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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 fourR-helices. 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 intermediate at 90°C. In the
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 at 95°C. Urea denaturation
experiments at 90°C 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)1 is a dimeric
DNA-binding protein found in enteric bacteria where it is
involved in a number of expression regulation functions,
including site-specific DNA inversion (1, 2) as well as the
regulation of its own transcription (3, 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 (5). 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,
and unfolds reversibly (6). The main dimerization interface
involves the interaction of helix B from one subunit with
helices A and B of another FIS subunit. At position 61,
located in the middle of helix B, there is a highly conserved

proline residue that appears to support a 20° kink in the helix.
Interestingly, a proline 61 to alanine (P61A) mutation has
been found to cause only slight changes in the structure of
FIS, and the kink angle in helix B decreases modestly from
20° to 16° (Figure 1) (7). In addition, the mutation introduces
a hydrogen bond between the backbone amide of alanine
61 and the side chain carboxyl group of glutamic acid 57
(7). Since proline 61 is 100% conserved in all strains of
enteric bacteria in which FIS has been identified (8), there
may be a structural or functional reason for the presence of
a proline in the middle of the protein’s main helix, especially
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FIGURE 1: X-ray crystal structure of P61A FIS (PDB file 1FIP)
(7). The first 25 residues of each monomer in both P61A and the
WT are highly mobile and therefore are not resolved by the crystal
structure. The fourR-helices in the protein are labeled A through
D. This figure was prepared using the program Deepview (21).
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since proline residues in helices are highly destabilizing and
more commonly found toward the end of the helix (9).

Recently, we showed that the P61A mutation in FIS
increased the overall protein stability by about 4 kcal/mol
(10). Interestingly, the urea-induced denaturation transition
of P61A FIS appeared to be two state like, but the slope of
the transition (m-value) decreased with increasing protein
concentration, suggesting that the denaturation mechanism
was not two state. Global fitting analysis of the data was
consistent with a three-state denaturation mechanism involv-
ing the marginal population of a dimeric intermediate (10).
The P61A mutation appears to introduce a dimeric interme-
diate by stabilizing the dimeric core (helices A and B) to a
greater extent than the C-terminal subdomain (helices C and
D), in part due to weakening of the salt bridge interactions
that help to connect the B-helix to the C- and D-helices.
Consequently, the P61A FIS mutation resulted in greater
proteolytic susceptibility of the C-terminal region while
rendering the dimeric core (helices A and B) nearly resistant
to cleavage by trypsin (10). On the basis of this and the fact
that the C- and D-helices are mainly involved in intramo-
lecular interactions (Figure 1), we proposed that the dimeric
intermediate might involve a partially unfolded C-terminus.
Thus, in contrast to the WT protein, where the stability of
all the helices is interdependent, resulting in a cooperative
urea-induced denaturation transition, in the case of P61A FIS,
the mutation somewhat compromised the denaturation
cooperativity by overstabilizing the dimeric core relative to
the C-terminus.

On the basis of the results of our previous urea denatur-
ation and limited proteolysis studies of P61A FIS (10), we
were interested in comparing the thermal denaturation
mechanism of WT and P61A FIS. Our preliminary data
showed that a complete denaturation transition for WT FIS
at a concentration of 8.9µM requires at least 80°C, raising
the question of how high a temperature would be necessary
to denature the much more stable P61A FIS and whether
we would observe a breakdown in the denaturation coop-
erativity as was observed in the urea denaturation studies.
Here we show that, in contrast to WT FIS, the thermal
denaturation of P61A yields a less cooperative and incom-
plete denaturation curve that is independent of FIS concen-
tration, suggesting the presence of a dimeric intermediate
that is stable at 90°C. The presence of the dimeric
intermediate was confirmed using several complementary
methods. These results suggest that FIS is an inherently
thermally stable protein with a stability that is limited,
perhaps for functional reason, by the presence of a proline
in the middle of its main helix.

MATERIALS AND METHODS

Protein Expression, Purification, and Preparation.The
P61A FIS mutant expression plasmid was constructed and
sequenced as previously described with a two-step megaprim-
er PCR method (10). WT and P61A FIS were overexpressed
in Escherichia coliand purified using a SP-Sepharose cation-
exchange column followed by desalting precipitation, result-
ing in 95% pure FIS according to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The
concentration of FIS was determined using UV spectroscopy

and an extinction coefficient of 6340 and 6370 M-1 cm-1

for WT and P61A FIS, respectively (10). All experiments
were performed in 10 mM phosphate buffer (PB) at pH 7.4
with 0.1 M NaCl, except for the pH denaturation experiments
and low-pH thermal denaturations for which conditions are
described below.

