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upture of azobenzene micelles to
enable the spectroscopic analysis of antimicrobial
peptide dynamics†

Matthew G. Roberson, Julia M. Duncan, Keveen J. Flieth, Laina M. Geary *
and Matthew J. Tucker *

Antimicrobial peptides (AMPs) show promise for the treatment of bacterial infections, but many have

undesired hemolytic activities. The AMP MP1 not only has broad spectrum bactericidal activity, but has

been shown to have antitumor activity. The interaction between AMPs and cellular membranes gives rise

to a peptide's cell-specificity and activity. However, direct analysis of the biophysical interactions

between peptides and membrane is complex, in part due to the nature of membrane environments as

well as structural changes in the peptide that occurs upon binding to the membrane. In order to

investigate the interplay between cell selectivity, activity, and secondary structural changes involved in

antimicrobial peptide activity, we sought to implement photolizable membrane mimics to assess the

types of information available from infrared spectroscopic measurements that follow from photoinitiated

peptide dynamics. Azo-surfactants (APEG) form micelles containing a photolizable azobenzene core,

which upon irradiation can induce membrane deformation resulting in breakdown of micelles.

Spectroscopic analysis of membrane deformation may provide insights into the physical behavior

associated with unfolding and dissociation of antimicrobial peptides within a membrane environment.

Herein, we synthesized and characterized two new azo-surfactants, APEGTMG and APEGNEt2MeI.

Furthermore, we demonstrate the viability of azosurfactants as membrane mimics by examining both the

membrane binding and dissociation induced secondary structural changes of the antimicrobial peptide,

MP1.
Introduction

Antimicrobial peptides (AMPs) are short 15–40 amino acid
peptides that are capable of selectively binding and disrupting
cell membranes.1,2 AMPs are typically cationic and tend to be
intrinsically disordered in an aqueous environment.3 However,
peptide secondary structure changes occur upon interaction
with a membrane that prompts peptide aggregation and
formation of stabilized pores within a cell membrane, ulti-
mately resulting in cell lysis.4–8 Knowledge of the structural
evolution of membrane peptides and the dynamic motions of
their side chains is pivotal to combating several diseases, the
development of therapeutic drugs, and discovering biomaterial
mimics. Several spectroscopic methods have provided infor-
mation about rates at which populations interchange leading to
the development of kinetic schemes, but usually with little or no
structural resolution.9–11 The most common approach to
analyzing AMP binding and folding is to utilize membrane
vada, Reno, Reno, Nevada, 89501, USA.
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mimics, such as micelles and vesicles. Commonly used mono-
layer mimics include sodium dodecylsulfate (SDS) and dode-
cylphosphocholine (DPC), while many bilayers have been
constructed using glycerophospholipids.12–25 Unfortunately,
examining the dynamics associated with AMP unbinding or
unfolding in the presence of these traditional mimics is not
trivial due to their ability to form stable micelles over broad
high temperature ranges26 and ability to stabilize peptide
secondary structure.27

In contrast, photo initiation of conformational changes in
proteins can assist in addressing many intriguing questions
regarding structural dynamics. Current methods utilize cova-
lent constraints that narrow the structure distribution. Irradi-
ation releases these constraints, thereby propagating the
molecule on a path to different equilibria distributions. Struc-
tural evolution, even when ultrafast, can be followed by infrared
probe spectroscopy or two-dimensional infrared spectroscopy.
In this way, fast phototriggering can help uncover early kinetics
events in protein dynamics by providing a means to explore the
free energy landscape of folding and misfolding, as well as
elucidate intermediates along the folding pathway.

Several phototriggers have been developed and incorporated
into peptides for this purpose,28–33 including disuldes, S,S-
This journal is © The Royal Society of Chemistry 2020
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tetrazines, and azobenzenes. Disulde bonds in peptides can be
used as phototriggers with the aid of deep UV light, photolyzing
in a few ps.28,29,32,34 However, the UV excitation required to
dissociate the S–S bond also excites the peptide backbone.
Furthermore, disulde linkers can also dissociate homolytically
into reactive species capable of undergoing geminate recombi-
nation, as well as side reactions with protein sidechains. The
well-studied phototrigger, S,S-tetrazine, dissociates into nonre-
active thiocyanate derivatives and N2 gas upon irradiation.
Unfortunately, use of the tetrazine trigger oen requires the
addition of cysteine to proteins or peptides.35,36 Azobenzene
undergoes fast and reversible photoisomerization upon visible
irradiation.37–39 However, when azobenzene is used within
peptides as a trigger, it is covalently linked to two residues
within the peptide throughout the whole folding/unfolding
process, limiting the accessible conformational space.40,41 This
limitation has been observed in azobenzene mediated photo-
triggered activation of neuron channels and DNA binding.42,43

