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ABSTRACT: cosNis the site at which terminase, the DNA packaging enzyme of phag&oduces staggered
nicks into viral concatemeric DNA to initiate genome packaging. Although the nick positions and many
of the base pairs afosNshow 2-fold rotational symmetrgosNis functionally asymmetric. That is, the

cosN G,C mutation in the left half-site (cosNL)

causes a strong virus growth defect whereas the

symmetrically disposedosNCi:G mutation in the right half-site (cosNR) does not affect virus growth.
The experiments reported here test the proposal that the genetic asymnueisiNoésults from terminase
interactions withcosB a binding site to the right o€osN In the presence ofosB the left half-site
mutation, cosN G,C, strongly affected theos cleavage reaction, while the symmetric right half-site
mutation,cosNC;;G, had little effect. In the absence ofsB the two mutations moderately reduced the
rate ofcoscleavage by the same amount. The results indicated that the functional asymmeigNof
depends on the presence @isB A model is discussed in which terminaseosN interactions in the
nicking complex are assisted by anchoring of terminaseo&B

The DNA replication cycle for the herpesviruses, the
poxviruses, and many phages includihgnd T3 produces

sites: R1, R2, and R3], located in a segment extending
from A bp 53-166 @, 9, 10. Terminase binding to the R

end-to-end multimers of virus chromosomes called concate-sites is mediated by a hetlixurn—helix DNA binding motif
mers. DNA encapsidation by these viruses involves the at the amino terminus of gpNul (amino acid residue45,
specific cutting of concatemers to generate mature virion A. Becker, cited in referencél; 12; T. de Beer, J. Meyer,

DNA molecules {—3). Terminase enzymes are common to

M. Ortega, Q. Yang, L. Maes, C. Duffy, N. Berton, J. Sippy,

these viruses and are responsible for duplex nicking andM. Overduin, M. Feiss, and C. E. Catalano, unpublished

packaging of viral DNA into the capsid. terminase is a
heteromultimer composed of 21-kDa gpNwund 74-kDa
gpA subunits. DNA packaging initiates with the assembly
of the terminase subunits at a packaging site, catlesl
followed by duplex nicking to generate complex I, a stable
packaging intermediateosis composed of three subsites:
cosN cosB andcosQ(Figure 1A).cosNandcosBare critical
to the assembly of a terminase packaging complegoat
and the initiation of genome packaging, (5. The cosQ
subsite plays an important role in the DNA packaging
termination 6) and will not be discussed in detail here.
cosBis defined functionally as a terminase binding site
(4, 7). Within cosBthere are three distinct gpNul binding
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1 Abbreviations: bp, base pair(9ps cohesive end site; gpA, the
large subunit of terminase; gpNul, the small subunit of termircasy
the site where terminase binds and nigkBNA; cosNL, the leftcosN
half-site; cosNR, the rightosNhalf-site;cosB the site where gpNul
binds; IHF, integration host factor; LA, Luria agar; LB, Luria broth;
kb, kilo base pair(s); K® kanamycin resistance; SOB, Bacto-tryptone-
yeast extractNaCl-MgSQ, medium; TeR, tetracycline resistance; TB,

TA, and TBSA, tryptone broth, agar, and soft agar, respectively; X-gal,

5-bromo-4-chloro-3-indoly)s,p-thiogalactopyranoside; IPTG, isopro-
pyl-g,p-thiogalactopyranoside.

observations). Between R3 and R2 is I1, a binding site for
integration host factor (IHF), thE. coli site-specific DNA
binding and bending protein18—18). The sharp bend
imposed by IHF at 11 is proposed to facilitate cooperative
interactions between terminase protomers anchored at the
R2 and R3 sitesl@). BetweencosNandcosBis a segment

of unknown function called 1214, 20.

To the left of cosBis cosN,defined functionally as the
terminase nicking sitecosNcontains a 22 bp long segment
with 10 bp exhibiting 2-fold rotational symmetry. The end
points ofcosNhave not been rigorously defined, however.
The nick positions are symmetrically disposed within this
sequence (Figure 1C). The top strand nick position (N2) is
in cosNL, the leftcosNhalf-site, and the bottom strand nick
position (N1) is in cosNR, the rightosNhalf-site.cosNs
2-fold rotational symmetry suggests that a symmetrically
disposed enzyme complex is responsible for duplex nicking
activity (1, 19, 21-23).

DespitecosNs 2-fold rotational symmetry, symmetrically
placed mutations have unequal effects on phage graih (
Mutations in cosNL have more pronounced phenotypic
effects than rotationally symmetric mutations in cosNR. For
example, thecosN C;;G transversion mutation in cosNR
(Figure 1C) has no phenotypic effect when present as a single
mutation. In contrast, the symmetrically disposedNG,C
mutation in cosNL has a pronounced phenotypic effect,
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cos Nul A Table 1: Strains and Plasmids Used in This Study
— epNul strain/plasmid relevant properties source/reference
N””“‘T" i c A (A) E. coli Strains
gpNut ATP vZip Pro BW313 dutl, ungl (29
A N ¢ MF1427 Clagalk (30
/ MF1478 ClaF StR u2R R1R thr~ (31
o o leu” xan his™ gal~
RN R RL OR1265 terminase over-production 32
——{ - e ] (pCM101) strain
Do b s XL1-Blue recAl ginV44lac [F' proAB Stratagene, Inc.
lacl9A(lacZ)m15 Tnl10(Tet)]
(B) Plasmids
B Set 1 (pSX1 cosB") pSX1 pUC19 containing segment (24
————te— St 2 (pSX1 AcosB) from 47 942 to 194
— et 3 (pSK costa) pSXlcosN  pUC19 containind. segment (24
from 47 942 to 194i = G,C,
CuG, GC-CuG
€ OSNL ——pid— cosNR—— pSX1AcosB carries a deletion afosB this work
. E cosN segment from 37 to 194
4 2 o pSX1AcosB carries a deletion afosB this work

