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The disordered plant dehydrin Lti30 protects the membrane
during water-related stress by cross-linking lipids
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Dehydrins are intrinsically disordered proteins, generally
expressed in plants as a response to embryogenesis and water-
related stress. Their suggested functions are in membrane sta-
bilization and cell protection. All dehydrins contain at least one
copy of the highly conserved K-segment, proposed to be a mem-
brane-binding motif. The dehydrin Lti30 (Arabidopsis thali-
ana) is up-regulated during cold and drought stress conditions
and comprises six K-segments, each with two adjacent histi-
dines. Lti30 interacts with the membrane electrostatically via
pH-dependent protonation of the histidines. In this work, we
seek a molecular understanding of the membrane interaction
mechanism of Lti30 by determining the diffusion and molecular
organization of Lti30 on model membrane systems by imaging
total internal reflection— fluorescence correlation spectroscopy
(ITIR-FCS) and molecular dynamics (MD) simulations. The
dependence of the diffusion coefficient explored by ITIR-FCS
together with MD simulations yields insights into Lti30 binding,
domain partitioning, and aggregation. The effect of Lti30 on
membrane lipid diffusion was studied on fluorescently labeled
supported lipid bilayers of different lipid compositions at mech-
anistically important pH conditions. In parallel, we compared
the mode of diffusion for short individual K-segment peptides.
The results indicate that Lti30 binds the lipid bilayer via electro-
statics, which restricts the mobility of lipids and bound protein
molecules. Atlow pH, Lti30 binding induced lipid microdomain
formation as well as protein aggregation, which could be corre-
lated with one another. Moreover, at physiological pH, Lti30
forms nanoscale aggregates when proximal to the membrane
suggesting that Lti30 may protect the cell by “cross-linking” the
membrane lipids.

Dehydrins are intrinsically disordered stress-related plant
proteins that are up-regulated in cold and drought conditions
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(1, 2). Most of the dehydrins are composed of highly conserved
sequences (S-, K-, and Y-segments) implicated in the function
of these proteins (3—5). Dehydrins are extremely hydrophilic
and abundant in charged residues. Although there are several
experimental reports on the involvement of K-segment—
membrane interactions (5-7), the molecular mechanism of
how dehydrins perform cell-protective functions with their
highly conserved sequences is still elusive. It has been reported
for other intrinsically disordered proteins, e.g. a-synuclein, that
in crowded environments they tend to gain structure or form
aggregates (8, 9). However, in the case of dehydrins, it was
observed that even in the presence of osmolytes or at higher
concentrations of macromolecules, which might occur in the
case of cellular desiccation, they do not undergo structural col-
lapse and tend to maintain their disordered state (10). These
proteins need to interact with their specific binding targets to
fold and gain their biological function. It has been proposed
that the function of dehydrins primarily depends on the inter-
action of these proteins with their specific biological targets, for
example certain proteins (11, 12), metals (13), DNA/RNA (14),
and membranes (15, 16). Membranes are specifically prone to
be affected by environmental changes such as temperature and
water content (17, 18). Some dehydrins are found localized in
the vicinity of the membranes (16), and their interaction
changes membrane properties such as the phase-transition
temperature (6). It has also been reported that they interact
with the charged lipids in membranes via electrostatic interac-
tions (6, 19, 20). Lti30 is one such dehydrin found in Arabidop-
sis thaliana that shows very high expression at cold tempera-
tures and during desiccation (21). It is composed of six
conserved K-segments flanked with pairs of histidines that have
been found to be responsible for membrane binding (6). Surface
plasmon resonance studies have shown that Lti30 actively
interacts with negatively charged lipids, thereby inducing vesi-
cle aggregation, whereas it only weakly interacts with zwitteri-
onic lipids (6). It has also been demonstrated by in vitro studies
that Lti30 lowers the phase-transition temperature of the inter-
acting lipids, which could be important for cold tolerance (6). A
similar effect of the dehydrin K, on the transition temperature
of lipids has been shown (5). Literature suggests that the factors
that influence the membrane binding of Lti30 include the pro-
tonation state of histidines flanking the K-segments, phosphor-
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ylation of Lti30 by protein kinase C on three sites within the
K-segments and six sites in between the K-segments, and cleav-
age of Lti30 by proteases (6). Eriksson et al. (7) reported in an
NMR-based study that K-segments with flanking histidines
undergo conformational changes from an unstructured protein
to an amphipathic helix upon membrane binding and then float
on the membrane outer leaflet. It was also hypothesized that
Lti30 can form oligomers or can bind other biological targets
that might be important for its function. There are still ques-
tions regarding the impact of Lti30 upon binding to the mem-
brane and whether the Lti30 conformation depends on the
membrane composition.

In this study, we have used single-molecule methods to gain
further insights into the membrane-interaction mechanism of
Lti30. We used imaging total internal reflection—fluorescence
correlation spectroscopy (ITIR-FCS)* in combination with
atomic-scale explicitly solvated MD simulations to study the
effect of Lti30 on membrane lipid diffusion and membrane
organization. We have also explored the conformation of indi-
vidual K-segments with and without histidines within the lipid
membrane environment. ITIR-FCS is a multiplexed camera-
based imaging FCS modality that provides spatially resolved
diffusion coefficient maps (23). This method employs total
internal reflection illumination, which specifically excites mol-
ecules close to the surface, and therefore allows measurements
primarily at the membrane and avoids background signal con-
tributions by the bulk solution. However, this method is diffrac-
tion-limited, so it is unable to provide information about struc-
tures smaller than 240 nm. For this reason, ITIR-FCS is
combined with the FCS Diffusion Laws to probe organization of
fluorescently labeled particles below the diffraction limit. MD
simulation is a theoretical approach that enables the study of
the conformational dynamics of single molecules or complexes
thereof in atomic resolution, which therefore provides infor-
mation complementary to single molecule fluorescence exper-
iments (24).

Our aim is to understand the molecular basis of Lti30 orga-
nization on, and its interaction with, membranes composed of
different lipid types. Our results show that the membrane lipid
diffusion is affected upon interaction with Lti30 in a histidine-
protonation—dependent manner. Also, at low pH and upon
Lti30 binding, lipid microdomains are detected. Both the pres-
ence of charged lipids and lipid fatty acid saturation alter the
diffusion and binding. Notably, Lti30 is able to sense bilayer
packing defects and bind to DOPC:DPPC bilayers by restricting
the diffusion of membrane lipids, whereas no effect was found
with DOPC bilayers. Moreover, the experimental results show
that dehydrins are able to bind both zwitterionic and anionic

“The abbreviations used are: ITIR-FCS, imaging total internal spectroscopy-
fluorescence correlation spectroscopy; DOPS, 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine;
PC, phosphatidylcholine; SLB, supported lipid bilayer; DOPC, 1,2-dioleoyl-
sn-glycero-3-phosphocholine; MD, molecular dynamics; ACF, autocorrela-
tion function; CCT, CTP:phosphocholine cytidylyltransferase; T, transition
melting temperature; ThT, thioflavin T; PA, phosphatidic acid; ROI, region
of interest; DiO, 3,3'-dioctadecyloxacarbocyanine perchlorate; Rho-PE,
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl) (ammonium salt); ImFCS, imaging fluorescence correla-
tion spectroscopy.
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lipids. As reported earlier, Lti30 changes its conformation in the
presence of membranes from an unstructured to helical con-
formation. MD simulations confirm those findings and corre-
late K-segment helicity with the membrane composition and
pH. In addition to the conformational changes observed upon
membrane binding, ITIR-FCS experiments indicate that
protein—protein interactions exist, which is subsequently
validated using thioflavin T fluorescence experiments. Thio-
flavin T-positive results could imply fibril formation in
Lti30. These findings indicate that Lti30 and other mem-
brane-binding dehydrins can maintain the cell integrity dur-
ing cold temperatures and drought by modulating the mem-
brane structure and possibly via lipid “cross-linking.”

