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ABSTRACT. We have used a combination of spectroscopic and calorimetric techniques to assess the
thermodynamic and extrathermodynamic consequences of paired amino acid substitutions at positions 30
and 51 in bovine pancreatic trypsin inhibitor (BPTI). Correctly folded, wild type BPTI contains a disulfide

at the 36-51 positions, with the nonbackbone atoms of this cystine being relatively solvent inaccessible.
Mutants missing this buried 31 disulfide adopt a conformation very similar to that of the native state

of wild type BPTI (Eigenbrot et al., 1990, 1992), although they are severely destabilized relative to the
wild type molecule (Hurle et al., 1990). We have conducted a systematic effort to find the energetically
most favorable substitution for this buried-361 disulfide in BPTI. To this end, we have studied and
characterized the thermally induced and guanidine hydrochloride-induced denaturation transitions for a
family of mutants in which the amino acid residue(s) at positions 30 and/or 51 have been systematically
altered. Specifically, we studied the unfolding transitions of the following series of residue 30/residue 51
paired substitution mutants: C30A/C51A, C30V/C51A, C30G/C51A, C30S/C51A, C30T/C51A, C30A/
C51S, C30S/C51S, and C30G/C51M. For this series of mutants, comparisons between the relative
stabilization free energies, derived from analysis of the denaturation profiles, allow us to reach the following
conclusions: (a) side chains containing polar moieties (Ser and Thr) are destabilizing, with this effect
being position dependent (i.e., a serine substitution is more destabilizing at position 51 than at position
30); (b) the destabilizing effects of two serine substitutions are approximately additive, suggesting that
side chain-side chain hydrogen bonds between the two serine hydroxyl groups probably are weak or
nonexistent; (c) the thermodynamic impact of a Gly30 substitution is consistent with a glycine-induced
increase in the configurational entropy of the unfolded state; (d) the C30G/C51M mutant is highly
destabilized relative to the C30A/C51A mutant despite the fact that, based on considerations of
hydrophobicity and steric fit, substitution of a buried disulfide by Gly30 and Met51 would be expected
to be optimal. Methionine may be particularly ill-suited as a buried disulfide substitute due to the large
loss of side chain conformational entropy it undergoes during the transition from the unfolded to the
native state. Inthe aggregate, our data provide insight into the residue-, position-, and context-dependent
consequences on protein stability of “designing out” the buried530disulfide bond in the BPTI molecule.
These data also suggest that a previously unrecognized component of disulfide bridge stabilization of
proteins is the relatively minor penalty in side chain conformational entropy incurred by cystine residues
during folding due to their severely restricted rotation even in the unfolded state.

The interiors of proteins are generally tightly packed. mutations which result in polar substitutions often are
Such packing efficiently excludes solvent and, through van destabilizing, even if they do not violate packing consider-
der Waals and hydrophobic interactions, makes a significantations. This feature reflects the unfavorable free energy
contribution to the stabilization of native conformations consequences of burying charges and/or unsatisfied hydrogen
(Ponder & Richards, 1987; Lim & Sauer, 1989; Lim et al., bonds in a highly hydrophobic environment (Lim & Sauer,
1992; Kellis et al., 1989; Shortle et al., 1990; Chothia, 1975; 1989; Lim et al., 1992; Blaber et al., 1993; Dao-pin et al.,
Richards, 1974, 1977; Eriksson et al., 1992; Garvey & 1991; Hurle et al., 1990; Serrano et al., 1992; Ladbury et
Matthews, 1989; Jackson et al., 1993; Dao-pin et al., 1991; al., 1995; Liu, Breslauer, and Anderson, unpublished obser-
Blaber et al., 1993; Dill, 1990; Richards & Lim, 1994). Core vations).

In wild type bovine pancreatic trypsin inhibitor (BPT),

T This work was supported by National Institutes of Health Grants the 30-51 disulfide bond eXtenqS through the hydrophobic
GM23509 and GM34469 (K.B.) and AG10462 and AG11525 (S.A,). CO'€ Of the molecule. We previously have used Gdn-HCl-

* Authors to whom correspondence should be addressed.

* Center for Advanced Biotechnology and Medicine. 1 Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; Gdn-
§ Department of Chemistry, Rutgers University. HCI, guanidine hydrochloride; CD, circular dichroism; EDTA, ethyl-
'"The Cancer Institute of New Jersey. enediaminetetraacetic acid; DTT, dithiothreitol; DSC, differential
U Department of Molecular Biology and Biochemistry, Rutgers scanning calorimetryTy,, midpoint temperature of the thermal melting

University. transition; Cy2, midpoint concentration of denaturant in equilibrium
® Abstract published irAdvance ACS Abstract#pril 1, 1997. unfolding; NMR, nuclear magnetic resonance spectroscopy.

S0006-2960(96)02423-3 CCC: $14.00 © 1997 American Chemical Society



5324 Biochemistry, Vol. 36, No. 18, 1997 Liu et al.

the positions of the two half-cystines that comprise the 30
51 disulfide bond, differ in shape, volume, and polarity. We
have used differential scanning calorimetry and guanidine
hydrochloride-mediated denaturation to characterize the
unfolding transitions of this family of BPTI mutants in an
effort to assess the effects of packing, polarity, and com-
pensation on protein stability when these amino acids
substitute for a buried disulfide bond.

MATERIALS AND METHODS

Chemicals. Guanidine hydrochloride (Gdn-HCI) solution
was purchased from Pierce Biochemicals (ultrapure grade,
Pierce, Rockford, IL) and used without further purification.
Oligonucleotides were synthesized by the solid-phase phos-
phoramidite method.

Bacterial Strains and VectorsEscherichia colistrains
TG-1 and XL1-Blue (Stratagene, La Jolla, CA) were used
for cloning and mutagenesi€. coli strains W3110 and
RV308 (Mauer et al., 1980) were used as the expression
hosts. Plasmids pEZZ-BPTI(3(%1) and pHAZY(36-51)
have been previously described (Altman et al., 1991; Nilsson
et al., 1991a,b). The plasmid pEZY-BPTIEB1) was
constructed from plasmids pEZZ-BPTI and pHAZY-BPTI-

: (30-51) as follows. After double digestion of both plasmids
Ficure 1: Backbone representation of [C30A/C51A]BPTI adapted by restriction enzymeBglil and Stu (New England Biolabs),
from the X-ray structure (Eigenbrot et al., 1990). the large fragment from plasmid pEZZ-BPTI (4482 base

mediated denaturation to show that mutants of BPTI which P2irs) (Nilsson et al., 1991a,b) and the small fragment from
lack this disulfide bond are destabilized and exhibit altered Plasmid pHAZY-BPTI (145 base pairs), containing the
rates of folding and unfolding relative to wild type BPTI ~Chymotrypsin cleavage site and a portion of the “Z” domain
(Hurle et al., 1990, 1991). The degree of this destabilization (Altman et al.,, 1991), were isolated and purified by poly-
is dependent on the nature of the-38L cystine substitution ~ acrylamide gel electrophoresis. The two fragments were
(Hurle et al., 1990), and the substitutions induce only minor J0ined by T4 DNA ligase (New England Biolabs) and used

perturbations in the folded conformation of BPTI (Eigenbrot 0 transformE. coli TG1. The sequence of the resultant
etal., 1990, 1992; Staley & Kim, 1992; Mierlo et al., 1991; plasmid was confirmed by dideoxy DNA sequencing (Sanger
Ferrer et al., 1995). These results suggest that different®t al-, 1977).

amino acid side chains inserted in place of the buried, Mutagenesis Oligonucleotide-directeth vitro mutagen-
solvent-inaccessible 3661 disulfide can have significant ~ €sis was performed on single-stranded plasmid DNA using
thermodynamic consequences even when they induce relasynthetic oligonucleotides and standard procedures (Marks
tively few detectable structural alterations in the native state. €t al., 1987a,b; Sayers et al., 1988). Single-stranded DNA
The fact that apparently isostructural native states are notwas prepared from plasmid pEZY-BPTI(361) as described
isoenergetic is not surprising since, as recently emphasizeddy Vieira and Messing (1987). The gene coding for BPTI
by Sturtevant (1994), this observation could reflect (iy mutant C30A/C51A was used as the basis for subsequent
differences in the native states which are below the detect-mutations. Positive mutant colonies were restreaked, and
ability limits of NMR or X-ray methods (including hydra-  the entire protein coding region in the plasmids isolated from
tion), (ii) steric constraints, (iii) the hydrophobic nature of these was checked by DNA sequencing to confirm the
the local environment, and (iv) substitution-mediated dif- Presence of the desired mutation and rule out the presence
ferences in the final unfolded states. of adventitious mutations.

