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ABSTRACT: Using the N-terminal 17-residyghairpin of ubiquitin as a “host” for mutational studies, we

have investigated the influence of thd¢urn sequence on protein stability and folding kinetics by replacing

the native G-bulged turn (TLTGK) with more flexible analogues §K@nd TGK) and a series of four-
residue type'l-turn sequences, commonly found@rhairpins. Although a statistical analysis of type |

turns demonstrates residue preferences at specific sites, the frequency of occurrence appears to only broadly
correlate with experimentally determined protein stabilities. The subsequent engineering of context-
dependent non-native tertiary contacts involving turn residues is shown to produce large changes in stability.
Relatively few point mutations have been described that probe secondary structure formation in ubiquitin
in a manner that is independent of tertiary contacts. To this end, we have used the more rigorous rate
equilibrium free energy relationship (Leffler analysis), rather than the two-poimtue analysis, to show

for a family of engineere@-turn mutants that stability (range 620 kJ/mol) and folding kinetics (190-

fold variation in refolding rate) are linearly correlatedk & 0.74 4+ 0.08). The data are consistent with

a transition state that is robust with regard to a wide range of statistically favored and disfAvtoired
mutations and implicate a loosely assembfelairpin as a key template in transition state stabilization
with the -turn playing a central role.

Altering the folding kinetics of a protein, or even the ensemble. The occurrence of non-Gly residues located in the
sequence or timing of events by which the polypeptide chain energetically unfavorable left-handedhelical region (L-
assembles, has been shown to be a realistic possibility bya) of protein structures has attracted attention because of
changing the intrinsic stability of the various substructural the potential for conformational strain and the scope for
elements. Both theoretical and experimental approachesfurther optimization of stability and folding kinetics through
concur that favorable nativelike local interactions dominate mutation (.3—15). In model peptide systems, it is clear that
the initial conformational search while minimizing the loss intrinsic residue conformational preferences féiturn-
of configurational entropyl(—4). As a consequence, folding  compatible¢ and 1 backbone dihedral angles can dictate
rates of small two-state proteins correlate with the topology stability, S-strand residue pairing, and hydrogen bonding
of the native state when described by a simple contactregister (6—18). Although tertiary packing interactions,
parameter which reflects the average separation betweenather than intrinsic secondary structure propensities, ulti-
interacting residues in the sequenge §). Folding pathways  mately determinen-helix and s-sheet stability in native
which contain a large proportion of local interactions formed proteins (9-21), in the context of small model systems
at small entropic cost should lead to the most favored devoid of tertiary contacts, local interactions strongly influ-
trajectories down a smooth folding funnel while avoiding ence the observable population of marginally stable elements
any po§sible barriers that could arise from non-native f secondary structure that may be important folding
Interactions. nucleation sitesi(6—18).

Local interaction ween resi in turns or | _ . .
ocal interactions between residues turns or 1oops The -hairpin represents the simplest model for studying

constitute an important element of protein secondary struc-I lint i that nucleat i dheet f "
ture. Although proteins permit considerable variability in the ocal Interactions that nucleate an ipara eet formation.
p-Hairpin peptides have been used extensively as vehicles

size and composition of turns, they can have a large effect S ; ) . A

on protein stability and folding kinetics9¢12), with for_quantltanve studies of weak mterac.tlons and intrinsic

conformational rigidity suggested as an important factor in residue preferences because the populgt|on of 'the folded state

restricting the structural heterogeneity of the transition state of these .marglr?z_allly stable system§ is sensitive to small
changes in stabilityl(6—18). Two-residue type’land type

tE.R.S. was funded by the EPSRC of the UK and J.K.M. by a IlI" B-turns are particularly abundant ffthairpin peptides
University of Nottingham Research Scholarship and by the School of (22), since the turn geometry is highly complementary to

Chemistry. — - . -
*To whom correspondence should be addressed. E-mail: T[he ”g.ht handed .tWISt of the antlparal_l’n’elhalrpln. We have
mark.searle@nottingham.ac.uk. Telephone:44) 115 951 3564.  investigated the influence of the statistically abundant type
Fax: (+44) 115 8468002. I" B-turn sequence in nucleating protein folding using the

10.1021/bi052495g CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/10/2006



Nucleating Effects of3-Turn Residues in Ubiquitin Biochemistry, Vol. 45, No. 13, 20061221

1 5 10 15
WT* MQIFVKTLTGKTITLEV..
G3 MQIFVKTGGGKTITLEV. .
G5 MOIFVKT (G)SKTITLEV. .

Ll L2
-Bl +B1l

Type I' MOQIFVEXX-XKTITLEV..

(d) L1L2
-Bl +EB1
mutant I .9, q .ol
TNG . .TNGK. .
VNG . .VNGCK. .
ENG . .ENGK. .
ANG . .ANGE. .
FNG . .FNGE..
WNG . JHANGK. .
VG .. TVGEK. .
TVA .. TVAEK. .
‘I I ™VV .TVVE. .
I R < Bt NPDG  ..NPDG.

