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ABSTRACT. Terminase is an enzyme from bacteriophageat is required for insertion of the viral genome

into an empty pro-capsid. This enzyme is composed of the viral proteins gpNul (20.4 kDa) and gpA
(73.3 kDa) in a holoenzyme complex. Current models for terminase assembly onto DNA suggest that
gpNul binds to three repeating elements within a region ofitgenome known asosBwhich, in turn,
stimulates the assembly of a gpA dimer at tiesNsubsite. This prenicking complex is the first of several
stable nucleoprotein intermediates required for DNA packaging. We have noted a hydrophobic region
within the primary amino acid sequence of the terminase gpNul subunit and hypothesized that this region
constitutes a proteinprotein interaction domain required for cooperative assembtoaBand that is

also responsible for the observed aggregation behavior of the isolated protein. We therefore constructed
a mutant of gpNul in which this hydrophobic “domain” has been deleted in order to test these hypotheses.
The deletion mutant protein, gpNAK, is fully soluble and, unlike full-length protein, shows no tendency
toward aggregation; However, the protein is a dimer under all experimental conditions examined as
determined by gel permeation and sedimentation equilibrium analysis. The truncated protein is folded
with evidence of secondary and tertiary structural elements by circular dichroism and NMR spectroscopy.
While physical and biological assays demonstrate that gpl¥udoes not interact with the terminase

gpA subunit, the deletion mutant binds with specificityctmscontaining DNA. We have thus constructed

a deletion mutant of the phadderminase gpNul subunit which constitutes a highly soluble DNA binding
domain of the protein. We further propose that the hydrophobic amino acids found between Lys100 and
Prol141 define a self-association domain that is required for the assembly of stable nucleoprotein packaging
complexes and that the C-terminal tail of the protein defines a distinct gpA-binding site that is responsible
for terminase holoenzyme formation.

Bacteriophagel consists of a linear, 48.5 kidouble- complementary 12 base single-stranded “sticky” ends form-
stranded DNA genome tightly packaged within the viral ing a complex sequence known as tioaesive endite (co9
capsid and a complex structure known as the tail whose of the viral genome X, 4). During the latter stages of
function is to “inject” the genome into aBscherichia coli infection, the circular genome is replicated by a rolling-circle
(E. coli) cell to initiate the infectious proces&-3). Once mechanism that yields linear concatemers of the viral
inside the bacterial cell, the genome circularizes through genome, the preferred packaging substrate-6j. The

terminase enzyme, a major component of the multiprotein

T This work was supported by National Institutes of Health Grant ma.Chme _respon5|ble for DNA packaging in pha_@e .
GM50328-02. T.B. was supported by a National Institutes of Health E€XCIS€S & single genome from the concatemer and inserts it
Fellowship No. CA74466-02. into an empty pro-capsid{-9). Similar packaging machines

* Address correspondence to this author. are also required for virus assembly in all of the tailed,
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5§ Department of Pharmacology, School of Medicine. double-stranded DNA bacteriophages0( 1) and the

'Molecular Biology Program, School of Medicine. eukaryotic herpes virus groups?).

1 Abbreviations used: 1D NMR, one-dimensional nuclear magnetic Packaging oft DNA initiates with the assembly of the
resonance; 2D NMR, two-dimensional nuclear magnetic resonance;

B-ME, 2-mercaptoethanatos cohesive end site, the junction between  terminase subunits, gpA (73.3 kDa) and gpNul (20.4 kDa),
individual genomes in immature concatemeribNA; DIPSI, decou- onto thecosNandcosBsubsites otos respectively, forming
pling in the presence of scalar interactions; FID, free induction decay; g stable prenicking complex (Figure 13). gpA-mediated

gpA, the large subunit of phageterminase; gpA-H6, a gpA subunit L e
containing a hexa-histidine purification tag at the C-terminus of the nicking of the duplex withincosN (14, 15) followed by

protein; gpNul, the small subunit of phageerminase; gpNuAK, a terminase-mediated strand separatib6+18) yields com-
deletion mutant of gpNul lacking the C-terminal 81 amino acids; IHF, plex |, a stable packaging intermediate originally isolated

E. coli integration host factor; kb, kilobase; kDa, kilodalton; NMR, i ; ;
nuclear magnetic resonance; NOE, nuclear Overhauser effect; PAGE,from phage-infected cellslg, 19, 20). This nucleoprotein

polyacrylamide gel electrophoresis; the TER reaction, the endonucleaseCOMplex next binds to the portal vertex, a specialized vertex
activity of the terminase enzyme. in an empty viral pro-capsid, and this triggers an ATP-
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Ficure 1: Model for Terminase Assembly abs The cosregion of thed genome is shown at top. The three subsitesQ cosN and
cosBare indicated, as are the three gpNul binding elements-B) and the IHF binding element found withaosB The terminase
subunits and IHF assemble @isforming a prenicking complex which, in the presence of?Vqicks the duplex ultimately yielding the
stable packaging intermediate complex I. Complex | binds an empty pro-capsid which initiates an ATP-dependent insertion of viral DNA

into the capsid. We note that the stoichiometry of the terminase subunits assemtmedeatains speculative. Details are presented in the
text.

dependent translocation of the terminase subunits across thenediates. Nevertheless, proteiprotein and protein DNA
duplex and packaging of DNA within the capsid (Figure 1) interaction “domains” have been deduced from elegant
(9, 21, 22). Though no direct evidence exists, it is likely genetic studies by Feiss and co-workers as follows: (1) The
that a combination of the portal vertex proteins and the DNA- C-terminal end of the gpA subunit is responsible for capsid
bound terminase subunits constitute the packaging apparatushinding @4, 25) while the N-terminus is responsible for
Upon encountering the next downstreaosin the concate- interactions with the smaller gpNul subunit of the enzyme
mer, terminase again symmetrically nicks the duplecoaiN (26, 27). (2) A N-terminal domain of gpNul is required for
and strand separation simultaneously releases the DNA-filledspecific DNA binding 27), and a putative helix-turn-helix
capsid and regenerates complef6, 8, 9). The addition of DNA binding motif has been identified by primary sequence
a tail to the DNA-filled capsid yields a fully infectious virus, analysis 28; A. Becker, cited in ref8). This domain also
while the regenerated compléxagain captures an empty contains an ATPase catalytic si29(30). (3) The C-terminal
pro-capsid to initiate a second round of genome packaging~90 amino acids of gpNul are responsible for interactions
(23). with the larger gpA subunit(y).

