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ABSTRACT: A FA5W mutant of yeast ubiquitin has been used as a model system to examine the effects of
nonnative local interactions on protein folding and stability. Mutating the native TLTGK G-bulged type

| turn in the N-terminalB-hairpin to NPDG stabilizes a nonnatiyestrand alignment in the isolated
peptide fragment. However, NMR structural analysis of the native and mutant proteins shows that the
NPDG mutant is forced to adopt the natigestrand alignment and an unfavorable type | NPDG turn.

The mutant is significantly less stable9 kJ mol?) and folds 30 times slower than the native sequence,
demonstrating that local interactions can modulate protein stability and that attainment of a nativelike
B-hairpin conformation in the transition state ensemble is frustrated by the turn mutations. Surprising,
alcoholic cosolvents [510% (v/v) TFE] are shown to accelerate the folding rate of the NPDG mutant.
We conclude, backed-up by NMR data on the peptide fragments, that even though nonnative states in the
denatured ensemble are highly populated and their stability further enhanced in the presence of cosolvents,
the simultaneous increase in the proportion of nativelike secondary structure (hairpin or helix), in rapid
equilibrium with nonnative states, is sufficient to accelerate the folding process. It is evident that modulating
local interactions and increasing nonnative secondary structure propensities can change protein stability
and folding kinetics. However, nonlocal contacts formed in the global cooperative folding event appear
to determine structural specificity.

How the information contained within the primary amino one native element of secondary structure with a sequence
acid sequence is used to specify the topology of the native having a propensity for adopting an alternative conformation
state of a protein, its stability, and the pathway by which in isolation has also shown that preserved tertiary contacts
the chain assembles to the native conformation continues toappear to drive native secondary structure format@n (

be the subject of much experimental and theoretical inves- \yhether these mutations affect folding kinetics depends
tigation (1—4). Globular proteins have the distinguishing g what extent the substituted element of secondary structure
features of large amounts of regular secondary structure ands involved in interactions in the transition state, ).

a hydrophobic core formed from tertiary contacts between Reinforcement of the folding nucleus by promoting native
these substructures when packed together. However, whethegontacts should have the effect of accelerating folding. This
local contacts within the polypeptide chain specify secondary has heen demonstrated in a number of ways by introducing
structure propensities in the folded state or whether secondarygp, autonomously folding component such gstaairpin ©)
structure formation is dictated by nonlocal tertiary interac- gy through mutations that increase secondary structure
tions as a consequence of the global cooperative folding eve”cf%ropensities without perturbing tertiary interaction613).
remains an important issue. Several studies have examinehthers have shown that the folding pathway can be altered
the influence of nonlocal factors in determining conforma- |, changing the relative stability of different elements of
Fiop. In one case, the same 11 residue sequence, unstructuregecondary structurel4). The observations to date are
in isolation, was shown to adopt eithefaheet or am-helix consistent with a hierarchical model for folding in which
when placed in different contexts within thes{domain, |ocal events, resulting in progressive formation of nativelike
illustrating the influence of tertiary contacts in driving ¢ontacts, play a central role. Alternatively, stabilizing the
secondary structure formatioB)( Alternatively, substituting  nponnative conformation in a portion of the sequence that is
involved in interactions in the transition state may retard or
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A M1 Q2 I3 F4 V5 K& N7 grown at 37°C in Luria broth (LB)/ampicillin (10Q:g mL™?)
H H O H H O H H O H P8 to mid-log stage and harvestd h after induction. Cells were
+H3N;\(’L%N/§(’L%N;\(’L%M\(”w resuspended in 50 mM acetate buffer, pH 4 containing 2
o A B o H B o A w oMl mM EDTA (AE). Cells were lysed by sonication and
o W oH o H W O & w o u"™ pg centrifuged. Addition of 250 mM acetate buffer to the
HZN)’\E/“'H('\,V)\{N\('\?,)\;/N%,V)YN\%’“H supernatant precipitated a large proportion of the cellular
RO B R O A R O A HH O proteins leaving ubiquitin in solution. Following centrifuga-
vie E15 L14 T13 12 T11 G10 tion, the supernatant containing the remaining soluble cellular
B MI Q2 I3 F4 V5 K6 N7 P8 proteins was filtered and then chromatographed on a HiTrap
CHEL T - - SP cation exchange column Wit 5 mL bedvolume on an
+H3N/YNj/krlu/Y N\‘)knl/\n/“'\‘)krlu/\( 9{0 AKTA Prime FPLC system (Amersham Pharmacia Biotech).
O S S S L SN H;Z,"”'Dg The sample was loaded on the column, washed with 50 mL
A T - N« B - B A of AE, and then eluted with an 80 mL linear gradient from
H/Nﬁ(kql)j\{ Nﬁl/khl‘)j\/ Nw/v\rf*/ " o ° 0 to 800 mM NacCl. Ubiquitin eluted at approximately 550
° f R o R RO RO mM NaCl. Fractions containing ubiquitin were pooled and
Vie E15 L14 T13 N2 Ti1 G0 loaded onto a gel filtration column (Superdex 75) equilib-

