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barrier.

Do stable intermediates form very early in the protein folding process?
New results and a quantity of literature that bear on this issue are
examined here. Results available provide little support for early inter-
mediate accumulation before an initial search-dependent nucleation
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Introduction

Earlier work suggested that protein folding rates
might be limited by an initial conformational search
to organize some sizable part of the native state
topology.! This structure provides a transition
state, a large topological nucleus, that can for the
first time guide and support forward folding steps
in an energetically downhill manner. One impli-
cation is that intermediates that are stable relative
to the unfolded state cannot form and accumulate
before the initial nucleation step. They can form
only later, and can then accumulate only when
blocked by later barriers, which we believe are
often due to non-obligatory misfold reorganization
events.?

An initial barrier mechanism, rate-limited by the
organization of a large-scale topological nucleus,
would have multiple consequences. The extensive
organization of the transition state would account

Abbreviations used: Cyt ¢, cytochrome ¢; RNase A or
H, ribonuclease A or H; Ub, ubiquitin; HX, hydrogen
exchange; Fl, fluorescence; GAmCI, guanidinium
chloride.

E-mail addresses of the corresponding authors:
walter@hx2.med.upenn.edu;
trsosnic@midway.uchicago.edu

for the large surface burial commonly found ().
A whole molecule search to find the rate-limiting
transition state would explain the correlation
between folding rate and various measures of
how rapidly residues that are in contact in the
native topology can find each other.’>~° Most inter-
esting for the present discussion, a rate-limiting
initial barrier mechanism would explain the
prevalence of two-state folding because stable
intermediates can occur only afterwards.

Following a period of surprise that any protein
could fold in a kinetically two-state manner, with-
out the population of intermediates, about 40
small proteins are now known to do so (5. Jackson,
personal communication), consistent with our
expectation.6 However, exceptions have been
reported in which intermediates appear to
accumulate in an early phase, before the initial
search-dependent barrier. The present work
examines the major exceptions.

Results

Burst phase signals

In folding experiments some proteins display
“burst phase” signals on a fast time-scale that is
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Figure 1. Burst phase and chevron rollover.

(A) Illustrative kinetic trace for folding after denaturant
dilution, showing an unmeasured burst phase and a
slower observable phase. The denaturant-dependence of
both phase amplitudes is illustrated in the inset.
(B) Ilustrative kinetic chevron showing the usual linear
denaturant-dependence of folding and unfolding rates,
but with a rollover in the rate of folding to N at a low
concentration of denaturant (rate and m value less than
expected). (C) and (D) Folding free energy profiles that
might explain initial burst phase and rollover behavior.
In (C), a discrete intermediate is pictured to form in a
fast barrier-crossing event, producing burst phase sig-
nals (small barrier) and folding rates slower than
expected (chevron rollover) at a low concentration of
denaturant. In (D), the unfolded molecules when placed
into a lower concentration of denaturant relax downhill
to a more compact but still unfolded ensemble, pro-
ducing burst phase signals and chevron rollover.

inaccessible to the usual stopped-flow instrumen-
tation (Figure 1(A)). The same proteins tend to
exhibit a rollover in folding rate at a low concen-
tration of denaturant (Figure 1(B)). These obser-
vations have been rationalized in terms of a
structured intermediate, formed in a fast barrier-
crossing event and stabilized by the decreasing
denaturant, as diagrammed in Figure 1(C).”® How-
ever other alternatives can generate the same
signals. When the unfolded polypeptide is mixed
from a high concentration of denaturant (good
solvent) into a lower concentration of denaturant
(poor solvent), the U state ensemble can be
expected to experience some solvent-dependent
chain contraction/collapse, as in Figure 1(D).">*~**
Other possibilities include aggregation,”” some
trivial interaction that affects the signal (e.g. the
fluorescence (FI) of the exceedingly hydrophobic
tryptophan ring), and experimental or interpre-
tational error.

As one test of the initial barrier view, the analysis
described here considers a variety of observations
that have been interpreted in terms of the early
formation and accumulation of a structured inter-
mediate, before the initial search succeeds.

Protein G, B1 domain (GB1; 56 residues)

An early Fl study of GB1 as a function of tem-
perature found two-state folding,'® but subsequent
work seems to disagree. Structural information
was sought by Kuszewski et al.'” in a hydrogen
exchange (HX) competition labelling experiment,
with folding initiated by a pH jump (zero denatur-
ant). Measured HX protection was interpreted in
terms of a fast-folding intermediate. However,
when the calculated HX protection factors in the
fast phase are corrected using the more recent
intrinsic (unprotected) HX rates reported by Bai
et al.’® almost all are below 3.5 (24 out of 26
residues measured). Even then, the low protection
factors exhibit a strong correlation (r = 0.83) with
the intrinsic amide HX rates, presenting the
unlikely result that the core hydrophobic residues
in the putative intermediate are the least protected
and the polar surface residues the most protected.
These observations might be explained by a small
systematic error with true protection factors close
to 1, indicating no fast intermediate formation. In
agreement, Baker and co-workers observed that
the folding reactions of GB1 and many mutants
are well described by a single exponential without
missing amplitude and with adherence to the
chevron criteria (see below)."

