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ABSTRACT. Two crossed-linked variants of the homodimeric DNA binding protein factor for inversion
stimulation (FIS) were created via engineering of single intermolecular disulfide bonds. The conservative
S30C and the nonconservative V58C FIS independent mutations resulted in FIS crossed-linked at the A
helix (C30-C30) and at the middle of the B helix (C5&58). This study sought to investigate how the
location of an intermolecular disulfide bond may determine the effect on stability and its propagation
through the structure to preserve or alter the denaturation cooperativity of FIS. The oxidized and reduced
S30C and V58C FIS exhibited a far-UV CD spectrum and DNA binding affinities that were similar to
WT FIS, indicating no significant changes in secondary and tertiary structure. However, the reduced and
oxidized forms of the mutants revealed significant differences in the stability and equilibrium denaturation
mechanism between the two mutants. In the reduced state, S30C FIS had very little effect on FIS stability,
whereas V58C FIS was-23 kcal/mol less stable than WT FIS. Interestingly, while both disulfide bonds
significantly increased the resistance to urea- and guanidine hydrochloride (GuHCI)-induced denaturation,
oxidized V58C FIS exhibited a three-state GuHCI-induced transition. In contrast, oxidized S30C FIS
displayed a highly cooperative WT-like transition with both denaturants. The three-state denaturation
mechanism of oxidized V58C FIS induced by the GuHCI salt was reproduced by urea denaturation at pH
4, suggesting that disruption of a C-terminus salt-bridge network is responsible for the loss of denaturation
cooperativity of V58C FIS in GuHCI or urea, pH 4. A second mutation on V58C FIS created to place a
single tryptophan probe (Y95W) at the C-terminus further implies that the denaturation intermediate
observed in disulfide crossed-linked V58C FIS results from a decoupling of the stabilities of the C-terminus
and the rest of the protein. These results show that, unlike the-C30 intermolecular disulfide bond,

the C58-C58 disulfide bond did not evenly stabilize the FIS structure, thereby highlighting the importance
of the location of an engineered disulfide bond on the propagation of stability and the denaturation
cooperativity of a protein.

The engineering of disulfide bonds into monomeric the cross-link, and (2AS = ku[%s In(v/N) — 3.4] (12) (for
proteins has shown that the incorporation of a well-placed multiple cross-links), wheré& is the Boltzmann constant,
disulfide bond has the potential to significantly increase is the number of cross-links, adis the number of statistical
protein stability (—10). This effect has been attributed to units (amino acids) in the chain. Based on these equations,
thermodynamic factors, such as a decrease in conformationathe entropic stabilization by cross-linking a single polypeptide
entropy of the unfolded statell), an enthalpic effect on  chain is derived solely from the length of the chain, the
the native state5), and a greater preference for the burial number of cross-links, and most importantly, the size of the
of a disulfide group over burial of two reduced cysteine loop created by the cross-link. However, when considering
residues10). The most widely applied mathematical models the entropic effect of a single engineered intermolecular
for calculating the effect of a disulfide bond on the disulfide bond in a dimeric protein, these equations do not
conformational entropy change of a monomeric polymer are gdequately explain the entropic effect because no loops are
(1) AS= —2.1 = 3-R(In n) (2) (for a single cross-link),  created. Furthermore, the location of the disulfide bond could
wheren is the number of amino acids in the loop created by |ead to different chain topologies, ranging from the formation
of a long linear chain (e.g., cross-linking between both
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reductase resulted in a decrease in denaturation cooperativitypresence of a C58C58 disulfide bond leads to the ac-
compared with that of the reduced protein, suggesting the cumulation of an equilibrium denaturation intermediate due
formation of an equilibrium denaturation intermedia. ( to differential stabilization of subdomains within FIS,

In some cases, a decreased cooperativity of the disulfide-whereas the C30C30 disulfide bond propagates its stabiliz-
linked protein was attributed to residual structure in the ing effect homogeneously throughout the structure of FIS.
unfolded state, while in other instances, it appeared to be These observations demonstrate that the precise location of
caused by the marginal population of intermediates. an intersubunit disulfide bond in FIS can have very different

Few experimental and theoretical studies have been carrieceffects on the stability and denaturation cooperativity.
out to understand the effects of intermolecular disulfide cross-
links on protein stability and denaturation cooperativit,(

15—17). In most cases, intermolecular disulfide bonds have Protein Expression, Purification, and Preparatiofihe

begn eng|.neered N d|mer|c. protelns, and the effect has beer\/SSC mutation was constructed and sequenced as previously
mainly to increase the stability of the protein. For example, described with a two-step PCR methdd, while the S30C

an engineereo_l solyent-exposed intersubl_mit disulfide_ bonoland V58C/Y95W mutations were prepared using the Quick
In the homod|mer|c Arc repressor protein resulteq in an Change Il Kit (Stratagene) and sequenced by the Center for
increase !nTm and Cm’. t.)Ut there was no change in the Functional Genomics (Albany, N. Y.). WT and the cysteine-
dena@turaﬂon cpoperatlwtyl(?). In another case, the N- mutant FIS sequences were overexprességamerichia coli
terminal domain of thel phage repressor protein was and purified by running two sequential SP Sepharose cation

engineered to form two mutants with a single disulfide cross- exchange columns. FIS was removed from the column using
link bridging the dimer interface. One disulfide bond reduced a0310and0 4;0 6 M NaCl gradient for the first and

the s_t_ability belov_v.that of the WT protein, whergas the other second columns, respectively, resulting>95% pure FIS
significantly stabilized the protein. Howgver, ne|ther_ caused according to sodium dodecyl sulfate polyacrylamide gel
any detectable change in the denaturation cooperatiiAy ( electrophoresis (SDSPAGE) and reversed-phase HPLC.

