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ABSTRACT: A-Repressor dimers associate in solution to form tetramers and higher order structures— Dimer
dimer contact is also crucial in cooperative binding to adjacent operators. Fluorescence quenching studies
indicate that the tryptophan 230 environment is significantly different in unliganded and adjacent operator-
bound tetramers. Acrylodan attached to Cys 235, in a mutant F235C repressor, is also in different
environments in the unliganded and adjacent operator bound tetramers. Thermodynamics of protein
association, measured by fluorescence anisotropy, indicate that, whereas free repressor dimer association
is strongly enthalpy driven, the single-operator{bound repressor dimer association is largely entropy
driven with little change in enthalpy. Single-operator-bound dimer association to the corresponding tetramer
does not lead to any significant change in tryptophan 230 environment, as was seen in the case of the free
repressor. Data are also presented to support the contention that, under the conditions of this study, the
free repressor association is predominantly from dimer to tetramer and then to octamer, unlike the dimer
to octamer transition observed under a different condition. The results presented here point toward the
conclusion that thé-repressor dimerdimer interface is significantly different in the free and the operator-
bound states and that operator binding plays a crucial role in changing the nature of the diimear
interface.

It is increasingly becoming clear that proteiprotein along with our recent spectroscopic and chemical modifica-
interaction between the regulatory proteins is crucial in tion study, have given some idea about the nature of this
regulating gene expression. Many prokaryotic and eukary- dimer—dimer interface (Bandyopadhyayal., 1995). Among
otic systems are now known in which heterologous and the non-cooperative mutants that have been studied in detail,
homologous proteinprotein contacts play pivotal roles in  Serine 228 to Asparagine (S228N) appears very interesting.
regulation of gene expression (Gueregtal., 1982; Adhya, It is weak in monomerdimer association. Its initial
1989; Ishiama, 1993; Dunet al., 1984; Schleif, 1992). characterization as a non-cooperative mutant (Hochschild &

The lytic—lysogenic switch of bacteriophadeis mainly Ptashne, 1988) has now been disputed by Burz and Ackers
regulated by two proteins: cro antdrepressor (Ptashne, (1994), who had detected wild-type-like cooperative inter-
1992). This regulatory system has many features of other action. They have indicated that this mutant may, however,
complex gene regulatory systems and has been studiede defective in unliganded oligomer formation in solution.
intensively, from genetic and structural points of view, as a This has raised an interesting possibility, that the pretein
model regulatory system (Shea & Ackers, 1985; Sater  protein interface in unliganded tetramer and adjacent operator
al., 1990). The regulatory system consists of three adjacent(Or1—Or2) bound tetramers may be different. Clearly, if
operator sites, g1, Oz2, and @3, to which thel-repressor  the proteir-protein interfaces between regulatory proteins
binds with alternate pairwise cooperativity (Johnstral., are context dependent, another degree of complexity may
1979; Seneaet al,, 1986). The cooperative binding of the be added to the process of regulation. Thus, it would be of
A-repressor to these adjacent operators results from contacgonsiderable importance to investigate the structure and
between the operator-bound repressor dimers (Hochschildenergetics of adjacent operator-bound repressor dimers. In
& Ptashne, 1986). Although it is fairly certain that the this article we describe spectroscopic studies of oligo-
protein—protein contact occurs through the C-terminal nhucleotide fragments containingr® and G2 and their
domains of the bound dimers, further localization has been complexes with thei-repressor and discuss implications
only partially successful (Whipplet al,, 1994; Bensoret regarding the nature of the dimedimer interface.
al., 1993).

A-Repressor dimer also oligomerizes in solution. It is EXPERIMENTAL PROCEDURES
generally believed that this oligomerization is mediated Materials Acrylamide, isopropypB-p-thiogalactopyrano-
through the C-terminal domain as well (Padial., 1979).  side (IPTG): polyethylene imine, and PMSF were purchased
The aggregation behavior of several non-cooperative mutantsfrom Sigma Chemical Co. (St. Louis, MO). Bacto-tryptone,
has been studied (Burz & Ackers, 1994). These results, bacto-agar, and yeast extract were purchased from Difco
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Laboratories (Detroit, Ml).3-Mercaptoethanol and glycerol
were purchased from Aldrich Chemical Co. (Milwaukee,
WI). Acrylodan and FITC were purchased from Molecular
Probes Inc. (Eugene, OR). All other reagents were of
analytical grade.

Repressor Isolation A-Repressor was isolated from a
strain ofEscherichia colRR1 15Alac Z carrying a plasmid
PEA305 which contains the wild-type cl gene under the
control of tac promoter. The details of the purification
procedure has been given in Saal (1992). The native
repressor concentration was determined uBfiggo = 11.3.

Bandyopadhyay et al.

solution of a high concentration of three times re-crystallized
acrylamide in 0.1 M potassium phosphate buffer, pH 8.0, to
the protein solution. All fluorescence values were corrected
for volume changes and inner filter effect, the latter correc-
tion being made according to the following formula:

I:obs, antilog [(Aex + Aem)lz]

where Ae is the absorbance at the excitation wavelength,
Aem is the absorbance at the emission wavelenghy, is
the corrected fluorescence, aRglsis the observed fluores-

corr

F

Molar concentration of the repressor was always calculatedcence. Absorbances at the excitation and emission wave-

in terms of monomer subunit, unless mentioned otherwise.

lengths were measured before and after a titration, and the

For all studies, the repressor was dialyzed against 0.1 Mintermediate values were obtained by interpolation.

potassium phosphate buffer, pH 8.0, unless specifically
mentioned otherwise.

