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ABSTRACT: Terminase enzymes are common to complex double-stranded DNA viruses and function to
package viral DNA into the capsid. We recently demonstrated that the bacteriopttegeinase gpA

and gpNul proteins assemble into a stable heterotrimer with a molar ratidggdL. This terminase
protomer possesses DNA maturation and packaging activities that are dependeri ocolhietegration

host factor protein (IHF). Here, we show that the protomer further assembles into a homogeneous tetramer
of protomers of composition (gpAIpNul)s. Electron microscopy shows that the tetramer forms a ring
structure large enough to encircle duplex DNA. In contrast to the heterotrimer, the ring tetramer can
mature and package viral DNA in the absence of IHF. We propose that IHF induced bending of viral
DNA facilitates the assembly of four terminase protomers into a ring tetramer that represents the catalytically
competent DNA maturation and packaging comptexivo. This work provides, for the first time, insight

into the functional assembly state of a viral DNA packaging motor.

Terminase enzymes are common to double-stranded DNAproteins. The larger gpA protein possesses multiple enzy-
(dsDNA) viruses that infect both prokaryotic and eukaryotic matic activities that are required to excise a single genome
organisms 1—6). These enzymes function to insert a single from the concatemer and concomitantly package it into the
viral genome into the interior of an empty procapsid, a procapsid (see Figure 18,(8—12). These include site-
process known as DNA packaging) (For all viral systems  specificcoscleavage (endonuclease) activity, strand separa-
that have been studied, the terminase holoenzyme is ation (helicase) activity, ATPase activity, and putative DNA
heteroligomer composed of a large subunit that carries all translocation activity. The smaller gpNul protein has site-
of the catalytic activities required to package DNA and a specific DNA binding activity and functions to recruit
small subunit that is responsible for specific recognition of terminase to theossite to initiate the packaging process
the viral genome4, 7). The self-association reactions and (13—16).
the stoichiometries of the proteins assembled into these We recently demonstrated that the two terminase proteins
packaging motors remain poorly defined in all cases, interact with each other, forming a stable and well-defined
however. heterotrimeric complex that is composed of a dimer of gpNul

In bacteriophagel, a dsDNA virus that infect&. coli, tightly associated with a monomer of gpA (gggpNul)
the preferred DNA packaging substrate, consists of a linear (17); we refer to this species as the terminase protémer
array of viral genomes linked in a head-to-tail fashion (a The isolated protomer possessgsscleavage and DNA
DNA concatemer). The cohesive end siteq is the junction packaging activities that are strongly stimulated by IHF. The
between individual genomes in the concatemer and is theprotomer also possesses weak ATPase activity. In addition
site where terminase assembles to initiate the packagingto the protomer, the terminase isolated from overexpressing
process §, 4, 6). Lambda terminase is a heteroligomer E. colicell lines also forms a high-order complex composed
composed of the viral gpA (73.3 kDa) and gpNul (20.4 kDa) of multiple gpA and gpNul proteins. This species possesses
cos cleavage and DNA packaging activities that are inde-
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Ficure 1: Schematic ofl terminase catalyzed DNA maturation reactiooss represents the site where two individiabenomes are
linked head-to-tail in immature, concatemeric viral DNA. Té¢essite is subdivided into three functional regioessQ cosN andcosB

as shown. The terminase gpA subunit introduces symmetric nicks intm#idsubsite, and the resulting 12 base pairs of intervening DNA
are separated by gpA’s helicase activity. This matures the left genome end, generating the first complereinigley Sranded sticky
end. A terminase remains associated with the matured left enjl f®ming complex I, which next binds to the portal complex, a ring
structure located at a unique vertex of the procapsid. This activates ATPase actiitgrafinase, which translocates the DNA into the
capsid. The assembly state of terminase in the DNA maturation and the packaging motor complexes remains unknown.

copy reveals that the tetramer forms a ring-like structure of using SDS-PAGE followed by Commassie blue staining as
sufficient size to encircle duplex DNA. Unlike the protomer, described previoushl{). Size exclusion gel chromatography
the ring tetramer possesses DNA maturatiocos(cleavage utilized a HiPrep 16/60 Sephacryl S-300 colum#il0 mL
endonuclease) and DNA packaging (virus assembly) activi- total volume, Pharmacia), which was developed with Buffer
ties that do not require IHF. Furthermore, the ring possessesA at a flow rate of 0.3 mL/min, as described previoudly)(
ATPase activity that is over 3 orders of magnitude greatér  gedimentation Velocity Experimer@dimentation veloc-
than that of the protomer. The implications of these results jiy experiments were performed using protein that had eluted
with respect to the nature of the DNA maturation and from the gel filtration column (HiPrep 16/60 Sephacryl S-300
packaging motor complexes central to virus assembly ar€ 4R from Pharmacia) using Buffer A as the running buffer.
discussed. Protein samples (400L) were loaded into Epon charcoal-
filled two sector centerpieces, and the running buffer was
EXPERIMENTAL PROCEDURES used for the reference chamber. Experiments were performed

