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ABSTRACT. Stopped-flow measurements have been employed to study the kinetics of the conformational
changes in TetR (B) induced by tetracycline binding with and without'Mgns. Result of stopped-flow
fluorometry measurements at pH 8.0 indicate conformational changes in the-tugfix helix motif in

the N-terminal domain and in the C-terminal inducer binding domain. Binding of tetracycline (Tc) to
TetR in the absence of Mg can be described by a simple kinetics process, which is limited to the first
step association without any unimolecular conformational change step upon Tc binding. The rate constants
for this process are equal to 2:0 1® M~1 s and 2.1 s? for the forward and backward reaction,
respectively, and gave the binding constipt= 0.96 x 10° M~1. The kinetics of [Te-Mg]™ binding to

TetR can be described by reactions in which the first step describes the association characterized by the
rate constantk, = 1.4 x 1® M~ s tandky = 2.2 x 102 s ! and binding constari{, = 6.3 x 1° M.

The first step of [Te-Mg] ™" association is followed by at least three conformational change steps, which
occur in the inducer binding site and then propagate to the surroundings of Trp75 and Trp43 residues.
The rate constants for the forwald, and backwardk-., reaction for each of these conformational steps
have been determined. The thermodynamics of the binding of tetracycline with and withétittdlg

TetR was investigated by isothermal titration calorimetry (ITC) at pH 8.0 antdC25 he measurement
shows that TetR dimer possesses two equivalent binding sites for tetracycline, characterized by binding
constantK, = 9.0 x 10° M~ andK, = 7.0 x 10* M~ for Tc with and without M@", respectively. The
binding of the inducer to TetR, in the presence and absence &f Mg, is an enthalpy-driven reaction
characterized bAH = —51 kJ mot! and AH = —33 kJ mof?, respectively. The entropy changsS,

for the interaction in the presence of kgs equal to—38.9 J K'1 mol~1, and for the tetracycline alone,

it was estimated at17.6 J KX mol™.

Resistance to tetracycline in bacteria is negatively regu- has been estimated at abouf M~1. The high affinity of
lated by [Tec-Mg]™ complex. The mechanism of this TetR totetOoperators is drastically diminished upon binding
phenomenon is based on the active transport of tetracyclineof [Tc—Mg] " inducer to the protein. This phenomenon is
by the antiporter protein TetA. Expression of tie¢A gene also often used as a controllable switch for the regulation of
is strictly regulated by Tet repressor. When the tetracycline gene expression in eukaryotes).(
diffuses into bacteria, it is chelated by divalent metal ions,
preferentially by M@+, and then undergoes association with
a ribosomal subunit and in consequence blocks protein
biosynthesis], 2). Tet repressor, in the absence of Tc, binds
to thetetO DNA operator and prevents the transcription of
the genes encoding TetBnd TetA proteins. The equilibrium
association constant of Tc to 30S ribosomal subunit is on
the order of 16 M1, which is lower than the association
constant of [Te-Mg]* with Tet repressor3). Only [Tc—

Tet repressor is a homodimer protein, and a crystal
structure of TetR(D), with and without the inducer, has been
established?, 8). Each of the identical monomers of TetR
is composed of two distinct domains. The N-terminal domain
of the protein is responsible for DNA binding by the HTH
motif, and the regulatory C-terminal domain has tunnel-like
cavities responsible for the inducer binding. The two-{Tc
Mg]™ inducer molecules in the dimer of TetR are buried in
Mg]* complex is able to trigger the mechanism of confor- the binding c_gvities,_and they are about 33 A apart from the
mational changes for induction of Tet repressor but not the PNA recognition helices. The X-ray structure shogsthat
tetracycline molecule without the coordinated Mdpn (4). binding of [Tc-Mg] " inducer into TetR is accompanied by
Binding of tetracycline to TetR at pH 8.7 has been studied conformational changes in the protein, which in turn abolish
by fluorescence measuremer 4nd the binding constant  tS Specific interaction with DNA operators. The sequence
of conformational changes, triggered by the inducer, starts

J— with conformational changes within amino acids engaged
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Ficure 1: Structure of the complex formed between Tet repressor
and tetracycline Mg?*. The locations of tryptophan residues and
tetracyclines are marked. The figure was generated with WEBLAB
VIEWERPRO (version 3.7) using atomic coordinates for the FetR
tetracycline complex. The coordinates were obtained from Brook-
haven Protein Data Bank (accession code 2TCT).

distance between two DNA-binding domains of TetR,
measured for the midpoints of the DNA recognition helices
of HTH, increases from 36.6 to 39.6 &)( This distance is
too far for recognition of two major grooves of B-DNA by
TetR—[Tc—Mg]™ and the protein dissociates from ttetO

Kedracka-Krok et al.

650 (M) was from Merck, while Q-Sepharose Fast Flow and
Sephacryl S-200 HR were from Amsterdam Pharmacia
Biotech. The nutrients for bacterial growth were from Life
Technologies. All other chemicals were products of analytical
grade from POCh-Gliwice. Buffers in water purified by the
Millipore system were used throughout this work.

