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Abstract

Diphtheria toxin translocation (T) domain undergoes conformational changes in acidic solution
and associates with the lipid membranes, followed by refolding and transmembrane insertion of
two nonpolar helices. This process is an essential step in delivery of the toxic catalytic domain of
the diphtheria toxin to the infected cell, yet its molecular determinants are poorly characterized
and understood. Therefore, an atomistic model of the T-domain-membrane interaction is needed
to help characterize factors responsible for such association. In this work, we present atomistic
model structures of T-domain membrane-bound conformations and investigate structural factors
responsible for T-domain affinity with the lipid bilayer in acidic solution using all-atom molecular
dynamics (MD) simulations. The initial models of the protein conformations and protein—
membrane association that serve as starting points in the present work were developed using
atomistic simulations of partial unfolding of the T-domain in acidic solution (Kurnikov, 1. \V.; et al.
J. Mol. Biol. 2013, 425, 2752-2764), and coarse-grained simulations of the T-domain association
with the membranes of various compositions (Flores-Canales, J. C.; et al. J. Membr. Biol. 2015,
248, 529-543). In this work we present atomistic level modeling of two distinct configurations of
the T-domain in association with the anionic lipid bilayer. In microsecond-long MD simulations
both conformations retain their compact structure and gradually penetrate deeper into the bilayer
interface. One membrane-bound conformation is stabilized by the protein contacts with the lipid
hydrophobic core. The second modeled conformation is initially inserted less deeply and forms
multiple contacts with the lipid at the interface (headgroup) region. Such contacts are formed by
the charged and hydrophilic groups of partially unfolded terminal helixes and loops. Neutralization
of the acidic residues at the membrane interface allows for deeper insertion of the protein and
reorientation of the protein at the membrane interface, which corroborates that acidic residue
protonation as well as presence of the anionic lipids may play a role in the membrane association
and further membrane insertion of the T-domain as implicated in experiments. All simulations
reported in this work were performed using AMBER force-field on Anton supercomputer. To
perform these reported simulations, we developed and carefully tested a force-field for the anionic
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1-palmitoyl-2-oleoyl-phosphatidyl-glycerol (POPG) lipid, compatible with the Amber 99SB force-
field and stable in microsecond-long MD simulations in isothermal—isobaric ensemble.

Graphical abstract

1. INTRODUCTION

Diphtheria toxin, a soluble protein at neutral pH, binds to a cell surface receptor and blocks
protein synthesis of eukaryotic cells by delivering an enzymatic fragment (catalytic domain)
into cytoplasm by utilizing the cell’s endocytic pathway.! Endosomal acidification triggers
conformational changes in the diphtheria toxin translocation (T) domain facilitating its
membrane insertion and translocation of its N-terminus attached to the catalytic domain.!
The membrane insertion and function of the stand-alone T-domain have been extensively
studied. Different experimental conditions have suggested a diverse set of membrane-bound
and inserted states of the T-domain.2~12 A better understanding of the unassisted pH-
dependent membrane insertion of the T-domain at the molecular level of resolution may
facilitate development of improved drug delivery methods for therapeutic applications such
as oncogenic treatment.13

A stand-alone T-domain peptide adopts a monomeric all a-helical structure in a neutral pH
solution (see Figure 1A), consistent with the structure of the full toxin protein.1415 The T-
domain protein structure undergoes conformational rearrangements in response to solution
acidification, which facilitates its subsequent membrane association followed by the
membrane insertion, possibly, of a hydrophobic hairpin (helices TH8-9).6-9 The latter is
followed by rearrangement of the remaining helices and the translocation of the catalytic
domain into a cytoplasm.16-18 |n a series of experiments, free energy calculations, and
atomistic molecular dynamics (MD) simulations of a T-domain in solution, we have shown
that the protein structure unfolds partially upon protonation of histidines®-2 (see Figure
1B); in addition, previous work showed the role of histidines in the destabilization of the T-
domain in solution.?! This partially unfolded state of the T-domain termed a membrane-
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competent state is characterized by refolded N-terminal helices and increased solvent
exposure of some hydrophobic and charged residues.1® Early work showed pH-dependent
membrane interactions of the T-domain, which suggested that protonation of acidic residues
(at pH 4) facilitates interfacial interactions of the N-terminal helices.10

A recent kinetics study of the T-domain insertion into anionic lipid bilayers aimed at
distinguishing formation of a membrane-competent state and an insertion-competent state in
mildly acidic solutions.® It was shown by experiments that the pH-dependent formation of
the insertion-competent state is affected by the increase of anionic lipid content. Namely, in
the presence of lipid bilayers with higher ratio of the anionic lipids there was an increase in
an apparent transition pK; value from the membrane-bound to the inserted state of the
protein. It was also determined that the rate of transmembrane insertion of the T-domain is
accelerated in solution with lower pH.8 Both these results suggest that protonation of acidic
residues occurs in the membrane interface. Furthermore, this kinetics analysis suggested that
the observed coexistence of a water-soluble and a transmembrane inserted state of the T-
domain is due to the shift of pKj; and, thus, protonation of acidic residues at the membrane
interface. No experimentally determined structural information exists about multiple
postulated conformational states of the T-domain at the membrane interfaces.