Interestingly, when the location of an engineered disulfide 1 . ~oncentration of FIS was determined in EIS monomer

Eolr)dbwazlcht:;nged, as in tf:led_(]:cfase of a_hc:rr]nodimerictfo_ur-units by measuring the absorbance at 276 m& M GuHCI
elix bundié, there were smal dilferences in the coopera ity and using extinction coefficients of 5820, 5980, and 9930
of the GUHCI denaturationd.§). Them-values were shown  , 1 cm-L for WT FIS, disulfide-bonded FIS, and disulfide-

to differ between the oxidized and reduced forms of the . :

. ) ) V YO5W FIS, tivelgQ). All t
proteins, and the authors attributed this effect to non-two- \?voer:gepderfg?n%dgiﬁ 10 rr?MrE[})i%esi)alaetZ%uffere E(IES;I;E;HS7 4
state behavior. Thus, engineering disulfide bonds across, b 0.1 M NaCl at 20°C except for the low pH urea.

protein interfaces is more likely to increase protein stability denaturation experiments for which HCl was added to lower
without affecting the equilibrium denaturation cooperativity. the pH to 4.0. Disulfide bond formation was nearly 100%
In this study, we have used the homodimeric protein factor for both mutants and occurred immediately upon purification
for inversion stimulation (FIS),a bacterial nucleoid-associ-  for V58C FIS, while S30C FIS required78 h of incubation
ated protein, as a model system to understand how theat 4 °C at 0.5 mM FIS (monomer concentration). The
presence and location of an intermolecular disulfide bond formation of a disulfide cross-linked dimer was verified using
may affect the stability and denaturation cooperativity of a SDS-PAGE (in the absence of a reducing agent) and
dimeric protein. Also, it was of interest to design a cross- reversed-phase HPLC. Reductione®.2 mM FIS cysteine
linked version of FIS that could be used to examine the effect mutants was accomplished with 50 mM DTTcaé M urea
of FIS stability and dissociation on the function of this or 4 M GuHCI at 25°C. Dilution of these reduced samples
protein, since previous studies showed that FIS readily facilitated preparation of refolded/reduced and unfolded/
dissociates in solution at concentrations well above thosereduced protein stocks that were used in this work. The
required for specific DNA binding 18, 19). Thus, we  reduced samples (made with freshly prepared DTT) were
engineered two separate cysteine mutations, S30C and V58Canalyzed immediately upon refolding to minimize the ac-
each of which can form an intermolecular disulfide bond cumulation of oxidized species. Calculation of the amount
with the same cysteine residue (e.g., €&BO or C58- of DTT, denaturant, and protein added to the concentrated,
C58) in the opposite chain. We tested the effects of eachynfolded reduction mixture was dependent on the desired

disulfide bond on the stability and denaturation cooperativity conditions of the final diluted volumes used for experimenta-
of FIS via urea- and GuHCl-induced denaturation in both tion (see below).

the oxidized and reduced forms and found very different  £5 penaturation Monitored by Ci - .
Co ; y Circular Dichroism.
effects by each disulfide bond. The denaturation of S30C g ijibrium denaturation experiments monitored by circular

FIS revealed a cooperative two-state denaturation meCha”iS”Hichroism (CD) were performed on an OLIS CD instrument
and stability similar to WT FIS. In contrast, the denaturation (Bogart, Georgia) with 1.8M FIS in a cuvette wit a 1 cm

?f VhSSC FIS fevealedr:he pgpﬁlaticr)]n 9f an intgrmediate, _and path length, while CD wavelength scans were performed with
urther experiments showed that the intermediate contains 836 M FIS in a light path length of 1 mm. To examine the

disrupted C-terminal DNA-binding subdomain. Thus the qtein concentration dependence of the transitions, experi-

ments at 8.9%M FIS (data not shown) were compared with
1 Abbreviations: AA, amino acid; CD, circular dichroism; far-Uv, those at 1.8«M FIS.

far ultraviolet; FIS, factor for inversion stimulation; V58C, valine to The equilibrium denaturation experiments were accom-
cysteine mutation at position 58; S30C serine to cysteine mutation at

position 30; PB, phosphate buffer; SBBAGE, sodium dodecyl  Plished by measuring the ellipticity at 222 and 255 nm before
sulfate-polyacrylamide gel electrophoresis; WT, wild-type. extracting a portion of the folded sample from the cuvette

MATERIALS AND METHODS
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and replacing it with an equal volume of an unfolded protein length of maximum signal via th& intercept of its first
stock (10 M urea b8 M GuHCI) of identical protein derivative:

concentration. Before subsequent data collection, samples
were allowed to equilibrate (less than 1 min) until a time-
dependent signal change was no longer noticed. The sample
that was extracted from the cuvette was applied to a Reichert
refractometer (Depew, NY) to determine the refractive index The coefficients derived from the cubic fit to each emission
of the sample, which was then used to calculate the exactwavelength scan were used in eq 1 to calculate the
concentration of denaturant for each data point. The CD wavelength ) of maximum fluorescence.

signal at 255 nm was subtracted from the signal at 222 nm Analysis of Denaturation Datalhe denaturation transi-
as a baseline control. Repetition of this titration procedure tions were analyzed using KaleidaGraph, version 3.51
systematically increased the concentration of denaturant in(Synergy software). The data for WT and reduced form of
the cuvette. the cysteine mutants were fit to a two-state £ 2U) model
involving the native dimer and unfolded monomer, using the
equation

