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Gyrase, an essential bacterial topoisomerase, is the target of
several antibiotics (e.g. quinolones) as well as of bacterial
toxin CcdB. This toxin, encoded by Escherichia coli toxin-
antitoxin module ccd, poisons gyrase by causing inhibition of
both transcription and replication. Because the molecular
driving forces of gyrase unfolding and CcdB-gyrase binding
were unknown, the nature of the CcdB-gyrase recognition
remained elusive. Therefore, we performed a detailed ther-
modynamic analysis of CcdB binding to several fragments of
gyrase A subunit (GyrA) that contain the CcdB-binding site.
Binding of CcdB to the shorter fragments was studied directly
by isothermal titration calorimetry. Its binding to the longer
GyrA59 fragment in solution is kinetically limited and was
therefore investigated via urea induced unfolding of the
GyrA59-CcdB complex and unbound GyrA59 and CcdB,
monitored by circular dichroism spectroscopy. Model analy-
sis of experimental data, in combination with the relevant
structural information, indicates that CcdB binding to gyrase
is an enthalpic process driven mainly by specific interactions
between CcdB and the highly stable dimerization domain of
the GyrA. The dissection of binding energetics indicates that
CcdB-gyrase recognition is accompanied by opening of the
tower and catalytic domain of GyrA. Such extensive struc-
tural rearrangements appear to be crucial driving forces for
the functioning of the ccd toxin-antitoxin module.

DNA gyrase, a type II topoisomerase, is one of the enzymes
essential for the modulation of the topological state of DNA in
bacteria (1, 2). In Escherichia coli gyrase exists as a heterotet-
ramer consisting of two GyrA and two GyrB subunits. The
GyrA subunit contains the catalytic domain (DNA breaking-
resealing activity), whereas the ATP hydrolysis site is located on
the GyrB subunit (3). Gyrase is a well validated target of several
antibacterial agents (e.g. quinolones) (4). In recent years resist-
ance to these antibiotics has become a major health concern,
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and therefore fundamental research on alternative antibiotic
leads is necessary.

Certain bacterial toxins also target gyrase. One of them is the
CcdB toxin encoded by the ccd operon from E. coli plasmid F (5,
6). The crystal structure of CcdB bound to the dimerization
domain of the GyrA subunit of gyrase suggests that CcdB can
bind only to the open conformation of GyrA (7). This structural
information sets the basis for understanding gyrase poisoning
at the molecular level. However, the key question as to the
nature of the forces that drive the binding of CcdB to GyrA and
how they are connected to the structural alterations of these
proteins and to the function of the ccd toxin-antitoxin module
(8) remains unanswered. An attempt to answer it requires com-
bination of the structural information with the detailed ther-
modynamic analysis of CcdB binding to various GyrA frag-
ments and unfolding of proteins involved in the binding
process.

Therefore, we studied binding of CcdB to the fragments
GyrA59, GyrAl4, and GyrA12 (Fig. 1). GyrA59 is the func-
tionally relevant fragment because it is, in the presence of
GyrB, able to relax negative supercoils of DNA (9, 10).
Unfortunately, the binding of CcdB to GyrA59 in solution
cannot be followed directly, presumably because of the
kinetically limited step of opening of tower and catalytic
domains of GyrA59 (Fig. 1), which enables CcdB to access
the binding site located on the GyrA59 dimerization domain
(7). Because the thermal denaturation of GyrA59, CcdB, and
their complex GyrA59-CcdB is irreversible and because it is
known that efficient CcdB binding to GyrA59 at relatively
low temperatures necessitates chemical denaturation and
renaturation of GyrA59 (11), we attempted to investigate the
CcdB binding to GyrA59 via the reversible urea denaturation
of GyrA59-CcdB, GyrA59, and CcdB monitored by CD spec-
troscopy. Using these data, the thermodynamics of CcdB
binding to GyrA59 was successfully described from the ther-
modynamic cycle in which the thermodynamic functions
characterizing the GyrA59-CcdB denatured state were
assumed to be equal to the sum of the corresponding func-
tions characterizing the denatured states of free GyrA59 and
CcdB.

By contrast, binding of CcdB to the shorter GyrA fragments
GyrA12 and GyrA1l4 (Fig. 1) can be followed directly by isother-
mal titration calorimetry (ITC),> which appears to be the most
appropriate method for investigating binding energetics (12—

2 The abbreviation used is: ITC, isothermal titration calorimetry.
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solutions from the post-transition
urea concentrations to the pretran-
sition urea concentrations. By com-
paring the CD spectra measured for
these diluted solutions with those
obtained for the same solutions pre-
pared directly from urea and buffer
solutions, we estimated the extent
of reversibility of the observed tran-
sitions to be higher than 80%.

ETVDFVDNYD GTEKIPDVMP TKIPNLLVNG SSGIAVGMAT NIPPHNLTEV INGCLAYIDD EDISIEGLME

HIPGPDFPTA AIINGRRGIE EAYRTGRGKV YIRARAEVEV DAKTGRETII VHEIPYQVNK ARLIEKIAEL
VKEKRVEGIS ALRDESDKDG MRIVIEVKRD AVGEVVLNNL YSQTQLQVSF GINMVALHHG QPKIMNLKDI
IAAFVRHRRE VVTRRTIFEL RKARDRAHIL EALAVALANI DPIIELIRHA PTPAEAKTAL VANPWQLGNV
AAMLERAGDD AARPEWLEPE FGVRDGLYYL TEQQAQAILD LRLQKLTGLE HEKLLDEYKE LLDQIAELLR

ILGSADRLME VIREELELVR EQFGDKRRTE ITA

FIGURE 1. Structural representation of CcdB binding to gyrase A fragments GyrA12, GyrA14, and GyrA59
and their amino acid compositions. CcdB dimer (brown) binding to GyrA59 dimer consisting of dimerization
(red), tower (blue), and catalytic (green) domains and connecting helices (yellow). GyrA12 consists of residues

372-482, whereas GyrA14 consists of residues 363-497.

