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For the initiation of DNA replication, dsDNA is unwound by helicases.
Primases then recognize specific sequences on the template DNA
strands and synthesize complementary oligonucleotide primers that
are elongated by DNA polymerases in leading- and lagging-strand
mode. The bacterial plasmid RSF1010 provides a model for the
initiation of DNA replication, because it encodes the smallest known
primase RepB� (35.9 kDa), features only 1 single-stranded primase
initiation site on each strand (ssiA and ssiB, each 40 nt long with 5�-
and 3�-terminal 6 and 13 single-stranded nucleotides, respectively,
and nucleotides 7–27 forming a hairpin), and is replicated exclusively
in leading strand mode. We present the crystal structure of full-length
dumbbell-shaped RepB� consisting of an N-terminal catalytic domain
separated by a long �-helix and tether from the C-terminal helix-
bundle domain and the structure of the catalytic domain in a specific
complex with the 6 5�-terminal single-stranded nucleotides and the
C7–G27 base pair of ssiA, its single-stranded 3�-terminus being de-
leted. The catalytic domains of RepB� and the archaeal/eukaryotic
family of Pri-type primases share a common fold with conserved
catalytic amino acids, but RepB� lacks the zinc-binding motif typical of
the Pri-type primases. According to complementation studies the
catalytic domain shows primase activity only in the presence of the
helix-bundle domain. Primases that are highly homologous to RepB�

are encoded by broad-host-range IncQ and IncQ-like plasmids that
share primase initiation sites ssiA and ssiB and high sequence identity
with RSF1010.

Pri-type � primase DNA complex � single-strand initiator DNA �
crystal structure � oriV

A t the initiation of DNA replication, the double helix is un-
wound by helicases, and then primases synthesize complemen-

tary oligonucleotide primers on the single-stranded template DNA.
These primers are extended by DNA polymerase, continuously at
the leading strand and discontinuously at the oppositely-oriented
lagging strand, where Okazaki fragments are synthesized. Primase
activity depends on specific ssDNA priming sequences that are
periodically required for the initiation of the Okazaki fragments on
the lagging strand (that are connected by ligase) but only 1 primer
is used for the leading strand (1).

The broad-host-range IncQ plasmid RSF1010 is maintained in
�30 Gram-negative and 2 Gram-positive bacteria (2, 3). The
replication of IncQ and IncQ-like plasmids and their conjugative
transfer was studied in Escherichia coli and in vitro. RSF1010
encodes helicase RepA, primase RepB�, and replication initiator
protein RepC (4, 5) (Fig. S1 A). Additionally, the replication of
RSF1010 requires bacterial host replication proteins such as
DNA polymerase III and single-stranded binding protein.

Primase RepB� is activated on 2 specific, 40-nt-long single-
stranded segments termed initiators A and B (ssiA and ssiB) with
highly similar nucleotide sequences (6, 7). They are arranged on
opposite DNA strands as a palindrome in the origin of vegetative
replication (oriV) and most likely form hairpins after strand
separation by helicase RepA (8, 9) (Fig. 1A and Fig. S1 B and C).
RepB� recognizes ssiA and ssiB independently of each other (6,

7) and synthesizes primers (10) that are elongated by DNA
polymerase III. Replication of RSF1010 depends on the ssi
sequences that occur only once on each plasmid strand, suggest-
ing that RSF1010 (11, 12) is replicated in the leading-strand
mode in opposite directions along single-stranded template
DNA (10, 13, 14) (Fig. S1 A).

Crystal structures show that primases belong to 2 classes. One
comprises the multidomain DnaG-type primases from bacteria (15,
16) and bacteriophage T7 (17). The other contains heterodimeric
Pri-type primases from archaeal bacteria consisting of a small
catalytic (PriS) and a large subunit (PriL). Crystal structures are
known for PriS (18–20) and the N-terminal domain of PriL (20, 21).
Pri-type primases show sequence homology with the large and small
subunits of the eukaryotic heterotetrameric Pol�-primase and are
referred to as archaeal/eukaryotic primases.