A

(1)

max fluorescencé

_ —2b— v4p® - 12ac
6a

For equilibrium denaturation experiments of the proteins
with reduced cysteines, both the folded and the unfolded
stocks were made by diluting the reduced/unfolded samples Y=Y\l —F,)+ Y,F, )
as described above in either refolding buffer or concentrated
denaturant. It was necessary to dilute the DTT in both where the signaly, is equal to the fraction unfoldedr()
samples to a concentration of less than 2 mM to avoid pjus fraction native (- Fy) multiplied by the native Y)
significant UV absorbance, which prevents ellipticity mea- and unfolded Yy) signals, which vary linearly with denatur-
surement. The folded stock was refolded by dilution with ant concentration. To obtain the thermodynamic parameters,
10 mM phosphate buffer (pH 7.4) and 0.1 M NaCl, whereas F, was defined in terms of the equilibrium constant for
the unfolded stock was diluted with 10 M urea or 8 M unfolding (Ky) and the total monomer concentration (Pt) by
guanidine (dissolved in 10 mM phosphate buffer and 0.1 combining the equatiort§y = [U]%[N], Pt= 2[N] + [U],

mM NaCl). In preparing the refolded stock via dilution, it andF, = [U]/Pt to obtain the following equatior2():
was necessary to start with a small volume of unfolded/

reduced protein in which the protein was sufficiently —K, + /KUZ + 8K Pt

concentrated to allow adequate dilution of denaturant (final Fu= (3)
concentration of<0.5 M urea or<0.1 M GuHCI), while 4Pt

maintaining a final protein concentration of &1 The equilibrium denaturations of the oxidized FIS mutants

Full reversibility of the denaturation transitions was that displayed single cooperative transitions were appropri-
confirmed by observing identical far-UV CD signal of folded ately fit to a two-state mechanism{= Uy), which accounts
and refolded samples of each protein. In addition, no time- for cross-linked unfolded and folded states. The instrumental
dependent change in the CD signal was noticed after the 1signal for this mechanism is expressed in the same way as
min equilibration period for the points along the transition for the two-state mechanism involving a monomeric unfolded
of each protein. Finally, all the urea and GuHCI denaturation state (eq 2), while the fraction unfolded is expressed as
curves were internally normalized based on the fraction of
native signal loss as follows: (signat signaloiged)/ F = Ky (4)
(—signajoged). This method of normalization allows for U o1+ Ky
comparison of the degree of unfolding completed between
each protein/denaturant combination used in this study. ~ Equation 4 also served to model tkg for the (N, = 1)

Denaturation of V58C/Y95W FIS Monitored by Tryp- curve fit in Figure 5.

tophan Fluoresceno@ne typtophan mutation (vosw)was - S50 & 108 B0 CPRE S Tt e e
incorporated into V58C FIS to allow us to study the ping P

environment and stability of the C-terminus of oxidized and thus were fit {0 a three-state;(* I, = Up) mechanism.

(disulfide-bonded) V58C FIS. The fluorescence-monitored The instrumental signalvj was fitted to the equation
equilibrium denaturation experiment of this mutant was Y=Y, (1-F, —F)+Y.F +Y,F, (5)
performed on a Hitachi spectrofluorimeter using the codi- 2 2 2 z 2 z "2

lution method explained above. The tryptophan was excited ,here Fu,), (F,), and Ey,) are the fraction unfolded,

at 295 nm, and emission wavelength scans were recordeqnermediate, and native dimer, respectively. The definition
from 320 to 380 nm. Since the change in fluorescence ¢ Fy for the three-state mechanism (& I, <= U,) is

intensity between 0 ah3 M GuHCI was not significant, we

use the shift in the maximum fluorescence wavelength to E = 1 (6)
monitor the denaturation transition. The broad fluorescence v 1+i+ 1
band makes it difficult to accurately determine the fluores- K, KxK;

cence maxima, so we determined the wavelength of maxi-

mum fluorescence by fitting the emission spectra to the cubic in which K; andK; are the equilibrium constants for the N
polynomial { = ax® + bx? + cx + d) in Excel wherey is = |, and k=U, transitions, respectively.

signal intensity anck is wavelength. The cubic polynomial Equilibrium constants were then defined in termsAg3
was the lowest order polynomial that fit the fluorescence of unfolding, denaturantl) concentration, andn-value
emission spectra well and allowed calculationof the wave- (0AG/6D) based on the linear extrapolation model of protein
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stability (AGn,0 = AG — mD) and the universal relationship
betweenKeq and AG, AG = — RT In(Key).

p(—AGHZO + mD)
Ky = ex T (7)

AGy,0 is protein stability in the absence of denaturant,
and D is the concentration of denaturant. Thevalue
correlates with the amount of buried surface that becomes
exposed upon unfolding2®). Although the expression for
Fu(Ky) differs based on the denaturation mechanism, the
Ku(AG) expression remains constant regardless of the model.

DNA Binding AssayThe DNA-binding affinities of each
of the FIS mutants in their reduced or oxidized forms were
compared with that of the WT protein using the gel
electrophoretic mobility shift assay, as previously described
(19). Various concentrations of FIS were mixed with a 42
bp *?P-labeled DNA fragment containing an engineered high-
affinity symmetrical FIS DNA binding sequence (GCT-
CAAATTTTGAGC) in 20 uL of binding buffer (20 mM
Tris-HCI [pH7.5], 10 mM EDTA, 80 mM NacCl), incubated
at room temperature for 10 min, and combined witt50f
loading buffer (20 mM Tris-HCI [pH7.5], 10 mM EDTA,

80 mM NacCl, 100ug/mL sonicated salmon sperm DNA,
7.5% Ficoll, 0.1% bromophenol blue). Samples were then
loaded onto an 8% polyacrylamide/bisacrylamide (60:1) gel C Leu27._
in TBE buffer (0.089 M Tris-borate [pH 8.3], 2.5 mM
EDTA) with a 15-mA conducting current. The relative signal -
intensities of the bound and unbound DNA were quantified ~ sus7._

by phosphorimaging, and the FIS concentration required to /
achieve 50% binding was taken as an approximation of the
Kq (apparenty).

