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ABSTRACT. A series of core mutations were introduced ifkstrand segments of an immunoglobulin

fold (the isolated first domain of CD2, CD2.d1) to examine their influence on the rapidly formed
intermediate state (I-state) which transiently accumulates in the folding reaction [Parker, M. J., and Clarke,
A. R. (1997)Biochemistry 365786-5794]. The residue changes were chemically conservative, each
representing the removal of one or two methylene groups from aliphatic side chains. Predictably, the
mutations destabilize the folded state with respect to the unfolded state by abau®X. kcal mot? per
methylene group removed. However, when the folding reaction is dissected by transient kinetic analysis
into its component steps, six out of the nine mutations lead to a stabilization of the I-state. The direction
and magnitude of these effects on the global stability of the transient intermediate are well correlated
with changes in secondary structure propensity occasioned by the substitutions. The results show that,
although side chain interactions are extremely weak in this early phase of foldifigsttend conformation

of the polypeptide chain is established. In the next phase of the reaction, the rate-limiting transition state
is attained by the formation of a tightly localized hydrophobic nucleus which includes residues V30, 118,
and V78. Interestingly, in almost all immunoglobulin domains of extracellular proteins, the latter pair are
cysteine residues which form a disulfide bridge.

While it has long been maintained that the chief driving of the native state and are still partially hydrated. Given the
force in achieving and maintaining the native state of protein complexity of the search problem, studying these transient
molecules is the hydrophobic interactioh, ), the role species offers an opportunity to understand the basic
played by other interactions, such as main chain torsion anglesequence determinants for limiting conformational freedom.
preferences and backbone hydrogen bonding, remains arhe mechanistic relevance of these species has been brought
subject of some debate. The emphasis placed on the relevancmto question however. While some maintain that these
of these interactions has a marked influence on how we view species are an essential and relevant part of the folding
the process of protein folding. In hierarchic models of protein processg, 10), others argue that they are misfolded structures
folding, for example, main chain torsion angle preferences which actually inhibit the folding reactioriLg, 12). Either
and short-range backbone hydrogen bonding interactions playiew depends, to a large degree, on the extent to which the
an important role in predisposing parts of the sequence totypes of interaction listed above direct the chain toward its
forming native-like elements of secondary structure in the native topology in these early stages of structure acquisition.
earliest stages of folding3{-5). In contrast, hydrophobic = Resolution of these arguments therefore demands the detailed
collapse models view the early stages of folding as being elucidation of the structural, energetic, and dynamic proper-
driven by the global and random association of nonpolar ties of these rapidly formed intermediates.
groups 6, 7). The greatly reduced number of possible chain ~ The 98-residue, N-terminal domain of rat CD2 (CD2d1)
configurations in these compact states is then proposed tas an allf protein belonging to the IgG superfamily but,
reduce the scale of the search probled ( unusually, contains no disulfide bridg&3). Kinetic studies

Despite the cooperative nature of the folding mechanism, reveal that this protein folds via the rapid formation of an
there is an increasing number of examples of proteins whereintermediate which precedes the rate-limiting formation of
folding begins with the rapid formation of well-populated the folded state1(d). The structure of this state has been
intermediatesq, 10). Such intermediates are compact and extensively probed by hydrogewdeuterium exchange studies
contain extensive native-like secondary structure. They do, (15, 16), and its thermodynamic properties have been
however, lack the intimate side chain contacts characteristicassessed by the temperature dependence of kinetic parameters
(17). Taken together, the results of these experiments imply
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examine the effect of side chain truncations on the stability =~ Treatment of Equilibrium DateEquilibrium fluorescence
of both the I-state and the rate-limiting transition state in profiles were fitted to the equation
the folding reaction.

| = ol + oyl (2)

