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ABSTRACT. The complex kinetic behavior commonly observed in protein folding studies suggests that a
heterogeneous population of molecules exists in solution and that a number of discrete steps are involved
in the conversion of unfolded molecules to the fully native form. A central issue in protein folding is
whether any of these kinetic events represent conformational steps important for efficient folding rather
than side reactions caused by slow steps such as proline isomerization or misfolding of the polypeptide
chain. In order to address this question, we used stopped-flow fluorescence techniques to characterize
the kinetic mechanism of folding and unfolding for a Preariant of SNase in which all six proline
residues were replaced by glycines or alanines. Compared to the wild-type protein, which exhibits a
series of proline-dependent slow folding phases, the folding kinetics of ®Xase were much simpler,

which made quantitative kinetic analysis possible. Despite the absence of prolines or other complicating
factors, the folding kinetics still contain several phases and exhibit a complex denaturant dependence.
The GuHCI dependence of the major observable folding phase and a distinct lag in the appearance of the
native state provide clear evidence for an early folding intermediate. The fluorescence of Trp140 in the
a-helical domain is insensitive to the formation of this early intermediate, which is consistent with a
partially folded state with a stablg-domain and a largely disorderedthelical region. A second
intermediate is required to model the kinetics of unfolding for the Reariant, which shows evidence

for a denaturant-induced change in the rate-limiting unfolding step. With the inclusion of these two
intermediates, we are able to completely model the major phase(s) in both folding and unfolding across
a wide range of denaturant concentrations using a sequential four-state folding mechanism. In order to
model the minor slow phase observed for the Rrwutant, a six-state scheme containing a parallel pathway
originating from a distinct unfolded state was required. The properties of this alternate unfolded
conformation are consistent with those expected due to the presence of a non-prolyl cis peptide bond. To
test the kinetic model, we used simulations based on the six-state scheme and were able to completely
reproduce the folding kinetics for PrdiSNase across a range of denaturant concentrations.

Many proteins exhibit complex folding kinetics with  bonds is the most common source of slow folding events,
multiple steps and a complicated denaturant dependence otis isomers for non-proline peptide bonds have also been
rates and amplitudes. Itis well-known that intrinsically slow reported (Odefey et al., 1995; Vanhove et al., 1996; Dodge
conformational steps, such as isomerization of peptide bondsg, Scheraga, 1996). If such complications can be avoided,
(Lin & Brandts, 1978; Schmid, 1992; Nall, 1994), disulfide  fo|ging is generally more efficient (i.e., a larger fraction of
bond formation or rearrangements (Creighton, 1990; Weiss- ,¢51ded chains fold rapidly) and, in some cases, occurs

man & Kim, 1992), and metal ligand exchange (Sosnick et without detectable intermediates [see, e.g., Jackson and Fersht

la., 1994; Eloe et al., 1994) can give rise to conformational :
heterogeneity and multiple parallel folding (or unfolding) (1991), Huang a|_'1d Oas (1995), and Schindler et_aI. _(1995)]'
These observations have led to the generalization that

pathways. While cistrans isomerization of XPro peptide ; > e . ;
accumulation of folding intermediates is not necessary for a

) protein to fold rapidly or may even slow down formation of
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[for recent reviews, see Hinck et al. (1996) and Shortle et
al. (1996)]. Many of the previous studies on SNase have
focused on the kinetic effects of proline isomerization. The
Lys116-Proll7 peptide bond of SNase is found predomi-
nately in the cis configuration in the native state (Evans et
al., 1987), and the isomerization of this peptide bond is
strongly coupled to structural events (Alexandrescu et al.,
1990). H124L, a naturally occurring variant of SNase found
in the V8 strain ofStaphylococcus aureusas enhanced

stability compared to the WT protein isolated from the Foggi
strain (Shortle, 1986; Tuckses et al., 1996). The crystal
structures of the two forms are very similar, except for the
side chain of residue 124, which is solvent accessible in both

Ficure 1: Ribbon diagram of WT staphylococcal nuclease, based variants (Tuckses et al., 1996). The folding and unfolding

on the crystal structure (Hynes & Fox, 1991), oriented to show the Kinetics of both the wild-type protein (Chen et al., 1991;
two subdomains and their connecting loops. The side chains of Sugawara et al., 1991; Nakano et al., 1993) and H124L (see

Trp140 (the sole tryptophan used as a fluorescence probe), the sixpelow) are multiphasic and show a complex denaturant
proline residues, and His124 are shown explicitly. The fiirands  japendence indicating the presence of multiple intermediates

are numbered with Roman numerals, and the tlwdelices are - . . )
designated H+H3. The diagram was prepared using the program with conformational heterogeneity in both native and dena-

Molscript (Kraulis, 1991). tured states.

How much of this kinetic complexity reflects intrinsic
containing at least one early intermediate in rapid equilibrium conformational changes in the folding of SNase, and how
with the unfolded state (Houry et al., 1995; Parker et al., much is due to slow side reactions that may be peripheral to
1995; Khorasanizadeh et al., 1996). The observation of understanding the mechanism of folding for this protein? We
native-like structural features in some of these early inter- addressed these issues by comparing the kinetics of folding
mediates or their equilibrium analogues [reviewed in Roder and unfolding for wild-type (H124L) SNase with that of the
and Colm (1997)] provides further evidence for their proline-free variant, using the fluorescence of Trp140 as a
productive role in folding. conformational probe. The absence of proline-dependent

In order to focus on the intrinsic conformational events slow folding phases in PraSNase made it possible to derive
in folding without the complications due to slow proline kinetic schemes consistent with the experimental data by
isomerization steps, we chose for this study a variant of using quantitative kinetic modeling. Despite the absence of
SNasé in which all six proline residues had been replaced prolines and other complicating factors, the Pnaariant
by alanine or glycine (Figure 1). SNase also lacks disulfide exhibits multiple folding phases and complex denaturant
bonds or free cysteines, and although binding of a calcium dependence, indicative of a mechanism with structural
ion is necessary for nuclease activity, metal binding is not intermediates both in refolding and unfolding.
required for folding (Sugawara et al., 1991). Although SNase
exhibits the cooperative equilibrium unfolding transition EXPERIMENTAL PROCEDURES
characteristic of single-domain proteins (Shortle, 1996), its
structure can be divided into two subdomains (Figure 1):
an N-terminal domain consisting of five antiparafestrands
folded into a barrel-like structure and a C-terminal domain
containing the threer-helices of SNase (Loll & Lattman,
1989; Hynes & Fox, 1991). Recent equilibrium studies
showed that, under certain conditions, the two domains can
be decoupled by mutations at the helsheet interface (Gittis
et al., 1993; Carra et al., 1994; Carra & Privalov, 1995, 1996)
or deletion of some C-terminal residues (Wang & Shortle,
1995). In these SNase variants, the less stablelical
domain unfolds more readily, while thg-sheet region

