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ABSTRACT: The folding kinetics of a 57-residue 1gG binding domain of streptococcal protein G has been
studied under varying solvent conditions, using stopped-flow fluorescence methods. Although GB1 has
been cited as an example of a protein that obeys a two-state folding mechanism, the following kinetic
observations suggest the presence of an early folding intermediate. Under stabilizing conditions (low
denaturant concentrations, especially in the presence of sodium sulfate), the kinetics of folding shows
evidence of a major unresolved fluorescence change during the 1.5 ms dead time of the stopped-flow
experiment (burst phase). Together with some curvature in the rate profile for the single observable
folding phase, this provides clear evidence of the rapid formation of compact states with native-like
fluorescence for the single tryptophan at position 43. In refolding experiments at increasing denaturant
concentrations, the amplitude of the sub-millisecond phase decreases sharply and the corresponding slope
(m value) is only about 30% lower than that of the equilibrium unfolding curve indicative of a pre-
equilibrium transition involving cooperative unfolding of an ensemble of compact intermediates. The
dependence on guanidine hydrochloride concentration of both rates and amplitudes (including the
equilibrium transition) is described quantitatively by a sequential three-state mechanism, £ N,

where an intermediate (I) in rapid equilibrium with the unfolded state (U) precedes the rate-limiting
formation of the native state (N). A 66-residue fragment of GB1 with an N-terminal extension containing
five apolar side chains exhibits three-state kinetic behavior virtually identical to that of the 57-residue
fragment. This is consistent with the presence of a well-shielded native-like core excluding the N-terminal
tail in the early folding intermediate and argues against a mechanism involving random hydrophobic
collapse, which would predict a correlation between overall hydrophobicity and stability of compact states.

It has long been thought that, for a protein to acquire its few milliseconds of refolding (the so-called burst phase or
unique native structure within a reasonable time span, it hasmissing amplitude effect), indicating that some secondary
to go through a series of progressively more structured and tertiary structural features can appear long before the
intermediate statesl{-3). Indeed, partially folded kinetic  rate-limiting step in folding (e.g., refs 7 and 8). The effect
intermediates have been well documented for a large numberof denaturant concentration on the rate of folding can provide
of proteins, using methods such as optically detected stopped-additional evidence of the accumulation of early intermedi-
flow or quenched-flow hydrogen exchange6). Kinetic ates 0, 10). However, the structural properties of these early
complexities in folding can sometimes be attributed to intermediates and their mechanistic role are still poorly
intrinsically slow steps, such as peptide bond isomerization, understood 11—13).

disulfide exchange, metal coordination, or dimerization  Two competing models currently discussed in the literature
events. However, even in the absence of such rate-limiting are a mechanism involving nonspecific hydrophobic collapse
factors, many proteins exhibit well-populated intermediates (model A) and a sequential three-state folding mechanism
during early stages of folding. In particular, time-resolved (model B). Model A attributes the burst-phase effect in
circular dichroism or fluorescence measurements often showprotein folding to a largely random hydrophobic collapse of
evidence of conformational changes occurring within the first the unfolded chain into a compact denatured state, D, caused
by the change in solvent conditions used to induce folding
T This work was supported by NIH Grant GM35926 to H.R. and by (12, 14). D has been described as the denatured state of the
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from the unfolded state, U, proceeds along a sequentialand kinetic 82) studies suggested that GB1 obeys a two-
pathway, U= 1 — N, with at least one obligatory state folding mechanism. However, rigorous kinetic criteria
intermediate, |, which lies along a direct path toward the for a two-state mechanism have not been applied. In fact,
native state, N (for a recent review, see ref 11). In this using pulsed hydrogen exchange and two-dimensional NMR,
scheme, U and | interconvert rapidly compared to the | Kuszewski et al. 33) found evidence of amide protection
N step, which limits the rate of folding. In using such prior to the rate-limiting step in refolding. In this study, we
empirical kinetic schemes to describe protein folding, it is measured the kinetics of folding and unfolding of GB1 as a
important to realize that by “state” we generally refer to a function of denaturant concentration, using the stopped-flow
statistical ensemble of conformations with some common method, which revealed a well-populated early folding
attributes rather than a unique structure. In particular, | is intermediate with native-like fluorescence properties. In
thought to represent an ensemble of compact states with somaddition to this 57-residue fragment of protein G (GB1
native-like aspects, at both the secondary and tertiary 57) corresponding to the structured region of the B1 domain
structural level. (27), we also investigated a longer fragment (GHb)
The discovery of several small proteins that fold rapidly containing a 9-residue N-terminal extension. Our observa-
and efficiently without detectable intermediates in an ap- tion that addition of this rather hydrophobic segment has no
parent two-state folding reaction (e.g., refs 16 and 17) appearseffect on the stability of the intermediate and the kinetics of
to support model A. Because of their small size, it has beenfolding is consistent with the rapid formation of a compact
suggested that these proteins can fold directly to the nativestate with a protected hydrophobic core.
state without going through an off-pathway random hydro-
phobic compaction that is expected for some larger proteins MATERIALS AND METHODS

