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ABSTRACT Recent studies of several proteins implied that the folding of b-proteins may follow a nonhierarchical mechanism in
which two major transitions are essential, i.e., the collapse of a random coil to form a nonnative helical intermediate, followed by a
transformation into the native b-structure. We report that the first hNck2 SH3 domain, assuming an all-b barrel in the native form,
can be reversibly transformed into a stable and nonnative helical state by acid-unfolding. We also conducted extensive NMR and
mutagenesis studies that led to two striking findings: 1), NMRanalysis reveals that in the helical state formed at pH 2.0, the first and
last b-strands in the native form become unstructured, whereas the rest is surprisingly converted into two highly populated helices
with a significantly limited backbone motion; and 2), a conserved four-residue sequence is identified on the second b-strand, a
mutation of which suddenly renders the SH3 domain into a helical state even at pH 6.5, with NMR conformational and dynamic
properties highly similar to thoseof thewild-type at pH2.0. This observation implies that the regionmight contribute key interactions
to disrupt the helical state, and to facilitate a further transformation into the native SH3 fold in the second transition.

INTRODUCTION

Many proteins fold into unique three-dimensional structures

composed of spatially organized polypeptide fragments that

assume different secondary structures, including the a-helix,
b-sheet, reverse turns, and loops. Some proteins were found to

fold into their native states via intermediates, and in particular,

the partially folded states termed ‘‘molten globule’’were studied

extensively (1–10).Manymodels for protein-folding emphasize

the hierarchical formation of the native-like substructures during

the folding process. On the other hand, recent studies of several

proteins, and particularly b-lactoglobulin, implied that the

folding of b-proteins may follow a nonhierarchical mechanism

in which two major transitions are essential to reach the final

native b-structure. More specifically, the first transition is in-

volved in the collapse of the random-coil-like polypeptide chain

into a nonnative helical intermediate mainly specified by local

interactions, whereas the second transition is associated with

transformation into the native b-structure, with the helical con-
formation disrupted by long-range interactions (11–17). How-

ever, the conformational and dynamic properties of such

nonnative helical states remain poorly understood. Moreover,

the sequence determinants for transforming the helical inter-

mediate into the native b-structure have not been identified.
To date, more than 4,000 SH3modular domains have been

identified in a variety of organisms. The SH3 domains, con-

taining ;60 residues and no disulfide bridge, play a critical

role in transmitting as well as integrating cellular signals,

mainly by binding to proline-rich short motifs (18–20).

Structurally, all SH3 domains share a common b-barrel fold
comprising five b-stands, which are organized into two

b-sheets. One consists of the last and first b-strands plus the
first half of the secondb-strand,whereas the other contains the
second half of the secondb-strand, together with the third and
fourth b-strands. The second b-strand seems to play a critical

role in coordinating the two b-sheets together, to form the

well-known SH3 fold (Fig. 1 a).
The 380-residue adaptor protein Nck2 is composed of three

SH3 domains and one C-terminal SH2 domain. In vivo, it

functions to coordinate the signaling networks critical for the

organization of the actin cytoskeleton, cell movement, or axon

guidance, by connecting cellular surface receptors down to the

multiple intracellular signaling networks in a ‘‘Tyr(P)/ SH2/

SH3 / effector’’ manner (21,22). The NMR structure of the

first Nck2 SH3 domain was previously determined (23), and we

determined the structures of the second and third SH3 domains

aswell as the SH2 domain (20,22). Because the SH3 domain has

a small all-b fold and contains no disulfide bridge, we are using

it as a model system for investigating the folding mechanism of

b-proteins. Unexpectedly, we discovered, without needing to

introduce any cosolvent or stabilizer, that the wild-type form

of the first Nck2 SH3 domain could be reversibly converted into

a stable helical state at equilibrium at pH 2.0, as detected by

circular dichroismCD spectroscopy. To acquire further insights,

we conducted extensive CD and NMR investigations, and the

results not only offered an NMR conformational and dynamic

view of this nonnative helical state, but also led to the further

identification of a four-residue sequence that appears to play a

key role in transforming the helical state into the native SH3

fold. When we started preparing the present manuscript, a study

was published demonstrating that a nonnative helical inter-

mediate was also populated in the kinetic refolding of the Src

SH3 domain (24). Another article from the same group showed
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that the Ala45-Gly mutant of the Src SH3 domain could also

form a stable helical intermediate at equilibrium, as indicated

by CD, fluorescence, and x-ray scattering (25).

