BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

’H Solid-State Nuclear Magnetic Resonance Investigation of Whole
Escherichia coli Interacting with Antimicrobial Peptide MSI-78

James Pius,T Michael R. Morrow,i and Valerie Booth®* ™*

TDepartment of Biochemistry, Memorial University of Newfoundland, St. John’s, NL, Canada A1B 3X9
*Department of Physics and Physical Oceanography, Memorial University of Newfoundland, St. John’s, NL, Canada A1B 3X7

ABSTRACT: A key aspect of the activity of antimicrobial peptides (AMPs) is I

their interaction with membranes. Efforts to elucidate their detailed mechanisms
have focused on applying biophysical methods, including nuclear magnetic
resonance (NMR), to AMPs in model lipid systems. However, these highly
simplified systems fail to capture many of the features of the much more
complex cell envelopes with which AMPs interact in vivo. To address this issue,
we have designed a procedure to incorporate high levels of *H NMR labels
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specifically into the cell membrane of Escherichia coli and used this approach to

study the interactions between the AMP MSI-78 and the membranes of intact bacteria. The *H NMR spectra of these
membrane-deuterated bacteria can be reproduced in the absence and presence of MSI-78. Because the *H NMR data provide a
quantitative measure of lipid disorder, they directly report on the lipid bilayer disruption central to the function of AMPs, in the
context of intact bacteria. Addition of MSI-78 to the bacteria leads to decreases in the order of the lipid acyl chains. The molar
peptide:lipid ratios required to observe the effects of MSI-78 on acyl chain order are approximately 30 times greater than the
ratios needed to observe effects in model lipid systems and approximately 100 times less than the ratios required to observe
inhibition of cell growth in biological assays. The observations thus suggest that MSI-78 disrupts the bilayer even at sublethal
AMP levels and that a large fraction of the peptide does not actually reach the inner membrane.

D emand for new antibiotics to combat the resistance of
pathogens to conventional antibiotics' has led to
heightened interest in the identification of peptides with
antibacterial activity, termed antimicrobial peptides (AMPs).>*
Our natural defenses against pathogens rely heavily on the
innate immune system, of which AMPs are an integral part.>*
In addition to their presence in humans, AMPs have also been
identified in a variety of invertebrate, plant, and animal species
and can display antimicrobial activity agamst bacteria, viruses,
protozoa, and various other pathogens.”” Structurally, they are
frequently short cationic peptides, with a large subset of them
being composed of amphipathic helices.

AMPs are generally thought to kill cells by disrupting their
lipid bilayer membranes, although some likely interact with
membranes only to gain access to targets inside the cell.””"!
Some AMPs have also been shown to modulate innate immune
responses and affect gene expression.'””'* Because interactions
of AMPs with lipid membranes are key in their mechanism of
action, solid-state NMR spectroscopy has been a ke?f method
for studying these interactions at high resolution.*" 'S Such
studies have reported the effect of the AMPs on overall bilayer
structure, lipid acyl chain order, and headgroup tilt, while also
providing information about the structure and positioning of
the peptide in the bilayer.'” Other important techniques for
studying the mechanism of AMPs include molecular dynamics
simulations, differential scanning calorimetry, dye release
assays, ANS uptake assays, atomic force microscopy, and
scanning electron microscope imaging.m_21

A crucial point with regard to the use of these techniques to
study AMP mechanisms is that they have been predominantly
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applied to model lipid bilayers. In reality, there is a plethora of
additional factors present in real microbial cell envelopes that
likely affect how the peptides interact with the lipid bilayers.
These include membrane proteins, the peptidoglycan layer,
lipopolysaccharide, bilayer asymmetry,”* and lipid domains.**
One way to illustrate the enormous gap between the conditions
under which the biological activity of AMPs is observed and the
conditions under which solid-state NMR and other biophysical
studies of mechanism are conducted is to consider the
difference in peptide:lipid molar (P:L) ratios in the two
circumstances. Solid-state NMR and other biophysical studies
of model systems can typically show AMP-induced changes at
peptide:lipid ratios close to 1:100. Strikingly, however, a ratio of
100 bacterially bound peptides per lipid is needed to see
inhibition in an Escherichia coli sterilization assay, i.e, 10000
times more peptide per lipid.** At the other extreme, some
workers have wondered how AMP concentrations high enough
to have an impact are achieved in vivo and have attempted to
provide an explanation based on the high membrane-bound
concentrations of AMPs that can be achieved even at relatively
low solution concentrations.*

