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ABSTRACT. Thirteen versions of @#-sheet protein have been constructed, each with a single, surface-
exposed disulfide bridge. A comparison of folding kinetics, in oxidizing and reducing conditions, is used
to elucidate the order in which-strands become associated during the folding process and, hence, the
relationship between topology and folding dynamics. In common with the wild-type molecule, all the
proteins fold through a two-step (three state) mechanism with a rapidly formed intermediate which slowly
converts to the native state. In a majority of cases, the bridge is seen to stabilize the folded state, and for
five of the modified proteins, the additional stability is greater than 3 kcal/mol. Surprisingly, cross-links
which connectj-strands which are distant in sequence predominantly stabilize the rapidly formed
intermediate state, suggesting that these stratrdnd interactions occur in the initial stages of folding.
Cross-links which stabilize local hairpins have their major influence on the second, rate-determining step
leading to significant enhancements in the folding rate. We find that enhancement of the folding rate in
the second, rate-limiting step is correlated with a reduction in contact order in the same way as in naturally
occurring proteins of different folds. The large increases in native-state stability resulting from the insertion
of disulfide bridges on the surface Bfsheet structures have implications for enhancing the robustness of
proteins by molecular engineering.

A major goal of protein science is to elucidate the sequencethe folding process. It is timely to compare these findings
of events which occurs when an unstructured polypeptide with those derived from in vitro measurements. For the
chain folds to form a compact and unique native conforma- experimental study described here, we chose thg-alieet
tion. This knowledge is central to our understanding of the protein CD2 as a test-bed for disulfide engineering. Shown
way in which sequence determines the fold of protein in Figure 1 is the backbone structure of this immunoglobulin-
molecules and, in consequence, has implications for thelike domain. Unusually for a protein of this class, it contains
development of methods for translating genomic data into no covalent cross-bridges, and so is ideal as a template for
protein structure and function. Two techniques have con- this study. Further, the folding kinetics of CD2 are rigorously
tributed most to our experimental understanding of the established9—12), and the principles governing the posi-
folding process. First, the influence of point mutations on tioning of disulfide cross-bridges jftsheet proteins are well-
the energies of defined states in the folding reaction providesunderstood 13, 14).
information on the degree of nativelike structure acquired The molecule folds through a rapidly formed, partially
at a given locus in the moleculé+3). Second, the kinetics  folded intermediate which then slowly converts to the native
of hydrogen-deuterium exchange of specific amide groups state as described by the following scheme:
along the backbone of the polypeptide can be used to

determine those which participate in hydrogen bonds in Kw  Kkir

populated intermediated)( =1 =F
In principle, the kinetic influence of well-chosen cross- Ke.

links in a protein molecule can be used as a further tool to

probe the development of chain topology during foldiBeg ( fast  slow

8). The differential effects of cross-bridge positions on
protein folding have recently been examined theoretically
by Abkevich and Shaknovichr), using a lattice model of

Hence, there are three progressively structured states which
can be characterized experimentally; the intermediate state,
the major transition state, and the native state. The basis of
. . our analysis is as follows; suppose that the' @&irpin (see
" This project was funded by the BBSRC (J.M.M. and N.G.). : L . .
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200 4191. Fax:+44 161 236 0409. Email: J.Mason-3@umist.ac.uk. then bridging this hairpin should promote this step and
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Ficure 1: Positions of disulfide bridges. The topology of the
protein is that of an immunoglobulin variable (V) domain with two
sheets, the larger containing strandd€0CFGA, and the smaller
DEB. The molecule has nine strands in total with four well-defined
hairpins (G, D—E, C—-C', and C-C"), and three sequence-distant
strand-strand interactions (BF, C—F, and B-E). Four sequence-
distant cross-links (1366, 15-64, 23-60, 18-78) and nine
sequence-local (hairpin) cross-links (243, 3141, 33-38, 40~
50, 58-62, 5763, 81-87, 79-90, 75-94) were introduced. The
bridges are given in lower case letters-(a) and refer to the residue
positions shown in Table 1.

folded state, then the reaction in the direction of folding will

be unaffected, but the rate of unfolding will be reduced.
Apart from the above aspects of folding dynamics and

topology, there are two further motives for performing this

Mason et al.

folds and on proteins of the same fold with altered loop
lengths (7, 18). An examination of the effects of bridges
provides a further test of these ideas by reducing the contact
order to a greater or lesser extent depending upon bridge
position. In making these changes in contact order, there is
a minimal alteration of sequence so that the relationship
between contact order and folding rate in these variants
should be evident.

