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Abstract

The SH3 domain, comprised of approximately 60 residues, is found within a wide variety of proteins, and is a mediator
of protein—protein interactions. Due to the large number of SH3 domain sequences and structures in the databases, this
domain provides one of the best available systems for the examination of sequence and structural conservation within
a protein family. In this study, a large and diverse alignment of SH3 domain sequences was constructed, and the pattern
of conservation within this alignment was compared to conserved structural features, as deduced from analysis of
eighteen different SH3 domain structures. Seventeen SH3 domain structures solved in the presence of bound peptide
were also examined to identify positions that are consistently most important in mediating the peptide-binding function
of this domain. Although residues at the two most conserved positions in the alignment are directly involved in peptide
binding, residues at most other conserved positions play structural roles, such as stabilizing turns or comprising the
hydrophobic core. Surprisingly, several highly conserved side-chain to main-chain hydrogen bonds were observed in the
functionally crucial RT-Src loop between residues with little direct involvement in peptide binding. These hydrogen
bonds may be important for maintaining this region in the precise conformation necessary for specific peptide recog-
nition. In addition, a previously unrecognized yet highly conseg<dmlilge was identified in the secodstrand of the

domain, which appears to provide a necessary kink in this strand, allowing it to hydrogen bond to both sheets comprising
the fold.

Keywords: B-bulge; B-turn; hydrophobic core; peptide-binding; protein folding; sequence alignment; SH3 domain;
structure comparison

The rapidly expanding protein sequence and structural databasésn is seen at positions directly involved in function or deeply
provide an invaluable source of data for the elucidation of theburied in the three-dimensional structure. Sequence alignments
principles governing the folding and function of proteins. In par- have also proved useful for improving secondary structure predic-
ticular, the analysis of conservation patterns observed in sequend®n (Benner et al., 1994; Rost & Sander, 19%4d in the predic-
alignments of homologous proteins can lead to the identification otion of the effects of site-directed mutatiofSteipe et al., 1994;
the key sequence features defining a protein fold. When sequenddaxwell & Davidson, 1998
comparisons can be coupled to analysis of the functional proper- In this study, we have undertaken a comprehensive analysis of
ties and three-dimensional structures of the proteins in question, the sequence and structural variation seen in the SH3 domain. First
is possible to gain a clear understanding of why particular residuesecognized as a noncatalytic homology region in protein kinases
are seen at certain positions, and what role these residues play ialated to SrqMayer et al., 1988 SH3 domains have now been
mediating function or stability. To this end, the sequences anddentified in more than 350 different proteins in organisms ranging
structures comprising several large protein families, including thefrom yeast to humans. SH3 domains are found in kinases, lipases,
globins, immunoglobulins, and serine proteases, have been exar®TPases, adaptor proteins, structural proteins, and others, and these
ined in detail (Bashford et al., 1987; Lesk & Fordham, 1996; proteins act in diverse processes including signal transduction, cell
Chothia et al., 1998 These studies demonstrated that these fam<ycle regulation, and actin organization. SH3 domains mediate
ilies possess a common “core” structure, and that high conservaspecific protein—protein interactions by binding to PXXP-containing
sequence motifs in target proteitfer reviews, see Pawson, 1995;
Dalgarno et al., 1997 SH3 domains generally bind their targets
Reprint requests to: Alan R. Davidson, Department of Molecular andWIth affinities between 1 and S@M, and individual domains

Medical Genetics, University of Toronto, Toronto, Ontario M5S 1A8, Can- display distinct specificitie¢Alexandropoulos et al., 1995; Rickles
ada; e-mail: alan.davidson@utoronto.ca. et al., 1995; Sparks et al., 1996
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Comprised of approximately 60 residues, the SH3 domain foldthe sequence and structural level. By combining sequence and
is composed of fivgd-strands arranged into two sheets packed atstructural analysis, it has been possible to interpret the pattern of
right angles(Fig. 1). The first sheet is formed bg-strandsa, e, conservation seen in the SH3 domain and identify the interactions
and the first half ob, while the second is formed h§-strandsc, in this fold that are crucial for its stability and function.

d, and the second half df. A kink in B-strandb allows it to

participate in both shgetﬁ.—Strandsa and'b are separgted by the Results and discussion

long RT-Src loop, which possesses an irregular antiparallel struc-

ture. The shorter N-Src and Distal loops are found betygestnands

b andc, andc andd, respectively. The four residues N-terminal to
B-strandb form a type lI3-turn, and the three residues separatingTo ensure a complete and accurate SH3 domain alignment for
B-strandsd and e are generally found in a;ghelical conforma-  analysis, an iterative routine of PSI-BLAST searches and progres-
tion. Peptide binding by the SH3 domain is mediated by a surfacaive alignments was used to align all available SH3 domain se-
region rich in aromatic residued=ig. 1), and by various polar quencessee Materials and methgd®ur final alignment contained
residues located in the RT-Src and N-Src loops. 266 nonredundariho two sequences are more than 90% identical

