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Abstract

An analysis of the pairwise side-chain packing geometries of cysteine residues observed in high-resolution protein
crystal structures indicates that cysteine pairs have pronounced orientational preferences due to the geometric constraints
of disulfide bond formation. A potential function was generated from these observations and used to evaluate models
for novel disulfide bonds in human carbonic anhydras€HCAII). Three double-cysteine variants of HCAIl were
purified and the effective concentrations of their thiol groups were determined by titrations with glutathione and
dithiothreitol. The effects of the cysteine mutations on the native state structure and stability were characterized by
circular dichroism, enzymatic activity, sulfonamide binding, and guanidine hydrochloride titration. These analyses
indicate that the PAIRWISE potential is a good predictor of the strength of the disulfide bond itself, but the overall
structural and thermodynamic effects on the protein are complicated by additional factors. In particular, the effects of
cysteine substitutions on the native state and the stabilization of compact nonnative states by the disulfide can override
any stabilizing effect of the cross-link.
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Use of disulfide bonds to stabilize proteins novel disulfide bonds have been less succed8etz, 1993, al-
though some increases in stability over wild-type have been ob-
served Kanaya et al., 1991; Clarke et al., 1995; Akker et al., 1997;
?ﬁansfeld et al., 1997

The considerable variability in the energetic effects of engi-

One important goal of protein engineering is the stabilization of
natural protein folds to increase their usefulness as reagents. F
example, it has been proposed that human carbonic anhydrase

(HCAIl) could be modified into a highly sensitive and specific I S 02
. : . neered disulfides suggests that several stabilizing and destabilizing
metal ion biosensafThompson & Jones, 1993but the wild-type . . . 3 )
components of similar magnitude contribute. The primary stabi-

protein gradually loses activity in long-term storage and may nmlizing effect of a disulfide bond is proposed to be a reduction in the

e e o vl featonalentoy of th denstred saoz, 1903 I
g 9 - =Ng g addition, the disulfide group is more hydrophobic than two free

(S)lfjlifrl:i(raet;;?r?s tlrr:teo éllopbrgltesltr; tc:;‘ﬁl:nc:)\;vg Strgjtzmitlssuﬂjrgozsl\lﬂb;iWaXhiol groups, providing additional stabilization to disulfide bonds
9 9 y P that are buried in the native state but not the denatured state of a

thews, 199 Studies of bovine pancreatic trypsin inhibit@Tl) protein. Analysis of the thermal denaturation of disulfide-bonded

E:)Sozzvt\:llae gieet_l_il*;ai?;p;osgggggis: I’;Ae(nzzu etwi:iielﬁzlﬁnzrl-me proteins in the reduced and oxidized forms has suggested that
" 99 ysozy differential solvation of the residues near the disulfide bond may

(_Coop.er e_t al., 1992have Sh".W” that removing naturally. 9CCU Hiso have an effeqtDoig & Williams, 1991). One important de-
ring disulfides by mutagenesis can dramatically destabilize pro-

. - . " fstabilizing effect of a novel disulfide bond is the introduction of
teins. However, attempts to stabilize proteins by the addition o L . . .
strain in the native state structure due to the stringent geometric

requirements of the sulfur—sulfur bond. Structure-based prediction
methods are needed to ensure that an engineered disulfide is con-
Reprint requests to: Terry Oas, Duke University Medical Center, De-gjstent with the original structure of the protein.

g?gg?frgazgg?ggﬁémsémggmc 8711, Durham, North Carolina 27710 5o\ /era| methods have been employed to use the known three-

3present address: Novartis Agribusiness Biotechnology Research, Inclimensional3D) structure of a protein to choose sites for cysteine
P.O. Box 12257, Research Triangle Park, North Carolina 277009. mutations. The structural constraints of disulfide cross-links arise
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from the rigidity of the C-S-S bond angle-104), the S-S bond difference in free energy of denaturation between the wild-type
length (2.0 A), and preference for a C-S-S-C dihedral angle of protein and the oxidized form of the double-cysteine variant. As
+90 (Richardson, 1981 Some investigators have chosen a “man- mentioned aboveAAGggis not a direct measure of the compati-
ual” method, using interactive graphics to model putative disul-bility of the native structure with the geometric requirements of the
fides and to assess their suitability with the native strudidemaya  disulfide bond as it is affected by slight changes in packing and
et al., 1991; Zhou et al., 1993Pabo and Suchangik986 auto- solvation around the site of the cysteine substitutions, as well as
mated this process using the PROTEUS algorithm to locate acdeviations from two-state behavior and residual structure in the
ceptable sites for making disulfide-linked dimers of the N-terminaldenatured statéBetz, 1993. The predictive power of the PAIR-
domain ofA repressor. Other algorithms based on geometric cri-WISE algorithm can be assessed explicitly by direct measurement
teria have also been propos@dazes & Dijkstra, 1988; Watanabe of AAG.n, given by the effective concentration of the protein
et al., 1991 thiol groups for intramolecular disulfide formation relative to the
We have developed an algorithm to predict the suitability of abimolecular association of a small thiol compou(@reighton,
given site for a novel disulfide link by analyzing the packing 1983; Lin & Kim, 1989. The common choice is glutathione, which
preferences of cysteine pairs that form disulfide bonds found ins a biologically relevant redox compound that is chemically sim-
high-resolution crystal structures. The PAIRWISE algorithm, de-ilar to a polypeptide.
scribed below, uses a backbone-based local coordinate system toMeasurement of the effective concentrations of protein disul-
identify the position of one cysteine residue relative to a closelyfides relative to glutathione requires the measurement of the ratio
packed neighbor. The primary advantage of the method is that thef oxidized (PS) to reduced PSH) protein in the presence of ex-
calculation is very rapid, allowing a large number of possible sitescess reducetGSH) and oxidized GSSQ glutathione. This analy-
to be tested. In addition, the method is completely general in thasis can be complicated by the presence of additional species, such
pairwise interactions between any two residue types could bas disulfide-linked protein dimer®SSP or mixed disulfides be-
analyzed. tween protein and glutathiori®$5andPSSS). One approach is to
separate and quantitate all possible species by high-performance
liquid chromatography or native polyacrylamide gel electropho-
resis, as has been done for BR@oldenberg et al., 1993and
Experimental feedback is essential for refining computational modthioredoxin(Lin & Kim, 1989). However, these techniques require
eling techniques such as the PAIRWISE algorithm. The energetioptimization for each protein system studied and may not be ap-
effect of introducing a novel disulfide bond into a protein can beplicable for some proteins. To address this difficulty, we have
dissected into the stability effects of introducing two cysteines intodeveloped a simple protocol using a desalting column followed by
the structure(AAG.,s and creating a cross-link by oxidizing the thiol quantitation, using conditions that minimize the formation of
thiols (AAG,,), as described by the following linked thermo- unwanted disulfide specié®SSPPS3S andPS5g). These condi-
dynamic cycles: tions limit the range of effective concentrations that can be mea-
sured and require additional experiments to confirm that undesired
disulfide species do not accumulate significantly at equilibrium,

