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ABSTRACT: Lipocalin-type prostaglandin D synthase is a major protein of the cerebrospinal fluid and was
originally known ass-trace. We investigated the binding ability of prostaglandin D synthase toward bile
pigments, thyroid hormones, steroid hormones, and fatty acids in this present study. We found that the
recombinant enzyme binds bile pigments and thyroid hormones, resulting in quenching of the intrinsic
tryptophan fluorescence, the appearance of induced circular dichroism of the lipophilic ligands, and a red
shift of the absorption spectra of bilirubin and biliverdin. The binding of prostaglandin D synthase to
lipophilic ligands was also demonstrated by the resonant mirror technique and surface plasmon resonance
detection. The dissociation constants were calculated to be 33 nM, 37 nM, 660 nM, 820 nM, and 2.08
uM for biliverdin, bilirubin, L-thyroxine, 3,35'-triiodo-L-thyronine, and 3,35-triiodo--thyronine,
respectively. Biliverdin and bilirubin underwent a shift in their absorption peaks from 375 to 380 nm and
from 439 to 446 nm, respectively, after binding to prostaglandin D synthase. Bilirubin bound to the enzyme
showed a bisignate CD spectrum with-a) (Cotton effect at 422 nm and & § Cotton effect at 472 nm,
indicating a right-handed chirality. The ligands also inhibited prostaglandin D synthase activity
noncompetitively in a concentration-dependent manner, witly \@lues between 3.9 and 10/M.
Epididymal retinoic acid-binding protein adlactoglobulin, two other lipocalin proteins that bind retinoids
such as prostaglandin D synthase, did not show any significant interaction with bile pigments or thyroid
hormones. These results show that prostaglandin D synthase binds small lipophilic ligands with a specificity
distinct from that of other lipocalins.

Lipocalin-type prostaglandin (PEPD synthase [PGDS; involved in the biosynthesis of PGDin these tissues.
(52,13E)-(159-90,11a-epidioxy-15-hydroxyprosta-5,13-di- ~ Sequence analyses and database comparisons revealed that
enoatep-isomerase, EC 5.3.99.21«3) is mainly localized PGDS is the only member that displays enzymatic activity
in the mammalian central nervous system (CN5)9), male among members of the lipocalin superfamili3{-15), a
genital organs4, 7, 10, 1), and human heartl@) and is group of small secretory proteins that bind and transport a

large variety of lipophilic biomoleculesl6, 17.
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but found that bile pigments were boundfAdrace in CSF glutathione-Sepharose (Amersham Pharmacia Biotech) and
of several patients after subarachnoidal hemorrhage (C. T.incubated with thrombin to release the mutated PGDS. The
Beuckmann and Y. Urade, unpublished results). Instead of recombinant PGDS was further purified by Mono-S column
usingS-trace purified from human CSF, which is limited in  chromatography to apparent homogeneity as judged by silver
amounts, we employed recombinant enzymes in this studystaining of 100 ng of protein after SB®AGE.

to characterize the binding between lipocalin-type PGDS and  stock Solutions of Lipophilic Ligandsiliverdin and
bile pigments and several other candidates of its hydrophobichjjirubin were dissolved in DMSO to give 2 mM stock
ligands, including thyroid and steroid hormones, iodinated splutions. Other ligands were dissolved in bis(2-methoxy-
amino acids, and fatty acids. ethyl) ether/ethanol (1:1) to give stock solutions of 4 mM
By fluorescence quenching measurement, CD spectros-0or in DMSO to give stock solutions of 2 mM. The
copy, absorption spectroscopy, resonant mirror detection,concentrations were determined spectroscopically wgth
surface plasmon resonance detection, inhibition assays of thén methanol for biliverdin= 51 500 M *-cm™* (28), €4s3in
enzyme activity, and direct binding assays, we show here chloroform for bilirubin= 61 700 M*-cm™ (29), e3s at
that PGDS binds biliverdin and bilirubin with affinitie& pH 11 for T4= 6 180 M '-cm%, €350 at pH 10 for T3 and
= 33 and 37 nM, respectively) higher than those for retinoids. reverse T3= 4660 M*-cm* (30, 31, 336 in ethanol for
We also found that thyroid hormones were bound to PGDS all-trans-retinoic acid = 45000 M*cm™, and ez in
with affinities in a micromolar order. These results suggest €thanol forall-trans-retinol = 46 000 M *-cm™* (32). Stock
that PGDS in the CSF may act as a scavenger for harmfulsolutions were stored light-protected-a20 °C.
hydrophobic compounds produced in the CNS under patho-  Fluorescence Quenching Assaile pigments, thyroid
logical conditions and function as a rescue transporter for hormones, T2, 3,5-diiodo-tyrosine, 3-ioda:-tyrosine, ste-

