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ITC Analysis of Ligand Binding to Lipocalin-type Prostaglandin D Synthase
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Isothermal titration calorimetry (ITC) is the only technique whereby complete set of thermodynamic profile for
molecular interaction can be determined from a single experiment. Binding thermodynamic parameters (free energy,
enthalpy, and entropy) provide fundamental information on the forces driving the formation of the protein-ligand
complex. The connection between structural and thermodynamic features of protein-ligand binding, however, is not as
simple as expected because of the multifactorial character of the enthalpy and entropy of binding. Here, we review the
structural and thermodynamic studies of lipocalin-type prostaglandin D synthase (L-PGDS) as a model of broad-ligand
binding properties. Our ITC and NMR analyses of interactions between L-PGDS and hydrophilic ligands, NADs,
revealed that negatively charged part of ligands is important for binding to L-PGDS. Moreover, the good correlation
was found between the binding free energy and hydrophobic surface area of the ligands (4S54,), indicating that
increased affinity is associated with increased 4S4;,. L-PGDS has a large cavity, which contains distinct and separate
hydrophilic and hydrophobic parts. Taken together, it is suggested that positively charged hydrophilic part of L-PGDS
cavity is involved in ligand specificity and hydrophobic part contributes to affinity.

Keywords: isothermal titration calorimetry, lipocalin, L-PGDS, protein structure, binding thermodynamics, broad
binding selectivity
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Fig.1 Schematic representation of an ITC device. (A) A
solution containing dissolved ligand molecules is stepwise
injected into the sample cell containing a solution of the protein.
The heat released or absorbed from the binding reaction between
protein and ligand is detected with respect to the reference cell.
(B) The raw data obtained through multiple injections (leff) will
be integrated to the binding isotherm (rl,%ht) which is fitted to
yield the observed binding enthalpy AH°”, the binding affinity
K, (determined by the slope of 1nﬂ1ction point), and
stoichiometry » (molar ratio at the infliction point).
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T, IR/ BRI O R 78 ER @)X GITRT &
IO EFEENEGEEN TS Z EEEELRTERLR
W (Fig.2),

109



ligandland|Rrotein)
AHint 8
AHconf I
-TAScont &

Fig.2 Main enthalpic and entropic contributions to the Gibbs
free energy of protein-ligand binding. The formation of the
protein-ligand complex mainly consists of three parts: (i)
formation of protein-ligand interaction, (ii) conformational
adaptation containing loop reorganization of the protein and
rotatable restraints in the ligand, (iii) release of solvating water
molecules to the bulk. The AH;, and AHgy,, are generally
favorable and unfavorable, respectively. The AH,,,r may favor or
oppose binding. The -TASy is always favorable, while the
-TAS.ont is generally unfavorable.
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Fig.3 Topology and structure of the lipocalin fold. (A) A
simplified schematic drawing orthogonal to the axis of the barrel.
The nine B-strands of the antiparallel B-sheet are shown as
arrows and labeled A~I. The N-terminal 3,¢-like helix (labeled
319) and C-terminal long a-helix (labeled helix) are also
illustrated. One end of the barrel which has four loops
(Loop-1,3,5,7) opens into the inner ligand-binding cavity. There
are three main structurally conserved regions (SCRs) of the
lipocalin fold (SCR1, SCR2 and SCR3). (B) Ribbon
representation showing the typical lipocalin fold of L-PGDS, in
which the secondary structural elements are labeled.
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Fig.4 Chemical structure of ligands and non-ligands. (A) These ligands bind to L-PGDS but thermodynamic parameter of these
has not reported. (B) These molecules have similar chemical structure with a L-PGDS ligand but do not bind to L-PGDS.
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L-PGDS DV —7FEI O wJEiEIT Y R Y O CHRRITKR
TN EDRBR I LT,

