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Roles of key residues and lipid dynamics reveal
pHLIP-membrane interactions at intermediate pH
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ABSTRACT The pH-low insertion peptide (pHLIP) and its analogs sense the microenvironmental pH variations in tumorous
cells and serve as useful anticancer drug deliveries. The pHLIP binds peripherally to membranes and adopts random coil
conformation at the physiological pH. The peptide switches from random coil to a-helical conformation and inserts unidirection-
ally into membrane bilayers when pH drops below a critical transition value that has been routinely determined by the Trp fluo-
rescence spectroscopy. Recent high-resolution studies using solid-state NMR spectroscopy revealed the presence of
thermodynamically stable intermediate states of membrane-associated pHLIP around the fluorescence-based transition pH-
value. However, the molecular structural features and their mechanistic roles of these intermediate states in the pH-driven
membrane insertion process of pHLIP remain largely unknown. This work utilizes solid-state NMR spectroscopy to explore
1) the mechanistic roles of key proline and arginine residues within the pHLIP sequence at intermediate pH-values, and 2)
the changes in lipid dynamics at intermediate pH-values in multiple types of model bilayers with anionic phospholipid and/or
cholesterol. Our results demonstrate several molecular structural and dynamics changes at around the transition pH-values,
including the isomerization of proline-threonine backbone configuration, breaking of arginine-aspartic acid salt bridge and
the formation of arginine-lipid interactions, and a universal decreasing of dynamics in lipid headgroups and alkyl chains.Overall,
the outcomes provide important insights on the molecular interactions between pHLIP and membrane bilayers at intermediate
pH-values and, therefore, prompt the understanding of pH-driven membrane insertion process of this anticancer drug-deliv-
ering peptide.
SIGNIFICANCE Although there have been many early successes in the developments of pH-low insertion peptide
(pHLIP)-based anticancer drug delivery strategies and tumor-imaging tools, understanding of the fundamental
mechanisms of pH-driven membrane insertion process of pHLIP falls behind. This creates a knowledge gap that hinders
effective and rational design of pHLIP analogs for further biomedical applications. Application of high-resolution solid-state
NMR spectroscopy unravels the intermediate states of membrane-associated pHLIP. This work provides insights on
mechanistic roles of key residues such as the helix-breaking proline and the N-terminal arginine. These results may be
utilized to guide future rational design of pHLIP sequences. Furthermore, high-resolution studies of both peptides and lipids
lead to more comprehensive understanding of the membrane insertion process of pHLIP.
INTRODUCTION

The pH-low insertion peptide (pHLIP) is a 36-residue peptide
(Nt-GGEQNPIYWARYADWLFTTPLLLLDLALLVDADE
GT-C) that adopts pH-dependent conformational changes and
membrane positioning (1,2). The pHLIP binds peripherally to
membranes at physiological pH-values with random coil
conformation (state II), and switches to transmembrane a-he-
lices (state III) when pH drops below a critical value (2–4).
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Because the pHLIP senses microenvironmental pH changes
and inserts unidirectionally into membranes, it has been uti-
lized as a cross-membrane drug delivery tool for various types
of antitumorous molecules and a carrier for imaging reagents
for cancer diagnosis in the past two decades (1,5–23). Despite
these early successes in biomedical applications, the mecha-
nism that underlies such a unique pH-drivenmembrane inser-
tion process of pHLIP remains unclear. The critical transition
pH-value is routinely determined by Trp fluorescence spec-
troscopy in which both emission wavelengths and spectral in-
tensities are sensitive to the local polarity. The nature of this
approach leads to a macroscopic feature, i.e., the averaged
fluorescent responses from an ensemble of individual states
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with differentmembranepositioningofTrp side chains. Itwas
previously considered that pHLIP interactedwithmembranes
through a two-state mechanism in which the peptide adopts a
mixed state II and state III at a given intermediate pH2. There-
fore, the critical transition pH is also known as pH50, meaning
that 50% of peptides are in state III based on the Trp fluores-
cence spectral features. The presence of kinetic intermediate
states of membrane-associated pHLIP were suggested based
on stopped-flow fluorescence spectroscopy (4). However,
molecular structural features of these intermediates remain
unknown.

