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Abstract LCAT is activated by apoA-I to form cholesteryl
ester. We combined two structures, phospholipase A, (PLA,)
that hydrolyzes the ester bond at the sn-2 position of oxi-
dized (short) acyl chains of phospholipid, and bacterio-
phage tubulin PhuZ, as C- and N-terminal templates, respec-
tively, to create a novel homology model for human LCAT.
The juxtaposition of multiple structural motifs matching
experimental data is compelling evidence for the general
correctness of many features of the model: i) The N-termi-
nal 10 residues of the model, required for LCAT activity,
extend the hydrophobic binding trough for the sn-2 chain
15-20 A relative to PLA,. ii) The topography of the trough
places the ester bond of the sn-2 chain less than 5 A from the
hydroxyl of the catalytic nucleophile, S181. ii7) A B-hairpin
resembling a lipase lid separates S181 from solvent. iv) S181
interacts with three functionally critical residues: E149, that
regulates sn-2 chain specificity, and K128 and R147, whose
mutations cause LCAT deficiency.ll Because the model
provides a novel explanation for the complicated thermody-
namic problem of the transfer of hydrophobic substrates
from HDL to the catalytic triad of LCAT, it is an important
step toward understanding the antiatherogenic role of HDL
in reverse cholesterol transport.—Segrest, J. P., M. K. Jones,
A. Catte, and S. P. Thirumuruganandham. A robust all-atom
model for LCAT generated by homology modeling. J. Lipid
Res. 2015. 56: 620-634.
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high density lipoprotein e phospholipases/A2 e lecithin:cholesterol
acyltransferase

Of the possible mechanisms suggested to explain the
atheroprotective role of apoA-I, a process called reverse
cholesterol transport is most completely understood at the
molecular level (1). Activation of the plasma enzyme
LCAT (2-4) by apoA-I on nascent discoidal HDL (dHDL)
is necessary for esterification of the unesterified choles-
terol (UC) molecules of HDL to cholesteryl ester (CE)
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and leads to the conversion of phospholipid-rich dHDL to
spheroidal CE-rich (circulating) HDL, a central step of re-
verse cholesterol transport (1).

Unique among enzymes, LCAT is responsible for cata-
lyzing two distinct steps in the formation of plasma-derived
CE (4). In the first step, apoA-I presents the sn-2 acyl chain
of medium- to long-chain phosphatidylcholine (PC) with
about 90% fidelity (5, 6) to the hydrolytic active site of
LCAT to allow fatty acid hydrolysis of the sn-2 acyl chain,
formation of an acyl ester enzyme intermediate with the
catalytic residue S181, and release of lysolecithin (2). This
is the rate limiting step in the process (7); short-chain (sol-
uble) phospholipids can be hydrolyzed by LCAT with no
requirement for apoA-I to activate the enzyme. In the sec-
ond step, the acyl ester enzyme intermediate reacts with
the 3B-hydroxyl group of UC to form the insoluble prod-
uct CE. Functionally, LCAT is the major source of plasma-
derived CE and is responsible for transforming nascent or
lipid-poor HDL into spherical HDL containing a core of
CE with an exterior composed of apoA-I, phospholipid,
and UC. If no LCAT is present, little to no spherical HDL
is formed (8, 9).

The lack of a crystal structure of full length LCAT com-
plicates any attempt at understanding the molecular
mechanisms of its activation by apoA-I. A homology model

Abbreviations: BLAST, Basic Local Alignment Search Tool; CE,
cholesteryl ester; dHDL, discoidal HDL; DOPE, discrete optimized pro-
tein energy; ID, identification; Lp-PLAy, lipoprotein-associated phos-
pholipase Ay; MD, molecular dynamics; NMA, normal-mode analysis;
OA, oleic acid; PC, phosphatidylcholine; PDB, Protein Data Bank;
PLA,, phospholipase Ay; PSI-BLAST, position-specific iterated Basic
Local Alignment Search Tool; RCSB, Research Collaboratory for
Structural Bioinformatics; UC, unesterified cholesterol; VMD, visual
molecular dynamics.

' To whom correspondence should be addressed.

_e-mail: segrest@uab.edu

*Present address of A. Catte: School of Chemistry, University of East
Anglia, Norwich, NR4 7T], UK.

*Present address of S. P. Thirumuruganandham: School of Physical
Sciences and Engineering, Yachay Tech, Yachay City of Knowledge,
100119 Urcuqui, Ecuador.

The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of seven figures and three
videos.

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

1102 ‘2 ANt uo “1sanb Aq 610" Jj:mmm woly papeojumoq


http://www.jlr.org/
http://www.jlr.org/content/suppl/2015/01/14/jlr.M056382.DC1.html 
http://www.jlr.org/content/suppl/2015/01/14/jlr.M056382.DC1.html 

SASBMB

JOURNAL OF LIPID RESEARCH

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2015/01/14/jlr. M056382.DC1

of a portion of the structure of the 416 residue long LCAT
chain, residues 73-210, was published 15 years ago by Peel-
man et al. (3, 4, 10). More recently, Sensi et al. (11) pub-
lished a homology model for full length LCAT that is
composed of an amalgam of homology and ab initio frag-
ments developed by a step-by-step selection of best fit mod-
els. A key criterion used for best fit was spatial clustering of
the three residues of the catalytic triad proposed by Peel-
man et al. (10). Although S181 is known to be the nucleo-
phile in LCAT (12), the other residues of the proposed
triad, D345 and H377, have not been established.

Here we explore the creation of a robust homology
model for LCAT using the multi-alignment routine of the
program MODELLER and two recently determined crys-
tal structures homologous to portions of LCAT as tem-
plates. Derivation of this model required many fewer
assumptions than employed by either Peelman et al. (10)
or Sensi etal. (11). Asingle dual alignment generates mul-
tiple models essentially all possessing structural attri-
butes matching LCAT features previously determined by
biochemical and biophysical methods (3, 4). We then
examined the best models produced through molecular
dynamics (MD) simulations and normal-mode analysis
(NMA) and explored the molecular mechanisms whereby
LCAT associates with HDL to create a tunnel for transfer
of lipids from HDL to the LCAT active site.

MATERIALS AND METHODS

Homology modeling calculations

Homology models search of the Research Collaboratory for
Structural Bioinformatics (RCSB) Protein Data Bank (PDB) was
carried out on the Basic Local Alignment Search Tool (BLAST)
server by selecting the protein BLAST program and by using the
position-specific iterated BLAST (PSI-BLAST) algorithm. We found
the best template for the C-terminal domain of human LCAT
(residues 51-416) to be the X-ray crystal structure of human lipo-
protein-associated phospholipase Ay (Lp-PLA;) (RCSB PDB iden-
tification (ID): 3D59) (13). The best template for the N-terminal
domain of human LCAT (residues 1-50) was the X-ray crystal
structure of tubulin-like protein, PhuZ, from bacteriophage
201¢2-1 (RCSB PDB ID: 3RB8) (14).

