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ABSTRACT The 0 protein ofbacteriophage X localizes the
initiation ofDNA replication to a unique site on the A genome,
oriX. By means of electron microscopy, we infer that the
binding of 0 to oriX initiates a series of protein addition and
transfer reactions that culminate in localized unwinding of the
origin DNA, generating a prepriming structure for the initia-
tion of DNA replication. We can define three stages to this
prepriming reaction, the first two of which we have charac-
terized previously. First, dimeric 0 protein binds to multiple
DNA binding sites and self-associates to form a nucleoprotein
structure, the O-some. Second, A P and host DnaB proteins
interact with the O-some to generate a larger complex that
includes additional DNA from an A+T-rich region adjacent to
the 0 binding sites. Third, the addition ofthe DnaJ, DnaK, and
Ssb proteins and ATP results in an origin-specific unwinding
reaction, probably catalyzed by the helicase activity of DnaB.
The unwinding reaction is unidirectional, proceeding "right-
ward" from the origin. The minimal DNA sequence competent
for unwinding consists of two 0 binding sites and the adjacent
A+T-rich region to the right of the binding sites. We conclude
that the A 0 protein localizes and initiates a six-protein
sequential reaction responsible for but preceding the precise
initiation ofDNA replication. Specialized nucleoprotein struc-
tures similar to the O-some may be a general feature of DNA
transactions requiring extraordinary precision in localization
and control.

Bacteriophage X initiates DNA replication at a single repli-
cation origin, oriX (1-3). The DNA sequence of the oriX
region has two major characteristics: four direct repeats of 18
base pairs (bp), each of which is an inverted repeat; and an
adjacent region to the right of the repeats that is extremely
rich in A+T (4-6). Two X proteins, 0 and P, are required for
viral DNA replication (7-9). The 0 protein recognizes the
origin, and P localizes the essential replication enzymes of
Escherichia coli at this site by initiating a series of
protein-protein interactions (3). The 0 protein binds to the
four repeats (10, 11), probably recognizing each local invert-
ed repeat as a dimer (ref. 12; unpublished work). P interacts
with 0 and with E. coli DnaB protein (12-18). Localized
initiation of DNA replication depends on these interactions
and on the host DnaJ and DnaK proteins (18-24). Recently,
replication systems dependent on these purified proteins
have been developed (ref. 24; unpublished work). In a
reaction with purified 0, P, DnaB, DnaJ, DnaK, and single-
strand DNA-binding protein (Ssb), a DNA-protein complex
is formed that is competent to initiate DNA replication after

the addition of DnaG primase and DNA polymerase III
holoenzyme (ref. 24; unpublished work). A knowledge of the
pathway to this "prepriming" complex is clearly central to
understanding localized initiation of DNA replication.
Recent electron microscopic experiments have indicated

that the formation and modification of specialized
nucleoprotein structures at oriX are responsible for localizing
the initiation of DNA replication (25). We can infer three
stages for the prepriming reaction (25). First, dimeric 0
protein binds to the direct repeats and self-associates to form
a specific nucleoprotein structure, the O-some. Second, P
and DnaB proteins interact with the O-some to generate a
larger complex that includes additional DNA from the adja-
cent A+T-rich region. Third, DnaJ and DnaK provide for
transition ofthe second-stage structure into a form competent
for localized activity of the DnaG primase and DNA poly-
merase III holoenzyme (ref. 24; unpublished data).

In this study, we show that the third stage ofthe prepriming
reaction yields origin-specific unwinding of duplex DNA,
presumably catalyzed by the helicase activity of DnaB (26).
We infer that a locally unwound DNA structure associated
with DnaB becomes the specific substrate for localized
priming by DnaG. Thus, the 0 protein builds a nucleoprotein
structure at the replication origin of A and initiates a series of
protein assembly events culminating in the localized initia-
tion ofDNA replication. The DnaA protein of E. coli appears
to act in a similar fashion to localize the initiation of bacterial
DNA replication to the single site, oriC (27, 28). Below, we
compare the two pathways and consider the possible general
use of specialized nucleoprotein structures in high-precision
DNA transactions.

