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Abstract

Understanding the relationship between local environmental changes

and the function of the pH Low Insertion Peptide

Violetta Burns

Cancer is the second leading cause of death in the US with over 1.7 million new

cases each year. Current cancer treatments tend to also target healthy tissues due

to similarities with cancerous ones, resulting in acute side effects. Early detection is

the best approach towards defeating cancer, however, modern imaging techniques

require sizeable samples, often implying a late stage in the disease. One common

attribute of tumors is their acidic microenvironment, which can be taken advantage

of.

The pH Low Insertion Peptide (pHLIP) is a membrane-active peptide that can

take advantage of the acidic microenvironment surrounding cancer cells. pHLIP

can spontaneously fold and insert unidirectionally as a transmembrane into lipid

membranes under acidic conditions. Thus, pHLIP is able to transport drugs across

cancerous membranes and deliver it to the interior of the cell. Although the mech-

anism of insertion and exit of the peptide has been thoroughly studied through

experimental and computational approaches, there are still elements of the peptide

and its behavior that are not fully understood.

This dissertation focuses on all-atoms molecular dynamics (MD) simulations to

study the interactions between pHLIP and its environmental factors. Through

High Performance Computing (HPC) at West Virginia University (WVU), we

were able to map the initial stages of exit of pHLIP, determine the effect of peptide

insertion on the dynamics of a complex lipid bilayer and provide new insights into

the environmental factors affecting pHLIP in solution. The results reported in this

dissertation will aid the future development of pHLIP-based early detection and

targeting agents.
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Chapter 1

Introduction

The human body is composed of trillions of cells, each designed to fulfill specific

functions that keep the body alive and working. Each cell has a plasma membrane

that separates the interior organelles and cytoplasm from the extracellular envi-

ronment. Cell membranes are typically made of around 50% lipids[1], specifically

phospholipids and sterols, and 50% proteins. In membranes, lipids act as struc-

tural components, barriers and platforms for biological processes, and proteins

behave as gateways for nutrient transport, energy conversion and as part of the

signaling cascades for processes such as cell proliferation. Local and global lipid

composition of the membrane influences lipid-lipid and lipid-protein interactions,

hence dictating the functionality of the system.

1.1 Cell membrane lipids

Cell membranes are amphipathic in nature, meaning that they posses both hy-

drophobic and hydrophilic regions. This characteristic is due to the spontaneous

self-assembly of the amphipathic lipids that form the membrane, where the hy-

drophobic moieties self-associate to avoid the solvent while the hydrophilic do-

mains interact with the solvent, forming lipid bilayers (Fig. 1.1).

Most membrane lipids in eukaryotic cells can be classified as glycerophospholipids

(GPLs), sphingolipids or sterols[1, 2]. GPL’s and sphingolipids have a polar hy-

drophilic headgroup region, usually localized at the lipid-water interface of the

membrane, and non-polar hydrophobic tails, normally located in the interior of

1



Introduction 2

Figure 1.1: Schematic of lipid bilayer. Lipid bilayer formed by spon-
taneous self-assembly of amphipathic lipids, with hydrophobic tails secluding
themselves by positioning at the center of the bilayer and hydrophilic head-
groups staying at the lipid-solvent interfaces.

the bilayer, while sterols are non-polar and tend to stay in the hydrophobic re-

gion of the bilayer[1–3]. GPL’s and sphingolipids are both structural lipids and

can be differentiated between them by their hydrophobic domains, specifically due

to their variations in chain length, number of double bonds, position of double

bonds and hydroxylation. Variations between headgroups and tails of GPL’s and

sphingolipids allow the existence of >1000 different lipids.

GPL’s hydrophobic moieties consist of a pair of acyl chains, also known as diacyl-

glycerol (DAG). These tails are connected to the headgroup region by the glycerol

backbone, at positions denoted as sn-1 and sn-2. Fatty acyl chains linked at sn-1

tend to be either saturated or cis-monounsaturated, and with the sn-2 chain being

cis-monounsaturated or polyunsaturated [2, 3](Fig. 1.2).

Figure 1.2: Chemical structure of a glycerophospholipid. One of the
main structural polar lipids found in mammalian cells. Primarily composed of
two fatty acyl chains, glycerol backbone and charged headgroup. [2]
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Phosphatidylcholine (PC) is a GPL that makes >50% of phospholipids found in

eukaryotic cell membranes[3], and one of its main characteristics is that it increases

fluidity thanks to possessing at least one cis-unstaturated fatty acyl chain. This

increase in fluidity is a consequence of the kink found in the fatty acyl chains,

which prevents close packing of the lipids.

Sphingolipids hydrophobic tails are a sphingoid base backbone, made from ce-

ramides (Cer), and a N-acyl chain. The sphingoid backbone can adopt various

lengths and types and the N-acyl chains are mostly saturated and longer than

GPL’s fatty acyl chains[3, 4](Fig. 1.3).

Figure 1.3: Chemical structure of a sphingolipid. Structural polar lipid
type found in mammalian cells. Composed by a sphingoid base backbone, N-
Acyl hydrocarbon chain and charged headgroup.[2]

Sterols are non-polar lipids with cholesterol being the main one found in mam-

malian cells. Sterols can adopt various structures, and one of their principal char-

acteristics is their capability to ease phase transitions of the membrane from gel

to lipid-crystalline[5](Fig. 1.4).

The differences in the chemical structure of lipids affects the physical properties

of the cell membrane. Lipids with long, saturated tails, such as sphingolipids,

decrease the fluidity of the membrane and increase thickness, as the lipid tails allow

for close packing. In contrast, lipids with unsaturated tails, such as GPL’s, tend to

kink and prevent tight packing of the lipids. This is important as proteins interact

with membranes by sensing the physical properties, such as the degree of exposure

of the hydrophobic chains. Specifically, transmembrane helices gravitate towards

loose packing regions of the membrane, where insertion is more favorable[4].



Introduction 4

Figure 1.4: Chemical structure of a cholesterol. Non-polar lipid found
in mammalian cells. Structure defined by a hydroxyl group, fused rings and
a hydrocarbon tail. Specially important in affecting the viscosity of the lipid
bilayer.[2]

The distribution of GPL’s, sphingolipids and sterols across both membrane leaflets

is not uniform, but rather asymmetric. Lipids such as phosphatidylserine(PS) are

inclined to flip-flop between inner and outer leaflets as a result of changes in

pH[5–7]. Under acidic conditions, PS headgroups are neutralized, and the lipid

flips towards the inner leaflet of the membrane, hence increasing asymmetry[1–

3]. This same behavior is also observed in other negatively charged lipids. Lipid

asymmetry also contributes to the curvature of the membrane and can promote

peptide insertion[8].

Cells membranes also function as protein recruiters, with headgroups initiating

the lipid-protein interactions that lead to embedding or insertion of the protein or

peptide into the membrane[9–12]. As mentioned above, proteins and peptides are

susceptible to the physical properties of the membrane patch they are interacting

with, including curvature, packing, type of headgroup, charge and thickness of the

membrane[10, 13, 14]. An example of a protein factor affected by these properties

is lateral diffusion. Proteins and peptides aim to bury their helical domains within

the hydrophobic region of the membrane, hence they are prone to remain in areas

of the membrane where lipid tails are long enough to cover them[10, 11, 15]. Most

of these characteristics are affected by changes in the environment surrounding

the cell, which is a common property of certain diseases such as cancer[16–18].
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1.2 Characteristics of cancer cells

Cancer is the second leading cause of deaths in the US with over 1.7 million new

cases per year[19]. It is caused by the uncontrolled growth of cells in the patient’s

body, and it can be localized to a single area or organ, or spread through various

areas of the body, at which point it’s considered metastatic. Current chemotherapy

treatments aim to stop or slow down the proliferation of tumors by killing cancer

cells, and there is no universal medication that can target all types of cancer.

Furthermore, some of those structural segments can also be found in healthy cells,

which increases the difficulty of specificity on targeting cancer cells exclusively,

thus increasing side effects in the patient.

One characteristic that all cancer cells have in common is the fact that the micro-

environment surrounding the cells have a lower pH than healthy cells[16, 17, 20].

This property is the result of the Warburg Effect[21, 22], a process by which the

glucose intake in cells to produce ATP and lactate increases independently of

whether there is oxygen present or not (Fig. 1.5). In normal cells, ATP is mostly

produced via oxidative phosphorylation, a process in which glucose is broken down

to produce pyruvate and carbon dioxide in the presence of oxygen. When cells

lack oxygen, glucose can still be broken down via anaerobic glycolysis, producing

ATP and lactate, however this occurs at a much lower rate. Cancer cells favor the

production of lactate as a byproduct instead of carbon dioxide in a process called

aerobic glycolysis. The lactate produced is then secreted to the outside of the cell,

which in turn lowers the pH of the surrounding microenvironment.

pH is a chemical scale by which we measure whether a certain substance is acidic

or basic. In order words, it allows scientist to determine if a substance is corrosive

or abrasive, or if it’s safe for contact or consumption. The acidity or alkalinity of

a mixture is the determined by the following formula:

pH = −log[H+] (1.1)

In this chemical scale, pH of 1 to around 6-6.5 are considered acidic, substances

with pH of 6.5-7.5 are considered neutral, and substances with a pH of 7.5 of

higher are considered alkaline. Healthy cells in the human body have a pH of 7.2,

while cancer cells have a pH of around 6.8, and thus, it allows us to use it as a
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Figure 1.5: Warburg effect. Left: Oxidative phosphorylation and anaerobic
glycolysis processes of healthy cells. Right: Aerobic glycolysis process of cancer
cells.[22]

means to differentiate between healthy and cancer cells for targeted drug delivery

and early imaging detection.

1.3 The pH Low Insertion Peptide

The pH Low Insertion Peptide (pHLIP) is a 36 residue peptide derived from the

helix C of bateriorhodopsin, and it’s of special interest in the scientific community

due to its ability to spontaneously fold and insert into the cell membrane under

acidic conditions(Fig. 1.6). This capability is due to the presence of 6 acidic

residues distributed along the peptide, and 1 alkaline residue in its N-terminal,

summing up to an overall net charge of -5.

