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Abstract

According to the three-step model, the spontaneous insertion and folding of helical transmembrane
(TM) polypeptides into lipid bilayers is driven by three sequential equilibria: solution-to-membrane
interface (MI) partition, unstructured-to-helical folding, and MI-to-TM helix insertion. However,
understanding these three steps with molecular detail has been challenged by the lack of suitable
experimental approaches to rapidly and reversibly perturb membrane-bound hydrophobic polypeptides
out of equilibrium. Here, we report on a 24-residues-long hydrophobic a-helical polypeptide, covalently
coupled to an azobenzene photoswitch (KCALP-azo), which displays a light-controllable TM/MI
equilibrium in hydrated lipid bilayers. FTIR spectroscopy shows that dark-adapted KCALP-azo (trans
azobenzene) folds as a TM a-helix, with its central TM region displaying an average tilt of 36 + 4° with the
membrane normal (TM topology). After trans-to-cis photoisomerization of the azobenzene moiety with
UV light (reversed with blue light), spectral changes by FTIR spectroscopy indicate that the helical
structure of KCALP-azo is maintained but the peptide experiences a more polar environment.
Interestingly, pH changes induced similar spectral alterations in the helical peptide LAHi, with a well-
characterized pH-dependent TM/MI equilibrium. Polarized experiments confirmed that the membrane
topology of KCALP-azo is altered by light, with its helix tilt changing reversibly from 32 + 5° (TM topology,
blue light) to 79 + 8° (Ml topology, UV light). Further analysis indicates that, while the trans isomer of
KCALP-azo is [1100% TM, the cis isomer exists in a [(P0% TM and [110% MI mixture. Strategies to further
increase the perturbation of the TM/MI equilibrium with the light are briefly discussed.
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Introduction

Transmembrane (TM) a-helical proteins are involved in energy transduction and in the
regulation of the traffic of molecules and information across biological membranes, processes of
high biological relevance. In the cellular context, the insertion of TM segments of membrane
proteins is in most cases assisted by a specialized protein complex called the translocon, and
carried out almost synchronously with polypeptide synthesis by the ribosome.! Nevertheless,
mildly hydrophobic TM domains of C-terminally-anchored proteins can insert spontaneously into
membranes, without translocon participation.? Amphiphilic polypeptides, with antimicrobial,
antitumoral, or apoptotic effects,® provide another relevant example for the spontaneous
membrane insertion of TM a-helices.

The well-established three-step model popularized by White and co-workers postulates that
the spontaneous folding of TM helical protein fragments and peptides into lipid bilayers involves
a solution-to-membrane interface (Ml) partition, followed by folding into a helical structure, and
completed by an MI-to-TM transition.* This sequence of events has been broadly supported by
experimental data* and molecular dynamics simulations.> However, experimental details on the
partition, folding and insertion mechanisms, and their associated dynamics in both their forward
and backward directions, remain poorly characterized. One reason for that stems from difficulties
in perturbing TM helices out of their equilibrium. Hydrophobic peptides that form TM helices,
although ideal models of membrane protein fragments, typically aggregate when added to
aqueous solutions. Additionally, once inserted in membranes, they are very stable and unlikely to
move back to the interface of the membrane, or to unfold.

One approach to experimentally study the insertion of peptides in lipidic membranes has been
the use of pH-sensitive peptides, such as pHLIP, which exists in a water-soluble/MI equilibrium at
neutral pH but inserts as a TM helix by decreasing the pH.® This property was exploited to
externally induce the binding, folding, and TM insertion of pHLIP via rapid changes in the medium
pH by stopped-flow.”® However, the observed changes have been limited to a resolution of
milliseconds and to single wavelength traces from Trp fluorescence spectroscopy, with limited
information content. An alternative approach has been to induce the TM insertion of a membrane-
bound peptide by rapidly increasing the membrane fluidity with a laser-induced temperature-
jump (T-jump).® Although this allowed for (sub)microsecond resolution and sample conditions
compatible with infrared (IR) spectroscopy, the changes in the membrane fluidity lasted for less
than 1 ms,® making relevant millisecond and slower dynamical events inaccessible.

Some of the limitations of fast mixing methods!® and T-jumps?! for the folding/unfolding of
water-soluble peptides have been avoided by their coupling to photoisomerizable organic
molecules known as photoswitches.’*’* Most commonly, cysteine-reactive azobenzene
derivatives have been linked to helical peptides, using as an anchor the thiol side chains of two
cysteines.’® Changes in the azobenzene end-to-end length, typically from (118 A to [10 A as it
photoisomerizes from trans to cis,'® are used to distort/unfold the structure of the coupled helical
peptide with light.1>*>17 The trans ismomer can be restored with light of a different wavelength,
or thermally.!® By this approach, the folding/unfolding of helical soluble peptides has been studied
by time-resolved IR difference spectroscopy.**¥1° |n addition, the coupling of photoswitches to
soluble peptides has also been used to control their interaction with proteins or with
DNA/RNA.2%2! |n other cases, proteins themselves have been modified with photoswitches,
allowing a direct optical control of their activity.??2* In addition, photoswitches have been inserted
in the molecular skeleton of many ligand compounds that are able to activate or inhibit proteins,
making their affinity to target proteins light-sensitive, key for the development of the field of
photopharmacology.?®> There are also recent examples of the integration of photoswitches into
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cyclic B-hairpin peptides that interact with membranes, derived from gramicidin S, with the goal
of tuning their antimicrobial activity with light.2628

In spite of the proven utility of photoswitches, the potential of using them on hydrophobic a-
helical peptides remains unexplored. In this work, we synthesized the photoswitchable peptide
KCALP-azo, derived from the KALP family of peptides, used in the past as models for monomeric
TM oa-helices, both in experiments and simulations.?3! By means of FTIR absorption and
difference spectroscopy we concluded that KCALP-azo folds in lipidic membranes as a TM a-helix
in the dark (trans azobenzene conformation). Upon trans-to-cis azobenzene isomerization,
induced with UV light, a fraction of KCALP-azo reorients to lay almost parallel to the membrane
surface. This drastic change of the helix tilt, accompanied by an increase of the polarity sensed by
the peptide backbone, informs about a change in the membrane topology of KCALP-azo from a
TM to a Ml state. This change was reversed by restoring the trans conformation of azobenzene
with blue light illumination, demonstrating for the first time to our knowledge the reversible
manipulation of a peptide TM/MI equilibrium with light.

Results and discussion

We constructed a 24 residues-long hydrophobic peptide with cysteine residues at positions 7
and 18 (i, i+11) and sequence Ac-GKKLLACLLAALLAALLCALLKKA-NH, (Fig. 1a), hereafter KCALP.
Then, we incorporated the thiol-reactive cross-linker BCA (see Fig. 1c, left), via cysteine side
chains, adapting a protocol initially derived to modify helical soluble peptides®? (see Experimental
Section), giving the photoswitchable peptide KCALP-azo (Fig. 1b). As a spectroscopic control, we
synthesized an azobenzene derivative that chemically mimics the product of the reaction of BCA
with two thiol chains, named ThioAzo for short (Fig. 1c, right).

Structural comparison of KCALP and KCALP-azo in dry POPC membranes.

