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ABSTRACT. DNA transaction reactions require formation of nucleoprotein complexes that involve
multifaceted DNA-protein and proteirrprotein interactions. Genetic and biochemical studies suggested
that the higher order Gal repressosome structure, which governs the transcription of two gaidem
promoters irEscherichia coliinvolves sequence-specific binding of GalR repressor dimers to two operators,
Oe andQ,, located 113 bp apart, binding of GalR to the sequence-nonspecific DNA binding protein HU,
interaction of HU with an architecturally critical DNA site between the two operators, and interaction
between two DNA-bound GalR dimers generating a loop of the intervening DNA segment. In this paper,
we demonstrate and determine the thermodynamic parameters of several of these interactions, GalR dimer
O, GalR tetramerization, HUGalR, and HU-GalR—COk interactions, by analytical ultracentrifugation,
fluorescence anisotropy, and fluorescence resonance energy transfer. The physiological significance of
several of these interactions was confirmed by the finding that a mutant HU, which is unable to form the
repressosome in vivo and in vitro, failed to show the-HBalIR interaction. The results help to construct

a pathway of Gal repressosome assembly.

An important step in the regulation of gene expression is binding of HU tohbsis totally dependent upon the binding
the initiation of transcription. In prokaryotes, a typical pattern of GalR to the operators, a protetprotein interaction
for negative regulation appears to be binding of two repressorbetween GalR and HU may explain the cooperativity in DNA
molecules to bipartite operators, establishment of repressor binding (13). A GalR—HU interaction was suggested by
repressor contact by looping of the intervening DNIAZ), isolation and genetic and biochemical characterization of HU
and inhibition of transcription initiation by the looped mutants that failed to form thgal DNA loop even though
structure B). The formation of a DNA loop in thgal operon their ability to bind DNA was not compromised4). In this
of Escherichia colirequires binding of two GalRrepressor paper, we report physical interactions between the different
molecules to twogal operators, separated by 113 Bf).( interacting partners, including GalR and HU, of the proposed
DNA looping in gal also requires the binding of the DNA-  repressosome complex, and determine the energetics of these
bending protein HU around the middle of the looped DNA interactions. By similarly characterizing a HU mutant, we
(5). The HU-GalR—DNA loop complex has been termed confirm a physiological role of the specific GatRiU
the repressosome); Whereas GalR is a homodimer of a contact in repressosome formation.
37 kDa subunit 7), HU is a small heterodimeric histone-
like protein with a subunit size of 9 kDa. HU binds to DNA EXPERIMENTAL PROCEDURES

without any sequence specificity and with low affinity, and  \jaterials IAEDANS was purchased from Molecular
it binds to bent or distorted DNA with higher affinit3t  propes Inc. (Eugene, OR). Purified oligonucleotides were
12). In the Gal repressosome, however, HU is localized in @ gptained from SAIC-Frederick Cancer Research Facility
specific region by of the DNA loop, possibly due to the  (Frederick, MD). The 20 bp DNA duplex of the sequence
looping-induced distortion of the DNA1@). Since the 5 TTGTGTAAACGATTCCACTAS3 (with a 5-amino link)
containing thegal operatorOg was used in fluorescence

* To whom correspondence should be addressed at the Laboratory€XPeriments. The 20 bp DNA duplex without theginino
of Molecular Biology, National Cancer Institute, 37 Convent Drive, link and a 28 bp long duplex containing an additional 4 bp
Room 5138, Bethesda, MD 20892-4264. Tel: (301) 496-2495. Fax: (CTTA) at the 5 end and another 4 bp (ATTA) at theé 3

(Sglc)(fr?tﬁiﬁgg'e%ﬂﬁg:t;?gigyzggeﬁx'nih'gov' end were used in the ultracentrifugation studies. Other

SBose Institute. _ reagents were of analytical grade.
"National Cancer Institute, NIH. Protein Purification GalR was purified according to
U Bioengineering and Physical Science, ORS, OD. Majumdar et al. 15), wild-type HU and HWA43/3 were

#National Heart, Lung, and Blood Institute, NIH. . . .
1 Abbreviations: HU, heat unstable protein; GalR, Gal repressor; purified according to Aki and Adhydlg), and the HWK18A

Ok, externalgal operator DNA. homodimer was purified according to Kar and Adhya)(

10.1021/bi047720t This article not subject to U.S. Copyright. Published 2005 by the American Chemical Society
Published on Web 03/17/2005



