14o| Macromol. Symp. 2007, 252, 140-148 DOI: 10.1002/masy.200750614

Molecular Dynamics of Pectin Extension
Igor Neelov,™'? David Adolf,1 Tom McLeish'

Summary: A pectin 10omer under constant pulling speed and constant force was
studied using the atomistic simulations. Molecular dynamics (MD) with the Ambergg
and Amber-Glycamo4 forcefields were performed. The main result of the present
Amber-based MD simulations is that the two plateaux of the experimental force-
extension dependence for pectin can be explained by transitions between three
conformational states of pectin monomer ring (first from a chair (*C) to boat
conformation and second from boat to an inverted chair ('C,) conformation). A
multi-state dynamical model of single biopolymer extension under external force was
elaborated and applied to extension of polymers with three-state monomers relevant
to pectin.
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Introduction

Polysaccharides are fundamental components
of cells and have many potential applications
in the pharmaceutical industry and material
science. Mechanical properties of polysac-
charides are important because they con-
stitute cell walls in plants and bacteria and
take part in cell interactions and adhesion.
They also serve as a simple model for
studies into the mechanical properties of
protein concatemers. Pectin is an important
representative of polysacchrides with 1-4
linkages (i.e. connecting C; and C4 carbon
atoms on neighbouring sugar monomers).
The mechanical extension of a pectin
molecule in single molecule AFM experi-
ments under constant pulling speed[” and
In the force-ramp regimel®! has been per-
formed by Marszalek et al. A key finding
was the existence of two plateaux in the
force-extension dependence for pectin at
forces near 400 and near 800pN. They
suggested that the first plateau takes place
due to conformational transition of mono-
mer rings from chair to boat state and
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second plateau due to the transition from
boat to inverted chair conformation. A
review of these results was also published.

In the present paper, we study the ex-
tension of linear pectin molecule at con-
stant pulling speed and constant force using
an Amber-like forcefield.

Models and Methods of Molecular
Simulation

Amber,”) CHARMMM and some other
forcefields (for example, MM3!®!) and their
modifications (united atom Amber,'”) Amber-
Homans,m Amber-Glycam,[SJ Amber with
GB/SA continuum model of water,”’ CHARMM-
Parm22/SU01%!) have been used for the
simulations of monosaccharides.

A comparison of 20 different forcefields
for monosaccharides was carried out recen-
tly.""] The largest deviation from density
functional results was observed for
CHARMM?22, Gromos, MM3* and some
other forcefields. Surprisingly the best force-
field in this review was found to be the
Amber-like forcefield (Amber94) which
was not specially designed for carbohy-
drates.

In present work more recent versions of
Amber forcefield (Amber99 and Amber-
Glycam04) were used for molecular dyna-
mics simulation of a linear pectin chain
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(polygalacturonic acid) consisting of 10
monomers in vacuo and in explicit water.
In the first case two different values of the
dielectric constant (¢=1 and ¢=80) were
used. The end-to-end vector of chain was
initially oriented along X axis. The first
chain end was fixed. In simulation with
constant pulling speed the second end was
restrained harmonically to another point
which was moved with constant speed dx/dt
(dx/dt =0.01A/ps) along the X axis. Several
elasticity constants were used for this
restraining from the interval 50-1000pN/
nm to resemble the usual elasticity of
cantilevers. The Verlet algorithm with a
time step At=1fs was used in all simula-
tions. To achieve suitable local equilibra-
tion of pectin without explicit solvent
molecules, the Andersen thermostat!'?
was used.

Results and Discussion

Extension of Pectin 10mer at Constant
Pulling Speed
The extension of a pectin 10mer was simu-
lated at constant pulling speeds 0.01A/ps.
Force-extension curves (i.e. force F
acting on the pulled chain end in the direc-
tion of extension, as function of the exten-
sion) are presented in Figure 1 for 10mer
without explicit water (Figure la for e=1
and Figure 1b for ¢=78) and in water
(Figure 1c) for Amber99 forcefield. At
small and high extensions in Figure la-lc

2000

the force depends linearly on extension in
agreement with the experimental data. At
the intermediate extensions (between 48
and 561&) there are two clear plateau areas
in accordance with experiment. But the
values of plateau forces are higher than in
experiment. For example for pectin
in vacuo (Figure 1a and Figure 1b) the first
plateau force is between 800pN and second
plateau force is around 1200pN. For simu-
lation in explicit water solvent (Figure 1c)
the first plateau occurs at 800pN and second
at 900pN. These values of plateau forces are
greater than the experimental values (400
and 800 pN correspondingly) due to very
high pulling speed in simulation in compar-
ison with experiment.

