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A B S T R A C T   

The bacteriophage infection cycle is terminated at a predefined time to release the progeny virions via a robust 
lytic system composed of holin, endolysin, and spanin proteins. Holin is the timekeeper of this process. Pinholin 
S21 is a prototype holin of phage Φ21, which determines the timing of host cell lysis through the coordinated 
efforts of pinholin and antipinholin. However, mutations in pinholin and antipinholin play a significant role in 
modulating the timing of lysis depending on adverse or favorable growth conditions. Earlier studies have shown 
that single point mutations of pinholin S21 alter the cell lysis timing, a proxy for pinholin function as lysis is also 
dependent on other lytic proteins. In this study, continuous wave electron paramagnetic resonance (CW-EPR) 
power saturation and double electron-electron resonance (DEER) spectroscopic techniques were used to directly 
probe the effects of mutations on the structure and conformational changes of pinholin S21 that correlate with 
pinholin function. DEER and CW-EPR power saturation data clearly demonstrate that increased hydrophilicity 
induced by residue mutations accelerate the externalization of antipinholin transmembrane domain 1 (TMD1), 
while increased hydrophobicity prevents the externalization of TMD1. This altered hydrophobicity is potentially 
accelerating or delaying the activation of pinholin S21. It was also found that mutations can influence intra- or 
intermolecular interactions in this system, which contribute to the activation of pinholin and modulate the cell 
lysis timing. This could be a novel approach to analyze the mutational effects on other holin systems, as well as 
any other membrane protein in which mutation directly leads to structural and conformational changes.   

1. Introduction 

Bacteriophages are the most abundant organism in the biosphere, 
recycling much of the world's biomass through ~1028 infection cycles 
per day [1,2]. Phages have evolved a robust lytic system to control the 
length of the infection cycle so that it can be adjusted for different en
vironments and host populations [3,4]. Most large, dsDNA bacterio
phages use at least three different proteins (holin, endolysin, and spanin) 
to lyse gram-negative bacteria by permeabilizing and degrading the 
cytoplasmic membrane, peptidoglycan layer, and cell wall, respectively 
[5–9]. The holin protein functions as an allele-specific molecular timer 
that triggers the formation of microscale holes for the release of fully- 
folded functional endolysin [4,5,10–21]. Although the holin-endolysin 
system is a robust and efficient lytic system, ~25% of phages employ 
a prototype evolutionarily intermediate lytic system, known as the 
pinholin-SAR (signal anchor release) endolysin system, which is 

underrepresented in the literature [22]. Pinholins make nanoscale holes 
which are not large enough to accommodate folded endolysin, but do 
allow the passage of protons to dissipate the proton motive force (PMF) 
which in turn leads to the release and activation of the membrane- 
tethered SAR-endolysin for its muralytic action [10,22]. 

Pinholin S21 from lambdoid phage Φ21 is one of the most well- 
studied pinholin systems [10,23–30]. This system features two pinho
lin proteins, an active pinholin (S2168) and an antipinholin (S2171). Both 
pinholin proteins have two transmembrane domains (TMDs) and accu
mulate benignly in the cytoplasmic membrane as an inactive dimer 
where both TMDs reside in the bilayer. For pinhole formation, TMD1 of 
S21 must be externalized from the lipid bilayer. For S2168, TMD1 
externalization is a rapid and spontaneous process (Fig. 1). The exter
nalization of S2171 TMD1 is much slower relative to S2168 due to the 
presence of an additional positively charged Lys residue in the N-ter
minal region. The presence of S2171 delays the pinhole formation 
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[10,24]. S2171 is a weak antipinholin as it can only delay but not 
completely block the externalization of TMD1 [24]. The Ry Young lab 
has reported the generation of a more dominant antipinholin by 
inserting five amino acids (RYIRS) into the N-terminal region of S2168. 
The externalization of TMD1 is blocked because of the addition of more 
positive charges and bulky side chains (Fig. 1) [24]. This antipinholin 
variant is denoted by S2168IRS [24]. In this study, S2168IRS replaced 
S2171 in the pinholin system to determine the mutation effect on inac
tive antipinholin. 