To investigate these effects further and to explore possible Expression of BPTI Variants.Mutants C30S/C51A,
compensating changes that might ameliorate the effects ofC30G/C51A, and C30A/C51S were expressed in a periplas-
such destabilizing disulfide mutations (effectively attempting mic expression system (Nilsson et al., 19918).coli strains
to “engineer” stability back into the molecule), we have W3110 and RV308 were transformed with various pEZY-
examined a series of BPTI Cys30/Cys51 substitutions. TheBPTI expression plasmids encoding the BPTI variant.
buried nature of the 3051 disulfide and concomitant Transformants were selected on LB agar plates witpy &0
packing constraints limit the number of candidate residue mL ampicillin. Seed cultures (10 mL) were grown for
pairs to those having relatively small side chains, consistentapproximately 16 h at 30C. Seed cultures were then spun
with the elongated and narrow cavity in the hydrophobic core down and the cells washed by resuspending them in 1 mL
left by removal of the 3651 disulfide. Using the C30A/  of fresh medium. Washed cells were used to inoculate 2 L
C51A BPTI mutant as our reference, which has the crystal of fresh 2XYT medium (Sambrook et al., 1989) supple-
structure shown in Figure 1, we have replaced Ala30 and mented with 0.2% glucose and 250 mg/L ampicillin and
Ala51 by the following pairs of amino acids: Gly30/Ala51, grown in four 2000 mL baffled shake flasks (500 mL in each
Val30/Ala51, Thr30/Ala51, Ser30/Ala51, Ala30/Ser51, Ser30/ flask) at 30°C for 20 h. Cells were harvested by centrifuga-
Ser51, and Gly30/Met51. These substitutions, which occupy tion at 800@ for 20 min.
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The C30A/C51A, C30V/C51A, and C30T/C51A BPTI acid titrated to pH 4.0 using ammonium acetate) to buffer B
mutants were expressed in a secretion system under contro{5 M acetic acid titrated to pH 4.0 using ammonium acetate),
of the STII leader sequence, as previously described (Marksor an Applied Biosystems Aquapore CX-300 HPLC column
et al., 1987). with a gradient from 0.1 M ammonium acetate (buffer A)

BPTI mutants poorly expressed in a secretion system canto 1.0 M ammonium acetate (buffer B) at pH 6.0. Flow
be produced in sufficient quantities using an intracellular rates were 0.5 mL/min. After cation-exchange chromatog-
expression vector, pHAZY-BPTI (Altman et al., 1991). Due raphy, all the BPTI mutants were subjected to buffer
to the inability to express disulfide mutants C30S/C51S and €xchange using a Sephadex G-25 or Bio-Rad PD-10 column
C30G/C51M in large amounts using secretion systems, thesén 50 MM ammonium bicarbonate (pH 7.8) and lyophilized.
two mutants were expressed using a similar intracellular Purified BPTI mutants were stored as a powder-20 °C.
expression system. The coding sequences for mutants C30S/ For mutants S30/S51 and G30/M51, expressed using the
C51S and C30G/C51M were inserted into plasmid pHAZY. intracellular expression vector pHAZY-BPTI, purification
Saturated overnight seed cultures of bacteria in 2XTY were was by the method of Kim et al. (1997). Briefly, after the
diluted 25-fold into 2XTY media supplemented with 250 cells were harvested by centrifugation at 8§®6r 20 min,
mg/L ampicillin and 0.2% glucose and grown at 3C. cell pellets were resuspended in one-tenth culture volume
Expression of recombinant fusion protein was induced at of lysis buffer containing 10 mM Tris-HCI (pH 7.8), 0.5%
mid-log phase by addition of 25 mg/ng-indoleacrylic acid Triton X-100, and 1 mM EDTA and lysed by sonication.
to a final concentration of 20 mg/L. When expressed in this The cell lysate was centrifuged at 10@0®r 20 min at 4
system, fusion proteins are sequestered in inclusion bodieseC. The pellet, which contained the inclusion bodies, was
which inhibit proteolytic degradation in the cytoplasm, and dissolved in 50 mL 67 M Gdn-HCl in 10 mM Tris-HCI
thus the full-length fusion proteins can be obtained. (pH 7.8). The dissolved inclusion bodies were reduced by

The expression yields of BPTI mutants were measured addition of DTT to a final concentration of 20 mM with 1 h
by activity analysis using a trypsin inhibition assay as of incubation at room temperature and centrifuged at 16000
described by Marks (1986). The assay was performed infor 20 min at 4°C. The supernatant was acidified by adding
0.2 M triethanolamine (pH 7.8), 10 mM Cagand 0.4 mg/  HCI to a final concentration of 15 mM and dialyzed against
mL N*-benzoylpL-argininep-nitroanilide (BAPA) at 25°C 10 mM HCl and 0.1 mM DTT overnight. The dialysate was
with 50 uL of cell extract and 1@:g of bovine trypsin in 1 centrifuged at 160apfor 50 min at 4°C, and 7 M Gdn-

mL final volume. HCI was added to the supernatant to adjust the final

Purification of BPTI Mutants.For mutants expressed as concentration of Gdn-HCl to 1.1 M.  The supernatant was
protein A fusions in the periplasmic expression systems, Neutralized wit 1 M Tris-HCl to pH 7.5, clarified by passing
purification was carried out as follows. After the cells were it through a 0.45um filter, and loaded onto an 1g&
harvested, an osmotic shock was performed to releaseSepharose column (Pharmacia) preequilibrated with 1 M
periplasmic proteins (Nilsson & Abrahmsen, 1990). Cells Gdn-HCI. The column was washed with 5 volumes of 1 M
from a 1 L culture were suspended in 20 mL of 0.1 M Gdn-HCI, followed by 3 volumes of refolding buffer
sucrose buffer (0.1 M Tris-HCI, pH 8.0, 0.5 M sucrose, 2 containing 100 mM Tris-HCI (pH 8.7), 200 mM KClI, 10
mM EDTA) and incubated for 10 min on ice. Then 250 MM GSH, and 1 mM GSSG, and then incubated a€4or
mL of lysozyme (100 mg/mL) and 20 mL of ice-cold water at least 20 h to allow refolding to occur. After the column
were added, and the mixture was incubated on ice for anWas washed with 50 mM ammonium acetate, the refolded
additional 5 min. The osmotically shocked cells were fusion proteins were eluted at°€ with 0.5 M acetic acid
centrifuged at 100a§for 20 min at 4°C, and the supernatant titrated to pH 3.3 by ammonium acetate. Final purification
of the centrifugation was taken as the periplasmic fraction. Of the protein was as described above.

This fraction was filtered through a 0.48n filter.

A chymotrypsin affinity column was prepared by im-
mobilizing chymotrypsin on Affi-Gel 10 (Bio-Rad) as

The purity of all the BPTI mutants was verified by SBS
polyacrylamide gel electrophoresis, reverse-phase HPLC
chromatography on a Vydac C4 peptide/protein column (4.6

previously described (Marks et al., 1986). The filtrate of mm x 25 cm), N-terminal Edman degradation, amino acid

the periplasmic extract was loaded onto a chymotrypsin analysis, and mass spectrometry. All the mutant polypeptides
column of a size sufficient to bind all the BPTI; the column exhibited the expected amino acid composition and mass,
was preequilibrated with 50 mM Tris-HCI (pH 7.4), 150 mM had no detectable internal cleavages, and were of a purity

NaCl, and 0.05% Tween 20 (TST buffer) at@ and washed
after BPTI binding with 10 column volumes of TST buffer.
Following the wash, 0.5 volume of TST and 20 of
chymotrypsin solution (15 mg/mL) were added to the

greater than or equal to 95%. Wild type BPTI standards,
where used, were derived from either recombinant (Marks
et al., 1986) or natural (aprotinin) sources.

Sample Preparation.The buffer used for all studies was

column. The column was sealed and incubated on a gentle;p mm potassium phosphate, 0.1 M sodium chloride (NaCl),

rocker at 4°C overnight to allow the cleavage of the linker

and 0.2 mM disodium ethylenediaminetetraacetate (EDTA).

between the Z domain and BPTI. After cleavage, the column sample solutions were prepared immediately before use by

was washed with 5 volumes of TST buffer, followed by 2
volumes of 50 mM ammonium acetate (pH 5.0), to flush
out the cleaved Z domain. The BPTI was eluted with 0.1
M acetic acid (pH 2.5) and lyophilized.

