The high-resolution crystal structure of human LCAT
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Abstract LCAT is intimately involved in HDL maturation
and is a key component of the reverse cholesterol transport
(RCT) pathway which removes excess cholesterol molecules
from the peripheral tissues to the liver for excretion. Pa-
tients with loss-of-function LCAT mutations exhibit low lev-
els of HDL cholesterol and corneal opacity. Here we report
the 2.65 A crystal structure of the human LCAT protein.
Crystallization required enzymatic removal of N-linked gly-
cans and complex formation with a Fab fragment from a
tool antibody. The crystal structure reveals that LCAT has
an o/f3 hydrolase core with two additional subdomains that
play important roles in LCAT function. Subdomain 1 con-
tains the region of LCAT shown to be required for interfa-
cial activation, while subdomain 2 contains the lid and
amino acids that shape the substrate binding pocket.Ei Map-
ping the naturally occurring mutations onto the structure
provides insight into how they may affect LCAT enzymatic
activity.—Piper, D. E., W. G. Romanow, R. N. Gunawardane,
P. Fordstrom, S. Masterman, O. Pan, S. T. Thibault, R. Zhang,
D. Meininger, M. Schwarz, Z. Wang, C. King, M. Zhou, and
N. P. C. Walker. The high-resolution crystal structure of
human LCAT. J. Lipid Res. 2015. 56: 1711-1719.

Supplementary key words lecithin:cholesterol acyltransferase ® X-ray
crystallography e high density lipoprotein @ cholesterol ® antibodies

LCAT (EC 2.3.1.43) is a plasma enzyme that catalyzes
the conversion of cholesterol into long-chain cholesteryl
esters (CEs). This reaction occurs on the surface of the HDL
particle where, after activation by ApoA-I (the structural
protein of HDL particles), LCAT hydrolyzes phosphatidyl-
choline (lecithin) at the sn-2 position and subsequently
transfers the fatty acyl to cholesterol (1). The increased
hydrophobicity of the resulting CE forces it into the interior
core of the HDL particle and in the process transforms
HDL from nascent discoidal particles into larger CE-
enriched spherical particles. By reducing cholesterol on the
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surface of the HDL particle, LCAT maintains a chemical
gradient that facilitates a unidirectional net flow of choles-
terol from the cell surface of peripheral tissues to HDL
particles in the blood (2). Mature HDL particles ultimately
transport cholesterol (in the form of CE) back to the liver
in pathways that involve cholesteryl ester transfer protein,
LDL/VLDL, LDL receptor, and scavenger receptor class B
type 1. Hence, LCAT has been hypothesized to play a central
role in driving HDL remodeling and reverse cholesterol
transport (RCT) from the peripheral tissues to the liver.

Loss-offunction mutations in the LCAT protein, along
with their corresponding phenotypes, have been described
(3). Familial LCAT deficiency (FLD) is caused by a com-
plete loss of LCAT activity, either through an absence of
the LCAT protein itself or the presence of a mutant LCAT
protein lacking any corresponding LCAT activity. In pa-
tients, FLD is characterized by HDL deficiency along with
corneal opacity, anemia, and loss of renal function. Fish-
eye disease (FED) is a partial LCAT deficiency and is char-
acterized by the presence of LCAT protein with decreased
LCAT activity. Patients with FED manifest with low HDL
and corneal opacity later in life. Interestingly, a definitive
correlation between loss-of-function LCAT mutations and
coronary heart disease remains elusive (4).

Glomset (5, 6) first described LCAT enzymatic activity
in 1962 and subsequently purified the protein from plasma.
LCAT purified from plasma has a mass of ~65 kDa as as-
sessed by SDS-PAGE. Later analysis showed that LCAT is a
416-amino-acid protein with a calculated molecular mass
of ~47 kDa, and that the extra mass of plasma LCAT is a
result of N-linked carbohydrates at Asn20, Asn84, Asn272,
and Asn384. Glycosylation of LCAT has been shown to
be important for its activity and secretion (7, 8). LCAT is
predicted to have an o/f hydrolase fold with Serl81,
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Asp345, and His377 required for catalytic activity (9-11);
however, the low sequence homology between LCAT and
other proteins with available structures has made accurate
modeling of the LCAT structure challenging. Here, we de-
scribe the crystallization of human LCAT and report the
high-resolution crystal structure of this protein.