In order to assemble the best templates for the N-terminal and
the C-terminal domains of LCAT, the model of human LCAT was
built using the homology modeling software MODELLER (15—
18) version 9.11. The structural model of the human LCAT tar-
get sequence was based on the alignment against these two
templates, which was performed using a Python script of MOD-
ELLER, and as a graphical user interface the molecular graphics
program UCSF Chimera (19) version 1.8. Finally, we used the
discrete optimized protein energy (DOPE) potential to evaluate
the best 10 models (defined as those with minimal DOPE values)
out of the 100 structures generated by MODELLER, using the
“loopmodel” function.

In a parallel experiment, the disulfide bonds were specified by
the “self.patch” function within the “special_patches” routine in
a modification to the “loopmodel” function, and then another
100 structures were generated by MODELLER and the best
10 models were selected as above.

Multiple sequence alignment

The sampling of the sequence similarity of human LCAT with
protein sequences from other species was performed using as a
seed the sequence of human LCAT and the PSI-BLAST algo-
rithm. Non-redundant protein sequence databases were searched,
and general parameters were set using values for the expected
threshold (20) of 10 and a word size of 3; the scoring parameters
used were BLOcks SUbstitution Matrix 62 (BLOSUM62) protein
substitution matrix (21) with costs of gap opening and extension
of 12 and 1, respectively. The search generated more than 40 se-
quences from fish, amphibians, birds, and mammal species.

The sequences similar to LCAT were aligned using a combina-
tion of UCSF Chimera and Clustal 2 (22, 23). As far as regards
the software Clustal 2, we used the graphical user interface Clust-
alX (24-26) version 2.1 in order to produce Fig. 4. Sequences
were aligned by performing a complete alignment in the multi-
ple alignment mode.

NMA

NMA is a direct way to analyze the vibrational motion of
proteins based on a structural analysis (27-30). In NMA calcula-
tions, the potential function is approximated by a sum of qua-
dratic terms in the displacements around a minimum energy
conformation.

We utilized the Normal Mode Analysis, Deformation, and Re-
finement (NOMAD-REF) web server for all atomic NMA (31).
NMA was performed on the homology model of LCAT coordinates
consisting of 3,331 atoms as reference structures in combination
with the following parameters for the elastic network model for
the first 36 modes. All interactions were weighted by a distance-
weight parameter of 5 A, and for the nonbonding interactions a
cut-off of 10 A was chosen. We obtained modes in PDB formats
and inspected them using visual molecular dynamics (VMD)
(32) for the specific motions that are described in results.

MD

All-atom minimization and MD simulations were used to ex-
plore the dynamic motion and measure the stability of the mod-
els we developed. The MD was performed using NAMD 2.9 (33)
as described (34, 35).

To obtain m5 from mb5*, 10,000 steps of conjugate-gradient
energy minimization were performed to remove possible close
contacts between atoms after specifying harmonic constraints of
1 kcal/mol on all backbone atoms except for residues within five
of the disulfide-linked cysteines. In addition, secondary-structure
restraints (as determined by the initial structure from MODELLER)
were also specified by using the VMD (32) plug-in “SSRestraints”
to ameliorate disruption during minimization. Hydrogen bonds
were not restrained. These restraints were then used by NAMD’s
“extrabonds” command.

To obtain mbp, a POPC molecule was manually docked into
the hydrophobic trough of mb, then 10,000 steps of conjugate-
gradient energy minimization were performed after freezing all
protein atoms in place.

To obtain mbd, residues 150-153 were removed from mbp,
then E149-E154 were joined to form a continuous protein back-
bone. Then the structure was minimized for 10,000 steps while
freezing residues 103-112, 122, 149, 181, 208, 288, and 342 to
prevent disruption of the lipid. Next, while applying harmonic
constraints of 1 kcal/mol on all residues >10 A from N, O,and P
atoms of the lipid, as well as the terminal methyls of the lipid, the
system was subjected to 10,000 steps of conjugate-gradient energy
minimization, heated to 310 K, and then simulated for 5.5 ns,
giving mbd. In addition, this final structure was also solvated,
minimized for 10,000 steps, heated to 310 K, and simulated for
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another 5 ns without harmonic constraints. Finally, m5d was also
simulated for another 1 ns without solvent and without any har-
monic constraints.

For the simulation of the four residue peptide, consisting of
residues 179-182, the initial unsolvated structure was minimized
for 1,000 steps, heated to 310 K, and then simulated for 1 ns.

RESULTS

Creation of the homology model

When we performed a homology search against human
LCAT (Fig. 1A), the top scoring homology match of resi-
dues 1-50 of human LCAT was to residues 2-51 of tubulin
PhuZ, bacteriophage 201phi2-1 [Fig. 1B; RCSB PDB ID:
3R4V (14)], a segment that forms a B-sheet/a-helix motif
(Fig. 1C). In spite of a similarity/identity of only 30/14%,
the alignment was good with only two gaps of two residues
each (Fig. 2).

We found a best match of residues 51-416 of LCAT to
residues 54—427 of Lp-PLA, [Fig. 1D-F; RCSB PDB ID: 3D59
(13)1, a member of the o/B-hydrolase fold family charac-
terized by a B-sheet core of eight or so strands connected
by a-helixes to form an o/ /a sandwich (36). Lp-PLA,,
also known as platelet-activating factor acetylhydrolase,

A 1 50

is similar to LCAT in that it tightly associates with HDL to
hydrolyze the ester bond at the sn-2 position of oxidized
(short) acyl chains of phospholipid. Further, LCAT can also
transesterify and hydrolyze platelet-activating factor-2 or
oxidized PC, each of which has shorter chains than POPC
in the sn-2 position. The similarities make Lp-PLA, a credi-
ble template for LCAT.

The crystal structure of Lp-PLA, has a catalytic triad of
S273, H351, and D296 (Fig. 1F), a short (~7 A) aromatic-
rich binding pocket for the short sn-2 oxidized acyl chain
(Fig. 1D), and an acyl trough for binding the longer sn-I
chain (Fig. 1E). Again, in spite of an even lower similarity/
identity than tubulin PhuZ (20/7%), the alignment was
good with only eight gaps, six of one to three residues, and
two of four and five residues (Fig. 2). Importantly, there is
only a single gap of one residue in the alignment of the
core sequence (37) of LCAT (residues 106-260, green box
in Fig. 2).