RESULTS

Structural Enironment of Ser30 and Val58nspection
of the X-ray crystal structure of WT FIS8, 24) revealed
two different amino acids, Ser30 and Val58, that are in close Vals4
proximity to the same residue on opposite subunits and Ficure 1: (A) The X-ray crystal structure of WT FIS (PDB file
therefore appeared to be good sites for the incorporation of FC2) ISR TR ot ES, Lt des at positon 30 and 58
mtermc_;lecular disulfide bonds (Figure 1A). In \_NT FIS, which were segarately mutated to cysteine, gre highlighted inl
Ser30 is exposed to the solvent and thearbon distance  gpacefill. The four helices in the protein are labeled-®. (B)
between Ser30 in the A and B chains is about 7.2 A (Figure Close-up of the region withi5 A of Ser30 reveals that side chain
1B). In the case of Val58, the distance betweencthmarbon 30 is in a solvent exposed cleft at the intermolecular interface

atoms is 8.0 A, and the side chains are buried, interacting Petween the two A helices. (C) Close-up of the region within 5 A
of Val58 shows that it is buried and involved in numerous

hyd,mphOb'Ca"y with one another and with the surrounding hydrophobic interactions at the dimer interface that bridge the two
I’e_SIdUES Val54, Val31, and Leu27 (Figure 1C). 'ﬁhearbon B helices, as well as the B and A helices. This figure was prepared
distances of Ser30 and Val58 across the subunits are greateusing the program Deep View Swiss PDB Viewsd),

than the average separation in native disulfide bonds, of

. o i .
\gggg r?cr)]rl1yeiﬁvga/gisatr:nizrg?ena?éft';gze?gé{?l}ﬁrcfjhrﬁga?i.gonmUtationS in their oxidized forms disrupted the ability of FIS

to a dataset in re®5, to bind tq a specific site on the DNA. In fact, these mutations

Structural and Functional Effects of the S30C and V58C rgsulted in a moderate Qecrease n the appdft@(_mmpared
Mutations. Both the S30C and V58C FIS mutants formed With WT FIS, suggesting a small increase in the DNA
the expected intermolecular disulfide bond upon incubation Pinding affinity (Table 1). The reduced forms of these
at 4°C and pH 7.4 at 0.5 mM protein monomer concentra- mutants als_o bOL_md DNA with higher affinity than WT FIS,
tion, demonstrating that these residues are near each otheflthough with slightly lowerK, values than the oxidized
and in the proper orientation, as anticipated based on theforms. These results indicate that the incorporation of a
WT FIS crystal structure. The far-UV CD spectra of oxidized disulfide bond at positions 30 and 58 does not disrupt the
and reduced S30C and V58C FIS were virtually identical to structure or DNA binding function of FIS. Moreover, cross-
that of WT FIS (Figure 2A), indicating no major disruption linking the subunits of FIS with disulfide bridges did not
of secondary structure. Neither the S30C nor the V58C appear to confer a functional advantage.
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Table 1: Relative DNA Binding Activities of WT, S30C, and V58C

20LA

10 [\ —*—S30C Oxidized —=—V58C Oxidized FIS Kq (NM)2
% ——830C Reduced ——V58C Reduced WT 0.081+ 0.007
< S30C reduced 0.01& 0.001
@ S30C oxidized 0.035:- 003
Z V58C reduced 0.046- 0.004
2 V58C oxidized 0.062t 0.004
i

a ApparentKq values and standard deviations are given as an average
of at least three independent assays.

Table 2: Equilibrium Denaturation Analysis of WT FIS and
L 1 L L L Reduced Cysteine Mutaits

AGn,~2u MN<-2U
protein denaturant  (kcal/mol) (kcal/(motMm))

WTb urea 14417 2.44+0.1
WT GuHCI 13.14+0.2 4.74+0.2
S30C reduced urea 14400.2 2.0+£0.1
S30C reduced GuHCI 1280.2 3.9+:0.7
V58C reduced urea 11680.1 1.8+ 0.1
V58C reduced GuHCI 11.320.2 3.54+:0.2

a Denaturations of the reduced cysteine mutants and WT FIS were
fit to a N2 = 2U denaturation mechanism. Errors are the standard
deviations based on three independent experiméfata and fitting
of WT urea denaturation is as previously describ28).(

0.8

0.6

signal loss

(222nm)

o
'S

0.2

Percent CD

than WT FIS, but theAG was almost the same due to a
compensatory small decreasenrvalue (Figure 2B, Table
2). V58C FIS had a lowe€,, and mvalue than WT FIS,
o 1 2 3 4 5 6 7 8 resulting in about 23 kcal/mol lower stability (Table 2,
Urea concentration (M) Figure 2B). The notably decreasedvalues of reduced

V58C, compared with the WT protein, may be caused by
the small pretransition baselines, which make fitting less
accurate, or by the possible presence of a small percentage
of oxidized protein in the sample, which would broaden the
transition. The hydroxyl side chain of Ser30 is highly solvent
exposed and has little potential for hydrogen bonding aside
from a possible interaction between the hydrogen from the
hydroxyl of one side chain to the oxygen electron lone pair
of the opposite chain serine. In contrast, Val58 is involved
in substantial nonpolar interactions in the hydrophobic core
of FIS.

Equilibrium Denaturation of Oxidized S30C and V58C
: : : : FIS. Oxidation of S30C and V58C FIS to yield a disulfide
0 oanidine concentrafion " 4 cross-linked protein occurred spontaneously upon purification

and was verified by reverse-phase HPLC and the appearance

FiGURe 2: (A) Far-UV CD wavelength scans of WT FIS and the ; ; ; ; At
oxidized and reduced forms of the V58C and S30C mutants. (B) of a single band with dimer MVOV n SDS?AGE‘ OX|dat|9r_1
CD-monitored urea denaturations and (C) GuHCI denaturations of Of V58C FIS was close to 100% immediately after purifica-

WT FIS and the reduced forms of V58C and S30C FIS. The solid tion, whereas S30C required about 72 h of incubation at 4
line curve fits in panels B and C are based on theN U, °C to achieve full oxidation at pH 8.5 (data not shown). The
equilibrium mechanism defined in the Materials and Methods. Data equilibrium denaturation of oxidized S30C FIS in urea and
If?o?nart]ﬁclesfi?s?ggiri gﬁ%@g@tﬁi bg)/;\)(.ercent signal chaxfe ( GuHCI were cooperative and had signif_icantly higkuaf's,

but lowerm-values than WT FIS when fitted to a two-state

Equilibrium Denaturation of Reduced S30C and V58C unimolecular model (Figure 3).

