10914 Biochemistry2000, 39, 10914-10920

Tet Repressor Induction without M’

Oliver Scholz, Peter Schubert, Martin Kintrup, and Wolfgang Hillen*

Lehrstuhl fur Mikrobiologie, Institut fur Mikrobiologie, Biochemie und Genetik, Friedrich-Alexander Lvsita
Erlangen-Nunberg, Staudtstrasse 5, 91058 Erlangen, Germany

Receied May 4, 2000; Rased Manuscript Receed June 26, 2000

ABSTRACT. We have examined anhydrotetracycline (atc) binding to Tet repressor (TetR) in dependence
of the Mg?™ concentration. Of all tc compounds tested so far, atc has the highest affinity for TetR, with
aKa of 9.8 x 10" M1 in the presence of Mg and 6.5x 10° M~ without M¢?". Thus, it binds TetR

with 500-fold higher affinity than tc under both conditions. The ?dree binding of atc to TetR leads

to induction in vitro, demonstrating that the metal is not necessary to trigger the associated conformational
change. To obtain more detailed information abou£Mfyee induction, we constructed and prepared to
homogeneity four single-alanine substitution mutants of TetR. Three of them affect residues involved in
contacting M@" (TetR H100A, E147A, and T103A), and one altered residue contacts tc TetR N82A.
TetR H100A and E147A are induced by atc, with and withoutMghowing 110-fold and 1000-fold
decreased Mg -dependent and unchanged WMdndependent atc binding, respectively. Thus, the contacts

of these residues to Mg are not necessary for induction. TetR N82A is not inducible under any of the
conditions employed and shows an about 4000-fold decreased atc binding constant.ZTiepandent
affinity of TetR T103A for atc is only 400-fold reduced, but no induction with atc was observed. Thus,
Thr103 must be essential for the conformational change associated with induction in the absente of Mg

Tetracycline (tc) is an inhibitor of bacterial protein
biosynthesis1) and shows only little toxicity for eukaryotic
cells. Tc is complexed with a divalent metal ion, presumably
Mg?* in vivo, to exert its biological function. The [teMe]™
complex is also the inducer of Tet repressor (TetR),
controlling expression of tc resistance in Gram-negative o
bacteria. The binding constant of the-ftilg] * complex and Thr103- W -~ M -~ His100
TetR is approximately TOM 1, dropping to about 0OM 1 woow
in the absence of Mg (2). The [tc—Fe]" complex is more Glul47
stable than [teMg]™ and is an active inducer. Pe
dependent oxidative cleavage of TetR using Fenton chemistry
leads to a map of residues located close to the B)n ( Ficure 1. Chemical structures of tetracycline and anhydrotetra-
Consequently, no induction has been observed in the absencéycline. Some contacting amino acids are shown for tetracycline.
of divalent cations in vitro ). The results of the P& Ihg three M@"-coordinating water molecules are designated as
cleavage and Mg binding studies suggest an important role
of Me?t for induction. The crystal structures of TetR in

I 1 on
OH O 0 O O

tetracycline anhydrotetracycline

. N _ very efficient inducer of TetR. In this study we establish
complex with [te-Mg]™ andtet operator provide snapshots 4t atc can bind with considerable affinity to and induce

for the starting point and endpoint of TetR inducti@r-E). TetR in vitro in the absence of M§ We demonstrate

The .crystalllographic data. also suggest tha'FZMgIays_q . further, that substitution of residues His100 and Thr103 by
crucial role in the mechanism of induction, since the initial 5|5 |eads to TetR mutants which are not induced by-ftc
structural changes of TetR occur at residues His100 andMg]+ or tc. However, TetR H100A is fully inducible by atc
Thr103, which contact Mg in the crystal structure of the i o Mcp+ while TetR TL03A is not. Thus, Thr103 seems
TetR—[tc—Mg]™ complex ©6-8). Despite its chemical ;e 4 key residue for induction, regardless of the presence
similarity to tc, anhydrotetracycline (atc, see Figure 1) ot o givalent metal ion. A My -free inducer could be
exhibits a bactericidal effect on bacter#d) @nd increased i nqrant for potential eukaryotic applications of TetR-based
cytotoxicity for eukaryotic cells¥0). Nevertheless, atc is a regulatory systems, because the passage of inducers across
biological barriers such as some cell envelopes or the blood
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Germany). All other chemicals are from Merck (Darmstadt,  Calculation of Binding Constants K Kyg, and Ka. To
Germany) or Roth (Karlsruhe, Germany) or Sigma (iehen, perform the fits, the binding equilibria were applied as shown
Germany) at the highest available purity. Enzymes for DNA in the text. The binding constants were calculated with a
restriction and modification are from New England Biolabs least-squares fit method, minimizing

