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From Two-State to Three-State: The Effect of the P61A Mutation on the Dynamics
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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 & Rihk, which is only reduced by “4after 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 amofig 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 slopa Yalue) 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 overallAGn,o 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-61) 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 Proline residues are commonly found in transmembrane
function has been a topic of significant interest since the proteins and have been determined to impart a flexibility
late 1980s. The presence of a proline residue imdrelix that is often critical for proper ion-gating functiof-12).
results in a distorted or kinked helix and a loss in protein Although proline residues are found less frequently in the
stability of about 4-7 kcal/mol (L—3). Presumably, this is  helices of globular proteind.(), there are globular proteins
due to proline’s rigid side chain structure and reduced ability with well-conserved helical proline residues, such as the heat
to form hydrogen bonds. Although this property has labeled shock transcription factor (HSFg), T4 lysozyme {3), and
proline as a helix breake#), proline is still found in the  thioredoxin ¢). In HSF and thioredoxin, the proline was
helices of many proteins5¢8). Therefore, despite their found to have little importance for function but exhibited
apparent adverse role on protein stability and structure, the€ffects on the folding kinetics and conformational stability,
evolutionary conservation of proline residuesdrhelices ~ respectively 7, 8). Thermal denaturation of HSF showed
suggests that they may confer unique physical properties that10 effect on stability, but the authors found the proline to
are functionally significant. be important in preventing aggregation upon overexpression
in Escherichia coli(E. col) and the accumulation of an
aggregate-prone intermediate in the kinetic folding pathway

. TTgii_wozhgsmé%pgggiglgyt g(/?/n(t:s)frorg ttt:]eNNEtl'tion?ll Sfti_itertlce (8). In thioredoxin, the proline was found to stabilize the
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Effect of Proline 61 on FIS Structure and Stability

Ficure 1: Ribbon diagram of the 3D structure of P61A FI§ (
from residues 2698 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
o-helices in one subunit are labeled A through D. This figure was
prepared using the program MOLSCRIPG2).

Factor for inversion stimulation (FIS)is a 22.4 kDa
dimeric DNA binding protein found irE. coli and other
enteric bacterial4—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
recombinasesl{/—19), stimulation of lambda and HKO22
phage DNA recombinatior20—22), repression of its own
transcription and that of various other geng&s, (24), and
the stimulation of transcription of ribosomal and tRNA genes
and various other structural gen@g+{27). FIS is composed
of two identical 98-residue subunits, which form an inter-
twined dimer of predominantly-helical structure (Figure
1) (28—30). The N-terminus of FIS consists of/&hairpin
and helix A and is required for the stimulation of Hin-
mediated DNA inversion30—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 (P614),(and the
mutation has little effect on in vivo and in vitro DNA
inversion stimulation, as well as no apparent effect on DNA
binding ©). Although it has been shown that proline residues
are often necessary for maintaining the proper helical kink
and allowing conformational flexibility in transmembrane
proteins 83, 34), the evidence from P61A FIS seems to
indicate that this is not the case for FI§).(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.

! Abbreviations: AA, amino acid; CD, circular dichroisnGp,
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;-SPSGE,
sodium dodecyl sulfatepolyacrylamide gel electrophoresis; TFA,
trifluoroacetic acid; TOF, time of flight; Tris-HCI, tris(hydroxymethyl)-
aminomethane hydrochloride; WT, wild type?, reduced chi squared.
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MATERIALS AND METHODS

Protein Expression and Purificatio®61A 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, oRO418GAAG-
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-BGGGATC-
CAAGCATTTAGCTAACC-3), that anneals to a sequence
downstream of the termination codon fig and creates a
BanHI recognition sequence. Plasmid pRJ8B1Z)( which
carries the wild-typdis 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 method37). The purified DNA fragment was used as
a megaprimer for a second PCR together with an upstream
primer, o0RO320 (GGAATTCCATATGTTCGAACAAC-
GCG), that anneals to a sequence at the beginniffig ahd
creates arNdd and anEcadRl recognition sequence. The
resulting DNA fragment carrying the entifis gene with an
alanine codon at position 61 was purified by gel electro-
phoresis, cleaved witNdd andBanH|, and ligated into the
Ndd andBanH]I sites of the expression vector pET11c (New
England BioLabs). The resulting plasmid (pRO425) was
transformed intdE. coli strain RO11064ra A[lac-pro] thi)
recA56:Tnl0 srl fis::767 A[DE3] Fpro lacIS? Z,115 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 ih coliand purified as previously
described §8).

