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ABSTRACT: Thecro repressor from bacteriophages an important and classical transcription regulatory
protein that binds DNA operator sites as a dimer. Therefore, a complete understanding of gene regulation
by cro requires knowledge of the coupled energetics of its protein dimerization and site-specific DNA
binding. A method is described by whicio repressor can be labeled in vivo with$]methionine to a
specific activity of 2x 10 cpm/mol. As a prelude to binding studies, the association equilibriucnaof

was determined over the range 26102 M using large-zone analytical gel chromatography with
radiolabeled repressor. The data are best described by a mondimer stoichiometry with an equilibrium
constant of 3.07£1.08) x 10 M1 total cro monomer. Stokes radii for monomers and dimers were
evaluated from the resolved gel partition coefficients. Under the conditions employed in this study (10
mM Bis-Tris, 200 mM KCI, 2.5 mM MgCJ, 1 mM CaC}, 100ug/mL BSA, pH 7.0, 20°C), self-association

of cro to species with assembly states greater than dimers is not observed.

The control of transcriptional initiation is brought about operator are diagrammed in Figure 1. Monomers are in
by a diverse array of proteirprotein and proteirDNA dynamic equilibrium with dimers, which are the binding
interactions in equilibrium. For example, sequence-specific species %, 11, 13. While dimers bind to the individual
DNA binding by a transcriptional regulatory protein is often operator sites with an intrinsic free energy, they also exhibit
energetically coupled to the formation of a high-affinity an additional free energy of positive cooperativity when
association complex (cfl). These observations necessitate bound to adjacent operator sites. A complete characterization
that the linkage between protein assembly and DNA binding of cro binding to the right operator requires seven energetic
be understood explicitly in order to develop a mechanistic terms: one for dimerization; three for intrinsic interaction
understanding of a given system of interest. Detailed betweencro and the individual operator sites; and three for
understanding of how the physieathemical principles are  cooperative interaction. Sinoeo dimerization and operator
utilized then allows formulation of conceptual, predictive, binding are energetically coupled, the free energy contribu-
in vivo models 2, 3). The inclusion of experimentally tion of the linked assembly reaction must ultimately be
determined biophysical parameters is important for validation considered to correctly interpret the DNA binding data.

and testing such descriptive models. As a result, the roles of |n the work presented hereyo self-assembly was ad-
protein interactions, which mediate assembly and cooperat-dressed using ge| permea‘[ion techniques_ Chromatography
ivity, can be evaluated. allows detection of the eluting protein by several different
In bacteriophaget, the delicate balance between two methods including absorbance, fluorescence, and scintillation
alternate life cycles, lysogeny and lysis, is controlledcby  counting of radiolabeled repressat, (13. These methods
andcro (4) as they self-assemble and bind to the six sites gllow the assembly aro to be analyzed over a total protein
on the right and left operators gand Q) of the phage  concentration of 1—10-2 M (9). Once information regard-
genome %, 6). The dimerization and operator DNA binding  ing the self-assembly of cro has been obtained, the concen-
reactions ol have been well characterizeg10). To build tration of the binding species can be explicitly calculated

a more accurate understanding of gene control by the g necessary step when considering DNA binding processes
complex interplay between these two repressors, however,yith linked assembly reactions.

it is necessary to obtain more precise evaluation of the
functional energetics ofro in its role as a transcriptional MATERIALS AND METHODS
regulator. Interactions involvingro repressor and the right
Chemicals and Biochemical Material&mpicillin, am-
f This work was supported by National Institutes of Health Grants monium sulfate, bovine serum albumin (BSA, fraction V,
GM-39343 and R37GM24486 and by Fellowship T32GM08492. protease free), guanidine hydrochloride (ultrapure), isopropyl
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AGy, per bottle (200 mL total).