(Schwalbach, Germany), Boehringer (Mannheim, Germany),

Stratagene (Heidelberg, Germany), or Pharmacia (Freiburg, S= Z(Fexp — Fineo)”
Germany). Isolation and manipulation of DNA was per-
formed as described.{). Oligonucleotides (includintgetO) where & is the analysis of variance anfky, and Fineor

were obtained from PE Applied Biosystems (Weiterstadt, represent the experimental and theoretical fluorescence
Germany). Sequencing was carried out according to theintensities, as described bg#). For the determination of
protocol provided by Perkin-Elmer for cycle sequencing and Kyg and Ka, the fits were performed for = 1 (no
analyzed with an ABI PRISM 310 Genetic Analyzer (PE cooperativity in atc binding) and variabde As no consider-
Applied Biosystems, Weiterstadt, Germany). able cooperativity was detected & 1), all data obtained

Bacterial Strains and Plasmid@\ll bacterial strains are ~ With variablea were transformed according to the equation:
derived fromE. coliK12. Strain DH% was used for general 05 5
cloning procedures and strain RB791 for overexpression of Ka=1 = a7 X Ky yar
TetR variants. The plasmid pWH1950(012 is a pWH1950

(13) derivative carrying detRD) gene under control of the ~ For the calculation oKy, no variation ofa. was applied.
tac promotor. 40 bp Tet Operator FragmenFor generation of the 40

bp DNA fragment containingetO, two oligonucleotides,
5-GGGTGTGCCGARACTCTATCATTGATAGAGT -

Construction of TetR VariantsetR variants were con-

structed by directed PCR mutagenesis with the three-primer )
method according to1@). The conditions for the PCR  TATTATACC-3' and SCGGTATAATAACTCTATCAAT-

reaction were adjusted as describ2g)( The obtainedetR ~ CATAGAGT GTCGGCACACC-3(thetetOnucleotides are

genes were cloned into the TetR overexpression plasmidwritten in boldface letters), were hybridized. Equal molar

PWH1950(D) and sequenced to control the presence of@mounts of each oligonucleotide were mixed in a buffer
desired mutations and the absence of other mutations. ~ containing 70 mM Tris, pH 7.6, 10 mM Mggland 5 mM

Purification of TetR VariantgWH1950(D) or pWH1950(D) DTT. The mixture was heated at 98 for 2 min and allowed

o . ; to cool within 60 min to 4°C.
derivatives were transformed inkb coliRB791. Cells were . o . .
. . . El h Mobil hift E he EMSA
grown in 3 L of LB at 28°C in shaking flasks. Tet repressors ectrophoretic Mobility Shift Experimentsor the EMS

d by adding i 1 1-tBi I experiments, the synthetic 40 Igt operator fragment was
Were overexpressed by adding 1Sopropyl- -iBio-galac- used. Complexation of Tet repressor variants and operator
topyranoside to a final concentration of 1 mM at an &D

- . was performed for 20 min at ambient temperature. The
Ofl\aKI %:|O .ZCell\I/lsl;v_?_lr_e pe(;ltztoed,'\r/lesuspendid n rk])utffetr) A]:f(SO concentrations were adjusted as follows: 0M tetO, 2.5
m atl 2m ,an ' mivl sodium phosphate bulter, uM TetR monomer, 12.%xM atc or tc, 1.25 mM MgCl or
pH 6.8), and broken by sonication, and TetR was purified EDTA, 2.5 mM NaCl, 1 mM DTT, 20 mM Tris, pH 8.0, 20
by cation exchange chromatography using POROS HS/M . e s § o
Myedium (PE App?ied Biosystegr]‘nsp V)\//eitersgtadt Germany) ng/yIL ngnbs pec|:|f|c DT]A' The mobility |Of thel DNdA wals

L 1 . 0 -

and gel filtration as described §). The determination of analyzed by electrophoresis on 8% polyacrylamide gels.
protein concentrations was done by UV spectroscopy and
saturating fluorescence titrations with atc.