Sample PreparationVT and P61A FIS concentration (in
monomer units) was obtained 1 M NaCl and 25 mM tris-
(hydroxymethyl)aminomethane hydrochloride (Tris-HCI) at
pH 7.0, using an extinction coefficient at 278 nm of 6340
M~tcm ! and 6376 M' cm™, respectively, determined as
previously described3@). All experiments were performed
at 20°C in 10 mM potassium phosphate buffer (PB) at pH
7.2 with 0.1 M NacCl, unless otherwise stated. Urea dena-
turation experiments using 1M 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 FI&ircular 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 20C, 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 thehelical
content, and 245 nm was used for baseline correction. Far-
UV CD denaturations were performed at 088! (5 cm
cell), 1.8uM (1 cm cell), 8.9uM (0.2 cm cell), 36uM (0.1
cm cell), and 10%M (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.
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Denaturation experiments in the near-ultraviolet (near-UV)

Hobart et al.

stopped by adding trifluoroacetic acid (TFA) such that the

region were monitored at 277 nm, and 330 nm was used forfinal concentration of TFA was 0.2% (v/v), then boiled for

baseline correction. Near-UV CD denaturations were moni-
tored at 36 and 10ZM P61A FIS, h a 2 and 1 cm cell,

2 min, and stored in the freezer until ready to carry out MS.
Samples were desalted and concentrated using Millipore

respectively. Since the error of the near-UV CD data is larger brand Zip-Tips (Bedford, MA).

due to its lower signal, it was not practical to perform

The mass spectra were recorded on a Spec 2E time-of-

denaturation experiments at P61A FIS concentrations belowflight (TOF) instrument (Micromass, Wythenshawe, U.K.).

36 uM. 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 (originallyni0 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 107uM were carried out using the codilution method, in
which the unfolded FIS stock was in 10.5 M urea, at’@)

lonization was achieved using a pulsed Mser at a
wavelength of 337 nm. The analyzed solutions were prepared
by mixing 1uL of the sample {10 pmolkL), in water with
0.1% TFA, with 1uL of matrix solution (sinapinic acid or
o-cyano-4-hydroxycinnamic acid, 10 mg/mL). Then, L5
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-

to keep the urea in solution. P61A is stable at this temperatureized toF,, the apparent fraction of unfolded protein

as itsTp is 76 °C at 2uM (6). The FIS samples were then
reequilibrated to 20C 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 refractometer4().
Anisotropy StudiesSteady-state anisotropy was performed

on a Hitachi F-4500 fluorescence spectrophotometer (Tokyo,

Japan) equipped with Hitachi polarization accessories.
Experiments were carried out at 2C usirg a 1 cmpath-

length cuvette. Excitation and emission wavelengths were . . ; .
with an excitation slit of 5 2and last data points a§ andY., respectively. By using this

276 and 305 nm, respectively,
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 2B
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:

(1)
)

A= (I, — G/, + 2Gl,)
G =ln/lm

wherelw, lvn, Ihn, andlyy, are the fluorescence intensities when

Fo= = Y)I(Y,—Y,) 3
whereY, is the signal at a given urea concentration ahd
andY, are the observed values for the native and unfolded
protein, respectively. The termé, and Y, 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

method of normalization, instead of calculatikg (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 Nin

equilibrium with unfolded monomers (2U):

N, < 2U (4)
The equilibrium constant for concerted unfolding and

dissociation,K,, is defined asK, = [U]%[NJ]. The total

protein concentratior®;, in terms of monomer i®; = 2N,

+ U, and the fraction of native dimerg{) = 1 — F,, where

F, = [U]/P.. Combining these equations and solving fqr

in terms of the equilibrium constaitt, andP;, one obtains

the excitation and emission polarizers, respectively, are set

in the vertical (v) or horizontal (h) positiongZ).

Limited Proteolysis with TrypsirLimited proteolysis was
carried out on P61A and WT FIS at 2Q using a trypsin to
protein ratio of 1:500 (w/w). One reaction sample was made
containing 36«M FIS in reaction buffer [25 mM Tris-HCI,

1 mM ethylenediaminetetraacetic acid (EDTA), pH 748)(
Trypsin was diluted into reaction buffer from a concentrated
stock (stored frozen in 0.01 M HCI) 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 sulfatepolyacrylamide gel
electrophoresis (SDSPAGE) sample buffer, boiling for 2
min, and then freezing the samples20 °C) until ready to

run on a 16% tricine SDSPAGE gel to identify the
proteolysis fragments.

