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ABSTRACT: The factor for inversion stimulation (FIS) is a homodimeric DNA-binding protein found in
enteric bacteria. FIS consists of 98 residues and self-assembles into an entwined dimer containing a flexible
and mostly disordered N-terminus followed by faithelices. Proline 61, which is 100% conserved in

FIS homologues, is located at the center of helix B, and its substitution for alanine (P61A) was previously
shown to result in nonuniform stabilization of the protein, leading to the appearance of a marginally
populated dimeric intermediate in urea denaturation equilibrium studies. Here we show that, in contrast
to WT FIS, the thermal denaturation of P61A FIS was incomplete and yielded a transition curve that was
independent of FIS concentration, suggesting the presence of a dimeric intermediatéCatl@Ghe
presence of urea, the thermal denaturation of P61A FIS became concentration dependent, consistent with
the denaturation of the dimeric intermediate. The existence of a thermostable dimeric intermediate of
P61A FIS was further confirmed by glutaraldehyde cross-linking experiments°&.9%rea denaturation
experiments at 90C revealed a cooperative transition, indicating that the dimeric intermediate of P61A
FIS has a solvent-protected hydrophobic core. P61A FIS, unlike the WT protein, was found to be resistant
to denaturation by low pH, but its thermal denaturation at pH 3.5 revealed a biphasic transition, providing
clues about the structure of the dimeric intermediate. From a functional perspective, it is plausible that
the full conservation of proline 61 in FIS may serve to limit the stability and proteolytic resistance of this
highly regulated transcription factor.

The factor for inversion stimulation (FIS)s a dimeric
DNA-binding protein found in enteric bacteria where it is
involved in a number of expression regulation functions,
including site-specific DNA inversionl( 2) as well as the
regulation of its own transcription3( 4). The positively
charged C-terminus is involved in DNA binding, and the
N-terminal helix binds Hin and Gin recombinases to
stimulate DNA inversion¥g). FIS is a good model for folding
and stability studies of dimeric proteins because it is
relatively small (98 AA per chain), lacks disulfide bonds, Ficure 1: X-ray crystal structure of P61A FIS (PDB file 1FIP)
and unfolds reversibly). The main dimerization interface (7). The first 25 residues of each monomer in both P61A and the
involves the interaction of helix B from one subunit with WT are highly mobile and therefore are not resolved by the crystal
heli A and B of another FIS subunit. At ition 61 structure. The foun-helices in the protein are labeled A through

elices A and b of anothe subunit. At positio ' D. This figure was prepared using the program Deepvi2g. (
located in the middle of helix B, there is a highly conserved

R - _ proline residue that appears to support akiok in the helix.
Fou-rll—glastixo?lil;vlg?\/léu;-%%gigleyt(?r\?Vr.]tCS.)f.rom the National Science |ierestingly, a proline 61 to alanine (P61A) mutation has

* To whom correspondence should be addressed. E-mail: colonw@ Peen found to cause only slight changes in the structure of
rpi.edu. Phone: (518) 276-2515. Fax: (518) 276-4887. FIS, and the kink angle in helix B decreases modestly from

¥Current address: Cutaneous Biology Research Center, Massachusor tg 16° (Figure 1 In addition. the mutation introduces
sets General Hospital, 13th Street, Building 149, Charlestown, MA (Fig ) 0). ’

02129. a hydrogen bond between the backbone amide of alanine
1 Abbreviations: AA, amino acid; CD, circular dichroism; far-Uv, 61 and the side chain carboxyl group of glutamic acid 57
far-ultraviolet; FIS, factor for inversion stimulatioty, equilibrium (7). Since proline 61 is 100% conserved in all strains of

constant for unfolding; P61A, proline to alanine mutation at position ; i ; ; 3
61: PB, phosphate buffer: SBRAGE, sodium dodecyl sulfate enteric bacteria in which FIS has been identifi&)l ¢here

polyacrylamide gel electrophoresik;, midpoint of thermal denatur- ~ May be a structural or functional reason for the presence of
ation; WT, wild type. a proline in the middle of the protein’s main helix, especially
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since proline residues in helices are highly destabilizing and and an extinction coefficient of 6340 and 6370 Mem™*
more commonly found toward the end of the hel®j.( for WT and P61A FIS, respectivel\LQ). All experiments