Ficure 1: Peptide backbone alignment in the N-termiiddairpin riated with 30 mM phosphate buffer and 100 mM NaCl at
containing the TLTGK— NPDG f-turn mutations: (A) native i 7.0, Fractions were assayed for ubiquitin by polyacryl-

p-strand alignment found in the folded protein §Uwith an : . . - L
enforced type | turn and (B) preferred nonnative conformation in amide gel electrophoresis. Fractions containing pure ubiquitin

the isolated N-terminal fragment U£B5) with a G-bulged type | ~ Were pooled, dialyzed against distilled water, and lyophilized.
turn and nonnative cross-strand pairing of residues. ResidueThe F45W mutant gene was cloned by overlap PCR
numbering beyond G10 is— 1 with respect to the native sequence. methodology using the wild-type yeast ubiquitin gene in
Residue side chains have been omitted for clarity. pKK223-3 (Pharmacia Biotech) as a template. The mutated
cassette was inserted between tBedRl and Hindlll
restriction sites of pKK223-3, and the mutation was con-
firmed by DNA sequencing. CompeteBt coli cells were

unfolding transition {7—21). Recent investigations have
examined the role of helix capping motif32j, hydrophobic

packing @3, 24), and the influence of surface electrostatic ansformed with this construct. Expression and purification
interactions on stability25, 26). The N-terminal-hairpin were as described for the wild-type yielding typically-10
has been proposed to be a key structural element in the g mg L of ubiquitin. Mutants were prepared by the same
folding transition state of ubiquitin on the basis of NMR 1 athod 15N-Labeled yU was prepared by growing BL21
studies of the isolated 17 residue fragment that demonstrateg.qis in minimal medium containingNH,Cl (0.7 g L'Y) as

a weak ability to fold autonomously in solutiod 28). In the sole source of nitrogen. The protein was purified using
an attempt to further stabilize this element of secondary iha standard procedure.

structure to reinforce the transition state for folding, we have NMR Analysis of Peptide and Protein Foldingl NMR

mutated the TLTGK type | G-bulged turn sequence. Re- oy noriments were performed on a Bruker Avance600 spec-
placement OT the native turn sequence W't.h atype | NPDG yrometer. Total correlation spectroscopy (TOCSY) and
turn results in a significantly stabilizef-hairpin peptide;  ,cjear Overhauser effect spectroscopy (NOESY) experi-
however, detailed NMR analysis shows that it folds into a ments collected 10242048 data points if2 and 406-600
nonnative conformation in water in which there is a one ;. t1 on 1 mm samples of the peptides at pH2%5 and
residue frameshift in the-strand alignment resulting in iy jitin mutants at pH 5.5. Solvent suppression was
nonnative cross-strand residue pairing (F'gu”az_% GQ)' achieved by presaturation of the water signal for samples in
We have inserted the TLTGK- NPDG turn mutation into  54,60us methanol and using the WATERGATE sequence
on the structure, stability, and folding pathway. We examine HSQC-NOESY, and 3—I3H.-15N—HSQC-TOC,SY data were
the role of nonlocal interactions in dictating secondary collected o a 1 mM sample of'N-labeled yU at 298K
structure propensity, in particul8estrand alignment, through and the data were processed and assigned using Bruker
NMR structural analysis of the mutant and have determined y\vy\NNMR and ANSIG software 31). Structures of y¥

the effects of the turn mutation on protein stability and were generated using standard protocols within XPLOR
kinetics. We examine the extent to which nonnative confor- (v3.1) 32). A total of 475 restraints was derived from
mation in the unfolded state frustrates folding by carrying J-céupling.data and 2-D NOE data. and an ensemble of 100

out a full kinetic analysis of the wild-type and mutant protein ¢\ -/ \res was :
) generated by the distance geometry protocol
and one othef-turn mutant (TLTGK— NPDGK) designed and was further refined using simulated annealing. Twenty

to dissect out the contribution to stability of tertiary contacts . ,ctures were accepted, with no NOE violations greater

involving f-turn residues. than 0.2 A, of which the hairpin portion of the 10 lowest
MATERIALS AND METHODS energy structures is iIIustrate_d in Figure 2. _A detgiled
description of the structure refinement calculations will be
Peptides and ProteinsPeptide U(1-35) was prepared  described subsequently. Structures were represented using
using standard Fmoc solid-phase methods and was purifiedMOLMOL (33).
using reverse-phase HPLC. A pKK223-3 plasmid construct  Equilibrium Stability MeasurementBrotein stability was
containing the yeast ubiquitin gene was used to express thedetermined by fluorescence measurements o2 kM
wild-type protein inEscherichia colstrain BL21(DE3) under  solutions of protein in 25 mM acetate buffer at pH 5.0. The
the control of the IPTG-inducibleac promoter. Cells were  change in fluorescence at 358 nm was monitored as a
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Ficure 2: (A) Portion of the NOESY spectrum (300 ms mixing
time) of yU’ in D,O solution (pH 5.0, 298 K) illustrating é—Ho
cross-strand NOEs in antiparall@isheet. (B) Ribbon overlay of
the S-hairpin portion (residues -116) of the averaged energy
minimized structure of y@with the native hairpin sequence taken
from the X-ray structure of human ubiquititi§); the position and
orientation of the mutated side chains are shown [TLT (gray)
NPG (black)]. (C) Overlayed backbone of the hairpin portion of
the 10 lowest energy NMR structures of §/{thin lines) with the
native hairpin backbone (thick line).

function of guanidinium hydrochloride concentration. The
linear extrapolation method was employ&d-{38) assuming

that the stability varies with the concentration of denaturant

[D], according to the expressiadiGP = AGeq — m[D], where
AGP is the stability at a given [D]m is the constant of
proportionality, and\Geq is the stability in water alone. The

Platt et al.

value plus standard error from 18 data sets studidd). (
Small additional corrections were used to allow for a small
denaturant dependence of the fluorescence of the unfolded
state 85).

Kinetics ExperimentsKinetic unfolding and refolding
measurements were performed using an Applied Photophys-
ics Pi-star 180 spectrophotometer. Temperature was regulated
to 298 K using a Neslab RTE-300 circulating programmable
water bath. Excitation was at 281 nm ug& 1 nmslit width.

