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Abstract

The large dsDNA viruses replicate their DNA as concatemers consisting of multiple covalently linked genomes. Genome packaging is catalyzed
by a terminase enzyme that excises individual genomes from concatemers and packages them into preassembled procapsids. These disparate
tasks are catalyzed by terminase alternating between two distinct states—a stable nuclease that excises individual genomes and a dynamic
motor that translocates DNA into the procapsid. It was proposed that bacteriophage A terminase assembles as an anti-parallel dimer-of-dimers
nuclease complex at the packaging initiation site. In contrast, all characterized packaging motors are composed of five terminase subunits bound
to the procapsid in a parallel orientation. Here, we describe biophysical and structural characterization of the A holoenzyme complex assembled
in solution. Analytical ultracentrifugation, small angle X-ray scattering, and native mass spectrometry indicate that 5 subunits assemble a cone-
shaped terminase complex. Classification of cryoEM images reveals starfish-like rings with skewed pentameric symmetry and one special
subunit. We propose a model wherein nuclease domains of two subunits alternate between a dimeric head-to-head arrangement for genome
maturation and a fully parallel arrangement during genome packaging. Given that genome packaging is strongly conserved in both prokaryotic
and eukaryotic viruses, the results have broad biological implications.
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Introduction

Viruses are obligate intracellular parasites whose developmen-
tal pathways are initiated upon insertion of their genetic mate-
rial into a host cell (1). The pathways are generally conserved
within broad virus classes such as the large dsDNA viruses, in-
cluding, the Caudoviruses (tailed bacteriophages) and the Her-
pesviruses groups (2,3). These viruses typically replicate their
genomes as covalently linked head-to-tail concatemers (imma-
ture DNA). Expression of late viral genes produces structural
proteins that self-assemble into procapsid shells into which
the newly replicated DNA is actively packaged. Genome-
packaging, which is catalyzed by terminase enzymes, repre-
sents the intersection between the DNA replication and cap-
sid assembly pathways (4-7); this involves processive excision
of individual genomes from the concatemer and simultaneous
packaging of the ‘mature’ genome into a preassembled pro-
capsid shell (Figure 1). Both reactions are catalyzed by virus-
encoded terminase enzymes, which thus perform two essential
functions: (i) nucleolytic excision of individual genomes from
a concatemeric precursor (maturation reaction) and (ii) con-
comitant ATP hydrolysis-coupled translocation of viral DNA
(packaging reaction). To accomplish these distinct tasks, ter-
minase complexes alternate between stable maturation and
dynamic motor configurations.

There are two basic strategies for processive genome pack-
aging from a concatemeric DNA precursor. The first is ‘head-
ful’ packaging (phages T4, P22, SPP1, P74-26, etc.) wherein
terminase site-specifically assembles at a packaging initiation
site (pac) and cuts the duplex to form the first genome end
to be packaged. This maturation complex transitions to a dy-
namic motor complex that translocates DNA into the pro-
capsid shell (a.k.a., head). Packaging continues past the next
downstream pac site until the shell is filled to capacity. At
this point, the motor stops and transitions back to a nuclease
complex that again cuts the duplex to release the nucleocap-
sid. In this case, the capsid is filled with 104-110% genome
length of DNA as depicted in Figure 1. The second strategy
is exemplified by phages A, HK97 and the herpesviruses that
package ‘unit-length’ genomes. In this case, the maturation
complexes assemble at a cos sequence in the concatemer, cut
the duplex, bind to a procapsid and transition to a motor
complex that packages the DNA. Unlike the headful phages,
however, the motor is captured by the next downstream cos
sequence and duplex nicking releases the nucleocapsid filled
with a unit length (100%) mature genome (Figure 1). No-
table exceptions to this general paradigm are represented by
the $29-like bacteriophages and the adenovirus groups, which
replicate monomeric genomes in a protein-primed manner and
thus have no maturation requirement. Notwithstanding, these
viruses utilize an analogous ‘packaging ATPase’ enzyme to
package viral DNA into a pre-assembled procapsid shell.

Terminase enzymes function as heterooligomeric com-
plexes (holoenzymes) consisting of a large catalytic subunit
(TerL) that contains both maturation (nuclease) and packag-
ing (ATPase) activities and a small DNA recognition subunit
(TerS) that is required for site-specific assembly at the packag-
ing initiation site (Figure 1) (4-7); both subunits are essential
for virus development iz vivo (6,8-10). With a few exceptions
(11,12), characterized isolated TerL subunits are monomers
in solution, but assemble as a functional pentameric motor
at the portal vertex of a procapsid (5,7,13). In contrast, iso-
lated TerS subunits assemble into ring-like complexes of vary-
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ing stoichiometries and central channel dimensions, and it is
presumed that these rings reflect the assembly state of TerS in
holoenzyme during maturation at pac/cos (5,6,8). Genetic and
biochemical data indicate that both subunits (the holoenzyme)
are required to assemble the maturation complex to initiate
genome packaging (5-7). The variability of TerS assemblies
in different systems has led to a controversy as to whether
DNA passes through the central channels of the assembled
complexes or whether the complexes wrap the duplex around
the TerS ring exterior (14-21). However, these interpretations
are complicated by the fact that the TerS structures were ob-
tained in the absence of the cognate TerL subunit which is
required for the assembly of a functional complex. There is lit-
tle information on the holoenzyme complexes assembled from
both subunits, largely due to the challenge of recombinantly
expressing and/or assembling a functional TerLeTerS holoen-
zyme. Exceptions are bacteriophages lambda and P22 (22-
24). In lambda, terminase has been shown to assemble as a
stable holoenzyme protomer consisting of one TerL and two
TerS subunits (24,25).