The SH3 domain provides an excellent system for the examisequence&ee Supplementary material in the Electronic Appendix
nation of sequence and structural conservation. Hundreds of verfpr the complete alignmentVariability in the length of SH3 do-
diverse SH3 domain sequences are available for analysis, provignains resulted predominantly from insertions or deletions in the
ing a broad sampling of sequences that are consistent with the SH8-Src and Distal loop regions: 96 sequences differed from the
domain fold. In addition, 44 structures of 19 different SH3 do- typical SH3 domain in the N-Src loop region, with 25 sequences
mains are available in the structural database. Due to its small sizene residue shorter, 34 sequences one residue longer, and the rest
and its amenability to in vitro analysis, the SH3 domain has beerhaving longer inserts of variable length. The observed lengths of
a popular subject for protein folding studi@giguera et al., 1994; the Distal loop fell mostly into three groups with lengths of two
Chen et al., 1996; Grantcharova & Baker, 1997; Plaxco et al.residueg101 sequencgsthree residue¢50 sequencesand four
1998; Filimonov et al., 199%nd mutagenesis studies where ef- residues(63 sequencgs with the others(51 sequencgshaving
fects on peptide binding, thermodynamic stability, and folding ki- longer inserts. Considerably less variability was seen in the RT-Src
netics have been measurddm & Richards, 1994; Weng et al., loop where only 39 sequences had insertions or deletions, and only
1995; Grantcharova et al., 1998; Martinez et al., 1998; Maxwell &four sequences had insertions in the typ@iurn following the
Davidson, 1998 This wealth of experimental data aids us in at- RT-Src loop. The gaps in our alignment, which always occurred
tempting to interpret conservation patterns observed in the SHBetween secondary structure elements, had to be positioned some-
domain sequence alignment. what arbitrarily due to the high sequence diversity in these regions.

In the work described here, we have constructed and analyzedBhus, in our analyses, any positions that were gapped in more than
large alignment of SH3 domain sequences present in the databasme-third of the sequences were not included. The remaining po-
We have also aligned the structures of 18 different SH3 domainssitions were numbered 1 to 60 using the numbering scheme shown
allowing characterization of variation in the SH3 domain at bothin Figure 2.

The overall diversity of the sequences in our SH3 domain align-
ment was assessed by performing an all vs. all pairwise identity
analysis. The pairwise identity of every sequence compared with

Construction of the SH3 domain sequence alignment

RT-Src every other sequence was determined, and the frequency of occur-
Loop, / rence of each pairwise identity was plottgelg. 3). It can be seen
that there is a close to normal distribution of percent identities and
. Binding that most fall in the range between 15 and 45%. The average
/’"\—M Surface pairwise identity of all the sequences in the alignment is 27%.

These data show that the SH3 domain alignment is very diverse.
Despite this diversity, however, certain more closely related sub-
groups of sequences were still found to be overrepresented in the

\_,//f-_ T alignment, causing a bias in residue frequencies toward these se-
Distal quences. For this reason, a weighting algorithRenikoff &
Loop Henikoff, 1999 was used to downweight overrepresented se-
N guence subgroups when residue frequencies at each position in

the alignment were calculatddee Supplementary material in the
Electronic Appendix for the complete set of positional residue
frequencies

The frequency of occurrence of each amino acid at each position
in our alignment was used to assess the degree of conservation at
each position in the alignment using the Shannon informational
entropy calculatioiShenkin et al., 1991In this work, we express
C. the entropy value in an exponentiated form, which we call “posi-
tional entropy” where a positional entropy ofs equivalent to the

Fig. 1. Ribbon diagram of the SH3 domain from the Fyn tyrosine kinasedlverSIty ofn residues occurring at the position with a frequency of

(1shf). The B-strands are labeled a—e, and the loops are designated. Arol/N. For example, if a position has a positional entropy value of 8,
matic side chains involved in peptide binding are shown. its variability is equivalent to a situation where eight different
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Pdb ID RT-Src Loop B B B N-Src Loop
1abo N 'Y|o[Flv A s GgDN TKGEKILRWNLGYNH
tad5 D 1 Y{D|Y|E At HHE QK GDAQ \ L EE
fawx L K Y DI[YIM P MNAN RK GDE F L EES
1bb9 M F H|DyY(T ATDTD KA GDYV L I PFQNPETENAQ
1cka A E FID{FIN G ND E E K K G D | R R DKP
1csk GT YIN|FIH G T A E Q CKGDYV T VAVTK
1eps K K Y/D|F{V A RNS S M KDDV E L DD
1fmk vV T YID|YIE S RTET K K GER Q VNNT
1gbq M Y/ D|[FIK AT ADD K RGD I K LNEETC
1gfc ST FID|FID P Q ED G RRGDF H M DN S
1hsq K C FID[]YIK AQRETD I KS A | Q V E K Q
1ick D N H|S|Y,E P S HDG EKGEAQ R L EQ
1neb G K Y|D|YIM A ADAD KDGDA | VvaaAl
ipht GY YID|Y|K K EREE HL GD I T NKGSLVALGFSDGQEARPE
1sem T K FIDiFIN P Q E S G KRGDYV T I NKD
1shf vV T Y|D{Y|E ARTETD HKGEK Q L NSS
1shg K E Y/ D|Y|Q EK S PR K KGD I T LNST
1ycs K G (W/D|Y/E PQNDD K EGDGC T I HREDED

- - - - 10- - - - 15- - - - - 25- - - - 30- -

B B B Distal Loop B BB B h h B Source Protein

1abo N G| E E QTK NGQGW P{S|N PV NS Abl Tyrosine Kinase
1ads S GIE K RSLAT RKEGY P|S|N RV DS Hck Tyrosine Kinase
1lawx N LiP R R D KN GQEGY P|S|N EAED Bruton's Tyrosine Kinase
1bb9 D E|G M VKESDWNOQQHKELEKCRGYV P|E|N RV Q Amphiphysin
1cka E E|Q N EDSE GKRGM P|V|P KYPP N-terminal domain of c-Crk
1esk D P|N K K NKV G REGI PlA|N K R c-Src Kinase
1eps R R|Q K R NA S GDSGF PIN|N I MRT Eps8
1fmk E G|D L HSLTT GQTGY P{S|N P S AF c-Src Tryosine Kinase
1gbq D Q|N K E LN GKDGF P|K[N MKPYV N-terminal domain of Grb2
1gfc D P|N K A CH GQTGM P|R|N PV NR C-terminal domain of Grb2
1hsq E G|G R DY GG KKQLW P/ SIN EMVN Phospholipase C-Gamma
1lek S G| E K QS LTT GQEGF P|FIN K AN S Leck Tyrosine Kinase
1neb D E|G Y TVQRT GRTGM PlA|N Al Nebulin
1pht E I|G N YNETT GERGD PIG|T Y I GR PI3-Kinase p85 Subunit
1sem D P|N E QLN NRRG I P[S|N PYNP Sem5
1shf E G|D E RSLTT GETGY P|SIN PV D Fyn Tyrosine Kinase
1shg N K|D K E VN DRQGF P{AlA KL DK a-Spectrin
1ycs E ILE w RLN DKEGY Pl RN LYPR p53BP2

