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Abstract The activity of the 1-acyl-sn-glycero-3-phosphocho- 
line acyltransferase enzyme (E.C. 2.3.1.??) was measured with 
three radically different acceptor substrates: l-palmitoyl-sn- 
glycero-3-phosphocholine (P-sn-G3PC), l-palmitoyl-sn-glycero- 
2-phosphocholine (P-sn-G2PC), and l-hexadecyl-sn-glycero-3- 
phosphocholine (He-sn-G3PC). It was found that the enzyme 
had similar activity with P-sn-G3PC, the natural acceptor sub- 
strate, and with P-sn-G2PC. The enzyme showed no detectable ac- 
tivity toward He-sn-G3PC. These results are much different 
than would be expected from simple examination of the struc- 
tures. Computer-assisted molecular modeling was done to study 
the geometrical configurations and to focus upon the similarities 
and differences of the three substrate acceptor molecules. Three 
bond distances were selected as important for enzyme recogni- 
tion: the distance between the oxygen of the acceptor hydroxyl 
group and 1) the phosphorus; 2) the nitrogen; and 3) the oxygen 
bridge to the hydrocarbon chain. There were striking similarities 
for the bond distances of two of the three acceptor substrates, 
P-sn-G3PC and P-sn-G2PC. These were the two molecules that 
were shown to have activity with the enzyme. The bond dis- 
tances found for the enzymically inactive acceptor substrate, 
He-sn-G3PC, differed significantly from P-sn-G3PC and P-sn- 
GZPC. Therefore, this latter molecule probably does not fit into 
the active site of the enzyme. The modeling data are also consis- 
tent with the experimental observation that He-sn-G3PC is not 
an inhibitor.-Wilson, H-M., P., W. Neumuller, H. Eibl, W. 
H. Welch, Jr., and R. C. Reitz. Structural basis of the phospho- 
lipid acyltransferase enzyme substrate specificity: a computer 
modeling study of the phospholipid acceptor molecule. J.  Lipid 
Res. 1995. 36: 429-439. 
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Phospholipid acyltransferases are important enzymes 
because they catalyze the remodeling of fatty acids in the 
sn-1 and sn-2 positions of tissue phosphoglycerides (1). 
Although there appears to be a small amount of acyltrans- 
ferase activity in plasma membranes, studies have shown 
that phospholipid acyltransferases can be found pre- 
dominantly as integral membrane proteins in the endo- 

plasmic reticulum (2-4). The  optimum in vitro tempera- 
ture at which acyl transfers occur is 30-35OC ( 5 ) .  It has 
been shown that there are several acyltransferases with 
different functions. Phospholipid acyltransferases use, as 
substrates, many different unsaturated acyl-CoAs and 
1-monoacyl-sn-glycero-3-phosphocholine. Recently, Neu- 
muller et al. (6) and W. Neumuller and H. Eibl (unpub- 
lished results) have shown that l-monoacyl-sn-glycero-2- 
phosphocholine can act as a receptor molecule much like 
the natural acceptor substrate, the glycerol-3-phospho- 
choline series. 

Much research has been done on the specificity of the 
donor substrate, acyl-CoA, using either l-monoacyl-sn- 
glycero-3-phosphocholine o r  2-monoacyl-sn-glycero-3- 
phosphocholine as acceptor substrates (7-9). In  general, 
there are at least two groups of acyltransferase enzymes. 
O n e  group transfers saturated fatty acids into the 1 posi- 
tion of 2-monoacyl-sn-glycero-3-phosphocholine. The sec- 
ond group transfers unsaturated fatty acid into the 2 posi- 
tion of 1-monoacyl-sn-glycero-3-phosphocholine (2 ) .  Using 
acyl-CoAs with different acyl chain lengths or different 
degrees of unsaturation, studies have been able to show 
that acyltransferases can discriminate between the acyl 
groups of different acyl-CoA substrates (7-9). Therefore, 
not only do  the enzymes discriminate against acyl-CoAs 
in which the acyl group contains differing degrees of un- 
saturation, they have the ability to distinguish differences 
in the chain length of the acyl groups as well as the place- 
ments of the double bonds within the chain. Thus, there 
is much information involving the specificities of the phos- 

Abbreviations: P-sn-G3PC, 1-palmitoyl-sn-glycero-3-phosphocholine; 
P-sn-GZPC, 1-palmitoyl-sn-glycero-2-phosphocholine; He-sn-G3PC, 1- 
hexadecyl-sn-glycero-3-phosphocholine; RMS, root mean square; 
PUFA, polyunsaturated fatty acid; MNDO, semi-empirical quantum 
mechanics. 
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pholipid acyltransferases for different acyl-CoA sub- 
strates. O n  the other hand, there has been little research 
done on the specificity of the acceptor substrates, the 
1-monoacyl- and 2-monoacyl-sn-glycero-3-phosphocho- 
lines. Neumuller et al. (6) have shown that replacing the 
acyl group at the 1-position with an alkyl group results in 
very low acyltransferase rates when either 18:l-CoA or 
20:4n-6-CoA were used as the acyl donor substrate. 
These data suggest that an acyl group rather than an alkyl 
group in the 1-position of the lysophospholipid acceptor 
molecule may be an important structural feature of the 
acceptor molecule in its interaction with the acyltransfer- 
ase enzyme but do not provide an explanation for this re- 
quirement. 

