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Abstract Lipocalin prostaglandin D synthase (L-PGDS)
regulates synthesis of an important inflammatory and sig-
naling mediator, prostaglandin D, (PGD,). Here, we used
structural, biophysical, and biochemical approaches to ad-
dress the mechanistic aspects of substrate entry, catalysis,
and product exit of this enzyme. Structure of human L-PGDS
was solved in a complex with a substrate analog (SA) and in
ligand-free form. Its catalytic Cys 65 thiol group was found
in two different conformations, each making a distinct hy-
drogen bond network to neighboring residues. These help
in elucidating the mechanism of the cysteine nucleophile
activation. Electron density for ligand observed in the active
site defined the substrate binding regions, but did not allow
unambiguous fitting of the SA. To further understand ligand
binding, we used NMR spectroscopy to map the binding
sites and to show the dynamics of protein-substrate and pro-
tein-product interactions.li A model for ligand binding at
the catalytic site is proposed, showing a second binding site
involved in ligand exit and entry. NMR chemical shift per-
turbations and NMR resonance line-width alterations (ob-
served as changes of intensity in two-dimensional cross-peaks
in [ H N] -transfer relaxation optimization spectroscopy)
for residues at the 2 loop (A-B loop), E-F loop, and G-H loop
besides the catalytic sites indicate involvement of these resi-
dues in ligand entry/egress.—Lim, S. M., D. Chen, H. Teo, A.
Roos, A. E. Jansson, T. Nyman, L. Trésaugues, K. Pervushin,
and P. Nordlund. Structural and dynamic insights into sub-
strate binding and catalysis of human lipocalin prostaglandin
D synthase. J. Lipid Res. 2013. 54: 1630-1643.
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Prostaglandins are members of the eicosanoid family
alongside leukotrienes, lipoxins, epoxy fatty acids, and
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thromboxane (1, 2). They are involved in various biologi-
cal responses such as inflammation, allergy, nociception,
cell growth, cell proliferation, and tumorigenesis (3, 4).
Hormonal or stress stimuli induce hydrolysis of glycero-
phospholipids to free arachidonic acid (AA) by cyto-
plasmic phospholipase A2. The substrate AA enters the
cyclooxygenase (COX) pathway to yield prostaglandin Hy
(PGHy,) (b), which acts as a substrate for various down-
stream cell-specific enzymes producing prostaglandin Dy
(PGDy), prostaglandin I, (PGlI,), prostaglandin E,, prosta-
glandin F,,, and thromboxane. There are two types of
prostaglandin D synthase (PGDS), namely hematopoietic
PGDS (H-PGDS) and lipocalin prostaglandin D synthase
(L-PGDS). They are distributed in different tissues and
distinct in structure; nonetheless both perform the same
catalytic reaction to produce PGD,.

L-PGDS is a major PGD, synthase in the central nervous
system, heart, and reproductive tissue, catalyzing the
isomerization of PGH, to PGD, (6). This protein is in-
volved in pain induction, nephropathy, immunomodula-
tion, adipocyte differentiation, lipid and carbohydrate
metabolism, as well as sleep-wake regulation (7-11). Similar
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to other prostaglandin synthases such as COX1, COX2,
prostaglandin E synthase (PGES), and prostaglandin F syn-
thase, L-PGDS is also associated with cancer progression
(4). However, unlike PGES’s prominent role in enhancing
tumorigenesis and metastasis, PGDS expression is down-
regulated in cerebral spinal fluid of patients suffering from
a brain tumor (12). PGD, production by L-PGDS activates
peroxisome proliferator-activated receptor (PPAR)~y to inhibit
tumor cell growth (13). Apart from its anti-tumorigenic
function, PGDy has also been identified as a potential diag-
nostic marker for hypertension-related renal injury and
gentamicin-induced renal impairment (14, 15). Thus, L-PGDS
knockout mice have been used as a model for diabetic
studies (16). In addition, studies by various research groups
have proposed the diagnostic application of L-PGDS in
obstructive azoospermia (17), and neurological disorders
(18). Recently L-PGDS and PGD; were linked to hair loss and
were found to be overexpressed on the bald scalp of pa-
tients suffering from androgenetic alopecia (19).

L-PGDS, in addition to its enzymatic role, also functions
as a transporter for lipophilic ligands. Interestingly,
chicken and fish L-PGDS lack enzymatic activity and oper-
ate primarily as lipophilic ligand vehicles (20). Human L-
PGDS binds to a range of all-transretinoic acids (RAs),
biliverdin, bilirubin, and thyroid hormones with good af-
finity (21). Hence, it has been proposed to be a vital RA
transporter and scavenger for bile pigments (22, 23). Li-
pocalin family members often display promiscuous bind-
ing to other lipophilic compounds beside their endogenous
ligands (24). Its broad specificity in ligand binding sug-
gests that L-PGDS could be exploited as a drug delivery
system for lipophilic molecules (25).

Previous structural studies have been achieved using
mutants whereby the catalytic cysteine residue (Cys 65 in
human L-PGDS) has been substituted for alanine. Struc-
tures of mouse L-PGDS determined using both NMR and
X-ray crystallography established the lipocalin family fold
of the protein as well as the presence of a large cavity for
substrate and transport-ligand binding (26-28). NMR titra-
tion experiments also predict the binding of substrate
and hydrophobic transport-ligand to the large cavity (29).
Mutation analysis has identified conserved Cys 65 as the
critical residue that confers enzymatic activity (27). Subse-
quently, the crystal structure of mutant human L-PGDS
(C65A) with bound fatty acids was determined, revealing
an extended binding mode of two associated lipids in the
L-PGDS pocket (30). Despite extensive efforts from sev-
eral groups, detailed understanding of L-PGDS substrate
binding and catalytic mechanism is still limited. No infor-
mative structural complex with substrate or product ana-
logs has been obtained thus far.

