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Sulfate-Induced Effects in the On-Pathway Intermediate of the Bacterial Immunity
Protein Im7**

Eva S. Cobos and Sheena E. Radford*
Astbury Centre for Structural Molecular Biology, Garstang Building, &msity of Leeds, Leeds LS2 9JT, U.K.
Receied October 18, 2005; Resed Manuscript Receed December 21, 2005

ABSTRACT: Intermediates have now been identified in the folding of a number of small, single-domain
proteins. Here we describe experiments to determine the effect &an the properties of the on-
pathway intermediate formed early during the folding of the four-helical protein, Im7*. This intermediate,
studied previously in 0.4 M N&QO,, contains three of the four native helices and is fascinating in that
several residues in helices I, Il, and IV make non-native interactions that stabilize this state. Whether
these contacts form as a consequence of the presence®ONaowever, remained unresolved. Using
kinetic analysis of the effect of N8O, on the unfolding and refolding kinetics of Im7*, combined with
detailed analysis of the resulting chevron plots, we show that decreasing the concentratia®Of Na
from 0.4 b 0 M destabilizes the intermediate and rate-limiting transition (TS2) states by 7 and 10 kJ
mol~1, respectively, and has little effect on the relative compactness of these states compared with that of
the unfolded ensembl@(~ 0.8, 81s2~ 0.9 in 0 to 0.4 M NaSQy). Analysis of 10 variants of the protein

in 0.2 M NaSO, using ®-values showed that the structural properties of the intermediate and TS2 are
not altered significantly by the concentration of the kosmotrope. The data demonstrate that the rapid
formation of a compact intermediate stabilized by non-native interactions during Im7* folding is not
induced by high concentrations of the stabilizing salt, but is a generic feature of the folding of this protein.

While intermediates are commonly formed during the detect in the absence of sali 20), others have suggested
folding of many large ¥ 100 residue) proteins and many have that the generic stabilization of compact states byS@a
been characterized in detall, @), partially folded states have  results in the formation of misfolded or off-pathway species,
only recently been identified during the folding of small, which otherwise would not be encountered during productive
single-domain proteins as techniques capable of their detec{folding (12).
tion using rapid measurements have been developed. In many Here we describe the effect of p&0; on the folding
cases, detection of intermediates during the folding of small mechanism of Im7, a four-helical protein belonging to the
proteins has required alteration of the solution conditions pacterial immunity protein family, which share-60%
and/or changes in the sequence of the polypeptide such thatequence homology2(). The folding landscape of these
intermediates become visibly populatéd-(1). One of the  closely homologous proteins is finely balanced, such that
most common routes used to detect compact states earlysmall changes in sequence or minor alterations in the folding
during folding is by the addition of stabilizing salts (kos- conditions can switch the kinetic mechanism of folding from
motropes), which can affect protein structure through direct two- to three-state5[ 22—24). For example, Im7-folding
interaction with the protein or through effects on water involves the population of an on-pathway intermediate which
structure, depending on the salt concentration usedZ, is stabilized at pH 7.0 by the presence of 0.4 M,8i@,

13). Thus, at low salt concentrations electrostatic interactions (13, 25, 26). The intermediate has been analyzed using
can increase protein stability, while high concentrations of stopped flow and ultra-rapid mixing fluorescence in com-
kosmotropes stabilize proteins through their effect on water pination with hydrogen exchange metho@§<€27) and has
structure and preferential exclusion of the ions from the been shown to be compagt; (= 0.8) and hyperfluorescent
protein surface 14). Sodium sulfate is one of the most (the intermediate is more fluorescent than both the native
commonly used salts for this purposkb), and the addition  and denatured states)3). The intermediate also contains
of high concentrations of N8QO,* (usually at least 0.4 M)  three of the four native helices, while the short (6-residue)
has been shown to stabilize burst-phase intermediates inhelix Il is formed only after the rate-limiting transition state
several proteinsg, 12, 13, 16—-19). While some argue that  has been traversed®®) (Figure 1). Importantly, in the
Na,SQO, stabilizes species already present on the reactionabsence of helix I, helices I, Il, and IV that form early
coordinate, but which are too unstable or too transient to
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U TS1 I TS2 N 0.4 M NaSO, (26) are also reanalyzed in 0.2 M b&0O,
e (the lowest concentration of MN&Q, in which the intermedi-
NNy ate is sufficiently stable to permi-value analysis) to
O ) — provide structural details about the intermediate and rate-
‘. o 4 limiting transition states for folding at the lower concentration
+/- Na,SO, of the stabilizing salt.

