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ABSTRACT. The terminase enzyme from bacteriophage lambda is responsible for the insertion of a dsDNA
genome into the confines of the viral capsid. The holoenzyme is composed of gpA and gpNul subunits
in a gpAi-gpNul; stoichiometry. While genetic studies have described regions within the two proteins
responsible for DNA binding, capsid binding, and subunit interactions in the holoenzyme complex,
biochemical characterization of these domains is limited. We have previously described the cloning,

expression, and biochemical characterization of a

soluble DNA binding domain of the terminase gpNul

subunit (Metl to Lys100) and suggested that the hydrophobic region spanning Lys100 to Pro141 defines
a domain responsible for self-association interactions, and that is important for cooperative DNA binding
[Yang et al. (1999Biochemistry 38465-477]. We further suggested that the genetically defined gpA-
interactive domain in the C-terminal half of the protein is limited to the C-termin®) amino acids of
gpNul. Here we describe the cloning, expression, and biochemical characterization oAGfiMd] a
deletion mutant of gpNul that comprises the DNA binding domain and the putative hydrophobic self-
assembly domain of the full-length protein. Purified gpM#141 shows a strong tendency to aggregate

in solution; However, the protein remains soluble in

0.4 M guanidine hydrochloride, and circular dichroism

(CD) and fluorescence spectroscopic studies demonstrate that the protein is folded under these conditions.
Moreover, CD spectroscopy and thermally induced unfolding studies suggest that the DNA binding domain
and the self-association domain represent independent folding domains ofgpM/(L The mutant protein
interacts weakly with the gpA subunit, but does not form a catalytically competent holoenzyme complex,
suggesting that the C-terminal 40 residues are important for appropriate subunit interactions. Importantly,
gpNulAP141 binds DNA tightly, but with less specificity than does full-length protein, and the data
suggest that the C-terminal residues are further required for specific DNA binding activity. The implications

of these results in the assembly of a functional holoenzyme complex are discussed.

Bacteriophagel is a double-stranded DNA virus that
infects E. coli (1, 2). The virus is composed of a 48.5%kb

excision of individual genomes from the concatemer, and
their packaging into an empty procapsit+6).

linear genome with complementary 12 base single-stranded Terminase enzymes are common to the double-stranded

“sticky” ends tightly packaged within the viral capsid. Upon
injection into the cell, the sticky ends anneal, and the nicks
are sealed by host ligase forming a circular DNA dupl&x (
4). During the latter stages of infection, DNA replication
occurs via a rolling-circle mechanism that yields linear

DNA bacteriophage and form, at least in part, a “machine”
responsible for the DNA packaging proce$s 1, 8). The
terminase enzyme from bacteriophdge composed of two
virally encoded proteins, gpA (641 amino acids, 73.3 kDa)
and gpNul (181 amino acids, 20.4 kDa), isolated as agpA

concatemers of the genome linked in a head-to-tail fashion gpNu1, holoenzyme complex9( 10). A model for the

(3). One of the final steps in virus development is the
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! Abbreviations: f-ME, 2-mercaptoethanotos cohesive end site,
the junction between individual genomes in immature concatemeric
DNA; GDN, guanidine hydrochloride; gpA, the large subunit of phage
A terminase; gpA-H6, a gpA subunit containing a hexa-histidine purifi-
cation tag at the C-terminus of the protein; gpNul-FL, the full-length
small subunit of phagé terminase; gpNuAK100, a deletion mutant
of gpNul (Mett-Lys100) lacking the C-terminal 81 amino acids;
gpNulAP141, a deletion mutant of gpNul (MetPro141) lacking the
C-terminal 40 amino acids; IHFE. coli integration host factor; kb,
kilobase(s); kDa, kilodalton(s); PAGE, polyacrylamide gel electro-
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assembly of a catalytically competent packaging complex
has been propose,(6, 11) and is shown in Figure 1. In
this model, gpNul dimers bind in a cooperative manner to
three repeating recognition elements {FR3) found within

the cosBregion of the viral genome concatemer. Assembly
of a gpNul nucleoprotein complex absB stimulates the
assembly of a gpA dimer &bsN and is responsible for the
unusual stability of the resulting prenicking complex. The
endonuclease activity of the gpA subunit introduces sym-
metrical nicks into the duplex, a reaction whose activity and
fidelity are modulated by ATP. Terminase-mediated strand
separation of the nicked, annealed duplex yields complex I,
which next binds an empty procapsid to initiate terminase
translocation along the concatemer and active DNA packag-
ing. Both the strand-separation and translocase activities of
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col DNA no tendency toward aggregation. While gpMiKIL0O binds
oo R A— Y Concatemer with modest specificity teoscontaining DNA, physical and
| HS R R2) biochemical assays demonstrate the protein does not interact
<> D o with the terminase gpA subunii4). Based on this work,
Terminase gpA  gpNul HF we suggested that the hydrophobic amino acids found
Assembly - ATP between Lys100 and Pro141 define a self-association domain
of the protein that is responsible for the observed aggregation
Pre-Nicking behavior of the full-length protein (see Figure 2). We further
Complex speculated that the genetically defined gpA-interactive
domain in the C-terminal half of gpNu1l is, in fact, limited
Tij2= 12 hrs to the C-terminake40 amino acids of the protein. We have
24 thus constructed gpNulP141, a mutant protein with these
cos-Cleavage Mg C-terminal residues deleted, to test this model and to more
—— ATP clearly define the protetprotein interactions required for
holoenzyme complex formation and cooperative DNA bind-
Strand .~ ATP ing. The results of these studies and their implications with
Separation respect to the fo_rmatlon o_f a catalytically competent DNA
— ADP+P; packaging machine are discussed.
Complex | EXPERIMENTAL PROCEDURES
Ty~ 8 hrs Materials and MethodsTryptone, yeast extract, and agar
were purchased from DIFCO. Restriction enzymes were pur-
) ~ATP chased from Promega. Guanidine hydrochloride was pur-
Procapsid  —{ chased from Mallinckrodt. Mono-Q HR5/5 FPLC columns
- ADP+P, and DEAE-Sepharose FF chromatography resins were pur-
chased from Pharmacia. Radiolabeled nucleotides were pur-
Active DNA Packaging chased from ICN. Unlabeled nucleoside triphosphates were