Recent applications of solid-state NMR (ssNMR) spec-
troscopy unraveled the presence of thermodynamically sta-
ble intermediate states at pH-values between state II and
state III and, therefore, proposed a revised multistep mem-
brane insertion mechanistic model for the pHLIP (24).
Notably, definitive ssNMR evidence demonstrated that these
intermediate states were structurally distinct from either
state II or state III. For instance, residue D31 was shown
to be in close proximity to the 31Ps in phospholipid head-
groups at both pH 7.4 (a 6.6-Å 13C-31P internuclear dis-
tance, state II) and 5.3 (a 4.9-Å 13C-31P internuclear
distance, state III) but much farther away at any intermedi-
ate pH-values (>9.0 Å at pH 6.4, 6.1, and 5.8) (24). Further-
more, inter-residue side-chain contacts between T18 and
V24 were only observed at pH 6.4 but not at pH 7.4 or
5.3 (25). These results implied that membrane-associated
pHLIP adopted intermediate states that could not be simpli-
fied as mixtures of state II and state III. It has been proposed
that protonation of key Asp and Glu residues (i.e., titratable
residues) played essential roles in the membrane insertion
mechanism (26–28). Two of these residues, D14 and D25,
were initially demonstrated to be critical, and their chemical
modifications were shown to modulate fluorescence-based
pH50-values of pHLIP (29,30). Recent ssNMR results
showed that cooperative titration of the C-terminal acidic
residues (D31, D33, and E34) were also required for the
folding and insertion process (25). In addition to these titrat-
able acidic groups, other key residues such as the helix-
breaking proline P20 and the N-terminal arginine R11
have also been reported (31,32). Characterization of the
backbone conformation of pHLIP in state III demonstrated
two helical segments with a short break at T19-P20 (25).
The P20Gmutant of pHLIP was shown to possess higher he-
lical contents not only in the presence of bilayers but also in
water-organic solvent mixture (32) as well as increased fluo-
rescence-based pH50 compared with the wild-type peptide
(31,32). The residue R11 with a positively charged side
chain was proposed to facilitate the membrane binding
and/or folding processes of pHLIP through electrostatic or
hydrogen bonding interactions. A recent molecular dynamic
simulation supported that R11 interacted transiently with all
acidic residues in state II and, more interestingly, formed
stable salt bridge with D14 in a C-terminus-truncated
mutant that removed the acidic residues D31, D33, and
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E34 (33). Experimentally, it has been shown that double mu-
tants involving R11Q and repositioning of D14 altered the
insertion pH50 of pHLIP (29).

Complementary to the structural characterizations of the
pHLIP itself, explorations of lipid dynamics through 31P
relaxation ssNMRspectroscopywere shown to providemech-
anistic insights (24). It was shown in the bilayer containing
pure zwitterionic phosphatidylcholine (PC), the interaction
with pHLIP led to restricted lipid headgroup motions (incre-
ments of the nanoseconds timescale motion correlation
time) in a broad pH range 5.0–7.5. Notably, the most signifi-
cant changes of phosphate lipid headgroupmotion occurred at
pH5.8–6.5,matching thefluorescence-based pH50-value (i.e.,
�pH 6.1) (24). Presence of other types of phospholipids has
been shown to influence the interactions of membrane-active
peptides (34). Previous studies demonstrated that the anionic
lipids such as phosphatidylglycerol (PG) and phosphatidyl-
serine, as well as the zwitterionic phosphatidylethanolamine,
altered thevalue of pH50 (28,32,35,36). Incorporationof small
populations (i.e.,<10 mol %) of anionic lipids was shown to
lead to a decrement of pH50 compared with the PC bilayer
(32). However, interestingly, further increments of anionic
lipid populations could either increase pH50 or had little effect
based on different reports (28,35). The addition of cholesterol
to PC bilayers was shown to decrease pH50, presumably by
changing the bilayer thickness and/or the overall membrane
fluidity (37). Applications of 31P relaxation ssNMR spectros-
copy tomore complex bilayermodelsmay provide insights on
the membrane insertion process of pHLIP from the aspect of
membrane compositions.

In this work, we apply multiple ssNMR approaches to
explore the structures and membrane interactions of key res-
idues P20 and R11, as well as the changes of lipid dynamics
in bilayer models containing anionic PG and/or cholesterol,
focusing on the intermediate states at pH-values around the
fluorescence-based pH50.
MATERIALS AND METHODS

Peptide synthesis and purification

All pHLIP peptides with and without isotope-labeled residues were synthe-

sized manually using routine solid-phase peptide synthesis protocols with

9-fluorenylmethyloxycarbonyl chemistry. Two isotope-labeled sequences

were included in this study: 1) selective 13C and 15N labeling at P20-C0

(carbonyl 13C) and T19-NH (amide 15N) respectively, and 2) uniform
13C-15N labeling at residues R11 and D14. All isotope-labeled amino acids

were purchased from Cambridge Isotope (Tewksbury, MA). with prepro-

tected 9-fluorenylmethyloxycarbonyl groups. All peptides were cleaved

from resin using a cocktail mixture containing 82.5% (volume ratio, v/v)

trifluoroacetic acid, 5.0% (v/v) deionized H2O, 2.5% (mass ratio, m/m)

phenol, 5.0% (v/v) thioanisole, 2.5% (v/v) 1,2-ethanedithiol, and an addi-

tional 2.5% (v/v) Me2S. The crude peptides were purified by reversed phase

high-performance liquid chromatography (HPLC) with a C18 column (Agi-

lent Technologies, Santa Clara, CA) and water-acetonitrile linear gradient,

and the molecular mass and purity of peptides were confirmed by liquid

chromatography–mass spectrometry (LC-MS, Shimadzu, Kyoto, Japan).