While the process of DNA packaging Byterminase is We (31) and others32) have constructed vectors for the
reasonably well-characterized, the nature of the nucleoproteinexpression of the individual terminase subunit&ircoliin
intermediates involved in the packaging process are ill- order to examine their biochemical and biophysical proper-
defined. Terminase assembly models presume that gpNulties. Expression of the smaller gpNul subunit of the enzyme

binds to the individual R-elements found withiosB and invariably resulted in the formation of insoluble aggregates
that gpNul assembly atosB is required for efficient of the protein, however3@—35). We noted a hydrophobic
assembly of a gpA dimer atsNand duplex nicking§, 9, stretch of amino acids within the primary sequence of the

19) (Figure 1). These models are based on indirect evidenceprotein and postulated that this region might define a gpNul
and speculation, however, and there are no data availableself-association domain responsible for the observed ag-
on the protein composition of any of the packaging inter- gregation behavior of the protein. We further presumed that
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this region might mediate proteirprotein interactions  Denver, CO). All synthetic oligonucleotides used in this study
required for the assembly of a stable gpNul nucleoprotein were purchased from Gibco/BRL and were used without
complex attosB In order to examine these possibilities and further purification. Plasmids pSF1 and pAFP1, kindly
to define functional domains within the gpNul polypeptide, provided by M. Feiss (University of lowa, lowa City, IA),
we have constructed a deletion mutant of gpNul (amino acidswere purified from theE. coli cell lines C600[pSF1] and
1-100) which lacks the hydrophobic region of the protein. JM107[pAFP1], respectively, using Qiagen DNA prep
The construction, expression, and purification of this mutant columns. Antiterminase antibodies were also a generous gift
protein and the characterization of its structural and functional of Dr. Feiss, and Western blot analysis was performed using

features are presented here. the ECL nonradioactive method according to the manufac-
turer's protocol (Amersham). Construction of a plasmid
EXPERIMENTAL PROCEDURES which expresses the terminase gpA subunit containing a

i C-terminal hexa-histidine sequence (gpA-H6) and purifica-
Materials and MethodsTryptone, yeast extract, and agar o of this protein to homogeneity were performed by
were purchased from DIFCO. Restriction enzymes were \yoods and Catalano (in preparation). Purification of gpA
purchased from Promega. Mono-Q HRS/5 FPLC columns, 44 fy1-length gpNu1 was performed as previously described
DEAE-sepharose FF, and SP-sepharose FF chromatography35)_ All of our purified proteins were homogeneous as

resins were purchased from Pharmac’P-ATP was  getermined by SDSPAGE and densitometric analysis using
purchased from ICN. Unlabeled nucleoside triphosphates 5 1 olecular dynamics (MD) laser densitometer and the

were purchased from Boehringer Mannhe?m Biochemicals. ImageQuant data analysis package. Unless otherwise indi-
Ni-NTA agarose was purchased from Qiagen. The ECL caieq protein concentrations were determined spectrally
Western blotting kit was purchased from Amersham. Protein using millimolar extinction coefficients2Q, 35).

molecular weight standards for gel permeation chromatog- Construction of the gpNul Deletion Mutant@expres-

raphy were purchased from Pharmacia. All other materials gjon plasmidA truncatedNulgene was amplified by PCR
were of the highest quality commercially available. using pSF1 as a DNA template. This plasmid contains the
Bacterial cultures were grown in shaker flasks utilizing a Wi|d-type Nulgene cloned into a pBR322 backgrouﬂa)(
New Brunswick Scientific series 25 incubateshaker. All Primers were designed such thadoR| andBanH| restric-
protein purifications utilized a Pharmacia FPLC system tion sequences were present at thexdd 3 ends, respec-
which consisted of two P500 pumps, a GP250-plus controller, tively, of the PCR product. The primer sequences were as
a V7 injector, and a Uvicord SlI variable wavelength follows: forward primef-CCT CTC CCT TTC TCGGAA
detector. U\-vis absorbance spectra were recorded on a TTC ATG GAA GTC AAC AAA AAG C-3: reverse
Hewlett-Packard HP8452A spectrophotometer. Fluorescenceprimer5-CTT CCT GGA TCCTTA CTT CAG TTC CTG
spectra were recorded at room temperature on a ShimadzurGC GTC#'. The EcoRl andBanHI restriction sequences
RF-1501 spectrofluorophotometer. A protein concentration are indicated in italics while the -MET (forward primer)
of 10ug/mL in 10 mM potassium phosphate buffer, pH 7.4, and stop (reverse primer) codons are shown in bold type.
was used, and a buffer blank was subtracted from the Sequences Comp]ementary to mglgene are underlined.
fluorescence spectrum. Circular dichroism (CD) spectra were The stop codon present in the reverse PCR primer yields,
recorded on an Aviv model 62DS circular dichroism spec- ypon amplification, a truncated gpNul gene which expresses
tropolarimeter equipped with a Brinkmann Lauda RM6 only the first 100 amino acids of the protein. Amplification
circulating water bath and a thermostated cell holder. Near- of the truncated gene, isolation of the PCR product, and
UV CD spectra utilized a protein concentration of 1.1 mg/ construction of the overexpression plasmid (pMi) was
mL in a 1 cm strain-free cuvette. Data were collected performed as described previously for the full-length protein
between 250 and 350 nm at 0.5 nm intervals using a (35). Colonies from BL21(DE3) cells transfected with this
bandwidth of 1.0 nm and a dwell time of 5 s. Far-UV CD  plasmid efficiently expressed the C-terminal deleted gpNul
spectra utilized a protein concentration of i@mL ina 1 mutant protein, gpNuAK, as determined from whole cell
mm strain-free cuvette. Data were collected from 180 to 250 |ysates analyzed by SDSAGE.
nm at 0.5 nm intervals Using a bandwidth of 1.5 nm and a Expression and Purification of gpNA:K Four liters of
dwell time of 5 s. MOLDI-TOF mass spectral analysis was 2X-YT media containing 5Qug/mL ampicillin, 25 mM
performed at the University of Colorado Health Sciences potassium phosphate, pH 7.5, and 5 mM glucose was
Center Macromolecular Resources Center. Prediction ofjnoculated with a 40 mL overnight culture of BL21(DE3)-
protein secondary structures and hydrophobicity based uponpNu1AK] derived from an isolated colony. The culture was
primary sequence data was performed by the methods ofmaintained at 37C until an OD of 0.45 (600 nm) was
Chou and Fasman and Kyte and Doolittle, respectively, using obtained at which point IPTG (1.2 mM) was added. The cells
the DNASIS program (Macintosh version 2.0). Calculation \yere maintained at 36C for an additional 2.5 h and then
of protein secondary structures based upon the far-UV CD harvested by centrifugation. Unless otherwise indicated, all
data was performed using the SELCON prograB6)(  subsequent steps were performed-ati0C. The cell pellet
Automated DNA sequence analysis was performed by the yas resuspended in ice cold buffer A (20 mM Tris, pH 8.0,
University of Colorado Cancer Center Macromolecular 2 mm EDTA, 7 mM 8-ME, and 10% glycerol) containing
Resources Core facility. Both strands of the duplex were 100 mM NaCl, and the cells were disrupted by sonification.
examined to ensure the expected DNA sequence. Insoluble cellular debris was removed by centrifugation
Bacterial Strains, DNA Preparation, and Protein Purifica- (1200@, 30 min), and solid ammonium sulfate was added
tion. E. coli BL21(DE3) cells were a generous gift of D. to the clarified supernatant to 50% saturation. Insoluble
Kroll (University of Colorado Health Sciences Center, protein was removed by centrifugation (12@0@0 min),
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and gpNuAK was then precipitated with the addition of collected until successive scans were superimposable to
ammonium sulfate to 75% followed by centrifugation. The ensure that equilibrium had been achieved. The data were
gpNulAK-containing pellet was taken into buffer A and, analyzed with the program NONLIN44) using only those
after dialysis against the same buffer, loaded onto a DEAE- data within the absorbance range between 0.1 and 1.6 OD.
sepharose column (200 mL) also equilibrated with buffer The reduced apparent molecular weigh} for gpNulAK