Circular Dichroism Studies of FIS.Circular dichroism
(CD) experiments were performed with an OLIS CD
instrument (Bogart, GA) equipped with a dual beam optical
system. The temperature was adjusted with a Julabo water
bath (Allentown, PA) and was controlled automatically with
the OLIS thermal control software. The recorded tempera-
tures were calibrated by correlating the cell-holder temper-
ature with the actual temperature of the sample in the cell.
Optimal equilibration times for thermal denaturations were
determined on the basis of the volume of the cell used. At
8.9 µM FIS, a cell with a 2 mmpath length was used with
an equilibration time of 4 min, while at 1.8µM FIS a cell
with a 1 cmpath length was used and 9 min of equilibration
time was required. The equilibration times that are reported
here were proven sufficient by observing identical data when
equilibrating for longer times (data not shown). Data
consistency between cell size and type was verified by testing
the thermal denaturation at both protein concentrations (8.9
and 1.8µΜ) in the 1 cm cell. Reversibility of the thermal
denaturation was verified by collecting data while heating
the protein to 95°C and then while cooling back to 15°C,
as well as by consecutive thermal denaturations on the same
sample. Reversible transitions recovered about 95% of the
original signal in the absence of urea and showed the same
transition midpoint as seen in the original denaturation
experiment (data not shown). Thermal denaturations in the
presence of urea recovered slightly less signal upon refolding
than in the absence of urea but showed similar curves and
Tms as the original unfolding curve.

Equilibrium thermal denaturation was monitored with CD
at 222 nm to follow the secondary structure and at 255 nm
for baseline correction. All CD thermal denaturations were
performed at 8.9 or 1.8µM FIS. For each thermal denatur-
ation experiment, one WT or P61A FIS sample was prepared
in 10 mM PB and 0.1 M NaCl (pH 7.4) and then heated,
equilibrated, and scanned at temperatures between 10 and
95 °C. Thermal denaturation experiments in the presence of
urea were performed at 1.8 and 8.9µΜ FIS in the same
manner as described above, and low-pH samples were
adjusted with HCl. We used reverse-phase HPLC and mass
spectrometry to determine whether samples exposed to urea
at high temperature had undergone chemical modification
due to the decomposition of urea. Reverse-phase HPLC
showed no effect on peak retention time when the protein
was incubated in 2 M urea for WT and 2 or 4 M urea for
P61A at 80° C for 5 min and then raised to 90°C for 5 min.
However, mass spectrometry revealed an additional smaller
peak with a mass consistent with carbamylation. Fortunately,
the modification of FIS did not significantly affect the
reversibility of the thermal denaturation transition. Urea-
induced equilibrium denaturations at 90°C were performed
at 8.9 µM FIS and were monitored with CD. Individual
samples were prepared and equilibrated to 80°C for 10 min
and then placed in the instrument, capped, and equilibrated
to 90°C for 10 min. Urea concentrations for all experiments
were determined by measuring the refractive index with an

14716 Biochemistry, Vol. 44, No. 45, 2005 Meinhold et al.



Abbe refractometer after each scan. Acid-induced denatur-
ations were performed in 10 mM PB. The monobasic and
diabasic ratios were adjusted for individual samples such that
a minimum concentration of HCl (<0.02 M) was needed to
adjust to the desired pH of each sample. Normalization of
thermal denaturation data in Figures 2 and 3 was done
according to the expression: (signal- signalfolded)/
(∆signalWT), where signalfolded represents the signal of the
folded protein at 20°C and ∆signalWT represents the
difference in signal between the folded and unfolded (sig-
nalunfolded - signalfolded) WT FIS protein. By using this
normalization scheme, they-axis is scaled on the basis of
the normalization of the WT data from zero (completely
folded) to one (completely unfolded), and it allows direct
comparison of the percentage of unfolded P61A and WT
FIS. The urea denaturation curve in Figure 5 was internally
normalized from 0% to 100% as follows: (signal-
signalfolded)/(signalunfolded- signalfolded). The data in Figure 6
were internally normalized relative to the native signal using
the equation (signal- signalfolded)/(signalfolded) to preserve
the raw data and allow comparison between the different
transitions.

Glutaraldehyde Cross-Linking (GCL).Protein samples (8.9
µM) were incubated for at least 10 min at the desired
temperature and urea concentration before glutaraldehyde
was added to a final concentration of 0.5% (v/v). After 1
min of cross-linking, the reaction was quenched with a final
concentration of 0.05 M NaBH4 and then precipitated with
deoxycholic acid and trichloroacetic acid at final concentra-
tions of 0.1% (w/v) and 5% (w/v), respectively. The samples
were centrifuged at 9000g for 10 min, and the protein pellet
was resuspended in 40µL of 4% SDS-PAGE sample buffer
[0.125 M tris(hydroxymethyl)aminomethane hydrochloride,
4% SDS, 20% v/v glycerol, 0.02% bromophenol blue, pH
6.8]. The samples were loaded onto a 16% glycine SDS-
PAGE gel. The gels were photographed and quantified using
the DigiDoc image analysis software from Alpha Innotech
(San Leandro, CA). The minor bands that appear above the
cross-linked dimer were not considered in the analysis of
the data.

