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Energetics of Subunit Dimerization in Bacteriophage A cI Repressor: Linkage to
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ABSTRACT: A common feature of gene regulatory systems is the linkage between reversible protein oli-
gomerization and DNA binding. Experimental dissection using temperature dependence of the subunit—
subunit energetics and their linkage to processes such as ion binding and release is necessary for charac-
terization of the chemical forces that contribute to cooperativity and site specificity. We have therefore
studied the effects of temperature, proton activity, and monovalent salt on monomer—dimer assembly of
the X cI repressor using a recently developed gel chromatographic procedure. This technique has made
possible studies in the previously inaccessible picomolar concentration ranges where the assembly reactions
occur. Upon formation of the dimer interface in the range pH 5-9, we find an overall absorption of protons
which is temperature-dependent. The dimerization reaction displays a large negative enthalpy of association
at all conditions studied (pH 5, 7, and 9). The reaction is also dependent on monovalent salt concentration:
subunit association is weaker at low-salt conditions. The results suggest that a repulsive interaction between
negatively charged side chains (i.e., aspartates and glutamates) on each monomer surface is attenuated by
increasing concentrations of KCl. Formation of the dimer interface may be mediated by absorption of cations
which stabilize the complex.

Tne regulation of transcriptional initiation for many proka-
ryotic and eukaryotic genes is governed by the interaction of
regulatory proteins and specific DNA sequences. The func-
tional energetics of each macromolecular species are also linked
to any reactions of conformational change, subunit polymer-
ization, and ion association/dissociation that it may undergo.
Experimental determination of functionally relevant protein—
protein and protein—-DNA energetics is necessary for char-

*Supported by National Institutes of Health Grants GM39343 and
R37-GM24486.
* Correspondence should be addressed to this author.

acterization of the noncovalent forces which contribute to site
specificity and strength of interaction. A research program
of this laboratory has been focused on the energetics of in-
teractions between A ¢I repressor and the right operator region
(Og)! (Ackers et al., 1982; Shea & Ackers, 1985; Brenowitz

! Abbreviations: BSA, bovine serum albumin; NaDodSO,, sodium
dodecyl sulfate; Og, A right operator; Cr, total cI plateau concentration
(monomer units); V,, centroid elution volume; o, weight-average par-
tition coefficient; Tris, tris(hydroxymethyl)aminomethane; Bistris, [bis-
(2-hydroxyethyl)amino]tris(hydroxymethyl)methane; NBS, National
Bureau of Standards.

0006-2960/91/0430-7817802.50/0 © 1991 American Chemical Society
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et al., 1986a,b; Senear et al., 1986; Senear & Ackers, 1990).
The present study on dimerization of the A cI repressor is
directed toward that goal.

The A right operator (Og) has served as a prototype for
studies of cooperative gene regulatory systems. This system
exhibits three distinct levels of control: (1) Regulatory proteins
bind at multiple sites, Og1, Og2, and Og3 [see Ptashne (1986)
for a review]; (2) cl repressor binds cooperatively to adjacent
sites (Johnson et al., 1979); and (3) repressor monomers di-
merize. The dimer is the active form of the repressor in
binding the operator (Chadwick et al., 1970). Cooperative
binding of ¢I repressor to O is required for maintenance of
the prophage in the lysogenic state and for the switchover to
a lytic developmental path. A physical-chemical model of
processes controlling the switch from lysogeny to lysis has been
developed (Ackers et al., 1982; Shea & Ackers, 1985).

An analytical gel chromatography procedure recently de-
veloped in this laboratory (Beckett et al., 1991) provides an
especially sensitive and accurate method for studying the
assembly reaction of ¢I repressor as a function of temperature,
proton activity, and monovalent salt. By driving the system
with different chemical potentials, it is possible to delineate
the chemical nature of forces which control the dimerization
reaction. When the principles of linked function theory are
employed (Wyman, 1964; Wyman & Gill, 1990), it is possible
to determine contributions made by protons and other ions to
the self-association. van’t Hoff analysis allows determination
of the enthalpic and entropic contributions to the overall free
energy of assembly. Results of the present study combined
with information from quantitative DNase footprint titration
experiments (Koblan & Ackers, 1991; Senear & Ackers, 1990)
and available crystal structures (Jordan & Pabo, 1988) both
motivate and constrain the development of models for this
system.

