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ABSTRACT: We have modeled mixed bilayers of dimyristoylphosphatidylcholine (DMPC) and the
polymerizable amphiphile 4,N-POMECY monomers as well as bilayers of DMPC and 4,16-POMECY
polymers (macrolipids). Our intention was to answer three questions: (i) Why, with two C-16 hydrocarbon
chains, does pure monomeric 4,16-POMECY exhibit a phase transition at TY = 29 °C? (ii) Why then do
the pure (polymerized) 4,16-POMECY macrolipids possess 7%, ~ 45 °C? (iii) What does the measured
phase diagram imply about macrolipid structure. Using analytic methods and computer simulation to
obtain phase diagrams, we conclude that the answer to (i) is that the entropy of the relatively long polar
group contributes to reducing T, from ~41 to ~29 °C. When the macrolipids are formed, via
polymerization in their polar groups, this entropy is lost and T, is then determined by the interaction
between hydrocarbon chains which yields Ty, =~ 41 °C. We modeled the macrolipids as (a) flexible chains,
(b) compact hexagons, or (c) rigid rods of fixed length. We found that none of these models described the
experimental data. We simulated the polymerization process in the bilayer and found that the average
length of the polymers formed increased with initial monomer concentration. Using these results we
constructed a phase diagram using model b and found good agreement with experiment. We deduced
that 4,16-POMECY macrolipids formed in a bilayer are probably rigid with compact segments connected,
possibly by rigid rods. We make predictions of the transition temperatures of monomeric and polymeric

4,N-POMECY for N = 14 and 18.

Introduction

The amphiphile M,N-POMECY! possesses two hy-
drocarbon chains and a head group and has the struc-
tural form

CnHzpn:1OCH;
CNH2N+1OCH [o] (o}
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H2C—O!|’O(CHZCH20)MCC\
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It carries one functional group attached to its head
group, via a spacer (CHoCH20)y. These amphiphiles
(“monomers”) can be incorporated into giant vesicles or
into supported lipid bilayers and, subsequently, photo-
chemically polymerized in the head group via UV
radiation, thereby forming linear macromolecules (“mac-
rolipids”).2 In this way studies were carried out, using
static light-scattering techniques,® to determine the
phase diagram of vesicles containing a binary mixture
of dimyristoylphosphatidylcholine (DMPC) and 4,16-
POMECY.2 The phase diagram for monomeric 4,16-
POMECY showed a narrow cigarlike (two-phase region,
indicating a nearly ideal mixture, extending from T =
24 °C (pure DMPC) to T' ~ 29 °C (pure 4,16-POMECY).
For the macrolipid, only the liquidus line was deter-
mined and this increased steeply with increasing con-
centration below ~40% of the amphiphile, followed by
a nearly-horizontal line at higher concentrations at T
~ 45 °C.

Three questions arise here: (i) Why is it that, with a
pair of C-16 hydrocarbon chains, the “main” phase
transition of the pure monomeric amphiphile occurs at
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~29 °C, some 12 °C lower than the corresponding
transition in bilayers of pure dipalmitoylphosphatidyl-
choline (DPPC) which occurs at T ~ 41 °C? (ii) Why
then does the corresponding phase transition of the pure
macrolipids occur at T~ 45 °C? (iii) What can be said
about the conformations and flexibility of POMECY
macrolipids? It is the intention of this paper to show
that the answers to i and ii might be due to the coupling
of the hydrocarbon chain states to the states of the head-
group polymer. To obtain an answer to iii, we shall do
two things: We shall present the results of calculations
of a DMPC—POMECY phase diagram and compare it
to measurements carried out on this system. Then, we
shall simulate the polymerization process and show the
dependence of the degree of polymerization upon mono-
mer concentration. In the next section, we shall outline
the theoretical model used for the calculations and show
how the polymerization of the head groups can ef-
fectively decouple them from the hydrocarbon chains.
Then, we shall show the results of computer simulation
for mixed bilayers of DMPC and macrolipids of fixed
lengths and, finally, present results for a model of the
polymerization process itself.

Theory

Pure POMECY System. We use a model that has
been used to study the hydrocarbon chain main phase
transition and which has successfully accounted for the
temperature dependence of Raman intensities and the
numbers of gauche bonds per hydrocarbon chain in
phosphatidylcholines (PC) for T < Ty, the main lipid
bilayer phase transition temperature.4~® It assigns an
internal energy E, (arising from gauche isomers) to the
nth molecular state, together with a degeneracy (num-
ber of such states possessing energy E,), D,, and a
molecular cross-section area projected onto the local
plane of the bilayer, A,. It assumes that there exists
an interaction energy —JoJ,m between two nearest-

© 1995 American Chemical Society



Macromolecules, Vol. 28, No. 3, 1995

neighbor molecules in states n and m, respectively. The
Hamiltonian operator for such a model is

