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Abstract

We have defined the free-energy profile of the Src SH2 domain using a variety of biophysical
techniques. Equilibrium and kinetic experiments monitored by tryptophan fluorescence show that Src
SH2 is quite stable and folds rapidly by a two-state mechanism, without populating any intermediates.
Native state hydrogen–deuterium exchange confirms this two-state behavior; we detect no cooperative
partially unfolded forms in equilibrium with the native conformation under any conditions. Inter-
estingly, the apparent stability of the protein from hydrogen exchange is 2 kcal/mol greater than the
stability determined by both equilibrium and kinetic studies followed by fluorescence. Native-state
proteolysis demonstrates that this ‘‘super protection’’ does not result from a deviation from the linear
extrapolation model used to fit the fluorescence data. Instead, it likely arises from a notable compaction
in the unfolded state under native conditions, resulting in an ensemble of conformations with substantial
solvent exposure of side chains and flexible regions sensitive to proteolysis, but backbone amides that
exchange with solvent ;30-fold slower than would be expected for a random coil. The apparently
simple behavior of Src SH2 in traditional unfolding studies masks the significant complexity present in
the denatured-state ensemble.
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Determining a protein’s structure provides a wealth of
information about its function, but the picture it provides
is incomplete. Proteins are dynamic molecules, and under
physiological conditions they can populate a range of
high-energy conformations ranging from local fluctua-
tions to completely unfolded forms. At equilibrium, the
relative populations of these conformations are deter-
mined by their free energies, according to a Boltzmann
distribution. These populations, and the energetic barriers
to their interconversion, make up a protein’s energy
landscape. A complete picture of protein function demands

that we understand the entire energy landscape, not just the
native structure.

The myriad non-native species that make up a protein’s
energy landscape are important for a variety of reasons.
Locally distorted conformations and motions between
them may play a key role in protein function, modulating
enzymatic activity (Tousignant and Pelletier 2004) and
allowing for allosteric regulation (Luque et al. 2002). The
ability to populate an ensemble of conformations rather
than a single, rigid native state also gives a single protein
the flexibility needed to recognize and tightly bind a range
of natural ligands (Ma et al. 2002). Such locally distorted
species, however, are not the only relevant high-energy
conformations in the native state ensemble of a protein;
partially and globally unfolded species are also popu-
lated. While the unfolded state of a protein lacks the well-
defined structure usually required to carry out specific
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reactions, interactions in the unfolded state make a sig-
nificant, and often ignored, contribution to the stability of
the native state. Native state stability is defined by the
energetic difference between the native and unfolded
states. Therefore, stability can be modulated by altering
interactions in either the native or unfolded state. Inter-
actions in the unfolded state have been recently demon-
strated to modulate stability (Mok et al. 2001; Cho and
Raleigh 2005), folding and unfolding rates (Cho et al.
2004; Trefethen et al. 2005), and thermostability
(Guzman-Casado et al. 2003; Robic et al. 2003). A better
understanding of the unfolded states of proteins is vital to
understanding protein folding, stability, and function.

The unfolded states of proteins have often been
modeled simply as random coils. This approach has the
advantage of being conceptually and computationally
simple, and successfully predicts properties like radii of
gyration (Kohn et al. 2004) and backbone 3JHNa coupling
constants (Smith et al. 1996) for many natural proteins,
although these measures are crude and may not distinguish
between random coils and models with significant structure
(Fitzkee and Rose 2004). There is mounting evidence that
the unfolded states of at least some proteins do not conform
to the random coil model. pH titrations have revealed
persistent, long-range electrostatic interactions in the
N-terminal domain of ribosomal protein L9 (Cho et al.
2004). NMR nuclear Overhauser effect (NOE) spectros-
copy has detected clustering of sequence-distant hydropho-
bic side chains in the unfolded state of the Drk SH3 domain
(Crowhurst and Forman-Kay 2003). Unfolded state struc-
ture has also been inferred from significant deviations from
expected values of the change in heat capacity upon
unfolding (DCp) or the denaturant dependence of the
unfolding free energy (m-value). These quantities are
strongly correlated with the change in solvent-accessible
surface area upon unfolding (Myers et al. 1995), and
a reduced value of DCp in ribonuclease H (RNase H) from
Thermus thermophilus (Guzman-Casado et al. 2003) and
variations in the m-value upon mutation in staphylococcal
nuclease (SNase) (Wrabl and Shortle 1999) have suggested
residual unfolded state structure in these proteins. In
addition, hydrogen exchange experiments have revealed
some residual protection from solvent of polypeptide
backbone amides in the unfolded states of several proteins,
including the mouse prion protein (PrP) (Nicholson et al.
2002) and SNase (Wrabl and Shortle 1999).

Here, we use hydrogen exchange to detect residual
unfolded state structure in the Src SH2 domain. SH2
domains bind short peptide sequences in target proteins
containing phosphorylated tyrosine residues, and are
present in a wide variety of signaling and scaffolding
proteins in metazoans (Kuriyan and Cowburn 1997). They
are small (;100 residues), soluble, and amenable to
NMR spectroscopy. These properties make SH2 domains

good potential models for studies of protein folding and
stability, but a thorough description of the folding energy
landscape of an SH2 domain has not been reported. Here
we present an analysis of the stability and folding kinetics
of the Src SH2 domain. We also measure the hydrogen
exchange rates of slow-exchanging backbone amides as
a function of urea concentration. All secondary-structural
elements behave similarly in this experiment, revealing
no partially unfolded forms (PUFs) in the traditional sense.
There is a large discrepancy (;2 kcal/mol), however,
between the unfolding free energy obtained from hydro-
gen exchange and the unfolding free energy measured by
all other probes. Also, the denaturant dependence, or
m-value, of the hydrogen exchange free energy is ;15%
higher than the m-value for fluorescence or proteolysis.
This suggests that the unfolded state detected by hydrogen
exchange is more solvated and higher in energy than
the denatured state seen by other probes. The apparently
simple, two-state behavior of Src SH2 in most experi-
ments hides structural and energetic complexity in its
unfolded state.