While there is a body of work substantiating the “self-
promoted uptake” mechanism by which AMPs may traverse the
outer membrane of bacteria (e.g, ref 26) and a handful of solid-
state NMR studies of AMPs have been performed with bacterial
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lipid extracts (e.g, ref 27), to the best of our knowledge there is
no published work that applies high-resolution techniques such
as NMR to the study of AMPs in intact bacteria.

To bridge the gap between the NMR studies of AMPs that
employ model membranes and the functional mechanism in
intact cells, we have developed an approach to apply *H NMR
to intact bacteria treated with AMPs. Because mutated strains
of E. coli used for 2H NMR in the past28 are no longer available,
this involved creating a new strain of E. coli, termed LAS8, that
allows us to incorporate high levels of isotope labels, in this case
’H, specifically into the acyl chains of lipid membranes. This
was done by modifying E. coli strain L8, which already has a
mutation that affects total fatty acid synthesis (fabE),” to be
also deficient in fatty acid metabolism, via a mutation in fadE.
The combined effects of these modifications allow for the
incorporation of labeled fatty acids specifically into the
membrane by supplementing the growth medium with them.

For this study, we chose to treat the *H membrane-labeled E.
coli with a well-studied, highly active AMP. MSI-78 is a
synthetic peptide analogue of magainin 2, which is found in the
skin of bullfrogs.*® It is a very potent hydrophilic antibiotic with
an MIC value of 4 pg/cell, a net cationic charge of +9, and a
grand average hydropathicity index of —0.159.>' MSI-78 is
unstructured in aqueous medium but adopts a helical
conformation when it interacts with membranes.>> NMR
studies indicate it tends to be oriented nearly perpendicularly
with respect to the bilayer normal, inducing a positive curvature
strain on lipid bilayers consistent with formation of torroidal
pores, which may lead to cell death.’!

B MATERIALS AND METHODS

Peptide Preparation. MSI-78 (NH,-GIGKFLKKAKKFG-
KAFVKILKK-NH,) was synthesized via solid phase methods
employing O-fluorenylmethyl-oxycarbonyl (Fmoc) chemistry
and purified using HPLC with a preparative scale reverse phase
C8 column, as described in ref 33. Mass spectroscopy was used
to select the HPLC fractions with high-purity MSI-78. Stock
solutions of MSI-78 were prepared by dissolving the peptide in
Medium 63.**

Preparation of LA8 Bacteria. Starting with the L8 strain
of bacteria obtained from the Coli Genetic Stock Center
(CGSC, Yale University, New Haven, CT), we introduced
genetic manipulations to replace the fadE gene (needed for
fatty acid metabolism) with a kanomycin resistance gene, using
the method of Datsenko and Wanner.>® The L8 strain was
transformed with plasmid pKD46 encoding the A Red
recombinase system and then grown in 2 mL of minimal
growth medium with ampicillin (50 pg/mL) and L-arabinose
(10 mM) at 30 °C to an Agy, of ~0.6. Then the cells were made
electrocompetent by being washed twice with ice-cold 10%
glycerol and concentrated 20-fold. PCR was used to construct a
linear piece of DNA containing the kanamycin resistance gene
(kan), flanked by sequences homologous to the start and stop
regions of the fadE gene. Two primers, along with pKD4, a
template plasmid carrying the kan gene between the P1 and P2
sites, were used to synthesize the linear kan gene. The forward
primer has a sequence that is homologous to that of the start
codon of the fadE gene at the 5’ end and a sequence that is
homologous to that of the P1 site of pKD#4 at the 3’ end.*® The
reverse primer has a sequence that is homologous to that of the
reverse complement of the stop codon region of the fadE gene
at its 5’ end and a sequence that is homologous to that of the
P2 site of pKD4 at the 3’ end.** PCR was conducted using Pfu
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DNA polymerase (Stratagene), according to the manufacturer’s
instructions. The purified PCR product was electroporated into
the transformed electrocompetent L8 cells using a cell porator.
One milliliter of medium was added to the shocked cells, and
they were quickly transferred to a sterile culture tube and
incubated at 37 °C for 2 h with moderate shaking. Aliquots of
the culture were then plated on selective medium containing 30
pug/mL kanamycin. Kanamycin-resistant colonies were isolated
and cultured in liquid medium and stored at —80 °C in 50%
glycerol until they were needed. The presence of the kan gene
in the proper orientation in these mutants (LA8) was
confirmed via PCR.