MATERIALS AND METHODS

LCAT expression and purification

Human LCAT 1-416 (Cys31Tyr) with a tobacco etch virus
(TEV) cleavable C-terminal His tag was expressed using the Bac-
Mam expression system in HEK 2936e (12) cells. The Cys31Tyr
mutation was found to increase the melting temperature of
LCAT by 6.5°C using differential scanning calorimetry, and this
protein expresses at higher levels than Cys31 wild-type protein.
Kifunensine (5> mM) was added to the media in order to restrict
the formation of complex glycans. The protein was captured on a
HisTrap FF column and eluted with an imidazole gradient. LCAT-
containing fractions were pooled, loaded on to a Source Q col-
umn, and eluted with 25 mM Tris pH 7.5, 500 mM NaCl. The
protein was then purified by size exclusion chromatography using
a Superdex 200 column in 25 mM Tris pH 7.5, 150 mM NaCl.
Deglycosylation with endoglycosidase H (Endo H) was performed
at 37°C for 4 h, followed by cleavage with TEV protease overnight
on ice. Further purification was performed with Superdex 200 and
MonoQ) columns using the same buffer system. LCAT retains in
vitro enzymatic activity throughout this purification procedure.

Antibody generation, complex formation,
and crystallization

Mice were immunized with human LCAT, and antibodies
against LCAT were isolated. Antibodies were selected for their
ability to bind to conformational epitopes of LCAT, based on
comparative binding to native and heat-denatured LCAT. Fab
fragments of three antibodies were expressed in Escherichia coli
and purified for complex formation with LCAT. The LCAT/Fab
complexes were made by mixing a 1.5 M excess of Fab with puri-
fied LCAT. Size exclusion chromatography using a Superdex 200
column was used to purify the LCAT/Fab complex from excess
Fab. The purified complexes were washed into 10 mM Tris pH
7.5, 25 mM NaCl and concentrated to 10-20 mg/ml for crystalli-
zation, and crystals were obtained from only one of the three
complexes. Diffraction quality crystals were grown with the
LCAT/Fabl complex in 0.1 M sodium acetate pH 4.5, 0.2 M zinc
acetate, 0.01 M cobalt chloride, 4-8% polyethylene glycol (PEG)
1500. Many data sets were collected, with the best crystals diffract-
ing to ~3.4 A using synchrotron radiation. Various cryoprotec-
tants and dehydration techniques were used in an attempt to
increase the resolution without success. Although heavy atom
screening did not produce a usable heavy atom derivative, it was
discovered during this process that raising the pH by transferring
crystals to a solution containing 0.1 M Tris pH 7, 0.2 M zinc ace-
tate, 0.01 M cobalt chloride, 8% PEG 1500 immediately prior to
cryoprotection in the same solution supplemented with 27%
glycerol frequently increased the diffraction limit of the crystals.

Data collection and structure determination

Using this cryoprotection technique, a 2.65 A data set was col-
lected (Shamrock Structures LL.C) at the Canadian Light Source
(CMCF1, 08ID) and processed with iMOSFLM (13) and Scala
(14) from the CCP4 Program Suite (15). The LCAT/Fabl crys-
tals grow in the R3:H space group with a=b =168.59 and ¢ = 93.57
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A with ~50% solvent and one complex in the asymmetric unit.
The crystal structure of Fabl was determined previously at 2.3 A
resolution (data not shown) and used as a starting model for mo-
lecular replacement. Using Phaser (16), the variable and con-
stant domains of Fabl were placed in the asymmetric unit.
Subsequent 2Fo-Fc electron density for LCAT was quite poor, but
the a/B hydrolase core was discernable. This portion of LCAT
was added to the model, but the 2Fo-Fc electron density re-
mained too poor to allow further model building. Phases calcu-
lated after solvent flattening with DM (17) improved the electron
density for the LCAT region of the asymmetric unit enough to
continue model building. The initial model was built with multi-
ple rounds of model building in Quanta (Accelrys), solvent flat-
tening in DM and refinement with CNX (18), followed by
removal of the solvent flattening step at the later stages of model
building. Final refinement and model building was performed
using PHENIX (19) and Coot (20), respectively. Validation with
MolProbity (21) shows an overall score of 2.25 with 92% of the
amino acids in Ramachandran favored regions. The final model
has an R of 17.6% and an R, of 25.1% and includes 365 amino
acid residues from LCAT, 432 amino acid residues from Fabl,
104 water molecules, and 16 zinc ions. Structure figures were
made using PyMOL (22).

