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Distribution of Molecular Size within an Unfolded
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Introduction

Contrary to a simplistic structure-function para-
digm, an increasing number of proteins that are
unstructured under physiological conditions yet
biologically active are being described.1 For
example, the p21 Cdk inhibitors and the C-term-
inal activation domain of c-Fos are functionally
active but intrinsically disordered in the absence of
binding to target proteins.2,3 It has been suggested
that conformational disorder may play an import-
ant role in the diversity of interactions of these and
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other such proteins. In addition to the experimen-
tally demonstrated examples, a signi®cant fraction
of protein sequences in various genomes are
predicted to code for disordered or partially
disordered ``structures''.4

To better understand the potential biological role
of disorder, structural information on unfolded
and partially unfolded states of proteins under
physiological conditions is crucial. Unlike a protein
in its folded state, the unfolded state is an
ensemble of rapidly interconverting conformers. A
complete characterization requires not only
descriptions of average local and global properties
but details on the various conformers that contrib-
ute to the disordered state ensemble and their rela-
tive populations.5 Even though unfolded states
have much less persistent structure than folded
states, recently developed NMR and other spectro-
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The size distribution of molecules within an unfolded state of the N-
terminal SH3 domain of drk (drkN SH3) has been studied by small-angle
X-ray scattering (SAXS) and pulsed-®eld-gradient NMR (PFG-NMR)
methods. An empirical model to describe this distribution in the unfolded
state ensemble has been proposed based on (i) the ensemble-averaged
radius of gyration and hydrodynamic radius derived from the SAXS and
PFG-NMR data, respectively, and (ii) a histogram of the size distribution
of structures obtained from preliminary analyses of structural parameters
recorded on the unfolded state. Results show that this unfolded state,
Uexch, which exists in equilibrium with the folded state, Fexch, under non-
denaturing conditions, is relatively compact, with the average size of con-
formers within the unfolded state ensemble only 30-40 % larger than the
folded state structure. In addition, the model predicts a signi®cant over-
lap in the size range of structures comprising the Uexch state with those
in a denatured state obtained by addition of 2 M guanidinium chloride.
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102 Size Distribution in an Unfolded State Ensemble
scopic techniques have allowed characterization of
the residual structure present. Information on
backbone conformational preferences can be
derived from NMR parameters including scalar
J-coupling constants,6 ± 8 sequential HN-HN and
Ha-HN NOEs9 as well as chemical shifts.10,11 Long
range HN-HN NOEs can also be observed in the
unfolded state ensemble using extensive deutera-
tion to reduce relaxation12 and paramagnetic relax-
ation enhancement13,14 and residual dipolar
couplings15 can be used to probe structural features
of partially unfolded or unfolded molecules.
Details on speci®c interactions in populated confor-
mers of the unfolded state ensemble can thus be
obtained.

A full description of the unfolded state, how-
ever, requires information about the ensemble dis-
tribution of molecular sizes, shapes and the extent
of compactness. Small-angle X-ray scattering
(SAXS) is one of the few techniques that provides a
direct measure of these properties.16 Recent
advances in X-ray sources and instrumentation
make SAXS a powerful tool for studying the con-
formations and interactions of biological macro-
molecules with a number of studies focussing on
disordered states. In particular, SAXS results have
shown that thermally and chemically denatured
states of ribonuclease A are more compact than a
random coil of the same length.17 A time-resolved
approach to SAXS has also been applied to study
the changes in compactness of lysozyme during
different stages of the folding process.18,19

Pulsed-®eld-gradient NMR (PFG-NMR) is
another useful technique to study molecular
size.20,21 While SAXS yields the radius of gyration
(Rg), PFG-NMR provides a measure of the transla-
tional diffusion coef®cient, which can be used to
determine the hydrodynamic radius (Rh). This
method has been applied to the study of folded
and unfolded states of a number of proteins.21 ± 23

Here, we have used SAXS and PFG-NMR to
measure the radius of gyration and hydrodynamic
radius of the unfolded state ensemble of the
isolated N-terminal SH3 domain of the Drosophilia
signal transduction protein drk (drkN SH3) under
non-denaturing conditions. The Drosophilia protein
drk functions to couple activated receptor tyrosine
kinases to Ras signaling via binding of the guanine
nucleotide exchange factor Sos to this SH3
domain.24 SH3 domains, in general, mediate pro-
tein recognition in signal transduction and cellular
localization by binding to proline-rich targets.25

Most isolated SH3 domains are stably folded; how-
ever, the drkN SH3 domain is unstable in the
absence of its binding target Sos and exists in equi-
librium between a folded (Fexch) and an unfolded
form (Uexch) in aqueous buffer and near neutral
pH. The protein can be stabilized to the folded
state (Fs) by addition of 0.4 M sodium sulfate or
denatured (Ugdn) by adding 2.0 M guanidinium
chloride (GdnCl). Extensive structural studies of
these various states have been performed using
NMR and other spectroscopic techniques.5,12,26 ± 35
To enable a more complete understanding of the
Uexch state, which coexists with the folded state
under non-denaturing conditions, we have applied
SAXS and PFG-NMR techniques to determine the
molecular size distribution in the Uexch ensemble.
In particular, we have taken advantage of the
difference in modes of ensemble averaging of the
radius of gyration and hydrodynamic radius,
along with additional information provided by
preliminary structures of the unfolded ensemble,5

to describe the size distribution of conformers in
this state.

