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ABSTRACT. We report a new observation of the roleEgcherichia colsingle-strand DNA binding protein
(SSB) in synthesis of primer RNA (pRNA) catalyzed Bycoli primase on the SSB-coated phage G4oric
template. Using a set of ATP priming substrates with reactive groups attached toptphésphate on
different length “arms”, we have demonstrated that, in the primase/SSB/G4oric pRNA synthesis complex,
ATP cross-linked to both primase and SSB could be equally utilized as initiating nucleotide for pRNA
synthesis. The distance between SSB surfacecapdosphorus of the priming substrate was estimated

to be less than 7 A. ATP cross-linked to primase and SSB can be further elongated in the presence of
other NTPs, giving almost identical patterns of covalently attached pRNAs of up to 12 nucleotides in
length. The regions of primase and SSB with cross-linked ATP that can be used for pRNA synthesis are,
therefore, arranged in a similar way relative to the active center of pRNA synthesis. The pRNA covalently
linked to SSB was localized, mapping between Met48 and Trp88. This observation raises the possibility
that SSB may play an active role in the initiation of pRNA synthesis in this system.

The Escherichia colisingle-strand DNA-binding protein  radioactive GTP by the catalytic site of primase. This
(SSB) plays an essential role in DNA replication. However, produces a ppp#&pG dimer which is covalently attached to
whether SSB is just a passive structural scaffold protein the protein. ATP cross-linked to primase outside the active
functioning to sequester single-strand DNA or whether or it center for pRNA synthesis will not be labeled by addition
is involved in some aspects of DNA metabolism is unclear. of the [0-*2P]GTP. Interestingly, when we mapped the

In theE. colisingle-strand DNA (ss-DNA) phage systems catalytic center of primase we observed that when ATP
that have been used extensively to study the mechanism ofreagents with cross-linking arms longer than 12 A were used,
action ofE. coli primase, SSB is an essential compondnt (  SSB was also labeled with the ppf#aG dinucleotide.

2). On phage G4 template, primase initiates primer RNA  We have now extended these observations and demonstrate

(PRNA) synthesis at the T residue of a single specific 5 that on the G4oric template, ATP cross-linked to SSB can

CTG 3 sequence which is in a region of the ss-DNA region participate in the pRNA chain synthesis by the catalytic site

called the G4oric. Primase will not synthesize pRNA unless of E. coliprimase. The surface of SSB containing the cross-

the oric ss-DNA is bound with SSBA4), and recently we  linked ATP maps a region between Met48 and Trp88 and is

have shown that a specific SSB/G4oric ss-DNA structure is within 5—7 A of the initiating substrate binding site of

required for primase to bind and synthesize pRN\ ). primase. The amount and the size distribution of pRNA
The single specific'5CTG 3 pRNA initiation sequence  synthesized from ATP covalently attached to the catalytic

of G4oric has enabled us to use specific ATP affinity labeling center of primase and ATP covalently attached to the surface

(7, 8 to identify amino acids at the catalytic center of the of SSB are very similar. This suggests that SSB may be

primase 9). In this method, ATP with a reactive group part of the active center for pRNA synthesis of pRNA in

attached at the terminal' §-phosphate are used as first the primase/SSB/G4oric priming system.

substrate in a template-dependent pRNA synthesis reaction.

Activating the 5 reactive group cross-links the ATP to target MATERIALS AND METHODS

amino acids. ¢-3?P]GTP is then added as second substrate. ) a2 ,

Only ATP covalently attached to amino acids inside the = Materials. [a-**P]JGTP (3000 Ci/mmol) was purchased

active center for pRNA synthesis can be elongated with from New England Nuclear. R199/G4oric viral ss-DNA was

prepared as described in 8. The structure and synthesis
T This work was supported by NIH Grant GM32898 to G.N.G. and of the. 3 m.OdIfled ATP denvatlves.’ reagents F and G, are
by NIH Grant GM49242, the Russian State Program “Frontiers in described in ref8 and11. Thrombin was purchased from
Genetics”, and NSF Grant MCB-921-8217 to A. Goldfarb and A.AM. Sigma.