Data Analysis.All of the thermal denaturation data were
normalized according to relative degree of native signal loss,
either internally or with respect to the WT FIS signal loss
as described above. Relative signal loss normalization was
necessary for comparison of P61A and WT FIS because they
lose different degrees of total native signal during unfolding.
Normalization in this manner preserves the baseline slopes
and does not require a defined post-transition baseline slope,
which is lacking for the P61A transitions in Figure 2B.

Data fitting was done using KaleidaGraph software version
3.51 (Synergy Software) except when stated otherwise. For
all two-state (N2 / 2U) fits, the instrument signal (Y) was
fitted to the equation:

whereY is equal to the fraction unfolded (FU) plus fraction
native (1- FU) multiplied by the native (YN) and unfolded
(YU) signals, which vary linearly with temperature or urea
concentration. To obtain the thermodynamic parameters,FU

is defined in terms of the equilibrium constant for unfolding
(KU) and the total monomer concentration (Pt) by combining

the equationsKU ) [U]2/[N2], Pt ) 2[N2] + [U], and FU )
[U]/Pt to obtain the equation (11):

The equilibrium constant for thermal denaturation may be
expressed (12-14) as

where∆H and ∆Cp are the changes in enthalpy and heat
capacity, respectively, between the folded and unfolded states
at theTm and R is the gas constant [R ) 0.0019872 kcal/
(mol‚K)]. The Pt term in eq 3 serves to counterbalance the
protein concentration-dependentTm, thereby yielding, as
theoretically expected, the same equilibrium constant (KU)
at different protein concentrations.∆Cp is held constant in
the equation, but∆H is mainly dictated by the transition slope
and, therefore, is also protein concentration independent for
a simple N2 / 2U model. The parameters (Tm and ∆H)
derived from fits to the WT FIS data at 0 and 2 M urea and
two protein concentrations were substituted into eq 3 and
yielded calculatedKeq vs T curves that were independent of
protein concentration throughout the transition region (data
not shown).

Urea denaturation at 90°C was analyzed on the basis of
the two-state transition I2 / 2U (10) with a KU defined as

where ∆GH2O is the protein stability in the absence of
denaturant andD is the denaturant molar concentration. The
m-value is the urea dependence of the stability which
correlates with the amount of buried surface area that
becomes exposed upon unfolding (15).

The pH denaturation curve (Figure 6A) was analyzed by
fitting it to the equation:

where mp is the midpoint of the transition,Meq is the number
of protons that bind during unfolding, andR andâ represent
they-intercept and slope, respectively, for the signals of the
native (N) and denatured (D) states.

The change in heat capacity upon unfolding of P61A and
WT FIS was estimated for use as a constant in eq 3 to fit
the thermal denaturation data. The∆Cp was estimated by
global fitting urea denaturation curves at eight temperatures
between 280 and 330 K using eqs 2 and 4 and thermal
denaturation curves with fixed amounts of urea up to 2.5
and 5 M for WT and P61A, respectively. The thermal
denaturation curves in the global optimization were fit with
eq 2 and an altered version of eq 3 which fits toTg rather
thanTm, whereTg is the temperature at which∆G ) 0. A

Y ) YN(1 - FU) + YUFU (1)

FU )
-KU + xKU

2 + 8KUPt

4Pt
(2)

KU(T) ) Pt exp[-∆H(Tm)

R (1T - 1
Tm

) +

∆Cp

R (ln T
Tm

+
Tm

T
- 1)] (3)

KU ) exp(-∆GH2O
+ mD

RT ) (4)

signal)
RN + âN(pH) + (RD + âD(pH)) × 10-Meq(pH-mp)

1 + 10-Meq(pH-mp)

(5)
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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∆G values with the Gibbs-Helmholtz protein
stability curve. Thermal denaturations contributed to the
protein stability curve by supplying∆G values above 350
K at each urea concentration studied, whereas the urea
denaturation curves contributed to the protein stability curve
by providing∆G values from 280 to 330 K in the absence
of denaturant. In addition, the∆G 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
∆G 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 of∆G 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.P61A and WT FIS display
characteristicR-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 55.5( 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 90°C. Thermal
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
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 15-20 °C higher than
that of WT. Interestingly, in contrast to that of WT FIS, the
transition of P61A FIS is not dependent on protein concen-
tration (Figure 2B). WT FIS exhibitsTms of 58 and 63°C at
protein concentrations of 1.8 and 8.9µM, 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 90°C.

