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ABSTRACT: The bacteriophage infection cycle plays a crucial
role in recycling the world’s biomass. Bacteriophages devise various
cell lysis systems to strictly control the length of the infection cycle
for an efficient phage life cycle. Phages evolved with lysis protein
systems, which can control and fine-tune the length of this
infection cycle depending on the host and growing environment.
Among these lysis proteins, holin controls the first and rate-
limiting step of host cell lysis by permeabilizing the inner
membrane at an allele-specific time and concentration hence
known as the simplest molecular clock. Pinholin S21 is the holin
from phage Φ21, which defines the cell lysis time through a
predefined ratio of active pinholin and antipinholin (inactive form
of pinholin). Active pinholin and antipinholin fine-tune the lysis
timing through structural dynamics and conformational changes. Previously we reported the structural dynamics and topology of
active pinholin S2168. Currently, there is no detailed structural study of the antipinholin using biophysical techniques. In this study,
the structural dynamics and topology of antipinholin S2168IRS in DMPC proteoliposomes is investigated using electron paramagnetic
resonance (EPR) spectroscopic techniques. Continuous-wave (CW) EPR line shape analysis experiments of 35 different R1 side
chains of S2168IRS indicated restricted mobility of the transmembrane domains (TMDs), which were predicted to be inside the lipid
bilayer when compared to the N- and C-termini R1 side chains. In addition, the R1 accessibility test performed on 24 residues using
the CW-EPR power saturation experiment indicated that TMD1 and TMD2 of S2168IRS were incorporated into the lipid bilayer
where N- and C-termini were located outside of the lipid bilayer. Based on this study, a tentative model of S2168IRS is proposed
where both TMDs remain incorporated into the lipid bilayer and N- and C-termini are located outside of the lipid bilayer. This work
will pave the way for the further studies of other holins using biophysical techniques and will give structural insights into these
biological clocks in molecular detail.

■ INTRODUCTION

Much of the world’s biomass is recycled by the bacteriophage
infection cycle, which repeats ∼1028 times per day and must be
precisely controlled to maintain the phage’s ability to continue
this cycle.1 Bacteriophage-infected Gram-negative bacterial cell
lysis is accomplished in a controlled way by at least three
groups of phage lysis proteins. These lysis proteins include
holin, endolysin, and spanin. They are responsible for the
permeabilization of the inner membrane, degradation of the
peptidoglycan layer and the outer membrane, respectively.2−4

The proper timing of infected host cell lysis is crucial for the
phage life cycle.5 Holin plays significant roles in defining the
length of the phage infection cycles.5,6 Consequently, it is
subjected to immense evolutionary pressure to achieve the
optimum lysis time.6 Holins are the gatekeepers of the infected
cell lysis process and are regulated by several kinds of protein
inhibitors.6 Most of the holins are coexpressed with an

inhibitory holin called antiholin.5,7 Although some of the
holins maintain their regulatory function without a known
antiholin or in the absence of a complementary antiholin, it is
well accepted that the precise timing of these simplest
biological/molecular clocks is attributed to their corresponding
antiholins.6 Some groups of holins (e.g., S105, S21) were
extensively studied with an emphasis on the active forms of
holins due to its direct biological significance.1,7−14 However,
structural, dynamic, and topology studies of antiholins are less
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studied despite their significant difference in structure and
topology.
Pinholin S21 encoded by the S21 gene of phage Φ21 is

significantly different from canonical holins. It makes very
small holes in comparison to the canonical holins and destroys
the proton motive force to release and activate the signal-
anchor release (SAR) endolysin at an allele-specific time and
concentration.1,15 The S21 is a dual start motif gene, which
encodes the 71 amino acid long antipinholin (S2171) or the 68
amino acid long pinholin (S2168), each containing two putative
transmembrane domains (TMDs). Both TMDs are incorpo-
rated into the inner cytoplasmic membrane, keeping the N-
and C-termini in the cytoplasm. However, TMD1 of S2168
externalizes very quickly from the inner membrane, exposing
itself to the periplasm. The extra three amino acids in the N-
terminal of S2171 add an extra positive charge, which delays the
externalization of TMD1 from the lipid bilayer. Some studies
have indicated that pinholin makes homo/hetero dimers and
remains inactive unless both TMD1s of a dimer are
externalized from the lipid bilayer to make active dimers.10

Hence, S2171 delays the formation of the active dimer, which is
a prerequisite for pinholes formation.10,12 A proper combina-
tion of active pinholin and antipinholin gives the precise timing
of host cell lysis.6

Although antipinholin S2171 delays the holin triggering time,
TMD1 still externalizes after an initial delay and behaves like
active pinholin, which makes it difficult to study the structural
topology of antipinholin S2171. Ry Young’s group reported a
modified form of antipinholin by adding five extra amino acids
(RYIRS) after the methionine-4 (M4) of the active pinholin,
referred to as S2168IRS.