Alternatively, incorporation of a photoswitch into
a membrane mimic, rather than into the native AMPs, would
remove this limitation. Irradiation of the membrane mimic
induces changes in the surroundings (e.g., solvation, dielectric
constant, size and shape of the micelle, etc.) that, in turn, per-
turb the AMP system. Azobenzene-containing polyethylene
glycol (APEG) surfactants and lipids have been previously
synthesized and structurally characterized.44–51 Irradiation of
APEG surfactants with UV-Vis light induces trans–cis isomeri-
zation resulting in a geometrical change from linear to bent.
Furthermore, there exists a notable compression of the azo-
benzene core as shown by the decrease in distance from
approximately 9.9 Å to 5.5 Å of the para-substituted carbon
atoms, as well as an increase in dipole moment from 0.5 D to 3.1
D upon isomerization to the cis isomer.52,53 Therefore, packing
of the monomers is expected to be less efficient for the cis
isomer, and the critical micelle concentration (CMC) for the cis
isomer will exceed that of the trans isomer.47,50 Previously
synthesized APEG surfactants were found to have low solubility
(mM).46,48,54 These low solubilities create difficulty when working
at relevant peptide to surfactant concentrations.

The dynamics associated with protein folding and unfolding
are expected to range over several orders of magnitudes (ps to
ms).55 In order to monitor the ultrafast dynamics associated with
Scheme 1 Synthesis of APEG derivatives APEGTMG and APEGNEt2MeI. (a) Ts
h, 91% yield; (c) HNEt2, K2CO3, THF, reflex, 48 h, 91% yield; (d) MeI, THF

This journal is © The Royal Society of Chemistry 2020
protein folding, a viable photoswitch must be capable of
changing, either via dissociation or isomerization, more rapidly
than the associated structural changes being analyzed. The
azobenzene core of APEG surfactants readily undergo isomeri-
zation on a sub-picosecond timescale, rendering ultrafast
dynamics analyses feasible.56,57 Furthermore, Hamm et al. were
able to follow the energy transfer induced by azobenzene
isomerization along the peptide backbone. Upon isomerization,
an instantaneous jump in temperature was recorded for the
nearest neighboring probe. Aside from this, the azobenzene
isomerization and peptide secondary structural changes were
observed to be completely decoupled.58 Since the thermal effects
of isomerizing an azobenzene covalently bound within
a peptide were minimal, isomerization of APEG is expected to
be decoupled from any peptide structural changes.

Thus, our work here describes the synthesis and character-
ization of APEG scaffolds with improved solubility (mM), with
more substantial differences in CMC values between cis and
trans, tunability for specicity in peptides, and utility for 2D IR
transient measurements. Finally, the overall applicability of
utilizing these surfactant systems as potential membrane
mimics to study protein folding dynamics is demonstrated.

Results and discussion
Synthesis of azo-surfactants

The known APEG scaffold54 was modied with two different
polar head groups (Scheme 1). APEG was rst activated towards
nucleophilic functionalization by conversion to the tosylate,
which was then reacted with tetramethylguanidine (TMG) to
give APEGTMG in 75% yield over two steps. APEG was also con-
verted to the cationic ammonium derivative in three steps.
Reaction of the tosylated APEG with dimethylamine gave
a neutral trisubstituted amine that was quaternized by reaction
with iodomethane to give cationic APEGNEt2MeI in 64% overall
yield.

Characterization of APEGNEt2MeI and APEGTMG azobenzene
photoswitches via UV-Vis spectroscopy

To validate the utility of the azobenzene core of both APEG
surfactants for photoswitching, UV-Vis spectra were obtained
for each surfactant prior to and post irradiation with 365 nm
Cl, NEt3, DCM, 0 �C– rt, 18 h, 83% yield; (b) TMG, K2CO3, THF, reflux, 48
, reflux, 24 h, 85% yield.
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Fig. 1 UV-Vis spectra of APEGNEt2MeI (top) and APEGTMG (bottom)
demonstrating the electronic transitions associated with each isomer,
trans (blue) and cis (red), obtained prior to irradiation with 365 nm and
upon irradiating samples with 365 nm, respectively.