Proteolyzed FIS samples were analyzed using matrix-
assisted laser desorption ionization (MALDI) mass spec-

VK2 + 8K P, — K,

= P, (5)
Rearranging eq 3 yields the equation used for fitting the
denaturation transitions:
Y, =Y, (1—F) + Y,(F) (6)

The thermodynamic parameters listed in Table 1 were
obtained by fitting the denaturation curves to eq 6, Vith
as defined in eq 5K, was defined according to the linear
free energy model, which states that the changes in free
energy AGy) that accompany protein unfolding are linearly
dependent on the concentration of urea denatud)td):

AG,= —RTIn(K) = AGHZO + m[denaturant] (7)

trometry (MS). The MS samples were prepared exactly as The baseline slopes and intercepts were used as fitting

done for the SDSPAGE analysis, but the reactions were

variables as shown in eq 6, in additiontoand AGy0. Fits
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Table 1: Thermodynamic Analysis of Equilibrium Denaturation
Data Based on a Two-State Moglel

[P] Cm mvalue AGh,0

method (uM) (Murea) [kcal/(mol M)] (kcal/mol)
far-Uv CD 0.3¢ 4.60+ 0.06 2.15+0.14 18.6+ 1.2
1.8 5.16+ 0.03 1.89+0.12 176+ 1.1

9.0 5.65+ 0.11 1.52+0.24 155+ 25

36 5.95+ 0.06 1.46+0.11 148+ 1.1

107 6.14+ 0.10 1.40+0.11 141+ 1.1

near-UVCD 36 5.84t 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+ 0.28 141+ 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

aThe AGy,0 is defined bymG, — [RT In[P{]]. Urea denaturation

profiles were analyzed according to the linear free energy model. Errors

Biochemistry, Vol. 41, No. 46, 200243747

= [UJ/[1]. The total protein concentration?;, in terms of
the monomer, i®; = 2N, + | + U, and agairF, + F; + F,

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

K, = 2PF’IF, (14)

K, =FJF (15)

Fi can be solved for in terms d%, K;, andK; by solving
for Fy andF, solely in terms ofF;, Ky, Ky, andPg:

KK+ VK2 + Ky + 8PK,
b 4P,

16)

are based on averaged data from at least three individual experiments.

b The 0.36 and 1.gM data were collected usira 5 and 2 cm cuvette,
respectively, to amplify the signal to obtain reproducible and reliable
data.

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-

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

Ky

FYF) + YKF)  (17)

2
YO = Yﬂ

turation data was fit to both possible three-state denaturationCOMbining eqs 7, 16, and 17, it is possible to extractthe

models, in which the native dimer Ns in equilibrium with
either a monomeric (2I) or dimeric intermediatg) @nd the
unfolded monomers (2U):

N, < 1, <> 2U ©)

N,< 21 < 2U 9)

value and theAGy,o for each step in the reactiory; 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 prograth, @46). The

For a three-state model involving a dimeric intermediate (eq goodness of fit was determined by analyzing the redyéed

8), the equilibrium constants for the firsk{) and second
(K») transitions are defined & = [I,)/[N 7] andK;, = [U] ¥
[I2], respectively. The total protein concentrati®,in terms
of the monomer, i®; = 2N, + 2I, + U, and the sum fraction
of native dimersk,), intermediate dimerd), and unfolded
monomers [,) at equilibrium is equal to 1. Through a

values {,?):

L2 30 =y

v

(18)

wherey; is the datay(x) is the fit to the datag? is the

combination of these relationships, one obtains the equationsiyariance of the data, and is the number of degrees of

K, =F/F, (10)

K, = 2P,F “IF; (11)

Fu can be solved for in terms ¢%, K;, andK; by solving
for Fi andF, solely in terms ofF,, Ki, Kz, andP¢:

o _ Ko+ VKK + 8(1+ K)(KK)P,
u 4P(1+K)

(12)

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

vy 2PF ° iy 2PF °
o~ 'n KlKZ i K2

TY(F)  (13)

Combining egs 7, 12, and 13, it is possible to extractrthe
value (slope of the transition) and tG,,0 for each step
in the reaction.