Synthesis of OligonucleotidesOligonucleotides were
synthesized, with the terminal trityl group on, in an Applied
Biosystems DNA synthesizer (model 381A). The oligo-

Acrylodan-labeled-repressor at 0.6M (labeled and wild-
type repressor was mixed at 1:3 ratio) was titrated wighh,O
native x1—0r2, and control @L—0Og2. Appropriate blank
spectra were always subtracted from the actual spectra.
Fluorescence values at 510 nm were measured and were

nucleotides were cleaved from the column and deprotectedcorrected for dilution.

by 30% ammonium hydroxide. This was then precipitated
by n-butanol, and then the pellet containing the oligo-

Anisotropy MeasurementsAnisotropy experiments were
performed using an Hitachi polarization accessory. The

nucleotide was dried under vacuum and redissolved in 0.1fluorescence intensity componenkg,(Iny, lw, lvn), in which

M triethylammonium acetate buffer, pH 7.0. These were
then purified according to Sate al. (1992), using reverse
phase HPLC g-Bondapak C-18 column). The oligo-

the subscripts refer to the horizontal (h) and vertical (v)
positioning of the excitation and the emission polarizers,
respectively, were used to calculate the steady-state fluores-

nucleotides were then detritylated and transferred to ancence anisotropyA) according to the following equation:

aqueous buffer, mixed in 1:1 molar proportions, and an-
nealed. Concentrations were calculated frég, using
extinction coefficients which were calculated assuming an
extinction coefficient for purine to be 14 10° and that for
pyrimidine to be 7x 10° (Royet al., 1986). The calculated
extinction coefficients for oligonucleotides are as follows:
Or1 =5-GTACCTCTGGCGGTGATAG-3and its comple-
mentary sequence = 40 x 10* M~ cm%; wild-type Crl—

Or2 = 5-CCTATCACCGCCAGAGGTAAAATAGTCAA-
CACGCACGGTGTTACCA-3 and its complementary
sequences = 99.4x 10* Mt cm%; and control @1—0g2

= 5-TATCACCGCCAGAGGTAAACCATACCGTCAA-
CACGCACGGTGTTA-3and its complementary sequence,
€ =94.5x 10* M~tcm™L. Henceforth, we will refer to the
latter two sequences as wild-typer1>-Or2 and control
Or1-0Rr2, respectively.

Chemical Modification Labeling of A-repressor with
dansyl chloride was done according to Baeikal. (1993)
by incubating 0.5 mg of repressor/mL in 0.24 M phosphate
buffer, pH 8.0, with 10-fold molar excess of dansyl chloride
(in DMF) at 25°C for 15 min. The reaction was quenched
by adding tris-HCI, pH 7.8, to a final concentration of 1 mM.
It was then dialyzed against 0.1 M phosphate buffer, pH 8.0.
The incorporation ratio was found to be H10.2.

Acrylodan modification of F235C mutant repressor was
done in 0.1 M phosphate buffer, pH 8.0 F235C mutant
repressor, 1QuM, dialyzed against the same buffer was
incubated with 1.0 mM acrylodan (added as DMF solution
in such a way that the final DMF concentration did not
exceed 1%) for 30 min at 2%C. The reaction was quenched
with 10 mM -ME and dialyzed extensively against 0.1 M

A= (Ipn = Glp)/(Ipy + 2GI)

whereG is the grating factor that corrects for wavelength
dependent distortions of the polarizing system and is equal
to

IVhII \A%

Light Scattering A-Repressor at a high concentration was
Millipore filtered three times (by a syringe filter). It was
then added in small aliquots into an appropriate Millipore-
filtered buffer in a fluorescence cuvette under a laminar flow
hood to avoid dust contamination. The covered cuvette was
transferred into a fluorimeter, and the scattering was meas-
ured with both the excitation and the emission wavelengths
set at 330 nm. Scan speed and band passes were set at 15
nm/min and 5 nm, respectively. All further additions were
done under a laminar flow hood. The scattering intensity
was recorded at each concentration. The scattering due to
buffer alone was subtracted from each value.

Circular Dichroism Circular dichroism measurements
were done on a JASCO J600 spectropolarimeter using a 1
cm pathlength quartz cuvette. The scan speed was 120 nm
per minute. 10 scans were signal averaged to increase the
signal to noise ratio. The CD spectra of oligonucleotides
and the oligonucleotide complexes were taken at oligo-
nucleotide concentrations of 0.125 and 028 and protein
concentrations of 0.5 and 14M, respectively. X stock
solutions of the protein and the oligonucleotides were mixed
in equal volumes by weighing in a Sartorius microbalance

Phosphate buffer, pH 8.0, to remove the excess reagent. Theo minimize pipetting errors. Oligonucleotides and protein

final incorporation was determined usiago,= 18 000 M!

solutions at the same concentrations were prepared by mixing

cm ! (Haugland, 1992), and the protein estimation was done equal volumes of buffer and>2 solutions by weighing, as

according to the method of Bradford (1976).
Fluorescence MethodsAcrylamide quenching of tryp-

described above. The buffer-only spectrum was subtracted
from the oligonucleotide spectra, and the protein-only

tophan fluorescence was done by adding a freshly preparedspectrum was subtracted from the complex spectra.
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Large Zone Gel Filtration Large zone experiments were RESULTS
performed at room temperature on a Sephacryl S-200 column
(60 x 0.8 cm). Flow rates were typically 0.25 mL/min,
controlled by a peristaltic pump. Protein solutions, typically D
25—30 mL, were applied to the column to establish a plateau
in the elution profile of protein concentration vs elution
volume. The centroid volumeé/., provides a measure of
the weight-average partition coefficient,, according to the
equation below:

It is now fairly certain that the interactions between the
NA bound regulatory proteins are critical for the regulation
of gene expression. The interaction between two protein
molecules bound to DNA sequences that may be far apart
may cause the intervening DNA sequences to distort or loop
out (Majumdar & Adhya, 1983; Hochschild & Ptashne, 1986,
1988; Matthews, 1992; Dunst al., 1984; Martinet al.,
1986). Although the phenomenon is now well established,
the energetics and structural changes associated with the
) ] ) ] ) process are not well understood. The measured net inter-
whereV, is the v0|d.volum_e, which was determined by using 5¢tion energy of the two proteins, often expressed as
blue dextran, ants?’i is the mtt_arnal volume of the colu_mk!-. cooperativity, is probably a function of (a) the protein

+ Vo was determined by usingtryptophan. Evaluation of ~ hqtein interaction energy without the constraint of being
the elution volume for each zone requires the determination 5. ,nd to the adjacent sites on the DNA, (b) the entropic
of an equivalent sharp boundary (centroid) for the leading gain due to proximity of the two molecules bound to the
or the trailing edges of the solute. profile (Ackers, 1975; DNA, (c) the DNA distortion energy, and (d) the energy
Koblan & Ackers, 1991a).. The equivalent shar.p boundaries required to promote the necessary conformational change in
were determined by drawing an expanded profile ona graphthe protein. A complete understanding of this phenomenon

paper a}nd then dr_awmg a vertical line so that it divides the requires the study of these individual effects in molecular
profile into two triangles of equal areas. The molecular terms

weight calibration curve was done in both buffers, using ) o )

known molecular weight markers (carbonic anhydrase, BSA, ~Cooperative binding of thé-repressor to adjacent opera-
tubulin, yeast alcohol dehydrogena8emylase, apoferritin). ~ Ors has been studied |ntenIS|ver as a model system for a
The elution volumes of same proteins do not differ signifi- regulatory complex (Brenowitet al, 1986a,b, 1989; Senear
cantly in different buffer systems. The volumes were €t al, 1986; Senear & Ackers, 1990). Energetics of the
measured by weighting the empty tube and then after the cooperative interaction has been studied by Ackers and co-

collection of eluant (fraction volumes were around 250 Workers (Becketet al, 1993; Seneaet al, 1986; Koblan
300uL). & Ackers, 1991b) using quantitative footprint titrations. The

net cooperative interaction energy appears to be small in

dansyl-labeled repressor was mixed with unlabeled repressotmalgnitUde (approximgtely—?B keall mol)_ and temperature
ata 1:9ratio. A stoichiometric equivalent amount of single independent, suggestirgH to be approximately zero. The

operator @1 was added to the repressor solution. The ?nteracti_on elnergy.of unliganded dimer.s has bee.n. m_easured
samples were then progressively diluted to various concen-In Solution (i.e., dimer-tetramer association equilibrium),
trations with 0.1 M phosphate buffer, pH 8.0. In all cases, Which is enthalpy driven witihH being equal to-26.6 kcal/

the buffer blank was subtracted from each value. Signal MO! (Banik et al, 1993). If the dimerdimer interaction
averaging was performed to increase the signal to noise ratio.€nthalpy is so different in the unliganded and the adjacent
Constant temperature was maintained by circulating water, OPerator bound states, it may result either from (a) the
The temperature of the sample chamber was measured bylifferent nature of the residues involved in proteprotein
dipping a thermometer into another cuvette kept in the Interaction in the two cases or (b) from the compensation of
chamber. The buffer with which the sample was diluted was the large enthalpy gain of association of the unliganded
also kept in that chamber. The mathematical expression fordimers by unfavorable enthalpies of protein and DNA
the observed anisotropp) as a function of the total protein ~ distortion in the complex (the enthalpy gain due to proximity
concentration, was obtained by combining Weber averageeffect, which is primarily an entropic effect, should be zero).
formula (Lakowicz, ]_986) with the expression for tetramer If the first pOSSIbl'Ity is true, then two scenarios are possible.

Oy = (Ve - Vo)/Vi

Tetramer-Dimer Dissociation In a typical experiment,

dimer equilibrium constant The large enthalpy difference may result from either (i) the
change in the nature of the proteiprotein interaction due
A= {K—1+ 1+ 4PJKJI[2A, + to the conformational change induced in the protein by the

operator binding (Sahat al., 1992; Bain & Ackers, 1994)

A[—1+ /(1 + 4P /K)I}/4P, or (ii) due to the spatial restriction imposed by binding to
the adjacent operators or both.

whereA is the observed anisotropg is the anisotropy of To look into these questions in detail, we have investigated
the dimer A is the anisotropy of the tetramd, is the total  the energetics of association of the single isolated-©
protein concentration expressed in terms of monomer, andrepressor dimer complex. The association of the repressor
Kgq is the tetramerdimer dissociation constant. dimer—single Gi! operator complex was measured by the
As shown above, the resultant expression contains threesame way as described in Baniét al. (1993), using
unknown parameters{y, Aq, andA. The three unknown  dansylated repressor. A stoichiometric complex of repressor
parameters are systematically varied within a given range, tetramer (dansyl-labeled) was formed at around ;20
and a least-squares estimate was used to judge the qualitgoncentration, where the repressor is likely to be in tetrameric
of the fit with the experimental data. A set of parameter state (Baniket al., 1993; this article). The anisotropy was
values that gave the minimum least-squares value was chosethen measured, the complex was progressively diluted by
as the best-fit curve. the addition of buffer, and the anistropy was measured at
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Ficure 1: Van't Hoff plot of tetramer-dimer dissociation of 0 ) | ) A . , . .