F72, UH U R@RMEE cavity OFIROBIRIZER L,
L-PGDS DU > REA cavity Zid VR D U o Ll L
7= (Fig5), VF /A4 v Wii&E& ¥ /327 & (retinoic
acid-binding protein: RABP) 1%, #IEWEIRZ L 72 BUKPEK
DFTHDLVF /A B EFRNIERT D (Ky = 25~65
nM), *VED cavity DFIRIZ Y H> RTHBLVF /A
OFRIZI2 o TEBY, “G@LHEI” OFMRIZR>TWVWAHZ L
Nbon% (Fig.5B), (C), —J7T, L-PGDS % RABP 2k
T cavity DAY ONBAWTED, Fz, cavity DFE
KEWZ ERbholz, ZD L-PGDS OH#ER, LF /A
UEEL W RE R BER EEZR TEDL I LICEN-T
WnkEZHNS (Fig5(A), L2rL, L-PGDS I cavity
ORNBI A~ FTHHLT )AL LHBEEST D
2 (Kg=80~150 nM), ZAUTEEERL O cavity DFLIRMN S 72
IR T E 22V, ZAUCE LT, X BVMAEELIETY
H FAEAICHE D L-PGDS OGEE L2858+ 5L, LF
JAVBRLE IRV UDRESICHE->T, VY R
L-PGDS 2#5EH A (induced-fit) 2 Z & VRIS T
%, &5z, Fex L, L-PGDS & HEFER (U-46619)
EOBERREEZTE L, 7Y WEERASE & i LE
B 23 i loop FEIRIC K X 7eiiiE B (b’ dH 5 Z L EH 6
12 L7z (Fig.6(A), (B)) . € DERMEMIEN O, U 7T N% cavity
NEICIZIEAAATD LI HOICHAEL TWDRZ Enbnsd
(Fig.6(A)) . fthod> U ARH U o OWEHER & A 0O S R4
EE RS L, Uy FEEAICHE Y FHOMEZITIZ
E AR (Fig.6(C), (D), Bib, UV H v FiEAICAEDLYE
EH L AL TOMEZELE, VABY OHRTYH
L-PGDS B DOME ThHDH L EZbND, 72

& 51T, L-PGDS @ cavity NEBICIE, /K72 fElek & B
K72 B D 2 DD R » FBRFE L T2 (Fig5(A)).,
B, cavity B¥SE AV OAITIIEEESET X BB HFEETS
BHIEBMICE AT, — 5T cavity TiBIZBOKMET X
FR /MENE T 2 BRIC X D BUKA 2R Bk IC 2 > T B,
F7o, BUKMETER & BUKMEEIR OSSR AT, B Fe®
UNWVIEERFOT I VBN ELAFET D NMRIZED U F
i FEBRICE T, LF /A UVBRRPE U ULV 7 DBl
AREEY ATy RIZFICBREFIRIC RS L, LRERmIE DS
WERAKPEY T2 RTo DR EFHER U-46619 KM Y AT
v KT % NADPH 72 SV LB K PEEIRICHE AT 5 Z &b
Do TS, ¥ F7- NADPH 4 EBROFERND,
L-PGDS @ cavity DIEEM & U T NOAER O AIEH
DRERICEETHD Z LRl ans, ¥ Znix, v+
A VEEEIFIER CMEEETH D LT — I ES L
T IRFATE, EEIC, VH L ROEEIIARF T
NI EOEBG CTABMEH VL BEREEE o TWD
(Fig.4), L-PGDS ® X 9 7 cavity DI, RIT L “IAW
U R 2RT CYP450 2 8 Th R 6N S, %9
IO EnG, VA REERMEIZE D 5 BUIKMERE & B
M % 18 6D 2 UK PRI S AT IC /3 IV THETE T 5 2 & 3,
BRx ek U Y REFE#TE, 2o, BIREE RS
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Fig.5 [Illustration of L-PGDS (A) and RABP (B) cavities.
Inner accessible surface of the cavity with the polypeptide
backbone are shown. (C) All-trans-retinoic acid, which is ligand
of both L-PGDS and RABP, is represented by space-filling
model on the same scale to (A) and (B).

loop-1

g
(Anticalin)

Fig.6  Structural comparison of apo and holo L-PGDS and
other lipocalins. (A) Surface structure of holo-L-PGDS (gray)
and its ligand U-46619 (black). The structure of the L-PGDS
complex almost buries its ligand in the cavity. Overlay of the
structure of apo (light gray) and holo (black) of L-PGDS (B),
RABP (C) and Anticalin DigA (D).
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DOALER SPR Tix ¥ > 37 B o[ E 72 & OHIFI A K O
—OThiEEZOLND, —HT, ITC 1%, (L2Eh, [
LR 70— ERNER L, XV AERNTEET
DARBBITIE VN2 HTH FEOMEEH R TE 50N
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TA—H BRI DD CGRMEcx 5, 7270, HIE
L7=TF— 42 ZE LWAET VAR L THITT 5 2 &2