We gently dried POPC vesicles of reconstituted KCALP and KCALP-azo peptides, spontaneously
forming oriented membranes (Fig. 2a). Unpolarized FTIR absorption spectra of these films are
presented in Fig. 2b, which include the structure-sensitive backbone amide A (AA, VN-H), amide | (Al,
vC=0), and amide Il (All, 3N-H + VC-N) vibrations,33 as well as VCH; and the ester vC=0 vibrations from
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Fig. 1. Structural comparison of KCALP, KCALP-azo, BCA and ThioAzo. (a) Primary structure of the peptide KCALP, with the
chemical structure of Cys7 and Cys18 (C7 and C18). (b) Primary structure of the photoswitchable peptide KCALP-azo, with
the chemical structure for Cys residues and for the azobenzene group. (c) Chemical structure of the cysteine-reactive
azobenzene-based cross-linker BCA (left), and of the compound ThioAzo (right), vibrational model of the azobenzene group
in KCALP-azo.
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the lipids.3* The amide A, | and Il vibration frequencies at 3296 cm™, 1659 cm™ and 1546 cm™,
respectively, indicate that both KCALP and KCALP-azo adopt, predominantly, an a-helical structure.3?
An amide | peak at a wavenumber as high as 1659 cm™ has been only reported for TM helical
peptides,® while for soluble a-helical peptides the amide | peaks at 1650-1644 cm™1.3°

Figure 2c (top) expands the region between 1850 and 1510 cm™, which includes the amide |
and Il vibrations. To resolve more details, we applied Fourier self-deconvolution, FSD, a
mathematical tool for band-narrowing (Fig. 2c, bottom).3” Note the high spectral similitude
between KCALP-azo and KCALP for the amide | band after FSD, an indication that the photoswitch
perturbs minimally the original structure of KCALP, as expected for an a-helical peptide with an
azobenzene unit linked to i and i+11 cysteine residues.'® The symmetric and rather narrow amide
I and Il bands from KCALP-azo and KCALP contrast with those from a-helix-rich membrane proteins
(Fig. S1), supporting a monomeric and homogenous structure for the two peptides. Incidentally,
the band at 1597 cm™ in KCALP-azo (see Fig. 2c), can be assigned to VC=C vibrations of the
azobenzene group.3®

) 1800 1750 1700 1650 1600 1550
dry film 025 . 't ; —— h h h h h h
Z .. ester
- KCALP-azo | d a,
a © vC=0 (E1+A)
Vomx IM | 8t Al KCALP 79%
ind 8 Qer)
BaF, window §
0.6 % KCALP-azo "
b KCALP-azo o
- resiqual
0.5 KCALP 0 1659.5 \—1659.2
5} L 78%
e 04 escte(r) = Qe1en) .
@ vC=0 Al
g 0.3 1737.9..1659 Al T
202 sy
8o 8
0.1F narrowed A)
0.0 residual
4000 3500 3000 2500 2000 1500 1000 1850 1800 1750 1700 1650 1600 1550 1800 1750 1700 1650 1600 1550
wavenumber / cm™' wavenumber / cm™’ wavenumber / cm™

Fig. 2. Structural comparison of KCALP and KCALP-azo in dried POPC membranes. (a) Sketch of oriented membranes. (b)
Unpolarized FTIR spectra of KCALP-azo (red) and KCALP (blue). Peptide backbone amide A (AA), amide | (Al) and amide Il (All)
vibrations and lipid VCH; and ester vC=0 vibrations are labelled. (c) Expanded 1850-1510 cm-! region of the spectra in (b),
before (top) and after (bottom) band-narrowing by FSD, scaled for the same amide | intensity. The band at 1597 cm1, present
only in KCALP-azo, originates from the vC=C of azobenzene. (d) Band decomposition of FSD spectra using FSD-modified
Voigtian bands (see Tables S1 and S2 for the band parameters). Bands in the 1700-1620 cm™! region (red lines) and in the
1570-1515 cm~! region (green lines) are assigned to amide | and amide Il vibrations, respectively. Bands assigned to a-helices
are colour-filled (orange for amide | and olive for amide Il bands), and their area percentages are indicated. Fitting residuals

To obtain quantitative information about the secondary structure of KCALP and KCALP-azo, we
decomposed their amide | and Il envelops into sums of subcomponent bands by nonlinear least-
squares. This decomposition is more robust when conducted on FSD spectra, in particular when
using FSD-modified Gaussian, Lorentzian or Voigtian bands, instead of their conventional
versions.39% Figure 2d shows the band decomposition using FSD-modified Voigtian bands, and
Tables S1 and S2 collect the estimated parameters for each fitted Voigtian band.3**° For an a-helix,
amide vibrations couple into three vibrational modes, two of which are IR active: A and E;.33
Because the A and E; modes strongly overlap for amide | vibrations, with a splitting of only [2-7
cm™1,334! they are observed as a single band at [11659 cm™ for both KCALP and KCALP-azo (Fig.
2d). For the amide Il vibration the splitting of the E; and A modes is 20-30 cm™2,333641 |arge enough
to be well-resolved into two bands at (11547 (E1) and (11520 (A) cm™ (Fig. 2d). The total band area
assigned to helical structures in KCALP (colour-filled bands in Fig. 2d) corresponded to 83% and
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78% of the total amide | and amide Il area, respectively (Fig. 2d, bottom). For KCALP-azo, on the
other hand, these percentages were 73% and 79% (Fig. 2d, top).

A more accurate estimation of the helical content of KCALP and KCALP-azo require us to take
into account other groups with vibrations contributing to the amide I-1l region. These include the
NHs* group from Lys (at (11630 and (11525 cm™ in H,0),%? the secondary amide from the acetylated
N-termini (at (11630 cm™ and (11580 cm™ in H,0),*® and the primary amide from the amidated C-
termini (at (11670 cm™ and 11610 cm™ in H,0).*?> KCALP-azo contains two additional secondary
amide groups located at the azobenzene linker (see Fig. 1b), with expected bands at [11700-1680
cm™ and at [11530-1500 cm™ in aprotic organic solvents of low/medium polarity.** Upon
considering the expected wavenumber and absorption coefficient of these vibrations relative to
those of the amide backbone group,** we concluded that both peptides are roughly 85% a-helical.

In spite of the high resemblance between the vibrational spectra of KCALP and KCALP-azo, a
good proxy for structural similarity, KCALP-azo displays an amide | / amide Il intensity ratio notably
higher than KCALP (Fig. 2c). This observation suggests possible differences in their helix tilt with
respect to the lipid membrane normal. To clarify this point, we conducted polarized-light FTIR
experiments, presented in Fig. S2, from where we estimated the average helix tilt, (), to be
25.5287° for KCALP and 42.133:7° for KCALP-azo. Thus, the coupling of azobenzene to KCALP does
not perturb its helical structure nor its TM topology, albeit increases its average helix tilt by [116.5°.
Note that here, and throughout the text, we provide the most likely average tilt angle with an
asymmetrical 96% confidence level, but in some cases we used for simplicity symmetrical
confidence limits, e.g., 24.5 + 4° instead of 25.555:7°.

Structure of KCALP-azo in hydrated POPC membranes.

Films of KCALP-azo in POPC membranes were hydrated for all subsequent studies, either with
450 (film A, Fig. 3b) or with [B50 water molecules per peptide (film B, Fig. S3). In either case, the
lipid VsCH> vibration, at (2853.4 cm™ (insets in Fig. 3b and Fig. S3), confirmed that the membranes
were in the fluid phase.?* We digitally subtracted the background absorbance from liquid water,
revealing the structure-sensitive amide | and amide Il vibrations of the peptide backbone (Fig. 3b
and Fig. S3, blue trace). After FSD, the amide | and Il bands of KCALP-azo peaked at 1656.8 + 0.2
cm™tand 1548.1 + 0.2 cm™ (Fig. S4a).

To obtain a secondary structure estimate we focused on film A, because its lower water content
made spectral corrections and the subsequent band-decomposition more reliable. The main
amide | component band, with 66% of the area, is located at 1656.8 cm™ (Fig. 3c and Table S3), in
the range for TM a-helices in proteins and peptides.®**> We assigned the band at 1646.0 cm™,
with 13% of the area (Fig. 3c and Table S3), to the amide | of hydrated a-helices.*®**” The
assignment of amide | bands at 1656.8 and 1646.0 cm™ to helical structures is consistent with the
band-decomposition of the amide Il, giving a 79% of helical structures (Fig. 3c and Table S3). We
obtained comparable results for the hydrated film B (Table S4). Considering potential overlapping
spectral contributions, discussed in the previous section, the estimated percentage of helical
structures was [B5%. Therefore, the helicity of KCALP-azo does not significantly change upon
hydration, although a portion of the TM helix, likely at the vicinity of the membrane interface,
becomes involved in H-bonds with interfacial water molecules.

