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Polyunsaturated fatty acids (PUFA) like stearidonic acid (SDA;18:4 n-3) eicosapentaenoic acid (EPA; 20:5
n-3), and docosahexaenoic acid (DHA; 22:6 n-3) and its chain fragment models were studied at B3LYP/6-
31G(d) levels of theory. Significant conformations for ttieandtransisomers were selected to obtained the
thermodynamic functionsAH, AS, AG) for the cis—transisomerization and for folding using the B3LYP/
6-311+G(2d,p)//B3LYP/6-31G(d) level of theory. The structural analysis shows that there are significant
differences in thermodynamic function of thi&ns and cisPUFAs. Thetrans—cis isomerization energy
values reinforce the consistency and the relative accuracy of theoretical model calculations. The observed
flexibility of naturally cis PUFAs could be explained by a very special “smooth basin” PES of the motif of
sp—sp’—sp’ hybrid states as reported previously Phys. Chem. 2005 109, 520-533). We assumed that
intrinsic thermodynamic functions may describe this flexible folding process. The folding enthalpy as well as
the folding entropy suggests that there is a new role otiB®UFAs in membranes: theséisomers may

have a strong influence on membrane stability and permeability. The average lengtitisfttékx and beta

PUFA was approximated. The difference between the lengths of these two structures is approximately 10 A.

Introduction (U = B — 1) highly activated CH units (denoted as B)
sandwiched between two olefinic double bonds.

H
CH, R Q
~Q CH,
H H
U=(8-1) B=(U+1)

Although there are many ways in which the PUFA chains
may be modeled, in this study, the polyallylic chain is retained
| and only the end groups are varied. In a previous Stadly
CH, c CH, models contain the groups R CH3; and Q= H. However,
Hy COOH they vary in the number af andN values, and thus, they were
labeled adU (e.g.,3U, 4U, 5U) or B (e.g.,4B, 5B, 6B) and
referred to as model 0. In the present study, two sets of model
B compounds were selected. The first set (model 1) has the
following end groups: R= CH3;CH, and Q= CHs, Therefore
The structures of different-3 PUFA species vary in the number R in model 1 is the same length as all the3 fatty acids, and
(B) of allylic blocks (denoted as B) in the chain and in the the length of Q is fixed with the methyl group. Thus, all
number of CH units (M) connecting the polyallylic chain to  members in this model contain GEH; as their terminal groups,
the carboxyl group. For example, docosahexaenoic acid (DHA; and they are labeledU’ (e.g.,3U', 4U', 5U') or NB (e.g.,4B',
22:6 n-3) contains six B blocks and one M unit (i.B.= 6 5B', 6B"). In the second set (model 2), R is identical with that
andM = 1). The most frequently occurring-3 fatty acids are of model 1 (i.e., R= CH,CHs) for all members in this set, but
listed in Table 1. Evaluating the structural composition shown @ in different structures ((ChivH) will vary to mimic the chain
in Table 1, it is clear that the number of B blocks is equal to |ength of the three PUFAs studied. Therefdviemay be 1, 2,
the number of double bonds. However, there are one fewerand 3. This set of structures with varying unsaturated chain
length were labeled agJ"” (e.g.,3U", 4U", 5U") or NB" (e.g.,

Polyunsaturated fatty acids (PUFAS) play significant roles

in many biological processes. Their significance is underlined
by the introduction of the new term lipomié8 This terminology H
is based on the notion that lipids plus genomics equals lipomics. R
CH
H

An important subclass of PUFAs, called n-3@i3 fatty acids,

are characterized by their double bond network which starts
from the third carbon atom counting from the methyl carbon at
the tail end ¢ end) of the fatty acid.
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TABLE 1: Structural Information and Biosynthetic Pathway 2 of Frequently Occurring -3 (or n-3) Fatty AcidsP

A Structural
Scientific Names of o Common Names
Composition . 2D Structures
PUFA of Acids
Symbols C:B;®
] ] 1 . /17 4 - M ¥/5\ 6. 4. 2 OH
9,12,15-octadecatrienoic C15H300, 18:3;0-3 (l(lxlzl;r)uc Mo Nez1s” =127 Sto=97 177 Ne N \ﬂl/
o
0
. . stearidonic Il
6,9,12,15-octadecatetraenoic C3H,50, 18:4;0-3 (SDA) H3C/17\16:15/M\13:12/11\10:9/8\726/5\4/3\2/1\0H
. . . 19 A6 B /13\ B /10\ /8\ 5 4 /2\ /OH
11,14,17-eicosatrienoic CyoH340, 20:3;0-3 eicosatrienoic e Ste=17 ts=14 t2=11 9 7 N N ﬁ
(EtrA) 4
[
. . eicosatetraenoic I
8,11,14,17-eicosatetraenoic C50H3,0, 20:4;0-3 16 13 10 7 5. 3 1
(ETA) HaC/19\1S:17/ Nsm1d” Namir” Somg” Ne a7 N7 Now
i i 19 16 13 10, 7 4 2 OH
5,8,11,14,17-eicosapentaenoic CyH300,  20:5:;0-3 ewose(il];;n‘;a)enmc e Nipmrr” Ns=id” Sa=irT Se=me” Ne=s” 7 \I1I/
o)
; o U A NN N
7,10,13,16,19-docosapentaenoic | CxH3,0, 22:5:0-3 docos(al])ale)rgz;enmc He” Saomig” =167 Sta=te” St=idT Ne=7 5 3 ‘1|
o
9
. . docosahexaenoic I
4,7,10,13,16,19-docosahexaenoic | C,H3,0, 22:6;0-3 (DHA) Hac/%\zozw/ﬂ;\7:16/15\14:13/12\11:10/9\8:7/5\5:4/3\2/1\%
N m E 8 6 4 2 OH
9.12,15.1821- CoHOr 2415103 Tetracosapentaenoic Hac/23\22=21/20\19:16/17\15:15/ Namts Nome” N N NN
tetracosapentaenoic acid SRS ’ (TPA) ‘[‘,
[
6,9,12,15,18,21- Tetracosahexaenoic I
Yo T C,4H360 24:6;0-3 14 11 8 5 3 1
tetracosahexaenoic 24362 (THA) 10 N gpmat ot ez Namir” Nome” N ime” N N o
A6 Elongase AS Elongase Elongase A6 B-oxidation
183w-3 — (84 w3 — > 20:4 w-3 > 20503 —» 225503 — 24503 —> 24:6 0-3 —> 22:6 -3
ALAl SDA ETA EPA DPA TPA THA DHA
Elongase
20:3 -3
EtrA

