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The structure of  a model  lipid (glycerol trivalerate, GTV) has been investigated by q~ and z~, 
NMR, and e n e ~  calculations based on classical note.r,~jal functions (CPF). The structure or 
glyeerol-en:te~ pl ;ot  In 3 T V  is characterized by a dynamic equilibrium between two dominant 
conformation.~..¢~.e of the two contormations (SA) is s:tmihu to the reported crystal ~tructure ~f 
triglye~ridet ~trimurin and #-tricaprin and has the following conformational angles: 0 t = 52 °, 0~ --- 
46", a t --" 208", #t = 156" and ~'t = 186". The other eonformc: (SB)is similar to the reported crystal 
structure of 0 and ~/chains in 1,2-dllauroyl-D,L-phosphsttidylethanolamine and has the conforma- 
tional angles" #t -- 287*, 0~ = 155", a t = 195", t~l = 85 ° and 3't = 194". The ester groups acquire a 
rigid planar conformation (a a, 0,, ~'z = 180"), while the potential energy curves for rotation aro~JI~¢~ 
the chemical bonds O--CO-C-C (,.,, #~ and .~s) indicate a high del~ree of flexibility. The hydt.;,- 
carbon chains show e distribution of the gauche and trans conformations around C - C  -C - C t~)ad~ 
with a preference for the trans arrangement by almost 0.8 keal/mol. The conformational picture 
of  the hydrocarbon chains and glycerol moiety in GTV is very similar to that in phospholipids. 
These remits indicate ~ u t l o n  tn using the reported crystal structure of 12-dilauroyl-D,L-ph(,s. 
phatidylethanolarnine as the only model for the organization of lipid molecules in bio!'..'g,.','~! rr~em- 
branes. 

i. Introduction 

We have recently used quantum chemical theories [1-2] in conjunc; ion with th,.' 
NMR properties of dipalmitoyMecithin in CDCI~, solutions to conclude that :he three- 
dimensional at tangement of  hydrocarbon chains (.8 and 3') near the glycero! b at:khor~e 
i.,! p h o s p h o l i p i d s  can  be  d iv ided  i n to  t w o  famil ie , ,  in t e r m s  o f  netat ion.~ ~md n~:~v:e~':'~a- 

t a r e  o f  S u n d a r a l i n g a m  [4 ] ,  t he  first  se t  ( S A )  has  a 0 3  value  o f  60"  While the  secon~  set 

(SB)  has  0 3  value  o f  180"  (fig.  1 ) . T h e  p r e d i c t e d  values  o f  o q ,  8 2 , 7 J .  7~ are appro,~i- 
• • t ~ 1 rnat~ly 180*while #1 shows two minima in poter.,tial energy diagrams v,t:~cr, ~re ~,,,. ~;e, 
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Fig. I. Molecule of glycerol trivalerate .~h< wing a,  ~ and ? chains and nomenclature and notstion 
for dihcd~l angles and atoms used in this paper. In .GTV, o and ~ chabls axe identical, tn phos- 
phoLipkis the a chain is replaced by a Foi~ r groupin[: o¢ approximately the a n t e  length u in the 
compound under study. Atom numbers ir crease as ,)n~ goes uI, the chains. The h y d m p n  atoms 
are assigned the . e numbers as the oarb )n atom to which th,;y are attached and dt t t inguish~ 
whenever necessaiy, by H and H :  The tot  ~ n  angles are ccnd~tered positive f o r a  r lsht-hmded 
t.~tation rehtive to cts-pl~nar position and measured as illu,~rated for angles 8 t  aud @s. 
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around 100 ° and 150 °. Further dowr~ along the hydro(:arbon chains, ~he l~hospholil:.id 
, .  . ,  . - , ,  - / . . :  

conformations are characterized by a t, t s t l i o~a ta tm tJ f g ~  "" , ,-.,o 4 ) ,  g -  ( ~ ,  L°n ,  "Yn o o .  II ~ 

7n = 300°) and t (fin and 7n = 180°) conformations around C - C - C - C  bonds I5,6]o 
This leads to several distinct conforrnational states in each set. The stacking of the 
hydrocarbon chains is a result of interaction between such chains and may be achieved 
by suitable arrangement with respect to angl?s ~33 and73 followed by g+, ~ or t arrange- 
meets around the C - C - C - C  bonds in the two chains. The t arrangeme~.t is preferred 
over the two g conformations. Conformation-,d energy calculations on phosphot!pids 
have also been made using classical potential functions (CPF) and the PCILO me~t~¢! 
[7-9] and similar conclusions have been reached. 

At the time these predictions were made, the c.~¢stal structures of two trigtycerides 
[10,11] were known to exist in conformations represented by SA. S.,nce then, the 
only crystal structure of  a phospholipid has been published [ i. 2] and has been fo~md 
to correspond to family SB. Lattice forces in crystals lead to a regular arrangement of 
molecules mad, although the solid state conformation generally has a low potential 
energy, other structures may coexist in .. ~,utions. Indeed, as already stated such a 
situation is indicated by the NMR properties of dipalmitoyt.lecithin i.'a chlorotbrm 
solution [2,13]. We have shown by model building [3,14] that both the structural 
units can be packed in lipid bilayers. Further, a conformational equilibrium betweer~ 
SA and SB may be linked with certain biological properties o1' biomembranes [14]. 