18). The thermodynamic parameters of binding and unfolding
obtained by global analysis of CD and ITC data were dissected
into enthalpic and entropic contributions that were further dis-
cussed in terms of structural features of the bound (unbound)
and folded (unfolded) states of CcdB and GyrA59 and function-
ing of the ccd toxin-antitoxin module.

EXPERIMENTAL PROCEDURES
Preparation of Protein Solutions

The preparation and purification of CcdB and gyrase frag-
ments GyrAl2, GyrA14, and GyrA59 has been described else-
where (19-21). Their structure and the corresponding amino
acid sequences are given in Fig. 1. The GyrA59-CcdB complex
was formed by (urea) denaturation/renaturation and purified
as described previously (11). CcdB and all gyrase fragments
are dimers in solution at nondenaturing conditions. There-
fore, molar concentrations of these proteins are expressed in
moly,, ., liter'. Prior to calorimetric and spectroscopic meas-
urements, solutions of purified proteins were dialyzed exten-
sively against phosphate buffer (0.02 M sodium phosphate, 0.15
M NaCl, 0.001 M EDTA, pH 7.5). All of the samples for the urea
denaturation experiments were prepared by mixing 10 M urea
and protein stock solutions to a final urea concentration
between 0 and 8 m. The pH level of all solutions was checked
and adjusted to 7.5 by the addition of NaOH. The concentra-
tions of protein solutions were determined spectrophotometri-
cally from the absorbance at 280 nm in 6 M GdmHCI at 25 °C.
using extinction coefficients obtained from the method intro-
duced by Gill and von Hippel (22).

CD Spectroscopy

CD spectroscopy measurements were performed with an
AVIV Model 62A DS spectropolarimeter (Aviv Associates) at
different temperatures lower than the one at which the proteins
start to denature irreversibly. Changes in secondary structure at
increasing urea concentrations (0 — 8 M) were followed by meas-
uring the ellipticity at 225 nm in a 1-cm cuvette at a protein
concentration of ~0.7 uM (see Fig. 2). The reversibility of the
urea-induced transitions was checked by diluting the protein
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Isothermal Titration Calorimetry

Experiments were performed
between 15 and 40 °C in a VP-ITC
calorimeter from Microcal Inc.
(Northampton, MA). Before each
experiment the protein solutions
were degassed for ~20 min. A solu-
tion of GyrA12 or GyrAl4 (c = ~40
uM) was titrated into a solution of CcdB (¢ = ~2 uMm). The
enthalpy of interaction (AH) was obtained by integration of
the raw signal, corrected for the corresponding heat of dilution,
and expressed per mole of added GyrA12 or GyrA14 per injec-
tion (see Fig. 4, a and b). In addition we performed a competi-
tion titration of the GyrA59-CcdB complex (¢ = ~2 um) with
GyrAl4 (c = ~80 um) at 25 °C (see Fig. 4c).

Thermodynamic Analysis of Experimental Data

Global Model Analysis of Urea-induced Unfolding Curves
Monitored by CD—Urea denaturation of GyrA59, CcdB, and
the GyrA59-CcdB complex can be successfully described in
terms of a two-state or three-state model. The models can be
defined as follows,

K
A, <—— A]

Ker)
B, <— 2B°

KI(T,u) KID(T,u)
AB, «—— | «<—— AD + 2B°

MODELS 1-3

where A,, B,, and A,B, represent GyrA59 dimer, CcdB dimer
and GyrA59-CcdB heterotetramer in their native (N) sates,
respectively, whereas superscript D denotes the proteins in
their denatured (D) states. The transition to the intermediate
state (I) accompanying the denaturation of A,B, complex is
assumed to be monomolecular. The apparent equilibrium con-
stants in Models 1-3 are functions of temperature (7) and urea
concentration (#) and can be defined as: K7, = [AS]/[A,],
Kyirwy = [BPIY/[B,], Kz, = [/[A,B,], and Kiper,, =
[AD][BP]?/[1]. The quantities in the square brackets represent
the corresponding equilibrium molar concentrations that are
dependent on T and u. According to the models the measured
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ellipticity (6,,) at a given wavelength, T and u can be
expressed in terms of the corresponding contributions 6y,
017y and O,y that characterize pure states N, I, and D as
follows,