dansyl-labeled.-repressor in presence of a stoichiometric amount 0 40 80 120 160

of Og1l. The dissociation at five different temperatures, 16, 20, 1M

25, 30, and 37C, were determined by fluorescence anisotropy. [a]

For comparison the results were plotted in the same scale as thafFIGURE 2: Lehrer plot of acrylamide quenching of LM (@)

of the unliganded repressor in Bargk al. (1993). The solution A-repressor and 1iZM A-repressor in presence of a stoichiometric

conditions were 0.1 M potassium phosphate buffer, pH 8.0. The amount of single-operatorgQ (O), i.e., 1:1 molar ratio of operator:

excitation wavelength was 340 nm, and the emission wavelength repressor dimer. The solution conditions were 0.1 M phosphate

was 520 nm. buffer pH 8.0, 25°C. The excitation and the emission wavelengths
were 295 and 340 nm, respectively. The excitation and the emission

each complex concentration. The high affinity of the single band passes were set at 5 nm.

operator for the dimeric repressor ensures that the protein
does not dissociate from the operator in this concentration for the trp-repressor (LeTilly & Royer, 1993). Upon binding
range. The use of a protein concentration in the micromolar of the repressor to this FITC labeled operator fragment, we
range also rules out any significant dimenonomer dis- have observed increases in anisotropy which are not unlike
sociation (Koblans & Ackers, 1991a). The obtained anisot- those seen in the case of the trp-repressor. The anisotropy
ropy versus the represseDr1 complex concentration profile  value of the operator repressor complex remains stable up
is similar to that of Baniket al. (1993) (data not shown). to about 0.1 M acrylamide. Beyond that concentration, a
Nonlinear least-squares fits to a tetramdimer dissociation ~ slow decrease is seen (data not shown). Previously, we have
model (see later) yielded the tetramelimer dissociation ~ shown that the unliganded protein association is unaffected
constant of the represse©gr1 complex. Figure 1 shows even at 0.5 M acrylamide (Bandyopadhyey al., 1995).
the van't Hoff plot of tetramerdimer dissociation of the ~ Hence, we have restricted ourselves to quenching up to 0.1
repressor-dimerOg1 complex. The plot is virtually parallel M acrylamide in all the repressor-operator complexes studied
to the temperature axisXfaxis) indicating near zeraH. by acrylamide quenching. Figure 2 shows the Lehrer plots
The association is thus primarily entropy driven, in contrast (Lehrer, 1971) of acrylamide quenching of unliganded and
to the highly enthalpy driven association of the unliganded Ogrl—repressor complex at 2V protein concentration. The
repressor (Banilet al., 1993). Thus, it is likely that the initial part of the Lehrer plot of @L—repressor complex has
operator-induced conformational change, which has beenaKs, of 26 M™%, and, when extrapolated, cuts the Y-axis at
seen before (Satet al., 1992; Bain & Ackers, 1994), causes 2.3. The intercept value is in sharp contrast to the unliganded
significant change in the nature of the proteprotein tetramer, which has Ks, of 47 M~ and cuts theY-axis at
contact. 4.5. The Ql—repressor complex behaves very similarly to

If the thermodynamics of the proteitprotein association  the unliganded dimeric repressor in this respect, which has
is different in the unliganded and the single operator-bound a large amplitude of gquenchable fluorescence (Bandyo-
repressors, then the nature of the residues involved may alsgadhyayet al., 1995). Although at 1ZM, greater than 50%
be significantly different. Previously, we have shown that of the operatorrepressor complex is in tetrameric state, a
a tryptophan residue may be involved in the dimdimer significant amount of the repressesperator complex is still
association in the unliganded state (Bandyopadtetasi., in dimeric state. We have not attempted to do the experiment
1995). In order to obtain structural information on the above at higher protein concentrations due to the possibility of
mentioned states, we have examined the acrylamide quenchectamer and higher order aggregate formation. Sinkiar
ing of the unliganded tetramer and the tetramer containing and intercept values for unliganded dimer and repressor
two bound single operators. Since acrylamide may have anoperator complex at 1ZM suggest no major change of
effect on the operatetrepressor equilibrium, we have W230 environment, notwithstanding the incompletion of the
attempted to measure the stability of10-repressor complex  transition. In the unliganded tetramer, a large fraction of
as a function of the acrylamide concentration. We have this quenchable fluorescence becomes nonquenchable, in-
synthesized an g1 operator (29 mer) with an amino link, dicating the change of environment of a tryptophan which
5'-xCTATTTTACCTCTGGCGGTGATAATGGTT-3 and we had identified as W230 (Bandyopadhyetyal., 1995).
its complementary sequence, where x stands for the hexylThe lack of such a change in the acrylamide quenchable
amino group at the'send, and labeled it with FITC. The fluorescence in QL—repressor tetramer complex suggests
purified labeled operator was used to measure repressoWW230 remains exposed in thegrD-repressor complex
binding by fluorescence anisotropy. Similarly labeled opera- tetramer. Taken together with the thermodynamic data, this
tor fragments have been used to derive the binding isothermsindicates that the operator-induced conformational change
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Ficure 3: The Lehrer plot of acrylamide quenching of (A) 0.5 o
UM (@) A-repressor and (B) 0.BM A-repressor in presence of a ©
stoichiometric amount of wild-type double-operatgsl©Og2 (O)
and control double-operatorgD—0Ogr2 (O). The solution conditions
were 0.1 M phosphate buffer, pH 8.0, 26. The excitation and
emission wavelengths were 295 and 340 nm, respectively. Each  —1.000E+00