E@EES 3, 1 strand cosN segment from 37 to 194,
s d i = G,C, Ci1G, GC-C;1:G
pSK cosN; pSKII* containing 22 bp of this work
cosN from —5to 17

S

Ficure 1: Structure ofl cos (A) A schematic diagram of 280 pSKcosN,  carries 22 bp o€osN this work
bp segment oflt DNA, including cos To the right ofcosare the from —5to 17
Nul and A genes that encode the gpNul and gpA subunits of i = G,C, Ci:G, G,C-Ci,G

terminase, respectively. Expansiocosis tripartite, consisting of
the termination signalcosQ the nicking site,cosN and the

terminase binding site;osB cosNis drawn as the rectangle with ;
the potential cohesive end22). The three R sequences obsB cosBmodulates the assembly of a gpA dimercasN(1,

are gpNul binding sites8( 10, and 11 is a binding site for IHF, 1_9)' This proposal requires that SUbunits bO_U”d at .the tW_O
the DNA binding protein oEscherichia coli(14, 15, 17. 12 is the sites interact, and suggests that terminase interactions with
segment betweecosNandcosh its function is unclear. The italic ~ cosBmay be responsible for the functional asymmetry of
Letterle_t, learéd '"?, )r?aaked 39E|0(\;V?}h®0t$_d't§9fam represgntwlt)the cosNcleavage. In this study, we investigate the effects of
arget sites foBcll, Xmn, and EcoRlI restriction enzymes dt bp ;

47 942 (-560), 37, and 194 H) shows the location of thelindlll cosBon the func'uona_l asymmetry adosN cosBdeleted
site of the vector's polylinker; thislindlll site was used in some ~ Substrates with mutations in cosNR and cosNL, alone and
plasmid constructions. (B) Extent ebscarried in the three sets  in combination, were used as substrates in kinetic studies of
of plasmids used in owoscleavage experiments. The first series cos cleavage. Additionally, cleavage of DNA substrates

segment that starts atBll site located 560 bp upstream odsN - . . L
extends througlkos to end at arEcoR site at bp 194. The second G,C or GG mutations, was investigated to determine if

series of plasmids wer&cosBplasmids containing a 616 bp long ~ S€qUENCes ﬂankingOSN are responsible fpr the observed
A DNA segment containingosQandcosNbut notcosB extending functional asymmetry incos cleavage (Figure 1B). The
from theBcll site to theXmn site; i.e, 560 bp to the left otosN implications of these findings for the structure of the

and bp 37 to the right of theosNsymmetry segment. The third  y;cleoprotein complex of terminase witios subsites are
plasmid series are derivatives of the vector pSKiearing the 22 discussed

bp cosNsymmetry segment only. (C) The 22 bpafsN bisected
by its axis of 2-fold rotational symmetry (the vertical dashed line).
Boxes denote rotationally symmetrical bp; dashed boxes show EXPERIMENTAL PROCEDURES

purine-pyrimidine symmetry matches. In thesN symmetry . . .

segment, base pairs to the left of the symmetry axis, i.e., the left Media, Bacteria, Phages, and PlasmidgB, TA, and
half-site, are called cosNL. Within cosNL, thestrand ofA DNA TBSA were prepared as described by Arber et2d) éxcept

is nicked by terminase, in the nucleotide interval/1 (designated that each contained 10 mM MgSQB, LA, and SOB were
N2). In the rightcosNhalf-site, cosNR, the strand is nicked in prepared as described by Sambrook et28).(Kanamycin

the nucleotide interval 12/13 (designated N1). 2 and 11 are positions S . . .
of a symmetric pair (base pairs in boldface type) where the G amPpicillin, and chloramphenicol were added to media to final

mutation in cosNL and the @G mutation in cosNR are located. ~ concentrations of 50, 100, and 3@/mL, respectively.
Strains, phages, and plasmids used in this paper are listed in
reducingl’s burst size~20-fold (24). ThecosNG,C—C1:G Table 1.
double mutation has a more severe effect on virus yield than Sequence and Mutation Designatiofie phagel ge-
cosNG,C alone. Similar results were found for mutations nome numbering convention of Daniels et &6)is used.
at the symmetrical bp positions1 (bp 48 502 of thel Numbering of thel sequence begins with the first base of
sequence) and 124, 25. the left cohesive end and continues along the top strand in
A good correlation was found for mutational effects on the B to 3 direction; numbers used in this paper denote bp
virus yield in vivo andcos cutting by terminase in vitro,  positions of A DNA (Figure 1C). The top strand is
indicating that defectiveosNcleavage is responsible for the designated thestrand, and the complementary bottom strand
asymmetric phenotypic effects of these mutations. Models is designated. For convenience, we designate base pairs to
for the assembly of a catalytically competent nuclease the left of bp 1 as-1 (A bp 48 502),—2 (1 bp 48 501), etc.
complex atcossuggest that cooperative gpNul assembly at cosN G,C and cosN C;3G are transversion mutations at
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positions 2 and 11 of cosNL and cosNR, respectively (see
Figure 1C).cosNG,C—Cy;,G carries both mutations.