Triglyeerides (fig. 1)differ from phospholipids in that the non.polar hydrocarbon 
chain at the a position in the former is replaced by choline or another polar group in 
phospholipids. Further, in the case of symmetrically substituted ,:riglycerides, we J~ 
not h~e  an asymmetric C2 carbon atom. The a and 7 chain are chemically identic;~l 
and, for each conformer; its enantiomorph (each torsional angle with opposite sigr ) 
is equally probable. While this may lead to some conceptual difficulties in relatix,g; 
conformational features of triglycerides to those of phosphc,!ipids, the number ,~[ 
unknown conformational parameters in the former are smaller and the interpret:~- 
tion of experimental results becomes simpler. The equivalence of the enantiomorp!aic 
forms of triglyeerides should be kept in mind sin,.-e hencefoah our discussion and 
representation of conformatlonal angles will be restricted to the enantiomorph which 
corresponds to the biologically important sn (L) stereoisomer of phospholipids. 

In this paper we report results on energy calculations and ~H and ~3C NMR of 
glycerol trivalerate (GTV). The resalts show that the two families of co~fformations 
discussed above for phosphollpids are also predicted for triglycerides by CPF calcula- 
tions and significant proportions of both e x ~  in CDCIa solutions of GTV. 

II. Results of potential energy calculations 

A. Details of calculations 

In the CPF approach, the interaction energy between a non-bonded pair of atoms is 
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partitioned into contr~ut ions from v m der Waals (vW), electrostatic (es) and torsional 
( t o o  potentials. Thus: 

V = V (vW)+ V (es)+ V (tor) 

van der Waals energies are estimated fi'om a 6 - 1 2  LennardJones  potential. Thus: 

v (vW) = Vm z ( - 2  + z 

w,.th Z = R/r 
where • is interatomic distance between the interacting atoms and the summation is 

~rn~d over all pairs of atoms separated by more i han two chemical bonds. Vm and R 
are I~nnardJones parameters which depend on the pohifizability, effective number of 

polarizable electrons and the van der Waals radii of the interacting atoms [15-17]. 

The ,,alues for atom-pairs involved in the present calwelations are listed in table I. 

Table 1 
Lennard-Jones parameters Vm and R for CPF calculations 

Paix a Vm (kcal/mol) R (A °) 

C# .... Cc 
Cg.. .Og 
Cg.. . Oc 
Cg .... H 
Cc.. . Cc 
Cc. Og 
Cc. Oc 
Cc. H 
oe. og 
og. oc 
Og. h 
Oc. .Oc 
Oc. .H 
H . . . .  H 

0.1197 3A0 
0.1534 3.40 
0.1298 3.22 
0.1648 3.22 
0.1074 2.90 
0.1982 3.40 
0.1639 3.22 
O.2092 3.22 
0.1403 2.90 
0.1480 3.04 
0.1852 3.04 
0.1186 2.72 
0.2322 3.04 
0.1531 2.72 
0.1222 2.40 

a subscript 'g' denotes C or O atom in glycerol or hydrocarbon chains while 'c" denotes a 
carboxyl C or O. 

'['he values for Vm depend on the hybridization of  the atom and therefore the C and 
~.). :.ores in glycerol and fatty acid chains (subscript g) have bee a distinguished from 
t a~,.ce in C=O groups (subject c). Electrostatic interactions are estimated from 
monopole-monopole  approximation by use of  charge densities obtained from quan. 
tam chemical methods. Torsional potentials are evaluated flora empirically asaigned 
b artier heights and potential symmetries blsed on experimental or theoretical data of  
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related molecules. In accordance w~h published reports we chose a three~foid potem, 
tick 

V(tor)  = Vt (1 + Cos 3 ¢) 

with V1 = 1.0 kcal/mol for C-C-C--C bond and 0i  and f)a~ rotatior~s arid 0o0 kcaI/~eol 
for rotations around the bonds represented by col,/3,, 71, ~a, ~a and 3'a 1 t71o A cot> 
put~r program based on theabove algorithm and its app!ication to nucleotide co.a%> 
mations has been reported earlier [ 18]. The program has options to either caieul.ate 
vnergy variations as a function of one (potentia~ ene~'gy cuv:es) or two neighboring 
torsion angles (imenergy contours), or to mirdmize energy by varying adl the torsion 
angles from astarting structure of the molecule. 

The number of calculations involved in energy minimization m a multidimensio~ 
space for GTV ha~ b ~ n  red,,~.-ed by assuming values of angles for which sufficient 
information is available from related molecules. The O-C bond is the ester (C--O- 
CO-C) fragment has a fairly ta~:ge double bond character which tends to a rigid plamar 
structure for the ester group. IrMeed, both quantum chemical calculations and crystat 
structure data [2,4,7,10--12,17,I9] show that the O-C bond in the ester group 
acquires a planar conformation with ~=, & and 72 = 180 °. It is unlikely that these 
angles differ from the values listed above by more than a few degrees and have been 
kept constant in these calculations. It is ~ known that the hydrocarbon chains i~ 
long-cl,atin fatty aeidsand lipids show a preference for the trans cogformation around 
C--42--42-42 bonds, although a certain population ofguache  states is ob~rved [2 o5,6, 
20]. Consequently, we have assigned values of t80 ° for these angles except where the 
crystal strueture data sug~st a guache conformation. Tl~e computation~ problem is 
thu~ reduced to evaluation of angels On, On, ~l ,  31,71, ,%, 3a and 7s. 