7
7= 7022%,;5”@;” +3%s M

() nm i
e, =E,+TIA,

where (7, is a projection operator for the ith lipid in state
n, €, is the energy of a single isolated molecule, and )
indicates a sum over nearest-neighbor pairs of lipids i
and j. Here, IT is an effective lateral pressure, due to
the water-mediated interactions in the polar region,
acting on the hydrocarbon chains and the polar group
polymers, which gives rise to the pressure—area term
in (1). We define an operator, & which includes the
degeneracies

F = — kgTY Y InD,)5%, 2)

A simple mode! suffices to show how the phase
transition comes about, in general, and what the effect
is of the polar group. We assume that each molecule
possesses only two states: a ground state, g, possessing
Eg, Ag~ 42 A%, and Dy, in which the hydrocarbon chains
are essentially extended, and an excited state, e, pos-
sessing E. > E,, A. ~ 65 A2 > A,, and D, > D,. Note
that the degeneracies of the polar region are included
in Dg and D, and that, when the molecules are in their
ground state, sufficiently long polar group polymers will
be essentially extended. If we use the transformation?®

Z="1+0), Z="Yl-0), o,=%1 (3)

then we obtain

J
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where z is the effective number of nearest neighbors. A
discontinuous phase transition occurs at Ty, given by

T T~ Je) + (B~ E)+ A, — A)
m= g% kg In(D/D,)

(5)

if T < T*, the critical temperature of the system
described by (4) when the term involving H is ignored.

For a given length of hydrocarbon chain (N) and
polymer polar group (M), when the lipids are unpoly-
merized, J.» and E, increase as the first or second
power of M + N, the A,, values are essentially independ-
ent of these lengths, and D,, increases like AM*N, This
is a consequence of the molecules being sufficiently
closely packed so as to form a bilayer membrane. Such
packing essentially eliminates hydrocarbon chain con-
figurations which “bend back” upon themselves. When
the lipids are polymerized at the end of their polar
groups, as in 4,16-POMECY, it is plausible that D,
increases like AN but is essentially independent of M.
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The reason is that the polar group polymer has been
made more immobile by the removal of the degree of
freedom previously associated with its free end. If we
write

De=Dce'Dpe Dg=chng (6)

where D, and Dy, are the degeneracies of the hydro-
carbon chains and polar groups when the molecule is
in state o, then

_— ™ N E,-E,+All4, - A)
M In(D,/D,,) D, D
1+ — P kyln|== =
ln(Dce/ch) B ch DPE

)

where the superscript “up” denotes unpolymerized,
T?n is the corresponding transition temperature for the
same hydrocarbon chains and a PC polar group, and
AII is the difference in the effective lateral pressure
between C-16 hydrocarbon chains in a POMECY mol-
ecule and a lipid molecule with a PC polar group.
When the polar groups are polymerized and, there-
fore, tethered at both ends, the removal of the extra
degree of freedom associated with the polar group
polymer will result in Dye ~ Dy, Epe & Epg, so that

AlIA, — A
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" Dce
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where the superscript p indicates polymerized.

In the case that the polymerizable lipids are 4,16-
POMECY, the measurements of Eggl et al. give a value
for T% ~ 318 K (~45 °C). Using that A, ~ 68 A? and
that A, = 43 A? for a molecule and that In(Deo/Deg) =
18.8 (e.g., ref 4; note that the degeneracies given there
are per lipid chain, whereas here we need degeneracies
per molecule) with Tfn =~ 314.2 K (41 °C), then, if we
choose AIT = 4 dyn/cm, we obtain

T%(4,16) = 318 K = 44.8 °C 9)

Since this model used IT = 30 dyn/cm, this result
suggests that the effective lateral pressure inside an
unpolymerized 4,16-POMECY membrane is ~34 dyn/
cm. In order to calculate T, we need to be able to
estimate Dpo/Dyg. To do so, we can note that the length
of the polar group is equivalent to a C-14 hydrocarbon
chain. From previous calculations for excited and
ground states* these degeneracies are about 3.54 x 104
and 15 per chain, and the energies are ~1.94 x 10718
and ~0.4 x 10713 erg/chain. Substituting these values
into (7), we obtain T,7(4,16) = 277.3 K in comparison
to the measured value of ~302 K. We could argue,
however, that Dp. and Dy, are larger than those of a
C-14 chain because the cross-sectional area available
to them is twice as large as for a single C-14 chain. If
we assume that Dy, = 4 x 10* and Dy, = 4 x 102, then
we obtain

T.(4,16) = 303.2 K = 30.0 °C (10)
which agrees with the experimental results. Thus, by

choosing AIT from a knowledge of the experimental
value of T%, we see that reasonable values of polar
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group degeneracies give the observed value of ToF.
Using these results, we can now try to predict the
transition temperatures for other cases.

