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ABSTRACT: Folding kinetics for phage 434 Cro protein are examined and compared with those reported
for Ae—ss5 the N-terminal domain of the repressor of phag&he two proteins have similar all-helical
structures consisting of five helices but different stabilities. In contraki-ig, sharp and distinct aromatic

IH NMR signals without exchange broadening characterize the native and urea-denatured 434 Cro forms
at equilibrium at 20C, indicating slow interconversion on the NMR time scale. Stopped-flow fluorescence
data using the single 434 Cro tryptophan indicate strongly urea-dependent refolding rates and smaller
urea dependencies of the unfolding rates, suggesting a native-like transition state ensemble. Refolding
rates are slower and unfolding rates considerably faster at pH 4 than at pH 6. This accounts for the lower
stability of 434 Cro at pH 4 and suggests the existence of pH-dependent, possibly salt bridge interactions
that are more stabilizing at pH 6. At2 M urea, decreased folding amplitudes and nonlinear urea
dependencies that are apparent at pH 6 indicate deviation from two-state behavior and suggest the formation
of an early folding intermediate. The folding behavior of 434 Cro and why it folds 2 orders of magnitude
slower thanls-gs are rationalized in terms of the lower intrinsic helix stabilities and putative charge
interactions in 434 Cro.

Levinthal argued in 1968 that proteins cannot fold by a  The rapid folding of small proteins without observable
random sampling of conformations because this would intermediates could be a consequence of their small size,
require an enormously long search tinig. (The formation and their lack of cis prolines or tightly bound ligands. Perhaps
of folding intermediates can serve to reduce the conforma- these proteins fold rapidly because they are too small to give
tional space to be sampled and to channel folding toward arise to any stable intermediates, unlike in the case of larger
productive pathway, and productive folding intermediates proteins. Or it could be that the intermediates they form are
have indeed been observed for various proten8)( More too transient to characterize. Studies of short protein frag-
recently, this view of intermediates being essential midwives ments show that marginally, stable structures such as
in the folding process has been challenged by the finding a-helices 3-turns, or-hairpins can form extremely rapidly
that some intermediates contain non-native interactions andand that their structures and interactions are conserved in
retard folding, thus behaving more like kinetic trapgs( the native protein, suggesting a means of avoiding an
11). The idea that intermediates serve as necessary steppingxhaustive sampling of conformational spa®. (These
stones for protein folding is further disputed by the finding observations and the recent view of several independent
that many small proteins (around 80 or fewer residues) fold folding pathways were melded into a diffusienollision
extremely rapidly (in milliseconds or less) without populated model in which folding begins with the transient formation
intermediates)2 and references therein). Computer simula- of a number of different local units of structure or nuclei,
tions that model polypeptide conformational changes also which then associate by diffusion and collision via distinct
suggested that foldlng could follow multiple channels (|Ike pathways that converge to form the folded protgjﬁ)(ThiS
water flowing down a rough funnel) and that defined model was used to describe the experimentally observed
intermediates are not essential to overcoming the Levinthal rapid folding behavior of the monomeric, helical, 80-residue
paradox {3, 14). The recent emerging view thus emphasizes N-terminal domain of thé repressors_gs* and its variants,
multiple folding pathways with ensembles as opposed t0 where it was concluded that local helix stabilities are
unique intermediates and transition state3 (L4). important in determining folding rate4§). Moreover, like
in many helical proteins, the majority of interresidue contacts
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Ficure 1: Structures of 434 Cro (A) anth—gs (B) generated using Molscrip68) and their sequences (C). Helix numbers and the single

Trp in 434 Cro are indicated, and helical residues are underlined in the sequences. Sequence positions with identical residues are in blocks.

An experimental approach to studying folding mechanisms phase HPLCZ8, 29). Protein concentrations were based on

is examining how specific mutations in a protein affect its
stability and kinetics of folding, an approach commonly
termed the “protein engineering” methatB( 19). This has
been applied for various proteins, includidg-ss (20).
Alternatively, the folding mechanisms of structurally similar
proteins can be compare®1—25). The 71-residue, helix
turn—helix DNA-binding protein of phage 434 is composed
of five helices as inls—gs, and their coincident backbone
conformations would be expected to result in very similar
contact orders (Figure 26—28). The two proteins share
10 conserved residues, almost all of which are in the first
three helices (Figure 1). Both proteins exhibit two-state
equilibrium folding behavior, with 434 Cro being less stable
(28—30). Using synthetic peptide fragments, intrinsic folding

the absorbance at 280 nm using extinction coefficiests)(

of 6935 and 6370 crmt M2, respectively, for denatured and
native 434 Cro as reported previousBg. Ultrapure urea
was from ICN Biomedicals (Aurora, OH). Other chemicals
were from Sigma (St. Louis, MO) or Merck (Darmstadt,
Germany). The salt and buffer concentrations were 100 mM
KCl and 25 mM KHPO, for solutions at pH 6 (pH 6 buffer)

or 100 mM KCI and 25 mM potassium acetate for those at
pH 4 (pH buffer). DTT (1 mM) ors-mercaptoethanol was
included to prevent oxidation of the single cysteine residue
in 434 Cro. Urea stocks at the appropriate salt and buffer
concentrations were prepared afresh as described by Pace
and Scholtz §3) and used promptly to minimize possible
urea breakdown products. Experiments were carried out at

propensities have been experimentally evaluated for all the g °c unless stated otherwise.

helices in 434 Cro31) and for helix 1 ofls_gs (32). The
kinetics of folding though examined fdi—gs (16, 20) are,
to our knowledge, as yet unavailable for 434 Cro. We

therefore set out to measure the folding kinetics for 434 Cro

to compare its behavior with that §_ss, and to gain further
insight into the links between structure, stability, and folding
mechanisms for small, all-helical proteins.