Tryptone, yeast extract, and agar were purchased fromat 32,000 rpm, at 4C, using a Beckman XLA (Beckman
Buffer A was made with doubly distilled water and contained collected at 230 nm, using a spacing of 0.005 cm, with four
20 mM Tris at pH 8.65 at 4C, 300 mM NaCl, 5% (v/v)  @verages in the continuous scan mode. Scans were collected
glycerol, and 0.1 mM EDTA. Lambda terminase was purified €Very 2 min. The rotor, monochromator, and the chamber
Amicon Ultra centrifugation concentration device (10,000 l0oaded into the XLA, and the temperature was allowed to
MWCO, Millipore). The concentration of the purified equilibrate to 4°C prior to the initiation of an experiment.
terminase preparation was determined by absorbance specl his process took about 1 h.
troscopy using an extinction coefficient of 1.5710° M1 Sedimentation coefficients were corrected to standard
cmt, and the molar ratio of gpNul to gpA was measured conditions o 20 °C in water) using the program
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SEDNTERP (David Hayes, Magdalen College; Tom Laue, f M2(1 — 17,0)3 13
University of New Hampshire; and John Philo, Amgen). £ 5 3 5 (3)
Sample heterogeneity was assessed according to the Van 0 \1627°(S;0,0) " NA" (0 + Ovpp0)
Holde—Weischet method1@) using Borris Demeler’s pro- . ) . .
gram Ultrascan (http://www.ultrascan.edu). Tge*) dis- where 7 is the viscosity of pure water at 2tC, Na is

tribution was calculated using DCDBT (19), as described AS/og_adro’s numberp is the density of pure water at 2C,

(20). To estimate the molecular weight of the higher order V2o IS the partial specific volume of pure water at 20,

) terminase complex, the raw sedimentation velocity traces @hd0 is the protein hydration in grams of water bound per
were analyzed by nonlinear least-squares using Peter Schuck’§ram of protein 23). 6 was calculated on the basis of the
program SEDFIT 21) (http://www.analyticalultracentrifu- ~ Primary sequences of gpNul and gpA associated in a 2:1
gation.com/download.htm). SEDFIT solves the Lamm equa- atio using SEDNTERP according to the method of Kuntz
tion numerically, which allows estimation of both the (24), yielding a value of 0.4259 g/g.

sedimentation coefficient (by the rate of transport of the Indirect Carbon Support FilmsCarbon was evaporated
sample during sedimentation) and the diffusion coefficient from 1.0 mm carbon threat at a high of approximately 17
(by the rate of boundary spreading during sedimentation) of CM onto a glass slide. The carbon is reflected from the glass
the sample. With both of these parameters, the molecularSlide at an angle of 430 a freshly cleaved mica in a coating
weight can be calculated using the Svedberg equationUnit with an operating vacuum of10™* bar. Direct coating

(rearranged to solve fawl): is prevented by a metal shield between the evaporation source
and the mica.
_ SRT Electron MicroscopyPurified protein (14.2 S species) was
M= D(1 — vp) 1) applied to the carbon on the mica and negative stained with

4% aqueous uranyl acetate (w/v) for 20 s. The stained protein
whereM is the molecular weight of the moleculR,is the ~ was mounted on a 400 mesh copper grid, and micrographs
gas constantT is the temperatures is the experimental ~ were obtained using a Zeiss EM T109 electron microscope
sedimentation coefficienD is the experimental diffusion  operated at a calibrated magnification (25,200@y using a
coefficient,v is the partial specific volume of the molecule, cross-ruled diffraction grating replica with 2.160 lines/mm
andp is the density of the buffer. The weight averaged value (25)). Selected micrographs were digitized using a Microtex
of ¥ was calculated from the primary sequences of gpA and Scan Maker E6.

gpNul according to the method of Cohn and Eds28),( Terminase Actiity AssaysThecoscleavage endonuclease,
using a 2:1 molar ratio of gpNul to gpAlQ). p was ATPase and DNA packaging assays were conducted as
calculated using SEDNTERP. previously describedL{). Thein vitro virus assembly plaque

