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found in several anhydrous borates. In the present
structure the pentaborate rings have two relatively
short boron-oxygen edges, with boron-oxygen bond
lengths of 1:336 A [B(4)-O(4)] and 1-341 A [B(2)-O(1)].
These bond lengths occur typically with threefold-
coordinated borons, such as B(1) and B(4), bonded to
one BO, tetrahedron and two BO; triangles. The op-
posite edges [B(3)-O(3)] and [B(5)-O(6)] of the penta-
borate rings are longer (1-364 and 1:360 A) due to the
circumstance that the boron atoms B(3) and B(5) are
each bonded to two BO, tetrahedra and only one
BO; triangle. A similar asymmetry, though less pro-
nounced, is seen for the triborate ring.

The intergroup bond angles [in the present case the
boron-oxygen-boron bond angles for oxygens O(10)
to O(16)] are distributed in the range 125-1 to 134-1°.
This is a normal range for such bond angles. The
boron-oxygen-boron in-ring bond angles are signifi-
cantly smaller, however, ranging from 118-5 to 123-5°.

Only the potassium atom K(2) has a fairly well
defined coordination shell, with 8 oxygen atoms in the
range from 2:681 to 2:926 A. (Table 3). No further
oxygen atoms are found within a distance of 3-5 A.
The atoms K(3) (which occupies a special position at
the origin) and K(I) do not have an obvious upper
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limit for the coordination number. K(1) has 7 neigh-
bours in the range from 2:682 to 3-117 A and K(3)
has 6 neighbours in the range from 2-789 to 3-120 A.
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Thyroid Hormone Stereochemistry. I. The Molecular Structures of
3,5,3’-Triiodo-L-Thyronine (T;) and L-Thyroxine (T,)
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The crystal and molecular structures of the two thyroid hormones, 3,5,3'-triiodo-L-thyronine (T;) and
L-thyroxine (T,) have been determined by X-ray crystallography. Crystals of T; hydrochloride tri-
hydrate are monoclinic with a=29-080, b=5-236, c=17-047 A, f=115-85°, space group C2 with Z=4.
T, hydrochloride monohydrate also crystallizes in space group C2 with a=17-23, b=5-14, c=25-15 A,
B=90-47°, Z=4. Both structures were solved by Patterson and Fourier techniques and refined by full-
matrix anisotropic least-squares methods. Final R values are 0-07 for T; and 0-107 for T,. In both Ts
and T, the two phenyl rings are not mutually perpendicular and mutually bisecting. Angles between
the plane of the inter-ring ether linkage and the planes of the a- and S-phenyl ring planes are 90° and
— 137 respectively for T; and 101° and — 34° respectively for T,. The four iodine atoms of T, are at the
apices of arather distorted tetrahedron. The conformation of the alanine side chain is very similar in both
compounds. The conformation of Tj is such that the 3’-iodine atom is proximal to the diiodo ring rather
than distal; this conformation is opposite to that inferred from chemical studies. Theoretical calcula-
tions indicate this proximal conformation to be energetically favored over the distal one.

Introduction

The thyroid hormones L-thyroxine (T,) and 3,5,3'-triio-
do-L-thyronine (T;) appear to exert an effect on nearly

* Investigator of the Howard Hughes Medical Institute.

every organ and tissue of the body. They are essential for
normal growth and development and the control of
oxidative metabolism, and have a profound effect on
protein synthesis in many tissues. Although their
biological importance is well established, the mechan-
isms of thyroid-hormone action remain largely obscure.
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Formula
M.W.

Crystal system
a

b

c

B

D, (Z=4)
F(000)
Space gioup

u

Filter used

Crystal size (mm)
Intensities measured
Intensities > 20,

Resolution {

Table 1. Crystal data

L-Triiodothyronine

L-Thyroxine

CysH;I1NO,.HC1.3H,0 C;sH,,I,NO,.HCI.H;O

741-53
Monoclinic
29-080 +0-021 A
5-236 £ 0-005
17-047 +£0-10
115-85+0-05°
2:11 gem™3
1392

Cc2

334-2 (Cu Ko) cm™*
Ni

0-07 x 0-04 x 0-23
1341

1202

260=100°
d=1-006 A

{

831-39
Monoclinic
17:234+0078 A
5:138 £ 0-025
25-145+0-100
9047 +0-17°
248 gcm™3
1520

c2

586 (Mo Ka) cm ™!
Nb

0-03 x 0-03 x 0-50
1700

1019

20=45°

d=0-93 A

Table 2. T fractional atomic coordinates and anisotropic thermal parameters ( x 10%)

U,, are coefficients in the expression exp [—27* (K Una** + . .. +2kiUzb*c*)].

