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ABSTRACT

Bacterial chromosome replication is mainly cat-
alyzed by DNA polymerase III, whose beta subunits
enable rapid processive DNA replication. Enabled by
the clamp-loading complex, the two beta subunits
form a ring-like clamp around DNA and keep the
polymerase sliding along. Given the essential role
of �-clamp, its inhibitors have been explored for an-
tibacterial purposes. Similarly, �-clamp is an ideal
target for bacteriophages to shut off host DNA syn-
thesis during host takeover. The Gp168 protein of
phage Twort is such an example, which binds to the
�-clamp of Staphylococcus aureus and prevents it
from loading onto DNA causing replication arrest.
Here, we report a cryo-EM structure of the clamp–
Gp168 complex at 3.2-Å resolution. In the structure
of the complex, the Gp168 dimer occupies the DNA
sliding channel of �-clamp and blocks its loading
onto DNA, which represents a new inhibitory mecha-
nism against �-clamp function. Interestingly, the key
residues responsible for this interaction on the �-
clamp are well conserved among bacteria. We there-
fore demonstrate that Gp168 is potentially a cross-
species �-clamp inhibitor, as it forms complex with
the Bacillus subtilis �-clamp. Our findings reveal an
alternative mechanism for bacteriophages to inhibit
�-clamp and provide a new strategy to combat bac-
terial drug resistance.

INTRODUCTION

DNA replication is a polymerization process that includes
three coordinated steps: initiation, elongation, and termina-
tion (1). In bacteria, the elongation process is mediated by
the DNA polymerase (Pol) III core enzyme and beta sub-
units (�-clamp or sliding clamp). During elongation, the �-
clamp allows DNA Pol III to slide along DNA by forming
a ring-like structure with two subunits that completely en-
circles double-stranded DNA (dsDNA) (2). The process of
�-clamp loading on DNA is assisted by the clamp loader of
DNA Pol III, comprises seven subunits (�, 3� or � , �′, � and
�) in E. coli (3,4). While subunit � is not essential for clamp
loading, it does contribute to the formation of DNA Pol III
holoenzyme (5). Since the �-clamp/core DNA Pol interac-
tion allows the complex to slide freely along dsDNA, which
greatly improves the processivity of polymerase, thereby in-
creasing the rate of DNA synthesis (6). Bacterial �-clamp
is dimeric with each monomeric unit consisting of three
domains. Its counterparts are highly conserved among ar-
chaea, eukaryotes, and viruses (7–10), despite differences in
their sequences and multimeric states (11).

Besides its role in processive DNA replication, �-clamp
also participates in other important cellular events by in-
teracting with other proteins, including other DNA poly-
merases, DNA ligases, MutS and MutL (12). Interestingly,
all of these proteins interact with �-clamp through the hy-
drophobic protein-binding pocket located on the surface of
its ring (13). In contrast, the DNA duplex passes through
the charged channel formed by the two clamp subunits,
perpendicular to the plane of the ring and distal from the
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protein-binding pocket (14). Notably, there is no interactor
protein that engages the inner circle of the �-clamp ring (the
DNA binding channel) other than DNA to our knowledge.

Bacteriophages have developed strategies to suppress
host DNA replication to scavenge all available resources for
their progeny production. Phage Twort and G1 of Gram-
positive Staphylococcus aureus were reported to produce �-
clamp inhibitors Gp168 and Gp240, respectively (15). Im-
portantly, the impairment of host DNA synthesis by Gp168
and Gp240 can be observed in two separate events, namely
the �-clamp loading step and the processive DNA synthe-
sis after the clamp-loading, which highlights the potent in-
hibitory effect of these phage proteins (16). Stepwise re-
constitution of processive DNA replication in vitro showed
that 100-fold excess of � subunit of the clamp loader and
DNA Pol III were required to displace the phage proteins
from �-clamp at clamp-loading step, and the phage pro-
teins caused up to 70% inhibition of DNA synthesis after
�-clamp loading on DNA. Therefore, Gp168 and Gp240
were proposed to engage the �-clamp via a binding site that
overlaps with that of � and PolC on the clamp, i.e. the hy-
drophobic protein-binding pocket.