O = Ongwoney T Oawicy T Ooawoory  (Ea.D)

where a7,y ez, and o, represent fractions of pro-
teins in states N, I, and D, respectively, at given T'and u. In the
case of A, denaturation, the fractions are defined as ay;,,) =
Uy = [Axl/[As] and a7,y = @aD(7,0) = [Agr]/[A,], inthe
case of B, as ayry = @1, = [Bul/[By], and apgy,, =
= 1/2[B"]/[B,], and in the case of A,B, denaturation
() = Casy(ru) = [A2Bal/[AS], whereas ap ., and 057,
are defined as ap(z,) = @aprw = AP(rw and Opep,,) =
O0x,0( 7,0y T 2057,y respectively ([A,], and [B,], represent total
GyrA59 dimer and CcdB dimer concentrations that are in the
case of A,B, denaturation equal to the total concentration of
the complex [A,B,],). Because 0y, and 04, can be esti-
mated at any measured T as linear functions of u (pre- and
post-transitional base lines; see Fig. 2b), one can, by taking into
account that o,y + @7,y + Qs = 1, express the meas-
ured ellipticity in the terms of a normalized signal (see Figs. 2C
and 3) as follows,

QBP(7,u)

A0/ Abpr) = (O —

- GN(T,U))/(OD(T,U)

9N<T,u>)/ (9D<T,u) - GN(T,u)) = [(9|<T,u>
= Oniw) oy + oy = Foury + apry
(Eq.2)

where (0., = Oxer)/ (O — Onerw) is obtained directly
from the experiment, whereas the expression Fiot; -,y + o7,
can be, as shown below, calculated from the model. For two-
state denaturation of A, and B, the first term in Equation 2 is
equal to zero (Fia; = 0). For A,B, denaturation the quantity F;
can be assumed to be temperature-independent and was set as
a global model (adjustable) parameter. On the other hand,
A07,,,/A0p 1,y can be connected to the thermodynamics of
unfolding through the proposed models (Models 1-3) accord-
ing to which the linear dependence of the standard Gibbs free
energy of unfolding (AGj . ,,) on u for the i-th transition (i = A
B, I, or ID) can be at any T expressed as follows,
—m;-u (Eq.3)

AG?(T,U) = AGET)

where m; is an empirical parameter correlated strongly to the
amount of protein (A,, B,, A,B,, or I) surface area-exposed to
the solvent upon denaturation (23) and assumed to be temper-
ature-independent. AGy, , is the standard Gibbs free energy of
unfolding in the absence of urea (z = 0) that may be expressed
in terms of the corresponding standard Gibbs free energy
(AGj 1) and standard enthalpy of unfolding (AH?(TO)) at a ref-
erence temperature 7, = 25 °C and standard heat capacity of
unfolding (AC3,) (assumed to be temperature-independent)
through the Gibbs-Helmholtz relation (integrated form).

AG,(T) AGI(T)T/T + A i(To) [ - T/To] + AC‘;J[T - TO

—TIn(T/T,)] (Eq.4

It follows from Equations 3 and 4 that the model (adjustable)
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TABLE 1
Thermodynamic parameters of binding and unfolding

Thermodynamic parameters determined at 7, = 25 °C were obtained from global
fitting of the model functions to the ITC binding data (Equation 6 and Fig. 4) and
urea denaturation data (Equation 2 and Fig. 3).

Parameter
Process (i)
AGjir,) AHjir,) AGCp, m;
keal mol ™! keal mol ™! keal mol™ " K1 kcal mol ™" m™!
CcdB binding
GyrA12¢ —11.2 (*0.2) —8.0(+0.2) —0.41 (£0.05)
GyrA14* —11.8(+03)  —7.3(=0.3)  —042(*0.05)
GyrA59b —14.5(*15) —11.0(*+4.4) —0.54 (+£0.60) —1.0(*0.3)
Urea unfolding®
GyrA59-CcdB
Step I 6 (+0. 7) 16.1 (+2.2) 1.1(*+0.3) 2.1(*0.2)
Step ID? 32 8(x1.0)¢  352(+2.6)" 3.2 (+0.4)% 3.2 (*0.1)
GyrA59 4.9 (+0.3) 12.4 (+0.9) 1.0 (+0.1) 1.3 (+0.1)
CcdB 21.0 (*=0.9) 27.9 (£2.6) 2.7 (+0.4) 2.9 (*+0.2)

“ Model analysis of ITC binding data: = values represent parameter errors estimated
as 2X standard deviations obtained as square roots of diagonal elements of vari-
ance-covariance matrixes.

®Values of thermodynamic parameters obtained from model analysis of urea
unfolding curves using the corresponding thermodynamic cycle.

¢ Average thermodynamic parameters obtained from fitting the model functions to
two independent experimental datasets (Figs. 3 and Fig. 1-SM, supplemental
materials). * values represent parameter errors estimated as a square root of the
sum of the corresponding variances.

4 Values calculated from parameters describing CcdB binding to GyrA14 and CcdB
unfolding.

parameters AGj . ), AHj ), AC;, and m; define AGf;,,,, and
thus the corresponding K;;,, (K1, = exp(—AGj,,/RT)).
Consequently, they specify the populations of species in solu-
tion (K7, = A1) = N, L or D), 301,y = 1 > a1,,,,) and
the model functlon (Equation 2) at any u and T (see Fig. 3). The
best global fit values of AGj;.,, AHy.,, and ACy, (Table 1)
obtained using the nonlinear Levenberg-Marquardt regression
procedure (24) were used to estimate AGj, (from Equation 4),
AHj ;, from the Kirchhoff’s law (integrated form),

AHjiy = AHjr,) + AGAT = T,) (Eq.5)

and the corresponding entropy contribution, TAS7,, from the
general relation AGj;, = AHj ) — TAS} .