* Author to whom correspondence should be addressed. Tele- ; ; ; ; ;
phone: 212/263/5622. Fax: 212/263/8166. Plasmids and ProteinsPrimase was prepared by inducing

#New York University Medical Center. E. coli BL21 cells cor_ltaining the overexpressing pr_imase
8 Public Health Research Institute. plasmid pGNG1 10) with 0.4 mM IPTG (L2) and purified
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Ficure 1. ATP cross-linked to SSB can be used as a substrate for pRNA synthesis in the primase/SSB/ss-DNA G4oric system. (A)
Structure of reagent GLQ). (B) The complete pRNA synthesis mixture containing primase, SSB, BSA, and the G4oric ss-DNA template

was incubated with reagent G, either in the monofunctional or in the bifunctional modeq&#@|GTP added as second substrate. Both
primase and SSB were approximately equally labeled. Left panel, Coomassie Blue-stained gel; right panel, autoradiograph of the same gel.
(C) A protein mixture (lug) containing approximately equimolar amounts of phosphoniig®d kDa), albumin (67 kDa), ovalbumin (43

kDa), carbonic anhydrase (34 kDa), trypsin inhibitor (20 kDa), ardctoglobulin (14 kDa) was added to the synthesis reaction as carrier
protein instead of BSA. Left panel, Coomassie Blue-stained gel; right panel, autoradiograph of the same gel.

by passing a 3550% NH,(SQ), fraction of a cell lysate  cross-linked to individual proteins before adding them to the
through a FPLC Mono Q column. The peak fractions pRNA synthesis reaction.

contained less than 1% contaminating proteins and no | aheling Proteins with Reagent GReagent G is a

detectable DNase or RNase activity. SSB was purchasedyjfynctional ATP reagent with an aldehyde group attached

from U.S. Biochemicals. The GST-primase and GST-SSB g the terminal phosphate and an alkylating group attached
fusion proteins were prepared from BL21 cells infected with {4 the aromatic nitrogen (Figure 1A). It can be used in a

PGEX-2TK plasmid (Pharmacia) containing the primase and monofunctional mode with only the alkylating group active
SSB genes (to be published). Absorption to Glutathione o i g bifunctional mode with both the aldehyde and
Sepharose 4B and cleavage of the primase and SSB moietieg|y|ating groups active. For the bifunctional mode, 20 pmol

from the fusion proteins with thrombin followed the proce-

(1.5ug) of SSB tetramer, 0.13 pmol (Q.&y) of R199/G4oric

dures described in the Pharmacia manual received with thess-DNA, 30 pmol (2ug) of BSA, and 10 pmol (0.7g) of

plasmids.
pRNA Synthesis Reactioonditions for pRNA synthesis

primase were incubated with 1 mM reagent G for 10 min at
30°C in 20uL of pRNA synthesis buffer (see above). The

on the R199/G4oric ss-DNA template are described in ref aldehyde group of the reagent G cross-linked to Lys residues

13, Ten picamoles of primase (044), 20 pmol of SSB
tetramer (1.54g), 0.13 pmol of R199/G4oric ss-DNA (0.3
#9), and 30 pmol of bovine serum albumin (BSA) 48)
were incubated with 10@M ATP; CTP, GTP, and UTP
(each at 2(:M); and 20uCi of [a-32P]GTP (3000 Ci/mmol,
DuPont, New England Nuclear) for 10 min at 3D in a 20
uL volume containing 20 mM Tris-HCl pH 7.5, 8 mM DTT,
8 mM MgCl,, and 4% wi/v sucrose (pRNA synthesis buffer).

pRNA Synthesis with Modified ATP Reagentodified

in proteins. NaBlwas then added to a final concentration
of 1 mM, and the mixture was incubated for a further 10
min at 30°C. This stabilized the cross-link of the aldehyde
group with Lys residues and activated the alkylating group
which attacked Cys, His, Lys, Tyr, Ser, and Thr residues in
descending order. Amounts of 2&i of [o-*?P]GTP (3000
Ci/mmol) was then added, and the mixture was incubated
for a further 10 min at 30C to allow pRNA synthesis to
proceed. To use reagent G in the monofunctional mode, 1

ATP reagents were used as first substrate in a normal pPRNAMM NaBH, was added to the pRNA synthesis mixture prior
synthesis reaction in the absence of other NTP’s. After to adding reagent G. This immediately destroyed activity

treatment with NaBHlto stabilize the cross-link of the ATP
to the target amino acidpf®?P]GTP was added as second
substrate. This resulted in a ppPBG radioactive labeled
dinucleotide covalently attached to catalytic center of pri-

of the aldehyde group and activated the alkylating group.
After activation with NaBH, the alkylating group decays
with a half-life of 5 min at 30°C. After pRNA synthesis,
the reaction was stopped by additigvolume of denaturing

mase. The exact protocol depended upon the particular ATPmixture (5% SDS, 5% DTT, 50% glycerol, and 0.05%
reagent used and whether the reagent was cross-linked tdromophenol blue). The labeled products were analyzed on
proteins in a complete pRNA synthesis reaction mixture or a 4-20% SDS-polyacrylamide gel.
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To label SSB alone, primase and R199/G4oric ss-DNA centrifugation (Eppendorf, 14 000 revolutions per min for 2
were omitted from the first step of the reaction so that only min). The amount of primase and SSB recovered was
SSB was exposed to reagent G and NaBRrimase, BSA, assayed with a Bio-Rad protein assay kit. The purity of the
R199/G4oric ss-DNA, andbf-*?P]GTP were added after the protein was estimated from the Coomassie Blue staining after
NaBH, treatment. A similar protocol was used to label separation on a420% SDS-polyacrylamide gel. Glycerol
primase alone. (10%) was added to the purified protein, which was then

The amount of radioactive label transferred to primase and stored at—70 °C.