1.3.1 Origins and discovery

The pH Low Insertion Peptide (pHLIP) was discovered by the Engelman group at

Yale university while they were performing studies on the folding mechanism of

membrane proteins such as bacteriorhodopsin[24]. Their working hypothesis was

that proteins with a significant percentage of secondary structure could sponta-

neously insert into a phospholipid bilayer, provided the free energy obtained from
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Figure 1.6: Mechanism of folding and insertion of pHLIP. pHLIP has
three distinctive states: unstructured in solution (state I), embedded in the
membrane (state II) both a pH > 7 and inserted as a transmembrane helix
(state III) at pH < 6.5.[23]

such partition was large enough. Out of the seven peptides obtained from bacte-

riorhodopsin, only helix C showed weak association with the lipid vesicles used,

indicating it could easily be recovered. Furthermore, gel filtration chromatography

inferred that the peptide preferred an oligomeric conformation in solution. Using

fluorescence spectroscopy, they were able to determine that, upon folding, the hy-

drophobic section of pHLIP spontaneously inserts into the phospholipid membrane

at low pH. Circular Dichroism (CD) spectroscopy concluded that pHLIP depends

on the presence of a phospholipid membrane and a low pH to undergo a con-

formational transition from coil in solution to transmembrane helix. This study

catapulted the interest and subsequent studies of the peptide for its promising

biomedical applications.

1.3.2 pHLIP’s mechanism

Although the initial study proved that pHLIP spontaneously folds and inserts into

a phospholipid lipid membrane under acidic conditions, the details of such process

and how other factors, such as lipid composition, salt concentration or mutations,

would affect the system were poorly understood. Thus, a race began towards

understanding the fundamentals of pHLIP. The main two experimental techniques

consistently used by scientists have been CD and fluorescence spectroscopy[25–

28], due to their advantages in detecting conformational changes in the secondary

structure and capture of insertion of the peptide via burial of the tryptophan

residues in its N-terminus, respectively (Fig 1.7).

Other studies have incorporated solid state NMR (ssNMR)[29–31], small-angle

neutron and X-ray Scattering (SANS and SAXS)[32, 33], and molecular dynamics
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Figure 1.7: Folding and insertion events through CD and fluores-
cence spectroscopy. Figure A: CD spectroscopy of pHLIP at pH 7.4(black),
6.4(blue) and 5.3(red). Results show how pHLIP’s conformation changes from
a coil conformation (blue and black) to helical at acidic pH (red). Figure B:
Fluorescence spectroscopy of pHLIP as a function of pH. Blue shift is observed
from pH 7.87 to 5.70, which indicates that pHLIP’s tryptophans have progressed
from being in contact with the solvent to be inserted into the membrane.[29]

simulations[34, 35]. These new techniques have allowed us to understand how salt

concentration and charge of headgroups affects pHLIP binding and embedding to

the membrane [35, 36], differenciate between the pka’s of each acidic residue in

pHLIP as they protonate[25, 26, 37] and even map out the possible entry and exit

mechanisms of the peptide [30, 33, 37].

A recent kinetic study of pHLIP was performed using CD and fluorescence quench-

ing to investigate single-tryptophan variants of the peptide at positions 6, 17 and

30[37]. The results show embedding of pHLIP into the bilayer, followed by increase

in helical content due to protonation of acidic residues, which triggers insertion of

the peptide. Interestingly, exit pathway seem to happen via destabilization of the

peptide at the transmembrane position due to loss of helicity, and then exit (Fig.

1.8).

1.3.3 pHLIP cancer studies

As we established before, pHLIP is of high interest in the scientific community

due to its potential for early detection and targeted drug delivery in cancer. In re-

cent years, several in vivo, in vitro and computational studies were done to better

understand how does pHLIP work in real cancer cells and their environment[38,

39]. Recent studies, such as the one done by Svoronos and Engelman[40], where

they used a mathematical method they developed to model insertion process of
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Figure 1.8: Generalized model of insertion and exit mechanism of
pHLIP. Single-tryptophan pHLIP variants at positions 6 (green), 17 (blue)
and 30 (red). Insertion of pHLIP via initial embedding, partial folding and
finally, insertion to transmembrane conformation. Exit pathway involves desta-
bilization of the transmembrane peptide followed by exit. [37]

the peptide and then use it to compare biodistributions of the wild-type pHLIP

variant between healthy and tumor tissues via a pharmacokinetic model. They

were able to identify crucial factors that affect tumor targeting and delivery of

pHLIP such as enhanced permeability and retention (EPR) effect and variations

of intracelullar pH, two very well know factors that vary between tumors tissues;

and pHLIP variants that are able to perform better than the wild-type pHLIP,

thus improving our knowledge for the development of new pHLIP sequences that

might enhance tumor targeting and efficient drug delivery.

Another research study concentrated on the effect of the variations of the intra- and

inter-tumor pH on the delivery of magnetic nanoparticles (MNP’s) with pHLIP[41].

They were able to show that pHLIP-modified MNP’s accumulated more effectively

on tumor cells with pH 6.4 than at pH 7.2, and that pHLIP-modified MNP’s were

retained longer by the tumor cells as compared to non-pHLIP MNP’s.

Although these studies bring us closer towards using pH Low Insertion Peptides

in clinical trials, there is still much to be understood, hence the focus of this

research. In the next few chapters we will be covering how deprotonation of

transmembrane pHLIP modifies the stability of the lipid-peptide system and the

mapping of the initial steps towards exit of the peptide, the effects of pHLIP
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insertion on membrane fluctuations and diffusion coefficients, and the relationship

between salt concentration and conformational changes of pHLIP.
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Chapter 2

Methods

Proteins and membrane systems have been studied using a wide range of experi-

mental techniques, however high resolution data normally requires static systems

(x-ray) while the analysis of processes in real time normally requires high con-

centration samples (NMR)[1]. Molecular dynamics (MD) simulations is a compu-

tational technique that uses Newton’s second law of motion to mimic real time

processes of biological systems with atomic resolution. Thus MD is able to provide

more detailed information of the system (Fig. 2.1).

Figure 2.1: Molecular dynamics as a higher resolution technique.
Graphical depiction of the resolution of current experimental versus molecular
dynamics (MD) simulations. MD allows to research short biological processes
at the atomic level, hence avoiding loss of detailed information of the system.[1]
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In order to use MD simulations, we need the three-dimensional coordinates of each

atom with respect to all other atoms in a protein which are normally obtained

through x-ray crystallography[2, 3], NMR spectroscopy[4, 5] or cryo-electron spec-

troscopy[6, 7]. Other files needed are a topology file, which defines how each atom

is bonded to one another, and the corresponding force fields, a series of mathemat-

ical models that depict the interaction between atoms using the following formula:

Vtotal = Vbond + Vangle + Vdihedral + Vimproper + VLJ + Vcoulomb (2.1)

Where Vbond and Vangle describe the contributions to the potential energy of the

system by the harmonic oscillators corresponding to the stretching and bending

movements between atoms connected by a bond; Vdihedral and Vimproper are the

contributions to the potential energy of the system corresponding to the clock-

wise torsional rotations between 2 planes, each formed by 3 bonded atoms, i.e:

sinusoidal oscillations; VLJ corresponds to the intermolecular pairwise potential

between 2 atoms or molecules. Specifically, it account for the attractive and re-

pulsive interactions between atoms as a function of the distance between them,

and its described with the following equation:

VLJ(r) = 4ε[(
σ

r
)12 − (

σ

r
)6] (2.2)

Where (σ/r)12) accounts for the repulsive interactions and (σ/r)6) accounts for the

attractive interactions between 2 atoms.

Finally, Vcoulomb corresponding to the potential energy of the electrostatic interac-

tion between 2 charged atoms, i.e: Coulomb potential:

F =
k ∗Q1 ∗Q2

d2
(2.3)

The MD software uses the potential values obtained for each atom to calculate

the new positions by solving Newton’s second law of motions[8]:

x(t+ ∆t) = x(t) + ∆t[v(t) + ∆tf(t)/2m] (2.4)
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Where x(t+∆t) is the position calculated, x(t) is the previous position, ∆t) is the

timestep, v(t) is the velocity of each atom, f(t) is the force and m is the mass of

the atom.

The new positions are calculated each timestep, generating a time-dependent path-

way.

Analysis of a system is very much dependent on what aspects one wants to look

at. Some of the most common ones are:

1) Root Mean Square Displacement (RMSD) calculates the difference in the coor-

dinates of the backbone of a protein from a reference as a function of time. This

reference can be the crystal structure used, the coordinates from the first step, or

the coordinates of a specified frame[9, 10].

2) Area per lipid calculates the area in the x-y dimension of each lipid by getting

the x-y dimensions of the box and dividing it by the number of lipids per leaflet[11,

12].

3) Lipid deuterium order parameter quantifies the order of the carbon-hydrogen

backbone of lipid tails. Normally parallel to area per lipid, it allows us to quantify

if the tails of a lipid are tightly packed or if they are adopting other conformations

due to loose packing[13, 14].

4) Mean-square displacement, much like RMSD, calculates the difference in posi-

tion of an atom or molecule from its reference structure[15, 16].

5) Principal Component Analysis (PCA) allows for a reduction of dimensionality

of the system in order to be able to obtain the most characteristic conformations

of the peptide[17].

For more information on the methodology of molecular dynamics simulations,

please refer to our book chapter.[18]
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Chapter 3

Using Simulation to Understand

the Role of Titration on the

Stability of a Peptide–Lipid

Bilayer Complex

3.1 Abstract

The pH-Low Insertion Peptide (pHLIP) is an anionic membrane-active peptide

with promising potential for applications in imaging of cancer tumors and tar-

geted delivery of chemotherapeutics. The key advantage of pHLIP lies in its acid

sensitivity: in acidic cellular environments, pHLIP can insert unidirectionally into

the plasma membrane. Partitioning-folding coupling is triggered by titration of

the acidic residues in pHLIP, transforming pHLIP from a hydrophilic to a hy-

drophobic peptide. Despite this knowledge, the reverse pathway that leads to

exit of the peptide from the plasma membrane is poorly understood. Our hy-

pothesis is that sequential deprotonation of pHLIP is a prerequisite for exit of the

peptide from the plasma membrane. We carried out molecular dynamics (MD)

simulations to characterize the effect that deprotonation of the acidic residues 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 mech-

anism is facilitated by a complex relationship between the peptide, bulk solvent,

and the membrane environment. As the N-terminal acidic residues of pHLIP are

24



Using Simulation to Understand the Role of Titration on the Stability of a
Peptide–Lipid Bilayer Complex 25

deprotonated, localized loss of helicity drives unfolding of the peptide and more

pronounced interactions with the bilayer at the lipid-water interface. Deprotona-

tion 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 be-

tween the surface-bound and inserted states of pHLIP occur and provide insights

into rational design of pHLIP variants with modified abilities of insertion.
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3.2 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.[1, 2]

pHLIP was originally derived from transmembrane helix C of bacteriorhodopsin

and was discovered during a mechanistic study on folding of membrane proteins [3].

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) (Fig. 3.1).

