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Abstract

Pinholin S2168 is an essential part of the phage Φ21 lytic protein system to release the virus 

progeny at the end of the infection cycle. It is known as the simplest natural timing system for its 

precise control of hole formation in the inner cytoplasmic membrane. Pinholin S2168 is a 68 

amino acid integral membrane protein consisting of two transmembrane domains (TMDs) called 

TMD1 and TMD2. Despite its biological importance, structural and dynamic information of the 

S2168 protein in a membrane environment is not well understood. Systematic site-directed spin 

labeling and continuous wave electron paramagnetic resonance (CW-EPR) spectroscopic studies 

of pinholin S2168 in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) proteoliposomes are 

used to reveal the structural topology and dynamic properties in a native-like environment. CW-

EPR spectral line-shape analysis of the R1 side chain for 39 residue positions of S2168 indicates 

that the TMDs have more restricted mobility when compared to the N- and C-termini. CW-EPR 

power saturation data indicate that TMD1 partially externalizes from the lipid bilayer and interacts 

with the membrane surface, whereas TMD2 remains buried in the lipid bilayer in the active 

conformation of pinholin S2168. A tentative structural topology model of pinholin S2168 is also 

suggested based on EPR spectroscopic data reported in this study.

INTRODUCTION

The most frequent cytocidal event in the biosphere is the bacteriophage infection cycle with 

the last stage of this cycle being bacterial cell lysis to release the mature neonate virus.1–3 

Cell lysis is precisely controlled and synchronized by at least three groups of proteins.4–6 

The first step of this process is the hole formation in the inner cytoplasmic membrane by the 

holin, followed by the murein layer (peptidoglycan) degradation by the endolysin and outer 

membrane disruption by the spanin complex.6–8 The entire process happens within seconds 

of holin triggering which occurs at an allele-specific time and concentration.1,9 The 

canonical holins form a nonspecific, microscale hole in the inner cytoplasmic membrane to 
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allow the diffusion of functionally folded endolysin to the peptidoglycan for degradation.
2,10–13 However, some phages (e.g. phage P1 or Φ21) represent a significantly different and 

alternative class of holin which make smaller holes in comparison to the canonical holins. 

These nanoscale holes are large enough for depolarization of membrane potential.2,13–15 

This group of holin is responsible for the release of signal-anchor release endolysin and is 

known as pinholin for the small-scale pinholes it creates.13,14

Pinholin S21 is encoded by the S21 gene of phage Φ21. The S21 gene contains a dual start 

motif gene which encodes two proteins, the 68 amino acid long active pinholin (S2168) and 

the 71 amino acid long antiholin (S2171). Antiholin (S2171) is transcribed from the first 

codon of the S21 gene where active pinholin (S2168) is transcribed from the fourth codon 

with the first amino acid of S2168 being denoted as Met4. Pinholin S2168 has two 

transmembrane domains (TMDs) connected via a short periplasmic loop and cytoplasmic N 

and C-termini. Pinholin progressively accumulates in the bacterial inner cytoplasmic 

membrane as an inactive dimer with both TMDs remaining in the lipid bilayer. TMD1 of the 

active form of pinholin S2168 externalizes very quickly to the periplasm resulting in the 

active dimer.1,2,12 Within seconds of pinholin triggering, it forms heptametric holes by rapid 

oligomerization and reorientation of TMD2. A study of pinholin S2168 will describe the 

functionally and structurally unique group of holin which consists of ~900 proteins.16

The structure and functional model of pinholin S2168 has been reported by the Young group 

using biomolecular and functional studies.1,2,12,17–19 They have also used a computational 

approach to predict the number of monomers and the size of the pinhole using a truncated 

form of pinholin S2168 (TMD1 was deleted).1 However, dynamic information, as well as 

relative orientations and interactions of TMD1 and TMD2 of S2168 with lipid or other 

residues, were not extensively studied. For the confirmation of the proposed model, further 

biophysical studies were recommended.2

It has been widely recognized that the function and stability of proteins are interrelated with 

their structural topology and dynamic properties.20–24 Hence, it is important to know the 

structural topology and dynamic properties of membrane proteins in their native-like 

environment to understand their biological functions and mechanisms. Electron 

paramagnetic resonance (EPR) spectroscopy is a unique biophysical technique to study the 