Force-extension curves for AmberGly-
cam04 forcefield are presented in Figure 2
(Figure 2a for ¢ =1 and Figure 2b for ¢ =78
for 10mer in vacuo) and (Figure lc for
10mer in water). The results for these
forcefields are qualitatively similar to that
for Amber 99 forcefield but there are some
quantitative differences especially for posi-
tion of both plateaux on force-extension
curves. For pectin in vacuo (Figure 2a and
Figure 2b) the first plateau force is between
600-800pN and second plateau force is
around 900pN. For simulation in explicit
water solvent (Figure 1c) first plateau
occurs at 500-600pN and second at
800-900pN. The values of plateau forces
for AmberGlycam04 forcefield (especially
in water) are more close to experimental
values (400 and 800 pN correspondingly) in
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Force-extension dependence for pectin 1omer extended at constant pulling speed 0.01A/ps in vacuo at a) ¢ =1, b)
&¢=280 and c) in water. The data averaged over 200 points window. Amber99 forcefield.
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Force-extension dependence for pectin 10mer extended at constant pulling speed 0.01A/ps in vacuo at ¢ =1, b)
&£=80 and c) in water. The data averaged over 200 points window. Amber-Glycamo4 forcefield.

comparison with results for Amber99
forcefield.

To understand the molecular mechan-
isms of the pectin extension it is necessary
to study the behaviour of monomers under
extension. There are two ways of doing this.
First, to study the extension behaviour of
each monomer in the 10mer under exten-
sion. Second to perform an additional
simulation of a single pectin monomer
extension at constant pulling speed.

Figure 3 gives the dependence of length
of each monomer in pectin 10mer for
Amber99 forcefield as a function of time.
It is easy to see that at short (t < 500ps) and
at long (t > 1300ps) time (i.e until monomer
length d=5.0-5.1A and after length d=
5.7-5.8A only linear extension of the mono-
mers occurs. In the interval of time
t=500-1300ps (d=5.1-5.7A), a step-like

increase of monomer length occurs for all
monomers. For some monomers it occurs as
a single step-like transition and for others as
two-stage transition through short-living
intermediate conformation of the monomer
with d =5.5A. At ¢ =1 and in explicit water
(Figure 3a and Figure 3c correspondingly)
this intermediate state is more pronounced
while at ¢=80 (Figure 3b) only tracks of
this intermediate state exist.

Figure 4 gives the similar time depen-
dences of length of monomers in pectin
10mer for AmberGlycam04 forcefield. It is
easy to see that at short (t <500ps) and at
long (t>1300ps) time (i.e until monomer
length d=5.0-51A and after length
d=57-58A only linear extension of
the monomers occurs in agreement with
results for Amber99 forcefield (Figure 3).
In the interval of time t=2500-1300ps
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The monomer lengths for monomers of pectin 10mer as function of time in vacuo a) e =
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explicit water. The data averaged over 200 points window. Amberg9 forcefield.
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The monomer lengths for monomers of pectin 10mer as function of time in vacuo at a) e =1, b) ¢ =80 and c) in
explicit water solvent. The data averaged over 200 points window. Amber-Glycamo4 forcefield.

(d=5.1- 57A), a step-like increase of
monomer length occurs for all monomers.
Similarly to results for Amber99 forcefield
some monomers undergo single step-like
transition and some others - two-stage
transition through intermediate conforma-
tion of monomer with d=5.5A. Again as
for Amber99 forcefield this intermediate
state is more pronounced at ¢=1 and in
explicit water (Figure 4a and Figure 4c
correspondingly). In all cases (Figure 4a—
Figure 4c) the intermediate state is more
pronounced for AmberGlycam04 than for
Amber99 forcefield.