(i) 4,14-POMECY. In this case D . ~ 125 x 107 and
D, ~ 100,* giving In(Dce/Deg) =~ 16.3. Again we use Ep.
=1.94 x 10713 and Ep; = 0.40 x 10713 erg/chain for the
unpolymerized case with A, ~ 68 A2 and A, ~ 43 A2
Using the values that we chose for Dy (=4 x 10%) and
Dy (=4 x 102) for the unpolymerized case together with
ATl = 4 dyn/cm, we find that

T(4,14) = 14.7 °C (11)
T%(4,14) = 27.5 °C

(ii) 4,18-POMECY. For this case D, ~ 10.2 x 1012
and D¢ = 11.0 x 102, giving In(Dce/Deg) ~ 23.0, and E.
=17.24 x 10713 and E.z =~ 1.09 x 10713 erg/chain.* Again
choosing the values for Epe, Epg, Dpe, and Dpg used above
for the unpolymerized case, we predict that

T™(4,18) =~ 44.1 °C (12)
T®(4,18) = 59.2 °C

Mixed Polymerized POMECY-DMPC Systems.
We represent the plane of one sheet of a bilayer by a
triangular lattice, each site of which can be occupied
either by a DMPC molecule or a POMECY monomer
possibly belonging to a macrolipid. The Hamiltonian
operator for this system is a generalization of (1),

J,
7= - fégzﬂwf‘ﬁm + XY
iy nm a 1 n (13)

& = % + IIA?

where, in comparison to the symbols in (1), ¢ and 5 sum
over M and P, representing DMPC and 4,16-POMECY
molecules, respectively. Thus, — J,JEN is the interac-
tion energy between nearest-neighbor molecules, one of
which is DMPC in its mth state and the other POMECY
in its nth state. For simplicity we have put the effective
pressure, I1, to be independent of the environment, and
choose it to be 30 dyn/cm (above). The operator, #
which now refers to molecular states and which ignores
the configurational entropy of mixing, is

F=F - kBTZEZZn(Dg)f;, (14)

The hydrocarbon chain states of DMPC are those used
before,® while we used the corresponding states for a
C-16 chain? to model the hydrocarbon chain states of
polymeric 4,16-POMECY. In accord with the argument
of the previous section, we did not assign internal states
to the polymeric POMECY polar groups. The choice of
30 dyn/cm for IT means that, as the macrolipid concen-
tration approaches unity, a phase transition will be
observed at ~41 °C instead of ~45 °C. We feel that,
since we believe that we understand the basis of this
small difference, it is unnecessary to complicate the
theoretical models in this section. Instead, our goal is
to try to understand the properties of the phase diagram
reported by Eggl et al.2
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We studied the thermodynamics of this system using
Monte Carle (MC) computer simulation techniques,
making use of the Metropolis algorithm.®1°® In each MC
step we attempted to change the state of each DMPC
molecule and each POMECY monomer. We also at-
tempted to move either each POMECY monomer or each
POMECY macrolipid depending upon which macro-
lipid model we are using. In attempting changes the
Metropolis algorithm was used in all procedures. This
algorithm involves using # to calculate the energy of
the system, (14), both before the change is attempted
and after the change has taken place. Let these
energies be f1 and f2. Define Af=f; — fi. Then, if Af <
0, the change is permitted. If Af > 0, then a random
number, R, where 0 < R < 1, is selected, and if R <
exp(—Af/kgT), then the change is permitted. Otherwise,
the change is not permitted. We next describe the
macrolipid models used.

Models of POMECY Macrolipids. Since one of the
goals of this paper was to deduce information on the
flexibility of POMECY macrolipids, we considered three
extreme models: (i) Model I, in which a macrolipid is a
flexible self-avoiding polymer, constrained to move in
two dimensions. In this case, in each MC step, we
attempted to move each POMECY monomer, to a
randomly chosen nearest-neighbor site, using the bond-
stretching algorithm of Carmesin and Kremer.!! The
move is attempted only if the site chosen is occupied by
a DMPC molecule. Bonds were permitted to stretch so
that consecutive monomers in a macrolipid may occupy
second neighbor sites (e.g., ref 12, Figure 2A), but bond-
crossing was not permitted. (ii) Model II, in which the
macrolipid was assumed to be rigid and compact. Here
a macrolipid was represented by a hexagon, each site
of which was occupied by a monomer. At each MC step
one of the six symmetry directions was chosen and, if
in translating the hexagon by one lattice constant,
POMECY monomers would occupy sites occupied only
by DMPC molecules, then the move was attempted. If
the move was permitted, then the DMPC molecules so
displaced were moved to the sites vacated by the
POMECY monomers of the macrolipids (see, e.g., ref 9).
In addition to translations, an attempt was also made
to rotate each hexagon by angles +7/3 at each MC step.
(iii) Model III, in which a POMECY macrolipid was
assumed to be a rigid rod, one monomer in width. The
method and criteria for moving it were the same as for
model II. No attempt was made to rotate the rod.
Models II and III and their movement are shown in
Figure 1.