point is an average of four independent determinations. 250 310
in the C-terminal domain causes significant change in the . 4 Circular dich _WAVELE‘:GT':E;?]O 28 wild-t
dimer—dimer interface. IGURE 4. Ircular Ig) roism spectra O . wild-type
. . . . . . . Or1—0Rr2 (--) and wild-type Q1—0g2 in presen f 1.oM

_ To |nvest|gate_ if s_uch a d|fference in the dima&timer Wﬁd-tpre r(epr)essor—f) an)ép(B%_%;M Coﬁtﬁ)?eqfle_ooRz ?)
interface also exists in the adjacent operator-bound tetramerand control @1—0g2 in presence of 1.2M wild-type repressor
complex, we have studied an oligomer (45 mer) of wild- (—) in 0.1 M phosphate buffer, pH 8.0, at ambient temperatures,
type sequence ContainingRD and QZ AsS a ControL we ie., approximately 25C. The spectra were taken in a 10 mm
have studied a sequence of same composition and length, ifPathiength quartz cell.
which the two operators are separated by four additional base
pairs, i.e., approximately a half-turn of B-DNA. The bound repressors, as was recently reported by Strahs and
separation between the pseudo-dyad axesgif &d G2 Brenowitz (1994).
in the sequence is 23 base pairs, that is, approximately two These distortions, characteristics of the repressors bound
turns of B-DNA. If the two repressor dimers are ap- cooperatively to @1 and Q2, may be reflected in CD
proximately on the same side of DNA in the wild-type Spectra, as has been shown for several DNA binding proteins
sequence, then they will be on the opposite face after the(Wartell & Adhya, 1988; Torigoe et al., 1991). In the 250
introduction of the four base pairs in between, thereby 300 nm range, the protein CD spectra is much weaker than
preventing cooperative interaction. Such effects have beenthe nucleic acid spectra. Thus, changes reflected in the CD
observed in many DNA binding proteins, including the spectra must occur from nucleic acid conformational changes
A-repressor (Hochschild & Ptashne, 1986). Figure 3 shows and not from that of the protein. Figure 4a shows the CD
the Lehrer plot of acrylamide quenching of the unliganded spectra of the wild-type f1—Og2 sequence in solution and
repressor, the wild-type ©—0Ogr2—repressor complex and  in the complex with two repressor dimers. The spectra are
the control Q1—Og2—repressor complex. The initial part  distinctly different in the 256270 nm range, indicating DNA
of the free repressor plot cuts tiveaxis around 2, withKs, conformational difference in the complex when compared
of 27 M1, consistent with our previous report. The initial to the unliganded wild-type £1—Og2. Figure 4b shows the
part of the Lehrer plot, is very similar for all the operator CD spectra of the control £—0g2 in the unliganded and
complexes, cutting th¥-axis around 2. The most notable the liganded states. The spectra show only small differences,
feature is thev-axis intercept of around 2 for the wild-type suggesting little additional distortion of the DNA upon the
Or1—Ogr2—repressor complex, in spite of the existence of repressor binding. Since, the only difference between the
dimer—dimer contact. This is in sharp contrast to the wild-type and the control fRl—Or2 sequence is the coopera-
unliganded tetramer, which shows @éaxis intercept of over  tive contact, the change in CD spectra in the wild-type
4, as stated before. This suggests that like the-@epressor  sequence is likely to be a reflection of DNA distortion that
tetramer complex, protein contact inRB-Og2—repressor  accompanies cooperative dimeafimer contact. Although
complex does not lead to significant change in the environ- it is difficult to quantitate the distortion, it appears that a
ment of tryptophan 230. significant part of the DNA helix may be distorted in the

The critical assumption in the above analysis is that the complex. Strahs and Brenowitz (1994) have recently studied
wild-type Or1—0Ogr2—repressor complex indeed undergoes DNA distortion in thel-repressorOr complex and came
dimer—dimer contact under the solution conditions used in to the conclusion that the DNA base pairs in between the
this study. One way to demonstrate such a contact may betwo operators are distorted in the complex. This agrees well
to demonstrate the distortion of the intervening DNA with the difference CD data shown above. This also
sequences upon formation of contact betwegh-@nd Q2- indicates that under the conditions of the acrylamide quench-
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Ficure 5: Plot of quenching of acrylodan fluorescence of O\

of mutanti-repressor at 235C by addition of wild-typgesB3-Og2

(®) and control @1—0g2 (O). The solution conditions were 0.1

M phosphate buffer, pH 8.0, 28. The excitation and emission
wavelengths were 390 and 510 nm, respectively. The excitation o2
and the emission band passes were set at 5 nm.

ing experiments the dimeimer contacts are taking place
as expected.
If W230 environment is significantly different in the 0 -

Il Il 1

unliganded tetramer and the adjacent operator (wild-type) 16 20 24 28

bound tetramer, then it is possible that the C-terminal tail Elution volume (ml)

region may participate in proteirprotein contact in a  Ficure 6: Elution profile of large-zone gel filtration of 156M
different way when free in solution or when bound to Z-repressor,@)in 0.1 M phosphate buffer, pH 8.0, an@)(in 10