To gain insight into possible mechanisms and structures of the T-domain—protein association
we have recently performed extensive coarse-grained MD simulations of the initial stages of
the membrane association of the T-domain.22 Using a coarse-grained model allowed us to
perform free unrestrained simulations of the T-domain association with membranes and to
demonstrate that presence of anionic lipid in the membrane increased the lifetime of the
protein—-membrane complexes. Two distinctive membrane-bound conformations were
identified in extensive equilibrium unrestrained simulations of the protein with the
membrane, and characterized using umbrella sampling (US) simulations.?2 Both predicted
membrane-bound conformations showed helices TH8-TH9 with a near parallel orientation
relative to the membrane plane, which was in agreement with low resolution information
reported by solid state nuclear magnetic resonance (NMR).1 However, only limited
characterization of the preferred modes of the protein binding with the lipid is possible using
the coarse-grained approaches. Among numerous limitations of the coarse-grained models
are their inability to maintain the protein in a specific conformation and the lack of
individual pairwise interaction between atoms.

In this work, we employ extensive all-atom molecular dynamics simulations of the T-domain
in association with the anionic lipid bilayer (POPG) to characterize in detail the proposed
structure of the initial complexes of the T-domain with the membrane, and to explore
possible structural implications of the acidic residue protonation at the membrane interface.
Our microsecond-long simulations show that membrane-bound conformations proposed
using the coarse-grained approach mainly retained the structure of the protein at the bilayer—
water interface, but both conformations inserted deeply in the membrane interface. The
simulations also allow us to suggest which protein regions interact most likely with the lipid
headgroups or the acyl-chains. Protonation of the acidic residues facilitates reorientation and
deeper insertion of a membrane-bound conformation of the protein into the membrane.
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This work utilizes all-atom molecular dynamics simulations using AMBER FF99SB force-
field for protein23 and a lipid force-field developed for POPG lipid in this work. Our force-
field is compatible with AMBER and retains an improved structure in unrestrained constant
pressure and temperature simulations compared to results from previous models (GaffLipid,
Lipid11).24.25 It does not require specialized ensemble simulations unavailable in the Anton
supercomputer. All microsecond-long simulations reported in this paper were performed
using Anton supercomputer. The development and testing of the POPG force-field are also
described in the Methods section and in the Supporting Information to greater extent.

2. METHODS
2.1. Lipid Force-Field Development

Atomistic MD simulations of proteins using Amber FF99SB force-field have resulted in
good agreement with the NMR experimental data, folding of small a-helical or 3-sheet
proteins, and limited agreement with temperature-dependent helix—coil transitions.26-30
Moreover, we have recently reported the formation of a membrane-competent state in
solution of the T-domain using FF99SB, which has features in good agreement with the
fluorescence experiments.12:14 However, development of the force-field parameters for
anionic lipids compatible with both tensionless MD simulations and Amber force-fields is
still an ongoing process.23:24 To study the T-domain association to lipid bilayers composed
of the anionic 1-palmitoyl-2-oleoyl-phosphatidyl-glycerol (POPG), POPG force-field
parameters are described below. A schematic representation of POPG is shown in Figure S1.
Recently, two related lipids force-fields have been reported, which are based on the general
Amber force-field (GAFF).3 One of them, Lipid11, provides a systematic charge derivation
methodology compatible with the Amber RESP charge fitting philosophy.2°-32 However, to
successfully reproduce essential properties and structure of the lipid bilayer Lipid11 requires
an external surface tension NPT ensemble. To circumvent the use of the external surface
tension NPT ensemble, which is not implemented in Anton supercomputer and, more
generally, is not a desirable ensemble in biomolecular simulations, GAFF parameters of the
acylchains have been reparameterized by fitting the torsion and Lennard-Jones parameters to
reproduce properties of the pentadecane liquid (GaffLipid).2* Thus, GaffLipid successfully
reproduced a range of properties including the area per lipid of the 1-palmitoyl-2-oleoyl-
phosphatidyl-choline (POPC) lipid bilayers.2* However, there is no model of the POPG lipid
for this recent force-field. An attempt to reuse the majority of the GaffLipid parameters to
model POPG lipids was unsuccessful. Namely, the average area per lipid is around 55 A2
while the experimental value is 67.3 A2 for the POPG with modified GaffLipid at 7= 310 K
(see Figure S2).33 In order to alleviate the problem, we used Lennard-Jones parameters of
headgroup atoms developed for POPG CHARMMS36 force-field.34 Partial charges of the
lipid headgroup atoms were fitted using the multiconformer RESP method,3° which used 19
different lipids conformations. All lipid conformations were optimized in gas phase using
Hartree—Fock self-consistent field (HF-SCF) with a basis set HF/6-31G* and Gaussian03.36
The force-field modifications are shown in Table S1 (see Supporting Information). Atomic
charges for the lipids tails were the same as described in Lipid11 (neutral residues palmitoyl
and oleoyl). The capping strategy employed in LIPID11 was used to derive the partial
charges of the headgroup atoms with the constrained charges of the capping groups (the total
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charge of the headgroup was —1). The test system consisted of 72 POPG lipids solvated by
approximately 3600 TIP3P water molecules,3” and sodium counterions were added to
neutralize the system.38

The MD simulations using the thus developed force-field yielded bilayers with the area per
lipid around 60 A2, which is an improvement relative to that obtained using GaffLipid
parameters (see Figure S2). The order parameters were computed as Scp = (3 cos2 6 — 1)/2,
where 0 is the angle between the vector joining the lipid tails C-H and the membrane
normal. Large values of Scp represent ordered lipid tails, and smaller ones represent less
ordered lipid tails. Lipid tails are slightly more ordered at a lower temperature (7= 310 K)
than at 7= 323 K (see Figure S3). Figure S4 shows the X-ray and neutron scattering form
factors for MD simulations and experiments at temperatures 7= 303 and 323 K. The
estimated disagreement parameter y between simulations and experiments of the X-ray
scattering plots are significant for the abovementioned temperatures (see Figure S4).39 This
indicates the need for further parametrization of POPG lipids, such as optimization of the
dihedral angles of the headgroup and phosphate group atoms.