MATERIALS AND METHODS

Chemical Reagents. Tran 35S-labeling reagent (L-
methionine, L-cysteine mixture), for in vivo labeling of the I
repressor, was from ICN Radiochemicals (1185 Ci/mmol).
Sephadex G-100 (40-120-um bead size) and BSA were from
Sigma Chemical Co. All other reagents were analytical or
reagent grade.

Biological Materials. Unlabeled cI repressor was purified
according to the procedure previously described (Johnson et
al., 1980). The cI repressor used in this study was greater than
95% pure as judged by electrophoresis on NaDodSO, gels.
The radiolabeled repressor used in this study was isolated from
an overproducing plasmid according to the method described
by Beckett et al. (1991). The 3S-cI repressor was greater than
95% pure as judged by autoradiography of dried Laemmli gels.
The ¢I monomer concentration of the unlabeled repressor
preparation was determined by UV absorbance based on
efnsg/“m'{‘_ = 1.18. The radiolabeled repressor monomer concen-
tration was determined by using the Bradford microassay
(Hammond et al., 1988). All repressor preparations were
stored at -70 °C.

Analytical Gel Chromatography. Determination of the
monomer—dimer equilibrium constants was conducted by using
analytical gel chromatography (Ackers & Thompson, 1965;
Ackers, 1976; Beckett et al., 1991). Large-zone experiments
were performed on a jacketed (0.9 X 40 cm) Sephadex G-100
column. Temperature was controlled to within £0.01 °C as
monitored by an NBS calibrated thermometer. Flow rates
were typically 0.25 mL/min, controlled by a Perpex (Phar-
macia) peristaltic pump. Protein solutions, typically 35 mL
per zone, were applied to establish a plateau in the elution
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FIGURE 1: Characteristic large-zone profile for X cI repressor, plateau
concentration, Cp = 7.54 X 10~ M, pH 7.00, T = 20 °C. The solid
line is the centroid volume, V,, determined for the zone by trapezoidal
integration. The dashed lines indicate the elution volumes for pure
dimers and monomers (left and right, respectively) determined by
nonlinear least-squares analysis of a,, vs total cl repressor concentration.
The difference in elution volume between monomers and dimers is
apzporoximately 3 mL or 12 fractions (approximately 250 uL/fraction
£20 pL).

profiie of concentration vs volume (Figure 1). The centroid
volume, V,, provides a measure of the weight-average partition
coefficient, o, according to eq 1 where ¥} is the void volume

Oy = (Ve_ VO)/VI (1)

(blue dextran) and V; the internal volume of the column. The
sum V; + V, was determined by using L-tryptophan. Evalu-
ation of the elution volume for each zone requires the deter-
mination of an equivalent sharp boundary (centroid) for the
sharp leading or diffuse trailing edges of the solute profile
(Valdes & Ackers, 1979). Experimental values of o, as a
function of plateau concentration (units of ¢I monomer)
provide an association curve for the degree of assembly (po-
lymerization) with concentration.

The high specific activity of the radiolabeled repressor (10"’
cpm/mol) permitted detection of the protein at monomer
concentrations ranging from 6 X 10712 to 2 X 1078 M, far below
the level of detectability for absorption spectroscopy. High
concentration zones, >107° M, were prepared by weight di-
lution of the unlabeled repressor followed by addition of the
358-cI repressor at a low concentration (1 X 10710 M).

Buffers. All protein samples were prepared in buffer con-
taining 10 mM Tris (pH 9.00, pH 8.00 % 0.01), Bistris (pH
7.00, pH 6.00), or acetate (pH 5.00), 200 mM KCl, 2.5 mM
MgCl,, 1.0 mM CaCly, and 100 ug/mL BSA, T = 20 & 0.01
°C for the pH series. All buffers for the temperature study
(range 5-37 °C) were adjusted with HCI to pH 7.00 + 0.01
(as above) at the temperature of interest against NBS
traceable standards. The studies as a function of added [KCI]
were conducted at 10 mM Bistris (pH 7.00), 2.5 mM MgCl,,
1.0 mM CaCl,, and 100 ug/mL BSA, T = 20 °C, unless
otherwise noted.

