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  Human lipoprotein-associated phospholipase A 2  (Lp-
PLA 2 ), also known as plasma platelet activating factor 
acetylhydrolase, belongs to the phospholipase A 2  super-
family (designated as Group VIIA PLA 2 ) ( 1 ). Lp-PLA 2  is 
found mainly associated with lipoproteins in human 
plasma, about 70% with LDL and another 30% with HDL 
( 2 ). Lp-PLA 2  was fi rst identifi ed as an enzyme that inacti-
vates platelet activating factor (PAF) by hydrolyzing the 
acetyl group at the  sn -2 position to produce lyso-PAF and 
acetate ( 3 ). Later, it was found that Lp-PLA 2  has compara-
ble activity toward phosphatidycholines (PCs) containing 
short acyl chains at the  sn -2 position, oxidized PCs (oxPCs) 
and F 2 -isoprostanes esterifi ed phospholipids, which are 
phospholipids with oxidized fatty acyl chains at the  sn -2 
position ( 4–6 ). Lp-PLA 2  is secreted predominantly by mac-
rophages ( 7 ) and it has been shown that its expression is 
signifi cantly increased during activation of macrophages 
in atherosclerotic lesions ( 8 ). By inactivating PAF and hydro-
lyzing oxPC in the oxidized LDL particles, Lp-PLA 2  could 
act as an anti-atherogenic enzyme ( 9 ). However, a large 
number of studies have suggested a pro-atherosclerotic 
role ( 10–12 ). This is because Lp-PLA 2  generates the pro-
infl ammatory and pro-apoptotic lipid mediators lyso-PC and 
oxidized nonesterifi ed fatty acids, which play an important 
role in the development of atherosclerotic necrotic cores. 

 Increased Lp-PLA 2  mass or activity in plasma is believed 
to be associated with an increased risk of various cardiovas-
cular diseases ( 13 ). Therefore, Lp-PLA 2  is considered as a 
biomarker for cardiovascular diseases and it has been 
approved as a diagonostic for stroke and coronary disease 
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 EXPERIMENTAL METHODS 

 Materials 
 D 2 O (99.6%) was obtained from Cambridge Isotope Laborato-

ries. [ 3 H-acteyl] PAF was purchased from Perkin Elmer. Unlabeled 
PAF and 1,2-dimyristoyl- sn -glycero-3-phosphocholine were from 
Avanti Polar Lipids (Alabaster, AL). Human human HDL, human 
apoA-I human apoA-II, and BSA were purchased from Sigma-
Aldrich. All other reagents were analytical reagent grade or better. 

 Preparation of recombinant protein and activity assay 
 The recombinant human Lp-PLA 2  protein including residues 

47-441 with an additional alanine residue at the N terminus was 
prepared as described previously ( 25 ). Purifi ed Lp-PLA 2  was 
concentrated to 2.5 mg/ml in protein buffer (20 mM Tris, 150 mM 
NaCl, 10% glycerol, pH 7.5, 1 mM DTT) with an Amicon Ultra-15 
(Millipore) with the protein concentration determined by bicin-
choninic acid   protein assay. The enzyme activity was determined 
by a radiometric assay described elsewhere ( 30 ). The assay was per-
formed in 100 mM HEPES buffer (pH = 7.5, 1 mM EGTA, 1 mM 
DTT, 2 mM CHAPS) by using 0.1 mM [ 3 H-acteyl] PAF as substrate 
in a fi nal volume of 500 µl. The reaction was initiated by adding 
1 ng purifi ed Lp-PLA 2  and then was incubated at 37°C for 
20 min. The reaction was quenched using 500 µl 10 M acetic acid. 
The released  3 H-acetate was separated by C18 reversed-phase car-
tridges (Phenomenex) and quantitated by scintillation counting. 

 Preparation of samples for DXMS experiments 
 D 2 O buffer consisted of 12 mM Tris, 50 mM NaCl in 99% D 2 O, 

pD read  7.5, as previously described ( 31–35 ). Exchange experi-
ments were initiated by mixing 20  µ L of Lp-PLA 2  (2.5 mg/ml) 
in protein buffer, or Lp-PLA 2  preincubated with human HDL, 
apoA-I, apoA-II, or BSA with 60  µ L of D 2 O buffer to a fi nal con-
centration of 50% D 2 O. The mixtures were incubated at 0°C for 
10, 30, 100, 300, 1,000, 3,000, or 10,000 s and then the exchange 
reaction was quenched by adding 120 µl of ice-cold quench solu-
tion (0.96% formic acid, 0 � 0.8 M guanidine hydrochloride) 
resulting in samples with fi nal concentrations of 0.58% formic 
acid and 0 � 0.5 M guanidine hydrochloride, pH 2.5. The samples 
were then immediately frozen on dry ice and stored at  � 80°C. 