Protein Purification The wild-type Tet repressor, TetR
(B), and single tryptophan mutants TetR W43 and TetR W75
were overproduced iBscherichia colstrain RB 791. These
bacterial strains were a kind gift from Prof. W. Hillen
(Universitat Erlangen-Nurnberg, Germany). Protein purifica-
tion in general followed the scheme described by Ettner et
al. (10) with a few modifications11). After the purification
procedure, the protein was highly pure97%) as judged
by SDS-polyacrylamide gel electrophoresis and Coommasie
brilliant blue staining. The concentration of the dimer TetR
variants was determined spectrophotometrically using excita-
tion coefficientsezgonm= 30 x 10° (12), 22 x 10° (13), and
20.7 x 10° Mt cm™! estimated from amino acid sequence
(14) for TetR wt, TetR W43, and TetR W75, respectively.
The activity of the proteins was checked using the tetra-
cycline titration method. Concentration of tetracycline was
determined in 0.1 M HCI using an excitation coefficient of
€355nm = 13320 Mt cm! (5). The measurements were
performed in buffer A, 10 mM Tris, 150 mM NacCl, and 2

DNA operator and in consequence allows RNA polymerase MM DTT with 10 mM MgCk, pH 8.0, or in the absence of

for induction of expression dktRandtetA genes.
Previous biochemical and biophysical studies of Tet

repressor were focused on the conformational changes

accompanying binding of [TeMg]™ to TetR, both in the
crystal phasef) and in solution 8, 5, 9). In this investigation,
we would like to present the results of fast kinetics

measurements of tetracycline-induced conformational changeé)

in TetR. In this study, we will use the single tryptophan
containing mutants of TetR, which possess Trp43 or Trp75.

Mg?* ion in buffer B, 10 mM Tris, 150 mM NaCl, and 2
mM DTT with 1 mM EDTA, pH 8.0.

Stopped-Flow Fluorescence Measuremelisetic ex-
periments were performed on a SX-17 MV stopped-flow
spectrophotometer from Applied Photophysics (United King-
dom) in two syringes mode at 25 0.2 °C. The dead time
f mixing was determined to be less than 2 ms. Changes in
the protein conformation induced by Tc binding were
monitored in two different ways: (1) the increase in Tc

These tryptophan residues have been used as an intrinsiduorescence Wfs observed through a 475 .n;n cutoff filter
fluorescent probe, which allows for investigation of TetR (475FG03-25) from Andover Corporation with excitation

conformational changes as the kinetic process upon the
inducer binding. We will also use the changes in fluorescence

of tetracycline upon binding to the protein to follow the
reaction. Since the Trp43 residue is exclusively located in
the recognition helix of the HTH motif (Figure 1), this

residue can provide the kinetic information about what occurs

in N-terminal domain upon the inducer binding. On the other

hand, the fluorescence of tetracycline, as well as the Trp75

at 370 nm; (2) the decrease in Tet repressor fluorescence
was detected using band-pass filter 001FG09-25 from
Andover Corporation with maximum transmittance at 360
nm with excitation at 295 nm. For both types of experiments,
two different series of measurements were performed, the
first with large excess of one of reagents and the second
with concentration of substrates close to equimolar. The
mixing volume ratio was always 1:1. Four thousand data

residue, can inform us about the kinetics of conformational PCINts were acquired in each stopped-flow trace, and

changes occurring in C-terminal domain of TetR. In this

study, the thermodynamic parameters, such as binding ; : . ;
and entropy changes, characterizing thedveraged to obtain adequate signal-to-noise ratios. In case

t of experiments with excess of one of the reagents, that is,

constant, enthalpy,
reactions of tetracycline binding to TetR with and withou
Mg?*, are determined by isothermal titration calorimetry
(ITC). It is shown that when the more complete thermo-
dynamics of the binding reaction are considered, the differ-
ences in the interaction of tetracycline and {idg]* with
TetR can be described.

MATERIALS AND METHODS

Materials Acrylamide, phenylmethylsulfonyl fluoride

background measurements were carried out at the beginning
of each experiment. Ten to fourteen kinetic traces were

under pseudo-first-order conditions in which the concentra-
tion of binding sites of one substrate was@D-fold greater
than that of the second one, averaged kinetic traces were fit
using software supplied by Applied Photophysics to a single-

exponential decay or to a sum of such terms
F(t) = AF exp(— kyd) + F., 1)

whereF is the fluorescence intensity at timleAF andkops
are the amplitude and observed rate constant, respectively,

(PMSF), tetracycline, and Tris were purchased from Sigma. and F., is the fluorescence at infinite time. The validity of
Dithiotreitol (DTT), magnesium chloride hexahydrate, and the fitting was evaluated by an inspection of residuals and
sodium chloride were from Fluka. The Fractogel EMD;SO  normalized variation parameters.
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In case of semiequimolar substrate concentrations, sets ofdilution. For titrations in the presence of g the additions
progress curves were simultaneously fitted to an arbitrary were continued 56 times past saturation so that a heat of
reaction mechanism represented symbolically by a set ofligand dilution could be determined from these additional
chemical equations using the DynaFit prograt®)( The peak areas. The heats of dilution obtained from both cases
program determines the set of differential equations and thenwere then subtracted from the heats obtained during the
uses iterative nonlinear regression analysis to determine thetitration, prior to analysis of the data.
best-fit parameters to the experimental data. The estimated A Leverber-Marquardt algorithm performed by MicroCal
parameters were rate constants, molar fluorescence responsé3rigin scientific plotting software was used to fit the
of each compound, concentrations of protein, and offset of incremental heat of thih titration [(AQ(i)] of the total heat,
traces. The program was used to analyze the reaction byQ;
considering several alternate reaction mechanisms. To de- ) )
termine the appropriate model, a few criteria were used: (1) \ iy — o) + %[Q(') +Q(i — 1)] _0i-1) @
inspection of independent and dependent residuals; (2) Vo 2
convergence of the estimated parameters obtained from
fitting of independent sets of traces at different concentrations whereV, is the volume of the sample solution. For the model
of unchanged compound; (3) statistical criteria, that is, sum of the single set of identical independent sites, the following
of squares ané statistic; (4) convergence of the estimated equation was used:
rate constants obtained from global analysis and pseudo-

first-order kinetics; (5) convergence of the calculated equi- n[P]tAHbVO[ [L], 1

librium association constants obtained from global analysis <t — 2 l n[Pl,  NnK[P] B