Fluorescence Measurementll fluorescence measure- Binding of the [Ate-Mg]*+ Complex to TetRTo determine
ments were performed in a Spex Fluorolog with a double the hinding constants, TetR(D) and atc were titrated with
monochromator. To observe atc fluorescence, the excitationpg2+ as has been described for tc and TetR(BJ)( We

Wavelength was set to 455 nm, and the emission was deteCteqhave used TetR(D) in this work to be able to discuss the
at 545 nm with a slit width of 4 mm. An internal rhodamine  results in light of the crystal structures obtained with this
B standard (Kodak, Stuttgart) was used to correct intensity TetR variant, which is thought to have the same structure
fluctuations of thg Xenon Arc Lamp. Titrations vyith Mg and functional properties as TetR(B¥)( To verify the
were done by adding Mg stock solutions; atc titrations were  ynderlying binding scheme, we have performed this titration
carried out by adding different amounts of atc solutions to at four different concentrations of TetR, and the results are
aliquots of a repressor dilution. All fluorescence measure- shown in Figure 2. At the very low TetR concentration of
ments were carried out under equilibrium conditions at 28 2 2 nM, which is the lowest possible concentration for this
°C in buffer K (100 mM Tris-HCI, pH 8.0, 100 mM NaCl,  measurement because the fluorescence intensity is barely
0.1 or 1 mM EDTA). Free Mg concentrations in EDTA-  above the buffer background, we already see an increased
containing buffer were calculated as describ&6).( fluorescence in the absence of Mgindicating ate-TetR

UV Measurements for K Determination UV titrations interaction. This interaction seems to be increased at
were carried out in buffer O (100 mM Tris-HCI, pH 8.0, concentrations of 11 nM, 110 nM, and 1uM TetR (see
100 mM NacCl) at an atc concentration of AM by adding Figure 2). To account for this effect, we have modified the
MgCl, solutions into the cuvette. The absorption was detected binding scheme of TetR, atc, and kgo include atc binding
in an Ultrospec 4000 (Pharmacia, Freiburg, Germany). A to TetR in the absence of Mg
spectrum was recorded after each titration step. The data of Binding Scheme for the Analysis of Afdg?"—TetR(D)
the wavelength with the largest absorption change (334 nm)Interactions. Figure 3 shows the binding scheme of all
were taken to fit a rectangular hyperbolic binding function. possible interactions in a fluorescence titration of TetR with

RESULTS
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FIGURE 2: Fluorescence titrations of TetR and atc withgrhe
symbols indicate TetR monomer concentrations ofd1(®), 0.11 Tota=T+TM+ RTM+ 2RT,M, + RT+ 2RT, +

uM (O), 11 nM (¥), and 2.2 nM ¢). The solid lines represent the ot 2RT.M (7
corresponding fit. The fluorescence of the buffer was subtracted, M (7)

and the fluorescence intensities were normalized.
Rtotal =R+ RTM+ RT,M, + RT+ RT, + RT,M (8)

o \ ks N w7 \ Fre >~ ar Tiotal aNd Rtz are the respective total concentrations of atc
S ~ ’ and TetR. Theoretical binding curves were generated ac-
cording to the equation:
™ ™
M Kk, MY K3 K, Mj K. 1 Foa=Fot FixT+F,x TM+ F; x (RTM+
RTM + 2RT,M,) + F, x (RT+ RT,M + 2RT,) (9)
T T ki3 in which Fya is the total fluorescencehq is the buffer