Global Model Analysis of ITC Binding Curves—Fitting of
the model function (describing 1:1 GyrAl2+CcdB and
GyrA14+CcdB associations) to the sets of ITC curves meas-
ured at various temperatures (see Fig. 4, a and b) was per-
formed as described below. The model function at a given
temperature T can be defined as (25) follows,

AHT ,(T)(an /anz)p'rm (Eq6)

where AHj ;, is the standard enthalpy of formation of the com-
plex i (GyrA12-CcdB or GyrA14-CcdB), , is the amount of the
complex, and n, is the total amount of the added ligand. The
derivative in Equation 6 can be expressed as (26, 27) (én,/
815)p 1 = 0.5(1 + [1—r—c]/[r* —2r(1 — ¢) + (1 + ¢)*]°°
where ¢ = 1/(K,1+[B,],), K1, is the apparent binding constant
defined as K, = [A,B,]/([A,][B,]), where A, is the GyrA12 or
GyrA14 dimer, B, is the CcdB dimer, r is the GyrA/CcdB molar
ratio, and [B,], is the total CcdB dimer concentration in the
measuring cell. The corresponding standard Gibbs free energy
AGj ;) and standard enthalpy AHj ;) at T,, = 25 °C and stand-
ard heat capacity of binding AC3 ; (assumed to be temperature-
independent) define AGj;, and AH};, at any T by Equations 4
and 5. Thus, the values of adjustable parameters AGf; ),
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AH ), and AC}; completely define the temperature depend-
ence of the binding constant [K|,, = exp(—AGj,/RT)], the
model function (Equation 6) at any 7 and consequently the
corresponding thermodynamic profiles (see Fig. 6). The best fit
values of the adjustable parameters (Table 1) were obtained
using the nonlinear Levenberg-Marquardt regression proce-
dure (24). The competition titration of the GyrA59-CcdB com-
plex with GyrA14 (see Fig. 4¢) can be interpreted in terms of a
displacement reaction: GyrA59-CcdB + GyrAl4 < GyrAl4-
CcdB + GyrA59. The general form of the model function for its
description is the same as for 1:1 binding (Equation 6), where i
represents the formed GyrA14-CcdB complex. In contrast to
1:1 model the derivative in Equation 6 for the displacement
model can be expressed as [(K(;/(2K; ) = 2)][1 — (K py(r — 1)
+ 2/(Kypy(r — 1)* + 4K, 4,0)°°], where K, 4, is the corre-
sponding apparent displacement constant, and r is the GyrA14/
CcdB molar ratio. The best fit values of the displacement
parameters K;.;y and AHj ., at T = 25 °C were obtained using
the nonlinear Levenberg-Marquardt regression procedure (24).

Dissection of Thermodynamic Parameters of Protein Unfold-
ing and Binding—Numerous recent studies of protein unfold-
ing and protein-protein binding processes have shown that the
corresponding enthalpy (AHj,,) and heat capacity (AC}))
changes can be parameterized in terms of changes in solvent-
accessible polar (AAp) and nonpolar (AA,,) surface areas
accompanying these processes (23, 28 —31). Such a parameter-
ization is based on the estimation of the nonpolar (4, and
polar (Ap) solvent-accessible areas of proteins in the initial
(folded, unbound) and final (unfolded, bound) states. They
were calculated with the program NACCESS version 2.1 using
the probe size of 1.4 A (32). A and A}, of native (folded) GyrA59
(closed conformation) and CcdB dimers were obtained from
the known crystal structures (10, 33), whereas the Ay; and A,
values of the completely unfolded GyrA59 dimer and CcdB
monomers were estimated as the sum of the accessibilities of
the protein residues located in the Ala-X-Ala tripeptides (28,
29). Ay and A, of the GyrA14-CcdB complex were obtained
from the crystal structure, whereas the corresponding values
for the GyrA12-CcdB and GyrA59 (open conformation):
CcdB complexes were estimated from structural models (7).
If not stated otherwise, the atomic coordinates of unbound
proteins were extracted from the structures of correspond-
ing complexes by deleting the coordinates of either of the
two binding partners. The heat capacity (ACj3 ;) and enthalpy
changes (AHj, = AHj ;) + ACp, (T — Ty)) accompanying
unfolding or binding can be expressed as the sum of nonpo-
lar (subscript N) and polar (subscript P) contributions (28 —
31).

ACE; = AGn + AGp = aAAy + bAA, (Eq.7)
AHj = AHjp + AHgpe = [c + a(T — Ty) JAAy
+[d + b(T — TW]AA,  (Eq.8)

Parameters ¢ = 0.45 calmol ' K™ A™2, b = —0.26 calmol ™!
K 'A% ¢= —844 calmol A2 and d = 31.4 calmol 'A~?
are obtained from Murphy and Freire (28) and Xie and Freire
(34), whereas AHj ;. ) is parameterized as AHj ., ) = cAAy +
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dAA, (34) and represents the enthalpy of unfolding observed
with most global proteins at their median transition tempera-
ture of Ty; = 60 °C. As shown recently (35-37), the thermody-
namics of a protein unfolding and some association processes
can be correlated with its structural features through AA,, and
AA, values calculated from Equations 7 and 8 using the exper-
imentally obtained values for AC}; ; and AHj,. This enables the
dissection of ACp, and AHj,, into contributions caused by
interactions of nonpolar (AC}; \, AHj ) and polar (ACp, p,
AHj 1, p) surfaces.