structural topology and dynamic properties of proteins with high sensitivity in membrane 

mimic conditions.20,25–35 This study is focused on the structural topology and dynamic 

properties of full-length active pinholin (S2168) using EPR spectroscopy coupled with site-

directed spin labeling (SDSL). Fmoc solid-phase peptide synthesis (Fmoc-SPPS) was used 

for sample preparation with high yield and flexibility of spin-label incorporation at any 

residue position of the peptide.36 In this EPR spectroscopic study of pinholin S2168, 

nitroxide spin label, MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methyl methanesulfonothioate) was attached to a Cys side chain at specific sites using 

SDSL.37

This is the first biophysical study to probe the structural topology and dynamic properties of 

the full-length pinholin S2168. Using the combination of continuous wave (CW)-EPR 

spectroscopic line shape analysis and EPR power saturation data, we propose a tentative 
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model of the active form of S2168, where TMD2 remains incorporated in lipid bilayers, 

while TMD1 partially externalizes or interacts with the head group of the lipid bilayers.

EXPERIMENTAL METHODS

Solid-Phase Peptide Synthesis.

All peptides were synthesized via optimized Fmoc SPPS.38 A 0.1 mmol peptide synthesis 

was conducted on an automated CEM Liberty Blue peptide synthesizer equipped with the 

Discovery Bio microwave system. The synthesis was started with a preloaded 

thermogravimetric analysis resin in a dimethylformamide (DMF) base solvent system where 

20% (v/v) piperidine, 20% (v/v) N,N′-diisopropylcarbodiimide, and 10% (w/v) Oxyma in 

DMF were used as deprotecting, activator, and activator base, respectively. The cleavage 

reaction was run for at least 3 h under optimized cocktail conditions [trifluoroacetic acid 

(TFA) 94%, water 2.5%, 1,2-ethanedithiol 2.5%, triisoproylsilane (TIPS) 1%] or (TFA 85%, 

water 5%, anisole 5%, TIPS 5%) to remove the resin and side-chain protecting groups.38–41

Purification and Spin Labeling.

The crude peptide was purified by reverse-phase high-pressure liquid chromatography 

(HPLC) using a GE HPLC system. The sample was loaded onto a C4 (10 μm) preparative 

column (Vydac 214TP, 250 × 22 mm) and was run with a two solvent gradient system, 

where the polar solvent was 100% water and the nonpolar solvent was 90% acetonitrile with 

10% water. 0.1% TFA was added to both solvents to acidify it. The gradient started from 5% 

nonpolar and increased up to 98% nonpolar by optimized run time.38 The purified pinholin 

peptide collected from HPLC elution was lyophilized. To attach the spin label, the 

lyophilized pure peptide was dissolved in dimethyl sulfoxide with 5-fold 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 semi-preparative 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 matrix-assisted laser desorption ionization time-of-flight mass spectrometry. 

Spin-labeling efficiency was calculated ~85–90% using CW-EPR.38

Peptide Incorporation into Proteoliposomes.

To mimic the membrane environment, SL pinholin peptides were incorporated into DMPC 

(1,2-dimyristoyl-sn-glycero-3-phosphocholine) proteoliposomes following the thin-film 

method.38 Pure SL peptides were dissolved in 2,2,2-trifluoroethanol 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 uniform thin film inside the pear-shaped flask. It was 

left under a vacuum desiccator overnight to remove any residual organic solvent. 20 mM 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH ≈ 7.0) was used to 

rehydrate the thin film to get the final concentration of 200 mM lipid and 200 μM peptide 

into proteoliposomes at a 1:1000 protein to lipid ratio to minimize the formation of 

oligomers. 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.42,43 The lipid film was dispersed from the side wall by several 
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vortexes followed by warming in a water bath. Three more freeze–thaw cycles were 

performed before adding glycerol. 10% glycerol was added to the sample and mixed 

properly. Glycerol helps the sample to remain suspended for a longer duration at room 

temperature without phase separation. Sample homogeneity and size of the proteoliposomes 

were confirmed by dynamic light scattering (DLS) spectroscopy using ZETASIZER NANO 

Series (Malvern Instruments) at 25 °C in a disposable 40 μL microcuvette.

Circular Dichroism Spectroscopy.