Orientation of KCALP-azo in hydrated POPC membranes.

We recorded FTIR absorption spectra using IR light with a polarization parallel (Abs;) or
perpendicular (Absp) to the axis of rotation of the sample window (Fig. 3a). The resulting spectra
were water-corrected and band-narrowed by FSD (Fig. 3d). The linear dichroism spectrum (LD =
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Absp - Abs;)) shows a positive amide A, a positive amide |, and a negative amide Il band (Fig. 3d,
orange), similarly to KCALP-azo in dry POPC membranes (Fig. S2b). This sign-pattern is
characteristic for TM helical peptides*® and proteins.**>! In contrast, the pH-sensitive helical
peptide LAH,4, adopting a Ml topology at low pH,*? displays the opposed sign-pattern, as shown in
Fig. S2b (bottom).

To estimate the average helix tilt of KCALP-azo with respect to the membrane normal, {(3), we
first determined dichroic ratios, R, as the Absy / Abs/, area ratio of amide vibrations from helical
structures (Fig. 3d). Then, we estimated the second order parameter of the helix tilt, defined
as Sgp = (3{cos?p) — 1) /2 (the brackets represent space and time-averaged values), using the

relation:>3>*

n3(R-1)
3SmsSpsina+n3 (R—1)

Sp = (1)

In this equation n, represents the refractive index of the hydrated film, S,,,5 its mosaic spread (i.e.,
the second order parameter of the lipid membrane normal with respect to the normal of the solid
support), and S, the second order parameter of the angle between the transition dipole moment
of an amide vibration and the helix axis. From the R values for the three amide vibrations (Fig. 3d),
and by considering the most likely values of the parameters involved in Eq. 1 as well as their
uncertainty (see Experimental Section), we obtained three probability distributions for Sg (Fig. 3e-
top, black, red and blue traces). Combining them, we obtained a global estimate of Sg = 0.41345

(Fig. 3e, top, green trace). From the definition of Sg (see above), and applying the approximation
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Fig. 3. Structure and orientation of KCALP-azo in hydrated POPC membranes. (a) Schematic experimental setup. (b) Unpolarized
FTIR spectra of KCALP-azo before (light blue trace) and after (blue trace) subtraction of the water absorbance (grey trace). (c)
Band decomposition of the FSD spectrum of KCALP-azo (see Table S3). (d) FSD polarized FTIR spectra of KCALP-azo (o = 50°).
Dichroic ratios (R) from helices are given for each amide vibration, together with the second order parameter of the helix tilt
(Sp). The LD spectrum is shown in orange, two times enlarged for clarity. (e, top) Probability distributions of Sp from each amide
vibration (amide A, black; amide I, red; amide II, blue), and its global estimate (green, colour-filled). (e, bottom) Probability
distributions of the average helix tilt for: the whole helix (green), and the helix segments corresponding to the bands at 1657
cm1(blue) and 1645 cm~1 (red). (f) Schematic model of KCALP-azo in a hydrated POPC membrane. The peptide helical structures
are represented with cylinders. The hydrophobic core and interface regions of the lipid membrane is shown in grey and light
grey, respectively, with a single POPC molecule depicted for illustration purposes.
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(cos?p) =~ cos?{p) (whose suitability is demonstrated below), we estimated the average helix tilt
of KCALP-azo to be 38.632:2° (Fig. 3e, bottom, green trace).

KCALP-azo contains at least two distinguishable types of a-helices, resolved as two distinct
amide | bands at (11657 and (11646 cm™ (Fig. 3c and Table S3). We were able to determine their
individual dichroic ratios from the band-decomposition shown in Fig. 3d (R = 1.17 and 1.08,
respectively) and, thus, their average tilts (36.735:5° and 50.231:$°, respectively), as shown in Fig.
3e (bottom, blue and red trace). Considering their wavenumbers (11657 and (11646 cm™), their
average tilts ((B7° and [50°) and their areas ([I70% and [115%), we assigned the first of the two
bands to the core segment of the TM-helix, and the second band to shorter helical segments at
the peptide ends, near the interfacial region of the membrane, schematically illustrated in Fig. 3f.

As we have noted, we rely on the approximation {cos?f) =~ cos?{f) to obtain average helix tilt
values, (£, from polarized IR experiments, i.e., we need to assume that Sp = (Bcos? (P —1)/2.
This approximation is only exact when the tilt angle takes a discrete value, which is not the case
for helical peptides in membranes.>>*® To evaluate the error made, we computed exact values for
Sp and () for a family of distributions of tilt angles (Fig. S5a,b), and used the approximation Sp =
(Bcos?(p)y —1)/2 to determine back {f) from Spg . The discrepancy between exact and the
recovered values for (/5 was < 2.5° (in most cases < 1°, Fig. S5b), smaller than our statistical error,
validating our approach.

Photoisomerization of azobenzene in KCALP-azo.

Once we determined that in hydrated POPC membranes [B5% of the backbone of KCALP-azo
folds as a-helix, the core of which ([I70%) forms a TM hydrophobic segment with an average tilt
of 36 + 4°, we focused on studying how photoisomerization of the covalently bound azobenzene
group perturbs the structure and orientation of KCALP-azo in hydrated POPC membranes. But
before that, we needed to quantify to which degree we could photoisomerize the azobenzene
moiety of KCALP-azo under our experimental conditions.

The UV-Vis absorption spectrum of KCALP-azo in hydrated POPC membranes (Fig. 4a, red trace)
shows a strong absorption band at 368 nm, characteristic for the electronic T=>T1t* transition of
azobenzene in trans configuration.? After UV illumination for 2 seconds (Amax = 365 nm, 400
mW/cm?) the absorption at 368 nm notably decreases, while the one at (454 nm increases slightly
(Fig. 4a, blue trace), indicating the partial formation of the cis conformer of azobenzene.?! Blue
illumination for 2 seconds (Amax = 447 nm, 200 mW/cm?) largely recovers the initial absorption
spectrum (Fig. 4a, green trace). A UV-Vis difference spectrum between the trans and cis
conformers is shown in Fig. 4b. Note that experiments made in parallel by FTIR difference
spectroscopy confirmed that 2 s of illumination was sufficient to reach a photostationary state,
PSS (Fig. S6).

Although we could not obtain 100% of cis KCALP-azo in POPC membranes by illumination, we
could estimate its spectrum (Fig. 4a, orange trace). For that, we took as guidance the spectrum of
100% cis KCALP-azo measured in acetonitrile/water after its isolation by HPLC (Fig. S7c). Then,
considering that dark-adapted KCALP-azo is 100% trans, we estimated a 53% cis / 47% trans PSS
after 365 nm illumination, and a 4% cis / 96% trans PSS after 447 nm illumination in POPC
membranes; i.e., we could achieve a maximum of [(50% conversion between the trans and cis
forms by alternating UV and blue light illumination. The above estimates are consistent with PSS
values determined for KCALP-azo in acetonitrile/water solution by HPLC: 2% cis / 98% trans in the
dark-adapted state, 48% cis / 52% trans after 365 nm illumination, and 13% cis / 87% trans after
447 nm illumination (Fig. S7b).
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Light-induced structural changes of KCALP-azo.