Polymerization of POMECY Monomers. We as-
sumed that this process took place in a homogeneous
phase for temperatures sufficiently higher than the
transition temperatures of both lipids, so that we can
assume that essentially all hydrocarbon chains are in
their excited states. We represented the plane of the
bilayer by a triangular lattice of N2 sites and randomly
distributed xN? monomers on them. Not more than one
monomer could ever occupy a lattice site. All other sites
were occupied by DMPC molecules which we henceforth
ignored. We assumed that the process of polymerization
proceeded very much more rapidly than any other time
scale in the system. We shall return to this in the
Discussion section. There are two other time scales:
The characteristic time for a monomer to move through
one lattice constant, which corresponds to ~0.9 nm, and
the characteristic lifetime of excited radicals on the
POMECY monomers. We took one MC step to represent
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Figure 1. Movement of macrolipids in models II and III. (A)
Model II. Hexagon translates to the right by one lattice
constant and rotates by 7/3 clockwise. (B) Model III. Rigid
rod translates by one lattice constant.

the elapsed time of the former (~1077 s), and we
assigned a lifetime in units of MC steps. The poly-
merization, which takes place via the functional group
attached to the polar group, is initiated by UV irradia-
tion. The process of polymerization was modeled as
follows:

(a) General Considerations. Each POMECY mono-
mer, not part of a macrolipid (“free”), can be unexcited
by the radiation (written as m) or free and excited (m*)
or else part of a macrolipid (—m—, —m, or —m*), where
a macrolipid is denoted by a sequence m-—m-m-—++- —
m-m or m*—m-m-— +++ —m-m, the dashes indicating
the chemical bonds. We did not permit polymers to
become excited other than at their ends. Thus, states
like m—m*-—m—++* —m—-m, m—m-m*—-+- —m—m, etc.,
were not permitted. The implication of this is that we
have excluded the modeling of polymer dissociation.
This process, which is very interesting and becomes
more important as the radiation intensity increases, was
omitted because it would have involved yet another time
scale. We shall comment, at the end, about the implica-
tions if this process is included.

(b) Excitation Procedure at Each MC Step.
Irradiation was represented by choosing N1xN? sites,
occupied by monomers, randomly. If there was a free
monomer at a chosen site, then it became excited in
accordance with the rules of process a. If it was already
excited, no change took place.

(c) Polymerization Procedure at Each MC Step.
Each m* searched its nearest neighbors, and if these
were m, m*, or —m*, it selected one of them randomly.
A bond was then formed between the two monomers.
In the first case the excitation (*) was passed to the m.
In the other two cases, the excitations annihilated each
other. Each —m* looked “ahead”, in a direction opposite
to the orientation of its bond or at the left and right
neighbors of that site. If any of the three adjacent sites
in those directions were occupied by an m, m*, or —m*,
then one of them was chosen randomly. In performing
this, the nearest-neighbor site ahead was given a weight
w, while the two others were assigned weights of 1. The
random choice was weighted by these quantities. The
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restrictions on the locations of the excitations were as
described above (a and b). The choice of restricted
relative bond angles was used because of the short
intermolecular “spacers” in the POMECY polar group.
By considering the structure of such molecules, it
appears that, in order that the hydrocarbon chains be
constrained to lie in the bilayer, the packing of these
molecules must impose strong conditions on the general
shape of macrolipids formed from them. We shall
return to this point in the Discussion section. In each
MC step, the polymerization procedure described here
was attempted, carried out if allowed, and attempted
again, and this was repeated until no excited monomer
could form any further bonds. This procedure of at-
tempting to polymerize as many monomers as possible
before the monomers were again moved follows from our
assumption that the polymerization takes place on a
time scale faster than the monomer diffusion time scale.
We shall comment on this in the Discussion section.

(d) Macrolipid Structure. All internal angles
between two consecutive bonds on a macrolipid were
constrained to be either 7 or 27/3. Bonds were created
within this constraint and could not be created if it was
violated.

(e) Excitation Lifetime. If a monomer had been an
m* or an —m* for N successive MC steps, then at the
(N + 1)st MC step a random number, R, was chosen, 0
<R < 1. IfR > exp(—N/Ny), then the monomer became
deexcited. This procedure was carried out at every MC
step with the appropriate values of N used for each
excited monomer. The number Ny, is the lifetime of an
excited state in units of time appropriate to one MC
step.

(f) Movement. Ateach MC step each unpolymerized
monomer and each macrolipid attempted to translate
by one lattice constant in a randomly chosen direction.
The movement was allowed if it did not violate the
constraint that not more than one monomer could
occupy a lattice site. No attempt was made to rotate
these macrolipids.

