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ABSTRACT

This thesis consists of three interrelated theoretical and computational modeling projects
that investigate different aspects of peptide-lipid membrane interactions. (1) A general the-
oretical approach is formulated for the quantitative description of the detachment force dis-
tribution, P(F’), and the corresponding force dependent detachment rate, k(F'), of a peptide
from a lipid bilayer, by assuming that peptide detachment from lipid membranes occurs
stochastically along a few dominant diffusive pathways. Besides providing a consistent
interpretation of the experimental data, the new method also predicts that k(F') exhibits
catch-bond behavior (when, counter intuitively, the detachment rate decreases with increas-
ing force). (2) The proposed multiple detachment pathways method is tested and validated
for a particular peptide (SecA2-11) interacting with both zwitterionic POPC lipid and po-
lar E. Coli membranes. Furthermore, molecular dynamics (MD) simulations are used to
explored the conformational dynamics of SecA2-11 during its interaction with both POPC
and anionic POPG lipid bilayers. (3) Finally, MD simulations are used to explore the con-
formational dynamics and energetics of the peptide melittin (MWT) and its diastereomer
(MD4) interacting with POPC and POPG lipid bilayers. The obtained results provide fur-

ther insight into the role of secondary structure in peptide-lipid bilayer interactions.



Chapter 1

Introduction

Peptide-lipid interactions are essential for understanding numerous cellular processes and
their mechanisms. Thus, their study is of great conceptual and practical importance in
molecular biology and biophysics. In particular, the quantitative description and character-
ization, at single amino acid level, of the interaction between proteins and lipid membranes
is crucial in understanding the partitioning and folding of membrane proteins. Because of
the complexity of the system and the wide range of time and length scales involved, both
experimental and theoretical study of these interactions is extremely difficult. The nature
of peptide-lipid membrane interaction depends significantly on the type and size of the
peptide, the species of the lipid, and the properties of the surrounding solution.

Currently, there exist several single-molecule experimental techniques that can be used
to measure and characterize (both qualitatively and quantitatively) the interaction of biomolecules
with lipid membranes. One such powerful technique is Atomic Force Microscopy (AFM),
which can be used to measure, under native conditions, with high precision the force ex-

erted between a biomolecule (e.g., peptide) and a substrate (e.g., lipid membrane) as a



function of their separation. In general, however, the results obtained in AFM measure-
ments are convoluted and their correct interpretation may require substantial theoretical
and/or computational modeling.

This thesis consists of three interrelated theoretical and computational modeling projects,
involving peptide-lipid membrane interactions. These projects are part of a joint collabora-
tive effort with Dr. Gavin King and his research group. All AFM data mentioned and used
in this thesis are from Dr. King’s laboratory. A brief description of the scope and results of
these projects follows.

In the first project, described in Ch. 2, we have formulated a general theoretical ap-
proach for the quantitative description of the detachment (last-rupture) force distribution,
P(F), and the corresponding force dependent detachment rate, k(F'), of a peptide from a
lipid bilayer [1]. Both P(F) and k(F) can be determined, in a model independent manner,
through high-precision, AFM dynamic force spectroscopy measurements. In general, the
measured P(F) and k(F), which differ considerably for different peptides, lipid-membranes,
AFM tips (prepared under identical conditions), and retraction speeds of the AFM can-
tilever, cannot be described in terms of the standard theory, according to which detach-
ment occurs along a single pathway, corresponding to a diffusive escape process across
a free energy barrier. In particular, the prominent retraction speed dependence of k(F)
is a clear indication that peptide-lipid membrane dissociation occurs stochastically along
several detachment pathways. The proposed new theoretical approach for P(F) and k(F)
assumes that peptide detachment from lipid membranes occurs, with certain probability,
along a few dominant diffusive pathways. Besides providing a consistent interpretation of
the experimental data, the new method also predicts that for moderate retraction speeds at

intermediate force values, k(F') exhibits catch-bond behavior, i.e., when counter intuitively



the detachment rate decreases with increasing force. According to the proposed model this
behavior is due to the stochastic mixing of individual detachment pathways which do not
convert or cross during rupture. To our knowledge, such catch-bond mechanism has not
been proposed and demonstrated before for a peptide-lipid interaction.

Next, in the second project, described in Chs. 3-4, the proposed multiple detachment
pathways method is tested and validated for a particular peptide, i.e., SecA2-11, interact-
ing with two types of lipid bilayers, namely, zwitterionic POPC and polar E. Coli mem-
brane [1,2]. In all cases, under various experimental conditions, the agreement between the
experimental and theoretical results is surprisingly good. Furthermore, to gain additional
insight into the conformational dynamics of SecA2-11 during its interaction with zwitteri-
onic POPC and anionic POPG lipid bilayers, we have performed unbiased, long time scale,
all-atom MD simulations. The obtained results are consistent with the mentioned AFM
measurements and with other recent experimental results.

Finally, in the third project, described in Ch. 5, in order to directly assess the role of he-
lical secondary structure in peptide-lipid bilayer interactions, all-atom MD simulations are
used to explore the conformational dynamics and energetics of the peptide melittin (MWT)
and its diastereomer (MD4) interacting respectively with a POPC and a POPG lipid bi-
layer. In agreement with previous experimental studies [3], MWT appears to be folded
and bounded to both membranes, while MD4 is unfolded (random coil) with clear bind-
ing affinity only towards the charged POPG membrane. These results are also consistent
with the dissociation energies of MWT and MD4 (oriented parallel to the surface of the
membrane) from POPC and POPG, extracted from the potentials of mean force (PMFs)
determined from umbrella sampling simulations. It should be noted that although there

exist many previous MD studies of MWT and several experimental studies of MD4, to the



best of our knowledge, this is the first long time scale, all-atom MD simulations study of

the MD4 peptide.



Chapter 2

Theoretical modeling of the forced
detachment of a peptide from a lipid
membrane!

2.1 Introduction

Peptide-lipid membrane interactions are fundamental in molecular biology, by directly af-
fecting the dynamics and functions of membrane proteins [4-6]. Currently, there exist
several single-molecule experimental techniques that can be used to measure and character-
ize (both qualitatively and quantitatively) the interaction of biomolecules with lipid mem-
branes [7]. Atomic force microscopy (AFM) based dynamic force spectroscopy [2, 8, 9]
is a powerful experimental technique for measuring peptide lipid interaction with sub pN
precision [10]. In a typical, AFM force spectroscopy experiment (see Fig. 2.1a), the pep-

tide, which is attached through a linker to the functionalized tip of the AFM cantilever, is

I'The content of this chapter is based on M. Utjesanovic et al, Scientific Reports 9, 451 (2019) [1].
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repeatedly approached to and then retracted (until total detachment) from the surface of
the lipid membrane. The cantilever is moved with an adjustable constant speed, v. The
measured detachment force F (i.e., last rupture force) at the end of each retraction is a
stochastic quantity characterized by a distribution function P(F).

The standard approach to interpret the measured histogram, P(F), is to model the
peptide-lipid membrane detachment as a diffusive escape process across a free energy bar-
rier [11-14]. Such single detachment pathway model is characterized by (i) an energy
parameter (activation energy or barrier height AU)), (i1) a geometric parameter (activation
length Ax), and (iii) a kinetic parameter (intrinsic escape rate k,, or equivalently, escape
time 7y = 1/ko), as illustrated schematically in Fig. 2.1b. In general, an externally applied
detachment force, F, oriented normal to the surface of the membrane (along the x-axis in
this case), will alter all three model parameters such that AU(F) < AUy, Ax(F) < Axy, and
k(F) > k.

Furthermore, P(F) can be determined, in a model independent manner, from the force
dependent detachment rate, k(F). The converse is also true (see Egs. 2.8-2.9). Thus, the
values of the model parameters (AU, Axy, ko) can be determined by fitting the theoretical
rupture force distribution, P(F), to the corresponding experimental histogram.

For the single detachment pathway model, k(F') is independent of v and increases mono-
tonically with F [14, 15]. Thus, one expects that when this model is applicable then the
k(F)s obtained from the experimental P(F’) histograms corresponding to different v values
should collapse to a single curve that does not depend on v. Indeed, this is the case for
systems involving force-induced molecular transitions (e.g., unfolding of proteins [16-21],
unzipping of nucleic acid hairpins [22, 23], ligand-receptor dissociation [24,25], etc.).

By contrast, for peptide-lipid membrane systems the experimental P(F) histograms



show noticeable differences even for otherwise identically prepared samples, and depend
strongly on other experimental factors, such as the retraction speed, v. Likewise, the corre-
sponding rupture rates, k(F'), are strongly v-dependent and can be non-monotonic functions
of F. Thus, it is clear that the single detachment pathway model fails for peptide-lipid mem-
brane systems, most likely due to their complexity. Thus, it is logical to assume that for
such systems multiple detachment pathways are in play.

Our goal is to propose a general, multi-pathway model for describing the detachment
force distribution, P(F), and the corresponding k(F), of forced detachment of peptides from
lipid membranes. The proposed model assumes that the detachment process can proceed
stochastically along a few, N > 1, dominant pathways, with probabilities w,, n = 1,..., N,
such that ZnN: | w, = 1. Similarly to the standard theory [14, 15], each pathway is modeled
as a diffusive escape process across a free energy barrier, characterized by the parameters
AUy,, Axy, and ky,. We identify these pathways as final (last) rupture events involving
either one or two residues of the peptide. Indeed, due to its polymeric nature, the separation
of the peptide from the membrane during retraction proceeds residue-by-residue. Right
before detachment, the peptide-lipid membrane contact is restricted to a single residue, in
general, located at the end of the peptide away from the AFM tip. Thus, depending on the
time resolution of the AFM instrument, F extracted from the retraction force time series,
corresponds to the dissociation of the last residue, or the dissociation in rapid succession
of the last two (or more) residues still in contact with the membrane.

Approximate values of energetic (AU, ) and geometric (Axy,) parameters, peptide residue
and lipid species specific, can be obtained from previous free energy profile studies of in-
dividual residues interacting with model lipid membranes [26,27]. Thus, only the intrinsic

detachment rates ko, and the pathway weight factors w,, are left to be determined as effec-



tive fitting parameters. Once all the parameters have been determined for a specific peptide
and lipid-membrane system, by changing experimental conditions (e.g., modifying the re-
traction speed v, or exchanging - otherwise identically prepared - AFM tips) one only needs
to adjust the weight coeflicients w, in order to match the experimental P(F) and k(F) with
the theoretical model. In general, the probability that detachment follows a certain pathway
should change by modifying the experimental conditions.

The viability of the proposed model is demonstrated by applying it to AFM retraction
experiments of peptide rupturing from two species of lipid bilayers and performed under
different experimental conditions (see Ch. 3). In spite of its formal simplicity, our theo-
retical model is capable of describing, and interpreting in a consistent manner both P(F)
and k(F) for the considered AFM retraction experiments [1]. In addition, we find that
for intermediate retractions speeds and rupture forces, k(F) exhibits “catch-bond” behav-
ior [28-30] when, counter intuitively, the detachment rate decreases with increasing F. We
show that this behavior is due to properly weighted, force dependent contributions by dif-
ferent detachment pathways to k(F). We also find that the intrinsic (detachment-) off-rate,
ko = k(0) = ZnN:1 wyko,, of the peptide from the membrane (within reasonable numerical
errors) is independent of v, in spite of the fact that the weights w, are v-dependent while

k.o are not.

2.2 Theoretical model

The forced detachment of a short peptide (biomolecule) from a lipid membrane (substrate),
observed in AFM single-molecule dynamic force spectroscopy experiments (Fig. 2.1a), is

a stochastic process that customarily is modeled as a diffusive escape event across a free



energy barrier [11-14]. The reaction coordinate, x, is defined as the separation between
peptide and membrane, along the normal direction to the latter. In the absence of a pulling
force, F, the intrinsic free energy profile (potential of mean force or PMF), Uy(x), is char-
acterized by the separation Axy = x5 — xy between the positions of the equilibrium bound
state (xy) and transition state (x), and the barrier height (activation energy), AU, separat-
ing these two states (see Fig 2.1b). Here we model the PMF by a widely used linear-cubic
potential Uy(x) = AUo[(3/2)(x/Axo) — 2(x/Ax,)*], which was shown to be suitable for
studying forced detachment processes [14]. In addition, the dynamics of the detachment
process also depends on an effective diffusion coefficient, D, or, equivalently, an intrinsic
escape rate kg, or escape time 7y = 1/kg.

In a constant pulling speed (force-ramp) AFM experiment, the applied force, F(¢), mod-
ifies the PMF, i.e., U(x|F) = Uy(x) — F x, thus facilitating the detachment (last rupture)
process by reducing both the barrier height, AU(F) < AUy, and separation, Ax(F) < Ax
(Fig. 2.1b). The stochastic process x() starts at (or about) x, and terminates with detach-
ment, when it reaches the absorbing boundary at x,. The corresponding detachment force
is also a stochastic quantity whose distribution function, P(F), can be constructed from
repeated AFM retraction experiments. Our goal is to determine the model parameters AU,
Axy and kj that reproduce P(F’) obtained from single-molecule AFM force spectroscopy ex-
periments. The theoretical approach for determining P(F’) requires several approximations

that are discussed below.

2.2.1 Detachment along a single pathway

The key quantity for modeling molecular detachment processes along a given pathway is

the survival probability (i.e., the probability that rupture still has not yet occurred at time 7)



~
Q
N
N
~
wy
—/

<« Axy~>

AFM f 4 7o
k()
AUy ()
F T AU (F)
?«Rm« Lipid bilayer ¢l
M&wwg 0 Ax (F) ’
<>
() (d) (e)
F=F, 1 F=F+F, T F=2F :

2\

Figure 2.1: (a) Experimental setup. (b) Physical model. Peptide detachment involves the
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tip.
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defined as
b
S (tlxo) = f p(x, t|xo) dx, 2.1)

where p(x, t|xo) is the transition probability that the stochastic process x(¢) has the value x
(with @ < x < b) at time ¢, assuming that at # = O it had the sharp value x,. In our case
Xo = Xy, with an absorbing and reflective boundary at b = x5 and a < x_, respectively.
When U(x) diverges rapidly for x < x_, one can set a = —oo.