LCAT enzymatic assays

LCAT activity (in the form of LCAT alone or LCAT covalently
linked to an antibody Fc domain) was determined by quantification
of the conversion of cholesterol to CE on human ApoA-I lipopro-
tein substrate. The reaction substrate consisted of human ApoA-I
proteoliposomes containing 67 uM L-a-Phosphatidylcholine
Type XVI-E (Sigma P3556), 8 uM cholesterol (Sigma C8667),
4 uM [4-14C]cholesterol (Perkin Elmer NEC018250UC), and
12 wg/ml Apolipoprotein Al (Meridian Life Sciences). This
assay also contained 1% human serum albumin (fatty acid free),
7 mM Tris pH 7.4, 4 mM EDTA, 100 mM NaCl, and 2 mM B-
mercaptoethanol. Reactions were run in duplicate and incubated
in a 37°C water bath for 1 h. Following the reaction, lipids were
extracted with a 10-fold volume addition of 100% ethanol. Lipid-
containing supernatants were obtained by centrifugation and
then dried under a stream of nitrogen gas, resuspended in chlo-
roform, and spotted on TLC plates (Silica gel 60A, Whatman
4865-821). Cholesterol and CE were separated by running plates
in a TLC chamber with petroleum ether-ether-acetic acid
(100:20:0.5 by volume). Cholesterol and CE bands were detected
by exposing to image plates and subsequent reading on a Fujifilm
FLA-5100 image reader. Ratios of cholesterol to CE were deter-
mined using ImageQuant software (Fujifilm).

To determine whether Fabl would modulate the activity of the
phospholipase step of the LCAT reaction on a soluble substrate,
we used a commercially available LCAT activity assay kit from
Roar Biomedical. The kit provides a soluble LCAT substrate that
upon hydrolysis by LCAT fluoresces at 390 nm. Recombinant
LCAT (Cys31Tyr) was incubated with Fabl (1:1 molar ratio) and
the soluble substrate at 37°C for 4 h. The hydrolysis reaction was
assessed by measuring the emission at 390 nm. We performed the
experiment at three concentrations of Fabl and LCAT (0.1 nM,
1 nM, and 10 nM) and compared with parallel experiments with
LCAT only (no Fab).

RESULTS

Protein preparation for crystallization

In order to reduce the heterogeneity and conforma-
tional flexibility inherent in highly glycosylated proteins,



we pursued deglycosylation of LCAT for crystallization.
Previous work has described the difficulty in expressing
and purifying completely deglycosylated LCAT by incor-
porating mutations into the protein (23), so we decided to
deglycosylate LCAT postexpression by treatment with glyco-
sidases. Treatment with peptide-N-glycosidase F (PNGase F)
reduces the size of LCAT from ~65 kDa to 47 kDa as as-
sessed by SDS-PAGE. Unfortunately, the resulting protein
appeared aggregated by size exclusion chromatography
and did not retain LCAT enzymatic activity (data not
shown). The aggregation of proteins after PNGase F treat-
ment has been previously described during the prepara-
tion of proteins for crystallography (24). We then followed
a protocol similar to that described by Chang et al. (24)
and expressed LCAT in the presence of kifunensine, fol-
lowed by deglycosylation with Endo H. Endo H treatment
of LCAT expressed in this manner results in an ~47 kDa
protein. The Endo H-treated protein is monomeric by size
exclusion chromatography and retains similar in vitro ac-
tivity to the fully glycosylated LCAT (Fig. 1).

Although Endo H-deglycosylated LCAT was well be-
haved and could be concentrated to 15 mg/ml without
forming irreversible aggregates as determined by dynamic
light scattering, we had no success in crystallizing this pro-
tein. In order to facilitate crystallization, we isolated three
monoclonal antibodies (mAbs) that bind to conforma-
tional epitopes of LCAT. The Fab fragments from these
antibodies were prepared for use in crystallization experi-
ments. Furthermore, we utilized a mutated version of
LCAT (LCAT Cys31Tyr) that has higher thermostability
than the wild-type protein. Crystals were only obtained
with complexes from one of the Fab fragments (Fabl),
and the LCAT/Fabl complex crystals grew in a number of
conditions with two observed crystal forms. Crystals from
a primitive hexagonal crystal form diffracted poorly, and
final space group determination was difficult. Crystals
grown in a trigonal crystal form diffracted to 2.65 A and
were used to successfully solve the structure.

