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ABSTRACT: Factor for inversion stimulation (FIS) is a 22 kDa homodimeric protein found in enteric bacteria
that is involved in the stimulation of certain DNA recombination events and transcription regulation of
many genes. FIS has a central helix with a 20° kink, which is only reduced by 4° after a proline 61 to
alanine mutation (P61A). This mutation appears to have little effect on FIS function, yet it is striking that
proline 61 is highly conserved amongfis genes. Therefore, we studied the role of proline 61 on the stability
and flexibility of FIS. The urea-induced equilibrium denaturation of P61A FIS was monitored by circular
dichroism and fluorescence anisotropy. Despite the apparent two-state transition, the concentration
dependence of the transition slope (m value) shows that a two-state model, as seen for wild-type (WT)
FIS, did not adequately describe the denaturation of P61A FIS. Global fitting of the data indicates that
the denaturation of P61A FIS occurs via a three-state process involving a dimeric intermediate and has
an overall∆GH2O for unfolding of 18.6 kcal/mol, 4 kcal/mol higher than that for WT FIS. Limited trypsin
proteolysis experiments show that the DNA binding C-terminus of P61A FIS is more labile to cleavage
than that of WT FIS, suggesting an increased flexibility of this region in P61A FIS. In contrast, the
resulting dimeric core (residues 6-71) of P61A FIS is more resistant to proteolysis, consistent with the
presence of a dimeric intermediate not seen in WT FIS. Model transition curves generated using the
parameters obtained by global fitting predicted a two-state-like transition at low P61A concentrations
that becomes less cooperative with increasing protein concentration, as was experimentally observed. At
concentrations of P61A FIS much higher than are experimentally feasible, a biphasic transition is predicted.
Thus, this work demonstrates that a single mutation may be sufficient to alter a protein’s denaturation
mechanism and underscores the importance of analyzing the denaturation mechanism of oligomeric proteins
over a wide concentration range. These results suggest that proline 61 in FIS may be conserved in order
to optimize the global stability and the dynamics of the functionally important C-terminus.

The role of proline residues on protein structure and
function has been a topic of significant interest since the
late 1980s. The presence of a proline residue in anR-helix
results in a distorted or kinked helix and a loss in protein
stability of about 4-7 kcal/mol (1-3). Presumably, this is
due to proline’s rigid side chain structure and reduced ability
to form hydrogen bonds. Although this property has labeled
proline as a helix breaker (4), proline is still found in the
helices of many proteins (5-8). Therefore, despite their
apparent adverse role on protein stability and structure, the
evolutionary conservation of proline residues inR-helices
suggests that they may confer unique physical properties that
are functionally significant.

Proline residues are commonly found in transmembrane
proteins and have been determined to impart a flexibility
that is often critical for proper ion-gating function (9-12).
Although proline residues are found less frequently in the
helices of globular proteins (10), there are globular proteins
with well-conserved helical proline residues, such as the heat
shock transcription factor (HSF) (8), T4 lysozyme (13), and
thioredoxin (7). In HSF and thioredoxin, the proline was
found to have little importance for function but exhibited
effects on the folding kinetics and conformational stability,
respectively (7, 8). Thermal denaturation of HSF showed
no effect on stability, but the authors found the proline to
be important in preventing aggregation upon overexpression
in Escherichia coli(E. coli) and the accumulation of an
aggregate-prone intermediate in the kinetic folding pathway
(8). In thioredoxin, the proline was found to stabilize the
protein by 2.9 kcal/mol through a specific organization of
the active site region, although reorganization of the active
site upon mutation did not alter its functionality (7). These
representative cases show that the presence of proline
residues inR-helices has diverse effects on protein function,
folding, and stability.
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Factor for inversion stimulation (FIS)1 is a 22.4 kDa
dimeric DNA binding protein found inE. coli and other
enteric bacteria (14-16). It is involved in various cellular
processes, including stimulation of site-specific DNA inver-
sion reactions catalyzed by the Hin and Gin family of
recombinases (17-19), stimulation of lambda and HKO22
phage DNA recombination (20-22), repression of its own
transcription and that of various other genes (23, 24), and
the stimulation of transcription of ribosomal and tRNA genes
and various other structural genes (24-27). FIS is composed
of two identical 98-residue subunits, which form an inter-
twined dimer of predominantlyR-helical structure (Figure
1) (28-30). The N-terminus of FIS consists of aâ-hairpin
and helix A and is required for the stimulation of Hin-
mediated DNA inversion (30-32). Helix B, which has a 20°
kink, runs through the center of FIS and is responsible for
constructing the dimer core, as it makes a number of
intermolecular contacts with helices A and B of the other
subunit in the dimer. The C-terminal region contains the
helix-turn-helix DNA binding motif, involving helices C
and D, both of which predominantly interact with helix B
of the same subunit.

The kink in helix B is centered on the proline residue at
position 61. Interestingly, the kink is only reduced by 4°
upon mutation of proline 61 to alanine (P61A) (6), and the
mutation has little effect on in vivo and in vitro DNA
inversion stimulation, as well as no apparent effect on DNA
binding (6). Although it has been shown that proline residues
are often necessary for maintaining the proper helical kink
and allowing conformational flexibility in transmembrane
proteins (33, 34), the evidence from P61A FIS seems to
indicate that this is not the case for FIS (6). Nevertheless,
proline 61 is strongly conserved in FIS from different bacteria
(35). To better understand the potential role of proline 61 in
FIS that might lead to its high conservation, we decided to
study the dynamics, stability, and equilibrium denaturation
mechanism of P61A FIS.

