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Abstract: The bacteriophage T4 genome contains two genes that code for proteins with lysozyme
activity—e and 5. Gene ¢ encodes the well-known T4 lysozyme (commonly called T4L) that functions
to break the peptidoglycan layer late in the infection cycle, which is required for liberating newly
assembled phage progeny. Gene product 5 (gp5) is the tail-associated lysozyme, a component of the
phage particle. It forms a spike at the tip of the tail tube and functions to pierce the outer membrane
of the Escherichia coli host cell after the phage has attached to the cell surface. Gp5 contains a T4L-like
lysozyme domain that locally digests the peptidoglycan layer upon infection. The T4 Spackle protein
(encoded by gene 61.3) has been thought to play a role in the inhibition of gp5 lysozyme activity
and, as a consequence, in making cells infected by bacteriophage T4 resistant to later infection by
T4 and closely related phages. Here we show that (1) gp61.3 is secreted into the periplasm where
its N-terminal periplasm-targeting peptide is cleaved off; (2) gp61.3 forms a 1:1 complex with the
lysozyme domain of gp5 (gp5Lys); (3) gp61.3 selectively inhibits the activity of gp5, but not that of
T4L; (4) overexpression of gp5 causes cell lysis. We also report a crystal structure of the gp61.3-gp5Lys
complex that demonstrates that unlike other known lysozyme inhibitors, gp61.3 does not interact
with the active site cleft. Instead, it forms a “wall” that blocks access of an extended polysaccharide
substrate to the cleft and, possibly, locks the enzyme in an “open-jaw”-like conformation making
catalysis impossible.

Keywords: bacteriophage; lysis; lysozyme inhibitor

1. Introduction

For most phages, release of progeny virions requires lysis of the host, effected through the controlled
activity of at least one phage-encoded muralytic enzyme, the endolysin. Gene e of bacteriophage T4
encodes a canonical endolysin-gene product e or gp e, which is also called T4L in the literature and
here [1]. At the end of the infection cycle of the T4e mutant (a T4 mutant defective in the function of
gene e), virions are trapped in the cytoplasm of the dead host cell [2].

In 1968, Emrich isolated pseudo revertants of T4e that carried extragenic suppressor mutations
in a gene she called s, sp, and Spackle in various contexts [3]. The name was derived from the
hypothesis that the mutation inactivated a phage-encoded enzyme that participates in the synthesis
(s) or repair (‘spackling”, sp) of the peptidoglycan. However, Kao and McClain [4] isolated another
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class of extragenic suppressors that mapped to the essential tail gene 5 and reported that gp5 had
lysozyme activity. This led them to propose that instead of repairing the peptidoglycan layer, Spackle
actually protects it from the gp5 lytic activity [5]. The lysozyme activity of gp5 was confirmed later by
Nakagawa et al. [6] when they purified gp5 from phage tails. Later, Takeda et al. [7] showed that the
temperature-sensitive gene 5 mutant T4-5! originally isolated by Kao and McClain [4] and which
suppressed the gene e mutation had a single missense mutation G322D.

The function of the Spackle and gp5 proteins in the life cycle of T4 grown in high density cell
cultures has been most recently examined by Abedon [8-10] with the help of T4-sp and T4-5/*! mutants.
The phenotype of the T4-sp mutant is identical to that of the wild type (WT) T4 when the cell density
and phage titer are such that infection results in a single round of phage multiplication. However,
Spackle delays lysis and increases the burst size if the cell is infected by several phages far apart in
time. Integrating all observations, Abedon concluded that Spackle’s primary function is to protect the
cell from damage to the cell envelope caused by gp5 that originates from virions of phages that infect
after the initial infection is already under way. Abedon also suggested that Spackle inhibits the activity
of gp5 by direct interaction [8,11].

In 1999, we showed that full-length gp5 undergoes maturational cleavage between Ser351 and
Ala352 [12], but both the N- and C-terminal parts (which we later called gp5* and gp5C) are found in
the phage particle [12] (Figure 1). In 2002, we determined the crystal structure of gp5 that showed
that gp5 consists of three domains: an N-terminal OB-fold (Oligonucleotide/Oligosaccharide-Binding
fold, gp50B-fold, residues 1-129), a lysozyme domain (gp5Lys, residues 174-339), and a needle-like
C-terminal 3-helical domain (gp5p3, residues 389-575) [13]. These domains are connected by long
linkers (residues 130-173 and 340-388) but nevertheless form a compact, trimeric, spike-shaped
structure. We also found that: (1) gp50B-fold interacts with the baseplate hub protein gp27 located
at the tip of the tail tube and thus is required for incorporation of the protein into the T4 particle;
(2) the substrate-binding cleft of gp5Lys is identical to that of T4L; (3) gp5p forms a needle that
could pierce the outer membrane of the cell during infection; (4) the maturational cleavage is in the
linker connecting gp5Lys with gp53 (gp5*, therefore, consists of gp5OB-fold and gp5Lys) (Figure 1).
The G322D suppressor mutation, which abrogates the activity of the Spackle protein, is located in
the lysozyme domain at its interface with the needle, but its exact role in the phenotype could not be
inferred from the available data.

Incorporation Peptidoglycan Piercing of outer Oligomeric Notes and
into the particle hydrolase membrane state references
; : Trimer: Full-length protein.
OB-fold T4L-like lysozyme |, -helix . .
50Bfold [ domain, gpsLys [ g 58 (OpS7)s-(gpSC)s - gpS” and gpSC
ap » gpILy ! gp dissociate if incubated
1 129 174 339. 389 575 at 37 °C for at least 2
< >ie » (His)s hours. gp5* becomes
gp5* 351' 352 gp5C a monomer. gp5C
stays a trimer [12,13].
< > (His)e Monomer Created to identify the
gpoi=iz fragment that
interacts with gp61.3.
< » (His)g Monomer Forms a complex with
gp5162:372 gp61.3. This complex

was crystallized.

Figure 1. Domain organization of gp5, fragments used in the study, their properties, and additional
notes. The diagram of domain organization and experimental notes concerning full-length gp5 are
described in detail in [12,13]. Newly created constructs used in this study and the relevant notes are
highlighted with a light green background.

The identity of the sp gene was finally established in 1999 and assigned to gene 61.3 [14].
It encodes a polypeptide of 97 amino acids with an N-terminal secretory signal sequence of 22 residues.
We hypothesized that the mature form of Spackle/gp61.3 (residues 23-97) functions in the periplasm to
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selectively inhibit the activity of gp5, possibly by direct interaction. Accordingly, this interaction must
be abolished in the 5! (G322D) mutant.

Here, we describe the structure and function of gp61.3 and show that gp61.3 inhibits the lysozyme
activity of gp5 but not that of T4L. We show that gp61.3 forms a complex with gp5Lys in such a
way that it blocks access of the extended polysaccharide moiety of the peptidoglycan to the catalytic
cleft. Furthermore, gp61.3 interacts with gp5Lys while the latter is an “open jaw”-like conformation
that is incompatible with catalysis. This mode of regulation constitutes a novel mechanism for
lysozyme inhibitors.

2. Materials and Methods

2.1. Construction of Expression Vectors

The plasmid pUC613, a gift from Yonesaki, T., Osaka University Japan [14], which contained gene
61.3 in the antisense direction under the control of the pUC18-like lac promoter, was digested by EcoRI
and Hindlll. The fragment containing gene 61.3 was cloned using the same restriction sites into pUC19
in the sense direction resulting in a plasmid that was named pMN1-1.

Full-length gp5 (Figure 1) was expressed using the plasmid pSZ146 [12], a pET-29a-derivative
vector (Merck, Darmstadt, Germany).

pSZ161-2, a plasmid for expression of the gp5'">"? fragment (Figure 1) that carried a C-terminal
His-tag, was constructed as follows. The pSZ146 vector was first digested by Xhol, then treated with
the Klenow fragment of E. coli DNA polymerase I to repair the overhanging 3’ ends, and subsequently
ligated by T4 DNA ligase.

A G332D mutant of gp5 was obtained by site-directed mutagenesis with the help of the inverse
PCR technique using the pSZ161-2 vector and the KOD-Plus-Mutagenesis Kit (Toyobo, Osaka, Japan).
The PCR primers were 5'-ACCGTGCATCCCGTGTTACCA-3’ and 5'-CTTTTGTTTGTTGATACCAC-3’
(the underlined letters indicate the glycine-to-aspartate codon replacement). The mutation in the
resulting vector, pNS2-1, was confirmed by sequencing on a 3730x] DNA Analyzer (Applied Biosystems)
at the TIT Bio-Technical Center.

The plasmid for expression of T4L, named pET-gE, was created as follows. Gene ¢
of phage T4 was amplified by PCR from the T4 genome with primers that were designed
to add a Kpnl and a BamHI site at the 5 and 3-end of the gene. The primers were
5 -GGTGGTACCACTTAGGAGGTATTATGAATATATTT-3" (the Kpnl site is underlined) and
5’-CCCGGATCCCAGCTTTATAGATTTTTATACGCGTCCC-3’ (the BamHI site is underlined). PCR was
performed with KOD-Plus-DNA polymerase (Toyobo). The PCR products were purified, digested
with Kpnl and BamHI and ligated to the vector pET29a, which was cut open with the same enzymes.
The insert was verified to have the correct sequence by DNA sequencing.

