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The 3D structure of two unlubeled FKS06 unalogs, (R)- und {S)-{iB-OHaseomyein, wien bound o (UYC'NIFKBP were determined by

sotope-filicred 3D NMR éxperiments. The structures for the R and § isomers that bind tightly to FKBP but luck immunosuppressive astivity are

compured ta cach ather and to the conformation of the potent immunosuppressant, ascamyein, when bound 1o FKBPR, The results are interpreted
in werms of calcineurin binding 1o the FKBPuscomyein complex.

FKBP;: FK306: Immunasuppressant; NMR

I. INTRODUCTION

FKS06 is a potant immunosuppressant that binds
tightly (R, ~0.4 nM) to the FK506 binding protein
(FKBP-12) [1.2]. Recent studies suggest that the im-
munosuppressive activitly of FK 506 is due to the inhibi-
tion of the calciun-dependent phosphatase, ealeineurin,
by the FK506/FKBP complex [3]. In an atiempt to bet-
ter understand the structural features required for the
inhibition of culcineurin by this complex. we have syn-
thesized several FKS06 analogs and have tested their
ability to bind to FKBP. and. once bound. their ubility
to inhibit colcineurin [4]. These analogs are derivatives
of ascomycin (5], ulso known as FR-900520 [6]. which
is a potent immunosuppressunt closely related to
FKS06 in structure and activity (Fig. 1). Two analogs
were discovered, R- und S-[18-OHJuscomycin, that bind
tightly to FKBP but have little or no immunosupressive
activity [4.7). [n addition, the complexes formed be-
tween these analogs and FKBP did not inhibit the phos-
phatuse activily of caleineurin [4.7]. In order to probe
the structural features of these ascomycin analogs that
might account for their interesting biological properties.
we have examined their conformation when bound to
FKBP.

Previously, we determined the conformation of
[U-"*Clascemycin bound to FKBP via isotope-editing
technigues {8,9). Using these methods the signals from

Abbreviations: NQE, nuslear Overhauser effect; FKBP, FK506 bind-
ing prolein; NOESY, nuclear Overhauser cffest spectroscopy:
TOCSY, total correlation spectroscopy.
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the unlabeled protein are suppressed, and only those
signals from the bound ligand are observed [10-13]
However. we could not apply these techniques in our
studies of the 18-OH analogs due to the difficulties in
preparing the uniformly *C-labeled ligands, Therefore,
we resorted to recently developed isotope-filtering tech-
niques [14-16] in which the proton NMR signals corre-
sponding to uniformly '*Celabeled FKBP were efTec-
tively suppressed using a doubly tuned filter [15) to
allow the selective detection of unlabeled (R)- and (S)-
[18-OHJascomycin when bound to FKBP. These meth-
ods offer a4 powerful alternative to isotope-editing tech-
nigues for studying drug/receptor complexes. since they
do not require isotopically labeled ligands, which in
most cases cannot be readily obtained.

2. MATERTALS AND METHODS

24, Sample peeparution

Synthesis of the [18-OHJuscomyein derivatives, via oxidution of
ascomycin by selerium (1V) oxide, will be described in detail elsewhere
[4). Recombinant human FKBP12 was cloned from a Jurkat T cell
cDNA library und expressed in £ coli using the pKK233-2 vegior
contitining a tre promoter [17, [U-'CUNIFKBP was prepared by
growing the FK BP-produsing c¢lls on minimal media with [U-"Cac-
ciate as the sole curbon source and “NH.Cl us the sole nitrogen
source, and was isoluled from these cells using ion-exchange and
size-oxclusion ehromatography [17]. NMR samples were prepared by
exchangitig the protein into 8 'i4,0 solution (pH 6.5) conlaining potus-
sium phasphate (50 mM), sodium chloride {160 mM), and dithiothre-
itold,, {5 mM). and concentrating the solution ta ~500 ul using u
ceniricon»10 microcongentrator. The final FKBP concentralion was
~5 mM. The [18-OHJascomysin/FRBP complexes were prepare d by
incubisting the protein solution overnight with an equimolar umount
of each ligand,

22, NMR experimonts
All NMR spectra were recorded on a Bruker AMX500 (500 MHZ)
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Fig. 1. Struciures of FK 506 und uscomyein,

spectrameter ut 40°C. Lsotope-filtered NOESY spectra, 1. = #0 1,
were recarded in two different ways, The firit method employed a
conventional, v, X half-ulter [18] using the pulse sequence shown in
Fig. 2A. The delay, 4, wa. set at 1.6 ms. The second method employed
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a doubly«auned. v, fikter {13] using the pulse sequence shown in Fig.
2B. The deliuys. 4 and &', were sct at 4.00 uad 3.56 my, respectively.
il spin-lock pulses (SL) of .00 and 1,50 mi duration were wisd. An
isotope-fitered TOCSY spectrum was recorded, 74 = 15 mis, with a
doubly-tusied filler in Both v, uad by, using the pulse sequense shewn
in Fig. 2C. The deluys. 2and &', were set at 4,00 uad 3,56 ms, respee-
tively, und spin-loek pulses (SL) or 1.50, | .00, 0.45 and 0.75 msx
duration were used, Ench D speetrum cansisled of 256 complex ¢,
paints, with 64 seuns per point and with u speetrs] width in both
dimensions of 10,000 Hz, The final size for cich data set wis
4,096x1,024 real paints.

