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ABSTRACT: The pH-low insertion peptide (pHLIP) is an anionic
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membrane-active peptide with promising potential for applications in £ \l
imaging of cancer tumors and targeted delivery of chemotherapeutics. The : L
key advantage of pHLIP lies in its acid sensitivity: in acidic cellular N 1
environments, pHLIP can insert unidirectionally into the plasma membrane. ]
Partitioning—folding coupling is triggered by titration of the acidic residues in L\ :
pHLIP, transforming pHLIP from a hydrophilic to a hydrophobic peptide. &

&

Despite this knowledge, the reverse pathway that leads to exit of the peptide
from the plasma membrane is poorly understood. Our hypothesis is that
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sequential deprotonation of pHLIP is a prerequisite for exit of the peptide ,4"'11/ 1
from the plasma membrane. We carried out molecular dynamics (MD) ugfl;l;?rl]g : L}/ 2oy N
simulations to characterize the effect that deprotonation of the acidic residues andexit ) \ g
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of pHLIP has on the stability of the peptide when inserted into a model lipid
bilayer of 1-palmitoyl-2-oleoyl-sn-3-phosphocholine (POPC). Initiation of the exit mechanism is facilitated by a complex relationship
between the peptide, bulk solvent, and the membrane environment. As the N-terminal acidic residues of pHLIP are deprotonated,
localized loss of helicity drives unfolding of the peptide and more pronounced interactions with the bilayer at the lipid—water
interface. Deprotonation of the C-terminal acidic residues (D25, D31, D33, and E34) leads to further loss of secondary structure
distal from the C-terminus, as well as formation of a water channel that stabilizes the orientation of pHLIP parallel to the membrane
normal. Together, these results help explain how stabilization of intermediates between the surface-bound and inserted states of

pHLIP occur and provide insights into rational design of pHLIP variants with modified abilities of insertion.

Bl INTRODUCTION

The pH-Low Insertion Peptide (pHLIP) is a membrane-active
peptide that in recent years has shown much promise in
clinical applications to treat cancer.”” pHLIP was originally
derived from helix C of bacteriorhodopsin and was discovered
during a mechanistic study on the folding of membrane
proteins.” The peptide exists in a coiled conformation in
solution (state I). Upon encountering a membrane surface, it
spontaneously binds (state II). Folding and insertion is
triggered by protonation of the acidic residues in pHLIP
(E3, D14, D25, D31, D33, and E34), with insertion occurring
unidirectionally (state III) (Figure 1). Initial studies posited
that protonation of D14 and D25, the acidic residues in the
transmembrane segment of pHLIP, were the driving factors in
the acid sensitivity of the peptide.”~> Subsequent studies have
shown that folding and insertion of pHLIP is much more
nuanced, with protonation occurring in a nonsequential and
nonbinary manner.”’

In particular, it has been difficult to harmonize experimental
and computational studies to produce a consensus on
particular aspects of the binding, folding, and insertion
mechanism of pHLIP. Fluorescence and circular dichroism
(CD) spectroscopic studies have been used extensively to
establish that binding of pHLIP is most effective in PC-only
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lipid systems, and that anionic lipid headgroups can lead to
shallower binding of pHLIP.**~'" Site-specific fluorescence
labeling revealed that particular segments of pHLIP exhibit a
characteristic pK, of insertion,” lending support to a multistep
model of insertion that was initially suggested by stopped-flow
kinetics studies on the insertion and exit mechanisms of
pHLIP.” To date, solid-state NMR has provided an exquisite
level of detail on the insertion mechanism of pHLIP; the
peptide can coexist in a surface-bound and transmembrane
inserted state at slightly acidic pH,'” indicating that several
conformational intermediates exist in the insertion pathway.
The next study from Qiang, An, and co-workers established
that protonation of aspartic acids in the state II — state III
transition was not sequential and did not depend solely on
D14 and D2S; rather, D31 and D33 were protonated first,
followed by D25 and D14.° Fluorescence quenching experi-

Received: July 15, 2020
Revised:  September 22, 2020
Published: September 29, 2020

https://dx.doi.org/10.1021/acs.langmuir.0c02038
Langmuir XXXX, XXX, XXX—-XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Violetta+Burns"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blake+Mertz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c02038&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02038?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02038?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02038?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02038?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02038?fig=abs1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02038?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