Hang et al.

et al. @2). Terminase was purified by a modificatioB4j
of the method of Tomka and Catalar8b). IHF was purified

Enzymes and General DNA Recombinant Techniques.by Young Hwang of our laboraton34).
Restriction enzymes, bacteriophage T4 DNA ligase, and the cos Cleaage Reactions. cosleavage assays were per-

Klenow fragment of DNA polymerase | were purchased from

formed using the protocol of Chow et aB4). The reactions

New England Biolabs and Boehringer-Mannheim, and were (20uL) contained 30 mM Tris-HCI (pH 9.0), 10 mM Mggl
used according to the suppliers’ recommendations. Plasmid3 mM spermidine, 6 mM putrescine, 7 mftmercaptoet-

DNA was purified using the Qiagen Plasmid Maxi Kit. DNA

hanol, 1.5 mM EDTA, 1.5 mM ATP, 10 nM IHF, and 70

restriction fragments from agarose gels were purified using nM Bsd-linearized DNA substrate. The reaction was initiated

the Qiagen Quick Gel Extraction Kit. Transformations were
performed using the procedure of Hanahd®).(Radionucle-
otides were obtained from Amersham Pharmaceuticals.
cosB" Substrates.pSX1 contains wild-typed DNA
extending froml bp 47 942 througletosto 194, cloned into
a pUC19 background (Figure 1B)4). Derivatives of pSX1
carrying thecosN G,C, cosN C;,G, andcosN G,C—C,,G
mutations were described previousRA4y.
Construction of AcosB SubstratesCosmid pSX1 and
derivatives carryingosNG,C, cosNC;G, or cosNG,C—

with the addition of terminase to 150 nM and incubated at
room temperature~22 °C) for the times indicated in the
figure legends. The terminase concentration is expressed as
the molarity of terminase protomers with the composition
of gpA:gpNul (35). A 2 uL aliquot of agarose gel loading
buffer (50% glycerol, 0.1 M EDTA, 1% SDS, and 0.1%
bromophenol blue) was added to stop the reaction. The
samples were heated at 85 for 10 min to separate cohesive
ends prior to fractionation of the products by 1% agarose
gel electrophoresis. Following electrophoresis, the DNA was

C1;G mutations were used to generate the correspondingtransferred onto a GeneScreen Plus (New England Nuclear)

AcosBsubstrates, as follows. pSX1 contains>amr site
betweencosNand cosB (Figure 1A). TheXmrl restriction
enzyme cuts the site betweérbp 37 and 38, segosBcan
be deleted by removing DNA to the right of theXmn
site. Accordingly, thel DNA segment extending fromBcll
site atld bp 47 942 to theXmrl site was excised from the
pSX1 plasmid series by digesting wittindlll and Xmrl.
HindlIll cuts aHindlll site in the pSX1 polylinker located to
the left of thel DNA insert. These 616 bp long segments,
containingcosQand cosNbut notcosB were ligated into
Hindlll-, Sma-digested pUC19. The resulting plasmids,
called AcosBplasmids, were used to transform XL1-Blue
cells and subsequently used as substratesdecleavage.
Note that thisAcosBseries of plasmids containssequences
flanking thecosNsymmetry segment, since ttiesegment
extends rightward from thBcll site at 47 942 throughosN

to the Xmnl site atA bp 37.

Construction of cospd Substratescoscleavage substrates
containing an isolated 22 bgosNsubsite £ bp 48 498 to
17) were constructed by insertion of duplex synthetic
oligonucleotides into pSKtl. The oligonucleotides contained
Hindlll and Xba ends, and were wild-type, or contained the
cosNmutations shown below as boldface and underlined:

cosNp2 5'-CTAGTTACGGGGCGGCGACCTCGCGGCTA~3!
AATGCCCCGCCGCTGGAGCGCCGATTCGA

cosNpa G2C 5'=CTAGTTACGGCGCGGCGACCTCGCGGCTA-3 !
AATGCCGCGCCGCTGGAGCGCCGATTCGA

cosNpp Ci1 5'~CTAGTTACGGGGCGGCGACGTCGCGGCTA-3 !