Phages use a combination of holin and antiholin to adjust the timing 
of lysis [3,22]. In addition, phages tune their lytic function by the mu
tation of endolysin and/or holin to adjust to various hosts and envi
ronments [3,22]. In the case of phage Φ21, the mutation of SAR- 
endolysin alone is not a viable strategy for the phage to adjust the 
lysis timing since there are very few mutation options within the 
membrane-tethered N-terminal region of SAR-endolysin that do not 
alter its effective turnover number (Kcat) [22]. Hence, mutation of pin
holin could be the mechanism by which phage Φ21 adjusts lysis timing 
for changing environments. Pang et al. (2010) reported an extensive 
mutational study of S21 with a wide range of phenotypes, including 
absolute lysis defective variants, as well as those with delayed or 
accelerated lysis triggering [24]. Although S2168IRS has been shown to 
be the dominant antipinholin that prevents cell lysis, some mutations 
rendered it active and abolished its antiholin properties [24]. In that 
study, more emphasis was given to S2168, and fewer mutants of S2168IRS 
were examined. Cell lysis time was monitored to determine the muta
tional effects, although this is not enough to define pinholin activity as 
SAR endolysin alone can cause lysis after induction, regardless of 
expression of the pinholin allele [22,24]. 

This study reports the effects of various mutations on the structural 
and topological properties of antipinholin S2168IRS using CW-EPR power 
saturation and DEER spectroscopic techniques. To examine the muta
tional effect on the structural topology, we studied eight single spin- 
labeled and seven double spin-labeled mutants with or without further 
substitution of wild-type amino acids. This work directly evaluated the 
structural and conformational changes of S2168IRS and correlated those 
observed with activation or inactivation of the protein from a previous 

biological study [24]. This mutational study clearly demonstrates that 
the relative hydrophobicity of TMD1 impacts its externalization, which 
further controls the activation and pinhole formation. In addition, mu
tations also changed how TMD1 and TMD2 interact, which ultimately 
impacted the externalization of TMD1, leading to alteration of triggering 
time. These results provide a much more comprehensive picture of the 
mutational effects on the structural topology and conformational 
changes of S2168IRS and explain how these conformational changes in
fluence the functionality of the pinholin system. 

2. Experimental methods 

2.1. Peptide synthesis, spin labeling, and purification 

Seventy-three amino acid long S2168IRS (Fig. 1) peptides were syn
thesized on an automated CEM Liberty Blue peptide synthesizer equip
ped with the Discovery Bio microwave system, via optimized Fmoc 
solid-phase peptide synthesis (SPPS), as reported in previous studies 
[25,26]. In brief, each synthesis was started with 0.1 mM glutamate 
preloaded TGA resin. The synthesis was performed in the dime
thylformamide (DMF) based solvent system. Piperidine (20% v/v), N,N′- 
diisopropylcarbodiimide (DIC) (15.6% v/v), and oxyma (14.2% w/v) in 
DMF were used as a deprotecting agent, activator, and activator base, 
respectively. During each coupling cycle, 0.2 M amino acid was added to 
the reaction vessel in the presence of activator and activator base. After 
successful synthesis, the crude peptide was obtained following a previ
ously published optimized cleavage procedure [25,26,31,32]. The crude 
peptide was purified by reverse-phase high-performance liquid chro
matography (RP-HPLC) using a GE HPLC system coupled with a C4 (10 
μm) preparative column (Vydac 214TP, 250 × 22 mm), following the 
optimized method [25,26]. 