The A terminase protomer is devoid of catalytic activity
but undergoes a salt-linked self-association reaction in vitro
(Kp,app~ 3—4 uM) to provide a multimeric ring-like holoen-
zyme complex that possesses native nuclease, ATPase and
DNA packaging activities (24-27). At physiological concen-
trations (~100 nM), the protomer and the cellular integration
host factor (IHF) cooperatively assemble at the cos-sequence
of A DNA (Kp,4pp~ 20 nM), which activates cos-specific nu-
clease activity but down-regulates the ATPase activity (26,27).
Consistent with in vivo data, cos-cleavage is stimulated by
ATP/ADP (5,28-31). Based on extensive biophysical data and
biological precedence, we proposed that the protomers assem-
ble as a head-to-head, anti-parallel dimer of dimers, thus ori-
enting the maturation complex to introduce symmetric nicks
into the duplex (4,5). Such an arrangement would be analo-
gous to that seen in the type IIE and IIF restriction endonucle-
ases (32-34).

The post-cleavage complex binds to the portal vertex of an
empty procapsid, which triggers the transition to a dynamic
motor complex in which nuclease activity is downregulated
and ATPase activity is upregulated to power DNA packaging
(Figure 1). In contrast to the proposed tetrameric A maturation
complex, biochemical, biophysical, and structural characteri-
zation of motor complexes in several phage systems indicate
that they operate as pentamers during translocation (5), and
functional pentameric packaging motors have been imaged to
near-atomic resolution in $29-like phages. Genetic and bio-
chemical studies in A, P22, T3 and T4 (5,35,36) and struc-
tural studies in $29 (37) indicate that C-terminal residues of
TerL interact with the portal during packaging. Thus, it has
been presumed that viral packaging motors are composed of
TerL subunits assembled in a pentameric ring-like complex,
oriented in a parallel manner. This contrasts with the anti-
parallel, head-to-head dimer-of-dimers A maturation complex
described above.

To reconcile these observations, we proposed that the sto-
ichiometry and orientation of A TerL subunits in the matu-
ration complex (anti-parallel complex) may be distinct from
that assembled in the dynamic motor complex bound to the
capsid (parallel pentamer), ostensibly due to their vastly dif-
ferent biochemical roles in genome packaging. However, there
is no structural data for the A motor complex to verify the
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Figure 1. Genome Packaging in the Complex Double-Stranded DNA Viruses. Terminase enzymes are responsible for processive excision of an individual
genome from a concatemeric packaging substrate (genome maturation) and for translocation of the duplex into a pre-formed procapsid shell (genome
packaging). The functional enzymes are composed of large catalytic (TerL) and small DNA recognition (TerS) subunits, both of which possess conserved
functional domains, as depicted at bottom, left. Two basic strategies for genome packaging, unit-length and headful, are summarized at bottom, right.
Processive packaging requires that terminase cycles between a maturation complex, tightly bound at a pac or cos site in the viral genome, and a
dynamic motor complex that processively packages DNA. Details are provided in the text.

hypothesis. Moreover, there is no structural data for a motor
or maturation complex composed of both requisite TerL and
TerS subunits in any system. To fill this gap, a combination of
analytical ultra-centrifugation (AUC), charge detection mass
spectrometry (CDMS), small angle X-ray scattering (SAXS),
enzyme kinetics, and class averaging of cryo-EM images is em-
ployed to investigate the structure and function of the A ter-
minase holoenzyme. The ensemble of data is consistent with a
stable but highly flexible pentameric complex deviating from
a strict 5-fold symmetry in a 4 + 1 fashion. The complex un-
dergoes substantial rearrangement upon ATP binding towards
a more compact conformation presumably more suitable for
DNA gripping with four large terminase subunits forming an
open ring and the fifth subunit exhibiting a high degree of con-
formational freedom. We propose a novel model wherein the
dynamic nature of this ‘special subunit’ allows a single holoen-
zyme complex to perform both essential packaging reactions -
antiparallel cleavage of a DNA target and DNA-packaging by
a parallel arrangement of components. Finally, we propose a
‘symmetry resolution” model to explain how A terminase tran-
sitions between the distinct structural and functional states to
processively excise and package multiple genomes from con-
catemeric DNA.

Materials and methods

General

The terminase protomer and ring species were purified by
published procedures using a combination of immobilized
metal affinity chromatography, anion-exchange chromatogra-
phy, and gel filtration (38,39). The purified enzyme is >98%
homogenous as determined by SDS-PAGE and the protomeric
species is >98% structurally homogenous as determined by
sedimentation velocity analytical ultracentrifugation analysis.
Assembly of the catalytically competent terminase ring was
performed as previously described (26,27,40).

Saxs

SAXS experiments were performed at the Sealy Center for
Structural and Computational Biology (SCSB) at the Univer-
sity of Texas Medical Branch (UTMB). The X-ray/SAXS sta-
tion at the SCSB consists of a high-brilliance FR-E++DW Su-

