776789 Nucleic Acids Research, 2016, Vol. 44, No. 2
doi: 10.1093/narlgkvi467

Published online 15 December 2015

DNA recognition for virus assembly through multiple
sequence-independent interactions with a

helix-turn-helix motif

Sandra J. Greive''’, Herman K.H. Fung'%f, Maria Chechik', Huw T. Jenkins', Stephen
E. Weitzel®, Pedro M. Aguiar*, Andrew S. Brentnall?, Matthieu Glousieau', Grigory
V. Gladyshev®, Jennifer R. Potts? and Alfred A. Antson'"’

York Structural Biology Laboratory, Department of Chemistry, University of York, York YO10 5DD, UK, 2Department
of Biology, University of York, York YO10 5DD, UK, 3Institute of Molecular Biology, University of Oregon, Eugene,
Oregon 97403, USA, “Department of Chemistry, University of York, York YO10 5DD, UK and ®Department of
Biochemistry, School of Biology, Moscow State University, Moscow 119234, Russian Federation

Received November 3, 2015; Revised November 27, 2015; Accepted November 30, 2015

ABSTRACT

The helix-turn-helix (HTH) motif features frequently
in protein DNA-binding assemblies. Viral pac site-
targeting small terminase proteins possess an un-
usual architecture in which the HTH motifs are dis-
played in aring, distinct from the classical HTH dimer.
Here we investigate how such a circular array of
HTH motifs enables specific recognition of the vi-
ral genome for initiation of DNA packaging during
virus assembly. We found, by surface plasmon res-
onance and analytical ultracentrifugation, that indi-
vidual HTH motifs of the Bacillus phage SF6 small
terminase bind the packaging regions of SF6 and re-
lated SPP1 genome weakly, with little local sequence
specificity. Nuclear magnetic resonance chemical
shift perturbation studies with an arbitrary single-
site substrate suggest that the HTH motif contacts
DNA similarly to how certain HTH proteins contact
DNA non-specifically. Our observations support a
model where specificity is generated through confor-
mational selection of an intrinsically bent DNA seg-
ment by a ring of HTHs which bind weakly but co-
operatively. Such a system would enable viral gene
regulation and control of the viral life cycle, with a
minimal genome, conferring a major evolutionary ad-
vantage for SPP1-like viruses.

INTRODUCTION

Protein-DNA complexes regulate important biological
processes, from genome replication, to DNA packaging and

remodelling and gene expression (1,2). Errors in the for-
mation and regulation of these assemblies can lead to dys-
function, compromising the evolutionary fitness of organ-
isms. Proteins bind DNA using different structural mo-
tifs, such as zinc fingers, leucine zippers, helix-loop-helix
and helix-turn-helix (HTH) motifs (1). Within each class
of motifs, there are some that interact with specific DNA
sequences or conformations, under certain conditions and
others which have little sequence or conformational prefer-
ence (1,2). For many nucleoprotein complexes, the molec-
ular basis of recognition, assembly and function remains
poorly understood. We seek here to elucidate how one such
complex forms and functions in the context of virus assem-
bly.

Nucleoprotein complexes play a central role in the pro-
duction of new virus particles by ensuring that the nascent
viral genome is preferentially and specifically packaged
within a capsid shell (3-5). For double-stranded DNA (ds-
DNA) viruses with large genomes such as herpesviruses and
many tailed bacteriophages, new copies of the genome are
produced predominantly as concatemers (3,5,6). A pack-
aging complex is initiated when the viral small terminase
protein recognizes and binds viral DNA among the nucleic
acids in the cell. This binding serves to define the bound-
ary between genome copies, and enables specific cleavage
of the genome by the large terminase protein. The large ter-
minase subsequently oligomerizes around the newly formed
DNA end to assemble the motor while docking to an empty
capsid to begin translocation (3). Packaging of downstream
genome copies can be initiated in one of two ways: by an-
other de novo event as described, or by transfer of the motor
bound to the start of the next genome copy to a new capsid
once the first copy is loaded. This transfer occurs through
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Figure 1. Structural conservation among viral small terminase proteins.
(A) Cartoon representations of small terminase oligomers, as viewed from
the C-terminal end, from Bacillus phage SF6, PDB ID: 3ZQQ (14);
Shigella phage Sf6, PDB ID: 4DYQ (12); Bacillus phage phBC6AS51, PDB
ID: 2A09; and Salmonella phage P22, PDB ID: 3P9A (13). Bars repre-
sent the external diameter of the oligomers. Blue circles with dashed lines
represent the hypothetical position of unobserved DBDs in SF6 small ter-
minase structure. The oligomerization domain is coloured in alternating
white and light blue; DBD-like domain, blue, with helices a2 and a3 of the
HTH motif highlighted yellow. (B) Secondary structure matching-based
alignment of the DBD-like domain of each small terminase with the first
3 a-helices (residues 7-49) of SF6 DBD (white; PDB ID: 4ZC3), oriented
in the same direction.

as-yet-unknown mechanisms on signalling from a specific
DNA sequence (cos) or a full capsid (pac), or both (3,5,7).
De novo initiation in many viruses accounts for a third of all
virus particles produced (8—10); thus, it represents a signifi-
cant event in viral DNA packaging.

Small terminase proteins of cos phages recognize spe-
cific sequence elements in the viral genome using HTH
motif pairs, much like classical HTH assemblies. For pac
viruses, however, the mechanism by which small terminase
proteins recognize the viral genome is unclear. The major-
ity of these small terminase proteins assemble into ring-like
oligomers, consisting of eight to eleven subunits, most with
N-terminal HTH motifs arrayed on the outside (Figure 1A)
(11-14)—an organization radically different from the classi-
cal HTH dimer (1,15). Despite this, deletion or mutation of
the HTH motif, for example, in the Shigella phage Sf6 and
Bacillus phage SF6 small terminase (Figure 1B), drastically
reduces their affinity towards DNA (12,14). The HTH mo-
tifs of pac phage small terminase have therefore also been
implicated in viral DNA recognition.

HTH motifs are commonly involved in the regulation of
DNA replication, repair, transcription and telomere main-
tenance (15). These motifs generally bind strongly (with
nM affinity) to specific DNA sequence repeats as dimers
or tetramers (1,15-17). Variations in HTH motifs and their
target DNA sequences have led to a fine-tuning of affinity
and specificity, giving rise to a range of apparent equilib-
rium constants from 10~ to 107° M (18,19). As a result,
HTH assemblies are able to take on a wide range of biolog-
ical roles (1,15).