The chief inaccuracies in homology modeling derive
from errors in sequence alignment and improper tem-
plate selection (38). In spite of weak identity, because of a
core alignment with only one gap, core regions tend to
have conserved structural folds and are more amenable to
homology modeling than peripheral loop regions (39), we
used the multi-alignment routine in the homology pro-
gram, MODELLER, to combine the Lp-PLA, structure

huLCAT 416

Bacteriophage
tubulin PhuZ (2-51)

Lipoprotein-associated phospholipase A; (54-427)
Associates with HDL to hydrolyze (short) sn-2 chain of oxidized phospholipid

(AKA platelet-activating factor acetylhydrolase)

Acyl'trough

Fig. 1. Templates used to model LCAT. A: Multi-alignment used with MODELLER, 30% similarity/14% identity for PhuZ and 20% simi-
larity/7% identity for Lp-PLA,. B: Ribbons image of tubulin PhuZ. C: Ribbons image of residues 2-51 of tubulin PhuZ. D: Space filling
image of PLA,. Color code: Aromatic residues (magenta); hydrophobic residues (gold); basic residues (blue); acidic residues (red); bind-
ing site for sn-2 chain (white double-headed arrow); $273 of catalytic triad (green). E: (D) rotated 90° showing proposed binding of human
plasma platelet-activating factor based upon a crystal structure of the organophosphate compound paraoxon bound to PLA,. F: Ribbons

image of (D) showing active site triad.
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Template PVKVCLIPAGENGMNVATKIAVD LGE HCFDTI™D K
LCATJFWLLNVLJJP PRl - -TPKAEMS NHTRP\YILVPG[L G
N-Terminal Domain

LCAT KLDKPDV

VVD- 39
QLEA 38

INWMCYRKTEDFFT I WD LNMFLPLEVDCWIDN 78

Template —VHRSVNTLTK—NGPYSVGC T DM FDHTNKGTFLR---1L 74
v

PhuZ (——)Lp-PLA2

Template YYPSQDNDRLDTLWIPNKEYFWGLS -~~~
LCAT TRVVYNR SSGLVSNAJJGVQIRVPGFGKT,

KFLGTHWLMGN 111
YSVEYLDSSKL

118

Template |LRLFGS MTTP NSPLRPGEKYPLVWFSHGLGAFRTLY] 151
LCAT [GYMHTLV QNLVNRGYVRDETV RAAJIYDWYRLEPGQQEEYYR] 158

LID Domain

Template

TRIAD Domain

SAI[IDL A SEIGFIVAAQEHE FJaSATYYFKDQSAAEIGD
LCAT |KLAELVE EMEIAAYGKPYFL ] [NLGCLHLLYFLLRQ-PQA

191

197 Fig. 2. Alignment of the dual template (PhuZ and

Lp-PLAy) with human LCAT for creation of homol-
ogy model m5. The core domain, residues 107-260, is

Template|
LCAT|

KSWLYLR TILKQEEETHIRNEQ VRQRAKECSQAL S LMLDID 231
WKDRFIDGF ISLGAPWGGSIKPMLVLASGDNQG I PpaMSST 237

boxed in green. The three key domains, N terminus,
lid, and triad are boxed in bold black. Key residues

Template | HGJdPVKN ALDLKFDEIEQLEKD S IDREKIAVIGHEFGGATVI 271
LCAT|KLISEEQRITTTSP FPSRMAWP|---EDHVFIEJTPSFN-- 272

LCAT ---YTGRDIQRFF

R147, E149-E155, R158, G179-S181, and D204-G205
are bolded. Identity between template and target is
denoted by black, similarity by gray.

I\DLHFEEGWYMWLQSRDLLAGLPAPGV 309

Template QTLSEDQ RRCGILDA——WM FPLGDEVYSRIPQPLFFIN 309

Template SEMFOMP ANIIKMKKCYSPDKERKMITIRGSHQNFA
EVMCLMGVGEG----LPTPRTYI YDHGFPYTDPYGVLYE

LCAT

FT 349
GD 345

Template FATGKII GHMLKE&GDIDSNVRIDSNKRSLAF o KHLGL 389
L

LCAT DTVATRS TELCG#WQGR-QPQ PVH

Template HKDFDOQWDCLIE[EDDENLIJFG TNINTT---- - -
LCAT L-TLEHI NAILLEAYROGP)JASPTASPEPPPPE

and the PhuZ structure as templates (Fig. 1A) to create
homology models for human LCAT. After initial models
looked promising, we proceeded to create a total of 100
models with MODELLER and chose the top 10 lowest en-
ergy models for further study. All 10 of the lowest energy
models are quite similar, an alignment of the 10 structures
is shown in Fig. 3A. Their alignments differ predominantly
in the C-terminal domain, where eight prolines occur in
the last fifteen residues of LCAT. The terminal six residues
of this region are unmatched in the template (Fig. 2).

We examined each of these 10 models in detail using
molecular graphics and, although each was similar, the
fifth best scoring model (designated m5*) was chosen for
further modeling. It was immediately apparent that the
model m5*% possessed a number of structural attributes
that matched known LCAT features. We proceeded to the
formation of disulfide bonds.

Disulfide bonds

Disulfide bonds were specified in m5* between the cor-
rect cysteine disulfide pairs, C50-C74 and C313-C356 (3, 4),
the cross-linked model was subjected to harmonic constraints
and secondary-structure restraints, energy minimized, and

LPLHGIQHMMNMVFSN 384

416
416

the resulting structure (designated m5) is shown in Fig. 3B.
The cysteine residues were sufficiently close in m5 that di-
sulfide bond formation created no significant structural
distortion following energy minimization; the relative
motions of m5 during energy minimization after disulfide
bond formation are illustrated in supplementary Fig. 1. All
four cysteines are completely conserved in all LCAT
sequences, except for C356 that is exceptional only be-
cause it falls in a deleted region of one mammalian species
(Fig. 4, red arrowheads).

We also created disulfide bonds using the alternate ap-
proach of specifying the disulfide bonds within MOD-
ELLER via a routine instead of within NAMD minimization.
We created 100 disulfide-containing models and selected
the 10 with the lowest energy for further examination.
Alignment of the top 10 models is shown in supplemen-
tary Fig. 2a. Alignment of the models using the disulfide-
forming routine was good, but not quite as good as models
created with no disulfide bonds; in particular, the N-terminal
domain was more mobile. We will compare the principle
features of model m5, all top 10 disulfide-free models, and
all top 10 models created using the disulfide-forming rou-
tine as we move through the Results.

A robust homology model for LCAT 623
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N\ “Lid”

headgroup headgroup

Fig. 3. Relaxed-eyed stereo images of LCAT homology model highlighting noteworthy features. A: Alignment of Ca carbons of the 10
lowest energy models (in 10 different colors) of 100 produced by the multi-alignment module of MODELLER. The 100% conserved W2
residue and the three residues corresponding to a catalytic triad are shown in spacefilling mode and the poorly aligned C-terminal domain
is indicated. B: Ribbons image of model m5 showing: active site triad as spacefilling, S181 (green), H180 (pale blue), and D204 (pink);
disulfide bonds, C50-C74 and C313-C356 (gold spacefilling); lipase lid (cyan stick); PhuZ homologous region (residues 1-50) (magenta);
residues 1-10 (magenta surface); known glycosylation sites (dotted pale green spacefilling). Helical domains, H1 and H2, located at the
end of the sn-1 trough, red arrows (see Fig. 8). C: Space filling image of model m5 with same view as (B) containing a POPC molecule in-
serted into the hydrophobic crevice and energy minimized (see Materials and Methods). Color code: aromatic residues (magenta); hydro-
phobic residues (L, V, M, I, A, P) (gold); basic residues (blue); acidic residues (red); conserved residues F1 and W2 (magenta arrowheads);
other LCAT residues (gray); POPC, (yellow spacefilling). D: Same image as (C) with docked POPC in stick format to show location of the

lid (dotted spacefilling cyan). Helical domains, H1 and H2, located at the end of the sn-I trough, red arrows (see Fig. 8).

