2098

2099

2100 

2101

2102

PRO

GLN

LEU

MET

ALA

ALA

PHE

ILE

HG3 2.07 2103 LYS CA 59.9
HD2 3.92 CB 32.2
HD3 3.62 CG 25.1

CD 29.3
CA 59.0 CE 41.9
CB 28.3 H 8.14
CG 34.2 HA 3.93
H 8.97 HB2 1.94
HA 4.21 HB3 1.87
HB2 2.11 HG2 1.52
HB3 2.05 HG3 1.38
HG2 2.47 HD2 1.68
HG3 2.42 HD3 1.66
N 118.3 HE2 2.94

HE3 2.94
CA 56.9 N 121.6
CB 41.7
CG 26.9 2104 GLN CA 58.3
CD2 24.8 CB 27.1
H 7.85 CG 33.9
HA 4.21 H 7.66
HB2 1.77 HA 4.04
HG 1.66 HB2 2.11
HD1 0.87 HB3 1.88
HD2 0.81 HG2 2.46
N 121.9 HG3 2.22

N 117.6
H 8.21
N 119.8 2105 ARG CA 56.4

CB 28.8
CA 55.2 CG 25.1
CB 18.1 CD 41.9
H 8.17 H 8.14
HA 4.04 HA 4.30
HB 1.51 HB2 1.66
N 120.0 HB3 1.67

HG2 1.49
CA 54.9 HG3 1.42
CB 18.1 HD2 2.97
H 7.55 HD3 2.97
HA 4.13 N 117.4
HB 1.52
N 120.9 2106 THR CA 64.4

CB 69.3
CA 62.3 CG2 21.8
CB 40.2 H 8.18
H 8.58 HA 4.11
HA 3.87 HB 4.31
HB2 3.44 HG2 1.22
HB3 2.98 N 110.6
HD1 6.98
HD2 6.98 2107 ALA CA 54.5
HE1 7.20 CB 18.0
HE2 7.20 H 7.46
N 120.5 HA 4.16

HB 1.46
CA 65.8 N 124.2
CB 37.9
CGI 29.9 2108 LYS CA 56.9
CG2 17.5 CB 31.8
CD1 13.8 CG 24.3
H 8.80 CD 28.5
HA 3.46 CE 41.8
HB 1.96 H 7.73
HG12 1.13 HA 4.11
HG13 1.13 HB2 1.72
HG2 0.85 HB3 1.72
HD1 0.91 HG2 1.26
N 118.8 HG3 1.20
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2108

2109

2110

2 1 1 1

2112

2113

2114

HD2 1.55 2115 GLY CA 45.1
HD3 1.55 H 8.53
HE2 2.90 HA2 3.96
HE3 2.90 HA3 3.96
N 117.4 N 109.7

CA 59.3 2116 MET H 8.08
CB 39.0 HB2 2.13
H 7.84 HB3 2.02
HA 4.40 HG2 2.62
HB2 3.12 HG3 2.51
HB3 2.94 N 120.2
HD1 7.11
HD2 7.11
HEI 6.77
HE2 6.77
N 119.8

VAL CA 63.0
CB 32.3
CGI 21.3
CG2 21.3
H 7.88
HA 3.96
HB 2.10
HG1 0.99
HG2 0.94
N 120.2

ALA CA 52.9
CB 18.9
H 8.02
HA 4.25
HB 1.41
N 125.6

ASN CA 52.9
CB 39.0
H 8.09
HA 4.69
HB2 2.82
HB3 2.72
HD21 7.63
HD22 6.90
N 117.2
ND2 113.0

GLN CA 53.7
CB 28.8
CG 33.4
H 8.06
HA 4.58
HB2 2.09
HB3 1.95
HG2 2.36
HG3 2.36
N 121.6

PRO CA 63.6
CB 32.0
CG 27.5
CD 50.5
HA 4.41
HB2 2.30
HB3 1.94
HG2 2.06
HG3 2.01
HD2 3.78
HD3 3.66
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A.3.2 Sequence Specific Assignments Obtained for the SRC1 ADI Domain

920 PRO

921 THR

922 THR

923 VAL

924 GLU

925 GLY

926 ARG

CA 63.0 926 ARG HB3 1.78
CB 32.3 HG2 1.60
CG 27.1 HG3 1.60
CD 49.6 HD2 3.20
HA 4.53 HD3 3.20
HB2 2.31 N 120.9
HB3 1.98
HG2 2.04 927 ASN CA 53.5
HG3 2.03 CB 38.7
HD2 3.66 HA 4.72
HD3 3.66 HB2 2.85

HB3 2.78
CA 61.8 HD21 7.69
CB 69.8 HD22 7.01
CG2 21.5 ND2 113.4
H 8.37
HA 4.42 928 ASP CA 54.8
HB 4.25 CB 40.9
HG2 1.23 H 8.26
N 114.6 HA 4.58

HB2 2.74
CA 61.5 HB3 2.70
CB 70.1 N 121.4
CG2 21.5
H 8.14 929 GLU CA 59.6
HA 4.42 CB 29.6
HB 4.24 CG 36.9
HG2 1.20 H 8.53
N 117.2 HA 3.94

HB2 2.08
CA 62.6 HB3 2.09
CB 32.6 HG2 2.29
CGI 21.0 HG3 2.25
CG2 21.0 N 121.9
H 8.27
HA 4.11 930 LYS CA 59.3
HB 2.07 CB 32.3
HG1 0.93 CG 25.1
HG2 0.93 CD 29.0
N 123.0 CE 41.9

H 8.06
CA 56.9 HA 4.01
CB 30.2 HB2 1.88
CG 36.3 HB3 1.88
H 8.54 HG2 1.52
HA 4.27 HG3 1.41
HB2 2.05 HD2 1.69
HB3 1.97 HD3 1.70
HG2 2.27 HE2 3.00
HG3 2.27 HE3 3.00
N 125.1 N 119.5

CA 45.3 931 ALA CA 54.5
H 8.47 CB 18.4
HA2 3.96 H 7.93
HA3 3.96 HA 4.21
N 110.6 HB 1.49

N 122.1

CA 56.2 932 LEU CA 57.4
CB 30.7 CB 41.9
CG 26.9 CG 27.1
CD 43.3 CD1 25.9
H 8.19 CD2 25.5
HA 4.34 H 8.02
HB2 1.89 HA 4.06
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932 LEU

933 LEU

934 GLU

935 GLN

936 LEU

937 VAL

938 SER

HB2 1.86 938 SER HB3 3.98
HB3 1.46 N 116.5
HG 1.75
HD1 0.87 939 PHE CA 61.2
HD2 0.85 CB 39.3
N 119.8 H 8.19

HA 4.26
CA 58.0 HB2 3.38
CB 41.4 HB3 3.23
CG 26.9 HD1 7.20
CDI 24.8 HD2 7.20
CD2 24.3 HE1 7.26
H 8.22 HE2 7.26
HA 4.01 N 122.8
HB2 1.83
HB3 1.66 940 LEU CA 57.1
HG 1.75 CB 41.8
HD1 0.90 CG 26.9
HD2 0.86 CDI 22.9
N 120.0 CD2 25.5

H 8.45
CA 59.3 HA .3.81
CB 29.0 HB2 1.88
CG 36.5 HB3 1.39
H 8.03 HG 2.03
HA 3.99 HD1 0.86
HB2 2.20 HD2 0.66
HB3 2.08 N 118.6
HG2 2.46
HG3 2.26 941 SER CA 60.7
N 118.8 CB 62.8

H 8.09
CA 59.1 HA 4.22
CB 28.5 HB2 3.99
CG 33.9 HB3 3.95
H 7.96 N 113.9
HA 4.13
HB2 2.15 942 GLY CA 44.8
HB3 2.11 H 7.47
HG2 2.51 N 107.8
HG3 2.41
N 119.5 943 LYS CA 54.3

CB 33.4
CA 58.3 CG 24.5
CB 41.4 CD 28.5
H 8.19 CE 41.9
HA 4.15 H 7.13
HB2 2.15 HA 4.36
HB3 1.76 HB2 1.74
HD1 0.93 HB3 1.68
HD2 0.87 HG2 1.30
N 121.9 HG3 1.26

HD2 1.52
CA 67.4 HD3 1.48
CB 31.5 HE2 2.77
CGI 22.9 HE3 2.68
CG2 21.3 N 121.2
H 8.38
HA 3.49 944 ASP CA 54.0
HB 2.16 CB 42.1
HG1 1.04 H 8.73
HG2 0.93 HA 4.54
N 119.5 HB2 2.84

HB3 2.71
CA 61.5 N 123.3
CB 62.7
H 8.32 945 GLU CA 59.3
HA 4.21 CB 29.6
HB2 4.00 CG 36.2
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945 GLU

946 THR

947 GLU

948

949

LEU

ALA

950 GLU

951 LEU

952 ASP

H 8.84 953 ARG CA 58.3
HA 4.03 CB 29.9
HB2 2.08 CG 27.7
HB3 2.08 CD 43.4
HG2 2.33 H 7.86
HG3 2.33 HA 4.16
N 123.3 HB2 1.91

HB3 1.91
CA 65.5 HG2 1.59
CB 68.4 HG3 1.59
CG2 21.8 HD2 3.26
H 8.45 HD3 3.23
HA 4.10 N 119.0
HB 4.28
HG2 1.30 954 ALA CA 54.6
N 114.6 CB 18.6

H 8.08
CA 58.6 HA 4.16
CB 30.2 HB 1.54
CG 36.8 N 124.2
H 7.91
HA 4.22 955 LEU CA 54.9
HB2 2.27 CB 42.7
HB3 2.08 CG 26.9
HG2 2.46 CDI 23.4
HG3 2.26 CD2 26.2
N 122.3 H 8.06

HA 4.26
CA 55.0 HB2 1.78
CB 40.6 HB3 1.58
H 8.26 HG 1.79
N 121.2 HD1 0.78

HD2 0.72
CA 54.9 N 115.5
CB 18.1
H 7.98 956 GLY CA 45.9
HA 4.25 H 7.80
HB 1.56 HA2 4.03
N 122.1 HA3 4.03

N 107.6
CA 59.0
CB 28.7 957 ILE CA 62.3
CG 36.3 CB 38.2
H 7.94 CGI 28.0
HA 4.12 CG2 17.3
HB2 2.16 CDI 13.5
HB3 2.09 H 8.19
HG2 2.42 HA 3.96
HG3 2.32 HB 1.92
N 117.6 HG12 1.50

HG13 1.50
CA 58.0 HG2 0.76
CB 41.4 HD1 0.94
CG 27.1 N 117.2
CDI 24.8
CD2 24.8 958 ASP CA 56.1
H 7.77 CB 39.0
HA 4.14 H 8.69
HB2 2.02 HA 3.98
HB3 1.78 HB2 2.57
HG 1.84 HB3 2.47
HD1 0.97 N 119.3
HD2 0.90
N 123.3 959 LYS CA 57.1

CB 32.3
CA 57.3 CG 24.8
CB 39.9 CD 28.8
H 8.71 CE 41.9
N 120.2 H 7.61
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959 LYS

960 LEU

961 VAL

962 GLN

963

964

965

966

GLY

GLY

GLY

LEU

HA 4.11 967 ASP CA 54.5
HB2 1.85 CB 40.9
HB3 1.80 H 8.36
HG2 1.46 HA 4.58
HG3 1.38 HB2 2.73
HD2 1.66 HB3 2.64
HD3 1.64 N 120.9
HE2 2.99
HE3 2.99 968 VAL CA 63.7
N 118.8 CB 32.1

CGI 21.0
CA 56.7 CG2 21.3
CB 42.2 H 7.86
CD1 24.9 HA 3.95
CD2 23.7 HB 2.14
H 7.63 HG1 0.96
HA 4.15 HG2 0.93
HB2 1.76 N 119.3
HB3 1.57
HD1 0.88 969 LEU CA 55.9
HD2 0.83 CB 41.9
N 120.9 CD1 25.1

CD2 23.7
CA 63.7 H 8.10
CB 32.1 HA 4.22
CGI 20.9 HB2 1.65
CG2 21.3 HD1 0.90
H 7.79 HD2 0.84
HA 3.82 N 122.6
HB 2.01
HG1 0.83 970 SER CA 59.4
HG2 0.80 CB 63
N 117.4 H 8.07

HA 4.29
CA 56.7 HB2 3.92
CB 28.8 HB3 3.84
CG 33.7 N 115.3
H 7.93
HA 4.16
HB2 2.13
HB3 2.01
HG2 2.41
HG3 2.35
N 120.2

CA 45.4
H 8.09
HA2 3.99
N 108.5

CA 45.1
H 8.15
HA2 3.99
N 108.7

CA 45.2
H 8.34
HA2 3.96
N 109.0

CA 54.9
CB 42.1
H 8.11
HA 4.35
HB2 1.62
HD1 0.92
HD2 0.87
N 121.2
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A.3.3 Sequence Specific Assignments Obtained for the Pdcd4 MA-3c Domain

315 PRO

316 LEU

317 GLY

318 SER

319 GLY

320 GLY

321 GLN

CA 63.2 322 GLN CA 53.8
CB 32.3 CB 28.7
CG 27.1 CG 33.4
CD 49.7 H 8.45
HA 4.47 HA 4.60
HB2 2.31 HB2 2.07
HB3 1.94 HB3 1.91
HG2 2.00 HG2 2.38
HG3 2.00 HG3 2.38
HD2 3.57 HE21 7.52
HD3 3.57 HE22 6.86

N 122.8
CA 55.4 NE2 112.5
CB 42.3
CG 27.1 32.3 PRO CA 63.0
CD1 24.8 CB 32.0
CD2 23.4 CG 27.4
H 8.56 CD 50.6
HA 4.35 HA 4.45
HB2 1.66 HB2 2.26
HB3 1.59 HB3 1.90
HG 1.65 HG2 1.99
HD1 0.92 HG3 1.99
HD2 0.87 HD2 3.78
N 122.4 HD3 3.63

CA 45.4 324 VAL CA 62.8
H 8.43 CB 32.5
HA2 4.01 CGI 20.6
HA3 4.01 CG2 21.0
N 109.9 H 8.28

HA 3.97
CA 58.6 HB 2.00
CB 63.9 HG1 0.92
H 8.33 HG2 0.87
HA 4.46 N 120.2
HB2 3.91
HB3 3.86 325 ASN CA 53.7
N 115.9 CB 38.6

H 8.41
CA 45.6 HA 4.60
H 8.57 HB2 2.79
HA2 4.00 HB3 2.79
HA3 4.00 HD21 7.69
N 111.1 HD22 6.73

N 121.4
CA 45.3 ND2 112.5
H 8.29
HA2 3.97 .326 HIS CA 57.8
HA3 3.97 CB 29.9
N 108.7 HA 4.43

HB2 3.14
CA 55.7 HB3 3.14
CB 29.4 HD2 7.05
CG 33.7 HE1 7.93
H 8.27
HA 4.34 .327 LEU CA 56.6
HB2 2.10 CB 42.0
HB3 1.96 CG 26.8
HG2 2.34 CD1 24.8
HE21 7.55 CD2 23.7
HE22 6.85 H 7.83
HG3 2.34 HA 4.09
N 119.8 HB2 1.52
NE2 112.6 HB3 1.32
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327

328

LEU

VAL

329 LYS

330 GLU

331 ILE

332 ASP

333 MET

HG 1.31 333 MET HG2 2.76
HD1 0.73 HG3 2.61
HD2 0.72 HE 2.08
N 120.9 N 116.0

CA 65.2 334 LEU CA 58.9
CB 31.4 CB 42.1
CGI 21.1 CG 26.7
CG2 21.9 CD1 26.9
H 7.89 CD2 24.9
HA 3.69 H 7.80
HB 2.01 HA 4.13
HG1 0.87 HB2 1.93
HG2 0.83 HB3 1.93
N 119.6 HG 2.08

HD1 0.80
CA 59.4 HD2 0.73
CB 31.9 N 122.0
CG 24.7
CD 29.0 335 LEU CA 58.1
HA 4.04 CB 42.0
HB2 1.89 CG 27.1
HB3 1.89 CD1 25.8
HG2 1.50 CD2 22.4
HG3 1.41 H 8.33
HD2 1.65 HA 3.99
HD3 1.65 HB2 2.10
HE2 2.97 HB3 1.46
HE3 2.97 HG 1.73

HD1 0.88
CA 59.8 HD2 0.64
CB 29.1 N 122.8
CG 36.3
HA 4.07 336 LYS CA 60.5
HB2 2.05 CB 32.4
HB3 2.05 CG 26.8
HG2 2.35 CD 29.0
HG3 2.27 CE 41.8

H 8.51
CA 64.2 HA 3.85
CB 36.8 HB2 1.93
CGI 29.6 HB3 1.81
CG2 17.5 HG2 1.61
CD1 11.9 HG3 1.36
H 7.96 HD2 1.57
HA 3.59 HD3 1.57
HB 2.08 HE2 2.94
HG12 1.57 HE3 2.94
HG13 1.01 N 119.6
HG2 0.76
HD1 0.67 337 GLU CA 59.0
N 121.6 CB 28.7

CG 36.1
CA 58.0 H 8.37
CB 41.6 HA 4.10
H 8.33 HB2 2.15
HA 4.33 HB3 2.07
HB2 2.81 HG2 2.39
HB3 2.69 HG3 2.39
N 121.2 N 118.9

CA 58.8 338 TYR CA 60.4
CB 32.5 CB 37.5
CG 32.0 H 8.11
CE 16.8 HA 4.66
H 8.09 HB2 3.19
HA 4.09 HB3 3.14
HB2 2.16 HD1 6.85
HB3 2.16 HD2 6.85
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338