X y z Un Us, Us; Ui, U Uz
1(3") 0-3950 —0-6834 1-2292 1592 1866 840 250 571 539
1(5) 0-4315 —0-5337 0-8710 1065 1639 944 199 524 74
1(3) 0-2710 0-0000 0-9446 1358 566 591 -2 561 20
o) 0-4917 —0-3290 1-2946 1469 2411 444 283 15 —249
0(2) 0-3797 —0-1432 0-9463 1192 639 457 70 152 37
0Q3) 0-1901 —0-2659 0-5487 1497 824 600 —4 458 —61
0®@) 0-1430 —0-4183 0-:6079 1254 779 1275 311 651 241
N(D 0-2499 —0-6860 0-5803 1330 772 371 319 328 182
C(1") 0-4051 —0-1974 1-0331 1155 540 684 - 188 500 —308
C(2) 0-3884 —0-3826 1-0731 1089 826 511 321 230 144
C(3") 0-4209 —0-3955 1-1674 901 1723 600 54 303 195
C4") 0-4635 —0-2887 1-:2092 721 1387 756 564 —283 60
C(5") 0-4814 —0-0810 1-1660 1464 1256 791 — 650 432 —476
C(6") 0-4499 —0-0504 1-:0790 996 2114 1196 —501 575 —439
C(1) 0-2687 —-0-6142 0-7666 1182 251 503 —-96 278 116
C(2) 0-2521 —0-4189 0-8127 1418 326 630 26 541 38
C(3) 0-2921 —0-2594 0-8757 935 309 1076 193 532 631
C4) 0-3428 —0-2923 0-8931 1185 570 254 —-172 405 —82
C(5) 0-3550 —0-4804 0-8489 651 1169 725 106 275 682
C(6) 0-3182 —0-6637 0-7863 848 593 636 —205 254 26
C(D 0-2273 —0-7857 0-7021 809 622 543 20 131 —10
C(8) 0-2055 —0-7062 0-6041 1189 1115 383 358 272 -33
C(9) 0-1795 —0-4433 0-5860 727 1508 442 112 243 333
Cl~(1) 0-3193 —0-1876 0-6267 1173 708 494 48 333 -9
o) 0-0870 —0-0304 0-5376 1784 1207 1831 366 740 3
Oo(W2) 0-0839 —0-0497 0-3693 3187 1614 2331 312 1374 582
o(w?3) 0:0794 0-4319 0-3785 1525 3669 1469 —599 653 — 648
Approximate standard deviations of coordinates
1 0-0001 0-0010 0-0001 O(water) 0-0012 0-0096 0-0020
Cl 0-0003 0-0020 0-0004 C(best) 0-0010 0-:0060 0-0017
O and N 0-0010 0-0060 0-0015 C(worst) 0-0017 0-0140 0-0030

Table 3. T, fractional atomic coordinates and atomic thermal parameters (X 10%)
U,; are coefficients in the expression exp [—2r¥(H2Upa** + . . . +2kiUyb*c*)).

X y z Uy Uz, Uss Uz Ups Uz
1(3) —0-0498 0-5000 0-0858 516 811 706 233 —116 —85
1(5") 0-2213 —-0-2127 0-0536 584 547 432 -32 64 13
1(5) 0-3674 0-5663 0:2075 654 545 453 67 15 14
13) 0-0728 0-0585 0-2810 496 1348 775 —86 73 1
CI~(D) 0-1857 0:3997 0-4265 723 653 565 -4 —63 24
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Table 3 (cont.)

x y z U
o(1) 0-0678 0-0530 0-0349 883
0(2) 0-1895 0-4342 0-2230 506
0@3) 0-3829 0-3495 0-4568 1291
O04) 0-4831 0-1402 0-4094 689
N(I) 0-2872 —0-0840 0-4435 773
C(1) 0-1665 0-3271 0-1757 288
C(2) 0-0864 0-4251 0-1591 671
C@3") 0-0586 0-3609 0-1115 360
C4") 0-0969 0-1310 0-0849 1627
C(5) 0-1624 0-0170 0-0957 423
C(6") 0-1973 0-1543 0-1442 531
C() 0-3235 —-0-0397 0-3308 2562
C(6) 0-3593 0-1955 0-2953 2806
C(5) 0-3090 0-2985 0-2667 338
C@) 0-2324 0-2691 0-2603 301
C(3) 0-1952 0-1603 0-2910 432
C(2) 0-2336 —0-0486 0-3189 714
C() 0-3638 —0-2046 0-3644 840
C(8) 0-3539 —0-0987 0-4164 888
C® 0-4042 0-1644 0-4320 388
Oo(W) 0-0483 0-0486 0-4385 1524
Approximate standard deviations of coordinates

