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Abstract--Phloretm, a 7,8-dlhydrochalcone of plant origin, and the high molecular weight (<15,000) 
polyphloretmphosphate (PPP) polymers are potent mhlbltors of lodothyronme monodelodmase activity 
from rat liver mlcrosomal preparations, whereas phlorlzm, the 2'-O-glucoside of phloretm, ~s inactive 
The polymers, differing m degree of phosphorylatlon-dependent polymerlzanon, exhibited a con- 
centration-dependent, and ultimately complete, mhlbmon of deiodmase activity with an ICs0 between 
0 2 and 0 5/~g PPP/ml Phloretm lnhlbmon, on the other hand, was cofactor (DTE) competmve, with 
a K, = 0 75 /~M 2',4',6',3,4-Pentahydroxychalcone, which has a substitution pattern in the A-ring 
identical to that of phloretln, was the only active inhibitor (Its0 = 8 #M) among several derivatives 
tested The phloretln blodegradatmn products, phloretlc acid and phloroglucmol, and its biosynthetic 
precursors, monomerlc cmnamic acid and clnnamic acid derlvaUves, were macnve m concentrations up 
to 100 ¢tM The X-ray crystal structure analysis of phlonzm dlhydrate showed that the molecule is planar 
and fully extended, s~mllar to the conformation observed in chalcone structures that are characterized 
by an ~,fl-unsaturated bond between phenol rings Comparison of the planar phlorlzln crystal structure 
with a skewed or antlskewed thyroid hormone conformation revealed that the ~D-glucose moiety does 
not share any of the thyroid hormone's conformational space, and that the best structural homology is 
found with the antlskewed conformation of 3',5',3-trnodothyronme, the natural delodlnase substrate 
that also lnhiNts further demdlnatmn 

Iodothyronlne  monodelodInases  are membrane-  
bound  enzymes responsible for the extrathyroldal 
metabohsm of thyroxine (T4: 3,5,3 ' ,5 ' - tetralodo- 
thyronlne)  In rat liver microsomal preparations,  a 
single delodinase enzyme catalyzes both the phenolic 
and tyrosyl monodelodlnat lons  of T4 resulting in the 
formation of hormonal ly  active T3 (3' ,3,5-trn- 
odothyronme)  or inactive rT3 (3 ' ,5 ' ,3-tr i iodothy- 
ronane) (Fig. 1). Structure-act lvi ty studies further 
show that this enzyme is inhibited by several classes 
of phenolic or anionic compounds  including lodo- 
thyronines,  halogenated dyes, contrast media, beta- 
adrenergic antagonists,  and extracts and secondary 
metabolItes of certain plants [1-6]. Addi t ional  inves- 
t igation of plant extracts has revealed that the active 
components  are polycychc phenolic derivatives of 
clnnamlc acid, the precursor of chalcones in 
ftavonold biosynthesis (Fig. 2), and that, among 
flavonolds, the aurones are the most potent  lnhlbxtors 
of rat liver delodinase [7] 

Chalcones are open chain flavones in which the 
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two aromatic rings are joined by a three-carbon 
ol,/3-unsaturated carbonyl system. Dihydrochalcones 
result from the reduction of the double bond. Biosyn- 
thetic isomerizatlon, oxidation and hydroxylatlon 
reactions of the chalcones give rise to flavones or 
aurones [8]. 

The dlhydrochalcone phloretm, its 2'-/3-D- 
glucoslde phlorizln [2,4,6-trlhydroxy-/3-(4-hydroxy- 
phenyl-proplophenone] ,  and synthetic high mol- 
ecular weight polyphloret lnphosphate (PPP) poly- 
mers (Fig 3) are known to influence membrane  
fluidity, potential ,  and transport  processes in a var- 
iety of systems [9-13]. PPP, but not  the monomer  
phloretin or its glucoslde, acts as a prostaglandin 
antagonist  [14-16]. In addition, the PPP polymers 
inhibit thyroid-st imulat ing-hormone (TSH) binding 
and response In human  thyroid membranes  m vltro,]l 
and TSH- and LATS (long-acting thyroid stlmu- 
lator)-stlmulated secretions of thyroid hormones zn 
vtvo [17]. 