The entropy change (ASj;,) accompanying unfolding or
binding processes can be expressed as (28 —31, 34, 38) follows.

AS;’ZT) = ASISET),soIv + ASIFZD,O'(her (Eq' 9)
The solvation contribution (ASj;.,) that describes the
changes in exposure of polar and nonpolar groups to the sol-
vent upon unfolding or binding of the proteins may be esti-
mated as AS; 1 .1, = ACp; In(T/Ty) (28, 39), where Tg~ 112 °C
is the reference temperature at which AS} ;, 1, is assumed to
be equal to zero. The second term (AS 7, o) Was estimated
by subtracting the calculated ASj, ., = ACp; In(T/Tg)
from the corresponding measured ASj,, (Equation 9; see
Fig. 6). It can be considered as the sum of changes in config-
urational, translational, rotational, and side chain conforma-
tional entropy contributions that accompany unfolding or
binding processes (38, 40).

RESULTS

Urea Induced Unfolding Monitored by CD—Because the
thermal denaturation of GyrA59, CcdB, and GyrA59-CcdB is
irreversible, we attempted to investigate the thermodynamics
of protein unfolding transitions via the reversible urea denatur-
ation (Fig. 2). The normalized circular dichroism signal (Equa-
tion 2) measured as a function of urea concentration (u) at
various temperatures (7) can be successfully described in terms
of two-state (GyrA59 and CcdB) or three-state (GyrA59-CcdB)
models (Fig. 3). To begin with, the appropriateness of the sug-
gested models characterizing CcdB, GyrA59, and GyrA59-
CcdB denaturation (Models 1-3) needs some qualitative sup-
port. In the case of CcdB, it was well established that its
denaturation is accompanied by dissociation of the dimer (41,
42). Because this finding was further confirmed by the observed
concentration dependence of urea unfolding curves (Fig. 2c),
we considered the B, <> 2B” model (Models 1-3) as an appro-
priate model for description of CcdB denaturation. By contrast,
the transition curves accompanying GyrA59 unfolding (Fig. 2¢;
see also supplemental Fig. 1-SM) are concentration-indepen-
dent, thus indicating that the transition is monomolecular
(A, <> A,P). Because the measured ellipticity of GyrA14 dimer
(Fig. 1) is independent on u (Fig. 2a), we assumed that the
GyrA59 transition observed at relatively low u (2—4 M) results
only from opening and (partial) unfolding of the tower and/or
catalytic domains and not from a complete unfolding to the
random coil state. Because the structure of the dimerization
domain of GyrA59 (Fig. 1; CcdB-binding site) is obviously not
altered significantly even at high u (Fig. 2a), it follows that the
first GyrA59-CcdB denaturation step observed in a similar u
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FIGURE 2. Urea induced denaturation profiles. g, ellipticity measured at 225
nm and 5 °C was recalculated to the same protein (CcdB-dimer, GyrA14-
dimer, GyrA59-dimer, GyrA59-CcdB = heterotetramer) concentration (0.64
um). The ellipticity characterizing the denatured state of GyrA59-CcdB is
equal to the sum of the signals characterizing the denatured states of
unbound GyrA59 and CcdB. The corresponding signal of the native GyrA59-
CcdB complexis significantly lower than the GyrA59 + CcdB signal, whichisin
accordance with the proposed opening of GyrA59 tower and catalytic
domains upon CcdB binding. The ellipticity of the GyrA14 dimer does not
change with increasing urea concentration suggesting insignificant struc-
tural changes located in the GyrA dimerization domain. b, example of analysis
of urea denaturation profiles (GyrA59-CcdB profile from a) to obtain normal-
ized ellipticities (Equation 2) by using pre- and post-transitional base lines
that define ellipticities of the native and denatured state over the whole
range of urea concentrations, u. ¢, ellipticity as a function of urea concentra-
tion expressed as normalized ellipticity (Equation 2) measured for GyrA59 and
CcdB at low concentrations (0.64 um GyrA59 and 1.1 um CcdB; presented as
open symbols) and at ~10 times higher concentrations (filled symbols). The
lines represent the corresponding model unfolding curves calculated from
the best fit parameter values presented in Table 1.

interval (2—4 M) may be ascribed to conformational changes in
GyrAb59, whereas the second step observed at higher u values
corresponds to the release of the CcdB dimer from the open
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FIGURE 3. Modeling urea-induced denaturation profiles. Ellipticity meas-
ured as a function of urea concentration expressed as normalized ellipticity
(Equation 2) for GyrA59 (a) and CcdB (b) and GyrA59-CcdB complex (c). The
lines represent the best global fits of the denaturation models (Equation 2;
see the insets) to the experimental data. The corresponding populations of
species calculated from the best fit parameters (Table 1) at 5 °C are pre-
sented in d.

GyrA59-CcdB intermediate and its further dissociation into
CcdB monomers.