Thermal Denaturation in the Presence of Urea. Thermal
denaturation of FIS samples in the presence of urea was used
to destabilize the apparent P61A dimer that exists at 90°C
in an attempt to restore the concentration dependence
expected for a N2 / 2U transition. The urea concentrations
chosen were 2 and 4 M urea for WT and P61A FIS,
respectively, since they are the highest urea concentrations
that do not cause loss of secondary structure at 20°C at the
protein concentrations studied here (Figure 3A) (10) and

represent similar conditions with respect to the different
stabilities of WT and P61A FIS. As expected, the WT
thermal denaturation transition in the presence of 2 M urea
remains dependent on protein concentration, exhibitingTms
of 39 and 45°C for 1.8 and 8.9µM FIS, respectively (Figure

FIGURE 2: (A) Far-UV wavelength scans of P61A and WT FIS at
20 and 90°C. All protein concentrations were 8.9µM. The units
of ellipticity, θ, are deg‚cm2. (B) Temperature-induced denaturation
of P61A FIS at 8.9 and 1.8µM and WT FIS at 8.9 and 1.8µM
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.

Table 1: Thermodynamic Parameters from Thermal Denaturation
Fits Using a Two-State N2 / 2U Modela

protein [urea]
[Pt]

(µM)
∆H

(kcal/mol) Tm (°C)
∆G

(kcal/mol)b

WT 0 1.8 53.1( 3.4 58.1( 0.5 11.3( 0.5
WT 0 8.9 53.0( 1.3 63.2( 0.2 10.4( 0.2
WT 2 1.8 54.9( 3.7 39.2( 0.2 10.6( 0.2
WT 2 8.9 53.9( 6.8 45.5( 0.9 10.4( 0.7
P61A 4 1.8 36.0( 1.3 52.2( 0.2 10.8( 0.1
P61A 4 8.9 21.4( 1.5 56.7( 0.6 8.5( 0.2

a Estimated∆Cp values were used to fit the data: 1.1 kcal/(mol‚K)
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. These∆Cp values were
estimated from the temperature dependence of the∆G of 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.b The∆G at 20°C was calculated by substituting the curve fit
parameters∆H andTm into eq 3 and then converting the equilibrium
constant into∆G. Error values were calculated by propagating the errors
of the Tm and∆H.
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3B). At 4 M urea, the protein concentration dependence
becomes evident in the thermal denaturation of P61A FIS,
with resultingTms of 52 and 57°C at protein concentrations
of 1.8 and 8.9µM, respectively (Table 1). Despite the change
to a concentration-dependent transition, the P61A FIS variant
still displays a lower∆H than WT FIS at both protein
concentrations studied. Additionally, there is a significant
difference in the∆H’s, 36 (at 1.8µM) and 21 (at 8.9µM)
kcal/mol, between the two concentrations of P61A studied
(Table 1). Such a change in∆H’s at different protein
concentrations is inconsistent with a two-state denaturation
mechanism and with the low∆Cp estimated [less than 1 kcal/
(mol‚deg); data not shown] for P61A FIS. Moreover, as seen
for WT FIS in the 0 M urea thermal denaturation experi-
ments, a shift in∆H is not seen for WT FIS incubated in 2
M urea, where the data show similar∆H values of 55 and
54 kcal/mol at 1.8 and 8.9µM, respectively. Therefore, the
difference in ∆H values for P61A is suggestive of the
presence of an intermediate not present in WT FIS (10, 16).
The ∆G values for WT FIS at 0 and 2 M urea show no
significant difference at different protein concentrations. This

is expected from a protein that follows a two-state denatur-
ation pathway. In contrast, the∆G of P61A FIS varies
significantly with protein concentration, indicative of non-
two-state unfolding.

Glutaraldehyde Cross-Linking Traps the Dimeric P61A
FIS Intermediate at 90°C. Glutaraldehyde cross-linking
(GCL) was used to trap the dimeric structure of WT and
P61A FIS at various temperatures (Figure 4). The efficiency
of GCL varies for different proteins and is dependent on
several factors, including the number of lysine residues and
their location within the protein. In the case of FIS, GCL is
a fairly good cross-linker although it fails to trap the entire
population of WT and P61A FIS dimer at 20°C in the
absence of urea. At 20°C, GCL traps about 70% of the WT
dimer (Figure 4A,C), and this number decreases modestly
at 2 M urea. However, WT FIS is effectively reduced to
almost all monomer by 4 M urea, consistent with previous
equilibrium urea denaturation experiments (6). WT FIS
unfolds mainly to the monomer at 75°C, as can be seen by
the drastic reduction of the dimeric band (Figure 4A). At 95
°C, only about 30% of the total dimeric WT band shows on
the gel and is virtually 100% reduced to monomer with the
addition of 2 and 4 M urea. The results of the GCL in the
presence of urea support the validity of the cross-linking
experiment because they are quite consistent with the urea
denaturation of WT FIS monitored by far-UV CD (6). WT
FIS retains all native secondary structure in 2 M urea at 20
°C and is unfolded at 4 M urea. When FIS becomes unfolded
to the monomeric state, it is clearly not cross-linked by