EXPERIMENTAL PROCEDURES

Materials. 434 Cro was overexpressed using the T7

CD and NMR Measurement€ircular dichroism (CD)
experiments were carried out in a Jasco J720 spectropola-
rimeter equipped with a computer-controlled Neslab water
bath unit for temperature control. Equilibrium urea-induced
folding—unfolding transitions were examined by far-UvV CD
and the data analyzed using procedures described previously
(28, 29). Manual mixing kinetic experiments were monitored
by far-UV CD usirg a 1 cmpath length cell. Refolding jumps
were made by diluting (1:10) the protein unfolded in 7 M
urea into pH 6 buffer to a final urea concentration of 0.7 M
(where the native state is fully populated) or close to the

promoter-based pET11b construct and purified as describedtransition midpoint where folded and unfolded molecules are

previously and the purity checked in a 15% SEFAGE

gel with Coomassie blue staining and by analytical reverse-

nearly equally populated and where folding kinetics are
generally slowest. The final protein concentration was 25
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uM. After manual mixing, the evolution with time of the
CD signal at 222 nm, which is proportional to helicity, was
followed. The experimental dead time was about 30 s.

One-dimensionalH NMR spectra (16 kb3 s relaxation
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respectively, as follows:

AG(T[UN) = AG(T,0) — myur] =
~RTInK, = —RTin(k/k) (32)

recycle delay, 64 scans) were recorded on a Bruker AMX- R B 3b
600 spectrometer. 434 Cro at initial concentrations of-0.1 Meq = Tim, —my) (3b)
0.5 mM in DO was titrated with deuterated urea solutions C. = AG (T.0Vm.. = In(k Yk /(m — 3c
at 20°C in pH 6 buffer. Two-dimensiondH TOCSY 34) n = AGT.0)me = In(k, Tk H/(my —m) ~ (3¢)

of 434 Cro in 4 M urea solutions where both native and The position of the transition state ensemble between the

denatured forr_ns of the prqtein are present was used to alSSig'Eienatured and native states can be gauged in terms of the
the aromatic ring protons in each form relative to TSP, used following parameter:

as the internal chemical shift standard, and checked with
those assigned previously for the native protein and its (4)
fragmentsm 7 M urea 28, 31).

Stopped-Flow Fluorescenc8topped-flow kinetics were  Since for a given transition tha value is directly related to
determined on a Biologic (Grenoble, France) MSP-4 stopped-the accompanying change in the extent of solvent exposure
flow device with four syringes coupled to a fluorescence (35), o is a measure of the solvent exposure of the transition
apparatus using a 1.5 mm path length FC-15 cuvette. Thestate ensemble relative to the denatured and native states;
protein and buffers in the syringes, the mixing block, and is closer to O for a native-like transition state ensemble where
the detection chamber were thermostated by a circulatingthe change in the extent of solvent exposure is low and is
temperature-controlled water bath. The excitation wavelength closer to 1 when the transition state is more solvent-exposed
that was used was 295 nm, and the total fluorescencelike in the denatured state.
emission after passing a 325 nm cutoff filter to eliminate  Kinetic SimulationsSimulation of the pH 6, 20C folding
the Raman component was recorded. Protein (25 qrli40  data was carried out using HopKINSIM (version 1.3). The
native for unfolding experiments and urea-denatured for Simulations were carried out for 2 s, integrating&b point
refolding experiments) was mixed with varying ratios of €very 10 ms. 434 Cro is assumed to fold via an on-pathway
buffer and a concentrated urea solution to obtain the desiredintermediate, |, that is populated at low urea concentrations,
final urea concentration. The final protein concentration was as_a native-like fluorescence signal, and is in rapid
around 3.24M. Usually three mixing shots were recorded €quilibrium with the unfolded state U. The height of the
for each final urea concentration. The estimated dead time ransition state ensemble barriéj between | and the native
was 6.2 ms. In one set of experiments, the apparent foldingStaté N was calculated using the Eyring equatidf) @nd
rate was measured in 1.5 M urea over a range of different € observed reaction rate. The fractiomavalues of | and
temperatures. Exponential fits to the folding and unfolding * Were varied until a good match with the experimental data

traces were determined using the supplied Biologic soft- s obtained. The midpoint of the & I transition was
ware or Kaleidagraph (Synergy Software, PCS Inc.) as estimated by fitting the dead-time amplitude versus [Ur] to
follows the two-state model.

o= m/(m, —m)

RESULTS

Equilibrium Folding of 434 Cro.434 Cro folding at
equilibrium conforms to a two-state model as inferred from
chemical and thermal denaturation studies as well as from
calorimetry @8, 29). Calorimetric data indicated th&tG,
for 434 Cr r with pH and that unfoldin r
native unfolded (N= U) transition, kas equals the sum of tg ociur?/vﬁhdgzgl? ﬁztsaket ofpabgutdotn: tplrjot(;)ndatgplipf Zids
the rate constants for unfolding.J and folding &), whose  oqsentially zero by pH 26). Therefore, the folding kinetics

dependencies on urea concentration, [Ur], are modeled asy 4134 Cro were examined in this study at pH 6 as well as

follows (35): at pH 4 (see below). Figure 2 shows equilibrium urea-induced
folding transitions at 20C and pH 4 obtained in this study

1)) = 1o + (I — 1) (1)
wherel(t), lo, andl., are the fluoresence signal at tirnand
the initial and final values, respectivelys — Il is the
amplitude, andkqps is the observed rate. For a two-state,