2‘—*@ All purification steps were performed at°€ or on ice.
AG 26N AG One hundred grams of WPC was thawed with shaking under
/ 1 ’\' a flow of warm water with constant agitation. The cell slurry

remained below 4C during the thawing process. Protease
inhibitors were added to a final concentration of 1@¥mL
(PMSF) and Jug/mL (pepstatin A and leupeptin). Cells were

1
(03— 0.2 }—{ 0t }

i(iﬁ lysed using a Branson Sonifier model 250 with a half-inch
probe. The slurry was sonicated for 15 s with a 90% pulse
0.3 0.2 [0.1) and then for 4 min and 45 s with a 10% pulse and allowed
| Sl iee J LR J . . . .
to chill on ice for 5 min between these 5 min pulse sequences.
AG,, The pulse sequence was repeated 5 times. Additional PMSF
<> was added after the third and fifth pulse sequences. KCl was
added to a final concentration of 750 mM from a stock of 3
1' 0,3 Jl {02 — 0,1} Min Iy5|s_ buffer. The lysis slurry was centrifuged at 15600
for 40 min.
AG The supernatant was made 0.6% in PEI by addition from
> a 10% stock with constant, slow stirringj) and centrifuged

>
Q%_ at 2750@ for 50 min. Ammonium sulfate was added to 55%
saturation (32.6 g/100 mL), and the precipitate was pelleted
103 9.2 —1 9l at 2750@ for 50 min. The pellet was dissolved in (300
FiIGURE L Interactions involvingro repressor and the right operator  9/1200 mL) buffer C-100 [10 mM potassium phosphate (pH
(Or). Ok contains three 17 base pair binding siteg1 00<2, and 8.0), 0.1 mM EDTA, 5% glycerol (v/v), 100 mM NacCl],
Or3, separated by spacers of 6 and 7 base pairs, respectv@ly.  and protease inhibitors were added as above. The resultant

repressor monomers consists of 66 amino aociis. dimerizes : ; : :
(AGqn) and binds the three Osites with intrinsic free energies solution was dialyzed extensively against three changes of

AGy, AG,, andAG;, corresponding to binding at sitessD Og2, 4 L each of buffer C—10'0.' .
and Q:3, respectively. Adjacently bountto repressors exhibit a The pH and conductivity of the dialyzed sample were
nonadditivity or cooperative free energit@. AGzs AGi2g). adjusted, if necessary, to match those of buffer C-100. The

sample was loaded onto a Whatman P-11 cellulose phosphate

Chemical Co. Electrophoresis grade acrylamide, ammoniumcolumn (400 mL, 5x 20 cm, prepared according to package
persulfate, bis(acrylamide), and TEMED were from Bio-Rad. instructions and equilibrated using 3 column volumes of
Acrylamide and bis(acrylamide) were deionized using Bio- puffer C-100) at a linear flow rate of 0.26 cm/min. The
Rad AG501-X8 mixed-bed resin prior to use. Bio-Gel P column was washed with 1 volume of C-1@00 repressor
polyacrylamide gels were also from Bio-Rad. was eluted usig a 2 Llinear gradient of buffer C from 100

L-[3*S]Methionine (in vivo cell label grade, 1000 Ci/mmol) to 600 mM NaCl.cro was found to elute at 456650 mM
was from Amersham. P-11 cellulose phosphate was from NaCl. The corresponding fractions were pooled and con-
Whatman. Double-stranded native DNA cellulose (DS-DNA  centrated to 40% of the original volume using an Amicon
cellulose) and Hydroxyapatitie-Ultrogel (HAP-Ultrogel) were - Filter/Concentrator equipped with a YM3 membrane. Pro-
from Pharmacia Biotech. tease inhibitors were added as above, and the resultant,

Molecular size standards, used in calibrating the column concentrated pool of fractions was dialyzed extensively
and in determining Stokes radii, obtained from Sigma were against thre 1 L changes of buffer A-100 [10 mM potassium
the following: blue dextran, bovine pancreatic trypsin phosphate (pH 6.4), 5% glycerol (v/v), 100 mM KCI].
inhibitor (BPTI), cytochromec (from horse heart)q-lac- The dialyzed sample was clarified by centrifugation at
talbumin (type | from bovine milk), myoglobin (from horse  2000@Qy for 20 min in a Sorvall SS-34 rotor. The collected
heart), and.-tryptophan. RNase A, used in column calibra- precipitate contained sonezo and a significant number of
tion, as above, was from Pharmacia Biotech. impurities. This step resulted in a significant enrichment of

Protein Purification The methods used to overexpress and cro despite minor losses in yield. The dialyzed and clarified
purify cro from E. coli were adapted from1d). cro was supernatant was loaded onto a Pharmacia HAP Ultrogel
overexpressed from the tac promoter on plasmid pAP119 column (200 mL, 2.5x 41 cm, preequilibrated in buffer
(15 and purified from Escherichia colistrain X9T as A-100) at a linear flow rate of 0.41 cm/mioro was eluted
described by Takeda et alg) with the modifications below.  using a 1 Llinear gradient of buffer A ranging from 100 to