12 This ‘RYIRS’ tag prevents the
externalization of TMD1 from the lipid bilayer due to the
bulky side chains and two extra positive charges. It is reported
as a dominant inhibitor of pinholin, which makes it more
feasible for the study of the inactive form of pinholin S21.21,12

In this study, this inactive analog of pinholin (S2168IRS) is used
to study the structural dynamics and topology of antipinholin
of phage Φ21.
Most of the studies reported on holin and pinholin were

conducted using biomolecular and functional techniques.1,7−14

However, structural dynamics, conformational changes, and
topology of antipinholin have not been extensively studied
using a variety of biophysical techniques. It is well recognized
that proteins’ stability and functions are coined in its structural
topology and dynamics relationship.16−20 As a membrane
protein, it is important to know the structure and dynamics of
this protein in a lipid environment. The study of membrane
proteins in the presence of a lipid environment is very
challenging using conventional biophysical techniques such as
X-ray crystallography and NMR spectroscopy.21−24 Electron
paramagnetic resonance (EPR) spectroscopy is a powerful
biophysical technique used to study the structural dynamics
and topology of membrane proteins in lipid environments with
higher sensitivity and without any size limitation.16,25−35

In this study, the structural dynamics and topology of
antipinholin (S2168IRS) in proteoliposomes were investigated
using EPR spectroscopic techniques. The full-length anti-
pinholin (S2168IRS) was synthesized using Fmoc solid-phase
peptide synthesis (Fmoc-SPPS) for convenient spin labeling
and high-yield protein sample preparation. Nitroxide spin-
label, MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl) methyl ethanesulfonothioate) was attached site-
specifically using site-directed spin labeling (SDSL) to make an

EPR active antipinholin construct.36,37 Based on our CW-EPR
spectroscopic line shape analysis and EPR power saturation
data, a tentative structural topology model of the antipinholin
S2168IRS is proposed, where both TMD1 and TMD2 remains
incorporated into the lipid bilayers while the N-terminal, C-
terminal, and loop regions remained solvent-exposed.

■ EXPERIMENTAL METHODS
Peptide Synthesis and Purification. All peptides were

synthesized on an automated CEM Liberty Blue peptide
synthesizer equipped with a Discovery Bio microwave system
via optimized Fmoc solid-phase peptide synthesis (SPPS)
reported in previous studies.37,38 Each synthesis was started
with a glutamate-preloaded TGA resin in a dimethylformamide
(DMF) based solvent system. Piperidine (20% (v/v)) in DMF
was used as a deprotector to remove the Fmoc-protecting
group before each coupling cycle. During each coupling cycle,
0.2 M amino acid was added to the reaction vessel in the
presence of 15.6% (v/v) N, N′-diisopropylcarbodiimide (DIC)
and 14.2% (w/v) oxyma as an activator and activator base,
respectively. After successful synthesis, the cleavage reaction
was run for at least 3 h under optimized cocktail conditions
followed by filtration, N2 (g) evaporation and ether
precipitation.37−40 Peptide pellets were washed three more
times with ice-cool ether followed by centrifugation and the
precipitated peptide was lyophilized to get a fluffy and easy to
solubilize powder peptide. The crude peptide was purified by
reverse-phase high-performance liquid chromatography (RP-
HPLC) using a GE HPLC system coupled with a C4 (10 μm)
preparative column (Vydac 214TP, 250 × 22 mm). A two
solvent gradient system was used, where the polar solvent was
100% water and the nonpolar solvent was 90% acetonitrile
with 10% of water. TFA (0.1%) was added to both the solvents
to acidify them.
To attach the spin-label to the peptide, the lyophilized pure

peptide was dissolved in dimethyl sulfoxide (DMSO) with a
fivefold excess of MTSL (1:5 molar ratio) and stirred for 24 h
in a dark environment. The spin-labeled (SL) peptide was
lyophilized again and purified with a C4 semipreparative
column (Vydac 214TP, 250 × 10 mm), using the same solvent
and gradient system to remove free MTSL and further purify
the peptide sample. After each purification, the purity of the
target peptide was confirmed by MALDI-TOF MS. Spin-
labeling efficiency was calculated to be ∼85 to 90% using CW-
EPR.38