Results

Equilibrium and kinetic analysis indicate that Src SH2 is
a two-state protein

Equilibrium stability

Equilibrium denaturation by urea was monitored using
intrinsic tryptophan fluorescence. Fluorescence emission
of the single tryptophan residue is blue-shifted by 20 nm
in the native state of Src SH2; unfolding is characterized
by a dramatic change in the shape and peak of the emission
spectrum but very little change in the peak intensity. Equi-
librium denaturation curves exhibit a single, cooperative
transition indicative of two-state unfolding (Fig. 1A). Curves
were fit using the linear extrapolation model (LEM)
(Santoro and Bolen 1988) to obtain the DG for unfolding
in H2O (Table 1). Because hydrogen exchange measure-
ments are performed in 100% D2O and bulk solvent isotopes
have a variable effect on protein stability (Makhatadze et al.
1995), denaturation was repeated in D2O. Src SH2 is slightly
stabilized by deuterated solvent (DDG ¼ 0.65 kcal/mol).

It is usually desirable to determine the stability of
a protein using multiple probes, often fluorescence and
circular dichroism (CD), in order to confirm the two-state
assumption. Unfortunately, unfolding of Src SH2 is
accompanied by a very small change in far-UV CD signal,
and the baselines are steeply sloped, making quantitative
analysis of the data extremely difficult. Unfolding curves
determined by CD are qualitatively similar to those deter-
mined by fluorescence but do not provide reliable values
for stability (data not shown).
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Folding kinetics
Folding and unfolding kinetics were measured between

3 M and 9.5 M urea in H2O and D2O by using stopped-
flow mixing. Two refolding phases were observed: The
majority of the signal (;85%) was recovered in a rapid,
denaturant-dependent phase (k ¼ 6200 sec�1 in 0 M urea).
The remaining signal was recovered in a slow phase (k ¼
0.05 sec�1) with no discernible denaturant dependence
(data not shown). Src SH2 has three trans prolines in the
native state, and the slow isomerization of these in the
unfolded state likely accounts for the second refolding
phase. Unfolding occurred in a single kinetic phase at all
denaturant concentrations. A plot of ln kobs versus [urea]
(chevron plot) for the fast refolding phase and unfolding is
shown in Figure 1B. The equilibrium constant determined
from the ratio of the unfolding and refolding rates extrap-
olated to 0 M urea yields a measure of the stability of the
protein that closely matches the stability measured by
equilibrium denaturation (Table 1). The sum of the absolute
values of the m-values for refolding and unfolding also
matches the equilibrium m-value. Taken together, these
observations suggest that the fast refolding phase represents
two-state folding, and that no observable intermediates
accumulate on the folding pathway of Src SH2. The sta-

bilization of SH2 by D2O is reflected in both a faster
folding rate and a slower unfolding rate.

Native state hydrogen exchange indicates
cooperative unfolding

Hydrogen exchange rates were measured for 35 of 103
structured backbone amide hydrogens at 10 urea concen-
trations ranging from 0–3 M (25°C and a corrected pD of
7.4). Every secondary structural element is represented by
at least one probe amide except bF. The largest random
coil exchange rate among amides with measurable ex-
change is ;30 sec�1 (Bai et al. 1993). The rate constant
for folding ranges from 25,000 sec�1 in 0 M urea to
160 sec�1 in 3 M urea. Assuming that global folding is
the slowest closing transition in the protein, this indicates
that EX2 conditions (see Materials and Methods) are
satisfied for all amides in all of these experiments, and
therefore, the exchange rates report on the free energies
of fluctuations leading to exchange. We were able to
directly measure rates corresponding to DGHX values from
5–10 kcal/mol.

In the absence of denaturant, the measured hydrogen
exchange free energies in the Src SH2 domain range from
5–9 kcal/mol. These values are mapped onto the crystal
structure of the apo domain (Waksman et al. 1993) in
Figure 2. There is significant variation across the domain:
The central b-sheet and helix B have the highest DGHX,
while helix A, the small sheet formed by strands D9 and
E, and the terminal strands are less protected from ex-
change. The maximum values of DGHX are significantly
larger than the equilibrium stability of the protein (7.8
kcal/mol). This discrepancy is investigated further below.

The pattern of hydrogen exchange protection is sug-
gestive of a PUF with helix A and strands A and F
unfolded. However, simply measuring DGHX in one set of
conditions cannot distinguish between a PUF and many,
uncoordinated local fluctuations in the native state. To
differentiate between these possibilities, we carried out
native state hydrogen exchange, measuring hydrogen

Figure 1. Stability, folding, and unfolding of the Src SH2 domain in

20 mM imidazole (pH 7.4). (A) Equilibrium unfolding in H2O (d) and

D2O (s) detected by fluorescence. The location of the single tryptophan

residue (W5) is shown in the inset. (B) Folding and unfolding rates plotted

as a function of urea in H2O (d) and D2O (s). Fit parameters are listed in

Table 1.