E. colistrain X9T transformed with plasmid pAP119 was 500 mM KCI. cro elutes as a single peak with its maximum
stored at—=70 °C in Luria—Bertani (LB) medium with 30%  occurring at approximately 300 mM KCI. The relevant
glycerol. One hundred liters of LB/ampicillin (1Qgy/mL) fractions were pooled, concentrated to—I®% of the
was inoculated and grown to an @pof ~1.5. The culture original volume, and dialyzed extensively agaicrst storage
was induced fo 3 h with IPTG (100ug/mL) and then buffer [10 mM Tris-HCI (pH 7.4 at £C), 0.1 mM EDTA,
reduced ¢ 6 L by filtration. The cells were centrifuged at 200 mM KCI, 50% glycerol]. The purified repressor was
700Q@ for 10—15 min and resuspended in 3 times their determined to be greater than 95% pure as judged by

weight of lysis buffer [50 mM Tris-HCI (pH 8.0 at 4C), Coomassie Brilliant Blue and silver staining of samples run
10% sucrose (w/v), 10 mM EDTA, 50 mM KCI]. The slurry  on 15% SDS-polyacrylamide gels and stored a0 °C.
was flash-frozen in liquid nitrogen and stored-at0 °C in Molar Absorbance Determinatiofhe molar absorptivity

aliquots corresponding to 50 g of wet packed cells (WPC) of cro was determined according to the method of Gill and
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von Hippel (8). The absorbance of repressor in standard centrifuge, and the pellet was discarded. Ammonium sulfate

buffer (10 mM Bis-Tris, 200 mM KCI, 2.5 mM MgGJ 1
mM CaCl, pH 7.0, 20°C) was compared to the absorbance
in standard buffer containin6 M guanidine hydrochloride
over a range of 16500 uM total cro repressor. Samples

was added to the supernatant to 55% saturation (0.326 g/mL),
and the precipitate was pelleted by centrifugation at 10 000
rpm for 30 min in a tabletop micro-centrifuge. The pellet
was dissolved in 75QL of buffer C-100 and dialyzed

were scanned from 200 to 350 nm on a Cary3 spectropho-extensively against buffer C-100.

tometer with an averaging time of 0.1 s, a data interval of

The sample was loaded onto a Whatman P-11 cellulose

0.5 nm, and a scan rate of 300 nm/min. The band-pass washosphate column (1.5 mL, 0:67.6 cm, prepared according

1 nm. Values of 4198+ 14 M~! cm™ (0.571 + 0.002
mL-mgt-cm™) at 278 nm and 77 46% 258 M cm™?
(10.53+ 0.04 mL'mg*-cm™?) at 220 nm were determined
from linear regression of triplicate experiments using a
molecular weight of 7358 as determined from amino acid
composition.

Purification of3°S-Radiolabeled. Phage cro Repressor.
cro was overexpressed from thiac promoter on plasmid
pAP119 (L5) and purified fromEscherichia colstrain RB791
[W3110 lacl®L8] (19) as described above with minor
modifications. The®S label was incorporated according to
Beckett et al. T) with the modifications below. Liquid
scintillation counting was performed by mixing serial dilu-
tions of labeled repressor of 0.5 mL total volume into 4 mL
of liquid scintillation cocktail. Triplicate samples showed that
2.3 x 10" cpm of %S label had been incorporated per mole

to package instructions and equilibrated using 3 column
volumes of buffer C-100) at a linear flow rate of 0.41 cm/
min. The column was washed with 2 volumes of buffer
C-100 and 2 volumes of buffer C-200. A step gradient
consisting of 1 volume each of buffer C containing 200, 300,
400, and 500 mM NacCl, and 5 volumes of buffer C-600 was
used.cro eluted from 450 to 550 mM NaCl as determined
by SDS-polyacrylamide gel analysis of the collected frac-
tions 1). Relevant fractions were pooled and dialyzed
extensively against buffer D-50 [50 mM Tris-HCI (pH 7.4
at 4°C), 5 mM EDTA, 5% glycerol, 50 mM NacCl].