2.2. Protein Expression

For protein production, each of the newly created vectors described above was introduced by
chemical transformation into E. coli BL21 (DE3). These cells were then grown at 37 °C with rigorous
aeration by rotary shaking in the LB (Miller) medium (1% (w/v) Bacto Tryptone, 0.5% (w/v) Bacto yeast
extract, 1% (w/v) NaCl). When cell optical density at a wavelength of 600 nm (ODg) reached a value of
0.4, expression was induced by an addition of isopropyl-thio-galactoside (IPTG) to a final concentration
of 1 mM. Cells were harvested by centrifugation (5000x g for 10 min, ROAF rotor, Eppendorf Himac
Technologies Co., Ltd., Hitachinaka, Japan) three hours after induction. Cell pellets were frozen in
liquid nitrogen and stored at —80 °C. Selenomethinone-labeled proteins were produced by following
a standard procedure [15] that involves a methionine auxotrophic strain E. coli B834 (DE3) cells and
SelenoMet™ Medium (Molecular Dimensions Limited).
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2.3. Purification of Gp61.3

For this and all other proteins, all purification steps were performed at 4 °C.

The frozen pellet (6 g) of cells that expressed the pMN1-1 plasmid was resuspended in 50 mL
of buffer A (50 mM Tris pH 8.0, 150 mM NaCl) on ice. After stirring for 30 min, the cells were spun
down at 10,000x g for 30 min (R18A rotor, Eppendorf Himac Technologies Co., Ltd.). The supernatant,
which mostly contained small periplasmic proteins, was dialyzed in buffer B (20 mM Tris pH8.0) to
remove excess salt. The dialyzed sample was applied to a HiTrap Q HP (5 mL, GE healthcare) anion
exchange column pre-equilibrated with buffer B. The bound material was eluted with a 0 to 1 M NaCl
linear gradient. Fractions that contained gp61.3 were pooled together and applied to a HiLoad 16/600
Superdex 75 pg (GE healthcare) size exclusion column, which was pre-equilibrated with buffer C
(20 mM Tris pH 8.0, 100 mM NacCl).

2.4. Purification of Gp5*

Earlier, we showed that gp5* and gp5C can be separated by incubation at 37 °C for 2 h or
longer (Figure 1) [12]. Hence, to purify gp5*, we extended the previously published protocol for the
purification of full-length gp5 [12] with additional steps as described below.

Pellets of cells that expressed the pSZ146 plasmid in 1 L of medium was resuspended in 30 mL of
buffer D (100 mM Tris at pH 8.0, 25 mM imidazole) containing 0.2 mM phenylmethylsulfonylfluoride
(PMSF) on ice. The cells were then lysed by sonication (Branson Sonifier 250). The lysate was then
centrifuged at 28,000x g for 30 min (the R18A rotor). The supernatant was loaded onto a 5 mL HisTrap
HP (GE healthcare) Ni-affinity column pre-equilibrated with buffer D. The his-tagged full length
gp5 protein was eluted from the column with a 25-500 mM imidazole gradient. Eluted fractions
were pooled and incubated at 37 °C for 2 h and centrifuged at 28,000 g for 30 min (the R18A rotor).
The supernatant was loaded on a pre-equilibrated 5 mL HisTrap HP column at 4 °C. gp5* was collected
in the flow through fractions.

2.5. Purification of Gp5'372 and Gp5530p' 37

The pellet of cells that expressed either the pSZ161-2 or pNS2-1 plasmid in 1 L of LB medium
was resuspended in 30 mL of buffer D with 0.2 mM PMSF on ice. The cells were then lysed by
sonication (Branson Sonifier 250). The lysate was then centrifuged at 28,000x g for 30 min (the R18A
rotor). The supernatant was loaded onto a pre-equilibrated 5 mL HisTrap HP Ni-affinity column
with buffer D. The histidine-tagged protein was eluted from the column with a 25-500 mM imidazole
gradient. EDTA was added to each collected fraction to a final concentration of 5 mM to avoid
aggregation. Eluted fractions were pooled and applied onto a HiTrap Q HP (5 mL) anion exchange
column pre-equilibrated with buffer B. The bound material was eluted with a 0 to 1 M NaCl linear
gradient. Fractions containing gp5!72 were further purified with a HiLoad 16/600 Superdex 200 pg
(GE healthcare) size-exclusion column using buffer C.

2.6. Purification of T4L

The pellet of cells (3 g) that expressed the pET-gE plasmid was resuspended in 25 mL of buffer E
(0.1 M sodium phosphate buffer, pH 6.6, 0.2 M NaCl, 10 mM MgCl, and 1 mM CaCly). Then, 0.5 mL
of chloroform was added to this mixture and the suspension was stirred for 30 min. To reduce the
viscosity, 1 mL of 1 M MgCl, and a few grains of DNase I were added, and the mixture was stirred for
an additional 1.5 h. The lysates were centrifuged for 30 min at 28,000x g (the R18A rotor) to remove
cell debris. The supernatants were dialyzed into buffer F (50 mM Tris pH7.25, 1 mM EDTA). The dialyzed
sample was applied to the HiTrap CM FF (5 mL, GE healthcare) cation exchange column, pre-equilibrated
with buffer F. The bound material was eluted by 50-300 mM NaCl linear gradient with the same buffer.
Fractions containing T4L were pooled, dialyzed against 50 mM sodium phosphate buffer (pH 5.8), and then



Viruses 2020, 12, 1070 5o0f 21

run through a HiTrap SP HP (1 mL, GE healthcare) cation exchange column equilibrated with the same
buffer. TAL was eluted with buffer G (0.1 M sodium phosphate, pH 6.6, 0.55 M NaCl).

2.7. Purification of Gp61.3-Gp5Lys Complex

To obtain the gp61.3-gp5Lys complex, a mixture of separately purified gp61.3 and gp5'7? in a
1.2: 1 molar ratio was first subjected to size exclusion chromatography in buffer C on a HiLoad 16/600
Superdex 200 pg column. Fractions containing both proteins were pooled and treated with trypsin in a
100: 1 weight-to-weight ratio for 2 h at 20 °C. After the digestion, size exclusion chromatography was
repeated using the same column and buffer, and fractions containing both proteins were pooled.

2.8. Crystallization and Data Collection

Purified SeMet gp61.3 was dialyzed in 10 mM Tris buffer, pH8.0, and then concentrated to about
20 mg/mL using a Vivaspin 6 centrifugal filter device (5 kDa cutoff, GE Healthcare). Crystals were
obtained in hanging drops at 20 °C using 34% PEG4000, 0.1 M Glycine, pH9.4, 5-10 mM CaCl,
as mother liquor. Crystals were soaked in the mother liquor containing 25% ethylene glycol as a
cryo-protectant and were then cooled in a nitrogen stream at 100 K. Diffraction data was collected at
100 K using an ADSC Q315 CCD detector on the ESRF beam line BM30. The wavelength of the X-ray
beam was chosen to maximize the anomalous scattering of selenium atoms at the Se K-edge. Crystals
diffracted to ~1.6 A resolution (Table 1).

Prior to crystallization, the gp61.3—gp5Lys complex was dialyzed in 10 mM Tris buffer, pHS.0,
and then concentrated to about 20 mg/mL using a Vivaspin 6 centrifugal filter device (50 kDa cutoff).
Crystals used for X-ray diffraction studies were grown by vapor diffusion in a hanging drop at 20 °C
using 33% PEG550MME, 150 mM MES, pH6.4, 50 mM KSCN as mother liquor. Diffraction data was
collected at 100 K using a Mar225 detector on the SLS beam line PXIIL. Crystals diffracted to ~1.15 A
resolution (Table 1).

Table 1. X-ray data collection, reduction, and refinement statistics for gp61.3 and gp61.3-gp5Lys
complex structures.

Crystal

Gp61.3 SeMet

Gp61.3-gp5Lys

Data collection

Wavelength (A) 0.97941 1.0000
Number of frames 325 360
Frame width (°) 1.0 1.0
Space group P2, P212124
Cell dimensions 30.376, 46.921, 75.277 46.72,69.18, 83.82
a,b,c(A)
Resolution (A) 39.8-1.60 (1.64-1.60) * 17.92-1.15 (1.21-1.15)
Rmeas 0.064 (0.158) 0.109 (1.885)
<I>/<op> 16.0 (5.8) 12.2 (1.8)
Completeness (%) 94.2 (73.7) 99.7 (99.8)
Multiplicity 33(3.1) 13.5 (12.6)
Anomalous signal # 491 (2.42) N.A.$
Refinement
Resolution 19.90-1.60 17.92-1.15
No. reflections used in refinement 51,366 97,671
No. atoms (non-H) 2272 2630
Protein 1870 2195
Ligand/ion 3 53
Water 399 382
Ryork/Rree 0.179/0.228 0.107/0.122
Average B factor (A?) 18.0 16.3
Protein 15.6 135
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Table 1. Cont.

Crystal Gp61.3 SeMet Gp61.3-gp5Lys
Ligand/Ion 33.1 32.7
Water 29.1 30.1
R.m.s. deviations
Bond lengths (A) 0.002 0.008
Bond angles (°) 0.493 1.066
Ramachandran plot statistics
Favored (%) 99.01 97.39
Allowed (%) 0.91 1.61
Outliers (%) 0.00 0.00
PDB accession code 7CN6 7CN7

* Statistics for the highest resolution shell is shown in the parentheses. * As defined by the program SHELXD [16].
$ The structure was solved by molecular replacement.

2.9. Structure Determination

For SeMet gp61.3, all data sets were indexed, integrated, and scaled using the program
HKL2000 [17]. The positions of selenium atom and the initial phases were determined with the
program SHELXD [16]. These phases were improved by density modification using the program
Parrot [18]. Subsequently, most of the atomic model was built automatically by the ARP/wARP
program [19]. Missing parts and the solvent structures were built manually using Coot [20]. The model
was refined with the help of Refmac5 [21], Phenix [22], and Coot programs (Table 1).