Results and Discussion

SAXS measurements were performed on three
different samples of the drkN SH3 domain, includ-
ing (i) the folded state, Fs, stabilized by the
addition of 0.4 M sodium sulfate, (ii) an equili-
brium mixture of folded (Fexch) and unfolded
(Uexch) states and (iii) the chemical (2 M GdnCl)
denatured state (Ugdn). Figure 1 shows Guinier
plots for each of the different states of the SH3
domain studied. The effective radii of gyration (Rg)
obtained by Guinier analyses of the scattering pro-
®les are 11.9(�0.5), 14.1(�0.5) and 21.9(�0.5) AÊ for
the Fs, Fexch/Uexch and Ugdn states, respectively.
The slightly larger Rg measured for the folded pro-
tein (Fs state) relative to Rg � 10.4 AÊ calculated
from the NMR-derived structure is due to the con-
tribution from hydration to scattering. SAXS data
from the Fexch/Uexch system was analyzed accord-
ing to the relation:

R2
g � pFR2

g;F � �1ÿ pF�R2
g;U �1�

where Rg,F and Rg,U are the radii of gyration of the
folded and unfolded exchanging states, respect-
ively, and pF is the fractional population of the
Fexch state.36 In equation (1) it is understood that
the unfolded state is comprised of an ensemble of
conformers so that:

R2
g;U �

XN

i

P�Rg;i�R2
g;i �2�

with P(Rg,i) the probability of ®nding a molecule in
the unfolded ensemble with radius of gyration
equal to Rg,i. A value of pF � 0.58(�0.04) has been
determined from 1H-15N HSQC correlation spectra
recorded on the Fexch/Uexch mixture. Using this
value along with Rg � 11.9(�0.5) AÊ obtained for
the Fs folded state gives Rg,U � 16.7(�1.4) AÊ

(equation (1)). In this regard it is noteworthy that
NMR studies have established that the Fs and Fexch

folded states have very similar structures28 and
hence their hydrodynamic properties are expected
to be the same. The Rg value obtained for the
unfolded ensemble is only 40 % larger than what is
measured for the Fs state and signi®cantly smaller
than 21.9(�0.5) AÊ observed for the GdnCl-
denatured drkN SH3 domain. This result is consist-
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Figure 1. Guinier plots of scattering data recorded on
the Fs state stabilized by addition of 0.4 M Na2SO4 (a),
the Fexch/Uexch equilibrium state in 50 mM phosphate
buffer solution at pH 6.0 (b) and the denatured state in
2 M GdnCl, Ugdn (c). The slope of each line is pro-
portional to ÿ(4p2Rg

2/3). Guinier Rg values of the Fs,
Fexch/Uexch and Ugdn states are 11.9(�0.5), 14.6(�0.5) and
21.9(�0.5) AÊ , respectively. The Rg value of the Fexch/
Uexch equilibrium state derived from the ®rst two min-
utes of data is 14.1(�0.5) AÊ
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ent with long range amide distances observed in
NOESY experiments recorded on the Uexch state
that were not observed in similar experiments on
the Ugdn state12 and argues that the Uexch ensemble
is comprised of a large fraction of compact struc-
tures (see below).

Equation (2) indicates that any interpretation of
Rg,U in terms of the properties of the ensemble is
predicated on knowing the form of P(Rg). To our
knowledge, however, there is no standard model
that describes the distribution of Rg values for con-
formers in an unfolded state ensemble. With this in
mind we have used two different functional forms
for P(Rg). The ®rst relation is based on an empirical
model proposed by Flory and Fisk to describe the
statistical distribution of the radii of gyration in an
ensemble of linear chain molecules neglecting
excluded volume effects:37

P�Rg� � const� R6
g exp

ÿ7R2
g

2hR2
gio

" #
�3�

where hRg
2i is the mean-square radius of gyration

for the ensemble. Based on equation (3) the distri-
bution can be written as:

p�Rg� �
�Rg ÿ Rnative

g �m exp
ÿ�Rg ÿ Rnative

g �2
s

" #
XRg�Rextended

g

Rg�Rnative
g

�Rg ÿ Rnative
g �m exp

ÿ�Rg ÿ Rnative
g �2

s

" #
�4a�

where Rg
native and Rg

extended are the radii of gyration
for the folded and the completely extended drkN
SH3 domain structures, respectively, and s and m
are the ®tting parameters. The second model that
we have examined is completely empirical and is
given by the expression:

p�Rg� �
�Rg ÿ Rnative

g �2 exp
ÿ2�Rg ÿ Rnative

g �
s

" #
XRg�Rextended

g

Rg�Rnative
g

�Rg ÿ Rnative
g �2 exp

ÿ2�Rg ÿ Rnative
g �

s

" #
�4b�

where s is the single ®tting parameter. The func-
tional form of P(Rg) is quite sensitive to s and not
surprisingly, therefore, P(Rg) can ®t many different
distributions including, as we show below, those
comprised of structures from unfolding trajectories
of the drkN SH3 domain. In what follows we are
not concerned about the interpretation of these
parameters in terms of properties of the distri-
bution; only whether meaningful P(Rg) distri-
butions can be obtained in the ®rst place. In both
models a value of Rg

extended � 40 AÊ was chosen
based on calculations of Rg for unfolded molecules
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generated during unfolding trajectories (see
below).

