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ABSTRACT: Secondary chemical shift analysis has been used to characterize the unfolded state of acid-
denatured c-src SH3. Even though native c-src SH3 adopts an all-β fold, we found evidence of transient
helicity in regions corresponding to native loops. In particular, residues 40-46, connecting the n-src loop to
the third β-strand, exhibited an apparent helicity of nearly 45%. Furthermore, the RT loop and the diverging
turn appeared to adopt non-native-like helical conformations. Interestingly, none of the residues found in
transient helical conformations exhibited significant φ-values [Riddle, D. S., et al. (1999) Nat. Struct. Biol. 6,
1016-1024]. This indicated that the transient helicity has no influence or only a weak influence on the actual
protein folding reaction. The residual structural propensities were compared to those of other SH3 domains,
revealing heterogeneity in the unfolded ensemble that clearly contrasts with the conserved character of the
topology of native state and transition state ensembles typical for SH3 domains.

The protein folding problem has occupied many scientists for
several decades. It is widely accepted that studies of the ensemble
of unfolded structures may assist in the characterization of the
protein folding reaction (1). Detailed studies include the char-
acterization of the unfolded ensembles of apomyoglobin, ACBP,
Im7, or protein L (2-5). All four proteins consistently exhibit
locally constrained regions within the unfolded ensembles. The
transiently populated structures clearly resemble early folding
intermediates or transition state ensembles. However, the current
research is strongly biased toward unfolded ensembles of helical
proteins or mixed R/β proteins. This might obscure the general
portrayal of unfolded ensembles.Hence, we aimed to examine the
ensemble of unfolded structures of an all-β protein at a residue-
specific level. As a model system, we have chosen to analyze the
secondary structural propensities of the unfolded state of c-src
SH3.1

Src homology 3 domains (SH3) are small domains of ∼50-
70 amino acids specialized in promoting protein-protein inter-
actions. Even though they exhibit a very low degree of sequence
homology (6), they reliably show the same fold topology, a
sandwich structure of two small orthogonal three-strand β-sheets
packed against each other (see the inset of Figure 1b). The
β-strands are connected by four characteristic loops termed
(a) the RT loop, (b) the diverging turn, (c) the n-src loop, and
(d) the distal hairpin (7). Several variants, such as the spectrin,
fyn, and c-src SH3 domains, have been subjected to extensive
studies that aimed to characterize the folding pathways and their

respective transition states (8-10). Despite their low degree of
sequence homology of <30-40%, these SH3 domains display a
highly conserved transition state ensemble (TSE), which appears
to be localized in the RT loop and the second half of the protein.
c-src SH3 has the most localized TSE of this group, and residues
with large φ-values such as E30, V35, A45, S47, L48, T50, T53,
and I56 all reside in the second half of the primary sequence (8).

In contrast to the highly conserved topology, SH3 domains do
exhibit a wide range of backbone dynamics and stability profiles.
Slow local and global unfolding has been characterized for a large
set of SH3 domains, which revealed diverse and sequence-
independent partial unfolding reactions (11). The overall stability
of the SH3 fold can also vary remarkably. The N-terminal SH3
domain of the Drosophila signal transduction protein drk (drkN
SH3) domain provides an excellent model for the examination of
the unfolded state under physiological conditions (12-14). Con-
vincing evidence exists that drkN SH3 forms local native-like
structure in the region corresponding to the last two β-strands.
Interestingly, local non-native secondary structure propensity in
the regions corresponding to the RT loop could also be
detected (13).

The folding reaction of c-src SH3 was originally described as a
classical two-step folding process (8). However, a series of recent
studies shows that the folding pathway might be much more
complex. First, the folding reaction of c-src SH3 was explored
under physiological conditions using a reversible fragment
assembly method. This theoretical approach revealed that the
formation of a large amount of R-helix precedes the previously
characterized c-src SH3 folding reaction (15). Subsequently, the
folding kinetics of c-src SH3 at 4 �C and pH 3.0 were explored
using CD spectroscopy. This study confirmed that a large
amount of R-helix is populated at the very early onset of the
folding (16). Interestingly, a recent study of hNck2 SH3 shows
that this SH3 can be reversibly transformed into a stable and non-
native helical state by acid unfolding (17). In addition, a single
mutation in the c-src SH3 background, A45G, can form a stable
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R-helix rich folding intermediate at pH 3.0 (18). High-resolution
structures of these helical states are still missing.