Here, we report detailed structural and biophysical stud-
ies of the clamp inhibitor Gp168 from phage Twort. We
demonstrate that Gp168 exists as a hexamer free in the so-
lution, while it adopts a dimeric form in a complex with �-
clamp, suggesting that the disassembly of the Gp168 hex-
amer occurs during the formation of the Gp168-clamp com-
plex. Notably, Gp168 does not occupy the hydrophobic
protein-binding pocket of the �-clamp but occupies the
DNA sliding channel of �-clamp where it blocks DNA
loading, revealing a new mode of clamp-inhibition. Fur-
thermore, we identify the key residues responsible for the
complex formation and demonstrate that Gp168 interacts
with Bacillus subtilis �-clamp beyond its native host due
to cross-species conservation. Therefore, our findings re-
veal a novel strategy employed by bacteriophages to inhibit
the host DNA synthesis, a new protein-binding site on �-
clamp, and a potential new drug target site for screening
anti-bacterial compounds.

MATERIALS AND METHODS

Protein expression

Gp168 gene was chemically synthesized and PCR ampli-
fied, while �-clamp genes were directly amplified from bac-
terial genomes. The PCR product was purified and cloned
into the pDE1 vector with an N-terminal polyhistidine-
tag and transformed into the E. coli strain BL21 (DE3)
for expression of the recombinant fusion protein. The re-
combinant strain was grown in LB media and 50 �g/ml
kanamycin at 37◦C. When the recombinant strain culture
was grown to mid-log phase (OD600 = 0.6–0.8), it was in-
duced by 1 mM IPTG and harvested after 3-h incubation at
37◦C. The bacterial pellet was collected by centrifugation at
5000 rpm, at 4◦C for 10 min and then resuspended in bind-
ing buffer (300 mM NaCl, 50 mM Na2HPO4, 10 mM imi-
dazole, pH8.0). The lysis of the cells was achieved via soni-
cation and centrifuged at 17 000g at 4◦C for 30 min and the
supernatant was subjected to standard polyhistidine-tag pu-
rification under native condition using Ni-NTA (Qiagen).

The purified Gp168 fraction was dialyzed in the dialysis
buffer (250 mM NaCl, 50 mM Na2HPO4, 0.2 mM TCEP,
pH8.0) at 4◦C overnight and concentrated by ultrafiltra-
tion with a 10 kDa cut-off filter 3 h to 2 ml for subsequent
experiments. The fusion protein was further purified using
HiLoad Superdex 75 pg or 200 pg column (GE healthcare).

Pull-down experiment

The �-clamp genes of S. aureus and B. subtilis were PCR
amplified from their genomic DNA, respectively. The PCR
products were purified and cloned into a modified pET-
46 vector without any N-terminal tag, and the recombi-
nant tagless proteins were expressed as described above. The
polyhistidine-tag Gp168 or Gp168 mutants that purified
from 0.5 liter of recombinant strain culture were preloaded
into the Ni-NTA column and equilibrated with a binding
buffer containing 300 mM NaCl, 50 mM sodium phos-
phate, 10 mM Imidazole, and 0.5 mM TCEP at pH 8.0.
Two liters of �-clamp or its mutants overexpressing cell
culture were harvested and the cell pellet was resuspended
in 30 ml binding buffer, which was subjected to sonication
and centrifugation as described above. After centrifugation,
the supernatant was added to the Gp168 preloaded col-
umn to perform pull-down experiments. The column was
first washed 4 column volumes of binding buffer, and sub-
sequently 10 column volumes of washing buffer (300 mM
NaCl, 50 mM Na2HPO4, 20 mM imidazole, pH8.0) and 2
column volumes of elution buffer (300 mM NaCl, 50 mM
Na2HPO4, 250 mM imidazole, pH 8.0). The final elute was
concentrated by ultrafiltration and analyzed using HiLoad
200 pg column. Each pull-down assay was performed three
times and the reported data were based three consistent re-
sults.

For pull-down experiments performed using cell lysate
of B. subtilis, B. subtilis strain 168 (ATCC No. 23857) was
used. Four liters of B. subtilis culture were harvested at
OD600 ∼1.2 by centrifugation at 5000 rpm, at 4◦C for 10
min and resuspended in 100 ml of the binding buffer. The
rest of the experiment followed the steps described above
using �-clamp overexpressing E. coli culture.The pull-down
assay was performed three times and the reported data were
based on three consistent results.

Size exclusion chromatography

Proteins were further purified and analyzed using an auto-
mated Äkta pure system in relevant dialysis buffers. Based
on the molecular weights and the multimeric states of the
proteins, the corresponding HiLoad column was selected.
The Superdex 75 pg column was used for purification and
assessment of the multimeric state for Gp168 and the Su-
perdex 200 pg column was for testing the complex forma-
tion. Both columns were calibrated using low molecular
weight Gel filtration marker kit (12 000 to 200 000 Da,
Sigma) and elution profiles of the calibration kit proteins
are shown in Supplementary Figure S1.