Table 1. Equilibrium and kinetic parameters for Src SH2
determined by fluorescence

H2O D2O

DGunf (kcal/mol)a 7.2 6 0.2 7.8 6 0.2

m (kcal/mol M) 1.2 6 0.06 1.2 6 0.03

kUN (sec�1)b 6200 6 1300 25,000 6 4600

mUN (kcal/mol M) 1.0 6 0.03 1.0 6 0.02

kNU (sec�1) 0.03 6 0.009 0.016 6 0.009

mNU (kcal/mol M) �0.2 6 0.02 �0.2 6 0.04

bT 0.83 0.83

aEquilibrium data are the means of four experiments (H2O) and three
experiments (D2O). Errors are the SEM.
bErrors in kinetic data are the SE of the chevron fit.

Native state energetics of Src SH2
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exchange rates as a function of urea at 10 urea concentra-
tions from 0–3 M. This concentration range lies entirely
within the native baseline of the denaturation curve for
the protein (Fig. 1), so that the native state is the
dominant species in all the hydrogen exchange experi-
ments. Representative plots of DGHX versus [urea] are shown
in Figure 3A. Most amides display some denaturant-
independent exchange at low urea concentrations, indicat-
ing exchange through local fluctuations. As the denaturant
concentration rises, denaturant-dependent exchange rates
appear for most amides, indicating exchange through
fluctuations that expose a significant amount of the protein
to solvent. Fits of these data to Equation 7 yield the free
energies of local fluctuations and cooperative unfolding for
each amide, and the denaturant dependence of unfolding,
or m-value.

Amides that exchange from the same gross unfolding
event, be it a PUF or global unfolding, should have the
same DG and m-values (Bai et al. 1995). Different coop-
eratively unfolded structures can be identified from a plot
of DG versus m from native state hydrogen exchange
(Fig. 3B). All the amides in Src SH2 form a remarkably
tight cluster in this plot, indicating that all denaturant-
dependent exchange is reporting on a single, cooperative
unfolding event. The hydrogen exchange data indicate
only two structural ensembles under native conditions:
the folded native state with highly localized fluctuations,
and the unfolded state. The extrapolated values for DGHX

cluster around 9.6 kcal/mol, significantly above the
global stability determined by equilibrium denaturation
in D2O (7.8 kcal/mol).

Ultracentrifugation indicates that Src SH2 is a monomer

Hydrogen exchange protection in apparent excess of
global stability (‘‘super protection’’) has been observed
in many proteins (Huyghues-Despointes et al. 2001), and

its origins are diverse. Self-association at the high protein
concentrations used in the hydrogen exchange experi-
ments could account for some of the excess protection, so
we used analytical ultracentrifugation to investigate the
self association of Src SH2. With loading concentrations
ranging from 0.5 to 800 mM, sedimentation equilibrium
profiles fit well to an ideal monomer model with an average
apparent molecular weight of 12.7 kDa and a standard error
of 0.3 kDa. This is in good agreement with the expected
value of 12.5 kDa (Fig. 4). Furthermore, there was no
upward trend in the apparent molecular weight with in-
creasing concentration. These results indicate that dimeriza-
tion is unlikely to explain the excess stability measured by
hydrogen exchange.

Proteolysis studies to test the LEM

The determination of stability from equilibrium fluores-
cence studies involves a linear extrapolation from data
taken in the transition region, whereas the hydrogen ex-
change experiments do not. To determine if the resulting
difference, or super protection, is a result of this extrap-
olation, we used proteolysis kinetics to provide a direct,
independent measurement of the stability of SH2 at 10

Figure 2. Hydrogen exchange protection factors in Src SH2 in 0 M urea.

Amide groups with measured exchange rates are shown as spheres, colored

from red to blue according to the magnitude of the protection factor.

Ribbon diagram is generated from the Protein Data Bank file 1spr

(Waksman et al. 1993).

Figure 3. Stabilities and m-values of secondary structural elements of Src

SH2 determined by native state hydrogen exchange. (A) Data for five

amides representing different secondary structural elements of the protein.

Continuous curves are fits to Equation 7. (B) DGHX vs. mHX plotted for

each amide with measurable nonlocal exchange. Error bars, SE of the fit to

Equation 7.
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concentrations of urea over the same range used in the
hydrogen exchange measurements.
Proteases require relatively long stretches of extended

polypeptide to cleave efficiently. Native proteins are
therefore generally resistant to proteolysis, and cleavage
requires some excursion into a high-energy cleavable
state. This makes proteolysis a tool analogous to hydro-
gen exchange for probing rare unfolded conformations
in proteins’ native state ensembles (Park and Marqusee
2004). Similar to hydrogen exchange, proteolysis can
occur through relatively small local fluctuations, or
partial or global unfolding. These mechanisms can be
distinguished by comparing proteolysis rates at increasing
denaturant concentrations, as in native state hydrogen
exchange. A plot of DGproteolysis versus [urea] for Src SH2
is shown in Figure 5. DGproteolyis exhibits a remarkably
linear dependence on urea, with DGH2O of 8.1 kcal/mol
and an m-value of 1.2 kcal/mol/M, in reasonable agree-
ment with the values determined by extrapolation of the
fluorescence unfolding data.