 Proteolysis: LC/MS analysis of samples 
 All steps were performed at 0°C as described previously ( 25 ). 

Data processing of DXMS experiments utilized specialized soft-
ware as previously described (DXMS Explorer, Sierra Analytics 
Inc.) ( 25 ). 

 RESULTS 

 Identifi cation of HDL/Lp-PLA 2  binding sites by DXMS 
 The Lp-PLA 2  protein peptide digestion was optimized 

as described previously and gave a 94% coverage of recom-
binant protein ( 25 ). 

 However, due to interference by the peptic peptides 
from the apoproteins in the HDL, in the studies with HDL, 
we identifi ed 56 unique peptides with the least number of 
overlapping residues, which gave an 84% coverage in the 
present Lp-PLA 2 /HDL DXMS study. These peptides were 
used to determine the deuteration level of Lp-PLA 2 . Accord-
ing to a reported Lp-PLA 2 /HDL binding assay ( 23 ), 800 µg 
of purifi ed Lp-PLA 2  was incubated with 10 mg HDL parti-
cles for at least 30 min to reach maximum binding, so we 

risk by the US Food and Drug Administration ( 14 ). In 
addition to serving as a biomarker, Lp-PLA 2  is also consid-
ered as a target for the treatment of cardiovascular disease. 
A GSK inhibitor, Darapladid or SB-40848, has been shown 
to be a good selective inhibitor and has been successfully 
applied in a diabetic and hypercholesterolemic swine 
model to reduce the development of advanced coronary 
atherosclerosis ( 15 ). Lp-PLA 2  is found predominantly 
bound to lipoproteins in human plasma and a small 
amount may also be bound to other microparticles ( 16 ). 
The location of the enzyme on LDL or HDL may alter the 
protein’s catalytic behavior. The enzyme associated with 
LDL appears to be more active than the same enzyme 
associated with HDL ( 17 ). In vitro assays using low PAF 
concentrations that mimic physiological levels showed that 
Lp-PLA 2  associated with HDL particles is inactive ( 2 ). LDL-
associated Lp-PLA 2  plays a pro-infl ammatory and pro-
atherogenic role because it can hydrolyze oxPC to generate 
pro-atherogenic mediators, lyso-PC, and oxidized fatty 
acids. Additionally, Lp-PLA 2  shows preferential association 
with dense LDL and the very dense lipoprotein subfrac-
tion in human plasma, which contains the most athero-
genic LDL particles ( 18 ). Although only about 30% of 
Lp-PLA 2  in normal human plasma associates with HDL, 
this ratio varies greatly among different animal models 
and growing evidence supports an anti-atherogenic role of 
HDL associated Lp-PLA 2  ( 19, 20 ). The ratio of Lp-PLA 2  
associated with HDL or LDL to the total plasma enzyme 
may serve as a useful biomarker of atherogenicity in patients 
with dyslipidemias ( 21 ). Together, the distribution and 
location of Lp-PLA 2  in LDL/HDL lipoproteins may regu-
late Lp-PLA 2  catalytic activity, function, and/or its physio-
logical roles. Therefore, a precise characterization of the 
interaction between Lp-PLA 2  and lipoproteins is necessary. 
Previously, residues 115, 116, and 205 were suggested to 
contribute to the association of Lp-PLA 2  with LDL ( 22 ). 
The C terminus of apoB-100 could be important for LDL 
binding to Lp-PLA 2  ( 22 ). Although a domain on Lp-PLA 2  
containing residues 367–370 has been proposed to mediate 
Lp-PLA 2 /HDL association ( 23 ), the detailed molecular 
basis of Lp-PLA 2 /HDL association is not clear. The bind-
ing interactions between Lp-PLA 2  and HDL may be in-
volved in more than one binding region or accompany 
conformational changes. 