The minimal growth medium used for all strains was
Medium 63** supplemented with 0.4% glycerol, 1 ug/mL
thiamine, 0.3% casamino acids, and 0.1% Brij-58. This
supplemented medium is termed Medium 63-A. Another
medium used in the study was Medium 63-A supplemented
with 50 pg/mL deuterated palmitic acid and 50 pg/mL oleic
acid and is termed Medium 63-B. Deuterated (d;;) palmitic
acid and unlabeled oleic acid were purchased from Sigma-
Aldrich (St. Louis, MO). Additionally, for the LAS strain, the
medium was inoculated with 30 ug of kanamycin/mL of
medium. Strain LA8 was grown at 30 °C in Medium 63-A
(without fatty acid supplements) overnight and subcultured at
37 °C in fresh Medium 63-B (supplemented with fatty acids).
Solid medium plates were prepared using the liquid Medium
63-B with 1.5% agar.

Plate-Count Assay. Pre- and post-NMR bacterial samples
were diluted in series using Medium 63; 50 uL of the diluent
was then spread onto a solid medium plate. The plates where
incubated overnight at 37 °C. Only those plates that contained
between 30 and 300 well-separated colonies were used in
determining the number of cells in the original sample.

Preparation of Treated and Untreated Cells for NMR.
LAS bacteria were harvested in midlog phase at an A4y, of 0.6—
1.0. The cells were centrifuged at 4 °C for 10 min at 4100g. For
studies of untreated cells, the bacteria were then washed with
gentle agitation for 15 min in 100 mL of Medium 63 (with no
supplements) containing 0.1% Brij-58. The sample was
centrifuged as before, and the pellet was then used immediately
for ’H NMR studies. For bacteria treated with peptide,
additional steps were taken; after the washing and centrifuga-
tion step described above, the pellet was resuspended by gentle
agitation in 100 mL of Medium 63 for 15 min. Then the
appropriate amount of peptide was added and subjected to mild
shaking for 5 min. This sample was centrifuged as described
above and used for NMR. Samples were transferred into the
NMR sample holder using a sterile spatula. Control experi-
ments with buffer (Medium 63) in place of AMP demonstrated
that the additional 15 min resuspension and treatment steps
employed for the AMP-treated bacteria led to decreases in M,
of less than 2.3%.

The peptide concentration for each sample indicated in the
figures was expressed as the weight percentage (peptide
weight/dry cell weight). To measure the dry weight of bacteria,
we grew samples at absorbances (A4g,) between 0.6 and 1.0 and
processed them in a manner similar to that described above.
The resulting pellet was then dried under vacuum for 48 h and
weighed on an analytical balance. The data were used to create
a standard curve (data not shown) relating the absorbance to
the measured dry weight of bacteria, which was used to
determine dry cell weight in samples containing peptide.
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NMR Experiments. “H NMR experiments were performed
at 37 °C on an in-house-assembled 9.4 T solid-state NMR
spectrometer operated at a resonance frequency of 61.42 MHz
for °’H nuclei. A quadrupole echo pulse sequence (z/2—t—n/
2—acq) was used as described elsewhere,>’ using a 900 ms
recycling delay, a 30 ps pulse separation, and a 5 us pulse
duration. Data were collected using a 1 us dwell time and 8192
points. Oversampling by a factor of 4 was applied to give an
effective dwell time of 4 us. The free induction decay was
shifted to the left to place the echo maximum at the first point.
Transients were averaged in sequential blocks of 8000 scans,
each collected over 2 h, to allow for monitoring of time-
dependent changes in the spectral shape. For the comparison of
samples containing different peptide concentrations, 32000
transients were averaged for each spectrum displayed. For
calculations of moments, the imaginary channel was set to zero
before Fourier transformation to symmetrize the spectra.