In addition to the SAXS-derived data on Rg,
further information on the size-distribution proper-
ties of the Fexch/Uexch system can be obtained from
NMR studies of translational diffusion rates. Since
molecules in the folded and unfolded states
exchange slowly on the chemical shift time scale,
diffusion coef®cients for both states can be
obtained simultaneously from measurements on a
single sample. The ratio of diffusion constants
obtained in this manner is therefore independent
of sample viscosity, simplifying analysis, as
described below. Figure 2 shows the decay of mag-
netization as a function of PFG strength for signal
derived from T12 in the Fexch (circle) and Uexch

(square) states. In total, decay curves for 42 resi-
dues from the folded state and 19 from the
unfolded ensemble could be measured using
two-dimensional PFG experiments described
in Materials and Methods. Average diffusion
coef®cients of 7.10(�0.04) � 10ÿ7 cm2 sÿ1 and
5.40(�0.03) � 10ÿ7 cm2 sÿ1 have been obtained for
the Fexch and Uexch states. The translational diffu-
sion coef®cient of a molecule, Dt, is related to its
hydrodynamic radius, Rh de®ned as the radius of a
sphere with the same value of Dt, according to the
Stokes-Einstein equation:

Dt � kT

6pZRh
�5�

where k is Boltzmann's constant, T is the absolute
temperature and Z is the solvent viscosity. Thus:

Dt;F

Dt;U
� 1:30� 0:01 � Rÿ1

h;F

Rÿ1
h;U

�6�

where the subscripts F and U denote folded and
unfolded states, respectively. The value of Rÿ1

h,U is
averaged over all conformations in the unfolded
state according to:
0 2000 4000

g2 (G2cm-2)
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Figure 2. Diffusion attenuation data for Thr12 in the
Fexch (*) and Uexch (&) states. Similar curves were
obtained for 42 residues in the Fexch state and 19 resi-
dues in the Uexch state.
Rÿ1
h;U �

XN

i

P�Rh;i�Rÿ1
h;i �7�

where P(Rh,i) is the probability of an unfolded con-
formation having a hydrodynamic radius of Rh,i.
The value of Rÿ1

h,U can be obtained from equation
(6) so long as Rÿ1

h,F is known. Using the program
HYDROPRO38 along with the NMR-derived struc-
ture of the folded drkN SH3 domain and assuming
approximately one shell of bound water (see
Materials and Methods) a value of Rh,F � 15.6 AÊ is
calculated and therefore Rh,U � 20.3(�0.2) AÊ .

Equation (2) shows that R2
g,U, measured by the

SAXS experiment, is biased by extended confor-
mers in the unfolded ensemble. In contrast, inspec-
tion of equations (6) and (7) indicates that the
parameter measured in the NMR experiment, the
diffusion coef®cient and hence Rÿ1

h,U, is weighted
more heavily by compact structures. In what fol-
lows the difference in the way in which R2

g and Dt

average will be exploited to estimate the size distri-
bution of conformations in the Uexch ensemble.

Before such an estimate can be obtained, how-
ever, it is necessary to develop a relation between
Rg and Rh so that the SAXS and NMR data can be
combined. In the case of a globular folded protein,
the characteristic ratio, Rg/Rh, equals

��������
3=5
p

(�0.775), while for an ideal Gaussian chain and an
excluded volume chain this ratio is 1.24 and 1.56,
respectively.39 An Rg/Rh ratio of 0.75 is obtained
for the Fs state of the drkN SH3 domain, with Rg

measured using SAXS and Rh calculated using
HYDROPRO38 and the NMR structure. This ratio
is very close to the expected value. In contrast, the
experimentally determined ratio of Rg/Rh for the
Uexch state is 0.82, far removed from the values
expected for either a Gaussian or excluded volume
chain. Indeed, a ratio of 0.82 argues strongly that
the Uexch state is comprised of a signi®cant popu-
lation of compact structures.