Hydrogen exchange rates in the urea unfolded state

It is possible that the unfolded state of the protein is
poorly modeled by the compounds used to estimate krc,
leading to an overestimation of DGHX as defined in
Equation 5. To further investigate the hydrogen exchange
of unfolded SH2, we measured the exchange rates of
backbone amides in 7 M urea using quench flow techni-
ques. Protein in 7 M deuterated urea in D2O was rapidly
diluted into 7 M protonated urea in H2O and allowed to
exchange for 10, 120, 1000, and 10,000 msec before
exchange was quenched by refolding the protein by
dilution to 0.5 M urea. Under these conditions, the half-
time for refolding is ;250 msec, much faster than the

half times for exchange from a random coil (90 msec to
1.3 sec), allowing efficient quenching. The proton occu-
pancy at each amide was assessed by NMR spectroscopy.
Because of back exchange under quench conditions, this
technique allows us to measure rates only for those
amides that exchange very slowly in the native state, 18
of the 35 exchange probes. The denatured state exchange
rates of all of these amides are within a factor of two to
three of the krc values estimated from model compounds
(Table 2) (Bai et al. 1993). In fact, the rates of exchange
we measure in the denatured protein are systematically
faster than krc, suggesting that what variation we see is
the result of experimental error, and there is no significant
deviation from random coil behavior. The protection
suggested by the native state hydrogen exchange data
is not evident, indicating that any residual structure
responsible for the super protection does not persist in
7 M urea.

Discussion

Native state hydrogen exchange is a powerful method
for identifying and characterizing small populations of
unfolded protein conformations under conditions that
strongly favor the native state. In many proteins, this

Figure 5. Native state proteolysis of the Src SH2 domain. (A) Represen-

tative proteolysis experiment. Band intensities from the gel are plotted vs.

time and fit to a single exponential to obtain DGproteolysis (see Materials and

Methods). (B) DGproteolysis is plotted vs. urea concentration. A linear fit to

the data is shown (r2 ¼ 0.995). From this fit, DGH2O ¼ 8.06 kcal/mol and

m ¼ 1.24 kcal/mol M.

Figure 4. Representative sedimentation equilibrium curve for Src SH2. In

this experiment, the loading concentration of protein was 100 mM and the

speed was 30,000 rpm. Continuous curve is a fit to a single ideal species

model with an apparent molecular weight of 12,081. The expected

molecular weight is 12,521. Inset shows the residuals of the fit.
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technique has shown that a hierarchy of PUFs exists in
equilibrium with the native state. PUFs typically manifest
as specific clusters of secondary structural elements with
similar values of DGHX and mHX, indicating regions of
the protein that unfold together while other regions
remain folded (Bai et al. 1995). In some cases, such as
Escherichia coli ribonuclease H, these PUFs are struc-
turally similar to well-characterized folding intermediates
that form before the transition state for protein folding
(Raschke and Marqusee 1998). In other cases, including
horse heart cytochrome c (Hoang et al. 2002) and
redesigned apocytochrome b562 (Chu et al. 2002), PUFs
appear to represent partially folded structures that form
after the transition state barrier, showing the complex
accumulation of structure in proteins with apparently two-
state kinetics. Finally, some proteins, such as chymotrypsin
inhibitor 2 (Itzhaki et al. 1997), peptostreptococcal protein
L (Yi et al. 1997), and the SH3 domains of a-spectrin
(Viguera and Serrano 2003) and Src (Grantcharova and

Baker 1997; Wildes and Marqusee 2005), show no evidence
for PUFs in equilibrium with the native and unfolded states.

Here we have presented a native state hydrogen ex-
change analysis of the SH2 domain of the protein tyrosine
kinase Src. Our results indicate that, while Src SH2 lacks
PUFs in the traditional sense, there is evidence for a
highly populated, partially structured form in the dena-
tured ensemble of this protein. Unlike traditional PUFs,
the partially unfolded species we detect in Src SH2 does
not involve part of the molecule unfolding while the
remainder maintains native-like packing. Instead, it appa-
rently involves expansion of the entire protein, allowing
solvent to penetrate the hydrophobic core but maintaining
some secondary structure. Our evidence for such an
unusual PUF comes from the fact that equilibrium and
kinetic experiments monitored by fluorescence and pro-
teolysis provide a consistent measurement of DG and m,
but hydrogen exchange provides significantly higher
measurements of both parameters.

Table 2. Hydrogen exchange results for Src SH2

Residue DGunf(D2O) (kcal/mol) m-value (kcal/mol M) DGfl (kcal/mol) Denatured krc/kobs 2° structure