thyroid hormones in the CNS. roid hormones, docosahexaenoic aeittfrans-retinoic acid,
andall-trans-retinol (10uL) were added to rat recombinant
EXPERIMENTAL PROCEDURES Ala®- or Ala®*18¢PGDS, LG, or RABP in 99@L of 5 mM

i . ) o ) Tris-HCI, pH 8.0, to give a final concentration of 1.54.
Materials Biliverdin, b|I|ruF)|n_,_L—thyroxme (T4), 3,35- After incubation at 20C for 60 min, the intrinsic tryptophan
triiodo-L-thyronine (T3), 3,35 -triiodo-L-thyronine (reverse  q,grescence was recorded in a RF-5000 spectrofluoropho-
T3), 3,5-diiodot-thyronine (T2), 3,5-diioda-tyrosine, 3-iodo-  tometer (Shimadzu, Kyoto, Japan) with an excitation wave-
L-tyrosine,cis-4,7,10,13,16,19-docosahexaenoic acid, Proges-|ength at 282 nm. Optimal emission wavelengths were
terone, 5-pregneng3ol-20-one (pregnenolone), testosterone, yetermined to be 338 nm for PGDS, 326 nm for RABP, and
17p-estradiol,all-trans-retinoic acid, andall-trans-retinol 334 nm for LG. The quenching of tryptophan fluorescence
were purchased from Sigma. Bis(2-methoxyethyl) ether was que to nonspecific interactions with ligands was corrected
obtained from Tokyo Kasei (Tokyo, Japan) and dimethyl \yith 1.5 M N-acetylt-tryptophanamide. The molar ratios
sulfoxide (DMSQO) from WAKO (Tokyo, Japan). [¥C]- and Ky for binding between ligands and PGDS were

PGH, was prepared from [#*Clarachidonic acid (2.20 GBa/  ca|culated by the methods of Levind3 or Cogan et al.
mmol; Du Pont-New England Nuclear, Boston, MA) as (34).

described ). Cow milk LG was obtained from Sigma. Rat
recombinant epididymal retinoic acid-binding protein (RABP)
was kindly provided by Dr. T. Tanaka, Biomolecular
Engineering Research Institute, Osaka, Japan. All other
chemicals were purchased from Sigma unless otherwise
indicated.

Solid-Phase Assay for Binding between PGDS and Lipo-
philic Ligands The binding of lipophilic ligands to im-
mobilized PGDS was monitored with an 1Asys plus device
(Affinity Sensors, Cambridge, U.K.) as describ@&&); with
some modifications. The At&PGDS [30uL of 1 mg/mL
in phosphate-buffered saline (PBS): 8 mM N&O,, 1.5