Echo decay times, T,., were measured for each sample by
varying the quadrupole echo sequence pulse separation, T,
sequentially from 30 to 400 ps. For each pulse separation, 2000
transients were averaged to obtain the echo amplitude. The
mean echo decay rates, (1/T),.), were obtained from fits to the
initial echo decay according to

Ag(27) = Ag(0)e >/ Bl (1)

where A is the maximal amplitude of the echo. The reported
echo decay times are the inverse of the mean echo decay rate.*®

Moment Analysis. First spectral moments, M;, were
calculated from the symmetric *H NMR powder pattern
spectra according to

_ /Ooo of (®) do
i f(®) do @

where  is the frequency with respect to the central Larmor
angular frequency @, and f(w) is the line shape.”® The first
moment is proportional to the average quadrupole splitting in
the spectrum and thus to the average of the deuteron
orientational order parameter

M

1 2

Scp 5 (3cos” 0 — 1) 3)
over the deuterated chains. In eq 3,  is the angle between the
C—D bond, on a given chain segment, and the bilayer normal
that is the axis about which the chain undergoes fast, axially
symmetric reorientation.>

Second spectral moments, M,, were also calculated from the
symmetric powder patterns according to

/Ooo o*f(0) do

M, = ©
Jy f(@) do *)
Second moments were used to calculate the parameter
M
135 X M, )

which is the relative mean square width of the distribution of
orientational order parameters28 and is thus sensitive to the
shape of the spectrum.

For each spectrum, baselines for the integrals in eqs 2 and 4
were obtained by averaging all points in the range of 33.6—45.8
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kHz. For samples with no peptide, integrals ran from 0 to 29.3
kHz. For peptide-containing samples, the intensity reaches the
baseline at lower frequencies and the integrals were cut off at
24.4 kHz. For all spectra, the narrow feature at the spectral
center, corresponding to isotropically reorienting natural
abundance deuterated water, was clipped between +0.4 kHz
by setting the intensity in that range to the average of the
intensity in the range of 0.4—0.5 kHz. The spectrometer
control and analysis software was developed in house and
modeled closely on programs originally developed by Davis and
co-workers.

B RESULTS

For 2H NMR studies of entire bacteria, it was desirable to
maximize the level of *H labeling in the lipid membranes and
minimize the *H background signal from elsewhere in the
bacteria. To accomplish this, we prepared a strain of E. coli,
termed LAS, that is unable to synthesize or metabolize fatty
acids, allowing for selective H labeling of the saturated chains
of most phospholipids via incorporation of *H-labeled palmitic
acid into the growth medium.”® The starting point for
producing LA8 was the L8 strain of bacteria, which has a
mutation that makes it unable to synthesize fatty acids.”” Using
the system of Datsenko and Wanner,* as described in detail in
Materials and Methods, genetic manipulations were introduced
to also remove the ability of these bacteria to metabolize fatty
acids, by replacing the fadE gene with a kanamycin resistance
gene, kan. On the basis of the similarity between the LA8 and
LS1 strains,®® along with the growth protocol employed, we
expect 96% of the phosphatidylethanolamine (PE), the major
phospholipid in the bacterial membrane,* to have a deuterated
palmitic acid at the sn-1 position.

Growth curves were measured for the LA8 bacteria (Figure
1), and it was found that the midlog phase of growth occurs 6—
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Figure 1. Growth of LAS8 bacteria as measured by absorbance at 600
nm, |[ODgyl. Cells were inoculated from an overnight culture at time
zero and then grown at 37 °C in minimal medium supplemented with
oleic acid and palmitic acid.