A. The column was developed with a salt gradient with was calculated from

gpNulAK eluting at 180 mM NaCl. Column fractions were

examined by SDSPAGE, and the appropriate fractions were o=M*1 — v*p)*0?4RT

pooled, dialyzed against buffer A, and loaded onto a SP-
sepharose column equilibrated with the same buffer. The
column was developed with a salt gradient with gpNKl
eluting at 200 mM NacCl. As before, column fractions were
examined by SDSPAGE; the appropriate fractions were
pooled, dialyzed against buffer A, and loaded onto a MonoQ
HR5/5 column equilibrated with the same buffer. The column
was developed with a salt gradient with gpMKL eluting

at 400 mM NacCl. Column fractions were examined by SDS
PAGE, and the appropriate fractions were pooled, dialyzed
against 20 mM Tris buffer, pH 8.0, containing 1 mM EDTA,

7 mM -ME, and 20% glycerol, and stored &80 °C.

NMR Spectra NMR samples contained 6:3.0 mM
gpNulAK in 10 mM sodium phosphate buffer, pH 7.2, and
10% (v/v) ?H,O*H,O. One-dimensional (1D}H NMR
experiments were recorded at 7.5, 15, 25, and@Gusing
a Varian INOVA 600 MHz spectrometer equipped with a
shielded triple resonance 5 mm probe. For each 1D spectrum
16 or 64 FIDs were acquired of 2048 data points each. A
two-dimensional (2D}H NOE spectrum38) was recorded
at 25°C with a mixing time of 150 ms, collecting 5112
experiments of 2048 complex data points each and acquiring
64 FIDs pert; experiment. 2D'H DIPSI spectra39—41)
were recorded at 25C with mixing times of 20 and 40 ms,
collecting 860t; experiments of 2048 complex data points

each and acquiring 80 FIDs pérexperiment. The water . ! .
d d pérexp t a concentration of 20 pM. The concentration of protein

resonance was suppressed by low-power saturation durin o . . X
the relaxation delaspof 12 s IEIIMR s%ectra were processedand salt added to the binding reactions is indicated in each

: : : dividual experiment. Thecoscleavage assay was per-
using the NMRPipe software packagé?). In short, time In : .
domain data were multiplied by phase-shifted s:quared-sine-formed as described by Tomka and Catalano using pAFP1

bell functions, followed by zero-filling, Fourier transforma- as a r_luclease sub;tra@X. ATPase catalyt!(; activity was
tion, and base-line corrections. examined as described previousiyr and.utlllz_ed an ATP
Analysis of Subunit AssociatioAnalytical gel filtration concentration of 5@M and a DNA (Scal-linearized pAFP1)

analysis utilized a Superose 12 HR10/30 column equilibrated concent_ration Of. 302M (total nuc_lec_Jtid_e). The_ concer_ltra_tic_m
with 50 mM sodium phosphate buffer, pH 7.2, containing of pro'_[em used in these assays is indicated in each individual
150 mM NaCl running at 0.4 mL/min. A molecular weight experiment.
standard curve was constructed by standard meth&g)s ( RESULTS
using the following molecular weight standards: Blue
dextran (FW> 2 000 000, RT= 19.8 min), bovine serum Construction, Expression, and Purification of gpMKL
albumin (67 000, 34.1 min), ovalbumin (43 000, 35.7 min), Purification of phagei terminase has historically been
chymotrypsinogen A (25 000, 39.6 min), and ribonuclease frustrated by the insolubility of the overexpressed protein
A (13 700, 41.1 min). (20, 33), likely due to self-association of gpNul, the small
Sedimentation equilibrium experiments utilized a Beck- terminase subunit3d, 35). The hydropathy plot for gpNul
mann XL-A analytical ultracentrifuge equipped with a Ti- shown in Figure 2A reveals a hydrophobic region located
60 four-place rotor. Protein samples, at the concentrationsbetween amino acids’100 and 140 of the protein primary
indicated in each individual experiment, were prepared by sequence. We reasoned that this region of the protein might,
extensive dialysis against 10 mM sodium phosphate buffer, via hydrophobic interactions, be responsible for the self-
pH 7.2. The samples (1Q0.) were analyzed in six-channel  association behavior of gpNul, resulting in the insolubility
charcoal-epon centerpieces (12 mm) with 40 of FC-43 of the isolated protein. We have therefore constructed a
(Beckmann fluorocarbon-43) added to each sample as a baséeletion mutant of gpNul which truncates the protein at
fluid. Absorbance optics were used to monitor the optical lysine 100 in the primary sequence (gpMKl). Importantly,
density of each sample at the indicated wavelengths. Datalimited proteolysis studies have demonstrated a relatively
were collected at 0.001 cm radial increments and stored asstable N-terminal digestion intermediate of gpNul with a
the average of five replicate measurements. Data sets wereanolecular weight expected from a similar deletion of the

whereM, andv are the molecular weight and partial specific
volume, respectively, of gpNuiK, p is the buffer density,

w is the radial velocityR is the ideal gas constant, aiids

the temperaturedb, 46). The buffer density was calculated
as described by Laue et aflg), and a value o = 0.7289
was calculated from the amino acid composition of the
protein @6).