To attach the spin label (SL) to the peptides, eight single Cys and 
seven double Cys mutants were synthesized with or without further 
substitution of wild type amino acids. The lyophilized pure peptides 
with Cys in designated location(s) were dissolved in dimethyl sulfoxide 
(DMSO) with a 5-fold excess of MTSL (S-(1-oxyl-2,2,5,5-tetramethyl- 
2,5-dihydro-1H-pyrrol-3-yl) methyl ethanesulfonothioate) per Cys 

Fig. 1. Primary sequence and structural topology model of active and inactive pinholin. TMD1 (green) and TMD2 (yellow) are depicted as cylinders. (A) and (B) 
show the primary amino acid sequences of S2168 and S2168IRS where an ‘RYIRS’ tag has been incorporated between Met4 and Asp5 in the N-terminus of S2168IRS. (C) 
and (D) show the possible topology models of S2168 and S2168IRS, respectively [25,29,30]. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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residue (1:5 M ratio for the single spin label and 1:10 M ratio for the dual 
spin label) and stirred for 24 h in the dark at room temperature. The spin 
labeled peptide was further purified using a C4 semi-preparative column 
(Vydac 214TP, 250 × 10 mm) to remove unbound MTSL and other 
contaminants [25,26]. After each purification, the purity and identity of 
the target peptide were confirmed by MALDI-TOF MS. Spin labeling 
efficiency was ~85–90% as calculated by CW-EPR measurements [26]. 

2.2. 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 using the thin film method [25,26]. 
DMPC lipid was used as a standard model lipid and optimized for the 
incorporation of pinholin S21 peptide in our earlier spectroscopic studies 
[26,27]. In brief, the peptide was dissolved in 2,2,2-Trifluoroethanol 
and mixed with DMPC solution in a pear-shaped flask. The organic 
solvents were gently evaporated by nitrogen gas purging with the 
continuous rotation of flask to form a uniform thin film. To prepare the 
samples for CW-EPR and power saturation experiments, a 10 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH 7.0) 
was used to rehydrate the thin film. The peptide:lipid ratio was 1:1000 
in the final proteoliposomes sample. Glycerol was added to a final 
concentration of 10% to help the sample remain suspended for a longer 
duration at room temperature without phase separation [25]. For DEER 
samples, 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid) buffer in D2O (pH ~7.0) was used to rehydrate the thin film [29]. 
The final peptide concentration was 50 μM for DEER samples with 
1:1000 ratio of peptide:lipid [29]. This ratio was chosen to minimize the 
effect of intermolecular interactions between monomers of pinholin 
which have been shown to oligomerize in the penultimate step of the 
lysis mechanism [23,28]. Glycerol was added to each DEER samples at a 
30% (v/v) final concentration as a cryoprotectant. Before rehydration of 
any proteoliposome sample, 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 
[25,29,33,34]. Dynamic light scattering (DLS) spectroscopy (ZETA
SIZER NANO Series; Malvern Instruments) was used to confirm the size 
and homogeneity of the proteoliposomes in each sample; the average 
size (diameter) of the proteoliposomes was ~200 nm [25]. 

2.3. CW-EPR spectroscopy 

All EPR experiments were conducted at the Ohio Advanced EPR 
Laboratory at Miami University. CW-EPR spectra were collected at X- 
band (~9.34 GHz) with a Bruker EMX spectrometer equipped with 
ER041xG microwave bridge and ER4119-HS cavity. Each spectrum was 
acquired by signal averaging 10 scans with 3315 G central field, 150 G 
sweep width, 42 s field sweep, 100 kHz modulation frequency, 1 G 
modulation amplitude, and 10 mW microwave power [25]. 

2.4. 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 previously published literature [35–37]. 3–4 
μL samples were loaded into a gas permeable TPX capillary tube at a 
concentration of 100–150 μM [35,38–40]. EPR spectroscopic data was 
collected using a modulation amplitude of 1.0 G, a modulation fre
quency of 100 kHz, 42 s field sweep, and 90 G sweep width [25]. Inci
dent microwave power was varied from 0.05 mW to 126 mW. For each 
spin labeled site, the spectra were recorded under three equilibrium 
conditions; oxygen, nitrogen, and NiEDDA equilibriums, as described in 
previous literature [25,40]. CW-EPR power saturation data were 
extracted and analyzed using a MATLAB software script. The peak-to- 

peak amplitudes of the first derivative central resonance lines (A) 
were extracted and plotted against the square root of the incident mi
crowave power (P). These data points were then fitted according to Eq. 
(1): [39,41] 
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(1)  

where I is the scaling factor, ε is the homogeneity of saturation of the 
resonance line, and P1/2 is the power where the first derivative ampli
tude is reduced to half of its unsaturated value. ε values varied between 
1.5 and 0.5 for the homogeneous to inhomogeneous saturation, 
respectively [41]. In Eq. (1), I, ε, and P1/2 are adjustable parameters and 
yield a characteristic P1/2 value for each equilibrium condition. The 
corresponding depth parameter (Φ) was calculated using Eq. (2): [41] 
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2
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(2)  