(18). However, recent systematic folding studies of ubiquitin  paterials. Recombinant GB157 and GBL66 were

(10) as well as several other proteirss {0, 19-24) appear  prepared as described by O'Neil et 84). GB1-57 and

to favor model B. Ubiquitin variants containing a tryptophan  GB1-66 were at least 95% pure on the basis of Coomassie
at position 45 and Val, Leu, or lle at position 26 showed a pyijlliant blue staining after SDSPAGE. Purified GBY
significant burst phase and curved rate profiles (semilog plot 57 and GB+66 had the expected mass per charge as
of rate vs denaturant co_ncentrati_on), Which was attributed measured by a Voyager DE matrix-assisted laser desorption
to an ensemble of early intermediates with a well-developed mass spectrometer (PerSeptive Biosystems Inc., Farmingham,
core structure X0), stabilized primarily by hydrophobic ). uUltrapure grade GuHCI was purchased from ICN
interactions 19). Quantitative kinetic modeling showed that - gjomedicals Inc. (Costa Mesa, CA). The GuHCI concentra-
the rates of folding and unfolding, as well as the correspond- tjion was determined by refractive index measurem8a (

ing amplitudes, for ubiquitin and all of its variants investi- ysing a Reichert-Jung Mark 1l Abbe refractometer (Cam-
gated are fully consistent with a sequential three-state prigge Instruments Inc., Buffalo, NY). All other chemicals
mechanism featuring an obligatory intermediate (model B). \yere reagent grade or better.

For example, mutation of a hydrophobic core residue, Val  gpectral MeasurementsFluorescence emission spectra
26 to Ala (V26A), which destabilized both I and N, slowed  \yere measured using a AMINCO-Bowman Series 2 Lumi-
the overall rate of folding and resulted in apparent two-state negcence Spectrometer (SLM-AMINCO, Urbana, IL). For
kinetics. However, as predicted by model B, the intermediate measurements of emission spectra, a single tryptophan (Trp
became observable again when V26Aas investigated  43) was excited at 295 nm and the emission spectrum from

under more stabilizing conditions in the presence of 0.4 M 310 to 450 nm was recorded. CD spectra were recorded at
N&,SQ;. On the basis of these observations, Khorasanizadehpq °c on an Aviv model 62A DS spectropolarimeter (Aviv,

et al. (L0) predicted that some of the proteins with apparent | akewood, NJ). Far-UV (208260 nm) and near-UV (250
two-state folding reactions may exhibit detectable intermedi- 350 nm) CD spectra of 40M GB1 in 20 mM acetate buffer
ates under sufficiently stabilizing conditions. at pH 4.0 were recorded using 1 and 10 mm path length
Here, we report kinetic evidence indicating the presence cells, respectively.
of an early intermediate in the folding reaction of the B1  Equilibrium Unfolding MeasurementsFor equilibrium
domain of streptococcal protein G (GB1), a bacterial cell ynfolding measurements, Trp 43 was excited at 295 nm (4
surface protein found irBtreptococcugontaining two or  nm band width), and the fluorescence emission at 340 nm
three homologous domains that recognize the Fc region of(g nm band width) was measured as a function of GuHCI
I9G (25, 26). These IgG binding domains have identical concentration. Equilibrium unfolding experiments were
three-dimensional structures consisting of a four-stranded analyzed assuming a linear dependence of the free energy