Sedimentation Equilibrium ExperimentSedimentation ~ assay was performed as previously descrik2g and is
equilibrium experiments were performed using protein that briefly described here. In this assay, an infectious virus is
had eluted from the gel filtration column with Buffer A as assembled entirely from purified components. The initial
the running buffer. The protein was loaded into a chamber reaction mixtures contained 50 mM Tris at pH 8.0 &G}
of an Epon charcoal-filled six-channel centerpiece, and the 2 mM spermidine, 10 mM MgGJand 1 mM ATP. The virus
running buffer (Buffer A) was used for the reference was assembled in two stages. In the first stage, called the
chamber. The sample was sedimented to equilibrium at threeDNA packaging stage, 100 nM terminase, 2 nM mathre
rotor speeds, 7.5, 9, and 11 K rpm. The sample reachedDNA, 100 nM IHF, 10uM gpFI, 50 nM procapsids, and 10
equilibrium within at least 24 h for each speed. Scans were #M gpD were mixed and incubated at 22 for 20 min.
collected at 227 nm and were taken every 0.001 cm in the The second stage, called the tail addition stage, was initiated
step mode, with 20 averages per step. by the addition of 10 mM gpFll, 1@M gpW, and 50 nM

The sedimentation equilibrium data were edited using an tails, and the reactions were allowed to proceed for an
in-house program to extract the data between the sampleadditional 30 min at 37C. The infectious virus that was
meniscus and the bottom of the sample chamber for dataassembled in this mixture was quantified by the infection of
analysis. The data were then analyzed using the nonlinearE. coli LE392 using a standard plaque assa)
least-squares analysis program WINNONLIN (David Yphantis,

University of Connecticut; Michael Johnson, University of RESULTS
Virginia; Jeff Lary, National Analytical Ultracentrifuge 4 Terminase ProtomeBacteriophagé terminase, purified
Center, Storrs, CT) to a single species model, given by:  as described previously, affords a pure but heterogeneous
ML | ) mixture of higher-order, heteroligomeric species consisting
_ —vp)w” , , 2 of the gpNul and gpA proteinslT). Prior sedimentation
Ar = exp{ln Aot 2RT (r"=r)+b (2 velocity analysis of the mixture indicated that it has an
average sedimentation coefficiestd,) of 13.3 S, and for
where Ar is the total absorbance of the sample at radial simplicity, we hereafter refer to it as the 13.3 S species.
positionr, Aq is the absorbance of the sample at the reference Dilution of the mixture in low salt buffer (Buffer A+ 150
radial positionrg, M is the molecular weight of the sample, mM NacCl) followed by incubation at 4C for 2 days, as
w is the rotor speed, arfdlis the baseline offsefy is taken described in Experimental Procedures, promotes disassembly
into the exponent to implicitly constrain its domain to of ~30% of the 13.3 S species into a stable terminase
positive values. protomer that can be isolated by gel filtration chromatography

Hydrodynamic CalculationsThe frictional coefficient (17). The isolated protomer possesses a [gpNul]/[gpA] ratio

ratio, f/fp, was calculated using: of 2.0 £ 0.2, a molecular weight\{) of (115+ 3), and an
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Ficure 2: Assembly ofl terminase protomers. (Panel A) Size exclusion chromatographic analysis of the concentrated terminase protomer.
The purified terminase heterotrimer was concentrated ta«¥12then incubated at 4C for ~12 h. The sample (1 mL) was applied to an

S300 HR sephacryl gel filtration column and developed with Buffer A. About 90% of the sample eluted as a single peak ahead of the
heterotrimer peak (peak fraction 27). The assembled complex (fractiong3)8vas isolated for further study. (Panel B) Sedimentation
velocity experiment performed using protein from the pooled fractiors2B8 The results from a Van Hole&Veischet (blue) and g(s*)

analysis (red) are shown. The vertical distribution of apparent sedimentation coefficients observed in the VaiWdiddbet analysis

and the symmetric nature of tlggs*) analysis indicate that the pooled protein is homogeneous. (Panel C) Analysis of the sedimentation
velocity data to obtain the molecular weight of the 14 S species. The sedimentation velocity data were further analyzed by NLLS using the
program SEDFIT to estimate the molecular weight of the species. The data were fit to a model that included two species, one of which
corresponded to the small amount (5%) of the 5.1 S heterotrimer that was present in the sample; the other corresponded to the assembled
species. This analysis returned a valudvbf= (459 + 10) and asy, Of (14.0 £ 0.2) S for the assembled species (averagstandard

deviation for four independent experiments). (Panel D) Sedimentation equilibrium analysis of the associated terminase species. Protein
from the pooled sample was subjected to a sedimentation equilibrium experiment. The sample was sedimented to equilibrium at 7.5 K (blue
circles) 9 K (red squares) and 11K (green triangles) rpm, &€4The resulting profiles were globally analyzed by NLLS to a single ideal
species model, which returned a molecular weight of (4585), consistent with the sedimentation velocity results.