Peptide Incorporation into Proteoliposomes. To
mimic the membrane environment spin-labeled antipinholin
peptides were incorporated into DMPC (1,2-dimyristoyl-sn-
glycero-3-phosphocholine) proteoliposomes following the thin
film method.37,38 In brief, the pure spin-labeled peptide was
dissolved in 2,2,2-trifluoroethanol (TFE) and mixed with
predissolved DMPC lipid solution in a pear-shaped flask. The
organic solvent was gently evaporated by N2(g) purging to get
a uniformly thin film inside the pear-shaped flask followed by
overnight vacuum desiccation to remove any residual organic
solvent. A 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid) buffer (pH ∼ 7.0) was used to rehydrate
the thin film to get a final concentration of 200 mM lipid and
200 μM peptide within the proteoliposomes sample. Before
rehydration, both HEPES buffer and the sample flask were
kept in a warm water bath for a short period of time to bring
the temperature above the phase transition temperature of
DMPC.37,41,42 The lipid film was dispersed from the flask
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sidewall by vortexing several times followed by warming in a
hot water bath. At least three freeze−thaw cycles were
performed before adding glycerol. Glycerol was added to
give a final concentration of 10% and mixed thoroughly, which
helped the sample remain suspended for a longer duration at
room temperature without phase separation. Sample homoge-
neity and proteoliposomes size were confirmed by using
dynamic light scattering (DLS) spectroscopy (ZETASIZER
NANO Series; Malvern Instruments) at 25 °C in a disposable
40 μL microcuvette.
Circular Dichroism Spectroscopy. Circular Dichroism

(CD) data for antipinholin S2168IRS were collected using an
Aviv Circular Dichroism Spectrometer (Model 435) in a
quartz cuvette with a 1.0 mm path length. The pure peptide
sample was dissolved in TFE to obtain the CD spectra in the
solution form. Data were collected from 260 to 200 nm with an
average of three scans per sample and 1 nm bandwidth at 25
°C.
CW-EPR Spectroscopy. CW-EPR spectra were collected

at X-band (∼9.34 GHz) with a Bruker EMX spectrometer
equipped with an ER041xG microwave bridge and an ER4119-
HS cavity at the Ohio Advanced EPR Laboratory at Miami
University. Each spectrum was acquired by signal-averaging 10
scans with 3315 G central field, sweep width 150 G, 42 s field
sweep, 100 kHz modulation frequency, 1 G modulation
amplitude, and 10 mW microwave power.37 Each experiment
was repeated at least three times at room temperature.
Spin-Label Mobility Analysis. The inverse line width

(δ−1) of the first derivative central resonance line (mI = 0) was
calculated to determine the side chain mobility. To further
explore the dynamic properties, the rotational correlation time
(τ) was calculated using eq 1:32,33,43−45

τ δ= − −
−
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where K = 6.5 × 10−10 s, δ is the width of the central line, and
h0 and h−1 are the heights of the center and high field lines,
respectively.44,45

CW-EPR Power Saturation Experiments. CW-EPR
power saturation experiments were performed on a Bruker
EMX X-band spectrometer coupled with an ER 041XG
microwave bridge and an ER 4123D CW-Resonator (Bruker
BioSpin). Experimental setups were optimized following
published literature articles.28,34,46 Samples were loaded into
gas permeable TPX capillary tubes with a total volume of 3−4
μL at a concentration of 100−150 μM.46−49 EPR spectroscopic
data were collected using a modulation amplitude of 1.0 G, a
modulation frequency of 100 kHz, 42 s field sweep, and 90 G
sweep width. Incident microwave powers were varied from
0.06 to 159 mW. At each microwave power, three to five scans
were taken for signal-averaging. For each spin-labeled site, the
spectra were recorded under three equilibrium conditions and
at each condition, experiments were repeated at least three
times. At first, the samples were equilibrated with a lipid-
soluble paramagnetic relaxant (21% oxygen) followed by
equilibration with nitrogen gas (as a control), and equilibration
with a water-soluble paramagnetic relaxant (2 mM NiEDDA)
with a continuous purge of nitrogen gas.37,49 NiEDDA was
synthesized according to the published protocol.35,49 The
samples were purged with nitrogen gas for at least 1 h, at a rate
of 10 mL per minute before starting nitrogen or NiEDDA data
acquisition. The resonator was connected to the gas supply (air
(as a source of 21% oxygen) or nitrogen gas) during all
measurements, and all the experiments were performed at
room temperature. The peak-to-peak amplitudes (A) of the
first derivative mI = 0 resonance lines were extracted and
plotted against the square root of the incident microwave
power. These data points were then fitted according to eq
2:35,48
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Figure 1. Primary sequences of (A) wild type antipinholin S2171, (B) wild type active pinholin S2168, and (C) inactive analog of pinholin S21