LCAT Activity on Human ApoAl
Proteoliposomes
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Fig. 1. LCAT retains activity following deglycosylation with Endo

H. Activity assay showing that LCAT-Fc (Cys31Tyr) expressed in the
presence of kifunensine and subsequently deglycosylated with
Endo H retains activity comparable to untreated LCAT. Similar
results were observed with wild type and LCAT (Cys31Tyr) alone
(no Fc).

LCAT structure

We solved the structure of LCAT in complex with the
tool molecule Fabl by molecular replacement, using a
previously solved in house structure of Fabl as the search
molecule (Table 1). In the final structure, electron density
is present for amino acids 21-230 and 238-396 of LCAT,
along with the majority of amino acids from Fab1 (Fig. 2A, D).
Three of the four asparagine amino acids with N-linked
carbohydrates (Asn84, Asn272, and Asn384) are ordered
within the structure, and electron density for the N-acetyl-
glucosamine sugars left after Endo H cleavage is visible at
each of these positions. Two disulfide bonds are present as
predicted, Cys50-Cys74 and Cys313-Cys356 (9). Electron
density for numerous poorly coordinated metal ions is
present throughout the structure. These have all been
modeled as zinc ions due to the relative concentrations of
zinc and cobalt in the crystallization solution.

As expected, LCAT adopts an a/3 hydrolase fold. This
family of proteins is characterized by a predominately par-
allel B-sheet sandwiched on both sides by a-helices. The all
parallel B-sheet in LCAT contains only six B-strands rather
than the eight B-strands described in the canonical /3
hydrolase structure (25). The first B-strand of the LCAT
o/ hydrolase core corresponds with canonical strand 3,
and canonical numbering is used in the description of the
LCAT structure (Fig. 2B). The active site containing the
catalytic triad is found within this core region of the pro-
tein. Additional common characteristics of lipases with the
o/ hydrolase fold are insertions or extra domains that
help shape the substrate binding site and/or a flexible lid
that can adopt multiple conformations to block or allow

TABLE 1. Data collection and refinement statistics
Crystal Name LCAT (Cys31Tyr) LCAT (WT)
Data collection
Wavelength (A) 0.9795 1.2499
Space group R3:H P3,
Cell dimensions
a, b, c (A) 168.59, 168.59, 93.57  166.42, 166.42, 97.66
o, B,y (%) 90, 90, 120 90, 90, 120
Resolution (A) 40-2.65 (2.79-2.65)“  83-3.60 (3.79-3.60)
Completeness 100 (100) 99.4 (99.0)
Redundancy 4.1 (4.1) 5.4 (4.9)
R, 8.9 (64.4) 16.4 (90.6)
I/ol 10.3 (2.2) 7.0 (2.1)
Refinement
Resolution (A) 34-2.65 72-3.60
Molecules/ASU 1 3
Reflections
Total 28,792 34,806
Working set 27,378 33,056
Test set 1,414 1,750
Ryon/ Ry 0.176/0.251 0.196,/0.280
Number of atoms
Protein 6,236 17,112
Carbohydrate 42 126
Ton 16 0
Water 104 0
RMSDs
Bond lengths (A) 0.14 0.01
Bond angles (°) 1.54 0.99

ASU, asymmetrical unit; RMSD, root-mean-square deviation.
“Numbers in parentheses are highest resolution shell.

