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ABSTRACT:. Terminase enzymes are common to both prokaryotic and eukaryotic double-stranded DNA
viruses and are responsible for packaging viral DNA into the confines of an empty procapsid shell. In all
known cases, the holoenzymes are heteroligomers composed of a large subunit that possesses the catalytic
activities required for genome packaging and a small subunit that is responsible for specific recognition
of viral DNA. In bacteriophage lambda, the DNA recognition protein is gpNul. The gpNul subunit interacts
with multiple recognition elements withtos the packaging initiation site in viral DNA, to site-specifically
assemble the packaging machinery. Motor assembly is modulated Wystieerichia coliintegration

host factor protein (IHF), which binds to a consensus sequence also located aeishidn the basis of

a variety of biochemical data and the recently solved NMR structure of the DNA binding domain of
gpNul, we proposed a novel DNA binding mode that predicts significant bending of duplex DNA by
gpNul (de Beer et al. (200R)ol. Cell 9, 981-991). We further proposed that gpNul and IHF cooperatively

bind and bend viral DNA to regulate the assembly of the packaging motor. Here, we characterize cooperative
gpNul and IHF binding to theossite in lambda DNA using a quantitative electrophoretic mobility shift
(EMS) assay. These studies provide direct experimental support for the long presumed cooperative assembly
of gpNul and IHF at thecos sequence of lambda DNA. Further, circular permutation experiments
demonstrate that the viral and host proteins each introduce a strong bessciontaining DNA, but not
nonspecific DNA substrates. Thus, specific recognition of viral DNA by the packaging apparatus is mediated
by both DNA sequence information and by structural alteration of the duplex. The relevance of these
results with respect to the assembly of a viral DNA-packaging motor is discussed.

Terminase enzymes are common to many double-strandedhe concatemer and concomitantly translocate the “matured”
DNA (dsDNA)! viruses of both prokaryotic and eukaryotic DNA into the procapsid. All of the characterized terminase
origin (1—3). These enzymes are responsible for DNA enzymes share common structural and functional character-
packaging, the ATP-dependent insertion of viral DNA into istics; they are heteroligomers composed of a large subunit,
an empty, preformed procapsid. In most cases, the preferredvhich provides the packaging activities of the enzyme, and
packaging substrate is a linear concatemer of multiple a small subunit that is responsible for specific recognition
genomes linked in a head-to-tail fashion (immature DNA) of viral DNA (2—4, 6). In the case of bacteriophage lambda
(2—5). Terminase enzymes excise an individual genome from terminase, the larger gpA subunit (73.3 kDa) possesses all

the catalytic activities required to mature and package viral
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1 Abbreviations: 8-ME, 2-mercaptoethanotos cohesive end site  [€rminase assembles to initiate the packaging prodess)
of the lambda genomesosDNA, a 272 bp duplex that contains the ~ The gpA subunit cuts the duplex at tbesNsubsite to mature
entire lambdacos sequencecosh the subsite where gpNul binds o the DNA (Figure 1A) 8, 11, 16). Specific assembly of the

assembly the packaging motocpsBDNA, a 135 bp duplex that . . . . .
contains the onlgosBsequence of the lambda genormes2DNA, a packaging motor is mediated by gpNul, which binds to three

94 bp duplex that contains the R3-11-R2 sequence of the lambda R-€lements within theosBsubsite {7, 18). TheEscherichia
genomerosN the subsite where the terminase gpA subunit introduces coli integration host factor stimulates virus yield in vivi®¢

symmetric nicks 12 bases apart in the duplex to mature concatemeric i i i _
DNA; dsDNA, double-stranded DNA; EMS, electromobility shift; ns- 21) anq DNA maturation |n.V|tro § 11, 22-25). An .
DNA, a 272 bp duplex of random sequence: wHTH, winged helix- integration host factor protein (IHF) consensus binding

turn-helix DNA binding motif. sequence is also located withitosB and it has been
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in concert to assemble the packaging motor. An understand-
ing of how these proteins interact with viral DNA to initiate
genome packaging is central to a molecular description of
virus assembly.

Structural and biochemical characterization of gpNul has
been frustrated by aggregation of the isolated subunit at
elevated concentrationd4, 26—28). Mutagenesis studies

m n m m cosB-DNA have revealed that a hydrophobic region of the protein

(135 bp) extending between residues 100 and 140 is responsible for

aggregation of the protein, and this hydrophobic region is
cos2-DNA referred to as the “self-association domain” of gpNAT)(