RESULTS

Stoichiometry of Association. For each experimental
condition, the values of g, provide an association curve which
reflects the change in average molecular size with plateau
concentration, Cr. A representative curve is shown in Figure
2 at pH 7.00, T = 30 °C. The association curves were tested
against different stoichiometric models of assembly by using
nonlinear least-squares methods of parameter estimation. The
analysis program (Johnson et al., 1976; Johnson & Frasier,
1985) resolved the best-fit values of model parameters. For
all conditions studied, a monomer—dimer model was found to
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FIGURE 2: Representative dissociation curve at pH 7.00, T = 30 °C.
Circles are experimental g, values. The solid line corresponds to the
best resolved parameters determined by nonlinear least-squares
analysis.
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FIGURE 3: Dependence of In K, on proton activity. Conditions were
200 mM KCl, T =5 °C (#); 200 mM KCI, T = 20 °C (m); 200 mM
KCI, T =37°C (®); and 10 mM KCl, 7 = 20 °C (a). The slopes
of the lines correspond to the apparent number of protons absorbed,
Avy+, according to Avy+ = d In Koo/d In [H*].

fit the data better than other monomer—n-mer models. Each
data set was fit simultaneously by eq 2 and 3 where oy and

oy = op + (o — op)fu (2)
M1+ + SKQCT)‘/Z]/4K,qCT 3)

op are partition coefficients for monomer and dimer, respec-
tively, and fy is the fraction of monomer, Cr is the total protein
concentration on a monomer basis, and Ky is the assembly
equilibrium constant. These parametric relationships were
used to fit for K, and the end points oy and op.

Proton Depenjence. The pH dependence of the mono-
mer—dimer equilibrium constant, K, is shown in Figure 3.
In the range pH 5-9, there appears to be only a slight proton
linkage to the dimerization reaction, which is most pronounced
below neutral pH. The direction of the effect below pH 7
indicates a net proton absorption upon formation of the dimer
interface. Seperate studies conducted at low salt (10 mM KCl)
and high temperature (37 °C) could not be fit by a straight
line without unreasonable residuals. The data at 20 °C sug-
gest, but do not require, similar behavior.

Temperature Dependence. Dimer formation is tempera-
ture-dependent over the range studied (Figure 4). Linearity
of the van’t Hoff plot could not be discredited within error
limits of the data. The resulting enthalpy is large and negative,
AH®,y; = -15.9 % 2.1 kcal/mol. Temperature studies con-
ducted at other pHs yielded values for AH® which were also
large and negative (AH®pys = —10.3 % 1.8 kcal/mol, AH® o
= -13.0 & 2.3 kcal/mol) (see Discussion).
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FIGURE 4: van’t Hoff plots for cI repressor dimerization at pH 7.00
(m), 5.00 (@), and 9.00 (4).
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FIGURE 5: (a) Dependence of In K, on In [KCIl] at T = 20 °C: pH
7.00 (m); pH 5.00 (®); and pH 9.&) (a). The solid line represents
a simple phenomenological description of the data according to the
function Ky = %Ko [(1 + Kgimer[KCI2/(1 + Kpponome:[KCI1)?]. In this
equation, qu represents an intrinsic equilibrium constant while
K monomer N4 Kginmer reflect overall binding to monomeric and dimeric
species, respectively. This model is merely a simple description of
the limited data set. Values of model parameters: K, = (7.7 + 3?
X 105 M7 Kgimer = (1 £0.5) X 10* M2 K opomer = 1.6 £ 1.0 M1,
(b) Plot of apparent moles of linked KCl according to (a).

It is interesting to note that although the equilibrium con-
stant changes by a factor greater than 17-fold, both the free
energy and the enthalpy of dimerization remain relatively
constant, AGp = —11.2 (£0.3) kcal/mol. Since, no curvature
could be reliably detected in the van’t Hoff plots, there does
not appear to be any measurable change in heat capacity, AC,
over this temperature range.

