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ABSTRACT: The Escherichia coliplasmid pKL1 is one of the smallest bacterial plasmids. It encodes a
single, autoregulating structural gemepA responsible for replication and copy number control. The
oligomerization of RepA was previously proposed as the basis of a strategy for pKL1 copy number control.
To elucidate the oligomerization properties of RepA in solution, RepA was expresgedadh; purified

by ion exchange and hydrophobic chromatography; and examined in solution by spectrapolarimetry, light
scattering, sedimentation velocity, and equilibrium ultracentrifugation. RepA behaved as a concentration-
dependent equilibrium of dimers and hexamers. Conformational parameters of the RepA hexameric complex
were determined. These results support the proposed autogenous regulatory model whereby RepA hexamers
negatively regulateepA expression thereby affecting the copy number control of pKL1. RepA of pKL1

is the first plasmid replication initiation protein documented to be in dimdrexameric forms.

Plasmids are autonomous extrachromosomal DNA ele- preprimer RNA complex. Overall, this represents a rather
ments maintained at defined copy numbers in bacterial cells.relaxed version of plasmid copy number control resulting in
Plasmids normally coordinate their replication rates with host tens to hundreds of plasmid copies per c&-4).

cell growth to ensure their perpetuation. This is achieved other plasmids have developed more stringgatiA-
via various autoregulatory control mechanism(s) whereby jngependent control mechanisms. These generally involve a
plasmid DNA concentration affects the plasm|_d repllcatlon_ specific plasmid-encoded replication protein, Rep, necessary
rate (copy number control) and hence establishes plasmidyq the initiation of plasmid replication. The rate of synthesis
copy number/cell. _ . o of Rep can be controlled at the transcriptional and/or
The best understood circular plasmid replication and yansjational levels by antisense RNA and/or a repressor. For
regulation system is that of the ColE1 plasmid family. It is example, the expression mpAof plasmid R1 is controlled
based on the formation of a trans-acting antisense RNA, by antisense RNA at the translational level and by an
which is complementary to a region at theeld of the RNA g yiliary protein repressor, CopB, at the transcriptional level
preprimer; their pairing abolishes the maturation of the 5-10). Several plasmids even invoke a dual regulation
requisite replication primer. These plasmids characteristiqally strategy for Rep expression involving antisense RNA as well
depend on RNaseH and DNA polymerase | (PolA), which a5 3 transcriptional repressor to fine-tune the maintenance
initially elongates a mature replication primer later to be ¢ copy number. Both elements sense and correct the
replaced with DNA polymerase lIl. Some ColE1 replicons  q,ctyation in copy number and together constitute a more

also encode an auxiliary protein regulator, Rom, to enhancegyingent degree of regulation than exhibited by either
the rate of formation of the inhibitory antisense RNA  glament alonel(1—14).
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results support and refine the proposed model for pKL1 copy in its hexameric form. The frictional coefficients and

number control. asymmetry of the complex were calculated as described
previously @4) assuming a prolate ellipsoid shape of
MATERIALS AND METHODS semiaxesa andb (y = b/a) with
Expression and Purification of RepRepA was purified 1 — 212
from 3 L of Escherichia coliBL21 (F~ ompT lon hsd$ fif, = a=»)
rs"ms") that contained plasmids pBGL-R7) and pGP1-2 o, 1+ (1L —yA
(20). The culture in six 4-L Erlenmeyer flasks containing yrn—————

500 mL of TFB Q1) was vigorously shaken at 28C

overnight. An equal volume of fresh medium was added, wheref = M/sN (1 — Vp) = 6ayRs, fo = 6a7R,, R, =

and incubation was continued at 42 for 2 h. Cells were  [3M(V + €)/47N]*3 and M = the relative MW of the
harvested by centrifugation, washed with 50 mmot Tris- complex,s = the sedimentation coefficierlt = Avogadro’s
HCI, 0.2 mol L™* NaCl, 1 mmol L'* EDTA, pH 7.6 and  number, v= the partial specific volumep = solution
resuspended in 250 mL of the same buffer. Cells were brokendensity,;; = viscosity of the solvenRs = (f/f,), R, = Stokes