Three different acceptor substrates were made and 
tested for enzymatic activity with different acyl-CoAs. 
The three substrates were: 1-palmitoyl-sn-glycero-3-phos- 
phocholine (P-sn-G3PC), 1-palmitoyl-sn-glycero-2-phos- 
phocholine (P-sn-G2PC), and l-hexadecyl-sn-glycero-3- 
phosphocholine (He-sn-G3PC). In addition to the en- 
zymic testing, these molecules were subjected to computer- 
assisted modeling. The studies reported in this paper were 
designed to determine the geometric similarities and 
differences among these substrates in an effort to under- 
stand the mechanism of substrate discrimination observed 
with the enzyme. 

MATERIALS AND METHODS 

Radioactive P-sn-G3PC and He-sn-G3PC were ob- 
tained from Amersham Buchler, Braunschweig, Ger- 
many. The l-acyl-sn-glycero-2/3-PC was synthesized by 
procedures already described (10-12). The acyl-CoA 
derivatives were synthesized according to Reitz et al. (7). 
Conditions for the preparation of rat liver microsomes 
and for the assay of the acyltransferase have been de- 
scribed (6). 

Computer modeling 

Three acceptor substrate molecules, P-sn-G3PC, P-sn- 
G2PC, and He-sn-GSPC, were constructed as molecular 
models using the SYBYL computer packages 5.51 and 6.0 
(Tripos Associates) running on ESV5O and PS390 plat- 
forms (Evans and Sutherland). The conformational struc- 
tures of the three molecules created were minimized using 
molecular mechanics. The acyl chain used on all three 
substrates was 16:O. Because P-sn-G3PC is the natural ac- 
ceptor molecule in the enzyme system and the best sub- 
strate of the three, the assumption was made that the 
global minimum configuration of the P-sn-G3PC should 
be the template molecule. 

Systematic and Monte Carlo search 

A systematic search of the various conformations was 
done by identifying three to six rotatable bonds (indicated 

by arrows in Fig. 1) important in positioning the potential 
sites of interaction between substrate and enzyme (Fig. 
la). The conformational space of the molecules was ex- 
plored by systematic rotations in 30" increments. The 
specified angle increments were started at the absolute 
torsional angle of zero. At the end of each 30" rotation, 
the molecule was minimized. Those conformers that con- 
tained any distance(s) that were less than the sum of van 
der Waals radii of the interacting atoms were immediately 
rejected. In addition, random searches were done. Seven 
rotatable bonds for P-sn-G2PC and six rotatable bonds 
for P-sn-G3PC and He-sn-G3PC were identified to which 
the computer arbitrarily assigned torsional angles in a 
Monte Carlo fashion and the structures were minimized 
(Fig. lb). These searches sample the conformational space 
around the groups of interest; however, neither search 
guarantees the coverage of all of the conformational space 
of the molecule due to the selection of only certain bonds 
for rotation. 

Root mean square fit 

Root mean square (RMS) fit comparisons were done to 
compare the molecules of the lowest global energy for the 
three substrates. This rigid-body fit was used to compare 
the position of the phosphorus, the nitrogen, and the oxy- 
gen of the oxygen bridge to the acyl chain, and the accep- 
tor hydroxyl group of one molecule to the counterparts in 
another molecule. The computer does this by moving the 
second molecule over the template molecule until it finds 
the minimum RMS fit without altering the internal coor- 
dinates of either molecule. 