Mutagenesis.A proline-free variant of SNase from the
Foggi strain (Pro) was generated through oligonucleotide-
directed mutagenesis according to the method of Kunkel
(1985) and cloned into the M13 phage vector MF09. Each
Pro codon was replaced by either Ala (GCN) or Gly (GGN)
codons, depending on the stability of the corresponding
single-proline variants measured in earlier denaturation
studies (Green et al., 1992). After transformation into
competent DH&F cells, plagues were picked and the phage
DNA was sequenced. These steps were repeated until all
the proline residues were substituted. The nuclease gene was

remains partly structured. Using pulsed hydrogen exchangethen moved into the expression plasmid pL12 which contains

and NMR methods, Jacobs and Fox (1994) detected an earlwhniqueSpe apdSph sitez (Shortle e.t al.r,] 139b0). T.O enzure d
kinetic intermediate with similar structural characteristics. '@t N0 Spurious secondary mutation had been Introduced,
the entire gene was sequenced. The final protein product

The kinetic consequences of amino acid changes at the _ i
periphery of theg-barrel (Kalnin & Kuwajima, 1995) are ;ﬂgti'ﬁ;ge substitutions P11A, P31A, P42A, P47G, PS6A,

also consistent with the presence of a folding intermediate = .
containing native-like structure in the N-terminal domain. ~ Purification. H124L nuclease was prepared as described
SNase was one of the first proteins to be studied by previously (Wang et al., 1990), except that the cells were

stopped-flow fluorescence (Anfinsen, 1973) and has con- 9rOWN in LB medium. The strain containing the Prautant

tinued to be a model protein for folding and stability studies Was grown in LB media at 36C to minimize plasmid loss.
Upon reaching late log phase, the temperature was raised to
37 °C and protein production induced by the addition of

1 Abbreviations: SNase, staphylococcal nuclease; GuHCI, guanidine i ; ;
hydrochloride; H124L, histidine to leucine substitution at position 124 nalidixic acid (Shortle & Meeker, 1989)' The protein was

of wild-type SNase: Prg SNase variant (Foggi strain) containing P11A, Purified according to Shortle and Meeker (1989), except that
P31A, P42A, PATG, P56A, and P117G substitutions; WT, wild-type. reversed-phase HPLC (20 250 mm, 5um Bakerbond &;
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Ficure 2: Denaturant dependence of the folding and unfolding rates and amplitudes for H124L SNase (A) and texiBnb (B) as

detected by stopped-flow fluorescence. The top panel in each case shows the GUHCI dependence of the rates for both the unfolding

phase(s) (solid symbols) and refolding phases (open symbols). The bottom panels show the corresponding GuHCI dependence of the relative
amplitudes for each phase in folding and unfolding. The lag phase is represented by triangles, the major phase by circles, the intermediate
phase by inverted triangles, and the slow phase (for H124L) by squares. The missing amplitude at each GUHCI concentration is indicated

by open diamonds.

J. T. Baker, Phillipsburg, NJ) was substituted for the final ~ The amplitudes of the unresolved process occurring in the
chromatographic step. The final purity was better than 95% dead time (burst phase) and of the observable kinetic phases
by HPLC using a linear gradient of acetonitrile in water (15% Were normalized with respect to the total fluorescence
to 60% acetonitrile; 0.1% TFA). Amino acid composition changes expected at each final GUHCI concentration, as

was confirmed by amino acid analysis (PIO®G method: described in Cdlo et al. (1996). The data from different
Waters Company, Milford, MA). experiments were normalized with respect to the signal of

o ] the unfolded protein in 2.4 M GuHCI. The equilibrium

Fluorescence-Detected Stopped-Flow Kinetidhe ki- denaturation curve for the Pranutant was reconstructed

netic experiments on the Proariant were performed ona  from the baseline amplitudes of the kinetic experiments at
Bio-Logic SFM-4/QS stopped-flow instrument (Molecular |ong refolding and unfolding times. The kinetic data were
Kinetics, Pullman, WA), as described previously (Goket it as a sum of two or three exponentials, using Sigma Plot
al., 1996), except that an excitation wavelength of 286 nm for Windows 2.0 (Jandel Scientific, San Rafael, CA). The
was used. The kinetic experiments on H124L were per- fitting errors for the rates and amplitudes were less than 10%
formed on a PQ/SF-53 stopped-flow instrument (Hi-Tech ynless otherwise indicated by error bars (cf. Figure 4).
Scientific, Salisbury, England), as described in an earlier Kinetic Modeling. A variety of kinetic schemes were
paper (E“‘_’e et ql., 1994). The dgad times of MIXING WEre yasted for compatibility with the experimental rate and
1.5 ms (Bio-Logic) and 2.4 ms (Hi-Tech). On both instru- 55t de data for the Promutant. A program written in
ments, the fluorescence changes from840~60 s were  yho' ASYST programming language (Keithly Metrobyte,
reporded in a_smgle kinetic trace, using .Ioganthmlc averaging pochester, NY) was used to calculate the observable rate
with a sampling time of 4@s (Khorasanizadeh et al., 1996). qnstants and the corresponding amplitudes as described in
A typical 60 s time trace was measured with about 200 000 horasanizadeh et al. (1996). For each scheme, the micro-
data points, but displayed and fit asl00 logarithmically  scopic rate constants and their dependence on denaturant
averaged points. The data at each GUHCI concentration weréoncentration, and the relative fluorescence values of each
typically the average of three to five traces. species were used as input to calculate the eigenvalues and

The kinetics of refolding was measured at’Gsfollowing eigenvectors for the associated rate matrix. The logarithm
6-fold dilution of an acid-denatured solution of SNase (20 ©of each rate constank;, was assumed to depend linearly
mM phosphate, pH 2.2), into various final GUHCI concentra- ©n denaturant concentratio@, according to
tions (from 0 to about 1.2 M) at pH 5.3 in 100 mM sodium
acetate. Final protein concentrations were /0. The In k; = In k;° + (M, /RT)C (1)
kinetics of unfolding was measured by 6-fold dilution of
native SNase (100 mM sodium acetate, pH 5.3) into wherek;° is the rate constant in the absence of denaturant
concentrations of GUHCI within or above the unfolding andn/RTis the corresponding slope (Tanford, 1970). The
transition. results are described below for a sequential four-state scheme
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equal to 1. In modeling the data with the four-state scheme,
the amplitudeg\, and A; were combined to obtain a comp-

osite amplitude (see Figure 4A). For the six-state scheme,
all observable phases were modeled explicitly (Figure 4B).