Here, we examined the acid-denatured ensemble of c-src SH3
at the molecular level by NMR spectroscopy. The primary focus
of our work was secondary chemical shift analysis. The choice of
an ideal model for determining the chemical shifts of the random
coil state is hereby crucial for the determination of very small
deviations from true random coil behavior, but many available
reference sets for random coil chemical shifts (19-22) are biased
by the underlying experimental conditions. Hence, instead of
focusing on such absolute reference sets, the analysis performed
in this study uses an approach that compares several data sets
recorded at increasing concentrations of denaturant. In this
manner, we obtain a maximum denatured state from which
the “random coil” chemical shifts can be used as an internal
reference (23). This can monitor a relative increase in the level of
formation of transient structure in the unfolded ensemble and
facilitate the interpretation of secondary chemical shifts.

Using this method, a residue-specific description of the tran-
sient secondary structures in the ensemble of unfolded c-src SH3
was obtained. Regions of apparent transient structure were loca-
lized outside the regions of native secondary structure, and they
did not correspond to regions previously identified as being invol-
ved in TSE formation. These results were compared to results

obtained for other well-characterized SH3 domains. This revea-
led that the unfolded states clearly differ in their structural
preferences despite the conserved nature of their native structures
and their transition state ensembles.

MATERIALS AND METHODS

CD and Fluorescence Measurements. c-src SH3 was
expressed and purified as described previously (8 and references
cited therein). The His tag was not removed for this study. CD
measurements of c-src SH3 were conducted at a protein con-
centration of 20 μMat 25 �C in 250 mM sodium phosphate at (1)
pH 2.0, (2) 4 M urea and pH 2.0, and (3) pH 7.0 using a JASCO
J810 spectropolarimeter. The internal fluorescence of a 20 μM
solution of c-src SH3 was measured as a function of urea
concentration in 250 mM sodium phosphate (pH 2.0) using a
Perkin-Elmer LS50B spectrometer. Generally, five spectra were
recorded and averaged. The center of mass of the respective
spectrum was used for plotting the urea dependency.
NMR Experiments. The 13CR, 13C0, 1HN, and 15N chemical

shifts of 13C- and 15N-labeled c-src SH3 at a protein concentra-
tion of 0.2 mM were recorded in 250 mM sodium phosphate at
pH 2.0 and 25 �C and seven different urea concentrations (0, 2, 3,
4, 6, 8, and 9.5 M), using standard 15N-edited HSQC and
13C,15N-edited HNCA, HN(CO)CA, HNCO, and HN(CA)CO
experiments on a Varian Inova 800 MHz spectrometer. The
actual urea concentrations were confirmed by measurement of
the refractive index of the solution. The proton chemical shifts
were referenced internally to DSS, and the carbon and nitrogen
chemical shifts were referenced indirectly.
Urea Coefficients. The chemical shifts for all four nuclei,

13CR, 13C0, 1HN, and 15N, were fitted as a linear function of urea
concentration. The y-intercept was regarded as the chemical shift
in the absence of denaturant. The slopes obtained from the fitting
procedures described above were scaled and combined according
to ref 27, using the reported scaling factors for the combination of
13CR, 13C0, 1HN, and 15N chemical shifts:

coeffurea ¼ ð0:82jΔδCaj þ 0:79jΔδCoj þ 0:28jΔδNHj
þ 0:22jΔδ15NjÞ=4 ð1Þ

Determination of the Site-Specific Fraction of Helix/
Turn Formation. The fraction of helix, Fi, at site i was deter-
mined as the ratio between the observed secondary chemical shift
value using intrinsically referenced “random coil” shifts (δirc) as a
reference (δiobs- δirc) and the average chemical shift value of the
residue type when occurring in R helices in native proteins, as
obtained from BioMagResBank (BMRB) and the site-specific
intrinsically referenced random coil shifts (δirc).