SSB was calculated by excising radioactive protein bands Complete Digestion of Labeled Protein with CNBr.
from the polyacrylamide gel and counting them in a liquid [-32P]GTP-labeled SSB or primase was separated from
scintillation spectrometer. From these data, the efficiency unincorporated radioactivity and other reaction components
of the reaction was calculated as pmol af-FPJGMP by SDS-polyacrylamide gel electrophoresis. The radioac-
incorporated per pmol of template DNA. The relative tive protein bands were excised from the gel. These were
amounts of label transferred to primase and SSB in eachwashed with water; the gel slices were crushed, and the
reaction was measured by making a digital image of the radioactive protein was eluted by incubation in 0.3% SDS
SDS-polyacrylamide gel using a Phosphorimager screen (w/v). The protein was recovered by freeze-drying in a
(Molecular Dynamics) and scanning the screen with Scan- Savant Speed Vac apparatus. To digest the protein, the
Maker Il scanner (Microtek) and quantitating the image residue was dissolved in 70% formic acid containing 0.3 M
using ImageQuant program (Molecular Dynamics). Alter- CNBr and incubated at 26C for 18 h. Five volumes of
natively, an X-ray film exposure of the gel was scanned and water was then added, and the mixture was freeze-dried as
similarly quantitated. before. The residue was dissolved in NOVEX Tricine
Labeling with Reagent F.Reagent F is identical with  sample buffer supplemented with 1% 2-mercaptoethanol, and
reagent G except that it does not have the alkylating groupthe digestion products were separated on a 16% NOVEX

but only the aldehyde group. It therefore attacks only Lys Tricine polyacrylamide gel. The dried gel was autoradioa-
residues. Conditions for labeling with reagent F were the graphed on Kodak AR film.

same as described for reagent G in the bifunctional reaction.  payiial Digestion of Labeled Protein with CNBr and

pRNA Chain Extension from Protein Cross-Linked ATP_. N-Bromosuccinimide (NBS)To digest labeled SSB with
Reagent H was used to analyze products of pRNA chain cNBr under conditions of “single-hit", it was first purified
extension from ATP covalently attached to proteins. The by SDS-PAGE and eluted as described above. The 0.3%
bond linking reagent H and the target Lys residue can be gpg eluate was concentrated in vaclig; volume of 1 M
acid hydrolyzed so that the covalently attached pRNA yc| and 1/, volume d 1 M CNBr were added, and the
products can be cleaved from the proteins and their sizeSmjxture was incubated at 2€. Aliquots were taken at time
analyzed on a polyacrylamide gel. The reaction mixture and jntervals, and the cleavage reaction was stopped by addition
incubation conditions for reagent H were the same as thosegs 13 volume of a stop solution (500 mM Tris-HCI, pH 8.5,
described for reagent G, except that the incubation time wasgoy, 2-mercaptoethanol, 50% glycerol, and 0.1% bromophenol

longer (60 min; reagent H has a half-life of 60 min at 30 pjye). The reaction products were analyzed on-d.&%
C) and treatment with NaBHwvas omitted because it was gradient polyacrylamide gel.

not needed to stabilize the cross-link. An amount of:Z5 ; : . . .
. . To digest labeled SSB with NBS under single-hit condi-
32 32
of [o-**PIGTP (3000 Ci/mmol) and 25Ci of [a-*P]UTP tions, the gel-purified labeled SSB was dissolved irnu60

(3000 Ci/mmol) were added immediately after cross-linking, of 0.1 M sodium formate, pH 4.0N-Bromosuccinimide

and the mixture was incubated for a further 15 min at 30 ; .

. (NBS) was added to 20L aliquots of labeled SSB to a final

((;d 'Z‘TP' é:;LP G_TtP, and UTP (gafhdit 13r8M). W;are t?end concentration of 0.1 and 0.3 mM. After 20 min at 20,
added, and the mixture was incubated for 50 min to extend y,q a4 ction was stopped as described above, and the cleavage

the cross-linked pRNA into longer chains. :
Cross-Linking of Reagent G to Primase and SSB That Is products were analyzed by gel electrophoresis.