@ SymbolsA6 andA5 indicate the introduction of a CC double bond at the positions 6 and 7 and positions 5 and 6, respectively. Elongase is the
enzyme which executes the elongation of the carbon chAdihe numbering of the carbon atoms is in accordance with the IUPAC convention,
which is different from the computational numbering presented in Figure 1.

TABLE 2: Structural Comparison of Selected @-3 Fatty Acids with Their Hydrocarbon Models

CHs[CH= CH3CHz[CH= CH3CHz[CH=
. CHCH]yHP CHCHJnCHH CHCH,]n(CH)mH CH3;CHy[CH=
chain length model 0 model 1 model 2 CHCH]\(CH2)MCOOH

B u=B-1) M nU or NB nU or NB' nU" or NB" PUFA2

4 3 3 ciss3U or 4B cis-3U' or 4B’ cis-3U" or4B" cissSDA CigH2602
trans3U or 4B trans3U' or 4B’ trans-3U" or 4B" transSDA

5 4 2 cis-4U or 5B cis-4U' or 5B' cis-4U" or 5B" CisEPA CooH3002
trans-4U or 5B trans-4U' or 5B trans-4U" or 5B" transEPA

6 5 1 cis-5U or 6B cis-5U' or 6B’ cis-5U" or 6B" cissDHA CyH3,0,
trans-5U or 6B trans5U' or 6B trans-5U" or 6B" transsDHA

a SDA = stearidonic acid [CAS Registry No. 20290-75-9]. ERAicosapentaenoic acid [CAS Registry No. 10417-94-4]. DHdocosahexaenoic
acid [CAS Registry No. 6217-54-5}.Reference 3.

acid (EPA; 20:5 n-3), and docosahexaenoic acid (DHA; 22:6 about the same, but DHA is found predominantly on the
n3), shown in Table 2, were also studied. Model 1, model 2, positiong

and PUFA structures are shown in Figure 1A, Figure 1B, and

Figure 1C, respectively.

tional properties of these important-3 PUFAs. Common
methods employed for physical and structural analysis of DHA,
EPA, and other PUFAs includéC NMR and 'H NMR
spectroscopy, molecular dynamics (MD), and molecular me-
chanics (MM). In spectroscopy.3C NMR is often used to
identify specific PUFA species in samptésthrough the
detection of the degrees of unsaturatigrin fact, this method

is so sensitive that it is able to determine even the positians (
or C; andp or C, position) of fatty acids in the glycerol ester.
In one study, using’®C NMR, it was revealed that the
distribution of EPA ina and 3 positions in triacylglycerol is

The latter methods, includingH NMR, MD, and MM, are

often used for structural studie3H NMR is popular in
Structural Features. Although extensive research has been determining the general order and movement of EPA in a bilayer
carried out to study the metabolism of EPA and DHA and their system. For example, Paddy’s study of lipid bilayer order
roles in health and disease, it was not until recently that rigorous using 2H NMR spectroscopy has suggested that bilayers
investigations were performed on the physical and conforma- with phospholipids containing either DHA or palmitoleic

acid are much more deformable than bilayers with only satur-
ated acid$.On the other hand, MD and MM are utilized for
PUFA structural and conformational analysis. Therefore, using
MM, Applegate and Glomset predicted not only the possible
conformations of DHA and analogues but also the patterns of
chains packing within a phospholipid and/or with a lipid
bilayer10.11
A simple strategy was developed to study such complicated
systems, and the present paper is divided into two essential
parts: (i) conformational characterization of the chains of PUFA
models as well as SDA, EPA, and DHA,; (ii) computations of
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Figure 1. (A) Structures of model 1 with fixed chain length (REt, Q= Me, andM = 0); only thetransisomers are showB gives the number

of blocks, andJ specifies the number of units. The numbering in this figure does not correspond to the IUPAC convention. (B) Structures of model
2 with variable chain length (R= Et and Q= (CHy)mH with M = 3, 2, and 1); only théransisomers are showrB gives the number of blocks,

andU specifies the number of units. The numbering in this figure does not correspond to the IUPAC convention. (C) Structures of selected PUFAs
(SDA, EPA, and DHA with R= Et and Q= (CH2)uCOOH withM = 3, 2, and 1); only théransisomers are showiB gives the number of blocks,

andU specifies the number of units. The numbering of PUFAs is made not to meet IUPAC convention but to have a one to one correspondence
to previous models shown in Figures 1A and 1B.