Computer Simulation. All simulations were car-
ried out on lattices with periodic boundary conditions.
We ran simulations on (25)? lattices, to model a DMPC—
DPPC bilayer, averaging over 500 MC steps to confirm
that the phase diagram which we obtained was the
same as that measured and calculated before,!? and to
place the results for the various models of 4,16-
POMECY within the context of a similar but nonpoly-
merized system. For model I, we used (100)? lattices
and carried out averaging for 30 000 MC steps. Com-
pared to the small lattices and short runs for DMPC—
DPPC systems, such long runs are necessary because
of the lengths of the polymers used. We studied
polymers containing (degree of polymerization) 24, 48,
and 88 monomers. For model II, we classified the
hexagons according to “size”. the number of concentric
hexagons around the central site. If size is denoted by
s, then the number of monomers is equal to 3s(s + 1) +
1. We studied hexagons of sizes 1, 2, and 4. We used
up to (100)? lattices and averaged up to 5000 MC steps.
We did not need as many steps as in simulations of
model I because the polymers are rigid and compact.
For model III, we studied rigid rods containing up to
61 monomers, as to compare directly with the results
of model II for s = 4. Because the linear extent of the
rods is the degree of polymerization, we used lattices
up to (130)2 but required averaging only up to 1500 MC
steps.
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Figure 2. Calculated phase diagram of DMPC—-DPPC bilay-
ers (@, a) and DMPC-4,16-POMECY (model I; flexible self-
avoiding single-length polymers) bilayers containing 24 (O) or
88 (W) monomers each (b). Phase transition temperatures of
the pure systems are denoted by x.

In order to be able to relate our phase diagrams to
experiments, we calculated phase boundaries by analyz-
ing the temperature dependence of the specific heat, C,
at constant pressure. This is given by the derivative of
the enthalpy with respect to T. We extrapolated the
largest (absolute values of) slopes of Cj, to the base line
and used the temperatures obtained to identify the
phase boundaries.

Finally, the simulations of the formation of macro-
lipids via the polymerization of POMECY monomers
was done on (200)2 lattices. Reliable statistics are now
obtained, not by long runs, because we are dealing with
a kinetic process which comes to an end, but by
averaging over a sufficient number of similar simula-
tions on sufficiently large lattices. By carrying out
simulations on lattices of sizes ranging from (100)? to
(300)2, we found that the distributions obtained were
unchanged for lattices of size (200)2 and larger. We ran
the simulations until 90% of the monomers had become
polymerized. This required runs of up to ~10* MC
steps, and we checked, by monitoring the approach to
this limit, that the distributions of macrolipid lengths
had achieved asymptotic values. We found that, as the
monomer concentration, x, became larger, longer runs
were needed to achieve 90% polymerization. We aver-
aged distributions over 100 such simulations for each
concentration of monomers.

All simulations were carried out on DEC3100,
DEC5000/200, or IBM6000/320 or -350 workstations.

Results

We shall present the phase diagrams in terms of the
concentration of POMECY monomers, x, and not mole
percent POMECY macrolipids. This is so that we can
compare our results with those of Eggl et al.2 (Figure
3) where mole percent POMECY refers to the percent-
age of POMECY monomers.

Figure 2 (phase boundaries a) shows the calculated
phase diagram for a DMPC—DPPC mixture, and it can
be confirmed that it is essentially the same as that
calculated before and which agreed with the experi-
mental results.> In the same figure we show the
calculated phase diagram for DMPC—4,16-POMECY
bilayers using model I (phase boundaries b). Here, the
macrolipids contain either 24 or 88 monomers, and it
is clear that both cases exhibit essentially the same
phase diagram (b). Figure 3 shows four typical instan-
taneous distributions for 24 monomers/macrolipid and
different temperatures and concentrations. The results
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Figure 3. Instantaneous states of a DMPC—4,16-POMECY
(model I; flexible self-avoiding single-length polymers) bilayer,
for macrolipids containing 24 monomers. Dots indicate excit-
ed- or intermediate-state DMPC molecules, while blank areas
indicate ground-state DMPC molecules. (A)x = 0.2, T =42.8
°C. B)x=04,T=308°C. (C)x=0.1,T=248°C. D)«
=0.3,T=128"°C.
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Figure 4. Calculated phase diagram of a bilayer of DMPC
and 4,16-POMECY (model II; compact rigid single-size
hexagons): size 1 (@, a), size 2 (O, b), and size 4 (M, ¢). Phase
transition temperatures of the pure systems are indicated by
X.

for 88 monomers/macrolipid are essentially similar. By
comparing Figures 2 and 3 we can see the two homo-
geneous phases (Figure 3, A and D) with the two-phase
region at intermediate temperatures (Figure 3, B and
C). Dots indicate excited- or intermediate-state DMPC
molecules, while blank areas indicate ground-state
DMPC molecules.

Figure 4 shows calculated phase diagrams for DMPC—
4,16-POMECY using model II in which compact macro-
lipids are represented as hexagons. Shown here are the
phase boundaries when the hexagons are of sizes 1 (a),
2 (b), and 4 (c). For the last named we did not go to -
monomer concentrations greater than ~50% since the
behavior of the liquidus line was evident, and no solidus
line was reported by Eggl et al.2