5374 Biochemistry, Vol. 44, No. 14, 2005 Roy et al.

Ultracentrifugation Analytical ultracentrifugation was  species in the solution. These equations were used to compute
performed in a Beckman XL-A analytical ultracentrifuge least-squares estimates f@,(r). The simplest model
using an eight-hole rotor at a rotor speed of 10000 rpm. assumed a single species and was used to compute a mean
Measurements were started af@ and repeated in incre-  molecular mass of the various species in the solution. Such
ments of 4°C each time after ascertaining that equilibrium estimates helped to constrain the range of association models
had been reached and/or until the samples showed clear signaie needed to examine. An assumed interaction model was
of degradation. Data were collected up to the temperaturefitted to the data to obtain the equilibrium constants for the
of 18 °C. After each temperature change equilibrium was associations. The quality of the fit indicated the consistency
reached after about 24 h. Two sets of experiments wereof the assumed model with the experimental data.
performed with the wild-type HU in the first set and the Chemical ModificationA 0.5 mL solution of HWA43C/p
mutant HWK18A homodimer in the second set. The buffers was dialyzed overnight against 0.1 M potassium phosphate
used in the ultracentrifugation studies were 250 mM KCI buffer, pH 8.0. To this solution was added 9.2 mg of solid
and 50 mM Tris-HCI, pH 8.0, in the first set of experiments [AEDANS, and the solution was incubated on ice and in
and 75 mM KCl and 50 mM Tris-HCI, pH 8.0, in the second the dark for 3 h. The solution was then extensively dialyzed
set. The channels in the seven sample cells were loaded withagainst 0.1 M Tris-HCI, pH 7.5, containing 0.1 M NaCl at
180 uL of the following materials: cell 1, 1.95 or AM 4 °C. TheOg-containing 20 bp amino-linked DNA was end-
GalR; cell 2, 154M wild-type HU or 5.8uM HUaK18A labeled with fluorescein according to Bandyopadhyay et al.
homodimer; cell 3, 1.4 or 1.8M 20 bp DNA duplex; cell (17) and was in 0.05 M Tris-HCI, pH 8.0, 0.01 M Mg&£l
4, 0.61 or 0.5uM GalR and the corresponding equimolar and 0.1 M NaCl.
amount of 28 or 20 bp DNA duplex; cell 5, 1.4 or 2.4/ Fluorescence Spectroscogiluorescence anisotropy mea-
each of HU (wild type or mutant) and the corresponding surements were carried out in a PANVERA fluorometer fixed
equimolar amount of 28 or 20 bp DNA duplex; cell 6, 0.34 for automatic polarization measurements at Z5 The
uM GalR, 0.34uM 28 bp DNA duplex, and 0.94M wild- excitation filter was set at 330 nm and the emission filter
type HU (1.41 OD) or 0.32M GalR, 0.32uM 20 bp DNA around 485 nm. AEDANSHUaA43C/s was in 0.1 M Tris-
duplex, and 1.8M HUoK18A (0.31 OD); cell 7, 0.4uM HCI, pH 7.0, containing 0.3 M NaCl.

Galr, 0.41uM 20 bp DNA duplex, and 1.87aM HU or Fluorescence resonance energy transfer experiments were
0.41uM GalR, 0.21uM 28 or 20 bp DNA duplex, and 1.3  carried out in a Perkin-Elmer LS50B spectrofluorometer.
uM HUaK18A homodimer. GalR monomer contains a single tryptophan residue. Fluo-

Because the speed of these runs was too low for sedi-rescence energy transfer experiments between GalR tryp-
mentation of the HU homodimer, we ran another wild-type tophan and AEDANSHUaA43CJ3 were conducted as
HU sample of similar concentration at 24000 rpm and at 4 follows. The oligonucleotide was annealed in 0.05 M Tris-
°C. That gave enough concentration gradient to enhance ouHCI, pH 7.5, containing 0.1 M NaCl and 10 mM MgCl
confidence in the multiwavelength results. The second The AEDANS-HUaA43C/3 was dialyzed in 0.1 M Tris-
channel of each cell was filled with 184 of the buffer. HCI, pH 7.5, containing 0.1 NaCl. The GalR was dialyzed
Transmitted light intensities were collected at five different in 0.05 M Tris-HCI, pH 8.0, containing 0.6 M NaCl and
wavelengths, 230, 233, 236, 239, and 242 nm, and at radial10% glycerol. Buffers and other stock solutions were mixed
increments of 0.001 cm. Nine replicates were collected andin proportions to create the following mixtures having the
averaged for each data point. Data were fitted to appropriatesame buffer composition: (A) 78 Og—DNA + 7.5uM
mathematical models of sample concentration radial distribu- AEDANS—HU0A43C/5 + 7.5uM GalR dimer; (B) 7.5uM
tions using the weighted, least-squares algorithms of the Oe.—DNA + 7.5uM AEDANS—HUaA43C/3; (C) 7.5uM
MLAB software package (Civilized Software, Inc., Bethesda, Oc—DNA + 7.5uM GalR dimer; and (D) buffer. The final
MD) on a Pentium lll-based personal computer. The problem buffer composition was 0.04 M Tris-HCI, pH 7.5, 0.3 M
formulation and analysis followed the multiwavelength NaCl, 4% glycerol, and 1.5 mM MgglExcitation spectra
method developed by Lewis et all@) to study the (280—450 nm) of each of the solutions were recorded in a
interactions between species with significantly different 0.5 cm x 0.5 cm path length cuvette with emission set at
absorption spectra. The presence of the DNA required the480 nm. The spectrum of D was subtracted from that of B
multiwavelength approach because of its very strong absorp-to obtain pure acceptor specti]. The spectrum of C was
tion at 280 nm where the proteins were usually examined. subtracted from that of A to obtain donéracceptor spectra
Extinction coefficients for the two proteins at the wavelengths (Fpia). Fp+a andFa were compared to determine the energy
of interest were measured in a Pharmacia Ultrospec 3000transfer efficiency.
spectrophotometer. Fluorescence energy transfer between fluorescein end-