Distance maps 

Three distances were selected to be of particular in- 
terest to the enzyme in substrate recognition. These dis- 
tances were between the oxygen of the acceptor hydroxyl 
group and 1) the phosphorus; 2) the nitrogen; 3) the oxy- 
gen bridge to the hydrocarbon chain (Fig. IC). In the 
future, these will be referred to as Distance 1 (Dl), Dis- 
tance 2 (D2), and Distance 3 (D3), respectively (Fig. 1). 
Distance maps were generated to limit the number of con- 
formations to those that had distances which matched the 
template molecule's conformers. Again, P-sn-G3PC was 
the template molecule used to generate the premiere dis- 
tance map. Four bonds were chosen and rotated at 10 
degree increments on the template molecule (Fig. IC). 
After each rotation, the molecular structure was 
minimized and the resulting conformer was recorded. 
From the data generated, a three-dimensional distance 
map was created. Each point on the distance map repre- 
sents at least one conformer, and the locations of the 
points on the map are dependent on the lengths of the 
three distances. For the template molecule, P-sn-G3PC, 
there can be as many data points as there are conformers. 
However, due to degeneracy (when more than one con- 
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d. Conformation Analysis 
Fig. 1. Structures of acceptors used for modeling. a. Bonds and distances used for systematic search. Three acceptor substrate molecules, P-sn-G3PC, 
P-sn-G2PC, and He-sn-GJPC, were constructed as molecular models using the SYBYL computer packages 5.51 and 6.0 (Tripos Associates) running 
on ESV50 and PS390 platforms (Evans and Sutherland). The conformational structures of the three molecules created were minimized using molecu- 
lar mechanics. The acyl chain used on all three substrates was 16:O. The P-sn-G3PC was used as the template molecule. D1, D2, and D3 refer to 
the three distances that are being measured and represent the distances between the oxygen of the acceptor hydroxyl group and the phosphorus (Dl); 
the nitrogen (D2); the oxygen bridge to the hydrocarbon chain (D3). The bonds being rotated at 30' increments are indicated by small arrows. At 
the end of the 30' rotation, the molecule was minimized, and those conformers containing any distance(s) less than the sum of van der Waals radii 
of the interacting atoms were rejected. b. Bonds and distances used for random search. In this search, the computer randomly assigned torsional 
angles, indicated by the small arrows, in a Monte Carlo fashion and the structured was minimized. c. Bonds and distances used for distance mapping. 
Four bonds were chosen and rotated (small arrows) at 10" increments. After each 10" rotation, the molecule was minimized and the resulting con- 
former was recorded and a three-dimensional distance map was created. The details of the distance mapping are found in the Mate+& and Methods 
Section. d. Bonds and distances used for conformational analysis. Predetermined distances (Dl-D3) were constrained to k0.2 A of the template 
molecule. Four rotatable bonds were chosen (small arrows) and rota!ed at 10' increments. After each rotation, the resulting conformer was minimized, 
and those molecules whose distances fell within the ranges of k0 .2A were recorded. At the end of each search, the minimum energy and the number 
of total conformations that met all requirements were recorded. 
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former have all three distances in common), many con- 
formers can share the same data point because they have 
the same measured distances even though their overall 
conformation is different. The second distance map, using 
P-sn-G2PC as the molecule of interest, was created by 
selecting four rotatable bonds identical to those chosen for 
the template molecule. These bonds were rotated at 10 
degree increments. This time, however, the distance map 
was constrained to the first distance map. That is, only 
those data points of P-sn-G2PC that can find a match with 
another data point in the distance map for P-sn-G3PC 
were allowed in the second distance map. A third distance 
map was generated using He-sn-G3PC. This was set up 
like the previous two distance maps. However, the dis- 
tance map for He-sn-GSPC was constrained to the map 
generated by P-sn-G2PC. Distance maps have the advan- 
tage of providing a means by which the data from a search 
can be rapidly visualized. 

Distance constraint analyses 

In another conformational analysis, predetermined dis- 
tances of the substrates were constrained to k0.2 A of the 
template molecule, the P-sn-G3PC conformer with the 
lowest global energy. Four rotatable bonds in each 
molecule (P-sn-G3PC, P-sn-G2PC, He-sn-G3PC) were 
chosen (arrows, Fig. Id) and rotated at 10" increments. 
After each rotation, the resulting conformer was mini- 
mized. Those molecules whose distances fell within the al- 
lowed ranges of k0.2 A were recorded. At the end of each 
search, the minimum energy and the number of total con- 
formations that met all requirements were recorded. This 
analysis allowed those conformers to be identified whose 
dimensions were within the distance range of P-sn-G3PC. 
This search served the purpose to determine whether P- 
sn-G2PC or He-sn-G3PC could be oriented into confor- 
mations that contained those distances believed to be vital 
for the phospholipid acyltransferase activity. 

Molecular dynamics 

To determine how the three substrates might behave at 
approximately physiologic temperature, the three mole- 
cules were subjected to molecular dynamics at 300'K. 
The dynamics search was used to study the configura- 
tional space. In molecular dynamics, the motions of the 
molecular system are studied by integrating the classical 
Newtonian equations of motion when given a potential 
energy function and an associated force field. The dy- 
namics analysis was used because it was able to cover a 
different area of conformational space compared to the 
other methods and because all molecular bonds are al- 
lowed to rotate in this procedure. Further, the systematic 
searches give strain energies, analogous to enthalpic infor- 
mation, while molecular dynamics gives information 
analogous to free energy. The calculations of motion were 
done at discreet intervals of 1 fs. The molecules were al- 

lowed 30 ps of simulation time to thermally equilibrate. 
The final conformers of each substrate were subjected to 
molecular dynamics for an additional 60 ps of simulation 
time with recordings made at 60 fs intervals to give 1001 
conformers per substrate. These results were analyzed by 
creating scatter graphs showing the oscillations of Dis- 
tance 1, Distance 2, and Distance 3 (data not shown). 
These oscillations were around the mean distance and in- 
dicated that the molecules had fully equilibrated with the 
thermal bath. These three distance ranges were then 
visualized via histograms (see Figs. 3, 4, and 5 ) .  

Energy calculations 

Minimum energies were determined for substrates con- 
strained to the determined distances (D1-D3, Fig. 1) of 
the template molecule, again P-sn-G3PC. The constraints 
were removed and the molecular conformation was 
minimized a second time. The energy of the resulting 
molecules was used in comparison with the energy of the 
global minimum to determine an equilibrium constant 
(K,) between the P-sn-G3PC-like conformation and the 
conformation at the global minimum. The equation used 
to calculate Ke9 was ASE = -RTInKeq where R = 1.9872 
cal x K-* mol-', T = 298'K, and ASE = the difference 
in strain energy between ground state and constrained 
molecule. In this calculation, it is assumed that the en- 
tropy of all conformers is the same. 