the thermodynamic function®\U, AH, AG, andS) of PUFA B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of theory. Cal-

models as well as SDA, EPA, and DHA. culations were conducted using the Gaussian03 program pack-
agest*
Methods Isomerization and Folding Energies.Thetrans—cis isomer-
izations for all three models were calculated with respect to the
Model Compounds.Models 1 and 2 as well as selecteeB lowest conformation, which, in this case, was usually the

PUFAs, shown in Figure 1A, Figure 1B, and Figure 1C, conformation withp; = y; ~ 12C°; ¢i+1 = yi+1 ~ —120°. Then,
respectively, were numbered modularly according to the num- for all models, theérans—cisisomerization and folding energies
bering system previously develop&dModels 1 and 2 were  were calculated using eqs 1 and 2, respectively. The other
selected to see if the conformational intricacy of the hydrocarbon

chain could be studied and understood without the carboxyl AEisom= Ecis ~ Eyrans 1)
functionality. All correspondertiis andtransisomers of models
and PUFAs have the same number of double bonds at the same AEfoIding = Epeiix ~ Epeta ¥

positions. For the present study, three conformations were

selected. They include two straight chains and one helical thermodynamic functionsAH, AS, and AG) were computed
conformation as shown in Figure 2. The beta conformers of for the trans—cis isomerization and for the folding (Figure 3)
both thecis andtrans families were the most stable, and they in an analogous fashion. Figure 3 is a Botttaber thermody-
were use as a reference structure. The optimized dihedral angle§amic cycle which relates thermodynamic function defined in
for the hydrocarbon backbone and the end groups are listed inaccordance with eqs 1 and 2. The relative enthalpy values are
Supplementary Table 1a and Supplementary Table 1b, respecshown in Figure 4.

tively (Supporting Information).

Molecular Computation. Geometry optimizations and fre-
quency calculations were performed at B3LYP/6-31G(d) levels  Despite such rapid structural research and development, still
of theory. The ZPEs were scaled using the factor of &39ge only very little is known about how the structures of these
thermodynamic functionsAH, AS, AG) were obtained at the  PUFAs are related to their precise functions in the membrane

Results and Discussion
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Figure 4. Enthalpy diagram for the BoraHaber thermodynamic cycle
associated with the configurational and conformational change of DHA
as well as itsn = 5 hydrocarbon model.
Trans
priended Larger structural units such as helices of proteins or glycogen
carry essential information to understand structural biology. It
has been shown that the number of possible conformers
increases significantly with the number of internal rotors.
However, results in in vivo systems show that only a few of
the conformers play an important role. As one attempts to
A) D) understand the elusive protein folding mechanism, one must
. question how these few conformers are selected and evaluated
from the large ensemble of conformers that may exist for a large
molecule. The situation is analogous in lipid structural research.
On closer inspection, DHA shows that its structural formula is
very similar to a glycyl oligopeptide, namely, both contairéfsp
sp?—sp?] bonding® Consequently, it was interesting to compare
trans and cisDHA models to peptide folding modetsThe
B) E) chain of the DHA model contains no heteroatoms, and its chain
structure has no intramolecular hydrogen bonds, unlike polypep-
tide chains. One of the aims of the present paper is to show
9 some thermodynamic properties of folding of selected PUFA
models and actuab-3 PUFAs including DHA.
J In many w-3 PUFAs, like DHA, all double bonds exists in
' cis configuration. HowevertransDHA can be synthesized by
o " heating ofcis-linolenic acid intotranslinolenic followed by
elongation totransDHA.16 With such a high degree of
unsaturation, DHA is very susceptible to oxidation by free
radicals!’ Rabinovitch and Ripatti arguétithat a polyunsatu-
rated chain having double-bonded carbons separated by a single
methyl group, the motif found in DHA, has “maximum
flexibility” and is minimally sensitive to temperature. This
Figure 2. (a) Side view of the DHA chain optimized by the B3LYP/  jhcreased flexibility allows it to fold easily into various
2‘316(0') level of theory and (b) top view of the DHA chain. Structures  gg.nqary structurd@ However, when incorporated into a lipid
to F are thecis helix, cis extended,cis beta, trans helix, trans . L
extended, antrans beta structures, respectively. bllgyer, the erX|l?|I|ty of DHA may reduce the strength of the
lipid bilayer and increase its water permeabifi$yOn the other
Jelie hand, molecular mechanics (MM) computer modeling studies
trans helix " is helix of DHA have been interpreted as suggesting a more rigid and
ordered character for the polyunsaturated DHA cRafrevious
conformational studies had been carried out on small fragments

L d L
@ Trans Beta

AH G AH e resemblingcissDHA and other DHA analogues using MM
pet method<! They suggested that the planes of the double bonds
trans —scis are nearly perpendicular to each oth&#2°> With the present

transbeta —— > cisbeta

Figure 3. Born—Haber enthalpy cycle for configurational and con-
formational changes of PUFA as well as their hydrocarbon models

ab initio and DFT study we will show that the DHA structure
has greater flexibility than the earlier MM calculations have
suggested!

and micelles. As a result, this makes conformational/structural ~ Secondary structural motifs such as extengiedheet, and
analysis and prediction an indispensable part of lipid resédrch. helix conformations were studied for both thans and cis
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TABLE 3: ZPE Corrected Relative Energy and Enthalpy, Gibbs Free Energy (kcal mof?), and Entropy (cal (mol K) 1) for