Data Analysis of Ultracentrifugation Experiments a labeled DNA and AEDANS HUaA43C/3 was carried out
solution column that reaches equilibrium at temperafiyre  as follows. Stock solutions of annealed DNA and AEDANS
the total absorption at radiusand wavelengthl; may be HUaA43C/5 were made in 0.05 M Tris-HCI, pH 8.0,
written in terms of total molar concentrations of the various containing 10 mM MgGl and 0.1 M NaCl. GalR was
monomeric protein specie€,r, and their corresponding dialyzed in 0.05 M Tris-HCI, pH 8.0, containing 0.6 M NaCl

extinction coefficientsEn, and 10% glycerol. Buffers and other stock solutions were
mixed in proportions to create the following mixtures having
A, (r)= ZEM_Cn «(r) 1) the same buffer composition: (A) 2.18/ fluoresceinated
' T O:=—DNA; (B) 3 uM AEDANS—HUaA43C/3 + 2.18uM

fluorosceinate@e—DNA,; (C) 3 uM AEDANS—HU0A43C/
where n ranges over the number of different monomer g; (D) 1.75uM GalR dimer+ 3 uM AEDANS—HUoA43C[5
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+ 2.18uM fluorosceinatedde—DNA; and (E) buffer. The

_ 10 . 1.4 o 230 nm
final composition of the buffer was 0.05 M Tris-HCI, pH : o 233nm
8.0, 0.3 M NaCl, 0.4% glycerol, and 1.5 mM MgCl 1.2 E:.:;; A 236 nm
Excitation spectra of each of the solutions were recorded v 239 nm
from 300 to 525 nm with emission wavelength set at 535 — 1.0zi3: 1 ¢ 242nm

nm. The spectrum of E was subtracted from that of A to *=* oo
obtain pure acceptor specti@,j. The spectrum of C (direct § 0.8 Tesad
donor) was subtracted from that of D to obtain dorer -E 064"
acceptor spectraFb+a). Fo+a and Fo were compared to o
determine the energy transfer efficiency. Spectrum D was 5 0.4 -
an additional control. 0 2_‘

RESULTS 0.0.