-sheet with a flankingx-helix (27—30). GB1 contains no  of unfolding, AGy, on the GUHCI concentratiof, described
cysteines or prolines, and there are no known metal bindingpy eq 1 @6)

sites or cofactors. Thus, it is an ideal model for studying

elementary conformational events in protein folding. Despite AGy = AG,* — m C=mC, —C) (1)
its small size, GB1 has a well-developed hydrophobic core
(27) and is remarkably stabl81). Previous equilibrium31) whereAGy° represents the free energy of unfolding at 0 M

GuHCI, my is the slope of the transition curve, a@, is

1 Abbreviations: CD, circular dichroism; DSC, differential scanning 1€ midpoint concentration. _
calorimetry; GB1, IgG binding domain B1 of streptococcal protein G; Stopped-Flow Kinetic Measurementhe time course of
GB1-57, 57-residue fragment of GB1; GB®6, 66-residue fragment  refolding and unfolding of GB1 in various GuHCI concen-

of GB1; GuHCI, guanidine hydrochloride; LB1, IgG binding domain ; o ; [N
of peptostreptococcal protein L: SPRAGE. sodium dodecyl sulfate trations was followed by monitoring changes in the intrinsic

polyacrylamide gel electrophoresis; V26A, ubiquitin variant with Phe  tryptophan fluorescence emiss_ion as a function of time. Al
45 to Trp and Val 26 to Ala mutations. measurements were made using a SFM-4/QS stopped-flow
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GB1-57 MDTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE

GB1-66 MEILAALPKTDTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
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Ficure 1: Amino acid sequence of GB5H7 and GB1-66, using the residue numbering of Gronenborn et2). (Hydrophobic residues

are shown in bold. In the secondary structure diagram, thefatrands are shown as rectangles and the simgielix is indicated by an
ellipse.

instrument (BioLogic, Claix, France). The fluorescence of RESULTS
Trp 43 was excited at 295 nm, and the change in fluorescence GB1-57 and GBL-66. The amino acid sequences of the

gmissiqn above 324 nm was measured u§ing a high—pass glas&\lo fragments of GB1 studied are shown in Figure 1. GB1
filter with a 324 nm cutoff. The refolding reaction was 57 corresponds to residues-36 of the B1 domain studied
measured after 11-fold dilution of a GB1 solution unfolded py Gronenborn et al2) with an additional Asp of the native

in 5 M GuHCI with buffer (20 mM sodium acetate at pH protein G sequence at position 1 and an unprocessed
4.0) and +4 M GuHCI solutions to the desired final GUHCI  N-terminal Met. GB1}66 has a nine-residue extension at
concentration. The unfolding reaction was induced by 11- the N terminus corresponding to the protein G sequence that
fold dilution of native GB1 in 1.5 M GUHCI with 46 M connects the B1 domain with the preceding doma;) 26).
GUHCI solutions to the desired final GUHCI concentration. Since five of these residues are apolar, inclusion of the

Unless indicated otherwise, final protein concentrations were N-terminal extension in GB166 results in an~30%
4 uM for GB1—57 and 24M for GB1—66. All the GUHCI increase in overall hydrophobicity compared to that of GB1

. . . 57.
solutions contained 20 mM sodium acetate at pH 4.0.

. , : b Far- and near-UV CD spectra at pH 4.0 and °ZD for
Various final GuHCI concentrations were generated by G

hanaing th | 16 of buff d GuHCI soluti B1-57 and GB1-66 are identical to each other and to
changing the volume ratio of bufter and Lu SOItions. - e previously reported specti22( 34, 39) (data not shown).