perbright X-ray generator, with the industry standard RAXIS-
IV++ crystallography system with both Cu and Cr optics.
In addition, the source is connected to a Rigaku BioSAXS-
1000 with a Kratky camera and a 96-well automatic sam-
ple changer. Samples were illuminated with X-rays gener-
ated by the Cu anode, corresponding to the wavelength of
1.5418 A. Scattering intensities I(q) for the protein and buffer
samples were recorded as a function of scattering vector g
(q = 47sin® /A, where 20 is the scattering angle and A is the X-
ray wavelength). The sample-to-detector distance was 0.476
m, which resulted in a q range of 0.009-0.68 A~!, and all ex-
periments were performed at 5°C. The data collection strat-
egy described by Hura was used in this study (41). Briefly,
SAXS data were collected for three protein concentrations
(0.80, 0.50 and 0.25 mg/ml) and for three matching buffer
samples. For each sample measurement, SAXS data were col-
lected with 1-hour sub-frames to assess radiation damage. The
buffer scattering contributions were subtracted from the sam-
ple scattering data using the SAXNS_ES web server (https:
/Ixray.utmb.edu/SAXNS/). Data analysis was performed us-
ing the program package PRIMUS from the ATSAS suite
(42,43). Experimental SAXS data obtained for different pro-
tein concentrations were analyzed for aggregation and fold-
ing state using Guinier and Kratky plots, respectively. The
forward scattering intensity I(0) and the radius of gyration
R, were evaluated using the Guinier approximation: I(q) ~
I(0) exp(—q2R;)2/3, with the limits gR, <1.5. These param-
eters were also determined from the pair-distance distribution
function P(r), which was calculated from the entire scattering
patterns via indirect Fourier inversion of the scattering inten-
sity I(g) using the program GNOM (44). The maximum par-
ticle diameter Dmax was also estimated from the P(r). The
hydrated volume VP of the particle was computed using the
Porod equation: VP = 2721(0)/Q, where I(0) is the extrap-
olated scattering intensity at zero angle and Q is the Porod
invariant. (45,46). The molecular mass of a globular protein
can then be estimated from the value of its hydrated volume
following the method of Rambo and Tainer as implemented
in the SAXNS_ES server (45). The overall shape of the pro-
tein was modeled ab initio by fitting the SAXS data to the
calculated SAXS profile of a chain-like ensemble of dummy
residues in reciprocal space using the program GASBOR,
version 2.3i (47). Twenty-five independent calculations were
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performed with a D5 symmetry restriction (see below for
choice of symmetry).

Analytical ultracentrifugation (AUC)

Analytical ultracentrifugation experiments were performed
using an Optima XL-A analytical ultracentrifuge equipped
with absorbance optics (Beckman Coulter, Brea, CA). The
purified terminase ring was dialyzed into 20 mM Tris-HCI
buffer, pH 8 at 4°C containing 500 mM NaCl, 5% v/v glyc-
erol and 1 mM TCEP and then concentrated using 10 kDa
MWCO Amicon Centrifugal Filters (Millipore Sigma) ac-
cording to manufacturer’s directions. The enzyme concentra-
tion was determined spectrophotometrically (¢280 =179 680
cm~! M~! for the protomer) and then diluted using the dial-
ysis buffer to the concentration indicated in each individual
experiment. Buffer viscosity (1.893 mPa*s) and buffer density
(1.03812 g/cm?) were measured at 4°C using a Lovis 2000
M rolling ball viscometer/densitometer (Anton Paar). A b of
0.72364 ml/g at 4 °C and 0.73045 ml/g at 20°C was deter-
mined using the Sedntrp program (Biomolecular Interactions
Technology Center, University of New Hampshire, Durham,
NH) and corrected for the change in hydration shell due to
the presence of glycerol to yield 0.72397 ml/g at 4 °C and
0.73078 ml/g at 20°C as described elsewhere.

For the sedimentation velocity experiments (SV-AUC), the
samples (410 ml) were loaded into the sample cell of two sec-
tor Epon charcoal-filled centerpieces and dialysis buffer was
loaded into the reference cell. The samples were allowed to
equilibrate to 4°C and then spun at 32 000 rpm; sedimenta-
tion was monitored by absorbance at 250 nm. The data were
analyzed using the SEDFIT program to afford c(s) distribu-
tions (48). The bottom fitting limit was moved to 6.7 cm to
improve the fit accuracy by avoiding the glycerol gradient cre-
ated at the cell bottom as reported elsewhere.

For the sedimentation equilibrium experiments (SE-AUC),
80 ul of each sample at the indicated concentration was
loaded into the reference cell of six sector Epon-filled char-
coal centerpieces and dialysis buffer was loaded into the refer-
ence cell. The samples were allowed to equilibrate to 4°C and
then successively spun at 7500, 9000 and then 11 000 rpm.
Sedimentation at each speed was assumed to be at equilib-
rium when consecutive scans, separated by intervals of 2 h, did
not change as determined using the Heteroanalysis program
(49). Absorbance data were collected at 250 nm every 0.003
cm in the step mode, with 5 averages per step. The protomer
€250 (69 373 M~'cm™!) was determined using a concentra-
tion curve and fit using a linear least squares approach (see
Figure SX). A global non-linear, least-squares (NLLS) analy-
sis of the combined SE data was performed using the SedAnal
program (50) assuming a single-species model;

o (1-vip)®M; (2 — rﬁ)j|
= Zcbiexp |: +b
P 2RT

where ¢y, v;, and M; are the concentration at the bottom of
the cell, partial specific volume and molecular mass of the ‘I’
component, respectively; p is the density of the solution; w is
the angular velocity; and b is the base-line error term.

Mass spectrometry

The terminase samples were exchanged into ammonium ac-
etate solution, a volatile salt used in native electrospray, by
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Zeba microbiospin columns, 7 kDa MWCO (Thermo Fisher
Scientific). Terminase protomer was exchanged into a 200
mM ammonium acetate salt, and assembled ring was ex-
changed into a 300 mM ammonium acetate salt pH 8.34. Af-
ter buffer exchange samples were immediately electrosprayed
for CDMS analysis.