Fisure 1: Model for terminase assemblyds Thecosregion of purchased from Boehringer Mannheim Biochemicals. All other
the i gehome is shown at the top. The three subsitesQ cosN materials were of the highest quality commercially available.

andcosB are indicated, as are the three gpNul binding elements ~ Bacterial cultures were grown in shaker flasks utilizing a
(R1-R3) and the IHF binding element found withdosB The New Brunswick Scientific series 25 incubateshaker. All

terminase subunits and IHF assembleas forming a pre-nicking protein purifications utilized a Pharmacia FPLC system

complex which, in the presence of Ffg nicks the duplex, \yhich consisted of two P500 pumps, a GP250-plus controller,
ultimately yielding the stable packaging intermediate complex I.

Complex | binds an empty pro-capsid which initiates an ATP- @& V7 injector, and a Uvicord SII variable-wavelength
dependent insertion of viral DNA into the capsid. We note that the detector. UV-Vis absorbance spectra were recorded on a
stoichiometry of the terminase subunits assemblezbatemains Hewlett-Packard HP8452A spectrophotometer. Fluorescence
speculative. Details are presented in the text. spectra were recorded at room temperature on a PTI
QuantaMaster spectrofluorometer. Circular dichroism (CD)
the enzyme are presumed to be driven by ATP hydrolysis. 3980”?‘ were recordeq on an Aviv modgl 62DS circular
ichroism spectropolarimeter equipped with a Brinkmann

Upon encountering the next downstreauos site in the Lauda RM6 circulating water bath and a thermostated cell

concatemer (the end of the genome), terminase again nicks,n 2
. older. Unless otherwise indicated, all spectra were recorded
the duplex atosNand separates the strands, simultaneously .

! , . . in 10 mM sodium phosphate buffer, pH 7.2, containing 0.4
releasing a DNA-filled capsid and regenerating complex |. L .
. . . M guanidine hydrochloride (GDN).
Phagel terminase is thus an integral part of a number of

' . . Near-UV CD spectra utilized a protein concentration of 1
nucleoprotein complexes that are required for packaging of . ;
; Co . mg/mL in a 1 cmstrain-free cuvette. Data were collected
the viral genome. Our laboratory is interested in the

biochemical and biophysical properties of the terminase between 250 and 350 nm at 1 nm intervals using a bandwidth

i . ) . . . of 1.5 nm and a dwell time of 60 s. Far-UV CD spectra
subunits, the protetprotein and proteiDNA interactions - . . :
. . utilized a protein concentration of 1Q@/mL in a 0.1 cm
responsible for the assembly of these nucleoprotein com- "~
. g strain-free cuvette. Data were collected from 202 to 260 nm
plexes, and the molecular basis for the transitions betweenat 0.5 nm intervals using a bandwidth of 1.5 nm and a dwell
them. With respect to the enzyme subunits, genetic studies, ~° gab ™ .
. ) - . “time of 30 s. Thermally induced protein denaturation
by Feiss and co-workers have defined functional domains . . .
L . . e experiments were performed as described previoukdy, (
within the primary sequence of the proteins. Specifically, : S
o : X and the fraction of protein in the denatured stdig) (was
gpA-gpNul subunit interactions have been localized to the determined using the equation:
N-terminal~40 amino acids of gpA and the C-terminal half 9 q '
(=90 amino acids) of gpNul (see Figure 2p(13). b — o
We have previously described the cloning, expression, and Fo=-N_7T (1)
. . . . . D _
biochemical characterization of a deletion mutant of the N~ o
terminase gpNul subunit consisting of residues Metl to
Lys100 (gpNuAK100) (14). The mutant protein forms a  wheregr is the ellipticity at temperatur&, and¢n and ¢p
folded dimer in solution but, unlike full-length gpNul, shows represent the ellipticity for the native and denatured protein,
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Ficure 2: Panel A: Proposed domain structure of the terminase subunits. The locations of the putativeuhetikelix DNA binding

motif (HTH, Lys5— Glu24), the Walker A sequence (ATP, VaR2&ly36), and the putative hydrophobic self-association domain (HD,
Lys100-Pro141) are indicated in gpNul. The locations of the Walker A sequence (ATP, G{#8498) and the putative bZIP protein
dimerization sequence (Glu56@ly621) are indicated in gpA. Based on genetic studies, subunit interactions are mediated by the C-terminal
~90 amino acids of gpNul and the N-termired0 amino acids of gpA. See text for details. Panel B: Kybmolitle hydropathy plot of
full-length gpNul. The locations of the heliturn—helix DNA binding motif (HTH) and the Walker A (ATP) sequences are indicated.