Bound to Glutathione Sepharose 4Brimase and SSBwere  resyLTS

expressed as GST fusion proteins as described above. Five

milliliters of a lysate derived from approximately 100 mL In previous experiments to map amino acids at the catalytic
of induced cells was absorbed with 0.1 mL of Glutathione center of primase using ATP reagents with aldehyde cross-
Sepharose 4B for 30 min at room temperature. The linking groups attached to thé B-phosphate, we observed
Sepharose was washed four times with 0.5 mL of cold PBS that a surface of SSB was within 425 A of the site of
buffer using Eppendorf tubes centrifuged at 2000 revolutions phosphodiester synthesis on the template DN\ (To

per min for 1 min, followed by a single wash with pRNA extend this observation, we have now used a more reactive
synthesis buffer and resuspension in &0 of the same reagent, reagent G, which is bifunctional with an aldehyde
buffer. Amounts of JuL of 5 mM reagent G and &L of group attached to the'5y-phosphate of ATP and an
10 mM NaBH, were added, and the mixture was incubated alkylating substituent attached to the aromatic nitrogen atom
for 20 min at 30°C. After incubation, the Sepharose was (Figure 1A). The aldehyde group can react with primary
washed twice with 0.5 mL of cold pRNA synthesis buffer amines such as theamino group of Lys, yielding a Schiff
and once with 0.5 mL of cold PBS and resuspended in 50 base which can be stabilized with NaBHThe alkylating

uL of PBS. A volume of 2.5uL of thrombin (100 units) group is nonreactive, but can be activated by reduction with
was added, and the mixture was incubated at@Zor 60 NaBH, to stably interact with Cys, His, Lys, Tyr, Ser, and
min to cleave primase and SSB moieties from the GST fusion Thr residues, in descending order. Reagent G, therefore, can
proteins. After digestion, the Sepharose was removed bybe used either in a bifunctional mode with both the alkylating
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and the aldehyde group active (adding NaBéter) or in midification madificition
the monofunctional mode with only the alkylating group primase + % = = = * # = = o=
active (NaBH added immediately, to inactivate the aldehyde T g e e B o ey
group and activate the alkylating group). The aldehyde and L
the alkylating groups are 15 and 9 A, respectively, from the ~ =28 + = = + = Susash® =
o-phosphorus atom of ATP. .

When reagent G was used as the first substrate in the e L A—

normal primase/SSB/G4oric pRNA synthesis reaction and
cross-linked to the proteins, adding-f?P]GTP as second
substrate resulted in synthesis of a ppfp& dinucleotide
which was covalently attached to both primase and SSB | A L _
(Figure 1B). This indicated that ATP attached to primase
or SSB could participate in the template-directed pRNA
synthesis. Labeling of primase and SSB were similar when
reagent G was used in both the bifunctional and monofunc- (stauned gel) {autorsdioeraph )

tional modes. The ratio of Iabgl transfer to primase and SSB FiGure 2: Label transfer when reagent G is pre-attached to either
was 1.00:1.04 and 1.00:0.94 in the samples shown in IanesSSB or primase. Primase, BSA, and SSB were incubated, either

1 and 2, I’eSpeCtively. This confirmed that in the primase/ alone or tc)getherl with reagent G and NaBH' 10 min at 30°C
SSB/G4oric complex, ATP covalently cross-linked to the in a total volume of 20uL. The reaction mixtures were then

catalytic center of primase and covalently cross-linked to transferred to a Pierce microdialyzer and dialyzed at room tem-

SSB could be used as a substrate to initiate pRNA synthesisPerature for 20 min against a large volume of pRNA synthesis
buffer. As much as possible of the reaction mixture was recovered

It Sh_OUId be noted that in the experiment (Figure 1B) (usually 50-75%); template DNA,¢-32P]GTP, and the unmodified
mentioned above, BSA was not labeled. When ATP reagentproteins were added, and the mixture was incubated for a further