Figure 5 shows phase diagrams for DMPC—4,16-
POMECY mixtures, using model III, in which the
macrolipids are represented as rigid rods, one monomer
in width, for degrees of polymerization 7, 19, and 61.
These contain the same number of monomers as do
hexagons of sizes 1, 2, and 4 (Figure 4). It can be seen
that the two-phase regions are narrower in Figure 5
than the corresponding regions of Figure 4, when
systems with the same number of monomers/macrolipid
are compared.
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Figure 5. Calculated phase diagram of a bilayer of DMPC
and 4,16-POMECY (model III; rigid single-length rods): rods
with 7 monomers (@, a), with 19 monomers (O, b), and with
61 monomers (M, ¢). Phase transition temperatures of the p
systems are indicated by x. ‘
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Figure 6. Unnormalized weight-averaged molecular weight
distribution of macrolipids, formed by the polymerization
procedure (see text), as a function of the degree of polymeri-
zation, for different monomer concentrations, x. (A)x = 0.1
(a),x=04(0b),x=0.7(),x=1.0(). B)x=02(a),x =04
(b),x=0.6(c),x=0.9(d). (C)x=0.3(a),x=0.4(b),x=05
(c), x = 0.8 (d). Gaussian curves fitted to the low-x distribu-
tions are to aid the eye.

Figure 6 shows distributions of the degree of poly-
merization as functions of monomer concentration.
Shown here are L2N(L), the unnormalized weight-
average molecular weight distribution, with N(L) rep-
resenting the fraction of polymers containing L mono-
mers, as functions of L, the number of monomers per
polymer, for monomer concentrations ranging from x =
0.1 to 1.0. For this simulation we had to chose an
“intensity of UV irradiation”, Ni, a relative weight, w,
for polymerization to take place along the axis of the
immediately preceding bond (i.e., ahead) compared to
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Figure 7. Most probable (®, a) and average (O, b) length of
polymers formed by the polymerization process (see text) as a
function of monomer concentration, x.

making an angle of 27/3 with the preceding bond, and
a lifetime, N1, of an excited monomer. These were all
described above, but we shall discuss some general
aspects of the POMECY macrolipid structure below. We
chose N1 = 2.5 x 1074, w = 3 (which gave a probability
of 0.6 for forming a bond collinear with the preceding
one in the macrolipid), and Ny, = 100 MC steps (equiva-
lent to ~1075 s). The last choice is in accord with the
results of Meier et al.!® regarding excited-state lifetimes.
These choices were made in order that some long chains
could form (small Ny) but with a sufficiently large Nj so
that the simulation could be carried out in a reasonable
time and with an excitation lifetime substantially longer
than the “jump-time” (1 MC step) of monomers so that
excited monomers could diffuse and thereby search for
polymerizing opportunities. The results for x = 0.4 are
shown on each graph in order to compare one graph
with another. The low-L data for each concentration
were fitted by Gaussian functions. The fit was adjusted
by minimizing the mean-square deviation, excluding the
high-L points. Such fits, however, are only used as an
aid to the eye and to bring out the fact that the length
distribution of polymers exhibits a low-L cluster, the
peak of which changes as x changes, and a high-L tail.
The results are shown in Figure 7 as functions of
monomer concentration, where the average (excluding
unpolymerized monomers) and most-probable lengths
of macrolipids are shown. It can be seen that the most
probable length increases essentially linearly with x
until x ~ 0.5 and then remains very nearly constant.
For the parameters that we chose, this maximum most
probable length is ~40—45 monomers, but it is likely
that this will depend upon the irradiation intensity
represented by N1

Discussion

In the first part of the Theory section we outlined a
model that enabled us to explain why monomeric 4,16-
POMECY exhibits a phase transition at ~29 °C, some
12 °C below the corresponding transition in DPPC, the
molecules of which also possess C-16 hydrocarbon
chains, while 4,16-POMECY macrolipids, polymerized
via their polar groups, exhibits a phase transition at
~45 °C, essentially in accord with its possession of two
C-16 hydrocarbon chains. We ascribed the difference
to the presence of a long polar group with a nonnegli-
gible entropy when it is unpolymerized, proposing that
the transition at 29 °C in monomeric 4,16-POMECY
involves the “melting” not only of the hydrocarbon
chains but also the polar group. When the polar group
becomes polymerized, we propose that this entropy is
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lost and the polar group will exhibit little change at the
main hydrocarbon chain “melting” transition. Hence,
polymerized 4,16-POMECY will “look like” DPPC, while
unpolymerized 4,16-POMECY will possess the addi-
tional entropy of its polar group and exhibit a main
transition some 12 °C below that of the macrolipids.

Because the polar groups have a cross-sectional area
of two hydrocarbon chains available to one polar group
chain, we have ignored the possibility of a substantial
ordering of polar group chains. The kind of “melting”
transition which we envisage in monomeric 4,16-
POMECY involves the polar groups making transitions
between states of moderate entropy and those of high
entropy characteristic of “fluid” hydrocarbon chains.
When they are polymerized, and thereby constrained,
such a transition cannot occur.