Ink, = In k4 m,[Ur] (2a) and those at pH 6 reported previoushg). The correspond-
0 ing parameters from a two-state analysis of the folding
In ke = In ki~ + m[Ur] (2b) equilibrium are listed in Table Imeq at pH 4 significantly

exceeds that at pH 6. Increasesnig, with decreasing pH
have been observed with a number of other proteins, and
are generally attributed to an increased level of solvent
exposure of the unfolded stat&7], although exceptions to
this have also been reporte®B( 39). AG, at pH 6 is greater
than at pH 4 which is consistent with calorimetric data.
However,AG, from urea denaturation at pH 4, unlike that
etersK,, AG(T,[Ur]), me, andCy, which are the equilibrium  at pH 6, is found to be significantly greater than the value
constant, the unfolding free energy, the equilibriomalue, expected from calorimetric data at the same pH, where
and the urea concentration at the transition midpoint, AGy (25 °C) = 1.55+ 0.1 kcal/mol 29). The discrepancy

IN Kyps = IN(k, + k) = In(k, €™ + k%™ (2c)

The Inkqps versus [Ur] data fit to eq 2c yielt,° andk?, the

rate constants for [Urf 0, and the corresponding urea
dependence slopes, andny. These kinetic parameters at a
given temperatureTl() are related to the equilibrium param-
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Table 1: Equilibrium and Kinetic Parameters for 434 Cro Urea-Induced Folding Tran3itions

pH 6.0 pH 4.0
equilibriun kinetics equilibrium kinetics
Mg (kcal molt M%) 1.01+£0.12 0.97+ 0.10 (0.98+ 0.07)* 1.284+ 0.07 1.34+ 0.04 (1.34+ 0.06)*
Cm (M urea) 3.42+ 0.09 3.43+ 0.50 (3.464 0.50)* 1.934+ 0.05 1.29+0.12 (1.33+ 0.13)*
AG, (kcal mol?) 3.4440.47 3.3440.20 (3.39+ 0.16)* 2.47+£0.19 1.73+ 0.07 (1.78+ 0.11)*

a At 20 °C with 100 mM KCI, 25 mM KHPO, (pH 6) or 25 mM CHCOOK (pH 4), and 1 mM DTT. Equilibrium values are from far-Uv CD
data; kinetic data are from stopped-flow fluorescence analyzed using-estate model as listed in Table 2From ref29. In parentheses with an
asterisk are the values obtained by analyzing rates corrected for urea-dependent viscosity effects (see the text).
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could be a consequence of uncertainties associated with the

native baselines being insufficiently long for accurate analysis | WBOL’, Y63 C
(33; Figure 2). Y .t
Folding—Unfolding Intercomersions at Equilibrium from \M ) w ﬁ
NMR. Interconversions between the folded and unfolded \J\ A i
states at equilibrium can, in principle, be monitored using M U \ k
the behavior of théH NMR chemical shifts of nonexchange- 1 l : , ‘ : : , S
able, typically aromatic, resonances. Under conditions where [ 7.‘6 7.4 72 7.0 68 66
both the folded and unfolded states are significantly popu- Chemical Shift (ppm)

lated, distinct resonances are observed for each state whemficure 3: One-dimensionalH NMR spectra of 434 Cro in 0 M
they interconvert slowly on the NMR time scale. On the other urefalén%ti_vee(/g)]Mand 3'Z3)Mtu2r% [in tgeGIBaES;tfion 2039 (B')k]) agd
hand, fast or intermediate exchange causes the NMR signalg/nfolded in 6.5 M urea (C) & In pr ©.U butler as describe
to coalesce in_to a single, br(_)adened average peak wh(_)se Iine'r-gégi;engcznsdoﬂffr'ggge5&”;3&22’2&;2:@?“ and unfolded
shape analysis provides estimates for the interconversion rate.
Urea-induced N= U transitions at<37 °C are fast on the  exchange-broadened NMR signals amenable to line-shape
NMR time scale folle—gs and many of its variants, and line-  analysis 41). This was not possible with 434 Cro because
shape analysis of the aromatic exchange-broadened peakthe aromatic resonances overlap considerably figaand
yielded interconversion rates in the sub-millisecond<{20 the thermal transitions are not reversible at NMR protein
250us) time range 16, 20). By contrast, distinct aromatic ~ concentrations28, 29).

NMR peaks without any exchange broadening are observed Refolding and Unfolding Kinetics from Stopped-Flow

for native and urea-unfolded 434 Cro at 20 and pH 6, FluorescenceThe experiments described above suggested
indicating interconversions that are slow on the NMR time that N« U interconversions occur with time constants well
scale (Figure 3) (aromatic residues in 434 Cro dgths above 1 ms, and that intermediates are either absent or

shown in Figure 1). Since only the folded and unfolded insignificantly populated under these equilibrium conditions.
resonances are observed, intermediates are either absent drtey do not, however, rule out the possibility that intermedi-
insignificantly populated, or they overlap with the native and/ ates form transiently along the folding pathway. This can
or unfolded signals under these equilibrium conditions. The be detected only in time-resolved kinetic experiments. In
chemical shift differencelo (in hertz), provides a limit for manual mixing experiments, complete folding was achieved
this slow interconversion rate&k < 27Ad and time constant ~ within the 30 s dead time even for final urea concentrations

7 = 1/k (40). At urea concentrations close @, (Table 1), close toC, where refolding is slowest (data not shown).
the maximumAJ¢ for the 434 Cro aromatic protons is 0.22 Together with the NMR observations, this indicates that 434
ppm (132 Hz) so thak < 850 s (7 > 1.2 ms). N= U Cro folds in the time range of milliseconds to a few seconds.

