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ABSTRACT: Bacteriophages have evolved with an efficient host
cell lysis mechanism to terminate the infection cycle and release
the new progeny virions at the optimum time, allowing adaptation
with the changing host and environment. Among the lytic proteins,
holin controls the first and rate-limiting step of host cell lysis by
permeabilizing the inner membrane at an allele-specific time
known as “holin triggering”. Pinholin S*' is a prototype holin of
phage ®21 which makes many nanoscale holes and destroys the
proton motive force, which in turn activates the signal anchor
release (SAR) endolysin system to degrade the peptidoglycan layer
of the host cell and destruction of the outer membrane by the
spanin complex. Like many others, phage ®21 has two holin
proteins: active pinholin and antipinholin. The antipinholin form
differs only by three extra amino acids at the N-terminus; however, it has a different structural topology and conformation with
respect to the membrane. Predefined combinations of active pinholin and antipinholin fine-tune the lysis timing through structural
dynamics and conformational changes. Previously, the dynamics and topology of active pinholin and antipinholin were investigated
(Ahammad et al. JPCB 2019, 2020) using continuous wave electron paramagnetic resonance (CW-EPR) spectroscopy. However,
detailed structural studies and direct comparison of these two forms of pinholin S*! are absent in the literature. In this study, the
structural topology and conformations of active pinholin (5*'68) and inactive antipinholin ($*'68s) in DMPC (1,2-dimyristoyl-sn-
glycero-3-phosphocholine) proteoliposomes were investigated using the four-pulse double electron—electron resonance (DEER)
EPR spectroscopic technique to measure distances between transmembrane domains 1 and 2 (TMD1 and TMD2). Five sets of
interlabel distances were measured via DEER spectroscopy for both the active and inactive forms of pinholin S*!. Structural models
of the active pinholin and inactive antipinholin forms in DMPC proteoliposomes were obtained using the experimental DEER
distances coupled with the simulated annealing software package Xplor-NIH. TMD2 of S*'68 remains in the lipid bilayer, and
TMDI1 is partially externalized from the bilayer with some residues located on the surface. However, both TMDs remain
incorporated in the lipid bilayer for the inactive $*'68 s form. This study demonstrates, for the first time, clear structural topology
and conformational differences between the two forms of pinholin S*'. This work will pave the way for further studies of other holin
systems using the DEER spectroscopic technique and will give structural insight into these biological clocks in molecular detail.

H INTRODUCTION optimum time. At least three proteins, the holin, endolysin,
and spanin, are needed to lyse the Gram-negative bacterial
cells."”~"® Spanins degrade the outer membrane, whereas
endolysin is the key component of this lysis machinery, which
degrades the peptidoglycan layer within a few seconds of
reaching the target site."*'>'” However, holin is the molecular
clock responsible for the precise timing of host cell

Phage therapy has been revived in the current era of
antimicrobial resistance to combat multidrug-resistant bac-
teria.'~® Phages and their bacteriolytic gene cassettes can serve
as effective biocontrol agents for food safety and preserva-
tion.”~” The holin—endolysin system at the center of these
bacteriolytic gene cassettes has potential therapeutic and

pathophysiological application in higher animals.'~>"*~"" It is

a prerequisite to understand the bacteriophage life cycle and its Received: October 6, 2020
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infection cycle in response to the changing environment and i,
host.'* Most large, dsDNA bacteriophages evolved with an

efficient host lysis system instrumental to lyse host cells at an
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lysis.">*°~** Holin triggers at an allele-specific time and
concentration to make micron-scale holes.”"**~*’ These holes
are large enough to allow the fully folded functional endolysin
to cross the inner membrane to reach the peptidoglycan
layer.'**® More recently, a prototype holin system was
discovered in some phages, which makes smaller holes
comparable to the canonical holin, and denoted as
pinholin.*"** Pinholins are coupled with the signal anchor
release (SAR) endolysin system which maintains a membrane-
tethered inactive conformation during the vegetative phase of
the phage infection cycle.’’ Like canonical holin, pinholin
triggers at an allele-specific time and concentration to
permeabilize the cytoplasmic membrane. However, in contrast
to the canonical holin, pinholin makes a large number of
nanoscale holes and destroys the proton motive force which
accelerates the release and activation of SAR endolysin to
degrade the peptidoglycan layer.”"*’