Testing disulfide bond strength

AGeysn AGoxn
WTEN < > MUENSH =% MUENS but the protocol can potentially be used with any protein. This
0 AAGeys 0 AAG,, 1 (1) technique was used to measure effective concentrations for novel
disulfides introduced in HCAII, which were then used to assess the
WT-D «2Cesey Mut-DSH PRLCLN Mut-D§. predictive power of a novel algorithm for structure-based disulfide
engineering.

The vertical arrows in these cycles are the free energies of stability
(N vs. D) for the wild-type proteinfWT), as well as the double-
cysteine variant in the reducéMut-NS) and oxidized Mut-N %)
§tates. These ex.perlmentally opservable energies can be y.sed[B%velopment of the PAIRWISE database
infer the energetic effects described by the horizontal transitions:

The overall goal of disulfide engineering is to minimize the often A database of 377 high-resolution crystal structures has been col-
destabilizing effects of cysteine substitutiMAGys = AGysn — lected from the Brookhaven Protein Data BaiiDB) database,
AG¢ysp), While maximizing the gain from disulfide formation starting with the 25% identity cutoff list from Hobohm and Sander
(AAGoy = AGoxp — AGeyn). The PAIRWISE algorithm is de- (1994, and selecting those structures wig2.0 A resolution and
signed to address the latter problem by optimizing the geometric fian R-factor of 0.2 or better. The PAIRWISE program scans this
between the native structure and the constraints of the disulfidédatabase for all instances where two specified residues that are
bond, thereby increasiniGox \ (the stabilizing effect of disulfide  more than five residues apart in the primary sequence come in
formation on the native stateTherefore, it is desirable to have contact. Contact is assumed when theafoms are close enough
experimental techniques that are able to assess both the overédlr the side chains to potentially make van der Waals contact. The
success of the engineering attempt and the ability of the algorithniongest distance from thegGatom to any other atom in the same

to successfully identify sites in a protein of known structure thatresidue is measured for the 20 side chdidig.,). Whenever the

Results

minimize the strain on the disulfide bond. Csz-C; distance is less thatmay1 + Omax2 + 3.0 A, the pair is
The difference in the free energy of stability between theevaluated. The local space around a given residue is uniquely

wild-type protein and the oxidized form of the varidAGgs= defined by three points, shown in Figure 1. Thg &om is set at

AGp, mu§ — AGp,wt = (AGeysn + AGoxn) — (AGeysp + AGoyp) = the origin. The G atom is placed on the negatixeaxis, and the

AAG.ys + AAGy) is directly relevant to the goal of engineering a carbonyl carbon is placed in tixg plane, in positivey space. Once
more stable proteimMAGsscan be readily measured by taking the the coordinate space around a given residue has been defined, its
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y4 Interacting PAIRWISE analysis of cysteine—cysteine packing orientations
Residue
C The database of crystal structures was scanned for instances where
‘. 3,2 two cysteines come in contact according to the criterion outlined
,’ above. Visual examination of a random sample of these cysteine

Y pairs using INSIGHT II(MSI, Inc., San Diego, Californjaindi-
cated that nearly all of these residues were joined by disulfide
cross-links. The few exceptions involved crystal structures with
multiple disulfide bonds close in space, such that two cysteines

X would be close enough to potentially interact, but favored bond
formation with another partner. These exceptions were left in the
distribution, because removing them did not significantly affect the
final predictions. The PAIRWISE algorithm was used to generate
a list of (6,¢) values to define the relative orientation of the
cysteine residues. Two sets(éf ¢) points were generated for each
pair of residues A and B, one in which residue Awas used to define
the coordinate system and tf# ¢) coordinates of the £atom in
residue B was recorde@,,¢,) and another in which residue B