The peptides were stored at �20�C before usage.



FIGURE 1 Representative 13C-15N REDOR

spectra for measuring the internuclear distance be-

tween D14-Cg and R11-Nε. The 13C carrier fre-

quency was set to �180–185 ppm (D14-Cg,

specific for individual samples) for both the

Gaussian selective pulse and the pulsed-spin lock-

ing acquisition period (as described in the experi-

mental section). Thus, all peaks centered at

0 ppm in the outcoming spectra, and the x axes

were therefore not labeled. All spectra were pro-

cessed with 20 Hz Gaussian line broadening.

Intermediate states of pHLIP insertion
Liposome preparation

The phospholipids, including 1-palmitoyl-2-oleoyl-sn-glycerol-3-phos-

phocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

(POPG), and cholesterol were purchased from Avanti Polar Lipids

(Alabaster, AL). The phospholipids and cholesterol were dissolved in

chloroform to make 25-mg/mL stock solutions and stored at �20�C
before usage. To make liposome samples, appropriate volumes of phos-

pholipids and cholesterol stock solutions were mixed and dried under a

stream of N2 air before drying overnight under high vacuum. The lipid

films were then resuspended and vortexed in 10 mM phosphate buffer

(pH 8.0, containing 0.01% w/v NaN3) to the total lipid concentration of

1.5 mM. After eight freeze-thaw cycles using liquid N2 and a 41�C water

bath, the liposomes were extruded for 31 cycles using a 200-nm pore-size

filter membrane. All liposomes were prepared freshly before the fluores-

cence measurements and ssNMR sample preparation.
Tryptophan fluorescence assay

Lyophilized pHLIP peptides were firstly dissolved in dimethylformamide and

thenmixedwith liposome solution inphosphatebuffer at pH8.0. Thefinal con-

centrations of pHLIP and total lipids were kept at 5 mM and 1.5 mM, respec-

tively, to obtain a peptide/lipidmolar ratio 1:300. Liposomes in the absence of
pHLIPwere used as controls. The pHLIP-liposomeswere incubated at 4�C for

overnight to allow absorption of peptides to membranes and then divided into

200-mL aliquots. The pH was then adjusted using concentrated 50 mM phos-

phate/acetate buffer solutions to different values in a range 4.0–8.0. The sam-

ples were then allowed to equilibrate for 1–2 h at ambient temperature before

their tryptophan fluorescence spectra were recorded.

Tryptophan emission spectra were recorded on a PerkinElmer LS-55

spectrometer (Waltham, MA) with the excitation wavelength at 285 nm

and the emission wavelength range of 310–400 nm. The excitation and

emission slits were both set to 5 nm. For background subtraction, lipo-

some-only controls were prepared with pH-values 4.0, 5.0, 6.0, 7.0, and

8.0. The controls at different pH-values gave similar fluorescence emissions

and thus the averaged spectra from multiple pH-values were used as back-

ground for subtraction.

To obtain the pH-dependent transition curves, the fluorescence spectral

center of mass (CM) was calculated as:

CM ¼
Xn

1

Iili

,Xn

1

Ii; (1)
where Ii represents the spectral intensity at the wavelength li. The quanti-

tative analysis of CM was reported to provide information about the entire
Biophysical Journal 120, 4649–4662, November 2, 2021 4651



FIGURE 2 Representative 13C-31P REDOR

spectra for measuring the internuclear distance be-

tween R11-Cε and the lipid phosphate headgroup
31Ps. The 13C carrier frequency was set to �165–

170 ppm (R11-Cε, specific for individual samples)

for both the Gaussian selective pulse and the

pulsed-spin locking acquisition period (as

described in the experimental section). Thus, all

peaks centered at 0 ppm in the outcoming spectra,

and the x axes were therefore not labeled. All

spectra were processed with 20 Hz Gaussian line

broadening.
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spectral range and was more sensitive to both the shapes and widths of

emission spectra (38–40). The pH-dependent transition curves were fitted

to the Boltzmann equation below:

y ¼ A1 � A2

1þ exp
�
x�x0
dx

�þ A2; (2)

where the parameters A1, A2, x0, and dx represent the minimal and maximal

wavelengths, the transition pH (i.e., pH50), and the slope of transition,

respectively.
The ssNMR spectroscopy

All ssNMR samples were prepared following the same protocols as

described for the fluorescence spectroscopy, except that the pHLIP/total

lipid molar ratio was kept at 1:75 instead of 1:300. We previously showed

that this higher peptide/lipid ratio did not affect the pH-dependent fluores-

cence and circular dichroism spectral features of pHLIP (41). All ssNMR

spectra were collected on a 600 MHz Bruker Avance III spectrometer (Bill-

erica, MA) equipped with a 2.5-mm TriGamma magic angle spinning

(MAS) probe, which was tuned to 1H, 13C, or 15N for 13C-15N rotational-

echo double-resonance (REDOR) experiments and 1H, 31P, or 13C for
13C-31P REDOR and 31P relaxation measurements.
4652 Biophysical Journal 120, 4649–4662, November 2, 2021
The following spectrometer parameters were utilized for the 13C-15N RE-