in a French Press Homogenizer at 10 000 psi, the homogenateadius,R, = the radius of the sphere corresponding to the
was cleared by centrifugation first at 15 @8&nd subse-  volume of the macromolecule, amg= preferential hydra-
quently at 30 00§, and the RepA-containing fractions tion parameterd5). A value ofe; = 0.22 g of HO/g of
precipitated with 7.3% poly(ethylene glycol) 8000 (Sigma). protein was used in the calculatiors]. The ratiof/f, = 1
The precipitate was centrifuged at 15 @0@esuspended in  for a perfectly spherical molecule and higher values are
100 mL of 50 mmol L* Tris-HCI, 100 mmol L* NaCl, 1 indicative of the extent of departure from the spherical shape.
mmol L™* EDTA, pH 7.6 and loaded onto a 200-mL DEAE  Fromy, the values for the semiaxasaindb were determined
cellulose column (Whatman). After rigorous washing with for a hydrated volum¥/, of the protein equivalent to a prolate
the loading buffer, RepA was eluted with a linear-02M ellipsoid Vi, = MISN (V + €;) = (4/3)rak?. The radius of
gradient of NaCl in one major peak. Fractions from the peak gyration can then be calculated from equati®a =

were analyzed by SDSPAGE, pooled based on the purity an/ (2+y2)/5 (27). The partial specific volume of the protein

of RepA-containing fractions, and stored on ice. The (0.737 cnig!) was calculated from its amino acid composi-

concentration of NaCl was slowly increased4 M in the : o - .
pooled fractions and then loaded onto a 50-mL Phenyl tion (28_). The extinction coeff|'0|ent of the protein at 280
nm (€ = 22 430) was determined from protein sequence

Sepharose (Pharmacia) hydrophobic interaction column.

; . . information as described by ré®.
(5|E)”a'm'i‘)fltel_r,fhg:izlfgglwismrgo\(v;_tﬁ ?\Igglf erlcrc:]nr:r())rrsE ? of Light ScatteringDynamic light scattering (DLS) analysis

EDTA, pH 7.6, RepA was eluted again in one major peak was performed using a DynaPro MS/MSTC molecular sizing
. ) S instrument (Protein Solutions), which measures the scattering
using a descending 4®.5 M NaCl gradient in 50 mmol . :
g o . of laser light of wavelength 827.6 nm by a protein sample,
L=1 Tris-HCl and 1 mmol L* EDTA, pH 7.6. Fractions from at a scattering angle of 80Samples (5QiL) of 150—480
the peak were once again analyzed by SIPAGE, pooled g ang P

-1 i -1
based on RepA purity and stored on ice for the duration of pmol L Repﬁ in TE /0.5 n;pl LﬂKCI were passed throu?h
all experiments. a 0.02um Whatman anodisc filter to remove particulate

matter and placed in the instrument in a quartz cuvette.

Samples gsed for Iilght scattering studies were alternatively Approximately 100 measurements were collected for each
further purified by affinity column chromatography on 200~ sample, at 20C. Fluctuations in the intensity of scattered

mL Heparin-Sepharose (Pharmac_ia). The protein was Ioadeqight were analyzed with Dynamics and DynalLS software
onto the column in 10 mmol'L= Tris-HCI pH 7.6, 1 mmol 5 getermine the translational diffusion coefficieDt and
L™ EDTA, 0.5 M KCI (TE/0.5 M KCl), washed with two  congequently, the hydrodynamic radisfor each species
bed volumes of the same buffer, and eluted with TE/2 M ¢ 3 gistinct molecular size in the solution. The approximate
KCI: RepA-containing fractions were pooled and dialyzed M, corresponding to a giveR, was obtained from a standard
against TE/0.5 M KCI. curve compiled from knowiRy andM; values of a large set
Analytical UltracentrifugationSedimentation velocity and  of globular proteins.
sedimentation equilibrium experiments were carried out using  Static light scattering (SLS) analysis was carried out using
a Beckman XL-A analytical ultracentrifuge using An-55 AL 3 mini-DAWN multi-angle light scattering (MALS) detector
9 (aluminum) and An-60 Ti (titanium) rotors, respectively. (Wyatt Techno|ogy Corp_) in Chromatography mode, a
The samples were loaded into double sector Kel-F 12 mm technique known as SEC-MALS (size-exclusion chroma-
double sector cells. Temperature and speed conditions argography-multi-angle light scattering). The MALS detector
indicated in the figure legends. Sedimentation velocity scanswas connected to the outlet of an Agilent 1100 HPLC fitted
were analyzed using XL-A Ultra Scan version 4.1 sedimen- with a Shodex KW 803 size-exclusion column. An Optilab
tation data analysis software (Borries Demeler, Missoula, DSP refractometer (Wyatt Techno]ogy Corp_) operating at
MT), which employs a published method of boundary 690 nm and an Agilent UV absorbance detector operating
analysis 2). Sedimentation equilibrium scans were analyzed at 280 nm were placed immediately downstream of the
using a nonlinear, least squares, curve fitting algorit@B) (  MALS detector. For each experimental run, ajgd0sample
contained in the XL-A data software analysis. of RepA (5.6-310umol L~%) in TE/0.5 mol L KCI was
Conformational Parameter&y combining sedimentation  injected onto the size-exclusion column and eluted with the
equilibrium and sedimentation velocity results, it was pos- same buffer at a flow rate of 0.5 mL mih The HPLC
sible to determine the conformational parameters of RepA column fractionated the protein sample according to size;
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the MALS detector illuminated the eluted protein with laser
light of wavelength 690 nm and measured the intensity of 107
scattered light at three different angles. The shape-indepen- ]