339

TYR

LEU

340 LEU

341 SER

342 GLY

343 ASP

344 ILE

HEl 6.38 345 SER CA 61.7
HE2 6.38 CB 62.5
N 122.1 H 8.21

HA 4.31
CA 57.1 HB2 4.00
CB 41.1 HB3 4.00
CG 27.3 N 116.0
CD1 26.1
CD2 23.4 346 GLU CA 58.3
H 8.26 CB 29.2
HA 3.70 CG 35.4
HB2 1.80 H 8.08
HB3 1.37 HA 4.28
HG 1.91 HB2 1.99
HD1 0.90 HB3 1.89
HD2 0.87 HG2 2.36
N 119.2 HG3 2.26

N 123.9
CA 56.5
CB 42.8 347 ALA CA 55.6
CG 26.6 CB 18.3
CD1 24.8 H 7.51
CD2 24.8 HA 4.23
H 7.24 HB 1.24
HA 4.22 N 123.3
HB2 1.83
HB3 1.57 348 GLU CA 60.3
HG 1.71 CB 29.9
HD1 0.87 CG 36.8
HD2 0.86 H 8.50
N 116.7 HA 3.59

HB2 2.05
CA 59.2 HB3 2.05
CB 65.2 HG2 2.09
H 8.20 HG3 2.09
HA 4.45 N 116.9
HB2 3.98
HB3 3.98 349 HIS CA 59.5
N 114.0 CB 28.8

H 8.30
CA 46.3 HA 4.26
H 9.44 HB2 3.35
HA2 3.97 HB3 3.35
HA3 3.17 HD2 7.28
N 114.4 HEl 8.31

N 117.9
CA 53.8
CB 40.5 350 CYS CA 62.9
H 8.22 CB 26.6
HA 4.80 H 8.68
HB2 3.12 HA 3.95
HB3 2.40 HB2 3.12
N 119.1 HB3 2.84

N 118.4
CA 65.5
CB 38.6 351 LEU CA 57.7
CGI 30.6 CB 42.0
CG2 16.8 CG 26.6
CD1 13.5 CD1 22.3
H 8.63 CD2 26.0
HA 3.57 H 8.24
HB 1.92 HA 3.89
HG12 2.04 HB2 1.87
HG13 1.08 HB3 1.35
HG2 0.94 HG 1.30
HD1 1.00 HD1 0.69
N 130.0 HD2 0.26

N 119.7
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352 LYS

353 GLU

354 LEU

355 GLU

356 VAL

357 PRO

CA 60.2 357 PRO HG2 2.03
CB 31.9 HG3 2.03
CG 26.0 HD2 3.67
CD 29.3 HD3 3.35
CE 41.8
H 8.45 358 HIS CA 57.0
HA 4.05 CB 29.2
HB2 1.93 H 8.11
HB3 1.93 HA 4.53
HG2 1.70 HB2 3.11
HG3 1.47 HB3 2.94
HD2 1.70 N 114.3
HD3 1.70
HE2 2.99 359 PHE CA 55.7
HE3 2.99 CB 40.8
N 120.5 H 8.29

HA 4.96
CA 58.4 HB2 3.24
CB 29.5 HB3 2.51
CG 36.7 HD1 6.99
H 8.00 HD2 6.99
HA 4.04 HEl 7.35
HB2 2.04 HE2 7.35
HB3 1.97 HZ 7.29
HG2 2.12 N 119.5
HG3 2.12
N 118.9 360 HIS CA 58.5

CB 28.6
CA 56.7 HA 4.38
CB 43.1 HB2 3.31
CG 26.1 HB3 3.08
CD1 22.6 HD2 6.45
CD2 25.5 HEl 7.76
H 7.48
HA 4.08 361 HIS CA 59.1
HB2 2.08 CB 31.4
HB3 1.47 H 9.27
HG 2.04 HA 4.28
HD1 0.81 HB2 3.18
HD2 0.77 HB3 2.92
N 117.9 N 118.7

CA 57.0 362 GLU CA 57.8
CB 27.9 CB 28.1
CG 36.8 H 6.72
H 7.53 HA 4.13
HA 3.88 HB2 1.71
HB2 2.25 HB3 1.40
HB3 2.10 N 121.6
HG2 2.29
HG3 2.29 363 LEU CA 58.6
N 113.0 CB 40.4

CG 27.5
CA 57.4 CD1 26.5
CB 32.4 CD2 24.8
CGI 18.7 H 7.05
CG2 21.6 HA 3.91
HA 4.78 HB2 2.11
HB 1.96 HB3 1.41
HG1 0.97 HG 1.57
HG2 0.94 HD1 0.77

HD2 0.62
CA 64.5 N 119.8
CB 30.5
CG 27.7 364 VAL CA 67.6
CD 49.7 CB 32.3
HA 2.39 CGI 23.3
HB2 1.85 CG2 21.7
HB3 1.82 H 7.40
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364 VAL

365 TYR

366 GLU

367 ALA

368 ILE

369 VAL

370 MET

HA 3.16 370 MET HG2 2.81
HB 2.22 HG3 2.42
HG1 1.15 HE 2.07
HG2 0.98 N 116.3
N 118.2

371 VAL CA 67.1
CA 61.7 CB 31.1
CB 39.4 CGI 23.0
H 7.92 CG2 21.3
HA 3.73 H 7.41
HB2 3.12 HA 3.22
HB3 2.94 HB 1.95
HD1 6.89 HG1 0.55
HD2 6.89 HG2 0.53
HEl 6.51 N 119.5
HE2 6.51
N 116.8 372 LEU CA 57.8

CB 40.8
CA 59.2 CD1 26.1
CB 28.6 CD2 22.1
CG 35.3 H 8.11
H 8.52 HA 3.89
HA 3.46 HB2 1.95
HB2 1.98 HB3 1.28
HB3 1.85 HD1 0.73
HG2 2.83 HD2 0.74
HG3 2.50 N 119.5
N 116.3

373 GLU CA 56.9
CA 55.2 CB 30.3
CB 17.4 CG 36.5
H 8.56 H 8.09
HA 3.84 HA 4.16
HB 1.40 HB2 2.04
N 121.4 HB3 1.90

HG2 2.41
CA 65.9 HG3 2.12
CB 36.8 N 113.9
CGI 28.9
CG2 17.3 374 SER CA 59.2
CD1 12.8 CB 64.5
H 7.67 H 7.42
HA 2.91 HA 4.46
HB 1.39 HB2 4.08
HG12 1.72 HB3 4.08
HG13 0.26 N 115.3
HG2 0.39
HD1 -0.05 375 THR CA 61.7
N 117.2 CB 70.2

CG2 21.3
CA 68.4 H 8.52
CB 30.8 HA 4.57
CGI 21.6 HB 4.28
CG2 23.2 HG2 1.25
H 8.03 N 115.0
HA 3.06
HB 1.72 376 GLY CA 45.1
HG1 0.66 H 8.50
HG2 0.29 HA2 4.15
N 121.4 HA3 4.15

N 111.4
CA 59.8
CB 31.7 377 GLU CA 57.2
CG 33.8 CB 31.1
CE 18.9 CG 36.2
H 7.71 H 8.65
HA 3.96 HA 4.44
HB2 2.25 HB2 2.14
HB3 1.78 HB3 1.95
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377

378

GLU

SER

379 ALA

380 PHE

381 LYS

382 MET

383 ILE

HG2 2.23 383 ILE HG12 1.72
HG3 2.23 HG13 1.51
N 119.1 HG2 0.74

HD1 0.83
CA 61.6 N 124.7
CB 63.0
H 8.27 384 LEU CA 59.8
HA 4.32 CB 41.5
HB2 4.04 CG 27.6
HB3 4.04 CD1 26.4
N 115.5 CD2 24.6

H 8.26
CA 55.9 HA 3.95
CB 17.5 HB2 2.07
H 8.55 HB3 1.62
HA 3.99 HG 1.46
HB 1.43 HD1 0.84
N 124.5 HD2 0.55

N 123.9
CA 61.4
CB 39.2 385 ASP CA 57.8
H 8.28 CB 40.0
HA 3.97 H 8.36
HB2 3.48 HA 4.43
HB3 3.17 HB2 2.83
HD1 7.18 HB3 2.61
HD2 7.18 N 117.0
HEl 7.44
HE2 7.44 386 LEU CA 58.5
HZ 7.10 CB 41.4
N 118.2 CG 26.6

CD1 25.1
CA 59.4 CD2 22.8
CB 32.7 H 7.85
CG 25.3 HA 3.92
CD 28.9 HB2 1.96
CE 42.0 HB3 1.25
H 8.02 HG 1.15
HA 4.17 HD1 0.32
HB2 2.08 HD2 0.23
HB3 2.08 N 122.2
HG2 1.67
HG3 1.59 387 LEU CA 58.5
HD2 1.81 CB 41.2
HD3 1.81 CG 26.8
HE2 3.03 CD1 25.8
HE3 3.03 CD2 22.0
N 117.4 H 8.63

HA 3.87
CA 59.7 HB2 1.95
CB 33.1 HB3 1.28
CG 33.1 HG 1.94
CE 17.5 HD1 0.96
H 8.68 HD2 0.70
HA 4.40 N 117.6
HB2 2.03
HB3 2.03 388 LYS CA 60.7
HG2 2.95 CB 32.7
HG3 2.51 CG 25.4
HE 1.80 CD 29.8
N 116.5 CE 41.3

H 8.74
CA 62.6 HA 4.03
CB 34.1 HB2 2.01
CG2 18.6 HB3 1.93
CD1 9.3 HG2 1.68
H 9.38 HG3 1.42
HA 4.05 HD2 1.71
HB 2.12 HD3 1.71
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388

389

LYS

SER

390 LEU

391 TRP

392 LYS

393 SER

394 SER

HE2 2.97 394 SER HA 4.07
HE3 2.97 HB2 4.04
N 117.2 HB3

N
4.04
114.1

CA 62.4
CB 63.4 395 THR CA 66.0
H 7.85 CB 68.2
HA 4.25 CG2 23.1
HB2 4.03 H 8.28
HB3 4.03 HA 4.04
N 114.2 HB

HG2
4.06
1.16

CA 57.3 N 117.8
CB 41.7
CG 26.8 396 ILE CA 59.3
CD1 22.5 CB 39.6
CD2 26.0 CGI 27.4
H 8.59 CG2 18.2
HA 4.18 CD1 13.9
HB2 1.83 H 7.06
HB3 1.21 HA 4.98
HG 1.94 HB 1.60
HD1 0.69 HG12 1.40
HD2 0.56 HG13 0.89
N 119.7 HG2

HD1
1.06
0.73

CA 60.1 N 117.1
CB 29.5
H 8.52 397 THR CA 60.6
HA 4.73 CB 71.5
HB2 3.54 CG2 21.8
HB3 3.24 HA 4.48
HD1 7.12 HB 4.73
HEl 9.74 HG2 1.28
HE3 7.56
HH2 7.17 398 ILE CA 65.0
HZ2 7.44 CB 38.3
HZ3 6.96 CGI 29.2
N 120.7 CG2 17.0
NE1 128.8 CD1

H
13.7
9.02

CA 59.5 HA 4.12
CB 32.1 HB 2.11
CG 25.4 HG12 1.77
CD 29.0 HG13 1.48
CE 41.9 HG2 1.13
H 8.56 HD1 1.06
HA 3.75 N 120.8
HB2 2.14
HB3 2.07 399 ASP CA 57.4
HG2 1.74 CB 41.1
HG3 1.60 H 8.41
HD2 1.76 HA 4.47
HD3 1.76 HB2 2.65
HE2 3.02 HB3 2.65
HE3 3.02 N 118.9
N 122.2

400 GLN CA 58.7
CA 58.0 CB 28.7
CB 63.7 H 7.51
H 8.10 HA 4.05
HA 4.43 HB2 2.50
HB2 4.18 HB3 2.50
HB3 4.18 N 119.7
N 111.7

401 MET CA 58.4
CA 59.5 CB 32.8
CB 61.4 CG 32.5
H 7.79 CE 17.9
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401 MET H 8.35
HA 4.31
HB2 2.29
HB3 2.29
HG2 2.66
HG3 2.60
HE 1.98
N 118.8

402 LYS CA 59.9
CB 32.8
CG 24.6
CD 29.8
CE 41.7
H 8.45
HA 3.95
HB2 1.98
HB3 1.98
HG2 1.46
HG3 1.33
HD2 1.71
HD3 1.71
HE2 2.97
HE3 2.97
N 118.4

403 ARG CA 59.0
CB 30.3
CG 27.4
CD 43.3
H 7.71
HA 4.18
HB2 1.82
HB3 1.82
HG2 1.65
HG3 1.40
HD2 2.96
HD3 2.76
N 116.3

404 GLY CA 48.2
H 8.16
HA2 3.99
HA3 3.75
N 106.3

405 TYR CA 62.6
CB 38.4
H 8.19
HA 3.67
HB2 2.92
HB3 2.17
HD1 7.18
HD2 7.18
HEl 6.60
HE2 6.60
N 119.8

406 GLU CA 60.2
CB 29.5
CG 37.6
H 8.64
HA 3.67
HB2 2.16
HB3 1.93
HG2 2.55
HG3 2.14
N 116.3

407 ARG CA 60.0
CB 30.7
CG 27.1
CD 44.0
H 7.67
HA 4.15
HB2 1.95
HB3 1.95
HG2 1.35
HG3 1.35
HD2 2.94
HD3 2.47
HE 6.71
N 117.9
NE 83.8

408 ILE CA 62.0
CB 35.7
CGI 27.5
CG2 18.8
CD1 10.9
H 7.43
HA 4.02
HB 2.21
HG12 1.58
HG13 1.18
HG2 0.94
HD1 0.50
N 119.8

409 TYR CA 57.5
CB 35.8
H 8.85
HA 4.38
HB2 3.42
HB3 3.23
HD1 7.00
HD2 7.00
HEl 6.87
HE2 6.87
N 119.7

410 ASN CA 55.5
CB 39.5
H 7.94
HA 4.65
HB2 3.02
HB3 2.97
HD21 7.69
HD22 7.02
N 115.1
ND2 113.1

411 GLU CA 57.0
CB 31.3
CG 36.6
H 7.96
HA 4.57
HB2 2.42
HB3 2.05
HG2 2.70
HG3 2.43
N 117.5

412 ILE CA 63.0
CB 38.8
CGI 29.0
CG2 18.8
CD1 15.1
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412 ILE

413 PRO

414 ASP

415 ILE

416 ASN

417 LEU

418 ASP

H 8.27 418 ASP CB 42.2
HA 4.26 HA 4.73
HB 2.01 HB2 2.78
HG12 1.12 HB3 2.64
HG13 1.12
HG2 1.04 419 VAL CA 62.1
HD1 0.68 CB 32.8
N 122.1 CGI 21.2

CG2 20.3
CA 66.2 HA 4.12
CB 30.9 HB 2.09
CG 28.3 HG1 0.95
CD 51.2 HG2 0.95
HA 4.44
HB2 2.38 420 PRO CA 62.3
HB3 1.84 CB 34.7
HG2 2.09 CG 24.7
HG3 1.99 CD 50.3
HD2 3.82 HA 4.56
HD3 3.51 HB2 2.39

HB3 2.14
CA 56.0 HG2 1.94
CB 41.2 HG3 1.82
H 7.58 HD2 3.58
HA 4.65 HD3 3.58
HB2 2.81
HB3 2.77 421 HIS CA 57.0
N 115.9 CB 28.7

H 8.65
CA 64.2 HA 4.80
CB 38.9 HB2 3.48
CGI 28.4 HB3 3.27
CG2 16.1 HD2 7.09
CD1 13.5 HEl 8.14
H 8.00 N 123.1
HA 3.93
HB 1.79 422 SER CA 62.7
HG12 1.68 CB 63.0
HG13 1.15 HA 4.13
HG2 0.91 HB2 3.86
HD1 0.78 HB3 3.86
N 122.9

423 TYR CA 62.7
CA 54.7 CB 37.5
CB 39.9 H 8.32
H 8.58 HA 4.09
HA 4.63 HB2 3.01
HB2 2.77 HB3 3.01
HB3 2.62 HD1 7.11
HD21 7.66 HD2 7.11
HD22 6.91 HEl 6.70
N 117.6 HE2 6.70
ND2 114.0 N 121.1

CA 56.3 424 SER CA 61.6
CB 42.0 CB 62.8
CG 26.6 H 7.83
CD1 25.3 HA 4.30
CD2 22.8 HB2 3.98
H 7.40 HB3 3.98
HA 4.21 N 114.0
HB2 1.83
HB3 1.56 425 VAL CA 66.7
HG 1.90 CB 31.6
HD1 0.98 CGI 22.3
HD2 0.91 CG2 22.2
N 117.6 H 7.79

HA 3.82
CA 55.1 HB 2.11
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425

426

VAL

LEU

427 GLU

428 ARG

429 PHE

430 VAL

HG1 1.12 431 GLU CA 59.6
HG2 1.10 CB 28.7
N 122.9 CG 34.9

H 8.23
CA 58.5 HA 4.34
CB 41.1 HB2 2.25
CG 27.0 HB3 2.25
CD1 27.0 HG2 2.53
CD2 23.7 HG3 2.29
H 8.41 N 121.9
HA 4.03
HB2 2.10 432 GLU CA 59.8
HB3 1.53 CB 28.7
HG 2.00 CG 36.4
HD1 1.05 H 8.30
HD2 1.05 HA 4.08
N 120.3 HB2 2.16

HB3 2.03
CA 59.5 HG2 2.59
CB 28.4 HG3 2.54
CG 35.9 N 118.8
H 8.46
HA 4.19 433 CYS CA 64.0
HB2 2.24 CB 26.2
HB3 2.07 H 8.31
HG2 2.50 HA 3.70
HG3 2.50 HB2 3.13
N 116.8 HB3 2.11