Crystal structure of human LCAT
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Fig. 2. Crystal structure of LCAT. A: The overall structure of the LCAT/Fabl complex. LCAT is shown in a rainbow multicolor depiction
from the N to C terminus (blue to red). Fabl (gray) binds to subdomain 1 at the N-terminal region of LCAT. B: Diagram of LCAT showing
the secondary structure and chain trace of the protein. Secondary structure elements within the o/ hydrolase domain are numbered in
canonical form. Secondary structure elements outside of the a/f hydrolase domain are labeled sequentially. The o/ hydrolase domain is
colored blue, subdomain 1 is colored violet, and subdomain 2 is colored green. C: Structure of LCAT only with Fabl removed for clarity.
Regions of LCAT are colored as in B. The catalytic triad residues, N-linked carbohydrate sites, and disulfide bonds of LCAT are highlighted
in stick representation. D: 2Fo-Fc electron density contoured at 1 o focusing on the catalytic triad and { sheet of the a/f hydrolase core.
Amino acids of the catalytic triad are labeled. Strong electron density for the Zn ion is present next to His377.

access to the substrate binding site (26). In LCAT, inser-
tions between B3/aA (residues 32-119), 6/B7 and B7/aE
(residues 214-303 and residues 319-344) form two subdo-
mains at the “top” of the hydrolase core a/f sandwich
(Fig. 2B, C). Using the PDBeFold service (27), no structur-
ally related proteins were found in the Protein Data Bank
for either of these subdomains.
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Sequence and mutational analyses have previously iden-
tified the catalytic triad of LCAT as Serl81, Asp345, and
His377. Indeed, these amino acids are positioned in the
structurally conserved location of catalytic residues in /3
hydrolases (Fig. 3) (25). Ser181 is located at the “nucleo-
philic elbow” between 85 and aC. The catalytic aspartic
acid is frequently found in the loop that links B7 and aE,
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Fig. 3. Close-up view of the LCAT active site. Amino acids of the
LCAT catalytic triad (Ser181, Asp345, and His377) are shown in
stick representation. His377 forms hydrogen bonds with Asp345
and a Zn ion at the catalytic site. The Cys31Tyr mutation (one of
the amino acid residues that make up the oxyanion hole) is also
shown. The regions of LCAT are colored the same as in Fig. 2B.

whereas in LCAT Asp345 is located between the 319-344
insertion and «E. His377 is located in the loop between 38
and «oF. In this structure His377 does not form a hydrogen
bond with Serl81, possibly pulled out of position due to
the presence of the metal ion bound in the catalytic site.
The oxyanion hole, required to stabilize the tetrahedral
intermediate during the catalytic reaction, was initially de-
scribed as Phel03 and Leul82 in LCAT (11), although
more recently Holleboom et al. (28) named Cys31 and
Leul82 as the possible oxyanion hole amino acid residues.
Indeed, the oxyanion hole of LCAT is formed by back-
bone amide nitrogen atoms from Cys31 (tyrosine in this
structure) and Leul82.

The first subdomain (residues 32-119) consists of a
large number of short a-helices and B-strands, but with the
majority of amino acids in this subdomain (>60%) lacking
any secondary structure. This subdomain of LCAT con-
tains a disulfide bond (Cys50-Cys74), and the amino acids
between this disulfide bond have been predicted to be-
long to the lid (11). In lipases, the lid frequently plays dual
roles; blocking/allowing access to the active site through
conformational changes and being involved in “interfacial
activation” in the presence of a lipid-water interface. Al-
though not a “lid” in the sense that this subdomain does
not cover the active site (Fig. 2C), it has been previously
shown that this region in LCAT is required for interfacial
activation. Adimoolam and Jonas showed that LCATA53-71
expresses at similar levels as wild-type LCAT, retains activ-
ity on water soluble substrates but is inactive on interfacial
substrates (29). Jin et al. (30) used surface plasmon reso-
nance to show that LCATAb53-71 is incapable of binding to

HDL surfaces. Finally, Peelman et al. (31) found that Trp61
was critical for LCAT activity on HDL and that an LCAT
peptide (LCAT 56-68) had membrane destabilizing prop-
erties. Interestingly, this is also the region of LCAT in-
volved in the Fabl interaction. Fabl binds to LCAT by
inserting complementarity determining region 3 from the
heavy chain into a deep pocket formed by the amino acid
stretch connecting Cysb0-Cys74. The low amount of sec-
ondary structure in subdomain 1 indicates that this region
may be highly flexible, and Fab1l binding may assist in the
crystallization of LCAT by reducing conformational vari-
ability. Additionally, activity assays indicate that while
mAbl (the parent antibody of Fabl) or Fabl inhibit LCAT
activity on ApoA-I-containing proteoliposomes, Fabl does
not affect LCAT activity on soluble substrates (Fig. 4A, B),
supporting the hypothesis that this region of LCAT is in-
volved in interfacial activation.

