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Crystal structure of a prokaryotic replication initiator
protein bound to DNA at 2.6 A resolution
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The initiator protein (RepE) of F factor, a plasmid
involved in sexual conjugation inEscherichia coli has
dual functions during the initiation of DNA replication
which are determined by whether it exists as a dimer
or as a monomer. A RepE monomer functions as a
replication initiator, but a RepE dimer functions as
an autogenous repressor. We have solved the crystal
structure of the RepE monomer bound to an iteron
DNA sequence of the replication origin of plasmid F.
The RepE monomer consists of topologically similar
N- and C-terminal domains related to each other by
internal pseudo 2-fold symmetry, despite the lack of
amino acid similarities between the domains. Both
domains bind to the two major grooves of the iteron
(19 bp) with different binding affinities. The C-terminal
domain plays the leading role in this binding, while
the N-terminal domain has an additional role in RepE
dimerization. The structure also suggests that superhel-
ical DNA induced at the origin of plasmid F by four
RepEs and one HU dimer has an essential role in the
initiation of DNA replication.

Keywords autogenous repressor/crystal structure/
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Introduction

Mini-F plasmid, a small derivative of the F plasmid of
Escherichia coli provides a simple model for the analysis
of the mechanism of initiation of DNA replication. Mini-

F plasmid is maintained at 1-2 copies per host chromosome
and its replication is stringently controlled at the level of
initiation. Mini-F contains a set of genes required for its
characteristic mode of replication and partition including
an origin of replication ¢ri2), the repE gene encoding
the initiator protein, the incompatibility gerecC and the
partition genesop(par) (Kline, 1985). In addition tari2

and RepE, the host factors DnaA and HU, which are
essential to the initiation of chromosomal DNA replication
(oriC), are required for the initiation of replication of
mini-F (Hansen and Yarmolinsky, 1986; Klie¢al., 1986;
Murakamiet al, 1987; Wadeet al., 1988; Ogureet al.,
1990). Theori2 (incB) region contains four directly
repeated sequences of 19 bp, an AT-rich region and binding
sites for DnaA protein (Figure 1). Similar sets of DNA
sequences have been found near the replication origins of
several other plasmids and the bacterial chromosome, and
appear to play fundamental roles in the initiation of DNA
replication.

The regulatory mechanism of replication of mini-F
plasmid has been well studied (Ishigii al., 1994). The
RepE protein (251 residues, 29 kDa) plays an essential
role in the initiation of mini-F plasmid replication. The
monomeric and dimeric forms of RepE have distinctive
functions, i.e. initiation of replication and autogenous
repression, respectively (Ishiat al., 1994). RepE mon-
omers bind to the four direct repeats (iterons) within the
origin (ori2) region and RepE dimers bind to the inverted
repeats of therepE operator. There are common 8 bp
sequences in both the iterons and trepE operator
(Figure 1). RepE exists mostly as a dimer within the cell,
and conversion of this stable inactive form into the active
monomeric form for initiation requires the action of host
cell chaperones DnaK, DnaJ and GrpE (Kawaskal.,
1990, 1991; C.Wada, unpublished data; see Figure 1).

Previous genetic and biochemical studies of the plasmid
initiator protein RepE have afforded some information

The DNA replication of bacteria, bacteriophages and many about its structural features (Matsunagal., 1995, 1997).
plasmids is initiated by the binding of initiator proteins A helix-turn—helix (HTH) motif, known as the DNA
to specific binding sites at replicative origins. This binding binding motif (Masson and Ray, 1986; Brennan and

promotes the localized unwinding of the origin DNA.

Matthews, 1989; Matsunaget al, 1995), has been

Afterwards, helicase is directed to the single stranded assigned by computer analysis to the internal region of
region and a prepriming complex for priming and DNA RepE (residues 64-83) (Figure 2), whereas the critical
synthesis is generated (Bramhill and Kornberg, 1988). region for binding both toori2 and to the operator

Initiation of DNA replication by initiator binding to

is located in the C-terminal region (residues 168-242)

origin sequences is an important element of ordered cell (Matsunageet al, 1995). No other DNA binding motifs

proliferation. However, little is known about the structural
basis of the mechanism of initiation of DNA replication

have been found in the C-terminal region of RepE. A
leucine-zipper (LZ) motif generally implicated in protein—

because most initiator proteins generally tend to aggregateprotein interactions is expected to exist in the N-terminal
easily, even at low concentrations, making the growth of regions of several plasmid initiator proteins (residues

crystals for structural analysis very difficult.

© European Molecular Biology Organization

21-55 of RepE) (Giraldeet al., 1989; Matsunagat al.,
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1995). The LZ motif of the initiator protein of pPS10 Results and discussion
plasmid, RepA, which has sequence similarity with RepE
is involved in its dimerization (Garciet al, 1996). In
mini-F, a number of mutations that affect dimerization of
RepE are located within the central region (residues
93-135; Matsunagat al., 1997). The actual function of
the LZ motif of RepE has remained obscure.

We determined the crystal structure of the RepE mon-
omer complexed to an iteron DNA sequence, in order to
establish the structural basis for the dual functions of
RepE and to understand the regulatory mechanism of
mini-F replication. This paper presents the first three-
dimensional structure of a prokaryotic initiator protein.