I 0-0003 0:0020 0-0003

Ci 0-0014 0-0058 0-0010

Oand N 0-0032 0-0154 0-0022

O (water) 0-0040 0-0388 0-0027

C (best) 0-0033 0-:0103 0-0019

C (worst) 0-0063 0-0370 0-0044

C (average) 0-0044 0-0183 0-0028

There is much evidence however that stereochemical
features of the hormones play a vital role in determining
physiological activities. For example, (a) the D-isomers
of T, and T; have only about 7% of the activity of the
L forms; () T, and T; derivatives with alkyl groups in
place of some of the iodines have hormonal activity
(Bruce, Winzler & Kharasch, 1954; Jorgensen &
Wright, 1970; Barker, Shimada & Makiuchi, 1965),
indicating that the steric effect of the iodines or sterical-
ly similar groups must result in the molecular confor-
mation and geometry necessary for interaction with the
receptors; and (c) in most biological tests (e.g. minimal
effective hormonal dose for treatment of myxedema)
T;is about five times as active as T, indicating that the

THYROID HORMONE STEREOCHEMISTRY, I

molecular asymmetry of the f ring of T; is important
for hormonal activity. Jorgensen, Zenker & Greenberg
(1960) and Jorgensen, Lehman, Greenberg & Zenker
(1962) recognized that because of the approximately
120° bond angle at the ether oxygen the chemically
identical 3" and 5’ positions on the phenolic (8) ring
of T, are not equivalent conformationally; they con-
cluded from the synthesis and testing of ‘conformation-
ally fixed’ analogs of T, that, in order for triiodo-
thyronine to exhibit regulatory activity upon cellular
oxygen consumption, the § ring must be oriented with
its 3'-iodine distal to the diiodotyrosine (&) ring and
that the ‘free’ (uniodinated) 5 position must be
proximal to the « ring.

1

o R, ‘distal’
« L0
N I

CH—CH, OH

R:

COOH ‘proximal’

Thyroxine was isolated and purified nearly 60 years
ago and triiodothyronine was identified as a thyroid
hormone some 35 years later. Since those times there
has been widespread interest in the three-dimensional
conformations of these vital hormones. However, de-
spite the efforts of many research groups no X-ray
crystallographic structure determination of either
molecule has until recently been successfully accom-
plished (Camerman & Camerman, 1972a, b; Cody &
Duax, 1973b). We report here the detailed crystal and
molecular structures of 3,5,3'-triiodo-L-thyronine and
L-thyroxine.

Experimental

Both T; and T, were separately crystallized from
mixtures of methanol and hydrochloric acid by slow
solvent evaporation. The crystals were later shown,
from the respective structure determinations, to be the
hydrochloride salts of the amino acids. In addition, T,
crystallized as a trihydrate and T, as a monohydrate.

Fig. 1. Stereoscopic drawing of 3,5,3'~triiodo-L-thyronine hydrochloride illustrating the molecular conformation in the crystal.
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Table 4. Structure factor tables for triiodo-L-thyronine .HCl.3H,0

The data are listed in groups of constant k£ and /. The four columns within each group are 4, 10|F,|, 10| F.| and phase (millicycles).

Reflections whose

measured intensities were less than 2o, are indicated with an asterisk and were not used in the refinement

procedure.
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Unit-cell dimensions and crystal and intensity data are
listed in Table 1. X-ray intensities were measured on an
automated four-circle diffractometer using the moving
crystal moving-counter scan technique (26 scan) with
stationary counts for background radiation on both
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sides of each reflection. Reflections used in structure
refinement were those with intensity greater than 2o,,
where g} =(Np, + Npg+ Npy) +[0-01(Npx — Ng; — Np,))?;
Np, and Ng, are the background counts and Npg is the
scan count. For both compounds, X-ray intensities
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Table 5. Structure factor tables for L-thyroxine. HCI. H,0

The daga are listed in groups qf constant k and 1. The four columns within each group are 4, 10]F,|, 10| F.] and phase (millicycles).
Reflections whose measured intensities were less than 2o, are indicated with an asterisk and were not used in the refinement
procedure.

-1z w2z 1 9 mr et nestaaz PRWT et RPN 1y
Cie Wi aers az
s | Y <399 3003 118 Leus ware sz ez |1 300 3386 Az e ber o aed 2te 1010 109 422 meszore R IR
1285 158 731 3abe raz ar | 7ee saran] oz pe re e o3 w8t e
R IREICKIY ot BRI - (I R I
worerz wa 12 Ire w7 vai PITIN
1 nerez . FYSTT) otz
» o2 reare 1noen e e nte b 1192 3200 107
1924 1971 i 1 e ars el Al daee e wrs RTINS ERDTRT AN
[ TT R Tt IY . 3osst sae 23 [ 2 a3 arsz ere o7 un an
16 231e 417 29 1 LR T PRI TR I e 93 =i
1 1 JETIR R 20y
LR B toes (107 4 e an O UTRTINE)
Toy s nemtaa? IR IR LN
Ve 1 B [ " s neti
H ns s 22| 1 133 ass T 1023 470
N 2y 223 12 -1 1510 Zoss <10 22 2332 BTSRRI
. ez 1621 23 | <3 1800 1030 7
19 . i