The final GgHC_I concentrations were checked by m_easuring GB1-57 and GB1-66 are also indistinguishable in terms
the refractive index of the solutions collected in each qf their tryptophan fluorescence emission spectra, under both
experiment, which were within 0.05 M of the expected native and denaturing conditions (data not shown). In5M
GuHCI concentration. The dead time of the stopped-flow GuHCI, the emission maximum lies near 350 nm, consistent
experiment was about 1.5 ms. The temperature of thewith an unfolded conformation in which Trp 43 is fully
stopped-flow cell compartment was maintained at °20 exposed to solvent. The blue-shifted emission spectrum
using an RCS-6D water bath (Brinkmann Instrument Co., observed in the native state with a maximum near 340 nm
Westbury, NY). All solutions were filtered and degassed and an~4-fold increase in intensity is consistent with the

prior to stopped-flow experiments. For the analysis of kinetic parrt:all\tl),tjlrli?al Ode)zp 43 in the hygdrop:?é)bic_:rihnteriort,) as seen
traces, at least five kinetic traces were averaged for each" the and X-ray structure2{—30). These observa-

final GUHCI concentration. The averaged kinetic traces were tons conf!r_m that the single tryptophan re3|dye can serve
as a sensitive probe for measuring conformational changes

then analyzed by single-exponential nonlinear Ieast-squaresOf GB1

fitting. Unfolding Equilibrium. The GuHCl-induced unfolding

transitions for GB+57 and GB%-66 were monitored by
tryptophan fluorescence, and the resulting equilibrium pa-
: ; ) . rameters are listed in Table 1. The free energy of unfolding
elementary reactions with microscopic rate constakis, is, within error, identical for GB157 and GB1-66, indicat-
Each elementary reaction is considered to be a reversiblem’g that the N-terminal extension of GBE6 is disordered
two-state process. It is widely assumed that the logarithm 54 solvent-exposed, under both native and denaturing
of the elementary rate constant is linearly dependent on conditions. Both fragments are stabilized by about 2 kcal/
GuHCI concentration as in eq 2: mol on addition of 0.4 M NgSO, The salt-dependent
stabilization is mainly reflected in an increaseGp, while

the addition of sodium sulfate has little effect g, which

is a measure of the increase in exposed surface area when
the protein unfolds 40). The my, values observed are
consistent with those reported by O’Neil et aB4) and
Kuszewski et al.33) measured under comparable conditions

Quantitatve Kinetic Modeling To model the kinetic data,
we describe the folding reaction as a series of coupled

In k, = In k,° + (m,"/RT)C )

wherek;° represents the microscopic rate constant at 0 M
GUHCI, C denotes the concentration of GUHCI, ang/RT of pH and temperature.

reprgsents the. slope of ki +s C Observab!e rates and . Folding/Unfolding Kinetics.Representative kinetic traces
fractional amplitudes were calculated by solving the associ- o, the fluorescence-detected folding and unfolding reaction
ated rate matrix37, 38) using standard numeric methods. of GB1-57 at pH 4.0 and 20C in the presence of 0.4 M
Calculations were performed on a personal computer usingNa,SQO, are shown in Figure 2. In contrast to most other
a custom program (cf. ref 22) written in the ASYST language proteins, the increase in fluorescence observed on refolding
(Keithly Metrobyte, Rochester, NY). from 5 M GuHCI to various lower GuHCI concentrations
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Table 1: Thermodynamic Parameters for Two GB1 Fragments from Equilibrium Unfolding Measurements and Kinetic Mlodeling

GB1-57 GB1-66
method [NasSQy] (M) Meq Cnm AGy° Meq Cnm AGy°
equilibrium unfolding 0.0 1201 2.7+0.1 46+04 1.7+£0.1 2.6+0.1 4.4+ 04
0.4 19+0.1 3.6+0.1 6.8+ 0.5 18+0.1 34+0.1 6.1+ 0.5
kinetic modeling 0.0 1.9 2.6 4.9 1.9 2.5 4.7
0.4 21 33 7.0 20 3.2 6.5

aThe units formeg, Cn, andAGy° are kilocalories per mole per molar, molar, and kilocalories per mole, respectively. All the measurements were
done at 20°C and pH 4.0. Thene,, Cm, andAGy° from kinetic modeling are defined asq = my — my* + my¥, AGy® = AG° + AGy°, and
Cm = AGy°/meg, respectively, wherdGu® = —RT In(1/Ky®) and AGni® = —RT In(kni®/kin®). Kui®, kni®, kin®, mur, mn®, andmy* are listed in
Table 2.