Time-Trace Simulations.The time courses at several
GuHCI concentrations were predicted by kinetic simulation
using the parameters from the six-state model. The raw
fluorescence data were normalized to a value of 1.0 for the
native state, and the initial fluorescence of the unfolded state
was varied in the simulations to account for the proper
amount of burst phase (missing amplitude) at each GuHCI
concentration.

Free Energy Diagrams.Free energy diagrams were
calculated using the kinetic parameters based on Scheme 1
(see Table 2). The activation energy required to cross the
barrier between each state was calculated as follows:

0.8
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Ficure 3: Multiexponential fits to the time course of refolding
measured by stopped-flow fluorescence for PB&BNase at 0 M
GuHCI. The solid line in the main panel shows the triexponential
fit to the data, using nonlinear least-squares analysis (Sigma-Plot).
In the panel above, the corresponding residuals (dotted line) areRESULTS
compared with those for a biexponential fit (dashed line), indicating
that inclusion of a lag phase substantially improves the fit.

The Arrhenius preexponential factoAJ was arbitrarily
chosen to be Ix 1® M~1 s71 for these calculations.

Denaturant Dependence of the Folding Kinetics of H124L
SNase. The folding kinetics of H124L SNase and the Pro
(see Scheme 1) and an expanded six-state scheme containingiutant were monitored using tryptophan fluorescence as a
a parallel pathway (see Scheme 2). In both schemes, theprobe of conformational changes. The fluorescence of
rates and amplitudes of the lag phase and of the major phasdrp140 (Figure 1) is partially quenched in the denatured state,
in folding and unfolding were modeled while neglecting a presumably by interacting with the side chain of Lys134
minor burst phase. To accomplish this, the fractional (Royer et al., 1993), and a large increase in fluorescence
amplitudes for each observable pha&ewere renormalized  (4—8-fold increase in quantum yield) is observed upon
such that the sum of al\ plus the fraction unfolded, is refolding (Anfinsen et al., 1972; Shortle, 1986). The
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Ficure 4: (A) Four-state kinetic analysis, based on Scheme 1, of the major kinetic phases in folding and unfolding ®K&se. The

upper panel shows the unfolding rates (squares) and folding rates for the main phase (circles) and the lag phase (triangles) as a function of
GuHCI concentration; the bottom panel shows the corresponding relative amplitudes. The equilibrium denaturation curve derived from the
kinetic baseline amplitudes is plotted in the lower panel (diamonds). Thick solid lines represent the predicted rates of folding and unfolding

(A2, top) and the corresponding amplitudés, (bottom) based on the four-state scheme. Dashed lines (- - -) indicate the predicted;jates (
and amplitudesAy) of the lag phase associated with the formation of the first intermediate. The predicted equilibrium unfoldinghegirve (
is represented by a thin solid line in the lower panel. Thin dotted lines indicate the microscopic rate cokstanstd in the modeling

(Table 2). (B) Six-state kinetic analysis, based on Scheme 2, of all phases in folding and unfolding, using the modeling parameters in Table
2. Symbols are identical to those in the four-state model except that the observed (inverted triangles) and predicted rates and amplitudes

(- - -) for the minor third phasel§) are included in addition to the lag phase (thin dashed lines) and main phase (solid lines).
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Table 1: Comparison of the SNase Refolding Kinetics with and without Prélines

Ao (Sfl) Ao A (Sfl) Aq A2 (Sfl) Ay Az (Sfl) As A (Sfl) Ay
H124L >100¢ 0.15+0.03 38+9 -0.07£0.01 6.2+0.3 0.53+£0.01 0.93+£0.07 0.22+0.01 0.025-0.001 0.17+ 0.003
Pro- >1000 0.15+0.02 99+15 —-0.08£0.01 7.8+0.4 0.69+:0.03 2.3+0.2 0.24+0.03 nd na

a Rate constants and normalized amplitudes of the kinetic phases observed in fluorescence-detected stopped-flow refolding expert@ents at 15
Refolding conditions: 0.1 M sodium acetate buffer, pH 5.3 (no denaturaEgtimate for rate of the burst phase process which occurs during the
dead-time of mixing¢ Error estimates from nonlinear least-squares fitting (1 standard deviatiNio}. applicable.

cence change upon folding. The slow phase detected by

Table 2: Kinetic Modeling Parametérs .
stopped-flow fluorescence (phase 4) with a rate of about

K rate(scﬂ)nftam (keal mrg*ﬁl M-1)0 0.025 s at 0 M GUHCI is relatively insensitive to addition
' 100 0 of denaturant, which is often diagnostic for a step involving
:2‘:' 12 35 proline isomerization (Kiefhaber et al., 1992). The small
K 9.7 0 increase in the rate of phase 4 near 0.8 M GuHCI (open
kwi® 15 1.4 squares) is due to a fitting artifact as the number of
K 1000 0 exponentials used to fit the data drops from three to two.
kkgg 8025 %‘3 The amplitude of this slow processy, is small at low
kyu 01 0 concentrations of denaturant, but increases with additional
kut 100 0 GuHCI to makeA, the major phase in the transition region.
Kiu 12 3.0 This is typically observed as proline isomerization becomes
IIZLM 5'5 5)4 coupled to conformational events (Kiefhaber et al., 1992).
I" - . . .
aThe relative fluorescence yields used in the simulations are 1 for Obsevation of a_ Lag Phase '.” Ref_oldlngﬂ124L shows
U, U, I, and I, 0.1 for M, and 0 for N? Only the ratiokwn/kw is an apparent lag in the refolding kinetics at low GuHCI
uniquely determined (see texf)Rate constant for a given process in ~concentrations, which requires the use of an additional
the absence of GuHCI.Kinetic mrvalues according to eq 1. exponential term to completely fit the data (see Figure 3).