Charge detection mass spectrometry (CDMS) measure-
ments were performed on a home-built instrument described
in detail elsewhere (51-58). Briefly, the mass to charge ra-
tio (m/z) and charge are simultaneously measured on thou-
sands of individual particles and binned to give a mass dis-
tribution of the sample. Ions enter the instrument through
a metal capillary after formation from a nanoelectrospray
(nESI) source. The positively charged ions are guided through
a series of ion optics and differential pumping to an elec-
trostatic linear ion trap (ELIT) where they oscillate back
and forth through a detection cylinder. Signal from the os-
cillating ion is picked up on a charge sensitive amplifier
where it is digitized and processed using a fast Fourier trans-
form. The fundamental frequency measured corresponds to
the m/z of the ion and the magnitude corresponds to the
charge.

cryoEM methods

Quantifoil R2/1 holey carbon copper grids (Electron Mi-
croscopy Sciences, Hatfield, PA, USA) were plasma-cleaned
for 40 s in Solarus plasma cleaner (Gatan, Inc.) using HO,
plasma. A total of 2.5 pul of purified terminase at 0.5 mg/ml
was applied to the grid prior to freezing using a Vitrobot IV
(Thermo Fisher Scientific) automated plunge-freezing robot.
For the ATPyS stalled sample, ATPyS was added to get a 1
mM final concentration prior to freezing. Grids were loaded
into a Titan Krios G3i microscope (Thermo Fisher Scientific)
housed at SCSB center at UTMB, and 500 micrographs for
each sample were collected at 300 keV on a Falcon III di-
rect electron detector operating in linear mode at 75K nom-
inal magnification at the detector, thus corresponding to a
pixel size of 1.1 A/pixel. The defocus range was set from
—1.4 to —3.2 pum. Each area was exposed to a total dose
of 50 electrons/A2 in 0.97 s. 38 fractions were recorded
per exposure. Collected movie fractions were processed in
CryoSPARC v4.2 (59). Both datasets contained ~244 par-
ticles per micrograph on average. 18 925 particles of apo
terminase and 24 408 particles of ATPyS stalled terminase
went into well-aligned 2D classes after several rounds of
classification.

Structure prediction

A full implementation of Alphafold2 installed at the Texas
Advanced Computing Center was used with default settings to
generate computed structure models (CSMs) of the terminase
protomer (60).

ATPase kinetic analysis

ATPase assays were performed by published procedure
(61,62), with modification. Briefly, reaction mixtures (10 ul)
contained 50 mM Tris—HCI, pH 9, 10 mM MgCl,, 60 mM
NaCl, 2 mM spermidine, 7 mM B-ME, 5 uM [«3?P] ATP, and
10 nM lambda terminase. The reaction mixtures were incu-
bated at 37°C for 5 min and were initiated with the addi-
tion of terminase and allowed to proceed for 20 min at 37°C.
Aliquots (2 ul) were removed from the reaction mixture and
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Figure 2. SAXS analysis of the assembled terminase holoenzyme. Panel A. Experimental scattering patterns for three concentrations of A terminase
scaled to concentration. Kratky plots (Panel B) and pairdistance distance distribution functions P(r) (Panel C) of the assembled A terminase ring for the
three concentrations. Panels D and E. Molecular envelopes generated using GASBOR. Models were obtained by imposing either P4 (Panel D) or P5
(Panel E) symmetry. Both models are equally consistent with the X-ray scattering curve of terminase holoenzyme.

quenched with the addition of equal volume stop solution
(100 mM EDTA, 10 mM each cold ATP and ADP). Aliquots
(2 wl) of the quenched reaction mixtures were spotted onto a
silica gel TLC plate and the plate was developed with 60%
of 2-propanol and 30% ammonium hydroxide. The images
of 3P labeled ATP and ADP spots were captured by GE-
Typhoon Phosphorimager and quantitated using the Image-
Quant software. Control experiments (ATP hydrolysis time
course) using these conditions were performed to ensure that
the aliquots were taken within the linear portion of the reac-
tion curve. The kinetic constants for ATP hydrolysis were de-
termined by non-linear regression analysis of the experimen-
tal data using the Igor data analysis program (Wave Metrics,
Lake Oswego, OR).

Results

Small-angle X-ray scattering

As a first step towards deciphering size and shape informa-
tion for A holoenzyme, we conducted solution X-ray scatter-
ing experiments on A protomers assembled into the catalyti-
cally competent ring complex. No radiation damage in the as-
sembled complexes was detected over the 10-12-h exposure
time, so the data obtained after the long exposure was used for
analysis. The scattering profiles are independent of the protein
concentration, as the scattering curves superimposed well for
protein samples at concentrations ranging from 0.25 to 0.80

Table 1. SAXS parameters for the assembled terminase holoenzyme
Concentration Guin:{er R, . . Mass

(mg/ml) (A) Dpax (A) P(r)Rg (A)  (kDa)  Stoichiometry
0.25 71.2 (23) 241 73.0 (1) 586.7 5.1

0.50 74.1(24) 228 71.1(8)  479.7 42
0.80 70.5 (12) 233 71.9(6)  503.8 4.4

mg/ml (Figure 2A). This is consistent with our previous AUC
data demonstrating that a single homogeneous species, the as-
sembled ring, predominates in this concentration range (vide
infra) (26,27).

Kratky plots show that the complex is well-folded overall
but indicate that there are likely small regions of polypep-
tide that are not well ordered (Figure 2B). Two independent
methods, the Guinier approximation and the pair-distribution
function P(r), were used to calculate the radius of gyration (R,)
value for each protein concentration. Both methods provide
similar R, values, with ~70 £ 1 A calculated from the Guinier
approximation and ~71.9 + 0.6 A estimated from the pair-
distance distribution function P(r) (Table 1). The maximum
dimension of the particle, Dy,x, was found to be ~230 A by
examining where the pair-distance distribution function went
to zero (Figure 2C). The molecular weight determined using
the Porod-invariant volume method corresponded to average
molecular masses between 479.7 and 586.7 kDa indicating
that terminase forms a higher order assembly in solution con-
sisting of ~4.6 protomers, on average (Table 1).
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Table 2.
data

Hydrodynamic modeling of the terminase holoenzyme SAXS

Tetramer ring Pentamer ring

Molecular weight (calculated) 460 kDa 575 kDa

Radius of gyration 7.4 x 1077 cm 7.3 x 1077 cm
Volume 6.5 x 107" cm? 7.4 x 107" cm?
S(20,w) 11.8S 13.6S

SAXS ab initio shape calculations

The shape of the assembled terminase holoenzyme in solu-
tion can be approximated from the shape of the Kratky plot
(Figure 2B) and the pair-distance distribution function (P(r),
Figure 2C). The Kratky plot shows a bell-shaped peak at low
angles, which indicates a well-folded protein, and P(r) shows
a characteristic shape of a conical particle (45,63,64).

