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ARTICLE INFO ABSTRACT

The mechanism for the lysis pathway of double-stranded DNA bacteriophages involves a small hole-forming
class of membrane proteins, the holins. This study focuses on a poorly characterized class of holins, the pinholin,
of which the $?! protein of phage ¢21 is the prototype. Here we report the first in vitro synthesis of the wildtype
form of the $?! pinholin, $?'68, and negative-dominant mutant form, S*'IRS, both prepared using solid phase
peptide synthesis and studied using biophysical techniques. Both forms of the pinholin were labeled with a
nitroxide spin label and successfully incorporated into both bicelles and multilamellar vesicles which are
membrane mimetic systems. Circular dichroism revealed the two forms were both > 80% alpha helical, in
agreement with the predictions based on the literature. The molar ellipticity ratio [6]522/[0]20s for both forms of
the pinholin was 1.4, suggesting a coiled-coil tertiary structure in the bilayer consistent with the proposed
oligomerization step in models for the mechanism of hole formation. 'P solid-state NMR spectroscopic data on
pinholin indicate a strong interaction of both forms of the pinholin with the membrane headgroups. The 'P
NMR data has an axially symmetric line shape which is consistent with lamellar phase proteoliposomes lipid
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1. Introduction

The final step of the double-stranded DNA bacteriophage infection
cycle is host lysis [1-3]. 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 [3,4]. The function
of the holin protein is to permeabilize the inner phospholipid bilayer
allowing the release of the endolysin to begin the degradation of the
peptidoglycan [5]. 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 [3]. 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 [2,3].

Initially it was believed that all holins, like the A S105 canonical
holin, trigger to form micron-scale holes in the inner cell membrane
[3]. These holes allowed for non-selective escape of fully folded and

functional endolysin enzymes. However, more recently a second type of
holin has been discovered [2,6]. Instead of forming micron-scale non-
selective holes in the cytoplasmic membrane, these holins form nan-
ometer-scale holes that are only responsible for the depolarization of
the membrane [2,6]. Due to the small size of the holes, this new class of
holin was named the pinholin. Unlike the large hole forming canonical
holins the hole created by the pinholins is not large enough to allow for
the nonspecific escape of functional endolysin from the cytoplasm. In-
stead these pinholins are paired with signal-anchor-release (SAR) en-
dolysins [2,3]. These proteins are named for a special N-terminal
transmembrane helix that acts as an uncleaved signal sequence, re-
sulting in a sec-mediated export. The SAR-endolysins accumulate in the
periplasm as membrane-tethered, inactive enzymes. When the pinho-
lins trigger and cause depolarization of the membrane, the SAR domain
exits the bilayer, allowing the periplasmic catalytic domain to refold to
its active form and begin degradation of the peptidoglycan [6-8].
This study focuses on the optimization of the solid phase peptide
synthesis and spectroscopic characterization of the pinholin membrane
protein system. More specifically, the system under study is encoded by
the $*! holin gene of the lambdoid bacteriophage ¢21. The 71-codon
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Fig. 1. This table shows the primary sequence for the
active $2'68 form of pinholin, its cognate antiholin

$2171, and the inactive S?'IRS form of the pinholin.

Transmembrane domains (TMD) 1 and 2 are under-

lined with the spin labeled position highlighted in
yellow. The three additional amino acids for the

antiholin are shown in red with the positive charge

Active 5 10 15 20 25 30 35 40, 45 50 55 60 65 70,

Bike i MDKISTGIAYGTSAGSAGYWFLOWLDOVSPSQWAATGVLGSLVLGFLTYLTNLY FKTREDRRKAARGE
S268 TMD1 TMD2
Antiholin 5 10 is 20 25 30 35 40_ 45 50 55 60 65 70,

i MKSMDKISTGIAYGTSAGSAGYWFLQWLDQVSPSOWAAIGVLGSLVLGFLTYLTNLYFKTREDRRKAARGE
s¥71 TMD1 TMD2

Inactive 5 10 15 20 25 30 35 40 45 50 5% 60 65 70,
Dl MR DK I STGIAYGT SAGSAGYWFLOWLDQVS PSQWAALGVLGS LVLGFLTYLTNLY FKIREDRRKAARGE
SRS + TMD1 TMD2

responsible for timing denoted under the Lys. The

IRS tag responsible for preventing TMD1 ex-

ternalization of $*'68 is highlighted in red with the additional two positive charges denoted on the Arg residues. (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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Fig. 2. The schematic shows the hypothetical pinholin TMD1 and TMD2 con-
formations in the membrane as well as possible TMD1 externalization or-
ientations.