Initial studies posited that protonation of D14 and D25, the acidic residues in the

transemembrane segment of pHLIP, were the driving factors in the acid-sensitivity

of the peptide [3–5]. Subsequent studies have shown that folding and insertion of

pHLIP is much more nuanced, with protonation occurring in a non-sequential and

non-binary manner [6, 7].

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) spec-

troscopic studies have been used extensively to establish that binding of pHLIP

is most effective in PC-only lipid systems, and that anionic lipid headgroups can

lead to shallower binding of pHLIP [4, 8–11]. Site-specific fluorescence labeling

revealed that particular segments of pHLIP exhibit a characteristic pK a of in-

sertion [7], lending support to a multi-step model of insertion that was initially

suggested by stopped-flow kinetics studies on the insertion and exit mechanisms

of pHLIP [5]. 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 [12], indicating that sev-

eral conformational intermediates exist in the insertion pathway. The next study

from Qiang, An, and coworkers established that protonation of aspartic acids in

the state II → state III transition was not sequential and did not depend solely

on D14 and D25; rather, D31 and D33 were protonated first, followed by D25

and D14 [6]. Fluorescence quenching experiments also showed that the mem-

brane environment underwent a significant degree of perturbation at intermediate

pH values, with penetration of water molecules into the hydrophobic interior [6].

Most recently, Qiang, An, and coworkers were able to correlate thermodynamic

intermediate states with protonation of specific residues in pHLIP, confirming that
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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 [13]. Equilibrium molecular dynamics (MD) simulations have

been effective in providing detailed descriptions of pHLIP in solution [14] and

binding of pHLIP [15, 16], showing that pHLIP can undergo partial folding in so-

lution 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 [17]. There it was shown

that deprotonation of D14 was the determining factor in destabilization of posi-

tioning 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 char-

acterized, the molecular interactions that govern the reverse pathway (unfolding

and exit) are poorly understood. Acquisition of this detailed knowledge has im-

plications 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 in-

serted state is significant to this understanding: we know that the insertion and

exit pathways are thermodynamically equivalent [13], but kinetics studies indicate

that these pathways are independent from one another [5]. 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 III. 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 [4]. 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 de-

protonation 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.
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Figure 3.1: Overview of systems studied. Left: Snapshot of pHLIP (yel-
low) folded and inserted into a POPC bilayer (surface, green and red). Inset:
Close-up of pHLIP highlighting the acidic residues that are either protonated
or deprotonated in this study.

3.3 Computational Methods

3.3.1 System setup

Coordinates for pHLIP (amino acid sequence GGEQNPIYWARYADWLFTTPLL-

LLDLALLVDADEGT) were obtained from bacteriorhodopsin (PDB 1FBB) by se-

lecting residues 72 to 107 and mutating residue 105 from Gln 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 [18]. 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 3.1). Although this

progression of protonation states and system setup is not completely consistent

with what we do know about the insertion of pHLIP [6, 7, 13, 17], 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 timescales that facilitate equilibration of the bilayer surrounding

the peptide [19, 20].

3.3.2 MD simulations

All systems generated from charmm-gui were equilibrated for 50 ns with a 2 fs

timestep in the NPT ensemble (P = 1 atm, T = 310 K) using the Langevin

thermostat and Nose-Hoover barostat in NAMD 2.13 [21]. The charmm36 force
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label deprotonated residues net charge of pHLIP
none none +1
Nt-E3 E3 0

Nt-D14 E3, D14 -1
Nt-D25 E3, D14, D25 -2
Nt-D31 E3, D14, D25, D31 -3
Nt-D33 E3, D14, D25, D31, D33 -4
Nt-Ct E3, D14, D25, D31, D33, E34 -5

Table 3.1: List of protonation states of pHLIP in this study.

fields for lipids and proteins, and the TIP3P model for water [22–24] were used.

Standard cutoffs for non-bonded forces consistent with charmm force fields (10 Å

switching distance and 12 Å cutoff) were used. After equilibration, coordinates

from the last frame of the trajectory were converted to the AMBER force field

topology (ff14SB, OPC and lipid17 [25–27]) to be used in production runs. Min-

imization 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 semi-anisotropic pressure

coupling to maintain the aspect ratio of the xy-plane of the lipid bilayer, all in

the sander MD engine in AMBER18 [28]. An 8 Å cutoff for non-bonded forces

was used, consistent with Amber force fields. Production runs utilized the same

settings as minimization and equilibration, this time utilizing the GPU version of

pmemd in AMBER18 [28, 29]. 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 (Fig. S1). Simulations were run in triplicate

for an aggregate time of 15 µs per protonation state.

3.3.3 Analysis

Analysis was performed using VMD [30], cpptraj in AmberTools [28], LOOS [31],

and in-house scripts. VMD and gnuplot [32] were used to render all snapshots and

plot data.
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3.4 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 desta-

bilization of the proteolipid complex, we examined the relationship of deprotona-

tion to helicity of pHLIP. As we increased the degree of deprotonation of acidic

residues, we observed a localized loss of helicity (Fig. 3.2A). However, deproto-

nation 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 [13, 17]. 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 deprotona-

tion. Although we don’t observe a direct effect between the deprotonated residue

and localized changes in helicity, the overall helicity of pHLIP clearly shows a di-

rect 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 (Fig. 3.2B

and Fig. 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, rg increases, indicating that the entire

peptide is unfolding while still embedded in the bilayer (Fig. 3.3). Interestingly,

upon deprotonation of all acidic residues, rg 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.
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Figure 3.2: 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.

3.4.1 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 mechanism. A

complex relationship exists between the two components that maintains bilayer

stability while also facilitating unfolding of pHLIP. The helical tilt angle gradually

decreases with sequential deprotonation of pHLIP, proceeding from a maximum

of 32◦ to 21◦ in the fully deprotonated state Fig. 3.4A. This shift is actually

manifested in contrasting motions within pHLIP: upon deprotonation of the first
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Figure 3.3: Deprotonation of acidic residues triggers expansion of
pHLIP. A) Average radius of gyration (rg) of the TM segment of pHLIP as
a function of deprotonation of acidic residues. B) distribution of rg of the TM
segment of pHLIP as a function of deprotonation of acidic residues.

C-terminal acidic residue (D25), 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 (Fig. 3.4B). How-

ever, the tilt angle of the C-terminal half of pHLIP notably decreases, also upon

deprotonation of D25 (Fig. 3.4C). 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 (Fig. 3.4D).

Closer examination of the interactions between pHLIP and the bilayer reveal 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 (Fig. 3.5).

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, 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.
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Figure 3.4: Hydrophobic effect leads to compensating motions of N-
and C-terminal halves of pHLIP TM helix as acidic residues are pro-
gressively 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 de-
fined by the vector from residues 21-30 in pHLIP. D) Hinge angle as measured
between the vectors formed by the N-terminal (residues 10 to 19) and C-terminal
(residues 21 to 30) halves of the transmembrane (TM) helix of pHLIP. Lower
right: schematic showing the corresponding change in tilt angle of each TM
segment of pHLIP as it is fully deprotonated.

3.4.2 Localized destabilization of the bilayer is closely cou-

pled 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 hydrophobic

interior of the bilayer (Fig. 3.6A and S3A). If we count the frequency with which

a water molecule enters the interior of the membrane, a similar trend emerges:
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Figure 3.5: Deprotonation has subtle localized and global effects on
positioning of pHLIP in state III. Per-residue distance distribution of
pHLIP with respect to the midplane of the POPC bilayer (zero corresponds
to the projection onto the z-axis of the center of mass of the bilayer). Heat
bar indicates the probability of per-residue distance. Thick black vertical lines
indicate the boundaries of the TM segment of pHLIP.

upon deprotonation of D25, a sharp spike (almost three orders of magnitude)

is observed in the diffusion of water into the bilayer interior (Fig. 3.6B). 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 (Fig. 3.6C). 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 (Fig. 3.6D).

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 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 (Fig. 3.7).

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
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Figure 3.6: Destabilization of hydrophobic interior of bilayer is cou-
pled 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.

of pHLIP towards the outer leaflet of the membrane. There is a clear transition

from more ordered to less ordered acyl chains upon deprotonation of D25 (Figs.

S3B and S3C). This disorder in the interior of the bilayer manifests itself in a

noticeable increase in area per lipid (Fig. S3D) and corresponding decrease in

bilayer thickness (Fig. S3E). Although pHLIP remains in a TM state in all of our

simulations, the decrease in bilayer thickness corresponding to deprotonation of

D25 is more pronounced in the upper leaflet than the lower leaflet (Figs. S3F and

S3G). 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 (Fig. S4A), as well

as reducing the mean squared displacement (MSD) of PC headgroups in half (Fig.
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S4B). Overall, this indicates that pHLIP in the fully inserted state has both a

localized and distal effect of ordering the membrane.

Figure 3.7: Deprotonation of acidic residues leads to penetration of
water molecules into interior of the bilayer. Volumetric representation of
average water density for each protonation state in pHLIP. 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; yellow cartoon: pHLIP.

3.4.3 Implications of results on understanding of pHLIP

in state III

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 III. 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 [17]. Calculation of the pK a of acidic

residues revealed that D14 was the trigger for this migration, and although they
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were unable to resolve the pK a 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 offset the migration of deprotonated E34 towards 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 sidechain to snorkel towards the bilayer

surface and interact with bulk solvent [33]. The transmembrane orientation can

also interchange with a surface-bound orientation that is presumably stabilized

by partitioning of aromatic sidechains into the headgroup region of the membrane

[15, 33], 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 sidechain towards extracellular solvent [34]. In the context of membrane pro-

tein folding via the translocon, a shift of 1.2 Å of the arginine residue towards

the bilayer-water interface lowers the free energy of membrane integration by 0.4

kcal/mol [35].

Likewise, deprotonation of acidic residues help 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 in order to decrease the energy penalty

for translocation of transmembrane loops across the membrane [36]. 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
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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 III

[37, 38]. The hypothesis that the C-terminus of pHLIP extends out of the inner

plasma membrane and into cytoplasmic solvent [6, 17], 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 a of insertion well above neutral pH [39].

It was hypothesized that Ca2+ 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 [40].

The physicochemical properties of the membrane can have a noticeable effect on

binding and insertion of pHLIP [10, 11, 41, 42], making it critical to obtain a

detailed understanding of the relationship between pHLIP and the membrane en-

vironment. A key characteristic of pHLIP is that it acts as a monomer without

forming a pore [4]. 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 [6], and presum-

ably 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 approximately 12-15 Å 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 decrease in membrane

thickness. More interesting is the effect of pHLIP on the diffusion of the bilayer;
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when pHLIP is fully inserted and protonated, lateral diffusion of the POPC lipids

is decreased by a factor of two and fluctuations of the headgroups along the mem-

brane normal are nearly half of their value compared to when pHLIP is fully

deprotonated. This ordering of the lipid bilayer via insertion of pHLIP does not

exist for heterogeneous bilayers containing cholesterol (unpublished results), indi-

cating that pHLIP has a similar effect to cholesterol or sphingomyelin in inducing

localized ordering of the membrane [19, 43].