Secondary and tertiary structure. Model m5 has a helical
content of 25%, identical to the experimentally determined
value of 24-25% (40) for human LCAT. Further, the model
has features similar to other members of the o/B-hydrolase
fold family, with 12 helical segments, 9 at least four residues
in length, that surround a core of eight B-strands (Fig. 3B).
Values for the 10 lowest energy models were similar. The
models created without disulfide bonds have an average heli-
cal content of 27 + 1.2% with an average of 15 helical seg-
ments surrounding a core of 13 B-strands. The models
created with the disulfide-forming routine have an average
helical content of 28 + 1.5% with an average of 15 helical seg-
ments surrounding a core of 11 B-strands.

Hydrophobic PC binding trough

The five N-terminal residues, FWLLN, known to be re-
quired for LCAT activation by apoA-I (4), form in m5 one
end of an L-shaped trough lined by numerous aromatic
and hydrophobic residues (Fig. 3B-D). The first 10 resi-
dues of LCAT, FWLLNVLEFPP, are highly conserved and
six (underlined) are completely conserved in all 45 LCAT
orthologs that have been sequenced, from mammals to
fish (see box in sequence alignment, Fig. 4). These 10 resi-
dues, shown as a transparent surface representation in
Fig. 3B extend the 7 A aromatic-rich binding pocket for
the short sn-2 oxidized acyl chain in Lp-PLA, (Fig. 1D) by

624 Journal of Lipid Research Volume 56, 2015

15-20 A in m5. Examination of the alignment of the ten
lowest energy states for the disulfide-free models, finds
that in five models the hydrophobic trough is completely
open, in three models the trough is partially closed by con-
tact of the loops marked by yellow arrowheads (Fig. 3A),
and in two models the trough closure is more extensive. In
the top ten models created using the disulfide bond-forming
routine (supplementary Fig. 2a), the hydrophobic trough
is completely open in four models (supplementary Fig. 3),
but is in varying states of closure in the remaining six mod-
els primarily due to contact of the loops marked by yellow
arrowheads in supplementary Fig. 2a.

Remarkably, POPC, a good substrate for LCAT, can be
docked into the L-shaped hydrophobic trough of m5 in an
orientation similar to that of platelet-activating factor or
oxidized PC in the Lp-PLA, crystal structure (Fig. 1E). For
docking, a POPC molecule was manually inserted into the
trough in m5 with the terminal methyl of the sn-2 chain in
Van der Waals contact with the completely conserved W2
of the N-terminal aromatic cluster and the sn-I chain and
the polar head group bent at approximately 90° to the sn-2
chain to fit snugly into the shorter end of the L-shaped
hydrophobic trough. Then the structure was energy mini-
mized with parts of the protein subjected to harmonic
constraints, but the POPC allowed to move freely, and the
results (designated m5p) are shown in Fig. 3C, D.
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Fig. 4. Alignment of sequences of 45 LCAT orthologs from mammals to fish. Sequences were aligned using ClustalX, packaged through
MultiCLUSTAL script, performing 98 cycles of alignments and using six different parameters, as follows: different multiple protein substi-
tution matrices; costs for gap openings between 0 and 20 in steps of 4; pairwise gap extensions between 0 and 0.5 with 0.1 intervals; and
multiple gap extensions between 0.02 and 0.1 with an interval of 0.02. The highest scoring alignment, according to the MultiCLUSTAL
estimate, was chosen for further analysis. The first 10 residues that are highly conserved are indicated by a box. The symbols at the top are:
(*) 100% conserved; (:) very well conserved; (.) conservation of polar or nonpolar properties. The histogram at the bottom plots the overall
degree of conservation of each sequence position; the red line denotes approximate 50% conservation.

There are several detailed features of the complete F300 in the Lp-PLA, template (Fig. 1D). &) The POPC
POPC/LCAT model, m5p, that are worthy of note: i) The molecule has settled deeply into the trough (Fig. 3C, D).
sn-2 chain binding trough is capped by a pair of m-stacked ut) The terminal methyl of the sn-2 chain remains in Van
Trp/Phe residues in both the model and the Lp-PLA, tem-  der Waals contact with the completely conserved residue
plate, W2/F1 in the LCAT model (Fig. 3C) and W298/ W2 (Fig. 3C). iv) The sn-2 chain has kinked at the double
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Fig. 4. Continued.

bond (Fig. 3C, D) adjacent to the almost 100% conserved
residue S208 (Fig. 4).

Catalytic triad

A catalytic triad refers to three amino acid residues that
function together at the active site of certain hydrolases,
such as proteases and lipases (41). LCAT is unusual be-
cause it is the sole example of an enzyme that combines
lipase and transferase activities. A common method for
generating a nucleophilic residue for covalent hydrolysis
is an acid-base-nucleophile triad. The residues form a

626 Journal of Lipid Research Volume 56, 2015

charge-relay network to polarize and activate the nucleo-
phile, which attacks the substrate, forming a covalent in-
termediate thatin the hydrolase is hydrolyzed to regenerate
the free enzyme. One key feature of the charge-relay net-
work is that the acid, most often Asp, forms a hydrogen
bond with the base, most often His, to drive formation of
a salt bridge during activation of the nucleophile, most of-
ten Ser (41).

Three residues, S181, H180, and D204, are juxtaposed
in Van der Waals contact in m5 to create a putative cata-
Iytic triad in the correct linear order, S<H<<D (Fig. 3B).
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When the 10 lowest energy MODELLER structures of the
models formed without disulfide bonds were aligned by
their o carbons, the side chains of S181, H180, and D204
were remarkably well aligned (Fig. 5A); none of the non-
hydrogen atoms of the key nucleophile, S181, known ex-
perimentally to be the nucleophile in the catalytic triad of
LCAT (12), deviated from their position relative to the
rest of the alignment by more than 1 A. The same is true
for the top 10 models created with the disulfide bond-
forming routine (supplementary Fig. 2b).

The linear order S181<>H180<5D204 is identical to that
in Lp-PLA,, except reversed in direction relative to the hy-
drophobic trough (Fig. 5B). It is especially noteworthy
that, as required by the catalytic triad charge-relay network
concept, D204 forms a hydrogen bond with HI180 (Fig.
5B), a geometry that is maintained in both sets of 10 lowest
energy models (Fig. bA; supplementary Fig. 2b).