N 119.1
CA 59.6
CB 30.9 434 PHE CA 60.5
CG 28.2 CB 39.0
CD 43.6 H 8.66
H 7.85 HA 4.24
HA 4.28 HB2 3.27
HB2 2.22 HB3 2.86
HB3 2.22 HD1 7.18
HG2 2.00 HD2 7.18
HG3 1.81 HEl 7.28
HD2 3.24 HE2 7.28
HD3 3.16 N 122.6
HE 7.13
N 119.6 435 GLN CA 58.4
NE 83.9 CB 27.5

CG 33.1
CA 63.0 H 8.91
CB 39.4 HA 3.58
H 9.18 HB2 2.16
HA 4.03 HB3 1.98
HB2 3.17 HG2 2.62
HB3 3.08 HG3 2.58
HD1 6.23 HE21 8.04
HD2 6.23 HE22 6.85
HEl 6.97 N 121.6
HE2 6.97 NE2 112.8
HZ 6.72
N 122.3 436 ALA CA 52.2

CB 19.0
CA 67.6 H 7.51
CB 31.8 HA 4.28
CGI 24.2 HB 1.42
CG2 22.4 N 117.9
H 9.65
HA 3.59 437 GLY CA 45.2
HB 2.44 H 7.63
HG1 1.53 HA2 3.95
HG2 1.17 HA3 3.77
N 121.1 N 106.0
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438 ILE CA 61.6
CB 38.0
CG2 17.7
CD1 14.2
H 7.18
HA 2.79
HB 1.23
HG12 0.95
HG13 0.82
HG2 0.37
HD I 0.64
N 111.6

439 ILE CA 58.6
CB 42.1
CGI 24.6
CG2 18.1
CD1 14.2
H 6.46
HA 4.30
HB 1.58
HG12 1.24
HG13 0.32
HG2 0.19
HD1 0.53
N 107.2

440 SER CA 56.7
CB 65.6
H 7.94
HA 4.49
HB2 4.38
HB3 4.04
N 116.7

441 LYS CA 59.1
CB 32.3
CG 24.7
CD 28.4
CE 42.0
H 9.05
HA 3.31
HB2 1.94
HB3 1.73
HG2 1.37
HG3 1.02
HD2 1.63
HD3 1.43
HE2 2.95
HE3 2.90
N 121.8

442 GLN CA 59.4
CB 28.0
CG 34.0
H 8.14
HA 3.97
HB2 2.05
HB3 1.93
HG2 2.40
HG3 2.36
HE21 7.57
HE22 6.94
N 116.6
NE2 112.4

443 LEU CA 57.1
CB 42.3
CG 27.0

443 LEU CD1 24.2
CD2 25.2
H 7.63
HA 4.22
HB2 1.50
HB3 1.50
HG 1.47
HD1 1.00
HD2 0.73
N 119.9

444 ARG CA 58.9
CB 28.8
CG 25.8
CD 42.9
H 8.09
HA 3.71
HB2 1.59
HB3 1.40
HG2 1.30
HG3 1.27
HD2 2.67
HD3 2.52
HE 7.85
N 123.6
NE 84.2

445 ASP CA 56.3
CB 39.8
H 8.67
HA 4.28
HB2 2.60
HB3 2.60
N 120.1

446 LEU CA 54.7
CB 43.4
CG 26.7
CD1 25.1
CD2 23.0
H 7.09
HA 4.10
HB2 1.89
HB3 1.72
HG 1.86
HD1 0.97
HD2 0.91
N 119.6

447 CYS CA 57.0
CB 27.3
H 7.13
HA 3.06
HB2 3.08
HB3 2.79
N 122.3

448 PRO CA 64.5
CB 32.7
CG 27.6
CD 51.2
HA 4.20
HB2 2.29
HB3 1.90
HG2 1.97
HG3 1.97
HD2 3.56
HD3 3.22
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Ligand-induced transcription by nuclear receptors involves the 
recruitment of p i60 coactivators such as steroid receptor coactiva­
tor 1 (SRC1), in complex with histone acetyl transferases such as 
CREB-binding protein (CBP) and p300. Here we describe the solu­
tion structure of a complex formed by the SRC1 interaction domain 
(SID) of CBP and the activation domain (ADI) o f SRC1, both o f 
which contain four helical regions (Carl, Car2, Ca3, and Car3' in 
CBP and S a l, Sa2', Sa2, and Sa3 in SRC I). A tight four-helix bun­
dle Ls formed between S a l, C a l, Ca2, and Ca3 that is capped by 
Sa3. In contrast to the structure of the ADI domain of the related 
p l60  protein ACTR in complex with CBP SID, the sequences form­
ing Sa2' and Sa2 in SRC1 ADI are not involved in the interface 
between the two domains but rather serve to position Sa3. Thus, 
although the CBP SID domain adopts a similar fold in complex with 
different p i60 proteins, the topologies of the ADI domains arc 
strikingly different, a feature that is likely to contribute to func­
tional specificity of these coactivator complexes.

The lysine acetyltransferase CBPr’ interacts with a large num ber o f 
nuclear proteins, many o f which are transcrip tion  factors (1 ,2). T his is 
achieved th rough  direct o r  ind irec t p ro te in -p ro te in  in te rac tio n s th a t 
a re  m ediated  by d istin c t stru c tu ra l dom ains w ith in  the CBP p ro te in  
such  as th e  KIX, CRD, C H I, CH3, b rom odom ain  and  SID dom ains. 
T h e  p ro te in -b in d in g  dom ains o f CBP display partia l specificity, h av ­
ing bo th  d istin c t and overlapping b ind ing  p a rtn e r  profiles, w hich  
co n tr ib u te s  to  th e  phenom ena o f synergy and cross-ta lk  betw een 
tran sc rip tio n  factors (1).
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effect spectroscopy; HSQC, heteronuclear single quantum coherence; TOCSY, total cor­
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T he recruitm ent o f  CBP to target gene prom oters/enhancers facili­
tates acetylation of histone N -term inal tails, leading to  chrom atin  re­
modeling and enhanced gene expression. This has been dem onstrated 
for nuclear receptors, which activate transcrip tion  of th e ir  target genes 
in response to  ligand binding (3,4). L igand-bound receptors undergo a 
conform ational change that stim ulates their in teraction  with cofactors 
that contain functional LXXLL motifs, such as the p i 60 coactivators 
SRC l, TIF2, and ACTR (5,6). Studies o f steroid-regulated gene p ro m o t­
ers have revealed th a t p l60s and H A T proteins are am ong th e  first 
cofactors recruited in response to  ligand (7,8). Such tem porally ordered 
recruitm ent o f coactivators to  p rom oters/enhancers is crucial for the 
sequential chrom atin  modification and  rem odeling events preceding 
transcrip tion  (4).

T he efficacy of nuclear receptor/cofactor in teraction  is influenced by 
a num ber of determ inants, including th e  precise sequence and num ber 
of LXXLL motifs, the sequences flanking core motifs, and  other distal 
sequences (9 -1 1 ). CBP contains th ree LXXLL  motifs, although they 
m ediate only weak direct interactions with estrogen, androgen, and 
progesterone receptors (9, 10). Thus, at least in the case of the steroid 
receptors, efficient recruitm ent of CBP/p300 and  associated factors is 
achieved indirecdy via the p l6 0  proteins (12).

A num ber o f studies have shown th a t recruitm ent o f  CBP/p300 pro­
teins is facilitated by the p l6 0  activation dom ain ADI, which acts as a 
po ten t transcriptional activator in m am m alian and yeast cells (3, 
12-17). T he ADI dom ain docks with the SR C l interaction dom ain 
(SID) of CBP, located within the sequence 2 058-2130  (12), and  this 
interaction is essential for ligand-dependent transcrip tion  m ediated by 
steroid receptors (12, 18). In addition to b inding p l60s, the SID also 
facilitates interactions of CBP with activation dom ains in other nuclear 
proteins, including the transcription factors E ts l, Ets2, p53, and 1RF3, 
and viral activators such as E1A, KSHV IRFl, and  Tax (19 -22 ). Indeed, 
it has been show n that com petition between such  proteins for binding 
to th e  SID contributes to the negative cross-talk observed between dif­
ferent signaling pathways (22). Similarly, binding of viral proteins to  the 
SID and o ther CBP/p300 dom ains no t only facilitates viral gene tran ­
scription but may also down-regulate expression of host defense genes, 
through exclusion of host factors from CBP-p300 complexes.

T he ADI /SID interaction is also im portant in M O Z-TIF2-associated 
leukemogenesis. M O Z-TIF2 is a fusion protein expressed in acute m ye­
loid leukemia blasts containing the m v 8 (p ll;q l3 )  translocation (23). 
This fusion protein contains th e  C -term inal sequence o f TIF2, including 
the ADI dom ain, facilitating its interaction w ith  CBP/p300, as dem on­
strated  by in vitro interactions and in vivo by using fluorescence reso­
nance energy transfer experim ents (24). As a consequence of this in ter­
action, CBP is mislocalized from  prom yelocytic leukemia bodies, and 
cellular levels of CBP are depleted, leading to a reduced transcriptional
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activity o f CB P-dependent activators such as nuclear receptors and p53
(24). C onsistent with this, ADI integrity was found to be essential for 
transform ation  of hem atopoietic progenitors by M O Z-TIF2 in vitro (24, 
25) and for induction of acute myeloid leukemias by MOZ-T1F2 in mice
(25). Therefore, understanding the structu re  of the C B P-pl60 com ­
plexes has relevance to the etiology of acute myeloid leukemia.

Phenotypic differences in knock-out mice indicate th a t p i 60s have 
tissue-specific functions (reviewed in Ref. 26). Similarly, CBP and p300 
proteins appear to  have distinct roles in vivo, for example in hem atopoi- 
esis (27). Thus, the existence of different pl60-CB P o r p l60-p300 com ­
plexes in vivo suggests they may have specific albeit partially redundant 
functions. For example, SRCl and ACTR interact with thym ine DNA 
glycosylase, whereas T1F2 does not. This is because of the presence of a 
tyrosine repeat m otif (YXXY) in ACTR and SRCl, w hich is not con­
served in the  T1F2 sequence (28). C hrom atin  im m unoprecipitation 
assays investigating cofactor recruitm ent at th e pS2 gene prom oter have 
indicated that the presence of one p i 60 can exclude recruitm ent of 
o thers (7), although the m olecular basis o f this is unknow n. A nother 
study provided evidence that C B P-pl60 com plexes are functionally dis­
tinct, as it was observed tha t different p l6 0  com binations can be 
detected on androgen receptor target gene prom oters, possibly through 
the  form ation of specific p l6 0  heterodim er pairs (29). Thus, determ ina­
tion of the  structures of different com plexes will be essential to  u n d er­
stand how  such selectivity is achieved. In this study, we describe a high 
resolution solution structure of the com plex form ed betw een the  SID 
dom ain of CBP and the ADI dom ain o f SRCl. By com parison to the 
CBP SID/ACTR A D I structu re (30), we show that although the struc­
tu re  of CBP SID is strikingly similar in both  complexes, p l6 0  proteins 
adopt distinct conform ations that are likely to  be im portan t for their 
different biological functions.

EXPERIMENTAL PROCEDURES

Protein Expression/Purification—To express the CBP/SRC1 in terac­
tion domain complex in Escherichia coli, we obtained a modified pET22b 
dual expression vector, containing sequences encoding the ACTR ADI and 
CBP SID domains, preceded by independent ribosom e-binding sites (a 
gift from Peter W right, Scripps Institute). To generate the CBP SID/ 
SRCl ADI expression vector, the ACTR ADI sequence was rem oved by 
restriction digestion with Ncol and H indlll and replaced with an N col/ 
H indlll-digested PCR fragm ent containing the  coding region for resi­
dues 9 2 0 -9 7 0  of SRCl followed by a throm bin  cleavage site (under­
lined) and a polyhistidine tag (KLVPRGSLEHHHHHH). T he m ouse 
CBP SID -(2059-2117) and hum an SRCl A D I-(920-970) dual expres­
sion vector was transform ed into £. coli strain B834, w hich was used to 
p roduce either unlabeled, 15N-labeled, or 15N /13C-labeled sam ples of 
the CBP SID-SRC1 ADI complex. For labeled samples, cells were grown 
in m inim al m edia containing 0.6 g/liter [lf>N ]am m onium  sulfate and 2 
g/liter [13C]glucose as the sole nitrogen and /o r carbon sources. The 
m edium  was also supplem ented with 50 m g/liter unlabeled m ethionine, 
as B834 is a m ethionine auxotroph. T ransform ants were grown at 37 "C, 
and expression of the two proteins form ing the  complex was induced in 
m id-log phase by the addition of 1 mM  isopropyl-l-thio-0-D -galactopy- 
ranoside. T he cells were harvested 3 h post-induction, resuspended in 
20 mM  sodium  phosphate, 100 mM  sodium  chloride, and 5 m M  im idaz­
ole buffer (pH 7.0). Lysis was achieved by sonication. Insoluble m aterial 
was rem oved by high speed centrifugation, and the  cleared lysate was 
filtered through a 0.2-/xm filter prior to chrom atography. T he histidine- 
tagged CBP SID-SRC1 ADI complex was affinity-purified on a H iTrap 
chelating HP colum n (Am ersham  Biosciences) charged with Ni2+ and 
eluted with a linear gradient of imidazole (5 -250  m M ). Fractions con ­

taining the complex were pooled and subjected to  a final purification by 
gel filtration on a Superdex 75 16/60 pre-packed colum n (Am ersham  
Biosciences). Typical yields of the >95%  pure com plex were 10 m g/liter.

Reverse Phase HPLC— Reverse phase HPLC analysis was perform ed 
on a C4 colum n. T he individual polypeptides w ere resolved by applying 
a tw o-step linear gradient of acetonitrile (1 .6-80% ), and the relative 
am ount of each was quantified by absorbance at 215 nm. Eluted peaks 
were identified by mass spectrom etry.

Circular Dichroism Spectroscopy—Far UV CD spectra were obtained 
from 0.4 mM  samples of the CBP SID-SRC1 ADI com plex in a 20 mM  

sodium  phosphate, 100 mM sodium  chloride buffer (pH 7.0). Samples 
were placed in a 0.1-mm path length cell, and spectra were recorded 
from 180 to  250 nm  at a resolution of 1 nm and a scan speed of 20 
nm /m in, w ith each spectrum  representing the average of 10 accum ula­
tions. Prior to analysis, CD spectra were corrected  for buffer absorb­
ance, and the  raw data were converted to m olar CD per residue.

NMR Spectroscopy—NMR spectra were acquired from 0.35-ml sam ­
ples of 1.5 mM  CBP SID-SRCl ADI com plex in a 20 m M  sodium  phos­
phate, 100 mM  sodium  chloride, 10 p.M EDTA, and 0.02% (w/v) sodium  
azide buffer (pH 7.0), containing either 10% D2O p 90% H 2O t or 100% 
D20  as appropriate. All NMR data w ere acquired at 25 °C on either an 
800-M Hz Varian Inova or a 600-M Hz Bruker Avance spectrom eter. 
T he tw o-dim ensional and three-dim ensional spectra recorded to  obtain 
sequence-specific assignm ents for CBP SID and SRCl ADI in com plex 
were as follows: ‘H TOCSY with mixing tim es of 40 and 55 ms (31) and 
NOESY with an NOE mixing tim e of 100 ms (32); ir>N /’H HSQC; 
TOCSY-HSQC with a mixing tim e of 50 ms and NOESY-HSQC with an 
NOE mixing tim e o f 100 ms (33); 13C/*H HCC H -TO C SY  with a mixing 
tim e of 20 ms (34), HM QC-NOESY w ith an NOE m ixing tim e of 100 ms 
(35); and 15N/'l3C /lH  HNCACB (36) and CB CA(CO)NH (37). Typical 
acquisition tim es in Fj and F2 for the  three-dim ensional experim ents 
were 11-13 ms for 15N, 7.5-9.5 ms for 13C, and 15 ms for *H, and an 
acquisition tim e o f 75 ms in F3 ('H ). T he m ajority o f the  th ree-d im en­
sional spectra were collected over —88 h, tw o-dim ensional *H experi­
m ents over 8 .5 -24  h, and l5N /1H HSQC spectra over about 30 min. 
Typical acquisition tim es in tw o-dim ensional experim ents w ere either 
70 (15N) or 35 ms (]H) in F, and 250 ms in F2 (*H). T he W ATERGATE 
m ethod (38) was used to  suppress the w ater signal w hen required. The 
three-dim ensional NMR data were processed using NM RPipe (39) with 
linear prediction used to extend the effective acquisition tim es by up to 
1.5-2-fold in Fj and F2 T he spectra w ere analyzed using the XEASY 
package (40).

