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ABSTRACT. The terminase enzyme from bacteriophads responsible for the insertion of viral DNA into

the confined space within the capsid. The enzyme is composed of the virally encoded proteins gpA (73.3
kDa) and gpNul (20.4 kDa) isolated as a ggNulk holoenzyme complex. Lambda terminase possesses

a site-specific nuclease activity, an ATP-dependent DNA strand-separation activity, and an ATPase activity
that must work in concert to effect genome packaging. We have previously characterized the ATPase
activity of the holoenzyme and have identified catalytic active sites in each enzyme subunit [Tomka and
Catalano (1993Biochemistry 3211992-11997; Hwang et al. (1998 iochemistry 352796-2803].

We have noted that GTP stimulates the ATPase activity of the enzyme, and terminase-mediated GTP
hydrolysis has been observed. The studies presented here describe a kinetic analysis of the GTPase activity
of 1 terminase. GTP hydrolysis by the enzyme requires divalent metal, is optimal at alkaline pH, and is
strongly inhibited by salt. Interestingly, while GTP can bind to the enzyme in the absence of DNA, GTP
hydrolysisis strictly dependent on the presence of polynucleotide. Unlike ATP hydrolysis that occurs at
both subunits of the holoenzyme, a single catalytic site is observed in the steady-state kinetic analysis of
GTPase activity Kot ~ 37 min!; Ky ~ 500 uM). Moreover, while GTP stimulates ATP hydrolysis
(apparenKp ~ 135uM for GTP binding), all of the adenosine nucleotides examined strongly inhibit the
GTPase activity of the enzyme. The data presented here suggest that the two “NTPase” catalytic sites in
terminase holoenzyme communicate, and we propose a model describing allosteric interactions between
the two sites. The biological significance of this interaction with respect to the assembly and disassembly
of the multiple nucleoprotein packaging complexes required for virus assembly is discussed.

The terminase enzyme from bacteriophdges required confined space within the viral capsidL, (3, 5). The
for the assembly of an infectious viral particle from empty, holoenzyme possesses site-specific endonuclease, strand-
performed procapsids and a concatemeric DNA substrateseparation, and ATPase catalytic activities that work in
made up of multiple viral genomes linked in a linear array concert to effect DNA packagind. (3, 4). ATP modulates
(see Figure 1)1—4). Phagel terminase is composed of two  several aspects of the packaging pathway (Figure 1) including
virally encoded proteins, gpNé1{20.4 kDa) and gpA (73.3  the assembly of the terminase subunits onto DNA and the
kDa), in a gpA-gpNul holoenzyme complex that forms, stability of the resulting nucleoprotein packaging complexes
at least in part, a molecular “machine” whose role is to excise (6, 7). ATP also affects the nuclease activity of the enzyme,
a single genome from the concatemer and insert it into the increasing the rate of the reaction and ensuring that the

duplex is nicked appropriately to form the 12 base single-
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Ficure 1: Model for DNA packaging by phage terminase.
~ 5 uM) site in gpA and a low-affinity Km ~ 470 uM in densitometric analysis using a Molecular Dynamics laser