S181, experimentally determined to be the nucleophile
in the catalytic triad of LCAT (42), is at the elbow of the
L-shaped hydrophobic trough in m5 at the opposite end of
the long arm from the conserved N-terminal cluster, F1-
P10 (Fig. 3B-D), in a comparable position to the key cata-
lytic residue, S273, of Lp-PLA, (compare Fig. 1F and Fig.
3B). H180 and S181 are completely conserved in all 45
LCAT ortholog sequences, while D204 is conserved in all
31 mammalian species (Fig. 4, red arrowheads).

The fact that S181 and H180 are adjacent in the linear
sequence of m5 is a unique feature of the proposed cata-
Iytic triad in our model that requires discussion. In other

204 204
s181 S181
H180 H180
“Lid” > “Lig” >
Acid
B

Nucleophile

Base
(HIS) (SER)

catalytic triads determined from crystal structures (41),
the nucleophile and base are in separate segments of the
protein. The juxtaposition of the nucleophile and the base
in our model is not a problem in principle because: 7)
many catalytic triads with numerous combinations of nu-
cleophile and base have been created by convergent evolu-
tion (41); and ) LCAT is unique in that it possesses both
lipase and transferase activities (4).

Not only is LCAT only distantly related to lipases (11),
but the enzyme itself acts as the donor in the acyl transfer-
ase step (4). The other enzymes that catalyze formation of
CE, acyl-CoA (CoA):cholesterol acyltransferases, ACATI,
and ACAT2, and indeed most acyl transferases, require an
activated donor (43). Because there is no evidence for
more than one active site in LCAT, to serve as the donor,
the acyl ester enzyme intermediate created by the catalytic
triad must have a high chemical potential. Thus the evolu-
tionary origin of the active site of LCAT is likely to be dis-
tinct from the evolutionary origin of the active site of pure
lipases. Indeed, Das, Davis, and Rudel (44) have suggested
that ACAT1 may involve a Ser/His/Asp catalytic triad of
5456, H460, and D400, placing Ser and His near one an-
other in the primary sequence of ACAT1. However, the
possibility exists that another histidine residue acts as the
base. Given its interaction with the lid, H186 is a possible
candidate.

For adjacent Ser-His residues to function as a base-nu-
cleophile charge relay system, one of the nitrogens of the
His imidazole ring must be able to hydrogen-bond to the

Fig. 5. Several noteworthy features of the lid, the “catalytic triad,” and their interactions. A: Relaxed-eyed stereo image of the alignment
of the lipase lid (residues 150-153) and the catalytic triad (S181, H180, D204) from the full alignment of the 10 lowest energy models cre-
ated without disulfide bonds shown in Fig. 2A to illustrate persistent formation of a hydrogen bond between the acid, D204, and the base,
H18I, of the catalytic triad. The lid is in ribbons and the catalytic triad is in stick. The persistent hydrogen bond is indicated by a blue-pink
dotted line. B: Overlay of the catalytic triad of our LCAT homology model 5 (green) with the known catalytic triad of Lp-PLA, (yellow). C:
Relaxed-eyed stereo image in stick representation of the tetra-peptide sequence, G179-H180-S181-L.182, in which the hydroxyl of S181 and
the nitrogen adjacent to the Cy atom of the protonated H180 imidazole ring were brought within hydrogen bond distance by rotation of
[d, @], the peptide was energy minimized and then was subjected to 1 ns MD simulation at 310 K in vacuo. D: Relaxed-eyed stereo image

of (C) in spacefilling representation.
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hydroxyl of the Ser. To determine whether such a confor-
mation was possible in our model, we created a peptide
from the tetrapeptide sequence, G179-H180-S181-L.182,
rotated the [¢, ¢] of H180 and S181 to move the hydroxyl
moiety of S181 within hydrogen bond distance of the
H180 8 and & imidazole nitrogens and energy minimized
the two peptides. Only the association of the S181 hydroxyl
with the N§ of the HI180 imidazole ring maintained hydro-
gen bond distance. When we created a hydrogen bond by
placing a charge on the His and subjected that peptide to
MD simulations at 310 K in vacuo for 3 ns to mimic the low
dielectric environment of a catalytic triad, the hydrogen
bond between the hydroxyl of S181 and the N3 of the
H180 imidazole ring remained intact, creating the struc-
ture shown in Fig. 5C, D. The [¢, ¢] for the H180-S181
pair, [—82, —97] and [60, —137], although appearing
somewhat strained, fall into allowable regions of the
Ramachandran diagram (supplementary Fig. 4).

B-Turn lipase lid

Many lipases have a lid that separates the active site from
solvent and maintains a low dielectric environment. For
example, PLA, from cobra venom that hydrolyzes the sn-2
chain of PC contains a lipase lid (31-GGSGTP-36) struc-
tured as a B-turn (45). In model m5, a short B-turn (Fig.
3B) formed by four residues (150-PGQQ-153) covers the
key catalytic residue, S181, in the hydrophobic trough
(cyan, Fig. 3B-D), thus separating the active site from sol-
vent approximately halfway between S181 and the docked

B : :
5 5
% h
srkz sn-\?
5 \
5181 ‘)‘,carbonyl $181 \)’carbonyl
2Ll AV
N/ A g/ A
180y *_*L ‘180 "“:*

sn-2 ester bond (Fig. 3B-D). The location and conforma-
tion of this B-turn is quite invariant in both sets of 10 low-
est energy models (Fig. bA; supplementary Fig. 2b).

To mimic opening of the lid, we removed the lid resi-
dues 150-153 from m5p, created a peptide bond between
residues E149 and E154, minimized with harmonic con-
straints and secondary structure restraints, and performed
a 5.5 ns MD simulation at 310 K to create model m5d. In
this simulation, we harmonically constrained the terminal
methyls of the two POPC acyl chains and all residues
greater than 10 A from the N and P atoms of the POPC
molecule. The results are shown in Fig. 6A. Noteworthy
features of m5d include: i) significant disordering of the
POPC acyl chains induced in part by reorientation of sev-
eral aromatic residues allowing greater insertion into the
hydrophobic trough (white arrowheads, Fig. 6A); and )
deeper insertion and reorientation of the POPC head-
group to allow the sn-2 carbonyl moiety to come within ~4
A of the hydroxyl of the nucleophilic residue of the cata-
lytic triad, S181 (Fig. 6B).