Fi ¼ ðδiobs- δircÞ=½δRTðRÞ - δirc� ð2Þ
From this, the residue-specific free energy (ΔG) can be estimated
by

ΔG ¼ -RT ln K ¼ -RT ln½Fi=ð1- FiÞ� ð3Þ
RESULTS

Equilibrium Denaturation Monitored by Internal Fluore-
scence and NMR Spectroscopy. As reported previously
(16, 24), the stability of c-src SH3 decreases and the midpoint
upon GdmHCl denaturation shifts from 2.76 M at pH 6.0 to
2.1 M at pH 3.0, but the native state of c-src SH3 still remains
remarkably stable even under very acidic conditions. Indeed, the

FIGURE 1: (a) CD measurements of folded c-src SH3 at 25 �C in
250 mM sodium phosphate (pH 2.0) in the absence of urea (;) and
the presence of 4 M urea (---) and pH 6.0 ( 3 3 3 ). (b) Wavelength
at the center of mass of the internal fluorescence of c-src SH3
as a function of urea concentration in 250 mM sodium phosphate
(pH2.0). The protein concentrationwas 20μMfor both experiments.
The inset shows a backbone ribbon diagram of c-src SH3 (Protein
Data Bank entry 1SRL) using Molscript (42).
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CD spectrum of c-src SH3 at pH 2.0 in Figure 1a shows that c-src
SH3 remains almost fully folded despite the low pH value. To
determine the optimal denaturing conditions for c-src SH3, a
urea-induced denaturation of c-src SH3 was followed by internal
fluorescence at pH 2.0. The plot in Figure 1b shows the center of
mass as a function of the respective urea concentration.
The centers of mass of the fluorescence spectra were 354.2 and
358.8 nm in the absence and presence of 7 M urea, respectively.
The sigmoidal transition curve obtained for the stepwise unfold-
ing under equilibrium conditions clearly indicates cooperative
unfolding. However, a well-defined native baseline is missing.

Subsequently, the unfolded state of c-src SH3 was characte-
rized by NMR spectroscopy to describe the profile of the
denatured state on a residue-specific level. At pH <2.8, two full
sets of peaks were present in the HSQC spectrum in the absence
of urea, showing that the exchange between native state N and
unfolded ensemble U is slow on the time scale of NMR
experiments. In addition, the reported unfolding and folding
rates of c-src SH3 at pH 2.0 (∼7 and 1 s-1, respectively) (25)
confirm that the chemical exchange between theN andU states is
comparatively slow on the time scale of NMR experiments.
Hence, the influence of the chemical exchange between the folded
and unfolded state on the appearance of theNMR spectra can be
excluded. To gain better resolution of the peaks arising from the
unfolded state, we measured the 13CR, 13C0, 1HN, and 15N
chemical shifts in a series of HN-detected three-dimensional
NMR spectra at pH 2.0 and 25 �C for six different urea
concentrations between 2 and 9.5 M. In the absence of urea,
the amount of unfolded protein present in equilibrium at pH 2.0
was estimated to be 5-10% using the relative peak intensity.
From 0 to 3 M urea (pH 2.0), peaks arising from denatured as
well as native protein were present in the HSQC spectra. At urea
concentrations of g4 M (pH 2.0), only peaks arising from fully
denatured protein were detectable. The assigned chemical shifts
have been deposited in the BioMagResBank as accession number
16750.
Determination of Urea Coefficients. Following the 13CR,

13C0, 1HN, and 15N chemical shifts over this wide range of urea
concentrations, several of the peaks changed their position
significantly. These changes in chemical shift were not uniform
for all residues. In addition, this behavior appeared to be inde-
pendent of residue type, excluding a certain urea dependence
enforced by the respective side chain. The inset of Figure 2 shows
the 13CR chemical shifts of Q52 as a function of urea concentra-
tion. Similarly, most of the 13CR, 13C0, 1HN, and 15N chemical
shifts exhibited a nearly linear dependence over the selected range
of urea concentrations. A linear fit of the data yielded a slope that
could be used as a measure for the urea dependence of the
chemical shifts. The respective y-intercept yielded the extrapo-
lated chemical shift in the absence of urea. The slopes obtained
from the plots of chemical shifts in the 13CR, 13C0, 1HN, and 15N
dimensions were averaged using the scaling factors for the
respective residue type as published in ref 27. These values have
units of parts per million per molar and are in the following
termed urea coefficients. The individual 13CR, 13C0, 1HN, and 15N
urea coefficients can be found in the Supporting Information
(Figure S1).

