BBA - Biomembranes 1862 (2020) 183257

Contents lists available at ScienceDirect

BBA - Biomembranes

journal homepage: www.elsevier.com/locate/bbamem

Active S*'68 and inactive S*'IRS pinholin interact differently with the lipid
bilayer: A *'P and *H solid state NMR study

Check for
updates

Daniel L. Drew Jr°, Brandon Butcher®, Indra D. Sahu™", Tanbir Ahammad®, Gunjan Dixit?,
Gary A. Lorigan™"

& Department of Chemistry and Biochemistry, Miami University, Oxford, OH 45056, USA
Y Natural Science Division, Campbellsville University, Campbellsville, KY 42718, USA

ARTICLE INFO ABSTRACT

Pinholins are a family of lytic membrane proteins responsible for the lysis of the cytosolic membrane in host cells
of double stranded DNA bacteriophages. Protein-lipid interactions have been shown to influence membrane
protein topology as well as its function. This work investigated the interactions of pinholin with the phospholipid
bilayer while in active and inactive confirmations to elucidate the different interactions the two forms have with
the bilayer. Pinholin incorporated into deuterated DMPC-ds, lipid bilayers, along with *'P and ?H solid state
NMR (SS-NMR) spectroscopy were used to probe the protein-lipid interactions with the phosphorus head group
at the surface of the bilayer while interactions with the 2H nuclei were used to study the hydrophobic core. A
comparison of the *'P chemical shift anisotropy (CSA) values of the active $>'68 pinholin and inactive S*'IRS
pinholin indicated stronger head group interactions for the pinholin in its active form when compared to that of
the inactive form supporting the model of a partially externalized peripheral transmembrane domain (TMD) of
the active S*'68 instead of complete externalized TMD1 as suggested by Ahammad et al. JPC B 2019. The *H
quadrupolar splitting analysis showed a decrease in spectral width for both forms of the pinholin when com-
pared to the empty bilayers at all temperatures. In this case the decrease in the spectral width of the inactive
S?'RS form of the pinholin showed stronger interactions with the acyl chains of the bilayer. The presence of the
inactive form's additional TMD within the membrane was supported by the loss of peak resolution observed in
the H NMR spectra.
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1. Introduction

The initial step of host cell lysis by double-stranded DNA bacter-
iophage is the permeabilization of the inner cytosolic membrane. This
permeabilization initiates the activity of the muralytic endolysin en-
zyme to begin peptidoglycan degradation. This is accomplished by a
family of membrane proteins known as holins [1,2]. There are many
subfamilies of holins, the most well studied being the A S105 canonical
holin which has three transmembrane helices and forms a single mi-
cron-scale hole in the membrane [3-5]. This allows for the release fully
folded and functional endolysin from the cytoplasm [6]. This study will
focus on the less studied lambdoid bacteriophage ®21 pinholin, named
such due to the numerous nanometer-scale holes it forms throughout
the membrane. Pinholin is composed of two amphipathic helical
transmembrane domains and, due to a dual translational start motif in
the S*' gene, is expressed as an active S?'68 pinholin and a $*'71

antipinholin [7,8]. This s2t71 antipinholin is the negative-dominant
form of the pinholin and is responsible for slowing the timing of
membrane lysis. The pinholin pathway begins with the harmless ac-
cumulation of both forms of the pinholin in the cytosolic membrane
where nonfunctional $?'68 homodimers and $'68:5%'71 heterodimers
begin to form at a 2:1 ratio [9]. These dimers require the externaliza-
tion of the first transmembrane helical domain (TMD1) from the
membrane to become functional [10]. Due to the additional positively
charged lysine found on the N-termini of the S?!71 antipinholin the
externalization of TMD1 in this case is slowed which delays the trig-
gering of host cell lysis. This may be since the externalization requires
dragging the lysine through the membrane interior. Understanding the
differences between these two forms of the pinholin and their interac-
tions with the lipid bilayer will help to gain a better insight into the
beginning steps of the bacteriophage lytic pathway. This biophysical
work will probe the different protein-lipid interactions pinholin has
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with the membrane bilayer while in the inactive conformation, before
TMD1 externalization, and in the active conformation with TMD1 ex-
ternalized. This system will be studied utilizing 3P and 2H solid state
nuclear magnetic resonance (SS-NMR) spectroscopy.