Previous work on the Bacillus subtilis phage SPP1 identi-
fied a region on the viral genome that is required for pack-
aging initiation (20). This region, denoted as the pac site,
contains three sets of direct repeats and spans the promot-
ers and beginning of the small terminase gene. Since HTH
motifs commonly bind repeated sequence motifs in the tar-
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get DNA, the direct repeats identified represent candidate
sites for small terminase binding (15,16). Intriguingly, the
SPP1 small terminase can be substituted with its homologue
from phage SF6 to form viable chimeric virus progeny (21).
Despite only moderate conservation in the direct repeats, it
appears that the small terminase proteins of the two phages
initiate packaging using very similar mechanisms. Here we
show that the SF6 DNA-binding domain (DBD) has little
specificity towards the identified repeat elements and is, in
fact, a generally weak, non-specific binder of both SPP1
and SF6 pac DNA. We present detailed analyses of this
sequence-independent interaction through multiple com-
plementary biophysical methods. Our observations extend
a model where the small terminase protein conformation-
ally selects intrinsically bent DNA (22,23) using circularly
arranged but individually weak and non-specific DBDs.

MATERIALS AND METHODS
Buffers and reagents

Unless otherwise stated, all surface plasmon resonance
(SPR) and analytical ultracentrifugation (AUC) DNA
binding analyses were conducted in filtered and degassed
20 mM HEPES, 150 mM KCI, pH 7.0 (binding buffer),
with the addition of 0.05% (v/v) Tween 20 (Sigma-Aldrich)
for SPR assays. Streptavidin-coated SPR chips were pur-
chased from GE Healthcare Lifesciences (UK) and Xantec
bioanalytics GmBH (Dusseldorf, Germany). Modified and
unmodified DNA oligonucleotides were purchased from
Eurofins Genomics (Ebersberg, Germany) and Integrated
DNA Technologies (Leuven, Belgium). DNA and protein
concentrations were determined from UV absorbance at
260 and 280 nm respectively, using calculated extinction co-
efficients based on composition (see Supplementary Table
S1 for DNA); 2980 M~! cm~! for SF6 DBD (24-26). The
concentration of fluorescently-labelled DNA oligomers was
also confirmed at the wavelength for excitation maxima (see
Supplementary Table S1). Protein was exchanged into bind-
ing buffer by dialysis, ultrafiltration or size-exclusion chro-
matography. DNA oligomers were dissolved in 10 mM Tris—
Cl, pH 8 and diluted into binding buffer. "'NH4Cl and U-
13C-glucose for isotope labelling were purchased from Cam-
bridge Isotope Laboratories.

Cloning, expression and purification of the GP1 DNA-
binding domain of Bacillus phage SF6.

DNA sequence encoding the first 68 residues of GP1 was
amplified by polymerase chain reaction from the full-length
sequence using primers 5'-aggaggggatcatatgaaagaac-3’ and
S'-gtacctcgaggattttcttetegtttattteette-3’ and inserted us-
ing the Ndel and Xhol restriction sites into a pET22b
expression vector (Novagen) for expression as a fu-
sion protein with a C-terminal 3C protease cleavage
site followed by a His-tag. K48A and K26A mu-
tants were created by site-directed mutagenesis using

primer pairs 5'-gcagaaaacttacaggcaccagctatcecgegeac-
3, 5'-gtgcgeggatagetggtgectgtaagttttetge-3; and
5'-gacatgaacgctactgcageggctattgeggea-3/, 5'-

tgcegeaatagecgetgeagtagegtteatgte-3/, respectively.
For structure determination, the wild-type sequence
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was cloned into a homemade pET28a vector for
expression as a cleavable N-terminally His-tagged
SUMO-fusion protein, with no linker residues, us-
ing the In-Fusion system (Clontech) with primers 5'-
gaacagattggtggtatgaaagaacctaaactatctccaaaacag-3’/ and
5'-tacctaagcttgtetetattatcagaggattttettetegtttatttectte-3'.
Chemically competent Escherichia coli Stellar cells (Clon-
tech) and BL21(DE3) R3 cells (Structural Genomics
Consortium) were used for cloning and protein overpro-
duction, respectively.

For overproduction of unlabelled proteins, cells were
grown in LB medium with 30 pg/ml kanamycin. For iso-
tope labelling, cells were grown in M9 minimal medium sup-
plemented with 10 pg/ml riboflavin, niacinamide, pyridox-
ine hydrochloride, thiamine hydrochloride and trace met-
als as defined by Studier (27), 30 wg/ml kanamycin and 0.5
g/l BNH4CI and 3 g/l U-3C-glucose as required. Fresh
medium was inoculated with overnight cultures of trans-
formed cells and incubated at 37°C with shaking until an
ODggp of 0.8 was reached; then protein expression was in-
duced by addition of IPTG to a final concentration of 1 mM
and shaking for 18 h at 16°C.

Cells were harvested by centrifugation and lysed by son-
ication in 20 mM Tris—Cl, 1 M KCI, 10% (v/v) glycerol,
0.05% (v/v) B-mercaptoethanol, 10 mM imidazole, pH
8.0, with one cOmplete protease inhibitor cocktail tablet
(Roche) per litre and 10 pwg/ml RNase A. Following cen-
trifugation, the protein was affinity-purified from the solu-
ble fraction using a Ni-charged HiTrap Chelating HP col-
umn (GE Healthcare). The column was washed with ly-
sis buffer before proteins were eluted using a 10-300 mM
imidazole gradient. Eluate was dialysed overnight at 4°C
against 20 mM Tris—Cl, 50 mM KCI, 1| mM DTT, pH 8.0,
with 1% (w/w) 3C protease to remove the His-tag. To re-
move nucleic acid contamination, and since the theoreti-
cal pI of the protein is 9.4, cation exchange chromatogra-
phy was performed, using a Mono S 10/10 column (Amer-
sham). Protein was bound in dialysis buffer without DTT
and eluted using a 50-400 mM KClI gradient over 20 CVs.
The eluate was concentrated using a 3500 MWCO Ami-
con Ultra centrifugal filter (Millipore) and passed through a
Ni-charged column to sequester uncleaved protein and free
tag. Finally the protein was subjected to size-exclusion chro-
matography on a HiLoad Superdex 75 16/60 column (GE
Healthcare) in 20 mM HEPES, 150 mM KCI, pH 7, or 20
mM MES, 150 mM KCI, pH 6.0 for nuclear magnetic reso-
nance (NMR) studies, concentrated and flash-frozen in lig-
uid nitrogen for storage at —80°C. Protein for structure de-
termination was purified as above except that SUMO pro-
tease (28) was used to remove the N-terminal tag to produce
a native N-terminus.