MATERIALS AND METHODS
Proteins. Highly purified proteins, all of which were 90% or

greater in purity, were used; their specific activities were as
follows: X 0 protein, 1 x 105 units/mg (29); X P protein, 2.5
x 105 units/mg (18); DnaB protein, 2.2 x 105 units/mg (30);
Ssb protein, 4 x 104 units/mg (ref. 31; unpublished data);
DnaJ protein, 4 x 105 units/mg (32); DnaK protein, 4.1 x 103
units/mg (ref. 33; unpublished data); GyrA protein subunit,
4.4 x 105 units/mg (34); GyrB protein subunit, 3.5 x 104
units/mg (34). One unit of replication activity catalyzes the
incorporation of 1 pmol of deoxyribonucleotides per min into
trichloroacetic acid-insoluble material under standard assay
conditions (18, 30, 32, 33). Restriction enzymes were from
New England Biolabs.
DNA. The structure and preparation of plasmid pRLM4,

which contains the replication origin of phage X, have been

Abbreviations: bp, base pair(s); Ssb, single-strand DNA-binding
protein.
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described (25). A detailed description of the construction of
M13mp8oriX deletions will be published elsewhere. Briefly,
a Bgl II-EcoRI restriction fragment containing the X origin
was cloned in either orientation into the Sma site of M13mp8
to yield the two recombinants, Ml3orikleft and M13orikright.
Deletions extending into the region of ori containing the
direct repeats or into the region containing the A+T-rich
sequence were created by BAL-31 exonuclease digestion
after cleavage by EcoRI of M13ori)left or M13orikright,
respectively. The endpoints of the M13orikleft deletions are
at positions 39049, 39072, 39089, and 39101 on the X map (35).
The endpoints of deletions similarly constructed from
M13orikright are at positions 39160 and 39131 on the X map.
A schematic diagram of these constructions is provided in
Table 1 of the Results section. The supercoiled DNAs used
in the binding reactions were purified by extraction with
phenol and passage over Sepharose 4B, followed by two
cycles of CsCl density gradient centrifugation.

Binding of Proteins to DNA and Electron Microscopy. The
reaction mixtures (20 ,ul) contained the following: Hepes/
KOH at pH 7.6, 25 mM; magnesium acetate, 7 mM; KCl, 50
mM; NaCl, 30 mM; ATP, 2 mM; supercoiled pRLM4 or
M13oriX DNA, 215 ng; X 0 protein, 51 ng; X P protein, 108
ng; DnaB protein, 103 ng; Ssb protein, 617 ng; DnaJ protein,
60 ng; DnaK protein, 5 ,g. Some reaction mixtures (where
noted) contained in addition: GyrA protein subunit, 34 ng;
GyrB protein subunit, 200 ng. The protein concentrations and
DNA-to-protein stoichiometry are sufficient for the initiation
of in vitro replication (ref. 24; unpublished data). All reaction
mixtures were assembled on ice. Mixtures were incubated for
10 min at 30°C, followed by the addition of glutaraldehyde to
0.1% and incubation for an additional 15 min at 30°C. The
mixtures were then passed through a Sepharose 4B column
(4 x 0.5 cm) that had been previously equilibrated with
column buffer (Hepes/KOH at pH 7.6, 40 mM; magnesium
acetate, 11 mM). The peak fraction was diluted 1:4 in column
buffer (final DNA concentration, -1 ,g/ml), and electron
microscopy was carried out by the polylysine technique of
Williams (36). Samples that were to be cut with Nsi I
restriction enzyme after binding of protein to DNA were
fixed in glutaraldehyde as above and passed through a
Sepharose 4B column that had previously been equilibrated
with Nsi I restriction buffer. Peak fractions were pooled (50
,ul) and treated with S units of Nsi I restriction enzyme for 15
min at 37°C. The reactants were then passed again over a
Sepharose 4B column and examined by electron microscopy
as above without further dilution.