Ficure 1: Reaction scheme of the folding mechanism of Im7* at
pH 7.0 and 10C. The native helices |, Il, and IV are colored red, MATERIALS AND METHODS
yellow, and blue. Residues in helix Ill are shown in green. U, |7+ Purification. Im7* and the variants used fdr-value

unfolded state; |, intermediate state; N, native state; TS1 and TS2, . e
early and rate-determining transition states, respectively. While the analysis were overexpressed and purified as descried (

structural characteristics of the intermediate ensemble and TS2 have Data Collection and AnalysisAll measurements were
been determined using equilibrium methods dnaalue analysis performed at 10C using an Applied Photophysics SX18.MV

(26, 55), precisely how helices I, Il, and IV dock in I and TS2 is  stopped-flow fluorimeter, and normalized as described previ-
not currently known and their orientations shown here is arbitrary. ously 6, 29).

gfh Erea'nst#gir.my no knowledge about the conformational properties The urea-dependence of the rate constants of folding and

unfolding of Im7* and its variants were fitted to a three state
during folding dock in a non-native manner, such that the On-Pathway model using the nonlinear least-squares fitting
partially folded species is stabilized by both native and non- Method in OriginPro 7.5 (Hearne Scientific Software):
native interactions involving side chains in these helices, scheme 1

including the single tryptophan (Trp 7526, 28). To form . ki
the native state, helices |, Il, and IV must then reorganize, U—I1—/N
allowing helix Ill to dock onto the structure, effectively ki K

trapping the protein in the native conformation. where U, |, and N are the unfolded, intermediate, and native
The importance of non-native interactions in stabilizing gtates, respectively and used to obtain the valkigs,
the intermediate state in Im7-folding provides an opportunity (— kailki), kin andk,; and the corresponding m-valub,_
to tailor the ruggedness of the landscape with unprecedenteq= m, — Mu), Mn, and my. Since only the equilibrium
precision. For example, decreasing the pH from 8.0 to 6.0 properties of the intermediaté, | andMy_; are described
stabilizes the folding intermediate but has little effect on the py the stopped flow datd,; was fixed to 3000 &, using
stability of native Im7* (a hexa-histidine tagged version of the value for this constant previously measured for the wild-
the protein), such that the ruggedness of the landscape isype protein using ultra-rapid mixin@§). Only for variants
increasedq). By contrast with Im7, the homologue Im9 folds displaying an unfolding roll-over wak, allowed to vary
with two-state kinetics at pH 7.05( 13). However, the  from this value to obtain an adequate fit to these data.
folding mechanism of Im9 can be switched to three-state  1¢ obtain accurate values for the rate constants and their
kinetics by introducing substitutions at solvent exposed respective m-values both the urea-dependence of the rate
positions which increase the helical propensity of helices |, constants and the associated kinetic amplitudes (the initial
I, or IV (24). Alternatively, stabilizing non-native interac-  ang final fluorescence signals) were used to fit the data.
tions by amino acid substitutions at specific sites designed pjtially, only the urea-dependence of rate constants was
on the basis of the properties of the Im7 folding intermediate fitted. Once an adequate fit to the rate constants was obtained
(23) or reducing the pHY) also results in Im9 folding to  the urea dependence of the initial and final fluorescence
the native conformation via a populated three-helical inter- sjgnals was also considered. Only parameters that resulted
mediate. Together with information from UV resonance n a good fit to both sets of data, which was judged from
Raman spectroscopy that indicates that Trp75 experiences ghe chi-squared statistic as well as an accurate reproduction
more hydrophobic environment in the partially folded of the fluorescence signals versus the concentration of urea,
intermediate of Im7* than in the native proteid8), these  were considered as an adequate fit to the data. Note that
data suggest that specific non-native interactions involving while the rate constant can be accurately measured with high
aromatic and aliphatic side chains play a critical role in the reproducibility (within +5%), analysis of the fluorescence

folding of this protein. signals is subject to a larger errat10%). This was taken
Despite the detailed information obtained to date about into consideration when judging the goodness of fit of the
the folding mechanism of Im7*, the role of BBO, in this data.