Interaction of the Terminase SubuniB-terminal hexa-
HIS-containing gpA (gpA-H6, 2M) was preincubated with
either full-length gpNul (4:M) or the truncated gpNuiK
mutant (4uM) in 50 mM sodium phosphate, pH 8.0, 100
mM NacCl buffer for 20 min on ice. Ni-NTA agarose resin
(0.5 mL in the same buffer) was added to the protein mixture,
and the incubation was continued for an additional 60 min
with mild shaking. The resin was then washed twice with
300uL of wash buffer (50 mM sodium phosphate, pH 8.0,
20 mM imidazole, and 500 mM NacCl), and gpA-H6 was
finally eluted from the column with elution buffer (50 mM
sodium phosphate, pH 8.0, 250 mM imidazole, and 500 mM
NaCl). Fractions (20@xL) were collected and analyzed by
SDS-PAGE.

Activity AssaysGel mobility shift assays were conducted
as described by Yang et all3) except that the radiolabeled
DNA substrate ¢oscontaining or nonspecific) was added
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ﬂ Ficure 3: Fluorescence and CD Spectra of Purified gpNK1

(A) Fluorescence spectrum of gpNAK. The full emission
spectrum is shown for excitation frequencids,) of 285 (solid
line) and 295 nm (dashed line). (B) Far YD spectrum of
gpNulAK. (C) Near UV—CD spectrum of gpNuAK. All spectra

Ficure 2: Cloning, Expression, and purification of gpNMA. (A) were recorded as described in Experimental Procedures.

Kyte—Doolitle hydropathy plot of full-length gpNul. The locations
of the hydrophobic domain (HD), the putative helix-turn-helix DNA . ) ) ) .
binding motif (HTH, Lys3 to Glu22), and the Walker A (ATPase) shows a single immunoreactive band with no evidence for

sequence (ATP, Val29 to Asp48) are indicated. The location of proteolysis (Figure 2C), suggesting that the truncated protein

e Siermna e n th T ety st & i an sl n e e coll st and g
purification of gpNUAK: lane 1, preinduced crude cell lysate, lane  the purification. The protocol described here yields 6.5 mg

2, post induced crude cell lysate; lane 3, lysis supernatant; lane 4,0f highly purified protein per liter of cell growth.
ooled DEAE sepharose fractions; lane 5, pooled SP-sepharose S it ;
?ractions; lane 6,p pooled Mono-Qv fractior’lsF.) ©) Westerrrl) blot Preliminary Char_actenzaﬂon of gpNulK. Unlike full-
analysis of the gel shown in panel B. length gpNul, purified gpNuwiK was fully soluble under a
variety of buffer conditions and at elevated {5 mg/mL)
C-terminus of the protein (Catalano, C. E., and Hanagan, Protein concentrations (see NMR experiments below). The
A., unpublished). protein possesses a UV spectrum (not shown) typical of a
Virtually all of the expressed gpNWK protein was  globular protein that is devoid of contaminating DNAe{s
present in the soluble fraction of the crude cell lysate (Figure Azso= 1.8) 48—50). An extinction coefficientzgq) of 15.2
2B). This is in stark contrast to full-length gpNul, which mM~*cm™* for gpNulAK was determined by the method
partitions exclusively into the insoluble lysis pell&t( 35). of Gill and von Hipple 1, 52). The fluorescence spectrum
Figure 2B shows gpNuiK at each stage of the purification  of the protein exhibits an emission maximum of 336 nm that
procedure and demonstrates that the protein was purified toremains unchanged using excitation frequencies between 260
homogeneity. Analysis of the gel data yielded an apparentand 285 nm Aexmax = 273 nm) (Figure 3A); however,
molecular weight of~11 500, consistent with th&1, = selective excitation of tryptophan residudsy(= 295 nm)
11 478 predicted from the gene sequence. Consistently,results in a red shift of the emission maximum to from 336
MOLDI-TOF mass spectral analysis of the purified protein to 342 nm. This suggests that, unlike most tyrosines in
yielded a molecular weight of 11 478.9. Western blot analysis proteins, the three tyrosines in gpN\H contribute



470 Biochemistry, Vol. 38, No. 1, 1999 Yang et al.

significantly to the fluorescence spectrum when excited at Ho0 P
shorter wavelengthst9, 53). Furthermore, this red-shifted \
emission maximum is close to that of tryptophan free in

solution (348 nm), suggesting that at least one of the two

tryptophans in the protein is partially solvent exposé$ ( I |
53). |

The far-UV circular dichroism (CD) spectrum of gpNAK ‘ ‘
shows strong negative maxima at 222 and 208 nm, suggest:
|

ing that this protein possesses a significant amount of \l
a-helical structure (Figure 3B)49, 54). Deconvolution Amide protons /J\

analysis of the spectrum is consistent with a protein contain- CH protons

I mm

f Resolved
Aromatic protons

ing primarily (50%)a-helical structure as well as 27% of ™.

! %) ; = T (L)

the residues being in A-sheet conformation. These values \\‘”W”“e"’ 'J i 'l He ‘.-HﬂA‘----r W iy
agree well with the Chou and Fasman secondary structure WW W
predictions for the protein (53%-helix, 26%/-sheet). The o 76 5 4 3 2 1 8 4
near-UV CD spectrum of gpNuiK is shown in Figure 3C. 'H Chermical it (in ppm)

Unlike the full-length protein, which exhibits little signal in B
this region of the spectrun39), the deletion mutant displays
a signal rich in vibronic fine structure consistent with the whow w w w X W
existence of significant tertiary structure. The intense bands y ’
observed at 296 and 289 nm likely represent the two vibronic
components of the tryptophahy, band transition %4, 55).
The intensity of these bands suggests that at least one of the
two tryptophans in the protein has restricted mobility.
Furthermore, these bands are significantly red-shifted from
their canonical positions of 292 and 285 nm, suggesting that
there are specific interactions with nearby side chains. This
may result from proximity to a nearby carboxylate residue
(56) and/or through space electronic coupling to the lowest
energy states of a nearby aromatic grogp) ¢

NMR Spectra of gpNuwiK. The fold and structural
integrity of gpNulAK were further investigated using NMR
spectroscopy, and a typical 1BH NMR spectrum is
displayed in Figure 4A. This spectrum did not change
subsequent to prolonged storagelQ0 days) at 4°C,
demonstrating the structural stability of the protein. More-
over, spectra collected between 7.5 and®@%exhibited no
significant differences, other than the expected temperature-

related changes in resonance line widths and amide proton

. - . . Ficure 4: NMR Spectra of gpNuAK. (A) 1D H 600 MHz NMR
chemical shifts (not shown). The line widths'éf resonances  (ioie i o gpNuRK 0 mM%]Fl)n 10 ml\(/l godlum ohosphate buffer,
in NMR spectra are related to the molecular mass and thepy 7.2, recorded at 38C. Regions of resolvedH resonances
shape of the molecule. Analysis of the line widths in the 1D stemming from the two tryptophan indole protons (Trig) amide
IH NMR spectrum of gpNuAK suggests that this protein  protons (downfield Hs), aromatic protonsy protons (H), and
is at least a dimer at these protein concentrations. Further-methyl (C) protons are indicated in the figure,®l points to the

th f onlv two trvotophart IFe position of the water resonance, whieindicates the resonances
more, the presence ol only two tryptopha sonances ¢ contaminating glycerol. (B) Fragment of the 2B 600 MHz

in the spectrum (“Trp-H's”, Figure 4A) suggest that the  NOE spectrum recorded at 26. WX indicates putative through
dimer is symmetric, or that neither of the two tryptophans space NOE correlations between the side chains of a tryptophan
in the protein resides within the subunit interface. residue and another aromatic residue, probably a tyrosine. The