A band-pass filter was used to measure emitted light above
320 nm from a 2 mmpath length cell. All kinetics
experiments were performed in 25 mM acetate buffer, pH
5.0. Refolding experiments were performed by 1:10 dilution
of unfolded protein (515 uM in 6.5 M GdnHCI) into
buffered solutions of different GdnHCI concentrations yield-
ing final concentrations ranging from 0.6 to 3.5 M at protein
concentrations of 0.451.45uM. For unfolding experiments,

a buffered solution of native protein was unfolded by a 1:10
dilution to yield final concentrations of GdnHCI near or
above the midpoint of the equilibrium unfolding transition
(concentrations of GdnHCI in the range of 3.7.3 M).
Kinetics measurements for both unfolding and refolding
reactions were averaged four times at each GdnHCI con-
centration. In all cases, the GdnHCI concentration was
determined using a refractomet&4].

Analysis of Kinetic DataT he kinetic traces were analyzed
using a multiexponential fitting procedure (two or three
components) in which one single component accounted for
>90% of the change in fluorescence intensity. Minor slow-
folding phases have previously been shown to arise from
cis—trans proline isomerization. All data showed a good fit
with randomly distributed residuals0.05. Only the major
component of the folding data was considered further. The
kinetic data were analyzed assuming a two-state model using
standard equations described in detail by oth@r8%—37).

The observed rate constakys is the sum of the folding
and unfolding rateskops = ku-n + kn-u, Where Kops is
dependent on [D] according to the following expression:

I kops = IN[ky-y eXPEM-y[DVRT) +
ky-n €xpmy_[DIRT)] (2)

The dependence of lkys versus [D] gives extrapolated

slope of the denaturation plot at the midpoint of the transition values forky—y andky-v in water alone, together with the
(m-value) has been shown to correlate with the amount of slopes of the folding and unfolding componentg-y and

hydrophobic surface area buried on foldiBg) The fraction
of folded proteinF; is derived from fluorescence measure-
ments according t&; = (fp — fu)/(fy — fu), wherefp is the
measured fluorescence at a given [D], dndndfy are the

My—n.
RESULTS
Design of Mutant UbiquitinsWe have used the F45W

limiting values for the unfolded and native states, respec- mytant (yU*) as our wild-type protein for all biophysical

tively. The fraction folded was plotted against [D], and the
midpoint of the unfolding transition [R}y, for each mutant

studies because the unfolding of this mutant is associated
with a large change in fluorescence intensity providing a

was determined by nonlinear least-squares fitting to the sensitive probe for stability and kinetic studiek9¢21).

following expression:

F¢= exp[m([D] — [D]s0)/RTY/
(1 + exp[m([D] — [D]see0/RT) (1)
The equilibrium stabilityAGeq was determined from the

expressiomMGeq = —m[D] 500, Wherem for a set of mutants
is assumed to be constant (102®.21 kJ mof! M~1; mean

Subsequent mutations are set against this background muta-
tion. The design of the ubiquitin mutants was based upon
our earlier observations with the N-terminal 17 residue
p-hairpin peptide that showed that mutation of {Burn
sequence was able to stabilize a nonnative conforma2i@n (
30). The mutations are summarized as follows:

yU*:MQIFVK TLTGK TITLEV
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B.
yU”: MQIFVKNPDG-TITLEV 1 .
yUG*ﬂ:MQIFVKNPDGKTITLEV 0.8 -
kel
(]
Since the yWY mutations could result in destabilization of é 064
the protein either from removal of favorable tertiary contacts 2 04
or through the introduction of new unfavorable interactions, g
we replaced TLTGK with NPDGK (y87). The latter £ o024 —— NPDGK
enables us to assess possible effects of the TLT to NPD e TLTGK
mutations on tertiary contacts within the context of the native 0 T NPDG-
type | G-bulged turn geometry. 0 ] > 3 4 5
NMR Analysis of the Folding of the Wild-Type and Mutant [GdnHCI] (M)

Ubiquitins. Native yU* gives a well-dispersed NMR spec-  fgure 3: Equilibrium GdnHCI denaturation curves for ubiquitin
trum with a large number of ring current-shifted methyl mutants monitored by tryptophan fluorescence; the fraction unfolded
resonances between 0 and 0.7 ppm reflecting tertiary packings plotted vs [GdnHCI] at pH 5.0, 25 mM acetate buffer, 298 K for
between aliphatic and aromatic side chains. Examination of !l three mutants yU* (TLTGK, open squares), 9 (NPDGK,

. . black circles), and y® (NPDG-, open circles); see data in Table
the corresponding portion of the spectra of the mutants shows;
a practically identical shift dispersion, strongly indicating
that core tertiary interactions are not disrupted by the changesrapie 1: Equilibrium Stability Date for Ubiquitin Mutants (pH 5.0,
in the hairpin sequence. A virtually complete backbone (NH 25 mM Acetate Buffer, 298 K) Determined by Guanidinium

and Hx) assignment for all three mutants has enabled us to Chloride Denaturation Monitored by Changes in W45 Fluorescene

identify numerous cross-stranatHa, NH—Hao, and NH- mutant Megq [D]s0e@ AGed

NH NOEs that unambiguously confirm tifestrand register. TLTGK 103+ 02 267 2741 0.6
The interstrand ll—Ho. NOEs for yU are shown in Figure NPDGK 10.5+0.2 2.77 28.5: 0.6
2A and demonstrate that the Q2-E15, F4-T13, and K6-T11  NPDG- 10.4+0.2 178 18.3:04

nativelike pairings are conserved in the folded state of yU 2 Denaturant concentration at the midpoint of the folding/unfolding
despite the strong propensity of the isolated hairpin peptidetransition, errors less than 0.01Equilibrium stability determined from
to fold to a nonnative strand alignment (Figure 1). The 1‘60[2'31]5%"‘3“{[? i meam-value (and standard error) of 10.28
observation of chemical shift perturbations to the NH and . mo '