7 h after inoculation of the overnight culture into fresh
medium. *H NMR spectra were recorded for cells harvested
during the midlog phase, during the stationary phase, and
during the early log phase (data not shown). These confirmed
that cells from the midlog phase gave the best spectra; cells
harvested in the later phases gave rise to spectra with poor
signal-to-noise ratios, presumably as a result of the physiological
effects associated with reduced levels of nutrients.

The next tasks were to assess the stability and reproducibility
of the *H NMR spectra acquired for the ’H membrane-labeled
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LAS8 bacteria. Figure 2a shows a series of spectra acquired at 37
°C every 2 h, such that the first scan starts 2 h after the initial
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Figure 2. (a) Solid-state H NMR spectra of membrane-deuterated
LAS8 bacteria, showing the evolution of the NMR spectra over time.
Experiments were performed at 37 °C, and each spectrum represents
8000 scans. (b) Isolated trace of the 2 h spectrum with arrows to
indicate the water peak (w), palmitate methyl deuteron doublet (m),
and prominent edges (p) corresponding to the quadrupole splitting
deuterons near the headgroup, and thus most motionally constrained,
end of the acyl chain. This feature is typically associated with the
plateau region of the orientational order parameter profile.

harvesting of the log phase bacteria. Figure 2b isolates the
spectrum at 2 h and illustrates some of the spectral features.
These spectra at 37 °C display a prominent shoulder near +12
kHz and thus resemble spectra from lipid liposomes just above
their gel to liquid crystalline transition temperature (e.g., refs 28
and 41). The shoulder at approximately +12 kHz, indicated by
arrows labeled p in Figure 2b, arises from deuterons on the
motionally constrained region of the deuterated palmitate
chains near the headgroup and corresponds to the plateau
region of the orientational order parameter profile.*”** The
quadrupole splittings decrease with the proximity of the
deuterated chain segment to the bilayer center. The doublet
arising from methyl groups at the deuterated chain ends is
labeled with an m in Figure 2b. All of the spectra also have a
sharp, central peak with a width of <1 kHz, which arises from
naturally occurring deuterated water.”® This feature is labeled
with a w in Figure 2b. As time progresses, there is a decrease in
the intensity at the larger splittings and an increase in the
intensity at the lower splittings, indicating an increase in the
lipid acyl chain disorder over time.

To quantify the changes in the spectra that occur with time,
we calculated the first moments, M, that are proportional to
the average order parameter of the *H-labeled lipid acyl chains.
We also calculated the second moment, M,, and the mean
square width of the distribution of splittings, A,. As one can see
in the top curve in Figure 3a, the first moment M, decreases
slowly with time, reflecting an overall decrease in the average
order parameter because of the increased amplitude of motions
of the acyl chains in the bacterial membrane. Over the course of
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Figure 3. (a) First moment M,, (b) second moment M,, and (c) A, of
H NMR spectra from membrane-deuterated LA8 bacteria as a
function of time in the presence of increasing concentrations of MSI-
78. Time zero refers to the moment the NMR study began following
sample processing, i.e, 2 h after the cells were initially harvested.
Concentrations of MSI-78 (w/w) were (O) 0% peptide, ([(]) 10%
peptide, () 20% peptide, (/\) 30% peptide, and (\/) 60% peptide.

18 h, M, values for the untreated bacteria decrease from an
initial value of ~5 X 10% s™" to a value of ~4.5 X 10* s™". The
bacterial membranes are only slightly less ordered than model
lipid membranes such as those of multilamellar vesicles
composed of DPPC-dg,, which typically exhibit M, values of
~5 % 10* s! just above their transition temperature.*>**

Figure 3b shows corresponding values of the second spectral
moment, M,. Because of the differences in how intensity at a
given splitting contributes to the first and second moments, an
appropriate comparison of these moments can be sensitive to
spectral shape. This comparison is provided by the equation A,
= (M,/1.35 X M;*) — 1, the relative mean square width of the
distribution of orientational order parameter. In Figure 3¢, A,
increases as the spectral shape changes from having more
prominent shoulders near +12 kHz to having less prominent
shoulders and relatively more intensity at smaller splittings.