Mutant BPTIs were further purified by cation-exchange
chromotography using a 10/10 Mono S FPLC column
(Pharmacia), with a gradient from buffer A (50 mM acetic

dissolving the protein in buffer solution with the appropriate
pH. The solution concentrations of wild type and mutant
BPTIs were determined spectrophotometrically at °Z5
using a Perkin-Elmer lamda 4C UV/vis spectrophotometer.
The absorbance of the wild type BPTI solution was measured
at 280 nm, and the concentration was calculated using an
extinction coefficient ofezgo = 5400 M1 cm™! [AS(0.1%,
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280) unit= 0.83] (Kassell, 1970). The absorbances of all AHyy, at T, were calculated from the CD melting curves
the mutant samples were measured similarly. The concen-using the equation (Marky & Breslauer, 1987; Breslauer,
trations of mutants were also determined by measuring 1994, 1995):
tyrosine and cysteine absorbance of the unfolded proteins
(Edelhoch, 1967; Staley & Kim, 1992), and these agreed AH,,, = (2 + 2n)RTX(do/dT); 2)
well with the values obtained from absorbance measurements "
at 280 nm in the native proteins. . . . ) .
Differential Scanning CalorimetryExcess heat capacity Wheren is the molecularity of the transitiofm is defined
versus temperature melting profiles for the BPTI mutants @5 theé midpoint temperature of the thermal unfolding
(except C30S/C51S and C30G/C51M) were determined USingtransmon, _and(x is the fractional extent of reaction. For
a model MC-2 differential scanning calorimeter (Microcal, BF 1! and its mutantsy = 1.
Amherst, MA). Protein concentrations for these measure- CD-monitored thermal denaturation curves also were
ments varied between 0.35 and 1.0 mg/mL. Prior to each determined at different hydrogen ion concentrations to
measurement the buffer and sample solutions were filteredcalculate the pH dependence afHvy. These thermal
through 0.45:m microfilters and degassed under aspirator denaturations were performed at protein concentrations of
vacuum. Each protein scan was preceded by a buffer versusapproximately 0.15 mg/mL. The buffer was 10 mM potas-
buffer scan to establish a base line. The transitions of the sium phosphate, 0.1 M NaCl, and 0.2 mM EDTA. The
wild type (Schwarz et al., 1987) and mutant BPTI's were ellipticity was measured at IC intervals at a heating rate
found to be independent of scan rate. Consequently, allof 1 °C/min. The signal was averaged for 30 s. For most
measurements were carried out with a constant heating ratenutants, the ellipticity was collected from~0100°C. The
of 60 °C/h, with the excess heat capaciB, being recorded resulting thermal denaturation profiles were found to be
continuously from 0 to 100C. Each sample solution was irreversible at pH 7 and partially reversible at lower pHs.

subjected to up to five heating and cooling cycles to ascertain  Equilibrium Unfolding with Guanidine Hydrochloride.
the reversibility of the protein transition(s). At neutral pH Guanidine hydrochloride-(Gdn-HCI-) induced denaturation
the transitions were irreversible, but they were partlally of BPTI was monitored by CD Spectroscopy_ The e|||pt|C|ty
reversible at lower pHs. Kim et al. (1993) have reported gt 222 nm was measured as a function of Gdn-HCI
the hydrolysis of peptide bonds of their BPTI mutants in concentration at 23C. Assuming a two-state model, the

calorimetry measurements. However, from our DSC mea- fraction of unfolded proteinF,, was calculated using the
surements, we did not see any evidence of pH-dependentequation (Pace, 1975):

thermally induced hydrolysis for our BPTI mutants. All
measurements were performed with an excess pressure of 1 F =(q — /(a — 3
atm. The excess heat capacityd,) and temperatureT] 0= (G~ Gopd/ (%~ ) ®)
data were collected at intervals of ®®C. The transition
enthalpy was derived from the area under A@®, versusT
curve. The shape of this melting profile also was analyzed

using eq 1 to obtain a model-dependent van't Hoff enthalpy From these data, the equilibrium constakt, and the

of unfolding (Davaloo & Crothers, 1976): difference in free energy between the folded and unfolded
B conformationsAG, were calculated using the relationships:

2 (1)
T, — 1, K=FJ/(1=F) = (0 = Gopg/(Uops— G)  (4)

= —RTIn K= —RTIn[(¢f — Aopd/(Aobs — )] (5)

wheregqs is the observed ellipticity ands and g, are the
ellipticities of the folded and unfolded conformations, which
are assumed to vary linearly with Gdn-HCI concentration.

Hyw =

In this equation;T; and T, are the temperatures below and AG
aboveTmax at whichC; is half of its height aflmay, andB is
a constant which is dependent on the molecularity of the
process under investigation (Marky & Breslauer, 1987; The change in free energy so calculated between the folded
Breslauer, 1994, 1995). For a monomolecular process, suctand unfolded conformations also can be expressed as a linear
as BPTI unfoldingB = 7. function of the denaturant concentration (Pace, 1975; Schell-
Circular Dichroism. All circular dichroism (CD) spec- man, 1978):
troscopy measurements were performed on an AVIV Model
60DS spectropolarimeter equipped with a thermoelectrically AG = AG° — m[Gdn-HCI] (6)
controlled cell holder. A rectangular quartz cuvette (Hellma)
with 0.1 cm path length was used. The CD spectra before where AG® represents, at a given temperature and pH, the
and after the thermally induced denaturations of the wild difference in free energy between the native and unfolded
type and all the mutant BPTI molecules were collected over forms in the absence of denaturant, while the paranmater
a range of pH values. Protein concentrations prepared forrepresents the dependence of the free energy of unfolding
CD measurements were approximately 0.15 mg/mL. on denaturant concentration. The midpoint of the transition,
Thermal Denaturation. CD ellipticities at two wave- Cus2, is the concentration of the denaturant at which half of
lengths, 222 and 205 nm, were measured as a function ofthe protein is unfolded. We obtained values for the unfolding
temperature. The resulting denaturation curves were ana-free energy AG°®) in the absence of Gdn-HCI, as well as
lyzed assuming a two-state model. This assumption is the slope of the curve which relatdsG to the denaturant
consistent with our calorimetric results, since, within ex- concentration, from nonlinear least squared fits of the
perimental error, the van't Hoff and calorimetric transition denaturant-induced CD unfolding curves using the equation
enthalpies are equal. The van't Hoff transition enthalpies, (Lim et al., 1992; Pace et al., 1990; Santoro & Bolen, 1988):
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@2222[(&[Gdn—HCI]+bf)+ ;LA) 10 e
o o I
(a[Gdn-HCI] + b,) exp(— AG mFE(;dn HC'])]I £ °F-
_ AG® — m[Gdn-HCI]) g OF ;: “m“mmiliiiiiimnnn —
[1 * ex”( RT 0 ® [T i
AR W .
In this equationg is the slope of the native state base line, o "3252'15?5;' fs
b is the ellipticity of the native statet ® M Gdn-HCI (the 2-10 LU 7
intercept of the pretransition base lin@), is the slope of g o 1
the posttransition base line, abd is the ellipticity of the T D e ]
unfolded state ta0 M Gdn-HCI. 190 200210 220 230 240 250 260270
In all the Gdn-HCl-induced denaturation experiments, wavelength (nm)
sample solutions were prepared by adding equal volumes of
stock protein solution into a standard buffer (10 mM ® 10 ' : ' ' ' ' '
potassium phosphate, 0.1 M NaCl, 0.2 mM EDTA, pH 7.0)
containing various concentrations of Gdn-HCI. Theresulting T 5} N
solutions contained 0.15.2 mg/mL protein with the desired _g
denaturant concentration. All sample solutions with different  ~" ]
concentrations of Gdn-HCI were incubated at°25for 2 h E
to ensure equilibrium. Each sample then was transferred to &
a 1 mm path length quartz cuvette, and the ellipticity at 222 ;5 -5 ]
nm was measured. For each sample, blank solutions with &
identical Gdn-HCI concentrations in the standard buffer also > -10¢t :
were measured, and the background ellipticity was sub- —
tracted. The measured ellipticities for each mutant were 5 i ) ) ) )
converted to molar ellipticities, and the data were fitted to 190 200 210 220 230 240 250 260 270
eq 7. wavelength (nm)
Calculation of Water-Accessible Surface Areds evalu- FIGURE2: (A) CD spectra of native wild type and 361 disulfide