Analytical Ultracentrifugation\We quantified associations — 1 1 T T T T
between all of the participating species, GalR, HU, @aet 6.6 6.7 63 69 70 71 7.2
DNA, using equilibrium ultracentrifugation and multiwvave- Radius [cm]
length detection. To test the physiological significance of Figyre 1: Least-squares data fit for multiwavelength absorbance
any physical interactions between HU and GalR, we used data for a column of GalR alone. Inset graphs show the fitting errors
both wild-type HU heterodimer and the mutant &KI18A that demonstrate the good quality of the fit. The data were fitted
homodimer. The latter was shown genetically and biochemi- Vn\glgslo?n Q(s)d:rl{ dvgi]rlﬁgrse);?wrdesbseet\slvégi ggéag;%gisb:met?e?raenwagi
_cally to be defective in the proposed FH(Ea}lR 'nteraCt'on For clarity, every other point of the complete data set is plotted. '
in repressosome formatiod4). The analysis of the multi-
wavelength absorption data was performed by fitting the data
to assumed association models for each of the seven sample HU. HU heterodimers (H) were found to form weak
cells. Molar concentrations and association constants weretetramers themselves, and no higher oligomers were detected
estimated as the fitting parameters. The assumed model ineven at higher temperatures and after several days in the
each case and the results of the analysis are described belowcentrifugal field (Figure 2a). The speed of centrifugation was
GalR The repressor protein self-associated at low tem- chosen for the expected species in cells 6 and 7, and it was,
peratures €10 °C) to form dimers, which further interacted therefore, too low for the mass of the HU tetramer. This
to give tetramers. No useful data were acquired at temper-explains the very shallow gradients seen in Figure 2a. Thus,
atures greater than 1 since the protein aggregated and the confidence intervals were fairly broad (e.g., 99%
no meaningful association model could describe the system.confidence interval for Ik, » = 8.3 + 3.3 at 6°C). Other
This was likely the result of the duration of the experiment; models studied include (1) no self-association, (2),HU
by the time equilibrium was reached at 1@ the proteins  (HU,),—(HU,)4, and (3) HU—(HU,),—(HU,)s. The fitting
had been exposed to the centrifugal field for several days. with models 1 and 3 was unacceptable while the fitting with
For the lower temperatures, therefore, the mathematical odel 2 was practically identical to that of the monomer
model of the association that best described the data was gimer shown in Figure 2a. There was no measurable tetramer
present. As HU alone proved to be the most stable of the
Ca(r) = Ce(b) explAMc(r” — b%)] + different systems in the various cells, we were able to collect
Co(b)? explInK, , + 2AcMg(r* — b9)] + and analyze data at four different temperatures and five
a 2 2 different wavelengths. In addition, the sample that was ran
Co(b)” explinKy 4+ 4AMg(r" = b)) +e (2) at 24000 rpm and 4C gave essentially the same resuKs (
whereb is the radius at the cell bottonMe = 37086 Da, = O._9 mM), and .the corresponding data a_nd fit are shown
the molecular mass of the GalR monomeiis a baseline in l_:lggre 2b. This gave us ab;olute confidence about the
error which is often present and must be accounted for, andStoichiometry and enough confidence about the strength of
In Ki, and In Kiq are the natural logarithms of the association. The free energy of association was found to vary
equilibrium constants for monomedimer and monomer between 3.5 kcal/mol (dky = 1.7 mM) at low temperatures

tetramer interactions, respectively. The equatign= (1 — and up to about 6 kcal/mol (dKq = 24 uM) at higher
7°p)w?/2RT characterizes the centrifugal foras,being the temperatures. The mathematical model used here was similar

partial specific volume of the solute and being the to the one in eq 2. Ultracentrifugation data of HU interactions

rotational speed in rad/s. Weighted least-squares fitting of Were analyzed in more detail. The determination of HU
the data with the above mathematical model gives estimatestetramerization at four different temperatures (2, 4, 6, and
of Cs(b), & In Ky and InKy 4 Figure 1 shows the GalR 10 °C) allowed an approximate but informative thermody-
concentration versus the distance from the meniscus alongnamic description of the binding process. The dirngimer

with the fitted models in the GalR only experiment. The association seems to be accompanied by significant negative
determined natural logarithms of the association constantsspecific heat change-2 to —2.5 kcal/mol), indicating that
were InK;,=14.6 and 14.0 and Ik, , = 41.6 and 39.6 at  the interaction buries many polar groups on the protein
2 and 4°C, respectively. This corresponded to a free energy surface and is, therefore, driven substantially by hydrophobic
of association of about 8 kcal/mol for the monomedimer bonds. The HAK18A dimer mutant behaved similarly to
association (oKyg = 0.59 uM) and 6.6 kcal/mol for the  the wild type, except that higher oligomers were also
monomer-tetramer association (¢¢q = 6.5 uM). detected, although the self-association remained rather weak.
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a 1. wm

; HU + Ok. In the absence of GalR, HU did not bind to the
0.51% oo

20 bp DNA duplex in any detectable measure.

HU + Distorted DNA We did not measure this interaction
by ultracentrifugation. Grove et al. showedKa= ~4 nM
as measured by electrophoretic mobility assay®. (

HU + GalR An HU and GalR combination visibly
precipitated upon mixing and was not studied.