dent relative MW of the protein in each elution slice (0.5 s) ] //V/
was determined with Astra software, utilizing the light
scattering signal extrapolated to zero scattering angle and
the protein concentration obtained from the refractometer.
A specific refractive index increment rfftic) value of 0.18

mL g~ was used.

Tt

RESULTS

Purification of RepARepA was isolated fro a 3 Lculture
of E. coli BL21 containing a temperature-inducible, phage
T7 expression systemi 7). The relative purity of RepA after
DEAE cellulose and Phenyl Sepharose column chromatog-
raphy was reproducibly 95%.

RepA Concentration-Dependent Sedimentatiamalysis
of 45 umol L~ RepA in the presence of 0.3 or 0.5 mot'L 0.000 0005 0010 0015 0020
NaCl and 12Q:mol L~ RepA (0.5 mol L* NaCl) provided
virtually identical results (Figure 1a). The sedimentation ©
velocity showed that RepA formed a homogeneous complex
sedimenting at 6.0 S. When the concentration of RepA was 4
decreased to amol L™, the complex began to dissociate z
giving rise to a broad spectrum of components with smaller Uﬁ
sedimentation coefficients (Figure 1b). However, this RepA 21
complex was readily dissociated in the presence of 0.1% SDS
(Figure 1c). . . .

Subunit Composition of RepA by Sedimentation Equilib- 0000 0.005 Ti 0(?3%) 0015
rium. The subunit composition of RepA oligomers was ] ] "T]e ] ]
determined by sedimentation equilibrium (Figure 2). The F'GLt’R.E L dsel\?"&ema“o” ‘t’e'?c'ty a”aé'y.s'stﬁf RepA at d'ﬁ?rgr[‘)ts
conc_:entration dependencgmf across thg cell at equilibrium ES) z:snM?nnm Li Rggﬂcﬁ”tLae'°pr}ZSZ?lce'“of 63_ 3p:ﬁ§|eir}]_cﬁa%|’ '
at different rotor speeds is shown in Figure 2a. The lowest (b) 5 umol L~ RepA in the presence of 0.5 molLNaCl, and
M, observed {40 000) corresponded approximately to RepA (c) 45umol L~! RepA in the presence of 0.3 molL NaCl and
dimers. Figure 2b shows the best fit analysis for the gradient 0-1% SDS. The buffer was 20 mmot L Tris-HCI (pH 7.6), 1 mmol

L f : L-1 EDTA, and 0.1 mmol £ DTT. All runs were carried out at
at equilibrium at 8000 rpm at a starting concentration 44 000 rpm at 20C. Scans were analyzed according to the method

corresponding to Ao = 0.6 (~27 umol L ") using anideal  ofref22 and the corresponding apparent sedimentation coefficients
single component system as a model. TWe (122 400) were extrapolated in a global linear fit to infinite time (zero on the
obtained in this way agrees well with the average value inverse scale), where the intercepts mark the diffusion corrected
observed for RepA concentration dependence shown inVvalues. In the fan plots shown in this f'.g“rel' thehnurfnbe( of "?es
: . o converging to a commoBsygw iS proportional to the fraction o

