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Abstract

The folding of the small (56 residues) highly stable B1 immunoglobulin binding domain (GBl) of streptococcal
protein G has been investigated by quenched-flow deuterium-hydrogen exchange. This system represents a paradigm for thestudy of protein folding because it exhibits no complicating features superimposed upon theintrinsic properties of the polypeptide chain. Collapse to a semicompact state exhibiting partial order, reflected in
protection factors forND-NH exchange up to10-fold higher than thatexpected for a random coil, occurs within
the dead time( 51 ms) of the quenched flow apparatus. This is followed by the formation of the fully native state,
as monitored by the fractional proton occupancy of 26 backbone amide groups spread throughout the protein,
in a single rapid concerted step with a half-life of 5.2 ms at 5 “ C .
Keywords: folding intermediates; protein folding; quenched-flow deuterium-hydrogen exchange

Although folding intermediates have attracted considerable attention over the last few years (Kuwajima, 1989; Kim & Baldwin, 1990; Matthews, 1993; Fersht & Dill, 1994; Ptitsyn, 1994),
new experimental and theoretical studies have cast doubt on
their importance as obligate states on the folding pathway of
proteins. In particular, theoretical studies and computer simulations of the folding of simplified models for proteins has led
to the proposal
of a 3-stage random search mechanism of folding, involving the initial rapid collapse from a random coil state
to a random semicompact globule, followed by a rate-determining search for oneof the many possible transition states from
which the chain rapidly folds to the native state (Camacho &
Thirumalai, 1993; Chan & Dill, 1994; Sali et al., 1994). The results of this theoretical study furtherstimulate the debate(Baldwin, 1994; Creighton, 1994), initiated by a provocative paper
by Sosnick et al. (1994), challenging the widely held assumption
that transient, partly folded intermediates are responsible for the
rapid folding of proteins. In 2 related studies (Elove et al., 1994;
Sosnick etal., 1994), it wasshown that for cytochrome cat least,
folding can occur extremely rapidly if trapped, incorrectly ligated heme intermediates are avoided. Indeed, the authorsdemonstrated that the experimental conditions could be adjusted
Reprint requests to: G. Marius Clore or Angela M. Gronenborn, Laboratory of Chemical Physics, Building 5, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, Maryland 20892-0520.

such that up to 50-70% of the protein can attain the correct
heme ligation directly and thusfold rapidlyto thenative state.
These results reopen the debateof whether slow processes observed in folding reactions are of any significance kinetically for
native protein folding or are simply the result of species trapped
by optional barriers created by conditions specific to the folding solution. Such misorganization of the polypeptide chain may
be connected to particular chemical requirements for the folding of the protein under investigation. These include side-chain
protonation states, sulfhydryl chemistry, cis-trans proline isomerizations, and the presence of prosthetic groupsor metal binding sites. To date, all experimental studies on folding have
involved proteins that exhibit these complicating features superimposed on the intrinsic properties of the polypeptide chain itself
(Kuwajima, 1989; Kim & Baldwin, 1990; Matthews, 1993; Fersht
& Dill, 1994; Ptitsyn, 1994). Thus, the observation of slow steps
in the folding of these proteins may, to a large degree, be caused
by structural misorganization involving nonoptimal disulfide
bond formation, cis-trans proline isomerization, or the incorrect ligation of a prostheticgroup or metal ion. Consequently,
it is of utmost importance to study thefolding of a protein that
is devoid of all these complications and thatcan therefore be regarded as a “generic polypeptide.”
The B1 immunoglobulin domain (GB1) of streptococcal protein G fulfills this criterion. In addition, it possesses severalother
qualities that make it an ideal system to study the folding process: it is small (56 residues) and its structure has been deter-
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mined at high resolution by both NMR (Gronenborn et al.,
1991) and X-ray crystallography (Achari et al., 1992; Gallagher
et al., 1994); it contains both helix and @-sheetstructure; it is
extremely stable to both high temperature andchemical denaturants (Gronenborn et al., 1991; Alexander et al., 1992a) and
contains only asingle tryptophan residue; 95% of the residues
are involved in elements of secondary structure, and 26 hydrogen bonded backbone amides, spread throughout the protein
(Fig. l), have very slow hydrogen-deuterium (H-D) exchange
rates (tl,2 > 24 h at pH 4.3; Gronenborn et al., 1991); and, finally, complete ' H and "N resonance assignments are available (Gronenborn et al., 1991; Gronenborn & Clore, 1993). The
experimental method that we employed to study the folding of
GB1 involved the application of quenched flow D-H exchange
(Roder et al., 1988; Udgaonkar & Baldwin, 1988; Roder, 1989;
Englander & Mayne, 1992; Baldwin, 1993; Woodward, 1994).
This technique is particularly powerful because it permits many
specific sites within a protein, in this case the aforementioned
26 backbone amide groups, to be probed on themillisecond time
scale.
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Results and discussion

