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The conformational properties ofω-3 type of polyunsaturated fatty acid (PUFA) chains and their fragments
were studied using Hartree-Fock (RHF/3-21G) and DFT (B3LYP/6-31G(d)) methods. Comparisons between
a unit (U) fragment of the PUFA chain and a monoN-Ac-glycine-NHMe residue show that both structures
have the same sequence of sp2-sp3-sp2 atoms. The flexibility of PUFA originates in the internal rotation
about the above pairs ofσ bonds. Therefore, potential energy surfaces (PESs) were generated by a scan
around the terminal dihedral angles (φt1 andφt2) as well as theφ1 and ψ1 dihedrals of both1U congeners
(Me-CHCH-CH2-CHCHMe and MeCONH-CH2-CONHMe) at the RHF/3-21G level of theory. An
interesting similarity was found in the flexibility between the cis allylic structure and the trans peptide models.
A flat landscape can be seen in the cis1U (hepta-2,5-diene) surface, implying that several conformations are
expected to be found in this (PES). An exhaustive search carried out on the1U and2U models revealed that
straight chain structures such as trans and cis beta (φ1 ≈ ψ1 ≈ 120°; φ2 ≈ ψ2 ≈ -120°) or trans and cis
extended (φ1 ≈ ψ1 ≈ φ2 ≈ ψ2 ≈ 120°) can be formed at the lowest energy of both isomers. However,
forming helical structures, such as trans helix (φ1 ≈ -120°, ψ1 ≈ 12°; φ2 ≈ -120°, ψ2 ≈ 12°) or cis helix
(φ1 ≈ -130°, ψ1 ≈ 90°; φ2 ≈ -145°, ψ2 ≈ 90°) will require more energy. These six conformations, found
in 2U, were selected to construct longer chains such as3U, 4U, 5U, and6U to obtain the thermochemistry
of secondary structures. The variation in the extension or compression of the chain length turned out to be a
factor of 2 between the helical and nonhelical structures. The inside diameter of the “tube” of cis helix turned
out to be 3.5 Å after discounting the internal H atoms. Thermodynamic functions were computed at the
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d). The cis-trans isomerization energy of 1.7( 0.2 kcal mol-1 unit-1

for all structure pairs indicates that the conformer selection was consistent. A folding energy of 0.5( 0.1
kcal mol-1 unit-1 has been extracted from the energy comparison of the helices and most extended nonhelical
structures. The entropy change associated with the folding (∆Sfolding) is decreases faster with the degree of
polymerization (n) for the cis than for the trans isomer. As a consequence, the linear relationships between
(∆Gfolding) andn for the cis and trans isomer crossed at aboutn ) 3. This suggested that the naturally occurring
cis isomer less ready to fold than the trans isomer since a greater degree of organization is exhibited by the
cis isomer during the folding process. The result of this work leads to the question within the group additivity
rule: could the method applied in our study of the folding of polyallylic hydrocarbons be useful in investigating
the thermochemistry of protein folding?

Introduction

Polymers containingπ bonds (Figure 1) and a repeating
sequence of sp2-sp3-sp2 atoms are naturally observed in
polyunsaturated fatty acids (PUFA) as the cis isomer1 and in
peptide backbone as a trans isomers. These two congeneric
molecular structures differ only by a few atoms (Figure 2). Both
structures contain CH2 groups placed between twoσ bonds that
can rotate to different conformations with the investment of a
small amount of energy.2 Despite the low energy barrier, the
backbone of polypeptides is still very rigid as a result of the
formation of stabilizing intramolecular H-bonds.3 However, such

intramolecular forces are missing in PUFA chains. Conse-
quently, the low energy barrier, in addition to the high degree
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Figure 1. A general polyallylic structure with definition and numbering
of all atoms for allyl and peptide (heteroatoms in parentheses) models
(where Q) P ) CH3 and 0e n g 6 in the present study). Forω-3
andω-6 PUFAs Q is-CH2-COOH, R group is CH3 or CH3-(CH2)3-,
respectively.
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of unsaturation, results in an increase in flexibility,2 and many
studies have been carried out to investigate such properties in
relation to the structure and function of the lipid bilayer.2 These
general relationships will be summarized in the next section.
The similarities and differences of the two types of polymers
can help us to better understand the folding processes and
membrane flexibility.

Characterization of PUFAs. When incorporated into the
bilayer, the flexibility of PUFA may lead to certain modifica-
tions to the microenvironment, including a loss of rigidity,
increase in water permeability,4 decrease of phase transition
temperature,5 and, as a whole, change in packing volume.6 The
abundance ofπ-bonds found inω-3 fatty acid chains also makes
the bilayer more vulnerable to free radical attack;7,8 therefore,
it is part of the defense mechanism. Neurons, which contain a
high amount of polyunsaturated fatty acid, are especially
sensitive to lipid peroxidation. Alzheimer’s disease (AD) is
believed to related to such free radical reactions with membrane
lipids in the brain.9

Earlier MMX computations10 have shown that an allylic chain
can fold into two main structures. The first, called “extended”,
occurs when all theπ-bonds form planes, analogous to the amide

planes in peptides, and each is rotated 90° with respect to the
adjacent plane. The other structure found is the “iron angle”,10

where the adjacent planes are rotated in alternating+90° and
-90°.11-15 These two structures are proposed to exist normally
in a lipid bilayer with a relatively low packing energy.10

However, other studies have found a third structure, similar to
a peptide helix,16 which exists in arachidonic acid-abundant lipid
bilayers. Therefore, unsaturated chains of various lengths (Figure
3) were investigated to obtain the conformational properties and
the cis-trans isomerization enthalpy as well as the folding
processes of long flexible polyunsaturated but nonconjugated
hydrocarbons.