' Structure determination

A RepE mutant, RepE54, which carries a point mutation
in its central region (Argl18 Pro replacement), has
markedly enhanced initiator activity but little or no
repressor activity. The mutant protein is stable in the
monomeric form without chaperones, fails to aggregate
even at a high concentrationr40 mg/ml) and binds to
iterons with great efficiency. In contrast, the wild-type
RepE (monomer and dimer) protein tends to aggregate
easily (Wadaet al, unpublished data). Therefore, the
RepE54 appeared suitable, not only for the preparation of
the RepE—iteron complex, but also for the preparation of
RepE—iteron crystals. We were successful in crystallizing

iteron the RepE54 monomer complexed to DNA (Figure 3A)
8 cww’ aperatorfpromoter (Komori et al, 1999). The crystal structure was solved
5 AGTGTGACAATCTAAAAACTTGTCACACT 3 by the multiple isomorphous replacement method and

\| r/’re;_”/ refined toR = 0.213 Ryee = 0.274) at 2.6 A resolution

(Table I). The present model comprises residues 15-246
of RepE54 and 21 bp of the iteron DNA together with 20
water molecules and a Mg ion (Figure 3B and C). The
overhanging thymines (T22 and T44) of the iteron DNA,
Replication initiator Autogenous repressor and a few residues at the N- and C-termini and in the
loop regions (residues 50-55 and 98-109) of RepE54, are
not included in the present model due to their disordered
structure.

AT

four direct repeats of origin

‘DnaK, DnaJ, GrpE £

RepE monomer RepE dimer

Fig. 1. A schematic drawing of the functions of the RepE initiator Overall structure of the RepE54 protein .

protein in mini-F plasmid replication. The RepE monomers bind to the The crystal structure of the RepES54-iteron complex
four iterons (direct repeats) @fi2 to initiate replication, whereas the (Figure 3B and C) showed a novel type of protein—-DNA
RepE dimers bind to the inverted repeat of tapE promoter—operator binding. RepE54 is composed of two distinct N- and C-

to represgepE transcription. Parts of the repeated sequences (iterons) . : : P
are shown at the top of the Figure where portions shared by the direct terminal domains which are structurally similar and related

and inverted repeats are underlined (common 8 bp). The box indicates {0 €ach other by a non-crystallographic dyad, although no

the RepE54—-iteron DNA complex determined in this study. such similarity was expected from its amino acid sequence.
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g PGSHS00 -RASTX]SHELTEANYYLE- LWLCLMOA- Y- 14>~ PRI SVSIYVEYF-N--— - V- ATEVASR- DVEAGVHALGESTV - <14 > - PHLAE- ~-AGMRRGRG- - - SWO LEFNYKVMPFLVGL---T8
f pFA2 DL [SLIBANYRLS- I L~ == -ALT---<12>-FOFTVADFVREFFPE-----~ I------ SODNAYR-QIQAATKRIYDRSY-<12>--WVSS--RTYFRKEG- - -RFR LANTDEVMPYLTOL - - -KG
@ pPS10 -ENKVTOSHKLIBSSHTLT- M- LCAASL- -~ <122~ LTIRADTFAEVF -G~~~ == =T ~= == =~ DVEHAYA - ALDDAATKLFNRDI - <13 > -~WVFH- -VEYREGQG- - ~-CVELGF SPTITPHLTHL - - - HE
d pCUN - KIKVEQSHELTRARYYLS- LI LWLCLMOT-¥- <195 - FEVEVADY ) LF -0~ - - -~ ~¥-~ -~ -~ SRNQATK - DVEEGVF ELSRSAV - <14 > -PWLTE- -AGSRSARG- - - INEIEFNHKLLRYIYGL---TH
© PSCI01  -ELVVFI LA SRYDLT - EE ILOCVALL-H- <125 - VEFPYROYAQME-N-——---I- S RENAYG - VLAKATRELMTRTY - <14 > - ~WTHY - ~-AKFSSER=-- -~ LELVFSEEILPYLFQL---K-
b AEx - KT KIRHANELME TLAOLP- L) - =MALA-P= <1 2%~ FKIRAEDLAALA- K I--===-TPSLAYR-QLFEGGFLLGASKI - <29>-NL IEW- - IAYSPOEG-- - YLSLKFTRTIEFY I S5 LLGKEN
aF - SPRIVQSNDLTHARY SLS LYLEVDOI-F-<12>-CETHVAKYAEIF-G--—-- - L------ TN I OALESFAGHEY - <185 -FWF I K- R HSPE0G- - - L SVHINPY LI PFFIGL -~ ~ON

] 40 L] B0 120 180

Bl ol w2 B2 o3 od p2a p2b pa B4 os
I HTH 1 F turn |
B1" w1’ a2 2" o3 wd’ pa’ pa’