The partial charges on atoms other thae. those in the ester group are sinai!. Thus, 
the term V(es) is important only for potential energy behavior with respect to angles 
~ ,  ~ and "y=. These angle~ are, however, kept constant because of the reasons discuss- 
ed above. In order to save computer time, we have made most of our cakulaions by 
neglecting V(es). However, we have checked for several sample cases that the i~fluence 
of V(es)on the predicted values of angles Or, On, a,, #,, ~ ,  an, 3a and 7a is smaJl. 

Two starting points have been used in our calculations. The~ choices have been 
guided by previous energy calculations [1 a f t # ]  and crystal structure data [ 10-12].  

as = 3s=Ts = ~  =36 = "/6 = 180". In the' second case (referred to as SB and a structure 
shmilar to the reported cD, stal aructure of I a-dfiauroyl-DL-pho~hatidyle~ha~oI amine) 
we have u~d Ol = 300~ Oa = 180 °, a , =  200°, 31 = 100°, 71 = I90~, ~:a = ~ = "/~ = ~ ~r~, 

obtained i~,energy contour maps with rezpect to (®~, O3) 
For at,  al, 7,, ~ ,  33 and 3% Finally startiJ~.g from the tow 
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energy re~ons from these results energy minimization has been carried out to arrive at 
the minimum energy conformations of  GTV. The results are shown in figs. 2 - 4  and 
table 2. 
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Fig. 2. Two-dimens/onal isoenerw maps in the (01, O: ) hyperspace. The energies ate cxpxemed 
in kcal/mol telat/ve to the global mlnimam, which is matked by a "X" in each case. The corrtours 
are drawn by joining points of  equal energy in 1~he (01, Ets)space. a: with the remaining dihedral 
angles as described in the text for SA. b: with ~he remaining dihedral m ~  eorre~oadta8 to the 
set SB as described in the text. 
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Fig. 4. Potential energy curves with respect to <x s, ~3, "t~. a: with the remaining torsional angles as 
ia set SA. b: with angles as in set SB. 

Ttble 2 
M!n_bnum energy conformations of glycerol trtvalerate 

Notation 0 z O, "i ~t ~: En e~y 

CPF theory 

SA 52 46 208 156 186 - 22.1 
SB 287 155 195 85 194 - 20.7 
SC 297 69 170 160 160 - 22.2 

Oblerved crystal st: actures 

~$-tdcaptin 58 50 206 154 172 
1,2-dilauroyI-DL- 
pho~hattdyl-  
ethanolamine 310 182 21 .~, 105 190 

All anglas are in degrees. Energies are in kcal/moL As seen from '2g. 4 the differences m con- 
fotmational energi¢! between various staggered conformers with r~pect  to angles cq, ~ and -~ 
ate small. For the stractures listed above the minimum energy conformers have (~3,/~, ~'.) 
values of: SA, 162 °, 194 °, 300°; SB, 307 °, 282 °. 147°; SC, 300 °. 60 ~, 60 °. The values of %, ¢~ 
and 72 are xestticted to values dose to 180 ~ while tvans ¢onformeTs axe preterred over the 
8auche conformers by about 0.8 kcal/mol for rotations around the C-C--C -C  boi~is in the 
hydrocad>on chains. 
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13. Conformation o f  the glycerol fragment 

The (O1, Os) i~aenergy maps with either the SA or SB family of conformations 
are characterized by a relatively low barrier of rotation. The general features it, the 
two cases are remarkably similar. One observes minimum energy for the 9 staggered 
conformations with respect to the two C-C bonds (referred to as 'local" minima to 
distinguish from the deepest or global miwaxmm). The relative energies of the various 
conformational minima in the two map:; are different. For SA type structures the 
global minimum corresponds to (01,O3) = (60*, 60*). Other local minima have 
energies of at least 2 kcal/mol. Starting with the eonformational angles of set SB one 
finds a global minimum at (300 °, 180") and two local minima within I kcal/mol locat- 
ed at (60 °, 180 °) and (180", 180.). Other loca! minima in this case also are significantly 
higher in energy. 

C: Conformation with respect to a~, [31 azld 71 

The potential energy curveswith respect to 0th ~1 ~ d  71 are reminiscent ofwhat 
has been observed in case of phospholipi~is [2,7,9] .With respect to at and ~'1 the mini- 
mum occurs very close to 180 °. In each case local minima with oq and 71 values of 60* 
are observed. For the set SB, a minimum around al = 3C~* is also observed. The beha- 
vior with respect to al and 7~ thus corresponds to the classicalgauehe and trans (stag- 
gered) conformations of substituted ethanes. In each ca:~e, the trans arrangement is 
more stable. On the other hand, the beh~.vior of/31 curve is significantly different. In 
both cases (SA and SB), the potential energy curves show a double minimum with 
~3~ values around 100 ° and 150 °. Of the two cases, global minimum occurs at #1 = 160° 
for set SA and around 90 ° for set SB in agreement with the reported crystal structures 
of tricaprin [ 10], trilaurin [ 11 ] and 1,2-dflauroyl-DL-phosphotidylethanolamine [ 12]. 