MATERIALS AND METHODS

Protein Expression and Purification.P61A mutation was
made by a two-step megaprimer PCR method as previously
described (36), using Taq polymerase (Boerhinger Man-
nheim) under conditions specified by the manufacturer. In
the first reaction, an upstream primer, oRO418 (5′-GAAG-
TAGAACAGGCTCTGTTGGACATG-3′), containing two
mutations (bold) specifying a change from the proline codon
at position 61 to an alanine codon (underlined), was used
together with a second primer, oRO319 (5′-CGGGATC-
CAAGCATTTAGCTAACC-3′), that anneals to a sequence
downstream of the termination codon offis and creates a
BamHI recognition sequence. Plasmid pRJ807 (31), which
carries the wild-typefis gene, was used as the DNA template.
The product of this PCR was separated by electrophoresis
on a 5% polyacrylamide gel and eluted by the crush and
soak method (37). The purified DNA fragment was used as
a megaprimer for a second PCR together with an upstream
primer, oRO320 (GGAATTCCATATGTTCGAACAAC-
GCG), that anneals to a sequence at the beginning offis and
creates anNdeI and anEcoRI recognition sequence. The
resulting DNA fragment carrying the entirefis gene with an
alanine codon at position 61 was purified by gel electro-
phoresis, cleaved withNdeI andBamHI, and ligated into the
NdeI andBamHI sites of the expression vector pET11c (New
England BioLabs). The resulting plasmid (pRO425) was
transformed intoE. coli strain RO1106 (ara ∆[lac-pro] thi)
recA56::Tn10 srl fis::767 λ[DE3] F′pro lacISQ Zu118 Tn5).
The mutation was verified by DNA sequencing using alkali-
denatured pRO425 plasmid and Sequenase version 2.0 (U.S.
Biochemicals) as specified by the supplier. WT and P61A
FIS were overexpressed inE. coli and purified as previously
described (38).

Sample Preparation.WT and P61A FIS concentration (in
monomer units) was obtained in 1 M NaCl and 25 mM tris-
(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) at
pH 7.0, using an extinction coefficient at 278 nm of 6340
M-1 cm-1 and 6376 M-1 cm-1, respectively, determined as
previously described (39). All experiments were performed
at 20°C in 10 mM potassium phosphate buffer (PB) at pH
7.2 with 0.1 M NaCl, unless otherwise stated. Urea dena-
turation experiments using 107µM FIS were carried out at
0.2 M NaCl to prevent the precipitation of FIS that occurs
in low salt conditions. We have determined that although 1
M NaCl has a stabilizing effect on FIS, the stability and
denaturation mechanism of FIS in the presence of 0.1 or 0.2
M NaCl are virtually the same (data not shown).

Circular Dichroism Studies of P61A FIS.Circular dichro-
ism (CD) spectra were recorded on an OLIS CD instrument
(Bogart, GA) equipped with a dual beam optical system. The
unfolded structure was observed in 10 mM PB (pH 7.2) and
8 M urea, at 20°C, and reversibility was verified by returning
the sample to native state conditions through a 4-fold dilution.

Equilibrium urea denaturations in the far-ultraviolet (far-
UV) were monitored at 222 nm to observe theR-helical
content, and 245 nm was used for baseline correction. Far-
UV CD denaturations were performed at 0.36µM (5 cm
cell), 1.8µM (1 cm cell), 8.9µM (0.2 cm cell), 36µM (0.1
cm cell), and 107µM (0.1 cm cell) P61A FIS. Different CD
cuvettes were used, depending on the FIS concentration, to
obtain sufficient signal to accurately monitor the denaturation.

1 Abbreviations: AA, amino acid; CD, circular dichroism;Cm,
transition midpoint; far-UV, far-ultraviolet; EDTA, ethylenediamine-
tetraacetic acid; FIS, factor for inversion stimulation; MALDI, matrix-
assisted laser desorption ionization; MS, mass spectrometry; MW,
molecular weight; near-UV, near-ultraviolet; P61A, proline to alanine
mutation at position 61; PB, potassium phosphate buffer; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TFA,
trifluoroacetic acid; TOF, time of flight; Tris-HCl, tris(hydroxymethyl)-
aminomethane hydrochloride; WT, wild type;øV

2, reduced chi squared.

FIGURE 1: Ribbon diagram of the 3D structure of P61A FIS (6)
from residues 26-98 showing the tyrosine residues and the alanine
at position 61. As with the WT protein, the first 25 residues are
very mobile, and therefore, the N-terminal structure cannot be
resolved by X-ray crystallography in its native sequence. The four
R-helices in one subunit are labeled A through D. This figure was
prepared using the program MOLSCRIPT (62).
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Denaturation experiments in the near-ultraviolet (near-UV)
region were monitored at 277 nm, and 330 nm was used for
baseline correction. Near-UV CD denaturations were moni-
tored at 36 and 107µM P61A FIS, in a 2 and 1 cm cell,
respectively. Since the error of the near-UV CD data is larger
due to its lower signal, it was not practical to perform
denaturation experiments at P61A FIS concentrations below
36 µM. Samples were prepared independently or by a
codilution method, in which FIS samples of progressively
higher urea concentrations were made by repetitive with-
drawal from a FIS sample (originally in 0 M urea) in the
cell followed by addition of the same volume of an unfolded
FIS solution (8-10 M urea). All CD samples were equili-
brated for at least 4 min, which we found to be sufficient
time for equilibration. Near-UV CD denaturation experiments
at 107µM were carried out using the codilution method, in
which the unfolded FIS stock was in 10.5 M urea, at 40°C,
to keep the urea in solution. P61A is stable at this temperature
as itsTm is 76 °C at 2µM (6). The FIS samples were then
reequilibrated to 20°C in the cell prior to collecting the near-
UV CD data. Urea concentrations for all experiments were
determined from the refractive index measurement using an
Abbe refractometer (40).

Anisotropy Studies.Steady-state anisotropy was performed
on a Hitachi F-4500 fluorescence spectrophotometer (Tokyo,
Japan) equipped with Hitachi polarization accessories.
Experiments were carried out at 20°C using a 1 cmpath-
length cuvette. Excitation and emission wavelengths were
276 and 305 nm, respectively, with an excitation slit of 5
nm and an emission slit of 10 nm. Equilibrium urea
denaturations were performed using the codilution method
described for the CD experiments at 8.9, 36, and 107µM
P61A FIS, equilibrating each sample for 4 min prior to
recording the signal. For each anisotropy value at least five
measurements were recorded and averaged. The integration
time was 1 s. Anisotropy was calculated from the formulas:

whereIvv, Ivh, Ihh, andIhv are the fluorescence intensities when
the excitation and emission polarizers, respectively, are set
in the vertical (v) or horizontal (h) positions (41).