NMR spectroscopy

All NMR experiments were recorded on a Bruker 600 MHz
(Avance III) spectrometer at 298 K with 128 scans. The



Nucleic Acids Research, 2021, Vol. 49, No. 19 11369

sample was in a buffer containing 50 mM NaH2PO4,
300 mM NaCl (pH 7.0) at 300 K.

ITC

ITC experiments were performed on a MicroCal PEAQ-
ITC Instrument (Microcal) at 25◦C using the dialysis buffer
described above. �-Clamp of 60 �M in the cell was titrated
with 1 mM Gp168 in the syringe via 19 injections with 2 �l
each at 120 s interval. The raw data were integrated, normal-
ized for the molar concentration and analyzed using Micro-
Cal PEAQ-ITC Analysis Software.

SEC-MALS

A total of 100 �l protein sample (500 �M) was injected at
0.2 ml/min to a Superdex 75 10/300 GL size-exclusion col-
umn (GE Healthcare) that was connected to the Agilent
HPLC 1100 (including degasser, pump, and UV detector)
in line with a multi-angle laser light (690 nm) scattering
detector (miniDAWN TREOS, Wyatt Technology, Santa
Barbara, CA) and a relative refractive interferometer (Op-
tilab T-rEX refractometer, Wyatt Technology, Santa Bar-
bara, CA). The experiment was performed at 25◦C. ASTRA
6.1 software was used for data collection and analysis, and
the solvent refractive index was defined as 1.331, the solvent
viscosity was defined as 0.8945 cP, and the refractive index
increment value (dn/dc) was defined as 0.185 ml/g.

Cryo-EM data acquisition

The sample was diluted at a final concentration of around
0.3 mg/ml. Three microliters of the samples were applied
onto glow-discharged 200-mesh R2/1 Quantifoil copper
grids. The grids were blotted for 4 s and rapidly cryocooled
in liquid ethane using a Vitrobot Mark IV (Thermo Fisher
Scientific) at 4◦C and 100% humidity. The samples were im-
aged in a Titan Krios cryo-electron microscope (Thermo
Fisher Scientific) operated at 300 kV with a GIF energy fil-
ter (Gatan) at a magnification of 105 000× (corresponding
to a calibrated sampling of 0.82 Å per pixel). Micrographs
were recorded by EPU software (Thermo Fisher Scientific)
with a Gatan K3 Summit direct electron detector, where
each image was composed of 30 individual frames with an
exposure time of 2.5 s and an exposure rate of 22.3 electrons
per second per Å2. A total of 7739 movie stacks were col-
lected.

Single-particle image processing and 3D reconstruction

All micrographs were first imported into Relion (17) for im-
age processing. The motion-correction was performed us-
ing MotionCor2 (18) and the contrast transfer function
(CTF) was determined using CTFFIND4 (19). Then the
micrographs with ‘rlnCtfMaxResolution < 5’ were selected
using the ‘subset selection’ option in Relion. All particles
were autopicked using the NeuralNet option in EMAN2.
Then, particle coordinates were imported to Relion, where
the poor 2D class averages were removed by several rounds
of 2D classification. Initial maps were built and classified
using ab-initio 3D reconstruction in cryoSPARC (20) with-
out any symmetry applied. Two good classes having 507 603

particles were selected and subjected to the 3D heteroge-
neous refinement to remove junk 3D classes. One good class
containing 218 035 particles was selected and then the non-
uniform refinement combined with the local/global CTF
refinement was performed with C2 symmetry applied, and a
3.2-Å resolution map was obtained. Resolution for the final
map was estimated with the 0.143 criterion of the Fourier
shell correlation curve. Resolution map was calculated in
cryoSPARC using the ‘Local Resolution Estimation’ op-
tion. The figures were prepared using UCSF Chimera (21)
(More information in Supplementary Figure S2 and Sup-
plementary Table S1).