Crystallization and structure determination

Crystals were obtained by sitting drop vapour diffusion by
mixing 150 nl of protein (20 mg/ml in 25 mM KCI, 10
mM Tris—Cl, pH 7.5) with equal volume of well solution
(25% (w/v) PEG 1500, 0.1 M malonate-imidazole-borate
pH 5.0) using a Mosquito robot (TTP Labtech). Crystals
were transferred into well solution containing an additional
15% (v/v) glycerol before vitrification in liquid nitrogen. X-

ray diffraction data were collected at the 104 beamline at Di-
amond Light Source (Didcot, UK) at 0.9795 A wavelength
on a Pilatus 6M-F detector. The structure was determined
by molecular replacement with a 5-residue ideal «-helical
fragment placed using Phaser (29). Phases calculated from
the placed fragment were improved by density modification
with ACORN (30) using normalized structure factors ex-
tended to 1.0 A resolution. The resulting phases were of ex-
cellent quality and an essentially complete model could be
built with ARP/wARP (31). Subsequent manual rebuilding
was performed with Coot (32) and the model refined with
REFMACS (33) using isotropic ADPs and 4 TLS groups
defined by the TLSMD server (34). Structural homologues
were identified by secondary structure matching. Subse-
quent structural alignments were performed in CCP4AMG
(35,36) and visualized using PyMOL v1.7.6.3 (Schrodinger,
LLC).

Surface plasmon resonance (SPR)

All binding assays were conducted using low-density
streptavidin-derivatized (SA) biosensor chips on Biacore
instruments (GE Healthcare). Preliminary data were col-
lected on Biacore T100 and T200 instruments at the Bio-
science Technology Facility, University of York, the John
Innes Centre Surface Plasmon Resonance facility and the
Department of Biochemistry Biophysics Facility, Univer-
sity of Cambridge. Final data for analyses were collected
using SADS00L biosensor chips (Xantec) on a T200 instru-
ment at the Bioscience Technology Facility, University of
York.

Double-referenced equilibrium data were collected, as
described by Myszka (37), in serial format with an empty
reference flow cell upstream of the ligand-modified flow cell.
To reduce errors introduced due to high-nonspecific bind-
ing levels, flow cells were modified in an order such that
no sample injections would pass over previously modified
surfaces. 5'-biotinylated single-stranded (ss) linker oligonu-
cleotides of 20 nt or 30 nt (100 nM, Supplementary Table
S1) were immobilized to 400-500 response units (RU) on
the chip surface, followed by an injection of complemen-
tary ss oligonucleotides (10 wM) or ds oligonucleotides with
a 20 nt 3’ ss overhang complementary to the linker to form
dsDNA ligands for binding studies. These surfaces were en-
hanced with a short injection of 1 M KClI, prior to iterative
cycles of running buffer or protein diluted in running buffer
at 30 wl/min, and a short regeneration pulse of 1 M KCIL.
Finally, annealed complementary DNA was removed by a
10-s injection of 1 M KCI, 50 mM NaOH, before the next
complementary ssDNA strand was annealed. Initial data
processing and double referencing were carried out using
GE Bl Aevaluation software, followed by specific data anal-
yses described below.

ReDCaT surface plasmon resonance screening assay

Modified re-usable DNA capture technology (ReDCaT) as-
says were conducted as described (38) with the exception
that the reference flow channel contained no immobilized
DNA, due to the high non-specific binding to ssDNA ob-
served for the HTH domain of the SF6 small terminase.



The pac sites of SPP1 and SF6 were divided into 30 bp seg-
ments that overlap by 5 bp on either end (Supplementary
Figure S2 and Table S2). These form the ds region of the
complementary oligonucleotide, which has an additional 20
nt 3’ ss overhang in the top strand for annealing with the
surface-bound linker. The ds regions were annealed by heat-
ing equimolar amounts of each strand to 95°C for 5 min
and cooling slowly to room temperature. Each DNA se-
quence was annealed on-chip to the linker and subjected
to protein (20 wM) or buffer injections at least twice. The
observed responses at equilibrium were double-referenced
against the empty reference flow cell and buffer injection
controls. Subsequently, the linker oligonucleotide was re-
generated and annealed to the next DNA segment as de-
scribed above. To control for systematic experimental errors
(from flow cell position, experimental time, etc.), binding
levels for each sequence were compared to that for a stan-
dard sequence repeated at regular intervals during the ex-
perimental process. Binding levels were normalized to the
amount of DNA oligo annealed for each cycle and the stoi-
chiometry (proteins per DNA) calculated for each sequence
as explained below. One-way ANOVA analyses (Microsoft
Excel) were used to determine if there were significant dif-
ferences among the binding levels for all DNA sequences.
Post-hoc pairwise comparisons were made using Tukey’s
method.

Analysis of non-specific binding by SPR

Equilibrium binding experiments were conducted using 20
and 30 bp dsDNA ligands created by immobilizing 20 and
30 nt 5'-biotinylated oligonucleotides to the SPR chip sur-
face and annealing the complementary oligonucleotide of
the same length. A 2-fold dilution series of protein (0.049—
1500 wM) was injected in triplicate at 30 wl/min in binding
buffer, as defined, over DNA. Equilibrium responses were
double-referenced against an empty flow cell and buffer in-
jections across the DNA surfaces. Surfaces were regener-
ated between protein injections with an injection of 1 M
KCL

To assess non-sequence-specific binding activity, data
were analysed under the (Tsodikov-modified) McGhee-von
Hippel model (39,40):

1 —nv

- lYN—n+1
wa-m(—25 ) (F5) o

where v is the average number of bound proteins per bp
DNA, L is the free protein concentration, z is the integer
number of bp the protein occupies (site size), and N is the
length of the DNA. When the amount of protein injected is
in great excess to that of DNA immobilized, L approaches
the injected protein concentration.