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

2.5. DEER spectroscopic measurements 

The four-pulse DEER experiments were conducted using a Bruker 
ELEXSYS E580 spectrometer with a SUPERQ-FT pulse Q-band system. 
For initial data collection, the system used a 10 W amplifier, however it 
was upgraded to a more powerful 300 W amplifier with an EN5107D2 
resonator. Approximately 70 μL of the sample was loaded into a 3 mm 
quartz EPR tube and flash-frozen with liquid nitrogen prior to insertion 
in the resonator cavity. Experimental data was collected with 16-step 
phase cycling at a temperature of 80 K. An optimized four-pulsed 
sequence [(π/2)ν1 − τ1 − (π)ν1 − t − (π)ν2 − (τ1 + τ2 − t) − (π)ν1 −

τ2 − echo] was used for dead time free DEER experimental data 
collection [42,43]. The probe pulse (π)ν1 width was 16 ns, and pump 
pulse (π)ν2 width was 24 ns. 120 MHz of frequency difference was used 
between the pump and probe pulses. In the upgraded instrumental 
setup, the pump pulse was a 70 ns frequency-swept chirp pulse spanning 
85 MHz. The shot repetition time was 1000 μs with 100 shots/point. 
Data acquisition time was 2–3 μs depending on the samples' phase 
memory time (T2) and S/N ratio. Data acquisition was done overnight 
for signal averaging. The DEER data analysis was conducted using the 
MATLAB DEER Analysis 2015 Program [44,45]. DEER distance distri
butions, P(r), were obtained using Tikhonov regularization in the dis
tance domain with a minimum distance constraint P(r) > 0 under DEER 
Analysis 2015 [45]. The background correction was performed using a 
two-dimensional homogeneous model for proteoliposomes. The best fit 
of the time domain data was used for optimizing the regularization 
parameter in the L-curve. 

3. Results and discussion 

Recently, we reported the structural dynamics and topology of active 
pinholin (S2168) and inactive antipinholin (S2168IRS) incorporated into 
DMPC proteoliposomes using CW-EPR line-shape analysis, power satu
ration, and DEER spectroscopic experiments [25,29,30]. Fig. 1 shows 
the primary sequence of S2168 and S2168IRS with their structural to
pology model adapted from the literature [10,25,30]. 

For EPR spectroscopic experiments, a nitroxide spin label was 
attached to the pinholin peptide using site directed spin labeling (SDSL) 
[46,47]. In our previous structural studies of S21, the spin label positions 
were judiciously selected to preserve the native conformations of active 
and inactive pinholin and consciously omitted those sites which might 
induce structural or functional perturbations according to the literature 
[24,25,30]. The structural perturbations induced by the spin labels were 
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more prominent for the inactive antipinholin since its TMD1 has a 
natural tendency for externalization from the lipid bilayer. It was hy
pothesized that those specific residue positions have a significant 
mutational effect. Taking into account these observations and the pre
vious mutational study reported by Pang et al. (2010), certain residue 
positions (e.g. G14, S16, A17) were selected to study the mutational 

effects on the structure and topology of S2168IRS [24]. 