FIS. To determine the intrinsic effect of the S30C and V58C  Oxidized V58C FIS showed less cooperativity than either
mutations on the thermodynamic stability of FIS, we carried WT or S30C FIS when unfolded in GuHCI or urea. The two-
out urea and GuHCI equilibrium denaturation experiments state model (M= U,) fits of the urea denaturation transition
on the reduced protein and monitored the transition using yielded an unexpectedly lom+value andAG (Table 3). Such
far-UV CD. The urea and GuHCI data were in good low mrvalue andAG, in comparison with the GUHCI results,
agreement with aAG value that was the same for V58C are likely attributed to the formation of an intermediate,
FIS, but for WT and S30C FIS, it was +2.6 kcal/mol although them-value is lowered by the considerable slope
higher in the case of urea denaturation. Interestingly, S30Cof the post-transition baseline. Surprisingly, the GuHCI
FIS has a higher urea-induced denaturation midpdaj) ( denaturation of V58C FIS resulted in a biphasic transition,

o
@

o
o

signal loss

(222)

o
'S

Percent CD
o
N

—a—\WT
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A —e—S30C
08 |
.,, ——\/58C
0
8
g 06
(72}
£
Soa
O
5
S 02
o
0

Urea concentration (M)

B —e—sS30C
——V58C

0.8

Percent CD \2220m) signal loss

1 1 1 1 1 L 1

0 1 2 3 4 5 6 7 8
Guanidine concentration (M)

Ficure 3: Far-UV CD monitored (A) urea and (B) GuHCI
denaturations of oxidized V58C and S30C. The solid line in the
V58C FIS data in panel B is a curve fit based on theN |, =

U, equilibrium pathway, and all other curve fits in both panels are
based on the pathway,N= U,. Data were normalized as in Figure
2.

Table 3: Equilibrium Denaturation Analysis of the Oxidized
Cysteine Mutants

fit to the
AG m unfolding
protein denaturant (kcal/mol) [kcal/(mokM)] pathway
S30C urea 13.20.7 19+0.1 N = U,
S30C GuHClI 11.6:t04 3.5+0.1 N = U,
V58C urea 6.7 0.6 1.2+0.1 N = U,
V58C GuHCI 10.3: 1.7 3.9+ 0.5a N=l,=U,

a Oxidized V58C denaturation via GUHCI yielded an obvious three-

Meinhold et al.

——V58C
—e—S30C

08 —a—wr

(222nm)3|gnal loss
o o
IS >
T T

Percent CD

0 2 4 6 8
Urea concentration (M)

Ficure 4: CD-monitored urea denaturations of WT FIS and the
oxidized form of V58C and S30C at pH 4. WT and S30C data
were fit to N, = U, whereas the V58C was fit to the pathway N
= |, = U, because of the clear intermediate. Experiments were
done with 1.8&M FIS in 20 mM phosphate buffer and 0.1 M NaCl.
Data were normalized as in Figure 2.

10

Table 4: Analysis of the Urea-Induced Equilibrium Denaturation of
WT FIS and the Oxidized Cysteine Mutants at pH24.0

fit to the
AG m unfolding
protein (kcal/mol) [kcal/(mol-M)] pathway
WT 11.8+ 0.1 2.4+0.1 N = U,
V58C 6.1+ 1.0 1.5+ 0.2 N=1= U,
S30C 6.7+ 0.3 1.2+0.1 N = U,

2 Oxidized V58C denaturation via GUHCI yielded an obvious three-
state denaturation mechanism, and thus it was possible to fit the single
denaturation curve to a three-state, @& 1, = Up) mechanism. The
results for each transition were resolved. ForI1,, AG = 2.1 kcal/
mol andm-value = 0.9 kcal/(moiM), and for b = U,, AG = 3.9
kcal/mol andm-value = 0.7 kcal/(moiM). Errors are the standard
deviations based on three independent experiments.

involve the population of an intermediate, and the decoupling
of the V58C FIS transitions in GuHCI but not in urea
indicates that each denaturant has a different effect on the
equilibrium denaturation pathway of V58C FIS. Different
degrees of transition decoupling by the two denaturants are
likely due to a localized sensitivity of FIS to the charged
nature of GUHCI, resulting in a denaturation efficiency that
is not uniform throughout the crossed-linked V58C FIS
structure.

Urea-Induced Denaturation of Oxidized V58C FIS at pH
4 Results in a GuHCI-Like Denaturation Transitiofhe

state denaturation mechanism, and thus it was possible to fit the singleexistence of an intermediate in the urea denaturation pathway

denaturation curve to a three-state, @ I, = U,) mechanism. The
results for each transition were resolved. FerI,, AG = 5.8 kcal/
mol and mvalue = 2.6 kcal/(motM), and for b = U,, AG = 4.5
kcal/mol andm-value = 1.3 kcal/(moiM). Errors are the standard
deviations based on three independent experiments.