and ITC measurement. For each type of experiments, two .
sets of progression curves were measured. In each set, the 14 [L]¢ i 1 )2 _ 4[L] 4
concentration of a reactant, the fluorescence of which was n[P],  nK[P], n[P], 4)

measured, was fixed. The two sets of kinetic traces were
performed at different concentrations of this reactant. For wheren is the stoichiometry of the binding reaction, |
each experiment, a few types of reaction mechanisms werethe total TetR concentration in the sample vesisiglis the
considered. Two sets of data were fitted independently. For binding enthalpy, an#, is the binding constant. The binding

the appropriate model, kinetic constants were convergent.entropies S,, were calculated using the following equation
To choose the appropriate model, we have usedFthe of the thermodynamics:

statistical test 16). Parameter$ have been calculated by

the following equation: AS = (AH, — AG)IT (5)
Fo (S —9S) (n—py 2 Standard deviations fdi,, S, andKy, were calculated from
S (p,—p) multiple titration runs.
RESULTS

wheren is the number of data pointS; and$; are the sums
of squares in models 1 and 2, respectively, anénd p; Kinetics Measurementdhe kinetics of the binding of
are the numbers of fitted parameters in models 1 and 2. Totetracycline to the TetR was measured as changes in the
distinguish between the simpler model 1 and the more tetracycline fluorescence intensity using a stopped-flow
complicated model 2, the critical values Bf;;, calculated method with fixed final concentration of tetracycline equal
at the 95% confidence level, have been compared with theto 1 uM. In all cases, after adding TetR, an increase in
appropriateF values. When th& value was lower then the  tetracycline fluorescence was observed with increasing
appropriate value ofy, the simpler model 1 has been protein concentration. The data for interaction between TetR
accepted. and [Tc-Mg] " complex were fit to a single-exponential or
Isothermal Titration CalorimetryAll calorimetric experi- to a sum-of-exponentials model. In all cases, a double-
ments were performed with a VATC MicroCalorimeter exponential model was superior, as can be judged from the
(MicroCal, Inc., Northampton, MA) in the buffer A, with or  normalized variance and residual distribution analysis. Ad-
without Mg?* cation, at 25°C. All solutions were thoroughly  dition of a third exponent did not improve the goodness of
degassed under vacuum for 5 min before being used. Ligandthe fit. The dependence of the rates for the fast and slow
(tetracycline) was prepared in the dialysate of the protein process on protein concentration is shown in Figure 2. The
buffer to minimize artifacts due to different compositions data for the faster process were fit to a straight line giving
of solutions. The reaction cell contained 1.4355 mL of protein a second-order rate constal,of (1.174+ 0.02) x 10° M1
in buffer, and the reference cell contained distilled water only. st and showed no signs of leveling off at the higher protein
The injection syringe was filled with ligand solution and concentration. The intercept of the straight line with the
rotated at 300 rpm during equilibration and experiment. y-axis should give the dissociation rate constagtbut this
Titration experiments consisted of 2@5 injections. The cannot be reliably distinguished from zero with the obtained
volume of the first injection was AL, and the subsequent data. The second dependence of the rate of the slower process
injection volumes were 3 and BL for experiments with has a hyperbolic shape, which suggests that-[Wig]*
and without Mg", respectively. Injection speed was @5's binding to TetR is followed by protein conformational
with 4-min intervals between injections. For experiments in changes. Unfortunately, the errors of the observed rate
the absence of Mg, separate titrations of the ligand solution constants do not allow for estimation of the elementary rate
in the buffer were performed to determine the heat of ligand constantk. andk_., with high accuracy.
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Ficure 2: Plot showing the dependence of the pseudo-first-order EIG;JhRE 36 Klnetl_csﬂ?f tf(latracycllne b|_n(tj|ng -:O Tfe_}_R E’-Vt trﬂeasl;Jred
: . ; - ! y the changes in the fluorescence intensity of Tc (in the absence
rate constants obtained from experiments of mixing excess of TetR Mg?"). Measurements were performed at°Z5in buffer B, pH
wt with tetracycline. In panel a, the slope of fitted straight line 8.0, at Tc final concentration of kM and various TetR final
corresponds to apparent second-order rate constants. Symbols concentrations: @) 0.95: (») 2.85; (J) 5.32; (v) 12.54: ) 33.25
mharkk?ata in the preserlut:)e ?]f I%’lga?]d (sjymbo(ljsr:! referft?]d"ﬂt‘;1 n d uM. The solid lines are the best fit of global analysis obtained from
Fate conetant fofthe Slowor phase of feaclon on iné conceniration.e DYnaFf program according to the model described in the
of binding sites of TetR wt in F;)he experiment with magnesium ions scheme in eq 6, characterized by the parameters prese_nted in Table
9 p 9 * 1. Panel b shows the plots of the residuals, (determined for the

The final concentration of tetracycline waguM. Measurements — ya4s 11)in panel a) for the fit to models 1, described by the scheme
were performed at 25C in buffer B in the absence of magnesium ;. eq 6, and 2, described by the scheme in eq 7 in the text.

or in buffer A in the presence of Mg.