SS-NMR spectroscopy is a powerful biophysical technique that has
been widely used to study the structure, topology, and dynamics of
membrane proteins as well as their interactions with the lipid bilayer
[11,12]. These protein-lipid interactions have been shown to be critical
in several biological processes and have been known to impact the
aggregation or segregation of proteins within the membrane, the
overall function of the proteins, and the association of lytic proteins to
the membrane [13-16]. Incorporation of proteins into synthetic phos-
pholipid bilayers yields a more relevant biological simulation of pro-
tein-lipid interactions than monolayers or detergent micelles [17-19].
The effect of pinholin on the hydrophilic phospholipid headgroups and
hydrophobic acyl chains of these bilayers can be probed through SS-
NMR spectroscopy and incorporation of pinholin into deuterated DMPC
(ds4-DMPC) liposomes. 3'P SS-NMR spectral line shapes are sensitive to
the local environment around the 3'P head group and can give insight
into the overall lipid dynamics within the system, and lipid phases. The
3!p nuclei of the phosphocholine headgroup of DMPC can reveal dif-
ferent dynamic effects between active and inactive pinholin at the
surface of the membrane [20-22]. H SS-NMR spectroscopy of deuter-
ated lipid acyl chains can be used to obtain insight into the dynamics
and chain order or packing of the acyl chains within the hydrophobic
core of the membrane [20,23,24]. The use of both NMR active nuclei
can be combined to determine the interactions of the pinholin with both
the lipid head groups and the hydrophobic core of the membrane and
how those interactions differ when the pinholin is in its active or in-
active conformation. This study focuses on the different protein-lipid
interactions between active and inactive pinholin with respect to
TMD1's partial externalization from the membrane, the influence of the
remaining TMDs on the packing of the acyl chains within the mem-
brane, and the effects of both pinholin concentration and temperature
changes on the properties of the DMPC lipid bilayer. This study also
highlights the versatility and application of the biophysical technique
SS-NMR to differentiate between two different conformations of the
same protein.

2. Materials and methods
2.1. Solid phase peptide synthesis

All pinholin proteins were synthesized on a CEM Liberty Blue Solid
Phase Peptide Synthesizer with a Discover Bio Microwave System. The
solid phase was a NovaSyn TG amino resin, a composite of cross-linked
polystyrene with the PEG chains terminally functionalized with the first
amino acid group of the pinholin sequence. All Fmoc protected amino
acids, as well as the activator diisopropylcarbodiimide (DIC), and ac-
tivator base oxyma, were purchased from Millipore Sigma. Amino acid
solutions were prepared at a 0.2 M concentration and coupled using
DIC and oxyma at 90 °C for 4 min. Fmoc deprotection was run with 20%
piperidine in dimethylformamide (DMF) at 93 °C for 1 min [25]. The
resin and side chain protecting groups were cleaved from the protein
using a 30 mL, three-hour trifluoroacetic acid (TFA) cleavage reaction,
[94% TFA, 2.5% triisoproylsilane (TIPS), 2.5% 1,2-Ethanedithiol
(EDT), 1% water] [26-28]. The TFA was evaporated off with a N, gas
flow and the crude pinholin was precipitated from the remaining so-
lution using tert-butyl methyl ether.

2.2. Protein purification

The crude pinholin peptide was purified using reverse phase high
pressure liquid chromatography (RP-HPLC) on a C4 column and was
eluted using a two-solvent gradient. The first solvent was deionized
water, the second was 90% HPLC grade acetonitrile. Both solvents were
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degassed and then acidified with 0.1% TFA by volume. The pinholin
protein was collected in fractions and the molecular weight of the
protein was confirmed using Matrix Assisted Laser Desorption
Ionization — Time of Flight Spectrometry (MALDI-TOF) [28]. Collected
fractions were dried using lyophilization to recover the purified pin-
holin. An illustrative example of the HPLC Chromatogram and MALDI-
TOF mass spectrum of the inactive S*'IRS-WT is shown in Fig. S4 in the
supporting information.