M tris-HCI, pH 8.0, containing 1 mM Cagl2.5 mM MgCh,

adjacent operator sites. Such a conclusion is suggested alsg‘2 M KCl, and 1 mMB-ME. A, B, C. D, E. and F are the elution

by the dlfferentl_al effect of 8228’_\] _mutatlon_on unliganded positions of appoferriting-amylase, yeast alcohol dehydrogenase,
tetramer formation and cooperativity. Previously, we have tubulin, bovine serum albumin, and carbonic anhydrase, respec-
shown that F235@-repressor labeled with acrylodan at C235 tively.

shows significant fluorescence enhancement and shifts of

emission maximum, upon unliganded protein association in between the two transitions, whereas we have observed weak
solution (unliganded) (Bandyopadhyayal., 1995). Figure  coupling, not inconsistent with the conclusions of previous
5 shows the intensity of acrylodan fluorescence when 0.5 studies (Banilet al., 1993). The major difference between
uM acrylodan labeled F235&repressor is titrated with the  the two studies is that the former contains millimolar
wild-type O:1—0g2 fragment and the control {2—0g2 concentrations of divalent cations, ktgand C&", whereas
fragment. Significant fluorescence quenching is seen in boththe latter studies were done in buffers devoid of divalent
the cases, the magnitude of which is only slightly higher in cations. Since it is important to the central point of this
the wild-type Q:1—0g2 fragment than in the controlQ— article that we are indeed observing unliganded tetramers
Or2 case. This indicates that upon operator binding, and not octamers at concentrations studied here, we have
fluorescence quenching takes place, which may arise fromre-investigated this problem. One of the major deficiencies
the operator-induced conformational change described previ-in our previous paper (Banikt al, 1993) was that the
ously (Sahaet al, 1992). Similar quenching is seen for techniques used in the molecular weight determination were
single operator QL (data not shown). After correcting for  all of nonequilibrium nature. To supplement that, we have
the effect due to single-operator binding, a small additional chosen two technigques which can yield information on the
guenching may be present in the wild-typgl® Og2, which state of aggregation under equilibrium conditions. Pioneer-
may be attributed to proteirprotein contact between the ing works by Ackers and co-workers (Ackers, 1975; Koblan
adjacent operator-bound dimers. The small additional fluo- & Ackers, 1991b; Burzt al,, 1994) have demonstrated the
rescence quenching, however, is qualitatively different from use of large-zone gel filtration to study concentration
the association of the unliganded dimers, which shows largedependent association equilibria in proteins. They have
fluorescence enhancement. This definitely suggests that theshown that under the large zone conditions, the weight
environment of C235 is different in the unliganded and the average molecular weight of an associating system, at a

adjacent operator (wild-type)-bound tetramers. particular protein concentration, may be obtained. Figure 6
The association of-repressor in solution has been studied shows large-zone gel filtration dfrepressor at concentra-
by several groups (Brack & Pirrotta, 1975; Chadwitlal, tions around 1M in 0.1 M potassoium phosphate, pH 8.0,

1970; Laueet al., 1993). Although it has been generally and in 10 mM tris-HCI, pH 8.0, containing 0.2 M KCI, 1.0
accepted that both tetramers and octamers form at highemM $-ME, 1.0 mM Ca&", and 2.5 mM M@". The elution
concentrations, the degree of coupling between the dimer profile is significantly different, withi.-repressor in phosphate
tetramer and the tetrameoctamer transitions has remained buffer eluting considerably later tharrepressor in tris buffer
disputed. Lauet al. (1993) have reported strong coupling containing divalent cations. The weight average molecular
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50 Since the scattering intensity at a given concentration is
proportional to the weight average molecular weight of the
species, it is likely that at around 20 uM protein
concentration the repressor is tetrameric and the octamer
formation occurs above 20M. This agrees well with the
large-zone gel filtration data reported above. To verify that
the scattering intensities in the two buffers are indeed
different, we have directly Millipore filtered (syringe filters,
0.45 um) protein solutions in the two above mentioned
buffers at approximately 20M concentrations into a cuvette
and measured the scattering intensity. The scattering inten-
sity in the tris/divalent cation buffer is approximately twice
that in the phosphate buffer (data not shown), confirming
the observations made above.
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DISCUSSION

The regulation of the right operator of the bacteriophage
A, has been investigated extensively. The homologous and
the heterologous proteitrprotein contacts play a crucial role
in regulating this genetic switch. The homologdueepres-
sor contacts are all believed to take place through the
C-terminal domain ofi-repressor. The lack of a crystal or
o 30 NMR structure, however, has hampered the understanding

[Repressor] uM of the structural and molecular basis of cooperative binding

Fiure 7: Plot of I/[C] vs [C] (O) in 0.1 M phosphate buffer, pH (@ OPerator sites. _
8.0, @) in 10 mM Tris—HCI buffer, pH 8.0, containing 1 mM Recently, a large number of non-cooperative mutants have