(94 bp) Biochemical, biophysical, and structural studies have dem-
onstrated that deletion of the self-association domain affords
highly soluble protein dimers in the concentration range of
5uM to 2 mM (29, 30). These studies have further shown
that the N-terminal 55 residues of gpNul represent a
structural and functional DNA-binding domain of the protein
(29—33). The high-resolution solution structure of the
gpNUlAEG8 dimer, a deletion construct consisting of the
N-terminal 68 residues of gpNul, was recently solved in our
lab (32) and is shown in Figure 1B. This structure has yielded
insight into how gpNul recognizesos to initiate DNA
packaging. Specifically, the gpNAE68 dimer possesses a
pair of winged helix-turn-helix (WHTH) DNA binding motifs
that lie on opposite faces of the dimer and point away from
each other; this geometry precludes binding of the DBD
dimer to two adjacent half-sites, a DNA binding mode
common to dimeric HTH-containing DNA-binding proteins
such as the lambda repress@4); On the basis of the
structure of the gpNUWAEG8 dimer, a variety of biochemical
data and the sequence organizatiorc@$B we proposed a
novel DNA-binding mode for gpNul, as shown in Figure
1C. In this model, the wHTH maotifs in each subunit of the
dimer bind to R-element half-sites separated by 40 base pairs
in the duplex. This requires that a significant bend be
introduced intocosDNA upon gpNul binding. Consistent
with this hypothesis, an IHF consensus-binding element is
observed exactly midway between the R3 and R2 elements
of cosB(Figure 1A). In all characterized cases, IHF binds
to its cognate binding element and introduces a strong bend
in the duplex, which provides a structure conducive to the
assembly of additional proteins on the modified duplex
structure 85—38). Thus, we proposed that gpNul and IHF
cooperatively bind and bendosDNA to assemble the
packaging motor.

Here, we report the results of experiments that directly
test the gpNul DNA-binding and bending model previously
proposed. We demonstrate that full-length gpNul and IHF

24 bind in a cooperative manner tmscontaining DNA, but
Ficure 1: (A) Organization of theossequence and EMS substrat-  Not to nonspecific DNA substrates. We further demonstrate
es used in this study. Interactions of the terminase subunits and IHFthat gpNul binding t@osDNA introduces a strong bend in
with elements within theossequence are indicated at top. (B) Rib-  the duplex, similar to that introduced by IHF. The implica-

bon representation of the gpNul DNA binding domain, taken with ; ;
permission from de Beer et aB2). Copyright 2002 Elsevier, Inc. tions of these results with respect to the assembly of a viral

The wing residues and the HTH recognition heliB( helix) are DNA-packaging motor are discussed.

colored purple and red, respectively. (C) Model for cooperative bind-

ing and bending o€osDNA by gpNul and IHF, taken with per- EXPERIMENTAL PROCEDURES

mission from de Beer et al3). Copyright 2002 Elsevier, Inc. The  Materials and MethodsTryptone, yeast extract, and agar
IHF dimer is displayed in a ribbon representation with each subunit \yare purchased from DIFCO. Restriction endonuclease

colored a different shade of blue. The R2 and R3 elements are dis- . .
played in green. The gpNul DBD is displayed with the HTH motifs enzymes, the Klenow fragment, and T4 polynucleotide kinase

and wing residues colored as in panel B, while the remainder of the Were purchased from Invitrogen. DEAE-sepharose FF, SP-
two monomers is shown in different shades of blue for simplicity. sepharose FF, and Q-sepharose FF chromatography resins

u cosQ cosN cosB proposed, but never demonstrated, that gpNul and IHF act

cos-DNA
(272 bp)
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were purchased from Pharmacia. Radionucleotides were Each DNA substrate was digested witldel restriction
purchased from Amersham. Bio-6 spin columns were endonuclease, and the major fragments were isolated on a
purchased from Bio-Rad. The pBend2 vector was purchased0.8% agarose gel and purified using the Qiagen gel extraction
from the American Type Culture Collection. All of the kit. The substrates were then-é&nd-labeled at both ends
synthetic oligonucleotides used in these studies were pur-usinga®?P-dATP and the Klenow fragment according to the
chased from Invitrogen and were used without further manufacturer's recommended protocol.
purification. All other materials were of the highest quality Electrophoretic Mobility Shift Experiment&quilibrium
commercially available. binding experiments were performed in buffer containing 20
Bacterial cultures were grown in shaker flasks utilizing a mM Tris, pH 8, 1 mM EDTA, 2 mM spermidine, 50 mM
New Brunswick Scientific series 25 incubator-shaker. All NaCl, 7 mM-ME, and 10% glycerol. Radiolabeled DNA
protein purifications utilized a Pharmacia FPLC system, was included at a concentration of-10 pM, and herring
which consisted of two P500 pumps, a GP250-plus controller, sperm DNA (100 pM) was added to all binding mixtures.
a V7 injector, and a Uvicord SII variable wavelength IHF and/or gpNul was added as indicated in each individual
detector. UV-vis absorbance spectra were recorded on a experiment, and the binding mixture was incubated at room
Hewlett-Packard HP8452A spectrophotometer. Automated temperature for 15 min. Unless otherwise indicated, the
DNA sequence analysis was performed by the University mixture was then loaded onto an 8% polyacrylamide gel
of Colorado Cancer Center Macromolecular Resources Core(acrylamide/bis-acrylamide ratio of 80:1), and the gels were
facility. run at 15 V/cm in 0.5 TBE at 4°C for 1.5 h. The gel was
Protein Purification. GpNul-C114A was used in all of then dried in vacuo on Whatman 3MM filter paper, and the
the studies reported here. This mutant protein possesses wildradioactive bands were visualized and quantified using a
type DNA binding, ATPase, antbscleavage endonuclease Molecular Dynamics Storm system and the Molecular
activities, but is more stable during prolonged storage (OrtegaDynamics ImageQuant data analysis package. The fraction
and Catalano, manuscript in preparation). GpNul-C114A wasof bound DNA was calculated using
expressed in BL21(DE3) [pC114A] cells and purified from