We have attempted to determine the substrate binding
modes of L-PGDS with substrate and product analogs us-
ing X-ray crystallography. Our data define the substrate/
product binding regions in the active site and identify po-
tential interactions of the substrate with the protein. Com-
parison of structures with and without analog revealed
conformational changes in the protein, mediating sub-
strate entry, enzyme catalysis, and product egress. This is

the first structure of wild-type human L-PGDS with sub-
strate analog (SA) U44069, allowing a detailed description
of the environment of the catalytic cysteine. Finally, NMR
titration studies with substrate and product analogs as well
as membrane mimetics further elucidated the dynamics of
substrate binding and a potential mode of interaction with
the membrane.

MATERIALS AND METHODS

Constructs were obtained from the Mammalian Genomic Con-
sortium. All prostaglandin analogs and chemical assays were pur-
chased from Cayman Chemicals.

Cultivation and expression

The sequence encoding human L-PGDS was subcloned into
pNIC-CH2 vector with C-terminal 6xHis tag and expressed in Ro-
setta BL21-DE3 Escherichia coli in Terrific Broth media consisting
of tryptone, yeast extracts, and glycerol. Cells were grown at 37°C
until ODgg ,p, = 1.0 and induced with 0.5 mM isopropyl-beta-D-1-
thiogalactopyranoside (IPTG) at 18°C for 18 h. Cells were resus-
pended and sonicated in buffer containing 20 mM HEPES pH 8.0,
300 mM NaCl, 2 mM tris-(2-carboxyethyl) phosphine (TCEP),
EDTA-free protease inhibitor cocktail (Merck), and 1 pl of Ben-
zonase (Merck) per 11 culture. After centrifugation, the lysate was
loaded onto a 1 ml Nickel-affinity column equilibrated with Buffer
A (20 mM HEPES pH 8.0, 300 mM NaCl, 2 mM TCEP, 10 mM imi-
dazole) and eluted with Buffer B (20 mM HEPES pH 8.0, 300 mM
NaCl, 2 mM TCEP, 500 mM imidazole). Fractions containing
L-PGDS were pooled and further purified by gel filtration using
HiLoad 16/60 Superdex 75 equilibrated with Buffer C (20 mM
HEPES pH 6.5, 150 mM NaCl, 2 mM TCEP). The color of pro-
tein fractions changed from yellow to colorless with increasing
elution time. Protein elute later appeared less yellow and showed
good dispersion in "N-heteronuclear single quantum correla-
tion (HSQC) measurement. Only colorless fractions were pooled
and concentrated to 5.5 mg/ml for crystallization trials. Protein
identity was confirmed by mass spectrometry and Western blot
analysis.

Crystallization

L-PGDS was cocrystallized with SA U44069 9,11-epoxymethano
PGH, (Table 1) in condition A (0.1 M potassium thiocyanate and
30% PEG-MME 2000) in 1:1 protein-reservoir ratio. Crystals ap-
peared after 5 days of incubation at 4°C by hanging drop vapor
diffusion. Cocrystals were also obtained in condition B (1.4 M
tri-sodium citrate pH 6.5) using a similar method except in 2:1
protein-reservoir ratio. Micro-crystals from condition A were used
to seed crystallization of ligand-free L-PGDS in the same condi-
tion but in the absence of SA U44069. Crystals from condition A
were cryo-protected using reservoir with 25% glycerol added
while crystals from condition B were cryo-protected with 1.6 M
tri-sodium citrate solution.

Data collection and processing

Native data sets were collected at beam line (BL)13C1 and
BL13B1 at the National Synchrotron Radiation Research Center,
Taiwan, Republic of China. Data sets were processed using HKL-
2000 (31) and iMosflm (32), phases were generated by molecular
replacement (MR, Phaser) (33) with mouse L-PGDS (PDB ID:
2CZT). Automatic building of the structure was carried out using
ARP/wWARP 7.3 (34), ligand fitting was performed in Coot 0.6.2
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TABLE 1. Chemical representation of natural substrates, ligands,
and analogs used in this study
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(35), and refinement was performed using autoBUSTER (Global
Phasing Limited) and REFMACH (36) in the CCP4 suite (37).
Table 2 lists the final statistics for L-PGDS-ligand structure.

NMR protein sample preparation

N single-labeled protein was prepared in M9 minimal media
supplied with ""N-labeled ammonium chloride. Protein was in-
duced at ODyy ,py = 0.7 with 0.5 mM IPTG at 18°C for 18 h. "°C
and "N double-labeled sample was prepared by supplementing
BClabeled glucose at the beginning of cultivation and inducing
at ODgg 4 = 0.6 with 0.5 mM IPTG at 18°C for 20 h. The final
protein concentration was 0.3 mM for the "N-labeled sample
and 0.27 mM for the double-labeled sample. Both samples were in
buffer consisting of 20 mM HEPES pH 6.5, 150 mM NaCl, 2 mM
TCEP, 10% D40, and 0.5 mM 4,4-dimethyl-4-silapentane-1-sulfonic
acid for NMR experiments. Selective labeling of 1-"°C amino acids,
leucine, and alanine in the background of [IH-15N] were carried
out as described in the study by Wagner et al. (38).

NMR spectroscopy

NMR spectroscopy experiments were measured using Bruker
Avance 700 MHz with triple resonance z-axis gradient cryoprobe
at 298 K. All experiments were recorded using a protein concen-
tration of 0.3-0.5 mM. Data were processed by Topspin 2.2
(Bruker Corporation) and analyzed by CARA (www.nmr.ch) (39).
"N-nuclear Overhauser effect spectroscopy (NOESY)-HSQC was
measured at the Swedish NMR Center, Gothenburg using Varian
800 MHz. The backbone resonances were assigned using transfer
relaxation optimization spectroscopy (TROSY)-HNCA, CBCA(CO)
NH, and ""N-NOESY-HSQC experiments. TROSY-HN (CO) ex-
periments were applied to further aid in residue-specific reso-
nance assignment.