The putative hydrophobic self-association and gpA-interactive domains are also indicated. The locations of the C-terminal ends in the
gpNulJAK100 (AK) and gpNuAP141 AP) deletion mutant proteins are indicated with arrows.

respectively 16, 17). The unfolding curves were analyzed 2.0). Automated DNA sequence analysis was performed by

using a double-sigmoidal curve function as described previ- the University of Colorado Cancer Center Macromolecular

ously (18): Resources Core facility. Both strands of the duplex were
examined to ensure the expected DNA sequence.

Foi — P +F. |+ Fo2 ~ Fiv +F Bacterial Strains, DNA Preparation, and Protein Purifica-
1+ (l‘)mrl N1 1+ (lz)mrz N2 tion. E. coli BL21(DE3) cells were a generous gift of D.
T T Kroll (University of Colorado Health Sciences Center,

) Denver, CO). All synthetic oligonucleotides used in this study

were purchased from Gibco/BRL and were used without

whereFyy/Fn, andFpy/Fp, represent the pre-transition and  further purification. Plasmids pSF1 and pAFP1, kindly
post-transition base lines for the individual transitions, Provided by M. Feiss (University of lowa, lowa City, IA),
respectively, andnry/mr, and Tmy/Tmz represent the slopes ~ Were purified from thek. coli cell lines C600[pSF1] and
and melting temperature of each transition, respectively. All JM107[pAFP1], respectively, using Qiagen DNA prep
data sets were fit to the above equations by nonlinear columns. Purification of gpA and full-length gpNul was
regression methods using the IGOR graphics/analysis packPerformed as previously describekb). Purification of gpA-
age (WaveMetrics, Lake Oswego, OR). H6 was performed as described by Hang et H).(All of
Electrospray mass spectral analysis was performed on aour purified proteins were homogeneous as determined by
Finnigan LCQ ion trap mass spectrometer using a mobile SDS-PAGE and densitometric analysis using a Molecular
phase consisting of 32.5% acetonitrile and 17.5% methanolDynamics laser densitometer and the ImageQuant data
in water containing 0.01% trifluoroacetic acid ats/min. analysis package. Unless otherwise indicated, protein con-
Prediction of protein secondary structures and hydrophobicity centrations were determined spectrally using millimolar
based upon primary sequence data was performed by theextinction coefficients 10, 15).
methods of Chou and Fasman and Kyte and Doolittle, Construction of the gpNuiP141 Deletion Mutant @er-
respectively, using the DNASIS program (Macintosh version expression PlasmidA truncatedNul gene was amplified

Fp=
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by PCR using pSF1 as a DNA template. This plasmid
contains the wild-typeNul gene cloned into a pBR322
background 20). Primers were designed such thzataRl
andBanHI restriction sequences were present at tharfsl
the 3 end, respectively, of the PCR product. The primer
sequences were as follows: forward prim&CCT CTC
CCT TTC TCCGAA TTCATG GAA GTC AAC AAA

Activity Assays. Gel mobility shift assayere performed
and analyzed as described by Yang et d4)( The
concentration of protein and salt added to the binding
reactions is indicated in each individual experiment. tbs
cleavage assayvas performed as described previously using
pAFP1 as a nuclease substral®, (21). ATPase catalytic
activity was examined as described previoug®, 23) and
AAG C-%; reverse primer:®-CTT CCT GGA TCCTTA utilized an p-32P]JATP concentration of 5aM and a DNA
CGG AAA ACG CCG CTG CACE. TheEcaoRI andBanHl (Scd-linearized pAFP1) concentration of 30@M (total
restriction sequences are indicated in italics while the f-MET nucleotide). The concentration of protein used in these assays
(forward primer) and stop (reverse primer) codons are shownis indicated in each individual experiment.
in boldface type. Sequences complementary ta\theégene
are underlined. The stop codon present in the reverse pPCRRESULTS
primer yields, upon amplification, a truncated gpNul gene  Construction, Expression, and Purification of gphMiA141
which expresses only the first 141 amino acids of the protein. Based on the domain model presented in Figure 2, we
Amplification of the truncated gene, isolation of the PCR constructed gpNuAP141, a mutant of gpNul in which the
product, and construction of the overexpression plasmid C-terminal 40 amino acids of the protein have been deleted.
(pPNulAP) were performed as described previously for wild- Of note is that limited proteolysis studies have demonstrated
type gpNul 15). Colonies from BL21(DE3) cells transfected a relatively stable N-terminal digestion intermediate of
with this plasmid efficiently expressed the C-terminal deleted gpNul with a molecular weight expected from a similar

gpNul mutant protein, gpNUIP141, as determined from
whole cell lysates analyzed by SBEAGE and Western
blotting (not shown).