Structure Calculations—A family o f converged CBP SID/SRC1 ADI 
structures was determ ined in a tw o-stage process using the program  
CYANA (41). Initially, the com bined autom ated  NOE assignm ent and 
structu re determ ination protocol (CANDID) was used to  autom atically 
assign both the intra- and interm olecular NOE cross-peaks identified in 
three-dim ensional 15N- and 13C -edited NOESY spectra. This approach 
provides a com pletely unbiased assignm ent o f the  NOE peaks, in which 
all peaks are evaluated as either intra- or interm olecular in origin. Sub­
sequently, several cycles o f sim ulated annealing com bined w ith redun­
dant dihedral angle constraints were used to produce the final con ­
verged CBP SID/SRC1 ADI structures (42). T he input for the CANDID 
stage consisted of essentially com plete lf’N, I3C, and ‘H  resonance 
assignm ents for the nonexchangeable groups in the  CBP SID-SRCl 
ADI complex, two manually picked three-dim ensional NOE peak lists 
corresponding to all NOEs involving am ide p ro tons (1179) and all 
NOEs between aliphatic protons (2371), and one manually picked two- 
dim ensional NOE peak list corresponding to  all NOEs involving aro ­
matic side chain protons (127). In addition, the  CANDID stage included
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FIGURE 1. Purification and characterization of the CBP SID-SRCl AD1 complex. A,
15% SDS-polyacrylamide gel showing separation of whole cell lysate from E. coli B834 
expressing CBP SID-SRC1 ADI complex (lane 2). The His6-tagged complex was purified

80 torsion angle constraints for CBP SID and 64 torsion angle con­
straints for SRCl ADI obtained from analysis of chem ical shift data 
using TALOS (43). Hydrogen bond constrain ts w ere also added for 
regions predicted to contain regular a-helical secondary structu re by 
both the NOE and chemical shift data, w hich corresponds to residues 
Ala2067-L e u 207S, G l n ^ - L y s 2092, and Ala2099-A la 2107 of CBP SID and 
G lu ^ - S e r 941 of SRCl ADI. The peak lists were prepared using XEASY, 
and the intensities of peaks were obtained using the “interactive in te­
gration” routine (40). CANDID calculations w ere carried out using the 
default param eter settings in CYANA 1.0.6, with the  upper limit for 
NOE-derived distance constraints set at 5.5 A and chem ical shift to ler­
ances set to 0.02 ppm  (direct and indirect ’H) and 0.3 ppm  (ir,N and 
l3C). T he final converged CBP SID/SRC1 ADI structu res were p ro ­
duced from 100 random  starting coordinates using a standard  torsion 
angle-based sim ulated annealing protocol com bined with 5 cycles of 
redundant dihedral angle constraints (44, 45). T he calculations were 
based upon 1855 nonredundant NOE-derived upper distance limits 
(m aximum  value 6.0 A), assigned to unique pairs of p ro tons using CAN - 
DID, 142 <t> and 'P  torsion angle constrain ts derived from TALOS, and 
104 hydrogen bond constraints for helical residues. Analysis of the fam ­
ily of structures obtained was carried ou t using the  program s CYANA 
and M OLM OL (41,46)

Sequence-specific Assignments— Sequence-specific backbone reso­
nance assignm ents (N, NH, C a , and C/3) w ere obtained for the  CBP 
SID-SRCl ADI com plex from the identification o f intra- and in ter­
residue connectivities in HNCACB, CBCA(CO)NH, and ^’N /'H  
NOESY-HSQC spectra. A ssignm ents w ere then  extended to  the side 
chain signals using correlations observed primarily in 15N /1H TOCSY- 
HSQC and 13C/*H HCCH-TOCSY, w ith additional supporting evi­
dence provided by 15N /'H  NOESY-HSQC and ,3C /‘H HM QC-NOESY 
spectra w here required.

RESULTS A ND DISCUSSION

Expression and Purification of the SRC1-CBP Complex— W e previ­
ously used yeast tw o-hybrid and in vitro pulldown experim ents to define 
the minimal sequences required for interaction of the  CBP SID and 
SRCl ADI dom ains (12). A modified pET22b dual expression vector 
(30), containing sequences encoding the SRCl A D I-(920-970) and 
CBP S ID -(2059-2117) dom ains, was used to  coexpress these polypep­
tides in £. coli. The addition of a polyhistidine tag at the C term inus of 
the ADI dom ain facilitated purification of the  complex, as described 
under “Experimental Procedures.” A highly purified com plex con ta in ­
ing polypeptides of the expected size was obtained, as determ ined by 
SDS-PAGE (Fig. 1A). Far UV CD spectra acquired for the CBP SID- 
SRCl A D I complex indicated that the com plex was predom inantly  hel­
ical, having characteristic negative ellipticity peaks at —209 and 221 nm 
and a large positive peak at 195 nm  (Fig. 15). Analysis of the spectra 
using the CDPro software package (47) indicated that the com plex con-

by affinity chromatography. Lanes 3-12  show fractions containing the purified complex 
after gel filtration. Molecular weight markers are shown in lane 1. B, far UV circular dichro- 
ism spectrum acquired for the CBP SID-SRC1 ADI complex. C, reverse phase HPLC of the 
purified CBP SID-SRC1 ADI complex. The areas under the two peaks were used to  calcu­
late the ratio of the CBP SID domain to  SRC1 ADI domain in the purified complex. D, 
' SN/'H HSQC spectrum of the CBP SID-SRCl AD1 complex. The assignments of the sig­
nals from backbone amide groups in both domains are indicated by residue type and 
number, with the overlapped region between 7.85 and 8.35 ppm in 'H and 118.5 and 
121.5 ppm in ’ 5N shown in the expanded region to  the right of the com plete spectrum. 
For clarity, residues are numbered according to  their position in the domain. Thus, CBP 
residues Pro20S,-Gln2" ' '  are numbered P2-Q60, and SRCl residues Pro920-Ser9/0 are 
numbered P303-S353, with the C-terminal linker to the His tag num bered 354-361. 
Assignments obtained for a number of side chain NH2 groups are indicated on the 
spectrum.
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t a b l e  i
NMR constrain ts and  structural sta tistics for th e  CBP SID-SRCl ADI com plex

(a) N o. o f  co n s tra in ts  used  in  th e  final s tru c tu ra l ca lcu la tions
In traresidue NOEs 328
Sequential N OEs (m  +  1) 514
M edium  range NOEs (U  s  4) 643
Intram olecular long range NOEs (i,i ^  5) 166
Interm olecular long range N OEs (i,i 2  5) 108
T orsion  angles 142 (71«1> and 71'P)
Hydrogen bonding 104

(b) M axim um  an d  to tal co n s tra in t v io lations in  37 converged  CBP SID /SR C 1 A D I stru ctu res
U pper distance limits (A) 0.40 ±  0.05 20.7 ± 1.84
Lower distance limits (A) 0.24 ±  0.08 1.5 ± 0:24
van der W aals contacts (A) 0.28 ±  0.04 14.8 ± 1.55
Torsion  angle ranges (') 3.44 ±  0.64 33.8 ±  6.53
Average CYANA target function (A2) 6.17 ±  0.95

(c) S tru c tu ra l s ta tis tic s  for th e  fam ily o f converged CBP SID/ SR C l A D I s tru c tu re s  
Residues w ithin allowed region o f R am achandran plot (%)
Backbone atom  r.m.s.d. for struc tu red  region (residues 2063-2113  of CBP SID and 928-963  of SRCl A DI) 
Heavy atom  r.m.s.d. for struc tu red  region (residues 2063-2113 o f CBP SID and 928-963  o f SRCl A D I)

0.49
0.95

98
±0.10 A 
± 0 .0 9  A

tained 54% (±7.3%) helical. 20% (±6.1%) turn, and 25% (±5.7% ) ran­
dom  coil secondary structure.

Reverse phase HPLC analysis was perform ed to determ ine th e  stoi­
chiom etry o f the purified complex. T he eluted peaks w ere identified by 
m ass spectrom etry (data not shown). Q uantification of the  peptide 
bond absorbance from  both peaks confirm ed th e  form ation of a 1:1 CBP 
SID-SRCl ADI complex (Fig. 1C).

Sequence-specific Assignments and Structure Calculation for the CBP- 
SRC1 Complex—Very com prehensive sequence-specific resonance 
assignm ents were obtained for the  CBP SID-SRCl ADI com plex 
despite the relatively poor dispersion observed in spectra, w hich is illus­
trated  by the HSQC spectrum  (Fig. ID). For example, backbone amide 
assignm ents were obtained for all non-proline residues in the  com plex 
except as follows: A sn2060, Arg2061, and G in2117 in CBP SID; A sn927 in 
SRCl ADI (96%); and for all Cat and C/3 signals apart from the two 
unlabeled m ethionines and two residues in CBP SID (Pro2059 and 
G in2117) (96%).

T he CANDID protocol was effective in determ ining unique assign­
m ents for the  NOEs identified in the three-dim ensional 15N- and 13C- 
edited NOESY and the arom atic to aliphatic region of the  tw o-dim en­
sional NOESY. At the end o f the final cycle, unique assignm ents were 
obtained for 89.8% (1059/1179) of the NOE peaks picked in the  ^ N / 'H  
NOESY-HSQC spectra, 89.3% (2117/2371) in the 13C/*H H M Q C- 
NOESY spectra, and 92.1% (117/127) in the NOESY spectrum , which 
produced 1759 nonredundant lH to 'H  upper distance limits. T he final 
family of CBP SID-SRCl ADI com plex structures was determ ined using 
a total of 2005 NM R-derived structural constraints (an average of 18.2 
per residue), including 1759 NOE-based upper distance lim its (328 
intraresidue, 514 sequential (i,i + 1), 643 m edium  range (m <  4), and 
274 long range (i,i ^ 5 )  com prising 166 intram olecular NOEs and 108 
interm olecular NOEs), 142 backbone torsion angle constrain ts (71<l> 
and 7 1 ^ ), and 104 hydrogen bond constra in ts . Following th e  final 
ro u n d  of CYANA calculations, 37 satisfactorily converged structures 
w ere obtained from 100 random  starting structures. T he converged 
structu res contain no distance or van der W aals violation greater than 
0.5 A and no dihedral angle violations greater than 5°, with an average 
value for the CYANA target function of 6.17 ±  0.95A2. T he sum s of the 
violations for the upper distance limits, lower distance limits, van der 
W aals contacts, and torsion angle constraints w ere 20.7 ±  1.84 A, 1.5 ±  
0.24 A, 14.8 ±  1.55 A, and 33.8 ±  6.53°, respectively. Similarly, m axi­
m um  violations for the converged structures w ere 0.40 ±  0.05 A, 0.24 ±  
0.08 A, 0.28 ±  0.04 A, and 3.44 ± 0.64°, respectively. The NM R con­
strain ts and structural statistics for the complex are sum m arized in

Table 1. The family of converged CBP SID-SRCl ADI com plex struc­
tures, together with the NMR constraints, have been deposited in the 
Protein Data Bank (code 2C52).

Structure of the CBP-SRC1 Complex—T he solution structu re  of the 
CBP SID-SRCl ADI complex was determ ined to  high precision, as 
evident from the superposition of the protein backbone of the family of 
converged structures (best fit for residues 2063-2113 of CBP SID and 
928 -9 6 3  of SRCl A D I; see Fig. 2A) and reflected in low root mean 
standard deviation (r.m.s.d.) values to  the  m ean structu re  for both the 
backbone (0.49 ±  0.10 A) and all heavy atom s (0.95 ±  0.09 A). The 
backbone topology of the com plex is com posed primarily of eight heli­
ces linked by tu rns and loops, including four a-helices in the CBP SID 
dom ain (C o l, Ser2066-L ys2076; Co2, G ln2082-S e r2093; Co3, Pro2095-  
T hr2106, and C a 3 ', Tyr2109-A sn 2112) and th ree a-helices in the SRCl 
ADI dom ain (S o l, G lu ^ - S e r 941; So2 ', G lu ^ - L e u 948, and So3, IIe9r’7-  
G ln962). SRCl ADI also contains a short 3 ,0 helix (Sa2, G lu950-L e u 95r>). 
T he total helical con ten t of the com plex is just over 50%, in close agree­
m ent with the CD analysis (54% helical structure; see Fig. IB).

T he CBP SID and SRCl A D I dom ains are intim ately associated in the 
complex, with C o l, C a2, C a3, and S a l  form ing a four-helix bundle 
(Fig. 2B). The overall interface between the two dom ains is substantial, 
corresponding to  a solvent-inaccessible surface of 1019 A2 on CBP SID 
and 1088 A2 on SRCl ADI. Helices S a2 ' and Sa2 pack together on one 
side of the complex to  stabilize the corner region o f the "L"-shaped 
dom ain and are not involved in the interface with CBP SID. In contrast, 
Sa3 serves to cap the four-helix bundle region and form s contacts with 
C a2, C a3, C a 3 ', and the two serine residues in the PSSP tu rn  of CBP 
SID. The first two helices of CBP SID (C a l and C a2) lie alm ost an ti­
parallel to each o ther and are separated by a well defined five-residue 
turn  consisting of the sequence SPSSP. The N -term inal portion of C a2  
contains a stretch of five glutam ines preceding the m ore hydrophobic 
C-term inal half o f the helix. C a3  is inclined away from C a l  and C a2  
exposing a hydrophobic groove betw een C a l  and C a3 , w hich accom ­
m odates S a l of the SRCl ADI dom ain. Helices C a 3  and C a 3 ' are 
separated by a short region of irregular structu re and resem ble a single 
bent helix. T he stabilizing interactions betw een C a l  and C a2  and 
between C a2  and C a3  appear to involve no ionic or hydrogen bonds but 
rely on favorable van der W aals contacts, primarily involving residues 
Ala2**7, Leu2071, and T hr2a74 from C a l;  G in2083, Val2087, lie2090, and 
Leu2(>91 from C a2; and Leu2097, Phe2101, and T h r2106 from Ca3. A sn2,w 
also makes van der W aals interactions with both  C a 2  and C a3.

T he SRCl ADI dom ain also appears to  be prim arily stabilized by van 
der Waals interactions, involving residues Ala931 and G in935 from S a l,
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Structure o f  the SRC 1 -CBP Complex

A
SR C 1-C

SR C 1-N

CBP-C

B

S « 2

S a 2
Ca.3 '

SR C 1-C

CBP-C

SR C 1-N
C a l

C B P-N

C B P-N
FIGURE 2. Solution structure of the CBP SID-SRCl ADI com plex. A, best fit superimposition of the family of 37 converged NMR structures obtained for the CBP SID-SRC1 AD1 
complex. The CBP SID domain is shown in blue and SRC 1 ADI in red. B, schematic (ribbon) representation of the backbone topology of the two polypeptides in the complex, using the 
same orientation as in A, and dem onstrating the tight 4-helix bundle conformation. The four helices of CBP SID (Ca1, Ca2, Ca3, and Ca3') and SRC 1 AD1 (S«1, Sa2’, Sa2, and Sa3) are 
indicated, along with the N and C termini of both domains.

Lys943 from  the unstructu red  region between S a l  and  S a 2 \  T h r946 from 
S a2 ', Ala949 tha t links S a2 ' to Sa2, and Gly956 th a t links Sa2 to  Sa3. 
However, two potential salt bridges are form ed betw een residues Glu945 
and Lys959 and between Asp952 and Lys959. T he b ind ing  o f S a l  in the  
hydrophob ic  groove situa ted  betw een C a l  and C a 3  is stabilized by 
van d er W aals in teractions. T he favorable co n tac ts  betw een the 
N -term inal helices o f CBP SID and SRCl A D I m ainly involve in te r­
actions betw een buried  side chains found in th e  leucine-rich  m otifs 
o f C a l  (LX X LLX XL  co rrespond ing  to  Leu2068, Leu2071, Leu2072, 
Leu2075) and S a l  (LLX Y U O TL co rrespond ing  to  Leu932 and Leu936). 
These motifs resem ble the LXXLL  and I/UCXI/H/LIXXXIL m otifs that 
m ediate the interaction o f coactivators and corepressors w ith nuclear 
receptors. Additional favorable van der W aals interactions are found 
between residues G in935 and Phe939 from S a l  and the leucine residues 
of C a l .  Similarly, stabilizing contacts occur betw een S a l  and Ca3, 
involving the leucine-rich m otif (Leu933, Leu936, and Leu940) and resi­
dues G lu929 and Val937 of S a l, and residues G in2096, Leu2097, Ala2100, 
Phe2101, and G in2104 o f C a3  in CBP. A potential salt bridge between 
Lys2076 and Asp944 may also stabilize this region o f the complex.

T he fourth helix of SRCl ADI (Sa3) fits into a second hydrophobic 
groove in CBP SID located between the well defined SPSSP tu rn  linking 
C a l  and C a2  and the C term inus of C a3. This interaction is stabilized 
by hydrophobic contacts involving Leu955, lie937, Leu960, Val961, Gin962, 
and Gly964 o f SRCl A D I and Ser2079, Ser2080, G in2084, Arg2103, Lys2108, 
and Tyr2109 of CBP SID. T he five C-term inal residues o f SRCl ADI 
appear to  loop back tow ard Sa3 and C a 3 ', leading to  som e van der 
W aals contacts between Leu969 of SRCl ADI and Tyr2109 of CBP SID. 
However, this loop is primarily stabilized by intram olecular van der 
W aals interactions involving G in962 and residues within a C-term inal 
linker sequence originating from the expression vector. In the absence 
of the  linker sequence, contacts between Leu969 and T yr2109 may not 
occur, and the C -term inal region of SRCl A D I, including Sa3, may

make additional contacts within the complex, or w ith o ther 
dom ains/proteins.

Some features of the NMR data obtained for the CBP SID-SRCl ADI 
complex clearly show the presence of a second m inor conform ational 
state, which is in exchange with the  structu re  reported  here (Fig. ID). 
This is clearly indicated by the presence of cross-peaks between signals 
from backbone am ide groups in I3N / 'H  TO CSY-HSQC spectra, which 
arise through chemical exchange processes (48). This also results in 
exchange broadening of a significant num ber of backbone am ide sig­
nals. Interestingly, only a few of the  TOCSY exchange peaks involve 
residues in CBP SID, whereas alm ost all of the residues from Leu936-  
Val961 in SRCl ADI are affected, w hich corresponds to the six C -term i­
nal residues of S a l  through to the end of Sa3. This suggests that the 
SRCl ADI dom ain has a degree of conform ational instability, even 
w hen bound to CBP SID, which may facilitate the rapid dissociation of 
the complex. However, we do not exclude the possibility th a t o ther 
p ro tein /protein  interactions may stabilize com plexes of the full-length 
proteins.