Equilibrium folding and unfolding of GB1
In order to establish conditions for thequenched-flow D-H experiments, we proceeded to establish the equilibrium unfolding
curve of GB1 as a function of guanidine hydrochloride (GuHCl)
at pH 4 and 5 "C. The results are shown in Figure 2. The unfolding transition is clearly 2-state, with the transitionpoint occurring at about3 MGuHCl. Analysis of the data, asdescribed
by Pace et al. (1989) yields a free energy of unfolding in water,
AG(H20), of 4.8 kcal.mo1-'. With these data in hand, thekinetic folding experiments were carried out by diluting fully unfolded GB1 in 4.5 M GuHCl intoa folding mixture containing
0.25 M GuHCl, at which concentration GB1 is fully folded.
In thequenched-flow D-H experiments, the protein is exposed
to both low and high pH. We therefore examined both the
1-dimensional (1D) 'H-NMR spectrum and the 2D 'H-"N
correlation spectrum of GB1 as a function of pH. The protein
remains fully folded over a range extending from pH 2 to pH11.3
at 25 "C. Unfolding begins to occur above pH 11.3 and, at
pH 11.6, GB1 is fully unfolded. Conditions for the quenchedflow D-H experiments were therefore chosen so that nosignificant contribution from the reverse reaction (i.e., unfolding)
could occur. Thus, folding was allowed to occur at pH 4 and
pulse labeling was carried out at pH 9.

Quenched-flo w D-H exchange experiments
Previous stopped-flow optical measurements (Alexander et al.,
1992b), as well as preliminary quenched-flow D-H exchange experiments (data not shown), indicated that GB1 folds within
5 ms at roomtemperature. To slow the folding reaction down,
we therefore carried out all D-H exchange experiments at 5 "C.
Even at this temperature, complete refolding to thenative state
occurs within 20 ms. For the simplest case of a 2-state folding
transition, the processes that occur during the quenched-flow
D-H exchange experiment can best be described as follows.
Fully unfolded protein (U) in D20 at pH
4, with all backbone
amide groupscompletely deuterated (that is ND), is allowed to

Fig. 1. Sequence, secondary structure, and hydrogen bonding of GB1
(Gronenborn et al., 1991). Hydrogen bonds and residues associated
with the 26 backbone amide groupsthat exchange slowly inthe folded
state ( t I l 2> 24 h at pH4) are depicted as solid arrows and bold letters,
respectively. Hydrogen bonds involving the remaining backbone amide
groups exchange too rapidly in the folded state to be monitored in
the quenched-flow D-H exchange experiment and are shown as dotted
arrows.

fold for a length of time tfo[dyielding native protein (N). During the time
the only reaction that occurs is that associated
with the folding process itself:

where kf(low) is the rate constant for folding at pH 4. Subsequently, the reaction mixture is subjected to a high pH exchange pulse in H,O of duration 1, (pH 9.1 and 25 ms),
followed by a quench pulse at pH 3.5. During the high pH exchange period tex,there is direct competition between ND-NH
exchange in the unfolded state and the folding process itself,
such that the kinetics may be described by the scheme:

I

J.