This term gives rise to the fastest observable process (phase

denaturant dependence of the unfolding and refolding kinetics1) in the refolding of H124L (Figure 2A). The rates and

of SNase and its mutant(s) was investigated by collecting @mPplitudes of this phase (open triangles) exhibit different
stopped-flow fluorescence data in the presence of variousPehavior than those of the other phases discussed above. The
concentrations of GUHCI. In Figure 2, the rates of folding @Pparent rate constani, is initially about 40 s* but

and unfolding for H124L (Figure 2A) and the Prautant  increaseswith increasing denaturant concentration to a rate
(Figure 2B) are plotted on a logarithmic scale GUHCI of about 60 s* at 0.4 M GUHCI. The lag phase is also
concentration (upper panel), and the corresponding normal-unusual in that it has a negative amplitude)( Although

ized amplitudes are plotted in the lower panel. The unfolding A1 accounts for less than 10% of the total amplitude, the

phases are represented by solid symbols and refolding phasekesiduals in Figure 3 (data for Promutant) show that
by open symbols. inclusion of this lag phase substantially improves the quality

of the fit. A; decreases with increasing GuHCI before

becoming negligible at about 0.4 M GuHCI. This behavior

the experimentally accessible time range between 2.4 ms ands consistent W'th the transient accumulaﬂo_n of an mtermedlj
ate that is not directly detected (because its fluorescence is

. Th li for the refoldi h T
?noeoasured ien ﬁfzbineifem (?f I(;lézcriw(:ugn: ereeliztgg?n F3|.(,:;)slgs’|nd|st|ngwshable from the initial unfolded state), but results

Phases 24 exhibit rather typical behavior in that all three in delayed formation of Fhe folded state.

phases have positive amplitudes,{As) and that the Burst Phase. In addition to the observable phases
apparent rate constant of each phaﬁ@-ﬂ“) decreases described above, H124L exhibits a small burst phase in
monotonically with increasing denaturant concentration refolding at concentrations of GUHCI below ti@, (open
(Figure 2A). The rate of the fast phasg)(is about 6 st diamonds in Figure_ 2A), indicating that an .u.nresolve_d
in the absence of denaturant and decreases by more than aRfocess occurs during the dead time of mixing. This
order of magnitude as the concentration of GuHCI is “Missing amplitude” £ in Table 1) reaches a maximum of
increased to values near the midpoint of the unfolding about 15% of the total amplitude during refolding in the
transition Cm) At low concentrations of denaturant, the p|0t absence of denaturant and decreases Stead”y with ianeaSing
of log(lz) vs GUHCI concentration levels off, indicating ~GUHCI until it becomes negligible at about 0.8 M GuHCI.
accumulation of an intermediate under stabilizing conditions NO attempt was made in our modeling (see below) to account
(Matouschek et al., 1990; Khorasanizadeh et al., 1996). By for this small burst phase.

contrast, in proteins for which the two-state approximation  Unfolding Kinetics. Several groups have reported that the
holds, log{) increases linearly with decreasing denaturant unfolding kinetics of SNase are biphasic under most condi-
concentration [e.g., Jackson and Fersht (1991)]. The fasttions (Sugawara et al., 1991; Chen et al., 1991). This
phase (phase 2, open circles) is the dominant observablebehavior can be attributed to the presence of two distinct
process below 0.8 M GuHCI, while phase 4 is the dominant populations of native-like molecules that differ mainly by
process nea€, The denaturant dependence of the inter- cis—trans isomerism about the Lys11Brol117 peptide bond.
mediate phase rate (phase 3, inverted triangles) parallels thatWhen Prol117 is mutated, the unfolding kinetics of SNase
of the fast phase. Its rate is about* at 0 M GuHCI and becomes monophasic (Kuwajima et al., 1991; Nakano et al.,
decreases with increasing denaturant. The correspondingl993). The more stable cis form (filled squares in Figure
amplitude ;) accounts for about 20% of the total fluores- 2A) predominates and unfolds more slowly than does the

Four kinetic phases were detected in the refolding and two
in the unfolding of H124L by stopped-flow fluorescence in
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minor trans form (filled circles). For both unfolding phases, Scheme 1
the loggi) vs[GUHCI] plot shows a regime with a steep slope y }
in the transition region and a shallower denaturant depen- U==|=2M ul N
dence abog 2 M GuHCI. ku ke K
Effect of Proline 117 Substitutions on Slow Phases in
Refolding. A slower phase in refolding ~ 0.002 s' at 4
°C, data not shown) is observable by fluorescence only when . ) :
using manual mixing. This phase has been previously folded |ntermed|ate states, and N represents the native state.
attributed to transcis isomerization of the Lys1t6Pro117 For modeling purposes, U and N were aS_S|gned relative
peptide bond (Kuwajima et al., 1991; Nakano et al., 1993). fluorescence values of 1.0 and 0.0, respe_ctlvely (the actl_JaI
In related studies, however, we observed that the Pll?Gquorescence of Trp140 in SNase IS part|a!ly q_uenched N
substitution (in an H124L background) causes the amplitudesthe unfolded state and has a muc;h h|gher. yield in the native
of both of the two slowest phaseAs(and As) to decrease state). We assigned the _flrst _|ntermed|ate, I, a r_elatlve
by a factor of 2 (rather than disappear entirely), while the quores_cence valug of 1.0, |dent|c_al to that of U, while the
rate 14 (~0.025 s! at 15°C) is accelerated approximately unfolding intermediate M was as&gngd afluorescence va!ue
4-fold (W. F. Walkenhorst, unpublished data). The double of 0.1 (this choice turned out to be irrelevant, since M is
proline mutations, P117G/P47G and P117G/P42G, had a2!Ways poorly populated). The model is further characterized
similar effect, with that containing the P47G substitution DY SiX microscopic rate constantg{) and their denaturant

: : : : ) dependencenffj; see eq 2), which are listed in Table 2 and
CH?#SLngttgﬁ I(alrggeg)t]{ncrease%m[unpubhshed data; see also plotted as a function of GUHCI in Figure 4A (dotted lines).

Effect of Global Substitution of Prolines on Stability and 1© "éProduce the curvature in the logarithm of the rate for

Complexity of Folding. Preliminary studies indicated that "€ main folding phase at low concentrations of GUHCI, it
the Pro mutant is about 0.4 kcal/mol more stable than the V&S necessary to set the equilibrium constant betvyeen U and
WT protein (Green et al., 1992). Our present results confirm ! (Ku = kulky) to a value of about 8, favoring the

that the Pro mutant is more stable to denaturation by GuHCI accumulation of. Since our fastest measurable process (lag
(Cn=0.98 M;m= 6.1 kcal mot* M~1) than the WT protein phase) has a rate,;, of about 100 s (excluding any

— -1. ing in the dead time), we chose values for
(Cm = 0.82 M, m = 6.85 kcal mot* M~%; Shortle, 1986), ~ Processes oteuinng in )

aItnF]ough it is still less stable than H124C{= 1.08 M;m kui and k'U. of 100_and 12 5, .re_s.,pectwely, such that_ the

= 6.4 kcal mof! M~%: Shortle, 1986). In general F;ro to Curvaturein refolding and the initial value &f are satisfied

Gly substitutions are expected to destabilize the protein by fr:mtljltan(re]ously. TT)e neggtl;/e dagnplnugzh)(assguatéatlj_\c/jwthf |
increasing the entropy of the unfolded state (Herning et al., € lag phase can bé modeled by assigning U and | identica

1992). In SNase, however, the P117G substitution has beer?' nearly idt_antical relative quoresgence values. _The_mag-
found to be energetically favorable due either to a gain in hitude of A, is governed by the ratiiu/ku. As this ratio
favorable interactions or to a reduction in strain (Hodel et decrease; in magnitude apd becomes less thiytibcomes
al., 1993; Hinck et al., 1993; Hinck et al., 1996). progrgsswely more negatlv.e. .