Salt Dependence. The equilibrium constant for cI repressor
was measured at pH 7.00, T = 20 °C, as a function of added
KCl, in the range 1-200 mM. A plot of In K vs In [KCI]
is nonlinear (Figure 5a) with two apparent regions of interest.
Both regions of the curve indicate overall ion binding upon
dimerization. In order to investigate the potential effect of
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Table I: Proton, Temperature, and [KCI] Effects on Gibbs Energies of Repressor Dimerization?

pH AG® (kcal/mol) s T (°C) AG® (kcal/mol) s [KCl] (mM)  AG° (kcal/mol) s

5 -11.7£03 0.005 5 ~11.4%£0.3 0.004 1 -9.2£0.3 0.003

6 ~-11.2 £ 0.3 0.004 10 -11.5x0.2 0.003 10 -94£04 0.005

7 -11.1 £ 0.3 0.007 15 ~11.3%£0.3 0.005 50 -9.9 £ 0.2 0.004

8 -11.3£0.3 0.005 20 -11.1 £ 0.3 0.004 100 -10.4 £ 0.2 0.004

9 -11.2 £ 0.3 0.005 25 -11.1 £0.2 0.003 150 -109 ® 0.2 0.003
30 -11.1 & 0.2 0.003 200 -11.1 £0.3 0.004
37 -11.0 £ 0.2 0.004

9Errors represent 67% confidence intervals. s is the square root of the variance of fitted curves.

Table II: Resolved Parameters for Repressor Dimerization: Linkage
to Protons and KC1?

pH [KCI] (mM)  AG® (kcal/mol) )

5 10 -10.6 = 0.3 0.005
5 200 -11.7 % 0.3 0.005
7 10 -9.4 % 0.4 0.005
7 200 -11.1 @03 0.004
9 10 9202 0.004
9 200 -112 203 0.005

@Errors represent 67% confidence intervals. ?Square root of the
variance of fitted curves.

divalent cations (Mg?* or Ca?*) at low concentration (1-10
mM KCl), both components were eliminated from the buffer
as a control. The equilibrium constants resolved in the absence
of divalent cations were identical (within the 67% confidence
intervals) with those obtained in their presence (data not
shown).

The overall charge state of a macromolecule in solution
depends upon the pX’s of amino acids and/or the extent of
ion binding to specific sites on the protein. In light of earlier
results from this laboratory on the proton dependence of
site-specific binding (Senear & Ackers, 1990), we studied the
low-salt effect (10 mM added KClI) at the extremes of pH (pH
5.00 and 9.00, T = 20 °C). The purpose was to delineate the
nature of the specific ion effect, i.e., an anion vs cation binding
event (Table II). We reasoned that if the protein can absorb
protons in the acidic range upon formation of the dimer in-
terface at 200 mM KCl, perhaps it would be possible to
perturb that equilibrium by changing the number of coun-
terions in the buffer. At 10 mM KCI, pH 9, the dimers form
with approximately the same affinity (9.2 kcal/mol) as at
10 mM KClI, pH 7 (9.4 kcal/mol). However, at 10 mM KCl,
pH 35, the assembly is more than 1 kcal/mol tighter, i.e., AG®
= -10.6 kcal/mol (see Discussion).

DISCUSSION

Information obtained from each experimental series (pH,
temperature, [KCl]) combined with studies conducted at
cross-points (i.e., extremes of pH and temperature) provides
a systematic data base to characterize the chemical forces
responsible for dimer formation in this system. While results
of this study are generally consistent with earlier preliminary
findings (Sauer, 1979; Johnson et al., 1980), our measurements
do not support the previously drawn conclusion that the
equilibrium constant is unaffected by changes in temperature,
salt concentration, and pH.

The dimerization reaction is predominantly enthalpy-driven,
with a standard enthalpy of AH®y; = -15.9 % 2.1 kcal/mol.
At the pH limits, the enthalpies of association were found to
be AH® ys = —10.3 £ 1.8 kcal/mol and AH® g = -13.0 *
2.3 kcal/mol. These values are uniformly large and negative.
A proton-linked contribution to the dimerization reaction is
found to occur below neutral pH (Figure 3). Although this
effect is not large, the data at other temperatures and mo-
novalent salt concentrations do exhibit statistically significant

differences between resolved equilibrium constants over the
acidic pH range. Above neutral pH, there is no discernible
contribution from proton ionization reactions.