Conventional fluorescence and CD spectroscopy techniques led to the initial sug-

gestion that pHLIP can reversibly interconvert between states I, II, and III upon

a transition from a neutral pH to an acidic, membrane-bound environment [3,

4]. 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 [5, 8, 44]. Solid-state NMR and fluorescence spectroscopy

revealed that each of the acidic residues in pHLIP possess a unique pK a, with

titration occurring in a non-linear fashion [6, 7], as well as revealing that pHLIP

exists in multiple states at sightly acidic pH [6, 13]. In addition to these mecha-

nistic 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 [9–11];

physiological salt concentrations can decrease the propensity for pHLIP to insert

into a membrane [16]; 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 [8, 45]. 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 their own unique manner. From our previous [14,

15] and current studies, we know that R11 and the surrounding aromatic residues

(Y8, W9, Y12, and W15) play a critical role in stabilizing the partitioned and

inserted states of pHLIP. As discussed above, arginine can play a key role in sta-

bilizing 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 coworkers [17], deproto-

nation of the N-terminal acidic residues leads to interconversion between inserted

and surface-bound states. With respect to the C-terminal half of the transmem-

brane segment, the long stretch of nonpolar residues from position 21-30 anchors



Using Simulation to Understand the Role of Titration on the Stability of a
Peptide–Lipid Bilayer Complex 40

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 sug-

gested by Reshetnyak and coworkers in their first kinetics study of pHLIP [5].

3.5 Conclusion

Our results provide a detailed picture into 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 fundamental understanding of pHLIP and development 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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Chapter 4

The Transmembrane Helix of

pHLIP Slows Down Membrane

Thickness Fluctuations and

Translational Diffusion

Disclaimer: The following study was a collaboration with various scientists. The

author of this dissertation contributed the all-atoms molecular dynamics simula-

tions data only.

4.1 Abstract

Cellular membranes interact with surface-associated and transmembrane proteins

that are responsible for a range of biological functions, which are facilitated through

dynamical interactions with the host lipid membrane. Despite the recognized im-

portance of protein-membrane interactions, the question as to how proteins affect

membrane dynamics, in particular collective fluctuations, remains largely unan-

swered. Here, we used neutron spin echo (NSE) spectroscopy to selectively access

membrane bending and thickness fluctuation modes to determine the dynamic re-

sponse of a lipid bilayer interacting with the pH-low insertion peptide (pHLIP). A

salient feature of the peptide is that it transitions from a surface-associated (SA)

state, at neutral pH, to a transmembrane (TM) helix under acidic conditions.
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Our results indicate that pHLIP’s SA state does not affect membrane bending or

thickness fluctuations. Importantly, however, when in the TM state, pHLIP slows

down membrane thickness fluctuations without affecting bending dynamics, indi-

cating that TM insertion alters the membrane viscosity but not its rigidity. These

observations are consistent with molecular dynamics simulations and solid-state

NMR data showing that pHLIP promotes distortions in lipid tail conformations,

which result in an increase in membrane viscosity and a reduction in lateral lipid

diffusion. The findings potentially suggest a new mechanism for modulation of

biological function, whereby TM protein insertion drives a redistribution of lipid

tail conformations that lead to a slowdown in thickness fluctuations. Thus, these

results have far-reaching implications in how we understand membrane signaling

and in potential therapeutic applications of pHLIP.
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4.2 Introduction

Cell membranes orchestrate multiple key functions through a delicate interplay

between membrane proteins and their host lipid matrix[1–3]. Numerous studies

over the past few decades have elegantly illustrated the intimate link between the

structure and function of membrane proteins and the physico-chemical properties

of the lipid environment in which they reside[4]. Examples range from the role of

membrane curvature in the photochemical function of rhodopsin or the gating be-

havior of mechanosensitive channels[5–7], to the effect of membrane thickness on

the enzymatic activity of membrane proteins[4, 8, 9]. Such studies, often accom-

panied by theoretical or computational modeling, have significantly contributed to

our understanding of how the structural parameters of lipid membranes, such as

bilayer thickness and curvature, can influence the function of membrane-associated

proteins[10, 11]. However, major gaps still exist in our understanding as to how

membrane proteins could, in turn, alter the properties of their host membranes,

and importantly, how the different states of the protein impact lipid dynamics.

Since functional modes in lipid-protein complexes occur over multiple length- and

timescales, understanding the intricate cooperativity between membrane proteins

and lipid membranes requires knowledge of how different classes of proteins influ-

ence hierarchical membrane dynamics, from individual lipid motions up to collec-

tive membrane fluctuations.

Membrane proteins account for approximately half the mass of mammalian plasma

membranes[12, 13]. They are grouped into two broad categories, namely surface-

associated (SA) and transmembrane (TM) proteins, both of which are crucial to

the cell’s viability and function. Among the peptides or proteins that can adopt

both SA and TM states is the pH-low insertion peptide (pHLIP). At neutral pH,

pHLIP adsorbs to the membrane surface, but when the environmental pH de-

creases, pHLIP transforms into a TM α-helix[14, 15]. The amino acid sequence of

pHLIP includes seven acidic groups whose protonation triggers membrane inser-

tion, allowing for controllable conformational changes[16]. Its pH-responsiveness

also allows the peptide to target aggressive solid tumors, which typically possess

an acidic extracellular medium[17]. Indeed, pHLIP is a promising candidate for

selective cancer therapeutics, as it is able to translocate cargo, such as radionu-

clides, toxins, and antisense molecules into the cytoplasm of cancer cells[18, 19].
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However, to exploit its full potential in cancer applications, it is important to un-

derstand its dynamical interactions with host membranes, both in its SA and TM

states.

Among the rich dynamics of lipid membranes, collective membrane fluctuations

have been implicated in various protein functions, including the ability of proteins

to bind to or insert in membranes[20, 21]. These fluctuations primarily manifest in

two dynamic modes, i.e. bending and thickness fluctuations. Specifically, bending

fluctuations are controlled by the mechanical properties of the membrane, gener-

ally described by the bending rigidity modulus, and have been extensively studied

both experimentally and theoretically[22, 23]. On the other hand, fluctuations

around the average membrane thickness are less explored but have been linked

to a number of vital membrane phenomena, including passive permeation, pore

formation, and ion channel gating[20, 24]. Although membrane thickness fluctua-

tions have long been theoretically predicted[25], they only became experimentally

accessible with the advent of neutron spin echo (NSE) spectroscopy[25–28]. Unlike

other spectroscopy methods, NSE can simultaneously access the length- (a few nm)

and timescales (∼ 100 ns) over which membrane thickness fluctuations occur[24,

29, 30]. Concurrent developments in membrane fluctuation theory has enabled

the interpretation of thickness fluctuations in relation to membrane viscoelastic

properties, further emphasizing the importance of this dynamic mode in biological

function[31]. These developments have now opened new avenues to explore how

complex membrane dynamics respond to protein association and conformational

changes. Notably, the timescale of membrane thickness fluctuations happens to

coincide with that of protein folding events[27, 32], suggesting a type of dynamical

synergy between proteins and their host lipid membranes.

In this work, we used complementary physical characterization techniques to study

how SA and TM pHLIP affect membrane structure and dynamics. We used NSE to

directly probe the effect of pHLIP on the membrane’s bending and thickness fluc-

tuations. Measurements were performed on lipid vesicles composed of 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS),

and cholesterol (Chol)[33], at a mixing ratio (76/4/20) that is comparable to previ-

ous pHLIP studies[34]. Coarse-grained molecular dynamics (MD) simulations[35]

of full lipid vesicles corroborated the NSE results showing that TM pHLIP reduces
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the membrane thickness fluctuation rate. Membrane structural information in the

absence and presence of pHLIP, was obtained by small-angle neutron and X-ray

scattering (SANS and SAXS). Complementary solid-state NMR measurements

and all-atom MD simulations provided molecular details pertaining to the inter-

actions of TM pHLIP with membrane lipids. We propose that combined, these

observations point to a potential means by which synergistic protein-membrane

dynamics may regulate membrane functions.

4.3 Results

4.3.1 Effect of pHLIP on bilayer dynamics in its SA and

TM states.

Experiments were carried out on large unilamellar vesicles composed of DOPC/-

DOPS/Chol at a molar ratio of 76/4/20 and a lipid:peptide (L:P) molar ratio

of 150:1. The anionic lipid, DOPS, was used to ensure vesicle unilamellarity[36,

37], as determined by SAXS (Fig. S1). At pH 8, pHLIP adsorbs to the vesicle

surface in a largely unstructured conformation (Fig. S2)[38]. However, a drop

in pH triggers pHLIP to insert into the membrane, with a pH midpoint of 4.90 ±
0.08 (pKFI , obtained using Eq. S1). At pH 4, well into the acidic baseline of the

transition, pHLIP transforms into a TM helix (Fig. S2)[16, 39].

After determining the pH values where the peptide adopted stable SA and TM

states, NSE experiments were performed to probe the effect of peptide confor-

mations on membrane dynamics. Fig. S3A shows typical NSE intermediate

scattering functions, S(q, t)/S(q, 0), where q is the wavevector transfer and t is

the Fourier time. Fits of the intermediate scattering functions, using the elastic-

sheet fluctuation model S(q, t)/S(q, 0) = exp[−(Γt)2/3], yielded the relaxation

rates, Γ, at different q-values (or inverse length scales)[40]. The relaxation rates,

Γ(q), of protiated vesicles in deuterated buffer showed the typical q3-dependence

(Fig. S3B, blue data points), a signature of bending fluctuations as predicted by

Zilman and Granek[40]. Using refinements proposed by Watson and Brown[41],

the Zilman-Granek theory for bending relaxations can be expressed as:

Γbend(q) = 0.0069 kBT
ηD2O

√
kBT
κ
q3, (Eq.1)
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where κ is the membrane bending modulus, κB is the Boltzmann constant, T

is the temperature, and ηD2O is the viscosity of D2O. In this treatment, the

location of the neutral surface is assumed to be at the hydrophobic-hydrophilic

interface[28, 42]. Control experiments on peptide-free lipid vesicles showed that the

change in pH had almost no effect on the membrane bending modulus, κ (Table

1), consistent with previous studies on other model membranes[43]. Similarly, we

observed that the presence of pHLIP did not cause significant changes in κ, neither

in its SA (pH 8) or TM (pH 4) states, as all κ values were within the margin of

experimental error (Table 1 and Fig. S4)[43].