The nonuniform change in secondary chemical shift with an
increasing urea concentration was used as a reference-free
approach to identify those parts of the sequence that have
residual transient structure. Figure 2 shows the urea coefficients
plotted as a function of the sequence. The urea coefficients

displayed one overall maximum between residues 40 and 46
and two smaller maxima between residues 11-18 and 22-29. In
the native structure, these regions correspond to the region
connecting the n-src loop with the third β-strand and the region
between the first and second β-strands, also termed the RT loop,
and the diverging turn. Interestingly, the majority of residues
experiencing large changes in chemical shift did not correspond
to the elements of native secondary structure. In addition,
residues identified by the φ-value analysis conducted previ-
ously (8) did not exhibit significant transient secondary structure
propensity in the unfolded state.
Secondary Shifts of the Fully Unfolded Protein in the

Absence of Urea. The linear regression used to obtain the urea
coefficients also yielded a y-intercept, which could be used to
locate the peak position in the absence of urea. This strongly
supported the assignment of the very weak peaks arising from the
unfolded state under conditions where the native state dominated
the equilibrium. The extrapolated chemical shifts in the absence
of urea can be found in the Supporting Information (Table S1).
These chemical shifts were analyzed by classical secondary
chemical shift analysis. The chemical shifts (δ) in the absence
of urea were referenced to random coil shift δrc. For the analysis,
the residue-specific intrinsic random coil chemical shifts (23) in a
nearly saturated urea solution containing 9.5 M urea (pH 2.0)
were used as an “internal” reference set for random coil chemical
shifts. Effects of urea on the spectral offset were minimized by
referencing the spectra to DSS added to each sample. We found
that the properties of the complex peptide chain in the unfolded
state are best modeled using this reference set. Alternative
reference random coil chemical shifts (19-22) added a conside-
rable amount of noise to the data. This effect has been described
previously (23). We could confirm that “external” reference sets
model the random coil state with lower accuracy.

The profile of the 13CR, 13C0, 1HN, and 15N secondary shifts as
a function of sequence (see Figure 3) indicates structural pre-
ferences in the unfolded ensemble. As expected, none of the
secondary shifts was significantly large enough to be proof for a

FIGURE 2: Sequence dependence of the combined urea coefficient
obtained from the 13CR, 13C0, 1HN, and 15N chemical shifts at pH 2.0
(seeMaterials andMethods). The inset shows the urea dependence of
the 13CR chemical shift of Q52 at pH 2.0, also showing a linear fit as a
crude approximation.



Article Biochemistry, Vol. 49, No. 15, 2010 3249

well-defined type of secondary structure. However, the distribu-
tion of increased secondary chemical shifts over the sequence was
still indicating formation of transient local secondary structure in
a considerable number of residues. Figure 3 shows the 15N, 13CR,
and 13C0 secondary chemical shifts as a function of the sequence.
Comparatively large secondary shifts were located between the
first and second β-sheet, aswell as between residues 40 and 47, i.e.,
preceding and in the beginning of the third β-sheet. Moreover,
the secondary shifts in these two regions were positive for the

13CR and 13C0 chemical shifts and negative for the 15N chemical
shifts. This clearly suggested an equilibrium between helical and
extended structures. Comparison with the more traditionally
used chemical shift referencing values (19, 20, 28) confirmed the
preference of helical structure in the unfolded ensemble of c-src
SH3. The analysis of secondary shifts of the unfolded ensemble in
the absence and presence of moderate concentrations of dena-
turant showed a clear trend toward a preference for the helical
j/ψ conformational space when approaching native-like condi-
tions.Most importantly, as one can see in Figure 3, the variations
of the secondary shifts of the 15N and the 1HN nuclei (the latter
not shown) appeared to be shifted approximately three to five
residues relative to the position of the 13CR and 13C0 secondary
shifts. This trend was previously observed for the acid-unfolded
state of ACBP (23) and was interpreted as a clear indication of
transient helix formation.
Residual Helicity in theUnfolded State of c-src SH3.The

percentage of helix formation was estimated using several
methods. First, the averaged 13CR chemical shifts for helices
derived from the BMRBwere chosen to act as references for fully
formed helices. The internal 13CR chemical shifts at 9.5 M urea
were chosen as a reference for random coil values. The chemical
shifts in the absence of urea were set in reference to these two
points, yielding the estimated percentage of helicity (see also
Materials and Methods). Negative values should therefore be
interpreted as nonhelical but possibly ordered transient structure.
The helicity profile is plotted in Figure 4a. This method yielded a
maximum helicity of ∼45% for residues 43-45 and a maximum
helicity of ∼9% for residues located in the RT loop and the
diverging turn.