Sow Of (5.12 S+ 0.03) S (7). These data unambiguously the study of the assembled complex in isolation from the
identify the protomer as a heterotrimer composed of one gpA protomer.
subunit in association with a dimer of gpNul (gpdpNul; We first determined the molar ratio of [gpNul]/[gpA] in
predictedM = 114.2). Thus, the 13.3 S species provide a the assembled complex using an SEFAGE assay as
reliable source for a pure, homogeneous terminase protomerdescribed previouslyl{). This analysis gave 2.2 0.2 for
Purified A Terminase Protomer Assembles into a Higher- the oligomer, which is essentially identical to that found for
Order Complex.We next examined the capacity of the the isolated protomer (2.& 0.2; (17)). We interpret these
terminase protomer to reassociate into a higher-order com-data to indicate that the stoichiometry of the protomer is
plex. The isolated protomer sample was concentrated in high-retained in the oligomeric complex.
salt buffer (Buffer A+ 300 mM NaCl; elevated [NaCl] Sedimentation Velocity Analysis of the Terminase Oligo-
promotes the assembly of higher-order structurg®)( mer.We next performed sedimentation velocity experiments
incubated overnight at 4C, and then loaded onto a gel to determine the oligomeric state of the isolated, assembled
filtration column, as described in Experimental Procedures. terminase complex. Van HoldéVeischet (VHW) and g(s*)
The protein elutes from this column as two peaks (Figure analysis of the data indicates that the protein preparation is
2A). The minor peak (fraction 27) corresponds to the composed primarily of a single species95%) with ansyg
protomer, whereas the majority~90%, fraction 20) cor- of ~14 S (Figure 2B). Moreover, the vertical distribution of
responds to a higher-order assembly of the protomer (seeapparent sedimentation coefficients shows that the assembled
below). Column fractions 1823 were pooled to facilitate =~ complex is homogeneous, that is, composed of a single
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Furthermore, fitting the data to more complex models does
- - not improve the quality of the fit (not shown). Thus, the
133S terminase terminase . . ey . . .
Species protomer fing sed|mentat|on equilibrium data confirm the sedimentation
velocity data, and in sum, the AUC analysis demonstrates

Table 1: Physical Properties of tlieTerminase Oligomers

protein purity >98% pure >98% pure >98% pure . . i

protein homogeneity heterogeneous ~ homogeneous  homogeneous that _the assembled terminase species is a tetramer of
[gpNU1]/[gpA] 2.8+0.4 2.0£0.2 2.2+0.2 terminase protomers.

S20w . (13.30£0.12) S (5.12:0.03)S  (14.6:0.2) S Electron Microscopy Analysis of the Terminase Oligomer.
frictional ratio {/fo) 1.39+0.01 1.28+ 0.02 The 14 S . l | db |

M (velocity) (290 13) (1154 3) (459+ 10) e terminase oligomer was analyzed by electron
M (equilibrium) (528+ 34) (116+9) (455+ 45) microscopy (EM) as described in Experimental Procedures,
M (predicted) 114.2 (protomer) 456.8 (tetramer)  gnd a representative section is presented in Figure 3A. An

inspection of the field shows that the molecules display a
species that is not associating or dissociating on the timering-shaped structure (Figure 3B). Image analysis allows an
scale of the experimen2(). Thus, the data indicate that the estimation of the ring dimensions and indicates that they have
5.1 S protomer assembles into a homogeneous, higher-ordean overall width of~19 nm and a height of~22 nm. A
oligomer with ansy,, value of ~14 S and that the two central hole is visible in the structures, which on average is
species do not interconvert on the time scale of a gel filtration of sufficient size to encircle duplex DNA~3 nm in
(~4 h) or sedimentation velocity~3 h) experiment. diameter). On the basis of the results of the EM and AUC