Expression and Purification of gpNaP141. One liter
of 2x-YT media containing 5@:g/mL ampicillin, 25 mM

deletion of the C-terminus of the protein (C. E. Catalano
and A. Hanagan, unpublished). Similar to wild-type, full-
length gpNul (gpNul-FL), virtually all of the expressed
gpNulAP141 protein was present in the insoluble pellet
fraction of the crude cell lysate. Nevertheless, the protein

potassium phosphate, pH 7.5, and 5 mM glucose wascould be purified to homogeneity as described under

inoculated with a 10 mL overnight culture of BL21(DE3)-
[PNUlAP] derived from an isolated colony. The culture was
maintained at 37C until an OD of 0.45 (600 nm) was
obtained, at which point IPTG (1.2 mM) was added. The
cells were maintained at 37C for an additiona2 h and

Experimental Procedures. SBEAGE analysis yielded an
apparent molecular mass sf15.2 kDa, consistent with the
M, = 15 917 Da predicted from the gene sequence. More-
over, electrospray mass spectral analysis of the purified
protein yielded a molecular mass of 15919 Da. We note

then harvested by centrifugation. Unless otherwise indicated,that purification of gpNuAP141 was extremely difficult due

all subsequent steps were performed-atOC. Purification
of gpNulAP141 from inclusion bodies was performed

to the tendency of the protein to aggregate at each of step of
the purification protocol, especially during the dialysis steps.

essentially as described for the full-length gpNul subunit Once purified, however, the protein could be concentrated

(15) with minor modification. Briefly, gpNuAP141 was
solubilized from the cell lysis pellet with 100 mL of buffer
A (50 mM TrissHCI, pH 8.0, 5 mM EDTA) containing 6 M

(2.4 mg/mL) in the presence of 0.5 M guanidine hydrochlo-
ride (GDN) with no evidence of aggregation during pro-
longed storage at 4C. The protocol described here yields 2

guanidine hydrochloride (GDN). The sample was then diluted mg of highly purified protein per liter of cell growth.

to 4 L with buffer B (20 mM TrisHCI, pH 8.0, 1 mM EDTA,
7 mM 5-ME) containing 100 mM NaCl eth2 M GDN, and
the protein was refolded by dialysis against 40 L of buffer
B for 20 h with one buffer change. The protein was purified

Preliminary Characterization of gpNuP141 The UV
spectrum of gpNuAP141 shown in Figure 3A (inset) is typi-
cal of a globular protein that is essentially devoid of con-
taminating DNA @4, 25), and an extinction coefficient{go)

by DEAE-Sepharose and MonoQ HR5/5 chromatography asof 15.3 mM2-cm™ (in 10 mM sodium phosphate, pH 7.2,

previously describedl§) and stored at 4C. As necessary,

0.5 M GDN) was determined by the method of Gill and von

the protein was concentrated using Centricon10 centrifugal Hipple (26, 27). The figure further demonstrates that while
concentrators after dialysis into 10 mM sodium phosphate gpNulAP141 remains soluble in the presence of 0.4 M GDN,

buffer, pH 7.2, containing at least 0.5 M GDN.
Interaction of the Terminase Subuni@-Terminal hexa-
HIS-containing gpA (gpA-H6, 2M) was preincubated with
either full-length gpNul (4M) or the truncated gpNutP141
mutant (4uM) in 50 mM sodium phosphate, pH 8.0, 100
mM NaCl buffer for 20 min on ice. NiNTA agarose resin

(0.5 mL in the same buffer) was added to the protein mixture,

significant aggregation is observed with further dilution of
GDN from the sample as evidenced by increased light
scattering in the spectrum (increased absorbance at 320 nm).
The fluorescence spectrum of the protein taken in 0.4 M
GDN (Figure 3B) displays an emission maximum of 332
nm that remains unchanged using excitation frequencies
between 260 and 285 nm. Excitation at longer wavelengths

and the incubation was continued for an additional 60 min results in significant deterioration of the spectrum (not
with mild shaking. The resin was then batch-loaded into a shown). Importantly, the fluorescence spectrum of the protein

column and washed twice with 3Q. of wash buffer (50

taken h 6 M GDN displays a significant red-shift in the

mM sodium phosphate, pH 8.0, 20 mM imidazole, and 500 emission maximum (349 nm) and a 2-fold increase in the

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 NacCl). Fractions (200) were
collected and analyzed by SBRAGE.

fluorescence intensity. These data suggest that gaRa41
retains a folded conformation in the presence of 0.4 M GDN
but, as expected, denatures at elevated concentrations of
GDN.
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Ficure 3: Panel A: Aggregation of gpNuiP141 as a function Wavelength (nm)

of guanidine hydrochloride concentration. Light scattering due to ) .
protein aggregation was monitored at 320 nm. Inset: UV spectrum FIGURE4: Panel A: Far-UV CD spectra of gpNAP141 recorded
of the protein in 0.5 M GDN. Panel B: Fluorescence spectrum of at 4°C before @) and after ©) heating to 95°C for 15 min, and

gpNu1AP141 in the presence of 0.4 M GDN (solid line) and 6 M the spectrum recorded at 9% (a). Panel B: Near-UV CD
GDN (dashed line). All spectra were recorded as described underSPectrum recorded at%C in 0.4 M guanidine hydrochloride.
Experimental Procedures.
other aromatic groups, or slight changes in the dihedral angles