Limited Proteolysis with Trypsin.Limited proteolysis was
carried out on P61A and WT FIS at 20°C using a trypsin to
protein ratio of 1:500 (w/w). One reaction sample was made
containing 36µM FIS in reaction buffer [25 mM Tris-HCl,
1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.6] (42).
Trypsin was diluted into reaction buffer from a concentrated
stock (stored frozen in 0.01 M HCl) and added to the FIS
sample. Aliquots were removed at times ranging from 0 to
500 min. The cleavage reaction was stopped by mixing 1:1
(v/v) with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer, boiling for 2
min, and then freezing the samples (-20 °C) until ready to
run on a 16% tricine SDS-PAGE gel to identify the
proteolysis fragments.

Proteolyzed FIS samples were analyzed using matrix-
assisted laser desorption ionization (MALDI) mass spec-
trometry (MS). The MS samples were prepared exactly as
done for the SDS-PAGE analysis, but the reactions were

stopped by adding trifluoroacetic acid (TFA) such that the
final concentration of TFA was 0.2% (v/v), then boiled for
2 min, and stored in the freezer until ready to carry out MS.
Samples were desalted and concentrated using Millipore
brand Zip-Tips (Bedford, MA).

The mass spectra were recorded on a Spec 2E time-of-
flight (TOF) instrument (Micromass, Wythenshawe, U.K.).
Ionization was achieved using a pulsed N2 laser at a
wavelength of 337 nm. The analyzed solutions were prepared
by mixing 1µL of the sample (∼10 pmol/µL), in water with
0.1% TFA, with 1µL of matrix solution (sinapinic acid or
R-cyano-4-hydroxycinnamic acid, 10 mg/mL). Then, 0.5µL
of this solution was applied to the target. Mass spectra were
recorded in linear mode, with accuracy on the mass measure-
ments of around 0.1%.

Data Modeling.For comparison of data collected with
different spectral methods (Figure 4), the data was normal-
ized toFu, the apparent fraction of unfolded protein

whereYo is the signal at a given urea concentration andYn

andYu are the observed values for the native and unfolded
protein, respectively. The termsYn and Yu are defined as
linear equations specifying the urea dependence on the
baseline slopes. For comparison of data collected by the same
technique but at different protein concentrations (Figures 2
and 3), the data were internally normalized, using the first
and last data points asYn andYu, respectively. By using this
method of normalization, instead of calculatingFu (eq 3),
we were able to preserve the original baseline slopes.

The data from the urea denaturation experiments were fit
to a two-state dimer model, with native dimer (N2) in
equilibrium with unfolded monomers (2U):

The equilibrium constant for concerted unfolding and
dissociation,Ku, is defined asKu ) [U]2/[N2]. The total
protein concentration,Pt, in terms of monomer isPt ) 2N2

+ U, and the fraction of native dimers (Fn) ) 1 - Fu, where
Fu ) [U]/Pt. Combining these equations and solving forFu

in terms of the equilibrium constantKu andPt, one obtains

Rearranging eq 3 yields the equation used for fitting the
denaturation transitions:

The thermodynamic parameters listed in Table 1 were
obtained by fitting the denaturation curves to eq 6, withFu

as defined in eq 5.Ku was defined according to the linear
free energy model, which states that the changes in free
energy (∆Gu) that accompany protein unfolding are linearly
dependent on the concentration of urea denaturant (43, 44):

The baseline slopes and intercepts were used as fitting
variables as shown in eq 6, in addition tom and∆GH2O. Fits

A ) (Ivv - GIvh)/(Ivv + 2GIvh) (1)

G ) Ihv/Ihh (2)

Fu ) (Yo - Yn)/(Yu - Yn) (3)

N2 T 2U (4)

Fu )
xKu

2 + 8KuPt - Ku

4Pt
(5)

Yo ) Yn(1 - Fu) + Yu(Fu) (6)

∆Gu ) -RT ln(Ku) ) ∆GH2O
+ m[denaturant] (7)
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of individual data sets to the two-state model were performed
with KaleidaGraph v3.5 (Synergy Software).

Global analysis of the P61A FIS equilibrium urea dena-
turation data was fit to both possible three-state denaturation
models, in which the native dimer (N2) is in equilibrium with
either a monomeric (2I) or dimeric intermediate (I2) and the
unfolded monomers (2U):

For a three-state model involving a dimeric intermediate (eq
8), the equilibrium constants for the first (K1) and second
(K2) transitions are defined asK1 ) [I 2]/[N2] andK2 ) [U]2/
[I 2], respectively. The total protein concentration,Pt, in terms
of the monomer, isPt ) 2N2 + 2I2 + U, and the sum fraction
of native dimers (Fn), intermediate dimers (Fi), and unfolded
monomers (Fu) at equilibrium is equal to 1. Through a
combination of these relationships, one obtains the equations:

Fu can be solved for in terms ofPt, K1, andK2 by solving
for Fi andFn solely in terms ofFu, K1, K2, andPt:

The fitting equation is an expression similar to eq 6 but with
an extra term defining the intermediate:

Combining eqs 7, 12, and 13, it is possible to extract them
value (slope of the transition) and the∆GH2O for each step
in the reaction.

For a three-state model involving a monomeric intermedi-
ate (eq 9), the equilibrium constants for the first (K1) and
second (K2) transitions are defined asK1 ) [I] 2/[N2] andK2

) [U]/[I]. The total protein concentration,Pt, in terms of
the monomer, isPt ) 2N2 + I + U, and againFn + Fi + Fu

) 1. Through a combination of these relationships, one
obtains the equations:

Fi can be solved for in terms ofPt, K1, andK2 by solving
for Fu andFn solely in terms ofFi, K1, K2, andPt:

The fitting equation is an expression similar to eq 13 but
with the terms defined as is appropriate for this model:

Combining eqs 7, 16, and 17, it is possible to extract them
value and the∆GH2O for each step in the reaction.Yi is
assumed to not vary with denaturant concentration in both
three-state models.