A more recent conflict has arisen. Park et al.
measured the folding of GB1 in 0.4 M Na,SO, by
fast continuous-flow (0.2-1.3 ms; Figure 2(A)) and
slower stopped-flow (>3 ms; Figure 2(B))
methods, using a single tryptophan Fl probe.*
When these non-overlapping kinetic traces were
merged, they appeared to diverge from a single
exponential (residuals <5%).”” A better fit was
obtained with two exponentials with rates differ-
ing by a small factor. This result was taken to indi-
cate a sequential three-state model with two
different barrier-crossing events and, on that basis,
a distinct populated intermediate.*

To explore these ambiguities, we measured GB1
refolding in the presence and in the absence of
0.4 M Na,SO,, at 10 °C and 20 °C. We modified our
instrument to reduce the dead-time to 1 ms and
increase the signal to noise ratio. All the kinetic
data could then be obtained within one instrument,
spanning the gap where the biexponential break
found by Park et al. was most pronounced (e.g. see
Figure 2(C) and (D)). All of the data show accurate
mono-exponential behavior with no missing
amplitude, and they produce a linear chevron plot
with no rollover (Figure 2(E) and (F)).

Most definitively, the results satisfy the stringent
chevron criteria for two-state folding without
intermediate accumulation (Table 1). In this test,
one compares the free energy difference between
U and N states, measured independently in equi-
librium melting and in kinetic folding experiments
(AG°= —RTInk,/k). A similar comparison
can be made for surface burial parameters
(m° = mi — m}). Agreement between the equi-
librium and kinetic parameters ensures that no
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Figure 2. GB1 folding. (A) and (B) Kinetic traces from
Park et al.*® (Only a fraction of the ~1000 continuous
flow data points are shown.) Each data trace fits a
mono-exponential decay with residuals less than 1%
(curves shown; GAmCI concentrations listed). New data
obtained with a 1 ms dead-time instrument with and
without 0.4 M Na,SO, at 10 °C and 20 °C show mono-
exponential folding (representative trace in (C)), no roll-
over ((E); 0.4 M Na,SO,, 20 °C), no missing amplitude
((F)), and adherence to the two-state chevron criteria
(Table 2). The fitted rates from the data of Park et al.
(filled symbols in (E)) are in good agreement with our
stopped-flow data but the continuous-flow data diverge
slightly, which leads to apparent biexponential behavior
when the non-overlapping data sets are merged.

intermediate with significant stabilization free
energy or surface burial is populated, i.e. that
folding is operationally two-state (although non-
populating intermediates may exist).

A review of the data presented by Park et al.
finds that each individual kinetic trace can be fit
with a mono-exponential decay with residuals of
1% or less (Figure 2(A) and (B)). When fit in this
way, the stopped-flow rates match our data closely
under the same conditions, but the continuous-
flow results are slightly divergent (Figure 2(E)),
leading to the non-monoexponential appearance
of the merged data sets.

In summary, experiment finds HX protection
factors less than 3.5,'” accurately mono-exponential

Table 1. Chevron parameters for GB1 folding (0.4 M
Nast4)

m? (kcal mol ™

AG® (kcal mol ™) (M GdmCl) ™)

Equilibrium Kinetic Equilibrium Kinetic
10°C  6.68+0.89 684 +018 177024 1.81*0.03
20°C  6.80*x0.77 6.56*022 1.83*+0.13 1.76 =0.04

Other parameters are: at 10 °C, RT In k{© = 3.98(£0.10) kcal
mol~!, m;=1.36(£0.03) kcal mol™* M}, at 20°C, RT In
ki© = 4.36(=* 0.09) kcal mol %, m; = 1.32(%0.02) kcal mol * M.
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Figure 3. Ubiquitin folding and the dead-time artifact.
(A) Folding chevron (top panel, Fl, 25°C) and fitted
normalized amplitudes (lower panel) for the apparent
burst phase (A1), N (A2), and U (A3).>*' (B) New chev-
ron and amplitude data at the same conditions showing
no rollover or missing amplitude. Broken lines compare
the rates and amplitudes from (A). (C) Folding rates
down to a low concentration of urea (0.4 M Na,SO,, pH
5.0, 10 °C) show no rollover because the 1 ms dead-time
and other precautions avoided factoring in the slower
phases. In agreement, these and other results at a variety
of conditions obey the chevron criteria for two-state
folding (Table 2). (D) A dead-time artifact. When folding
time constant approaches the dead-time, computer
fitting of Ub data tends to include some of the slower
phase. This underestimates the folding rate (chevron
rollover), and extrapolation produces an apparent
missing burst phase amplitude.

folding, no missing amplitude, no chevron roll-
over, and strict compliance with the chevron
criteria. In contradiction, two sets of kinetic data
taken in different instruments on non-overlapping
time scales do not merge perfectly® The weight
of evidence appears to favor two-state folding
without intermediate accumulation.