DOR experiment applied to the samples with selectively isotope-labeled

T19 and P20: a 60-kHz 1H p/2 pulse, a 1.5-ms cross-polarization between
1H and 13C with 50 kHz 1H field and 57 kHz 13C field with a linear ramp, 50

kHz 13C/15N p-pulse trains for the heteronuclear dipolar recoupling, and a

pulsed-spin locking (42) acquisition algorithm with 90 kHz 1H decoupling.

For the 13C-15N REDOR applied to samples with uniformly labeled R11

and D14, 1.0-ms frequency-selective Gaussian pulses (43) were applied

to both 13C and 15N channels in the middle of dipolar recoupling periods.

The 13C and 15N carrier frequencies for the Gaussian pulses were set to

the D14-Cg (i.e., �181 ppm) and R11-Nε (i.e., �90 ppm), respectively.

For the 13C-31P REDOR, the 33 kHz 31P p-pulse train was applied and

the frequency-selective pulse was applied only to the 13C channel with

the carrier frequency at R11-Cε (i.e., �165–170 ppm). All REDOR spectra

were collected with 8000 5 2 Hz MAS frequency. Samples were kept at

280 K by monitoring the 1H signal in H2O before and after each set of

measurements.

The T1 (spin-lattice) and T2 (spin-spin) relaxation rates (R1 and R2,

respectively) were obtained using routine inversion-recovery (p-t-p/2)

and Hartmann-Hahn Echo (p/2-t-p-t) pulse sequences with 55 kHz 31P

pulses and �100 kHz 1H two-pulse phase modulation (TPPM) decoupling

field. The sample temperatures were precisely determined from the H2O
1H

chemical shifts. The experimental temperatures were chosen to be above

the transition temperature of POPC to keep the samples in liquid phase

(the addition of POPG does not alter the transition temperature of



FIGURE 3 (A) 13C-15N and (B) 13C-31P REDOR buildup curves obtained

by analyzing the corresponding spectra (Figs. 1 and 2, respectively). Exper-

imental dephasing (DS/S0) data were shown in open symbols with color

coding: red, pH 5.3; blue, pH 5.8; green, pH 6.1; and purple, pH 6.4. The

solid lines show simulated 13C-15N and 13C-31P buildup curves for the

two-spin pairs with different internuclear distances. Cartoon models show

the measured distances (R11 and D14 side chains) and the relative geome-

tries in pHLIP and lipid bilayer. Error bars represent the spectral noises.

Intermediate states of pHLIP insertion
liposomes). The MAS frequency was set at 9000 5 2 Hz, and all samples

were fully hydrated throughout the measurements.
RESULTS AND DISCUSSION

The pH-dependent interaction of R11 with D14
and phospholipids

Figs. 1 and 2 show the representative 13C-15N and 13C-31P
REDOR spectra, which probe the internuclear distances be-
tween R11-Nε and D14-Cg and between R11-Cε and 31P in
lipid headgroups, respectively. Spectral were collected on
samples with pH 6.4, 6.1, 5.8, and 5.3. These pH-values
were chosen based on our previous works that characterized
the protonation states of individual titratable residues (e.g.,
Asp and Glu) in pHLIP (24,25). Experimental REDOR
dephasing were determined as the differences between
normalized 13C peak volumes in the full (S0, with

15N pulses
off) and reduced (S1, with

15N pulses on) spectra, and were
plotted in Fig. 3 with the simulated curves for different
13C-15N and 13C-31P internuclear distances.

At pH 6.4 and 6.1, the internuclear distances between
D14-Cg and R11-Nε fitted well to the simulation curve
with 4.0 Å internuclear distance, indicating the formation
of salt bridge between the two side chains (44). Interest-
ingly, the R11-D14 13C-15N internuclear distance became
longer when pH dropped below 6.1. We showed previously
that the side-chain carboxylic group of D14 underwent pro-
tonation between pH 5.6–6.1 (25), which might remove the
negative charge on D14 and thus disfavored the electrostatic
interaction between D14 and R11. Meanwhile, the internu-
clear distance between R11-Cε and lipid headgroup 31Ps
became shorter at pH 6.1 (�7.0 Å) compared with pH 6.4
(>8.5 Å), and remained at 8.0 Å at pH 5.8 and 5.3. These
results suggest that positively charged R11 side chain may
interact with phospholipid headgroups when the intrapep-
tide electrostatic interaction between D14 and R11 is weak-
ened because of the protonation of D14 upon pH dropping
below 6.1. Previous molecular dynamic simulation sug-
gested that R11 formed transient salt bridge with D14 in
state II (physiological pH �7.4), which could be stabilized
by the removal of C-terminal D/E residues (33). These
ssNMR data support the simulation results because C-termi-
nal D/E residues were shown to protonate at higher pH-
values. Therefore, decreasing of the environmental pH is
likely to eliminate C-terminal negative charges, which has
similar effects as the removal of D/E residues.
The pH-dependent backbone conformational
change of P20 determined by ssNMR