U (NH)

kf(high)

N (NH)

where kf (high) is the rate constant for folding at pH9. No significant ND-NH exchange occurs in the folded state duringthe
short duration,t , (25 ms), of the high pH pulse (pH 9) so that
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Equilibrium unfolding of the GB1 domain at DH4.0 in guanidine hydrochloride. A: Tryptophan fluorescence as a function of guanidine hydrochloride (fluorescence excitation was carried out at295 nm
and the emission was integrated from 305 to 450 nm). Thearrows indicate the concentrations of guanidine hydrochloride used to unfold (starting concentration) and refold(ending concentration) the GB1 domain
in the quenched-flowD-H exchange experiments. B: AG as a function
of guanidine hydrochloride. Linear extrapolation yields a value of 4.8
kcal.mol-' for AG(H20).

the N(ND) to N(NH) exchange reaction can be neglected. (Note
that there is no change in intensity of the amide resonances in
a sample of native GB1 at pH 9 following 1.5 s presaturation
of the water resonance, indicating that the lifetime for amide
exchange at this pH must be greater than 5 s.) Because folding
of GB1 is so rapid, the exchange and folding processes occur on
the same time scale. Once the protein is fully folded, the degree
of protection of the backbone amide deuterons againstsolvent
protons achieved at the end of the exchange period is monitored
by recording a 'H-"N correlation spectrum on the now completely refolded protein. The fractional proton occupancy, F,.,
of a particular backbone amide group i, as a function of tfold
and t , can then be described by the equation:

Because texis long compared to l/[kf(high)
3 can be simplified to

+kJ,

Equation

The experimental data illustrating the fractional proton occupancy of the 26 monitored amide groups as a function of the
folding time tfoldis depicted in Figure 3.
We initially fitted all the experimental data in Figure 3 simultaneously to Equation 3, optimizing the values of kf(high) and
kf(low) with the assumption that the exchange rate constants
k e x ( i )were the same as those expected for a random coil,
k, (i), calculated on thebasis of model peptide data, if the unfolded state were a completely random coil (Bai et al., 1993;
Connelly et al., 1993). That is to say, the protection factors Pi
given by kxu(i)/kex(i),
were assumed to have a value of 1.0.
The resulting best-fit curves failed to fit the experimental data
adequately and displayed systematic deviations in the distribution of residuals. Moreover, the value obtained in this manner
for the high pH folding rate constant kf(high) was a factor of
4.3 larger than that of the low pH one kf(low), which appears
unlikely becauserefolding of GB1 is slower at pH11 than at neutral pH (Alexander et al., 1992b).
We then proceeded to fit all the experimental data in Figure 3
simultaneously to Equation 3, optimizing the value of the folding rate constant kf(low) with the assumption that kf(low) =
kf(high), and the values of the individual exchange rate constants ke,(i) for the26 monitored amide groups. As is apparent from Figure 3, all the data can be fitted simultaneously with
a single value of 133 ? 2 s-' for kf(low) with an overall standard deviation of the fit of 1.5%, random distribution of residuals, and good determination of all the optimized parameters.
The values of kex(i ) expressed in terms of backbone amide
protection factors, Pi, are plotted as a function of residue in
Figure 4, and displayed spectrally on the structure of GB1 in
Figure 5A.
The assumption that the rate constant for folding at pH 4,
kf(low), and pH 9, kf(high), are the same does not affect the
value obtained for kf(low) because this is purely determined by
the decay of the protonoccupancy as a function of the folding
time tfo/dat pH 4. Moreover, whereas this assumption clearly
affects the absolute values of the protection factors Pi,it does
not affect the relative values of Pi. Thus, the protonoccupancy
at zero folding time tf& is given by

+ kex(i)l
= k,,(i)/[P;kf(high) + kxu(i)l,

F , ( O ) = k,,(i)/[kf(high)

(5)

so that the ratioof Pi and PJ for 2 amide protons i and j is independent of the folding rate constant k,(high)
Pi/Pj = (kxu(i)[F,(O)"

- l l ) / ( k x u ( j )[F,(O)" - 11).

(6)

In addition, the true absolute value of Piis simply given by
Pi = kf(low)P, (app)/kf(high),

(7)

where P; (app) are the values of the apparent protection factors
obtained on theassumption that kf(low) = kf(high). It should
also be noted that P; cannot be less than 1 because the observed
exchange rate constants kex(i ) will not exceed the expected values k, ( i ) for a random coil. Examination of Figure 4 indicates
that Leu 7 has an apparentprotection factor of 1. This implies
that the rate
constant for folding at pH9 cannot be larger than
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Fig. 3. Comparison of the observed time courses of NH proton occupancy as a functionof the length of the folding time tsOld
(depicted by the symbols) with the best-fit computed time courses (represented by the solid lines) calculated using Equation 3.
All the experimental data thatcomprise the kinetic curves for the 26 backbone amide groups thatare slowly exchanging in the
folded state, were fitted simultaneously with a single value for the folding rate constant k, (133 s-I). The NH proton occupancies were measured from 2D 'H-ISN heteronuclear single quantum coherence spectra recorded at 600 MHz.

that at pH4, so that the values of Pi (app) plotted in Figure 4
represent lower limits on the true absolute values of Pi.
In principle one could measure the value of k,(high) by simply refolding the protein directly into folding buffer atpH 9 for
varying lengths of time t, prior to quenching. In this case, the
fractional proton occupancy would be given by
Fi(tex) = (kex(i)/[kf(high) + kex(i)ll
X ( 1 - ,-[kl(high)+k,(i)lf,
1.