1230 139
N Y naat

.13 69z 088 28
Rt o res e

ey - 9
1 13
o 17 e e
258 11
v T NN T are w0238
r s 3y 13 “ 1 1wz e 11
1 e 033 37| 3 e emoan|oar 91 s1te w30 7y . i
' 353 #30 o | 8 azes snorar TN R GURIETH ’
’ REG IS RE 9 EEXN) .
12 we o .11 ) it IETHEUERIN
H aso |13 o 331e 181 e RNt
H 02y 1088 52 22073 3138 117 | 10 azse 1en are neetet
2 “ 708 sor ©1ees 127 aes ] [
1| 0 esse za [ERT] 1 3120 szaees |13 439 202 @
w2 PRy Calse asaz an [ oas sae Ten ez
13 (IR ORI BNt T NP
3 7 |21 499 4ez LT PR X) v oaze ees aoe R
2 . v 332 ses PRENTY ERNT)
1 sere 351 ast |1 zeer zzrz ave [T T ne -1 1202 1281 111
13 3 1se ¥ wozsee am sy [ v srse e ars 1322 1308 28
z i s nee2i2 . (R 1B oI e e
" 150 B ety etz
3900 101 136 16 1ses 308 012 Y PERY)
RS RN
meetott nozar 18 sa. 1008 981 IR GR
- PR © sees a1e 138
PO SURICE [T TRE TA nze
s Az s 7 ase naezae
5 e 23y owr ne2az 12 %e1 ros 1w R INTET
LERY) BN TR IV
2 s 1 ot REETIIE R neenb .2
P ORI B o %02 1740 [T e NTY
meoee o 19 ke 18 Je N T 1o 430 838 Sew o e a3 aer
BUR TN IR e 9 ess 20 9e3 2 i "e 1oar ads [ -0 33 ane 1e0 3
s
PR 15 e s s [N w3 3n s e PR
.3 17 119 1)
] 13 o 817 22 it [TRRTTORTNSH ERENY =2 ae0 Tz 2y FEXN s e ram
H 0 2 1320 123 meted PNFH ORI I
. ' e 1ae e e 12 6 RN “10 sey 43z 931 02303 1090 128 2.2¢
. 03 . -1 t2es ans 1 3 e e
N s 2 LR w1 st raens RN} NN o oaeee aee ne |7 ades a3 ser
1 13 . 9991 e e
1 ] [} . RN ERRY ERRTIINE NS naz.20
It 28 RSt . -3
Y 1 . -1 RIRTT AR TTRTUN TR LERY 7 e ez
1 “ 12 nimtye 3 9% 11 a7se su1an
-1 1 i wrnn e sTeazo | o 92 41w 2,20
! LK s = 5 500 528182 -3z seenss €3l e 3390 o
1 vz | 1 -3 3000 2o un 2o a0 | & 738 605 taa f oo sese s s
10| a0 s 93 e | -2 w3 H SIE 379e 305 938 | 18 1272 1320w 13 ez s131
-10 w a2 e s e 5 neenn nozoze
-1z N o “17 ey wes 52 | a7 sy ren e |7 LEX] neszate nedad
“1e oy ] -2 a1 858 11a b oesz ese 23t
.16 3 na . a1 RIEN IR 0 450a 3830 19 |12 wos ae w3 | 4 2P 2 |15 sez e T
-1 e 108 of o 1 13 2258z 3123 a8 | et 3l
H 4 sers 1s9s 200 | wo avad aneeaze [ it LR net.20 303
LY ’ 1o 3201 258 9 - w29 FEXN
. i =3 S sey . o [ TR
[RLITRYEES 0| sarae ez s LIRS - Iv et Zus Tl on 333 A 3 50 133
2 i [ e meva2z 1500 3% 108 155 93 na2u20
. se | 3 s 1910 10 n2e9
. H Lo rerars ne3 ERENY -2 3730 190 P2 nee103
. . N 3 e e b wer €33 v szee et
rer 19s 22| 8 w33 3 es | srz g | -6 Tes awz w3 [ or tenn s2er e
. ) 7 1076 1350 nemrazt 8 1011 26 RORACR T P It I BT I
2 1 e 3293 9 -10 63 933 |e18 3sre a3 RN
. 16 |11 ea1 sre rer LIPS [ s s ) 12 3950 3
13 ] €223 aeey a1 | a3 aereses: a ’ ne2,3 - b3 9 LN v 8 ez
10 o100 10 7 9 927 49 e 3 3340 <20 13 R NRYIN TS
w1 1.0 1oaise e At ae ese 7ee a0 390 o n2as LIRCANE Y LIRS
o 2 102 23 oeer bz s sn use 7ay Y
2tes 2012 7 | 2 [ORR TRTIT Y Motes 0 <12 1207 1est 952 o w7 e3z Tes PSR -11
1730 1702 1 20 notaz w93 “ <13 380 3as o7
2 102 930 [ 13 1095 1027 o "3 RN 7 931 1052 sas [a1s $3se 814 4
181 1013 11 220 o3 ser 812 e R o eswn e
1 aer 1z . 121 e zer w neston 1o e 22 23 2 517 s o 9% 38 el mde
sz e ser <1 16210387 437 17! 1.2 10 700 33 aze | o a7y ek 4 owes uiewz
s 79y 15937 1070 340 1o mezad PRI EIRBRTRITE Y 79 a2
s RN TR IS 1roaare e rer | 13 ae azs s - 50 12 EEXY o wr i | 33z B
15 an st netas 23 e5er 318 1 [e16 soue 489 wee maas s a0
3363 1203 PR 1 naten naza21 1orss a3s e
PN FUEITRTIETY neerazs LR 1927 1330w
-1 6502 8036 917 23 a3 e s 105260 am1 297 3975 108 Bes PRV
17 oese Im e 11300 3109 1o [ 0 903 768
-3 238 2009 108 G s b nietas z nee2i1s meez DR TS
1878 930 PR .
n0 -5 1138 1129 988 . 12 ov 209 2ar | asze 219 aee e
noias yorr ser g -2 e11 eo1 a7y
BEENEE TR naas neezant 11 1ees 260 410
5 2276 2545 93 23 13 se0 ase 28
wetee BRI Y s 530 a27
7 s waze e |2 0 oiv
1630 1858 153 s et ] H N
se7 378 a7 31 . " .
1001 1052 a1 [ 1 93w sess 199 | o9 1209 aenn as9 [Sad wsoeize ten | -1 . H
ez 1002 3 2929 312e 203 - - a2s 933
17 3aee 201 oty namtaas - Tie e 397 961
18 -
netet s wr 033 w38 aer | -1 b3 s1002 m210 -2
s 1702 2111 RERRrtapeil
PR TRTITEPIY B R Tt Rt neetate e 0 3004 3038 S
FIe) 2 as1 751 w8 LRy
LIy "1 0 a7 ane v 2010 108 12w
e as rer s -1 31130
Tanrszes 2| 9 smowerza TIPS o 240 367 aze nozas -
LR “tc 978 1127 s0s -1
et nestes mezare o aese e Bt
EYRETNETE IS mia
5 3019 3339 129 | 11 1102 1122 983 10 192 1eran PR
13 R n
LIS " wezse 2 sas sen g7 15 471 aas e
1283 1550 920 ez NRCTRTIR )
Toswr ses ren | 33 Tz e zar 0 a3s 21z 1223 ees 12e Y