The density profile of pure POPG bilayers at two different temperatures (see Figure S5)
shows that sodium counterions reside mostly in the phosphate group region, which is in
agreement with previous MD simulations.*%:41 However, to neutralize the protein-bilayer
system (see details below) over 192 Na* ions were added, which results in a concentration
three times (ca. 450 mM) the physiological ion concentration. Recent work by Vila-Vicosa
et al. reported on the negative effects of counterions added to neutralize the system on the
structure of charged lipid bilayers.#2 Neutralizing counterions located in the negatively
charged headgroups induce an ordered state of the charged lipid bilayer. Future modeling of
T-domain membrane binding could benefit from improved models of anionic lipid bilayers
and ionic strength.

2.2. Coarse-Grained Model to the All-Atom Representation Conversion

A previous study of the membrane association of the low pH T-domain model predicted two
membrane-bound conformations denominated B1 and B2, which were determined by
unrestrained MD and umbrella sampling simulations of coarse-grained models of the protein
and lipid bilayers.22 In this study, a representative snapshot from each bound conformation
was extracted from an umbrella window simulation corresponding to the lowest free energy
(see??). Each coarse-grained model of the T-domain bound to a bilayer was converted into
an all-atom model using the conversion protocol of Cojocaru et al.*3 The original number of
phospholipids in the coarse-grained model was 512, which was reduced to 192 lipids in the
atomistic model. Also, the coarse-grained model contained a mixture of POPC:POPG with a
molar ratio of 1:3, which was changed to only POPG lipids in our atomistic models. The
coarse-grained model of the protein was converted to all-atom by aligning the last frame of
an MD simulation of a low pH T-domain model.19 The latter model was generated by a 6.8
us MD simulation of the protein in explicit solvent with all histidines protonated and all
other acidic side-chains in their standard state (see Figure 1B).19 It was shown that
protonation of histidines triggers partial unfolding of the protein N-terminal in explicit
solvent, which was in good agreement with experiments.19
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2.3. System Preparation and Equilibration Protocols

Hydrogen atoms were added to the initial low pH T-domain structures (residues 201-380)
using tLeap available in AMBER12 package.** All histidines were protonated, and all acidic
side-chains were set to their standard protonation states (unless otherwise noted). Note that
this serial multiscale approach models the initial membrane binding of the protein. The
simulation boxes of the membrane-bound states of the low pH T-domain model were created
by adding approximately 14800 TIP3P explicit water molecules such that the distance
between the protein/bilayer and the simulation box edge was 12.0 A. The total number of
atoms is approximately 72 000 atoms. The size of the simulation boxes were 120 A x 121 A
x 116 A and 123 A x 112 A x 122 A for the membrane-bound conformations B1 and B2,
respectively. Sodium counterions were added to neutralize the protein/membrane charge.
Equilibration simulations were performed using PMEMD on GPU cards with the FF99SB-
ILDN force-field.#>-48 The simulation time step was 2 fs, and all hydrogen bonds were
constrained via SHAKE.#? Periodic boundary conditions were set up, cutoff radius was set
to 10 A, and electrostatic calculations were performed using Particle Mesh Ewald (PME)
method.?0 Each system was equilibrated as follows. The protein and lipid heavy atoms were
restrained, and the solvent was minimized for 250 steps of the steepest descent minimization
method followed by 750 steps of conjugate gradient descent. Then, the solvent was
restrained, and the protein was minimized by a total number of 5000 steps with the first
2500 steps of steepest descent. Each system was slowly heated in five stages of 5 ps from 7
= 0.1 Kupto 7=310 K with NVT ensemble using Langevin thermostat. On each stage
restraints were applied as follows: (a) Harmonic restraints with a force constant of 10 kcal
mol~1 A=2 were applied to protein and lipid atoms. (b) Harmonic restraints with a force
constant of 5 kcal mol~1 A=2 were applied to protein and lipid atoms. (c) Harmonic
restraints with a force constant of 2.5 kcal mol~* A=2 were applied to protein atoms.
Harmonic restraints with a force constant of 1.0 kcal mol~1 A=2 were applied to protein
atoms over the last two heating stages. Anisotropic NPT ensemble equilibrations using
Berendsen barostat at 1 atm were carried out in three stages. In the first stage protein atoms
were restrained with a force constant of 0.5 kcal mol=1 A2 over 250 ps; the following stage
has restraints on backbone atoms with a force constant of 0.25 kcal mol=1 AZ over 250 ps,
and all restraints were removed over the last stage of 170 ps. Then, each system was
equilibrated over 200 ns using the NPT ensemble with semi-isotropic scaling available in
GPU accelerated PMEMD.

