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A B S T R A C T   

There have recently been advances in methods for detecting local secondary structures of membrane protein 
using electron paramagnetic resonance (EPR). A three pulsed electron spin echo envelope modulation (ESEEM) 
approach was used to determine the local helical secondary structure of the small hole forming membrane 
protein, S21 pinholin. This ESEEM approach uses a combination of site-directed spin labeling and 2H-labeled side 
chains. Pinholin S21 is responsible for the permeabilization of the inner cytosolic membrane of double stranded 
DNA bacteriophage host cells. In this study, we report on the overall global helical structure using circular di
chroism (CD) spectroscopy for the active form and the negative-dominant inactive mutant form of S21 pinholin. 
The local helical secondary structure was confirmed for both transmembrane domains (TMDs) for the active and 
inactive S21 pinholin using the ESEEM spectroscopic technique. Comparison of the ESEEM normalized frequency 
domain intensity for each transmembrane domain gives an insight into the α-helical folding nature of these 
domains as opposed to a π or 310-helix which have been observed in other channel forming proteins.   

1. Introduction 

Membrane proteins are responsible for a wide variety of cellular 
functions including transport, signaling, lysis, and are targets for over 
50% of small molecule drug binding [1–3]. However, determining 
membrane protein secondary structure has proved to be a challenge for 
the scientific community due to their hydrophobic nature, poor over
expression yields, and lack of high quality crystals [4,5]. Previously, the 
Lorigan group has demonstrated the electron spin echo envelope mod
ulation (ESEEM) spectroscopy coupled with site directed spin labeling 
(SDSL) and isotopic amino acid labeling can be utilized to determine the 
local secondary structure of model membrane proteins [6–9]. This 
ESEEM technique was previously used to differentiate between α-helices 
and β-sheets as well as detect the presence of α-helices versus 310-helices 
[6–8]. The use of this ESEEM technique is advantageous over other 
biophysical structural techniques, like circular dichroism (CD) spec
troscopy, as it can selectively probe local secondary structure as opposed 
to global structure. Knowing the local secondary structure is critical as 
changes in local structure have been shown to affect the packing of 

membrane proteins as well as their incorporation and interactions with 
the surrounding lipid environment [10]. There are also families of 
membrane proteins, that take part in a variety of cellular processes, 
which must undergo local conformational changes and refolding of their 
secondary structure to perform their ultimate function [11,12]. This 
ESEEM approach therein overcomes limitations seen in CD or NMR and 
supplies a method for determining these subtle, yet crucial changes in 
the local structure of peptides and proteins. 

This ESEEM secondary structure technique requires a deuterated 
amino acid side chain (e.g. d10-Leu) with a site-specific nitroxide spin 
label placed within four amino acids of the deuterated amino acid. A 
nitroxide spin label, in this case S-(1-oxyl-2,2,5,5-tetramethyl-2,5- 
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL), was 
attached via disulfide bond formation to the substituted cysteine side
chain. ESEEM spectroscopy detects the weak dipole-dipole interactions 
between the unpaired electron of the spin label and the deuterium of the 
labeled Leu sidechain within a detection limit of 8 Å [13,14]. The 
characteristic periodicity of helices and the linear nature of β-sheets 
reveals unique patterns in the ESEEM spectra as the spin label is moved 
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step wise away from the d10-Leu sidechain. In a helix, when the spin 
label is at a position 2 amino acids away from the d10-Leu, the spin label 
and the d10-Leu appear on opposite sides on the helix and therefore 
outside of the 8 Å ESEEM detection limit. As the spin label is moved to 
positions 3 or 4 amino acids away from the d10-Leu, the helical structure 
puts both labels on the same side of the helix allowing for deuterium 
modulation to be observed [8]. Alternatively, the exact opposite pattern 
would be detected when probing a β-sheet. The linear nature of β-sheets 
would place the spin label within the detection limit at position 1 or 2 
amino acids away from the d10-Leu allowing for deuterium modulation. 
Unlike the α-helix, there would be no deuterium modulation detected at 
positions 3 and 4 amino acids away from the d10-Leu as the linear 
β-stand would place the spin label more than 8 Å away from the d10-Leu. 
To this point the application of the ESEEM technique has been limited to 
model peptides or small protein segments of known structure [6,8]. This 
study will be the first application of the outlined ESEEM approach to a 
full-length membrane protein with multiple predicted transmembrane 
domains (TMDs). 