- - 35- - - 40- - - 45- - - - 50- - - - - - - 60

Fig. 2. SH3 domain alignment. An alignment of the sequences of the 18 SH3 domains with solved structures that were used in the
structure comparison performed in this work is shown. The SH3 domain consensus sequence and numbering system derived in this
work are also shown. The PDB accession and parent protein are shown for each sequence. Conserved hydrophobic core positions are
shaded, and the most conserved positions involved in peptide binding are boxed. This small alignment is representative of the complete
SH3 domain alignment in the positions of gap regions. Numbers are only given to positions that were gapped in less than one-third
of sequences in the 266 sequence alignment.

residues occur at the position, all with equivalent frequencies of
12.5%(1/8). A position that is completely conservéce., only one
residue appears thereill have a positional entropy of 1. Conser-
vation of hydrophobicity at each position in the alignment was
assessed by multiplying the residue frequencies by the appropriate
hydrophobicity value as quantitated by water to octanol transfer
free energy valuegsFauchére & Pliska, 1983The conservation
data from the sequence alignment are summarized in Figure 4A—C.
In the rest of this work, positions in the SH3 domain will be
designated by their number in the alignment, and the residue oc-
curring most often at that position will be placed in parentheses
after the number.

cy

Frequen

SH3 domain structural alignment Pairwise percent identity

The protein structural database contains the structures of 19 dlfIfig. 3. Distribution of pairwise identities in the whole SH3 domain align-

ferent SH3 domains, many of which have been solved multiplément(dark bars, solid lingand in the 18 sequences of the SH3 domain with
times. For our analysis, we chose the highest resolution X-rayolved structureglight bars, dotted ling
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Fig. 4. Summary of sequence and structure conservation in the SH3 domain famiyze consensus SH3 domain sequence. Other
residues that appear frequently are listed below the consensus sequence. Residues occurring at a frequency between 10 and 20% are
gray, and residues occurring at a frequency greater than 20% are black. Hydrophobic core positions are shaded and residues involved
in peptide binding are boxe@: Sequence conservation is displayed by graphing the positional entropy for each position in the SH3
domain alignmentvalues range from 1-20 where 1 represents complete consejva&icd®H3 domain hydrophobicity profile. Mean

(gray bar$ and standard deviatioriblack error barsfor hydrophobicity at each position were calculated based on the weighted residue
frequencies from the 266 sequence alignmBntConservation of secondary structure in 18 different SH3 domains. Black, positions

in B-strands in more than 15 structures; gray, position3-girands in more than 10 structures; lines, loops;;fh8lix. E: Structural
conservation at each position in the SH3 domain. Loop positions with average pairwise RMSD values greateA thare not

included in the structural core and are not shown hEreResidue burial of each position in the SH3 domain averaged from 18
structures. Also shown is the average increase in percent residue burial upon ligand binding, based on 17 SH3 domain-ligand complex
structures. Dark gray, no ligand; light gray, with bound peptide. Error bars represent one standard deviation for increase in residue burial
upon ligand binding.

crystal structure of each domain wherever possible. The NMRwith the average pairwise identity of the sequences of the known
structure of the SH3 domain from the Itk tyrosine kinase wasstructures being-30%, while the average pairwise identity in the
excluded because we found that its structure showed relativelwhole sequence alignmentis27%. An all vs. all pairwise identity
large deviations from those of any other SH3 domain structure. Byanalysis performed, as described above, on the 18 sequences of
examining various measures of structural quality, such as theolved SH3 domain&Fig. 2) demonstrated that the distribution of
WHATCHECK (Hooft et al., 1996 report associated with the these sequences is also similar to the full alignni€ig. 3). This
Protein Data BanKPDB) file, we concluded that the deviations similarity allows for valid comparisons between the variation seen
displayed by the Itk SH3 domain structure were most likely due toin the sequence alignment and the variations in properties of the 18
the low resolution of the structure determination. Figure 2 showsstructures.

the amino acid sequences and PDB identifiers of the 18 structures After renumbering the residues in each structure file according
used for structural alignment. Fortuitously, these 18 sequences ate the alignment numbering, an all vs. all set of pairwise structural
almost as diverse as the 266 sequences in our whole alignmeatignments was carried out. No pairs of corresponding residues
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outside of gap region@ccording to the sequence alignmemere  seen in the ligand-bound structures are due only to the direct

misaligned in any of the structural alignments, indicating that ourinteraction between these side chains and ligand.

sequence alignment is structurally valid. The distance between the

C, atoms of corresponding re5|d_ue§ in each pair of structures_w;Fhe roles of conserved positions in the SH3 domain

measured, and the average pairwise root-mean-square deviation

(pairwise RMSD of aligned residues at each position in all the Table 1 lists the 30 most conserved positions in the SH3 domain

structures was tabulatgérig. 4E). This information was used to alignment as evaluated by their positional entropies. In the follow-

determine the regions of the domain that are most conserved img sections, we discuss the roles of these positions in the structure

each structure. This “structural core,” defined as the region wherand function of the SH3 domain.

the average pairwise RMSD of aligned residues was less than 2 A,

included most of the SH3 domain except residues 13-15 in th

RT-Src loop, residues 31-34 in the N-Src loop, residues 42—45 i

the Distal loop, and residues at the N- and C-termini of the domainFrom the analysis of side-chain burial described above, 15 posi-

The positions of the secondary structural elements in each strugions were identified as playing a significant role in target peptide

ture as defined by the program DS8Rabsch & Sander, 1983  binding. Among these positions, @) and 3@W) are the two

were found to be highly conservééig. 4D). most conserved positions in the SH3 domain alignment and five
The overall pairwise RMSD for every pair of SH3 domain struc- more, §Y), 10(Y), 35(G), 53(N), and 54Y), possess positional

tures was calculated using only the structural core positions. Thesentropy values below 7 &able 1. At some positions, the increase

pairwise RMSD values ranged from 0.47 to 1.72 A, averagingin residue burial in the presence of bound ligand varies widely

0.98=+ 0.27 A. The average pairwise RMSD between each strucfrom structure to structure. However, there is considerably less

ture and the other 17 structures was used as a measure of how

closely each structure resembles a “typical” SH3 domain structure.