Results

Effect of Lti30 on membrane lipid diffusion is pH- and lipid
composition—dependent

ITIR-ECS provides two important results on a sample: the
spatial diffusion coefficient (D) map, and a measure of the dif-
fusive mode of the fluorescently labeled particle provided by the
diffusion law intercept (7,, see “Experimental procedures”). In
brief, values of 7, in the range of 0 = 0.1 indicate free Brownian
diffusion; values larger 0.1 indicate diffusion with intermittent
domain trapping (25). To test the effect of Lti30 on membrane
lipid diffusion, ITIR-FCS measurements were performed for
over 40 min on three rhodamine-PE-labeled supported lipid
bilayers varying in packing and charge distribution, namely
DOPC, DOPC:DOPS (4:1), and DOPC:DPPC (1:1).

The phase-transition temperature (7,,) of the constituent
lipids determines the phase behavior of the membrane. DOPC
bilayers are composed of zwitterionic lipids (T, = —11 °C) and
exhibit a liquid disordered phase at room temperature. DOPC:
DOPS (4:1) bilayers comprise 20% negatively charged lipids and
80% zwitterionic lipids (7,,, = —11 °Cfor DOPC and —17 °C for
DOPS lipids). They also exist in a liquid-disordered phase.
DOPC:DPPC (1:1) bilayers contain two types of structurally
different zwitterionic lipids (7, = —11 °C for DOPC and 41 °C
for DPPC lipids) exhibiting a solid ordered-liquid disordered
phase at room temperature. It is important to note that there
was no visible phase separation for this bilayer composition on
glass. In a previous study from our group, it was shown that D
for DOPC:DPPC and DLPC:DPPC could be correlated to the
line tension at the domain boundaries suggesting that Rho-PE
partitions in both phases (26). However, we cannot eliminate
the influence of differential Rho-PE partitioning in DOPC:
DPPC SLBs on membrane dynamics readouts.

For each, measurements were conducted at four different pH
conditions (5.8, 6.3, 7.4, and 9.0), as the intrinsic pK, value of
histidine side chains is around 6.5, and the protonation state of
the histidines is important for Lti30 binding and was shown to
induce aggregation of negatively charged lipid vesicles (6).

In the case of DOPC bilayers, Lti30 binding reduced D of
membrane lipids from 2.40 * 0.15 to 1.74 = 0.27 um?/s (i.e.
30%) at pH 5.8, and at pH >5.8, the variation of D was within
the experimental error limits (Fig. 1A and Table 1). The 7, val-
ues remain within 0 = 0.1 s showing no influence of Lti30 on the
DOPC membrane organization. In the case of DOPC:DOPS
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Figure 1.ITIR-FCS data of Lti30 binding with supported lipid bilayers. The effect of Lti30 on lipid mobility in supported lipid bilayers composed of different
compositions and at pH 5.8, 6.3, 7.4, and 9.0 was measured. The measurements were performed at a region of 21 X 21 pixels in the form of 50,000 frames at a
time exposure of 1 ms. The measurements were done up to 40 min after the addition of Lti30 over the membrane. Membrane lipid diffusion is quantified using
two parameters diffusion coefficient (D) and diffusion law intercept (7). The protein-to-lipid ratio used is 1:130. A, DOPC; B, DOPC:DOPS (4:1); C, DOPC:DPPC
(1:1). Error bars are given as standard deviations (S.D.). The experiments have been repeated three times to ensure the reproducibility. The gray-shaded area in
T, graphs represents the range of margin of error in our setup (—0.1 s < 0 < 0.1 s) in which the particle is considered to undergo free diffusion. For
representative raw data see Figs. S1-S3.

Table 1

Lateral diffusion (D) of membrane lipids and FCS diffusion law intercept 7, obtained from ITIR-FCS measurements on rhodamine-PE-labeled
supported lipid bilayers DOPC, DOPC:DOPS (4:1), and DOPC:DPPC (1:1) interacting with Lti30

Error bars are given as S.D. calculated from three independent experiments.

Lipid composition pH D, 130 Do min 70, no Lti30 T0, 40 min
wm’/s wm?/s s s
DOPC 5.8 240 £ 0.15 1.79 = 0.27 0.01 = 0.02 0.02 £ 0.03
6.3 1.87 = 0.67 1.47 = 0.63 0.02 = 0.03 0.03 £ 0.05
7.4 1.55 + 0.14 1.35 £ 0.17 0.02 = 0.02 0.01 £ 0.02
9.0 2.07 £0.40 2.11 £ 042 0.02 = 0.02 0.02 £ 0.02
DOPC:DOPS (4:1) 5.8 2.17 £0.03 0.51 =0.19 0.01 = 0.01 0.60 = 0.30
6.3 2.08 £0.40 1.22 £ 0.34 0.00 = 0.04 0.00 = 0.04
7.4 1.99 = 0.59 1.16 = 0.44 0.01 =0.03 —0.04 £ 0.02
9.0 2.07 £0.53 2.08 = 0.39 0.04 = 0.05 0.03 £0.03
DOPC:DPPC (1:1) 5.8 1.42 = 0.19 0.45 = 0.09 0.06 = 0.07 0.33 £0.12
6.3 1.81 = 0.53 0.61 = 0.29 0.02 = 0.02 0.39 £0.38
7.4 1.59 = 0.66 1.09 = 045 0.03 = 0.06 0.02 £ 0.07
9.0 0.57 £0.02 0.51 = 0.05 0.49 = 0.10 043 = 0.17

(4:1) bilayers, D of membrane lipids undergoes a drop of pH >5.8the 7, remains within the regime of free diffusion. The
50-75% upon interaction with Lti30 for pH =7.4 (Fig. 1Band maximum influence of Lti30 binding is observed at pH 5.8 as D
Table 1). An increase of 7, is observed at pH 5.8 only, whereasat  isreduced from 2.17 + 0.3 t0 0.51 = 0.19 um?/s (i.e. ~75%), and
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Figure 2. Comparison of the diffusion of K-segment and His-K-segment on DOPC:DOPS (4:1) bilayer at pH 6.3 and 7.4. The protein-to-lipid ratio used
was 1:130. A, diffusion coefficient (D) of fluorescently labeled K-segment/HH on DOPC:DOPS (4:1) bilayer. B, diffusion law intercept () of fluorescently labeled
K-segment/HH on the membrane. C, diffusion coefficient of membrane lipids bound to the peptide. Error bars for A-C are given as S.D. calculated from three
independent experiments. D, diffusion law intercept (7,) of fluorescently labeled His-K-segment on the membrane at different spots (one representative set).
Insetis the image of the DOPC:DOPS (4:1) membrane bound with rhodamine-labeled with His-K-segment at pH 6.3. Those spots are marked for which 7, values
are reported. For representative raw data (images, ACF, and diffusion law plots) see Fig. S4.

there is an increase in 7, from 0.006 = 0.005 to 0.60 = 0.30 s,
which indicates the formation of some microdomains in the
lipid bilayer (Fig. 1B and Table 1). At pH 9, there are no changes
detected (Fig. 1B). In the case of DOPC:DPPC (1:1), D of mem-
brane lipids decreases for pH =7.4 (Fig. 1C and Table 1). There
is a 60% drop of D at pH 5.8 and 6.3, and a 30% drop at pH 7.4.
In addition, there is a rise in 7, from 0 to 0.4 s at pH 5.8 and 6.3,
i.e. there is microdomain formation in the membrane. At pH 9,
pure DOPC:DPPC (1:1) bilayers exhibit a positive 7, 0f 0.5 s, i.e.
there are microdomains on the membrane, as expected for this
composition (27), and addition of Lti30 does not influence the
bilayer. These results verify earlier reports that Lti30 binding is
protonation state-dependent and show that Lti30 can induce
lipid microdomain formation upon binding, at least in the case
of DOPC:DPPC and DOPC:DOPS membranes at acidic pH.