The dialyzed sample was loaded onto a Pharmacia Double
Stranded Native DNAcellulose column (0.75 mL, 0.%
3.8 cm, equilibrated in buffer D containing 1500 mM NacCl
and washed with 3 volumes of buffer D-50) at a linear flow
rate of 0.41 cm/min. The column was washed with 2 volumes

of cro repressor. This corresponds to 1000 Ci/mol assuming of buffer D-50, 8 volumes of buffer D-100, and then 5

a liquid scintillation counting efficiency foi*S of 95% and
2.2 dpm/4Ci.

Escherichia colistrain RB791 transformed with plasmid
pAP119 was stored at-70 °C in Luria—Bertani (LB)
medium with 30% glycerol. Bacteria were grown in 50 mL
of Modified Minimal Media [M9 salts (pH 7.4), 1% (w/v)
glucose, 0.14 mM N&O,, 2 mM MgCh, 0.1 mM CaClj]
(19 with 100 ug/mL ampicillin in a sterile 250 mL
Erlenmeyer flask. At an Ofg, of 0.7—0.9, 10 mL of the 50

volumes of buffer D-150. Radiolabeledo repressor was
eluted with 6 volumes of buffer D-400. Fractions were
analyzed by SDSpolyacrylamide gel electrophoresis, and
the relevant fractions were pooled and concentrated on a
Centricon 3 for 23 h. The concentrated sample was
dialyzed extensively againstro storage buffer. Sample
concentration was determined by absorbance measurements
at 278 nm of serial dilutions from the stock solution and by
subsequent linear regression. The repressor was determined

mL culture was aliquoted to a second, sterile, prewarmed to be greater than 95% pure as judged by silver staining and

250 mL Erlenmeyer flask. The 10 mL culture was induced
for 5 min with IPTG (10Qug/mL). [**S]Methionine (10 mCi/
mL, 1000 Ci/mmol) was added to final concentration of 1
uM methionine, corresponding to 1 mCi of label/mL of
culture. The culture was grown for an additional hour.

autoradiography of samples run on 15% SHfelyacryl-
amide gels.

Analytical Gel ChromatographyBioRad BioGel P-30
columns (1x 45 cm, 35 mL total volume) were constructed
as described in Valdes and Acke®Y and poured according

The cells were harvested by centrifugation, resuspendedto Turner 3). The column was equilibrated and maintained

in 50uL of lysis buffer, and transferred to a sterile eppendorf

in Standard Buffer (10 mM Bis-Tris, 200 mM KCI, 2.5 mM

tube. Protease inhibitors were added as described in theMgCl,, 1 mM CaC}, pH 7.0, 20°C) plus 0.01% sodium

purification scheme for unlabelexlo repressor, and the cell
slurry was stored at-70 °C overnight.

Cells were thawed on ice and lysed by addition of
lysozyme to a final concentration of 6@@/mL from a stock
of 30 mg/mL made fresh in lysis buffer. Lysis was then
continued on ice for 1 h. To increase lysis efficiency, sodium

azide (SB+azide). Unless otherwise noted, all tubing was
Tygon with an inner diameter of 1/32 in. and an outer
diameter of 3/32 in. The flow rate was regulated using a
Rainin Rabbit 1l Peristaltic Pump fitted with silicon rubber
tubing (Rainin) to brake the native flow rate to 14.84.7
mL/h. Flow rates were determined by the weight average of

deoxycholate was added to a final concentration of 0.05% every tenth fraction of collected column eluant and found
from a stock solution made fresh in water and NaOH (6.1 to vary+0.005 mL/fraction £2%). Before each experiment,

mL of H,O, 0.15 mL ¢ 5 M NaOH, 0.25 g of sodium
deoxycholate) Z0). Lysis was continued for an additional
hour on ice.

MgCl; (20 mM), CaC} (1 mM), and DNase | (1Qug/

the azide was washed out and the column was equilibrated
in SB plus 100ug/mL BSA (SB+BSA).