inclusion bodies as described by Hanagan e8); herein, Fraction Bound= _

we refer to the mutant protein as gpNu1l for simpliciy. (counts in retarded band)

coli IHF was purified from HN880 (a kind gift of Howard (counts in retarded band counds in free DNA band)
Nash, National Institutes of Health, Bethesda, MD) by the (1)
method of Nash et al.40). The purified proteins were

homogeneous as determined by SEFAGE and densito- Analysis of the EMS Datalhe raw binding data were
meter analysis as previously describ@8)( analyzed according to

Preparation of the DNA Substrates Used in the Electro-
phoretic Mobility Shift (EMS) StudieBNA fragments used
in the EMS experiments were prepared by large-scale
preparative PCR using pAFP1 as a template. This plasmid,
a generous gift of Dr. Michael Feiss (University of lowa), where [P] is the protein concentratiok, is the apparent
contains the entirecos sequence cloned into a pUC19 equilibrium association constanK{a), n is the Hill
background. The plasmid was purified frd coli IM107 coefficient,b is the baseline offset, and is the fraction of
[PAFP1] cells using Qiagen DNA prep columns according DNA bound at saturation4@). Note that this equation
to the manufacturer’s protocol. PCR primers were designedreduces to a simple Langmuir binding equatiom i§ held

Kn[P]n

Fraction Bound=b + (m— b)|—————
(1+KPT)

(2)

to amplify (i) the entirecossequencedosDNA), (ii) only constant at 1. The experimental data were fit using the Igor
the cosBsequencedosBDNA), (iii) the sequence encom-  data analysis program (Wave Metrics, Lake Oswego, OR).
passing thdR2 |11, andR3elements¢os2DNA), and (iv) a Preparation of the DNA Substrates Used in the Circular
272 base pair duplex of random sequence (ns-DNA) (seePermutation StudiesThe DNA substrates used in the
Figure 1A). All of the PCR primers containetlidel permutation experiments were prepared as described by Kim

restriction endonuclease sites at théiebds to be used for et al. @3) using the minimalcos2DNA sequence as the
subsequent radiolabeling of the purified PCR products. The target bending sequence. Briefbgs2DNA (Figure 1A) was
PCR reaction mixtures (2Q4 per tube) contained 25@mol amplified by PCR as described above, except that the primers
of each primer, 10 ng of pAFP1 template, and PCR supermix containedXbal restriction sites at their' ®nds rather than
(Invitrogen) as recommended by the manufacturer; the total Ndel sites. The PCR reaction mixture was extracted with
reaction volumes were 13 mL. PCR cycles were as phenol/chloroform, and the amplified DNA was precipitated
follows: (94 °C for 1 min, 50°C for 1 min, 72°C for 2 with EtOH. The fragment was taken into TE (pH 8), digested
min) x 50 cycles. The pooled PCR reaction mixtures were with Xbal, and again isolated as described above. The DNA
loaded ond a 1 mL Q-Sepharose column by gravity flow. was then resuspended in TE (pH 8) and cloned Xiba:

The column was washed with TE (pH 8) containing 630 mM digested pBend2. This plasmid is a derivative of pBR322
NaCl to remove unincorporated primers, and the amplified that contains 17 unique restriction sites as direct repeats
PCR products were then eluted with TE containing 800 mM flanking a centralXbal cloning site (see Figure 5A%8).
NaCl. The eluted fragments were precipitated with EtOH The resulting plasmid (pBendCos2) was transfected ito
and resuspended in TE (pH 8) for storage. The purity of coli DH5a cells, and colonies were screened for the presence
each DNA product was verified by 1% agarose gel analysis, of the insert by restriction analysis.

and the concentration of DNA was determined by -tXs Preparative purification of pBendCos2 was performed
spectroscopy4l). using Qiagen DNA prep columns. A family of five bending
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substrates was generated by digestion of the plasmid with
Mlul, Nhel, EcoR/, Nrul, andBamHL restriction endonu-
cleases, respectively, as shown in Figure 5A. Each of the
five fragments (214 bp) was isolated from a 0.8% agarose
gel and purified using the Qiagen gel extraction kit. Gel
purity was verified by 1% agarose gel analysis, and the
fragments were 'Sradiolabeled usingy®?P-ATP and T4
polynucleotide kinase as recommended by the supplier.