 The large size of HDL particles and their heterogene-
ity ( 24 ) and the complexity of lipoprotein-enzyme inter-
actions preclude the use of many standard biophysical 
analytical techniques including X-ray crystallography 
and solution NMR. Previously, we have used peptide 
amide deuterium exchange mass spectrometry (DXMS) 
to investigate Lp-PLA 2  /liposome interactions ( 25 ). 
DXMS has been widely used to analyze protein-protein, 
protein-substrate, and protein-inhibitor interactions, as 
well as protein dynamics and protein conformational 
changes ( 26–28 ). Moreover, the interactions between 
membrane proteins and recombinant HDL like nano-
discs have been successfully studied with DXMS ( 29 ). 
Herein, we employ DXMS to characterize the associa-
tion of Lp-PLA 2  with HDL. 
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Lp-PLA 2  /HDL interactions ( 23 ), showed an average of 
2 deuterons (22%) decrease of deuteration after 10 s of 
H/D exchange. Amides 192–204 showed a two deuteron 
decrease at the fi rst four time points and increased deutera-
tion after 1,000 s. Amides 198–204 showed a similar deu-
teration pattern with amides 192–204. These two peptides 
showed a one deuteron decrease at earlier time points and 
showed no difference with HDL after 1,000 s. Comparing 
the deuteration change of amides 192–204 and 198–204, we 
conclude that the one deuteron decrease is caused by one 
of the amides in 192–197 and that amides 198–204 con-
tribute to the rest of the deuteron decrease. Peptide probes 
immediately fl anking the regions 107–120, 192–204, and 
360–368 showed identical deuterium incorporation in the 
presence or absence of HDL, as did all other peptides 
assessed throughout Lp-PLA 2  (see supplementary Fig. I). 

 ApoA-I protein mediates human HDL binding to Lp-PLA 2  
 As we identifi ed three regions of Lp-PLA 2  that associ-

ate with HDL particles and one region among them is 
the Lp-PLA 2 /liposome binding site, we next tested the 
possibility of the involvement of apolipoproteins in Lp-
PLA 2 /HDL interactions. It seemed likely that apoA-I pro-
tein would be the protein component that mediates 
human HDL/Lp-PLA 2  interaction because apoA-I pro-
tein constitutes about 70% of the HDL apoprotein com-
ponent and is the major protein component in HDL. 
Furthermore, two molecules of apoA-I protein form 
a double-belt HDL skeleton. Lp-PLA 2  is preferentially 
associated with dense HDL in human plasma, which con-
tains a higher apoA-I protein to lipid ratio ( 18 ). Over-
expression of apoA-I in apoE-defi cient mice increases 
HDL associated Lp-PLA 2  activity ( 36 ). These all suggest 
that apoA-I may play an important role in the association 
of Lp-PLA 2  with HDL. To determine the structural basis of 
Lp-PLA 2 /apoA-I interactions, we employed DXMS to char-
acterize the association between Lp-PLA 2  and apoA-I. 

 Purifi ed Lp-PLA 2  was incubated with lipid-free apoA-I 
protein for at least 30 min to reach maximum binding 
before carrying out Lp-PLA 2 /apoA-I DXMS experiments. 

carried out a similar incubation before applying DXMS 
to our Lp-PLA 2 /HDL association experiments. Lp-PLA 2  
alone or previously admixed with HDL particles was then 
supplemented with D 2 O buffer to a fi nal concentration of 
50% D 2 O and aliquots were exchange-quenched in formic 
acid without guanidine hydrochloride at intervals from 10 s 
to 10,000 s at 0°C. We utilized three different batches of 
human HDL purchased from Sigma and ran DXMS ex-
periments on each batch. The absolute deuteration values 
of Lp-PLA 2  peptides identifi ed in Lp-PLA 2 /HDL interac-
tion experiments with each batch of HDL were substan-
tially different from one another; however, the relative 
differences in deuteration values of Lp-PLA 2  peptides in 
the presence and absence of HDL were similar for all three 
human HDL samples. 

 The on-exchange results of Lp-PLA 2  alone and Lp-PLA 2  
associated with HDL for one typical sample of human 
HDL are shown in   Fig. 1   and supplementary Fig. I.  Five 
peptides from three distinct regions of Lp-PLA 2  had over a 
10% reduction   when incubated in the presence of HDL at 
100 s ( Fig. 1 ). Similar peptides, identifi ed using two other 
batches of human HDL, showed similar deuteration changes 
as shown in in supplementary Fig. II. These three regions 
(containing peptides 107–120, 192–204, and 360–368) 
showed a signifi cant decrease in deuteron incorporation 
throughout the entire time course in the presence of HDL. 
The time courses for Hydrogen/Deuterium (H/D) exchange   
in the fi ve probe peptides that cover these three regions are 
shown in   Fig. 2  .  In the region 107–120, peptides 107–120 
and 107–123 both showed a slow H/D exchange at the 
beginning of the 10 s and 30 s time points and both incor-
porated two deuterons less at later time points through 
10,000 s in the presence of HDL. This region has been 
reported to mediate Lp-PLA 2 /liposome interactions in our 
previous work ( 25 ). Considering that HDL contains about 
20–35% phospholipids as a monolayer on its surface, it is 
reasonable that Lp-PLA 2  binds to the phospholipids on the 
HDL surface when associating with HDL at its liposome 
binding site. Peptide 360–368, a surface  � -helix, which 
had previously been demonstrated to be important for 