Bead models of the assembly, which approximate the
molecular envelope, were then obtained using the program
GASBOR. Due to the non-integer number of subunits indi-
cated by the Porod volumes calculated at different protein
concentrations (average of 4.6 protomers), GASBOR was run
imposing either P4 or P5 symmetry on the resulting bead
model. Models with P4 and P5 symmetry had similar dimen-
sions, and both were conical ring-like shapes with similar di-
mensions. The ‘base’ of the cone had a diameter of ~200-
213 A and the height of the cones was ~37-62 A (Figure 2D
and E). Calculated scattering curves from each of the 25 en-
velopes with either P4 or P5 symmetry imposed fit the exper-
imental scattering data equally well, with ~x? values ranging
from 0.82 to 0.89; models for either symmetry did not cluster
within this range, and hence the ~x? values could not be used
to distinguish between potential stoichiometries.

Hydrodynamic modeling of the terminase ring

We previously employed analytical ultracentrifugation (AUC)
to evaluate the protomer stoichiometry in the assembled
lambda maturation complex and we interpreted these data
to indicate that the holoenzyme is composed of four pro-
tomers assembled into a ring-like structure (25,26). However,
the SAXS results above are consistent with either a tetrameric
or pentameric ring complex. To correlate the two studies, we
modeled the hydrodynamic behavior of the two SAXS mod-
els using the HYDROPRO program (65). The data presented
in Table 2 show that the predicted sedimentation coefficient
of the pentameric ring (13.6 S) most closely matches the pre-
viously determined sedimentation coefficient of the terminase
ring (26).

Biophysical characterization of terminase
holoenzyme

Given that the protomer stoichiometry has important mech-
anistic implications in both the maturation and motor com-
plexes, we re-examined the protomer stoichiometry in the
assembled holoenzyme using an expanded AUC approach.
We first employed sedimentation velocity analytical ultracen-
trifugation (SV-AUC) as described in Materials and Methods.
Three different concentrations of protomer (2.67 pM-0.31
mg/ml, 4 uM-0.46 mg/ml and 8 tM-0.92 mg/ml, similar to
those used in the SAXS studies) were examined and the data
was analyzed using three independent approaches. First, the
model-independent time derivative approach (DCDT*) was
employed, and the data are consistent with a single apparent
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Table 3. AUC analysis of the assembled terminase holoenzyme ring

Derived
MW Derived
Speed (rpm) Method S20,0) (kDa) stoichiometry*

SV-AUC

2.67 mM 32k DCDT+ 13.5 503 4.4
4 mM 32k DCDT+ 13.4 477 3.9
8 mM 32k DCDT+ 13.1 481 3.6
2.67 mM 32k SEDFIT 13.3 446 4.1
4 mM 32k SEDFIT 13.3 437 3.8
8§ mM 32k SEDFIT 13.2 471 3.6
2.67 mM 32k SEDANAL 13.6 416 4.2
4 mM 32k SEDANAL 13.6 411 4.1
8§ mM 32k SEDANAL 13.6 375 3.3
Global 32k SEDANAL 13.6 384 3.3
SE-AUC

2.67 mM 7.5,9, 11k N/A 538.3 4.7
4 mM 7.5,9, 11k N/A 5032 4.4
8 mM 7.5,9, 11k N/A  509.8 4.4
Global 7.5,9, 11k N/A 5135 4.5

species. Analysis of the g*(s) distributions affords an s(29,,) of
13.1 to 13.5 S for the three protein concentrations (Table 3).
We next used Sedfit, a direct boundary fitting approach, and
the c(s) distributions are shown in Figure 3A. Similar to the
DCDT* results, a single predominant species is observed, and
the analysis yields s(20,,) of 13.2 to 13.3 S for the three pro-
tein concentrations (Table 3). Finally, we employed SEDANAL
to simultaneously fit all three data sets according to a single
species model. The results of the global fit yield s(29,,) = 13.6 S
(Table 3). In sum, the three analytical approaches afford simi-
lar values for s(20,,) that are commensurate with the hydrody-
namic modeling of the SAXS data (Table 2) and our published
data (25-27). However, the calculated protomer stoichiome-
try of the holoenzyme differs depending on which analytical
approach was employed, ranging from 3.3 to 4.4 protomers
per assembly (Table 3).

Thus, we next employed sedimentation equilibrium ana-
lytical ultracentrifugation (SE-AUC) to obtain the molecular
weight of the assembled terminase holoenzyme that is unclut-
tered by shape information inherent in an SV-AUC experi-
ment. The SE-AUC experiment used the same three protein
concentrations employed in the SV-AUC studies (2.76, 4 and
8 uM) and the samples were spun at 7500, 9000 and 11 000
RPMs as described in Materials and Methods. Based on the
SV-AUC results, the data were fit according to a single species
model, and a global fit of all 9 data sets (three terminase con-
centrations and three rotor speeds) was performed; the results
are presented as solid lines superimposed on the data (Figure
3B). This analysis yields a molecular weight of 513.5 kDa,
which corresponds to a protomer stoichiometry of 4.5 sub-
units (Table 3) in agreement with the SAXS analysis.