EXPERIMENTAL PROCEDURES

Source of ProteinAll mutants of CD2.d1 were generated
using the one-sided overlap extension methit®) (ising a Kew = Keuw) exp(m,D)
Perkin-Elmer DNA thermal cycler and cloned into the
pGEX-2T glutathioneStransferase (GST) fusion vector e = Ken/(1+ Kep)
(Pharmacia). Resulting constructs were transformed into oy =1-o0¢
competent Escherichia coliHB2151 cells (Pharmacia).
Plasmid DNA from transformants overexpressing GST fusion wherear anday are the fractional populations of molecules
proteins, as assessed by SEFAGE, was prepared and in the folded (F) and unfolded (U) states, respectivlys,
sequenced to check for incorporation of correct mutant andly are the fluorescence intensities (measured, folded, and
codons and to ensure no random errors had been incorporatednfolded, respectivelyXry is the equilibrium constant ([F)/
into the rest of the gene. Oligonucleotides used for mutagen-[U]) at a given denaturant activitiSguw, is this equilibrium
esis and sequencing were obtained from Cruachem Ltd.constant in water, andy, is the exponential reduction in
Sequencing of DNA was performed by the chain termination K, as a function of denaturant activity (it has units of %}
procedure, using a Du Pont Genesis 2000 automated Treatment of Kinetic Datal he transients of fluorescence
sequencer. intensity () versus time, which are single, first-order
Wild type and mutant proteins were prepared and purified processes, in both the folding and unfolding directions, were
as described previouslyl4). Protein concentrations were fitted to the equation = IJ1 — exp(kt)] + I, for rising
estimated by UV absorption of aromatic residues at 280 nm intensities (wherd, is the fluorescence amplitude of the
[e = 5500 Mt cm™ for tryptophan (two residues) and 1100 reaction,k is the observed rate constant for relaxation, and
M~! cm™? for tyrosine (two residues)]. I, is the initial intensity) and td = |, exp(—kt) + I for
Equilibrium and Kinetic Folding and Unfolding Measure-  decreasing intensities (whele is the final fluorescence
ments.Guanidine hydrochloride (GuHCI) (Sigma Chemical intensity).
Co.)-induced equilibrium unfolding profiles were measured  Rate profiles [observed rate constak,g vs denaturant
by fluorescence spectroscopy, as described previolidly ( activity] were fitted to the equation
The GuHCI-dependent folding and unfolding rates were
measured by fluorescence stopped-flow spectroscopy, as Kops = Ke— + K/ (1 + 1/Ky) 3)

described previously1¢). Both equilibrium and kinetic -
measurements were carried out in 50 mM triethanolamine Whereki—r andke—, are rate constants describing the forward

hydrochloride (TEA) (Boehringer Mannheim) (pH 7.5). and reverse transitions, respectively, between the folded and

Sodium sulfate (NS0 (Sigma Chemical Co.) was added intermediate (1) states arid,y is the equilibrium constant

to GUHCI and protein solutions at appropriate concentrations (/U] for the rapid interconversion of the intermediate and
to give the denaturant activities defined below. unfolded states1@©). In the fitting routine, the following

All reaction solutions were maintained at 26 using ~ €mporary variables were used:

with temporary variables

thermostated circulating water baths and were monitored ke, = ke exp(—mD)
continuously with a sensitive thermocouple. From this, the - —iw)

fluctuation in temperature was determined to be no more K—r = K_rw) exp[(m — m)D]
than+0.1 °C.

Kiu = Kiuw) €xpl(m, — m)D]

ANALYTICAL PROCEDURES ) . S
- _ o where the subscript W describes the rate and equilibrium

_Denaturant Actiity. For the analysis of equilibrium and  constants in water, t is the I-to-F transition state, andnthe
kinetic data, the guanidine hydrochloride concentration parameters describe the shifts in the stabilities of each state

([GUHCI)), in the presence and absence of;81a, is (designated by the subscript) as a function of the denaturant
converted to a common molar denaturant activity by the  activity (units of M%). These are measured relative to the
following relationship: values of the folded state, and hence, the values are negative.
All data were fitted using the Grafit analysis software
D = [Cy JGUHCIJ/(Cy 5 + [GUHCI])] — 2.6[NaSO,] (Erithracus Software). When kinetic data were fitted to eq
1) 3, proportional weighting was used so that the fitted values

took account of rate constants equally across the whole range.

whereCy s is a denaturation constant with a value of 7.5 M Calculation of 3-Propensity.A set of 123 globular and
(29). four membrane protein chains, with less than 25% pairwise

This treatment has been dealt with in detail elsewhede (- similarity and whose crystal structures are solved to a
15, 19), and the coefficient of 2.6 is derived from the linear resolution of<2.5 A (20), was extracted from the Brookhaven
relationship between N&O, concentration and denaturant Protein Data Bank. From this data base, 254 terminal
activity between 0 and 0.4 M (i.e., solutions of 0, 0.1, 0.2, residues, 69 poorly defined residues, and a seleninic acid
0.3, and 0.4 M Ng50O, give molar denaturant activities of residue were removeg.andy angles were assigned to the
0, —0.27,—0.51,—0.78, and—1.03 M, respectively). remaining 23 640 residues in this data base using the
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Ficure 1: Equilibrium unfolding. The GuHCI-induced equilibrium 2 1 E 22 | sv
unfolding profiles (25°C and pH 7.5) for the CD2.d1 mutant H E \\ 72 3 HEVHLISY
proteins are shown in two plots for clarity. The fluorescence 0k = 4 °
intensities have been normalized for comparative purposes and are E 3 + AMOGHL5OV
plotted against denaturant activity, calculated using eq 1 (see o s s ]
Analytical Procedures and Results). The data have been fitted to 0.01 " s
eq 2, which describes a two-state equilibrium foldinmfolding 1 0 v
mechanism (fits shown as continuous curves). No baseline correc- Denaturant activity (M)
tions have been applied to the data. The calculated valuésah) FIGURE 2: Folding dynamics. Rate profiles [observed relaxation

and m, are given in Table 1. The wild type (WT) data are rate .9 vs denaturant activity] collected for the mutant CD2.d1
reproduced from refl6. These unfolding profiles are highly  proteins (25°C and pH 7.5) are shown here in three plots for clarity.
reproducible. In fact, repeated experiments in which both freshly The gata have been fitted to eq 3 (fits shown as continuous curves).
prepared protein and solutions were used provide identical folding The calculated values &F—rewy, Ke—iwy» Ky, Mu, m, andm are
parameters, within the fitting uncertainties (see Table 1). given in Table 1. The wild type (WT) curve (thick dashed curve)