On the other hand, NSE measurements performed on chain-perdeuterated mem-

brane analogs, using DOPC-d66 and Chol-d40, showed a clear deviation from the

q3 dependence in Γ at q ∼ 0.08 Å−1, a value which corresponds to the membrane

thickness (Fig. S3B). Specifically, the observed excess dynamics are attributed

to thickness fluctuations (Fig. S3, red data points)[26–28] and are well described

by a Lorentz function (second term in Eq. 2), such that the overall relaxation rate

can be expressed as:

Γ(q)
q3

= Γbend(q)
q3

+ ΓTF

q30

1
1+(q−q0)2ζ2

, (Eq.2)

where ΓTF is the relaxation rate of membrane thickness fluctuations, q0 is the peak

position of the Lorentzian, and 1/ζ is the half width at half maximum (HWHM)
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determined by the thickness fluctuation amplitude, ∆dm , such that ∆dm ≈ 2Dc

ζq0
,

where 2Dc is the bilayer hydrocarbon thickness. Using these expressions, NSE

data of bilayers in the presence and absence of pHLIP were analyzed to determine

both ΓTF and ∆dm (Fig. 4.1B and Table 1). Control experiments of lipid-only

samples showed that pH alone had no effect on membrane thickness fluctuations

(Fig. S6 and Table 1), with ΓTF and ∆dm values being comparable to those

reported previously (Table 1)[26–28]. Specifically, ∆dm was found to account for

∼10% of the membrane thickness, in all cases. In the presence of pHLIP, we found

that SA pHLIP (pH 8) did not result in any major changes to ΓTF , whereas for TM

pHLIP ΓTF experienced a fourfold decrease (Fig. 4.1D and Table 1). Notably,

no changes to ∆dm were observed in either conformation of pHLIP (Fig. S5 and

Table 1), indicating that the suppression in thickness fluctuations as a result of

TM pHLIP is due to a slowdown in the fluctuation rate rather than a decrease in

the fluctuation amplitude. These observations, therefore, reveal a specific peptide-

induced effect on the rate of membrane thickness fluctuations that is dependent

on pHLIP’s conformation.

Synergistic coarse-grained molecular dynamics (CG-MD) simulations were per-

formed on large unilamellar lipid vesicles with transmembrane peptide-like inclu-

sions (Fig. S7). This approach allowed us to simulate the membrane fluctu-

ation signals, in the absence and presence of transmembrane peptides, as mea-

sured by NSE[35]. The static scattering function, S(q), of the simulated vesicles

was calculated from the density-density correlation function by taking the dis-

crete Fourier transform of the density distribution of all lipid beads, such that

S(q) = 1/N〈ρ−→qρ−−→q 〉. Membrane fluctuation signals were calculated from the sim-

ulations as S(q, t)/S(q, 0) = 1/N〈ρ−→q (∆t)ρ−−→q 〉, which represents the time autocor-

relation of the scattering function, S(q) after an elapsed time ∆t. This is analogous

to the intermediate dynamic scattering function measured by NSE. Analysis of the

temporal decays in S(q, t)/S(q, 0), following the procedure developed in a previ-

ous work[35], yielded the relaxation rates of membrane thickness fluctuations. As

seen in Fig. 4.1C, the simulated vesicle with TM peptides showed a remarkable

suppression in the membrane thickness fluctuation signal relative to the lipid-only

vesicle. These simulation results directly orate those obtained by NSE experi-

ments and suggest a “pinning mechanism” by which transmembrane peptide-like

inclusions restrict the rate of fluctuations in membrane thickness.
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Figure 4.1: TM pHLIP slows down the rate of membrane thickness
fluctuations and increases membrane viscosity. (A) NSE schematic,
where lipid vesicles scatter neutrons with a scattering angle 2θ and wavevec-
tor transfer −→q . (B) NSE data, showing the normalized relaxation rate, Γ

q3
, as

a function of q for tail perdeuterated membranes. Data are shown in the ab-
sence (black) and presence of pHLIP in its SA (blue, pH 8) or TM (red, pH 4)
states. Peak height is associated with the rate of thickness fluctuations, while
peak width describes the fluctuation amplitude. Lines are fits to the data using
Eq. 2. (C) CG-MD simulation of membrane Fluctuation signals as detected by
NSE, for vesicles without (black) and with (red) TM peptide incorporated. The
suppression of thickness Fluctuations with TM pHLIP, compared to peptide-
free membranes, is manifested in differences in the Γ

q3
vs. q plots.(D) The

rates of thickness fluctuations, extracted from fits to the data in (B), show re-
markable suppression in the presence of TM pHLIP relative to the peptide-free
membrane, and no changes with SA pHLIP. (E) Membrane viscosity changes
exhibit a similar trend, as only TM pHLIP increases viscosity. (F) Atomistic
MD simulations show a decrease in the mean-squared displacement (MSD) of
the lipid headgroups in the presence (red) of pHLIP compared to lipid-only
membranes (black). Error bars represent ± 1 S.D.

To relate membrane fluctuations to other biologically relevant properties, we used

the polymer-brush model, which describes the area compressibility modulus as

KA = βκ/(2Dc)
2[44], where β is a constant that defines the degree of coupling

between the bilayer leaflets (herein set to β = 24)[44] and 2Dc is the mechanical

thickness of the membrane, which in the case of DOPC-Chol membranes, is mod-

ified according to references[33, 45]. In the q-range where thickness fluctuation

modes dominate, the relaxation rates are dictated by the membrane viscosity, µ,

such that ΓTF ≈ KA/µ [31, 42, 46]. Put together, these biophysical membrane

parameters yield a modified expression of Eq. 2 that allows for the direct deter-

mination of membrane viscosity (see Eq. S5 in Supporting Information). Based

on this mathematical framework, the minimal changes in the measured bending

rigidities (Fig. S4) indicate that KA values of membranes with SA or TM pHLIP

are similar (Fig. S8). The constant thickness fluctuation rate, ΓTF , obtained
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with SA pHLIP indicates that the surface association of the peptide did not af-

fect membrane viscosity (µ). In contrast, TM pHLIP caused a large increase in µ

beyond the errors of the fitted parameters (Fig. 4.1E and Table 1).

To understand the molecular mechanism by which TM-PHLIP modulates mem-

brane thickness fluctuations, we utilized an all-atom MD approach with a more

realistic representation of the peptide and lipid molecules. We first determined the

effect of pHLIP on lipid dynamics, as mean square displacement (MSD) of DOPC

headgroups. We then used the MSD data to calculate the lipid diffusion constant,

whereby we observed that TM pHLIP depressed lipid mobility (Fig. 4.1F and

Table 1). The observed decrease in the diffusion constant is in agreement with our

current NSE conclusions, namely that TM pHLIP increases membrane viscosity.

MSD analysis included both in-plane lipid diffusion, as well as movement along

the membrane normal. When the MSD was determined normal to the membrane,

we observed similar values in the absence (20.3 × 103 Å−2) and presence (20.8

× 103 Å−2) of TM pHLIP. This observation indicates that the effect of pHLIP

on lipid mobility is limited to in-plane motions. These observations support both

NSE and CG-MD results showing that pHLIP does not alter the amplitude of the

thickness fluctuations.

Interestingly, the changes in lipid diffusion inferred from NSE analysis and ob-

served directly in atomistic MD simulations are not reflected in fluorescent probe

measurements of molecular lipid dynamics. For those measurements, we used

fluorescent 1,6-diphenyl-1,3,5-hexatriene (DPH) and 9-(2,2-dicyanovinyl)juloidine

(DCVJ), two rotationally sensitive probes commonly used to measure membrane

fluidity and viscosity, respectively[47, 48]. We found that neither SA pHLIP nor

TM pHLIP affected the rotational diffusion of the probes (see Supporting Infor-

mation). How the differences between the measurement modes can explain these

results are examined in the Discussion section.

4.3.2 Average bilayer thickness is not affected by pHLIP.

The interaction between membrane proteins and their lipidic environment is pri-

marily driven by their need to sequester their hydrophobic amino acids into the
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Figure 4.2: Solid-state NMR cross-relation rates and the effect of
pHLIP. (A) Schematic of a DOPC lipid molecule showing the PC headgroup
α and β carbons, and the two terminal CH3 groups. (B) 1D slices at differ-
ent mixing times showing the build-up of cross-relaxation peaks between acyl
chain terminal methyl group protons and the PC headgroup α and β carbons in
vesicles of DOPC/DOPS/Chol with containing pHLIP at pH 8. (C-E) Experi-
mental peak volumes (symbols) and simulated build-up curves (lines) for three
sets of cross peaks:(C) CH3 − β H, (D) CH3 − α H, and (E) α − β. Legend:
Black + Squares, lipid only; Blue + Circles: pHLIP pH 8; Red + Diamonds,
pHLIP pH 4. (F) Best-fit cross-relaxation rates for individual H spin-paors (i.e.
α− β, CH3 − α and CH3 − β. Colors/markers are the same as in plots C-F.

bilayer’s hydrophobic acyl chain region[49]. To examine this in more detail, we

performed SANS and SAXS experiments to determine if pHLIP affected bilayer

structural properties. With SANS, deuterium labeling was used to maximize the

neutron contrast between the protiated lipid headgroups and the deuterated acyl

chain region of the membrane – this was achieved through the use of DOPC-d66

and Chol-d40[49]. Joint analysis of the SANS and SAXS data[50–52] resulted in

the following structural parameters (Table S1): (i) area per lipid (AL); (ii) to-

tal bilayer thickness (Luzzati thickness) (DB); (iii) hydrophobic thickness (2Dc);

and (iv) phosphate-to-phosphate distance (DHH) (Figs. S9, S10, S11, and S12).

Of particular interest was the bilayer’s hydrophobic thickness which could be al-

tered in the case of hydrophobic mismatch between the lipid membrane and TM

pHLIP. Our results indicate that the addition of pHLIP did not alter the aver-

age bilayer structure (Table S1, Fig. S11), including the average membrane

hydrophobic thickness, as confirmed by the all-atom MD simulations (Fig. S13).

This is consistent with the relatively constant ∆dm values obtained from our NSE

experiments and coarse-grained MD simulations. These results also agree with

a previous study on the effect of pHLIP on bilayers of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC)[53] that showed that neither pHLIP adsorption
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nor insertion altered membrane structure, even at elevated peptide concentra-

tions. Based on recently measured scaling relationships[54], the negligible effect of

pHLIP on AL supports the NSE conclusion that KA is not affected by the different

states of pHLIP (Table 1), corroborating that the decrease in the rate of thickness

fluctuations (ΓTF ≈ KA/µ) observed with TM pHLIP is the result of increased

membrane viscosity.