Large-zone (2530 mL) experiments were carried out as
described in Beckett et alr), High concentration zones were

mL) were added, and the solution was incubated on ice for prepared by weight dilution of stock, unlabele solutions

30—60 min. KCI (750 mM) was added fro a 3 Mstock in

into SB+BSA followed by the addition of very low

lysis buffer, and the cell debris was pelleted by centrifugation concentration (1@ M) of radiolabeleccro. Low concentra-

in a tabletop micro-centrifuge at 10 000 rpm for2 min.

tion zones were prepared by volume dilution of stock

The supernatant from the lysis step was brought to 0.6% radiolabeled repressor into SBBSA. Plateau radioactivity

in PEI by dropwise addition from a 10% stock7j and
centrifuged at 10 000 rpm for 30 min in a tabletop micro-

levels of the large-zone eluates ranged from 4000 to 40 000
cpm/mL.
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Samples were monitored at 278 or 220 nm using a
Shimadzu 150 dual beam spectrophotometer connected to a
Linear brand strip chart recorder. The effluent tubing from
the spectrophotometer was connected to an Isco Retriever
Il fraction collector. Fractions were collected in five-drop
(~0.25 mL) increments into preweighed plastic scintillation
vials and mixed with 4.0 mL of Aquasol 2 (Dupont)
scintillation fluid for counting. Elution profiles were deter-
mined optically or by scintillation counting of collected
fractions. Sample counting was performed for 2 min on an
LKB (Wallace) 1208 Rackbeta Liquid Scintillation Counter.

Analysis of Chromatographic Dat®ata were plotted as T —
plateau concentration versus volume. Zones with concentra-
tions greater than &M total cro required an additional

._.
<

Fraction Plateau Concentration
(=]
W

correction to account for volume changes in the collected Elution Volume (ml)
fractions due to decreased drop size. This decreased fractiofFiGure 2: Radiolabeled repressor represents the bulk properties
volume resulted from surface tension variatiofd) (and of cro solutions. The plateau concentration for both profiles is°10

correlated with large-zone elution. The flow rate was M totalcro mc:jntc))mer_. T.'He circles re_presefznt fl‘” e'ﬁ'}?” profile tr;]at
4 by applving a linear fransition between the average.V2S monitored by scintilation counting of collected fractions. The
corrected by applying 9€s0lid line represents a profile that was monitored spectroscopically.

fraction volume of the baselin&/() and the fraction volume  The vertical line is the centroid volum¥,, representing the center

of the plateau\(,). The total eluted volume was calculated of mass of the leading edg@3). The identical centroid volumes
as follows: demonstrate that radiolabeled repressor represents the bulk proper-
ties of the entire solution.

total eluted volume= £ of Blue Dextran (5 mg/mL in SB-azide) and.-tryptophan

A vt ivj N é v+ i v, + V. (1) (0.3 mg/mL in SBrazide) €2, 2. The resulting datag.
& i1 1 =11 w5 versus [cro total], were fit to a monomedimer stoichio-
metric model using nonlinear least squares regresgian (
whereli, j, k, |, and m are fraction numbersA is the last on the following equations:
fraction number before elution of the large zoleis the

last fraction number in the leading edge (before plate@u), Oy = f1o + (1 = f)oy (8)

is the last fraction number in the plateau region (before

beginning of trailing edge) is the last fraction number in fy = [~1+ (1 + 8Ky C) /4K 4 Cr 9)

the trailing edge (before return to baseling)js the last

collected fraction number, and whereon andoy are partition coefficients of monomers and
dimers, respectivelyf; is the fraction of monomerCs is

V,=V;wheni < A (2) the total protein concentration, ar, is the resolved

equilibrium association constant.

V1_ Vz

) 3) Partition coefficients were determined for molecular size
standards and were transformed as the inverse error function
complementérfc1g;) to yield a linear relationship with the

o )

Vi=V,whenB <k=C 4 molecular Stokes radius)((28):
— _ —1
V= ([[I) _((3: ] v, - Vz) +V, ) I, = ay + by(erfc o) (10)
whereag and by are the calibration constants for a given
V=V, whenm> D (6) column. Hydrated radii corresponding to monomer and dimer

he eluti il d bef id vol endpoints were calculated from calibration curves using the
The elution profiles were corrected before centroid volume mgjacylar size standards cytochromé¢l16.4 A), a-lactal-

determination. Elution volume¥{) were determined as the ) .io (19.4 A), myoglobin (20.7 A)29), BPTI (17.0 A),
equivalent sharp boundaries (centroids) of the leading edgeﬁysozyme (19.4 A)20), and RNase A (16.3 A)31).