MATERIALS AND METHODS

Secondary structure prediction

Six computational programs were used to predict the secondary structure of

the first hNck2 SH3 domain, i.e., GOR4 (26), PHD (27), Predator (28),

SIMPA96 (29), Helix2 (30,31), and AGADIR (32,33).

Cloning, expression, and purification

To achieve high-level protein expression, the DNA fragment encoding the

first hNck2 SH3 domain with Escherichia coli-preferred codons was ob-

tained by a polymerase chain reaction-based de novo gene synthesis ap-

proach, as previously described (8,20), and subsequently cloned into pET32a

vector (Novagen, Singapore). Similarly, the DNA fragment for the SH3 do-

main carrying four-residue Ala-mutations over residues Lue25-Trp26-Leu27-

Leu28 (designated 4AlaMut) was synthesized by the same approach, except

that the two middle primers were replaced by those with the mutations.

The recombinant SH3 domains were overexpressed in E. coli strain BL21

cells. Briefly, the cells were cultured at 37�C to reach an optical density at 600

nm of 0.4, and then isopropyl b-D-1-thiogalactopyranoside was added to a

final concentration of 0.4 mM to induce the expression of the recombinant

protein overnight at 20�C. However, probably because of the partial folding,

the expression level of the recombinant 4AlaMut was much lower than that of

the wild-type. The recombinant wild-type and 4AlaMut were first purified by a

Ni21-agrose (Qiagen, Singapore) affinity column under native conditions, as

recommended by Qiagen, followed by direct high-performance liquid chro-

matography purifications on an RP-18 column (Vydac, Illinois). The HPLC-

purified fractions were lyophilized for further CD and NMR experiments.

For NMR isotope labeling, recombinant proteins were prepared by growing

the cells in M9 medium with additions of (15NH4)2SO4 for
15N labeling, and

(15NH4)2SO4 and [13C]-glucose for double-labeling, respectively (20). The

identities of proteins were verified by matrix assisted laser desorption/ioniza-

tion time-of-flight mass spectrometry.

CD and NMR experiments

All CD measurements were conducted on a Jasco J-810 spectropolarimeter

(JASCO, Easton, MD) equipped with a thermal controller, using a 1-mm

path-length cuvette with 0.1-nm spectral resolution. Far-ultraviolet (UV)

spectra were recorded in the range of 190–260 nm at different pH values, and

data from three independent scans were added and averaged. The sample

concentrations for far-UV CD measurements ranged from 5–100 mM in

5 mM phosphate buffer. The secondary structure was analyzed by the CDPro

software package (http://lamar.colostate.edu/;sreeram/CDPro).

The NMR samples for both the wild-type and 4AlaMut were prepared by

dissolving the protein powders into 5 mM phosphate buffer, with a final pH of

6.5. The wild-type samples at pH 2.0 were obtained by adding diluted hydro-

chloric acid. All these samples were concentrated to desired concentrations by

Centricon (Millipore, Singapore), with a 3-kDa threshold. All NMR experi-

ments were performed on an 800-MHz Bruker Avance spectrometer (Bruker

BioSpin GmbH, Rheinstetten, Germany) equipped with pulse-field gradient

units at 278K, as describedpreviously (20,34). For thewild-type at pH6.5, only

a pair of triple-resonance experiments HNCACB and CBCA(CO)NH was

acquired for the sequential assignment. For the wild-type at pH 2.0, extensive

NMRdatawere collected, including two-dimensional 1H-TOCSYandNOESY

(mixing times of 250 ms and 350 ms), and three-dimensional heteronuclear
1H-15N HSQC (heteronuclear single quantum coherence)-TOCSY (total corre-