fluorescence, an#,, F,, Fs, andF, are the molar fluores-
cence intensities of free atc, [atblg]™, [atc—Mg]T-com-
plexed repressor, and atc-complexed repressor, respectively.
™ ™ The fluorescence properties of one TetR subunit are assumed
M M K MY to be independent of the other subunit. We have carried out
titration experiments which allow the determinationkqf,
K, KMg, and Ka.
T T Determination of I for Atc—Mg?* Binding. Binding of
RM, ——éﬁ RTM, —————> RTM Mg?* to atc was assayed in titrations employing changes in
o . . . UV absorption of atc, because its fluorescence lifetime
Ficure 3: Binding scheme of all possible species containing TetR - > -
dimer (R), atc (T), and M4 (M). The horizontal equilibia ~ changes upon binding of Mg2 The binding constanky
represent binding of atc; the diagonal and vertical equilibria binding is (3.35+ 0.13) x 10* M~%. Thus, the concentration of free
of [atc—Mg]™ and Mg*, respectively. Only the determined [atc—Mg]t is so low in all other titration experiments
equilibrium association constants are shown in italics. The lower performed here that its contribution to the total fluorescence
left part describes binding of Mg to empty binding sites, which was neglected.
\t/iv(?r?&not detected and consequently not considered in the calcula- Determination of K for TetR-Atc Binding in the Absence
of Mg?*. The Mg*-independent atc equilibrium association
o , , constant with TetR(D) was determined by titration of 0.05
atc and Md@*. A free dimeric repressor (R) could first bind uM repressor dimer with atc in the presence of 20 mM
+ + i
atc (T) or Mg" (M) or the [atc-Mg]™ complex (TM) i EpTA. Atc fluorescence was employed to observe complex
one of its two binding pockets. As the ligand concentrations formation. The titration curve is shown in Figure 4A. Only
are increased, the different reaction pathways eventually Ieadeqs 2 and 3 are used to calculate theoretical binding curves,
to the complex (RIM). The ligand affinity of one binding  gince no M@ is present. Equations 7 and 8 can therefore
pocket may depend on the occupation state of the other. Thisye reduced to
possibility was taken into account in several calculations
described below; however, no hints for such cooperativity Tota =T+ RT+ 2RT,
were detected.
The amounts of the different complexes existing at and
equilibrium at various concentrations of kfgand atc are
determined by the corresponding binding constants for the
reactions in the pathways shown in Figure 3. Since no
evidence for binding of M to TetR has been obtained at
the concentrations employed here, the lower left triangle of =
the binding scheme in Figure 3 can be neglected. The total
following equations cover all equilibria under this assump-
tion: 2M. Kunz, personal communication.

RM #——

Row = R+ RT+ RT,

The total fluorescence is then given by

=Fy+F, x T+ F, x (RT+ RT,M + 2RT,)
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Ficure 4: (A) Binding of TetR with atc determined by fluorescence
titration atc(TetR) = 0.1 uM (monomer). The filled circles show
the data; the line represents the fit i = 6.4 x 10/ M~L. To
capture any contaminating Meions, the buffer contained 1 mm
EDTA. (B) Scatchard plot of the same datas the average number

of atc molecules bound to one TetR dimer. The linearity of the
graph shows the absence of cooperativity for the two atc binding
sites.

K for atc and TetR binding is (6 & 0.2) x 10’ M~%, which

is more than 100-fold higher than for tc. The data nearly
yielded a straight line in a Scatchard plot as shown in Figure
4B. Thus, no or almost no cooperativity is present, and the
binding sites in TetR are probably thermodynamically

identical.

Determination of Ky for Mg?* Binding to the TetRAtc
Complex.To determineKyyg, a 60-fold excess of atc (8M)
over TetR dimer (0.0&M) was used. Under these conditions,
TetR is forced into the atc complex according to the equation:

RT, =Ky x Krp, x TP x R

Using aKt of 6.5 x 10" M1, the equilibrium concentration
of RT; is calculated as 0.0495uM. Thus, the repressor is
practically completely complexed with two atc molecules.
Titration with Mg?" was observed by the atc fluorescence.
The resulting binding curve is shown in Figure 5. Two
different methods of analysis were applied to the data to
compare the results.

The very small amount of nhoncomplexed repressor was
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1

fractional saturation

107 10 105 10+
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Ficure 5: Fluorescence titration of the TetRtc complex with
MgCl, at c(TetR) = 0.1 uM (monomer) anc:(atc) = 3 uM. The
filled circles show the fractional saturation and the line the fit
according to a rectangular binding function. The calculated binding
constantKyg is 6 x 10" M1,

10°1° 10 108

Table 1: Binding Constant for the Equilibrium R 2TM =
RT,Mz?

c(atc),uM c(TetR),uM Ka x 102M~1
1 1.1 1.2+ 0.10
0.1 0.11 0.88t 0.16
0.01 0.011 1.6t 0.30
0.002 0.0022 0.72 0.37

aThe constants were determined by fluorescence titration with MgCl
at the listed atc and TetR concentrations.

analysis clearly showed the absence of cooperativity for the
Mg?" binding sites (not shown).