Although structurally unrelated, Pri- and DnaG-type primases
use the 2-metal-ion mechanism for catalysis of primer synthesis (16,
18, 22) and are zinc dependent (23–25). DnaG-type primase
structures exhibit zinc-ribbon domains (15, 26, 27) that are tethered
loosely to their catalytic domains and regulate initiation of primer
synthesis and length (26–29). Pri-type primases feature zinc-
knuckle or zinc-stem structures inserted in their PriS-catalytic
domain that were suggested to enforce the interaction with the
ssDNA template, but were shown not to be essential for primase
activity, in contrast to the zinc ribbon domain (18, 20). As shown by
in vitro experiments, primer synthesis of Pri-type primases depends
on the PriS-zinc binding structures and PriL (20). Isolated PriS can
convey low-level primase activity independently from PriL, but
efficient primer synthesis requires the PriS–PriL complex (30).

Structural data showing how primases recognize DNA are
limited to the crystal structure of the catalytic domain of primase
DnaG from E. coli bound unspecifically to ssDNA (31). Structures
of complexes between Pri-type primases and template DNA are
lacking. The crystal structure of the nonhomologous end-joining
(NHEJ) polymerase domain of ligase LigD from Mycobacterium
tuberculosis (NHEJ pol) was determined in a complex with DNA
(32). NHEJ polymerase domain lacks a zinc-binding structure, but
its scaffold resembles the PriS-catalytic domains (33).

Here, we present the crystal structure of a zinc-independent
primase, the full-length RepB� at 2.0-Å resolution, and that of its
catalytic domain in a specific complex with the ssiA DNA fragment
comprising nucleotides 1–27 at 2.7-Å resolution. We show by
mutagenesis that RepB� features the same catalytic residues as
Pri-type primases and suggest a model for primer synthesis.
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Results
Structure Determination of Full-Length RepB�. The crystal structure
of RepB� was determined by multiple wavelength dispersion
(MAD) (see Methods and Table S1). The electron density allowed
the modeling of 89% of the amino acid sequence; the remaining
11% (see the legend to Fig. 1C) include residues 308–323 of the C
terminus. As outlined in SI Text, this segment is supposed to
promote the translocation of mobilization protein MobA (consist-
ing of a relaxase with C-terminally fused RepB�) by the Dot/Icm
type IV secretion systems (T4SS).

RepB� Consists of 2 Distinct Domains. The dumbbell shape of RepB�
is divided into a large N-terminal domain (residues 1–205), com-
posed of 2 antiparallel �-sheets (�A and �B) flanked by 6 �-helices
and a small C-terminal domain (residues 220–323) comprising a
bundle of 5 �-helices (Fig. 1 B and C). The 2 domains are �29 Å
apart and connected by �-helix �6 (residues 178–205) and a
14-aa-long flexible tether (residues 206–219). Helix �6 and the

tether are unique to RepB� and not found in structures of Pri-type
primases except for the DnaG-type primase of bacteriophage T7
whose catalytic and zinc ribbon domains are separated by a
26-aa-long tether (26).

RepB� Shares a Related Fold and Active-Site Residues with Archaeal
Primases. Structure comparisons using the DALI server (34) show
that the N-terminal domain of RepB� fits best with the catalytic
domains of the PriS of archaeal primases from Pyrococcus furiosus
(Pfu; Fig. 2) (18) and Pho from Pyrococcus horikoshii (19) (Z-score
9.9 for Pfu and Pho, rmsd 2.8 Å for 148 C�-positions), although
RepB� and archaeal primases share only very low sequence ho-
mology. In the core of the large domain of RepB�, the �-sheets �A
and �B are normal to each other and form a cleft that opens toward
the C-terminal domain (Fig. S2A). Superpositions of the N-
terminal domain of RepB� with the PriS-catalytic domains of
archaeal primases Pfu, Pho, Sso from Sulfolobus solfataricus (20)
(Z-score 7.8, rmsd 3.0 Å for 140 C�-positions) and with the
polymerase domain of DNA ligase LigD from Pseudomonas aerogi-
nosa (33) (Z-score 9.0, rmsd 3.2 Å for 156 C�-positions) identify the
structurally conserved amino acids Asp-77, Asp-78, Asp-134, and
Arg-145 of RepB� in this cleft (Fig. 2B, Table S2, and Fig. S2B). To
test the catalytic influence of these amino acids, we generated point
mutations and measured the primase activities of the variants by
using circular ssM13 DNA into which ssiA was inserted (Fig. 3A).
Compared with WT RepB� the primase activity was abolished by
mutation of Asp-77 or Asp-78 or Asp-134 to alanine and severely
reduced by mutation of Arg-145 to alanine (Fig. 3B). RepB� was
inactive on the complementary strand of ssiA (Fig. S2C).