Pinholin $*' is a class-II holin, encoded by the S*! gene of
phage ®21.'%°* §*! is a dual-start motif gene; it encodes two
holin proteins, a lysis effector (pinholin S*'68) and lysis
inhibitor (antipinholin $*'71).** Both of these proteins have
two transmembrane domains (TMDs), which initially remain
incorporated in the bacterial inner cytoplasmic membrane
(ICM) and accumulate harmlessly as inactive dimers.”””
However, TMD1 of S$*'68 externalizes very quickly from the
ICM, which is the prerequisite for the active dimer and its
subsequent oligomerization for pinhole formation. Conversely,
TMDL1 of S$*!71 externalizes slowly, which in turn delays the
initial oligomerization and pinhole formation.” A proper
combination of active pinholin and antipinholin gives precise
timing of host cell lysis.*®

The functional difference between pinholin and antipinholin
has been attributed to the presence of an extra positively
charged amino acid in §2171.%** However, after the initial
delay of externalization, TMD1 of S*'71 is exported to the
periplasm and achieves a similar topology to S*'68, which
makes it inconvenient for the topological study of antipinholin
using conventional spectroscopic techniques. Instead of $*'71,
Young’s group reported a structural analogue of antipinholin
by adding five extra amino acids (RYIRS) after the Met at the
N terminal of active pinholin, referred to as $*'68zs.” " This
“RYIRS” tag prevents the externalization of TMDI from the
lipid bilayer and is reported as a dominant inhibitor of
pinholin, which makes it a more feasible structural analogue of
antipinholin $*' for the structural dynamics and topological
study using biophysical techniques.”””>*’

It is well accepted that a protein’s stability and functions are
dictated by its structural topology and dynamic proper-
ties.>®*™** Hence, it is vital to know the structural details and
topological differences between pinholin and antipinholin to
understand the structure—activity relationship of this molec-
ular clock mechanism. Pinholin systems were extensively
studied by the Youn§ lab using biomolecular and functional
techniques.”*>**~>7* However, the structural dynamics,
topology, and conformational changes of pinholin have not
been extensively investigated using biophysical techniques.
There are no detailed structural studies of this system using
conventional biophysical techniques such as X-ray crystallog-
raphy, Cryo-EM, and NMR spectroscopy because of the fact
that the study of membrane proteins in the presence of lipid
vesicles is challenging using these techniques.**™* CD
experiments have indicated that both forms of pinholin are
mostly a-helical.** ™ Electron paramagnetic resonance (EPR)

spectroscopy is a powerful biophysical technique to study the
membrane protein structure and dynamics in lipid environ-
ments with high sensitivity and without any size limita-
tions.”'~®" Recently, the Lorigan lab reported a tentative
model of pinholin S*' using CW-EPR power saturation and
solid-state (SS)-NMR spectroscopic techniques.*®**®* It was
reported that TMD1 and TMD?2 of inactive antipinholin were
incorporated into the lipid bilayer.”” However, TMDI1 was
externalized from the lipid bilayer and remained on the surface
of the lipid bilayer for active pinholin."® However, higher
quality structural data are needed to clearly describe the
conformation and topology of the different forms of
pinholin, 33484962

To investigate the membrane topology and structural
conformational differences of pinholin (S*'68) and antipinho-
lin (S*'681zs) in a lipid bilayer, four-pulse double electron—
electron resonance (DEER) spectroscopy was used, which can
probe the distance between two EPR spin labels strategically
placed in TMDI1 and TMD2. DEER spectroscopy coupled
with site-directed spin labeling (SDSL) is a powerful
biophysical tool for long-range distance (20—70 A) measure-
ments in biomolecules.’~®® For this study, full-length
pinholin and antipinholin were synthesized using Fmoc solid-
phase peptide synthesis (Fmoc-SPPS). A nitroxide spin label,
MTSL (S-(1-0xyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-
yl) methyl ethanesulfonothioate), was attached bZ SDSL to
make an EPR active pinholin $*! construct."”* DEER
measurements were carried out on several dual spin-labeled
active pinholin (5?!68) and antipinholin (S?!68zs) proteins in
a lipid bilayer. Using these distance restraints, the structural
topology and conformational dynamics of S*'68 and S*'68xs
were refined using the simulated annealing software package
Xplor-NIH. The results reveal distinct topological and
conformational differences between active and inactive
pinholin S?!. The data and the corresponding model clearly
indicate that TMD2 of $*'68 remains incorporated in the lipid
bilayer, while TMD1 lies on or near the surface of the lipid
bilayer. However, the inactive form of antipinholin (S*'68rs)
adopts a different conformation in which the TMDs have an
approximately parallel alignment between TMD1 and TMD2,
and both helices remain incorporated into the lipid bilayer.
The data agree well with previous CW-EPR power saturation
studies.”>*