Comparison o f  CBP-SRCl and  CBP-ACTR Complexes—T he solution 
structu re of CBP SID in complex with the A D I dom ain from ACTR has 
been reported previously (30). Com parison of the  two complexes 
revealed that they have both conserved and d istinct structural features 
(Fig. 3, A  and B). The SID adopts similar secondary and tertiary struc­
tures, when bound to different ADI dom ains (Fig. 3, A  and B), as high­
lighted by the superposition of the SID polypeptide backbone atom s 
(residues lie2063, P r o ^ - A l a 2067, Asp2070-S e r2079, and G ln2083-  
Lys2108), which yields an r.m.s.d. value of 1.79 A (Fig. 3C). T he m ost 
notable difference between the CBP SID polypeptides in the two com ­
plexes is the conform ation of the sequence com posed of five glutam ine 
residues (2082-2086). In the  CBP-SRCl com plex this region forms the 
N term inus of an extended C a2  helix (Fig. 3, A  and C), w hereas in the 
CBP-ACTR complex the three proximal glutam ine residues were pro-
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S tru c tu re  o f  th e  SR C l-C B P C o m p le x

A
S a 2

P S S P -T u rn

B

SRC1-C

CBP-C P o ly -Q

SRC1-N

CBP-N

S a l

CBP-C

ACTR-C

CBP-N

ACTR-N

C P S S P -T u rn
CBP-C

P o ly -Q

Cal

CBP-N

D
S a 2

SRC1-

SRC1-C

V

FIGURE 3. Comparison of CBP SID/SRC1 ADI and CBP SID-ACTR ADI com plexes. A and B, equivalent views of the backbone topology of the CBP SID-SRC1 ADI and CBP SID-ACTR 
AD1 complexes, respectively, which were obtained by superimposing the CBP SID domain from both complexes (residues lie2063, Pro2065-Ala2067, Asp2070-Ser2079, and Gln208S- 
Lys2,oe). The CBP SID domain is shown in blue; SRCl ADI is shown in red and ACTR ADI in green. C, comparison of the backbone topologies of the two CBP SID domains, which were 
overlaid on the same residues as in A and B. The CBP SID domains from the SRC1 ADI and ACTR AD1 complexes are shown in blue and cyan, respectively. D, comparison of the 
backbone folds of the ADI domains of SRC1 (red) and ACTR (yellow), which were overlaid on residues lie2063, Pro206S-Ala2067, Asp2070-Ser2079, Gln208S-Lys2' 08 of CBP-SID and residues 
Asp928-Ser941 and Asp,044-S er '057 of SRC 1 and ACTR, respectively.

posed to form part of a solvent-exposed loop (designated poly(Q); Fig. 3, 
B and Q.  This difference may be due to the paucity of NM R signal 
assignm ents for residues in this region in the CBP-ACTR com plex (30), 
resulting in fewer NMR constraints on the conform ation rather than  a 
true  structural difference. A nother difference betw een the CBP SID 
dom ains is C a3, which is 17 residues long (Pro2095-A la21 n ) in the CBP/ 
ACTR structure, although in the CBP-SRCl com plex this region forms 
two shorter helices (Ca3, Pro2095- T h r 2106; C a 3 ', T y r ^ - A s n 2112) 
resem bling  a kinked helix. T he C a 3 ' helix is inclined away from  the

rest o f the  four-helix  bundle, w hich is no t observed  in th e  ACTR- 
A D l com plex.

Structural similarity between p l6 0  A D I dom ains in the  two com ­
plexes is confined to the N -term inal helices A a l  and S a l ,  w hich form 
four-helix bundles with the CBP SID (Fig. 3, A and B). T he rem aining 
sequences in the ADI dom ains adopt strikingly distinct topologies as 
highlighted by superim posing the ADI polypeptide structu res (Fig. 3D). 
This is also reflected in the significant chem ical shift differences for 
NMR signals from equivalent residues in the two AD I dom ains and also
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Structure o f th e  SRC 1 -CBP Complex

1

SRCl GRNDEKALLEQLVSFLSGKDETELAELDRALGIDKLVQGGGLDVLS 925-970 
ACTR GQSDERALLDQLHTLLSNTDATOLEEIDRALGIPEI.VNQGQAI.EPK 1041-1086 
TIF2 SPSDEGALLDQLYLALRNFD--GLEEIDRALGIPELVSQSQAVDPE 1072-1115 
E1A SLLDQLIEEVL - LHELYDL 12-56
TAX YLLSHQLIQY - IPVSILF 284-328

B
GAL4-AD1

300
<T3

U
—Ico
*->u3"DC
2
o

200

100

i

O
V?'

CBP-N

FIGURE 4. Critical residues in SRCl ADI required for CBP binding. A, sequence alignment of p160 ADI domains and CBP-binding sequences from viral proteins E1A and TAX. For 
the viral proteins, low homology sequences are represented in gray, and regions showing homology to  helices S a l/A a l and Sa3/Aa3 are in black. SRCl residues, which were 
subjected to  replacement with alanine and which are required for CBP binding/transcriptional activity of ADI, are highlighted in red. SRC1 residues highlighted in blue had little effect 
on AD 1 transcriptional activity when replaced with alanine (see C, below). The black boxes over the alignments indicate regions of helical secondary structure observed in complexes 
for SRCl (S a l, Sa2', Sa2, and Sa3) and ACTR (A al, Aa2, and Aa3). B, reporter (luciferase) assay showing the relative transcriptional activities of GAL4-AD1 (SRCl) or mutants thereof 
containing alanine replacements for the residues indicated. Reporter activity is presented as fold induction over control (GAL4-DBD) and was normalized to  a cotransfected 
0-galactosidase reporter. The data presented are averages from triplicates, and the error bars indicate the S.D. DBD, DNA binding domain; WT, wild type. C, ribbon representation of 
the backbone topology of CBP SID-SRCl AD1 complex. The side chains of residues involved in two potential interm olecular salt bridges (Lys2076 of CBP SID and Asp944 of SRC1 ADI; 
Arg2105 of CBP SID and Asp967 of SRCl ADI) are highlighted in purple. Note that Arg2' os and Asp952 are spatially distant and cannot form a salt bridge equivalent to  that observed 
between Arg2105 and A sp'086 in the CBP-ACTR complex. The side chains of residues Asp952, Asp958, and Asp960, which are required for AD1 transcriptional activity, are represented 
in green.

for CBP SID residues that make distinct contacts with ADI in the  two 
complexes, in particular, residues in the C a 3 /C a 3 ' region (data not 
shown). A lthough SRCl ADI contains three further helical regions (res­
idues S a2 ', G lu945-L e u 94S; Sa2, Glu950-S e r954; and Sa3, l l e ^ - G l n 962), 
ACTR A D I contains only two additional helices (Aa2, Leu1064-L e u 1071, 
and A a3, Ile1073-G ln 107̂  (Fig. 3D). These distinct topologies are som e­
w hat unexpected given that SRCl and ACTR share 53% sequence iden­
tity and 67% sequence similarity within the ADI dom ain. In the CBP 
SID-ACTR A D I complex, A a2 and A a3 wrap around C a3  making 
extensive contacts with this helix, whereas A a2  occupies a hydrophobic 
groove betw een the  proposed poly(Q) loop and Car3 (Fig. 3B). In the 
CBP SID-SRCl ADI complex, only the C -term inal residue (Leu955) of 
Sa2 (corresponding to Leu1071 in Aa2) makes any contact with the SID 
dom ain (Fig. 3A). Instead, Sa3 fills the groove between the PSSP turn  
and C a3, effectively capping the four-helix bundle (Fig. 3A). This co n ­
trasts with the position of corresponding helix of ACTR (Aa3), which 
packs against the adjacent hydrophobic face of C a3  (Fig. 3B).

T he CBP SID-ACTR ADI complex was reported to  contain a salt 
bridge between residues A sp1068 in A a2 and Arg2105 in C a3, coord inat­
ing a hydrogen-bonding network involving A sp1060 and Arg2105 and 
A sp1<)6H and Tyr2109. This buried charged interaction has been proposed 
to be im portant for the specificity of the CBP SID/ACTR ADI in terac­
tion, although it does not contribute directly to  the stability of the com ­
plex (49). Both of these aspartate residues are conserved in SRCl ADI

(Asp944 and Asp952); however, they are spatially d istant from the  C a3  
helix. Asp944 is present in the loop betw een S a l  and S a2 ', and Asp952 is 
contained within the Sa2 helix (Fig. 4 Q .  However, it is possible that 
Asp944 forms a salt bridge with Lys2076 from  C a l . Similarly, an aspartate 
residue (Asp965) near the C term inus o f SRCl A D I may form a salt 
bridge with Arg2105, which is involved in van der W aals contacts 
betw een C a3 and Sa3. As would be expected from  the tertiary struc­
tures of their respective complexes, th e  solvent-inaccessible surface 
areas of CBP SID (1681 A2) and ACTR ADI (1839 A2) dom ains are 
greater than those observed for the  com plex of CBP SID (1019 A2) and 
SRCl ADI (1088 A2).

In summary, the backbone structu re  o f the CBP SID and the first helix 
of ADI are very similar in both com plexes, as reflected in a backbone 
atom  r.m.s.d. value of 2.05 A (calculated by superim position of residues 
lie2063, Pro2065-A la2067, Asp2070-S e r2079. and G ln20H5-L ys2108 of CBP 
SID and residues Asp928-S e r941 and A sp1044-S e r1057 of SRCl ADI and 
ACTR-AD1, respectively). The rem ainder of th e  p l6 0  ADI dom ains 
adopt very distinct folds, although the C -term inal helices of ADI appear 
to be essential to  stabilize the complex.

Structural Flexibility of the CBP SID Permits Complex Formation with 
Multiple Partners—The NMR structure o f  the CBP SID in isolation (also 
term ed IBiD because of its interaction w ith IRF3) revealed it to have 
significant a-helical content (19), although the conform ation of the iso­
lated CBP SID has been proposed to be consistent with that of a molten

D967

R2105

SRC1-N

c

D944

K2076

D952 
D958

D960
SRC1-C

CBP-C
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globule (50). Isolated A D I polypeptides have little if any intrinsic struc­
tu re  (50)6 bu t appear to undergo induced folding in com plex with CBP 
SID (30). An im portant question is w hether short conserved structural 
motifs prom ote similar m odes of binding of different proteins to  CBP, or 
w hether different complexes adopt drastically different conform ations 
tha t influence the overall structure of CBP/p300 proteins, which in tu rn  
influences com binatorial complex formation.

This study reveals structural similarity within the a l  helix of two 
p l6 0  ADI dom ains, w hich con tribu te s to  a four-helix  bund le  in bo th  
th e  C B P-SRC l and CBP-ACTR com plexes. W e have show n prev i­
ously th a t th e  LLX X LX X X L  sequence m o tif w ith in  a l  is conserved in 
o th e r  SID -binding p ro te ins (see Fig. 4A ), and  th a t d isru p tio n  o f this 
sequence  in Ets2 and E1A abrogates the ir b ind ing  to  the  CBP SID 
(22). Fusion o f the SRCl ADI sequence to  a GAL4 DNA binding 
dom ain perm its very potent activation of a GAL  reporter gene in m am ­
malian cells, through recruitm ent of endogenous CBP and p300 (12). As 
show n in Fig. 46, replacem ent of the Leu932, Leu933, and Leu936 residues 
in S a l with alanines resulted in loss of ADI transcriptional activity. This 
highlights the requirem ent of the S a l for interaction with full-length 
CBP/p300 in vivo.

T he C -term inal helix (a3) of the SRCl and ACTR ADI dom ains also 
plays a critical role in form ation of the two com plexes w ith CBP SID as 
discussed above. Interestingly, the sequence of the Sa3 helix o f SRCl 
A DI (^ ID K L V 961) is divergent from that in ACTR and TIF2 (IPELV) 
(Fig. 4A). T he IPELV sequence in ACTR and TIF2 resem bles the LPXL 
m otif that has been show n to  m ediate the interaction of CITED and 
H IF la  transcription factors with the C H I dom ain o f CBP (51). 
M utagenesis of the SRCl ADI dom ain in the context of GAL4-AD1 
revealed that the D958A or L960A m utations resulted in alm ost com ­
plete loss of reporter activation, whereas K959A retained alm ost full 
transactivation function (Fig. 46). In addition, reporter activation by the 
V961A m utan t was reduced by 70%, suggesting it is im portant but not 
essential for CBP/p300 recruitm ent (Fig. 46). These results confirm  the 
im portance of Sa3 and key residues w ithin tha t helix for CBP/p300 
recruitm ent.

Replacement of the conserved aspartate residues (D944A and D952A) 
also resulted in loss of reporter activation by GAL4-AD1 (Fig. 46). Thus, as 
suggested for the CBP-ACTR complex (30, 49), salt bridge form ation 
may be im portan t in stabilizing the higher o rder folding of CB P-pl60 
complexes. There is evidence to suggest tha t SRCl sequences outside of 
the  ADI dom ain may influence the interaction with CBP. T he signaling 
m olecule 8-brom o-cA M P induces m itogen-activated protein kinase- 
dependent phosphorylation of SRCl at T h r1179 and Ser118r\  which leads 
to  increased ligand-independent transcriptional activity o f the proges­
terone  receptor and enhanced CBP recruitm ent (52, 53). Similarly, the 
interaction of ACTR with CBP was abrogated by m utation  of residues 
outside of the ADI dom ain, which are known to be phosphorylated 
in vivo (T hr24, Ser543, Ser8s7, Ser860, and Ser867) (53). This may reflect 
binding between additional regions of SRCl and CBP and /o r conform a­
tional changes in SRCl that effect the affinity of the ADI region for CBP.

W e have indicated previously that several CBP SID-binding proteins 
contain low level sequence homology in the regions of SRCl A D I co r­
responding to S a l , and to  a lesser extent Sa3, that may indicate co n ­
served m odes of binding to CBP. An alignm ent of the sequences of 
interaction dom ains of several CBP SID-binding proteins is shown in 
Fig. 4A. T he transactivation dom ain of hum an T-cell leukemia Tax 
protein contains a short sequence (312YTNIPISL319) that is required for 
binding to CBP SID (21). This sequence may form an am phipathic a-he-

6 J. Bramham and D. M. Heery, unpublished results.
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lix analogous to  Sa3 of SRCl ADI and play an equivalent role in stabi­
lizing CBP/Tax interactions (Fig. 4A). T he adenoviral oncoprotein El A 
revealed also sequences essential for CBP binding, w hich may be func­
tionally and structurally equivalent to SRCl ADI S a l  and Sa3 (22) (Fig. 
4A). IRF3 contains a sequence term ed the  IRF association dom ain 
(IAD), which m ediates its interactions with CBP SID, and the crystal 
structure of this complex was recently reported (54). Little structural 
similarity is evident between the CBP-IRF3 com plex and the CBP-pl60 
structures. C ontacts between the IAD and SID are m ediated by hydro- 
phobic contacts involving C a l,  C a2 , and C a3  in CBP SID with two 
am phipathic a-helices (H3 and H4) in the IAD containing IXYLI and 
LXYLVYXYV motifs, respectively. Interestingly, the  secondary struc­
ture  of the SID is similar to that observed in p l6 0  complexes, and we 
note that the poly(Q) region of CBP is com prised within the C a2  helix, 
as in the CBP-SRCl complex. Thus the SID appears to be able to fold 
into distinct conform ations to accom m odate binding to  different tran ­
scription factors.

In conclusion, the  NM R stru c tu re  rep o rted  h ere  reveals bo th  s im ­
ilar and diverse stru c tu ra l features in CBP S lD -p l6 0  A D I com plexes, 
which may reflect functional differences betw een p l6 0  proteins. S truc­
tural versatility of the CBP SID is likely to  underpin  its ability to  assem ­
ble different transcription factor-cofactor com plexes in a prom oter- 
dependent context.
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Letter to the Editor

NMR assignment and secondary structure determination of the C-terminal MA-3 domain of the tumour 
suppressor protein Pdcd4
DO I 10.1007/s 10858-005-5887-6

Pdcd4 is a novel eukaryotic tumour suppressor protein, which is involved in the control of both tran­
scription and translation (Cmarik et al., 1999). The protein contains two MA-3 domains which are involved 
in mediating specific protein protein interactions with functional partners such as eIF4A (Yang et al., 
2003). Here we report essentially complete backbone and sidechain l5N, l3C and 'H assignments (97%) for 
the C-terminal MA-3 domain of murine Pdcd4. This reveals that Pdcd4 MA-3 contains seven helices 
(H326-S341, I344-E353, H361-E373, S378-K392, 1398-1408, S422-A436 and K441-L446) linked by loops. 
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Biological context

Pdcd4 is a novel eukaryotic regulatory protein, which w as originally 

discovered in a screen  for g e n e s  activated during apoptosis (Shibahara e t  al., 

1995). It w as subsequently  identified a s  a tumour suppressor in stud ies of a 

m ouse keratinocyte m odel of tumour promotion, in which high levels of Pdcd4  

rendered cells resistant to transformation by the tumour promoter TPA 

(Cmarik e t  al., 1999). Recently, lo ss  of Pdcd4 expression  has been  strongly 

implicated in the developm ent and progression of both human lung cancer  

and aggressive  malignant breast cancer (Chen e t al., 2003; Afonja e t  al.,



2004)

The 469  residue m ouse Pdcd4 protein contains at least three dom ains, an N- 

terminal RNA-binding region (residues 1-157) and two MA3 dom ains 

(residues 157-275 and 319-449). MA3 dom ains have been  found in over 85  

eukaryotic proteins and appear to be involved in mediating specific protein- 

protein interactions. Surprisingly, despite their wide occurrence and functional 

importance there is no detailed published structural information reported for 

any MA3 domain or com plex formed with an interacting protein.