RepB� Lacks a Zinc Binding Motif. The segment forming the zinc-
knuckle structure on helix �4 of the catalytic domain of Pfu primase
is truncated in RepB� (Fig. 2). Unlike the DnaG- and Pri-type
primase structures, RepB� does not contain a bound zinc ion,
neither on the catalytic nor on the helix-bundle domain. To verify
the absence of zinc in RepB�, the primase activity was tested in the
presence of 0.001–10 mM ZnCl2 or Zn2� chelator N,N,N�,N�-tetrakis-
(2-pyridylmethyl)-ethylenediamine but no difference was found.

Fig. 1. DNA recognition site, secondary and tertiary structure of RepB�. (A)
Sequence and hairpin structure of ssiA. The 3 asterisks below the sequence
indicate the G31T32G33 priming site (14). Hairpin base pairs of ssiA are as observed
in the structure (Fig. 6); the G23T11 wobble is colored red. (B) Crystal structure of
RepB�. In the ribbon diagram of RepB�, �-helices are green, �-strands are yellow,
�-turntype I (�T)between�9and�10 isorange, loopsarepinkexceptforthe long
loop connecting �5, �7 (red) and the tether connecting �6, �7 (blue). N and C
termini, �-helices, and ß-strands are labeled. A segment of the long loop (red) is
located at the bottom of the active site and carries catalytic Arg-145. (C) Topo-
graphical scheme of RepB�. Colors and labeling of �-helices and �-sheets are as in
B, and their N- and C-terminal residues are indicated by numbers. Parts of the
structure that could not be modeled because of disorder are indicated by dashed
lines or interruptions (residues 1–4, 154, 159–161, 208–216, 276–278, and 308–
323). Conserved catalytic residues are shown as red dots and labeled with 1-letter
code. The relative positioning of N- and C-terminal domains of RepB� are prob-
ably influenced by crystal packing.

Fig. 2. Comparison of catalytic centers of Pfu primase (A) and RepB� (B).
Superposition of RepB� on Pfu (Protein Data Bank ID code 1G71) yields a Z-score
of 9.9 and an rmsd of 2.8 Å for 148 C� positions. The catalytic cores of RepB� and
Pfu primase are shown in the same orientation and scale. Structure elements
similar inbothmoleculesare ingreen,thosethatdifferare ingrayandred. (A)The
zinc knuckle motif of Pfu primase is located at the N terminus of helix �4 (red); the
bound Zn2� is indicated by the blue sphere. (B) The corresponding helix �4 of
RepB� is truncated(redarrow).The ssiADNAbindingsubdomainofRepB� (�1–�3,
�1–�3, and �7; see Fig. 6B) is indicated by a dashed black line. The proposed
catalytic amino acids of both primases and DNA-binding Tyr-62 (Pfu) and Trp-50
(RepB�) are shown as yellow stick models (carbon yellow, oxygen red, nitrogen
blue) and enlarged for better visibility.
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The Helix-Bundle Domain Conveys Primase Activity. To assess
whether the helix-bundle domain of RepB� influences the initiation
of primer synthesis, we carried out primase assays in the presence
of either the isolated catalytic or the helix-bundle domain and in the
presence of both isolated domains (Fig. 4). The catalytic or the
helix-bundle domains were unable to promote independently the
initiation of DNA synthesis on circular single-stranded M13-DNA
templates carrying ssiA (Fig. 3A). However, using catalytic and

helix-bundle domains together, we found that the primase activity
was restored. Compared with WT RepB�, full primase activity was
only reached with an equimolar ratio of the catalytic and helix-
bundle domains. Decreasing the concentration of one domain (50
nM to 1 nM) relative to the other domain (50 nM) reduced the
primase activity (Fig. 4B and Fig. S2E).

To test whether the helix-bundle domain of the mutant proteins
can also be active in trans, we measured the primase activity of
full-length RepB� variants D77A, D78A, D134A, and R145A
supplemented with the WT catalytic domain of RepB� (Fig. S2F).
Primase activity of the inactive variants of RepB� was fully recov-
ered by addition of the catalytic domain and that of the weakly
active RepB� R145A was significantly increased.