B EXPERIMENTAL METHODS

Peptide Synthesis, Purification, and Spin Labeling.
All peptides were synthesized on an automated CEM Liberty
Blue peptide synthesizer equipped with the Discovery Bio
microwave system via optimized Fmoc-SPPS reported in
previous studies.”* ™" After successful synthesis, the cleavage
reaction ran for at least 3 h under optimized cocktail
conditions to remove the resin and protecting groups from
the peptide chain, followed by filtration, N, (g) evaporation,
ether precipitation, and lyophilization.**™>*"®"" The crude
peptide was first purified by reverse-phase high-performance
liquid chromatography (RP-HPLC) using a GE HPLC system
coupled with a C4 (10 pm) preparative column (Vydac
214TP, 250 X 22 mm), as described previously."® The purified
peptide was further purified using a C4 semipreparative
column (Vydac 214TP, 250 X 10 mm). The lyophilized pure
peptide was dissolved in dimethyl sulfoxide with a 10-fold
excess of MTSL (1:5 M ratio for each spin label site) and
stirred for 24 h in a dark environment to obtain the double
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spin-labeled peptide. The spin-labeled peptide was purified
again with a C4 semipreparative column to remove free MTSL.
After each purification, the purity of the target peptide was
confirmed by MALDI-TOF MS. Spin labeling efficiency was
calculated ~90—95% using CW-EPR spectroscopy.”’

Peptide Incorporation into Proteoliposomes. For the
DEER measurements, each spin-labeled pinholin or anti-
pinholin peptide was incorporated into DMPC (1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine) proteoliposomes following
the thin film method, as described previously.*> A 20 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer in D,0 (pH ~ 7.0) was used to rehydrate the thin film.
D,O was used instead of H,O to improve the phase time
memory of the EPR sample. The final concentrations of lipid
and peptide were 50 mM and 50 uM, respectively, in the
proteoliposome sample to get a 1000:1 lipid/peptide ratio
unless specified. This ratio was chosen to minimize the effect
of intermolecular interactions of pinholin, which has been
shown to oligomerize in the penultimate step of the lysis
mechanism.”>"> A 30% (v/v) glycerol solution was added to
each DEER sample as a cryoprotectant. Homogeneity and the
size of the proteoliposomes samples were confirmed by using
dynamic light scattering spectroscopy (ZETASIZER NANO
Series; Malvern Instruments) at 25 °C in a disposable 40 uL
microcuvette, and the average size (diameter) of the
proteoliposome was ~200 nm.*

EPR Spectroscopic Measurements. All EPR experiments
were conducted at the Ohio Advance EPR Laboratory of
Miami University. All DEER samples were initially scanned
with CW-EPR spectroscopy using an X-band (~9.34 GHz)
Bruker EMX spectrometer equipped with an ER041xG
microwave bridge and ER4119-HS cavity to confirm the
quality of the samples. Experimental setups for CW-EPR
spectroscopy were described previously.*® The four-pulsed
DEER experiments were conducted using a Bruker ELEXSYS
ES80 spectrometer with a SUPERQ-FT pulse Q-band system.
The system first used a 10 W amplifier, but then was upgraded
to a more powerful 300 W amplifier, with an EN5107D2
resonator. Approximately 70 L of the sample was loaded into
3 mm quartz EPR tubes and flash frozen with liquid nitrogen
just before loading into the resonator cavity. Experimental data
were collected with 16-step phase cycling at a temperature of
80 K. An optimized four-pulsed sequence [(7/2),, — 7, —
(M =t = (@), — (1 + 7, = t) = (1), — 7, — echo] was
used for a dead time-free DEER experimental data
collection.”””> The probe pulse width was 8/16 ns, and the
pump (7),, pulse width was 24 ns. A 120 MHz frequency
difference was used between the pump and probe pulses. In the
upgraded instrumental setup, the pump (7),, pulse was a 70 ns
frequency-swept chirp pulse spanning 85 MHz. The shot
repetition time was 1000 ps with 100 shots/point. Data
acquisition time was 2—3 ps, depending on the sample’s phase
memory time (T,) and S/N ratio. Data acquisition was done
overnight for signal averaging. DEER data analysis was
conducted using the MATLAB DEER Analysis 2015
Program.”’74 DEER distance distributions, P(r), were
obtained using Tikhonov regularization in the distance domain
with the minimum distance constraint P(r) > 0 under DEER
Analysis 2015.”%’* Background correction was performed
using a two-dimensional homogeneous model for proteolipo-
somes. The best fit of the time domain data was used for
optimizing the regularization parameter in the L-curve.