Ficure 1: (@) X-ray structure of ubiquitin showing the solvent-exposed TLTGK type | G-bulged turn sequence within the N-terminal
B-hairpin sequence, together with the position and orientation of the Leu69 side chain on the C-jesstriaadl. (b) Schematic representation

of the hydrogen bonding pattern within the replacement typarh (X7XsG10K11). The residue numbering follows that in the WT* sequence
(residue 9 has been deleted in the mutants). (c) N-terrfiielirpin sequences (residues17) showing substitutions and the positions of
residues—B1, L1, L2, and+B1 [according to the nomenclature of Sibanda et 2®)](which define the type'lturn. (d) List of mutants
showing nomenclature and turn sequence.

N-terminal 17-residu@-hairpin of ubiquitin as a “host” for =~ MATERIALS AND METHODS
mutational studies23—25). In the native ubiquitin sequence,
the natural turn is a 3:5 type | G-bulged turn which is also
commonly found in proteirg-hairpins 6). The isolated
peptide fragment corresponding to the native N-terminal
hairpin sequence shows only a weak propensity to fold in
solution @4). We have engineered a series of typ&urns
into the native sequence to quantify the effects of intrinsic
residue propensities on stability (Figure 1). The effects of

both stabili_zing gnd_destabilizing mutations on the r_efolding f-hairpins, we used the recently reported Nh3D data3®t (
and unfolding kinetics have now been examined in detalil. of 655 high-resolution nonhomologous protein structures
The nature of the transition state for folding of ubiquitin derived from the Protein Data BanBY). The secondary
has been the subject of recent theoretical and experimentaftructure assignment program STRIDE was used to identify
investigation in identifying interactions in the TS ensemble positions—B1, L1, L2, and+B1 in all possible two-residue
(27—31). @ value analysis has identified a large number of turns @0), and those sequences with at least gheheet
fractional values in the range of 0.20.5) 27—29), which res!due immediately preceding and follqwmg t_hese_ _four
are open to different possible interpretatio®3, (32, 33). residues were sele_cted for furt_he_r an_aly_5|s. We |d<_ant|f|ed a
On one hand, these intermediatevalues may arise from total o_f 609 two—res_ldue 'gums w_|th|n this high-resolution data
partial or weakly stabilized nativelike structural interactions set with the following d|'str|but|on among turn types:=
in the TS ensemble. On the other hand, they may 0riginate183’ r = 153, 11=67,1I' = 85’ VI =1, VIl =29, and
from the presence of multiple alternative TSs with the undef'me.d: 91 (angle_s nOtd.ef'UEd by the other turn t_ypes).
: . : The distribution of residues within typeturns was examined
observed) value representing a population-weighted average in more detail in Figure 2. Thg-turns are classified as 2:2
in which a particular residue may participate to very different or 3:5 turn sequences a.ccording to the nomenclaturé de-
extents in different pathway84). In the case of ubiquitin, scribed by Sibanda et aR2).
relatively few point mutations have been described that probe
secondary structure formation in a manner that is independen

of tertiary_contacts?(9, 35). To investigate further the origin correlation spectroscopy (TOCSNgnd nuclear Overhauser
of these intermediate values, and the robustness of the effect spectroscopy (NOESY) experiments were used as
transition state to mutations, we have used the more rigorouspreviously described or1 mM protein samples at pH 5.0
rate—equilibrium free energy relationship (REFER) (Leffler (20, 30, 35, 37). Spectra were internally referenced to
analysis) 82, 33, 36) to examine the role of the N-terminal

p-hairpin in the folding of ubiquitin by engineering a family 1 Abbreviations: NOESY, nuclear Overhauser effect spectroscopy;

of type I' f-turns into the hairpin sequence, guided by tocsy, total correlation spectroscopy; GdmCl, guanidinium chloride;
statistical analyses of residue propensities. TS, transition state.

Cloning and ExpressionDetails of the cloning and
overexpression protocols have been described elsew2@re (
30, 35, 37). All mutations using the WT* background were
introduced using the QuikChange site-directed mutagenesis
protocol (Stratagene, La Jolla, CA) and confirmed by DNA
sequence analysis and by NMR.

Statistical Analysis of Protein Structureégo analyze the
frequency of occurrence of residues firturns in protein

NMR Structural AnalysisAll NMR experiments were
[performed on a Bruker Avance600 spectrometer. Total
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ing programmable water bath. All kinetics experiments were
performed in 25 mM acetate buffer at pH 5.0 and 298 K.
Refolding experiments were performed by 1:10 dilution of
unfolded protein (15«M in 7 M GdmCI) into buffered
solutions with different GAMCI concentrations, yielding a
final protein concentration of 1.3&M. For unfolding
experiments, a buffered solution of native protein was
unfolded by a 1:10 dilution to yield final concentrations of
GdmCI near or above the midpoint of the equilibrium
unfolding transition (concentrations of GAmCI in the range
of 2.0-7.3 M). Kinetic measurements for both unfolding and
refolding reactions were averaged four to six times at each
GdmCI concentration30, 35). In all cases, the GdmCI
concentration was determined using a refractomdr (n

no cases do we see deviations of the kinetic data from a
linear chevron plot. However, to check for the possible
complications of transient aggregation on refolding kinetics
at low denaturant concentrations, experiments were repeated
at protein concentrations in the range of 0115 uM. All

of the kinetic data were superimposable and independent of
the protein concentration.