Because the-14 S species is homogeneous, the sedimen- data, we refer to the 14 S species as a ring tetramer.
tation velocity data can be analyzed directly to obtain the Hydrodynamic Properties of the Terminase Species.
diffusion coefficient and, therefore, the molecular weight of Analysis of sedimentation velocity data can also provide
the speciesl(7, 21, 28). The sedimentation velocity profiles information on the shape of a macromolecu)( The
were analyzed by nonlinear least-squares (NLLS) analysisfrictional coefficient of a hypothetical hydrated sphere of a
using the program SEDFIT(), according to a two species  given molecular weight and partial specific volume can be
model. This model was chosen in order to account for the calculated (Experimental Procedures). This can be compared
small amount of protomer (5%) that is present in the to the experimentally determined frictional coefficient of the
preparation (Figure 2). The values fsf,, and M for the protein of interest, in this case, the terminase species. The
protomer were fixed at their previously determined values ratio of these two values yields the calculated frictional ratio,
of 5.1 S and 115, respectivel§?), and the NLLS analysis ~ which can be interpreted in terms of the shape of the
was performed as described in Experimental Procedures. Anmacromolecule: a frictional ratio close to one would suggest
analysis of data obtained from four independent experimentsa compact globular structure, whereas a larger value would
performed with three different protein preparations yields suggest that the molecule adopts an extended structure.
best fit values ofs,p, = (14.0+ 0.2) S andM = (459 + We first performed this analysis on the terminase protomer,
10) (average+ standard deviation) for the higher-order which yields a calculated frictional ratio of 1.390.01. This
oligomer. The smooth curves that overlay the raw data in value is large and significantly greater than that expected
Figure 2C are simulations using the best-fit parameters for a compact, globular proteir2®). This result indicates
derived from the NLLS analysis. These data combined with that the protomer structure is not globular but rather highly
the known [gpNul]/[gpA] ratio of 2.2+ 0.2 (vide suprg extended. Although this is often interpreted as molecular
unambiguously establish that the 14 S oligomer is composedasymmetry, an alternate possibility is that one or both of
of four terminase protomers, that is, a (gpA/gpMyl the terminase proteins in the protomer possess partially
complex that has a predictéd = 456.8. disordered and/or unfolded regions; these regions would

Sedimentation Equilibrium Analysis of the 14 S Terminase increase the frictional drag of the molecule, resulting in an
Oligomer.To confirm the results obtained in the sedimenta- increase in the measured frictional ratio.
tion velocity experiments, the 14 S oligomer (200 nM gpA  Upon assembly of the protomer into the ring tetramer, the
equivalents) was sedimented to equilibrium at three rotor frictional ratio decreases to 1.28 0.02. This observation
speeds, 7.5, 9, and 11 K rpm; equilibrium was established indicates that the ring tetramer is more compact than the
within 24 h at each rotor speed. The concentration profiles protomer, assuming the absence of significant differences
were analyzed globally according to a single, ideal speciesin protein hydration between the two species. This may
model as described in Experimental Procedures, and thereflect large structural changes upon oligomerization, and it
smooth curves that overlay the data in Figure 2D are is tempting to speculate that disordered regions of the
simulations using the best-fit parameters from the analysis. protomer fold upon assembly into the tetramer, resulting in
The model describes the data well and returns a moleculara more compact structure.
weight of (455+ 45), consistent with the value determined Biological Actiity of the Terminase Ring Tetrameie
by sedimentation velocity (Table 1). previously demonstrated that the isolated terminase protomer

An analysis of the sedimentation velocity data indicates possessesoscleavage activity and catalyzes DNA packag-
that the 14 S preparation contains 5% protomer speciesing in vitro but that both reactions are strongly stimulated
(Figure 2B and C), and it is feasible that this small amount by IHF (17). The heterogeneous 13.3 S species similarly
of protomer might result in an underestimate of the fitted catalyzes these reactions but does not require IHF. Further-
value of M when analyzing the sedimentation equilibrium more, although the 13.3 S species possesses significant
data. To directly test this, we repeated the NLLS analysis ATPase activity, ATP hydrolysis by the protomer is ex-
explicitly assuming that the preparation contains 5% pro- tremely weak. On the basis of these results, we proposed
tomer. This analysis returns a valueMf= 460, which is that IHF-induced bending of viral DNA is required to
well within the experimental uncertainty of the measurement. assemble the protomer into a packaging motor complex at
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Ficure 3: Electron micrographs of the terminase 14.0 S species. The 14.0 S terminase species was negatively stained with 4% (w/v)
uranyl acetate and micrographs obtained as described in Experimental Procedures. (Panel A) Field of the 14.0 S terminase species. The bar
is 200 nm. (Panel B) Gallery of individual ring species. The bar is 20 nm.

cos In the case of the 13.3 S species, we proposed that a o' Protomer  Tetramer 1335
subpopulation of molecules is appropriately preassembled PR
into an activated packaging motor and, therefore, does not 10°
require IHF to assemble on the DNAY).