Semi-empirical quantum mechanics 

The MOPAC suite of quantum mechanics programs 
included with the Sybyl package were used to evaluate the 
electron density at the oxygen atom of the acceptor 
hydroxy group. 

Force field calculations 

The SYBYL (Tripos) force field was used for the calcu- 
lations (13). We have obtained good consistency with ex- 
perimental data for ryanodyne (14) and for oligosaccha- 
rides (E. Ottensen, T. R. Kozel, and W. H. Welch, Jr., 
unpublished results). We also have found a good correla- 
tion between strain energy differences calculated using 
the SYBYL force field and the differences in enthalpy 
calculated using semi-empirical quantum mechanics 
(MNDO). 

RESULTS 

Enzymatic studies 

In nature, it is 1,2-diacyl-glycerol-3-phosphocholine 
that is the natural product of transacylation, and earlier 
data (6, and W. Neumuller and H. Eibl, unpublished re- 
sults) suggested that if the 1-position ester was replaced by 
an ether, acylation of the 2-position was significantly 
reduced. In an attempt to understand the importance of 
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the substituants at the three positions of the acceptor sub- 
strate for the acyltransferase reaction, catalytic activities 
of phospholipid acyltransferase with P-sn-G3PC and P-sn- 
G2PC have been compared to the enzyme’s activities with 
He-sn-GSPC (Table 1). As can be seen, the enzyme had 
activities that were negligible when He-sn-GSPC and 
He-sn-G2PC were the acceptor molecules. However, the 
acylation activities of the P-sn-G3PC and P-sn-G2PC 
were similar. A priori one would have expected the ether 
analog to react better with the enzyme than the positional 
isomer in which the phosphocholine had been moved 
from the 3-position to the 2-position. This suggests that 
either the enzyme is not very discriminating or that the 
conformations of the two monoacyl molecules are similar. 
The question we asked was why did the enzyme exhibit 
activity with P-sn-G3PC and P-sn-G2PC while no activity 
was recorded when He-sn-G3PC was used as the acceptor 
substrate? Several possibilities exist including conforma- 
tional and chemical reactivity. To resolve this question 
molecular modeling has been used. A geometrical ap- 
proach was applied in the modeling searches for different 
conformers. The rationale was that the geometry of a 
molecular structure plays an important role in a com- 
pound’s reactivity with other molecules, for example, an 
enzyme. 

Global minima 

The global minima of the three molecules, P-sn-G3PC, 
P-sn-G2PC, and He-sn-G3PC were found as a result of 
the Monte Carlo and systematic computer searches. 
These strain energies were similar for P-sn-G3PC and 
He-sn-GSPC, while that for the P-sn-G2PC was consider- 
ably lower. 

Distance mapping 

Distance maps for all three substrates were generated 
(data not shown), using Distance 1, Distance 2, and Dis- 
tance 3 of the template P-sn-G3PC as the determining fac- 

TABLE 1. Activity of phospholipid acyltransferase with several 
acceptor molecules 

tors (see Fig. 1). The distance map for P-sn-G3PC con- 
sisted of 3,346 data points that represented 36,070 
conformations. The distance map for P-sn-G2PC, con- 
strained to that of P-sn-G3PC, had a total of 395 data 
points that represented 1,210 conformers. The distance 
map generated for He-sn-GSPC and constrained to the 
map created for P-sn-G2PC, had 21,257 possible con- 
formers which were represented by 395 data points. 
Therefore, all three compounds can assume conforma- 
tions with essentially the same distances between nitro- 
gen, phosphorus, acyl group and acceptor hydroxyl 
group. In the conformational analysis searches, the fol- 
lowing number of conformations were found: P-sn- 
GSPC = 4,527; P-sn-G2PC = 502; He-sn-GSPC = 1,409. 
This analysis also demonstrated that the acceptors could 
assume the same conformation. These two searches 
served the purpose of showing that both P-sn-G2PC and 
He-sn-GSPC could get into a conformation with the same 
or similar distances as those found for P-sn-G3PC. 

Molecular dynamics 

Although all acceptors could assume the same confor- 
mation, the energies of these conformations may be 
greatly different. The next step was to find the average 
distances for the three bonds selected as being important 
in the various conformations of the three molecules at 
300°K (Dl, D2, and D3). Molecular dynamics provides a 
useful means to access this question. This was done to de- 
termine whether the distances contributed to the similari- 
ties and/or differences between the three acceptor sub- 
strates. Histograms were created from data collected dur- 
ing molecular dynamics analyses (see Figs. 2-4). 
The histograms show the grouping of conformers found 
for each of the three molecules. In Figure 2, it can be ob- 
served that the P to O H  bond distance was similar for the 
two acyl derivatives, and that for the alkyl isomer was 
significantly longer. In Figure 3, again the histograms 
show that the N to O H  bond distances for the two acyl 
isomers were similar, while the alkyl isomer was longer. 
Figure 4 shows that the bond distance of the 0-bridge to 
the OH shorter for the alkyl isomer compared to the two 
acyl isomers. The data used to create these histograms 
were then used to construct Table 2 which presents the 