the presence of DNA) site in the smaller gpNul subunit of densitometer and the ImageQuant data analysis package.
the holoenzymel(3—15). These studies have also demon- Unless otherwise indicated, the concentration of catalytically
strated that GTP and dGTP stimulate the ATPase activity active terminase (holoenzyme and reconstituted enzyme) was
of the enzyme13), and terminase-mediated GTP hydrolysis determined by active-site titration experiments as described
has been demonstratet]. previously 6). The coscontaining plasmid pAFP1, kindly
Here, we present a kinetic analysis of the GTPase activity provided by M. Feiss (University of lowa, lowa City, 1A),
of phagel terminase in order to clarify the role of this was purified from theE. coli strain JM107[pAFP1] using
catalytic activity in the packaging of viral DNA. Surprisingly, Qiagen DNA prep columns. Threwscontaining 266 DNA
our data demonstrate that the catalytic requirements for ATPduplex and the 21&, duplex of random sequence were
and GTP hydrolysis by the enzyme are distinctly different. prepared starting with pAFP1 as described previous$).
Moreover, unlike ATP hydrolysis where two catalytic sites — actiity Assays The standardTPasereaction mixtures
are observed, a kinetic analysis of GTP hydrolysis reveals a(10 1) contained 20 mM Tris-HCI buffer (pH 9.0), 10 mM
single caEaIytlc S'tf?' Flnally, our data strong!y suggest that MgCl,, 2 mM spermidine, 7 mN\B-ME, 2.54M [a-3P]GTP,
the two “NTPase” catalytic sites communicate, and wWe gc4-linearized pAFP1 (25 nM duplex, 72M base pairs),
suggest that this interaction is important in the assembly a”dand, unless otherwise indicated, 100 AMerminase. The
function of the terminase DNA packaging machine. reaction was initiated with the addition of enzyme and
EXPERIMENTAL PROCEDURES alloweq to proceeq at 3TC. Aliquots (2;'4L) were removed .
at the indicated times, and the reaction was stopped with
Materials Radiolabeled nucleotides were purchased from the addition of an equal volume of 100 mM EDTA. The
Amersham-Pharmacia. Unlabeled nucleotides were pur- quenched reaction mixture (A) was spotted on a silica
chased from Boehringer Mannheim Biochemicals. Restriction gel TLC plate which was developed twice with buffer A
endonucleases were purchased from Life Technologies. All (125 mL of 2-propanol, 60 mL of NiDH, 15 mL of water).
divalent metals were purchased from Mallinckrodt as dichlo- GDP formation was quantitated using a Molecular Dynamics
ride salts. Spermidine and ampicillin were purchased from Phosphorimaging system and the ImageQuant software
Sigma Chemical Co. Silica TLC plates were purchased from package. Thé\TPaseactivity assays (1@L) contained 20
J. T. Baker. All other materials were of the highest quality mM Tris-HCI buffer (pH 9.0), 10 mM MgGl 2 mM
commercially available. spermidine, 7 mMB-ME, 100 nM terminase, and, unless
Bacterial Strains, DNA Preparation, and Protein Purifica- otherwise indicated, 1 mMa[-*2P]ATP. The reaction was
tion. Purification of terminase holoenzyme and the isolated initiated with the addition of enzyme, and the reaction was
gpA and gpNul subunits was performed as previously allowed to proceed at 37C. Aliquots (2uL) were removed
described}, 17). E. coliintegration host factor was purified at the indicated times, and the reaction was stopped with
from the overexpressing strain HN880 (generously provided the addition of an equal volume of 100 mM EDTA.
by H. Nash, National Institutes of Health, Bethesda, MD) Quantitation of ADP formation was performed as described
by the method of Nash et alL§). All of our purified proteins above in the GTP assay. Thes-cleaage assay (25:L)
were homogeneous as determined by SPBGE and contained 20 mM Tris-HCI buffer (pH 8), 10 mM Mg& 2
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mM spermidine, 7 mM3-ME, 1 mM ATP, and 200 nM
terminase. Unless otherwise indicated, the DNA substrate
was Scd-linearized pAFP1, a 2897 bmgoscontaining
plasmid @0), that was included at a concentration of 50 nM
(duplex) with an equal molar concentration of IHF. The
reaction was initiated with the addition of enzyme, and the
reaction was allowed to proceed at 32Z. Aliquots (3ulL)

were removed at the indicated times, and the reaction was

stopped with the addition of an equal volume of 100 mM
EDTA. The DNA was fractionated by a 0.6% agarose gel,
and the ethidium bromide-stained products were analyzed
by video densitometry as previously describBf The raw
data were quantitated using the Molecular Dynamics Image-
Quant software packag®,(11).

Kinetic Analysis.The kinetic constants for steady-state
GTP hydrolysis (Figure 3) were determined by nonlinear
regression analysis of the data based on the equation:

_ kealGTP] )
" K+ [GTP]
wherekops is the rate of GDP formation (min) at a given
concentration of GTP. The rate of GDP formation (nM/min)
was determined from a full reaction time course, and only
those data within the linear portion of the reaction curve were
used. This rate was converted kg, by dividing by the
concentration of enzyme used in the assay. Regressio

analysis was performed using the Igor data analysis program

(Wave Metrics, Lake Oswego, OR).

Analysis of GTP-mediated stimulation of ATP hydrolysis
(Figure 4) was determined using the equation:

Kmad GTP]

Kp,appt [GTP] @

kobs= ko +

wherek, is the rate of ATP hydrolysis in the absence of
GTP, kopsis the rate of ATP hydrolysis at a given concentra-
tion of GTP, knax is the rate of ATP hydrolysis at infinite
GTP concentration, andpapp iS the apparent binding
constant for GTP. Nonlinear regression analysis was per-
formed using the Igor data analysis program.