g2t gene has a dual translational start motif [9,10]. This results in the
synthesis of two gene products, $*'71 and $>'68, resulting from trans-
lational initiations from codon Metl and Met4, respectively. These two
gene products are outlined in Fig. 1. The $>'68 is the functional or
active form of the pinholin. This form of pinholin has two transmem-
brane domains (TMDs), the first of which (TMD1) externalizes from the
membrane, while the second (TMD2) remains embedded in the bilayer
and is essential for lytic functionality [11-13]. The second form, S2171,
is known as the antiholin. The antiholin is responsible for the delayed
triggering of the pinholin due to the addition of a positively charged
lysine on the N-terminus (Fig. 1) which drastically slows the ex-
ternalization of TMD1. A basic schematic for the orientation of the
pinholin in the membrane as well as hypothetical conformations of
externalized TMD1 can be seen in Fig. 2. The pinholin pathway begins
with the accumulation of both forms of pinholin embedded in the bi-
layer, accumulating as dimers. Since the $*'68/52!71 production ratio
is ~2:1, the dimers are mostly $*'68:5%'68 homodimers and
$%168:5%'71 heterodimers [14]. Activation is thought to require ex-
ternalization of TMD1 from the bilayer. Once both TMD1 segments are
externalized, the pinholin dimer is licensed to continue in a pathway of
oligomerization. When concentration of the activated pinholin dimers
reach a critical concentration, the pinholin population triggers and
causes massive and sudden depolarization of the inner cell membrane
[6,15].

The structure, mechanism, and model pathway of the pinholin
protein has been difficult to study primarily because pinholin is not
only a hydrophobic membrane protein but also expresses lethal in
function, thus prohibiting high-level biosynthesis. The pinholin system
poses an interesting challenge as the length of the pinholin and anti-
holin proteins are near the limit of solid phase peptide synthesis. The
resulting function of the pinholin pathway is well known, but the in-
dividual steps of the dimerization and oligomerization in the pathway
are not well studied. The Young group has shown that the addition of
the five amino acid sequence ‘RYIRS’ to the N-terminus of the S?!68
pinholin, shown in Fig. 1, prevents the externalization of TMD1 and
ultimately the function of the pinholin pathway [12]. This is called the
inactive IRS form of the pinholin. This presents an opportunity for re-
capitulating the holin pathway in vitro, using appropriate proportions
of the wildtype pinholin (S*'68) and the S>'IRS, as a surrogate
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antipinholin to control the pathway. Utilizing this control, the structure
and dynamics of the pinholin protein as it progresses through the lytic
pathway can be spectroscopically studied with a variety of biophysical
techniques.

This study represents the first time that solid phase peptide synth-
esis has been used to study any holin system in vitro. Circular dichroism
has been used to determine alpha helical protein secondary structure as
well as probe the initial oligomerization steps required in the proposed
pinholin lytic pathway. The extant biophysical information on the oli-
gomerization of pinholin was conducted on a truncated version of the
protein where only TMD2 was present [11,14]. However, this study
uses the full length pinholin system. Electron paramagnetic resonance
(EPR) spectroscopy was used to confirm pinholin incorporation into an
in vitro multilamellar vesicle mimetic system. In conjunction with EPR
spectroscopy, >'P solid-state NMR spectroscopy was used to discern the
effect the different pinholin forms have on the membrane from the
perspective of the phospholipids.