Extension of Pectin 1omer by Constant

Force

Similar time dependences of length of
monomers in pectin 10mer were obtained
for at constant force applied to chain ends.
At small forces all monomer lengths
fluctuate around the same value equal

47-48A. At high forces all monomers
are in another (long) state with monomer
length fluctuating around 5.7 A. At inter-
mediate forces (400-1400pN) the picture is
more complicated and third (intermediate)
state with intermediate monomer length
occurs. For example at force F=1000pN
(Figure 3) there are monomers in different
states with three different average lengths.
For Amber99 (Figure 3a) these values are
4.7,5.2 and 5.7A while for AmberGlycam04
in vacuo and in water (Figure 3b and
Figure 3c correspondingly) they are 4.7, 5.5
and 5.7A. Increase of force leads to increase
of population of intermediate and long
states at intermediate forces and to increase
of population of long states at high forces.

Theory of Multi-state Dynamical Model

Mechanical extension of biopolymers (pro-
tein concatemers, DNA, RNA, polysac-
charides) in single molecule atomic force
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The monomer length as function of time at constant force F =1000pN in vacuo for a) ¢ =1and Ambergg and b)
¢=1 and Amber-Glycamo4 forcefields and c) in water for Amber-Glycamo4 forcefield.
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microscopy (AFM) experiments is a well
established technique for determination of
mechanical properties and study of path-
ways of forced unfolding and refolding.
Polysaccharide molecules were frequently
used as simple test objects in AFM experi-
ments and simulation (Rief et al.,m] Mars-
zalec et al,l'" Lee et al.,[ls]) and for
elaboration of theoretical models. A dis-
crete two-state model is usually used for a
theoretical description of an extension of
protein concatemers, polysaccharides and
other biopolymers in AFM. In this model
each element can exist in two states: folded
and unfolded. But it is well known that
some proteins and polysaccharides can
have one or more additional intermediate
states. In present paper we elaborate a
discrete multistate theoretical model and
obtain the results for particular case of
three-state theoretical model.

Model and Method of Calculations

Our theoretical consideration of biopoly-
mer extension by mechanical force applied
to its end is based on a multi-state
population model. We study populations
of states under the simultaneous action of a
large constant and a small periodical force
F=Fy+fy cos w t where t is time, w is
frequency of oscillations and magnitude of
small force f; is significantly smaller than
magnitude of constant force F, The
population at any time moment ¢ is defined
by an equation

dp(t)/dr = Ap(1) M

where p is a multidimensional population
vector p = (p1,pa2,- - -Pn), tisatime and A is a
matrix which contains rates of transition /;
between states i and j (where i and j are
from / to N and N is a number of states).
In the absence of force the rate of
conformational transition Z,; depends on
height of free energy barrier AG;; or
transition from i to j state. An application
of force F changes the barrier in accordance
with the phenomenological Bell equation

rij = ko exp[—B(AGi; + FAx;))] ()
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where /,; are rates of transition between i-th
and j-th states, B=1/kg T is the reciprocal
thermal energy, AG;; is the height of free
energy barrier in the absence of force, F is
the force applied to the system and Ax;; is
the effective difference between coordinate
of i-th minimum and coordinate of barrier
between i-th and j-th states.

For normalized values of populations
(i.e. for probabilities of different states)
there is an additional condition p;+p,+
...+py=1. Taking it into account we can
go from N component vector p to N-1
component vector ¢ which will contain only
linearly independent components.

dq _

I —JGg+s 3)

If the fluctuating component of external
force is essentially smaller than constant
force (i.e. if Fy > fy) we can represent all
components of this equation as sum of
equilibrium values and small variations

—

G=qdo+86§ ; §=35,+65 and

J=Jo+48J

4)

Rates of transition 4;; between i and j
states also can be presented as a sum of
equilibrium rate and linear variation:

)\,l"’j ~~ )L?J-Jr] (1 +f0 Ccos a)tAx,;Hl)

= Mgt + hiin ©)

In this case Equation (3) can be rewritten
in the form
d(Go + 84)

dt
= —(Jo +8J)(qo + 8G) + 50 + &5 6)

An equilibrium solution can be obtained
from

div .
o 0 = —Jogo + 50 (7
in the form

Go =J;'5 (®)

The equation for g can be obtained
by subtracting Equation (7) from

www.ms-journal.de
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Equation (6):

dsq
T JosG—87Go + 65 9)

dt
which can be presented in the form

dsq

o= —Jo8qG + gfo cos wt (10)
where
g=—6IGy+ 85 (11)