Chou and Fasman secondary structure analysis predicts ®f the tryptophan side chain relative to the peptide backbone
significant amount (38%) odi-helical structure for the pro-  (29). Of note is the broad positive band at 318 nm present
tein, and, consistently, the far-UV circular dichroism (CD) in the spectrum of gpNuP141 (Figure 4B) but absent from
spectrum of gpNuAP141 shows strong negative maxima that of gpNuAK100 (15). This band indicates the presence
at 222 and 208 nm (Figure 4A). These data suggest that theof a disulfide bond in the protein that is conformationally
mutant protein indeed possesses a significant amount ofstrained, deviating from the norm&90° dihedral angle30).
o-helical structureZ5, 28). Unfortunately, however, decon-  Importantly, gpNulP141 possesses a single cysteine residue
volution analysis of the spectrum was not possible due to (C114) that is absent from the gpNAK100 mutant protein.
the strong absorbance at low wavelengths by the GDN in Consistently, while gpNUAK100 migrates as a monomer
the sample. The near-UV CD spectrum of gpMiPiL41 in denaturing, nonreducing PAGE, gpNAR141 migrates
shown in Figure 4B displays strong signals consistent with as a dimer under these conditions but collapses to a monomer
the existence of significant tertiary structure in the presencein the presence of-ME (Q. Yang and C. E. Catalano,
of 0.4 M GDN (Figure 4B). Importantly, the negative bands unpublished).
observed at 296 and 289 nm, representing th€ @nd 6-1 Stability of gpNuAP141 Unlike full-length gpNul 15)
vibronic components, respectively, of tHg, band of tryp- and gpNuNAK100 (Q. Yang and C. E. Catalano, unpub-
tophan R9), are unperturbed from their positions in the lished), thermal denaturation of gpNAR141 is only partially
gpNulAK100 mutant protein X5). This suggests that the (=80%) reversible (see Figure 4A). We have previously
folded conformation of residues-1L00 is not significantly demonstrated that thermally induced denaturation of full-
altered in the larger gpNWIP141 mutant protein. Converse- length gpNul shows a single, broad, and uncooperative
ly, the positive band at 264 nm is significantly red-shifted unfolding transition when monitored by far-UV CD spec-
relative to the band seen in gpNAK100 (252 nm) 15). troscopy (5). Moreover, the melting temperaturg(= 307
Most likely, this signal arises from thi., transition from K) is significantly lower than that observed for either the
one of the tryptophan residues in the protein, and the red-isolated gpA subunitT, = 317 K) or the holoenzyme
shift in gpNulAP141 could be due to stronger coupling to complex m = 317 K), both of which also exhibit single,
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Ficure 6: gpNulAP141 interacts weakly with the terminase gpA
subunit. gpA-H6 was preincubated with either full-length gpNul
(panel A) or gpNuAAP141 (panel B) as described under Experi-
mental Procedures and loaded onto a nickel-chelate column. The
column was washed and protein eluted as described. L, load
fraction; FT, column flow through; WAW2, column wash frac-
tions; EX-E4, column elution fractions. The positions of gpA-H6
and the relevant gpNul protein bands are indicated with arrows.

gpNulAP141 Interacts Weakly with the Terminase gpA
Subunit. Reconstitution of terminase holoenzyme from a
C-terminal hexaHIS-tagged gpA subunit [gpA-HB)] and
either wild-type gpNul or gpNuiP141 is shown in Figure
6. The mixtures were batch-loaded onto nickel chelate
columns which retained the gpA-H6 subunit. After the

monitored at 222 nm (far-UV). The data were analyzed using a columns were washed to remove any unbound protein' gpA-

single sigmoidal curve function (dashed line) and a double sigmoidal

curve function (solid line) as described under Experimental
Procedures. Panel B: Thermally-induced unfolding of gphie141

H6 was eluted, and all of the fractions were analyzed by
SDS-PAGE. Contrary to our prediction, the figure clearly

monitored at 260 nm (near-UV). The data were analyzed using a demonstrates that gpNAP141 binds to the gpA subunit.
double sigmoidal curve function as described under Experimental This interaction is weaker than that observed with the full-

Procedures.

Table 1: Thermally-Induced Unfolding of gpNAP14P

signal monitored Tma (K) Tm2 (K)
far-UV CD (222 nm) 314.1H0.3 331.3+ 0.5
near-UV CD (260 nm) 309.5 0.9 333.3+ 0.1

length protein, however, and analysis of the data suggests
that the apparent affinity of gpNuP141 for gpA is roughly
50% that of full-length gpNul under these conditions.
gpNulAP141 Binds Tightly to DNAFigure 7 demonstrates
that gpNuAP141 binds ta@woscontaining DNA and, surpris-
ingly, binds more tightly than does full-length gpNul (see
Table 2). Analysis of the data reveals that the mutant protein

2 The data presented in Figure 5 were analyzed as described underisplays only modest discrimination betwemscontaining

Experimental Procedures.