RESULTS

Optimization of the GTPase Reaction Conditio® have
previously examined the ATPase activity/oferminase and
optimized this reaction with respect to buffer pH, salt
concentration, and the requirement for divalent met8).(
We present here similar studies on the GTPase activity of
the enzyme. GTP hydrolysis by the enzyme is optimal at
alkaline pH (not shown) with a pHrate profile similar to
that observed for ATP hydrolysisl) and coscleavage
activities 6). Consistent with the ATPasé&3 16), nuclease
(5, 21), and strand-separatiofhid, 16) catalytic activities of
the enzyme, divalent metal is strictly required for GTP
hydrolysis (Table 1); however, differences in the metal
requirement for terminase-mediated ATP and GTP hydrolysis
are notable as follows. (i) Maximal GTPase activity is
observed at a Mg concentration of 5 mM (not shown),
significantly greater than that observed for terminase-

Woods and Catalano

Table 1: Divalent Metal Requirement for GTP Hydrolysis

n

divalent relative divalent relative
metal GTPase act. metal GTPase act.
none ND* Ba&+ 44+05
Mg?*+ 100 Cd* 2401
Mn2+ 72+ 11 Ca* 24+0.2
Ca* 18+5 Cuw* 24+05
Szt 4+1 Zét 1+0.1

aThe GTPase activity assay was conducted as described under
Experimental Procedures except that the terminase concentration was
increased to 400 nM. Each divalent metal (as the chloride salt) was
added to a final concentration of 5 mM. 100% relative activity
represents 1.#M GDP formed in 30 min. Each value represents the
average of two individual experiments with errors indicating the
variation between the experiments. ND, not detectabléo. We note
that neither Z&" nor C#" supports GTPase (above), ATPad8)(
nuclease §), or strand-separatiorl®) activities of the enzyme. This
may reflect denaturation of the protein by these metals rather than an
inherent inability to support catalysis.

mediated ATP hydrolysis (1.5 mM)18).2 (i) While
significant ATPase activity is observed at Mgconcentra-
tions up to 25 mM 13), inhibition of GTP hydrolysis occurs

at elevated concentrations of Ktg (not shown). (iii)
Significant GTP hydrolysis is observed only in the presence
of Mg?t, Mn?*, and C&", with minimal activity observed
with any of the other metals tested (Table 1). This metal
selectivity closely resembles that observed for the nuclease
activity of the enzymeX), but surprisingly differs from the
promiscuous nature of the metal-dependent ATPase activity
(13). Differences between the two NTPase activities are also
observed in the salt effects on the reaction. While salt
stimulates terminase-mediated ATP hydrolysis [maximal
stimulation at 200 mM NaCl1(3)], the GTPase activity of
the enzyme is strongly inhibited by salt and is negligible at
200 mM NacCl (not shown).

GTPase Actiity Is DNA-DependentWe (13, 14) and
others (L6) have demonstrated that the ATPase activity of
phagel terminase is stimulated by DNA. Figure 2 demon-
strates that the GTPase activity of the enzyme is strictly
dependenbn DNA, and no detectable GDP formation is
observed in its absence. The stoichiometric binding data
presented in Figure 2 suggest that2l nM duplex DNA
maximally stimulates GTP hydrolysis by the enzyme, and
analysis of the data yields an equivalence pointaf2 +
0.1 nM duplex. This is significantly lower than the enzyme
concentration (100 nM), suggesting that (i) each duplex can
bind multiple terminase enzymes and that (ii) an intaos
site is not required to promote GTP hydrolysis. This is
supported by the observation that nonspecific DNA is as
effective ascoscontaining DNA in supporting GTPase
activity (not shown).