The Helix-Bundle Domain Binds to ssiA DNA. A structural search with
the DALI server using the helix-bundle domain showed no simi-
larity to other proteins, suggesting that this domain exhibits a
unique fold. However, the antiparallel helices �8 and �9 and the
oblique DNA-recognition helix �10 share structural similarity to
dsDNA-binding homeodomains (Fig. S3A). Except for helix �7 of
RepB�, 4 �-helices of the helix-bundle domain superimpose with
the transposase dsDNA-binding domain of phage Mu (Z-score 3.3
and rmsd 2.9 Å for 58 C�-positions; Fig. S3B). In this and other
superpositions with related dsDNA-binding domains, helix �10 of
RepB� coincides with (proven or potential) DNA-recognition
helices, which insert into the large groove of dsDNA.

Indeed, EMSA confirmed complex formation between ssiA
DNA and the helix-bundle domain (residues 212–323; Fig. 5). Via
analytical ultracentrifugation the dissociation constant of this com-
plex was determined to be 27.0 �M (Table S3), and that formed
with ssiA DNA lacking the single-stranded 3�-tail [ssiA(3��13)] was
similar, 25.8 �M (Table S3), indicating that the 3� tail of ssiA does
not contribute significantly to complex formation.

Crystal Structure of the Catalytic Domain in Complex with ssiA(3��13)
DNA. Attempts to cocrystallize RepB� with ssiA DNA or the
fragments described in Methods failed, because RepB� was specif-
ically cleaved after Glu-207. The catalytic domain could only be
cocrystallized with ssiA(3��13), not with intact ssiA; for structure
determination see Methods (Table S4). Residues 1–3, 156–162, and
199–212 could not be modeled because of disorder, whereas those
residues interacting with ssiA(3��13) are well defined in the elec-
tron density (Fig. S4A).

The Catalytic Domain Recognizes the Complete ssiA 5� Tail and the
First Base Pair of the Hairpin. In the complex of the catalytic domain
with ssiA(3��13) the single-stranded 5� tail and the first base pair
(C7–G27) of the hairpin are recognized specifically because of 17
favorable interactions with 13 aa, of which 11 form hydrogen bonds
with the bases and 3 with the sugar-phosphate backbone, 2 being
mediated by water (Fig. 6). In the single-stranded 5� tail of

Fig. 3. Complementary strand synthesis initiated by RepB�. (A) Principle of
primase assay. A complete reaction mixture contains circular ssM13 DNA carrying
ssiA, primase RepB�, Vent-DNA polymerase, and dNTPs. RepB� synthesizes a
primer (black arrow) complementary to the ssiA recognition sequence that is
extendedbyVent-DNApolymerase.Theprimaseactivity is indicatedbytheability
to initiate dsDNA synthesis on the recombinant ssM13 DNA carrying ssiA. Newly-
synthesized M13 dsDNA contains a single-strand nick and is called replicative
form II (RFII, RF), contrasting to replicative form I (RFI) that corresponds to
circularly-closed supercoiled M13dsDNA. The restriction sites Hind III (6,281 bp)
andBsrGI (1,021bp)are labeledonM13RFII. (B)PrimaseactivityofRepB�variants.
If not otherwise denoted all reaction mixtures contain dNTPs, ssM13mp18ssiA
(circular ssM13 DNA carrying ssiA; mp18, Max-Planck strain 18) and Vent poly-
merase. Reaction mixtures contained either RepB� or variants D77A or D78A or
D134A and ssM13mp18ssiA. For controls only either ssM13mp18ssiA or
M13mp18ssiA RF (replicative forms of M13mp18ssiA isolated from infected E. coli
cells) is in the reaction mixture. Vent Pol/-RepB�, reaction in the absence of RepB�
and in the presence of Vent polymerase. RepB�/-Vent Pol, Vent-DNA-polymerase
absent and RepB� present. BsrGI and HindIII, product analysis of a complete
primase reaction with specific dsDNA restriction enzymes BsrGI and HindIII re-
sulted in 2 DNA fragments of the expected sizes, 2.0 and 5.2 kb. Marker (2-log-
DNA-ladder, NEB): 10, 8, 6, 5 (4, 3, double band), 2, 1.5, 1.2 (kB).

Fig. 4. Complementation assay is shown for the catalytic and helix-bundle
domain (see the legend for Fig. 3B). Cat � helix-b. domain, isolated catalytic and
helix bundle domains in molar ratio of 1:1. Catalytic domain, primase assay in the
presence of the catalytic domain. Helix-bundle domain, primase assay with
helix-bundle domain. Controls: product analysis by BsrGI and HindIII digestion.
Vent Pol, reaction mixture without catalytic and helix-bundle domain, but with
Vent polymerase. RepB�, reaction in presence of RepB�. M13mp18ssiA RF isolated
from E. coli and ssM13mp18ssiA.