The secondary structure propensity score (Ssp) is an unbiased
method for secondary shift analysis (29). To obtain further
verification for the observed trend toward helix formation in
the unfolded ensemble, we analyzed chemical shifts of the
unfolded state of c-src SH3 at pH 2.0 using this Ssp method
(see Figure 4b). This again showed that the backbone of the
unfolded state sampled the helical j/ψ conformational space for
residues 40-45. The helicity is estimated by the Ssp method to a
maximum value of approximately 20%. The helicity previously
found in the RT loop and the diverging turn was not detected
using the Sspmethod. Instead, the Sspmethod predicts a random
coil structure for this region. In contrast to the first method
applied, the Ssp method applies the reference value of -1 to
100% β-sheet structure. This might explain the slightly different
results with respect to the helicity obtained from our first
approach, which is using the intrinsic random coil chemical shifts
as a reference for 0% helicity instead.

Both helicity profiles were compared with the helical content
predicted by AGADIR (30) at pH 2.0 and an ionic strength of
0.25M.Despite the difference of one order of magnitude, there is
significant agreement about the location of the helical regions
between the experimental and theoretical results (see Figure 4c).
Alternative helix prediction algorithms such as GOR4, SIM-
PA96, and PREDATOR appear to estimate the helicity to up to
30 times larger than the respective AGADIR prediction in a
study of hNck2 SH3 (17). However, these algorithms were
omitted in our study because of the substantial differences from
our experimental acidic unfolding conditions. Interestingly, when
comparing theAGADIRhelicity prediction of c-src SH3 to those
of various other SH3 domains, we noticed that the locations of
increased helical propensity under these conditions are not
necessarily conserved throughout different members of the SH3

FIGURE 3: Sequence dependence of the secondary chemical shifts of
(a) 15N, (b) 13CR, and (c) 13C0 of c-src SH3 at pH2.0 obtainedbyusing
protein and site-specific random coil chemical shift references (23).
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fold (see Figure 5). Even though this has no apparent influence on
the native state topology, this might have an impact on the
stability and dynamics of numerous SH3 domains.

As reported previously (23), the residue-specific free energy
(ΔG) can be used to investigate whether there are any indications
that the backbone might form i þ 3/i þ 4 hydrogen bonds. In
Figure 4d, the free energy ΔG is plotted for the unfolded state of
c-src SH3. The free energyΔG shows distinct local minima in the
regions of enlarged secondary chemical shifts, indicating a certain
degree of (i þ 3) or (i þ 4) hydrogen bond formation. Thus, we
could conclude that the unfolded ensemble contains non-native-
like conformations of c-src SH3 that show a tendency to adopt
hydrogen bonds between residues i and (i þ 3)/(i þ 4) in the two
regions of V11-K28 and G40-H46.

DISCUSSION

The unfolded ensemble of all-β protein c-src SH3 was studied
using secondary chemical shift analysis. Similar studies con-
ducted with ACBP (3, 23) or protein L (5) identified transient
structures in the denatured ensemble that clearly resembled the
secondary structure composition of the TSE. Investigating the
degree to which residual structure in the unfolded ensemble
would also resemble the native-like TSE as previously described
by an extensive φ-value analysis (8) was worthwhile. We found
that the residues being engaged in residual structure in the
unfolded ensemble were situated in the regions corresponding
to parts of the first β-strand, the RT loop, the diverging turn, and
the n-src loop in the native state. Surprisingly, the majority of
these residues were situated outside the regions of ordered
secondary structure in the native state or TSE. Furthermore,
we discovered that their backbone connectivity more closely
resembled an R-helix than a β-strand. The comparison with
various alternative chemical shift reference sets confirmed that
the regions we found appeared to adopt the helical range of j/ψ
conformational space. The comparatively large deviations in the
third β-sheet correspond to a local sequence that contains a
considerable amount of aromatic residues (41DWWLAH46). We
have good reasons to believe that our observations do not arise
from ring current effects but indeed do indicate residual helicity in
the unfolded ensemble. Most importantly, ring currents are only
known to have a marked effect on amide proton and 15N chemi-
cal shifts, while especially 13CR chemical shifts largely remain
unaffected (31, 32). Comparison to the AGADIR prediction at
low pH also confirmed that the c-src SH3 can theoretically sample
the helical j/ψ conformational space in the regions identified.