RESULTS
DNA Unwinding by a Six-Protein Reaction. Previous ex-

periments have characterized the first two stages of the
prepriming reaction at oriA. First, 0 protein associates with
oriA DNA to generate a nucleoprotein structure containing all
of the four binding sites for dimeric 0 protein, the O-some
(25) (Fig. la). Second, the P and DnaB proteins interact with
the O-some in an ATP-independent reaction, yielding a larger
nucleoprotein complex including the binding region for 0 and
more of the adjacent A+T-rich region (25) (Fig. lb). As noted
above, correctly initiated DNA replication requires in addi-
tion the DnaJ, DnaK, and Ssb proteins, which can be
presumed to play a role in the generation of the third stage
prepriming complex (ref. 24; unpublished work). To inves-
tigate the function of these proteins, we have studied in detail
the six-protein reaction at oriA involving 0, P, DnaB, DnaJ,
DnaK, and Ssb.
The addition of all six proteins to supercoiled plasmid DNA

carrying oriA produced nucleoprotein structures similar to
those found with 0, P, and DnaB alone (data not shown).
However, if ATP was also added, a notably different
nucleoprotein structure was observed (Fig. 1 c, e, f, g). The
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FIG. 1. Electron micrographs of nucleoprotein structures at orix.
(a) 0 protein alone and oriX plasmid DNA. (b) oriX DNA with 0, P,
and DnaB proteins. (c) oriX DNA with 0, P, DnaB, Ssb, DnaJ, and
DnaK proteins and ATP. (d) oriX DNA with 0, P, DnaB, Ssb, DnaJ,
DnaK, and DNA gyrase proteins and ATP. (e-g) orik DNA and the
six-protein reaction of c. (Bar = 0.1 tim.)

duplex was locally unwound to yield single strands, appar-
ently coated by Ssb. Typically, 20-30% of the substrate DNA
molecules exhibited ring-like structures similar to those
shown in Fig. 1; the average unwound DNA segment was
about 800 bp (see below). At least 60% of the unwound
structures had a large knob at one end (as in Fig. 1 e, f, g).
Omission of any of the six proteins or ATP abolished the
unwinding reaction. For unwinding to occur, the minimum
molar ratio of monomer 0 protein to oriX DNA was 20: 1; the
standard reaction employed 30:1.
The role of the individual proteins in the unwinding

reaction is of course not revealed by the microscopy. Be-
cause DnaB is known to possess helicase activity (26), we
conclude that the ATP-dependent DNA unwinding is prob-
ably carried out by DnaB. We presume that DnaJ and DnaK
release DnaB from the O/P/DnaB/oriX structure to allow
DnaB to function as a helicase. The Ssb protein facilitates the
reaction and stabilizes the product by binding to the single-
stranded DNA produced by the unwinding reaction. We
presume that the early stage ofthe DnaB-mediated unwinding
reaction generates an appropriate substrate for the DnaG
primase and DNA polymerase III holoenzyme, thus localiz-
ing the initiation of DNA replication.

Biochemistry: Dodson et al.
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Role of Supercoiling in Initiating and Limiting the Unwind-
ing Reaction. The unwinding reaction is absolutely dependent
on a supercoiled oriX substrate; no unwinding was observed
with plasmid DNA linearized with a restriction enzyme. The
formation of O/P/DnaB/ori structures is favored by a
supercoiled substrate (2.5-fold) (25). Thus, a major compo-
nent of the superhelicity requirement for unwinding is attrib-
utable to formation of the appropriate precursor structure.
There may be also an additional boost to release of DnaB
from the precursor structure provided by negatively
superhelical DNA.
With the standard negatively superhelical substrate, the

unwinding reaction is limited in extent (Fig. 1 c, e, f, g). The
limiting factor might be the energetic barrier generated by
positive supercoiling of the residual duplex DNA (the nega-
tive supercoils will be removed after about 400 bp of
unwinding). If so, the unwinding reaction should proceed
farther in the presence ofDNA gyrase. After the addition of
DNA gyrase to the standard six-protein reaction mixture,
much more extensive unwinding was typically observed;
about 23 of the unwound DNA molecules exhibited the
extensively unwound structures shown in Fig. 1d. The
fraction of the total DNA molecules unwound also increased
from 30% to nearly 50%.