Analysis of Kinetic DataFluorescence-detected kinetic
traces were deconvoluted using a multiexponential fitting
procedure involving two or three components for refolding
and one to two components for unfolding. In the main, the
unfolding data fit to a single-exponential process; however,
a minor slow second unfolding phase is evident at high
denaturant concentrations that accounts for e¥ily6 of the
signal amplitude. This is difficult to characterize but could
be associated with a slow isomerization event in the unfolded
state. The major refolding phase, which accounts{856%
of the fluorescence amplitude, was analyzed using a linear

chevron plot (Inkops vs [D]) and equations appropriate for
2522 EEEST an apparent two-state modelX-47). The observed rate

FiGURe 2: Statistical analysis of residues in typ@hturns in protein ~ CONStantkos is the sum of the folding and unfolding rates;

B-hairpins. The percentage frequency of occurrence (of 153 turns Kobs = kun 1 Knu, Wherekops is dependent on [D] according
identified) is shown at each of theB1, L1, L2, and+B1 positions. to the expression
Analysis was derived from the Nh3D database of nhonhomologous

In Kyps= IN[kyy EXPC-My\[DY/RT) +

structures 38).

trimethylsilyl propionate (TSP). Data were processed and knu €XPOu[DI/RT)] (1)
assigned using Bruker XWINNMR and ANSIG software The linear dependence of
(41). Structural models were visualized using MOLMOL P s
(42). The structure of the FNG mutant has been modeled as
previously described({). Structural models of other mutants,
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on [D] gives extrapolated
values forkyy and kyy in water alone, together with the
slopes of the unfolding and refolding componemts, and

! . myn, respectively. From the kinetic parameters derived from
including G3, G5, and TVV, were generated from the FNG 71 ' he stabilityAGyi, can be determined from the rate

structure or from the X-ray coordinates of ubiquit#8f and .

subjected to several rounds of steepest descent and conjugattc:eonsmmtEkUN andky from eq 2:

gradient minimization. Unrestrained molecular dynamics AGy;,, = —RTIn(kn/Knu) 2

simulations were performed using the AMBERG6 suite of . .

programs (//http:amber.scripps.edu/docé/install.html) and and from trlle refc()jldlng an'd ugfoldlngvalues,rmN andmu,

equilibrated with counterions and TIP3P water molecules to ;espetgu\f/e Y, ar? T]' point | enaturar?t concentrationsds]

a distance b8 A and dynamics run for 1000 ps. The erived from the chevron plot (eq 3):

ensemble of structures was sampled over the final 500 ps to AG, = —(myy + Myy)[Dl sgoe (3)

examine the conformation and dynamics of the N-terminal o

hairpin and loop for comparisons with experimental NOE Although the former approach (eg 2) can Ie_ad to uncertainties

data. in AGyn from potentially large extrapolation errors when
Stability and Kinetic Measurement®rotein stabilities calculating unfolding rates in water, we obtain consistent

were determined using equilibrium fluorescence measure-"€Sults using both approaches.

ments as previously describe®b( 37, 44). Kinetic unfolding RESULTS

and refolding measurements were performed using an

Applied Photophysics Pi-star 180 spectrophotometer. The Statistical Analysis of Typé B-Turns in ProteinsTwo-

temperature was regulated using a Neslab RTE-300 circulat-residue type'l3-turns are common in protejffthairpins 2),
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because of the complementarity between the turn geometryto be Lys (Figure 2d), and since Lys is found at this position

and the right-handed twist of thg-sheet. The turn is
described by the{B1)—(L1)—(L2)—(+B1) sequence2?),
where L1 and L2 are the turn residues anB1 and+B1

are thep-strand residues preceding and following the turn,

respectively. The backbong andy angles of L1 and L2
both lie in the left-handedx-helical (L-o) region of the

in the native turn and is involved in a LystGlu34 salt
bridge @3), we preserved this residue in all of the mutants
and examined the effects at position81, L1, and L2. To
test the effects of intrinsic conformational preferences on
hairpin stability, the LT residues of the native G-bulged type
| turn sequence TLTGK were mutated to residue X to yield

Ramachandran plot. We have extended earlier analyses othe TXGK turn sequence, with T, X, G, and K representing
the frequency of residue occurrence at the key turn positions—B1, L1, L2, and+B1, respectively (see Figure 1). Initially,

(48, 49) using the recently reported Nh3D database of high-

we concentrated on residue81 and L1, since Gly is found

resolution nonhomologous protein structures (38). We haveto be by far the most common residue at position L2 (Figure

specifically identified 153 type'lturns in the context of
B-hairpin motifs (Figure 2). The analysis confirms that Gly

2c). The most favored Asn-Gly and least favored Val-Gly
sequences were incorporated within the TNGK and TVGK

is by far the most abundant residue at position L2 since theturns (TNG and TVG mutants, respectively). In the first

required backbone angleg (~ 90° and v ~ 0°) are
disallowed for all residues other than GK9j. At position
L1, the dihedral angleg)(~ 60° andy ~ 30°) are accessible
to other nong-branched residues, with Asn, Asp, and Gly
appearing in~60% of the cases, Asn being marginally
preferred. In contrasf;-branched residues such as Val and
lle do not occur at this position in this data set which
correlates with their strong preference for an exterfiistleet

instance, TNG produces a slight decrease in stability of 1.2
kJ/mol, suggesting that TLTGK and TNGK are equally good
turns in this context, whereas TVG resulted in a further
reduction in stability of 2.3 kJ/mol versus WT*, reflecting a

relatively small free energy difference between the most
favored and least favored residue at position L1. A detailed
NMR analysis of the TVGK and TNGK mutants at the level

of a full backbone assignment has enabled us to confirm

conformation. For these reasons, the Asn-Gly (L1-L2) type that both of these sequences are accommodated with similar
I" turn has been widely used in model hairpin peptide systemslocal backbone geometries typical of typéuirns, with minor
for stability and folding studies and has proven to be highly chemical shift perturbations confined to residues adjacent

effective at inducing folded structuré&g—18). In other cases,

the use oPPro at position L1 to induce the correct backbone

geometry has also proven to be highly successfei-(18).
Design and Stability gf-Turn Mutants of UbiquitinAll

to the mutated residueT).