Figure 1 shows the general monomer of the polyallylic and
peptide chains under investigation, wheren is the number of
units or “degree of polymerization” (i.e., 0e n e 6). Studying
the secondary structures of these allylic chains can lead to a
better understanding of the role of all PUFAs play in determining
membrane properties. Specifically, the folding of PUFA chains
into various secondary structures may create different structural
environments in the lipid bilayer that will undoubtedly cor-
respond to different levels of susceptibility toward lipid per-

Figure 2. Comparison between polyallylic and polyglycine systems in terms of0U and1U hydrocarbon and peptide models The peptide structures
are shown in their zwitterionic resonance structures to call attention to their structural similarities to the hydrocarbon models.

Figure 3. Structures of2U and6U models.
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oxidation initiated by superoxide anion (O2
-) or other highly

reactive oxygen species (ROS).17

Folding of Allylic Groups. Up until now, no experimental
evidence has been found to describe each specific conforma-
tional structure of polyallylic chains. Recent NMR studies of
polyunsaturated phospholipids have shown that PUFAs are
flexible and are able to form large number conformations.18 It
was also suggested that acyl chains contain three or more double
bonds; each of the individualσ bonds could not rotate as freely
into different conformations and is actually highly ordered and
therefore not as “fluid” as was generally believed.19 X-ray
crystallography studies have shown that PUFAs can also interact
with various proteins by folding into structures similar to peptide
secondary structures.20,21 This implies that without hydrogen
bonding and side-chain interactions the folding properties
governing peptide and hydrocarbon backbones may be similar.

Structural Analogy between Polypeptides and Polyallylic
Systems. Polypeptides are known to fold intoR-helix,22

â-sheet,22 and â-hairpin23 secondary structures stabilized by
intramolecular hydrogen bonds. In addition to the above
secondary structures of the polypeptide backbone, side chains
may interact with each other to promote further peptide folding.
For example, additional interactions between the aromatic side
chain and hydrogen atom of the amine group24 as well as those
between cis proline and aromatic side chains25 can affect peptide
folding. To predict and quantify the effects of such interactions
may exert on the folding the proteins, intense computations have
been performed on short peptide fragments containing various
combinations of side chains.26-30 As shown in Figure 2,
polyallylic systems are structurally analogous to the polyglycine
system because both backbones contain atoms with repeating
sp2-sp3-sp2 hybridized states. From previous studies, it was
shown that helical and strandlike secondary structures similar
to those in peptides can also exist in the polyallylic system.10

In the next section, we will describe a strategy to obtain the
same conformations in chain models with different degrees of
polymerization. Then, the geometric properties of the most
extended and the least extended structure will be compared. In
the final part, the secondary structures the trans allylic system
will be compared to those of the peptides.

Method

Strategy of Conformational Study. Seven allylic models
were selected to investigate the general allylic system (Figure
1), and each of their degrees of freedom was defined in a manner
similar to the peptide definition previously developed.29,30First,
the allylic fragments were separated into identical units (U) with
[)CH-CH2-CH)] monomers. Then terminal Me-CH) and
)CH-Me groups were added to these fragments to complete
the model. Such groups were chosen because their structures
are simple and will not increase steric hindrance. Furthermore,
this procedure is similar to the addition of protecting methyl
groups in theN-Ac-(Gly)n-NHMe models.

Model 0U (2-butene) was the first molecule to be studied. It
is different from the rest of the models because it contains only
one π-bond; that is, only the two terminal groups are joined
together. It does not have any CH2 groups that separate the two
adjacent double bonds and is therefore lacking the general allylic
patterns shown in Figure 2. A single scan was carried out on
the terminal dihedralsφt1 andφt2 of 0U (n ) 0) at the RHF/
3-21G level of theory followed by optimization of the cis and
trans isomer of0U at the same level. In addition, a single scan
was also performed on the 0th model of a peptide bond, MeCO-
NHMe, that contains the protective groups at the two termini.

The smallest possible fragment,1U (n ) 1; C7H12), contains
all the components (one complete unit and two methyl terminal
groups) of the general polyallylic models in this study. The
potential energy surfaces for the cis and trans isomers of1U
were obtained by performing a double scan aroundφ1 andψ1

at the RHF/3-21G level of theory. Complementary optimizations
on all possible conformations of1U were also carried out at
the same level of theory. In addition, a double scan forN-Ac-
Gly-NHMe was also computed to compare with that of the1U
model at the RHF/3-21G level of theory.

In 2U (n ) 2; C10H16), all predicted conformations were
computed at the RHF/3-21G level of theory. In total, 81
conformations were predicted for each isomer, and for each
isomer all theπ bonds were found only in either the cis or trans
configuration. The definition of cis and trans isomers was also
applied to the larger models. It should be noted that, with the
addition of each unit, the number of possible conformations for
a given isomer increases by a factor of 9. With this exponential
increase in parameters, such an approach of conformational
study would quickly become impractical. Thus, exhaustive
conformational searches were not carried out beyond2U.
Instead, specific conformations of2U were applied, by consecu-
tive repetitions, to construct3U, 4U, 5U, and 6U oligomers
(Figure 3) corresponding to C13H20, C16H24, C19H28, and C23H32,
respectively. Six conformations (trans beta, trans extended, trans
helix, cis beta, cis extended, cis helix) were selected to construct
larger models of3U, 4U, 5U, and6U, which were optimized at
the RHF/3-21G and B3LYP/6-31G(d) levels of theory.