Unidirectional Unwinding from oriX. To examine the spec-

ificity and the direction ofthe six-protein unwinding reaction,
we cleaved the DNA with the restriction enzyme Nsi I, which
cuts asymmetrically with respect to oriX (Fig. 3c). The
distance from the DNA ends to the edge of the nucleoprotein
structure was measured for two types of molecules: the
structures formed with no visibly unwound region (Fig. 2a
and Fig. 3a) and the partially unwound molecules (Fig. 2b and
Fig. 3b). The data of Fig. 3a localize a structure that appears
to be identical to the O/P/DnaB/ori structure analyzed
previously (25) (Fig. 3c). The data of Fig. 3b show that the
unwinding reaction proceeds rightward from the origin but
not leftward. Addition of DNA gyrase to the reaction mix-
tures did not induce bidirectional unwinding (Fig. 2 c, d, e and
unpublished data). Thus, the data of Fig. 3 suggest that the
prepriming event that localizes the initiation of DNA syn-
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FIG. 2. Electron micrographs of nucleoprotein structures gene-
rated on supercoiled oriX DNA, followed by cleavage by Nsi I. The
oriX plasmid DNA was incubated with 0, P, DnaB, Ssb, DnaJ, and
DnaK proteins and ATP, and then cut with Nsi I restriction enzyme.
(a) Presumed oriX/O/P/DnaB complex. (b) Partially unwound
nucleoprotein complex formed by the six-protein unwinding reac-

tion. (c-e) More extensively unwound nucleoprotein structures
formed by the six-protein unwinding reaction in the presence ofDNA
gyrase. (Bar = 0.1 Mam.)

FIG. 3. Length distribution of the unwound DNA with respect to
oriX. After the six-protein unwinding reaction, the nucleoprotein
complexes were cleaved with Nsi I to produce a 5600-bp fragment
with oriX and a 538-bp fragment. Molecules similar to those shown
in Fig. 2a or 2b were photographed, and the distances from the DNA
ends to the edge of the rotary-shadowed complex were measured
from the projected electron micrographs. The shorter DNA tails
extend from the left side of oriX; the long tails extend from the right
side of oriX. The distances from the free ends to the edge of the
complex are plotted relative to distance along the 5600-bp fragment.
The position of the 18-bp repeats of oriX is indicated by the black
rectangle in c. The stippled bars represent distance from the shorter
(left) end; the solid bars represent distance from the longer (right) end
(a few molecules are not explicitly shown because solid and stippled
overlap). The smaller, 538-bp-long, Nsi I restriction fragment of the
plasmid DNA served as an internal standard. (a) Presumed
oriX/O/P/DnaB complex. (b) Unwound nucleoprotein complex. (c)
Comparison of the DNA regions contained in the O-some and the
ori/O/P/DnaB structure (from ref. 25).
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Table 1. Effect of deletions in oriX on the formation of unwound
nucleoprotein complexes

Region of oriX remaining intact Unwound
18-bp repeats A+T-rich %

18
15
6
0
0
20
24
0

Binding assays for each M13oriX construct were performed as
described in Materials and Methods. The constructs from top to
bottomare: M13orikleft, M13oriXA39049, M13oriXA39072, M13oriXA-
39089,M13oriXA39101,Ml3orixright,M13oriXA39160,andMl3oriXA/-
39131. At least 500 DNA molecules were counted for each construct.

thesis is an origin-specific unwinding reaction proceeding
rightward from the origin.
DNA replication by phage X in vivo usually proceeds

bidirectionally, although there is a substantial fraction of
molecules exhibiting unidirectional rightward replication (1,
3, 37). Bidirectional molecules also show a rightward bias
(37). Although there is not complete agreement between in
vivo and in vitro data, the overall picture is consistent with an
early rightward unwinding event that usually leads to subse-
quent bidirectional replication.
Minimal Sequence Requirements for the Unwinding Reac-

tion. To investigate the limits of oriX required for the
unwinding reaction, we analyzed nucleoprotein structures
formed on a series ofplasmid DNAs containing deletions into
the O-binding region from the left and into the A+T-rich
region from the right (Table 1). The six-protein unwinding
reaction was markedly reduced if only the two right-side
18-bp repeats remained and was totally blocked for less than
two (Table 1, lines 1-5). A deletion of most of the A+T-rich
region also completely blocked the unwinding reaction (Table
1, lines 6-8). These unwinding data are in close quantitative
agreement with DNA replication assays performed on the
same DNA substrates (unpublished results). We conclude that
the minimum oriX sequence competent for origin-specific un-
winding consists of the two right-side binding sites for dimeric
0 protein plus a major portion of the A+T-rich region.