Flanking histidines are important for the membrane binding
conformation of Lti30

Next, we investigated which elements of Lti30 are responsi-
ble for its influence on bilayers. For this purpose, we measured
the diffusion of rhodamine-labeled His—K-segments and
K-segments upon interaction with unlabeled DOPC:DOPS
(4:1) bilayers at pH 6.3 and 7.4, when the histidines are partially
protonated.

Interestingly, D values of His—K-segments are almost equal
to that of membrane lipids in the peptide-bound state of the
bilayers (Fig. 2C), which indicates that these peptides are local-
ized in the membrane environment (Fig. 2A4). In addition, 7, is
positive, which indicates diffusion with intermittent domain
trapping (Fig. 2B). Consistent with these observations, the
membrane is not uniformly labeled but exhibits areas of differ-
ent fluorescence intensity with some spots exhibiting higher
rhodamine intensity than others, possibly indicating peptide

SASBMB

aggregation as a reason for the domain-entrapped diffusion.
We therefore performed measurements at various spots on the
same membrane. Measurements at brighter spots yielded a
higher 7, value than what was obtained at less bright spots (Fig.
2D). This indicates that at brighter spots there is a higher degree
of aggregation/oligomerization than at less bright spots.

In the case of K-segments, D is ~3-fold higher at pH 7.4 and
~4-fold higher at pH 6.3 (Fig. 2A4) as compared with membrane
lipids in a peptide-bound state. In this case, 7, is within a range
of 0 = 0.1 s, which indicates that peptides are freely diffusing on
the membrane but are not integrated into the bilayer (Fig. 2B).
The autocorrelation curves recorded at pH 5.8 were excessively
noisy, because of a higher degree of aggregation on the mem-
brane, so the resulting diffusion parameters have higher errors.

Protonation driven aggregation of His-K-segment in solution

Based on structural predictions and experiments, it was ear-
lier suggested that Lti30 has a very low aggregation propensity
(3). This was attributed to its sequence, which comprises
charged and hydrophilic residues. For dehydrins specifically, it
was suggested that they are not prone to nonspecific structural
collapse and tend to stay in their disordered form rather than
attaining any tertiary structure in solution (3). The signatures of
His-K-segment aggregation on the membrane compelled us to
study the diffusion of these labeled peptides in solution at dif-
ferent pH conditions. The diffusion of individual peptides was
measured using a confocal-FCS setup.

The average diffusion coefficient of the His—K-segment in
solution is 173 *= 9 wm?/s, which is ~36 wm?/s lower as com-
pared with K-segments, i.e. 209 * 14 um?/s. This difference in
diffusion coefficient could be an indication of some conforma-
tional difference between the two peptides. An interesting
observation obtained from these measurements was that the

J. Biol. Chem. (2019) 294(16) 6468 -6482 6471
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Table 2

Diffusion coefficient of rhodamine-labeled K-segment and His-K-
segment peptides in solution

Error bars are given as S.D. calculated from five independent experiments. For
representative raw data, see Fig. S5. The experiments were done on a confocal-FCS
setup.

Diase Do
wn’/s wn’/s
His—K-segment, pH 5.8 181.26 * 3.34 0.02 + 0.01
His—K-segment, pH 6.3 167.16 = 10.19
His—K-segment, pH 7.4 169.12 = 5.98
His—K-segment, pH 9.0 174.34 = 11.39
K-segment, pH 5.8 204.50 * 6.75
K-segment, pH 6.3 204.01 = 10.97
K-segment, pH 7.4 198.42 * 6.97

K-segment, pH 9.0 206.58 * 31.56

pH 5.8 pH 6.3

pH 7.4

pH 9.0

]

o 4 8 12 16
x10°

Figure 3. Visualization of Lti30 aggregates on DOPC:DOPS (4:1) mem-
brane at pH 5.8, 6.3, 7.4, and 9.0 using thioflavin T dye on a TIRF
microscope. First, Lti30 was incubated with the supported lipid bilayer for
60 min.Then, 5 um of ThT dye was added, and images were recorded. Scale
bar, 5 um.

autocorrelation function (ACF) for His—K-segments at pH 5.8
is better fitted with a two-particle model with the second com-
ponent having a slower diffusion coefficient of ~0.02 * 0.01
wm?/s. However, the ACFs for the His—K-segment at pH 6.3,
7.4, and 9.0 could be fitted to a one-particle model (Table 2).
The slower diffusing component indicates peptide aggregation
at pH 5.8. For the K-segment, the ACFs for all pH conditions
could be fitted with a one-particle model. This is an indication
that, even in solution, the protonation of histidines drives the
aggregation of K-segments.

Protonation driven aggregation of Lti30 on the membrane

Previous reports show that His—K-segments adopt a helical
conformation upon binding the membrane and float over the
membrane surface, with no visible oligomerization or aggrega-
tion (7). Here, we detected domain-entrapped diffusion for pH
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=7.4 but with large aggregates visible (Fig. 3) at pH 5.8. Next,
we investigated whether aggregation observed in the case of
individual His—K-segments is also seen in the case of full-length
Lti30 and whether it shows pH dependence. To validate the
occurrence of aggregation in full-length Lti30 on the mem-
brane we performed a ThT assay using TIRF microscopy. We
use ThT as a fluorescent marker, which shows a significant
increase in the intensity when in contact with protein aggre-
gates (28). ThT was added on the supported lipid bilayer inter-
acting with Lti30 at different pH conditions. The images were
recorded 60 min after the addition of Lti30.

As shown in the images (Fig. 3), at pH 5.8, discrete microm-
eter-sized aggregates of ThT fluorescence can be observed. At
pH 6.3 and 7.4, the surface looks homogeneous with few large
bright spots. This indicates that there are small aggregates
homogeneously spread over the whole membrane. At pH 9.0,
the ThT signal is very low, consistent with the absence of Lti30
aggregation and binding.

These experiments confirm that Lti30 shows protonation-
dependent aggregation on the membrane. Lti30 forms large
aggregates when the histidines are fully protonated, and they
form microdomains on the membrane along with a drop in D
of membrane lipids. In the partially protonated state, there
are smaller (typically smaller than 240 nm) Lti30 aggregates
that are spread all over the membrane surface, which leads to
decreased D but no permanent microdomain formation.

MD simulations highlight the electrostatic interactions of
K-segment and His-K-segment binding to membranes

To gain in-depth atomic-resolution insights into the FCS
experimental data, we employed MD simulations to probe
peptide-membrane interactions. Because the sequence of
Lti30 mainly comprises K-segments each with flanking histi-
dines, we initially performed MD simulations on individual
K-segments and His—K-segments, under conditions of extreme
pH (pH values of approximately ~4.0 and ~10.0), to reduce
computational cost and ensure efficient conformational sam-
pling. Simulations were performed for representative lipid
membrane compositions as used in equivalent fluorescence
experiments, including: (i) DOPC; (ii) DOPC:DOPS (4:1); and
(iii) DOPC:DPPC (1:1) (see under “Experimental procedures”
for further details). This resulted in 12 peptide—membrane
assembly equilibrium simulations (Table 3). All simulations
were run with an ~1:130 peptide:lipid ratio to match experi-
mental ratios.