To rigorously test the appropriateness of the proposed dena-
turation models, we performed their global fitting to the sets of
unfolding curves measured at different temperatures (Fig. 3; see
supplemental Fig. 1-SM). We performed two sets of temperature-
dependent denaturation experiments for CcdB, GyrA59, and
GyrA59-CcdB. They were all reasonably well described by the
proposed models. For CcdB, GyrA59, and the first step (Models
1-3, I step) of GyrA59-CcdB denaturation, the differences
between the best fit parameters obtained from fitting the mod-
els to the two independent datasets were within errors esti-
mated from the corresponding variance-covarinace matrixes,
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meaning that they can be considered as reliable thermody-
namic descriptors of these processes. By contrast, the obtained
thermodynamic parameters describing the second step (Mod-
els 1-3, ID step) of GyrA59-CcdB denaturation (AGjp 4y,
AHY 1y, and ACp ) were highly unreliable because their sig-
nificantly different values resulted in equally good global fits.
Therefore, the parameters AGyy 7y, AH 7y, and ACp , were
calculated independently and then used in the fitting procedure
as fixed values. Their independent determination was based on
the assumption that the ID step in the suggested model (Models
1-3) reflects mainly the release of CcdB dimer from the dimer-
ization domain of GyrA59 followed by its further dissociation
into denatured CcdB monomers. Because CcdB-GyrA14 bind-
ing can be considered as a process opposite to the release of
CcdB dimer from the dimerization domain, we obtained the
corresponding thermodynamic parameters as CcdB-GyrAl4
binding parameters (Table 1) with the opposite sign. Because
the parameters accompanying CcdB denaturation were
obtained from analysis of unfolding curves of CcdB alone
(Table 1) we calculated AGyy(7y AHjye4y, and AC3; as the
sums of contributions of the two processes mentioned above.

The average best fit thermodynamic parameters (Table 1)
obtained by global model analysis of the urea unfolding data
enable calculation of fractions of protein molecules that
populate the predicted thermodynamic states (Models 1-3).
It can be seen in Fig. 3d that the denatured states of unbound
GyrA59 and CcdB are significantly populated at # > 3 and >
4 M, respectively, whereas the fractions of denatured GyrA59
and CcdB resulting from dissociation of the GyrA59-CcdB
complex are significant at higher u, indicating a substantial
conformational stabilization of the two binding partners
upon their association.

Binding of CcdB to GyrA Fragments Monitored by ITC—The
calorimetric binding isotherms accompanying association of
CcdB to GyrA12 and GyrA14 exhibit the characteristics of a 1:1
association process (Fig. 4, a and b). This observation is con-
firmed by the global model analysis of ITC data (Equation 6)
showing very good agreement of 1:1 binding model with the
family of the ITC curves measured at various T (Fig. 4, 2 and b).
To test whether protonation or deprotonation of the proteins is
coupled to their binding, we performed the same ITC experi-
ments also in Tris buffer (0.02 m Tris, 0.15 M NaCl, 0.001 M
EDTA, pH 7.5, T = 25 °C), which has approximately 10 times
higher ionization enthalpy than the phosphate buffer (43).
Because the titration curves observed in Tris are the same as
those observed in phosphate, we concluded that no protonation
or deprotonation is involved in association of CcdB with
GyrA12 and GyrAl4.

DISCUSSION

Energetics of Unfolding in Correlation with Structural
Features—The thermodynamic parameters presented in Table
1 were used to estimate the corresponding thermodynamic
profiles of unfolding of GyrA59, CcdB, and GyrA59-CcdB (Figs.
5 and 6). The observation that folding of all studied proteins in
the standard state at physiological temperatures is an enthalpy-
driven process accompanied by an unfavorable entropy contri-
bution and negative heat capacity change is a general feature of
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FIGURE 4. Binding events monitored by ITC. Enthalpies of CcdB binding to
GyrA12 (a) and GyrA14 (b) GyrA fragments at various fragment/CcdB molar
ratios (r) and temperatures (T) monitored by ITC. The lines represent the best
global fits of the models (Equation 6; schematically presented as insets in
panels a and b) from which the corresponding thermodynamic parameters
were extracted (Table 1 and Fig. 6). ¢, competition ITC experiment: The
GyrA59-CcdB complex was titrated with GyrA14 at T = 25 °C. The line repre-
sents the best fit of the displacement model (Equation 6) The obtained best fit
thermodynamic parameters AG, = 1 (* 1) kcal mol~" and AHZ =3 (% 2)
kcal mol ™" corresponding to the GyrA59-CcdB + GyrA14 <> GyrA14-CcdB +
GyrA59 process combined with those accompanying CcdB + GyrA14 <
GyrA14-CcdB association (Table 1) result in values of AGg, = —13 (1) kcal
mol~" and AHg, = —10 (%2) kcal mol~" for CcdB + GyrA59 <> CcdB:GyrA59
binding that are in accordance with the corresponding thermodynamic
parameters estimated from urea denaturation experiments (Fig. 6). Because
of very low heat effects accompanying the titration, we consider this experi-
ment only as an additional support of the physical meaning of the thermody-
namic binding parameters presented in Fig. 6.

globular proteins (28, 29). Thermodynamic stabilities (AGj )
exhibit well defined maxima between 7' values of ~20 and 25 °C
(Fig. 5a).