150 i 100 _ 210 23 = 250
aF RFROFRLEETKE---ITIPYA - SLO@Y - R=<7>=-VELEIDWITERY-Q LPOCEO0R- MrER M F LOVCVNEINSRT - - - - - - = PHRLS--¥1EKKEGRETTHIVFSFRDITSHTTG
b Rex K. LLTASLR---LES0YSSELYRLIRKEY - 5- <75~ -F1 LSVDELKEEL-I - <105~ IEYRY PD-FPIPKROVLNKATAET KKET- - - - == = EISFVGFTVHEREGREI SKLEFEFVVDEDEFSG-
€ pSCI01 KERKYNLERVES-- -FENKY SMRTY] T~ <75~ -1 EISLOEFKFML-H- - - - - - LENNYHE-FRRLNJWVLEFT SKOLNTYS MMKLYV= -V - -KRGRPTDTLIFQVELDRQHDLY
d poun Q SLADOGS- - -LENPRT IRLYE-5 - K- <45 - -WVTTHAWLNDRF - L- - - - - - LPESQOMNLAELER SFLOPALKQTNERT - - PLLAK--¥5ITDSGK- - - - FLFST TDEQNEY
& pPsi0 EFESYQLKQIGS---LESFYA LMEQF-1- <4~ -RECTLAQLREMF [ - - - LGDEY(D-VEDHEKR VLY PALEEVHENT -~ - - DLTVA--VEPRROGRRI IGFSFTIARNDOLALS -
I pFA3 OFROYOLEHIAY - —-FHSVHS T LT -R-2d»— - REITVEKLKEWL-(- - - - - - VENKY PR-FNSLNORVLEPAI TEINEKS= = == = = ~DLVVE- -VEQIFRGRT THS LNFVIGSEKRTAQK -
4 pGSHEND  QPFETYSLYDOGO---LNSVREVIRLYE-SLOQF-R-<ds - -WITTHDWLCERF-M----- - LPASQKNN I AEMERTFLEPALEKINEKT. == = PLKV5--YKTEEDGR- - - - LLFNFLDGKQ
C-terminal

Fig. 2. Comparison of the amino acid sequences of the N- and C-terminal regions of plasmid initiator proteins on the basis of the three-dimensional
structure of RepEa, RepE (F,E.coli); b, T (R6K, E.coli); c, RepA (pSC101E.coli); d, ORF (pCU1,E.coli); e, RepA (pPS10Pseudomonas

syringag; f, 39K basic protein (pFA3Neisseria gonorrhoegeg, RepB (pGSH500KIebsiella pneumonigeMurotsuet al.,, 1981; Armstronget al.,

1984; Germino and Bastia, 1984; Gilbride and Brunton, 1990; Krisketaat, 1990; Nietoet al, 1992; da Silva-Tatley and Steyn, 1993). Hyphens
indicate gaps. The terminal sequences of some of the proteins are not shown. The numsbersndicate the number of residues that are not

displayed. The secondary structure elements in the present crystal structure of RepE54 {(IR&)rgere assigned. Tree-helical segments are

shown as cylinders and thHestrands as arrows. The N-terminal domain (residues 15-144) and the C-terminal domain (residues 145-246) are shown
in light green and dark green, respectively. The residues in contact with bases and the phosphate backbone of the iteron DNA are shown in red and
orange, respectively. The mutation point of RepE54 (1188 is shown in violet. The hydrophobic conserved residues are highlighted in yellow.

The conserved Arg—Gly sequence in feturn8 motifs of both domains are in pink. The polar amino acid residues responsible for interactions
between N- and C- terminal domains are in blue. Asn22, Glu26 and Lys36 in the N-terminal domain interact with Thr147, Glul67 and GIn171 in
the C-terminal domain, respectively.
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Fig. 3. (A) A synthetic 21 bp DNA duplex with ‘3overhanging thymines used for co-crystallization with RepE. The shaded box indicates the 19 bp
iteron sequence. The 8 bp TGTGACAA (3-10) sequence appears in both iterons and opd@afbne. §verall structure of the RepE54—iteron

complex. The N- and C-termini of RepE54 are labeled N and C, respectively. The coloring scheme is the same as that in Ejgarei@w(

rotated 90° around the horizontal axis relative to (B). This Figure was generated by MOLSCRIPT (Kraulis, 1991) and Raster3D (Merrit and Murphy,
1994). P) Comparison of both N- and C-terminal domains of RepE54 with the DNA-binding domain of CAP. The N-terminal do2aid @nd

32-34) is shown in light green, the C-terminal domaa2(—a4’ and32'—34") in dark green and the DNA-binding domain of CAP in red) A

view of the hydrophobic core in both N- and C-terminal domains. The hydrophobic residues of RepE54, which form an internal hydrophobic core,
are shown as a white space-filling presentation. The conserved leucines in the N-terminus buried within the hydrophobic core are shown in cyan.