An empirical correlation between Rg and Rh has
been obtained from a large set of conformers
which provide a reasonable sampling of the con-
formational space available to the Uexch state of the
drkN SH3 domain. Conformers have been gener-
ated by creating multiple unfolding trajectories
using the program TRADES (Trajectory Directed
Ensemble Sampling).40 In this approach, Ca atoms
of the Fs state structure were displaced in an itera-
tive manner in a series of 100 steps; after each step
the remaining backbone atoms are added, followed
by the side-chains using a rotamer library. A total
of 600 of these unfolding trajectories were gener-
ated to produce 60,000 conformers. In each trajec-
tory structures range from those close to the folded
state (i.e. with Rg near that of the Fs state) to those
that are very extended, providing a sampling of
both native-like and unfolded proteins. Sub-
sequently Rg and Rh values have been calculated
for all structures using HYDROPRO,38 including
approximately one water layer of hydration, with
Rh and Rg/Rh illustrated as a function Rg in
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Figure 3. Correlation between Rg

and Rh (a) and between (Rg/Rh) and
Rg (b) for the 60,000 structures gen-
erated in an unfolding trajectory
using the program TRADES.40 Rg

and Rh values for all conformers
were calculated using the program
HYDROPRO.38
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Figure 3(a) and (b), respectively. The range of
characteristic ratios extends from 0.74 to 1.42 and
interestingly a linear correlation between Rg/Rh

and Rg is observed:

Rg=Rh � 0:0273� Rg � 0:396 �8a�
Since the ratio Rg/Rh de®ned by equation (8a) is
critical to the analysis that follows, we have used
an alternative method to obtain an unfolding tra-
jectory from which this ratio can be obtained. This
ensures that the functional form of equation (8a)
above is not an artifact of the method that has
been used to calculate the ensemble of structures
in the ®rst place. Starting from a 10 ns molecular
dynamics trajectory of the drkN SH3 domain at
498 K, 9600 structures have been extracted, with
an additional 600 structures obtained from a 3.6 ns
trajectory at 598 K (see Materials and Methods).
From this distribution of structures the ratio Rg/Rh

was calculated and, as with the ensemble of struc-
tures obtained from TRADES,40 a linear correlation
between Rg/Rh and Rg was obtained, as de®ned
by:

Rg=Rh � 0:0274� Rg � 0:423 �8b�
In what follows we have used equation (8a); essen-



Figure 4. Rg distributions obtained from ®ts using
equation (4b) with Rg � 15.0(�0.5) AÊ used as input (a),
with Rh � 19.1(�0.5) AÊ used as input (b) and when both
Rg � 15.0(�0.5) AÊ and Rh � 19.1(�0.5) AÊ are ®tted sim-
ultaneously using equation (9) (c). Note the improved
description of P(Rg) when both NMR and SAXS data
are included in the ®ts.
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tially identical results are obtained if the corre-
lation given by equation (8b) is substituted. We
have also determined the relation between Rg/Rh

and Rg for a number of other proteins using struc-
tures generated from unfolding trajectories
obtained with TRADES. Although linear relation-
ships were obtained in all cases, they do vary. For
example, assuming a relation of the form Rg/
Rh � a � Rg � b, we ®nd a � 0.023, b � 0.42 for ubi-
quitin (76 residues, 1UBQ41), a � 0.023, b � 0.39 for
barnase (110 residues, 1RNB42), a � 0.034, b � 0.38
for crambin (46 residues, 1CRN43) and a � 0.015,
b � 0.53 for hen egg white lysozyme (129 residues,
2LZT44).

Using the correlation described in equation (8a),
along with the measured values for Rh,U and R2

g,U it
is possible to determine the distribution of Rg

values in an unfolded ensemble (equations (4a) or
(4b)) by minimizing:

w2 � �Rcalc
g;U ÿ R

expt
g;U �2 � �Rcalc

h;U ÿ R
expt
h;U �2 �9�

with Rcalc
g,U and Rcalc

h,U given by equations (2) and (7),
respectively. The size distribution function given
by equation (4a) depends on two ®tting parameters
and it is clear, therefore, that at least two measur-
ables are required to properly de®ne P(Rg) in this
case. In contrast, the model described by equation
(4b) is a function of only a single ®tting parameter,
and in principle, it is possible to obtain a ®tted
P(Rg) distribution from only a single observable.
However, as illustrated in Figure 4, a combination
of both Rh and Rg values greatly decreases the
uncertainty in the distribution that is obtained.
For example, consider the case where
Rexpt

g,U � 15.0(�0.5) AÊ is measured and used to
obtain the population distribution function.
Figure 4(a) shows the range of P(Rg) curves that
are consistent with this single experimental value.
Alternatively, if Rexpt

h,U � 19.1(�0.5) AÊ is the only
experimental parameter, a range of distributions
shown in Figure 4(b) is obtained. Figure 4(c) illus-
trates the set of P(Rg) functions that are obtained
when both Rexp t

g,U � 15.0(�0.5) AÊ and Rexpt
h,U � 19.1

(�0.5) AÊ are ®tted simultaneously and it is clear
that the distribution is much better de®ned.