Global analysis of the data was done by simultaneously
fitting all the data at different FIS concentrations from the
different methods to the three models described above. This
analysis was carried out using the program SAVUKA version
5.1, a nonlinear least-squares fitting program (45, 46). The
goodness of fit was determined by analyzing the reducedø2

values (øV
2):

whereyi is the data,y(xi) is the fit to the data,σ2 is the
variance of the data, andV is the number of degrees of
freedom in the fit (47). TheF-test was performed by taking
the ratio of theøV

2 from the fit of each model to the data
(48). We modeled the three-state denaturation mechanism
of FIS with Microsoft Excel version 8.0, using the equations
described above and the∆GH2O, m values, andYi obtained
from global analysis.

RESULTS

Equilibrium Denaturation Experiments. The denaturation
of P61A FIS was monitored using various techniques to
observe the loss of secondary, tertiary, and quaternary
structure. The reversible (see inset in Figure 2A) loss of
helical structure with increasing urea concentrations was
monitored by far-UV CD (222 nm) over a wide range of
P61A FIS concentrations (Figure 2A) to determine if the loss
of secondary structure is dependent on the dissociation of
the dimer. The unfolding of P61A FIS, as determined by
the loss of helical signal, appears to be a concerted,
concentration-dependent event, as previously shown for WT
FIS (38). A dramatic increase in the transition midpoint (Cm)
of P61A over that of WT FIS suggests a significant
enhancement in secondary structure stability (Figure 2A).
However, as the protein concentration is increased, both the

Table 1: Thermodynamic Analysis of Equilibrium Denaturation
Data Based on a Two-State Modela

method
[Pt]

(µM)
Cm

(M urea)
m value

[kcal/(mol M)]
∆GH2O

(kcal/mol)

far-UV CD 0.36b 4.60( 0.06 2.15( 0.14 18.6( 1.2
1.8 5.16( 0.03 1.89( 0.12 17.6( 1.1
9.0 5.65( 0.11 1.52( 0.24 15.5( 2.5
36 5.95( 0.06 1.46( 0.11 14.8( 1.1
107 6.14( 0.10 1.40( 0.11 14.1( 1.1

near-UV CD 36 5.84( 0.15 1.79( 0.45 16.5( 4.2
107 5.94( 0.26 1.13( 0.26 12.1( 2.8

anisotropy 9 5.52( 0.10 1.71( 0.28 14.1( 2.3
36 5.95( 0.13 1.50( 0.16 15.0( 1.6
107 6.24( 0.09 1.29( 0.14 13.5( 1.5

a The ∆GH2O is defined bymCm - [RT ln[Pt]]. Urea denaturation
profiles were analyzed according to the linear free energy model. Errors
are based on averaged data from at least three individual experiments.
b The 0.36 and 1.8µM data were collected using a 5 and 2 cm cuvette,
respectively, to amplify the signal to obtain reproducible and reliable
data.

N2 T I2 T 2U (8)

N2 T 2I T 2U (9)

K1 ) Fi/Fn (10)

K2 ) 2PtFu
2/Fi (11)

Fu )
-K1K2 + x(K1K2)

2 + 8(1 + K1)(K1K2)Pt

4Pt(1 + K1)
(12)

Yo ) Yn(2PtFu
2

K1K2
) + Yi(2PtFu

2

K2
) + Yu(Fu) (13)

K1 ) 2PtFi
2/Fn (14)

K2 ) Fu/Fi (15)

Fi )
-K1(1 + K2) + xK1

2(1 + K2)
2 + 8PtK1

4Pt
(16)

Yo ) Yn(2PtFi
2

K1
) + Yi(Fi) + Yn(K2Fi) (17)

øV
2 )

∑([yi - y(xi)]
2/σ2)

V
(18)
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slope (m value) of the transitions and the concentration
dependent change in theCm values decrease. These observa-
tions are not expected to occur in a two-state denaturation
mechanism and, thereby, suggest the presence of an inter-
mediate. Therefore, to further probe for the presence of an
intermediate, we also monitored the denaturation of P61A
FIS using near-UV CD and tyrosine fluorescence anisotropy.

The near-UV CD signal provides a convenient way to
monitor changes in protein tertiary structure, as the specific
environment of aromatic residues in the native state is unique
for every protein (49). The near-UV CD spectrum of FIS
arises from the different contributions of the protein’s four
tyrosine residues that are positioned throughout the protein
(Figure 1). The near-UV CD spectra of WT and P61A FIS
(see inset in Figure 2B) are noticeably different, indicating
a different arrangement or mobility of one or more tyrosine
residues. The equilibrium unfolding of P61A FIS monitored
by near-UV CD (277 nm) at 36 and 107µM shows a loss
of signal throughout the pretransition baseline upon addition
of urea, prior to the main unfolding transition (Figure 2B).
Since near-UV CD can monitor the loss of chirality in the
environment of tryptophan and tyrosine residues resulting

from increased rotational freedom of these residues (50), the
sloped baselines in Figure 2B suggest that a relaxation of
the P61A FIS structure is occurring at low urea concentra-
tions prior to the main unfolding event. This suggests that
the P61A FIS mutant possesses an increased conformational
flexibility that is absent in WT FIS (dash line in Figure 2B)
(38), which exhibit flat near-UV CD pretransition baselines.

Intrinsic fluorescence measurements were not feasible for
monitoring the denaturation of P61A FIS because of the very
small signal change between the native and unfolded states.
Therefore, the equilibrium unfolding mechanism of P61A
FIS was furthered explored by steady-state anisotropy (Figure
3). Upon subunit dissociation, the anisotropy signal is
expected to decrease, mostly due to a decrease in the
correlation time of the rotating fluorophores. Changes in
anisotropy usually cannot be directly correlated with the
fraction of dissociated or unfolded species due to changes
in fluorophore quantum yield, the lifetime of the excited state,
or fluorophore side chain mobility upon unfolding (41). In
FIS, these effects can be considered minimal due to the
similar fluorescence intensities of the native and unfolded
states and the partial exposure of all four FIS tyrosines in
the native state (Figure 1). Therefore, it is likely that the
majority of the decrease in FIS anisotropy signal, upon
addition of urea, arises from changes in quaternary structure.
As expected, the anisotropy-monitored denaturation of P61A
FIS occurs in a concerted and concentration-dependent
manner.