Substrate P-sz-G~PC P-m-GZPC He-sn-G3PC He-sn-GZPC mean bond distances for each isomer. This table is a 
quantitative measure of the data visualized in the histo- 
grams in Figs. 2-4. 

nmol/min/mg protein 

16:O 18 24 NA NA 
18:ln-9 69 
18:2n-6 118 

52 
164 

NA 
NA 

Conformational equilibria NA 
NA 

18:3n-3 72 50 NA NA The distances D1-D3 of the three molecules, P-sn- 
GSPC, P-sn-G2PC, and He-sn-G3PC, were constrained to 18:3n-6 76 113 NA NA 

20:ln-9 NA 9 NA NA 
20:2n-6 25 9 NA NA the values found in the global minimum of P-sn-G3PC 
20:3n-3 NA < 3  NA NA and the strain energies of the P-sn-G3PC-like conformers 

were compared to the strain energies of the global mini- 20:3n-6 157 61 NA NA 
20:4n-6 136 60 NA NA 

mum of each phospholipid as described in Materials and 
Methods. The Kc4 values were found and are shown in Assay conditions were as previously described (6); NA, no activity. 
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Fig. 2. Distribution of phosphorus to hydroxyl oxygen distances. This histogram shows the numbers of conformers found by molecular dynamics 
and the respective bond distances for each of the three acceptor molecules. This bond distance was figured at 300°K to more closely approach physio- 
logic temperature. 

Table 3. These data show that if the P-sn-G2PC molecule 
is constrained into the global minimum for the normal 
substrate, P-sn-G3PC, for every one P-sn-G2PC in the 
P-sn-G3PC-like conformation, there are about two P-sn- 
G2PCs in the global minimum. When the alkyl isomer 
was compared, for every one He-sn-G3PC in the P-sn- 

G3PC-like conformation, there are 1,042 conformers in 
the global minimum conformation. Therefore, there is 
little energetic reason that P-sn-G2PC cannot mimic the 
P-sn-G3PC conformation, whereas, there is a strong ener- 
getic prohibition against He-sn-GSPC acquiring the P-sn- 
G3PC conformation. 

Bond Distances 
N t o  OH Bond 

hj 
l-Acyl-C3PC E 100 1 

L 
0 

E: 
0 

60 
cy 

aJ 20 

0 

v) 
k 

P 

40 I E o  4 - 
2 3 4 5 6 7 8 9  

s 
Angstroms 

1 -Acyl-G2PC 
100 

60 

-, 

80 

2 3 4 5 6 7 8 9  2 3 4 5 6 7 8 9  

Angstroms Angstroms 
Fig. 3. 
the respective bond distances for each of the three acceptor molecules. Conditions for this figure were as described for Fig. 2 .  

Distribution of nitrogen to hydroxyl oxygen distances. This histogram shows the numbers of conformers found by molecular dynamics and 
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Fig. 4. 
and the respective bond distances for each of the three acceptor molecules. Conditions for this figure were as described for Fig. 2. 

Distribution of oxygen-bridge to hydroxyl oxygen distances. This histogram shows the numbers of conformers found by molecular dynamics 

Family analysis 

The conformational equilibria predicted from the cal- 
culated strain energies neglects entropic factors. To evalu- 
ate the predicted conformational equilibria, family analy- 
sis was applied to the molecular dynamics data (which 
include entropic information). One thousand conforma- 
tions were generated for each of the putative substrates. 
The three distance measurements (Table 2, Figs. 1-4) 
were gridded at 0.1 A, and formed the basis of a family 
analysis for each molecule. The numbers of families gen- 
erated varied between 20 and 60. As expected, the vast 
majority of conformers ( > 900) were found in one family. 
No family of either P-sn-G3PC or P-sn-G2PC overlapped 
with any family of He-sn-G3PC. This is consistent with 
the strain energy calculations which predict that less than 
one He-sn-G3PC in 1000 will be in a P-sn-G3PC-like con- 
formation. Therefore, a consideration of entropic factors 

TABLE 2. Bond length distances 

P to OH N to OH 0-Bridge to OH 
Distance 1 Distance 2 Distance 3 

A 
P-sn-G3PC 3.41 f 0.31 6.36 f 0.85 3.70 f 0.076 
P-sn-G2PC 3.40 i 0.11 6.05 f 0.58 3.32 f 0.29 
He-sn-GJPC 4.62 0.13 7.99 f 0.61 2.84 f 0.17 

Data calculated from dynamics analyses done at 300°K as described 
in Materials and Methods, and represent the average distance f 1 stan- 
dard deviation; n, 1001. 

Wilson et al. 

does not materially alter the strain energy result. Both P- 
sn-G2PC and P-sn-G3PC were found to belong to the 
same family. 

