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In the field of nuclear medicine, a radioiodinated
tracer for the hormone estradiol may provide a scanning
agenttovisualizeestrogen-dependenttissuesbybinding
to estrogenreceptors(1)â€”especiallybreast tumors
containing estrogen receptors, and their metastases

(2).
An ideal tracer should have high affinity and high

specificity for the receptor, and minimal binding to
nonreceptorproteins.Generallyspeaking,iodination
reducestheaffinity andthespecificityfor thereceptor
(3,4). An example is monoiodohexestrol (I-Hex) whose
specific binding of 10 to 15% is almost masked by its
nonreceptor binding (3). This is also reflected in the in
vivo distribution studies where the uterus-to-blood ratio
(i.e., 1/NT) was I .87. Preinjection with thyroxine im
proved the ratio to I0.4, by both an increase of the per
centage dose per gram in the uterus and a decrease in the
blood. These results suggesta decreaseof the nonre
ceptorbindingof I-Hex in thebloodandan increasein
the specific binding in the uterus as a result of thyroxine.
We therefore evaluated I-Hex pius thyroxine as a ra
dioligand for the in vitro radioreceptor assay.
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In our quest for a tracer we also selected 17a-ethynyl
estradiol (EE2) and I7a-ethynyl-1 1/3-methoxyestradiol
(R2858@ EME2)* as starting materials. The ethynyl
group decreases metabolism of the hormone and in
creases affinity for the estrogen receptor; the I I /3-me
thoxy group decreases the affinity somewhat but elimi
nates virtually all nonreceptor binding (5). As suggested
by in vivo studies of halogenated 3-methoxy-ethynyl
estradiols (6), replacement of the ethynylhydrogen by
a radioiodine might give an authentic tracer for estradiol
(E2).Wedescribeherethesynthesisofthesecompounds
(l-EE2andI-EME2)withI- I27andcarrier-freeI-I 25,
and the results of in vitro studies of its receptor
binding.

MATERIALS AND METHODS

Synthesis of I-EE2 via morpholine-iodine complex
method ( 7). Iodine ( I mmol, 254 mg) was dissolved under
stirring in 5â€”10ml CH2CI2/CH3OI-I (I/I). First 4.5
mmol morpholine (0.4 ml) were added, followed by I
mmol (400 mg) of the 3-benzoate ester of EE2 (EE2-3
OBz). After 2 to 3 days stirring at room temperature no
more change occurred; the solvent was then evaporated,
the residue dissolved in ethyl acetate (EtOAc), washed
with water, and dried over Na2SO4. Purification took
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MonoiodohexestrolexhIbits 10 to 15% specifIc bindingto the 8S estrogenre
ceptorwhiletheremainderbindstononreceptor45 proteins.Reductionofnonre
ceptor bindingwith either thyroxineor 8-anlllno-1-naphthalenesulfonicacid was
not quantitative.Thusno accurate determinationof the concentrationof receptor
sitesintheradloreceptorassaywaspossiblebygraphicalanalysis.

Two additional estrngensâ€”17a-[1@lJlodoethynyiestradioland 17a-11251]lo
doethynyl-1 1j9-methoxy estradloiâ€”were synthesized at high specific activity. Al
thoughtheiodoethynylderivativeswerestableundersyntheticconditions,deiodl
nationInthepresenceofproteinsistoofasttoalloweitherinvivoorinvitrouse.

To make these compounds clinically useful, therefore, chemical modification to
reducenonreceptorbindingandthe rate of dehalogenatlonmustbe undertaken.
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place on preparative TLC (20 X 20 cm; 0.5-mm-thick
silica gel F254t with CH2CI2/CH3OH (99/ 1) as solvent.
The bands were scraped off and extracted with CH2C12.
This isolated 303 mg (58%) of the iodinated benzoate
ester (I-EE2-3 OBz) and 56 mg of starting material.
Purity of the product was checked by TLC on silica gel
F254 glass platest in (a) benzene/ethyl acetate (4/1)
and (b) methylene chloride/methanol (99/ 1). The
compounds were visualized under uv. The estradiol de
rivatives were located by the reaction of 1-nitroso-2-
napthol with the phenolic ring. The following Rf values
were observed: in (a), Rf for EE2 0.28, for I-EE2
0.36, for E2-3 OBz = 0.41, and for I-EE2-3 OBz 0.53;
and in (b), Rf for EE2 = 0. 15, for I-EE2 = 0.22, and for
EE2-3OBz= 0.38.