AATGCCCCGCCGCTGCAGCGCCGATTCGA

cosNgp G2C-Cq11G 5'~CTAGTTACGGCGCGGCGACETCGCGGCTA-3"

AATGCCGCGCCGCTGCAGCGCCGATTCGA

The duplexes were ligated inkdindlll/ Xbd-digested pSKIt,

and the ligation mixtures were transformed into XL1-Blue
cells. White colonies growing on LA plates containing
0.024% X-gal (w/v) and 0.2 mM IPTG were isolated, and

the presence of the appropriate insert was verified by DNA

sequencing.
Protein Purification. Terminase extracts were prepared
from MF1427 (pCM101) according to the method of Chow

membrane. DNA hybridizations were performed using an
appropriate ¢-*?P]dCTP-labeled probe, and the products
were analyzed by scanning in a Packard Instrument phos-
phorimager apparatus. ThesB™ andAcosBsubstrate DNAs
were linearized, pUC19-based cosmids containing th&lA
segments shown in Figure 1B. The cosmids were linearized
with Bsd restriction enzyme prior to use as substrates in
cos cleavage reactions. Cleavage of these linear DNAs at
cosproduced 1.51 and 1.91 kb product fragments. ddsN,
substrate DNAs were linearized, pSKibased cosmids
containing thel DNA segments shown in Figure 1B. The
cosmids were linearized witBsd restriction enzyme prior

to use as substrates aos cleavage reactions. Cleavage of
these linear DNAs atosproduced 1.73 and 1.95 kb product
fragments.

Analysis of Apparent DNA Binding AffinitWe used initial
rate measurements to determine the concentration of DNA
required to maximally stimulate theos cleavage reaction
with each of the DNA substrat@S he reactions were carried
out at room temperature-Q2 °C) using 150 nM terminase
and the DNA concentrations indicated in the figure legends;
cos cleavage measurements were made at multiple time
points during the period of approximate linearity. We define
kmax @s the maximal initial rate obtained at saturating DNA
concentrations.

Kinetic Analysis.The reaction time course was analyzed
as described previoushB%). Each data set was analyzed
according to both eq 1 and eq 2, which describe monophasic
and biphasic reaction time courses, respectively:

()
D*exp(— kfastT) (2)

where Products refers to the fraction of DNA digested at
time 7 andA is the extent of the reaction at= co. Kyono IS

the rate constant obtained from fitting the data to e 1.
andD describe the fraction of the observed rate associated

Products= A — B*exp(—Kond)

Products= A — C*exp(—Kgow?) —

2 The nuclease reaction is stoichiometric rather than catalytic under
the conditions used her@%), and the reaction is not strictly linear
(35). Nevertheless, the reactions approximated linearity for the first 2
and 5 min forcosB"- and cosBédeleted substrates, respectively.
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with the slow and fast phases, respectively, &gg, and A s

kiast represent the observed rate constants for the reaction’s o cosNC1|G
slow and fast phases, respectively. The indicated constants | ""'szgzgc .
were determined by nonlinear regression analysis of the '
experimental data using the SigmaPlot scientific graphing
software (version 5.0, SPSS Inc., Chicago, IL) as described
previously 85). A monoexponential curve function was
deemed appropriate to describe the data if (1) the values of
the rate constantdow and ks, Obtained by nonlinear
regression analysis of the data to eq 2 differed by less than
10-fold, and (2) thel? value obtained from fitting to eq 1 14
was within an order of magnitude of that obtained from
fitting to eq 2.

Rate of cos cleavage, nM/min
S

RESULTS {linear DNAJ, nM

Symmetric Mutations in cosN ka Asymmetric Effects B 30
on cos Cleaage Previous in vitrccoscleavage experiments e
using crude terminase preparations showed thatdbBG,C 25 1 o
mutation in cosNL caused a cleavage defect, but the
symmetricalcosN C;;G mutation in cosNR did not24).
Furthermoregoscleavage defects correlated well with the
mutational effects on burst size, DNA packaging, and
prohead utilization. These results suggested thatctee
cleavage defect accounted for the phenotypes otctdsN .
mutants. To study in detalil the effects of these mutations on o cos
the nuclease activity of terminasecoscleavage reactions s “j_xgc“
were performed using purified enzyme in a defined bio- o GO0, G
chemical reaction mixture.

We first examined apparent binding interactions between
terminase and each of the DNA substrates by measuring the
initial rates of cos cleavage as a function of substrate Ficure 2: Effects ofcosNmutations oncoscleavage. Reactions
concentration. TheosNC;:G mutation had little effect on used Bsd-linearized cosB" substrates (Table 1). The reaction
apparent DNA binding and/or the ratearfscleavage relative conditions were as described under Experimental Procedures. (A)

- . o - Dependence of initial rate ofos cleavage on substrate DNA
to wild-type DNA (Figure 2A). The initial rates were similar =i oo (B) Time course ofos cleavage withcosB'

for both substrates at all of the DNA concentrations sypstrates at 70 nM. Data points represent the average value of
examined, and the apparent half-saturating concentrations ofhree separate experiments. The curves show the best fit generated

DNA (Cy2.2pp Were essentially identical for both substrates by nqnlinear regression analysis of the data as described under
(Table 2). In contrast, the symmetdosNG,C mutation had ~ Experimental Procedures.

dramatic effects, increasing th@; ., more than 4-fold.
Moreover, this mutation decreased the maximal observed rat

20 4

15 A

[DNA cleaved], nM

10 A

0 10 20 30 40 50 60

Time (min)