Both domains are comprised of foarhelices ¢1-a4 for motif can be found but the four-residue turn is replaced
the N-terminal domain andil’'—a4’ for the C-terminal by eight residueso3'-YQLPQSYQ-a4').
domain) and fouB-strands 134 and1’'—34’). The33 Each domain of RepE54 displays topologically similar

strand in the N-terminal domain is somewhat distorted folding and contains a winged-helix motif like the one
where the mutation point of RepE54 (Argli®ro) is found in the DNA-binding domain of the catabolite gene
located. Additional secondary structurg®24, f2b and activator protein (CAP) (Schultet al., 1991; Brennan,
a5) have been assigned to the N-terminal domain (Figures1993) (Figure 3D). The domain is composed of theee

2 and 3C). As expected for a prokaryotic DNA binding helices ¢2-04 anda2'—0a4’) flanked by threg3-strands
motif, there is a canonical HTH motif in the N-terminal (234 and 2'—34'). In particular, the folding of the
domain containing a four-residue turn with glycine at the N-terminal domain is structurally similar to CAP, the
second position (3—FGLT-a4). In the corresponding C, r.m.s. being 2.88 A (2.15 A for the threm-helices
region of the C-terminal domain, which is related to the and 0.84 A for the HTH motif).

N-terminal domain by a pseudo dyad, a similar HTH In Figure 3E, each domain of RepE54 is shown to have
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Table I. Crystallographic data statistics

Data collection

Data set Sourde  Wavelength (A)  Resolution (&)  Reflections <l/o()> Rmerge (%)°
Total observed Unique Completeness (%)
Natil BL18B 1.000 35-2.6 57565 15208 88.7 34.7 35
Nati2 BL41XU 0.708 35-2.6 46882 15420 89.1 22.7 4.1
Hgl BL18B 1.000 35-3.0 23555 9199 72.4 14.8 6.3
Hg2 Raxis 1.542 35-3.0 22111 9803 79.5 13.0 7.2
Idu12 Raxis 1.542 35-3.1 28648 9856 86.7 11.8 8.3
1dU13 Raxis 1.542 35-3.0 29418 10501 89.4 16.8 6.2
1dU33 BL6A 1.000 35-3.0 30921 9481 80.4 20.5 55

Phasing statistics

Derivative Riso (%) No. of sites Phasing powér Cullis R Cullis Mean Figure of merit
Ranomaloufs
Acentric/Centric  Acentric/Centric Acentric/Centric
Hgl 17.0 2 2.28/1.60 0.58/0.54 0.83
Hg2 16.3 2 1.93/1.45 0.63/0.61 0.95
ldu12 15.8 1 0.99/1.13 0.82/0.66 0.96
1dU13 125 1 1.49/1.43 0.69/0.58 0.92
1dU33 10.6 1 1.23/1.30 0.75/0.59 0.98
0.634/0.790
Refinement statistics
Resolution (A) No. of reflections R (%)9 Riree (%)%
6.0-2.6 13738 21.3 27.4
No. of non-hydrogen atoms r.m.s. deviation Bave (A9
Bonds (A) Angles (°)
Protein 1783 0.007 1.170 30.6
DNA 855 0.005 1.199 31.8
Solvent molecules 21 20.1

aBL18B, BL6A: Photon Factory, BL41XU: Spring-8, Raxis: Rigaku R-AXIS IV with an ultral8X generator at our laboratory.

meerge: 2|l —=<li>|/Z <l>, where | is the observed intensity andl;> is the average intensity over symmetry equivalent measurements.
‘Rso = Z | FpHl — Frl | / Z |Fp|, whereFp and Fp are the derivative and native structure factors, respectively.

dPhasing power 2 |Fy| / Z | Fprobd — Frucad |, WhereFpy and Fyy are the derivative and calculated heavy-atom structure factors, respectively.
€Cullis R = Z | [Fpy=Fp| — Ful / Z |Fpu=Fp |, whereFpy, Fp andFy are the derivative, native and calculated heavy-atom structure factors,
respectively.

fCullis Rynomaious= Z | Fpu(+) — Fpu(®)] — Fy sinap| / = [Fpu(+) — Fpr(-)l, whereap is the calculated protein phase.

IR = Z | Fond — Fcad | / Z [Fond- Riee is the same aR, but for a 5% subset of all reflections that were never used in crystallographic refinement.
r.m.s., root mean square.

an internal hydrophobic core. The leucine residues, which DNA fragments carrying an iteron (140 bp) than those
were expected to form an LZ motif, are present within used in the crystals.

the hydrophobic core in the N-terminal domain, but do

not constitute a canonical LZ motif. In the RepE monomer Protein-DNA interactions

structure, the leucine residues are not exposed on theFigure 4A summarizes all the RepE54—iteron contacts.
surface but are responsible for maintaining the tertiary There are extensive polar interactions which exist mainly

structure in a stable configuration. between the two recognition helices of both domauns, (
residues 75-87, and4’, residues 200-219 in Figure 2)
Iteron DNA conformation and the major groove of the iteron DNA4 is the second