process and, specifically, whether folding via a three-helical The chevron plot for each variant and for the wild-type
intermediate stabilized by both native and non-native interac- protein at a concentration of 6-0.4 M N&SQO, was fitted
tions results as a consequence of the addition of 0.4 M individually. The data for the wild-type protein as a function
NaSQ,, remained unresolved. To address these issues, weof the concentration of N8O, was also fitted globally,
have reinvestigated the folding mechanism of Im7* as a sharing values fom, (2.6 + 0.5 kJ mof* M%) and mj,
function of the concentration of M&O, (0—0.4 M) using (0.6 + 0.1 kJ mot! M~%) which were shown using the
stopped-flow fluorescence and have analyzed the results inindividual fits not to vary significantly versus the concentra-
detail, taking account of possible movements in the ground tion of Na&SQ,. No significant differences were observed
states, and transient population of the intermediate duringwhen the results from the individual fits and the fits sharing
both folding and unfolding as a function of the concentration parameters were compared. Global analysis thus allowed
of the kosmotrope. Ten variants selected from those usedaccurate fitting of all curves, irrespective of the stability of
previously to determine the folding mechanism of Im7*in 1.
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In all fits, the fluorescence signals of U, I, and N intH
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®-Value Analysis®, and ®rsrvalues are defined in eqs

and the urea-dependences of these signals were assumed nadtand 8:

to vary for the different variants and different solution
conditions studied. For wild-type Im7*in 0, 0.1, and 0.4 M

NaSQO, and most variants values the fluorescence signals

of U, I, and N were 0.675- 0.04 [urea], 1.15+ 0.02 [urea],
and 0.265+ 0.02 [urea], respectively. For wild-type Im7*
in 0.2 and 0.3 M Ng5Q, the fluorescence signal of | was
altered to 1.35+ 0.02 [urea] and 1.2A 0.02 [urea],
respectively, to adequately describe the initial signal. Simi-
larly for the variants L3A, L34A, V42A, and 144V in 0.2 M
NaSQ,, the fluorescence signal of | was altered to 075
0.02 [urea], 0.59+ 0.02 [urea] 0.95+ 0.02 [urea], and
1.25+ 0.02 [urea], respectively.

Fitting Data to Cheron Plots Showing Significant Cur-
vature in the Unfolding BranchThe variants 122V, L34A,
and L38A displayed significant curvature in the unfolding
branch. The folding and unfolding kinetics of these variants

was also fitted to the three-state on-pathway model, assuming

that the same intermediate is transiently populated during
both folding and unfolding. Alternative models, including a
model involving a switch or movement in the rate-limiting
transition state30) were not able to fit the data satisfactorily.
For 122V k,; was fixed to 1000 §' to obtain a satisfactory
fit to the data, while for L34A it was necessary to véagy,
keeping a fixed, of 50 s'*. Both parameters were altered
to obtain a satisfactory fit to the data for L38A. Data obtained
previously for L34A and L38A in 0.4 M N&O, (26) which
also show a significant deviation from linearity in the
unfolding branch of the chevron plot were refitted in this
manner.

Calculation of the Stability of N and | States gfid’anford
Values The stability of N and | were estimated from the fit
to eq 1 according to:

AG, = —RTIn(%-%) 1)
AG, = —RTIn(%) )

where the ratid,i/ki, represents the value of the equilibrium
constant between U and K¢(-)).

The respectiven-values were also calculated from the fit
of the data using:

3
4

My =m,; —my,
MU—NZ%i_Mu+mn_”1r1i
The position of the intermediategs|j and rate-limiting

transition state rsy) along the reaction coordinate are
defined from the kinetien-values by:

My
=— 5
ﬂl MU*N ( )
My + my,
Brs2= UMIU_N (6)

_ AG]_, — AG[}, -
'OAGD  — AG™
kin
(AG]_, — AG}) — RTIn(ki—VCt
TS2 ™ - (8)

(AG]_y — AGYy)
where the superscripts m and wt refer to the mutant and wild-
type species, respectively. Substitution of eqs 1 and 2 into 7
and 8 were used to obtain the expressions used to calculate
the ®;- and ®+1srvalues determined from the microscopic
rate constants for folding and unfolding:

o

ki

(ERE
ki)

ikl
Il

Estimation of Errors Errors for Ky—;, AGy-n, AGy-y,
Mu-n, Mu-i, Bi, Brsz Were propagated from errors in the
individual parameterksy, Kin, Kqi, My, my, my andmy,;. Errors
in @, and ®+1s, were calculated from the partial derivatives
of eqs 9 and 10 using MAPLE 9.5 (Adept Scientific).