Expression and Purification of Recombinant Rat Lipocalin- mm KH,PQ,, 3 mM KCI, 140 mM NaCl (pH 7.2); Takara,
Type PGDSAIl amino acid positions referred to in this study  Tokyo, Japan] was immobilized on the surface of an
were counted starting from the first amino acid, Mef aminosilane-coated sensor activated with 1.6% (v/v) glutar-
the whole sequence. The recombinantly expressed PGDSdialdehyde, by incubation with the protein solution for 20
lacked the 22 amino acid long N-terminal signal peptide, so min. Nonspecific binding sites were masked with LG (30
that the first three amino acids of the recombinant PGDS 4L of 1.5 mg/mL in PBS) by incubation for 20 min, because
were Gly and Ser (from the introduced thrombin cutting site) LG does not bind the bile pigments or the thyroid hormones,
and Pr@&. Due to a very low yield of correctly folded asfound by fluorescence quenching experiments. The sensor
recombinant rat PGDS with three cysteine residues, the Cys-was then washed with 10% (v/v) ethanol in PBS to remove
Ala-substituted PGDS were used in this stu@y)( In the any nonspecifically bound molecules. A reference cuvette
Ala® mutant, the Cy® as the active site was replaced so was treated identically without immobilization of PGDS.
that it lacked the PGDS activity but possessed a cystine Amounts of proteins immobilized on the sensor surface were
bridge between Cy¥8 and Cy$%. The Al#918 mutant determined to be 1:01.2 ng/mnd, resulting in a 606720
maintained the full enzyme activity but lacked the cystine arc second response. For the binding assay, biliverdin-(2.5
bridge. The Al&*% and Al#° enzymes were expressed as 17.5uM), bilirubin (5—20xM), or thyroid hormones (25
glutathione transferase fusion proteins by a bacterial expres-20 uM) were dissolved in PBS containing 1% (v/v) DMSO.
sion system. Briefly, the mutated cDNAs were cloned into After application of the ligand solution to the immobilized
theBanHI—EcdRlI site of the pGEX-2T plasmid (Amersham PGDS, the mass increase on the sensor surface due to ligand
Pharmacia Biotech, Tokyo, Japan) and expressé&ssameri- binding was monitored by measuring the change in the
chia coli DH50. The fusion proteins were bound to refractive index at the sensor surface with the resonance
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mirror detector. The cuvettes were regenerated after each? and 5«M T4. Protein concentrations were determined by
application by washing with 10% (v/v) ethanol in PBS. Data the method of Lowry et al.39).

were analyzed by pseudo-first-order approximati#f) (ising Fatty Acid Binding AssaysAssays for binding between
FASTIfit software. Each measurement was repeated at leastla®®-PGDS and arachidonic acid, linoleic acid, or docosa-
three times. hexaenoic acid were carried out as described by Descalzi

The binding of AI&*-PGDS to the immobilized thyroid ~ Cancedda et al.40). Ala®-PGDS was incubated with
hormones was measured with a BlAcore 2000 device adiolabeled fatty acids at€. Free ligand was then trapped
(Biacore, Osaka, Japan). The thyroid hormones were co-Py hydroxyalkoxypropyldextran at 4C, followed by cen-
valently coupled via primary amino groups to a carboxy- trlfu.gat|c.>n. to separate dextran from the protein, and the
methylated dextran matrix, CM5, as reported previoudF; ( radioactivity of the supernatant was then counted to deter-
38). The matrix was activated with 200 mM-ethyl-N'-(3- mine the amount of fatty acid bound to the protein.
(dimethylamino)propyl)carbodiimide hydrochloride and 50 _ Calculation of a Binding Model between PGDS and
mM  N-hydroxysuccinimide and incubated with various Bilirubin. A model structure of PGDS complexed with
amounts of thyroid hormones followed Wil M ethanola-  Pilirubin was constructed with BIOPOLYMER and DIS-
mine for deactivation of the unused reactive groups. The COVER of a molecular simulation system, Insightll (Version
sensor cells were then washed with 10 mM NaOH. The 97:2) (Biosym Technologies Inc.). The coordinates of a
density of immobilized hormones was 170 pg/fior T4 retinol-binding protein41), whose Protein Data Bank code
and 80 pg/mrhfor T3 and reverse T3. PGDS (up to GM is 1rbp, was used as a template for the model of PGDS. The

in PBS) was applied to the immobilized thyroid hormones, Model structure of the protein was energetically optimized
and the changes in mass on the sensor surface werdy molecular mechanical calculation with DISCOVER. The

monitored by surface plasmon resonance detection. TheStructure of bilirubin was constructed with BIOPOLYMER.

nonspecific binding was determined by the affinity-in- To ins_ert the bilirubin into the model of the protein, first we
solution method38) with PGDS preincubated with $0L60- superimposed the model structure on the structure of bilin-
fold excess amounts of thyroid hormone (2M). The binding protein complexed with a bilin molecule (Protein
specific binding responses were calculated by subtracting thePata Bank code 1bbpt2). Then, the bilirubin was placed
nonspecific response from the total response with PGDS N the model structure of the enzyme so that bilirubin was
without preincubation with thyroid hormones. All binding overlaid with bilin in the superimposed bilin-binding pro'geln.
responses were measured at equilibrium. Data were analyzed e model of the complex structure was energetically
by using BIA evaluation 3.0 software. Each measurement OPtimized again with DISCOVER.