Structure Refinement of the Active and Inactive
Conformations of Pinholin S?' Using DEER Distance
Restraints. The structural refinement of the active and
inactive forms of pinholin S*' was carried out using an Xplor-
NIH (version 2.46) simulated annealing protocol”>”® in a
similar manner to that described previously.”’ =" A starting
structure was obtained by modeling the peptide standard a-
helical dihedral angles (® = —57.0°, w = —47.0°%, and @ =
180.0°) for the backbone of the TMDs of the active
conformations of pinholin S*' using a VEGA ZZ 3.0.5
simulation toolkit.®® Positions 16, 17, 20, 24, 27, 38, 40, 44,
and 46 along the active form of the pinholin S*! sequence were
mutated to Cys, and MTSL side chains were attached with the
Xplor-NIH addAtoms.py script using NIH-Xplor-2.46.”>7°
Experimental DEER data for five interlabel distances (16/46,
17/38, 20/44, 24/40, and 27/38) on the active version of
pinholin were used to define restraints for an Xplor-NIH
simulated annealing protocol for active pinholin. A starting
structure was obtained by using the amino acid sequence of the
inactive conformation of pinholin S*' on the template structure
of the helix 3 and helix 4 (S3—S4) segments of KCNQ1-VSD
(PDB ID: SVMS) under Xplor-NIH using the Xplor-NIH
addAtoms.py script. This template was used because the
structural conformation was similar to that of the inactive
antipinholin, based on an earlier study by Ry Young group.’>*’
Positions 8, 14, 15, 24, 27, 38, 40, and 53 along the inactive
form of the pinholin S*' sequence were mutated to Cys, and
MTSL side chains were attached with the Xplor-NIH
addAtoms.py script. Experimental DEER data for five interlabel
distances (8/53, 14/53, 15/53, 24/40, and 27/38) on the
inactive version of pinholin were used to define restraints for
an Xplor-NIH simulated annealing protocol for inactive
pinholin. The allowable ranges used for interlabel distances
were established through a series of preliminary simulated
annealing molecular dynamics calculations in which these
ranges were varied.”” One hundred structures were generated
using the Xplor-NIH simulated annealing routine with the
Xplor-NIH_foldB.py script. The 10 lowest energy structures
were further refined using a simulated annealing protocol using
the Xplor-NIH refine EEF.py script using the above-
mentioned DEER distance restraints, using an implicit solvent
model incorporated in the eefxPotTools module included in
the refine_EEF.py script.””®” The membrane thickness of 25.4
A (corresponding to that of the DMPC lipid) was used to
model the DMPC lipid bilayer. A value of 0.85 was used to
scale the dielectric screening, as suggested in the refine EEF.-
py script. The simulated annealing procedure used 3500 K as
the high temperature and 25 K as the cooling temperature,
with temperature steps of 12.5 K. The eight lowest energy
structures were kept with energies <—1824.46 kcal/mol for the
active conformation of pinholin. Similarly, the eight lowest
energy structures were kept with energies <107.60 kcal/mol for
the inactive conformation of pinholin. These lowest energy
structures were further validated against DEER distance
restraints to make sure the spin label distances are within
experimental errors.”” Further analysis and visualization were
done using the VMD-Xplor software.*>** The final structures
were generated by replacing MTSL spin-labeled side chains
with native side chains using the Xplor-NIH addAtoms.py
script under Xplor-NIH, similar to a previously reported
method.” Further details of the simulated annealing outputs
are given in the Supporting Information (Tables S1 and S2).
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All MD simulations were run at the Miami Redhawk cluster
computing facilities at Miami University.