(S2168IRS). The amino acid positions studied by EPR spectroscopy are shown in blue. The inactive tag is color-coded red and indicating its
incorporation site by the arrow. The helical region of TMD1 and TMD2 are indicated by blue and green boxes, respectively. (D) MTSL attached
to Cys side chain of the protein via a disulfide bond (also known as R1). (E) Predicted topology of S2168IRS where both TMDs remain incorporated
in the lipid bilayer and TMD1 has not been externalized from the lipid bilayer.10,12,15,37
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where I is a scaling factor, P1/2 is the power where the first
derivative amplitude is reduced to half of its unsaturated value,
and ε is a measure of the homogeneity of saturation of the
resonance line. For the homogeneous and inhomogeneous
saturation limits, ε = 1.5 and ε = 0.5, respectively.35 In eq 2, I,
ε, and P1/2 are adjustable parameters and yield a characteristic
P1/2 value for each equilibrium condition. Data analysis was
performed using a MATLAB software script. The correspond-
ing depth parameter (Φ) was calculated using eq 3:35

Φ =
Δ

Δ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
P

P
ln

(O )
(NiEDDA)
1/2 2

1/2 (3)

where ΔP1/2(O2) is the difference in the P1/2 values for oxygen
and nitrogen equilibriums, and ΔP1/2(NiEDDA) is the
difference in the P1/2 values for NiEDDA and nitrogen
equilibriums.

■ RESULTS
Recently, the structural topology and dynamic properties of
active pinholin S2168 was reported using CW-EPR spectro-
scopic techniques.37 In this study, the structural dynamics and
topology of the antipinholin S2168IRS peptide incorporated into
DMPC proteoliposomes were investigated using CW-EPR
spectral line shape analysis and power saturation experiments.
The spin-labeled positions were judiciously selected based on
the published literature and initial experimental data to
minimize structural perturbations.10 Figure 1A,B shows the
primary sequence of the S2171and S2168, which are wild type
antipinholin and active pinholin, respectively, as a quick
reference and comparison with the reporting antipinholin
allele. Figure 1C shows the primary sequence of the inactive
analog of pinholin S21 (S2168IRS) where the spin-label positions
are indicated in blue. MTSL was attached to the Cys side chain
where Cys replaced the native amino acid in the site-specific
position. MTSL attached to Cys side chain, known as R1 is
shown in Figure 1D. The predicted topology of S2168IRS is
adapted from the literature and shown in Figure 1E.1,10,12,38,50

Pure spin-labeled peptide samples were obtained by double
purification using RP-HPLC and confirmed by MALDI-TOF
MS. A representative HPLC and MS spectra are shown in
Supporting Information (SI) Figure S1. Proteoliposome
sample size and homogeneity were investigated using DLS. A
representative DLS spectrum is shown in Figure 2. It shows
homogenous proteoliposomes with a maximum intensity of
around 124 nm.
Proper folding and alpha-helical secondary structure of the

peptide samples were examined by CD measurements. CD
spectra were obtained for the antipinholin S2168IRS with and
without spin-label in TFE solution to confirm that the spin-
label incorporation has no significant effects on the secondary
structure. Figure 3 shows representative CD spectra for
antipinholin S2168IRS without spin-label (black solid line) and
antipinholin S2168IRS F24R1, spin-labeled at the F24 position
(blue solid line). In Figure 3, both spectra exhibit two minima
at 222 and 208 nm, which suggest that both samples have α-
helical secondary structures in the TFE solution.51 These CD
data confirmed that nitroxide spin-labeling has no significant
effect on the global secondary structure.
Structural Dynamics of Antipinholin S2168IRS. CW-