Two mechanisms have been postulated for phlo- 
retln effects on membrane  processes and enzyme 
activities: (1) interaction of the polyphenol with 
membrane  (phospho) llplds, which is characterized 
by a high half-maximum effective concentrat ion 
( >  10 pM), and (2) by specific inhibitory interaction 
with membrane  proteins (IC50 0 1 to 10/~M) 
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Fig 1 The thyrmd hormone thyroxine and ~ts two mono- 
dmodmanon products, metabohcally active T~, and caM- 
rlgemeally reactive rT3 The ether bond torsion angles @ 
(C5-C4-O4-C1') and q/ (C4-O4-C1'-C6') are also shown 

A major  source of  phlorIzm is in commercmlly 
grown vanet les  of apple trees and other  Rosaceae 
species, where it has been  found in their leaves, bark 
and root,  but not  in their fruit [18] It has also 
been shown to possess antifungal and bactericidal 
propert ies [19, 20]. 

Therefore ,  to explore  further  these s t ruc ture-  
activity relationships,  the potencies of a series of 
phloretin derivatwes and precursors,  including PPP 
polymers,  as mhlbitors of rat liver deiodlnase 
activity, were investigated In addition, the X-ray 
crystal structure analysxs of phlorizm was carried out, 
and its molecular  structure was compared  with those 
of the thyroid hormones  [21, 22]. This IS also the first 
report  of the structure of a dlhydrochalcone 

M A T E R I A L S  AND M E T H O D S  

Chemicals Phloret ln,  phlonzin,  and 2 ' ,4 ' ,6 ' ,3 ,4-  
pentahydroxychalcone were purchased from Roth 
(Karlsruhe,  F R G.) ,  phloroglucm and phloretlc acid 
[3-(4-hydroxyphenyl)-proplonIc acid] were obtained 
from Fluka A G  (Buchs, CH)  2 ' ,4-Dlhydroxy-  
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Fig 3 Numbering scheme tor plalorcun ns 2'-O-glucos~dc 
phlonzm and the pohmcr PPP 

chalcone, 2 ' ,4 ' ,4- tnhydroxychalcone  and 2 ' ,4 ' -d> 
hydroxy-3,4-meth~lenedtox)chalcone were donated 
by the late Dr K C Jorgensen,  Umversl t )  of Cah- 
forma, San Francisco Polyphloretmphosphate  
(PPP) preparat ions were a gift f lom t t  Fex Leo 
Akt lebolaget  (Sweden) All PPP preparat ions ~ere  
m the form of their ~odlum ~alt~ with molecular 
wmghts of 15,000 or le~ ,  depending on the extent 
of their phosphate estenficatlon and the number  of 
phenohc hydroxyl groups [101 

[I25I]T~ (sp act 750-1250 HCb)lg) was obtained 
from Amersham-Buch le r  (Braunschwmg F R G ) 
All other  reagents were of the highest punt} com- 
mercially available 

lodothyronme detodmase a,ssav Mlclosomal  trac- 
tions were prepared from hver homogenates  ot adult 
male Lewis rats I231 and were characterized bv 
marker  enzymes and protein de te rmmanon  The q ~- 
5 ' - todothyromne monodmodmase  assay was pcr- 
formed as previously described [6, 24] The mhlb> 
tory action ot the phloretm den~atl~e~ m thl~ assay 
was tested b) mcubatmg 50 yl of Ireshly chssolved 
aqueous solutions m a total \ o lumc  ol (14 ml ot 
the assay mlxtUle contalutng l(I HM T4- 11) mM 
dlthloer 'dhrel tol  (DTE)  as cotactor 1(11) mM T n s -  
HC1 (p f t  7 4), and l()l) Hg rat h,,cl mlcro~omal pro- 
tern at 37 ° for 20 mm All mcubanons  were earned 
out m duplicate and each phloretm dcnvatl , ,e ~as  
tested in at least three different concen tnmons  The 
enzymic T4-delodmatlon product~ T~. and 3 ,3 ' -T> 
were determined by specific RIAs  [25] From each 
tube of mcub,mon mixture lodothvronlne~ ~ el e est,- 
mated m duphcate b~ these RIA methods Intei- 
terence of phloretln den~atwes  ~lth the RIAs ot I ,  
and 3,3'-T_~ was routmel~ checked b~ omission ()1 
Ta from the incubation mlx tme  No ettect of 1 the 
maximum binding m either RIA u,~s obser\  cd Zero- 
time xalues ol incubation reprcscntulg the cto~s- 
reach~lt)  ot Ta m the RIAs  as well ,> cont,mamatlon 
of the substrate q ~ bv other  ~odothvromncs. were 
constantl) found to be on the ordcr ot 15 25% of 
the specific products formed after 211 mm ol mcu- 
batmn with enzyme 