For a three-state model involving a monomeric intermedi-
ate (eq 9), the equilibrium constants for the firkg) and
second Ky) transitions are defined & = [1]?/[N,] andK;

freedom in the fit 47). TheF-test was performed by taking
the ratio of they,? 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 th&Gy,0, m values, andy; obtained
from global analysis.

RESULTS

Equilibrium Denaturation Experiment$he 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 midpoi@t]

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
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Ficure 3: Urea-induced denaturation of P61A FIS monitored by
steady-state anisotropy at &1 (#), 36 uM (O), and 107uM

(®). 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 @@ WT FIS (38).

o
[or)
T

Relative Ellipticity
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04 - 270 285 300 315 from increased rotational freedom of these resid66j (he
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: ‘ sloped baselines in Figure 2B suggest that a relaxation of

0 2 Srea (MG) 8 10 the P61A FIS structure is occurring at low urea concentra-

tions prior to the main unfolding event. This suggests that
FIGURE 2: Urea-induced denaturation of P61A FIS monitored by the P61A FIS mutant possesses an increased conformational
Eﬁ)t Jaxgr\é ?nfgeﬁrgjﬁ nnorpmzr;g e(g)ansezre-ggi&% ?rt] Z&Zitg[pélghaen  flexibility that is absent in WT FIS (dash line in Figure 2B)
Methods. FIS concentrations are 0,351 (W), 1.8 uM (CJ), 8.9 (38), \{vh|ph exhibit flat near-UV CD pretransition baselllnes.
uM (®), 36 uM (O), and 107uM (®). The dashed line indicates Intrinsic fluorescence measurements were not feasible for
the urea denaturation transition for a8 sample of WT FIS for monitoring the denaturation of P61A FIS because of the very
comparison §8). Error bars represent the average of at least three small signal change between the native and unfolded states.
individual data sets. The solid lines on the denaturation curves Tparefore, the equilibrium unfolding mechanism of P61A
indicate a two-state fit of the data as described in Materials and FIS f ’ thered lored by steadv-stat isot Ei
Methods. The insets in (A) and (B) show the full wavelength scans was furthered explored by steady-state anisotropy ( Igure
in the far- and near-UV regions, respectively. The molar ellipticity, 3)- Upon subunit dissociation, the anisotropy signal is
[6], has units of degn?-dmol. The symbols ininset A represent  expected to decrease, mostly due to a decrease in the
the full spectrum of native(), unfolded n 6 M urea ®), and correlation time of the rotating fluorophores. Changes in
rs‘i)fggﬁjdmé(gfi%%ﬁ/‘eF'PSél%’smb?g)"”a'n”dsitn?olrggéez;ergggi full anisotropy usually cannot be directly correlated with the
FIS. 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 unfolding1j. In
slope ( value) of the transitions and the concentration FIS, these effects can be considered minimal due to the
dependent change in tl@&, values decrease. These observa- similar fluorescence intensities of the native and unfolded
tions are not expected to occur in a two-state denaturationstates and the partial exposure of all four FIS tyrosines in
mechanism and, thereby, suggest the presence of an interthe native state (Figure 1). Therefore, it is likely that the
mediate. Therefore, to further probe for the presence of anmajority of the decrease in FIS anisotropy signal, upon
intermediate, we also monitored the denaturation of P61A addition of urea, arises from changes in quaternary structure.
FIS using near-UV CD and tyrosine fluorescence anisotropy. As expected, the anisotropy-monitored denaturation of P61A
The near-UV CD signal provides a convenient way to FIS occurs in a concerted and concentration-dependent
monitor changes in protein tertiary structure, as the specific manner.
environment of aromatic residues in the native state is uniqgue A representative overlay (36M data) of the P61A FIS
for every protein 49). The near-UV CD spectrum of FIS  equilibrium denaturation data from different methods is
arises from the different contributions of the protein’s four plotted in Figure 4 along with an overlay of the far-Uv CD
tyrosine residues that are positioned throughout the proteintransition of WT FIS at 36«M (6). The small shift to the
(Figure 1). The near-UV CD spectra of WT and P61A FIS left of the P61A FIS near-UV CD transition may suggest a
(see inset in Figure 2B) are noticeably different, indicating deviation from two-state denaturation, although there are
a different arrangement or mobility of one or more tyrosine larger errors in this data due to the low signal. Consistent
residues. The equilibrium unfolding of P61A FIS monitored with this suggestion, Table 1 shows that, for the far-UvV CD
by near-UV CD (277 nm) at 36 and 1M shows a loss  and anisotropy data, then values become consistently
of signal throughout the pretransition baseline upon addition smaller upon increasing the protein concentration, indicating
of urea, prior to the main unfolding transition (Figure 2B). a deviation from two-state behavior.tAest was performed
Since near-UV CD can monitor the loss of chirality in the (47, 51) to determine the probability that the differences in
environment of tryptophan and tyrosine residues resulting the m values are real and not caused by chance. Although
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Ficure 4: An overlay of the urea denaturation curves of P61A
FIS at 36uM determined by far-UV CD @), near-UV CD @),