D. Conformation with respect to ~2, {32 and 72 

The structure of the carboxylic ester groups has b~en extensively studied both 
experimentally and theoretically [2,4,7-12,19] and values of 180 ° for these angles 
are indicated from these findings. As already stated we have accordingly kept these 
angles fixed in our calculations. 

b.: Conformation with respect to t~  [3a and 7a 

The rotations an,/3a and 73 are charac'.:er.ized by a low barrier of rotation and they 
have only marginal preference for either the gauche or trans conformation. This 
obs.~ation is consistent with expectation for rotation around a C-C band a~tched 
to asp:: hybridized carbon. The position of global m~nimum varies in each ease owing 
to long range interac':ions. 
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F. Conformation around hydrocarbon chains 

The con f or r nations around C - C - C - C  bonds in hydmca.oc)n chalks have been 
extensively studied m a recent paper [20]. Bot~ gauche and tra~s conformers corre- 
~ond to:-loe~ m m ~ a  but the tv~ns ~ates are sfightty favore6. ~e~:dmg' ' ~ to a ~elatwe~y~ " ~ 
extended structure m such ct:ams. 

G. Energy m~imization 

Combining the 9 staggered con~brmations in (O1, @3) space, and two possible vahJe~ 
of 01 (90* and 150°), and other conformation angles chosen as discussed above~ we 
have carried out energy minimization with respect to conformational ar~g~es ®~, @3~ ~ ;  
#t, 7~, a~,/$a and 7~. We have found three minimum energy conformationa~ ~tract~re~ 
W i ~ 2  ke~/mol of the global minima. While there are several alternative structures 
with energies greater them 2 keal/mot, such structures are not likely to con r~bu te to a 
significant extent to the structure in solutions. The three conformers are listed in tat:le 
2 ~ong with the reported crystal structures tbr triglyceride and phospholipid [ i 0 -12] .  
It is seen that one of the minimum energy structures (SA) has c~nformationaI angles 
very close to those found in the crystal structure of~-tricaprin. The other structure 
(SB) h ~  conformational angles for the # and 3' chain very 2miiar to the observed 
crystal structure of 1,2-dflamoyl-DL-phosphatidylethanolamine. The third low ener~ 
structure (SC) corresponds to the  ~obat minimum for phospholipids obtained by the 
PCILO method [9] but has not been detected ~ f~ r in any crystal stv.~ct~re. 

~ e  m m ~ u m  energy values ofa~, ~ and 7~ are ~ikely to be affected by yolvent 
interactions and crystal [brces because of the relatively small conforrnational preo 
ferenee around these bonds indicated by theory. 

IIL Experimenta~ 

A. Sample preparation 

NMR experiments have been made on G ~  labeled with ~3C at carbo×yl carbon~ as 
well as on unla~led material. Both samples were prepared by the condensation of 
valeri¢ ae~ with gly~rol, The labeled acid was prepared by slowly pouring Grignard 
~ t u r e ,  n,BuM~r~ Qn m ~  !aCO~. The mixture was treated with concentrated HC1 
and then with NaOH artd the aqueous phase containing the labeled acid wa~ separated 
and a,.dditr~d with HCt, The add w~  then washed and dried over CaC12. The esterifica- 
tion was done by refining glycerol with valeric acid in ×ylene solution ~sing naphtha~ 
lene sulphonie acid as cat~yst. After 8 hr, xylene was distilled out and the residue 
treated with N ~ H  ~ d  NaHCO3, washed with water and vacuum distiHed o The 
fraction b e i n g  at 123 ° C at 0.05 mm has been used for NMiL 



8~i G. C~tv~ et aL, Confonnattonal :,'rucrure o f  glycerol triv~ferate 

B. N M R  measurerr~ :nts 

The ~H NMR was obta ined using a 220 Mflz NMR instrument ,  The ! ~  NMR was 
obtained on a 68 MHz instrument  using the~ pulsed Fourier  Tram~fonn (FT)  technique  
an~ quadrature p ~ e  detect ion.  In each case te t ramethyhi lane  ( T M $ ) w a s  used as 
int.:mal standard for the measurement  of-~hemical shifts. Posit;~o ¢ ~nbe,,,z deno te  
deshielding with respect to TMS. The spectra were recorded in 30% solution in ~,rw'~_ 
at 20 ~ C, --30 ° C and in neat liquid. The parameters changed only di8~ tly with solvent 
and temperature.  The remits  in table 3 give NMR paramewrs in CDCI ~olution at 
20 ~ C. 

Table 3 
NMR parameters of glycea'ol tflvahn'ate 

(a) ~H chemical shifts (from tetramethyl~'l~ne) 

8(H 2) = 5.273 6(HA) - 4.297 S(HB) = 4.I52 
~(Ht2) = 2.327 ~(Hts) = 1.611 801~4) = 1.345 
6(H~5) = 0.925 6(H2~) -- 2.332 ~(ll~s) = 1.611 
~(H~+) = 1.355 ~(Hu~ = 0.925 

Co) a~C chemical shifts (from tetramethyl~lane) 

6(C,) = 62.179 6(C,) = 69.040 8((;t~) = 173205 
6(Ca2) =33.804 6(C,Q' = 27.034 6(Ct+) = 22297 
6(c~s) = 13.82 6(C~t) = 172.812 6(C~Q = 33.968 
6(:~ 2~) = 27.034 6(C~,) : 22.297 ~(Css) = 13.732 

(c) tH-IH coupling~'.onstants 

23.-',B) = - 11 ~ V(A.H 0 = 4.3 '](BJ-I=) = 5.9 
~.. ,'~Hn-Hls) = 15.0 ZV(HIs-HI,) = 14A I J ' ( [ ' I I 4 -HI j  ) '  - 7,2 
Z J ~H2=-Hz,) = 14.8 E)J ( H , , - H  u )  = 15.1 JJ(Hu-EI~s ) = 73  

(d) ~?arboxyl 'aC-*H coupling-constants: 

3/(C I-HA) = 2.5 *J(Ctt-HB) = 2.8 sJ(C21-1zq) = 3A 
~J(C,-H, , )  = -  7.1 V(C,~-H,)  =- -  7.3 sJ(Ctt-Hn) = 4.2 
3/(C~I-H~s) -- 4.4 

The reposed values are the sum of the two three-bond eoupling-co-eants (JAB + J ~kB3 in the 
methylene -CH~CH 2- (AA'BB') fragment. The N'MR pexameter~ of 1~C and tH ill a chain a t e  
identical with the parameters of the corresponding nucleus in ~ chain. 