RESULTS

Folding and Unfolding Kinetics of Im7* as a Function of
the Concentration of N&Q,. The folding and unfolding
kinetics of Im7*, measured using stopped-flow fluorescence
in the presence of-80.4 M NgSQ, at 10°C, are shown in
Figure 2. Previous results using higher concentrations of this
salt (0.4 up to 1 M) have shown that the compactness of the
intermediate does not increase above 0.4 M3 at the
pH and temperature used in the present stug)y Thus,
higher concentrations of N80, were not considered here.
The data show that, as the concentration of,3@ is
decreased from 0.4 to O M, the unfolding rate constants are
increased (Figure 2A), and the native state is destabilized as
indicated by the shift in the midpoint of the final fluorescence
signal toward lower concentrations of urea (Figure 2B). In
addition, the nonlinearity observed in the logarithm of the
folding rate constant versus the concentration of urea (the
“roll-over”) becomes much less apparent as the concentration
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1000 g - - T - T T 3 the population of an intermediate in the first 3 ms of folding

; A even in the absence of pBO,.

] The Effect of Ng&5Q, on the Position of the Intermediate
and TS2 on the Reaction Coordinateis well-known for
many reactions in organic chemistry that there is a linear
relationship between the change in the rate of a chemical
reaction with the change in stability of the ground states,
caused, for example, by changes in pH, temperature, or salt
concentration 31). These rate-equilibrium free energy
relationships, REFERS, have also been used in protein folding
studies to characterize the properties of the transition state
TH—— relative to the ground states when perturbations are applied
to the system 32). For example, in situations where the
relative compactness of the ground states of a reaction are
known to be invariant to changes in the solution conditions,
changes in the apparent compactness @thealue) of the
transition state as the stability of the native state is decreased
have been interpreted as a movement of the transition state
toward the native conformatietthe so-called Hammond
effect 33, 34). For many proteing, and s values have
been shown to remain constant over a broad range of
AAGy-y values, indicating little effect of a free energy
perturbation on the structure of the intermediate and rate-
limiting transition states 35). In other cases, however,

[Urea] (M) significant changes if§, and s values asAAGy-_y varies
FiGURE 2: Folding and unfolding kinetics of Im7* at different ~ SUggest structural changes in the intermediate and rate-
concentrations of N&Q;. (A) The urea-dependence of unfolding limiting transition states as protein stability chang8s)(
and folding rate-constants obtained by stopped-flow fluorescence. Thus, the characterization of REFERSs can provide important
The concentration of N8O, is 0.0 M (circles), 0.1 M (squares),  jnformation about the position of the transition state (fol-

0.2 M (down triangles), 0.3 M (diamonds), and 0.4 M (up triangles). . . :
All data were obtained at pH 7.0 at 2C. Continuous lines show lowing Hammond behavior) or changes in the ground states

the best fit to the three-state on-pathway model (see Methods). (B)©f @ reaction upon perturbation. _
The urea-dependence of the initial (open symbols) and final (filled  To determine whether the inclusion of )}, increases
symbols) fluorescence signals obtained from the refolding kinetics. the apparent compactness of the intermediate and rate-
Solid lines represent the best fit to the three-state on-pathway mOdeIIimiting transition states of Im7* folding, a detailed analysis
(see Methods). of the equilibrium and kinetien-values obtained in-60.4
- - T . M Na;SO, was undertaken (Table 1). Different possible

of N&SOy is decreased, consistent with significant destabi- ; ; .

2SO 9 scenarios for the effect of N8O, on the folding reaction

lization of the intermediate as the concentration oS coordinate for a three-state reaction involving an on-pathwa
is decreased. Importantly, the roll-over remains a clear feature. 9 P y

of the chevron plotri 0 M N&SQ, consistent with retention intermediate are depicted in Figure 3. Although Hammond

of a three-state folding mechanism even in the absence of_behawor and ground-state effects are both related to changes

the kosmotrope (Figure 2A and3)). In accord with this in observedir values, these effects can be distinguished by

analysis of the effect of N&O, on the urea dependence of careful comparison of the effect of the perturbation on the
YS! . P equilibrium and kinetian-values (distinguished here by the
the initial fluorescence signal also shows that the burst-phase

. . o . ~“use of upper casMx_y value for equilibrium parameters,
intermediate (which is more fluorescent than both the native while the lower casen,, value is used to denote the kinetic