Because protein and DNA have similar refractive index
increments (41), the ratio between the SPR equilibrium re-
sponse, R.q and response from DNA immobilization, Ry, is
approximately equal to the ratio of masses between protein
bound and DNA immobilized. Thus, v in Equation (1) can

v

L
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be approximated as follows:

total mass of protein bound
" total mass of DNA immobilised

Req = Ry

Mprolein - number of protein molecules

= R -
L MpNA - number of DNA molecules

Morotein

= Ry - - average number of protein molecules per DNA molecule

MpNA

Mprotein
MpNA

Morotei
= Ry (SRt
Mona

= Ry - - number of bp per DNA molecule - average number of protein molecules per bp DNA

where Mprowein and Mpna are the molecular weights of
protein and DNA, respectively.
Rearranging we have:

MpNa .&

V= ———
N ]Wprotein RL

(2

Accordingly, the data were transformed for least squares
fitting in R (42), where the residual sum of squares in v
were solved numerically and minimized by the L-BFGS-B
method (43), for each integer value of n. Values of n and Ky
(= K,™") yielding the smallest residual sum of squares and
standard error of regression are reported.

Analytical ultracentrifugation (AUC)

Assembly of the protein-DNA complex was monitored by
sedimentation velocity experiments performed on Beckman
analytical ultracentrifuges, as previously described (44—47).
Analyses of protein assembly onto longer dsDNA oligos
(30 bp) were conducted in ultracentrifuge cells containing
two-channel epon centerpieces at 20°C and 55 000 rpm for
5 hin an Optima XL-I at the Bioscience Technology Facil-
ity, University of York. Smaller species required faster sed-
imentation speeds to overcome back diffusion and menis-
cus escape effects (48,49), hence data was collected in ul-
tracentrifuge cells containing two-channel aluminium cen-
terpieces at 20°C and 60 000 rpm for 16 h in a Proteome-
Lab XL-I at the University of Oregon. Protein and DNA
samples were dialysed extensively into binding buffer and
protein and DNA concentrations re-determined using UV
absorbance values at 280 and 260 nm, respectively, and cal-
culated extinction coefficients (Supplementary Table S1).
DNA species (hairpin, 11, 20 and 30 bp) at 5 wM concen-
tration were analysed alone or in the presence of 0.75 or 1.5
mM protein (I mM for 30mer DNA). Samples were inserted
into the sample chamber of the centerpiece while buffer was
inserted into the buffer chamber of the centerpiece. Cells
were placed in an AN60 titanium rotor and spun at either
55 000 or 60 000 rpm at 20°C for 5 or 16 h respectively.
Samples were continuously scanned using the absorbance
optics at 495, 649 or 583 nm wavelengths for 6-FAM (hair-
pin, 20 bp), ATTO 647N (11 bp) and TAMRA (30 bp) la-
belled dsDNA respectively. Data were analysed using Sedfit
(50,51) using continuous c(s) distributions for rapidly as-
sociating systems. Generally, fits were considered satisfac-
tory if the root mean squared deviation was less than 0.007,
and the residuals were random and less than 10% of the sig-
nal. Fit quality and the limitations are discussed further in
the supplementary material (SM). Buffer viscosity and den-
sity parameters were calculated using Sednterp ((48) De-
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partment of Biochemistry, University of New Hampshire).
Partial specific volume (V) for the protein was calculated as
described in the SM, while for DNA a measured value of
0.56 was used (52-54). Weight averaged v values for differ-
ent protein—-DNA complexes were calculated as described
in SM.

NMR spectroscopy

All spectra were recorded at 25°C in 20 mM MES, 150
mM KCI, pH 6.0, 10% D,0O, on a Bruker AVANCE II 700
MHz spectrometer with a triple-resonance probe. For spec-
tral assignments using uniformly '*C,">N-labelled protein,
HNCO, HN(CA)CO, CBCANH and CBCA(CO)NH ex-
periments were performed with 50% overall non-uniform
sampling (NUS) in the indirect dimensions. To aid verifica-
tion of backbone assignments and assignment of sidechain
resonances, >C-decoupled "N-'H TOCSY-HSQC and
SN-TH NOESY-HSQC experiments were also performed,
with mixing times of 60 and 160 ms, respectively, and 40%
overall NUS in the indirect dimensions. Data were recon-
structed and processed with mddNMR v2.4 (55) and NM-
RPipe (56), and referenced to 4,4-dimethyl-4-silapentane-
I-sulfonic acid (0.1 M) in the sample. Peak lists and as-
signments are deposited under BMRB entry 25876. For
chemical shift perturbation studies DNA and protein were
dialysed against the same buffer. Increasing amounts of
DNA (7.5 mM) were added to protein (300 wM) to achieve
DNA /protein molar ratios of 0.2-19.2 and a series of 'H-
SN HSQC spectra were acquired. Spectral assignments
and perturbation data analyses were performed in CcpNmr
Analysis v2.4.1 (57). Combined chemical shift differences
were given by,

\/Aaﬁl + (o - ASN)?

where o« = 0.20 for glycine and o = 0.14 for all other residues
(58).

RESULTS
High-resolution structure of the SF6 small terminase DBD

The crystal structure of the small terminase DBD, com-
prising residues 1-68, was determined to 1.4 A resolution
(PDBID: 4ZC3; Figures 1B, 2; Supplementary Table S3). In
contrast to previous lower-resolution data (14,59), better-
defined electron density was observed for terminal residues
6-9 and 60-62. The structure represents a four-helical bun-
dle where helices a2 and a3 form an HTH motif and o4
connects to the central oligomerization domain, as seen in
the lower resolution structure of the full length protein (Fig-
ure 1A; (14)). The HTH motif is similar to the HTH motifs
observed in other small terminase proteins (Figure 1B). The
DBDs of the SF6 and SPP1 small terminase share 75% se-
quence identity, increasing to 79% within the first three he-
lices (Supplementary Figure S1). The two closest structural
homologues of SF6 DBD, for which structural information
on their interactions with DNA is available, are the human
telomerase repeat factor binding protein 1 (WTRF1) (60),
and the global response regulator PrrA from Rhodobacter
sphaeroides (61) (Figure 2 and Supplementary Figure S1;

DBD
K26
DBD
K48
hTRF1
K405

Rigay ‘
@ A h k\\/\ ,
@ hTRF1

Figure 2. Secondary structure matching-based alignment of SF6 DBD
(white, PDB ID: 4ZC3, residues 7-49) with hTRF1 (dark blue, residues
379-430) in complex with DNA (grey; PDB ID: 1W0T) and PrrA
(blue, PDB ID: 1UMAQ, residues 141-184). Conserved positively charged
residues are indicated.