DISCUSSION
Prepriming Pathway for X. For phage X, we have inferred

a three-stage prepriming pathway that localizes the initiation
ofDNA replication to a single origin selected from the 5 x 104
bp of the viral DNA. Our proposed pathway depends on the
formation and modification of specialized nucleoprotein
structures, as depicted schematically in Fig. 4.

In the initial stage, dimeric 0 protein binds to the four 18-bp
direct repeats and generates a localized nucleoprotein com-
plex in which the DNA is wound or bent (11, 25, 38). There
are two plausible mechanisms for the assembly of the
O-some: (i) self-association of only the DNA-bound 0
molecules (eight monomers); (ii) nucleation by the DNA-
bound 0 molecules of a larger 0 protein assembly, in which
other 0 molecules add solely by protein-protein interactions.
On the basis of the size of the nucleoprotein structure, we
have previously estimated a rough molecular weight of
-500,000, which places eight 0 monomers (Mr = 34,000) at
the low end, even allowing for DNA (25). There is some
additional suggestive evidence to favor slightly the second
possibility: (i) the minimal molar ratio of 0 protein to ori
DNA competent for substantial unwinding is 20:1; (ii) DNA
carrying only two of the repeats is capable of some (though

reduced) unwinding; (iii) DNA carrying only two repeats can
form an 0-some with appearance similar to the structure
formed on the DNA with four repeats (unpublished work).
The accurate recognition of the initiation site provided by

the 0-some must be converted into specific reactivity. We
believe that the crucial step is the localization of DnaB in a
state competent for helicase activity. In the second stage of
the prepriming pathway, P and DnaB are added to the
0-some through protein association reactions (Fig. 4). The
larger nucleoprotein complex includes additional DNA from
the A+T-rich region and is highly favored by a superhelical
substrate. Thus, the initial target for DnaB may be this
A+T-rich region in a strained state favorable for unwinding.
However, DnaB is probably initially in an inactive confor-
mation because of its tight association with P (16-18).

In the third stage of the prepriming pathway, we presume
that DnaJ and DnaK act to free DnaB, thus allowing the
initiation of an origin-specific unwinding reaction, stabilized
by Ssb (Fig. 4). The locally unwound structure containing the
DnaB helicase is now competent to add the DnaG primase
and polymerase III holoenzyme. Thus, the 0 protein locates
precisely the replication origin and initiates an ordered series
of protein-protein interactions culminating in the localized
initiation of DNA replication. The route to bidirectional
replication remains to be established. Other cellular pro-
tein(s) or the process of DNA replication or transcription
might be required to free another DnaB for leftward unwind-
ing. A unidirectional rightward replication fork that collides
with an undissociated O-some (after a round of DNA syn-

111 11 1

I F

FIG. 4. Proposed prepriming pathway for localized initiation of
DNA replication by phage X. See text for details. Reprinted with
permission (42).

Biochemistry: Dodson et al.
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thesis) might in fact be the event that initiates the late,
rolling-circle form of X DNA replication.
Comparison of the Prepriming Reactions for X and E. colt.

There appears to be a striking similarity between the preprim-
ing reaction at oriX and the sequence of events responsible for
localized initiation of DNA replication at the E. coli replica-
tion origin, oriC. In the first stage of the E. coli prepriming
reaction, DnaA protein locates the initiation region by
binding to four DNA sites and generating a nucleoprotein
structure containing 240 bp of oriC DNA and 20-30 mole-
cules of DnaA (27). With the addition of DnaC and DnaB, a
larger, second-stage nucleoprotein complex is produced
(B. E. Funnell, T. A. Baker, and A. Kornberg, personal
communication). In the presence of Ssb and DNA gyrase, an
extensive ATP-dependent unwinding reaction occurs, pre-
sumably a result of helicase activity by DnaB (28). A more
limited unwinding reaction is found in the absence of DNA
gyrase (T. A. Baker, B. E. Funnell, and A. Kornberg,
personal communication). Thus, E. coli also carries out a
three-stage prepriming pathway resulting in localized un-
winding of duplex DNA by the helicase activity of DnaB. The
major functional difference appears to be the capacity of
DnaC to localize DnaB at MriC in an active conformation,
obviating the need for the additional oriX reaction involving
DnaJ and and DnaK. The role of DnaJ and DnaK for E. coli
is unclear. DnaJ and DnaK are "heat shock" proteins (19,
22); possibly these two proteins function in other protein
disassembly reactions crucial for stress responses.