GalR + HU + Og. We tested whether HU binds to the
GalR dimer-Og complex observed above and, if so, at what
stoichiometry. The question of stoichiometry in the potential
GalR dimer-Og and wild-type HU interaction led us to run
two different concentration ratios of GalR a@g over HU

Cadia in the two cells. Both cells contained equimolar amounts of
67 68 69 70 714 712 Oe and _GaIR but 13 and 1.5_-f_o|d higher amounts of HU,
respectively. A solution containing the two proteins and the
DNA under this condition is expected to contain both
monomeric and multimeric species of each of the individual
proteins and their different complexes. They include GalR,
GalR,, GalR,, HU dimer @) and tetramerQg, GalR— Ok,
and the possible ternary complexes of as yet unknown
stoichiometry. In all of the corresponding exponential
functions, the only unknown parameters were the monomer
concentrations while the association coefficients were known
from the analysis of the data in cells-5. This left the
association constant for the formation of the ternary complex
as the only other parameter to be estimated. It is known that
ultracentrifugation data can be fit well by many such sums
of exponentials representing different groups of species.
Hence, there is the possibility that more than one model fit
: - the data well. The decision in that case may be based more
6.7 6.8 6.9 7.0 71 7.2 on the robustness of the fit and the confidence intervals of
the estimated parameters rather than on the quality of the
fits themselves. The mathematical models for the assumed
FiIGURE 2: (a) Least-squares data fit for multiwavelength absorbance associations were fit globally to data from both cell 6 and
gata forta f‘"tlﬁlm” ofé—|u. Ilr)setfgtrhapfhts _IS_RO";{tE.he f|tt|ndg o ;Qat cell 7 at five wavelengths. When a mathematical model
aﬁggﬂiﬁgﬁuem bigﬁgenqﬁﬁlgrgerszr:d tetgr;];?sg_ ggtaeshg\?v(;]rlwgfe cqntaining all of the potential specigs, in quantities consis_tent
collected at 2°C and 10000 rpm. (b) Least-squares fit using the With the association constants estimated from the previous
same model as in (a) of equilibrium data of wild-type HU &Gt experiments, was fitted to the data, it was clear that additional
and 24000 rpm. species were present. The mean molecular mass in the

solution was computed to be around 72 kDa, which indicated

Oe. TheO—DNA molecule did not show any sign of self-  the possible existence of complexes higher than those found
association. Instead, the data were used to compute a more, cell 5 for GalR—Og. As it was already ascertained that a
accurate partial specific volume for the molecule than the GalR dimer binds toOg, the models examined included
one obtained from its composition. The data were fit to a complexes of the GalR-Og with zero to three HU dimers.
single component model as in the first term in eq 2 using (1 Clearly, the models with zero and with three HU dimers do
— pt°) as the fitting parameter. Using the value of the density not fit the data nearly as well. Both models with one and
obtained from densitometer measurements, we computed afwo dimers, however, fit the data very well. To choose
accurate value for® to be 0.4805 at 2C for the buffer  petween the two models, we examined the robustness of the
used. This value was used in the subsequent analysis.  |east-squares minimization procedure with the two models.

GalR + Og. For the GalR andDe—DNA combination, In general, the model that included one HU dimer gave a
the mean molecular mass in the solution was computed toslightly better fitting correlation coefficien®) and slightly
be about 64 kDa, indicating the presence of a GalR dimer better estimation errors, but the differences were not decisive.
Oe complex. The interaction model that best fit the data was Figure 3 shows the collected data and the fitted mathematical
2GalR+ Og < GalR.Og. This model gave the best estimates model along with the residuals of the fits. The fit quality of
for the natural logarithm of the equilibrium constant for the the data argues strongly in favor of the assumed models with
formation of a GalROe complex, InKgar,o. = 30.73. If it one or two HU dimers, although the exact value of the
is assumed that the GalR dimers found previously in cell 1 dissociation constant is limited by the corresponding estima-
bound one DNA molecule, then the association free energytion errors of the association constants for the remaining
is fairly strong with free energy of association of about 8.8 complexes. The natural logarithm of the molar association
kcal/mol (or Kg = 70 nM). A similar interaction affinity = constant, IrlKu),-cary-o., for the formation of the complex
between GalR ande by DNase protection assays was was estimated to be 47.3. Since the natural logarithm of the
reported previously1g). equilibrium constant for the formation of the GalR dimer
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Ficure 3: Formation of the ternary HU dimeiGalR dimer-Og [galR-OE] M

complex. Shown are least-squares fits for the multiwavelength FiGURe 5: Titration of AEDANS—HUaA43C/8 with the GalR-
absorbance data for two columns containing GalR, HU, @adt Oe compilex in 0.1 M Tris-HCI, pH 7.0, and 0.3 M NaCl at 26.

different excess concentrations of HU. For clarity purposes, only rpay_ayis shows the anisotropy values, which are consistent for a
three out of five wavelength data are shown along with the g fiexinle molecule such as HU. The data points were a

corresponding fitting errors as insets. Every second absorbance datq. yhination of two experiments done on two different days. The
pointis shown. Open symbols represent data from cell 6 and closedy,, jines were drawn to establish the stoichiometric equivalence.
symbols from cell 7 (see Experimental Procedures). Data for the

wavelength of 236 nm was offset for clarity. . . . .
rescence anisotropy, a direct function of the rotational