For the gp61.3—gp5Lys complex, all data sets were indexed and integrated by Mosflm [23] and
scaled using the program SCALA [24]. Crystallographic phases were determined by the molecular
replacement with the help of the Phaser program [25], using the crystal structures of gp61.3 and
gp5Lys [13] as search models. Subsequently, the atomic model was built with Coot. The model was
refined by Refmac5, Phenix, and Coot (Table 1).

The atomic structures and structure factors of gp61.3 and the gp61.3—gp5Lys complex were
deposited into the Protein Data Bank under the accession numbers 7CN6 and 7CN7, respectively.

2.10. Lysozyme Halo Assay

E. coli BE cells were mixed with a soft agar, overlaid onto an LB agar plate and incubated at 37 °C
for 16 h, resulting in an agar layer impregnated with E. coli bacteria. The bacterial lawn was then
exposed to chloroform vapors for 30min at 25 °C. For this, chloroform was added to the lid of the
plate to form a continuous layer, and the cells were incubated above it. The chloroform was then
removed, and 5 pL aliquots of protein solution or buffer were spotted on the chloroform-treated E. coli
lawn. In mixtures containing gp61.3 (gp5:gp61.3 and T4L:gp61.3), it was present in a 1.2 molar excess.
The plates were incubated at 37 °C until the control lysozyme spot became clear.

2.11. Analytical Ultracentrifugation

Analytical ultracentrifugation was performed with the help of the Optima XL-I (Beckman-Coulter)
ultracentrifuge using an eight-hole An50Ti rotor at 20 °C. The dialysis buffer or loading buffer for size
exclusion chromatography was used as a reference solution. Sedimentation velocity data was collected
with the centrifugal force at 181,714 g. Moving boundaries were recorded at a wavelength of 280 nm.
The sedimentation coefficient distribution function, c(s), was obtained with the SEDFIT program [26].
The distribution of molecular weight, c¢(M), was obtained by converting c(s) to ¢(M) as implemented in
the SEDFIT program.

2.12. Cell Lysis Assay

The lytic activity of gp5 and T4L associated with the expression of these proteins in the cell was
tested as follows. Single colonies of E. coli BL21 (DE3) harboring the vectors pSZ202-2 (gp5), pETgE
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(T4L) or pET29a (control) were grown in LB medium at 37 °C with aeration by orbital shaking at
200 rpm. Protein expression was induced by the addition of IPTG to a final concentration of 1 mM
when the turbidity of the cell culture, as measured by OD at 600 nm, reached a value of ~0.5. After
induction, the cultures continued to be cultivated with the same parameters and their turbidities were
monitored by ODggg. To test whether gp5 is capable of lysing cells from the outside, purified gp5 was
added (to a final concentration of 0.1 mg/mL) to a culture harboring the pET29a vector when the ODgg
of the culture was about 0.5.

2.13. Molecular Dynamics

The crystal structure of the gp61.3-gp5Lys complex was solvated and ionized in a water box
using VMD [27]. Following this, NAMD2 [28] conjugate gradient energy minimization was applied
to the system while incrementally removing constraints for a total of 200,000 steps. The system
was then heated to 300 K in 5 K increments using a Langevin thermostat [29] for a total of 60 ns.
In a final pre-equilibrium step, the system was equilibrated for 20 ns under constant pressure and
temperature (the “NPT” ensemble) using Nosé-Hoover Langevin pressure control [30,31]. Then,
constant velocity-steered molecular dynamics (SMD) [32] was used to pull gp61.3 away from gp5Lys at
a speed of 1 A/ns along the line connecting the center of masses (COMs) of the two molecules. The pull
force was applied to all gp61.3 Cx atoms with a spring constant of 50 kcal/mol/A2. The structure of
gp5Lys was constrained using harmonic restraints on all Cx atoms. The SMD protocol was executed
in the NPT ensemble for 20 ns. The distance between COMSs of gp5Lys and gp61.3 changed from
19.8 A (the initial equilibrated complex) to 38.6 A. However, after 24.8 A of separation, the SMD forces
decreased dramatically and likely corresponded to the drag force of pulling gp61.3 through solvent.
For this reason (and to limit computational effort), the (19.8 A,24.8 A) COM separation interval was
chosen for further adaptive biasing force (ABF) analysis. Ten SMD simulation snapshots in which the
distance between gp61.3 and gp5Lys COMs spanned the (19.8 A, 24.8 A) interval in steps of 0.5 A were
chosen as starting points for the adaptive biasing force (ABF) calculations [33,34]. The ABF calculations
were run for ~250 ns in the NPT ensemble. All simulations were performed using NAMD?2 and used
the CHARMMS36 forcefield [35].

2.14. Sequence Alignments and Molecular Graphics Generation

Figures 6a,b, 7b,c,d, 8b,c,e,f, 9b-h and 11a,b were rendered by UCSF Chimera [36]. Figures 5, 7a,b
and 8a,d were rendered by MolFeat (FiatLux, Tokyo, Japan). In Figure 9a, the TAL and gp5 sequence
were aligned by Clustal W [37] and visualized by the Snapgene viewer (Insightful Science; available at
snapgene.com).

3. Results

3.1. Gp61.3 is Translocated into the Periplasm and Its Signal Sequence Is Cleaved

Infection of an E. coli cell by T4 and T4-induced lysis of the cell at the end of the infection cycle
are complex processes that involve many players [8,38]. The functions of some participants have
been derived from indirect assays, such as, for example, the morphology of lysis plaques, which
is determined by a myriad of factors. The gp61.3 Spackle protein was proposed to inhibit the gp5
lysozyme activity [5] but its exact function and cellular localization remained unknown.

We overexpressed gp61.3 in E. coli (Supplementary Figure S1), pelleted the cells by centrifugation,
froze the pellet at —80 °C, and thawed it. This procedure did not lyse the cells but instead released
small-to-medium-sized proteins from the periplasm [39,40] (Figure 2, Lanes 1 and 2). Gp61.3 was a
major component in this mixture (Figure 2, Lane 2). Gp61.3 could then be purified to homogeneity
by successive round of column chromatography (Figure 2, Lane 3). N-terminal peptide sequencing
of purified gp61.3 showed that in agreement with the hypothesis proposed by Kai et al., [14] the
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first 22 residues of gp61.3 comprised a signal peptide that was cleaved in the protein released from
the periplasm.

1 2 M 3 M 4 M 5 M
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Figure 2. Purification of gp61.3, gp51'372, and the gp61.3—gp5162'372 (gp61.3-gp5SLys) complex. All panels
show Coomassie Blue-stained Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE).
Lane 1: the whole cell lysate of cells expressing gp61.3. Lane 2: the supernatant resulting from a freeze
and thaw extraction procedure. Lane 3: purified gp61.3. Lane 4: purified gp5'372. Lane 5: purified
gp61.3-gp5102-372 (9p61.3-gp5Lys) complex. Note that all fragments of gp5 migrate much slower than
their predicted molecular weights. All lanes labeled M are molecular weight standards (see M&M for
detail).

3.2. Gp61.3 Forms a 1:1 Complex with Gp5*

Previous work suggested that gp61.3 interacts with gp5 [8,11]. We used analytical
ultracentrifugation (AUC) to examine the nature of this interaction and to establish the composition of
the gp61.3-gp5 complex.

AUC analysis of gp5*:gp61.3 mixtures at different molar ratios is presented in Figure 3. On their
own, gp5* and gp61.3 had sedimentation coefficients of 2.99 S and 1.38 S, respectively. When both
proteins were present in the mixture, a peak corresponding to a sedimentation coefficient of 3.6 S
appeared. This peak was partially obscured by the gp5* peak if gp5* was in excess in the mixture.

The sedimentation coefficient of 3.6 S corresponds to a molecular weight (MW) of 45 kDa.
This value is close to the sum of the MWs of one gp5* and one gp61.3 molecule (47.5 kDa). Thus,
gp61.3 and gp5* form a 1:1 complex in solution. A similar analysis was performed for a T4L:gp61.3
mixture but no complex was detected. This finding was additionally confirmed with size exclusion
chromatography (Supplementary Figure 52).

To further delineate the interaction between gp5 and gp61.3, while taking into account that in
addition to the lysozyme domain, the interdomain linkers of gp5 can participate in the interaction with
gp61.3, we cloned and purified a fragment of gp5 comprising residues 1-372 (gp5!"*72) that is slightly
larger than gp5* (Figure 2, Lane 4). Gp5'372 (Figure 2, Lane 4) and gp61.3 (Figure 2, Lane 3) were mixed,
the mixture was purified and treated with trypsin. We surmised that it should be possible to find
proteolysis conditions in which all parts of gp5'->"? that interact with gp61.3 would be protected while
non-interacting parts would be removed, resulting in a compact complex suitable for crystallization.

A proteolysis protocol, in which gp61.3 appeared to be unaffected by trypsin while gp5'372 was
digested, has been established (Figure 2, Lane 5). The N-terminal hexapeptide of trypsin-digested
gp5!372 was found to be PLSEIP, which matched the sequence of gp5 starting from residue Pro162.
The C-terminal cleavage site has not been established. The last gp5 residue with an interpretable
electron density in the crystal structure of the gp61.3-gp5Lys complex (see Section 3.5) is Glu342. Hence,
besides Ser372, either Lys344, Arg348, or Lys359 could form the C-terminal residue in trypsin-treated
gp51372. Despite this uncertainty and disregarding the few extra residues of the interdomain linkers,
we will call this gp5'92-372 fragment gp5Lys everywhere in the text (Figure 1).
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Figure 3. Sedimentation velocity analysis of gp5*:gp61.3 mixtures at different molar ratios (see M&M
for detail).