f”md denatured states) rem_a_lins significa_mtly populated evenparameter). Thus, when the native state is destabilized (e.g.
in the absence of the stabilizing salt (Figure 2B). by decreasing the N80, concentration) and the rate-limiting
The data shown in Figure 2 were fitted both individually transition state demonstrates Hammond behavior (case 2,
and globally to a three-state on-pathway model (see Meth- Figure 3), no change iMy_y is observed, whilem,_ts;
ods), and the resulting thermodynamic parameters are showrncreases. By contrast, when a ground-state effect occurs and
in Table 1. The data show that the microscopic folding rate the position of the transition state is not alterdd,—y is
constant in waterk,, does not change significantly versus decreased (or increased) due to changes in the structure of
the concentration of N&Q;, indicating that the stabilities  the unfolded or native states (Figure 3, cases 3 and 4,
of the intermediate and rate-limiting transition states (TS2) respectively). Thus, constari¥lx_y values indicate the
respond similarly to the concentration of 1$©,. By absence of changes on the ground states, while changes in
contrast, decreasing the concentration 0@ results in this parameter suggest changes to at least one of the ground
a decrease iMM\Gy-ny and AGy-y, indicating that both the  states by the perturbation applied. Finally, by comparison
intermediate and native states are destabilized as the conef the kinetic and equilibriunm/M-values whether ground-
centration of NgSQy is lowered AAGy_n = —9.6 kJ mot? state effects result from changes in the unfolded or native
andAAGy-, = —7.6 kJ mot! (0.4 o 0 M NaSQy)) (Table states can be discerned. Using such an approach, Sanchez
1). Consistent with previous results3), therefore, the data  and Kiefhaber have analyzed 21 different proteins and have
indicate that Im7 folds via a three-state mechanism involving shown (with the notable exception of CI22)) that apparent

100 E

Kops (5

10

Normalised fluorescence intensity
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Table 1: Kinetic Parameters from the Global Fit of the Folding/Unfolding Kinetics of Im7* gt @nd Different Concentrations of b&0,2

[Na,SQ Ku-i Kin Kni Mn Mhi Muy-i My-n AGy- AGy-n Bi Prs2
0.0 10+ 4.6 246+ 29.8 24+0.7 0.6+0.1 -0.46+0.11 5.12+0.86 6.184+0.87 —-54+11 -163+1.3 0.83+0.18 0.93+0.14
0.1 15+ 4.9 282.4+16.4 1306 0.6+0.1 -059+0.15 4.70+0.76 5.89+0.79 —-6.4+0.8 -19.0+1.3 0.80+0.17 0.90+0.13
0.2 35.3+11.9 281.8+ 8.3 14+ 0.8 0.6+01 -0.50+£0.19 4.60+0.72 5.70+0.76 —-84+08 —-209+15 0.81+£0.17 0.91+0.13
0.3 75.0+ 32.7 273+ 7.1 1.2+0.9 0.6+0.1 -050+0.25 4.39+-0.72 549+0.77 -102+1.1 -—-22.8+19 0.79+0.17 0.91+0.13

0.4 200.0+£ 129.7 252.3- 8.5 0.8+1.1 0.6+0.1 -0.55+048 3.90£0.90 5.05+£1.02 -125+15 —-259+3.6 0.77+£0.24 0.89+:0.18

a2 All data were fitted to the on-pathway three state model (see Methods). UnitsS@EM); ki, (S71); My (kJ molt M~1); AGx-y (kJ mol?).
Errors shown correspond to the fitting errors and the propagated errors thereof.
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: 1 My, 15, : 1 MMy E
I i X Mo~ | i or m, b
: M T ¥ S,
1 m, | | 1 -
| ey | L . , \ \ .
e — * g s ;y: ) 26 24 22 20 18 -16
:, M, 153 1, : 4
< Mo~ AGy (kd mol™)
Reaction Coordinate Decrease [Na,SO,]
v Ts1 I 182 N e d:;::::::'['::_so ) Ficure 4: Dependence d¥ly_y (circles),My_, (triangles),m,_ts
1 I T T T 1 - S (diamonds), andn,; (squares) om\G_y, determined by altering
Y TS1 I TS2 N o my Mys e Pre the concentration of N&Os. The solid lines represent the weighted
z [ — — oy e linear fit of the data.
U TS1 1 TS2 N . N
3. Il } } - My.x =Brs: the addition of NgSO, has no significant effect on the
= = < > . . e .
- rs1 1 Ts2 . compaction of the unfolded state and rate-limiting transition
4. | — } | Porz T Myx =Pre state. Whether more subtle changes in the relative compact-

Ficure 3: lllustration of possible effects induced by a perturbation N€SS Of these states occurs during folding, as perhaps
on the position of ground states and the rate-limiting transition state Suggested by the systematic increaseMig-n, My-1 and
(TS2) for the three-state on-pathway model. For simplicity, TS1is m,_ts, values asAGy-n decreases (Figure 4), cannot be
not considered since this species cannot be characterized usingesolved beyond the errors associated with fitting the data.