Table 1 Extinction coefficients (mM�1 cm�1) and CMCs (mM) of
APEGTMG and APEGNEt2MeI

APEGTMG APEGNEt2MeI

trans cis trans cis

3226 16.5 � 0.4 16.7 � 0.2
3348 19.0 � 1.8 2.31 � 0.10
3351 17.9 � 0.3 1.63 � 0.04
CMC 1.45 � 0.08 1.83 � 0.02 0.52 � 0.02 2.69 � 0.19
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light (Fig. 1). Prior to irradiation (blue spectra of Fig. 1), both
surfactants exhibited spectral characteristics associated with
the trans isomer of azobenzene. Specically, each spectrum
shows a broad peak centered at 350 nm, attributed to a p/ p*

transition, and a second peak observed at 460 nm characteristic
of a n/p* transition.59–61 Isomerization to the cis isomer of the
APEG derivatives was induced by irradiation with 365 nm (red
spectra of Fig. 1). Upon trans–cis isomerization, a decrease in
the broad 350 nm peak occurs, accompanied by a blue shi of
the maximum to approximately 330 nm for the p / p* tran-
sition. Furthermore, the emergence of the 440 nm peak asso-
ciated with the n / p* transition was observed for the cis
isomer.53

To quantify the total surfactant concentration, [S]T, via UV-
Vis, extinction coefficients were determined by utilizing an
isobestic point at 226 nm (see ESI for details†). Using the iso-
bestic point, concentrations of the surfactant can be measured
despite any isomeric mixtures present. Thus, using Beer's law,
the extinction coefficients of 16.7 � 0.2 and 16.5 � 0.4
mM�1 cm�1 were obtained for APEGNEt2MeI and APEGTMG,
respectively, at 226 nm.

To accurately determine the extinction coefficients of the
trans isomer, UV-Vis spectra were collected prior to any irradi-
ation with the assumption that [S]T was equal to the concen-
tration of the trans isomers. For the cis isomer, UV-Vis spectra
were collected post irradiation with 365 nm light for 15
minutes, and we assumed that [S]T equaled the concentration of
21466 | RSC Adv., 2020, 10, 21464–21472
the cis isomers. Under these assumptions, extinction coeffi-
cients were found to be 17.9 � 0.3 and 1.63 � 0.04 mM�1 cm�1

at 351 nm for trans and cis isomer of APEGNEt2MeI, respectively.
Extinction coefficients of APEGTMG were found to be 19.0 � 1.8
and 2.31� 0.10 mM�1 cm�1 at 348 nm for trans and cis isomers,
respectively (see Table 1). With those data, we determined the
reversibility, or conversion efficiency, of isomerization of the
APEG surfactants under multiple irradiation cycles (see the
ESI†). An initial decrease in the conversion efficiency was
observed where approximately 70% of the original trans isomer
population was recovered for both surfactants. However,
complete conversion was observed following consecutive irra-
diation cycles (shown in Fig. S1 in ESI†). The cis isomer,
however, exhibited no change in concentration from the
approximately quantitative population upon further irradiation
with 365 nm light.
CMC determination of APEG micelles via NMR

In order to utilize the azo-surfactants as membrane mimics, the
CMC of each isomer of both surfactants must be measured
(Fig. 2).62–64 Ideally, the difference between the CMCs of each
isomer for a given surfactant should be substantial. In this way,
by photoswitching the azobenzene from the trans to the cis
isomer, the concentration of micelles would signicantly
reduce due to the shiing equilibrium.