Figure 5 illustrates the distribution that is
obtained when ``ensemble-averaged'' values of Rg

(``Rexpt
g,U `` � 18.5 AÊ ) and Rh (``Rexpt

h,U `` � 20.0 AÊ ), calcu-
lated from the 60,000 structures generated from the
TRADES unfolding trajectory, are ®tted using
equation (9). The actual distribution (histogram) is
shown, and P(Rg), obtained from minimization of
w2 using either equation (4a) (green, broken line) or
equation (4b) (red, continuous line), is illustrated
for comparison. It is clear that despite the fact that
there are only two ®tting parameters in equation
(4a) and one in equation (4b), both P(Rg) functional
forms capture the essential elements of the distri-
bution. As a further test of the model, 110 subsets
of conformers from the 60,000 structures were gen-
erated comprised of approximately 300 structures
each, ensemble-averaged ``Rexpt

g,U `` and ``Rexpt
h,U `` calcu-
lated for each group as before, and P(Rg) distri-
bution functions obtained. Figure 6 illustrates
histograms of Rg along with the calculated P(Rg)
curves (green, broken line equation (4a); red, con-
tinuous line equation (4b)) for representative sets
of data.

In Figure 6(a) a relatively narrow distribution of
structures is present in the ensemble, with a signi®-
cant population of structures close to
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Figure 6. Histograms from small subsets of structures
(approximately 300/ensemble) calculated from the SH3
unfolding trajectory using TRADES showing distri-
butions of Rg values. The ensembles were generated to
increase in distribution width from (a) to (c). Ensemble-
averaged Rg and Rh values of (15.9 AÊ , 18.8 AÊ ) (a),
(20.3 AÊ , 21.2 AÊ ) (b), (18.5 AÊ , 20.0 AÊ ) (c) are indicated,
with the green dotted lines (red continuous lines) show-
ing Rg distributions predicted using equation (4a)
(equation (4b)).
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Figure 5. Histogram of the distribution of Rg values in
the unfolded ensemble of the drkN SH3 domain calcu-
lated from 60,000 structures obtained from an unfolding
trajectory using the program TRADES.40 The green
dotted line is the Rg distribution predicted from ®ts of
equation (4a) to the ensemble-averaged Rg and Rh

values, while the red, continuous line is derived in the
same manner using a model based on equation (4b).
Rnative

g and Rextended
g are set to 11.9 and 40.0 AÊ , respect-

ively. Ensemble-averaged Rg and Rh values of 18.5 and
20.0 AÊ were used in the ®tting.
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Rnative
g � 11.9 AÊ , the radius of gyration of the native

state structure. Note that both models described in
equation (4) require an input value for Rnative

g and
we have used 11.9 AÊ in each case. In general this
value is available from experiments on the native
protein or by calculation,38 assuming that the struc-
ture of the protein in its native form is known.
Reasonable agreement between the actual distri-
bution described by the histogram in the
Figure and P(Rg) ®tted on the basis of ``Rexpt

g,U `` and
``Rexpt

h,U `` is obtained for both models. In contrast, the
Rg distribution pro®les predicted from the data are
not nearly as good when there are few native
structures present in the ensemble (Figure 6(b)),
and it is clear that equation (4b) does a worse job
than equation (4a). In the case where the ensemble
is comprised of a wide distribution of structures
(Figure 6(c)) both models give reasonably good ®ts
to the data, with the width of the distribution
reproduced quite well in both cases. In all cases
considered ``Rexpt

g,U `` and ``Rexpt
h,U `` values are ®t to

within 2.0 %. The ensemble averaged values of Rg,U

and Rh,U used in each of the ®ts illustrated in
Figure 6 are listed in the legend to the Figure.

Figure 7(a) and (b) shows P(Rg) pro®les for the
Uexch ensemble calculated as described above with
equation (4a) and (4b), respectively, using the aver-
age values Rexpt

g,U � 16.7 AÊ and Rexpt
h,U � 20.3 AÊ . In

addition, the P(Rg) distribution has also been
obtained for the Ugdn state based on Rexpt

g,U � 21.9 AÊ

determined by SAXS together with a rough
estimate of Rh,U (22.6 AÊ ), calculated using an
empirical equation developed by Wilkins et al.21

which relates Rh to the number of residues, N,
in an unfolded polypeptide chain (Rh � (2.2 �
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Figure 7. Rg distributions in Uexch

and Ugdn state ensembles obtained
using Rexpt

g,U� 16.7 AÊ and Rexpt
h,U�

20.3 AÊ (derived on the basis of
SAXS and NMR data) and models
based on equation (4a) (a) and
equation (4b) (b). Insets show the
effects of experimental error
(�0.2 AÊ for Rexpt

h,U and �1.5 AÊ for
Rexpt

g,U ) on the distributions for the
Uexch state (yellow). (c) A compari-
son between the pro®les predicted
from the model of equation (4a)
(green) and equation (4b) (red)
with the distribution of structures
(2400) generated from experimental
constraints, as described pre-
viously.5
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1.1)N0.57 � 0.02). Not unexpectedly a wider distri-
bution is noted for the Ugdn state relative to the
Uexch ensemble for both models and the maximum
of the Ugdn distribution is shifted by approximately
5-6 AÊ to larger Rg values. It is very clear that differ-
ent distributions can satisfy the experimental Rg

and Rh restraints. The distributions based on mod-
eling the Uexch or Ugdn states as a set of Gaussian
chains without excluded volume (equation (4a))
are surprisingly narrow with little overlap in the
size of unfolded molecules in either of the Uexch or
Ugdn states. In contrast, the model described by
equation (4b) predicts much larger P(Rg) distri-
butions with signi®cant overlap of molecular sizes
in the two unfolded states. Of interest, the P(Rg)
pro®le in this case is very similar to the distri-
bution generated from the unfolding trajectory of
the SH3 domain using the TRADES program (see
above) (Figure 5).