Subsequently, we investigated the effects of substitutions
at the —B1 position (XNGK) on protein stability. As a
reference point, we calculated stability changes with respect

of the mutations described have been constructed against @o the TNGK sequence (% T). The statistically preferred

background F45W substitution (denoted WT*) which gives

X =V (VNG) substitution, which reflects the preference

a sensitive fluorescence probe for stability and folding studies for 5-sheetp andy backbone angles at theB1 position,

(29, 30, 50—53). Estimates of the change in stability were

produces a substantial increase in stability-@.3 kJ/mol.

derived from kinetic measurements based on refolding and However, the X= A substitution (ANGK, ANG), a residue

unfolding rate constants and from kinetio values and

with a higha-helical propensity, destabilizes the hairpin by

transition midpoints (see Materials and Methods). Turn 1.3 kJ/mol, while the X= E substitution (ENGK, ENG)

mutations were engineered into the N-termifidiairpin of
ubiquitin which spans residues-17. The X-ray structure

produces little effect on stability (0.3 kJ/mol). Thus, at the
two extremes with regard t3-sheet forming propensities

of ubiquitin reveals a 3:5 type | G-bulged turn sequence (Val vs Ala), the nature of the residue at positierB1

(TLTGK), as shown in Figure 1a48). The first and last of

the five residues results in closure of the turn through cross-

modulates stability by~8 kJ/mol.
Modeling studies suggested that the introduction of Phe

strand hydrogen bonding. A number of contacts within the and Trp (FNG and WNG mutants) within the XNGK turn
TLTGK turn sequence suggest stabilizing interactions, for sequence could lead not only to favorable hydrophobic

example, between th&OH group of Thr7 and the backbone

interactions with residues within the hairpin sequence but

NH group of Thr9, as well as a tertiary interaction between might also allow us to engineer new stabilizing tertiary
the side chain of Leu8 and Val70, the latter in the C-terminal contacts with L69 and L71 on the adjacent C-terminal
parallel strand, and a salt bridge between Lys11 and Glu34,s-strand. These mutations produce significant further in-

the latter in the mainm-helix (43).
Initially, the native TLTGK G-bulged turn was mutated
to the more flexible TGGGK turn (G3 mutant) to eliminate

creases in stability with respect to a TNGK sequence of
—11.5 kJ/mol (FNGK) and—14.5 kJ/mol (WNGK) (see
Table 1). NMR analysis of the FNG and WNG mutants

interactions within the turn while maintaining the same loop reveals substantial upfield shifts for the methyl resonances
size. Surprisingly, these mutations had essentially no effectof L69 and L71 of between 0.4 and 0.9 ppm that confirm

on the stability of the proteirXAG ~ 0.1 kJ/mol). To further
examine the effects of loop flexibility, we extended the turn
by a further two Gly residues (TGGGGGK, G5 mutant),
which destabilized WT* by 5.9 kJ/mol.

tertiary interactions between the aromatic side chain of Phe
or Trp and residues on the adjacent C-terminal str&mjl (

Further, a significant enhancement of the change in fluores-
cence intensity between folded and unfolded states for WNG

The native G-bulged loop was subsequently replaced by is consistent with the indole ring becoming at least partially

with a series of 2:2 typ€ kurn sequences (Figure 1d), and

excluded from solvent by the formation of tertiary contacts.

we proceeded to examine the relationship between theWe subsequently introduced the L69A mutation into WT*
frequency of occurrence of residues at key positions within and FNG (WT* and FNG) and observed a significant
the turn sequence and their effects on stability. The residuedestabilization (1214 kJ/mol). A thermodynamic cycle

at position+B1 following the Gly residue is frequently found

constructed from the stability data for WT* and FNG with
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Table 1: Kinetic Data fop3-Turn Mutants of Yeast Ubiquitin

mutant knu (579 My (J mort M1 kun (579 mun (J molFt M) AGyin (kJ molp Bre

WT* 0.0084+ 0.0007 2905t 44 263+ 9 5684+ 55 —25.6 0.66
G3 0.0067+ 0.0005 2860t 38 200+ 7 5670+ 61 —25.5 0.66
G5 0.014+ 0.0013 2628t 50 41+ 3 6154+ 141 —-19.7 0.70
TNG 0.0060+ 0.00082 2836t 68 115+ 6 5039+ 82 —24.4 0.64
VNG 0.00444+ 0.003 3082t 279 1049+ 172 4769+ 226 —30.7 0.61
ENG 0.010+ 0.002 28114116 168+ 18 5939+ 206 —24.1 0.68
ANG 0.014+ 0.002 278H 61 1654+ 11 5413+ 113 —23.1 0.66
FNG 0.00059+ 0.00024 3370 186 1148+ 51 4891+ 57 —35.9 0.59
WNG 0.00012+ 0.00006 3348t 207 800+ 58 4947+ 89 —38.9 0.60
TVG 0.0043+ 0.0004 2915t 50 54+ 3 5662+ 95 —23.3 0.66
TVA 0.00374 0.0003 2929+ 33 35+ 2 5824+ 99 —22.6 0.67
TVV 0.00374+ 0.0003 2913t 43 23+1 5774+ 104 —21.8 0.66
NPDG 0.030+ 0.002 2482+ 27 9+ 0.5 5135+ 134 —-14.1 0.67
WT*A 0.98+ 0.08 1901+ 45 1754+ 31 6546+ 455 —-12.9 0.77
FNG* 0.078+ 0.02 2470+ 132 505+ 77 5898+ 289 —-21.8 0.70