lation spectroscopy), HSQC-NOESY (nuclear Overhauser enhancement Spec-

troscopy), HNCACB (interresidual correlations), CBCA(CO)NH (interresidual

correlations), HCCH (interresidual correlations)-TOCSY, andHCCH-NOESY.All

above-mentioned data were collected for 4AlaMut, except in the triple-resonance

experiments. To assesswhether significant aggregation existed,HSQCspectrawere

also collected, in a series of protein concentrations ranging from 50–1,000 mM.

The NMR 15N-relaxation data were collected using the same 800 MHz

Bruker Avance spectrometer for the wild-type at both pH 6.5 and 2.0, and for

4AlaMut at pH 6.5 by the method previously described (20,35). The 15N T1
values for the wild-type at pH 6.5 were obtained by fitting HSQC spectra re-

corded with relaxation delays of 10, 400, 100, 300, 200, 350, and 250 ms,

whereas 15N T2 values were recordedwith relaxation delays of 10, 30, 45, 60, 75,

90, and 150ms. For thewild-type at pH 2.0, relaxation delays for 15NT1were 10,
700, 100, 600, 200, 500, 300, and 400 ms; and for 15N T2, 10, 60, 100, 130, 160,

200, 230, and 260 ms. For 4AlaMut, the relaxation delays for 15N T1 were 10,

350, 50, 300, 100, 400, and 200ms, whereas for 15NT2, theywere 10, 30, 60, 90,
120, 140, and 160 ms. The f1Hg-15N steady-state NOEs were obtained by re-

cording spectra with and without 1H presaturation at a duration of 3 s, plus a

relaxation delay of 6 s at 800 MHz. Spectra processing and analysis were per-

formed usingNMRpipe (36) andNMRview (37) software. The structural models

in Fig. 7 were generated by the graphic software Pymol (www.pymol.org). The

native NMR structures of the first hNck2 and Src SH3 domains were obtained

from the Protein Data Bank, with codes of 2B86 and 1SRL, respectively.

RESULTS

Bioinformatics and CD characterization

Previously, a high-resolution NMR structure was reported for

the first human Nck2 SH3 domain (23), which unambiguously

FIGURE 1 Bioinformatics analysis of secondary structures. (a) Three-

dimensional structure of first hNck2 SH3 domain determined by NMR

spectroscopy (23). (b) Secondary-structure prediction of first hNck2 SH3

domain by computational programs GOR4, PHD, Predator, and SIMPA96.

e, b-strand; h, helix; c, random coil. The four residues ‘‘LWLL’’ identified

here are highlighted in gray. (c) Bar plots for secondary structure contents, as

predicted by GOR4, PHD, Predator, and SIMPA96.
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showed that it adopts the classic all-b fold common to all SH3

domains (Fig. 1 a). On the other hand, as seen in Fig. 1, b and c,
prediction of its secondary structures by several computational

programs, including GOR4 (26), PHD (27), Predator (28), and

SHIMPA96 (29), suggested that a large portion of the SH3

domain possessed a high intrinsic propensity to form helical

conformations. In particular, the results of GOR4 and Predator

indicated that the SH3 domain had an even higher percentage of

helix than did the b-sheet (Fig. 1 c). However, because these
programs predict protein secondary structure with the incor-

poration of empirical information including the tertiary struc-

ture from the Protein Data Bank (24), we used Helix2, which

implements the Lifson-Roig helix-coil transition theory and

only uses the interaction between adjacent residues (24,30,31).