A representative overlay (36µM data) of the P61A FIS
equilibrium denaturation data from different methods is
plotted in Figure 4 along with an overlay of the far-UV CD
transition of WT FIS at 36µM (6). The small shift to the
left of the P61A FIS near-UV CD transition may suggest a
deviation from two-state denaturation, although there are
larger errors in this data due to the low signal. Consistent
with this suggestion, Table 1 shows that, for the far-UV CD
and anisotropy data, them values become consistently
smaller upon increasing the protein concentration, indicating
a deviation from two-state behavior. At-test was performed
(47, 51) to determine the probability that the differences in
the m values are real and not caused by chance. Although

FIGURE 2: Urea-induced denaturation of P61A FIS monitored by
(A) far-UV CD at 222 nm and (B) near-UV CD at 277 nm. The
data were internally normalized as described in Materials and
Methods. FIS concentrations are 0.36µM (9), 1.8 µM (0), 8.9
µM ([), 36 µM (O), and 107µM (b). The dashed line indicates
the urea denaturation transition for a 36µM sample of WT FIS for
comparison (38). Error bars represent the average of at least three
individual data sets. The solid lines on the denaturation curves
indicate a two-state fit of the data as described in Materials and
Methods. The insets in (A) and (B) show the full wavelength scans
in the far- and near-UV regions, respectively. The molar ellipticity,
[θ], has units of deg‚cm2‚dmol-1. The symbols in inset A represent
the full spectrum of native (O), unfolded in 6 M urea (b), and
refolded (×) P61A FIS. The symbols in inset B represent the full
spectrum of native P61A (b), WT (O), and unfolded (×) P61A
FIS.

FIGURE 3: Urea-induced denaturation of P61A FIS monitored by
steady-state anisotropy at 8.9µM ([), 36 µM (O), and 107µM
(b). The data were internally normalized as described in Materials
and Methods. The solid lines indicate a two-state fit as described
in Materials and Methods. Error bars represent the average of at
least three individual data sets. The dashed line represents the
anisotropy urea denaturation transition of 36µM WT FIS (38).
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for any two consecutive concentrations (e.g., 1.89 and 1.52
µM in far-UV CD) the t-test gives a high probability that
the correspondingmvalues are not statistically different, the
differences inm values between the highest two and lowest
two concentrations used in far-UV CD experiments have a
probability of<0.05 to have been caused by chance. Similar
t-test results were obtained for the highest and lowestm
values determined by anisotropy.

It has been shown for many monomeric proteins that a
decrease in them value of a mutant protein compared to the
WT is due to the population of an intermediate (52-55). A
similar concept can be applied to dimeric systems by
investigating the concentration dependence of the denatur-
ation transitions. When protein denaturation transitions are
biphasic, the individual transition curves may be fit reliably
to a specific model. However, since in P61A FIS the presence
of an intermediate is less obvious, global fitting provides
the most reliable method for analyzing the data to identify
the appropriate model and extract the corresponding ther-
modynamic parameters.

The data in Figures 2 and 3 were globally fit to a two-
state denaturation mechanism, as well as both possible three-
state equilibrium denaturation models involving either a
dimeric or a monomeric intermediate. Figure 5 is shown to
illustrate how well these various models fit the P61A FIS
data. Only the far-UV CD data are plotted to emphasize the
quality of the fit at five different protein concentrations. All
of the data plotted in Figure 5 had both of the far-UV CD
baselines constrained to zero slope during global analysis in
order prevent the algorithm from generating baseline artifacts
in an attempt to force a good fit onto the data. These plots
show that a three-state mechanism involving a dimeric
intermediate is most consistent with the data. By comparison
of the ratio of the reducedø2 obtained from fitting the data
to different models (Figure 5), anF-test (47, 48) predicts
that the three-state model involving a dimeric intermediate
is a statistically superior fit with greater than 99% probability.
Table 2 shows the thermodynamic parameters from this fit,
which results in a∆GH2O of 6.1 and 12.5 kcal/mol for the
N2 T I2 and I2 T 2U transitions, respectively. The global
fitting indicates that the dimeric intermediate retains 70%
of the native signal (see footnote to Table 2).

Limited Proteolysis of P61A FIS by Trypsin.In an attempt
to compare the flexibility of P61A and WT FIS and to gain
some structural insight on the dimeric intermediate of P61A
FIS, we carried out limited proteolysis experiments. Figure
6 shows the differences in the trypsin proteolytic cleavage
patterns between WT and P61A FIS as analyzed by SDS-
PAGE. The initial cleavage of FIS generates two core
fragments of about 7-8 kDa (Figure 6), which arise faster
in P61A than in WT FIS. However, the subsequent cleavage
of the core fragments is much slower for P61A FIS. This
result suggests that P61A FIS is initially more labile to
proteolysis due to an area of increased flexibility compared
to WT FIS. However, the resulting core fragment of P61A
FIS is more stable and rigid compared to the WT protein,
making it more resistant to proteolysis.

FIGURE 4: An overlay of the urea denaturation curves of P61A
FIS at 36µM determined by far-UV CD (b), near-UV CD ([),
and anisotropy (O). The data are displayed as fraction unfolded
determined as described in eq 3. The dashed line represents the
far-UV CD urea denaturation transition of 36µM WT FIS (38).
The solid lines indicate a two-state fit as described in Materials
and Methods.

FIGURE 5: The global fitting of the P61A FIS data to the three
equilibrium denaturation models shown above. The symbols
represent the far-UV CD data at 0.36µM (9), 1.8µM (0), 8.9µM
([), 36 µM (O), and 107µM (b) P61A FIS. The lines represent
the fit of the various models to the far-UV CD data, with the far-
UV CD native and unfolded baselines constrained to zero slope to
prevent fitting artifacts in the baseline regions. Only the far-UV
CD data are shown for ease of visualizing the fits across a wide
concentration range. Using the reducedø2 for the N2 T 2U (12.03),
N2 T 2I T 2U (1.98), and N2 T I2 T 2U (0.68) models, anF-test
predicts that the N2 T I2 T 2U is statistically the best fit to the
data.
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Mass spectrometry was carried out to identify the trypsin
cleavage fragments seen by SDS-PAGE (Figure 6). From
the mass of the main peaks, W1 and P1 (Figure 7, Table 3),
it is clear that the first cleavage, occurring within 50 min on
both WT and P61A FIS, removes the first five residues
(Table 3). The remaining native-like fragment is indistin-
guishable from native FIS on SDS-PAGE (Figure 6). The
main cleavage of this native-like FIS fragment occurs on
the C-terminal region of FIS resulting in two core fragments,
residues 6-71 and 6-76 (Table 3). The smallest fragments
observed in the gels (Figure 6), with masses under 3 kDa,
correspond to the fragments comprising residues 6-28 and
6-32.