Amino acid H chemical shifts have been correlated with nomenclature of tryptophan, phenylalanine, and tyrosine side chains
h S fth - . S has been included in the figure for clarity. Tentative assignments
the participation of the respective amino acids in secondary of Trp and Tyr/Phe resonances were made on the basis of NOE

structural elementss@). It is difficult to resolveo-helical and DIPSI (not shown) spectra.
content in a 1D spectrum due to spectral overlap; however,
the NMR spectrum for gpNUiK possesses several reso- spectroscopy:fde suprg. The 1D spectrum further shows
nances in the chemical shift region associated with amino a broad dispersion of amide ) aromatic, K, and methyl
acids involved inp-sheet structures (“¢$”, Figure 4A). IH chemical shifts. Such a dispersion results from equivalent
These data are consistent with tg-fold predicted by CD protons that reside in different local environments, which is
the direct consequence of the folded nature of a protein. For
2Through space coupling to the lowest energy states of a nearby €xample, the upfield shifts of several methyl protons
disulfide may also result in red-shifted tryptophan bands; however, there (“resolved CH protons”, Figure 4A) reflects the shielding
are no cysteine residues in gpNM. A final, though unlikely, nf thase protons from the solvent by nearby amino acids. In
possibility is that the red-shifted bands in the near-UV CD spectrum . . . : .
result from a deprotonated phenolate, where thé @and is know to  addition, the downfield shift of several amide protons with
occur at 295 nm&g5). respect to their random coil values (“downfield$4, Figure
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4A) indicates their involvement in strong hydrogen bonds
or their proximity to aromatic ringssg, 59).

The 2D 'H NOE spectrum of gpNWK shows the
presence of numerous metlkdromatic, H—aromatic, and
aromatic-aromatic'H—'H NOE cross-peaks (Figure 4B).
IH NOEs are observed only for proton pairs positioned within
5 A of each other, and this 2D spectrum provides additional
evidence that the deletion mutant is folded in solution.
Preliminary analysis of this NOE spectrum confirms and
extends some of the observations made with the other
spectroscopic techniques. Thé' ldhemical shifts of the two
tryptophans in gpNuAK (also depicted in the 1D spectrum,
Figure 4A) and the NOE patterns involving these protons
are clearly different, indicating that the two tryptophans
reside in different chemical environments. This suggests that

the solvent-exposed Trp observed in the fluorescence spec-

trum (Figure 3A) and the mobility-restricted Trp observed
in the near-UV CD spectrum (Figure 3C) represent different
residues. The NMR data thus confirm that one of the
tryptophans in gpNuAK is burried and mobility-restricted
within the protein while the other is partially solvent-exposed,
presumably closer to the protein surface. An attractive
candidate for the latter is Trp22, which lies within the helix-
turn-helix DNA binding motif and must be located near the
surface in the DNA binding cleft. The second tryptophan
residue observed in the 2D spectrum shéis-'H NOEs
consistent with proximity to an aromatic residue in the
protein, possibly a tyrosine (see Figure 4B). This tryptophan
is likely the same residue observed in the near-UV CD

spectrum of the protein and suggests that the red-shifted CD

bands result from this aromati@romatic interaction. These
data suggest, but do not prove, that the second tryptophan
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FiIGure 5: Analytical Gel Permeation Chromatographic Analysis
of gpNulAK. The experiment was performed as described in
Experimental Procedures. The position of gpN#l(elution time,
38.1 min) is indicated with an arrow yielding an apparent molecular
weight of ~30 000, as indicated. Inset: Chromatographic profile
for gpNulAK. Note that the small peaks eluting at 48 and 52 min
were also observed in the buffer blank.

0

T
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Table 1: Sedimentation Equilibrium Analysis of gpNu{2

temp (C)  [NUlAK] (uM) SH o (95% conf) Napp
4 5
25 0.0153  1.55(1.451.65) 2.1
4 150
27 5
27 25 0.0125 1.24(1.151.32) 1.8
27 150

, @Sedimentation equilibrium experiments were performed at the

Trp49, represents the buried tryptophan observed in both thelndicated temperatures and protein concentrations. The data were

CD and 2D NMR spectra.

gpNulAK Is a Dimer.The above data clearly demonstrate
that deletion of the C-terminal 81 amino acids of gpNul
obviate self-association behavior, leading to aggregate
formation and insolubility of the protein. The 111 NMR
spectrum (above) suggests that gpNilmay be a dimer,
and gel permeation chromatographic analysis of the protein
confirms this suggestion. Purified gpNAK elutes from a

Superose 12 column as a symmetric peak with an apparent

molecular weight o030 000 (Figure 5), consistent with a
complex composed ok2.6 monomers. The purified
gpNulAK complex was further analyzed by sedimentation
equilibrium experiments. Global analysis of the data at three
protein concentrations and at four rotor speeds are well-

analyzed by assuming an ideal monomer model as described in
Experimental Procedures. Global analysis included data collected at
rotor speeds of 22.5K, 27K, 32.5K, and 40K rpm and all three protein
concentrations indicated in the table (12 data sets per analy/Sighare

root of the variance of the fit. The 95% confidence intervalsdare
indicated in the tableNspprepresents the apparent oligomerization state
of the protein based upon the molecular weight calculated from the
experimentally-derived values in the table and the molecular weight
predicted from the DNA sequence of the protein. SimNag, values
were obtained from every data set examined.

with a gpNuJAK homodimer complex under all experimental
conditions examined.