of the zone by numerical integration [Figure 2; see a2sb( Data were analyzed to determine the best-fit model-
The elution of a macromolecule is represented by the yonendent parameters, which yielded the minimum variance.
partition coefficient £5) which is the fraction of the solvent Joint confidence intervals for the fitted parameters were
volume within the gel matrix that is accessible to the ,qimated according to the method of B&2), Confidence

macromolecule. Weight average partition coefficiemt$)(  intervals (67%) correspond to approximately one standard
were calculated relative to totally excluded and included yqyiation

standards by
RESULTS

Protein Purification and Molar Absorbance Determina-
whereV, andV, are the void and internal volumes of the tion. The purification protocol presented here yielded 200
column, with values of 10.75 0.05 and 24.23 0.07 mL, 300 mg ofcro from 100 g of WPC. The purified protein
respectively, and were determined by small-zone analysiswas >95% pure as judged by silver staining of samples

Oy = (Ve = VoIV, (7)
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electrophoresed on 15% SBgolyacrylamide gels and had
100% DNA binding activity as determined by stoichiometric
binding assays [se&3)].

The molar absorbance ofo determined in this study was
4198+ 14 Mt cm™ (0.571+ 0.002 mL:mg t-cm?) at
278 nm and 77 467+ 258 M cm! (10.53 + 0.04
mL-mgt-cm™) at 220 nm. These values differ only slightly
from the summed molar absorbancies of the contributing
amino acids (three tyrosines per monomer) over a wide
concentration range (10-10"2 M), suggesting minimal
changes in hypo- or hyperchromicity due to intra- or
intermolecular interactionsl8, 39.

Fraction Plateau Concentration

35S Protein Labeling and Purificatioihe procedures used ’ " . : "
for bacterial growth and in vivo labeling were adapted from 9 12 15 18 21
Beckett et al. 7) to maximize the specific activity and Elution Volume (ml)

quantity Of. t.hecro repressor preparation. The specific activity Ficure 3: Concentration dependence of the centroid volume reveals
of the purifiedcro repressor was X 10'> cpm/mol (1000 protein self-association. Shown are the leading boundaries of six
Ci/mol), which is high enough to detect the protein at a large zones ofro repressor at plateau concentrationsx 307°
concentration as low as 1OM. The small quantity of cells  (®), 1 x 1077 (O), 3 x 1077 (¥), 3 x 1076 (v), 3 x 107> (W), 4

and high concentration of radioactivity used during in vivo ¥ V&g‘;ﬁ?o'\r’]' \t/%tﬁ'nﬁre%Tvﬁp]?%?é-aiﬁ%%dgéﬁfgftmg Spé';tletg}’i"% d
'a_be"”g required replacement, of the usual somcatmq St€Pthe increase in average molecular size as the fraction of dimers
Wlth a detel’geﬁﬂysozyme |ySIS Step The I’e|atlve|y h|gh increases according to mass action.

concentration of added lysozyme required a double-stranded

native DNA—cellulose column chromatography step to ° 1 Lo

separate the lysozyme frooro repressor as both proteins
display similar isoelectric points [p= 10), preventing
separation by ion exchange methods. Silver staining revealed
the presence of unlabeled proteins while autoradiography
allowed visualization of labeled proteins, present in low
concentrations but with very high specific activity. This
cross-check was necessary for accurate concentration deter-
mination of the radiolabeled repressor and to ensure that the
radioactivity associated with eluting zones during gel chro- 9 -8 -7 -6 -5 -4 3

matography represented pure repressor. log [cro monomer] (M)

Dimerization EnergeticsElution profiles for two chro-  pigure 4: Dimer association curve fatro repressor: Weight
matographic zones afro repressor are shown in Figure 2. average partition coefficients() obtained as a function of total
The profiles exhibited boundary sharpening on the leading cro monomer concentration. Weight average partition coefficients
edge of the solute zone and a corresponding boundarycan be expressed as a function of fraction monorigrmionomer

- o : . - artition coefficient , and dimer partition coefficient
spreading on the trailing side which are characteristic of self- gccording to eq 8. Frgné)tion monomer \F;alues asa functionoetl))f total

associating solutes on sieving columi8)( The vertical line  ¢ro monomer concentration are shown on the right ordinate. The
represents the centroid volumé,, and denotes the center solid line represents a best fit of the data to a monerdéaner

of mass of the leading edge. Identical centroid volumes from stoichiometric model.