UV-Vis spectroscopy confirmed the successful photoisomerization of the azobenzene group of
KCALP-azo in hydrated POPC membranes, but it provided no clue about the accompanying
structural changes in the peptidic part. Thus, we performed parallel experiments on the hydrated
film B of KCALP-azo, measuring a FTIR difference spectrum after 2 s of UV illumination. The
resulting spectrum was noisy, affected by a baseline drift, and included spectral signatures of
heating (Fig. S8b). To improve the spectral quality and to reduce heating artefacts, we alternated
short light pulses of 365 nm (100 ms) and 447 nm (200 ms), repeating this cycle [ 500 times, and
averaging the result (see Fig. S8a for a data acquisition scheme). The improvement in the spectral
quality was remarkable (Fig. S8b). As a drawback, the intensity of the light-induced FTIR difference
spectrum of KCALP-azo decreased by a factor of [R.5 (Fig. S8b, red trace), i.e., a reduction of the
photoconversion between the trans and cis forms of KCALP-azo from a [60% to a [20%. This
difference FTIR spectrum is reproduced in Figure 4c (top, red trace). A similar light-induced FTIR
difference spectrum was obtained for the hydrated film A (see Fig. S4b).

Before interpreting the light-induced vibrational changes in KCALP-azo (Fig. 4c, top), it was
necessary to distinguish bands which originated from vibrations localized in the peptidic part from
those coming from the azobenzene group. To achieve that, without resorting to complex and
expensive isotope labelling, we performed equivalent experiments on ThioAzo in POPC
membranes (Fig. 4c, bottom), used as a vibrational model of the azobenzene photoswitch in
KCALP-azo (see Fig. 1). Most of the bands in the light-induced FTIR difference spectrum of KCALP-
azo are also present in ThioAzo, i.e., they are assignable to vibrations localized in the azobenzene
photoswitch. Among them, the bands at 1700 (-) and 1673 (+) cm™ in ThioAzo and the band at
1701 (-) cm™ in KCALP-azo (Fig. 4c) can be assigned to amide | vibrations of the amide group at
the photoswitch linker (see Fig. 1), while the band at 1552 (-) cm™ in ThioAzo and at 1551 (-) cm™
in KCALP-azo (Fig. 4c) likely correspond to amide Il vibrations. The former bands downshifted by
10-13 cm™ and the latter virtually vanished upon hydration with D,O (Fig. 4c, blue), as expected
from their assignment.** Given the known requirements for hydrogen/deuterium exchange
(HDX),” we can conclude that the two amide N-H groups at the photoswitch linker are largely
free from H-bonding and, at least transiently, accessible to solvent water molecules.

Two intense bands at 1660 (=) and 1649 (+) cm™ are observed only in the light-induced FTIR
spectrum of KCALP-azo (Fig. 4c, top), which can be assigned to changes in backbone amide |
vibrations between the trans (unperturbed) and cis (perturbed) conformations of KCALP-azo.
Likewise, two bands at [B330 (+) / [(B270 (-) cm™ in KCALP-azo, absent in ThioAzo, can be assigned
to changes in amide A vibrations of the peptide backbone. Very importantly, these backbone
amide bands did not show up upon illumination of membranes containing equimolar quantities
of KCALP and ThioAzo (Fig. S9), meaning that illumination changed the structure of KCALP only
when azobenzene was covalently bound to the peptide. Upon incubation of lipid-reconstituted
KCALP-azo in D0, the backbone amide | bands downshifted by less than 2.5 cm™ in the light-
induced FTIR difference spectrum (Fig. 4c top, compare red and blue traces), which contrasts with
the expected 12 cm™ downshift for a complete HDX.* Therefore, most of the backbone amide
N-H groups of KCALP-azo affected by illumination are HDX-resistant and, thus, involved in stable
intramolecular H-bonding in both the unperturbed (trans) and perturbed (cis) states. Because D,0
removed amide Il bands from the photoswitch, but not from the peptide backbone, we could
access changes from previously hidden backbone amide Il vibrations (Fig. 4c, blue traces). Only a
small negative amide Il band at (11550 cm™ was observed, without any accompanying positive
band (Fig. 4c top, blue), indicating that the amide Il vibration is largely insensitive to the structural
changes caused by photoisomerization of KCALP-azo.
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Fig. 4. Light-induced changes after photoisomerization of KCALP-azo in hydrated POPC membranes. (a) UV-Vis absorption
spectrum of dark-adapted KCALP-azo (100% trans conformation), after 365 nm (blue line), and after 447 nm (green line)
illumination. The spectrum for 100% cis KCALP-azo (orange line) is an estimate. (b) UV-Vis difference spectrum between cis and
trans KCALP-azo. (c, top) Light-induced (365 nm-minus-447 nm) unpolarized FTIR difference spectra of KCALP-azo in membranes
hydrated with H,0 (red trace) and DO (blue trace). The bands are labelled following their tentative assignment: peptide
backbone (bold and underlined), lipid (italics), and photoswitch (plain). (c, bottom) Light-induced FTIR difference spectra of
ThioAzo in hydrated POPC membranes. (d) Light-induced FTIR difference spectra of KCALP-azo (red) and ThioAzo (black),
together with a scaled pH-induced FTIR difference spectrum of LAH, (green), all band-narrowed with FSD. (e) Band-fitting of the
FTIR difference spectrum of KCALP-azo in (d), with band parameters in Table S5. Note that the fitted bands at 1657.2 and 1655.6
cm~1 are scaled by 0.4 to keep their intensity within the displaying limits.

Although the 11 cm™ downshift of the backbone amide |, from 1660 (=) to 1649 (+) cm™, might
suggest a notable perturbation of the helical structure of KCALP-azo upon azobenzene
photoisomerization, we should be aware that the apparent separation of bands with an opposed
sign is always limited by their bandwidth.>® Indeed, after band narrowing by FSD, which reduces
bandwidths, the same two bands were resolved only 007 cm™ apart, at 1659.6 (-) and 1652.4 (+)
cm™ (Fig. 4d). To resolve the bands contributing to the FTIR difference spectrum fully free from
overlap effects, we relayed on band decomposition by nonlinear least-squares fitting. After this
procedure, the two main amide | bands were resolved at 1657.2 (-) and 1655.6 (+) cm™, only 1.6
cm™t apart (see Fig. 4e and Table S5). The band-decomposition also revealed that both the position
and width of the negative amide | band are very close to those of the main amide | band in the
absorbance spectrum of KCALP-azo (Table S5 vs Table S4): 1657.2 vs 1657.0 cm™ and 14.2 vs 16.6
cm™, respectively. This notable similitude favours the idea that the light-induced changes affect
the whole hydrophobic segment of the TM helix of KCALP-azo.

To interpret the 1.6 cm™ downshift of the amide | of KCALP-azo caused by light, we briefly
moved our attention to the pH-sensitive helical peptide LAH4. A dry film of POPC-reconstituted
LAH, at pH 8.5, where the peptide is known to fully adopt a TM topology,®**° displayed a main
amide | band at 1658.1 cm™ (Fig. S10). The amide | maximum downshifted by 1.9 cm™, to 1656.2
cm™, at pH 4.5 (Fig. S10), a condition where the peptide fully adopts a Ml topology.>*>° The amide
| frequency downshift can be explained by an increase of the medium polarity as the peptide
moves to the membrane interface at low pH.®° The amide Il band of LAH,; was largely insensitive
to the change in membrane topology (Fig. S10). In summary, the spectral differences associated
with a change in membrane topology of LAH, show a remarkable resemblance to those observed
for KCALP-azo (compare red and green traces in Fig. 4d), suggesting that KCALP-azo might
experience a light-induced change in its membrane topology.

Although most of the amide | band at 1657.2 cm™ shifts to 1655.6 cm™ upon azobenzene
photoisomerization, part of it also shifts to 1643.5 and 1668.1 cm™ (Fig. 4d,e and Table S5). The
positive amide | band at 1643.5 cm™ is akin to the band at 1645.6 cm™ in the FTIR absorption
spectrum of KCALP-azo (Fig. 3c and Table S4), indication that part of the TM helical segment might
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establish H-bonds with water after adopting a Ml topology. On the other hand, the positive amide
| band at 1668.1 cm™ might originate from weakly H-bonded backbone amide carbonyl groups,**
formed as a result of structural distortions in the TM helical segment of KCALP-azo.