) S has been reproduced from r&6. As with the equilibrium data,
Procheck program. Theregion of thep andy distribution these rate profiles are highly reproducible; experiments that were

was defined, by inspection, as follows180 < ¢ < —28, repeated in which both freshly prepared protein and solutions were
53 < ¢ < 180, and—180 < 3 < —155. used provide identical folding parameters, within the measured
For a given residue, the quasi-equilibrium constantfor ~ "ting uncertainties (see Table 1).

andy angles in theg-region ;) is defined as transiently populated intermediate (I), however, which is
formed in the dead time of a conventional stopped-flow
K = Ng/(Niota) = Ny) (4) experiment 1 ms); i.e., the rate of formation of | from U
is greater than 0s! (14, 15).

whereN; is the number ofp andy angles in theS-region The folding reaction of CD2.d1 is most simply described
andNwral is the total number of occurrences in the database. inerefore by Scheme 1:
For the residues studied here, glycine, alanine, valine, leucine,
and isoleucine, the values &f are 0.24, 0.53, 1.48, 0.71, Scheme 1
and 1.25, respectively. Ky ke
Us=—=Il=—=F
RESULTS ket

Folding Pathway of CD2.d1The folding—unfolding whereKy is the equilibrium constant ([1)/[U]) for the rapid
reaction of CD2.d1 is conveniently monitored by changes U-to-l transition andk_r and k-, are the folding and
in the fluorescence emission properties of its two tryptophan unfolding rates, respectively, associated with the rate-limiting
residues, at positions 7 and 32 in the sequence. The GuHCIH-to-F transition. Values for these equilibrium and rate
induced equilibrium unfolding profile of CD2.d1 reveals that constants in watet,uw), ki—rw), andke—w)] are obtained
the only species significantly populated at equilibrium are by fitting the rate data in Figure 2 to eq 3. Three other
the fully folded (F) and fully unfolded (U) stated4, see physically relevant parameters obtained from these data are
Figure 1). The dependence of the observed relaxation ratemy, m;, andm, which measure how the free energies of U,
for folding or unfolding k.ny, measured by stopped-flow 1, and t (I-to-F transition state), relative to that of the F-state,
fluorescence (see Figure 2), reveals the presence of avary with denaturant concentration. Thesealues provide



1380 Biochemistry, Vol. 38, No. 4, 1999 Lorch et al.
Table 1: Equilibrium and Kinetic Folding Parameters
mutant Kruw® Kiuw — kirw () ke (S7) m° (MY m (M) m(M™)  ¢andy°(deg)
WTd (4.31+£1.20)x 3.55+0.61 6.02+-0.31 (5.38+1.00)x —7.08+0.10 —2.91+0.17 —-2.72+0.06 -—
10 104
L16Vv (1.03+ 0.48) 4.80+2.00 5.80+£0.60 (2.70+0.50)x —7.40+0.40 -2.70+0.30 —2.30+0.12 —98.13 and
x 10° 102 106.55
118V (5.95+ 1.50) 480+ 0.60 3.60+0.16 (2.90+0.60)x —7.81+0.20 —3.10+0.13 —2.60+0.13 —74.67 and
x 10° 103 119.83
V30A 11.0+ 3.0 1.26+0.30 0.69+0.07 (7.70+0.40)x —6.50+0.30 —2.00+0.10 —1.70+0.04 —146.16 and
102 129.11
A40G (2.34+ 0.45) 2.14+0.33 8.70+0.50 (8.02+£0.80)x —7.41+0.10 —3.20+0.15 —2.60+0.06 —158.74 and
x 10° 103 150.04
L50V (8.05+ 2.11) 4.80+0.30 6.80+0.32 (4.00+1.02)x —8.00+0.20 —3.60+0.18 —2.80+0.06 —125.28 and
x 104 104 133.27
157V (2.07+0.51) 6.30+0.70 4.60+0.21 (1.40+0.30)x —7.90+0.08 —3.80+0.12 —2.60+0.08 —109.42and
x 10* 103 125.87
V78A (2.60+ 0.25) 1.77+0.08 0.90+0.02 (6.20+0.31)x —6.90+0.18 —3.20+0.05 —2.30+0.03 —114.18 and
x 10° 103 138.33
L89V (3.40+ 0.90) 3.91+ 040 3.50+0.10 (4.02+1.00)x —7.40+0.05 —3.20+0.10 —2.80+0.07 —157.61and
x 104 104 149.66
L95V (1.20+£0.24)x  5.10+£0.90 5.90+0.30 (2.50+0.20)x —7.50+0.09 —2.70+0.20 —2.50+0.05 —92.68and
10 10°3 116.76
L16V/L95V (1.42+0.25)x 5.11+0.20 4.50+0.17 (8.40+1.00)x —7.30+0.30 —3.40+0.15 —-2.60+0.10 -
106 103
118V/V78A  8.00+ 0.50 0.37+£0.06 1.30+0.10 (6.00+0.30)x —6.40+0.20 —1.90+0.20 —1.70+0.05 -
1072
A40G/L50V  (1.284+0.36)x 3.00+0.70 9.00+0.75 (2.10+0.30)x —7.90+0.10 —3.30+0.10 —2.60+0.08 -
10 103
V78A/L89V 44.0+21.0 0.84+ 0.34 1.00+0.23 (2.01+0.20)x —7.30+£0.50 —1.80+0.30 —1.70+0.80 -
1072