B RESULTS

Recently, we reported the structural dynamics and topology of
$*'68 and S*'68 s incorporated into DMPC proteoliposomes
using SS-NMR spectroscopy, CW-EPR line-shape analysis, and
power saturation techniques.”*™*%* In this study, DEER
spectroscopy is used to investigate the structural topology of
active pinholin and inactive antipinholin and to demonstrate
conformational differences between these two forms of
pinholin S$*'. Figure 1A,B shows the primary amino acid
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Figure 1. Primary sequence and tentative topology of active pinholin
(8*68) and inactive antipinholin (S*'68zs). TMD1 and TMD2 are
indicated by red and green boxes, respectively. (A) The primary
sequence of $*'68 and (B) the primary sequence of S*'68ps. “RYIRS”
tag are incorporated between methionine and aspartate at the N-
terminal. (C) Two possible orientations of $>!68, where TMDI is
completely externalized from the lipid bilayer or stays on the surface
of the lipid—solvent interface. (D) The tentative topology of S*'68s.

sequence for active pinholin (S*'68) and the inactive analog of
antipinholin (S*'68s) as a reference. Figure 1C,D is the
tentative topology of the active and inactive conformations of
pinholin S*, respectively. To apply DEER spectroscopy to
study the structural parameters of pinholin S*', specific native
amino acids were replaced with cysteine to introduce nitroxide
spin labels at site-directed positions. In total, five dual spin-
labeled full-length active pinholin (S*'68) and five dual spin-
labeled inactive antipinholin (S*'68;zs) peptides were studied.
Spin label positions were judiciously selected to abate
structural perturbation, based on published mutational analysis
and our initial studies.’””*>*

DEER Distance Measurement for the Active Con-
formation of Pinholin S?'68. The structural and functional
biochemical literature on pinholin $*'68 suggests that TMD1
of pinholin $*168 externalizes from the lipid bilayer, while
TMD2 remains incorporated in the lipid bilayer to achieve the
active conformation of pinholin $*168.%"#*7*%*%% However,
there is no concrete experimental evidence to show that
TMD1 remains in the periplasm after externalization and the
relative orientation of TMD1 and TMD?2. Based on Cys cross-
linking and accessibility of disulfide bonds, Ry Young’s lab
proposed the complete externalization of TMD1 from the lipid
bilayer.”> However, recent biophysical studies have indicated a
partial externalization of TMD1, which lies on the surface of
the lipid bilayer to adapt a topology where TMD1 is almost
perpendicular to TMD2, based on CW-EPR line-shape

analysis, power saturation, and solid-state NMR experi-
ments.**** Both proposed conformations are shown in Figure
1C.

To investigate the relative orientation and distance between
TMD1 and TMD?2 of $*'68, DEER spectroscopy was used, in
which one spin label was placed on TMD1 and another spin
label on TMD2. The positions of the spin labels were
judiciously selected based on the gublished literature data and
our initial experimental results.”””** Spin pairs were designed to
show the relative distance between TMD1 and TMD2, and
positions of the spin labels as a pair are shown in Figure 2A.
The extreme ends of N- and C-termini were avoided
considering the fact that the distance distribution could fall
outside the detection limit for membrane protein studies in a
lipid bilayer because of the short phase memory time for
DEER experiments.” Again, distances longer than 50 A are
sometimes suppressed by background correction and can
generate artifact peaks at long distances for a data-trace length
of 2 us.*> Multiple DEER spectra of $?'68 in DMPC
proteoliposomes are shown in Figure 2B—F. The baseline-
corrected time-domain traces (left) are shown with the
corresponding distance probability distributions from Tikho-
nov regularization (right). Table 1 presents the final DEER
distance summary obtained for S*'68 with the error limit of +4
A. The DEER distance data clearly demonstrate that the
distances between two spin labels increases gradually when
spin pairs move from the loop region to the terminus regions,
which indicates that the N-terminus of TMD1 is further apart
from the C-terminus of TMD2. The shortest distance observed
was 24 A for W27_A38, and the longest distance was 49 A for
S16 V46 (Table 1). These distance restraints were used for
the structural model of active pinholin S*'68 using the
simulated annealing software package Xplor-NIH for refine-
ment.