CaCb, 2.5 mM MgCl, 0.2 M KCI, and 1 mMB-ME. Experiments  been isolated (Bensoet al., 1993; Bain & Ackers 1994).
were done at 28C. The excitation and emission wavelengths were They map into several regions of the repressor. It appears
330 nm. The band passes were set at 5 nm. that the region 188212 may be the crucial region in terms

weights measured from the centroid of the leading edge andOf cooperative contact. There are also other regions that may

from the plateau concentrations are significantly different, °€ involved, e.g., 147 (Beckewt al, _1993) and the
The column was calibrated using the following proteins; C-términal tail region (Bensoet al, 1994; Whippleet al,
carbonic anhydrase, BSA, tubulin, yeast alcohol dehydro- 1994). A-Repressor also undergoes association in solution
genase,8-amylase, and apoferritin. The derived weight to tetramers and higher order structures (Brack & Pirota,
average molecular weight afrepressor in phosphate buffer 1975). The naturg of this transition has been the_subject of
at 154M protein concentration is 79 500 and in the tris buffer dispute in recent literature. AItho_ugh several earlier reports
containing divalent cations is 209 000 at 1% protein (Brack & Pirrotta, 1975; Chadwiclet al, 1970) and one
concentration. This suggests that at arouncilg in the ~ ecent report (Banilet al, 1993) suggest that dimer to
presence of divalent cations, the octamer may be thetetramer and tetramer to octamer transitions are weakly
predominant species, whereas in the absence of divalenCOUPI€d, a recent report suggests that it is strongly coupled
cation, very little octamer may be present. (Laueet al,, 1993). The solution conditions in these studies,
Light scattering may be used to study protein association however, differed significantly, particularly with respect to

at equilibrium, since at first approximation, at a given protein the presence of divalent metal cations. The nature of the
concentration, the scattering intensity is proportional to the Protein-protein contact under different conditions have,
weight average molecular weight of the protelir<{ KMC, however, remained unclear.

wherel is the scattering intensity; is the protein concentra- One of the most interesting mutant studies has been
tion, M is the weight average molecular weight akds a ~ reported by Burz and Ackers (1994). They have character-
constant). Thus, the scattered intensity/protein concentrationized aggregation properties of several non-cooperative
versus protein concentratiod@ vs C) plot should be linear ~ mutants including S228N. In contrast to the characterization
and parallel to the concentration axis for nonassociating Of S228N by Hochschild and Ptashne (1988) as a non-
systems. We have measured relative scattering intensitiescooperative mutant, Burz and Ackers (1994) have reported
in a fluorimeter to establish an association profile rather than that the mutant is defective in monometimer association

the absolute molecular weights. Figure 7 shows the light- but retains full degree of proteirprotein interactions
scattering intensity of-repressor at different concentrations responsible for DNA binding cooperativity. Interestingly,

in two different buffers as previously mentioned. The this mutantis defective in aggregation to higher order forms
scattering intensity versus protein concentration profile is in solution. This suggests that the proteprotein interface
very different in the two buffers. In tris buffer containing in unliganded tetramers and adjacent operator bound tet-
divalent cations, the intensity increases very rapidly and thenramers may be different. Hence we have examined this very
flattens out before 1%M. In the phosphate buffer, the interesting question by spectroscopic techniques and struc-
scattered intensity increases relatively slowly and reachestural analysis.

less than half the scattering intensity as that in the tris/divalent  Crucial to the comparison of dimedimer interface is the
cation buffer at around 18M. At higher protein concentra-  unambiguous demonstration that in the unliganded state the
tions, there is still a further increase of scattering intensity. tetramers are the predominant species at intermediate con-




5040 Biochemistry, Vol. 35, No. 15, 1996 Bandyopadhyay et al.

centrations. We have used two equilibrium techniques, large-Adhya, S. (1989Annu Rev. Genet 23, 227-250.

zone gel filtration and light scattering, to demonstrate that Bain, D. L., & Ackers, G. K. (1994)Biochemistry 3314679~
under the andltlons of our study, th_e yvelght average Bandyopadhyay, S., Banik, U., Bhattacharyya, B., Mandal, N. C.,
molecular weight of the species present is indeed indicative ~ ¢ Roy, S. (1995)Biochemistry 345090-5097.

of the presence of a predominant amount of tetramers. Theganik, U., Mandal, N. C., Bhattacharyya, B, & Roy, S. (1993)
light-scattering profile indicates weak coupling between  Biol. Chem 268 3938-3943.

dimer—tetramer and tetramenctamer transitions under our ~ Beckett, D., Burz, D. S., Ackers, G. K., & Sauer, R. T. (1993)
solution conditions and strong coupling under the conditions _ Biochemistry 329073-9079.

reported by Rosset al. (1993). These data taken together Beffogé;\i'é%dams' C.. & Youderian, P. (1932pl. Microbiol.

with data reported by previous studies (Baeikal, 1993)  grack, C., & Pirotta, V. (1975). Mol. Biol. 96, 139-152.
indicate that solution conditions, possibly divalent metal Bradford, M. M. (1976)Anal. Biochem 72, 248-254.

cations, may strongly influence the degree of coupling Brenowitz, M., Senear, D. F., Shea, M. A, & Ackers, G. K. (1986a)
between dimertetramer and tetrameoctamer transitions Proc. Natl. Acad Sci U.SA. 83, 8462-8466.

o ; ; :_Brenowitz, M., Senear, D. F., Shea, M. A., & Ackers, G. K. (1986b)
and it is possible to observe unliganded tetramers predomi Methods EnzymolL30, 132181

nantly .m solution. . Brenowitz, M., Senear, D. F., & Ackers, G. K. (1989)cleic Acids
Previously we have shown by fluorescence quenching and Res 17, 3747-3755.

by the use of an external covalent probe that the C-terminal Burz, D. S., & Ackers, G. A. (1994Biochemistry 338406-8416.