2 Kruw) values averaged from equilibrium and kinetic da€adw) = [Ki—ravy/Ke—iom] Kiuw]- ® my values averaged from equilibrium and kinetic
data.® ¢ andy angles of the mutated residues calculated using the Procheck progndiid.type (WT) data reproduced from ré6. Quoted errors
are standard errors calculated from least-squares fits to the data (based on a 95% confidence limit). Accumulated standard errors were calculated
using standard statistical formulas.

a qualitative measure of the relative degree to which us to calculate the denaturant activity of JS@, (see
hydrocarbon in each state is exposed to aqueous soll@nt (  Analytical Procedures and réb). This results in negative
21-23); therefore, the magnitude of tha value will be values of denaturant activity.
roughly proportional to the amount of hydrocarbon buried  Folding Energetics of Mutant§Ve have constructed nine
in the core of the protein, and consequently should reflect single and four double mutants in which buried aliphatic
its size. For example, CD2.d1 is 98 amino acids long and residues found in thé-strand segments of CD2.d1 have been
has anm, value of —7.1 M™%, compared to-21.9 M™! for replaced by smaller aliphatics. Theandy angles of these
C-PGK @4), which is made up of 220 amino acids. residues in the folded state all lie within tiferegion (see
There is a nonlinear relationship between denaturant Table 1 and Analytical Procedures). The mutations were
concentration and both the free energy of solvation of designed to cause minimal structural perturbation, involving
hydrocarbon 22, 25, 26) and the free energy of protein the removal of only one or two methylene groups from the
folding (27). To correct for this nonlinearity, the GuHCI side chains of Ala, Val, Leu, and lle residues. All of these
concentration [GuHCI] is converted to denaturant activity mutations remove side chatside chain interactions between
(D) as described in detail elsewhefigl(15, 19). The use of nonpolar residues buried in the hydrophobic core of the
this linearized scale allows more reliable extrapolations to folded state, as judged by inspection of the native crystal
conditions where denaturant is absent, i.e., for the evaluationstructure 29). The mutations were created with the view of
of rate and equilibrium constants in water. carrying out® value analysis30) and double-mutant cycle
Some of the mutations described in this study destabilize analysis 81) to measure the temporal development of side
the I-state to such an extent that it is no longer populated in chain interactions during the folding reaction of CD2.d1.
water alone Kyuw) < 1]. To increase the population of the The equilibrium unfolding profiles collected for these
I-state, we employ the cosmotropic agent sodium sulfate mutants are shown in Figure 1. All of the mutants exhibit
(Na;SOy). This compound works in a manner analogous but an apparent two-state folding transition at equilibrium. The
opposite from that of GUHCI, increasing the free energy of data therefore have been fitted to eq 2, and the calculated
solvation of hydrocarbon and consequently driving the values ofKguyw) and my are given in Table 1. With the
folding reaction in favor of more compact, desolvated states. exception of L50V, all the single mutations reduce the
This compound has been used by others to determine thestability of the folded state, with values for the difference
energetic properties of hydrophobic core mutants of ubiquitin free energy change between F anddAGr—y, ranging from
(28) and for the evaluation of amide proton protection factors —4.9 to—0.14 kcal motl* (see Table 2). These destabilizing
for the I-state of CD2.d11(5, 16). The molar ability of Ng effects are consistent with the loss of van der Waals
SOy to decrease the extent of hydrocarbon solvation has beeninteractions in the folded state and with the reduction of the
scaled to the molar ability of GUHCI to increase it, allowing exposed nonpolar surface area in the unfolded state. The
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Table 2: Free Energy Changes