059 .o mobility of the fluorophore, which in turn is a direct function
o © 230 nm of the size and shape of the molecule, was used to measure
04 o o0 e A 2 :iz :2 protein-protein interactions. Since the mass of a protein
| i o athen” increases upon complex formation with another macromol-

ecule, the associated anisotropy increase can be used as a
guantitative measure of complex formatidr®). Wild-type

HU does not have any cysteine residue. We employed a
mutant HU, HWA43C/3, with a unique cysteine, to create
an attachment point for the fluorescent probes. The
HUaA43C/5 protein was labeled with IAEDANS as de-
scribed in Experimental Procedures. The ¢A43C/3 and

its IAEDANS derivative were shown to be active in
repressosome formatioh3) (data notshown). The AEDANS

66 67 68 69 70 714 72 HU was titrated with a preformed GatFO: complex at an
AEDANS—HU concentration (2.xM), which is more than

. 4 Ul fucation d ; HU and the GalR 10-fold higher than the dissociation constant obtained by
d%?nUeRrEo'E Corﬁ:gf&@?#ﬁgﬂi’gﬁtgﬁz ?orThueta::rgmbinsg e;pgrimaem ultracentrifugation. Under these conditions, the tangential

is shown. Although the formation of the ternary complex is included lines at zero and infinite concentrations of the GalB
in the model, the least-squares fitting returns a value for the complex cut at the point of stoichiometric equivalence. Figure

e
("]
1

Absorbance [ ]
-t
]
1

o
-
1

Radius [cm]

association constant that is zero. 5 shows the anisotropy increase of AEDANSUoA43C/3
as a function of added GatROe complex. The anisotropy
Ot complex was IKgalry,—(0p, = 30.73, the value of IK increased rapidly and saturated quickly. The tangential lines

for the binding of the HU dimer to the GatRlimer—Og cut at about 4M, which is closer to the 1:1 model than the
complex was approximately 16.6, which implies a rather 2:1 HU—-GalR model (in the latter case the intersection point
strong binding of the HU to the GalR dimeOg with free should be at 1.2&M). Although there is significant scatter
energy of association of about 9.1 kcal/mol Kar= 62 nM). in the data, the obtained equivalence point of aboul¥is
When the mutant HWK18A dimer was used, the interac- the lower limit. Values higher than this would indicate
tions changed significantly. The data, shown in Figure 4, association of more than one GalR dimer with one HU dimer.
were a better fit with a model that did not include the ternary Although this interpretation is possible from the anisotropy
complex. Using the same association model as with the wild- data alone, ultracentrifugation data rule out such a possibility.
type HU, the estimated association constant turned out toThus, combination of ultracentrifugation and fluorescence
be effectively zero. This indicated that the mutant form of anisotropy strongly suggests association of one HU dimer
HU was not capable of binding to the GalR dim&x with one GalR dimer (bound t®g ). As a control, we
complex. performed the same titration in the presence of excess
Fluorescence Anisotropysince the stoichiometry of the  unlabeled HWA43C/5. There was no significant increase
HU—GalR interaction was not unambiguously established in anisotropy, suggesting a specific interaction between HU
in the ultracentrifugation experiments, we decided to employ and the GalR-DNA complex (data not shown). Taken
a fluorescence anisotropy technique for this purpose. Fluo-together with the ultracentrifugation data, the suggested
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FiGURe 6: Excitation spectra of a solution containing 719 O Ficure 7: A cartoon of the HU dimerGalR dimer Oc complex
: —E™ showing the distance limits (not drawn to scale). Key: DNA, solid
DNA, 7.5 uM AEDANS—HUA43C/3, and 7.5uM GalR dimer a0k rod: GalR, blue ellipsoid: HU, pink ellipsoid. The black bullets
(—) and 7.5uM Oe—DNA and 7.5uM AEDANS—HUaA43C/3 in the middle of GalR are the approximate locations of the

(- - -)- Appropriate controls were subtracted from the spectra shown (1 iophan residues in the dimers. The positions of the tryptophans
as described in Experimental Procedures. Emission wavelength wasyjare derived from the homology model of GalR based on the crystal

set at 480 nm. structures of homologous repressod§)( The two black dotted
circles encompass the 50 A radii around the ends of DNA

stoichiometry of the HJ-GalR interaction is 1:1@e—GalR: fluorescein label, and the blue dotted circle encompasses the 50 A