No Interaction of gpNuAK with gpA. Terminase is
purified as a gpA—gpNul holoenzyme complex that is
catalytically activan vitro (17, 20, 47, 60, 61). This subunit

described by a model that assumes a single ideal speciestoichiometry is retained throughout the purification proce-

with a subunit stoichiometry of approximately two monomers
per complex (see Table 1). Similar experiments utilizing
protein concentrations up to 5Q0¢M were conducted at
several temperatures (4, 27, and°&) and in the absence
or presence of 150 mM NacCln each case, global analysis
of the data was consistently well-described by model for a
gpNulAK homodimer. Including the nonideal coefficient in
the analysis and/or fitting the data to higher-order models
(monomer <> dimer, monomer<> trimer, etc.) did not
improve the quality of the fits and in many cases yielded
inferior results (not shown). All of our data are thus consistent

3 Details of the sedimentation equilibrium experiments will be
published under separate cover.

dures, suggesting strong proteiprotein interactions between
the subunits. Genetic studies have shown that the C-terminal
~90 amino acids of gpNul are important for interactions
with the larger gpA subunitX7), and the gpNuAK deletion
mutant was thus predicted to be deficient in holoenzyme
complex formation. In the experiment presented in Figure
6, terminase holoenzyme was “reconstituted” from a C-
terminal hexaHistidine-tagged gpA subunit (gpA-Hénd
either full-length gpNul or the gpNAK mutant protein.
The protein mixtures were passed through a nickel chelate
column which retained the gpA-H6 subunit. After the column
was washed to remove any unbound protein, gpA-H6 was
eluted and all of the fractions were analyzed by SIPAGE.

The data presented in Figure 6 clearly demonstrate that while
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Ficure 6: gpNulJAK Not Interacting with the Terminase gpA 0 40 80 120 160 200
Subunit. gpA-H6 was preincubated with either wild-type gpNul [NaCl] (mM)

(A) or gpNulAK (B) as described in Experimental Procedures and

loaded onto a nickeichelate column. The column was washed and cEn 1.0

protein eluted as described. L, load fraction; FT, column flow £ 09 C
through; W1-W2, column wash fractions; EIE4, column elution g

fractions. The position of gpA-H6 and the relevant gpNul protein @ 0.8

bands are indicated with arrows. ?, 0.7 -

full-length gpNul readily forms a holoenzyme complex with % 0.6 -

the gpA subunit, gpNUAK elutes from the column in the 2 0.5

flow through and wash fractions with no evidence for c 0.4 -

interaction with the large terminase subunit. E 0.3 -

gpNulAK Binding to DNA Currently accepted models for

terminase assembly ebssuggest that gpNul cooperatively PrrTrrTe T

binds at the three R-elements found witlsimsB(Figure 1) 0 i 20 30

(6, 9, 19). gpNUlJAK possesses the putative helix-turn-helix [Competitor DNA] (nM)

DNA binding motif found in the full-length protein, and it Ficure 7: gpNulAK Binding to DNA. (A) Binding of cos
was anticipated that the deletion mutant might retain the containing vs nonspecific DNA by gpN&K. The gel retardation

; ; " ; ; experiments were conducted as described and included 100 mM
capacity to bind DNA. Initial gel retardation experiments NaCl and eithercoscontaining @) or nonspecific ®) DNA.

confirmed that gpNuAK indeed bound tacoscontaining  apalysis of the data yield€y, values of 50.5- 0.4 and 75.9+

DNA but with only modest specificity (Figure 7A). Analysis 0.7 uM for specific and nonspecific DNA substrates, respectively.
of the data yield<C,/, values of 50.5+ 0.4 and 75.9+ 0.7 (B) Salt disrupts gpNuAK—DNA complexes. The gel retardation
uM for coscontaining and nonspecific DNA substrates, experiments were conducted as described in Experimental Proce-

. . . dures using 10&M gpNulAK and 20 pMcoscontainin or
respectively. The following experiments were thus performed nonspecific?@) %N,A?Fs)ubstrates. NaCIpwas added to t%é‘)binding

to ensure that gpNulK effectively discriminates between  pyifer as indicated in the figure. Linear regression analysis of the
coscontaining and nonspecific DNA substrates. While it has data yielded salt-dependent slopes-@.235+ 0.060 and—0.387

been shown that an increase in ionic strength strongly affects= 0.015 for specific and nonspecific DNA substrates, respectively.
all nucleoprotein complexes, nonspecific interactions are (C) Competitive discrimination between specific and nonspecific

S : DNA. The experiments were conducted as described in Experi-
more severely affected than specific protelNA interac- mental Procedures and included &8l gpNuIAK, 20 pM radio-

tions (62). We thus examined the effect of NaCl on the |apeledcoscontaining DNA, and 50 mM NaCl. Cold specifia)
stability of the gel retarded gpNAK—DNA complexes. or nonspecific @) competitor DNA was added as indicated in the

Figure 7B shows that salt disrupts the observed pretein figure.

tion C

Fra

DNA complexes with a linear concentration dependence.
4The cloning, expression, and characterization of the C-terminal Analysis of the data reveals that complexes formed with
hexaHIS gpA protein will be published separately. We note here, nonspecific DNA (slope= —0.387 & 0.015) are more
however, that no differences in either the endonuclease, ATPase, or . -
strand-separation activities of terminase reconstituted from hexaHis- Severely affected than are those formed witis-containing

tagged and wild-type gpA have been observed. DNA substrates (slope —0.235+ 0.060).
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The experiment presented in Figure 7A suggests that A
gpNulAK binds to coscontaining DNA with only modest
specificity. This is not entirely unexpected, however, as
discrimination between specific and nonspecific DNA is
poorly demonstrated in gel retardation experiments performed
in this manner §3), and DNA binding specificity is better e
demonstrated by direct competition between the substrates
(64—66). In the experiment presented in Figure 7C, gpNK1
was added to a binding mixture containingf@-radiolabeled
coscontaining DNA substrate and increasing concentrations
of either specific ¢oscontaining) or nonspecific cold
competitor DNA. The figure demonstrates that a specific
DNA substrate effectively competes with complex formation
and that~1.5 nM cold competitor is required to decrease
the radiolabeled complex by 50%. Similar titrations with a
nonspecific DNA competitor demonstrate that significantly
higher concentrationsx(50—100 nM, estimated from the B
curve) are required to disrupt the radiolabeled complex to a 4 5 6 h 8
similar extent and that gpNWK bindscoscontaining DNA -
with 35—70-fold greater affinity than nonspecific DNA
sequences.