Langmuir

pubs.acs.org/Langmuir

s

D14

<
v
‘ *j E34
)

D31LL% N Dé
c D33

Figure 1. Overview of the systems studied. Left: Snapshot of pHLIP (yellow) folded and inserted into a 1-palmitoyl-2-oleoyl-sn-3-phosphocholine
(POPC) bilayer (surface, green, and red). Inset: Close-up of pHLIP highlighting the acidic residues that are either protonated or deprotonated in

this study.

ments also showed that the membrane environment under-
went a significant degree of perturbation at intermediate pH
values, with penetration of water molecules into the hydro-
phobic interior.® Most recently, Qiang, An, and co-workers
were able to correlate thermodynamic intermediate states with
protonation of specific residues in pHLIP, confirming that
protonation of D31 and D33 are the trigger for partitioning
into the bilayer as the initial step in insertion as well as driving
conformational changes in the N-terminal half of the peptide.'
Equilibrium molecular dynamics (MD) simulations have been
effective in providing detailed descriptions of pHLIP in
solution'* and binding of pHLIP,lS’16 showing that pHLIP
can undergo partial folding in the solution and the surface-
bound state without protonation of key acidic residues. To
date, the most notable characterization of the inserted state of
pHLIP has been a constant pH MD study on pHLIP and the
L16H variant.'” There it was shown that deprotonation of D14
was the determining factor in destabilization of positioning of
pHLIP within the bilayer, shifting the peptide to a more
surface-bound position.

Although the mechanism of folding and insertion of pHLIP
is now more fully characterized, the molecular interactions that
govern the reverse pathway (unfolding and exit) are poorly
understood. The acquisition of this detailed knowledge has
implications in relating the behavior of pHLIP to biomedically
relevant phenomena, such as residence time of pHLIP in
tumor tissue. Determination of the effect of deprotonation of
specific acidic residues in pHLIP on the stability of the inserted
state is significant to this understanding: we know that the
insertion and exit pathways are thermodynamically equiv-
alent," but kinetics studies indicate that these pathways are
independent from one another.’” We hypothesize that
deprotonation of the N-terminal acidic residues are a
prerequisite for unfolding of pHLIP, while deprotonation of
C-terminal residues are key to anchoring pHLIP in state IIL
Furthermore, we wanted to probe the role of internal
hydration of the bilayer in state III, despite evidence that
pHLIP does not create a pore in the inserted state. To test
these hypotheses, we carried out equilibrium molecular
dynamics (MD) simulations of pHLIP in state III, sequentially
deprotonating the acidic residues from the N- to the C-

terminus. Despite the fact that sequential deprotonation of
pHLIP may not reflect the exact order of deprotonation in the
state III — state II transition, it nonetheless provides a
comparative basis between the different acidic residues in
pHLIP. Interestingly, we found that although deprotonation of
N-terminal acidic residues are important to initial unfolding of
the peptide, the protonation state of the C-terminal acidic
residues hold the key to stabilization of the proteolipid
complex.

B COMPUTATIONAL METHODS

System Setup. Coordinates for pHLIP (amino acid sequence
GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT) were ob-
tained from bacteriorhodopsin (PDB 1FBB) by selecting residues
72—107 and mutating residue 105 from GIn to Glu. pHLIP was
inserted as a transmembrane helix into a 1-palmitoyl-2-oleoyl-sn-3-
phosphocholine (POPC) bilayer at a 150:1 lipid:peptide ratio, with
50 waters per lipid and 100 mM NaCl, using the replacement method
in the charmm-gui web server.'® Each system was designed with
sequential deprotonation of the acidic residues in pHLIP from the N-
terminus to the C-terminus of the peptide (Table 1). Although this

Table 1. List of Protonation States of pHLIP in This Study

label deprotonated residues net charge of pHLIP
none none +1
N.-E3 E3 0
N, D14 E3, D14 -1
N¢-D2§ E3, D14, D2S -2
N,-D31 E3, D14, D25, D31 -3
N-D33 E3, D14, D25, D31, D33 —4
N-C, E3, D14, D2S, D31, D33, E34 )

progression of protonation states and system setup is not completely
consistent with what we do know about the insertion of
pHLIP,*”'*'7 it allows for a simplified comparison between the
individual acidic residues in pHLIP (without the benefit of an
enhanced sampling technique such as constant pH MD) as well as
extension to time scales that facilitate equilibration of the bilayer
surrounding the peptide.'”*°