In case of interaction between TetR and tetracycline in 100k ]
the absence of divalent metal ion, a single-exponential is
sufficient, as can be judged from the statistical analysis of Boort ]
the data, to describe kinetic traces obtained under pseudo-  §
first-order conditions. Figure 2a shows thags is linearly Q0941 ]
related to protein concentration as predicted by equétin go.m b ]
= kjTetR] + kg The individual rate constants were u_3_
calculated by linear regression analysis and gave the fol- 0088 1
lowing values: ky = (2.12 + 0.02) x 10° M7t s71; ky = =
1.98 + 0.06 s*. The equilibrium association constali %0'85 ] ]
calculated fromk, andkg is (1.074 0.07) x 1P M1, ®oet ]
The kinetics of the binding of tetracycline to TetR were
also analyzed in second-order conditions with the DynaFit A) . . . . 2]
computer global analysis program. Usually the global 3 . e ' ' ' J
analyses were performed using-1%39 independent traces 'g <l 2 b
measured at different ligand concentrations. In Figures 3, 4, o (') ] 5 3 . s
and 5, the typical kinetic courses of the reaction of Time (s)

tetracycline alone with TetR wt and its single tryptophan o o
containing mutants, TetR W43 and TetR W75, are shown, Ficure 4: Kinetics of tetracycline binding to TetR W43 measured
by the changes in the fluorescence intensity of tryptophan residues

respectively._ln the case of an interaction.between TeFR wit (in the absence of Mg). Measurements were performed at’Z5
and tetracycline, the progress of the reaction was monitoredin buffer B, pH 8.0, at TetR W43 final concentration of 1.2
by the changes in fluorescence intensity of tetracycline. In and various Tc final concentrations©)0.2; @) 2; (v) 5; (¢) 10
these experiments, the final concentration of TetR wt rangedﬂM. The solid lines are the best fit of global analysis obtained from

; ; the DynaFit program according to the model described in the
from 0.5 to 70uM for both tetracycline concenrations, that scheme of eq 6, characterized by the parameters presented in Table

is, 1 and 2uM. In the case of TetR W43 and TetR W75 1 'pane| b shows the plots of the residuals (determined for the data
mutant measurements, the decrease of tryptophan fluores{<) in panel a) for the fit to models 1, described by the scheme in
cence of the protein was observed with increasing tetracyclineeq 6, and 2, described by the scheme in eq 7 in the text.
concentration. For each experiment with TetR W43 and TetR

W75, where intensity of tryptophan fluorescence was moni- independent models were considered. The first simple model
tored, final concentration of Tc ranged from 0.25 to/18 described the one-step tetracycline binding process to each
for both protein concentrations, 1 angk®. Progress curves ~ monomer without consecutive reactions, and the second one
of the reaction of tetracycline in the absence of2¥gnd described the process in which the binding of tetracycline
TetR wt, as well as mutants TetR W43 and TetR W75, were to TetR wt and its mutants was followed by conformational
analyzed by the global DynaFit program, in which two changes of each monomer of the protein. The best model,
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1.00 | Table 1: Rate Constants for Association and Dissociation of TetR
and Tetracycline in the Absence of Magnesium lons, Obtained in
0095 the Experiment Monitoring the Changes in Fluorescence Emission
e of Tetracycline and by Detection of the Fluorescence of Tryptophan
80'90 Residues of Single Tryptophan Mutahts
B .85 TetR wt+ Tc (without Mg?+)
S TetR  ka(M-IsY) x 10° ke (s Ka(M~1) x 10°
080 wiod 2.12+0.02 1.98+ 0.06 1.07+ 0.07
2075 wed 2.040+0.002  2.130:0.006  0.96: 0.05
© wW75e 1.52+ 0.07 1.6+ 0.1 0.96+ 0.07
&9 0.70 W75e 1.869+ 0.004 1.103t 0.002 1.694+ 0.005
: wae 1.20+0.04 1.43+0.07 0.84+ 0.05
065 ] W43e 1.71+0.03 0.88+ 0.01 1.94+ 0.04
o . @ a2 The measurements were performed in buffer B, pH 8.0, &5
3 _ - b The values of association rate constant obtained by analysis of kinetic
‘© oI " traces measured under pseudo-first-order conditfonke values of
&’ . : : : association rate constant obtained by analysis of kinetic traces measured

3

0 1 2 under second-order conditions and calculated by the DynaFit program.
Time (s) d Excitation and emission of tetracyclineExcitation and emission of
tryptophan residues.

Ficure 5: Kinetics of tetracycline binding to TetR W75 measured
by the changes in the fluorescence intensity of tryptophan residues
(in the absence of Mg). Measurements were performed at°Z5

in buffer B, pH 8.0, at TetR W75 final concentration of 1,26l

and various Tc final concentrations©) 0.2; ) 2; (V) 5; (¢) 10

uM. The solid lines are the best fit of global analysis obtained from
the DynaFit program according to the model described in the
scheme of eq 6, characterized by the parameters presented in Table
1. Panel b shows the plots of the residuals (determined for the data
(V) in panel a) for the fit to models 1, described by the scheme in
eq 6, and 2, described by the scheme in eq 7 in the text.

©
o

N
=}
T

o
o

which described the binding of tetracycline alone to TetR
wt as well as its mutants, was one-step ligand binding to
each monomer of the protein, according to the scheme in eq
6. This model was superior, as can be judged by the analysis
of F statistic parameters described by eq 1. The values of
the F/F; ratio, calculated according to the eq 1, are equal
to 0.459, 0.916, and 0.465 for TetR wt, TetR W75, and TetR . \ _ ‘ . _
W43, respectively. Since all of theSevalues are lower than 0 10 20 20 40 50
F.it values, then one can expect that the simple kinetic model Time (s)

(scheme 6). IS suff|C|en_t to describe tetracycllr_1e blndl_ng to FiGure 6: Kinetics of tetracycline binding to TetR measured by
TetR and its mutant in the absence of Mgon. This the changes in the fluorescence intensity of Tc (in the presence of
observation can be supported by the visual inspection of themMg?*+). Measurements were performed at &5 in buffer A, pH
residual distribution presented in Figures 3, 4, and 5, which 8.0, at Tc final concentration of M and various TetR final
shows that fitting the experimental data to the more concentrations: @) 0.5; (&) 1; @) 2; (V) 4; (¢) 8 uM. The solid

. . . lines are the best fit of global analysis obtained from the DynaFit
complicated model described by the scheme in eq 7 doesprogram according to the model described in the scheme of eq 7,

not lead to the improved goodness of these fits. Taking characterized by the parameters presented in Table 2. Panel b shows
together, the best model that described this process was onethe plots of the residuals (determined for the d&¥ i panel a)

step ligand binding to each monomer of the protein, for the fit to models 1, described by the scheme in eq 6, and 2,
according to the scheme described by the scheme in eq 7 in the text.