(8)

Unfortunately, however, the observed rate constant given by the
sum of kf(high) and kex(i)is too large to permit us to measure
the kinetics of this competition experiment between refolding
and amide exchange.
Marginal protection factors, such as those observed here for
the apparent initial state, have often been attributed to the existence of parallel folding pathways associated with multiphasic refolding kinetics and characterized by the presence of
distinct plateaus (Radford et al., 1992; Miranker et al., 1993;
Mullins et al., 1993; Dobson et al., 1994). In the present case,
only a single exponential phase is observed for the refolding kinetics observed in the quenched-flow D-H exchange experiments. If the apparent protection factors obtained from the
present experiments were due to a parallel folding pathway in

which a fraction (1 - X) of the unfolded GB1 molecules refolded
within the dead-time of the quenched flow apparatus (that is,
5 1 ms), while the remainder refolded with a half-life of 5.2 ms,
the observed protection factors would be uniform for all residues and given by 1/X. The fact that the apparent protection
factors vary over an order of magnitude therefore excludes this
possibility.
The nature of the apparent initial state
The results of the quenched-flow D-H exchangeexperiments indicate that the formation of the folded state from either the fully
unfolded state or a state formed within the dead-time of the
quenched flow apparatus (that is, 5 1 ms) occurs in a single rapid
concerted step with a half-life of 5.2 ms. The observed protection factors provide insight into the nature of the state from
which the 5.2-ms folding process occurs. We will refer to this
state as the apparentinitial state and argue that it isa statedistinct from the completely unfolded random coil state.
The overall apparent average protection factor for the 26
monitored amide groupsis 4.3 f 1.6, with values ranging from
0.98 to 8.4 (Fig. 4). As noted above, the absolutevalues of the
protection factors will be larger by an amountequal to the ratio of the folding rate constants at pH 4.0 and 9.0.Thus, the
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Fig. 4. Apparent amide protection factors for the apparent initial state in the folding of G B l . The protection factors are defined asthe ratio of kxu(i)/kcx(i)
where .kxu(i) is the random-coil exchange rate constant for residue i calculated as described
by Bai et al. (1993) and Connelly et al. (1993), and k , ( i ) is the corresponding exchange rate constant for the apparent initial
state obtainedfrom the global nonlinear least-squares best fit of the computed tothe experimental curves using Equation 3 and
shown in Figure 3. The error bars only represent the errors in the fitted values of k,(i). The errors in the values of k m ( I ) ,however. are at most of the order of 10%.

apparent initial state as far as thequenched-flow experiment is
concerned contributes significantly to amide group protection.
Several lines of evidence suggest that the protection factors relate to a state formed as a result of rapid hydrophobic collapse
on thesubmillisecond time scale. First, recent experiments using
flash photolysis to probe the folding of cytochrome c have indicated that collapse occurs on themicrosecond time scale (Jones
et al., 1993). Second, although nuclear Overhauser enhancement
measurements have indicated the presence of partially ordered
regions in the case of 2 proteins (the DNA binding domain of
bacteriophage X 434 repressor and FK506 binding protein) apparently fully denatured with urea (Neri et al., 1992; Logan
et al., 1994), as well as in a recombinant model of denatured bovine pancreatic trypsin inhibitor (Lumb & Kim, 1994), these regions are strictly localized and involve only a few residues. In
contrast, 13 of the 26 monitored amide groups in GB1 have apparent protection factors greater than 4, suggesting more extensive regions of structure partially shielded from solvent exchange.
Third, theaverage backbone amide protection factor for hen egg
white lysozyme unfolded in 8 M urea has a value of only 1.6,
indicating that theurea-denatured state has little residual structure, even though the 4 disulfide bonds were kept intact (Buck
et al., 1994). Moreover, the most protected amide group in denatured hen egg white lysozyme had aprotection factor of only