ate correlations between changes in the water-accessiblenutants of BPTI: wild type-); C30A/C51A (open circles); C30V/
surface area of the protein and th€, of protein unfolding, C51An ((fiiilgerg grizgorg;()):s(;gggi%ﬁgd(?ﬁgg tlré?sr)]glc?% 5%%%?“
i i ope ; : ;

we calculated the Chgnges n Water-acceSS|pIe nonpolar an I?OS/CSlS (filled circles); C30G/C51M (op%n squares). The spectra
polar surface areas arising from the denaturation of eaeh 30 \yere measured at 2% in 10 mM potassium phosphate (pH 7.0)
51 disulfide mutant. The coordinates for the crystal structure and 100 mM NaCl. (B) CD spectra of denatured-3 disulfide
of mutant C30A/C51A (Eigenbrot et al., 1990) obtained from (rjr}utantsd of B(;)TOI:G /c(::3501AA/C51A (?pen fir0|eé)3; (?Ts;cc):\éll%m (fillqu

i 1 lamonds); open triangles); open dia-
the Brookhaven Protein Data Base (file name 7PTI. PDB) 00 aoaioaiA (fillt(edptriangleg); c)30A/c:513)( e
were used to mode_l the native states. To model the denatureqnutants were denatured by heating to @& The spectra were
states, random coil structures for all the mutants were built measured at 95C in 10 mM potassium phosphate (pH 7.0) and
from primary amino acid sequences using the IMPACT 100 mM NacCl.
program kindly provided by Dr. R. Levy of the Rutgers
Chemistry Department (Kitchen et al., 1990). The water- hm are somewhat reduced, but the qualitative shapes of the
accessible surface areas of the native and denatured mutaripectra remain the same. Aromatic residues in the hydro-
states then were calculated using the program ACCESS (LeePhobic core of BPTI are known to contribute significantly
& Richards, 1971) with a water molecule of radius 1.4 A as to its CD spectrum [Manning & Woody, 1989; see also
the probe. The program ACCFMT was used to sum the total Chakrabartty et al. (1993) and Vuilleumier et al. (1993)], so
nonpolar and polar surface areas for each mutant. In thisit is not unexpected that removal of the buried-31
program, carbon is considered to be a nonpolar atom, anddisulfide would affect the packing of these residues and thus

oxygen, nitrogen, and sulfur are defined as polar atoms. perturb the CD spectrum. However, based on the similarity
of these spectra, the CD-detectable secondary structural

RESULTS features of the mutant and wild type BPTI conformations
appear not to be substantially different from each other. This
CD Spectroscopy of the Nat States of the 3651 conclusion is consistent with previous X-ray and NMR

Disulfide Substitution MutantsPanel A of Figure 2 shows  structural studies on three of these mutants ([C30A/C51A],
the circular dichroism spectra at pH 7 and 25 for wild [C30V/C51A], and [C30T/C51A]) which revealed that they
type BPTI and a series of mutants having different substitu- exhibit native-like folds (Eigenbrot et al., 1990, 1992; Hurle
tions at residues 30 and 51. Note that the CD spectra foretal., 1992). Thus, in the absence of denaturant, we conclude
the C30A/C51A (open circles), C30V/C51A (filled dia- that at neutral pH and low temperature the mutants shown
monds), and C30T/C51A (open diamonds) mutants arein panel A of Figure 2 assume predominantly native-like
virtually superimposable, with the spectra for the other30 conformations. This is consistent with the fact that all
51 mutants being quite similar. Compared with wild type mutants were fully active as trypsin inhibitors (data not
BPTI, the intensities of the ellipticity minima at 26205 shown).
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®w 50— Table 1: Parameters Characterizing the Thermally Induced
C Unfolding of the 36-51 Disulfide BPTI Mutants, Monitored by CD
0.00 [ atpH 7
= - Tm AH,¢ AC,
3 -5.00 | mutants (°C) (kcal/mol) [kcal/(mol-deg)]
\E, F C30A/C514 66+ 0.5 61.5+ 3.0 0.84
8 -10.00 - C30V/C514 67+ 0.5 57.2+25 0.51
=) r C30G/C51A& 53+ 0.5 48.4+ 2.5 0.24
=15.00 [opminbiiie C30T/C51A 58+ 0.5 50.3+ 3.0 0.35
[ C30S/C51A 57+0.5 50.1+ 3.0 0.50
-20.00 F C30A/C513 52+0.5 442+ 3.0 0.58
0 C30S/C518 46+ 0.5 445+ 3.0 0.50 (est)
C30G/C51M 40+ 0.5 38.7+ 3.0 0.50 (est)
a At least two independent measurements were performed. Errors
were obtained from the standard deviatiohSingle measurements were
B 1.2 [ performed. Errors were obtained from fittifg-rom eq 2; see Materials
[ and Methodsd Thermal melt experiments for these mutants were
8 1.0 L ] performed only at pH 7. Thus, the mean value\d, for the other six
o mutants [0.5 kcal/(metieg)] was used as an estimate for C30G/C51M
o 038 1 and C30S/C51S.
= [
S 0.6 ]
5 [ Table 2: Parameters Characterizing the Gdn-HCI-Induced
0.4 ] Unfolding of the 36-51 Disulfide BPTI Mutants, monitored by CD
5 [ at pH 7 and 25C
s 0.2 5 AG° m Cip
L{E [ 1 mutants (kcal/mol)  [kcal/(molFM Gdn)] (M Gdn-HCI)
0.0 : 1 C30A/C51& 55+0.3 1.32+0.03 4.25
0.2 L. , ) . . L ] C30V/C51~& 6.6+0.2 1.43+0.05 4.72
: 1 1 3 5 7 9 C30G/C51& 3.2+0.2 1.38+ 0.06 2.20
- C30T/C51& 45403 1.42+0.08 3.25
[Gdn-HCI], M C30S/C51&  4.4+0.2 1.47+0.05 3.12
Ficure 3: (A) Thermal denaturation of 3661 disulfide mutants ggggggig g;‘i 8:2 ii;i 8:8? i%g
of BPTI as measured by CD spectroscopy at 222nm in 10 MM ~30G/C51M 2.1+ 0.2 1.44+ 0.05 1.20

potassium phosphate (pH 7.0) and 100 mM NaCl: C30A/C51A
(open circles); C30V/C51A (filled diamonds); C30G/C51A (open
triangles); C30T/C51A (open diamonds); C30S/C51A (filled tri-
angles); C30A/C51Sx); C30S/C51S (filled circles); C30G/C51M
(open squares). (B) Guanidine hydrochloride-induced equilibrium
unfolding of 30-51 disulfide mutants of BPTI: C30A/C51A (open
circles); C30V/C51A (filled diamonds); C30G/C51A (open tri-
angles); C30T/C51A (open diamonds); C30S/C51A (filled tri-
angles); C30A/C51Sx); C30S/C51S (filled circles); C30G/C51M

(open squares). Unfolding was monitored by CD spectroscopy at

222 nm, in 10 mM potassium phosphate (pH 7.0) and 100 mM
NaCl, at 25°C. The plots show the normalized data (fraction of

a At least two independent measurements were performed. Errors
were obtained from the standard deviatighSingle measurements were
performed. Errors were obtained from fitting.

stabilities of all mutants, with the exception of C30V/C30A,
are significantly reduced relative to the C30A/C51A refer-
ence mutant.