NMR titration
Unlabeled ligands SA U44069, SA U46619, and PA 12415

(Table 1) were titrated in N-labeled protein sample and a series
of 15N—HSQC experiments were measured for analysis of ligand
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TABLE 2. Data collection and refinement statistic

SA Complex 1 (4IMO) APO (4IMN)

Crystallization
condition

0.1M potassium
thiocyanate, 30%
PEG MME 2000

0.1M potassium
thiocyanate, 30%
PEG MME 2000
Data collection

Space group P2,2,2, P2,2,2,
Cell dimension
a, b, c (A) 36.24, 56.38, 72.92 36.41, 56.41, 72.99
a, B,y 90, 90, 90 90, 90, 90
Wavelength 44.6-1.88 (1.92-1.88) 44.6-2.09 (2.09-2.16)
resolution (A)
Ry 0.062 (0.412) 0.060 (0.303)
I/ol 17.8 (3.6) 18.6 (3.23)
Completeness (%) 100 (99.2) 94.6 (95.3)
Redundancy 5.4 (5.5) 5.0 (4.7)
Refinement
Resolution (A) 1.88 2.09
No. reflections 13,902 4,675
Ryori/Riee 0.184/0.240 0.174/0.243
No of atoms 1,386 1,303
Protein 1,241 1,221
Ligand 56 17
Water 89 65
B-factors 22.9 33.9
R.m.s deviations
Bond length (A) 0.020 0.018
Bond angles (°) 2.012 1.969
Ramachandran plot
Most favored (%) 96.8 97.4
Allowed (%) 3.2 2.6
Disallowed (%) 0.0 0.0

Reported datasets are obtained from two different crystal
structures. Values in parentheses are for highest-resolution shell. APO,
apoenzyme.

binding interactions at concentrations of 2 mM, 3 mM, and 4 mM.
Protein-ligand complex and detergent interactions were evaluated
by adding dodecylphosphocholine (DPC) into the protein-ligand
solution. DPC stock solution of 60 mM was prepared by dissolving
the detergent in Millipore water. The samples contained 0.35 mM
protein, 4 mM SA U44069 or PA 12415, and 3 mM DPC [critical
micelle concentration (c.m.c.), 1.2 mM]. Chemical shift changes
were mapped and the perturbations were calculated using the fol-
lowing equation,

Aw = {[Ao("H)?] + [0.25 x Ao (""N)1%}"2

Differential static light scattering assay

Protein thermal stability was measured using StarGazer-384
from Harbinger Biotechnology and Engineering. Under heat-
induced denaturation, protein slowly unfolds and aggregates.
The rate of protein aggregation can be measured by differential
static light scattering and the intensity of scattering is plotted
against temperature to obtain a temperature aggregation regres-
sion curve. This assay was carried out and analyzed according to
the protocol stated in a previous study (40). Each well of a 384-
well black assay plate (Nunc) had 45 pl of 0.3 mg/ml L-PGDS
protein in buffer containing 20 mM HEPES pH 6.5, 150 mM
NaCl, 2 mM TCEP, and 0.5 pl of ligand(s) dissolved in DMSO.
The protein-ligand molar ratio was 1:10 for all ligands. To screen
for stabilizing factors of L-PGDS, we used ligands such as RA, SA
U44069, PA 12415, MgCl,, CaCly, and in any combination of two
to study if a mutually stabilizing effect could be observed.

Isothermal titration calorimetry

L-PGDS (200 pwM) in Buffer C was titrated with 2.5 mM of
product PGDj in the same buffer and concentration of DMSO to
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measure the binding affinity of the protein with product using
the MicroCal iTC200 system (Northampton, MA). The experi-
ment was initiated with 0.5 pl of titrant injection and followed
by sixteen 2.4 ul injections, each in 180 s intervals at 27°C. Stir-
ring speed for the titration event was 1,000 rpm. Integration of
heat peaks and regression analysis were performed with Origin
software.

Enzymatic assay

Functional activity of L-PGDS was tested with Cayman Chemi-
cals PGDy-methoxylamine (MOX) ELISA kit assay (catalog num-
ber 512011). L-PGDS concentration was diluted according to the
protocol for optimal enzymatic reaction. Detection of the PGDy-
MOX concentration was measured by the intensity of specific
secondary fluorescence antibody provided.

RESULTS

Ligand binding to human L-PGDS

Because the biological substrate (PGHy) and product
(PGDy) are chemically unstable, analogs were used for
binding studies. To establish structural information of L-
PGDS in complex with the substrate and product analog,
we first wanted to characterize the binding of these ligands
to L-PGDS and to confirm the catalytic activity of the re-
combinant protein. To identify suitable ligands/analogs
and conditions for optimal binding, we used a thermal
shift assay (TSA) based on a differential static light scatter-
ing assay (DSLS, Stargazer, Harbinger Biotech). This assay
monitors the rate of protein unfolding by measuring ag-
gregation formed after thermally induced unfolding (41,
42). The thermal shifts for L-PGDS with SA U44069, PA
12415, and RA and any two combinations of the above
were measured (Fig. 1A). SA U44069 binding to L-PGDS
induced an 8°C shift of its aggregation temperature (T,g,),
indicative of strong binding. PA 12415 and RA also in-
creased the aggregation temperature of the protein, in the
range of 2-3° C It was previously reported that H- PGDS
activity is Mg dependent (43). However, neither Mg
nor other divalent cations like Ca®" stabilized .- PGDS, so a
specific binding site on the protein is not likely (data not
shown). The combination of RA with SA U44069 or PA
12415 did not further increase the aggregation tempera-
ture suggesting overlapping binding sites (Fig. 1A).