was performed at least three times. RESULTS

UV/Visible SpectraSpectra of biliverdin and bilirubin (15
uM) in the absence or presence of B#GDS (15uM) were
recorded five times in a V-560 UV/vis spectrometer (JASCO,
Tokyo, Japan) at 28C with a bandwidth of 1 nm and a
resolution of 1 nm at a scan speed of 100 nm/min. Ligand

spectra in the presence of PGDS were corrected for thePGDS also shows quenching of its intrinsic tryptophan

absorption spectrum of the protein itself. L ) .
_ _ fluorescence when bound to retinoic acid or retinal but not

CD SpectraAla®-PGDS was incubated at 2C with T4, g retinol 6). Therefore, we first examined the fluorescence
T3, or reverse T3 in 1 mL of PBS containing 1% (v/V) bis-  quenching after incubation of Af&PGDS with various
(2-methoxyethyl) ether/ethanol (1:1) and with bilirubin or pyqrophobic substances including bile pigments, thyroid
biliverdin in PBS containing 1% (v/v) DMSO. CD spectra  hormones, iodinated amino acids, steroid hormones, and fatty
were recorded in a J-600 spectropolarimeter (JASCO, Tokyo, a¢igs. Biliverdin, bilirubin, T4, reverse T3, and T3 induced
Japan) at 10C. The spectra were accumulated 10 times with the fluorescence quenching of the recombinant protein in a
a bandwidth of 1 nm and a resolution of 1 nm at a scan ¢oncentration-dependent manner, decreasing the fluorescence

Fluorescence Quenching of PGDS by Bile Pigments and
Thyroid Hormones Several members of the lipocalin su-
perfamily, such as RABP4Q), LG (44—46), and plasma
retinol-binding protein 47), show quenching of their tryp-
tophan fluorescence when bound to their respective ligands.

speed of 200 nm/min. to 0—10% with biliverdin and bilirubin and to 2640% with
Enzyme Assay$?GDS activity was measured with the thyroid hormones (Figure 1A). Progesterone also reduced
Alat®enzyme (610 nM) by incubation with 4M [1-14C]- the fluorescence of PGDS to 65% of its initial value (data

PGH, in 50uL of 100 mM Tris-HCI, pH 8.0, in the presence not shown). T2, 3,5-diiode-tyrosine, 3-ioda--tyrosine,

of 1 mM dithiothreitol. Bile pigments, thyroid hormones, testosterone, pregnenolone, estradiol, and docosahexaenoic
T2, 3,5-diiodot-tyrosine, 3-iodo--tyrosine, testosterone, acid did not cause any fluorescence quenching. The dis-
pregnenolone, progesterone, estradiol, or docosahexaenoisociation constant€y and number of binding sites of Afa

acid were added to the reaction mixture to give concentra- PGDS were calculated from the fluorescence quenching
tions up to 2Q«M. The reaction was performed for 1 min at curves to be 33 nM and 1.03 for biliverdin, 37 nM and 1.08
25°C (1, 9). After thin-layer chromatographic separation of for bilirubin, 660 nM and 2.12 for T4, 820 nM and 1.32 for
the products from the substrate, the conversion rate wasreverse T3, and 2.08M and 1.66 for T3, respectively (Table
calculated to determine the enzyme activity, as reported 1). When Al&*18¢PGDS was used, the fluorescence quench-
previously (). Nonenzymatic degradation of the substrate ing was also observed with biliverdin, bilirubin, T4, reverse
was determined by omitting PGDS from the reaction mixture. T3, and T3, giving essentially the same quenching curves
For the competitive inhibition assay, the enzyme (610 nM) as those with the AR mutant (data not shown).

was incubated with various concentrations (B3 «M) of Solid-Phase Assay for Binding between PGDS and Lipo-
[1-*“C]PGH; for 30 s at 25°C in the absence or presence of philic Ligands The binding of biliverdin, bilirubin, and
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Table 1: Kinetic Constants for Binding of Biliverdin, Bilirubin, and Thyroid Hormones to P&DS