; v  of NMR 

The IH and 13C NMR have been  re~orded bo th  for unlabeled and 13C labeled GTV. 



G. Go~r7 et al., Confo.wnatio~azl t_Tructure o f  gtycero/ ~.riz:a/era.pc ~'1 

H~s, H~ 
H2s 

H.,2, H3= 
Hzz Ht3, H:~ H"4' H34 

Ill 
I 

2.33 PPM 0.92 PPM 

Fig. 5.220 MHz tH NMR of the alkyl region in glycerol trivalerate (top trace) and valeric acid 
(bottom trace), The additional atructure in the GTV spectrum arises from the non-equivalence of 
protons in the # and "r chains. 

Typical spectra are shown in figs. 5 -7 .  Of some interest from the viewp.~int of NMR 
the taC fine structure in the carboxyl region (fig. 7b) which shows all the long range 

(two- and three-bond) coupling-constants for a and fl carboxyl groups. These coubiings 
also manifest themselves in the proton NMR (fig. 6a) as wings on the resopances from 
the unlabeled species and therefore a complete assignment of these cot pling-c, onst~,ts 
is pom]ble. The values of two- and three-bond IH-i~C c,~upling-consta:~ts ar~_ ~ ~si=- 
tent with those found for related compounds [21]. These coupling-co:~s~,on~, :~io~g 
with the proton-proton coupling consta/its allow several important con,:]usiGns o~ th~: 
structure of triglyceride in chloroform solution. 

The NMR parameters are listed in table 3. 



88 G~ C~vil et al,, Confo~t ionaI  ~acpare o f  glyeer~ trh, alerate 

- - - - - 1 0  ~ z  

| ! ! 

527 PPM 430 ~ 4.1,5 PPM 

Fig, 6.220 MHz ~H NMR of the protons m the gI;ceerol moiety of  glycerol trivalerate. The top 
spectrum is for the ~aC enriched sample while the bottom spectrum is for the unlabeled saraple. 
The sticks show the ~alculated spectra on the basis of  NMR parameters of table 3. 

A. Dynamic moU'ons in GTV 

For any of the three conformers listed in table 2, the instantaneous environment 
of a particular nuclear (~H or J3C) site in the ~ chain is different from the environ- 
ment of ~he corresponding site in the ~/chain. Further, since the a and -/chains have 
identical chemical structure, each conformer can be represented by two equivalent 
three-d~ensional structures which differ by an exchange of the labels for the two 
chains. We observe identical chemical shifts and eoupling-constarlts for a nucleus in 
the a chain and the corresponding nucleus in the 7 chain. In other wgrds NMR par.- 
meters for nuclear pairs such as (C1, C3), (C~l, C30,(Cn, C~), (H12, H~) etc. are 
identical. This indicates that the a and 7 chains flip at a rate which is fast on the NMR 
time-~,~:ale and one observes an average of NMR signals from th~ two equivalent 
structures discussed above (flip rates greater than approx. 103/see). It may also be 
noted that if more than one conformer exists in solution, then there are fast internal 
rotations around the appropriate chemical bonds such that the observed NMR 
~r~ectrum is time-averaged over the rotational isomers. The two molecular motions 
(chain flips and internal rotations) are of  fundamental importanc,~ in *.he interpreut- 
t;~n of the NMR properties of  GTV discussed below and lead to an 'apparent sym- 
metry' in the molecule. Some of the NMR signals from the fl chain are reserved from 
the corresponding signals in c~ and ~/chains showing anomequiv~ent 
environment of nuclear sites in the fl chain, even in the presence of  me u ~ d  
above~ 

The molecular mechanisms responsible for chain flipping and averaging over 
con~ormational states around various chemical beads are tik~ty to be~very shrdlar, 
L,w barners to internal rotations around several chemical bonds in GTVare probably 
responsible for both types of averaging. For the convenience of ff~te following discus- 
sion, we find it useful to distinguish between the two typesOf avera~jg, :~i 
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Fig. 7, 68 MHz ~::~ NMR fox B~/c~ol ~-Ivalerat.e. a: complete zaC spectral regh~n t,~r ,t,~abeled 
rumple, b: an e x p a n ~ n  of  the  cazbox> 1 lsC region for GTV enriched with ~t; at bo~h c~ and j.~ 

~a'boxyl pofltions, 
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R Structure with respect to (Oh 03) 

The conformational structure with respect to these two rotations is the most 
important factor in deciding the overall lipid structure ~nee these two angles control 
the relative orientation of the a and ~1 chains both in trigtycerides and phospholipids. 
Information on these angles can be obtained by lookir.g at the tH NMR of the glyceroi 
fraf,.nent (the 5-spin system consisting of protons on Cb C2 and Cs). Averaging over 
chain flipping and internal rotations leads to a NMR spectrum which corresponds to a 
A2B2X system with H3 and Hs' being identical to H: and Ht ,  respectively, but pairs 
(H:, Ht ') and (Hs, H3 °) are non.equivalent. Analysis of the spectra by the standard 
LAOCOON method [22] gives the chemical shifts and coupling~umstants involving 
protons A,B and X. The calculated and observed IH spectra of the glycerol fragment 
are shown in fig. 6. While the assignment of X to H 2 is straightforward, it is difficult to 
decide whether the pair (H:, H3) correspond to A and (Ht',H3~) to B (referred to as 
assignment I), or vice versa (assignment 2). For this reason, no assignments have been 
made for A and B in table 3. 