HU,). radius around GalR tryptophan residues. These areas are excluded

from the AEDANS labels located approximately in the middle of

Fluorescence Resonance Energy Transkuorescence |, (indicated by stars).

energy transfer experiments were carried out between
AEDANS—HU0A43C/5 and the GalR dimerOg compleX,  peqween HU and GalR1@). The interaction model was

at 7.5uM each, to estimate the magnitude of the distance g, .ther supported by the isolation and characterization of HU
between HU and GalROe in a ternary complex. Thiswould oy ;tants apparently defective in the proposed interactidh (
help us to derive constraints on different association models te fiyorescence anisotropy and equilibrium ultracentrifu-
mentioned in the Discussion. The excitation spectra of gation experiments presented here confirm a physical as-
solutions containing AEDANSHUaA43C/5 andOs—DNA sociation between HU and the Gat®z DNA complex. The

and AEDANS-HUaA43C/3, Oc—DNA, and GalR, shown  gjaificity and biological significance of the ternary complex
in Figure 6, were virtually identical. No significant difference  ¢5mation was demonstrated by the fact that the genetically
was seen around 285 nm. If energy transfer occurred from yefineq, association defective, mutant HU was also incapable
the GalR tryptophan to the AEDANS moiety in HU, higher ¢ 5s5qciating with the GalROg complex in the equilibrium
fluorescence intensity would have occurred at wavelengths g centrifugation experiments. These experiments do not
where tryptophan absorbs (28800 nm). On the basis of  ompletely rule out the possibility that HU interacts with
the intensity values in the observed spectra, we concludedy,o GalR—O¢ complex not through the Gafbut through
that the energy transfer was very close to zero.Ryfevhere 6 pNA. However, the fluorescence energy transfer mea-
50% energy transfer occurs) is typically-380 A for the g\ ements do not support a model in which HU also binds
tryptophzaPrAED_ANS_ pair. Additional uncertainties existed i, the 20 bp DNA to which GalRbinds with high affinity.

due tox?. Even if Ry is very low (<20 A), the try%tophan The existence of the mutant HU, with the mutation farthest
and the AEDANS labels would be at least 40 A or more o Hiy's DNA binding motif, which is incapable of ternary

away. The energy transfer experiment was also measurec,ompjex formation, and fluorescence energy transfer derived
between AEDANS -HUaA43C/5 and the fluorescein-labeled  ¢onsiraints argue in favor of direct association of HU and

GalR dimer-Og complex at concentrations of 3uM each. DNA-bound GalR.
Although only a partial complex formation is expected at
this concentration, no energy transfer was observed bymc

comparjson of excitatiz_)n spectra. Due to high mob_ility of measurements. The AEDANS labels, approximately in the
;mmoilmkefd 2f|uore\|<,ce|n. att:]he e_?d f.f DNTA' gnc:lle:rtaflnty of middle of the HU structure (indicated by stars), are beyond
thg V:;g AON’CS—V;IIZl(S)rgsseIiﬂ Iz?irSIilsjaelx(r)gﬁn dypl'l%a z\?‘) :frter the 50 A radii (indicated by black dotted circles) of the two
i : P o fluorescein-labeled DNA ends and also beyond the 50 A
adjustment§ fpr relatively low complex formatlor_1, We Set adius (indicated by a blue dotted circle) of the two
Zn upper !['rr]n'tttﬁf 30 A fordHU to tDNlA etnd dllstatlrr]\cet. tryptophan residues (indicated by black bullets) in the GalR
ssuming that the donor and acceptor localions In the o ., Energy transfer experiments suggested that the DNA

energy transfer experiments were oriented correctly, the HU ends and the tr : .
. yptophan residues in GaiRe excluded to
molecule was likely far away from both the DNA ends and AEDANS labels in HU, indicating that HU binds to the

the GalR tryptophan in the HJGalR—Og complex, sug- GalR—Ok bi ; :

) ) e binary complex in the manner shown in the
g?]s_,urr]\g tr:catt;lu ??und ?r?t tgl\?EA but to the region of GalR, cartoon, i.e., through GalRThis conclusion is consistent
which is farthest from the : with the lack of complex formation with the HIK18A

homodimer in the ultracentrifugation studies. If HWas
DISCUSSION - ;
binding to the 20 bp DNA duplex directly, and not to GgIR
Cooperative binding of HU and GalR to DNA in repres- through its C-terminal DNA binding domair2@, 21), the
sosome formation suggested a protgimotein interaction N-terminal domain where the K18A change is located should