Although only small effects on stability and on some of While the general SO"!“O” of a four-statg s'cheme' IS
the kinetic rate constants (Table 1) are observed, eIiminationcomplex. and was deter_mlned num_erlc_ally, It is Instructive
of all proline residues results in much simpler kinetic fo consider the following approx[natlon for the major
behavior (Figure 2B). In particular, the two slowest refolding observaple fgldmg/unfoldlng ratde = ki + k, [cf. Sauder
phases (phases 4 and 5) and the slower of the two unfoldinget al. (199)}:
phases are no longer observed. Nevertheless, the fact that K,
the Pro mutant retains two phases in refolding and exhibits ke = —'kIM (3)
curved rate profiles, both at low GuHCI and at high GuHCI, kur + Ky
shows that the kinetics cannot be described by a simple two-
state mechanism. At low concentrations of denaturant, the k, = K Ky (4)
Pro- mutant also exhibits an apparent lag phase (phase 1) ki + kyny M
similar to that observed for H124L.

Quantitatve Kinetic Modeling. In order to simplify the which is valid as long as the kinetic barrier between | and
analysis, the initial modeling considered only the major M is much larger than the barriers separating U from | and
refolding phase together with the single phase in unfolding N from M, respectively (see Figure 6). These expressions
(12) and the apparent lag phask,(see Figure 4A). We  can be further simplified in the following limiting cases. At
found that the minimal scheme able to reproduce both the low denaturant concentrations@.6 M GuHCI), wherek
rate @1, 12) and amplitude data (A Ay contains at least > ky, | is well-populated in the pre-equilibrium between U
four states. The kinetic behavior of the primary phase and | Ky > 1), and the observed rate of folding approaches
depicted in Figure 4A is consistent with a sequential the microscopic rate constaki (~10 st at 0 M GuHCI).
mechanism containing at least one intermediate in refolding, At higher denaturant concentration, but still below thg
necessary to account for the curvature at low denaturantunder conditions wherly, > ky, the observed rate is given
concentrations, and an unfolding intermediate responsible forby the producKykm, whereKy, is the equilibrium constant
the curvature at high denaturant concentrations (Scheme 1)for formation of | Ky = ku/ky). In this limit, the plot of
The incorporation of the lag phase into the analysis allows log(1,) vs [GUHCI] is linear with a negative slope dominated
limits to be placed on some of the microscopic rate constantsby the denaturant dependence of the U transition (napp
in the sequential four-state scheme described below. = mfy — mfy + mfim &~ —mfy). NearCy, the intermediate

The model assumes four thermodynamically distinct statesis highly destabilized and its population is loky < 1),
interconverting according to the following mechanism: resulting in a greatly reduced rate of folding.

where U represents the ensemble of fully unfolded confor-
mations, | and M represent dynamic ensembles of partially
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the curvature in the logg) vs GUHCI plot observed both at
low and high denaturant concentrations (Figure 4A). In
contrast to other proteins [reviewed in Roder and ‘@Golo
Ve (1997)], the observation of a lag phase allows us to determine
53 3 T 3 T not (_)nly the pre-equilibrium constanky, but also the
log(t/sec) individual rate constantky and ky. However, the rates
Ficure 5: Global analysis of the kinetics of refolding for Pro given in Table 2 fokw andkwy are not uniquely determined

SNase as a function of denaturant concentration. The symbolsPY the observed rates and amplitudes (Figure 4), since we
indicate the fluorescence changes observed in a series of stoppedobserved no faster unfolding process to provide additional

flow measurements at final GUHCI concentratiofiDdM (open constraints. Whilekyy is directly determined by the
circles), 0.39 M (filled circles), 0.6 M (open squares), 0.78 M (filled  jhgerved unfolding rate in the high-GuHClI limit, eq 4 shows

squares), 0.94 M (open triangles), and 1.13 M (filled triangles). . L2 ! .
The corresponding time courses predicted by kinetic simulation, 1t only the ratidqa/kun (partitioning constant) is uniquely

using Scheme 2 and the parameters in Table 2, are plotted as solifletermined by the kinetic behavior in the transition region,
lines. The raw fluorescence data (measured under identical instru-as long askun remains the fastest forward rate, > ku).

mental conditions) were normalized such that the native state has  Sjx-State Parallel Schemé he minor phase in refolding

a value of 1.0. Note that the whole family of curves was calculated ; ;
using a single set of rate constants and relative fluorescence value.'sc’bserved for the Promutant ds, Figure 4B) requires

for the native state and intermediates (minor adjustments in the INclusion of additional states in the analysis. Extensive
fluorescence of the unfolded state were necessary to account formodeling showed that the simplest scheme able to account
the dependence of initial values on GuHCI concentration). for the data contains a parallel pathway with at least one
structural intermediate originating from a distinct unfolded
population (Scheme 2). The additional kinetic parameters
needed for the six-state model are listed in the bottom half
of Table 2. All other parameters are identical to those in
the four-state model. To properly distribute the amplitudes
betweeni, and 43, an equilibrium was modeled in the
unfolded state between U and With an equilibrium constant
(Kuu = kuu/kyu) of approximately 0.25. The rates for these
steps were assumed to be denaturant independent as would
be the case for two states with a similar degree of exposed
hydrophobic surface area. The rates of interconversion
between U and Umust be relatively slow in comparison to
later folding steps in order to produce a satisfactory fit of

the energy levels and transition states predicted by quantitativethe ampllt_ude dz_ita through(_)ut the range of denaturant

analysis of the folding/unfolding kinetics for PracSNase, based concentrat|on§, W'th upper limits of 0.1 and 0.025@able

on the four-state mechanism (Scheme 1). The native state was2)- The equilibrium between 'land I, as well as the rate

assigned a free energy of 0 kcal/mol. The activation energies wereconstants defining this equilibrium, were assigned values

calculated according to eq 2, using the appropriate modeling jdentical to those of the corresponding=<d | equilibrium,

parameters from Table 2. reflecting the population of an intermediate with properties
The change in slope in the denaturant dependence of thesimilar to I. To avoid possible complications in modeling

unfolding rate observed between Za®M GuHCI (Figure the unfolding kinetics, we chose to connectd M instead