Various methods such as dynamic light scattering, uores-
cence dye quenching, and differential scanning calorimetry
have been utilized previously to determine CMCs of various
surfactants.65–68 Herein, 1H NMR was utilized in order to
determine the CMC of the trans and cis isomers for both APEG
surfactants (Fig. 2).69

The CMC of each isomer of APEGNEt2MeI and APEGTMG was
determined by monitoring changes in the chemical shis at
different concentrations in D2O, ranging from 0.18–18.6 mM
(ESI†). To determine the CMCs of the trans isomers, samples
were irradiated with visible light for one hour immediately prior
to spectra collection. The horizontal intercept of two linear
functions was then found for each proton. The CMCs of the
trans isomers were determined to be 1.45� 0.08 mM and 0.52�
0.02 mM for APEGTMG and APEGNEt2MeI, respectively. Similarly,
the cis isomers were obtained by irradiating samples with
365 nm light for 30–60 minutes immediately prior to spectra
collection. The horizontal intercept of a linear function and
a cubic function were estimated via Newton's method for each
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 CMCs of the trans and cis isomers of the APEG surfactants were
calculated bymonitoring the changes in chemical shifts (depicted here
as the chemical shifts of the proton labelled as “J”) as a function of
surfactant concentration using 1H NMR.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
2:

17
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sample. The CMCs of the cis isomers were determined to be
1.83 � 0.02 mM and 2.69 � 0.19 mM for APEGTMG and
APEGNEt2MeI, respectively (see Table 1).
Fig. 3 Linear IR spectra of MP1/D2O (blue solid), MP1 with trans
APEGTMG micelles (red dashed). The green difference spectrum is
associated with changes in MP1 structure upon incorporation of trans
APEGTMG micelles.
Amide I and amide II IR spectral properties of APEG micelles

Due to the inherently high extinction coefficients of APEG,
circular dichroism was not a highly capable method of peptide
secondary structural analysis for these systems. Furthermore,
the high absorbance of the APEG surfactants in the UV region
does not permit uorescence binding studies of peptides using
natural chromophores such as tryptophan, tyrosine, or
phenylalanine. Thus, infrared spectroscopy (IR) was utilized to
follow peptide secondary structural changes associated with
interactions of the APEG micelles.

Numerous linear and nonlinear infrared (IR) spectroscopic
methods have been utilized to follow peptide structural
changes.35,70–88 Of specic interest, the amide I and II region
(1600–1700 cm�1 and 1540–1600 cm�1, respectively) were
analyzed for each isomer of both surfactants, since these
regions are mainly attributed to hydration of the peptide
backbone and secondary structure of AMPs.89–101 In order for the
APEG surfactants to be viable candidates as membrane mimics
utilized for FTIR, the vibrational modes of the surfactants were
assessed.

IR peak analyses were performed for the monomeric units of
each isomer of APEGTMG and APEGNEt2MeI via standard
geometrical optimization and frequency calculation in the gas
phase via DFT calculations (see ESI†). The frequency calcula-
tions revealed that the experimentally observed FTIR spectra for
both APEG surfactants share a common set of peaks in the
amide II region (maxima at �1585 and 1603 cm�1), which arise
primarily from the ring modes and C–O stretches associated
with the glycol chains of the APEG scaffold.
This journal is © The Royal Society of Chemistry 2020
Analysis of the amide I region revealed no peaks for
APEGNEt2MeI. APEGTMG, however, exhibited a somewhat broad
peak centered at 1675 cm�1 (Fig. S3†). This peak is attributed to
the tetramethylguanidine head group of APEGTMG, and was
found to be essentially invariant between isomers. Although
most of the infrared transition are negligible at concentrations
of interests, a minimal peak contribution in the amide I was
noted for APEGTMG at the desired concentration of APEGTMG

(�1.74 mM) between the CMCs of the different isomers. Since
all spectra of interest are difference spectra, the residual signals
coming from the surfactants within the amide I region are
subtracted out, with the exception of the green difference
spectrum of Fig. 3.
FTIR analyses of MP1 structural changes induced by APEGTMG

micelles

To assess the applicability of the new photolizable APEG
surfactants for peptide structural analysis, infrared studies of
the amide I region were invoked to monitor peptide secondary
structural changes upon membrane association and dissocia-
tion. It should be noted that no signicant changes in pH were
measured in the sample upon irradiation, suggesting the
observed structural changes are not a result of any pH differ-
ences (see ESI for more details†). Specically, we examined
structural changes associated with the interactions of APEGTMG

micelles and the antimicrobial peptide MP1 (IDWKKLLDAAK-
QIL-NH2).102 As shown below, APEGTMG was chosen due to its
ability to readily bind the synthesized MP1 peptide. MP1
exhibited no observable binding affinity for APEGNEt2MeI