FIGURE 3: (A) Far-UV wavelength scans of P61A and WT FIS at
20 °C and in the presence of 4 M urea (P61A) and 2 M urea (WT)
at 20 and 90°C. All protein concentrations were 8.9µM. The units
of ellipticity, θ, are deg‚cm2. (B) Temperature-induced denaturation
of P61A and WT FIS in 4 and 2 M urea, respectively, monitored
by far-UV CD. P61A was monitored at 8.9 and 1.8µM in addition
to WT FIS at the same concentrations, 8.9 and 1.8µM. Error bars
are averaged from at least three different data sets. Solid lines
represent a fit to eqs 2 and 3 to obtain the thermodynamic parameter
shown in Table 1. Since panel A shows that both WT and P61A
FIS unfold to the same extent at 90°C, to obtain a reliable fit of
the P61A data, the well-defined post-transition baseline of WT FIS
was used to define the post-transition baseline of P61A FIS.

FIGURE 4: P61A (A) and WT (B) FIS at various temperatures and
urea concentrations were cross-linked with glutaraldehyde and
analyzed by SDS-PAGE. Separate samples were equilibrated at
20, 75, and 95°C in the presence of 0, 2, 4, and 8 M urea, as
indicated above the gels. Panel C shows the average amount of
cross-linked dimer along with the standard deviations determined
from four independent experiments.
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glutaraldehyde at 20 or 95°C. The average percentages of
dimer present under the various conditions were analyzed
using a gel imaging system, and the result is shown as a bar
graph in Figure 4C. The minor band seen above the cross-
linked dimer runs between the 31 and 36 kDa MW markers
and appears to arise from the undesirable cross-linking of a
FIS dimer and monomer molecule. Therefore, this band was
omitted from the calculation of the percent of cross-linked
dimer shown in Figure 4C.

Most of the P61A FIS dimer present at 20°C becomes
cross-linked, and the reaction efficiency is not altered
significantly by the addition of 4 M urea. However, addition
of 8 M urea reduces most of the P61A FIS dimer to
monomer, in agreement with our previous data showing
nearly complete loss of P61A secondary structure at 8 M
urea (10). Virtually no change can be noted in the cross-
linked population of P61A FIS between 20 and 75°C at 0
M urea. Even at 95°C, most of the P61A FIS that was cross-
linked at 20°C remains cross-linked as a dimer. Addition
of 4 and 8 M urea to the P61A FIS sample at 95°C shifts
the dimeric band almost completely to the monomer,
consistent with the extensive dissociation and unfolding of
the protein under these conditions. Thus, the cross-linking
experiments strongly suggest that the P61A mutation intro-
duces a thermostable dimeric intermediate state that becomes
populated at high temperature in the absence of urea.

Urea Denaturation of P61A FIS at 90°C. The appearance
of a dimeric intermediate at 90°C prompted us to further
investigate its stability. Therefore, we carried out urea
denaturation experiments at 90°C to probe for the presence
of a cooperative denaturation transition, which would indicate
the presence of a solvent-protected hydrophobic core in the
P61A FIS thermostable dimer. As expected, no cooperative
denaturation transition at 90°C was observed for WT FIS
(data not shown); however, P61A FIS exhibited a cooperative
two-state transition (Figure 5). Unfortunately, we were not
able to perform this experiment at different protein concen-
trations since concentrations greater than 8.9µM resulted
in aggregation at 90°C, and lower concentrations yielded
insufficient signal to collect reliable data. For these same
reasons it was not feasible to reliably test the reversibility

of this transition. Even though P61A FIS displays high
reversibility in the presence of urea when heated to 90°C
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 transition I2 / 2U model
to obtain an estimate of the stability of the P61A FIS
intermediate at 90°C (Figure 5). The two-state fit yielded
values of 11.6 and 1.4 kcal‚mol-1‚M-1 for the ∆G and
m-value, respectively. These values are roughly 65% of the
∆G andm-values determined for P61A FIS at 20°C (10).