In the second methodkwy was calculated using the
equilibria 1-9 from the complete binding scheme in Figure
3. To specifically consider Mg binding to the TetR-atc
complex, egs 46, which include M§"™-containing com-
plexes, have been modified to describe binding of free, not
atc-bound, M§":

RTM= Kygs x M x RT (4a)
RT,M = Kyg1 x M x RT, (5a)
RT,M, = Kyg2 X M x RT,M (6a)

Thus, only horizontal and vertical equilibria from the binding
scheme in Figure 3 were employed. TKg, of (7.8 + 1.8)
x 10" M~! obtained this way is identical to the result
obtained from the simple fit of a bimolecular reaction.
Determination of K for Binding of [Atc-Mg]* to TetR.
The analysis of the data shown in Figure 2 for calculating
Ka can now be attempted using eqs-4 taking Mg+-
independent atc binding to TetR into account. The following
parts of eqs 46 are used:

RTM=K, x TM x R (4b)
RTM =Ky 3 x T x RTM (5b)
RT,M, =K, x TM x RTM (6b)

disregarded in the first analysis, assuming a bimolecular The resulting K, values determined at different TetR
reaction. Fitting of a rectangular hyperbolic binding function concentrations are presented in Table 1. Data from all four
yielded aKyg value of (7.9+ 2.6) x 10 M~L. Scatchard  concentrations revealed identical results of .80t M1
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TetR
EDTA
MgCl,

Table 2. Mg"-Independent and Mg-Dependent Atc Binding
Constants of Single Alanine Substitution Mutants

Te Kr x 10°PM™1 Ka x 1° M1
A -
“ TetR(D) wt 650+ 14 980+ 460
TetR(D) N82A <12 0.25+ 0.02
TetR(D) H100A 260+ 60 8.8+ 0.65
TetR(D) T103A 144+ 2 24+0.21
TetR(D) E147A 220t 80 1.0+£0.1
4— TetR bound aThe M¢g?*-independent atc affinity of TetR N82A was too low to

be quantified.

water molecules coordinating Mg form hydrogen bonds
to the y-oxygens of Glul477). The third water molecule
forms a hydrogen bond with theyQof Thr103. A Mg*-
Ficure 6: EMSA of tet operator with TetR. Theet operator wddependegt antact :10 t(':Als.prowfded _?_% Asn$2, Whl(?h forms
fragment (lane 4) is complexed by TetR in the presence of EDTA Nydrogen bonds to the A ring of tc. These interactions are

or Mg?* (lanes 3 and 7). Atc causes the releasdet® with or depicted in Figure 1. We constructed four single alanine
without Mg?* (lanesl and 5); tc induces only in the presence of substitution mutants of TetR at these residues, TetR N82A,

Mg?* (lanes 2 and 6). The band on top of the picture is caused by H100A, T103A, and E147A. The Mg-dependent and

the nonspecific DNA. The diffuse signal appearing above free DNA X i

in lanes 1 and 5 is due to atc fluorescence. mdepgndent atc bl.nqmg cqnstar]t§_qf these mutants were
determined, and their in vitro inducibilities by tc and atc were

for [atc—Mg]™ complex binding to TetR. This result dem- analyzet_ll bY EMSA. ) .
onstrates the validity of the binding scheme developed here. The binding constants of atc with these mutant proteins
This detailed study of the TetRatc interaction reveals a are pre_sented in Table 2. Mgindependent atc binding is
different mode of inducer binding than was previously only slightly (about 2-fold) reduced for TetR H100A and

; ) 2 : TetR E147A compared to wt TetR. TetR T103A shows an
for tcZ). The diff th kably high
g]?f?nﬁ:;bi? a?é fozr) T etFGZ (|er1 ;ehrgngg S';J.g e Oefrgg a‘lr'hibr)ellti (I)g about 45-fold reduced affinity for atc, and that of TetR N82A

) T Y ot
Ka/K7 of the binding constant with and without ¥fgis about IS b?IOV\.’ the detection limit of FOM ™. Mg=* gependent
10°. the same as tc withs ~ 10° and Kr ~ 1C°. This blnd_mg is strongly reduced for aII.fogr mutants: TetR.N82A
indicates a similar contribution of Mg to TetR binding for exhibits a 4000-fold decreased binding constant, while TetR
both compounds and leads to the question whether bindingE14kZA d;homfhlooo-fl(l)ld ancéli Te_tR T103g\ 400'f.0|d dr:zdu_lt_:edR
in the absence of a divalent cation is productive for induction atc binding. The smallest reduction was determined for Tet
or represents a nonproductive binding mode. H100A at 110-fold. Thus, the alanine substitutions at