Relalt)ive fluorescence
[=

-
o
T

Residues
05,
}

analysis with the DynaFit program, in which the binding of
tetracycline to TetR and Tc was followed by conformational
changes of each monomer of the protein, according to the

o scheme:
The rate constants and calculated association constant

obtained with the DynaFit program are shown in Table 1.
The typical kinetic courses of the binding of [F&g]™
complex to TetR wt are presented in Figure 6. In all cases,
the fluorescence of [FeMg]t complex increased after This model was superior, as can be judged byRtstatistic
adding of TetR. For each experiment, the final concentration analysis as well as by the visual inspection of the residual
of the protein was in the range from 0.2 to 4M in two distribution plots presented in Figures 6, 7, and 8, for both
independent sets of the measurements performed withtypes of experiments, that is, where progress of reactions
concentrations of tetracycline equal to 1 oud. Progress was monitored by the changes in tetracycline intensity, as
curves of the reaction of tetracycline in the presence of'Mg well as in the case when the fluorescence intensity changes
and TetR fit very well with the model, as described by global of one tryptophan residue of TetR mutants were observed

ka
TetR+ Tc <:> TetR-Tc (6)

ka ke
TetR+ Tc z TetR—Tc e TetR*—Tc (7

—C
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Table 2: Kinetic Parameters of Interaction of TetR with Tetracycline in the Presence of Magnesium lons Obtained in Two Types of
Experiment, Namely, by Monitoring the Changes in Fluorescence Emission of Tetracycline and by Detection of a Decrease in Fluorescence of
Tryptophan Residues of Single Tryptophan Mutants

TetR kP (M™tsh) x 1P ka(M™1s1) x 1P ka (s Ka(M™1) x 10° ke (579 kc(sh Ke
Excitation and Emission of Tetracycline
wt 1.17+0.02 1.46 (0.1) 0.019 (1.0) 7.7 (0.9) 0.20 (0.5) 0.010(1.7) 0.050 (1.2)
Excitation and Emission of Tryptophan Residues
W75 1.10+ 0.04 1.60 (0.4) 0.032 (3.4) 4.9 (3.0 0.092 (3.7) 0.041 (2.0) 0.45 (1.7)
w43 1.02+ 0.02 1.17 (0.9) 0.017 (3.8) 6.9 (2.9) 0.072 (0.8) 0.017 (2.0) 0.24 (1.2)

aThe values were calculated by DynaFit computer program according to the model including two consequent reversible reaction. The measurements

were conducted in buffer A, pH 8.0, at 26. The values in the brackets indicate the percent of the érfldre values of association rate constant
obtained by analysis of kinetic traces measured under pseudo-first-order conditions.
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FiIGURE 7: Kinetics of tetracycline binding to TetR W43 measured FIGURE8: Kinetics of tetracycline binding to TetR W75 measured
by the changes in the fluorescence intensity of tryptophan residuesPy the changes in the fluorescence intensity of tryptophan residues
(in the presence of Mg). Measurements were performed at 25 (in the presence of Mg). Measurements were performed at 25
°C in buffer A, pH 8.0, at TetR W43 concentration oM and °C in buffer A, pH 8.0, at TetR W75 concentration of«M and
various Tc final concentrations0j 0.25; () 1; (v) 2.5; ) 7.5 various Tc final concentrationsOj 0.4; (») 0.5; (@) 1.25; (¢) 2;

uM. The solid lines represent the best fit of global analysis obtained () 6 «M. The solid lines are the best fit of global analysis obtained
from the DynaFit program according to model described in the from the DynaFit program according to the model described in the
scheme in eq 7, characterized by the parameters presented in Tablécheme in eq 7, characterized by the parameters presented in Table
2. Panel b shows the plots of the residuals (determined for the data2. Panel b shows the plots of the residuals (determined for the data
(©) in panel a) for the fit to models 1, described by the scheme in (<) in panel a) for the fit to models 1, described by the scheme in
eq 6, and 2, described by the scheme in eq 7 in the text. eq 6, and 2, described by the scheme in eq 7 in the text.

upon adding [Te-Mg]*. The values of/F; ratio are equal Thermodynamic Measurement$ie typical results of ITC

to 779.5, 1499.5, and 1126.4 determined for TetR wt, TetR titrations of TetR wt solution with tetracycline solution in
W75, and TetR W43, respectively. All these values indicate the absence and presence ofVlgre shown in Figures 9
that theF ratio values are significantly higher than the value and 10, respectively. In both cases, the titration solution
of Feit and therefore strongly suggest that in the presence of containing about 2 mM tetracycline was added to about 50
Mg?* ions the kinetics of tetracyclineTetR interaction can ~ «M TetR solutions. The titrations were performed at°g5

be described by the model presented in scheme 7. ThisThe titrations were continued until there were not significant
observation is also supported by the residual distribution changes in peaks areas. The average parameters of fits of
presented in Figures 6, 7, and 8, which clearly shows thatthe data to eq 3 are presented in Table 3. Each parameter
the goodness of the fits is better in the case of the modelfor all binding reactions in Table 3 is an average determined
described by Scheme 7. In each case, after adding tetrafrom at least two different titration runs. The stoichiometry
cycline, the decrease of the tryptophan fluorescence of theof the binding reactions was always close to two (about 1.7
protein was observed with increasing ligand concentration. for TetR wt with and without Mg"). Both tetracycline
The decrease of fluorescence intensity was significantly morebinding reactions were exothermic with binding enthalpies
pronounced in the case of TetR W75 than in the case of equal to—32.9+ 1.05 kJ mot? for TetR wt without Mg*
TetR W43. The rate constants and associated equilibriumand equal to-51.54= 2.05 kJ mot? for TetR wt with M.
constants obtained from global analysis are presented inAn unfavorable, negative change in entropy was observed
Table 2. For each experiment where intensity of tryptophan in the binding reaction{17.64+ 3 and—38.94- 5.3 J mof?*