Most structures have an average pairwise RMSD between 0.8 and

1.0 A. Two structures, the SH3 domain from amphiphydibb9 Table 1. The 30 most conserved positions in the SH3 domain

and the SH3 domain from PI3 kinagkpht, are distinguished by

E?esidues involved in target peptide binding

large loops(Fig. 2). Strikingly, the structural core of each of these g Consensus  Positional
domains remains unaffected even with these large inseldoesage Rank Position residue entropy Rolé
pairwise RMSD of 0.91 and 0.98 A, respectivelJhe structure of 1 51 p 1.3 Binding
the SH3 domain of Eps8 was solved as a novel strand-swapped » 36 W 13 Binding
dimer, but the structural core of the hybrid monomeric domain has 3 48 G 1.4 Structural
an average pairwise RMSD of only 0.88 A. Only the structures of 4 18 L 2.4 Core
Btk (1awx), C-terminal Grb2(1gfc), PLC-y (1hsq, and nebulin 5 23 G 25 B-Turn
(1neb SH3 domains, all solved by NMR, have average pairwise 6 6 A 2.8 Core
RMSD values over 1.0 A. The larger deviations among structures 7 24 D 3.4 B-Tumn
solved by NMR is most likely a result of the lower resolution of 8 10 Y 34 Binding
these structures compared to those solved by X-ray crystallogra- 9 20 F 35 Core
- 39 G 3.8 Core
phy. The average pairwise RMSD between all the structures solved, ; 28 v 3.9 Core
by X-ray crystallography is only 0.7& 0.12 A. Overall, the core 12 50 E 45 Core
structure of the 18 solved SH3 domains examined here is remark-13 26 I 4.7 Core
ably conserved given that sequences of these domains are quitga 37 W 4.7 Core
diverse. 15 55 \% 4.7 Core
16 54 Y 4.9 Binding
17 9 D 5.0 RT-Src
18 17 E 5.2 RT-Src
Side-chain burial in SH3 domains with 19 8 % 5.4 Binding
and without peptide ligand 20 12 A 6.0 RT-Src
To characterize the environment of each position in SH3 domain 21 4; (L3 %.12 BS_tTrLJrC;ural
structures, the side-chain surface solvent accessibility of each po-3 53 N 6.5 Binding
sition was averaged in the 18 structures under examination. Theyy 29 L 6.6 B-Bulge
results are expressed as percent residue bifigl 4F). To quan- 25 4 Vv 6.9 Core
titate the importance of each residue in ligand binding, the differ- 26 35 G 7.3 Binding
ence in residue burial with and without ligand was calculated for 27 5 R 7.6 ?
each position in 17 SH3 domain structur@isese are not all the 28 19 S 8.1 RT-Src
same structures discussed above, see Materials and methatls 29 33 b 8.4 Binding
were solved in the presence of a target peptide. The average change¥ 49 L 8.6 Binding

in surface accessibility of each position in the SH3 domain upon
ligand binding, with standard deviations, are also shown in Fig. 4F. #These are roles determined for these positions as discussed in the text.
It should be noted that in our comparisons of SH3 domain struchi”dhi”g" refers to positions involved in peptide bi”di”IQ' core” are hy-d

. . - P .« drophobic core positions, “RT-Src” are positions involved in conserve
tures s_olved with and W'thOUt_tarQEt peptide, no s_lgplflcant differ interactions in the RT-Src loop, positions designated “structural” appear to
ences in the overall conformation of the SH3 domain in the presencge important in determining the domain structure, but their role is not well

of ligand were seen. Thus, the changes in side-chain accessibiliyefined.
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variability in the increase in burial seen at the seven most conadopt a similar polyproline type Il helical conformation. Con-
served positions involved in ligand interaction, as illustrated by theversely, the less conserved residekie) contact the target pep-
relatively low standard deviations in the average increases in regides in a region where the bound peptide conformations diverge.
idue burial seen at these positioffsig. 4F). Thus, the most con- The almost total conservation seen at thé®land 3@ W), and
served positions that contact ligand are seen to be consistentlgxtremely high conservation at the () position may be ex-
important in ligand binding in all the solved structures. On theplained by their location at the very center of the region contacted
other hand, positions that contact ligand that are not highly conby peptide(Fig. 5A).