AAGE-y AAG—y AAG_° AGine? AGin)® AGing?
mutant (kcal molt)  (kcal mofY)  (kcal mol?) ° DF (kcal mol*)  (kcal moft)  (kcal mol?)
L16V —2.20+ 0.32 0.18+ 0.26 0.11+ 0.35 0.01£0.11 0.04£0.14 - - -
118V —1.17+0.22 0.18+0.12 —-0.18+0.27 —0.11+0.11 0.18+0.22 — - -
V30A —4.88+0.23 —0.61+0.17 —-1.95+0.25 0.06+ 0.04 0.36+£ 0.06 — - -
A40G —-1.71+0.20 —-0.30+0.14 -0.12+0.23 -0.03+0.10 -0.11+0.12 - - -
L50V 0.37+0.23 0.18+0.11 0.20+0.29 —-0.20+0.74 —0.03+0.87 — - -
157V —0.43+0.22 0.34+ 0.12 0.13+£0.27 —-0.63+0.39 —-0.17+0.51 - - -
V78A —3.01+0.17 —-0.41+0.10 —-1.57+£0.20 0.03+ 0.04 0.46+ 0.08 -— - -
L89V —0.14+0.23 0.06+0.11 -0.31+0.29 0.44+ 0.44 1.49+1.28 — - -
L95V —0.75+ 0.20 0.21+0.14 0.16+ 0.23 0.00+ 0.15 0.07£0.30 — - -
L16V/L95V —2.01+0.19 0.21+0.11 -0.39+0.23 - - —0.94+0.42 0.18+0.31 —0.12+0.48
118V/V78A  —5.06+0.16 —1.33+0.14 -2.28+0.19 - - 0.88+ 0.32 1.10+0.21 0.53+ 0.39
A40G/L50V —0.72+0.23 —0.10+0.16 0.08+0.27 — - —0.62+0.38 —0.02+0.27 0.00+ 0.46
V78A/LB9V —4.06+0.32 —-0.85+0.26 —1.93+0.34 - - 0.91+ 0.43 0.50+ 0.30 0.05+ 0.49
a Difference free energy changes between wild type (WT) and mutant (MUT) proteins calculated with the equation AGwr — AGmur.
b Difference free energy change between the transition state and unfolded\#&ey = AAGe_y — AAGe— [where AAGe— = —RTIn[ke_mun/

ke—iwn]l. © @ values calculated using eq SAGin), AGingy, andAGinyy are the interaction free energies calculated for the folded, intermediate,

and transition states, respectively. They were calculated according to the relatid@®higGn: = AAGa + AAGg — AAGag, Where A and B

denote the two single mutants and AB denotes the double mutant. Quoted errors are standard errors and were calculated from the data in Table 1
using the standard statistical formula.

0.4

average destabilizing effect on the folded state is#1.0.7
kcal mol* per methylene group, a value consistent with those
determined in other studie24, and references therein).

Rate profiles K.ns VS denaturant activity) collected for the
mutants are plotted in Figure 2. As with wild type CD2.d1,
all mutants fold through a transiently populated intermediate,
as demonstrated by the change in slope of the folding limb
from weak to strong folding conditions; i.e., the ground state
associated with the major transition state changes from U
(slope= my — m) to | (slope= m — m). The data have
been fitted to eq 3, and the calculated valueskofw),
Ke—iwy, Kiuwy, My, m;, and m; are given in Table 1. The
calculated difference free energies for the intermediate
(AAG,—y) and the I-to-F transition statAAG,—y) are given
in Table 2.

Stability of the I-State Secondary Structure Propenéity.
stark contrast to the effects on the folded state, six out of
nine single mutations are found to stabilize the intermediate
with respect to the unfolded state (see Table 2). At face value,
these stabilizing effects are difficult to rationalize, as each
substitution involves a reduction in the amount of nonpolar
surface area capable of being buried in a hydrophobically
collapsed structure. However, inspection of the plot in Figure
3a reveals a marked relationship between the effect of the
mutation on the stability of the I-state and the propensity of
the substituted residue to adopt the appropriate region of Mutant
Ramachandrang—wy angle) space. In this ploAAG_y Ficure 3: Correlation between changes in stability and changes
values for the single mutanis have been pltted alongsider /=0uchre Popenaty, n penc =, e dference o enery
the quculgted free energy change due t_o changes due 1®€p2.d1 proteinsAAG,_y; see Table 2) have been plotted against
alterations ir-propensity AAGy; see Analytical Procedures  the expected difference free energy change due to changes in
and eq 7 in the Discussion). A linear fit to the data according S-structure propensityAAGy, calculated using eqs 4 and 7). A
to the relationshidAG,—y = MAAG;g + ¢ (plot not shown) similar plot is shown in panel b for the I-to-F transition (difference
gives a correlation factor) of 0.87, a slope close to unity ~ e€ N Changﬁlf"; the I-to-F transitidhAGe— = AAGe—y
(m= 1.2+ 0.2) and passes through the origin= —0.02 ~ AAG-y; see Table 2).