Ha resonances of L68, V69, and residues within the
N-terminal hairpin close to the modified turn (K6, T11, and

112) are consistent with some minor local structural adjust- 4inium chloride (GdnHCl)-induced denaturation in 25 mM
ment. However, the identification of interstrand backbone 4 atate puffer at 298 K and pH 5.0 monitored by the change
NOEs between strands 1 and 5 in the region of the modified i, {yntophan fluorescence at protein concentrations in the

turn (N7 < L68 and K6<> H67/L68) confirms that there  5ng6 of 1-2 uM (24, 25). The data, showing the fraction
are no gross perturbations to the strand register or tertiaryso|ged, fit well to a two-state model enabling the transition
interactions. We have calculated a family of NMR structures midpoint ([D]sox) to be determined3d—37). The equilibrium

for yU? using simulated annealing protocols within XPLOR stability AG., was calculated based on [}, values,
(32) and will describe these studies in detail subsequently. 3ssyming that the slope of the denaturation plot at the
The hairpin portion of the averaged energy minimized mjidpoint of the transitionrfrvalue) is common to all of the
structure of yU, and 10 hairpin structures from the lowest mytants studied, reflecting the same hydrophobic surface area
energy NMR structures, are overlayed with the native pyried on folding. Independent fitting to determine individual
sequence in Figure 2B,C. The NPDG sequence adopts an-values shows this to be the case. Thuss§R}alues in
flattened, tight type | turn that slightly distorts the twisted this case provide a reliable method of comparing relative
conformation close to thg-turn region. In contrast, the  stapilities of mutants. For yU*, the unfolding transition
native G-bulged type I turn, with its extra flexibility, readily  occurs at 2.67 M GdnHCI, and the protein is fully unfolded
adopts the required twist compatible with tifestrand abowe 4 M GdnHCI (Figure 3). The TLTGK~ NPDGK
alignment. Thus, despite the fact that the isolg@duhirpin (yUS#) mutant has a stability very similar to the native
peptide from yU has a clear preference for a nonnative sequenceAAGe, = 1.1 kJ mof?). In contrast, the TLTGK
hairpin conformation, the3-strand alignment within the ~— NPDG mutations in thes-turn, with a one residue
context of the intact protein appears to be strongly dictated deletion, result in a significant reduction in stability for /U
by tertiary contacts in the hydrophobic core of the native as judged by a shift in [} to 1.78 M, equivalent to a
structure and not by local secondary structure propensities.destabilization of y¥ by 9 kJ mof? (see Table 1).

Parallel NMR studies of y& unambiguously establish that Folding and Unfolding KineticsStopped-flow fluores-
the NPDGK turn sequence is adopting the type | G-bulged cence was used to follow the refolding and unfolding of yU*
turn found in the native protein. This is particularly evident and yU under the same conditions used in equilibrium
from strong sequential NHNH NOEs between residues studies following 10-fold dilution to various final concentra-
DGK, which are completely analogous to those between tions of denaturant36—37). The data for yU* were fitted
residues TGK in the native G-bulged turn (data not shown). using a multiexponential analysis to account for minor slower
Thus, the TLT— NPD mutations are readily accommodated folding phases that account for £Q5% of the change in
without distortion. fluorescence intensity. The latter has frequently been at-

Equilibrium Unfolding StudiesThe equilibrium stability
of yU* and the various mutants was determined by guani-
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5 Analysis of the kinetics of y® was carried out under

o 3 —e— NPDGK identical conditions to examine whether the large change in
NS overall stability observed in equilibrium denaturation experi-

3 ments originates from changes in the folding or unfolding

rate, with implications for the role for the hairpin sequences
in interactions in the transition state. It is apparent that the

obs

x . . . age .
s M refolding arm of the chevron plot is significantly shifted
0- giving an extrapolated refolding rakg_y of 9 s, indicating
that folding occurs 30 times more slowly than for the wild-
7 type protein (Figure 4). In contrast, the unfolding data for
o the two proteins differ only by a factor of 3, demonstrating

. . . T T . that the major portion of the reduction in stability is
o 1t 2 8 4 5 6 7 manifested in an increase in the barrier to folding. The data
[GdnHCI] . L o ;
suggest an active role for hairpin formation in the folding

Ficure 4: Chevron plots of refolding and unfolding kinetics for PR ; : .
yU* (TLTGK), yUS# (NPDGK), and yU (NPDG) measured in nucleus of ubiquitin with the turn mutations frustrating the

25 mM acetate buffer, pH 5.0 at 298 K showing the best fit to a 0lding process by increasing the energy of the transition
two-state model. state. Calculation of kinetic and equilibrium-values and

Brs values for yU shows these to be very similar to those
tributed to the refolding of molecules with proline in a for yU*. We see no evidence for deviations from linearity
nonnative cis conformatior2(, 39—41), in agreement with  of the plots of the folding and unfolding rate constants with
the results of the double-jump studies of Krantz and Sosnick concentration of denaturant, strongly suggesting that the
with human ubigqitin 21). For yU*, we considered only the  transition state for folding is very similar to that of the wild-
fast folding phase and constructed a chevron plot of the type protein and that folding still approximates well to a two-
natural logarithm of the observed rate const&gpi) versus state model at protein concentration® «M.