The transition probability obeys the adjoint Smoluchowski equation [31],
dp(x, thxo) = L (x0) p(x, 1), (2.22)
with the adjoint Smoluchowski operator
L (x0) = D explBU(x0)10x, exp[-BU (x0)18,, = DJ?, = BDU'(x0)ds,, (2.2b)

where B = 1/kgT, kg is the Boltzmann constant and 7 is the absolute temperature. Thus,
by combining Egs. 2.1 and 2.2, the equation of motion for the survival probability, subject

to the initial condition S (0|xy) = 1 and boundary condition S (#|x) = 0, becomes
S (t1x0) = 8,8 (t1x0) = L5 (x0) S (tx0). (2.3)

In general, S (#|xy) can be calculated only numerically. However, a practical analytical ap-
proximation can be obtained by employing the mean-first-passage-time (MFPT) or mean-

detachment time (MDT) [31] approximation. To this end, note that the distribution function

11



of the detachment time is given by P(¢) = —S (#|x,). Thus, the MFPT is

T(x0) = fm tP()dt = f‘” S (t|xo) dt . (2.4)
0 0

Consequently,

L (x0) T(x0) = fo LI (x0) S (tlxo) dt = fo S (tlxo) dt = -1 . (2.5)

This is the well-known MFPT equation, which can be integrated exactly with the result [31]

1(x0) = D! f ndxexp[,BU(x)] f dyexp[-BU(»)] . (2.6)

Clearly, the (mean) detachment time 7 = 7(xy). Note that in the large barrier limit, Eq. (2.6)
turns into the widely used Kramers’ formula for the escape time [12, 14,32, 33].

In general, quasi-adiabatic MDT approximation is only applicable for 7 much larger
than the characteristic relaxation time of the unruptured system. In single-molecule dy-
namic force AFM experiments, this approximation usually holds for sufficiently small force
loading rates, F' = dF/dt. For simplicity, here only constant loading rates are considered,
i.e. F = k,v, where k; is the stiffness of the AFM cantilever and v is the constant retraction
speed. The presence of the linker between the tip of the cantilever and peptide can lead to
a weak force dependence of F. In many cases this dependence can be either neglected or
accounted for through a mean spring constant k; ~ k;.

In the MDT approximation, the equation of motion for the survival probability is sim-
plified

S = LISt ~ 'S (1) = kS (D), (2.7a)

12



and it can be integrated with the result

S(?) = exp(— f kdt') (2.7b)
0

Finally, in terms of the survival probability, the rupture force distribution is P(F) =

—dS /dF = =S |/ F, which in the MDT approximation becomes

k(F) k(F) p[_ fF k(f) ]
0

where the force dependent detachment rate k(F) = 1/7(xy,), with the MDT given by
Eq. (2.6). Finally, k(F) can be expressed from Eq. (2.8) only in terms of the experimental

histogram P(F’) and force loading rate in a model independent manner, i.e.,

FP(F)
L- [ P(Ndf

Either of the last two equations can be used to determine the sought model parameters AU,

k(F) = (2.9)

Axy and ko, by fitting the theoretical prediction to the experimental data. However, Eq. (2.9)
is crucial in determining whether the detachment process follows a single pathway or mul-
tiple pathways. Indeed, in the case of a single detachment pathway, k(F) is independent of
the retraction speed v. Thus, k(F|v) obtained from AFM experiments using different retrac-
tion speeds must collapse to the same, monotonically increasing curve. [14] On the other
hand, as shown in Fig. 2.2, whenever k(F|v) shows significant v dependence (and possibly
non-monotonic behavior in F) it is a clear indication that the detachment process occurs

stochastically along several different pathways.

13



AR RARESUARRS RARRN RARRNRERES
0.06- —experiment_f
C godb — SP theory
0.02F ]
; e« RN NN L r— ]
k(p)zofpi P00 0 20 30 40 50 60 k(F) _fF )y
fp P(f)df F [pN] P(F)=——e ° F
T T

0I 1 I1OI 1 I20I 1 I301 1 I40I 1 I501 1 160
F [pN]

Figure 2.2: In a typical case of peptide-lipid bilayer detachment, the experimentally de-
termined P(F) and k(F) (red curves) cannot be described by a theoretical model based
on a single detachment pathway (black curves). The experimental data correspond to the
peptide SecA2-11 interacting with a POPC bilayer, for v = 100 nm/s.
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2.2.2 Detachment along multiple pathways

It is reasonable to assume that the detachment of a peptide from a lipid membrane, due
to the complex, stochastic nature of their interaction, may follow a number of different,

independent pathways. In such case, the probability that detachment has not occurred yet

N
n=1

at time ¢ (survival probability) can be written as a weighted sum S () = >, _; w,S ,(t), where
w, is the probability of detachment along the n-th pathway. Clearly, ¥, w, = 1. Each
detachment pathway is characterized by the parameters AUy,, Axy, and ko,, n = 1,...,N.
Using the MDT approximation described in the previous section, it is straightforward to

show that, in the case of multiple pathways, the detachment force distribution can be written

s <
P(F) =~ = Z:; WaPo(F), (2.10a)
where for the n-th pathway
P,(F) = k"(.F )Sn(F), (2.10b)
with
S.(F) = exp(— fF k"(.f)df). (2.10¢)
o F

Similarly to Eq. (2.6), the force dependent detachment rate for the n-th pathway

Xnn X -1
kn(F) = D, (f dx exp[,BU,,(x)]f dy eXP[—,BUn(y)]) ; (2.11)

o0

and the corresponding intrinsic detachment rate &, = k,(0). Equations (2.10), together with
Eq. (2.11), are the multiple pathways equivalent of Eq. (2.8), and can be used to determine
the model parameters AU,,, Axq, and ko,, along with the weight factors w,, by fitting the

experimental data.
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Finally, the mean, force dependent, detachment rate for multiple pathways is given
formally by the same Eq. (2.9) as for a single detachment pathway, except that for P(F)

one needs to use Egs. (2.10). Thus

N
k(F) = Z a, (F)k,(F), (2.12a)
n=1

where
WS o (F)

J(F) = —nSalF)
) = S S F)

(2.12b)

Depending on the pathways involved, due to the force dependence of the o, (F) coefficients,
k(F) may depend strongly on the retraction speed, v, and may also exhibit non-monotonic

dependence (i.e., catch-bond behavior [28]) on the detachment force, F.

2.2.3 Double and multiple detachment events

It is reasonable to assume that right before detachment, the contact between a peptide and
lipid membrane is confined to a single amino acid (Fig. 2.1¢). The experimentally recorded
detachment (last rupture) force thus corresponds to such situation. However, due to the
limited time resolution of the AFM or other experimental complications, occasionally the
recorded detachment force corresponds to a double rupture event, e.g., when either the last
two amino acids of a single peptide (Fig. 2.1d), or the last amino acids of two copies of the
peptide attached to the same tip of the AFM cantilever (Fig. 2.1e), in contact with the mem-
brane, rupture in rapid succession. In this double-residue rupture case, the measured de-
tachment force is roughly twice as big as for the corresponding single-residue detachment
event. Thus, double rupture events can be regarded as independent detachment pathways

with a weight factor wqu) and a rupture force distribution Pﬁf)(F ) = (1/2)P,,(F/2), where
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P,.(F) = P\)(F) corresponds to single residue detachment. In principle, one may con-
sider multiple detachment events that involve the rupture in rapid succession (that cannot
be time-resolved experimentally) of p > 2 amino acids, which can be modeled as pathways
with wﬁ,p ) and Pﬁ,f)(F ) = (1/p)P,(F/p). However, the occurrence of multiple detachment

events with p > 2 is much smaller than those involving single and double ruptures, and

usually can be neglected.

2.3 Conclusions

We have formulated a general theoretical approach that provides a quantitative description
of the detachment force distribution of a peptide from a lipid membrane. The proposed
model assumes that detachment occurs, with certain probability (w,), along a few domi-
nant diffusive pathways, characterized by three parameters (AU,,, Axo,, and ky,). We have
identified these pathways with last-rupture events involving one or two residues, in gen-
eral, located at the end of the peptide. The values of the energetic (AUy,) and geometric
(Axo,) parameters, which are residue and lipid species specific, can be derived from exist-
ing free energy profile studies, while the kinetic parameters (k,) and pathway weights (w,)
should be treated as fitting parameters. As shown in the next sections, this new theoretical
approach provides a consistent interpretation of relevant AFM dynamic force spectroscopy
data. Although our model cannot predict the occurrence probability of a particular pathway
in individual experiments, as shown in the next chapters, once the pathways have been iden-
tified and characterized, the rupture force histogram P(F) can be matched by only using
w,’s as fitting parameters, which is quite remarkable.

Our theoretical model is capable of reproducing accurately both retraction speed and
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non-monotonic force dependence of the rupture rate k(F'). Furthermore, it predicts that for
moderate v and intermediate F values, k(F) should exhibit catch-bond behavior, namely
a decrease with increasing F, before continuing to increase again, as would normally ex-
pect. According to the model, the origin of the catch-bond mechanism in peptide-lipid
membrane interactions is the stochastic mixing of individual detachment pathways, which
do not convert or cross during rupture. This catch-bond mechanism is manifestly different
from the commonly used “two-pathway”” model [30] for ligand-receptor systems.

At last but not least, our theoretical model can also be used to calculate the intrinsic
detachment (or off) rate, k(0) = ZnNzl w,ko,, of a peptide interacting with a lipid membrane.
Clearly, the result should be independent (within margin of errors) of the retraction speed
and, thus, can be regarded as a consistency test of the multiple pathway model for peptide-
lipid membrane detachment.

Finally, one should mention that, beside the detachment (last rupture) forces, the re-
traction force time series, F (), contains detailed information about the entire peptide-lipid
membrane interaction process, including intermediate rupture events. In the framework of
our theoretical approach, the latter may be regarded as detachment events of intermediate
residues. However, such analysis is beyond the scope of this Thesis, and further work is

needed to apply and test our theory for such intermediate rupture events.
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Chapter 3

Forced detachment of the peptide
SecA2-11 from zwitterionic and polar
lipid bilayers!

Here we demonstrate the effectiveness of the theoretical model described in the previous
chapter by applying it to AFM-based single molecule force spectroscopy measurements
of the peptide SecA2-11 interacting with (i) zwitterionic POPC lipid bilayer and (ii) polar
E. coli lipid membrane.

SecA, a protein distributed between the cytosol and the cell membrane, is one of the
major component of the general secretory system [34, 35]. As a membrane-associated
ATPase, SecA has to bind to the cell membrane in order to execute its role in precursor
protein translocation. It has been shown experimentally that the binding of SecA to the
membrane is accomplished through a short segment of 10 amino acids located at the N-

terminus of the protein, SecA2-11, with primary structure LIKLLTKVFG. The AFM tips

IThe content of this chapter is based on M. Utjesanovic et al, Scientific Reports 9, 451 (2019) [1], and
T.R. Matin, M. Utjesanovic et al (2019)
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Residue AUy [kgT] Ax, [nm]

L 8.0 1.0
I 10.0 1.3
S 2.0 0.7
R 8.2 1.3

Table 3.1: PMF model parameters describing the interaction of selected residues with
POPC lipid bilayer. [26,27]

used in the experiments were functionalized with SecA2-11 through flexible PEG linkers
(with ~ 10 nm contour length) [2].

The detachment force, F, of SecA2-11 (derived from SecA) from each of the two lipid
membranes mentioned above was measured in a series of high precision (sub-pN) AFM
force spectroscopy experiments [10], performed under a variety of conditions. The con-
structed experimental P(F) histograms showed significant variation from experiment to
experiment, even for the same peptide-lipid membrane system. Attempts to model P(F’)
by using the theory for a single detachment pathway failed. We attribute this failure to the
complexity of the peptide-lipid membrane interactions. Here we show that in fact P(F)
can be modeled in a consistent way by assuming that peptide-lipid membrane detachment
involves a small number (usually N = 3 or 4) of dominant pathways of single and double
rupture events. The modeling strategy is as follows. First, one identifies the residues at
the end of the peptide that are most likely to rupture last. Next, the corresponding val-
ues of the PMF parameters, AU, and Ax,, are identified from previous MD simulation
studies, [26,27] which reconstructed the PMF of various residues interacting with POPC
bilayers. These values are listed in Table 3.1. Finally, the intrinsic detachment rates ky,
(kinetic parameters) and occurrence probabilities w, (weight coefficients) for each partici-
pating detachment pathway (n = 1, ..., N) are determined by fitting the experimental P(F)

histograms using Egs. (2.10) and (2.11). As a general rule, because the PMF parameters
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(AUy, and Ax,) are determined by the nature of the peptide and lipid membrane, their
values should not be changed during the fitting process. At the same time, the rates kg,
may depend slightly on the experimental conditions (e.g., retraction speed v, AFM can-
tilever tip), but not as much as the weight factors w,, which may change considerably
from experiment to experiment. While the convergence of w,, to a peptide-lipid membrane
specific value may require a prohibitively large number of measurements, the parameters
identifying the individual pathways (i.e., AUy,, Axq,, and kg,) should be obtainable from a

relatively small number of single molecule experiments.

3.1 Detachment of SecA2-11 from zwitterionic POPC bi-
layer

In the reminder of this chapter we demonstrate the viability of the multiple detachment
pathways model described above by applying it to interpret the rupture force histograms,
P(F), and the corresponding force dependent dissociation rates, k(F'), of SecA2-11 inter-

acting with a zwitterionic POPC lipid bilayer and a polar E. coli cell membrane.