4A) is attributed to a change in the rate-determining barrier of to N, thus allowing us to retain the important features

encountered in unfolding. The rate constant with the most already established in the four-state model. The rate constant

pronounced denaturant dependendayis which represents  for the conversion of'Ito M (ki) gives rise to the limiting

the main conformational unfolding event. In the transition refolding rate fori; of about 2.5 st observed in the absence

region, but still aboveC, kwi < kun, and the rate of  of denaturant. As in the case of the four-state model, the

unfolding (eq 4) can be written & = Kymkwi, whereKym partitioning of M in a constant ratiokfy/kuy = 0.001)

<1 and only weakly dependent on denaturant concentration.between N and'lis required to fit the data. A lower limit

At high denaturant concentrations § M GuHCI), ky, > of about 0.2 st can be placed oky- as long askyn andky,

kwn, and the observed rate of unfolding is given ky= are decreased proportionally.

kwm. Since the corresponding slop®iyy, is smaller than As a final test of our kinetic model (Scheme 2), we

that of the main unfolding stepy*y (Table 2), this gives  simulated the time courses for refolding of SNase at various

rise to a pronounced kink in the rate profile near 2.5 M concentrations of denaturant. The fluorescence data for

GuHCI (Figure 4A). refolding at a number of GUHCI concentrations are plotted
Thus, egs 3 and 4 qualitatively describe the denaturantin Figure 5 along with a family of time traces calculated on

dependence of the main observable kinetic process, includingthe basis of Scheme 2, using a single set of kinetic parameters

o
1

o
I

Free energy (kcal/mol)

FIGURE 6: Free energy diagrams showing the effect of GuHCI on
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(global analysis). Starting with the kinetic parameters (Figure 2) and several other mutant forms studied (unpub-
derived from empirically fitted rate and amplitude data lished results). The lag is most pronounced in the absence
GuHCI concentration (Figure 4B), only minor adjustments of denaturant where the intermediate | is well populated, but
in a few rate constants were sufficient to simultaneously a lag is no longer observed when | is destabilized by addition
reproduce the kinetic traces for refolding (Figure 5) and of GuHCI. In order to reproduce this phase in the simula-
unfolding experiments (data not shown) at all GuHCI tions, it was necessary to set the rate constants that govern
concentrations measured. The final parameters for thethe partitioning of | between U and Mk( and k) to
simulations are those listed in Table 2 (and Figure 4B), comparable values and also to assign U and | the same
except thatky and ky were lowered to 80 and 9.6°% relative fluorescence value (see Experimental Procedures).
respectively, to give a better fit for the lag phase observed Thus, the results provide clear evidence for the presence of
at the beginning of the time traces. This global analysis an intermediate on the .00 ms time scale despite the
procedure provides a rigorous test of the kinetic model by fact that the U— | transition does not give rise to a change
directly comparing its predictions with the raw data. Another in fluorescence.

advantage over the previous two-step procedure is that it - o, mechanism with a well-populated folding intermediate
avoids th_e sometimes d|ff|cult_ch(_)|(_:e O_f t_hg “Umk?e’ _Of is further confirmed by the dependence of the major folding
exponential terms to be used in fitting individual kinetic phasel, on denaturant concentration (Figure 4). As in
traces. previous studies on ubiquitin and cytochromd&Khorasani-
zadeh et al., 1996; Sauder et al., 1996), the logarithm of the
folding rate levels off at low denaturant concentrations,
Early Folding Events. A small burst phase indicative of ~ indicating that a denaturant-insensitive process becomes rate-

unresolved folding events occurring during the dead time of lImiting (Figure 4A).  In the present four-state model, this
mixing has been observed previously by both fluorescence PrOCess correspc_)nds to the_formatlon_ of a second |_ntermed|-
and CD for SNase and some of its mutants (Sugawara et2t®; M, from which the native state is formed rapidly. M
al., 1991; Chen & Tsong, 1994; Kalnin & Kuwajima, 1995). has no effect on the kinetics of refolding, but is necessary
Although the amplitude for this process is small, this may to model the denaturant dependence of the rate of unfolding
be more a reflection of the particular probes of secondary (S€€ below). In a recent stopped-flow CD study on WT
structure used. In SNase, Trp140 is positioned near theSNase (Foggi strain), Su et al. (1996) observed a similar
C-terminus at the periphery of thehelical domain (Figure curva}ture in the logarithm of'the main folding rqte as a
1) and thus is not a good probe for conformational changesfunction of GUHCI concentration, but no explanation was
in the B-sheet region of the protein. Likewise, the CD signal ©ffered for this phenomenon. Our kinetic analysis shows
at 222 nm primarily reports on the-helical portion of the ~ that a sequential folding mechanism with an obligatory
protein and is rather insensitive t8-sheet formation. intermediate (Scheme 1) is fully consistent with the kinetic
Because of its small amplitude, we chose not to model the data, including both the variation of rates with denaturant
burst phase process at this time. However, the amideconcentration (Figure 4) and the apparent lag in individual
protection results of Jacobs and Fox (1994) clearly indicate kinetic traces (Figures 3 and 5).
the rapid formation (within 10 ms) of an intermediate Physical Properties of 1.The major folding intermediate
containing hydrogen-bonded structure in parts offtsheet, | is well-populated during refolding at low denaturant
which apparently escapes detection by tryptophan fluores-concentrations. In contrast to many other small proteins
cence or CD at 222 nm. Thus, we expect that introduction [reviewed in Roder and Coio(1997)] where burst interme-
of a tryptophan residue into thé-sheet by mutagenesis diates are formed during the experimental dead time, the
methods should result in a much larger burst phase signalmajor folding intermediate of SNase is formed on an
[cf. Gittis et al. (1993)]. observable time scale<{L0 ms). While previous hydrogen

A lag phase or induction period can sometimes be exchange labeling (Jacobs & Fox, 1994) and stopped-flow
observed kinetically in the early stages of a reaction [e.g., CD (Kalnin & Kuwajima, 1995) studies found evidence for
Benson (1952]. During the induction period the concentra- & burst phase in SNase folding, their dead times were too
tion of intermediates increases before substantial accumulalong (5 and 10 ms, respectively) to resolve the formation of
tion of product occurs. In protein folding, an initial lag phase this intermediate. However, some of the amide protection
reflecting a delay in the appearance of the native state candata presented by Jacobs and Fox (1994) show a systematic
be observed if the steps in a sequential mechanism havencrease in protection at the earliest times measured, con-
similar rate constants and if the intermediates are spectro-sistent with a 10 ms process preceding the main folding
scopically indistingushable from the initial state. Observation phase. The lack of a significant fluorescence change
of a lag phase can thus provide evidence for an intermediateassociated with the U~ | transition is explained by the
even if it lacks a specific spectroscopic signature. However, position of Trp140 at the C-terminus of the protein, far from
a lag phase cannot be resolved if intermediates are formedthe 5-sheet domain. This is corroborated by evidence from
during the experimental dead time, or it can be obscured by thermodynamic studies showing that fluorescence is not as
the signal change associated with the formation of early sensitive to changes in this region as other methods, such as
intermediates (Kiefhaber, 1995b). In our investigation of calorimetry, which reveal the presence of an equilibrium
SNase, we found that the fastest observable prodeshds intermediate under certain conditions (Carra et al., 1994;
the properties expected for a lag phase, including the signCarra & Privalov, 1995). In fact, Gittis et al. (1993)
of its amplitude A;), which is opposite to that of the main  previously observed a biphasic equilibrium transition indica-
folding phase (Figure 4). An induction period with an tive of a three-state mechanism for the V66W variant, which
apparent time constant of 4200 ms was observed not only  contains a second fluorescence probe at the interface between
for the Pro variant (Figure 3) but also for H124L SNase a-helix H1 and theS-barrel (Figure 1). In our four-state