+ 0.06 kcal mot?). Figure 3b shows the results for the I-to-F  intermediate but have little effect on the I-to-F transition.
transition. The data, when fitted to the above relationship, The direct correlation found betweedAG,—y and AAGg

are poorly correlated (= 0.50) and yield values for the slope also suggests that the interactions made by the deleted side
and intercept of 3.6+ 1.6 and 1.5+ 0.4 kcal mot?, chain groups with the rest of the protein must be relatively
respectively (not shown). These results suggest that backboneveak in the intermediate.

¢—1 angle preferences play an important role in determining @ Value Analysis.A ® value for a folding reaction

the structural and energetic properties of the rapidly formed describes the difference free energy measured for a given

0.2
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FiGure 4: ® value analysis. The& values for the intermediate

and transition statesl; and ®;, respectively), calculated using eq
5 and the results in Table 1, are illustrated graphically in this plot. constructed for I16V/LI5V, 118V/V78A, A40G/L50V, and V78A/

Error bars are shown for the data (see Table 2). Thealues L89V, are shown here in graphical form (see Table 2). Error bars

calculated for L50V, I57V, and L95V have been omitted from this a'€ Shown for the data.
plot; the relatively large degrees of uncertainty in these values o
preclude their treatment. those of 118, V30, and V78 make a measurable contribution

to the rate-limiting transition state (latter category).

Double-Mutant Cycle AnalysisThe discussion above
highlights the potential problems encountered in using
'values to give a direct measurement of the development of
side chain-side chain contacts in protein folding reactions.
A more rigorous and less ambiguous means of estimating
the formation of specific side chain contacts involves using
double-mutant cycles3(). By subtracting the combined free
energy changes for two single mutations (A and B) from
the free energy change in the double mutant (AB), we can
deduce the specific contribution of the contact between the
mutated side chains to the stability of any state in the folding
reaction. While suffering more from accumulated errors than
& value measurements, analysis by double-mutant cycles
simplifies the assessment of pairwise interactions, as ad-

g.f ttht')s t.bas,lc.ﬂ?sstl;]mptlc:cn.IdTgatt Its’ as th‘;w. an?flet d ditional side chain interaction free energies and backbone
Istribution within thé uniolded state ensemble 1S aftecte ¢— angle preferences are effectively canceled out.

by the substitutions, the free energy of this state can no longer
y g9y 9 Double-mutant cycles have been constructed for L16V/

be accepted as an exact reference.

Given that the¢ and y angles of these residues are !‘95\/’ |.18V/V78A’ A4OG/L50V’ and V7BAILBIV. The
necessarily limited to our definition of thg-region (see Interaction free energies and (_:oupllng ?OnSFam@"(t) for
Analytical Procedures and Table 1) in the I-, t-, and F-states each state in the folding reaction are given in Table 2. The
and thatAAG; describes, as a free energy, the change in AGyy values are represented graphically in Figure 5. A_s can
preference for a given site within the unfolded ensemble to be seen, _t.h‘? results for A40G/L50V de.monstrate the existence
adopt this region o—y angle space then, the appropriate of a stabl_llzmg contact between the side chains of these two
expression forb, as a measurement of the development of residues in the folded state which is only measurably formed

i after the rate-limiting transition barrier has been traversed.

side chain contacts, should be as follows: This result agrees well with thé value analysis of A40G

® = (AAGy_, — AAG)/(AAGE_, — AAG,) (5) (see Figure 4; errors preclude analysishofalues for L50V).

The results for L16V/L95V also reveal a stabilizing contact

The ® values for the intermediate and transition states (Made between the side chains of L16 and L95 in the folded
and®,, respectively) calculated using this equation are given state which is only measurably formed once the transition
in Table 2. Unfortunately, for mutants L50V, 157V, and barrier has been traversed. Similarly, these results are
L95V, small values oAAGE_y lead to large errors in both ~ consistent with theP, and ®; values measured for L16V
®, and ®;, thus precluding their use in the analysis. The  and L95V (see Figure 4). Somewhat surprisingly however,
values for the remaining mutants, which have tolerable errors,the double-mutant cycles constructed for 118V/V78A and
are presented in graphical form in Figure 4. On the basis of V78A/L89V reveal positive interaction free energies in the
the definition presented in eq &, values for these mutants ~ intermediate, transition, and folded states.
are close to zero. In contrasb; values fall, broadly, into A positive interaction free energy is likely to arise from
two classes: zerd; values and intermedia®; values (b, local strain in the structure which is compensated for by
= 0.2-0.5). The results show that contacts made by the favorable contacts elsewhere. For instance, V78 is in a tightly
deleted side chain groups of L16, A40, and L95 are only packed environment in the core of the wild type molecule,
detected in the fully folded state (former category), while but has an unfavorable, partially eclipsgdtorsion angle