3.1.1 P(F): AFM-tip dependence

The experimental P(F) histogram of SecA2-11 interacting with POPC lipid bilayer (for
v = 100 nm/s) shown in Fig. 3.1a can be fitted well by assuming N = 4 detachment
pathways. Two of these (n = 1,2) are identified as single ruptures involving the last two
residues, L and I, of the peptide. The other two pathways (n = 3,4) correspond to double
rupture processes involving the same residues. The corresponding PMF parameters are

listed in Table 3.1, while the fitting parameters, ko, and w,, are listed in Fig. 3.1a. Note
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Figure 3.1: Data shown is from (a) all AFM tips, and (b)-(e) four individual AFM tips. In
each case, P(F) can be fitted well by using four detachment pathways (solid-thick curves).
Contributions to P(F) from the n-th (n = 1, ...,4) detachment pathways are shown as col-
ored dashed curves. The corresponding intrinsic rupture rates, ko,, and weights, w,, are
also listed.
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that, in this case, the single rupture events (65%) are more prevalent than double ruptures
(33%). Also, the predominant four pathways account for 98% of P(F); the remaining 2%
correspond to other pathways that occur only seldom and, thus, can be neglected.

The P(F) histogram in Fig. 3.1a contains data from several AFM retraction experi-
ments, performed with different, but otherwise identically prepared, AFM tips. Reflecting
the stochastic nature of single molecule experiments, the P(F) histograms for individual
tips, shown in Fig. 3.1b-e, have completely different shapes. However, all these different
histograms can be well fitted assuming the same N = 4 detachment pathways identified
above, but with different weight factors w,. This means that, in otherwise identically pre-
pared samples, certain detachment pathways may be favored against others. While, in gen-
eral, one cannot predict the prevalence of a particular pathway in individual experiments, it
is still remarkable that P(F’) can be reproduced by only using w,,’s as actual fitting parame-
ters. Thus, the detachment pathways, identified through three parameters (i.e., AUy, Axo,,

and ko,), can be regarded as fingerprints of a specific peptide-lipid membrane system.

3.1.2 P(F): retraction speed, v, dependence

The experimental P(F) histogram of SecA2-11 interacting with POPC lipid bilayer for six
different retractions speeds are shown in Fig. 3.2. In all these cases too, P(F) can be fitted
well by assuming the same four detachment pathways identified in the previous section,
and by simply adjusting the corresponding weight factors w,,. It appears that for the lowest
retraction speeds, v = 30 and 50 nm/s, the double rupture pathways are the dominant ones,
accounting respectively for 85% and 62% of P(F). For higher speeds, the situation is

reversed, in favor of the single ruputre pathways.
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Figure 3.2: In each case, P(F) can be fitted well by using four detachment pathways (solid-
thick curves). Contributions to P(F) from the n-th (n = 1,...,4) detachment pathways
are shown as colored dashed curves. The corresponding intrinsic rupture rates, ko,, and
weights, w,, are listed.
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3.1.3 k(F): retraction speed, v, dependence

As already mentioned, the strong v dependence of k(F), determined from the experimental
P(F) by means of Eq. (2.9), and shown in Fig. 3.3, clearly demonstrates that peptide-
lipid bilayer detachment cannot be described by a single detachment pathway, thus lending
support to our multiple pathways method. While the individual rates, k,(F), for each de-
tachment pathway are monotonically increasing with F, the non-monotonic behavior of
k(F), given by Eq. (2.12), is due to the F-dependent contributions, through the coefficients
a,(F), of the individual pathways. The situation is illustrated, for v = 100 nm/s, in Fig. 3.4.

It is remarkable that, for intermediate forces, the stochastic mixing between the dif-
ferent pathways may lead to “catch-bond” behavior [28-30], where counterintuitively the
detachment rate decreases with the increase of the applied force (Fig. 3.4b). Note that
the origin of the catch-bond in this case is quite different from the “two-pathway” model,
according to which catch-bond behavior in ligand-receptor systems comes about through

pathway switching (inner conversion) [30]. In our case, individual peptide-lipid detach-

25



1'Oj I T T | T T T T T T T T T f ]7

— 0'87(a) — a(F) 7
'L 0.6/ — ax(F) —
§ 04_ CL’3(F) —

0.2 — ay(F)  _

| IR IR ‘ P I I

—_ 7| I T T | T T T T T T T T T T T T T T T B
@ 100-(D) - - aEk(F) as(FkaF) /-
S wPkFE) - - aEkE) /o
© 0F E
S - ~ ]

S ok e L
7| I T T | T T T | T i

Q 100:— :
C > g
- C 1
O L L L | L L L | L L L ‘|_

0 10 20 30 40 50 60

F (pN)

Figure 3.4: (a) Force dependent weight factors for each detachment pathway. (b) k(F)
derived using P(F) from experiment (thick, solid red curve) and our theoretical model-
ing (solid black curve). The weighted contributions of individual pathways to k(F), i.e.,
a,(F)k,(F),n =1,...,4, are also shown (dashed curves). (c) Pathway specific, force de-
pendent rupture rates, k,(F). For reference, the experimental and theoretical k(F') are also
shown as in (b).
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ment events occur, with a given probability, along well defined pathways, which do not
cross or convert during rupture. The force dependent coefficients «,(F) in Eq. (2.6) are
all positive but their derivatives, da,/dF, may become negative for certain force values
which gives rise to catch bond behavior (see Fig. 3.4a). Thus, we are dealing with a new
catch-bond mechanism that is specific to peptide-lipid membrane dissociation (or similar

molecular processes) [1].

3.2 Detachment of SecA2-11 from polar E. coli membrane

Next, we consider the detachment of SecA2-11 from the biologically relevant E. coli cell
membrane, which is a mixture of anionic POPG (20 mol %) and zwitterionic POPE (70
mol %) lipids, and cardiolipin (10 mol %). We begin with comparing the detachment force

distributions, P(F), for the two lipid membranes, i.e., POPC and E. Coli.

3.2.1 P(F): dependence on the type of lipid membrane

Figure 3.5 compares the rupture force distributions, P(F), of SecA2-11 interacting with a
supported (a) POPC lipid bilayer, and (b) patch of E. coli membrane. In both cases, the
theoretical models (black lines) used to fit the experimental P(F) histograms (red lines)
contain four dominant detachment pathways, corresponding to two single (n = 1,2) and
two double (n = 3,4) rupture events. The two single ruptures are assigned to the last two
residues (i.e., L and I) at the N-terminus of SecA2-11. For the corresponding activation en-
ergies (AU,) and lengths (Axy,) we have used the same values as for the POPC bilayer (see
Table 3.1). The justification for this choice is twofold: (i) there is no PMF data for residues

in E. coli membrane, and (ii) the fraction of the zwitterionic lipids in E. coli is much larger
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Figure 3.5: Experimental (solid red line) and theoretical model (solid black line) detach-
ment force distribution P(F) for SecA2-11 in (a) POPC lipid bilayer and (b) E. coli cell
membrane. The theoretical P(F) required four model force distributions (colored dashed
lines) corresponding to distinct dissociation pathways, as described in the text. The intrin-
sic rupture rates, ko,, and weights, w,, (n = 1,...,4), are also listed. The vertical lines
indicate the mean rupture force.
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than that of charged lipids. While for individual pathways the intrinsic rates, k,, show only
weak membrane species dependence, the weight coefficients, w,, vary considerably, likely
due to the complex nature of peptide-lipid membrane interactions.

P(F) is significantly broader in the case of the anionic E. coli membrane (mean rupture
force F = 30 pN) than for the zwitterionic PC bilayer (F = 23 pN). Indeed, the kurtosis
of P(F) is much larger for PC (8 = 5.2) than for E. coli (8 = 2.2), meaning that the
force distribution for PC (E. coli) is sharper (broader) than a normal distribution (for which
B = 3). The reason for this is that double rupture events (with higher rupture forces)
are more abundant for E. coli (> 70%) than for POPC (< 35%). In addition to direct
electrostatic effects, such dramatic increase of double ruptures in E. coli membrane could
also be due to the presence of secondary structure elements that the peptide adopts when
bound to E. coli polar lipid. Helical structure, if present, could give extra rigidity to the

peptide that would favor the (almost) simultaneous dissociation of two residues.

3.2.2 P(F): retraction speed, v, dependence

Figure 3.6 shows the experimental P(F’) (red lines) for SecA2-11 interacting with E. coli
membrane for four different retractions speeds, v = 50, 100, 200, 300 nm/s. It is remarkable
that, in spite of the strong v-dependence, the rupture force distribution can be fit well (black
lines) by using the same four dissociation pathways identified above. Note that, apart from
minor adjustment of the intrinsic dissociation rates for the double ruptures, the fitting sim-
ply requires the recalculation of the weight factors w,,. For retraction speeds v < 300 nm/s,
the contribution to P(F) of the double rupture pathways dominate (> 50%). However, at
the highest pulling speed v = 300 nm/s, this contribution decreased below 40%, and single

ruptures dominate. A plausible explanation is that the higher the retraction speed the higher
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Figure 3.6: The experimental results (solid red curves) are matched well be the theoretical
model (solid black curves) by using four detachment pathways. Contributions to P(F') from
the individual pathways are shown as colored dashed curves; the corresponding intrinsic
rupture rates, ko,, and weights, w,,, (withn = 1...4) are also listed.
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Figure 3.7: Force dependent detachment rate, k(F'), of SecA2-11 from E. coli membrane,
for the listed retraction speeds (in nm/s) of the AFM tip.

the probability that the peptide completely unfolds before detachment from the membrane,

thus significantly reducing the occurrence of double ruptures.

3.2.3 k(F): retraction speed, v, dependence

In case of SecA2-11 interacting with E. coli membrane, the force and retraction speed
dependent detachment rate, k(F'), can be calculated (in model independent fashion) from
P(F), by using Eq. (2.9). The results are shown in Fig. 3.7. Again, the strong v-dependence
and non-monotonic behavior of k(F) is a clear indication that peptide-lipid bilayer detach-
ment is a multi-pathway process [1]. Note that while the individual single-detachment
rates, k,(F), increase monotonically with F, the effective k(F) is non-monotonic, as it can
be inferred from Eq. 2.11, in which the coefficients «,(F') are force dependent.
Furthermore, k(F) may exhibit catch bond behavior [1], where counter-intuitively the
dissociation rate decreases with increasing applied force, i.e., dk(F)/dF < 0, [28-30]. A

catch bond region is manifest in the v = 300 nm/s curve at F' = 35 pN (Fig. 3.7).
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3.3 Dissociation rate of SecA2-11 from POPC and E. coli
lipid membranes

In spite of the significant v-dependence of k(F), one finds that the intrinsic (dissocia-
tion) off-rate of SecA2-11 from both POPCE. coli membrane, ky = k(0) = 23:1 Wokon,
is essentially independent of v, as shown in Fig. 3.8. The off-rate we obtained here,
ko = 1.13 £ 0.04 s~' (mean =+ standard deviation), is about 12% lower than that for the
same peptide interacting with a PC bilayer (ko = 1.27 + 0.09 s~!) [1]. These, normally
expected but non-trivial results, lend further support to our multiple detachment pathways

model.
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3.4 Conclusions

We have formulated and validated a general theoretical approach that provides a quantita-
tive description of the detachment force distribution of a peptide (e.g., SecA2-11) from a
lipid membrane (e.g., POPC, E. coli). The proposed model assumes that detachment oc-
curs, with certain probability (w,), along a few dominant diffusive pathways, characterized
by three parameters (AU,,, Axy,, and kg,). We have identified these pathways with last-
rupture events involving one or two residues, in general, located at the end of the peptide.
The values of the energetic (AU,,) and geometric (Ax,) parameters, which are residue and
lipid species specific, can be derived from existing free energy profile studies, while the
kinetic parameters (k(,) and pathway weights (w,) are used as fitting parameters. This new
theoretical approach allowed for a consistent interpretation of the considered experimen-
tal data. Interestingly, even for the same peptide-lipid membrane system, the occurrence
frequency of different dominant detachment pathways (measured through w,) showed sig-
nificant AFM tip dependence, although these tips were prepared identically. However,
even if one cannot predict the occurrence probability of a particular pathway in individual
experiments, it is quite remarkable that, once the pathways have been identified and char-
acterized, the rupture force histogram P(F) can be matched by only using w,’s as fitting
parameters.

Our theoretical model also reproduced accurately both retraction speed and non-monotonic
force dependence of the rupture rate k(F'). For moderate v and intermediate F values, k(F')
exhibits catch-bond behavior, namely a decrease with increasing F, before continuing to
increase again, as normally expected. According to our model, the origin of the catch-
bond mechanism in peptide-lipid membrane interactions is the stochastic mixing of indi-

vidual detachment pathways, which do not convert or cross during rupture. This catch-bond
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mechanism is manifestly different from the commonly used “two-pathway” model [30] for
ligand-receptor systems.

Finally, the calculated intrinsic dissociation (or off) rate, k(0) = ZnN:1 w,ko,, of the
peptide SecA2-11 from the considered lipid membranes, was independent (within margin
of errors) of the retraction speed, which is quite remarkable if we take into account that the

pathway weights w,, are v-dependent while the individual rates k, are not.
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Chapter 4

MD simulations of SecA2-11 interacting
with zwitterionic POPC and charged
POPG bilayers?

While AFM based single molecule force spectroscopy is very efficient in measuring, with
high accuracy, the strength of the interaction between peptide and lipid membrane, unfor-
tunately, it cannot provide any direct information about the conformational details of the
system. Therefore, to gain insight into the conformational dynamics of SecA2-11 during its
interaction with lipid bilayers, we have used long time scale, all-atom MD simulations. To
explore the limiting cases, we have built two membrane systems, one comprised of 100%
anionic PG lipid, and the other 100% zwitterionic PC lipid. In principle, a linear combi-
nation of the obtained results can be used to approximate the behavior of the E. coli polar
lipid mixture.

Previous circular dichroism (CD) spectrum measurements showed that SecA2-11 has

2The content of this chapter is based on T.R. Matin, M. Utjesanovic et al, PNAS (2019)
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no to little secondary structure in POPC bilayer, whereas it acquires a measurable fraction
of helical structure in E. coli. Due to the lipid composition of the E. coli membrane, it is
reasonable to assume that the presence of the helical secondary structure in SecA2-11 is
facilitated by its interaction with the anionic PG lipids. Along this line of reasoning, one
expects that the helical content of SecA2-11 should be even higher in a pure POPG bilayer.
Indeed, our MD results show that SecA2-11 acquires elements of helical structure upon
binding to charged POPG lipid bilayer, but not to POPC. Importantly, the mean penetration
depths of the individual amino acids, as determined via simulations, were in good overall
agreement with previously published power saturation electron paramagnetic resonance
(EPR) results emerging from full length SecA [36]. The agreement between the results for
SecA2-11 and the full-length SecA implies that indeed the extreme N-terminus of SecA
acts as an independent structural entity through which the protein binds to the cell mem-
brane. At the same time, this important result lends further support to our theoretical and

computational approach to describe peptide-lipid membrane interactions.