Conformational overlap also was evaluated by a simple 
comparison of the 1000 conformations recorded in the dy- 
namics analyses. The vast majority of conformers fell 
within plus or minus two standard deviations of the aver- 
age for the three measured distances (see Table 2). For ex- 
ample, the average plus or minus two standard deviations 
for P-sn-G2PC contained 916 conformers. Examination of 
the same data revealed 199 P-sn-G2PC conformers within 
two standard deviations of the average distances for P-sn- 
G3PC. Therefore, the strain energy estimate of the 
equilibrium of P-sn-G2PC between a P-sn-G3PC-like con- 
formation and the global minimum is supported by 
molecular dynamics, The same analysis for He-sn-GJPC 
found no conformational overlap with P-sn-G3PC. 

TABLE 3. Calculated strain energies and K, for the three acceptor 
molecules 

Global Constrained Energy 
Minimum Conformer Change K m  

kcallmol 

P-sR-G~PC -22.821 -22.821 0 1/1.00 
- 57.572 - 57.245 0.327 1/1.74 P-sn-G2PC 

He-sn-GJPC - 21.265 - 17.149 4.115 1/1.041.94 

Enthalpies of the global minimum conformations and their respective 
K, at 298OK. The K, = (global minimum)/(P-sn-G3PC-like con- 
formers). 
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Quantum mechanics (reactivity at the acceptor 
OH-group) 

Semi-empirical quantum mechanics (MNDO) indi- 
cated that the charge density on the acceptor hydroxyl 
oxygen was essentially the same for all three analogs. The 
MOPAC charges for P-sn-G3PC, P-sn-G2PC and the He- 
sn-G3PC were -0.328 (-0.400), -0.334 (-0.403), and 
-0.334 (-0.406), respectively. The values in parentheses 
are the Mullikin charges. 

Kinetic parameters 

In order to relate our modeling studies back to the acyl- 
transferase activity, we determined the KM and V M ~ ,  
values for each substrate. As shown in Table 4, the KM 
value for P-sn-G2PC was slightly higher than that for the 
natural substrate, P-sn-G3PC, and the V M ~  was slightly 
lower. No measurable activity was found for the He-sn- 
G3PC molecule, and this molecule did not serve as an in- 
hibitor. The KM for P-sn-G2PC and the failure of He-sn- 
G3PC to act as an inhibitor fit what would be predicted 
from the Keq values determined and shown in Table 3. 
The elevated KM for P-sn-G2PC is consistent with the 
prediction that a sizeable fraction of the substrate is not 
in the proper conformation to bind to enzyme. The 
failure to He-sn-G3PC to serve as either substrate or in- 
hibitor is consistent with the prediction that less than one 
molecule in 1000 is in the proper conformation to bind to 
enzyme. 

DISCUSSION 

Using four acyl acceptor substrates and ten acyl-CoA 
substrates, the acyltransferase activity of the phospholipid 
acyltransferase enzyme was measured. When comparing 
the four acyl acceptor substrates, it was observed that the 
enzyme activity toward P-sn-G3PC and P-sn-G2PC was 
similar to most of the ten different acyl-CoAs, while the 
other two acceptor substrates, He-sn-G3PC and He-sn- 
G2PC, were not active as either acceptors or inhibitors 
with any of the acyl-CoAs. It is important to note that the 
rearrangement of the phosphocholine from the sn-3 posi- 
tion to the sn-2 position did not appreciably alter the acyl- 

TABLE 4. Kinetic constants for acyltransferase activity 

KU Relative VA,,,, VIK 

PM 

P-G3PC 0.3 1.0 0.40 
P-G2PC 0.5 0.67 0.16 
He-G3PC none none none 

The acyltransferase activities were determined as previously described 
(6).  The VMm for the P-G3PC was 120 nmollmin per mg. He-G3PC had 
no measurable activity, nor did it serve as an inhibitor. 

transferase activity of the enzyme; however, simply 
changing the ester linkage at the 1-position to an ether 
linkage resulted in a dramatic loss of enzymatic activity. 
This raised the question regarding how the stereochemis- 
try of these acceptor molecules differs such that the acyl- 
transferase enzyme does not recognize the ether com- 
pound as being an appropriate substrate. 

Computer molecular modeling, which allows a com- 
parison of similarities and differences, was used to study 
the geometrical configurations of three acceptor substrate 
molecules. Only three of the four substrates were chosen 
for study: P-sn-G3PC, P-sn-G2PC, and He-sn-GSPC. We 
chose P-sn-G3PC, the natural substrate of the phospho- 
lipid acyltransferase enzyme, as the template molecule for 
comparison with P-sn-G2PC and He-sn-G3PC. The com- 
puter molecular modeling studies done for diglycerides 
(15) are of particular interest because these studies can be 
compared to the P-sn-G3PC, the P-sn-G2PC, and the He- 
sn-G3PC substrates. The acyl portion of the three accep- 
tor substrate molecules has attributes similar to the acyl 
chains of the diglycerides. Also, the discussion of how the 
two fatty acids of the diglycerides pack together has 
relevance to the product molecules of the phospholipid 
acyltransferase enzyme. It has been shown that there are 
two types of sn-2 chain sequences that can affect the width 
and thickness of diglycerides as well as the orientation of 
the sn-1-carbonyl dipoles by infiuencing the axial rotation 
of the sn-1 chain (15). The two types of sn-2 sequences, as 
described by Applegate and Glomset (15), are: diglycer- 
ides that contain sn-2 chains with proximal polyene seg- 
ments; and diglycerides that contain sn-2 chains with 
proximal saturated segments. The products of the acyl- 
C0A:phospholipid acyltransferase enzyme reaction would 
be in the category of diglycerides that contain the sn-2 
chains with proximal polyene segments. 