4.3.3 TM pHLIP increases lipid acyl chain snorkeling.

In fluid membranes, acyl chain dynamics allow for the interaction between the

lipid’s acyl chain terminal methyl group (CH3) and polar headgroups (i.e., “snorke-

ling”) and can be measured by solid state NMR (ssNMR)[55]. We hypothesized

that if TM pHLIP promotes lipid tail snorkeling, this would lead to increased

molecular friction within the bilayer, causing an increase in membrane viscosity

and a slowdown of thickness fluctuations. To measure headgroup-terminal methyl

group interactions, we performed two-dimensional (2D) 1H-1H NOESY ssNMR

experiments and determined the cross-relaxation rate between the terminal CH3

hydrogens and the choline α and β carbons at pH 8 and pH 4. As a positive

control, we measured the cross-relaxation rate between the neighboring α and β

choline hydrogens. Fig. 4.2 shows that TM pHLIP increases the cross-relaxation

rate between the headgroup choline and terminal CH3 of the acyl chains – i.e., the

terminal CH3 of the acyl chain snorkels to explore the lipid headgroup region.

Additional analysis of the atomistic MD simulations in the presence of TM pHLIP

was performed to seek further evidence of lipid tail snorkeling (Fig. 4.3). To this

end we measured the distance between the Cα of the lipid headgroup and the ter-

minal CH3 group (Fig. 4.3). In the absence of pHLIP, we observed that most CH3

groups were located at the midplane of the bilayer, As expected[56], we observed

that most lipid acyl chains were extended and located at the midplane of the bi-

layer in the absence of pHLIP. Only 11% of lipids exhibited an exaggerated kink

at the acyl chain double bond, resulting in a CH3-Cα distance of leg 8 Å, which is

compatible with the notion of snorkeling (Fig. 4.3A, inset, black line). However,

in the presence of TM pHLIP the distance distribution shifted towards lower val-

ues. Specifically, for the lipid molecules found within a 10 Å radius of pHLIP, we

observed an increase of ∼ 70% in short-range CH3-Cα (leg 8 Å) interactions and
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Figure 4.3: TM pHLIP increases snorkeling of lipid tails to the water-
bilayer interface. (A) Probability distribution of the distance between the
CH3 groups of oleoyl chains and the plane formed by the Cα of the choline
headgroups. Black lines show data from neat bilayers, and red lines consider
only lipids within 15 Å of pHLIP (top), or between 15 and 25 Å from the helix
(bottom). Insets show the subtraction between red and black lines. (B) Rep-
resentative snapshots of a DOPC/DOPC/Chol bilayer containing TM pHLIP.
Phospholipid headgroups are shown in blue, and tails in yellow. CH3 groups
are shown as green spheres. Cholesterol molecules are shown in a ball and stick
representation. (C) A representative DOPC molecule with fully extended acyl
chains can snorkel reducing the distance to the choline headgroup in the pres-
ence of TM pHLIP. Cα (yellow) and CH3 (green) are shown in spheres and are
used for distance measurements. (D) Schematic of the effect of snorkeling on
the DOPC oleoyl chain, depicting a structural change that enables nearby acyl
chains to explore a larger conformation space and experience more entangle-
ment. This manifest itself in increased membrane viscosity and slower thickness
fluctuations compared to neat membranes.

a pronounced increase in the probability density at ∼ 4 Å (arrow in Fig. 4.3A),

indicating a conformational preference of DOPC molecules, in pHLIP’s proximity,

to be in the “snorkeling” configuration. This is distinct from dynamic snorkeling

events, where acyl chains continuously explore the conformational space between

the bilayer center and the headgroup region, which generally results in a gradual

change in the probability distribution (black line in Fig. S3A) rather than a

localized distribution peak as the one we see in the presence of pHLIP (red line

in Fig. S3A). Interestingly, the simulations show that the localized influence of

pHLIP continues when the cumulative distribution function is calculated within a

larger region around pHLIP (15 Å radius), but noticeably decreases beyond this

range (Fig. 4.3B). However, even far from pHLIP, there is a slight increase in
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population of very close (leg 4 Å) CH3-Cα interactions (Fig. 4.3B, right inset),

indicating that the TM state of pHLIP exerts proximal and distal effects on its

membrane environment (Fig. 4.3C).

4.4 Discussion

To better understand biological membranes, it is necessary to elucidate how hier-

archical dynamics in lipids and membrane proteins manifest themselves, not only

in isolation, but also when operating in synergy. In this study we adopted a hier-

archical approach to probe a range of dynamics in membranes with pHLIP, as a

model peptide with tunable membrane-associated states. Our approach combined

fluorescence spectroscopy, atomistic MD simulations, and ssNMR to probe local

lipid dynamics, and NSE spectroscopy and CG-MD simulations to probe collective

membrane dynamics (i.e. bending and thickness fluctuations). Recent develop-

ments in NSE data analysis[28] and newly developed theories[31] have made it

possible to relate collective fluctuations to biophysical membrane properties, in-

cluding membrane viscosity (µ). This has created a unique opportunity to bridge

the gap between collective membrane fluctuations and molecular diffusive motions

probed by fluorescence spectroscopy and atomistic MD simulations. Combining

such measurements have enabled us to carry out direct observations on the con-

formational effects of pHLIP for a wide range of membrane dynamics that span

molecular rotations, lateral diffusion, and collective fluctuations. Moreover, the

application of all-atom MD simulations provided complementary mechanistic in-

formation on how these different physical phenomena might be related to acyl

chain configuration.

The current work complements previous biophysical studies on pHLIP that have

largely focused on understanding how membrane characteristics may influence the

efficacy of pHLIP for targeted cancer therapy[18, 57, 58]. As pointed out, pHLIP

adsorbs to the membrane surface at neutral pH, but inserts into the membrane at

acidic pH[59]. Membrane insertion of pHLIP is defined by its pK of insertion[14,

34, 60], which depends on lipid composition. For instance, the presence of nega-

tively charged lipids, specifically phosphatidylserine (PS), decreases pK[39, 61] as

does the presence of cholesterol in the bilayer[34]. In this study, we find that the

inclusion of both PS and Chol in phosphatidylcholine membranes decreases the
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pK to its lowest value yet observed for pHLIP, i.e., pK = 4.90 ± 0.08 (Fig. S2),

suggesting that a membrane’s chemical properties may have an additive effect on

pK of insertion.

4.4.1 pHLIP suppresses membrane thickness fluctuations

by increasing lipid viscosity.

To access thickness fluctuations and associated membrane parameters, chain-

perdeuterated analogues of DOPC and cholesterol were synthesized, as described

in Supporting Information. Control experiments using pure lipid vesicles showed

that pH had no effect on membrane thickness fluctuations in the absence of pHLIP

(Fig. S6). In addition, NSE measurements on protiated vesicles showed that

pHLIP did not alter, to any extent, the membrane bending modulus (Fig. S4

and Table 1). These results are consistent with recent MD simulations showing

that peripheral proteins had no effect on membrane bending rigidity and that TM

proteins, in amounts similar to those used here (pHLIP occupying less than 10%

of the membrane area), had a minimal effect on the bending rigidity of the host

membrane 63. However, it has also been shown that at higher peptide densities

(L:P of 50:1), the TM peptide, GWALP23, increases the bending modulus of mem-

branes[62].

In contrast, TM pHLIP suppressed the rate of membrane thickness fluctuations,

as observed both by NSE and CG-MD simulations (Fig. 4.1B-C). In NSE ex-

periments, the null response of the neat membrane to changes in pH implies that

the slowdown of membrane thickness fluctuations is the result of TM pHLIP (Fig.

4.1B). SANS/SAXS data, and atomistic MD simulations, indicated no changes in

membrane structure due to pHLIP (Table S1), suggesting that the observed re-

duction in thickness fluctuations is not the result of hydrophobic mismatch between

the bilayer hydrophobic core and pHLIP[49, 63–66], but rather due to a slowdown

in the fluctuation rate[31]. Since membrane bending rigidity, and accordingly,

area compressibility, showed little to no change upon the addition of pHLIP, the

decrease in the thickness fluctuation rate, ΓTF , indicates an “effective” increase in

the membrane viscosity, µ , caused by TM pHLIP. In comparison, SA pHLIP did

not affect either ΓTF or µ (Fig. 4.1 and Table 1), indicating that changes to these
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two parameters result from the interaction of TM pHLIP with the lipid acyl chains.

It is important to point out that although the increase in membrane viscosity is

fully supported by our analysis of the NSE data, the magnitude of the increased

viscosity requires further assessment. The reported fits to the NSE data assumed

that the two bilayer leaflets are coupled according to the polymer-brush model and

that the transition of pHLIP to its TM state does not change the interleaflet cou-

pling. In the polymer brush model, the two bilayer leaflets are loosely coupled with

a coupling constant β = 24 that is proportional to the coupling strength between

the leaflets. However, variations in the coupling constant have been previously

observed[67, 68]. If we consider this possibility and assume an extreme coupling

scenario in which TM pHLIP causes the two leaflets to be fully coupled (i.e., β

= 12), this would result in a two-fold increase in membrane viscosity relative to

pHLIP-free membranes. One, however would reasonably expect a scenario where

TM pHLIP results in an intermediate β value between the polymer brush model

and a fully coupled bilayer. Although this would require additional experimental

studies (that are beyond the scope of this work), this notion is consistent with the

results from ssNMR and atomistic MD simulations that will be discussed below.

4.4.2 TM pHLIP reduces lipid translational diffusion more

than rotational diffusion.

Molecular motions in lipid membranes are comprised of lateral lipid diffusion

within the plane of the membrane and rotational motions of lipid molecules about

their axes, among others. Using DPH and DCVJ probes that are sensitive to ro-

tational motions, we were able to measure changes in rotational lipid diffusion in

the two membrane-associated states of pHLIP. We found that neither SA pHLIP

nor TM pHLIP affected the rotational diffusion of the probes (Fig. S14). Im-

portantly, the contrast between NSE and fluorescence results can be rationalized

by taking into account the fundamental differences between rotational and trans-

lational lipid diffusion; i.e., the range of energy dissipation of their individual

effects[69, 70]. For example, differences between translational and rotational dif-

fusion have been previously reported in studies of membranes containing proteins

and cholesterol[71–74]. In a 2D environment, the velocity field generated by rota-

tion falls off as 1/r, where r is the distance between two particles[69]. However, the



The Transmembrane Helix of pHLIP Slows Down Membrane Thickness
Fluctuations and Translational Diffusion 62

velocity field generated by translation decreases as log r, indicating translational

diffusion membrane effects are farther reaching than rotational diffusion effects,

which are more local[69]. Since both fluorescent probes and pHLIP were used

in relatively small amounts, the separation between the probes (DPH or DCVJ)

and pHLIP may preclude the possibility of the molecular probes sensing the lo-

cal influence of pHLIP on membrane viscosity – due to the rapid loss of energy

propagation of rotational diffusion. Note that in the case of NSE, neutrons detect

an ensemble average of all lipid motions within the time-resolution window, thus

bridging the gap between the effect that pHLIP has on molecular motions and

collective lipid membrane fluctuations.