MD Simulations. All systems generated from charmm-gui were
equilibrated for S0 ns with a 2 fs timestep in the NPT ensemble (P = 1
atm, T = 310 K) using the Langevin thermostat and Nosé—Hoover
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barostat in NAMD 2.13.*' The charmm36 force fields for lipids and
proteins, and the TIP3P model for water,”>"** were used. Standard
cutoffs for nonbonded forces consistent with charmm force fields (10
A switching distance and 12 A cutoff) were used. After equilibration,
coordinates from the last frame of the trajectory were converted to the
AMBER force field topology (ff14SB, OPC, and lipid1725_27) to be
used in production runs. Minimization and equilibration of the
Amber-based system was carried out for 1 ns with a 2 fs timestep in
the NPT ensemble (T = 310 K, P = 1 atm) using the Langevin
thermostat and Monte Carlo barostat with semianisotropic pressure
coupling to maintain the aspect ratio of the xy-glane of the lipid
bilayer, all in the sander MD engine in AMBER18.*® An 8 A cutoff for
nonbonded forces was used, consistent with Amber force fields.
Production runs had the same settings as minimization and
equilibration, utilizing the GPU version of pmemd in
AMBER18.***’ Stabilization of general positioning of pHLIP in the
bilayer was monitored by measuring the z-position of D14 and D25
for each of the respective protonation states (Figure S1). Simulations
were run in triplicate for an aggregate time of 15 us per protonation
state.

Analysis. Analysis was performed using VMD,*® cpptraj in
AmberTools,”® LOOS,*" and in-house scripts. VMD and gnuplot®
were used to render all snapshots and plot data.

B RESULTS AND DISCUSSION

Deprotonation of Acidic Residues Can Lead to Either
Localized or Distal Loss in Helicity. To analyze our
hypothesis that deprotonation of pHLIP in state III leads to
destabilization of the proteolipid complex, we examined the
relationship of deprotonation to helicity of pHLIP. As we
increased the degree of deprotonation of acidic residues, we
observed a localized loss of helicity (Figure 2A). However,
deprotonation of the C-terminal acidic residues (in particular,
D25, D31, and E34) has a more distal effect, decreasing
helicity from residues 9—15. This behavior could be related to
the fact that deprotonation of the C-terminal acidic residues
(D31, D33, E34, and the carboxy terminus) is the most likely
protonation state of the inserted TM conformation of
pHLIP."*'” In general, helicity decreases with an increase in
deprotonation, specifically in residues 9—13 in the N-terminus
and residues 17—29 in the C-terminus. This loss of helicity
indicates a decrease in the stability of the peptide in the
membrane as a function of the degree of deprotonation.
Although we do not observe a direct effect between the
deprotonated residue and localized changes in helicity, the
overall helicity of pHLIP clearly shows a direct correlation
between protonation and helicity. Helicity decreases from
nearly half of the peptide in a folded helical state when all
acidic residues are protonated to less than 30% helicity when
all acidic residues are deprotonated (Figures 2B and S2).

Unfolding of the helical segment of pHLIP leads to global
changes in the peptide as well. Radius of gyration (rg) can be
used as a general indicator of this helix-to-coil transition. As
pHLIP is deprotonated, r, increases, indicating that the entire
peptide is unfolding while still embedded in the bilayer (Figure
3). Interestingly, upon deprotonation of all acidic residues, r,
decreases, consistent with partial recapture of helicity in the C-
terminal half of the transmembrane segment. This indicates the
potential for cooperativity between deprotonation of D31,
D33, and E34 and refolding of the C-terminal segment of
residues that is exposed to bulk solvent in the cytoplasm.

pHLIP Repositions in the Bilayer in Distinct Ways to
Compensate for Deprotonation. Upon identifying that
deprotonation of acidic residues triggers unfolding in pHLIP,
we turned our attention to the role that the bilayer plays in this
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Figure 2. Sequential deprotonation of pHLIP leads to localized and
global changes in helicity. Top: Representative conformation of
pHLIP in the fully folded state. Primary amino acid sequence of
pHLIP, with putative transmembrane segment underlined. (A) Per-
residue helicity of pHLIP as a function of protonation state. (B) Total
helical content of pHLIP as a function of protonation state.