Characterization of terminase holoenzyme by mass
spectrometry

Charge detection mass spectrometry (CDMS) was employed
to characterize the terminase protomer and assembled ring
species, as described in Materials and Methods. The data
for the protomer demonstrates the presence of a prominent
species with a molecular weight of 115.3 kDa (Figure 4A),
consistent with the molecular weight calculated from the gene
sequence (115.0 kDa) and that obtained experimentally from
AUC (115 £ 3 kDa) (25). CDMS analysis of the assembled
ring similarly shows a predominant species with an aver-
age molecular weight of 576.3 kDa, consistent with a ring
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Figure 3. Analytical ultracentrifugation of the assembled terminase holoenzyme. Panel A. Normalized c(s) distribution of the SV-AUC data analyzed by
Sedfit as described in Materials and Methods. Note the appearance of minor 5.1 sand 19.3 s species, which represent a small fraction (<5%) of the ring
that has dissociated to the protomer and presumed ring dimers, respectively. Panel B. Sedimentation equilibrium analysis of the assembled terminase
holoenzyme. Sample concentrations were 2.67, 4 and 8 uM as indicated and were spun at 7500 rpm, 9000 rpm, and 11 000 rpm as described in

Materials and Methods.

composed of 5.0 protomers (Figure 4B). A minor species
with a molecular weight of 115 kDa likely represents a small
amount of protomer that is in slow equilibrium with the as-
sembled ring (25-27), similarly observed in the AUC data (see
Figure 3A). Additional minor species of 505.0 and 75.0 kDa
are consistent with the loss of one TerL subunit (74.1 kDa by
gene sequence) from the complex. This suggests that one large
subunit is less tightly bound in the assembled ring.

CryoEM and image processing

To obtain further insights regarding the stoichiometry and
structure of the assembled ring, we employed cryoEM. Im-
ages of terminase holoenzyme show a collection of isometric
particles with a radius of ~185 A (Figure 5). Most particles ap-
pear to be end-on views of ring-like structures, with occasional
longer conical, presumably side views with approximate di-
mensions of 130 A long and ~190 A at the widest point. The
observed dimensions of side and top views are consistent with
the SAXS data and generated envelopes. Two-dimensional
class averages of terminase holoenzyme confirmed preferred
orientations, corresponding to end-on views of the ring. Due
to the preponderance of end-on views, the paucity of par-
ticles in other orientations, and the reduced dimensionality
of particle projections observed in cryoEM, it was not pos-
sible to reconstruct a 3D volume because reliable informa-
tion regarding the dimension corresponding to the cone height

was missing. Nonetheless, the class averages of the end-on
views were of high quality and provided meaningful informa-
tion. Rather than forming a continuous cone, the terminase
ring more closely resembles a conical starfish-like structure
with extended flexible arms, wherein the apex of the cone,
the central disk of a starfish, likely corresponds to the small
terminase ring (Figure 5). Consistent with a pentameric stoi-
chiometry, the class averages show five radial extensions cor-
responding to starfish-like arms, which we interpret as dy-
namic TerL subunits. It is worth noting that while the par-
ticles are clearly pentameric, most classes deviate from 5-fold
symmetry. In these classes, one or two arms are not related to
their neighbors by a strict 72-degree rotation, and sometimes
appear shortened/differently oriented, with weaker more dif-
fuse electron density. The class averages show a central pore
of ~29 A, confirming that these higher order terminase as-
semblies are ring-like structures, consistent with other phage
terminases and ASCE ring ATPase motors (66).

Biochemical studies have demonstrated that adenosine nu-
cleotides modulate terminase DNA-binding interactions and
stimulate the nuclease activity of the protomer (5,28-31).
Therefore, we imaged the A terminase ring bound to ATP-
vS, a poorly hydrolyzed ATP analog. These particles show the
same proclivity of terminase to orient with its central pore
roughly perpendicular to the vitreous ice surface. However,
the shape of the enzyme is notably different (Figure 5). The 2D
classes are more uniform and show a much more compact and



838 Nucleic Acids Research, 2024, Vol. 52, No. 2

A 600 B
200 —
500 | 115 kDa 576 kDa
400 — 150 o
- b
5 5
3 300 2
o O 100
200 —
50
100 4
85 j)/a\-) L 115 kDa
T T T T T T T T o T T T T
0 50 100 150 200 250 300 0 200 400 600 800 1000
Mass (kDa) Mass (kDa)

Figure 4. Charge detection mass spectrometry (CDMS). Panel A. CDMS spectra of the terminase protomer. A bin size of 5 kDa was used for the mass
distribution. Gaussian fitting of the major peak gives a molecular weight of 115.434 kDa. The peaks at 85 and 230 kDa likely represent a small amount of
dissociated TerL subunit and a dimer of protomers, respectively. Panel B. CDMS spectra of the terminase ring species. A bin size of 5 kDa was used for
the mass distribution. Gaussian fitting of the major peak gives a molecular weight of 576.332 kDa. The peaks at 75 and 505 kDa likely represent an
isolated TerL subunit that has dissociated from the pentamer ring and the rest of the ring, respectively. The peaks at 115 and 1130 kDa likely represent

free protomer and a dimer of pentamer rings (see Figure 3A).
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Figure 5. CryoEM of terminase complex. Panel A. SDS-PAGE of the terminase holoenzyme sample prepared for cryoEM. Marker positions are indicated
on the right (14.4, 18.4, 25, 35, 45, 66.2, 116 kDa). Panel B. Typical cryoEM micrographs of the terminase translocation complex showing mostly end-on
views of particles. The nominal magnification is 75 000x. Panel C. Class averages of imaged terminase particles with no ligand (apo) and ATPyS,
respectively. The classes contain from a thousand to several thousand particles per class. The relative contrast is reversed in panels B and C. Note that
the density corresponding to one of the five arms is weaker in most of the classes. Panel D. Interpretation of the 2D density in terms of the subunit
organization. Panel E. Schematic of the ATP-driven conformational change in the terminase holoenzyme. Arrows show extended and retracted positions

of TerL subunits.