The general solution for 8¢ in this case
will have a form
8G =W +T3"
x [Jocoswt + I sinwt] + g (12)

where /is a unit matrix and the value of g in
linear approximation depend only on
equilibrium rates of transition Ai,j0 and

cos wt + wty sin wt)

form:
PO — )‘gl )‘22

! AaADs + A4, + A4S,

0 )\'(1)2)"22 (15)
J 2 —

? AaA9s + A4, + A91A%,

29,19

P 12423

TS A0, + 490,

To get the population at any time we
need to substitute equilibrium transition
rates from Equation (15) in Equation (12)
and result in Equation (4). The final result
for populations is rather complicated.
However, we are interested not in the
population itself but how the length of
chain changes with force and how the value
of elasticity constant change with force. The
result for the length of the chain is

L(z):Lo+fo(( (1 P )

distances Ax;; between the energy minima
and the barriers.

We apply this algorithm to the case of
three-state model with equilibrium matrix
of transition rates A

0 0
7)"012 O)\'Zl 0 00
Ao=| A, —Ap - M A (13)
0 A3 —A%

It means that we study system with three
states and ‘“‘one dimensional” mechanism
of transitions between them when there are
transitions between 1st and 2nd states as
well as between 2nd and 3rd states but
direct transitions between 1st and 3rd states
are absent. Due to a condition p;+p,+
p3=1 we have only two independent
variables. If we choose as independent
variables ¢; =p; and ¢, = p3 then matrix J,
(from Equation (4)) have form

Ay + 295 A

Jo= |4 0 0
A33 Mo+ 23

(14)

Equilibrium population can be obtained
from Equation (8) and Equation (14) in

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(cos wt + wt, sin wt)
16
Kz(l =+ C()ZT%) ( )

The length at zero frequency w=0 is

1 1
L=1L —
o+ fo ( X + Kz)
where L, is the length without force and K;
and K, are rather complicated functions.

It is easy to see that the total elasticity
constant at zero frequency can be written as

(18)

and a final equation for it has a simple form

17)

K71 _ K{l +K£1

kT
(P13 + phpios — o) + ik

(19)
where p°y, p°», p’3 are equilibrium popula-
tions of first, second and third states and x,
and x3; are distances between first and
second or between first and third states (i.e.
between positions of the first minimum and
the second or the third minima of energy)
correspondingly.

We calculated the length L using
Equation (17), Equation (18) and Equation
(19) and as function of force in Figure 6 for
two different when distances

K=

cases:
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Force-extension curve for 3state model: force vs normalized contour length for: a) x, = 0.7x; and b) E, = 8kcal/
mol, E; =16 kcal/mol and x, = 0.5x;. (solid lines are for E, =8kcal/mol and E; =16 kcal/mol and dashed line
for E, = E, = 8kcal/mol). Value d, =5.2 A d,=5.9Aand d;=6.2 A corresponds to short, intermediate and long
monomer length in dextran obtained by us in previous paper using simulation with full atomic details.

x,=0.5x3 and when x, =0.7x3. For solid
lines the energies of 1st, 2nd and 3rd states
were E=0, 8 and 16 kcal/mol correspond-
ingly (for dashed lines E=0, 8 and 8kcal/
mol). We obtained that when the second
state is closer to the third one (x; =0.7x3)
and energy of the third state is higher than
energy of second state (Figure 6A, solid
line) the force-extension dependence has
two plateaux. A first plateau is at
800-100pN and a second is at forces near
1600pN. But at the same x,=0.7x; and
E, = E; =8kcal/mol (Figure 6A, dashed
line) there is only one plateau at forces
near 500pN. Similarly, when the second
state is in the middle position between the
first and the third state (x;=0.5xs,
Figure 6B) the force-extension dependence
has only one plateau region at forces near
800-1000pN. The dependence with only one
plateau is similar to that obtained earlier for
a two-state model’® while the second
plateau appears only for three-state sys-
tems. Thus we found that the force-
extension dependence for three-state
systems can look both like two-state or
like three-state depending on parameters
(energies and distances) of states.

Similar results were obtained by us using
full atomic simulation of dextran 10mer!”!

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(as well as simulation of pectin 10mer in this
paper). In the dextran paper we have shown
that during the extension of dextran the
monomers can exist in three different states
(short, intermediate and long). A simula-
tion with first forcefield gives the force-
extension curve with two plateaux at the
same forces (800-1000pN and near 1600N)
as our three-state discrete population
model with x,=0.7x3 and E;>E, (solid
curve, Figure 1A). However, a simulation
with second forcefield gives only one
plateau for the same system similarly to
our results for theoretical model with
x;=0.7x3 and E3;=E, (Figure 6A dashed
line) or with E3;>E,; and x;=0.5x;
(Figure 6B).