Fig. 1. Description of coordinate system used to analyze side-chain packs .+ . . .
ing orientations. Three backbone ato(@s G,, and G) are used to define defined the coordinate system and the position of residue A was

the XY plane, and the position of thesGatom of the other residue is determined6y, ¢o) . This list of (6, $) points was used to generate

determined using a spherical coordinate systénp,r). the probability density function shown in Figure 2. This distribu-
tion shows that there are strong preferenceséfigp) values around
(—m/4,7/3) and weaker preferences for areas arouni,0) and
(—m/4,—/4). Visual examination of selected cysteine pairs with

interactions with another residue can be probed by asking wheré€se(6,¢) values indicated that their disulfide bonds adopted
the G atom in the other residue lies within that coordinate systemPond lengths and angles close to ideal values. The peaks in the
To separate the coordinate information into orientation-based anélensity function also roughly correlated with previously observed
distance-based components, a spherical coordinate system is usééameric preferences for disulfide groujRichardson, 1981; Thorn-
that defines each point by two angl@s#) and a distance. In the ton, 1981; Harrison & Sternberg, 1996; Petersen et al., 1989
current implementation, thevalue is not used, but could poten- Particular, the large peak &t m/4,7/3) consist predominantly of
tially be used to generate a distance-based contact potential. THBE two most common symmetric rotamets,g*gg*g” and

list of (,¢) points were then used to generate a probability dis-9°97dg"g", using the terminology ofHarrison & Sternberg,
tribution, using a Gaussian kernel estimaf@ilverman, 1985  1996. The peak at—m/4,—m/4) seems to dominated by the most

Reference
Residue

C
“e
Cu

shown below: common asymmetric rotamer'g*dg~t, while the(w/4,0) peak
contains a wide variety of rotamers, including the immunoglobulin-
1 N d2 like conformation. The PAIRWISE algorithm is able to identify the
P(O,¢) = — S e 4m? stereochemical preferences of disulfide bonds using a coordinate
Nh* =1 system that is generalizable to all natural amino acids, suggesting
d?>=(x—x)?+(y—-y)?*+(z=-2z)?

X = CO0S¢ cosh
y = cos¢ sinf
z=sin¢ 2

whereN is the number of pointd) is a smoothing factor chosento >
be 0.25 based on visual inspection and examination of the crossﬁ
correlation function of the density matrix at various valueshof 5 0.2
(Silverman, 198§ andd is the distance between the grid point O

(6,¢) and the data pointd;,¢;) in Cartesian space. A Gaussian -m
curve centered on each data point is generated, and the sum «

these curves is a continuous function that contains information or

the types of packing orientations found in the database. Preferre B s
packing arrangements are reflected as peaks in the distribution, an I

disallowed configurations are indicated by valleys or “plains” with T 2

density values near Ze.ro.. The distributions are sampled ona l’e‘?—'_ig. 2. Cys—Cys probability distribution. The conformational preferences
ularly spaced 46¢ 40 grid in(6, ¢) space, and the density value for induced by the presence of a disulfide bond are clearly seen as the peaks

a given(6,¢) point is calculated by linear interpolation between i, the distribution and large, flat areas i, ¢) space where no points are
the nearest grid points. found.
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that this analysis may also be able to identify packing preferencepair of g-strands involved in a pseudoknot structu®38C/

for every side chain. A258C) (Eriksson et al., 1988 Since the PAIRWISE calculation
was performed using the wild-type structure with no allowance for
backbone movement in response to the disulfide, relatively rigid
sites were chosen as indicated by I@afactors reported in the
crystal structurg PDB code: 2CBA(Hakansson et al., 1992 A
Since the(, ¢) points for a given pair depend only on the back- haturally-occurring cysteine residue at position 206 was substi-
bone atoms, the preferences observed in Figure 2 offer a rapited with arginine to prevent complications from a third thiol
means for assessing the suitability of a given backbone conformagroup and to improve binding of the fluorescent inhibitor dansy-
tion for disulfide engineering. To test the predictive power of this lamide (Krebs & Fierke, 1998 The C206R sequence was then
distribution, 10 randomly-chosen crystal structures of proteins withused as the background for the double-cysteine substitutions and
naturally-occurring disulfide bonds were left out of the databaseWill be referred to as WT* throughout.

used to calculate th@, ¢) distribution. The resulting distribution
was visually identical from a distribution calculated using all struc-
tures, and the Kolmogorov—Smirnov tégtress et al., 1992ndi-
cated that these distributions were statistically indistinguishablelable 2 shows that the number of free thiols detected per protein
(data not shown The disulfides in the ten test structures were varies from 2.0t 0.1 under strongly reducing conditions to @1
evaluated by calculating a psuedo-energy score from tided) 0.1 in strongly oxidizing conditions for all of the variants studied.

Predictive pseudo-energy function
for disulfide-bonded CysCys pairs

Disulfide formation under oxidizing conditions

values: The formation of disulfide-linked dimers was ruled out by SDS-
PAGE, and no protein—glutathione adducts were detected by elec-
p(6y, b1)p(6s, bo) trospray mass spectrometidata not shown These results indicate
score= —RTIn ——————— (3 that all cysteine-containing variants studied here are fully reduced
Prandom in 5 mM dithiothreitol(DTT) and fully oxidized in 1 mM GSSG,