2.3. Proteoliposome sample preparation

The active $>'68 and inactive S>'IRS pinholin were incorporated
into 1,2-Dimyristoyl — ds4 — sn — Glycero — 3 — Phosphocholine (DMPC)
multilamellar vesicles (MLV) which have been shown to be successful at
mimicking a lipid bilayer for membrane protein studies [29,30]. DMPC-
ds4 was purchased from Avanti Polar Lipids. These MLVs were created
by dissolving a known amount of pinholin in TFE and adding the pro-
tein to DMPC dissolved in chloroform at a protein concentration at
either 1 mol% or 2 mol%. The solvents were evaporated off using inert
N, gas and the remaining lipid/protein film was rehydrated using 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer created
with deuterium depleted water at a concentration of 10 mM and ad-
justed to a neutral pH of ~7.0. All samples were rehydrated with the
HEPES buffer to a final lipid concentration of 50 mM. To improve in-
corporation and MLV formation the protein/lipid solution was flash
frozen in liquid nitrogen and then sonicated. This freeze-thaw cycle was
repeated 3 times.

2.4. Solid state nuclear magnetic resonance spectroscopy

The solid-state nuclear magnetic resonance spectroscopy measure-
ments were conducted 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 m/2 pulse and a
4 s recycle delay, a spectral width of 300 ppm, and by averaging 6 K
scans. A 50 kHz radio frequency field strength was used for 'H de-
coupling. The collected free induction decay was processed using
300 Hz of line broadening. ?H NMR spectra were collected at
76.77 MHz using a standard quadrupolar echo pulse sequence (3 ps 90°
pulse length, 40 ps inter-pulse delay with a 0.5 s recycle delay) [31].
The spectral width was set to 100 kHz and 80 K transients were aver-
aged for every 2H NMR spectra. Exponential line broadening of 100 Hz
was applied to the free induction decay before the Fourier transfor-
mation was taken. Both *'P and ?H SS-NMR experiments were collected
from 25 °C to 55 °C in 10 °C increments and the sample was left to
equilibrate to each temperature for 10 min before data acquisition.
Depaking of ?H SS-NMR spectra was conducted using MATLAB with the
dePaking script published and provided by the Brown group at the
University of Arizona [11,12]. The dePaked NMR spectra were calcu-
lated to represent lipids such that the membrane normal is oriented
parallel to the static magnetic field [32]. The dePaked peak picking and
quadrupolar splitting values were determined by plotting the dePaked
spectra using Igor Pro. The quadrupolar splitting of each doublet pair
corresponds to the deuterium atoms bonded to a different carbon on the
lipid acyl chain. The peak of the three H nuclei bound to the terminal
methyl carbon appear as the doublet closest to 0 kHz and is assigned as
carbon number 14. The remaining carbon number assignments were
made in decreasing order as the quadrupolar splitting values for the
respective 2H atoms increased. The quadrupolar splitting for the 2H
atoms on the carbons closest to the glycerol backbone appear as a
plateau and were estimated by integrating the last broad peak [33].
Order parameters for 2H atoms on each carbon were calculated using
the quadrupolar splitting values and the following equation [34],

3 (eqQ
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Fig. 1. A) The currently proposed model of the active %168 pinholin with TMD1 partially externalized from the membrane [36]. B) The inactive SRS with the
additional 5 amino acids seen on the N-terminus of the protein. C) Chemical structure of deuterated DMPC-ds4 lipid.

where Ay, is the quadrupolar splitting value, (92‘19/;,) is the deuterium
quadrupolar coupling constant which is equal to 167 kHz for all C-D
covalent bonds [35], and S¢p is the order parameter for the deuterium
on the given carbon.

3. Results and discussion

Previous pinholin research by the Lorigan group showed the suc-
cessful synthesis, purification, and incorporation of pinholin into
membrane mimetic systems [28,36]. The current work utilizes 31p and
2H SS-NMR to investigate the effects of the active S*'68 and inactive
S?MRS pinholin on the dynamic properties of the phospholipid bilayer.
The lipid headgroups and acyl chains of DMPC-ds4 multi lamellar ve-
sicles (MLVs) were studied using 31p chemical shift anisotropy (CSA)
and ?H quadrupolar splitting (Avy), respectively. Fig. 1A and B show a
schematic representation of the active and inactive forms of pinholin
within the membrane while the chemical structure of ds4,-DMPC can be
seen in Fig. 1C [10,28,36,37].