FIGURE 4: (a) Helicity as obtained from the 13CR chemical shifts at
pH 2.0 compared with the chemical shifts for fully formed R helices
derived from the BMRB. (b) Ssp analysis of the 13CR, 13C0, 1HN, and
15N chemical shifts at pH 2.0 (29). (c) Helicity at pH 2.0 and an ionic
strength of 250 mM as predicted by AGADIR (30). (d) Sequence
dependence of ΔG for the i þ 4 peptide backbone hydrogen bond
formation for c-src SH3 at pH 2.0 in the absence of urea based on the
13CR secondary chemical shift.

FIGURE 5: Residue-specific helicity prediction by AGADIR (30) for
c-src SH3 (thick solid line), drkN SH3 (medium solid line), spectrin
SH3 (thin solid line), fyn SH3 (dashed line), and hNck2 SH3
(dashed-dotted line). Theprofile startswith the residues correspond-
ing to T9 of c-src SH3.
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In addition, the tendency to form a helical folding intermediate,
not exclusively, but especially under acidic conditions is well-
established (16). Furthermore, a helical folding intermediate was
recently isolated from hNck2 SH3 (17).

Transient helix formation has also been reported previously
for other all-β proteins such as β-lactoglobulin (33) and ubiqui-
tin (34). It becomes increasingly apparent that transient R helical
conformations could be a general feature onmore protein energy
landscapes than originally anticipated. Transient helices are
relatively easy to form and do not require extensive tertiary
contacts. According to our urea coefficient analysis, the regions
of residual local order seemed to persist at urea concentrations
reachingg4M at pH 2.0. We therefore propose from our results
that these transient helices exhibit a clear tendency to be readily
sampled in the unfolded ensemble even under very stringent
denaturing conditions.

It is of interest to note that almost none of the key residues
involved in the initial condensation of the structure could be
identified by classical φ-value analysis (8). Instead, we observed
that two separate groups of residues are responsible for the
formation of transient structure in the unfolded ensemble and the
formation of the TSE of c-src SH3. In the unfolded ensemble, the
formation of local structures, such as hydrogen bond and loop/
helix initiation, dominates over extensive tertiary contacts obser-
ved during the transition to the native state. We can speculate
that residues initially engaged in the formation of an alternative
connectivity can less easily interfere with the later formation of
a hydrophobic core. This might lead to the proposal of alter-
native strategies for minimizing frustration along the folding
pathway.
Non-Native Secondary Structure Contrasts with the

Conserved Contacts in the TSE and the Unfolded Ensem-
bles Generated by MD Simulations. Previous molecular
dynamics simulations of the unfolding reaction claim that the
most persistent native structure in the unfolding kinetics is found
in the region surrounding the β-sheet connected by the n-src loop,
the diverging turn, and the distal hairpin. Further residual
native-like structure appears to be located around the RT loop,
especially involving residue D23 and its local hydrogen bond
network (35). Refolding molecular dynamics simulations clearly
identify the RT loop and the n-src loop as the first to emerge on
the protein folding pathway. This initial nucleation event is
followed by formation of the distal hairpin indicated by the
formation of contacts between strands 3 and 4 (36). In the
Rosetta MD refolding simulation (8), the RT loop also makes
numerous contacts despite having a low φ-value.