Panel B of Figure 3 shows the corresponding CD-
monitored guanidine hydrochloride-induced denaturations of
the 30-51 disulfide mutants. Each curve was fitted and

unfolded) corrected for the slope of the base lines. The solid lines

are the best fit of the data to a two-state process. analyzed by a two-state model using the nonlinear least

squares approach described in Materials and Methods,

CD Spectroscopy of the Denatured States of the 8D although some of the less stable variants (e.g., C30S/C51S
Disulfide Mutants. As shown in panel B of Figure 2, the and C30G/C51M) showed deviation from ideal two-state
CD spectra of all mutants are similar at high temperature behavior. Employing the generally used assumption that the
(95 °C) and exhibit features characteristic of an unfolded change in free energy between the folded and unfolded
polypeptide chain (Yang & Kubota, 1985). We also found conformations varies linearly with the denaturant concentra-
the CD spectra of the mutants unfolded8 M guanidine tion (Pace, 1975; Schellman, 1978), we calculatedAg,
hydrochloride (spectra not shown) to be similar to each other m, andC,,, values listed in Table 2. The similarities in the
and to those obtained at high temperature in the absence ofralue ofmfor the different amino acid substitutions suggest
the denaturant. We therefore conclude that both temperaturghat the balance of effects in the folded and unfolded states
and denaturant produce similar unfolded final states. is roughly similar for all the mutants (Shortle & Meeker,

Relative Stabilities of the 3651 Disulfide Substitutions.  1986; Shortle et al., 1990), a result consistent with our use
Panel A of Figure 3 shows thermally induced denaturation of the same two-state model for analyzing each transition.
profiles for the mutants studied here as monitored by the The AG® data in Table 2 allow us to define the following
change in ellipticity at 222 nm. Although only shown at order of stabilities for the eight mutants: C30V/C5TA
pH 7.0, each transition was monitored over a range of pH C30A/C51A> C30T/C51A= C30S/C51A> C30G/C51A
and analyzed assuming a two-state model (see Materials and= C30A/C51S> C30S/C51S> C30G/C51M.
Methods). The resulting,, and AHyy values at pH 7 are van't Hoff Transition Enthalpies as a Function of pH.0
listed in Table 1. Inspection of the curves in panel A of assess the dependence Aiflyy on temperature and thus
Figure 3 and theT, and AG data in Tables 1 and 2, estimateAC,, we measured and analyzed CD denaturation
respectively, reveals that the thermal and thermodynamic profiles for selected mutants at different pH values, which
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Table 3: Calorimetrically Measured Thermodynamic Parameters for Melting of th& BDisulfide Mutants of BPTI at pH 7
BPTI (wt)* BPTI (wt)> C30A/C51% C30V/C51% C30G/C51& C30T/C51A C30S/C51A& C30A/C51S

Tm (°C) 104 104.5 7H0.5 72+ 0.5 57+ 0.5 62+ 0.5 61+ 0.5 56+ 0.5
AT (°C) 33 32 47 42 43 48

AH°q (kcal/mol) 70 74.6 59.4 4.0 59.5+ 4.0 51.9+ 4.0 52.4+ 4.0 55.7+ 3.5 50.4+ 4.0
AS4 [cal/(molK)] 186 173+£12 1724+ 12 157+ 12 156+ 12 167+ 10 153+ 12
AH°yy (kcal/mol) 70 77.5 64.8& 4.5 58.9+: 5.0 54.6+ 4.0 53.9+ 5.0 56.61+ 4.5 57.5+5.0
r (AHvu/AHg) 1 1.04 1.09 0.99 1.05 1.02 1.02 1.44

aSchwarz et al., 1987.Makhatadze et al., 1993 (data were measured at pH 9Mltiple measurements were performed. Errors are obtained
from standard deviation§.Single measurements were performed. Errors are obtained from fitting.

results in an unfolding transition at differeft, values. The @A 70
resultingAHyy and T, data are plotted in panel A of Figure C ]
4. Note that, for all the mutants, we fourxHyy to be an =2 60} 3
approximately linear function of,, between pH 2 and 7, a © E
result consistent with a temperature-independedy value. _\E_ 50 [ ) 1
From the slope of this line, we calculatexC,, the CD- S ’ 1
derived difference in the heat capacity between the folded < 40 E E
and unfolded states. Thea&, values are listed in the final < C 1
column of Table 1. E 30 - 1
Differential Scanning CalorimetryTo gain further insight - 1
into the basis for the substitution-induced alterations in BPTI 20 L

properties, we also used differential scanning calorimetry :

(DSC) to study a subset of the 361 disulfide mutants. 300 310 320 330 340 350
Figure 5 shows a representative DSC thermogram for the Tm (K)

C30S/C51A mutant, while Table 3 lists the thermodynamic

parameters we have derived by analysis of the calorimetric (8) 70 T
melting profiles for the six mutants studied. Inspection of
these data and those in Table 2 reveals several features
worthy of note. First, the calorimetri€,, data (Table 3)
indicate that all the mutants are thermally destabilized relative
to wild type BPTI, with this thermal destabilization ranging
from 32 to 48°C. Although some of tha, differences are
close to the error limit, this calorimetric-based order of
thermal stability is the same as that derived from the CD
data, with the absolut&, values being somewhat different,

as one would expect for a comparisonTef,x and T, data

(#)]

o
Ly
——+

d

AH  (kcal/mol)
(]
o)

N
o

(Gralla & Crothers, 1973). Second, the denaturation en- 30 S
thalpies,AH°y, of the mutants (Table 3), at the respective 300 310 320 330 340 350
Tn's, are substantially reduced by between 10 and 20 kcal/ Tm (K)

_mol relative to W'lq ty_pe BI.DTl' Thus, f[he_ Subs_tltqun- FiGure 4: (A) AHyy of 30—-51 disulfide mutants (measured from
induced decrease il is entirely enthalpic in origin. In cp melting) as a function of melting temperature: C30A/C51A
fact, the substitutions actually result in a slight entropy- (open circles); C30V/C51A (filled diamonds); C30G/C51A (open

induced stabilization of the mutants relative to the wild type triangles); C30T/C51A (open diamonds); C30S/C51A (filled tri-

at the respectivd,’s, a contribution which is more than ar:jgleszj; 5:30'?&5{15%)- AHVtH’S were cegtirr:eat%d frortn tr'er_malbé
nduced denaturations monitored by at different pHs in order
compensated for by the enthalpy term. We have made thes‘:J'to alterTp. (B) AH®°4 of 30—51 disulfide mutants (measured from

AH andAScomparisons at the melting temperatures, which psc) as a function of melting temperature: C30A/C51A (open
are different for the wild type and mutants, simply to compare circles); C30V/C51A (filled diamonds); C30G/C51A (open tri-
the driving forces at the respectig values. A more direct ~ angles); C30T/CS1A (open diamonds); C30S/C51A (filled tri-
comparison would require use 6iC, data to compare the angles); C30A/C51Sx). AH®y's were measured at different pHs
. .. to alterTp,.

values at a common reference temperature. Third, despite
these significant substitution-induced decrease$.jrand enthalpy for each BPTI mutant at different pH values, while
AH for each transition upon removal of the-381 disulfide recognizing the potential hazard(s) of such an analysis as
bond, the ratios of the van't Hoff and calorimetric enthalpies recently emphasized by Sturtevant (1994). The results of
remain near unity. This latter observation implies that, these measurements are plotted in panel B of Figure 4. For
independent of the substituted residues, removal of theall the mutants studied, we fourtHq to be a linear function
disulfide bond has little effect on the cooperativity of the of T, between pH 2 and 7, a result consistent with a
thermal denaturation, a result consistent with the assumptiontemperature-independeAC, value. From the slope of these
employed in our analysis of the optical data that all the plots, we calculated\C,, the difference in heat capacity
mutants undergo denaturation via two-state transitions. between the folded and the unfolded states (Shortle et al.,