In the case of pH 4 with DOPC membranes, it was observed
that the K-segment (overall peptide charge of +3) localized
mostly to the region around the outer leaflet, near the phos-
phate groups. This is indicated by the two-dimensional partial
mass density of the peptide averaged over the last 0.2 us and the
final simulation snapshots (Fig. 44). At the same pH in the case
of DOPC:DOPS (4:1), the K-segment was located slightly
deeper, which indicates an increased electrostatic interaction
with the membrane containing anionic lipids. In the case of
DOPC:DPPC (1:1), the K-segment peptide was mostly found
just above the lipid headgroups suggesting a lowered interac-
tion with this membrane. In the case of the His—K-segments at
acidic pH (overall peptide charge of +6), it appeared that the
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Summary of peptide-membrane MD simulations performed under extreme pH conditions in this study

System Sequence pH

Overall peptide charge Lipid bilayer Simulation time

K-segment EKKGMTEKVMEQLPG 4

10
His—K-segment VHEKKGMTEKVMEQLPGHHG 4

1010

us

+3 DOPC
DOPC:DOPS (4:1)
DOPC:DPPC (1:1)

-3 DOPC
DOPC:DOPS (4:1)
DOPC:DPPC (1:1)

+6 DOPC
DOPC:DOPS (4:1)
DOPC:DPPC (1:1)

-3 DOPC
DOPC:DOPS (4:1)
DOPC:DPPC (1:1)
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Figure 4. Peptide-membrane interactions during simulations at pH 4. A,
K-segment, and B, His-K-segment. Each panel corresponds to a particular
membrane system: DOPC, DOPC:DOPS (4:1), or DOPC:DPPC (1:1). At the top of
each panel, the final 0.2-us averaged partial mass density of the peptide is
shown (with respect to Z-normal and y axis), with the outer leaflet phosphates
indicated by a dashed line. The final snapshot of the simulation is shown at the
bottom of each panel (peptide shown in cartoon representation in orange,
lipids shown in licorice representation, with carbons colored cyan, oxygens
red, and nitrogens blue).

peptide also favors the lipid headgroup—water interface for
pure DOPC membranes (Fig. 4B). The His—K-segment was
found at a similar depth as the K-segment interacting with
DOPC membranes (Fig. 4, A and B). In the case of DOPC:DOPS
(4:1) and DOPC:DPPC (1:1), the averaged position density for
the His—K-segment was slightly lower, below the phosphate
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region, suggesting a stronger interaction with these mem-
branes. In contrast, at pH 10, it was observed that the K-seg-
ment (overall peptide charge of —3) favors the water environ-
ment and does not bind any of the membrane systems (Fig. 54).
At the same pH, the His—K-segment (similarly, overall peptide
charge of —3) was observed just above the lipid phosphates in
the case of DOPCand DOPC:DPPC (1:1) (Fig. 5B). In the case of
DOPC:DOPS (4:1) the peptide did not bind the membrane,
remaining in the solvent environment.

We observed that the propensity to bind membranes
resulted in the formation of a-helical conformation, as illus-
trated in Fig. 6. Thus, irrespective of system, the average pro-
pensity for adoption of helical structure where the peptide
remained in solvent, unbound from the membrane, corre-
sponded to 4.6 = 1.9%. In comparison, this value increased to
81 * 25% during portions of simulation trajectories in which
the peptide was bound to the lipid headgroups. This supports
previous experimental findings, where membrane binding was
associated with formation of helical conformation of the K-seg-
ment (7).

Next, we estimated the number of contacts between pep-
tide and lipid phosphate or anionic lipid carboxylate groups.
For His—K-segments, the propensity to bind membranes is
reflected by the number of contacts of the peptide with phos-
phate and carboxylate lipid groups (Fig. 7, A and B), with the
maximum number of contacts formed with DOPC:DOPS
(4:1), followed by DOPC:DPPC (1:1), and the least number
for DOPC membranes. Therefore, the stronger the interac-
tions with the membrane, the more contacts with the anionic
lipid groups. For K-segments, the overall number of peptide
contacts with phosphate and carboxylate lipid groups is
lower as compared with the His—K-segment and is consis-
tent with the estimated partial mass density around the
membranes. The length of helix formed in each peptide (Fig.
6) correlates with the depth of binding (Figs. 4 and 5) and
number of interactions with the membrane lipids (Fig. 7),
supporting the notion that lipid binding favors formation of
helical peptide structures.

In summary, the above observations emphasize the electro-
static nature of interactions between Lti30 and negatively
charged lipid headgroups. The lower the pH, the stronger the
binding affinity of Lti30. The binding ability was also found to
be influenced by the presence of histidines as well as the pres-
ence of anionic lipids in the membranes, consistent with the
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Figure 5. Peptide-membrane interactions during simulations at pH 10. A, K-segment, and B, His—K-segment. Each panel corresponds to a particular
membrane system: DOPC, DOPC:DOPS (4:1), or DOPC:DPPC (1:1). At the top of each panel, the final 0.2-us averaged partial mass density of the peptide
(with respect to Z-normal and y axis), with the outer leaflet phosphates indicated by a dashed line. The final snapshot of the simulation is shown at the
bottom of each panel (peptide shown in cartoon representation in orange, lipids shown in licorice representation, with carbons colored cyan, oxygens red,

and nitrogens blue).

electrostatically dominant interactions. These observations are
also supported by additional MD simulations performed under
“less extreme” effective pH conditions equivalent to pH 5.8 and
9.0 (Table S1). The differences between acidic and basic sys-
tems were less pronounced in this case, particularly for K-seg-
ments that lack titratable histidines and therefore do not expe-
rience a change in net charge under the classical MD simulation
framework (Fig. S6). Nevertheless, electrostatic interactions
were similarly observed to be dominant, with a greater tend-
ency for lipid headgroup binding upon the addition of ani-
onic lipids or protonation of histidines in His—K-segments
(Fig. S7), and a corresponding propensity for peptide helix
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formation following adsorption to the membrane surface
(Fig. S8).

Discussion

An intrinsic consequence of drought stress is the deforma-
tion and rupture of cellular membranes. The response of the
plant under such conditions involves the expression of dedi-
cated stress proteins such as dehydrins, which seem to mitigate
the water loss by safeguarding membrane integrity. In this
action, the dehydrins can either act globally by interacting with
and stabilizing the normal membrane arrangement or locally by
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Figure 6. Per-residue peptide secondary structure propensity over the simulation time in lipid membranes. A, K-segment at acidic pH; B, His—K-segment

at acidic pH; C, K-segment at basic pH; D, His-K-segment at basic pH.

selectively targeting perturbed membrane areas. To fine-tune
the response, the dehydrin—membrane interaction needs also
to be regulated by cellular cues beyond expression levels.
Finally, it is possible that the dehydrin action involves addi-
tional components like dehydrin—dehydrin quaternary inter-
action to allow concerted effects over larger distances, i.e. pro-
tein scaffolding. In this study we find that, indeed, all these
factors seem to be in play: (i) Lti30 recognition and binding
show a response to both the specific lipid composition and
membrane-packing density; (ii) the strength of Lti30-
membrane interaction is regulated by pH through titration of
the protein’s His moieties in the conserved K-segments; and
(iii) Lti30 assembles into microaggregates that uniformly deco-
rate the membrane surface at physiological pH and ionic
strength.