interconversions can be sped up by increasing temperatures Stopped-flow measurements provide a detailed, time-
to near T, in the thermal denaturation zone to obtain resolved characterization of foldirginfolding kinetics, and
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6 ‘ —— .8 ‘ ‘ - of magnitude. As withls_gs, the two-statem, andmy values
: — A s B | yield low a values (eq 4) of<0.2. This suggests that of the
R F . : total surface area buried upon folding, more than three-
2 25 k. =12.53(s") P . . .y
K, - 2326 e o quarters is inaccessible to solvent by the time the transition
2 4 H / ] state ensemble is reached, indicating that the latter is native-
E $a | ] like in terms of the extent of solvent exposure.
e e — ‘ AGy, meq, andCy, for 434 Cro based on its two-state kinetic
N 0 0,5 1 1,5 2 . . . . crer .
time (s) time (s) parameters (eq 3) are not coincident with their equilibrium
02 0z values (Table 1). This suggests deviation from two-state
P P behavior. This is also manifested in the apparent downward
- § 1 curvature (“rollover”) in the refolding limb accompanied by
02 02 an amplitude decrease for urea concentrationstb M in

=}

P fmed 0 ’ P wmbe 1 the chevron plot for pH 6 (Figure 5A). There is no evidence

Ficure 4: Typical fluorescence-detected stopped-flow kinetic traces ; i i i
for 434 Cro at pH 6.0 and 20C. (A) Native 434 Cro unfolding in for this being dependent on protein concentration and so on

8.5 M urea. (B) Unfolded 434 Crmi6 M urea refolding in a final aggregatipn. At pH 4, S_UCh a rO”F’Yer and amplitude loss in
urea concentration of 1.92 M. In both panels, the residuals after the refolding limb are either negligibly small or absent, but
fitting to a single-exponential equation are shown at the bottom. the unfolding limb appears to flatten out at the highest urea

concentrations. Protein stability is low at pH 4, and the
can detect intermediates that cannot be observed undeshorter folded baseline that results (Figure 2) may not be
equilibrium conditions. 434 Cro contains a single Trp residue sufficiently long to detect any rollover and accompanying
whose emission maximum of around 348 nm in the native amplitude loss at this pH2@). The shorter folded baseline
protein shifts to around 353 nm upon urea denaturation with could also, as noted earlier, affect estimates for the corre-
a ~50% drop in intrinsic fluorescence intensit®8j. This sponding equilibrium values and account, at least partly, for
provides a sensitive optical probe for stopped-flow fluores- the difference between the kinetic and equilibrit@, and
cence measurements of folding kinetics. By contrast, the C,, values at pH 4.
absence of Trp ine-gs necessitated a specifically engineered  Analysis of Rolloer and Decreasing Amplitudes in Kinetic
Trp variant @2). Figure 4 shows typical kinetic traces for Data. Different phenomena can explain the observed cur-
refolding and unfolding which, in general, are well fit by vature in chevron plots. The experimental evidence presently
single exponentials (eq 1). In some traces, a slow, minor available in the literature indicates protein folding and
refolding phase was observed and could possibly be at-unfolding kinetics are dependent on solvent viscosity effects,
tributed to proline isomerizatiord8). Native 434 Cro has  and k.ps values need to be corrected using the expression
two trans (t) Pro residues, P44 and P58 (Figure 1), which, (46):
under unfolding conditions, would equilibrate with this
(c) form to produce a population distribution for the two In kypdcorrectedy= In Ky,s + IN(17/770) (5)
Pro residues of about 85.0% RA2B8, 7.2% P44P58, i L
7.3% P44/P5&, and around 0.5% Prod#P5& (44). The Heren andrn are the viscosities in the presence and absence

slow refolding of the unfolded species witlis Pro could of urea @7). Figure 5 shows the effects of such a correction

account for the occasionally observed minor slow phase, andon the observed rates. The viscosity correction is negligible
is not considered further here. at low urea concentrations but is significant at the highest

urea concentrations. This effectively increases the slope of

Single-exponential fits of stopped-flow fluorescence data the unfolding limbm,, and extrapolates to a slowkf, and

obtained at pH 4 or 6 and for various urea concentrations . T : s
the resulting variations in the other kinetic parameters are

yield the rates and amplitudes shown in Figure 5. Unfolding . ~. . .
rates for 434 Cro show small urea dependencies and are morénOIICateOI in Tables 1 and 2. The correction for urea-

rapid at pH 4 than at pH 6. Refolding rates at the two pH dependent viscosity effect results in a less discernible

values are sensitive to urea concentration and are slower aﬂiﬁgmg I?:]L aéuﬁlggﬁagtrzi (I:girrlmct?]r:r?otlllgr\irfggéztrevgg'aétl
pH 4. The straight lines in Figure 5 correspond to two-state 9 ’ P

. low urea concentrations and pH 6.
model fits (eq 2) of Ink versus [Ur] data (chevron plots) X .
with kC, kO, m,, andm listed in Table 2. The two-state model Rollover and the decreased folding amplitudes at low urea

fitting used all the data obtained at pH 4, but only data at concentrati(_)ns are .classic evidence for the .existence of
>2 M urea and pH 6, those below 2 M urea being excluded metastable intermediate(s) that accumulate rapidly on refold-
because they deviate from the expected linearity. The ing (3, 11’.19’ 23, 38, 39, 48-50). In this case, the rollover
implications of this deviation will be discussed subsequently. and ampl|tudg loss can be modeled by a three-state model
Table 2 includes the two-state kinetic parameters at@0 as follows @9:

reported for the fast foldinds—gs variant ¢s—sgs*) in which Ko,
a Trp was introduced to enable stopped-flow fluorescence U 15N (6)
studies 42). Table 2 also includes the parameters estimated