Circular dichroism (CD) spectra for pinholin S2168 incorporated into proteoliposomes were 

collected using an Aviv CD spectrometer (model 435) in a quartz cuvette with a 1.0 mm path 

length. Pinholin S2168-incorporated proteoliposomes samples were diluted 10 times with 10 

mM phosphate buffer to reduce the final HEPES buffer concentration (which gives 

absorbance at lower wavelength) as well as protein concentration (20 μM). Data were 

collected from 260 to 190 nm with an average of 10 scans per sample and 1 nm bandwidth at 

25 °C.38

CW-EPR Spectroscopy.

CW-EPR spectra were collected at the X-band (~9.34 GHz) using a Bruker EMX 

spectrometer equipped with a ER 041xG microwave bridge and ER4119-HS cavity at the 

Ohio Advanced EPR Laboratory at Miami University. Each spectrum was acquired by the 

signal averaging of 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. 

Each experiment was repeated at least three times. All experiments were carried out 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. The mobility parameter, δ−1 was normalized 

to “scaled mobility” factor (Ms), using eq 1.20,31,44

Ms = δ−1 − δi
−1

δm
−1 − δi

−1 (1)

where δi and δm are central line widths for the most immobilized and the most mobile side 

chains, respectively. The mean scaled mobility Ms  was calculated by taking the average of 

all studied SL residues.

To further explore the dynamic properties, the rotational correlation time (τ) was calculated 

using eq 2.32,33,45–47

τ = Kδ ℎ0
ℎ−1

− 1 − 1 (2)

where, K = 6.5 × 10−10 s, δ is the width of the center-line, and h0 and h−1 are the heights of 

the center and high field lines, respectively.46,47
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CW-EPR Power Saturation Experiments.

CW-EPR power saturation experiments were performed on a Bruker EMX X-band 

spectrometer coupled with ER 041XG microwave bridge and ER 4123D CW-Resonator 

(Bruker BioSpin). Experimental setups were optimized following the published literature.
28,34,35,45,48 Samples were loaded into gas-permeable TPX capillary tubes with a total 

volume of 3–4 μL at a concentration of 100–150 μM.48–51 EPR spectroscopic data were 

collected using a modulation amplitude of 1.0 G, a modulation frequency of 100 kHz, a field 

sweep of 42 s, and a sweep width of 90 G. Incident microwave powers were varied from 

0.06 to 159 mW. Three to five scans were signal-averaged at each microwave power. For 

each SL site, the spectra were recorded under three equilibrium conditions. At first, the 

samples were equilibrated with a lipid-soluble paramagnetic relaxant (21% oxygen) 

followed by the equilibration with nitrogen gas (as control), and equilibration with a 

watersoluble paramagnetic relaxant (2 mM NiEDDA) with a continuous purge of nitrogen 

gas.51 Each set of experiment was repeated at least three times. NiEDDA was synthesized 

according to the published protocol.35,51 The samples were purged with nitrogen gas for at 

least 1 h, at a rate of 10 mL per min before starting nitrogen or NiEDDA data acquisition. 

The resonator was connected to the gas supply (air 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 3.35,50

A = I P 1 +
21/ε − 1 P

P1/2

−ε
(3)

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. The homogeneous and inhomogeneous saturation limits are ε = 1.5 and ε = 

0.5, respectively.35 In eq 3, 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 corresponding depth parameter (Φ) was calculated using eq 4.35

Φ = ln ΔP1/2 O2
ΔP1/2 NiEDDA (4)

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 successful synthesis and spectroscopic characterization of the full-length active 

and inactive forms of pinholin S21 were reported by the Lorigan research group.38 For this 

study, the dynamic properties of pinholin S2168 were investigated by analyzing the CW-EPR 

spectra obtained from 39 SL positions of S2168 peptides incorporated into DMPC 
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proteoliposomes at a mole ratio of 1:1000 to minimize the formation of oligomers. The 

representative DLS data are shown in Supporting Information, Figure S1, for pinholin S2168 

G48R1 incorporated into DMPC proteoliposomes which confirmed the homogeneity of the 

proteoliposome samples.