The final step of the double-stranded DNA bacteriophage infection 
cycle is host lysis [15]. The mechanism for this lysis pathway involves 
three proteins, a small hole-forming inner membrane protein known as 
the holin, a muralytic enzyme known as the endolysin, and the spanin 
complex responsible for outer membrane disruption. The function of the 
holin protein is to permeabilize the inner cytoplasmic membrane, 

depolarizing the membrane, and allowing the release of the endolysin to 
begin the degradation of the peptidoglycan [16]. This is accomplished 
by a harmless accumulation of the holin in the host cell membrane until 
the protein “triggers” at an allele-specific time. Triggering is the term 
used to denote when the holin reaches a critical concentration in the 
membrane and attains the functionality to permeabilize the membrane. 
Due to the variation in mechanisms and sizes of lesions formed between 
different classes of holins the lesions have been termed “holes” to show 
distinction from channels and other such membrane permeabilization 
pathways [3,17,18]. 

This study will focus on a cytosolic membrane protein known as 
pinholin S21, encoded by the S21 holin gene of the lambdoid bacterio
phage Φ21 [16]. Pinholin S21 is one of the most well-studied prototype 
holin system which make nanoscale holes to dissipate the proton motive 
force (PMF) in the inner cytosolic membrane of the infected bacteria to 
release and activate the membrane-tethered signal anchor release (SAR) 
endolysin to degrade the peptidoglycan layer [16,19–22]. Pinholin S21 

has two holin proteins; active pinholin and inactive antipinholin. Both 
pinholin S21 proteins have two TMDs [21]. TMD1 of the active form of 
pinholin rapidly externalized from the inner cytoplasmic membrane to 
the periplasm and facilitated the oligomerization of TMD2 to form a 
nano-scale hole. However, TMD1 of the inactive form of pinholin cannot 
or slowly externalize from the inner cytoplasmic membrane due to the 
extra positive charge and bulky side-chains in the N-terminal. Hence, 

Table 1 
Active and inactive pinholin S21 primary sequence.  

Active S2168 

Leu25 i-2 MDKISTGIAYGTSAGSAGYXFiQWLDQVSPSQWAAIGVLGSLVLGFLTYLTNLYFKIREDRRKAARGE  
i-3 MDKISTGIAYGTSAGSAGXWFiQWLDQVSPSQWAAIGVLGSLVLGFLTYLTNLYFKIREDRRKAARGE  
i-4 MDKISTGIAYGTSAGSAXYWFiQWLDQVSPSQWAAIGVLGSLVLGFLTYLTNLYFKIREDRRKAARGE 

Leu50 i-2 MDKISTGIAYGTSAGSAGYWFLQWLDQVSPSQWAAIGVLGSLVLXFiTYLTNLYFKIREDRRKAARGE  
i-3 MDKISTGIAYGTSAGSAGYWFLQWLDQVSPSQWAAIGVLGSLVXGFiTYLTNLYFKIREDRRKAARGE  
i-4 MDKISTGIAYGTSAGSAGYWFLQWLDQVSPSQWAAIGVLGSLXLGFiTYLTNLYFKIREDRRKAARGE   

Inactive S21IRS 

Leu25 i-2 MRYIRSDKISTGIAYGTSAGSAGYXFiQWLDQVSPSQWAAIGVLGSLVLGFLTYLTNLYFKIREDRRKAARGE  
i-3 MRYIRSDKISTGIAYGTSAGSAGXWFiQWLDQVSPSQWAAIGVLGSLVLGFLTYLTNLYFKIREDRRKAARGE  
i-4 MRYIRSDKISTGIAYGTSAGSAXYWFiQWLDQVSPSQWAAIGVLGSLVLGFLTYLTNLYFKIREDRRKAARGE 

Leu50 i-2 MRYIRSDKISTGIAYGTSAGSAGYWFLQWLDQVSPSQWAAIGVLGSLVLXFiTYLTNLYFKIREDRRKAARGE  
i-3 MRYIRSDKISTGIAYGTSAGSAGYWFLQWLDQVSPSQWAAIGVLGSLVXGFiTYLTNLYFKIREDRRKAARGE  
i-4 MRYIRSDKISTGIAYGTSAGSAGYWFLQWLDQVSPSQWAAIGVLGSLXLGFiTYLTNLYFKIREDRRKAARGE 

This table shows the primary sequence of active S2168 and inactive S21IRS pinholin. The deuterated Leu (d10Leu) position is denoted by ‘i’ while the position of the 
cysteine substitution is shown as X. The underlined sections of the primary sequence correspond to the two predicted transmembrane domains. 