Ubiquitin (Ub; 76 residues)

Khorasanizadeh et al. engineered a single trypto-
phan residue (F45W) into the core of ubiquitin to
provide a Fl probe and used it to measure folding
as a function of guanidinium chloride (GdmCl)
concentration.*” Folding at 25 °C but not at 8 °C
exhibited a burst phase loss in Fl amplitude and a
rollover in the folding chevron, already evident at
1M GdmCl (Figure 3(A)). These results were
interpreted in terms of the formation of a stable
intermediate in the burst phase. In contradiction,
HX labeling studies in the first 2 ms of folding at
20°C (protection factor ~ 1), and stopped flow,
far-UV CD, found no evidence for an early
intermediate.”

We studied the fast-folding behavior of F45W Ub
under these and other conditions using both
GdmCl® and urea. We used a stopped-flow



362 Intermediate Accumulation and the Initial Barrier Mechanism in Protein Folding

Table 2. Chevron parameters for ubiquitin folding

AG® (kcal mol ™)

m° (kcal mol™! (M GdmCl)™?)

Condition Equilibrium Kinetic Equilibrium Kinetic

1 9.50 = 0.37 102 = 0.5 2.13 = 0.09 2.23 = 0.09
2 9.39 + 0.37 9.70 = 0.34 2.23 = 0.09 2.28 = 0.06
3 8.19 = 0.10 8.40 = 0.24 2.18 = 0.02 2.17 = 0.04
4 8.71 £ 0.22 9.28 + 0.27 2.24 + 0.05 2.24 + 0.05
5 8.42 + 0.25 8.20 = 0.20 2.23 = 0.06 2.18 = 0.04

Conditions: (1) 25 °C, 0.23 M Na,SO,, pH 5; (2) 25 °C, 1 M NaCl, 20 mM sodium acetate, pH 4.5; (3) 25 °C, 20 mM sodium acetate, pH
5.0; (4) 15 °C, 1 M NaCl, 20 mM sodium acetate, pH 4.5; and (5) 5 °C, 1 M NaCl, 20 mM sodium acetate, pH 4.5.

apparatus with 1ms dead-time and enhanced
signal to noise ratio, and we used continuous-flow
and double-jump protocols to minimize slow-
folding phases due to proline mis-isomerization
and other effects.” Our data are in excellent
agreement with the GdmCl results presented by
Khorasanizadeh et al. except for the chevron
rollover (Figure 3(B), upper) and burst phase
amplitude loss (Figure 3(B), lower). With our
shorter instrument dead-time and minimal slow
phases, these indicators did not appear, even in
the presence of stabilizing Na,SO,, or down to
0.5 M urea in 0.4 M Na,SO, (Figure 3(C)). The roll-
over previously observed at 300 s™', using instru-
mentation with a 2-3ms dead-time, is not
present. Further, our Ub data taken under a variety
of conditions all obey the stringent chevron criteria
for two-state folding, as shown in Table 2.

These observations suggest an interesting effect
that might account for the discrepant results. Ub
folding is heterogeneous with slower folding
phases that account for ~23% of the total Fl
amplitude.*** When a part of the fast phase is lost
within the instrument dead-time, straightforward
computer fitting will inadvertently mix part of the
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Figure 4. Ribonuclease A. Equilibrium and kinetic
results for RNase A and its non-folding disulfide-broken
variant (pH 7, 5°C)." The continuous line is the equi-
librium melting curve for the intact protein. Open
symbols define the analogous melting curve for the
non-folding disulfide broken analog, obtained both at
equilibrium and after the kinetic burst phase upon dena-
turant dilution. Filled symbols show the identical burst
phase for the intact protein. Open diamonds are
from Houry et al.,*** which led to the hypothesis of two
different intermediates.

slower phase into the rate determination. This
effect, illustrated in Figure 3(D), will mimic a
decreased folding rate (chevron rollover) and
exaggerate the burst phase amplitude, which is
obtained by extrapolating the artificially slow
folding phase back to zero time.

Ribonuclease A (RNase A; 124 residues)

Houry & Scheraga used double-jump experi-
ments to avoid mis-isomerized proline residues
and found burst phase CD behavior, suggesting
stable intermediate formation very early in RNase
A folding (Figure 4).*** They measured the CD
burst at two concentrations of GdmCl, assumed
that these signals reflect two distinct folding inter-
mediates in rapid equilibrium, and sought struc-
tural information by HX pulse labeling. The HX
results, when interpreted with the assumption that
exchange occurs only through the minor unpro-
tected intermediate, suggested protection factors
up to 100 in the more protected intermediate.

To help interpret the RNase A burst phase,
we did control experiments with a non-folding
disulfide broken analog. In a high concentration of
denaturant, the non-folding polypeptide and the
intact protein have little CD,,, (Figure 4). When
denaturant is decreased continuously, CD.,, for
the polypeptide increases in a continuous non-
cooperative way, tracking changes in the equi-
librium unfolded ensemble. When the polypeptide
is diluted rapidly from a high concentration of
denaturant, the CD jumps from its equilibrium
high-denaturant (good solvent) value to its equi-
librium low-denaturant (poor solvent) value in a
submillisecond phase. Intact RNase A duplicates
the burst phase jump quantitatively in the same
non-cooperative way over the whole range of
denaturant concentration (and then folds more
slowly to N).