5 and was located in a small cluster of protected residues in the
immediate vicinity of one of the intact disulfide bridges. In comparing these values to the protection factors observed in the
present work, it seems likelythat the apparentinitial state in the
GB1 folding pathway is significantlymore structured than would
be expected for a fully denatured protein.
Finally, further evidence that the apparentinitial state is indeed a partially collapsed state comes from stopped-flow measurements monitoring thefluorescence of the single tryptophan
residue at position 43. In the native state, Trp 43 is partially exposed (Gronenborn et al., 1991; Achari et al., 1992; Gallagher
et al., 1994). In the denatured state, the fluorescence intensity
of Trp 43 is reduced relative to the native state (cf. Fig. 2). This
reduction in fluorescence, presumably caused by increased solvent quenching, suggests that Trp43 is more exposed to solvent
in the denatured state than in the native state. We carried out
stopped-flow measurements at both pH 4 and pH 9 (data not
shown). In both cases, folding was too rapid to measure its rate
and thefluorescence intensity of the native state was recovered
within the dead-time of the stopped-flow apparatus ( - 5 ms).
The observation that thenative fluorescence intensity of Trp 43
is recovered more rapidly than the formationof stable hydrogen bonds monitored in the quenched-flow D-H exchange experiments implies that rapid partial or full collapse occurs.
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Fig. 5. A: Ribbon drawingof native GB1 with the amidegroups color codedon the basisof their apparent protection factors
in the apparent initial state in the folding
of GBI. The amide groups are depicted
as spheres and the color varies continuously
from red (protection factor of 8.4) through white (protection factorof 4.7) to blue (protection factorof 0.9). B Backbone of
native GB1 in green withthe 2 overlapping clusters
of tightly packed buried hydrophobic residues in the native protein depicted
in red and lilac, and the side chains involved in side-chain-backbone hydrogen bonds depicted in light blue. The pictures were
produced with the programsGRASP (Nicholls, 1993) and VISP (deCastro & Edelstein, 1992), and the coordinates are taken
from Gronenborn et al. (1991).

These results, however, do not necessarily implythat this collapsed state can be regarded as a definitive folding intermediate. Rather, they could be interpreted to indicate that therapid
perturbation of solution conditions caused by “instantly” diluting the chaotropic agent away may simply result in a smooth relaxation from the unfolded state to a partially collapsed state
with no intervening potential barrier.

Possible structural characteristicsof the collapsedstate
There is a clear pattern of backbone amide protection in the
apparent initial state when related to the structureof the native
protein (Figs. 4, 5A). The average apparent protection factor
(4.8 & 1.8) for theresidues in the antiparallel P-sheet formed by
strands 3 and 4 is slightly larger than thatin the parallel P-sheet
formed by strands 1 and 4 (3.9 & 1.5), which in turn is slightly
larger than thatin the antiparallel&sheet formed by strands 1
and 2 (3.0 1.3). Moreover, the average apparent protection
factor for theresidues in the helix (4.8 1.6) is the same as that
for thesheet between strands 3 and 4. The most protected amide groups are located in the reverse turn connecting strands 3
and 4 (Lys 50,7.9; Thr 51,6.3) and at the beginning of the helix (Thr 25,5.0; Ala 26,8.4). These apparent protection factors