Computational Methods. Every conformation was first
optimized at the RHF/3-21G level of theory. To obtain more
accurate relative energies, the selected conformers were reop-
timized, and the harmonic frequencies were calculated at the
B3LYP/6-31G(d) level of theory. Often, in the case of higher
units, optimized RHF/3-21G results cannot produce a satisfac-
tory guess for consecutive DFT optimization because the DFT
optimization of shallow minima often leads to the discovery of
new minima that are different from the one conformer found at
the RHF/3-21G level of theory. The ZPE’s were scaled using
the factors of 0.89 and 0.96 for RHF/3-21G and for B3LYP/
6-31G(d), respectively.31 Each calculation was conducted using
the Gaussian98 or Gaussian03 program packages.32,33

Results and Discussion

Conformations of End Groups. Single scans were carried
out on the smallest structures0U of the two congeners followed

Figure 4. Potential energy curves for scans of the0U allylic and
peptide models. The two curves for the cis0U are associated with
staggered and eclipsed orientations of the nonrotating methyl group.
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by an exhaustive conformational search at the RHF/3-21G level
of theory to find all possible minima. A comparison between
the scans of0U and the peptide bond revealed thatφt1 minima
are located in positions different from those in peptides. As
shown in Figure 4, theφt1 of the trans and cis0U hydrocarbon
are shifted to the eclipse position;φt1 of the peptide remained
in the stagger position. However, the minima forφt2 of both
molecules are found at 0°, 120°, and-120°. This implies that
the dihedrals at the carboxyl end of peptides are similar to that
of an allylic methyl dihedral.

Scans and Optimizations of 1U.Model 1U contains one
allylic group and two terminal groups. Theπ-bonds of the sp2

carbons are defined atωi while theσ-bonds of the sp3 carbon
are defined asφi andψI (Figure 3) A double relaxed scan was
carried out at the RHF/3-21G level of theory to assess the
potential energy surface as a function ofφ and ψ. As can be
seen in Figure 5, the global minima for trans1U and cis1U
haveφ and ψ values near 120°. The trans surface (Figure 5,
top) reveals that all minima and barriers ofφ andψ are found
in similar locations as those in Figure 4, with barrier heights of

Figure 5. Conformational PES’s for trans1U, cis 1U, and the two different function of the cis0U are associated with trans-trans Ac-N-Gly-
NHMe, from top to bottom, respectively. The global and local minima are marked by * and+, respectively.
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approximately 2 kcal mol-1. The flexibility difference between
the rotation aboutσ C-C bonds of the-CH2- in the trans
units and the terminal-CH3 group is negligible. On the other
hand, the cis1U PES (middle in Figure 5) reveals a rather
different picture. A very flat hexagonal area dominates the
central part of the PES that has a 45° inclination from the
horizontal axis (φ axis). As a result, the rotation barriers are
very small between minima that are very shallow themselves.
The barriers at the edges of the surface are significantly higher.
This implies that the cis isomer can form several different
conformers relatively easily. Any slight steric effect or H
repulsions between remote allylic groups will have a very large
influence on the minima that would be found in the cis isomer.
In our next paper, we will discuss this in detail.34 Although a
smooth basin was observed in the scans, only one pair
conformation of1U was found to have dihedral values at+120°
or -120°. The pair of stable conformations resulted from the
coalescence tree pair of conformers are included in Table 1.
An additional double scan of transN-Ac-Gly-NHMe was also
carried out at the RHF/3-21G level of theory (Figure 5, bottom),
and it was compared to that of the1U surface, which revealed
that there are some similarities between the “trans peptide”
surface and that of cis1U. For example, there are also flat areas

along the line ofψ ) -φ. However, unlike the cis1U PES,
there are addition barriers that are probably the result of
stabilizing intramolecular hydrogen bonding.

Conformational Study of 2U. In the next step, the1U model
was extended to2U (n ) 2, C10H16). To characterize all possible
cis and trans minima here, an exhaustive search was carried
out at the RHF/3-21G level of theory. To compare the
conformers of2U with 1U, all ψ values of2U conformations
found were plotted against theirφ values (Figure 6, top). The
distribution of these points shows that all the conformers found
are located in areas corresponding to the minima shown in
Figure 5. The trans2U conformations are concentrated in the
minima of the trans1U PES, while the cis2U points were more
loosely distributed in the flat basin as seen in the cis1U PES.
The bottom of Figure 6 shows all stable conformers from every
model at both levels of theory collected from the present study
to illustrate the consistency of calculations, and these results
will be discussed in later sections. The conformers selected to
build longer chains are listed in Table 2. (All conformers found
and their relative electronic energies are listed in Table 1 of
the Supporting Information.) We should note that the exhaustive
search that was made included symmetrical molecules, while
in the case of the fatty acids, the loss of symmetry was caused