-3 PUFAs and Their Model Compounds Obtained by B3LYP Density Function Combined with 6-31G(d) (A) and

6-311+G(2d,p) Basis Sets

AEp AEp AHp AGy AS
model structure B3LYP/A B3LYP/B B3LYP/B B3LYP/B B3LYP/A B3LYP/A
Model 1 Fixed Chain Length for Q (Me) witkl = 0
cis-3U' helix 9.0 9.6 9.4 9.4 147.2 -3.1
extended 7.1 7.1 7.0 6.0 150.3 -0.1
beta 7.1 7.2 7.0 6.1 150.4 0.0
trans-3U' helix 1.7 2.0 2.1 1.6 148.6 1.4
extended -0.1 -0.1 -0.1 -0.7 149.1 1.9
—585.983283,-585.631166 beta 0.0 0.0 0.0 0.0 147.2 0.0
cis-4U' helix 11.3 12.2 11.9 12.7 165.7 -5.8
extended 8.8 8.9 8.7 7.7 171.4 -0.1
beta 8.9 9.0 8.8 7.8 1715 0.0
trans-4U' helix 2.3 2.8 2.8 2.9 167.9 —-0.4
extended 0.0 -0.1 -0.1 -0.8 170.8 25
—702.693033;,-702.279039 beta 0.0 0.0 0.0 0.0 168.3 0.0
cis-5U' b helix 13.6 15.1 14.7 15.9 184.9 -7.8
extended 10.7 10.7 10.5 9.1 193.7 0.9
beta 10.8 10.9 10.6 9.5 192.8 0.0
trans-5U' P helix 2.9 3.5 3.4 3.4 189.5 0.3
extended 0.0 0.0 -0.1 -0.6 191.1 1.8
—819.402809,-818.926900 beta 0.0 0.0 0.0 0.0 189.2 0.0
Model 2 Variable Chain Length for Q withl = 3, 2, and 1
cis-3U" helix 8.7 9.1 8.9 7.9 155.5 -3.3
extended 7.1 7.2 6.9 6.3 157.9 -0.9
beta 7.1 7.1 7.0 55 158.8 0.0
trans-3U" helix 1.8 2.2 2.1 2.6 156.1 1.2
extended 0.0 0.0 —-0.1 —-0.4 157.0 2.1
—664.610897-664.201573 beta 0.0 0.0 0.0 0.0 154.9 0.0
cis-4U" helix 11.1 12.1 11.8 12.9 174.2 —5.6
extended 8.9 9.0 8.7 8.6 178.5 -1.3
beta 9.0 9.1 8.8 8.4 179.8 0.0
trans4U" helix 2.4 2.9 2.8 3.1 177.3 -0.8
extended 0.0 0.0 0.0 -0.2 178.6 0.5
—742.006937-741.564445 beta 0.0 0.0 0.0 0.0 178.1 0.0
cis-5U" b helix 13.6 15.1 14.7 15.9 184.9 -7.8
extended 10.7 10.7 10.5 9.1 193.7 0.9
beta 10.8 10.9 10.6 9.5 192.8 0.0
trans5U" ° helix 2.9 3.5 3.4 3.4 189.5 0.3
extended 0.0 0.0 -0.1 -0.6 191.1 1.8
—819.402809,-818.926908 beta 0.0 0.0 0.0 0.0 189.2 0.0
-3 Polyunsaturated Fatty Acids (PUFAS)
cis-SDA helix 8.2 9. 9.4 115 1755 —-5.8
extended 7.1 7.2 6.9 6.6 183.3 2.0
beta 7.3 7.3 7.0 7.3 181.3 0.0
transSDA helix 1.7 2.1 2.0 2.6 180.5 —-1.8
extended 0.1 0.1 0.0 0.2 181.4 -0.8
—853.176842,-852.752487 beta 0.0 0.0 0.0 0.0 182.3 0.0
CisEPA helix 10.2 12.1 11.7 13.9 186.3 —-10.5
extended 9.0 9.1 8.8 8.3 195.3 -15
beta 9.0 9.1 8.8 7.9 196.8 0.0
transEPA helix 2.2 2.7 2.6 2.7 193.4 -0.3
extended -0.1 0.1 -0.1 -0.4 194.8 1.2
3a-930.572706,-930.114895 beta 0.0 0.0 0.0 0.0 193.7 0.0
cis-DHA helix 12.9 15.5 14.9 17.2 198.0 —-11.8
extended 10.6 10.7 105 8.4 212.7 2.9
beta 10.7 10.9 10.6 9.3 209.8 0.0
transDHA helix 2.8 3.4 3.3 3.0 206.9 1.2
extended 0.0 -0.1 -0.1 -1.3 209.7 4.0
—1007.964077-1007.47338 beta 0.0 0.0 0.0 0.0 205.7 0.0

aEnergy (in hartree) of thérans beta conformation in all structures. Left: energy. Right: energy with zero point correttti.and 5U"

models are identical.