micelles. This lack of binding affinity is likely attributed to
repulsive interactions between the cationic AMP and the
cationic headgroup of APEGNEt2MeI. Upon removal of these
repulsive interactions, other factors, such as hydrophobicity,
can play amore signicant role in the peptide/micelles interplay
for the APEGTMG micelles. Thus, the observed higher binding
RSC Adv., 2020, 10, 21464–21472 | 21467
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Fig. 4 Linear IR spectra (insets) of MP1 (4.8 mM) in APEGTMG (1.74 mM)
with trans APEGTMG micelles after initial preparation (t ¼ 0 h) (black
dashed inset), trans micelles after 24 h with no irradiation (red solid
inset), and cismicelles after photoconversion (blue dashed inset) were
collected. The pink difference spectrum (top) shows an increase of the
bound peptide population (1651 cm�1) after 24 h equilibration period.
The orange difference spectrum (bottom) shows the loss of the bound
peptide population and return to the original state upon photo-
conversion (365 nm irradiation), which causes the micelles to rupture.
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affinity of MP1 to APEGTMG is most likely a result of the limited/
neutral charge of the surfactant headgroup allowing the forces
associated with the hydrophobic contacts to become more
pronounced. However, we plan to utilize APEGNEt2MeI to analyze
other membrane peptides that have more anionic character in
future studies.

First, the FTIR spectra (Fig. 3 top) in the presence and
absence (in D2O) of transmicelles were measured to observe the
folding induced by MP1 (1.9 mM) associating with APEGTMG

micelles (�1.74 mM). A difference spectrum (Fig. 3 – green) was
constructed by subtracting the MP1/D2O spectrum (blue) from
the IR spectrum of MP1 with trans APEGTMG micelles (red).

In this difference spectrum, the presence of structural
change is observable from the transition withmaximum around
1651 cm�1. The two other maxima present (1601 and
1673 cm�1) correspond to spectral features due to the presence
of trans APEGTMG. The maximum at 1651 cm�1 arises from the
induced structural changes of MP1 by the trans micelles, which
are indicative of a gain in a-helical content.82,89,92,103,104 By closer
examining the FTIR spectra used to construct the green differ-
ence spectrum, the amide I bandwidth of MP1/D2O (Fig. 3, blue
curve) is broader than the red spectrum obtained for MP1 in the
presence of trans APEGTMG micelles. The phenomenon of band
narrowing further supports that the micelles induce a pop-
ulation gain in helical content.92,103,104 This structural change
has also been shown by circular dichroism for MP1 in the
presence of various other micelles.105

It should be noted that the maximum of the green difference
spectrum at 1651 cm�1 falls below the x-axis. This spectral
feature is likely due to the hydrophobic environment resulting
in the unsolvated helical content. A blue shi from 1645 to
1651 cm�1 in the transition maximum is observed in the FTIR
spectra upon association with the micelles. This shi is
accompanied by a slight decrease in OD. These two phenomena
are most likely associated with the extent of hydration of the
MP1 amide I backbone. Specically, loss of hydration of the
backbone is known to increase the force constant of the C]O
stretch.92 This increase of force constant results in a blue shi of
the peak maximum and a decrease in the OD due to stronger
excitonic coupling.92,106–108

As mentioned above, the maxima of the green difference
spectrum of Fig. 3 suggest an increase in helical content due to
the presence of APEGTMG micelles. Examination of the minima
reveal structural content lost due to this change. Peaks with
minima are observed in the lower frequency amide I region
(1616–1640 cm�1), at 1661 cm�1, and from 1687–1700 cm�1 as
a result of the loss of intrinsically disordered residual backbone
structure of MP1 in solution. Using standard peak anal-
ysis,71,90,92 these minima correspond predominately to a loss in
b-content and random coil in MP1 upon interaction with the
APEGTMG micelles, which likely occur in an AMP of this length
possessing a decent degree of hydrophobicity.109,110

The surfactant concentration was close to the CMC of the
trans isomer (�1.74 mM) so that upon photoswitching the
micelles would likely break up since the cis CMC is much
higher. Aer observing that APEGTMG invoked secondary
structural changes within MP1, specically a gain in a-helical
21468 | RSC Adv., 2020, 10, 21464–21472
content with a subsequent loss in b-content and random coil,
the sample cell was irradiated with 365 nm light prompting
micelle dissociation. This result revealed a convoluted spectrum
(see the ESI†) but still suggested the potential loss of a-helical
structure.