Total inverse elasticity 1/Kzor (compli-
ance) of biopolymer chain under extension
can be calculated as sum of inverse
elasticities of all processes. For chain
consisting of two-state monomers the result
was obtained by McLeish and Khatri.l'71 It
takes into account elasticity of freely-joint
chain Ky, important at small forces,
elasticity around each of the minima Ky
and Ky, (chair and boat states of gluco-
pyranose ring in the case of dextran) and
elasticity due to transition from first to
second conformational state of monomer

www.ms-journal.de
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K (i.e. from chair to boat state for dextran):

L L)
Ky K

We extended this approach to the case of
chain consisting of three-state monomers
and added elasticity around third minima
Kos (elasticity of inverted chair state in the
case of pectin) and elasticity due to
transitions from second to third state K,

L
Ko

1 1
— 20
Kior (K FIK 29

three state theory, E2=0.3, x2=0.5

three state theory, E2=0.3, x2=0.3

(i.e. from boat to inverted chair for pectin):

0 0
JZ 1 1)
bl
Ky Ki Ki K>

pud

Ko

o
Kior Krrx
(21)

Total elasticity coefficient as function of
force for three-state model were calculated
and presented in Figure 7 for the case when
energies of first and third state E; =0 kcal/
mol and E; = 16 kcal/mol and distance bet-
ween first and third minimum x, +x3 =1 A.

three state theory, £2=0.3, x2=0.7
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Total elasticity coefficient as function of force for three-state model with the same energy difference between
first and third states (E; = 16 kcal/mol) and distance between first and third state (x; = 1A) and different energy
(E,) and position (x,) of second state relatively first state. Distance, x,, increases from left to right: A), D), G)
X, = 0.3%3; B), E), H) X, = 0.5%;; C), ), ) X, = 0.7x; and energy, E,, changes increases up to down A, B, C) £, = 0.3E;;

D, E, F) E,=0.5E;; and G, H, 1) E,=0.7E;.
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Elasticity at different energies of second
state E, and positions of second state x, are
presented in Figure 7A-Figure 71. Distance
X, increases from left to right (for example,
from Figure 7A to Figure 7C in first row)
and energies from up to down (from
Figure 7A to Figure 7G in first column).

It is easy to see that at small values of
distances x, =0.3x3 between the first and
second minima or at high energy of the
second state E, = 0.7Ej; the elasticity always
has only one minimum on force depen-
dence, typical for two state model. It occurs
because the population of the third state
increases with force quicker than popula-
tion of second state. At other values of
x;=0.5x3 or E,=0.5E; the situation
depends on both parameters and a typical
three-state picture is manifest, for example
at Figure 7B, Figure 7C and Figure 7F.

Conclusion

The pectin extension at constant pulling
speed and by constant force were simulated
using model with full atomic details and
Amber99 and Amber-Glycam04 forcefield.
The main result of the present Amber-
based simulation is that there are two
plateaux on the force-extension depen-
dence. These two plateaux can be explained
by a transition of the monomer rings from
the extended chair (*C;) d=4.7 A to the
extended boat (intermediate state)
d=52-55 A and to extended inverted
chair ('C4) d=5.7A conformation. The
lengths of pectin monomer in chair, boat
and inverted chair conformations are in
agreement with lengths (d =4.5,4.9-5.0 and
54-5.5 A) obtained in ab initio calculations
cited by Marszalek et al.,[1‘3] taking into
account that monomers in AFM experi-
ments are slightly extended in each con-
formation state in comparison with corre-
sponding unperturbed states in ab initio
calculations.

A multi-state dynamical model of single
biopolymer extension under external force

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was elaborated and applied to extension of
polymers with three-state monomers rele-
vant to pectin polymer or concatemers of
globular proteins with intermediate states.
It was shown that elasticity of three-state
systems can looks similar to elasticity of
two-state systems in a broad parameter
range describing the structure of the inter-
mediate state. This makes difficult an
experimental separation of two- and
three-state systems from results of single
molecule AFM experiments. This work was
supported by EPSRC, grants GR/S67388/
01 and EP/C528336/1. I.N. is thankful for
partial support to INTAS (grant ref. Nr
05-1000004-7747).
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