The second subdomain, formed by the insertions be-
tween B6/B7 and B7/aE (residues 214-303 and residues
319-344), is in much closer proximity to the catalytic site.
This subdomain is composed of a four-stranded B-sheet
that packs against a three-helix bundle and forms a cap
that folds over the top of the catalytic site. Within this sec-
ond subdomain, Ser216, Lys218, Pro219, Val222, Thr248,
Ser249, and Met252 help shape the back wall of the sub-
strate binding pocket (Fig. 5). Amino acids 225-248 form
a flexible loop (as indicated by increased B-factor and
missing electron density for amino acids 231-237) that
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Proteoliposomes

@
j=3
o

n

o

o
L

Py

o

o
L

[
(=]
o

nM CE/hrfpg
w
o
o

=

o

o
}

0.2 ug mAbl

LCAT Activity on Soluble Substrate

I
0.6 ug mAbl

o

No mAb 2ug mAbl

v1)

60000

50000

40000

30000

B No Fab
20000

S B 1

Substrate  0.1nM  1nMC31Y 10 nM C31Y
only  C31YLCAT  LCAT LCAT

1:1 molar ratio of Fabl

Product formation (390 signal)

Fig. 4. Fabl inhibits LCAT activity on lipid-associated but not
soluble substrates. A: Increasing concentrations of mAbl (the parent
antibody of Fabl) inhibit the full LCAT reaction and prevent the
formation of CEs on ApoA-I-containing proteoliposome particles.
Activity shown is per 0.05 pg of LCAT enzyme. Similar inhibition
was seen with Fabl (data not shown). B: LCAT and LCAT/Fabl
complex have similar phospholipase activity on soluble substrates.
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Fig. 5. Amino acids in subdomain 2 help shape the substrate
binding pocket. Amino acids from subdomain 2 that line the back
of the substrate binding pocket are shown in green stick represen-
tation. Amino acids from the catalytic triad are shown as white
sticks.

partially blocks access to the catalytic site and is structur-
ally positioned in a location more analogous with lids ob-
served in other lipase structures (32-35).

DISCUSSION

The crystal structure of LCAT reveals a core a/3 hydro-
lase domain that contains the catalytic triad, along with
two additional subdomains. Subdomain 1 contains the re-
gion of LCAT shown to be required for interfacial activa-
tion while subdomain 2 contains the lid and amino acids
that form the back wall of the substrate binding pocket.
The possibility remains that in the structure observed
here, LCAT is in a “closed” conformation present as solu-
ble LCAT circulates in the plasma and conformational
changes could occur upon the interaction between LCAT
and the HDL particle. In addition to the more frequently
described rearrangement of the o/ hydrolase lid region
that allows increased access to the active site and contrib-
utes substrate specificity (35), a conformational change may
also occur in subdomain 1. Taken together, the experiments
that pinpoint the requirement of amino acids between the
Cys50-Cys74 disulfide bond for interfacial activation, the
likely high flexibility of subdomain 1, and the inhibitory
characteristics of Fabl indicate that upon interaction with
the HDL particle the peptide between the Cys50-Cys74 di-
sulfide bond may flip out and interpolate into the particle
membrane. A conformational change in this region of the
protein could result in both the stabilization of LCAT on the
particle surface and the opening of an additional channel
to provide substrate greater access to the catalytic site.

1716 Journal of Lipid Research Volume 56, 2015

When the LCAT protein comes in contact with the HDL
particle, the large pocket bound by helices A, B, oA, C,
and oFl and strands 9 and 10 likely faces the particle
membrane where it exposes the active site to the lipid sur-
face containing the phosphatidylcholine and cholesterol
substrates. Phosphatidylcholine from the HDL particle
surface is able to react with Ser181, resulting in the acyla-
tion of the catalytic serine amino acid. By remaining on
the surface of the particle the acyl enzyme can then trans-
fer the acyl chain preferentially to cholesterol (rather than
other acceptors), forming the CE product, which subse-
quently segregates to the internal core of the HDL particle
[comprehensively described by Jonas (1)]. Although we
attempted to crystallize LCAT in complex with multiple
covalent substrate mimetics and cholesterol, we were un-
able to identify electron density for any of these small mol-
ecules in the structure. A more complete description of
the LCAT reaction will need to wait for further studies that
successfully show LCAT in complex with various substrate
molecules.