DISCUSSION

P61A FIS Denaturation Mechanism.When the denatur-
ation of P61A at a single concentration is monitored by
different methods, the transition appears to occur in a two-
state fashion due to the coincidence of the data (Figure 4).
However, it is expected that if the denaturation mechanism
is two-state, then them value and∆GH2O of each transition
should be the same at all concentrations examined (56, 57).
This is what we observe for WT FIS (38). In contrast, when
the P61A FIS data are analyzed according to a two-state
model, a decrease inm value upon increasing the protein
concentration (from 0.34 to 107µM for far-UV CD) was
observed (Table 1). Also, upon close examination of the far-
UV CD denaturation curves (Figures 2A), which were carried
out over a broad concentration range, it appears that the

transitions begin to lose their concentration dependence at
the highest protein concentrations studied. Since sample
preparation, data collection, and data analysis were identical
for WT (6) and P61A FIS, it is unlikely that the changingm
value observed for P61A FIS is due to an artifact or
experimental error. Thus, a two-state model does not
adequately describe the equilibrium denaturation of P61A
FIS.

As was suggested earlier by fitting the individual dena-
turation curves to a two-state denaturation mechanism (Table
1), the global fitting results (Figure 5A) show that this model
is not consistent with the P61A FIS data. Since a two-state
model assumes thatm values will not change with protein
concentration, it is not surprising that such a model fits the
P61A FIS data poorly (Figure 5A), especially at the highest
protein concentrations where the transition is significantly
less cooperative (lowerm value).

The global fitting analysis also demonstrates that a three-
state denaturation mechanism involving a monomeric inter-
mediate is inconsistent with the P61A FIS data (Figure 5B).
There is also an argument based on fundamental equilibrium
concepts that would rule out a monomeric intermediate. If
the P61A FIS intermediate were monomeric, it would be
expected that as the protein concentration is increased, the
first transition (N2 T 2I) would be stabilized with respect
to the second transition (2IT 2U), whereas at lower protein
concentration, the opposite would occur. Therefore, the
concentration dependence and two-state likeness of the
transitions would increase at higher protein concentrations
and decrease at lower protein concentrations. The P61A FIS
data exhibit the opposite trend. Thus, the monomeric
intermediate model contradicts the raw P61A FIS denatur-
ation data, as can be seen in Figure 5B where this model
predicts less concentration-dependent data at low protein
concentrations, where the experimental transition curves are
actually becoming more concentration dependent and more
cooperative.

Global analysis indicates that a three-state model involving
a dimeric intermediate is the most consistent with the P61A
FIS denaturation data, as is demonstrated in Figure 5C by
the excellent fit through the data points. This was shown to
be a statistically relevant improvement of the fit, with greater
than 99% probability, according to theF-test. The analysis
reveals that the N2 T I2 and I2 T 2U transitions have a∆GH2O

of 6.1 and 12.5 kcal/mol, respectively; both transitions have
m values of about 1 kcal/(mol M) (Table 2). The absence of
a biphasic transition, even at the highest concentrations that
we are able to study, indicates that the two conformational
events are coupled. The global fit computes that the dimeric
intermediate has lost around 30% of the native signal (Yn )
0, Yi ) 0.30,Yu ) 1). Even though one would expect that
different spectroscopic probes would yield a different signal
for the dimeric intermediate, the signal did not change when

Table 2: Equilibrium Denaturation Global Analysisa

protein
∆GN2TI2

(kcal/mol)
mN2TI2

[kcal/(mol M)]
∆GI2T2U

(kcal/mol)
mI2T2U

[kcal/(mol M)]
∆GN2T2U

(kcal/mol)
mN2T2U

[kcal/(mol M)]

P61Ab 6.1( 0.3 1.03( 0.05 12.5( 0.4 1.10( 0.06 18.6( 0.5 2.13( 0.08
WT 14.2( 0.2 2.40( 0.06

a Global analysis was performed with SAVUKA version 5.1, a nonlinear least-squares fitting program (45, 46). b The relative optical signal (Yi)
of the intermediate state was calculated to be 0.27, where the signal for the native (Yn) and unfolded (Yu) states is 0 and 1, respectively.

FIGURE 6: Limited trypsin cleavage of (A) WT and (B) P61A FIS
at 20°C, with a 1:500 (w/w) trypsin:protein ratio, was monitored
by SDS-PAGE. Aliquots from the reacting sample were removed
and the reactions stopped at the times indicated on the gels.
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the far-UV CD, near-UV CD, and anisotropy data were
analyzed separately by global fitting (data not shown). In
the case of FIS, these results can be explained by looking at
the crystal structure of P61A FIS (Figure 1). The predicted
30% signal loss in the far-UV CD signal upon formation of
the dimeric intermediate correlates well with the unfolding
of the C and D helices, which make up about 33% (18 out
of 54 residues) of the helical content of FIS. This C-terminal
subdomain is the most likely region to become unstructured
upon formation of the dimeric intermediate because it is
largely involved in intramolecular interactions (Figure 1) and
has been shown by proteolysis to be the most flexible region
of the protein (Figure 6, Table 3). Mutational studies
(unpublished results) indicate that 25-35% of the fluores-
cence of FIS arises from tyrosine 95, which is the only
tyrosine located at the C-terminus (Figure 1). Therefore, a
30% change in anisotropy signal upon the formation of I2 is
also consistent with the data. Furthermore, the 30% change
in the near-UV CD signal associated with the pretransition
baseline (Figure 2B) is also consistent with the global fitting
data and is apparently reporting on the conformational
flexibility of the C-terminus. This is also supported by the
proteolysis experiments (Figure 6, Table 3) and our observa-
tions from mutational studies involving the four tyrosine
residues (unpublished results) that most of the FIS near-UV
CD signal arises from tyrosines 51 and 95. Thus, it appears

that the conformational change associated with the formation
of the P61A FIS dimeric intermediate involves the C-terminal
region, which accounts for about 30% of the various
spectroscopic signals. The unfolding of the C and D helices
of P61A FIS to form a dimeric intermediate is consistent
with the similarm values (Table 2) of the N2 T I2 and I2 T
2U transitions, since the unfolding of this region would
expose part of helix B against which it packs (Figure 1) in
the native state.