*

*

correspond to a stabilization of 0.9-1.2 kcal-mol” relative to
a random coil state. The other amide groupsin the 4-stranded
sheet become progressively lessprotected as their distance from
the reverse turn between strands 3 and 4 increases (Fig. 5A). By
comparison with the structure of the native state, we suggest that
2 complementary factors are involved in the simultaneous stabilization of the reverse turn between strands 3 and 4 and the
N-terminal end of the helix in the apparent initial state.In the
native state these regions are in close proximity to a cluster of
tightly packed buried hydrophobic residues comprising Tyr 3,
Ala 23, Ala 26, Tyr 45, and Phe52 (Fig. 5B). Thus, hydrophobic collapse centered around these residues may be an important contributing factor, resulting inthe shielding of surrounding
areas from solvent exchange. In addition, both the reverse turn
between strands 3 and 4 and the N-terminus of the helix are stabilized in the folded state by side-chain-backbone hydrogen
bonds, namely betweenthe carboxylate side chain of Asp 46 and
the NH of Ala 48, and thecarboxylate of Asp 22 and the NH
of Thr 25, respectively (Figs.1,5B). These interactions may also
be formed in the apparent initial state.
Higher than average apparent protection factors are also observed around the middle of the helix (Lys 31, 5.1; Gln 32,
6.1; Tyr 33, 4.9), corresponding to a stabilization of 0.9-
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1.0 kcal.mo1-' relative to a random coil state. Using the same
of a hyarguments as above,this may be due to the formation
drophobic cluster comprising Leu 5, Leu 7, Thr 16, Phe 30, the
aliphatic portion of the side chain of Lys 31, Ala 34, Trp 43,
Phe 52, and Val 54 (Fig. 5B),as well as the side-chain-backbone
C-terminal capping interaction between the side-chain amide of
Asn 37 and the backbone carbonyl of Tyr 33 (Figs. 1, 5B). In
this regard, it is interesting to note that thelast amides to exchange out from the native state are those of Ile 6, Val 29,
Phe 30, and Val 54 (A.M. Gronenborn & G.M. Clore, unpubl.
data), all of which are buried within this hydrophobic cluster.

Concluding remarks
Although previous studies have shown that GB1 folds rapidly
(Alexander et al., 1992b), the present quenched-flow D-H exchange experiments clearly demonstrate that a large number of
individual residues participate in this fast cooperativeprocess.
The dataalso suggest that the apparentinitial state is different
from thefully unfolded random coil state. Specifically, the apparent initial state exhibits a distinct pattern of amide protection factors and may represent a partially collapsed state. Thus,
it is clear that, in the absence of complicating factors resulting
in dead-end pathways, folding of a polypeptide chain to the native folded state can occur very rapidly, a result that is consistent with a number of recent theoretical studies on simplified
models of protein folding (Camacho & Thirumalai, 1993; Chan
& Dill, 1994; Sali et al., 1994).
Materials and methods

Sample preparation, and unfolding
and refolding conditions
Uniformly (>95%) "N-labeled GB1 was expressed and purified as described previously (Gronenborn et al., 1991; Gronenborn & Clore, 1993). To assess appropriate unfolding and
folding conditions for GBI, fluorescence of the single tryptophan residue wasmeasured at pH 4.0 and 5"C withGuHCl concentrations ranging from 0 to 6 M. Tryptophan fluorescence
excitation was carried out at295 nm and theemission was integrated from 305 to 450 nm.

Quenched-flow D-H experiments
The quenched-flow D-H experiments were carried out using a
Biologic QFM-5 quench-flow apparatus, thermostated at 5 "C.
Fully unfolded GB1 wasprepared by taking up lyophilized GB1
at a concentration of 3 mg/mL in D 2 0 containing 4.5 M guanidine deuterochloride (GuDCl) and 50 mM sodium d,-acetate,
pH 4.0 (uncorrected for the deuterium isotope effect), and incubated at 37 "C overnight to ensure complete exchange of all
its amide positions. Refolding was initiated by rapidly diluting
the unfolded deuterated GB1 18-fold into protonated 50 mM
sodium-acetate, pH 4. I. The resulting folding mixture contained
0.17 mg/mL GBl, 0.25 M GuDCl, pH 4.0. At this pH andtemperature, the average exchange half-life of the completely exposed amide positions in GB1 is about 4 min. After allowing
refolding to occur for varying lengths of time tfofold,
the reaction
mixture was subjected to a high pH exchange pulse of 25 msduration. The values of tfoldranged from 0 ms (obtained by sub-