method parameters biliverdin bilirubin T4 reverse T3 T3
Levine evaluation Kg (nM) 929 113 660 820 2080
n 1.03 1.02 212 1.32 1.66
Cogan evaluation Kg 33 37
n 1.03 1.08
IAsys Kg (nM) 30 65 490 840 4900
ka(M™1s™1) 9.8 x 1% 2.3x 10 1.4x 10 1.8x 10* 1.7 x 104
ki (s7Y) 29x 10° 15x10+* 6.9x 103 1.6x 10°7? 8.6 x 10?2
BlAcore Ka (NM) 1200 550 730
ka(M~1s™h) 2.0x 10° 9.5x 10° 9.4x 10°
ka (s79) 7.0x 10°® 7.2x 1072 1.3x 1072
inhibition 1Cs0 (uM) 5.3 6.8 3.9 9.3 10.9
Ki (uM) 23

a Fluorescence quenching data were analyzed according to Le8&harfd Cogan et al.34). The binding of thyroid hormones was too weak
to permit calculation of binding parameters according to Cogan. Abbreviati§gsdissociation constanti, binding ratio of ligand to proteirka,
association rate constarg, dissociation rate constant; 46 concentration where 50% of enzyme activity is inhibitg;dissociation constant of
enzyme-inhibitor complex according to MichaetidVienten kinetics; T4, -thyroxine; reverse T3, 3,5-triiodo-L-thyronine; T3, 3,35-triiodo-.-thyronine.
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————— Fommom—m ] Ficure 2: Solid-phase assays for binding between®ARGDS
and lipophilic ligands. (A) Typical time courses of the binding
responses evoked by 18/ biliverdin: LG (dotted line) and Alg-
PGDS (solid line) immobilized on sensor surfaces. Inset: plot of

fluorescence
intensity (%)
N [4)]
a o

— 1 pseudo-first-order approximation of binding responses against

0 . biliverdin concentration in order to calculate the binding constant
0 2 4 6 8 10 Kg. (B) Concentration dependency of Al&PGDS binding to

[ligand] (uM) immobilized reverse T3. Specific binding responses (closed tri-

angles) were calculated from measured total binding responses
(open circles) and measured nonspecific binding responses (open
squares). The protein concentration where half of the maximum
specific binding response occurred was taken to be the dissociation
constantn = 3; standard errors.

FicUrRE 1: Fluorescence quenching behavior of ®IRGDS, LG,
and RABP. (A) AI&5-PGDS, (B) LG, and (C) RABP (all 1.6M)
were incubated with increasing concentrations of bilirubin (closed
circles), biliverdin (closed squares), T4 (open circles), T3 (open
squares), reverse T3 (open triangled)trans-retinoic acid (solid
line), andall-trans-retinol (dashed lineyy = 3—4; standard errors. . .
In the absence of ligands LG showed 47% and RABP showed 41% (Table 1). The association rate constakgs\ere determined
of the PGDS fluorescence intensity, respectively. from the time course of binding to be 9:810* M~! s for

biliverdin, 2.3 x 10° M~ s72 for bilirubin, 1.4 x 10* M~*
thyroid hormones to immobilized A1&PGDS was deter-  s1for T4, 1.8x 10* M~t s 1 for reverse T3, and 1.% 10*
mined by the resonant mirror technique. A typical time M~™! s™! for T3. The dissociation rate constantg)(were
course of the binding of biliverdin is shown in Figure 2A. calculated from théy andk, values to be 2.9« 10°°s*!
The K4 values of the immobilized PGDS were determined for biliverdin, 1.5 x 107 s* for bilirubin, 6.9 x 1073 s?
to be 30 nM for biliverdin, 65 nM for bilirubin, 490 nM for ~ for T4, 1.6 x 102 s* for reverse T3, and 8.6 102 s?
T4, 840 nM for reverse T3, and 4u8M for T3, respectively for T3 (Table 1).
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Ficure 3: Red shift of the absorption spectra of bilirubin and -
biliverdin upon binding to AI&-PGDS. Spectra were recorded in 5
the absence (solid line) or presence (dotted line) of an equimolar _g
amount of Al&5>-PGDS (15u4M). N;E
(4]
The binding of AI&>-PGDS to immobilized thyroid P
hormones was examined by the affinity-in-solution method >
with the BlAcore device. The total, nonspecific, and calcu- ]
lated specific binding curves of Al&RPGDS to immobilized )
reverse T3 are shown in Figure 2B. TKgvalues of Al&>-
PGDS for the immobilized ligands were 1, 550 nM, C 0.4
and 730 nM for T4, reverse T3, and T3, respectively (Table P 2.0\reverse T3
1). Thek, values were calculated from the binding curves "——o 0.3
tobe 2.0x 18 M1s1 95x 18 Mts! and 9.4x 1C¢° E
M~1 st and theks to be 7.0x 1073, 7.2 x 1073, and 1.3x o 02
102 for T4, reverse T3, and T3, respectively (Table 1). o 0.1
No significant binding was observed with other ligands, J '
as examined by the solid-phase binding assays with the < o0.0 =
resonant mirror technigque or surface plasmon resonance E
detection or by the method of Descalzi Cancedda e#). ( 2 0100 320 340 360 380
(data not shown). wavelength (nm)