well-defined molecule. An overwhelming majority of the par-
ticles have four out of five large terminase arms pulled in
over the small terminase ring. The fifth TerL subunit appears
extended with weak fuzzy density, consistent with consider-
able freedom of motion for this subunit, which may also be
less tightly bound as evidenced in the AUC and CDMS data.
Thus, the overall pentameric molecule deviates from strict 5-
fold symmetry in a 4 + 1 fashion. We interpret this to indi-
cate that four large terminase subunits tightly interact with
each other forming an open TerL ring of a DNA packag-
ing motor. Presumably, this represents the ATP-mediated tight

DNA-binding conformation observed biochemically (5,67).
The ATPyS-driven interactions between the four TerL sub-
units most likely maintain the integrity of three inter-subunit
ATPase active sites per motor assembly. Such an interpreta-
tion is consistent with the structure of the phi29 motor stalled
with ATPyS (68) and the kinetic results described below.

Predicted structure of the terminase protomer

We used Al, machine learning-based structure prediction
tools, including different implementations of Alphafold2 and
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Figure 6. Kinetic analysis of the terminase protomer and the assembled
holoenzyme. Inset: Time course for ADP formation. Dashed line
represents protomer data while solid lines represent data for the
pentamer ring. Only the linear portions of the data were used to calculate
the observed rates. Main figure shows a Michaelis—Menten plot; solid
line represents the best fit of the data.

Rosettafold, to predict the quaternary structure of the termi-
nase protomer (60,69,70). The structures predicted by the dif-
ferent programs varied considerably and should of course be
interpreted with caution. The most reasonable structures were
produced with the full implementation of Alphafold2 installed
at the Texas Advanced Computing Center.

Small terminase is predicted as a predominantly «-helical
protein consisting of three domains (Figure 7A). The N-
terminal domain in the computed structure models (CSMs)
is a DNA-binding winged helix-turn-helix (wHTH) domain
that is essentially identical to the previously determined NMR
structure (Figure 7B) (71). The C-terminal part of the TerS
dimer is folded into a four-helix bundle, which interacts with
the N-terminal o-helix of TerL, and thus this domain likely
plays a key role in protomer assembly (Figure 7C). Such an
arrangement agrees with biochemical and genetic data show-
ing that TerS and TerL oligomerize into the protomer via C-
terminal and N-terminal structural motifs, respectively (72).
The wHTH and four-helix bundle oligomerization domains
are integrated into the TerS structure by a pair of «-helixes and
two sets of flexible linkers (Figure 7A). Though the confidence
of the TerS prediction in the CSMs of the terminase protomer
is only moderate, the computed structures agree well with ac-
cumulated experimental structural and functional data, both
presented here (see below) and previously reported (5,72).

The two domains of TerL, ATPse and nuclease, are pre-
dicted with high confidence and there is little variation in these
regions in CSMs (Figure 7A). A Dali search performed with
individual domains of TerL returned the crystal structure of
large terminase of bacteriophage HK97 (6z6d) as the closest
homolog (73,74). Residues 29-366 of lambda TerL, compris-
ing the whole ATPase domain, align with residues 6-272 of
TerL of HK97 with RMSD of 2.7 A. The lambda ATPase do-
main in CSMs is very similar to HK97 with the notable ex-
ception of a large, predominantly B-structural, insertion con-
sisting of residues 239-319 (Figure 7D). The lambda nucle-
ase domain diverges more from the HK97 homolog, with an
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RMSD of 3.1 A over residues equivalent to 373-623 in the
lambda TerL structure (Figure 7E).

ATPase activity

We performed a kinetic analysis of lambda terminase ATP hy-
drolysis activity. As previously demonstrated, the terminase
protomer is devoid of ATPase activity, while the assembled
ring efficiently hydrolyzes ATP (Figure 7, inset). We analyzed
the kinetic data according to the Michaelis-Menten model,
which yielded Ky = 0.495 + 0.070 uM, Vi = 0.157 £ 0.006
uM/min and k., = 15.7 & 0.6 min~—!. We note that the Ky
obtained here is an order of magnitude lower than that previ-
ously reported (61,75). Nucleotide-binding sites typically re-
side at the subunit interfaces in oligomeric ATPase enzymes
and nucleotide binding and complex assembly are thus ther-
modynamically linked (76). We propose that the high affinity
reported here reflects nucleotide binding to the pre-assembled
active sites formed between adjacent subunits in the ring.

Discussion

AUC and SAXS analysis are consistent with a holoenzyme that
is a single species in solution with a molecular weight of ~514
kDa, corresponding to a complex composed of ~ 4.5 pro-
tomers. The SAXS data further indicate that the protomers
are compact and mostly well-folded and form a conical as-
sembly. Mass spectrometry shows that the holoenzyme com-
plex is composed of five protomers with the additional nu-
ance that in a minority of particles, one of the TerL subunits
appears to have dissociated. Classification of 2D cryoEM im-
ages indicates that the particles resemble a starfish, with five
flexibly extended TerL subunits radiating from a TerS central
disk. There is no density in the center of the disk, and a cen-
tral channel of ~29 A. The radial extensions are related by
a ~72-degree rotation; however, density for one or more of
the extended arms is weaker, diffuse and/or substantially dif-
ferently positioned in most 2D class averages. The most parsi-
monious explanation consistent with the aggregate data is that
the terminase holoenzyme ring is composed of five protomers
[(TerLeTerS;)s], but that one TerL subunit is flexible and ar-
ranged differently than the others. Such an arrangement, along
with the non-trivial shape of the particle, might explain the
non-integer number of subunits observed in AUC and SAXS
experiments.