was added to the pRNA synthesis reaction mixture, it could 20 min at 30°C to effect pRNA synthesis. Lane 1, all proteins
potentially cross-link to all proteins present (i.e., primase, ‘(')Vr?lfe rr?r?]gtseg- \llgm gea:?nelmB% Aa'nlg n'\éafbgrf]cl)fesgig!yasilsa l'grr]lg 52 .
SSB, and BSA). The absence of radioactive transfer Iabellnglolrc}t/eﬁ’ns e o wi¥h reagent G and Klafaldfb ‘e dialysio,
of BSA suggested that ATP attached to BSA could not be ( eft panel, Coomassie Blue-stained gel right panel, autoradiograph
extended with@-**P]JGTP by the catalytic center of primase. of the same gel. Plus signs indicate which proteins were present
As a further control, BSA was replaced with a mixture of during reaction with reagent G, and minus signs indicate which
six different proteins ranging in size from 14 to 94 kDa. Protein was added later after dialysis.
None of these proteins was labeled (Figure 1C), again ATP cross-linked to the modified protein. When reagent G
indicating the specificity of labeling of primase and SSB. was cross-linked to BSA and the modified BSA used a source
To quantitate the label transfer, the proteins were separatedf ATP in the synthesis reaction, no label transfer to primase,
on a polyacrylamide gel and, after staining and autoradiog- SSB, or BSA took place (lane 3). This again indicated that
raphy, the radioactive bands were excised from the gel andATP attached to BSA could not enter the catalytic center of
counted in a liquid scintillation spectrometer. Knowing the the primase/SSB/G4oric complex to become a substrate for
specific activity of the ¢-32P]JGTP and the concentration of pRNA synthesis. Two control reactions containing either
reactants present in the mixture, the numbewetP]|GMP all three modified proteins or all nonmodified proteins are
molecules incorporated per DNA template was calculated. shown in lanes 1 and 5, respectively. The ratio of label
Summing the radioactive counts attached to primase andtransfer to primase and SSB in lane 1 is 1.00:1.34. This
SSB, we calculated that 18.2% of the template molecules experiment confirmed the results mentioned above and
were used in the synthesis reaction. This amount varied fromfurther demonstrated that the SSB-attached ATP, like the
10 to 25%, depending upon the cross-linking conditions but primase-attached ATP, can be used as a source of the first
are in the range for template molecules used in the normalsubstrate by the catalytic site of primase for the synthesis of
PRNA synthesis reaction with unmodified ATP. Similar pRNA on G4oric template.
efficiencies of incorporation of cross-linkable ATP analogues  Preattachment of Reagent G to Column-Immobilized SSB.
into RNA by RNA polymerase have been report@ ( To further test whether ATP attached to SSB could partici-
To establish unequivocally that ATP attached to SSB could pate in the pRNA synthesis, we used GST fusion proteins
provide the first substrate in pRNA synthesis, SSB, primase, of primase and SSB and cross-linked reagent G to them when
and BSA were individually cross-linked with reagent G. After they were immobilized on Glutathione Sepharose 4B. This
cross-linking, the samples were dialyzed to remove free enabled us to affinity purify primase and SSB after attaching
unreacted reagent G. Template DNA and the two unmodi- reagent G. Primase and SSB fusion proteins were adsorbed
fied proteins were then added, and the mixture was incubatedto Glutathione Sepharose 4B and reacted with reagent G in
with [a-32P]GTP to label the cross-linked ATP. As can be the presence of NaBH The adsorbed protein was washed,
seen in Figure 2, when reagent G was cross-linked to primaseand then the primase and SSB moieties were cleaved from
in the absence of SSB and BSA, only primase was labeledthe bound GST fusion protein with thrombin. The modified
in the pRNA synthesis reaction (lane 2). Similarly, when primase and SSB were then used in the normal pRNA
reagent G was cross-linked to SSB in the absence of primasesynthesis reaction together with the appropriate unmodified
and BSA, only SSB was labeled by pRNA synthesis (lane components. Figure 3 shows the Coomassie-stained gel and
4). The absence of a background of labeling of the an autoradiograph of the radioactive labeling. The modified
unmodified proteins in these reactions indicated that there SSB (lanes 2 and 4) migrated noticeably more slowly than
were no other sources of first substrate available except forunmodified SSB (lanes 1 and 3). It was calculated from

1 2 3 4 5 1 2 3 4 3



3814 Biochemistry, Vol. 37, No. 11, 1998 Godson et al.

1 2 3 4 - TR T .

Al . {I‘!:j
-- *3 a “Optfug"

EHy
¥ = _.! - -

;L
rr'.::l-u'—

cross finked 55 T T
unmodified 35E SESS _— - - ] -
i - . l_.'l THHE = - —‘.- { -:.:"'I
{sinined gel) {amioradiograph) i Ui i g
i 1
Ficure 3: pRNA synthesis with affinity purified, modified primase :""'T :
and SSB. Primase and SSB were expressed from pGEX-2TK
plasmids as GST fusion proteins and adsorbed to Glutathione G G2 G G206l

Sepharose 4B. A small aliquot of Sepharose 4B containing the

adsorbed fusion protein was incubated with reagent G and NaBH | 'E]I

for 10 min at 30°C. After extensive washing to remove free reagent

G, the primase and SSB moieties were cleaved from the adsorbec

fusion proteins with thrombin. After quantitation, the cleaved

modified primase and SSB were used directly in pRNA synthesis  primase “ ,
reactions in various combinations with unmodified primase and 1
SSB. Lane 1, unmodified primase and unmodified SSB; lane 2,

modified SSB and unmodified primase; lane 3, modified primase

and unmodified SSB; and lane 4, modified primase and modified GO —— L8 *‘
SSB. Left panel, Coomassie Blue-stained gel; right panel, autora-

diograph of the same gel.

the migrations that the difference in molecular mass of the . . . o
modified and unmodified SSB was approximately 1000 Da, Ficure 4: Labeling of primase and SSB with derivatives of reagent