Fig. 5. EMSA of ssiA DNA with the helix-bundle domain of RepB�. The shifted
protein/DNA complexes are marked by an arrow; the lower band is ssiA DNA.
Lanes1–4, ssiADNAwithadditionof5–12.5�Mhelix-bundledomain; lane5,only
ssiA DNA.
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ssiA(3��13), base stacking is only found for C1 on C2 (Fig. S4 A and
B) as Trp-165 stacks with T3 and displaces T4, thereby abolishing
stacking of T3 with C2 or T4. C6 does not stack with neighboring
bases, because helix �3 inserts between T5 and the first C7–G27
base pair of the hairpin, pushing C6 away from T5 (Fig. 6A).

The Single-Stranded 5� Tail of the Recognition Sequence Is Crucial for
Binding of ssiA to RepB�. The structure of the catalytic domain in
complex with ssiA(3��13) DNA agrees with EMSA studies (Fig. 7)
showing that the 5� tail of ssiA or of ssiA(3��13) DNA is crucial for
complex formation with RepB� and the catalytic domain, respec-
tively. The dissociation constants as determined by ultracentrifu-
gation for the complexes formed between the catalytic domain of
RepB� and ssiA (2.01 �M) are a factor of 2 lower than for
ssiA(3��13) DNA (5.22 �M), suggesting that at least some of the
single-stranded 3�-terminal nucleotides contribute when binding to
the catalytic domain (Table S3). However, binding of RepB� to ssiA

DNA is abolished when the 5�tail of ssiA is truncated by 5 nt
(ssiA(5��5); Fig. 7 E and F).

The ssiA DNA Hairpin Contains a G–T Wobble. The double helical
hairpin adopts the B-form and features a G–T wobble (T11-G23;
Fig. S4C) that contradicts the proposed hairpin structure with
looped-out thymidine T11 (10) (Fig. S1B). The electron density
shows that the nucleotide sequence in the double helix is shifted by
1 nt such that a regular Watson–Crick double helix is formed (Figs.
1 A and 6 A). Consequently, the single-stranded 5�-tail consists of
6 instead of 5 nt. Nucleotides 16–18 form the loop of the hairpin and
are stacked on base pair C15–G19.

The Catalytic Domain Contains a Specific DNA Binding and a Catalytic
Subdomain. Based on the structure of the complex formed by the
catalytic domain and ssiA(3��13), we divide the catalytic domain
into 2 subdomains (Fig. 2B): one (helices �1–�3, �-strands �1–�3
and �7) recognizing ssiA(3��13), and the other (�4–�6, �4–�6, and
loop 133–166) harboring the catalytically-active amino acids.

Structure comparisons of PriS catalytic domains between RepB�,
Pfu, Pho, Sso, and NHEJ polymerase domain show that the specific
DNA-binding subdomain of RepB� diverges from the PriS catalytic
domain fold of Pfu and Pho (Fig. 2). Moreover, a steric clash would
be caused by the single-stranded 5� tail of ssiA(3��13) and an
additional helix �1 that is conserved between the structures of
primases Pfu (Fig. 2A), Pho, Sso, and the NHEJ polymerease
domain, but not found in RepB�. Among the structures compared
above, helix �3 and the �-strands �1–�3 and �7 of the RepB�–
DNA-binding subdomain are invariant. Helix �3 of RepB� features
the structurally-conserved Trp-50 that recognizes base pair C7–
G27 of ssiA(3��13) (Fig. 6A). Trp-50 corresponds to Tyr-62 (Pfu,
Pho; Fig. 2), Tyr 63 (Sso), and Trp-101 (NHEJ polymerase domain)
that are solvent-exposed except for Trp-101 of the NHEJ polymer-
ase domain, which does not participate in DNA binding, in contrast
to Trp-50 of RepB�.

RepB� Is the Prototype of a Distinct Class of Primases with Exclusive
Leading Strand Replication Mode Encoded by Broad-Host-Range Plas-
mids. Although sharing related catalytic domain folds with struc-
turally and functionally well-conserved residues Asp-77, Asp-78,
Asp-134, and Arg-145 (Fig. S2B), the amino acid sequences of
RepB� and Pri-type primases Sso, Pfu, and Pho align very poorly.
In addition, a zinc-binding motif is absent in RepB�, and the
conserved 100DXD102 motif (RepB� numbering) found in archaeal
primases is replaced in RepB� by 77DD78. The EGYATA motif
found in several plasmid-encoded primases (35) does not occur in
RepB�.