SASBMB

Role of lipid composition

It has previously been observed that some dehydrins bind
membranes by electrostatic interactions between the con-
served K-segment’s positively charged side chains and the neg-
atively charged lipids (5, 6). Such binding is confirmed here by
ITIR-FCS experiments. Our results show that full-length Lti30
interacts most strongly with anionic DOPC:DOPS (4:1) and
zwitterionic DOPC:DPPC (1:1), but not with the pure zwitteri-
onic DOPC bilayers (Fig. 1, Band C). MD simulations were also
used to analyze K-segment and His—K-segment membrane
binding under varying effective acidic and basic pH conditions.
Electrostatics were found to be dominant in determining pep-
tide binding and subsequent helix formation at the membrane
surface. The resulting contacts of peptide with lipid headgroups
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for the interaction between the protonated His—K-segments
and membranes (Fig. 7), and the corresponding binding depths
(Fig. 4), following spontaneous binding were observed to be
greatest for anionic bilayers compared with zwitterionic ones
(Fig. 7).

Role of membrane-packing density

An explanation to why Lti30 bind stronger to mixed DOPC:
DPPC membranes than to pure DOPC membranes is provided
by the lipid-packing geometries. Despite being zwitterionic, the
{ potential of phosphatidylcholine lipids does not always cancel
to zero but varies with the specific orientations of the head-
groups (30). Of particular interest here is that the orientation of
phosphates and carboxylates in pure DPPC membranes, which
adapt dense gel phases, renders the effective surface charge
slightly negative (31, 32). These properties of DPPC lipid tran-
spires also in mixed DOPC:DPPC membranes that gain more
negative { potential than pure DOPC, matching their protein-
binding capacity. In other words, the binding of Lti30 is sensi-
tive to the specific packing of zwitterionic membranes through
its coupling to the negative { potential. A conjecture of this
finding is that dehydrin binding responds not only to lipid iden-
tity but also to their specific orientation and the way the mem-
brane is packed. Because all these lipid characteristics are
bound to undergo changes in membranes under stress, such
manifold binding recognition can be of physiological impor-
tance. DOPC is a fluid-phase unsaturated lipid, whereas DPPC
is a saturated gel-phase lipid. The difference in the structural
and chemical properties of these lipids causes variation in the
bilayer packing. Consistently, our FCS data and simulation
results show that both the positively charged full-length Lti30
and the His—K-segments interact more favorably with the
mixed DOPC:DPPC membranes.

The hydration state directly influences the surface properties
of the membrane by modulating the orientations of lipid head-
groups and lipid acyl chains in response to altered water—lipid
contacts (33, 34). In plants, in response to dehydration and
freeze stress, the fraction of phospholipids in plasma mem-
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branes is found to uniformly increase from 16 to 20 mol %.
Accompanying this increase is an alteration in fatty acid satu-
ration, for example the proportion of di-unsaturated species of
PC is observed to change (35). Moreover, the plasma mem-
brane of Arabidopsis is reported to form disruptive lipid Hy;
phases as a response to acute freeze-induced dehydration
stress. This transition between inter-bilayer—lamellar phase to
H;;—hexagonal phase occurs where the plasma membrane is
close to other endomembranes, resulting in curvature stress
(35, 36). Membranes in acclimated Arabidopsis plants, how-
ever, have a lower propensity to form the harmful H;; phase,
partly due to an increase in the proportion of di-unsaturated
spices of PC (35). Although it is yet not established how addi-
tional factors like dehydrins affect the lamellar- to H;—phase
transition, our present data show that Lti30 binds better to
membranes that partly consist of saturated species of PC, as
typically found under normal conditions in nonacclimated
membranes, or to lipid surfaces with packing defects. The indi-
cated preference of Lti30 is thus to bind to the nonacclimated
membrane. A tentative function is to safeguard the synthesis of
new lipids in the acclimation process, which is expected to be
slower than the dehydrin response. Consistently, some of the
dehydrins are indeed found on the same timescale as of the
increase of PA (phosphatidic acid) in plant membranes (35), a
lipid that not only gives negative { potential but also affects
membrane curvature by being cone-shaped. Because PA lacks a
headgroup, penetration of Lti30 into the membrane is facili-
tated. To this end, Arabidopsis is found to respond to freeze-
induced dehydration by forming small vesicles, so-called exo-
cytotic extrusions, which are located outside the plasma
membrane. These extrusions not only increase locally the
membrane—curvature tension but also increases the total
membrane surface area. When the stress is then released, these
vesicles re-merge with the plasma membrane (35). It is conceiv-
able that the changes in lipid-packing and headgroup exposure
accompanying these reversible membrane alterations can tran-
siently trigger Lti30 binding. Our findings are also in agreement
with other peripheral membrane-binding proteins, such as

SASBMB



a-synuclein and CTP:phosphocholine cytidylyltransferase
(CCT), that are able to sense lipid-packing defects that are
normally enriched in curved surfaces (37, 38). Like the dehy-
drins, the disordered a-synuclein and CCT employ induced
amphipathic helices that recognize the physical properties of
the target membrane surfaces. The main factors driving these
helical interactions are electrostatics and hydrophobicity, with
hydrophobicity being the major factor if electrostatics are weak.
Interestingly, the corresponding binding of Lti30 in this study
seems dominated by the electrostatics in the form of a negative
{ potential. This is a new and mechanistically intriguingly find-
ing as it highlights that Lti30 and other dehydrins can interact
with any lipid membrane because of the exposed lipid head-
groups irrespective of the overall zero net charge of the lipid.
This, of course, widens the range of putative Lti30-interacting
lipid surfaces.

pH dependence

Consistent with previous observations, experiments by ITIR-
FCS suggest that Lti30-membrane binding is strongly pH-de-
pendent. The pH switch is determined by the pK, of the histi-
dine residues flanking the K-segments. It has been observed
that when Lti30 is fully protonated, it tends to form microdo-
mains in the lipid bilayer and makes the bilayer more rigid. In its
partially protonated state, it does influence the diffusion of
bilayer lipids by reducing D but does not necessarily form
microdomains in the membrane (Fig. 1, B and C). Finally, at pH
9.0 when Lti30 is fully deprotonated, there is no effect of Lti30
on the diffusion of the lipid bilayer. It is important to note that
the membrane properties are also modulated at various pH val-
ues, which might also contribute to the membrane interaction
mechanism. For instance, in the case of DOPC:DPPC (1:1) at
pH 9.0, 7, is positive, indicating microdomains in the mem-
brane that are not Lti30-induced, and D is also much lower (Fig.
1C) than that at other tested pH values consistent with the
existing literature (27). Hence, the extent of the effect of Lti30
membrane diffusion is strongly dependent on the protonation
state of the histidines. Also, results show that histidine residues
significantly increase the affinity of Lti30/His—K-segment
toward the membranes with negative surface charge. Notably,
flanking histidines significantly alter the conformation of the
K-segments so that they allow penetration of K-segments into
the membranes as shown by MD simulations and FCS measure-
ments. Therefore, histidines are important for the conforma-
tional change from a disordered Lti30 in solution to a structur-
ally ordered assembly on the membrane. Moreover, FCS being
a single molecule-sensitive method provides access to the dif-
ferent populations of the His—K-segment based on the differ-
ence in their diffusion profiles. These results provide an expla-
nation for the importance of flanking histidines in the
membrane interaction mechanism of Lti30.