3.1. Probing the mutational effect on the pinholin conformational changes 
using depth parameter 

In this study, CW-EPR power saturation experiments were conducted 

Fig. 2. Changes in hydrophobicity influenced the externalization of TMD1 of S2168IRS. (A) Tentative conformational change and equilibrium between two con
formations of pinholin S21. The position of the spin label is in green, and the points of mutation are the red letters in orange balls. CW-EPR power saturation data for 
IRS_A20R1 (B), IRS_A20R1_A17Q (C), IRS_A20R1_G14QA17Q (D), and IRS_A20R1_A17L (E). Respective depth parameters are shown with the uncertainty of ±5%. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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to investigate the mutational effect on the structural conformation of 
S2168IRS TMD1. A nitroxide spin label was placed at A20 of S2168IRS and 
denoted by IRS_A20R1 (R1 represents the MTSL spin label attached to a 
Cys residue through a disulfide bond). This spin label position was 
selected as a control and anchoring point for the rest of the experiments 
since A20 is positioned approximately at the center of TMD1 and a 
majority of the population of A20R1 was found buried inside of the lipid 
bilayer (positive Φ value) for the inactive conformation and outside of 
the lipid bilayer (negative Φ value) for the active conformation, as re
ported previously (Fig. 1C and D) [25,30]. The Φ values represent the 
relative accessibility of oxygen and NiEDDA for the nitroxide spin label 
and imply the relative population of the TMD1 inside vs outside of the 
lipid bilayer. Hence, the Φ values obtained for IRS_A20R1 in this study 
will report on the relative population of TMD1 inside vs outside of the 
lipid bilayer, which could be correlated with the inactive and active 
conformation of pinholin S21. 

Previous studies have suggested that the changes in hydrophobicity 
play a crucial role in the activation of pinholin by changing the proba
bility of externalization of TMD1 [24]. To examine this effect on the 
conformation of S2168IRS, two more S2168IRS constructs were designed, 
while keeping the spin label at the A20 position, with a single mutation 
(A17Q), and a double mutation (G14Q and A17Q). These constructs 

were denoted as IRS_A20R1_A17Q, and IRS_A20R1_G14QA17Q, 
respectively (Fig. 2). 

The Φ value was calculated as 1.0 for IRS_A20R1 without an addi
tional mutation which implied that a majority of the S2168IRS TMD1 
population was located inside of the lipid bilayer. However, Φ values of 
− 0.1 for IRS_A20R1_A17Q and − 0.6 for IRS_A20R1_G14QA17Q were 
measured. A more negative Φ value indicated that a higher population of 
TMD1 was externalized as the hydrophilicity of the TMD1 region was 
increased. To examine the opposite effect, A17 was substituted with a 
more hydrophobic leucine (L) side chain, while keeping the spin label at 
the same A20R1 position of S2168IRS. The construct was denoted as 
IRS_A20R1_A17L (Fig. 2E). The Φ value for IRS_A20R1_A17L was 1.0, 
which implied that a dominant population of S2168IRS TMD1 was inside 
of the lipid bilayer, similar to the inactive conformation of S2168IRS. This 
observation further confirmed that the increased hydrophobicity of 
TMD1 prevented the externalization of S2168IRS TMD1, while increased 
hydrophilicity is more likely to induce the dissociation of TMD1 from 
the membrane. The cumulative change of Φ values due to changes in 
hydrophilicity, as observed in IRS_A20R1_A17Q and IRS_A20R1_G14
QA17Q, indicated a change in the relative population of TMD1, inside vs 
outside of lipid bilayer. This implies a dynamic equilibrium between 
active and inactive conformations of pinholin S21. The increased 

Fig. 3. Mutational effect on the externalization of S2168IRS TMD1. CW-EPR power saturation data collected for (A) IRS_A20R1, (B) IRS_A20R1_S16E, and (C) 
IRS_A20R1_S16F. Respective depth parameters are shown with the uncertainty of ±5%. 
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hydrophobicity of TMD1 shifted the equilibrium towards the inactive 
conformation and a greater population of S2168IRS TMD1 stayed inside 
of the lipid bilayer, while increased hydrophilicity shifted the equilib
rium towards the active and a greater population of S2168IRS TMD1 was 
located outside of the lipid bilayer. 