Light-induced changes in the helix tilt of KCALP-azo.

In order to detect changes in the tilt of the helix of KCALP-azo, we first performed light-induced
polarized FTIR difference spectroscopy in combination with attenuated total reflection (ATR). We
conducted these experiments on oriented films hydrated with D,0, providing access to amide A,
I, and Il bands from the peptide. Changes in the helix tilt can be easily gauged by transforming
polarized ATR-FTIR difference spectra (AAbsg and AAbs;) into difference spectra in the plane
(AAbs,.,) and perpendicular (AAbs,) to the surface of the ATR crystal (see Fig. 5a, Inset).®* An
isotropic difference spectrum, AAbs;,, free from orientation effects, is obtained as: AAbs;, =
(AAbs, + 2xAAbs,.,)/3.5* To explain how AAbs,., and AAbs, help to detect changes in the tilt of
helices, Figure 5a includes cartoons of a simple idealized helix changing its tilt from 0° to 90° with
respect to the z axis. When the transition dipole moment aligns close to the direction of the helix
axis, like for the amide A (¢ = 27-33°),%16283 3 |arger helix tilt causes the absorption to decrease in
the z direction and to increase in the x-y plane, leading to a negative band in the AAbs, spectrum
and a positive band in the AAbs,., spectrum.®! This was indeed the observed pattern for the amide
A band of KCALP-azo (Fig. 5a, green shaded area), compelling evidence for an increased helix tilt
upon trans-to-cis azobenzene photoisomerization. Being the transition dipole moment of the
amide Il close to perpendicular to the helix axis (¢ = 70-76°),16%%3 a larger helix tilt should rise the
absorption in the z direction while decreasing it in the x-y plane. Indeed, we observe a positive
amide Il band in the AAbs, spectrum and a negative one in the AAbs,., spectrum (Fig. 5a, orange
shaded area), further confirming a light-induced increase of the helical tilt of KCALP-azo.

Only the amide | frequency of the helix changed sufficiently with the tilt as to resolve both
positive (cis) and negative (trans) bands in both AAbs; and AAbs,.,. Because the negative band was
more intense in AAbs; than in AAbs,.,, but the other way around for the positive band, we can
conclude that the helix tilt of KCALP-azo is smaller than the magic angle (54.7°) after blue
illumination (trans azobenzene) but larger after UV illumination (cis azobenzene). To obtain
quantitative values for the helix tilt we conducted additional light-induced polarized FTIR
difference experiments, but this time by transmission and with samples hydrated with H,O (Fig.
5b). We determined the dichroic ratio of the negative and positive amide | bands by integrating
their area after FSD (Fig. 5b, Inset). For the negative band R was 1.21, and we arrived at S/g =
0.559¢8 and at () = 33.137:9° (Fig. 5c, red). This last estimate is in statistical agreement with the
average helix tilt determined for the hydrophobic TM helical segment of KCALP-azo in the dark,
36.7339° (Fig. 3e, bottom, blue trace), and indication that this is the segment of KCALP-azo whose
tilt is perturbed by light.

From the dichroic ratio of the positive band, 0.89 (Fig. 5b, inset), we arrived at Sp = —0.44-035
and at (f) = 77.3%8° for cis KCALP-azo (Fig. 5¢, blue). Figure S5d displays several distributions of
[ compatible with Sp = —0.44, spanning from a perfectly homogenous helix tilt of f=77°to a
broad Gaussian distribution of S angles centred at [B0°. Note that a helix tilt = 77° for a 24
residues-long peptide appears incompatible with a TM topology, even if considering possible
snorkelling effects of the Lys charged residues in the helix termini. Instead, this tilt agrees well
with those previously described for Ml helical peptides.®*®” Incidentally, the positive band at
1643.5 cm™ (Fig. 4e), assigned to hydrated helical segments (see above), displayed a dichroic ratio

of 0.98 (Fig. 5b, inset), from where we estimated that its average helix tilt is 56.822-9°.
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Fig. 5. Light-induced orientation changes of the a-helix of KCALP-azo in hydrated POPC membranes. (a) Light-induced FTIR
difference spectra in D0 in the plane (AAbs,.,, red) and perpendicular to the sample surface (AAbs;, blue), obtained by ATR
with polarized light (see inset). AAbs;, (green) is the isotropic difference spectrum. Changes in AAbs,., and AAbs, for the
amide A (green-shared area) and amide Il (orange-shaded area) bands indicate an increase of the helix tilt of KCALP-azo upon
trans-to-cis photoisomerization. For clarity, the tilt increase is illustrated with cartoons showing a 0° to 90° change. (b) Light-
induced polarized FTIR difference spectra in H,0, measured by transmission (o = 50°). The inset shows the amide | region
after FSD. The dichroic ratio, R, for two positive bands (cis state) and one negative band (trans state) is indicated. (c)
Probability distributions for the second order parameter (top) and for the average tilt angle (bottom) of the main helix
segment of KCALP-azo in trans (red) and cis (blue) conformations. (d) Schematic structural model of cis KCALP-azo. Helical

Figure 5d shows two structural models for the Ml state of cis KCALP-azo compatible with our
experimental results. The first model is a V-shaped helical conformation with a static orientation
(Fig. 5d, top). The second model the helix exhibits a dynamic orientation, fluctuating between a
flat alignment at the membrane interface and a V-shaped conformation (Fig. 5d, bottom). Both
models can explain the average tilt of the hydrophobic helix segment of cis KCALP-azo ([177°).
Although we lack direct information about the peptide azimuthal rotation, we tentatively placed
it facing the membrane interface region given that the polarity of azobenzene markedly increases
in its cis isomeric state.??

Fraction of KCALP-azo moving to the membrane interface after azobenzene photoisomerization.

We reconstructed the FTIR absorption spectrum of pure cis KCALP-azo by taking into account
that under our illumination conditions the change in the isomeric state of azobenzene occurs only
for [R0% of the KCALP-azo molecules. This was done by simply adding to the FTIR absorption
spectrum of dark-adapted KCALP-azo (100% trans), the light-induced FTIR difference spectrum
multiplied by 5. The resulting 100% cis spectrum, presented in Fig. 6a after FSD, displays the
expected reduction in the intensity of the 1596 cm™ band from the vC=C of azobenzene.®®
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However, the amide | band downshifts by only 0.16 cm™. In contrast, for LAH,; the amide |
downshifts by [11.9 cm™ between the Ml and TM states (Fig. S10), and our band decomposition
analysis for KCALP-azo suggests that its amide | downshifts by [11.6 cm™* between the Ml and TM
states (Fig. 4e). This discrepancy indicates that the absorption spectrum of cis KCALP-azo arises
from a mixture of TM and Ml states:

Absgs = (1= FY1)AbsTH + f2 AbsHL (2)

To estimate the amide | spectrum of cis KCALP-azo in the Ml state, AbsM!, we assumed that
the amide | spectrum depends on the membrane topology adopted by the peptide but it is not
significantly affected by the isomeric state adopted by azobenzene, i.e., Abs’M ~ AbsTM. .. After
considering that trans KCALP-azo is 100% TM, i.e., AbS;yqns = AbstM. <, and rearranging Eq. 2, we
arrived to:

Absg’l’; AbS is—AbStrans(1—fM) (3)

MI
cis

Using this equation we estimated Abs! for different values of £}, the fraction of cis KCALP-azo
in a Ml state. Figure 6b plots how much the amide | downshifts between the AbsM! and Abs;,qns
asa functlon of the value assumed for £/, Because we expect this downshift to be around 1.5-
2.0 cm™, we deduced that £/ takes a value between 0.11 and 0.14 (see Fig. 6b, dashed lines),
ie., [111- 14% of cis KCALP-azo adopts a Ml state. As an illustration, Fig. 6¢c shows the reconstructed
amide | spectrum for the Ml state, estimated using fas 0.12 (red trace). The same plot shows,
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a 1057.0w 16568 100% cis

A

1700 1675 1650 1625 1600 1575 1550 1525
wavenumber / cm™’

absorbance (FSD)

~

o

IE estimated M| 100% T™M
2 ercentage b o C Q%0 igo%mi
=1 p 9 a 1657.0~3 |/
& - ) }expected L
2 | amide | shift 8
° i S 01656.2
E., P 2 @1655.2
©- ! 2 01653.3
= o]
F . © ©
=i | | -

1 0.2 0.1 0.05 1680 1660 1640 1620

assumed Ml fraction in cis wavenumber / cm™!

