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We have directly characterized the extent of chain collapse
early in the folding of protein L using time-resolved small
angle X-ray scattering. We find that, immediately after the
initiation of refolding, the protein exhibits dimensions
indistinguishable from those observed under highly dena-
turing, equilibrium conditions and that this expanded ini-
tial state collapses with the same rate as that of the overall
folding reaction. The observation that chain compaction
need not significantly precede the rate-limiting step of
folding demonstrates that rapid chain collapse is not an
obligatory feature of protein folding reactions.

While the limited ability of water to solvate denatured states
is widely thought to bring about the rapid, hydrophobically
driven collapse of unfolded proteins, there has been much
debate regarding the roles such collapsed species might play
in the folding process'-1°. Here we report the results of time-
resolved small angle X-ray scattering (SAXS) experimentsti-13
aimed at directly monitoring the dimensions of the 62-
residue 1gG binding domain of protein L (protein L) during
its refolding. Our studies indicate that, immediately after the
initiation of refolding, protein L exhibits a radius of gyration
(Ry) indistinguishable from that observed under strongly
denaturing, equilibrium conditions. From this highly extend-
ed, initial species, the native state is formed by an apparently
two-state process. These data provide direct evidence that col-
lapsed species need not be significantly populated prior to the
rate-limiting step in folding.

The equilibrium unfolding of protein L in guanidine
hydrochloride (GuHCI) solutions is well described as a two-
state processt4. The results of static SAXS experiments (Fig. 1)
are fully consistent with this model, producing values of AG,
(5.5 £ 0.8 kcal molt) and m,, (2.0 = 0.3 kcal mol M-1) within
experimental error of previously reported values derived from
far-UV circular dichroism measurements®. Static SAXS mea-
surements indicate that the dimensions of native protein L are
insensitive to GUHCI concentration and provide an estimate
of 16.2 + 0.2 A for the native state R;. The absorption of X-
rays by the denaturant precludes direct measurements of R at
6 M GuHCI. Measurements collected at denaturant concen-
trations up to 5 M indicate, however, that to within experi-
mental error the Ry of unfolded protein L remains a constant
26.0 + 0.3 Aat 4 M GuHCI and above. The R, observed for
native protein L is consistent with the crystal structure (15.7A
for a molecule lacking an extended, eight-residue histidine-
tag), and that observed for the denatured state is consistent
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Fig. 1 The equilibrium unfolding of protein L is accurately described as a
two-state process in which only the denatured and native states are pop-
ulated. Equilibrium Rq values are well fitted (r? = 0.995) by a two-state,
linear free energy model: AG = -AG, + m[GuHCI], where AG, = 5.5 £ 0.8
kcal mol' and m = 2.0 + 0.3 kcal mol" M. The two-state model
(equation 1) provides estimates of the R, of native (16.2 £ 0.2 A) and fully
denatured (26.0 + 0.3 A) states of protem L and provides no indication
that the dimensions of the denatured state are altered at higher denatu-

rant concentrations.

with those reported for other small, single-domain pro-
teins?s16,

Time-resolved SAXS experiments (Fig. 2) demonstrate that
unfolded protein L does not undergo a rapid collapse upon
transfer to conditions under which the native state is favored
(1.4 M GuHCI, AG, ~3 kcal mol*). The Ry measured immedi-
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Fig. 2 Time-resolved SAXS indicates that the refolding of protein L lacks
a burst-phase collapse event under the conditions employed. Within
100 ms of the initiation of refolding, the observed Ry (27.1 £ 1.6 A) is
indistinguishable from that of the equilibrium denatured state (filled
diamond). Refolding from this initial species is well fitted (equation 2; r2
=0.90; mean amplitude and serial correlation of the residual, 3% and r2 =
0.06, respectively) as a single-exponential process with a time constant, 8
+ 35, similar to the previously reported time constant for the recovery of
native fluorescence (~4 s for a construct lacking the histidine-tag's). This
two-state model extrapolates to within experimental error of the equi-
librium R, of protein L, predicting an initial Ry (25.9 + 0.4 A) again indis-
tlngmshable from that observed under hlghly denaturing conditions.
This initial, fully unfolded species folds to apparently native protein L
(fitted: 16.6 = 1.9 A; observed 16.5 = 0.3 A at 1.41 M GuHCl), and protein
of native Ry (16.7 + 0.4 A) is recovered within the 85 s dead time of
manual-mix refolding experiments (open diamond; note that this data
point was omitted from the fit) For clarity, error bars are provided on
only every third data point before 0.6 s.
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Fig. 3 A decrease in forward scattering (ly) is observed during folding.
This decrease, which has a decay time (3.8 = 1.0 s7') similar to the rate of
formation of species of native R (Fig. 2), probably reflects a decrease in
the size of the hydration shell as the protein folds'3. There is no indica-
tion of any significant aggregation during refolding (see text).