Hydrolysis of I-EE2.-3 OBz. To hydrolyze I-EE2-3
OBz, 303 mg were dissolved in 10 ml MeOH and 0.5 ml
H20. The reaction mixture was gently refluxed with an
excess of NaHCO3 until the hydrolysis was complete (@
2 hr) as checked by TLC. Less than 10% deiodination
took place to form EE2.

The purification was done on preparative TLC with
CH2C12/CH3OH (99/ 1) as solvent. The I-EE2 band was
scaped off, extracted with CH2C12/0.5% CH3OH, and
the solvent evaporated to yield 174 mg I-EE2 (71%).
Purity was checked by TLC. The uv spectrum in
CH3OH had a maximum at 28 1 nm with a shoulder at
287 nm. The product has the same spectrum as EE2,
indicating an unchanged phenolic ring. IR spectrums ii@
KBr pellet showed absorption for â€”C@ CI at 2160, 620,
and 630 cmâ€•, whereas EE2 had absorption bands at
2100, 640, 660, and 3300 cm@ for â€”C@ CH. Elemental
analysis (EA) for C20H23021â€¢H20: calculated C =
54.60, H = 5.67; found C = 54.40, H = 5.66.

Synthesis of EE2-3 OBz. EE2 ( I mmol, 300 mg),
benzoic anhydride (10 mmol, 2.5 g), and dry pyridine
(0.5 mmol, 0.048 ml) were dissolved in 5 ml dry benzene
under stirring. The solution was refluxed under a drying
tube for 2 to 3 days. The benzene was evaporated and the
residue dissolved in a small amount of CH2CI2/0.2%
CH3OH. The benzoate ester was purified over a column
(25 cm long, 2.5 cm in diameter) packed with silica gel
60, elutedwithCH2C12/0.2%CH3OH, andmonitored
at 280 nm. The productwascheckedfor purity by TLC:
m.p.199-201Â°C;IR l060cm@ 17/3-OH,1740cm'
C = 0 ester; yield 90%.

Synthesis of I-EE2 via chioramine T and Nal iodina
tion. EE2-3OBz (133 mg, 0.33 mmol) and Nal (50 mg,
0.33 mmol) were dissolved in 8 ml tetrahydrofuran
(TH F) and 2 ml H20. To this 94 mg (0.33 mmoles) of
chloramine-T were added and the reaction mixture was
stirred until a reasonable yield was detected using TLC.
About 15 mg of I-EE2-3 OBz were isolated and purified.
Elemental analysis for C27H27031:calculated C 61.60,
H = 5.17; found C 61.53, H 5.26.

Hydrolysis and subsequent isolation of this l-EE2

proceededas in the morpholine-iodine procedure.The
two products showed the same chromotographic be
havior, spectral properties, and elemental analysis.

Synthesis of EME2. EME2 was iodinated by the
morpholine-iodine procedure. Because of the small
amounts of material available, the identification of
product was done via Rf value on TLC (uv visualization
and color reaction indicated an E2 derivative). In ben
zene/ethylacetate(4/1), R1for EME2 = 0.21, for I-
EME2 0.27, for EME2-3 OBz = 0.57, and for I-
EME2-3 OBz = 0.62. The uv spectrum of I-EME2
showed an unchanged A ring.

Synthesis of carrier-free [â€˜@IJI-EE2.Two microliters
of 0.5 N HCI and 300 @g(0.75 @moles)of EE2-3 OBz
dissolved in 50 @ltetrahydrofuran were added to a vial
containing 3 mCi of high-specific-activity Na'251.
Chloramine-T (21 1 big, 0.75 zmole) dissolved in 5 zl of
water was then added to the vial and the reaction mixture
was monitored for the production of [â€˜251]I-EE2-3OBz
by TLC as described above. [â€˜251]I-EE2-3OBz was
isolated and purified on a 10-jz column, 250 mm in length
and 3.2 mm internal diameter)' The solvent system was
CH3OH/H20 (75/25) at 2 mI/mm; EE2-3 OBz ap
peared at I 5.5 mm; I-EE2-3 OBz at 20.5 mm.