The enzymatic activity of wild-type recombinant L-PGDS
was measured based on detection of the product PGD, af-
ter incubation with substrate PGHy using Cayman Chemi-
cal’s PGDo-MOX ELISA kit. Recombinant L-PGDS was
shown to be active (Fig. 1B) and a fixed time point assay of

Fig. 1. A: Thermal shift assay of L-PGDS in the presence of SA
U44069, PA 12415, and RA shows various degrees of stability induced
by these ligands. B: Recombinant protein is able to produce PGD,
when supplemented with substrate PGH,. Its catalytic activity is effi-
ciently inhibited by SA U44069, PA 12415, and RA. WT, wild type. C:
Human L-PGDS binds to its product PGD, at a K, of 154 uM, sug-
gesting that the protein binds to its product even postcatalysis. Aster-
isk (*) indicates test injection; data was not included in integration.

Substrate binding and catalysis of L-PGDS 1633



L-PGDS measured a V,,,, of 3.66 wmol/pg/s and K, of
4.15 uM. These values are in a similar range to those previ-
ously reported for recombinant mouse and human L-
PGDS (27, 30). In addition, our data also show that SA
U44069, PA 12415, and RA can inhibit the catalytic activ-
ity. This result agrees with Shimamoto et al. (29) who
showed that RA inhibits mouse L-PGDS. In their study,
they modeled two separate binding pockets for substrate
and RA respectively. However the two sites were proposed
to share one amino acid; it is not certain that the residue
facilitates binding of both substrate and RA. Nonetheless,
their Lineweaver-Burk analysis of a kinetic study claimed
that the inhibition was noncompetitive (29). L-PGDS also
inherently binds its product with a K, of 154 uM (Fig. 1C).
This is an interesting observation because most enzymes
are designed to bind weakly to their products to facilitate
release from the active site.

Cystal structure of L-PGDS in complex with substrate
analog and in substrate analog free form

Human L-PGDS was cocrystallized with SA U44069 in a
P2,2,2;, unit cell with one monomer in the asymmetric
unit. The overall structure had the classical lipocalin fold
comprising an eight-stranded B-barrel with two a-helices.
One of the helices, known as helix 2 on the () loop, lines
the “entrance” of the large substrate and ligand binding
cavity (Fig. 2A). The electron density map reveals two po-
tential ligand binding sites in the cavity; one site near to
the catalytic Cys 65 (site A, Fig. 2C) and one site beneath
Trp 112 (site B, Fig. 2D). Crystals of L-PGDS (in the same
crystal form) without SA U44069, were generated by mi-
cro-seeding with crystals grown in the presence of SA
U44069 into a crystallization solution lacking the ana-
log. The overall structure of L-PGDS without SA U44069
is very similar to the structure with it, except for distinct

Tyr 116

/Trp 54
',,——/
Phe 143

YaZg

Fig. 2. A: Crystal structure of L-PGDS in complex with SA U44069 at site A and site B. 3 sheet A-H form
the core barrel with four prominent intersheet loops namely the () loop (which consists of helix 2), C-D
loop, E-F loop, G-H loop, and one long « helix H3. B: Detailed view of the binding site. Two SA U44069 were
modeled into two regions of observed densities in site A and site B respectively. C: A zoomed in view of bind-
ing pocket A with two configurations that differ in the location of the carboxylate group at position Al. The
head group of the bicyclopentane ring can also be positioned in A2, the Fo-Fc map at sigma level = 3.0 while
the 2Fo-Fc map = 1.0. D: Binding pocket B with corresponding Fo-Fc map and 2Fo-Fc map at sigma levels 3.0

and 1.0, respectively.
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conformational changes in the region of the £} loop (Fig. 3).
Density at site A is lacking in the SA U44069 free form,
instead a long extended density is found stretching from
site B into the cavity. We have interpreted this density as a
bound polyethylene glycol (truncated PEG MME 2000,
supplementary Fig. ID), a component found in the crystal-
lization reservoir. The atomic coordinates and experimen-
tal data for the SA U44069 bound protein crystal, SAC
(PDB ID: 4IMO) and ligand-free-form crystal, APO (PDB
ID: 4IMN) have been deposited in the Protein Data Bank
(www.wwpdb.org).

Detailed experimental data on substrate binding in L-
PGDS has been elusive. Hence, we attempted to generate
a molecular framework by solving the structure of human
L-PGDS cocrystallized with SA U44069. The difference
density map revealed a number of residual densities in the
large hydrophobic cavity of L-PGDS that represent poten-
tial SA U44069 binding sites (Fig. 2C, D). Judging from
the local interactions with the protein and in comparison
with the analog free crystals in the same form, these den-
sity peaks are not likely to correspond to other buffer mol-
ecules but instead must originate from bound SA U44069.
Even though the electron density is not sufficiently con-
tinuous for unambiguous modeling of SA U44069, it is
very likely that the strongest density patches correspond to
the SA head groups. Based on this hypothesis we have gen-
erated putative binding models for SA U44069 binding to
L-PGDS at site A and site B.

Site A shows the major distinct prostaglandin head group
density with a distance of 6 A above the catalytic Cys 65
positioning its bicycloheptane ring in interaction with the
Phe 83 side chain at site Al (Fig. 2B). A second binding
site, A2, is also possible; this model positions the SA U44069
further down in the pocket with less than 5 A from the
head group to Cys 65. The carboxylic group of SA U44069,
bound in site Al, appears to extend into a polar patch
formed by His 111 and Tyr 116. The hydroxyl group of the
prostaglandin o chain is in close proximity with Cys 65
and the aliphatic tail in this model is inserted into a hydro-
phobic pocket of Leu 79, Leu 131, and Tyr 149. The bind-
ing mode of SA U44069 in site Al is not likely to be
identical to the binding mode of the substrate during
catalysis, as the bicycloheptane ring is too far from the