ately after the initiation of refolding (data bin 0-100 ms),
27.1% 1.6 A, is indistinguishable from that observed under
highly denaturing, equilibrium conditions. A fit of a simple,
single exponential model to the time-resolved SAXS data pre-
dicts an unfolded R, of 25.9 + 0.4 A, providing further evi-
dence of the expanded character of the initial species. Data
collection was terminated after 18 s in order to preclude radia-
tion-induced protein damage. Under the conditions employed,
however, protein of native Ry is recovered within the 85 s dead
time of manual-mixing experiments (Fig. 2). Consistent with
this, the two-state fit predicts that protein of native R, (16.6
1.9 A) is recovered from the initially extended material with a
time constant similar to previously reported values derived
using time-resolved fluorescence measurementst’” (Fig. 2).
These results demonstrate that, be they authentic folding inter-
mediates or merely reflective of denatured state compaction
under refolding conditions, collapsed species need not be sig-
nificantly populated during the folding of protein L.

The large initial R, does not arise due to the transient for-
mation of oligomers producing an R, coincidentally matching
that of the monomeric, unfolded protein at equilibrium. A
decrease in forward scattering (l,, X-ray scattering intensity
extrapolated to the forward direction) is observed that occurs
with the same rate as the overall folding process (Fig. 3).
While such a change in 1y is consistent with the formation of a
small amount of multimer®, it most likely arises from the
increased hydration shell associated with an unfolded protein;
for example, a 10% change in I, was observed at early time
points in the refolding of an already largely collapsed
lysozyme folding intermediate®3. If we neglect for the moment
this potentially significant hydration effect, the observed
change in I, would reflect a dimer concentration of at most
11%. This dimer concentration would lead to an overestimate
of the dimensions of the monomeric, unfolded species, with
the true Ry = 85% of the observed R,. Since hydration shell
changes must account for much or all of the observed change
in l,, the actual monomer Ry would be well above this lower
limit. Thus even if limited, transient oligomerization were
occurring, rapid compaction of the monomeric protein can
be definitively discounted.
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The apparent GuHCI concentration independence of the R,
of protein L under strongly denaturing conditions suggests
that at or above 4 M GuHCI the denaturant is a sufficiently
‘good’ solvent that any increases in Ry at higher denaturant
concentrations are within the experimental error limits of
SAXS!8-20, Similar results have been reported for a mutant ver-
sion of protein G (ref. 15), which, while lacking obvious
homology, is similar in size and topology to protein L. It
seems likely, however, that the conditions employed in our
refolding experiments (1.4 M GuHCI; AG, ~3 kcal mol-) rep-
resent a ‘poor’ solvent and thus one might predict significant
chain compaction®2, The failure of the chain to collapse
indicates that the free energy increases (rather than decreas-
ing) as Ry is reduced below 26 A; presumably the entropic cost
of ordering the chain outweighs the hydrophobic interactions
favoring compaction. Surmounting this free energy barrier
may be an important component of the rate-limiting step in
protein folding (Fig. 4).