isomers of all model compounds as well as for the three PUFA 2, and PUFA were first optimized at RHF/3-21G and subse-
structures: SDA, EPA, and DHA. The three model families quently at B3LYP/6-31G(d) levels of theory in various confor-
involved differ from each other in their terminal groups, and mations. Relative energy values are recorded in Table 3 and
the three families are denofedsnU andnU’ as well asnU". illustrated in Figure 4 for DHA an&U'". Figure 5 contains all
Thus, all three families and the PUFA structures can be of the dihedral values found in each unit. This topological
compared. diagram is analogous to a “Ramachandran map” used in peptide
Conformations of Model 1 and Model 2 and the w-3 chemistry. Assessment of these values shows that most of them
PUFA Family. A total of nine structures from model 1, model are tightly clustered. This implies that all points within a cluster
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Cis methyl terminal groups also require four units to make one
e Extended helical turn.
Helix —_| 150 // Comparison betweedAU’, 5U’, and DHA shows that, with
120 o the exception of theis helix structures, all other structures for
9% all models have very similar dihedral values as defined in
60 Figure 1. In thecis helix however, only thep values are very
3 30 similar for the first two units. In the third unit, thes of 4U'
En —_—— deviates from the other two models. This implies that the
Q1po-150-120 -90 60 -3y | 30 60 90 120 150 1§0 Beta simi_lar_ity of 5U'_ is more to DHA than th_at Of4U_' (with
5 oo L — deviation of+3° in the ¢ dihedrals). A closer inspection shows
/ that the¢ dihedral values can be divided into different ranges.
4/9" In unit 1 and unit 2, the range is between 12Md 138, and
° -120 in units 3 and 4, the range is between 140d 1458. The value
150 1 of the fifth unit is back in the first range. Conversely, there is
no visible correlation ofy values within a givencis helix
¢ (Degree) structure.

The dihedral values of the terminal groups are all similar for

Trans the same structures across all models. Comparison of terminal
1: group dihedral values between different structures in a given
model shows thap and¢y> are in the staggered position while
120 @ «—— Extended . . "
Helix | the ¢y and¢y, are in Fhe e_cllpsed position for most structures.
80 However ¢y for thecis helix of all models is skewed from the
A 60 ] \ eclipsed position to 130+ 1°. In addition, the carboxyl group
§ \‘w 30 ] of the cis helix y1 and the terminal group a#, is also skewed
¥ —_————————— Beta from the expected value of 18t 2°.
S1po-150-120 90 60 39, § 30 60 90 120 150 i Nanostructural Characteristic Structure of Model 1,
> -60 1 Model 2, and the w-3 PUFA Family. To calculate the
/ nanostructural properties from the molecular parameters for the
'S 120 ] various secondary structures, the same reference atoms were
150 1 selected. The distance of corresponding atoms in different
o0 structures can be defined as a diameter, and the length (or half-
¢ (Degree) length) of the turn as is shown in Table 5. Characteristics of
the helical structure and other secondary structure are defined
Figure 5. Topological map of all points ig;y coordinates from all and summarized in Table 5. Sineedihedrals in these structures

nU (represented by triangles)l)’, andnU" models and PUFA (SDA,  can only be in syn or anti conformation, they are similar to the

EPA, and DHA are represented by circles). Ak and all trans planes of the amide linkage that formed along the polypeptide

conformers are included in the upper and the lower part of the figure, . . . . . :
chain. Also, since in straight chains there are no turns and coils,

respectively. - ! . : .
the degree of twist on its own axis becomes very important in
determining the available space around the molecule as well as

TABLE 4: Definition of the Structures Being Studied in the shape of the PUFA. In turn, such a macromolecular property

Models 0, 1, and 2 and PUFA may also affect the packing order of the lipid bilayers. The twists

definition indices (¢i, ¥i, i+1, Yi+1) are described as the rotation of the allylic planes, and they are
transbeta +, 4, -, — measured by obtaining the dihedral as shown in the top figure
transextended +,+,+, + of Table 6. The variation of the average twists and their standard
transhelix® -, s, —,s" deviations are also shown in Table 6. To calculate these values,
cisbeta R the absolute value is taken for each measurement. Then, the
g:g ﬁg&ﬂded Jj j: i’ i average and the standard deviation of all these absolute values

in one structure are taken. The results show that, for all straight
?The following symbols are used to indicate approximate conforma- chains, the plane rotation is about°90n the cis helix, the

e + g > . : o

tions: +, g (gauche between+60° and +180°); —, g~ (gauche rotational dihedral is 30on average, and theans helix is

between—60° and —180C); s, syn" (small positive value, close to s
zero).” In the trans helix they values shifted to values close to zero around 108. In both structures, the standard deviations for the

while in the cis helix  values are betweer-60° and +18C° as rotation of the plane are very small for all structures except
illustrated in Figure 5. for the cis helix. Once again, this observation is in good

agreement with the variation of tleés helix conformation seen
are conformationally equivalent. The chosen structures (extendedearlier.

+ + + +, beta+ + — —, and helix— + — + shown in Table The names of the unsaturated hydrocarbon components are
4) are constructed by repeatedly using the values from the reminescent of peptide secondary structures suchtaix and
appropriate clusters. pB-sheet. Therans beta conformation is a geometrical entity

These six structures (thr&a's and threetrans)l shown in which is fairly similar to a single stranded beta conformation
Figure 2, exhibit striking similarities to those previously foind, 0f a peptide chain. However, thas isomer is considerably
consisting of only a single methyl ending in the terminal groups. twisted as illustrated by the rotation of the planes associated
Therefore, they are also nameis helix (A), cis extended (B), with adjacent double bonds. This is illustrated in Figure 6.
cisbeta (C) transhelix (D), transextended (E), anttansbeta Geometric Isomers.The fully transisomers always are more
(F). Like the model from the previous paper, these chains with stable than the correspondirggs isomers for all secondary
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TABLE 5: Nanostructural Parameters (Length, Pitch, and
Diameter in A) for @-3 PUFAs and Their Model

Compoundgt

Full Length of Helix m to w-n (a)