TABLE 1. Energy (hartrees), Energies Relative to Trans (+ +/- -) in kcal mol-1, and Dihedral Values of 1U for All Possible
Trans (Top) and Cis (Bottom) Isomers at the RHF/3-21G Level of Theory

a +a-;a+-; a-+;- a+ conformers of cis1U are very hard to optimize, and they appear to coalesce to the remaining four minima listed in the
cis part of the table.
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by the difference in terminal groupsQ andR (see Figure 1).
Consequently, a number of the conformers listed are identical
structures within the accuracy of optimization. This observation
implies that such allylic dihedral patterns are consistent regard-

less of the degree of polymerization. However, some2U
optimizations led to new stable conformations involving a+ or
a- orientations, which were difficult to optimize in the case of
1U. Polymerization results in the increase of the number of

Figure 6. φi and ψi distribution in all-trans (left side) and in all-cis isomers (right side). The top and middle rows of charts show1U and 2U
optimizations, respectively. The bottom row shows all the optimized minima of1U-6U combined. The (0) and (+) represent dihedral values
obtained by RHF/3-21G(d) and by B3LYP/6-31G(d) optimization, respectively.
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stable conformations and also adds stability to various possible
secondary structures. One explanation for this may be that such
conformers allow not only for interactions between nearest
neighboring allylic groups but also with the remote ones, leading
to the formation of a “smooth basin” and an increase in the
number of conformations observed in2U.

It is interesting to note that in2U there are 81 possible
conformations for each of the isomers, but only 65 and 21 were
found for the trans and cis form, respectively. However, the
formation of these geometries is not random. For the trans
isomer, however, the conformations found in a given unit is
independent of the neighboring units. In fact, it is observed that
within one unit a dihedral with syn- or syn+ (s- or s+) values
must pair with dihedrals that are in the conformation of+ or
-, respectively. Therefore,φI ) -120° andψI ) +12° must
be regarded to be equivalent toφI ) 120° andψI ) -12°, and
vice versa. In cis2U there are even more restrictions on allowed
conformations. For example,+ and- cannot exist in the same
unit, and anti+ (a+) must pair with-. In addition, there seems
to be some interdependency between the conformations of two
adjacent units.

We have attempted to find the cis and trans global minima
as well as various structures resembling helices and straight
chains found in a beta strand. Six of such structures were found,
and they were further optimized at the B3LYP/6-31G(d) level
of theory. They were designated as trans beta (+ + - -) as
the global minima, trans extended (+ + + +), trans helix (-s+-
s+) one of the most compact structure, cis extended (+ + + +),
cis beta (+ + - -), and cis helix (a-+a-+). For a definition
of symbols specifying conformations see Table 1.

Selection of 2U Conformers for Building Larger Models.
Table 2 also presents the ZPE corrected relative energies for
selected conformations of2U. As can be seen in Table 3, the
relative energies predict by RHF/3-21G and DFT are in fair
agreement with each other within a 1 kcal mol-1 range. Both
cis and trans conformers have two “quasi-global” minima energy
conformers, indicated by (+ + + +) and (+ + - -). The
energy differences between (+ + + +) and (+ + - -) con-
formers are smaller than 0.1 kcal mol-1. Consequently, both
minima were selected to build the larger models. The energy
calculations of the larger fragments show that this difference
remains negligibly small. Both cis and trans isomers also have
the possible combination with (+ + + -) conformer. Its energy
is in between the most (+ + + +) and the least (a-+a-+)
extended structure. Therefore, this particular structure will not
be included in the construction of larger models. Consequently,
our interest was focused on the conformations with the lowest
energy and/or structures that form peptide-like secondary
structures with simple and conformationally equivalent units.
The third possible periodic repeating conformers would beφi

) φi+1 ≈ -120° and ψi ) ψi+1 ≈ 12°, which is the most
favored (-s+-s+) trans helix conformers (Table 1). Therefore,

it was also selected to build the larger chains. It should be
emphasized that in the cis isomer the “smooth basin” of Figure
5 (middle) implies that multiple conformations may exist. This
prediction was shown in the case of2U where a number of
(a-+a-+) conformers were having an energy variation of less
than 0.4 kcal mol-1. Such flexibility can also explain some of
the numerous unexpected problems in optimization of the
selected conformers. However, this structure was also selected
because it can form a helix.

Construction and Optimization of Higher Structures. The
above six structures were selected from the cis and trans2U
RHF/3-21G optimizations as basic building blocks for the
construction of models3U, 4U, 5U, and 6U. In all higher
models, methyl groups were used (R) Q ) CH3) in terminal
units (see Figure 1). These new structures were first optimized
at the RHF/3-21G to obtain an initial geometry estimates, which
were further optimized at the B3LYP/6-31G(d) level of theory.
This procedure was repeated to build3U, 4U, 5U, and 6U.
Comparisons between the selected conformation of2U at RHF/
3-21G (Table 2 and supplementary Table 1 highlighted by bold)
and B3LYP/6-31G(d) (Table 3) show that, for most of the
selected structures, the conformational differences between these
two methods are less than 4°. They also show good agreement
with the earlier MM calculation.10 However, in the cis helices,
the dihedrals obtained at two levels of theory differ from each
other by 10°, 35°, 17°, and 32° for 3U, 4U, 5U, and 6U,
respectively. Furthermore, the new geometries optimized by HF
and DFT for the cis helix structures are significantly different
from those predicted earlier by Applegate and Glomset.10 This
is understandable because ab initio HF, and especially DFT,
take into account of the various long-range interactions and lead
to the calculation of a significantly larger ensemble of the more
compact cis conformers.