In contrast to other methods2, time-resolved SAXS allow
us to monitor directly the evolution of compact species dur-
ing protein folding. Using this technique, we have demon-
strated that under at least some conditions protein L does not
fold by searching primarily through the set of collapsed con-
formations; rather, the vast majority of the folding time is
spent in conformations as expanded as the denatured state.
Folding presumably occurs when rare, short-lived fluctua-
tions lead from this expanded state to form productive, high-
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Fig. 4 A model of the folding barrier of protein L can be constrained
using a number of recent experimental results. The concomitance of col-
lapse and the rate-limiting step indicates that no stable, partially folded
species arise before the kinetic barrier. The effects of co-solvent on the
protein’s folding kinetics suggest that the rate-limiting step occurs in an
ensemble that sequesters approximately 3/4 of the solvent-excluded sur-
face area of the native state'#24, assuming spherical species, this would
place the barrier at an R, of ~19 A. studies of the sequence dependence
of folding kinetics indicate that the rate-limiting step involves structure
formation at one of the protein’s two p-hairpins?>, and studies of the vis-
cosity dependence of folding suggest the transition state region is fairly
broad and that the rate-limiting step involves motions displacing a con-
siderable amount of solvent?4, An enthalpic barrier of 10 kcal mol-' is pre-
dicted from fits of the temperature dependence of folding rates to a
modified Arrhenius model's, although ~4 kcal mol-' of this apparent bar-
rier would arise due to the temperature dependence of the viscosity of
water (W.A. Eaton, pers. comm.). Because of uncertainties regarding the
magnitude of the pre-exponential factor, the entropic contribution to
the free energy barrier, and thus the true barrier height, cannot be ascer-
tained. Experimental studies of the relationship between native-state
topology and folding rates?, however, suggest that chain entropy also
plays a significant role.
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energy collapsed species. Irrespective of the exact details of the
folding process, the direct observation of the concomitance of
collapse and folding for protein L under any conditions rules
out those theories of folding that postulate an obligatory role
for well-populated collapsed species.

Methods

Histidine-tagged IgG binding domain of protein L was purified as
described' and used without cleavage of the His-tag. All mea-
surements were conducted with protein in 50 mM sodium phos-
phate pH 7.0 (phosphate) containing GuHCI as appropriate.

SAXS experiments were conducted at Beam Line 4-2 of the
Stanford Synchrotron Radiation Laboratory. Static SAXS experi-
ments were conducted at 10 mg ml-' protein L (Rq is independent
of protein concentration over the range 2-10 mg ml-'; data not
shown). Lyophilized protein L was freshly dissolved in
GuHCl/phosphate and centrifuged at ~10,000 g prior to equilibra-
tion for 10 min on ice. The sample cuvette was held at 5 + 1 °C. R
values were determined using the Guinier approximation??, with
s fitting ranges of 0.000018-0.0001 A-. Equilibrium R, values
were fit to a linear free energy relationship using the equation:

¢~ (AGu/RT4m[GuHCI/RT)
/2
+e-(AGu/RT+m[GuH01]/RT7] (€))

Ry = [R}, + (RI - R);

where R, and Ry are the Ry of native and denatured protein L, AG,
is the relative free energy of unfolding of protein L, and m mea-
sures the denaturant sensitivity of AG,. The points in Fig. 1 repre-
sent the average of two to three independent measurements.
Confidence limits reported for fitted parameters and error bars
represent estimated one-o confidence intervals.

Kinetic SAXS experiments were conducted as described'323,
Refolding was initiated by rapid, stopped-flow dilution of
36 mg ml! protein L in 6.0 M GuHCI with phosphate at a 1:3.25
ratio. The temperature was held fixed at 2.7 + 0.5 °C, as measured
by a thermocouple in the cell outlet. Stopped-flow data were col-
lected for a total of 18 s in time-bins of 0.1 s (0-15s), 0.5 (1.5-6s)
or 1.2 s (7.2-18 s) duration. The Guinier plots, representing data
averaged over 200 experiments, were analyzed as described
above. Error bars represent estimated one-o fitting errors. The
kinetic SAXS R, data were non linear least squares fitted to a sin-
gle exponential model:

Ry = [R2e /™ + R3(1 — e t/7)]1/2 )

where 1 is the folding time constant and the other parameters are
as defined above. Kinetic I, values were also fit to a single expo-
nential model. The improved fit to multi exponential models was
not statistically significantly for either data set (data not shown).

Radiation damage, a potential problem for longer exposure
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times at the X-ray fluxes required for time-resolved experiments,
would be readily apparent in SAXS data through a large increase
in forward scattering intensity. Fig. 3 and control experiments
with native protein L (data not shown) indicate that significant
radiation damage does not occur until >30 s of exposure, well
after the termination of data collection at 18 s. A single time
point at >18 s was collected by placing a manually mixed sample
into the beam 85 s after the initiation of folding (Fig. 2). This time
point was not included in the fit to equation 2 in order to avoid
unduly biasing the estimate of the native R; derived from
stopped-flow results.
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