4.1 Methods

4.1.1 Building the systems

A completely extended, atomistic model of the peptide SecA2-11 (LIKLLTKVFG-C) was
created in the Molefacture plugin in VMD [37]. To closely mimic the experimental system,
in which the peptide is covalently bonded through a Cys residue to a PEG linker attached to
a functionalized AFM tip, a Cys residue was added to the C-terminus of SecA2-11 [2]. Two

model systems were then built by placing a copy of the peptide parallel to the surface of
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fully solvated (and pre-equilibrated) lipid bilayers made respectively of zwitterionic POPC
(system PC), and anionic POPG lipids (system PG). Each bilayer had 64 lipids per leaflet,
1.e., a total of 128 lipids. The POPC bilayer was built using the Membrane plugin in
VMD [37] and solvated with 5895 TIP3P water molecules [38], while the POPG bilayer
was built in CHARMM-GUI [39, 40] and solvated with 4971 TIP3P waters. Using the
Autoionize plugin in VMD, system PC (PG) was neutralized by adding 2 CI~ (2 CI~ and
128 K*) counter ions. Prior to adding the peptide, each bilayer was first equilibrated for
~100 ns in the NApT ensemble. During this time, the dynamics of lipids was monitored
(i.e., by following the bilayer thickness and the acyl chain order parameter) to make sure
that the systems reached equilibrium (Fig. 4.1). Finally, system PC (PG) comprised a total
of 35030 (31490) atoms, and (after equilibration) occupied an orthorhombic unit cell with

dimensions 72x64x72 A3 (72x64x66 A3).

4.1.2 MD simulations

All simulations were performed using NAMD?2.12 [41] and the CHARMM36 force field
[42-44]. The MD equations of motion were integrated with a multiple time stepping
scheme [45] with the r-RESPA algorithm [46]. The used time steps were, respectively,
1, 2 and 4 fs for bonded, short-range (van der Waals) and long-range (electrostatic) inter-
actions. Van der Waals interactions were cut off at 12 A with a smooth switching function
starting at 10 A. Long-range electrostatic interactions were computed with the Particle
Mesh Ewald (PME) method [47], with a grid spacing of 1 A. After proper minimization
and several stages of equilibration, 0.5 us long production runs of equilibrium MD in the
NPT ensemble were performed with both PC and PG. The temperature was kept constant

at T = 300 K by using a Langevin thermostat [48] with a damping coefficient of 1 ps~'.
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Figure 4.1: (a) Acyl chain order parameters (snl and sn2) for systems PC (blue and red)
and PG (magenta and green), averaged over the last 80 ns of equilibrium run. (b) Time
evolution of the z-coordinate (direction normal to the plane of the bilayer, and origin at the
center of the membrane) of the center of mass of the phosphate atoms in the upper (black)
and lower (red) leaflets, respectively. The time evolution of the thickness of system PC is
shown in blue. On the scale of the figure, the results for system PG are indistinguishable
from PC and, thus, are omitted.
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The pressure was maintained at normal value (P = 1 atm) by employing the Nosé-Hoover
Langevin piston barostat [49] with period of 100 fs and decay time of 50 fs.

In order to mimic the supported lipid membranes used in the AFM experiments, the
phosphorous (P) atoms from the lower leaflet of the phospholipid bilayer in both PC and PG
systems were harmonically restrained (k =5 kcal/mol/A?) during the MD simulations, thus
preventing the drift of the membrane along the z-direction, normal to its plane. We have
verified that the applied restrains did not alter the dynamics and behavior of the systems,
as no noticeable change of the bilayer thickness, the density profile of P (and other lipid)
atoms, or the acyl chain order parameter were observed. The MD simulations were car-
ried out on several GPU accelerated workstations equiped with 36 Intel Xeon CPUs cores,
with a performance of around 36 ns/day. All analyses (i.e., relative penetration depth, he-
lical content, solvent-accessible-surface-area) of the MD simulations were performed with

MDAnalysis [50,51], MDTraj [52], and VMD [37].

4.2 Results and Discussion

The two 0.5 us long MD trajectories of PC and PG provide insight, at atomistic level, in
the partitioning of SecA2-11 from solution to POPC and POPG lipid bilayer, respectively.
In both simulations the peptide inserts spontaneously into the bilayers on a time scale of

~ 100 ns.

4.2.1 Membrane penetration depth of SecA2-11

To quantify the degree of penetration into the membrane of the peptide, the position of its

center of mass (COM) relative to the surface of the membrane, Az(t), was calculated. The
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System |  Eq [kcal/mol] SASA [A?] R, [A]
PC | -258.35+82.14 | 1712.55 +57.39 | 8.46 + 0.47
PG | —294.05 + 102.04 | 1645.59 +57.56 | 7.28 + 0.65

Table 4.1: Electrostatic interaction energy (E.s), solvent accessible surface area (SASA)
and radius of gyration (R,) of SecA2-11 in PC and PG.

surface of the bilayer was defined by the mean position of the P atoms in the considered
leaflet. The time evolution of the peptide-membrane separation, Az(¢), in both PC and PG,
is plotted in Fig. 4.2. As expected, the results show that the COM of the positively charged
peptide penetrates deeper in the neutral POPC than in the anionic POPG bilayer.

After 300 ns, both systems appear to be well equilibrated, with the COM of SecA2-
11 fluctuating about a mean level located slightly below (above) the surface of the POPC
(POPG) bilayer. Overall, SecA2-11 in POPG is located mostly in the headgroup region,
while in POPC it penetrates deeper into the membrane. This result seems to be consistent
with the fact that the electrostatic interaction between the peptide and membrane is stronger
in PG than in PC (see Table 4.1).

Furthermore, due to the stronger peptide-membrane interaction, SecA2-11 has a more
compact configuration in POPG than in POPC (Fig 4.2a-d), consistent with its smaller
solvent-accessible-surface-area (SASA) and radius of gyration (see Table 4.1).

A more precise quantitative description of the penetration of the peptide in a membrane
is to specify Az for each residue (identified, e.g., through the C, atom or the COM of its
sidechain) with respect to the surface of the membrane. The Az values for the ten SecA2-
11 residues in both POPC and POPG, obtained from the MD simulations, are shown in
Fig. 4.3a. Note that the values of Az depend only slightly whether the residues are identified
through their C, atom or their sidechain’s COM. Also, while the Az values for the five

residues from the C-terminus are similar in both POPC and POPG, these values for the five
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Figure 4.2: (a) Time evolution of the position, along the z-axis, of the COM of SecA2-11
relative to the surface of the membrane (defined by the mean position of the P atoms, which
was set as origin, z = 0) in both PC (black line) and PG (red line). Representative snapshots
of (b) PC and (c) PG taken respectively at 350 and 360 ns. The backbone of the peptide is
shown in cartoon representation and is colored according to secondary structure (magenta
for 3,y helix and blue for random coil). The transparent surface representation indicates the
spatial extent of SecA2-11. The P atoms in the headgroup of the lipids are shown as red

spheres and, for clarity, water molecules were omitted. All snapshots were rendered using
VMD [37].
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Figure 4.3: (a) Average penetration depth (Az) of the SecA2-11, per residue and averaged
over simulation time. Az is calculated with respect to the phosphate centers in upper leaflet
of PC (red) and PG (black), expressed in terms of the position of C,, atom (filled markers)
and side chain COM (hollow markers). (b) Comparison between the EPR experimental [36]
(triangles) and MD simulation (circles) results for Az of the SecA2-11 residues. The —3 A
overall shift applied to the MD data is comparable to the uncertainty in defining the position
of the membrane surface. The MD data correspond to SecA2-11 in PC (red circles) and
an E. coli membrane mimic (black circles), determined as a weighted average of the PC
(70%) and PG (30%) results.
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residues from the N-terminus are noticeably larger in POPG than in POPC. This result is
consistent with the time evolution of the distance of the COM of SecA2-11 from the surface
of the two bilayers shown in Fig. 4.2 and discussed above.

In a recent experimental study of the interaction between the full protein SecA with the
E. coli membrane [36], the penetration depth of the ten residues of SecA2-11, with respect
to the surface of the membrane defined by the phosphate group, was measured. As shown in
Fig. 4.3b, the measured Az values appear to be in good agreement with our MD simulation
results for PC and, also, for an E. coli membrane mimic for which Az was calculated as a
weighted average for PC (70%) and PG (30%). Note that the MD results were subject to a
—3 A overall shift, which is comparable to the size of the phosphate group and, thus, to the

uncertainty in defining the position of the membrane surface.

4.2.2 Helical content of SecA2-11

To estimate SecA20-11’s helical content in POPC (POPG), we have used the DSSP algo-
rithm [53] for secondary structure assignment. In POPC, just like in solution, SecA2-11
is an extended random coil, with no secondary structure. Conversely, in POPG, due to the
stronger peptide-membrane interaction, SecA2-11 acquires intermittent, partial (one turn)
3,0 helical structure. The three residues involved in the formation of the 3;, helical turn
are Lys*, Leu® and Leu®. The time series of the fraction of residues that form 3, helical
structure are shown in Fig. 4.4. Our MD simulation results are in semi-quantitative agree-
ment with the experimental CD spectrum measurements, according to which SecA2-11 has
no to little secondary structure in POPC, while it acquires a measurable fraction of helical

structure in E. coli membrane, most likely due to its POPG lipid content.
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Figure 4.4: Result shown are averaged over 1 ns of simulation time, i.e. 100 frames. f3,,
represents fraction of residues that participate in 3 helix.
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4.3 Conclusions

The good agreement between the MD simulations of SecA2-11 and EPR results using full
length SecA lends support not only to the validity of the MD simulation methodology, but
also to the significance of the extreme N-terminus of SecA as an adhesion element to the
membrane, and further, to the notion that the N-terminal region of SecA acts independently
from the remainder of the the protein [54].

In addition, the qualitative agreement between the MD simulations of SecA2-11 and
the CD experiments confirmed that it is more likely for the peptide to form (structurally
more robust) helical structure in a polar E. coli membrane than in a zwitterionic POPC
lipid bilayer. This may explain why there are more double-residue rupture events (resulting
in broader detachment force, P(F), distribution) in the case of the detachment of SecA2-11

from E. coli membrane compared to POPC bilayer.

45



Chapter 5

Conformational dynamics and energetics

of melittin and its diastereomer
interacting with POPC and POPG lipid
bilayers: a molecular dynamics study

5.1 Introduction

It was argued in Ch. 3 that significantly larger number of double-residue ruptures of SecA2-
111in E. coli membrane than in zwitterionic POPC is due to the presence of helical structure.
In general, secondary structure elements provide extra rigidity to the peptide, thus favoring
the simultaneous dissociation of two (i.e., double rupture) or more residues. One may as-
sume that in such situation the secondary structure of the peptide survives the dissociation
process. By contrast, when secondary structure dissolves during the retraction of the pep-
tide, before its full detachments from the membrane, the occurrence of single ruptures are

much more likely than double (or multiple) ruptures.
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In order to test this hypothesis one needs to study and compare the interaction between a
lipid membrane with two conformers of the same peptide, i.e., peptides with same primary,
but different secondary structures. Ideal candidates for this purpose are wild type melittin
(MWT) and its diastereomer, D-V>8, 17, K?!-melittin (MD4). In aqueous solution, at low
salt concentration and neutral pH, MWT has low helical content [55-59]. However, when
it binds spontaneously to the surface of a zwitterionic or anionic phospholipid bilayer,
MWT assumes a linear a-helical conformation [60—62]. Unlike MWT, MD4 binds only to
charged (e.g., POPG, E. coli) membranes and has reduced helical content even on a lipid
bilayer interface. The latter is due to the four enantiomers (i.e., D-amino acid substitutions
of V>3, 1'7 and K?') that act as “helix-breakers”.

Melittin is an extensively studied peptide and a major component of the honey bee
venom Apis mellifera [63]. The amphiphilic nature of melittin, due to its hydrophobic N-
and hydrophilic C-terminal regions, plays a major role in its interaction with lipid mem-
branes [64-67] (Fig. 5.1). The relatively strong binding of melititn to both zwitterionic
and polar lipid membranes can be attributed to a combination of (at least) four factors [68],
namely the (i) electrostatic attraction between the positively charged residues to the hy-
drophilic lipid head group, (ii) insertion of the hydrophobic helical segment into the lipid
bilayer, (iii) peptide folding, and (iv) peptide aggregation in the lipid phase.

The axis of melittin’s a-helix can be oriented either parallel (i.e., inactive conformation)
or perpendicular (i.e., active conformation associated to pore formation) to the plane of the
lipid bilayer [69]. The reorientation of melittin from its inactive to active conformation is
crucial for pore formation and can only occur for sufficiently high protein-lipid (P/L) ratios
[66,67,70-72]. In fact, the lytic (antimicrobial) character of melittin manifests through

the formation of tetrameric pores across membranes [73], which leads to a leakage of the
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intracellular content [74—79].

Computer simulations provide detailed, microscopic level description of peptide-lipid
membrane systems on length and time scales that are inaccessible to experimental mea-
surements. Most of the existing MD studies of melittin mainly focus on the formation and
stability of toroidal pores across the membrane [59, 66, 67,71, 80-83]. Melittin mediated
pore formation is a relatively slow process that takes place on a larger than millisecond time
scale [84, 85]. Previous MD studies have overcame this limitation either by placing multi-
ple regularly arranged melittin copies inside of a bilayer as a part of initial structure [86—89]
or by using coarse-grained simulations [90].