A large number of naturally occurring mutations have
been observed in the LCAT protein that result in an over-
all reduction of LCAT enzymatic activity and cause two
main disease conditions, FLD and FED (3, 36-39). By ana-
lyzing the locations of these mutations within the crystal
structure, we are able to predict how these mutations may
contribute to decreased LCAT activity. Although many of
the amino acids involved in the FED phenotype tend to be
scattered across the surface of LCAT (with a small cluster
made up by Thr123, Asn131, and Asn391) and an explana-
tion for their effect remains difficult, many of the muta-
tions involved in the FLD phenotype cluster in specific
regions and a functional explanation is possible (Table 2 and
Fig. 6). In addition, a subset of the LCAT FLD mutations

TABLE 2. LCAT FLD mutations and their predicted mechanism
of inhibition

Location within

Mutation Structure Mechanism of Inhibition
Gly30Ser a/B Hydrolase core Disrupt oxyanion hole
Leu32Pro Subdomain 1 Disrupt oxyanion hole
Gly33Arg Subdomain 1 Disrupt oxyanion hole
Gly71Arg Subdomain 1 Affect interaction with
lipid surface
Argl35Trp/Gln o/B Hydrolase core Disrupt a/p hydrolase

Arg140His/Cys

o/ Hydrolase core

core
Disrupt a/p hydrolase
core

Argl47Trp a/B Hydrolase core Disrupt oxyanion hole
Tyr156Asn o/ Hydrolase core Disrupt o/ hydrolase
core
Glyl83Ser o/ Hydrolase core Disrupt catalytic Ser181
Leu209Pro «/B Hydrolase core Disrupt catalytic Ser181
Lys218Asn Subdomain 2 Affect substrate binding
Asn228Lys Subdomain 2 Destabilize lid
Arg244Gly Subdomain 2 Destabilize lid
Met252Lys Subdomain 2 Affect substrate binding
Thr274Ala/lle Subdomain 2 Disrupt subdomain 2
Cys313Tyr «/B Hydrolase core Disrupt catalytic Asp345
Thr321Met Subdomain 2 Disrupt catalytic Asp345
Gly344Ser Subdomain 2 Disrupt catalytic Asp345
Thr347Met o/ Hydrolase core Affect substrate binding
Leu372Arg o/ Hydrolase core Disrupt catalytic His377




has previously been shown to dramatically reduce the lev-
els of secreted LCAT protein (40), and the location of
these mutations intimately within the LCAT o/ hydro-
lase core indicates a likely structural significance and re-
quirement for proper protein folding.

A large number of the FLD-causing mutations cluster
around the catalytic machinery or substrate binding pocket
of the LCAT protein and likely disrupt the catalytic reac-
tion of LCAT or its ability to efficiently bind substrate. A
first group of four FLD mutations is found in close prox-
imity to the oxyanion hole amino acid 31. The Gly30Ser,
Leu32Pro, and Gly33Arg mutations all likely affect the
peptide backbone conformation in the region of amino
acid 31. Introducing side chain-containing amino acids at
position 30 or 33 possibly adds strain to the peptide back-
bone, while Leu32 is located in a region of the Ramachan-
dran plot that disfavors proline. Argl47 is located on a
loop directly behind amino acid 31 and forms hydrogen
bonds with Thr79, Asn92, and Asp145. The FLD mutation
at this site (Argl47Trp) removes the ability of this amino
acid to form these interactions and adds a bulky aromatic
residue that may destabilize the position of this loop and
cause a knock-on effect for the proper orientation of
amino acid 31. Furthermore, a side chain-containing
amino acid at position 30 (rather than glycine) may steri-
cally hinder access to the oxyanion hole and/or the cata-
lytic serine.

A second group, Glyl83Ser and Leu209Pro, likely dis-
rupts the position of catalytic Ser181. Glyl83 is in the
GXSXG motif, conserved in o/ hydrolases and required
for the constrained strand-turn-helix motif that presents
the catalytic serine at the top of the nucleophilic elbow.
Leu209 is located at the top of 6, and a proline at this
position would place the side chain within the B-sheet,
breaking hydrogen bonding to neighboring 5 and possi-
bly affecting Ser181 that directly follows 35.