These results suggest that the burst phase signals
reflect the solvent-dependence of the U state
ensemble. When the published HX protection
results® are computed straightforwardly, without
any assumption about the character of possible
intermediates, protection factors of 2.7 and 4 are
found for the two most protected amide protons
(Met29 and the disulfide-bridged Cys84) and
0.8—1.8 for the remaining 19 residues measured."
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Figure 5. Barnase folding and unfolding. Unfolding
rates curve down at low concentrations of denaturant
(open and filled circles, calculated by Takei et al* for
multiple amide protons from HX data of Clarke &
Fersht® in EX1 conditions). The curve-down accounts
quantitatively for the missing AG,’ initially assigned to
a burst phase intermediate. Fersht uses the pathway
free-energy profiles shown to explain the folding roll-
over, unfolding roll down, and other data in terms of a
denaturant-dependent crossing over of barriers (Bl and
B2), consistent with a late on-pathway intermediate that
forms after the initial barrier, rather than an initial burst
phase intermediate.*

These observations, i.e. the non-cooperative
melting of the burst phase species, the identical
burst phase signals for the protein and the non--
folding polypeptide, and the absence of HX
protection, do not support distinct, stable burst
phase intermediates. All of the data consistently
point to a simple readjustment of the U state
ensemble to the new solvent condition.

Barnase (110 residues)

Indications that barnase might form a very fast
intermediate include a burst phase in Fl, curvature
in the folding chevron (Figure 5), HX pulse-label-
ing protection, and a failure to satisfy the AG and
m chevron criteria for two-state folding.>*~>

The evidence for a burst phase intermediate in
barnase folding has been re-examined by Bai and
co-workers.”*~* They find no HX protection before
native state formation (HX pulse labeling at
pH 8.6). Earlier results to the contrary®?° apparently
depended on aggregation.”®** HX competition

experiments (pH 6.3-7.2) find protection factors of
2 or less, indicating that no significantly protected
intermediate accumulates much before final
folding.***”” This is true even in the presence of
stabilizing concentrations of Na,SO, up to 0.4 M.*®
In agreement, melting analysis of the burst phase
amplitude as a function of denaturant concen-
tration shows that any burst phase species has
stability very close to U.”” The previously missing
3 kcal mol™" (1 cal =4.184]) of wild-type barnase
stability (chevron criteria failure) is accounted
for” by the fact that unfolding rates curve sharply
downward at a low concentration of denaturant,
well below the value that one finds by simple
linear extrapolation from the chevron unfolding
arm (Figure 5).

In response, Fersht® proposes that a real inter-
mediate, perhaps unstable under the HX labeling
conditions, may have been fortuitously stabilized
by aggregation. He focuses on evidence for a late
on-pathway kinetically significant intermediate
and refers only secondarily to the apparent burst
phase intermediate that most engaged Bai ef al.
The late intermediate escapes direct detection
because it has no Fl signal, forms at a rate close to
the final folding rate (50 ms versus 70 ms), and
does not accumulate. Fersht proposes that the
hidden intermediate is revealed by the sharp
curve-down in the unfolding rate, which he
explains in terms of two discrete barriers that
cross over with changing denaturant (Figure 5
top).”” An alternative, formally identical but physi-
cally distinct, is a denaturant-dependent change in
the effective transition state position within a
single broad barrier region.”**'*> However, Fersht
argues that such a transition would not lead to a
sharp break but a shallow curve.

Both of these alternatives account quantitatively
for the missing stabilization free energy and the
chevron rollover in terms of the denaturant depen-
dence of the barriers. This leaves no missing
stabilization free energy or surface burial for a
putative burst phase intermediate, consistent with
other indications that any early intermediate, if
one exists, is no more stable than U. Fersht notes
that a protection factor of about 2 measured in the
HX competition study is quantitatively consistent
with the slow formation rate of the late inter-
mediate. This leaves no protection at all for any
earlier intermediate. The late intermediate may
have escaped detection because it is unstable at
the high pH of the HX labeling pulse (in the
absence of aggregation), but the HX competition
experiments that find no protected fast inter-
mediate were done at neutral pH. Thus the post-
burst phase barnase population has free energy
and surface exposure equal to U and no additional
HX protection.

The remaining evidence for fast intermediate
accumulation rests on the Fl burst phase. However,
the denaturant dependence of the burst phase
amplitude (melting analysis) indicates zero AG,°
relative to U for any burst phase intermediate.”
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Further, the burst phase signals are fully consistent
with an expected solvent-dependent readjustment
of the U state ensemble (Figure 1(D)), as seen
for RNase A (above) and cytochrome ¢ (Cyt c)
(below).

In summary, there is no substantive evidence for
a burst phase barnase intermediate. Upon denatur-
ant dilution, unfolded barnase produces burst
phase signals but they record some fast solvent-
dependent readjustment of the denatured
ensemble.

Cytochrome ¢ (Cyt c; 104 residues + heme)

A variety of observations (rollover, burst phase
signals, HX protection, barrier crossing) have been
interpreted in terms of the submillisecond for-
mation of a well-structured Cyt ¢ intermediate.
We consider each data category here.