F_lgu_re .2a under th‘? same expe_rlmental condlltlons. Thesample sedimenting with thg w value. Results from experiment
that suggests the presence of a two-component systentomposition and sedimented with values around 6.0 S and
(Figure 2c). However, all attempts to analyze the data by ~2.1 S, respectively. Results from experiment (b) show that this
fitting it to a two component or a multicomponent system sample was heterogeneous in composition and sedimented with

failed to produce better fitting results. When tfieaverages values from 3 t0 4.5 S.

obtained from fitting the equilibrium curve obtained at coefficient, the hydrodynamic radiug{) of the molecular
different starting protein concentrations at 8000 rpm were gpacies was calculated to be 4.9 nm. Essentially identical
extrapolated to zero sample concentration, a valudlof  yegyits were obtained from a large number of independent
(103 500) was obtained, consistent with a hexameric compleXrials over a concentration range of 15880 «mol L1, An
of nominal MW, 107 758. Ry of 4.9 nm corresponds to I, of 137 000 based on a
Conformational Parameters of RepAhe impossibility  standard curve comprised of globular proteins. This value
of determining the sedimentation coefficient of the RepA is model-dependent; it does not take into account deviations
monomer precluded the construction of a model for the of RepA from the average spherical shape of the test set of
hexameric complex. Nevertheless, the hydrodynamic dataglobular proteins.
available for the complex allowed the determination of its  Static Light ScatteringA model-independent relative MW
conformational parameters. Results of such analyses arejetermination was carried out by means of static light
shown in Table 1. scattering (SLS). RepA was fractionated on a size-exclusion
Dynamic Light ScatteringThe molecular size dispersity column, and SLS measurements were made on the eluted
of RepA was examined using DLS. A single, narrow peak protein species. The SLS signal at°90as recorded as a
was observed, indicating that the protein is indeed mono- function of elution time (results not shown). When a high
disperse (result not shown). From the translational diffusion concentration of RepA (310mol L~1) was applied to the
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0.4 Ficure 3: Model-independent relative MW of RepA determined
by SEC-MALS. (a) M, plotted as a function of elution time
superimposed on the refractive index chromatogram for RepA

0.2 : i : : : applied at 31Q:mol L. Results from two independent injections

» 0.02 are plotted. The highest eluted concentration of RepA and relative
« ] (c) MW values M,) at indicated points are shown. (b) Similar plot for
7§ 0.00- ﬁ&g@%ﬁi w@;ﬁg}b& RepA applied at 5.emol L~ (one injection).
Q i 0 . . . .
€ ool l . K . ° . ° . present in trace amounts. The intensity of scattered light was
6.9 7.0 7.1 7.2 proportional to bothM; and concentration; hence, the light
Radius [cm] scattering signal was greatly enhanced for these aggregates.
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Ficure 2: Sedimentation equilibrium analysis of RepA. (a) Relative No corresponding signal was seen on the_ refractomet_er or
MW concentration dependence analysis at rotor speeds 8000,the UV detector (results not shown), indicating that very little
12000, and 18 000 rpm at 2C. Buffer composition: 0.5 mol  aggregate was present in the sample. A ploVpfversus

L=t NaCl, 20 mmol L Tris-HCI (pH 7.6), 0.1 mmol L* DTT, 1 elution time (Figure 3a) for the large peak yieldedvia

mmol L-1 EDTA buffer. (b) The continuous line indicates the fitting : L
to a single ideal species ®f; 122 400. The Ag of the starting (118 000 1000) for RepA, suggesting that the protein is

sample was 0.6, and the analysis shown corresponds to the dat&/tN€r @ hexamer or a heptamer. The concentration of the
collected at the equilibrium at 8000 rpm. (@3 residuals as a  protein at the highest point in this peak was determined by
function of the radial distance for the best fit (solid line in b) to

the experimental data (open circles in B

the refractometer signal to be 2&nol L~ When a much

Table 1: Conformational Parameters of the RepA Hexameric

lower concentration of sample (5u#nol L™1) was applied,
the highest concentration of eluted RepA was Q.8%I L2,
and theM, was 38 000+ 2000 M, indicative of a dimer