was monitored, final concentration of Tc was in the range K™ for conditions without and with Mg, respectively). The
from 0.25 to 15uM for both protein concentrations, 1 and interaction between tetracycline and TetR wt is solely driven
2 uM. by a decrease in the enthalpy.
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Ficure 9: Panel a shows the ITC titration of M TetR wt with

3 uL aliquots of 2.26 mM tetracycline in the absence of Mgn
buffer B, pH 8.0, at 28C. Panel b shows the binding isotherm for
titration as described in panel a where the solid line is the best fit
of the data to a one-site binding model.
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with 5 uL aliquots of 2.02 mM tetracycline in the presence ofVig
in buffer A, pH 8.0, at 25C. Panel b shows the binding isotherm

Heat Exchanged
kJ/mole of injectant

Biochemistry, Vol. 44, No. 3, 2005.043
DISCUSSION

In this study, the stopped-flow method and titration
calorimetry have been used to observe the kinetic and
thermodynamic mechanism of TetHc interaction. Binding
of tetracycline, in complex with Mg ions, leads to drastic
changes both in fluorescence of tetracycline and in the
intrinsic fluorescence of tryptophan residues. The kinetic
measurements have been performed by observation of
changes in tetracycline fluorescence, as well as by changes
in the fluorescence of single tryptophan containing mutants,
which possess only Trp43 or Trp75 residues. However in
the absence of Mg ions, the observed changes are much
less pronounced. The fluorescence of tetracycline was used
to study the kinetics of conformational change within
surroundings of the protein upon binding the inducer. The
process was studied under pseudo-first-order conditions, as
well as using direct global analysis of the kinetic data to the
second-order reaction, analyzed by the DynaFit progfin (
Under pseudo-first-order kinetics, in the case of binding of
tetracycline alone, the process can be described by a simple
exponential. The rates of the observed process linearly
increased with the rising ligand concentrations. The direct
analysis, without any preassumption performed by the
DynaFit program gave the best fit to the same simple model
based on the results obtained from pseudo-first-order kinetics
measurements. The rate constdqtandky and the associa-
tion constanK, are in good agreement with these found in
pseudo-first-order reaction and give further support to the
observation that the binding of tetracycline alone to TetR
can be described by a simple association process, without
any unimolecular conformational change step upon Tc
binding. On the other hand, for analysis of the kinetic data
in pseudo-first-order conditions, two exponentials are re-
quired to describe the kinetics of [fiMg]™ complex binding
to TetR. The rate of the faster process increased with the
[Tc—Mg]* inducer and gave the association rate congtant
equal to 1.17x 10° M~ s L The rate of the slow process
increased with increasing ligand concentration, reaching an
asymptotic value at a molar ratio of TetR/[T®g] " higher
than 100uM. Such behavior is usually interpreted as a two-
step sequential kinetic process, where the association step

for titration as described in panel a where the solid line is the best is followed by unimolecular change stel7f. Unfortunately,

fit of the data to a one-site binding model.

Table 3: Thermodynamic Parameters for Tetracycline Binding to
Tetracycline Repressor (in the Absence and the Presence 3)Mg

parameters TetR wt Tc TetR wt+ [Tc—Mg]+
Ka (M™% (6.99+0.49)x 10  (9.05+ 1.20) x 10°
AH (kJ mol3) —32.93+1.05 —51.5+ 2.05
AS(AK™*mol™?)  —17.64+3.02 —38.92+£5.32

a All measurements were performed at®5in buffer B, pH 8.0, in

the absence of magnesium and in buffer A, pH 8.0, in the presence of

Mg?*.

because of much lower fluorescence intensity changes of
[Tc—Mg]™ at higher protein concentration in the case of slow
step and also because more independent parameters are
needed in the fitting procedure, the only qualitative informa-
tion can be drawn from the analysis of this process.
Nevertheless, using the computer DynaFit program, we were
able to describe kinetics of TetRTc—Mg]* interaction. It
should be emphasized that few fitting terms were utilized to
describe the stopped-flow data sets. These parameters were
recovered from several different stopped-flow traces, which
gave about 50 000 data points. The unknown parameters in
the fitting procedure were linked over all of the stopped-

The differences between binding constants are moreflow data sets. The rigorous statistical data analysis has

significant and range from (6.98 0.49) x 10* M~ for TetR
without Mg?* to (9.05+ 1.2) x 10° M~ for TetR wt with

shown that the best model can be described by sequential
reversible process as proposed by measurements under