W5 4.80 6 0.25 bA

F7 5.30 6 0.16 bA

S15 8.60 6 0.18 1.01 6 0.07 6.82 6 0.03 aA

E16 9.23 6 0.28 1.38 6 0.10 6.50 6 0.03 aA

R17 5.61 6 0.10 aA

L18 9.91 6 0.95 1.46 6 0.34 6.41 6 0.06 aA

L19 9.44 6 0.55 1.45 6 0.21 7.13 6 0.10 aA

L20 9.95 6 1.38 1.61 6 0.49 5.94 6 0.07 aA

N21 5.48 6 0.16 aA

T28 9.28 6 0.37 1.26 6 0.14 7.40 6 0.08 bB

F29 9.59 6 0.32 1.38 6 0.13 8.10 6 0.11 0.5 6 0.1 bB

L30 9.68 6 0.43 1.50 6 0.17 7.83 6 0.12 0.6 6 0.3 bB

V31 9.46 6 0.57 1.48 6 0.22 7.25 6 0.11 0.3 6 0.2 bB

R32 10.16 6 0.44 1.51 6 0.17 8.25 6 0.11 1.2 6 0.5 bB

C42 10.02 6 0.16 1.28 6 0.07 bC

L43 9.46 6 0.16 1.31 6 0.07 0.6 6 0.3 bC

S44 9.59 6 0.16 1.25 6 0.07 0.8 6 0.2 bC

V45 9.31 6 0.25 1.33 6 0.11 8.39 6 0.14 0.3 6 0.2 bC

S46 9.99 6 0.24 1.39 6 0.10 8.63 6 0.09 1.2 6 0.6 bC

D47 9.58 6 0.49 1.36 6 0.18 6.76 6 0.05 bC

K57 9.30 6 0.25 1.35 6 0.10 8.06 6 0.10 0.4 6 0.1 bD

Y59 10.08 6 0.27 1.35 6 0.12 bD

I61 9.25 6 0.26 1.39 6 0.11 8.31 6 0.15 0.5 6 0.1 bD

R62 10.52 6 1.20 1.78 6 0.43 6.18 6 0.07 bD9

F69 9.93 6 0.27 1.49 6 0.10 7.49 6 0.05 bE

Y70 9.81 6 0.26 1.41 6 0.10 7.92 6 0.06 0.5 6 0.1 bE

L83 9.81 6 0.23 1.37 6 0.10 9.03 6 0.15 0.4 6 0.1 aB

V84 10.34 6 1.38 1.60 6 0.48 aB

A85 11.10 6 0.35 1.71 6 0.13 7.95 6 0.05 0.6 6 0.1 aB

Y86 10.07 6 0.24 1.45 6 0.10 8.79 6 0.10 0.5 6 0.1 aB

Y87 10.09 6 0.25 1.46 6 0.10 9.20 6 0.16 0.5 6 0.2 aB

S88 10.28 6 0.22 1.43 6 0.09 8.88 6 0.08 0.5 6 0.3 aB

L98 6.11 6 0.17 bG

T99 5.52 6 0.12 bG

C102 5.50 6 0.33 bG
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Evaluation of the apparent super protection

Hydrogen exchange protection larger than expected based
on equilibrium denaturation studies—so-called super
protection—has been seen in several proteins and attrib-
uted to a number of different factors (Huyghues-Despointes
et al. 1999). The simplest explanations stem from differences
in experimental conditions between hydrogen exchange
measurements and more traditional methods. Hydrogen
exchange rates are typically measured in D2O, a solvent
with slightly different properties than H2O that can alter
protein stability (Makhatadze et al. 1995). In the case of
SH2, there is a slight (0.6 kcal/mol) isotope effect on protein
stability (Fig. 1A), but the HX stability is still ;2 kcal/mol
higher than the stability determined in D2O.
The slow cis-trans isomerization of xaa-proline bonds

in the unfolded state can also lead to super protection in
hydrogen exchange experiments. This is because the un-
folded state with a random, equilibrium distribution of
proline isomers is lower in free energy than the unfolded
state with native-like prolines, but the polypeptide chain
relaxes to this state very slowly and the two unfolded
states are equally sensitive to exchange. Thus the free
energy of hydrogen exchange represents opening to a
high-energy unfolded state relative to the unfolded state
seen in equilibrium experiments. The energetic difference
due to proline isomerization can be estimated based on
cis-trans equilibrium constants of model peptides (Huy-
ghues-Despointes et al. 2001), or from the magnitude of
the slow, proline limited refolding phase in kinetic
experiments. In either case, the three trans prolines in
Src SH2 make a negligible contribution to the hydrogen
exchange free energy, increasing the apparent DGunf by
<0.2 kcal/mol, and cannot explain the 2 kcal/mol super
protection we observe.
Another potential source of excess protection is protein

self-association. The linkage between folding and di-
merization equilibria leads to a predictable increase in
the apparent stability of the native state with increasing
protein concentration. In this study, the NMR measure-
ments of exchange rates were performed at protein con-
centrations 500-fold higher than those employed for
fluorescence, which could account for the observed super
protection if Src SH2 forms a very tight dimer. The ana-
lytical ultracentrifugation experiments, however, confirm
that the SH2 domain is a monomer across this concentration
range, and therefore, association cannot account for the
super protection in Src SH2.

Native state proteolysis shows no deviation from the LEM

Hydrogen exchange super protection can sometimes be
explained by errors in the interpretation of denaturation
curves. The stability of SH2 measured by fluorescence
was calculated by linearly extrapolating the measured

stability in the range of 4–7 M urea back to zero de-
naturant. The DGunf clearly varies linearly with denaturant
in the transition region, where both the native and unfolded
states are significantly populated, but this linearity does not
necessarily hold for all urea concentrations. Indeed, several
models for denaturant interactions with proteins predict
upward curvature in DG versus [denaturant] at low de-
naturant concentrations (Pace 1986), and this has been seen
in the hydrogen exchange behavior of some proteins
(Englander et al. 1997; Yi et al. 1997; Fuentes and Wand
1998). Our determination of stability using a native state
proteolysis method, which is carried out under native
conditions without extrapolation from the transition zone,
yields values consistent with the fluorescence studies. The
proteolysis therefore shows that linear extrapolation of the
fluorescence unfolding data provides an accurate estimate
of the stability of SH2. The fact that the hydrogen exchange
free energies for many amides do not agree with this
stability suggests that the unfolded state probed by fluo-
rescence and proteolysis contains some residual structure
that protects backbone amides from exchange. This residual
unfolded state structure does not appear to persist in high
denaturant as the hydrogen exchange protection factors do
not reveal protection in 7 M urea.