Our goal here is to investigate the conformational dynamics and energetics of MWT
and MD4 interacting with zwitterionic POPC and anionic POPG lipid bilayer by using
all-atom MD simulations. In particular, we seek to (i) assess the strength of peptide-lipid
membrane interaction through the degree of penetration of MWT and MD4 into POPC and
POPG lipid bilayers; (ii) estimate the degree of helical (secondary structure) content of
MWT and MD4 in POPC and POPG:; and (iii) determine the free energy profile (potential
of mean force or PMF) of MWT and MD4 with parallel orientation to the surface of POPC
and POPG, respectively.

While there are a few MD studies of MWT oriented parallel to the surface of a lipid
membrane [84, 85, 91] to the best of our knowledge, there are no such studies for MD4.
Unlike in previous studies [84,85,91], in our MD simulations we have followed the confor-
mational dynamics of melittin (both MWT and MD4) by starting from a completely folded
configuration. Thus, by resorting to (only) hundreds of ns long free MD simulations, we
were able to readily identify whether, under the considered conditions, the peptide had a

stable secondary structure (i.e., when it remained folded) or not (i.e., when it unfolded).
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Figure 5.1: (a) Side and (b) top view of MWT in POPC lipid bilayer. The hydrophobic
segment formed by residues 1-14 (blue) penetrate deeper in the bilayer than the hydrophilic
segment comprising residues 15-26 (red). MWT is shown in cartoon representation; the
transparent surface indicates its spatial extent. The folded, helical conformation of the
peptide persisted throughout the simulation. The P-atoms of the lipids are shown as orange
VDW spheres. The images were rendered using VMD.
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By contrast, when starting from an unfolded conformation, one cannot rule out the possi-
ble existence of a stable folded state if the peptide does not fold by the end of the longest
MD simulation that one can afford.

From our MD simulations we have found that (i) both MWT and MD4 are mostly
unstructured in solution (with 0.1 M salt concentration); (ii) MWT binds to both POPC
and POPG lipid bilayers, keeping most of its helical content; and (iii) MD4 binds only
to the POPG bilayer and loses most of its helical content, in agreement with previous
experimental results [3,68,92,93]. Also, we have corroborated and further quantified these
results by determining and comparing the potential of mean force (PMF), as a function
of peptide-lipid membrane separation, for MWT and MD4 interacting with both POPC
and POPG bilayers. In particular, the obtained PMFs allowed us to estimate the binding
energy of both MWT and MD4 (in their inactive conformation) to each of the two lipid
bilayers. Moreover, in each case, we were able to established a direct correlation between

the obtained binding energy and the mean number of hydrogen bonds involved.

5.2 Methods

5.2.1 Building the systems

Peptides

The crystal structure of fully-folded melittin was obtained from the Protein Data Bank
(PDB code 2MLT, chain A). The sequence (primary structure) of the 26 residue long melit-
tin is H3N*-GIGAVLK*VLTTGLP-ALISWIK*R*K*R*QQ-C-CONH,, where the charged

residues are marked by “*”. Melittin has a net charge of +6e due to the protonated N-

50



Figure 5.2: Initial structures of MWT and MD4 peptides. Aligned backbones (coil rep-
resentation) of MWT (grey) and MD4 (red) show initially folded structure of peptides.
We also show C,, atoms of Val’, Val®, Ile!” and Lys*! (grey vdW sphere) for reference. By
zooming in Val® and Ile'’, the difference between the sidechains (CPK representation) of L-
(grey) and D-enantiomers (red) can be observed. All snapshots were created in VMD [37].

terminal and the 5 charged residues. Furthermore, a cysteine residue was added to the
C-terminus of both MWT and MD4, in order to closely mimic the experimental system
in which the peptide is covalently bonded through a Cys residue to a PEG linker attached
to a functionalized AFM tip [2]. MD4 was built by employing SwissSideChain parame-
ters [94,95] in Chimera [96], where Val>®, Ile!” and Lys?! residues of MWT were replaced
with their D-enantiomers. Finally, by aligning the backbones MWT’s and MD4’s, we com-

pare the initial structures of peptides in Fig. 5.2.
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MWT/MD4 in aqueous solution

Single copy of MWT (MD4) was solvated with 6548 (6631) TIP3P [38] water molecules.
12 K* and 18 CI” ions were added to each system to create a 0.1 M neutral solutions that

mimic physiological conditions. Each system occupied a periodic cubic cell of 60 A side.

MWT/MD#4 in zwitterionic POPC and anionic POPG lipid bilayer

POPC and POPG bilayers, solvated with TIP3P water molecules [38], were generated in
Membrane Plugin in VMD [37] and CHARMM-GUI [39, 97, 98], respectively. Peptides
were placed parallel to the equilibrated bilayer surface, at distance of ~1 nm from phos-
phate centers. To improve sampling, two copies of a same peptide were used, one on each

side of membrane (Fig. 5.3).

5.2.2 MD simulations

All MD simulations were performed using NAMD2.12 [41] and CHARMM?36 [42-44]
force field. Following energy minimization, each system was equilibrated for 5 ns with
position of heavy backbone atoms harmonically restrained (k=2 kcal/mol/Az). To facilitate
the interaction with the lipid bilayer, we pulled the COM of the peptides towards the closest
surface of the bilayer, defined by the phosphorus (P) atoms of the corresponding leaflet.
This was accomplished by applying a harmonic guiding potential (k = 1 kcal/mol/A?), to
the COMs of the first (residues 1-14, SEG1) and second (residues 15-26, SEG2) segment
of the peptide, thus keeping it in a parallel conformation [91]. The center of the guiding
potential was moved uniformly (v = 0.1 nm/ns) towards the plane of the bilayer. Once the

peptide reached the surface of the bilayer, the guiding potential was kept fixed and its force
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Figure 5.3: Initial configuration of the peptide-lipid bilayer system. Waters are shown as
transparent surface (cyan), lipids as grey lines, and P-atoms as orange spheres. The folded
peptides are shown in cartoon representation (blue helices); the transparent blue surfaces
indicate the spatial extent of peptides’ atoms.
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constant decreased gradually over a period of 10 ns. The removal of the harmonic restraint
was followed by free equilibration. All simulations (see Table 5.1) were performed in the
NpT ensemble, using periodic boundary conditions (PBC) with flexible unit cell. In case
of the MD4-PC system, a soft, reflective boundary (k = 1 kcal/mol/A?) was placed at z = 2
nm from the surface of the lipid bilayer on each side. This choice was based on the results
obtained from a 600 ns long simulation we had originally ran, during which, neither one
of MD4 peptide was interacting with the bilayer (Appendix D). In order to facilitate the
interaction between the MD4 peptides and POPC lipid bilayer, we have applied harmonic
boundaries, as described above. No restraints were applied in the other MD simulations.
The pressure was maintained constant (p = 1 atm) by employing the Nosé-Hoover
Langevin piston method [49, 99, 100], with100 fs period and decay time of 50 fs. By
coupling the system to a Langevin thermostat (1 ps~! damping coefficient), the temperature
was kept constant at 300 K. Long-range electrostatic interactions were computed with the
particle Mesh Ewald method [47]. The rRESPA multiple-timescale integration mehtod was
used, with time steps of 1, 2, and 4 fs for bonded, short-range, and long-range interactions.
Van der Waals interactions were cut off at 12 A, with smooth switching function starting at

10 A. A pair list distance of 13.5 A was used for smoothening non-bonded interactions.

Umbrella sampling simulations

Umbrella sampling (US) simulations [101] were used to compute the free energy profile
and explore the dissociation of parallel peptide from the lipid bilayer surface. The simula-
tions were carried out with the collective variables module [102] in NAMD [41].

Harmonic umbrella potentials, with £ =5 kcal/mol//ov, were used. The reaction coor-
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Table 5.1: List of all MD simulations of MWT and MD4. Simulations in aqueous solu-
tion are denoted with ”sol”, whereas "PC” and "PG” indicate POPG and POPC bilayers,
respectively. Suffix “us” refers to umbrella sampling simulations.

Simulation  Peptide Copies Lipid Time (ns) Windows
MWT-sol MWT 1 500

MD4-sol MD4 1 500
MWT-PC MWT 2 POPC 400
MD4-PC MD4 2 POPC 400
MWT-PG MWT 2 POPG 400
MD4-PG MD4 2 POPG 400
MWT-PCus MWT 1 POPC 250 25
MD4-PCus MD4 1 POPC 250 25
MWT-PGus MWT 1 POPG 250 25
MD4-PGus MD4 1 POPG 250 25

dinate (RC), Az = z — zp, was defined as the separation between the COMs of SEG1 and

SEG2 (z; = zp = z) and the surface of the lipid bilayer (zp). Initially, the COM of the
peptide was in the plane of the membrane (i.e., z;, = 2o, = zp). We used 25 sampling
windows, evenly spaced by 1 A along the RC, which spanned the interval from 0O to 25 A.
Each window was sampled for 10 ns out of which the first 2 ns of the MD trajectories were
discarded. Significant overlap between position histograms of adjacent windows showed
that the RC was, indeed, well sampled. Finally, the PMFs were determined by applying
Grossfield’s implementation of the weighted histogram analysis method (WHAM) [103].

The MD simulations were carried out on several GPU accelerated workstations, each

equipped with 36 Intel Xeon CPU cores, with a performance of around 32 ns/day.
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5.2.3 Analysis methods

In addition to free energy calculations, relative penetration depth and helical content were
obtained. The degree of penetration was defined through the separation between the COM
of SEG1/SEG2 from the COM of lipid bilayer. All analyses were done with VMD [37],
MDAnalysis [50,51] and MDTraj [52]. Besides DSSP algorithm [53], a standard method
for assigning secondary structure to the amino acids of a protein [56,58,59], previous publi-
cations also calculated number of hydrogen bonds (usually formed between CO,, and NH,,.4
backbone groups) and root mean square deviation (RMSD) [57]. We also applied the fol-
lowing methods: (i) STRIDE [104] (implemented through VMD [37]) and (i1) “custom”,
1.e. the residues whose backbone dihedral angles deviate +15° from the ideal a-helical val-
ues (-57°,-47°) were considered to contribute to total helical content [85]. All the methods
gave very similar results, some of which will be reported in the following section. How-
ever, we found DSSP to be the most consistent (i.e., no sudden jumps over short periods of

time), which is why it was used for further analysis.
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5.3 Results and Discussion

5.3.1 MWT and MD4 in solution

MWT is typically unstructured in solution. After ~500 ns of simulations, more than 50%
of MWT and 10% of MD4 was to found to be a random coil (Fig. 5.4a). Helical content
of SEGI dissolved more rapidly than it was the case for SEG2 (Fig. 5.4a-b). Nonethe-
less, in case of MD4, both segments appeared to be unstructured after 350 ns (Fig. 5.4c).
Notable difference observed between MD4 and MWT can only be due to the presence of
D-enatiomers (i.e., D-Val>®, Ile!” and Lys?') in MD4.

Fig. 5.5 illustrates how much the helical content along peptide’s sequence changed, on
average, during the first and last 100 ns of total simulation time. Note that according to
our results (Fig. 5.5), it would be more natural to define SEG1 as residues 1-12, and SEG2
as residues 13-26. However, we will continue to refer to SEG1 and SEG2 as they were
originally defined in 5.2.2 [91].

Fig. 5.6 shows good overall agreement between results obtained with DSSP algorithm
[53] and “custom” (described in 5.2.3 section) method (average difference was 6.8%).
Additionally , we calculated RMSD of SEG1 and SEG2 for both peptides. Increase of
RMSD indicates less compact structure and as such is directly correlated with helical con-

tent (Fig. 5.7).

5.3.2 MD simulations of MWT and MD4 partitioning into POPC lipid
bilayer

400 ns of free simulation time was performed for each of MWT-PC and MD4-PC systems.

2/128 protein-to-lipid ratios were used for better statistics. Interestingly, in the case of
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Figure 5.7: Time evolution of RMSD of MWT (solid lines) and MD4 (dashed lines) pep-
tides from their initial structures. Blue corresponds to SEG1 and red to SEG2 of each

peptide.
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MWT only one peptide copy was found in the bound state (Fig. 5.8a-b). Furthermore, in
case of MD4 spontaneous insertion never took place (Fig. 5.8c-d), which is an expected
outcome according to the experimental results [3].

To facilitate the binding of MD4 to POPC lipid bilayer, a harmonic reflective wall (k =1
kcal/mol/A?) was placed at 2 nm from lipid-phosphate centers. Thus, the COM of each
copy of MD4 thus remained in close proximity of the bilayer throughout the simulation
(z1 = 22 = 4.0+ 0.6 nm from the bilayer COM). However, to consider insertion of a peptide
into a bilayer, COM of a peptide needs to be found below the plane formed by phosphorus
atoms (i.e., zp = 2 nm) over extended period of time, which never took place for any of
the peptides in MD4-PC system. Helical content of top (bottom) MD4 decreased to 53%
(59%). Note that bottom MD4 copy had < 10% of helical content during last 40 ns of the
free production run (Fig. 5.9¢-d).

Conversely, in the case of MWT-PC, the bottom MWT copy positioned itself below
the headgroup region after 100 ns, where it stayed throughout the simulation. Hydropho-
bic SEG1 of bottom MWT had the mean z-coordinate z; = —12.7 A, while hydrophilic
SEG?2 was anchored at z, = —19.3 A (i.e., 6.9 A and 0.3 A, respectively, below the lipid-
phosphate centers). The top copy of MWT never partitioned the same bilayer, which may
be due to the electrostatic repulsion, how the size of our system (i.e., membrane patch)
was relatively small. Consequentially, bottom MWT had high helical content (over 80%),
while the helical content of the top MWT decreased as the separation of the peptide from
the COM of lipid bilayer increased, with an average of 70% over the entire simulation time
(Fig. 5.9a-b).