In preparing the bacteria for NMR, we washed the cells and
resuspended them in buffer (Medium 63). Thus, the change in
spectral shape reflected by the slow reduction in M), and
corresponding changes in M, and A,, over time is likely related
to the absence of nutrients available to the cells while they are
in the NMR spectrometer. Cell viability assays were therefore
conducted under conditions identical to those used in the
NMR experiments (Figure 4). The initial washing of the
bacteria leads to a loss of 45% of the viable cells on average. Six
hours after being washed, i.e., after the first three spectra shown
in Figure 2a, on average, 76% of these cells are still capable of
forming colonies. After 12 and 18 h, approximately 50% of the
cells that went into the NMR spectrometer retained their ability
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Figure 4. Plate counts for cells plated immediately after processing and
before the NMR experiments, as well as for cells held under conditions
identical to those for NMR studies and plated after 6, 12, 18, and 24 h.
The percentages are relative to those of unprocessed cells plated
before washing. Two separate experiments were performed at each
time point.

to form colonies. The rate of loss of colony forming ability was
thus quite high compared to the rate of decrease in M,. This
suggests that cell death may not be accompanied by large
changes in M; and/or that a substantial population of bacteria
do not necessarily die during the NMR experiment but do lose
their ability to form colonies within the time span of this assay.

Figure Sa shows H NMR spectra of H membrane-labeled
LA8 bacteria treated with varying concentrations of the
antimicrobial peptide MSI-78. These spectra represent averages
of the first 8 h of data collection and thus show better
signal:noise ratios compared to the spectra displayed in Figure
2a, which represent 2 h scans. Treatment with MSI-78 resulted
in growth of the intensity at smaller splittings relative to that at

larger splittings, indicating a decrease in average orientational
order with increasing amounts of MSI-78 used in the treatment.
Significantly, the quadrupole splitting corresponding to the
spectral shoulder (arrows in Figure Sa) is found to decrease
with an increasing peptide concentration. The spectra may still
reflect a shift in the relative populations of more and less
ordered membrane regions, but in contrast to the changes with
time shown in Figure 2a, there is no fraction of the membrane
for which orientational order is not diminished as peptide
concentration increases. Panels b—d of Figure 5 show the
dependence of M;, M, and A, respectively, on peptide
concentration for the spectra in Figure Sa and those for two
duplicate samples prepared with no peptide and 30% (w/w)
MSI-78. These panels clearly show the effect of the peptide on
both the average orientational order along the deuterated chain
(M,) and the distribution of intensity across the spectrum (A,).

As with the untreated cells, the shape of the spectra for the
MSI-78-treated bacteria was quantified in terms of M,, M,, and
A,, calculated for each 2 h of NMR data acquisition, and
plotted in panels a—c of Figure 3, respectively. For the treated
bacteria, the slow changes in M;, M,, and A, over time
occurred at roughly the same rate as in the untreated bacteria.
However, each M;, M,, or A, versus time curve was displaced,
in response to MSI-78 treatment, to an extent consistent with
the peptide concentration dependencies illustrated in panels b—
d of Figure S, respectively. In general, increasing concentrations
of MSI-78 resulted in lower values of M; and M,, although the
values for 20 and 30% peptide (w/w, peptide wight/dry cell
weight) were similar. The response of A, to peptide
concentration is opposite that of M; and M,, reflecting its
sensitivity to spectral shape rather than simply width. The
reductions in M, with peptide treatment are substantial. For
example, with 20% MSI-78, the initial M; is ~20% lower than
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Figure 5. (a) Solid-state ’H NMR spectra of membrane-deuterated LA8 bacteria with increasing concentrations of MSI-78. MSI-78 concentrations
are quoted as the weight of MSI-78 per dry weight of bacteria X 100. NMR experiments were performed at 37 °C, and each spectrum represents
32000 scans. The right panel shows (b) first moment M;, (c) second moment M,, and (d) A, vs peptide concentration for the spectra in panel a and
the spectra of duplicate samples at peptide concentrations of 0 and 30%.
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that for the untreated cells. The decrease in the initial M; with
an increasing peptide concentration is also large when
compared to the change in M), observed for all the samples
over the total experiment time of 18 h. The results displayed in
panels b—d of Figure S for duplicate untreated and 30% peptide
samples illustrate reproducibility, particularly for A, which,
because it depends on the ratio of M, to M,?, is less sensitive to
baseline imperfection.