/ tAPO — Beige
SAC - Blue

Fig. 3. A: Overlay of our substrate analog cocrystal (SAC) crystal
structure in blue with apoenzyme (APO) structure in beige, root
means square deviation values: 0.358. B: () loop of SAC structure,
which is tilted outward in the presence of SA U44069; Trp 54 and
Lys 59 on the () loop are observed to undergo major configuration
changes.

catalytic Cys 65. The bicycloheptane in site A2, however, is
more representative of a productive substrate binding
mode. With the head group in this second position, the
aliphatic chain could extend deeper into the hydrophobic
pocket, allowing the hydroxyl group of the prostaglandin
o chain to interact with Tyr 149 and Thr 147, equivalent to
what has been proposed from substrate modeling in mouse
L-PGDS (27). The carboxyl group of the substrate could
still reach the polar patch containing His 111 and Tyr 116.
Alternatively, it could reach Arg 92 and Arg 85 lining the
groove of the cavity, as proposed for the mouse protein
(27). In our L-PGDS structure, Arg 92 forms a salt bridge
with Glu 35 of a neighboring molecule in the crystal
lattice.

In site B, the prostaglandin head group is sandwiched
between Trp 112 on the E-F loop and Phel43 of the H {3-
strand through stacking interactions. Modeling of the SA
U44069 into this density enables its hydroxyl group to
make a hydrogen bond with the hydroxyl group of Tyr 116
(Fig. 2C). Both the aliphatic and the carboxylate arms of
the analog are exposed to the solvent region. In the SA
U44069 free form, we could see a potential PEG MME
2000 molecule binding in site B, extending further into
the large cavity. Similarly, in the structure of fatty acid-
coordinated human L-PGDS, the fatty acid is clamped be-
tween Trp 112 and Phe 143 and extends into the large
cavity. Previously, there was no direct evidence showing
that the E-F loop containing Trp 112 and G-H loop con-
taining Phe 143 are involved in the binding of substrate or
product, although it has been proposed to facilitate the
exit of product from the protein (27). Binding in site B
reveals ligand stabilization of the E-F and G-H loops, and it
is highly possible that the substrate and/or the product
use this site as an intermediate site before exit/entrance.

The noncontinuous ligand density of the SA U44069 co-
crystallized structure is most likely due to a combination of
multiple binding modes and flexibility of the aliphatic
moieties of the ligand. After a test refinement with models
in sites Al and B, the B factor values of the modeled li-
gands at both sites are in the range of 45-55 A?, while B
factor values of neighboring residues are in the range of
20-25 A%. The most notable structural change upon SA
U44069 binding is the rotation of helix 2 in the ) loop,
which unfolds outward, partially losing o helical rigidity.
The Trp 54 side chain, as well as its main chain, showed
high temperature B factor (110-120 A% in comparison
with neighboring residues (B factor: 20-30 AQ). However,
in the SA U44069 free structure it has a B factor of 30-44
A% Hence, Trp 54 could serve as a gate for substrate upon
entry/egress. Conformational change in the ) loop is also
observed when the SA U44069 bound structure is com-
pared with the recently solved fatty acid bound C65A mu-
tant structure (PDB ID: 3022). Binding sites A and B of SA
U44069 in our structure coincide with the binding sites
for oleic acid and palmitic acid in the fatty acid bound
structures.

Most residues such as Trp 54, Phe 83, Tyr 107, His 111,
Trp 112, Tyr 116, and Phe 143 interacting with SA U44069
in our structure are also preserved in close homologs
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(Fig. 4A). Even though Trp 54 is highly conserved across
several species, mutation of Trp 54 in mouse L-PGDS only
moderately decreases the catalytic activity of L-PGDS (27).
Although Trp 112 is conserved in mammals and fish, it has
been replaced by tyrosine in most other species, therefore
retaining the basic aromatic structure required for base
stacking interaction. Phe 83 is conserved in mammals, but
substituted by tyrosine in Xenopus laevis. We agree with the
prediction by Zhou et al. (30) that the aromatic side chain
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is crucial in holding the bicyclopentane head group of the
substrate as shown in our structure.

Structure of human L-PGDS catalytic site

The resolution of the structures allows for a detailed
analysis of the environment of the catalytic cysteine. Previ-
ous crystal and NMR structures of mouse (27, 29) and hu-
man (30) L-PGDS were obtained from protein with the
catalytic cysteine mutated to alanine. The structure of the
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Fig. 4. A: Multiple sequence alignment of human L-PGDS with homologs. Residues proposed to interact with substrates from crystal
structure results are shown as purple stars; mutations made by previous studies are highlighted as blue stars; and catalytic cysteine is indi-
cated as a red star. B: Catalytic site comparison of Cys 65 environment in substrate analog cocrystal (SAC) and apoenzyme (APO) structure
with respect to its neighboring serines. C: Schematic of L-PGDS catalytic reaction. Production of PGD, requires correct stereochemical

positioning of SA U44069 in the catalytic site.
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wild-type human L-PGDS without substrate reveals that
Cys 65 has two potential side chain conformations. One of
them has higher occupancy and is hydrogen bonded to
the main chain carbonyl group of residue Ser 63. The thiol
sulfur is not well exposed to the active site pocket but in-
stead extends into a hydrophobic patch formed by Leu 62
and is exposed to the solvent outside the protein.