P61A FIS Is Resistant to Acid-Induced Denaturation. The
original impetus for investigating the pH stability of WT and
P61A FIS was to carry out thermal denaturations at various
pHs, which usually shifts theTm and changes∆H and, in
turn, can be used to determine∆Cp (17). However, the pH-
induced denaturation study revealed some interesting dif-
ferences between P61A and WT FIS that may help to
understand the thermal denaturation mechanism of P61A FIS
and the role of salt bridge interactions in the stabilization of
the thermostable dimeric intermediate. The acid-induced
denaturation experiments were done in the absence of NaCl
because mild concentrations of the chloride ion (0.1 M) are
generally found to stimulate the formation of molten globules
at low pH (18, 19). In fact, WT FIS exhibits only a marginal
loss of secondary structure (<10%) at pH 2 and 0.1 M NaCl
(data not shown), whereas in the presence of<0.05 M NaCl
roughly 60% of the folded signal of WT FIS is lost at pH 2
(Figure 6A). The pH denaturation of WT had a transition
midpoint of about pH 3.2 and was found to involve the
binding of 2.3 (Meq) protons per monomer upon unfolding.
TheMeq value of 2.3 for WT FIS suggests that two or three
negatively charged residues may contribute significantly to
the stability of WT FIS through the formation of salt bridges.
In striking contrast to the pH stability of WT FIS, the P61A
FIS mutant renders the protein largely pH resistant, although
there are some changes in CD signal that suggest minor
conformational shifts (Figure 6A).

Thermal Denaturation at Low pH.If P61A FIS is
destabilized, but not unfolded, by acidic pH at 20°C, then
its thermal denaturation at low pH should reflect the
combined destabilizing effect of low pH and high temper-
ature. Thermal denaturation experiments were carried out at
pH 3.5 to ensure that WT FIS started in the folded state and
to prevent potential formation of the molten globule state at
lower pH. Analogous to the effect of 2 M urea on the stability
and thermal denaturation transition of WT FIS (Figure 3),
the thermal denaturation at pH 3.5 revealed a cooperative
transition with a reduction in theTm of about 12°C (Figure
6B). Surprisingly, the thermal denaturation of P61A FIS at
pH 3.5 resulted in the appearance of a biphasic denaturation
transition (Figure 6B), with the first transition closely
overlaying that of the single WT FIS transition and a second
transition that, perhaps coincidently, seems to overlay the
transition of P61A FIS at pH 7.4 (Figure 2). The first
transition is clearly pH dependent since this transition was
not present at pH 7.4; however, the second transition appears
to be less affected by low pH. When the experiment was
carried out at a higher protein concentration, the first
transition did not shift, thereby supporting the hypothesis

FIGURE 5: Urea-induced denaturation of P61A FIS at 90°C
monitored by far-UV CD. Error bars are averaged from at least
three different data sets. The solid line represents a two-state dimer
to monomer curve fit. The parameters∆G, 11.6( 0.4 kcal/mol,
andm-value, 1.4( 0.2, were extracted from the fit, and error values
were determined directly from the error-weighted curve fit.
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that this transition corresponds to the nativelike P61A FIS
dimer unfolding to a dimeric intermediate (Figure 6B). The
concentration dependence of the second P61A FIS transition
can be noticed above 70°C, where at 8.9µM the transition
appears to have shifted to the right and out of the temperature
range where it can be seen. Thus, these results suggest that
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.

DISCUSSION

Thermostable Dimeric Intermediate of P61A FIS. A
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 method (6). 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 20°C 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 at 95°C, as
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 lower∆H 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
thermal denaturation experiments performed at low pH. The
intermediate populated in this transition is dimeric, as
suggested by the concentration independence of the first
transition and the concentration dependence of the second
transition (Figure 6B).

The Dimeric Intermediate Appears To HaVe a Disrupted
C-Terminus. Despite the appearance of a two-state transition
for P61A FIS upon urea denaturation, our previous studies
showed that there was a decrease in them-value of the
transitions with increasing P61A FIS concentration, and

FIGURE 6: (A) pH denaturation of P61A and WT FIS at 1.8µM
monitored by far-UV CD at 20°C. (B) The thermal denaturation
of P61A FIS at pH 3.5 using 1.8 and 8.9µM FIS and 1.8µM WT
FIS is plotted with the pH 7.4 thermal denaturation of P61A FIS
at 8.9µM. The solid lines were obtained by fitting the data using
eq 5.

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
dependent

N2 / 2Ua single but cooperativity (m-value) decreases as the
concentration of FIS increases

N2 / I2 / 2Ub

temperature single concentration
dependent

N2 / 2U single but independent of FIS concentration (in the range of
10-90 °C, no urea, pH 7.4) and less cooperative than WT