3.3. Gp61.3 Inhibits Lysozyme Activity of Gp5 but Does Not Affect the Activity of T4L In Vitro

To examine whether gp61.3 can inhibit gp5 lysozyme activity, we used a spot test assay on live
E. coli cells that were treated with chloroform vapors. Chloroform creates large holes in the outer
membrane of the cell. This allows the lysozyme to reach the peptidoglycan layer and lyse the cell.

gp51‘372, T4L, and the gp5G322D1'372 mutant that carried the G322D mutation found in the 51
suppressor allele, all created a lysis spot in the E. coli lawn (Figure 4). When the three proteins were
mixed with gp61.3 in a 1:1.2 ratio (gp61.3 in 20% excess), the lysis activity of T4L and that of the
gp5Ga22p 72 mutant appeared to be unaffected, whereas the lysis spot of gp5'"32 was barely detectable
(Figure 4). Taking into account the complex formation results presented above, we conclude that
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gp61.3 inhibits the activity of its lysozyme partner by direct interaction. No such interaction is formed
with either T4AL (Supplementary Figure S2) or, by extension, with gp5g32op!72. The latter finding
explains the phenotype of the T4-5"! phage mutant that carries inactive T4L but lyses cells normally,
similar to the WT T4 [8].

gp51-372 gp5ga220172 T4L buffer

gp61.3 (-)

gp61.3 (+)

Figure 4. Lysozyme halo formation assay with chloroform vapor-treated E. coli lawn. Purified gp5'-372,

1-372

gP5G322D and T4L were spotted with (bottom row) or without (top row) gp61.3 (see M&M for

detail).
3.4. The Crystal Structure of Gp61.3 Shows That It Has a Novel Fold

The structure of gp61.3 was determined by a single wavelength anomalous diffraction technique
using a Se-methionine substituted protein. To maximize anomalous scattering of Se atoms, an X-ray
wavelength near the Se K-edge absorption line was used (Table 1). A 1.6 A resolution crystal structure
shows that gp61.3 is a fully «-helical globular protein (Figure 5). It contains 5 x-helices: helix 1
(26-34), helix 2 (37-55), helix 3 (57-70), helix 4 (73-75) and helix 5 (87-95) that are connected by short
loop linkers.

Figure 5. 1.60 A crystal structure of gp61.3. Molecule is colored in rainbow from blue (N-term) to red
(C-term). The start and end residues for each helix are indicated.

There are three gp61.3 monomers in the crystallographic asymmetric unit. Barring different
rotamers, their structures are nearly identical. The root mean square deviations (RMSDs) found on
pairwise superpositions, which involved all 75 Cox atoms of gp61.3 are 0.24 A, 0.25 A and 0.35 A.

In two of the three gp61.3 molecules contained in the crystallographic asymmetric unit, a calcium
ion is coordinated by several water molecules and the main chain hydroxyl groups of residues Val94 and
Glu97. The identity of the ion was derived from the site’s geometry (the structure of the coordination
sphere and bond lengths) and the height of the electron density peak. Moreover, calcium was present
in the crystallization solution (see Materials and Methods).

The thiol groups of two cysteine residues Cys29 and Cys81 are close in space, but not close enough
to form a proper disulfide bond (Figure 6a). The distance between the sulfur peaks in the electron
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density is 2.43 + 0.06A when averaged over the three molecules contained in the asymmetric unit. As a
global average of billions of molecules comprising the crystal, the crystallographic electron density
most likely depicts a superposition of the conformation with a disulfide bond (which has a length
of 2.05 A) and a vast number of conformations in which the thiol groups are greater than the Van
der Waals distance away from each other. The non-bonded conformations comprise a significant

fraction of this ensemble as the average S-S atom distance is much greater than the dictionary value
for disulfide bond.

Figure 6. A fragment of the sigma-A weighted 2mFo-DFc electron density of the 1.6 A resolution
gp61.3 SeMet crystal structure (a) and that of the 1.15 A resolution gp61.3-gp5Lys crystal structure (b).
The map is contoured at 2 standard deviations above the mean.

A search for proteins with gp61.3-like folds using the DALI server [41] results in a large number
of hits with Z-scores greater than 2.0. However, none of these proteins contains a gp61.3-like domain,
which we define as a fragment that possesses its own hydrophobic core. The best DALI hit with a
Z-score of 5.6 is the SecA ATPase from Thermus thermophilus (PDB code 2IPC), a cytoplasmic protein that
is responsible for posttranslational translocation of polypeptide substrates through the SecY channel
in the cytoplasmic membrane. The superposition involves nearly the entire structure of gp61.3 with
70 equivalent Co atoms in the alignment and results in an RMSD of 2.8 A and a sequence identity of 9%.
However, the gp61.3-like part of SecA belongs to two domains—an «-helical Scaffold domain (gp61.3
helices 1, 4, 5) and an «-helical Wing domain (gp61.3 helices 2 and 3) [42]. Furthermore, the lengths of
SecA helices are more than double those of gp61.3. Thus, on the one hand, the similarity to a protein
involved in the translocation of proteins across the plasma membrane appears to be nonincidental,
but on the other hand, the matching fragment of the SecA ATPase is not a complete domain and the
superposition sequence identity is extremely low. Hence, even though gp61.3 is a very small protein,
it appears to possess a novel and possibly unique fold.

3.5. The Crystal Structure of the Gp61.3—-Gp5Lys Complex

To understand the interaction between gp61.3 and gp5Lys, we crystallized the complex of gp61.3
and gp5Lys obtained as described above (Figure 2, Lane 5), solved its crystal structure by Molecular
Replacement and refined it to a resolution of 1.15 A (Table 1). The complex consists of one molecule
of gp61.3 and one molecule of gp5Lys. The crystal structure contains a fragment of a poly (ethylene
glycol) methyl ether molecule (a chemical that was used in the crystallization), four ethylene glycol
molecules, three sodium ions, one chloride ion and 382 water molecules. The ligands were identified
based on the appearance of their electron density and chemical environment. The sedimentation
coefficient calculated by HYDROPRO [43] using the crystal structure was 3.66 S, which agrees well
with the value determined by AUC (Figure 3).
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The interface between gp5 and gp61.3 contains 10 hydrogen bonds and 8 salt bridges (Figure 7a).
It involves 16 water molecules and no ions. The buried surface area is 1733.1 A. Surprisingly, PISA [44]
categorizes the gp61.3-gp5 complex as metastable. The gp61.3-gp5 interface has a favorable free energy
of —3.3 kcal/mol, but the free energy of dissociation is also favorable at —0.4 kcal/mol. The gp61.3-gp5
complex survives the environment of E. coli cells treated with chloroform (Figure 4) and as such,
the interface was expected to be more favorable.

(a) (b)
gp5Lys + ABF Data
[ ] — ABF Fit (R%=0.99)
14 o
Jaw A: soi%)
gp61.3 residues 12 e —e
185-247 ;
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(c) (d) gp5Lys in gp5 trimer
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Figure 7. The structure and energetics of the gp61.3-gp5Lys complex. (a), a ribbon diagram of the
gp61.3-gp5Lys complex. Gp61.3 is colored green and gp5Lys is colored sky blue. Side chains and
water molecules forming the interface are shown in the ball-and-stick representation. The two “jaw”
domains of gp5Lys are labeled. (b) Potential of mean force curve generated from ABF simulations.
The simulations covered a distance of COM separations from 19.8 to 24.8 A, which corresponded to the
equilibrium position in the original complex to that plus additional 5 A A logistic function, which is
the expected shape of the ABF curve, is fit to the raw ABF data. The structure on the left represents
the NAMD2-equilibrated gp61.3-gp5Lys complex, whereas the structure on the right represents the
dissociated complex (where the COMs are separated by an additional 5 A relative to the equilibrated
state). Dashed horizontal lines correspond to the window boundaries used in the ABF calculations.
(c,d). The distance between the COMs (red spheres) of the two jaw domains in gp5Lys bound to gp61.3
and that in gp5Lys in the gp5 trimer. The active site residues (Glu184, Aps193, Thr199) are shown in
the stick representation and colored magenta.

Considering that PISA analysis contradicts the experimental observations, we quantified the
free energy of association for the gp61.3-gp5Lys complex with the help of adaptive biasing force
(ABF) molecular dynamics simulations [33,34]. This approach consists of breaking the complex apart
using steered molecular dynamics, dividing this trajectory into regions around intermediate structures
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(named windows), and then calculating the forces (ABFs) necessary to hold the system within each
window. Over a sufficiently long simulation, the resulting ABF forces, which compensate for the latent
energetics of the system, can be integrated to yield the underlying Hamiltonian [45].

The resulting potential of mean force (PMF) (Figure 7b) for the association of gp61.3-gp5Lys
shows a favorable free energy of about —14 kcal/mol. This value is consistent with a complex that is
stable enough to withstand the periplasmic milieu and is similar to the association energies measured
experimentally for other periplasmic proteins of a similar size [46].