Recently, we showed that the P61A mutation in FIS were performed in 10 mM phosphate buffer (PB) at pH 7.4
increased the overall protein stability by about 4 kcal/mol With 0.1 M NaCl, except for the pH denaturation experiments
(10). Interestingly, the urea-induced denaturation transition and low-pH thermal denaturations for which conditions are
of P61A FIS appeared to be two state like, but the slope of described below.
the transition -value) decreased with increasing protein  Circular Dichroism Studies of FISCircular dichroism
concentration, suggesting that the denaturation mechanis{CD) experiments were performed with an OLIS CD
was not two state. Global fitting analysis of the data was instrument (Bogart, GA) equipped with a dual beam optical
consistent with a three-state denaturation mechanism involv-system. The temperature was adjusted with a Julabo water
ing the marginal population of a dimeric intermediat®)( bath (Allentown, PA) and was controlled automatically with
The P61A mutation appears to introduce a dimeric interme- the OLIS thermal control software. The recorded tempera-
diate by stabilizing the dimeric core (helices A and B) to a tures were calibrated by correlating the cell-holder temper-
greater extent than the C-terminal subdomain (helices C andature with the actual temperature of the sample in the cell.
D), in part due to weakening of the salt bridge interactions Optimal equilibration times for thermal denaturations were
that help to connect the B-helix to the C- and D-helices. determined on the basis of the volume of the cell used. At
Consequently, the P61A FIS mutation resulted in greater 8.9uM FIS, a cell wih a 2 mmpath length was used with
proteolytic susceptibility of the C-terminal region while an equilibration time of 4 min, while at 1,8M FIS a cell
rendering the dimeric core (helices A and B) nearly resistant With a 1 cmpath length was used and 9 min of equilibration
to cleavage by trypsinl(). On the basis of this and the fact time was required. The equilibration times that are reported
that the C- and D-helices are mainly involved in intramo- here were proven sufficient by observing identical data when
lecular interactions (Figure 1), we proposed that the dimeric equilibrating for longer times (data not shown). Data
intermediate might involve a partially unfolded C-terminus. consistency between cell size and type was verified by testing
Thus, in contrast to the WT protein, where the stability of the thermal denaturation at both protein concentrations (8.9
all the helices is interdependent, resulting in a cooperative and 1.84M) in the 1 cm cell. Reversibility of the thermal
urea-induced denaturation transition, in the case of P61A FIS,denaturation was verified by collecting data while heating
the mutation somewhat compromised the denaturationthe protein to 95C and then while cooling back to I'&,
cooperativity by overstabilizing the dimeric core relative to as well as by consecutive thermal denaturations on the same
the C-terminus. sample. Reversible transitions recovered about 95% of the

On the basis of the results of our previous urea denatur- ©fginal signal in the absence of urea and showed the same
ation and limited proteolysis studies of P61A FIS), we transrqon midpoint as seen in the original der_laturf’:\tlon
were interested in comparing the thermal denaturation experiment (data not shown): Thermal d_enaturat|ons in t.he
mechanism of WT and P61A FIS. Our preliminary data Presence of urea recovered slightly less signal upon refolding

showed that a complete denaturation transition for WT Fis than in the absence of urea but showed similar curves and
at a concentration of 8,9M requires at least 86C, raising ~ 'mS as the original unfolding curve. _ _

the question of how high a temperature would be necessary Equilibrium thermal denaturation was monitored with CD
to denature the much more stable P61A FIS and whether@t 222 nm to follow the secondary structure and at 255 nm
we would observe a breakdown in the denaturation coop- for baseline correction. All CD thermal denaturations were

erativity as was observed in the urea denaturation studies Pe€rformed at 8.9 or 1.8M FIS. For each thermal denatur-
Here we show that, in contrast to WT FIS, the thermal _at|on experiment, one WT or P61A FIS sample was prepared
denaturation of P61A yields a less cooperative and incom- 1" 10 mM PB and 0.1 M NaCl (pH 7.4) and then heated,
plete denaturation curve that is independent of FIS concen-€duilibrated, and scanned at temperatures between 10 and
tration, suggesting the presence of a dimeric intermediate 92 °C- Thermal denaturation experiments |n.the presence of
that is stable at 9C°C. The presence of the dimeric uréa were performed at 1.8 and &81 FIS in the same
intermediate was confirmed using several complementaryManner as described above, and low-pH samples were
methods. These results suggest that FIS is an inherently2diusted with HCI. We used reverse-phase HPLC and mass
thermally stable protein with a stability that is limited, spectrometry to determine whether samples exposed to urea

perhaps for functional reason, by the presence of a proline@ high temperature had undergone chemical modification
in the middle of its main helix. due to the decomposition of urea. Reverse-phase HPLC

showed no effect on peak retention time when the protein
was incubatedn 2 M urea for WT and 2 04 M urea for

MATERIALS AND METHODS P61A at 80 C for 5 min and then raised to 9C for 5 min.
However, mass spectrometry revealed an additional smaller
Protein Expression, Purification, and Preparatiomhe peak with a mass consistent with carbamylation. Fortunately,

P61A FIS mutant expression plasmid was constructed andthe modification of FIS did not significantly affect the
sequenced as previously described with a two-step megaprim+eversibility of the thermal denaturation transition. Urea-
er PCR methodl(0). WT and P61A FIS were overexpressed induced equilibrium denaturations at 90 were performed

in Escherichia coliand purified using a SP-Sepharose cation- at 8.9 uM FIS and were monitored with CD. Individual
exchange column followed by desalting precipitation, result- samples were prepared and equilibrated t6@®r 10 min

ing in 95% pure FIS according to sodium dodecyl sufate  and then placed in the instrument, capped, and equilibrated
polyacrylamide gel electrophoresis (SBBAGE). The to 90°C for 10 min. Urea concentrations for all experiments
concentration of FIS was determined using UV spectroscopy were determined by measuring the refractive index with an
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Abbe refractometer after each scan. Acid-induced denatur-the equation&y = [U]%[N;], P = 2[N,] + [U], and Fy =
ations were performed in 10 mM PB. The monobasic and [U]/P; to obtain the equationl():

diabasic ratios were adjusted for individual samples such that

a minimum concentration of HCKH0.02 M) was needed to —Ky + /K + 8KP,
adjust to the desired pH of each sample. Normalization of Fu= P

thermal denaturation data in Figures 2 and 3 was done t
according to the expression: (signat signaliged)/
(Asignalyt), where signalised represents the signal of the
folded protein at 20°C and Asignalyr represents the
difference in signal between the folded and unfolded (sig-