The primary amino acid sequence of the full-length active pinholin S2168 is shown in Figure 

1A. Residues studied with SDSL are indicated in blue. Predicted TMD1 and TMD2 are 

indicated by the two boxes. The predicted topology of pinholin S2168 is adapted from the 

literature and shown in Figure 1B.1,2,12,38 The R1 side-chain attachment to the protein via a 

disulfide bond is shown in Figure 1C.26

Figure 2 shows the representative CD spectrum of pinholin S2168 G40R1 in DMPC 

proteoliposomes. Two minima around 222 and 208 nm, and a large positive peak close to 

195 nm confirmed the α-helical secondary structure of pinholin S2168 with the R1 side 

chain.

CW-EPR Line-Shape Analysis of Pinholin S2168.

CW-EPR spectral analysis for a set of SL protein allows probing the structural and dynamic 

properties of the protein with a spatial resolution at the residue-specific level.45,52–56 Figure 

3 shows 39 CW-EPR spectra collected for R1 side chains placed at strategic locations of 

S2168 incorporated into DMPC proteoliposomes.

All CW-EPR spectra show the conventional three 14N hyperfine peaks of the R1 side chain 

attached to pinholin S2168. EPR spectra from the N- and C-termini show a relatively sharper 

central peak than the TMD regions which indicate higher mobility of the R1 side chain or 

protein backbone in the terminal regions when compared to the TMD residues. EPR spectra 

of residues within TMD1 and TMD2 show line broadening indicative of restricted mobility 

in those regions. Most of the spectra show a single motional component, which indicates 

monodispersion of conformational and motional properties of S2168. However, CW-EPR 

spectra for W23R1, Q26R1, N55R1, and L56R1 [indicated by (*) in Figure 3] show two 

spectral components (rigid and fast components), which are indicative of heterogeneous 

dynamics at those sites.52

Beside this qualitative information, CW-EPR line-shape analysis can be used to derive 

quantitative dynamic information. Inversion of the width of the central resonance line (δ−1) 

has been used as a semiquantitative measurement of nitroxide mobility.20,29,57,58 The 

mobility of individual residues is shown in Figure 4, by plotting δ−1 as a function of residue 

positions for pinholin S2168.

Both N- and C-termini residues had higher mobility than residues inside the TMDs as 

speculated qualitatively from the line-shape analysis. The loop region had intermediate or 

restricted mobility which can be explained by the small loop size and the junction between 

the two slow motional segments (TMD1 and TMD2) of S2168. The highest mobility was 

observed for D5R1, present in the N-terminal with the δ−1 of 0.62 G−1 while the lowest 

mobility was 0.22 G−1 for W23R1 present in TMD1. Many more fluctuations of the δ−1 

values were observed for the TMD1 residues, when compared to the δ−1 values of TMD2 
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residues. The δ−1 of the TMD1 varies from 0.22 to 0.59 G−1, while the δ−1 of the TMD2 

varies between 0.22 and 0.36 G−1.

Scaled mobility (Ms) is another convenient method to compare the R1 dynamics for different 

sites relative to the most mobile and immobile sites. The Ms values were calculated using eq 

1. The central line width was observed among the entire 39 residue set with the most mobile 

(D5R1) and immobile (W23R1) sites being 1.6 G (δm) and 4.5 G (δi), respectively. The 

individual Ms value as a function of the residue position is shown in Figure 5.

From the individual Ms values, the average scaled mobility, Ms, was calculated which reflect 

the compactness of the protein system, helical packing density, and local backbone motions 

of a protein or segment of a protein.20 An overall Ms value of 0.27 was determined for 

pinholin S2168 which indicates moderate to tight helical packing.20 For the individual 

TMDs, Ms values were 0.34 (TMD1; 8–27) and 0.17 (TMD2; 36–56), which indicates 

TMD2 has tighter helical packing when compared to TMD1.

To further explore the dynamic properties of pinholin S2168 in a membrane, the rotational 

correlation time (τ) was calculated. τ is the time required for the spin label to rotate one 

radian angle.45 The rotational correlation time of the R1 side chain is the result of three 

different rotational correlation times including the rotational correlation time of the entire 

protein (τR), local protein backbone fluctuations, and the flexibility of the SL side chain 

relative to the protein.20,29,59 For membrane proteins, τR value greater than 60 ns, which is 

out of EPR sensitivity, can be ignored.44,59 Therefore, the calculated τ values are the 

reflection of a combination of backbone fluctuations, side chain dynamics, and interactions 

with the surroundings. Figure 6 shows the calculated τ values for the corresponding residues 

of SL pinholin S2168.