stopped-flow methods. For clarity, the possible effects of a Does the On-Pathway Intermediate Misfold at Low
perturbation on the intermediate state are not depicted here, bu

t . . ...
these effects can be analyzed in a manner similar to those depicted-oncentrations of N&Q,? While the above analysis indi-
for TS2 in cases 24. The scheme is an extension of that shown cates that the compactness of the intermediate and rate-

by Sanchez and Kiefhabeb@). 1 - reference situation. 2 -  limiting transition states of Im7* do not depend on the
ovemen: o TS5 di o o o St ot o st ConEenlen of MO, th question remainr whether he
4 - apparent movement of TgSZ due to a ground-state effect on théadd!tlon of the k.osmerpe causes Changes_ in the confor-
unfolded state. mational properties of these species. In particular, whether
the intermediate of Im7* retains the same three-helical
movements in the transition states of many protein folding structure stabilized by the unusual and striking mispacking
reactions upon mutation can be described by ground-stateof side chains observed previously in 0.4 MJS@&, (26)
effects, rather than Hammond behaviBby remained an open question. Importantly, of the 27 residues
The dependence dfly—n, My-i, My—tszandmy, on AGy-n altered in the previou®-value analysis of Im7* folding in
for the folding transition of Im7* in different concentrations 0.4 M NaSOQ,, 16 variants result in values &fAGy_y high
of N&SQ, is shown in Figure 4. The data show that as the enough for accurat@-value analysis 36), and of these,
stability of native Im7* is decreaselly_n, My, My—Ts2 seven result in values @b, that exceedPs, by 0.1-0.9
increase slightly whilen,; remains constant. While such data (26), confirming the validity of the interpretation that non-
would be consistent with a decrease in the compaction of native interactions are an important and characteristic feature
the denatured state as the concentration of the kosmotropef Im7* folding. To determine the conformational properties
decreases, none of these parameters changes significantlgf the intermediate at lower concentrations of,8@, the
relative to the experimental error of fitting these parameters folding and unfolding kinetics of 10 of the variants studied
(Table 1). These data indicate, therefore, that the addition previously in 0.4 M NaSQ, (26) were reanalyzed in 0.2 M
of NaSO, does not lead to a significant increase in NaSO, (the lowest concentration of NaQ, in which the
compactness of the intermediate during Im7* folding. intermediate is sufficiently stable to perrditvalue analysis).
Instead, this species remains similarly compact even whenResidues were chosen that span the four helices of the native
it is only marginally populated. The data also indicate that protein (L3A (N-terminal region), V16A and 122V (Helix
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Ficure 5: Folding and unfolding kinetics of wild-type Im7* and 10 variants at’@and 0.2 M NaSO;. (A,C) The urea-dependence of

the unfolding and folding rate constants obtained by stopped-flow fluorescence for (A) L3A (circles); V16A (squares); 122V (up triangles);
L34A (down triangles) and L38A (diamonds) and (C) V42A (circles); 144V (squares); L53A (up triangles); 168V (down triangles) and
V69A (diamonds). The continuous lines show the best fit to on-pathway three-state model (see Methods). The data for wild-type Im7* are
shown as a gray dashed line. (B,D) The urea-dependence of the initial (open symbols) and final (filled symbols) fluorescence signals from
the refolding kinetics of these variants. Solid lines represent the best fit to the three-state model. The fluorescence signals obtained for
wild-type Im7* are included for comparison (gray dashed lines).