In the structure of SA U44069 bound L-PGDS, Cys 65
adopts two conformations and the dominant conforma-
tion is exposed into the pocket of L-PGDS, making a
strong hydrogen bond to Ser 45 (2.8 A) (Fig. 4B). Ser 45
also has two conformations. Interestingly, a distinct con-
formational switch is induced in the region of Lys 59 and
Leu 62 upon substrate binding, resulting in a complete
inversion of Lys 59 (Fig. 3B). This inversion is most likely
due to the conformational changes observed in the ()
loop upon substrate binding, as discussed above. Muta-
tion of Kb9A has been shown to increase enzymatic effect
(23) by mimicking the effect of Lys 59 twisting outward to
accommodate substrate binding. Shifting of the Leu 62
side chain results in the Cys 65 thiol group becoming
more exposed to the substrate binding cavity with its side
chain forming strong hydrogen bonding to Ser 45, thus
activating Cys 65 for the subsequent reaction steps. Muta-
genesis studies revealed the involvement of Ser 67 and
Ser 81 in catalysis (23), but we did not observe any direct
hydrogen bonding to the Cys thiol group in the structure
presented here. However, we do not exclude the possibil-
ity that such hydrogen bonds could be formed upon pro-
ductive substrate binding. In our structure, we identified
a highly conserved residue, Leu 62, which was shown to
play an important role in unraveling Cys 65 for substrate
binding.

The picture that emerges from the structural data shows
that substrate binding induces a distortion of helix 2 on
the () loop and Leu 62, which exposes the Cys 65 thiol
group into the substrate binding site. This allows Cys 65 to
form a strong hydrogen bond to Ser 45, which helps in
activating the cysteine nucleophile. The close juxtaposi-
tion of the nucleophile with substrate peroxide promotes
the nucleophilic attack on C11 of the substrate (Fig. 4C).
This might act in concert with the protonation of O9, to min-
imize net charge buildup along the reaction trajectory.

Mapping of L-PGDS interactions with substrate and PAs
using NMR titration

NMR titration was used to further understand the dy-
namics of substrate binding to L-PGDS. L-PGDS was uni-
formly labeled with N isotope for ['H,lBN]TROSY
experiments and double-labeled with "N and "C for resi-
due-specific assignment of backbone resonances. Reference
spectra were acquired at 2 mM of SA U46619, an analog
that has been used for NMR titration against the mouse
protein (29). The analog saturation point was found to be
at 2 mM. The spectra showed 93.3% of the expected number
of cross-peaks (supplementary Table I and supplementary
Fig. II). Subsequently, two resonance assignment experi-
ments, namely HNCA and CBCA(CO)NH, together with a
N-NOESY HSQC spectra were collected for residue-specific

assignment. Overall, 75% of protein assignment was achieved
for L-PGDS (supplementary Fig. II).

A series of titration studies were performed with SA
U44069 and PA 12415 whereby similarly the saturation
point was observed at ligand concentrations at or above
2 mM. Chemical shift differences above a threshold of
0.1 ppm were mapped onto the crystal structure (Fig. 5A, B).
It was observed that both SA U44069 and PA 12415 in-
duced similar chemical shift perturbations in L-PGDS.
Resonance intensities for most cross-peaks were signifi-
cantly increased when either SA U44069 or PA 12415 was
added (supplementary Fig. III and supplementary Table
IT). This reflects a narrower line-width with the concomi-
tant reduction of the conformational exchange-induced
line broadening. In the presence of the SA U44069, resi-
dues Ala 49, Trp 54, Arg 56, and Glu 57 on the () loop as
well as Trp 112 and Tyr 116 on the E-F loop showed large
changes in chemical shifts (>0.1 ppm) consistent with the con-
formational changes seen in our crystal structures (Fig. 5A).
This was accompanied by the lower chemical shift differ-
ences (>0.08 ppm) observed for Gly 140, Asp 142, and Arg
144 in the G-H loop (Fig. bA). As expected, the chemical
environment of the catalytic site residue, Cys 65, was altered
and chemical shift changes of neighboring residues Met
64, Thr 147, and Leu 148 were also perturbed.

In the presence of PA 12415, changes in chemical
shift at the ) loop were only slightly less than that of SA
(Fig. 5B). Two residues on the 3-strand H, Met 145 and
Ala 146, showed perturbations specific to PA. Chemical
shifts of residues Asp 37, Trp 43, Phe 39, and Tyr 128 were
consistently perturbed when both analogs were added.
These four residues are situated at the narrow opening
of the barrel structure, opposite to the £ loop. It is likely
that these residues alter their side-chain conformations
to form a flexible plug during ligand entry/egress and
binding.

Evaluation of the resonance peaks’ intensity increments
between bound and unbound L-PGDS are shown in sup-
plementary Fig. III. We attribute this general increase of
2D cross-peak intensities caused by the addition of SA
U44069 to the narrowing of the apparent resonance line-
widths. This is due to the more restricted conformational
space spawned by the protein’s backbone and concomi-
tant structural stabilization. Structural accretion due to li-
gand binding reduces conformational exchange-induced
line broadening and this effect is also shown in the case
of human protein disulphide isomerase (PDI) caused by
peptide ligand binding (44). In L-PGDS approximately
24% of the peaks have intensity increases of more than 50%.
These cross-peaks correspond to residues that undergo
significant chemical shift perturbations. It is not known
whether these residues are in direct or indirect contact
with ligands because both intensity and chemical shifts
were altered (45). Nonetheless, line-width reduction ac-
companied with increased intensity has been observed in
the complex formation of the troponin C regulatory do-
main and troponin I (46). This suggests a stable and tight
complex formation of the troponin protein. Likewise in the
L-PGDS-analog complex, these NMR results are consistent
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with our TSA data and previous small angle X ray scatter-
ing data (28) showing that L-PGDS is greatly stabilized by
SA U44069 and PA 12415.