state as a fraction of that measured for the fully folded state,
i.e., the® value for state X ©x = AAGx-u/AAGg-y). For
small, conservative side chain deletions of buried residues
@ is taken to represent the fractional development of
interactions made by the deleted moiety with the rest of the
protein in the folded state3(). In this analysis, the unfolded
molecule is taken as a reference state. This is justified by
the argument that there are no organized noncovalent
interactions in this state so that conservative side chain
deletions of nonpolar residues will have a negligible effect
on the free energy of this state compared with effects on the
more conformationally ordered intermediate, transition, and
folded states. However, the correlation found between
AAG,—y andAAGg in Figure 3a prompts some modification
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according to the crystal structur29). The double-mutant
cycle allows cancellation of all contact energies other than
those between the participating side chains. However, if local
strain is relieved in both single mutants and in the double
mutant, then the contribution from this source will not cancel.
In these circumstances, the interaction free enery$i)

will contain two terms: one negative (owing to hydrophobic
contact energy) and one positive (owing to conformational
strain). It is noticeable that the double-mutant cycles which
show positive interaction energies both include the V78
residue, and further, all other members of the immunoglob-
ulin V set (variable set) have a disulfide bond connecting
positions 18 and 78@). The other residues which constitute
the hydrophobic core of CD2.d1 are highly conserved in the
immunoglobulin V set 16, 32). It seems likely then that,
within this general family of proteins, the core residues have
evolved around this cystine structure and its replacement by
a valine-isoleucine pair in CD2.d1 has incurred some degree Ala4d
of steric conflict despite the favorable net contribution of
the individual residues to the stability of the folded state.

DISCUSSION

The results of this study suggest that side chaide chain
interactions are relatively weak in the rapidly formed I-state
of CD2.d1 and that local secondary structure preferences play
an i_mportant role in this early Stage of structural acquisition. Ficure 6: Folding nucleus in the transition state. The top picture
Estimates of the degree of solvation of the I-state, based 0Nghows the backbone topology of the CD2.d1 molecule (backbone

mvalues and heat capacity changes, suggesttiét-45% represented by a solid ribbon) with the strand positions labeled.
of the nonpolar groups buried in the core of the F-state are The &, values measured for the single mutants (see Table 2 and

desolvated at this stage in the reactid)( The relative Figure 5) are shown in the context of the CD2.d1 structure in the

; g ; ; _ ; _lower pictures (left-hand side, molecule in the same projection as
weakness of side chain interactions in the I-state is presum-; " top picture: right-hand side, Sfotation of this image). The

ably a consequence therefore of a significant number of gige chain atoms of the residues are represented by spheres.
intervening water molecules remaining in the hydrophobic Residues with zerab; values are dark gray, while those with
core. However, the fact that steric clashes between residuedractional ®, values are black. The core tryptophan residue is also
118 and V78, and V78 and L89, in the folded state are also indicated (light gray).

apparent in the I-state (see Results) does suggest that the

relative positions of these side chains are native-like at this /€ad to small cavities in the folded structure with no
stage of the reaction. significant transmission of the perturbation to other regions

hof the structure 3). Furthermore, no mutant caused more
than a 10% change in the value fom, (Table 2), an
observation which shows that the mutations do not have a
large effect on the relative degree of solvated hydrocarbon
between the U- and F-states. Second, mutant residues should

context of the folded structure in Figure 6. It is interesting N0t Make any new interactions during any part of the folding

to note that the residues with non-zabevalues (V30, 118,  Process. None of the mutants presented here has new
and V78; see Figure 4) are located in close spatial proximity functional groups; therefore, it is unlikely that new interac-
on one side of the central core tryptophan residue, suggesting“ons will havg been introduced. Third, the mutatlons_do not
that the rate-limiting transition state is attained by the alter the folding pathway. For the mutants to be directed

formation of a tightly localized hydrophobic nucleus which down an alternative folding pathway, the free energy of the
includes residues V30, 118, and V78. Interestingly, in all activation barrier between | and F must be significantly
other members of the immunoglobulin V set, this part of altered. Since the mutant that has the greatest affect on the
the hydrophobic core contains a disulfide brid@®)( a t-state only resultsnia 2 kcal/mol change in free energy of

structural feature which would serve as an effective stabilizer the activation barrier, it appears to be improbable that an
of this folding nucleus. alternative folding pathway would be available to the mutant