N2 / I2 / 2U

low pH single concentration
dependent

N2 / 2U no transition N/A

temperature+ urea single concentration
dependent

N2 / 2U single concentration dependent but less cooperative
than WT

N2 / I2 / 2U,
urea destabilizes
the intermediate

temperature at pH 3.5 single concentration
dependent

N2 / 2U biphasic with only the second transition being
concentration dependent

N2 / I2 / 2U

a See ref6. b See ref10.
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global fitting of the data was consistent with a three-state
denaturation mechanism involving a dimeric intermediate
(10). On the basis of the predominantly intramolecular
interactions of the C-terminus of FIS (helices C and D, Figure
1) and the increased proteolytic susceptibility of this region
in P61A FIS, we proposed that this dimeric intermediate
comprised predominantly the dimeric core (helices A and
B) with a disrupted C-terminus. It seems that the dimeric
intermediate populated in the thermal denaturation studies
shown here may involve an analogous intermediate. This is
consistent with the agreement between the stabilities (∆G)
and m-values obtained for the denaturation of the urea-
induced dimeric intermediates (I2 / 2U) detected at 20°C
(∆G ) 12.5 kcal/mol,m-value) 1.1( 0.1 kcal‚mol-1‚M-1)
(10) and 90°C (∆G ) 11.6 kcal/mol,m-value) 1.4 ( 0.2
kcal‚mol-1‚M-1) (Figure 5). It is noteworthy that the
denaturation transition of P61A FIS at 90°C (Figure 5) is
cooperative, indicating that the dimeric intermediate retains
a structured, solvent-protected, hydrophobic core, as opposed
to a molten globule structure (20).

The thermal denaturation experiment of P61A FIS at low
pH further suggests that the dimeric intermediate involves a
disrupted C-terminus. At pH 3.5, P61A FIS exhibits a
biphasic thermal denaturation transition (Figure 6B), with a
first transition that overlays the early part of the WT
transition and a second transition that seems less affected
by pH, overlaying with the latter part of the P61A FIS
transition at pH 7. Therefore, it appears that by decreasing
the pH we were able to decouple the two transitions, N2 /
I2 and I2 / 2U, of P61A FIS. The pH dependence and
concentration independence of the first transition (Figure 6B)
indicate that it involves the unfolding of structure partially
stabilized by aspartic and glutamic acid residues in intramo-
lecular interactions. These characteristics describe the C-
terminus of FIS, which contains the intramolecular salt
bridges Glu 52-Lys 94 and Glu 59-Lys 91. Mutational
studies suggest that these salt bridges are part of an
electrostatic network that plays an important role in the
stability and flexibility of the C-terminus of FIS (ref8 and
unpublished results). The second transition observed in the
thermal denaturation of P61A FIS at pH 3.5 is concentration
dependent and is much less sensitive to pH, as it matches
the latter part of the thermal denaturation transition seen at
pH 7. Thus, on the basis of the similar∆G andm-values of
the intermediates populated by urea and thermal denaturation,
and the pH sensitivity of the thermal denaturation at low
pH, we propose that the P61A FIS dimeric intermediate
populated using various denaturation methods is the same
and involves a disrupted C-terminus. This conclusion fits
well with the fact that the C-terminal DNA-binding sub-
domain is largely composed of intramolecular inter-
actions.

Structural Basis for the Increased Thermostability of P61A
FIS. The high degree of similarity between the P61A and
WT FIS crystal structures (7) [RMS deviation of 0.62 Å
based on DeepView/Swiss-PDB viewer 3.7 (21)] indicates
that the stabilization caused by the P61A mutation is not
due to major changes to the native state structure. To
understand the structural basis for the thermostability of
P61A FIS, it is worth considering the factors involved in
the stabilization of thermophilic proteins. The molecular basis
of thermal stability has been investigated by comparing

proteins from thermophilic organisms with their homologues
from mesophiles (22, 23), and significant differences have
been determined, such as the ratio of polar to nonpolar
residues (22), the number and environment of salt bridges
(24, 25), the degree of interdomain and intersubunit hydro-
phobic interactions (26-28), the number of hydrogen bonds
(29), and backbone rigidity (30). Recently, Torrez et al. (31)
have noted that small changes in protein sequence are capable
of significantly increasing protein thermostability. Their
computational methods using Poisson-Boltzmann electro-
statics show that mutations that decrease repulsion or increase
attraction of surface-charged groups commonly increase
thermostability. In addition, Kumar et al. (32) determined,
through a structural comparison of 18 pairs of mesophilic
proteins with their thermophilic counterparts, that the main
difference between the two was not the degree of packing,
the ratio of polar to nonpolar surface area, the oligomeric
state, or the hydrophobicity; rather, in most cases there was
an increased number of side chain hydrogen bonds and salt
bridges in the thermophilic proteins. The thermophiles were
also shown to have more arginine and tyrosine residues and
a lesser frequency of prolines in helices. Interestingly, FIS
has four tyrosine residues, two of which (Tyr 51 and Tyr
95) form side chain hydrogen bonds with charged residues
involved in the salt bridge network (8). Therefore, FIS
appears to have inherent thermophilic properties that may
be masked by the presence of Pro 61. Thus, the P61A
mutation renders FIS with an additional thermostabilizing
factor uncovered by Kumar et al. (32).