The iteron DNA adopts a B-form-like conformation helix of the HTH motif in the N-terminal domain. Only
(Figure 3B and C) and stacks in a head-to-tail manner in two residues (Glu77 and Lys80) in tleet helix interact
the crystal. The average twist and rise parameters for two directly with bases on the DNA (C15 and G29; Figure 4B).
successive base pairs are 34.1° and 3.4 A, respectively,The other polar residues point towards the major groove
which corresponds to ~36 A per turn of DNA. The largest but they are not close enough for direct interaction with
roll angle is 13.0°. Overall, the iteron DNA is slightly bases on the DNA. Lys80, which has a high B-factor,
bent (~20°) in the present crystal structure. The gel shift binds poorly to G29. On the other hare4’ is the second
assay study also suggests such bending for RepE boundelix of the non-canonical HTH motif in the C-terminal
to a single iteron, where a bending angle of ~50° was domain (Figure 4C). Thig-helix lies in the major groove
estimated (Kawasaket al, 1996). This comparatively  containing the 8 bp sequence which is common to both
large value is probably due to the use of much longer the iteron and the operator of thepE gene (Figure 3A).
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The a4’ helix has a kink at its center (residue 207) which will face each other and be responsible for dimerization.
would promote close fitting of this helix into the major When we construct a model of the RepE dimer bound to
groove containing the common 8 bp sequence. The uniqueoperator DNA along the lines of the RepE54-iteron
form of the HTH motif enables the recognition helo4’, complex, a large steric hindrance occurs in the major part
to engender multiple specific contacts (Arg200, Asp203, of the N-terminal domains and, especially, tiv helices
Arg206 and Arg207) with the bases on the DNA (G4, T5, compete with each other for the same major groove
C38, G6 and G36). We found that iterons carrying (Figure 5A). This implies that a marked conformational
mutations at G4, T5 or G6 did not bind to Reptvitro change of the RepE protein is necessary to accommodate
(H.Uga and C.Wada, unpublished data). Since the 8 bpits dimeric form. Structural changes provided by the
sequence (TGTGACAA) in the iteron is also found in the bending of the operator DNA do not appear to compensate
operator DNA sequence, specific DNA binding by the for the steric hindrance between the RepE proteins. A
C-terminal domain could contribute to RepE interactions hypothetical model for the RepE dimer would be possible
with both the iterons and the operator DNA. This is if a large part of the N-terminal domaifsZ—a5) were to
consistent with mutation analysis (Matsunagal., 1995). flip out drastically. The loop connecting the C- and
Many mutations (point and double mutations) that severely N-terminal domains and the disordered loop (residues
affect bothori2- and operator-binding activities have been 49-56) could be used as a hinge region (Figure 5B). In
identified within the C-terminal domain, including thd’ this model, then4 helices of the HTH motifs are released
helix (168-242 residues; Figure 4D). Most of the mutations from the major grooves and no longer interact with DNA.
are present within the hydrophobic core of the C-terminal The a4 helices may be unnecessary for binding of the
domain. These mutations might disrupt the structure of RepE dimer to the operator DNA, although they are
the C-terminal domain. This structural disruption of the responsible for binding the RepE monomer to the iteron
C-terminal domain containing the4’ helix is predicted DNA. In the RepE dimer, the twa4’ recognition helices
to strongly affect specific DNA binding. would play more dominant roles in rigid interactions with
Both recognition helices also make contacts with the the operator DNA.
phosphate backbone of the iteron DNA, but the numbers The mutation at residue Prol18 of RepE54 is present
of amino acids implicated in these contacts differ between within the 33 strand. The other mutation sites found in
the two domains; three (Ser75, Ser79 and Arg83) are dimerization defective RepE mutants (Matsunageal.,
involved in the N-terminal domain, but only one (Arg205) 1997) are also located betwegi2a anda5 (residues
in the C-terminal domain. Some additional contacts of 93-135) includingB3 (Figure 5B). This region of the
RepE54 with DNA are made by helice anda2’, and N-terminal domain may act as the dimer interface of RepE
turns T1 and T1 Arg33 in thea2 helix of the N-terminal (Figure 5C). Furthermore, this region covers the conserved
domain makes direct contact with the phosphate backboneleucines at the N-terminus (residues 21-55) (Matsunaga
of T13 at the center of the iteron DNA, whereas Asn159 et al, 1995) (Figure 5B). Therefore, a drastic movement
of the a2’ helix interacts with the phosphate of T35 of this region and neighboring regionB2, 34, a3 and
through direct and water-mediated contacts. Arg124 at the a4) could expose the hydrophobic cluster of these leucines
T1 turn in the N-terminal domain protrudes into the minor to the molecular surface, allowing them also to function
groove and makes contact with the base G25, whereas theas a dimer interface (Figure 5C). Consequently, the two
corresponding T1turn in the C-terminal domain interacts hydrophobic cores of each N-terminal domain of the RepE
with the phosphate backbone. The DNA interactions of monomers interact with each other in a face-to-face manner
the strand—turn—strand motif, in addition to that of the to form one hydrophobic core in the RepE dimer. The
HTH motif, are reminiscent of those found in winged- high stability of the RepE dimer may be partially caused
helix motif proteins such as CAP. by this additional hydrophobic interaction. This dimer
The Md* ion was found in the cavity between the model explains why the conserved leucines at the
protein and the DNA near the4 helix in the N-terminal N-terminus have been implicated as residues of the dimer-
domain. It is octahedrally coordinated by four water ization interface in the initiator proteins of pPS10 plasmid
molecules and two residues (Glu77 and Asp8l), and (Garcia de Viedmat al, 1996) although they are buried
affords a few water-mediated DNA contacts (Figure 4A inside the RepE monomer structure (Figure 3D). During
and B). The Mg" ion might indirectly assist the binding the conversion from dimer to monomén vivo, there
between the iteron and th@4 recognition helix which might be an intermediate state in which the hydrophobic
forms much looser protein~-DNA contacts than tiné’ core of the N-terminal domain is transiently exposed. It
helix in the C-terminal domain. is known that chaperones bind to hydrophobic regions
exposed on unstructured proteins to prevent their aggrega-
tion (Bukau and Horwich, 1998). It is also to be expected
that chaperones stabilize such a hydrophobic intermediate
state to facilitate conversion to the monomeric state.