A series of 13 versions of CD2 were constructed, each
with a pair of cysteine residues at locations in the sequence
where a disulfide bond will readily form in the native state.
These locations are typically pairs of surface residues in non-
hydrogen-bonding sites of antiparalektrands 13, 14). The
positions of these bridges in the context of the CD2 structure
are shown in Figure 1. The proteins were then subjected to
a full kinetic analysis of folding and unfolding (see Figure
2) in order to determine the folding parametérs:, ke,
andKyy in native conditions. This procedure was performed
with the proteins in the reduced state (no bridge) and in the
oxidized state (intact bridge) to assess the effect of the bridge
on the folding dynamics.

MATERIALS AND METHODS

MutagenesisAll mutations were made on the rat gene
cloned into the pGEX-2T glutathion®transferase (GST)-
fusion vector 29). The proteins were expressed and purified
as described previoushBQ).

Cross-Linking DisulfidesTo form the disulfide bridges,
10 uM protein was oxidized in an oxygen-purged buffer

study. First, there has never emerged a thorough understandcontaining 20uM zinc chloride, 50 mM TEA, at pH 7.5.
ing of the effect of disulfide bridges on protein stability, as TO break the bridges, 1AM protein in a helium-purged
there is as strong dependence on the protein used and th&uffer containing 1 mM EDTA and 50 mM TEA at pH 7.5

bridge position 15, 16). By surveying a large and repre-

was reduced by the addition of 10 mM DTT. In addition,

sentative range of sites in a protein, it is possible that all other buffers were filtered and purged with the relevant

empirical rules might emerge, at least in the casg-sheet
structures, for stabilizing the folded state using disulfide
bridges. An understanding of such rules will aid efforts to

gases. The proteins were then checked for oxidation and
reduction using mass spectrometry and ElIman’s rea@éhnt (

Kinetic Analysis.The data have been fitted to the equa-

produce more robust proteins for medical and industrial use tion: kops = Ke— + ki—¢/(1 + 1/K;y) whereke—, andk,_¢ are

by genetic engineerings). Second, there has been much

rate constants describing the forward and reverse reactions,

recent interest in the effects of contact order on folding rates respectively, between the folded and intermediate states ().
for different folded-state topologies. A correlation has been Ky is the equilibrium constant ([I[/[U]) for the rapid
observed between the average sequence-spacing of interinterconversion of the intermediate and unfolded ste8&p (
residue contacts in a protein and the rate of folding. TheseIn the fitting routine, the following relationships were used:
comparisons have been performed on proteins of differentke—; = ke—jw) exp(—mD); ki-r = ki—rw) €Xp[(m — m)D];
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Ficure 2: Kinetic analysis of the effect of cross-links. Examples of the folding dynamics of two versions of CB212€-C' and

40-50, C-C'") are shown. Folding and unfolding reactions were simple first-order processes for all proteins, and the observed relaxation

rate constantskf,9 are plotted as a function of denaturant activity as described previod8ly {The open circles represent the oxidized

version (cross-link intact) while the closed circle chevron plots represent the reduced version (cross-link broken). The data illustrate the

contrasting effects of these bridges, with that in theé G&rpin mainly affecting the folding ‘limb’ of the plot (i.e., at low denaturant) while

that in CC" mainly affects unfolding.
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Table 1: Equilibrium and Rate Constants for the Disulfide Mufants