Using the∆G’s, m values, and the optical signal of the
dimeric intermediate obtained by global fitting, combined
with the three-state denaturation equations described in
Materials and Methods, we modeled the fraction of populated
P61A FIS species at different concentrations (Figure 8). At
lower protein concentrations (0.36µM), the denaturation is
nearly two-state because of the similarCm values of the N2
T I2 and I2 T 2U transitions, which leads to low population
of the intermediate (Figure 8A). For this reason, when the
lower concentration data are analyzed using a two-state
model, themvalues and∆GH2O’s match closely to the global
parameters determined using the three-state model with a
dimeric intermediate (Tables 1 and 2). However, as the
concentration of P61A FIS is increased, theCm of the I2 T
2U transition moves further to the right, thereby partially
separating the N2 T I2 and I2 T 2U transitions (Figure 8B).
Although the transitions are less coupled at the highest
concentrations studied, there still is a significant overlap. It
is for this reason that we observe a broadening of the
transition and, consequently, a lowerm value, as opposed
to a biphasic transition. Modeling predicts that, at P61A FIS
concentrations higher than experimentally feasible, the
denaturation transition would become biphasic (Figure 8C).

Increased Flexibility of the P61A FIS C-Terminal Region.
The baseline slopes present in the near-UV CD denaturation
data suggest that the P61A mutation has increased the
flexibility of the C-terminal subdomain of FIS. Although the
pretransition slope of the near-UV CD data could be caused
by very subtle structural effects that are propagated through
the protein, the loss of near-UV CD signal in the absence of
changes in the far-UV CD signal is often interpreted as
arising from changes in environmental asymmetry near the
aromatic residue due to conformational fluctuation (50).

FIGURE 7: Limited trypsin cleavage of WT and P61A FIS at 20°C, with a trypsin:protein ratio of 1:500 (w/w), was monitored by MALDI-
MS. The WT FIS data are presented in (A) and (B) and represent cleavage at 50 and 500 min, respectively. P61A FIS data are presented
in (C) and (D) and represent cleavage at 50 and 400 min, respectively. The peaks in MALDI-MS spectra are labeled numerically, in which
a W or P in the fragment label indicates that the fragment is of WT or P61A FIS, respectively.

Table 3: MALDI-TOF MS Analysis of Limited Trypsin Digest

average molecular mass

label
fragments

(AA a positions) calcd obsd

W1b 6-98 10549 10544
W2 6-32 2959 2951
W3 6-28 2530 2527
P1c 6-98 10523 10518
P2 6-76 8046 8044
P3 6-71 7490 7487
P4 33-71 4549 4547
P5 37-71 4109 4105
P6 6-32 2959 2955
P7 6-28 2530 2525
a AA stands for amino acid.b A W in the fragment label indicates

the fragment is from WT FIS.c A P in the fragment label indicates the
fragment is from P61A FIS.
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Perhaps the best example of this is the molten globule state
of proteins, which is characterized by being highly flexible
(no near-UV CD signal) while retaining native-like secondary
structure (i.e., no change in far-UV CD signal) (50, 58). Since
the pretransition baseline of WT FIS is not sensitive to urea,
it is probable that this area of presumably increased flexibility
in P61A FIS is associated with the proposed dimeric
intermediate.

Since limited proteolysis is a convenient method to monitor
the changes in protein flexibility upon mutation (59), we used
trypsin proteolysis combined with SDS-PAGE and MALDI-
TOF MS analysis to probe the flexibility of the C-terminal
subdomain of P61A FIS. The results demonstrate that WT
FIS has a more rigid structure in its native state than P61A
(Figure 6). The native-like WT FIS band is persistent after
500 min of treatment, whereas in P61A FIS, the band is
almost completely proteolyzed by 200 min. However, the
resulting WT FIS core fragments, residues 6-76 and 6-71,
are very unstable compared to the corresponding P61A FIS
core fragments. These core fragments, seen in both WT and

P61A FIS, are the result of the cleavage of the C-terminal
DNA binding region (Figures 6 and 7, Table 3). Therefore,
we propose that the C-terminal region of P61A FIS has more
dynamic fluctuations than in WT FIS, thereby resulting in
greater accessibility to trypsin. The increased dynamics of
P61A FIS is consistent with the sloped native state baseline
seen in the near-UV CD denaturation curves (Figure 2) and
the difference in the near-UV CD spectra between WT and
P61A FIS (see inset in Figure 2). This simultaneous increase
in mobility of the C-terminal region and the increased
stability of the dimer core in P61A FIS is also consistent
with the observed three-state equilibrium denaturation.
Although it is not clear why the C-terminus of P61A may
be more flexible than WT, it appears that the small change
in kink angle (6) of helix B has disrupted the intramolecular
salt bridge between K94 (D helix) and E52 (beginning of
helix B), as suggested by the increased distance between
these two residues in P61A FIS. The importance of this salt
bridge in the stability of FIS has been suggested by a K94A
FIS mutant, which is significantly less stable than WT and
exhibits increased proteolytic susceptibility at its C-terminus,
similar to that of P61A FIS (unpublished results).