though more cooperative, unfolding transitio@§)( Interest-
ingly, however, thermally induced unfolding of gpNAR141

and nonspecific DNA sequences, however (Figure 7A, Table
2). To more fully examine specificity in DNA binding by
gpNulAP141, two additional experiments were performed.
(i) While it has been shown that an increase in ionic strength

reveals two discrete transitions that are observed in both thestrongly affects all nucleoprotein complexes, nonspecific

far-UV (Figure 5A) and the near-UV (Figure 5B) regions

interactions are more severely affected than specific protein

(Table 1). These data are consistent with the posit that DNA interactions 81). We thus examined the effect of NaCl

gpNulAP141 is composed of two domains, presumably
represented by residues-100 and 106-140, respectively,

on the stability of the gel-retarded gpNAR14:DNA
complexes. Figure 7B shows that while salt disrupts both

that unfold independently (see Table 1). We note that the coscontaining and nonspecific protelDNA complexes,

single uncooperative unfolding transition observed with the
full-length protein is consistent with a molten globule or
compact intermediate stat&5). In this case, the putative
domains are not fully folded, and discrete unfolding transi-
tions are not expected.

significantly lower concentrations of salt are required to
disrupt the nonspecific complex&S:f> ~# 300 mM vs~100
mM). Moreover, the curves are much steeper with nonspe-
cific DNA complexes (slope= —0.627+ 0.07) than with
complexes formed withcoscontaining DNA substrates
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A Table 2: Direct DNA Binding by Wild-Type and Mutant gpNul
100 — Subunit§
Cl/z (nM) C1/2 (nM)
<Zt 80 protein (specific DNA)  (nonspecific DNA) discriminatioh
g 60 gpNul-FL¢ 35.2+ 2.5 (>1.6x 1% >45
;__,) gpNulAP141  11.5+1.6 31.1+ 25 2.7
£ a0 gpNUIAK10C® (50.5+ 0.4) x 10® (75.94 0.7) x 108 15
®* a2 The data presented in Figure 7A were analyzed as described under
20 Experimental Procedure%Discrimination= Cyj(nonspecific DNA)/
Cua(specific DNA).¢ The values presented differ slightly from those
previously publishedl(5) and reflect differences in binding conditions.
0 T ——T—T T T Specifically, the concentration of radiolabeled DNA was 20 pM, and
g 3 B, Bt el 50 mM NaCl was included in the binding buffer as described under
[gpNu1AP] (nM) Experimental Procedure$No detectable retarded band was observed
in the presence of 1.6M protein, and the discrimination value thus
B 100 represents a lower limi€ Data taken from 14).
80 4
<
=
0 60
E — -
5 40 — —_—
ES
20

1 2 3 4 5 6 7 8 9 10 11
0 - '
) T j i ' I —_— - 3 ;4
0 100 200 300 v ' ﬁ , -

[NaCl] (mM) : ‘

FiGure 8: Catalytic activity of gpNuAP141. Upper panel: The
coscleavage assay was performed as described under Experimental
60 — Procedures with the following additions: lane 1, no additions; lane
2, gpA alone; lane 3, full-length gpNul alone; lane 4, gpA plus
40 - full-length gpNul; lane 5, gpA plus gpNAP141; lane 6,
gpNulAP141 alone. gpA and gpNul (wild-type or mutant) were
added to a final concentration of @M and 2 uM, respectively.
20 - The positions of the DNA product bands are indicated with arrows.
. Lower panel: The ATPase assay was performed as described under
Experimental Procedures in the absence (lan€s) nd presence
A B L L (lanes 6-10) of DNA and with the following additions: lanes 1
0 2 4 6 8 10 and 6, gpA alone; lanes 2 and 7, full-length gpNul alone; lanes 3
[Competitor DNA] (nM) and 8, gpA plus full-length gpNul; lanes 4 and 9, gpA plus
. P . Rindi gpNulAP141; lanes 5 and 10, gpNAP141 alone; lane 11, no
FiGure 7: gpNUIAP141 binding to DNA. Panel A: Binding of additions. gpA and gpNul (wild-type or mutant) were added to a
coscontaining and nonspecific DNA by gpNAP141. The gel ' - : =
; : : ; inal concentration of kM and 2uM, respectively. The position
retardation experiments were conducted as described and |ncludea B . P
- p of the ADP product band is indicated with an arrow. Quantitation
50 mM NaCl and 20 pMcoscontaining ®) or nonspecific ©) of the ATP hydrolysis data is presented in Table 4
DNA. Panel B: Salt disrupts gpN&P14%:DNA complexes. The yaroly P '
gel retardation experiments were conducted as described under . ) . i
Experimental Procedures using 30 nM gpMiPL41 and 20 pM was added to a binding mixture containin¢gf-radiolabeled
coscontaining @) or nonspecific ©) DNA substrates. NaCl was  coscontaining DNA substrate and increasing concentrations
added to the binding buffer as indicated in the figure. Panel C: of ejther specific ¢oscontaining) or nonspecific cold com-
Competitive discrimination between specific and nonspecific DNA. etitor DNA. The figure demonstrates that@scontaining
The experiments were conducted as described under Experimenta b fectivel ith |
Procedures and included 30 nM gpMA141, 20 pM radiolabeled NA substrate more effectively competes with complex
coscontaining DNA, and 50 mM NacCl. Cold specifi®) or non- formation than does a duplex of random sequence. Interest-
specific O) competitor DNA was added as indicated in the figure. ingly, however, the degree of discrimination in this assay
) _ ~ (~40-fold) is similar to that observed for both the full-length
(slope= —0.2474 0.02). (i) The experiment presented in  subunit and the gpNuiK100 deletion mutant (Table 3).
Figure 7A suggests that gpNAaP141 binds ta@oscontaining Catalytic Actiity of gpNulAP141 Binding of gpNu1l to
DNA with only modest specificity. This is not entirely cosBis critical to the assembly of gpA atosNand the
unexpected, however, as discrimination between specific andcoscleavage reaction (Figure 1). We have shown that
nonspecific DNA is poorly demonstrated in gel retardation gpNulAP141 binds, albeit with reduced affinity, to the
experiments performed in this manner. DNA binding speci- terminase gpA subunit in solution (see Figure 6). The protein
ficity is better demonstrated by direct competition between further retains DNA binding activity, and it was feasible that
the substrates3@), and the data presented in Figure 7C show a DNA-bound holoenzyme complex might form and possess
the results of such a study. In this experiment, gpAiR141 catalytic activity. Figure 8A demonstrates that while neither