Catalytic Actity of gpNulAK. Binding of gpNul tacosB
is critical to the assembly of gpA atosN and thecos
cleavage reaction (Figure 1). We have shown that g@f#ul  Ficure 8: Catalytic Activity of gpNuBK. (A) The coscleavage
does not interact with the terminase gpA subunit in solution assay was performed as described in Experimental Procedures with
(see Figure 6). The protein retains DNA binding activity, }Qﬁefoglow"/‘a\gaﬁ‘gﬁg"znsl\:/l)!al’;iel'SW{BE%%ZS%F’L\‘GUC% r?;?i?ft!e(gﬂ%;rom
however, and it was feasible that a DNA-bound holoenzyme gpA (1,ﬂg|5) and wildJ-l:ype' gpNul, (2M): lanes 4-7, terminase

complex might form and possess catalytic activity. Figure reconstituted from gpA (kM) and increasing concentrations of
8A demonstrates that while neither the isolated gpA subunit gpNulAK (2, 20, 40, and 5@&M, respectively); lane 8: gpNuiK

nor the full-length gpNul subunit alone possess any detect-alone (50uM). The positions of the DNA product bands are
able nuclease activity under these experimental conditions,ndicated with arrows. (B) ATPase assay was performed as

. . I, .. 'described in Experimental Procedures with the following addi-
terminase enzyme reconstituted from the individual subunits <. "|ane 1. no additions: lane 2 gpA alone): lane 3, full-

(gpA1—gpNul) is fully active. Reconstitution of terminase  |ength gpNul alone (2M); lane 4, gpNuAK alone (24M); lane
holoenzyme from gpA and the gpNAK deletion mutant 5, gpNuAK alone (50uM); lane 6, terminase reconstituted from
does not, however, yield any detectable nuclease activity, 9PA (14M) and full-length gpNul (2M); lanes 7 and 8, terminase

i ; : i< reconstituted from gpA (kM) and gpNulAK (2 uM and 50uM,
even at significantly elevated protein concentrations. It is respectively). The position of the ADP product band is indicated

important to note that neoscleavage activity is detected it an arrow. Quantitation of the ATP hydrolysis data is presented
even at 50uM gpNulAK, a concentration where strong in Table 2.

binding tocoscontaining DNA is observed (see Figure 7).
We have previously characterized the ATPase activity of Table 2: ATPase Activity of the Terminase Subuhits

1 2 3

terminase holoenzyme and have identified catalytic sites additions ADP formeduM)
within each subunit of the enzym8(Q, 47). The active site none ND
P-loop motif is retained within gpNuiK, and it was possible gpA 6

that this mutant protein might possess ATPase activity. We gp“uilf(L '\ll\lg

thus directly exa_mlned the c_atalytlc activity :)f the |s_olate(,1! SBNE 1AK (50 M) ND
gpNulAK subunit and terminase enzyme “reconstituted gPA + gpNU1-FL 21

from this protein. Figure 8B demonstrates that while the gpA + gpNUAK 5
isolated gpA subunit possesses modest ATPase activity, gpA + gpNulAK (50 uM) 4

neither the full-length gpNul subunit nor the C-terminal  aThe ATPase assays were performed as described in Experimental
deletion mutant exhibits any detectable catalytic activity Procedures. The terminase gpA subunit was added, as indicated, to a
final concentration of kM. Unless otherwise stated, the gpNul subunit
(full length or mutant) was added, as indicated, to a final concentration
® Early studies suggested that the isolated gpNul subunit possesse@f 2 M. ND, no detectable ADP formation<Q.5 uM).

an intrinsic ATPase activity with a turnover number of 38 ntiand
that, unlike terminase holoenzyme, it was not stimulated by D8#). (
More recent studies have similarly reported a gpNul ATPase activity, under these experimental conditionBigure 8B and Table

but with a much lower turnover number of 6:0.8 mirr* (61). Our 2 demonstrate that while reconstitution of terminase holoen-

gpNul preparations similarly possess an extremely weak ATPase o
activity, estimated to be:0.03 min%, that is not stimulated by DNA 2YMe from gpA and the full-length gpNul subunit signifi-

and that approaches wild-type levels only upon reconstitution into a cantly stimulates ATP hydrolysis, enzyme prepared from
holoenzyme complex. Given the ubiquitous nature of contaminating gpNulAK does not exhibit activity beyond that observed

ATPases, the low ATPase activity of the isolated gpNul subunit, and ;
the lack of DNA stimulation in our gpNul preparations, we cannot for gpA alone. Interestingly, these data suggest that the

attribute the observed ATPase activity directly to gpNuZ without further ATPase activity of the gpNul subunit is essentially silent in
experimentation. the isolated protein and that interactions with gpA in the
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holoenzyme complex are required for the previously char- gpNulAK dimer in the concentration range of BV to 1

acterized catalytic activity. mM, with no evidence for further aggregation. Our data also
place an upper limit of *M on the monomomerdimer
DISCUSSION dissociation constant. While the nature of the dimer cannot

be determined with our present data, preliminary NMR
Terminase enzymes are found in all of the tailed, double- P P y

i -~ analysis disfavors an asymmetric dimer.
stranded DNA bacteriophages as well as the eukaryotic

herpesvirus groups and constitute an important component Given the severity of the deletion, seve(al experiments
of the DNA packaging “machines”10—12). All of the were performed to ensure that gpMK retains a folded

known enzymes are composed of both small and large structure in solution. Strong evidence for both secondary and

subunits, and the holoenzyme complexes utilize the energy;ei::tr'}?gsétr;ﬁ;u"N""'lvlgesmggfos'ioprov\'lsgdngé ?hog? tl’(]:ilgcili‘,lzii:]
of ATP hydrolysis to drive a single genome into the confined contrast to full-len thp NUL Itor?/ét ossesses secondar
space within the viral capsid. Among the best characterized u gth gpiu P y

terminases is that of bacteriophagend biochemical roles structure, but little, if any, evidence of tertiary structure in
for each subunit have been elucidate89). Several the absence of the gpA subun@9. We have previously

packaging intermediates have been proposed, each with?nemznsigzgégaé;he ?er;r:}zl ﬁgb"g,ﬂg&gu&; e':gf‘er;ﬁed
specific roleg in the packaging process, butthe nature of theseprotein?nteractions i?ﬁhé holoenzyene complex areprequired
nucleoprotein complgxes remains obscu_re. _ for appropriate folding of gpNu136). The data presented
The phage’ terminase gpNul subunit binds to three here fyrther suggest that the C-terminal, gpA-interaction
R-elements found within theosBsubsite ofcos(Figure 1), gomain of full-length gpNu1 inhibits folding of the isolated
and it has been suggested that protein dimers bind to thes%rotein and that deletion of this region allows the DNA-

sites in a cooperative manneg, (67, 68). Genetic studies  pinging domain to adopt a fully folded conformation.

h hat the helix-turn-helix- ining N- .
ave demonstrated that the helix-turn-helix-containing The spectroscopic data clearly demonstrate that gpiKul

terminal half of the protein is required for site-specific is folded in solution; however, functional assays are required
binding to DNA @/). Cooperative DNA binding would (/oo 24 the protein retains the native fold of the full-

require additional interactions between gpNul proteins bound . S
at each of the R-elements, presumably mediated by residue‘l,ength protein. The extent of th? deletion in gphikl
removes the gpA-interaction domain of the proté&ir)(and,

found within the C-terminus of the protein. This putative .