Nakinfoided — SigNaloiied WT FIS protein. By using this K (T) =P, ex;{

(@)

The equilibrium constant for thermal denaturation may be
expressed12—14) as

)

normalization scheme, theaxis is scaled on the basis of R T Ty
the normalization of the WT data from zero (completely AC T Ty
folded) to one (completely unfolded), and it allows direct R In T_m"‘T -1 3

comparison of the percentage of unfolded P61A and WT

FIS. The urea denaturation curve in Figure 5 was interna”y where AH and Acp are the Changes in entha|py and heat
normalized from 0% to 100% as follows: (signat capacity, respectively, between the folded and unfolded states
signaloiged/(Signalinfoied — Signalided. The data in Figure 6 at the T, and R is the gas constanR[= 0.0019872 kcal/
were internally normalized relative to the native signal using (mol-K)]. The P, term in eq 3 serves to counterbalance the
the equation (signat- signaloided/(Signakiced) t0 preserve  protein concentration-dependefy, thereby yielding, as
the raw data and allow comparison between the different theoretically expected, the same equilibrium consti (
transitions. o _ at different protein concentrationAC, is held constant in
Glutaraldehyde Cross-Linking (GCLjrotein samples (8.9 the equation, buhH is mainly dictated by the transition slope
#M) were incubated for at least 10 min at the desired and, therefore, is also protein concentration independent for
temperature and urea concentration before glutaraldehydey simple N = 2U model. The parameterd,{ and AH)
was added to a final concentration of 0.5% (v/v). After 1 derived from fits to the WT FIS data at 0&@ M urea and
min of cross-linking, the reaction was quenched with a final two protein concentrations were substituted into eq 3 and
concentration of 0.05 M NaBHand then precipitated with  yielded calculatedeq vs T curves that were independent of
Qeoxychollc acid and trichloroacetic aC|d.at final concentra- protein concentration throughout the transition region (data
tions of 0.1% (w/v) and 5% (w/v), respectively. The samples not shown).
were centrifuged at 90@or 10 min, and the protein pellet Urea denaturation at 9C was analyzed on the basis of

was resuspended in 40 of 4% SDS-PAGE sample buffer  the two-state transition, k= 2U (10) with a K defined as
[0.125 M tris(hydroxymethyl)aminomethane hydrochloride,

4% SDS, 20% v/v glycerol, 0.02% bromophenol blue, pH —AGHZO + mD

6.8]. The samples were loaded onto a 16% glycine SDS Ky = ex — RT

PAGE gel. The gels were photographed and quantified using

the DigiDoc image analysis software from Alpha Innotech where AGy,0 is the protein stability in the absence of

(San Leandro, CA). The minor bands that appear above thedenaturant an® is the denaturant molar concentration. The

cross-linked dimer were not considered in the analysis of m-value is the urea dependence of the stability which

the data. correlates with the amount of buried surface area that
Data AnalysisAll of the thermal denaturation data were pecomes exposed upon unfoldirigy.

normalized according to relative degree of native signal loss, The pH denaturation curve (Figure 6A) was analyzed by

either internally or with respect to the WT FIS signal loss fitting it to the equation:

as described above. Relative signal loss normalization was

(4)

necessary for comparison of P61A and WT FIS because they ay + By(PH) + (ap + Bo(pH)) x 10 MedPH-mp)
lose different degrees of total native signal during unfolding. signal= Mo pH—_mp)

Normalization in this manner preserves the baseline slopes 1+10™ (5)
and does not require a defined post-transition baseline slope,

which is lacking for the P61A transitions in Figure 2B. where mp is the midpoint of the transitidveqis the number

Data fitting was done using KaleidaGraph software version of protons that bind during unfolding, andandp represent
3.51 (Synergy Software) except when stated otherwise. Forthey-intercept and slope, respectively, for the signals of the
all two-state (N = 2U) fits, the instrument signalvf was native (N) and denatured (D) states.

fitted to the equation: The change in heat capacity upon unfolding of P61A and
WT FIS was estimated for use as a constant in eq 3 to fit
Y=Yyl - Fy)+ YRy 1) the thermal denaturation data. The&, was estimated by

global fitting urea denaturation curves at eight temperatures
whereY is equal to the fraction unfoldedr() plus fraction between 280 and 330 K using eqs 2 and 4 and thermal
native (1— Fy) multiplied by the native Yy) and unfolded denaturation curves with fixed amounts of urea up to 2.5
(Yu) signals, which vary linearly with temperature or urea and 5 M for WT and P61A, respectively. The thermal
concentration. To obtain the thermodynamic paramekgys, denaturation curves in the global optimization were fit with
is defined in terms of the equilibrium constant for unfolding eq 2 and an altered version of eq 3 which fitsTyprather
(Ky) and the total monomer concentratid®) (by combining than T, whereTy is the temperature at whichG = 0. A
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global fit was obtained by optimizing all parameters of the
individual curve fits to not only fit the unfolding traces but
also fit their AG values with the GibbsHelmholtz protein
stability curve. Thermal denaturations contributed to the
protein stability curve by supplyindG values above 350