. e G with shorter cross-linking arms. (A) Structure of the ADP (G2)
which corresponded to the addition of one reagent G and AMP (G1) derivatives of reagent G1). (B) In lanes 1 and 2,

molecule. The modified primase migrated slightly more reagents G and G2 were used under bifunctional cross-linking
slowly than the unmodified primase, which can be seen if conditions in the complete pRNA synthesis reaction. (C) SSB was
lanes 1 and 2 are compared with lanes 3 and 4. Theseincubated with reagents G, G2, and G1 and Nafbt 15 min,
changes in migration confirmed that the proteins were andthen primase and template DNA were added witf?P]GTP;

e .- o the mixture was incubated for a further 15 min at 0. The
modified by, ,’C‘dd'“?“ of reagent G. _When modified SSB, proteins were separated on a20% gradient polyacrylamide gel
and unmodified primase were used in the pRNA synthesis and autoradiographed.
reaction, SSB was labeled and primase was not labeled (lane
2). When modified primase and unmodified SSB were used, primase were exposed to the reagent in the same complex,
only primase was labeled (lane 3). The two radioactive both primase and SSB were labeled, as with reagent G.
bands in lane 3 are primase and the P47 kDa N-terminal However, reagent G2 labeled primase more than SSB (Figure
fragment that was cleaved from primase by thrombin 4B). The ratio of labeling of primase to SSB with reagent
(primase has an inefficient thrombin cleavage site betweenG was 1.00:1.14 and with G2 was 1.00:0.70. When reagents
the N-terminal P47 and C-terminal P16 domains which can G, G2, and G1 were cross-linked to SSB in the absence of
be seen in the Coomassie-stained gel). When both modifiedprimase and in the presence of NaBH.e., only the
primase and modified SSB were used for pRNA synthesis, alkylating arm (9, 7, and 5 A, respectively) was active] and
both were labeled (lane 4). When unmodified primase and the modified SSB used in the pRNA synthesis reaction as
unmodified SSB were used for pRNA synthesis, neither the source of first substrate, AMP attached to SSB by all
protein was labeled witho[-*2P]GTP (lane 1). three reagents could participate in pRNA synthesis (Figure

This experiment again confirmed the conclusion that ATP 4C). Relative labelings of SSB by G, G2, and G1 were 1.00,
covalently cross-linked to SSB could be used by the catalytic 0.78, and 0.21, respectively [as these samples were not
site of primase as the source of first substrate for pRNA dialyzed to remove undecayed reagent, there is a slight
synthesis on a G4oric DNA template. background (5%) of labeled primase].

The Labeled Cross-Linked ATP on SSB Is withiA of We interpret these results to mean that in the primase/
the Site of Phosphodiester SynthesiEo determine how  SSB/R199G4 complex, a surface of SSB is within 5to 7 A
close the face of SSB was to the site of phosphodiesterof the site of catalysis on the DNA template.
synthesis on G4oric DNA template, we used derivatives of pRNA Synthesized from ATP ftently Attached to
reagent G with shorter cross-linking arms (Figure 4A). These Primase and SSB Are SimilarThe approximately equal
reagents had the same aldehyde and alkylating reactiveintensity of label transfer to primase and SSB observed when
groups as reagent G, but instead of being attached to ATP reagent G was used in the complete pRNA synthesis reaction
were attached to ADP (G2) and AMP (G1). This shortened (Figures 1 and 2) suggested that ATP attached to primase
the reactive arms by 2 A per phosphate group, so that theand to SSB behaved similarly in template-directed pRNA
alkylating cross-linking arm of reagents G2 and G1 were 7 synthesis. This might be expected if the surface of SSB
and 5 A away from thei-phosphate atom, respectively, and formed part of the active center for pRNA synthesis on the
the aldehyde group 13 and 11 A away, respectively. template DNA and would predict that ATP cross-linked to

When reagent G2 was used under bifunctional conditions primase and SSB would be extended by continued synthesis
in the complete pRNA synthesis reaction so that SSB and to give a similar population of cross-linked pRNA molecules.
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Ficure 5: Size distribution of pRNA synthesized from ATP attached to primase and SSB in the same pRNA synthesis reaction. (A)
Structure of reagent H. (B) The complete pRNA synthesis reaction mixture was incubated with reagent H for 60 miiD. &frB&mount

of 25 uCi each of p-32P]GTP and §-*2P]JUTP were then added and the incubation was continued for another 15 min. ATP, CTP, GTP,
and UTP (each at 1 mM) were then added, and the mixture was incubated for a further 30 min to extend the tethered pRNA. Labeled
primase and SSB were separated on a 16%-Six/acrylamide gel, and the wet gel was autoradiographed. (C) Labeled primase and the
upper and lower SSB bands were excised from the gel; the protein was eluted, and the covalent link between the Lys and the ATP residue
was cleaved with 10 mM HCI at 37C for 60 min. The released pRNA was recovered by ethanol precipitation and separated on a 23%
polyacrylamide gel containn7 M urea. The gel was dried and autoradiographed. pfp&sand pppAp&FpC were used as small size
markers. These were synthesized by abortive RNA synthesis using RNA polymetade¢?P]JATP end-labeled oligonucleotides (22

30 nt) were used as larger size markers (not shown).