served in the sequence alignmé¢a8(R), 14(E), 15(D), 16(E), SH3 domain ligands are pseudosymmetrical and are bound in
33(D), 34(D), and 49L)] also vary a great deal more in their both NH, to COOH (Class ) and a COOH to NH (Class I)
degree of burial upon ligand binding in different structures. TheorientationgFeng et al., 1994; Lim et al., 1984Structural align-
sequence and structural variation at these positions suggest thaent of target peptide sequend€sy. 5B) shows that the binding
they may play a greater role in defining target specificity, as theirmode is the same whether Class | or Class Il targets are bound.
importance in the binding reaction is dependent on the combinahterestingly, the conserved PXXP sequence motif seen in most
tion of SH3 domain and target peptide under examination. ThisSH3 domain ligands does not align structurally in the Class | and
point is illustrated in Figure 5A, which shows an SH3 domain Class Il ligands(Lim et al., 1994. It can also be seen that the
structure and an overlay of SH3 domain target peptides in theipeptide bound by the Src SH3 domain in the structure of the
bound conformations. The residues with positional entropy valuesomplete Src kinas€lfmk) (Xu et al., 1997 overlays well with
below 7.5(red) contact the peptides in a region where they all the other SH3 domain ligands, even though it contains only one
proline residue. Further discussion of specific details of the inter-
action of SH3 domains and target peptides can be found in other
publications(Feng et al., 1994; Lim et al., 1994; Lee et al., 1996;
Lim, 1996; Pisabarro & Serrano, 1996; Arold et al., 1997; Dal-
garno et al., 1997; Sicheri et al., 1997; Xu et al., 1997

The hydrophobic core

The hydrophobic core of a protein is comprised of a group of
hydrophobic side chains that are predominantly inaccessible to
solvent due to their close packing in the interior of the protein.
Because the hydrophobic core is critical for protein stabilior
review, see Dill, 1990 hydrophobic core positions in an alignment
are generally highly conserved and are mostly occupied by hydro-
phobic residuegBashford et al., 1987; Chothia et al., 1998 the

SH3 domain alignment, there are nine positigd$V), 10(Y),
18(L), 20(F), 26(1), 28(V), 37(W), 50(F) and 55V )] that are on
average>85% buried and have an average hydrophobicity-a&f

(Fig. 4C). Analysis of the SH3 domain structures indicates that all
_ of these positions except position (X)) are indeed hydrophobic
B Ps P.yPg|P2 core residues. Position 10) is not considered to be a hydropho-
Class | bic core residue because it contacts ligand and is not packed closely
3bp2 N-P AIYIP with most of the other core residues. Although they do not have
PaL N-P PIR P high average hydrophobicities, th€¢”9 and 39G) positions are
lass II designated as hydrophobic core positions. They are 100% buried in
C3G K Ik |p all SH3 domain structures, they are almost never occupied by polar
msSOS R RIRIP residues, and their side chains make extensive contacts with other
hydrophobic core side chains. Although theUéllposition is highly
Nef M PIR|L buried and hydrophobic in a number of SH3 domains, it cannot be
Sre KALGIQ T considered as part of the conserved hydrophobic core of the do-

Fig. 5. A: Structure of the SH3 domain with bound peptides. The struct remain because it is one of the least conserved positions in our
1g. 2. . uctu n wi u | . uctu . . . .
of the Fyn SH3 domairilshf) is shown with structurally overlaid bound alignment and is often occupied by polar residues. Furthermore, a

(3bp2, lazg(P2L), 1cka(C3G), 1gbg(mS0S, 1efn(Nef), 1fmk (whole domain was found to have only small effects on stability and
Src tyrosine kinasd. Red side chaingesidue identities are those found in  function (Maxwell & Davidson, 1998

the Fyn SH3 domainare at highly conserved positions contacting ligand P i : ;
and blue side chains are at positions that contact ligand in most structures, The 10 positions comprising the hydrophobic core are highly

but display less conservation in the sequence alignment. The ligand stru&onserved in our alignment, with 7 of 10 possessing positional
tures are shown in yellow, and side chains at thepBsition are shown in ~ entropy values between 3 and(%able 1. Two core positions,
green.B: Names and sequences of the structurally aligned bound peptide§(A) and 18L), show considerably greater conservation, each
shown in part A. The sequences are aligned according to their St’“CtU“ﬂisplaying the consensus residu@5% of the time and possessing

superposition. Some sequences are shown in the C- to N-terminal direction __... .
left to right because they bind to SH3 domain in the opposite orientation t ositional entropy values below 3. Because these two positions

the otheri.e., class Il binding The designation of positions in the peptide flank the functionally crucial RT-Src loop, their high degree of
sequences are according to Lim et(@l994. conservation may be a result of a requirement to maintain this
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region in exactly the correct conformation for ligand binding. The binding, but it might play a direct functional role in some cases
4(V) position is considerably less conserved than the other corgvhere the SH3 domain is binding to a whole protein rather than
positions with a positional entropy value of 7. The less stringentust an isolated small peptide as in most of the structures solved to
sequence requirements at this position may be due to its location afate.
the edge of the core on the opposite side of the domain from the Conservation at the 28) position is most likely due to this
peptide binding surface. Examination of the residue frequencies giosition occupying position 1 of a classiebulge in most SH3
the core positions shows that each has defined preferences fdiomain structureéChan et al., 1993 The defining features of the
particular hydrophobic residues. For example, Phe is seen at th@-bulge in the SH3 domain are that the NH atoms of both the
20(F) position 55% of the time with lle seen only 7% of the time, 29(L) and 3QE) positions hydrogen bond to the CO atom of
while at the 26l) position, lle is seen 36% of the time and Phe is the 3§K) position and the CO atom of the @) position hydro-
seen with a frequency of only 6%. In an extensive mutagenesigen bonds to the NH of the 8R) position (Fig. 7). The right-
study performed in our laboratory on the hydrophobic core of thehanded helicakp/iy angles generally seen at the (29 position
Fyn SH3 domain, we have found that substituting positions with(Fig. 6A) are characteristic of position 1 in the clasgibulge. In
amino acids not often seen in the alignment generally results imddition, Leu, lle, and Val are observed most commonly at this
destabilization of the domaifA.A. Di Nardo, S.M. Larson, & position in classig@3-bulges(Chan et al., 1993 and these are the
A.R. Davidson, unpubl. resultsThus, the conservation seen at same three residues that are seen most commonly at ttie 29
core positions appears to reflect constraints on the ways in whiclposition (Fig. 4A). The reason that these particular hydrophobic
hydrophobic residues can stably pack into the SH3 domain coreesidues are favorable in tigbulge is not known, but the SH3
domain could provide a system for investigating this question. It is
. . notable that three out of the five SH3 domain structures that do not
Other conserved hydrophobic positions display the classi@-bulge have large inserts in their N-Src loops
The 7(L) and 29L) positions are both striking in that the average
hydrophobicity of residues occurring at these positions is similar to
hydrophobic core positions and their positional entropy is rela-
tively low, yet neither position is highly buried in either bound or
unbound structuresFig. 4C,B. Interestingly, theg/ys angles at
these two positions lie in the right-handeaehelical region of the
Ramachandran plot in most of the SH3 domain struct{fis 6A).
Both the TL) and 29L) residues lie at positions where an ex-
tended polypeptide chain changes direction. At tkle) position,
B-stranda ends and the change in direction defines the beginning
of the RT-Src loop. The direction change seen at thé 2position
allowsB-strandb to participate in hydrogen bond interactions with
both B-sheets comprising the SH3 domain.