K at each urea concentration studied, whereas the urea

denaturation curves contributed to the protein stability curve
by providing AG values from 280 to 330 K in the absence
of denaturant. In addition, thAG values from the urea

denaturations were extrapolated to the exact urea concentra-

tions that were used in the various thermal denaturations,
thereby allowing for a protein stability curve fit at each urea
concentration. Fitting was done using the solver function of
Microsoft Excel by minimizing the sum of squared errors
of the fits to the urea and thermal denaturation data and the
sum of squared errors of the protein stability curve fit to the
AG values. Error was minimized by allowing the program
to vary all the fitting parameters to the individual fits, as
well as the parameters defining the protein stability curve.
The result was a set ohG versus temperature curves at
various urea concentrations that nicely fit to the determined
and extrapolated\G values while accurately fitting to the
individual urea and thermal denaturation transitions.

RESULTS

Thermal Denaturation of FIS?61A and WT FIS display
characteristica-helical far-UV CD spectra with similar
magnitudes of signal in the folded state (Figure 2A). In
contrast, the thermally unfolded state of the P61A FIS at 90
°C retains significantly more structure than that of WT FIS
(Figure 2A). The fraction of residual ellipticity of unfolded
WT and P61A FIS, relative to the native signal at 222 nm
and 20°C, is 45.2+ 3.4 and 55.5t 6.2, respectively. This
suggests not only that FIS is incompletely unfolded by
thermal denaturation but also that P61A FIS retains more
helical structure than the WT protein at 9C€. Thermal
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FIGURE 2: (A) Far-UV wavelength scans of P61A and WT FIS at
20 and 90°C. All protein concentrations were 8. The units

of ellipticity, 6, are degcn?. (B) Temperature-induced denaturation
of P61A FIS at 8.9 and 1.8M and WT FIS at 8.9 and 1.8M
measured by far-UV CD. Error bars are averaged from at least three
different data sets. The solid lines represent a two-state dimer to
monomer unfolding curve fit as described in Materials and Methods.

70 80 90

denaturation experiments show a concerted two-state transi-

tion for WT FIS, whereas the P61A FIS transition is less
cooperative and does not come to completion within the

Table 1: Thermodynamic Parameters from Thermal Denaturation
Fits Using a Two-State N= 2U ModeP

temperature range of the experiment (Figure 2B). The
significant decrease in cooperativity of the P61A FIS

transition hints at the presence of a denaturation intermediate.

Figure 2 also shows that the P61A mutation significantly
increases the resistance of FIS to thermal denaturation,
resulting in a transition that is about 420 °C higher than
that of WT. Interestingly, in contrast to that of WT FIS, the

[P] AH AG

protein  [urea] (uM) (kcal/mol) Tm(°C) (kcal/moly
WT 0 18 53.1+34 581+05 11.3+05
WT 0 8.9 53.0+13 63.2+0.2 10.4+0.2
WT 2 1.8 549+ 3.7 39.2+0.2 10.6+0.2

2 8.9 53.9+6.8 455+09 10.4+0.7
P61A 4 1.8 36.0t1.3 52.2+0.2 10.8+£0.1
P61A 4 89 21415 56.7£0.6 8.5+ 0.2

transition of P61A FIS is not dependent on protein concen-
tration (Figure 2B). WT FIS exhibit$,s of 58 and 63C at
protein concentrations of 1.8 and 8™, respectively, with
corresponding\H values of 53.1 and 53.0 kcal/mol (Table
1). The lack of a concentration-dependent transition for P61A
FIS suggests the presence of a thermostable dimeric inter
mediate at 90C.

Thermal Denaturation in the Presence of Ur&ermal

a EstimatedAC, values were used to fit the data: 1.1 kcal/(r9l
for WT in the absence of urea and 0.8 and 0.3 kcal/mol in the presence
of urea for WT and P61A, respectively. Thede«C, values were
estimated from the temperature dependence ofAtieof unfolding
calculated from urea and thermal denaturation at various temperatures
and urea concentrations (see Materials and Methods). Errors are equal
to one standard deviation derived from at least three separate experi-
ments.” The AG at 20°C was calculated by substituting the curve fit
parameterd\AH and T, into eq 3 and then converting the equilibrium

denaturation of FIS samples in the presence of urea was usedonstant intAAG. Error values were calculated by propagating the errors

to destabilize the apparent P61A dimer that exists at®0

of the T, and AH.