The observed NMR p~ttem of the 5 proton spirts in the glycerol fragment can be 
expl~ined in terms of chain flipping and conformational equilibria through the help 
of Newrnan projection diagrams for the three staggered structures (b'*, t and g-) around 
the two C--C bonds (O: and 03) (fig. 8). There is a very interesting vicinal relationship 
b¢tween the projections with respect to O1 and ~3, under the conditions of rapJ,J 
cha~: flips (which result in equivalence of atom.pairs (Ost, Oil) and (Ct, C3)). Under 
t~ ese conditions, one finds that ag- pr~jection with respect to @I is identical to a ~  
pr~ *ction with respect to O~ (labeled [.I. Similarly, a g* projection with respect tc 
63: is ,dentical to ag- projection with re:.~ect to O3(labeled HI). The t projections 
with respect to the two angles are identi~'.al (labeled ll). If there was a free rotation 
around the two C-C bonds or if the thre-, staggered forms were equally populated 
then one expects an equivalence of proto a pairs (H1, Ht ') and (Hs, Hs~. A non-equiva- 
lence in these geminal protons indicates -onformational preferences around these 
bonds. 

The thret..bond proton-proton couplir g-constants, ./(Hi, 142) and J ' (HI ,  I-~), for 
each of the three structures (I, II and HI) i/fig. 8 can ive estimated ruing rules govem. 
ing the influence of electronegattve substit)ents on proton pairs in gauche and trans 
relationships ! 13,23]. On this basis the val tes of component coupling-constants are 
given in fig. 8. The values of these empirica ly derived component ¢oupling-o~cuftants 
are consistent with those experimentally fomd in systems where bond torsion angles 
are renown precisely [23-25]. ~qaile there : s difficulty in assigning the two magneti- 
cally non-equivalent protons [H and H '] in the NMR spectra to A and B above, it is 
evident that the observed results cannot b~. econcfled with the presence of a single 
cGnft, rmation in solutions. The observed e!'stal structure of~i-tricaprin, or the theore- 
ticaUy calculated low energy conformer SPy has ag ÷ conformation with respect to 
bct:h ~,~ and 03. Such a structure leads to ~plual contributions from projections I and 
!I1. The expected values for the coupling~;onstants for this structure are therefore 
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Fig. 8. Newman projections around the bonds O~ and o~ in GTV and values of component 
~oupllng-eonstants. The projections with respect to Oj and e~ are related and the projections 
can be transformed by simply putting O~ = ---0 s and replacing atoms cn "r chain by corresponding 
atoms on a chain. 

3.2 Hz forJ  and 7.2 Hz forJ"  On the other hand, structure SB, or the crystal struc- 
ture conformation of dflaumyl phosphatiydylethanolamine, has a g- conformation 
with respect to O1 and t conformation with respect to 03 (projections I and I: 
respectively). The expected values o f J  andJ  'for SB are, therefore, 6.1 and 2.7 Hz, 
respectively. The third low energy structure (SC) predicted by tl',eory has both ~ and 
3' chains as depicted in projection I and the coupling-constants expected from this 
structure are 0.6 and 2.7 Hz. The observed values of coupling-constants are J = 4.3 Hz 
andJ  '= 5.9 Hz (assignment 1) o r J  = 5.9 Hz andJ '= 4.3 Hz (ass!gnment 2). In. either 
case, the experimental data indicates that the amount of SC is n~:gligibie~ and ~ign~E= 
cant populations of SA and SB are present. Using standard equation; relating the 
observe, d time-averaged coupling constants to the fractional populations of SA and SB 
and the coupling.constants for these structures, one can calculate the relative popula- 
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tions of SA and SB. Assignment 1 gives SA : SB 70 : 30 while the alternative assign- 
ment gives SA : SB 30 : 70. Knowledge of proper assignment can help to determine 
which of the two forms is more populated in CDCt 3 solutions. However, the impor. 
rant and unqu*.stionable fact which emerges from these remits is that significant 
amounts of both SA and SB are present while SC is absent in solutions. It is possible 
to determine the actual assignment of A and B protons using tlaree-bond coupling- 
constants between C~ and the two protons under discussion. This in turn requires 
labeling at the Ct position. 

It may be poialted out that the above ana ly~  of NMR results is based on two 
reasonable assuml:,tions: (1) that the values of component coupling-:onstants can be 
predicted with cor, fidence using the rules used here, and (2) that only the three low 
energy conformers predicted by CPF theory are important in the ,:onformational 
equilibria. Errors in the first assumption can lead to differences of a few per cent in 
the estimated population distribution., but will not invalidate the important conclu- 
sion made here that .structures SA an5 SB coexist in solutions with significant 
populations while the population of SC is small. Support for the second assumption 
comes from energy calculations and reported crystal structures. However, alternative 
interpretations of the NMR results are possible if other conformer.~ in the (01, 03) 
space are present in significant proportion in solutions. 