{GuHCI)
11M
1.3M
@ 18M ’—;
© 2 21M o
> 8 23M K2
58 28M 2
O = 3.
xS 33M =
n
8
T T T T % g
xS
i
g "0 1 2 3 4 5 6
28 [GUHCI], M [GUHCI], M
o8 . . . .
25 [GuHC] Ficure 3: Denaturant-dependent kinetics of folding and unfolding
2 38M of GB1-57 in the absence (A and C) and presence (B and D) of
o 0.4 M N&SOy. Panels A and B show the rates of refoldirg) (
‘ ' . ‘ 48M and unfolding @) on a log scaless GUHCI concentration. Panels
0.001 001 01 . 1g M C and D show the initial fluorescence intensities obtained by
Time s'ec extrapolation to time zero<X) and the equilibrium intensities at

Ficure 2: Kinetic traces for GB+57 refolding (A) and unfolding
(B) in varying concentrations of GUHCI in the presence of 0.4 M

long times ). Open symbols are from refolding experiments, and
filled symbols are from unfolding experiments. The solid lines were
obtained by kinetic modeling, based on Scheme 1 (Table 2).

NaSQy. The observed relative fluorescence (scaled with respect Baselines for the unfolded and the native states are shown as dotted

to the native state) is plottegs time on a log scale(). The lines

lines.

represent single-exponential fits obtained by nonlinear least-squares

analysis. in the two upper panels) and the relative fluorescence
(panel A) is well represented by a single-exponential phase amplitudes (lower panels) are plottess GUHCI concentra-
(solid lines), which can be attributed to the lack of prolines  tjon, both in the absence (panels A and C) and in the presence
in the sequence of GB1. Interestingly, it appears that a (panels B and D) of 0.4 M N8O, In the absence of sulfate
significant fraction of the total fluorescence change occurs (Figure 3A), a nearly linear rate profile for refolding is
within the 1.5 ms dead time of the stopped-flow apparatus gpserved, as expected for a two-state process (e.g., ref 17).

(burst phase) in the refolding experiment under stabilizing eyertheless, a significant burst phase is observed (Figure
conditions (low GuHCI concentration), indicating rapid 3C). Under more stabilizing conditions in 0.4 M 6D
formation of a state with native-like Trp 43 fluorescence. Figure 3B,D), the rate profiles are slightly curved at low
The increase in fluorescence observed on unfolding at several UHCI cor,lce’ntrations and the missing amplitude effect

GUHCI concentrations abov@y (panel B) was also fitted becomes more prominent. These observations are incon-

to a single-exponential phase. However, in contrast to _. . .

refolding, there is no evidence of an unresolved fIuorescence;Sr']s'[e.nt.t\{\"fhfT1 simple two-st_ate ?rocess. Ahbdyl\:thuHCfl,l ded

change during unfolding; the small decrease in the initial € Initial fluorescence signal approaches ihe unfoide
baseline (dotted lines at the bottom of panels C and D) and

signal with increasing GUHCI concentration is explained by file b i qf
the denaturant dependence of the native baseline value (sel'® rate profile becomes linear, as expected for a two-state
indicating that the intermediate is no longer

Figure 3). In addition to these measurements at a final "€action, :
protein concentration of 4M, we also repeated one set of Populated. The denaturant dependence of the relative
refolding measurements (at 0.8 M GUHCI in the presence fluorescence at long times (squares in panels C and D of
of 0.4 M NaSQ;) at both lower (0.5 and 0,8M) and higher Figure 3) is equivalent to thg eqwhb.nu.m GuHCI unfolding
(9 uM) concentrations of GB157. The kinetic traces ~Measurements and results in very simitaj andCp, values
obtained (after normalization with respect to a GuHCI- (Table 1). The initial fluorescence observed in unfolding
denatured control sample at each protein concentration) wereexperiments in the presence and absence of sodium sulfate
identical within error, indicating that the folding reaction is agrees reasonably well with the expected fluorescence of the
unimolecular under the conditions used. native statevs GUHCI concentration (upper dotted line in
Figure 3 summarizes the kinetic results for GBl/. The Figure 3C,D), and the logarithm of the unfolding rate varies
observed folding/unfolding rates on a log scale (rate profiles linearly with GuHCI concentration. These observations
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1000 T T T T