Selectiity of Bile Pigments and Thyroid Hormone Binding FiIGURE 4: CD spectra of lipophilic ligands bound to APGDS:

among Lip_ocalinsWhe_n th)_ Othe_r Iipp_calins, RABP and (A) bilirubin, 20 nmol; PGDS, up to 38 nmol; (B) biliverdin, 20
LG, were incubated with b|||Verd|n, b|||rub|n, T4, reverse nmo|; F)GDS7 up to 15 nm0|; (C) T4 and reverse T3, 20 nmo|;

T3, and T3, no significant quenching of the intrinsic PGDS, 80 nmol. Numbers indicate the molar ratios of protein to
fluorescence was observed up to their concentrations of 10ligand.
uM, although all-trans+etinoic acid andall-trans+etinol o _ _
caused Signiﬁcant fluorescence quenching (Figure lB7C) the bilirubin molecule bound to albumin, which showed a
Both RABP and LG also failed to show any significant Minimum at 415 nm and a maximum at 467 n#g) In
binding in the solid-phase binding assays (data not shown).contrast, biliverdin showed a monosignate) Cotton effect
These results indicate that PGDS specifically binds bile With a peak wavelength between 366 and 372 nm due to
pigments and thyroid hormones among the three lipocalins. nly one chromophoria-electronic system extending through
Photometric Analyses of Bile Pigments and Thyroid the entire molecule (Figure 4B). T4 and reverse T3 showed
Hormones Bound to PGD$Vhen we recorded absorption  Small, but significant, £) Cotton effects with peaks at 328
spectra of biliverdin and bilirubin in the absence and presence@nd 330 nm, respectively (Figure 4C). No CD spectrum was
of an equimolar amount of A%PGDS, their absorption ~ detected with T3 under our experimental conditions because
peaks shifted to longer wavelengths from 375 to 380 nm Of the weak affinity of PGDS for T3. In solution, neither
and from 439 to 446 nm, respectively, after binding to®sJa  those bile pigments nor thyroid hormones showed CD spectra
PGDS (Figure 3). However, we could not detect the shift of due to undisturbed rotation. The Afanutant also did not
the spectra of bound thyroid hormones, because theirSNOW any CD signal in a wavelength range above 300 nm.
absorption spectra overlapped with the absorption spectrum These results, taken together, indicate that those hydro-

of PGDS. phobic ligands were captured by the protein to restrict their
CD spectra of bile pigments and thyroid hormones Mmovement.
appeared after incubation with ARPGDS in a range of Inhibition of PGDS Actiity by Bile Pigments and Thyroid

absorption wavelengths above 300 nm for each ligand. Hormones T4, biliverdin, bilirubin, reverse T3, and T3
Bilirubin bound to PGDS showed a remarkable bisignate CD inhibited the PGDS activity of the A¥&®¢PGDS in a
spectrum with a ) Cotton effect at 422 nm and atf concentration-dependent manner (Figure 5A), giving,IC
Cotton effect at 472 nm due to two dipyrrinomechro- values of 3.9, 5.3, 6.8, 9.3, and 1@, respectively (Table
mophores within one molecule (Figure 4A). The CD 1).T2, 3,5-diiodo:-tyrosine, 3-ioda--tyrosine, testosterone,
spectrum was similar to that of a right-handed chirality of pregnenolone, progesterone, estradiol, and docosahexaenoic
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acid did not affect the enzyme activity at concentrations up
to 20 uM (data not shown). As judged by the JQvalues,
biliverdin, bilirubin, and thyroid hormones are more potent
inhibitors for PGDS than quadrivalent selenium compounds
which were previously the only known inhibitors for PGDS,
having an IG, value of 12uM (49). As observed in a
Lineweaver-Burk plot (Figure 5B), the most effective