Unfolded states of Src SH2

The higher free energy and m-value of the hydrogen
exchange unfolded state indicate that it most likely
closely resembles the globally unfolded, random coil
conformations of the polypeptide chain. The proteolysis
and fluorescence experiments indicate that another un-
folded species also exists in the native state ensemble of
Src SH2. This species has an unfolded fluorescence sig-
nal, indicating that the single tryptophan residue, W5, is
solvent exposed in this state, suggesting that core hydro-
phobic side chains are solvated. This species is also
sensitive to proteolysis, indicating that there is sufficient
backbone flexibility in at least some regions of the
protein to allow rapid digestion by thermolysin. However,
according to the native state hydrogen exchange, all
backbone amides that are protected in the fully folded
protein retain ;2 kcal/mol of protection in this unfolded
state. Moreover, the average m-value from native state
hydrogen exchange is ;20% higher than the m-value
from proteolysis or fluorescence, suggesting that more
surface area is exposed in the unfolding events detected
by hydrogen exchange. These observations are consistent
with a partially structured species in the unfolded ensem-
ble of Src SH2 with a population in 0 M urea ;30-fold
higher than the random coil unfolded state. It should be
noted that the hydrogen exchange protection in this species
does not necessarily indicate that it has native-like secondary
structure. We see the excess protection only in those residues
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that are structured in the native state simply because those
are the only residues for which we can measure exchange
rates. An ensemble of non-native but protected conforma-
tions in the unfolded state could give similar results.

We refer to the partially structured form of SH2 as part
of the unfolded ensemble, but it should be noted that it
could be interpreted as an equilibrium unfolding inter-
mediate. The distinction is a matter of how we choose to
define the unfolded state U. If U is defined as the most
random coil-like ensemble of conformations accessible,
then the HX unfolded state should be called U, the ‘‘real’’
DGunf of SH2 is the HX value of 9.5 kcal/mol, and the
fluorescence and proteolysis experiments reveal an equi-
librium intermediate that is 2 kcal/mol stable. However,
if we broaden the definition of U to include all nonna-
tive conformations with substantial side chain solvation,
then the fluorescence and proteolysis experiments reveal
a lower energy portion of the denatured ensemble with
some residual, native-like structure. Traditionally, the latter
definition of U has been employed to rationalize hydrogen
exchange super protection where it has been observed in
SNase (Wrabl and Shortle 1999), PrP (Nicholson et al.
2002), and thioredoxin (Bhutani and Udgaonkar 2003). For
example, in wild-type SNase, significant super protection is
observed in the b-barrel domain of the molecule. Certain
mutants in the b-barrel domain both eliminate the apparent
super protection and raise the m-value in fluorescence
experiments. These observations have been rationalized in
terms of an unfolded state for SNase with molten globule-
like residual structure in the b-barrel domain. The increased
m-value is then due to disruption of this residual structure
leading to increased solvation of the unfolded state (Wrabl
and Shortle 1999). An interpretation based on a narrower
definition of U would call the molten globule an intermedi-
ate state in equilibrium with the native and unfolded con-
formations. In this case the mutations would destabilize the
intermediate, decreasing its population in equilibrium un-
folding experiments and altering the apparent m-value
(Spudich and Marqusee 2000).

Energy landscape of Src SH2

The results of the equilibrium and kinetic fluorescence
experiments, proteolysis, and hydrogen exchange allow
us to define an energy landscape for Src SH2, shown in
Figure 6. Two unfolded states are apparent: one sensitive
to proteolysis (Uproteolysis), and one sensitive to hydrogen
exchange (UHX). The single tryptophan side chain is
apparently equally exposed to solvent in both unfolded
states; fluorescence is unable to distinguish between them,
and unfolding appears simple and two-state when moni-
tored by that probe. The free energies of these unfolded states
relative to the native state can be determined from the
apparent stabilities of the protein measured by proteolysis

and hydrogen exchange. The difference in stability of
;2 kcal/mol indicates that Uproteolysis is ;30-fold more
populated than the random coil unfolded state (UHX) in the
absence of urea. We have no information about the kinetics
of the transition between UHX and Uproteolysis, so no barrier
is shown between these species. In our kinetic refolding
experiments, Uproteolysis was the dominant unfolded species
in the initial conditions (8 M urea), and the stability of the
protein determined from the ratio of the rate constants for
folding and unfolding matches the stability determined by
fluorescence and proteolysis. These observations lead us to
indicate folding directly from Uproteolysis to N.

Despite the appearance of simple, two-state behavior in
a number of equilibrium and kinetic experiments, the Src
SH2 domain evidently has a more complex energy land-
scape. The appearance of multiple unfolded species in even
a simple model protein such as this one suggests that par-
tially structured species may be a common feature in larger
and more complex proteins’ energy landscapes. Given the
demonstrated role of partially structured species in such
important properties as thermal stability (Robic et al. 2003),
misfolding, and aggregation (Jahn and Radford 2005), the
characterization of these states in model proteins should
provide a great deal of information about aspects of protein
chemistry that remain poorly understood.