mechanism. A complex relationship exists between the two
components that maintain bilayer stability while also
facilitating the unfolding of pHLIP. The helical tilt angle
gradually decreases with sequential deprotonation of pHLIP,
proceeding from a maximum of 32—-21° in the fully
deprotonated state (Figure 4A). This shift is actually
manifested in contrasting motions within pHLIP: upon
deprotonation of the first C-terminal acidic residue (D2S), a
sharp increase occurs in the tilt angle of the N-terminal half of
pHLIP, initiating movement of this segment of the peptide to a
position more parallel to the lateral plane of the lipid bilayer
(Figure 4B). However, the tilt angle of the C-terminal half of
pHLIP notably decreases, also upon deprotonation of D2S
(Figure 4C). The compensatory motions of the two TM
segments are captured by the hinge angle centered around the
kink at P20, where we observe a slight increase in the angle—
as the N-terminal segment becomes more parallel to the
bilayer surface and the C-terminal segment becomes more
parallel to the bilayer normal, pHLIP becomes slightly more
linear (Figure 4D).

Closer examination of the interactions between pHLIP and
the bilayer reveals that individual residues and groups of
residues play a specific role in destabilization of the proteolipid
complex. First, a clear demarcation exists in the positioning of
the TM helix upon deprotonation of any C-terminal acidic
residues (Figure S5). Second, deprotonation of C-terminal
acidic residues (D25, D31, D33, and E34) leads to protrusion
of the C-terminus from the bilayer. This effectively switches
these residues from nonpolar to hydrophilic side chains,
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Figure 3. Deprotonation of acidic residues triggers the expansion of pHLIP. (A) Average radius of gyration (r,) of the TM segment of pHLIP as a
function of deprotonation of acidic residues. (B) Distribution of r, of the TM segment of pHLIP as a function of deprotonation of acidic residues.
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Figure 4. Hydrophobic effect leads to compensating motions of N- and C-terminal halves of pHLIP TM helix as acidic residues are progressively
deprotonated. (A) Helix tilt angle with respect to the membrane normal, as defined by the vector from residues 8—30 in pHLIP. (B) Helix tilt angle
with respect to the membrane normal, as defined by the vector from residues 8—19 in pHLIP. (C) Helix tilt angle with respect to the membrane
normal, as defined by the vector from residues 21—30 in pHLIP. (D) Hinge angle as measured between the vectors formed by the N-terminal
(residues 10—19) and C-terminal (residues 21—30) halves of the transmembrane (TM) helix of pHLIP. Lower right: schematic showing the
corresponding change in the tilt angle of each TM segment of pHLIP as it is fully deprotonated.

stabilizing their position with respect to the interior of the
bilayer. Third, an increase in deprotonation also leads to
partitioning of the N-terminal segment of pHLIP (residues 1—
8) into the headgroup region of the upper leaflet. This
behavior could potentially stabilize the N-terminal position of
pHLIP, compensating for the increased movement of the C-
terminal half of the peptide as D25, D31, D33, and E34 are
deprotonated.

Localized Destabilization of the Bilayer is Closely
Coupled to Deprotonation of pHLIP and Hydration of
the Hydrophobic Interior. The cooperative motions of
pHLIP that occur as a function of deprotonation take place in
concert with destabilization of the lipid bilayer. The radial
distribution function (RDF) of water with respect to pHLIP
reveals a stark contrast upon deprotonation of the C-terminal
acidic residues: beginning with D25, a sharp increase in the
RDF occurs, indicating an influx of waters into the hydro-
phobic interior of the bilayer (Figures 6A and S3A). If we
count the frequency with which a water molecule enters the
interior of the membrane, a similar trend emerges: upon