We recently developed an assay that allows the assembly
of an infectiousl virus in witro from purified components 10"
in a defined biochemical reaction mixture; virions thus 10° -
assembled are quantified using a standard plaque a28ay ( )
In contrast to the DNA packaging assay that only quantifies 7 ND
DNA rendered resistant to DNasel digesti@9); the virus 10'
assembly assay reports on viral particles that have packaged Minue:: fiue Bnue: Flos: Minue. Plus
the entire genome into the capsid and that have further 100 nM IHF
assembled into a fully infectious virus. Here, we use this Ficure4: Catalytic activity of thel terminase species. Tl itro

assay to compare the catalytic activities of the terminase Virus assembly assay was performed as described in Experimental
protomer and the ring tetramer. Procedures. The terminase species were added to a final concen-

o . tration of 100 nM (gpA equivalents). IHF was included to a
As shown in Figure 4, the terminase protomer (100 nM final concentration of 100 nM as indicated. ND, not detectais (
gpA equivalents) does not support the assembly of an pfu/mL).
infectious virusin vitro in the absence of IHF. On the basis
of our previous results, this is likely the result of a failure ~ Thein vitro virus assembly assay utilizes matur®NA
of the protomer to package viral DNALY). In the pres- and thus does not require nor measure tbecleavage
ence of 100 nM IHF, however, the terminase protomer activity of terminase holoenzyme. Therefore, we also tested
efficiently packages the entiré genome, leading to the the ability of the ring tetramer to catalyze thescleavage
formation of infectious virus particles in high yield. In endonuclease reaction. The ring tetramer efficiently cleaves
contrast, if the protomer is preassembled into the ring coscontaining DNA in the absence of IHF (data not shown).
tetramer (100 nM gpA equivalents), virus assembly proceedsThis is in stark contrast to theoscleavage activity of the
efficiently in the absence of IHF. For comparison, Figure 4 protomer, which is strongly stimulated by IHE®). Further-
also shows that the heterogeneous 13.3 S species similarlymore, although the protomer possesses an extremely weak
supports virus assembly in an IHF-independent manner, ATPase activity {7), the ring tetramer hydrolyzes ATP at a
albeit at a lower efficiency. This observation is consistent rate at least 3 orders of magnitude greater than that of the
with our previous suggestion that only a fraction of the 13.3 isolated heterotrimeik{,; = 504 2 min~* for the ring). Thus,
S species (20 to 30%) is correctly assembled into an activethe ring tetramer possesses all of the catalytic activities
oligomeric state of the enzyme, presumably the 14.0 S ring required to mature and packag®NA, even in the absence
tetramer. of IHF.

107

PFU per ml
=
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DISCUSSION that stimulation of ATPase activity results from the assembly
. of terminase protomers on duplex DNA. (iii) Vanadate
Terminase enzymes are a core component of the genomeipits the nuclease, helicase, ATPase, and DNA packaging
packaging machinery in both prokaryotic and eukaryotic ,cjities of the terminase holoenzymé?. A detailed
dsDNA viruses 4). Although structural characterization of  yinetic analysis of this inhibition suggests that DNA and ADP
the motors is limited in all of these systems, insight into the 5t in concert to assemble a catalytically competent DNA
nature of the packaging motor in bacteriophdgeas been maturation and packaging complex at twssite @2). (iv)

derived from studies of the individual subunits, as follows. pygse protection studies have shown that in the absence of
Biochemical, biophysical, and structural studies have shown A1p terminase protects only the three R-elementsasB
that the N-terminal 55 residues of the gpNul subunit (Figure 1). In the presence of ATP, however, terminase

comprise the DNA binding domain (DBD) of the proteéin jnteracts with roughly 200 bp of DNA centered at thes
(30-32). The DBD forms a stable dimer species that neither gjte 13) The authors interpreted these data to indicate that
dissociates nor further associates over a wide concentration\Tp grives the assembly of “an organized protBINA

range ¢-5 uM to 2 mM) (30-32). These data indicate that ;o npjex involving several terminase protomers”. In sum, the