3.1. 3P SS-NMR CSA andlysis for the active and inactive forms of pinholin

To investigate the interactions of the active $*'68 and inactive
S2'IRS forms of pinholin with the headgroups of the DMPC membrane
31p SS-NMR static spectra were taken at increasing protein concentra-
tions (0-2 mol%). The 3'P NMR static spectra at varying mol% for
active $?'68 pinholin are shown in Fig. 2 with increasing temperatures
from 25 °C to 55 °C at 10 °C intervals.

All motionally averaged 3'P powder-patter spectra are characteristic
of axially symmetric (077 = 05> # 033) phospholipid bilayers, in this
case multi lamellar vesicles, in the liquid crystalline phase (L) for all
mol% and temperature variants. The chemical shift anisotropy (CSA)
for each spectrum was calculated by measuring the difference between
011 (011 = 095) and 033 of the spectra with all 31p CSA values in the
range of 49.3-35.3 ppm (Table 1) [38,39].

For both the 1 and 2 mol% cases of active $2'68 and inactive S>'IRS,
the 3!P CSA span decreases as the temperature increases. CSA for the
active $*'68 decreased from 45.2 ppm at 25 °C to 42.6 at 55 °C for 1 mol
% and from 40.7 ppm to 35.3 ppm for 2 mol% over the same

temperature range. The inactive S>!IRS pinholin showed a similar in-
verse trend between temperature and *'P CSA span with the 1 mol%
inactive decreasing from 46.6 ppm at 25 °C to 43.3 ppm at 55 °C and
2 mol% decreasing from 44.2 ppm to 39.1 ppm over the same tem-
perature range (Fig. 3).

A comparison of the 31p CcsA span between 0, 1, and 2 mol% S2'68
and S*'IRS pinholin is shown in Fig. 4. All data presented in Fig. 4 was
collected at 35 °C to ensure the DMPC proteoliposomes are in the liquid
crystalline phase. The 3P CSA span is observed to decrease as the mol%
of the protein increases for both the active and inactive pinholin. At
35 °C the 0 mol% MLVs have a CSA of 47.3 ppm, the active $>'68 CSA
decreased from 44.5 ppm to 38.4 ppm, while the inactive S*'IRS de-
creased from 46.0 ppm to 43.7 ppm. The overall *'P CSA span com-
parison between active $>'68 and inactive S?'IRS at 1 and 2 mol% at
each temperature reveals in each case that the active $>'68 pinholin has
a lower CSA span value than the inactive S?'IRS indicating a higher
degree of interaction with the lipid headgroup, when compared to the
inactive S?'IRS. This trend would be consistent with a partially ex-
ternalized TMD1 of the active pinholin form laying on the surface of the
membrane while TMD1 from the inactive form is still incorporated
within the membrane.

Additionally, each spectrum in Figs. 2 and 3 show the presence of an
isotropic peak near 0 ppm. This peak in the 3'P NMR static spectra is
indicative of the fast-relative motion or reorientation of the phospho-
lipid headgroup of DMPC with respect to the 3'P NMR timescale. This
peak can appear from the presence of lipids tumbling quickly in solu-
tion, from lateral diffusion of the lipid, or displacement of lipids over
the surface of the membrane [38,40]. The isotropic linewidth for active
and inactive pinholin varies from 1.3 ppm for the 1 mol% active $*!68
at 25 °C to 8.0 ppm for 2 mol% active $*'68 at 55 °C. A similar trend to
that of the CSA can be seen for the isotropic component of active S*'68
and inactive S*'IRS pinholin. For each temperature, as the concentra-
tion of the protein increases from 1 to 2 mol% the magnitude and width
of the isotropic peak also increases indicating a greater perturbation of
the membrane lipid head groups. Just like in the 3'P CSA span analysis
the active $*'68 pinholin shows a greater increase of the isotropic peak
magnitude and width when compared to that of the inactive S*'IRS
pinholin. This would be consistent with the overall function of the
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Fig. 2. Temperature dependent *'P SS-NMR spectra of empty ds,-DMPC MLVs (A), 1 mol% active $>'68 pinholin (B), and 2 mol% active $*'68 pinholin (C).