Calorimetric Enthalpies as a Function of pH ansiC, 1988; Connelly et al., 1991). ThegeC, values are listed
Values. To determine the dependence &Hq4 on Ty, we in Table 4, along with the calorimetrically measured ther-
used DSC to measure the thermally induced denaturationmodynamic parameters for each mutant. Comparison be-
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3.5 T T T T @\ 7 T T T T Y
y =0.13123 + 0.90087x R= 0.9134 .
3.0L \ 1 of C3OV/C51A_
a5l _A 1] z C30A/CS1A
5 FA € st ]
£ 2.0 3 [ 1 8 C30S/C51A_ % CIOT/C51A
o X
3 15F L 4 ]
i) g C30A/C51S
= 1.0F H i
S 37 C308/C51S C30G/C51A b
0.5F ] y
< CSOG/FSIM
0.0F 2 ]
-0.5 L L L 1 1 1 1 1 L
30 70 80 90 100 1 2 3 4 5 6 7
temperature (°C) AGDSC (kcal/mol)
Ficure 5: Example of a DSC thermogram for the denaturation of ® 7 . . —T .
the 30-51 disulfide mutant C30S/C51A, measured in 10 mM ¥ - 0.0078325 + 1.059 R~ 0.9567 C30VICTA
potassium phosphate (pH 7.0) and 100 mM NaCl. . &F 3
.g C30A/C51
Table 4: Calorimetrically Measured Thermodynamic Data 3 °rf ]
Extrapolated to 28C for the Unfolding of the 3651 Disulfide k) CISICS1A 2 Camicsia
Mutants of BPTI . 4T cxoncsis 7
& 1
AH% ASy AG% AC, H 3 y st ]
proteins  (kcal/mol) [cal/(molK)] (kcal/mol) [kcal/(moldeg)] o° CS1A
C30A/C51A 29.5£5.0  80+12 5.8+0.3  0.65+0.2 a4, peaen ]
C30V/C51A 31.8+5.0 86+ 12 6.1+0.3 0.59+0.2
C30G/C51A 43.6:2.3 130+12 4.6+£0.1  0.26+0.2 N , L
C30T/C51A 40.2-3.3 118+10 5.1+0.1 0.33+£0.2 1 2 3 4 5 6
C30S/C51A 345:3.6 100£10 4.8402  0.5940.2 26 (keal/mol)
C30A/C51S 36.5:2.1 108+12 4.1+0.1 0.45+0.2 thermal
FiIGURE6: (A) Correlation between the unfolding free energie&)
- - — for the 30-51 disulfide mutants of BPTI obtained from Gdn-HCI-
Table 5: Comparison of the pH 7 Unfolding Free Energike?, induced denaturation monitored by CD and from thermally induced
of the 30-51 Disulfide Mutants of BPTI at 25C Obtained from denaturation measured by DSC. The solid line shows the best linear
Thermal Denaturation Data Monitored by CRG°cp) and DSC fit of two sets ofAG data for eight 36-51 disulfide mutants. Using
(AG*psc) and from Optically Detected, Denaturant-Induced estimatedAC,, the “AGpsc’ data for mutants C30S/C51S and
Unfolding (AGdenaturant C30G/C51M were extrapolated froaH andT,, values measured
AG°cp AG°psc AG® denawrant by CD melting (Tables 1 and 5). The slope and intercept of the
mutant (kcal/mol) (kcal/mol) (kcal/mol) line are given by the equation at the top of the panel. (B) Correlation
C30A/CEIA 53 58 55 between the unfolding free energiesQ) for the 30-51 disulfide
C30V/CE1A 57 6.1 6.6 mutants of BPTI obtained from Gdn-HCl-induced denaturation
C30G/C51A 39 16 32 monitored by CD and from thermally induced denaturation
C30T/C51A a4 51 15 measured by CD. The solid line shows the best linear fit of two
C30S/C51A 41 48 44 sets ofAG data for eight 36-51 disulfide mutants. The slope and
C30A/C51S 30 41 3.4 |nterc|ept of the line are given by the equation at the top of the
C30S/C51S 2.6 - 2.7 panel.
C30G/C51M 17 - 21 tion of this correlation is that the free energies of the

) o denatured statesvhether produced by Gdn-HCIl-mediated
tween theAC, data in Tables 1 and 4 reveals qualitative unfolding or thermal denaturatierare, under the experi-
agreement between the values derived optically and calori- yenta| conditions used, similar for this set of mutants. A
metrically. This agreement is reasonably good considering gjmiar high degree of concordance between free energy
the_ rather significant.errors assoc!ated with these analyseschanges measured by Gdn-HCI denaturation and those
Using the calorimetrically determin€tn, AHa, and AC, estimated from differential scanning calorimetry was ob-
values at pH 7, we have calculatesiG® (25 °C), the  gerved in a study of various cavity-creating mutations in the
unfolding free energy at 28C using the GibbsHelmholtz hydrophobic core of chymotrypsin inhibitor 2 (Jackson et
equation. These values are listed in the penultimate cqumnaL’ 1993). Our results expand on those of Jackson et al.

of Table 4. (1993) by showing that the agreement between these different
DISCUSSION :ir:)er;cgods extends to polar as well as hydrophobic substitu-
Relative Stabilities of the 3651 Disulfide Mutants.Table The difference in the unfolding free energy change

5 lists the unfolding free energies for the-3B1 disulfide between a mutant and a reference protdinG®, is given
mutants determined using the three different methods by the relationshiAAG®y = AG°g(mutant) — AG°q(ref)
employed in this study, namely, Gdn-HCl-mediated dena- (Dao-pin et al., 1991; Connelly et al., 1991). The value of
turation AGgenatwrant, 8S Well as thermally induced denatur- AAG®4 provides a measure of the change in apparent stability
ation monitored by CDAGcp) and by DSC AGpsc). The induced in a reference protein by specific amino acid
plots shown in Figure 6 present an overall comparison of substitution(s). In this work, we define the C30A/C51A
these three sets &G data. The observed linear relation- mutant as our reference protein. The first two data columns
ships indicate that theAAG values measured by these of Tables 6-8 list the AAG values we have calculated in
independent methods are highly correlated. One interpreta-this manner for specific types of substitutions. In the sections
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Table 6: Influence of Polarity on the Thermodynamic Impact of the previously reported value 6f0.5 kcal/mol derived from the

Substituted Residue denaturant-dependent absorbance change at 287 nm (Hurle
AAG eaf  AAGDs® AAHDs®  AAS Dl etal., 1990, 1992). Inspection of the enthalpy data in 'I_'able
mutant  (kcal/mol) (kcal/mol) (kcal/mol) [cal/(mokK)] 6 (AAH value of +2.3 kcal/mol) reveals that the valine
C30A/C51A 0 0 0 0 sgbsﬂtugqn-mduced stabilization at 26 is gnnrely enthal-
C30V/C51A 05 03 23 6.4 pic in origin. By contrast, the correspondidg\H data for
C30S/C51A  —1.8 -1.0 5.0 20.0 the serine and threonine mutants reveal that, relative to the
C30T/C51A  —15 —0.7 10.7 38.3 A30/A51 reference protein, the destabilization induced by
2 Calculated at the midpoints of the denaturation curves wh&e these substitutions at Z& is entirely entropic in origin.
= 0 andAG® = mGy, (eq 6) from them and Cy; values for each The loss of side chain conformational entropy during

?{;;am %2’&2 T Table 2. See Jackson et al. (1998jom the DSC  yrqtein folding, especially for buried core residues in
i relatively rigid regions of the native polypeptide, recently
has been recognized as an important destabilizing influence

Table 7: Thermodynamic Impact of Structural Context on Ata in the balance of enthalpic and entropic terms which
Ser Substitutions contribute to the free energy of the folded protein (Doig &
AAG°ca AAG°ps® AAH°psc® AASpsc® Sternberg, 1995). The calculated mean destabilizations (at
mutant _ (kcal/mol) (kcal/mol) (keal/mol) [cal/(motK)] 25 °C) due to this effect for serine, threonine, and valine
C30A/C51A 0 0 0 0 relative to alanine are-1.1, —1.1, and —0.4 kcal/mol,
ggg%ggié :;-2 j-g ?-8 gg-g respectively (Pickett & Sternberg, 1993; Abagyan & Totrov,
C30S/C51S  —33 nd neb ncb 1994; Creamer & Rose, 1994; Koehl & Delarue, 1994; Lee

et al., 1994; Doig & Sternberg, 1995). Inspection of the
data in Table 6 reveals that the magnitude of this calculated
side chain conformational entropy loss is comparable to the

aSee legend to Table 8 Not determined.

Table 8: Thermodynamic Impact of Glycine and Methionine entire destabilization we observe for the C30S/C51A vs
Substitutions C30A/C51A comparison and approximately half of the
AAG°ca? AAG°psc® AAH°psc® AASpsc® destabilization we observe for the C30T/C51A vs C30V/
mutant  (kcal/mol) (kcal/mol) (kcal/mol) [cal/(motK)] C51A comparison. Thus, the effects on the free energy of
C30A/C51A 0 0 0 0 stabilization caused by the Ala> Ser and Val— Thr
C30G/C51A  —2.7 -12 14.1 50.3 substitutions are not solely duper se to burial of polar
C30G/C51IM  —4.0 nc ncb ncb

groups in the hydrophobic core.