These observations are in agreement with a recent study by Qiang, An and co-

workers that reported the effects of pHLIP on POPC diffusion using 31P ss-

NMR[75]. Specifically, they probed pHLIP-induced dynamics in POPC vesicles

and observed a reduction of the microsecond correlation time at acidic pH, com-

pared to membranes at pH 7.4. Their results showed that on the microsecond

timescale, the main contribution to motion is the lateral diffusion of lipids, which

was slowed down in the presence of TM pHLIP. However, no changes were observed

in the nanosecond correlation times that are associated with lipid uniaxial rotation

and head group wobbling. Their results are thus consistent with our conclusions

that TM pHLIP affects translational lipid diffusion to a greater extent than ro-

tational diffusive motions. Of significance, our atomistic MD simulations show a

>50% decrease in lateral diffusion of lipids for TM pHLIP systems compared to

lipid-only systems on the microsecond timescale (Fig. 4.1F).

4.4.3 Lipid tails exhibit more snorkeling in the presence of

TM pHLIP.

To better understand the molecular mechanism by which pHLIP increases mem-

brane viscosity and slows down membrane thickness fluctuations, we used proton

2D 1H-1H NOESY ssNMR spectroscopy. For example, ssNMR has been previously

used to gain mechanistic information about the insertion of pHLIP into POPC

membranes[76, 77]. A feature of fluid bilayers that is often overlooked is their acyl

chain terminal methyl groups snorkeling to the membrane surface and their in-

teraction with the lipid headgroups. Indeed, White and co-workers observed that
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10% to 20% of the DOPC acyl chain methyl groups are kinked in such a way that

they can be found in the vicinity of the choline headgroups. This is also evident

from the atomistic MD simulations which show a distribution of CH3-Cα distances

(black line, Fig. 4.3A), as one would expect for dynamic snorkeling events. In

comparison, the simulations with TM pHLIP showed a shift in the distribution

to smaller distances indicating longer residence of the CH3 groups near the lipid

headgroups. More importantly, our probability distribution shows a peaks at ∼
4 Å indicating a statistical increase in the number of acyl chains that explore

the lipid headgroup region (red line, Fig. 4.3A, consistent with ssNMR results

(Fig. 4.2). This result implies a change in the conformational entropy of the

lipid molecules in the vicinity of pHLIP, which increases the free space available

to nearby lipids and enables their chains to explore a larger conformation space

– consequently resulting in higher in-plane friction due to increased acyl chain

entanglement and/or leaflet coupling.

Lipid tail snorkeling can thus explain why TM pHLIP reduces lateral lipid mobility

(Fig. 4.1C), as irregularly shaped lipids can get ”tangled”, leading to increased

friction[78, 79], in a way that is analogous to irregularly-shaped epithelial cells

exhibiting reduced 2D mobility[80]. Additionally, lipid tails from the opposite

monolayer can fill the space left by a snorkeled tail, increasing interleaflet coupling

(Fig. 4.3E). Any combination of these two effects would cause an increase in

membrane viscosity, which can result in a dampening of the thickness fluctuation

rate.

4.5 Conclusion

We have shown that TM pHLIP suppresses the rate of thickness fluctuations

through an “effective” increase of membrane viscosity, while surface-associated

pHLIP had no such effect. SANS and SAXS measurements indicated that the

effect on thickness fluctuations is not caused by changes to the average membrane

thickness. We therefore propose that increased membrane viscosity is rather the

result of altered acyl chain conformations, which restricts lateral lipid diffusion,

causing an effective increase in membrane viscosity.
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The current study also shows that a TM pHLIP can alter the rate of membrane

thickness fluctuations. While pHLIP contains more polar residues than the aver-

age TM domain, multiple examples exist of proteins with TM regions enriched in

polar, and even multiple charged residues (for example, the T cell receptor-CD3

complex[81]). Our results may also be instructive with regard to how rapidly fluc-

tuating membranes can impact protein motions that occur on similar timescales[27,

32]. We therefore hypothesize the intriguing possibility that suppressing membrane

thickness fluctuations may serve as a mechanism by which a membrane protein

can affect nearby proteins without the need for protein-protein contact (effect at

a distance). Slower membrane fluctuations may hinder protein motions, such as

domain movements that might otherwise be facilitated by a more rapidly fluctuat-

ing membrane or prevent transient hydrophobic mismatch. Suppressing thickness

fluctuations may additionally limit the occurrence of pore formation to allow the

membrane to function as a semi-permeable barrier[20]. However, more studies are

needed to unequivocally show that membrane thickness fluctuations are one mode

of action in modulating protein activity.
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Chapter 5

Understanding the effects of salt

concentration on state I of pHLIP

5.1 Abstract

The pH Low Insertion Peptide (pHLIP) is a membrane-active peptide that has

gained interest in recent years due to its potential for biological applications.

pHLIP can be found in 3 distinctive states: coiled in solution (state I), bound

to membrane surface (state II) and inserted into a lipid bilayer as a transmem-

brane helix under acidic conditions (state III). While the mechanism of insertion

and exit of the peptide have been thoroughly studies, the biophysical properties

that govern state I of the peptide remain unclear. In this study, we make use

of molecular dynamics (MD) simulations to mimic protonated and deprotonated

pHLIP in state I at NaCl concentration ranging between 0 and 150 mM. Our

results show that changes in NaCl only affect deprotonated pHLIP while leaving

protonated counterpart unaffected. Specifically, rise in NaCl increases helicity of

N-terminus of deprotonated pHLIP and expands the motion range of the peptide

at high concentrations, while maintaining protonated pHLIP mostly coiled and

clustered. Finally, calculation of native contacts of the peptide show increased

number of contacts found for deprotonated systems and longer contact times, as

compared to protonated. We hope that our results will aid the search for new

approaches towards the study of this state of pHLIP and bring us a step closer

towards utilizing it for clinical applications.
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5.2 Introduction

Membrane-active peptides (MAPs) are a family of peptides characterized by their

ability to fold and insert into lipid bilayers[1–3]. These attributes make them

of interest due to their potential for biomedical applications[4–6]. MAPs behave

like intrinsically disordered proteins, typically aggregating in solution at above

micromolar concentrations[4, 7].

The pH Low Insertion Peptide (pHLIP) is a membrane-active peptide that has

shown potential in biomedical applications for diseases characterized by acido-

sis[8, 9]. pHLIP has been of special interest for early detection and targeted drug

delivery in cancer[10, 11], due to its ability to spontaneously fold and insert into

a lipid bilayer under acidic conditions[12, 13]. pHLIP exists in three states: as an

unstructured peptide in solution (state I), bound to the membrane surface at neu-

tral pH (state II) and inserted as a transmembrane helix at low pH, via protonation

of its acidic residues[13, 14]. Although the general mechanism of pHLIP has been

characterized, the specific intramolecular interactions that dictate pHLIP’s behav-

ior in solution remain poorly understood. In vivo and in vitro studies are hindered

by aggregation properties of the peptide at concentrations above 8µM[15], which

is below the effective threshold of the peptide for clinical applications. Circular

dichroism (CD) spectroscopy has shown that pHLIP remains mostly unstructured

in solution[14], however, computational studies have shown that pHLIP transiently

samples secondary structural conformations[16–18]. Without fundamental under-

standing of pHLIP’s behavior in solution, clinical applications of pHLIP remain

hindered, hence the need for further studies.

In this project, we used of equilibrium molecular dynamics (MD) simulations to

characterize the effects of salt concentration on fully protonated and fully depro-

tonated pHLIP (Fig.5.1 table 5.1). By changing the concentration of salt and

protonation state, we were able to observe the direct effect it has on the peptide.

Our results show that the effect of salt concentration is directly linked to the proto-

nation state of pHLIP. Specifically, we observe differences in the behavior between

fully protonated and fully deprotonated pHLIP when both system have the same

salt concentration, while pHLIP remains mostly insensitive towards changes in

salt concentration when compared within the same protonation state.
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Figure 5.1: pHLIP in state I. pHLIP is represented as coil (yellow), sur-
rounded by Na+ (red) and Cl- (green) ions, and solvated in a water box.

5.3 Computational Methods

Bacteriorhodopsin (PDB 1FBB) was used to obtain initial coordinates of pHLIP

(GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT) via selection of residues

72 to 107 in combination with mutation of residue 105 from Gln to Glu using the

Visual Molecular Dynamics (VMD) software[19]. pHLIP was solvated at NaCl

concentrations ranging from 0 mM to 150 mM via tleap, a module in Amber-

Tools that uses initial coordinate files and AMBER force fields[20–23] to generate

topology and coordinate files for the system(Table 5.1).

label protonated residues NaCl concentration /mM
dpt 0mM none 0
dpt 20mM none 20
dpt 50mM none 50
dpt 100mM none 100
dpt 150mM none 150

prt 0mM E3, D14, D25, D31, D33, E34 0
prt 20mM E3, D14, D25, D31, D33, E34 20
prt 50mM E3, D14, D25, D31, D33, E34 50
prt 100mM E3, D14, D25, D31, D33, E34 100
prt 150mM E3, D14, D25, D31, D33, E34 150

Table 5.1: List of states of pHLIP and salt concentrations in this study.
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5.3.1 MD simulations

Systems were minimized and heated to 310 K for 40 ps at 2 fs timestep using

Langevin dynamics thermostat to control temperature and isotropic pressure cou-

pling, using the sander version of AMBER[23]. Following heating, the sets were

equilibrated twice: 100 ps at 2 fs timestep and NVT ensemble (T = 310 K, con-

stant volume), in order to let system adjust and set ideal periodic boundaries; and

a further 100 ps at 2 fs timestep and NPT ensemble (T = 310 K, P = 1 atm) to

let the water adjust to optimal density. Both equilibrations were performed using

the sander version of AMBER. Production runs for each NaCl concentration were

performed in triplet in the GPU version of pmemd in AMBER18[23, 24], for an

aggregate time of 3 µs each, with a 2 fs timestep and using the semi-isotropic

pressure coupling. All runs has a 8 Å cutoff for non-bonded forces, as prescribed

for Amber force fields.