Table 1
The 3'P NMR chemical shift anisotropy span ( = 0.5 ppm) of empty 0 mol%
MLVs, Active $2168 pinholin and inactive S?'IRS pinholin at 1 and 2 mol%.

?H Quad. Splitting (kHz)

25 °C 35°C 45°C 55 °C
0 mol% 29.8 26.5 24.2 22.6
1 mol% $*'68 29.3 25.6 23.4 21.6
2 mol% S*'68 28.5 23.6 20.5 19.8
1 mol% S*'IRS 28.9 24.9 22.9 21.1
2 mol% S2'IRS 27.9 22.9 20.0 19.2

active pinholin as it is a membrane lysing protein. The observed trends
of the isotropic peak are indicative of the pinholin's disruption of the
lipid bilayer or displacement of the lipids in the bilayer from the partial
externalization of TMDI.

3.2. 2H SS-NMR quadrupolar splitting for the active and inactive forms of
pinholin

The effect of active and inactive pinholin on the acyl chain dy-
namics and overall order within the DMPC bilayer were studied using
2H SS-NMR and measuring the corresponding quadrupolar splittings
(Avq) and order parameters (Scp). The ?H NMR spectra of 0, 1, and
2 mol% active pinholin incorporated into DMPC-ds4 MLVs at varying
temperatures are shown in Fig. 5.

The ?H NMR spectra shown in Fig. 5 are characteristic of axially
symmetric motions for the phospholipids about the membrane normal.
The overall 2H NMR spectra are composed of a series of overlaying
doublet resonances originating from the twelve different CD, positions

of DMPC with the highest intensity central doublet corresponding to the
terminal CD3; methyl group of the acyl chain [41,42]. The ?H quadru-
pole splitting spectral width for the empty MLVs, active, and inactive
pinholin at 1 and 2 mol% can be seen in Table 2 and range from
29.8-19.2 kHz. The ?H quadrupole splitting spectral width is a measure
of the fluidity of the lipid bilayer [20,41,42].

The decrease in the spectral width of the 2H NMR spectra indicates
that the presence of both active S?!68 and inactive S*'IRS pinholin
transmembrane domains disorders the lipid acyl chains for allpeptide/
lipid concentrations. This suggests the presence of both active $*!68
and inactive S2'IRS pinholin transmembrane domain interactions with
the acyl chains of the DMPC MLVs. This result is consistent with pre-
viously published 2H NMR studies on phospholamban (PLB), since some
portion of both active $?!68 and inactive S?!IRS pinholins have inter-
actions in the headgroup region that increase area per lipid give rise to
reduced acyl chain quadrupole splitting [20]. The spectral width for the
active $2'68 pinholin ranged from 29.3 kHz at 25 °C to 21.6 kHz at
55 °C for 1 mol%, while the spectra for the 2 mol% decreased from
28.5 kHz to 19.8 kHz over the same temperature range. The inactive
S%'IRS sample showed a similar temperature trend between the spectral
widths as the 1 mol% inactive S*'IRS decreased from 28.9 kHz at 25 °C
to 21.1 kHz at 55 °C while the 2 mol% ranged from 27.9 kHz to
19.2 kHz over the same temperatures. A comparison of the spectral
width as active $2'68 and inactive S?'IRS pinholin concentrations are
increased from 1 to 2 mol% at 35 °C is shown in Fig. 6. Active $*’68 and
inactive S*'IRS pinholin both show a decrease in the spectral width as
the concentration of the protein increases from 1 to 2 mol%. Unlike in
the 1P CSA analysis, the inactive S>'IRS shows a greater decrease in the
spectral width when compared to that of the active $*'68 at the same
concentration and temperature.