It should be noted that the abodevalue analysis is valid proteins.
only when certain criteria are satisfie2dj. First, mutations With regard to the influence of thg-propensity on the
should not significantly alter the structure of the F- or formation of the I-state, the following arguments can be
U-states. Without high-resolution X-ray data, it is not applied. The propensity of an amino acid to adopt a given
possible to be certain about the structural effects of mutationsregion of Ramachandran space (regignsay) can be
on the folded molecule, but small aliphatic deletion muta- determined statistically from a database of protein structures
tions, like those used here, have previously been shown to(34) and is derived from the following linked equilibria:

Secondary structural preferences appear to play a muc
reduced role in the rate-limiting I-to-F transition, which
involves the intimate locking of side chains coupled with
the final exclusion of water molecules from the core of the
protein (L7). The @ values (see Figure 4) are shown in the
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Scheme 2 Ky
K K
Upther == U, —
oter g g Uother -— Iother
HereKsspis an equilibrium ratio ([WJ/[U one]) describing the
propensity of a particular amino acid in a random coil to K ” ’” K
adopt regiorx over all other regions of Ramachandran space. SSP sP
Regionx is compatible with and fixed in the folded structure
(Fy). Hence K¢ describes the additional stability afforded to Uy — I
this residue configuration in the context of the folded state.
Evolution will select those residues which have the highest Kyu

value of Kssp appropriate to the folded structure but must

also optimize for other (relatively more important) energetic ) ) )

criteria, such as packing constraints and hydrophobicity, to Molecule fairly comprehensively, this result suggests that a
maximize the value oK. However, using a sufficiently large significant proportion ofs-structure is formed m_thls part
database, representing a wide variety of protein folds, the of f[he reaction. In other words, the summed interactions
context dependence implicit i is lost and the statistical ~ Which dictate the structure of the I-state are capable of
occurrence in different conformations will then reflécg, overcoming the effects_ of mutatlons which mtroduc_e residues
(see eq 4). This basic assertion has found support from aWith @ low -propensity; i.e., they are “pulled” into the
number of experimental studies, performed on peptide andCOrrect conformation when the I-state is formed.

protein systems, which have provideehelix andj-sheet Much controversy exists concerning the properties of
structure propensity scales which are in good agreement withrapidly formed I-states and the contribution they make to
statistical scales36—44). the folding reaction. One suggestion, based on data from

In terms of providing a rationale for these intrinsic cytochromec,_ i§ that th'es_e states are formed by the random
preferences7 it has been Suggested, from hydrﬁgen and nonSpeCIfIC association of nonp()lar groups and that they
deuterium exchange studies, that fhsheet-forming tenden- ~ Simply represent the unfolded ensemble populated at low
cies stem from constraints imposed by steric conflicts denaturant concentration&4). In response to this assertion,
between the side chain and the main chai).(Similarly, we would cite the following experimental evidence that the
for centralo-helix positions, it has been postulated that steric |-State formed by CD2.d1 has a higher degree of native-like
clashes between the side chain and upstream hydroger$tructure than would be expected from such a generalized
bonding peptide groups limit the conformations available to chain contraction. First, the pattern of exchange protection
the side chain, leading to an entropic factor which determinesin the I-state is consistent with the formation of native
the a-propensity 46). hydrogen bonding between both sequence-local and sequence-

From Scheme 2, the contribution made by secondary distant/-strands {5, 16). Second, while the exclusion of

structure propensity to the measured folding equilibrium Solvent from the nonpolar surface should lead to a highly
constant Kem] can be notationally separated: favorable entropic term for the formation of the I-state at

physiological temperature, measurement shows that the
Kemy = [FI/([ otmed + [1d) = KeKsof (1 + Kggp - (6) entropy change associated with the U-to-I transition is close
to zero (L7). A compelling interpretation of this result is that
The predicted free energy change upon mutation, due solelythe favorable entropy of desolvation is balanced by an
to changes in secondary structure propensifGssy, can unfavorable conformational entropy resulting from the
therefore be written as increase in the extent of organization of the polypeptide
chain. Last, the results presented in this study reveal that
where tested the¢ andy angles in the I-state of CD2.d1 are
() native-like. These factors, together with the experimental
observation thap andvy angle distributions are unaffected
where Kssp and Kssg describe the propensities of the wild Py changes in denaturant concentratiég)(make it unlikely
type and mutant residues, respectively, to adopt that regionthat the U-to-I transition in CD2.d1 simply reflects the
of Ramachandran space appropriate to the folded structurecontration of a randomly configured chain in response to
However, while it is known thap andy angles are fixed in ~ Strong folding conditions.
the F-state, no such knowledge is available for the I-state. If
¢ andy angles are not fixed in this state, then Scheme 2 REFERENCES
becomes random order, as shown in Scheme 3: 1. Kauzmann, W. (1959dv. Protein Chem. 141—63.
From this scheme, the measured U-to-l equilibrium ratio 2. Lim, W. A., and Sauer, R. T. (198%ature 339 31—36.

Kssr(l + Kssp')

AAG,= —RTIn|->*
Koo (1 + Kegp

ssp
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