DISCUSSION
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kinetic mechanism, M is not populated, and therefore would a parallel pathway (Scheme 2). The most likely origin of
not be expected to give rise to an additional equilibrium this heterogeneity is the presence of a cis peptide bond at
transition. one or several non-proline residues, which has been shown
The effect of denaturant concentration on individual rate to be responsible for slow folding events in other proteins
constants (Table 2) provides qualitative information on the (Mayr et al., 1994b; Odefey et al., 1995; Vanhove et al.,
average change in solvent-exposed surface area associatetP96). Odefey et al. (1995) found that a cis peptide bond
with each transition (Tanford, 1970; Chen et al., 1992a). In preceding Pro39 in the native structure of ribonuclease T
particular, the fraction of buried surface area in | relative to persisted after mutation of Pro39 to Ala. Isomerization of

U, ouy, is given by (rfiy — mfy;)/meq, wheremgis the overall this cis peptide bond to the energetically much more
mvalue obtained from the modeled equilibrium data (Figure favorable trans form after unfolding(i6 M GuHCI, pH 1.6
4A; meq= 5.2 kcal mot* M~%). The value obtainedyy = at 25°C) showed a time constant of 730 ms, whereas the

0.67, using them values from Table 2, indicates that | inverse process, trangis isomerization, is a much slower
represents an ensemble of relatively compact states withprocess{500 s) that limits the rate of refolding. The large
about 2/3 as much solvent-excluded surface area as the nativdifference between the two rate constants is consistent with
state. In contrast, the change in solvent exposure associatetheoretical estimates and model compound data indicating
with the next step, = M, appears to be much smaller that the trans form is favored by-3 orders of magnitude
(although the slope ok is not precisely determined by (Jorgensen & Gao, 1988; Perrin & Dwyer, 1990). In a
the data in Figure 4, it is clear that the magnitudenif, is protein like SNase that does not contain non-prolyl cis
much smaller thamy, which determines the slope of the peptide bonds in the native state (Loll & Lattman, 1989;
folding rate profile in the transition region). Thus, the main Hynes & Fox, 1991), even in the presence of a Pr&ly
transition state for folding is comparable to | in terms of substitution at position 117 (Hynes et al., 1994), a small
solvent-accessible surface area, which is a characteristicpopulation of molecules may nevertheless acquire cis isomers
property of early intermediates in a number of proteins at any of the non-proline residues in the denatured state.
[summarized in Roder and Cald1997)]. While these are not likely to give rise to prominent slow

Minor Folding Phases. Our kinetic results on H124L  folding phases, the rate of the eigans transition, 1.473,
SNase (Figure 2A) are largely consistent with several earlier reported by Odefey et al. (1995) is similar to the kvalue
studies on WT SNase (Foggi strain), which detected one orof 2.5 s* that we found for Pro SNase (Table 2). Thus,
two folding phases with time constants slower than 10 s, we tentatively assign the state Bnd I in Scheme 2 to a
using far-UV CD (Sugawara et al., 1991), Trp140 fluores- minor (~20%) population of unfolded and compact forms
cence (Chen et al., 1991; Su et al., 1996), or size-exclusioncontaining at least one cis peptide bond whose conversion
chromatography (Shalongo et al., 1992). The slowest processnto the native trans form limits the rate of folding along
with a denaturant-independent time constant of-5800 s the parallel pathway (I— M step). The presence of an
(depending on temperature) was no longer observed forintermediate,’] is not only physically reasonable (a single
SNase variants lacking Prol117 (Kuwajima et al., 1991; non-native peptide isomer is not expected to prevent collapse
Nakano et al., 1993), indicating that it is due to isomerization and partial folding) but also necessary to reproduce the
about the Lys116Prol117 peptide bond, which is predomi- denaturant dependence &f which is indicative of a tight
nantly cis under stabilizing conditions (Evans et al., 1987). coupling between isomerization and structure formation. This
The second-slowest phase, however, remained. In contrastmechanism may be more general, since minor folding phases
the folding kinetics of the Provariant (Figure 2B) show no  with similar time constants (011 s) and denaturant
sign of any fluorescence-detected folding events slower thandependence have been observed for several other proteins,
a few seconds. Thus, the minor folding phase in H124L including ubiquitin (Khorasanizadeh et al., 1993), dihydro-
SNase with a time constant of about 40 s in the absence offolate reductase (Jennings et al., 1993), and cytochrgme
denaturant (open squares in Figure 2A) can be attributed to(Sauder et al., 1996).
a population of denatured molecules containing non-native  Our kinetic mechanism for SNase folding (Scheme 2)
isomers for at least one of the remaining five prolyl peptide departs from previous proposals as it contains obligatory
bonds, other than Prol117. structural intermediates, | ang bn a direct path toward the

If proline isomerization were the only source of kinetic native state for each population of unfolded states. For WT
complexity, one would expect the folding kinetics of thePro  SNase with all six proline residues, one would have to
variant to be monophasic. However, a satisfactory fit of the include at least two additional parallel pathways with possible
kinetic traces at low GuHCI concentration requires three structural intermediates to account for the two slower folding
exponential phases (Figure 4B), including a minor process phases. By contrast, Chen et al. (1991, 1992b,c) initially
(13) with a time constant of about 0.5 s and a relative proposed a model consisting of a series of denatured states
amplitude of about 20%, in addition to the lag phasg (  followed by a cooperative conformational step(® D, =
and the main phaseld). The corresponding process in D;==N), which could account qualitatively for the triphasic
H124L (Figure 2A) has a 2-fold slower rate, and its folding kinetics of WT SNase, but does not explain the
denaturant dependence parallels that of the main folding complex denaturant dependence of the rates and amplitudes
phase. Despite the small amplitudetgfa process inthe 1 (cf. Figure 2A).
s time range has been consistently observed, by both Unfolding Mechanism. The unfolding mechanism of
fluorescence and CD, for several SNase variants underSNase is complicated by eig$rans isomerism about the
various solution conditions (Schechter et al., 1970; Sugawaralys116-Pro117 peptide bond, which gives rise to biphasic
et al., 1991; Chen et al., 1991; Su et al., 1996). unfolding kinetics [Figure 2A; cf. Sugawara et al. (1991)