a Substitution inserted against the background F45W mutation; a superscript A represents the L69A mutation. All kinetic data were collected at
a protein concentration of1.4uM at 298 K in 25 mM acetate buffer (pH 5.0) Calculated assuming two-state folding ah@yn = —RT In(kun/
knu); errors in stabilities lie in the range d@f0.3—0.6 kJ/mol.c From St = mun/(Mun + My).-

and without the L69A mutation suggested that the £69 12

interaction contributes only~2 kJ/mol to the enhanced 1.0

stability of FNG, suggesting that the major contribution 0.8

involves the side chain of L71. T 06- ]
Finally, we also considered mutations at the L2 position g (4 .

to investigate the tolerance to residues other than the 73 0.24 i-g I IE ’g

statistically highly preferred Gly residue (Figure 2). From = ) [E

the database, both Ala and Val have a very low frequency < 0'0:’1 F I_a'

of occurrence at this position, representing residues with a 0294y E e

strong preference fat andy angles characteristic of-helix 0.4 TVAK

and f-sheet, respectively, rather than the required 6T T T T T T T T T T T T T T T T

backbone geometry. Substitution at position L2 (X) in the
already destabilizing TVXK turn sequence &X A, TVA
mutant, and X= V, TVV mutant, respectively) surprisingly = Ficure 3: Perturbations to & chemical shifts (measured values
resulted in only small further decreases in stability in both Ynst{]%nscirgr %Qéla\gwgfgle““’q&aétzaqgr rgirlgcz:rg"gfctrgjigtuggﬁ/ﬁ_'
. ; i - i -hairpin. W z,
fon ofthese resices at the L2 postion n e statisioal data, 225 ;e PH 5000 values are compare for e TNG, TVA
h ¢ : *and TVV mutants, with TNG and TVV representing the most
We carried out a detailed NMR analysis of the TVV mutant favored (Asn-Gly) and one of the least favored (Val-Val) type |
to establish whether inserting sterically bulky Val residues turns.
in adjacent positions led to significant structural changes
(such as an expansion of the loop size) that may help tobeen examined in kinetic detail from fluorescence-detected
partially offset the energetic cost of turn formation. We stopped-flow experiments at 298 K on the family/bfurn
compared Il chemical shift perturbations from random coil mutants described herein. The refolding data at low denatur-
values for residues within thg-hairpin sequence (residues ant concentrations (63 M GdmCl) show clear evidence for
1-16) of the TNGK, TVAK, and TVVK turn mutants  multiphase kinetics and are resolved into three folding
(Figure 3), representing the statistically most abundant andprocesses3Q, 35). The fastest phase accounts fe85% of
one of the least abundant substitutions at positions L1 andthe change in fluorescence amplitude when extrapolated to
L2. Modest differences in & shift perturbations Ao < 0 M denaturant, with the minor phases previously attributed
0.2 ppm) for TNGK versus TVAK and TVVK are confined to slower isomerization-limited event24, 29, 50-53),
to the residues immediately adjacent to the turn sequence inalthough these remain to be characterized in detail. The
positions —B1 and +B1, suggesting that conformational observation that the variation in the rate of folding of the
changes are not propagated significantly beyond the turnmajor phase as a function of denaturant concentration fits
residues. The pattern of NOEs within the turn and betweento a linear chevron plot (Ifps VS [D]) without deviations
residues in cross-strand positions {T7ZT12H« and TAH— from linearity at low denaturant concentrations suggests that
K11NH), together with the magnitude oflyh-no values the majority of molecules fold along this apparent two-state
estimated from TOCSY cross-peak intensities, confirms the pathway. For the purpose of this analysis, we have focused
strand alignment and loop size are those of a/2t@rn in on this dominant fast phase whose transition state we now
all three cases, consistent with earlier studies using modelanalyze (Figure 4)30, 35, 52, 53).
peptides %4, 55). Thus, the NMR data suggest that the Initially, we examined the consequences of the Gly
TVAK and TVVK sequences are accommodated with a substitutions on folding kinetics. Chevron plot analysis of
backbone geometry similar to that of TNGK. the kinetic data of WT* and G3 (Figure 4a) showed that the
Kinetic Analysis of Ubiquitin FoldingThe role of the small difference in apparent stability is manifested in
B-hairpin motif in nucleating the folding of ubiquitin has similarly small effects €2-fold) on both the refolding and

NG G
MQIFVKT{x-X}KTITLEVE
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Ficure 4: Chevron plots (ad) showing refolding and unfolding kinetic data as a function of denaturant concentration for WT* ubiquitin
and the full set of turn mutants highlighted in Figure 1 (all data collected at pH 5.0 in 25 mM sodium acetate buffer at 298 K). Data were
fitted to a two-state model according to eq 2, and all kinetic paramaters are listed in Table 1.