allowing both redox states to be characterized under identical con-
wherep(6,¢) is the value of the density function at a given co- ditions for each variant. Disulfide stabilities were determined by
ordinate andrandomis the probability density derived from a ran- measuring the effective concentrations of the protein thiol groups.
dom distribution. Negative scores indicai® ¢) values that are  Effective concentrations have been used as a measure of local
found more often in the crystal structure database than expecteirain in variants of thioredoxifLin & Kim, 1989, 1991 and
from a random distribution, and positive scores indic&ap)  staphylococcal nucleagélinck et al., 1996 Figure 3 shows the
values rarely found in the database. The scores for the 21 naturallyitration of protein thiols in the three-disulfide variants of HCAI
occurring disulfides in this test set were uniformly negative, rang-with glutathione and DTT. The S296197C variant is readily
ing from —2,900 to—11,000 Jmol* (data not shown reduced by glutathione, agreeing with the PAIRWISE prediction
that the native backbone structure was not consistent with disulfide
bond formation even though the;@toms in these residues should
be close enough to interact. The A38258C and L60@S173C
All possible residue pairs in HCAII were scored in this manner tovariants are more resistant to reduction; no detectable concentra-
assess the suitability of putative disulfide bonds throughout the¢ion of the thiol forms of these proteins could be found at the
structure. Table 1 shows the PAIRWISE predictions and structural GSH|/[GSSQ ratios studied. Reduction of these variants was
parameters for three putative disulfides in HCAII that appear inpossible using DTT, which is a stronger reducing agent. The A38C
different structural contexts and sample a wide range of PAIR-A258C variant was fully reduced at all ratios studied, indicating
WISE scores. These sites were predicted to be either highly favothat the redox potential for this disulfide is intermediate between
able (L60C/S1730Q, neutral (A38C/A258C), or unfavorable gluathione and DTT. The equilibrium constant for reduction
(S29¢/S1970Q. In addition, these sites potentially introduce di- Keq = ([PSI[DTTSH])/([PSHI[DTTE]) of the L60CG/S173C vari-
sulfides into diverse structural contexts: joining tygestrands  ant by DTT was determined to be 0.6, comparable tokhg of
(L60C/S1730Q, apB-strand to a loogS29¢/S1970Q, and a unique 0.1 and 0.5, respectively, observed for the 14-38 disulfide bond in

Selection of disulfide bonds in carbonic anhydrase

Table 1. Results of computational analysis of HCAIl variahts

PAIRWISE score A in side-chain volume Average

CAIl variant (J mol %) (R3) B-factor Structural context

C206R(WT*) — — 6.3 Active site loop

A38C/A258C —150 +28 13.9 Bridges pseudoknot structure

L60C/S173C —8,000 —159 10.9 Edge of centr@i-sheet

S29(@/s197C +5,000 +14 5.4 Connects end of shgBtstrand to active site loop

aThe first column is the predicted change in side-chain volume caused by the cysteine mutations, using standar¢Richengs,
1977). The PAIRWISE algorithm was used to analyze the suitability of three potential disulfide bonds with the native structure observed
in the crystal structuréHakansson et al., 1992PDB code: 2CBA, assuming a fixed backbone conformation. The av@-dgetor
for the backbone atoms of the mutated residues and the structural context of the sub@itatetaken from the wild-type structure.
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Table 2. In vitro assays of disulfide bond formatidn 20
m L60C/F193C
[SHI[Proteid  [-SHI[Proteir Cer 4 S33G/67876 Ceff = 6.4 2.0.6 mM

CAIl variant (5 mM DTT) (1 mM GSSG (M) 15]
C206R(WT*) 0.0+0.1 0.1+ 0.1 — ;—f,
A38C/A258C 21+ 0.1 0.1+ 0.1 36+ 24° <
L60C/S173C 1.9+ 0.1 0.2+ 0.1 720+ 120° £ 1.0
S29¢F/S197C 2.1+ 0.1 0.2+ 0.1 0.0064= 0.0006 %

aThe effective concentrations of the thiol groups reflect the strength of 057
the disulfide bonds toward reduction by small molecule disulfides. All
measurements were made in 0.1 M TrisS@PH 8.0, 0.1 mM ZnSQ@ at A i T
25°C. 0.0 : — i L ‘

bCalculated using & of 1,200 M for DTT(Goldenberg et al., 1993 0.01 0.1 1 10

[GSSG)[GSHP (mM™)

BPTI (Goldenberg et al., 199&nd a highly stabilizing engineered 20 B

disulfide in barnaséClarke et al., 1995 C; for these proteins can
be estimated from the effective concentration of the thiol groups in 15
DTT, 1,200 M(Goldenberg et al., 1993 '

Effects of substitutions on enzymatic activity 101

and inhibitor binding

[-SH]:[Protein]

While the effective concentration of the thiol groups is a precise 0.5
test of the strain imposed on a disulfide bond, stabilization of the
overall protein structure requires that the cysteine substitutions
have little or no impact on the native-state structure or stability. To
test the effects of these substitutions on the gross structural features
of the protein, enzymatic activity and inhibitor binding assays were
performed on the oxidized and reduced forms of the proteinsgjg 3. Effective concentrations of protein thiol groups (&) glutathione
Differences between the WT* variant and the reduced form of theand(B) dithiothreitol. The number of thiol groups per protein molecule was
double-cysteine variant indicate effects of the amino acid changesletermined by reaction with 2;2lithiopyridine under denaturing condi-

Additional effects upon oxidation are due to disulfide formation. tions (Materials and methodisThis ratio varies between 2.Gully re-
duced to 0.0 (fully oxidized) as the redox potential of the solution is