ki—Fw) (579 Ke-iw) (579 Kiuw) my(M™) m (M) m (MY
(a) G13C-K66C EB oX 4.7 0.5 2.0e-6+ 1.2e-6 86. 4 16.7 —8.6+0.2 —4.0+0.3 —-5.3+0.2
red 1.3+ 0.2 1.6e-2+ 6.5e-5 18.0£ 4.2 —-7.3+0.2 —-2.1+0.6 —2.84+0.1
(b) N15C-K64C EB (0)4 4.2£0.2 1.3e-2+ 1.3e-2 6.+14 —-7.6+0.1 —2.8+0.2 —2.7+0.1
red 4.5+ 4.0 5.4e-4f+ 1.2e-4 3.3+ 0.6 —6.44+0.1 —-1.84+0.7 —2.7+0.1
(c) M23C-N60C DE/BC oX 2.9-0.2 7.5e-5+ 1.4e-5 55+ 2.1 —6.8+0.2 —4.0+0.2 —-3.3+0.1
red 9.2+ 0.4 1.0e-2+ 3.7e-4 0.8+ 0.1 —5.64+ 0.0 —2.34+0.2 —2.24+0.0
(d) 118C-178C BF oX 2.9-0.7 1.4e-3t 2.9e-5 11.5- 0.5 —7.3+0.0 —3.5+0.0 —3.1+0.0
red 2.9+ 0.0 1.6e-2+ 6.5e-5 0.6+ 4.3 —6.0+ 0.0 —2.3+0.0 —-2.0+0.0
(e) T75C-D94C FG 0oX 15.4 0.7 8.8e-4+ 2.0e-4 151.8t 65.5 —-8.2+0.2 —-3.8+0.1 —-3.3+0.1
red 4.2+ 0.2 1.1e-3+ 9.4e-5 294 7.0 —8.3+ 0.2 —4.44+0.1 —-2.7+0.0
(f) T79C-D90C FG oX 26.4£ 0.5 5.8e-3t 5.0e-4 83.4- 6.8 —7.4+0.0 —-2.9+0.0 —2.5+0.0
red 1.6+ 0.0 3.1e-3+1.1e4 125+ 1.0 —7.4+0.0 —2.6+0.0 —2.3+0.0
(g) Y81C-R87C G oX 2.3 0.1 2.7e-2+ 1.8e-3 8.2-2.9 —7.2+0.3 —2.9+0.2 —2.0+0.0
red 1.0+ 0.1 1.6e-3+ 1.6e-4 5324 —-7.6+04 —3.6+0.3 —2.4+0.0
(h) E29C-K43C CC ox 65.24+ 3.8 1.7e-4+ 7.0e-5 7.0£15 —-6.2+ 0.1 -3.1+0.3 -3.1+0.1
red 5.6+ 0.3 6.0e-4f 7.0e-5 4.9 1.3 —-6.3+0.1 —-3.1+0.2 —2.5+0.0
(i) R31C-E41C CC ox 90+ 0.0 1.7e-3+ 4.1e-4 5.0£0.5 —-6.4+0.1 —2.7+0.3 —-2.8+0.1
red 4.6+ 0.2 1.8e-3+ 2.7e-5 10.6+ 3.0 —7.5+0.2 —4.6+0.2 —-3.1+0.1
() E33C-138C CC (0)4 19.6+ 2.3 3.4e-24+- 4.5e-3 2.2+ 0.7 —6.6+ 0.2 —-2.54+0.2 —-2.3+0.1
red 57+ 0.4 1.1e-3+ 1.6e-4 4.8+-1.4 —7.9+0.2 —3.8+0.2 —-3.0+0.1
(k) A40C-I50C cC” (0)'4 19.54+1.8 5.8e-6+ 1.5e-7 0.8 0.0 —6.8+£ 0.0 -5.0+£0.0 —-3.6£0.0
red 4.9+ 0.7 5.4e-3f 8.8e-4 2.+ 15 —6.5+0.3 —4.8+0.3 —2.4+0.1
() I58C-D62C DE [0)'4 2.8:0.1 4.1e-3+4.1e-4 34.6- 175 —10.24+ 0.5 —4.84+0.1 —-2.64+0.1
red 6.7+ 0.8 8.3e-5+ 3.3e-6 3.8:1.9 —-9.1+0.3 —-54+04 —45+0.1
(m) 157C-163C DE )4 54.8- 4.5 1.7e-5+ 3.5e-6 47.8+ 5.7 —-8.24+0.1 —4.34+0.2 —4.14+0.1
red 4.4+ 0.2 7.3e-4+ 9.0e-5 12. 4 4.0 —7.9+0.2 —-3.3+0.2 —2.9+0.0
wild type - 6.0+ 0.3 5.4e-4+ le-4 3.6+ 0.6 -7.1+0.1 —-2.94+0.2 —-2.74+0.1