Model building

The 3.2-Å cryo-EM map was first computationally seg-
mented (22). The �-clamp was first modeled using SWISS-
MODEL and fitted to the computationally extracted �-
clamp monomer map. The resultant model was refined us-
ing phenix.real space refine (23) and manually optimized
with Coot (24). Phenix.map to model (25) was used to
generate the initial model of Gp168 fitted into the com-
putationally extracted Gp168 monomer map. Coot was
then used to confirm the amino acid sequence regis-
tration of the initial model and assign amino acids to
the cryo-EM density regions that were not resolved by
phenix.map to model. Then an atomic model composed of
residues 12–54 was obtained. The atomic models of the �-
clamp and Gp168 protomer were combined and subjected
to phenix.real space refine. The resultant model was then
fitted into the cryo-EM density of the other protomers using
Chimera, followed by the optimization of the whole model
with phenix.real space refine. The final model was evalu-
ated by MolProbity and Q-scores. Statistics of the map re-
construction and model optimization are shown in Supple-
mentary Table S1. All figures were prepared using Chimera.

Mutagenesis

Site-directed mutagenesis was performed with back-to-
back PCR amplification using forward primers bearing the
mutation to introduce. The primers were designed by NEB
online design software, NEBaseChanger. The primers used
in mutagenesis are listed in Supplementary Table S2.

RESULTS

Gp168 exists as a hexameric complex in solution

To evaluate how S. aureus phage proteins directly engage
�-clamp in vitro, we focused on Gp168 from a previous
study (16). After purification of recombinant polyhistidine-
tagged Gp168 (His-Gp168), we first characterized its bio-
physical property in solution. Although the recombinant
protein appeared at the expected molecular weight in SDS-
PAGE, we noted that the elution volume of Gp168 in the gel
filtration was much larger than that expected for a monomer
and corresponded to a much larger protein (Figure 1A).
Structural analysis by 1H NMR spectroscopy showed that
the protein was folded and existed as a high-order multimer
as the peak line-widths were much broader than expected
for a small protein. It is also noteworthy that the spectrum
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Figure 1. Gp168 exists as a hexamer in solution and forms a stable complex with �-clamp. (A) SDS-PAGE image and gel filtration chromatographic profile
of the Gp168 sample. The chromatography was performed using a Hiload Superdex 75 column. (B) 1D 1H NMR spectrum of Gp168 recorded in 50 mM
NaH2PO4, 300 mM NaCl (pH 7.0) at 300 K. (C) Absolute molar mass of Gp168 in the buffer stated in (B) was determined at 64.3 kDa by SEC-MALS.
(D) Gel filtration chromatographic profiles of �-clamp (green), Gp168 (blue) and Gp168-clamp complex (brown). The chromatography was performed
using a Hiload Superdex 200 column. (E) SDS-PAGE of the corresponding fractions from (D). (F) ITC results for �-clamp and Gp168. The KD value for
the interaction was calculated to be 95 nM.
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lacks H	 signals above 5 ppm characteristic of beta-strand
secondary structure (Figure 1B). To determine the multi-
meric state of Gp168 in solution, multi-angle light scat-
tering coupled with size-exclusion chromatography (SEC-
MALS) was applied, and a calculated MW of 64.3 kDa
was derived (Figure 1C). As the MW of His-tagged Gp168
monomer is 10.6 kDa, Gp168 is likely to be hexameric in
solution.

Gp168 forms a stable complex with �-clamp

We next performed the pull-down assay using purified His-
tagged Gp168 and cell lysate of E. coli, where untagged
S. aureus �-clamp was over-expressed. We observed that
the His-tagged Gp168 co-eluted with the untagged �-clamp
and consequently verified complex formation by gel fil-
tration chromatography (Figure 1D and E). The gel fil-
tration profile shows that the interaction between Gp168
and �-clamp is maintained throughout the elution (Figure
1D). Moreover, the binding affinity (KD) calculated using
Isothermal Titration Calorimetry (ITC) was estimated to
be 95 ± 16.7 nM (Figure 1F), which is significantly stronger
than the interaction between �-clamp and DNA (14). Since
�-clamp has a six-domain ring-like structure, we expected
that the hexameric Gp168 would engage the six-domain
�-clamp to form a head-to-head complex containing six
Gp168 molecules and two � subunits, with a combined MW
of 150 kDa. However, although the Gp168-clamp complex
had a larger MW than either Gp168 hexamer or �-clamp
dimer, its MW was estimated at 100 kDa based on the
elution volume and was significantly smaller than that ex-
pected for a 6:2 complex (Figure 1D). Therefore, Gp168
forms a stable complex with �-clamp in a different stoi-
chiometry.