domain layout is reminiscent of those found in several as expe_cted,thg mutant fr?uls to form a holoenzyme complex.
proteins, including the phagecl repressor and cro protein These_ Interactions are important tp the assembly of a
(69, 70) and theE. coli lac repressorql). Each of these catalytically competent nucleoprqteln _cp_mplex, and the
proteins possesses an N-terminal, helix-turn-helix-containing ZP:?#SE?S?gng'ﬁgzpi/s\/i;tat:gflqtaqt;,VI(gese(jtéZe c()afnfr)]/(rane
domain responsible for direct DNA binding interactions and mutarl1t Ipro'ZeiL?pTlhe deletion mLIJ\t/;ztlreta)i(r?s the putative
a C-terminal self-association domain important for efficient, helix-turn-helix DNA binding motif, and specific DNA

and in some cases, cooperative DNA binding. Particularly binding was expected. While gpNAK indeed binds t@os

striking similarities are observed between gpNul and cl as 2. o
. : : L containing DNA, the observed affinity is decreasedNi00-
follows: (1) cl repressor dimers bind to three DNA binding fold as compared to the full-length protéilevertheless,

elements found within the operator binding sit&:{00:2, discrimination between specific and nonspecific DNA se-

Or3 in the R promoter and @, O.2, Q.3 in the R guences is clearly evident in competition experiments where

promoter) via a helix-turn-helix-containing N-terminal do- ; e ;
main. (2) Self-association interactions leading to higher-order gpNUlAK I_m_nds to coscontaining DNA with 3&.70']‘0“
greater affinity than a nonspecific DNA competitor. Impor-

oligomers are mediated by a C-terminal domain, and protein tantly, this level of discrimination is similar to that observed
oligomerization is required for specific and cooperative DNA with the full-length protein (see footnote 6).

binding. On the basis of these similarities, we initiated ) )
experiments directed toward identification of functional ~ Our data thus demonstrate that the C-terminal 81 amino

domains within gpNu1l. acids of gpNul are required for self-association interactions,
for gpA interactions leading to the formation of a catalytically
competent holoenzyme complex, and for high-affinity DNA
binding. Deletion of this region of the protein yields a soluble
protein dimer that retains the capacity to discriminate
betweencoscontaining and nonspecific DNA substrates.
Figure 9 presents a model for functional domains within
gpNul and for cooperative DNA binding specificity. The

Inspection of the primary sequence of gpNul revealed a
hydrophobic region of the protein between amino acids 100
and 140, and we reasoned that this portion of the protein
might define a domain responsible for self-association
interactions and efficient DNA binding. The gpNul mutant
protein, gpNulK, was thus constructed which deleted the
C-terminal 81 amino acids containing this hydrophobic
“domain”. Expression of this deletion mutant was efficient
and yielded milligram quantities of fully soluble protein. ¢ We have previously reported that GpNul binds:és-containing
Consistent with our prediction, deletion of the hydrophobic gg‘AegéZ'gt'”n%amﬁ éor\j‘vgehx:\/se(r’i’:‘(g)m'{r‘] :dF’tLoéei'n”te‘iggggztE{et&'gen
domain abrogates the self-association behavior of the full- fuIElength gpNul and DNA using the reaction conditions described
length protein and gpNuiK does not aggregate in solution.  here (in particular, 20 pM DNA) and have shown that a single gel
Interestingly, however, the protein is a dimer in solution, retarded complex (N1) is observe@.f, ~ 0.5uM; Catalano, C. E.,

regardless of buffer composition or protein concentration. @"d Yang, Q. Unpublished). Nonspecific DNA complexes (N2/N3) have
" not been observed under these conditions using protein concentrations

Gel permeation chromatography, sedimentation equilibrium, ;5 16 3 M. This places a lower limit oCy, for nonspecific DNA
and NMR analysis of the protein clearly demonstrate a ~50uM.
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Ficure 9: (Upper Panel) Model for the Domain Structure of gpNul. Putative domains involved in DNA binding, self-association, and gpA
interactions are indicated. HTH indicates the helix-turn-helix DNA binding motif (Lys3 to Glu22), and ATP represents the ATPase catalytic

site (Val29 to Asp48) found in gpNWIK. (Lower Panel) Model for the Assembly of gpNulcsB gpNul dimers are depicted as bilobed
structures that bind to the three R-elements founddsB Assembly of a stable nucleoprotein complex requires occupancy of all three
R-elements. Details are given in the text.

N-terminal~100 amino acids of the protein define a DNA binding energies are important in the specific recognition of
binding domain required for specific DNA binding interac- cosBby gpNul, cooperative binding energies, presumably
tions (Figure 9, upper panel). Efficient assembly of gpNul mediated by the C-terminal domain of the protein, are equally
atcosBrequires strong interactions between proteins bound important and play a major role in the assembly and stability

at contiguous R-elements, however, and the hydrophobicof the resulting nucleoprotein complex (Figure 9, lower
region of gpNul located between Lys100 and Pro141 in the panel).

primary sequence defines a domain that enhances specific
and cooperative DNA binding. At this point, it is instructive
to compare the nucleoprotein complexes formed by gpNul
and the phagé cl protein. Assembly of cl at @and Q
similarly involves protein dimers binding to contiguous DNA
recognition elements (intrinsic binding) and in addition,

Finally, genetic studies that demonstrated a gpA-interactive
domain within gpNul localized this region to the penultimate
~90 amino acids of the protein. We suggest that this
constitutes a third domain of gpNul, separate and distinct
from the self-association domain described here. We further

protein—protein interactions (cooperative binding) in the sugge;t that this funcﬂonal dgmam resides in the extrer_ne
complex 2). This complex has been described as a “delicate C-t€rminus of the protein (Figure 9, upper panel). This
switch” that must respond to cellular conditions and either Predicts that deletion of the C-termina#0 amino acids of

maintain a lysogenic state or allow lytic replication. This 9PNul, a deletion that would retain the self-association
model requires reversible, facile assembly and disassemblydomain of the protein, would exhibit aggregation behavior
of the nucleoprotein complex. Conversely, gpNul is respon- and cooperative DNA binding, but lack gpA interactions and
sible, at least in part, for the assembly of an extremely stablebe catalytically impaired. Construction of gpNAR, a
nucleoprotein complex whose function is to protect the newly truncation mutant deleted at Pro141, and characterization of
formed “sticky end” of the viral genome from cellular its structural and functional properties is currently underway
nucleases. Premature disassembly of this intermediate wouldn our laboratory. Characterization of these, and other, mutant
result in degradation of the viral chromosome and aborted proteins will yield significant insight into the domain
viral replication. It is thus imperative that gpNul remain structure of gpNul and the role of these domains in the
stably bound atcosB until a viral pro-capsid triggers assembly of nucleoprotein complexes required for DNA
terminase movement. We suggest that while intrinsic DNA packaging in phagé.
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