and anisotropy @). 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 381 WT FIS (38).

The solid lines indicate a two-state fit as described in Materials
and Methods.
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for any two consecutive concentrations (e.g., 1.89 and 1.52
uM in far-UV CD) the t-test gives a high probability that
the correspondinghvalues are not statistically different, the
differences irm 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 lowast
values determined by anisotropy.

It has been shown for many monomeric proteins that a
decrease in the value of a mutant protein compared to the
WT is due to the population of an intermediat2{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 0
biphasic, the individual transition curves may be fit reliably
to a specific model. However, since in P61A FIS the presence FIGURE 5: The global fitting of the P61A FIS data to the three
of an intermediate is less ObViOUS, globa' f|tt|ng provides equilibrium denaturation models shown above. The symbols

. . . .« represent the far-UV CD data at 0.3 (W), 1.8u«M (O), 8.9uM
the most reliable method for analyzing the data to identify (’F;, 36 4M (O), and 107uM (@) PglA(FI)S. Tﬁé IiQeg repfesent

the appropriate model and extract the corresponding ther-ihe 'fit of the various models to the far-UV CD data, with the far-
modynamic parameters. UV CD native and unfolded baselines constrained to zero slope to

The data in Figures 2 and 3 were globally fit to a two- prevent fitting artifacts in the baseline regions. Only the far-UV
state denaturation mechanism, as well as both possible threeP dat? "’;_r e shown E’r.eaiﬁ of ‘QS;S%'Q% ”"\E f'tSZSC(rlOZS%% wide

S - - : - concentration range. Using the redu rthe N, < .03),

state _equ|I|br|um dengtgraﬂon m.odels.lnvolwr}g either a N <= 21 <> 2U (1.98), and M<> I, < 2U (0.68) models, aF-test
d'me”C Oor a monomeric Inter'medlate. Flgqre 5 is shown to predicts that the N<> |, < 2U is statistically the best fit to the
illustrate how well these various models fit the P61A FIS data.

data. Only the far-UV CD data are plotted to emphasize the
quality of the fit at five different protein concentrations. All Limited Proteolysis of P61A FIS by Trypsin.an attempt
of the data plotted in Figure 5 had both of the far-UV CD ' to compare the flexibility of P61A and WT FIS and to gain
baselines constrained to zero slope during global analysis ingome structural insight on the dimeric intermediate of P61A
_order prevent the algorithm from_ generating baseline artifacts FIS, we carried out limited proteolysis experiments. Figure
in an attempt to force a good fit onto the datg. Thes? plo_ts 6 shows the differences in the trypsin proteolytic cleavage
show that a three-state mechanism involving a dimeric atterns between WT and P61A FIS as analvzed by-SDS
intermediate is most consistent with the data. By comparison IgAGE The initial cleavage of FIS genera{es tw)é) core
of the ratio of the reduceg? obtained from fitting the data ' . ) :

o g fragments of about-78 kDa (Figure 6), which arise faster

to different models (Figure 5), aR-test @7, 48) predicts ) ,
that the three-state model involving a dimeric intermediate in P61A than in WT FIS. However, the subsequent cleavage

is a statistically superior fit with greater than 99% probability. Of the core fragments is much slower for P61A FIS. This
Table 2 shows the thermodynamic parameters from this fit, 'esult suggests that P61A FIS is initially more labile to
which results in aAGy,0 of 6.1 and 12.5 kcal/mol for the  Proteolysis due to an area of increased flexibility compared
N2 <= I, and b <> 2U transitions, respectively. The global to WT FIS. However, the resulting core fragment of P61A
fitting indicates that the dimeric intermediate retains 70% FIS is more stable and rigid compared to the WT protein,
of the native signal (see footnote to Table 2). making it more resistant to proteolysis.
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Table 2: Equilibrium Denaturation Global Analyis