Implications for dimerization

Wild-type RepE usually exists in dimeric form and recog-
nizes the operator aEpE where it acts as an autogenous
repressor (Ishiaet al, 1994). As mentioned above, the
recognition helixa4’ of the HTH maotif in the C-terminal
domain is responsible for RepE binding to both the iteron
and operator DNA sequences. Therefore,ddé helix in

Common dual structure for plasmid initiator
proteins
The three-dimensional structures of other plasmid initiator

dimeric RepE would also be expected to bind to the
operator DNA in a similar manner to that of the RepE54—
iteron complex. It is clear from this viewpoint that the
N-terminal domains of the dimer bound to the operator

proteins are not yet known; however, they display some
similarities to RepE in their amino acid sequences
(Matsunageet al., 1995). Some plasmid initiator proteins,
such as those of pPS10 and pSC101, also have dual
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Crystal structure of a replication initiator protein

functions as initiators and autogenous repressors like RepEeventual structural relationship among plasmid initiator
(Matsunageet al, 1995; del Solaet al, 1998). In this proteins, the N-terminal and C-terminal amino acid
work, it was found that the RepE monomer has an internal sequences of several plasmid initiator proteins were
dual structure and that many of the amino acid residues aligned together on the basis of the 2-fold symmetry of
are related by 2-fold symmetry. In order to elucidate an the three-dimensional structure of the RepE monomer

_+ aff—
AGTGTGACAATCTARMMCTTGTCACACT AGTGTGACAATCTARAAMCTTGTCACACT

.*Q‘N w
d
ACTETGACAATCTRARARC TTGTCACACT AGTGTEACAATCTAAARACTTGTCACACT

Fig. 5. RepE dimeric model.X) Stereo view of a dimeric model of RepE without conformational changes. Two monomer structures are arranged in
series on the operator DNA with the fixed protein conformation and protein—DNA interaction characteristics of the RepE54 (monomer)—iteron DNA
complex. The two RepE monomers are shown in green and red. Two inverted arrows indicate the regions of the common 8 bp sequence.

(B) Mutation positions of dimerization defective mutants. Mutation sites are shown in red and enclosed by a red circle. The conserved leucines in
the N-terminus are shown in blue and enclosed by a blue circle. The yellogh&n indicates the region which is expected to flip out in the

direction of the arrow.€) Proposed RepE dimeric model with conformational changes of the N-terminal domains of the RepE monomer. Top: a
schematic representation of a dimeric model without conformational change which is the same as that shown in (A). The regions of the common
8 bp sequence are also shown as two inverted arrows. N and C indicate the N- and C-terminal domains, respectively. The red and blue circles in the
N-terminal domains indicate the mutation and conserved leucine regions shown in (B), respectively. Bottom: a dimeric model after conformational
change of the N-terminal domains. In this model, both the mutation and conserved leucine regions can act as the dimer interface of RepE. In both
top and bottom, the viewpoint of the right Figure has been rotated 90° along its horizontal axis with respect to that of the left figure.

Fig. 4. (A) A schematic review of RepE54—iteron interactions. The nucleotide numbering scheme is the same as in Figure 3A. The RepE54 and
iteron interactions are indicated by arrows. Bases and phosphates in contact with RepE54 are shown in red and orange, respectively. Circled ‘W’s
indicate water moleculesB} and (C) Comparison of the protein—-DNA interaction at heti4 (light green) of the N-terminal domain and hetid’

(dark green) of the C-terminal domain. Amino acid residues interacting with the DNA are shown in yellow, water molecules by red circles and the
Mg?* ion by a pink circle. D) Mutation positions of DNA-binding-defective RepE mutants. Point mutations: 1683.84K- 1, 1881~ N, 194L P,

197S- R, 209L- P, 224L- P, 240F- S and 242F. S. Double mutations: 193QL and 201M- T, 201M- T and 225S- P, 207R- P and 208F L,

and 217N- D and 236T- S. All the point mutation residues (except for K184l) and one of the double mutation residues are directed towards the
hydrophobic core of the C-terminal domain. On the other hand, other residues of the double mutations (Q193L, S225P, R207P and T236S) are
exposed on the molecular surface. The positions of these mutations indicate that Q193L, S225P and T236S might not affect DNA binding activity
and that the other mutations disrupt the structure of the C-terminal domain. The R207P mutation is located at the center of the recognifion helix
and could disrupt its structure.

4603



H.Komori et al.