which was fitted to a three-state denaturation model<N
I, = U,) to obtain theAG's and mvalues for the two

of oxidized V58C FIS was supported by the results obtained
by carrying out the denaturation at pH 4.0 (Figure 4). The
urea denaturation of V58C FIS at pH 4 resulted in the
decoupling of two transitions. Interestingly, S30C FIS did

not show any shift to a biphasic urea denaturation at pH 4.0,
but its mvalue was reduced by over 20% compared with

that at pH 7 (Table 4). In contrast, tmevalue of WT FIS

unfolding transitions (see footnote in Table 3). The difference was not altered at pH 4.0. The decreaseimalue of S30C

in stability of oxidized V58C FIS obtained in urea and

FIS suggests that there may be a hidden intermediate that is

GuHCI suggests that despite the two-state-like transition marginally populated at low pH. The shift in urea denatur-
observed in urea, the denaturation mechanism may be moretion m-value with changing pH has been studied before,
complex. When an intermediate is marginally populated, evenand a mathematical model has been proposed to explain how
if the transition appears two-state, fitting the data to a two- the presence of intermediates may resuthimalue changes

state model can dramatically underestimate the resukiag

(26). It was shown that the K3/s of the denaturation

Thus, the denaturation of oxidized V58C FIS appears to intermediates and native states dictate whethentivalue
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(Figure 1). Despite the decrease in stability, reduced V58C
FIS exhibited native-like secondary structure and no reduc-
tion in DNA binding affinity compared with the WT FIS.
Notwithstanding the large decrease in hydrophobicity, it is
possible that the overall modest effect of the V58C FIS
mutation may be due in part to the similarly lawhelical
propensities of valine and cysteine residues, together with
the relatively moderate reduction (18%) in the van der Waals
volume upon mutation.

When the Cys30 and Cys58 were oxidized, there was a
large increase in the stability of FIS against urea- and GuHCI-
induced denaturation. Since direct comparison between the
AG of monomeric and dimeric proteins is not meaningful
due to their different molecularity2f), the stabilizing effect
of the C30-C30 and C58 C58 disulfide bond may be best
quantified by determining their effect on tig,. Compared

dashed line represents the three-state fit to the CD monitored GuHClwith WT FIS, in oxidized S30C and V58C FIS there was a

denaturation of oxidized V58C presented in Figure 3, while the
same pathway is used to fit the CD-monitored denaturation of
V58C/Y95W here. Fluorescence monitored denaturation of V58C/
Y95W is fit to the two-state mechanism {I¥= ;). The resulting
curve fit parameters for the N= |, transitions of V58C/Y95W
monitored by CD and fluorescence are as followss = 2.5 kcal/

mol and mvalue = 1.6 kcal/(moiM); AG = 2.5 kcal/mol and
mvalue= 1.6 kcal/(moiM), respectively. The parameters for the
V58C/Y95W |, = U, transition monitored by CD arAG = 3.2
kcal/mol andm-value = 1.0 kcal/(moiM). The CD data in this

dramatic increase in th€, of about 4.5 and 3.0 M urea,
respectively. Thus, the formation of the disulfide bond €58
C58 more than compensated for the inherent destabilization
of the V58C mutation, without adversely affecting the
structure and DNA binding affinity. The clogeG's of the
cross-linked S30C and V58C FIS mutants determined in
GUHCI denaturation further support this observation. Due
to the much lowerAG and m-value obtained for oxidized

figure were normalized as explained in the Figure 2 legend, whereasV58C FIS in urea and the clear biphasic three-state dena-

raw fluorescence data is shown with correspondence to the right-

handy-axis.

increases or decreases with pH during urea denatur&n (

In the case of the cross-linked FIS mutants, the intermediates

must have al§, that is closer to the unfolded state resulting
in a smallerm-value at pH 4.0 than at pH 7.4.

Denaturation of Oxidized V58C/Y95W FIS Shows That the
Intermediate Has a Disrupted C-Terminus.double FIS
mutant containing V58C and a tryptophan probe at position
95 (Y95W) was constructed to selectively monitor via
fluorescence the denaturation of the DNA-binding subdomain

(C and D helices, Figure 1) and test the hypothesis that the

low denaturation cooperativity results from a loss of structure
in this region. The GuHCI-induced denaturation of V58C/
Y95W FIS was monitored by measuring the changes in the
wavelength of maximum fluorescence (Figure 5). The results
clearly show a denaturation transition that overlays only with
the first of the two transitions observed in the V58C FIS
GuHCI denaturation experiments monitored by CD (Figure
5). In contrast, the GuHCI-induced denaturation of V58C/
Y95W monitored by CD exhibited two transitions. However,
the low-denaturant transition was destabilized, which is
consistent with the slight destabilization also noticed in a
FIS variant carrying only the Y95W mutation (unpublished
data). Thus, our ability to separately monitor the low
denaturant transition in Y95W/V58C suggests that the first
transition in V58C FIS is due to the unfolding of the
C-terminus.

DISCUSSION

Effects of V58C and S30C Mutations on Structure,
Stability, and DNA BindingThe negligible and negative
effects on FIS stability of the reduced S30C and V58C,

turation in GuHCI, we conclude that this value (6.7 kcal/
mol, Table 3) is unreliable and suggests the presence of an
intermediate despite the two-state-like transition in urea.
Thus, the C58 C58 disulfide results in a protein that is more
stable than WT and an equilibrium denaturation transition
that is less cooperative than either WT or S30C.

Previous work estimated th&, for the dissociation of FIS
dimers to monomers to reside within a range from?&®
107 M (28, 29). On the other hand, we have seen that
specific FIS-DNA binding in vitro occurs with an estimated
Kg in the range from 10 to 10° M (Table 1 and refL9).
This suggests that specific DNA binding occurs at FIS
concentrations in which the dimeric state is poorly populated.
However, our observations suggest that the stability of
homodimeric FIS is not a limiting factor in its DNA binding
affinity in vitro. Despite the contrasting effects of reduced
S30C and V58C on the stability of FIS, both mutants showed
moderate improvements in their specific DNA binding
affinities compared with the WT FIS. Whereas the oxidized
forms of S30C and V58C both exhibited a substantial
increase in stability, their DNA binding affinities were
roughly comparable to those of their reduced counterparts.
While this demonstrates that preformed FIS dimers in
solution are fully competent for specific DNA binding in
vitro, it does not rule out the possibility that monomeric FIS
may also be able to interact with DNA wherein dimers may
be subsequently formed and stabilized. The availability of
S30C and V58C mutants will serve as a valuable tool to
test these models further.