Quantitative kinetic analysis of the data for the Pvariant and Su et al. (1996)]. As in previous work on SNase variants
(Figure 4B) showed that the minor phase can be attributedlacking Pro117 (Kuwajima et al., 1991; Nakano et al., 1993),
to a distinct population of unfolded molecules giving rise to the proline-free variant exhibits a single unfolding phase with
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a GuHCI-dependent rate (Figure 2B) that closely matchesrelated to its two-domain structure. One possible scenario
the faster of the two phases observed for the wild-type proteinis that some critical long-range contacts [especially charged
(Figure 2A). However, while elimination of prolines renders and/or H-bonded interactions; see Hinck et al. (1993, 1996)]
the native state kinetically homogeneous, the curved ratebetween the two subdomains may have to be disrupted before
profile indicates that unfolding is not a simple two-state further unfolding can occur. This proposal is supported by
process. Our results rule out proline isomerization as athe observation that binding of a €aion and an inhibitor
possible explanation and indicate that a structural intermedi- (deoxythymidine 35'-bisphosphate), linking two loop re-
ate is responsible for the curvature in the rate profile at high gions across the active-site cleft (Loll & Lattman, 1989),
denaturant concentrations (Figure 2B). Our kinetic simula- results in a dramatic reduction in the rate of unfolding without
tions show that a sequential mechanism with a single affecting the kinetics of folding (Sugawara et al., 1991). This
intermediate, M, located directly on the pathway of unfolding has also been observed in other proteins, where cross-linking
(Scheme 1) can fully account for the observed unfolding of the polypeptide chainia disulfide bonds (Mayr et al.,
behavior. At high GuHCI concentrations, the strongly 1994a) or metal ligands (Sauder et al., 1996) can greatly
denaturant-dependent main unfolding step-M) is so fast reduce the rate of unfolding. Thus, M appears to be a slightly
that formation of M becomes rate-limiting, which causes the expanded form of the native state with intact subdomains,
rate profile to level off. This situation is illustrated by the but lacks some of the specific contacts between the domains,
free energy diagram in Figure 6, which shows that at which is consistent with the smaih value associated with
relatively low denaturant concentrationsZ M GuHCI) the the N— M transition and with previous evidence for two-
rate-limiting barrier is that between M and |, while at higher domain behavior in SNase (Carra et al., 1994; Carra &
denaturant concentrations the transition from N to M Privalov, 1995, 1996; Hinck et al., 1996). Further unfolding
becomes the highest point in the free energy profile. The of this loosened state would then occur in a major structural
weak dependence of this process on GuHCI concentrationtransition characterized by a strongly denaturant-dependent
(mfym/meq = 0.06) indicates that M is nearly as compact as rate.

the native state. In contrast to the folding intermediate |,

> . : Summary of Kinetic MechanismContrary to earlier
the unfolding intermediate M is always poorly populated

. it d idlv than it is f ' predictions (Sosnick et al., 1994), elimination of potential
smcfe I ec_(r';\yslmozre ralf)l' ythar|1 Itis Or:mé@'(._’_rl]('\".“ > kinetic complications due to proline isomerization did not
kui; see Table 2). Nevertheless, the switch in rate- ot jn 5 simple two-state folding/unfolding process.

determining barriers in unfolding in going from moderate Observation of a lag i ; . .
i ; X g in the refolding kinetics and nonlinear
(1-1.5 M) to high (1.5 M) GuHCI concentrations (Figure  yanatrant dependence of the folding rate at low GUHCI

6) clearly indicates the presence of a structural imermediate'concentrations provides evidence that a partly folded inter-
Evidence for a similar unfolding mecha_r_1ism has previously . adiate is populated on the 10 ms time scale. The kinetic
been presented for horse cytochrooelove et al., 1994, hopavior and fluorescence properties associated with this
Colon et al., 1996) an&hodobacter capsulateytochrome yiamediate are consistent with previous amide protection
¢ (Sauder et al., 1996). In these cases, the nonlinear oq 15 (Jacobs & Fox, 1994) and kinetic analysis of core
unfolding rate.proﬁle can be attrlbutgd to thfa dls_,squatlon mutations (Kalnin & Kuwajima, 1995), which indicate that
of the Met80 ligand from the heme iron, which limits the g 641y intermediate contains stable structure primarily in

rate of unfolding under strongly denaturing conditions. yhe 5 4omain. Consistent with earlier evidence for a three-
Jonsson et al. (1996) observed a pronounced downwardgate nfolding equilibrium for the V66W mutant of SNase
curvature in logarithmic plots of the unfolding rateGuHCI

q ion for the dimeri . (Gittis et al., 1993), recent calorimetric studies have indicated
and urea concentration for the dimeric arc repressor protein, .1 snase contains two subdomains of differing stability
which they also attributed to a change in rate-limiting

. ; linked by the pairing of two loops across the active site cleft
barriers. As discussed by Jonsson et al. (1996) and Sa”defCarra et al., 1994; Carra & Privalov, 1995). Together with
et al. (1996), possible alternative models, such as intrinsic ’ : ’

denat { effocts [cf. Parker et al. (1995 4 denat ; our observation of a kinetic unfolding intermediate that is
in?jrbig(;aghi?tse; Str[:a .pozztiga eo fathé tran)s]it?gn stzrt]: l(JI\r/I? “only slightly expanded in comparison to the native state, this

. ' 9" suggests the following structural interpretation of the SNase
touschek & Fersht, 1993) would predict rate profiles with a 99 9 P

more gradual change in slope, in contrast to the relatively folding pathway (Scheme 3):

sharp kink observed in all these cases. Although the Scheme 3

structural origin is uncertain, a possible explanation for the

unfolding behavior of the arc repressor is that dissociation U= Iﬂ = Iaﬂ =N
of the native dimer may precede the major structural

unfoldi_n.g.step anc_i 'become rate-limiting under sufficiently \ynere folding begins by formation of the N-termirasheet
destabilizing conditions. domain (k) and continues with acquisition of helical structure
In contrast to the cytochromesand arc repressor, there  jn the rest of the molecule, resulting in a native-like structure

is no obvious structural feature to explain the presence of yith each of the domains presentl followed by the
an unfolding intermediate in SNase. Since M is not well- gocking of the two-domains as a rapid final step.

populated, we have no direct information on its physical

properties. What we know is that its solvent-accessible ACKNOWLEDGMENT
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