A AN~ P A N I~

C R200 R206 D203 R207

RepE (F) COTGTGACHARTTGCCCTCAGT
TGEACACTGTT[TAACGGGAGTC

D178 K184 D181 R1B5

RepA (pPS10) TGAATICTGFCACCTTTARACCC
ACTTAGACAGGGGAAATTTGGG

Fig. 6. (A) Positions of the conserved hydrophobic residues that form the hydrophobic core (in stereo). They are related by 2-fold symmetry, and the
position of the 2-fold axis is indicated in blackB) Polar interactions between the N- and C-terminal domains (in stereo). Arg37 aRthelix of

the N-terminal domain interacts with the carbonyl oxygen of Lys155 inothiehelix of the C-terminal domain. Argl67 in tree2’ helix of the

C-terminal domain interacts with the carbonyl oxygen of Ala27 indlé helix of the N-terminal domain.) Comparison of the DNA binding site
sequences (iteron) of RepE and RepA initiator protein of pPS10 plasmid. Conserved sequences with their operator DNA sequence are boxed. The
corresponding amino acid residues of RepE and RepA in contact with the bases on the DNA are indicated.

(Figure 2). RepA, a familiar initiator protein of P1 plasmid, RepE (Figure 6A). This indicates that these hydrophobic
could not be aligned due to its poor sequence homology residues in the other plasmid initiator proteins also have
with RepE protein. Many hydrophobic residues related by 2-fold symmetry and make two internal hydrophobic cores
2-fold symmetry are found to be conserved in the other like RepE.

plasmid initiator proteins. All of these conserved hydro-  There are several internal polar interactions between
phobic residues are buried in the hydrophobic cores of the N- and C-terminal domains of the RepE monomer.
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Fig. 7. Proposed superhelical DNA structure induced by the complex
made up of four RepE monomers and one HU dimer. The N- and C-
terminal domains of RepE54 are shown in light and dark green,
respectively. Origin DNA is shown in blue. The regions of the

Crystal structure of a replication initiator protein

As mentioned above, the initiator proteins of mini-F-
like plasmids are expected to share the dual structure
including the HTH motif with RepE. It is also clear from
the amino acid sequence alignment that these initiator
proteins have a normal HTH motif in the N-terminal
region which has the same length as that of RepE
(Figure 2). On the other hand, these initiator proteins may
have their own unique HTH motif in the C-terminal region
with a characteristic size of turn. Therefore, the recognition
helix in the C-terminal regions of other plasmid initiator
proteins might be used for specific DNA binding. In fact,
an HTH motif can be predicted from the amino acid
sequence in the corresponding C-terminal region of the
RepA initiator of plasmid pPS10, where it plays a crucial
role in RepA binding to both operator and iteron sequences
(Giraldo et al,, 1998). Figure 6C shows a comparison
between the cognate DNA binding sites (iteron) of RepE
and RepA of pPS10 plasmid. Arg200, Asp203, Arg206
and Arg207 in the C-terminal domain of RepE are
responsible for making specific contacts on DNA. The
corresponding amino acids of RepA are Aspl178, Asp181,
Lys184 and Argl85, which are almost similar to those of
RepE except for Aspl178. It is noteworthy that the DNA
bases in the iteron of mini-F plasmid are identical to the
corresponding DNA bases in the iteron of pPS10 plasmid,
except for guanine which interacts with Arg200. A basic
residue of RepE, Arg200, makes contact with the O6 atom
of the guanine base. On the other hand, an acidic residue
of RepA, Aspl178, can form a hydrogen bond with the N4
atom of the cytosine base. The difference between Arg200
of RepE and Aspl78 of RepA might explain why these
proteins recognize different iteron DNA sequences. The
specificity of DNA binding by plasmid initiator proteins
may derive from the complementary electrostatic charge
distribution of these amino acids in their recognition
helices. In addition to the HTH motif, RepE has
B—turn-B motifs that also contribute to DNA binding. The
Arg—Gly sequences in thg-turn- region of both domains
are conserved in other plasmid initiator proteins (Figure 2).
Therefore, the HTH motifs anfi—turn-8 motifs in both

common 8 bp sequence are also shown as arrows. The structure of thedomains probably constitute a common structure necessary

HU dimer (PDB: 1HUU; Tanakat al, 1984) is shown in red. The
arrangement of the four iterons in the origin DNA shows the intervals
between iterons (top). The four RepE monomers bind to four repeated
iterons and each of two adjacent iterons can be bent about 90° to
create contacts with two RepE monomers (middle). The HU dimer can
make contact with the 14 bp region between the second and third
iterons and interact with the two RepEs at the second and third
iterons. As a result of these interactions, the origin DNA can be
sharply bent at its 14 bp region and wound to form a superhelical
structure, which could provoke unwinding of the neighboring AT-rich
region for the initiation of DNA replication (bottom).

Arg37 and Argl64 in thex2 anda?2’ helices, which are
related by 2-fold symmetry, interact withl’ and al

for the binding of these plasmid initiator proteins to
cognate DNAs (20-22 bp) carrying two major grooves.
These results strongly suggest that these plasmid initiator
proteins have similar tertiary folding with two structurally
similar but functionally different domains.