The conformations of both gp5Lys and gp61.3 differ slightly, but significantly, relative to their
pre-complex states. Free and gp5-bound gp61.3 molecules superimpose with an RMSD of 0.82 A
between all Ca atoms. Residues Gly96 and Glu97 display the largest deviations of 0.92 A and 1.38 A,
respectively. Both these residues are part of the gp61.3-gp5 interface. Glu97 of gp61.3 does not bind a
calcium or any other ion in the complex. Accordingly, calcium ions did not affect gp61.3-gp5 complex
formation (Supplementary Figure S3). The sulfur atoms of the two cysteines (Cys29 and Cys81),
that were too far apart to form a disulfide bond in free gp61.3, are now only 2.16 A apart (Figure 6b).
This is close to, but still slightly longer than, the ideal value of a disulfide bond (2.05 A). This bond
does not appear to play role in gp61.3-gp5 complex formation in vitro as the complex was formed
in the presence of DTT (Supplementary Figure S3). Notably, the crystal structure of gp61.3 carrying
a C-terminal His-tag and crystallized in different conditions has just been reported elsewhere [47].
In that case, residues Cys29 and Cys81 have been described as being linked by a disulfide bond (albeit
of an unspecified length) and no ions have been mentioned to be located near Gly96 or Glu97. These
observations further support the supposition that neither calcium nor the Cys29-Cys81 disulfide bond
plays a role in gp61.3-gp5Lys complex formation.

The gp5 lysozyme domain in the gp5 full-length trimer and that in the gp61.3-gp5 complex can be
superimposed with an RMSD of 1.14 A between 175 equivalent Cx atoms. The Cox deviations, however,
are distributed along the polypeptide chain in a non-random manner. The two jaw-like subdomains of
gpSLys (Figure 7a) are further away from each in the gp61.3-gp5 complex compared to that in the gp5
trimer. The corresponding distances between the center of masses (COMSs) of these subdomains in the
two conformations are 24.6 A and 25.4 A for the free and gp61.3-bound states of gp5Lys, respectively
(Figure 7c,d). Thus, upon interaction with gp61.3, gp5Lys becomes “frozen” in an open jaw-like state.

3.6. The Critical Location of G322D Mutation in Gp5Lys

The crystal structure of the gp61.3-gp5 complex shows how the G322D mutation in gp5Lys
interferes with the formation of the complex. Gly322 fits against the C-terminus of helix 5 of gp61.3
(which forms the C-terminus of the protein) so that it leaves no space for a side chain (Figure 8a,b).
A hypothetical C atom (an alanine side chain) would be wedged between the main chain carboxyls
of Glu93 and Val94 with unfavorable distances of 2.7 A and 1.9 A, respectively (Figure 8c). A larger
side chain (e.g., like an aspartate of the G322D mutant) creates additional unfavorable interactions
and clashes (Figure 8c). For this reason, any residue except for a glycine, will likely interfere with the
formation of the gp61.3-gp5Lys complex. Consequently, this is one of the most conserved residues
in gp5 orthologs (Figure 9a). The equivalent residue in T4L and its orthologs is Asn (Figure 9a).
This residue is likely important for gp61.3 to distinguish gp5Lys from T4L.

The structure of the gp5 trimer suggests an explanation as to why the G322D mutation in gp5Lys
does not interfere with the lysozyme activity of gp5gsnp'™’2 but allows for the assembly of the
full-length gp5gaxop trimer. The mutation is located at the gp61.3-gp5 interface, far away from the
active site (Figure 7c), so it is unlikely to play a role in substrate binding or cleavage. In the gp5g320p
trimer structure, the D322 aspartate side chain is at the gpSLys-gp5§ interface, but there is sufficient
space for it to point into solution, thus minimizing the amount of unfavorable interactions (Figure 8d—f)).
For this reason, the G322D mutation is likely to have a minimal effect on the folding of the gp5g320p
trimer, which nevertheless manifests itself in a temperature-sensitive phenotype of the T4-5"! mutant.
Gpb5 participates (and this is absolutely required) at the earliest steps of T4 tail assembly [48], and the
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efficiency of gp5 trimer formation, which could be moderately impaired in the T4-5/*1 mutant, likely
influences the assembly pathway of the entire particle.

Figure 8. The critical location of the G322D mutation in gp5Lys. (a) A ribbon diagram of the

gp61.3-gp5Lys complex. The rectangle indicates the location of G322 in the structure of the complex
and the area of focus shown in panels (b) and (c). (b) The interaction between gp61.3 and gp5Lys in
the vicinity of G322. The Ca atoms of gp61.3 are colored green. (c) G322 is mutated to an aspartate
and a rotamer with the fewest clashes is shown. (d) A ribbon diagram of the gp5 trimer. One chain
is colored blue, the other two are gray. The rectangle indicates the area of focus shown in panels (e)
and (f). (e) The interaction between gp5Lys and gp5p in the vicinity of G322. (f) G322 is mutated to
an aspartate. The side chain conformation is one of the most preferred rotamers. For visualization
clarity, the orientation of the molecules in panels (b,c,e,f), is different to that shown in panels (a)
and (b). In panels (b,c,e,f), the dashed and dotted lines indicate hydrogen bonds and unfavorable
contacts, respectively.

The extent of molecular surfaces participating in the gp61.3-gp5 interface is slightly smaller than
the size of conserved patches on the surfaces of gp61.3 and gp5 (Figure 9b—e). There is a protrusion
that is formed in part by G322 on the surface of gp5. This protrusion fits into a cavity near Val94 on the
surface of gp61.3. The two interacting surfaces display complementary charges with the gp61.3 surface
being negatively charged (Figure 9f,g). The G322D mutation neutralizes a strong positive charge on the
gp5 surface but the rest of the surface charge distribution is undisturbed (Figure 9h). Hence, the clash
of the D322 side chain with the interface residues of gp63.1 and V94 in particular (Figure 7c) likely
plays a more important role in abolishing complex formation than charge neutralization.
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Figure 9. Properties of the gp61.3-gp5Lys interface. (a) A fragment of sequence alignment of gp5
proteins from T4-like phages near residue G322 and the same for T4L orthologs (labeled gpE here)
around the equivalent residue N144. The G322 and N144 columns are marked with a gray color.

(b) and (c): the molecular surface of the gp61.3-gp5Lys interface in an “open book” representation.

The interacting residues are colored orange. G322 of gp5Lys and its most proximal residue of gp61.3
(V94) in the gp61.3-gp5Lys complex are colored dodger blue. (d) and (e): sequence conservation is
mapped on the molecular surface of the gp61.3 and gp5Lys interface (an open book representation).

The color bar gives the degree of conservation with 1.00 corresponding to absolute conservation. (f) and

(g): the electrostatic properties of the gp61.3-gp5Lys interface (an open book representation). (h) The

electrostatic properties of gp5g3pop mutant. The electrostatic potential was calculated using ABPS [49].

3.7. Gp5 Can Penetrate the E. coli Inner Membrane from the Inside on Its Own

In the original T4e mutant, which was isolated by Emrich [3], the function of T4L was most likely
performed by gp5. Despite having similar levels of enzymatic activity in vitro [6], the two proteins,
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however, are not equivalent in terms of their activity in vivo and an E. coli cell reacts to their presence
differently. Overexpression of TAL does not cause cell lysis (Figure 10, filled triangles). To the contrary,
overexpression of gp5 leads to lysis that starts about 90 min after IPTG induction (Figure 10, filled
circles). This effect is not seen if gp5 is added to the culture medium (Figure 10, empty circles).

0.9

0.8

0.7

ODGOO

0.6

0.4

0 0.5 1 25 3 3.5

15 2
Time (hr)
Figure 10. Full-length gp5 is translocated into the periplasmic space during overexpression. The cell
turbidity assay of E. coli expressing gp5 (filled circles), TAL (filled triangle) and carrying a pET29a empty
vector (filled squares). The cells were induced at T = 0 with 1 mM IPTG. Purified gp5 was added to E.
coli cell culture harboring a pET29a vector (empty circles) at T = 0. The cell turbidity was measured at a
wavelength of 600 nm. The symbols correspond to the averages and the bars to the standard deviations
of n = 3 experiments.

In the course of normal infection, T4 expresses a holin protein (gp t) that functions to create
openings in the inner membrane [50]. These “holes” allow T4L, which is unable to cross the cytoplasmic
membrane on its own, to reach the peptidoglycan layer. Our experiments show that gp5 is capable of
translocating through the inner membrane without a holin (Figure 10, filled circles). The gp53 domain
is likely to be responsible for this remarkable property as it can cross the plasma membrane on its
own [51].

4. Discussion

Previous functional analysis of T4 gene sp and 5 mutants [5,9] suggested that the Spackle protein
gp61.3 is a gp5-specific inhibitor [14]. All our experimental findings support this assertion. Using
purified proteins, we showed that gp61.3 and gp5Lys interact directly (Figures 2, 3 and 7) and the
stoichiometry of this complex is 1:1 (Figure 3). We also demonstrated that gp61.3 selectively inhibits WT
gp5, butnot TAL or the gp5ga2op mutant (Figure 4). Finally, our atomic-resolution crystal structure of the
gp61.3-gp5Lys complex clearly shows how gp61.3 interacts with gp5Lys and provides an explanation
as to why G322 is such a critical residue in gp5 (Figure 7). Any other side chain, even as small as that
of an alanine and certainly that of an aspartate found in the gp5g32op mutant, will create unfavorable
interactions at the gp61.3-gp5Lys interface (Figure 8c) and will interfere with complex formation.

We also examined whether the presence of gp61.3 in the periplasm influences the infection of
WT T4 and found no difference in the phage titer in the presence or absence of overexpressed gp61.3.
We also showed that gp5, but not T4L, translocates from the cytoplasm to the periplasm during
recombinant expression and causes cell lysis. Combining all our results with previous work on gene sp
and 5 mutants, we propose that the main function of the Spackle protein gp61.3 is to inhibit “free”
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copies of gp5 that are not incorporated into the virion during T4 particle assembly and thus can escape
into the periplasm.