Figure 7 represents a cartoon of different distance limits
HU from GalR. and DNA obtained from energy transfer
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Table 1: Measurement of Association between GalR, HU,@aty Equilibrium Ultracentrifugation

interacting molecules tempQ) stoichiometry model dissociation const#qt AG® (kcal/mol)
GalR-GalR 2-10 monomer:dimer 0.59M 7.9
2-10 dimer:tetramer 6.6M 6.6
HU—HU (HU = o dimer) 214 of dimerog tetramer 1.7 mM to 24M (mean=0.23 mM)  3.5-6.0 (mear~ 4.6)
GalR dimer-Og 2-10 1:1 76 nM 9.0
HU dimer—GalR dimer-Og 2-6 1:1:1or2:1:1 62 nM or 0.86M? 9.10r6.9
HUoK18A dimer—GalR dimer-Og 2—6 N/A >1M N/A

aFor the binding of the dimer of the HdS dimer.

(i) O -0
(@) GalR Y HU

(") (b) i,r- DNA

(c)

(iii)
(d) +
Ficure 8: Models i—iii of the role of HU in repressosome [Dﬂ)
formation as described in the text. It is assumed that one HU dimer o4
participates in the final structure. Not drawn to scale. The colors _
of the symbols are as in Figure 7. &
(e) ¥

not cause any DNA binding defect as was observed in the
equilibrium ultracentrifugation results. We have also previ-
ously demonstrated that the FHW18A homodimer is not
defective in its general DNA binding propert$4).

From the energetic parameters of interactions between
various components of the Gal repressosome q§3termin§d irhGURE 9: A pathway of Gal repressosome formation (stepsl
the current Study, and the demonstra“()n Of SpeCIfIC mutat|0n5'|'he colors of the symb0|s are as in Figure 7. The details are
in HU, that disrupt the repressosome formation and at the discussed in the text. The intermediate stage between steps d and
same time prevent physical interaction with GalR is e has not been demonstrated and is shown within the bracket.
imperative that the function of Hidelineates the pathway
of repressosome assembly. On the basis of the observation§terface £3), and the existence of a specific HIDNA
reported here and previous'y, we attempted to construe thecontact between the two Opel’atOI’S in I’epressosome formation
pathway of repressosome assembly. Because the ability of(13) rule out a simple adapter model. Given the limited size
GalR to tetramerize is weaker than to dimerize (6.6 vs 7.9 Of the DNA segment (113 bp), a DNA loop-containing
kcal/mol; Table 1), the energetic barrier in DNA looping is  Structure with simultaneous contacts between two GalR
the required DNA bending and twisting3). Although part molecules and an HU molecule and the three proteins
of the energetic deficiency is taken care of by supercoiled Simultaneously contacting their cognate DNA (model iii)
DNA, HU could help to overcome the energetic barrier, as Would be energetically and/or sterically prohibitive2y.
reported previous|y’ in one of the fo”owing three ways in Consistent with model i, the atomic force minOSCOpiC
repressosome assemb§y (Figure 8): (i) as a DNA bender observations suggested that the Gal repressosome does not
to bind to and bend an apical positidmb§ in DNA, (ii) as have any contact between GalR and HU (unpublished
an adapter to facilitate tetramerization of GalR, or (jii) as results).
both to establish permanent contact with Gal®hile We, therefore, propose the following pathway for building
remaining DNA fibg bound. In an adapter role (model ii), the model i structure (Figure 9): (a) GalR dimers recruit
HU, keeps the GalR tetramer together and, thus, stabilizesHU. (b) GalR-HU complexes bind to the operators. (Step
the DNA bend without DNA contact. The demonstration of b could precede step a.) (c) The operator-bound G&lR
GalR tetramer formation by ultracentrifugation studies (Table complexes transiently interact to form tetramers and generate
1), the ability of mutant GalR proteins to interact with each a DNA loop that has a distortion around the apical region.
other in the absence of HU using a genetically defined (d) Spontaneous dissociation of HU from GalR increases the
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local concentration of HU. (e) The dissociated HU binds to
the transiently bent/distorted DNA, stabilizing the structure
of model i. This pathway is consistent with the energetics
of the various interactions reported above. In this scenario,
HU plays an architectural role in Gal repressosome forma-
tion. GalR piggybacks HU for delivery to the transiently bent/
distorted DNA bent and thus overcomes the entropic barrier.
The concentration of HU in the cell is not high enough to
interact with a rare and transient targetgal DNA. The
recruitment of HU by GalR as a piggyback in Gal repres-
sosome formation to overcome an entropic barrier may be
an example of a common theme in the formation of similar
higher order structures involving both architectural and
sequence-specific DNA binding proteins in other DNA
transaction reaction24—29).
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