As a known breaker for helical conformations, the single
proline residue P20 that locates within the helix-forming
segment of pHLIP is believed to play important roles in
its membrane insertion process. Fig. 4 shows the 13C-15N
REDOR spectra that specifically probe the internuclear dis-
tance between T19-NH and P20-C0, which is sensitive to the
backbone dihedral angles around the T19-P20 peptide bond.
These internuclear distances are expected to be 3.3 and
3.8 Å when P20 adopts ‘‘cis’’- and ‘‘trans’’-backbone con-
formations respectively, which correspond to 85 and
55 Hz 13C-15N dipolar coupling strengths and distinct RE-
DOR buildup curves (Fig. 5). The experimental REDOR de-
phasing was corrected for natural abundance contributions
from unlabeled amino acids and lipids (see Supporting ma-
terials and methods) and the corrected dephasing at different
pH-values were plotted in Fig. 5.

Notably, the fitting of 13C-15N REDOR data support a
backbone conformational switch at P20 from ‘‘cis’’ to
‘‘trans’’ around pH 6.1. It remains unclear which factors
might drive this dramatic backbone conformational switch.
Biophysical Journal 120, 4649–4662, November 2, 2021 4653



FIGURE 4 The 13C-15N REDOR spectra for measuring the internuclear distance between P20-C0 and R11-Nε. The 13C carrier frequency was set to�170–

180 ppm (the general C0 region) for the pulsed-spin locking acquisition period. Thus, all peaks centered at 0 ppm in the outcoming spectra, and the x axes

were therefore not labeled. All spectra were processed with 20 Hz Gaussian line broadening.
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The activation energy for proline cis- or trans-conforma-
tional change was reported to be 17–19 kcal/mol at room
temperature (45,46). These and previous ssNMR results
4654 Biophysical Journal 120, 4649–4662, November 2, 2021
implied that two processes might compensate energies.
First, the N-terminal segments A10-T18 might undergo
conformational changes from partially random coils to



FIGURE 5 (Left) Illustration of the 13C-15N

internuclear distances between P20-C0 and T19-

NH (circled in the chemical structures) in the

Thr-Pro segment with ‘‘trans’’- and ‘‘cis’’-back-

bone configurations. (Right) Shown are corrected

REDOR dephasing data (DS/S0, open symbols, ob-

tained from experimental REDOR spectra shown

in Fig. 4 and processed with natural abundance

corrections) with color coding for different pH-

values: green, pH 5.3; blue, pH 5.8; purple, pH

6.1; and magenta, pH 6.4. Simulated curves are

shown for two-spin pairs with internuclear dis-

tances 3.8 Å (black) and 3.3 Å (red). Error bars

represent spectral noises in S0 and S1 spectra.

Intermediate states of pHLIP insertion
a-helices, which might release �0.12 kcal/mol energy per
residue and �1 kcal/mol in total (41,47). Second, the repo-
sitioning of W15 and/or W9 toward more hydrophobic
bilayer interior might compensate a couple of kcal/mol
free energy based on the Whimley-White hydrophobic scale
of amino acids (48). However apparently, the magnitude of
these free energy changes was not comparable with the acti-
vation energy of proline backbone conformational switch.
Interestingly at pH 6.4, REDOR dephasing curve of P20-
C0 showed a mixture of both ‘‘cis’’- and ‘‘trans’’-conforma-
tions. At pH 6.4, the pHLIP segment from L21 to C-termi-
nus adopted a-helical conformation, whereas the N-terminal
segment adopted a mixture of nonhelical and a-helical con-
formations (41). It is possible that the helical population of
pHLIP possesses a ‘‘cis’’-P20 and peptide favors a bundled
helical conformation at pH 6.4 and 6.1 when sinking across
the polar lipid headgroup region, which requires a ‘‘cis’’-
configuration of P20. This hypothesis is supported by our
previous ssNMR result that the side chains of T18 and
L24 were in close proximity and both residues adopted a-
helical conformation (25). However, such a bundled helix
only extends �20 Å and, therefore, is insufficient for ex-
tending across the bilayers. Hypothetically, this may unfa-
vorably create increased volumes only to the outer leaflet
of membrane bilayer or place certain polar side chains
within the hydrophobic bilayer interiors, which may eventu-
ally drive the formation of ‘‘trans’’-configuration of P20 and
more extended a-helices.
Quantitative analysis of 31P relaxation ssNMR
reveals pHLIP-induced changes in lipid dynamics