23 12f 1a 723 58T 983 =20
1043 1037 907 [ -2 1630 1683 181
< 57 ans | 6 599 899 763

mt PRERY

82010 2009 23| 13 306 w26 207 [ 1 w2y a7 792
13 a7ee 1008 A6 | 37 975 ez 10 | 13 35ee w9 a9

s 505 898 10| 6 1100 1115 41
<o w2 PTL 217 | 10 w3ee a30 138
~30 373e s27 a1y

s l02e s aay s
ns 1Azt e | e oeos -t ERERTS
-3 neszi10
e [ o1 1aee 1020 PRRY) e - R UURTIRTT
238 | <3 1609 101 “12 s 883 0ar
a6 | -5 15 aes7 9 21z 3ot I nezae
ERTIEt 1572 1032 3300 3aa 190 e
. ee sa 39 T 1 w2 sne e b
152 1588 s i 3 RUNETTRE TR
o 3 22 | -1 s0z PRy “1 1370 e e LRERY
1 w1 s 1oese rryany [ o3 a3 732 ey (XYY
mesiat %0 | =9 1375 1007 saw | 3 14ed 1e0e 47e SISV R
s n.0 0 1800 1587 a9
-3 3093 1087 108 379 10 i war 2 3e amo11 wras
-3 3637 36 o7 s @ 1963 2000 <u S oaobe aas a8
PR NS TN ETRRTEN TR T B ST 2 3u0e 3171 10¢ b 2178 2052 102 | e 1177 13e8 122
T 2001 1a2e e R IORa T