Complex (Figure 3b). At an intermediate concentration (afol L~*
relative MW? 107758 applied, 1.2umol L™ eluted), a broad, skewed peak was

v (cm?g) 0.737 observed that suggested the presence of both oligomer and
fS/zfo,w ©) f-gl dimer (data not shown). Comparison of protein concentra-
RO"(nm) 344 tions determined by refractometry with UV absorbance
Re(nm) 4.06 signals gave a molar extinction coefficient for RepA of
alb 4.40 €280 = 21 900 Mt cm™. The molar extinction coefficient
zgmg g-ig calculated from the RepA protein sequence was =
Ro (nm) 593 22 430+ 5% Mt cm™,

aTheM, of the hexamer was calculated from tkeof the monomer
as deduced from the amino acid sequemde= 17 959.6 for the Rep
A monomer);v-density;s0 w—sedimentation coefficient corrected to
water at 20°C; f/f,—frictional ratio; R,—radius of a sphere correspond-
ing to a macromoleculdRs—Stokes radiusa andb are the values for
the semiaxes determined for a hydrated voluvheof the protein
equivalent to a prolate ellipsoitRs—radius of gyration.

DISCUSSION

Replication control of thé. coli plasmid pKL1 is based
on specific DNA-protein interactions at theop locus
involving RepA and IHF proteins. These interactions were
recently studied by gel retardation, DNase | footprinting, and
cross-linked oligomeric RepA, Southwestern bldtg)( The
column, a large narrow peak was observed. This peak wasresults showed that RepA interacts with plasmid pKL1 DNA
an equivalent to the peak observed by DLS, as judged byas either a monomer or dimer and as an oligomer at two
similar hydrodynamic radii. The smaller peak eluting earlier distinct binding sites (BD1 and BD2). However, the exact
constituted large aggregatesiMf > 1 x 10’ although only nature of the RepA oligomers remained unresolved yet
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dimerization
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Ficure 4: Regulation of replication of plasmid pKL1. The pKL1 copy number conteolp( region comprises an incompatibilityn€)
determinant including theepA promoter, two RepA binding domains (BD1 and BD2), and an IHF box. RepA-DNA binding and DNase
| protection assays revealed the affinity of RepA dimers and hexamers to binding sites BD1 anfi/BD&A protection at BD1 corresponds

to binding of a RepA dimer, whereas an iterative protection pattern at BD2 irefifepromoter region suggested a more complex binding

of RepA hexamers. Both binding sites (BD1 and BD2) were shown to be necessary for replit@}iorheé major factor in copy humber
control is autoregulation of theepA gene by RepA hexamers, which sets the concentration of RepA dimers available for initiation of
plasmid replication17). Host factor IHF likely facilitates binding of RepA dimers to BD1 in vivo, which leads to initiation of replication.

Gel retardation assays showed that RepA releases IHF from its binding domain. RepA binding to BD1 and BD2 is regarded as the initiating

step in plasmid replication when a cruciform stem loop structure is forh&d As RepA concentration increases, dimers form hexamers
with an affinity for BD2, autoregulating transcription tfpA The concentration of RepA hexamers and dimers determines plasmid copy

number. There is an approximate correlation of RepA expression in trans with plasmid copy humber that could be modulated within a fairly
wide range 17). In RepA overproducing conditions (RepA produced in trans from a helper plasmid), hexamers are formed, but the absolute
concentration of dimers is also increased, and it is quite possible that the dimers still bind to BD1, and RepA continues to facilitate replication

without IHF assistancel(). It is presumed that the function of RepA dimers is only in the initiation of replication, and the natural function
of hexamers is the autoregulationrepA expression and not the initiation of replication; otherwise, it would provide a degenerate system
for plasmid DNA replication.