Although the 7L) position is clearly playing a conserved struc-
tural role in that it always lies at a point where the chain changes
direction and its amide hydrogen is always hydrogen bonded to the
carbonyl oxygen of 54Y), the high preference for Leu at this
position is not easily explained. The Leu side chain is invariably
packed against the backbone atoms of théV55and 58 E) and
could sometimes make stabilizing interactions with the side chain
at the 5&E) position. The Leu side chain is also packed quite
closely to the 8Y) side chain and may be important for maintain-
ing the proper conformation of this side chain for peptide binding. B
In general, the @) position is not directly involved in peptide

A -180 180 B -180 180
180 *t, 180 180 180
1 . T
+ 1 s o
B0 , ] I L
[+ %;‘- o ! T " t?_
° T T Fig. 7. Structure of the conservegtbulge at the 2@L) position.A: The
+ . 1 position of the 29L) residue in the structure of the spectrin SH3 domain
-180 -180 -1804 2180 (1shg is shown. The orientation of the molecular here is similar to that in
-180 Phi 180 -180 Phi 180 Figure 1. The sharp change in direction of the polypeptide chain caused by

the B-bulge can be clearly seeB: A close-up view of the8-bulge region
Fig. 6. Phi and psi backbone torsion angles observed in 18 different SHZhows the characteristic hydrogen bonding interactions. For this view, the
domain structures atA) the 7(L) position (circles and 29L) position molecule was rotated approximately 2&J¥ound the y-axis compared to
(crossey and (B) the 23G) (open circleg 45(G) (crosses and 48G) the view inA. Residue identities are those found in this particular domain,
(filled circles) positions. but numbering is according to that used in this work.



SH3 domain sequences and structures 2177

(amphiphysin and PI3-kinagser are dimeric( Eps8 with the do- i + 3 position, while structures with Distal loop lengths of 2
main swap occurring at the N-Src loop. possess types I, Il and’IB-turns with 45G) at thei + 2 position
in the latter two types. In the spectrin SH3 domain, thé&)5
position is occupied by an Asp residue. Substituting this position
Conserved glycine residues and turns with Gly resulted in a considerable stabilization of the domain

Three positions, 2@), 45(G), and 48G), are highly conserved, (Martinez et al., 1998 Interestingly, the Gly substitution actually
and are usually occupied by Gly. The(Z3 position is atthé +2  changed the conformation of theturn from a type It in the
position of the type 1|3-turn preceding3-strandb. Gly is seen at W|Id-type_ structure to a typ_ef in the mu_tant._AIthough the distal
thei + 2 position of most type IB-turns because this position of 00P region of SH3 domains almost invariably adoptg-&n
the turn requires the backbone to adopt a left-handed helical corfonformation, there is considerable flexibility in the typeSefurm
formation in which Gly is most favorableHutchinson & Thorn-  that is observed. In addition, although Gly residues at position 45
ton, 1994. The 23G) position does occupy the left-handed helical &€ ligned in our sequence alignment, they do not always align
region of the Ramachandran plot in 17 out of the 18 SH3 domairStructurally in that the Gly residues can occupy the2 ori + 3
structures, all of which possess the conserved typg-turn  Positions of thes-turn, depending on the type of turn adopted in a
(Fig. 6B). This turn is almost invariably stabilized by a hydrogen Particular structure. _ o -
bond between an Asp or Glu side chain at thé2¥position and The 48G) position is particularly striking because it is one of
the NH of the 21K) position (Fig. 8). The very high degree of the most conserved positions in the SH3 domain, yet it lies in the
conservation seen at the @ and 24D) positions (Table 3 ~ Middle of ag-strand where Gly residues are generally disfavored
suggests that this turn must be very important in the formation 0|(M'”°r, & K|n.1., 1994; sm'th etal., 1994 It ha§ been postulated
maintenance of the SH3 domain structure. Mutagenesis studi¢§at this position requires Gly because any side chain here would
have shown that some substitutions at thé[4position of the  clash with residues in the RT-Src loop, which is close by Borchert
Fyn SH3 domain are very destabiliziri@/laxwell & Davidson, et al. (199_4)_. This explanation may have some validity, but the
1998, and that both positions are important in folding kinetics 48(G) position also always adopts unusufls angles that are
(Grantcharova et al., 1998However, a number of substitutions at More energetically favorable for Gly residu@sg. 68), suggesting
position 24 D) with residues rarely observed in SH3 domaiag.,  that there are some highly conserved features of the SH3 fold
Lys, Thr, and Hi had little effect on in vitro stability or function ~€&using an unusual backbone conformation at this position. We
(Maxwell & Davidson, 1998 suggesting that this position may have found that amlno acid substltutlons.e.tt th(éGl)Spos!tlon |'n .
have some important in vivo role, which is not reflected in in vitro the Fyn SH3 domain greatly reduce stability and peptide binding
assays. The consensus sequence and structure in the region siftivity (A-A. Di Nardo & A.R. Davidson, unpubl. resultsunder-
rounding 23G) and 24D) positions match that of a conserved SCOrNg the importance of this position in SH3 domain structure
local protein motif known as the “diverging type A-turn” (Yi and function. Further studies will be required to elucidate the
et al., 1998, which is consistent with the high frequency of oc- Structural explanation for the importance of the(@g position.
currence of Asp and Glu the PB) position.