unfolding rates. However, the data for G5, with the desta- which occur with a low frequency at this position. The effects
bilizing flexible loop sequence, show a significartg-fold) on stability of the X= Gly to X = Ala/Val substitutions (in
deceleration of the refolding rate compared to that of WT* the context of TVXG) are surprisingly small, and subse-
but a relatively small effect {2-fold) on the unfolding guently, we see only small effects on refolding and unfolding
kinetics. The observation of only small changes in the kinetics (Figure 4d). However, most of the effect is clearly
denaturant dependence of the refolding and infolding ratesmanifested in the refolding rate. In Figure 4c, we have also
(myn andmyy, respectively) indicate that expanding the loop included previously published data on the NPDG mutant in
size is not significantly affecting the structure or solvent which the native TLTGK bulged turn sequence was replaced
accessibility of the transition state as manifested in Tanford by the highly destabilizing NPDG type | tur@@). Although

[t values (see Table 1). the latter is a common type | turn in proteins, it is

Turning to the data on the typeturn mutants, where the
effects on stability are small (TNG, ENG, and ANG mutants
vs WT*), we observe equally small perturbations to both
the refolding and unfolding kinetics (Figure 4b,c). However,

significantly less common irg-hairpins because of the

apparent incompatibility of the geometry of the type | turn
sequence with the right-handed twist of the antiparallel
p-strands 25). The substantial destabilization of the hairpin

where more pronounced stability changes are apparent wethat this turn  substitution introduces (11.5 kJ/mol) is
see specific effects on the kinetics that lead to a much clearermanifested in a large~30-fold) deceleration of the refolding
interpretation in terms of the effects on the folding pathway kinetics (Figure 4c).

of ubiquitin. In Figure 4d, the data for WT* are compared
with those for the type' ITVGK turn substitution. This turn

Engineering Stabilizing Tertiary Interactions Decelerates
Unfolding. Substitution with a bulky aromatic residue at

is less stable than the native G-bulged type | turn. The position—B1 (FNG and WNG mutants) uniquely produces

difference in stability is clearly manifested in substantial
reductions in the refolding rate-6-fold) of ubiquitin, with
relatively small perturbations to the unfolding kineties-
fold). The stabilizing effect of the VNGK turn (Figure 4c),
which represents the statistically preferred typeturn

a large change in the unfolding kinetics (Figure 5a). While
we observe an-3—4-fold acceleration of the extrapolated
refolding rate compared to that of WT*, the largest contribu-
tion from the stabilizing effects of these substitutions is
apparent in the substantial deceleration of the unfolding rate

sequence, is manifested largely in accelerated refolding (~14-fold for FNG and~70-fold for WNG). Thus, while

kinetics (Table 1). Importantly, we see only relatively small hydrophobic contacts involving the aromatic side chains of
variations inmyy andmyy values, which suggest that in these  F7 and W7 appear to play some role in stabilizing the hairpin
cases we are not substantially affecting the hydrophobic conformation in the transition state, with a subsequent
surface burial in the transition state for folding. acceleration of the refolding rate, the larger part of the

We also examined the L2 typé turn mutants in which observed increase in stability is manifested not in transition
the preferred Gly residue was replaced with Ala and Val, state stabilization but in the stabilization of the native state,
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Tolerance of the Folding Transition State [®Turn
Substitutions Rate-equilibrium free energy relationships,
describing effects of structural modification on equilibria and
reaction rates, are the classical method of analysis of
chemical reaction transition statés6(57). This multipoint
analytical approach has been successfully extended in
examining noncovalent interactions present in protein folding
transition states using protein engineering methods and has
advantages over the traditional two-poiftvalue analysis
because the former monitors smooth changes in kinetics over
a wide range of stabilities3@, 33, 36, 58, 59). In the current
context, we have analyzed local interactions within the
solvent-exposeg@-turn sequence using the same approach
based upon empirical Leffler (or Brgnsted) relationships:

In kyy = In Kyy® — AAG/RT (4)
(5)

whereAAG represents the effect of the mutation on protein
stability, kyn® andkyy® are the refolding and unfolding rates
of WT*, respectively kyn andkyy are the rate constants of
the mutant, andy; is a proportionality constant describing
the sensitivity of the TS relative to the ground state to
structural perturbations. Thue; measures the position of
the transition state along the reaction coordinate so that an
oy of ~1 indicates a highly structured TS and anof ~0
indicates a TS that is largely unstructured. If the data for

Ficure 5: Chevron plots showing the logarithm of refolding and FNG and WNG are excluded, a linear correlati®n= 0.94)
unfolding rate constants as a function of denaturant concentration. : )

for (a) WT* ubiquitin and the FNG and WNG mutants. In panel b, 1S @pparent for the plot of Iy versusAAG/RT over a
the effects on the folding and unfolding kinetics of the L69A ~20 kJ/mol stability range and &190-fold range of the
mutation are shown in the context of WT* and FNG (assigned refolding rate constant (Figure 6a). From the linear Leffler