by NMR line-shape analysis for wild-typks-gs at 25 °C Here |, assumed to be on-pathway, corresponds to a dynamic
(45). The two-state refolding rate extrapolated to zero urea, ensemble of partially folded intermediates with native-like
k?, for 434 Cro is slower than foks_gs* or for wild-type fluorescence properties and,, ku, kn, and ky are rate
Ae—gs by about 3 or 2 orders of magnitude, respectively. In constants. Assuming that the concentration of | at the start
contrast, the unfolding rate of 434 Cro D M urea,k°, of folding can be approximately quantified by the amount
differs from that reported fots_gs or its variant by<1 order of amplitude missing according to the two-state model and
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Ficure 5: Folding and unfolding rates and amplitudes for 434 Cro taken from stopped-flow fluorescence measuremei@s Bhe@lot

of In kops Vs [Ur] at pH 6 and 4 is shown in the top panels (A and B), while the corresponding amplitudes at various urea concentrations

are shown in panels C and D in the bottom. Circles in all panels indicate refolding, and squares indicate unfolding. In panels A and B, the
black symbols indicat&,s corrected for urea-dependent viscosity effects and the straight lines are fits to a two-state model as described

in the text. The dashed lines in panels A and C show the behavior expected for two-state folding. The black symbols in panels C and D
indicate folding and the white symbols unfolding.

Table 2: Kinetic Parameters for 434 Cro ahdss from Stopped-Flow Fluorescence Data at®®DAnalyzed Using a Two-State Model

434 Cr@ at pH 6 434 Crdat pH 4 Ae-gs PatpH 8 Ae—gL at pH 8
kO (sY) 210+ 50 (200+ 40)* 61+ 6 (62+ 6)* (61+18) x 106 (11.1+ 3) x 10°
kO (s™) 0.68+ 0.11 (0.59+ 0.10)* 3.14+ 0.16 (2.92+ 0.14)* (3.6 1.0) (9.24+ 2.8)

mx (kcal moit M~1) —0.88+ 0.06 (—0.83+ 0.06)* —1.18+ 0.06 (~1.14+ 0.06)* —(0.81+0.03) -(0.81+ 0.04)
my (kcal molrt M—2) 0.09+ 0.02 (0.14+ 0.01)* 0.16+ 0.01 (0.20+ 0.20)* (0.20+ 0.05) (0.29+ 0.04)
o 0.10+ 0.20 (0.14+ 0.10)* 0.12+ 0.07 (0.15+ 0.07)* (0.20+ 0.04) (0.26+ 0.04)

aWwith 100 mM KCI, 25 mM KHPO; (pH 6) or 25 mM CHCOOK (pH 4), and 1 mM DTT. At pH 6, only data at2 M urea were fit? With
100 mM NaCl and 20 mM potassium phosphate for a G46A/G48A/Y22W variht { From NMR line-shape analysis for the wild-type protein
at 25°C (45). The values obtained by analyzing rates corrected for urea-dependent viscosity effects (see the text) are shown in parentheses with
an asterisk.

that | and U interconvert rapidly, we estimate that this loss observed with the pH 6 refolding limb at low urea
interconversion occurs with an apparé of 0.9 M urea concentrations.

for 434 Cro. Using this value and the three-state mechanism Temperature Dependence of Ohsat Folding RatesThe
shown above, it was possible to simulate the observed f°|di”9refo|ding rates of 434 Cro in 1.5 M urea in pH 6 buffer at
kinetics at pH 6 and 20C in urea (Figure 6). According 10\ 4joys temperatures between 17 and°@are shown in
the simulation, | has a stability of approximatei.6 kcal — rjgyre 7. The folding rate increases with temperature. As

mol™* at 0 M urea and am value of approximately 700 cal described by Chen et al51), the data were replotted as
mol~t M~1. The latter result leads to the inference that the In(ki®) versus 1T and fit to the equation

majority of nonpolar surface in | is buried, sinogq at pH
6 is around 1000 cal mot M~1. Burial of Trp60 that +
produces the increase in fluorescence emission would thenm(kf ) = In(kh/kgT) = A+ B(Ty/T) + CIn(Ty/T) (7)
occur in the fast U= | step. The transition state ensemble

would have arm value of approximately 800 cal mdIM 1 wherekg is Boltzmann’s constant) is Planck’s constant

and has a high free energy (about 15 kcal THolRather is the absolute temperatur, is a reference temperature,
than in terms of intermediate formation, downward curvature andA, B, andC are constants (as defined in &) and are

in chevron plots has also been attributed to shifts in the evaluated by nonlinear regression. In particur AC,*/
position of the transition state ensemble with varying R, whereACg is the activation heat capacity change &d
denaturant concentrations, but these appear to occur withouis the gas constant. This expression with the fitted value of
any pronounced amplitude declir@gf. Such an effect could C gave aAC,* of 0.73 &+ 0.16 kcal mof! K= for T =
thus explain in part the flattening out of the pH 4 unfolding 293.16 K (20°C). The equilibrium heat capacity change,
limb in high urea, but not the rollover as well as amplitude AC,y, for 434 Cro folding is 1.0+ 0.10 kcal mof! K1
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FIGURE 7: Temperature dependence of 434 Cro refolding rates.
The final urea concentration was 1.5 M in pH 6.0 buffer. (A) The
folding rates, corrected for the contribution of the unfolding rate
at higher temperatures, vs temperature. The error bars indicate the
+7% variation observed among the different shots. (B) The data
are replotted as lik{f) vs 1/T. The line is the best least-squares fit

to eq 6.