The 45G) position, when occupied by Gly, also invariably adopts conserved interactions in the RT-Src loop
the left-handed helical conformati¢Rig. 6B). This position lies in i -
the Distal loop, which adopts/&turn conformation in 17 of the 18  The conformation of the RT-Src loop appears to be stabilized by a
SH3 domain structures. Unlike the typg3Hturn region mentioned number of hlghly_ co_nserved' |nteract|on's. The side chain a't the
above, a variety oB-turn types are seen at the Distal loop. Ten out 9(D) position, which is occupied by Asp in 60% of SH3 domains,
of the 11 SH3 domain structures with Distal loop lengths of 3, 4,makes a hydrogen bond to the NH atom of thekPposition in

or greater display a typef-turn at this position with 465) at the ~ all SH3 domain structureFig. 8. This hydrogen bond is seen
even when the @) position is occupied by Asn or Ser as it is in

the Csk and Lck structures, respectively. The side chain of the
17(D) position, which is Asp or Glu 75% of the time, is hydrogen
bonded to the NH atom of the 1R) position in all SH3 domain
structures. When Tyr occupies the(¥0Q position, an additional
hydrogen bond is formed between Asp or Glu at thel)7osition

and the Tyr side chaifFig. 8). Although the 19S) position is less
conserved than the above-mentioned positions, whenever it is Ser
or Thr (as it is greater than 50% of the time in the alignment and
in nine structurek its side chain forms a hydrogen bond with the
NH atom of the 12A) position. An Asp residue at the 19
position in the structure of the P13-kinase SH3 domain also makes
the same hydrogen bond. The requirement for the formation of a
side chain to backbone NH hydrogen bond to positio@A)2vhen

the 19'S) position is occupied by Ser or Thr is underscored by our
finding through covariation analysi§arson et al., 2000that Ser

and Thr are almost never found at the($Pposition in combina-

Fig. 8. Conserved side chain—-main chain hydrogen bonds in the RT: Srtion with Pro at the 1e) position. The 124) position, another
Iogp and the type I|3-turn. This region in th)é str%cture of the Src SH3 Conserved posm.on in the, RT-Src Igop, 'S, greqter than 75% bur|gd
domain(1fmk) is shown. Residue identities are those found in this partic- ON @verage and is occupied by amino acids with small, neutral side
ular domain, but numbering is according to that used in this work. chains(Pro, Ala, Gly, or Ser greater than 80% of the time. The
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12(A) position is in close contact with the side chains of thé¥10  of the best available subjects for investigation owing to the large
and 171D) positions and is likely involved in maintaining their numbers of SH3 domain sequences and structures available in the
proper conformations. Larger residues at theA)osition would  databases. In this study, by performing a thorough alignment and
result in disruption of the conserved hydrogen bond between thanalysis of a large number of SH3 domain sequences and struc-
17(D) position and the backbon@liscussed aboyeand would tures, we have been able to assign definite roles to most of the
change the orientation of the @) side chain. residues occupying the 30 most conserved positions in the domain
The large number of conserved interactions involving RT-Src(Table 1.
loop positions underscores the importance of this region in medi- The high degree of sequence and structural conservation at cer-
ating the peptide binding activity of the SH3 domain. Although thetain positions in the SH3 domain indicates interactions likely to be
side chains of many conserved residues in this region make mirerucial that were hitherto unrecognized as such. Some examples
imal amounts of contact with peptide, the intramolecular hydrogerare the highly conserved side-chain to main-chain hydrogen bonds
bonds and packing interactions made by these residues may helpito the RT-Src loop and thg-bulge involving the 28L) position.
maintain the RT-Src loop in an optimal conformation for peptide Future experiments can be directed at understanding how these
binding. Alteration of these interactions could have significantconserved interactions and others identified in this work affect the
effects on the affinity or specificity of the binding reaction. stability or activity of the domain. In our own laboratory, the data
accumulated in this study have already proven to be extremely
useful in the design and interpretation of experiments. In studies on
positions 24D) and 41L) of the Fyn SH3 domain and on the
A number of recent studies have examined sequence alignments kydrophobic core of the same domain, we have found a good
identify conserved positions that are crucial for the folding reac-correlation between the stability of site directed mutants and the
tion of the protein in questiofiMichnick & Shakhnovich, 1998; frequency with which the residue substituted occurs at the given
Mirny et al., 1998; Ptitsyn, 1998A high degree of conservation at position in our alignmentMaxwell & Davidson, 1998; A.A.
certain positions whose roles are not obvious from structural exbi Nardo, S.M. Larson, & A.R. Davidson, unpubl. opdn addi-
amination could be explained if they were important for the fold- tion, we used this sequence alignment data to design amino acid
ing reaction. For example, the @8 position is the third most substitutions in an SH3 domain from the yeast Abpl protein that
conserved position in the SH3 domain alignment, yet it does notncreased itsl,,, by 30°C (Rath & Davidson, 2000
directly contact target peptide, nor does it make obvious stabilizing This study has shown that thorough analysis of sequence and
interactions in the domain; thus, one might postulate that it couldstructural alignments can contribute a great deal to the understand-
be crucial for the folding of the SH3 domain. However, mutationsing of the roles of conserved positions in the stability and activity
at this position, though destabilizing, have been shown to have nof a protein. As the sequence and structural databases grow, more
effect on the folding rate of the Src or Fyn SH3 domai@sant-  domains will have as many structures and sequences associated
charova et al., 1998; A.A. Di Nardo & A.R. Davidson, unpubl. with them as does the SH3 domain. Future sequence and structural
obs). On the other hand, the type B-turn, which is highly con-  alignment studies on these domains will provide a crucial source of
served in the sequence alignméne., the 23G) and 24D) po- information for the design and interpretation of experiments in
sitions] and in SH3 domain structures, has been shown to formmany fields of biology.
early in the SH3 domain folding reactioi@Grantcharova et al.,
1998. Interestingly, this region of the _Src SH3 dor_n&raadues Materials and methods
20-26 has been shown to have a high propensity to form the
native turn structure even as an isolated peptidest al., 1998. Alignment assembly
These data indicate that this conserved region may indeed form
part of the folding nucleus. Substitution of residues in the distalAn initial target sequencéyn_chick was used to initiate a PSI-
loop region of both the Src and Spectrin SH3 domains have a largBLAST search(two iterations, default valu¢sf the nonredundant
effect on protein folding kinetic&Grantcharova et al., 1998; Mar- database compilation nrdizurrent as of March 1999; Altschul
tinez et al., 1998 but both the sequence and structural conservaet al., 1997. The set of homologous sequences was retrieved and
tion seen in this region is relatively lofexcept for the 46G) the stretch of residues aligned to the initial target donfiaén, the
position]. Overall, it does not appear that residues crucial for fold-SH3 domain was extracted from each protein sequence. Any re-
ing kinetics of the SH3 domain are particularly highly conserved.dundant sequences in this set of homologues were removed and the
A lack of correlation between the effects of amino acid substitu-remaining sequences were aligned using ClustalW (Thomp-
tions in the Spectrin and Src SH3 domains on folding kindigss ~ son et al., 1994 Secondary structure information from the fyn_chick
quantitated byb-value analysisand amino acid conservation has file (SWISS-PROJ was used to set gap masks. The resulting
been clearly demonstrated in a study specifically examining thisalignment was then manually refined to arrange the alignment into
issue(Plaxco et al., 2000 large, ungapped blocks, with gap insertion favored in the loop
regions. The exact boundaries for each bl@iak, the exact align-
ment of loop residugsvere somewhat arbitrary. However, as the
loop regions were not a focus of this study, any measure of un-
When a single structure of a protein or protein-ligand complex iscertainty due to this arbitrary element in the alignment of loop
examined, evaluation of the energetic or functional importance ofesidues is not significant in the final results. Once the initial
any observed atomic interaction can be difficult. However, exam-alignment was constructed, an all vs. all comparison was used to
ination of structures of many homologues in combination with acalculate the average percent identity of each sequence compared
careful sequence alignment analysis can provide much more dee the rest of the alignment. Using this similarity measure as a
finitive information. In this respect, the SH3 domain provides oneguide, new target sequences were selected and used to initiate new