Similar results were obtained after 600 ns of free simulation time which involved +5e

charged MWT and MD4 peptides (i.e., with standard, deprotonated C-terminus) and POPC
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Figure 5.8: Time evolution (panels on the left) and cumulative histograms (panels on the
right) of separation (z) between SEG1 (blue) and SEG2 (red) of MWT ((a) - (b)) and MD4
((c) - (d)) and COM of POPC lipid bilayer. Panels on the left also show the time evolution
of POPC lipid-phosphate centers (black solid line) and maximum z-coordinate for all lipid
atoms (black dashed line), located at 19.5 A above (below) the COM of the bilayer.

lipid bilayers. Additionally, we simulated a single MWT copy and POPC lipid bilayer.
Single (and only) copy of MWT spontaneously inserted itself into the bilayer on a time

scale < 50 ns (more in Appendix D).

5.3.3 MD simulation of MWT and MD4 partitioning into POPG lipid
bilayer

MWT-PG and MD4-PG systems were simulated for total of 400 ns, during which, distances
of COMs of SEG1 and SEG2 relative to the COM of POPG lipid bilayer were analyzed so
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Figure 5.9: Time evolution of helical content of MWT and MD4 peptide in MWT-PC and
MD4-PC systems, calculated according to the DSSP algorithm [53]. (a) and (b) refer to top
and bottom copy of MWT. (¢) - (d) refer to the 2 copies of MD4. Panels on the left show
how helical content of SEG1 (blue) and SEG2 (red) was changing over total simulation
time. On the right are cumulative histograms of helical content of the entire peptides.
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we could establish the degree of interaction between the peptides and the bilayer. Corre-
sponding helical content was also calculated.

After ~100 ns, top MWT was spontaneously inserted into the bilayer. Particularly,
COM of hydrophobic SEG1 (z; = 12.96 A) penetrated deeper in the core of POPG bilayer,
than it was the case for COM of charged SEG2 (z, = 18.87 A), which remained anchored
in the bilayer headgroup region. Bottom MWT stayed in the head-group region with COM
of SEG1 and SEG2 at z; = —25.83 A and 7o = —23.48 A, respectively, below the COM
of POPG bilayer (Fig. 5.10a-b). Helical content of both MWT peptides remained high
(75.53% and 77.46%, for top and bottom copy, respectively). These results are comparable
to the ones obtained in POPC (Fig. 5.11a-b).

In contrast to MD4-PC, both copies of MD4 stayed relatively close to POPG lipid-
phosphate centers, with z; = 18.99 (-15.03) Aand z, = 17.27 (-21.43) A from the center
of POPG bilayer for top (bottom) peptide (Fig. 5.10c-d). Nevertheless, helical content
decreased to 43.07% (46.81%) for the top (bottom) MD4 (Fig. 5.11c-d). Similar to the
results in solution and POPC bilayer (i.e., top MD4), hydrophilic SEG2 had higher helical

content than the hydrophilic SEGI.

5.3.4 Potential of Mean Force (PMF)

We preformed US simulations for a total of 1.04 us for all the systems (Table 5.1), in order
to quantify the interaction between peptides (i.e., MWT and MD4) and lipid bilayers (i.e.,
PC and PG). Each PMF was calculated as a function of separation between COM of SEG1
and SEG2 of each peptide and lipid-phosphate centers (Fig. 5.12). Value of U(z) in the
solution was taken as zero.

Free energy profiles obtained for MWT-PC and MD4-PC systems were qualitatively
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COM, while maximum z-coordinate of all lipid atoms (black dashed line) was located ~1
nm above (below) the latter.
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different. Namely, in case of MD4, there was a free energy barrier of ~ 5 kcal/mol, located
in the headgroup region of POPC lipid bilayer. This was consistent with the experimental
findings [3], as well with our previously obtained results from the free energy simulations.
By contrast, dissociation energy of ~ -15 kcal/mol indicated strong affinity of MWT to stay
in the bound state. These results also seem to be in agreement of relative penetration depths
(Fig. 5.8), as one might expect.

On the other hand, both MWT and MD4 peptides showed strong affinity towards the
POPG bilayer. Dissociation energies of MWT-PG and MD4-PG systems were approxi-
mately -21 kcal/mol and -15 kcal/mol, respectively. Stronger interaction in case of MWT-
PG can be attributed to 35% higher helical content than in MD4-PG system. Furthermore,
there is a direct relationship between a-helical content and number of hydrogen bonds, that
promote the secondary structure. Thus, we calculated the number of inter-peptide hydro-
gen bonds from the obtained US trajectories. Total number of hydrogen bonds was then
averaged over 10 ns, during which each window was sampled (Fig. 5.13). Lowest energy
associated with a hydrogen bond is approximately 1 kcal/mol [105]. Due to criteria that
was used for estimation of number of hydrogen bonds, we are on the lower end of the scale.
Finally, the difference in the dissociation energies of 6 kcal/mol, extracted from PMFs, di-
rectly relates to the difference in the number of hydrogen bonds, which was 6.

In addition, figs. 5.14 and 5.15 compare results obtained from US trajectories with the
free simulations results. The difference in the number of hydrogen bonds was ~8 (6) in

case of PC (PG) systems.
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71



# [a) 2 Ekb}
%15—3%%9@@9—%000 - Oojomc
C 10k o S
T
75W (@ =
B

® MDA4(free sim) —O0—— MD4(US)

10 20 30 40 0 20 30 40

z (A) z (A)

Figure 5.15: Number of hydrogen bonds and helical content of MWT (black) and MD4
(red) in POPG lipid bilayer and as a function of distance from COM of the bilayer, com-
pared between free production runs and US simulations. (a) Number of hydrogen bonds
for MWT (circles colored with shades of black) and MD4 (circles colored with shades of
red). Positions that were visited more frequently during the free simulation correspond to
darker shades of color. () Number of hydrogen bonds during the US simulation of MWT
(hollow black circles) and MD4 (hollow red circles). (c¢) Helical content of MWT and
MD4 peptides during free simulation and, similarly, (d) helical content of MWT and MD4
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5.4 Conclusions

In order to assess the importance of the secondary structure in peptide-lipid membrane in-
teractions, we needed to directly compare the interaction between peptides of same primary
but different secondary structures and two different types of lipid bilayers. Since MD4 is
melittin’s diasteromer, the two peptides (i.e., MD4 and MWT), naturally, have same pri-
mary structure. After completing all of our MD production runs, a significant difference in
helical content between the two peptides was observed. MWT kept majority of its helical
content (~80%), unless in aqueous solution. By contrast, MD4 was mostly unstructured,
which was independent on the proximity of a bilayer. These results indicated that MWT
and MD4, indeed, were an ideal choice for our study.

Our free MD simulations supported the results of previous studies, according to which
MWT binds to and assumes parallel orientation in both zwitterionic POPC and anionic
POPG bilayer. By contrast, MD4 only binds to the latter. To the best of our knowledge,
this is the first MD study of MDA4.

The affinity of the peptides for different bilayers was further quantified by calculating
the corresponding PMFs. In each of the US simulations, we started with peptides in a
parallel bound conformation. MWT-PC and MD4-PC systems had qualitatively different
PMFs due to absence of a free energy well in case of the latter. This was in agreement with
results obtained from the free MD simulations, during which, MD4 was never found in the
bound state.

Difference of ~5 kcal/mol in dissociation energies was obtained between MWT-PG and
MD4-PG systems, even though both MD4 and MWT interacted with POPG bilayer during
the free MD simulations. Furthermore, after the number of hydrogen bonds was calculated

from same US simulations, we found that MWT had 6 inter-peptide hydrogen bonds more
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than MD4 peptide. Finally, if energy of 1 kcal/mol is associated with a single hydrogen
bond, then hydrogen bonding energy directly correlates to the difference in dissociation

energies extracted from the PMFs.
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Chapter 6

Summary and concluding remarks

This thesis presents three interrelated theoretical and computational studies involving peptide-
lipid membrane interactions, a topic of great conceptual and practical importance in molec-
ular biology and biophysics. A brief summary of the obtained results follows.

First, we have formulated a general theoretical approach that provides a quantitative
description of the detachment force distribution of a peptide from a lipid membrane [1].
The proposed model assumes that detachment occurs, with certain probability (w,), along
a few dominant diffusive pathways, characterized by three parameters (AU,, Axy, and k,).
We identified these pathways as ruptures involving single or double residues, most likely
located at the end of a peptide. The values of the energetic (AU,) and geometric (Axy,)
parameters, which are residue and lipid species specific, can be obtained from existing
MD studies [26,27]. The kinetic parameters (ko,) and pathway weights (w,) can then be
determined by fitting the theoretical prediction to the experimental P(F). The multiple de-
tachment pathways model was validated in the forced dissociation of the peptide SecA2-11

from a zwitterionic POPC and a polar E. coli lipid membranes. Even though the measured
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P(F) histograms differed considerably for different lipids, AFM tips (prepared under iden-
tical conditions) and retraction speeds of the AFM cantilever, the experimental data was
interpreted in a consistent manner by assuming N = 4 pathways (i.e., two single- and two
double-residue ruptures). Once the pathway specific parameters AU,,, Axq, and kg, were
determined for a given peptide-lipid bilayer system (apart from minor adjustment of the in-
trinsic dissociation rates, k,), the fitting of the experimental detachment force histograms,
P(F)s, simply required the recalculation of the weight factors, w,. Retraction speed and
non-monotonic force dependence of the corresponding rupture rate, k(F), was also accu-
rately reproduced. Finally, we found that the peptide-lipid membrane dissociation (off-)
rate, k(0), was independent (within margin of errors) of the retraction speed, in spite of the
significant v-dependence of both P(F) and k(F).

Second, in order to gain insight into the conformational dynamics of SecA2-11 during
its interaction with zwitterionic POPC and anionic POPG lipid bilayers, we have performed
long time scale, all-atom MD simulations. We have found that SecA2-11 in POPG became
more compact, intermittently forming a helical turn, while in POPC remained mostly a ran-
dom coil. These findings are consistent with CD measurements, which indicate the pres-
ence of secondary structure elements in SecA2-11 when interacting with E. coli, but not
with POPC. Furthermore, the mean penetration depths of the individual SecA2-11 residues,
determined from MD simulations, were in good overall agreement with previously pub-
lished power saturation electron paramagnetic resonance results for the full length SecA in
E. coli membrane [36], suggesting that the extreme N-terminus of SecA indeed acts as an
independent structural entity through which the protein binds to the cell membrane. This
result lends further support to our theoretical and computational approach for describing

peptide-lipid membrane interactions.
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Finally, in third project, we performed a comparative MD study of the conformational
dynamics and energetics of (wild type) melittin (MWT) and its diasteromer (MD4) inter-
acting with a zwitterionic POPC and a charged (anionic) POPG lipid bilayer. We showed
that MWT binds to both POPC and POPG, remaining mostly folded (with > 80% helical
content). By contrast, we found that MD4 binds only to POPG and it is always disordered.
These results are in agreement with previous experimental studies [3]. Furthermore, to the
best of our knowledge, this is the first long time scale, all-atom MD simulations study of the
MD4 peptide. In addition, the dissociation energies of MWT and MD4 (oriented parallel to
the surface of the membrane) from POPC and POPG were extracted from the potentials of
mean force (PMFs) determined from umbrella sampling simulations and WHAM. In par-
ticular, we found that the difference between the dissociation energies of MWT and MD4
in POPG was in quantitative agreement with the energy of the extra hydrogen bonds in
MWT, due to its higher helical content than MD4. Finally, the absence of a PMF well near
the surface of the POPC bilayer in case of MD4 was in agreement with the experimental
finding [3] and our free MD simulations that MD4 does not bind to POPC.

The work and results presented in this thesis can be extended along several directions.
First, it should be possible to extend the multiple detachment pathways model [1] to inter-
pret intermediate rupture events recorded in the full retraction force time series, F(t), thus
gaining further insight into the complexity of peptide-lipid membrane interaction. In the
framework of our theoretical approach, intermediate rupture events should be regarded as
detachments of intermediate residues from the lipid membrane. Second, AFM force spec-
troscopy data of MWT and MD4 in POPC and E. coli membranes should be use to further
elucidate the role of helical secondary structure in the occurrence of double (or even multi-

ple) rupture events. Finally, a systematic MD simulation study that mimics single molecule,
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constant velocity AFM force spectroscopy experiments could provide a better understand-

ing of the microscopic mechanisms involved in peptide-lipid membrane interactions.
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Appendix A

Peptide-lipid affinity assay that reveals
an interplay between solution structure
and partitioning

A.1 Methods

The three constructs exhibited distinct signatures in force spectra and significant differences

in membrane activity (i.e., the probability of partitioning into the membrane). The parti-
tioning measurements were corroborated with solution structures, as determined via MD
simulations. Taken together, this work engenders confidence in a single-molecule peptide-

lipid bilayer affinity assay and provides novel characterization of a peptide-lipid interaction
related to the activity of an important peripheral membrane protein.

Three geometrically distinct constructs were made: (a) single copy SecA2-11, LIKLLTKVFG-

C, (b) series, LIKLLTKVFG-GGSGG-LIKLLTKVFG-C, and (c) parallel, 2 X [LIKLLTKVFG-
GG]J-K-C (shown in Fig. A.1). A cystine (C) residue was added to the C-terminus of
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Figure A.1: (a) Single copy
SecA2-11  (purple) covalently

a b Series .
affixed to the AFM tip through a
. SecAZ—Q flexible PEG linker (red, not to
Zpzt z 5 scale). Sketches of (b) two copies

of SecA2-11 linked in series
and (c) two copies of SecA2-11
linked in parallel. Dual-copy

o Parallel sequences were separated by
o , Gerich glycine-rich segments (orange);
e o segment "9 primed notation (2’-11°, blue)
eomnn Lipid bg”?{%r !’ identifies the copy nearest the tip
m gl i!;l%tlstlgtlgtigtﬂ vy 2 for the series construct and the
|

isopeptide-bonded branch for the
parallel construct.

SecA2-11 [2] to closely mimic the experimental system, in which the peptide is covalently
bonded through cysteine residue to a PEG linker attached to a functionalized AFM tip.