Fig. 6. Mixture of TM and Ml states in cis KCALP-azo. (a) FSD absorption spectrum of 100% trans KCALP-azo, adopting a
100% TM state (blue, reproduced from Fig. S4a). Estimated absorption spectrum of 100% cis KCALP-azo (red). The small
downshift of the amide I, 0.2 cm-1, indicates that cis KCALP-azo exists in a TM and MI mixture. (b) Downshift of the amide |
maximum between the 100% Ml spectrum (estimated with Eq. 3) and the 100% TM spectrum (taken from 100% trans
KCALP-azo) as a function of the value assumed for £} (fraction of cis KCALP-azo in the Ml state). From the expected MI-TM
amide | downshift, 1.5-2.0 cm-1 (dashed horizontal lines), we obtained an estimate of 0.14-0.11 for f}! (dashed vertical
lines). Three values for fas are labelled: optimal (red), overestimated (orange) and underestimated (green). (c) Amide |
spectrum of KCALP-azo in a 100% TM state (blue, same as in (a)) and in a 100% Ml state, the latter reconstructed assuming
cis KCALP-azo to be 88% TM and 12% MI. Reconstructions of the 100% M| spectrum assuming f}/= 0.24 (orange) or f}/=
0.06 (green), display an amide | downshift smaller (0.8 cm™1) or larger (3.7 cm™1) than expected.
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for reference, a reconstruction using a twice-larger (orange trace) or a twice-smaller (green trace)
value.

We obtained an additional estimation for £}/, The area of the negative band at 1657.2 cm™ in the
light-induced FTIR difference spectrum (Fig. 4e and Table S5) is 60 times smaller than the area of the
positive band at 1657.0 cm™ in the FTIR absorption spectrum of trans KCALP-azo (Fig. 3c and Table S4).
From this result, and taking into account that only 20% of the azobenzene were photoisomerized, we
inferred that just 8% of cis KCALP-azo adopts a Ml topology. Thus, two different lines of reasoning lead us
to the conclusion that cis KCALP-azo exists as a mixture of [B0% TM and [110% MI states.

General discussion

The coupling of azobenzene to Cys side chains has been one of the approaches used in the past
to introduce structural perturbations on soluble helical polypeptides with light.}*#2°-22 Here, we
have extended this approach to KCALP-azo, a 24 residues-long TM-helical peptide. First, we
characterized the structure and orientation of KCALP-azo in its dark-adapted state ([ 1100% trans
isomer). We have confirmed that KCALP-azo is indeed a TM and highly helical ((B5%) peptide (Fig.
3). In addition, we found that trans KCALP-azo displays two types of helical segments with distinct
properties. The dominant helix type ([070%) displays an amide | frequency at 1657 cm™,
characteristic for a-helices in TM proteins and peptides,®>* and shows an average tilt of 36 + 4°
(Fig. 3, and @ in Fig. 7b). We assign it to the core of the TM helix of KCALP-azo (@ in Fig. 7a).
The minor helix type ((115%) displays an amide | frequency at 1646 cm™, characteristic for helices
forming bifurcated H-bonds with water molecules,*®*” and shows an average tilt of 49 * 3° (Fig. 3,
and @ in Fig. 7b). Thus, it likely corresponds to short segments at the two ends of the TM helix
() in Fig. 7a).

We next studied changes in the structure and orientation of KCALP-azo after being exposed to
alternating UV and blue light pulses, which converts 20% of the azobenzene groups from a trans
to a cis conformation. In the FTIR difference spectrum, the band at 1657.2 cm™ represents 99% of
the negative amide | area (@ in Fig. 7c, see also Fig. 4e and Table S5), and shows a frequency and
width very similar to the amide | band at 1657.0 cm™ in the absorbance spectrum of KCALP-azo
(@ in Fig. 7b, see also Table S4). This high similitude indicates that photoisomerization of
azobenzene affects almost exclusively to the hydrophobic core-segment of the TM helix of KCALP-
azo. On the other hand, we observed three positive amide | bands in the light-induced FTIR
difference spectrum of KCALP-azo (Fig. 4e). The main positive band (1655.6 cm™) accounts for
86% of the amide | area (@ in Fig. 7c, see also Fig. 4e and Table S5), and it originates from the
amide | vibration of a helix tilted by [179 £ 8° with respect the membrane normal (Fig. 5). Thus, as
a result of azobenzene photoisomerization, the central TM hydrophobic segment of KCALP-azo
changes, both in amide | frequency (from [11657.2 cm™ to [11655.6 cm™) and in average tilt (from
36 +4°to 79 = 8°), as shown in Fig. 7 (see @ to @).

Although the helix tilt angle of a peptide does not directly define its topology in the membrane,
it certainly constrains it. Considering the hydrophobic thickness of POPC in fluid phase, (29 A,*° a
TM topology with an average helix tilt of 79 + 8° can be discarded just from energetic
considerations, as it would involve placing at least two of the four positively charged Lys residues
of KCALP-azo (Fig. 1b) within the hydrophobic region of the membrane. The helix tilt of (79 * 8°
for the Ml state of cis KCALP-azo agrees well with that of mastoparan X, a helical peptide adopting
MI topology, with a tilt angle determined to be 80 * 5° by NMR® and 76 + 7° by FTIR
spectroscopy.®® In addition, the shift in the amide | frequency between bands @ and @ (Fig. 7c),
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Figure 7. Structural models of the photoswitchable peptide KCALP-azo in trans-azobenzene-TM and cis-azobenzene-TM/MI
states. (a) Structure and membrane topology of KCALP-azo when the azobenzene group is in either trans (left) or cis (right)
isomeric state. The helical peptide structures are illustrated as cylinders, tilted according to the experimental results
(azimuthal rotation angles are tentative). (b) Band-narrowed FTIR absorption spectrum of trans KCALP-azo, with its
component bands resolved by band-fitting. (c) Band-narrowed light-induced FTIR difference spectrum of KCALP-azo (cis
minus trans), with its component bands resolved by band-fitting. Related structural/spectral elements in (a-c) are labelled
using common colours and number codes.

is very similar to the shift that we observed between the TM and Ml states of the pH-sensitive
helical peptide LAH4 (Fig. S10).

The migration of KCALP-azo to the interface of the membrane goes accompanied by an
enlargement of its hydrated helical segment (see @, Fig. 7a), as indicated by the positive band at
1643.5cm™ (@ in Fig. 7c, see also Table S5). Finally, we also have a small positive band at 1668
cm™? (@ in Fig. 7c, see also Table S5). Although the assignment of this band is tentative, given its
wavenumber it might originate from weakly H-bonded backbone peptide groups formed as result
of the distortion of the TM helix by trans-to-cis photoisomerization. We postulate that such
distortion might localize near the centre of the helix core (@ in Fig. 7a), allowing for a bend in
the TM helix in response to trans-to-cis isomerization of azobenzene.

We lack experimental information about the azimuthal rotation angle displayed by the TM and
MI helices of KCALP-azo. While this angle might not be very relevant for the TM state, for the Ml
state it will define which residues face the interface region of the membrane, as well as the
location of the azobenzene group. Direct information about the actual azimuthal rotation angle of
KCALP-azo could be obtained in the future by polarized FTIR experiments in combination with a
suitable site specific labelling strategy, following the work by Arkin and coworkers.”® At present, it
is most reasonable to assume that the azobenzene group faces the membrane interface, as
illustrated in Fig. 7.