To further explore the effect of varying types of sidechains and 
charge with its hydrophobic effect, S16 was replaced with the relatively 
hydrophilic amino acid, glutamate (E) or relatively hydrophobic amino 
acid, phenylalanine (F). For direct comparison, the spin label was placed 
at the same A20 position. To explore the effect of these mutations on the 
externalization of TMD1, two constructs (IRS_A20R1_S16E and 
IRS_A20R1_S16F) were probed using CW-EPR power saturation experi
ments where the depth parameters were compared with IRS A20R1 
(Fig. 3). 

The Φ value of − 0.4 for IRS_A20R1_S16E clearly demonstrated that a 
greater population of A20R1 spin-labeled TMD1 stayed outside of the 
lipid bilayer when compared to that for IRS_A20R1 (negative vs positive 
Φ value). These data implied that this mutation (S16E) enhanced the 
externalization of S2168IRS TMD1 and hence most of the population 
adapted an active conformation of pinholin S21. However, for 
IRS_A20R1_S16F, Φ value (1.1) was similar to IRS_A20R1 indicating that 
most of the population of A20R1 spin-labeled TMD1 was buried inside of 
the lipid bilayer similar to that of IRS_A20R1 and implied that this 
mutation does not enhance the externalization of S2168IRS TMD1, while 
the majority of the population adapted an inactive conformation of 
pinholin S2168IRS. These observations are consistent with earlier CW- 
EPR power saturation data (Fig. 2) suggesting that the increased hy
drophobicity of the IRS_A20R1_S16F variant prevented the external
ization of TMD1, while increased hydrophilicity in IRS_A20R1_S16E 
enhanced the externalization of TMD1. However, sidechain type (aro
matic vs aliphatic) and charge (positively vs negatively charged) did not 
play a significant role on the externalization of TMD1 as observed for 
relative hydrophobicity of TMD1. 

In addition to the mutational effect induced by the substitution of 
native amino acids with other amino acids, incorporation of the spin 
label in certain residue positions can lead to structural perturbations 
which are comparable to the mutational effects that caused the exter
nalization of TMD1 of inactive pinholin. For example, for positions 
IRS_S16R1 and IRS_A17R1, it was expected that a majority of the pop
ulation would be located inside of the lipid bilayer as suggested by a 
previous study that showed G14, S19, and A20 were located inside of the 
lipid bilayer for antipinholin [30]. However, the calculated depth pa
rameters (Φ) were − 0.8 and − 1.0 for IRS_S16R1 and IRS_A17R1, 

respectively, which clearly demonstrated that a majority of the pop
ulations were externalized from the lipid bilayer and stayed as solvent 
exposed (Fig. 4). 

These observations are analogous with the mutational results 
observed in the previous section (Figs. 2 and 3) where substitutions in 
these residue positions (S16, A17) significantly affected the TMD1 
externalization process. However, externalization of TMD1, while 
nitroxide spin labels were introduced in those positions, is more likely 
linked to the change in the intramolecular or intermolecular interactions 
with TMD2 rather than changes in TMD1 hydrophobicity and implies 
the significance of those residue positions for the native structural 
conformations. 

To visualize the relative effect of each individual mutation on the 
relative population of S2168IRS TMD1, calculated depth parameters are 
summarized in Fig. 5. 

Fig. 5 clearly indicates that the increased hydrophilicity at A17, G14, 
and A16 positions increased the propensity of S2168IRS TMD1 to exter
nalize. Hence, more populations adapt the active conformation. How
ever, the increased hydrophobicity at A17 and A16 positions prevented 
S2168IRS TMD1 externalization (Fig. 5). Additionally, the placement of 
the R1 spin label at A17 and S16 also caused the externalization of 
S2168IRS TMD1. These results suggest that some pinholin S21 residue 
positions such as G14, S16 and A17 have a significant effect on the 
protein's structural topology as the mutation to those positions induces 
significant structural perturbation. It is important to mention here that 
TMD1 has a putative glycine zipper (G10xxxG14xxxG18), which may 
have a significant role on the structural conformation of pinholin S21. In 
the inactive conformation of S21, TMD1 remains inside of the lipid 
bilayer and interacts with the TMD2 of the same monomer or the 
adjacent molecules of the dimer [24]. Hence, this glycine zipper region 
plays a crucial role for the molecular packing and hydrophobic inter
action. Certain changes in this region may cause structural perturbations 
and alter the rate of activation of pinholin by altering the TMD1 exter
nalization process. Hence, these types of residues should be avoided 
during the SDSL to study the native structural topology of a similar 
system. 