Table 2: Effect of DNA Concentration on thems Cleavage

. - eactiof
(kmax) more than 2-fold (Figure 2A, Table 2). Similar, though ! - - -
more severe, effects were observed with tosN G,C— DNA substrates Curzaps (M) Kmax® (NM/min)
C1:G double mutant (Figure 2A, Table 2). These results agree ; (a) cosB" Substrates
with those of Higgins and Becke2$, 3§, who demonstrated cosN 4.00+0.95 5.3550.24
hat thecosNG_T transversion mutation in cosNL caused ~ SO3N<H® 3.85+£0.77 >-61£0.21
tha -1T transve CC : cosNG,C 16.5+ 1.98 2.14+ 0.08
a 3-fold decrease in nicking at the N2 position, while the  cosNG,C-Ci:G 19.6+ 3.82 1.20+ 0.07
symmetriccosNC,sG mutation in cosNR had no effect on (b) AcosBSubstrates
nicking at N1. AcosB cosN¢ 7.18+1.27 1.05+ 0.04
We next examined the time course firscleavage using AcasB cosNeuG 5.92+ 1.15 0.6+ 0.03
. AcosB cosNG,C 6.48+ 0.72 0.61+ 0.02
each of the DNA substrates described above. We have AcosB cosNG,C-CiiG 29 4+ 4.78 0.072+ 0.005

previously demonstrated that thescleavage reaction time “The data presented in Figures 2A and 3A were analyzed as

course is biphasic under these conditions, exhibiting fast andyescribed under Experimental Procedures. The results are presented in
slow phases3p). The reaction time course for tikesNC1:G sections (a) and (b) of the table, respectivélf ap, is the DNA
mutant DNA substrate was essentially identical to that for concentration required to half-maximally stimulate the reactidtax

the wild-type cosN* DNA substrate (Figure 2B); both is the maximal initial rate ofcos cleavage at saturating DNA
substrates exhibited a biphasic time course yielding the concentrations® cosN' represents DNA containing wild-typeosN
observed rate constants shown in Table 3. We note that the

kinetic constants obtained here are similar to those published2B). The observed rate of this monophasic reacti@igao
previously @5). The cosN G,C mutation had pronounced is similar to theksow Observed with the wild-type substrate.
effects on thecoscleavage reaction, yielding a monophasic Similar results were observed with tfe®sN G,C—Cy;G

time course and substantially limited reaction extent (Figure double mutant DNA. We note that the time course studies
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Table 3: Kinetic Analysis of theos Cleavage Reactidn

kmono kfast kslow
DNA substrates (min™1) (min-1) (min-1)
(a) cosB" Substrates
cosN ¢ 0.886 0.058
cosNC;,G 0.794 0.067
cosNG,C 0.116 b b
cosNG,C-C;G 0.095 b b
(b) AcosBSubstrates
AcosB cosN ¢ 0.102 b b
AcosB cosNC1;,G 0.086 b b
AcosB cosNG,C 0.079 b b
AcosB cosNG,C-C,G 0.016 b b
(c) cosN; Substrates
cosN," © 0.060 b b
COSMZ CllG 0.039 b b
cosN, G,C 0.043 b b
COSMz GzC-C]_lG 0.008 b b

2The data presented in Figures 2B, 3B, and 4 were analyzed as
described under Experimental Procedures. The results are presented in

sections (a), (b), and (c) of the table, respectiveljhese data were
well described by eq 1, anlghono is the observed rate constant for the
monophasic reactiorkast andksiew are the observed rate constants for

the fast and slow phases of the biphasic time courses, respectively.

¢ cosN' represents DNA containing the wild-tym®sNsequence.

clearly demonstrate that, compared to wild-type andN
C1;G mutant DNA substrates, theosN G,C mutation
significantly limits the reaction extent. The reason for this
is not clear.

Asymmetric Effects of cosN Mutations on cos Ghege:
Role of cosBPrevious studies have demonstrated tus3
is required for efficientoscleavage 36, 37. Introduction
of point mutations into each of the R elements aafsB
(R3R2°R1 triple point mutant) and/or the complete
deletion ofcosB(AcosBmutant) decreased the overall extent
of duplex nicking 25, 38. With both substrates, cosNL
nicking at N2 nicking was more severely affected than was
cosNR nicking. These studies suggest twBcontributes
to the observed asymmetric nicking of the twosN half-
sites. To examine further the role cbsBin the functional
asymmetry ofcosN we examined the effects ofosN
mutations in @\cosBbackground. We reasoned thatdsB
is responsible for the observed asymmetry in the nicking
reaction, deletion of this region should yield substrates in

Hang et al.