Mg?*. Although the presence of divalent cations induces the pseudo-first-order conditions. The consistence of the recov-
decrease in entropy, the greater negative change of enthalpered kinetic parameters obtained from the independent
is observed. pseudo-first-order measurements as well as from the global
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analysis, gives a high confidence of the proposed kinetic order conditions, and in all cases, it was well described by
model of TetR-tetracycline interaction. two exponentials. The rate of the observed process, calculated
For simplicity of analysis, it has been assumed that the for the first fast exponent, linearly increased with increasing
two binding sites for tetracycline in the protein dimer are [Tc—Mg]*, which indicated the ligand binding step. The
identical and independent, and in consequence, all of theslower process, described by the second relaxation time,
fitting procedures were performed for the monomeric form shows a hyperbolic shape of the plotkgfsversus the inducer
of the protein. This assumption is reasonable since it is well- concentration. The data analysis by DynaFit program in the
known that the two Tc binding sites in TetR dimer are not conditions of second-order reaction gave the best fit to the
cooperative §). The data analysis of the unimolecular same model as described by tetracycline fluorescence
conformational change step gave the rate con#ant0.2 changes in the case of [f&g]™ binding. The rate associa-
st and k- = 0.01 s?, which allow calculation of the tion constant remains in reasonable agreement with the value
equilibrium constant between Tet repressor before and afterestimated from pseudo-first-order measurements (Table 2).
the conformational change, at least in the surroundings of The dissociation rate constant, calculated for TetR mutant
Tc binding site. The low value df. = 0.05 indicates that  containing Trp43, is very close to the valuekgdetermined
TetR bound to [Te-Mg]* has been switched into the active for TetR wt, obtained upon the observation of changes in

conformation. [Tc—Mg]™ fluorescence intensity. The association constant
There are two tryptophan residues, Trp43 and Trp75, in K, calculated from the rate constants of TetR W43 mutants
each Tet repressor subunit. From the X-ray struct8Jeif is equal to 6.9x 10° M. The unimolecular conformational

is known that Trp43 is located about 3 nm from the center change step, which occurs in the surroundings of Trp43
of tetracycline and Trp75 is closer, 1.7 nm from the inducer residue, can be described by the ratess 7.2 x 102 s?
located in the protein pocket. The Trp43 residue is exclu- andk_¢ = 1.7 x 1072 s 1, which gave equilibrium constant
sively located in the helixturn—helix motif in the N- K. = 0.24 between TetR before and after conformational
terminal domain of the protein, and the changes in its changes. This value is significantly higher than kaevalue
fluorescence intensity induced upon binding of Tc into determined for the transition in the surroundings of tetracy-
hydrophobic pocket in C-terminal domain of Tet repressor cline binding pocket and can indicate that this equilibrium
can give the information about the kinetic mechanism of is less shifted into the active conformation of TetR. The
cross-talk between these two domains. On the other hand,comparison of thé. values can indicate that the isomeriza-
changes in fluorescence of tetracycline and the Trp75 residuetion step, which involves the HTH structure of TetR, occurs
give the information about the changes in the protein in the with higher relaxation time than the relaxation time of
surroundings of these species in the C-terminal domain uponconformational changes, which occur in the protein sur-
TetR—Tc complex formation. roundings of Tc.

To determine the kinetic mechanism of the interaction of  To determine the kinetic mechanism of conformational
[Tc—Mg] ™" with TetR, the stopped-flow measurements were changes in C-terminal domain of TetR caused by {Tdg]*
performed and monitored using single tryptophan containing binding, the stopped-flow measurements were performed by
mutants, which possess either the Trp43 or Trp75 residue.observation of the TetR Trp75 residue fluorescence intensity
The process was studied both under pseudo-first-orderchanges using single tryptophan containing mutant. The
conditions and in conditions of second-order reaction and process was studied under pseudo-first-order conditions, and
analyzed by the DynaFit computer program. similarly to the results obtained in the case of Trp43-

Interaction of tetracycline with TetR leads to a decrease containing TetR, is well described by two exponents. We
in Trp43 and Trp75 fluorescence intensity and to a substantial have also studied this process under second-order conditions
increase in the fluorescence of tetracycline; however, theseand analyzed the kinetic data by DynaFit program. The
changes are much more pronounced in the presence©f Mg results presented in Table 2 show that the fast process,
than in the case of Tc alone. Upon binding of fidg]™ described by association rate constpitremains in good
complex to TetR, the fluorescence of Trp43 decreased, whichagreement with the values of association tatéetermined
in part can result from the energy transfer from Trp43 to by observation of tetracycline fluorescence changes upon
the tetracycline, with the concomitant blue shift in the binding to the protein. It is well-known1@) that the
fluorescence emission maximum by about 10 nm. Our fluorescence of the Trp75 residue of TetR is effectively
previous studies also indicate that binding of {Tdg]* guenched by fluorescence energy transfer mechanism upon
complex into TetR induces changes of several other fluo- binding of the inducer. It can be expected that this phenom-
rescence parameters, such as the decrease in Trp43 fluoregnon should be more visible in the case of Trp75 then for
cence lifetime 18), quenching of its emission by iodide the Trp43 residue since the distance of Trp7Ts in the TetR
quencher9), and fluorescence anisotropy chang&g, 0) complex is about 1.7 nm in comparison to the distance of
of Trp43 residue. The observed changes can be explainecabout 3.0 nm that has been found for the pair Trp#8
by a decrease in internal mobility and hydrophobicity of the (8). The equilibrium constant,, calculated for the TetR
Trp43 residue, as well as by changes in distance betweenW75 mutant is in the range of th€, values determined for
this residue located in the HTH motif in the N-terminal the TetR wt, as well as the mutant TetR W43 (Table 2).
domain and tetracycline located in C-terminal domain of the The consistency of these kinetic and thermodynamic param-
protein. The fluorescence emission of the Trp43 residue of eters strongly supports the suggestion that the fast process,
TetR was used to study the kinetics of the conformational independently of the use of fluorescence emitting species
change of the HTH motif, as well as the distance between for the reaction progress observations, monitors the associa-
both domains of the protein due to tetracycline binding to tion of the inducer with the protein. This phenomenon, in
TetR. The kinetic process was studied under pseudo-first-the case of binding of [FeMg]™ complex into Tet repressor,
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is followed by at least three conformational change steps, dimer characterized by exothermic binding reaction. The
which occur in the inducer binding site and then propagate association constant of [fdVig]™ binding to TetR, deter-