DEER Distance Measurements for the Inactive
Conformation of Antipinholin (S?'68zs). To investigate
the structural conformation and the relative orientation and
distance between TMD1 and TMD2 of S*'68 s, one spin label
was placed on TMDI1 and another on TMD2 of S*'68 .
Figure 3A shows the spin label positions on the structural
model of $*'68 . Spin label pairs were designed to minimize
structural perturbations, based on previous studies in the
literature.>”*® This was critical for TMD1, which has a natural
tendency to externalize, and certain single mutations can (e.g.
G21Q) cause activation of antipinholin (implies external-
ization of TMD1), as reported by Pang et al.>” The DEER data
and corresponding distance probability distributions for each
pair of spin labels on S*'68 s are shown in Figure 3B—F.

The shortest distance was 23 A for W27R1_A38R1 (close to
the loop region), which remains within the experimental error
for the rest of the parallel spin pair distances. The distance
between terminal regions (S8R1_LS3R1) was found to be 26
A, which is unlikely if TMDI1 is externalized and moves far
from TMD2, like the active form of pinholin. Other distances
were 25, 26, and 25 A for F24R1_G40R1, T15R1_L53R1, and
G14R1_L53R1, respectively. Table 2 presents the final DEER
distance summary obtained for inactive antipinholin (S*'68 ).
These distance restraints were used for the structural
refinement of S*'68 g using the simulated annealing software
package Xplor-NTH.

Structural Model of $?'68 and S?'68,zs from MTSL
DEER Distance Restraints. A structural model for the most
probable structure of active pinholin (S*'68) and inactive
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Figure 2. Q-band DEER data of active pinholin $*'68 in DMPC proteoliposomes. (A) Spin label positions in the structural model, and (B—E) the

corresponding DEER distances with time-domain data.

Table 1. Summary of the Major Peak DEER Distance for the
Active Conformation of $*'68

spin labels positions on $*'68 distance (+4 A)

(1) W27R1_A38R1 24
(2) F24R1_G40R1 25
(3) A17R1_A38R1 35
(4) A20R1_S44R1 44
(5) S16R1_V46R1 49

antipinholin (S*'68zs) in DMPC proteoliposomes was
obtained using the experimentally determined DEER distances
coupled with the simulated annealing software package Xplor-
NIH (version 2.46).”>7° The DEER distance data obtained for
five pairs of MTSL spin-labeled sites in proteoliposomes,
independently for both $*!'68 (Table 1) and S*'68zg (Table
2), were converted into Xplor distance restraints and utilized in
a simulated annealing protocol (see Experimental Methods).
The MTSL DEER distance restraints were used to make the
structure calculation procedure simpler within Xplor-NIH.
Since MTSL is a widely used spin probe for EPR spectroscopic

11400

studies, the method of structure refinement used in this study
can be widely applied to many other membrane proteins. A
series of simulated annealing calculations were performed
using distance-restraint uncertainties of +4 A, independently
for both $*'68 and S*'68 . Figure 4 displays the eight lowest
energy structures from a family of 100 calculated structures of
both $*'68 and $*!68 g in proteoliposomes, obtained from the
simulated annealing calculation using MTSL-derived distance
restraints. These structures satisfied experimental DEER
distances within experimental errors. To generate the final
structures, the MTSL spin-labeled side chains were replaced by
the native side chains with retention of the Cj position in the
label. The output energies corresponding to eight minimum
energy structures obtained from Xplor-NIH refinement are
given in the Supporting Information (Tables S1 and S2).

B DISCUSSION

Q-band DEER distance measurement coupled with simulated
annealing molecular dynamics clearly demonstrates two
different structural conformations and topology for active
pinholin versus inactive antipinholin S*' with respect to the
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Figure 3. Q-band DEER data for inactive pinholin $*'68s in DMPC proteoliposomes. (A) Spin label positions are shown in the structural model,
with (B—E) the corresponding DEER time-domain data and distance probability distributions.