The minimum and maximum τ values were calculated to be 0.73 ns (D5R1) and 9.75 ns 

(W23R1), respectively. Shorter τ values (below 2 ns) for N- and C-termini residues suggest 

higher spin label motion due to the lipid-free environments, where longer τ for TMD 

residues suggest their restricted motion due to lipid environment and/or restricted backbone 

motions. Dynamic patterns observed from the τ calculation are consistent with the side chain 

mobility data extracted from the central line broadening, which are shown in Figures 4 and 

5.

Structural Topology with Respect to the Lipid Bilayer.

CW-EPR power saturation is a powerful and convenient biophysical technique to study the 

structural topology of proteins with respect to the lipid bilayer.35 In this study, CW-EPR 

power saturation experiments were performed on 31 SL pinholin S2168 samples 

incorporated into DMPC proteoliposomes. Representative CW-EPR power saturation curves 

are shown in Figure 7.

The relative power saturation profile of the oxygen and NiEDDA spectra indicates that 

A12R1 was more accessible to the polar relaxing reagent NiEDDA, whereas Q26R1 and 

L50R1 were more accessible to nonpolar oxygen. This trend implies that residue A12R1 

falls outside of the lipid bilayer, whereas Q26R1 and L50R1 are buried inside the lipid 
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bilayer. For the quantitative analysis of membrane insertion, the depth parameter (Φ) was 

calculated for individual residues using eq 4. A positive Φ value indicates that the 

corresponding side chain is buried inside the lipid bilayer, whereas the negative Φ value 

indicates that the side chain is solvent-exposed or outside the lipid bilayer. Figure 7D shows 

residues buried in the lipid bilayer (green residues) or solvent-exposed (red residues) as 

suggested by Φ value measurements. The individual depth parameter (Φ) will be examined 

in detail in the Discussion section.

DISCUSSION

The qualitative and quantitative data reported in this study will provide a better 

understanding of side-chain dynamics and structural topology of pinholin S2168 in DMPC 

proteoliposomes. The prominent appearance of two motional components for W23R1, 

Q26R1, N55R1, L56R1 (indicated by an * in Figure 3) can be attributed to their positions in 

TMD1 or TMD2, and the bulky side chains on the same side of the helix.53,57 The R1 side 

chain shows different spectral components when its motion is restricted by a heterogenous 

interaction with the local environment.57 This heterogeneous interaction may arise from 

their position near the end of the helix or the hole opening.53 Interestingly, a similar trend 

was found for the bacterial K+ channel where residues at the beginning and the end of the 

helix (opening of the channel) show rigid and fast components.53 Another possible 

explanation for two components could be the bulky side chains on the same side of the helix 

(3 or 4 residues away from specific R1) which give characteristic anisotropic motion.57 W23 

and Q26 are present in the vicinity of Y22, W23, Q26, and Q30, which can also contribute 

to the multicomponents observed in the W23R1 and Q26R1 spectra. Similar reasoning is 

applicable for the N55R1 and L56R1 EPR spectra, which are located at the interface of 

nonpolar lipid and polar solvent environments, and bulky side chains were present on the 

same side of the helix (Y52 and 59K).

In the active form of pinholin S2168, TMD1 was predicted to be externalized from the lipid 

bilayer, whereas TMD2 remains incorporated into the lipid bilayer.1,2,12,18 It was expected 

that the mobility of TMD1’s residues should be higher than the mobility of TMD2’s 

residues due to the protein segmental motion and lipid-free environment. The EPR data 

collected in this work indicated that only the N-terminal of TMD1 (S8 to Y13) had higher 

mobility when compared to TMD2, but residues G14 to W27 of TMD1 had no significant 

difference in mobility when compared to TMD2 residues. The average scaled mobility Ms
of TMD1 (0.34) was significantly higher than TMD2 (0.17). Again, the Ms values allow us 

to compare the protein of interest with other protein systems studied independently.20,31,44 

The Ms value for TMD2 of pinholin S2168 is comparable with other channel-forming 

proteins, such as bacteriorhodopsin and annexin XII, which had tight helical packing with 

the Ms values of 0.12 and 0.19, respectively, for the channel forming region.60 The Ms value 

of TMD2 is harmonic with a predicted small pore size of S2168. This Ms value implies tight, 

but somewhat flexible helical packing to allow interconversion of homotypic TMD2–TMD2 

interaction to heterotypic TMD2–TMD2 interaction as reported by Young’s Lab.1,20
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To resolve the relative orientation and interaction of TMD1 and TMD2 with respect to the 

lipid bilayer, we calculated the depth parameter (Φ) values and plotted them as a function of 

residue positions in Figure 8.