deprotonation of D25, a sharp spike (almost 3 orders of
magnitude) is observed in the diffusion of water into the
bilayer interior (Figure 6B). The residency time of waters in
the bilayer also reflects the shift in the diffusive behavior of
waters as the bilayer becomes destabilized, showing that when
the C-terminal residues of pHLIP are deprotonated, the
majority of waters spend a short time (<20 ns) in the
hydrophobic region of the bilayer, indicating fast exchange of
water molecules with bulk solvent. In contrast, when fewer
residues are deprotonated, waters can spend >40 ns in the
bilayer, indicating a snorkeling effect that is stabilized by
interactions with pHLIP (Figure 6C). Finally, deprotonation of
pHLIP also leads to global disruption of the bilayer, where we
observe that the entire lipid patch has a noticeably lower
molecular order parameter (MOP) upon deprotonation of
D25, well beyond the second and third shell of lipids (Figure
6D). Visualization of the water density in our simulations
paints a similar picture. As the N-terminal acidic residues are
deprotonated, there is a slight increase in the influx of water
molecules from bulk extracellular solvent, but it is not until
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Figure 6. Destabilization of the hydrophobic interior of the bilayer is
coupled to deprotonation of pHLIP in state III. (A) Maximum value
of the first shell of the radial distribution function (RDF) of water
with respect to pHLIP. (B) Explicit count of the number of times a
water molecule diffuses into the membrane interior, shown as the
number of crossing events. (C) Probability distribution of the time a
given water molecule spends in the hydrophobic region of the bilayer.
(D) Molecular order parameter (MOP) of pHLIP.

D25 is deprotonated that the peptide—bilayer interface is
disrupted to the point that water molecules can snorkel into
the bilayer interior, forming a continuous pore connecting bulk
solvent from the exterior and interior of the cell (Figure 7).
All other measurements of the bilayer paint a similar picture:
deprotonation of D25 and subsequent C-terminal acidic
residues are the key to facilitating migration of pHLIP toward
the outer leaflet of the membrane. There is a clear transition
from more ordered to less ordered acyl chains upon
deprotonation of D25 (Figure S3B,C). This disorder in the

interior of the bilayer manifests itself in a noticeable increase in
area per lipid (Figure S3D) and corresponding decrease in
bilayer thickness (Figure S3E). Although pHLIP remains in a
TM state in all of our simulations, the decrease in bilayer
thickness corresponding to deprotonation of D2S is more
pronounced in the upper leaflet than the lower leaflet (Figure
S3F,G). In addition to equilibrium biophysical properties of
the bilayer, we observe that insertion of pHLIP significantly
alters the lateral diffusion of lipids and their motions along the
bilayer normal in the fully inserted state. The lateral diffusion
of lipids is noticeably slower when pHLIP is fully protonated
(Figure S4A), as well as reducing the mean-squared displace-
ment (MSD) of PC headgroups in half (Figure S4B). Overall,
this indicates that pHLIP in the fully inserted state has both a
localized and distal effect of ordering the membrane.
Implications of Results on Understanding of pHLIP in
State Ill. Although the use of equilibrium MD simulations
does not allow us to model the reversible protonation and
deprotonation events that drive the transition of pHLIP from
the folded, inserted state to the unfolded, surface-bound state,
it does provide valuable insights into how deprotonation of
acidic residues leads to destabilization of pHLIP in state IIL
We observed both localized and distal effects on the helicity of
pHLIP when deprotonating acidic residues. It is clear that
unfolding of the N-terminal half of pHLIP is a prerequisite for
exit, but multiple factors can tune this process. This particular
result is not unexpected, as a recent constant pH MD study on
pHLIP in state III revealed that the N-terminal half of pHLIP
migrates to the bilayer—water interface at neutral pH.'’
Calculation of the pK, of acidic residues revealed that D14
was the trigger for this migration, and although they were
unable to resolve the pK, of D25, it is expected that
deprotonation of D25 also contributed to this surface-bound
state, in agreement with our results. What is noticeably
different in our simulations is the restoration of helicity in the
C-terminal half of pHLIP upon deprotonation of all acidic
residues, including E34. A possible explanation for this
localized increase in folding lies in the N-terminal segment
of pHLIP: we observed a decrease in the overall and C-
terminal tilt angles of pHLIP (i.e., less surface-bound and more
inserted). This shift in the orientation of the peptide helps
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[ — — — — — — — — — —fully protonated )