LRN weeten wesraar LR
P neszois

-1 tes rer ez

bou7e 3w
10 Gas 317 207 (30 4s Al 22
12 o0 291 198 |3z 2108 226 aTe

1 3ueb 39,
-9 1836 1622 28| 3 2109 258¢

15 113 W6 935
18 500 we 3 6 ser 33 ate

LAY
westot =

e

pe
metin 20 “lo w18 was 10w 175 3500 70 |3 Tee a2e 1e3
v 225 {15 00 208 408

“11 S e9e %8| 3 920 1832 PNz wezets

1
3
H
H

Lae s an PRTTTRTTR) w2
it ERTHIRtT A T RTIaTS -
o R T { St IPRETT TRV i )
e ar arel 7 H 733 13l Teaier ars re 1 1882 1018 00
\as 103 116 3 en e zes mezeo < ot ver 1 20m 2 78
s wrar S 4 1300 1083 111 + 1038 22 a3
it neetan [RTERTIEN i
T snoaraaw a1 909 1037 209 s se3 9t Sz s rer a7 LR
moas Lar et rease | a1 1233 a0 20 [ s a0z aoss aee [Cas 2se aar 23z 3136 108 e DR ETTR B
130370 a3t s2e [ 7 ars voos 1e < 1083 10u8 300 seze 42 19 ey 0 830 Pt e
ooy nan 9 130 1627 825 107 1302 9 hat aer v 2ee w7 b7
: e f11prty IR RN Trer
Tosaes 1 s ey o
1 H H R was PERY 2
etz 0 inse n ey o
i) nete 1 owase 2z ws| o sa3 1012408 TRy [hat 13 3390 439 110
3 an e
s N YR RTRTIoNN et mezi s 63 s an P
wte 113 132 36 1328 1859 as
i PR LR IO N R L ) 15 2 w2
B n e ERERY
220 | -3 7 801 S0 =16 726 ®2) %1 2ok "ot LN
e 5 1888 1100 RERRTNET RN
' e -2 a3 w202 120
”s LOTEE] AT v 620 W34 U3 a2
2930 188 a7y \
woes pae | 23107 i 3 TR ERE
Cair aise e
o ws ow mtte

RN B TR TN

It neta 13 7 370 238 203
e - . w2 70 3,
1 bt -1 e a7 e -3 notate
B R TICY 1aa3 T asa 1rr leas arr sz ese [ o3 nata RO ER LR
] [ Y

y 31 480 eob
1es 17 1 TR S 3 s osrs e REERTNRN




ARTHUR CAMERMAN AND NORMAN CAMERMAN

1837

Table 5 (cont.)
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used as monitors fell appreciably during data collection
and the crystals turned from colorless to slightly yel-
low, indicating decomposition due to X-ray exposure
and probable liberation of iodine. Linear scale factors
were applied to the data sets to correct for this fall-off
of intensity with time. In addition, the T; data were
further corrected for X-ray absorption with a modified
version of the method of de Meulenaer & Tompa
(1965). Structure amplitudes were obtained from the
intensities in the usual fashion.

Structure determination and refinement

The T; and T, molecular structures were solved by
determination of iodine atom positions from origin-
removed, sharpened three-dimensional Patterson func-
tions and subsequent location of the other atom posi-
tions from three dimensional Fourier and difference
Fourier maps.

Refinement of atomic positions and anisotropic
thermal parameters was by full-matrix least-squares
calculations. The function minimized was >w(|F,|—
|F,))* with initially the weights w=1/o%. During the
refinement procedures we noticed that the non-iodine
atom coordinates tended to oscillate in successive
least-squares cycles and that bond lengths in the two
molecules were erratic. We decided to change the
weighting scheme and adopt unit weights for all X-ray
data. The X-ray data for these crystals, particularly
thyroxine, are not as accurate as is usual in crystal
structure investigations because of the poor quality
crystals we were forced to use; the errors in the meas-
ured X-ray intensities are large and not of a random

nature. After refinement with unit weights the bond
lengths and angles, though still somewhat erratic,
were much improved. Refinements ended with
discrepancy indices R=||F,|—|F.||/>I|F,], of 0-07 for
T; and 0-107 for T, (for reflections with intensities
greater than 2¢,). Almost all of the anisotropic thermal
parameters for the non-halogen atoms of T, proved to
be non-positive-definite so that an additional cycle of
refinement was performed for this molecule with iso-
tropic thermal parameters assigned to the non-halogen
atoms. The final R is 0-118. No attempt was made to
locate hydrogen atoms in either case. Atomic frac-
tional coordinates and thermal parameters for T are
given in Table 2 and for T, in Table 3. Atomic scat-
tering factors used were as follows, I: Thomas &
Umeda (1957); ClI~, O, N and C: Berghuis, Haanappel,
Potters, Loopstra, MacGillavry & Veenendaal (1955).
Final observed and calculated structure factors are
listed in Tables 4 and 5.

Discussion

The three-dimensional molecular conformations of
trilodo-L-thyronine and L-thyroxine hydrochlorides are
illustrated by stereoscopic drawings in Figs. 1 and 2
respectively.