3.2. Pinholin conformational changes observed with DEER distance 
measurements 

The CW-EPR power saturation data represent whether a majority of 
the population is located inside or outside of the lipid bilayer and are 
more applicable to studying systems with a single conformation. DEER 

Fig. 4. Effect of MTSL on the externalization of S2168IRS TMD1. CW-EPR power saturation data collected for variants (A) IRS S16R1 and (B) IRS A17R1. Respective 
depth parameters are shown with the uncertainty of ±5%. 
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spectroscopy is a powerful biophysical technique that can provide direct 
evidence of the conformational changes of biomolecules and relative 
population of multiple conformations by monitoring the spin label dis
tance distribution [42,48–53]. To further validate EPR power saturation 
results and directly provide the evidence of the effect of mutations on 
pinholin conformational change, the DEER spectroscopic technique was 
employed. For DEER spectroscopic measurements, two spin labels were 
attached at S8 and L53 in S2168IRS and this construct was denoted as 
IRS_S8R1/L53R1. These positions were selected as an anchoring point 
since they are located at the N-terminus side of TMD1 and the C-ter
minus side of TMD2, respectively. These two residues were also found in 
close proximity in the inactive conformation of antipinholin S2168IRS 
with a reported average distance of (26 ± 4) Å [29]. Additionally, no 
significant functional and structural perturbations have been reported 
for mutations at these positions [24,29]. This construct will demonstrate 
a distinction of distance distribution between the inactive conformation 
of pinholin S2168IRS against any structural perturbation induced by the 
mutation. Three more constructs were designed with single, double, and 
triple mutations based on our CW-EPR power saturation results (see 
previous section) and those reported by Pang et al. (2010) [24]. These 
constructs were denoted as IRS_S8R1/L53R1_A17Q, IRS_S8R1/ 
L53R1_A17Q/G21Q, and IRS_S8R1/L53R1_G14Q/A17Q/G21Q with the 
spin labels at the S8 and L53 positions. The DEER distance distributions 
obtained from DEER measurements were then compared with that of the 
IRS_S8R1/L53R1 (Fig. 6). 

From inspection of the DEER distance distribution data (Fig. 6B), it is 
obvious that all mutant constructs showed a shorter distance peak 
centered around 26 Å similar to that of IRS_S8R1/L53R1, and another 
distance population at around 49 Å (Fig. 6B). This longer distance 
population was not prominent for the single mutant IRS_S8R1/ 
L53R1_A17Q (Fig. 6B). However, the longer distance population was 
increased in the double mutation variant (IRS_S8R1/L53R1_A17Q/ 
G21Q) and was further pronounced for the triple mutation variant (IRS 
S8R1_L53R1_G14Q/A17Q/G21Q) (Fig. 6B). These data clearly demon
strated that increased hydrophilicity at those residue positions enhanced 
the externalization of TMD1 and that a subpopulation was moving apart 
from TMD2, whereas others remained in close proximity as in the 
inactive conformation. The propensity of externalization increased with 
increased hydrophilicity and a cumulative effect was seen with the 
incorporation of additional mutations. This mutational effect is consis
tent with the power saturation data that indicated a higher number of 
populations of TMD1 were externalized when the hydrophilicity of 
TMD1 was increased. These results are also consistent with the muta
tional results reported by Pang et al. (2010) where G14Q, A17Q, and 

G21Q mutations caused activation of the dominant antipinholin 
S2168IRS, although those mutants took additional time to trigger lysis 
[24]. DEER data clearly indicate that the activation of antipinholin 
S2168IRS is associated with the enhancement of the externalization of 
TMD1 due to the increased hydrophobicity of TMD1. 