As described above, the Uexch ensemble has been
studied extensively by a variety of spectroscopic
techniques.5,12,26 ± 35 On the basis of NMR-derived
distance restraints, scalar couplings, chemical shifts
and PFG diffusion measurements as well as ¯uor-
escence experiments a preliminary distribution of
structures which describes the unfolded ensemble
under non-denaturing conditions has been
obtained.5 Although the details of the distribution
await further re®nement, we have used these
results to help distinguish between the two very
different models that are consistent with our exper-
imental measurements. Figure 7(c) superimposes
the P(Rg) distribution functions calculated for the
Uexch state using the models described in equation
(4a) (green) and (4b) (red) onto a histogram of Rg

values obtained from the combination of ®ve
ensembles (total of 2400 Uexch structures) generated
from the experimental constraints as described
previously.5 It is clear that the ®tted distribution
function based on equation (4b) is much more con-
sistent with the ensemble of calculated structures,
both in terms of the width and the relative popu-
lation of structures. Finally, in order to estimate
how experimental error affects the resulting distri-
bution functions, we have varied Rexpt

g,U by �1.5 AÊ

and Rexpt
h,U by �0.2 AÊ about their mean values with

the range of pro®les obtained illustrated in the
insets to Figure 7(a) and (b) (yellow). Notably for
both models this range of uncertainty does not
change the pro®les in a signi®cant way. Although
it is premature to suggest that the model described
by equation (4b) can be used to accurately describe
size distributions for all unfolded proteins the
methodologies described here can certainly be
used to assess its utility on a case by case basis.

Conclusions

SAXS and NMR measurements have been
employed to obtain a picture of the distribution of
molecular sizes in an ensemble of unfolded protein
states using crude models for the size distribution
which depend on only one or two ®tting par-
ameters. The approach developed exploits the fact
that ensemble averaging affects the experimental
observables in SAXS and PFG-NMR (R2

g, SAXS; Dt,
NMR) in fundamentally different ways, so that the
combination of results from the two methods is
expected to be a signi®cantly better monitor of
molecular size properties than either method alone.
Nevertheless taken together the data are still insuf-
®cient to uniquely de®ne a size distribution func-
tion describing the Uexch unfolded state ensemble
of the drkN SH3 domain. Indeed, best ®ts of the
experimental data to either of the two models
described here can reproduce experimental par-
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ameters to within 4 %, yet very different distri-
bution functions are generated. Both of the pro®les
are consistent with previous NMR studies of the
Uexch state that suggested that molecules are rela-
tively compact with signi®cant amounts of non-
native secondary and tertiary interactions, with
many of these contacts disappearing upon addition
of guanidinium chloride.12 However, comparison
of the different models obtained exclusively on the
basis of the PFG-NMR and SAXS data with the dis-
tribution of structures in Uexch ensembles calcu-
lated primarily from NOE, chemical shift, scalar
coupling and diffusion constant restraints5 indi-
cates that one of the pro®les is much more likely
(model described by equation (4b)). Notably this
pro®le predicts a wide distribution of structures,
similar to what is observed when an ensemble
comprised of 60,000 conformers is generated by
successively unfolding the SH3 domain, as well as
signi®cant overlap in the family of structures of the
Uexch and Ugdn states.

Materials and Methods

Sample preparation

The protein expression and puri®cation of the drkN
SH3 domain has been described.12 The sample of the
Fexch/Uexch equilibrium mixture contained 7 mg/ml pro-
tein in 50 mM phosphate buffer solution at pH 6.0.
Samples of the fully stabilized folded state (Fs) (11.6 mg/
Gz
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Figure 8. 1H-15N correlation experiment for the measurem
isotopically 15N-enriched molecules. The narrow (wide) bar
cated otherwise. Field strengths are 25 and 6.8 kHz on the 1

duration of 1.5 ms (rectangular shape) to selectively rotate t
quencies were centered at the water resonance (4.96 ppm)
respectively. In the case of applications involving 13C-labele
to refocus evolution due to 15N-13C scalar couplings. The
� � 205 ms, d/2 � 1.0 ms, b � 2.374 ms, b0 � 2.762 ms. TZ

mately 110 ms. Gradient strengths in G/cm (lengths in m
g4 � 47.5 (0.125), g5 � 19.0 (0.2), g6 � 7.6 (0.1), g7 � 16.2
f2 � {2(x),2(y),2(ÿx),2(ÿy)}, f3 � { ÿ x,x}, f4 � {x, ÿx}, f5 �
STATES-TPPI of f1.