2.4. Production Protocols on Specialized Computer Anton

The final structures of equilibration MD simulations were used for production simulations.
The force-field parameters used for the equilibration simulations were also used for MD
simulations on the MD specialized hardware Anton.>! In Anton simulations, the Gaussian
Split Ewald method®2 with a grid size of 64 x 64 x 64 was used with a cutoff radius of 12.36
A for the van der Waals and short-range electrostatic interactions. A reversible multiple-time
step algorithm was used with a time step of 2 fs for bonded and short-range nonbonded
interactions and 6 fs for the long-range nonbonded forces.>3 All bonded hydrogens were
constrained with M-SHAKE algorithm.>4 Xand Y dimensions were coupled, and Zwas free
to change in the semiisotropic NPT conditions applied to the system. The following
multigrator approach was used: a Noose—Hoover thermostat with an interval of 24 steps and
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a Martyna—Tobias—Klein barostat with an interval of 240 steps.>°56 The temperature was set
to 310 K and pressure to 1.0 atm. MD simulations of conformation B1 and B2 were carried
out over 3541 and 810 ns, respectively. An extended MD simulation of conformation B1 at
7=323 K was carried out over 2124 ns. A second extended MD simulation of conformation
Bl at 7=323 K and with all acidic side-chains neutralized (residues Glu and Asp) was
carried out over 3459 ns.

2.5. Analysis

Trajectory analysis was carried out with AmberTools13%* and in-house tcl scripts using
VMD 1.9.1.57 The latter was also used for molecular visualization and preparation of
figures. Protein and lipid heavy atoms were considered to be in contact if the distance was
lower than 5 A. C, RMSD per residue were calculated after aligning the protein MD
generated structures to the X-ray structure using C,, atoms of residues 206-375. Secondary
structure content was calculated using the DSSP program available in AmberTools.>8
Helicity profiles versus time were smoothed using an average window of 12 ns. Scattering
form factors were calculated using the software SIMtoEXP.3% Number density profiles were
calculated using VMD, and the experimental data was retrieved from Pan et al.33

3. RESULTS
3.1. Simulated Models

Multiple coarse-grained MD simulations of the T-domain and lipid bilayers of different
compositions have suggested two distinctive membrane-associated conformations
(denominated B1 and B2) of the low pH T-domain model.22 Conformation B1 was
frequently observed during coarse-grained simulations, while B2 was observed in a single
simulation and has the lower free energy of binding.22 In this work, we refine representative
snapshots of these two membrane-bound conformations by using atomistic MD simulations.
Conformation B1 is extensively studied because of its structural changes observed on a
microsecond time-scale and its predicted high occurrence by coarse-grained simulations. To
model the lipid bilayer, a pure anionic bilayer (POPG) is used because negatively charged
lipids promote faster membrane binding in our coarse-grained MD simulations and facilitate
faster transmembrane insertion of T-domain in experiments.6:22

3.2. MD Simulations

Coarse-grained conformations B1 and B2 were converted to atomistic representation
followed by equilibration simulations (described in the Methods section). Production
simulations are performed over 3.5 and 0.8 ps for each orientation B1 and B2 at 7= 310 K,
respectively. Structural rearrangements of the T-domain in our atomistic simulations are
roughly estimated by the root-mean-square deviation (RMSD) of C,, atoms relative to their
initial position in helices TH1-9, THY (see Figure 2). This is calculated after translation and
overlay of each MD frame relative to the initial protein structure. RMSD gradually increases
to an average value of 2.0 A over the initial 2.0 s of the MD trajectory of conformation B1
(see Figure 2A), while conformation B2 shows an abrupt change of RMSD to 1.7 A after the
first 100 ns (see Figure 2A). In order to observe possible refolding of the less deeply inserted
state B1, we extended the simulation of this conformation at a slightly higher temperature of
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7=323 K. The temperature was increased to accelerate the sampling of protein
conformational changes at membrane interfaces. The extended MD simulation of
conformation B1 shows a slight increment of RMSD to 1.7 A over the last 500 ns (see
Figure 2B). Partial unfolding of the solvent exposed helix TH5 is observed over this
segment. To explore the possible role of neutralization of acidic side-chains in the protein
conformational changes, we retrieve an MD frame from the simulation of conformation B1
at 7= 310 K at simulation time ca. 1.5 ps. All acidic side-chains are neutralized, while
histidines are kept in their protonated state. Simulation of the neutralized conformation B1
results in an increase of RMSD to 2.4 A over the last 500 ns. Helix TH5 is partially unfolded
over this segment (see Figure 2B). These MD simulations show that the protein retains its
compact structure, while it remains bound to the bilayer interface.

To characterize structural changes observed in our simulations, we calculated the RMSD per
residue and changes in the a-helical content of each helix. At 7= 310 K, conformation B2
has significant displacement of the solvent exposed helices TH1-2, while B1 shows
displacement of the C,, atoms in helices TH2, THY’, the interhelical loops TH7-8, TH8-9,
and the C-terminal of TH9 (see Figure S6). MD simulation of B1 at 7= 323 K resulted in
unfolding of helix TH4, which was not observed in other simulations. Extended MD
simulation of B1 ( 7= 323 K) with neutralized acidic side-chains produced a similar RMSD
profile than B1 at 7 =310 K. Analysis of secondary structure content shows that helices
TH2, THY’, and TH7 are unfolded, while helices TH1, TH4, TH5, and TH9 are partially
unfolded (see Figure S7). Among them, helix TH4 unfolds completely in the MD simulation
of B1 with only histidines protonated at 7= 323 K.