HCAII hE}S two readily megsurable a.CF'V't'@n't.rOphenyl acetate changed with the small thiol compounds. These data were fit to Equation 4
hydrolysis and C@hydration. In addition, binding of the fluores- in Materials and methods to determine effective concentrations. SDS-
cent inhibitor dansylamideéDNSA) is sensitive to the presence of PAGE was used to verify that no detectable amounts of intermolecular
the protein-bound zinc atom and the integrity of the active-sitedisulfide bonds were formed, and no protein—glutathione mixed disulfides
cleft (Thompson & Jones, 1993; Nair et al., 1998s shown in  Vere detected by mass spectrometry.
Table 3, DNSA binds the WT* variant almost 1,000-fold more
tightly than the wild-type protein, consistent with earlier observa-
tions (Krebs & Fierke, 1998 The oxidized forms of two of the
double-cysteine variantd 60C/S173C and A38A258C) also ~ Serl97 are immediately adjacent to a critical active site loop
bind DNSA very tightly. No binding was detected to the SzoC (Hékansson et al., 1992; Krebs & Fierke, 1998hich may ex-
S197C variant in up to 32M DNSA, indicating that the critical  Plain the loss of activity when these sites are altered. The serine
binding pocket is not present under these conditions. residue at position 29 is conserved among all carbonic anhydrases
The activities measured for WT* and the three double cysteiné2Nd @ single S29C substitution was shown to be extremely desta-
variants, listed in Table 3, also suggest that the C206R, 160C bilizing (Martensson et al., 1992In addition, the residues that
S173C, and A38@A258C substitutions have little or no effect on contact Ser29 in the wild-type crystal structure are also conserved,
the active site, whereas the S28K197C mutation is severely including Ser197, although single substitutions of Ser197 have
disruptive. The two disulfide variants predicted to be compatiblelittle or no effect on activity(Krebs & Fierke, 1998 The peptide
with the wild-type structurg(L60C/S173C and A38¢A258C) bond between Ser29 and Pro30 is in tigconformation in the
have similar PNPA hydrolysis and G@ydration activities as the native structur¢Eriksson et al., 1988lt is possible that even the
WT* background, indicating that the structure of the active site is'elatively mild Ser— Cys substitutions at these positions disrupt
only modestly perturbed. However, the S2&197C protein is this strained conformation and inactivate the enzyme.
inactive under both reducing and oxidizing conditions, indicating
that the cysteine substitutions have disrupted the active site stru
ture, and this perturbation is not relieved by formation of the
disulfide bond. Residues Leu60, Serl73, Ala38, and Ala258 ardhe circular dichroism(CD) spectra for WT* and the disulfide
well removed from the active site cleft of HCAII, while Ser29 and variants, shown in Figure 4, provide a more global picture of the

—&— L60C/F193C Keq =0.6+0.1
—a— A38C/A258C Keq =0.03 £0.02

0.0 = — —

0.1 1 10
[DTT,MDTT, ]

Circular dichroism spectra of HCAII variants
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Table 3. Enzymatic activities of WT* and the double cysteine mufants

5mMDTT 1 mM GSSG
PNPA (o{6) PNPA CO, DNSA Kp
CAll variant (M~ts™t (X 108 s 1) (M~ts™t (X 108 s 1) (nM)
C206R(WT*) 920 1.3 1,500 2.0 18
A38C/A258C 940 ND 780 ND 7
L60C/S173C 520 0.5 1,300 1.1 8
S29C/S197C <50 <0.01 <50 <0.01 NAP

aActivities for p-nitrophenol acetatéPNPA), hydrolysis(ks/Ky in 0.5 mM PNPA, and CQ hy-
dration (keo) are reported under reduciri§ mM DTT) or oxidizing (1 mM GSSQG conditions. The
dissociation constant for the fluorescent inhibitor dansylamipldSA) indicates the structural integrity
of the active site in the oxidized form of the protein. All measurements were made°@tig5.1 M
TrisSQy, pH 8.0, 0.1 mM ZnSQ@.

®No detectable binding up to 30M DNSA.

structural effects of these amino acid substitutions. The far-ultravioletertiary environments of the eight tryptopha(frekgard et al.,
(UV) spectra for all four proteins are similar under both reducing1994), indicate that WT*, L60G@S173C, and A38ZA258C have
and oxidizing conditions and consistent with the predominantlytightly packed cores, while S296197C does not. Since the
B-sheet structure seen in the wild-type crystal structit@kans-  near-UV signal is lost in the reduced as well as oxidized form, the
son et al., 1992 The near-UV spectra, which are sensitive to the disruptive effect is probably due to the insertion of cysteines at

5 mMDTT 1 mM GSSG
1000+ 1000
> | > {C
s_ 9 s _ %
aT a~ ]
=g -1000 =g -1000
L £ w e 1
O T . - O T . ]
E 3 2000 3 3 2000 |
2 S -3000 2 5 -3000
o % o % 1
ST -4000 —e— WT* ST -4000] —e— WT*
o —=— L60C/F193C o ] —=a— L60C/F193C
= -5000] —e— A38C/A258C = -5000 —e— A38C/A258C
] —a— S$29C/S197C ] —&— S29C/S197C
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Fig. 4. CD spectra of mutants ifA, B) 5 mM DTT and(C, D) 1 mM GSSG. ThegA, C) far-UV spectra indicate that the overall
secondary structure for all of the variants studied are nearly identical under both redD@img and oxidizing(GSSQ conditions.
However, thgB, D) near-UV spectra indicate that the local environment of the tryptophan side chains in theS3®JC variant has
been perturbed, and that these side chains are probably quite mobile. In contrast, the near-UV spectra for fB&7B€D@nd
A38C/A258C variants are similar to WT* under all conditions.
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1.25 +

formation does have the intended effect of stabilizing the native
fold, the cross-link may be influencing the ensemble of conforma-
tions that make up the nonnative states, as has been observed
previously in other proteinéPace et al., 1990; Betz et al., 1996