tail region of the A-repressor may be involved in the Burz, D. S., Beckett, D., Benson, N., & Ackers, G. K. (1994)
tetramerization in the unliganded state in solution (Bandyo- ChBié’ChekmEtryp,338393‘8g05,- bera. R.. Hookins. N.. & Ptash
padhyay et al., 1995). Both W230 and Acrylodan-C235 “\ae e 0Tt Bt B R R T ps
probes showed significant additional shielding from solvent 594

upon unliganded tetramer formation. The environments of Guerente, L., Nye, J. S., Hochschild, A., & Ptashne, M. (1982)
these probes, however, are unaffected by dindémer Proc. Natl. Acad Sci U.SA. 79, 2236-2239.

contact, when the repressor is bound to adjacent operatorsHaugland, R. P. (1992) iklandbook of Fluorescent Probes and

This taken with the S228N reported by Burz and Ackers ~ Research Chemical$th ed. (Larison, K. D., Ed.) pp 819,
Molecular Probes Inc., Eugene, OR.

(1994) strongly suggests that the C-terminal tail region is jochschild, A., & Ptashne, M. (198&)ell 44, 681—687.
involved in the tetramer formation in unliganded situations Hochschild, A., & Ptashne, M. (198®)ature 336 353-357.

but not in the adjacent operator-bound case. Several othenshihama, A. (1993)). Bacteriol 175 2483-2489.
non-cooperative mutants, e.g., Gly147-Asp, Lys192-Asn, and Johnson, A. D., Meyer, B. J., & Ptashne, M. (19F3pc. Natl.
Tyr210-His, however, are defective in aggregation in the  Acad Sci U.SA. 76, 5061-5065. _
unliganded state (Burz & Ackers, 1994). This suggests that KoPlan. K. S., & Ackers, G. K. (1991a5iochemistry 307817~

. - . 7821.
part of the dimer-dimer interface may be common and the kopjan K. S.. & Ackers. G. K. (1991bBiochemistry 307822—
major difference may lie in the role of the C-terminal tail 7827.
region. Lakowicz, J. R. (1986) ifPrinciples of fluorescence spectroscopy

This raises an interesting question, that of whether the PP 264-271, Plenum Press, New York.
difference in the dimerdimer contact is due to binding to  Laue T. M., Senear, D. F., Eaton, S., & Ross, J. B. A. (1993)

operator, i.e., the difference is caused by the operator-induceq_eE;zfhgfmss_tr({gs}zlzgggagfnzszﬁy 103254-3263.

conformational change reported previously (Sataal,  LeTilly, V., & Royer, C. A. (1993)Biochemistry 337753-7758.
1992), or is due to spatial constraint of being bound to Majumdar, A., & Adhya, S. (1987). Biol. Chem 262, 13258-
adjacent operator sites. Previously, it has been reported that 13262. _ _
the unliganded repressor association is strongly enthalpyMartin, K., Huo, L., & Schleif, R. F. (1986fProc. Natl. Acad Sci

. . P U.SA. 83, 3654-3658.
driven (Baniket al., 1993), whereas the cooperative interac- Matthews, K. S. (1992Microbiol. Rev. 56, 123-136.

tion energy derived from quantitative footprinting experi- Pabo, C. O., Sauer, R. T., Sturtvant, J. M., & Ptashne, M. (1979)
ments (Seneaet al, 1986) has an enthalpy of near zero. Proc. Natl. Acad Sci U.SA. 76, 1608-1612.

This prompted us to examine the thermodynamics of Ptashne, M. (1992) irA Genetic Switch: Phagé & Higher
association of the single-operator-bound repressor dimers and Organisms Cell Press, Boston.

the environment of W230 in tetramers bound to two isolated RoY: S., Weinstein, S., Borah, B., Nickol, J., Apella, E., Sussman,

single operators. The thermodynamics of single-operator- %‘.;-)L}M'gf;’i\gé_smndo’ H., & Cohen, J. S. (198Bochemistry

bound repressor dimers are strongly entropy driven wit'h near-saha, R., Banik, U., Bandyopadhyay, S., Mandal, N. C., Bhatta-
zero enthalpy. The fluorescence-quenching studies indicate charyya, B., & Roy, S. (1992). Biol. Chem 267, 5862-5867.
that the environment of W230 is like that of unliganded Sauer, R. T, Jordan, S. R., & Pabo, C. O. (198d). Protein
dimers. This shows that the difference in interface, between Scﬁlt}e?fmém&llg—g%&nnu rev. Biocher 61 166223

unliganded tgtramers and adjacent operatpr-pound tetramersSenear’, D.. F., Brenowitz, M Shea, M A & Ackeré, G. K. (1986)
may predominantly be due to operator binding and conse- Biochemistry 2573447354

quent conformational change. A large degree of quenchingsenear, D. F., & Acker, G. K. (199@iochemistry 296568~

of acrylodan fluorescence of F235C-labeled acrylodan, upon 6577. .

operator binding, suggests a conformational change involving Shea, M. A., & Acker, G. K. (1985). Mol. Biol. 181, 211~230.

the C-terminal tail region. This may cause the role of the Strahs, D., & Brenowitz, M. (1994). Mol. Biol. 244, 494-510.
9 Y Torigoe, C., Kidokoro, S., Takimoto, M., Kyogoku, Y., & Wada,

C-terminal tail region in the proteinprotein contact to A. (1991)J. Mol. Biol. 219, 733-746

change. Wartell, R. M., & Adhya, S. (1988)Nucleic Acids Red6, 11531
11541.
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