To monitor the degree of insertion of the T-domain in the membrane interface, we calculated
the center of mass (COM) distance (2) between the protein and the bilayer along the bilayer
normal axis as a function of time (see Figure 3). For example, Figure 3A shows that the
membrane-bound conformation B2 penetrates deeper in the bilayer interface, which is
initially placed at ca. Z= 32 A and then rapidly moves to a position near Z= 28 A. In
contrast, membrane-bound conformation B1 is initially positioned at ca. Z= 37 A and
gradually adopts a stable inserted state around 2= 32 A over the last 1.0 us of simulation
time. At a higher temperature (7 = 323 K), conformation B1 penetrates the membrane
interface slightly deeper to an average Z= 30 A (see Figure 3B). Further neutralization of
acidic side-chains induces deeper insertion of B1 to an average Z= 26 A.

3.3. Equilibrated Conformations B1 and B2

Figure 4A shows that the conformation B1 has protein-membrane contacts localized at
residues in helices TH1-2, the loop TH3-TH4, the N-terminus of TH8, and C-terminus of
TH9. In contrast, conformation B2 forms membrane contacts on residues of the loop TH2—
TH3, TH3, TH5-6, the N-terminus of TH8, and C-terminus of TH9 (see Figure 4B). The
latter orientation penetrates deeper in the bilayer—water interface than orientation B1 at
simulation temperature 7 =310 K. Increase of temperature in the extended simulations and
neutralization of acidic side-chain facilitates deeper insertion of conformation B1 in the
membrane interface, as shown in Figure 5. This shows the last MD frames of simulations of
conformation B1 with different protonation states of acidic side-chains. Figure 5B shows
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that neutralization of acidic side-chains induced protein reorientation of conformation B1,
which was not observed in the simulation with acidic residues in their standard state (see
Figure 5A). As a result, the refolded helix TH1 penetrates the phosphate and the lipid acyl
regions. The protein reorientation is accompanied by the formation of protein-membrane
contacts in loops TH5'-TH6 and TH8-TH9.

To gain structural insight on the membrane-bound state of TH1 with neutralized acidic side-
chains, Figure 6 displays the top view of TH1 in contact with the membrane interface. After
membrane binding and neutralization of acidic side-chains in conformation B1, helix TH1
exhibits two different patterns of membrane—protein interactions. At the N-terminus,
neutralized side-chains of residues D205, D207, and D211 are buried by TH1 and lateral
side-chains of R210, K212, K214, and K216 form contacts with the polar headgroups and
acyl-chains. In the C-terminus, cationic side-chains are not facing the membrane interface,
while neutralized glutamates and H223 interact with the lipid headgroups. Helix TH1
remains inserted in the membrane as shown by COM distance plots (Figure 3B). MD
simulations of conformation B1 suggest that acidic neutralization allows for deeper insertion
of the refolded helix TH1 at the membrane interface and that cationic residues are stabilized
by the negatively charged headgroups.

3.4. Protein Reorientation in the Membrane Interface

To determine changes in the overall orientation of the protein, we find it useful to compute
the orientation of hydrophobic helices TH8 and TH9 relative to the membrane normal axis
(see Figure 7). Figure 7A,C shows that both membrane-bound conformations B1 and B2
retain their overall orientation, in which helices TH8-TH9 exhibit oblique orientation
relative to the membrane plane. MD simulation of conformation B1 at a slightly higher
temperature of 7 =323 K displays similar oblique conformations of helices TH8-TH9;
however, neutralization of acidic side-chains drives changes of the orientation of helices
TH8-TH9. These changes result in a near parallel orientation of these helices relative to the
membrane plane (see Figure 7B,D).

To analyze specific differences of the membrane-bound conformations of the T-domain in
the simulations, the normalized histograms of protein and membrane interface contacts are
calculated. Figure S8 shows the patterns of protein—-membrane contacts obtained from the
last 500 ns of all MD simulations. In general, conformations B1 and B2 have different
patterns of protein-membrane interactions (see Figure S8A,B). Conformation B1 forms
long-lived protein—interface contacts in residues of helices TH12 and in the loop TH3-TH4,
while conformation B2 forms stable contacts at residues in the loop TH2-TH3, helix TH3,
along TH4-6, and loop TH5-TH6. Notice that both conformations show similar contacts in
the N-terminus of TH8 and the C-terminus in helix TH9. An extended MD simulation of B1
(at 7= 323 K) shows that the protein retains most of the protein-membrane contacts (see
Figure S8C). A second extended MD simulation of B1 with neutralized acidic side-chains
results in the formation of new protein—interface contacts in residues located in the unfolded
helix THY’, loop TH5-THS6, loop TH8- TH9, and helix TH9 (see Figure S8D). This
reorganization of protein—interface of contacts can be depicted by the increased bilayer
insertion of residues D295, N296 located in the loop between helices TH5-TH®6, as shown
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in Figure 8A. Furthermore, residues D352, F355 located in the loop between TH8-TH9 and
E362 in THY penetrate into the region of lipid acyl-chains (see Figure 8B-D).