1.20 4
1.15

110 4 Discussion

A292/A260

1.05 4 The results for the three double-cysteine variants of HCAIl out-

lined above underscore the difficulties of structure-based disulfide
design in a protein that can adopt compact, nonnative states. The
destabilizing effects of cysteine substitutions at buried positions in
the native state can arise from either changes in side-chain volume
or the chemical nature of the cysteine side chain. In particular, the
thiolate form of cysteine would be very destabilizing in a hydro-
phobic core due to the cost of desolvating the charged sulfur atom.
Fig. 5. GdnHCI denaturation of WT¥#) and the L60GS173C CAll The primary force proposed to stabilize disulfide-bonded proteins
variant in reducedm) and oxidized®) form. The solid and dashed lines IS @ reduction in the conformational entropy of nonnative states
represent fits of the data to a three-stdte> | <> N) model. The param-  (Betz, 1993. This entropic contribution can be estimated by as-
eters derived from these fits are shown in Table 4. suming a random coil conformation for the denatured state and
calculating the entropy lost by covalently closing the loop between
the cysteine residues. Using Equation 5 from B€t293, the
estimated entropic benefits of forming the three disulfides in this
atudy are between 2.7 and 3.0 kcal mblat 298 K. The full
amount of this stabilization can only be realized if the disulfide
does not induce any strain in the native state and the nonnative
states of the protein can be described as random coil. Strain in the
native state may account for the lower effective concentrations of
the thiol groups in the S295197C and A38ZA258C variants.

As the L60G'S173C variant forms a strong disulfide bond as However, a disulfide bond will stabilize any compact confor-
measured by and does not appear to have disrupted the globalmation that allows the disulfide to adopt an appropriate geometry.
structure of the enzyme, the stability of the protein was determinedxidation of the 60-173 disulfide bond shifts both the- | and

by titration with guanidine hydrochloridécdnHC)), followed by | & U transitions to higher GdnHCI concentrations, which sug-
the ratio of absorbance at 292 and 260 nm to correct for aggregayests that thé state has a structure that is also compatible with the
tion of the protein at intermediate GdnHCI concentration, as showrisulfide bond, relative to the state. Comparison of the GdnHCI

in Figure 5. The titration data were fit to a three-state modeldenaturation profiles of L60£S173C and WT* suggest that the
(Tweedy et al., 1993 and the results of these fits are shown in conformational ensembles that make up ltk@dU states in WT*
Table 4. TheN — | transition in the reduced form of the L6@C may be different than those populated by the reduced and oxidized
S173C variant occurs at a much lower denaturant concentratioforms of L60CG/S173C. The fitted values afy, for WT* and

than for WT* to the extent that no native baseline is observed. Theeduced L60¢S173C are different, but in the absence of a good
parameters related to thé — | transition are therefore poorly native baseline, the uncertainty in timg, value for reduced L60C
determined, buGy, is clearly much lower that for WT*. The S173C prevents a detailed interpretation. The fittgd value is

| — U transition is quite similar between WT* and reduced LG0C also lower for the reduced variant, but visual inspection of the
S173C, suggesting that these states are either not perturbed by ttigation curves suggest that the»> U transitions are quite similar
substitutions, or they are equally perturbed. Upon oxidation of thefor these proteingFig. 5). In contrast, the oxidized L60(S173C
disulfide the midpoints of both transitions increase, the absorbprotein has a significantly different GdnHCI denaturation profile.
ances ofl andU increase and the transitions occur over a broadefThe absorbance of tHeandU states are significantly perturbed by
range of[GdnHCI|. These changes suggest that while disulfide formation of the disulfide cross-link, and tima, and my, values

1.00 +

0.95

[GdnHCI] (M)

these positions, consistent with the observed effects on activity an
inhibitor binding.

GdnHCI denaturation of WT* and L6QS173C

Table 4. Parameters derived from a three-state fit of the GdnHCI-denaturation data for C206R and $608C%

Ay AGyy My AGy (2M) My
Variant 5 M) z (kcal mol™1) (kcalmolm*M 1) (kcal mol™t) (kcalmol*M 1)
WT* 0.96 0.51 4.2 6.4 -0.2 25
L60C/S173C(reduced 0.94 0.50 0.4 2.5 -0.1 2.0
L60C/S173C(oxidized 1.02 0.49 1.4 2.8 1.4 1.6

aThe absorbance ratio for the fully native protéy) was not well defined for the L60(S173C data, so both datasets were fit using
a constant value ofy = 1.243, the value determined from a complete fit of the WT* data. The absorbances of the native and
intermediate stategAy andZ) were assumed to be independenf GtinHCI].
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are even lower than those observed for the reduced protein. Thepotential disulfide cross-link, use the PAIRWISE score to assess
observations suggest that theand U states of oxidized L60C  geometric suitability, then explicitly model promising candidates
S173C consist of significantly different conformations from both to look for steric overlaps. In this way, the efficient PAIRWISE
the reduced and WT* proteins in terms of solvatiomvalueg and  algorithm could screen a large number of candidates and identify
the environment of the aromatic side chaiabsorbance those worth a more detailed examination. Extending the search
The effects of forming the 60-173 disulfide may give somealgorithm to allow movement of backbone atoms may also im-
additional insights into the conformations of thandU states of  prove its ability to model disulfides in flexible regions. The speed
HCAIIl. Mutagenesis and chemical-labeling studies have showrof the PAIRWISE calculation would make it possible to screen a
that the center of the centrgtsheet in HCAII is inaccessible to large number of possible backbone perturbations, and the most
solvent in the intermediate state, but the edges are frdyddtens-  promising candidates could then be screened in more detail with an
son & Jonsson, 1993 These experiments also showed that theall-atom model.
center of the sheet remains ordered even indh&ate, although
the edges appear to be completely unfolded. Since the 60-173
disulfide would tether strands 9 and 10 at one edge oftBbeet,  Conclusions