Membrane stabilization by surface scaffolding; the quaternary
component

In addition to the effect of binding on the membrane, Lti30
aggregation on the membrane is also found to be pH-depen-
dent (Figs. 2 and 3). The degree of Lti30 aggregation can be
correlated with the effect of binding on the membrane as shown
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by ECS experiments. Simulations have shown that the peptide
helicity depends on the binding affinity (Fig. 6), and in cases of
higher affinity, the peptides tend to penetrate the membrane
(Figs. 4 and 5). Possibly, this membrane penetration tendency is
higher with larger protein aggregates that alter the membrane
structure by forming microdomains. It is now well recognized
that the microdomains in the plasma membrane are critical for
facilitating protein function by modulating membrane geome-
try (39). In this study, all the experiments have been performed
ata 5 uM Lti30 concentration (1:130 protein:lipid ratio), but in
the literature, even higher concentrations of Lti30 and other
dehydrins are used (5-7). At higher Lti30 concentrations, even
larger Lti30 aggregates can form that can lead to excessive cur-
vature strain on the membrane. This can be essential for the
biological function of Lti30, but it requires further investiga-
tion. Moreover, we have also observed that there is protona-
tion-driven aggregation in Lti30 and His—K-segment in solu-
tion. FCS measurements show that there is a fraction of His—
K-segment that forms aggregates in solution when histidines
are fully protonated.

The question is what drives the aggregation of the His—K-
segment and Lti30 and why histidines are crucial for the higher-
order molecular interactions. To answer that, it is important to
note that histidine residues can be involved in several types of
possible molecular interactions because of their unique struc-
tural features (40). They have an imidazole side chain with the
pK,, around pH 6.5. They thus can form complexes with metal-
lic cations, and they can be involved in hydrogen bonding.
These structural features and different protonation states of
histidines at various pH values can be responsible for their
interaction with other residues within the protein or their inter-
action with the other nearby proteins. There are multiple types
of possible interactions that histidine can be involved in such as
the following. 1) For cation—1r interactions, the side chain of
histidine is an imidazole ring that serves as an organic cation in
its protonated state, and it can interact with the nearby aro-
matic residues (41, 42) (e.g. Tyr, Trp, and Phe). Note that Lti30
itself lacks Trp and Phe residues but has three Tyr and K-seg-
ments have none. 2) For 7m— interactions, the imidazole side
chain of the histidine can act as a conjugative 7 plane and be
involved in 7—m interactions with the aromatic rings of the
other aromatic residues (41, 42). 3) For hydrogen— interac-
tions, depending on the orientation of surrounding aromatic
amino acids, they can interact with the histidine polar hydrogen
atom (43). 4) For coordinate bond interaction (44), histidines
can interact with the metallic cations (e.g. Zn>™) as a ligand
coordinate using its lone electron pairs. Interaction of Lti30
with the metals has been reported in the past (45). 5) For
hydrogen bond interaction, this is possible between the polar
hydrogen in the imidazole ring and the basic nitrogen atom
(46, 47). We speculate that these possible modes of interac-
tion may be responsible for the wide range of molecular
interactions in Lti30. This requires further experimental
validation.

Eriksson et al. (6) proposed that there is a possibility of mem-
brane cross-linking by Lti30. The observation that at physiolog-
ical pH the Lti30 aggregates are bound on the whole surface of
the membrane and the membrane fluidity is decreased indi-
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cates that Lti30 indeed cross-links the membrane. N-terminally
acetylated a-synuclein was found to have shortened aggrega-
tion kinetics and promoted fibril formation with gel-phase ves-
icles as compared with fluid membranes (37). Here, we find that
Lti30 gives a ThT signal mainly at low pH with fluid mem-
branes, indicative of fibril formation. Whether Lti30 or other
dehydrins are able to form fibrils under other conditions, such
as altered lipid composition, has yet to be determined. Mem-
brane cross-linking can influence the membrane permeability.
During cold temperatures and dehydration, plant cell mem-
branes get injured, as discussed above, resulting in the leakage
of the cell contents (48). Regulation of membrane permeability
to water and solutes is crucial for the cell survival. It is possible
that during cold and drought stress, Lti30 protects the cell
membrane by preserving the membrane permeability by
cross-linking.

Conclusion

Dehydrins are intrinsically disordered plant stress proteins
containing conserved sequence motifs. Lti30 is a dehydrin
embracing six conserved K-segments with a high percentage of
positively charged amino acids. Here, using fluorescence corre-
lation spectroscopy in combination with MD simulations, we
find the following points:

(i) Lti30 recognition and binding show response to both the
specific lipid composition and membrane-packing density.
Lti30 binds to membranes where anionic lipid headgroups are
exposed and are sensitive to the structure of the lipids in the
membrane and lipid composition.

(ii) The strength of Lti30 —membrane interaction is regulated
by pH through titration of the protein’s His moieties in the
conserved K-segments. Moreover, the effect of Lti30 binding
on membrane diffusion depends on the protonation states of
histidines, which are modulated by pH. Binding of Lti30
reduces the mobility of membrane lipids, and there is microdo-
main formation at acidic pH. Flanking histidines in the Lti30
sequence significantly increase the affinity of Lti30 to the mem-
brane. Protonation of histidines causes higher order molecular
interactions in Lti30 as observed by ITIR-FCS and ThT fluores-
cence experiments. The role of histidines can be further studied
by understanding the role of m—ion interactions leading to the
possibility of multiple interaction modes.

(iii) Lti30 assembles into microaggregates that decorate the
whole membrane surface at physiological pH and ionic
strength. The propensity of microdomain formation is related
to the size of Lti30 aggregates. These observations suggest that
Lti30 protects the membrane by cross-linking it. Membrane
cross-linking can be important for preventing cell leakage,
which generally occurs in plant cells during cold temperatures
and drought.

This means that Lti30 is a peripheral membrane-binding
protein that becomes functional when it interacts with its bio-
logical targets. Additional interaction of Lti30 with other bio-
logical targets (DNA/RNA, metals, etc.) can lead to several dif-
ferent ways it protects the plant during stress, but this needs to
be further investigated.
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Experimental procedures
Protein/peptide production