2 We note that while the concentration of GTP is 400-figlsisthan
that of ATP (2.54M vs 1 mM), higher concentrations of Mg are
required for optimal GTPase activity. Thus, the different metal
concentrations required for optimal activity cannot be ascribed to the
formation of a M@ -nucleotide chelate required for catalysis. Moreover,
metal chelation by DNA included in the GTPase assay (but not in the
ATPase assay) might be expected to decrease the concentration of free
Mg?*; however, if one assumes that each nucleotide in the duplex
chelates one divalent metal (it is undoubtedly less than this), a 2987
bp duplex (pAFP1) at a concentration of 25 nM would cheka#
uM metal. This is insufficient to account for the observed 3.5 mM
difference in optimal activity between the two reactions.
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250 Table 2: Nucleotide Effects on GTP Hydrolysis
[0-32P]GTP nucleotide added relative GTPase activity
200 T 3 $ 2.5uM none 100*
T 2.5uM GDP 105+ 3
> : 2.5uM PO 98+ 2
2 150 - | 2.5uM ADP 46+1
Q
g | 2.5uM UTP 110+ 11
8 | 2.5uM CTP 125+ 8
£ 1007 | 2.5uM ATP 4741
: 2.5uM dTTP 1144 7
50 | 2.5uM dcTP 139+ 11
l 2.5uM dGTP 110+ 15
\ 2.5uM dATP 47+ 6
0 I : : | | 1mM none 100*
I gy etk 3o
° ! 2 oNap Ny ° ° 1mM ADP 60+ 4
1mMm GDP 103+ 3

FiGURE 2: GTPase activity is DNA-dependent. The GTPase assay — — -
was performed as described under Experimental Procedures, except * 1he GTPase activity assay was conducted as described under
that the indicated concentration of DNScd-linearized pAFP1) Experimental Procedures using the indicated concentratian 8PJGTP

was included. GTPase activity refers to the amount of GDP (nM) and in the presence of 1M cold nucleotide as indicated. Each value
formed in 20 min. Each data point represents the average of two represents the average of two experiments with errors indicating the
experiments with errors indicating the variation between the varation between the experiments.

experiments. The dashed line indicates the equivalence point.

cold nucleotide at 1@M. Under these experimental condi-

We have previously demonstrated that terminase binds totions, it is unlikely that AXP would compete for GTP binding
DNA in the nanomolar concentration rangkd( 22). As- as itis present at a 100-fold lower concentration. Again, GDP

suming that the enzyme is fully active and that DNA binds has little effect on GTP hydrolysis and, remarkably, all of
to a single site on the enzyme, these data may be used tdhe adenosine nucleotides continue to inhibit GTP hydrolysis
estimate the size of the DNA duplex required to promote (Table 2). Given the disparate concentrations of nucleotides

GTP hydrolysis: used, these data suggest that the two purine nucleotides bind
to discrete sites on the enzyme. Moreover, thatVDAXP
L (1.2 nM duplex)(2897 bp/duplex) is sufficient to significantly inhibit the reaction suggests that
site size= 100 nM enzyme ~ interactions with the high-affinity ATP-binding site found

35 bp/binding site N the gpA subunit i, = 5 uM) are responsible for the
observed inhibition of GTPase activity.

We note that this binding site size is comparable to the Kinetic Analysis of GTP Hydrolysi$Ve have previously
gpNul DNA recognition elements, or R-elements (16 bp) characterized the steady-state ATPase activitytefminase
(29). and have identified two catalytic sites in the enzyme: a high-

GTP Hydrolysis by the Isolated Terminase Subunis affinity (K, = 5 uM) site in gpA, and a low-affinity K., =
have previously demonstrated that the isolated gpNul subunit470 M) site in the gpNul subunit of the enzym&3( 14).
possesses little, if any, ATPase activity and that full A steady-state kinetic analysis of terminase-mediated GTP
expression of catalytic activity requires interactions with gpA hydrolysis is presented in Figure 3 and, unlike the ATPase
(15). Similar results were observed for the GTPase activity activity of the enzyme, no evidence for multiple GTPase
of the enzyme (not shown). We note, however, that GTP catalytic sites is obtained. These data are well-described by
hydrolysis by gpNul under these experimental conditions a single hyperbolic curve function yieldig, andK, values
is slightly greater than that observed for ATP hydrolysis by of 37 + 2 min~! and 500+ 125 uM, respectively.
this subunit. Moreover, GTP hydrolysis by each subunit, as  Effect of Guanosine Nucleotides on cos-GChage Actbity.
well as the reconstituted enzyme, is strictly dependent on It has previously been demonstrated that ATP stimulates the
the presence of DNA (not shown). nuclease qoscleavage) activity ofl terminase §, 10, 24)