The molecular functions of Pdcd4 are not fully understood, how ever, recent 

work indicates roles in the control of both transcription and translation, 

m ediated via specific protein-protein and protein-RNA interactions (Yang e t  

al., 2003; 2004; Bitomsky e t  al., 2004). The interaction with elF4A  is currently 

the best characterised and involves both MA3 dom ains in Pdcd4, with 

com plex formation resulting in inhibition of the helicase activity of elF4A  and 

suppression of cap-dependent translation (Yang e t  al., 2003; 2004).

Here w e report the determination of essentia lly  com plete seq u en ce-sp ec ific  

backbone and sidechain assign m en ts for C-terminal MA3 domain of Pdcd4  

and the positions of e lem en ts of regular secondary structure.

Methods and experiments

Unlabelled and uniformly 15N and 1 5 N/13C labelled sam p les of Pdcd4 MA-3 

(319-449) w ere prepared from a pG ex6P2 based  E. coli expression  vector.
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The unlabelled sam p les w ere grown in LB medium and the labelled sam p les  

w ere grown in minimal m edia containing 0 .6  g/l >99% 15N ammonium  

sulphate and/or 2 g/l >99% 13C g lu cose  a s  the so le  nitrogen and carbon  

sources. A 13C labelled protein sam ple which w as used  for the 1 3 C /1H 

NOESY-HSQC experim ent w as prepared a s  described above, but with the 

addition of non-isotopically labelled aromatic amino acids to the minimal 

m edia (His, Phe, Trp and Tyr at 50 mg/l). The recombinant glutathione-S- 

transferase -  Pdcd4 MA-3 fusion protein w as purified by affinity 

chromatography using s-linked glutathione agarose. The G ST tag w a s  then  

rem oved by c leavage  with P reScission  P rotease and the two products 

separated by gel filtration on a superdex 75 16/60 column.

NMR spectra w ere acquired from 0 .35  ml sam p les of 0 .6  -  1.0 mM Pdcd4  

MA-3 in a 25  mM sodium  phosphate, 100 mM sodium  chloride, 0 .5  mM DTT, 

10 pM EDTA and 0.02%  (w/v) sodium  azide buffer at pH 6.5, containing either 

10% D2O/90% H20  or 100% D20  a s  appropriate. All NMR data w ere acquired 

at 25°C  on either 600  MHz Bruker Avance/DRX sy stem s or an 800  MHz 

Varian Inova spectrom eter. The 2D and 3D spectra recorded to obtain 

seq u e n c e  specific a ssign m en ts for Pdcd4 MA-3 were: 1 H-1H TOCSY with 

mixing tim es of 40  and 60  m s, 1 H-1H NOESY with an NOE mixing time of 100  

ms; 1 5 N/1H HSQC; TOCSY-HSQC with a mixing time of 55 ms; NOESY- 

HSQC with an NOE mixing time of 100 ms; 1 3 C/1H HSQC; HCCH-TOCSY  

with a mixing time of 13 m s, NOESY-HSQC with an NOE mixing time of 100  

m s and 1 5 N/1 3 C/1H HNCACB and CBCA(CO)NH (Bax. 1994 and referen ces  

therein). Typical acquisition tim es in Fi and F2  for the 3D experim ents w ere
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9.2-24  m s for 1 5 N, 6 .6 -10 .0  m s for 13C and 15-18 m s for 1 H, and with an 

acquisition time of 80 m s in F3  (1 H). The majority of the 3D spectra w ere  

collected over approximately 72 hours, 2D 1H experim ents over 24 hours and 

1 5 N/1H and 1 3 C/1H HSQC spectra over about 1 hour and 20 m inutes 

respectively. Typical acquisition tim es in 2D experim ents w ere either 60 m s 

(1 5 N), 10 m s (1 3 C) or 35-42  m s ( 1 H) in F 1 and 85-125  m s in F2  (1 H). The 

WATERGATE method w as used  to supp ress the water signal when required. 

The 3D NMR data w ere p rocessed  using either NMRPipe (Delaglio e t  al., 

1995) or Topspin (Bruker Biospin Ltd) with linear prediction used  to extend the  

effective acquisition tim es by up to 2  fold in F 1 and F2  The spectra w ere  

analysed  using the Sparky package.

Pdcd4 g ives rise to w ell-resolved spectra, a s  illustrated by the 1 5 N /1H HSQC  

spectrum  shown in Figure 1. This allowed essentially  com plete backbone  

reson ance a ssign m en ts to be m ade, which, together with the patterns of 

sequential and medium range NO Es involving backbone am ides, w as used  to 

map the secondary structure. The data sh ow s that Pdcd4 contains se v en  

helices (residues K 329-S341, I344-E353, E362-E373, A379-K 392, I398-I408, 

V 430-A 436 and K441-L446).

Extent of assignm ents and data deposition

Backbone am ide a ssign m en ts w ere obtained for all residues in Pdcd4 except: 

H326, K329, E330, V356, H360, I397, D418, V419, S 422  and S 4 4 9  (92%) 

and for all C a and Cp signals apart from S 4 4 9  (99%). In the c a s e  of Ha and 

Hp signals, a ssign m en ts w ere obtained for all residues excep t residue S 4 4 9
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(99%). For the remaining non-exchangeable side chain signals (13C and 1 H) 

com plete assign m en ts w ere obtained apart from: K329 (Ce), H 358 (He1, 

HS2), H361 (He1, H62), L372 (Cy, Hy), I383 (Cy1), Q 400 (Cy, Hy2, Hy3), 1412 

(Hy12, Hy13) I438 (Cy1) and F434 (HQ  (98%). The com prehensive 1 5 N, 13C 

and 1H reson ance a ssign m en ts obtained for Pdcd4 have been  deposited  at 

the BioM agResBank d atabase, (a ccessio n  number 6900).
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ORIGINAL ARTICLE

Structure of the C-terminal M A-3 domain of the tumour suppressor protein 
Pdcd4 and characterization of its interaction with eIF4A

LC Waters', V Veverka1, M Bohm2, T Schmedt2, PT Choong1, FW Muskett1, K-H Klempnauer2 

and MD Carr1

'D ep a r tm en t o f  B iochem istry , U niversity o f  L eicester, L eicester, U K  a n d  - In stitu t f u r  B iochem ie, W estfd lische- W ilhelm s- U niversita t 
M unster, M unster, G erm any

Programmed cell death protein 4 (Pdcd4) is a novel 
tumour suppressor protein, which is involved in the control 
of eukaryotic transcription and translation. The regula­
tion of translation involves specific interactions with 
eukaryotic initiation factor (eIF)4A and eIF4G, which 
are mediated via the two tandem MA-3 domains. We have 
determined the structure of the C-terminal MA-3 domain 
of Pdcd4 (Pdcd4 MA-3C), characterized its interaction 
with eIF4A and compared the features of nuclear 
magnetic resonance (NMR) spectra obtained from the 
single domain and tandem MA-3 region. Pdcd4 MA-3C is 
composed of three layers of helix-turn-heiix hairpins 
capped by a single helix and shows close structural 
homology to the atypical HEAT repeats found in many 
elFs. The sequence conservation and NMR data strongly 
suggest that the tandem MA-3 region is composed of two 
equivalent domains connected by a somewhat flexible 
linker. Pdcd4 MA-3C was found to interact with the N- 
terminal domain of eIF4A through a conserved surface 
region encompassing the loop connecting a5 and a6 and 
the turn linking o3 and a4. This site is strongly conserved 
in other MA-3 domains known to interact with eIF4A, 
including the preceding domain of Pdcd4, suggesting a 
common mode of binding.
Oncogene advance online publication, 19 February 2007; 
doi: 10.1038/sj.one. 1210305

Keywords: Pdcd4; MA-3; eIF4A; HEAT; NMR; 
translation

Introduction

Programmed cell death protein 4 (Pdcd4) is a novel, 
highly conserved, eukaryotic protein, which has recently 
been shown to play critical roles in the regulation of 
both transcription and translation (Yang et al., 2003a,
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2004; Bitomsky et al., 2004). The protein was initially 
discovered in a screen for genes activated during 
apoptosis (Shibahara et al., 1995) and then subsequently 
identified as a tumour suppressor in studies of a mouse 
keratinocyte model of tumour promotion, in which high 
levels of Pdcd4 were found to render cells resistant to 
transformation by the tumour promoter 12-O-tetrade- 
canoyl-phorbol-13-acetate (TPA) (Cmarik et al., 1999). 
Pdcd4 has been shown to inhibit the activation of AP1- 
responsive promoters by c-Jun, providing a possible 
explanation for its ability to suppress TPA-induced 
transformation (Yang et al., 2001, 2003b). Recently, loss 
of Pdcd4 expression has been strongly implicated in the 
development and progression of both human lung 
cancer and aggressive malignant breast cancer (Chen 
et al., 2003; Afonja et al., 2004). In addition, the 
expression of Pdcd4 has been shown to be reduced in 
many renal-, lung- and glia-derived tumours (Jansen 
et al., 2004).

Pdcd4 has been shown to shuttle between the nucleus 
and the cytoplasm but under normal cell growth 
conditions it appears to be predominantly localized to 
the nucleus (Bohm et al., 2003; Palamarchuk et al., 
2005). Recent work suggests that phosphorylation of 
Pdcd4 by Akt plays a key role in the nuclear 
translocation of Pdcd4, as well as significantly reducing 
the ability of both nuclear and cytoplasmic Pdcd4 to 
inhibit AP-1-dependent activation of gene expression 
(Palamarchuk et al., 2005).

Human and mouse Pdcd4 are 469 residue proteins, 
which contain at least three domains, an N-terminal 
RNA-binding region (residues 1-157) and two MA3 
domains (residues 157-284 and 319-449) (Ponting, 2000; 
Bohm et al., 2003). To date, MA3 domains have been 
found in over 200 eukaryotic proteins and appear to be 
involved in mediating specific protein protein interac­
tions (http://www.sanger.ac.uk/Software/Pfam/) (Finn 
et al., 2006). Characterization of the cellular functions of 
Pdcd4 is the focus of many ongoing investigations, 
however, recent work indicates essential roles in the 
control of both transcription and translation, mediated 
via specific protein protein and protein RNA interac­
tions (Yang et al., 2003a, 2004; Bitomsky et al., 2004). 
The best characterized functional interaction is between 
the MA-3 domains of Pdcd4 and the eukaryotic 
initiation factors eIF4A and eIF4G, with complex

http://www.sanger.ac.uk/Software/Pfam/
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formation resulting in the inhibition of cap-dependent 
translation (Yang et al., 2003a, 2004). eIF4A catalyses 
the unwinding of stable secondary structure in the 5' 
untranslated region (UTR) of mRNAs, allowing the 
recruitment of the 40S ribosomal subunit to the 5' cap of 
mRNA (Hershey and Merrick, 2000). The inherent 
helicase activity of eIF4A is strongly stimulated by 
binding to the scaffold protein eIF4G to form part of 
the eIF4F complex, which also includes eIF4E (Rozen 
et al.. 1990).
Pdcd4 has also been shown to bind to c-Jun and Jun 

N-terminal kinase (JNK), thereby preventing JNK- 
dependent phosphorylation of the c-jun transactivation 
domain, as well as the interaction of c-Jun with the 
coactivator p300 (Bitomsky et al., 2004). This suggests a 
mechanism for the suppression of c-Jun activity by 
Pdcd4 and highlights its importance in transcriptional as 
well as translational control.
In this communication, we report the high-resolution 

solution structure of the C-terminal MA-3 domain of 
mouse Pdcd4 (Pdcd4 MA-3c), characterization of its 
interaction with eIF4A and propose a model for the 
entire tandem MA-3 region based on sequence con­
servation and nuclear magnetic resonance (NMR) data.

R e s u l t s

Structural calculations
The combined automated nuclear overhauser effect 
(NOE) assignment and structure determination protocol 
(CANDID) (Herrmann et al., 2002) proved very 
effective at determining unique assignments for the 
NOEs identified in the two- and three-dimensional 
nuclear overhauser effect spectroscopy-based spectra, 
with unique assignments obtained for 94% (3999/4254) 
of the NOE peaks, which produced 2545 non-redundant 
'H to 'H upper distance limits. The final family of Pdcd4 
MA-3C structures was determined using a total of 2787 
NMR-derived structural constraints (an average of 21.3 
per residue), including 2545 NOE-based upper distance 
limits, 174 backbone torsion angle constraints and 68

hydrogen bond constraints in regions of regular helical 
structure (Supplementary Table SI). Following the final 
round of CYANA calculations, 49 satisfactorily con­
verged structures were obtained from 100 random 
starting structures. The converged structures contain 
no distance or van der Waals violation higher than 0.5 A 
and no dihedral angle violations higher than 5°, with 
an average value for the CYANA target function of 
1.46±0.25A2. The NMR constraints and structural 
statistics for Pdcd4 MA-3c are summarized in Supple­
mentary Table SI. The family of converged Pdcd4-MA3 
domain structures, together with the NMR constraints, 
have been deposited in the Protein Data Bank (accession 
code 2HM8).
The solution structure of Pdcd4 MA-3C is determined 

to high precision, which is clearly evident from the 
superposition of the protein backbone shown for the 
family of converged structures in Figure la (best fit for 
residues 327 356, 359-412 and 421-448) and is reflected 
in low root-mean squared deviation (RMSD) values to 
the mean structure for both the backbone and all heavy 
atoms of 0.49 ±0.07 and 0.92 ±0.07 A, respectively.

Mapping o f  binding sites
The positions of signals from backbone amide groups in 
proteins are highly sensitive to changes in their local 
environment and have been used to localize the eIF4A- 
binding site on Pdcd4 MA-3C. Typical l5N/‘H hetero- 
nuclear single-quantum coherence (HSQC) spectra 
obtained from samples of l5N-labelled Pdcd4 MA-3C 
(100/tM), in the presence and absence of an excess of 
full-length eIF4A (150/tM), are shown in Figure 2a. 
These spectra allowed backbone amide minimal shift 
values to be determined for nearly all the residues of 
bound Pdcd4 MA-3c, which are summarized in the 
histogram shown in Figure 2b. Examination of the 
histogram clearly identifies 11 residues (H361, E362, 
E373, S374, T375, G376, N410, D414, 1415. L416 and 
R428) in Pdcd4 MA-3C whose backbone amide signals 
undergo large chemical shift changes on binding of 
eIF4A. These residues are highlighted in red on the

< 3 3 ^ *  a 4

Figure 1 Solution structure of the Pdcd4 MA-3C domain, (a) Shows a best-fit superposition of the protein backbone for the family of 
49 converged structures obtained, (b) Contains a stereo view of the ribbon representation of the backbone topology of Pdcd4 M A-3< 
based on the structure closest to the mean and is shown in the same orientation as in (a). The seven helical regions of Pdcd4 M A-3(% a l , 
a2, a3, a4, a5, a6 and a7 are labelled, as are the N and C termini of the domain.
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Pdcd4 MA-3C sequence shown in Supplementary 
Figure SI a.

Analogous chemical shift mapping experiments were 
also carried out for Pdcd4 MA-3C (100//M) in the 
presence of a 5- and 10-fold molar excess of the isolated 
N-terminal domain of eIF4A. Similar changes in the 
HSQC spectra of Pdcd4 MA-3C were observed at both 
N-terminal domain eIF4A concentrations used, and 
are summarized for the fivefold molar excess by the 
histogram shown in Figure 2c. Analysis of the data 
clearly reveals the same groups of residues affected by 
binding of the isolated N-terminal domain of eIF4A as 
observed with the full-length protein, with the most 
substantial shifts ( >0.45 p.p.m.) seen for residues N325, 
H361, E362, E373, T375, G376, 1408, 1412, D414, 1415, 
L417, R428 and V430. These residues are highlighted in 
red on the Pdcd4 MA-3C sequence shown in Supple­
mentary Figure Sib. The side chain amide group of 
N416 was also significantly shifted by both full-length 
eIF4A and the isolated N-terminal domain. In contrast, 
no significant shifts were observed in l5N/‘H HSQC 
spectra of Pdcd4 MA-3c (100/rM) acquired in the 
presence of a fivefold excess of the isolated C-terminal 
domain of eIF4A.

We were unable to use l5N/'H HSQC spectra to 
monitor the effects of eIF4A binding to a number of 
non-proline residues in Pdcd4 MA-3c (H326, V328, 
K329, E330, H349, V356, H360, Y365, K392, T395, 
1396, T397, M401, D418, V419, H421, S422 and S449) 
as it was not possible to identify the corresponding 
backbone amide peak in either the free or bound Pdcd4 
MA-3C spectra. To try to establish whether any of these 
residues were located on the interface with eIF4A, 
'TT/'H HSQC spectra were acquired for Pdcd4 MA-3C 
(100/rM) in the presence and absence of the isolated N- 
terminal domain of eIF4A (400/rM). Analysis of the Cot- 
Hot region of the spectra provided reliable minimal shift 
information for 13 additional residues of Pdcd4 MA-3C 
(V328, V356, P557, K392, T395, 1396, T397, M401, 
P413, D418, P420, S422 and P448) and substantial shifts 
were observed for residues 1396, P413, D418 and S422, 
as shown in Figure 2c. In addition, several signals from 
methyl groups were perturbed significantly by eIF4A 
binding, in particular those from 1331, 1408 and 1412, 
which also showed significant changes in their backbone 
amide signals.