Chevron rollover

Cyt ¢ shows a distinct chevron rollover in folding
rate, suggesting an earlier condensed intermediate
(Figure 6(A)). It appears, however, that the rollover
reflects some aggregation process rather than inter-
mediate formation. The rollover disappears when
Cyt c folds at a very low concentration of protein
(unpublished results), when the heme iron is
protected by bound imidazole®* (Figure 6(B)) or
azide,® or in a mutant with the two peripheral
histidine residues replaced by asparagine (Figure
6(C)). These observations indicate that the rollover
depends on aggregation that is mediated by
histidine to heme misligation.

The absence of chevron rollover when aggrega-
tion does not occur (Figure 6(B) and (C)) is incon-
sistent with the formation of a burst phase
intermediate because the burial of any appreciable
amount of surface before the rate-limiting step
must reduce the slope of the chevron folding arm.
Further, the red chevron in Figure 6(C) exhibits a
strong H/?H kinetic isotope effect, indicating that
the majority of the helical H-bonds form in the
rate-limiting step leading to N, long after the burst
phase.®?

Burst phase

Even in the absence of rollover, burst phase Fl
loss continues to be seen (Figure 6(C), bottom).
Energy transfer to the heme is extremely sensitive
to small chain contraction, especially, since the
Trp59 to heme distance is close to the Forster
distance in the initial unfolded condition (both
~32 A, see Figure 6(E), right axis).

To help interpret the burst phase signals, two
large fragments, which lack one (1-80) or two
(1-65) of the three major Cyt ¢ helices, were used
as non-folding models to calibrate the CD,,, and
Fl of the U state under native conditions (Figure
6(D) and (E)).° In concentrated denaturant, the
non-folding analogs match the CD and Fl of the

denatured protein. When denaturant is decreased
continuously, the U ensemble changes its equi-
librium distribution in a continuous non-coopera-
tive way. In rapid dilution experiments, the CD
and Fl of the truncated fragments change from
their equilibrium high-denaturant (good solvent)
values to their equilibrium low-denaturant (poor
solvent) values in a submillisecond burst phase.
When the same experiment is repeated with intact
Cyt ¢, it duplicates quantitatively the burst phase
CD and HF amplitudes found for the non-folding
analogs in the same non-cooperative way over the
whole range of denaturant concentration (and
then folds more slowly to N).

Bhuyan & Udgaonkar” found the identical
result for intact Cyt ¢ held unfolded at pH 1.5,
using urea as denaturant, and at higher tempera-
ture using GdmCl as denaturant. S. J. Hagen
measured the burst phase kinetics of the fragments
and the intact protein and found very similar rates
(personal communication). Winkler and co-
workers show that the post-burst phase Cyt ¢
population is heterogeneneous® * with approxi-
mately equal compact and extended fractions in
rapid equilibrium, indicating that the collapsed
conformation is not much more stable than the
extended one.**

All of these results are inconsistent with the
accumulation of a burst phase intermediate that is
demonstrably different from U. The burst phase
changes appear to reflect the solvent-dependence
of the U state ensemble and track the time-scale
for U state equilibration.

CD spectrum

In elegant continuous-flow  experiments,
Akiyama et al. were able to extend these obser-
vations by recording the major part of the post-
burst phase CD spectrum with a 0.4 ms dead-time
(Figure 6(F)).* When folding was initiated by
denaturant dilution (from 4.4 M to 0.7 M GdmCl),
the CD spectrum changed in the dead-time to one
that is identical with the acid-unfolded U state,*
the thermally unfolded U state,” and the non-
folding Cyt c¢ fragments.” When folding was
initiated by a pH jump from the acid-unfolded U
state (pH 2, zero denaturant, no salt, jumped to
pH 4.5), the measured CD extrapolates back to the
same acid-unfolded U state spectrum, i.e. there is
no burst phase CD change.

The post-burst phase CD spectrum (Figure 6(F))
deconvolves to 8% helix (about eight helical
residues, or less if aromatic residues contribute;
native Cyt ¢ has 40% helix).* The CD., (per
residue basis) matches the truncated fragments
(Figure 6(D)) even though the fragments lack
much (1-80) or most (1-65) of the segments that
are helical in N, indicating that even the small CD
found may be unrelated to native-like structure
formation.

In summary, the CD spectrum recorded after the
burst phase documents the equilibrium U state.
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Figure 6. Cyt ¢ folding. (A)—(C) Chevron plots for wild-type, imidazole-bound,* and pWT Cyt ¢ (new data). Elimi-
nation of His to heme misligation eliminates aggregation and the resulting folding rollover. The red chevron in
(C) shows the H/?H isotope effect (Cyt ¢ in H,O but deuterated at exchangeable amide protons). (D) and (E) Equi-
librium and kinetic results for intact Cyt ¢ (closed symbols) and two non-folding analogs (open symbols; fragments
1-65 and 1-80; pH 4.9, 10 °C).’ The continuous line is the equilibrium melting curve for the intact protein. The data
show identical burst phase amplitudes for the non-folding analogs and the intact protein. (F) CD spectra. Upon dena-
turant dilution, Cyt ¢ relaxes (400 ps, pH 4.9, 22 °C) to a condition with a CD spectrum (red*') equal to the acid-
denatured state (shown), the thermally denatured state, and the non-folding fragments of (D) and (E) (computed as
Intermediate I by Akiyama et al., for which short wavelength data were poorly defined). (G) HX protection factors
measured® for Cyt ¢ by pH competition during 2 ms of folding at elevated pH (0.4 M Na,SO,, 0.3 M GdmCl, 10 °C).
(H) Fast Fl quenching data for unfolded Cyt ¢ (pH 2, low salt) jumped to native conditions (pH 4.5, 22 °C).* Data fitting
includes the mono-exponential burst phase and slower phases. Horizontal lines mark the measured range of the
~50 ws burst phase.