Kinetic analysis of enzyme aCtl',ltx was performed 
using k m e w e a x e r - B t u  k plots and the least-~,quares 
method for de termmat ,on  of hncal regre~slon [>1 
l ta l f -maxmmm inhibition ( I(,,,) \ dlue~ lor dcu)chnasc 
actp, lty were calculated lrom ~,enallogal~thmlc con- 
cent ra t lon-response  ctlr~, c% t l M n g  i n h i b i t o r  c o n -  

centranons be t~een  0 1 and 10(1 !cM 
Crystallograph~ Crystals ot phhmzln (Stgma, St 

Louis. M(-), tl % A }dlhvdrate e rm~n, t l roon~tcm-  
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Table 1 Phlonzln positional and lsotroplc thermal parameters 

Atom X/a(o) Y/b(a) Z/c(a) Beq(e)A 2. 

C(1) 0 3374(2) 0 3900(1) 0 8043(7) 3 0(1) 
C(2) 0 3648(2) 0 4319(1) 0 9802(8) 3 7(1) 
C(3) 0 4190(2) 0 4204(l) 1 1539(9) 3 9(1) 
C(4) 0 4481(1) 0 3658(l) 1 1593(8) 3 3(1) 
C(5) 0 4236(2) 0 3241(1) 0 9897(8) 3 3(1) 
C(6) 0 3679(2) 0 3360(1) 0 8116(8) 3 4(1) 
C(7) 0 2771(2) 0 4066(1) 0 6207(7) 3 2(I) 
C(8) 0 2452(2) 0 3588(1) 0 4496(7) 3 0(1) 
C(9) 0 1871(2) 0 3819(1) 0 2722(7) 3 2(1) 
0(9) 0 1755(2) 0 4341(1) 0 2833(7) 5 1(1) 
C(I') 0 1456(1) 0 3464(1) 0 0848(7) 2 9(1) 
C(2') 0 1506(1) 0 2861(1) 0 0476(6) 2 7(1) 
C(3') 0 1105(2) 0 2570(1) -0  1383(7) 3 0(1) 
C(4') 0 0630(1) 0 2871(1) -0  3007(6) 2 9(1) 
C(5') 0 0560(2) 0 3462(1) -0  2747(8) 3 3(1) 
C(6') 0 0952(2) 0 3748(1) -0  0834(8) 3 3(1) 
0(2') 0 1981(1) 0 2578(1) 0 2112(5) 3 0(1) 
C(I*) 0 2150(1) 0 2007(1) 0 1461(6) 2 6(1) 
C(2") 0 2827(1) 0 1864(1) 0 2981(7) 2 9(1) 
C(3") 0 3007(1) 0 1231(1) 0 2531(6) 2 7(1) 
C(4") 0 2379(1) 0 0851(1) 0 3124(6) 2 5(1) 
C(5") 0 1734(1) 0.1062(1) 0 1599(6) 2 5(1) 
0(6*) 0 1606(1) 0 1647(1) 0 2380(5) 2 6(1) 
0(2*) 0 3390(1) 0 2194(1) 0 1942(9) 4 9(1) 
0(3*) 0 3569(1) 0 1091(1) 0 4304(6) 4 0(1) 
0(4*) 0 2535(1) 0.0276(1) 0 2320(5) 3 2(1) 
C(5"1) 0 1082(2) 0 0713(1) 0 2232(8) 3 5(1) 
0(5*2) 0 0976(1) 0 0660(1) 0 5090(6) 3 9(1) 
0(4') 0 0245(1) 0 2562(1) -0  4787(6) 3 6(1) 
O(6') 0 0849(1) 0 4320(1) -0  0660(7) 4 6(1) 
0(4) 0 5022(1) 0 3559(1) 1 3377(6) 4 1(1) 
O(1W) 0 4332(2) 0 1800(2) 0 7554(9) 5 8(1) 
O(2W) 0 4412(2) 0.0411(2) 0 1624(15) 9 3(2) 