1), L34A, L38A, V42A, and 144V (Helix Il), L53A (Helix same intermediate becomes transiently populated during both
1), and 168V and V69A (Helix 1V)), including several (L3A,  folding and unfolding (see Methods). As shown in Figure
L34A, L38A, V42A, and 168V) that report on the formation 5, an excellent fit to the data was obtained for all variants
of non-native interactions. In all cases, the rate constants forwithout the need to invoke more complex models. The
folding and unfolding, as well as the initial and final resulting kinetic and thermodynamic parameters are shown
fluorescence signals, were measured so as to provide the mosh Table 2. Consistent with our previous analysis of Im7*
accurate measurements of all kinetic parameters possiblefolding using ultra-rapid mixing25), the data provide further
Chevron plots and the associated initial and final fluores- evidence that the intermediate in Im7* folding is on-pathway,
cence signals for the 10 variants of Im7* studied in 0.2 M since this species is populated during both folding and
NaSO, are shown in Figure 5AD. All variants were unfolding.
destabilized significantly relative to wild-type Im7*, as @, and drsxrvalues for the 10 variants of Im7*in 0.2 M
demonstrated either by an increase in the rate constant foiNa,SQO;, determined as described in the Methods section,
unfolding and/or a decrease in the rate constant for folding. are summarized in Figure 6, and the resulting parameters
Consistent with this, a decrease in the midpoint of denatur- are listed in Table 2. As occurs in 0.4 M MO, residues
ation of the native protein is observed, judged from the urea with high ®@,-values ¢ 0.3) are obtained for residues V16A,
dependence of the final fluorescence signals (Figure 5B,D).L38A, and 168V in helices I, I, and IV, while thé,-value
Interestingly, three of the variants studied (122V, L34A, and for L53A in helix Il is close to zero, consistent with Im7*
L38A) show clear nonlinearity in the unfolding branch of folding via a three-helical intermediate at the lower concen-
their chevron plots (Figure 5A,C). Such a feature can arise tration of NaSQ, studied here. For six residues (V16A, 122V,
from several scenarios, including the presence of unfolding 144V, L53A, 168V, and V69A), the ®,-values remain
intermediates 37), broad energy barriers in the reaction unchanged or increase in TS2, consistent with the structure
coordinate permitting movements in the rate-limiting transi- in the intermediate becoming consolidated as the transition
tion state 84, 38, or a switch in the rate-limiting stept( state is reached. Interestingly, however, for L3A, L34A, and
22, 30, 39, 40). Previous data on Im7* unfolding in 0.4 M L38A, which lie in the N-terminal region and helix Il, the
N&SQO, for F15A, L34A, L37A, L38A, and F41L also  ®-values exceed those fdprs, (P — P15, = 0.28, 0.16,
showed this feature, while it was not observed for 1228) ( and 0.28, respectively (Table 2)), suggesting that these
Since the denaturant dependence of the initial signal showsresidues form non-native stabilizing contacts in the inter-
that the intermediate in Im7* folding remains populated in mediate. For 7 of the 10 residues measured, including 2 of
0.2 M NaSO, for 8 of the 10 variants (Figure 5B,D) the the 3 residues for whick®, > ®1s,; AAGy-n ranges from
data were fitted to the on-pathway model, assuming that the3.4 to 11.5 kJ mol', confirming the validity of these
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Table 2: Folding and Unfolding Kinetics of Im7* in 0.2 M M&O,, pH 7.0, 10°C?

variant Ku-© Kin Kni My-@ My My My-n& AGy_f AGy_f doh Drgfn
L3A 10.44+2.0 420.7£21.3 2.62+0.10 4.65£0.14 0.6£0 —0.45+0 570+ 0.14 -554+04 —-175+05 0.84+0.32 0.57+0.25
\'\/‘j.tggm :)p.b) 75+3.4 258.7+34.9 279+0.12 458036 0.6+£0 —0.53+0 5.63+0.36 —-48+11 —-154+11 0.67+0.18 0.70+0.18
:;ZI\I; ! (b) 39.8+1.1 1251+1.3 23.64+-0.10 4.80+£0.00 0.9+-0 -0.31+0 599+ 0.00 —-8.7+0.1 —-126+0.1 —0.03+0.10 0.24+ 0.08
E;i{:jl ® b 16.7+£0.6 1216.3:96.2 59.22-0.91 4.95£0.08 0.7+0 -0.10+0 5.75+£0.08 —-6.6+0.1 —13.7+£0.2 0.25+-0.09 —-0.23+0.14
E;Es;:ju (p.b) 55+22 1169.1+0 118.56+24.15 4.40+0.53 0.8£0 —0.11+0.06 5.28+054 —-4.0+09 —-94+11 0.42+0.08 0.13+ 0.09
\l_/iilé);” (p.b) 30.0£6.0 459.1+13.7 5.21+0.17 4.43£0.12 0.6£0 —0.53+0 5.56+0.12 —8.0+0.5 —185+0.5 0.16+0.34 —0.33+0.56
EZII\Z :: EZ) ) 53.2+79 113.9+-1.6 1.73£0.07 4.85-0.12 0.6+:0 —-0.30+0 575+0.12 -9.3+0.3 -19.2+0.4 -0.16+0.33 0.704+0.56