The role of conserved residues in protein folding
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rounds of sequence gathering and alignment. This iterative process Tashimo, 1996 and renumbered according to the sequence align-

was continued until the result of each homology search producechent numbering to allow comparison of corresponding residues

no new SH3 domain sequences. Sequences with average identitiestween structures. For each structure, the distance between side-

in the range of 15-25%, in the twilight zone of sequence identitychain centers-of-mass of each residue pair was calculated. The

(Vogt et al., 1995 were carefully examined for SH3-like se- center-of-mass of each side chain was calculated by averaging the

guence properties before inclusion into the alignnjerg., correct  vectors from the alpha carbon to each atom of the side dffain

hydrophobic core positions, 8%/)/37(W/hydrophobi¢ signa-  glycine, the G coordinates were usgdSecondary structure pro-

ture, 23G)/45(G)/48(G), 51(P)]. The new sequences at each round files for each structure were calculated using DS8Bbsch &

were added to the alignment, first by using ClustalW, and then bySander, 1983

manually refining to minimize gap sizes. The final alignment was To calculate residue burial in the absence and presence of pep-

again checked thoroughly for redundancy and misalignment.  tide or protein ligand, a different subset of structures was used.
Our initial SH3 domain alignment contained 370 sequences, buFourteen peptide-bound SH3 domain structiedo, 1azg, 1cka,

to decrease sequence bias a smaller 266 sequence alignment tthakb, 1fyn, 1gbq, 1nlo, 1nlp, 1prm, 1qwe, 1qwf, 1rlg, 1sem, 3gbqg

had been reduced to 90% redundaricg., no two sequences are one protein-bound SH3 domain structgiefn), and two complete

more than 90% identical; see Holm & Sander, 19@@s used in  kinase structure¢lad5, 1fmK were analyzed. Percent burial for

all analyses. Comparisons of weighted residue frequencies froraach residue was calculated using the Environments pra@awie

the 370 sequence and 266 sequence alignments showed an averagel., 1991 for both the complete structurg.e., with peptide,

absolute change of only 0.35%, indicating that no information wasprotein, or the whole kinageand the SH3 domain alonghese

lost in this reduction. The complete set of 266 sequences used istructure files were created by simply deleting all atoms except

this study is included in Supplementary material in the Electronicthose in the SH3 domajn

Appendix.

ighti Supplementary material in the Electronic Appendix
Sequence weighting pPp Yy pp

The electronic supplementary material consists of one file, named

) . ) S sh3.ali, containing all 266 sequences included in the SH3 domain
which downweights sequences according to how similar they an?ﬁlignment analyzed in this work. The other file, named sh3.frq
in comparison to the rest of the alignmemhtenikoff & Henikoff, ' '

. . contains the weighted frequencies of occurrence of each amino
1994. These sequence weights were used to calculate Welghte§0

. - o . . cid at each position in the alignment. These files are saved as tab
residue frequencies at each position in the alignment. The weighted_. -

. . . elimited text.
residue frequencies were used in all analyses to reduce the effects
of sequence bias.

The sequence alignment was weighted by the Henikoff algorithm
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