the two profiles, measured by absorbance and by radioactiv-

ity, demonstrate that the added radiolabeled repressor isthree or morecro monomers would exhibit a partition

representative of the sample’s bulk solution properties. coefficient of 0.03 at the high concentration endpoint while
The centroid of the |eading edges of elution prof”es values of 0.12 are observed. Dimerization studies. af

decreased with increasirgo concentrations over the range 'epressor showed a sharp drop dp at high protein

from nanomolar to millimolar totatro repressor (Figure 3).  concentrations (+10 «M), suggesting assembly to higher

This shift in the centroid volume with increasing concentra- order species7; 33. This observation was confirmed by

tion reflects an increase in average molecular size as thesedimentation equilibrium studie3€). In the work presented

fraction of dimers increases according to mass action. Thehere, the high concentration endpoint corresponded to a stable

difference in elution volume between the monomeric and dimer species and was well-defined by the data suggesting

dimeric species was-3 mL. that any assembly to higher order species must occur outside
Weight average partition coefficients as a function of the concentration range used in this study.

monomer concentration are shown in Figure 4. The solid The buffer used in this work contained 109/mL BSA.

curve depicts the best fit to a monomelimer stoichiometric ~ This component was included to block nonspecific adsorption

model of assembly (egs 8 and 9). The data spanned 5 ordersf cro to the column matrix at low concentrations 3 x

of magnitude in protein concentration and were well 107 M). This slight sticking was detected by asymmetry in

described by the assembly model employed. The use of anthe elution profiles of zones at low concentrations and by

assembly model that limits the stoichiometry to 2 was incomplete recovery of the loaded protein. Experiments

supported by the fact that column calibration as a function conducted at plateau concentrations of>M in the presence

of apparent molecular weight suggested that assemblies ofand absence of BSA showed equivalent centroid volumes

W)
o
b
N

1 0.75

Weight Avgerage
Partition Coefficient (j,
o

015 1 0.25

f=1

oo

f=1

W

<
JIWOUOA 047 UondelJ

0.12 0.00
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Table 1: Resolved Parameters fop Monomer—Dimer was found to exhibit a shift toward compaction upon
Equilibrium dimerization, reflecting plasticity of the repressor that has
Keg 3.07 (1.08)x 10 M~ begn shown to be necessary fo_r operator bmd’_t'k&;—@(_)).
AGgin? 8.7+ 0.2 keatmolX This compaction may be due in part to the insertion of
Stokes radius monomer  14460.2 A phenylalanine 58 of one monomer into the core of its partner
. dimer 17.0£0.2 AA monomer upon dimerization4{): the burial of such a
Rd/rd Gmaamer f'&ﬁ 8'8? \ protruding residue may decrease the apparent frictional
hydration (me)? ~ monomer  0.33: 0.04 g of HOJ/g ofcro coefficient of the dimer relative to that for a “doubled
dimer 0.10+ 0.02 g of HO/g of cro monomer.”
(variance of fit} 0.005 The frictional coefficient contains information about

a Association constant.Standard Gibbs free energy of dimerization molecular shape and hydration effects. Accordingly, an upper
with 67% confidence intervals.Ratio of Stokes radius to calculated  |imit on the contributions of hydration can be calculated by
anhydrous molecular radiu$Maximal hydration (grams of water per assuming that all deviations dff, from unity are due to

gram of protein). hydration such that

(data not shown) indicating that the added BSA had no effect

1/3
on the assembly properties ofo (7). f = 55 = M (15)
Molecular Size and Shape ParametePartition coef- fo 1o Vero
ficients determined for the monomer and dimer species were
used in conjunction with column calibration data to calculate This equation can be rearranged to
Stokes radii focro monomers and dimers; values are shown — 5
in Table 1. The precision iRs reported in Table 1 reflects W = Vero 55 _ (16)
67% confidence intervals of the fitted partition coefficients. T Vio[\fo