To further analyze peptide secondary structural changes
induced by both association and dissociation with APEGTMG

micelles, a slightly different experimental approach was adop-
ted where the APEGTMG (1.74 mM) solution was prepared in
D2O. This solution, which we used as our blank, was then used
to dissolve the MP1 (4.8 mM). Upon initial sample preparation,
the FTIR spectrum of MP1 in APEGTMG was obtained (Fig. 4
black dashed inset). Following this initial data collection, the
linear IR spectrum was collected aer 24 hours, without any
sample irradiation (Fig. 4 red solid inset). This red spectrum
accounts for any kinetic barriers related to binding, i.e. full
equilibrium of the bound population to micelles. The pink
difference spectrum of Fig. 4 (top) was constructed by sub-
tracting the initial linear spectrum (Fig. 4 black dashed inset)
from the nal spectrum obtained prior to sample irradiation
(Fig. 4 red solid inset). This difference spectrum is quite similar
to the green curve of Fig. 3, which depicts the secondary
structural changes of MP1 induced by the trans APEGTMG

micelles.
As expected, the spectral changes observed for the pink

spectrum agree with secondary structural changes of MP1
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01920h


Fig. 5 Fluorescence spectra (top) and normalized fluorescence
spectra (bottom) of TR-CMP1 (47 nM) were collected in the presence
(red) and absence (blue) of TMG micelles (10 mM), to assess the ability
of peptide binding towards APEGTMG micelles. Normalized fluores-
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transitioning from an aqueous environment (D2O) to the pres-
ence of APEGTMG micelles. As described above, a loss of disor-
dered structure and b-content upon micelle association (1618,
1636, and 1667 cm�1) are observed, followed by an increase in
helical content (1651 cm�1). Furthermore, by using this
approach, the pink difference spectrum was observed without
any contributions of the peaks associated with the vibrational
modes of the APEGTMG, unlike Fig. 3. This reduced inuence
from APEGTMG reveals a single larger peak maxima due to the
increase in a-helical structure upon binding to the micelles,
suggesting a larger population of MP1 associates with the
APEGTMG micelles, given enough time to equilibrate.

Aer 24 hours, no further changes were observed in IR
spectra of MP1 containing the trans isomer of APEGTMG. Thus,
the sample was irradiated with 365 nm light inducing trans–cis
isomerization, rupturing the micelles (blue dashed inset of
Fig. 4). The orange difference spectrum of Fig. 4 was then
constructed by subtracting the linear spectra (red and blue
dashed insets of Fig. 4) of the sample before and aer irradia-
tion. Analysis of the orange spectrum suggests that the struc-
tural changes of MP1 associated with micelle rupture are
a disappearance of the helical structure with a recovery of the
disordered structure.
cence spectra were normalized to the maximum emission of each
individual spectrum.
Peptide binding studies utilizing APEGTMG micelles

In order to verify APEG's ability to bind peptides, a uorescently
labelled variant of MP1 was synthesized, IDWKKLLDAAKQIL-
NH2, where a cysteine was added to the N-terminus in order to
label the peptide (TR-CMP1) with sulforhodamine 101 C2 mal-
eimide, Texas Red.

Prior to evaluating TR-CMP1's ability to bind APEGTMG

micelles, uorescence and UV-Vis experiments were performed
in order to assess the viability of using sulforhodamine as an
environmentally sensitive dye by monitoring bonding from an
aqueous, unbound species, to a hydrophobic environment,
bound species. In order for sulforhodamine to be an environ-
mentally sensitive probe, observable spectral differences in
either or both the absorbance and emission spectra should have
been present depending on exposure to different solvents.
These experiments were performed by varying the solvent, as
well as the dielectric, in which sulforhodamine was dissolved. It
was found that as the dielectric constant decreased, a blue shi
and quenching occurred in the emission spectrum (see ESI†).