Circular Permutation Experiment3.he binding reaction
conditions were as described above for the EMS experiments
except that the DNA bending fragmeMlI(1, Nhel, EcoR/,
Nrul, or BamHL, Figure 5A) was included at 250 counts
per uL (100—500 pM; identical results were obtained for
each DNA substrate within this concentration range, not
shown). IHF and gpNul were included as indicated in each
individual experiment. The proteidNA complexes were
fractionated on an 8% polyacrylamide gel (acrylamide/bis-
acrylamide ratio of 80:1), and the radioactive bands were
guantified as described above. Analysis of DNA bending was
by the method of Thompson and Land$4) using the
following equation:

Mm _ cosa
U 2

®3)

where uy is the migration of the complex with the bend
located centrally in the DNA duplexg is the migration of
the complex with the bend at the end of the DNA duplex,
anda is the bend angle.

RESULTS

IHF and gpNul Binding to cos-DNA and Nonspecific DNA
SubstrateslInitial EMS studies were performed wittos
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Ficure 2: IHF and gpNul bind tocosDNA and ns-DNA
substrates. (A) Autoradiogram of an EMS experiment with gpNul
and IHF binding tocosDNA. The incubation mixtures contained
either cosDNA or ns-DNA substrates as indicated below the
autoradiogram. IHF (10 nM) and/or gpNul (300 nM) was included
as indicated at the top of the figure and the EMS experiment

DNA, a 272 base pair fragment that encompasses the entireperformed as described in Experimental Procedures, except that a

cossequence (Figure 1A) and ns-DNA, a nonspecific DNA

fragment of identical size but that has no sequence homology

to thecossequence. We first examined IHF bindingdos
DNA. As anticipated, a single retarded complex is observed
(Figure 2A,B, inset) consistent with the single IHF consensus
binding sequence itosDNA (see Figure 1A). IHF also
binds to ns-DNA and with an affinity that is only 4-fold less
than that observed with theosDNA substrate (see Table
1). That IHF discriminates only modestly between specific

5% gel was used in this experiment. The positions of unbaasd
DNA (Fco9 and the specific nucleoprotein complexes formed with
IHF and gpNul (B,9 are indicated with arrowheads. The unbound
ns-DNA substrate migrates at a position identical to thatax
DNA (not shown). The position of the nonspecific gpNul nucle-
oprotein complex is indicated with an arrown\Bng. IHF binds

to ns-DNA to form a weak complex that migrates as a smear on
the gel (Burng)- (B) IHF was incrementally added twsDNA as
indicated (). Each data point represents the average of at least
three independent experiments (standard deviationS3%, omitted

for clarity), and the solid lines represent the best fit of the data to

and nonspecific DNA substrates has been reported previouslyed 2 as described in Experimental Procedures. The inset shows an

(45). In contrast tacosDNA, however, IHF binds to the ns-
DNA substrate weakly and without the formation of a
discrete band in the gel (Figure 2A).

We next examined gpNul binding tdsDNA, which
yielded unexpected results as follows. First, gpNul binds to
cosDNA to yield a single retarded band at all subsaturating
concentrations of the protein (Figure 2A,C, inset). This is
surprising because gpNul specifically interacts with all three
of the R-elements inosB and we thus expected to see three
distinct complexes in the titration profile. This phenomenon

is discussed in more detail below. Second, gpNul also binds

to ns-DNA, similarly yielding a single gel-retarded band;
however, the nonspecific DNA complex migrates at a
position quite distinct from that formed witcosDNA
(Figure 2A). Third, the affinity of gpNul focoscontaining
DNA is only ~2-fold greater than that of ns-DNA (Figure
2C, Table 1). The data suggest that, while gpNul discrimi-

autoradiogram of a typical titration experiment with the IHF
concentration increasing from left to right. F and B indicate the
positions of free and bound DNA, respectively. Note that a single
retarded complex is observed at all protein concentrations. (C)
Increasing concentrations of gpNul were addeddasDNA (O)

or to ns-DNA @) as indicated. Each data point represents the
average of at least three independent experiments (standard devia-
tion 3%—5%, omitted for clarity), and the solid line represents the
best fits of the data to eq 2 as described in Experimental Procedures.
The inset shows an autoradiogram of a typical titration experiment
with the gpNul concentration increasing from left to right. F and

B indicate the positions of free and bound DNA, respectively. Note
that a single retarded complex is observed at all protein concentra-
tions.

nates only modestly betwearnsDNA and ns-DNA sub-
strates, the nucleoprotein complex formed atdb&sequence
differs in a fundamental way from that formed at a random
DNA sequence.
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Table 1: Analysis of Protein Binding tcosDNA and ns-DNA the packaging motor atos and cooperative assembly of
Substrates gpNul and IHF atosBhas been proposed, but never demon-

strated 11, 2124, 47). We therefore utilized the EMS assay

to directly probe for cooperative binding of the two proteins.

We note that each protein bindsdosDNA to yield a single

gpNul ~118:9nM  1.32+£0.12 201+16nM 1.50+0.18 complex and that the mobility of the complexes are identical.