_ Full Pitch -3 to -15 (b)Y

v

[Half length of
pitch
o r—

)

Distance

- L

(c)

between
-3 -9

e

Helices

<)
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TABLE 6: Average Plane Rotation Values and Standard
Deviation (deg)

length of pitch distance betweendiameter

model structurechain@ (b) C,—zand G,—9(C) (d)
Model 1 Fixed Chain Length for Q (Me) withl = 0

cis-3U' helix 5.9 5.3 5.9 5.3
extended 14.9
beta 14.7

trans3U  helix 11.4 9.2 6.4 4.4
extended 14.3
beta 16.0

cis-4U' helix 7.3 5.3 5.8 5.2
extended 18.1
beta 17.9

trans4U  helix 12.9 10.2 6.8 4.5
extended 14.4
beta 19.5

cis-5U' helix 9.5 6.0 5.9 51
extended 21.3
beta 21.3

trans5U  helix 15.6 9.2 6.3 4.3
extended 20.3
beta 22.2

Model 2 Variable Chain Length for Q withl = 3, 2, and 1

cis-3U" helix 7.8 5.3 5.9 5.3
extended 17.1
beta 16.7

trans3U"  helix 13.6 9.3 6.3 4.3
extended 16.4
beta 18.5

cis-4uU"” helix 8.0 5.6 5.7 5.0
extended 19.1
beta 18.7

trans4U" helix 14.1 9.0 6.3 4.4
extended 18.4
beta 20.4
-3 Polyunsaturated Fatty Acids (PUFAS)

cis-SDA helix 7.3 5.1 6.1 55
extended 18.2
beta 17.9

transSDA helix 14.5 9.1 6.3 4.4
extended 17.5
beta 19.6

CissEPA helix 9.3 55 6.1 5.4
extended 20.2
beta 20.1

transEPA helix 14.4 9.0 6.4 4.5
extended 19.4
beta 22.0

cisDHA  helix 9.2 5.2 5.9 5.3
extended 22.2
beta 22.4

transDHA helix 17.0 9.2 6.4 4.4
extended 21.5
beta 23.5

a5y and5U" models are identical.

model structure  av angle of plane rotation (deg) std dev
Model 1 Fixed Chain Length for Q (Me) witkl = 0
cis-3U' helix 345 8.2
extended —93.0 0.1
beta 92.9 0.5
trans3U' helix —105.5 0.6
extended 93.4 0.2
beta 93.2 0.2
cis-4U' helix 35.6 16.4
extended —93.5 0.2
beta 92.7 0.4
trans-4U' helix —105.4 0.9
extended 93.2 0.2
beta 93.1 0.1
cis-5U' helix 29.5 16.4
extended —93.2 0.7
beta 93.0 0.8
trans5U' helix —105.5 1.2
extended 925 0.5
beta 93.0 0.2
Model 2 Variable Chain Length for Q witll = 3, 2, and 1
cis-3U" helix 28.6 18.8
extended —94.3 0.5
beta 93.1 1.6
trans-3U" helix —105.4 1.3
extended 94.1 0.3
beta 93.0 0.5
cis-4uU"” helix 42.2 19.8
extended —93.0 1.1
beta 92.4 0.5
trans4U" helix —105.3 0.7
extended 92.6 0.2
beta 92.7 1.3
-3 Polyunsaturated Fatty Acids (PUFAS)
cis-SDA helix 25.2 20.5
extended —-93.1 0.1
beta 92.3 0.8
transSDA  helix —104.9 1.0
extended 93.4 0.3
beta 93.2 0.5
CisEPA helix 15.5 10.2
extended —-94.2 0.3
beta 92.1 1.3
transEPA  helix —-104.7 0.8
extended 92.5 0.6
beta 93.0 0.4
cissDHA helix 35.2 16.9
extended —-94.1 0.4
beta 92.8 0.5
transDHA  helix —105.3 0.6
extended 93.4 0.3
beta 345 8.2

structural motifs. The thermodynamic functions fansto cis
isomerization are the following:

AH

trans—cis ~

Hcis - Htrans

AStrans—»cis = Scis - Srans

AG

trans—cis

AH

trans—cis TASrans—-cis
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Figure 6. Rotation of adjacent planes ofs double bonds as a function of position in the chain of ¢lehelix form. The three curves represent
different periodicities for the various PUFAs of different degrees of polymerization 4 for SDA, n = 5 for EPA, andn = 6 for DHA.

TABLE 7: Energy of Trans — Cis Isomerization and Also, the COOH group may be esterified to COOR in tri-
Energy of Folding for Model 1, Model 2, and PUFA glycerides or in phospholipids. In these derivations only slight
trans— cisisomerization folding beta> helix structural modifications are anticipated to occur. In both of these
compound structure helix extended beta cis trans cases similar conformational patterns are e_zxpected to dominate
30 =3 71 0 24 o1 as in the case of the parent carboxylic acid.
U, ’ ’ : : ) The bottom panel of Figure 7 shows the variatiod\&with
model1  4U 9.2 8.7 8.8 3.2 2.8 . . .
5U' 11.2 105 10.6 4.1 34 n. The central panel of Figure 7 illustrates the combined effects
3u” 6.8 7.0 7.0 1.9 2.1 of AH andAS as manifested iAG, also as a function of the
model 2 4U" 8.9 8.7 88 29 2.8 degree of polymerization as measuredbyable 8 summarizes
su* 112 105 106 41 3.4 the slope y-intercepts, andR2 of the trans—cis isomerization
SDA 7.4 7.0 7.0 24 2.0
of model 1, model 2, and PUFA.
PUFA EPA 9.1 8.8 8.8 29 2.6 Conf . | Eoldi Th ffolding i d
DHA 116 10.5 10.6 4.4 33 onformational Folding. The extent of folding is measure

by the change of thermodynamic functiomHjoiding, ASolding,
The values of these thermodynamic functions are expected to@nd AGriding) ON going from the most extended to the most
change, virtually monotonically with increasing degree of densely packed helix conformation. Such motion represents a
polymerization K) as may be measured Iy (the number of considerable conformational change between extreme secondary
diallylic CH, units) or by 6 + 1)B (the number of allylic blocks ~ Structural motifs.
in the polymer sincéN = n + 1). This is clearly seen in Table