The higher negative Φ values suggested that the N- and C-termini residues (e.g., D5R1, 

S8R1, E62R1, and A67R1) were highly solvent accessible and not buried in the lipid bilayer. 

It was predicted that all residues from TMD1 would show negative Φ values based on the 

assumption that TMD1 is externalized from the lipid bilayer as proposed by Park et al.2 

Negative Φ values for residues 5–14 indicate that the N-terminal domain of TMD1 was 

solvent-exposed and externalized from the lipid bilayer. However, residues 24–27 of TMD1 

showed positive Φ values, which implies that these residues were embedded in the lipid 

bilayer. Residues from the middle portion of TMD1 were partially solvent-exposed (G14R1, 

A17R1, G18R1, and A20R1) or buried in the lipid bilayer (T15R1, S16R1, and S19R1). It is 

worth mentioning here that residues T15, S16, and S19 are on the opposite side of the helix 

than G14, A17, G18, and A20.1 This indicates that the middle portion of TMD1 might be 

remained on the surface of the lipid bilayer, whereas some side chains were pointing out of 

the lipid bilayer and others were buried in the phospholipid membrane.

All residues of TMD2 (36–56) of pinholin had positive Φ values, which confirmed the 

membrane immersion of this segment. The first residue of TMD2 (W36) had a Φ value of 

0.60, which gradually increased and reached to a maximum of 2.56 (F49) and then gradually 

decreased to the end of TMD2 (L56, Φ = 0.23). This is the characteristic pattern for a 

membrane-spanning segment of a protein or a membrane-embedded channel-forming 

segment of a protein.53 Although V41, S44, G48, and N55 are located inside of the lipid 

bilayer, they have shown relatively lower Φ values than their neighboring residues. This can 

be explained by the fact that all these residues have been identified as hole-lining residues or 

on the same side of the hole as proposed by the Young Lab.1

Based on the Φ values and mobility data, it can be inferred that instead of complete 

externalization of TMD1, this helical domain is partially externalized from the lipid bilayer 

where certain residues of TMD1 were exposed to solvent and others were buried in the lipid 

bilayer. This partial externalization can be explained by the presence of Trp (W27) at the C-

terminal of TMD1. The smaller Φ value for W27R1 implies that it was in the lipid–water 

interface. The anchoring effect of the Trp residue has been widely recognized when it is 

located at the polar–nonpolar interface of a membrane.61,62

The partial externalization and orientation of TMD1 can be further explained by the 

amphipathic nature and presence of a glycine zipper in TMD1. Thermodynamically it may 

be more favorable for an amphipathic helix such as TMD1, initially buried in the membrane, 

to stay in a polar and nonpolar interface instead of in a fully polar environment. Again, 

partial externalization of TMD1 may be more favorable with less steric hindrance at the hole 

opening. In the active dimer of S2168, the hydrophilic faces of two TMD2s interact with 

each other by a homotypic TMD2–TMD2 interaction, which is facilitated by a homotypic 

TMD1–TMD1 interaction.2 However, the homotypic TMD2–TMD2 interaction is converted 

to heterotypic interaction in their heptameric form.1 This heterotypic interaction is a 

common phenomenon for channel proteins having a glycine zipper.1,63 A similar glycine 
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zipper (G10xxxG14xxxG18) present in TMD1 may facilitate heterotypic interaction with 

other TMD1 via oligomerization. Heterotypic TMD1–TMD1 interactions will be more 

favorable if TMD1 is lying on the surface and interacting with neighboring TMD1(s). Park 

et al. proposed the complete externalization of TMD1 based on their disulfide-linked dimer 

and protease sensitivity for the S16C mutant which can be still possible at partial 

externalization conditions, where the S16 residue will be outside or on the surface of the 

lipid bilayer.2

Based on the EPR spectroscopic data presented in this study and considering the literature 

model for S2168, we are proposing a tentative structural topology model of pinholin S2168 as 

shown in Figure 9.