SUPfrtSCVLPtﬁA)- A{' ggga &vege ‘EO“ECted fiatttpg' t5-0 in “135 mt'\/{ SOdiU(;“I plots, we calculated an; value of 0.744+ 0.08. We have
acetate oputrer a . Data were Titted to a O-State moae H : H H : H :
according to eq 2, and all kinetic paramaters are listed in Table 1. a}lso 'nCIUded. in this analys!s data from our earl]er mvefstl.ga-
tion of a family of mutants in which the N-terminal hairpin
has been elongated by expanding the loop sequence with an
implying that tertiary contacts, in this case within the autonomously foldings-hairpin peptide sequenca). The
C-terminal 8-strand, are consolidated at a late stage after stability and kinetic data for this mutant fd), and several
the main barrier crossing event has taken place. While theanalogues substituted with Ala in the solvent-exposed hairpin
NMR analysis of the FNG mutant confirms the interactions extension, further substantiate the analysis. The observation
between F7 and L69/L71 in the C-terminaistrand, the of a linear correlation suggests that all of the mutations are
kinetic data provide the details of the timings of these events. probing the same homogeneous region of structure in the
To dissect the kinetic data for FNG into the relative transition state, the position of which is not changing
contributions from local interactions within the hairpin, and significantly with respect to the folded and unfolded states.
those from tertiary contacts with the C-termin&bktrand, This is also evident from the observation that the denaturant
we introduced the L69A mutation into WT* and FNG (WT*  dependence of the refolding and unfolding rate constants (
and FNG, respectively). In both cases, the L69A mutation values) are also relatively invariant with stability. When the
decreases the stability (324 kJ/mol) reflecting extensive  data for FNG and WNG are included in this plot, they deviate
hydrophobic interactions involving L69. We examined the from the linear fit (Figure 6a) which reflects the fact that in
FNG* mutant by NMR and found that perturbations to the these two cases the analysis is more complex because new
Ha chemical shifts were confined to residues close in spaceinteractions have been generated that are affecting other
to the mutation site. In contrast to the large perturbations substructural elements, as already demonstrated. When we
observed for FNG and to the chemical shifts of the L69 apply the Leffler analysis to residues at various positions
methyl resonances from F7, the methyl of A69 is relatively within the C-terminal strand of ubiquitin using the L69A
unperturbed A6 = 0.20 ppm), suggesting a much weaker mutations, additional data generated in previous studies
interaction of this truncated side chain with F7. The involving mutations to solvent accessible residues T66 and
perturbations to the methyl signals of L71 were unaffected H68 that are also found on thisstrand 85), and the data
by the L69A substitution. In the case of FRGhe stability for FNG and WNG, linear correlations are also observed
changes associated with the L69A mutation are manifestedfor refolding and unfolding. A slopey of 0.21 + 0.06

—e— WT*
—a— WNG
—o— FNG

[GdmCI] (M)

In Ky, = In kyy® + (1 — @) AAG/IRT

—ea— FNGA
—e—WT*

[GdmCI] (M)

in substantial changes to the unfolding ratd 80-fold) rather
than refolding rate<{2-fold) (Figure 5b), in good agreement
with earlier data from Went and Jackson on the L69A
mutation in WT* (29).

(Figure 6b) confirms that interactions between the C-terminal
pB-strand and the N-termingi-strand of the hairpin are at
best only weakly formed in the folding transition state and
are consolidated at a late stage in the folding process.
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Ficure 6: Leffler plots showing the logarithm of the observed rate
(refolding or unfolding) vs the change in stabilitAAG/RT) for

the family of ubiquitin mutants. In panel a, the effects of mutations
in the 5-turn fit a linear correlationR = 0.94) giving a sloped()

of 0.744+ 0.08, suggesting that thfeturn is significantly structured

in the transition state for folding. Included in this plot are data for
the ubiquitin 54 protein and several Ala mutants that contain an
extension of the N-terminal hairpin with an autonomously folding
14-residues-hairpin motif 35) (O for refolding data andD for
unfolding data). In addition, the two outlying points marked with
circles correspond to data for the FNG and WNG mutants (not
included in the fit), where effects on stability and folding kinetics
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analysis should enable us to draw similar conclusions. There
are important differences betwegrandao values, wherep

can depend on very specific interactions that are present in
a folding transition state, so mutations must be selected
carefully for nondisruptive side chain deletior&3). Thus,

¢ values are capable of delivering atomic level information
about the structure of folding transition states, whereas the
multipoint Leffler plot can be used to analyze a region of
structure such as a helix and, in this context, lends itself well
to a solvent-exposegiturn. However, as discussed in several
recent papers, the two-point analysis can lead to large
uncertainties inp values when dealing with mutations that
result in only small differences in stabilitypg, 59). In the
data presented here, we see the same variabilipvialues,
where those that correlate well with values from Leffler
plots have correspondingly large stability changes, while
stability changes ok 3 kJ/mol produce, in some cases,
values of>1 or <0 (59). Rather than focusing on a few
data points that result in unusuavalues that are not well-
determined by the small stability changes, we find the same
data sets result in smooth linear free energy relationships
using the multipoint Leffler analysis of the same homoge-
neous region of structure.