Table S4). Both proteins interact with specific repeat se-
quences as homodimers, with nanomolar affinities (62,63).
Given the structural homology and the presence of box el-
ements within SF6 and SPPI1 pac, we asked whether SF6
DBD would bind to a specific sequence motif with a simi-
larly high affinity.

Screening SF6 and SPP1 pac site sequences for binding mo-
tifs

For many systems, specificity towards the target sequence is
achieved through a significant increase in affinity, compen-
sating for the large number of non-specific sites available. So
to identify sequences SF6 DBD might target, the SPP1 and
SF6 pac sites were screened using a modified re-usable DNA
capture technology (ReDCaT) SPR assay (38). The two pac
sites are 80% identical (Supplementary Figure S2), with ge-
nomic features such as the promoters, ribosomal binding
site and the start codon of small terminase being absolutely
conserved. The boxA repeats of SPP1, implicated in small
terminase binding, do not occur in SF6, though a differ-
ent pair of direct repeats can be found in the region. The
boxB sequences, which span the nuclease cleavage site for
de novo packaging initiation and the boxC sequences are 90
and 75% identical, respectively (Supplementary Figure S2).

The pac regions were screened in 30-bp segments with 5-
bp overlaps on either end (Supplementary Figure S2 and
Table S2). Segments from the SPP1 pac sequence were des-
ignated P#, and segments from SF6, S#. Segments were an-
nealed to a pre-immobilized 20-bp linker to form a 50-bp
nicked dsDNA substrate. Because SPR measures changes in
mass on the chip surface over time, kinetic parameters and
equilibrium binding densities of surface-bound complexes
can be determined.



Preliminary analysis with an SPP1 boxA-containing se-
quence (P6) confirmed that DBD alone could bind DNA,
and showed that the binding was superstoichiometric, had
rapid kinetics and low affinity, requiring 10~ M concen-
tration for observable binding by SPR, in contrast to the
<1077 M required for other HTH monomers binding to
cognate sequences (64,65) (Figure 3A). This binding be-
haviour suggested that DBD did not interact specifically
with the boxA sequence (17).

Analysis of all segments showed that DBD bound se-
quences from both pac regions with similar densities, as de-
termined by one-way ANOVA analysis (#(31 103) = 1.277,
P > 0.05, Supplementary Table S5), and with the charac-
teristics of non-specific interactions (Figure 3B). These data
suggest that the SF6 small terminase DBD binds pac DNA
in a non-sequence-specific manner, with rapid kinetics and
no apparent preference for any sequence in the region. Un-
der these conditions, it would seem that none of the box
repeats, or any sequence motif, were essential for pac site
recognition by individual DBDs.

Effects of salt concentration on binding density. To further
examine if the SF6 DBD had sequence preference within
the pac regions, however weak, we took advantage of the ex-
treme sensitivity of the T200 SPR instrument. The ReDCaT
assay was repeated at 300 mM KCI concentration to reduce
non-specific interactions (66) so that any preferential bind-
ing could be identified (Figure 4A). Binding densities were
overall reduced, reflecting the ionic nature of the interac-
tions. The pattern across both pac regions was consistent
with that observed at 150 mM KClI, though at this higher
salt concentration, statistically significant differences could
be identified. Binding densities for segments P6 & F3, F5,
and F10, were more than one standard deviation above the
grand mean (Figure 4A, Regions 1, 2 and 3, respectively),
and were statistically different from the other segments, as
found by one-way ANOVA (Supplementary Table S5) and
post-hoc Tukey’s test (¢ = 0.05). The segments did not cor-
relate well with the box repeats, confirming that the repeat
sequence motifs had little effect on SF6 DBD binding. Fur-
ther analyses were performed to identify the preferential
binding site.

Effects of pac site mutations on binding density. Sequence
variations in the highlighted segment regions (Figure 4A)
were exploited to identify a motif for preferential DBD
binding. Mutant sequences were created and subjected to
the ReDCaT assay at 300 mM KCI concentration (Figure
4B). To account for differences in DNA length, binding den-
sities were expressed in number of protein molecules bound
per bp DNA. Segments P6 and F3 from Region 1 were iden-
tical except for the downstream 8 bp. Mutation of these
bases to a random sequence (P6_F3) did not significantly af-
fect binding density. This indicates that any sequence prefer-
ence would arise from the upstream 22 bp of the segments.
In Region 2, SPP1 segments P8 and P9 displayed average
binding density, while SF6 segment F5 displayed greater-
than-average binding density. A composite segment P§_P9
produced no increased binding relative to the original seg-
ments, nor did a hybrid F5_P9. The reverse hybrid P8_FS5,
however, showed an increase in binding density, approach-
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ing that for segment F5. This suggests that the 15 bp at the
downstream end of segment F5 may contain a preferred se-
quence. In Region 3, segment F10 displayed greater-than-
average binding density. Sequential point mutations in seg-
ment P14 to produce F10 had no significant effect on bind-
ing density, suggesting that the preferred sequence occurs
instead in the unaligned downstream end of F10.

Analysis of the sequences showing statistically significant
greater-than-average binding densities, using the MEME
suite (67), identified a potential preferred sequence motif:
5'-[T/G][T/C][A/T] GGTT-3, p = 1.17-4.93 x 10~*. This
motif occurs in the full-length SPP1 and SF6 pac sequences,
two and three times, respectively (Supplementary Figure
S2), and not in scrambled sequences (p = 5-70 x 107%, as
identified using FIMO (68)). For SPP1, the motifs are in
a region known to be protected by small terminase from
DNase I digestion (23). This sequence may well help local-
ize the small terminase protein to the pac region. However,
the affinity is so weak (>100 wM) that as previously sug-
gested (17,69) the sequence would be outcompeted by the
vast number of non-specific sites on longer DNA. Thus,
non-specific interactions would likely still dominate in the
binding of small terminase to pac DNA.