of the folding reaction. At pH 4 and 6, the absolute value of
m is larger tharm, anda values (eq 4) are closer to 0 than
to 1. This is evidence that at either pH the transition state,
as monitored by the change in Trp fluorescence, is closer to
the native state or, in other words, is passed late in the folding
reaction. 434 Cro is less stable at pH 4 than at pH 6 according
to equilibrium denaturation experimen®9( Table 1). The
two-state folding raten 0 M urea is slower at pH 4 than at
pH 6, while the unfolding rate is much faster at pH 4 (Table
2), thus accounting for the decreased stability at pH 4.
The measurement of refolding and unfolding kinetics
provides a sensitive test for the two-state nature of a folding
reaction since intermediates populated transiently during
folding but not present at equilibrium may be detected.
Moreover, kinetics can usually be measured over a much
wider range of denaturant concentrations than equilibrium
measurements. This second point is important because

20 °C, assuming an “on-pathway” model. The parameters used in folding intermediates, generally unstable, are most likely to

the U= | & # < N simulation were as followsAG = 0 andm
=0 for U, AG = —0.63 kcal mot! andm= 0.70 kcal mott M—1
for I, AG = 15 kcal mot'l andm = 0.80 kcal mott M~1 for #,
andAG = —3.14 kcal moft! andm = 1.00 kcal mot® M~1 for N.
kobs between U and | was set to a high value, e.g., 10 000and
the rates between | arland betweert and N were calculated

be populated at low denaturant concentrati@.(@34 Cro
folding is a two-state process under equilibrium conditions
(28, 29), and NMR measurements of the foldingnfolding
interconversions do not suggest the presence of intermediate
forms at equilibrium. Kinetic experiments show a rollover

using the Eyring equation and the free energy difference of the gccompanied by an amplitude loss in the refolding limb at

barrier heights. (A) Populations of W], | (¥), and N @) during
the refolding of 434 CrotD M urea. (B)kopsfor the disappearance
of U (or formation of 1) from the simulation. (C) Variation in the
amplitudes A) in the U— 1 (O) and |— N (®) steps of folding vs
[urea). Note that the observed amplitude for-tJ | reaches a
maximum nea 2 M urea as does the experimental refolding
amplitude.

(29). Therefore, most of the heat capacity change takes plac
when the unfolded state passes to the transition state.

DISCUSSION

434 Cro Folding Stability and Kineticgzolding of 434
Cro occurs in the millisecond time range, and it unfolds on
the time range of seconds at 20 as measured by stopped-
flow fluorescence well within the limits defined in manual
mixing and NMR experiments. Since the slopesandm,,

describing the urea dependence of the refolding and unfold-

€,

pH 6 but not detectable at pH 4, indicating deviation from
two-state folding at pH 6. This can be explained by a rapid
formation at pH 6 of a refolding intermediate, |, an ensemble
in which the Trp, like in the native state, is buried. The
refolding amplitude also decreases when there is a change
in the fluorescence properties of the unfolded states at low
urea versus high urea concentrations, as was reported for
the CD properties of unfolded, oxidized ribonucleasé?) (

We have checked this possibility by measuring the urea
dependence of the fluorescence of folded as well as of acid-
unfolded 434 Cro. On going from @ 2 M urea, we observed

a 10% decrease in the difference of the folded and unfolded
fluorescence (data not shown), which is too small to account
for the >90% decrease in amplitude observed in the kinetic
experiments over this range of urea concentrations (Figure
5C). We conclude that the transient population of a refolding
intermediate is the most plausible explanation for the reduced