* Beq = 4/3Z,Zfl, j(a,.al) 

perature from an aqueous solution, have an ortho- 
rhomblc crystal system, space group P212121, with 
lattice parameters a = 19.124(1), b = 23.715(4), and 
c = 4.918(1)/~ and z = 4 Precise lattice parameters 
were calculated by least-squares analysis of the 
twenty values from 25 reflections, with a range of 
60.16-69.56 ° The intensities of 2664 independent 
reflecnons [2611 > 2o(I)] were collected with CuKol 
radiation on a Nonlus CAD-4 automated dlf- 
fractometer with a Nl-filter Corrections were made 
for Lorentz and polarization effects, but not for 
absorption or extinction effects The structure was 
solved by the use of the direct methods programs 
MULTAN [27] and NQEST [28] and was refined by 
full-matrix anisotropic least-squares techniques. The 
function Zw]lFol- IFcll 2 was minimized, where w is 
based on dlffractometer counting statistics. The final 
residual, R = ZNFol - ]F~H/IFol, was 0 062 for 2603 
data Atomic scattering factors are from Interna- 
tional Tables Cot X-ray Crystallography [29]. Hydro- 
gen atoms were located in difference Fourier syn- 
theses and refined isotropically. The fractional 
coordinates and ~sotropic thermal parameters are 
hsted m Table 1. 

R E S U L T S  

Inhibition of rat hver mlcrosomal lodothyronlne 

delodlnase activity by each phloretln derivative was 
examined at different inhibitor concentrations As 
illustrated (Fig. 4), a concentration-dependent, and 
ultimately complete, inhibition of dexodinase activity 
was achieved with three samples of PPP polymers 
that differed in degree of phosphorylatlon-depen- 
dent polymerization Half-maximum inhibition of 
delodlnase activity was produced with 0 2 to 0 5 ~g/ 
ml PPP, as measured by T3 and 3,3'-T2 production. 
The mean values of three to five experiments were 
not statistically different among the three molecular 
weight fractions of PPP. 
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Fig 5 Concentratmn-response curve showing the mhl- 
bltmn of delodmase actwity by a number of phloretm 

denvatwes 

Fig 7 Molecular structure of phlonzm 

As shown (Fig. 5), the monomeric dihydro- 
chalcone phloretIn inhibited deiodlnase activity to 
half-maximum at 2.5 keM, or 0.7/~g/ml on a weight 
basis. However,  phlorizln, the naturally occurring 2'- 
O-glucoslde, had no inhibitory effect on this enzyme. 
The blodegradatlon products, phloroglucin and phlo- 
reuc acid, showed a weak concentration-dependent 
inhtbltion. In contrast to the activity of phloretin, no 
inhibitory effect, up to 100/~M concentration, was 
found for 2' ,4-dlhydroxychalcone, 2' ,4' ,4-trihyd- 
roxychalcone or 2' ,4 '-dihydroxy-3,4-methylene- 
dtoxychalcone. However,  2' ,4' ,6' ,3,4-penta- 
hydroxychalcone, which has a substitution pattern in 
the A-ring identical to that of the dlhydrochalcone 
phloretln, was a potent inhibitor (It50 = 8/~M). 

A Lmeweaver-Burk plot (Fig 6) of cofactor 
(DTE) concentration versus phloretln concentration 
shows lines intersecting close to the ordinate. These 
results suggest a cofactor competitive mechanism of 
inhibition, similar to that found for the aurones [7] 
Variation of T4 concentrations at different phloretln 
concentrations yielded a non-competmve mech- 
anism of inhibition with respect to the substrate 
T4 (data not shown). According to the ping-pong 
mechanism of the rat hver iodothyronine deiodxnase 
action, such kinetic characteristics are expected and 
support the cofactor competitive mechanism of 
action for phloretin. 