The results also showed that the SH3 domain contained a 21%

helix fraction. However, the prediction by AGADIR (32,33)

only yielded 2.2% and 1.1% helix fractions at pH 6.5 and 2.0,

respectively. In general, it is widely accepted that helix for-

mation is mainly driven by local interactions (30–33), whereas

b-sheet formation largely depends on long-range interactions

and thus is context-dependent (38,39). As such, the observed

inconsistency between the NMR structure and prediction re-

sults inspired us to speculate that at least for the first hNck2 SH3

domain, the formation of the all-b SH3 native fold might be

extensively driven by specific long-range interactions, which

also function to override the intrinsic helix-formation propen-

sity. Therefore, destabilization of the tertiary packing would

trigger a conversion of the all-b SH3 fold into a helical state.

As shown in Fig. 2, at pH 6.5, the wild-type SH3 domain

had a far-UV CD spectrum with some unique characteristics

(40). The large negative signal at 203 nm and the positive

signal at 227 nm suggest the presence of some polyproline II

structure in the native state of the protein, although there is

only one proline residue in the SH3 domain. Although all

SH3 domains have the same three-dimensional fold, they

have diverse far-UV CD spectra and dynamic properties, as

previously documented (20,41). The origin of these unique

properties is not well-understood, and somemight result from

the existence of the very long (.10 residues) and unique RT-

loop in all SH3 domains, which adopts no regular secondary

structure, but makes extensive tertiary contacts with other

parts of the SH domains (20). By contrast, it appeared that at

pH 2.0, the SH3 domain switched into a partially folded state

containing some residual helical conformation. Analysis of

the CD spectrum by different programs gave variable sec-

ondary-structure fractions: 15% helix, 35% turn/strand, and

5% random coil by CONTINLL; 12% helix, 46% turn/strand,

and 42% random coil by SELCON3; and 5% helix, 59% turn/

strand, and 36% random coil by CDSSTR (42). Furthermore,

the fraction of helix was estimated at;11% by assuming the

coexistence of the helix and random coil (24). Detailed CD

investigations also revealed that the pH-induced conforma-

tional change was reversible, with the transition occurring

from pH 4 to 2, as monitored at 222 nm (Fig. 2, inset).
We subsequently conducted extensive NMR studies. The

results confirmed (consistent with the CD observations) that

the first Nck2 SH3 domain switched into a highly populated

helical state at pH 2.0. This result raised the question of

whether a sequence region could be identified in the first

hNck2 SH3 domain that was critical for transforming the

helical state into the native SH3 fold. In other words, mutation

of this region would be anticipated to trap the SH3 domain

permanently in the helical state. To address this question, we

aligned a large number of SH3 sequences selected from all

subfamilies, and the results led to the identification of a four-

residue region, Leu25-Trp26-Leu27-Leu28, on the second

b-strand (Fig. 1 b, boxes). Three of these residues were highly
conserved in the majority of sequences (Fig. S1 in Supple-

mentary Material, Data S1). Further prediction of secondary

structures of a variety of SH3 sequences by different programs

also showed that this short region always formed a b-strand
(data not shown). Therefore, we experimentally constructed a

mutant with these four residues replaced by Ala residues.

Surprisingly, as seen in Fig. 2, the 4AlaMut protein had very

similar CD spectra at pH values of 6.5 and 2.0, revealing that it

completely lost the ability to undergo the pH-induced con-

formational changes observed in the wild-type SH3 domain.

Importantly, even at pH 6.5, 4AlaMut had a far-UV CD

spectrum similar to that of the wild-type at pH 2.0, indicating

that 4AlaMut formed a partially folded state bearing a similar

fraction of the helical conformation even at a neutral pH.

Far-UV CD spectra were also acquired at different protein

concentrations ranging from 5–100 mM for the wild-type and

4AlaMut. Superimposition of the spectra showed that they

were concentration-independent, indicating that no signifi-

cant aggregation occurs under these concentrations.