Aer conrming that sulforhodamine was environmentally
sensitive, emission spectra of TR-CMP1 were obtained by exci-
tation with 585 nm light in the absence and presence of
APEGTMG micelles (Fig. 5). Incorporation of APEGTMG, resulted
in a drastic decrease in the quantum yield of sulforhodamine
accompanied with a blue shi in the emission maximum. The
observation of the bound state of the peptide through the
uorescence measurements indicates that the micelle remains
stable upon peptide binding. Otherwise, the observed uores-
cence spectrum would resemble what is expected for bulk water
(see ESI for more details on dye sensitivity†). These spectral
changes are consistent with being exposed to a more hydro-
phobic environment as seen in the solvent analysis previously
This journal is © The Royal Society of Chemistry 2020
mentioned (see ESI†) and therefore support that MP1 was
indeed bound to the APEGTMG micelles.
Conclusions

The interplay between cell selectivity, activity, and peptide
secondary structural changes associated with the lytic activity of
many antimicrobial peptides has been a topic of intense debate.
Herein, attempts to understand these phenomena have been
carried out using various membrane mimics possessing pho-
tolizable constraints. Azobenzene has been used previously to
“lock” peptides into a secondary structure that released via
irradiation. Rather than perturb the peptide itself, azo-
surfactants or APEG were utilized, which contain a photo-
lizable azobenzene core which upon irradiation cause micel-
lular breakdown. This breakdown was accompanied with
spectroscopic analysis, suggesting great promise in the ability
to monitor unfolding and disassociation of antimicrobial
peptides from membranes. Herein, we have introduced and
characterized two new water soluble azo-surfactants, APEGTMG

and APEGNEt2MeI. Furthermore, we demonstrated the ability of
antimicrobial peptides to selectively bind to these surfactants.
Using these azo-surfactant, we were able to the follow MP1's
structural changes induced upon membrane association and
membrane dissociation. Initially, the MP1 was intrinsically
disordered and had the ability to form aggregates. Uponmicelle
association, a gain in helical content with an accompanying loss
in disorder and aggregate formation was observed. Finally,
photo-initiated rupture of the micelles led to a major loss in
helical population while the majority of the original disordered
RSC Adv., 2020, 10, 21464–21472 | 21469
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population as well as aggregates were recovered. These obser-
vations indicate that MP1's is involved in a broad range of
conformational changes during the AMP pathway. Moreover,
the interplay between sidechains and lipid components are
both necessary and involved in the structural evolution of MP1.
Future work will utilize nonlinear IR techniques to follow the
dynamics of these systems.
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E. Banaszak-Léonard and C. Len, J. Org. Chem., 2014, 79,
493–500.

55 A. A. Beharry and G. A. Woolley, Chem. Soc. Rev., 2011, 40,
4422–4437.

56 S. Spörlein, H. Carstens, H. Satzger, C. Renner, R. Behrendt,
L. Moroder, P. Tavan, W. Zinth and J. Wachtveitl, Proc. Natl.
Acad. Sci. U.S.A., 2002, 99, 7998.

57 J. A. Ihalainen, J. Bredenbeck, R. Pster, J. Helbing, L. Chi,
I. H. M. van Stokkum, G. A. Woolley and P. Hamm, Proc.
Natl. Acad. Sci. U.S.A., 2007, 104, 5383.

58 V. Botan, E. H. G. Backus, R. Pster, A. Moretto, M. Crisma,
C. Toniolo, P. H. Nguyen, G. Stock and P. Hamm, Proc. Natl.
Acad. Sci. U.S.A., 2007, 104, 12749.

59 H. Satzger, C. Root and M. Braun, J. Phys. Chem. A, 2004,
108, 6265–6271.

60 C. M. Stuart, R. R. Frontiera and R. A. Mathies, J. Phys.
Chem. A, 2007, 111, 12072–12080.

61 M. Quick, A. L. Dobryakov, M. Gerecke, C. Richter,
F. Berndt, I. N. Ioffe, A. A. Granovsky, R. Mahrwald,
N. P. Ernsting and S. A. Kovalenko, J. Phys. Chem. B, 2014,
118, 8756–8771.

62 R. Zana, M. Benrraou and R. Rueff, Langmuir, 1991, 7, 1072–
1075.

63 J. N. Phillips, Trans. Faraday Soc., 1955, 51, 561–569.
64 P. R. Majhi and S. P. Moulik, Langmuir, 1998, 14, 3986–

3990.
65 G. C. Kresheck, Langmuir, 2000, 16, 3067–3069.
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