The effects of MSI-78 on bacterial membranes were also
investigated by measuring the quadrupolar echo decay time,
T,,, of LA8 with varying peptide concentrations (Figure 6).
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Figure 6. NMR quadrupolar echo decay time, |T,, at 37 °C for
membrane-deuterated LA8 bacteria, showing the effect of increasing
concentrations of MSI-78.

Quadrupole echo decay reflects motions that change the
orientation-dependent quadrupole interaction on a time scale
comparable to the time over which the echo is formed. In the
liquid crystalline phase, quadrupole echo decay can reflect slow
motions, like bilayer undulations, and faster motions, like lipid
wobble and reorientation about the bilayer normal, that both
contribute to narrowing of the observed spectrum.* For such
faster motions, the contribution to the echo decay rate is
proportional to the second moment of that portion of the
quadrupole moment modulated by the motion, a parameter
related to the amplitude of the motion, and the correlation time
for that motion. It is interesting that the quadrupole echo decay
times observed here, and summarized in Figure 6, are
somewhat low compared to those normally seen in the liquid
crystalline phase of model bilayers.*® This may reflect a larger
range of lipid chain reorientation in the more compositionally
heterogeneous environment of the natural membrane.

For most of the peptide concentrations used, the effect on
T, is quite modest. However, for 60% MSI-78 (w/w), there is
a substantial drop in T),, perhaps indicating that the bilayers are
starting to lose integrity on a larger scale and that the average
angular range of lipid reorientation is increasing, as suggested
by the observed decrease in the average quadrupole splitting.

B DISCUSSION

This study provides, to the best of our knowledge, the first
NMR observation of AMP-induced lipid membrane disruption
in whole bacteria. Substantial and reproducible changes in the
overall orientational order, M;, the second moment, M,, and
the relative mean square width of the splitting distribution, A,,
derived from spectra of *H membrane-labeled E. coli were
observed upon addition of the AMP MSI-78 (Figures 3 and ).
Decreases in the orientational order parameter derive from
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increases in lipid disorder (increased angular amplitude of lipid
chain motions), and thus, M, directly reports on the lipid
bilayer disruption proposed to be central to the function of
AMPs. Changes in M, and A, provide additional character-
ization of how the spectral shape changes in response to
peptide-induced disruption. A key consideration with regard to
the utility of “H measuments in whole bacteria is that solid-state
NMR studies of AMPs in model lipid bilayers have been one of
the cornerstones of the study of AMP mechanisms. Thus,
comparing the results of NMR data in whole bacteria and
model lipid system should provide useful insights into the
interpretation of AMP effects in vivo.

For such comparisons to be meaningful, it was important to
first characterize the *H membrane-labeled bacteria employed
in the NMR studies. To achieve high and specific levels of
incorporation of the *H label, we produced a novel strain of E.
coli deficient in both fatty acid synthesis and catabolism, termed
LA8. The LA8 bacteria were similar to the L51 strain used in
studies of bacterial membranes in the 1970s,*®* and our
untreated bacteria gave rise to similar NMR spectra at 37 °C.
The stability of the *H NMR spectra of the *H membrane-
labeled LA8 cells was characterized over time. A slow change in
spectral moments was observed over the 18 h experiment,
which is not surprising, as the cells do not have access to
nutrients during the NMR experiment. The spectral change
over this period was small compared to the effect of treatment
with peptide, and the rate of change was similar for all samples
assayed, both treated and untreated. Likewise, duplicate
experiments with fresh bacterial cell preparations confirmed
these observations for both control and AMP-treated cells.
Thus, it appears that the effects of the AMP treatments are
present before the NMR experiments begin. The absence of
any AMP-induced change in the M, versus time slope is
consistent with the low levels of AMP used relative to the MIC
and allows us to compare the effect of the peptide on the
spectra using an average of the first 8 h of NMR data acquired.