Trp fluorescence spectroscopy was utilized to monitor the
pH-dependent membrane insertion of pHLIP in POPC bila-
yers with different molar percentages of anionic POPG and
the presence or absence of cholesterol (representative fluo-
rescence spectra shown in Fig. 6). The CM wavelengths
were calculated using Eq. 1 and their pH dependence
(Fig. 7) were fitted to sigmoidal curves to obtain pH50-
values (Fig. 8). The addition of �3–�10 mol % POPG led
to a considerable decrement of pH50 in bilayer models
both with and without cholesterol, which was consistent
with a previous report on the effects of an anionic phospha-
tidylserine (POPS) (35). Interestingly, further increments in
POPG population showed distinct influences on pH50 in the
presence or absence of cholesterol. In general, pHLIP had
higher pH50-values in model bilayers with cholesterol, and
the largest difference occurring at 30 mol % POPG (�0.5
pH unit difference).

We then applied 31P ssNMR relaxation spectroscopy to
explore the quantitative changes in phospholipid dynamics,
which were shown to be sensitive to the molecular interac-
tions between pHLIP and lipid bilayers in our previous work
(24). In this work, we selected four different bilayer models:
the bilayers with 3 mol % POPG in POPC, both in the
absence and presence of additional 15 mol % cholesterol
(named as 97/3/0 and 97/3/15, respectively), and the ones
with 30 mol % POPG without and with 15 mol % choles-
terol (70/30/0 and 70/30/15, respectively). The POPG molar
percentages were chosen based on this Trp fluorescence
result (Fig. 8) in which the greatest cholesterol-dependent
change in pH50 occurred at 30 mol % POPG, and a previous
report showing that small populations of anionic lipids
(i.e., <5 mol %) led to significant decrease of pH50 (31).
Fig. 9 shows the representative spin-lattice (T1) and spin-
spin (T2)

31P relaxation curves in different model bilayers
at 296 K. Qualitatively, the addition of pHLIP in bilayers
led to more rapid T1 and T2 decay compared with the
non-pHLIP controls, which indicated stronger dipolar
coupling between the phosphate headgroups and therefore
more restricted lipid dynamics.

Quantitative analysis of 31P relaxation rates led to the
microsecond- and nanosecond-timescale correlation times
(denoted as ts and tf, respectively) (see Supporting materials
Biophysical Journal 120, 4649–4662, November 2, 2021 4655



FIGURE 6 Representative tryptophan fluorescence emission spectra. (A)

Three repetitions for the model bilayer with 3 mol % POPG (denoted 97/3/

0) and the pHLIP peptides at pH �7.4. (B) The pH-dependent tryptophan

fluorescence traces for the model bilayer with 3 mol % PG and 15 mol %

cholesterol and the pHLIP peptides (denoted 97/3/15).
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and methods for derivations of the relationship between ts
and tf and the relaxation rate constants). The ts and tf are
dominated by the lateral diffusive motion and the headgroup
uniaxial rotation/wobbling motions of phospholipids
respectively (49). Fig. 10 plots the correlation times in all
bilayer models with the absence or presence of pHLIP at
296 K. In the bilayers without pHLIP, values of tf and ts
showed correlations with membrane compositions, but not
with pH-values. In general, tf were influenced more signif-
icantly by POPG and ts were affected more by cholesterol.
The addition of 30 mol % POPG led to more rapid lipid
headgroup motions, presumably due to the formation of
more defective charge networks (between the negatively
charged phosphate groups and the positively charged
choline groups in POPC). The addition of 15 mol % choles-
terol showed restrictive effect to the diffusive motion. Both
tf and ts increased significantly with the addition to pHLIP
4656 Biophysical Journal 120, 4649–4662, November 2, 2021
(compared with the changes in tf and ts in the absence of
pHLIP), implying generally stronger pHLIP-lipid interac-
tions. The panels C and F plot the differences in tf and ts
due to the addition of pHLIP, respectively. Notably, the
values of tf, which represented the lipid headgroup motions,
were influenced significantly by both the membrane compo-
sitions and the pH-values. Quantitatively, the lipid head-
group motions were more restricted at intermediate
pH-values (6.0 and 7.0) compared with terminal values for
any membrane compositions. This was in parallel with the
known mechanistic scenes of pHLIP insertion where the
peptides showed strongest interactions with the headgroup
regions of bilayers in this pH range.
Effects of PG and cholesterol on lipid dynamics
and the correlations with the fluorescence-based
pH50