Effect of Nucleotides on GTPase Adtfj. Table 2 shows and that GTP modestly affects the reacti@i)( We have
the effects of other nucleotides on the GTPase activity of confirmed these results and have further demonstrated that
terminase. Initial experiments utilized 2.8/ radiolabeled ADP and GDP also stimulate theoscleavage reaction
GTP substrate while cold nucleotides were included at 10 (Table 3). Interestingly, the observed stimulation by nucleo-
uM. Under these conditions, the products of the GTP side diphosphates is additive.
hydrolysis reaction (GDP and RO) do not significantly Effect of Guanosine Nucleotides on ATPase Atgti We
affect GTPase activity, even though they are present at 4-foldhave previously demonstrated that GTP and dGTP stimulate
excess over the radiolabeled substrate. Surprisingly, while ATP hydrolysis byl terminase 13), and Table 4 shows that
guanosine nucleotides significantly stimulate the ATPase GDP is equally effective. Importantly, a concentration of 2.5
activity of the enzyme (see Table 4)3), all of the adenosine  mM GXP significantly stimulates the hydrolysis of ATP
nucleotides (AXP) strongly inhibit terminase-mediated GTP present at a concentration of 28/, again suggesting that
hydrolysis (Table 2). To explore this further, we repeated the two nucleotides are interacting at discrete sites on the
the experiment using significantly greater concentrations of enzyme. Figure 4 shows the effect of GTP concentration on
radiolabeled GTP (1 mM), but keeping the concentration of the observed rate of ATP hydrolysis by the enzyme, and
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FIGURE 3: Kinetic analysis of terminase GTPase activity. The Figure4: GTP stimulates ATPase activity. The ATPase assay was
GTPase assay was performed as described under Experimentagonducted as described under Experimental Procedures except that
Procedures except that the concentrationwfFP]GTP was as  the indicated concentration of GTP was added to the reaction
indicated in the figure. Each data point represents the average ofmixture. Each data point represents the average of three separate
two separate experiments, and the solid line represents the best fiexperiments, and error bars indicate one standard error about the
of the data to a single hyperbolic curve function as described. mean. The solid line represents the best fit of the data to a

Inset: GDP formation in the presence af)(5 uM GTP, @) 10 hyperbolic curve function as described under Experimental Proce-
uM GTP, and f) 25uM GTP. Similar time courses were obtained  dures.

in experiments where the reaction was initiated with the addition

of Mg?* (not shown). endonuclease, strand-separation, and ATPase catalytic activi-
ties that work in concert to effect virus assembly-Q).
Table 3: Nucleotide Effects on TerminasesCleavage Activity These activities have been examined in several laboratories
nucleotide nucleotide (5, 11-14, 16, 21, 25), and we have previously performed

added rel nuclease act.  added rel nuclease act. kinetic analyses of each of these reactidssl(—14). With
none 100* GDP 12% 1 respect to the ATPase activity of the enzyme, the data from
ATP 139+ 3 ATP+ GTP 144+ 1 our studies were consistent with a simple two binding site
ADP 1254+ 1 ADP + GDP 160+ 4

model describing independent, noninteracting ATPase cata-
GTP 111+3 : lytic sites (L3). More complex models involving allosteric
2 Thecoscleavage assay was conducted as described under Experi-regulation and interaction between the two catalytic sites

mental Procedures except that the indicated nucleotides were added ; . ;
a concentration of 1 mM. 100* relative activity represents 21 nM DNA Fvere considered, but our original data did not allow us to

products formed at 40 min. Each value represents the average of twokmetic_ally dis_ting'JiSh them from the simple model. Mu_ta'_
experiments with errors indicating the variation between the experiments. g€nesis studies have confirmed that both of the subunits in

the holoenzyme hydrolyze ATP with high-affinitiK, = 5
uM) and low-affinity (Km = 470uM) catalytic sites located
in the gpA and gpNul subunits, respectively), We have
previously shown that GTP stimulates ATP hydrolysis by

Table 4: Guanosine Nucleotides Stimulate ATPase Acfivity

relative ATPase activity  relative ATP hydrolysis

it 32 32

additions (254M [o-TPIATP) (1 mM [o-PIATP) the enzyme13), and a terminase GTPase activity has been
none 100 100 demonstrated1@). In the work presented here, we have
GTP 139+ 2 148+ 15 h od this GTP - dh d th
GDP 1424 2 1524 12 characterized this ase activity and have compared the
dGTP - 140* reaction parameters to those observed for ATP hydrolysis
DNA 257+ 4 470+ 7 by the enzyme.