Additionally, a loss of spectral resolution is apparent in Figs. 5 and 6
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Fig. 3. A) Temperature dependent 'P NMR spectra of d54-DMPC MLVs containing 1 mol% inactive S$>'IRS pinholin and B) 2 mol% inactive S$*'IRS pinholin.

as the concentration of pinholin increases, as seen by the absence of the
individual sharp doublet peaks throughout each 2H NMR spectrum. The
loss in the resolution of each H spectrum along with the changes in
overall spectral width, is a result of the interactions of the active $>'68
and inactive S*'IRS pinholin packing against the acyl chains of the lipid
bilayer [21,43,44]. A loss of resolution of the 2H NMR spectra shows
intermediate-timescale motions of the lipids induced by both active
$%168 and inactive S>'IRS pinholin. This motion slows the reorientation
of the order of the lipid chain [20,21].

The comparison of 1 mol% active $>'68 and 1 mol% inactive S*'IRS
seen in Fig. 6 shows a greater loss in the peak resolution for the inactive

form of pinholin, when compared to the active pinholin at the same
concentration. This suggests a stronger interaction of the inactive
S*'IRS pinholin with the acyl chains of the lipid bilayer when compared
to that of the pinholin in the active conformation. The greater loss of
resolution seen in the 1 mol% inactive S*'IRS would indicate a greater
number of TMDs present within the bilayer. This is consistent with
trends obtained in the quadrupolar splitting analysis and provides
further evidence towards the externalization of active S*'68 pinholin
TMD1 from the membrane yielding fewer acyl chain interactions when
compared to inactive S'IRS pinholin.

Fig. 5 also shows an appearance of an isotropic peak centered

0 mol% Active $%'68: 1 mol% Inactive S*'IRS: 1 mol%
2 mol% 2 mol%
I | | | | I I | | | | | I | |
40 20 0 20 -40 40 20 0 20 -40 40 20 O -20 -40
31
¥'p CSA (ppm) P CSA (ppm) %P CSA (ppm)

Fig. 4. Comparison of *'P chemical shift anisotropy (CSA) NMR data at 35 °C between empty DMPC-ds4 MLVs, active $*'68, and inactive S*'IRS pinholin for 1 and

2 mol% pinholin.

wu
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Fig. 5. Temperature dependent >H SS-NMR spectra of empty DMPC-ds4 MLVs (A), 1 mol% active S2!68 pinholin (B), and 2 mol% active $*!68 pinholin (C).

Table 2

The ?H quadrupolar splitting spectral width analysis of empty d54-DMPC MLV,
active $?'68, and inactive S>'IRS pinholin at 1 and 2 mol% for increasing
temperatures. The error in these measurements are + 0.1-0.3 kHz. These errors
were determined by comparing the data from multiple samples.

2H Quad. Splitting (kHz)

25 °C 35°C 45 °C 55 °C
0 mol% 29.8 26.5 24.2 22.6
1 mol% $*'68 29.3 25.6 23.4 21.6
2 mol% S*'68 28.5 23.6 20.5 19.8
1 mol% S*'IRS 28.9 24.9 22.9 21.1
2 mol% S2'IRS 27.9 22.9 22.0 19.2

around 0 kHz which increases as the concentration of active $*'68
pinholin increases. This isotropic component is indicative of the frag-
mentation of the larger MLVs into small sized vesicles which have a
fast-relative motion with respect to the NMR timescale. The trends
observed in Fig. 5 show a direct correlation between the intensity of the
isotropic component and the concentration of active S2'68 pinholin in
the DMPC bilayers. These results are consistent with the 3'P SS-NMR
data which both show an increase in the isotropic component as a
function of the concentration of pinholin but show a higher degree of
membrane disruption for active $*'68 when compared to that of the
inactive $*'IRS pinholin.

3.3. Depaking and order parameters (Scp)

In order to further explore the dynamic interactions of the active
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Fig. 6. Comparison of the >H quadrupolar splitting at 35 °C between empty DMPGC-ds4 liposomes,

pinholin.