@

80 1@ O

% Shifted DNA
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Table 3: Competitive DNA Binding by Wild-Type and Mutant interactions between the _ subuni_ts. Genef[ic studies have
gpNul Subunits demonstrated that a gpA-interactive domain of the gpNul
Cun (M) Cun (M) subunit resides w_|th|n the _C-termlngl half of_ the proteig, (
protein  (specific DNA) (nonspecific DNA) discriminatioh 13)3 but the precise location of this domain has not been
gPNUI-FL 012: 01 73116 60 defined. We previously cons_tructed gpl\_NilO(_), a mutant
gpNulAP141  0.19+ 0.03 74412 39 subunit in which the C-terminal 81 amino acids have been
gpNulAK100* 1.5+ 0.15 >50 >30 deleted 14). Unlike the isolated full-length protein that

aThe data presented in Figure 7C were analyzed as described unde@Ppears to be in a molten globule state anq shows a strong
Experimental Procedure$Discrimination= Cy(nonspecific DNA)/ tendency to aggregat#5), gpNulAK100 is a highly soluble

Cup(specific DNA). ¢ Data taken from14). dimer and is folded in solutioriLé). Based on genetic studies
and our experiments with these two proteins, we suggested
Table 4: ATPase Activity of the Terminase Subuhits th_a; (i) a reginB'm th? ﬁ'tem:)ina! half f?f gFt)JNU]- inte][feris
— - — with proper folding of the subunit in the absence of gpA,
additions DINA (10 nM) relative activity (%) (ii) deletion of this region allows the N-terminal DNA
gpﬁ ) rr‘]% 82 binding domain to adopt a folded conformation, (iii) the
gSAi gpNul no 100 strongly hydrophobic region extending between amino acids
gpA -+ gpNulAP141 no 4 Lys100 and Pro141 is responsible for gpNul self-association
gpNulAP141 no 01 and is required for cooperative DNA binding, and (iv) the
ggﬁul 3}’/9; 2% gpA-interactive domain of gpNul is restricted to the C-
gpA -+ gpNul ves 100 terminal 40 amino acids of the protein.
gpA + gpNulAP141 yes 9 Consistent with the presence of a putative hydrophobic
gpNulAP141 yes 0.1 domain, gpNuAP141 has a strong tendency to aggregate.