aThe ATPase activity assay was conducted as described under Given the obvious similarities in ATP and GTP hydrolysis

Experimental Procedures using the indicated concentrations®8®JATP reactions, we anticipated that the ATPase and GTPase

substrate. Guanosine nucleotides (cold) were added at a concentratioyctivities ofA terminase would be quite similar. While some

of 25 mM, and DNA was added at a concentration of 25 nM as 5556015 are indeed similar, important differences between the
indicated in the table. Each value represents the average of two . . . -

experiments with errors indicating the variation between the experi- two rt_eactlons were |mmed|ately_apparent. F"’S?v although both
ments. (*) Cold dGTP was included at 5 mM (data taken froml@}f reactions show a strict requirement for divalent metal,
GTPase activity is supported by a much more limited range

analysis of the data yields an apparent binding constant ofOf metals th.a.n Is ATP hydrolygs:LS)_. Second, while the
136 + 16 uM for GTP. We note that this experiment was é]l__iaf]e dargtllvgi)é c:; tg;;??é“i%gﬂg#l?;zd %;’:ﬁx’of
performed in the absence of DNA, conditions where GTP polynu?:lleotizie Third V\)//hile? salt stimulat«fs terminase-
hydrolysisdoes not occur (see Figure 2). mediated ATP hydrolysis, GTPase activity is strongly
DISCUSSION inhibited by both sodium chloride and potassium glutamate.
This is easily understood, however, as salt inhibits DNA
The terminase enzyme from bacteriophageresponsible binding by the enzymel@) which likely indirectly inhibits
for the packaging of viral DNA into the confined space the DNA-dependent GTPase activity. Finally, unlike ATP
within the viral capsid. The enzyme possesses site-specifichydrolysis which occurs at both subunits of the holoenzyme
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A. GTPase Activit

Fast
GTP DNA GDP AXP
(Kp,app™ 136 uM) DNA (Km= 5 uM)

Km= 530 uM

B. ATPase Activity

ATP ADP ATP ADP

Km=5uM

¥V x.=a470uM
Ficure 5: Model for interacting NTPase catalytic sites in phagerminase.

(13, 14), a single catalytic site is observed in the steady- suggest that ATP hydrolysis at the high-affinity gpA catalytic
state kinetic analysis of GTPase activity, suggesting that GTPsite is stimulated by GXP binding to the low-affinity site in
hydrolysis occurs in only one of the enzyme subuits. gpNul. Finally, we note that while GTPase activity is strictly
Further differences between the two catalytic activities DNA-dependent, GXP-mediated stimulation of ATP hy-
surfaced when we examined the effect of each nucleotide drolysis does not require DNA. This suggests that while DNA
on the hydrolysis of the other. Strikingly, while guanosine is required for GTPhydrolysis it is not required for GTP
nucleotides stimulate terminase-mediated ATP hydrolysis, binding* The apparen, (136 uM) for GTP-mediated
adenosine nucleotideishibit the GTPase activity of the  stimulation of ATPase activity may thus reflect GTP binding
enzyme. The data presented here strongly suggest that thes® the enzyme in the absence of catalytic turnover, yielding
interactions result from the two nucleotides binding to an estimate of the equilibrium constant for the formation of
discrete, but interacting sites in the holoenzyme complex. the binary terminas&TP complex. That the apparekp
First, 10uM AXP is sufficient to significantly inhibit the  for substrate (GTP) binding to the enzyme is lower than the
hydrolysis of GTP present at a concentration ofl¥. Given K for catalytic turnover is common in enzyme-catalyzed
that AXP is present at 100-fold lower concentrations, it is reactions 26, 27).
unlikely that this inhibition results from direct competition Based on data available in the literature and those
for a single NTP binding site. Rather, the data suggest thatpresented here, we propose the following model for com-
AXP interactions with a high-affinity binding site negatively munication between the NTPase catalytic sites in terminase
regulate GTP hydrolysis at a discrete GTPase catalytic site.holoenzyme (Figure 5). The gpA subunit of the enzyme
Second, guanosine nucleotides present atfvbstimulate contains a high-affinity K, = 5 uM) ATPase catalytic site
the hydrolysis of ATP present at a concentration of.25 while the gpNu1 subunit contains a low-affiniti,f ~ 500
These data suggest that ATP hydrolysis occurs at a high-,M) NTPase catalytic site capable of binding and hydrolyz-
affinity ATPase catalytic site, and that the activity of this ing either nucleotide. Thus, ATP binds to both enzyme
site is positively regulated by GXP binding to a separate subunits while GTP interacts only with gpNul. DNA
site in the holoenzyme complex. As before, it is unlikely modulates the NTPase activity of gpNul, stimulating ATP
that the two nucleotides interact at a single binding site as hydrolysis and critical to GTP hydrolysis. In the absence of
GTP is present at 100-fold excess concentration. DNA, GTP binds to the enzyme but is not hydrolyzed (panel
The concentration of ATP used in the above experiments A, Figure 5). In the presence of DNA, GTP turnover is
(10—25uM) suggests that AXP binding to the high-affinity observed. Binding of adenosine nucleotides to the gpA
ATPase catalytic site in gpAKm ate & 5 uM) negatively subunit negatively regulates the GTPase catalytic site in
regulates GTP hydrolysis at a separate site, presumably agpNul, resulting in a decrease in the observed steady-state
low-affinity NTPase catalytic site located in gpNW{atp rate of GTP hydrolysis (panel A, Figure 5).
~ 470 uM, K ctp~ 500 uM). Moreover, the data further