2. Material and methods
2.1. Solid phase peptide synthesis

The solid phase peptide synthesis of pinholin peptides was con-
ducted using a CEM Liberty Blue Peptide Synthesizer with Discovery
Bio Microwave System. The synthesis used a NovaSyn TG amino resin, a
composite of low cross-linked polystyrene with the PEG chains term-
inally functionalized with an amino group. All syntheses were run at a
0.1 mM scale with Dimethylformamide (DMF) as the base solvent. All
Fmoc protected amino acid solutions were prepared at a 0.2M con-
centration and coupled using a standard activator and activator base
pair of DIC and oxyma, respectively. The coupling reactions were run at
90 °C for 4 min while the Fmoc deprotection was run with 20% v/v
piperidine in DMF at 93 °C for 1 min [16]. As seen in Fig. 1, the pinholin
protein is naturally cys-less, requiring the introduction of only one site-
specific cysteine into the primary sequence for site directed spin la-
beling EPR experiments.

2.2. Protecting group and solid phase cleavage

The solid phase bound pinholin peptide was washed three times
with dichloromethane and allowed to dry on a vacuum filter. The
amino acid side chain protecting groups as well as the solid phase resin
were cleaved from the peptide in a three-hour Trifluoroacetic acid
(TFA) cleavage reaction [17-19]. The cleavage solution was then
gravity filtered to remove the cleaved solid phase resin. TFA was eva-
porated from the reaction solution using inert nitrogen gas flow. Tert-
butyl ether was added in excess to precipitate the pinholin peptide and
separate from the still solubilized protecting groups [16]. The pre-
cipitated peptide was centrifuged down into a pellet by spinning for
15 minat 9000 rpm and the excess ether was decanted off. This pro-
cedure was repeated three times to ensure that all the protecting groups
and scavengers were removed. Following the three ether washes the
pinholin peptide was placed in a vacuum desiccator to dry for at least
8h.
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2.3. Protein purification and spin labeling

The crude pinholin peptide was purified by reverse phase high
pressure liquid chromatography (RP-HPLC) using a C4 column running
a two-solvent gradient. The first solvent was deionized water, the
second was 90% HPLC grade acetonitrile. Both solvents were degassed
and then acidified with 0.1% TFA by volume. The pinholin peptide was
collected in fractions and the molecular weight of the peptide was
confirmed using Matrix Assisted Laser Desorption Ionization — Time of
Flight Spectrometry (MALDI-TOF). Collected fractions were dried using
lyophilization to recover the pure pinholin.

The dry, pure peptide was then spin-labeled with S-(1-oxyl-2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate
(MTSL), a nitroxide spin label at position Leu25. This position was
chosen due to its location in TMD1, and therefore will test our ability to
spin label the different conformations adopted by the active $*'68 and
inactive S?'IRS pinholin. This was performed by dissolving the pinholin
peptide and MTSL, at a 5x molar excess, in DMSO and letting it react
while being stirred continuously for 24 h. The reaction was stopped by
freezing the solution in liquid nitrogen and then dried using lyophili-
zation.

The resulting crude spin-labeled pinholin was again purified using
RP-HPLC and the same two-solvent system on a C4 semi-prep column to
remove the excess MTSL. MTSL addition to the pinholin peptide was
confirmed through MALDI-TOF mass, as shown in Fig. 3. Collected pure
peptide fractions were dried using lyophilization.

2.4. Peptide incorporation into lipid mimetic systems

The pure peptide was incorporated into one of two different lipid
mimetic environments, 1,2-Dimyristoyl - sn - Glycero - 3 -
Phosphocholine (DMPC)/1,2 - Diheptanoyl - sn - Glycero — 3 -
Phosphocholine (DHPC) bicelles, or DMPC multilamellar vesicles
(MLV). MLVs are a commonly used mimetic system and have been
shown to be successful in mimicking a bilayer for membrane protein
studies [20,21]. MLVs were created by mixing the peptide dissolved in
2,2,2-Trifluoroethanol (TFE) with DMPC in chloroform at the desired
protein concentration or protein to lipid ratio. Solvents were evapo-
rated off using inert N, gas and the remaining lipid/protein film was
rehydrated using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) bulffer at a concentration of 20 mM adjusted to a neutral pH of
~7.0. The protein/lipid solution was flash frozen in liquid nitrogen and
then sonicated. This process was repeated 3 times to ensure MLV for-
mation.

Active 68-WT Active 68-MTSL

A S
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Bicelles were made by taking the dissolved peptide in TFE and
adding it to a solution of DMPC and DHPC in chloroform at an opti-
mized q value of 3.6 [22]. Then the solvents were evaporated off using
inert N»(g) and the same process as MLV formation was followed until
sample became clear.