%y Frequency (kHz)

’H Frequency (kHz)

active $%168, and inactive S>'IRS pinholin at 1 and 2 mol%

A) B)
o)

T T T T T T T T T T T T
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C) D)
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Fig. 7. (A) The original ?H SS-NMR spectra of empty 0 mol% MLVs at 25 °C. (B) The resulting dePaked spectra for empty 0 mol% MLVs. (C and D) The original H SS-
NMR spectra of 1 mol% active $>'68 pinholin at 25 °C and the resulting dePaked spectra, respectively.

and inactive forms of pinholin with the phospholipid bilayer, order
parameters (Scp) were calculated from the >H SS-NMR data. The
packing of DMPC acyl chains or order parameters defines the dynamic
perturbations or local packing of each individual C-D bond of the
standard DMPC acyl chain conformations as the concentration of active
and inactive pinholin increases within the bilayer. These order para-
meters were calculated using Eq. (1) where the quadrupolar splitting
values were determined through dePaking of the original H SS-NMR
spectra shown in Fig. 5. Due to the nature of calculating order para-
meters large changes in the quadrupolar splitting of peaks in the de-
Paked spectra results in small shifts in the order parameter plot. An
illustrative example of dePaking for empty 0 mol% MLVs and 1 mol%
active S?!'68 is seen in Fig. 7 and shows the original and dePaked
spectra for both cases.

While the decrease in spectral width and increase in the isotropic
component are consistent with expected trends, the order parameters
for both 2 mol% active S*'68 pinholin and 1 mol% inactive S*'IRS
pinholin could not be calculated due to the loss in resolution of the
original spectra that was discussed in the previous section. The dePaked
spectra for all active $*'68 samples can be seen in Supplemental Fig. S1.
Order parameter values ranged from the most disordered, 0.015 for the

CD; terminal methyl, to the most ordered, 0.23 for the CD, closest to
the glycerol backbone, all of which are characteristic values of DMPC
bilayers in the liquid-crystalline phase. The trends of the order para-
meters at varying temperatures for empty 0 mol% MLVs and 1 mol%
active $>'68 pinholin show a decrease in the overall order of the system
as the temperature increases. The overall decrease in order parameters
for each CD, moving further away from the glycerol backbone can be
seen in Fig. 8 for both 0 mol% and 1 mol% active $>'68 at all tem-
peratures.

The effect of temperature on this profile is characteristic of an in-
crease in mobility, or decrease in order, of the acyl chains both of which
would be true of a system at higher temperatures [45]. To better see the
differences between order parameters an overlaid comparison of the
order parameters between 0 mol% and 1 mol% active $>'68 pinholin at
35 °C can be seen in Fig. 9. A greater separation between the order
parameters of the carbons near the glycerol backbone indicate more
disorder in the presence of 1 mol% active S*'68. The overlaid dePaked
spectra used to find quadrupolar splitting values of 0 mol% and 1 mol%
active $'68 at 35 °C can be seen in the Supplementary Information
(Fig. S2) which highlights the shift observed for each peak throughout
the acyl chain. The trends observed in Fig. 9 are consistent with all the
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Fig. 8. A) Order parameters (Scp) for 0 mol% MLVs at increasing temperatures.
B) Order parameters (Scp) for 1 mol% active S2168 pinholin at increasing
temperatures. The error in these measurements are + 0.005. These errors were
determined by comparing the data from multiples samples.
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Fig. 9. Order parameter (Scp) comparison at 35 °C between empty 0 mol%
MLVs (black) and 1 mol% active S?'68 pinholin (blue). The error in these
measurements are + 0.001. These errors were determined by comparing the
data from multiple sample preparations.

previous data shown and support the partial externalization of active
$%168 TMD1 from the membrane as the helix interacts with the carbons
closest to the membrane surface. The interaction of the externalized
TMD1 of the active $>'68 with lipid headgroups may induce an increase
in area per lipid that might give a change in the order parameter profile
as shown in Fig. 9. The changes in the order parameters at the mem-
brane core also might be consequences of interactions in the head group
region that alter the area per lipid density. Thus, changing the capacity
of the core to accommodate acyl chain reorientation.
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Fig. 10. Order parameter (Scp) comparison at 25 °C between empty 0 mol%
MLVs (black) and 1 mol% active S%'68 pinholin (blue). The order parameters
below carbon-7 for 1 mol% active S*'68 show more order than the 0 mol%
sample to compensate for the positive hydrophobic mismatch of the bilayer.
The error in these measurements are = 0.0005. These errors were determined
by comparing data from multiple samples.