Discussion

Structural features o f  the Pded4 M A -3C domain 
The backbone topology of the Pdcd4 MA-3C domain is 
illustrated by the ribbon diagram shown in Figure lb. 
The domain is primarily composed of seven a-helices (al 
H326-S341, a2 I344-E353, a3 H361-E373, a4 S378- 
K392, a5 1398-1408, a6 S422-A436 and a7 K441-L446) 
linked by turns and loops. The six N-terminal helices are 
arranged as three pairs of antiparallel helix turn helix 
hairpins, which stack upon each other, with each pair of 
helices offset by approximately 45° from the previous 
layer. The C-terminal helix, a l, is located centrally

above helices a5 and a6. One notable feature of the 
protein backbone is the loop between a5 and a6. In 
contrast to the short well-defined turns between al and 
a l (two residues) and between a3 and a4 (four residues), 
the long loop between a5 and a6 (13 residues) appears to 
be relatively mobile and exist in multiple conformations. 
In part, the poor definition of this loop reflects the 
absence of backbone amide resonance assignments for 
several residues in this region, resulting in fewer NMR 
structural constraints; however, the broad lines observed 
for many signals are strongly indicative of the presence 
of conformational heterogeneity. Chemical shift and 
NOE data indicate that part of the loop (Y409 L417) 
has a propensity to adopt a helical conformation. This 
region of Pdcd4 MA-3C forms part of the interaction 
site with eIF4A (discussed below) and binding of eIF4A 
may stabilize the helical conformation, either extending 
the C-terminal end of a5 by up to three turns or forming 
a separate shorter helix. The amino acid sequence in this 
region is fairly well conserved across the different MA-3 
domains (Supplementary Figure SI), with two aspartate 
residues (D414 and D418) being conserved in over 65% 
of MA-3 domains, and may reflect some functional 
importance of this region.

The stabilizing interactions between the helical hair­
pins and between their constituent helices rely almost 
entirely on favorable van der Waals contacts. A 
hydrogen bond between the carbonyl of L390 and the 
amide proton of 1396, which are located in the C- 
terminal end of a4 and the following linker to a5, helps 
to stabilize this region of the domain. A second 
hydrogen bond was also identified between the side- 
chain hydroxyl group of Y409 and the carbonyl of L443, 
which contributes to a stable interaction between a5 and 
a l.

During the review of this paper the crystal structure of 
Pdcd4 MA-3C was reported on line (Laronde-Leblanc 
et al., 2007). The solution and crystal structures contain 
nearly identical secondary and tertiary structure, which 
is reflected by an RMSD of 1.0 A for the best fit of the 
backbone atoms for residues H326, V328-E353, E355- 
S374, G376-I412, N416 and H421-L446.

M A-3 domain struetural homology 
The structure of the C-terminal region of eIF4GI 
(residues 1234 1566) has recently been solved (Bellsolell 
et al., 2006). This region contains a single MA-3 domain 
with approximately 36% homology to Pdcd4 MA-3C. 
Comparison of the structures of the Pdcd4 MA-3C and 
eIF4G MA-3 domains clearly shows that they adopt 
similar secondary and tertiary structures, as highlighted 
by the ribbon representations shown in Figure 3a and 
by a backbone atom RMSD of 2.7 A for the super­
position of the two domains (residues Q321-V324, 
N325-S374, G376-I439, S440-P448 of Pdcd4 MA-3C 
and residues S1234-A1237, E1241-R1290, SI291-VI354, 
L1359-L1367 of eIF4GI MA-3). One major difference 
between the two MA-3 domain structures is the presence 
of an additional short helix (a5b) between helices five 
and six (a5 and a6) of eIF4G MA-3 (Figure 3b). As 
mentioned previously, the region between the fifth and
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sixth helices of Pdcd4 MA-3C forms an ill-defined loop, 
part of which may adopt a helical conformation on 
eIF4A binding, as seen in eIF4G MA-3. The other 
notable difference between the two domains is the 
orientation of the seventh helix. The MA-3 domain of 
eIF4G forms part of a larger eIF4A-binding region, 
which comprises five antiparallel helical hairpins or 
HEAT repeats (Bellsolell et al., 2006). In contrast to the 
final C-terminal helix of Pdcd4 MA-3C, which caps the 
previous layer of helices, a7 of eIF4G MA-3 forms part 
of a fourth helical hairpin, which is offset from the 
previous layer. Full-length Pdcd4 contains an additional 
20 residues beyond the C terminus of Pdcd4 MA-3c,

however, this region is rich in glycine and polar residues, 
and is not predicted to adopt a helical conformation 
(Cuff et al., 1998).

Canonical HEAT repeats consist of tandem repeats of 
pairs of antiparallel a helices, which form right-handed, 
solenoid-type structures, with extended quasi-cylindrical 
shapes (Groves and Barford, 1999). The repeats contain 
a highly conserved proline residue within the first helix 
of each pair, which results in a marked bend in the 
helix (Andrade and Bork, 1995). Despite a lack of the 
conserved proline residue, the middle and C-terminal 
regions of eIF4G, including the MA-3 domain, are 
considered to be atypical members of the HEAT

a
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Figure 3 Structural homology between MA-3 domains and atypical HEAT repeats, (a) Shows a structure-based sequence alignment 
for Pdcd4 MA-3C, eIF4GI MA-3 (residues 1234-1367), eIF4G l( C-terminal HEAT domain (residues 1438-1563) and eIF4G IIM 
HEAT domain (residues 745-915), which was obtained using DALI (Holm and Sander, 1993). Pdcd4 M A -3m  was aligned to Pdcd4 
MA-3c on the basis of sequence conservation. Regions of helical secondary structure have been highlighted in yellow. Residues with 
conserved sequence similarity in three or more of the domains shown are highlighted as follows: hydrophobic (AVILM) in green, 
aromatic (FYW) in cyan, positively charged (KRH) in blue, negatively charged (DE) in red and polar (STNQ) in orange. The position 
of the conserved hydrophobic (‘ ) and polar (*) residues found in the atypical HEAT repeats are highlighted below the alignment, 
(b) Shows equivalent views of ribbon representations of the backbone structure o f the homologous regions o f eIF4GI MA-3, Pdcd4 
MA-3c and eIF4GIlw. Residues 851-880 of eIF4G IIM are absent from the ribbon representation owing to the lack of structural data.

Figure 2 Mapping of the eIF4A-binding site on Pdcd4 MA-3( . (a) Shows an overlay of two ,5N /'H  HSQC spectra of uniformly l5N- 
labelled Pdcd4 MA-3C acquired in the presence and absence of full-length unlabelled eIF4A. The spectrum of the free Pdcd4 MA-3( 
domain (lOO^M) is shown in black and for Pdcd4 MA-3t- (100 //M ) bound to full-length eIF4A (150//M ) in red. Peaks arising from a 
number of residues that were significantly shifted on formation of the Pdcd4 MA-3(-eIF4A complex have been highlighted, (b and c) 
Show histograms of the minimal chemical shift changes observed for backbone amide groups of Pdcd4 M A-3(- on binding of full length 
eIF4A (b) and the N-terminal domain (c). The positions of the helices in Pdcd4 MA-3C- are highlighted above the histograms. In (c) 
minimal shift data for Ca/Ha is shown for a few residues where no information was obtained for the backbone amide groups (white 
bars). The bar for residue 1396 has been truncated (minimal shift 0.113p.p.m.).
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repeat protein superfamily (Marcotrigiano et al., 2001; 
Bellsolell et al., 2006). HEAT repeats are generally 
involved in protein-protein interactions and several 
atypical HEAT repeats have been shown to play an 
essential role in the assembly of the protein synthesis 
machinery (Marcotrigiano et al., 2001; Mazza et al., 
2001; Yamamoto et al., 2005; Bellsolell et al., 2006). The 
amino acid sequences of the helices in Pdcd4 MA-3c fit 
the proposed consensus sequence for atypical HEAT 
repeats (Bellsolell et al., 2006). The consensus sequence 
features three clusters of conserved hydrophobic resi­
dues in each helix (Figure 3a), which allow favourable 
contacts within the HEAT repeat and with adjacent 
HEAT repeats. There is also a conserved solvent 
exposed polar residue, which lies between the second 
and third hydrophobic clusters.
Comparison of the backbone topology of Pdcd4 

MA-3c with other known folds in the Protein 
Data Bank using Dali identified almost 600 structural 
neighbours (Holm and Sander, 1993). Four of the 
five closest structural homologues were of the 
type found in eIF4G and often referred to as mIF4G 
domains, which have been found in a number of elFs 
and the nuclear cap-binding protein CBP80 (Ponting, 
2000). This confirms previous suggestions that despite 
little sequence homology, MA-3 domains might be 
distantly related examples of mIF4G domains (Ponting, 
2000).
Among the mIF4G domains of known structure, the 

closest structural homologue to Pdcd4 MA-3C is the 
central region of eIF4GII (eIF4GM, residues 745 915); 
(Marcotrigiano et al., 2001), which is reflected in a 
backbone RMSD of 3.65 A (residues 322-326, 327-341, 
343, 344 352, 354-374, 378-394, 397-413, 417-420, 
421-449 of Pdcd4 MA-3C and residues 745-749, 751 — 
765,768,773-781, 782-802, 804-820, 834-849, 882 885, 
886—915 of cIF4GIIm) and is clearly apparent from the 
structural views shown in Figure 3b. eIF4Gvj is involved 
in binding to eIF3, RNA and eIF4A (Marintchev and 
Wagner, 2004). The interaction between eIF4GM and 
the C-terminal domain of eIF4A is believed to stabilize 
the closed, catalytically active orientation of the two 
domains of eIF4A (Oberer et al., 2005). The most 
striking difference between Pdcd4 MA-3C and eIF4GM 
(745 915) is the loop between a5 and a6, which is 
approximately thirty residues longer than the corre­
sponding loop in Pdcd4 MA-3c- There is no conforma­
tional data available for this extended loop in eIF4GM, 
as the region is not visible in the electron density maps 
used to determine the crystal structure (Marcotrigiano 
et al., 2001). This region may serve a similar function to 
the flexible, ill defined loop of Pdcd4 MA-3c, which is 
involved in binding partner proteins (see below). Pdcd4 
MA-3C also shows structural homology to the C- 
terminal HEAT domain of eIF4GIc, which is involved 
in binding to Mnkl (Bellsolell et al.% 2006). This is 
reflected in a backbone RMSD of 3.5 A (residues 324 
354, 355 360, 361 373, 374 392, 397 416, 421 434, 
438 446 of Pdcd4 MA-3c and residues 1438 1468, 
1474 1479, 1481 1493, 1499 1517, 1521 1540, 1541 
1554, 1555 1563 of eIF4GI). A structure-based alignment

of the sequences from Pdcd4 MA-3C and the atypical 
HEAT domains of eIF4G is shown in Figure 3a.

Relative positioning o f  the M A-3 domains in Pdcd4 
The two MA-3 domains of Pdcd4 share 18% sequence 
identity and 22% sequence similarity, which suggests 
they will adopt similar overall structures. The domains 
are linked by a stretch of 33 residues, which is predicted 
to contain a 16-residue long a-helix. This helix, together 
with the expected seventh C-terminal helix of the middle 
MA-3 domain of Pdcd4 (Pdcd4 MA-3m), may form a 
fourth HEAT repeat and thereby a somewhat extended 
domain. The remaining 15 residues in the linker region 
are predicted to form an extended or irregular structure 
and the presence of six glycine residues implies 
significant flexibility. This region may therefore allow 
some flexibility in the positioning and orientation of the 
two MA-3 domains, perhaps facilitating interactions 
with both domains of eIF4A or other partner proteins. 
Comparison of the linewidths for backbone amide 
signals in l5N/'H HSQC spectra obtained from the 
isolated Pdcd4 MA-3c domain and a protein corre­
sponding to the region encompassing both MA-3 
domains, strongly suggests that there is a significant 
degree of independent motion of the two domains 
consistent with a flexible linker. Analysis of HNCO 
spectra for isolated Pdcd4 MA-3C and the dual MA-3 
domain protein identified small, but significant shifts in 
signals from Pdcd4 MA-3C residues located on the 
exposed surface of al and a2 (data not shown), which 
suggests some transient interaction between the two 
MA-3 domains that may be stabilized on binding of 
eIF4A.

Characterization o f  eIF4A binding to Pded4 
The chemical shift changes induced by eIF4A binding 
have clearly highlighted a number of residues on Pdcd4 
MA-3c that are located at the interface with eIF4A, 
most notably E373, S374, T375 and G376, which are 
positioned at the C-terminal end of a3 and the following 
turn, and N410, 1412, P413, D414, 1415, L417 and 
D418, which are found at the C-terminal end of a5 and 
the following ill-defined loop (Figure 2 and Supplemen­
tary Figure SI). These residues are arranged in a broad 
strip on the surface of Pdcd4 MA-3C, which runs over a 
quarter of the way around the molecule, as illustrated in 
Figure 4a and b. A few of the residues with shifted 
signals (Y405,1408 and S422) are hidden behind the a5 
a6 loop and so observed changes here may reflect 
localized conformational changes in Pdcd4 MA-3C 
induced by eIF4A binding. As discussed previously, 
the N-terminal half of the ill-defined loop between a5 
and a6 may adopt a helical conformation upon eIF4A 
binding. This conformational change could expose the 
hidden residues and form a groove in the surface of 
Pdcd4 MA-3C between residues E373-G376 and D414- 
H421. A small group of residues at the N-terminal end 
of a3 were also affected by eIF4A binding (Figures 2 
and 4, and Supplementary Figure SI). These residues 
are somewhat separated from the main interaction site
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D414

Figure 4 Location, features and properties o f the eIF4A-binding site on Pdcd4 MA-3C. (a) Shows a space-filled view of Pdcd4 MA- 
3c, in which residues are coloured according to the perturbation of their backbone amide signals induced by eIF4A binding. Residues 
that showed a minimal shift change of less than O.OlOp.p.m. are shown in white, over 0.045p.p.m. in red and between 0.010 and 
0.045 p.p.m. are coloured according to the magnitude of the shift on a linear gradient between white and red. Residues for which no 
minimal shift data was obtained are shown in yellow. In (b) the backbone amide chemical shift changes induced by binding of the 
isolated N-terminal domain are highlighted using the same colour scheme as described above. Where possible, residues for which no 
backbone amide minimal shift data were available were coloured according to changes of their Ca/H a signals (V328, V356, P357, 
K392. T 395,1396, T397, M401, P413, D418, P420, S422 and P448) with the same colour scheme used. The position o f D4I4 and D418, 
which have previously been reported to be involved in the interaction between Pdcd4 MA-3C and eIF4A, are also highlighted, 
(c) Shows a surface view of Pdcd4 M A-3C , which is coloured according to electrostatic potential, with areas of significant negative 
charge shown in red, significant positive charge in blue and neutral in white, (d and e) Show space-filled views of Pdcd4 MA-3C, in 
which residues are highlighted on the basis of sequence conservation, with equivalent residues identical in the MA-3 domains o f Pdcd4 
and eIF4G shown in blue and those conserved to a close homologue shown in cyan, (e) Rotated by 180° about the Y axis from the view 
shown in (d). (f) Shows a ribbon representation of the backbone topology of Pdcd4 MA-3C, in the same orientation as (a-d).

and it seems probable that the changes arise from a 
slight change in orientation of a3 induced by the 
interaction of eIF4A with residues at the C-terminus 
of a3.

Very similar patterns of chemical shift changes were 
observed for Pdcd4 M A-3C in the presence of both full- 
length eIF4A and the N-terminal domain alone, which 
clearly demonstrates that only the N-terminal domain is 
required for binding to Pdcd4 MA-3C. In addition, no 
changes were observed for Pdcd4 MA-3C in the presence 
of the isolated C-terminal domain. Previous studies have 
shown that both the N- and C-terminal domains of 
eIF4A, and the two MA-3 domains of Pdcd4 are 
required for the formation of a very high affinity 
complex (Yang et al., 2004; Zakowicz et aL, 2005). As 
Pdcd4 MA-3c clearly interacts with the N-terminal 
domain of eIF4A, this strongly suggests that the C- 
terminal domain will bind to Pdcd4 MA-3m, giving a 
head to tail arrangement to the two proteins in the 
complex.

Calculation of the electrostatic surface of Pdcd4 MA- 
3c revealed that the eIF4A interaction site is predomi­
nantly negatively charged, as shown in Figure 4c, which 
is consistent with the high number of acidic residues in

this region. Interestingly, several of these acidic residues 
are conserved in the other MA-3 domains known to 
bind eIF4A. The structure of the N-terminal domain of 
human eIF4A, which is identical in sequence to mouse 
eIF4A, has recently been deposited (PDB code 2G9N). 
This reveals that the surface of the N-terminal domain 
of eIF4A is characterized by a number of large basic 
patches, located in and around the regions involved in 
ATP and RNA binding, as shown in Supplementary 
Figure S2 (Pause and Sonenberg, 1992; Pause et al., 
1993; Svitkin et al., 2001; Tanner et al., 2003). It 
therefore seems very likely that Pdcd4 MA-3C will bind 
to one or more of these basic regions on eIF4A, which is 
supported by recent mutagenesis data (Zakowicz et al., 
2005).

The degree of amino acid sequence conservation for 
surface-exposed residues in the MA-3 domains of Pdcd4 
and eIF4GII, is illustrated by the space-filled views of 
Pdcd4 MA-3C shown in Figure 4d and e. There is clearly 
significantly more conservation in the region shown here 
to form the interface with eIF4A, which suggests that all 
three MA-3 domains share a common elF4A-binding 
site. Interestingly, one of the strictly conserved residues, 
D414, is substituted by a lysine in the MA-3 domain of
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the eIF4G homologue DAP-5/NATl/p97, which is 
unable to bind eIF4A (Imataka and Sonenberg, 1997; 
Yang et al., 2004).

Recent mutagenesis studies of Pdcd4 have shown 
that the substitution of D414 with lysine, or D418 
by alanine, results in a dramatic fall in eIF4A binding 
(Yang et al., 2004). These two aspartate residues are 
located adjacent to each other on the surface of Pdcd4 
MA-3C and lie at the heart of the eIF4A-binding site 
identified by the NMR studies reported here, as high­
lighted in Figure 4b. The equivalent mutations in Pdcd4 
MA-3m and eIF4G MA-3 also result in dramatic falls in 
eIF4A binding, which strongly supports the suggestion 
of a conserved eIF4A-binding site (Yang et al., 2004). 
The Pdcd4 D418A variant was shown to retain full 
eIF4GM-binding activity, which clearly suggests that 
Pdcd4 interacts with eIF4GM through a site distinct 
from that involved in eIF4A binding (Yang et al., 
2003a).