he B-sh i h inl - . )

the 5-sheet stru_cture may p?TS'St ou_t_ 0 t at edge inlthad U The work presented here indicates that the simple, rapid PAIR-

states, attenuating the specific stabilization of khetate by the . . . . .
o : . WISE algorithm has been able to identify suitable and unsuitable

disulfide bond. Therefore, it would appear that the 60-173 dlsm-sites for disulfide bonds in human carbonic anhydrase Il. However,

fide, while a strong bond in terms of the effective concentration Ofit is clear thl;t careful consiclijeration must be m{;lde conéernin th,e

the thiol groups, only modestly stabilizés-1 kcal mol 1) the 9

. . effects of cysteine substitutions in the cores of proteins, even when
native state relative to thé and U states, perhaps due to the .
. the packing effects would be expected to be sufdlg., Ser—
compact nature of these nonnative states.

The S29G'S197C and A38¢A258C variants were intended as Cys substitutions The method used for determining the effective
controls for the application of the PAIRWISE potential for disul- concentration of protein thiols should generally applicable to other

fide engineering and had the expected characteristics of disulfideparoltsmst; unllk;s ?reréggﬁﬁescabe(zj(zj't?chnllq(les & K'{nt; 1?81(9; ¢
that are inconsistent with the original structure. The S29197C oldenberg etal., ough additional care must be taken to

) . . rule out intermolecular disulfide species. These measurements in-
variant was completely nonnative by all criteria under both reduc- P

ing and oxidizing conditions. The stability of this protein was dicate that at least one of the disulfide variants predicted to be

: ; " ... consistent with the native structuf€60C/S173Q is nearly as
severely compromised by the cysteine substitutions, and dlsulfldgtable toward reduction as a naturally occurring disulfide bond in
formation could not recover any detectable population of the na: u urally urring disu
. ., . ; . BPTI (Goldenberg et al., 1993 The negative contro(S29C¢/
tive state. In addition, the effective concentration of the thiol groups . : : S
. . ) L S1970Q, which was predicted to form a strained disulfide bond,
was quite low, consistent with the prediction made by the PAIR- . . .
. . indeed showed a low effective concentration of the thiol groups

WISE algorithm that the native backbone structure was not €M hd a nonnative structure. This work indicates that the presumabl
sistent with a disulfide bond between residues 29 and 197. The low P y

. L - . .stabilizing effects of even a very good disulfide bond can be masked
effective concentration is somewhat surprising since the cystelnﬁ "
- . . . ._Dy additional factors.

mutations appear to have disrupted the native conformation, whic
could allow the disulfide to form more freely than if the structure
was intact. The ester hydrolysis activity and CD spectra of the
A38C/A258C variant were identical to wild-type CAIll under re- Materials and methods
ducing conditions, suggesting that the protein is more tolerant to
reduced cysteine substitutions at these sites than at the other tvm
sites. However, the activity decreased significantly in the presence
of glutathione, in contrast to WT* and L6QS173C, suggesting Double-cysteine substitutions were introduced into pAGARhir
that the structure of the native state is disrupted by the formatioret al., 1991 containing the gene for human carbonic anhydrase I
of the disulfide bond. by Kunkel mutagenesi&Kunkel et al., 1987. The entire coding

The results for these double-cysteine variants of HCAIl suggestegions for the altered HCAIlI genes were sequenced by the di-
a number of ways that the computational screening for potentiatleoxynucleotide termination meth@®anger et al., 19970 verify
disulfide engineering sites can be improved. In particular, the dethat the substitutions had been made and that the remainder of the
stabilizing effects of the cysteine substitutions must be minimizedgene was unaffected.
One way to do this is to avoid substitutions at evolutionarily Cells were grown at 37C in rich media(20 g/L tryptone,
conserved sites, which would have eliminated the SZIO7C 10 g/L yeast extract, 5 4- NaCl, 0.33X M9 salts, 0.37% glucose,
variant from consideration. Molecular models of the cysteine sub0.6 uM ZnSGQ,) with 100 mg/L ampicillin to 1.0 ODygq, then
stitutions in the native crystal structure, made with no allowancenduced by the addition of 0.25 mM isopropgb-thiogalactoside
for structural rearrangement, indicate that the more disruptive subdPTG) (final concentration The temperature was lowered to°g0)
stitutions (A38C/A258C and S29¢S197Q have steric overlaps and the cells were harvested by centrifugatfoh later. Cells were
between the sulfur atoms and other parts of the structure. In patysed in a French press at 1,200 psi, and the supernatant was run
ticular, the model of S29€5197C suggests significant overlaps through a DEAE Sephacel column. The flow-through was dialyzed
between the cysteine side chains and surrounding backbone atonagainst 10 mM MES, pH 7.0, and then loaded onto a SP-Sepharose
These overlaps are probably relieved by movement of the backeolumn and eluted with a 0-0.5 M Nag@radient. The pooled
bone, which could then disrupt additional packing interactions infractions were run through a SuperDex G75 gel-filtration column
that region. A second generation of the disulfide prediction routineequilibrated in 10 mM TrisS@ pH 8.0. Protein stocks were kept
would scan the structure for residues that are close enough for @ —80°C until needed.

utagenesis, protein expression, and purification
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Enzymatic activity measurements where[GSH| and[GSS{ are the concentrations of reduced and
oxidized glutathione, anBS}} andP§ are the concentrations of the