Role of Proline 61 in FIS Stability.The overall∆GH2O for
unfolding of P61A FIS is 18.6 kcal/mol, which is about 4
kcal/mol higher than that of WT FIS (Table 2). The observed
destabilizing effect of proline 61 in WT FIS is consistent
with previous studies demonstrating protein destabilization
due to the presence of proline residues inR-helices (1-3).
The increased stability of P61A FIS most likely results from
a stabilization of the B helix, which, in turn, stabilizes the
whole protein through intra- and intermolecular interactions
with other regions of FIS. However, despite its greater
stability, the equilibrium denaturation mechanism of P61A
FIS is more complex than that of WT. Our data suggest that
the C-terminus of P61A FIS was stabilized by the mutation
but not to the same extent as the B helix dimer core. If the
C-terminus of P61A were not stabilized by the mutation, it
would be expected to unfold at around 3.3 M urea (at 36
µM), as seen for WT FIS. In contrast, the equilibrium
unfolding of P61A FIS does not begin to occur until 4 M
urea, a concentration of urea where WT FIS is nearly 100%
unfolded. Despite the increase in overall stability, the slope
in the near-UV CD pretransition baseline and the rapid
proteolytic cleavage of the C-terminal region suggest that
the C-terminus of P61A FIS is also more dynamic than that
of WT FIS. Therefore, the differential stabilization and
flexibility of the various P61A FIS subdomains appear to
give rise to its three-state denaturation mechanism.

Is Proline 61 Important for FIS Function?A comparison
of FIS amino acid sequences from 11 bacterial species
revealed that proline 61 is fully conserved among these
species (35). This conservation is most striking inPseudomo-
nas aeruginosaandNeisseria meningitidiswhere the overall
FIS amino acid sequences diverged from that inE. coli by
about 55% and 67%, respectively. Such a strong conservation
of proline 61 is quite remarkable given the destabilizing
effect generally attributed to the presence of proline in
R-helices and suggests that it may be subject to some
selective pressure.

Previous work showed that serine or leucine substitutions
at this position severely reduced the ability of FIS to stimulate
DNA inversion while having modest effects on DNA

FIGURE 8: Fractions of native (N2, b), intermediate (I2, 9), and
unfolded (U,[) P61A FIS as a function of urea concentration at
(A) 0.36µM and (B) 107µM. Panel C shows the theoretical signal
that would be obtained from the three-state model N2 T I2 T 2U
at 0.36µM (9), 8.9µM ([), 107µM (b), 1.78 mM (×), 180 mM
(2), and 890 mM (4). The open symbols at 0.36, 8.9, and 107µM
represents the far-UV CD data. The modeled fractions and signals
were calculated using the data in Table 2 and the three-state
equations described in Materials and Methods.

13752 Biochemistry, Vol. 41, No. 46, 2002 Hobart et al.



binding, suggesting that a polar or bulky nonpolar side chain
at this position can significantly alter the structure or stability
of the N-terminal region responsible for stimulating DNA
inversion (31, 32). However, P61A showed only a modest
decrease in the ability to stimulate Hin-mediated DNA
inversion in vivo when expressed from the Ptac promoter on
a multicopy plasmid, and purified P61A FIS showed a small
decrease regarding this same function in vitro (6). This
suggested that the critical structural elements required for
this activity in WT FIS are not substantially altered in P61A
FIS. Nevertheless, the greater susceptibility of P61A FIS to
proteolysis in vitro compared to the WT protein (Figure 6)
could be indicative of a greater turnover rate in vivo. If so,
this could significantly reduce the available intracellular pool
of this protein, particularly if expressed from its own
promoter as a single chromosomal copy.

CONCLUSION

The B helix is the structural pillar that holds the FIS
intertwined dimer together, as it is involved in extensive
intra- and intermolecular interactions (Figure 1). Therefore,
the P61A mutation in the middle of helix B significantly
stabilizes (>4 kcal/mol) the global structure of FIS, as clearly
indicated by the near doubling of theCm values (5.95 M at
36 µM, Table 1) over that of WT FIS (3.3 M at 36µM) (6).
However, two unexpected results of the P61A mutations were
the increase in flexibility of the C-terminal DNA binding
subdomain and the alteration of the denaturation pathway
of FIS from two-state to three-state. The limited proteolysis/
MS experiments suggest a more fluctuating P61A FIS
C-terminus rather than an altered structure since the 3D
structure and function of P61A FIS (6) are very similar to
those of WT FIS. This increased flexibility is probably
caused by a weakening of the important salt bridge between
K94 and E52 that occurs due to the small decrease in the
kink angle (6) of helix B. Since FIS is involved in the
regulation of many genes, its intracellular pool, which is
regulated by its expression and degradation rates, may be
altered by a change in FIS stability and/or a more flexible
DNA binding region. Our observation of a drastic increase
in the proteolytic susceptibility of the C-terminus of P61A
suggests that this region may be susceptible to similar
degradation events in vivo with potentially adverse functional
effects.

Evidence for the three-state denaturation mechanism of
P61A FIS is less direct due to the lack of a biphasic transition
or of clearly nonsuperimposable transitions when monitored
by different spectroscopic probes. Nevertheless, our observa-
tion of a concentration-dependent decrease inm value,
coupled with global analysis of the data, clearly favors a
three-state denaturation mechanism involving a dimeric
intermediate for P61A FIS. The alteration of a protein’s
equilibrium denaturation mechanism by a single mutation,
as shown here for P61A FIS, is quite rare and has only been
seen in a few cases (60, 61). The 3D structure of FIS (Figure
1) and the intramolecular interactions of the C and D helices
suggest that the structure of the P61A FIS dimeric intermedi-
ate is likely to comprise helices A and B, which make up
the FIS dimer core. It is noteworthy that had we carried out
our experiments at only two different protein concentrations,
as is commonly done in similar studies to show concentration
dependence, we would not have been able to identify this

subtle change in denaturation mechanism. Therefore, these
results emphasize the importance of studying the equilibrium
denaturation of oligomeric proteins over a wide concentration
range, as well as highlighting the usefulness of global fitting
for analyzing complex denaturation data. Finally, our data
modeling (Figure 8) predicts that the denaturation transition
of P61A FIS is expected to vary from two-state like at low
protein concentration to biphasic at very high protein
concentration. Since the concentrations at which P61A FIS
would exhibit a biphasic transition are not experimentally
feasible, it would be interesting to make destabilizing
mutations at the C-terminus of P61A FIS in an attempt to
fully decouple its denaturation from that of the A/B helices
and observe a biphasic transition at viable FIS concentrations.
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