Figure 7. Deprotonation of acidic residues leads to penetration of water molecules into the interior of the bilayer. The volumetric representation of
average water density for each protonation state in pHLIP. The average structure of pHLIP is used to show the gradual invasion of waters as pHLIP
is sequentially deprotonated. Red and green surface: headgroups of upper and lower leaflets of POPC bilayer; blue surface: water; and yellow

cartoon: pHLIP.

offset the migration of deprotonated E34 toward bulk solvent
on the cytoplasmic side of the bilayer. The presence of R11
sandwiched between aromatic residues (Y8, W9, Y12, and
W15) helps facilitate this shift: previous studies on model
peptides and pHLIP showed that the location of an arginine
residue slightly off-center in the transmembrane segment, in
close proximity to aromatic residues, allows the arginine side
chain to snorkel toward the bilayer surface and interact with
bulk solvent.”> The transmembrane orientation can also
interchange with a surface-bound orientation that is presum-
ably stabilized by partitioning of aromatic side chains into the
headgroup region of the membrane,">** which is consistent
with the transition between states II and III in pHLIP.

What appears to occur during deprotonation of pHLIP
within the bilayer is a cooperative effect between R11 and the
deprotonated acidic residues. These two groups act in concert
to stabilize a localized deformation in the membrane. The
guanidinium group of arginine is able to stabilize single-span
peptides at the bilayer—water interface by forming a bidentate
hydrogen bond with the phosphate moiety of the PC
headgroup; this interaction is what leads to the snorkeling of
the side chain toward the extracellular solvent.** In the context
of membrane protein folding via the translocon, a shift of 1.2 A
of the arginine residue toward the bilayer—water interface
lowers the free energy of membrane integration by 0.4 kcal/
mol.*

Likewise, deprotonation of acidic residues helps trigger the
state III — state II transition of pHLIP. One way in which this
is accomplished is by extending the penetration of waters into
the interior of the bilayer. Temperature-accelerated MD
(TAMD) simulations have been able to demonstrate that
negatively charged acidic residues recruit waters into the
membrane to decrease the energy penalty for translocation of
transmembrane loops across the membrane.*® Our results are

consistent with this study, showing a sharp increase in
hydration of the bilayer interior upon sequential deprotonation
of D25, D31, D33, and E34. Beginning with D25, there is a
transition in the behavior of water molecules interacting with
the bilayer—the majority of water molecules freely diffuse
between bulk solvent and the bilayer, leading to a localized
deformation of the proteolipid complex. This observation is
also supported by time-resolved Fourier transform infrared
(FTIR) spectroscopic and MD studies on pHLIP in state III,
where it was determined that the C-terminal residues of pHLIP
were more solvent-exposed in state IIL*"** The hypothesis
that the C-terminus of pHLIP extends out of the inner plasma
membrane and into the cytoplasmic solvent,”'” which would
require the C-terminal acidic residues (D31, D33, and E34) to
be deprotonated, is also in agreement with this observation. In
addition to water penetration, divalent cations can play a role
in stabilizing these intermediates; physiological concentrations
of calcium were shown to increase the pK, of insertion well
above neutral pH.”” It was hypothesized that Ca* ions act to
coordinate between deprotonated acidic residues in pHLIP
and lipid headgroups, stabilizing intermediates between states
II and III and lowering the energy barrier for folding and
insertion. In essence, the positioning of the N-terminal half of
pHLIP to a more surface-bound orientation stabilizes the rest
of the peptide during the exit process.*