The iodinated benzoate was hydrolyzed with 10 @lof
0. 1N NaOH while most of the solvent was being evap
orated. The hydrolysis was monitored by TLC. The
[â€˜251]I-EE2was also isolated and purified by HPLC
using ethanol/H20 (35/65) at 0.7 ml/min (EE2 at 10
mm: I-EE2 at 16.5 mm). Approximately 200 @Ciof the
[â€˜251J1-EE2were prepared at a specific activity of 2200
Ci/mmol based on complete removal of unreacted EE2
by the two preparative HPLC chromatographic proce
dures.

Synthesis of carrier-free I'25111-EMEr3 OBz. The
procedure was the same as for carrier-free iodination of
[1251] I-EE2.

Synthesis of Carrier-Free [â€˜25IJ1-Hex.To a U-shaped
vial containing approximately 3 mCi of carrier-free
Na'251 in less than 10 j.d was added 10 @zlof hexestrol
(225 @tg)dissolved in ethanol/0.03 M phosphate buffer
(55/45, pH @@s7.5)and 5 @zlchloramine-T (0.1 5 zmol)
dissolved in ethanol/phosphate buffer ( I / I ). After the
reaction proceeded for 5 mm, the reaction mixture was
injected onto an Altex reverse-phase column11 and eluted
with ethanol/water (42/58) at I ml/min (Hex at 7.5
mm; Cl-Hex at 13 mm; I-Hex at 17 mm). [â€˜251]I-Hex
of specific activity 2200 Ci/mmol was isolated.

Synthesis of 3-Iodo-.4-.0-methyl hexestroi and 3-
Iodo-4-0-hydroxyethyi hexestrol. Both compounds were
prepared using the procedure for ether formation as
describedin (8).

Competitive binding assay using immature rat-uterus
cytosoi. This assay has been described in our previous
report(3).
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TABLE 2. STABILITY OF IODINATED
ESTROGENS IN RAT PLASMA

(% RadIoactIvIty)

TABLE 1. COMPETITIVE BINDING ASSAY
USING IMMATURE RAT-UTERUS CYTOSOL

100

62.93

49.28
27.63
16.19

0
1
2
5

10

100
64.72
50.31
26.02

100
60.78

49.55
30.43

0 70 30
0.5 60 40
1 30 70
1.5 15 85
2 5 95

40 60
0 100
0 100
0 100
0 100

. Mean of two experiments.
Control
0â€”2hr 85 15

Sucrose.gradient centrifugation. See ref. 3.
In vitro stability of I'25111-EE2 and I'25111-EME2-3

OBz in rat plasma and uterine cytosoi. [â€˜251]I-EE2was
stored in 33% ethanol at room temperature. The radio
chemical was chromatographed in three TLC systems:
on System I (Whatman paper with 85% CH3OH), Rf
for I-EE2 = 0.9, for 1 = 0.7; on System 2 (silica gel with
CHC13/5% CH3OH), Rf for I-EE2 = 0.55, for I-
EME2-3OBz= 0.4,for1 = zero;onSystem3 (silica
gel with toluene/ethyl acetate [8:2]), R@for I-EE2 = 0.5,
for I-EME2-3 OBz = 0.26, for 1 = zero. Five micoliters
(20 MCi) [â€˜251]I-EE2or [â€˜251J1-EME2-3 OBz were
mixed with I ml of rat plasma or uterus cytosol and
chromatographed every half hour up to 2 hr in two sys
tems with nonradioactive EE2 and I-EE2 as references.
The amounts of radioactivity corresponding to I-EME2-3
OBz, I-EE2, and I were estimated from integration of
the radioactive peaks obtained by TLC scanning.