The first task in the conformational analysis was to find 
the global minimum of each molecule. This was done 
through a combination of the systematic and random 
searches. Rotatable bonds of interest were chosen and 
rotated at selected 30" increments (systematic) or ran- 
domly assigned torsional angles (random). From these 
searches, the global minimum strain energies of the three 
molecules were found. When comparing global minimum 
energies, it is important to keep in mind that because 
these are molecular mechanics calculations the compari- 
sons should be made only between conformers of the same 
molecule. 

Three distances between important molecular land- 
marks were chosen for comparison. These distances were 
between the oxygen of the hydroxyl group (the acyl accep- 
tor position) and 1) the phosphorus; 2) the nitrogen; 3) the 
oxygen bridge to the acyl chain (Distances 1, 2, and 3, re- 
spectively, Fig. 1). These four atoms and three distances 
were chosen for several reasons. The phosphate and the 
nitrogen on the phosphocholine group were chosen as im- 
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portant atoms due to their charges. These charges should 
be important for their interaction with the enzyme in the 
Michaelis complex. The oxygen of the oxygen bridge at 
position 1 was selected as being important because it 
I )  defines the glycerol backbone and 2) suggests whether 
the substitution of the ester for an ether group resulted in 
a conformational shift of the bridging oxygen. 

The distance maps showed that the conformers of P-sn- 
G2PC and He-sn-GSPC could be orientated so that the 
three distances would be common with the template 
molecule, P-sn-G3PC. The conformational analysis 
defined only those conformers whose three distances were 
within k0.2 A of the template molecule’s three bond 
lengths. Like the distance maps, the conformational 
analyses found many conformers of each molecule that 
had their three lengths similar to those of the template 
molecule. Therefore, all can obtain the same geometrical 
conformation. The question now became whether these 
conformations are populated at physiological conditions. 

The studies up to this point were done at a simulated 
temperature of 0°K. The dynamics analyses allowed a 
study of the behavior and geometrical characteristics of 
the acceptor substrate molecules at 300’K. The histo- 
grams generated from the dynamics analyses gave a pic- 
torial view of the differences and similarities between the 
three molecules. There was close similarity for the dis- 
tances between the oxygen of the hydroxyl group and the 
phosphorus (Distance 1) for only the P-sn-G3PC and P- 
sn-G2PC, the two acceptor substrates that were active 
with the enzyme. These data strongly indicate that Dis- 
tance 1 must be important for substrate recognition by the 
enzyme. Distance 2, the bond length from the oxygen of 
the hydroxyl group to the nitrogen, also showed some 
marked similarities between P-sn-G3PC and P-sn-G2PC. 
Referring to Fig. 4, the conformations of P-sn-G3PC and 
P-sn-G2PC generally occupied the same distance ranges. 
The majority of conformations for He-sn-G3PC once 
again occupied a distance range higher than those found 
for the ester molecules, indicating that the bond distance 
from the oxygen of the hydroxyl group to the nitrogen was 
also important for enzyme recognition. The third dis- 
tance range (shown in Fig. 5) indicates that all the bond 
lengths for the conformers of P-sn-G2PC fall under the 
curve for the distance range of the P-sn-G3PC molecule. 
While there was some overlapping between the P-sn- 
G3PC and the He-sn-GSPC molecules, the majority of 
conformers for the He-sn-G3PC fall outside the curve of 
P-sn-G3PC. This distance also could have some influence 
on the enzyme’s activity with the three substrates. 

The dynamics analysis was interesting and useful be- 
cause it allowed the observation of the molecule’s behavior 
and movements at 300’K. Observation of the molecules 
in motion showed that the hydrogen of the hydroxyl group 
formed a hydrogen bond with the phosphate moiety in 
both the P-sn-G3PC and the P-sn-G2PC derivatives for 

long periods of time. Because of the longer observed dis- 
tance for Distance 1 compared to those distances found 
for P-sn-G3PC and P-sn-G2PC, there should be a lack of 
hydrogen bonding in the He-sn-G3PC. This suggests that 
hydrogen bonding serves the purpose of minimizing the 
movement and rotation of the hydroxyl group, thus allow- 
ing the enzyme to acylate the sn-2 or sn-3 positions of P- 
sn-GSPC and P-sn-G2PC, respectively, with ease. 

With respect to potential hydrogen bond effects, the loss 
of the carbonyl oxygen when the 1-ester is changed to the 
1-ether could eliminate a hydrogen bond acceptor within 
the active site of the enzyme. Such a hydrogen bond could 
contribute to binding at the active site of the enzyme and, 
therefore, play a role in the reactivity of the ester acceptor 
molecule. Because there are no data available concerning 
the amino acids of the active site or the configuration of 
the active site, one can only speculate regarding the role 
of this oxygen in catalysis. Certainly there are many other 
substrate-enzyme interactions, and it is doubtful this par- 
ticular H-bond is critical. After searching the available 
databases, none of the phospholipid acyltransferases have 
been sequenced; therefore, no direct structural informa- 
tion on the mammalian enzymes is available at this time. 