ing rates are proportional to the change in the amount of amplitude at low urea concentrations and pH 6.
surface area buried, these chevron plots also provide The experimental refolding data for 434 Cro at pH 6 can
information about the nature of the transition state ensemblebe simulated by assuming an on-pathway intermediate, |,
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whose Trp is in a native-like environment, whose buried philic and mesophilic bacteria are very similar in sequence,
nonpolar surface area is about 70% of that in N, and which structure, and folding rates, but the thermophilic version is
is of low stability. At pH 4, the slight deviation from linearity far more stable and unfolds much more slowl22)
in the unfolding limb of the chevron plot can be explained Favorable surface electrostatic intractions present in the
to a large part as arising from urea-dependent viscosity thermophilic protein but missing or unfavorable in the
effects. We emphasize that the viscosity effect on the folding mesophilic one largely account for the slower unfolding
of 434 Cro is assumed. Curvature in chevron plots without kinetics and higher stability of the thermophilic prote@®(
any pronounced amplitude decline has been rationalized in55, 56).
terms of shifts in the position of the transition state ensemble  The second major change in the folding kinetics at pH 4
as the denaturant concentration is varigd)(and so may is the absence or undetectability of the apparent folding
also contribute in part to the slight observed downward intermediate observed at pH 6 at low urea concentrations.
curvature in the unfolding limb of the chevron plots of 434 This may be explained if an electrostatic interaction were
Cro at pH 4. At equilibrium, the fluorescence of unfolded present early in the folding of 434 Cro and stabilizes the
urea at pH 4 increases with urea concentration (data notintermediate at pH 6, but is absent at pH 4. In wild-type
shown), resulting in a smaller difference between the barnase, there is evidence that the folding intermediate
fluorescence of the folded and unfolded protein at high urea inferred from the deviation from a two-state folding behavior
concentrations. This is the probable cause of the small (19) is stabilized by the buried Asp93Arg69 salt bridge
decrease in the pH 4 kinetic unfolding amplitudes that is that likely forms very early in foldingg7, 58). In the barnase
apparent at higher urea concentrations (Figure 5D). The Asp93 to Asn mutant, this early interaction cannot form, the
proposed on-pathway folding intermediate is based on theintermediate is destabilized and so not observed, and the
fluorescence of Trp60 in 434 Cro. An independent optical folding kinetics show an apparent two-state behavi8, (
probe such as CD could have provided additional insight 59). Thus, there appear to be parallels in the kinetic behavior
into the nature of any folding intermediatesl(25, 49), but observed for 434 Cro at pH 6 and 4. A likely candidate for
we have not been able to carry out these experiments bythis hypothetical early interaction in 434 Cro is the buried
CD. A test based on a pulsed-chase hydrogen exchangesalt bridge formed by Glu37 and Argl2-29). We
experiment has been used to confirm and characterize thehypothesize that in the unfolded protein at pH 4 Glu37 would
presence of an on-pathway intermediate for RNasg3). ( be significantly more protonated than at pH 6, and the
This approach with 434 Cro is, however, thwarted by the Glu37—Arg12 salt bridge is formed less frequently early in
low protection factors in the native stat@8f and the folding and so is destabilizing to the intermediate. Tha p
apparently short lifetime of I38). Off-pathway intermediates  of buried Glu37 in native 434 Cro has not been experimen-
have generally been identified with larger proteins which tally determined but is probably lower than the model
have disulfide bridgescis prolines, and/or tightly bound  compound value of 4.5 (see r29). And in contrast to the
ligands é—11). None of these features are found in the small surface salt bridges, the buried Glu3&rg12 salt bridge
434 Cro, so there is little likelihood of | being off-pathway. would be expected to be present in folded 434 Cro at pH 4
The sequential folding mechanism with an on-pathway since the energy penalty for the possible shift in thg pf
intermediate provides a simple, physically satisfactory Glu37 to keep it charged<(l kcal mol?) is less than the
description of our experimental data. While the data may be energetic cost that would have to be paid for leaving the
explained equally well by mutiple folding routes and charged Argl2 in the desolvated, hydrophobic core of the
ensembles, such schemes will necessarily be more complexprotein (2-5 kcal moit; 54—62). This assumes that no gross
The folding intermediate in ubiquitin was similarly rational- alterations in native structure occur with the change in pH
ized to be on-pathway and was suggested to aid in the searclirom 6 to 4. Using PCR mutagenesis, we attempted to
for native interactions39). substitute each residue of the buried salt bridge pair in 434
Changing the pH from 6 to 4 produces two important Cro with an uncharged isosteric residue to experimentally
changes in 434 Cro’s folding kinetics. First, there is an examine the role of this salt bridge. Protein expression levels
increase in the unfolding rate at pH 4 compared to that at were, however, undetectable, and the mutant proteins could
pH 6. This is consistent with the observed lower equilibrium not be purified. This was not unexpected since mutations of
stability of 434 Cro at pH 4 (Table 29). 434 Crois a highly  buried salt bridge residues can be very destabilizB—(
basic protein (theoretical p¥ 10.5), and the lower stability =~ 62), and wild-type 434 Cro has only modest stability. The
at pH 4 could reflect the higher overall contribution of faster unfolding and lower stability at pH 4 relative to those
unfavorable Coulombic repulsions in the folded protein at at pH 6, the native-like transition state at both pHs, and the
this pH (64). This can be accounted for structurally in terms refolding intermediate present at pH 6 and low urea
of stabilizing electrostatic interaction(s) present at pH 6.0 concentrations but essentially absent at high urea concentra-
in the native state but absent at pH 4. This would involve tions at pH 6, and at all urea concentrations at pH 4 are
groups that titrate around pH 4 like Glu and Asp whokg p  summarized by the free energy profile in Figure 8.
values are 4.5 0.1 and 4.1+ 0.1, respectively, in model The heat capacity change observed during protein folding
unstructured peptide$4). Likely candidates for the hypo-  arises chiefly from the burial of nonpolar groups with a small
thetical electrostatic interaction(s) in 434 Cro would therefore contribution from polar group burial. We find that roughly
be Glu6, Glu21, Glu49, and Asp57 (Figure 1) whose solvent- three-quarters of the heat capacity change for 434 Cro occurs
exposed side chains would havKpvalues close to those  when the unfolded chain folds to the transition state. This
in model peptides. These can form surface ion pairs with suggests that the protein core is already mostly structured at
the various solvent-exposed Lys or Arg side chains in 434 the transition state, as was concluded from the kirmatand
Cro (26, 29, 31). The cold shock protein, CspB, in thermo- a values. The extent of structure formed in the transition
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A + 2). However, such data are unavailable, to our knowledge.
| If the rapid folding ofAs—gs occurs without any intermediates

| P at low urea concentrations and if the folding intermediate
- 1,’ of 434 Cro that we infer in this study is off-pathway and

l, pH 4 or i delays its refolding, then this could provide an explanation

H d. :
pH 6 mod. trea ’ll for why 434 Cro refolds considerably slower thag gs.
* __/ - \J’,’ However, the available data do not rule out an intermediate
N~ /]
N\,
\ ]

at low urea concentrations fd—gs (42), and for reasons

U A discussed earlier, the 434 Cro folding intermediate is more
3 p+H P + O N, pH 4 likely than not to be on-pathway.
low urea * - 434 Cro andis—gs though structurally homologous are less
= N, pH 6 similar at the level of primary sequence. So their folding
+ - need not be governed by the same side chain interactions.
0 0.7 0.8 1 In As—s5, mutations changing local helix stabilities have large
Reaction Coordinate effects on folding rates and could be quantitatively linked

Ficure 8: Summary scheme of the folding kinetics of 434 Cro. by means of a diffusioncollision model (6, 20). Increasing
The unfolded ensemble, U, folds via an on-pathway intermediate, intrinsic stabilities of native-like helices by mutation in
I, populated transiently at pH 6 and low urea concentrations, butis hyman procarboxypeptidase AB3j or the addition of

too unstable to be populated at pH 4 or at moderate urea, . : P
concentrations. After passing over the transition state for folding, trifluoroethanol, a helix-stabilizing solvent, to human muscle