General Features of Larger Models.By increasing the chain
length of 2U by one unit while keeping the terminal groups
with the ending CH3, a larger model,3U, is obtained. The
dihedral values of all models (0U-6U) obtained at B3LYP/6-
31G(d) are collected in Table 2 of the Supporting Information.
The relative energies and enthalpies at the RHF/3-21G, B3LYP/
6-31G(d) and B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) levels
of theory are listed in Table 3. Assessment of the3U, 4U, 5U,
and 6U geometries shows that the trans beta, trans extended,
trans helix, cis beta, cis extended, and cis helix all retained
similar dihedral values across all models at the RHF/3-21G and
B3LYP/6-31G(d) levels of theory. The topological map (Figure
6, bottom) contains all dihedrals of the structures (1U to 6U)
obtained by both optimization levels. The dihedral pairs for the
trans isomers were located in eight regions corresponding to
the minima in Figure 5 (top). Similarly, extended and beta
structures of the cis isomer are also tightly clustered in areas
corresponding to the pair of degenerate global minima on the
cis-1U PES (Figure 5, middle). As shown in supplementary
Table 2, the difference between each PUFA chain model with

TABLE 2. Dihedral Values and Relative Energies of 2U Conformers Were Selected To Construct Longer Chains Obtained at
the RHF/3-21G Level of Theorya

conformationsb φt1 φ1 ψ1 φ2 ψ2 φt2 ∆Ec

trans +(+ + - -)+ 120.599 117.031 116.916 -117.030 -116.969 120.301 0.0
-(+ + + +)+ -120.380 117.062 116.735 116.772 116.705 120.472 0.0
+(-s+-s+)+ 120.147 -115.614 15.305 -115.885 15.930 120.467 1.6

cis +(+ + + +)+ 120.625 114.776 114.873 114.892 114.825 120.636 5.5
+(+ + - -)+ -121.246 114.968 115.189 -115.154 -114.978 121.275 5.6
+(a-+a-+)+ 123.840 -133.642 93.249 -145.747 90.118 113.610 6.7

a All possible conformers are listed in Table 1 of the Supporting Information.b Extended conformations) (+ + + +); beta conformation)
(+ + - -); helical conformation) (-s+-s+) or (a-+a-+). c Relative energy to trans (+ + + +) conformation in kcal mol-1.
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the same structure is around(2°. On the other hand, consider-
ably larger differences were found in all cis helix conformations
across all PUFA chain models. However, a closer inspection
shows that the behavior of the cis helix in1U and2U is different
from the larger models. Theφ1 value of1U and2U is between
124° and 125°, whereas those in3U to 6U is between 130° and
133°. Furthermore, the second last unit of models3U to 6U
seems to have the highestφ value. The cis topological map
(Figure 6, bottom right) shows that the results, computed at the
B3LYP/6-31G(d) level of theory, are more tightly clustered than
those at the RHF/3-21G level of theory. Further analysis of the
topological map shows that all the cis helix values are distributed
in a “dihedral range” corresponding to the smooth basin that is
seen in the1U surfaces (Figure 5). Therefore, this implies that
the large deviation in these dihedral values is the result of many
existing minima on the smooth basin of cis PES.

Geometric Properties of Secondary Structures.The side
and end view of5U are shown in Figure 7 and Figure 8,
respectively. These figures show the complete picture of the
secondary structures. Here, the names of conformers can be
matched with the structural shapes: (A) cis helix is a periodic
helical structure of the cis isomer; (B) cis extended is a strand
of cis isomer with its double bonds making a series plane rotated
90° with respect to its adjacent double-bond plane; (C) cis beta
is a beta strandlike cis isomer with double bonds lined up in
planes that rotate in alternating pattern of+90° and-90°; (D)

trans helix is a periodic helical structure of the trans isomer;
(E) trans extended is a trans isomer that looks like an elongated
helix with all transπ-bonds; (F) trans beta looks like a beta
strand with all transπ-bonds. The similarity between the helix
structures is seen in the hydrogen atoms on the inside and
outside of the helices (Figure 8A,D). The inside of the trans
helix contains the hydrogens of the sp2 carbon atoms, and the
hydrogen on the inside the cis helix originates from the sp3

carbon. In both helices, theπ-bonds are perpendicular axis of
helix. Interestingly, the trans extended resembles a “tube” but
has no hydrogen atoms inside (Figure 8E). This heavily
influences the relative stability between trans helix and trans
extended.

The rotation of the CdC planes can be measured by finding
the sum of the corresponding absolute dihedral values|φi +
ψi|. The average values and standard deviations for all plane
rotations are listed in Table 4. The averages of the dihedrals
are the same for all extended and beta strand models ((2°) and
the plane rotation values for the trans helix geometries also
remain well established. However, the cis helix has a much
larger standard deviation.