All atom models of these three constructs, including glycine-rich linkers, were built
from the primary structure by using the Molefacture plugin in the VMD [37] molecular
visualization and modeling software. Building the parallel SecA2-11 system required the
insertion of an unconventional isopeptide bond (at the branching point), formed between
the carboxyl terminus of G12’ and the amino group of the side chain of the branched K13
residue (more in Appendix B). For all three systems, PDB (protein data bank) files with
the atomic coordinates and protein structure (PSF) files were generated with the PSFGEN
plugin in VMD. Next, by using the Solvate plugin of VMD, the three protein systems were
solvated with TIP3P water molecules, which were pre-equilibrated under constant temper-
ature (7T = 300 K) and pressure (p = 1atm). Each simulation box was made sufficiently

large to avoid self-interaction of the peptide with its own images during the simulations
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under periodic boundary conditions. The final single copy, series, and parallel systems
contained, respectively, a total of 10350 (3373), 33289 (10914), and 58109 (19160) atoms.
To mimic the physiological ionic strength of the solution used in the AFM experiments
(300 mM), total of 19 (21), 109 (113), and 62 (67) K* (CI") ions were added to the three
systems. For these purposes, Autoionize plugin in VMD was employed. In each case, the
two extra anions were needed to neutralize the +2e charge of SecA2-11.

To eliminate bad contacts, the SecA2-11 systems were energy minimized and then equi-
librated for several tens of nanoseconds using the molecular dynamics program NAMD
2.9 [41] with the CHARMMZ36 force field [42,43]. The simulations were carried out under
normal temperature and pressure (as stated above for pre-equilibration). Periodic boundary
conditions were used to reduce finite size effects. To mimic the experimental conditions, the
alpha carbon (C,) of the cysteine residue was harmonically restrained (k =7 kcal/mol/Az),
as this end is connected to the PEG linker, which is in turn covalently affixed to the AFM
tip. Van der Waals interactions were truncated at the cutoff distance of 12 A with a smooth
switching function starting at 10 A. Long-range electrostatic interactions were computed
using the particle mesh Ewald method [47] with a grid spacing of 1 A.The MD equations of
motion were integrated with a multiple time step algorithm: 1 fs for bonding interactions, 2
fs for nonbonding interactions, and 4 fs for electrostatic interactions. Constant temperature
was maintained by coupling the system to a Langevin thermostat with a coupling coeffi-
cient of 1 ps~!. The pressure was kept constant by using the Nosé-Hoover Langevin piston
method [106] with a decay period of 100 fs and a damping timescale of 50 fs. Follow-
ing equilibration, a 30 ns long MD production run was carried out for each system. The
coordinates of all atoms were saved every 10 ps and subsequently used to study the confor-

mational dynamics of the SecA2-11 peptides. The MD simulations were carried out on 48

81



Haswell cores with a performance of approximately 5 ns/day.

A.2 Results and Discussion

Activity, as obtained from an AFM experiment, is defined as a ratio of the number of events,
N, and total number of attempts, N,. Experimental results show that activity is 12, 7 and
33% for single, series and parallel construct respectively. The observed difference in the
activity for different constructs is significant and somewhere unexpected. It only seems
counterintuitive for activity of series construct to be almost 2 and 5 fold smaller than for
the single and parallel, respectively. This was the motivation behind the hypothesis that
intra-peptide interactions between repeated sequences in the series and parallel constructs
actually compete with the lipid bilayer, which could furthermore justify the observed dif-
ferences in partitioning activity.

To determine where the decreased activity in the case of serial dimer comes from, MD
simulations were employed and their results analyzed (Fig. A.2). As one way to quantify
the conformational differences between parallel and series construct, time evolution and
statistics of the angle 6, between the axes of the two peptides were calculated (Fig. A.2a-c).
The peak position in the distribution function P(6) for the series construct is considerably
smaller than that for the parallel, indicating that the two SecA2-11 monomers in the series
system tend to attract each other, whereas, in the parallel case, they repel. The dominant ori-
entation for the parallel peptide is splayed outward (Fig. A.2b), with a ~100° angle between
the repeated SecA2-11 sequences, stabilized by hydrogen bonding. With both N-termini
available, this splayed geometry is poised to interact with the bilayer surface significantly

more than the compacted series construct (Fig. A.2c). There might be additional factors
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that are likely contributing to the observed variations in the membrane activity.

To then express the degree of compactness of a single SecA2-11 peptide, radius of
gyration of the (N = 10) C, atoms was calculated as R, = m , where 7; is
the position vector of the i-th C, (at a given time) and r, is the corresponding centroid.
The small standard deviations (< 1 A) of the radius of gyration for each SecA2-11 peptide
imply that the systems were well-equilibrated. As the results for the R, show (Fig A.3), the
series forms a more compact structure than the parallel, also in the agreement with the P(6)
results (Fig. A.3).

We believe that, to a great extent, membrane affinity of SecA2-11 is likely due to the
hydrophobic leucine residues located at the extreme N-terminus (positions 5 and 6). Taken
together, these three residues constitute 30% of the core SecA2-11 sequence. To see if this
assumption is in agreement with previously obtained results, the freely accessible surface
area (SASA) [107] of this lipophilic residue was evaluated. The results showed > 25%
enhancement in the accessibility of leucine for the parallel construct compared with the
series (Fig. A.4). Therefore, factors including a less compact, splayed orientation, and
greater accessibility of hydrophobic residues impart significant advantages upon the par-
allel construct for partitioning when compared with the series construct. To summarize,
MD simulations revealed that both the series and parallel constructs interacted strongly
with themselves; however, the consequences of the intra-peptide interactions on the con-
formations were distinct and provide a molecular-level justification for the experimental

observations.
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Figure A.2: Snapshots of (a) series and (b) parallel constructs in solution at room temper-
ature (water has been removed for clarity). Unprimed residues are drawn purple, primed
blue (as defined in Fig. A.1). The orientation of the repeated peptide sequences was char-
acterized by the angle 6 between the axes (red arrows) of the peptides. (c) Comparison
between the probability distributions P(6) for the two constructs indicating that the parallel
construct is more open, in general, whereas the series is more compact and folded upon
itself. Table: parameters calculated from the MD simulations. For series and parallel con-
structs, quantities were calculated for each copy of SecA2-11, as well as for the complete
peptide.

A.3 Conclusion

Using series and parallel peptides with different geometries, but near identical chemical
composition, provided a means to isolate the role of the peptide structure in partitioning.
MD simulations revealed solution structures that would clearly modify the membrane ac-

tivity and do so in a manner consistent with the experimental results, which showed an ap-
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Figure A.3: The radius of gyration
(R,) of the C, atoms of SecA2-11
in the series (top panel, red) and
parallel (bottom panel, blue) con-
structs plotted versus time. Solid
and dashed curves correspond to
the two SecA2-11 monomers in the
series (red) and parallel (blue) sys-
tems, and show similar behavior
to R, for the single copy system
(black, shown in both panels). In
contrast, R, for the entire series
(parallel) construct, shown as dot-
ted red (blue) curve, exhibits sig-
nificant variation in time, indica-
tive of noticeable conformational
changes as described in this chap-
ter.

Figure A.4: Time evolution of
SASA for each construct, aver-
aged for all three leucines (LEUs).
Black line represents single copy,
red represents SecA2-11 copy from
the series construct and located
at the free end of peptide, while
the blue represents the other copy
(closer to the cystine). Copies con-
stituting parallel geometry are col-
ored in green and yellow.



proximately 5-fold enhancement in bilayer association probability for the parallel peptide
compared with the series. In summary, we united high-precision single-molecule meth-
ods with analytical modeling, computational simulations, and bulk biochemical techniques
and thus characterized a peptide-lipid bilayer interaction related to the mode of action of
a model peripheral membrane protein. More generally, our work provides a framework to
advance the understanding of other protein-lipid interactions, including with biologically

relevant lipid mixtures.
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Appendix B

Isopeptide bond

Building the parallel SecA2-11 construct (described in Ch. 3) required a patch in PSFgen to
build an unconventional isopeptide bond, which is formed at the branching point, between
the carboxyl terminus of G13 and the amino group of the sidechain of the branched K

residue. Thus, we were able to use CHARMM36 peptide bond parameters.

B.1 Lysine and default peptide bond topology entry

In the Fig. B.1, RESI statement indicates that LYS is the residue name with the total charge
of +1.00. All of the atoms in the residue (starting with the ATOM statements) are listed
next. Each atom has a name (e.g. N, HN, CA) and the type (e.g. NH1, H, CT1), and combi-
nation of these two is unique for each atom in the system. The latter is especially important
for taking the parameters from the parameter file (while running a NAMD simulation).
Next to the each atom, partial charge is listed (e.g. -0.47, 0.31, 0.07). The GROUP state-

ments are grouping the atoms into integer-charge groups, which is mostly done for clarity,
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but are are not used by NAMD.

Connectivity between atoms is listed next. Each

RESI LYS 1.00
GROUP
. . ATOM N NH1 -0.47 ! |
BOND statement followed by a list of pairs of atoms P S TR,
:ESEPHA et 00 : HA—éA—-CB--CG—-C‘D--CE-—NZ“HZZ
. ATOM CB 2 -0.18 : | |
to be connected with bonds (the DOUBLE statement Tom w M| o mtemie
! |

ATOM CG 2 -0.18 .
ATOM HG1 HA2 0.09
states if there is a double bond, but it does not af- g Y
ATOM HD1 HA2 70:09
ATOM HD2 HA2 .09

fect the resulting PSF file). By the default, atom wonce 2 0.21

ATOM HE1 HA2 .05
ATOM HE2 HA2 .05
ATOM NZ  NH3 -0.30

. . . ATOM HZ1 HC 0.33

C is bonded to +N, where “+” implies the follow- ATON HZ2 HC 033
.

. . . . ATOM 0 0 -0.51

ing residue. Similarly, a bond between N and -C O R B o e
BOND C +N CA HA CB HB1 CB HB2 (G HG1
BOND CG HG2 CD HD1 CD HD2 CE HE1l CE HE2
DOUBLE 0 cC

M : M b M BOND NZ HZ1 NZ HZ2 NZ HZ3

indicates that -C is the preceding residue. Order of TR N Ch A O
CMAP -C N CA C N CA C 4N
DONOR HN N

DONOR HZ1 NZ
DONOR HZ2 NZ

atoms within a bond or the order of bonds itself is not DONOR 23 Nz

ACCEPTOR 0 C

IC-C CA =N KN 1.3482 123.5700 180.0000 115.1100 0.9988
ICC N CA C 1.3482 123.5700 180.0000 107.2900 1.5187
ICN CA C N 1.4504 107.2900 180.0000 117.2700 1.3478

significant. The angle and dihedral terms are auto- A C W A Lsier 1172700 1600000 124.0300 14407

ICN C *CA (B 1.4504 107.2900 122.2300 111.3600 1.5568

ICN C *CA HA 1.4504 107.2900 -116.8800 107.3600 1.0833
ICN CA (B (G 1.4504 111.4700 180.0000 115.7600 1.5435

generated and therefore, do not have to be specified 6 G b o 1532 1137000 iaa.m0 loaisoas 111t

ICCA B ¢ o 1.5568 115.7600 180.0000 113.2800 1.5397

ICC (B #CG HG1 1.5397 113.2800 120.7400 109.1000 1.1138
ICCD (B #CG HG2 1.5397 113.2800 -122.3400 108.9900 1.1143
ICCB €6 CD CE  1.5435 113.2800 180.0000 112.3300 1.5350

(Same applles to IC’ l.e lnternal COOrdlnateS), If ICCE €6 #CD HD1 1.5350 112.3300 122.2500 108.4108 1.1141

ICCE CG #CD HD2  1.5350 112.3300 -121.5900 108.1300 1.1146
ICCG €D CE NZ  1.5397 112.3300 180.0000 110.4600 1.4604
ICNZ (D #CE HEl 1.4604 110.4600 119.9100 110.5100 1.1128
ICNZ (D #CE HE2 1.4604 110.4600 -120.0200 110.5700 1.1123

auto_generated angles are not Optlmal’ that Wll] be ICCD CE NZ HZI 1.5350 110.4600 179.9200 110.0200 1.0404

IC HZ1I CE  #NZ HZ2 1.0404 110.0200 120.2700 109.5000 1.0402
IC HZ1 CE #NZ HZ3 1.0404 110.0200 -120.1300 109.4000 1.0401

corrected during the energy minimization and later, Figure B.1: Topology entry for Ly-
from by reading the correct values from parameter sine

file. IMPR, i.e., less common improper dihedrals, must be listed explicitly. In this case,
there are two impropers, that maintain the planarity of the peptide bond and thus protein
backbone. Each improper is represented by sets of four atoms and atom that is listed
first is the one to which other three are bonded. The DONOR and ACCEPTOR state-
ments specify pairs of atoms eligible to form hydrogen bonds, but note that these will
not be included in PSF file and are ignored by psfgen module. Internal coordinates (IC)

come in the following form IC A B C D [bond(AB)] [angle(ABC)] [dihedral(ABCD)] [an-

gle(BCD)] [bond(CD)]. If the third atom is marked with asterisk (i.e. *C), that means
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that dihedral is an improper and marked atom (C, in this example) is a chiral center.
Peptide bond topology entry (Fig. B.2) only states atoms are to be bonded (C atom from
previous residue and N atom from following residue) and planarity of peptide bond. These

two entries were used as starting point for building the isopeptide patch.