To examine this reaction, a different ATP derivative, otide chains were attached to the smaller SSB band (SSB 1)
reagent H (Figure 5A), was used. This reagent has a reactiveand the longer pRNA chains (11 and 12 nt plus a ladder of
group that cross-links to nucleophilic amino acid residues smaller species) were attached to the larger SSB band (SSB
with a phosphoramide (PN) bond which can be acid- 1l). The slower migration of the upper SSB band was
hydrolyzed to release the attached pRNA chains. The cross-therefore due to attachment of the longer pRNA chains.
linking arm of reagent H is 17 A in length. Reagent Hwas  This experiment demonstrated that there was no difference
incubated with the complete primase/SSB/R199G4oric mix- in the size distribution of pRNA synthesized from ATP
ture, so that both the SSB and primase were cross-linked inattached to either primase or SSB and that pRNA chains up
the same reaction.af3?P]GTP and §-*?P]JUTP were added  to 12 nt in length could be synthesized from ATP attached
for 10 min, followed by a chase unlabeled NTP o-{fP]- to both of them. ATP attached to both SSB and primase,
UTP was added to the reaction as well as*{P]GTP therefore, appeared to participate equally in the active center
because the longer pRNA chains contain several U residues)where phosphodiester bond synthesis takes place on the
When the radioactive proteins were separated on a 16%G4oric template DNA.

SDS—polyacrylamide gel, both primase and SSB were Mapping the Cross-Linking Site on SSBo investigate
labeled. The ratio of labeling of primase to SSB was 1.00: which part of the surface of SSB patrticipated in the active
1.25 (Figure 5B), which was similar to the results of cross- center during pRNA synthesis, we mapped the location of
linking with reagent G. This suggested that the two reagentsthe cross-linked ppp#pG dinucleotide by the complete and
had a similar affinity to proteins in this system. Interestingly, partial chemical cleavage. First we used reagent F, which
both labeled primase and SSB gave two closely migrating is similar to reagent G in that it has the 15 A aldehyde Lys-
bands, with less label in the upper band (Figure 5B). The specific cross-linking group, but does not have the alkylating
two SSB bands were excised separately from the gel, butgroup. Then we used reagent G in the bifunctional mode
the two primase bands migrated too closely to be individually which has a larger target area as it attacks not only Lys
excised and were cut out as a single band. pRNA was residues, but also Cys, His, Ser, Tyr, and Thr residues. These
cleaved from the eluted proteins and analyzed on a 23%reagents were cross-linked to SSB or primase before as-
polyacrylamide-7 M urea gel (Figure 5C). The size sembling the G4oric complex.

distribution of pRNA attached to SSB and primase was Purified labeled primase and SSB were digested to
identical, except that the pRNA penta-, tetra-, and trinucle- completion with CNBr (cleaves at Met residues), and the
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Ficure 6: Mapping of the amino acids in SSB cross-linked to the pp@& dinucleotide by reagents F and G. The position of the cross-

linked amino acids in SSB was determined by the chemical cleavage mapping proc&jithest{ad been used to map the catalytic center

of primase 9). (A) Primase (lane 1) and SSB (lane 2) were cross-linked with reagent F in the absence of the other reaction components and
then were labeled withof-32P]GTP. SSB was also cross-linked with reagent G before labeling (lane 3). (B) Purified labeled primase and
SSB were digested to completion with CNBr, and the digestion products were separated on a 16% Tricine polyacrylamide gel. The starting
materials for digestion were the following: lane 1, primase labeled using reagent F; lane 2, SSB labeled using reagent G; and lane 3, SSB
labeled using reagent F. Sizes of the digestion fragments were measured using fluorescent protein size markers and by referring to the
known sizes of the primase 7.2 and 4.6 kDa CNBr fragmedjts(C) The location of the cross-linked Lys residues in reagent F labeled

SSB was mapped by single-hit cleavage with CNBr. Left panel, autoradiograph of the labeled fragments after single-hit digestion of labeled
SSB with CNBr; right panel, map of the CNBr cleavage sites and position of Lys residues (filled circles) on SSB together with all partial
digestion fragments that would be derived from a single-hit from both ends of SSB, assuming the 7.0 kDa CNBr fragment contained the
cross-linked Lys residue (star). Sizes of the cleavage fragments in kDa are given above the map. The sizes of the theoretically labeled
fragments are shown next to the experimental gel autoradiograph in the left panel. (D) Labeled SSB was digdstbdowitisuccinimide