1000 Table 2: Kinetic Parameters for a Sequential Three-State~(U=

N) Model Describing GB1 Folding

100

3 ~ [NasQj
L:; protein (M) Ku® mu kn® mn® ka® mu® o
B 10 GB1-57 0.0 25 1.35 450-0.20 0.23 0.31 0.73
0.4 28.6 1.50 800-0.30 0.14 0.30 0.71
1 GB1-66 0.0 25 1.35 450-0.25 0.37 0.27 0.72
10 0.4 28.6 1.45 600-0.30 0.25 0.27 0.72
© 8 08 2 Relative compactness of | defined @s= mui/Meq, Meq = Mui —
> o .
ﬁg m|N¢+mN.¢.
o 0.6~ 1
®3 0.4} ﬂ
L T, S A e e mm | N . . . . .
) _ o2l MV, concentration of GuHCI increases, the intermediate is
0 1 2 3 4 5 6 0 1 2 3 4 5 6

destabilized andl becomes smaller, resulting in a decrease
in the observable folding rate.

In Figures 3 and 4, the calculated rate for the observable
phase/,, and the relative fluorescence at equilibrium and
at time zero are plotted as solid lines. Since the U to |
indicate that GB1 unfolds in a single cooperative step without transition occurs within the dead time of the stopped-flow
detectable intermediates. measurement, we cannot resolve individual rate constants,

The kinetics of refolding and unfolding for GB®66 are but the pre-equilibrium constariy,, can be measured. To
summarized in Figure 4. Again, a pronounced burst phasecalculate the kinetic fluorescence amplitude, the relative
is observed, especially in the presence of sodium sulfatefluorescence emission for | was assumed to be around 95%
(Figure 4D), where as much as 80% of the total fluorescence of the fluorescence intensity of N, which fits the observable

[GuHCI], M [GuHCI], M

Ficure 4: Denaturant-dependent kinetics of folding and unfolding
reaction for GB166. Symbols and line types are the same as those
in Figure 3.

change occurs within the dead time (held@ M GuHCI).
Moreover, the rate profile clearly levels off toward low

burst-phase behavior well.
The kinetic parameters corresponding to the best simul-

GuHCI concentrations. Comparison with Figure 3 reveals taneous fit for all rates, kinetic amplitudes, and equilibrium

that the kinetic behavior of GB166 is very similar to that
of GB1-57.
Quantitative Kinetic Modeling. Since the observation of

data (Figures 3 and 4) are listed in Table 2. As a quantitative
measure of the compactness of I, it is useful to consiger
the ratio of them value for the pre-equilibrium transition,

a burst phase indicates the presence of at least one intermedim,,, relative to the equilibriunm value, Meq (Meg = My —
ate in the GB1-folding reaction, we used a sequential three-m,* + my*), which is included in Table 2. Both GB157

state model as a minimal kinetic mechanism (Scheme 1):

Scheme 1
kUI kIN
U ™ I . N

and GB1-66 in the presence and absence of sodium sulfate
exhibit oy values of 0.7+0.73, indicating that over 70% of
the solvent-accessible surface area of U is buried upon
formation of | (i.e., | is fairly compact). The small negative
values ofmy* (—0.2 to —0.3) indicate that the transition
state for folding is only slightly more compact than I. The

where U and N represent the unfolded and native states,rate of unfolding also depends only mildly on [GuHO‘r]._\G* _
respectively, and | represents an ensemble of early interme-~ 0.3), indicating that the transition state of unfolding is
diates with native-like fluorescence. In this scheme, | is an similar to the native state in terms of solvent-accessible

obligatory intermediate on a direct path from U to N.

surface area. Addition of sodium sulfate stabilizes | relative

Interconversion between U and | is fast compared to the rate-to U (~10-fold increase irKy,) but has little effect on the

limiting 1 to N folding step. Scheme 1 predicts two folding

phases, a kinetically unresolved fast phase and an observablgalues observed (Table 2).

slow phase. In the pre-equilibrium limikg§ + ki > kin),
the fast phase has a rate given hy= ky + ky, and the

rate-limiting stepky, which is consistent with the smatty*
Moreover, the fact that
remains essentially the same in the presence of 0.4 M
NaSQ, indicates that the stabilizing salt has no significant

corresponding amplitude accounts for the burst-phase phe-effect on the solvent-accessible surface area of I.