The length and other “macro geometrical” properties of the
5U (belonging to the docosahexanoic acid (DHA) chain) and
6U structures are summarized in Table 5. The most important
feature is the variation of chain length of all the models; the
trans beta structure is the longest. The cis extended is 2.5 times

TABLE 3. Relative Energy, Enthalpy, Free Energy, and Entropy of Models 0U-6U and DHA in kcal mol-1

fragments
name

∆E0

RHF/3-21G

∆E0

B3LYP/
6-31G(d)

∆E0 a

B3LYP/6-311
+G(2d,p)

∆H0 a

B3LYP/6-311
+G(2d,p)

∆G0 a

B3LYP/6-311
+G(2d,p)

Sb

B3LYP/
6-31G(d)

∆Srel
b

B3LYP/
6-31G(d)

0U cis 1.7 1.2 1.3 1.3 1.5 71.910 0.86
trans 0.0 0.0 0.0 0.0 0.0 71.054 0.00

1U cis 4.3 3.8 3.6 3.6 3.1 93.738 1.60
3.6 3.3 3.2 3.2 2.8 93.325 1.18
3.6 3.3 3.2 3.2 2.8 93.380 1.24

trans 0.8 0.6 0.7 0.7 0.8 91.582 -0.56
0.0 0.0 0.0 0.0 0.0 92.038 -0.11
0.0 0.0 0.0 0.0 0.0 92.143 0.00

2U cis helix 6.7 6.3 6.0 5.9 5.7 114.449 0.59
cis extended 5.5 5.1 5.1 5.0 4.5 115.314 1.46
cis beta 5.6 5.2 5.2 5.0 4.9 114.057 0.20
trans helix 1.6 1.3 1.6 1.5 2.0 111.912 -1.94
trans extended 0.0 0.1 0.0 0.0 0.1 113.727 -0.13
trans beta 0.0 0.0 0.0 0.0 0.0 113.855 0.00

3U cis helix 9.0 8.8 8.8 8.6 8.4 133.971 0.63
cis extended 7.5 6.9 6.9 6.7 6.5 134.149 0.81
cis beta 7.6 6.9 6.9 6.7 6.3 134.870 1.53
trans helix 2.4 1.8 2.2 2.1 2.3 132.742 -0.60
trans extended 0.0 0.1 0.1 0.0 0.4 131.948 -1.39
trans beta 0.0 0.0 0.0 0.0 0.0 133.343 0.00

4U cis helix 11.2 11.0 11.4 11.1 11.6 153.474 -1.61
cis extended 9.5 8.7 8.7 8.5 8.0 156.613 1.53
cis beta 9.6 8.7 8.8 8.5 8.0 156.795 1.71
trans helix 3.2 2.4 2.9 2.8 3.1 153.895 -1.19
trans extended 0.0 0.0 0.0 0.0 0.0 154.95 -0.14
trans beta 0.0 0.0 0.0 0.0 0.0 155.088 0.00

5U cis helix 13.5 13.3 13.9 13.5 14.7 172.561 -3.86
cis extended 11.4 10.4 10.5 10.2 9.8 177.909 1.49
cis beta 11.6 10.6 10.6 10.3 9.8 178.087 1.67
trans helix 4.0 2.9 3.5 3.4 4.2 173.924 -2.50
trans extended 0.1 0.0 0.0 -0.1 0.3 175.310 -1.11
trans beta 0.0 0.0 0.0 0.0 0.0 176.421 0.00

6U cis helix 15.9 15.4 16.4 16.0 16.9 191.140 -3.14
cis extended 13.5 11.8 12.2 11.9 9.6 199.147 4.86
cis beta 13.7 12.3 12.4 12.1 11.0 198.013 3.73
trans helix 4.9 3.6 4.3 4.1 4.7 192.309 -1.97
trans extended 0.1 0.0 0.0 -0.1 -0.7 196.353 2.07
trans beta 0.0 0.0 0.0 0.0 0.0 194.282 0.00

a Single point calculation using B3LYP/6-31G(d) geometries.b Entropy unit: cal (mol K)-1.
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longer than the helix structure. Also, smaller differences were
found among the trans isomers. The diameter of the helix can
be calculated using the formula

It should be noted that the points C2 and C15 and the midpoint
between C2 and C29 forms a right angle triangle. Therefore,c
is the distance between C2 and C15 andb is half the distance
between C2 and C29. Having measured these two distances, the
diameterd can be calculated using eq 3.

Figure 7. Side view of the DHA chain (5U model) optimized by B3LYP/6-31G(d) level of theory. A-F are the cis helix, cis extended, cis beta,
trans helix, trans extended, and trans beta structure, respectively.

d ) xc2 - b2 (3)
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The diameters of the helices at 4.7 Å may allow for opening
of hydrophobic “channels” within the membranes. The inside
diameter of the “tube” of cis helix is about 3.5 Å, which takes
into account the interior H atoms. Thus, the membrane with
unsaturated fatty acids can become permeable for small
molecules (i.e., NdO, CO2, H2O). The other important point is
the variation in chain length by a factor of 2. Such a change

can cause the membrane thickness to vary. The latter property
was also suggested by earlier MM calculation,10 but the energy
needed for such motions could not be calculated.

Table 6 shows selected sigma bond length of the helical
structures. It is interesting to note that the chiralty of helicity
affected the geometry of the CH2 groups. In the case of the
trans isomers, the C-C bond length differed by almost 0.01 Å,
and the pair of C-H bonds also differed by 0.002 Å. The change
in C-C bond length was dominant. In contrast, the C-H bond
length in the cis isomer was dominant, differing by 0.01 Å,
while the C-C bond length changing was negligible at 0.003
Å.

Thermochemistry of Secondary Structures.The relative
energies (∆Erel) corrected by scaled ZPE of the conformations
are listed in Table 3. The reference structure with the most stable
conformer, the trans beta, was chosen, withφi ) ψi ∼ 120°

Figure 8. Top view of the DHA chain (5U model). A-F are the cis helix, cis extended, cis beta, trans helix, trans extended, and trans beta
structure, respectively.