in an attempt to restore the concentration dependence
expected for a BI== 2U transition. The urea concentrations
chosen were 2 ah4 M urea for WT and P61A FIS,

represent similar conditions with respect to the different
stabilities of WT and P61A FIS. As expected, the WT

respectively, since they are the highest urea concentrationghermal denaturation transition in the presentg M urea

that do not cause loss of secondary structure &C2at the
protein concentrations studied here (Figure 3A)(and

remains dependent on protein concentration, exhibifipg
of 39 and 45°C for 1.8 and 8.%M FIS, respectively (Figure
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analyzed by SDSPAGE. Separate samples were equilibrated at
20, 75, and 95C in the presence of 0, 2, 4, &8 M urea, as
Ficure 3: (A) Far-UV wavelength scans of P61A and WT FIS at  indicated above the gels. Panel C shows the average amount of
20°C and in the presencd 4 M urea (P61A) ad 2 M urea (WT) cross-linked dimer along with the standard deviations determined
at 20 and 90C. All protein concentrations were 8. The units from four independent experiments.

of ellipticity, 6, are degcn?. (B) Temperature-induced denaturation

g; ?;%G\/ag%\,\gf ASVJQSA'm?nZitxeﬂrg?érgeze]%cgyme% ;Tj%?t'itg;ed is expected from a protein that follows a two-state denatur-

to WT FIS at the same concentrations, 8.9 andiMB Error bars ~ ation pathway. In contrast, thAG of P61A FIS varies
are averaged from at least three different data sets. Solid linessignificantly with protein concentration, indicative of non-
represent a fit to egs 2 and 3 to obtain the thermodynamic parametetwo-state unfolding.

shown in Table 1. Since panel A shows that both WT and P61A L : :
FIS unfold to the same extent at 9Q, to obtain a reliable fit of Glutaraldehyde Cross-Linking Traps the Dimeric P61A