Characterization of the non-sequence-specific DNA binding
activity of SF6 DBD

Since non-specific DNA binding appeared to be a major
mode of interaction between DBD and DNA, the interac-
tion was characterized further using complementary bio-
physical methods.

Surface plasmon resonance. Given similar refractive in-
dex increments, the relative masses of DNA immobilized
and protein bound can be inferred from the SPR responses
following DNA immobilization (Ry) and at equilibrium
when protein is injected (Req). This enables analysis of
non-sequence-specific binding activity under the (Tsodikov-
modified) McGhee-von Hippel model (39,40). Under this
model, DBD bound 20 and 30 bp DNA molecules with a
site size of 3 bp and equilibrium dissociation constants, Ky,
0f 0.92 £ 0.01 mM and 1.85 &+ 0.02 mM, respectively (Fig-
ure 5 and Supplementary Figure S3). Note that these values
are estimates as the system could not be saturated under
the experimental conditions. In addition, artefacts might
arise due to partial occlusion of the DNA as a result of sur-
face immobilization, and partial binding of protein to DNA
ends. In light of these uncertainties the binding of SF6 DBD
to DNA was also analysed by AUC.

Analytical  ultracentrifugation. Sedimentation velocity
AUC is a powerful tool for the analysis of multiple in-
teracting and non-interacting species in a mixture of
macromolecules (50,51). More recently, the technique has
been extended to study rapidly reversible interactions and
the assembly of protein—nucleic acid complexes (45-47).
Here, sedimentation velocity AUC was used to characterize
SF6 DBD in complex with different lengths of DNA (11,
20 and 30 bp; Supplementary Table S1; Supplementary
Figure S4). The stoichiometries of fully bound complexes
and average site size for DBD on DNA were determined
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(Supplementary Tables S6, S7; Figure 6). Note that the 30
bp DNA was derived from sequences covered by SPP1 pac
site segments P4-P8§.

So that DNA could be monitored independently of pro-
tein by absorption spectroscopy, DNA substrates were la-
belled on one strand with a fluorophore. Sedimentation pro-
files for dsDINA alone were used to define the sedimentation
coefficient (s29,,) and frictional ratio (f/fy) for each DNA
length (Figure 6; Supplementary Table S6). As the length of
DNA increased, the respective values for s59,, and f/fy also
increased (Figure 6A—C; Supplementary Tables S5 and S6),
reflecting the increase in molecular weight and the more ex-
tended shape of the DNA. Assuming a partial specific vol-
ume (V) of 0.56 (for DNA in 100 mM KClI; (52)), molecular
weights of 7.4, 13.5 and 21.4 kDa were determined for 11,
20 and 30 bp dsDNA, respectively, consistent with the pre-
dicted molecular weights of 7.5, 13.4 and 20.9 kDa, respec-
tively (Supplementary Table S7). A peak corresponding to
the labelled 30-nt ssDNA strand (~20% of the total loaded
signal) was observed and determined to have a molecular
weight of 14.1 kDa, comparable to the predicted value of
10.7 kDa. Note that this variation in molecular weight is
likely due to the fact that the f/fy was fitted as an average
over both ss and ds DNA species, hence the value for ss-
DNA is slightly higher and is reflected in the increased esti-
mation for the molecular weight of this species (see SM).

Analysis of the sedimentation profiles for each DNA
length with two concentrations of protein revealed a shift
in the s, compared to the DNA alone, suggesting that
a protein-DNA complex had formed in all cases (Figure
6A—C and Supplementary Table S7). The f/f; value also
increased compared to that for the DNA alone, indicating
formation of a less flexible and more rod-like species (Sup-
plementary Table S6). Since the conversion from sz, to
molecular weight for each protein-DNA complex contain-
ing different numbers of protein molecules was sensitive to
the v parameter, that itself was dependent on the composi-

tion of the complex, conversion calculations were made for
each potential protein bound state and then compared with
the predicted molecular weights for each state (Supplemen-
tary Table S7). Since no unbound DNA was observed for
both samples of the 11 bp DNA that contained protein, and
the peaks corresponding to protein-DNA complex occur
at similar S-values (Figure 6A), the 11 bp DNA was likely
to be saturated with protein which produced a molecular
weight of 23 and 31 kDa for each sample (Supplementary
Table S7). This represented 2 and 3 proteins bound per 11
bp DNA and a site size of 4-5 bp. The 20 bp DNA formed
complexes at low and high protein concentrations that likely
represented different averages of rapidly re-associating par-
tially bound (broad lower peak) and saturated complexes
(narrower peak at higher S-value; Figure 6B). These rep-
resented complexes of approximately 39 and 48 kDa, con-
sistent with predicted molecular weights for species with 3—
4 and 5 proteins bound for an average site size of 4-5 bp
(Supplementary Table S7). The 30 bp DNA species did not
reach saturation upon addition of protein, as a peak corre-
sponding to unbound DNA was also observed (Figure 6C).
A larger species was observed at 3.76 S (Figure 6C), cor-
responding to a molecular weight of 60.4 kDa and consis-
tent with a complex of DNA with 5 DBD molecules bound
(Supplementary Table S7). Given that this species is not
fully saturated, the site size can be determined as having an
upper limit of 6 bp. These data are consistent with the SPR
data above and additionally suggest that SF6 DBD binds
pac and non-pac sequences in a similar, non-specific man-
ner.

Mutational analyses of SF6 DBD in pac site binding

Superposition of the structure of DBD with other HTH-
containing proteins indicated several positively charged
residues that might play a role in DNA binding (Figure
2). Of note, Lys48 in SF6 DBD is positioned similarly to
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Argd23 in hTRF1, which directly contacts a specific base
of human telomeric DNA, and to Lys180 in PrrA, which
occurs on a surface implicated in both specific and non-
specific DNA interactions. Accordingly, Lys48 was mutated
to an alanine residue, with no significant change in sec-
ondary structure content, and this led to an abrogation of
DNA binding in both electromobility shift assays and SPR
equilibrium assays (Supplementary Figure S5, 7), confirm-
ing that the residue forms part of the DNA-binding surface
of SF6 DBD.