50 2D datasets were acquired as
1500 � 8000 Hz in F1 and F2, respectively. Eight scans were
single 2D dataset was recorded in under one hour. Values f
G/cm. Duplicate datasets were acquired for values of f5 �
90 � was applied to data acquired with f5 � ÿx prior to ad
f5 � ÿ x thereby generating data sets comprised of single m
in any interval of the experiment, as described in the text.
ml) and the guanidinium chloride denatured state (Ugdn)
(10 mg/ml) were prepared by adding 0.4 M Na2SO4 and
2 M GdnCl to the buffer solution, respectively. The pH
values were then adjusted to 6.0.

NMR spectroscopy

All NMR experiments were carried out on a Varian
Inova spectrometer, operating at 500 MHz 1H frequency,
at a probe temperature of 5 �C. In order to reduce
artifacts caused by non-linearity of the pulsed ®eld
gradients, sample volumes were minimized by using
Shigemi tubes for all NMR measurements. Gradient ®eld
strengths were obtained following the procedures out-
lined by Price45 via (i) the shape of a 1D image of the
NMR sample and (ii) using a standard sample of nearly
neat 2H2O, with a value of D � 1.9 � 10ÿ5 cm2 sÿ1 for the
residual HO2H line at 25 �C.45 Both methods were in
excellent agreement and a value of 1.90 � 10ÿ3 G cmÿ1

DACÿ1 was obtained for our experimental setup.
Translational diffusion constants of both the Uexch and

Fexch states of the drkN SH3 domain were measured by a
two-dimensional analog of the stimulated echo LED
experiment.46 The extra resolution afforded by 2D spec-
troscopy was necessary since in 1D spectra resonances
from the folded and unfolded drkN SH3 states overlap.
In addition, the use of 2D heteronuclear spectroscopy
ensured that resonances from any small molecule con-
taminants in the sample (e.g. traces of glycerol) would
be eliminated and hence not contribute to diffusion
attenuation. The experimental pulse scheme is shown in
Figure 8, and is similar to a previously published 2D
stimulated echo experiment.47 Brie¯y, diffusion attenu-
g6 g6g5 g7

y

τbt1/2 TZ τb

y y
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φ 3
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ent of translational diffusion constants in a mixture of
s represent 90 � (180 �) pulses with phase x, unless indi-
H and 15N channels, respectively. Shaped pulses have a
he solvent water magnetization. 1H and 15N carrier fre-
and in the middle of the amide spectrum (119 ppm),

d proteins a carbon inversion pulse is applied at point a
delays used are: TN � 45 ms, ta � 2.3 ms, tb � 2.69 ms,
was calculated from the value of �, and was approxi-
s) are g1 � 9.5 (1.0), g2 � variable (1.0), g3 � 28.5 (0.5),
(0.6). The phase cycling employed is: f1 � {x, ÿ x},

{x}, frec � {2(x),2(ÿx)}. Quadrature in F1 is obtained by
118 � 1024 complex points, with spectral widths of

averaged with a recycle delay of 1.5 second, so that a
or g2 were 9.88, 15.58, 21.85, 29.07, 37.24, 46.74 and 57.0
{x, ÿ x}. An additional F2 zero order phase correction of
dition and subtraction of data obtained with f5 � x and

ultiplet components in F2. Decoupling is not employed
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ation is achieved by varying the ®eld strength of encod-
ing and decoding gradients, g2, while keeping the delays
between them constant. The encoding and decoding gra-
dients are split and merged with the polarization transfer
steps of a 2D constant time (CT) heteronuclear single
quantum correlation (HSQC) experiment. The diffusion
labeling gradients (in gray) bracket the constant-time
evolution period (2TN) for chemical shift labeling and a
period where the magnetization is stored along the
z-axis (TZ), which exploits the slower relaxation of longi-
tudinal versus transverse nitrogen magnetization, as in
the LED experiment.46 Note also that the evolution
period precedes the delay TZ (�110 ms) so that exchange
between the folded and unfolded species during this
time would generate cross-peaks. Notably we have not
observed such peaks in the present study, in agreement
with the very slow exchange rates between folded and
unfolded states (<1 sÿ1) at 5 �C measured previously.26

The absence of cross-peaks ensures that the diffusion
coef®cients obtained from the auto-peaks of the folded/
unfolded states are not contaminated due to the
exchange process.

In order to minimize sample heating throughout the
course of the measurements decoupling was not
employed during any stage of the experiment. We have
observed that decoupling can create temperature gradi-
ents leading to convection currents along the Z-axis,
resulting in signal attenuation and hence an increase in
the measured diffusion constant.45 When decoupling
was applied errors were particularly noticeable in stu-
dies of the Ugdn state of the drkN SH3 domain where the
protein was dissolved in 2 M GdnCl. The absence of
decoupling during acquisition does, however double the
number of cross-peaks. In order to minimize spectral
crowding we have elected to record F2-inphase (f5 � x)
and F2-antiphase (f5 � ÿx) spectra in an interleaved
manner. Addition and subtraction of the resultant data
sets produces spectra where cross-peaks are displaced by
1JHN Hz from each other in the F2 dimension, and diffu-
sion constants can be measured using both spectra there-
by decreasing the measurement error by

p
2, with the

number of cross-peaks identical to what is obtained in
decoupled spectra.