Besides the general thermodynamic description we present
here the dissection of the measured thermodynamic quantities
of unfolding of GyrA59, CcdB, and GyrA59-CcdB at 25 °C to
various contributions based on Equations 7-9 (Fig. 6). For each
protein parsing of the measured enthalpy of unfolding indicates
that the contributions caused by the interactions involving
polar surfaces that favor protein folding overcompensates the
corresponding contributions of nonpolar surfaces that on aver-
age favor protein unfolding. Furthermore, parsing of entropic
contributions indicates that the contribution caused by the
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FIGURE 5. Thermodynamic profiles of GyrA59, CcdB, and GyrA59-CcdB
unfolding. Standard Gibbs free energy, AG{, (a), standard enthalpy, AH;, (b),
and the corresponding entropy contribution, TASE;, (c) in the absence of urea
(u = 0) as functions of temperature, T, were estimated from the best fit param-
eters (Table 1) by using Equations 4 and 5 and the general relation AGg, =
AHZ, — TASE,. The differences, [AF3,(GyrA59) + AFg,(CedB)] — AFZ,(GyrA59-
CcdB), where F = G, H, TS, represent the corresponding thermodynamic
parameters of GyrA59-CcdB binding.

changes of configurational, translational and rotational free-
dom (TAS} 7y ouher) that favors protein unfolding slightly pre-
vails over the solvation contribution (TAS7, ..,), which favors
protein folding.

As shown recently (35, 36), the correlation of the experimen-
tally determined thermodynamics of protein unfolding with its
structural features can be carried out using an approach in
which the average number of amino acid residues participating
in the unfolding process (N} is estimated from the combination
of experimental thermodynamic data and parametrized Equa-
tions 7—-9. The value of (N) can be obtained as (N) = (N)q+AA,/
AAg, where AA, refers to the total change in the solvent-acces-
sible surface area calculated from Equations 7 and 8 as A4, +
AA,, AAgr (ST = structure) to the corresponding change in
accessible area calculated for the complete unfolding of the pro-
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FIGURE 6. Thermodynamic profiles at 25 °C accompanying CcdB-GyrA
binding and unfolding processes. g, the standard thermodynamic quanti-
ties AG(, (open column), AHE, (filled column), TASZ, (hatched column). Dissec-
tion of energetic (Equations 7-9). b, contributions to AHg, caused by the
changed interactions of polar (P) and nonpolar surfaces (N). ¢, TAS{, contri-
butions caused by the differences in solvation (solv) of the final (bound,
unfolded) and initial states (unbound, folded) and other contributions caused
by the changes of conformational, translational, and rotational freedom
(other). In the case of unfolding the estimated contributions are divided by a
factor of four for clarity.

tein from its structural data, and (N)g; is the total number of
residues contained in the protein. For GyrA59 unfolding the
obtained (N) of ~50 is only ~5% of its (N)g, indicating that the
GyrA59 urea-denatured state is far from being completely
unfolded, thus suggesting that the observed thermodynamics of
unfolding probably results only from opening and partial
unfolding of the tower and/or catalytic domains. This conclu-
sion is confirmed by estimation of (N) from AS} /) ,iper (Equa-
tion 9) that gives a (N) value of ~60. Namely, in the case of
monomolecular unfolding of GyrA59 AS}{;, ... may be attrib-
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uted to the configurational entropy change (AS7 /) .,¢) that can
be estimated as ASj;) conr = (N)»As,,p Where Asg, - = 4.3 cal
K™ ! (mol residue) ' is the average overall residual configura-
tion entropy change obtained from the thermodynamic data
base for unfolding of monomeric proteins (28). For CcdB
unfolding the above approaches give a (N value of ~140 or 150,
respectively, which is ~70% of (N)g. This indicates that also for
CcdB its urea-denatured state cannot be considered as the fully
unfolded state. It should be noted that in the case of CcdB the
estimate of (N) of ~150 from AS} ;) e (Equation 9) takes into
account that the dimer unfolding is accompanied by monomer-
ization. Therefore, the corresponding AS; /) .. Was consid-
ered as the sum of changes in configurational (ASj{; .one)>
translational and rotational (AS;,,,) and side chain confor-
mational (AS;,, ..) entropies (38, 40). AS; /., was estimated
as an entropy change accompanying (rigid body) dissociation of
the dimer (AS5 4, ., = 50 cal K™ 'mol ') (30), whereas the cor-
responding ASj ;, . was estimated using an approach of Baker
and Murphy (40) that gives AS5;, .. = 10 cal K™ 'mol™'. Rea-
sonable agreement between the (N) values determined from two
different relations for both GyrA59 and CcdB suggests that the
presented enthalpy and entropy contributions may have a real
physical meaning. We are well aware that these contributions
determined from the described combination of experimental
thermodynamics and structure-based parameterization can be
considered only as reasonably good approximations because
they comprise errors of the empirical parameterization and
those of the measured thermodynamic quantities. Neverthe-
less, we believe that using this approach one can explain, at least
in a semi-quantitative way, the correlation between the ther-
modynamics of urea-induced unfolding of GyrA59 and CcdB
and the structural features of their folded and unfolded states.

As shown in Fig. 6, the thermodynamic profile of the first
GyrA59-CcdB unfolding step together with the dissection of its
AHj ., and TASj,, contributions is very similar to those
observed with the pure GyrA59, whereas the corresponding
thermodynamic characteristics of the second step seem to be
very similar to those observed with unfolding of the pure CcdB.
This observation is in accordance with the proposed unfolding
models. Namely, the first GyrA59-CcdB unfolding step that
corresponds to conformational changes of GyrA59 is accompa-
nied by slightly higher AGy;,, and AHj ;. values than in the
case of pure GyrA59, indicating that CcdB binding stabilizes
GyrA59 tower and/or catalytic domains in the open conforma-
tion by additional noncovalent interactions. Similarly, the sec-
ond step that corresponds to the release of the CcdB dimer
from the open and partially unfolded GyrA59-CcdB intermedi-
ate and its further dissociation into CcdB monomers is accom-
panied by slightly higher AGj ;) and AH};, values than those
observed for unfolding of pure CcdB, indicating that the spe-
cific interactions of CcdB with the dimerization domain of
GyrA59 stabilize the dimeric conformation of CcdB.