Lti30 expression and purification of the recombinant
A. thaliana dehydrin Lti30 were performed as described by in a
previous work (45), with minor changes. Glycerol stocks of the
Escherichia coli strain were made, and 150 pl was spread on
Luria agar plates with 150 pg of ampicillin and grown 37 °C
overnight. The cells were suspended and added to 2 liters of
Luria-Bertani medium containing 50 pug/ml carbenicillin and
kept at 37 °C. Expression was induced at an A, of 0.6—0.7 by
adding 1 mum isopropyl B-p-thiogalactopyranoside and kept at
23 °C overnight. Cells were harvested by centrifugation at 6000
rpm for 15 min. The pellet from 1 liter of culture was suspended
in 25 ml of 20 mm Na,HPO,, pH 7.2, and 150 mMm NaCl, 1 mm
phenylmethylsulfonyl fluoride, and 1 tablet of Complete (Roche
Applied Science). Cells were sonicated for five 1-min periods on
ice followed by centrifugation at 18,000 rpm for 30 min. The
supernatant was placed in an 80 °C water bath for 30 min to
precipitate heat-denatured proteins and then centrifuged at
18,000 rpm for 30 min. Lti30 was purified by metal ion-affinity
chromatography. The supernatant from heat precipitations
were diluted 1:2 with 20 mm Na,HPO,, pH 7.2, 1.88 m Na(l,
and 1 mm phenylmethylsulfonyl fluoride. The samples were
loaded onto a 5-ml HiTrap IDA-Sepharose column (GE
Healthcare) charged with 7 ml of 3 mg/ml CuSO,. The column
was equilibrated with 5 volumes of 20 mm Na,HPO,, pH 7.2,
and 1.0 M NaCl. The same buffer (40 volumes) was used to wash
off unbound sample from the column followed by 2 M NH,Cl in
20 mm Na,HPO,, pH 7.2, and 1.0 M NaCl. Fractions of 5 ml were
collected for analysis during the whole run. The column was
then equilibrated with 10 volumes of 20 mm Na,HPO,, pH 7.2,
followed by elution of Lti30 with 10 mm EDTA in 20 mMm
Na,HPO,, pH 7.2. Precipitation of protein was performed with
80% (NH,),SO, overnight, and protein was collected by centrif-
ugation at 18,000 rpm for 45 min. Protein pellets were sus-
pended with 2.5 ml of 5 mm MES buffer, pH 6.3. The protein
was desalted on two PD-10 columns (GE Healthcare). Purity
was analyzed by Ready Gel® SDS-PAGE system (Bio-Rad). Pro-
tein quantification was measured with the bicinchoninic acid
(BCA) assay (Sigma). The final protein was freeze-dried and
stored at —80 °C. Rhodamine-labeled K-segment peptides were
purchased from PHTD Peptides, Zhengzhou City, China. Lti30
protein and K-segments with and without histidines (dry pow-
der) were solubilized in the required amount of 5 mm MES set
to the desired pH for 5.8 and 6.3, 10 mm Tris for pH 7.4, and 50
mM glycine for pH 9. Buffers were prepared in deionized water.
All the buffers were filtered by a 0.45-um Teflon filter. The
protein and peptide are highly hydrophilic and thus readily dis-
solve in all the mentioned buffers. The concentration of pro-
tein/peptide solution was estimated by standard Coomassie
assay with BSA as standard.

Lipids and dyes

DOPC, DPPC, and DOPS lipids were used in this study. The
head-labeled rhodamine dye (RhoPE) and DiO are used as the
fluorescent probe for supported lipid bilayers. All the lipids
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except DiO were purchased from Avanti Polar Lipids (Alabas-
ter, AL). DiO was purchased from ThermoFisher Scientific.

Preparation of supported lipid bilayers of different lipid
compositions at various pH conditions

The calculated amounts of the lipids and dye (the final con-
centration of total lipid and dye was 650 uM and 100 nm, respec-
tively) were taken in a cleaned round bottom flask. The compo-
nents were mixed thoroughly and then evaporated in a rotary
evaporator (Rotavap R-210, Buchi, Switzerland) for 3—-4 h to
create a thin lipid film. The lipid film was resuspended in buffer
(10 mm HEPES and 150 mMm NaCl, pH 7.4) resulting in a turbid
solution of multilamellar vesicles. This suspension was soni-
cated using a bath sonicator (model FB15051, ThermoFisher
Scientific, Singapore) until clarity to form large unilamellar
vesicles.

The buffer was mixed with vesicles obtained by the above-
described procedure in a 1:1 ratio and was deposited onto a
freshly cleaned glass cover slide (24 X 50-1, Fisher Brand
Microscope cover glass, ThermoFisher Scientific, Singapore). It
was incubated at 65 °C for 60— 80 min followed by cooling at
room temperature for 20 min. Then the unfused vesicles were
removed by washing with buffer at the desired pH about 20
times. SLBs equilibrated at room temperature were used for
ITIR-ECS measurements.

Total internal reflection imaging and imaging fluorescence
correlation spectroscopy (ImFCS) set up, data acquisition, and
data analysis

The experiments were done on labeled/unlabeled supported
lipid bilayers with labeled/unlabeled Lti30, K-segment, and
His—K-segment. The protein—to-lipid ratio for all the experi-
ments was 1:130.

ITIR-FCS—Diffusion measurements were performed using
an objective type TIRF microscope (IX-71, Olympus, Singa-
pore) with a high NA oil immersion objective (PlanApo, X100,
NA 1.45, Olympus, Singapore). The excitation light from a
532-nm laser (Cobolt Samba, Sweden) was coupled into the
microscope by a combination of two tilting mirrors. The light
was focused on the back focal plane of the objective after being
reflected by a dichroic mirror (Z488/532RPC, Semrock) and
was totally internally reflected at the glass—water interface by
controlling the incident angle of the excitation beam by the
same combination of tilting mirrors. The laser power used was
0.8 to 1 milliwatts. The immersion medium of the objective was
mineral oil (Olympus, refractive index 1.516). The fluorescence
from the bilayers was reflected through the same objective fol-
lowed by transmission through the same dichroic mirror.
Finally, it was imaged on the CCD chip of a cooled (—80 °C)
back-illuminated EMCCD camera (Andor iXON 860, 128 X
128 pixels, Andor Technology) after being filtered by an emis-
sion filter (Z488/532M, Semrock). The software Andor Solis for
imaging (version 4.18.30004.0 and 4.24.30004.0) was used for
data acquisition. The pixel side length of the CCD chip in the
device is 24 wm corresponding to a pixel side length of 240 nm
in the sample plane. The camera was operated in the kinetic
mode, and baseline clamp was used to minimize the baseline
fluctuations. The readout speed was 10 MHz with 4.7X maxi-
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mum analog-to-digital gain and 25-us vertical shift speed. An
EM gain of 200-300 was used for most imaging experiments.
The signal was simultaneously recorded from a 21 X 21-pixel
region of interest (ROI) in the form of a stack of 50,000 frames
with 1-ms time resolution. The data were saved as a 16-bit Tiff
file. The temporal intensity trace from each pixel was autocor-
related using multi-7 correlation scheme using a FIJI plug-in
ImFCS 1.49 to generate ACF (49). The data were bleach-cor-
rected using a 4th order polynomial function. The ACF for each
pixel was individually fitted with the following one-particle
model (Equation 1) for diffusion using the same software.

G(r) = ,1/<erf(p(7)) - (e P — 1)) +G.;

p(7) \FT

a
=—— (.
p(7) 2Dt & (Eq. 1)

Here, G(7) is the ACF as a function of correlation time (1), and
N, a, D, and o are the number of particles per pixel, pixel side
length, diffusion coefficient, and standard deviation of the
Gaussian approximation of the microscope point spread func-
tion, respectively. G_, is the convergence value of the ACF at
long correlation times.

Fitting of ACFs with theoretical models provides D and N.
Because it is an imaging-based FCS modality, diffusion coeffi-
cient, and the number of particle maps are obtained for the
whole ROI (49). In ITIR-FCS, the data are represented as
mean * S.D. The S.D. is obtained from the measurements over
441 pixels per experiment. The S.D. of an ITIR-FCS measure-
ment not only contains contributions from the measurement
variability but also from the heterogeneity of the peptide/
bilayer system. Measurements were performed at room
temperature.

For experiments with labeled SLBs, the concentration of
unlabeled protein/peptides was 5 um. The concentration of
peptide in the experiments with labeled peptide was also 5 um
where 1 nm of labeled peptide was mixed with the unlabeled
peptide.

Total internal reflection microscopy—Imaging experiments
were conducted on an objective-type TIRF microscope (Olym-
pus IX-83, Singapore) with a high NA oil immersion objective
(ApoN, X100, NA 1.49, Olympus, Singapore). The excitation
laser used to excite ThT is 405 nm (LAS/405/100, Olympus).
The penetration depth of the evanescent field was adjusted as
110 nm. The rest of the instrumentation is the same as
explained above. The emission filter used is zet405/488/561/
647m (Semrock). The exposure time of excitation was 10 ms.