NMR characterization

Isotope-labeled recombinant wild-type hNck2 SH3 and

4AlaMut were prepared for a detailed characterization by

FIGURE 2 Far-UV CD characterization of first hNck2 SH3 domain: far-

UV CD spectra for wild-type at pH 6.5 (black), wild-type at pH 2.0 (gray),

4AlaMut at pH 6.5 (dotted line), and 4AlaMut at pH 2.0 (dashed line).

(Inset) The pH-induced conformational changes of the wild-type as mon-

itored by ellipticity at 222 nm.
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NMR. No significant changes in crosspeak width and posi-

tion were detected in their HSQC spectra, acquired at dif-

ferent concentrations (50–1,000 mM), indicating that the

protein is monomeric under these experimental conditions.

Analysis of the triple-resonance NMR spectra led to suc-

cessful sequential assignments for the wild-type SH3 domain

at both pH 6.5 and 2.0 (Table S2 in Data S1). As shown in

Fig. 3 a, the wild-type SH3 domain had an HSQC spectrum

typical of a well-folded b-protein, with spectral dispersions

of ;2.7 ppm for the amide 1H and ;22 ppm for the 15N

dimensions. By contrast, the HSQC spectral dispersion was

significantly reduced (;0.9 ppm for the amide 1H, and ;18

ppm for 15N) for the wild-type at pH 2.0 (Fig. 3 b), and for

4AlaMut at pH 6.5 (Fig. 3 c), indicating that their tight ter-

tiary packing was severely disrupted. Thus, they are only

partially folded or unfolded under these experimental con-

ditions. For comparison, we downloaded the chemical shift

deposit (BMRB accession number 6854) previously used for

the structural determination of the first hNck2 SH3 domain (23).

Although our hNck2 SH3 construct is four residues shorter at

the N-terminus and one residue longer at the C-terminus, the

Ca and Cb chemical shifts of the majority of residues at pH

6.5 obtained here are almost identical to those previously

deposited, indicating that at pH 6.5, the first hNck2 SH3

domain we studied here adopts the same solution structure as

previously determined (23). Because NMR chemical-shift de-

viations from those expected for random coils (Dd ¼ dobs �
dcoil) are very sensitive indicators of protein secondary

structure (43–46), we calculated Ca and Ha chemical-shift

deviations from the random-coil values previously reported

(43,44). As clearly indicated by the Ca deviation (Fig. 4 a),
the wild-type SH3 domain had a b-like secondary structure at
pH 6.5, but surprisingly, upon lowering the pH value to 2.0, it

switched into a helical conformation. More specifically, it

appeared that this b-to-helix transition occurred over the

majority of the RT-loop, i.e., the second and third b-strands.
The large Ha deviations in Fig. 4 b confirmed the formation

of highly populated helical fragments with a similar pattern in

both the wild-type at pH 2.0 and 4AlaMut at pH 6.5.

The NMR conformational shift was extensively used to

estimate the population of the secondary structure in partially

folded peptides and proteins (47,48). Recently, it was shown

FIGURE 3 The 1H-15N NMRHSQC spectra for different forms of first hNck2 SH3 domain. (a) Wild-type at pH 6.5. (b) Wild-type at pH 2.0. (c) 4AlaMut at

pH 6.5. All spectra were acquired on an 800-MHz NMR spectrometer at 278 K. Sequential assignments were labeled for all spectra.
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that conformational shifts of amino acids were highly de-

pendent on the extent of solvent exposure (46). Statistically,

the chemical-shift deviations of residues exposed to solvent

are smaller than those of buried residues in the same sec-

ondary structure. As judged according to their narrow HSQC

dispersions, both the wild-type SH3 domain at pH 2.0 and

4AlaMut at pH 6.5 lacked tight tertiary packing, and as a

result, the majority of residues were anticipated to be exposed

to the bulk solvent. Therefore, it is reasonable to use average

chemical shifts for the exposed helix residues (46) as a ref-

FIGURE 4 Chemical-shift deviations and helix populations. (a) Bar plot of Ca chemical-shift deviations from their random-coil values for wild-type at pH