4 An alternate possibility is that a single catalytic turnover occurs

3 Our data do not rigorously exclude the possibility that both subunits on the enzyme, but that GDP release is extremely slow. In this model,
of the enzyme possess GTPase catalytic sites but have ideftisal DNA would stimulate GDP release from the enzyme, resulting in
for GTP. observable steady-state turnover.



14630 Biochemistry, Vol. 38, No. 44, 1999

Woods and Catalano

ATP binding and hydrolysis occur at both enzyme ACKNOWLEDGMENT

subunits. GTP interacts with gpNul only and competes for
ATP binding at that subunit (panel B, Figure 5). While it is
expected that this would result inhibition of ATP hydroly-

sis by the enzyme, binding of guanosine nucleotides to
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gpNul positively regulates the ATPase activity of the gpA REFERENCES

subunit, resulting in amcreasein the observed steady-state
rate of ATP hydrolysis. This model predicts that adenosine
and guanosine nucleotides can simultaneously bind to gpA
and gpNul, respectively, in the holoenzyme complex. Within
this context, we note that ADP and GDP both stimulate the
coscleavage reaction and that additive stimulation is ob-
served. These data are consistent with the prediction that
the dinucleotides can simultaneously bind to the enzyme,
presumably at the separate binding sites in gpA and gpNu1l,
and suggest that NDP bound to each subunit independently
stimulate nuclease activify.

ATP plays multiple roles in phage terminase-mediated
DNA packaging and virus assembly (Figure 1). The enzyme
further possesses a DNA-dependent GTPase activity that
plays an uncertain role in DNA packaging. While adenosine
and guanosine nucleotides are equally effective in stimulating
the coscleavage reaction, the effect of GXP on the fidelity
of the reaction remains unknown. Earlier studies suggested

that GTP supports the terminase-mediated strand-separation13,

activity (16); however, work performed in our laboratory
does not support this conclusiof?j, and it is uncertain
whether GXP performs this role in vivo. Finally, recent work

has suggested that GTP does support, to some extent, thel5.

DNA translocase activity of the enzym@€).
While the physiologic role of GTP in terminase-mediated

virus assembly remains vague, the data presented here clearly; ;.

demonstrate that the NTPase catalytic sites in the two enzyme
subunits interact. Work in our laboratory has demonstrated
negative hysteresis in the ATPase activityloferminase,
and we have suggested that the ATP hydrolysis cycle in
gpNul regulates the ATPase activity of the gpA subunit (L.
Woods and C. E. Catalano, in preparation). These data
provide further support for a model describing communica-
tion between the two ATPase catalytic sites in the terminase
holoenzyme complex. We suggest that this communication
is important in regulating the assembly and relative stability
of the nucleoprotein packaging complexes (Figure 1), and
coordinating the transitions between the multiple intermedi-
ates required for the assembly of an infectious virus.

5 An alternate possibility is that both nucleotides bind at shene
site on the enzyme and that the appatentfor NDP binding to this
site is relatively high. In this model, an increase in the “NDP”
concentration results in increased occupation of the single NDP binding
site on the enzyme and increased stimulation of nuclease activity. Given
that each of the dinucleotides was included at a concentration of 1
mM, this model requires that the appareig for NDP be >5 mM.
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