Cryo-EM single-particle analysis of the Gp168-clamp com-
plex

To further understand the formation of the Gp168–clamp
complex, we performed cryogenic electron microscopy
(cryo-EM) single-particle analysis of this complex obtained
from size-exclusion chromatography. The sample produced
optimal grids at a concentration of ∼0.3 mg/ml. The raw
images revealed that the molecules occupied 60–80% of the
raw image area in multiple orientations (Figure 2A), which
was deemed to be suitable for 3D reconstruction. A total
of ∼1 630 000 particles out of 7739 movie images were se-
lected and subjected to reference-free 2D classification (Fig-
ure 2B and Supplementary Figure S2A). The 2D class aver-
ages showed that the complex adopted the annulus shape,
akin to the �-clamp structure and was consistent with the
previous study (14). Notably, extra density was observed in
the center of the annulus and could be attributed to the
bound Gp168 (Figure 2B). Final 3D refinement was con-
ducted with and without C2 symmetry to obtain 3.2- and
3.4-Å maps, respectively, which had a high cross-correlation
coefficient (CC = 0.98) (Supplementary Figure SSupple-
mentary Figure S2A and S2B). Hereafter, we analyzed the
structural details of the 3.2-Å symmetric map which dis-
played adequate orientation sampling (Supplementary Fig-
ure S2C). In accordance with the 2D class averaging analy-

sis, the 3.2-Å final map showed that the Gp168-clamp com-
plex had a six-domain ring structure with Gp168 located
within the ring center (Figure 2C and Supplementary Fig-
ure S2D). The local resolution varied in the map, and the
densities at the bottom of the center region had a lower res-
olution compared with other regions (Supplementary Fig-
ure S2E), likely resulting from the inherent flexibilities of
the N- and C-termini of Gp168.

To illustrate the structural details of Gp168 and its in-
teractions with �-clamp, we de novo built the atomic model
of Gp168 bound to �-clamp. The cryo-densities of the sec-
ondary structure elements and the majority of the side
chains were clearly visible and consistent with the amino
acid sequences, which was especially important for Gp168
(Figure 2D) as its structure had not been resolved before.
We validated the resultant complete model using MolPro-
bity (26) (Supplementary Table S1). The Q-scores devel-
oped for evaluating the density resolvability (27) were fur-
ther conducted to validate the quality of the Gp168 struc-
ture. The reliability of the structure was supported by the
fact that the Q-scores for the entire structure of this small
protein were comparable to the expected Q-scores at the
same resolution resulting from cryo-EM analysis (Figure
2E).

Gp168 is a new class of �-clamp inhibitor that does not mimic
DNA

In the structure of the Gp168-clamp complex, Gp168 con-
sisting of two anti-parallel helices existed in the form of a
dimer that occupied the DNA sliding channel of �-clamp
(Figure 3A) and the interaction between the second 	-helix
of chain A (G	2) and that of chain B (G�2) was crucial for
the dimer formation (Figure 3B). The PDBsum structure
bioinformatics software (28) indicates that the dimer inter-
face occupies about 800 Å2 and involves two salt bridges
formed between K20-E48, four hydrogen bonds formed be-
tween K20-E48, Y47-E48, and multiple non-bonded con-
tacts to form a stable dimer interface. Meanwhile, the con-
tact points between Gp168 and �-clamp were confined to
the first 	-helices of each chain in Gp168 (G	1 and G�1)
and the domain IIIs of the clamp, which is reminiscent
of the DNA-clamp interaction rather than other protein–
clamp interactions (Figure 3A). This is distinct from pre-
viously described protein-clamp interactions (12,29,30), in
which proteins, such as the clamp loader and PolC, oc-
cupy the protein-binding pocket located between domain II
and domain III of the clamp. Therefore, we postulated that
Gp168 was a DNA mimic protein that can compete with
DNA for �-clamp binding (14).