It has been widely assumed that in triitodothyronine
and thyroxine the two phenyl rings are mutually per-
pendicular and bisect one another. This is not quite the
case in the two crystal structures. The orientation of
the rings can best be described by the angle that the
normal to the plane through each ring makes with the



1838 THYROID HORMONE

normal to the plane through the three atoms of the
ether linkage: atoms O(2), C(4) and C(1’). If the & and
B ring planes were mutually perpendicular and bisected
one another these angles would be 90° and 0° respec-
tively. For T; the angle between the normal to the
plane of the « ring and the normal to the plane of the
ether linkage is 90° while between the 8 ring and the
ether linkage plane the angle is — 13°. In thyroxine these
angles are 101° and — 34° respectively; hence in T, the o
and S rings are more appreciably rotated away from
being respectively perpendicular to, and parallel with,
the C-O-C plane than is the case in T;. Because of
this rotation the four iodines in T, form the apices of
a rather distorted tetrahedron with I---I distances of
5-8-7-8 A and apical angles of the tetrahedral faces of
47-83° (vs. 60° in a regular tetrahedron). Iodine-iodine
distances in T; and T, are listed and compared with
corresponding distances in triiodothyropropionic acid
(Camerman & Camerman, 1974b) in Table 6.

The bond lengths and angles in thyroxine are some-
what erratic and have high standard deviations, as is
obvious from the high standard deviations of the non-
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Table 6. Jodine-iodine distances (A)

Triiodo- Triiodothyropro-
Thyroxine thyronine pionic acid
13)-1(5) 60 60 60
1(3)-1(3") 58 5-8 61
1(5)-1(3") 7-8 67 65
13")-1(5") 64
13)-1(5") 6:0
1(5)=1(5) 61

iodine atom fractional coordinates (Table 3). This lack
of precision is caused by two factors: crystal quality
limitations on the accuracy of the X-ray data and
domination of X-ray scattering by the four iodine
atoms. Because the scattering power of an atom for
X-rays is proportional to the square of the number of
electrons it possesses, the percentage scattering due
to the non-halogen atoms in T, is only 7-8 %. In Ty, it
is 10-8 %. Hence, the agreement between observed and
calculated structure factors is not sensitive to small
shifts in the coordinates of the carbon, nitrogen and
oxygen atoms with the consequence that these atoms

Fig 2. Stereoscopicidrawinglillustrating the[three-dimensionalmolecular{conformation of L-thyroxine hydrochloride in the crystal
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Fig. 3 Bond lengths (A) and angles (°) in 3,5,3’-triiodo-L-thyronine.
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are not as precisely located as they would be if fewer
or no iodine atoms were present. When the far more
serious limitation arising from the unavoidable use of a
split crystal for T, data collection is also taken into
account, then the higher standard deviations of coor-
dinates and more erratic bond lengths and angles in T,
are understandable. When equivalent bonds are aver-
aged, however, we find that these averages are respect-
able: average I-C bond lengths in T, and (T) are:
2:11 A (2-11 A); phenyl C-C, 1-40 A (1-41 A); phenyl
C-0, 1-41 A (1-34 A); average phenyl ring bond angle
is 119-4° (119-1°). The C-O-C inter-ring ether linkage
angle in T, is 118 + 3°, similar to the value of 121 +3°
found in T; and to values found in other diphenyl ether
compounds. Individual bond lengths and angles for T,
as well as the numbering scheme used for both com-
pounds, are shown in Fig. 3.

The three water molecules of crystallization in Tj
take part in a hydrogen-bond network that also in-
cludes carboxyl and phenolic oxygen atoms. The chlor-
ide ion makes close contacts with three symmetry-
related nitrogen atoms and with one of the water
oxygens. In addition, there is a short intermolecular
iodine—iodine distance of 3-73 A (vs. normal van der
Waals separation of 4:30 A) between symmetry-
related I(3)’s, which indicates a degree of charge-
transfer bonding between these atoms in the crystal.
All T; short intermolecular contacts are listed in
Table 7.

Table 7. Ty short intermolecular distances

o@): - o(w1) 2:55 A
oW1y --O(W2) 2-83
O(W2): --O(W3) 253
Cl=(1) -« -N(1) 3-18
CL=(1)- - - N(1H 319
Cl-(1)- - -N(1'H) 3-20
O(W3)---O(W2t) 2:73
oWw3)---Cl-(11H 3-05
o) ---- O( WZ’“) 2:68
o()----- o(w3ihy  2:69
1(3) ...... I(3lv) 3.73

Symmetry code
Superscript

None X y z

i x 14y z

ii —x t+y 1-z

iii Y+x —3+y 14z

iv I—x i+y 2—:z

In the T, crystal structure the water moleculeis hydro-
gen bonded to a carboxyl oxygen and to the chloride
ion. The chloride also forms short contacts with the
nitrogen atoms in three symmetry-related molecules. In
addition there are short intermolecular I-- -1 contacts
in the crystal which may indicate some charge-transfer
bonding between these atoms. All short intermolecular
contacts are listed in Table 8.
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Table 8. T, short intermolecular distances