Thr25/Lys26 of SF6 DBD occupy a similar position to
Ser404/Lys405 in hTRF1, in the vicinity of the observed
protein-DNA interface. Because a corresponding double
mutation in the SPP1 small terminase reduces packaging ef-
ficiency in vivo (5), we speculated that a positive charge pro-
vided by Lys26 could contribute to the non-specific DNA-
binding behaviour observed. However, on mutation to ala-
nine, the protein bound DNA only a little less strongly with
a Ky of 3.08 = 0.03 mM and site size of 3 bp (under the
Tsodikov-modified McGhee—von Hippel model), suggest-
ing that Lys26 was in fact not directly involved in DNA
binding and might contribute only to the overall electrostat-
ics of the molecule.

Design of a model single-site dSsDNA substrate

Structural efforts to analyse the DBD-DNA interface at
ambient temperatures have proven difficult in the past. As
the SPR and AUC data reveal, the length of DNA required
to form a stably annealed dsDNA substrate was such that
the DNA would be long enough for more than one DBD
molecule to bind, introducing heterogeneity. This hetero-
geneity was highlighted in chemical shift perturbation ob-
served when 20-bp dsDNA was titrated into 'N-labelled
protein. Signals were lost for all but the disordered regions
of the protein (Supplementary Figure S6A), most likely due

to complex size and exchange on the intermediate NMR
timescale between complexes of different stoichiometries.
With an aim to reducing the system to a 1:1 protein—
dsDNA interaction, model single-site substrates were de-
signed. The substrates contained a 5-bp ds region, con-
nected 3'-to-5 by a 18C spacer (18C-hairpin) or 4-nt spacer
(14-nt hairpin, Supplementary Table S1). The linkers would
help the DNA remain annealed at room temperature. Com-
petition SPR assays, where protein mixed with increasing
amounts of 18C-hairpin were injected over surface-bound
30-bp DNA, confirmed that these hairpins could serve as
substrates for DBD (Supplementary Figure S7). Sedimen-
tation velocity AUC experiments were also conducted to as-
sess complex stoichiometry. Analysis of the sedimentation
profiles for 18C-hairpin alone yielded values of 1.3 S and
1.33 for s$29,,, and f/fo, respectively (Figure 6D; Supplemen-
tary Table S6). The calculated molecular weight of 4.3 kDa
was comparable to the predicted 3.91 kDa (Supplementary
Table S7). Mixing 5 wM of this hairpin and 1.5 mM protein
gave rise to a single larger species with s, value of 1.56 S
(Figure 6D), which corresponded to a molecular weight of
10.1 kDa, similar to the predicted value of 12.16 kDa for a
1:1 complex (Supplementary Table S7). At a lower protein
concentration about half of the DNA was unbound while
the rest was part of a larger species, also consistent with a 1:1
protein-DNA complex (Figure 6D, Supplementary Table
S7, SM). Similar data were obtained using the 14-nt hair-
pin (Supplementary Figure S7). These affirmed that DBD
would bind 5 bp of DNA 1:1 with a K4 in the mM range.

The N-terminus and HTH motif of SF6 DBD mediate bind-
ing to a model DNA substrate

To characterize the DNA-binding surface of DBD in more
detail, 'H, 13C and "N NMR assignments were obtained
for the backbone atoms of all residues except the first three
and proline residues. Sidechain amide resonances were as-
signed for Asn36, Asn45 and Asn63.

The 5-bp-forming 14-nt hairpin single-site DNA sub-
strate was titrated into "N-labelled sample and chemical
shift differences measured (Figure 8A, B and Supplemen-
tary Figure S6B). The largest chemical shift differences oc-
curred at the N-terminus and HTH motif (a1-3). These lie
on the same face, coincide with the positively charged sur-
face of the protein and map well to the solvent-accessible
surface of the full-length oligomer (Figure 8C and Supple-
mentary Figure S9). This implies that DBD interacts with
DNA using a defined surface.

Chemical shift differences in the N-terminus suggest an
N-terminal arm which binds DNA, akin to most HTH-
containing proteins (70). Within the HTH motif, the a2-a3
turn and N-terminus of helix a3 were most affected by in-
teraction with DNA, whereas residues in helix o2 exhibited
little change in chemical shift. These data are at odds with
what has been observed for proteins of the same HTH sub-
family, where helix a3 would insert into the major groove
and a2 would engage in steric, hydrogen bond and ion-
dipole interactions with the DNA backbone (Figure 8D
and E). Compared to PrrA, for which backbone chemi-
cal shift perturbation data on non-specific interaction are
available (61), there are fewer strong shift differences in he-
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lix a2, relative to the rest of the protein and more in the
a2-a3 turn. Looking broadly, however, this apparently dif-
ferent set of interacting or affected residues is not unique
among HTH-containing proteins. When lambda Cro was
engineered to bind DNA non-specifically, the interface be-

came rotated (Figure 8F); the helix corresponding to a3 of
SF6 DBD was more solvent-exposed and only the a2-a3
turn and N-terminus of a3 remained in contact with DNA
(71,72). More detailed analyses would be necessary to dis-
criminate between direct contacts and binding-induced con-
formational changes, but our current perturbation data sug-
gest that the SF6 HTH motif does share similarities to a
subset of HTH-containing proteins when interacting non-
specifically with DNA.

DISCUSSION

Specific recognition of pac DNA by small terminase is es-
sential for initiating genome packaging during the assem-
bly process of many bacteriophages. However, the mecha-
nism by which this occurs is poorly defined. Previous work
determined that the HTH motif in the N-terminal domain
(DBD) of Bacillus phage SF6 small terminase was neces-
sary for pac site binding (14), and it was speculated, due
to the presence of repeat elements within the pac site, that
the SF6 HTH motif is recruited to pac via a specific se-
quence. Our analyses by SPR, AUC and NMR showed that
while SF6 DBD did interact with DNA, the observed in-
teractions (Figures 3, 5, 6 and Supplementary Figure S6A)
had the hallmarks of non-sequence-specific DNA binding:
low affinity, rapid kinetics, and superstoichiometric bind-
ing (17). Further characterizing this binding mode, chem-
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ical shift perturbation data using a model substrate sug-
gested that when presented with an arbitrary sequence
the protein binds DNA in a way broadly similar to how
HTH-containing transcription factors bind non-cognate se-
quences.