the P61A data, the well-defined post-transition baseline of WT FIs FIS Intermediate at 90C. Glutaraldehyde cross-linking
was used to define the post-transition baseline of P61A FIS. (GCL) was used to trap the dimeric structure of WT and
P61A FIS at various temperatures (Figure 4). The efficiency
3B). At 4 M urea, the protein concentration dependence of GCL varies for different proteins and is dependent on
becomes evident in the thermal denaturation of P61A FIS, several factors, including the number of lysine residues and
with resultingT,s of 52 and 57C at protein concentrations  their location within the protein. In the case of FIS, GCL is
of 1.8 and 8.9«M, respectively (Table 1). Despite the change a fairly good cross-linker although it fails to trap the entire
to a concentration-dependent transition, the P61A FIS variantpopulation of WT and P61A FIS dimer at ZC in the
still displays a lowerAH than WT FIS at both protein  absence of urea. At 2TC, GCL traps about 70% of the WT
concentrations studied. Additionally, there is a significant dimer (Figure 4A,C), and this number decreases modestly
difference in theAH’s, 36 (at 1.8«M) and 21 (at 8.2uM) at 2 M urea. However, WT FIS is effectively reduced to
kcal/mol, between the two concentrations of P61A studied almost all monomeryp4 M urea, consistent with previous
(Table 1). Such a change inH's at different protein equilibrium urea denaturation experimen®). (WT FIS
concentrations is inconsistent with a two-state denaturationunfolds mainly to the monomer at 7&, as can be seen by
mechanism and with the lowC, estimated [less than 1 kcal/  the drastic reduction of the dimeric band (Figure 4A). At 95
(mol-deg); data not shown] for P61A FIS. Moreover, as seen °C, only about 30% of the total dimeric WT band shows on
for WT FIS in the 0 M urea thermal denaturation experi- the gel and is virtually 100% reduced to monomer with the
ments, a shift imMAH is not seen for WT FIS incubated in 2 addition of 2 ad 4 M urea. The results of the GCL in the
M urea, where the data show similAH values of 55 and  presence of urea support the validity of the cross-linking
54 kcal/mol at 1.8 and 8.8M, respectively. Therefore, the  experiment because they are quite consistent with the urea
difference in AH values for P61A is suggestive of the denaturation of WT FIS monitored by far-Uv CB)( WT
presence of an intermediate not present in WT RIS 16). FIS retains all native secondary structune2i M urea at 20
The AG values for WT FIS at 0 ah2 M urea show no  °C and is unfoldedtsd M urea. When FIS becomes unfolded
significant difference at different protein concentrations. This to the monomeric state, it is clearly not cross-linked by
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12 of this transition. Even though P61A FIS displays high
P61A reversibility in the presence of urea when heated td©@0
for 30 min and then promptly cooled (data not shown), this
does not exclude the possibility that irreversibly misfolded
and aggregated FIS slowly accumulates when the protein is
left at high temperatures for hours. Therefore, although we
can only be partially confident of its reversibility, the P61A
FIS data were fit to the two-state transitiosTF 2U model
to obtain an estimate of the stability of the P61A FIS
intermediate at 90C (Figure 5). The two-state fit yielded
values of 11.6 and 1.4 kcahol™*-M~* for the AG and
m-value, respectively. These values are roughly 65% of the
AG and mrvalues determined for P61A FIS at 2CQ (10).
0 1 2 3 4 5 6 P61A FIS Is Resistant to Acid-Induced Denaturatidhe
Urea (M) original impetus for investigating the pH stability of WT and
FicURE 5 Urea-induced denaturation of P61A FIS at 90 P61A FIS was to carry out thermal denaturations at various
monitored by far-UV CD. Error bars are averaged from at least pHs, which usually shifts th&,, and change#\H and, in
three different data ?ets.hThe solid line represents at\ﬁo-ls}tateI dimefyrn, can be used to determineC, (17). However, the pH-
g’nénn(i'\‘/gmg’r f_‘iri"%_z't,'WTe e Qf{riﬂiﬁf;nltﬁfﬁ; g'r?d orvalies iNduced denaturation study revealed some interesting dif-
were determined directly from the error-weighted curve fit. ferences between P61A and WT FIS that may help to
understand the thermal denaturation mechanism of P61A FIS
glutaraldehyde at 20 or 9%C. The average percentages of and the role of salt bridge interactions in the stabilization of
dimer present under the various conditions were analyzedthe thermostable dimeric intermediate. The acid-induced
using a gel imaging system, and the result is shown as a bardenaturation experiments were done in the absence of NaCl
graph in Figure 4C. The minor band seen above the cross-because mild concentrations of the chloride ion (0.1 M) are
linked dimer runs between the 31 and 36 kDa MW markers generally found to stimulate the formation of molten globules
and appears to arise from the undesirable cross-linking of aat low pH (18, 19). In fact, WT FIS exhibits only a marginal
FIS dimer and monomer molecule. Therefore, this band wasloss of secondary structure: {0%) at pH 2 and 0.1 M NaCl
omitted from the calculation of the percent of cross-linked (data not shown), whereas in the presence @05 M NaCl
dimer shown in Figure 4C. roughly 60% of the folded signal of WT FIS is lost at pH 2
Most of the P61A FIS dimer present at 2G becomes  (Figure 6A). The pH denaturation of WT had a transition
cross-linked, and the reaction efficiency is not altered midpoint of about pH 3.2 and was found to involve the
significantly by the additionfo4 M urea. However, addition  binding of 2.3 Meg) protons per monomer upon unfolding.
of 8 M urea reduces most of the P61A FIS dimer to TheMgqVvalue of 2.3 for WT FIS suggests that two or three
monomer, in agreement with our previous data showing negatively charged residues may contribute significantly to
nearly complete loss of P61A secondary structure at 8 M the stability of WT FIS through the formation of salt bridges.
urea (0). Virtually no change can be noted in the cross- In striking contrast to the pH stability of WT FIS, the P61A
linked population of P61A FIS between 20 and G at 0 FIS mutant renders the protein largely pH resistant, although
M urea. Even at 95C, most of the P61A FIS that was cross- there are some changes in CD signal that suggest minor
linked at 20°C remains cross-linked as a dimer. Addition conformational shifts (Figure 6A).
of 4 and 8 M urea to the P61A FIS sample at @5 shifts Thermal Denaturation at Low pHIf P61A FIS is
the dimeric band almost completely to the monomer, destabilized, but not unfolded, by acidic pH at 20, then
consistent with the extensive dissociation and unfolding of its thermal denaturation at low pH should reflect the
the protein under these conditions. Thus, the cross-linking combined destabilizing effect of low pH and high temper-
experiments strongly suggest that the P61A mutation intro- ature. Thermal denaturation experiments were carried out at
duces a thermostable dimeric intermediate state that becomegpH 3.5 to ensure that WT FIS started in the folded state and
populated at high temperature in the absence of urea. to prevent potential formation of the molten globule state at
Urea Denaturation of P61A FIS at 9. The appearance lower pH. Analogous to the effect @ M urea on the stability
of a dimeric intermediate at 9%C prompted us to further  and thermal denaturation transition of WT FIS (Figure 3),
investigate its stability. Therefore, we carried out urea the thermal denaturation at pH 3.5 revealed a cooperative
denaturation experiments at 90 to probe for the presence transition with a reduction in thé, of about 12°C (Figure
of a cooperative denaturation transition, which would indicate 6B). Surprisingly, the thermal denaturation of P61A FIS at
the presence of a solvent-protected hydrophobic core in thepH 3.5 resulted in the appearance of a biphasic denaturation
P61A FIS thermostable dimer. As expected, no cooperativetransition (Figure 6B), with the first transition closely
denaturation transition at 9 was observed for WT FIS  overlaying that of the single WT FIS transition and a second
(data not shown); however, P61A FIS exhibited a cooperative transition that, perhaps coincidently, seems to overlay the
two-state transition (Figure 5). Unfortunately, we were not transition of P61A FIS at pH 7.4 (Figure 2). The first
able to perform this experiment at different protein concen- transition is clearly pH dependent since this transition was
trations since concentrations greater than @&\® resulted not present at pH 7.4; however, the second transition appears
in aggregation at 90C, and lower concentrations yielded to be less affected by low pH. When the experiment was
insufficient signal to collect reliable data. For these same carried out at a higher protein concentration, the first
reasons it was not feasible to reliably test the reversibility transition did not shift, thereby supporting the hypothesis
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DISCUSSION