Similar site-directed mutagenesis studies of the inter­
action of eIF4GI (residues 1080-1600, eIF4Gc) with 
eIF4A, suggested that a cluster formed by R1281 and 
four surrounding glutamate residues on the MA-3 
domain formed part of the probable-binding site for 
eIF4A (Bellsolell et al., 2006). We were not able to 
obtain chemical shift perturbation data for the equiva­
lent residue of Pdcd4 MA-3C (Y365), however, 
it is located within the N-terminal half of a3. 
This region showed significant shifts in signals on eIF4A 
binding, which were attributed to localized conforma­
tional changes, rather than direct contact with eIF4A. 
As discussed previously, the eIF4A-binding site 
identified on Pdcd4 by NMR is largely conserved 
on eIF4G (see Figure 4d), which strongly implies a 
common binding site for eIF4A on both MA-3 domains. 
In contrast, neither R1281 nor the surrounding gluta­
mate residues are conserved in Pdcd4 MA-3C. The 
study of eIF4Gc also suggested that the loop between 
helices five and six of eIF4G MA-3 was not required 
for eIF4A binding (Bellsolell et al., 2006). The work 
reported here clearly shows that the equivalent loop 
in Pdcd4 MA-3C forms a major part of the interface 
with eIF4A, which is supported by previous mutagenesis 
studies of Pdcd4 and eIF4G (Yang et al., 2003a, 
2004). Given the structural similarity of the two MA-3 
domains, the level of sequence conservation in this 
region and the earlier mutational data, it seems very 
likely that the a5-6 loop is an important element 
of the eIF4A-binding site in both Pdcd4 MA-3C and 
eIF4G MA-3.

Conclusions
The work reported here unambiguously identifies the 
binding site for eIF4A on the C-terminal MA-3 domain 
of Pdcd4, which is strongly conserved in other MA-3 
domains involved in eIF4G binding. In addition, the N- 
terminal domain of eIF4A is shown to be sufficient for 
binding to Pdcd4 MA-3C, which strongly implies that in 
complexes formed by the intact proteins the C-terminal 
domain of eIF4A will bind to the middle MA-3 domain

of Pdcd4, resulting in an inhibitory complex with a head 
to tail arrangement of the proteins.

Materials and methods

P rotein  expression  a n d  purifica tion
T h e  u n l a b e l l e d  a n d  u n i f o r m l y  ' * N -  n C -  a n d  " N / ^ C -  l a b e l l e d  
s a m p l e s  o f  P d c d 4  M A - 3 (  a n d  P d c d 4  ( 1 5 7  4 4 9 )  c o n t a i n i n g  
b o t h  M A - 3  d o m a i n s  w e r e  p r e p a r e d  f r o m  p G e x 6 P 2 - b a s e d  
Escherichia coli e x p r e s s i o n  v e c t o r s  a s  d e s c r i b e d  p r e v i o u s l y  
( W a t e r s  e t al.. 2 0 0 6 b ) .  T h e  N - t e r m i n a l  h i s t i d i n e - t a g g e d  f u l l -  
l e n g t h  m o u s e  e I F 4 A ,  e l F 4 A  N - t e r m i n a l  d o m a i n  ( r e s i d u e s  
1 2 4 2 )  a n d  e l F 4 A  C - t e r m i n a l  d o m a i n  ( r e s i d u e s  2 3 7  4 0 6 )  w e r e  
p r e p a r e d  f r o m  p E T 2 8 a - b a s e d  E. coli e x p r e s s i o n  v e c t o r s .  T h e  
p r o t e i n s  w e r e  i n i t i a l l y  a f f i n i t y - p u r i f i e d  o n  a  N i - N T A  c o l u m n  
u n d e r  n o n d e n a t u r i n g  c o n d i t i o n s ,  f o l l o w e d  b y  g e l  f i l t r a t i o n  
c h r o m a t o g r a p h y  o n  a  S u p e r d e x  7 5  1 6 / 6 0  p r e p a c k e d  c o l u m n  
( A m e r s h a m  B i o s c i e n c e s ,  G E  H e a l t h c a r e ,  B u c k i n g h a m s h i r e ,  
U K ) ,  e s s e n t i a l l y  a s  d e s c r i b e d  p r e v i o u s l y  ( R e n s h a w  e t a l.. 2 0 0 2 ;  
W a t e r s  et al.. 2 0 0 6 a ) .

N M R  spectroscopy
N M R  s p e c t r a  r e q u i r e d  t o  d e t e r m i n e  t h e  P d c d 4  M A - 3 C 
s t r u c t u r e  w e r e  r e c o r d e d  a s  d e s c r i b e d  p r e v i o u s l y  ( W a t e r s  
et al.. 2 0 0 6 b ) .  1 sN / 1H  a n d  n C / ' H  H S Q C  s p e c t r a  o f  P d c d 4  
M A - 3 C w e r e  a c q u i r e d  in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  e I F 4 A  t o  
i d e n t i f y  t h e  c h a n g e s  in  t h e  p o s i t i o n s  o f  s i g n a l s  i n d u c e d  b y  
e I F 4 A  b i n d i n g .  I n  t h e s e  e x p e r i m e n t s ,  u n l a b e l l e d  f u l l - l e n g t h  
e I F 4 A  o r  t h e  N -  o r  C - t e r m i n a l  d o m a i n s  a l o n e ,  w e r e  a d d e d  t o  
1 0 0 p M  l<;N -  o r  n C - l a b e l l e d  P d c d 4  M A - 3 c  in  a  2 5  m M  s o d i u m  
p h o s p h a t e ,  1 2 5 m M  s o d i u m  c h l o r i d e ,  5 m M  d i t h i o t h r e i t o l ,  
1 0 / iM  e t h y l e n e d i a m i n e t e t r a a c e t i c  a c i d  a n d  0 . 0 2 %  ( w / v )  
s o d i u m  a z i d e  b u f f e r  a t  p H  7 .  T h e  f u l l - l e n g t h  e I F 4 A  w a s  
t i t r a t e d  t o  a  c o n c e n t r a t i o n  o f  I 5 0 ^ m  ( l i m i t i n g  s o l u b i l i t y  o f  
e l F 4 A )  a n d  t h e  i s o l a t e d  N -  a n d  C - t e r m i n a l  d o m a i n s  t o  
b e t w e e n  4 0 0 / /M  a n d  1 m M .  " N / ' H  H S Q C  a n d  H N C O  s p e c t r a  
o f  3 0 0  pM  P d c d 4  ( 1 5 7  - 4 4 9 )  a n d  2 0 0 /;M  P d c d 4  M A - 3 C w e r e  
a c q u i r e d  t o  i d e n t i f y  s h i f t s  in  t h e  p o s i t i o n  o f  P d c d 4  M A - 3 C 
s i g n a l s  in  t h e  d u a l  M A - 3  d o m a i n  p r o t e i n .  T y p i c a l  a c q u i s i t i o n  
t i m e s  f o r  t h e  H N C O  w e r e  7 5  m s  in  F^ ( 1H ), 1 4 . 5  m s  in  F 2 ( l5N )  
a n d  8 . 6  m s  in  F |  C ’C ) ,  w i t h  t h e  s p e c t r a  c o l l e c t e d  o v e r  
a p p r o x i m a t e l y  4 0 h .  T h e  2 D  a n d  3 D  N M R  d a t a  w e r e  
p r o c e s s e d  a n d  a n a l y s e d  a s  d e s c r i b e d  p r e v i o u s l y  ( W a t e r s  
et al., 2 0 0 6 b ) .

S tru c tu ra l calculations
T h e  f a m i l y  o f  c o n v e r g e d  P d c d 4 - M A 3 C s t r u c t u r e s  w a s  d e t e r ­
m i n e d  i n  a  t w o - s t a g e  p r o c e s s  u s i n g  t h e  p r o g r a m  C Y A N A ,  a s  
d e s c r i b e d  p r e v i o u s l y  ( R e n s h a w  et a l., 2 0 0 5 ;  W a t e r s  et at., 
2 0 0 6 a ) .  H y d r o g e n  b o n d  c o n s t r a i n t s ,  i n v o l v i n g  1 7  r e s i d u e s  w i t h  
s l o w l y  e x c h a n g i n g  b a c k b o n e  a m i d e  s i g n a l s  ( r e s i d u e s  3 3 7 ,  3 3 8 .  
3 6 6  3 7 0 ,  3 7 2 ,  3 8 1 ,  3 8 4  - 3 8 8 ,  4 2 9  4 3 1 )  a n d  w h e r e  t h e  h y d r o g e n  
b o n d  a c c e p t o r  w a s  u n a m b i g u o u s  i n  p r e l i m i n a r y  s t r u c t u r e s ,  
w e r e  a d d e d  t o  t h e  f i n a l  r o u n d  o f  c a l c u l a t i o n s .  B a c k b o n e  
t o r s i o n  a n g l e  c o n s t r a i n t s  d e r i v e d  f r o m  t h e  p r o t e i n  b a c k b o n e  
d i h e d r a l  a n g l e  p r e d i c t i o n  p r o g r a m  T A L O S  w e r e  i n c l u d e d  
i n  b o t h  s t a g e s  o f  t h e  c a l c u l a t i o n  ( C o r n i l e s c u  et al., 1 9 9 9 ) .  
A n a l y s i s  o f  t h e  f i n a l  f a m i l y  o f  s t r u c t u r e s  o b t a i n e d  w a s  c a r r i e d  
o u t  u s i n g  t h e  p r o g r a m s  C Y A N A  a n d  M O L M O L  ( K o r a d i  
et al., 1 9 9 6 ;  G u n t e r t  et al., 1 9 9 7 ) .

M apping  o f  binding sites
T h e  m i n i m a l  s h i f t  a p p r o a c h  w a s  u s e d  t o  d e t e r m i n e  t h e  c h a n g e s  
in  t h e  p o s i t i o n s  o f  P d c d 4  M A - 3 (  N M R  s i g n a l s  r e s u l t i n g  f r o m
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e I F 4 A  b i n d i n g  ( W i l l i a m s o n  et al., 1 9 9 7 ;  M u s k e t t  et al., 1 9 9 8 ) .  
T h e  m i n i m u m  c h a n g e  in  t h e  p o s i t i o n  f o r  a l l  b a c k b o n e  a m i d e  
p e a k s  b e t w e e n  t h e  f r e e  a n d  e l F 4 A - b o u n d  P d c d 4  M A - 3 C w a s  
o b t a i n e d  b y  u s i n g  M i c r o s o f t  E x c e l  t o  c a l c u l a t e  t h e  c o m b i n e d  
c h e m i c a l  s h i f t  d i f f e r e n c e  i n  " N  a n d  ' H  f o r  e a c h  a s s i g n e d  p e a k  
in  t h e  " N / ' H  H S Q C  s p e c t r u m  o f  t h e  f r e e  p r o t e i n  c o m p a r e d  t o  
a l l  p e a k s  o b s e r v e d  in  t h e  H S Q C  s p e c t r a  o f  t h e  c o m p l e x e s  
f o r m e d  w i t h  e I F 4 A .  T h e  c o m b i n e d  a m i d e  p r o t o n  a n d  n i t r o g e n  
c h e m i c a l  s h i f t  d i f f e r e n c e  ( A ^ )  w a s  d e f i n e d  a c c o r d i n g  t o

t h e  f o l l o w i n g  e q u a t i o n ;  A 6 =  \ J ( A r ) / / V )" +  (A<LV • x,\)~  w h e r e

Ar)MN a n d  Ar5N c o r r e s p o n d  t o  t h e  d i f f e r e n c e s  in  ' H  a n d  " N  
c h e m i c a l  s h i f t s  b e t w e e n  p a i r s  o f  c o m p a r e d  H S Q C  p e a k s  a n d  
a N i s  a  s c a l i n g  f a c t o r  o f  0 . 2  r e q u i r e d  t o  a c c o u n t  f o r  d i f f e r e n c e s  
in  t h e  r a n g e  o f  a m i d e  p r o t o n  a n d  n i t r o g e n  c h e m i c a l  s h i f t s .  F o r  
e a c h  i n d i v i d u a l  H S Q C  p e a k ,  t h e  m i n i m a l  s h i f t  i n d u c e d  b y

l i g a n d  b i n d i n g  w a s  t a k e n  a s  t h e  l o w e s t  p o s s i b l e  c o m b i n e d  s h i f t  
v a l u e  (A<5). T h e  m i n i m u m  c h a n g e  in  t h e  p o s i t i o n  o f  p e a k s  
a r i s i n g  f r o m  t h e  w e l l - r e s o l v e d  C a / H a  a n d  m e t h y l  s i g n a l s  in  
' ' C / ' H  H S Q C  s p e c t r a  w a s  s i m i l a r l y  d e t e r m i n e d ,  b u t  u s i n g  a 
s c a l i n g  f a c t o r  o f  0 .1  f o r  t h e  Cot s h i f t s  a n d  0 . 1 2  f o r  t h e  m e t h y l  
c a r b o n  s h i f t s .  T h e  m i n i m a l  s h i f t  a p p r o a c h  w a s  a l s o  u s e d  t o  
d e t e r m i n e  a n y  s i g n i f i c a n t  c h a n g e s  i n  t h e  p o s i t i o n s  o f  P d c d 4  
M A - 3 (  s i g n a l s  in  H N C O  s p e c t r a  o f  t h e  d u a l  M A - 3  d o m a i n  
p r o t e i n ,  w i t h  a  s c a l i n g  f a c t o r  o f  0 . 3 5  u s e d  f o r  c a r b o n y l  s i g n a l s .

A c k n o w l e d g e m e n t s

T h i s  w o r k  w a s  s u p p o r t e d  b y  g r a n t s  f r o m  t h e  W e l l c o m e  T r u s t ,  
W i l h e l m - S a n d e r - S t i f t u n g  a n d  t h e  D e u t s c h e  K r e b s h i l f e .  L o r n a  
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Supplementary figure S1 - Waters



Supplementary figure 1: A summary of the Pdcd4 MA-3( domain residues 

implicated in eIF4A binding. Panel a shows a sequence alignment of the MA-3 

domains from Pdcd4, eIF4GI and DAP-5/NATl/p97. The MA-3 domains of Pdcd4 

and DAP-5/NATl/p97 are aligned on the basis of amino acid sequence similarity, 

whilst eIF4G MA-3 is aligned with Pdcd4 MA-3c according to the structural based 

sequence alignment produced by DALI (Holm & Sander, 1993). The positions of the 

helices in Pdcd4 MA-3c are shown above the alignment. Residues in Pdcd4 MA-3c 

are colour coded to indicate the minimal shifts in backbone amide signals induced by 

eIF4A binding, with changes of between 0.015 and 0.025 ppm shown in blue, 

between 0.025 and 0.045 ppm in yellow and by over 0.045 ppm in red. Equivalent 

conserved residues are also highlighted in the other MA-3 domains. Residues for 

which no chemical shift data was obtained are shown in grey. The position of a 

number of site-directed mutants of Pdcd4 characterised by Yang and co-workers are 

also indicated. L339A, Y365E, H421L and V430A were found to have no effect on 

eIF4A binding. D343N, L354M, A367V and G437E reduced binding by 40-60%. 

D414K and D418A effectively blocked eIF4A binding. In panel b, residues of Pdcd4 

MA-3c with backbone amide signals that were significantly perturbed by binding of 

the N-terminal domain of eIF4A are colour coded as described for Panel a. For a few 

residues where no chemical shift perturbation could be obtained for backbone amide 

signals (V328, V356, P357, K392, T395,1396, T397, M401, P413, D418, P420, S422 

and P448), the colour coding refers to minimal shifts for Ca/H a signals.



Supplementary figure S2 - Waters



Supplementary figure 2: Structure and properties of the isolated N-terminal 

domain of human eIF4A.

Panels a and c show a surface view of the N-terminal domain of human eIF4A (PDB 

code 2G9N), which is coloured according to electrostatic potential, with areas of 

significant negative charge in red, positive charge in blue and neutral in white. The 

structure in panel c is rotated by 180° about the Y axis from the view shown in panel 

a. Panel b shows a ribbon representation of the backbone topology of the N-terminal 

domain in the same orientation as panel a.



NMR Constraints and Structural Statistics for Pdcd4 M A-3C

a) No. o f Constraints used in Final Structural Calculation

Intraresidue NOEs 614
Sequential NOEs (/, /+1) 562
Medium-range NOEs (/, i<4) 599
Long-range NOEs (/, i >5) 771
Torsion angles 174 (87<D and 8 7 ^ )
Hydrogen bonding 68

b) Maximum and Total Constraint Violations in 49 Converged Pdcd4 M A-3C Structures

Upper distance limits (A) 0.32 ± 0.02 2.9 ± 0.7
Lower distance limits (A) 0.00 ±0.01 0.0 ± 0.0
van der Waals contacts (A) 0.27 ± 0.02 5.6 ± 0.8
Torsion angle ranges (°) 3.03 ± 0.67 16.2 ± 3 . 4
Average CYANA target function (A‘) 1.46 ± 0.25
c) Structural Statistics for the Family o f Converged Pdcd4 MA-3c Structures

Residues within allowed region o f
Ramachandran plot (%) 99.7 %

Backbone atom RMSD for structured region (residues
327-356, 359-412,421-448 o f Pdcd4 M A-3C) 0.49 ± 0.07 A

Heavy atom RMSD for structured region (residues
327-356, 359-412,421-448 o f Pdcd4 M A-3C) 0.92 ± 0.07 A
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