Materials and methods

Protein expression and purification

The SH2 domain of chicken c-Src was expressed and purified as
described (Maxwell et al. 2005). Isotopic labeling with 15N was

Figure 6. Experimentally determined energy landscape of Src SH2. The

energy of each state is given relative to the native state N. The reaction

coordinate is defined by the m-value of each transition, relative to N,

a measure of the solvent-accessible surface area exposed in the transition.

DGz is calculated using a preexponential factor of 108 sec�1, estimated

from intrachain triplet energy transfer rates in unfolded peptides (Krieger

et al. 2003). N, native state; z, transition state for (un)folding; Uproteolysis,

unfolded state detected by proteolysis; and UHX, unfolded state detected by

hydrogen exchange. The fluorescence signal does not distinguish between

the two unfolded states. The height of the barrier, if any, connecting the

two unfolded states has not been determined.
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carried out by transferring log-phase cells from LB media to M9
media with 15N ammonium chloride as described (Marley et al.
2001). Protein double-labeled with 15N and 13C, for determination
of backbone resonance assignments, was produced by growing
cells continuously in M9 media with 15N ammonium chloride and
13C glucose. All purified proteins were dialyzed into 20 mM
imidazole (pH 7.4) and 5 mM TCEP, concentrated to 1 mM with
a centrifugal concentrator, and stored frozen at –80°C.

Equilibrium stability determination

The equilibrium free energy of unfolding was determined in
20 mM imidazole (pH 7.4) and 1 mM TCEP, with 1–2 mM
protein. Individual 2 mL samples at different urea concentra-
tions were prepared and equilibrated overnight at room temper-
ature, followed by at least 30 min at 25°C prior to measurement.
Fluorescence spectra of each sample were acquired on a Fluo-
romax 3 fluorimeter (JY Horiba). Excitation was at 280 nm, and
emission spectra were recorded from 320–400 nm, with both
slits at 4 nm. The center of mass of each spectrum was
calculated using Equation 1:

CoM ¼ +Sili
+Si

(1)

where Si is the signal at wavelength li. A two-state model
(Santoro and Bolen 1988) was fit to the CoM versus [urea] data
to determine the equilibrium folding-free energy. All urea
concentrations were determined from the index of refraction
of the solutions (Warren and Gordon 1966).

Folding kinetics

Folding and unfolding rates were measured using a SFM-4
stopped-flow device (Molecular Kinetics) coupled to a
Fluoromax-3 fluorimeter (JY Horiba). Excitation was at 280 nm
with 10 nm slit width, and emission was recorded at 315 nm
with 20 nm slit width. Temperature was maintained at 25°C
by a circulating water bath, and buffers were temperature-
equilibrated for 10 min each time the syringes were reloaded. A
three-syringe, two-mixer setup was employed, where syringe 1
contained buffer at 0 M urea for refolding and 10 M urea for
unfolding, syringe 2 contained buffer at the concentration mid-
point for denaturation, and syringe 3 contained either native or
unfolded protein. Reactions were initiated by diluting the protein
10-fold into various concentrations of urea, which were de-
termined by adjusting the relative volumes delivered by syringes
1 and 2. The dead time was 6 msec for all experiments. Five
curves were recorded for each denaturant concentration and
averaged. The resulting traces were fit to a single exponential
decay using the program SigmaPlot (SSI).

NMR assignments

All NMR experiments were performed on a Bruker 600 MHz
spectrometer. HSQC assignments were initially determined at
pH 5.5 in 20 mM deuterated sodium acetate (Cambridge
Isotopes), using three-dimensional CBCANH and CBCACONH
experiments. Assignments at pH 7.4 were determined by pH
titration from 5.5 to 7.4.

Hydrogen exchange data collection

Exchange samples contained 1 mM protein in 20 mM deuterated
imidazole (Cambridge Isotopes) and 1 mM TCEP. Samples
(0.5 mL) were prepared in H2O, and the pH was adjusted to
7.0 with HCl or NaOH before samples were flash-frozen and
lyophilized. Exchange was initiated by dissolving the samples in
0.5 mL of D2O with 0 to 3 M deuterated urea. Samples were
immediately transferred to NMR tubes and placed in the
spectrometer. Time between initiation of exchange and begin-
ning of data collection averaged 25 min. Exchange was
monitored with HSQC spectra. Forty-four complex points were
collected in the indirect dimension, with a spectral width of
660 Hz. Four transients were averaged for each point, giving
a total experiment time of 7 min. Spectra were acquired for
increasing time intervals for periods ranging from 12 h for high
urea samples to ;1 mo. When outside of the spectrometer, the
samples were kept in a temperature-controlled 25°C water bath.
Sample pD was measured upon completion of exchange and
corrected for the glass electrode isotope effect (Glasoe and Long
1960). Corrected pD ranged from 7.3 to 7.5. Spectra were
processed with Felix 97.0 (Accelrys) Peak height as a function
of time was fit to a single exponential decay with SigmaPlot
(SSI).