By utilizing both X-ray crystallography and NMR spec-
troscopy data, we were able to provide a glimpse into
L-PGDS substrate binding mechanics. Both methods sug-
gested three key points of L-PGDS binding. First, substrate
entry and exit was facilitated by both the E-F loop and the
Q loop. Second, residues in reaction center proximity,
Met 64, Cys 65, and Ser 67, changed their rotamer config-
uration and backbone conformation upon ligand binding.
B-sheet B (Fig. 2A), which is comprised of catalytic resi-
dues such as Met 64, Cys 65, and Ser 67, became disor-
dered upon ligand addition. Third, N-terminal residues of
the barrel cavity, usually described as the bottom of the
calyx structure underwent “plugging” upon ligand bind-
ing. Phe 34 had been speculated to be involved in such an
event due to poor electron density being observed (35).
However our crystal data had clear density of Phe 34 in the
presence and absence of SA U44069. In our NMR data,
residues Asp 37, Phe 39, Trp 43, and Tyr 128 underwent
chemical shift perturbations (Fig. 5A, B) while residues
Thr 73, Gly 75, Gly 76, and Leu 77, which corresponded to
the B-C loop, showed an increase in intensities upon li-
gand binding (supplementary Fig. III). We propose that
the bulky side chains of Trp 43, Phe 39, and the hydropho-
bic side chain of Leu 77, together with the B-C loop, form
a barrier at the barrel opening. Table 3 summarizes the
key residues involved in substrate recognition, proposed
role in catalysis, product release, and plugging observed
from both crystal data and NMR results.

L-PGDS interactions with dedecylphosphocholine
to model membrane interactions

Besides protein-ligand interaction studies, protein-deter-
gent interactions were studied in the absence and presence
of ligand in order to clarify how L-PGDS interacts with a
mimetic membrane and how this might regulate its activity.
DPC has been commonly used as a mimetic membrane
study model in solution NMR (47). Undeuterated DPC of
3 mM concentration was added to isotopically labeled pro-
tein premixed with 2 mM of SA U44069 or PA 12415. DPC
micelles usually constitute a 70-80mer aggregation moiety
at 25°Cin 50 mM NaCl, which corresponds to a size of about
26 kDa (48). Signal disruptions of the labeled protein resi-
dues by undeuterated DPC can be detected in two-dimen-
sional 'H-""N-HSQC experiments. Perturbations resulting
from DPC are distinct in the presence of SA U44069 and PA
12415, or in the absence of any ligands.

Figure 6A, B shows the magnitude of chemical shift dif-
ferences when DPC was added in solution under two con-
ditions, SA U44069 with DPC (SA-DPC) or PA 12415 with
DPC (PA-DPC). 15N—HSQC spectra were also acquired for
all three samples with titrations of 3 mM and 6 mM DPC.
Samples were measured for a total of 6 h with spectra be-
ing recorded hourly to observe protein state over time.
There were no significant changes in chemical shifts of
the protein within the period of 6 h or at higher concen-
trations of DPC. No degradation of protein was observed

TABLE 3.

Summary of residues involve in the

substrate binding, catalysis and exit

Conservation/Substitution

Residues in Orthologs Proposed Function

Phe 83 Highly/tyrosine Position bicyclopentane
ring of substrate

Leu 62 Highly/methionine Expose Cys 65 sulfur group

Lys 59 Conserved Facilitate substrate entry

Cys 65 Conserved Nucleophile

Ser 45 Partial/threonine Deprotonate Cys 65

Ser 81 Highly/alanine” Catalysis

Ser 67 Partial/threonine Catalysis

Trp 54 Conserved Gating/product exit

Trp 112 Highly/tyrosine or serine Gating/product exit

His 111 Highly/arginine Position carboxylic
tail of substrate

Tyr 107 Highly/phenyalanine Position carboxylic
tail of substrate

Leu 79 Conserved Positioning aliphatic
tail of substrate

Leu 131 Conserved Positioning aliphatic
tail of substrate

Tyr 149 Conserved Positioning aliphatic
tail of substrate

Asp 37 Highly/glutamate Plugging of clayx

Trp 43 Conserved Plugging of clayx

Tyr 128 Conserved Plugging of clayx

Thr 73 Highly/alanine Plugging of clayx

Gly 75 Conserved Plugging of clayx

Leu 77 Highly/methionine Plugging of clayx

“Only in Xenopus.

throughout the experiments. Resonance intensity atten-
uation after addition of DPC was measured in both condi-
tions (Fig. 6C, D).

For the SA-DPC sample, residues Trp 54, Arg 56, and
Ser 119 experienced alterations (>0.1 ppm) of chemical
environmentwhen compared with only SA U44069 titrated
L-PGDS. Other perturbed residues included Asp 37, Ser 50,
Thr 91, Ser 114, and Thr 123, which shifted between 0.08
and 0.1 ppm. Together with Ser 119, they corresponded to
residues with a side chain facing the external environment
of the protein. Hence, it is likely that the signal change at
these residues is due to nonspecific interactions with the
DPC micelles.

Opverall, the effect of DPC was more pronounced in
PA-DPC samples. Residues perturbed in PA-DPC (Fig. 6B)
show similarity to residues perturbed in solely ligand titrated
samples (Fig. bA, B), with alterations concentrated at the E-F
loop and the () loop. The cross-peak intensities which in-
creased upon addition of PA 12415 (supplementary Fig. I1T)
were attenuated to a larger extent when DPC was added
(Fig. 6D). For example, residues Asp 37, Lys 59, Lys 60, Met
64, Leu 131, Asp 142, Leu 159, Glu 161, Phe 172, Ile 177,
Asp 184, and Met 187 had signal reductions of more than
50% while signals of Lys 38, Ser 50, Glu 57, and Trp 112 were
fully attenuated. In contrast, residues Ala 49, Glu 90, Thr
123, Ser 133, Arg 144, and Leu 148 showed more than a
50% increase in intensities (Fig. 6D). The overall decrease
in intensities, which are coupled with the broadening of
peaks, are due to the protein undergoing conformational
exchange to release stabilization imposed by ligand binding.
These findings suggest a plausible mode of product release
from the protein.
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When the apoenzyme was titrated with DPC, amide
cross-peaks became more resolved with a global increase
in resonance intensities and chemical shift perturbations
(supplementary Fig. IV). This pattern is similar to the ob-
servations made when SA U44069, SA U46619, or PA
12415 were added to the protein (Fig. 5B), which is a gen-
eral stabilization of the protein. Judging from these titra-
tions, itislikely that L-PGDS comprises intrinsic interactions
with detergent micelles, and its ligand binding state could
affect its interaction with membranes.