* See legend to Table 6Not determined. The data listed in Table 6 reveal that the difference in

AG° between C30A/C51A and C30S/C51A is approximately

that follow, we discuss how the nature of the substituted the same as that between C30V/C51A and C30T/C51A.
residues influences their effects on protein stability. Because the side chain volume of alanine is smaller than

Polarity of the Substituted Residue and Its Impact on that of cysteine, replacement of cysteines 30 and 51 by
Protein Stability-comparison of Mutants A30/A51, S30/A51, alanines causes a correlated movement of the two chain
V30/A51, and T30/A51Since the 30 and 51 sites are buried segments toward each other to compensate partially for the
in the hydrophobic core of the protein, the stabilities of the packing defect (Eigenbrot et al., 1990). Since the side chain
30-51 disulfide mutants should be influenced by the polarity volumes of serine, valine, and threonine are similar to that
of the amino acid(s) replaced. TheAG data in Table 6 of cysteine, they may fill more completely than can alanine
reveal that substitutions in the core at position 30 by the the cavity left by removal of cysteine 30. This feature may
polar residues serine or threonine cause a decrease in proteitessen the rearrangement of the main chain and the neighbor-
stability relative to the reference protein. Specifically, ing side chains, thereby partly compensating for the decrease
replacement of-H by —OH in the residue 30 side chain in stability due to the insertion of a polarOH group in the
(an alanine to serine substitution) reduces the protein stabilitycore and the loss of side chain conformational entropy.
by 1.0-1.8 kcal/mol. Replacement 6fCH; by an —OH Recently, the energetic costs and structural consequences of
group on thes carbon in the Val30 to Thr30 mutation causes burying a hydroxyl group in the core of T4 lysozyme have
a 1.0-2.0 kcal/mol decrease in the stability of C30T/C51A been assessed by comparing Ala to Ser and Val to Thr
relative to C30V/C51A. The upper range of this decrement substitutions (Blaber et al., 1993). In general, the structural
in the unfolding free energy is in good agreement with the perturbations were found to be minor, and th&G values
AAG estimate of —2.0 kcal/mol for this mutant pair  for such mutations varied between 1.0 and 2.8 kcal/mol, a
determined by Hurle et al. (1990) using the change in tyrosine range consistent both with our results and with data for polar
absorbance to monitor unfolding. substitutions in the core of barnase (Serrano et al., 1992).

By contrast with the destabilizing consequences of insert-  Influence on Protein Stability of the Structural Context of
ing a polar residue into the core at position 30, inspection the Mutated ResidueThe C30S/C51A and C30A/C51S
of the C30V/C51A data in Table 6 reveals that insertion of mutants both substitute serine and alanine for the two half-
the hydrophobic residue valine in place of alanine actually cystines of the 3651 disulfide bond, but with opposite
induces anincreasein stability relative to the reference orientations of the two residues with respect to the substituted
protein, an observation consistent with a previous study disulfide. The data in Table 7 provide a comparison of the
(Hurle et al., 1990). In fact, thAAG values of+0.5 and thermodynamic parameters we have determined relative to
+0.3 kcal/mol determined here for the valine substitution the C30A/C51A reference protein for these two mutants and
using CD-monitored Gdn-HClI-induced unfolding and DSC for the C30S/C51S double mutant. Inspection of these data
measurements, respectively, are in good agreement with theaeveals that the contribution to the free energy of stabilization
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of the substituted residue is related not only to the nature of C51A, the T, of the double serine mutant C30S/C51S is
the amino acid substitution but also, in part, to the structural lower by 20°C, which is also approximately the sum of the
context. Residue 51 is located in the middle ofcahelix, decrease for mutant C30S/C51A and C30A/C51S (Table 1).
and residue 30 is located infasheet (Eigenbrot et al., 1990). Recently, two groups have studied BPTI variants containing
It is well known that amino acids have distinct conforma- only a single disulfide, [C14A/C38A, C30A/C51A] and
tional preferences that can stabilize or destabilize-drelix [C14S/C38S, C30S/C51S] (Staley & Kim, 1992; Mierlo et
(Chou & Fasman, 1978), with alanine being the most helix- al., 1991). Staley and Kim (1992) reported the of the
favoring of the 20 common amino acids (Lyu et al., 1989; mutant [C14A/C38A, C30A/C51A] to be approximately 40
O’Neil & Degrado, 1990; Bryson et al., 1995). Serine, on °C, while Mierlo et al. (1991) reported the, of the mutant
the other hand, usually is considered to be helix destabilizing [C14S/C38S, C30S/C51S] to be approximately IG.
because the side chain hydroxyl can compete with main chainNeglecting the different substitutions of cysteines 14 and 38,
amides for hydrogen bonding with carbonyls, thereby which have only minor differential effects on stability (Liu,
disrupting the backbone H-bonding of the helix (Richardson Breslauer, and Anderson, unpublished results),Afig of

& Richardson, 1988; Presta & Rose, 1988). Our data (Table 25°C between [C14A/C38A, C30A/C51A] and [C14S/C38S,
7) are consistent with both of these conformational prefer- C30S/C51S] is in good agreement with th&,, value we
ences in that we find substitution of serine for alanine at observe in this work between C30A/C51A and C30S/C51S
residue 30 (in thgg-sheet) to be less destabilizing by 8.6  (Table 1).

0.7 kcal compared with substitution of serine for alanine at  Effect of Glycine and Methionine Substitutions at the-30
residue 51 (in thet-helix). Interestingly, hostguest studies 51 Disulfide Site.Inspection of the data in Table 8 reveals
on model peptides have estimated the difference in the freethat mutants with glycine substitutions at residue 30 are
energy ofa-helix stabilization AAG,, between alanine and  highly destabilized relative to the C30A/C51A reference
serine to be 0.30.8 kcal/mol (O'Neil & Degrado, 1990; protein. In a comprehensive study of destabilizing mutations
Lyu et al., 1990; Bryson et al., 1995), in reasonably good of staphylococcal nuclease, whdyeth alanine and glycine
agreement with our data, although admittedly the comparisonwere substituted at numerous positions in the core of the
is imperfect. Despite the quantitative positional differences protein, a glycine mutation at any position was found to be
noted above, our data reveal a serine for alanine substitutionl.7—3.6 kcal/mol more destabilizing than the corresponding

at either site to be destabilizing by approximatety2ikcal. alanine mutation at that position (Shortle & Meeker, 1986,
Our calorimetric data show this substitution-induced desta- 1989; Shortle et al., 1990; Shortle, 1992). This range of
bilization to be entirely entropic in origin. values is consistent with th®AG of 1.2—2.7 kcal/mol that

Additional contributions to the difference G° between we observe here for the G30/A51 mutant versus the A30/
the C30S/C51A and the C30A/C51S mutants may arise from A51 mutant.
subtle disparities between the local environments around the Any attempt to rationalize our glycine substitution data
two mutation sites due to differences in neighboring side (or for that matter, any of the results presented here) must
chain and main chain atoms. An example of such local consider substitution-induced effects on both the native and
environmental effects is found in studies of Ala to Ser and the denatured states. In this connection, Sturtevant (1994)
Val to Thr mutations in T4 lysozyme which revealed the has noted that “...it is in general difficult, if not impossible,
cost of burying a hydroxyl group to be reduced if a hydrogen- to assign ... thermodynamic changes caused by mutations to
bonding partner was available (Blaber et al., 1993). Thus, either the initial state, or the final state...”. Although we
in our work, the C30S/C51S BPTI “double serine” mutant agree with this assertion, we will attempt to discuss possible
might be expected to exhibit greater stability than either of ways in which a glycine substitution might influence initial
the “single serine” mutants due to the potential for side and final states. Since glycine does not have a side chain,
chain-side chain H-bond formation between the two serine substitution of a glycine at residue 30 might cause a packing
residues. However, our data (Table 7) reveal the stabilization defect in the core of the folded protein, an event that could
free energy AAG, for this mutant to be roughly additive:  result in a destabilizing increase in free energy for the native
the AAG for the double serine mutant approaches the sum state of up to 2 kcal/mol [see Huang et al. (1995)].
of the AAG's for the two single serine mutants. In the Furthermore, the high flexibility of glycine might cause an
absence of fortuitous compensations, this feature suggesténcrease in the configurational entropy of the unfolded state
that the interaction between the two serine side chains inof mutant C30G/C51A, thereby resulting in a decrease in
this mutant is not strong (Wells, 1990). To examine this its free energy (Nemethy et al., 1966). This latter expectation
possibility further, we modeled the C30S/C51S mutant is consistent with our entropy data (Table 8) in that the C30G/
structure by homology using as a basis the X-ray structure C51A mutant exhibits the highest entropy of unfolding at
of the C30A/C51A mutant (Eigenbrot et al., 1990). This 25 °C for any of the mutants studied here.
modeling exercise indicated that the Ser30 and Ser51 Glycine mutations are not always more destabilizing than
hydroxyl groups could not be oriented in a way that was the corresponding alanine mutations. For example, at residue
consistent with strong H-bonding interactions without dis- 43 of BPTI (an asparagine in the wild type molecule), a
torting the structure (results not shown). If one were to force glycine substitution mutant was found to lerestable than
a hydrogen bond between these twdDH groups, the  the alanine mutant at this same position (Goldenberg et al.,
resulting strain would most likely result in a higher energy 1989; Kim et al.,, 1993). This phenomenon has been
state. attributed to solvation effects in the relatively hydrophilic