nomenon (see, e.g., refs 10 and 22). The rate of the slow

observable phase can be approximated by eq 3
Ao =fikin + Ky ©)

where f, represents the fractional concentration of the
intermediate, which can be expressed as

fi = kul/(Ky + ky)) = Ky/(1+ Ky) (4)

Kui = ku/kyy is the pre-equilibrium constant of the & |
transition. Under stabilizing conditions (low [GuHCIJ),

Interestingly, GB1-66 exhibits virtually the same kinetic
behavior as GB157. As shown in Table 2, slight adjust-
ment of a few kinetic parameters is sufficient to reproduce
the GB1-66 folding kinetics. In particulaKy, is identical
under both solvent conditions studied. Despite its substantial
hydrophobicity, the N-terminal extension in GB&6 does
not contribute to the stability of I, indicating that it does not
contribute to chain collapse and formation of a hydrophobic
core.

DISCUSSION

becomes nearly unity, and the observable rate approaches Early Intermediate in GB1 FoldingRecent kinetic folding

kin, Which limits the rate of formation of N. Iy has little

studies on a number of proteins, including the N-terminal

denaturant dependence, the observable rate will level off, domain of phosphoglycerate kinagd), ribonuclease AZ0),

resulting in a curved or kinked rate profile. As the

ubiquitin variants 10), and ribonuclease H24), were
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interpreted in terms of a minimal three-state mechanism with detectable intermediate already has a solvent-shielded hy-
an obligatory early folding intermediate. The key features drophobic core, which is clearly inconsistent with a disor-
in kinetic folding experiments indicating accumulation of an dered collapsed state formed as a result of nonspecific
early folding intermediate are (a) a downward curvature or hydrophobic interactions. In contrast, a general hydrophobic
kink in the rate profile and (b) significant loss of signal in collapse would predict a correlation between overall hydro-
the dead time of the kinetic measurement (burst phase). Thephobicity and the stability of compact intermediates, which
stopped-flow fluorescence measurements for the GB1-foldingis clearly not observed.
reaction showed both of these effects, and thus demonstrate Previous equilibrium31) and kinetic 82) measurements
the existence of an early folding intermediate. This is of GB1 folding, including differential scanning calorimetric
especially remarkable in view of the small size of GB1, since (DSC) measurements, were consistent with a two-state
a number of small proteins (typically less than 100 residues) folding mechanism without any detectable intermediates. The
were well described by a two-state folding mechanism (see, ratio of van't Hoff enthalpy AH,y) and calorimetric enthalpy
e.g., ref 18). With only 56 residues in its globular region, (AHca) was close to unity which represents a fairly stringent
GB1 is the smallest protein with a detectable folding criterion for a two-state mechanism3). Stopped-flow
intermediate. Thus, kinetic complexities in folding are measurements of the kinetics of refolding at pH 11.2 from
apparently not directly related to the size of a protein. Our the alkaline-denatured state (monitored by absorbance changes
observation of a well-populated intermediate under favorable of aromatic side chains) showed no indications of populated
conditions (e.g., in 0.4 M N&O, at low denaturant intermediates and were interpreted as a two-state process
concentrations) confirms our earlier predictidi®)that some (32. However, these observations do not contradict the
of the proteins with apparent two-state folding behavior may three-state model proposed in this study. First, the kinetic
conform to a three-state mechanism under sufficiently folding intermediate accumulates transiently with significant
stabilizing conditions. population only at low denaturant concentrations. At the
Kinetic Mechanism of GB1 FoldingA major problem in midpoint of the equilibrium unfolding transition, its popula-
using empirical kinetic schemes to describe folding reactions tion is less than 0.05%, far below detectable levels in
concerns the connectivity of states. In addition to the equilibrium DSC measurements. Second, marginally stable
sequential folding mechanism with an obligatory intermediate intermediates may not give rise to a significant burst phase
(Scheme 1), one can consider two alternative three-stateor curvature in the rate profile, and would be difficult to
mechanisms, an off-pathway mechanism and a triangulardetect. In fact, the kinetic measurements by Alexander et
mechanism. In the off-pathway mechanisn=IU = N), al. (32) were performed at pH values above 11 where the