By contrast, the amino acid sequence of RepB� aligns far better
with another group of primases encoded by IncQ and IncQ-like

Fig. 6. Architecture of the DNA–primase complex. (A) Crystal structure of the
catalytic domain of RepB� in complex with ssiA(3��13). Catalytic domain in ribbon
representation is green, and ssiA(3��13) is shown as a gray stick model with
deoxyribose-phosphate backbones as smooth lines. Nucleotides are numbered
and labeled in 1-letter code. The DNA double helix features a G23T11 wobble (red
letters; see also Fig. S4C). (B) Topographical scheme of hydrogen bonding and
stacking interactions between the catalytic domain and ssiA(3��13). Bases are
squares/rectangles, deoxyriboses are 5-membered rings (labeled with sequential
numbers), and phosphates are black-filled circles, O4� is open circles. Direct and
water (Wat)-mediated hydrogen bonds formed between amino acids and
ssiA(3��13) are indicated by solid lines; amino acids are in 3-letter code. When
hydrogen bonds involve peptide bonds, only the residue number and peptide
atoms are given. Parallel lines (') indicate stacking of bases C1 on C2 and base T3
on W165.

Fig. 7. EMSA shows that the single-stranded 5� tail of ssiA DNA is essential for binding to RepB�. Shifted bands indicating protein/DNA complexes marked by
arrows. (A) Lanes 1–4, ssiA DNA with addition of 5–12.5 �M RepB�; lane 5, only ssiA DNA. (B) The same as A with RepB� replaced by the catalytic domain; lane
5 only ssiA DNA. (C) Lane 1, ssiA(3��13) with addition of 12.5 �M RepB�; lane 2 only ssiA(3��13). (D) Lane 1, ssiA(3��13) with addition of 12.5 �M catalytic domain;
lane 2, only ssiA(3��13). (E) Lane 1, ssiA DNA without single-stranded 5� tail [ssiA(5��5)] with the addition of 12.5 �M RepB�; lane 2, only ssiA(5��5). (F) Lane 1,
ssiA(5��5) with the addition of 12.5 �M catalytic domain; lane 2, only ssiA(5��5).
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broad-host-range plasmids, whose 3D structures are not yet known,
the identity being �38% and the homology �63%. These even
increase to 70% identity and 93% homology if one of the sequences,
Q9AMP4 PXF5823, is deleted (Fig. S5A). Catalytic and DNA-
binding amino acids found in RepB� are conserved among these
primases. Because these plasmids also contain ssiA and ssiB DNA
segments that share high sequence identity with those of plasmid
RSF1010 and are able to form hairpins (Figs. S1 B and C and S5),
RepB� is apparently the prototype of a distinct class of primases (36)
with high sequence homology and exclusive leading-strand repli-
cation mode.

Discussion
Because it is replicated exclusively in leading-strand mode,
plasmid RSF1010 provides a paradigmatic priming system. On
each of the 2 primase recognition sites, ssiA and ssiB, RepB�
synthesizes independently 2 primers that are elongated by host
DNA polymerase III.

The catalytic domains of RepB� and the PriS primases share a
conserved mixed �/� polymerase fold harboring the catalytic amino
acids (Fig. S2B). RepB� and Pri-type primases exhibit structurally
different helix-bundle domains (18, 19) (Fig. 2). The function of the
Pri-type helix-bundle domains is unknown. However, the wide
separation of catalytic and helix-bundle domains in RepB� is not
found in any of the PriS structures (Figs. 1B and 2). Complemen-
tation studies show that the helix-bundle domain of RepB� is
essential for primase activity (Fig. 4 and Fig. S2 D and E) and
suggest that catalytic and helix-bundle domains form a specific
complex on ssiA. EMSA confirms that the isolated helix-bundle
domain binds to ssiA (Fig. 5 and Table S3), but the binding site of
the helix-bundle domain remains elusive. In contrast to archaeal
primases, RepB� lacks a zinc-binding motif that supports ssDNA
template binding (Fig. 2) but features the DNA-binding subdomain
on the catalytic domain that affects recognition of the 5�-terminal
single-stranded tail of ssiA, as also shown by EMSA studies (Fig. 7)
and may substitute for the missing zinc structure as the ssDNA
binding motif (see below). None of the ssiA binding amino acids of
RepB� are conserved in archaeal primase structures except for
solvent-exposed Trp-50 that corresponds to Tyr-62 (Pfu, Pho; Fig.
2), Tyr-63 (Sso), and Trp-101 (NHEJ polymerase domain).