>

15

- @ cosBcosN*

—e— cosBcosN C,,G
<.y cosBcosNG,C

7 —s cosBcosN G,CC,,G

0.9 4

0.6 4

Rate of cos cleavage, nM/min

0.3 4

0.0 4

40 60 80

[linear DNA], nM

0 20 100

18

@ - AcosBcosN*
—o— AcosB cosN C,,G

< v AcosBcosNG,C
—s— AcosB cosN G,C-C,,G

15 4

12 A

[DNA cleaved], nM

0 10 20 30 40 50 60
Time (min)

Ficure 3: Effects of deletion otosBon coscleavage. Reactions
usedBsd-linearized pSX1AcosBand its derivatives pSXAcosB

cosN as DNA substrates (Table 1). The reaction conditions were
as described under Experimental Procedures. (A) Dependence of
initial rate of cos cleavage on substrate DNA concentration. (B)
Time course otoscleavage withAcosBsubstrates at 70 nM. The
data points represent the average value of three separate experi-
ments. The curves show the best fit generated by nonlinear
regression analysis of the data as described under Experimental
Procedures.

presence ofcosB (compare Figure 3A with Figure 2A).
Introduction of both mutations intoacosBbackground had
a striking effect on botlCy/, sppandknax, again contrasting

which mutations in each half-site should have equal effects the results obtained with theosB" substrates (compare

on cosNcleavage.

Figure 3A with Figure 2A; see Table 2). These results

We first examined apparent binding interactions between indicate thatcosBplays a dominant role in the functional

terminase and AcosBDNA substrate containing the wild-
type cosN sequence dosN, see Figure 1B,C). Though
deletion of cosB modestly increase; ;4 it Strongly
affected thecos cleavage reaction, reducina.x 5-fold
(Figure 3A; Table 2). These results are consistent uatsBs
known function of promoting the efficiency abscleavage
(36, 38.

We next examined the effect of introducing tesNG,C
or cosNC,;G mutations into theAcosBsubstrate. Neither

asymmetry ofcosN

Finally, we examined theoscleavage time course using
the AcosBsubstrates. These studies revealed that deletion
of cosByielded monophasic reaction time courses for all of
the substrates examined (Figure 3B, Table 3). The observed
rates of these reactions are similar to kg, observed with
the wild-type €osN', cosB") DNA substrate. Consistent with
the studies described above, the observed ratesosf
cleavage were similar for th&cosB cosNG,C andAcosB

mutation affected the apparent binding interactions beyond cosNCi:G substrates, though the former mutation’s effect

that observed for deletion @osBalone (Figure 3A, Table
2). Introduction of thecosN C,G mutation into aAcosB
background decreasdd.., though not as strongly as was
observed in the presence obsB(see Table 2). Introduc-
tion of the symmetriccosN G;;C mutation similarly de-

was slightly greater. Moreover, introduction of both muta-
tions into aAcosBsubstrate has significantly greater effects
than either one alone (Figure 3A).

Deletion ofA Flanking Sequences Eliminates Asymmetry
The AcosBsubstrates used in the previous section contained

creasedmax a result in stark contrast to that obtained in the 1 sequence in addition wosN To investigate the effects of
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10— " Our data clearly demonstrate that in an otherwise wild-
R < typecosbackground, introduction of the point mutatioosN

—o— cosN, C,,G
. w. . cosN, G,C

8 | . . C11G into cosNR has little effect on tle@scleavage reaction.

—o— cosN,, G,C-C,\G

Conversely, the symmetrically disposed mutatosNG,C
in cosNL has strong effects. We note several effects of the
cosNG,C mutation on thecoscleavage reaction.

First, higher concentrations 0bsNG,C DNA are required
to stimulate nuclease activity when compared to wild-type
DNA. This could indicate that intrinsic binding interactions
between gpA and the mutant cosNL half-site are attenuated,
resulting in an increasedKp”. Terminase assembly abs
is complex, however, and cannot be interpreted as a simple,
reversible binding interaction. Rather, assembly requires that
the gpA and gpNul subunits cooperatively bindesNand

Time (min) cosB respectively (Scheme 1, step 4. Nevertheless, the

Ficure 4: Time course ofoscleavage of a minimalosNsubstrate. initial interactions are concentration-dependent, and the

Reactions useBsd-linearized pSKcosN, and itscosN deriva- — gecrease in apparent binding affinity for this substrate may
tives as DNA substrates (Table 1). The DNA concentration was at reflect altered gpAcosNL binding interactions.

50 nM and was saturating for all the substrates (data not shown). S .
Each data point represents the average value of two separate A second effect of the cosNL mutation is that the maximal

experiments. The curves are the best fit generated by nonlinearnuclease rate observed at saturating DNA concentrations is
regression analysis of the data as described under Experimentakignificantly slower compared to that observed with wild-
Procedures. type andcosNC1;G substrates. Impaired gposNL binding
interactions may play a role here as well. In this case,
mutations in cosNL would affect the conformational change

. . step (Scheme 1, step 2). The conformational change to a
mutant) were constrqcteq (Figure 1B). As with tAequ catalytically competent prenicking complex requires a reor-
substrates, the reaction time courses for all of the 'SOIatedganization of the protein subunits assembledaat DNase
cosNsubstrates were monophasic (Figure 4). In each case,qprinting studies have demonstrated a major ATP-driven

the observed rate ofos cleavage was roughly half that o006 ; :
; . ge in the protection pattern surroundaogN presum-
observed with the correspondigosBsubstrate (see Table ably due to increased gpA binding interactiod@)( It is

3). Significantly, the time courses for cleavage of tosN, thus feasible that the conformational change step requires
G.C andcosN, CuG substrates were virtually identical,  gyteration of the binding contacts between a gpA subunit and
demonstrating that the asymmetry obs cleavage was  cqqN| and that these interactions are impaired inctheN
completely abolished in the absence of flankingequences. G,C mutant substrate.