366 Intermediate Accumulation and the Initial Barrier Mechanism in Protein Folding

HX protection

More detailed structural information for the
burst phase intermediate was pursued in an HX
competition experiment. Sauder & Roder found
widespread HX protection in Cyt ¢ within 2 ms of
folding, with protection factors less than 5 for 32
of the 36 residues measured (in 0.4 M Na,SO, at
high pH; Figure 6(G)), and interpreted this in
terms of the fast formation of the near-native
helical content.*” This interpretation is inconsistent
with the absence of burst phase surface burial
(Figure 6(B) and (C)), CD and FI that are equal to
the U state (Figure 6(D)—-(F)), indications that half
of the post-burst molecules have an extended
conformation,®*' and amide H/*H kinetic isotope
results (Figure 6(C)), which indicate that the
majority of the helical H-bonds form in the rate-
limiting step leading to N, long after the burst
phase.”

One does not know what level of HX protection
should be considered significant in respect to
specific structure formation. It is known that HX is
impressively sensitive to local hydrophobic
blocking.**** For example, a single neighboring Val
or Ile side-chain slows exchange fivefold."
Environmental slowing seems especially likely in
the concentrated Na,SO, used, which drives poly-
peptide chain condensation. Bieri & Kiefhaber
find generalized low-level HX protection (P ~ 5)
in the initially collapsed but unstructured form of
hen lysozyme.*” A contribution to the measured
HX protection in Cyt ¢ may come from aggregation
(e.g. Figure 6(A) versus Figure 6(B) and (C)).

General blocking effects provide an alternative
explanation for the small burst phase HX protec-
tion found in concentrated Na,SO, for Cyt ¢ and
for CD2.D1.** It may seem indicative that the
rapidly protected hydrogen atoms occur only in
segments that are protected in the native protein;
however, these are the only hydrogen atoms that
can be measured.

Barrier crossing

An indirect argument favoring intermediate
formation is that the Cyt c burst phase appears to
represent a barrier-crossing event, and therefore
distinct structure formation (Figure 1(C)), insofar
as the rate exhibits mono-exponential kinetics, has
significant activation enthalpy (7.5 kcal mol™),
and is insensitive to conditions.

Shastry & Roder initiated folding from the acid-
unfolded state of Cyt ¢ and observed a fast multi-
exponential decay of Fl due to Forster transfer as
Trp59 approaches the heme (Figure 5(H)).** The
earliest measured part of the burst phase Fl decay
appears to be mono-exponential. However, data
recording tracked less than half of the putative
mono-exponential burst phase (Figure 5(H)), and
this merges into slower phases. Thus, the fractional
decay measured is likely to appear exponential in
any case. The appearance of exponential relaxation

was taken to demonstrate a barrier-crossing event.
However, it has been pointed out that mono-expo-
nentiality is not diagnostic for barrier crossing."
In agreement, simulations of a barrier-less Cyt c
chain collapse (Figure 1(D)) show that the kinetics
measured by Fl transfer can be indistinguishable
from a single exponential.*

Shastry & Roder found that the burst phase rate
(but not the amplitude) is insensitive to initial
conditions (but not final conditions), including pH
and the presence of heme ligand (0.2 M imidazole),
as might be expected for a barrier crossing U — I
reaction (Figure 1(C)).** However, these same
characteristics are expected for a U— U’ model
(Figure 1(D)). Similarly, the activation enthalpy
measured for the Fl burst phase (7.5 kcal mol ') is
close to expectations for simple chain contraction,*
which should involve 4.4 kcal mol™' for solvent
viscosity plus other contributions, including
main-chain bond rotations.*

Summary

The post-burst phase Cyt ¢ ensemble exhibits
little buried surface (no rollover under conditions
that avoid aggregation). The Fl and the CD,»
burst phase (amplitude and kinetics) match the U
state and non-folding Cyt ¢ models. The entire CD
spectrum after the burst phase duplicates the U
state and non-folding Cyt ¢ models. Marginal HX
protection is found even in concentrated osmolyte.
The native helical H-bonds form much Ilater
(H/?H isotope effect). The significance of a puta-
tive mono-exponential decay and other indicators
is questionable on several grounds. All of this
evidence is uniformly against the formation of a
structured burst phase intermediate.