EPR spectral analysis is a powerful biophysical technique used
to decipher the structural dynamics properties of a protein at a
residue-specific level with spatial resolution.43,52−56 To probe

the structural dynamics of S2168IRS, a total of 35 CW-EPR
spectra of the R1 side chain were analyzed, which were placed
at strategic locations of S2168IRS, as shown in Figure 1C. Figure
4 shows representative CW-EPR spectra collected for R1 side
chains placed at the N-terminal, TMD1, TMD2, and C-
terminal regions of S2168IRS in DMPC proteoliposomes.
All CW-EPR spectra show the conventional three peaks of

the nitroxide spin-label due to the 14N hyperfine splitting.
Higher mobility of the R1 side chain in the terminal regions
was confirmed by the sharper peaks. TMD-located R1 spectra,
indicated restricted mobility by virtue of the broader central
peak. Most of the EPR spectra showed a single motional
component. However, some spectra (e.g., W23R1, G40R1,
G48R1, T51R1, N55R1, and Y57R1) showed two spectral
components (rigid/slower and fast/higher motional compo-
nents), which are indicative of heterogeneous dynamics of the
R1 spin label.52 CW-EPR spectra with a significant population
of rigid components (W23R1, N55R1, and Y57R1) are
indicated by (*) in Figure 4. Different motional components
can be observed on the R1 spectra when the motion of the spin
label is restricted by a heterogeneous interaction with the local
environment.57 These residues are close to the end of TMD1/
TMD2 and near the lipid/solvent interface, which could
induce heterogeneous interaction.53 Another reason may be
the presence of the bulky side chains on the same side of the
helix.57 Here, Q26 and W27 have bulky side chains, which are
present on the same side of W23 and may cause multiple

Figure 2. DLS spectrum for S2168IRS F49R1 incorporated into the
DMPC proteoliposomes. Signal intensity is plotted as a log function
of the particle diameter.

Figure 3. (A) Circular dichroism spectra for inactive pinholin S2168IRS
without spin-label (black) and S2168IRS F24R1, with spin-label (blue).
Spectra were signal-averaged for three scans. Mean residue molar
ellipticity (MRE) is plotted against the incident radiation wavelength.
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motional components for the W23R1 spectrum. Similarly, Y52
with the bulky side chain present on the same side of N55
causes multiple motional components for N55R1.
To quantify the dynamic properties of antipinholin S2168IRS,

the width of the central resonance line (δ) was measured and
the inverse of the width of the central resonance line (δ−1) was
calculated. Inverse width of the central resonance line (δ−1) is
known as the relative mobility of the spin label and has been
used as a semiquantitative measurement of nitroxide
mobility.16,29,57,58 The mobility of individual residues is
shown in Figure 5, by plotting δ−1 as a function of residue
positions for pinholin S2168IRS.

Both TMDs had restricted mobility when compared to the
N- and C-termini residues, which imply that TMDs are
incorporated into the lipid bilayer where N- and C-termini
residues are solvent-exposed and had less interaction with the
surrounding environments. The highest mobility was observed
for S8R1 (0.62 G−1), present in the N-terminal, while the
lowest mobility was observed for T51R1(0.22 G−1), present in
the TMD2. A greater range of values for δ−1 are observed for
TMD1, when compared to that observed in TMD2, specifically
in the N-terminal side of TMD1. The N-terminal of TMD1
(first 3 ∼ 4 amino acids) had significantly higher mobility in
comparison with the rest of the helical region implying that

Figure 4. Representative CW-EPR spectra with R1 situated at the indicated positions. Here, blue EPR spectra represent TMD1 residues, green
represents TMD2, and black indicates loop and terminal regions. All spectra were normalized to the highest spectral intensity. CW-EPR spectra
composed of multiple components were marked with (*).
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this segment was outside of the lipid bilayer and had less
interaction with surrounding environments.
To further quantify the relative motion of different side

chains of S2168IRS, the rotational correlational time (τ) was
calculated for the nitroxide spin-label placed in corresponding
positions of S2168IRS. The rotational correlational time (τ) is
the time required for the spin-label to rotate 1 radian and
calculated by using the empirical formula shown in eq 1.43 The
calculated τ values are indicative of backbone fluctuations, side
chain dynamics, and interactions of the side chain with the
surroundings.37,59,60 Figure 6 represents the calculated τ values
for the corresponding residues of spin-labeled inactive pinholin
S2168IRS.