A third effect of the cosNL mutation is that the nuclease
time course is monophasic, in contrast to the biphasic reaction

Asymmetry in the cos Cleage ReactionThe cosNand time course observed with wild-type amdsN C;:G sub-
cosB subsites are critical to the assembly of a terminase strates. We have previously demonstrated biphasic kinetics
packaging complex atosand to the initiation of genome  and have suggested that the slow ph&sg,) is dominated
packaging 4, 7). The in vitro cos cleavage assay used in by protein assembly step3%, 41). Importantly, the monopha-
this study corresponds to the duplex nicking reaction for sic rate constant obtained with tleesN G,C substrate is
packaging initiation, and a kinetic model for this reaction is similar to kgow, Suggesting that protein assembly steps are

[DNA cleaved], nM

0 10 20 30 40 50 60

the sequences adjacentdosN DNA substrates containing
the isolated 22 bposNsymmetry sequences (wild-type and

DISCUSSION

presented in Scheme 1. always rate-limiting. This could result from impaired gpA
In this model, terminase’s gpA and gpNul subunits binding interactions with the mutant cosNL half-site.
assemble atosNand cosB respectively (shown as D The increase in apparelp, the decrease in nuclease rate,

in the scheme). ATP promotes a conformational reorganiza-and the monophasic reaction time course observed with the
tion of the protein subunits to yield a catalytically competent cosNG,C substrate all may be explained by impaired gpA
nuclease complex of high fidelity (TBc.9 (5). Magnesium- binding interactions with the mutant cosNL half-site. This
dependent nicking of the-strand at N1 (T*D__g) is may be an oversimplification, however. It is feasible that
followed by I-strand nicking at N2 to yield the nicked, the cosNG,C mutation directly affects one or both of the
annealed duplex (TD.-Dg). Finally, ATPase-dependent nicking steps (Scheme 1, steps 3 and 4). If the mutation
strand separation yields complex I-0.), a nucleoprotein affects duplex nicking such that this becomes the rate-limiting
complex composed of the terminase subunits bound to andstep of the reaction, the observed rate would be slower
protecting the mature left end of the first genome to be compared to wild-type DNA, and the reaction would exhibit
packaged. This packaging intermediate, known as complexa monophasic time course. This is exactly what is observed.
I, is unusually stable in the absence of procapsids. It has This mechanism would also provide an explanation for the
been isolated frork. coli cells infected with capsid-deficient  fourth effect of the cosNL & mutation; that is, the extent
virus (39), and has been characterized in vitf).(The of the nuclease reaction is decreased by roughly 50%. This
prolonged half-life of complex 1Ty, > 8 h in the absence  suggests, but does not prove, that nicking at the N2 site is
of proheads) results in a stoichiometric rather than catalytic affected by the cosNL mutation, and that this leads to a
nuclease reaction under the assay conditions utilized in this“dead-end” complex that is not detected in our assay. A likely
study 6). candidate for this aborted complex is the protein-bound
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Scheme 1: Kinetic Model for theos Cleavage Reaction
ATP

ADP

| mg2* Mg ?* ATP

A+ —— ' "%, &i’

gPA+gpPNU1 + D o =—= TeDeog ===2= T*De —» T*D g —> T*DDp TD_. + Dr
1 2 3 4 5

duplex nicked at the N1 site, but with an intact N2 nick site. Iqtrgr}sic IgpA-gpA
Interestingly, mutation of cosNR similarly decreases the Binding Interactions
extent of the nuclease reaction in the absenamsB Thus,

0

presumed abortive nicking at eitheosNhalf-site leads to Intrinsic gpA-cosiV Cooperative gpNul-gpA
. . L. .. Binding Interactions Binding Interactions

the formation of an abortive nicking complex, and a limited

extent of the reaction. In the presenceo$§B thecosNG,;C cosN

mutation has no effect, again demonstrating tumBmasks
the effects of cosNR mutations.

Ultimately, it is likely that thecosNG,C mutation affects
multiple steps in the catalytic pathway, including gpA Ficure 5: Terminase interactions @bs Depicted are intrinsic
binding, the conformational change, and duplex nicking. Our interactions of gpA subunits (large shaded ellipses) wdtsNhalf-
data do not allow us to clearly define the extent to which Sites, and cooperative interactions of gpA subunits with gpNul
cach sicp s affected by (iosNG.C mutaton. Nevertheless, — SEbUTS (haseq rcles ouneast Bncng o & golol cer
the strikingly different effects of the symmetric mutations (qotted ellipse) binding to I1. gpNul binding to R1 is not shown.
in eachcosN half-site clearly indicate that the two DNA  See text for details.
substrates interact quite distinctly with terminase, and
demonstrate a strong asymmetry in the nuclease reactionduced by terminase are likely made by symmetrically