CD2.D1 (98 residues)

Clarke, Parker and co-workers studied the fold-
ing of the B-protein CD2.D1 following denaturant
dilution.****%%2> They found chevron rollover
and distributed low-level HX protection in the
burst phase in the concentrated sulfate used, with
HX protection factors less than 6 for 37 of the 41
NHs measured. These observations were taken to
imply a burst phase intermediate with widespread
H-bonding. In conflict, native-state HX measure-
ments found no stably H-bonded intermediate.”
Well-determined mutational ¢; values for six core
mutants were 0.0 £ 0.1,°"* suggesting very little
side-chain organization in the burst phase. The
significance of low-level HX protection was
considered above.

In light of the insecure relationship of chevron
rollover and low-level HX protection to fast inter-
mediate formation, and additional conflicting
results, these observations do not strongly favor a
stable burst phase intermediate.
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Figure 7. Heterogeneity and two-state folding in Cyt c.
Folding kinetics are measured by Fl (initial collapse) and
695 nm absorbance (final N state acquisition) after a pH
jump (pH 2 denatured jumped to pH 4.5 for folding).
For direct comparison, the kinetically observable ampli-
tudes of A695 (red) and Fl (blue) are each normalized to
unity. (The Fl observed (descending) is shown normal-
ized to total Fl) After subtracting the ultrafast Fl
solvent-response of the U ensemble, the probes for
chain condensation (Fl) and final folding (A695) exhibit
closely similar kinetics for the major phase. Thus, the
large majority of the population folds in a two-state
manner without intermediate accumulation (pH 4.5).
Green points in (B) are from Akiyama et al.*' The slowest
kinetic phase, referred to by Akiyama et al. as inter-
mediate II to N,**” in fact reflects the folding of some
small population fraction trapped by the optional
pH-dependent barrier rather than an obligatory late
barrier encountered by the entire population.

Other proteins

The literature reports on a number of other
apparent burst phase intermediates with even less
substantiation, most usually dependent on a Fl
burst phase. In other cases, authentic inter-
mediates, observed by methods with long multi-
millisecond dead-times, have been referred to as
burst phase intermediates. These are not discussed
individually here.

Burst-phase summary

Major examples of burst phase structure
formation were re-examined. In every case, an
interpretation in terms of the accumulation of
an intermediate is found to be unconvincing.

Late intermediates and folding heterogeneity

The results just reviewed are against the
accumulation of intermediates before the initial
search-nucleation step. However, well-structured
on-pathway folding intermediates are known to
accumulate in many cases. The thesis developed
here suggests that intermediates can accumulate
only later, blocked by barriers after the initial
intrinsically rate-limiting step. These later barriers
often seem to represent some non-intrinsic error-
repair process rather than some difficulty intrinsic
to the folding process, as for the initial search-
nucleation barrier."***

The principles are these. For an intermediate to
accumulate, it must occupy a well that is lower

than all prior wells and must encounter a barrier
that is higher (trough to peak) than all prior
barriers. A later barrier (small-scale search) is very
likely to be smaller than the initial intrinsic barrier
(large-scale search). This is why folding tends to
appear two-state, even though on-pathway inter-
mediates that are stable relative to U do exist. A
late barrier can be enlarged by corrupting the
prior intermediate with interactions that must be
removed (error repair) in the subsequent transition
state. This can slow folding and cause accumu-
lation of the corrupted intermediate. (Note that
the stability of the intermediate is not the deter-
mining factor. Both slowing and accumulation are
obligately linked consequences of the increased
trough to peak height, which encodes the
additional time required to reorganize the mis-
fold.)

Cyt ¢ provides an instructive case study. At low
pH (e.g. pH 5), most of the Cyt ¢ population folds
to N in a two-state manner, limited by an initial
barrier.! At neutral pH, Cyt ¢ encounters an
additional, later, misfold-reorganization barrier
and reaches N more slowly, in a three-state
manner.>> This occurs because histidine residues
in their high-pH form misligate avidly to the
heme, inserting a reorganization barrier that slows
folding and causes an otherwise normally occur-
ring, but in this case somewhat corrupted, inter-
mediate to accumulate.”® In the middle pH range
where histidine residues are partially titrated, Cyt
c folding is heterogeneous, with a fast two-state
fraction and a slower three-state histidine-mis-
ligated fraction.” The probability for barrier inser-
tion and intermediate accumulation can be set
between zero and 1 by titrating the histidine
residues.>” It is noteworthy that heterogeneous
folding can easily be mistaken for parallel path-
ways or for multiple sequentially populated
intermediates (see Figure 7).*"

Heterogeneous folding with faster and slower
fractions dependent on ambient conditions is seen
for many proteins. The accumulation of a partially
misfolded intermediate in Im7 with three of the
four helices formed is promoted by reduced
pH.»** Lysozyme folds heterogeneously with
faster and slower phases; misfolding and inter-
mediate accumulation are promoted by acidic
pH" and by high salt.”” Many other proteins, like
RNase A, encounter optional barriers and
populate late intermediates fractionally due to
non-native proline isomers that pre-exist in the
initial U-state ensemble. The probability for pro-
line-dependent barrier insertion can be adjusted
by varying the time that the protein is allowed to
spend in the unfolded form.