in the surroundings of the Trp75 residue located in the mined by direct ITC measurements and equal to £91.2)
C-terminal domain and in the surroundings of the Trp43 x 10° M1, is in good agreement with the results derived
residue in N-terminal domain of the protein. All these from kinetic measurements, namek, = 7.7 x 106 M1,
changes can be described by their own values of rateThe consistency of the these value, obtained both from
constantk. andk-¢, as well as by the equilibrium constant kinetic and thermodynamic studies, strongly supports the
K. between Tet repressor before and after the conformationalnoncooperative model of the interaction of [felg]™ with
changes. The different values f calculated for each step  TetR. The determined value f, is by about 2 orders of
indicate that almost all Tet repressor molecules bound to magnitude lower than the value &, equal to about 10
[Tet—Mg]™ will be in the active conformation of the inducer M- obtained by steady-state fluorescence and equilibrium
pocket, in opposition to the next steps, which differ in  measurements performed at pH 8.7 and°@5(3). These
equilibrium between active and inactive conformations. discrepancies may result from the differences in the pH
Taking these together, we would like to suggest that the values of the buffer used in both measurements. In this study,
kinetics of the interactions of [FeMg] ™" inducer complex gl the measurements have been performed in Tris-HCI buffer
with Tet repressor can be described by the following at pH 8.0 and 25C. It is known @5) that the chelating of
consecutive reversible reactions: Mg2* by tetracycline strongly depends on pH value of the
buffer used. Since thekKpvalue of protonation of the 012

ka Koy ke indi ; ;
. . group at the M§" binding site of Tc is equal to about 7.7
TeR+ TCTJ TetR—Tc i: TetR*—Tc 1:; (6), at pH 8.0 employed in this study only about 50% of the
Kos inducer has been loaded by the metal ion, as has been
TetR**—Tc < TetR***—Tc (8) estimated by ITC measurements (data not shown). Indeed,
kcs the ITC calorimetric studies of Mg binding to tetracycline

e performed as a function of pH shows that the metal binding

However, one cannot exclude that the fidg]™ binding sjte was close to one at a pH value near 26).(Since in
can trigger conformational changes with different rates in e cytoplasm of bacteria the pH value is about 7.8, one can
different parts of the molecule. expect that inside the cell only about half of the tetracycline

When the tetracycline is bound to the TetR wt, TetR W43, a1 pe loaded by Mg and in vivo under physiological
or TetR W75 mutants in the absence of ¥igthe kinetic  ¢onitions there will be a mixture of tetracycline chelated
processes are limited only to the first association step without 54 not chelated by Mg. ITC measurements show that
the following conformational changes in the surroundings tetracycline without Mg binds to TetR with association
of tetracycline or surroundings of the Trp45 and Trp75 constant, = (7.0 + 0.5) x 10* M4, and this value is in
residues of the protein. Upon binding of tetracycline in the agreement with the value (0_9&’ 0.05) x 10° M-!
absence of M to TetR, the fluorescence of Trp75 as well ' yetermined from the kinetic studies. If one takes into account
as Trp43 decreased due to the energy transfer from they, . ,<cociation constant vale = 3 x 10° M1 for TeR—

tryptophan residue to tetracycline. The rate association [Tc—Mg]* . :
; g]" complex, determined at pH 8.7 by Takahashi et
constants determined for both mutants of TetR (Table 1) are | (), and theK, = 7 x 10* M~! value for TetR-Tc

in reasonable agreement with the values determined by
monitoring tetracycline fluorescence. This observation in-
dicates that in solution the presence ofVlpns is necessary
for inducing the structural relaxation of the protein structure,
which occurs within different time scale. However, it has
been shown that TetR can bind with high affinity anhydro-
tetracycline in the absence of Mgand it can induce TetR

complex, determined by ITC measurements, then the geo-
metric average value of these association constant is equal
to 1.4 x 10’ ML This average value is close to the value
of 9.0 x 1¢° M~ that has been determined for the TetR
[Tc—Mg]* complex by the ITC method at pH 8.0 and further
supports the suggestion that under physiological conditions

in vitro. This indicates that the induction mechanism must there exists a mixed population of complexes of TetR with

be different for tetracycline and for anhydrotetracyclifg, ( [Te—Mg]" and free tetracycline.
22). Our ITC measurements show that binding of tetracycline
The X-ray study of the TetR(D) structure, with and without t0 Tet repressor is an enthalpy-driven reaction. However,
the inducer, shows2@, 24) that the binding of [Te-Mg]* binding of free Tc into TetR is a less favorable enthalpic
to TetR, followed by direct coordination of Mg to the component than in the case of tetracycline chelate. The more
His100 residue, triggers a sequence of conformational favorable changes in [FeMg]™ enthalpy can result from
changes in the protein, which in consequence lead to rotationthe chelating of the metal by the TetR His100 residue as
of the DNA recognition HTH helices in the N-terminal Wwell as by three hydrogen bonds with a water molecule in
domain. The binding of [TeMg]* into tunnel-like cavities ~ the protein binding site 8). This molecular [Te-Mg]*
in the regulatory C-terminal domain of TetR provides restraint can be at least responsible for the observed
sufficient energy to drive these conformational changes in unfavorable entropy changes. On the other hand, it is known
the protein moiety. To determine the thermodynamic pa- from the X-ray structure studie24) that binding of the [Te-
rameters, which describe the mechanism of the inducerMg]t complex causes a switch from the more dynamic
interaction with Tet repressor, we used an ultrasensitive VP- structure of Tet repressor, which can adapt to the DNA
ITC titration calorimeter. Both, in the case of TetR wt, as operator sequences, to the more restrained form, which
well as in case of the single tryptophan containing mutants, abolishes or prevents the specific interactions with DNA
this method shows two equivalent binding sites per TetR operator.
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