In addition to the mutational effects caused by natural amino acids, 
structural perturbations were also observed due to the presence of spin 
labels themselves, as was observed for CW-EPR power saturation ex
periments. A previous study showed that parallel distances between 
TMD1 and TMD2 of inactive pinholin were ~23–26 Å [29]. However, 
several dual-spin labeled antipinholin constructs, IRS_S16R1/G48R1, 
IRS_S16R1/V46R1, and IRS_A20R1/L45R1 independently showed a 
longer distance distribution around 49 Å, 48 Å, and 45 Å, respectively 
with the uncertainty of ±4 Å (Fig. 7). These distances match more 

Fig. 5. Comparison of the depth parameter for different 
S2168IRS mutants with respect to the IRS_A20R1. The red 
columns indicate a negative depth parameter where a 
majority of the spin label was outside of the lipid bilayer. 
The green columns indicate a positive depth parameter 
where a majority of the spin label was inside of the lipid 
bilayer. Respective depth parameters are shown on each 
bar with the error bar of ±5%. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 6. Effect of mutations on DEER distance distributions of IRS_S8R1/L53R1 
with or without additional mutations. (A) Inactive and active conformation of 
S2168IRS. Spin label positions are shown in green and mutation points are shown 
as a red letter in the orange circles. (B) Distance probability distributions are 
color-coded as the same color of the construct name. The highest distances 
distributions are normalized to one. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 
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closely with the active conformation of pinholin S21 instead of the 
inactive conformation which implies that the spin label at those residue 
positions caused a structural perturbation and externalized the TMD1 of 
antipinholin from the lipid bilayer. 

In these DEER samples, one or both residue positions where spin 
labels were incorporated could induce structural perturbations due to 
the changes in intra and inter molecular interactions. In the earlier 
section (Fig. 4), CW-EPR power saturation data demonstrated that 
IRS_S16R1 had an influence on the externalization of TMD1, which 
could be one of the reasons for the active conformation of IRS_S16R1/ 
G48R1, and IRS_S16R1/V46R1 (Fig. 7). In addition, G40xxxS44xxxG48 
is the glycine zipper present in TMD2 and has a significant effect on the 
structural conformation and oligomerization of S21 pinholin [24]. Any 
residue in this region (e.g. L45, V46, G48) may contribute to the struc
tural perturbation in addition to the mutational effects from TMD1. The 
mutational effects observed in the current study were based on the 
incorporation of the pinholin protein into the DMPC lipid bilayer. These 

mutational effects may vary in different lipid bilayers. Further studies 
with different types of lipid bilayers are needed to generalize the 
mutational effect in the membrane environment. Similarly, a more 
detailed study is needed to explore further mutational points and the 
underlying mechanisms for the structural perturbations caused by those 
residue mutations. 

4. Conclusion 

This is the first EPR spectroscopic study which showed direct evi
dence of structural perturbation of pinholin S21 by positional mutations. 
This work also correlated these mutations with conformational changes 
and functionality of pinholin S21. The CW-EPR power saturation and 
DEER data clearly demonstrated that the relative hydrophobicity and 
interaction of different residues impact the observed conformational 
changes that have been directly linked to the pinholin S21 activation and 
triggering time. This study judiciously utilized CW-EPR power 

Fig. 7. Conformation change of antipinholin S2168IRS while spin labels were introduced at certain residue positions. Pair wise spin label positions and probable 
distances are shown with arrows for active conformation of S21 (A). DEER time domain spectrum and corresponding distance distribution for IRS_S16R1/G48R1 (B), 
IRS_S16R1/V46R1 (C), IRS_A20R1/L45R1 (D) with the uncertainty of ±4 Å. (The First spectrum was collected with 10 W amplifier). 
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saturation and DEER spectroscopy to probe the effects of several amino 
acid residue mutations on antipinholin S2168IRS TMD1 externalization. 
This approach will pave the way for the application of additional bio
physical techniques for mutational studies in several other biologically 
significant systems, especially those in which point mutations are likely 
related to functional/structural changes. 
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