a gpNul dimer plays a functional role in DNA recognition , hjished data and that presented here are consistent with a
and strongly suggest that the dimeric nature of gpNul is pNA| |HF, and ATP regulated assembly step that is required
retained in the functional holoenzyme complex. to activate terminase holoenzyme. We propose that this step
The terminase gpA subunit enhances the affinity of gpNul reflects the assembly of four terminase protomers into a ring-
for cosDNA (16), and it has long been appreciated that the |ike structure that bends and wrapssDNA. We further
functional holoenzyme is a heteroligomer of gopNul and gpA suggest that the ring tetramer represents the activated
subunits. Genetic and biochemical studies have localized thenyclease complex characterized in kinetic stud&® and
hOIOEnZyme interaction domains to the to @y&erminal~40 is direcﬂy responsib|e for the packaging of tﬂ]@enome_
residues of gpNul and tiie-terminal third of gpA (5, 33— How Might a Ring Tetramer Assembl@® address this
39). The oligomeric nature of the holoenzyme remained qyestion, we rely on a variety of published information, as
ambiguous, however, until our recent demonstration that a ¢g||ows. (i) Mutation analysis of theosNsite revealed an
heterotrimer species is formed from the association a 9pNU1asymmetry in thecoscleavage reaction4@). The data
dimer with a single gpA protein (gpAgPNUL, S0w=5.1  gyggest that terminase assembly cas is mediated by
S,M = 115.3) (7). The heterotrimer is stable and subunit jytinsic binding interactions between the gpA subunits and
dissociation is observed only under denaturing conditions. tejr respectivecosN half-sites and, less critically, by
We interpret these data to indicate that a @BANUL  copperative binding interactions between the gpA subunits.
heterotrimer represents a terminase protomer and that th'SFurthermore, the assembly of gpA at tbesNRhalf-site is
species is a core component of the catalytically competentgrongly influenced by cooperative binding interactions of
holoenzyme complex. gpNul andcosB Thus, it is clear that terminase assembly
Terminase Holoenzyme: A Ring Tetramdihe data  at cosis mediated by both proteirprotein and protein
presented here and in our previous publicatibf) Clearly ~ DNA interactions. (i) Primary sequence analysis has identi-
demonstrate that the terminase protomer possesses fied a basic leucine zipper (bZIP) protein dimerization motif
cleavage endonuclease, DNA packaging, and virus assemblyn the C-terminal region of gpA (residues 56®20) @4).
activities that are strongly stimulated by IHF. We further This bipartite protein dimerization-DNA binding motif is
show that the protomer associates into a tetrameric ring composed of a region enriched in basic amino acids (basic
structure, off of the viral DNA, and that the tetramer region) adjacent to a coiled coil leucine zipper mo##)
possesses the full complement of catalytic activities in the The dimerization of bZIP-containing proteins via their coiled
absence of IHF. Thi&. coli host protein binds to a specific  coil motifs is supported by cooperative interactions between
DNA recognition site and introduces a strong bend into the the basic protein residues and the phosphate groups of duplex
duplex. In all characterized cases, the IHF-induced bend DNA. It has long been presumed that bZIP residues mediate
provides a duplex architecture conducive to the assembly ofthe assembly of a symmetrically disposed gpA dimer at the
additional proteins at that DNA sit&§, 37). Taken together,  cosNsite and that this dimer is directly responsible for the
these data suggest that IHF binding to the 11 elemenbsB symmetric nicking of the duplex4@). We suggest that the
(Figure 1) introduces a bend that facilitates the assembly of bzIP protein-protein interaction is central to the assembly
four terminase protomers into a catalytically competent DNA of the ring tetramer, both on and off DNA. (jii) Biochemical
maturation and packaging complex. However, the ring data has shown that although the gpNul DBD retains DNA
tetramer represents a preassembled complex that can directlpinding activity, specific and high affinity binding interac-
interact with thecossite in the absence of IHF. tions require a hydrophobic self-association domain of the
Biochemical studies of terminase holoenzyme are consis-protein (residues 101141); deletion of these residues
tent with the presence of an assembly step in the generationrdecreases DNA binding affinity by 3 orders of magnitude
of a catalytically competent packaging complex as follows. (35). This observation suggests that higher-order interactions
(i) Kinetic analysis of thecoscleavage reaction suggests that are required for specific and high affinity binding of gpNul
terminase assembly at tloes site is the rate-limiting step  at thecosBsite. Consistently, primary sequence analysis has
in the reaction 38, 39). (ii) Kinetic studies have also shown identified coiled coil protein dimerization motifs within the
that DNA stimulates the ATPase activity of terminad®, C-terminal half of gpNul 45). It is likely the coiled coil
41). The data presented here demonstrates that although thenotifs, together with the hydrophobic self-association do-
ring possesses significant ATPase activity, the protomer only mains of gpNul, are involved in the assembly of the ring
poorly hydrolyzes ATP. We interpret these data to indicate tetramer. Therefore, we propose that terminase protomers
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Ficure 5: Assembly ofl terminase protomers into DNA maturation and DNA packaging motor complexes. (Path A) The terminase
protomer preassembles into a ring tetramer that binds directly toabste, independent dE. coli IHF. (Path B) IHF binds to theossite

and introduces a strong bend into the duplex, which provides an architecture conducive to the assembly of a terminase ring structure. The
E. coli HU protein may also bind to the pre-bent 11 element and bend the duplex in a manner analogous to that of IHF. The details are
presented in the text.