the native state cannot be reached directly from | without native state of GB1 is significantly destabilized, and inter-
going through U. The triangular mechanism is composed mediates are also expected to be unstable, thus explaining
of two parallel processes, a direct transition from U to N the apparent two-state behavior.
and a sequential pathway from U to N viadllj. Although Comparison of the Folding Mechanisms for GB1 and LB1.
formal kinetic analysis cannot readily discriminate between It is interesting to compare our results on GB1 with a kinetic
these alternative schemes, they represent very differentfolding study on the B1 domain of peptostreptococcal protein
physical situationsi(l). The triangular mechanism suggests L, LB1 (44), given the fact that these two proteins have very
that there are two distinct populations of unfolded species similar three-dimensional structures but show very little
that can fold along either of two pathways. This appears sequence homology~(15% identity). Under conditions
unlikely in the case of GB1 because of its lack of prolines where the two proteins have similar stabilities, the rates of
and disulfides as a potential source of heterogeneity. folding and unfolding for LB1 are 10-fold slower than those
Furthermore, NMR analysis of GBh B M urea showed no  of GB1. Scalley et al.44) found no clear evidence of a
evidence of conformational heterogeneid2), The off- populated intermediate in LB1 (although a minor burst phase
pathway mechanism implies that the intermediate containswas observed in the presence of Nal as a quenching reagent),
non-native interactions, which have to be disrupted before and they concluded that LB1 follows a two-state folding
folding can proceed. The random collapse of the chain mechanism. These differences in folding behavior between
discussed above (model A) is a possible example of such aGB1 and LB1 are perhaps not surprising, considering their
nonproductive event. Two observations argue against suchdiverse sequences. However, as mentioned above, a three-
a mechanism. First, using two-dimensional NMR measure- state folding mechanism can be reduced to a two-state
ments coupled with H/D exchange labeling, Kuszewski et mechanism when the intermediate is not stable enough to
al. (33) observed weak but measurable protection (protection accumulate. Thus, it will be important to identify the
factors of 3-5) for many amide protons in GB1 and more interactions missing in LB1 that stabilize the compact
substantial protection (protection factors ef®) for a subset  intermediate in GB1.
(K4, A20, T25, A26, T51, K50, and F52). This observation = Conclusions. Although previous equilibrium and kinetic
is a clear indication of rather specific conformational folding studies of GB1 suggested a two-state mechanism
preferences within an ensemble of compact states. In awithout populated intermediate31, 32), our kinetic results
nonspecifically collapsed state, one would expect a more clearly demonstrate rapid formation of an ensemble of early
uniform distribution of protection factors, in contrast to the folding intermediates with a largely solvent-shielded tryp-
observed pattern of preferential protection of certain core tophan. With only 57 amino acids, GB1 is the smallest
residues33). Second, our observation of very similar kinetic protein with a prominent early folding intermediate described
behavior for GB+57 and GB*+66 and, in particular, so far, indicating that kinetic complexities are not directly
identical pre-equilibrium constants for formation of | (Table related to the size of a protein. The GuHCI-dependent
2) indicates that the hydrophobic residues in the N-terminal kinetics of folding and unfolding can be modeled gquantita-
extension are excluded from the core of I. Thus, the first tively, using a three-state mechanism with an obligatory
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intermediate.

denaturant dependenam yalue analysis), the intermediate
appears highly compact with over 70% of the initial solvent-

Biochemistry, Vol. 36, No. 47, 19974283

In terms of its fluorescence properties and 19. Khorasanizadeh, S., Peters, I. D., Butt, T. R., and Roder, H.

(1993) Biochemistry 327054-7063.

20. Houry, W. A., Rothwarf, D. M., and Scheraga, H. A. (1995)

exposed surface area buried. Our observation that the pre- 51

equilibrium is unaffected by addition of an N-terminal

extension with five apolar residues implies that the core 22.

residues of the native structure are already sequestered during
the initial stages of folding, which argues against a mech-

anism involving a nonspecific hydrophobic collapse.
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