aThe bridge position is described by the mutation in the single-letter code and by the strands that are joined (by upper case letter as shown in
Figure 1). The values for parameters derived from the optimal fits to the three-state rate equation (see Materials and Methods and Figure 2) are
shown for data collected in oxidizing (ox) and reducing (red) conditions.

Kiw = Kiuw) exp[(m: — m)D], where the subscript w  solution of folded CD2.d1 in 50 mM TEA, pH 7.5, was
describes the rate and equilibrium constants in water, andmixed against 10 volumes of an appropriate concentration
them parameters describe the shifts in the stabilities of each of GuHCI at 298 K, and the reaction was recorded as
state (designated by the subscript) as a function of the described above. The resulting data points are the result of
denaturant activity ), whereD = [Cy {GUHCI])/(Cp5 + at least three averages.

[GUHCI])] — 2.6[N&SQi], where Cos is a denaturation Structure. The coordinates for wild-type CD2.d1 were

constant with a value of 7.5 M. This treatment has been gptained from the Brookhaven Protein DataBank (IHNG).
explained in detail elsewher&Z, 30, 32), and the coefficient

of 2.6 is derived from the linear relationship betweenNa RESULTS AND DISCUSSION
SO, concentration and denaturant activity between 0 and 0.4
M (i.e., solutions of 0, 0.1, 0.2, 0.3, and 0.4 M give molar Effects on Qerall Stability. The rate and equilibrium
denaturant activities of 6-0.27,—0.51,—0.78, and—1.03 constants for individual steps in the folding/unfolding reac-
M, respectively). Sodium sulfate is a cosmotropic agent and tion for the 13 proteins were determined by measuring
works in a manner analagous but opposite to GuHCI, relaxation rates as a function of denaturant activity as shown
increasing the free energy of solvation of hydrocarbon and for 2 example proteins in Figure 2. These measurements were
consequently driving the folding reaction in favor of more performed with the proteins in both the reduced and oxidized
compact and desolvated states. The molar ability oSa states. All experimental data are summarized in Table 1.
to decrease the extent of hydrocarbon burial has been scaled hese effects have also been translated to free energy changes
to the molar ability of GUHCI to increase it, allowing us to associated with each stage in the reaction (Table 2). To assess
calculate the denaturant activity of }sD, (32). This results the energetic influence of forming the bridge, free energy
in negative values of denaturant activity. changes are given with reference to the reduced state of that
Folding measurements were initiated by mixing a0 protein rather than with reference to the wild-type. By doing
solution of unfolded CD2.d1containing 50 mM TEA and  this, the local structural perturbation caused by replacing the
3.27 M GuHClI against 10 volumes of the given concentra- Wild-type residue with a cysteine is discounted, and we reveal
tions of GUHCI at 298 K in an SX.18MV stopped-flow only the effect of oxidizing the cysteines, which will have a
apparatus (Applied Photophysics Ltd.). An excitation wave- minimal influence on hydration and bulk.
length of 295 nm was selected by a single monochromator ~ Given the variability of success in previous attempts to
(band-pass 5 nm) from a mercuryenon light source. The  stabilize proteins by disulfide engineering, it is first worth
fluorescence intensity above 340 nm was recorded using anexamining the effect on the overall stability of the molecule,
emission cutoff filter. For the unfolding reactions, a /AN i.e., onAG for the U-to-F transition. The stabilizing effect
of introducing a bridge into a protein chain is rationalized