Previous work showed that gp61.3 plays an important role in the inhibition of lysozyme activity
of gp5 proteins delivered into the periplasm during tail tube penetration by multiple phage particles
at various moments in time [8]. This role of gp61.3 is supported by the high conservation of the
gp61.3-gp5SLlys interface (Figure 9a,d,e). Cells infected with T4 and expressing gp61.3 can reduce the
infection efficiency of a great number of phages that carry gp5Lys domains to which gp61.3 can bind.

By combining the information about the structure, function and conformational changes of
T4L [52] with our new structural data on gp5Lys, we propose that the mechanism of gp5Lys activity
inhibition by gp61.3 involves two components: a steric hindrance to polymeric substrate binding and a
catalytic cycle lock.

The location of the substrate on the gp5Lys molecule can be derived from that of T4L by
superimposing the structure of the TAL mutant with a repeating unit of the peptidoglycan covalently
linked to its active site (PDB code 148L, [1]) onto gp5Lys (Figure 11a or Figure 10). Both T4L and
gp5Lys bind the sugar moiety of the peptidoglycan substrate inside a long cleft between their jaw-like
domains (Figure 7a). Both sides of this cleft are open to solution to accommodate the long polymeric
substrate. In the gp61.3-gp5Lys complex, gp61.3 forms a wall at one of the cleft’s exits (Figure 10),
which likely abolishes the endoglycosidase activity of gp5SLys or turns it into an exoglycosidase with
a much-reduced turnover rate of polymeric substrate (the peptidoglycan). This constitutes the first
component of the inhibition mechanism.

(a) gpSLys (b) (c)

...(NAM-NAG)...
I
L-Ala

I
D-Glu

Figure 11. Gp61.3 interferes with free access of the polysaccharide moiety of the peptidoglycan substrate
to the gp5Lys active site cleft. (a) and (b): two orthogonal views of the gp61.3-gp5Lys complex in the
molecular surface representation. One repeating unit of the peptidoglycan is shown as a ball-and-stick
model with C atoms in yellow, N in blue, and O in red. The active site residues of gp5 (Glu184, Aps193,
Thr199) are colored magenta. In panel (b), the front part of the model is removed (slabbed away) to
reveal the substrate-binding cleft. The yellow arrows indicate the directions in which the polysaccharide
moiety of the peptidoglycan extends away from the presented model. (c) The chemical structure of
the repeating unit of the peptidoglycan, the substrate of gp5. The continuation of the sugar moiety is
shown with ellipses. NAM, NAG and DAP stand for N-acetylmuramic acid, N-acetylglucosamine and
meso-diaminopimelic acid, respectively.

To understand the second component of the inhibition mechanism, several conformations of
gp5Lys and T4L must be compared. The T4L mutant with the covalently linked fragment of the
peptidoglycan (PDB code 148L [1]) can be superimposed onto gp5Lys in the gp5 trimer (PDB code
1K28 [13]) and onto the gp61.3-bound gp5Lys with RMSDs of 1.07 A and 1.47 A, respectively, with 96%
of all Cx participating in the alignment. Substrate-free WT T4L (PDB code 2LZM, [53]) shows a similar
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trend and superimposes onto gp5Lys in the gp5 trimer and onto gp61.3-bound gp5Lys with RMSDs of
1.05 A and 1.18 A, respectively. Thus, the conformation of gp5Lys in the gp5 trimer is closer to the free
and substrate-bound conformations of T4L rather than its conformation in the gp61.3-gp5Lys complex.
T4L is known to move its two jaw-like domains during the catalytic cycle [54,55], and gp5Lys, having a
nearly identical structure, is also likely to “gnaw” on its substrate by moving its “jaws” in a similar
manner. The binding of gp61.3, however, likely puts a break on this motion and locks gp5Lys in an
open jaw conformation (Figure 7c,d, Video S1). Therefore, gp61.3 inhibits gp5Lys allosterically by
stabilizing one conformation in the gp5Lys catalytic cycle, thus breaking it.

It is interesting to note that the lysozyme activity of gp5 in its trimeric form is 10-fold lower than
that of monomeric gp5* [56]. The inhibition is due to the presence of gp5C, which trimerizes the
gp5*-gp5C complex (Figure 1). Gp5C is required for membrane piercing but its role in the penetration
of the peptidoglycan remains uncertain. Gp5C interacts with gp5Lys in several places including a
surface patch that overlaps with the gp61.3 binding site (Figure 8a,d). Thus, gp61.3 cannot bind
to gp5Lys when gp5C is present and gp5 is in its trimeric form. Dissociation of gp5C on the one
hand activates gp5Lys, but on the other hand it frees the binding interface for gp61.3, which would
immediately inhibit it. This complex interplay of events requires additional studies.

We would like to conclude that allosteric inhibition of gp5Lys by gp61.3 in which no part of
gp61.3 directly interacts with the substrate binding cleft appears to constitute a novel mechanism.
All previously characterized transglucosylase inhibitors (PliG, Ivy, MIiC, Tgi2) [57-60] interact with the
substrate binding pocket directly. The significance of this novel inhibition mechanism for the function
of gp61.3 and gp5 remains to be understood.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/10/1070/s1:
A Supplementary Information file containing Supplementary Figures S1-53 with the associated figure legends
and the Supplementary Video S1 with the associated caption. Figure S1. Expression of gp61.3 is visualized
on a 17% SDS-PAGE. Figure S2. T4L does not form a complex with gp61.3. Figure S3. Analysis of gp61.3-gp5
complex formation in the presence of various additives. Video S1. A comparison of the gp5 lysozyme domain
conformations in the gp5 trimer and in complex with gp61.3.

Note Added during the Proofreading: The crystal structure of gp61.3 determined by another group [47] has been
released by the PDB (PDB ID: 6X60) just before this manuscript was accepted for publication. In that crystal
structure, the distance between the sulfur atoms of Cys29 and Cys81 residues is about 2.07 A, which indicates
that these atoms are connected by a disulfide bond. The longer S-S atom distance in our gp61.3 crystal structure
(Section 3.4) is likely due to the radiation damage caused by the X-ray beam during data collection. Consequently,
in our gp61.3 sample, Cys29 and Cys81 were also linked by a disulfide bond prior to X-ray exposure.

Author Contributions: Conceptualization, S.K. and FA.; methodology, S.K., PG.L. and A.E; validation, S.K.
and P.G.L.; formal analysis and investigation, S.K.,, M.N., K.U., EA,, A.F. and P.G.L.; resources, S.K., FA. and PG.L,;
data curation, S.K. and P.G.L.; writing—original draft preparation, S.K., A.F. and P.G.L.; writing—review and
editing, S.K., PG.L. and F.A ; visualization, S.K. and P.G.L.; supervision, S.K.; project administration, 5.K.; funding
acquisition, S.K. and P.G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI grant to S.K. (grant numbers JP23121538, JP18K05314 and
JP18HO05421). This work was also supported by the JSPS International Training Program (ITP) to S.K. and K.U.
and by the EPFL running costs grant to P.G.L. (grant number 577-1) as well as by the UTMB Department of
Biochemistry and Molecular Biology.

Acknowledgments: The plasmid which harbors the gene 61.3 is a kind gift from Tetsuro Yonesaki, Osaka
University Japan. The authors thank the Biomaterials Analysis Division, Tokyo Institute of Technology for
DNA sequencing analysis. We are grateful to Ryland Young for his brilliant editing of the introduction section
of this manuscript. We thank the beamline staff of the Swiss Light Source and the ESRF for help with data
collection. The authors acknowledge the Texas Advanced Computing Center (TACC) at The University of Texas at
Austin for providing HPC resources that have contributed to the research results reported in this paper. URL:
http://www.tacc.utexas.edu.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.


http://www.mdpi.com/1999-4915/12/10/1070/s1
http://www.tacc.utexas.edu

Viruses 2020, 12, 1070 19 of 21

References

1. Kuroki, R.; Weaver, L.H.; Matthews, B.W. A covalent enzyme-substrate intermediate with saccharide
distortion in a mutant T4 lysozyme. Science 1993, 262, 2030-2033. [CrossRef] [PubMed]

2. Mukali, F; Streisinger, G.; Miller, B. Mechanism of lysis in phage T4-infected cells. Virology 1967, 33, 398-404.
[CrossRef]

3. Emirich, J. Lysis of T4-infected bacteria in absence of lysozyme. Virology 1968, 35, 158-165. [CrossRef]

4. Kao, S.H.; McClain, W.H. Baseplate protein of bacteriophage-T4 with both structural and lytic functions.
J. Virol. 1980, 34, 95-103. [CrossRef] [PubMed]

5. Kao, S.H.; McClain, W.H. Roles of bacteriophage-T4 gene-5 and gene-s products in cell-lysis. ]. Virol. 1980,
34, 104-107. [CrossRef] [PubMed]

6. Nakagawa, H.; Arisaka, F,; Ishii, S.I. Isolation and characterization of the bacteriophage-T4 tail-associated
lysozyme. J. Virol. 1985, 54, 460-466. [CrossRef] [PubMed]

7.  Takeda, S.; Hoshida, K.; Arisaka, F. Mapping of functional sites on the primary structure of the tail lysozyme
of bacteriophage T4 by mutational analysis. Biochim. Biophys. Acta-Protein Struct. Mol. Enzymol. 1998, 1384,
243-252. [CrossRef]

8. Abedon, S.T. Lysis and the interaction between free phages and infected cells. In The Molecular Biology of
Bacteriophage T4; Karam, ].D., Kutter, E., Carlson, K., Guttman, B., Eds.; ASM Press: Washington, DC, USA,
1994; pp. 397-405.