In the active conformation of S2168, the N-terminal remains in the periplasm, and TMD1 

lays on the surface of the lipid bilayer with some residues pointing out of the lipid bilayer 

and other residues buried in the lipid environment. TMD2 remains incorporated in the lipid 

bilayer where one side of the helix is facing toward the pore and another side toward the 

lipid environment.1 The C-terminal of S2168 remains in the cytoplasm. Future biophysical 

experiments are needed to confirm the proposed topology model. The double electron–

electron resonance EPR spectroscopic technique can be used to measure the distance 

between different segments of the S2168 to fine-tune the proposed topology.

CONCLUSIONS

This study reported on the structural topology and dynamic properties of the phage Φ21 lytic 

protein, pinholin S2168, in a lipid bilayer using EPR spectroscopic techniques. The CD data 

confirmed that pinholin S2168 maintains a predicted native α-helical secondary structure in 

DMPC proteoliposomes. R1 SDSL scanning of pinholin S2168 suggested that the N- and C-

termini have higher mobility when compared to the two TMDs. The result for EPR power 

saturation indicates the partial externalization of TMD1 from the lipid bilayer, whereas 

TMD2 remains in the lipid bilayer. The structural topology model of S2168 presented in this 

study will be useful for future structural studies of pinholin as well as other holin systems 

using biophysical techniques.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Primary sequence of S2168, boxes indicate TMD1 and TMD2. The amino acid positions 

studied by EPR spectroscopy are shown in blue. (B) Predicted topology of S2168 is adapted 

from the literature.1,2,12,38 TMD1 completely externalizes from the lipid bilayer and remains 

in the periplasm or partially externalizes and stays on the surface of the lipid bilayer, where 

TMD2 remains in the lipid bilayer. (C) R1 side chain shown in the dotted box which is 

attached to the protein through the disulfide bond of a Cys residue.
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Figure 2. 
CD spectrum of pinholin S2168 G40R1 in DMPC proteoliposomes was collected at pH 7 

and 298 K. Mean residue ellipticity is plotted against incident radiation wavelength.
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Figure 3. 
CW-EPR spectra of R1 side chains attached at indicated positions by replacing the native 

amino acid with Cys. All spectra were normalized to the highest spectral intensity. (A) EPR 

spectra from the N-terminal and TMD1 of pinholin S2168. (B) EPR spectra from the loop to 

the C-terminal of pinholin S2168 including TMD2. CW-EPR spectra composed of multiple 

components were marked with (*).
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Figure 4. 
EPR mobility analysis of the R1 side chain of S2168, calculated from the inverse width of 

the central resonance line (δ−1). The larger δ−1 value indicates increasing motion.
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Figure 5. 
Scaled mobility as a function of the residue position for pinholin S2168.
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Figure 6. 
Rotational correlation time (τ) of SL pinholin S2168 in DMPC proteoliposomes as a 

function of the residue position.
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Figure 7. 
Representative CW-EPR power saturation curves of S2168 in DMPC proteoliposomes. (A) 

A12R1 and (B) Q26R1 are in TMD1 and (C) L50R1 is in TMD2. Red triangle represents 

NiEDDA, green circle represents oxygen, and blue square represents nitrogen spectra with 

their fitted line from eq 3. The amplitudes of first derivative mI = 0 peak were plotted against 

the square root of the incident microwave power. (D) Color-coded primary sequence of 

S2168, where green residues are buried in the lipid bilayer and red residues are solvent-

exposed based on CW-EPR power saturation data. Black residues are not studied by the CW-

EPR power saturation experiment.
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Figure 8. 
Membrane depth parameter (Φ) as a function of S2168 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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Figure 9. 
Proposed topology of active pinholin S2168 after partial externalization of TMD1 from the 

lipid bilayer. The red amino acids represent solvent-exposed and the green amino acids 

represent the lipid buried residues based on CW-EPR power saturation data. Black letters are 

for those residues which were not studied via EPR power saturation.
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