L Abbreviations: CD2.d1, domain 1 of cluster determinant 2; GST, DY the argument that the bridge limits the number of
glutathioneS-transferase. conformations accessible to the unfolded state, thereby
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Table 2: Effects of Bridges on the Free Energy of Defined Steps in the Folding Process

AAG-F) AAGu-—F AGu-p)
bridge position (predicted) (measured) AAGy—) AAG(—y AAG(— (oxidized)
(a) g13c-k66¢c EB 4.1 -7+04 —09+0.1 —-0.8+£0.1 —53+0.3 —11.3+0.36
(b) n15c-k64c EB —-4.1 15+0.3 —-0.4+0.2 0.0+ 0.1 1.9+ 0.2 —4.55+ 0.6
(c) m23c-n60c DE/BC —-3.8 —3.4+0.3 -1.24+0.2 0.7£ 0.0 —29+0.3 —7.25+0.25
(d) i18c-178c BF —4.2 —-3.2+01 -1.8+0.1 0.0+ 0.0 —-1.4+0.0 —5.96+ 0.14
(e) t75¢c-d94c FG —-3.2 —-1.9+0.3 —1.0+0.3 —0.8+£0.0 —-0.1+0.1 —8.73+0.29
(f) t79c-d90c FG 2.7 —-2.4+0.2 -1.1+01 —-1.7+0.0 0.4+ 0.2 —7.58+ 0.07
(9) y81c-r87c FG -2.1 0.9+ 0.4 -0.3+0.3 -0.5+0.3 1.7+ 0.1 —3.86+0.21
(h) e29c-k43c CC -2.9 —-24+04 -0.2+0.2 -1.4+0.0 —-0.7+0.3 —8.73+ 0.27
(i) r31lc-e4lc CC —2.6 —-1.4+0.2 0.4+ 0.2 —-1.8+0.0 —-0.0+£0.1 —7.36+0.16
(j) e33c-138c CC -1.9 -1.8+0.4 0.5+ 0.2 —-0.7+£0.3 2.0+0.1 —-42+0.21
(k) a40c-150c aC” -2.6 —42+04 0.7+0.3 -0.8+0.1 —4.1+0.0 —8.72+ 0.06
() I58c-d62c DE -1.6 1.5+04 —-1.3+04 0.5+ 0.1 2.3+£0.1 —5.94+0.31
(m) i57¢c-163c DE -2.1 —45+0.2 -0.8+0.2 -15+0.1 —-22+01 —11.13+0.15

a Shown are the effects of introducing a cross-bridge on the free energy changes of defined steps in the folding reaction; all values are derived
from the parameters in Table 1 and are given in kcal/mol. Bridge positions are described as in TablAAG[h&, values represent the energetic
effect of the bridge on the free energy change for the overall folding reaction as predicted from the entropic relatidA§hip: — TAASonr =
—T(—2.1— [1.5RIn n]) cal/mol, and as measured experimentally (5., — AGred. The valueAAGwu—) represents the effect on the initial rapid
transition, andAAG—) andAAG—r) show their effects on reaching the transition state and relaxing to the folded ground state; they are calculated
from the relationshipsSAAG;—y = —RTIn [Kyox/Kired)] and AAGi—r = —RT In [KyredfKux), respectively. In the last column, absolute stabilities
of the oxidized proteins are shown for comparison with the wild-type wh&g—r is —6.2 kcal/mol. Quoted errors are standard errors given to
two significant figures and were calculated from fits to the kinetic plots using the standard statistical formula.