  Fig.   1.  Deuterium exchange of Lp-PLA 2  in the presence of human HDL. The difference in the percentage 
between deuterium incorporation for individual peptides of Lp-PLA 2  in the presence (red) or absence 
(blue) of HDL at 100 s is shown. Peptides are shown as bars spanning over the indicated sequence on the 
 x  axis. All changes greater than 10% are shown in red.   
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experiments. Amides 192–204 show a two deuteron decrease 
in the presence of apoA-I. Amides 190–195 showed a one 
deuteron decrease. The amino acid sequence of this region 
contains mostly polar or hydrophilic residues. Apparently, 
the interaction between Lp-PLA 2  and apoA-I is predomi-
nantly by electrostatic interactions as the cytosolic apoA-I 
protein has a hydrophilic surface. Actually, electrostatic 
interactions were proposed to occur between Lp-PLA 2  and 
apoB-100 in LDL ( 37 ). Although apoA-I has been suggested 
to exist in different conformations between the lipid-free 
and lipid-bound forms ( 38, 39 ), we used only the lipid-free 
form in our DXMS study. It is likely that Lp-PLA 2  binds the 

Lp-PLA 2  alone or previously admixed with apoA-I was then 
incubated with D 2 O buffer to a fi nal concentration of 50% 
D 2 O at 0°C. The aliquots at intervals from 10 s to 10,000 s 
were exchange-quenched in formic acid with 0.5M guani-
dine hydrochloride. The on-exchange results of Lp-PLA 2  
alone and apoA-I bound Lp-PLA 2  are shown in   Figs. 3, 4  , 
and supplementary Fig. III.   The only region that shows a 
signifi cant difference in deuteration between Lp-PLA 2  and 
apoA-I bound Lp-PLA 2  was at a surface region including 
amides 192–204 ( Fig. 3 ). Two probed peptides in this region, 
as shown in  Fig. 4,  demonstrated a similar pattern with the 
peptides we found in the same region in Lp-PLA 2 /HDL 

  Fig.   2.  Deuterium exchange of Lp-PLA 2  upon association with human HDL. The number of incorporated deuterons at each of the seven 
time points from 10 to 10,000 s in Lp-PLA 2  alone (blue) and Lp-PLA 2  in the presence of HDL (red) are plotted for Lp-PLA 2  peptides con-
taining amides 107–120, 107–123, 192–204, 198–204, and 360–368.   

  Fig.   3.  Deuterium exchange information on Lp-PLA 2  in the presence of human apoA-I. The difference in 
percentage between deuterium incorporation for individual peptides of Lp-PLA 2  in the presence (red) or 
absence of apoA-I (blue) at 100 s is shown. Peptides are shown as bars spanning over the indicated sequence 
on the  x  axis. All changes greater than 10% are shown in red.   
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typical plasma protein was incubated with purifi ed Lp-
PLA 2  and DXMS experiments were carried out analogously 
to those on apoA-I and apoA-II described above. Lp-PLA 2  
peptides detected in the BSA control experiment did not 
show any deuteron difference in the presence or absence of 
BSA (see supplementary Fig. V). This result unambiguously 
indicates that apoA-I and Lp-PLA 2  interact specifi cally. 

 DISCUSSION 

 Lp-PLA 2  has attracted considerable attention during the 
past decade. It has been considered as a biomarker and 
a therapeutic target for atherosclerosis. Lp-PLA 2  is mainly 
associated with LDL and HDL in human plasma. The pro-
tein associated with these two different lipoproteins has 
been shown to have opposite functions in atherosclerosis 
development. Lp-PLA 2  associated with LDL has shown a 
much higher enzymatic activity toward PAF than the same 
enzyme bound to HDL ( 17 ). The HDL may sequester the 

same hydrophilic surface in both conformations. Region 
192–204 was also identifi ed to interact with HDL in Lp-
PLA 2 /HDL DXMS experiments. This indicates that Lp-PLA 2  
binds apoA-I when interacting with HDL particles. The 
current results strongly support our hypothesis that apoA-I 
plays an important role in Lp-PLA 2 /HDL interactions. 