7 AHfolding = Hpeiix — Hextended
Figure 7 shows the variation &Hirans—cis ASrans—cis, and AS . =S . —
AGyans—cis as a function of the number of unit®)(in the SOId'ng Shetx ~ Sextended
polyunsaturated chain. Interestingly enough, bothithesand AGiy4ing = AHeorging — TAS i
cisisomers of the three model families, nU’, andnU") as o o o
well as thetransisomer of the PUFA family (SDA, EPA, and Table 7 and Figure 8 shows the variation of these thermo-
DHA) yield a fairly accurate straight line for th&Hyanscis dynamic functions with increasing number of unit§ {n the

values (see top panel of Figure 7). However, ¢fleasomers of polyunsaturated chain. The pattern SHsaing (top panel of
the PUFA family (SDA, EPA and DHA) have lower value than  Figure 8) is analogous to that dfHans—cis iSomerization.
predicted by the fitted straight line. This means that some Howewer, the stabilization for EPA as mesaured by its
stabilization is present in these helices hawggdouble bonds, AHpoding Value, with respect to those of the modetd)( nU’,
since the formation of these helical secondary structures are lessiU"), is slightly different. For thérans— cis isomerization it
endothermic. Obviously, the presence of the COOH terminal is about 1.77 kcal/mol, and for the extendedhelix folding it
group could exert some stabilizing interaction which is present is about 1.00 kcal/mol.
only in thecis helical structure. The combined enthalpy changes may be summarized in a
Since the effect of the terminal COOH group on the Born—Haber thermodynamic cycle shown in Figure 3. The
conformation of the PUFA chain is relatively minor, it is corresponding enthalpy level diagram is shown in Figure 4 for
assumed that the conformational study of the hydrocarbon chainn =5 as well as for DHA illustrating the stabilization achieved
will also be relevant to PUFA derivatives. For example, the by the helicalcisPUFAs.
carboxyl group (COOH) may be deprotonated to CO® a The bottom panel of Figure 8 shows the variatioM\&oiding.
certain degree, depending on itsjvalue, at physiological pH. For thetrans isomers there is a minimal change in entropy.
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Figure 7. Thermodynamic functionsAH, AG, and AS) of the cis
andtransisomerization as a function of the number of units. Points in
the shaded area show no apparent correlation.

Nevertheless, there is a trend for tlrans isomers since its
ASoiding €xhibits a slight change toward negative values indicat-
ing that the helical form is slightly more ordered than the
extended form. In contrast to the above, the chang®S@iing

for the cis isomers is considerably more pronounced even for
the hydrocarbon models. Clearly th&qing assumes the lowest
negative values for the longest PUFA (i.e., DHA). Again EPA
derivatives from the SDADHA line indicate further internal
interaction for EPA.
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TABLE 8: Linear Trends for All Helices’ Trans—Cis
Isomerization and Cis Folding of All Models?

thermodynamic

function model m b R
Trans— Cis Isomerization for Helices
AH (0 1.8 1.4 1.00
1 1.8 1.4 1.00
2 1.8 1.4 1.00
PUFA 1.8 1.4 1.00
AG o° 1.7 1.1 0.99
1 5.2 3.6 0.98
2 2.4 0.5 0.99
PUFA 2.7 0.7 0.99
AS (0 -1.9 4.4 0.99
1 -1.6 3.6 0.95
2 —-1.6 3.6 0.95
PUFA —-2.0 0.8 1.00
Cis® Folding
AH o° 0.7 -0.1 0.98
1 0.9 0.2 1.00
2 1.1 —-1.4 0.99
PUFA 1.0 -0.8 0.92
AG o° 0.8 -0.2 0.94
1 1.5 1.1 1.00
2 2.0 —-35 0.99
PUFA 1.9 -1.4 1.00
AS 0 -1.9 4.4 0.99
1 -2.3 3.8 0.99
2 -2.3 3.8 0.99
PUFA —-3.0 2.7 0.91

aThe linear fit equation is as followsy = mx+ b. ® Helix, extended,
and beta isomers follow the same treA@is andtransisomers follow
the same trend.

well as their hydrocarbon models in all their conformations
studied. Not surprisingly, the data shows that evéns
conformer is more stable than it$s pair. In accordance with
Benson’s group additivity rule®,the relationship between the
relative energy otrans—cis isomers of the allylic molecules
and the degree of polymerization was also investigated. As was
suggested earliéf, the additivity rule is an excellent and
sensitive tool to estimate the change in accuracy with the
molecular size.