Although the Gp168 homodimer displays an overall neg-
atively charged surface that is located on the front and back
of the structure as shown in Figure 3C (left), this arrange-
ment does not resemble the precise surface charge distri-
bution of dsDNA (Figure 3D). In contrast, the clamp in-
teracting surface of Gp168 was distinct from these neg-
atively charged surfaces. In particular, Y14 extends away
from the structure and its sidechain contacts domain III
of the �-clamp, indicating a potential role in the interac-
tion. We then built the S. aureus DNA–clamp complex by
superimposing our structure with the previous published
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Figure 2. Cryo-EM single-particle analysis of the Gp168-clamp complex. (A) Representative motion-corrected cryo-EM micrograph. (B) Reference-free
2D class averages. (C) The 3.2-Å cryo-EM map and model of the �-clamp (cyan and teal) bound with Gp168 (orange and wheat). (D) Gp168 protomer fitted
into its zoned map, which was divided into six portions to better display the residue sidechain and prove its good resolvability. (E) Q-score for each residue
in the model and 3.2-Å zoned map of gp168; the gold dotted line represents the expected Q-score at 3.2-Å resolution (0.5512) based on the correlation
between Q-scores and map resolution.
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Figure 3. Structural features of Gp168 and S. aureus �-clamp. (A) Overall structure of the Gp168-clamp complex with individual domains of �-clamp
and chains of Gp168 labeled. �-clamp is displayed in cyan and teal to illustrate two subunits and Gp168 is displayed in orange and wheat to illustrate
two chains. The sidechain atoms of key residues in the protein binding pocket (circled in red) and the DNA binding residues (in purple rectangle) are
colored by element: C (grey), N (blue), O (red) and S (Yellow). (B) Structural characteristics of the Gp168 homodimer with helices in each chain labeled.
Two salt bridges were formed between K20-E48 (black dash line) and four hydrogen bonds were formed between K20-E48, Y47-E48 (green dash line).
(C) The electrostatic surface of the dimer shown in the same orientation as in (B) with Y14 highlighted. (D) The negatively charged phosphate backbone
of dsDNA. (E) An S. aureus DNA–clamp complex model by superimposing our structure with the previous published E. coli complex (PDB ID: 3BEP).
(F) The comparison of corresponding domains between S. aureus and E. coli �-clamps, with the DNA binding loop and Gp168 binding loop indicated.
(G) An B. subtilis gp168-clamp complex model by superimposing our structure with the previous published B. subtilis complex (PDB ID: 6E8D). (H) The
comparison of corresponding domains between S. aureus and B. subtilis �-clamps.
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E. coli complex (PDB ID: 3BEP) (14) to examine the simi-
larity between Gp168 and dsDNA in their clamp interac-
tions (Figure 3E). Indeed, Gp168 was not in direct con-
tact with key residues responsible for DNA binding (Fig-
ure 3A, E and Supplementary Figure S3A). The above re-
sult suggests that although Gp168 is not an exact mimic
of DNA, it is able to inhibit DNA binding by occupy-
ing the DNA sliding channel of �-clamp. Notably, S. au-
reus, E. coli and B. subtilis (PDB ID: 6E8D) (30) �-clamps
possess a high structural conservation, as demonstrated by
a low RMSD calculated between corresponding domains
(Figure 3E–H). Some conformational differences are ob-
served in the Gp168- and DNA-binding regions between
S. aureus and E. coli �-clamps, respectively (Figure 3E and
F). And the protein-binding pocket the Sa clamp-Gp168
complex remains largely undisturbed when compared with
the structure of the most closely related �-clamp available
(Bs clamp, and Figure 3G and H).

The pairwise alignment of Gp168 and Gp240 suggests
that they would adopt a similar fold with a shared 46% se-
quence identity (Supplementary Figure S3B). Thus, we built
the Gp240 structure model by homology modeling (31) us-
ing our resolved Gp168 structure as the template. The ho-
mology model of Gp240 (residue 16–54) reveals that most
residues in contact with �-clamp are identical, but the he-
lices responsible for Gp240 dimerization are shorter (Sup-
plementary Figure S3B and C). To identify other potential
Gp168-like clamp inhibitors, we performed sequence and
structural homology search (32,33). The sequence compar-
ison did not retrieve any sequence homolog even in other
phages, and the structural search showed that Gp168 had
no significant similarity to other protein structures. There
was a degree of resemblance to the de novo designed protein
homo-oligomers (PDB ID: 5IZS) (34). Therefore, Gp168
and Gp240 likely represent a new class of proteins with
other members yet to be discovered.

Residues critical for Gp168–clamp interactions

To further understand how Gp168 inhibits �-clamp, we an-
alyzed the interactions between Gp168 and �-clamp us-
ing PDBsum (28). The Gp168-clamp interface was approx-
imately 443 Å2 and involved multiple non-bonded con-
tacts. Hydrogen bonds are formed between the sidechain
hydroxyl of Y14Gp168: and the backbone of E284-G285clamp,
and between sidechains of D21Gp168 and N288clamp. Hy-
drophobic contacts are present between M25Gp168 and the
aliphatic portion of K333clamp and R283clamp sidechains,
and L30Gp168 with M334clamp and D336clamp (Figure 4A).
Furthermore, the flanking negatively charge surfaces on
the Gp168 dimer complement the positively charged inner
surface of the �-clamp (Supplementary Figure S3A). To
highlight the importance of individual residues for the in-
teraction, we made a series of single mutations in Gp168
(Y14A, D21A, M25A and L30A) and checked their ef-
fects on the formation of the Gp168–clamp complex. As
some mutants were highly prone to aggregation at high con-
centrations, size-exclusion chromatography coupled with
SDS-PAGE was used to detect the complex. We found that
Gp168Y14A remained in the hexameric state (Supplemen-
tary Figure S4A) and lost the ability to form a complex