The nucleophile S181 is restricted by direct or indirect
interactions to four functionally critical residues

It is noteworthy that S181 in model m5 has direct inter-
actions with one residue, E149, that determines the activ-
ity of LCAT with PC substrates containing different sn-2
fatty acyl compositions (46) and a second residue whose
mutation, K218N, is known to cause LCAT deficiency
(47). Further, S181 has indirect interactions with a third

Fig. 6. Details of the lipid-binding trough. A: Space filling relaxed-eyed stereo image of the structure in Fig. 2C in which the lid has been
removed, harmonic restraints applied to the terminal methyl groups of the acyl chains and to all residues >10 A from the phosphorus or
nitrogen atoms of the POPC and the model subjected to a 5 ns MD simulation (see Materials and Methods). Color code: same as Fig. 2C
except the catalytic triad is spacefilling green. B: Space filling relaxed-eyed stereo image of the juncture of the POPC molecule and the cata-
Iytic triad from the structure shown in (A) illustrating the close juxtaposition (4.4 A) of the sn-2 carbonyl moiety and the ~OH group of
S181 of the catalytic triad. C: Relaxed-eyed surface image of model m5 containing a docked POPC. Color code: aromatic (magenta); hydro-
phobic (gold); basic (blue) acidic (red); other residues (gray). Color code POPC: carbons (yellow); hydrogens (white). D: Relaxed-eyed
surface image with same view as (C) showing proposed binding of sn-2 OA (yellow and white) after hydrolysis and UC (peach and white)

in the site that previous held the sn-1 acyl chain and headgroup.

628 Journal of Lipid Research Volume 56, 2015
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residue whose mutation, R147W, also causes LCAT defi-
ciency (47) (Fig. 7).

E149 in human LCAT, the residue immediately preced-
ing the lid in m5, is critical in determining the activity of
LCAT with PC substrates containing different sn-2 fatty
acyl compositions (46). It is probably no coincidence that
E149 forms a hydrogen bond to the hydroxyl moiety of
S181 (Fig. 7A) and forms salt bridges to two basic residues
on the opposite side of the lid that are nearby in the pri-
mary sequence, R147 and R158 (Fig. 7B). The salt bridge
fluctuates between R147 and R158 in different low energy
models (data not shown). It is equally significant that a
mutation of one of the two basic residues salt bridged to
E149, R147W, is associated with LCAT deficiency (47). Fi-
nally, K218, also associated with LCAT deficiency via the
mutation, K218N, forms a hydrogen bond to the back-
bone carbonyl of H180 (Fig. 7A, B), restricting the motion
of both the nucleophile S181 and the base H180.

One additional residue of note, Q152 in the lid, is directly
associated with S181 via a hydrogen bond of its backbone

A

NH to the backbone carbonyl of S181 (Fig. 7A, B); this
hydrogen bond is maintained in both sets of lowest energy
models, the top 10 created with the disulfide bond-forming
routine (supplementary Fig. 2b) and the top 10 created
without disulfide bonds (supplementary Fig. 5).

It is intuitively tempting to speculate that the breaking
of the interactions of E149, K128 and Q152 to S181, and
E154 and E155 to H186 and R99, respectively (Fig. 7B),
would trigger the opening of the lid away from the nucleo-
phile, S181, exposing the nucleophile to the substrate and
freeing it to form a hydrogen bond with the base, H180 or
perhaps H186.

Glycosylation sites

LCAT is a glycoprotein. Attached carbohydrate resi-
dues are expected to be on the protein surface exposed to
the solvent. The known N-glycosylated residues, N20, N84,
N272, and N384, and the O-glycosylated residues, T407
and S409 (3), are all located on loops on the surface of

Fig. 7. Relaxed-eyed images of salt bridges and hydrogen bonds between key molecular moieties in the
vicinity of the lipase lid. A: Relaxed-eyed stereo view of the lid-triad region showing interactions of S181 with
Q152, E149, and K218. The lid loop region, R147-R158, the triad loop-helix region, I178-L.221, and the R99
helix region, V96-G102 are in gray backbone representation; the lid (P150-Q153) is in cyan ribbons; E149,
Q152, K218, and S181 are spacefilling. B: Relaxed-eyed stereo view of the same region as (A) showing the
extensive salt bridges and hydrogen bonds between the lid and the triad loop on the right side and the lid
and other residues on the left side (the opposite side of the lid from the triad). Interacting residues are stick.
All the interactions on the left side are salt bridges: E149<>R158; E149<>R147; E155¢>R99. Interactions on
the right side are mixed: hydrogen bonds, Q152°S181 and K218H180 and a salt bridge, E154«>H186.
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the model on the side of the LCAT model opposite the
hydrophobic trough (dotted pale green spacefilling repre-
sentation in Fig. 3B).

DISCUSSION

Goodness of fit of model m5 to known LCAT attributes

The human LCAT homology model m5 presented here
contains multiple structural attributes that match known
LCAT features previously determined by biochemical and
biophysical studies (3, 4). These include: 7) a putative cata-
Iytic triad (13) in which an aspartic acid is hydrogen
bonded to a histidine; i) a B-turn lid (45) covering and
hydrogen bonding to the backbone carbonyl of the known
nucleophile of the catalytic triad, S181; #z) a unique loca-
tion for E149, a residue that determines the specificity of
LCAT toward the sn-2 chain of the PC substrate (48), al-
lowing its backbone carbonyl to hydrogen bond to the hy-
droxyl of S181 and salt bridge to a pair of arginine residues,
one associated with LCAT deficiency, on the opposite side
of the lid from S181; 7v) a direct interaction of K218, a resi-
due associated with LCAT deficiency, with the nucleo-
phile, S181; v) an L-shaped hydrophobic trough containing
the nucleophile (S181), the lid, E149, and K218 (associ-
ated with LCAT deficiency) at its elbow; vi) hydrophobic
trough dimensions that snugly accommodate the sn-2
chain of a PC molecule in its longer end and the sn-1 chain
and the choline head group (or UC) in its shorter end;
vii) disulfide bonds (3, 4) formed without structural dis-
tortion; viit) location of the six known glycosylation sites
(3) on surface loops; ix) a structure belonging to the o/f3-
hydrolase fold family; and x) an a-helical content identical
to experimentally determined values (40).

The close juxtaposition and proper ordering of a cor-
rect catalytic triad of residues, S181<>HI180<D204,
seems unlikely to be coincidental. SI81 has been shown
to be the primary catalytic residue in human LCAT
(42), so the presence of H180 immediately adjacent to
it in the primary sequence is significant; no other His is
within 10 A of S181. Even more unlikely to have occurred
randomly is the hydrogen bond formation between H180
and D204 (Fig. 5), a close juxtaposition seen in both sets
of 10 lowest energy LCAT homology models (Fig. 5A;
supplementary Fig. 2b) with Ca distances varying be-
tween 5 and 6 A; no other Asp is within 10 A of H180.

However, the juxtaposition of a nucleophile next to a
base in the primary sequence is unprecedented for a cata-
Iytic triad. We have shown that it is possible for H180 and
S181 to rearrange their [, ¢] angles to allow hydrogen
bonding between the hydroxyl moiety of S181 and one of
the nitrogen moieties of the imidazole ring of H180. The
resulting conformation might be a bit strained, but it is
known that there is usually unfavorable geometry between
the serine and histidine of a catalytic triad, a strain that
reduces the energy of the hydrogen bond to facilitate the
relaying of the proton to the substrate (41). In an alterna-
tive scenario, after the lid opens, H186, salt bridged to the

630 Journal of Lipid Research Volume 56, 2015

lid residue E155, might move into position to act as the
base.