Fig. 1. Representative CD spectra of the active (blue) and inactive (red) forms of the pinholin S21 confirming α-helical secondary structure with spin label and 
deuterated amino acid sidechains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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prevent the oligomerization of TMD2 to form the nano-scale holes. The 
S2168 is the active form of the pinholin S21, while the S21IRS will 
represent the inactive antipinholin form [23]. S21IRS has five extra 
amino acids (RYIRS) between the first methionine (M) and the second 
aspartic acid (D) of active pinholin. Until this point the predicted helical 
secondary structure has only been hypothesized using molecular dy
namic simulations and through comparison to other classes of holin 
proteins [17]. The work presented here will be the experimental evi
dence to confirm the local secondary structure of full length pinholin S21 

in its active and inactive conformations. 

2. Experimental methods 

All pinholin S21 proteins were synthesized using solid phase peptide 
synthesis conducted on a CEM Liberty Blue Peptide Synthesizer with 
Discovery Bio Microwave System [24,25]. Thirteen different variants of 
the active and inactive forms were created to complete the study 
including a control construct without deuterated amino acid. Table 1 
outlines all twelve different deuterated and spin labeled pinholin 
positions. 

These pinholin constructs were generated to position a deuterated 
leucine (d10-Leu) amino acid at a specific position designated as i. A 
cysteine residue, denoted in Table 1 as X, is then substituted in at spe
cific position − 2, − 3, or − 4 residues away from the deuterated leucine, 

Fig. 2. Three pulse ESEEM experimental data for the active form of pinholin S21 with 2H labeled Leu (d10-Leu) side chain at position 25 in TMD1 incorporated in 
DMPC liposomes at 1:500 protein to lipid ratio. 2H modulation can be observed in the time domain (A) at positions i-4 and i-3 which translates to the peaks seen in 
the normalized frequency domain intensity (B). The frequency domain data is normalized to make the same maximum scale for each set of data. 
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i. This cysteine residue allows for disulfide bond formation to the 
nitroxide spin label MTSL to ensure the pinholin S21 is EPR active. A 
control sample was synthesized by creating an i-4 pinholin with a nat
ural (undeuterated) leucine side chain at position Leu25. 

After successful solid phase synthesis, the pinholin S21 was cleaved 
from the solid phase resin using a trifluoroacetic acid (TFA) cleavage 
solution and crude peptide was obtained following previously published 
optimized cleavage procedure [25–27]. The crude pinholin was purified 
using reverse-phase high performance liquid chromatography (RP- 
HPLC) with a C4 prep column run at a gradient of 5 to 95% solvent B 
(90% acetonitrile/10% water/0.1% TFA) [25–28]. The collected pure 
peptide fractions were lyophilized, and the resulting pure peptide was 
spin labeled using MTSL [26]. Spin labeled peptide was repurified using 
reverse-phase HPLC to remove the excess spin label. This purification 
was run using a C4 semi-prep column with the same gradient and solvent 
system as previously mentioned [25–27]. Matrix assisted laser desorp
tion ionization – time of flight (MALDI-TOF) was used to confirm the 
target molecular weight of the pinholin S21 plus successful MTSL 
coupling. All the remaining pure, spin labeled pinholin S21 fractions 
were lyophilized into a powder to use for lipid incorporation and the 
resulting experiments [23]. 

The pure spin labeled pinholin S21 was incorporated into two 
different lipid mimetic systems at a 500:1 lipid to protein ratio. The final 
protein concentration was 200 μM. 1,2-Dimyristoyl-sn-Glycero-3- 
Phosphocholine (DMPC)/1,2-Diheptanoyl-sn-Glycero-3-Phosphocho
line (DHPC) bicelles were created by mixing the two lipids, dissolved in 
chloroform, with a Q value of 3.6 and then adding the corresponding 
amount of pinholin S21 dissolved in 2,2,2-Trifluoroethanol (TFE). The 
solvents were evaporated off using inert N2 gas and the remaining lipid/ 
protein film was rehydrated using 20 mM HEPES (4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid) buffer adjusted to a neutral pH of ~7.0. 
The lipid/protein solution was flash frozen in liquid nitrogen and then 

vortexed and sonicated until the buffer solution went clear. The second 
lipid mimetic used were multilamellar vesicles (MLVs) created by mix
ing the peptide dissolved in 2,2,2-Trifluoroethanol (TFE) with DMPC in 
chloroform at a 500:1 lipid to protein ratio. Then the solvents were 
evaporated off using inert N2(g) and the same process as bicelle for
mation was followed with a minimum of three freeze thaw cycles. 