IHF 1.00+0.07nM_1.74+0.19 b b Moreover, a single complex with identical mobility is
“The data presented in Figure 2 were quantified as described in ghserved in the presence of saturating concentrations of both

Experimental Procedure3IHF binds to ns-DNA to yield a complex ; ; ; ; o
that migrates as a “smear” on the gel (see Figure 2A). Therefore, the proteins (see Figure 2A). This complicates a quantitative

affinity of IHF for ns-DNA was not rigorously defined, but itis roughly ~ analysis of gooperative binding using EMS methods. Nev-
4-fold lower than forcosDNA. ertheless, Figure 3A,B clearly demonstrates that the affinity

of gpNul for cosDNA is significantly increased in the
Finally, we were quite surprised by the observation that Presence of subsaturating conce_ntrations of IHF. Similarly,
the gpNutcosDNA complex migrates at a position identical the affinity of IHF for cosDNA is strongly affected by
to that obtained with IHF. Moreover, the ternary gpNul Subsaturating concentrations of gpNul (Figure 3C,D). In
IHF-cosDNA complex migrates at a position identical to contrast,_ nelther protein affects the binding of the other to
those of the binary proteiDNA complexes (Figure 2A).  honspecific DNA substrates (not shown). Thus, the data
This result is particularly surprising given the differences in cléarly demonstrate specific and cooperative binding interac-
size (40.8 vs 20.5 kDa) and charge &14.97 and 9.37) of  tions between gpNul and IHF at the lambmtes sequence.
gpNul and IHF, respectivelyld, 46). We attempted to GpNul Binds to Minimal cos Substraté§e previously
resolve the gpNul and IHF nucleoprotein complexes by proposed that gpNul binding wosBintroduces a strong
altering the EMS buffer conditions (pH, salt, etc.), by altering bend in the duplex similar to that imposed by IHF2). To
the gel composition (higher/lower polyacrylamide concentra- directly test this hypothesis, we needed to define a minimal
tion and/or cross-linking, polyacrylamidgegarose gels), and DNA substrate suitable for use in the circular permutation
by using larger format gels; however, these attempts wereexperiments described below. Therefore, the EMS experi-
uniformly unsuccessful (data not shown). ment was performed as described in Experimental Procedures
GpNul and IHF Bind Cooperately to cos-DNAIHF plays except thatosBDNA or cos2DNA fragments (Figure 1A)
an important role in lambda development. In vivo and in vitro were used as binding substrates. As shown in Figure 4A,
data suggest that the host protein is involved in assembly ofboth of these fragments yield a single, specific complex with

A B ..

cosDNA ns-DNA
protein Kb,app n Ko, app n

Fraction Bound
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Ficure 3: Cooperative binding of gpNul and IHF @s (A) Increasing concentrations of gpNul were addedasDNA in the absence

(O) or presence of 0.1 nM&) or 0.2 nM ) IHF, as indicated. Each data point represents the average of at least three separate experiments
(standard deviation 3%5%, omitted for clarity), and the solid lines represent the best fit of the data as described in Experimental Procedures.
(B) The data in panel A were analyzed as described in Experimental Procedures, Kaddifer gpNul is plotted as a function of [IHF].

These data are summarized in Table 2. (C) Increasing concentrations of IHF were adds®MA in the absenced) or presence of 15

nM (@) or 30 nM ®) gpNul, as indicated. Each data point represents the average of at least three separate experiments (standard deviation
5%—9%, omitted for clarity), and the solid lines represent the best fit of the data as described in Experimental Procedures. (D) The data
in panel C were analyzed as described in Experimental Procedures, afig4fdor IHF is plotted as a function of [gpNul]. These data

are summarized in Table 2.
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Ficure 4: GpNul binds to minimadosDNA substrates. (A) Left,

1000

center, and right panels show autoradiograms of EMS studies with

cosDNA (272 bp),cosBDNA (135 bp), andcos2DNA (94 bp),
respectively (see Figure 1A). In each panel, F is free DNA (no
protein), N is DNA plus 100 nM gpNul, and | is DNA plus 0.5
nM IHF. (B) Increasing concentrations of gpNul were added to
cosDNA (O), cosBDNA (@), or cos2DNA (®), as indicated. Each
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GpNul and IHF Bend cos2-DNAO test the hypothesis
that gpNul introduces bending intosDNA, we used a cir-
cular permutation assay to probe for alteration in duplex struc-
ture. The minimakos2sequence described above was used
as a target sequence as outlined in Figure 5A. We first ex-
amined IHF-induced bending as a positive control. Figure
5B shows that IHF binding toos2DNA yields the charac-
teristic “frown” in the circular permutation experiment, indi-
cating DNA bending by the protein. Analysis of the data indi-
cates that IHF introduces a 120 5° bend incosDNA, a
value slightly less than that previously repoft€86, 43, 44).