Alternatively, an interesting trend was observed for the order
parameters of active S2!68 pinholin near the phase transition (25 °C) of
the DMPC bilayer. A comparison of the order parameters between 0 mol
% and 1 mol% active S>'68 pinholin at 25 °C can be seen in Fig. 10. This
shows more disorder for the carbons closer to the glycerol backbone in
the presence of 1 mol% active S2!68. The overlaid dePaked spectra used
to find quadrupolar splitting values of 0 mol% and 1 mol% active $*'68
at 25 °C can be seen in the Supplementary Information (Fig. S3) which
highlights the shifts observed for each peak throughout the acyl chain.
Interestingly, at temperatures near the phase transition of DMPC the
order parameters below carbon-7 indicate a more ordered environment
in the presence of active $?'68 pinholin when compared to the empty
DMPC liposomes. This is due to the lipid compensation for a positive
hydrophobic mismatch occurring in the DMPC bilayer.

For a typical alpha helix each helical turn comprises of 3.6 amino
acids, correlating to each amino acid contributing 1.5 A to the helix
length. This indicates the TMDs of pinholin are both > 33 Ain length.
The average hydrophobic thickness for a DMPC bilayer is ~25 A. This
results in residues of the helix intended to be located within the lipid
bilayer instead residing outside of the membrane bilayer. This is known
as a positive hydrophobic mismatch [46-48]. This mismatch can be
resolved through an ordering of the acyl chains packing around the
transmembrane helix resulting in an increase in the local hydrophobic
thickness of the bilayer [46,47]. In this case, the higher order para-
meters seen below carbon-7 in Fig. 10 would be indicative of this higher
degree of ordering of the acyl chains. Other possible contribution is that
this mismatch can be resolved through introducing a helical tilt of 34°
as suggested by a previous study from the Young group [37]. Future
studies could be conducted using longer chained lipids to avoid the
presence of this mismatch at lower temperatures.

4. Conclusion

Utilizing 3'P and ?H SS-NMR spectroscopy, this study compares the
interactions of phospholipid bilayers with the active S2'68 and inactive
SRS forms of pinholin. 3!P SS-NMR nuclei were used to probe the
interaction of pinholin with the lipid headgroups. The 'P CSA width
values of 1 and 2 mol% active S*'68 are smaller than the inactive
S?'IRS CSA values at the same mol% and temperature. The decrease in
CSA indicates a higher degree of perturbations at the surface of the
membrane for the active $?!68 pinholin than the inactive S$*'IRS form
of pinholin. This is consistent with the previously proposed model of
TMD1 partially externalizing from the lipid bilayer. The *'P SS-NMR
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spectra also show an isotropic peak with an increasing magnitude and
width as the concentration of pinholin increases. A greater linewidth for
the active over the inactive pinholin could be a result of displacement of
the lipids in the bilayer coming from the partial externalization of
TMD1 or possibly due to the lysing function of the active $*'68 pinholin
which would induce a greater amount of disruption of the lipid bilayer.

The ?H SS-NMR quadrupolar splitting data showed an overall de-
crease in the spectral width as the mol% of pinholin increased. Unlike
31p CSA trends, the inactive S*'IRS showed a greater decrease in the *H
quadrupolar splitting. This trend indicates a greater degree of interac-
tion with the acyl chains of the lipid coming from the inactive form of
the pinholin. These interactions are originating from the presence of
TMD1 remaining within the membrane for the inactive form of the
pinholin. This is further supported by the additional loss in resolution of
the doublet peaks observed when comparing 1 mol% inactive S2!IRS to
the spectra for 1 mol% active S*'68 pinholin. The order parameters
determined from the quadrupolar splitting of the dePaked ?H spectra
give further support for the conclusions drawn from the 3'P and %H
data. The decrease in the order parameters of carbon 2-6 in the pre-
sence of 1 mol% active S*'68 pinholin support the idea of a partial
TMD1 externalization from the membrane. This study also highlights
the application of SS-NMR spectroscopy to distinguish between the two
different conformations of the pinholin protein and the resulting in-
teractions with the lipid bilayer.
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