jecting unfolded GB1 directly to the high pH exchange pulse)
to 370 ms. The high pH exchange pulse wasachieved by the addition of 140 mM glycine, pH 10.1, in a ratio of 18:13, resulting in an exchange mixture containing 0.15 M GuDCl, 0.1
mg/mL GBI, 96% H20/4% D20, pH9.1. ND-NH exchange
was then quenched by adding 2 Macetic acid in a ratio of 3 1 :3
to give a final pH of 3.5. The resulting samples were concentrated at 4 "C with Amicon centriprep and centricon ultrafiltration devices. Prior toNMR analysis, the buffer was exchanged
for 50 mM sodium d3-acetate, pH 4.0, in D20, using Amicon
centricons, and thesamples were incubated at 37 "C for 30 min
to exchange out labile protons (Briggs & Roder, 1992). To determine the complete proton occupancy at each amide position
a sample was prepared by taking up protonated, lyophilized GB1
in sodium d,-acetate buffer, pH 4.0, and incubating it in the
same way as the other samples. The proton occupancy at each
amide position as a function of the folding time tfOldwas then
determined from the crosspeak intensities in a 2D 'H-I'N heteronuclear single quantum coherence spectrum (Bax et al., 1990)
recorded on a Bruker AMX-600 spectrometer. The resulting
spectra were processed using the nmrPipe package (DeLaglio
et al., 1994) and peak heights were measured using the program
PIPP (Garrett et al., 1991).These were corrected for variations
in protein concentration (-0.3-1 mM) in each sample (as measured by the intensity of the resonances in the aliphatic region of
the 'H-NMR spectrum). The observed intensities were expressed
as fractions of the intensitiesobserved in the "completeoccupancy" sample described above, corrected for theconcentration of D 2 0 relative to H 2 0 (4:96) at the time of the exchange
pulse.

Analysis of the quenched-flow D-H exchange kinetics
The complete set of quenched-flow D-H exchange data comprising 26 kinetic curves, each of which describesthe proton occupancy as a function of 12 tfold time points (including the
"complete-occupancy'' sample, which describes the true0 time
point) were fitted simultaneously by nonlinear least-squares optimization of Equation 3, using the initial value problem and optimization program FACSIMILE (Chance et al., 1979; Clore,
1983). The random coil exchange rate constants, k x u ( i )for
each residue were calculated as describedby Bai et al. (1993) and
Connelly et al. (1993) taking into account temperature, primarystructure effects,the pHof the exchange pulse, and the isotope
effect of D-H versus H-D exchange. Although the effect of the
presence of 0.15 M GuDClin the exchange mixture on the amide exchange rates is difficult to quantify, previous studies have
indicated that atmost an increase of 5-10% in the random coil
exchange rate constants may be observed (Loftus et al., 1986).
Consequently, no attempt was made to correct for the presence
of 0.15 GuDCl. The values of k x u ( i )are as follows: Y3, 382
SKI;K4, 399 s-I; L5 135 s-I; 16, 44.8 s-I; L7, 60.4 S K I ; T18,
526 s-'; A20, 276 s-I; T25, 332 s-I; A26, 618 s-'; E27, 121
s-I; K28, 252 s-I; V29, 103 s-'; F30, 163 s-I; K31, 408 s-I;
Q32, 590 s-I; Y33, 332 s-I; A34, 438 s-I; E42, 178 s-I; T44,
258 s-I; D46, 219 s-I; K50, 564 s-I; T51, 438 s - l ; F52, 356
s-I; T53, 381 s-'; V54, 123 s-I; T55, 241 s-I.

Stopped-flow fluorescence measurements
Stopped-flow tryptophan fluorescence measurements were carried out on a Bio-Logic SFM-3 stopped-flow apparatus, ther-
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mostated at 5 OC. Unfolded GB1 (180 pM) in 4.5 M GuHCI,
50 mM sodium acetate, pH 4.01, was rapidly diluted 18-foldinto
either (1) 50 mM sodium acetate, pH 4.02, giving a refolding solution of 0.25 M GuHCI, 50 mM sodium acetate, pH 4.0, containing 10 pM GBl, or (2) into 50 mM sodium acetate, 140 mM
glycine, pH 9.1, giving a refolding solution of 0.25 M GuHCI,
50 mM sodium acetate, 140 mM glycine, pH 9.0, containing
10 pM GB1. In order to determine the fluorescence intensity of
unfolded GB1, the same unfolding buffer was diluted 18-fold
into either 4.5 M GuHCI, 50 mM sodium acetate, pH 4.01, for
the low pH control experiment or into 4.5 M GuHCI, 50 mM
sodium acetate, 140 mMglycine, pH 9.1, for the high pH control experiment. Excitation was carried out at 280 nm, and fluorescence emission was measured through a long-pass filter
(which blocks wavelengths below 305 nm) with a Bio-Logic
PMS-200 phototube assembly. The output from the phototube
was digitized every 0.5 ms. The dead-time of the stopped-flow
apparatus is estimated to be about 5 ms.
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