The inherent precision of molecular radius determinations

of globular proteins by gel partitioning methods has been wherewy,is the maximal hydration in grams o8 bound
explored in detail and shown to be0.2 A (26). per gram ofcro, Vi, is the partial specific volume ofro
The transport behavior of a molecule pI’OVides information calculated from amino acid Composition, ak_{dzo is the
about its Shape and hydration. The translational frictional partia| Specific volume of bound water. For a Spherica]
coefficient, f, is thus related to fluid viscosity by Stokes’ molecule with R )mon = 1.14, Wiax is 0.33 g of HO per
law (for a sphere): gram ofcro monomer; dimers have a value &{ro)gim =
f = 67Rs (11) 1.04 wh_ich corres_ponds tovémax of 0.17 g of HO per gram
of cro dimer. Maximal values of hydration for both mono-
meric and dimericro species are similar to a “typical” value
of 0.25 g of HO per gram of protein. A value of 0.357 g of
SHZO per gram otro was calculated for both monomers and
dimers according to hydration values for individual amino
acids @2). The value of hydration for the monomer
determined experimentally agrees with the calculated value
fo = 6anr, 12) while that for the dimer is smaller by a factor of 2.

wheren is the viscosity of water at 20C andRs is the
Stokes’ radius of the molecule. The frictional coefficient of
an ideal unsolvated spherical molecule with the same mas
and patrtial specific volume as the protein under consideration
is described by

wherer, is the molecular radius of the spherical anhydrous DISCUSSION
protein and can be calculated ab initio by equating the
anhydrous molecular voluméy//N) to a sphere of radius
lo:

To generate a more complete model for gene regulation
in bacteriophagd, the roles of the interacting components
have required extensive exploration. Fwp repressor, an
MY 4 essential step to the understanding of its function as a

_ 3 .. . . : . .
—_— = énro (13) transc_r|pt|0n_al_ regulator_ is _the investigation _of its asse_mbly
to a high-affinity DNA binding species. In this work, high-
After rearrangement: precision analytical gel chromatography (AGC) was used to
_ measure the monomedimer equilibrium assembly proper-

(= (3& vs (14) ties of the bacteriophag cro repressor. Previous studies

0 \4zN involving DNA binding of cro have not incorporated the
contribution of the linked dimerization to the overall binding
process §, 12, 16, 43-49). The results presented here
demonstrate a free energy change upon dimerizatior8of
kcal/mol. This comparatively weak dimerization free energy

whereM is the molecular weight of the proteiiV, is the
partial specific volume, andN is Avogadro’'s number.
Deviations of the ratio offf, from unity reflect nonspherical

molecular shape and/or hydration effects. A valuerflt'  preciudes accurate interpretationooé—Ox interactions with
of 12.9 A was calculated usinil = 7358 andV = 0.740  sjte.specific binding constants in the picomolar rang@.(
cn/g (calculated from amino acid compositios)y for the In addition, it challenges the traditional view thato

anhydrous radius afro monomer. An apparent Stoke_s _radius repressor exists as a dimer at all concentratiGysLp).
(RS of 14.6 A was determined experimentally, giving an  Use of35S-Labeled cro and Analytical Gel Chromatog-

(RJ/ro)mon Value of 1.14. Similarly, forcro dimers,ry™ = raphy. The use of protein labeled to a very high specific
16.3 A anng'm = 17.0; thus, Ry/ro)aim = 1.04.cro thus activity (2 x 10* cpm/mol) has permitted an accurate
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determination of the equilibrium association constant becauseto the assembly properties ofo. Comparing the solution
the partition coefficient can be determined at total monomer dependence afro dimerization with that o€l repressor will
concentrations as low asx 10°° M. Such low concentra-  provide a framework for exploring the differential transcrip-
tions ofcro have been inaccessible to spectroscopic analysistional regulatory roles of these two repressors within the
due to the protein’s small extinction coefficient. In addition, context of their self-assembly. In addition, knowledge of the
the elution profile monitored by scintillation counting has a temperature dependence @ dimerization may provide
signal that is unaffected by the presence of A§0mL BSA information on the thermodynamic “cost” for formation of
(used to block nonspecific adsorption to the column at low the flexible “ball-and-socket joint” formed by burial of Phe58
cro concentrations) while that of the profile that is optically of one monomer into the core of the othdd). A complete
monitored further demonstrates an increase in backgroundthermodynamic description ofro association may be
noise. Use of a radiolabeled tracer allows circumvention of expected to provide additional rules that are central to the
issues related to tight assembly constants, low optical signal,understanding of the mechanisms by which transcriptional
and the need to include additional components which block regulatory molecules function.
nonspecific adsorption.
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