Comparing with the analysis on the POPC-only bilayer
model, it is important to note that introduction of POPG
and/or cholesterol led to significantly different variations
in pHLIP-induced lipid dynamics changes, which may
correlate with the fluorescence-based pH50-values (24).
These measurements of pH50 in the presence of POPG agree
with a previous study on 10 and 25 mol % POPG in POPC
bilayer (28). In addition, previous works using POPS led to
similar conclusions that the incorporation of low percent-
ages of anionic lipid induced decrease of pH50 (32,35).
Considering the trend of fast-motion correlation times tf
in the absence and presence of POPG (e.g., �1.0–2.0 ns
in 100% POPC (24), �2.4–2.8 ns with 3 mol % POPG,
and �2.2–2.5 ns with 30 mol % POPG), there seems to be
stronger peptide-lipid interactions with small percentage
of POPG that restrict the headgroup motions. This may
correlate with the decrease of pH50 with the addition of
anionic lipids because stronger peptide-lipid-headgroup in-
teractions may stabilize a peripherally bound state II.

Cholesterol is an essential membrane composition that is
known to alternate the physicochemical properties of bila-
yers such as the fluidity/rigidity and chain orientation homo-
geneity (50,51). Our measurements on the fluorescence-
based pH50 showed that the addition of 15 mol % cholesterol
into 100% POPC bilayer led to �0.1 pH unit decrement,
which was consistent with a previous report using similar
bilayer models (31). It has been suggested that cholesterol
affected the pH50 through the modulation of bilayer fluidity
(31,37), which is supported by our results on the slow diffu-
sive motion correlation time ts. As shown in Fig. 10 D, the
addition of cholesterol caused increment in ts in bilayers
with both 3 and 30 mol % POPG. Interestingly, when
comparing the fast-motion correlation times between
different membrane compositions, it was found that the lipid
motions were most significantly restricted by pHLIP in
membranes containing 30 mol % POPG and an additional
15 mol % cholesterol (Fig. 10 C, blue columns comparing



FIGURE 7 Plots of pH-dependent CMwavelengths from the Trp

fluorescence spectra of membrane-associated pHLIP peptides in

different bilayer models (the molar percentages of POPC, POPG,

and cholesterol are shown in black for each plot). Three repetitions

are shown for each sample with experimental data in open symbols

and fittings in solid curves.
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FIGURE 8 Plots of the pH50in the samples with different molar percent-

age of POPG. The open and solid columns indicate the samples without and

with 15 mol % cholesterol, respectively. The error bars are derived from

three repetitions of fluorescence spectra shown in Fig. 6.
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with black, red, and green columns at pH 5.0, 6.0, and 7.0).
This observation implies that pHLIP may have strongest in-
teractions with the lipid headgroups in this membrane envi-
ronment, which may correlate with the most significant
increment in pH50 in this bilayer model.
Insights on pHLIP-membrane insertion
mechanistic models

We previously proposed two steps, namely ‘‘sinking’’ and
‘‘extending,’’ at intermediate pH-values between states II
and III defined by tryptophan fluorescence, based on mea-
surements of residue-specific 13C-31P distances in the
POPC bilayer (24). In this work, 13C-15N and 13C-31P RE-
DOR data on R11 suggest that this residue may contribute
to the ‘‘sinking’’ step through changes of electrostatic inter-
actions. Table 1 below summarizes the residue-specific
13C-31P distances within the segment A10-D14 from this
and previous works (24,41). Notably, the residues that are
in close proximities to 31P (i.e., phospholipid headgroups)
changes from pH 6.4 to 6.1 and lower. Although D14-A13
locates near 31P at the higher pH, R11-A10 becomes closer
to the phosphate headgroups when pH drops. This corre-
sponds to a movement of half-to-full helical cycle toward
the interior of lipid bilayer, or in other words, a ‘‘sinking’’
in terms of the membrane positioning of this segment.
Within the same pH range, the electrostatic interaction be-
tween R11 and D14 is weakened, which releases the intra-
peptide salt bridge (Fig. 3 A). Therefore, the protonation
of D14 between pH 5.6–6.1 may have two contributions
4658 Biophysical Journal 120, 4649–4662, November 2, 2021
to the positioning change of pHLIP: 1) it decreases the po-
larity of the side chain of D14 and makes the nearby peptide
segment preferably inserts more deeply to bilayer center,
and 2) it frees the positively charged R11 side chain, which
potentially strengthens the electrostatic interaction to lipid
headgroups.

The backbone conformational change of P20 at around
pH 6.1 agrees well with the proposed ‘‘extending’’ mecha-
nistic step and may be important for pHLIP to achieve the
final transmembrane configuration. However currently, it re-
mains unclear about the overall structural change for pHLIP
at this critical pH (i.e., close to the fluorescence-based pH50

in POPC bilayer). Nevertheless, it seems to be reasonable to
hypothesize that pHLIP may not tightly associate with lipids
in this state because the backbone conformational change of
P20 essentially leads to a nearly 180� reorientation in the
C-terminal half of peptide. Such a hypothesis is supported
by our previous 13C-31P REDOR data in which none of
the Asp-Glu residues is close to the lipid headgroups.