We next examined gpNul binding t0s2DNA, and the data
are presented in Figure 5C. The figure clearly shows that
gpNul yields a gel migration pattern identical to that obtained
with IHF. Moreover, the observed “frown” is essentially
identical in the presence of saturating concentrations of both
proteins (data not shown). Analysis of the data according to
eq 3 indicates that gpNul binding t@s2DNA introduces

a 133+ 3° bend in the duplex, while the duplex in the ternary
gpNulIHF-cos2DNA complex is bent by 137 4°.

DISCUSSION

Terminase enzymes are a central component of the
genome-packaging motors in both prokaryotic and eukaryotic
dsDNA viruses. The small terminase subunits are responsible
for specific recognition of viral DNA and site-specific
assembly of the packaging machinery. GpNul is the small
terminase subunit of bacteriophage lambda, and specific

data point represents the average of at least three separate experf€cognition of viral DNA is mediated by interactions of

ments (standard deviation 39%%, omitted for clarity), and the

gpNul with the R-elements @bsB The goal of this work

solid lines represent the best-fit curves to the data as described inis to define the proteMDNA interactions responsible for
Experimental Procedures. These data are summarized in Table 3specific assembly of the DNA packaging motorcats

Table 2: Cooperative Binding of GpNul and IHFdosDNA?2

titrated Protein additions Kbp,app n

gpNul none 118 9nM 1.32+ 0.12
gpNul 0.1 nM IHF 55t 4 nM 1.46+ 0.17
gpNul 0.2 nM IHF 22+ 2nM 1.66+ 0.22
IHF none 1.00t 0.07nM  1.74+0.19
IHF 15nMgpNul  0.4H0.04nM  1.55+0.20
IHF 30nMgpNul 0.19:-0.01nM  1.59+0.15

Early models for motor assembly proposed that gpNul
dimers bind cooperatively to the three R-elementsaxB
a mechanism analogous to lambda repressor binding to the
Or/O. operators of the lambda genonZk8(49). This model
predicts that three distinct protelDNA complexes should
be observed in a gpNul titration experiment witts DNA.
Thus, it was initially surprising that a single gpNuais-
DNA complex is observed at all intermediate protein

aThe data presented in Figure 3A,C were quantified as described in cOncentrations in the EMS experiments. Even more perplex-

Experimental Procedures.

Table 3: GpNul Binds to MinimatosDNA Substrate®

protein DNA substrate Kb,app n

gpNul cosDNA 118+ 9nM 1.32+0.12
gpNul cosBDNA 1294 25 nM 1.16£0.17
gpNul Cos2DNA 77+£5nM 2.11+0.28

@ The data presented in Figure 4B were quantified as described in

Experimental Procedures.

gpNul. Moreover, similar to the fulosDNA sequence, the
minimal substrates yield a single IHPNA complex that
migrates identically to those obtained with gpNul. Again,

ing was the observation that the gpNods-DNA complex
comigrates with the IHf€osDNA complex despite the
distinct physical properties of the two proteins. Importantly,
this migration pattern is a sequence-specific effect as gpNul
and IHF each bind nonspecific DNA substrates to yield
complexes of distinct mobility.

A physical interpretation of the EMS data remained elusive
until the high-resolution structure of the gpNul DNA-binding
domain (gpNul-DBD) was solved in our lal32). The
structure reveals that the gpNul1-DBD forms a dimer with
C2 symmetry in which the wHTH DNA-binding motifs face

2 Published values for IHF-induced bending range from°140

all attempts to resolve these complexes by alteration of the solution (Kosturko, et al. (198Q)ucleic Acids Res. 1B17-333) to

EMS conditions were unsuccessful. Of note, the affinity of
gpNul for the minimatosduplexes is essentially identical
to that observed with the entirms sequence (Figure 4B,
Table 3). This indicates that the minin@s2DNA substrate
retains all of the determinants necessary for binding by
gpNul and is therefore suitable for use in the DNA bending
experiments described below.

160 in the crystal structure (Rice et al. (1996l 87, 1295-1306).

The apparent extent of protein-induced DNA bending in solution is
underestimated as the length of the DNA increases due to dynamic
bending of the duplex (Landy, A. (1988nhnu. Re. Biochem. 58913—

949). DNA duplexes of 25 and 120 bp were used in the crystallographic
and solution studies, respectively, while our studies used a 214 bp
binding substrate (see Figure 5A). Thus, the slightly smaller bend angle
measured here likely reflects additional duplex flexibility in the tHF
cosDNA complex.
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Ficure 5: IHF and gpNul bend¢osDNA. (A) The circular permutation assay. Restriction digestion of pBendCos2 Miiti, Nhel,
EcoR/, Nrul, andBamHL affords five products of equal length (214 bp) but with tus2sequence located at differing positions along
the duplex. Bending of the duplex at tlves2 sequence will result in altered mobility of the various fragments yielding a diagnostic
“frown” pattern, shown in a cartoon representation. (B) Autoradiogram of a circular permutation experiment with IHF. tare® the
BamHL, Nrul, EcoR/, Nhel, andMlul fragments, respectively, in the presence of 0.5 nM IHF. (C) Autoradiogram of a circular permutation
experiment with gpNul. Lanes—b are theBamHL, Nrul, EcoR/, Nhel, andMlul fragments, respectively, in the presence of 100 nM
gpNul. The position of free DNA is indicated with an arrow. (D) Plot of the relative mobility of bound complexes versus posifion of
element in DNA sequence. Each data point represents the average of at least three separate experiments.