Interpretation of the thermodynamic values in terms of
dominant types of noncovalent processes is difficult (Stur-
tevant, 1977; Ross & Subramanian, 1981). While the im-
portance of hydrophobic interactions cannot be neglected, the
large negative AH° and significantly negative AS® preclude
a dominant role of hydrophobic association (Privalov & Gill,
1988). Hydrogen bond formation in a medium of low di-
electric constant, van der Waals interactions, and protonation
events are the most important factors which contribute to
observed negative values of AH°® and AS® (Ross & Subra-
manian, 1981). Further interpretation of the differences in
the enthalpies at the extremes of pH is difficult. Processes
that could make positive contributions to AH® include hy-
drophobic association, charge neutralization, and/or specific
dehydration events either at the surface of the repressor or at
the level of co/counter ions.

Over the range studied, there is an apparent absorption of
protons accompanying formation of the monomer-monomer
interface as judged from the slopes of curves plotted in Figure
3: Avyg+ =d In k/d In ayg+ (Wyman, 1964), where k is the
dimerization equilibrium constant. This reflects a shift in pX,’s
toward more basic values. Senear and Ackers (1990) found
approximately 2 mol of protons absorbed upon complete li-
gation of the three-site right operator by already dimerized
repressors. The dimerization reaction is accompanied by
absorption of approximately 0.3 mol of protons. In the acidic
range, protons are thus seen to contribute to the formation of
both dimers and specific ligation complexes (Senear & Ackers,
1990).

Although the observed proton absorptions may reflect the
sum of small pX, shifts for various ionizable groups, the overall
pattern observed in this study suggests groups that titrate in
the range pH 5-6. Possible candidates for these groups are
quite limited in the A repressor. Amino acids with pK,’s in
the region of interest include histidine (pK, = 6.0) and terminal
amino groups (pK, = 6.0) along with the acidic groups as-
partate (pK, = 4.5) and glutamate (pK, = 4.6). The cI re-
pressor contains only a single histidine per monomer, which
is located in the amino-terminal domain (Pabo et al., 1979).
The carboxy-terminal domain has been implicated in pro-
tein—protein interactions and in formation of the dimer in-
terface. The lack of other basic groups in the carboxy terminus
along with the apparent basic shift in pK,’s for proton ab-
sorption lead us to speculate that the acidic groups located in
the carboxy terminus are the ionizable groups of interest.

Repressor assembly is found to be very sensitive to salt
conditions: the magnitude of the assembly free energy de-
creases with decreasing [KCl], AGp = -9.2 kcal/mol at 1 mM
added KCI (Figure 5a). The curvature is indicative of a
complex equilibrium in which ions exert control over the di-
merization reaction. While it is difficult to interpret such a
curve, there appears to be a region (1-50 mM) that is relatively



¢l Repressor Dimerization Energetics

independent of added monovalent salt and a second region that
is [KCl]-linked.

A reasonable conjecture is that one region is indicative of
a general ionic strength “screening effect” while the other
represents cations associated with a specific site or class of sites.
A scenario in which negatively charged carboxylates of glu-
tamates/aspartates repel one another on each monomer surface
would fit the current data. With increasing [KCl], the re-
pulsion between glutamates/aspartates is screened in a general
ionic strength sense. If such a mechanism were at work, at
the low pH and low-salt condition one would expect the mo-
nomers to associate more readily, which is the result obtained
experimentally. In the acidic range, glutamates/aspartates
are partially charged, thereby reducing the overall charge
density at the surface. A decrease in the surface charge density
allows the dimers to form more readily compared to conditions
when the side chains are deprotonated (pHs 7 and 9). The
data of Figure 5a were fit with a smooth function (see legend)
in order to take the first derivative and estimate an apparent
number of ions involved in the formation of the dimer interface.
The resulting profile displays a maximum value of 1.5 mol
(Figure 5b).

While the present study provides the first systematic
characterization of the energetics of cI repressor dimerization,
its scope has been necessarily limited. Extensions of the present
work to include a wider range of conditions and ionic species
will be required for a comprehensive understanding of these
linkages.
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