In the crystal structure of the RepB�-ssiA (3��13) complex (Fig.
6A), the 3� terminus (G27) of ssiA(3��13) is closer to the catalytic
residues of RepB� than the 5� tail, suggesting that an extended 3� tail
of ssiA/ssiB would bind along the active center and serve as a DNA
template for primer synthesis. This finding supports studies by Lin
and Meyer (10) who proposed that primer synthesis is initiated
within the G31T32G33 priming site on the 3� tail (* in Fig. 1A).
Because the primer is synthesized complementary to the template
DNA, the template DNA must be translocated relative to RepB�
(Fig. 8). Because the 5� tail of ssiA(3��13) is trapped by the
ssDNA-binding subdomain of RepB�, we suggest that only the 3�
tail is translocated during primer synthesis. Translocation of the 3�
tail is possible, because the 3� priming site of ssiA is dispensable for
binding to RepB� (Fig. 7 C and D). Unwinding of the hairpin
becomes essential when the primer exceeds the length of 6 nt,
including the proposed G31T32G33 priming site (10).

The helix-bundle domain was shown by EMSA and analytical
ultracentrifugation to bind to ssiA and ssiA(3��13) (Fig. 5 and Table
S3), and complementation assays indicate that it is essential for
primase activity (Fig. 4 and Fig. S2D). To initiate primer synthesis
at the catalytic domain, the helix-bundle domain would have to
move (Fig. 8) from its position shown in the RepB� crystal structure
(Fig. 1B). This could be achieved by structural changes of the
flexible tether, similar to the zinc-ribbon domain of DnaG-type
primases that is linked by a 26-residue-long tether to its catalytic
domain.

RepB� is the prototype of a distinct family of primases encoded
by IncQ and IncQ-like plasmids (Fig. S5A) that show substantial

amino acid sequence identity and share very low sequence homol-
ogy with Pri-type primases (37). Compared with Pri-type primases,
the RepB� family features structural differences regarding the
primase architecture, the ssDNA template recognition, and the
requirements for primase activity. RepB� and the known primases
of the IncQ family are encoded by plasmids that feature only 1 copy
of ssiA and ssiB on each strand, suggesting that they replicate
exclusively in the leading-strand mode as does plasmid RSF1010.
The unusually complex ssi recognition sites (Fig. 1A and Fig. S1C)
are found only on IncQ and IncQ-like plasmids, but not on bacterial
or archaeal genomes.

Although RSF1010 has been exclusively found in eubacteria,
RepB� shares with the archaeal Pri-type primases the structural
organization of the active site (Fig. 2) and conserved catalytic
amino acids (Fig. S2B). Interestingly, it was reported that RepB� is
still active after heating to 80 °C for 30 min (38). The remarkable
thermal stability of RepB� can now be explained by its structural
relationship to the thermophilic archaeal primases Pfu, Pho, and
Sso and rises questions of the ancestry not only of RepB�, but also
of plasmid RSF1010.

Methods
Expression and Purification of RepB� and Its N- and C-Terminal Domains. We
followed published procedures (14) with modifications (see SI Text).

Purification of the Complex Formed by Catalytic Domain and ssiA(3��13) DNA.
The complex formed by mixing equimolar amounts of purified catalytic domain
(SI Text) and ssiA(3��13) DNA (TIB MOLBIOL) was incubated for 30 min at 37 °C,
purified by gel filtration on a Superdex75 column (GE Healthcare) using 10 mM
Tris�HCl (pH7.5), 300mMNaCl,and0.01mMEDTAandconcentratedto10mg/mL
for crystallization.

RepB�: Crystallization, Data Collection, and Processing. Hanging drop vapor
diffusion at 18 °C yielded rod-like crystals that were soaked with OsO3 � 2
pyridine to afford a heavy atom derivative. Difference Patterson methods located 3
osmium sites in the crystal asymmetric unit. After MAD phasing, the electron density
map was interpreted and the model was refined until convergence (see SI Text).

Catalytic Domain/ssiA (3��13) Complex: Crystallization, Data Collection, and
Processing. Under hanging drop vapor diffusion, rod-like crystals grew from a
solution of the purified catalytic domain/ssiA(3��13) DNA. The phase problem
was solved by molecular replacement (39) using the structure of the catalytic
domain (residues 4–205) as search model (see SI Text).