The changes reported here for KCALP-azo are drastically different from those reported before
for photoswitchable soluble helical peptides. As an example, azobenzene trans-to-cis
photoisomerization was shown to almost completely unfold a 16 residue-long soluble helical
peptide, reducing its helix content from 93% (trans) to 34% (cis).®* Why does a photoswitchable
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hydrophobic helical peptide reconstituted in membranes respond so differently to light? We have
to take into account that the energetic cost for breaking a backbone amide H-bond in the
hydrophobic core of lipidic membranes, +4-5 kcal/mol,*’! is much higher than in aqueous solution,
+0.5-1 kcal/mol.”* This makes unlikely that photoisomerization of azobenzene could easily induce
the unfolding of a TM helix to any degree close to that reported before for soluble peptides, and
agrees with our observation that KCALP-azo largely preserves its helical structure upon trans-to-
cis photoisomerization.

In order to understand why azobenzene photoisomerization induced a change in the
membrane topology of KCALP-azo, we need to be aware that the energetically closest state to a
TM helix is not an unfolded TM state but a helix located at the interface of the membrane.* From
the sequence of KCALP, and using the hydrophobicity scales from Wimley and White’?>”3
implemented in the MPEx tool,”* we estimated the free energy difference between its TM and an
Ml states, hereafter AG°rm-mi, to be —4.5 kcal/mol. In this estimation we took into account only
residues from Leu4 to Leu21, because we expect the three residues at either peptide end (GKK at
the N-terminus and KKA at the C-terminus) to face the interface of the membrane regardless of
the membrane topology adopted by KCALP. For KCALP-azo, we could not estimate AG°rv-m from
MPEx, but it is plausible for KCALP and trans KCALP-azo to share a similar AG°rv.vi When
considering that both peptides show a similar elution time (i.e., hydrophobicity) on an HPLC C8
column (see Fig. S11a and Fig. S13a). The AG°tm-m value provided by MPEx is sufficiently
favourable to ensure that virtually 100% of KCALP (and trans KCALP-azo) adopts a TM topology,
yet sufficiently low for changes in noncovalent interactions to significantly modulate the TM
propensity of this peptide. The experimentally estimated TM/MI equilibrium constant for cis
KCALP-azo, [P0/10 = 9, indicates a AG°tu.m of —1.3 kcal/mol. This value suggest that azobenzene
trans-to-cis photoisomerization is able to increase AG°wv-m of KCALP-azo by [B.2 kcal/mol (from
-4.5 to —-1.3 kcal/mol). Because breaking an intramolecular H-bond costs 3-4 kcal/mol less at the
membrane interface than at the hydrophobic region of the membrane,* we propose that
azobenzene photoisomerization breaks (or weakens) one or more intramolecular H-bonds of
KCALP-azo, favouring the peptide migration to the MI. In addition, we should not forget that the
higher polarity of cis azobenzene compared with the trans isomer?' might also contribute to
stabilize the Ml state. Indeed, cis KCALP-azo is more polar than trans KCALP-azo, as indicated by
the earlier elution time of the former in an HPLC C8 column (Fig. S7b).

Although our experimental data clearly points to a change in the membrane topology of KCALP-
azo upon azobenzene photoisomerization, this change in topology is apparently far from
complete. We roughly estimated that only [110% of those peptides with the azobenzene group in
cis conformation experienced a change in membrane topology (Fig. 6). Consequently, the
measured static light-induced FTIR difference spectrum of KCALP-azo (Fig. 4c) actually represents
a mixture of two different spectra: (Abs’M — AbsM. o) and (AbsMl — AbsTM). Future time-
resolved experiments should be able to disentangle these two spectral contributions, because
structural changes that immediately follow the photoisomerization of the azobenzene (AbsCTi’fS” -
AbsTM ) are expected to occur much earlier than the changes associated with variations of the
membrane topology (AbsI}! — AbsTM).

Under our experimental illumination conditions only 20% of KCALP-azo photoisomerized from
the trans to the cis state. From this 20%, only [110% changed membrane topology. Thus, only [2%
of the total peptide switched with light from a TM to a MI state in our experiments. This small
percentage did not represent a serious limitation for our sensitive FTIR difference spectroscopic
experiments. In fact, future time-resolved FTIR studies aiming at revealing the mechanism of
membrane insertion of helical peptides might benefit from a small population of “perturbed”
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peptides, limiting unwanted changes in the properties of the lipidic membrane. Indeed, in our
static light-induced FTIR difference spectra we could observe only tiny bands assignable to lipid
vibrations (Fig. 4c), indicating that the main physical properties of the POPC bilayers, like phase
and fluidity, were not significantly altered by the change of topology of [2% of KCALP-azo.
However, for studies relying on other spectroscopic techniques, such as solid-state NMR or
oriented CD, a much larger perturbation in the TM/MI equilibrium is desirable. This applies as well
for future molecular designs aiming to exploit for practical purposes the optical control of the
membrane topology of peptides with photoswitches. Possible strategies to enhance the formation
of the MI state with light might include changes in the chemical nature or coupling of the
photoswitch, but also an increase in the polarity of peptide. As an example, exchanging two Leu
residues by Ala in the primary structure of KCALP should increase AG°%mw.m by [2 kcal/mol.”*
Extrapolating this prediction to KCALP-azo leads to AG°mw.m of -2.5 kcal/mol for the trans
conformation (TM/MI of [09%/1%) and +0.7 kcal/mol for the cis conformation (TM/MI
[(25%/75%), i.e., a potential 74% change of the membrane topology with light. We are currently
exploring this strategy, with positive results.

Conclusions

In the present work, we have expanded the application of photoswitches in a new direction:
the reversible optical control of the membrane topology of helical peptides. The possibility of
repetitively perturb with light the membrane interface / transmembrane equilibrium of a peptide
will make possible currently unfeasible experiments. One example are time-resolved infrared
experiments, rich in structural and dynamic information, but which require laser pulses as a trigger
(for the highest temporal resolution) as well as extensive data averaging (tremendously facilitated
when the system is reversible).”>’® Thus, the here developed photoswitchable peptide will be a
key step forward in the road of understanding the sequence of events that allow peptides (and
protein fragments) to spontaneously insert into or move out of membranes.

The optical control of the membrane topology of peptides might be also the starting point for
interesting applications. For instance, the pH-sensitive peptide pHLIP can deliver polar molecules
towards the interior of cells in response to a membrane interface-to-transmembrane
reorientation change induced at low pH, a property used to target drugs to tumour cells.”’
Likewise, light-control of the membrane topology of peptides could allow for the delivery of small
molecules by the same mechanism as for pHLIP, i.e., transport of small cargo molecules without
peptide penetration into the cell, although with the added benefits in temporal and spatial
resolution that light provides.

Experimental Section

Peptide synthesis and purification. KCALP (Fig. 1) and LAH,; (KKALLALALHHLAHLALHLALALKKA-
NH,)”® were prepared by a stepwise micro-wave assisted solid-phase peptide synthesis on a
Liberty Blue synthesizer using the standard Fmoc/tBu strategy. Both peptides were constructed
on a Rink Amide MBHA resin using a 5-fold molar excess of Fmoc-protected amino acids for chain
elongation, acetic anhydride/pyridine 1/2 (v/v) for N-terminus acetylation, and trifluoroacetic acid
(TFA)/thioanisole/1,2-ethanedithiol/anisole 90/5/3/2 (v/v/v/v) for final cleavage from the resin
and removal of side chain protecting groups. Crude peptides were purified by semi-preparative
RP-HPLC on a Phenomenex Luna C8(2) column (10 um, 250 mm x 21.2 mm) using an
acetonitrile/water gradient in 0.1% TFA. After lyophilization, the TFA counterions, which hamper
physicochemical characterization by FTIR spectroscopy, were exchanged to chloride using a strong
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base anion exchange resin (AMBERLITE™ IRA402 Cl). High-resolution electrospray-ionization mass
spectra (HRMS-ESI+) confirmed the identity of the peptides. KCALP: m/z for CiisH214N2902552
[M+3H]?* calculated 821.8597, found 822.1969 (Fig. S11c); LAH4: m/z for Ci32H233N39026 [M+4H]*
calculated 695.2022, found 695.4522 (Fig. S12c). HRMS-ESI+ was recorded in positive ion mode
on a micrOTOF-Q spectrometer (Bruker), with sodium formate as an external reference. The purity
of the peptides (>95%) was checked by analytical HPLC on a Phenomenex Luna C8(2) column (5
pm, 250 mm x 4.6 mm), as explained in Fig. S11b (for KCALP) and Fig. S12b (for LAH4).