9.  Abedon, S.T. Bacteriophage T4 resistance to lysis-inhibition collapse. Genet. Res. 1999, 74, 1-11. [CrossRef]
[PubMed]

10. Abedon, S.T. Look Who's Talking: T-Even Phage Lysis Inhibition, the Granddaddy of Virus-Virus Intercellular
Communication Research. Viruses 2019, 11, 951. [CrossRef]

11. Okamoto, K.; Yutsudo, M. Participation of the s gene product of phage T4 in the establishment of resistance
to T4 ghosts. Virology 1974, 58, 369-376. [CrossRef]

12.  Kanamaru, S.; Gassner, N.C.; Ye, N.Z.; Takeda, S.; Arisaka, F. The C-terminal fragment of the precursor tail
lysozyme of bacteriophage T4 stays as a structural component of the baseplate after cleavage. J. Bacteriol.
1999, 181, 2739-2744. [CrossRef] [PubMed]

13. Kanamaru, S.; Leiman, P.G.; Kostyuchenko, V.A.; Chipman, P.R.; Mesyanzhinov, V.V,; Arisaka, E;
Rossmann, M.G. Structure of the cell-puncturing device of bacteriophage T4. Nature 2002, 415, 553-557.
[CrossRef] [PubMed]

14. Kai, T.; Ueno, H.; Otsuka, Y.; Morimoto, W.; Yonesaki, T. Gene 61.3 of bacteriophage t4 is the spackle gene.
Virology 1999, 260, 254-259. [CrossRef] [PubMed]

15. Buth, S.A.; Shneider, M.M.; Scholl, D.; Leiman, P.G. Structure and Analysis of R1 and R2 Pyocin
Receptor-Binding Fibers. Viruses 2018, 10, 427. [CrossRef]

16.  Sheldrick, G.M. A short history of SHELX. Acta Cryst. Sect. A 2008, 64, 112-122.

17.  Otwinowski, Z.; Minor, W. Processing of X-ray diffraction data collected in oscillation mode. Methods Enzym.
1997, 276, 307-326.

18. Cowtan, K. Recent developments in classical density modification. Acta Crystallogr. Sect. D-Biol. Crystallogr.
2010, 66, 470-478. [CrossRef]

19. Langer, G.; Cohen, S.X.; Lamzin, V.S.; Perrakis, A. Automated macromolecular model building for X-ray
crystallography using ARP/wARP version 7. Nat. Protoc. 2008, 3, 1171-1179. [CrossRef]

20. Emsley, P; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. Sect.
D-Biol. Crystallogr. 2010, 66, 486-501.

21. Murshudov, G.N,; Skubak, P.; Lebedev, A.A.; Pannu, N.S,; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, E;
Vagin, A.A. REFMACS for the refinement of macromolecular crystal structures. Acta Crystallogr. Sect.
D-Struct. Biol. 2011, 67, 355-367. [CrossRef]

22. Liebschner, D.; Afonine, P.V.; Baker, M.L.; Bunkoczi, G.; Chen, V.B.; Croll, T.I; Hintze, B.; Hung, L.W.; Jain, S.;
McCoy, AJ.; et al. Macromolecular structure determination using X-rays, neutrons and electrons: Recent
developments in Phenix. Acta Crystallogr. Sect. D-Struct. Biol. 2019, 75, 861-877. [CrossRef] [PubMed]

23. Battye, T.G.G.; Kontogiannis, L.; Johnson, O.; Powell, H.R.; Leslie, A.G.W. iMOSFLM: A new graphical

interface for diffraction-image processing with MOSFLM. Acta Crystallogr. Sect. D-Biol. Crystallogr. 2011, 67,
271-281. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.8266098
http://www.ncbi.nlm.nih.gov/pubmed/8266098
http://dx.doi.org/10.1016/0042-6822(67)90115-8
http://dx.doi.org/10.1016/0042-6822(68)90315-2
http://dx.doi.org/10.1128/JVI.34.1.95-103.1980
http://www.ncbi.nlm.nih.gov/pubmed/6990017
http://dx.doi.org/10.1128/JVI.34.1.104-107.1980
http://www.ncbi.nlm.nih.gov/pubmed/6990015
http://dx.doi.org/10.1128/JVI.54.2.460-466.1985
http://www.ncbi.nlm.nih.gov/pubmed/3157805
http://dx.doi.org/10.1016/S0167-4838(98)00016-8
http://dx.doi.org/10.1017/S0016672399003833
http://www.ncbi.nlm.nih.gov/pubmed/10505404
http://dx.doi.org/10.3390/v11100951
http://dx.doi.org/10.1016/0042-6822(74)90072-5
http://dx.doi.org/10.1128/JB.181.9.2739-2744.1999
http://www.ncbi.nlm.nih.gov/pubmed/10217762
http://dx.doi.org/10.1038/415553a
http://www.ncbi.nlm.nih.gov/pubmed/11823865
http://dx.doi.org/10.1006/viro.1999.9829
http://www.ncbi.nlm.nih.gov/pubmed/10417260
http://dx.doi.org/10.3390/v10080427
http://dx.doi.org/10.1107/S090744490903947X
http://dx.doi.org/10.1038/nprot.2008.91
http://dx.doi.org/10.1107/S0907444911001314
http://dx.doi.org/10.1107/S2059798319011471
http://www.ncbi.nlm.nih.gov/pubmed/31588918
http://dx.doi.org/10.1107/S0907444910048675
http://www.ncbi.nlm.nih.gov/pubmed/21460445

Viruses 2020, 12, 1070 20 of 21

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Evans, P. Scaling and assessment of data quality. Acta Crystallogr. Sect. D-Struct. Biol. 2006, 62, 72-82.
[CrossRef] [PubMed]

McCoy, A.].; Grosse-Kunstleve, RW.; Adams, P.D.; Winn, M.D.; Storoni, L.C.; Read, R.J. Phaser
crystallographic software. J. Appl. Crystallogr. 2007, 40, 658-674. [CrossRef] [PubMed]

Brown, P.H.; Schuck, P. Macromolecular size-and-shape distributions by sedimentation velocity analytical
ultracentrifugation. Biophys. . 2006, 90, 4651-4661. [CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. Model 1996, 14,
33-38. [CrossRef]

Phillips, J.C.; Hardy, D.J.; Maia, ].D.C.; Stone, ].E.; Ribeiro, J.V.; Bernardi, R.C.; Buch, R.; Fiorin, G.; Henin, J.;
Jiang, W.; et al. Scalable molecular dynamics on CPU and GPU architectures with NAMD. J. Chem. Phys.
2020, 153, 044130. [CrossRef]

Loncharich, R.J.; Brooks, B.R.; Pastor, R.W. Langevin Dynamics of Peptides—The Frictional Dependence of
Isomerization Rates of N-Acetylalanyl-N’-Methylamide. Biopolymers 1992, 32, 523-535. [CrossRef]
Martyna, G.J.; Tobias, D.J.; Klein, M.L. Constant-Pressure Molecular-Dynamics Algorithms. J. Chem. Phys.
1994, 101, 4177-4189. [CrossRef]

Feller, S.E.; Zhang, Y.H.; Pastor, R.W.; Brooks, B.R. Constant-Pressure Molecular-Dynamics Simulation—The
Langevin Piston Method. J. Chem. Phys. 1995, 103, 4613—-4621. [CrossRef]

Lu, H.; Schulten, K. Steered molecular dynamics simulations of force-induced protein domain unfolding.
Proteins 1999, 35, 453-463. [CrossRef]

Darve, E.; Rodriguez-Gomez, D.; Pohorille, A. Adaptive biasing force method for scalar and vector free
energy calculations. J. Chem. Phys. 2008, 128, 144120. [CrossRef] [PubMed]

Henin, J.; Fiorin, G.; Chipot, C.; Klein, M.L. Exploring Multidimensional Free Energy Landscapes Using
Time-Dependent Biases on Collective Variables. J. Chem. Theory Comput. 2010, 6, 35-47. [CrossRef] [PubMed]
Best, R.B.; Zhu, X.; Shim, J.; Lopes, PE.M.; Mittal, ].; Feig, M.; MacKerell, A.D. Optimization of the Additive
CHARMM All-Atom Protein Force Field Targeting Improved Sampling of the Backbone phi, psi and
Side-Chain chi(1) and chi(2) Dihedral Angles. J. Chem. Theory Comput. 2012, 8, 3257-3273. [CrossRef]
Pettersen, E.F; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E.
UCSF chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25,
1605-1612. [CrossRef]

Larkin, M.A.; Blackshields, G.; Brown, N.P,; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F;
Wallace, LM.; Wilm, A.; Lopez, R; et al. Clustal W and clustal X version 2.0. Bioinformatics 2007, 23, 2947-2948.
[CrossRef]

Moussa, S.H.; Kuznetsov, V,; Tran, T.A.T.; Sacchettini, ].C.; Young, R. Protein determinants of phage T4 lysis
inhibition. Protein Sci. 2012, 21, 571-582. [CrossRef]

Lall, S.D.; Eriho, B.E.; Jay, ]. M. Comparison for four methods for extracting periplasmic proteins. J. Microbiol.
Methods 1989, 9, 195-199. [CrossRef]

Malherbe, G.; Humphreys, D.P;; Dave, E. A robust fractionation method for protein subcellular localization
studies in Escherichia coli. Biotechniques 2019, 66, 171-178. [CrossRef]