Fig. 8. Model for primer synthesis and translocation of ssiA. RepB� (green) is
bound to the intact ssiA DNA segment. The 5� tail and the first base pair of the
hairpinarespecifically recognizedandtrappedbythecatalyticdomain.The3� tail
is bound along the active center of the catalytic domain and serves as DNA
template. The primer is synthesized complementary to the DNA template in the
5�3 3� direction, and the 3� tail is translocated in the opposite direction (arrow
near 3� end). The first formed base pair of the template-primer hybrid is shown
in black and labeled 1, and the additional base pair formed by the second incoming
nucleotideisdenotedredandlabeled2.Possiblebindingofthehelix-bundledomain
to the ssiA priming site is indicated by a bent arrow marked ?.
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EMSAs with RepB�, Catalytic, and Helix-Bundle Domains. For EMSA procedures
see SI Text. Three different ssDNA molecules were used in EMSA (nucleotides in
the hairpin in bold). The hairpin as proposed earlier (9) (Fig. S1B) is underlined:
ssiA DNA, intact (5�-CCTTTCCCCCTACCCGAAGGGTGGGGGCGCGTGTGCAGCC-
3�); ssiA(3��13), truncated 3� tail (5�-CCTTTCCCCCTACCCGAAGGGTGGGGG-3�);
ssiA(5��5), truncated 5� tail (5�-CCCCCTACCCGAAGGGTGGGGGCGCGT-
GTGCAGCC-3�).

Structure Searches. Structure searches using the DALI server (34) were per-
formed separately with the N- and C-terminal domains of RepB�, residues
5–205 and 220–307. All figures were prepared by using PYMOL (40). For
further details, see SI Text.

Analytical Ultracentrifugation. Analytical ultracentrifugation was performed as
described (41). Protein and DNA were dissolved in buffer containing 100 mM
MgCl2,50mMKCl,and20mMHepes,pH8.0.Extinctioncoefficients� (l/mol�cm)
used for these studies were calculated by using ProtParam (42) from the expasy-
server (see SI Text).

Production of Recombinant M13. The sequences ssiA and ssiB were molecularly
cloned separately in the replicative form of phages M13mp18 and M13mp19
(mp18, mp19, Max-Planck strain 18, 19) carrying oppositely-oriented multiclon-
ing sites. For the production and purification of the recombinant M13 phages
published protocols were followed (43). Four constructs were made:
M13mp18ssiA and M13mp18ssiB carrying the matrix ssDNAs of ssiA and ssiB;
M13mp19ssiAandM13mp19ssiBcarryingthecomplementary ssiAand ssiB ssDNA
strands.

Generation and Purification of the Mutant Proteins of RepB�. To introduce point
mutations in the repB� gene, the QuikChange mutagenesis kit II (Stratagene) was
used following the supplied protocol, affording the variants of RepB� D77A,
D78A, D134A, and R145A. All mutant proteins were purified to homogeneity as
described for WT RepB�.

Primase Assay. The reaction mixture (20 �L) contained 50 nM RepB� or one of its
variants, 30 ng of recombinant M13 DNA (see above), 0.5 unit of Vent-DNA
polymerase (NEB), and 375 �M dATP, dCTP, dGTP, and dTTP. The primase assay
was performed in NEB buffer 2 [50 mM NaCl, 10 mM Tris�HCl (pH 7.9), 10 mM
MgCl2, 1 mM DTT] and incubated at 37 °C and 72 °C for 10 min. The incubation
time was 20 min for reactions with RepB� variants. To analyze products, the M13
RF II (replicative formII)wascleavedwith restrictionenzymesBsrGIandHindIII for
15 min at 37 °C. The reactions were stopped by addition of SDS to a final concentra-
tion of 0.8%. The reaction mixtures were loaded onto a 1% agarose-gel with 1�
Tris-acetate-EDTA(TAE)buffer.Electrophoresiswasperformedat9V/cmfor170min
atroomtemperature,andDNAwasstainedwithethidiumbromide(Figs.3and4and
Fig. S2D).

ACKNOWLEDGMENTS. We thank the staffs at the protein crystallography
beamline ID 14.2 of the European Synchrotron Radiation Facility/Grenoble
and the protein structure factory beamline of Freie Universität Berlin at
Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung/Berlin
for help; Dr. Ron Clarke for critically reading the manuscript; Dr. Joachim
Behlke for analytical ultracentrifugation; Dr. Werner Schröder for N-terminal
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