Role of Specialized Nucleoprotein Structures ("Snups") in
High-Precision DNA Transactions. For the X and E. coli
replication systems, there is strong evidence that specialized
nucleoprotein structures are used to locate and activate the
initiation sites for chromosomal DNA replication. For site-
specific recombination by phage X, specialized nucleoprotein
structures are also used to localize and control the
directionality of the recombination reaction (39-41). These
DNA transactions have in common the need for very high
precision in site location and regulation. For example, the E.
coli origin must be selected from 5 x 106 bp and used once
per cell generation. The use of multiple specific binding
interactions and a higher-order nucleoprotein structure can
ensure a precisely defined site and highly directed reactivity.
Thus, specialized nucleoprotein structures (snups) may be a
general mechanism for conferring very high precision on
DNA transactions in which even a rare error in localization
and control is intolerable (40-42). This point of view is
encouraged by the fact that multiple DNA-protein interac-
tions are widely found at other origins of DNA replication in
prokaryotes and eukaryotes and in additional examples of
site-specific recombination (reviewed in refs. 41 and 42). The
multiple DNA-protein interactions responsible for localiza-
tion and control of eukaryotic transcription may be another
example of snups (41, 42).
We thank Tania Baker, Barbara Funnell, and Arthur Kornberg for

unpublished information, Howard Benjamin, Nicholas Cozzarelli,
and Richard Otter for DNA gyrase, and Tern DeLuca for editorial
help. This work was supported by grants from the National Institutes
of Health (GM17078, GM32253, and ES03131).
1. Schnos, M. & Inman, R. (1970) J. Mol. Biol. 51, 61-73.
2. Stevens, W. F., Adhya, W. & Szybalski, W. (1971) in The

Bacteriophage Lambda, ed. Hershey, A. D. (Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY), pp. 515-533.

3. Furth, M. E. & Wickner, S. H. (1983) in Lambda II, eds.
Hendrix, R., Weisberg, R., Stahl, F. & Roberts, J. (Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY), pp. 145-173.

4. Furth, M. E., Blattner, F. R., McLeester, C. & Dove, W. F.
(1977) Science 198, 1046-1051.

5. Denniston-Thompson, K., Moore, D. D., Kruger, K. E.,
Furth, M. E. & Blattner, F. R. (1977) Science 198, 1051-1056.

6. Scherer, G. (1978) Nucleic Acids Res. 5, 3141-3155.
7. Eisen, H. A., Fuerst, C., Siminovitch, L., Thomas, R., Lambert,

L., Pereira da Silva, L. & Jacob, F. (1966) Virology 30, 224-241.
8. Joyner, A., Isaacs, L. N., Echols, H. & Sly, W. S. (1966) J.

Mol. Biol. 19, 174-186.
9. Ogawa, T. & Tomizawa, J. (1968) J. Mol. Biol. 38, 217-225.

10. Tsurimoto, T. & Matsubara, J. (1981) Mol. Gen. Genet. 181,
325-331.

11. Zahn, K. & Blattner, F. R. (1985) Eur. Mol. Biol. Org. J. 4,
3605-3616.

12. Zylicz, M., Gorska, I., Taylor, K. & Georgopoulos, C. (1984)
Mol. Gen. Genet. 196, 401-406.

13. Tomizawa, J.-I. (1971) in The Bacteriophage Lambda, ed.
Hershey, A. D. (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY), pp. 549-552.

14. Furth, M., McLeester, C. & Dove, W. (1978) J. Mol. Biol. 126,
195-225.

15. Georgopoulos, C. & Herskowitz, I. (1971) in The Bacterio-
phage Lambda, ed. Hershey, A. D. (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY), pp. 553-564.