B.2 Isopeptide bond patch

Isopeptide bond (IPB)

PRES LINK 0.00 ! linkage for IMAGES or for joining segments
! 1 refers to previous (N terminal)
! 2 refers to next (C terminal)
! use in a patch statement
! follow with AUTOgenerate ANGLes DIHEdrals command

has the same (neutral)

BOND 1C 2N
Charge, as dOCS the pep— Ithe need for the explicit specification of angles and dihedrals in

!patches linking images has not been tested
IANGLE 1C 2N 2CA 1CA 1C 2N

: IANGLE 10 1C 2N 1C 2N 2HN
tide bond. Next, how IDIHE 1C 2N 2CA 2 1C 2N 2CA 2HA 1C 2N 2CA 2B

!DIHE 1HA 1CA 1C 2N IN 1CA 1C 2N 1CB 1CA 1C 2N
IDIHE 1CA 1C 2N 2HN 1CA 1C 2N 2CA

1C1- IDIHE 10 1C 2N 2HN 10 1C 2N 2CA
backbone N that part1c1 IMPR 2N 1C 2CA 2HN 1C 1CA 2N 10

ICIN 1CA 1C 2N  0.0000 0.6000 180.0000 0.0000 ©0.0000

. . . IC2N  1CA %1C 10  0.0000 0.0000 180.0000 0.0000 0.0000
pates 1n peptlde bond is IC1CA 1C 2N 2CA ©.0000 ©0.0000 180.0000 ©.0000 ©.0000
IC1C 2N 2CA 2C  0.0000 0.6000 180.0000 0.0000 0.0000

IC1C  2CA #2N 2HN  0.0000 ©0.0000 180.0000 0.0000 ©.0000

only bonded to -C and Figure B.2: Topology entry for peptide bond

one H atom, in the same

manner, we need to delete 2 “extra” H atoms that are bonded to N at the end of sidechain
that will now be bonded to C-terminal of G12’. Following is the reassignment of charge, so
that isopeptide bond maintains neutral. This is done by employing logic and algebra (oth-
erwise, we would need to use Gaussian or a similar program). Then the glycine’s default

impropers need to be deleted and redefined in such way so N (CA) is replaced by NZ (CE)

atom. Zoomed-in isopeptide bond is shown in Fig. B.4.
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PRES IPB 0.00 ! linkage for IMAGES or for joining segments

DELETE ATOM 2HZ1
DELETE ATOM 2HZ3
GROUP

ATOM 2CE (T2 0.06
ATOM 2HE1 HA2 0.05
ATOM 2HE2 HA2 0.05
ATOM 2NZ  NH1 -0.47
ATOM 2HZ2 H 0.31
BOND 1C 2NZ

DELETE IMPR 1C 1CA 2N

1 refers to GLY (previous,
2 refers to LYS (next, NZ from side chain builds the bond)

use in a patch statement
follow with AUTOgenerate ANGLes DIHEdrals command
!the need for the explicit specification of angles and dihedrals in

!patches linking images has not been tested
!ANGLE DIHE not specified here

!DELETE CMAP IN 1CA 1C 2N
IN 1CA 1C 2NZ

!CMAP 1C 2NZ 2CE 2CD
IC IN 1CA 1C 2NZ
IC 2NZ 1CA *1C 10
IC 1CA 1C 2NZ 2CE
IC 1C  2NZ 2CE 2CD
IC 1C  2CE *2NZ 2HZ2

END

“o-©
-

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

Isopeptide

bond »

10 !Deleting one of
IMPR 2NZ 1C 2CE 2HZ2 1C 1CA 2NZ 10

180.0000
180.0000
180.0000
180.0000
180.0000

regular C term.)

GLY improprs

.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 ©0.0000
.0000 0.0000

W %

NZ (K13)
C(G12)
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|
HA1

HE1

Figure B.3: Script
for  isopepeptide
bond (IPB)

|1l |
«o=-N--CA--C -- NZ--CE--...

I
HZ2 HE2

Figure B.4: CPK representa-
tion was used for all atom
shown (except for C,, which
are shown with vdW spheres).
G12’ and K13 residues are
colored in red, in contrast to
remainder of peptide (colored
in silver/white). NZ (K13)
and C (G12’) atoms are further
emphasized by using color
tan.



Appendix C

Umbrella Sampling & WHAM

To computationally analyze a system means to determine the free energy changes along
the reaction coordinate(s) (RC). Umbrella sampling is a standard and widely used method
for calculating the potential of a mean force (PMF). It uses harmonic biasing potentials
in order to sample the structural conformations along the RC, divided into windows, in
a given time. With enough (overlapping) windows, PMF can be calculated by properly
combining the data from each window. Common way to do so is by employing weighted
histogram analysis method (WHAM). I will now focus on some technical details, so some
of the future student scan use this appendix.

The collective variables module (colvars), a software that interfaces NAMD, can be
used for high performance umbrella sampling. Each window can be sampled in separate
simulation or during longer, unified simulation by specifying number of stages/windows
(numStages), that is otherwise considered to be one (single window). Following is the

segment of colvars input file that refers to this and everything that is after # is a comment:
harmonic { #applying harmonic potential
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colvars dist #name of a colvar, more than one

can be specified
forceConstant 0.478 # in kcal mol/A"2
centers 20.0 # Initial harmonic restraint centers
targetCenters 10. # Final harmonic restraint centers
targetNumSteps 10000000 #10 ns per stage/window
targetNumStages 5 # Total number of stages (windows)

outputCenters yes #

It is important that in configuration file number of steps is set as (targetNumStages+1) X
targetNumSteps, because that way both first and last window will be sampled.

I will focus here mainly on colvar distZ (Z or whatever the direction perpendicular to
bilayer surface is). It is commonly used in protein-lipid bilayer systems, where relative
distance between the COM of a protein (or one of it’s relevant segments) and COM of lipid

bilayer is good choice of RC.

Questions that need to be answered when running US sim-
ulation

1. How long should each window be sampled?
2. What should be the spacing between adjacent window centers?
3. What should be the umbrella potential (i.e. spring constant)?

4. How often data point should be saved?
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5. Is specifying the width (of the colvar grid) important and what value should be used?

Anywhere from 5 to 15 ns (i.e. 15000000 steps) is a good starting point, depending on
a complexity of a system. Once the targetNumSteps is set, after only a few windows are
sampled, one should check (i) if P(z;,t,) and P(z;,t,,1) are converging (here, z; = RC value in
the i-th window) and (ii) if there is enough overlapping between the windows. For example,
PMF of protein going inside/outside lipid bilayer might even require more than 100 ns in
order to accomplish proper sampling. Along RC, adjacent windows doesn’t necessarily
need to be equidistant. Some segments might need more sampling whereas others doesn’t.
Once P(x;) is plotted, one should conclude if the distance used was enough. In case when
RC is a distance, 2 A is a good starting point. It is also important to note that distance
between centers and value of forceConstant are closely related and inversely proportional,
i.e. if center are more apart, then umbrella potential should have lower value (more about
this in the next section). As it was mentioned above, selecting spring constant for harmonic
potential is not independent of distance between the windows. In literature, anything from
200 kJ mol™'nm™2 (i.e. 0.478 kcal mol~' A=) to 3000 kJ mol~'nm™? (7.17 kcal mol~' A=) is
accepted. Once the analysis of the saved data is done, one can conclude whether used k-
value is too loose or stiff. It is always a possibility that different windows require different
values of k. Acceptable standard deviation (std) of data in windows that are separated
1 A is0.3-0.5 A, otherwise windows are not separated enough. Often reviewers ask why
that exact k-value was used, and unless there is previous work that was used as reference,
only good answer would be ”we have tried different values and this one worked the best”.
Another thing one needs to check is if the colvar outputs for each time step are independent.
By setting colvarsTrajFrequency to 10000 (output every 10 ps), this is successfully avoided.

I actually output every 1 ps, and then, with a simple bash command, I can extract only every
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10th line from the *.traj file (awk '"NR%10==0" *.traj).Then, if i need more data points, I
can use them, which is not the case when they are saved less frequently. It can be found in
some tutorials that for good sampling of RC via colvars, one need to set w(idth) (parameter
that represents fluctuation) to 0.1, that is otherwise considered to be 1 (w has the same
physical unit as the colvar value and hence defines an effective colvar unit). I have tested
this and found it not to be relevant. I maintained similar to same results with various w-

values.

Applying WHAM

Once the sampling simulation(s) has finished, it is time to apply WHAM. Line in Terminal

window that does that (without the Bootstrapping error estimate method) is:
wham min max numBins tolerance temperature 0 metadataInput output_pmf

Bash/tcl scripts below automate this process. (They will be listed next, since the pur-
pose of this appendix is to serve as a kind of “manual” for future students.)

First, the bash script extracts only certain columns and/or rows from *.traj file. In the
following example, only last 8 ns of total of 10 ns per each window are saved. Then,

arithmetic mean of two colvars will be saved to the metadata file:

#!/bin/bash
file=$1
j=1 awk ’/"#/ {sub(/#.%/,"");getline;}1’ $file > $file.temp #delete all

the lines that start with "#"
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awk ’{print $1, ($2+%$3)/2}’ $file.temp > $file.temp2

for i in ‘seq 200 1000 13000°‘ # here I have 13 windows

do

temp=$((i+800)) # $ in front of a parenthesis

#means do what is inside as a command

awk "NR>=$i&&NR<$temp" $file.temp2 > "us.$j"

3=$C(G+1))
done < "$file.temp2"
rm *.temp

rm *.temp2

Next, metadata file is created, named INPUT with tcl script, that can also be ran from

Terminal window (tclsh):

set input [open "INPUT" w]

for {set j 1} {$j <= 13} {incr j} {

puts $input "us.$j [expr -9 + $j] 5." # first center is at -8 and k=5

}
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close $input

Finding minimum and maximum value can be done in many ways. one way is by using

awk in bash:

awk ’$2 > max {max=$2;}; END{ print max}’ file #refers to 2. column

awk ‘min=="" || $2 < min {min=$%$2;}; END{ print min}’ file

The only two things that haven’t been mentioned yet are (i) tolerance and (i1) number

of bins. Optimal value for tolerance is 10~* and rule of thumb for selecting number of bins

- lzimzyl

is =—==. I want to explicitly state here that any of these number nor any numbers found

in previous publications/tutorials should be taken blindly. This should merely serve as a

guideline.
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Appendix D

MD test runs of MWT and MD4

Prior to MD simulations whose results were analyzed in Ch. 5, series of simulation in
which MWT (MD4) had net charge of +5e¢ were completed and will be analyzed here.
They had default N- and C-terminus, hence the reduced net charge. They will be referred
to as MWT’ (MD4’). Figs. D.1 and D.3 show results that are in principle very similar to
the ones in Ch.5. Namely, (i) single copy of MWT’ partitioned the bilayer, whereas MD4’
never did (even though it seemed, around 300 and 400 ns, that bottom copy will might
partition, this was never stabilized), and then, (ii) both copies of MWT’ and MD4’ strongly
interacted with the POPG bilayer. Same applies to the helical content, shown in Figs. D.2
and D.4. Top (bottom) MWT’ had helical content above 70% (60%), whereas top MD4’
had helical content below 20% and bottom copy was a random coil during last 100 ns of
free simulation time.

Additionally, simulation with single copy of MWT in POPC was simulated in aim to
observe spontaneous insertion into the bilayer, i.e., without any potential influence coming

from the second copy. This is exactly what analysis showed (Fig. D.5). On a 50 ns time

97



T 1t 1 rrrrrrrrrrrrrr 1 rrrrrrrr I

aof .
20F .
—. o ﬁ
< | ]
N —20j 7
40} ]
~60 | .
| [N R T N A N N N M N NN I A TR T N T T WA N NN R | f
100 200 300 400 500 600 700
Time [ns]
100»\ T T T T T T ‘L‘ IIVII‘/V‘Tt;p‘ T ‘__7
I MWTbattom E
> 80r ]
+ ]
L 1
‘O 60 ]
.? ]
(] ]
X a0t :
o ]
> 12
< 20} |
| 11
0’\ re o o o e e a1 ‘:0
0 100 200 300 400 500 600 700

Time [ns]

98

Figure D.1: Time evolution
of z-coordinate for MWT’
in POPC. COM of peptide
is shown in red, whereas
COM of SEGI and SEG2
are shown in magenta and
cyan, respectively. Phos-
phate centers (P) are rep-
resented with black line
and gray dashed line il-
lustrates maximum (mini-
mum) z-coordinate of all
lipid atoms in the top (bot-
tom) leaflet.

Figure D.2: Time evolu-
tion of helical content for
MWT’ in POPC. Red line
refers to the bottom copy
and black to the top copy
of MWT’. Peptides lost
some helical content over
total simulation time (note
that SEG2 remained fully
folded in both cases).
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Figure D.3: Time evolution
of z-coordinate of MD4’
in POPC. COM of peptide
is shown in red, whereas
COM of SEGI1 and SEG2
are shown in magenta and
cyan, respectively. Phos-
phate centers (P) are repre-
sented with black line and
gray dashed line illustrates
maximum z-coordinate of
all lipid atoms in the upper
leaflet. Shaded regions rep-
resent the forbidden zones,
i.e., if COM of a peptide
crosses relative distance of
Z = £2 nm from the phos-
phate centers, harmonic po-
tential was applied.

Figure D.4: Time evolution
of helical content for MD4’
in POPC. Black line repre-
sents top, and red the bot-
tom copy of MD4’, which
loses helical structure com-
pletely. Gray line is plotted
only for the reference.
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Figure D.5: Time evolution
of z-coordinate of a sin-
gle MWT copy in POPC.
COM of peptide is shown
in red, whereas COM of
SEG1 and SEG?2 are shown
in magenta and cyan, re-
spectively. Phosphate cen-
ters (P) are represented
with black line and gray
dashed line illustrates max-
imum z-coordinate of all
lipid atoms in the upper
leaflet.

scale, single copy of MWT partitioned the POPC bilayer and Az had not changed in the

next 100 ns (standard deviation was below 2 A). We believe this has something to do with

electrostatic repulsion, how each copy carries +6e charge and the bilayer is neutral overall.
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Appendix E

Analysis of hydrogen bonds formed
between bilayers (POPG/POPC) and
peptides MWT and MD4)

Some of the previously published studies suggest that hydrogen bonds provide an effi-
cient mechanism of long-distance protein-lipid coupling [108] and when formed between
charged residues of a peptide and phosphate in a lipid bilayer, they stabilize the protein-
lipid interaction [109]. By interpreting the results in a similar manner, in case of PC sys-
tems, hydrogen bonds formed between peptide and lipid bilayer were one more way to
quantify the peptide-lipid interaction. With 5-fold higher number of hydrogen bonds in
case of MWT-PC, this was yet another indicator of the difference between MWT and MD4
peptides (Fig. E.1). Furthermore, Fig. E.2 shows higher number of hydrogen bonds in PG
systems than in case in PC, as one might expects. Analysis on residues that were partic-
ipating in the hydrogen bonding can be completed, but is outside of scope of this thesis.

END
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