2.5. Circular Dichroism

Circular Dichroism (CD) measurements on pinholin were performed
on an Aviv Circular Dichroism Spectrometer Model 435 in a quartz
cuvette with a 1.0 mm path length. Data was collected from 260 to
190 nm with 1 nm bandwidth at 25°C. CD data was collected on pin-
holin MLV samples prepared using the conditions outlined in the pre-
vious section.

CD spectral simulations and secondary structural content calcula-
tions were performed using DICHROWEB software found on http://
dichroweb.cryst.bbk.ac.uk [23]. The CDSSTR algorithm was used for all
simulations and compared back to reference data set SMP180 with a
spectral width of 190-240 nm [24-28]. Molar ellipticity ratios [0]225/
[6]20s Were calculated to determine the presence of tertiary coiled-coil
helices [29,30].

2.6. Continuous wave electron paramagnetic resonance spectroscopy

CW-EPR experiments were performed at the Ohio Advanced EPR
Laboratory at Miami University. CW-EPR spectra were collected at X-
band on a Bruker EMX EPR spectrometer using an ER041xG microwave
bridge and ER4119-HS cavity coupled with a BVT 3000 nitrogen gas
temperature controller. Each CW-EPR spectrum was acquired with 42s
field sweep with a central field of 3315G and sweep width of 100G,
modulation frequency of 100 kHz, modulation amplitude of 1 G, and
microwave power of 10 mW at room temperature.

2.7. 1P Solid State nuclear magnetic resonance spectroscopy

The 3'P solid-state nuclear magnetic resonance measurements were
conducted at 25°C using a Bruker 500 MHz WB UltraShield NMR
spectrometer with a 4 mm triple resonance CP-MAS probe. >'P NMR
spectra were recorded with *H decoupling using a 4 ps n/2 pulse and a
4 s recycle delay, a spectral width of 300 ppm, and by averaging 4 K
scans. The free induction decay was processed using 200 Hz of line
broadening. All figures were generated using the Igor software package.

Fig. 3. The MALDI-TOF mass spectrum of active (blue)
S?'68-WT and S*'68-L25C-MTSL with a WT m/z of 7546 and
MTSL m/z of 7722 and the inactive (red) S*'IRS-WT and
S?RS-L25C-MTSL with a WT m/z of 8222 and MTSL m/z of
8397. The shift of +185 comes from the successful coupling
of the MTSL to the Cys substituted Leu25 position. The
doubly charged ion peaks for all spectra can be seen at one
half the target m/z value. (For interpretation of the refer-
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3. Results and discussion

This study reports the successful in vitro synthesis of both the active
$?168 and inactive S*'IRS forms of the pinholin system using solid
phase peptide synthesis (SPPS). The full length active $*'68 and in-
active S2'IRS forms of the pinholin protein are composed of 68 and 73
amino acids respectively. The optimization of the sample preparation
was confirmed through MALDI-TOF spectra that match the predicted
molecular weights for each of the wild type pinholins, 7548 Da for the
active $*'68 and 8223 Da for the inactive S*'IRS (Fig. 1 and 3). A cy-
steine was substituted into the primary sequence for the leucine at
position 25 for future nitroxide spin labeling. After synthesis, the solid
phase resin and all amino acid protecting groups were removed in a
three-hour reaction using a 30 mL cleavage solution of trifluoroacetic
acid (TFA). The resulting peptide was precipitated from solution and
washed 3 times using tert-butyl ether. Following the ether washes, the
protein was purified using RP-HPLC and fractions were analyzed using
MALDI-TOF to confirm the accuracy and overall purity of the synthesis.

3.1. Optimization of the solid phase peptide synthesis

Long hydrophobic peptides are difficult to synthesize, therefore the
initial pinholin synthesis was of the first 20 amino acids (see Fig. 1)
with each of the following syntheses adding 10 more amino acids to the
chain length. The peptide from each synthesis was analyzed using
MALDI-TOF to determine which amino acids were not coupling com-
pletely. Coupling times and temperatures where adjusted to increase
successful coupling as the chain length was extended to the full 73
amino acids of the inactive S?'IRS pinholin. Since the pinholin system is
naturally cys-less the incorporation of a cysteine at any position along
the primary sequence allows for disulfide bond formation to the spin
label at specific positions.