TABLE 4. Distribution of the Angles (θ) of the Adjacent
CdC Bond Planes for the Six Conformational Groups

conformational group θ/deg (average)

cis helix 75.5( 7.7
cis extended 53.2( 1.4
cis beta 55.2( 2.2
trans helix 48.8( 0.8
trans extended 55.8( 0.8
trans beta 56.2( 1.7

Flexibility of “Polyunsaturated Fatty Acid Chains” J. Phys. Chem. A, Vol. 109, No. 3, 2005529



andφi+1 ) ψi+1 ∼ -120° dihedrals. The cis-trans isomerization
enthalpy∆Hisom for the hydrocarbon chains was obtained by
calculating the enthalpy between the cis and trans isomers of
the same conformers:

where∆Hcis and ∆Htrans are the relative enthalpies of corre-
sponding conformers of all units (0U-6U).

Same conformations of the cis and trans isomers were paired
for each model, and as expected, all trans conformers are more
stable than their cis counterpart. Comparison of the enthalpy
of cis 0U and trans0U shows that there is a difference of about
1.5 kcal mol-1 between the cis and trans isomers with one
double bond. This finding is in good agreement with the
experimental enthalpy of formation difference ofcis- andtrans-
2-butene35 of 1.1 kcal mol-1. The relationship between the
relative energy of cis-trans isomers of the allylic molecules
and the degree of polymerization was also investigated according
to Benson’s group additivity rules.36 As suggested earlier, the
additivity rules are excellent and sensitive tools to estimate the
change in accuracy with size.37 Figure 9 suggests that there is
a strong correlation between the number of units and the cis-
trans isomerization enthalpy for all models. The relative
isomerization enthalpy for all cis-trans pair is 1.7( 0.2 kcal
mol-1 unit-1. It is expected that this relative isomerization
energy trend can be applied to all cis-trans conformer pairs of
such nondirect, i.e., hyperconjugative delocalizedπ-electron
systems. The strong correlation between the relative enthalpy
and degree of polymerization can also confirm our selection
strategy of conformers.

The enthalpy difference between the helix and the extended
conformers could be defined as the folding enthalpy differences

between an extended chain and a folded complex structure of
the trans as well as cis helix.

As can be seen in Figure 10, the destabilization effect also
increases with the folding. We have to take in account that such
fine effects in energy are measurable within the expected error
of the theoretical model used. This increase in enthalpy of
folding is smaller than expected on the basis of steric repulsion.
Presumably it is due to concurrent van der Waals stabilization;
no π‚ ‚ ‚H-C hydrogen bond is present in the helical conforma-
tion. The increase in folding energy from all helix-extended
pairs, ∆Hfolding, is 0.5 ( 0.1 kcal mol-1 unit-1. This relative
conformational energy trend may be able to predict helix-
extended conformer pairs of such nondelocalizedπ-electron
systems. For DHA (5U), the change in the length of the cis
structure by a factor of 2 may require less than 2.5 kcal mol-1

in enthalpy. This small conformational enthalpy value may be
allowed for polyunsaturated fatty acids to determine macroscopic
membrane properties. The6U folding energy in the cis isomer
is 0.4 kcal mol-1 lower than expected. This is due to systematic
error in procedure of optimization that is very likely to occur
in the cis helix because this structure produces a very flat PES
on which many minima are possible in a given area of the
surface.

The data presented in Table 3 reveals that the entropy change
associated with folding

decreases faster with size (n) for the cis isomer than for the
trans isomer as shown graphically in Figure 11. Clearly, the
cis helix is more compact (Figure 7A) than the trans helix
(Figure 7D). Such difference in trend of entropy change, as
shown in Figure 11, is the basis for the variation of Gibbs free
energy change of folding withn (Figure 12)

It can be concluded at the end of our study that the large
flexibility observed is a result of two structure characteristic
unique to allylic systems: (i) the cis double bond in the 1,4-
position and (ii) the CH2 groups with two quasi-free rotor in
2,4-positions. This is in excellent agreement with the solid-state
NMR measurements.18 They have predicted that DHA is an
extreme flexible molecule with rapid transitions between large
numbers of conformers on the time scale from picoseconds to
hundreds of nanoseconds.18

Comparisons Allylic Chains and Peptide Backbones.The
structures of allylic fragments are very similar to those of the
peptide backbone, especially to polyglycyl peptides, which has
an isoelectronic skeleton backbone. Therefore, the modular
pattern seen in peptide models can also be found in allylic
chains. In turn, this means that structures between these two
classes of molecules are comparable. In this section, the
similarities as well as the differences found between the allylic
system and the polypeptides38 will be discussed.

Ab initio computations have shown that a single glycine
residue is unable to form stable left-handed (φ ≈ ψ ≈ 60°) and
right-handed (φ ≈ ψ ≈ -60°) R-helix;39 however, it is able to
form â-strands39 with φ ≈ ψ ≈ 180°. Furthermore, theδL (φ ≈
-126.0°, ψ ≈ 25.5°) helix also exists in the peptide model.39

SuchδL structures are found at the end of many peptide helices
as aRLδL motif, which are suggested to be a termination of
certain helices.40 Other existing peptide structures39 such asγD/L

TABLE 5. Geometrical Parameters of Secondary Structures
for 5U and 6U Optimized at B3LYP/6-31G(d) Level of
Theory (Length in Å)

structure
a

C2 to Cn

2b
C2 to C29

c
C2 to C15

d
diameter

5U cis helix 7.4 4.1 5.1 4.7
cis extended 19.1
cis beta 19.0
trans helix 14.4 9.1 6.4 4.4
trans extended 18.6
trans beta 21.3