The change in the orientation of the protein and further insertion in the membrane interface
of B1 also resulted in the increase of the number of hydrogen bonds between the protein and
lipid headgroups (see Figure 9). This figure shows that neutralization of acidic side-chains in
B1 allows for a larger average number of protein—lipid hydrogen bonds (70 over the last 500
ns). MD simulations of B1 at 7= 310 K and 7= 323 K with standard state of protonation of
acidic side-chains resulting in a similar average number of hydrogen bonds (43 over the last
500 ns). Conformation B2 has the lowest average number of hydrogen bonds (40 over the
last 500 ns). Changes in the orientation and deeper insertion of B1 with neutralized acidic
side-chains are stabilized by the formation of an additional 27 hydrogen bonds between the
protein and the lipids.

Further inspection of the deeply inserted state of B1 reveals the formation of long-lived
hydrogen bonds of residues located in the N-terminus of TH1 and helix TH9 (see Table S3).
For example side-chains of W206, E362, Q369, and H372 form hydrogen bonds with lipids
not observed in all other simulations. Notice that neutralization of side-chains in B1 results
in the disruption of protein—lipid hydrogen bonds in helix TH1, which are stable in the other
two simulations of B1 (see Table S3). Conformation B2 has fewer long-lived hydrogen
bonds than those observed in B1.

3.5. T-Domain Insertion in the Bilayer Interface

Conformations B1 and B2 display different extents of contacts with lipid acyl-chains, which
are shown in histograms obtained from the last 500 ns of all simulations. Note that contact
patterns are a rough characterization of protein-membrane interactions. Figure S9A shows
that conformation B2 forms stable contacts at residues in the loop TH4-THS5 (residue P271),
helix TH6 (residues E298, A302), loop TH6-TH7 (residues S305, 1306, P308), and TH9
(residues N366, L367, V370, V371). In contrast, conformation B1 forms few contacts with
the lipid acyl-chains (see Figures S9B,C). However, neutralization of acidic side-chains in
conformation B1 promotes larger number of contacts between the protein and the bilayer
hydrophobic core (see Figure S9D). The positively charged helix TH1 (+5 €7) forms long-
lived protein—acyl-chain contacts (residues K214, T215) as well as residues in the loop
between TH8-TH9 (residues D352, G354, F355), and in helix TH9 (Y358, Y375). The
increased insertion of K214 in the bilayer interior is shown by its normalized density profile
over the bilayer normal axis (see Figure 10A). Note that the insertion of positively charged
residues is facilitated by interactions with the polar headgroups (see Figure 6) and formation
of hydrogen bonds (Figure 9). The degree of insertion of K214 in the hydrophobic core
region is similar to that observed for residues P271 and P308 in conformation B2 (see Figure
10B,C). Neutralization of acidic side-chains in conformation B1 induces further insertion of
V370 in helix TH9, which is as similar to that observed in conformation B2 (see Figure
10D).
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3.6. Changes of Bilayers Properties

The membrane association of the T-domain can induce changes in the behavior of the
membrane. Figure S10 shows the distance of the average positions of phosphate atoms
(DPP) in the upper and lower leaflets as a function of time. Conformations B1 and B2
induce no or small decrease of the average thickness compared to that of a pure bilayer at 7
=310 K, respectively (see Figure S10A). In particular, B2 induces a decrease of ADPP = -2
A relative to a pure bilayer. MD simulation of conformation B1 at 7= 323 K reduces the
average thickness of the bilayer (ADPP = -1 A), as shown in Figure S10B. The bilayer
thickness is further decreased upon neutralization of acidic side-chains (ADPP = -2 A)
accompanied by further insertion of the protein (see Figure S10B).

One of the most important properties of lipid bilayers is the area per lipid. MD simulations
of conformations B2 and B1 (with neutralized acidic side-chains) resulted in areas per lipid
similar to those calculated for free lipid bilayers (see Figure S11A,B). In contrast, MD
simulations of B1 with only protonated histidines resulted in a decrease of the area per lipid
compared to the area per lipid calculated for a free lipid bilayer (see Figure S11A,B). The
observed reduction in the area per lipid corresponds to an increase of order in the lipid tails,
which is shown by the increase of the order parameter Scp of lipid acyl-chains (see Figure
S12).

4. DISCUSSION

Previously, we reported on MD simulations of the T-domain in aqueous solution in
conjunction with spectroscopic experiments, which demonstrated a key role of the histidine
residues in partial protein unfolding in acidic conditions, as well as predicted formation of a
membrane-competent state of the T-domain.1® The model of the partially unfolded state
resulted from such MD simulations is characterized by exposed hydrophobic and charged
sites on the protein surface that were assumed to facilitate subsequent membrane
binding.1922 Furthermore, the coarse-grained MD simulations suggested that the partially
unfolded model of the T-domain initially associates to the membrane through two distinctive
conformations (B1 and B2).22 In this study, atomistic MD simulations at 7= 310 K showed
that conformations B1 and B2 retained their overall structure, orientation, and membrane
contacts over several hundreds of nanoseconds. Conformation B1 adopts a shallowly
inserted state in the membrane interface with membrane contacts located in protein regions
that underwent conformational changes upon protonation of histidines in explicit solvent.1®
These regions involve partially unfolded helices TH1-TH2, the loop between TH3-TH4,
and N-terminal residues in TH8 and C-terminus of helix TH9. In contrast, conformation B2
is deeply inserted in the bilayer—water interface and partially penetrates the hydrophobic
core of the lipid bilayer. B2 insertion is facilitated by persistent protein—lipid acyl-chain
interactions at residues in the loop TH4-THS5, helix TH6, the loop TH6-TH7, and helix
TH9. The resulting final structures of the predicted membrane-bound conformations B1 and
B2 show an oblique orientation of C-terminal helices TH8-TH9 relative to the membrane
plane.