The molecular conformation of phlorlzin (Ftg 7) 
shows the structure to be planar and fully extended, 
similar to that observed in chalcone structures [30, 
31] There are two lntramolecular hydrogen bonds 
between 0(9) 0(6') (2 44.~) and 0(2') . 0(2*) 
(2 84]k) The 2'-O-glucoside is coplanar with the 

j 
J 

7 ~ 

OIDTE l [rn~ ' 1  

Fig 6 Lmeweaver-Burk plot of inhibition of T4-5'-de- 
~odlnase reaction by various phloretln concentrations at 

different cofactor (DTE) concentrations 

phenolic ring, and the torsion angles about the bridg- 
ing oxygen are about 1650 for both C - - O  bonds The 
glucosIde ring has a half-chair conformation and a 
gauche-gauche 5-hydroxymethyl conformation 
There ts also an extended network of intermolecular 
hydrogen bonds among the two water molecules and 
the phlorizin molecules in the crystal 

Calculation of classical potential energies for non- 
bonded interactions with rotation about the single 
bonds in phlorlzin shows that the overall low energy 
conformation is s~milar to that observed in the crystal 
structure These calculations indicate that there are 
steep potential energy wells for rotations about the 
glucoside bonds and broad shallow wells (AE = 1 
kcal) for rotations about the methylene carbon bonds 
between C(1), C(7) and C(8) The chalcone structure 
[30, 31] also have conformations within these energy 
ranges 

DISCUSSION 

The aurone plant flavones are potent lnhlbltors 
of rat liver mlcrosomal lodothyronlne delodmase 
activity, with potencies comparable to that of the 
natural substrate inhibitor, rT3 [7] This report shows 
that, like the aurones, the dlhydrochalcone phlore- 
tin, its polyphloretlnphosphate polymers, and 
2' ,4 ' ,6 ' ,3,4-pentahydroxychalcone are also potent 
lnhlbltOrs of deiodlnase activity. Llneweaver-Burk 
analysis of phloretin inhibition indicates a cofactor 
(DTE) competitive mechanism, as found for the 
4' ,4,6-trihydroxyaurone. lnhlblhon by PPP polymers 
is the first example of a htgh molecular weight 
(<15,000) delodmase inhibitor 

Whale the mechanism of PPP polymer inhibition 
cannot be explained readily because of the undefined 
structure of the phosphorylated polymers, structure- 
activity relationships among flavonold monomers 
indicate that inhibitory potency is a function of their 
molecular structure As reported previously for 
monocychc phenols [7], this study also shows that 
single ring phenolic precursors or blodegradation 
products of phloretin are inactive, as are the chal- 
cones with an unsaturated bridge hnking the two 
phenolic rings, with the exception of 2' ,4 ' ,6 ' ,3,4- 
pentahydroxychalcone This suggests that the inhibi- 
tory potency is not dependent on the cr, fl-unsaturated 



PhlonzIn structure and delodinase mh,bmon 2225 

I 
! 

I "f'-~ ~-~  
i.. ,, ~:6 p-- ° ~  '? g,t 

'N (a)  (19) ...,. 

o.,-,;5- 

?-.,, 
(c) (d) d o 

Fig 8 Superimposition of phlorlzm (solid line) on T4 
(dashed) in a skewed conformation with the molecules 
aligned with 09 of phlorlzm on that of hormone tyrosyl 
iodine (a), and (b) with the phenyl ketone on that of the 
hormone tyrosyl ring Superimposition of phlorlzm (solid 
line) on rT3 (dashed) m an antiskewed conformation with 
09 ahgned on the hormone tyrosyl iodine (c), and (d) with 
the phenyl ketone ring on that of the hormone tyrosyl nng 

ketone. The mactivlty of phlorizm also lmphes that 
the steric bulk of the 2'-sugar is responsible for 
its ineffectiveness. This is supported by other data 
lndicatmg that the flavone 3-O-glucosides are 
reactive, while their aglycones have inhibitory 
potency [7]. Chalcones carrying only 2' ,4'-dihydroxy 
substitution in the A ring are inactive as lodo- 
thyronme delodlnase lnhibttors. Therefore, the pres- 
ence of a free 6 ' -OH is required for inhibitory 
potency since this group may form a strong intra- 
molecular hydrogen bond with the 9-keto function 
(Fig 7), comparable to the 4-OH of aurones or the 
5-OH of flavonoids [32] Thus, the presence of a 
bulky 2'-glucoside (e g. phlorlzin) or the absence of 
a 6 ' -OH (e g. inactive chalcones) may prevent an 
essential hgand-enzyme interaction in this region of 
the molecule. Potent aurones and flavones have a 
comparable oxygen functmn in this region of the 
molecule, whereas cInnamIc acid derivatives lack 
such an oxygen and are inactive [6, 33-35]. 