Shorter τ values for N- and C-termini residues suggest
higher spin-label motion and imply that these segments were
outside of the lipid bilayer. Conversely, longer τ for TMDs
residues suggest their restricted motion due to the lipid
environment and/or restricted backbone motions. The
minimum and maximum τ values were calculated to be 1.0
ns (D5R1 and S8R1) and 8.2 ns (T51R1), respectively.
Dynamic patterns observed from the τ value calculation are
consistent with the side chain mobility data extracted from the
central line broadening shown in Figure 5.
Structural Topology and Interaction of S2168IRS with

the Lipid Bilayer. To explore the interaction and
incorporation of antipinholin S2168IRS into DMPC proteolipo-

somes, CW-EPR power saturation experiments were carried
out in the presence of lipid-soluble (oxygen) and water-soluble
(NiEDDA) paramagnetic relaxants. Oxygen and NiEDDA
primarily probe the relative abundance and accessibility of the
nitroxide spin-label in the lipid and aqueous phase,
respectively.61 Relative accessibility of the particular spin
label to the lipid-soluble and water-soluble paramagnetic
relaxing agents provides information on whether this spin
label is within the lipid environment or exposed to the aqueous
environment. Figure 7 represents CW-EPR power saturation
curves showing the relative signal intensity and saturation
pattern as a function of square root of the microwave power for
S2168IRS A20R1 (Figure 7A) and A67R1(Figure 7B) spin-label
positions. S2168IRS A20R1 required higher microwave power to
reach the saturation in the presence of oxygen when compared
to that in the presence of nitrogen and NiEDDA, which
qualitatively indicates that this position of spin-label was
incorporated into the lipid bilayer and was more accessible to
oxygen and less accessible to NiEDDA. Conversely, S2168IRS
A67R1 was more accessible to NiEDDA than oxygen,
indicating that this position was outside of the lipid bilayer.
A total of 24 spin-labeled S2168IRS positions were studied via

the CW-EPR power saturation technique. The positions are
color-coded in the primary sequence of antipinholin (S2168IRS)
where red are the positions found outside of the lipid bilayer
and green are the positions found inside the lipid bilayer. CW-
EPR power saturation data clearly demonstrate that N-
terminal, C-terminal, and loop regions were solvent-exposed
and outside of the lipid bilayer where most of the parts of
TMD1 and TMD2 were inside of the lipid bilayer.
To predict the relative orientation of TMD1 and TMD2

with respect to the lipid bilayer, the depth parameter (Φ) for
individual residues was calculated using eq 3. The depth
parameter (Φ) gives a quantitative analysis of the insertion of
spin label into the lipid bilayer, which is derived from relative
biomolecular collision rates with the molecular oxygen and
NiEDDA. The positive (Φ) value is proportional to the
membrane insertion whereas the negative (Φ) value is
proportional to solvent accessibility.35 Figure 8 shows the
depth parameter (Φ) as a function of the spin-label position
for S2168IRS.
Negative (Φ) values for the terminal regions confirm that N-

and C-termini were solvent-exposed and outside of the lipid
bilayer. All the spin-label positions in TMD2 showed positive
(Φ) values confirming that the membrane insertion of TMD2
is consistent with the previously proposed model.12 Close
observation of the selected region of TMD2 shown in SI
Figure S2 revealed a characteristic pattern (inverted ‘V’) of
membrane-embedded segments of a protein.53 The positive
(Φ) values of TMD2 gradually increased from a smaller value
to the maximum around the center of the lipid bilayer followed
by gradual decrease to the minimum at the end of the lipid
bilayer. The highest depth parameter was observed for G48R1
of TMD2 with a Φ value of 1.15, suggesting that this site was
close to the central position in the lipid bilayer. A similar trend
was observed for TMD1, although there were less data points
when compared to TMD2. The highest depth parameter was
1.0 for A20R1 of TMD1. However, some other residues
located at the N-terminal side (A12) or C-terminal side (Q26,
W27) of the TMD1 showed negative (Φ) values, which imply
that starting and ending regions of the helix remain outside of
the lipid bilayer. This behavior agrees with the previously
proposed topology from the Ry Young Lab.10,12

Figure 5. Relative mobility of R1 (δ−1) as a function of residue
positions of the primary sequence of S2168IRS. A higher value of (δ−1)
indicates the higher mobility of the nitroxide spin-label at that
corresponding position. Here, blue closed circles represent TMD1
residues, green represents TMD2, and black indicates loop and
terminal regions.