HI' 

c,, / /°  c,, c,,//o 

~ ~ f  Ha C) . HI H|., s/H:'  %.%. %"%. ~%. 

i I ! 
I I I 
I I I 

C2 C~ C2 

al(Cr Ca--0,l- C,t) / f i l e t  - C z - O a a  - C n )  ra(Cz- C3- On- Cn) 

Fig. 9. Ncwma', orojeetions with respect to bonds at, ~t attd ~'t dtowing sterm)ehemical rolation- 
sh~p bet,aeen vat. )us atoms. 

B. Structure with respect to ~ [3t and 9't 

lnfomlafiov about these angles may be obtain.ed using the three-bond coupling- 
constants i.nvolving carboxyl 13C and IH (A,B or H~) as indicated in fig. 9. l lae~ 
coupling-cor,~tants are obtained by combining information from the IH and t3C NMR 
c~( enr/ched GT'C Figure 7b .,'..lows the proton undecoupled ~3C NMR m the carboxyl 
region for fl~e enriched sample ofglyc:'roi trivalerate. Because of chain flipping the 
and 7 carboxyl groups resonate at a common frequertc3, but the # C--O resonates at a 
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slightly ~ e r  field. The hyperfine splittings ~:f the two group of lh~es comai~ torero 
marion on all the two- and three-bond ~H- 13C couplL~g~const~ats invotvmg carbexyt 
1~. The complete assignment is aided by the proton spectrum of the labeled GTV° 
For example, in the A2B~X spectrum of the glycerol fragment (fig° 6b), the ~3C sa*~e!o 
iites appear as wings of the ~2C component and the three-bond coupti~goconstants 
with these protons can be estimated. It is found that the protons A and B ~how s~ightly 
different coupling-constants. In a similar fashion the remaining two° and three-bond 
couplLng-constants can be estimated from a comparison of the proton and ~3C NMR 
of the labeled and unlabeled samples, A comparison of the calollated and obsep,,~d 
NMR spectra with the coupling-constants thus estimated is shown in figs. 6 a~d 7b. 

The magnRudes of three-bond • arboxyl 13C-AH coupling-constants and their 
stereockm~: al dependence has been studied recently [26,27]° Le~eux  etal. [261 
have obtained a calibration curve from which d~edral angles can be estimated f~x a 
rigid conformation. Esperson and Martin [27] have estiniated Yg = ! .3 and Jt = 9 og 
Hz for mnino acids. Qualitativeb?, it is clear that the ob~rved three-bond ~ carboxy! 
 3C- n coupling~constants for the protons A amd B of 2.5 and 2.8 Hz are consistent 
with values of tG~sion ar, ges at and 7~ close to 180 ° Suc ~ a conformation places both 
the pro~ ons in a situation w;aere the two corplings a:e expected to be low and equal. 
As seen from fig. 9, large deviations from this angle w~l result ilt m~equal and signifio 
canfly different values for the three-bond coupling-constants. We have examined 
several possibilities to explain the slightly larger observed J values than the v~ues of 
1.3 Hz expected for ~1 and 71 o¢ 180 ° on the basis of observed values in amino acids 
[27]. Using vNues ofa~ and "ft predicted by CPF theory for stractures SA avd SB and 
time.averaging does not predict values very different from the esth-nates for a~ and 
7t = 180°. On the other hand a contribution of approximately 16% from conforma° 
tiotml states having at and ~ of 60 ° (the other low energy regions predicted by thee ~/) 
can explain ~ observed remits quantitatively. It may however be pointed out tha~ at 
this stage information on the substitue~t effects m three-bond ~H-~C co~.,pling- 
constants is not yet available, and for this reason one caw~ot de rNe precise q~antita~ 
tire inform.orion from such data. At the same time, it is clear that the ti~ae-averaged 
values of a~and ? t  are not ve~ different from 180 °. 

Cotlclusions rtv, arding ~l from NMR data are less definitive since there ~ only one 
dure,.bond ¢.oupling-eonstants-./(C2~ -H2) which can be used i ~ follow the stereochem- 
k'try arouad this bond, From Lemieux curve [26]~ a coupling-constant of 3.4 Hz corre- 
sponds to a dihedr~ angle (H~-fh-O~rC2t)  of_+ 30 ° or + I40 °, These values corre- 

• . O O O O • spontt to a r i e s  of at: 9 0 , 1 5 0 , 2 6 0  and 340 . Conforraatlons with ¢1 values of 
2600 or 340 ° are ffterieally hindered and such states are unlikely to occur. On the other 
hand. /]t values of 90 ° and 1:50 ° correspond very closely to the two minimum energy 
c SA andSB predicted by theol.,, l[n some of the previously reported 

at~t valueof 120 ° has been suggested. Such a value is equivateat to a 
dihed~angle of 0 ° along the H~-C~-O~-C~ pathway (fig. 9). The value of coupling- 
constant e X l m ~  from inch models (6-7 Hz) is considerably higher than ~e  experi~ 
mentalvelue o f  3.4 Hz. 



9 4  G. Covil et at., Confonnatlonal atructure o f  glycerol trtvalerate 

C Conformational angles o~, ~ "/~ ~ 1~ ~/a 

No information about these rotations can be obtained from the coupling.constant 
data. 