Heterogeneous folding might reasonably be
taken to show that a late barrier, encountered by
only a fraction of the population, is optional and
probabilistic rather than due to some intrinsically
difficult step in structure formation. Once some
advanced native-like intermediate is reached, it is
hard to see why continuing structure formation,
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able to build onto the existing structure, should be
more difficult and slower. In 1994, we suggested
that late barriers, intermediate accumulation, and
heterogeneous folding might all be due to proba-
bilistic misfolding and the need for error repair.®
This view is now supported by results for Cyt c,
Im7, lysozyme, RNase A and other proteins, but
its generality remains an open issue.

We draw from the present analysis the obser-
vation that intermediates do not accumulate before
the initial intrinsically rate-limiting barrier. This
result is observed nearly universally, at least for
small proteins, and therefore provides support for
the initial barrier hypothesis. A corollary sugges-
tion is that later intermediate accumulation, when
it occurs, depends on a non-intrinsic error repair
barrier inserted into the the folding pathway by
some misfolding event.

Discussion

Major current issues in protein folding concern
the rate-limiting barriers, their placement (early or
late), their character (intrinsic or optional), and
their height (how fast does folding go), and the
character and role of intermediates (discrete or
continuous, obligatory or optional, constructive or
obstructive). The initial barrier hypothesis touches
on all of these issues.

The present work was motivated by the belief
that protein folding begins with an uphill search
through U-state space." The initial search culmi-
nates when it chances to find some conformation
that is sufficiently large and native-like to support
(nucleate) the downhill formation of stable struc-
ture. This view leads to the expectation that stable
intermediates should not accumulate before the
initial barrier. Many proteins are known to
behave in this way,® but others have seemed to con-
tradict this view. Here, we consider the major
exceptions. Under closer examination, these excep-
tions disappear. These well-studied cases do not
demonstrate that stable intermediates accumulate
before the initial rate-limiting search-nucleation
step.

The absence of stable intermediates on the
unfolded side of the intrinsic initial barrier appears
to be due to thermodynamic constraints. Collapse
to a distinct species is inhibited by the loss of
conformational entropy and the small number of
possible stable intermediates. Enthalpically, the
burial and desolvation of polar groups, both main-
chain and side-chain, can occur only in a context
that satisfies their H-bonding requirements,* with
each failure costing several kcal mol™.** These
exacting requirements tend to inhibit non-native
chain condensation and make the conformational
search for a functional transition state uphill from
U in free energy.

The fact that the intrinsic rate-limiting barrier
may occur very early in folding has been obscured
by several factors. The rate-limiting barrier appears

to be late in two-state folding when folding
progress is measured by relative surface burial
(mf/mP°). Rather, major surface burial in the tran-
sition state (mj) is a consequence of the extensive
initial nucleation. Another confusing factor has
been the accumulation of later intermediates in
three-state folding, caused by late rate-limiting
barriers. These may well be adventitious mis-
folding barriers not intrinsic to the uncorrupted
folding process. Finally, it is noteworthy that
the burst phase signals considered here relate to
U state behavior. The character of the
equilibrium denatured state is important for
protein folding,” but it is important to distinguish
pre-existing structure and subsequent structure
formation.

The initial barrier view can be taken to question
the interpretation of ultrafast folding events more
generally. The fate of this expectation remains to
be seen.

Materials and Methods

Proteins

Horse heart Cyt ¢ and RNase A of the highest grade
were purchased from Sigma Chemical Company. The
CNBr fragments of Cyt ¢ have been described.” Standard
methods were used to reduce RNase A disulfides."” The
preparation of the H26N,H33N variant of Cyt ¢ (pWT)
is described elsewhere.®® Deuterated versions of Cyt ¢
were made by incubating the protein in *H,O in concen-
trated GdmCl. On dilution into H,O at pH 4.5 and
10°C, amide groups remain deuterated for tens of
seconds. Ub was prepared as described.” The His, Bl
domain of protein G was prepared from standard
Escherichia coli expression lysates using an expression
vector kindly provided by D. Baker.

Kinetic measurements

Rapid mixing experiments used a Biologic SFM4 or
400 stopped-flow apparatus as described.” To improve
the dead-time performance, illumination through a fibre
optic cable was restricted to the bottom 20% of the
0.8 mm cross-section FC-08 cuvette. High light intensity
was obtained using a PTI A101 elliptical light source
with 100 W Hg arc lamp. Background scattering was
decreased with light baffles, and the PMT signal was
filtered with an 11-pole elliptical filter with a 50 ps cut-
off. The dead-time was calibrated using a dye-quenching
reaction as well as multiple continuous-flow measure-
ments at different flow speeds under the folding
conditions.” Fluorescence spectroscopy used excitation
wavelengths of 280-290 nm and emission wavelengths
of 310-400 nm.

Data analysis

Kinetic data were analyzed wusing the chevron
analysis®” with the free energy of equilibrium folding
and the activation free energy for kinetic folding and
unfolding dependent on denaturant according to the
standard equations. Parameters were fit using a
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non-linear, least-squares algorithm implemented in the
Microcal Origin software package.
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