We turn our attention, then, to bilayers of 4,16-
POMECY and DMPC, and the phase diagram of this
system (ref 2, Figure 3). The salient points of the
experimental phase diagram of Eggl et al.2 are clear:
A linear increase of the liquidus line from ~24 to ~42
°C as x increases from 0 to ~0.4 and an essentially
horizontal line between x = 0.5 and 0.9. The implication
is that, for x = 1.0, pure polymeric 4,16-POMECY
exhibits a phase transition at ~45 °C. The solidus line
was not observed. A comparison of this phase diagram
with those of Figures 2, 4, and 5 shows unambiguously
that none of the latter are in accord with the experi-
mental results. In particular, the model of 4,16-
POMECY as a flexible self-avoiding chain (Figure 2)
constrained to lie in two dimensions is, by far, the worst
model. The closest model appears to be that of a
compact rigid structure (Figure 4), but a liquidus line
with a nearly-horizontal portion at high x involves far
too steep an increase at low x (curve ¢).

There are at least two possibilities: One is that the
POMECY macrolipids form nonplanar bilayer phases
as x increases and, therefore, cannot be described by
the models which we have used. Another is that these
macrolipids are in locally-planar mixed lipid bilayers
as we have described but that we have not taken into
account an essential consideration. It is for that reason
that we attempted to model the polymerization process
itself.

We have presented results for one not-unrealistic
model. Our intention is not to investigate all possible
models of this process but to show that at least one
acceptable model exhibits features which enable us to
understand the experimental phase diagram. As de-
scribed above, the important features of the model are
the assumptions that polymerization can take place on
a much shorter time scale than lipid lateral diffusion
and that polymerization is anisotropic in that there is
a higher probability of forming a bond collinear with
the immediately preceding bond in the macrolipid. The
other two features are true for this process:?? the UV
irradiation intensity is “low” and the lifetime of excited
monomers is longer than the characteristic time for a
monomer to move a distance equal to its cross-section
diameter, in a fluid phase.

In order to consider the validity of our assumptions,
we define 7, to be the characteristic time for the
polymerization of one additional monomer,

m-m—+—m*+m—m—-m-—-*—m-m* (15)
where the —m* and the m on the left side are nearest

neighbors and are located so that polymerization can
occur. We define 7p to be the characteristic time for a
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Figure 8. Phase diagram (symbols and solid lines) of a bilayer
of DMPC and 4,16-POMECY (model II; compact rigid hexagons
with sizes which depend upon monomer concentration, x, as
in Figure 7a). Dashed lines are the phase boundaries for fixed-
size hexagons (from Figure 4).

lipid to diffuse over a distance equal to one monomer
diameter and 71, to be the lifetime of a monomer in a
state excited by incident UV radiation. Our simulations
have been carried out using the assumption that 7, <
7p < 7. Various techniques yield values of phospholipid
diffusion coefficients of D ~ 10~7 ¢cm?%/s5.1415 If the
diameter of the cross section of a lipid molecule, in a
fluid phase, is ~9 A, then the time, Af, to move this
distance is 7p & 2 x 1078 s. Recently, Meier et al.l®
measured the lifetime, 71, of an excited monomer of the
kind discussed here. They found that 71, ranges from
~1077 to 3 x 1077 s. Thus, 7y is about 1 order of
magnitude larger than 7p. Finally, it is well-known that
a polymerization process of the kind described here is
diffusion-controlled and that the characteristic time, 7p,
is similar to that of excimer formation. This has
recently been studied, and a characteristic time, 7, <
1078 s, was reported.l”

It is clear from the results summarized in Figure 7
that the most probable (as well as the average) length
of polymerized macrolipids depends upon the monomer
concentration x. Since the procedure employed in the
experimental studies was to first make bilayers of
DMPC and monomeric 4,16-POMECY of fixed x and
then polymerize the latter,? the possibility that different
concentrations of POMECY contain macrolipids of dif-
ferent average length must be taken into account.

Figure 8 shows a combination of the results of Figures
4 (model II, compact macrolipids) and 7. The position
of the liquidus line now depends upon the length of the
macrolipids, and we have chosen the most probable
lengths. As x increases, we must use different phase
boundaries calculated for fixed macrolipid lengths, and
the true phase boundaries are the loci of these points.
From Figure 7 the most probable lengths of 7 (size 1),
19 (size 2), and 37 (size 3) occur at x = 0.08, x ~ 0.2,
and x = 0.4, respectively, and these are plotted in Figure
8. We have interpolated the position of the phase
boundaries for size 3 hexagons (filled diamond). A
comparison of Figure 8 with Figure 3 of Eggl et al.2
suggests that we have identified a possible explanation
of the phase diagram of DMPC—4,16-POMECY bilayers.

Figure 9 shows a similar procedure carried out for
the results of Figures 5 (model 111, rigid rod macrolipids)
and 7. The liquidus line does not exhibit the linear
increase of Figure 8 at low x. However, it should be
remembered that we did not allow the rigid rods to
rotate in the simulation of model III so that the results
of Figure 5 are for assumed nematic ordering of the
macrolipids. It could be argued, though, that, as x
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Figure 9. Phase diagram (symbols and solid lines) of a bilayer
of DMPC and 4,16-POMECY (model ITT; rigid rods with lengths
which depend upon monomer concentration, x, as in Figure
7a). Dashed lines are the phase boundaries for single-length
rods (from Figure 5).

increases, the probabilities of occurrence of nonnematic
distributions are small. For long rods of width one
monomer, nonnematic packing might occur at low-x
values.