The MALDI-TOF results for the synthesis of both the active $*'68
and inactive S*'IRS pinholin wild type using the fourth cleavage con-
dition in the following section can be seen in Fig. 3. The target MW for
the active $*'68 and inactive S*'IRS pinholin were 7546 and 8222 Da,
respectively. The observed MW from Fig. 3 for the active $*'68 was
found to be 7548 Da while the inactive S>*'IRS shows a peak at 8223 Da
confirming a successful synthesis for both forms of the WT pinholin.
Fig. 3 also shows the MALDI-TOF data for the active S*'68-L25C-MTSL
and inactive S>'IRS-L25C-MTSL forms of pinholin. The + 185 Da shift
in the m/z, 7722 for the active and 8391 for the inactive, confirms the
successful spin labeling of both forms of the pinholin. In all cases there
is a small peak appearing at one half the target MW corresponding to
detection of a doubly charged pinholin ion.

3.2. Optimization of peptide cleavage conditions and HPLC purification

The cleavage protocol was optimized by monitoring the cleavage
reaction of various cleavage solutions over time. Four different cleavage
conditions were tested based on type and number of certain amino acid
side chain protecting groups present [16]. The cleavage conditions for
four different solutions are as follows:

Cleavage condition 1 [17] — TFA/EDT/thioanisole/water — 88/5/2/
5

Cleavage condition 2 [18] — TFA/phenol/water/thioanisole/EDT —
82.5/5/5/5/2.5

Cleavage condition 3 [19] — TFA/thioanisole/EDT/anisole — 90/5/
3/2

Cleavage condition 4 [17] — TFA/triisoproylsilane/EDT/water — 94/
1/2.5/2.5

Each of the different components of the cleavage reaction was
measured out as a %v/v with a final cleavage solution volume of 30 mL.
As each cleavage condition was tested a 5mL aliquot of the reaction
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solution was removed at t = 30, 60, 90, 120, 150, and 180 min. Each
aliquot was worked up following the procedure outlined in section 2.2.
Finally, each time point was analyzed using MALDI-TOF to confirm the
target protein molecular weight.

The MALDI-TOF results clearly identified cleavage condition 4 as
the best cleavage condition for this system as it gave the sharpest target
peak with the fewest impurity peaks. The MALDI peak at the target
molecular weight does not begin to appear until an hour after the re-
action begins. The MALDI results show no change in peak shape be-
tween the 2.5 and 3 h aliquots indicating the completion of the cleavage
reaction.

3.3. Optimization of MALDI-TOF sample conditions and matrix

To optimize the MALDI-TOF analysis the pinholin peptide was dis-
solved in solutions of increasing amounts of acetonitrile in water. Each
solution was spotted using one of three different matrices at a 1:1 ratio,
a-Cyano-4-hydroxycinnamic acid (CHCA) matrix, 2,5-
Dihydroxybenzoic acid (DHB) matrix, and Sinapic Acid (SA) matrix.
The sample condition of 85% acetonitrile spotted with sinapic acid
matrix gave the clearest resolution of MS peaks. Closer analysis of
MALDI-TOF results revealed peaks at a higher m/z ratio indicating the
presence of unremoved protecting groups during cleavage step. This
process lead to the optimization of the cleavage reaction to remove
these protecting groups.

3.4. Circular Dichroism of active S?’68 and inactive S*’IRS pinholin

CD spectroscopy is primarily used in the biochemical field to de-
termine the global secondary structure of large macromolecules, such
as peptides and proteins. This is accomplished through measuring the
difference in absorption between left and right-handed circularly po-
larized light over a range of wavelengths [31]. The folding of the
protein into a helical secondary structure was confirmed for both the
active $2'68 and inactive S?'IRS pinholin using CD spectroscopy.