DISCUSSION

Analog bound L-PGDS cocrystals revealed putative bind-
ing sites for SA U44069 in the large cavity, where binding
is accompanied by protein conformational change. Be-
cause both SA U44069-bound and analog free structures
were determined in the same space group with similar
crystallization buffer, this minimized the risk of artifacts,
indicating that the observed structural changes of the pro-
tein are indeed due to substrate binding. The noncontinu-
ous ligand densities are likely to be due to multiple binding
modes and flexible interactions of aliphatic moieties of
the SA U44069 with L-PGDS. Still, the strongest densities
are most likely due to the coordinated head groups, which
have allowed tentative modeling of the SA U44069 in the
binding pocket. It should be noted that structures with
well-defined binding of lipophilic ligands are relatively
rare (49). Similar partial electron densities were observed
for substrates in mouse urinary protein-pheromone com-
plex (50), phospholipids in saposin B (53), and in 5-lipox-
ygenase-substrate complex (52).

Previous modeling of substrate binding in mouse L-
PGDS and structural comparison with the catalytic site of
H-PGDS have suggested that residues mPhe 83, mSer 81,
mCys 65, mThr 67, and mSer 45 constitute the catalytic
site in L-PGDS (27) 2 In our crystal structure we observed
the ligand density near Phe 83, Cys 65, and Ser 67. The
aromatic ring of the conserved Phe 83 is positioned facing
the cyclopentane ring of the modeled substrate analog in
site Al (as well as in site A2). This interaction appears
crucial to position the head group of the substrate for ca-
talysis. Mutant F83A has been shown to reduce L-PGDS
enzymatic activity by more than 80% (30). Interestingly, we
observed that binding of the SA U44069 induces a con-
formational change of Cys 65 and its neighboring residue.
The side chain of Cys 65 was moved into the catalytic cen-
ter and potentially assists in activating the thiol by estab-
lishing strong hydrogen bonding to Ser 67 for the attack
of the cyclopentane peroxide bond of the substrate and
subsequently produce PGD, (30). When no other suitable
proton source is available in the active site, it is likely that
Cys 65 also provides a proton to the substrate where nu-
cleophilic attack and proton transfer might be concerted
to minimize charge build-up.

*mPhe 83, mSer 81, mCys 65, mThr 67, and mSer 45 are the amino
acids in mouse L-PGDS.

Apart from the expected binding at the catalytic site,
our study reports a pseudo-binding site observed at the E-F
loop of L-PGDS. This site binds polyethylene glycol in our
apoenzyme structure and coincides with fatty acids bind-
ing in the structure from Zhou et al. (30). Residues of the
E-F loop binding site are highly conserved across homologs
of different organisms, making this a potential interaction
point to facilitate the entry of ligand. The role of the E-F
loop in ligand binding is highlighted in NMR titration
studies in the presence of either SA U44069 or PA 12415.
Chemical shift perturbations coupled with intensities aug-
mentation upon ligand addition suggest ligand stabiliza-
tion of the E-F loop. Because movement of E-F loop is
coupled with conformational changes on the () loop and
catalytic residues upon ligand titration, we speculate that
the E-F loop either serves to usher the substrate into the
catalytic site upon ligand binding or facilitate the release
of product.

This then leads to the question of how PGD is released
into the right environment for its functional purpose.
Because PGDy is produced in the lumen of ER by L-PGDS
or H-PGDS, it has to be secreted into the extracellular
compartment to reach its target, the receptor DP1. Even
though de Waart et al. (53) suggested that PGD, transport
through the plasma membrane might also be mediated by
multidrug resistance associated protein that transport PGE,,
hitherto there had been no studies describing the transfer
of PDG, from the lumen of endoplasmic reticulum (ER)
to the cytoplasm side. Members of the prostaglandin syn-
thases like PGI, synthase (PGIS) and thromboxane A, syn-
thase (TXAS) are single-pass membrane proteins that bind
their substrate on the luminal side of the ER membrane
and release their product on the cytoplasmic side (54).
However, as prostaglandin D synthase is a soluble protein,
this model clearly does not apply.

Based on our data we hypothesized that L-PGDS could
potentially regulate its product release through its ability
to interact with membranes. Significant chemical shift per-
turbations are observed between the E-F loop and the ()
loop in the presence of DPC when L-PGDS is bound with
PA 12415 but not with SA U44069. This is especially inter-
esting as both the PA 12415 and SAU44069 are structurally
similar (Table 1). Nonetheless, we cannot rule out the pos-
sibility that free detergent would interact with the hy-
drophobic core of the L-PGDS barrel especially in the
apoenzyme state. Nevertheless, chemical shift perturba-
tions and resonance intensity alterations in titration ex-
periments with DPC revealed that the apoenzyme and the
SA U44069- or PA 12415-bound protein clearly show dis-
tinct interaction modes with the micelles. In light of our
data we propose that, when bound to its product, L-PGDS
would be able to transiently bind the membrane of ER al-
lowing the release of PGDj into the lipid bilayer. Similarly
to PGIS and TXAS, L-PGDS would then be able to mediate
both the synthesis and the transport of PGD,. The present
work of combining X-ray crystallography and NMR allows
us to better understand the mechanisms and dynamics
of ligand binding to L-PGDS. Both methods support a
model whereby ligand binding is accompanied by protein
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conformational changes mainly on the ) loop and the E-F
loop. Prostaglandin transport through the ER membrane
into the cytoplasm was poorly understood, but our studies
with membrane mimetics have provided evidence that dif-
ferential protein-membrane interaction depends on ligand
binding.
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