6U cis helix 8.7 4.2 5.1 4.6
cis extended 22.4
cis beta 22.1
trans helix 16.1 9.0 6.4 4.5
trans extended 21.8
trans beta 24.4

∆Hisom ) ∆Hcis - ∆Htrans (4)

∆Hfolding ) ∆Hhelix - ∆Hbeta (5)

∆Sfolding ) Shelix - Sbeta

∆Gfolding ) ∆Ghelix - ∆Gbeta
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are unimportant in the case of PUFA chains and therefore not
investigated in the present work. Comparisons between the
peptide model and the PUFA model cis helix seem to indicate
that the two molecules have a similar macrostructures. The key
to similarity resides in molecular flexibility. Thus, one may
wonder whether flexibility predestinated these macromolecules
to fulfill multitudes of biological function.

Upon closer inspection, the cis helix contains all cis double
bonds, whereas the peptide helix usually contains trans double
bonds. Furthermore, comparison between the dimensions of the
two models shows that in the peptide helix is around 5 Å, and
it is somewhat similar to the cis helix that has a diameter around
4.7 Å. The pitch of the peptideR-helix that has hydrogen bonds

is about 5.4 Å, which is a lot longer than the cis helix that is
only between 4.1 and 4.2 Å and has no hydrogen bonds.
Although similar in macrostructure, the peptide helix and the
cis helix differ in their microstructure. The similarity between
a cis PUFA helix and a peptide helix suggests that trans
membrane proteins do not disturb considerably more the
structure of lipid bilayer than the inclusion of PUFA in the
component phospholipids.

On the other hand, comparisons between the polypeptide
R-helix and trans helix reveal that both helices are trans isomers.
Therefore, both of these models can be compared to a peptide
helix. The trans helix model also contains hydrogens positioned
inside the coil, and such observation is not found in peptides.
Furthermore, the diameter of the trans helix is also smaller than

TABLE 6. Geometrical Diagnostics of Helicity-Induced Point Chirality of CH 2 Groups in Helical Conformers of 5U (Bond
Lengths in Å)

trans helix cis helix

Cn-Cn-1 Cn-Cn+1 Cn-Hn+3 Cn-Hn+4 Cn-Cn-1 Cn-Cn+1 Cn-Hn+3 Cn-Hn+4

C8 1.505 1.514 1.101 1.103 1.512 1.511 1.093 1.103
C15 1.505 1.514 1.101 1.103 1.514 1.511 1.094 1.103
C22 1.505 1.514 1.101 1.103 1.514 1.512 1.094 1.103
C29 1.505 1.514 1.101 1.103 1.515 1.511 1.093 1.103
C36 1.505 1.514 1.101 1.103 1.514 1.512 1.093 1.103

Figure 9. Relative enthalpy of cis/trans isomerization of extended (O),
beta (0), and helix (3) conformation pairs as a function of the number
of units.

Figure 10. Relative enthalpy of folding as a function of the number
of units: 0 represents the folding energy of all trans isomers of1U to
6U, andO represents the folding energy of all cis isomers of2U to
6U.

Figure 11. Relative entropy of folding as a function of the number of
units: 0 represents the folding entropy of all trans isomers of1U to
6U, andO represents the folding entropy of all cis isomers of2U to
6U.

Figure 12. Gibbs free energy of folding as a function of the number
of units: 0 represents the folding energy of all trans isomers of1U to
6U, andO represents the folding energy of all cis isomers of2U to
6U.
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that of a peptideR-helix. Therefore, the cis helix is geometrically
considerably similar to theR-helix than that of the trans helix.
Generally, the flexibility of peptide backbones is similar to the
cis helix, but for special positions where the free rotation is
sterically allowed for allylic fragments, the peptide will not be
able to rotate freely as a result of intramolecular H bonds. It is
interesting to note that through molecular evolution biological
systems prefer to use such flexible building blocks such as
peptides and cis unsaturated fatty acids to synthesize the
macromolecular system.

Conclusions

The Hartree-Fock and density functional theory methods
were used to study the high flexibility of the PUFA chain
fragments. The fragments allowed us to study, in small
consecutive steps, the folding effects of the chain as the function
of fragment length. The topology of the energy minima
distribution on the PES of the smallest model of cis2U showed
the existence of a special “smooth basin” in the area where the
cis helix is located. Because of the flat nature of this the basin,
many minima could be found. This is consistent with the large
deviation in dihedral values found in the cis helix of different
models.

In principle, the chain of5U has 26 × 314 conformational
minima. Here we have investigated a few conformers with
geometries similar to helices and straight chains. These geom-
etries were constructed by repeating a specific dihedral pattern
found in the cis2U model. For this study, the length of the cis
DHA helices and straight chains varied between 9.8 and 22 Å,
respectively. However, such marked geometric differences
correspond only to a change of about 2.5 kcal mol-1 in enthalpy.
Also, there is striking conformational similarity between the
trans helix of 1,4-polyenes and theδ-helix of polyglycine. The
folding energy of 0.5 kcal mol-1 unit-1 has be extracted from
the energy comparison of the helixes and most extended
structures. We addressed the question of whether the folding
energy obtained in the present study could be applied in more
general use to describe the thermochemistry of protein folding
with particular reference to membrane proteins as they are
exposed to the same environment as cis PUFA molecules such
as cis DHA.
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