It has been strongly suggested on the basis of experimental data that, in addition to histidine
residue protonation, acidic residues are also protonated upon T-domain association with the
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membranes.#55%-61 |n the present work, we modeled the implication of such protonation of
the acidic residues onto membrane—protein conformation by setting all acidic residues in the
T-domain to their neutralized states in our simulations. Extended MD simulations of the
shallowly bound conformation B1, at 7= 323 K, resulted in partial unfolding of the solvent
exposed helix TH5 and deeper insertion in the membrane interface. However, the pattern of
protein-membrane contacts remained similar to those observed in the MD simulation at 7=
310 K. Neutralization of acidic side-chains favors deeper insertion of the protein and triggers
an overall change in the orientation of helices TH8—TH9 relative to the membrane normal
axis (see Figures 3 and 6). Note that neutralization of acidic side-chains increases the net
positive charge of helix TH1 from +1 to +5, which favors deep insertion of helix TH1 in the
bilayer interface. Previous fluorescence experiments have reported changes of the
environment surrounding the N-terminal helix TH1 of the membrane-bound protein as a
function of pH.10 Interestingly, the authors also showed that peptides containing the amino
acid sequence of TH1 and TH3 have stronger interaction with membranes than peptides
resembling helices TH2 and TH4. It was hypothesized that protonation of acidic residues
and the net positive charge of helix TH1 allows for stabilizing interactions with anionic lipid
headgroups.10 Our MD simulations are the first to study the effects of protonation of acidic
residues in the context of the complete T-domain bound to lipid bilayers.

The removal of negative charges in the loops between TH5-TH6 and TH8-TH9 facilitates
the insertion of these loops in the early stages of insertion. Experimentally, neutralization of
anionic residues located in the loop TH8-TH9 (E349 and D352) and in TH9 (E362) has
been suggested to facilitate the protein-bilayer interactions (Figure 2 in Ghatak et al.).62
Neutralization of E362 was also shown to participate in the transmembrane insertion of the
hydrophobic hairpin TH8-9 (Figure 8B in Ghatak et al.).%2 In general, changes in the
protonation state of residues at the membrane interface have been suggested to occur during
the membrane interface binding of the T-domain and peptides.6:11.63

Experiments performed at different conditions have shown at least two different states of the
T-domain bound to membranes: a noninserted and a transmembrane state of helices TH8-
9.6.11 The noninserted state was found to be stabilized by low anionic content of lipid
bilayers. Also, T-domain associated with bilayers of low anionic content and NMR
experiments showed that helices TH8-9 were stabilized in a near parallel orientation to the
membrane plane.1! Other variables, such as protein concentration and thickness of the lipid
bilayer, were also shown to affect the stability of a shallow or a deeply inserted state of
helices TH8-9.3 States B1 and B2 obtained through MD simulations have a nearly parallel
orientation of helices TH8-9 similar to the states experimentally characterized by Chenal et
al.11 However, the simulation time-scale is still limited to microseconds, which precludes
sampling of further structural changes of the T-domain bound to the membrane and the
transmembrane insertion of helices TH8-9.

5. CONCLUSIONS

In summary, atomistic MD simulations of the predicted membrane-bound conformations B1
and B2 showed that the protein remains stable in the anionic bilayer interface. MD
simulations showed that the deep insertion of conformation B2 is facilitated by long-lived
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contacts between protein hydrophobic sites and the lipid acyl-chains, while the N-terminal
helices TH1-TH2 are exposed to the solvent. Additional MD simulations suggested that
neutralization of acidic residues in conformation B1 induces changes in its insertion depth
and overall orientation relative to the membrane plane. A similar feature of both
conformations is the oblique or nearly parallel orientation relative to the membrane plane of
the hydrophobic helices TH8-TH9.6:7:17.55 Therefore, both membrane-bound conformations
have been hypothesized to be part of the initial stages of the insertion folding pathway of T-
domain.22 Future studies addressing the refolding of the protein on the membrane will
require the use of advanced sampling techniques such as accelerated molecular dynamics
and replica exchange methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) X-ray structure [PDB ID code 1FOL]. (B) Atomistic model of the partially unfolded T-

domain in two different views. The model was obtained from the last MD snapshot of a 6.8
us MD simulation of the T-domain with all histidines protonated. All histidines are
represented in red licorice. Residues K214, P271, P308, D352, and E362 are shown in
yellow licorice. Helices TH1, TH2, TH4, TH5, TH8, and TH9 are represented by green,
cyan, magenta, orange, blue, and brown ribbons. Other helices are shown in gray ribbons.
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Figure2.
Changes of the C,, root mean squared deviation (RMSD) from helices TH1-9, with TH5