6.5 (gray) and pH 2.0 (black). (b) Bar plot of Ha chemical-shift deviations for wild-type at pH 2.0 (black) and 4AlaMut at pH 6.5 (gray). (c) Ratio (3 100)

between Ha deviations of wild-type at pH 2.0 (black), 4AlaMut at pH 6.5 (gray), and fully folded but exposed helix residues previously reported (50). Black

box indicates mutation region. Secondary-structure fragments are also indicated.
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erence for the fully formed but exposed helix. In this regard, by

assuming a two-state (random coil and helix) folding model,

the helix populations can be approximately represented by the

ratio between the chemical-shift deviations observed for the

two SH3 forms and those for the fully folded but exposed helix

residues previously reported (46). As seen in Fig. 4 c, similar

helical conformations were populated in the wild-type at pH

2.0 and in 4AlaMut at pH 6.5, except that in 4AlaMut, the

helix populations of residues close to the mutation sites were

lower than those of corresponding residues in the wild-type at

pH 2.0. For the wild-type at pH 2.0, ;70% of the residues

showed.50% populated helical conformation, and more than

half of the residues had.70%populated helical conformation.

Interestingly, residues Ser31, Trp35, and Arg36 had conforma-

tional shifts even higher than those calculated from the average

chemical shifts expected for the exposed but fully folded helix.

These results imply that, except for the N-termini and C-ter-

mini, helical conformations are highly populated in both the

wild-type at pH 2.0 and 4AlaMut at pH 6.5.

Consistent with the chemical shift-based analysis, the

NOE patterns defining secondary structures (49) again sup-

port the notion that helical conformations with a similar

pattern were populated in the wild-type at pH 2.0 as well as in

4AlaMut at pH 6.5. In more detail, as judged according to the

characteristic NOE connectivities in Fig. 5 such as daN (i, i1
2), daN (i, i1 3), daN (i, i1 4), and dNN (i, i1 2), it appears

that in the two nonnative helical states, the N-termini and

C-termini were unstructured, whereas the remaining regions

were transformed into two helices linked by a less structured

loop over residues Leu28-Asp29-Asp30. However, as judged

according to the daN (i, i 1 2) NOEs and the very limited

numbers of daN (i, i 1 4) NOEs, the helices observed here

might be mainly 310-helices, which are rarely seen in native

proteins but are regarded as a dynamic helix form existing in

partially folded proteins.

NMR 15N backbone relaxation

The 15N NMR backbone relaxation data provide valuable

information about the dynamics of the local environment of a

protein on the picosecond-to-nanosecond timescale (35,50).