The free energy additivity we observe for the two serine cavity vacated by the Asn side chain (Danishefsky et al.,
residues also is crudely reflected in the thermal melting data, 1993).
although, in principle, it need not be manifest in this  We have used similar cavity packing considerations in an
observable. Compared with the reference mutant, C30A/ attempt to build more stability into a Gly30-substituted BPTI
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mutant. To this end, we made and tested the C30G/C51M comparing the enthalpy data at a common temperature, that
BPTI mutant. Our expectation was that the unbranched at best render this estimate a starting point for further
methionine side chain with two methylene groups, a sulfur, discussions.
and a methyl group might adopt a relatively unstrained Correlations between Folding-Induced Changes in Water-
conformation nearly isosteric to that of the missing disulfide Accessible Surface Area ardC,. The changes in the heat
and perhaps neatly “thread” the cavity between residue 30 capacity observed during the folding of globular proteins are
and residue 51 € carbons. Contrary to this expectation, thought to be related to a reduction in the water-accessible
our data show that this mutant is severely destabilized by nonpolar surface area of the protein (Livingstone et al., 1991;
4.0 kcal relative to the reference protein (Figures 3 and 4, Privalov & Khechinashvili, 1974; Privalov, 1979; Spolar et
Table 8). As a possible trivial explanation, we considered al., 1989; Dec & Gill, 1985). Recent work (Makhatadze &
fortuitous methionine oxidation during workup of the protein, Privalov, 1990; Murphy & Gill, 1991; Spolar et al., 1992)
since burial of a relatively polar and more bulky sulfoxide- has shown that the burial of polar surface area upon protein
or sulfone-bearing side chain in the hydrophobic core could folding also contributes to the heat capacity change. Spolar
cause significant destabilization. This possibility, however, et al. (1992) have derived an empirical equatidor
was ruled out by high-resolution mass spectrometry (Materi- calculating this heat capacity change which includes the
als and Methods) which yielded a mass for the mutant average contributions of folding-induced changes in polar
consistent with a protein containing unoxidized methionines. (AA;) and nonpolar 4A,,) surface area:

A plausible explanation for the relative instability of the
C30G/C51M mutant is the effect on side chain conforma- ~ AC, = (0.32+ 0.04AA,+ (=0.14+ 0.02AA, (8)
tional entropy caused by the Ala- Met substitution at
residue 51. The loss of conformational entropy is a major

force that opposes protein folding. Recently, Doig and Ac = (0.45+ 0.02AA,, + (—0.26+ 0.0S)AAp ©)
Sternberg (1995) compared folding-related changes in side P P

chain conformational entropy for all 20 amino acids at 300 |n both expressionsAA,, and AA, are the changes in

K, using estimates provided by various groups (Pickett & nonpolar and polar surface area, respectively, which ac-
Sternberg, 1993; Abagyan & Totrov, 1994; Koehl & Delarue, company protein folding. Our calculations (see Materials
1994; Creamer & Rose, 1994; Lee et al., 1994). The meanand Methods) of the amounts of water-accessible polar and
value of TAS.n for methionine relative to alanine upon nonpolar surface area buried upon folding of the mutants
unfolding was 1.5 kcal/mol due to the large number of studied here indicate that about #51% of the total change
degrees of freedom of the linear methionine side chain which jn water-accessible surface area is nonpolar angt 256 is

are “frozen out” when the side chain is buried in the core polar. Consequently, changes in both polar and nonpolar
(Doig & Sternberg, 1995). Such a destabilization due to the syrface area contribute to the change in heat capacity, with
A51M mutation plus the destabilization caused by an Ala the burial of nonpolar surface being the dominant contributor.
to G|y mutation at residue 30 (27 kcal/mol, Table 8) ylelds Because the relative proportions of buried p0|ar VS
a predicted decrease in the stability of the C30G/C51M nonpolar surfaces were affected to only a minor extent by
mutant relative to the C30A/C51A mutant of 4.2 kcal/mol. the amino acid substitutions studied, our Ca|cu|alm°'s

This is very close to the experimental value of 4.0 kcal/mol a| fell within a relatively narrow range: 0.4% 0.01 kcal/
(Table 8). However, in the absence of any structural data, (mol-K) (using eq 8) and 0.5% 0.01 kcal/(moiK) (using
significant rearrangements of both side chain and backboneeq 9)3 These calculated values both agree, within experi-
atoms relative to their respective positions in wild type BPTI mental error, with the\C,’'s we have measured for the 30
cannot be ruled out for this mutant; such “repacking” of 51 disulfide mutants using CD-monitored thermal denatur-
protein cores can alter stability in unexpected ways (Lim et ation (meam\C, = 0.50 kcal/(moiK), range= 0.24-0.84;

Murphy and Gill (1991) have derived a similar equatfon:

al., 1994). Table 1) and differential scanning calorimetry (me&@,
Impact of Mutations on the Unfolding Enthalpys noted = 0.48 kcal/(molK), range= 0.26-0.65; Table 4). Thus,

above, the denaturation enthalpiesti®, of the 30-51 the two experimentally determined meAg, values agree

disulfide mutants are lower by about 320 kcal/mol  remarkably well with each other and with the theoretit@l,

compared to that of wild type BPTI (Table 3). The values calculated by the two methods noted above. This
denaturation enthalpies of the A30/A51 and V30/A51 agreement is particularly satisfying considering the rather
mutants, although close to the error limits, appear to be higheragd hoc manner in which we derived the random coil
than those of the other four 3%1 disulfide mutants, while  structures for the surface area calculations (Materials and
being similar to each other. This similarity may reflect Methods) and the substantial errors inherent in the experi-
similar patterns of hydrogen bonding and hydration of the mentalAC, determinations (Figure 4). Theory predicts that
core residues for these two mutants. In fact, X-ray crystal- AC, should be relatively insensitive to the differences in the
lographic analyses have demonstrated the conformations ofparticular amino acid substitutions examined (see above),
wild type BPTI and the C30A/C51A and the C30V/C51A  suggesting that the spread aiC, values we observe is
mutants to be very similar (Hurle et al., 1992; Eigenbrot et primar”y due to experimenta| uncertainties in tkaeH
al., 1990, 1992). Thus, if one crudely assumes isoenthalpic
final states, the difference in denaturation enthalpy between - The area differentials are in units ofAand the coefficients have
wild type BPTI (74 kcal/mol) at it9, and the A30/A51 (or units of cal mot! K-1 A-2,
V30/A51) mutants (59 kca|/mo|) at their,'s may be used 3 For the purpose of_ these calculations, sulfur was as_sumed to be a
to approximate the net stabilizing enthalpic impact of the polar atom (see Materials and Methods). However, cystine sulfurs can
. . . .~ also be considered as nonpolar atoms [see Lesser and Rose (1990)].
30-51 disulfide bridge to be about 15 kcal/mol. This This would have the effect of increasing both of the calculat@y's
analysis, however, is fraught with assumptions, including not only slightly [0.02-0.03 kcal/(moiK)].
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measurements rather than reflective of intrinsic mutant- we are far from a firm understanding of the primarily non-

specific AC, differences. covalent forces that hold proteins in their native structures,
and that achieving such an understanding lies far in the
CONCLUDING REMARKS future. This situation makes it more important to give much

hi K h q . d calori __attention to accumulating reliable thermodynamic data
In this work, we have used spectroscopic and calorimetric ¢, ceming all aspects of protein behavior.” We concur with

techniques to characterize the consequences on proteify,is 4ssessment and believe that the results presented in this
properties of amino acid substitutions at positions 30 and paper make a meaningful contribution toward the goal of

51 of BPTI, which contain the two half-cystine residues of 5.c,mylating reliable thermodynamic data on protein sys-
the 30-51 disulfide in the native protein. Our goal was to

gather data that might reveal some general principles for

rationally “designing out” a buried disulfide bridge in a ACKNOWLEDGMENT
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