[GdnHCI] (Figure 4). Both folding and unfolding components The yUP# mutant, whose stability is very similar to that
of the plot display a linear dependence on denaturant of the native seque'nce (yU*), shows small differences in
concentration. Extrapolation of the folding and unfolding data refolding and unfolding kineticé (Figure 4). The extrapolated
enables the rate constants to be determined in the absenC(Fefolding rate constant lies within a faétor of 3 of that
ggiesn?gjr:zn;r?lxlr:}?)lgiLemrlgtlggo;%[%ggé?f(slé:r?aﬂl 52)0 of observed for yU*, while the unfolding rate is within a factor
The denaturant dependgnce of the.folding (U-N) and unfbld- of 2, indi_cating that 'Fhese mutati.ons. result_ in only minor
ing rates (N-U) ny_x andmy_u) determined from the slopes perturba_tlons to stability and to kinetic barriers tq folding.
of the chevron pIc;tN have b_eL(Jan shown to correlate with the Calculation of firs from the slopes of the refolding and
unfolding data shows the values to be identical, indicating

difference in the exposed surface area between the transitior}hat the mutations are not affecting the compactness of the
state and the U and N states, providing a measure of thetransition State 9 P

compactness of the transition stafied), wherefrs = my_n/

(Myv-u + Mu_n) (38, 42, 43). We estimate a value fgirs Effects of Methanol on Folding and Unfolding Kinetics.
for yU* of 0.67. A value of 0 is interpreted in terms of a  Several studies of the effects of organic cosolvents on folding

transition state with a similar solvent accessibility to the rates have shown that partial stabilization of native secondary
unfolded state, Whereﬁ.s = 1 reflects a transition state as structure at low TFE or MeOH concentrations has the effect

compact as the native state. The intermediate value of 0.670f initially accelerating folding rates but subsequently has a
is consistent with the value of 0.63 estimated for hu* by retarding effect due to the reduction in the magnitude of the
Krantz and Sosnick2(l), indicating that the two transition ~ hydrophobic effect, or as nonnative helical structure is
states have similar degrees of compactness but with bothinduced in sequences destined to becgiyarands, turns,
somewhat less compact than the native state. How closelyor unstructured loops4é—49). The solvent perturbation

the kinetic data conform to a two-state model for folding approach has been used in a number of cases to examine
can also be gauged from the agreement between stabilitiegvhether secondary structure formation plays a key role in
determined by equilibrium measurements3;;) and from the transition state ensembld7( 48). We have already

the kinetic analysis AGyn) considering the ratio of the demonstrated from NMR studies of the N-terminal mutated
folding (ku-n) and unfolding ratesk{-y), where AGyin = peptide (residues-116) that the nonnativg-hairpin con-
—RTIn(ky-n/kn-u) (35). From the kinetic data, we estimate formation is further stabilized in methan@9). The results
AGyin = —25.5 0.8) kJ mot™ for yU*, in good agreement  of others have demonstrated that cosolvents enhance native-
with that determined from equilibrium GdnHCl-induced like B-hairpin propensity in peptides with the native TLTGK

unfolding measurement&Geq = —27.4 +0.6) kJ motf™. SB-turn sequence2). The contrasting effects of cosolvents
Further, the kinetien-value (n,) determined from the sum in stabilizing the native versus nonnative conformation for
of the slopes of the data in Figure e, = my_y + My—_y) the two hairpin sequences may provide some additional

should be equivalent to the equilibrium denaturation value. insights into the role of secondary structure formation in the
Again, there is good agreement (see Tables 1 and 2),transition state ensemble. We have used both trifluoroethanol
consistent with the two-state folding model reported for (TFE) and methanol for folding studies of yU* and U
human ubiquitin recently by Krantz and Sosni&l) and Methanol has some advantages over TFE in that it enhances
determined by Jackson et al. (personal communication) undemative secondary structure propensities but is less prone to
similar folding conditions. the nonspecific helix-inducing effects usually seen with TFE.
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Table 2: Kinetics Data for the Refolding/Unfolding of Ubiquitin Mutants (pH 5.0, 298 K, 25 mM Acetate Buffer) Monitored by Changes in

W45 Fluorescence Using Guanidinium Chloride Denaturation

mutant knu (571 M kun (571 mun AGiin (kJ mol%)2 frs°
TLTGK 0.0090 (-0.0008) 2876444) 304 (11) 5934 (58) —25.5 (£0.2) 0.67
NPDGK 0.0036 {:0.0003) 3004£43) 133 :7) 6225 (&77) —25.7 &0.2) 0.67
NPDG- 0.030 £-0.002) 2482 £27) 9 (1) 5135 (+134) —14.2 ¢0.2) 0.67

3 AGyin determined from—RT In(kun/knu). ® frs values determined fromnyn/(mun + my).

A 15
1—.
0.5
3
&2
=
o
—0— 0%
-0.57 | —=— 5% MeOH -
—0— 15% MeOH
—e— 25% MeOH
-1 T T T T T T
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
[GdnHCI]
B 25
24
1.5
he} 1_
2
£ 0.51
0-..
—o— 0%
—O0— 50/0 TFE
0.5 | —=— 10% TFE
—0— 15% TFE
-1 T T T T T T
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
[GdnHCI]

Ficure 5: (A) Effects of methanol (% v/v) on refolding kinetics
of yUf in 25 mM acetate, pH 5.0 at 298 K. (B) Effects of TFE (%
v/v) on refolding kinetics under identical conditions to panel A.