A third group, made up of Cys313Tyr, Thr321Met,
and Gly344Ser, possibly affects the catalytic Asp345.
Cys313 is involved in a disulfide bond with Cys356, ~11
A from Asp345. Cys356 is located within «E, the helix
directly following Asp345. Breaking this disulfide bond
could possibly increase conformational flexibility of aE,
decreasing stability of Asp345. Both Thr321 and Gly344

Fig. 6. Location of FLD mutations in the LCAT
structure. Stereo image highlighting LCAT FLD mu-
tations as Ca spheres. The FLD mutations scatter
throughout the LCAT structure but are mainly con-
centrated around the catalytic machinery. LCAT is
shown in a rainbow multicolor depiction from the N
to C terminus (blue to red). The catalytic triad is
shown in white stick depiction.

are in quite close proximity to Asp345, and mutating
these amino acids would disrupt the loop that contains
Asp345.

Fourth, the Leu372Arg mutation is located at the top of
B8, 5 amino acids upstream from catalytic His377. Replacing
this hydrophobic amino acid that packs within the protein
with a large charged arginine likely disrupts the fold of
LCAT in this region and the position of His377.

Finally, Lys218Asn, Met252Lys, and Thr347Met are all
found on the back wall of the pocket above Serl81. It is
likely that these mutations affect substrate binding. Addi-
tionally, Thr347Met is in very close proximity to Asp345
and His377, and this mutation may also affect the position-
ing of those catalytic amino acids.

Additional FLD mutations can be found at regions
that have possible functional or structural significance.
The Gly71Arg mutation is found between the Cys50-
Cys74 disulfide bond, within the fusogenic peptide re-
quired for activity on interfacial substrates. Both Asn228
and Arg244 are found on the lid above the active site,
form a hydrogen bond with each other and possibly help
anchor the lid. Mutating either of these residues would
break this hydrogen bond. Argl35, Argl40, and Tyr156
all form hydrogen bonds within the o/ hydrolase core.
Additionally, Tyr156 sits on the hydrophobic face of ali-
phatic helix aB. Mutation of any of these 3 amino acids
may affect the general stability of the o/ scaffold. Fi-
nally, Thr274 forms two hydrogen bonds with surround-
ing residues and may be required for proper folding of
the subdomain formed by the insertions between 36,/37
and B7/akE.

We provide here the first high-resolution description
of the structure of the LCAT protein. This structure con-
firms the catalytic residues Ser181, Asp345, and His377
and consistent with the prediction of Holleboom et al.
(28) identifies Cys31 and Leul82 as the amino acids that
make up the oxyanion hole. Although a mutant version
of LCAT (LCAT Cys31Tyr) was used for the solution and
description of this structure, we also solved a lowerresolution
structure of wild-type LCAT at 3.6 A. Wild-type LCAT
superposes quite well with LCAT Cys31Tyr (Co RMSD =
0.388) and confirms the relevance of the observations re-
ported here (Fig. 7). In addition, after this article was
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Fig. 7. The structures of wild-type LCAT and LCAT Cys31Tyr. A:
Overall superposition of wild-type (wheat) and Cys31Tyr (blue)
LCAT. B: Close-up of amino acid 31 and surrounding region. The
mutation introduced at amino acid 31 does not cause significant
changes to this structure.

written, Glukhova et al. (41) published a very low-resolu-
tion structure of the LCAT protein (8.69 A) and de-
scribed structural characteristics similar to what we observe
in our structure. Although this report helps to unravel
one of the key components of the HDL maturation pathway
and RCT, many aspects surrounding this protein remain
unanswered. Further work investigating questions such as
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how LCAT interacts with HDL/ApoA-I, whether LCAT
undergoes a conformational change upon interaction
with HDL/ApoA-I, and how substrate binds in the LCAT
active site will continue to advance our understanding of
this important protein Bl

The authors thank Timothy Yu, Hila Roshanravan, Nik Sharkov,
Ping Cao, David Shen, Tom Boone, Margaret Karow, John
Delaney, and the entire LCAT project team for technical and
managerial support.
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