. . i . .
The activity of WT* and the double-cysteine variants for both thiol and disulfide forms of the protein.

p-nitrophenyl acetatéPNPA) ester hydrolysis and CChydration
was measured in 0.1 M TrisSOpH 8.0, 0.1 mM ZnSQ@. The o
PNPA hydrolysis activity was determined in 0.5 mM PNPA from DNSA binding assays

the initial rate of change in absorbance at 348 nm, using an exXpanqyjamide binding constants were determined by fluorescence
tinction coefficient of 5,000 M* for the formation of-nitrophenol titration (Fierke et al., 1991 A solution of 0.5M protein, 0.1 M

(Arr_nst_rong et al., 196)§ CcO, hyqration was mer_slsured by the TrisSQ,, pH 8.0, and 0.1 mM ZnSPwas prepared, and DNSA
pH indicator methodKalifah, 1971 in 175 mM 3N-tris-(hydroxy- a5 progressively added from either a 36 or 38@ stock. The
methyD.methyIammo-propanesulfomc ac(d'APS)/m-c_resol pur- binding of DNSA to the protein was monitored by fluorescence
ple indicator buffer, pH 8.0, 0.35 mM ethylenediaminetetraaceticyorqy transfer, with the excitation at 280 nm and emission at
acid (EDTA), 118 mM NaSG,, using a stopped-flow device from - 470 nm The data were fit to the following equation:

Applied Photophysics, IndLeatherhead, UK

A— A2 — 4%[DNSA] *[E
CD t FIl = BP+ EPx [ ]tot [ ]tot
spectroscopy » [E]m

CD measurements were made on an Aviv 62DS spectrometer with
a sample containing 1@&M protein, 10 mM TrisSQ, pH 8.0,

0.1 mM ZnSQ, and 5 mM of either oxidized glutathione or DTT. \yhere FI is the observed fluorescence signBP is the initial
Since glutathione makes a significant contribution to the CD specsgjgnal EP s the final signal at saturating concentrations of DNSA,

trum in the range studie@00-320 nm, samples were equili- ¢ "is the dissociation constant for the enzyme-inhibitor complex,
brated in glutathione for 4 h, then dialyzed against 10 mM TrigSO [Elw is the total concentration of enzyni&ree + bound, and

pH8.0,0.1 mM ZnSQfor 24 h. A1 cm pathlength quartz cellwas [pnsa],, is the total concentration of inhibitor. The titration data
used for the near-UV spectru(@20-240 nm, and a 0.1 cm path-  (F| ys, [DNSA],,) were fit using nonlinear regression Math-

length cell was used for the far-UV regi¢@40-200 nm ematica(Wolfram, Inc., Champaign, lllinojswith held fixed at
0.5 uM and BP, EP, andKp, allowed to vary.

A = Kp + [E]ior + [DNSA] o (6)

Thiol content measurements

A 50 uM protein solution was equilibrated in 100 mM TrisgO GdnHCI denaturation curves

pH 8.0, 0.1 mM ZnSQ, and 5 mM of either GSSG or DTT. The The equilibrium stabilities of the HCAII variants used in this study
thiol exchange reaction was allowed to proceed for at2dsand  were determined by titration with GdnHCI, followed by the ratio of
then quenched by the addition of 1N HCI to pH 2.0. The smallabsorbance at 292 and 260 rifweedy et al., 1993 Individual
molecule thiols were removed on a PD-(harmacia, Uppsala, samples were prepared for each denaturant concentration in 0.1 M
Sweden gel filtration column, and the protein was collected in TrisSQ,, pH 8.0, 0.1 mM ZnSQ, and incubated at Z& for 24 h.

four fractions. The protein in each fraction was denatured by theGdnHCI concentrations were determined by refractive index mea-
addition of GdnHCI to 4 M. The pH was neutralized with 1 M surementgPace, 1986 The absorbance data were fit to the fol-
TrisSQ, pH 7.5 to a final pH of 7.0 and the protein concentration lowing model, derived from Equation 2 iiTweedy et al., 19938

was determined from the absorbance at 280 nm, using the extinc-

tion coefficient(exgo = 54,580 M) determined by the number of (Ay — A K (Z+ Kiy)

tyrosine and tryptophan residu@&delhoch, 196, The thiol con- Aobs = An + 1+ Ko + KoK

tent was assayed by adding 2dithiodipyridine (Aldrithiol) and NET TNETRIU

measuring the change in absorbance at 343X¥¥y3 ,m= 7,600 _ACN10” M

M~tcm™! (Grassetti & Murray, 1967 The effective concentra- Kn =€ RT

tions of the thiol groups were determined by fitting the thiol con- AGy 0—My

tent data to the following equation, which assumes that protein— Ky = e RT (7)

glutathione mixed disulfides are not significantly populated under

the assay conditions: whereAy is the Axg,/Asgo ratio for the native stated), is the ratio
for the unfolded state? is the fractional absorbance of thetate

[—SH] 2 (Z=(A — AV/(Ay — Ay)), AGyp is the free energy difference

(4) between the native and intermediate states extrapolated to OM
- GdnHCI, my, is the[GdnHCI| dependence of this free energy, and
[GSH| AGyy 0 andmy, define the free energy difference between the in-

o . ) termediate and the unfolded state and[@sIinHCI dependence,
Disulfide stabilities were measured for each variant by deteryggpectively.

mining the effective concentration of the thiol groups. The bi-
molecular reaction is approximated using glutathione as a reference

[Proteil _ [GSSQ

eff

thiol, and the effective concentratid@es) is measured as Acknowledgments
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