There is no significant effect on the folding rate for yU*
up to 15% (v/v) methanol; however, 25% (v/v) of cosolvent
produces a 2-fold retardation of the folding rate. The effects
on the unfolding kinetics are slightly more pronounced
resulting in accelerated unfolding by up to a factor of 3 over
this solvent range. The slopes of the chevron plots (folding
and unfolding) show only small perturbations. Surprisingly,
the results for y (containing the NPDG turn mutation) are
quite similar with a modest<2-fold acceleration of the
folding rate up to 15% (v/v) methanol and a deceleration at
25% (v/v) (Figure 5A). In TFE, the effects are more

pronounced, reflecting its stronger structure-inducing char-

acteristics. The effects on the folding kinetics of yU* are
clearly complicated; 5% (v/v) produces a significant ac-
celeration of the folding rate; however, the data now show
distinct curvature indicating deviation from a simple two-

rate becoming independent of the GdnHCI concentration.
Parallel CD studies show that between 20 and 30% TFE,
yU* is partially denaturated with an increase in nonnative
helical structure characteristic of the N- to A-state transition
previously described for ubiquitinrc(0—52). The effect of
5—10% TFE on the folding kinetics of yUs to produce a
significant acceleration of folding by a factor ef4 with

little evidence of deviation from the two-state model (Figure
5B). The denaturing effects of TFE take effect at 15% (v/
v), where again we see a folding rate that becomes
independent of GdnHCI concentration with CD data identify-
ing solvent-induced helical structure. The data suggest
deviations from the two-state folding model as partially
folded states become significantly stabilized. Although the
effects of cosolvent on the folding kinetics are complex at
high cosolvent concentrations, the data clearly show that the
folding kinetics for yUf is modestly accelerated at low
concentrations of MeOH and TFE.

NMR Analysis of Residual Structure in the N-Terminal
Hairpin of yU’ in Denaturants and Methandrhe N-terminal
peptide, corresponding to residues3b of yU’ and contain-
ing the TLTGK— NPDG turn mutations, has been inves-
tigated by NMR for evidence of residual structure under
folding conditions in water and in-525% (v/v) methanol.
As previously described for the isolated hairpl7,(18), Ha
chemical shift deviations from random coil values (up to 0.7
ppm for lle12) show clear evidence f@fhairpin formation,
supported by ld—Hao cross-strand contacts between Q2-
V16, F4-L14, and K6-112 and numerous side chain interac-
tions. In contrast, residues in the adjoining loop (residues
17—20) anda-helical domain (residues 2135) show very
small perturbations to & shifts indicating at best the
possibility of transient helical structure. AGADIR predictions
(53) of helical content across the 2B5 portion of the
sequence also suggest little intrinsic propensityl%o) to
adopt the native helical structure.

Earlier studies of ubiquitin peptide fragments derived from
the native sequence have shown the hairpin portion (residues
1-17) to fold weakly in aqueous solution with the native
secondary structure propensity dramatically enhanced by the
addition of methanolZ7, 28). The effect of cosolvents on
the folding of the +35 peptide with the NPDG turn at
concentrations of methanol between 15 and 25% v/v is to
significantly stabilize nonnative hairpin conformation, as
evident from increasedddshift deviations and an abundance
of cross-strand NOEs compatible with this conformation.
However, close examination of the NOESY data reveals a
number of much weaker d+—Ha NOEs (F4< T13 and
K6 < T11) and side chain interactions, in particular F4 to
T11/T13, that are compatible with a minor conformer with
a nativelikes-strand alignment (Figure 6). This minor hairpin

state model. At higher concentrations of TFE, we see markedconformer is not detected in the NOESY data recorded in

changes in the slope of the refolding data with the folding

agueous solutions suggesting that the cosolvent enhances the
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TLTGK to an NPDG type | turn enhances the secondary
structure propensity of the isolated hairpin but by inducing
nonnative alignment of the tw@-strands (see Figure 1). The
driving force for this conformational transition appears to
originate from two key factors. First, the type | turn is not
compatible with the right-handed twist of th&hairpin.
Gellman has illustrated this nicely within model hairpin
systems by showing that switching the turn conformation
from type I-Pro-Xaa to type'lPPro-Xaa promotes folding

by changing the conformational preference of the backbone
to one compatible with the twistegghstrand alignmentS4,

55). In contrast, the G-bulged type | turn is more flexible
and has a high statistical occurrenceihairpins g0, 56).
Second, the strand realignment that results in nonnative cross-
strand pairing of side chains appears to have a net stabilizing
effect on hairpin conformation. In particular, the PHesu

pair results in significant hydrophobic surface burial and
stabilizing van der Waals contacts between residues that are
on opposite faces of the hairpin in the native conformation.
These close contacts are evident from the substantial upfield
ring current shifts observed on the LeyHz resonances
(~0.3 ppm). These two factors result inehairpin peptide
that is 70-80% folded in water and highly resistant to
denaturation by ure&@, 30). Thus, one important role for
the native TLTGK turn sequence may be to prevent the
formation of these nonnative hydrophobic contacts by having
a bulged turn that is resistant to further expansion.