CD samples for both the active $?!68 and inactive S?'IRS forms of
wild type pinholin were separately prepared in DMPC MLVs at a protein
to lipid ratio of 1:500 with a final concentration of protein equal to
50 uM. Background scattering at lower wavelengths was minimized by
subtracting the data collected from empty DMPC MLVs run at the same
lipid concentration from the protein sample in DMPC MLVs. The re-
sulting CD spectra of the active $2168 pinholin (blue) and the inactive
SRS (red) are shown in Fig. 4. Both forms of pinholin show a pre-
dominately helical structure with double minima at 208 nm and 222 nm
and a large positive peak at 195 nm. The active $>'68 pinholin showed
a calculated helical content of 83%, while the inactive S>'IRS pinholin
secondary structure calculation determined 82% helical content. The
percent normalized RMSD value calculated for both forms of the pin-
holin were less than 1.0% [28]. The helical content agrees well to the
expected secondary structure of the protein based on previous studies in
the literature [11].

To give a more in-depth analysis of the CD spectra the molar el-
lipticity ratio of [0]255/[0]20s Was calculated for both forms of the
pinholin. A molar ellipticity ratio exceeding a value of 1 is indicative of
coiled-coil helical structures [29,30,32]. The molar ellipticity ratio
[0]222/[0]20g for both forms of the pinholin was found to be 1.4 and
therefore, this coiled-coil structure was determined to be present for
both the active $*'68 and inactive S*'IRS forms. This matches with the
current predicted pinholin lysis pathway in which the pinholin begin to
oligomerize, forming more coiled-coils, as more pinholin proteins ac-
cumulate in the membrane ultimately resulting in the lysis of the
membrane [11,15]. Further evidence of this will be shown in future
experiments in which the oligomerization state of pinholin will be in-
vestigated as a function of concentration.
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3.5. Continuous wave EPR measurements of pinholin

CW-EPR spectroscopy can be used to probe the dynamic and
structural properties of both solution and membrane proteins. CW-EPR
spectroscopy of these spin-labeled molecules can reveal information
about the motion of the nitroxide side chain, solvent accessibility, and
the polarity of the surrounding environment [21,33].

The successful spin labeling of the pinholin protein and incorpora-
tion into both bicelle and MLV lipid mimetic systems is shown in the
CW-EPR spectra in Fig. 5. This EPR data was also used to calculate spin
labeling efficiency for each peptide which ranged from ~85 to 90%

A)
_— A
Free MTSL r

B)
TFE \/\ﬁ

C)
Bicelles /\/

D)
Proteoliposomes F

T I 1
3280

3320
Magnetic Field (G)

3360

Fig. 5. CW-EPR spectra of A) free MTSL at 300 uM in water B) MTSL coupled to
the active $*'68 pinholin protein at Leu25 dissolved in TFE C) MTSL labeled
pinholin incorporated into 1:500 DMPC/DHPC bicelles and D) MTSL labeled
pinholin incorporated into 1:500 DMPC MLVs.
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labeling efficiency. The EPR spectra for unbound nitroxide spin labels
typically consist of three sharp peaks of relatively similar intensities, as
seen in Fig. 5A. Upon binding to a protein, such as pinholin, the MTSL
will have a more restricted mobility due to the presence of the protein
backbone. This decrease in the motion of the MTSL will broaden the
lines in the EPR spectra and cause a decrease in their amplitude which
is present in Fig. 5B [33,34]. The broadening of the EPR spectral line-
width is quantitatively determined by measuring the central line width.
In Fig. 5A the free MTSL spectra shows a central line width of 1.4G,
while the MTSL bound to the pinholin, 5B, has a central line width of
2.9G. The line broadening of the EPR spectra from Fig. 5A and B
confirms the successful disulfide bond formation between the free MTSL
and the Cys side chain of the pinholin due to a more restricted en-
vironment for the bound SL.

Incorporation of the pinholin into a lipid mimetic system should
restrict the motion of the spin label even further through interactions
with the lipid's hydrocarbon acyl chains. Since the broadening of the
EPR spectra is proportional to the mobility of the spin label, the EPR
spectra from pinholin incorporated into bicelles and MLVs show a
greater degree of broadening than the labeled protein in solution (TFE)
as seen when comparing Fig. 5B to C, D. The central line widths of
pinholin in bicelles versus pinholin in MLVs are 3.2G and 3.3 G, re-
spectively. The similarity of the central line width between the lipid
incorporated samples is due to the similarity of the local environment
around the spin label. Both bicelles and MLVs are good mimetics for
lipid bilayers as opposed to a mimetic like micelles, which only mimic
the hydrophobic environment of the membrane but cannot recreate the
conditions of a bilayer. Therefore, the local environment and acyl chain
packing around the spin label for both bicelles and MLVs will be similar
in either mimetic.