AAG in kcalmol

reducing its conformational entropy and raising its free

energy (9); hence, the folded state becomes relatively more - i ° "

favorable. For simplicity, this constraining effect is consid- " in ajetac-kesc | T % B
ered absent in the folded state and can be approximated by = b b) N1SC-KEAC | a=t |
the equation:AAG = —TAASon = —T(—2.1 — [1.5R In 6 6 o o mascnec | — ]
n]) cal/mol (wheren is the number of residues that spanthe % £ ¢ - T — 4
cross-link) which is derived from a statistical mechanics o free-ree e hl
treatment of polymers2(Q). In seven cases, the observed ) TSC-DC | 3
enhancement of stability is close to that predicted, showing ) T79C-D90C 3
both that the empirically derived constantd.1) in the above g gwsicrc | 7|
equation is plausible (see Table 2) and that, by and large, 7 ) E29C-Ka3C 3
the bridges have been well chosen so as not to strain the I~ gl
folded state. For five cases, the observed value is smaller e |
than that predicted. There are two explanations for this. Either i) g3c-B8c g

the disulfide bridge introduces strain into the folded state, k) A40C-150C !
thus raising its enthalpy, or it renders the folded state more 1) 158C-D62C o
rigid, so lowering its entropy. Whichever is the truth, the m) 157C-63C | | ‘_EL;

| |

data do not distinguish between the possibilities.

Only in two cases do the measured increases in stability FiGure 3: Effects of bridges on the free energy of defined steps in

i i i the folding pathway. The data derived from the kinetic fits (see
exceed those predicted from chain entropy. Itis noteworthy JTable 1) are represented as a bar chart. The equilibrium and rate

that in b(_)th of these mutants nonpolar reS|_dues are repl_acedconstants are converted to changes in free energy; for any transition,
by cysteines and, commensurately, the neighboring environ-AAG = —RT In (kodked. The bridge positions are indicated by
ment is less polar than for most of the mutation sites. In the residue numbers substituted for cysteines in each mutant on

these circumstances, the more hydrophobic nature of thethex-axis and by the strands linked above the data.
cystine group, by comparison with two cysteines, will slightly - state parrier; i.e., they enhance the folding rate. Bridges in
enhance the stability of the oxidized protein over and above the CC hairpin have little effect on the intermediate but
the chain-entropy effect of the covalent bridge. reduce the barrier height for the slow, second step. TB& C
Bridge Position and Differential Effects on the Pathway. bridge has no influence in the folding direction but stabilizes
More interestingly, the results show that different bridge the folded state by raising the barrier to unfolding.
positions have distinctly different kinetic consequences when  For four of the mutants (b, g, j, and 1), the introduction of
the reaction is broken down into its component steps. Figure a bridge in the oxidized molecule leads to conformational
3 shows the effects of the cross-links at each stage in thestrain. This effect is apparent at the last stage of folding (rate-
pathway for each mutant and is a graphic representation oflimiting transition state to folded state), when side-chains
the data given in Table 2. Bridges in the nucleus of the become tightly packed, and is manifested as a posi&
molecule formed by the B, C, E, and F strands (see Figuresfor the t-to-F transition i.e., an increase in the rate of
1 and 4) have their major effect on the initial, rapid step; unfolding.
i.e., they stabilize the transient intermediate. Bridges in the The order of strand-pairings as CD2 folds, deduced from
DE and FG hairpins also promote the formation of the the data described above, is summarized in graphical form
intermediate and, in addition, lower the major transition- in Figure 4.
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rate-limiting transition state has been surmountéé).(
Reassuringly, the former bridge led to a more stable
intermediate and transition state while the latter affected only
the rate of unfolding.