16. Wickner, S. (1979) Cold Spring Harbor Symp. Quant. Biol. 43,
303-310.

17. Klein, A., Lanka, E. & Schuster, H. (1980) Eur. J. Biochem.
105, 1-6.

18. McMacken, R., Wold, M. S., LeBowitz, J. H., Roberts, J. D.,
Mallory, J. B., Wilkinson, J. K. & Loehrlein, C. (1983) in
Mechanisms of DNA Replication and Recombination, ed.
Cozzarelli, N. R. (Liss, New York), pp. 819-848.

19. Yochem, J., Uchida, H., Sunshine, M., Saito, H., Georgopoulos,
C. P. & Feiss, M. (1978) Mol. Gen. Genet. 164, 9-14.

20. Wold, M. S., Mallory, J. B., Roberts, J. D., LeBowitz, J. H.
& McMacken, R. (1982) Proc. Natl. Acad. Sci. USA 79,
6176-6180.

21. Tsurimoto, T. & Matsubara, K. (1982) Proc. Natl. Acad. Sci.
USA 79, 7639-7643.

22. Zylicz, M. & Georgopoulos, C. (1983) in Mechanisms ofDNA
Replication and Recombination, ed. Cozzarelli, N. R. (Liss,
New York), pp. 819-848.

23. LeBowitz, J. H. & McMacken, R. (1984) Nucleic Acids Res.
12, 3069-3088.

24. LeBowitz, J. H., Zylicz, M., Georgopoulos, C. & McMacken,
R. (1985) Proc. Natl. Acad. Sci. USA 82, 3988-3992.

25. Dodson, M., Roberts, J., McMacken, R. & Echols, H. (1985)
Proc. Natl. Acad. Sci. USA 82, 4678-4682.

26. LeBowitz, J. H. & McMacken, R. (1986) J. Biol. Chem. 261,
4738-4748.

27. Fuller, R., Funnell, B. & Kornberg, A. (1984) Cell 38, 889-900.
28. Baker, T. A., Sekimizu, K., Funnell, B. E. & Kornberg, A.

(1986) Cell 45, 53-64.
29. Roberts, J. D. & McMacken, R. (1983) Nucleic Acids Res. 11,

7435-7452.
30. Ueda, K., McMacken, R. & Kornberg, A. (1978) J. Biol.

Chem. 253, 261-269.
31. Weiner, J. H., Bertsch, L. L. & Kornberg, A. (1975) J. Biol.

Chem. 250, 1972-1980.
32. Zylicz, M., Yamamoto, T., McKittrick, N., Sell, S. &

Georgopoulos, C. (1985) J. Biol. Chem. 260, 7591-7598.
33. Zylicz, M. & Georgopoulos, C. (1984) J. Biol. Chem. 259,

8820-8825.
34. Otter, R. & Cozzarelli, N. R. (1983) Methods Enzymol. 100,

171-180.
35. Daniels, D. L., Schroeder, J. L., Szybalski, W., Sanger, F.,

Coulson, A. R., Hong, G. I., Hill, D. F., Petersen, G. B. &
Blattner, F. R. (1983) in Lambda II, eds. Hendrix, R.,
Weisberg, R., Stahl, F. & Roberts, J. (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY), pp. 519-676.

36. Williams, R. (1977) Proc. Natl. Acad. Sci. USA 74, 2311-2315.
37. Schnos, M., Denniston, K., Blattner, F. R. & Inman, R. B.

(1982) J. Mol. Biol. 159, 445-455.
38. Zahn, K. & Blattner, F. R. (1985) Nature (London) 317,451-453.
39. Better, M., Wickner, S., Auerbach, J. & Echols, H. (1983) Cell

32, 161-168.
40. Echols, H., Better, M., Dodson, M., Roberts, J.' &

McMacken, R. (1984) Cold Spring Harbor Symp. Quant. Biol.
49, 727-733.

41. Echols, H. (1984) Bioessays 1, 145-152.
42. Echols, H. (1986) Science 233, 1050-1056.

7642 Biochemistry: Dodson et al.