To understand the inhibitory mechanism of these 
phloretln derivatives as deiodmase substrates, the 
molecular conformation of phlonzIn was compared 
with those of the thyroid hormones. Analysis of the 
stereochemlcal charactertstlcs of the thyroid hor- 
mones shows that their conformations fall into two 

* Prehmmary binding studies indicate that phloretin 
displaced ~25I-labelled T 4 from human TBPA with an lcs0 
of 2 5 p,M, comparable to the Ic50 of ITH-D inhibition 

classes, dependent upon the iodine substitution pat- 
tern in the diphenyl ether rings [36-38]. The pre- 
dominant conformation is skewed m which the two 
lodophenyl rmgs are mutually perpendicular and 
bisect about the 120 ° ether bridge. In this orientation, 
the torsion angles about the ether bridge are 
q~ - -+ 90 °, q / -  0 ° (Fig. 1) The presence of the 3,5- 
iodine atoms on the tyrosyl ring provides the steric 
bulk necessary to lock this conformation Removal 
of at least one of these tyrosyl iodine atoms permits 
an alternative anttskewed conformation m which the 
tyrosyl ring bisects the plane of the phenolic ring 
(e.g. 4~- 0°, ~P' - + 90°). 

To investigate the structural homologies between 
phlorizm and the thyroid hormones, thmr con- 
formatlonal topologies were compared using com- 
puter graphic techniques. For example, when the 
ketone function of phlorlzm is matched with the 
tyrosyl iodine of T 4 In a skewed conformation, a 
portion of the phenolic glucoside moiety occupies 
most of the hormone alanine structure (Fig. 8a) 
However, if the overlap is made between the phlon- 
zln phenolic rmg and the tyrosyl ring, there ts even 
less structural homology (Fig 8b). On the other 
hand, if phlonzm is compared, in an analogous man- 
ner, with the antiskewed rT3 structure, then the 
degree of structural homology increases (Fig. 8c and 
d). Since the thyroid hormones are either skewed 
or antiskewed, there can only be pamal structural 
homology with a planar phlorlzan structure. 
Although the dihydrochalcones have conformatlonal 
flexiblhty, potential energy calculations of non- 
bonded interactions indicate that a planar structure 
is preferred. However, rotation about the methylene 
carbon bonds would permit a closer spatial com- 
parison with the hormone structures 

We have shown previously that the T~ bindmg site 
of thyroxine-binding prealbumin (TBPA) can serve 
as a model for the deiodinase actwe site [33-35] 
Crystallographic data for the T4-TBPA complex [39] 
were used to model phlorizin in the hormone binding 
site These computer graphic studies indicate that 
phlorlzln does not fit mto the hormone site and, as 
shown (Fig. 9), the glucoslde causes sterlc inter- 
ference with the TBPA residues near the channel 
entrance. On the other hand, the aglycone phloretin 
can be modelled into the hormone binding site * 

The enzyme kinetic data show a cofactor com- 
petitive inhibmon of phloretin in the ITH-D reaction 
with a K, s~milar to that observed for the most potent 
natural aurone, 4,4',6-trIhydroxyaurone, and sug- 
gest a different mode of action than the substrate 
competmve ITH-D analogous [6, 7, 35] The cofactor 
competltwe mechanism of phloretin mh~bttion of rat 
hver ITH-D found in kinetic experiments does not 
exclude binding of this compound to the substrate 
binding site of ITH-D However, this can only be 
demonstrated after punficatmn of the detergent sol- 
uble membrane-integrated enzyme [40-42] A 
cofactor competitive mechanism of inhibition of 
ITH-D was also observed for thmuracfl analogues 
and various SH-directed reagents [43-46] 