The occurrence precisely at the elbow of the L-shaped
hydrophobic trough of S181, E149, K218, and a B-turn
structure with a sequence similar to previously described
lipase-like lids (45), moieties that interact with each other,
is also unlikely to be coincidental. Further, the dimensions
of the L-shaped hydrophobic trough that fit the size and
shape of a docked PC molecule especially snugly after en-
ergy minimization and a short MD simulation (m5p and
m5d) suggest that the general features of the proposed PC
binding site are plausible and likely correct. Finally, the
spatial closeness allowing creation of the correct disulfide
bonds without significant structural distortion and the
presence of all potentially glycosylated residues on the
solvent-exposed surface of the LCAT structure directly op-
posite the lipid-binding trough are also unlikely to be
coincidental.

Despite relatively low sequence conservation and
identity between human LCAT and the template struc-
tures, the structural attributes of our model m5 that
match known LCAT features (3, 4) support the general
correctness of the human LCAT homology model pre-
sented here. Although the general consensus is that se-
quences falling below 20% sequence identity can have
very different structures (49), detectable levels of se-
quence similarity usually imply significant structural
similarity (17). The most unique features of our model,
the interactions between S181, E149, and the lid, and
between H181-A204, E149-R147, E149-R158, E154-R99,
and E155-H186 are located in the core region of the
alignment (Fig. 2). The likely reason that we were able
to derive a plausible model for LCAT under conditions
of low similarity between target and template is because
the core of our alignment has only a single residue gap;
core regions tend to have conserved structural folds and
are more amenable to homology modeling than periph-
eral loop regions (39).

While the a-helical content of the model is 25%, spot on
to the experimentally determined value of 24-25% (40),
we are somewhat less confident about the B-sheet content
of 14-17% calculated by the SS program used by RasMol.
A previous report using circular dichroism spectroscopy
suggested a Bsheet content of 40% (40) for human LCAT.
While circular dichroism spectroscopy is not considered a
particularly accurate way to calculate 3-sheet content (50),
the B-sheet content calculated for our LCAT model may
be somewhat low.

Examination of the ribbons representation of our
model in Fig. 3B shows a number of mostly parallel ex-
tended chain segments, many meeting the structural crite-
ria of B-strands, which thread back and forth through the
center of the structure between the surface a-helixes. The
parallel extended chains not recognized as -sheet by the
PyMol program used for the illustration or by the SS pro-
gram used by RasMol for percent calculation may be, in
several instances, B-sheets in the actual LCAT structure.
Because the spatial distribution of a carbons are similar
for extended chains and individual strands in B-sheets, the
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global packing of residues will also be similar between the
homology model and actual human LCAT.

LCAT is known to esterify cholesterol with POPC sn-2
chains of varying lengths. To accommodate itself to a given
sn-2 chain, the length of the trough model m5 can be al-
tered by movement of residues F1 and W2 (Fig. 3C). Mea-
surements of the 10 lowest energy LCAT homology models
(formed without disulfide bonds) give an average distance
between W2 and S181 of 26 A and a range of 22-31 A (not
shown); the extended acyl chain of oleic acid (OA) (Fig. 6D)
is approximately 24 A in length.

Stability of the hydrophobic trough of the homology
model of LCAT

The exposure to solvent of the hydrophobic trough of
our model m5 poses a thermodynamic conundrum. The
hydrophobic trough for the sn-I chain of oxidized PC in
the published structure for a truncated form of Lp-PLA, is
presented as solvent exposed (13). In model m5d (Fig. 6),
although both the sn-1 and sn-2 chains of POPC are deeply
buried in the long L-shaped acyl trough, the hydrophobic
trough is also solvent exposed. The importance of the hy-
drophobic effect in biological systems (51) suggests that
additional conformational changes or macromolecular in-
teractions may be required before either Lp-PLAy or LCAT
achieve their enzymatic functions.

Possible changes or interactions to stabilize the hydro-
phobic trough in m5 during LCAT function include: 7)
dimerization (supplementary Fig. 6a); i) scissor-like artic-
ulation about the catalytic triad along the long axis of the
hydrophobic trough resulting in juxtaposition of the sn-1
and sn-2 acyl chains (supplementary Fig. 6b); ) zipper-
like association of the opposite edges of the long-axis
of the hydrophobic trough (supplementary Fig. 6¢); iv)
association of the complete hydrophobic trough with
apoA-I on HDL particles (supplementary Fig. 6¢). To eval-
uate possible mechanisms for trough closure in the mono-
meric state, we used NMA.

NMA is a computational method that can reveal poten-
tial changes in the conformation of large proteins (52).
The biologically relevant modes for proteins are low-fre-
quency modes that represent the most likely large-scale
motions of the protein (53). When we applied all atom
NMA to model m5 (54), the motions of the lowest fre-
quency modes, 7 and 8, were located predominantly in the
L-shaped hydrophobic trough.

In mode 7 (see supplementary Fig. 7a; supplementary
Video 7a), the diagonal quadrants of the hydrophobic
trough move toward and away and orthogonal to one an-
other to create a sliding motion of each edge along the
long axis of the trough. This motion could be involved in
transferring PC and UC molecules from the apoA-I pre-
sentation tunnel (55, 56) to the LCAT active site. In mode 8
(see supplementary Fig. 7b; supplementary Video 7b), the
horizontal quadrants of the hydrophobic trough move to-
ward and away from one another to open and close the
trough, a motion that could be helpful in opening and
closing the trough to shield the acyl tails from solvent. It is
worthy of note that, as might be expected, the sn-2 end of

the hydrophobic trough is significantly more conserved
that the sn-1/UC end (supplementary Fig. 7b).

Mechanism of interaction of LCAT with lipid-associated
apoA-1

MD simulations of dHDL containing both POPC and
UC consistently result in a gap forming between the pair-
wise helix 5 repeats (55, 56) of the antiparallel molecular
double belt structure (57) of apoA-I in dHDL particles.
Examination of an ensemble of 16 MD simulations (55,
58, 59) showed that, in 14 of the 16, the methyl ends of
POPC acyl chains (POPC-Me) from the bilayer center are
inserted into the gap and exposed to solvent (one example
is shown in Fig. 8A). In the other two examples of the en-
semble, the hydroxyl moiety of UC is inserted into the gap
and exposed to solvent (one example is shown in Fig. 8C).