Netsu Sokutei 44 (3) 2017



URDY T ax8 75000 DEREERD ) T NAHEAERAT~ BT 208 T A — 2 LG R OB~

Table 1 Thermodynamic parameters for ligand binding to L-PGDS and solvent accessible surface areas of ligands

AG AH -TAS Ref ASA ASA- ASA- ASAy ASA, |
(kJ mol™) (kJ mol™) (kJ mol™) No. (A? (A% (A% (A? (A% ogh
Hemin -48.4 (-38.1) -10.1 (-14.8) -38.3(-23.3) 5 860 504 356 702 158 22
Biliverdin -46.6 (-33.8) -12.6 (-23.9) -34.0 (-9.9) 5 764 468 296 580 184 -4.0
Bilirubin -44.2 (-33.0) -29.0 (-52.0) -15.2(19.0) 5 782 497 286 628 154 -3.5
All-trans-retinoic acid -34.2 -38.8 4.6 4 548 376 172 469 79 2.1
9-cis-retinoic acid -26.5 -51.7 25.2 4 534 370 164 462 73 2.1
All-trans-retinol N.D. N.D. N.D. 25 554 437 117 510 44 4.7
T4 (Thyroxin) -32.5 -63.8 31.3 4 528 253 275 370 158 3.1
T3 (Triiodothyronine) -29.6 -62.3 32.8 4 503 234 269 348 155 2.7
Progesterone -27.6 -25.2 -2.4 4 424 320 103 377 47 4.1
Testosterone -26.1 -21.7 -4.4 4 378 289 89 327 51 34
Corticosterone -24.9 -15.5 94 4 426 326 100 318 108 1.3
Genistein -27.1 -54.3 27.2 4 418 207 211 266 152 1.4
Naringenin -28.9 -60.0 31.1 4 430 278 151 271 159 2.4
Daidzein -28.5 -32.1 3.6 4 413 181 233 280 133 1.4
TNS -27.3 -353 8.0 4 559 307 252 412 147 1.7
U-46619 -27.6 -19.1 -8.5 4 628 436 192 518 111 0.8
NADPH -24.7 -18.8 -5.9 3 708 355 353 310 398 -13.1
NADP* -19.7 -24.3 4.6 3 660 344 316 277 383 -15.9
NADH -20.1 -25.9 59 3 643 365 278 294 349 -8.6
NAD" N.D. N.D. N.D. 3 648 374 274 282 366 -11.4
(Values in parenthesis represent the parameters for the lower affinity site.)
Hemin Biliverdin Bilirubin "gjr‘]s 9cs | 1, | 15 [Proges|Testos Corll | cenist | Naring | Daidz
High Low | High | Low | High | Low RA RA terone | terone Ggﬁfr ein enin ein U-46619 TNS INADPH) NADP | NADH
Ka (M) 3.0 4.8 1.5 83 55 | 6.1 9.9 4.4 4.8 1.5 6.7 37 23 5.6 1.2 9.7 6.9 6.1 21 27 31
x 108 | %106 | x 108 ] > 105 ] %107 | x 105 %105 ] x 104 [ »x 105 | x105] x 104 | x 104 | > 104 ] x 104 ] x105| »x 104 | x 104 | x 104 | x 104 | x 103 | x 103
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Fig.7 Enthalpic and entropic contributions to the binding affinity of the ligands of L-PGDS.
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Table 2 Correlation coefficients between binding thermodynamic parameters and solvent accessible surfaces and logD of

ligands.
ASA4 ASA, ASA- ASA, ASA, logD
AG -0.58  (-0.60) -0.59  (-0.60) -0.33  (-0.39) -0.85 (-0.81) 0.28  (0.27) -0.26  (-0.25)
AH 047 (0.42) 0.61 (0.51) 0.14  (0.18) 0.37  (0.33) 0.19  (0.18) -0.37  (-0.30)
-TAS -0.63  (-0.59) -0.75  (-0.66) -0.25  (-0.30) -0.65  (-0.59) -0.05  (-0.05) 021 (0.16)

(Correlation coefficients in parentheses include multi-ligand binding data, such as bilin low affinity binding and TNS binding data.)
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Fig.8 Correlation between thermodynamic parameters and
solvent accessible surface area of ligands, Heme and bile
pigments (high affinity binding: solid circles, low affinity
binding: gray circles), retinoids (solid triangles), thyroids (open
triangles), progesterone and other steroids (gray square and
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The dashed line in the correlation between AG and ASA4;,
indicates a linear least-squares fit.
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