The results of Applegate and Glomset (15) predict that 
the introduction of polyunsaturated fatty acid (PUFA) 
into the sn-2-position promotes an ordered packing ar- 
rangement in a lipid bilayer. It may be that this ordered 
chain packing plays an important role in the increased ac- 
tivity of the phospholipid acyltransferase towards PUFA 
when the 1-acyllysophosphatidylcholine is the acceptor 
substrate; however, it is beyond the scope of this investiga- 
tion to consider this possibility at this time. 

Although all three substrates can attain the same con- 
formation, as shown by the interatomic distances defined 
in this paper, the probability of the three substrates 
having the same conformation is small. This conclusion is 
based on the following criteria. First, little difference in 
strain energy between the global minimum of the P-sn- 
G2PC molecule and the dominant conformation of P-sn- 
G3PC, the natural in vivo substrate, was observed, while 
the ether derivative had a global minimum energy of 
4 kcal/mol lower than the enzymatically active (P-sn- 
G3PC-like) conformation. This difference is so large that 
very little He-sn-G3PC would exist in a conformation 
resembling the natural substrate. Second, molecular dy- 
namics (which includes entropic contributions) indicated 
that He-sn-G3PC lacks the flexibility to attain the 
dominant P-sn-G3PC conformation. Third, the differ- 
ences in strain energy between the conformations of the 
model phospholipids used in this study were confirmed by 
semi-empirical quantum mechanics (MNDO). The con- 
clusion is supported by the observation that He-sn-G3PC 
is a poor substrate as well as a poor inhibitor, indicating 
that this molecule does not bind to the enzyme. 

The difference in reactivity between substrates may be 
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the result of differences in electron density at the acceptor 
hydroxyl group. Inspection of the molecule suggests that 
this explanation is unlikely. Semi-empirical quantum 
mechanics (MNDO, 100 x precision) calculated less than 
a 1% difference in both the MOPAC and Mullikin charge 
at the acceptor oxygen atom of the three substrates. 
Further, while a difference in electron density might ex- 
plain why the ether is a poor substrate, such a difference 
would not explain why the ether is not an inhibitor. 

The carbonyl oxygen atom of the ester at the 1-position 
may be important as a hydrogen-bond acceptor in the 
enzyme-substrate complex. Because the energy of a 
hydrogen bond could be as high as 7 kcal/mol, such a 
mechanism cannot be eliminated. While an interaction 
with the carbonyl oxygen may occur, it is only one of 
many interactions that could occur with the substrate, in- 
cluding the stronger ionic interactions. Therefore, one 
would not expect that the carbonyl oxygen atom alone 
would account for the drastic loss of enzymic activity with 
the substrate. A comparison of the three molecules in a 
stereo diagram (Fig. 5) illustrates the greater nitrogen to 
acceptor oxygen distance in the ether compared to the two 
ester compounds (Table 2). Figure 5 illustrates the result- 
ing more compact polar head group of the esters as com- 
pared to the ether. We propose that the conformational 
difference results in steric repulsions preventing 
significant binding of the ether to the enzyme active site. 
Therefore, the steric factors revealed in the modeling 
study seem to be the most likely explanation for the 
failure of the ether substrate to react. 

There are other distances, in addition to those we have 
studied, that may also be of importance to the enzyme. In 
particular, the acyl chain is likely one of the major points 
of attachment. However, as was observed during the dy- 
namics analysis, the acyl chain showed excessive rota- 
tional curling- and lengthening-type motions that would 
make it difficult to chose specific bonds within the chain 
to study. The fatty acid chain flexibility suggests that 
chain conformation is probably not an important expla- 
nation for the present data. Solvation energy may be an 
important factor, but it was not considered here because 
the enzyme binding site is not known. The present study 
provides a sufficient reason for the lack of reactivity of the 
ether analog. While the use of other model substrates will 
be helpful in testing the suggestions put forward in the 

Fig. 5.  Stereo space-filling models of the global minima for each com- 
pound. The three molecules discussed in this paper are shown in stereo 
space-filling representations of their respective global minima. Fig. 5A 
is P-sn-G3PC, Fig. 5B is P-sn-G3PC, and Fig. 5C is He-sn-G3PC. The 
molecules have been aligned using a rigid-body, least-squares fit of the 
acceptor oxygen, the bridging oxygen, the phosphorous atom, and the 
nitrogen atom of each molecule (the atoms used to define the molecular 
distances and the conformations of each phospholipid, see Fig. 1). The 
molecules have been rotated so that the acceptor hydroxyl group is at the 
top of each molecule and the acyl side chain is in approximately the same 
position. The phosphocholine group is to the right in all cases. 

Wilson et al. 

communication, proof most likely will come only when 
the crystal structure of this enzyme is e1ucidated.l 
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