. . . : positions 100 and 147 selectively affect Medependent
| tEIecttr.ophBretlc Z’IOb'“ty fSRLft Angl;@s_r%f t?? t:fl\c/lr eER binding, whereas the exchange T103A shows a larger effect
_nderac |3n te?f_er)t enfcet Ot TC tEI:Qn gl € Itg ddg § th in Mg?*-dependent binding than without the metal ion. N82A
g]ufsﬁﬁ)?] svnhee:hg]rl ?/nguiticor? ofeTetGR?EilS Ei:ssib?eawittrw?ust aeShOWS a general atc binding defect, and a possiblé*Mg
divalent cation. Atc binds TetR 500-fold better than tc. independent component cannot be detected because the

; respective constant is too small.
Therefore, the TetRatc complex might be stable enough . .
to observe release of the operator DNA in electrophoretic Effects of the Alg Substltut|on_s on InductioBMSA
mobility shift analyses (EMSA) in the absence of MgThe performed as d_escrlbed above with t_he four TetR mutants
results of the EMSA are displayed in Figure 6 and clearly are shown in Figure 7. TetR T103A is not induced under

demonstrate thaetOis not bound by TetR in the presence _these _conditions, while TetR N82A shows some residual
of atc, regardless of whether Migis present or not. The induction in the presence of atc and MgTetR H100A and

tetO fragment is almost quantitatively complexed by TetR TetR E147A.‘ are inducible by atc with or without g while
with and without 5 mM M@" in the absence of inducer tc does not induce any of these mutants, not even wher Mg

compare lane 4 with lanes 3 and 7 in Figure 6). Atc prevents is present. This result ShOWS tha}t .ir'1duction by atc withopt

((:omp?ex formation; i.e., TetR is inducedgin the)presepnce and MgH parallels the respeciive aff|n|'t|e$'; (s.ee Table 2). This

absence of Mg (lanes 1 and 5). The diffuse signal appearing is not the case fo_r I\/Fg-depe_ndent binding: f\lthough TetR

above free DNA is due to atc fluorescence. When added in ' 103A has_ a h|gher affinity for [ateMg]" than TetR

the same concentration as atc, tc prevents formation of theEl47A' no induction was detected.

TetR—tetO complex only in the presence of Mg(lanes 2

and 6). Thus, these results establish clearly that TetR can beDISCUSSION

induced by atc in the absence of kg Therefore, the Atc is a precursor of tc biosynthesis and is derived from

interactions of amino acid side chains in TetR with¥g it by the dehydration of the C-ring with the elimination of

cannot be vitally important to trigger the conformational H,0O between C6 OH and the 11A H, rendering the C-ring

change necessary for induction. aromatic (Figure 1). Despite these rather small changes, atc
Effects of Replacing Mg- and Tc-Contacting Residues binds TetR with a 500-fold higher affinity than tc, both in

of TetR by Alanine on Inducer Bindingn the crystal the presence and in the absence ofMdravorable interac-

structure of the TetR[tc—Mg].* complex, the Mg ion is tions of atc compared to tc with TetR may result from the

engaged in a direct interaction with His100, and two of three lack of the hydroxyl grouping at position 6, which in the
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FIGURE 7: EMSA for TetR N82A, TetR H100A, TetR T103A, and
TetR E147A. All four TetR variants shotetObinding. TetR N82A
and T103A are not inducible; HL00A and E147A are only inducible
with atc.

crystal structure points toward the side chain of Vall11l3,
making an energetically unfavorable contact. Furthermore,
the methyl grouping at position 6 is planar with respect to
the C-ring in atc, making a favorable interaction with the
Vall13 side chainf). Thus, the increased affinity has a
structural resemblance.

Mg?*"-limited titration experiments at micromolar concen-
trations are more complex than previously described for tc
(2), because M -independent binding of atc to TetR must
be considered. Thigr of (6.54 0.2) x 10" M~ shows that
in the absence of Mg 70% of the repressor is complexed
with two atc molecules at micromolar concentrations. Two
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Scheme 1
‘diagonal way’ ‘orthogonal way’
T+M=TM Ky = 3.4 x 10° R+T=RT K;=65x10
R+TM=RTM K,=9.8x10" RT+M=RTM Kyg=8.6x10’
R+T+M=RTM Ku=33x10" R+T+M=RTM Kia=56x10"

kr2) is demonstrated via the straight line in the Scatchard
plot (see Figure 4B). Since the best fits resultoin(see

M+M) values near unity in both cases, no cooperativity is
needed to interpret the data. Thus, assumption (ii) is justified.