Holm, L.; Rosenstrom, P. Dali server: Conservation mapping in 3D. Nucleic Acids Res. 2010, 38, W545-W549.
[CrossRef]

Cranford-Smith, T.; Huber, D. The way is the goal: How SecA transports proteins across the cytoplasmic
membrane in bacteria. Fems Microbiol. Lett. 2018, 365, fny093. [CrossRef] [PubMed]

Ortega, A.; Amoros, D.; Garcia de la Torre, J. Prediction of hydrodynamic and other solution properties of
rigid proteins from atomic- and residue-level models. Biophys. . 2011, 101, 892-898. [CrossRef]

Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state. ]. Mol. Biol. 2007,
372,774-797. [CrossRef] [PubMed]

Comer, J.; Gumbart, J.C.; Henin, J.; Lelievre, T.; Pohorille, A.; Chipot, C. The Adaptive Biasing Force Method:
Everything You Always Wanted To Know but Were Afraid To Ask. . Phys. Chem. B 2015, 119, 1129-1151.
[CrossRef] [PubMed]

Moon, C.P;; Zaccai, N.R.; Fleming, PJ.; Gessmann, D.; Fleming, K.G. Membrane protein thermodynamic
stability may serve as the energy sink for sorting in the periplasm. Proc. Natl. Acad. Sci. USA 2013, 110,
4285-4290. [CrossRef] [PubMed]


http://dx.doi.org/10.1107/S0907444905036693
http://www.ncbi.nlm.nih.gov/pubmed/16369096
http://dx.doi.org/10.1107/S0021889807021206
http://www.ncbi.nlm.nih.gov/pubmed/19461840
http://dx.doi.org/10.1529/biophysj.106.081372
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1063/5.0014475
http://dx.doi.org/10.1002/bip.360320508
http://dx.doi.org/10.1063/1.467468
http://dx.doi.org/10.1063/1.470648
http://dx.doi.org/10.1002/(SICI)1097-0134(19990601)35:4&lt;453::AID-PROT9&gt;3.0.CO;2-M
http://dx.doi.org/10.1063/1.2829861
http://www.ncbi.nlm.nih.gov/pubmed/18412436
http://dx.doi.org/10.1021/ct9004432
http://www.ncbi.nlm.nih.gov/pubmed/26614317
http://dx.doi.org/10.1021/ct300400x
http://dx.doi.org/10.1002/jcc.20084
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1002/pro.2042
http://dx.doi.org/10.1016/0167-7012(89)90036-5
http://dx.doi.org/10.2144/btn-2018-0135
http://dx.doi.org/10.1093/nar/gkq366
http://dx.doi.org/10.1093/femsle/fny093
http://www.ncbi.nlm.nih.gov/pubmed/29790985
http://dx.doi.org/10.1016/j.bpj.2011.06.046
http://dx.doi.org/10.1016/j.jmb.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17681537
http://dx.doi.org/10.1021/jp506633n
http://www.ncbi.nlm.nih.gov/pubmed/25247823
http://dx.doi.org/10.1073/pnas.1212527110
http://www.ncbi.nlm.nih.gov/pubmed/23440211

Viruses 2020, 12, 1070 21 of 21

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Shi, K.; Kurniawan, F,; Banerjee, S.; Moeller, N.H.; Aihara, H. Crystal structure of bacteriophage T4 Spackle
as determined by native SAD phasing. Acta Crystallogr. Sect. D Struct. Biol. 2020, 76, 899-904. [CrossRef]
[PubMed]

Kikuchi, Y.; King, J. Genetic control of bacteriophage T4 baseplate morphogenesis: III. Formation of the
central plug and overall assembly pathway. J. Mol. Biol. 1975, 99, 695-716. [CrossRef]

Baker, N.A,; Sept, D.; Joseph, S.; Holst, M.].; Mccammon, J.A. Electrostatics of nanosystems: Application to
microtubules and the ribosome. Proc. Natl. Acad. Sci. USA 2001, 98, 10037-10041. [CrossRef] [PubMed]
Ramanculov, E.; Young, R. Genetic analysis of the T4 holin: Timing and topology. Gene 2001, 265, 25-36.
[CrossRef]

Sanghamitra, N.J.M.; Inaba, H.; Arisaka, F; Wang, D.O.; Kanamaru, S.; Kitagawa, S.; Ueno, T. Plasma
membrane translocation of a protein needle based on a triple-stranded beta-helix motif. Mol. Biosyst. 2014,
10, 2677-2683. [CrossRef] [PubMed]

Baase, W.A ; Liu, L.; Tronrud, D.E.; Matthews, B.W. Lessons from the lysozyme of phage T4. Protein Sci.
2010, 19, 631-641. [CrossRef] [PubMed]

Weaver, L.H.; Matthews, B.W. Structure of bacteriophage T4 lysozyme refined at 1.7 A resolution. J. Mol.
Biol. 1987, 193, 189-199. [CrossRef]

Yirdaw, R.B.; McHaourab, H.S. Direct Observation of T4 Lysozyme Hinge-Bending Motion by Fluorescence
Correlation Spectroscopy. Biophys. . 2012, 103, 1525-1536. [CrossRef] [PubMed]

Zhang, X.].; Wozniak, J.A.; Matthews, B.W. Protein flexibility and adaptability seen in 25 crystal forms of T4
lysozyme. J. Mol. Biol. 1995, 250, 527-552. [CrossRef] [PubMed]

Kanamaru, S.; Ishiwata, Y.; Suzuki, T.; Rossmann, M.G.; Arisaka, E Control of bacteriophage T4 tall lysozyme
activity during the infection process. J. Mol. Biol. 2005, 346, 1013-1020. [CrossRef]

Callewaert, L.; Aertsen, A.; Deckers, D.; Vanoirbeek, K.G.A.; Vanderkelen, L.; Van Herreweghe, ].M.;
Masschalck, B.; Nakimbugwe, D.; Robben, J.; Michiels, C.W. A new family of lysozyme inhibitors contributing
to lysozyme tolerance in gram-negative bacteria. PLoS Pathog. 2008, 4, e1000019. [CrossRef]

Leysen, S.; Vanderkelen, L.; Van Asten, K.; Vanheuverzwijn, S.; Theuwis, V.; Michiels, C.W.; Strelkov, S.V.
Structural characterization of the PliG lysozyme inhibitor family. . Struct. Biol. 2012, 180, 235-242. [CrossRef]
Whitney, J.C.; Chou, S.; Russell, A.B.; Biboy, J.; Gardiner, T.E.; Ferrin, M.A.; Brittnacher, M.; Vollmer, W.;
Mougous, ]J.D. Identification, Structure, and Function of a Novel Type VI Secretion Peptidoglycan Glycoside
Hydrolase Effector-Immunity Pair. J. Biol. Chem. 2013, 288, 26616-26624. [CrossRef]

Yum, S.; Kim, M.]; Xu, Y,; Jin, X.L.; Yoo, H.Y,; Park, ] W.; Gong, ].H.; Choe, KM.; Lee, B.L.; Ha, N.C. Structural
basis for the recognition of lysozyme by MIiC, a periplasmic lysozyme inhibitor in Gram-negative bacteria.
Biochem. Biophys. Res. Commun. 2009, 378, 244-248. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1107/S2059798320010979
http://www.ncbi.nlm.nih.gov/pubmed/32876065
http://dx.doi.org/10.1016/S0022-2836(75)80180-X
http://dx.doi.org/10.1073/pnas.181342398
http://www.ncbi.nlm.nih.gov/pubmed/11517324
http://dx.doi.org/10.1016/S0378-1119(01)00365-1
http://dx.doi.org/10.1039/C4MB00293H
http://www.ncbi.nlm.nih.gov/pubmed/25082560
http://dx.doi.org/10.1002/pro.344
http://www.ncbi.nlm.nih.gov/pubmed/20095051
http://dx.doi.org/10.1016/0022-2836(87)90636-X
http://dx.doi.org/10.1016/j.bpj.2012.07.053
http://www.ncbi.nlm.nih.gov/pubmed/23062345
http://dx.doi.org/10.1006/jmbi.1995.0396
http://www.ncbi.nlm.nih.gov/pubmed/7616572
http://dx.doi.org/10.1016/j.jmb.2004.12.042
http://dx.doi.org/10.1371/journal.ppat.1000019
http://dx.doi.org/10.1016/j.jsb.2012.05.006
http://dx.doi.org/10.1074/jbc.M113.488320
http://dx.doi.org/10.1016/j.bbrc.2008.11.039
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Construction of Expression Vectors 
	Protein Expression 
	Purification of Gp61.3 
	Purification of Gp5* 
	Purification of Gp51-372 and Gp5G322D1-372 
	Purification of T4L 
	Purification of Gp61.3-Gp5Lys Complex 
	Crystallization and Data Collection 
	Structure Determination 
	Lysozyme Halo Assay 
	Analytical Ultracentrifugation 
	Cell Lysis Assay 
	Molecular Dynamics 
	Sequence Alignments and Molecular Graphics Generation 

	Results 
	Gp61.3 is Translocated into the Periplasm and Its Signal Sequence Is Cleaved 
	Gp61.3 Forms a 1:1 Complex with Gp5* 
	Gp61.3 Inhibits Lysozyme Activity of Gp5 but Does Not Affect the Activity of T4L In Vitro 
	The Crystal Structure of Gp61.3 Shows That It Has a Novel Fold 
	The Crystal Structure of the Gp61.3–Gp5Lys Complex 
	The Critical Location of G322D Mutation in Gp5Lys 
	Gp5 Can Penetrate the E. coli Inner Membrane from the Inside on Its Own 

	Discussion 
	References