Asymmetric effects oEosNmutations on virus growth in  disposed gpA subunits whose dyad structure matches the
vivo are observed: mutations introduced into cosNR have 2-fold rotational symmetry ofosN(1, 11, 19, 47. Finally,
little effect on virus yield, while symmetrically disposed cosBis viewed as functioning with a gpNul oligomer to
mutations in cosNL strongly affect viral developmefd form a specialized nucleoprotein complex which in turn
Mutations that interfere withoscleavage will limit prohead ~ promotes gpA assembly absN We suggest the following
utilization and DNA packaging. Furthermore, among plaque- model to account for the data presented here and in the
forming revertants of cosNG,C—C;;G are pseudorevertants literature. Central to duplex nicking is the assembly of a gpA
that retain thecosNmutations and have a further mutation dimer symmetrically bound toosN Assembly is mediated
in geneA. One such mutant terminase was shown to have aby intrinsic binding interactions between the gpA subunits
broadened specificity; i.e., it was able to adsN G,C— and the cosN half-sites and, less critically, cooperative
C1G as well as it cutosN'. This result implicates inefficient  binding interactions between the gpA subungsKigure 5).
coscleavage with the growth defects bitosNG,C—C1:G Additionally, assembly of gpA at the cosNR half-site is
(44). The reduced burst sizes of these mutants can thus bestrongly influenced by cooperative binding interactions with
ascribed, at least in part, to the@oscleavage defects. gpNul assembled atosB Thus, mutations in the cosNR

Role of cosB in Promoting cos Clesmge Asymmetryin half-site are masked by higher order binding interactions,
contrast to the disparate results obtained with the cosNL andand neither gpA assembly nor duplex nicking is appreciably
cosNR mutant DNA substrates in an otherwise wild-type affected. Indeed, virus assembly in vivo is unaffected by
background, deletion afosBstrongly attenuates the observed these mutations. Conversely, intrinsic ggAsNL binding
asymmetry. Thus, mutations introduced into either half-site interactions play a major role in assembling the nicking
have equal impacts on nuclease activity. These resultscomplex at this half-site, and mutations in cosNL have
provide direct evidence thabsBis responsible for promoting  striking effects. In the absence c6sB cooperative gpNul
the nuclease asymmetry. Additionalsequences flanking  binding interactions are absent, and intrinsic binding interac-
cosNalso play a role, however, as deletion of these sequencegions between the gpA subunits and botsNhalf-sites are
is required to completely abolish asymmetry. It is unclear responsible for assembly of a symmetrically disposed nu-
which flanking sequences of tiecosBDNAS contribute to clease dimer. In this case, mutations in either half-site have
asymmetry. An obvious candidate ¢®sQ located to the equal impacts on interactions between terminasecastil
left of cosN however, extensive studies uncovered no role Assembly steps become rate-limiting, duplex nicking is

for cosQin packaging initiation or in thecos cleavage impaired, and virus development is affected.
reaction 6, 38). It is possible that the segment betwesisN In summary, gpNul stimulates nuclease activity by the

andcosB called 12, plays a role. 12 provides correct spacing cosBdependent formation of an activated nuclease complex,
betweencosN and cosB but no other function of 12 in  which depends on the highly ordered oligomerization of

packaging initiation has been identifie8d]. gpNul on the three R sites 0bsB BecauseosBproperly
A Model for Terminase Assembly at cainderstanding positions the terminase protomer binding to cosNR, this
the nature of terminase’s interactions withbsNandcosBis interaction is unaffected by theosN C;:G mutation in

crucial to understanding packaging initiation. Features of cosNR. The protomer on cosNL has no adjacent supporting
terminase-mediatezbscleavage relative to this work follow.  site, however, so theosN G,C mutation destabilizes the
First, terminase is a heteromultimer of gpA and gpNul complex required for efficient cleavage. This model is
subunits isolated as a holoenzyme complex of ggpNul, consistent with the observations thatq@sBaids N1 nicking
protomers(35, 45, 4. Second, the staggered nicks intro- to a greater extent than N2 nickin@g, 38, and (i)
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substrates with point mutations in the R sitesco§Bonly
mildly affect cosNL nicking, while cosNR nicking is
obviously impaired 8). These studies suggest a link
betweercosBand nicking at the cosNR half-site. The studies
presented here confirm thabsBis indeed responsible for
asymmetry in the nuclease reaction.

The terminasecossystem shows how the interaction of
a bivalent DNA binding protein with one binding site can
be influenced by interactions with the other binding site. In
the present case, the interactions of gpA with rotationally
symmetriccosNare rendered asymmetric by the interactions
of gpNul with thecosBR sites. Other examples exist, such
as in thel site-specific recombination system. The recom-
binase protein integrase binds the symmetric core of the
phage attachment siteftP, and additionally binds flanking
arm-type sequences to form an asymmetric nucleoprotein
structure that captures the bacterial chromosoratBsite.
Recombination is initiated by cleavage and exchange of the
top strands of the phage and bacteaithkite core sequences
(46). The top strand bias in strand exchange is not determined

15.
16.

17.

18.

19.

20.

21.
22.

23.
24.
25.

26.

by the core region of the attachment site, but rather depends 27.

on the arrangement of the flanking arm-type sequences.
Asymmetric cosN cleavage is similarly mediated by an
asymmetric nicking complex composed of terminase gpA
and gpNul subunits. This asymmetric complex imparts
efficient and accurate nicking, followed by unidirectional
DNA packaging 9, 25, 37, 38, 40, 41
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