Thermostable Dimeric Intermediate of P61A FI&
summary of the results from the denaturation of WT and
P61A FIS using urea, temperature, and low pH is shown in
Table 2. As expected for a two-state equilibrium mechanism,
the denaturation of WT FIS is characterized by a single
cooperative concentration-dependent transition, regardless of
the denaturation metho)( This indicates that the stability
of the dimer core (helices A and B) and the DNA-binding
subdomain (helices C and D) are coupled, such that the
disruption of one automatically results in the disorder of the
other. In the case of P61A FIS, the denaturation is clearly
not two state. This is most evident in the thermal denaturation
experiments, where, at pH 7.4, the transition not only is
concentration independent but also lacks a post-transition
baseline and fails to reach the signal expected for unfolded
WT FIS (Figure 2). Interestingly, at 28C the secondary
structure of P61A FIS is not significantly affected by acidic
pH (Figure 6), which is an indication that the stabilizing
effect of the P61A mutation is greater than the potentially
destabilizing effect of low pH. Thus, in contrast to WT FIS,
the effect of urea, temperature, and pH denaturation yields
drastically different results (Table 2), confirming the more
complex denaturation mechanism of P61A FIS.

The concentration independence of the P61A thermal
denaturation (Figure 2), the presence of a dimer &@=s
shown by glutaraldehyde cross-linking (Figure 4), and the
introduction of concentration dependence in the thermal
denaturation transition in the presence of urea (Figure 3)
support a denaturation mechanism involving a dimeric
intermediate. It is worth noting that the transition slope of
P61A (Figures 2 and 3) is significantly less than that of WT
FIS, consistent with a lowekH of unfolding (Table 1) and
the presence of a significant degree of structure at high
temperatures. Further support for the presence of a dimeric
intermediate comes from the biphasic transition of the

that this transition corresponds to the nativelike P61A FIS thermal denaturation experiments performed at low pH. The
dimer unfolding to a dimeric intermediate (Figure 6B). The intermediate populated in this transition is dimeric, as
concentration dependence of the second P61A FIS transitionsuggested by the concentration independence of the first

can be noticed above 7€, where at 8.%«M the transition

transition and the concentration dependence of the second

appears to have shifted to the right and out of the temperaturetransition (Figure 6B).
range where it can be seen. Thus, these results suggest that The Dimeric Intermediate Appears To baa Disrupted

low pH is able to selectively destabilize a region of P61A
FIS involved mainly in intramolecular interactions while not
significantly affecting the stability of the thermostable

dimeric intermediate.

C-TerminusDespite the appearance of a two-state transition
for P61A FIS upon urea denaturation, our previous studies
showed that there was a decrease in tfgalue of the

transitions with increasing P61A FIS concentration, and

Table 2: Comparison of the WT and P61A Denaturation Mechanism Using Various Denaturation Methods

WT

P61A

denaturation method transition

mechanism

transition mechanism

urea single concentration N, = 2U?
dependent
single concentration N, = 2U
dependent
single concentration N, = 2U
dependent
single concentration N, = 2U
dependent

temperature
low pH

temperaturet urea

temperature at pH 3.5  single concentrationN, = 2U

dependent

single but cooperativityn-value) decreases as the Ny = I, = 2UP°
concentration of FIS increases

single but independent of FIS concentration (in the range dil; = |, = 2U
10-90°C, no urea, pH 7.4) and less cooperative than WT