Two reaction pathways lead from free repressor to the
ternary complex: Either atc and Nigbind subsequently to
TetR (horizontal and vertical equilibria in the binding scheme
in Figure 3), or the [ateMg]™ complex binds to TetR
(diagonal route). The binding constants for both reaction
pathways are compared in Scheme 1. Both pathways lead
to the same result foK, Suggesting that [ateMg] ™ is
bound with the very high constant e6fl x 102 M1, This
makes atc the highest affinity inducer for TetR of all tc
derivatives tested so far. The excellent fit of the data and
the consistency of the obtained binding constants suggest
that the reaction scheme outlined in Figure 3 is sufficient to
completely describe atc binding to TetR.

The four Ala substitution mutants were designed to check
Mg?*-specific effects in TetR H100A, T103A, and E147A,
while N82A contacts tc directly and should serve as a control
expected to show the same effects on induction with and
without Mg?t (5, 7). The latter assumption is verified by
the general inductive defect of TetR N82A, but only two
out of the Mg"-contacting mutations, TetR H100A and
E147A, behave as expected. They show a decrease ¥fMg
dependent atc binding 7). This is roughly 4-fold larger
for TetR E147A than for TetR H100A (Table 2), in
agreement with the loss of two Mgcoordinations for TetR
E147A and one for TetR H100A. TetR T103A does not show
the expected properties. Compared to TetR E147A, this
mutant has a lower Mg-independent, but a higher Mg
dependent atc binding constant. Thus, the Thr103 residue is
involved in tc binding via Mg§" complexation 7) and must
undergo an alternative interaction with atc in the absence of
Mg?t.

Furthermore, the induction seen with TetR H100A and
TetR E147A in the absence of Migleads to the conclusion
that the interactions of Mg with amino acids His100 and
Glul47, and also Mg itself, are not vital to trigger the

assumptions were made to interpret the fluorescence meaconformational change necessary for induction. This is also

surements using the proposed binding model: (i) The

fluorescence increase from binding any species (i.e., atc,

Mg?t, [tc—Mg]") to one subunit of the TetR dimer is
independent of the occupation state of the other subunit; (ii)
the microscopic constants, krs, andkygs (see Figure 3)

different for TetR T103A, which is not induced, although
the M¢?*t-dependent atc affinity should be high enough to
saturate the protein, as shown by the induction of TetR
E147A having a similar affinity for atc. His100 and Thr103
are thought to be the first residues that change position upon

not directly accessible by fluorescence experiments are equakc binding 6, 7). We conclude, in good agreement with the

to ki, kr1 andkwg,. The first assumption cannot be proven

structural data, that the Thr103 residue has a trigger function

because a mixture of repressor molecules in different binding for induction. On the other hand, Mgdoes not have such

states is always present at equilibrium. Since the affinity of

a function. Furthermore, this trigger function is also not seen

the second atc might be altered by the occupation state offor His100. This residue just increases the affinity of TetR

the other binding pocket, this effect was considered in the
model by including the cooperativity factarfor the TetR-
[atc—Mg] " and [TetR-atc]-Mg?" reactions, allowindg, and
kwvg,2 to differ from ky, andkwg,1, respectively. The absence
of cooperativity for Mg*-independent atc bindind«(; =

for [atc—Mg]*. In addition to information hitherto available
from the crystal structures, the reduced Windependent
atc affinity for TetR N82A and TetR T103A indicates that
Thr103, like Asn82, interacts with atc also in the absence of
Mg?*. The presence of Mg leads to an 10 000-fold
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increased affinity of TetR for tc or atc. Since atc has a larger
Mg?*-independent affinity for TetR, induction occurs in a
concentration range accessible for EMSA analysis. Thus,
these new mechanistic insights could not be seen with tc.
The results presented here indicate that thé'Mippend-

ent mechanism of TetR induction as revealed by the X-ray
structures ) may be not the only one. We propose an
alternative induction pathway in the absence of divalent metal
ions. Like the known pathway, this also requires the Thr103
residue, but not His100 or Glu147. We attempt to crystallize
a TetR-atc complex in the absence of divalent metal ions
to shed light on this alternative induction mechanism.
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