Denaturation Cooperatity Breaks Down in Oxidized
V58C FIS, Resulting in a Dimeric Intermediate with a
Disrupted C-TerminusThe biphasic denaturation transition
of oxidized V58C FIS in the presence of GUHCI or in urea
at pH 4.0 suggests the presence of a denaturation intermediate

respectively, are consistent with Ser30 being largely solvent with a disrupted C-terminus, which in the native state is

exposed and Val58 being buried in the hydrophobic core

mostly stabilized by a salt-bridge/hydrogen bond network
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Ficure 6: Diagram of the hydrogen bonding/salt-bridge network involving the B and D helices: (A) stereoview of the B and D helices
based on the FIS structure 1FIA8) and drawn using MOLSCRIPT5R); (B) schematic representation of the electrostatic network, where

each residue is labeled with “A” and “B” to indicate the specific subunit to which it belongs. Inter- and intramolecular interactions are
designated by dashed and solid lines, respectively. The six residues highlighted in panel A are represented in the same orientation in the
illustration (panel B). The long diagonal solid line separates the two FIS subunits, and the symmetry axis is shown by an oval. The figure
was reproduced with permission from 1&0. Copyright 2004 American Chemical Society.

involving helices B and D (Figure 6B80). To directly probe in the absence of X. Here, a decrease in denaturation
the conformational changes occurring at the C-terminus, we cooperativity might result if a mutation significantly stabilizes
made a YO95W mutation onto V58C FIS. The GuHCI-induced X but weakens the interaction between the two subdomains.
denaturation of the oxidized double mutant V58C/Y95W FIS In the second scenario, X and Y would not fold indepen-
provided compelling evidence that that unfolding of the dently, yet together they may form a stable structure. In this
C-terminus was largely responsible for the first transition case, both domains are likely to experience the effects of a
observed in disulfide cross-linked V58C FIS (Figure 5). mutation regardless of its location due to the large degree
The nearly 60% loss af helical signal in the first GUHCI  of sharing of stabilizing interactions. WT FIS resembles this
denaturation transition of oxidized V58C FIS suggests that latter scenario, as suggested by its two-state denaturation and
the conformational change that gives rise to the intermediatethe lack of structure in peptide models (comprising helices
must involve more than the loss of structure at the C and D A, B, C+ D, A + B, or B+ C + D) of various combinations
helices. The crystal structure of WT FIS shows that the small of FIS secondary structure (unpublished results). The C and
C and D helices of FIS dock against the B helix, involving D helices of FIS are short and packed against the B helices,
mostly intra-subunit interactions. In addition, the C-terminal and therefore, they depend on the rest of the protein for
end of the C helix butts end-on-end with the N-terminus of structural stability. This information suggests that the A/B
the B helix of the opposite chain, basically capping the ends helices and the C/D helices are structurally and energetically
of the two helices via intermolecular hydrogen bonding co-dependent, deriving a significant amount of their native
(Figure 1). Since both ends of the B helices form intricate stability from their intra- and intermolecular interactions with
contacts with the C and D helices in FIS, it is likely that each other.
both ends of the B helix rely on structural stabilization In oxidized V58C FIS, there is a nonuniform stabilization
conferred by the C and D helices. Thus, we speculate thatphenomena in which the disulfide bond significantly stabi-
in addition to the C and D helices, part of both ends of the lizes the dimer core region (A and B helices) while having
B helix may unfold cooperatively to form the equilibrium a lesser effect on the stability of the heliturn—helix
intermediate observed in oxidized V58C FIS. Although a C-terminal subdomain. A similar effect, although less
conformational change in the A helices cannot be ruled out, pronounced, was previously found for a P61A FIS mutation
it seems likely that these helices are not disrupted in the in the middle of helix B 18, 31) that preferentially stabilized
intermediate since they do not interact with the C and D the A and B helices over the C/D helice32). Similarly,
helices. the less cooperative transition of oxidized V58C FIS in
Structural and Energetic Basis for the Effect of Disulfide GuHCI or at pH 4 in urea seems to be caused by selective
Bond Location on the Denaturation Coopetaty of FIS. stabilization of the A/B helices by the disulfide bond
The high cooperativity of the equilibrium denaturation combined with the destabilization of the C-terminus via the
transition of a protein arises from the co-dependent stabiliza- disruption of the salt-bridge network by the GuHCI salt and
tion of its various structural regions (e.g., subdomains). low pH, thereby widening the stability gap between the two
Structural co-dependency implies that structural stabilization subdomains. In contrast, the disulfide bond in S30C FIS
is transferred or shared between protein segments. Thereforesignificantly stabilizes the protein but has a minimal effect
mutations may affect the denaturation cooperativity of a on the cooperativity of denaturation. Since the S30C FIS
protein by affecting the stability of an individual segment mutation does not directly stabilize the B helices, the result
or by affecting the efficiency with which stabilization energy is preservation of co-dependent stability of the B, C, and D
is transferred throughout the protein. For a hypothetical helices. Consequently, the denaturation cooperativity is
protein with two subdomains, X and Y, that share an conserved and not significantly compromised by low pH or
interface, there are two clear types of co-dependent structuresGUHCI.
In one scenario, X could fold independently in the absence General Insight about the Formation of Denaturation
of Y, albeit with less stability, while Y would not fold at all  IntermediatesThe propensity for the formation of equilib-
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rium denaturation intermediates can be explained on the basidN60C mutant of this thermolysin-like protease resulted in a
of the nonpolar character of the surface area exposed upordisulfide bond that introduced kinetic stability not present
intermediate formation33—36). In connection with partial in the WT protein 43, 44). This suggests that the disulfide
protein unfolding (N= I*), surface area is exposed along bond caused an increase in the unfolding cooperativity and
the unfolded segment (US), as well as along the folded thus supports the assertion that high unfolding cooperativity