5.3.2 Analysis

Analysis was performed using cpptraj in AmberTools[23], LOOS[25], pymol[26]

and in-house scripts. Matplotlib[27] and gnuplot[28] were used to plot data.

5.4 Results and Discussion

5.4.1 Salt concentration affects helicity of N-terminus.

Previous studies have shown that pHLIP can sample a wide range of structures,

from maintaining coiled conformation[29, 30]. to adopting structures with various

percentages of helical content[16, 17, 31]. Particularly, the pHLIP variant P20G

is known for having higher percentage of helical conformation in solution when

compared to wild-type(WT) pHLIP, an attribute that increases pKa of insertion

of the peptide, thus speeding up the process[32]. Helical content of the peptide

in solution influences the insertion kinetics[33, 34], and thus the need for further

investigation.

With this in mind, we performed helical content analysis of deprotonated and

protonated WT-pHLIP at NaCl concentrations ranging from 0-150 mM to assess
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how it affects the secondary structure of the peptide. To do this, we used the

Ramachandran tool from LOOS[25], which determines the secondary structure of

the peptide by calculating the angles formed between every 3 consecutive residues

(Fig 5.2).

Figure 5.2: Deprotonation of all acidic residues leads to high helical
content. Left: Per residue helical content for fully deprotonated pHLIP as a
function of the salt concentration for deprotonated pHLIP. Right: Per residue
helical content of protonated pHLIP as a function of salt concentration.

Our results suggest that the NaCl produces a shift in the helical content of deproto-

nated pHLIP. Specifically, the N-terminus of deprotonated pHLIP shows increase

in helical content to around 45-60% for all N-terminus residues at high salt concen-

trations (100mM and 150mM), consistent with recent computational studies[17],

while the C-terminus remains largely coiled. C-terminus lack of helicity of depro-

tonated pHLIP is consistent with results reported from a CD, fluorescence spec-

troscopy and all-atoms computational collaboration of state II pHLIP, in which

they determined that helicity of C-terminus was hindered by increasing NaCl con-

centrations due to clustering of Na+ ions around acidic residues of C-terminus[35],

disrupting protonation. Interestingly, protonated pHLIP remains highly unstruc-

tured throughout, suggesting that folding of the peptide is not only dependent on

pH or salt, respectively, but a collective process involving lipid-peptide interactions

and pH changes[32]. In addition, higher overall percentage of helicity is found in

deprotonated systems compared to protonated ones. These results could be due

to interactions between pHLIP residues in an attempt to stabilize the peptide,

however further research into this phenomena needs to be performed.
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5.4.2 Deprotonated pHLIP expands as a function of salt

concentration.

IDPs are able to sample a wide range of conformational structures due to their fast

dynamics and flexibility, and different types of conformations have an effect on the

functionality of the peptide[36]. Conformationally packed secondary structures,

such as helices, retrain movements along the peptide due to hydrogen bonding be-

tween residues, while unstructured systems have higher flexibility and fast paced

dynamics that allow them to expand and contract freely. In order to further in-

vestigate the effects of salt on pHLIP’s conformation, we performed measurements

of the radius of gyration of the peptide and the distance between residues 1 and

36 (Fig 5.3), using cpptraj commands, an AmberTools software[23]. Radius of

gyration (RoG) has been used throughout the years as a means to detect confor-

mational changes in biomolecules[37–39], hence is a useful tool that allows us to

investigate possible changes in pHLIP’s secondary structure as a function of salt

concentration.

Figure 5.3: Increased salt concentration induces extended conforma-
tions of deprotonated pHLIP. Left: Radius of gyration of deprotonated
pHLIP as a function of the distance between residues 1 and 36 of the peptide.
Right: Radius of gyration of protonated pHLIP as a function of the distance
between residues 1 and 36 of the peptide.

Our results show an increase in sampling of expanded deprotonated pHLIP at high

salt concentrations, compared to lower concentrations (Fig 5.3(left)). Specifi-

cally, at 0mM and 20mM, deprotonated pHLIP remains mostly clustered with a

radius of gyration (RoG) of around 10-15Å and a distance between residues of 4 to

40Å with a small percentage of data reaching RoG ≈ 20Å and distances of up to

70ÅḢowever, as the salt concentration is increased to 50mM, 100mM and 150mM,

a rise of the number of longer conformations is observed, becoming a more uni-

form sampling map. Contrary to these results, protonated pHLIP remains highly
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clustered with RoG of around 10-15Å and distances between 5-45Å independently

of salt concentration(Fig 5.3(right)). Interestingly, however briefly, protonated

pHLIP is able to reach further distances (up to 95 Å ) and RoG (≈ 27Å ) in all 5

systems, independently of salt concentrations. These results suggest restriction of

movement for deprotonated pHLIP at low NaCl concentrations, which is quickly

resolved at higher ones. This behavior could be the result of helical content of

the N-terminus, restricting the peptide, and extension of C-terminus to allow for

efficient clustering of Na+ ions around acidic residues[35]. On the other hand,

protonated results suggest high clustering of the peptide, could be an attempt

of the system to shield protonated residues, as they are hydrophobic in nature

and prefer to avoid solvent. This would explain why only small quantities of the

peptide expand fully, even though helical content is low, and thus not a limiting

factor.

5.4.3 Number of contacts increases with salt.

The importance of contacts between peptides and surrounding complexes is at

the center of peptide functionality for biomedical applications[40–42]. Specifically,

contacts between residues in proteins have been used in the past to determine

secondary structure tendencies and functionality of proteins and peptides[43, 44].

Thus, here we made use of the native contacts command in cpptraj (Amber-

Tools)[23] to quantify the average number of contacts occurring between pHLIP

residues as a function of NaCl, and calculate the fraction of time of those contacts

(Fig 5.4).

Figure 5.4: Salt concentration directly affects contacts. A) Average
number of contacts as a function of salt concentration, for deprotonated (black)
and protonated (red) pHLIP. B) Contact times for deprotonated (top) and
protonated (bottom) pHLIP as a function of salt concentration.
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Our results show an increase on the number of contacts as NaCl concentration

increases (Fig 5.4A) for both protonated (red) and deprotonated (black) pHLIP.

Direct comparison of trends between protonated and deprotonated pHLIP shows

to be symmetrical, however deprotonated pHLIP has an average of≈ 2800 contacts

more than protonated simulations, independently of NaCl concentration. This is

consistent with the higher degree of helical conformation observed for deproto-

nated versus protonated pHLIP (Fig 5.2). Contact times between residues (Fig

5.4B) also show a remarkable trend: Contact time between residues increases with

salt concentrations for deprotonated simulations, while protonated systems do not

show a significant change in contact time. The rise in contact time for residues

12-21 in deprotonated pHLIP is in parallel with the results per residue found in the

helical content analysis, grounding the hypothesis that there is a direct correlation

between contacts and secondary structure reported in previous studies of similar

systems[43, 44]. On the other hand, the combination of lower average number

of contacts and shorter contacts could indicate that the peptide has a conforma-

tion that allows for free movement and coordination between residues (i.e. not a

well-defined secondary structure) which is consistent with the results reported in

figure 5.2.

5.5 Conclusion

The goal of this project was to better understand the effect of NaCl concentration

on pHLIP in state I. Our results show that deprotonated pHLIP is directly affected

by increasing salt concentrations. Specifically, salt induces an increase in the he-

licity of the N-terminus of the peptide at concentrations approaching physiological

level (150mM), while the C-terminus remains unstructured throughout. These re-

sults support the conviction that spontaneous folding of the peptide for insertion

requires not only a drop in pH but the presence of a lipid bilayer. This conclusion

is further reinforced by the results obtained for protonated pHLIP, which remained

largely unstructured, independently on salt concentration. Discrepancies in RoG

and distance between residues 1-36 of protonated and deprotonated pHLIP of-

fer a different picture: increase in salt induces overall expansion of deprotonated

pHLIP, while protonated pHLIP remains clustered. These results could be a di-

rect effect of interactions between Na+ ions and acidic residues, and hydrophobic

forces of protonated residues of pHLIP, respectively. Our contacts results support
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our helicity conclusions, by showing increasing number of contacts with higher salt

concentrations and longer interactions between residues. Overall, our results show

that changes in salt concentration only affect deprotonated pHLIP, while proto-

nated pHLIP remains undisturbed. This infers that there is a direct relationship

between salt concentration and secondary structure of deprotonated pHLIP in

state I. Further studies of the system need to be performed in order to gain fur-

ther understanding of the fundamental interactions that govern its structure and

functionality.
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Chapter 6

Future directions

The knowledge conveyed in the above projects can be applied to a wide range

of systems, specially in biological systems that remain poorly understood. The

RAS protein is a member of the small GTPase family of proteins, able to bind

to guanosine nucleotide forms part of the signaling cascade responsible for cell

growth. Localized mutations in RAS account for 20% of all cancer cases and

treatment of such afflictions has not been found yet, hence the need to further

understand the protein.

RAS has 2 states: on and off. In the deactivated state, RAS is bound to the nu-

cleotide guanosine diphosphate (GDP), while activation of RAS when the protein

switches the GDP for the nucleotide guanosine triphosphate (GTP). The activa-

tion and deactivation of RAS is a cyclic process, promoted by the exchange of

GTP to GDP and vice versa. This binding and unbinding procedures are facili-

tated by 2 other types of proteins: guanosine nucleotide exchange factors (GEFs)

and GTPase activating proteins (GAP’s). While RAS can hydrolyze the GTP to

GDP and become deactivated, the process is too long and hence, RAS binding to

GAP proteins help speed the process to an efficient rate. Under normal condi-

tions, this process is able to cycle around each time there is a need for new cells

to be formed, or when the task is completed and cell proliferation is no longer

required. However, in cancer cells, RAS possesses localized mutations that hinder

the binding on RAS to GAP in order to speed the process and deactivate, and

hence, producing uncontrollable cell growth.

Although proteins involved in this process, such as RAS, GAP and RAF (RAS

effector protein) have been studied for several decades, there are characteristics of
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the structure and functionality of each that remain poorly understood. In future

studies we aim to use our methodology and expertise in molecular dynamics sim-

ulations to gain insights into how RAS works, how environmental factors, such as

lipid composition, close proximity of RAS to other proteins, etc. affect function-

ality of RAS and capability to bind to GAP. Furthermore, we aim to explore drug

discovery for RAS deactivation, therefore getting one step closer towards effective

treatment to cancers caused by RAS mutations.
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