no transition N/A

N, = |, = 2U,
urea destabilizes
the intermediate
N, =, = 2U

single concentration dependent but less cooperative
than WT

biphasic with only the second transition being
concentration dependent

aSee ref6. ° See refl0.
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global fitting of the data was consistent with a three-state proteins from thermophilic organisms with their homologues
denaturation mechanism involving a dimeric intermediate from mesophilesZ2, 23), and significant differences have
(10). On the basis of the predominantly intramolecular been determined, such as the ratio of polar to nonpolar
interactions of the C-terminus of FIS (helices C and D, Figure residues 22), the number and environment of salt bridges
1) and the increased proteolytic susceptibility of this region (24, 25), the degree of interdomain and intersubunit hydro-
in P61A FIS, we proposed that this dimeric intermediate phobic interactions36—28), the number of hydrogen bonds
comprised predominantly the dimeric core (helices A and (29), and backbone rigidity30). Recently, Torrez et al3()
B) with a disrupted C-terminus. It seems that the dimeric have noted that small changes in protein sequence are capable
intermediate populated in the thermal denaturation studiesof significantly increasing protein thermostability. Their
shown here may involve an analogous intermediate. This iscomputational methods using Poiss@oltzmann electro-
consistent with the agreement between the stabilitas)( statics show that mutations that decrease repulsion or increase
and m-values obtained for the denaturation of the urea- attraction of surface-charged groups commonly increase
induced dimeric intermediates; & 2U) detected at 20C thermostability. In addition, Kumar et al3?) determined,
(AG = 12.5 kcal/molm-value= 1.1+ 0.1 kcatmol M) through a structural comparison of 18 pairs of mesophilic
(10) and 90°C (AG = 11.6 kcal/molm-value= 1.4+ 0.2 proteins with their thermophilic counterparts, that the main
kcalmol~1-M~1) (Figure 5). It is noteworthy that the difference between the two was not the degree of packing,
denaturation transition of P61A FIS at 9C (Figure 5) is the ratio of polar to nonpolar surface area, the oligomeric
cooperative, indicating that the dimeric intermediate retains state, or the hydrophobicity; rather, in most cases there was
a structured, solvent-protected, hydrophobic core, as opposedn increased number of side chain hydrogen bonds and salt
to a molten globule structure(). bridges in the thermophilic proteins. The thermophiles were
The thermal denaturation experiment of P61A FIS at low also shown to have more arginine and tyrosine residues and
pH further suggests that the dimeric intermediate involves a a lesser frequency of prolines in helices. Interestingly, FIS
disrupted C-terminus. At pH 3.5, P61A FIS exhibits a has four tyrosine residues, two of which (Tyr 51 and Tyr
biphasic thermal denaturation transition (Figure 6B), with a 95) form side chain hydrogen bonds with charged residues
first transition that overlays the early part of the WT involved in the salt bridge network8). Therefore, FIS
transition and a second transition that seems less affectecappears to have inherent thermophilic properties that may
by pH, overlaying with the latter part of the P61A FIS be masked by the presence of Pro 61. Thus, the P61A
transition at pH 7. Therefore, it appears that by decreasingmutation renders FIS with an additional thermostabilizing
the pH we were able to decouple the two transitions=N factor uncovered by Kumar et al32).
I, and b = 2U, of P61A FIS. The pH dependence and  Although the P61A mutation was expected to stabilize FIS
concentration independence of the first transition (Figure 6B) via stabilization of the helix in which it lies, it also may
indicate that it involves the unfolding of structure partially have enhanced the packing and rigidity of the native structure
stabilized by aspartic and glutamic acid residues in intramo- resulting in increased thermal stability. High structural
lecular interactions. These characteristics describe the C-rigidity is a common feature of thermostable protei88)(
terminus of FIS, which contains the intramolecular salt In addition to better side chain packing, one thermodynamic
bridges Glu 52-Lys 94 and Glu 59-Lys 91. Mutational consequence of structural rigidity is that the decreased
studies suggest that these salt bridges are part of anconformational entropy of side chains reduces the entropic
electrostatic network that plays an important role in the penalty for forming a salt bridge and, thus, results in their
stability and flexibility of the C-terminus of FIS (reéf and increased strengt34). Even though we lack direct evidence,
unpublished results). The second transition observed in thethe dramatic proteolytic resistancy of the P61A FIS A/B-
thermal denaturation of P61A FIS at pH 3.5 is concentration helix dimer core is consistent with an increase in backbone
dependent and is much less sensitive to pH, as it matchegigidity, which may contribute to increase the stability of
the latter part of the thermal denaturation transition seen atthe intermolecular salt bridges (Arg 2&lu 57 and Lys 32
pH 7. Thus, on the basis of the similAG andm-values of Asp 64) between the A- and B-helices. Therefore, we are
the intermediates populated by urea and thermal denaturationfempted to speculate that the intermolecular salt bridges may
and the pH sensitivity of the thermal denaturation at low contribute significantly to the high temperature and low pH
pH, we propose that the P61A FIS dimeric intermediate stability of P61A FIS. This conclusion is also supported by
populated using various denaturation methods is the sameevidence from the crystal structure of P61A FIS that shows
and involves a disrupted C-terminus. This conclusion fits the formation of a previously nonexisting backbone hydrogen
well with the fact that the C-terminal DNA-binding sub- bond between Ala 61 and Glu 57, which is involved in one
domain is largely composed of intramolecular inter- of the intermolecular salt bridges in FIS.
actions. The observation that WT FIS, but not P61A FIS, under-
Structural Basis for the Increased Thermostability of P61A goes acid-induced denaturation at®Z)(Figure 6A) suggests
FIS. The high degree of similarity between the P61A and that Glu 57 and Asp 64 may have a lowd¢pn P61A FIS.
WT FIS crystal structures7] [RMS deviation of 0.62 A Alternatively, it may just be that the stabilizing [4 kcal/mol
based on DeepView/Swiss-PDB viewer 321)] indicates (10)] effect of the P61A mutation may allow FIS to overcome
that the stabilization caused by the P61A mutation is not the potential destabilization caused by the protonation of the
due to major changes to the native state structure. Toacidic residues at low pH. It is conceivable that the additional
understand the structural basis for the thermostability of hydrogen bond of Glu 57 in P61A FIS, combined with an
P61A FIS, it is worth considering the factors involved in increase in rigidity that decreases the solvent exposure of
the stabilization of thermophilic proteins. The molecular basis the intermolecular salt bridges, may result in an abnormally
of thermal stability has been investigated by comparing low pK, for Glu 57 and/or Asp 64. This assumption is
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consistent with studies showing that acidic residues in the price paid in terms of stability, it appears that proline
proteins may experience a large shift in theit,[§35, 36). residues may also be conserved in FIS and other proteins as
For example, the largely buried and hydrogen-bonded a negative design strateg§4), not just to preserve structural
aspartic acids 83 and 101 in xylanase frBatillus circulans specificity but also specificity of the folding pathway.
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