3.6. 3P Solid State — NMR spectroscopy of pinholin

Solid State NMR spectroscopy is a powerful biophysical technique
which utilizes the presence of directionally dependent anisotropic in-
teractions to probe the dynamics or kinetics of a system, specifically the
membrane system for this study [35]. *'P SS-NMR experiments were
used to measure the chemical shift anisotropy (CSA) of the phosphorus
head groups of DMPC lipids [20]. The degree in which the pinholin
interacts with the 3P lipid head group will help to probe the differences
between the roles of the active $>'68 and inactive S>'IRS forms of the
pinholin in the lytic pathway from the perspective of the membrane.

31p SS-NMR samples were prepared using the wild type active $*'68
and inactive S>'IRS forms of the pinholin incorporated into DMPC
MLVs at 1 mol%. More protein is required here to account for the lower
sensitivity of NMR when compared to EPR spectroscopy. Empty DMPC
MLVs, active $*'68 pinholin in DMPC MLVs, and inactive $*'IRS pin-
holin in DMPC MLVs at 25 °C are shown in Fig. 6A, B, and C, respec-
tively. The shape of the static 3'P SS-NMR spectra for the empty MLV,
active $2168, and inactive S?'IRS are characteristic of lamellar phase
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Fig. 6. Static >'P solid-state NMR spectrum of: A) empty DMPC MLVs (black).
B) 1mol% active $>'68-WT pinholin in DMPC MLVs (blue). C) 1mol% inactive
IRS-WT pinholin in DMPC MLVs (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

lipid mimetics and show axial symmetry. The CSA width for each of the
NMR spectra were found to be 48.0 ppm for empty DMPC MLYVs,
44.7 ppm for active $>'68 pinholin incorporated in DMPC MLVs, and
42.2 ppm for the inactive S*!IRS pinholin incorporated in DMPC MLVs.
The smaller CSA width for both the active $*'68 and inactive S*'IRS
pinholin when compared to the empty MLVs confirms the interaction of
the protein with the lipid mimetic system. The absence of an isotropic
peak suggests the integrity of the MLV mimetic system is not compro-
mised with the addition of the pinholin protein. The smaller CSA for the
inactive S>'IRS pinholin (42.2 ppm) indicates the inactive form is in-
fluencing the 3'P DMPC lipid head groups more than the active $*'68
form. These differences suggest that the active S*!68 and inactive
S?'IRS pinholins behave differently once incorporated into the lipid
bilayer. This difference will be further explored in future studies using
both 3'P T; measurements and ?H lipid acyl chain experiments.

4. Conclusion

In this study we report the synthesis of both the active $*'68 and
inactive S>'IRS forms of the pinholin protein using solid phase peptide
synthesis. The measured CD data of both forms of the pinholin, matched
the predicted alpha helical content. The CD molar ellipticity ratio also
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provided preliminary data of the helical packing required of the pin-
holin to attain functionality and will be explored to a greater extent in
future works. CW-EPR spectroscopy was used to successfully show spin
labeling of the pinholin as well as incorporation into both bicelles and
MLV lipid mimetic systems. The success of this measurement opens the
door for more in depth EPR structural and dynamic studies to be con-
ducted in the future, such as pulsed EPR measurements [36-40]. 31p gs-
NMR spectroscopy allowed for the study of the pinholin system from
the lipid perspective and showed interactions of both forms of the
pinholin with the lipid membrane, to varying degrees, through de-
creases in the CSA width when compared to the empty DMPC MLVs.
These differences in the way the active $2'68 and inactive S*'IRS forms
of the pinholin interact with the membrane suggest differences in the
externalization of TMD1, and ultimately the role each form plays in the
bacteriophage lytic pathway. Additionally, 3'P T, relaxation time
measurements and H NMR experiments can be conducted to further
probe the interaction of the pinholin with the acyl chain and lipid head
groups to better understand how S2!68 and S*'IRS differ in their
membrane interaction.
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