Ca 

HA " . . ~  

HB ,/~ 

H A ' 
a, = eO ° (gauche) 

~~Ca"0 HA' ,..HA . ~ 0 " C u  / H  A 

H B HB, H B H B' Hej 
I I 
I I 

C u - 0  HA' 

a, - 180 ° fnrm) 

;:~g. 10. Proiection diagrams for a,. The two gauche forms are dmila:, in the IqMR qmctrum mm 
measures ~e time-average of the mm of couplings between protons on vktaal aaboa trams 
labeled A, A', B and B' and referred to h~ text as I + J'. Similar projection dtasmnm can be drown for 
staggered conformations around oth .'r C-C-C-C bonds in the hydrocazbon chslm of GTV. 

D. Structure with respect to ot~ {J4 and ~4 

It is possible to obtain information on these bond rotations from three-bond 
tH-~H coupling.constants, via the H - C - C - H  pathway, u well u from the three. 
bond ~3C ZH coupling-constants via the C--C---C-H (fig. 10) pathway. Significant 
differences in chemical shifts are noticed as one goes along the hydrocarbon chains 
and all 4 groups of  methylene and methyl resonances are well separated from one 
anothec at 220 MHz. As is expected the chemical shifts for the 4 methylene reson- 
anc~.~ tb~ a and 7 chains are identical but differ slightly for the 0 chain. The spectra 
are fairly complex but analyzable, particularly since one can uae the spectrum of 
valeric acid as a guide, t t is found that each of the methylene group resonances is a 
superimposition of two components, one from the a and ? chains and the other 
from the ~ chain. The two groups have slightly differ-,nt chemical dflfts and coupling- 
constants. The 4 protons in the CH2--CHa fragment form a AA'BB' type component 
of a 9.spin sy~em arising from the methylene and methyl protons in each chain. 
The x alue c f the sum of the two three-bond ltl-nH coupling-constants (Y +Y ') with 
respe,:t to the bonds c,~ and ~4 could be obtained since the/ /and a protons of the 
dif~ere,t methylene groups are sufficiently separated. The values of ~hese coupling- 
consta~ts were found to be 14.8 Hz in the//chain and 15.0 Hz in the a chain. These 
values are very ch,se tt~ the measured values for valeric acid (14.9 Hz). tJsing the 
elec*.ronegative rul'.'s [ !3~2] one expectsJ + J  ' to be 18.1 Hz (fig. 10) in a CHa-CHa 
fragment if the co~tformation with respect to the C - C - C - C  bond is trans (04 or//4 = 
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!80") and I0.2 Hz if the conformation is gauche orgauche'(a4 or f34 = 60 ° or 300°)~ 
In absence of aW confo~afional preference one expects equal (33%) contributions 
from theguache, :trans and guache'conformer leading to a t~e-averaged value of ' 2.8 
Hz for J + ~ T h e  observed values ofJ + o r ' correspond to a 58% population of trans 
conformer with respect to 34 and 60% population with respec~ to oe4o T~e vJues of 
three-bond e ~ o x y l  t ~ - l H  coupling-constants give similar results. For a tra',:s con° 
former the expected three-bond laC-IH coupling-cons:ants are 1.3 and 1.3 Hz [27I 
while the vatues are 1.3' and 9.8 Hz forgauche orgauche'confb~merso The observed 
values m 3 and 3, e h ~ s  (4.2 and 4.4 Hz) indicate presence of approximately 69% of 
trans conformer for rotations represented by a,~, 34 and 74. These results therefiore 
indicate a definite preference for the tmns arrangeme~t along the C-C--C-C bonds 
with a free energy difference of about 800 cat/tool. Such a free energy difference is 
comparable to the observed values m liquid n-pentane [28,29], polythen~ [20] and 
phospholipids [5 ], 

Eo Structure with respect to ~ 35 and O's 

Again information on these rotations can be obtained from the three-bond co)~p!- 
ing-constants in the methylene fragments. As in the case o f ~  and 34 the value of the 
observedJ + J  'is 15.2 Hz indicating a population of 62% for the trans strvcture with 
respect to these rotations. 

F. Structure with respect to a~, Be, "re 

The terminal methyl proton resonance for ~, 3 and 3' chains ~ows a single triplet 
with a coupling-constant of  7.2 Hz. Thi3 value is very close to the expected value of 
7.5 Hz [13] for equal populations of the three staggered forms around the~ bo,ds, 

V. Conclusions 

The NMR and energy calculations presented here lead to the following conclusions 
for th~ ¢onfo~ation of GTV. (1) One thads two families of conformations, SA and 
SB, for glycerol fragment in GTV charae.terized by (g+, g+) and (g-, t) arrangement 
wRh r e ~ e t  to angles (Oli O3), The existen~ of the two families of confo~naticms 
is therefore a common property of GTV and phc)spholipids. (2) The ~orsiona~ a~gJes 
al and 71 are close to 180 ° while 31 is close to t50 ° in SA and 85 ° in SB. (3) The 
hydrocarbon chains in GTV ean acquire bott~ gauche and tran: confbrmat~or~ witL 
respect to C - C - C - C  bonds but the trans conforrlers are preferred by aim~>,~: 0.~ 
kcal/mo!. (4) A dose similarity between the confcrn:ations of phospholipids a~d 
triglycerides in C ~ l a  relations is indicated, contra~ to the inferences which may 
be drawn from the limited data on crystal structures of these lipids, 
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