A small but weak preference for 5-TTAGGTT-3' was ob-
served at high KCI concentrations (Figure 4). The identi-
fied sequence did not correlate with any of the box repeats
in the SPP1 genome (20,22,23), suggesting that the repeats
had little role in the nucleation of small terminase on pac
DNA. However, even assuming a 1:1 interaction, the ap-
parent affinity to the identified sequence (~350 wM) is not
substantially higher than the non-specific background (~2
mM under the McGhee-von Hippel model). Given that
the binding kinetics were similar, and considering that non-
specific sites are available in much greater concentrations, it
is unlikely that binding at this sequence is the main driver
of complex assembly.

HTH motifs usually feature in DNA-binding assemblies
as dimers or multiples of dimers. A dimeric structure en-
ables the targeting of cognate sequence repeats separated by
a defined distance, enhancing affinity and specificity. Of the
known HTH motifs, some are capable of high-affinity inter-
actions with DNA as a monomer, owing to additional struc-
tural elements (73-75); others, which the small terminase
DBD resembles, bind DNA poorly as a monomer. However,
given the multimeric nature of the latter motifs, measuring
their affinity as a monomer for DNA has not been trivial.
Model systems have been created, with mutations or trun-
cations in the DNA substrate, to simulate monomeric inter-
actions. These systems have produced estimates of 10-100
nM (hTRF1 (19); c-myb (64)), 2-4 pM (Cro (65)) affinities
for a single-site interaction. Our data suggest that individ-
ual HTH motifs of the small terminase bind with even lower
affinity.

Thus, we propose that the small terminase proteins from
pac phages use a different strategy for selecting DNA. HTH
motifs are employed in great numbers. Each motif has low,
milimolar affinity, with slight preference for a sequence
which occurs only one to three times in the cognate region.
Small terminase may be recruited to pac DNA through this
sequence, but stabilization of the protein-DNA complex
is more likely dependent on sequence-independent associa-
tions through multiple HTH motifs. A DNA segment such
as the pac region, which easily conforms to the circular ar-
rangement of HTH motifs, would favour such associations.
DNA is, therefore, selected by conformation. Such ‘con-
formational selection’ is reminiscent of interactions that
drive the assembly of eukaryotic nucleosome core particles
(76,77). Indeed, the DNA sequence content and mapping of
pac DNA is similar to well-characterized nucleosome core
particle sequences (76-79), where runs of 5-7 AT base pairs
are interspersed with double GC or CG pairs. These se-
quences enable bending and kinking, favouring ~100 bp he-
licoidal DNA segments which would be ideal for wrapping
around small terminase.

A ‘conformational selection’ model is consistent with
available binding data for SPP1-like viruses: that pac DNA
had intrinsic flexibility and populated the bent state more
frequently in the presence of small terminase (20,22,23).
Here we show that one SF6 DBD occludes 3-5 bp of DNA.
Multiple DBDs arranged circularly with defined spacing
would reproduce the regularly spaced DNAse I protection
patterns previously observed for SPP1 small terminase-pac
(23) and eukaryotic nucleosome core particles (79).

Small terminase proteins from other viruses occur in sim-
ilar oligomeric states as the SF6 small terminase, with HTH
motifs displayed around a central core (Figure 1A) (11—
14,80). The diameter and circumference of these oligomers
are ~90 and ~300 A, respectively, and adjacent HTH mo-
tifs are consistently separated by a distance approximate to
one full turn of B-form DNA. The solvent-accessible sur-
faces of individual HTH motifs combine to form a charac-
teristic positively charged belt (Supplementary Figure S10),
permissive to a model where DNA is wrapped around small
terminase. However, note that this mode of interaction may
not be conserved across pac viruses. For example, it is not
clear whether T4 small terminase proteins contain an N-
terminal HTH motif (81), while the P22 HTH-like motif is
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Figure 9. Small terminase as a switch for viral DNA packaging. Multi-
ple, weak, non-specific HTH-DNA interactions in a circular array enable
recognition of viral DNA for packaging, while mediating gene regulation
and ensuring favourable stoichiometries between DNA copies and motor
components.

occluded from the solvent by an N-terminal segment (13).
Instead, both termini in T4 (82) and the C-terminus in P22
(80,83) are implicated in DNA binding.

The idea of conformational selection by an array of cir-
cularly arranged, weak, non-specific binders has several bi-
ological implications. In all domains of life the architecture
of nucleoprotein complexes is exploited for the regulation
of gene expression. In eukaryotes, nucleosome core parti-
cles (84) and in prokaryotes, H-NS, HU and similar proteins
(85,86), prevent transcription initiation or elongation by the
RNA polymerase. Similarly, the small terminase-pac DNA
complex has been shown to downregulate transcription ini-
tiation of the motor protein operon, presumably by compe-
tition with RNA polymerase assembly in the promoter re-
gion (87). Under the proposed model, the large DNA foot-
print enables the protein to act as a switch between tran-
scription and packaging initiation (Figure 9). Such regula-
tion may help ensure favourable stoichiometries between ge-
nomic DNA copies and motor assemblies so that use of en-
ergy and resources within the host is efficient. In the context
of DNA packaging, stabilization of a bent DNA confor-
mation favours cleavage by large terminase (88). The use of
multiple individually weak binders also confers reversibility.
The transient and weak nature of the interactions between
individual DBDs and DNA (Figures 3A and 5) means that
DNA in complex with small terminase could be unwrapped
under external forces such as during translocation.

Another major advantage of a conformation-selective
complex is the high tolerance for DNA sequence variation
in the recognition region. This allows for a more compact
genome, as the region can take on multiple roles, in the case
of SF6, accommodating the promoters, ribosomal binding
sites and beginning of the small terminase gene-coding se-
quence. Such a phenomenon would reflect pressures to min-
imize genome size for efficient replication and packaging
while maximizing coding density and function.

In conclusion, we propose that the small terminase
protein of SPPI-like viruses represents a new class of
HTH-containing DNA-binding proteins where the com-
mon HTH motif, which binds strongly to short specific
DNA sequences, is adapted into an oligomeric circular ar-
ray where individual HTH motifs form weak, predomi-
nantly non-specific interactions with DNA. The result is a
robust packaging initiation system that also tolerates muta-
genic drift, maintains minimal genome size and tightly reg-
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ulates the switch between viral DNA replication and pack-
aging.
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