 Although the apoA-I protein constitutes over 70% of 
the total protein component of HDL, we cannot exclude 
the possibility that other apolipoproteins might be involved 
in Lp-PLA 2 /HDL association. To resolve this question, we 
carried out a similar DXMS experiment to test the interac-
tion between Lp-PLA 2  and apoA-II protein, which is the 
second most abundant protein component in HDL. As 
shown in both   Fig. 5   and supplementary Fig. IV, Lp-PLA 2  
did not show any deuteration difference in the absence or 
presence of apoAII. Based on our DXMS results, it appears 
that apoA-I but not apoA-II affects the interaction between 
Lp-PLA 2  and HDL.  

 As a further control for the specifi city of interaction 
between apoA-I and Lp-PLA 2 , BSA as a representative of a 

  Fig.   4.  Deuterium exchange of Lp-PLA 2  upon association with human apoA-I. The number of incorpo-
rated deuterons at each of the seven time points from 10 to 10,000 s in Lp-PLA 2  alone (blue) and Lp-PLA 2  
in the presence of apoA-I (red) are plotted for Lp-PLA 2  peptides containing amides 190–195 and 192–204.   

  Fig.   5.  Deuterium exchange information on Lp-
PLA 2  in the presence of human apoA-II. The differ-
ence in percentage between deuterium incorporation 
for individual peptides of Lp-PLA 2  in the presence or 
absence of apoA-II at 100 s is shown. Peptides are 
shown as black bars spanning over the indicated se-
quence on the  x  axis. All changes greater than 10% 
are considered signifi cant.   
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part of a surface  � -helix and was found to be important for 
Lp-PLA 2 /HDL interactions ( 23 ). Although we have found 
this domain is important in Lp-PLA 2 /HDL interactions, we 
could not identify the exact HDL component responsible for 
interactions in this region so it could be some sort of com-
bined phospholipid/protein site. 

 It has been proposed that the differential locations of Lp-
PLA 2  in LDL/HDL lipoproteins affect Lp-PLA 2  function 
and/or its physiological role and abnormal distribution of 
the enzyme may correlate with diseases ( 40 ). Lp-PLA 2  has 
been shown to be more active when it is localized in LDL 
versus HDL particles ( 17 ). Assays performed at low PAF con-
centrations that mimic physiological levels showed that en-
zyme associated with HDL particles is inactive ( 2 ). This 
suggests that Lp-PLA 2  interaction with HDL may form a non-
catalytic or inhibitory conformation but that could be differ-
ent when the same enzyme associates with LDL. Our DXMS 
experiments showed that three domains mediate the associa-
tion of Lp-PLA 2  with HDL and two of these three domains 
did not interact signifi cantly with phospholipid membrane 
surfaces. In contrast, residues Trp115, Leu116, and Met117, 
which were shown by mutagenesis to be important for Lp-
PLA 2 /LDL interactions, were all included in the Lp-PLA 2 /
liposome interaction surface we saw with DXMS ( 22, 25 ). 
The enzyme associated with HDL may require a conforma-
tional change to access the lipid membrane surface for the 
hydrolysis reaction. Alternatively, Lp-PLA 2  may have to be 
regulated to dissociate from HDL to regain its activity. This 
may explain why Lp-PLA 2  associated with HDL appears to 
not be as active as the protein associated with LDL. The C 
terminus of apoB-100 was suggested to be involved in the 
binding of Lp-PLA 2  with LDL ( 22 ). In the present study, we 
have demonstrated that apoA-I plays a very important role in 
Lp-PLA 2 /HDL association. The distribution of Lp-PLA 2  
between LDL and HDL may be closely related to its binding 
affi nity with apoB-100 and apoA-I. 

 The work reported in this paper represents the fi rst 
study of the molecular basis of Lp-PLA 2 /HDL interactions 
in solution. We employed DXMS to characterize the inter-
action between Lp-PLA 2  and human HDL and apoA-I pro-
tein. We found that specifi c residues 113–120 and 192–206 
likely mediate HDL binding and ApoA-I may play an impor-
tant role in Lp-PLA 2  and HDL association.  

 The authors thank Drs. Ewa Ninio and John Chapman, 
Université Pierre et Marie Curie, Paris, for insightful discus-
sions about the association of Lp-PLA 2  with lipoproteins. 
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