The global secondary structure was determined using circular di
chroism (CD) spectroscopy performed on an Aviv Circular Dichroism 
Spectrometer Model 435 in a quartz cuvette with a 1.0 mm path length. 
CD data was collected from 260 to 190 nm with 1 nm bandwidth at 
25 ◦C. 

X-band CW-EPR (~9 GHz) spectra were used to calculate spin la
beling efficiency with all samples showing greater than 85% labeling 
efficiency. Three-pulse (π/2-τ-π/2-T-π/2) ESEEM measurements were 
conducted on a Bruker ELEXSYS E580 with an ER4118X MS3 resonator 
using a 200 ns tau value for 1H modulation suppression. The ESEEM data 
for each sample was collected at a microwave frequency of ~9.269 GHz 
and a magnetic field of ~3300 G at a temperature of 80 K with 4-step 
phase cycling. The spectra were collected with a starting T value of 
386 ns with an increase in 12 ns increments for a total of 512 points 
[6,7]. All ESEEM data were collected on a 45 μL sample incorporated 
into either 500:1 DMPC MLVs or 500:1 DMPC/DHPC bicelles. A two- 
component exponential decay was used to fit the time domain data. 
The maximum value for the exponential fit as well as the collected time 
domain data were both scaled to one, according to the literature [29]. 
The normalized decay curve was subtracted from the experimental data 
to give a scaled ESEEM spectrum [30–32]. A Fourier Transformation 
(FT) was then applied to the scaled ESEEM spectra to yield the corre
sponding frequency domain [33]. The detected deuterium peak appears 
at ~2.3 MHz corresponding to the Larmor frequency of 2H. 

Fig. 3. (A) Normalized 2H frequency domain intensity for active pinholin S2168 (blue) and inactive antipinholin S21IRS (red) for TMD1 (top) and TMD2 (bottom) in 
DMPC/DHPC bicelles (B) Normalized 2H frequency domain intensity for active pinholin S2168 (blue) and inactive antipinholin S21IRS (red) for TMD1 (top) and 
TMD2 (bottom) in DMPC liposomes. The frequency domain intensity was normalized to get maximum scale to make a relative comparison of the peak intensity 
among i-2, i-3, and i-4 samples of each site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussion 

In the pathway of bacteriophage cell lysis, the pinholin S21 protein is 
responsible for the permeabilization of the inner cell membrane and the 
overall timing of the lysis mechanism [19,22]. In this study, CD spec
troscopy as well as an established 3-pulse ESEEM approach were used to 
investigate both global and local secondary structure of pinholin S21 

within the membrane. Fig. 1 shows representative CD spectra of the 
active (blue) and inactive (red) forms of deuterated and spin labeled 
versions of pinholin S21. In both cases, we saw a large positive peak 
below 200 nm and double minima at 208 and 222 nm corresponding to a 
global α-helical secondary structure. 

Following the confirmation of the global secondary structure for the 
active and inactive pinholin S21 the ESEEM approach outlined above 
was used to probe the local secondary structure. Positions were chosen 
within both transmembrane regions predicted by the literature to be 
helical in nature for both the active and inactive forms of the pinholin 
[20]. Position L25 is located in the first predicted TMD while L50 is 
located in the second predicted TMD. The ESEEM detected modulation 
can be seen in the i-3 and i-4 positions of the time domain of Fig. 2A with 
a frequency of 2.2 MHz corresponding to the Larmor frequency of 
deuterium. This modulation results in a 2H peak that can be observed in 
the i-3 and i-4 positions of the spin label in Fig. 2B. 

The presence of the deuterium peak at positions i-3 and i-4 with the 
absence of the peak at i-2 is indicative of α-helical secondary structure 
for Leu25 [7,34,35]. This pattern comes from the 3.6 amino acid turn 

periodicity of the α-helical secondary structure. This places the spin 
label, at i-3 and i-4, and the deuterated leucine side chain on the same 
face of the helix allowing dipolar coupling, while the i-2 position falls on 
the opposite face of the helix outside of the 8 Å detection limit [36]. 
Fig. 3 shows the normalized frequency intensity for all data collected in 
DMPC/DHPC 1:500 bicelles (A) left and DMPC 1:500 liposomes (B) 
right. 