Table 2. Summary of the Major Peak DEER Distance for the
Inactive Conformation of $*'68 g

distance (+4 A)

spin labels positions on S*'68 g

(i) W27R1_A38R1 23
i) F24R1_G40R1 25
(ii) _

iii) TISR1_LS3R1 26
(iii) _

(iv) G14R1_LS3R1 25
v) SSR1_L53R1 26
) ]

membrane bilayer. Distances between spin labels on TMD1
and TMD2 for inactive antipinholin clearly indicate that both
helices remain in close proximity with a parallel conformation,
maintaining an average distance of 23—26 A. Our previous
studies using CW-EPR, power saturation, and solid-state NMR
indicated that both helices most likely remain in the lipid
bilayer for inactive antipinholin, which was consistent with the
model proposed by the Young group.*> The structural model

11401

Figure 4. Structural models of active pinholin and inactive
antipinholin incorporating MTSL DEER distance restraint data
using an Xplor-NIH simulated annealing molecular dynamics
protocol. Overlay of the ribbon representation of the eight structures
with the lowest energy obtained from restrained simulated annealing
calculations using the amino acids of $*'68 (A) and S*'68s (B).
Images were created using the VMD-Xplor program.*®
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obtained using DEER distance restrains and the simulated
annealing molecular dynamics simulation (Figure 4B) is
consgsztigt with the previous biophysical EPR and biochemical
data.”™™

For the active form of pinholin $*!, DEER distances between
spin labels on TMD1 and TMD2 clearly indicate that the N-
terminal of TMD1 is moving away from the C-terminal of
TMD?2 and support the notion that TMD1 externalizes from
the lipid bilayer.*>**** Considering our previous CW-EPR
power saturation studies and the proposed model by Young’s
lab, it was confirmed that TMD2 remains inside the lipid
bilayer, which implies that TMD1 moves away from TMD2
and is externalized from the lipid bilayer.”>****°> However, it
was not certain what the orientation of TMD1 is relative to
TMD?2 after externalization, and two probable orientations
were proposed in the literature, as shown in Figure 1C. The
distance between S16R1 and V46R1 was found to be 49 A,
which would be a much longer distance if TMD1 completely
externalized from the lipid bilayer, as shown in Figure 1C. This
clearly supports the orientation where TMD1 lies on the
membrane surface and is perpendicular with TMD?2 instead of
being completely externalized. Although, we are not
completely excluding the probability of complete external-
ization, considering the fact that a dynamic protein like
pinholin can adopt multiple conformations, where the majority
of the population remains in the perpendicular orientation on
the surface and some population remains in completely
externalized orientations. This may be one of the possible
reasons for the broadening of the DEER distribution for most
of the DEER data obtained in this study. Longer DEER
distances above SO A can get suppressed for membrane
proteins incorporated into a lipid bilayer because of the short
data acquisition time and background subtraction, which
becomes undetectable or nontrivial for a very small
population.” At the same time, shorter distance populations
around 25 A probably arose from a small population of active
pinholin in which TMDI1 did not externalize from the lipid
bilayer and was oriented parallel with TMD2 and/or
intermolecular distances between adjacent TMD2—-TMD2
because of the natural propensity of oligomerization for active
pinholin in the presence of a lipid bilayer. Oligomerization was
minimized in the study by conducting the experiments at a low
(1000:1) lipid/peptide ratio. The DEER structural models
obtained for both active pinholin and inactive antipinholin are
consistent with our earlier studies and biological experiments
conducted by the Ry Young group.””*”****** However, this
study was performed in the presence of DMPC proteolipo-
somes. Further studies are needed with different lipid bilayers
to generalize the structural model in different membrane
environments.

B CONCLUSIONS

This study reported structural models and conformations of
both the active pinholin and inactive antipinholin forms of the
phage ®21 lytic proteins in a lipid bilayer, using DEER
spectroscopy coupled with the simulated annealing molecular
dynamics (MD). DEER distance distributions and the derived
structural model using the simulated annealing MD simulation
demonstrated clear conformational differences between the
two forms of the pinholin S*' protein. Furthermore, this study
reported refined structural models of these two proteins and
resolved existing conflict in structural models of active pinholin
in the field. The structural model of S*! presented in this study

will be useful for understanding the structural and functional
relationship of pinholin $*! as well as other holin systems using
biophysical techniques. This study will help researchers apply
these powerful EPR spectroscopic approaches to investigate
conformational changes in more complicated membrane
protein systems and hence will move the structural biology

field forward.
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