>
-
(=]
(=]

~
(2]

enzyme activity (%)
(3]
(=]

25 inhibitory ligand, T4, inhibited PGDS in a noncompetitive
manner with aK; value of 23 uM. Therefore, thyroid
0 hormones and PGhHare not considered to compete for the
0 5 10 15 20 same binding site in PGDS, similar to the case for retinoids
[ligand] (M) (26).
B DISCUSSION
2.0

Lipocalin-Type PGDS Binds Lipophilic Ligands Selec-
tively. In this study, we have demonstrated by several
independent approaches that lipocalin-type PGDS binds bile
1.01 pigments and thyroid hormones. The binding was strongest
for biliverdin and bilirubin, whereas thyroid hormone binding
was substantially weaker. On the other hand, association and
p. dissociation events between PGDS and ligand were about

0.2 002 006 0.10 6—3000 times faster for thyroid hormones than for bile
1/[S] (1/uM) pigments. The higher speed of association into and dllssoua—
tion from the hydrophobic pocket of the protein is considered
FIGURE 5: Inhibition of Al2®186PGDS (610 nM) activity by  t0 be due to the smaller overall size of thyroid hormones
lipophilic ligands: (A) bilirubin (closed circles), biliverdin (closed compared with bile pigments. Although thyroid hormones
squares), T4 (open circles), T3 (open squares), and reverse T3 (opeimave a higher molecular weight because they contain heavy

triangles);n = 4; standard errors. Full enzyme activity corresponds ;i A i
o a tumover of 3umol of PGHb min * (mg of protein)® (8) iodine atoms, they are smaller than the bile pigments, because

Lineweaver-Burk plot obtained from activity assays using PGH these iod_ine a'Fc_Jms have only the size O_f a m(_athy_l group.
(1035 M) as substrate, in the absence (circles) or presence of 2 Other lipophilic substances surveyed, including iodinated
uM (squares) or M (triangles) T4. amino acids, steroid hormones, or fatty acids, did not show

1/V (min/nmol)

P-helical C-terminus <, Cys186
C-terminus | p L. CysB9
\ = .r"'-'l‘ .Ir'-"‘

4.3
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A

Ficure 6: Model for binding of bilirubin to lipocalin-type PGDS. The amino acid backbone is shown as a pink ribbon not displaying the
side chains. Six amino acid residues are highlighted as ball-and-stick modefs, Trgs*, and Trg*?in light blue and Cy%, Cys*, and

Cys!86in yellow. Bilirubin is displayed as a stick model, with carbon atoms in green, nitrogen atoms in dark blue, oxygen atoms in red, and
hydrogen atoms in white. Bright colors indicate atoms toward the viewer’s position and darker colors those farther away. (A) View from
the side of the protein: the entrance to the hydrophobic ligand binding pocket is from the top. For better plasticity, the side chains of
bilirubin have been removed, the one dipyrrinone arm of bilirubin containing carbon atorm8%oints toward the viewer, and the other

arm containing C1+C19 lies in the paper plane. Bilirubin binds into the pocket with a right-handed chirality, which is also called the
P-helical conformationg2). (B) View from the top along the ligand binding pocket of PGDS: bilirubin is shown as a complete molecule,
with the two dipyrrinone arms in the paper plane.
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any binding to PGDS. This demonstrates the selectivity of
the protein toward ligands, which is likely to have its basis
in the molecular shape of the internal hydrophobic binding
pocket of the protein.

Homology Model of Lipocalin-Type PGDSn the basis
of the crystallographic structures of retinol-binding protein
(42) and bilin-binding protein42), we calculated a three-
dimensional model of lipocalin-type PGDS (Figure 6). This
model displayed the typicaB-sheet barrel structure of
lipocalin proteins, where eiglfi-strands fold around a core
cavity, which can bind hydrophobic ligands. In our model
of PGDS, Trp* and Trg'? were located at the entrance of
the cavity, whereas Tfpwas buried deeply at the bottom
of the pocket. The active center Cydaced toward the
hydrophobic cavity, and C§&formed a disulfide bridge with
Cys'86, Bilirubin was fitted into the hydrophobic pocket of
the protein (Figure 6) in the energetically most favorable
conformation. Biliverdin also showed essentially the same
binding conformation (data not shown).