In particular, the f1Hg-15N heteronuclear steady-state NOE

(hNOE) provides a measure of the backbone flexibility. In-

terestingly, in a large number of SH3 domains, including the

second and third Nck2 SH3 domains we studied previously

(20), no regular secondary structure could be identified over

the unique and long RT-loops, although they had extensive

NOE connectivities with other parts of the molecules. As

such, the loop residues still have highly limited backbone

motions and, consequently, relatively high hNOE values. As

seen in Fig. 6 a, except for the N-terminal residue Val1, the

C-terminal residue Asn56, and Thr33 at the tip of the Src-loop,

the wild-type SH3 domain at pH 6.5 uniformly had hNOE

values .0.7, with about half of them .0.8, indicating that it

adopted a well-folded structure at neutral pH. However, some

residues at the tips of the RT-loop (Trp7-Lys21) and Src-loop

(Asp29-Arg36) yielded slightly lower hNOE values, indicat-

ing that they had less limited backbone motions. By contrast,

the hNOE values were significantly reduced for the wild-type

at pH 2.0 and for 4AlaMut at pH 6.5, indicating that they

acquired more freedom in backbone motions upon becoming

partially folded.More specifically, for the wild-type at pH 2.0

and 4AlaMut at pH 6.5, the N-terminal and C-terminal resi-

dues had lower hNOE values, whereas the residues over two

helices had higher hNOE values, with the majority.0.5 and

some even .0.6, suggesting that the two helical fragments

retained significantly limited backbone motions. Notably, the

differences in hNOE values between helical and nonstruc-

tured regions are relatively small, implying that nonstruc-

tured regions are not random-coil with full freedom in

backbone motions. Moreover, the T2 values also indicated

similar patterns in which the residues located on two helical

fragments had lower values than the N-terminal and C-ter-

minal residues (Fig. 6 c). In 4AlaMut at pH 6.5, the T2 values
for the residues over and close to the mutation region were

larger than those of the corresponding residues in the wild-

type at pH 2.0. On the other hand, for both the wild-type at

pH 2.0 and 4AlaMut at pH 6.5, no uniform shortening of T2
values was observed, and the majority of their residues had

T2 values larger than the corresponding residues of the wild-
type at pH 6.5, implying that no significant aggregation ex-

isted in the two helical states under the conditions used for the

NMR investigations here.

DISCUSSION

Previously, mainly based on studies of b-lactoglobulin, a
nonhierarchical mechanism had been proposed for the fold-

FIGURE 5 Characteristic NOEs defining secondary-structure NOE con-

nectivities identified for (a) wild-type at pH 2.0 and (b) 4AlaMut at pH 6.5.

Plots were generated by CYANA 2.1 (Güntert, riken, Wako, Saitama, Japan).
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FIGURE 6 The 15N NMR back-

bone relaxation data for wild-type at

pH 6.5 (yellow), wild-type at pH 2.0

(blue), and 4AlaMut at pH 6.5 (red).

(a) f1Hg-15N steady-state NOE inten-

sities. (b) 15N T1 (longitudinal) relax-

ation times. (c) 15N T2 (transverse)

relaxation times. All NMR experi-

ments used for deriving these data

were recorded at 278 K on an 800-

MHz Bruker Avance NMR spectrom-

eter. Mutation region is enclosed in

red, and secondary-structure frag-

ments are indicated.
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ing of b-proteins. In this mechanism, a nonnative helical

intermediate is first formed from the collapse of a random

coil, as driven by local interactions (11–17). The formation of

this kind of nonnative helical intermediate is thought to be

advantageous because it serves as a landmark to restrict the

folding route, favoring further transformation into the native

b-sheet structure, which is difficult to access kinetically (17).
However, to date, the detailed conformational and dynamic

properties for this sort of nonnative helical states are poorly

documented.

In this study, the discovery that the wild-type form of the

first hNck2 SH3 domain can be reversibly converted into a

stable helical state at pH 2.0 offered an opportunity to in-

vestigate this sort of nonnative helical states at equilibrium by

multidimensional NMR spectroscopy. The NMR parameters,

such as chemical-shift deviations and NOE patterns, pro-

vided residue-specific evidence that the wild-type SH3 do-

main did switch into a highly populated two-helix state at pH

2.0. In this state, the first and last b-strands became highly

unstructured, whereas the RT-loop, together with the second

b-strand, was converted into the N-helix, and the third and

fourth b-strands switched into the C-helix. The 15N NMR

backbone relaxation data further indicate that despite being

partially folded, the residues on the two helices retain sig-

nificantly limited backbone motions. Interestingly, a previ-

ous NMR study identified an ;50% populated helical

conformation formed over N-terminal residues 4–14 of the

a-spectrin SH3 domain (51). Here we speculate that the dif-

ference between the a-spectrin and Nck2 SH3 domains might

mainly arise from their differential intrinsic properties for

secondary-structure formation.