segment (FS), of the intermediate. While the solvent exposureis necessary for large kinetic stability. Therefore, engineering
of the nonpolar surface area along the US is entropically increased thermodynamic stability while maintaining folding
compensated by the dynamics of the unfolded structure, theand unfolding cooperativity is a potentially important step
nonpolar surface along the FS has no such energetictoward achieving kinetic stability.
compensation. The exposure of nonpolar surface area along Although some applications may call for a uniformly stable
the FS, therefore, is the main factor that promotes denatur-protein, it is known that preservation of unevenly distributed
ation cooperativity by destabilizing intermediates. In contrast, stability and flexibility may be important for proteins that
a low percentage of hydrophobic surface area buried at thehave multiple functional domains with different stability
interface between domains could signify a high probability requirements. Uneven distribution of stability and flexibility
for stable intermediate formation. Upon removal of the C is in part responsible for the long-range propagation of
and D helices (residues #B8) from the crystal structure signals from ligand binding sites, while low conformational
coordinates of WT FIS, the percentage of total nonpolar stability in binding sites allows for high-affinity binding to
surface area increases from 48% to 53%, and the percentagéw molecular weight ligands4b, 46). The presence of low-
of exposed backbone surface area that is nonpolar decreasestability regions at binding sites allows for fluctuation
from 45% to 41%. Although there is a small increase in between binding-competent and binding-incompetent con-
hydrophobic surface area, the hydrophobic backbone isformations and often constrains the population of binding-
actually more buried in the model of the partially unfolded competent active sites to account for a small percentage of
intermediate (residues 270) than in the full-length native  the native ensembld®, 46). As a result of having a majority
state. The modest increase in overall exposure of hydrophobicpopulation of binding-incompetent active sites, the binding
surface area and the decrease in the percentage of thefa ligand results in long-range conformational changes and
nonpolar backbone correlate well with the prediction that a redistribution of populations among the native ensemble
such a protein would be prone to intermediate formation. A (45—47). FIS-DNA binding is accompanied by the bending
viable hypothesis to draw from FIS and the treatment of of DNA (48). The C-terminal helixturn—helix region
equilibrium intermediates in the literatur83-36) is that interacts with DNA, while the N-terminal region of FIS
hydrophobic, rather than polar, interfaces provide greater stimulates Hin-mediated DNA inversion via interaction with
unfolding cooperativity and more efficient propagation of the DNA-bound Hin recombinase. Interactions between FIS
stability between domains. Thus it is logical to extend the and the Hin recombinase are not observed in solution and
hypothesis that mutagenic stabilization of the newly exposed require their association with specific DNA binding sitd8)(
folded surface area upon intermediate formation could favor Structural signals are likely to propagate through FIS, starting
the formation of an intermediate structure. This appears to at the DNA-binding C-terminus, to affect the binding and
be the case for V58C FIS, which directly cross-links the local bending of DNA and enable the N-terminus to associate with
structure that becomes exposed upon unfolding to therecombinase proteins.
intermediate state, whereas S30C is not at all involved in  Engineered disulfide bonds that stabilize protein structure
such surface area. usually involve conservative mutations that do not induce
Implications for Using Engineered Disulfide Bonds To strain or remove favorable interactions. However, the former
Stabilize Protein StructurelThis study has shown that the requirement appears to be much more important than the
engineering of a disulfide bond can increase protein stability latter one, since the disulfide bond may compensate for the
and still have a significant impact on the denaturation loss of stability caused by the deletion of an important
cooperativity. Although the addition of a disulfide bond interaction. The results of our study illustrate this point well
stabilized the dimeric Arc repressdrf) and4 repressori5) since the C58C58 disulfide bond compensates for the
proteins without disrupting the denaturation cooperativity, inherently destabilizing effect of the V58C mutation, thereby
intermediate formation is common in monomeric proteins demonstrating that it is acceptable to engineer a disulfide
with engineered disulfide bonds, 4, 8, 12—14). If the goal bond by substituting buried hydrophobic residues for cys-
is to stabilize a protein, the effect of engineered disulfide teines. Interestingly, even when thecarbons may appear
bonds on protein cooperativity may not be relevant. However, to be out of range, this may not prevent the engineering of
in cases where kinetic stability may be an important a stabilizing disulfide bond because the plasticity or dynamics
prerequisite, for example to avoid aggregati@, (38) or of the disulfide bonded regions will be the main factor
to allow a protein to withstand severe conditio89)( it may determining whether strain is imparted on the protein.
be necessary to thermodynamically stabilize a protein without Perhaps this is the reason a popular automated disulfide
compromising its folding cooperativity. Although protein design algorithm30) was unable to identify either disulfide
kinetic stability and folding cooperativity are far from the bond created in this study, even when bond angle tolerance
same concept, both factors have been shown to reduce thevas at its maximum. Thus, it appears that the main criterion
probability of sampling partially unfolded states under native for engineering a stabilizing disulfide bond is to choose
state conditions1g, 31, 40). With the goal of increasing residues with side chains that are facing each otheroand
stability, researchers have had the rare success of kineticallycarbons that are at a distance ef& A. Furthermore, our
and thermodynamically stabilizing a thermolysin-like pro- results show that whereas conservative (e.g., serine for
tease 41—-43) via engineered disulfide bonds. The G8C/ cysteine) mutations are ideal, even nonconservative (e.g.,
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valine for cysteine) ones could lead to the successful

engineering of a disulfide bond, although perhaps at the

expense of folding cooperativity.
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