The helical pattern can be observed when looking at deuterated 
position L25 located in TMD1 (top row) for both the S2168 active (blue) 
and the S21IRS inactive (red). This helical secondary structure is also 
present in the functional domain TMD2 of the pinholin S21. This is seen 
at the bottom row of Fig. 3 with deuterated position L50 showing 
deuterium dipolar coupling peaks for the i-3 and i-4 positions but not for 
i-2. 

A comparison of the normalized FT frequency domain intensity was 
conducted and plotted in Fig. 4. Due to unique turn periodicities for 
different helices, such as 3.1 amino acids for a 310 helix or 4.1–4.4 amino 
acids for a π helix, comparing the normalized frequency domain in
tensity will allow for differentiation between these helices [6,37,38]. 

A minor peak was observed in some of the samples might be due to 
the interaction of spin label with a small amount of 2H sidechain or 
unfolded protein [36]. There is some variation present in the intensity 
between each position because of two distinct reasons. The first comes 
from the differences in the local environment between TMD1 and TMD2 
and how that environment influences the mobility and packing of the 
spin label and d10-Leu side chain. The second is due to the presence of 
the multiple torsion angles in the longer side chains, like leucine, and the 
MTSL-labeled cysteine of which there are 5 torsion angles χ1–5 
[17,19,20,24,39,40]. The comparison of intensities between the i-3 and 
i-4 peaks for bicelles incorporated pinholin S21 samples yields close 
frequency peak intensities for them. Similarly, the comparison of in
tensities between the i-3 and i-4 peaks for the liposome incorporated 
pinholin S21 samples also yield close frequency peak intensities. These 
results suggest that TMD1 (Leu 25) and TMD2 (Leu 50), for both the 
active and inactive forms of the pinholin S21, are folded in an α-helical 
secondary structure. The result of this study along with our previous 
studies will serve as a data library for utilizing this ESEEM approach for 
studying more complicated protein systems. 

4. Conclusions 

Determining the secondary structure of membrane proteins is pivotal 
in understanding protein functions and dynamics. Techniques such as 
CD spectroscopy can give global secondary structure information but 
lack the ability to specify local secondary structural information. As 
opposed to techniques like NMR which require higher sample concen
trations, longer data acquisition time, and are restricted by protein size, 
this ESEEM approach requires only μM scale of a sample, shorter data 
acquisition (~2 h to a few hrs) and has no limit on protein size. The 
ESEEM method is easy to apply for synthetic peptides. However, this 
method has been also applied to larger membrane proteins and soluble 
proteins. Another powerful EPR spectroscopic technique, DEER can 
measure long-range (20–80 Å) distances and predict secondary struc
ture, while ESEEM can provide more direct evidence of local secondary 
structure and differentiate among the secondary structures. The appli
cation of ESEEM outlined in this paper demonstrated the ability to probe 
local secondary structure, not only for model peptides as previously 
published but of full-length functional systems. The α-helical local sec
ondary structure of both predicted pinholin S21 TMDs were confirmed 
with the presence of deuterium modulation observed at the i-3 and i-4 
positions [12]. The confirmation of the helical structure in TMD1 and 
TMD2 for both the active and inactive forms of the pinholin S21 dem
onstrates the applicability of this technique to both peripheral and in
ternal membrane proteins. In addition, the comparison of frequency 
domain intensities between the active and inactive conformations in
dicates there is little to no change in helical structure after TMD1 
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Fig. 4. Comparison of normalized frequency domain intensity for both TMDs of 
the active and inactive forms of pinholin S21 in (A) DMPC/DHPC bicelles at a 
1:500 ratio Figs. 1:, 2:, 3: and 4: and (B) DMPC liposomes at a 1:500 ratio. 
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externalizes from the membrane. Future application of this work will 
include application at helical boundaries to observe the loss of helical 
folding pattern to identify the end point of the helix. This ESEEM 
approach will be utilized to probe tertiary interactions of functional 
systems known to form dimers or oligomeric states and the use of 
deuterated buffers to probe membrane protein topology. 
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