Recently, using a lattice Monte Carlo model, Abkevich
and Shakhnovich7) have simulated the effects of introduc-
ing disulfide bonds into different regions of a protein, with
respect to both the overall molecular stability and the rate
of folding. In agreement with the data we describe here, they
found a clear correlation between overall stability and the
distance along the chain between the cysteine residues.
However, there is little agreement between experiment and
model with respect to the kinetics of the system. In the Monte
Carlo model, the introduction of a bridge at best leads to a

o ] ) . 2-fold enhancement of folding rate and in most cases results
FiGURe 4: Effect of disulfide bridges on folding. The molecule is a severe deceleration of folding, by up to 3 orders of
shown from two angles and color-coded to represent the accumula- . ) . .
tion of strand-pairings through the folding pathway: Strands r_nagmtude. In contrast, we find that the Crossflmk either has
containing red are predominantly paired in the initial U-to- little effect on the folding rate or has a substantial accelerating
transition, i.e., CF, BE, and BF. Those containing orange (FG and effect. Only in two cases do we find a small but measurable

o e ansion Thess comang sy Ce. reducton nfolding ate (23-fld) whereas n ight cases
are not paired until the I-to-t transition, and those containing blue there is a significant increase. A tOtal. of 4 .OUI of the 13
(C'C") only pair after the rate-limiting transition state, so have no Pridge mutants show an enhancement in folding rate greater

influence in the folding direction. than a factor of 10.
In the Monte Carlo study, the authors suggest that the very
Comparison with Hydrogen Exchange Dafahese find- large reductions in folding rate seen in the model may result

ings can be compared to measurements of hydrogen ex{from constraints on the movement of the simulated polypep-
change protection which showed that the amides most highlytide chain on the cubic lattice. This makes the model system
protected in the intermediate were in the B, C, E, F, and G stiffer and thus slower to explore conformational space. It
strands 9). The problem of interpreting these previously appears that in the real system the greater degree of
determined protection patterns is that the exchange rates oftonformational freedom with respect to torsional and flexing
amide groups could be reduced either by burial in the core motions of the polypeptide chain enables it to explore
or by hydrogen bonding to non-native partners. However, conformations in a less restricted way, thus avoiding the
the strong correspondence between topological mapping byproblems of stiffness.
the bridging method described here and the protection data Contact Order and Folding Rate¥here has been much
acquired previouslyd; 12) shows that the complex topology recent discussion of the factors that affect the rate of protein
of the immunoglobulin fold is established in the very first, folding, particularly with respect to the topology and contact
sub-millisecond step. The fact that interactions between order of the moleculel7, 18). Contact order is a measure
[-strands that both are sequence-distant (BE, CF) and are irof the average sequence spacing of interresidue contacts in
local hairpins (DE, FG) are established in this first step the native state and, as such, is related to fold architecture.
suggests that this early formation of structure is global and For example, a protein composedarhelices is dominated
concerted. This conclusion is supported by recent experi- by local intrahelical contacts and will have a small contact
ments on small, single-domain proteins that have kinetically order compared with A-sheet protein such as CD2 where
resolved this step and have shown it to have the propertiesa large proportion of native contacts are between residues
of a first-order transition with a distinct energy barrier well separated in sequence. It is argued that the former
separating the unfolded state from the intermedialeZ?2). structure should fold more rapidly owing to the higher
Furthermore, it has been shown that the fixed, quasi- probability of forming the native interactions between side-
crystalline interactions between side-chains which are char-chains. The insertion of a disulfide bond into a protein will
acteristic of the native state are absent in these early foldingalso influence contact order because the bridge will ef-
intermediates Z3). Taken together, these findings prompt fectively reduce the overall sequence spacing of the native
the conclusion that the complex topology of protein folds contacts (see legend to Figure 5). Indeed, it can be argued
can be specified without the need for detailed, close-packedthat this system provides a good test of such ideas because
side-chain interactions. In turn, this implies that rather crude contact order is being changed with a negligible change in
representations of amino acid residues may suffice in sequence. However, it should be noted that the contact-order
computational models which seek to relate sequence to foldanalysis has been developed for two-state systems, i.e., those
in proteins R4—26). in which there are no populated intermediates. In these cases
Comparison with Other StudieBrior to the experiments  the reaction in the folding direction can be described by the
described here, there have been no extensive studies of theurmounting of a single transition state barrier. The reaction
position-dependent effects of cross-links on folding kinetics, we deal with in this study is less straightforward in that
but the general principle has been tested in experiments onfolding proceeds through three states. Hence, there are two
Barnase. Two bridges were introduced; one in a region which distinct phases in the process, either or both of which could
according to phi analysis becomes structured early in the be influenced by the change in contact order. By definition,
folding pathway and one which is only structured after the the contact order is argued to be related to the rates of