FCS diffusion laws implemented in ITIR-FCS

For the study of organization of peptide—membrane systems
below the diffraction limit, FCS diffusion laws are used in com-
bination with ITIR-FCS. With the help of these laws one can
probe whether a particle is undergoing free diffusion or is hin-
dered by the trapping sites such as domains (50). This is
achieved by analyzing the spatial dependence of the diffusion
time of the labeled molecules on the observation area size. For a
freely diffusing particle, the time a particle takes to diffuse
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through an area is directly proportional to the area (A.q).
Hence, these plots are fitted to a straight line which is mathe-
matically expressed as shown in Equation 2,

Aeff
Ty = (Aett) To + D (Ea.2)
where 7, is the FCS diffusion law intercept. Most of the micros-
copy methods are diffraction-limited, but molecular heteroge-
neities in biological samples are often in nanoscale size regime.
To get sub-resolution information, the diffusion law plot is
extrapolated to zero and the y-intercept (7,) is used as a readout
of membrane organization. For a freely diffusing particle, the
diffusion time has a linear relationship with the observation
area, and the y-intercept is zero. In case of a domain partition-
ing, the relationship between the diffusion time of the mole-
cules and the observation area deviates from linearity, and the
y-intercept is positive. To perform FCS Diffusion Law analysis,
the same set of data that is obtained in an ITIR-FCS experiment
is used. Variable observation areas (A,.) are obtained by post-
acquisition pixel binning (1 X 1 to 5 X 5) followed by convolu-
tion with the point spread function of the microscope system.
The A./D is plotted against A, and the plot is fitted to a line
with the S.E.-weighted Equation 2 to obtain the Y-intercept 7,
The typical margin of error on SLBs is 0.1, and thus intercepts
in that range are indistinguishable for free diffusion. Only inter-
cepts larger than 0.1 can be attributed to domain trapping in
our setup (25).

Confocal FCS setup, data acquisition, and data analysis

Confocal FCS experiments were performed using an Olym-
pus FV1200 confocal laser-scanning microscope (Olympus,
Tokyo, Japan) equipped with an FCS upgrade kit (Picoquant,
Berlin, Germany). The green laser beam from 543-nm helium-
neon laser (GLG 7000, Showa Optronics, Tokyo, Japan) was
focused on the sample by a water immersion objective (X60,
NA 1.2; Olympus, Tokyo, Japan) after being reflected by a
dichroic mirror (560 DCLP, Omega, Burlington, VT) and a
scanning unit. The laser power after the objective was mea-
sured to be 13 microwatts. The fluorescence signal from the
sample was collected by the same objective, through a 120-um
pinhole in the image plane to eliminate out— of—focus light. The
fluorescence emission is passed through a 405/488/543/635
major dichroic mirror (Chroma Technology, Bellows Falls, VT)
and through a 600/50 (Chroma Technology) bandpass emis-
sion filter, which is then detected by avalanche photodiodes
(SPCM-AQR-14; PerkinElmer Life Sciences). The photon
counts from the detectors were registered by a TimeHarp 260
time-correlated single photon counting board (PicoQuant) and
processed by the SymPhoTime 64 software (PicoQuant, Berlin,
Germany); the same software was also used to calculate the
correlation functions. The experimentally obtained ACFs were
fitted using the fitting model (Equation 3) given below:

Gip_1(7) = <1 + T(e%ntp - 1)) E ; pli] . -
<‘ - wm><‘ - Tommk?)

(Eq.3)
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where k is the structure factor. The value of k was kept between
5and 7 for all the measurements. m,;, represents diffusion time
of ith species; p denotes the contribution of ith diffusing spe-
cies, T represents the fraction of triplet population, and 7,
denotes the lifetime of the dark state.

The diffusion coefficient (D) was determined from Equation
4, where w, was obtained from a calibration measurement with
rhodamine 6G dye in solution assuming its diffusion coefficient
to be 400 wm?/s.

5

~ 4D

b (Eq.4)

All-atom MD simulations

Lti30 is a partially and intrinsically disordered protein of
which conserved sequence motifs K-segment EKKGMT-
EKVMEQLPG and His—K-segment VHEKKGMTEKVMEQL-
PGHHG sequences were initially modeled as a-helices in line
with data from previous experiments (7). Peptides were mod-
eled under effective pH conditions of approximately pH 4.0, 5.8,
9.0, or 10.0. At pH 4.0, the side chains of all ionizable residues
present in the peptides, i.e. histidine, lysine, and glutamic acid,
were treated in their protonated form. At pH 5.8 or 9.0, histi-
dines were treated in their protonated or deprotonated forms,
respectively, whereas lysine and glutamic acid side chains
remained in their default charged states. At pH 10.0, the side
chains of all the ionizable residues were treated in their depro-
tonated forms. Each peptide terminus was in its charged form.
This led to a variable overall peptide charge, as summarized in
Table 3 and Table S1.

Lipid membrane systems were built using the CHARMM-
GUI membrane builder (51), consisting of 128 lipids for the
pure DOPC system, or 102 DOPC and 26 DOPS lipids for the
DOPC:DOPS (4:1) system, and 64 of DOPC and 64 of DPPC for
DOPC:DPPC (1:1) system. Each membrane was placed in a box
of dimensions 6.7 X 6.7 X 12 nm?, with the K-segment or His—
K-segment ~3 nm away from the membrane surface. Subse-
quently, the box was filled with ~17,000 TIP3P water mole-
cules. The overall charge of each system was neutralized by
addition of the minimum required number of chloride or
sodium ions. Energy minimization using S.D. was performed
for 5000 steps with a 0.1-nm step size, using flexible TIP3P (52)
water. The equilibrations in the NVT and NPT ensemble were
each performed for 0.03 us with position restraints on peptide
heavy atoms. All production simulations of systems at pH 4.0
and 10.0 were run in the NPT ensemble without any restraints
for 1 us using GROMACS 5.1.4. Because of the slower conver-
gence of production runs of systems mimicking pH 5.8 and 9.0,
these were run for 1.4 us. Equations of motion were integrated
through the Verlet leapfrog algorithm with a 2-fs time step, and
bonds connected to hydrogens were constrained with the
LINCS algorithm. The cutoff distance was 1.2 nm for the short-
range neighbor list and van der Waals interactions with a
smooth switching function from 1.0 nm. The Particle Mesh
Ewald method was applied for long-range electrostatic interac-
tions with a 1.2-nm real space cutoff (53). The Nose-Hoover
thermostat (54, 55) and Parinello-Rahman barostat (56) were
used to maintain the temperature and pressure at 310 K and 1
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bar, respectively. All peptide—membrane assembly simulations
were performed on the following: (i) an in-house Linux cluster
composed of seven nodes containing two GPUs (Nvidia K20)
and 20 CPUs (Intel® Xeon® CPU E5-2680 version 2 @ 2.8 GHz)
each; and (ii) the Singapore National Supercomputing Centre,
where each simulation employed four nodes consisting of 1
GPU (Nvidia Tesla K40t) and 24 CPUs (Intel® Xeon® CPU
E5-2690 version 3 @ 2.6 GHz).

Simulation analysis

The per-residue secondary structure propensity was ana-
lyzed using the DSSP (22) algorithm in GROMACS 5.1.4. The
partial peptide densities were calculated using g_mydensity
tool for last 0.2 ws of each run (29). The number of peptide—
phosphate/carboxylate contacts was calculated based on a
0.6-nm cutoff distance over the entire trajectory per system.
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