Various PUFAs such as DHA have three major types of
functional groups: the carboxylic acid functionality, the carbon
carbon double bonds, and the allylie-& bonds. Of these three
functionalities the COOH group is the most easily changeable.
It can deprotonate easily leading to an anionic function group:
COQO"). However, it can also be esterified as it occurs in
triglycerides and phospholipids. The simplest ester that might
be considered is the methyl ester. In order to make a preliminary
assessment of how the state of the carboxyl group may influence
the folding of the carbon skeleton and associated energetics,
we compared the three states of #igisomer of DHA using
all three conformations studied (extended, helix, and beta).

R—COJd~) — R—COOH— RCOOMe

The thermodynamic functions for the three conformers of the

Reca”ing that in our previous paper some analogy was found three states of the CarbOXyl fUnCtionality are summarized in

concerning the flexibility of theseis polyunsaturated chains

Table 9, and Figure 9 shows the enthalpy changes of these nine

and trans-peptides, we may anticipate an analogous entropy Structures in two pseudoisodesmic reactions:

lowering for helical secondary structures of oligopeptides. The

central panel of Figure 8 shows the variatiom\@bsoging. Table

8 contains a summary @Hyoiding, AGtolding: aNAASoiding graphs.
Table 3 contains in addition to the relative energy values all

thermodynamic functions for the three3 PUFA structures as

R-COO" + HOMe

R-COOH +OMe —__
R-COOMe + “OH



6110 J. Phys. Chem. A, Vol. 110, No. 18, 2006 Law et al.

6
= B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) 10- cis helix DHA-COOMe
E PUFA Cis - | B L TR oo
Ell o 3 cis helix DHA-COOH I"’A"!?{"M 7
e 0 = g AT B
g H = b - G & e
o e ela i
: x -10- ‘| A H'rmn.\:fbr: : ﬂH:":?a:m‘ er
¥ ¥ SDA 5 R C D)
% & -20- | L
g 2. O Model 0 Cis/Trans o e Y B
P A Model 1 Cis E:‘.-v 3 o
2 ~ =304 Y [
3 Model 0 il TR @ b o
oigid ¢ Model 2 Cis k- - S i 115 beta DHA-COO™
:é v Model 1, 2 and PUFA Trans < 404 e T ToNE T
0 . = =
T T T T T T cis helix DHA-COO
0 1 2 3 4 5 6
-50
- 84 B3LYFe-311+G{2d,p) /T BALYF/o-310G(d) DHA
] Ionization and Esterification Process of DHA
E s PUFA Cis Figure 9. Enthalpies of proton transfer and esterification of the neutral
T 6 EPA cis-DHA conformers. Note that the beta and extended conformers are
Q Model 2 - . !
x | Blaiie indistinguishable on the scale of the figure.
—
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g 3. EOdSH v kcal/mol). Furthermore, the less stable tieacid became, the
N i more stable thecis-anion was. This extra stabilization was
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o 8] © Mesiocs @ty Clearly, such an intramolecular hydrogen bonded structure is
o bl s it typical of the gaseous phase. The two-€B hydrogen bond
30 & Model 1 Cis lengths (2.184 and 2.226 A) shown in Figure 9 represent non-
@0 i gljgi';fs negligible interactions. In fact, they are similar in strength to
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: tions?82°Such a comparison between PUFAs and peptides has
Units already been made.

Figure 8. Thermodynamic functionsAH, AG, andAS) of folding vs

number of units. Points in the shaded area show no apparent correlationcqgnclusion

TABLE 9: The Relative Energy, Enthalpy, Gibbs Free For this study and the previous study, the conformations of
EpoetggryT(lr(acglsfrgrOg;)d' Eg?eﬁgég%/n(gg ;&ghg);giséﬁh:a the select structures are very similar. This implies that the
structures chosen for all models in both studies are the same
AEg AHo AGo AS ones and, therefore, are comparable. Furthermore, this is also
model structureB3LYP/B B3LYP/B B3LYP/B B3LYP/A evidence that suggests that in a single molecule the terminal
, R—COOH+ (OMe —~ R~COO") + HOMe groups have little to no effect on the conformation of the unit.
C'S'Eﬂgﬁoo helix —435  —435 431 13 Also, the¢ conformational trend observed in DHA aBt)' cis
e extended —38.7 38.7 38.4 2.2 . . - .
beta _386 -38.7 —383 1.7 helices shows that the first half of the turn is structurally different
R—COOH 4+ ©)OMe — R—COOMe-+ JOH from the second half. Therefore, this helix is asymmetrical.
cis DHA-COOCH; helix 6.4 71 85 —4.7 However, no observable trends can be found imghdihedral
+ ~OH extended 7.0 7.0 84 —6.2 angles.
beta 7.0 7.0 84 32 In energy analysis, comparison betwezs helices of4U',
aValues forAS, were obtained by B3LYP density functional theory 9U', and DHA shows that there is additional stabilization
combined with the 6-31G(d) [A] basis set, and valuesA&h, AHo, occurring in the DHA structure. This stabilization force is also
and AG, were calculated using the 6-3tG(2d,p) [B] basis set. observed itrans—cis isomerization energy and folding energy.

Although it is not clear which interaction is involved, compari-
Note that the “beta” conformer is indistinguishable from the son of relative energy values between DHA &hif shows that
“extended” isomer on the scale of Figure 9. The enthalpy changethis additional stabilization is only observable in the Didi&
on going from the acid state to the ester state is relatively small, helices. In earlier analysis, it has already been suggested that
and the associated geometry change is practically negligible.interaction between nonadjacent groups is most likely to occur
In contrast to that, the enthalpy change, on going from the acid in cis helices. The fact that this unique stabilization force occurs
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