In contrast, our NMR analysis shows that the mutated
hairpin, when placed in the context of the rest of the ubiquitin
sequence, adopts a well-defined structure in which the native
strand alignment has been enforced. This clearly shows that

ppm
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4.0
421

441

469 |
48] |

5.0

ppm|
3.6 -

3.8

4.0

424"

D the specificity of the folded structure is independent of the
4.8 v | 606 local interactions that define the nonnatfi«ssheet propensity
1 ng ’ T11-Fa 0(3{ of the isolated hairpin peptid&,(6). However, denaturation
5.0 / ﬂ experiments show that the protein is destabilized-8ykJ
T JE ¢ 18] 713-F4 mol~1, indicating that local interactions play an important
46 44 42 40 38 36 ppm role in modulating stability. A large proportion of this

FIcURE6: Plots of the ki—Ha region of the 2-D NOESY spectra difference in stability is manifested in a 30-fold deceleration
of peptide U(1-35) containing the TLTGK— NPDG turn qf the folding reaction, W|th.a more modest 3-fold accelera-
mutations: (A) NOESY data (200 ms) recorded in aqueous solution, ion of the unfolding reaction. These data suggest that a
pH 5.0 at 298K, and (B) in 25% (v/v) methanol under the same nativelike hairpin conformation is important in the rate-
cond[tions. Cross-strand NOEs qqrrespondjng to the nonnative limiting step for folding.

hairpin alignment are clearly identified with circles in both panels Destabilization of y& Effects of Othep-Turn Mutations

A and B. In panel B, additional cross-peaks are highlighted (in I S .
boxes) that correspond to a minor population of a nativelike O" Stability and KineticsThe effect of the turn mutation on

B-hairpin conformer with the strand alignment shown in Figure 1A. Protein stability can, in principle, be partitioned among a
Other peaks identified in panels A and B are labeled as follows: number of factors relating to both local interactions, including

A, S1aw/p; B, G10a/o; C, N70-P8; and D, E16-P18&. changes to secondary structure propensities and conforma-
) ) ) .. tional strain in the turn, and effects on longer range tertiary
population of both the native and the nonnative hairpin coniacts. The latter could result in destabilization either from
conformation by promoting hydrogen bonding interactions. remqyal of favorable contacts from residue side chains within
In addition, the cosolvent simultaneously enhances nativelike the turn region or from the introduction of new unfavorable
helical structure in the 2135 portion of the peptide sequence  ietiary contacts. We have investigated the latter possibilities
as evident from both & chen_ncal shift data and CD studies by replacing the largely solvent-exposed native TLTGK turn
of 1-35 (27). The observation of NHNH;.1 NOEs and  ith NPDGK (yUS—#). NMR studies of the y8# mutant
medium range bi—NHi.o/NHi.s NOEs within the 2+31 g4y that the NPDGK turn adopts the same G-bulged type
region of the sequence are indicative of well-formed helical | {,rn as the native TLTGK sequence enabling us to assess
structure largely in the N-terminal part of the native sequence. ¢ impact of the TLT to NPD mutations on nonlocal
interactions within the folded protein. The NMR data show
DISCUSSION that the NPD residues are readily incorporated within the
Local versus Nonlocal Interactions in Protein Stability, G-bulged type I turn with minimal distortion of the structure.
Specificity, and Folding KineticsMutation of the-turn Moreover, stability studies show that the §tJ mutant is
sequence of the N-termingd-hairpin of ubiquitin from stabilized as compared to yU* by 1.1 kJ mblThis small
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difference could arise from the entropic effects of inserting k¢

a proline residue in the turn sequence. Further, the kinetic D === Dy ——=—N
data are very similar for yu* and y&#: we see a small L

deceleration of the refolding rate and slightly slower unfold-

ing kinetics (Table 2). Thus, introduction of the NPD Dyn <= Duunn

mutat_lons d_o n_ot appear to have a S|gn|f|(_:ant eff_ect ON EGurRe 7: Schematic representation of the equilibria present under
stability or kinetics. In all of the mutants studied, estimates refolding conditions in the denatured state (D) between various
of the degree of compactness of the transition stéte) ( species that are rapidly interconverting and containing residual
from the slopes of the chevron plot give very similar values native contacts (nat), nonnative contacts (n-n), or both (nat, n-n).
(Table 2), indicating that the transition state is not signifi- N iS the native folded state, arigis the folding rate constant.

cantly perturbed by the turn mutations. The kinetic data for ) )
yUS# are consistent with two-state kinetics at protein €nhanced in510% TFE solution by a factor of4. Above

concentrations<2 xM. Thus, within the context of the this concentration, the refolding kinetics becomes indepen-

mutations studied here, we conclude that nonlocal contactsdent Of denaturant concentration as the protein adopts a
involving mutated residues in the turn appear to have a cosolvent-induced partially denaturated state with an increase

relatively small effect on the stability and kinetics of yeast I nonnative helical structure characteristic of the N- to
ubiquitin. A-state transition previously described for ubiquitlBO{