Although the P61A mutation was expected to stabilize FIS
via stabilization of the helix in which it lies, it also may
have enhanced the packing and rigidity of the native structure
resulting in increased thermal stability. High structural
rigidity is a common feature of thermostable proteins (33).
In addition to better side chain packing, one thermodynamic
consequence of structural rigidity is that the decreased
conformational entropy of side chains reduces the entropic
penalty for forming a salt bridge and, thus, results in their
increased strength (34). Even though we lack direct evidence,
the dramatic proteolytic resistance (10) of the P61A FIS A/B-
helix dimer core is consistent with an increase in backbone
rigidity, which may contribute to increase the stability of
the intermolecular salt bridges (Arg 28-Glu 57 and Lys 32-
Asp 64) between the A- and B-helices. Therefore, we are
tempted to speculate that the intermolecular salt bridges may
contribute significantly to the high temperature and low pH
stability of P61A FIS. This conclusion is also supported by
evidence from the crystal structure of P61A FIS that shows
the formation of a previously nonexisting backbone hydrogen
bond between Ala 61 and Glu 57, which is involved in one
of the intermolecular salt bridges in FIS.

The observation that WT FIS, but not P61A FIS, under-
goes acid-induced denaturation at 20°C (Figure 6A) suggests
that Glu 57 and Asp 64 may have a lower pKa in P61A FIS.
Alternatively, it may just be that the stabilizing [4 kcal/mol
(10)] effect of the P61A mutation may allow FIS to overcome
the potential destabilization caused by the protonation of the
acidic residues at low pH. It is conceivable that the additional
hydrogen bond of Glu 57 in P61A FIS, combined with an
increase in rigidity that decreases the solvent exposure of
the intermolecular salt bridges, may result in an abnormally
low pKa for Glu 57 and/or Asp 64. This assumption is
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consistent with studies showing that acidic residues in
proteins may experience a large shift in their pKa (35, 36).
For example, the largely buried and hydrogen-bonded
aspartic acids 83 and 101 in xylanase fromBacillus circulans
were shown by13C nuclear magnetic resonance chemical
shifts to have a pKa less than 2 (35). Such a low pKa was
presumably made possible by hydrogen bond networks and
side chain burial below the protein surface. Thus, the
intermolecular salt bridges in P61A FIS may similarly have
a lower pKa, accounting for the stability to low pH and the
persistence of the thermostable dimeric intermediate, even
at pH 2. In future studies, we will mutate the residues
involved in salt bridge interactions to probe whether the
thermal stability of P61A FIS arises mainly by increasing
the stability of the salt bridge interactions or rather by
stabilizing the FIS structure such that its stability is much
less dependent on the contribution of the salt bridges.

Implications for FIS Function and Stabilization. FIS is a
highly regulated DNA-binding protein (37) that is involved
in DNA inversion and has a regulatory effect on numerous
E. coli genes. FIS expression is characteristically high early
in the exponential growth phase and then drastically de-
creases in the cell afterward (38). Therefore, rapid degrada-
tion of FIS appears to be of functional significance. In our
previous study we have shown that the P61A mutation results
in a practically trypsin-resistant core (10), whereas the core
of the WT protein is labile to proteolysis and, presumably,
more easily degraded by the cell. The necessity for the cell
to regulate FIS concentration may explain why proline 61
is 100% conserved among all types of enteric bacteria known
to contain FIS (8, 39). In this sense proline 61 may be an
essential stability blocker. We suspect that the WT FIS has
built into its structure many of the prerequisites for thermo-
stability and that the proline at position 61 optimizes the
function of FIS by modulating its thermostability and
protease resistance.

In addition to the implications for function regulation
mentioned above, a more stable FIS structure may be
disfavored due to adverse structural effects. There is sig-
nificant evidence suggesting that protein stabilization may
often occur at the expense of structural specificity. Perhaps
the best example of this effect has been demonstrated with
the coiled-coil proteins, where changing an internal aspar-
agine residue to a hydrophobic residue enhanced the stability
of the peptide at the expense of oligomerization specificity
(40-42). Based on the almost identical crystal structures of
WT and P61A FIS (7) and the observation that the P61A
mutation does not significantly decrease its activity or DNA
binding (7), it appears that the structural specificity has not
been compromised. In contrast, it is plausible that the
presence of P61 may enhance the folding pathway specificity
of FIS. In preliminary studies, we have observed that P61A
FIS folds less efficiently than WT FIS due to protein
misfolding (unpublished results). Evidence that proline
residues may favor protein folding at the expense of stability
has been observed for the DNA-binding protein of the yeast
heat shock transcription factor (HSF) (43). Interestingly, this
HSF protein also contains a strictly conserved proline residue
that is at the center of a kinked helix. Mutation of this proline
for other residues did not compromise function or the final
structure but was shown to result in less soluble proteins
due to alterations in the folding pathway (43). Thus, despite

the price paid in terms of stability, it appears that proline
residues may also be conserved in FIS and other proteins as
a negative design strategy (44), not just to preserve structural
specificity but also specificity of the folding pathway.
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