away from each other (see Figure 1B). This geometry pre- first protein. In other words, binding of either protein to a
cludes a conventional DNA-binding mode where the HTH pre-bent duplex is energetically favorable. Within this
motifs bind to half-sites in a palindromic recognition sequen- context, we note that the 11 elementaisBintroduces an
ce as is observed in a variety of repressor protein systemsintrinsic bend into the duplex (2680°; (52))% and that
(34, 50, 51). Thus, the historical model for gpNul binding mutation of bases that reduce the intrinsic bend render the
to cosB(cooperative assembly of three dimers) is seriously virus strongly dependent on IHRT). We presume that this
challenged by the biochemical and structural data. In light results from the inability of gpNul alone to bend the duplex
of this, we proposed a novel model for gpNul recognition and a failure to assemble the packaging machineigoat
of cosB where an isolated protein dimer simultaneously  As outlined above, the EMS experiments yielded two
binds two R-element “half-sites” that are spatially separated surprising observations. The first was that the gpo%
in the duplex 82). The hypothesis is supported by model- DNA complex (a 40.8 kDa acidic protein) comigrates with
building studies and predicts that gpNul bindingctusB that formed with IHF (a 20.5 kDa basic protein). The binding
should introduce a strong bend in the duplex (Figure 1C). and bending model proposed in Figure 1C is consistent with
The data presented here clearly establish that gpNul indeedhis observation, as follows. We suggest that the mobility
introduces a strong bend acosDNA and that the R3-11-R2  of the gpNul and IHF nucleoprotein complexes is dominated
elements are sufficient for specific and high-affinity binding. by the architecture of the DNA, that is, a bent duplex.
Interestingly, the bend introduced by gpNul is similar to Importantly, the ternary gpNulHF-cosDNA complex
that introduced by IHF, a well-characterized DNA bending migrates at an identical position as the binary complexes,
protein. This suggests that the two proteins form similar again suggesting that the dominant factor is DNA structure.
nucleoprotein complexes as predicted by the binding and In contrast, nucleoprotein complexes formed with nonspecific
bending model. Further, the data provide a mechanistic DNA substrates migrate quite distinctly, suggesting that
explanation for cooperative assembly of gpNul and IHF at duplex bending is dependent on sequence-specific interac-
cos as shown in Figure 6A. Binding of the first protein must tions, as proposed.
overcome the energetic penalty required to bend the duplex.
Binding of the second partner is now more favorable as the s 1he presence of an intrinsic bend in unbowa$DNA is evident
energetic cost of duplex bending has been “paid for” by the in the circular permutation studies shown in Figure 5.




Assembly of a DNA Packaging Motor Biochemistry, Vol. 45, No. 16, 2006187

A. p Q)

F— i — =5 R R

cosB d) Q

cosN ————

R3 H R? R1 Terminase

Assembly
DNA .

ATP
Maturation Procipmd } ADP
COS|
' /

Packaging Motor

Ficure 6: (A) Model for cooperative binding of IHF (purple lobes) and gpNul (blue sphere®)ssBNA. Each protein binds toosDNA

and introduces a bend in the duplex. Binding of the second protein is facilitated by “pre-bending” of the duplex. Thus, the dissociation
constantK; > Kz andK; > K,. (B) Model for terminase assembly at thessite. The terminase protomer is a heterotrimer composed of

one gpA subunit tightly associated with a gpNul dimer. Four protomers assernbiegulting in bending of the duplex into a “packasome”
complex. Duplex bending by a gpNul dimer bound to the R3 and R2 elements is central to the assembly of the packaging machinery. DNA
maturation includes duplex nicking and separation of the DNA strands. Details are presented in the text.

The second surprise was that gpNul binds€asDNA might indicate that protein dimerization is coupled to DNA
to yield asingle gel-retarded complex at all intermediate binding. We disfavor this explanation, as thermally induced
protein concentrations in the binding experiment. The model unfolding experiments suggest that folding and dimerization
shown in Figure 1C is consistent with this observation since of gpNul is thermodynamically linked (Meyer and Catalano,
it predicts that a single gpNul dimer bindsdosBand is unpublished results). Thus, any gpNul “monomer” that forms
expected to yield a single nucleoprotein complex, as ob- in solution is likely denatured and nonfunctional. Alternative-
served. It is noteworthy that the proposed model also predictsly, these results may reflect cooperative binding to nonspe-
that the data should be well-described by a simple Langmuir cific DNA coupled to specific recognition afos DNA se-
binding analysis. This is clearly not the case, however. quences, as proposed for IHF binding to tHeskte @5). The
Accurate fitting of the data requires that the Hill coefficient latter is consistent with the relatively low concentration of salt