Stabilization of Natie and Nonnatie Secondary Structure 52). The effects .Of cpsolvent on the kinetics ofﬁi/blea'r ly
by Cosobents. Several studies on the effects of organic show that refolding is accelerated at low concentrations of
cosolvents on folding rates have shown that partial stabiliza- M€OH or TFE.
tion of native secondary structure at low TFE or MeOH  The previous observations are perhaps surprising given
concentrations has the effect of accelerating folding rates inthe NMR results with the C-terminal peptide fragment of
cases where elements of secondary structure are forming iyU? that show that nonnativg-hairpin conformation is
the transition state ensembis( 48). Retarded folding rates  further stabilized by cosolvents. How then do we rationalize
at higher cosolvent concentrations have been attributed tothe observation that the refolding kinetics of A/lare
either nonspecific effects in stabilizing nonnative helical accelerated in the presence of organic cosolvents? Chiti et
structure in portions of the sequence or through reduction al. (48) have recently discussed the contribution of nonnative
of the magnitude of the hydrophobic effed8|. Studies of conformations to the conformational ensemble of the dena-
13 proteins that fold in a two-state manner show that the tured state (D); this model proves useful in the current context
extent of acceleration correlates closely with the number of if the denatured state is considered as an ensemble of states
local backbone hydrogen bonds in the native structd@, ( containing various proportions of local secondary structure.
while the extent of deceleration can be related to the amountThis could be either nativelike structure (), nonnative
of accessible surface area buried on folding. On the basis of(Dn-n), @ mixture of the two (Run-n), or the polypeptide
this model, we would predict that MeOH and TFE would could be fully denatured (D) under refolding conditions with
also initially accelerate the folding of yU* by stabilizing these various partially folded states in rapid equilibrium with
native f-hairpin anda-helical structure, as is evident from €ach other. The barriers to interconversion in the denatured
studies of the isolated peptides. However, if the stabilization State are assumed to be negligible as compared with the
of nativelike secondary structure plays a key role in ac- transition to the native state (N), so the former are not rate-
celerating refolding kinetics, then the effect of MeOH/TFE limiting. Thus, the denatured ensemble contains a set of
on the kinetics of y¥ may be complicated by the stabiliza- independent equilibria with the relative populations of the
tion of both native and nonnative conformations in different various species dependent on the various equilibrium con-
portions of the peptide sequence. Alternatively, studies of Stants. A reasonable approximation is that the folding reaction
FKBP12 and a number of mutants with substitutions of (rate constank) is likely to be faster from Ry, where
nonpolar residues have shown that the pathway for folding nativelike contacts are formed in the denatured state, than
is unaffected by cosolvents and that rather than stabilizing from any other state. Thus, the set of equilibria shown in
elements of secondary structure in the transition state, theFigure 7 are considered.
effects on folding and unfolding rates appear to be a result From the perspective of understanding the difference in
of global effects that desolvate and destabilize the unfoldedthe kinetics observed between yU* andflthe ~30-fold
state 47, 57). deceleration in refolding rate for yUin water can be

The folding kinetics for yU* and y@has been determined  rationalized in terms of the stabilization of nonnative
in the presence of cosolvents{@5% aqueous MeOH (v/v)  conformations of y¥in the denatured state that deplete the
and 0-15% TFE (v/v)] under otherwise identical conditions. pool of species present with nativelike contacts.jDThe
The accelerating effects of MeOH on the refolding of’fyU  population of all species in the denatured state that contain
and yU* are very small€{2-fold) up to 15% cosolvent, with  either native or nonnative structure, or both, is likely to
a subsequent reduction in folding rate at higher concentra-increase in the presence of low concentrations of cosolvents.
tions. However, both proteins show a significant increase in Whether or not the rate of folding of yUs accelerated
unfolding rate over the entire range of concentrations depends on the effects of the cosolvent on the population of
consistent with a decrease in the stability of the native stateDny. Thus, we can rationalize the observed accelerated
as the effects of cosolvent reduce the magnitude of therefolding rate for yU in terms of the increase in the
hydrophobic effect. The more pronounced effects of TFE in population of B, even though the population of,D, and
enhancing secondary structure propensity results in a largeDnan-n may also be significantly enhanced over those present
effect on the folding kinetics; the folding rate for ¥Us in water alone. Our NMR results on the C-terminal peptide
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fragment U(%-35) show that the nonnatiy&hairpin struc- REFERENCES
ture (residues +16) persists in aqueous solution (i.ea-p 1. Baldwin, R. L., and Rose, G. (1999) Is protein folding hierarchic?

is significantly populated). We see that MeOH and TFE
enhance the native helical propensity of the-31 portion

of the sequence, as well as further stabilizing the nonnative
pB-hairpin conformation such that \Rn-n is significantly
populated. However, the data also reveal that the population
of species with the nativelikg-strand alignment in the
hairpin sequence () is increased. Thus, all partially
structured species (& Dnatn-n, and Di—,) appear to be in
greater abundance in the presence of cosolvent. However,
the accelerated folding of ylUat low cosolvent concentra-
tions appears to correlate with the small increase in the
population of species with nativelike local interactiong4D
despite the increase in the population of other nonnative
species in the denatured ensemble that do not contribute to
the folding reaction.

In conclusion, hierarchical models suggest that rapid
formation of nativelike secondary structure in the denatured
state should facilitate and accelerate folding by reducing the
configurational entropy en route to the transition state (

3, 48). In support of this model, studies of short protein
fragments and designed peptides show that elements of
secondary structure can form autonomously under folding 11.
conditions on a very rapid time scalb4( 55). Moreover,
site-directed mutagenesis has shown that secondary structure; 2,
propensities in proteins can be fined-tuned to accelerate
folding rates in accord with the importance of local folding
events in directing the folding reactiod@—12, 14). The
solvent perturbation approach provides a low resolution
method of enhancing local hydrogen bonding propensities 14
to examine the role of secondary structure formation in the
rate-limiting step 45—49). We have used a combination of
these approaches to examine the effects on stability and
folding kinetics of introducing a nonnative structural pro-
pensity into the N-terminals-hairpin sequence of yeast
ubiquitin. Mutating the native TLTGKB-turn to NPDG
induces &-strand misalignment resulting in nonnative side
chain pairings in the stabilizegthairpin 29, 30). Although
these local interactions dictate conformational preferences
in the isolated peptide, they are not sufficient to enforce
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[-sheet secondary structurg (2, 15). The enforcement of
the nativeS-strand alignment has the effect of destabilizing
the native state and effectively increases the folding barrier g
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have the effect of accelerating the folding reaction of these 5;
mutants despite an apparent increase in stability of nonnative
interactions. NMR studies show that all partially folded
species in solution, both with nonnative and with native local
interactions, appear to be more highly populated, offering
one possible explanation for the accelerated folding rate. The
observation that mutations in thiehairpin that perturb the
population of nativelike species in the denatured ensemble
can have a large effect on the folding kinetics suggests that
nativelike interactions are present within the hairpin sequence
in the transition state ensemble, emphasizing the importance
of local interactions in directing the folding process.
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