RESULTS AND DISCUSSION

Synthesis. It is clear that we can iodinate the ethynyl
group of EE2 without iodinating the phenolic ring (see
Materials and Methods), and that this can be accom
pushed via the chloramine-T/NaI route (10). We thus
have a protocol for the production of carrier-free
[â€˜251J1-EE2with specific activity as high as 2200 Ci/
mmol.

Competitive binding assay. Table 1 shows that the
percentageinhibitionsof [3l-1]E2bindingto rat-uterus
cytosol receptor by E2, EE2, and I-EE2 are virtually the
same.Korenman,usingrabbit-uteruscytosol,foundthat
EE2 @5a more potent inhibitor (ii).

In a competitive binding assay, [â€˜251]I-EE2could not
be displaced by E2, EE2, or I-EE2, but 50% of the ra
dioactivity stayed in the protein fraction after 20 mm,
and 26% could not be absorbed by dextran coated
charcoal (DCC) even at 24 hr. A sucrose-gradient cen
trifugation pattern, however, did not show radioactivity
in the 8S or 45 estrogen receptor peak, indicating that
I-EE2 is not receptor-bound. This finding, and the dis
placementof 13H]E2by cold I-EE2,.are bothexplainable

by deiodination of I-EE2 to EE2.
In vitro stability of the iodoethynyl group. In spite of

reports suggesting the contrary (7,12,13), we find that
the iodoethynyl moiety is quite stable, both under the
conditions ofsynthesis (pH 10, NaOI-I in CH3OH, under
reflux) and in methanol and water at neutral pH. The
stability may depend on the presence of sulfhydryl
groups.

Table 2 shows the results of the in vitro stability
studies of I-EE2 and I-EME2-3 OBz in rat plasma. The
results in System 3 in rat plasma and in Systems I and
3 in rat-uterus cytosol are similar. The bulk of the deio
dination occurs within the first half hour and is complete
within 1 hr. Since accumulation of estrogens occurs in
30â€”60mm in estrogen-responsive tissues, clearly deio
dination is too fast for I-EE2 or I-EME2 to be effective
tracers.

In-vitro binding of L'25111-Hexto estrogen receptors.
In the present experiments we have used [1251]l-Hexthat
is carrier free, of high specific activity, and free from

Cl-Hex and Cl-I-Hex. As in our earlier in vivo work (3),
cytosol was incubated with [â€˜25I]I-Hex and a large
amount of thyroxine ( 10@ M) or the more soluble 8-
anilino-1-naphthalene sulfonic acid (ANS) (10@ M).
ANS should have the same effect as thyroxine (/5),
since it is used in triiodothyronine radioimmunoassay to
displace prealbumin binding. The [â€˜251]I-Hexbinding
was analyzed by sucrose-gradient centri fugation.

The patterns in Fig. I show that the specific binding
of i-Hex to the estrogen receptor (85 peak, competable
by E2) increased from 13 to 30% when either thyroxine
(10@M) orANS(10â€•M) wasadded.Theamountof
[â€˜251JI-Hexthat is nonreceptor-bound (45 peak, non
competable by E2) decreased.

We observed that the amount of E2 bound to the re
ceptor is twice that for I-Hex in the presence of thyroxine

or ANS (Table 3). The ratio of the concentrations of
receptor-bound E2 and I-Hex (BE2/BIH@@)can be cal
culated from the ratio of the mass-action equations de
scribing binding for each ligand:
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[3H]E2 [125l]l-Hex [125I]l-Hex+ ANS [125IJI-Hex+ T4
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the initial concentrations. The affinity of I-Hex for the
estrogen receptor is reported as 40% of that of E2 (14),
so it seems that the major difference is in the free con
centrations. In the case of E2, this is 70% of the initial
concentration (Table 3), while for I-Hex it must be very
small, since it cannot be measured by sucrose-gradient
analysis (Fig. I ). This indicates that the 4S proteins
compete effectively with the estrogen receptor for the
I-Hex, either by affinity or more likely by capacity
(14).