relative to the initial protein coordinates. (A) RMSD traces obtained from orientation B1
(black line) and orientation B2 (cyan). Simulations were performed at 7= 310 K. (B)
RMSD curves obtained from orientation B1 (red) and with acidic side-chains neutralized
(blue lines). Simulations were performed at 7= 323 K. All histidines are set in their
protonated state in all simulations, and other acidic residues are set in their standard state,
unless indicated.
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Changes of the center of mass (COM) distance (2) between the low pH T-domain models
and lipid bilayers along the bilayer normal axis. (A) COM distances obtained from
orientation B1 (black line) and orientation B2 (cyan). Simulations were performed at 7=
310 K. (B) COM distances obtained from orientation B1 (red) and acidic side-chains
neutralized (blue lines). Simulations were performed at 7= 323 K. All histidines are set in
their protonated state in all simulations, and other acidic residues are set in their standard

state, unless indicated.
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A B

Figure 4.
Final MD frames of atomistic simulations of low pH T-domain with fixed protonation state

for histidines and standard state for the acidic side-chains: (A) orientation B1 and (B)
orientation B2. Helices TH1, TH2, TH4, TH5, TH8, and TH9 are shown in green, cyan,
magenta, orange, blue, and brown ribbon representation, respectively. Other helices are
shown in gray ribbons. Phosphorus atoms are shown in dark brown space filled
representation. Water molecules are not shown.
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A B

5

Figureb.
Final MD frames of atomistic simulations of membrane-bound conformation B1 with fixed

protonated state for all histidines. (A) Low pH T-domain structure with acidic residues set in
their standard protonation state. (B) Low pH T-domain structure with acidic residues set in
their neutralized state. Helices TH1, TH2, TH4, TH5, TH8, and TH9 are shown in green,
cyan, magenta, orange, blue, and brown ribbon representation, respectively. Other helices
are shown in gray ribbons. Phosphorus atoms are shown in dark brown space filled
representation. Water molecules are not shown.
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Figure®6.
Top view of helix TH1 obtained from the last MD frame of B1 with all acidic residues in

neutral state (residues 205-228 in green ribbon representation). The surface of the
membrane is shown in red, cyan, and white corresponding to oxygen, carbon, and hydrogen
atoms. Cationic residues R210, K212, K214, K216, K221, and K227 are shown in magenta
licorice representation. H223 is in blue, and residues D205, D207 (not labeled), D211, E218,
and E222 are in yellow licorice representation. W206 is shown in brown space filling
representation.
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Figure7.
Changes of the angles formed by the axes of helices TH8 (A, B) and TH9 (C, D) relative to

the membrane normal axis. Angle traces obtained from membrane-bound conformations B1
and B2, at 7= 310 K, are shown in cyan and black, respectively. Simulations at 7=323 K
of membrane-bound conformation B1 with acidic side-chains in their standard and
neutralized state are shown in red and blue, respectively. The average values for helices TH8
(121°) and TH9 (107°) obtained from B1 are shown in red broken lines. A value of 90°
corresponds to a parallel orientation of a helix relative to the membrane plane. All histidines
are set in their protonated state in all simulations, and other acidic residues are set in their
standard state, unless indicated.
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Figure 8.
Normalized density of insertion depth of C,, atoms from residues (A) D295, (B) D352, (C)

F355, and (D) E362. The distance Zis measured from the bilayer center located at Z= 0
along the bilayer normal axis. Histograms from membrane-bound conformations B1 and B2
at 7= 310 K are shown in black and cyan, respectively. Simulations at 7= 323 K of
membrane-bound conformation B1 with acidic side-chains in their standard and neutralized
state are shown in red and blue, respectively. Phosphate group density computed over all
MD simulations is shown as a reference in orange lines. Data was obtained from the last 500
ns of each simulation.
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Figure.
Total number of protein-lipids hydrogen bonds (Hbonds) obtained from B1 and B2 at 7=

310 K in black and cyan lines. B1 with acidic residues in standard and neutral state at 7=
323 K in red and blue line, respectively. The curves were smoothed by a moving window of
24 ns.
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Normalized density of insertion depth of C, atoms from residues (A) K214, (B) P271, (C)
P308, and (D) V370. The distance Zis measured from the center of the bilayer at Z=0
along the bilayer normal axis. Histograms from membrane-bound conformations B1 and B2
at 7= 310 K are shown in black and cyan, respectively. Simulations at 7= 323 K of
membrane-bound conformation B1 with acidic side-chains in their standard and neutralized
state are shown in red and blue, respectively. Data was obtained from the last 500 ns of each
simulation. Phosphate group density computed over all MD simulations is shown as a

reference in orange lines.

J Phys Chem B. Author manuscript; available in PMC 2016 September 10.



	Abstract
	Graphical abstract
	1. INTRODUCTION
	2. METHODS
	2.1. Lipid Force-Field Development
	2.2. Coarse-Grained Model to the All-Atom Representation Conversion
	2.3. System Preparation and Equilibration Protocols
	2.4. Production Protocols on Specialized Computer Anton
	2.5. Analysis

	3. RESULTS
	3.1. Simulated Models
	3.2. MD Simulations
	3.3. Equilibrated Conformations B1 and B2
	3.4. Protein Reorientation in the Membrane Interface
	3.5. T-Domain Insertion in the Bilayer Interface
	3.6. Changes of Bilayers Properties

	4. DISCUSSION
	5. CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10