(cleaves at Trp residues) under single-hit conditions. Left and right panels are as above. The amino acid sequence of SSB was taken from
ref 23.

digestion products were separated by SipSlyacrylamide patterns (right panel) derived under the assumption that the
electrophoresis. Primase labeled using reagent F gave twdarget amino acids resided within the 7.0 kDa CNBr
radioactive CNBr fragments, which migrated at approxi- fragment. After single-hit cleavage with CNBr, the smallest
mately 7.2 and 4.6 kDa, respectively (Figure 6B, lane 1), as labeled fragments were a pair migrating at approximately
previously reported9). CNBr digestion of SSB labeled 12.2 and 12.4 kDa (Figure 6C, left), which corresponded to
using reagent G or reagent F gave a single labeled fragmenthe smallest partial N-terminal digestion product containing
migrating close to the 7.2 kDa primase CNBr fragment the 7.0 kDa CNBr fragment (Figure 6C, right). If the labeled
(Figure 6B, lanes 2 and 3). This radioactive SSB fragment SSB was digested witN-bromosuccinimide (NBS), which
corresponded to a 7.0 kDa SSB CNBr fragment (see the cleaves at Trp residue44) under single-hit conditions, the
CNBr cleavage map shown in Figure 6C). The next largest smallest labeled cleavage fragment was 9.4 kDa. This placed
SSB CNBr fragment is 5.5 kDa in size and does not contain the cross-linked amino acids on the N-terminal side of Trp88
Lys residues, the exclusive target of reagent F. The 7.0 kDa(Figure 6D). The target area of reagent F must therefore be
SSB fragment spans amino acids4€910, and contains four ~ within the region spanned by Met48 and Trp88.
Lys residues (Lys49, Lys62, Lys73, and Lys87) that would
be targets for both reagents F and G. His55, Ser68, Ser75,DISCUSSION
Ser92, Tyr78, and Tyr97 would be additional targets for  The approximately equal label transfer to primase and SSB
reagent G. when reagent G was cross-linked to the primase and SSB
To confirm that the Lys residues cross-linked with reagent indicates that the surface of SSB must also be very close to
F were in the 7.0 CNBr fragment, their position was mapped the site of catalysis. The shorter arm derivatives of reagent
by single-hit CNBr digestion. In this method, the smallest G were less efficient in providing the first substrate for pPRNA
labeled fragment corresponds to the smallest single-hit partialsynthesis when they were cross-linked to SSB than when
digestion product from either the N- or C-termin&3. ( The cross-linked to primase. This indicates that the surface of
size of this fragment defines the end from which it is derived. SSB is further away from the site of catalysis than the
The pattern of larger labeled fragments consists of a mixture involved regions of primase, but within 6 7 A of theactive
of single-hit peptides from both the N- and C-termini. The site of pRNA synthesis. In our earlier study of the catalytic
results are given in Figure 6C. The patterns of radioactive center of primase, we showed that three amino acids from
partial cleavage products (left panel) fitted the theoretical different regions of primase were withB A of the site of
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template DNA must therefore be bounded by four different

protein surfaces, three regions of primase, and one of ssB REFERENCES

Involvement of surfaces of two different polypeptide
chains in the active site for template-directed pRNA synthesis
has a precedent iB. coli RNA polymerase. In this case,
the site for initiating substrate binding and RNA synthesis
resides on the interface of and subunits. By using the
same set of cross-linking derivatives as that used in our
present study, it was demonstrated thatdrgibunit was 7
A away from the a-phosphorus atom of the initiating
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SSB therefore bind to DNA close to the initiation site of
RNA synthesis in these systems. Tlehas a newly
recognized site (TW\%4RQAITRSIAD) which has been
shown by crystallographyip) to bind to ss-DNA in the open
—10 promoter complex. Interestingly, the SSB DNA binding
site involves Trp54 and Phe60 which is in a similar sequence
TEWsHRVVLFgGKLAE (16, 17. SSB and ther subunit
of RNA polymerase may therefore have similar roles in
establishing the active center of phosphodiester synthesis on
the template DNA.

SSB is required for most aspects of DNA metabolism that
involve transient single-stranded DNA states, and the direct
interaction of SSB with some critical proteins that recognize
DNA has been reported. In thgX174 primosome system,
where SSB is required for DNA replication, PriB protein,
which recognizes the specific primosome assembly site (pas)
on the ss-DNA, directly interacts with SSBS). In the recF
recombination pathway, SSB directly interacts with RecF
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of DNA metabolism SSB may play a more active role in
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to it.
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