Our CD data of bilirubin binding to PGDS clearly
indicated a right-handed chirality of the bilirubin molecule.
Figure 6A shows bilirubin in a right-handed conformation
in the center of the binding pocket of PGDS.

The fluorescence quenching caused by the ligands can als

be explained by our binding model. Bilirubin is able to
interact with all three tryptophans contained in PGDS (Figure
6). To clarify which tryptophans contribute to the observed

Beuckmann et al.

myristic, palmitic, and oleic acid$@, 53 and also retinoic
acid 64). We found that only PGDS, but not LG and RABP,
binds thyroids and bile pigments, although all three of these
lipocalins bind retinoids. These results suggest that the size
and/or shape of the hydrophobic pocket of PGDS is different
from that of the other two lipocalins whose crystal structures
have been identified. These data will be useful for designing
new functional proteins, which bind and transport hydro-
phobic xenobiotics, by molecular engineering of lipocalin-
type PGDS and other lipocalins.

Physiological Releance of Binding of Bile Pigments and
Thyroid Hormones to PGD$Ve demonstrated here that the
affinities of PGDS for bile pigmenty = 33 and 37 nM)
are higher than those for retinoid§s(= 70—80 nM). These
results suggest a novel physiological function of PGPS (
trace) in the CSF; i.e., this protein may act as a scavenger
for hydrophobic harmful compounds produced in the CNS
under pathological conditions or invading the CNS from the
blood in the case of brain hemorrhages or blood-brain barrier
failure. It is in agreement with a previous report by Link
and Olssong5) that the CSF level of-trace was elevated
in patients with cerebrovascular lesions. We also confirmed
éheir results by using capillary electrophoretic analysg).(

We extended our studies to search for other nonsubstrate
ligands for PGDS and found that the enzyme also specifically
binds thyroid hormones. Thyroid hormones are essential for

fluorescence, we performed fluorescence quenching assaygnaturation of the CNS. Hypothyroidism results in severe

between mouse Af&PGDS and bilirubin, biliverdin, and

abnormality of the CNS. Transthyretin has been believed to

T4. Mouse PGDS possesses only two tryptophans, atbe the sole transporter for thyroid hormones in the CNS.

positions 43 and 54, and lacks Tpat the entrance of the
pocket. The fluorescence level of mouse &BRGDS in the
absence of lipophilic ligands was 32% of that of the ratAla
PGDS. However, after incubation with a 48 concentra-
tion of the respective lipophilic ligands, the fluorescence

However, no abnormality in the CNS was found in trans-
thyretin-null mutated mices7), suggesting the existence of
another thyroid transporter in the CNS. Thus, our findings
suggest that PGDS may function as a rescue transporter for
thyroid hormones in the mammalian CNS. Although the

decreased to the same level in both proteins (data not shown)affinities of PGDS for thyroids are rather weak, the molar

This shows that Tr3? of the rat protein interacts with bound

concentration of3-trace in the CSF (kM) is higher than

ligands. We therefore conclude that two or three tryptophan that of transthyretin (0.2M; 24). On the other hand, PGDS

residues in rat AIR-PGDS contribute to the observed

was found to be one of the major proteins that was

fluorescence of the protein and that the bile pigments interactdownregulated in the CNS by hypothyroidisb8). We and
with these tryptophans, causing a disappearance of fluores-others recently identified a thyroid-responsive element within

cence. Thyroid hormones are likely to interact with one
tryptophan residue less in rat &/PGDS, resulting only in
a partial quenching of fluorescence.

The model also explains how lipophilic ligands inhibit the
enzyme activity. The active C§sresidue is located inside
the ligand binding pocket (Figure 6A). Any ligand located
in this pocket, therefore, would effectively restrict access of
the substrate PGHo the active site.

Specificity of Ligand Binding among Three Lipocalins.
Lipocalin-type PGDS is the only enzyme among almost 100

the gene for PGDS5Q, 60. These results also suggest the
possible involvement of PGDS in the thyroid-transporting
system in the CNS. Transthyretin is produced by the choroid
plexus of mammals, birds, and amphibia and secreted into
their CSF. However, the amphibian choroid plexus does not
produce transthyretin but secretes a lipocalin-type protein
(61). We recently identified the amphibian choroid plexus
protein to be PGDS (unpublished results). Therefore, PGDS
may act as a major thyroid transporter in the amphibian CNS.
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