The above considerations suggest that 4,16-POMECY
macrolipids in lipid bilayers have an essentially rigid
structure, either compact or composed of compact seg-
ments connected by rigid rods. Flexible models of this
macrolipid appear to have phase diagrams not in accord
with that deduced from light-scattering experiments.2
The former conclusion is in accord with conclusions
drawn from models of the lateral diffusion of tracer
monomers in mixed DMPC-4,16-POMECY bilayers.2
There only rigid compact structures or rigid rods were
considered as models of 4,16-POMECY, and it was
concluded that the macrolipids were combinations of
both structures.

Our results are in agreement with what has been
found, experimentally. Thus, when the UV radiation
intensity (or initiator concentration) is very low, a few
large polymers, and possibly only one, are formed which
become segregated in the bilayer. When the initiator
concentration is increased, then a broad distribution of
smaller macrolipids is observed.l® This, latter, effect
is possibly due to the dissociation of macrolipids as well
as to the creation of many excited monomers from which
polymers may grow.

Large macrolipids can also dissociate into small
macrolipids, even when the radiation intensity is low,
if the irradiation is applied for a sufficiently long time.
This is probably what has taken place in the macrolipid
preparation carried out by Eggl,2 who irradiated samples
for ~10 min. Accordingly, it is likely that the distribu-
tion of macrolipid lengths obtained by Eggl is suf-
ficiently correctly reflected in the distribution calculated,
and made use of, by us.

A remaining question is whether our results, that 4,-
16-POMECY macrolipids are essentially rigid, are in
accord with what we known about the structure of the
monomers. If we try to pack such monomers together
in order to achieve short polar group bonds in the
macrolipid polar region, then we find that linear poly-
mers are preferred, with the polymer backbone connect-
ing the monomers assuming a zigzag shape, when
projected onto the plane of the bilayer. However,
“defects” can form, which involve a change in average
orientation of the polymer. This redirection of the
polymerization process involves angular changes in the
average backbone orientation of ~+7/3. It is because
of this that we chose the weighting factor, w (above), to
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be >1 so that such random reorientation can occur. The
resulting polymers exhibit meanders and relatively
compact regions connected by straight sections.

Conclusions

We have presented a model of 4,16-POMECY mono-
mers and (polymerized) macrolipids in order to address
three questions. The first is, why, with a pair of C-16
hydrocarbon chains, does the monomeric system exhibit
a phase transition at Tt = 29 °C? The second is, why,
therefore, do the macrolipids exhibit a phase transition
at T% = 45 °C? The third question is concerned with
what the phase diagram, deduced by light-scattering
experiments,? tells us about the macrolipid structure.

We conclude that an explanation of the first question
is that the entropy of the relatively large polar group,
which is about the same size as the hydrocarbon chains,
can account for the decrease in Ty from ~41 °C
(appropriate for C-16 chains) to the observed ~29 °C.
When the macrolipids are formed via the polar groups,
this entropy is lost and the transition therefore takes
place at 7%, ~ 45 °C. The slight difference between 41
and 45 °C might be due to a small change in the effective
hydrocarbon chain lateral pressure (a possible increase
by ~4 mN/m) or to slightly different chain—chain
interactions. Ifthis explanation is indeed correct, then
there are two consequences:

(a) Some changes should be observed in the statics
and dynamics of the monomeric 4,16-POMECY polar
groups as the system undergoes the phase transition
at ThF ~ 29 °C, and these changes should be essentially
absent in polymerized 4,16-POMECY macrolipids.

(b) We can predict the approximate transition tem-
peratures for 4 N-POMECY for N = 14 and N = 18,
Recalling that “up” denotes unpolymerized (monomeric)
POMECY and that p denotes polymerized macrolipids,
we calculate that

T (4,14) ~ 15 °C

T® (4,14) ~ 28 °C

T (4,18) ~ 44 °C
T® (4,18) ~ 59 °C

By modeling the polymerization process under the
assumption that 7, <« 1p < 71, where 7, is the charac-
teristic time for polymerization of a monomer (see
above), tp is the monomer time scale for lateral diffusion
over a distance of one monomer cross-section diameter,
and 7y, is the lifetime of a monomer in a state excited
by incident UV radiation, and excluding macrolipid
dissociation, we found the following:

(c) The most probable length of the macrolipids
increases linearly with monomer concentration, x, for x
< x, after which it remains essentially constant for x.
< x.

(d) There is a distribution of many small macrolipids
formed, from which the most probable length comes, and
a broad distribution of very few, larger macrolipids.

By combining conclusion ¢ with the results of the
calculations of phase diagrams, we find that we can
account for the phase diagram reported by Eggl et al.2
and conclude the following.
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(e) Polymerized 4,16-POMECY macrolipids in bilayers
are probably rigid and compact, though possibly with
rigid compact segments connected by rigid-rod-like
segments.

We have predicted the position of the solidus line for
mixed DMPC—4,16-POMECY bilayers.
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