12098 Biochemistry, Vol. 41, No. 40, 2002 Mason et al.

4 ——1 1 Rather, the slow step represents the formation of more
localized, hairpin structures once the complex elements of
topology are established. The observation that long-range
contacts and therefore molecular order can be established in
early, non-rate-limiting processes precludes the application
of simple contact-order/rate analysis to such three-state
systems.

Implications for Protein Engineerindt is worth consider-
ing implications these observations have for the rational
design of more robust proteins. Previous, less systematic
studies have concluded that the effect of disulfide bridges
on protein stability is unpredictabl@7, 28). However, the
results of this work show that fg#-sheet structures, surface
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Ficure 5: Relationship between topology and folding rate. A plot . : : _ )
of Contact orders against the natural log of change in folding rate disulfide bonds can readily be inserted at non-hydrogen

[In (K-Foyk—req)] (the comparison is made relative to reduced bonded sites betweqﬁ-str_ands on the_ protein surface to

protein sample as this reports the change in folding kinetics due produce hyper-stable native states with an added stability
only to tI;e formation of the bridge). Contact order is calculated by equal to or greater than that predicted by the statistical
CO= (Z™AS)/L-N (17), whereN is the total number of contacts, — antropy rule. In their oxidized states, 8 out of 13 are more

AS; is the sequence separation, in residues, between contactin . . .
residues andj, andL is the total number of residues in the protein. Stable than the wild-type molecule with 2 being more than

The insertion of a cross-link reduces the contact order by covalently 3500-fold and 5 be_zi_ng_ more than 50-fold more s_table with
connecting segments of the chain and thus shortening the through+espect to the equilibrium constant for folding. It is worthy

bond sequence separation of residues that make contact in the folde&f note that 45% of all proteins whose structures have been

state. The contact order for the cross-bridged molecules was
calculated by summing the sequence separations as determined b
the smallest number of covalently linked residues between contact-
ing side-chains in the folded state. A contact was deemed to have

determined have exposgtsheets that could be stabilized
}Sy surface disulfide engineering.

formed between two residues when their closest side-chain heavyACKNOWLEDGMENT

atoms were withi 5 A of each other. The continuous line represents
the fit to our own data except for the four proteins where the effect
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represent the data of Baker and colleagued (see main text).
The two linear fits are shown superimposed upon the data. The
black closed circles represent those hairpins that are local in
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folding, and in this study we can only measure the rate
constant for crossing the major transition state, i.e., the I-to-F
transition. Hence, in Figure 5 we show the change in this
rate constant plotted against the change in contact order
occasioned by the insertion of the given bridge. It is striking
that the data fall into two distinct categories, and at first sight
the correlation between contact order and the logarithm of
the rate constant (a measure of the change in barrier height)
appears to be scrambled. However, on further inspection the
left-hand group of points all represent data for long-range
bridges. As described earlier, these bridges have their major
influence on the rapid first step in folding, the rate of which

is immeasurably fast using a stopped-flow apparatus. Because
their effect is predominantly on this step, the influence on
the second step is much smaller than expected by the contact-
order argument. By contrast, for those bridges which have
their major effect on the energy of the transition state, i.e.,
upon k. (shown as closed circles in Figure 5), there is a
more plausible relationship between contact order and folding
rate. Super-imposed upon the data in Figure 5 is the slope
value determined by Baker and colleagu®g for naturally
occurring proteins-{77). For those bridges which have their
primary effect upon the rate of folding (closed circles), the
correspondence appears reasonable. The above discussion
highlights the most surprising finding of this study, that the
slow, rate-limiting process in the folding of this complex
p-sheet structure is not the formation of sequence-distant
strand-strand interactions; these are rapid, early events.
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