Driving Forces of Gyrase Recognition by CcdB—The thermo-
dynamic parameters of binding of CcdB to the GyrA12 and
GyrA1l4 (Table 1) obtained by model analysis of ITC data show
that the formation of both complexes is an enthalpy-driven
process accompanied by a small favorable entropy contribution
(Fig. 6). The significantly negative heat capacities of binding
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suggest that the hydrophobic effect plays an important role in
these binding events. The thermodynamic profiles of CcdB
binding to GyrA12 and GyrA14 are nearly the same, indicating
that the (connecting) helices (Fig. 1) located on GyrA14 and
GyrA59, but not on GyrA12, do not play an important role in
CcdB binding to gyrase. The dissection of thermodynamic
parameters (Fig. 6) suggests that formation of the GyrAl2-
CcdB and GyrA14-CcdB complexes is driven mainly by inter-
actions of the polar surfaces of each protein and by the reduced
hydrophobic solvation of the complex state. Indeed, according
to recent structural (7) and mutagenesis (5) studies, the inter-
actions involving Arg*®* of GyrA appear to be central in the
structure of the GyrA14-CcdB complex. The entropy contribu-
tions, other than that caused by changes in solvation
(TAS{ 1) 0thess Equation 9) are highly unfavorable, mainly
because of the loss of translational and rotational freedom upon
(rigid body) association (TAS, ., ~—298'K 510" % kcal K™ !
mol ™! ~—15 kcal mol ") (30) accompanied by the loss of con-
formational freedom of a side chain (the interacting surface con-
sists almost entirely of the side chain atoms (7); TASy . ~—5
kcal mol ! (40)).

In contrast to the association of CcdB with GyrA12 and with
GyrA14, binding of CcdB to GyrA59 is a kinetically limited
process and thus cannot be studied in a real time experiment.
Therefore, the thermodynamics of the GyrA59-CcdB complex
formation was investigated via the urea unfolding of GyrA59-
CcdB, GyrA59, and CcdB (Figs. 2 and 3). The thermodynamic
parameters of the GyrA59-CcdB formation (Table 1 and Fig. 6)
were obtained from the parameters describing unfolding of
GyrA59-CcdB, GyrA59 and CcdB using the thermodynamic
cycle in which the thermodynamic functions characterizing the
GyrA59-CcdB denatured state were assumed to be equal to the
sum of the corresponding functions characterizing the dena-
tured states of free GyrA59 and CcdB (Fig. 24). The physical
meaning of the GyrA59-CcdB binding parameters is supported
by the ITC experiment monitoring the displacement of CcdB
from the GyrA59-CcdB complex by GyrAl4 (Fig. 4c). The
obtained thermodynamic parameters of displacement in com-
bination with the known GyrA14-CcdB binding characteristics
(Table 1), result in thermodynamic parameters (Fig. 4c) that are
in accordance with those presented in Table 1 and Fig. 6. We
believe that these results show that our approach gives reason-
able estimates of GyrA59-CcdB binding parameters.

The thermodynamic binding profiles (Fig. 6) reveal that the
binding of CcdB to GyrA59 (K ~ 5:10'° M~ 1) is approximately
two orders of magnitude stronger and more enthalpy-driven
than its association with GyrA12 or GyrA14 (7, 44). This sug-
gests that the tower and/or catalytic domains in the open con-
formation stabilize the GyrA59-CcdB complex through specific
interactions that are predicted by our structural model of the
GyrA59-CcdB complex (Fig. 1) and partially confirmed by the
site-specific mutagenesis studies on CcdB (5). Similarly to
the GyrA12-CcdB and GyrA14-CcdB associations, the dissec-
tion of thermodynamic parameters accompanying GyrA59-
CcdB binding (Fig. 6) suggests that it is driven mainly by inter-
actions of the polar surfaces of each protein and by the reduced
hydrophobic solvation of the complex state. The dissection fur-
ther suggests that the higher strength of GyrA59-CcdB interac-
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tions in comparison to those within GyrA14-CcdB comes
mainly from additional interactions between polar surfaces of
the tower and/or catalytic domains and CcdB. Moreover, the
solvation entropy contribution seem to be slightly more favor-
able than in the case of GyrA14-CcdB. All these findings are in
accordance with our structural model of GyrA59-CcdB com-
plex formation (Fig. 1), which predicts burial of additional polar
(AAA, = ~—450 A?) and nonpolar (AAA,, = ~—200 A?) sol-
vent-accessible surface areas upon binding of CcdB to the tower
and catalytic domains.

Taken together, our results show that gyrase poisoning by
CcdB is an enthalpy-driven process, mainly because of specific
interactions of CcdB with the GyrA dimerization domain,
accompanied by opening of the tower and/or catalytic domains.
Furthermore, one can expect that the displacement of CcdB
from the gyrase-CcdB complex is accompanied by closing of
these domains (cell rejuvenation). In other words, such exten-
sive structural rearrangements appear to be crucial driving
forces for the functioning of the ccd toxin-antitoxin module.
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