crucially important when considering the precise nature of (22) consistently showed a crossover before infinite time.
specific RepA-DNA interactions. To resolve this question, This indicates a marked dependence of the sedimentation
RepA structure in solution was studied by analytical ultra- coefficient on sample concentratioBdj. When the concen-
centrifugation and light scattering. tration of RepA was decreased tousnol L1, the 6.0 S
Preliminary sedimentation velocity results with DEAE- complex began to dissociate (Figure 1b). The sedimentation
cellulose purified RepA showed the RepA complex to be coefficient of the smaller component could not be accurately
unusually large and stable but readily aggregated in low salt established as the sample could not be analyzed at the very
solutions. UV spectra revealed a high content of nucleic acids low concentrations required for major complex dissociation.
(result not shown). When hydrophobic interaction chroma- However, sedimentation equilibrium could be used to
tography (HIC) eliminated the nucleic acid content, RepA determine the subunit composition of the RepA complex
no longer aggregated in low salt solutions (Figure 1a) and (Figure 2). The results of analytical ultracentrifugation
was fully dissociated in the presence of 0.1% SDS to the indicate that at low concentrations RepA is predominantly a
monomeric form (Figure 1c). Because of the presence of stable dimer and at high concentrations predominantly a
SDS, no further attempt was made to determine any hexamer.
hydrodynamic parameters under these conditions; SDS was DLS and SLS experiments also showed RepA to be
used only to fully dissociate RepA dimers and reveal RepA present as a distinct oligomeric form at moderate to high
monomers. protein concentrations (Figure 3a). When low concentrations
The sedimentation coefficient of the RepA complex of RepA were analyzed by SLS, the results clearly indicated
(6.0 S) is peculiarly large for a molecule with a relative MW the predominance of dimers (Figure 3b). The hydrodynamic
equivalent to that of the RepA monomer or dimer as radius found by DLS indicated a larger than expected
determined from its predicted amino acid sequence andmolecular weight for a hexamer, based on the assumption
suggests that the protein exists as a well-defined multi- that the oligomer is shaped like an average globular protein.
subunit complex (Figure 1a). It is important to emphasize From the ratio of the measured hydrodynamic radius (4.9
that the fan plots from the sedimentation velocity analysis hm) to the radius of a hydrated perfect sphere of the same
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MW, the frictional ratio of the oligomer could be calculated 5.

to be 1.3-1.4, assuming RepA is either a hexamer or
heptamer. Most globular proteins have frictional ratios
between 1.1 and 1.2, indicating significant asymmetry inthe 7
shape of the RepA oligomer. The values for the Stokes radius

and the radius of gyration of the 6.0 S complex calculated 8-

from sedimentation velocity were found to be in quite good
agreement with the hydrodynamic radius of calculated from

the light scattering results (Table 1). SLS also indicated that 10.

the RepA oligomer is either a hexamer or possibly a
heptamer. The presence of some tailing toward a lower MW
in the light scattering peak, even at very high RepA

equilibrium with a small amount of a species of lower mass.
A mixture of these species in the main peak would reduce
the effective MW since this technique yields a value thatis 1g
averaged over all molecules present suggesting the possible
presence of a heptameric form.

Figure 4 summarizes previoug?) and current experi-
mental evidence concerning pKL1 replication and proposes

a refined model for the plasmid copy number control. Dimers 19.

of Rep proteins have been described for several plasmids,
such as P1, F, R6K, and pSC1@1{33). In the case of
pSC101, its form of RepA was shown to be present as both 5;
monomers and dimers; RepA monomers bind to direct repeat
iterons near the replication origin whereas dimers bind to a
separate site thereby autoregulating RepA synthesis. This 2
equilibrium between monomeric and dimeric forms of RepA 53
has a key role in determining its effect on the replication of
pSC101 B84). However, there are only two examples of
hexameric proteins encoded by plasmids and somehow linked
to plasmid replication: a helicase of the broad host range
plasmid RSF101035) and a hexamefDNA complex
reported for ArgR, which in addition to its role in host
arginine metabolism, functions as an accessory factor in the
resolution of plasmid ColE1 multimers by intramolecular  5q

27

recombination 36, 37). In general, hexameric ring-shaped
structures are not unusual for proteins involved in nucleic 30
acid metabolism. For example, i coli DnaB, RuvB, and a1

Rho proteins, all form hexameric ring-like structur@8-¢
40). A hexameric ring-shaped structure might simply be
required to encircle the target DNA site, making use of the

topological linkage to prolong its residence on the DNA. 33
opologica ge to prolong 1s res dence o € 34. Ingmer, H., Fong, E. L., and Cohen, S. N. (1995Mol. Biol.

RepA of pKL1 is the first plasmid replication initiation/
autoregulatory protein documented to be in dimleexamer
forms.

36.
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