AGn-1, M1, AGj 20 My,—2u AGny-2u MN<-2u
protein (kcal/mol) [kcal/(mol M)] (kcal/mol) [kcal/(mol M)] (kcal/mol) [kcal/(mol M)]
P61/ 6.1+ 0.3 1.03+ 0.05 125+ 0.4 1.10+0.06 18.6+ 0.5 2.13+ 0.08
WT 14.2+0.2 2.40+ 0.06

2 Global analysis was performed with SAVUKA version 5.1, a nonlinear least-squares fitting pro¢fa#i6), ° The relative optical signa¥)
of the intermediate state was calculated to be 0.27, where the signal for the valiead unfolded Y,) states is 0 and 1, respectively.

transitions begin to lose their concentration dependence at

MW = ;
: ' : the highest protein concentrations studied. Since sample
14.4 — preparation, data collection, and data analysis were identical
- 4 — for WT (6) and P61A FIS, it is unlikely that the changiny
6 A value observed for P61A FIS is due to an artifact or
3.5 - experimental error. Thus, a two-state model does not
. adequately describe the equilibrium denaturation of P61A
0 FIS.
20 As was suggested earlier by fitting the individual dena-
Mw [ B turation curves to a two-state denaturation mechanism (Table
-~ 3 1), the global fitting results (Figure 5A) show that this model
14.4 BSOS - ¥ is not consistent with the P61A FIS data. Since a two-state
“ : model assumes thah values will not change with protein
6 a ; concentration, it is not surprising that such a model fits the
3.5 T SRR e P61A FIS data poorly (Figure 5A), especially at the highest
.’ gt protein concentrations where the transition is significantly
0 50 116 200 400 less cooperative (lowen value).
20 80 150 300 500

The global fitting analysis also demonstrates that a three-
Reaction Times (minutes) state denaturation mechanism involving a monomeric inter-
FIGURE 6: Limited trypsin cleavage of (A) WT and (B) P61A FIS mediate is inconsistent with the P61A FIS data (Figure 5B).
at 20°C, with a 1:500 (w/w) trypsin:protein ratio, was monitored There is also an argument based on fundamental equilibrium
by SDS-PAGE. Aliquots from the reacting sample were removed concepts that would rule out a monomeric intermediate. If
and the reactions stopped at the times indicated on the gels. the P61A FIS intermediate were monomeric, it would be
expected that as the protein concentration is increased, the
first transition (N < 2I) would be stabilized with respect
to the second transition (2+ 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

P61A FIS Denaturation Mechanisrihen the denatur-  FIS denaturation data, as is demonstrated in Figure 5C by
ation of P61A at a single concentration is monitored by the excellent fit through the data points. This was shown to
different methods, the transition appears to occur in a two- be a statistically relevant improvement of the fit, with greater
state fashion due to the coincidence of the data (Figure 4).than 99% probability, according to thetest. The analysis
However, it is expected that if the denaturation mechanism reveals that the N< I, and b < 2U transitions have AG,0

Mass spectrometry was carried out to identify the trypsin
cleavage fragments seen by SBISAGE (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 SB®AGE (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 residue2®and
6—32.

DISCUSSION

is two-state, then then value andAGy,o of each transition
should be the same at all concentrations examiBégds(7).
This is what we observe for WT FIS®). In contrast, when

of 6.1 and 12.5 kcal/mol, respectively; both transitions have
mvalues of about 1 kcal/(mol M) (Table 2). The absence of
a biphasic transition, even at the highest concentrations that

the P61A FIS data are analyzed according to a two-statewe are able to study, indicates that the two conformational

model, a decrease im value upon increasing the protein
concentration (from 0.34 to 10iZM for far-UV CD) was
observed (Table 1). Also, upon close examination of the far-
UV CD denaturation curves (Figures 2A), which were carried

events are coupled. The global fit computes that the dimeric
intermediate has lost around 30% of the native sig¥aH