with �-clamp (Figure 4B), while Gp168D21A retained the
ability for form the �-clamp complex (Supplementary Fig-
ure S4B). Unfortunately, mutating M25 and L30 to alanine
caused the recombinant proteins to appear to be in solu-
ble under the same conditions (Supplementary Figure S4C).
To determine their roles in complex formation, we made
single mutations of the corresponding interacting residues
on the �-clamp (namely, G285K, R283A and D336A). The
abilities of �-clampR283A and �-clampG285K to form com-
plexes with Gp168 were impaired (Figure 4C and D), while
�-clampD336A did not disrupt the complex formation (Sup-
plementary Figure S4D). Taken together, we determined the
residues critical for the formation of the Gp168–clamp com-
plex.

Gp168 interacts with B. subtilis �-clamp

Since �-clamp is highly conserved among bacteria, we
proposed that Gp168 might interact with other bacterial
clamps. First, we performed the sequence homology search
using the loop-helix region sequence of �-clamp from differ-
ent species, which was critical for the Gp168 binding (Fig-
ure 5A). Interestingly, these interface residues on �-clamp
are highly conserved among many non-pathogenic bacte-
ria like model organism B. subtilis and pathogenic Bacilli
and Clostridia, including Bacillus cereus, Bacillus anthracis,
Clostridium botulinum and Clostridium tetani. To test the
hypothesis that Gp168 may interact with other �-clamps,
we repeated the pull-down experiments using Gp168 and
Gp168Y14A with cell lysate of B. subtilis. Indeed, Gp168 co-
eluted with �-clamp from the cell lysate (Figure 5B), but
Gp168Y14A failed to do so. No interaction was observed be-
tween Gp168Y14A and �-clamp (Figure 5C) as the peak of
Gp168Y14A overlays with that of with �-clamp. Recombi-
nant Gp168 expressed in E. coli did not co-elute with E. coli
�-clamp or inhibit host growth (Figure 1A). Furthermore,
Gp168 had no effect on S. pyogenes (16), which are consis-
tent with the absence of conserved interacting residues in
E. coli and S. pyogenes �-clamps (Figure 5A). Although we
cannot test all bacterial �-clamps, our results suggest that
Gp168 likely has an inhibitory effect against �-clamps from
a range of pathogenic bacteria.

DISCUSSION

Bacteriophages are exclusive bacterial viruses that special-
ize in modifying host key enzymes. To initiate its own repli-
cation cycle, phages like T7 and SPO1 first hijack host
RNA polymerase (RNAP) to start produce their own pro-
teins, then produce RNAP inhibitors after its own RNAP is
available (35–37). For example, Xanthomonas oryzae phage
Xp10 produces protein P7 to inhibit host transcription ini-
tiation via the interaction between P7 and �’ subunit of
RNAP (38). And protein Ocr of E. coli phage T7 inhibits
host transcription by competing with sigma factors for the
recruitment of RNAP (39). To maximize the nucleotides
pool for their own replication, phages like N4 and Twort
also produce inhibitors that shutdown host DNA repli-
cation. �-clamp plays an important role in DNA replica-
tion and repair through its interaction with all DNA Pols
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Figure 4. Pinpointing the residues critical for the Gp168-clamp complex formation. (A) Zoom-in map and model view of the representative interacting
residues between Gp168 and �-clamp, demonstrating the good resolvability of involved residues. (B) Gel filtration chromatographic profiles of �-clamp
and Gp168Y14A mixture, and SDS-PAGE of the corresponding fractions. (C) Gel filtration chromatographic profiles of the mixture of �-clampG285K