Finally, the 31P relaxation data provide insights on how
the pHLIP insertion mechanisms may change with other
lipids and/or cholesterol. It was shown that pHLIP adopted
a different peripherally bound state II in bilayer models with
more complicated lipid compositions (i.e., ‘‘shallow’’ state
II) compared with pure POPC bilayer (32). The comparison
of fast-motion correlation times tf between pure POPC
bilayer and more complicated bilayer models at physiolog-
ical pH-values provides supporting evidence: in POPC
bilayer, tf is �1.0 ns at pH 7.4 with the addition of pHLIP.
In bilayers with POPG and cholesterol, tf is 2.3–2.5 ns at pH
8.0 and 2.5–2.9 at pH 7.0. The significant increments of tf
indicate stronger pHLIP-lipid-headgroup interactions in
the more complex bilayer models before the insertion of
pHLIP (i.e., state II), which is consistent with the ‘‘shallow’’
peripheral binding model where the peptide locates in the
phosphate-aqueous interface. In addition, stronger peptide-
lipid interaction in the presence of cholesterol implies that
pHLIP might preferentially bind to membrane regions
such as rafts, which are rich in cholesterol. Future REDOR
spectroscopy will be applied to probe the changes of R11-
phospholipid interactions in more complex bilayers. Based
on our results in POPC bilayer and the hypothesis of stron-
ger pHLIP-lipid interactions in the ‘‘shallow’’ state II model,
we expect that the 13C-31P distances may become closer in
these bilayers. Furthermore, it will be useful to explore
whether the backbone conformational change at P20 is a
universal mechanistic step for pHLIP insertion in more
complex bilayers because several studies have shown that
the mutation of P20 altered the peptide helicity and pH50

and, possibly, the insertion process (31,32).
CONCLUSIONS

In summary, we showed in this work that the intermediate
states of pHLIP-membrane system possess unique features



FIGURE 9 Plots of T1 (left column) and T2

(right column) relaxation curves for different sam-

ples in the absence (black) and presence (red) of

pHLIP. For each sample, the experimental data

were shown in open symbols, and the fitting to

exponential functions were shown in solid curves.
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in peptide conformational changes, peptide-lipid interac-
tions as well as the lipid dynamics, which can be quantita-
tively determined using ssNMR spectroscopy. Major
conformational changes, including the backbone conforma-
tional change from cis- to trans-configuration at P20 and the
weakening the electrostatic interactions between R11 and
D14 side chains, were demonstrated at pH-values around
6.1, which provided experimental evidence for the
Biophysical Journal 120, 4649–4662, November 2, 2021 4659



FIGURE 10 Plots of the pH-dependent (A and B) fast-motion and (D and E) slow-motion correlation times derived from 31P ssNMR relaxation spectros-

copy for different bilayer models. (A) and (D) and (B) and (E) show the correlation times without and with the addition of pHLIP, respectively. Colors repre-

sent different membrane compositions: black, 97/3/0; red, 97/3/15; green, 70/30/0; and blue, 70/30/15. (C and F) show the differences in fast and slow-motion

correlation times upon addition of pHLIP (subtraction of the correlation times in A and D from the ones in B and E, respectively). The same color coding

applied for individual membrane compositions. Error bars are determined using the algorithms in Supporting materials and methods)
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previously proposed ‘‘sinking’’ and ‘‘extending’’ steps in
mechanisms of pHLIP-membrane insertion. Quantitative
analysis of 31P relaxation data revealed significant restric-
tion of lipid headgroup motions in bilayers upon the addi-
tion of pHLIP. Importantly, the increments of correlation
time, which quantitatively reported the changes in lipid
motion, were considerably larger at intermediate pH-values
(i.e., 6.0–7.0 vs. 5.0 or 8.0), supporting stronger peptide-
lipid interactions at intermediate states. Lastly, lipid
dynamics data suggested that the strongest pHLIP-lipid in-
teractions occurred in bilayer model containing 30 mol %
POPG and an additional 15 mol % cholesterol compared
with other tested compositions, which correlated with the
most significant changes in fluorescence-based pH50.
TABLE 1 Summary of 13C-31P distances in pHLIP segment

A10-D14

pH 6.4 pH 6.1 pH 5.8 pH 5.3

D14 4.8/>8.0a >9.0 >9.0 >9.0

A13 6.4/>9.0a – – 7.8

R11 >8.5 7.0–7.5 8.0 8.0

A10 >8.4 – – 5.7

a13C-31P REDOR data were fitted to a two-population model in (24,40).
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