%, the protein reaches the native state, N. The” symbols above  OF common-type acylphosphatas#) accelerates folding
and below the horizontal lines represent surface ion pairs and therates. Thus, the very different folding rates for 434 Cro and
buried R12-E37 salt bridge, respectively. The-“0" symbols at ~ 1¢_gs may be a consequence of different helix propensities.
pH 4 indicate the absence of one or more surface ion pairs due t0gynerimental and/or estimated helix stabilities in 434 Cro
the titration of one or more Glu residues. and s-gs indicate that in both proteins helices 1 and 4 are
state as inferred on the basis of the heat capacity change ishe most stable while the remaining helices have very low
somewhat lower than that from the kinetitvalues, but this or zero propensitieslg, 31). Early formation of helices 1
discrepancy has also been seen with several other protein&ind 4 ins—gs predicted by the diffusioncollision model
7). mentioned above has been used to explain the fast folding
Comparison withis—gs and Other System#l34 Cro is of this protein (6). Helices 1 and 4 though intrinsically the
structurally very similar tals—gs (Figure 1). Table 2 lists ~ most stable ones in 434 Cro are, nevertheless, considerably
kinetic data available foks-gs for conditions most compa-  less so than the corresponding heliceddrs (31), thereby
rable to those used in this study with 434 Cro. Unfolding providing an explanation, at least partly, for the far slower
rates differ by less than 1 order of magnitude, and the two- folding rates observed for 434 Cro. The role of intrinsic
state kinetian anda values for the two proteins are similar, folding propensities in folding rates is, however, controver-
indicating native-like transition state for both proteins for sial. For instance, the diffusiercollision model linking
the experimental conditions that were used. Howelglgs folding rates and intrinsic helix propensities used wihss
and its variant fold in the sub-millisecond time regime and (16) has also been used to describe the folding of the
about 2-3 orders of magnitude faster than 434 Cro. Why a-helical GCN-4 coiled coil§5), but a differing interpreta-
does 434 Cro fold so much slower thag gs? Plaxco et al.  tion has also been put forwar@e).
(17) have shown a correlation between the proximity of the  Besides differing in helix propensities, another significant
tertiary contacts in a protein, numerically expressed in terms difference between 434 Cro and-gs is that the buried
of a contact order, and its folding rate. The contact order Arg12—GIlu37 salt bridge in 434 Cro discussed earlier does
for 434 Cro (0.11; K. Plaxco, personal communication) is not have a counterpart ibs—gs. A buried salt bridge forms
very close to that ofls—gs (0.094) so that differences in  early and is likely to speed the folding of barnase by directing
contact order cannot explain the slower folding of 434 Cro. the formation of the hydrophobic cor&§). On the other
The rapid folding ofds—gs has, for the most part, been hand, in Arc repressor, the presence of unpaired charged
studied by NMR line-shape analysis of exchange-broadenedgroups in the forming hydrophobic core has been elegantly
peaks in the presence of moderate concentrations of denaturshown to impede foldings0). In the case of 434 Cro, direct
ant required for the presence of sufficient populations of both experimental examination of the role of the buried salt bridge
folded and unfolded forms. This method, as pointed out by mutagenesis has not been possible as discussed above,
earlier, measures the foldirginfolding interconversion rates ~ so any conclusions are necessarily speculative. At pH 6 and
at equilibrium and is unable to detect transient buildups of low urea concentrations, if the buried salt bridge forms more
unstable folding intermediates. For the very rapidly folding slowly than the hydrophobic core and thereby impedes
variant ofls—gs with two Gly to Ala replacements, stopped- folding as with the Arc repressor, it could partially account
flow fluorescence studies have been reported after engineerfor why 434 Cro folding is slow relative to that d§—gs. In
ing in a Trp @2), but data at<3.4 M urea or<1.8 M this hypothesis, the 434 Cro folding intermediate would be
guanidinium hydrochloride could not be obtained because off-pathway. As a final pointds—ss is relatively less basic
of its extremely fast folding. This could possibly have been than 434 Cro (theoretical pk 7.98 for 1s—gs versus 10.5
less of a problem if such experiments were carried out with for 434 Cro), and the resulting differences in electrostatic
wild-type 46-gs into which Trp was engineered to serve as a interactions between the two proteins would also contribute
stopped-flow probe since it folds 1 order of magnitude slower to their distinct stability and folding behavioZ, 55, 56).
(though still 2 orders of magnitude faster than 434 Cro; Table Although beyond the scope of the present study, future work
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that addresses the nature of these electrostatic contributions 13.

would be valuable in adding to our understanding of these
effects on protein folding and stability.

For structurally similar proteins, folding mechanisms may
or may not be similar Z1—25). Folding pathways are
sensitive even to single mutations. In the caselgfs,
folding is very rapid even as shifts in the transition states
and changes in folding mechanisms are affected by mutations
or temperature20, 45). This study has attempted to compare
and contrast its folding with that of a structural homologue
434 Cro. Compared tix_gs, 434 Cro is less stable and folds
considerably slower, and the pathway appears to involve a
folding intermediate. In vivo, Cro, together with the repres-
sor, controls the switch between lysis and lysogeny in the
life cycle of phage 434 by sequence-specific DNA binding
(67). Remarkably, 434 Cro and the DNA-binding, N-terminal
domain of the 434 repressor are almost 50% identical in
sequence, and their structures are strikingly similar to one
another (and tols_gs) (26—28). An examination of the
folding kinetics for the 434 repressor N-terminal domain,
currently unknown, would add to the growing body of
information on the folding of this family of helical proteins
and may also provide insight into whether their particular
folding behavior has any functional significance. These
studies are currently in progress.
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