Based on our data and published structures of TerS ring
complexes from other phage systems, we propose that the
overall conical structure of holoenzyme is organized by ten
TerS subunits, donated by five protomers [(TerLeTerS;)s], ar-
ranged as a ring at the narrow end of the cone. Of note, the
central diameter of the ring (~29 A) can accommodate duplex
DNA. We further propose that the five TerL subunits are ar-
ranged around the wide end of the cone to form the observed
starfish structure in an asymmetric 4 + 1 fashion with four of
the subunits being mostly radially extended and one retracted
(Figure 5). CryoEM class averages show that ATPyS binding
induces a more compact conformation, wherein four of the
TerL subunits form an open ring while the fifth one is unen-
gaged and thus flexible. Hence, the nucleotide-bound complex
retains the overall 4 + 1 arrangement of the TerL subunits.
Presumably, ATP-binding causes the open TerL ring to ‘clamp
down’ on the DNA duplex. This is consistent with the obser-
vation that ATP increases the affinity of lambda terminase for
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cos DNA (30) and with the ‘open” and ‘closed’ conformations
observed in negative stained micrographs previously reported
from our lab (25,27).

The data reported here are commensurate with the known
structures of packaging motors assembled from isolated TerL
subunits (5,36,77) and suggest that A terminase holoenzyme
similarly assembles a pentameric motor arranged in a parallel
orientation, poised for unidirectional translocation of DNA.
We propose that the proximate TerL ring binds to the portal
and to DNA to physically translocate the duplex into the cap-
sid, while the downstream TerS ring is positioned to act as a
‘sliding clamp’, analogous to those involved in DNA replica-
tion (78), to ensure a highly processive machine. In this fash-
ion, DNA passes through a decameric TerS ring, a pentameric
TerL ring (the actual motor), and finally a dodecameric portal
ring en route to the capsid interior.

While the data presented herein are consistent with that ex-
pected of a bone fide motor complex, they differ significantly
from that proposed for the maturation complex (vide supra).
This raises the question as to how a necessary head-to-head
dimer of dimers in a maturation complex might transition to

a parallel, pentameric packaging motor complex. We previ-
ously proposed a ‘symmetry resolution’ model to address this
conundrum (4,5) and the data presented herein provides ad-
ditional insight and suggest an alternative model for the nu-
clease complex. In this model, five terminase protomers as-
semble at the cosB subsite resulting in a decameric TerS ring
that encircles the duplex. Terminase assembly on cos DNA
is strongly stimulated by ATP (30) and ATP binding drives
four of the TerL subunits into second ring (Figure 5) that sim-
ilarly encircles the duplex and positions one of the TerL nucle-
ase domains at the downstream nicking site (Figure 8). While
there are five TerL subunits in the complex, they are not ar-
ranged as a ring with strict C5 symmetry; one subunit is bound
less tightly, thus conferring significant positional flexibility
and resulting in an incomplete ring. Further, both secondary
structure prediction and the predicted structure of the lambda
protomer indicate that the linker between the N- and C-
terminal domains of TerL confers additional flexibility of the
C-terminal nuclease domain, allowing it to rotate ~180° and
bind to the symmetric upstream nicking site. This effectively
forms a head-to-head nuclease dimer capable of nicking the
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palindromic duplex. Presumably, subsequent strand separa-
tion activity of terminase ejects the upstream DNA fragment
(cos-cleavage reaction) (28,31), resulting in a stable post-
cleavage complex ready to bind to the dodecameric portal
vertex.

It has been shown that prior to binding a procapsid, the
post-cleavage complex has down-regulated ATPase activity
and is extremely stable (T2 ~ 8 h) (79,80). A lingering puz-
zling question is what prevents this complex from prematurely
hydrolyzing ATP and translocating DNA before the complex
binds to the procapsid. We propose that the stability of the
complex is derived from TerS binding to cosB and from TerL
binding to the newly formed genome end, which locks the
motor subunits into a catalytically inactive configuration. The
complex is stabilized by both (i) the decameric TerS ring struc-
ture circumscribing DNA, an arrangement that is consistent
with the published structures of TerS assemblies (vide supra);
and by (ii) the open tetrameric TerL ring bound to, and pro-
tecting, the genome end. We further propose that the lack of
ATPase activity is further inhibited by the deviation from 3-
fold symmetry in the post-cleavage complex. This 4 + 1 geom-
etry observed in the substrate-bound state effectively excludes
one of the TerL. ATPase subunits from the ring (Figures 6 and
8), thus poisoning cooperative ATP hydrolysis required for
motor function. Such an interpretation is consistent with our
biochemical data demonstrating that (i) the ATPase activity
of the enzyme is downregulated in this complex (80) and that
(ii) a single defective ATPase subunit in the motor complex
abrogates DNA packaging activity (38). Upon binding to the
portal vertex of an empty procapsid, TerL subunits to adopt
true 5-fold symmetry, activating all five ATPase catalytic sites
for cooperative ATP hydrolysis, triggering ‘cos-clearance’ and
initiating DNA packaging (Figure 8). The proposed model in-
tegrates direct visualization of A terminase holoenzyme in na-
tive conditions with decades of genetic, biochemical, biophys-
ical, and structural characterization of the terminase matura-
tion and motor complexes, and illuminates the transition be-
tween maturation and translocation. Further, the model is har-
monious with both well characterized head-to-head nuclease
complexes and the well characterized pentameric symmetry

of phage motor complexes. Importantly, in our model, a sin-
gle pentameric complex catalyzes the two disparate packaging
functions with minimal conformational reorganization. This
streamlines the transitions between maturation and transloca-
tion to allow efficient processive genome packaging from the
concatemeric DNA substrate.
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