L53A 85.7+ 8.2 80+ 63.9 165.28+ 27.12 5.00£0.21 0.6£0 —-0.40+0 6.00+0.21 —10.5+0.2 —-8.8+1.9 -0.17+0.09 0.07£ 0.16
Helix 111 (b)
168V 8.0+£1.0 331.9+12.1 1.74£0.04 450+0.10 0.6+0 —-05+0 5.60+£0.10 —4.9+0.3 —-17.3+£0.3 0.97+ 0.35 0.86+ 0.31
Helix 1V (b)
V69A 26.8+£7.4 300.1+12.7 442+ 020 4.70+£0.20 0.6£0 —-0.45+0 5.7+0.20 —7.7+06 —-17.7+0.7 0.20+ 0.27 0.15+ 0.28
Helix IV (b)

aUnits: [Na&SOy] (M), ke (57, myy (kJ molt M~1), AGx-y (kJ mol?). P The location of the residue in the native structure is noted as the
corresponding helix, followed by the degree of burial of that side chain in brackets, where p.b. is partially buried, and b. i§ Kwridgd.
calculated a%i/ky. Errors inKy_, are the propagated errors estimated from the partial derivative of that®dip.; calculated from eq 3 My_y
is calculated from eq 4.AGy-y andAGy-, are estimated from eqgs 1 and 2, respectivelp; and ®rs, are calculated from eqs 9 and TErrors
in kin, ki correspond to the fitting errorsn, was fixed in the fitting procedure, and, was constrained to the value for the wild-type protein,
except for variants showing an unfolding roll-over. ErrorsAGy-n, AGy-1, Mu-1, My-n, @, and ®rs; are the propagated errors estimated from
the partial derivatives of eqs 1, 2, 3, 4, 9 and 10, respectiV&lye to the smalAAGy_y values obtained for these variants tevalue cannot
be determined accurately, resulting in high propagated efrbrese proteins show roll-over in the unfolding branch in 0.2 M3@ (Figure
5A,C). The kinetic data have been fitted taking the unfolding roll-over into account (see Methods).

_ —T % & & % F % v 0 employed (correlation coefficient of 0.97), demonstrating that
12F . I Im7* folds via a three-helical species that is stabilized by
i both native and non-native interactions, irrespective of the

’
08 ' é . concentration of N&0O, in which folding is studied.
st | [ . _
sl |1 TR DISCUSSION
‘N > B |, .
o2t | |1 7y LV | LT ; . . .
1Ml E n A Single Model Describes the Folding Mechanism of Im7*

in Different Concentrations of N&Q,. Experimental results

| | obta_lined over th_e past few years have demonstrated_that
il | partially unfolded intermediates are formed during the folding
sal @z 0.4 MNa,SO, of many proteins, including small proteins with simple
45 — topologies such as the bacterial immunity proteis«43).

Tar - B 1 Characterization of these partially folded states and analysis
12r ] of the folding kinetics using rapid methods have provided
o i detailed information about the role of intermediates in
3‘2 folding, as well as the structural properties of these species

(44, 45). In some cases, kinetic information supports an on-
pathway role (U< | <= N), suggesting that intermediates

S

504t
® o2t
0.0

S

] . &L |17 Vs can be productive, allowing the protein to attain the native
02} l/é I% i structure by consolidation of the packing of side chains from
04} ~ ! an intermediate species in which the native topology is
06 F [ @y, 0.2 M NaSO, usually already well formed1( 25, 46—48). For other
08} D15z 0.4 M Na,SO, - proteins, however, intermediates have been suggested to be
-1.0 L off-pathway species that are kinetically trapped or substan-

L3A V16A 122V L34A L3IBA V42A 144V LS3A 168V VE9A

_ tially misfolded (I < U < N) such that they cannot reach
Mutation

the native state without substantial unfolding and/or reor-

FiGure 6: Comparison of (AYP, and (B) ®rs; values obtained in - ganization events49—51). As shown here and in previous

0.2 M (light gray bars) and 0.4 M (filled gray bars) 260, (26) studies 6, 47), the presence of intermediates can be
for equivalent variants of Im7*. The error bars were calculated from if d i " Vi includi i .
the fits to the chevron plots as described in the Methods, taking Manifested kinetically in many ways, including nonlinearity

into account the errors in the kinetic constants and slopes resultingin the folding branch of the chevron plot, by the presence of
from chevron plots. Errors in the data in 0.4 M4$&, were taken an unfolding rollover, or by nonlinearity in both the folding
from previous dataZ6), or were recalculated (see Methods). and unfolding branches of the chevron plot. Interpretation
of nonlinearity (downward curvature) in the unfolding branch
conclusions. Statistically, an excellent agreement was ob-of a chevron plot in terms of the transient population of an
tained for thed-values obtained in 0.2 and 0.4 M MO, intermediate during unfolding is particularly informative,
(correlation coefficient of 0.97), as well as for tidersy since such a model dictates that the intermediate must be
values obtained in the two concentrations of ,8@, on-pathway, since the same species is populated during both
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