0,Yi = 0.30,Y, = 1). Even though one would expect that
different spectroscopic probes would yield a different signal

out over a broad concentration range, it appears that thefor the dimeric intermediate, the signal did not change when
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Ficure 7: Limited trypsin cleavage of WT and P61A FIS at 2D, 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 that the conformaftiona.ll qhange a_ssogiated with the formgtion
ocul of the P61A FIS dimeric intermediate involves the C-terminal
fragments average molecular mass region, which accounts for about 30% of the various
label (AA*® positions) calcd obsd spectroscopic signals. The unfolding of the C and D helices
W1° 6-98 10549 10544 of P61A FIS to form a dimeric intermediate is consistent
w2 6-32 2959 2951 ith the simil lues (Table 2) of th l,and b
w3 6-28 2530 2527 with the similarm values (Table 2) of the N1, an
P 6—98 10523 10518 2U transitions, since the pnfoldmg Qf this region woulq
P2 6-76 8046 8044 expose part of helix B against which it packs (Figure 1) in
Ei 2_33%1 Zgzg Zgi; the native state.
P5 3771 4109 4105 'Using theAG's, mvalues, and the optical signal of the
P6 6-32 2959 2955 dimeric intermediate obtained by global fitting, combined
p7 6-28 2530 2525 with the three-state denaturation equations described in

a AA stands for amino acic? A W in the fragment label indicates ~ Materials and Methods, we modeled the fraction of populated
the fragment is from WT FIS: A P in the fragment label indicatesthe  P61A FIS species at different concentrations (Figure 8). At
fragment is from P61A FIS. lower protein concentrations (0.38/), the denaturation is

nearly two-state because of the simi@y values of the N
the far-UV CD, near-UV CD, and anisotropy data were < lzand k<> 2U transitions, which leads to low population
analyzed separately by global fitting (data not shown). In of the intermediate (Figure 8A). For this reason, when the
the case of FIS, these results can be explained by looking alower concentration data are analyzed using a two-state
the crystal structure of P61A FIS (Figure 1). The predicted model, themvalues and\G,0's match closely to the global
30% signal loss in the far-UV CD signal upon formation of parameters determined using the three-state model with a
the dimeric intermediate correlates well with the unfolding dimeric intermediate (Tables 1 and 2). However, as the
of the C and D helices, which make up about 33% (18 out concentration of P61A FIS is increased, (g of the L <
of 54 residues) of the helical content of FIS. This C-terminal 2U transition moves further to the right, thereby partially
subdomain is the most likely region to become unstructured separating the N« 1, and b < 2U transitions (Figure 8B).
upon formation of the dimeric intermediate because it is Although the transitions are less coupled at the highest
largely involved in intramolecular interactions (Figure 1) and concentrations studied, there still is a significant overlap. It
has been shown by proteolysis to be the most flexible regionis for this reason that we observe a broadening of the
of the protein (Figure 6, Table 3). Mutational studies transition and, consequently, a lowervalue, as opposed
(unpublished results) indicate that-235% of the fluores- to a biphasic transition. Modeling predicts that, at P61A FIS
cence of FIS arises from tyrosine 95, which is the only concentrations higher than experimentally feasible, the
tyrosine located at the C-terminus (Figure 1). Therefore, a denaturation transition would become biphasic (Figure 8C).
30% change in anisotropy signal upon the formation@s | Increased Flexibility of the P61A FIS C-Terminal Region.
also consistent with the data. Furthermore, the 30% changeThe baseline slopes present in the near-UV CD denaturation
in the near-UV CD signal associated with the pretransition data suggest that the P61A mutation has increased the
baseline (Figure 2B) is also consistent with the global fitting flexibility of the C-terminal subdomain of FIS. Although the
data and is apparently reporting on the conformational pretransition slope of the near-UV CD data could be caused
flexibility of the C-terminus. This is also supported by the by very subtle structural effects that are propagated through
proteolysis experiments (Figure 6, Table 3) and our observa-the protein, the loss of near-UV CD signal in the absence of
tions from mutational studies involving the four tyrosine changes in the far-UV CD signal is often interpreted as
residues (unpublished results) that most of the FIS near-UV arising from changes in environmental asymmetry near the
CD signal arises from tyrosines 51 and 95. Thus, it appearsaromatic residue due to conformational fluctuaticO)(
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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 Stabilitylhe overallAGy,o 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 residuestihelices (—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
Urea stability, the equilibrium denaturation mechanism of P61A
FiGURE 8: Fractions of native (N @), intermediate ¢, W), and FIS is more complex than that of WT. Our data suggest that
unfolded (U,®) P61A FIS as a function of urea concentration at the C-terminus of P61A FIS was stabilized by the mutation
(A) 0.36u4M and (B) 107uM. Panel C shows the theoretical signal  pyt not to the same extent as the B helix dimer core. If the
Q%_g‘gﬁ (b.e)]ogtga;tnl\(/leci ir)o]rriotgz’\tﬂhze.e):slté;g m&dg)ml%gnﬁkjl C-terminus of P61A were not stabilized by the mutation, it
(a), and 890 mM &). The open symbols at 0.36, 8.9, and 104 would be expected to unfold at around 3.3 M urea (at 36
represents the far-UV CD data. The modeled fractions and signalsuM), as seen for WT FIS. In contrast, the equilibrium
were calculated using the data in Table 2 and the three-stateunfolding of P61A FIS does not begin to occur until 4 M
equations described in Materials and Methods. urea, a concentration of urea where WT FIS is nearly 100%
unfolded. Despite the increase in overall stability, the slope
Perhaps the best example of this is the molten globule statein the near-UV CD pretransition baseline and the rapid
of proteins, which is characterized by being highly flexible proteolytic cleavage of the C-terminal region suggest that
(no near-UV CD signal) while retaining native-like secondary the C-terminus of P61A FIS is also more dynamic than that
structure (i.e., no change in far-UV CD signd(58). Since of WT FIS. Therefore, the differential stabilization and
the pretransition baseline of WT FIS is not sensitive to urea, flexibility of the various P61A FIS subdomains appear to
it is probable that this area of presumably increased flexibility give rise to its three-state denaturation mechanism.
in P61A FIS is associated with the proposed dimeric Is Proline 61 Important for FIS Function® comparison
intermediate. of FIS amino acid sequences from 11 bacterial species