The very low K, value for phloretin and the potent 
ITH-D inhibition by the anionic polyphloretln- 
phosphate, which is thirty times more active in the 
ITH-D reaction than m the inhlbxtmn of binding of 
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Fig 9 Stereo representanon of phlorlzm (dark line) modelled on T 4 m TBPA Note that the glucoslde 
does not fit into the binding channel of TBPA This may account for the reactivity of phlonzm, whereas 

phloretm is a potent demdmase inhibitor 

TSH to h u m a n  thyro id  m e m b r a n e s , *  suggest  a highly 
specific in te rac t ion  of these  an ions  with the  I T H - D  
enzyme and  not  with  m e m b r a n e  liplds, since the 
lat ter  process  should  p roduce  h igher  IC50 values com- 
pa red  to those  found  here  for the  ph lo re tm  and  its 
der ivat ives  [7]. 

Thus ,  the  results  of these  studies show tha t  phlo- 
r e tm and  its high molecu la r  weight  polymers  are 
po ten t  mhlb t to r s  of de lodmase  activity. Crystal-  
lographlc  analysts of p h l o n z i n  shows tha t  the  mol-  
ecule is coplanar ,  and  con fo rma t tona l  compar i sons  
indicate  tha t  it has  s t ructura l  homolog ies  with  the  
thyrotd  h o r m o n e s  Howeve r ,  only the  agylcone,  
ph lore t ln ,  can fit in the  h o r m o n e  b inding  site of 
T B P A ,  suggest ing tha t  these  f lavonolds can have  
more  than  one  m o d e  of act ion at the  de iodmase  
active site 

Ph lo re tm  der ivat ives ,  as well as the  aurones ,  may  
prove  to act as an t i thyro lda l  drugs  based  on  a cofac- 
tor  compet i t ive  m e c h a n i s m  of inhib i t ion  of extra- 
thyroldal  local t issue b loac t lva t ion  (T 3 p roduc t ion)  
and macnva taon  (rT3 fo rma t ion )  of the thy romimet l c  
po tency  con t a ined  m the  ( p r o ) h o r m o n e  L-thyroxine.  

Acknowledgements--This work was supported in part by 
research grants from Deutsche Forschungsgememschaft 
(DGF) He 593-14/1,2 and NIH AM 15051 (V C ), AM 
18416 (S H 1 ), and travel grants from DFG The authors 
thank Dr R Koeddmg, Hannover, for supplying 125I- 
labeled (I 3 and 3,3'-Tz and ITH-annsera, Mrs U 
Frommknecht-Reddlg and Mrs M Huebschmann for their 
skdlful technical assistance with the hormone assays, and 
Y1-Yan Hong and F E DeJarnette for their assistance with 
the structural studies 

REFERENCES 

1 D Engler and A G Burger, Endocr Rev 5, 151 
(1984) 

2 R R Cavahen and R Pltt-Rxvers, Pharrnac Reu 33, 
55 (1981) 

* S M Amlr, K Kasagl, M Coretn, M Blank and S 
H Ingbar, Endocrinology 117, 860 (1985) 