aThe data presented in Figure 8B were analyzed as described undeNevertheless, the mutant protein remains soluble in the pres-
Experimental Procedures. 100% relative activity corresponds to 34.5 ence of low concentrations of guanidine hydrochloride (GDN),
and 45.5«M ADP formed in 30 min in the absence and presence of and fluorescence and CD spectroscopic studies suggest that
DNA, respectively. the mutant protein is folded under these buffer conditions.
Thermally induced denaturation of gpNAR141 reveals two
the isolated gpA subunit nor the full-length gpNul subunit apparent unfolding transitions, and we posit that this repre-
alone possess any detectable nuclease activity under thessents the unfolding of two independent domains in the pro-
experimental conditionsterminase holoenzyme reconstituted tein, presumably the N-terminal DNA binding domain (resi-
from the individual subunits (gpAgpNul) is fully active. dues +100) and the hydrophobic self-association domain
“Reconstitution” of terminase holoenzyme from gpA and the (residues 10+141). Moreover, CD spectroscopy suggests
gpNulAP141 deletion mutant does not, however, yield any that the folded conformation of the N-terminal DNA bind-
detectable nuclease activity. It is important to note that no ing domain, represented by the shorter deletion mutant
coscleavage activity is detected even though gpANB141 gpNUlAK100, is not significantly perturbed by the self-
binds tightly to DNA at these concentrations (see Figure 7). association domain, consistent with independently folding
We have previously characterized the ATPase activity of domains.
terminase holoenzyme and have identified catalytic sites While the spectroscopic data have shown that gpRIK¥1
within each subunit of the enzym24, 23). The active site s folded in solution, functional assays are required to verify
P-loop motif @3) is contained within gpNuAP141, and it  that the protein domain(s) retain(s) the native fold found in
was possible that this mutant protein might retain ATPase full-length gpNul. The mutant protein possesses the hydro-
activity. We thus directly examined the catalytic activity of phobic self-association domain postulated to be important
the isolated gpNuAP141 subunit and terminase enzyme in cooperative DNA binding, and the data presented here
“reconstituted” from this protein. Figure 8B demonstrates clearly demonstrate that this region of the protein is indeed
that while the isolated gpA subunit possesses modest ATPasémportant in high-affinity DNA binding interactions. Interest-
activity, neither gpNul-FL nor gpNuiP141 exhibits sig-  ingly, however, gpNuAP141 only modestly discriminates
nificant catalytic activity under these experimental conditions. betweencoscontaining and nonspecific DNA substrates,
Figure 8B and Table 4 demonstrate that while reconstitution suggesting that the C-terminal 40 amino acids of the protein
of terminase holoenzyme from gpA and the full-length are important in specific DNA binding interactions. We
gpNul subunit significantly stimulates ATP hydrolysis, speculated that the gpA-interaction domain of gpNul was
enzyme prepared from gpNAP141 does not exhibit activity  limited to this C-terminal region of the protein. Contrary to
beyond that observed for gpA alone. our prediction, gpNuAP141 binds with modest affinity to
the terminase gpA subunit, clearly indicating that at least
DISCUSSION part of the hydrophobic domain is involved in subunit
Terminase holoenzyme is purified as a gmNuL interactions. Th_e mutant protein posse_ssed neither nuclease
holoenzyme complex that is catalytically active in viti®( ~ nOr ATPase activity, however, suggesting that the observed
34). This subunit stoichiometry is retained throughout the interactions are insufficient to generate a catalytically
purification procedures, suggesting strong profmiotein competent holoenzyme complex. , o
The data presented here and in our previous publications
2While coscleavage activity has been observed with the isolated (14, 15). are. consistent with Fhe gpNuZ!. domain model pre-
gpA subunit, significantly higher concentrations than those used in these S€Nted in Figure 2A. The region spanning Metys100 de-
experiments are required. fines a soluble DNA binding domain that also possesses ATP
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binding (but not hydrolysis) activity (T. de Beer, N. Berton,
and C. E. Catalano, unpublished). This domain binds DNA
significantly less tightly than the full-length protein, however,
and discriminates only modestly betwemscontaining and
nonspecific DNA substrates. The region spanning Lys100
Pro141 defines a hydrophobic self-association domain that
is required for high-affinity DNA binding, and it is likely
that proteinprotein interactions mediated by this domain are
required for the unusual stability of the gpNuducleoprotein
complexes assembled ebsB (Figure 1) 85). While this
region of the protein is sufficient for high-affinity DNA
binding, the region spanning Prol4GIlul81 is required
discrimination betweenoscontaining and nonspecific DNA
substrates. These C-terminal 40 amino acids are further
required for appropriate subunit interactions leading to
holoenzyme complex formation and catalytic activity, and
modulate the folding behavior of the isolated gpNul subunit.
The domain organization of gpNul shows strong homol-
ogy to a number oE. colitranscriptional regulatory proteins
including thelac (lactose) repressoB6, 37), fru (fructose)
repressor 8), and pur (purine) repressor3Q), as well as
the phagel cl repressor 40). Each of these proteins is
composed of an N-terminal domain&60 amino acids that
contains a helixturn—helix DNA binding motif, and a larger
C-terminal domain involved in ligand binding and/or oligo-
merization interactions required for efficient DNA binding.
Particularly striking are the similarities between gpNul
assembly atosBand cl repressor assembly ak @nd Q.
In each case, proteiDNA binding interactions (intrinsic
binding) at three contiguous DNA elements are bolstered
by proteinprotein interactions (cooperative binding) in the
complex @1). The roles of the nucleoprotein complexes
assembled by cl and gpNul are quite different, however.
The cl nucleoprotein complex acts as a “delicate switch”
that must respond to cellular conditions and either maintain
a lysogenic state or allow lytic developme#t). Conversely,
the gpNul nucleoprotein complex is responsible, at least in
part, for the assembly of extremely stable packaging inter-
mediates whose function is to protect the newly formed
“sticky end” of the viral genome from cellular nucleases.
We suggest that while intrinsic DNA binding energies are
important in the specific recognition afosB by gpNul,
cooperative DNA binding energies, presumably mediated by
the hydrophobic domain of the protein, are equally important
and play a major role in the assembly and stability of the
resulting nucleoprotein complex. Furthermore, gpNul bound
at cosBorchestrates the assembly of a gpA dimecasN

and the formation of a catalytically competent nuclease 26.

complex (see Figure 1). The studies described here have
defined domains of gpNul mediating intrinsic DNA binding

interactions, self-assembly (cooperative) binding interactions, »g.

and gpNuigpA binding interactions required for holoenzyme
complex formation. Thus, the work described here is a

prelude to more sophisticated studies directed toward a 29

mechanistic description of the complex interactions respon-
sible for the assembly of this DNA packaging machine.
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