Since limited proteolysis is a convenient method to monitor revealed that proline 61 is fully conserved among these
the changes in protein flexibility upon mutatioss, we used species 5). This conservation is most striking Pseudomo-
trypsin proteolysis combined with SB®AGE and MALDI- nas aeruginosandNeisseria meningitidigrhere the overall
TOF MS analysis to probe the flexibility of the C-terminal FIS amino acid sequences diverged from thaEircoli by
subdomain of P61A FIS. The results demonstrate that WT about 55% and 67%, respectively. Such a strong conservation
FIS has a more rigid structure in its native state than P61A of proline 61 is quite remarkable given the destabilizing
(Figure 6). The native-like WT FIS band is persistent after effect generally attributed to the presence of proline in
500 min of treatment, whereas in P61A FIS, the band is a-helices and suggests that it may be subject to some
almost completely proteolyzed by 200 min. However, the selective pressure.
resulting WT FIS core fragments, residues# and 6-71, Previous work showed that serine or leucine substitutions
are very unstable compared to the corresponding P61A FISat this position severely reduced the ability of FIS to stimulate
core fragments. These core fragments, seen in both WT andDNA inversion while having modest effects on DNA
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binding, suggesting that a polar or bulky nonpolar side chain subtle change in denaturation mechanism. Therefore, these

at this position can significantly alter the structure or stability

of the N-terminal region responsible for stimulating DNA
inversion (1, 32). However, P61A showed only a modest

decrease in the ability to stimulate Hin-mediated DNA

inversion in vivo when expressed from thg.promoter on

a multicopy plasmid, and purified P61A FIS showed a small

decrease regarding this same function in vit). (This

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

suggested that the critical structural elements required for concentration. Since the concentrations at which P61A FIS
this activity in WT FIS are not substantially altered in P61A would exhibit a biphasic transition are not experimentally
FIS. Nevertheless, the greater susceptibility of P61A FIS to feasible, it would be interesting to make destabilizing

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

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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stabilizes ¢ 4 kcal/mol) the global structure of FIS, as clearly
indicated by the near doubling of tlt&, values (5.95 M at

36 uM, Table 1) over that of WT FIS (3.3 M at 3aM) (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 3.
4. Chou, P. Y., and Fasman, G. D. (1928. Enzymol. Relat. Areas

C-terminus rather than an altered structure since the 3D
structure and function of P61A FI®)(are very similar to 5
those of WT FIS. This increased flexibility is probably

caused by a weakening of the important salt bridge between 6.

K94 and E52 that occurs due to the small decrease in the
kink angle @) 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 8.

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 decreaseminvalue,
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 case6(, 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
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