3 E J Sllva, M B Gordon, F R Crantz, J L Leonard 
and P R Larsen, J chn lnvest 73, 898 (1984) 

4 D Fekkes, G Henneman and T J Vlsser. Blochem 
Pharmac 31, 1705 (1982) 

5 B L Shulkln, M E Peele and R D Utlger, Endo- 
crmology 115, 858 (1984) 

6 M Auf'mkolk, J Koehrle, H Gumbmger, H Wm- 
terhoff and R D Hesch, Hormone Metab Res 16, 
188 (1984) 

7 M Auf'mkolk, J Koehrle,M Moore and R D Hesch 
Annls Endocr 43, 61A (1983) 

8 J B Harborne and T J Mabry, The Flavonotds, 
Advances m Research Chapman & Hall, London 
(1982) 

9 M L Jennlngs and A K Solomon, J gen Phy*'tol 
67, 381 (1976) 

10 E Dlczfalusy, O Ferno, H Fex, B Hogberg, T 
Llnderot and T Rosenberg, Acta chem scand 7,913 
(1953) 

11 A 8 Verkman and A S Solomon, J gen Phystol 
80, 557 (1982) 

12 S A Forman, A S Verkman, J A Dlx a n d A  K 
Solomon Btochtm btophys Acta 689, 531 (1982) 

13 P C deJonge,  T Wlermga, J P M vanPutten,  H 
M J Krans and K van Dam, Bzochtm btophys Acta 
722, 219 (1983) 

14 K E Eakms, J D Miller and S M M Kanm. J 
Pharmac exp Ther 176, 441 (1971) 

15 S Sato, K Kowalskl and G Burke, Prostaglandln~ 1 
345 (1972) 

16 Y Foucard and K Strandberg, lnt Archs Allergy appl 
lmrnun 48, 132 (1975) 

17 A Melander, F Sundler and S H Ingbar. Endo- 
crmolog) 92, 1269 (1973) 

18 L D Hunt, Phytochemtstrv 14, 1519 (1975) 
19 J Tschen and W H Fuchs, Naturwtssenchaften 56,643 

(1969) 
20 R E MacDonald and C J Bashop, Can J Bot 30, 

486 (1952) 
21 V Cody, Annh Endocr 45, 48A (1984) 
22 V Cody, m Plant Flavonotd~ m Biology and Medlcme 

Btochemwal, Pharmacologtcal and Structure-ActwtO, 
Relattonshtps (Eds V Cody, E Mlddleton, Jr and J 
B Harborne), pp 383-386 Alan R Llss, New York 
(1986) 

23 G Dallncr Meth Enz>m 31 191 (1974) 



Phlorlzm structure and delodmase Inhibition 2227 

24 D Auf dem Brmke, R. D Hesch and J Koehrle, 
Btochem J 180,273 (1979) 

25 B Hoeffken, R Koeddlng, J Koehrle and R D 
Hesch, Chntca chtm Acta 90, 45 (1978). 

26 H Lmeweaver and D Burk, J Am chem Soc 56, 
658 (1934) 

27 G Germaln. P Mare and M M Woolfson. Acta crys- 
tallog (Sect A) 27, 368 (1971) 

28 G T DeTltta, J W Edmonds. D A Langs and 
H. A Hauptman, Acta crystallogr (Sect A) 31, 472 
(1975) 

29 lnternattonal Tables for X-ray Crystallography, Vol 
IV Kynock Press, Birmingham (1974) 

30 D Rabmovlch and Z Shakked, Acta crystallogr (Sect 
B) 30, 2829 (1974) 

31 B S Green, D Rabmovlch and Z Shakked. Acta 
crystallogr (Sect B) 37, 1376 (1981) 

32 H W Schmalle, O H Jarchow, B M Hansen and 
K H Schulz, Acta crystallogr (Sect B) 38, 3163 
(1982) 

33 J Koehrle, M Auf'mkolk, R D Hesch and V Cody, 
Z analyt Chem 321, 637 (1985) 

34 J Koehrle, M Auf'mkolk and R D Hesch, m Seventh 
lnternauonal Congress of Endocrinology, p 948 
Excerpta Medlca, Amsterdam (1984) 

35 J Koehrle and R D Hesch, HormoneMetab Re~ 14 
(Suppl),  42 (1984) 

36 V Cody, Endocrm Rev 1, 140 (1980) 
37 V Cody, Acta crystallogr (Sect B)37.  1685 (1981) 
38 N Okabe, T Fujlwara, Y Yamagata and K I Tomlta 

Btochtm bzophys Acta 717, 179 (1982) 
39 C C F Blake and S J Oatley, Nature, Lond 268, 

115 (1977) 
40 J Koehrle, D Auf dem Brmke and R D Hesch, 

Hoppe-Seyler's Z physlol Chem 359, 287 (1979) 
4l D Fekkes, E van Overmeeren, G Hennemann and 

T J Vlsser, Btochtm btophys Acta 613.41 (1980) 
42 J L Leonard and I N Rosenberg, Btochlm. bLoplys 

Acta 659, 2051 (1981) 
43 T J Vlsser, E Overmeeren, D Fekkes. R Docter 

and G Hennemann, Fedn Eur Bzochem Soc Lett 
103, 314 (1979) 

44 J L Leonard and I N Rosenberg, Endocrmology 103, 
2137 (1978) 

45 I J Chopra, G N C Teco, J B Elsenberg, W M 
Wlerslnga and D H Solomon. Endocrmology 110, 163 
(1982). 

46 R Harbottle and S J Richardson, Btochem J 217, 
485 (1984) 