Regarding the nonhierarchical mechanism of b-protein
folding, one of the most challenging tasks is to understand

what sequence determinants specify the second transition, in

which local and long-range interactions must interplay prop-

erly to disrupt the helical conformation and simultaneously

facilitate the formation of the final b-structure. To address this
issue, we performed a bioinformatics study, and succeeded in

identifying a four-residue region on the second strand which

has a high intrinsic propensity to form a b-strand. Indeed,
mutation of these residues to Ala causes the SH3 domain to

form a helical state even at pH 6.5. Moreover, extensive NMR

studies demonstrated that the NMR conformational and dy-

namic properties of this mutant are highly similar to those of

the wild-type SH3 domain at pH 2.0. This observation has two

implications: 1), The formation of the nonnative helical state at

pH 2.0 is unlikely to result from the specific effect imposed by

the pH change. Instead, it is highly likely that acid unfolding

nonspecifically destabilizes or disrupts the long-range inter-

actions. Consequently, the intrinsic helix-formation propensity

is released to drive the formation of the nonnative helical

conformation observed at pH 2.0. 2), The four-residue region

Leu25-Trp26-Leu27-Leu28 appears to play no significant role in

the first transition, i.e., the formation of the helical state, be-

cause its mutation still allows the correct formation of the

helical conformation, highly similar to that of the wild-type at

pH 2.0. However, these residues are essential for the second

transition, to disrupt the helical conformation or to facilitate the

formation of the final all-b SH3 fold by stabilizing the native

b-structure. Moreover, our results highlight the complexity of

the interplay between local and long-range interactions in

specifying protein secondary and tertiary structures, consistent

with a recent report that only a 12% sequence difference is able

to switch a protein from a full-helical structure to an a/b fold

with completely distinctive secondary and tertiary structures

(52). Because the conformation of the two helical states de-

termined here has no obvious similarity to the native all-b SH3

fold, it is challenging to speculate about the detailed mecha-

nism underlying the second transition. However, examination

of the native structure of the first hNck2 SH3 domain indicates

that the four residues on the second b-strand have extensive

long-range contacts with residues on other b-strands. A very

interesting picture emerges with the inclusion of recently

published results that mutating Ala45 to Gly would cause the

Src SH3 domain to form a stable helical intermediate at pH 3.0

(25). As seen in Fig. 7, in both the hNck2 and Src SH3 do-

mains, a tertiary hydrophobic core is formed among the side

chains of the residues corresponding to the four residues

identified in our Nck2 SH3 domain and Ala45 found in the Src

SH3 domain. This strongly implies that the establishment of

tertiary packing might represent a key step in the second

transition. The tertiary packing core may serve to disrupt the

helical conformation in the nonnative intermediate, and to

direct the specific formation and assembly of the unique and

complex SH3 fold. It will be of significant interest to map out

which residues are involved in the formation of the tertiary

core in the first hNck2 SH domain.

FIGURE 7 Tertiary packing cores in Src and first hNck2 SH3 domains.

(a) Sequence alignment between Src and first hNck2 SH3 domains. (b)

Tertiary packing cores in first hNck2 SH3 domain formed by residues Leu25-

Trp26-Leu27-Leu28 (yellow) identified in present study and Val37 (red),

corresponding to Ala45 reported previously (25). (c) Tertiary packing cores

in Src SH3 domain formed by residues Ala45 (red) and Leu32-Gln33-Ile34-

Val35 (yellow), corresponding to Leu25-Trp26-Leu27-Leu28 in first Nck2 SH3

domain.
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The current results may also have implications in under-

standing protein misfolding-related diseases, such as prion

disease and Alzheimer’s disease (53,54). For these diseases,

the core mechanisms are associated with a-to-b conforma-

tion transitions. Previously it was found that for some protein

fragments, one sequence is able to assume two distinctive

secondary structures (hence termed the ‘‘chameleon se-

quence’’) (55). Given our observation that the uniquely de-

fined all-b SH3 fold shared by more than 4000 sequences can

highly populate a nonnative helical conformation, it is likely

that the existence of the chameleon sequences has more

profound connotations than previously recognized. This is in

agreement with the recent conclusion that most proteins, if

not all, can be converted to amyloid fibers under proper

conditions, regardless of their native structures (53–55).
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