(n) “float” in the analysis, which yields a value of= 1.3—2 used in these experiments (50 mM NaCl) and the weak dis-
depending on the substrate (see Tables3)l Of note, a crimination of both proteins for their specific DNA sequences.
similar Hill coefficient is observed when IHF binds tos What is the Role of the R1 Element in gpNul Assembly at

(n &~ 1.7; Tables 1 and 2). This phenomenon has beencosB?The model presented in Figure 1C is consistent with
previously reported with IHF binding to the' ldequence of  all of the available data, and we suggest that the proposed
the lambda genomd¥%). A Hill coefficient greater than unity ~ gpNul—cosBinteraction plays a pivotal role in site-specific

is typically interpreted to indicate coupled protein dimer- assembly of the motor complex on viral DNA. The gpNul
ization and DNA binding events58). The dissociation  subunit also interacts with the R1 elementosB however,
constant for both proteins remains unknown, and it is feasible the nature and function of this interaction is less clear. Within
that the gpNul homodimer and/or the IHF heterodimer dis- this context, we note that biochemical and biophysical studies
sociates into its composite monomers at the low concentra-have defined a hydrophobic self-association domain of
tions used in this study. In this case, a Hill coefficientl gpNul (residues 160141). This region of the protein is
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responsible for higher-order interactions of gpNul dimers with IHF, strongly bend duplex DNA to form an active

and is also required for high-affinity DNA-binding interac-

synaptic complex59). We suggest that bending of duplex

tions 29, 30). This suggests that higher-order assemblies of DNA by terminase enzymes may represent a general mech-
the gpNul dimer may be required for efficient assembly at anism for the recognition of viral DNA and the regulation
cos.lt is tempting to speculate that a second gpNul dimer of genome packaging in dsDNA viruses.

binds to the R1 element and to a “nonspecific” sequence

within cosBto introduce additional bending into the duplex. ACKNOWLEDGMENT

This would yield a nucleoprotein complex where the DNA
is bent and perhaps wrapped by the assembly proteins
Consistent with this hypothesis, DNase protection studies
have shown that terminase holoenzyme covers roughly 200
bp of duplex DNA surrounding theossite, and the authors
suggested that “an organized protelDNA complex involv-

ing several terminase protomers is involve84), Thus, we
suggest that, while interactions of a gpNul dimer with the
R3—R2 elements are essential, these may be supported by 1:
additional, higher-order interactions that include specific
binding of a second gpNul dimer to the R1 element. We
note that genetic studies have shown that the R1 element is
dispensable to virus assembly in the presence of IBH. (
Further, our data indicate that deletion of the R1 element
(in the minimalcos2DNA substrate) does not affect gpNul
binding affinity. In sum, the data suggest that that the
gpNul—-R1 interaction introduces additional stability into the
bent complex, a role that may be satisfied by IHF alone.

What is the Structure of the Packaging Motdstudies
on soluble deletion mutants of gpNul clearly establish that
the DNA-binding domain forms a stable dimer structure
under all conditions examine@®Z, 33). It is thus likely that
a gpNul dimer plays a functional role in DNA recognition
and that the dimeric nature of gpNul is retained in the
functional holoenzyme complex. Consistent with this hy-
pothesis, biochemical and biophysical studies indicate that
a gpNul dimer associates with one gpA subunit to form a
stable heterotrimer5@). Furthermore, we have recently
demonstrated that four of these heterotrimers assemble into
a ring-like structure that possesses DNA maturation and DNA
packaging activities (Maluf and Catalano, manuscript in
preparation). We propose that the bona fide packaging motor
complex is composed of a terminase ring structure assembled 11-
at thecossite. We further propose that the linchpin for this
assembly is provided by interaction of a gpNul dimer with
the R3-R2 elements ofcosB as shown in Figure 6B.
Biophysical and structural studies currently underway in our
laboratory seek to define the structure of terminase holoen-
zyme and the nucleoprotein packaging complexes.

DNA Bending in BiologyData presented here clearly show
that gpNul binds t@osDNA and introduces a strong bend
in the duplex. DNA bending is a common theme in biology
and has been shown to play an important role in processes 14.
such as transcriptional regulatiorb7( 58), integrative
recombination$9), and condensation of genomic DNBQ].

For instance, the cyclic AMP receptor protein (CPR) has
been shown to bind multiple promoterskn coliand induce

a bend in the DNA structure4). Formation of these bent
structures results in either stimulation or repression of
transcription, depending on the promoter. The bend in DNA ;7
thus acts as a form of regulation and is pivotal in assembly
of transcriptional complexes. Similarly, the virally encoded
Int and Xis proteins are involved in integration and excision,
respectively, of the lambda genome into host DNBA, (59,

61). It has been shown that these proteins, in conjunction
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