We proposed several years ago that, after attachment of
LCAT to dHDL, the gap between pairwise helix 5 repeats
in apoA-I creates an amphipathic “presentation” tunnel
for migration of hydrophobic acyl chains and amphipathic

Fig. 8. Proposed interactions of LCAT homology model m5 with
dHDL. A: Ribbons image of an MD simulation of a dHDL particle
(55) showing the pairwise H5 helices of apoA-I forming the acyl
chain/free cholesterol “presentation” tunnel (green). The methyl
end of the sn-2 chain of one POPC inserts with 80-90% fidelity dur-
ing simulation into the presentation tunnel, likely due to an in-
creased mobility relative to the saturated sn-I chain. B: LCAT
model containing docked POPC indicating the sn-2 and sn-I bind-
ing troughs and the helical pair, H1 and H2, located at the end of
the sn-1 trough. C: A second simulated dHDL particle (59) show-
ing the -OH of an UC inserted, in 5-10% of the MD simulations,
into the 5/5 presentation tunnel. D: LCAT model containing
docked OA and UC in the sn-2 and sn-1 binding end, respectively
and the helical pair, H1 and H2, located at the end of the sn-1
trough. Gray and yellow arrows show proposed transfer of POPC
and UC, respectively, from dHDL. All molecular model figures
were created with the PYMOL molecular graphics system (version
1.3, Schrodinger).
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UC from the bilayer to the active site of LCAT (55, 56). It
is especially noteworthy that the gap between pairwise he-
lix 5 domains has also been observed by X-ray crystallog-
raphy (60). We considered the novel and consistent
conformation of the residues forming the pairwise helix 5
gap after MD simulations to be suggestive of a role of the
gap in activation of LCAT by lipid-associated apoA-I. In
essentially every simulation of dHDL, either one or two
terminal methyl groups or UC are inserted into the tunnel
gap (55). For a movie of the insertion of two acyl methyl
groups in the “presentation” tunnel during MD simulation
see supplementary Video 8.

It has been suggested that the sn-2 chains of PC and UC
have separate binding sites within LCAT (61). We note
that the cavity on the short side of the L-shaped trough
(opposite the sn-2 acyl chain) that initially binds the sn-1
chain in model m5 (Fig. 6C) is also of the correct size and
shape for the binding of UC (Fig. 6D). Once the sn-2 chain
of PC passes into the LCAT hydrophobic trough and is
converted to an acyl ester enzyme intermediate, UC could
displace the bound lysolecithin molecule as illustrated in
Fig. 6D. It seems likely that the displaced lysolecithin would
partition back into the lipid bilayer of the LCAT-associated
dHDL before being taken up by albumin.

Although LCAT may initially bind to parts of apoA-I in
addition to the pairwise helix 5 domain, e.g., arginine resi-
dues in tandem helical repeat 6 (62), the presentation
tunnel hypothesis implies that during CE formation the
pairwise helix 5 repeats interact directly with LCAT. While
ascissor-like articulation about the catalytic triad along the
long axis of the hydrophobic trough resulting in juxtaposi-
tion of the sn-1 and sn-2 acyl chains might be an intermedi-
ate in apoA-I/ LCAT interactions (supplementary Fig.
6b), it seems unlikely this conformation alone would allow
PC transfer from dHDL. Further, although it may be the
state of LCAT in solution, it seems improbable that a di-
mer of LCAT (supplementary Fig. 6a) is directly involved
in PC transfer from dHDL. This leaves two more likely
conformations for lipid transfer: a zipper-like association
of the opposite edges of the long-axis of the hydrophobic
trough (supplementary Fig. 6¢) and/or the association of
the complete hydrophobic trough with apoA-I on HDL
particles (supplementary Fig. 6d).

The gap between helix 5 repeats of apoA-I in HDL par-
ticles is lined on both sides by four charged residues, E125,
K133, E136, and K140 (55, 56). A potential candidate for
LCAT docking to the pairwise helix 5 gap is the methyl
end of the sn-I chain binding trough. Figure 8B shows that
the methyl end of the sn-I chain is held in place by antipar-
allel helical domains H1 (residues 113-125) and H2 (resi-
dues 345-354) of the LCAT model (also see Fig. 3B, D).
Both H1 and H2 contain acidic and basic residues (D133,
K116, H122, and D345, D346, R351, E354, respectively)
that could salt bridge to the pairwise helix 5 gap in lipid-
associated apoA-I. In this way, the H1-H2 end of the hydro-
phobic trough of LCAT would bind to the presentation
tunnel of phospholipid-rich HDL particles to open a pas-
sageway from the bilayer interior to the active sites of
LCAT for movement of amphipathic PC acyl chains and

632 Journal of Lipid Research Volume 56, 2015

UC to the active site of LCAT (Fig. 8). At some point dur-
ing the interaction, the association of LCAT with HDL
might shift to a full trough orientation (supplementary
Fig. 6d).

In this model, apoA-I becomes part of the LCAT mole-
cule when substrate is in the tunnel and the tunnel con-
nects to the active site of LCAT. Studies by Parks and
Gebre (7) suggest that the poor LCAT reactivity for long-
chain sn-2 acyl groups is multifactorial, involving turnover
of substrate molecules at the active site of the enzyme and
activation of the enzyme by its cofactor apoA-I. Our model
is compatible with these observations because it suggests
that turnover at the active site should be indistinguish-
able from activation, i.e., both would depend upon apoA-I
structure.

CONCLUSIONS AND EXPERIMENTAL
PREDICTIONS

The juxtaposition of multiple complicated structural
motifs in a single model of LCAT, each motif matching
extensive experimental biological and structural informa-
tion (3, 4), is compelling evidence for the general correct-
ness of many features of the model. We consider it unlikely,
however, that the hydrophobic lipid-binding trough is
open to the solvent and we suggest as a working hypothesis
that LCAT is dimeric in solution and monomeric when
performing its enzymatic functions while associated with
HDL. Because the model provides a detailed molecular
solution to the complicated thermodynamic problem of
how hydrophobic acyl chains and amphipathic UC can be
transferred from HDL to the catalytic triad of LCAT, it has
important implications for understanding the antiathero-
genic role of HDL in reverse cholesterol transport.

In lieu of a full crystal structure for human LCAT, our
model predicts the detailed location and identity of resi-
dues in four major functional motifs: 7) the catalytic triad
(13); @) the B-turn lipase lid (45) covering the key catalytic
triad residue, S181; #ii) the L-shaped hydrophobic trough
for uptake and binding of a PC molecule and its product
after hydrolysis, an sn-2 fatty acyl chain and the UC sub-
strate in the last step of esterification; and ¢v) activation of
the lipase-lid by a trigger mechanism that involves E149,
K218 and K147.

Powerful tests of the model would be to assay the effects
on biological activity of LCAT of rationally designed site-
directed mutants of key residues of these four functional
motifs: ) the catalytic triad residues H180 and D204; ) lid
residues G151 and Q152; i) aromatic residues in the L-
shaped hydrophobic trough, e.g., W291, Y292, and Y157;
and iv) residues in the putative lid trigger mechanism
H186, E149, and K147. An additional test would be to per-
form chemical cross-linking of specific residues in solution
phase human LCAT and fitting of observed crosslinks to
contact map/cross-link matrix plot analyses (63) E
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