Analysis of exchange rates

Amide hydrogen exchange is catalyzed by acid or base in
aqueous solution. The first-order rate constant for an unstruc-
tured polypeptide (krc) depends on solution pH, temperature,
and primary structure and has been extensively calibrated with
model compounds (Bai et al. 1993). Observed hydrogen ex-
change rates in proteins are often many orders of magnitude
lower than the rate in a random coil, due to hydrogen bonding
and/or burial in the native protein structure. The hydrogen
exchange reaction in a protein was modeled by a microscopic
two-state equilibrium:

Closed !
kop !

kcl

Open!krc
Exchanged (2)

The observed rate constant (kobs) for a given amide can be
expressed as a function of the opening and closing rate
constants:

kobs ¼ kopkrc
kcl þ krc

(3)

In the EX2 limit (Hvidt and Nielsen 1966), where kcl >> krc,
the rate is limited by the population of the open state:

kobs ¼ kop
kcl

krc ¼ Kopkrc (4)

The free energy difference between the closed state and the
most accessible open state for each amide was calculated
directly from the observed exchange rates using Equation 5.

DGHX ¼ �RT ln Kop ¼ �RT ln
kobs
krc

(5)
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The dependence of DGHX on [urea] was modeled as a combi-
nation of two processes: urea-independent local fluctuations and
unfolding reactions with a linear dependence of DG on [urea]:

DGHX ¼ �RT lnðKFL þ KUNFÞ (6)

Plots of DGHX versus [urea] for each amide were fit to
Equation 7 to obtain DGFL, DGUNF, and m.

DGHX ¼ �RT ln e

�DGFL

RT þ e

�DGUNF þ m½urea�
RT

0
@

1
A (7)

Unfolded state hydrogen exchange

Exchange rates in SH2 denatured with 7 M urea were measured
with a Bio-logic SFM4 quenched-flow device. Lyophilized
15N-labeled protein was dissolved to a final concentration of
1 mM in D2O with 7 M deuterated urea, 20 mM imidazole
(pD 7.4), and 1 mM TCEP and allowed to exchange for 2 h at
25°C. Exchange was initiated by dilution of 250 mL of protein
1:10 with labeling buffer (7 M urea [in H2O], 20 mM imidazole
at pH 7.4, 1 mM TCEP). The exchange time was adjusted to 10,
120, or 1000 msec by adjusting the flow rate and delay loop
volume. In addition, exchange times of 10 and 100 sec were
obtained by manual mixing. Exchange was quenched by a 1:8
dilution into refolding buffer (H2O with 50 mM sodium acetate
at pH 5.5, 200 mM NaCl). Quenched samples were immediately
concentrated to a volume of 0.5 mL using Amicon Ultra
centrifugal concentrators. The buffer was then exchanged with
50 mM deuterated sodium acetate (Cambridge Isotopes) at pH
5.5 and 100 mM NaCl using a Sephadex G25 spin column, and
the protein was flash-frozen in liquid nitrogen and lyophilized.
The total workup time was ;1 h. To control for exchange due to
the slow refolding phase, a sample was collected where the
unfolded, deuterated protein was directly diluted into refolding
buffer.
The lyophilized protein samples were dissolved in 0.5 mL

D2O and immediately transferred to NMR tubes to collect
HSQC spectra. The total time to the start of data acquisition
was 20 min, and the acquisition time was 1 h. NMR spectra were
processed, and peak volumes were measured as described for the
hydrogen exchange experiments. Peak volumes in each spec-
trum were corrected for protein concentration, and plotted
versus time for each amide. Data were fit to single exponentials
with Sigmaplot.

Proteolysis kinetics

Proteolysis by thermolysin was performed with 30 mM SH2 and
3 mM thermolysin in 20 mM imidazole (pH 7.4), 10 mM CaCl2,
50 mM NaCl, 1 mM TCEP, and 0–3 M urea. The addition of
50 mM NaCl and 10 mM CaCl2 did not alter the stability
measured by fluorescence. Thermolysin kcat/Km in this buffer
as a function of [urea] was estimated from the rate of digestion
of 1.5 mM fluorogenic peptide substrate ABZ-Ala-Gly-Leu-Ala-
pNA as described (Park and Marqusee 2004). Reactions were
initiated by adding thermolysin to an SH2 solution. At various
times, 15 mL aliquots were removed and quenched by addition
of 1 mL 200 mM phosphoramidon (Sigma) and 4 mL 50 mM

EDTA. The use of the competitive inhibitor phosphoramidon
eliminates thermolysin self-cleavage, simplifying the analysis of
proteolysis reactions. Quenched reactions were kept frozen at –
20°C prior to analysis. Proteolysis rates were determined by
separating samples on 15% SDS-PAGE gels, staining with
Sypro Red (Molecular Probes), and scanning with a Typhoon
imaging system (Amersham Biosciences). Band intensities were
quantified with the program ImageJ. Intensity versus time was
fit to a single exponential decay equation with the program
SigmaPlot (SSI) to determine first-order rate constants for
proteolysis.
The concentration of thermolysin was such that the rate of

proteolysis of a random coil peptide was much less than the
folding rate of SH2. This is analogous to the EX2 condition for
hydrogen exchange described above. Under these conditions,
the observed rate constant for proteolysis is related to the
equilibrium constant between the proteolytically inaccessible
and accessible states of the protein (Kop):

kobs ¼ Kopðkcat=KmÞ½thermolysin� (8)

Values of Kop from proteolysis were converted to DGproteolysis

using Equation 9.

DGproteolysis ¼ �RT lnKop (9)

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed by
using a Beckman XL-1 ultracentrifuge. Six samples ranging in
concentration from 0.5 to 800 mM were run at 30,000 and
40,000 rpm. After the samples reached equilibrium at each
speed, absorbance scans were taken at wavelengths of 280, 290,
and 300 nm. Data were analyzed using the programs SedFit and
SedPhat.
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