Comparison with other proteins

For viral origin-binding proteins, crystal structures have
been hitherto available only for the DNA-binding domains
of E2, EBNA1 and SV40 T-antigen (Hega al., 1992;
Bochkarevet al., 1996; Luoet al, 1996; Edward=t al.,
1998). In eukaryotes, DNA replication is also initiated by

helices, respectively (Figure 6B). These arginine residuesthe binding of initiator proteins to an origin region on the
are also maintained in the corresponding positions of the viral DNA (Edwards et al, 1998). The DNA-binding

N- and C-terminal regions of the other plasmid initiator

domains of these viruses have a common structural feature

proteins (Figure 2). Furthermore, the polar amino acids containing a four-stranded antiparall@isheet with two

(Lys36, Glul67, Glu26, GIn171, Asn22 and Thrl47),

a-helices on one side, although they display no amino

which are responsible for interactions between the N- and acid sequence similarities. Interestingly, both EBNAL and
C-terminal domain, are also conserved in the other plasmid E2 bind to their origins in a remarkably similar dimeric
initiator proteins (Figure 2). These conserved polar amino form with the eight-stranded antiparall@lbarrel, which

acids could also play a role in maintaining the dual
structure.

comprises four strands from each monomer. Therefore,
these proteins seem to share a common ancestor (Edwards
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et al, 1998). However, the present RepE54 structure of
mini-F plasmid is completely different from the DNA-
binding domains of viral origin-binding proteins.

Various DNA binding proteins act as dimers and bind
to DNA at two binding sites like virus initiator proteins
(EBNA1 and E2). In contrast, RepE binds DNA as a
monomer through an internal dual structure comprising
two similar binding sites. It has been shown that the
TATA-box binding protein (TBP) also has an internal dual
structure, which was easily predicted from its primary
structure (Nikolov, 1992). The two structural domains of
TBP are topologically identical, with af3.m.s. deviation
of 1.1 A (Burley, 1996). In contrast, the structural domains
of the RepE monomer are not completely identical, and
have a G r.m.s. deviation of 5.1 A. Furthermore, the
N-terminal domain has additional secondary structures
(B2a, f2b anda5) that might be responsible for dimeriz-
ation. This remarkable difference generates the differential
binding scheme at the origin and the operator which
defines the dual function of RepE.

Unwinding mechanism of DNA duplex for

initiation

The most important role of the RepE protein is to induce
local melting of the duplex DNA followed by unwinding
of the adjacent AT-rich region (13mer region). It is
supposed that, in addition to the RepE monomers, the
binding of the HU protein is necessary to initiate the local
melting of the DNA (Kawasakiet al, 1996). Another
essential host factor, DnaA, delivers helicase efficiently
to the single stranded region to generate a prepriming
complex, but may not be necessary for opening of the
DNA duplex. The ability to melt the DNA duplex might

the Photon Factory, KEK (proposal number: 97G095) (Sakabe, 1991)
and at BL41XU of SPring-8 (proposal number: 1998A0177-NL) (Kamiya
et al, 1995). Several data sets for derivatives were also collected by a
RAXIS imaging plate detector with a rotating anode X-ray source. All
the intensity data were processed using the program DENZO (Otwinowski
and Minor 1997).

MIRAS phasing, model building and refinement

Mercury derivative crystals were prepared by soaking the native crystals
in the mother liquid containing 0.1 mM GHgCl for 17 h. IdU derivative
crystals were prepared by cocrystallization with iteron DNA substituted
with 5-iodouracil for thymine at specific positions (12T, 13T and 33T;
Figure 3A). Major heavy-atom sites were determined from difference
Patterson maps, and relative positions of the sites between derivatives
were determined by the difference Fourier technique using the CCP4
suite (Collaborative Computational Project No. 4, 1994). Multiple
isomorphous replacement with anomalous scattering (MIRAS) phase
calculations and phase refinements were performed using MLPHARE.
The MIRAS phases calculated at 3.0 A were improved by iterative
solvent flattening and histogram mapping with the program DM. The
map showed fine electron densities of the protein and DNA molecules
with good connectivities. The atomic model was constructed using the
graphics program O (Jones and Kjeldgaard, 1994). Crystallographic
refinement was carried out by energy minimization and simulated
annealing with molecular dynamics using the program X-PLORI{Beu,
1992a). In the final stage, the native data set was anisotropically scaled
to the calculated structure factors of the refinement model, and individual
atomicB factors were introduced into the refinement. The atomic model
was finally refined to arR-factor of 21.3% (freeR-factor = 27.4%;
Bringer, 1992b) for 13 738 reflections between 6.0 and 2.6 A resolution.
Analysis of the stereochemistry by PROCHECK showed that all the
protein residues were within the allowed regions of the Ramachandran
plot (Laskowskiet al., 1993).
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Materials and methods

Crystallization and X-ray data collection

The RepE54 protein was purified as a His-tagged protein by affinity
column chromatography after overexpressionEiroli. The synthetic
DNA oligomers used in complex formation were obtained commercially.
Crystals of the RepE54-DNA complex were obtained as previously
reported; space grou@2 with unit cell parameters of & 108.4 A,
b=819A, c=739AandB = 121.5° (Komoriet al., 1999). Intensity
data were collected with synchrotron radiation at BL6A and BL18B of
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