Figure 6. Rotational correlational time (τ) as a function of residue
positions of the primary sequence of S2168IRS. The same color code is
used as in Figure 5.
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■ DISCUSSION
This is the first biophysical study of the inactive form of
pinholin S21 using EPR spectroscopy and illustrated the relative
difference in the dynamics of different segments and residues
of S2168IRS. Terminal regions have significantly higher mobility
due to its structural flexibility and a lipid-free environment.
Conversely, both TMD regions have restricted mobility,
especially the residues, which are predicted to be incorporated
into the lipid bilayer. CW-EPR power saturation data were
consistent with the mobility data derived from CW-EPR line
shape analysis and confirmed the membrane insertion of
TMD1 and TMD2 where the N- and C-termini and both ends
of the helices were solvent-exposed.
For this EPR spectroscopic study of S2168IRS, the spin-

labeled positions were judiciously selected based on the
published literature and initial experimental data to minimize
structural perturbations.10 This selective spin labeling led to
fewer data points for TMD1 when compared with TMD2.

Moreover, TMD1 is prone to mutational effects and has a
natural tendency to externalize from the lipid bilayer. Some
spin-labeled residues of TMD1 were found outside of the
membrane, which were expected to be inside of the lipid
bilayer (e.g., A17R1 and G21R1). This may be due to the
change of hydrophobicity or interruption of the TMD1−
TMD2 interaction or both when the native amino acids were
replaced with the R1 side chain.10 These residues were
excluded from the topological analysis of antipinholin due to
their structural perturbations. It is worthy to mention here that
the previous study reported by the Young lab found activation
of antipinholin S2168IRS when they performed the mutations at
some of these positions e.g., S2168IRS A17Q, G21Q.

10

Based on the dynamic information and accessibility data
reported in this study, a tentative structural topology model of
S2168IRS is proposed as shown in Figure 9. As shown in Figure
9, residues are color-coded based on power saturation data
where red is solvent-exposed, green is located inside of the
lipid bilayer, and black is not studied by power saturation. The
“RYIRS” tag is indicated by red filled circles. Several residues
are labeled with residue positions as a visualization guide. The
helical tilt of TMD2 is proposed based on a computational
study previously reported by the Young lab and the possible
positive hydrophobic mismatch for TMD2.12,62 Further
structural studies are needed to confirm the proposed topology
of S2168IRS, such as application of double electron−electron
resonance (DEER) experiments, which could be performed to
refine the structure and relative orientation of TMD1 and
TMD2 in the presence of a lipid bilayer.

■ CONCLUSIONS

This study reported the structural dynamics and topology of
the inactive analog of pinholin S21 (S2168IRS) incorporated into
a DMPC lipid bilayer using EPR spectroscopic techniques.
Before EPR experiments, the purity and spin-labeling efficiency
of all peptide samples were confirmed. It was confirmed that

Figure 7. Representative CW-EPR power saturation curves of S2168IRS in DMPC proteoliposomes. (A) A20R1 and (B) A67R1. The red triangle
represents NiEDDA, green circle represents oxygen, and blue square represents nitrogen spectra with their fitted line from eq 2. The amplitudes of
the first derivative mI = 0 peak were plotted against the square root (SQRT) of the incident microwave (MW) power. (C) Color-coded primary
sequence of S2168IRS, where green residues are buried in the lipid bilayer and red residues are solvent-exposed based on the CW-EPR power
saturation data.

Figure 8. Calculated depth parameter (Φ) as a function of S2168IRS
residue positions in DMPC proteoliposomes. Positive (Φ) values
(green) indicate that the R1 side chains are embedded inside the lipid
bilayer and negative (Φ) values (red) indicate that the R1 side chains
are solvent-exposed.
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protein samples maintained their native secondary structure in
all experimental conditions using CD spectroscopy. Spin-label
positions were selected judiciously to minimize structural
perturbation, while gaining maximum information of structural
dynamics and topology of the antipinholin S.21 The R1
scanning of antipinholin S2168IRS suggested that the N- and C-
termini have higher mobility when compared to the two
TMDs. The EPR power saturation data indicate that both
TMD1 and TMD2 remain in the lipid bilayer. The structural
topology model of S2168IRS presented in this study will be
useful for future structural studies of antipinholin and other
holin systems using EPR spectroscopic techniques. Further
experiments are recommended to confirm the proposed
topology of S2168IRS.
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