Indeed, our chemical shift analysis confirms residual structure
in the RT loop region. In addition, our data showed a clear
preference for non-native-like helical secondary structure. How-
ever, frequently postulated native-like structure in the β-sheet
formed by the n-src loop, the diverging turn, and the distal
hairpin could not be confirmed. Hence, we suggest that the
native-like character is a feature previously overestimated by
unfolding MD simulations. In contrast to previous assumptions,
we propose a non-native hydrophobic cluster adopting a back-
bone connectivity dominated by conformations sampling the
helical j/ψ conformational space in the n-src loop and the third
β-strand.
Residual Structure in the Unfolded State Ensemble Is

Less Conserved among Different Members of the SH3
Family. SH3 domains have been subjected to intense studies
with regard to their protein folding pathways and non-native

states. In particular, the unfolded state of Drosophila drkN SH3
has been characterized in detail because the unfolded state is
readily accessible under nearly physiological conditions at pH
6.0. According to AGADIR analysis of the secondary structure
profile at pH 6.0 and 2.0, the intrinsic helicity is only marginally
affected by pH. The ensemble of unfolded drkN SH3 structures
at pH 6.0 shows some similarities but also significant differences
with respect to that of c-src SH3. Residual β-strand propensity
could be found for residues 5-9 in drkN SH3 (the first β-strand)
but not in c-src SH3. c-src SH3 clearly shows a preference for the
helical j/ψ conformational space in the corresponding region.
Regions of residual helicity are also described for the drkN SH3
domain but appear to be localized between the first two β-strands
of the protein. Similar to c-src SH3, the first half of the RT loop
clearly shows a helical propensity (residues 16-20).However, the
NMRcross signals of drkNSH3 are broadened beyond detection
in the second half of the RT loop (residues 23-29), hampering
the direct comparison (12). Residue W36 of drkN SH3 corre-
sponds to W41 in c-src SH3. W36 exhibits a considerable non-
native burial in the Uexch state of drkN SH3 (37). Using the
ensemble program, numerous additional native-like tertiary
contacts are described for drkN SH3 in the same region (13).
However, these residues show no sign of helical backbone
conformations in drkN SH3 which is in clear contrast with the
significant helicity seen in the corresponding region in c-src SH3.

Another SH3 domain whose secondary chemical shifts suggest
regions of transient helicity in the unfolded ensemble is the AE-K
mutant of spectrin SH3. The transient helicity in the unfolded
ensemble is situated around residues 3-14, corresponding to the
first β-strand and the first half of the RT loop. To some extent,
residual helicity can also be observed for residues 30-34 in the n-
src loop (38). No long-range contacts of the artificially induced
helix are described. In contrast to the AE-K mutant, the wild-
type protein exhibits no transient helicity but a considerable
amount of long-range interactions in the unfolded ensemble.
Here, residues 13-34 appear to be in contact with residues 41, 42,
and 53, indicating a native-like tertiary connectivity (39). Both
the mutant and the wild type have similar refolding rates which
suggests that the presence or absence of this transient helicity has
no apparent impact on the folding pathway (38).

The third well-characterized SH3 domain, fyn SH3, also
displays no relevant residual secondary structure in the unfolded
state (40). However, a molten globule-like folding intermediate is
proposed, which is comprised of a flexible yet native-like hydro-
phobic core. In the unfolded state itself, only one non-native-like
interaction has been identified. These contacts from residue 53 to
position 40 or 47 in the U state are believed to decelerate the
folding process (41).

When comparing the AGADIR helicity profile of c-src SH3
with the profiles of drkNSH3, hNck2 SH3, fyn SH3, and spectrin
SH3 under our experimental conditions (pH 2 and ionic strength
of 0.25 M), we could indeed also observe a certain heterogeneity
(see Figure 5; the clustalW sequence alignment can be found in
Figure S2 of the Supporting Information). This heterogeneity in
the unfolded ensembles of various SH3 domains stands in clear
contrast to their otherwise highly conserved TSE and native state
topology. The AGADIR predictions were found to be in good
agreement with the data reported by the various groups. Gene-
rally, a certain degree of helicity appears to be more or less
conserved in the RT loop. However, the order of magnitude
apparently does not interfere with the formation of TSEs and
native states as extensive folding studies on various SH3 domains
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have demonstrated (8-10). Other non-native contacts appear to
be even less conserved among SH3 domains. Frequently, aro-
matic residues in the n-src loop appear to be involved in the
formation of non-native residual structure, but the degree of
reported secondary structure content varies considerably.
Furthermore, no obvious correlation between intrinsic helicity
and sequence conservation could be detected. It remains of great
interest to investigate whether the heterogeneity in the unfolded
state might be somehow related to the heterogeneity of the overall
dynamics and stability despite the highly conserved TSEs and
native structures of all the different members of the SH3 family.
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charge via the Internet at http://pubs.acs.org.
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