Synthesis of KCALP-azo, BCA and ThioAzo. KCALP (16 mg, 6.5 mmol) and the reducing agent
tris(carboxyethyl)phosphine (7.45 mg, 26 mmol) were mixed and incubated overnight under an
inert atmosphere of argon in a mixture of trifluoroethanol (TFE)/100 mM ammonium bicarbonate
buffer (1/1 v/v, 10.2 mL, pH 8.5). A solution of BCA cross-linker (9.46 mg, 26 mmol) in dimethyl
sulfoxide (2.6 mL) was added, and the mixture was stirred at 40 °C in the dark until completion of
the reaction (monitored by MALDI-TOF mass spectrometry). The cross-linked peptide was purified
by RP-HPLC and characterized by HRMS-ESI+: m/z for CiziH226N33027S; [M+3H]3* calculated
919.2250, found 919.5601 (Fig. S13c). The TFA counterions were exchanged for chloride as
described for KCALP, and the purity of the product (>95%) was checked by analytical HPLC on a
Phenomenex Luna C8(2), as shown in Fig. S13b. BCA (4,4’-bis(chloroacetamide)azobenzene) was
synthesized according to literature, with spectral properties matching previously reported
values.3? ThioAzo ((E)-N,N’-(diazene-1,2-diylbis(4,1-phenylene))bis(2-((2-
hydroxyethyl)thio)acetamide) was synthesized as described above for KCALP-azo, except that 2-
mercaptoethanol was used for the reaction with BCA instead of KCALP. The pure product was
characterized by HRMS-ESI+ (Fig. S16) as well as by *H and 3C NMR (Fig. S14 and S15), the latter
recorded on a Bruker AVANCE Il HD spectrometer (300 MHz).

Peptide reconstitution in POPC membranes. Lyophilized peptides (KCALP, KCALP-azo and
LAH,) were weighted, dissolved in TFE and mixed with in the appropriate amount of the POPC lipid
(Avanti) in chloroform/methanol 2/1 (v/v), to a target lipid/peptide ratio of 20 (mol/mol), and
dried in N> atmosphere (followed by 2 hours of vacuum). Then, buffer was added, and the mixture
was vigorously vortexed to form large multilamellar vesicles (LMV), washed 3 times by
ultracentrifugation (50,000 RPM for 50 minutes), and finally resuspended in the appropriate
volume of buffer (2 mM sodium phosphate at pH 7). Likewise, we prepared LMVs containing the
ThioAzo compound alone, as well as LMVs containing equimolar amounts of KCALP and ThioAzo.

Preparation and characterization of oriented films. We dried KCALP or KCALP-azo
reconstituted in POPC vesicles (10-15 L) at ambient humidity over BaF, windows, forming films
of [6-8 mm diameter. For ATR experiments, [2-4 L of KCALP-azo and LAH, reconstituted in POPC
vesicles were dried on a silicon with 3 total reflections (DuraDisk, Czitek). These films were
hydrated by the atmosphere created by drops of water/glycerol (see Fig. 3a, left).”” We estimated
the final number of water molecules per peptide as described in Fig. S3. This ratio was [B50 in
hydrated films used for unpolarized light-induced FTIR experiments (Fig. 4) and for polarized light-
induced FTIR experiments by ATR (Fig. 5a), and [450 for the rest of measurements (Fig. 3 and Fig.
5b). Both hydration levels provided similar results (see Fig. S4).

FTIR experiments. Unpolarized FTIR absorption spectra were collected at 2 cm™ spectral
resolution, and light-induced unpolarized spectra at 4 cm™ resolution, using either a Vertex 80v
or a Vertex 80 FTIR spectrometer (Bruker) equipped with a photovoltaic MCT detector. Polarized
absorption spectra were collected at 4 cm™ resolution on a Nicolet 5700 (ThermoFisher) FTIR
spectrometer equipped with a photoconductive MCT, using a BaF, holographic wire grid polarizer
(Thorlabs) mounted on a motorized rotational stage (Thorlabs, PRM1/MZ8). Polarized light-
induced FTIR difference spectra were measured similarly, but on a Vertex 80 FTIR spectrometer.
lllumination during transmission experiments was achieved using @365 nm and @447 nm LEDs,
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with power densities at the sample of (400 mW/cm? and (200 mW/cm?, as measured with a
powermeter (Thorlabs, PM160T). For ATR experiments the samples were illuminated from the
top, with @365 nm and @455 nm LEDS coupled to optical fibers and power densities at the sample
of (100 mW/cm? and (1175 mW/cm?. All the experiments were conducted at room temperature
(CR5 °C).

UV-Vis experiments. UV-Vis absorption spectra of the pure cis and trans isomers of KCALP-azo
were recorded by a Waters 2998 photodiode array detector built into the analytical HPLC
equipment (Fig S7c). This allowed to determine the percentage of each isomer in solution (1/1
(v/v) acetonitrile/water +0.1% TFA), as described in Fig. S7. UV-Vis absorption spectra of hydrated
films of KCALP-azo in POPC were measured in a home-made optical setup using an array detector
(Flame-S-UV-Vis, OceanOptics). The absorption spectra of KCALP-azo were corrected from
scattering using an absorption spectrum of a KCALP film as a blank.

Spectral analysis. Fourier self-deconvolution (FSD) and band-fitting of FSD spectra were
performed using homemade scripts running in MATLAB.3°%° For FSD we used a narrowing factor
(k) of 2.0 and a Lorentzian width (y.) of 18 cm™, except in Fig. 4d,e (k=2.0 and y. =12 cm™) and
in the amide A range in Fig. 3d (k=2.0 and y. = 50 cm™). We fitted FSD spectra using FSD-modified
Voigtian bands, using a method that takes into account bandshape changes introduced by FSD.394°

Determination of helical tilts. We applied Eq.1 to estimate Sg, using distributed values for a,
Ny, Sms, S, and R that accounted for their uncertainty. We obtained probability distributions for
Sp by generating 10% random samples, binning the result and normalizing the area to 1. For the
tilt angle of the sample window, a, we considered a uniform distribution from 48° to 52°. For n,
we used a uniform distribution from 1.45 to 1.55 for dry films, and from 1.35 to 1.45 for hydrated
films. Regarding S, we assumed values of ¢ to follow a uniform distribution from 27° and 34° for
the amide A vibration, from 38° and 41.5° for the amide |, and from 68° and 76° for the amide
1416263 The value of S,,,5 in hydrated films was estimated to be 0.88 + 0.03 by comparing the order
parameter for the v,CH vibration determined by polarized FTIR experiments, -0.145 * 0.005, with
the one deduced using a published correlation between its order parameter and its vsCH
frequency:®°-0.170 + 0.005 for a 2853.45 + 0.05 cm™! V,CH frequency. We assumed that the same
value for S,,,s applies to the dry films. Finally, we generously assumed the experimental value of
R to have an error of £ 0.02. To estimate the average helical tilt, (£), from Sﬁ we used the
approximation Sp =~ (3cos?(p) —1)/2.
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