We have also developed a similar experiment which
records 2D 13C-1H CT-HSQC correlation maps and used
this experiment to measure diffusion constants from the
intensity versus gradient strength pro®le of methyl corre-
lations. Notably, identical diffusion constants were
measured using both 15N and 13C-based approaches
once decoupling was eliminated from both experiments.

A series of well-resolved 2D 15N-1H HSQC spectra
were obtained for different values of the encoding/
decoding gradient ®eld strength g2 and peak intensities
®tted to the relation:

I�G� � I�0� expfÿ�gGd�2D��ÿ d=3ÿ 3b=4� b0=4�g �10�
which has been derived for the experiment of Figure 8.
In equation (10) G is the ®eld strength of the encoding
and decoding gradients, g2, g is the proton gyromagnetic
ratio (2.675 � 104 rad Gÿ1 sÿ1), D is the diffusion coef®-
cient and the delays �, d, b and b0 are de®ned in the
Figure. Equation (10) was obtained following the
approach described by Stejskal and Tanner48 and reduces
to their well-known result for the case where the bipolar
gradient pairs merge to single gradient pulses of length
d (b � b0 � 0). Notably, amide peak intensities were
obtained for 72 % of residues in the folded state and
32 % of the available residues in the unfolded state.
Small-angle X-ray scattering

All measurements were made at the Stanford Synchro-
tron Radiation Laboratory (SSRL) at a sample tempera-
ture of 5 �C. The beam energy was selected to be 8980 eV
(Cu K-edge) using a high ¯ux multi-layer monochroma-
tor (Mo/B4C). To avoid radiation-induced aggregation
inherent in the measurements, the protein samples were
re-circulated through a polypropylene ¯ow cell. A maxi-
mum ¯ow rate of 1.3 ml/minute was used to minimize
the time any particular volume of sample remained in
the beam. Each sample was measured for ten minutes.
Radii of gyration were calculated according to the
Guinier approximation:49

ln�I�S�� � ln�I�0�� ÿ 4p2R2
g

3
S2 �11�

where Rg is the radius of gyration, S � (2 siny)/l, with
2y the scattering angle and l is the X-ray wavelength.
The ®tting ranges used were 0.0041-0.0175 AÊ ÿ1, 0.0045-
0.0142 AÊ ÿ1 and 0.0044-0.0095 AÊ ÿ1, for the Fs, Fexch/Uexch

and Ugdn samples, respectively. Even with the compara-
tively large volumes of protein used in the study, the
time-dependent increase in Rg suggested that there was
some radiation damage to the protein and therefore only
the ®rst two minutes of data were used in the analysis.
An error in Rg of �0.5 AÊ was estimated from repeat
measurements.

Generation of unfolding trajectories from TRADES

Starting from the NMR structure of the folded state of
the drkN SH3 domain (Singer and Forman-Kay, unpub-
lished), Ca atoms were displaced in an iterative manner.
The amount of displacement is dependent on two user-
de®ned parameters, the temperature and the timestep, in
such a way that the Ca displacement increases with both
parameters.40 After each displacement, the remaining
atoms from backbone and side-chain positions are
added, using a side-chain rotamer library. In this manner
600 unfolding trajectories were generated, each with 100
structures. 300 of the trajectories were obtained with the
temperature and the timestep set to 298 K and 100 fs,
respectively, while the remaining structures were gener-
ated using values of 400 K and 400 fs for the tempera-
ture and timestep parameters. Further details can be
found in Choy and Forman-Kay.5

Generation of unfolding trajectories from high
temperature molecular dynamics

Molecular dynamics trajectories were kindly provided
by M. Philippopoulos and R. Pomes (unpublished
results). These simulations were preformed using
AMBER version 6 with the AMBER PARM96.DAT par-
ameter set starting from a fully hydrated drkN SH3
domain structure. 9600 structures were extracted from a
10 ns trajectory at 498 K, with an additional 592 struc-
tures obtained from a 3.55 ns trajectory recorded at
598 K, with the ®nal structure of the 498 K run used as
input for the higher temperature simulation.

Calculation of hydrodynamic properties using the
program HYDROPRO

Hydrodynamic radii and radii of gyration for the
60,000 structures from the TRADES unfolding trajectory
and for the 10,200 structures from molecular dynamics
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simulations were calculated using the program HYDRO-
PRO.38 Details of the calculation can be obtained from
the original reference. Brie¯y, for each structure, a pre-
liminary hydrodynamic model was obtained by repla-
cing non-hydrogen atoms with spherical elements of
®xed radius a. The resulting particle, comprised of over-
lapping spheres, is then used to obtain a rough shell
model, consisting of a shell of mini-beads of radius s,
upon which the hydrodynamic forces act. Hydrodyn-
amic radii are then calculated using a value of a � 3 AÊ ,
which takes into account the effects of hydration,38

assumed the same for folded and unfolded states. A
value of s � 1.74 AÊ was used in all calculations.
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