associate with each other in two distinct ways: first, through  How Does the Terminase Ring Assemble ino?iTwo
the bZIP dimerization motif in theC-terminal region of obvious pathways need to be considered. The first involves
gpA and second, through the coiled coil dimerization motifs preassembly of protomers into the ring tetramer in the
found within the hydrophobic self-association domain of absence of DNA followed by direct binding to titessite
gpNul. in an IHF-independent process (Figure 5, Path A). The data

Biological Significance of the Terminase Ring Tetramer. presented here clearly indicate that a functional ring tetramer
To date, there is limited information describing the structure can be assembleid vitro and that this complex possesses
or self-association reactions for a terminase enzyme from catalytic activity in the absence of IHF; however, elevated
any viral system. We have shown that a stabterminase  Protein concentrations-(1 «M) and high salt (300 mM) are
protomer is formed from one gpA subunit in association with required to assemble the complex. The concentration of
a gpNul dimer and that the protomer further assembles intoterminase during a productive infection is comparatively low
a ring tetramer in which the DNA maturation and packaging (~150 nM gpA subunit) 26), which predicts that only small
activities of the enzyme are fully activated. These data amounts of the ring will formin vivo. Thus, the second
strongly suggest, but do not unambiguously prove, that the pathway that needs to be considered is the assembly of four
tetramer is the biologically relevant form of the enzyme. It terminase protomers into a ring, mediateddog DNA and
is feasible, for instance, that the ring dissociates and IHF (Figure 5, Path B). Given the concentration of terminase
subsequently reassembles into a different complex on viral present in the cell:{de suprg, one would expect Path B to
DNA. We think this is unlikely, however, because of the dominatein vivo. Consistent with this assertiohpurst sizes
stability of the ring once it is formedi(. = 72 h). Another are reduced-3-fold in IHF~ cell lines and by over 2 orders
possibility is that multiple ring tetramers are required for of magnitude in IHF/HU~ double mutant cell lines3).
DNA maturation and/or packaging activities, as has been E. coliHU is a nonspecific DNA binding and bending protein
observed for the SV40 large T antigen and the MCM helicase with structural similarity to IHF. Within this context, it is
(46, 47). Whatever the case, it is clear that assembly of the noteworthy that the 11 element withitosBis intrinsically
ring tetramer obviates the IHF requirement for catalysis, bent @8) and that HU has a higher affinity for pre-bent DNA
demonstrating at a minimum that it is an important inter- duplexes49). Itis thus likely that HU specifically recognizes
mediate in the DNA maturation and packaging reactions. this site and introduces additional bending into the duplex
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appropriately positioned withirtos In this manner, the  of the portal B4). On the basis of this concept, it was
HU protein may substitute for IHF to provide a duplex proposed that portal rotation relative to the capsid vertex is
architecture conducive to the assembly of a ring tetramer coupled to linear translocation of the DNA into the capsid.
(Figure 5). The terminase enzymes directly interact with the portals in
A Terminase and the Packaging Motdtrhas been argued  the packaging complexes, and the symmetry of this interac-
that a symmetrically disposed gpA dimer assembleosh tion must be considered in models describing the transloca-
to nick the duplex and mature the genome edd).(In tion process. A pentameric terminase complex presents a
contrast, it has been presumed that the packaging motorsymmetry mismatch relative to the portal, and successive
complex is composed of a hexameric gpA ring bound to the firing of the terminase ATPase could then drive the rotation
portal vertex §0). Integration of these two concepts into a of the portal, relative to the terminase ring, resulting in
coherent model describing the packaging pathway has beerpackaging of the DNA. In contrast, a tetrameric terminase
difficult and has led to cumbersome models describing the ring presents a symmetric interface to the portal, which
transition from a nuclease dimer to a hexameric motor predicts that the terminase ring remains in register with the
complex @). The concept of a catalytically competent portal ring during the entirety of the packaging process.
terminase ring structure that is responsible for both DNA Unfortunately, the molecular details of DNA translocation
maturation and packaging activities allows for a simplified by the terminase packaging motors remain uncertain at
model as presented in Figure 5. The nature of the packagingpresent and must await further biochemical and structural

complexes remains vague in all viral systems, but it is dissection.

reasonable to assume that tmna fidemotors are composed

of both terminase and portal proteins. The terminase ring ACKNOWLEDGMENT
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