To compare the NMR data from the “H membrane-labeled
cells to NMR data from model lipid systems or to cell growth
AMP inhibition assays, it is useful to recalculate the amounts of
AMP used in terms of molar peptide:lipid (P:L) ratios, in
particular in terms of bacterium-bound P:L ratios. Typically,
10—95% of an AMP binds to the bacteria within 10—15
min.>**” Because MSI-78 has an overall charge of +9, it would
be expected to bind more tightly and quickly than an average
AMP and so is likely to be closer to the top of this 10—95%
range. When calculated assuming 100% of MSI-78 is bacterial-
bound, the w/w peptide:bacterium ratios used in this study of
10, 20, 30, and 60% convert to molar bound P:L ratios of
0.31:1, 0.63:1, 0.94:1, and 1.9:1, respectively. This calculation
uses our measurements of bacterial dry weight and assumes
lipids comprise 9.1% of the bacterial dry weight and have an
average molecular weight of 705 g/mol.**

Typical bound P:L ratios needed to inhibit bacterial growth
in assays for AMP antimicrobial activity are 100:1.** This is
~100 times more peptide than the amount used in this study. It
thus appears that the AMP—lipid interaction being observed in
this work is in the sublethal range. Hence, we can conclude that
some level of AMP-induced bilayer disruption does occur at
levels well below those where cell growth inhibition takes place.
This suggests some interesting possibilities regarding the two
proposed classes of killing mechanisms for AMPs in general.
For AMPs that are thought to act primarily by membrane
disruption, it raises the possibility that a great deal of AMP-
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induced membrane disruption can be tolerated before actual
growth inhibition or cell death occurs. For AMPs that are
thought to act on intracellular targets and whose interaction
with the membrane is thus thought to be only that required to
enter the cell, it suggests that even at relatively low levels of
AMP, there is some bilayer disruption and a consequent
increased permeability to the AMP.

On the other hand, the P:L ratio required to see reductions
in lipid chain order in the ’H membrane-labeled bacteria was
much higher than those needed to see comparable changes in
model lipid bilayers. Typical AMP:lipid ratios needed to see
leakage in vesicle studies are 1:100 (total peptide) to 1:200
(bound peptide).”* In 2H NMR studies with model lipid
membranes, AMP-induced decreases in lipid order are typically
seen at ratios 1—3:100 or lower (e.g,, refs 45 and 46). For MSI-
78, Ramamoorthy et al.*>' showed dye leakage at P:L ratios as
low 1:1000 (in POPC/POPG membranes) and observed a
decrease in order parameter of ~23% at a P:L ratio of 3:100. In
the context of whole bacteria, the ratio of peptide required to
produce comparable changes in chain order is ~1:1 (Figures 3
and S), i.e,, ~33 times higher than that used by Ramamoorthy
et al.

There are at least two possible reasons why more peptide is
needed to see comparable effects on the membrane of whole
bacteria compared to model lipid bilayers. One possibility is
that most of the peptide reaches the inner membrane but, for
some reason, is less able to disrupt bilayer chain order at low
concentrations than is the case in model systems where low
concentrations are sufficient to cause observable effects. A more
likely possibility, though, is that much of the peptide does not
reach the inner membrane. It may be bound up in other
components of the Gram-negative cell envelope, such as the
LPS layer. Substantial and disruptive interactions between LPS
and MSI-78’s parent peptide, magainin 2, have previously been
observed.*"***® More generally, the importance of non-
phospholipid components of the bacterial cell wall has been
suggested, for example, by the existence of some AMPs that
appear to be able to act without crossing the outer membrane
of Gram-negative bacteria (e.g, ref 51) and on the basis of
observations that cell wall thickness correlates with AMP
resistance in methicillin-resistant Staphylococcus aureus.>

In conclusion, we have shown it is possible to obtain
reproducible >H NMR spectra of membrane-deuterated LA8
bacteria in the absence and presence of the AMP MSI-78. The
addition of MSI-78 leads to decreases in the order of the acyl
chains in these bacteria. The P:L ratios needed to observe the
effects of MSI-78 on acyl chain order is intermediate between
the ratios required to observe effects in biophysical studies of
model lipid systems and the ratios required to observe
inhibition of cell growth in biological assays.
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