DISCUSSION

Correlating Turn Sequence with Stability and Folding
Kinetics. Using the N-terminal 17-residug-hairpin of
ubiquitin as a “host” for mutational studies, we have
investigated the influence of theturn sequence on protein
stability and folding kinetics. Interestingly, replacing the
native TLTGK G-bulged turn with the equivalent Gly-rich
TGGGK sequence appears to have no effect on stability or
folding kinetics. We can speculate that the removal of
backbone steric strain through Gly substitution may com-
pensate for the loss of any side chain specific stabilizing
contacts in the native sequence. However, expanding the turn
to a TGK loop results n a 6 kJ/mol reduction in stability
and slower refolding kinetics that may reflect a substantial
increase in the entropic cost of folding the hairpin template.
Subsequently, we replaced the native G-bulged turn (TLT-

also contain a component corresponding to new tertiary interactions GK) with a four-residue sequence corresponding to a type

between the turn residues and the C-termjifatrand (Leu69). In
panel b, the data for FNG and WNG are shown along with data
for the L69A mutants (WT* and FN@) and the T66A/H68A and
T66E/H68E mutants that represent the substitution of residues
within the C-terminal3-strand or involving tertiary contacts with
this strand. A linear correlation is observéd 0.83) with a Leffler

os value of 0.21+ 0.06, showing that the contacts with the
C-terminal 8-strand are at best only very weakly formed in the
folding transition state. Thus, adjacefistrands within the N-
terminal and C-terminal parts of the sequence show distinctly
different levels of participation in stabilizing interactions in the
folding transition state which is highly polarized toward structural
elements within the N-terminal half of the sequen28, R9).

The observation of high correlation coefficients in the
Leffler plots for both data sets confirms that the mutated
side chains within each family of mutants are structured to
a similar extent in the transition state. Significant scatter, or
deviation of the data from linearity (biphasic behavior), has
been suggested as an indication of competing parallel
pathways with multiple transition state32j. In principle, a
large number of mutations in a small region of the protein
analyzed by two-pointp value analysis and by Leffler

I B-turn that is found to be abundant in protgirhairpins
(22). Statistical analysis shows that certain residues are
preferred at specific sites and that the frequency of occurrence
appears to broadly correlate with turn stabilié®(60). It is
evident that turn sequence selection, involving the substitu-
tion of a relatively small number of residues, can lead to
quite significant effects on protein stability-25 kJ/mol in

the current context) between turn-destabilized mutants and
those with engineered tertiary contacts. This stability range
is in general agreement with earlier studies of the B1 domain
of protein G in which stabilizing two-, three-, and four-
residue loop sequences were identified through in vitro
selection 60). However, the data suggest that additional
evolutionary factors other than intrinsic backbone confor-
mational preferences may contribute to the frequency of
occurrence, including the importance of side chain polarity
in S-turns in encoding surface accessibility and avoidance
of non-native contacts. We analyzed the frequency of
occurrence of polar residues in 609 two-resigsirns of

all types and found that a subset of polar residues (Arg, Asn,
Asp, Glu, Lys and Ser) or the flexible Gly (data not shown)
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could account for 70% of residues at positions L1 and L2. contacts 29). Using the more rigorous linear ratequilib-
Thus, the low frequency of occurrence of hydrophobic rium free energy relationship approach to study a family of
residues in these positions could be ascribed partly to mutants spanning a significant range of stabilitie2Q kJ/
unfavorable intrinsicy and y preferences and also to mol), we have focused on structure formation in the solvent-
eliminate the possibility of non-native hydrophobic interac- exposed turn sequence. There are many examples of well-
tions that could decelerate folding. However, in some characterized systems in which the nature of the folding
contexts, it has been suggested these may be beneficial tdransition state varies considerably from the diffuse structures
productive folding by sequestering at an early stage hydro- found for nucleatior-condensation mechanisms to more
phobic residues that might otherwise make the protein pronecompact structures approaching the framework folding model
to misfolding and aggregatio®{, 62). In small fast folding (33, 34). In the current context, thé-hairpin of ubiquitin is
proteins, compact non-native states are likely to be coun-folded in the TSE, but as demonstrated from peptide fragment
terproductive in the initial conformational search for nucleat- stability studies 23, 24), this structure is not compact but
ing elements of structure8p, 63—67). In other studies, the  stabilized by a loose network of a few hydrophobic side
role of -turns in nucleating folding has been shown to be chains that is probably only consolidated at a late stage in
strongly context-dependent and that the choice betweenthe folding reaction{5). Indeed, little NH protection against
topologically similar folding mechanisms must be defined solvent exchange occurs early in the folding of ubiquitin;
by local interactions. Mutations within the two symmetrically rather, secondary structure appears to be significantly
disposeds-turns of the B1 domain of protein L show that stabilized late in a major cooperative folding evers,(77).
they have quite different effects on folding kinetics with the The protein engineering approach described here, coupled
transition state polarized toward a structured first turn but with statistics on type' |3-turn propensities, NMR structural
disrupted second turn, as evident from contrasting effectsanalysis, and the more rigorous approach of using-rate
of residue substitutions on refolding and unfolding kinetics equilibrium free energy relationships to probe structure in
(68). However, re-engineering stability at the level of local the folding transition state, shows the latter to be robust with
interactions within the two symmetrically dispoggdhairpins regard to mutations and that thfeturn sequence in the
has shown that it is possible to alter the folding mechanism N-terminal 5-hairpin peptide is substantially structuremt (
or nucleation point, reflecting differences in free energy = 0.74+ 0.08), playing a central role in mediating protein
between the isolatef-hairpins in the unfolded statd.1). stability and in templating the folding of ubiquitin.
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