The physicochemical properties of the membrane can have a
noticeable effect on binding and insertion of pHLIP,'"""*"*>
making it critical to obtain a detailed understanding of the
relationship between pHLIP and the membrane environment.
A key characteristic of pHLIP is that it acts as a monomer
without forming a pore.” However, it is clear from solid-state
NMR and fluorescence experiments that pHLIP perturbs the
bilayer environment during insertion to the point that there is
a significant influx of water into the bilayer,” and presumably
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would do the same during exit. Our simulations provide ample
evidence that this is indeed the case: a clear transition in the
proteolipid complex occurs upon deprotonation of D25 and
subsequent C-terminal acidic residues. This transition is
localized with respect to invasion of water molecules into the
bilayer interior, but is also propagated to the bulk region of the
bilayer. Ordering of the bilayer chains is restored approx-
imately 12—15 A from pHLIP for all combinations of the N-
terminal deprotonations, but this recovery does not occur with
deprotonation of the C-terminal residues. The majority of
perturbation to the bilayer appears to occur in the extracellular
leaflet, where the N-terminal half of pHLIP undergoes
considerable movement and transitions from a helical to a
coiled conformation. This leads to a subsequent increase in
area per lipid and a decrease in membrane thickness. More
interesting is the effect of pHLIP on the diffusion of the
bilayer; when pHLIP is fully inserted and protonated, lateral
diffusion of the POPC lipids is decreased by a factor of 2 and
fluctuations of the headgroups along the membrane normal are
nearly half of their value compared to when pHLIP is fully
deprotonated. This ordering of the lipid bilayer via the
insertion of pHLIP does not exist for heterogeneous bilayers
containing cholesterol (unpublished results), indicating that
pHLIP has a similar effect to cholesterol or sphingomyelin in
inducing localized ordering of the membrane.'”*

Conventional fluorescence and CD spectroscopy techniques
led to the initial suggestion that pHLIP can reversibly
interconvert between states I, II, and III upon a transition
from a neutral pH to an acidic, membrane-bound environ-
ment.”* Subsequent studies have shown that this mechanism is
much more nuanced. Kinetics studies indicated that multiple
substates exist, with distinct pathways for insertion and
exit.”¥** Solid-state NMR and fluorescence spectroscopy
revealed that each of the acidic residues in pHLIP possesses
a unique pK,, with titration occurring in a nonlinear fashion,”’
as well as revealin% that pHLIP exists in multiple states at
slightly acidic pH.>" In addition to these mechanistic studies,
it has become clear that the function of pHLIP can be
influenced by both the membrane environment and peptide
composition. Non-PC lipids can prevent partitioning of pHLIP
to form a stable membrane-bound complex;”~"" physiological
salt concentrations can decrease the propensity for pHLIP to
insert into a membrane;'® even shifting the location of acidic
residues in pHLIP or substituting acidic residues with more
potent non-natural amino acids can enhance the effectiveness
of insertion.”*> How do our results provide additional insights
into this seemingly simple, yet complex mechanism?

It is clear that each half of the transmembrane segment of
pHLIP stabilizes the inserted state of the peptide in its own
unique manner. From our previousM’15 and current studies, we
know that R11 and the surrounding aromatic residues (Y8,
W9, Y12, and W1S) play a critical role in stabilizing the
partitioned and inserted states of pHLIP. As discussed above,
arginine can play a key role in stabilizing interactions of a
peptide with the bilayer proximal to the headgroups of
phospholipids, and the presence of the aromatic residues adds
to this stabilizing effect. Similar to what was observed by
Machuqueiro and co-workers,'” deprotonation of the N-
terminal acidic residues leads to interconversion between
inserted and surface-bound states. With respect to the C-
terminal half of the transmembrane segment, the long stretch
of nonpolar residues from position 21—30 anchors pHLIP
within the membrane. Interestingly, deprotonation of the C-

terminal acidic residues has an opposing effect: it stabilizes the
C-terminus of pHLIP by making it more favorable for D31,
D33, and E34 to remain exposed to bulk solvent from the
cytoplasm while also accelerating the rate of unfolding of the
N-terminal half of pHLIP. This mechanism is strikingly similar
to the exit pathway that was suggested by Reshetnyak and co-
workers in their first kinetics study of pHLIP.?

B CONCLUSIONS

Our results provide a detailed picture of the early stages of exit
of pHLIP from a lipid bilayer. This aspect of the pHLIP
mechanism has often been overlooked, but is a key element to
the fundamental understanding of pHLIP and the develop-
ment of biomedical applications such as diagnostic imaging of
tumors, which depend on intimate knowledge of residence
times within tissues. As stated above, the function of pHLIP
can be influenced by numerous factors; comprehensive
understanding of the effects of these factors will require
creative approaches, both experimental and computational.
This initial study into the exit mechanism of pHLIP will serve
as a solid foundation for comparison to other membrane
environments and use of enhanced sampling techniques, which
are currently underway in our lab. Ultimately, we expect that
this will inform researchers in development of pHLIP variants
and conjugates with imaging agents or small molecule drugs.
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