CI=(1)- - N(1) 307 A
Cl=(1)---O(W) 2-99
CI=(1)- - - N(1}) 3-20
Cl=(1)- - - N(1) 3-30
o)----- O( W") 2:49
1(3) ...... I(Siv) 3-08
1(57)----- 1(5™) 3-86

Symmetry code
Superscript

None x y z

i x 14y z

i 1-x 34y 1-:z

iii +x  3+y z

iv A—x  3+y -z

The conformations of the alanine parts of T; and
T, can be observed in the stereoscopic drawings (Figs.
1 and 2); they can be numerically described by the
values of the torsion or dihedral angles between pairs
of bonded atoms. Following the rules adopted by the
IUPAC-1UB Commission on Biochemical Nomen-
clature (1971) torsion angles describing rotation about
C*-C are denoted by v, torsion angles in the side-chain
are denoted by y, and each angle is measured in the
range from —180° to 180°. For T, torsion angles are
wit +8% wyr —175% yut +56°% xa: +98°%5 xa:
—89°. In T, similar values are found: w,, and y,, are
—9°and + 172° respectively, differing by only 17° and
13° from those found for T;. Torsion angles in the side
chain are: y;;: +66°; x50 +98°; x,: —84°. These
angles are more fully described and compared with
corresponding values for diiodothyronine, thyronine
and tyrosine in paper II of this series (Camerman &
Camerman, 1974aq).

The elucidation of the crystal structures of triiodo-
L-thyronine and of L-thyroxine has shown that the con-
formations of T, and Tj, aside from the absence of
one iodine, are on the whole remarkably similar. The
major change accompanying deiodination of the 5’ posi-
tion in going from T, to T; seems to be a 20° rotation of
the ff ring with respect to the plane of the ether linkage
and consequent changein the I(3")-1(5) distance. There
is little difference in alanine chain conformations be-
tween the two molecules.

The most surprising feature of the crystal structure
of T, is that the orientation of the outer or f ring is
such that the 3'-iodine is situated proximal to the a
ring and the uniodinated 5’ position distal, rather than
the opposite orientation which was suggested by the
chemistry-activity studies. This unexpected result poses
questions concerning the conclusiveness of the chemical
results, the effects of environment (crystal vs. solution
vs. physiological), and influence of receptor on hor-
mone conformation.

In order to test whether this conformation is due to
crystal environment — that is, if it is favored because
of strong intermolecular interactions existing when the
molecules pack in the crystal with the 3"-iodine in this
proximal orientation - we examined intermolecular
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distances between the atoms of one molecule and those
of all its nearest neighbors. All distances involving 1(3")
correspond to normal van der Waals separations; thus,
no attractions of the charge-transfer I---O type, such
as have been elsewhere noted (Hassel & Remming,
1962; Camerman & Trotter, 1964) are observed to be
a factor in stabilizing the 3'-iodine proximal orienta-
tion.

To further remove the effects of crystal environment
from the issue of proximal vs. distal conformation of
the 3’-iodine we have performed extended Hiickel
molecular orbital (EHMO) calculations to calculate
the total energy of each conformation. The calculations
were performed on the basis of isolated molecules,
completely free of crystal environment, using an un-
charged T; molecule and omitting the chloride ion
and waters of crystallization. Details of the EHMO
program and orbital parameters employed are given in
a previous paper (Camerman & Camerman, 1972a).
The total energy for the T; molecule with the 3’-iodine
proximal to the a ring (the conformation in the crystal)
is significantly lower than that calculated for the 3’
iodine distal. Because EHMO methods tend to over-
estimate energy differences only qualitative significance
can be attributed to this type of calculation; neverthe-
less, the results are independent confirmation of the
stability of the observed crystal structure conformation.

Notes have recently appeared (Cody & Duax, 1973a,
b), describing the crystal structure of a 3,5,3'-triiodo-
thyroacetic acid N-diethanolamine (1:1) complex and
of a trilodothyronine crystal, in which the 3'-iodines
were found to be oriented distal to the « ring. The
authors also refer to unpublished data for another
structure having distal orientation for 3'-iodine. We
have recently elucidated the crystal structures of two
thyromimetic compounds, 3,5,3'-triiodothyropropionic
acid (Camerman & Camerman, 1972¢, 1974b) and 3'-
isopropyl-3,5-diiodo-L-thyronine (Fawcett, Camerman
& Camerman, 1973) the most potent known thyromi-
metic agent. In the former compound the 3'-iodine is
proximal to the « ring as in T3, and in the latter the 3'-
isopropyl group is again proximal to the « ring. Our
crystals were prepared from acidic alcohol solutions
while the otherauthors appear to have had large excesses
of organic reagents present in their crystallization
media. These results indicate that crystallization con-
ditions may play a significant role in influencing the
conformation of these asymmetric thyronine deriv-
atives, and they will undoubtly provoke much inter-
esting work on structural and biological aspects of
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thyroid hormones and analogs under different en-
vironmental conditions.
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