and Gp168, and SDS-PAGE of the corresponding fractions. (D) Gel filtration chromatographic profiles of the mixture of �-clampR283A and Gp168, and
SDS-PAGE of the corresponding fractions.
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Figure 5. The potential cross-species inhibitory effect of Gp168. (A) Multi-sequence alignment using corresponding sequences of S. aureus, B. subtilis,
B. cereus, B. anthracis, C. botulinum, C. tetani, E. coli and S. pyogenes was performed by Clustal Omega. (B) Gel filtration chromatographic profiles of
recombinantly expressed B. subtilis �-clamp (green), Gp168 (blue), and co-eluted Gp168-clamp complex (brown). The chromatography was performed
using a Hiload Superdex 200 column. (C) Gel filtration chromatographic profile of B. subtilis �-clamp and Gp168Y14A mixture. The SDS-PAGE image
shows the elution volumes of the two proteins are both at around 81.3 ml.
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and other factors and is therefore indispensable for bacte-
ria. Most �-clamp binding proteins use the same protein-
binding surface which overlaps with the clamp loader bind-
ing site, thereby avoiding removal of �-clamp by the clamp
loader while these enzymes are at work on DNA. Two phage
proteins (Gp168 and Gp240) have been described as po-
tent �-clamp inhibitors with the ability to inhibit both the
clamp loading step and processive DNA replication. Using
a stepwise reconstitution of processive DNA replication in
vitro, the phage proteins were postulated to interact with the
protein-binding surface and compete with DNA Pol and
clamp loader (16). In our study, we demonstrate that Gp168
disassembly from a hexamer precedes the Gp168/�-clamp
interaction where it interacts as a dimer. Importantly, the
binding affinity of Gp168/�-clamp interaction (95 nM) is
stronger than that between �-clamp of E. coli and primed-
DNA(120 nM) or blunt DNA duplex (453 nM) (14). It is
also useful to note that Gp168/�-clamp interaction based
on our measured apparent affinity is significantly weaker
than that between the �-clamp and clamp loader complex
(3 nM in the presence of MgCl2 and ATP) (40). As the
Gp168/�-clamp interaction includes two events: depoly-
merization of hexameric Gp168 and complex formation be-
tween depolymerized Gp168 and �-clamp, the ITC exper-
iment recorded the overall heat signature instead of that
of the second step. As the depolymerization of Gp168 is
endothermal (Supplementary Figure S5) and the Gp168-
clamp interaction reaction is overall an exothermal reac-
tion, the overall heat recorded in ITC is reduced due to the
endothermic disassembly step. Consequently, the affinity
calculated is weaker than the real affinity for complex for-
mation from monomeric Gp168. We therefore term our cal-
culated affinity as an ‘apparent’ affinity as it is an estimate
of the lower limit. Thus, our measured apparent affinity can
be used to compare with interactions with lower affinities,
i.e. �-clamp/DNA interaction, but not with interactions
with higher affinities as the degree of the underestimation
is not clear. Similarly, the stoichiometry (N = 0.16 ± 0.003)
derived from ITC should not be attributed to the second
step.

The cryo-EM structure of the Gp168-clamp complex at
the 3.2-Å resolution reveals that Gp168 occupies the DNA
sliding circle of �-clamp, instead of engaging the protein-
binding pocket located between domain II and III. Using
this strategy, Gp168 is not in a direct competition with
the high affinity clamp loader complex at the hydropho-
bic pocket, and its affinity for the �-clamp can be indepen-
dently fine-tuned such that it is higher than that of the �-
clamp/primed-DNA or blunt DNA duplex complexes. The
Gp168 complex would predominate when �-clamp is trans-
ferred to primed DNA and therefore block loading. Gp168
utlises a distinct set of residues located at the inner circle of
the �-clamp when compared to the DNA complex, of which
Y14Gp168 with G285clamp represents a key interaction. The
conservation of these residues suggest that Gp168 is poten-
tially a cross-species �-clamp inhibitor.

DNA clamps are fundamental for living organisms and
have therefore been explored for antibacterial and anti-
tumor purposes, respectively. For antibacterial studies, var-
ious �-clamp inhibitors including peptide-based inhibitors,
small molecule inhibitors, and natural compounds have

been investigated to a great extent (41). Not surprisingly, all
of these inhibitors compete with �-clamp interacting pro-
teins. In contrast, Gp168 utlises an alternative interaction
surface that could be explored in the search for new in-
hibitors. The small size of Gp168, and even smaller Gp240,
suggest that peptide-based mimetics would be suitable for
designing inhibitors that target this interface. Peptide-based
therapeutic have been shown effective in treating bacterial
infection in animal tests (42), Gp168 inspired peptides could
be considered for such application. In summary, our study
not only provides new insight into how bacteriophages tar-
get DNA clamps but could provide inspiration for the de-
velopment of new antimicrobial reagents.

DATA DEPOSITION

Cryo-EM map of the Gp168-clamp complex in this study
with its associated atomic model have been deposited in
the wwPDB OneDep System under EMD accession code
EMD-31339 and PDB ID code 7EVP, respectively.
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