A Scatchard analysis to obtain the affinity constant
of I-Hex for the estrogen receptor and the number of
receptorsper uterusascomparedwith E2will not be
p.racticable until conditions can be found under which
there is an accurately measurable amount of free I-Hex.
In an attempt to achieve this by reduction of the nonre
ceptor binding, two derivatives of I-Hex less similar to
thyroxine were synthesized: 3-iodo-4-O-methyl hexes
trol, and the more polar 3-iodo-4-O-hydroxyethyl hex
estrol. However, both compounds failed to displace
[3HJE2effectively from the receptor, most likely because
ofreduced affinity (16). Other methods to minimize the
nonreceptor binding are purification of the estrogen
receptor or addition of a more efficient competitor for
the 4S-protein binding.

CONCLUSION

I-Hex binds too much to nonreceptor proteinsâ€”even
in the presence of thyroxine or ANSâ€”to be useful in the
radioreceptor assay. Chemical modification of I-Hex,
even a slightly more polar derivative, did not reduce the
problems of nonreceptor binding.

I-EE2 and I-EME2 deiodinate at a rate that does not
allow their use in vitro or in vivo. The bromoderivatives
of these compounds should be more stable and conse
quently be better tracers for the parent compound.

FOOTNOTE

* Kindly furnished by J.-P. Raynaud, Centre de Recherches

Roussel, Uclaf, France.
t EM Laboratories

* BeckmanIR-20Z, BeckmanInstruments
UAltex ReversePhaseLichrosorbRP 18
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FIG. 1. Binding of [125lJl-Hex to cytosol from immature rat uterus.
Sucrose-gradient centrifugation patterns, (â€¢)[125I]l-Hex, (0) with
iO@ MANS or T4and (@) with iO@ MANS or T4and 1 Mrnoleof
E2.

BE2 (KdI.HCX+ [I-Hex])[E2J
BIH@@ (KdE2+ [E2])[I-Hex]

Assuming that: (a) the dissociation constants, IQ, for the
estrogen receptors of E2 and I-Hex are the same ( I .4 X
10b0) (/4); and (b) [E21 and [1-Hexi, the free con

centrations for E2 or I-Hex, are the same as the initial
concentrations. The calculated value of BE2/BIHCX is
about 1. 1 but our observed value is 2.

This means that the dissociation constant of I-Hex
would be five times that of E2, and/or that the free
concentrations of E2 and I-Hex are much different from

20.000

10.@

20 40

Bottom Fraction Numb.,

TABLE 3. ANALYSIS OF RECEPTOR BINDING CAPACITY BY SUCROSE-GRADIENTCENTRIFUGATION

Total concentration
% receptor bound
pmole bound
pmole bound

g wet uterus

1.06 nM 0.5 nM 0.5 nM 0.5 nM

31.3 13.7 29.0 33.7

0.0663 0.0 146 0.0273 0.0338

1.84 0.406 0.758 0.939
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Vancouver,B.C.

The meetingwill consist of minisymposiaon NuclearCardiology (Saturdaymorning),Thyroid Evaluation(Saturday
afternoon), and Hepatobiliary Imaging (Sunday morning).

The Nuclear Cardiology section will include discussionsby Dr. DaveWilliamson sevenpinhole tomography tech
nology. Dr. Jim Ritchieon clinical resultsof sevenpinhole tomographywith thallium, Dr. GeneTrobaughon nuclear
cardiology evaluationof suddendeathpatients.Dr.GlenHamiltonandJamesCaIdwelIon BayesTheoremanalysisof
gated cardiac bloodfilled studiesand thallium, and possiblyothers. Dr. Daniel Berman will participate as invited guest

speaker and will discuss â€œQuantitativeEvaluation of Left and Right Ventricular Function Using Equilibrium Gated
Techniques.'@

The Thyroid minisymposiumwill be keynotedby Dr. RobertGriep and further arrangementsare pending. The He
patobiliary symposium will include Dr. Krishnamurthy and Dr. Peter Ronai.

Dr. Michael McGoodwin,ProgramChairmanand the ProgramCommitteeinvite the submissionof papersrelatedto
the three minisymposia topics. These should be mailed to Dr. McGoodwin at Department of Nuclear Medicine, Provi
dence Medical Center, 500 17th Avenue, Seattle, WA 98124.

For further information contact:
Jean Parker, Administrator, PNW, SNM

P.O. Box 40279
San Francisco, CA 94140
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