2.3, NOE-derived distanee resiraints qmd structure calcnlations

Far eaeh derivative, the protan-proton distances used as restrmints
in the structure caleulation were oblained by counting contours in the
BO ms NOESY data set recorded with the doubly-tuned filier, NOEs
were classified as either strong (1.8-28 A), medium (1.8-3.4 A} or
wenk (1.8-4.4 A). For distances invelving methyl groups. 1.0 A wax
added 1o the upper bound to eorrect for the psewdoatom (19}, For
(S)[1B-OHJascomysin,  total of 111 WOE cestraints were used nlong
with § Jower bound restraints thal were determined on the basis of the
luck of abscrvuble NOEs, For the R isomer, 117 NGE restraints und
5 lower bound resieaints were used,

AD strustures were euleulated using o hybrid distance geometry/
dvnamical simulited anncaling protosal [20] Using the program
XPLOR/DG [21.22] und the NOE-derived distunec restraints, 200
initial structures were genernted and subjeeted to 200 steps of Powell
rextrained energy minimization to remave bad van der Waals contacts,
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Fig. 2. Pulse sequences used to record isolope-filtered NOESY and TOCSY spectra, 90* pulses are represenied dy thin bars, 180° pulses by thick
bars and spin-lock pulses by crossshatched bars, All pulses ure applied along the X-axis except as indicated otherwise. T, is the NOE mixing time.
{A) NOESY sequence wilh conventional, (b)) X halffilter, @,=4(x)4(=x); @s=2(x),2(~ 2} y=B(x),8(~x); P,=4{x).8(-x)4(x}; B=x,~%. (}) NOESY
sequencs with doubly-tuned {v,) filier. @,=4(x)d(~K); Pa=x,~x; D32x),2(~1); D,=BX)R(~x): Dy=A(x)B(-R}4(K); 35y, ~X.~y.% ByE% ¥, =%, =Y,
{C) TOCSY sequence with doubly-tuned (u).0,) filler, @,=4{x)4(- 1} Py=x,~%; E=AxL2A-5) Pedx)4(=5) & Fy. =% ~y.% I=xy,~x~Yy.
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Fig. 3. Isotope-filtered specira (500 MHaz) recorded on the major stereolsomer of (| 8-OHJuscomycin bound to FKBP. (A) NOESY specirum (1,

= 80 ms} with conventional. () X half-fiter, (B) NOESY specirum (t, = 40 ms) with doubly-tuned (v} filler. ¢C) TOCSY spirum (T = 15
ms) with doubly-tuned (u,.in) filler,

Buring this minimization, and througheut the entire simulated an-
nealing protocsl, the NOE farce copstant wus maintained ut 50
keubrtel A2 tnd electrostatie terms were exeluded. The minimiz-
tion siep was followed by 7.5 ps of malecular dynamics (time-siep of
3 {3) 41 2,000 K during which the van der Waals foree constant wis
deerensed from its initiad vislug of 20 keal-mal™-A7 1o u value of 0.003
keal-mol A while increasing a1l other force constunts (bond, angle,
ete.). The strustures were then cuoled from 2,000 to 100 K in steps of
30 K. E ach step of tha cooling process consisted ol 1.25 ps of re-
strained melegular dynumics (time-step of 5 (). The van der Waals
foree constant was increased ut each step by mulliplying the previous
value by 1.28 until a fina! value of 4.0 keal-mol™ A" was obisined.
The van der Waals radius was degreased stepwise 10 a final value of
0.8 times the value used in CHARMM {or F,p [23]. Lo the lust stage
of the reflaement, the structures were subjeeied 1o 1.000 steps of
Powell restrained energy minimization.

Tuble 1

3. RESULTS AND DISCUSSION

3.1, Isoiope-filteved NMR

The selective observation of protons attached to *C-
labeled ligands by suppressing the proton resonances of
the unlubeled protein is relatively easy to achieve using
conventional isotope-editing techniques [10-13.18].
However, to suppress the proton signals of *C-labeled
protein and selectively observe the resonances of the
uniabeld ligand is more difficult. The difficulties arise
from the inability to simultaneously tunc the fixed de-
lays, 4. in the conventional experiment to 1/(2 'J,4,13¢)
(Fig. z4) for the different 'J,.13. couplings typically

Structuril statistics for (R)- and {S){1B-QH] uscomycin bound 10 FKOP

(12)-[180H] ascemycin

(S)[180H] uscomyecin

SA, AV, 8A, AV,
rms deviation ffom distance restrainis (A 0.01440.003 0.012 0.00R £ 0.001 0.008
s devintion from idealized geometry
bends (A) 0.0080 20,0004 0.008 0.008:£0.0004 0.0070
angles (deg) 272+0.083 2.61 2550037 2.5
impropers (deg) 0.64£0.05 0.62 0.6220.03 0.59
Ceonformationat Energy
Enon (kculmol®) 077029 0.49 0.20%0.06 0.24
E,epe (kcalimol) 278 £0.5 238 2,78%0.24 1.84
E.. (keal/mol) ~3.28+0.44 -2.54 =118£0.78 ~3.32
Atemic rms dilferences for all heuvy atoms SA; vs. AY 028xq.11 SA, vs, AY 0.37£0.07
Su, vs. AY,, 0.3720.12 SA; vs, AV, 0.45+0.19
AY vs. AV, 0,38 AV vi. AV, 216

* §A, is the average over the final 80 (R) or 85 {S) structure; AY is the average siructure: AV, is the structure oblained after restrained energy

minimization of AY,

" Ency I8 the energy sontribution from the squure-well NQE potential using u force constant of 50 keal/molsA®. .
* Eper 18 the van der Waals repulsion enery term ealeuluted with the F potentisl and a force constant of 4 kealemol '*A** and a hard-sphere

vin der Waals radii 0.8 times the CHARMM function.

4 E_, is the Lennurd-Jenes van der Waals energy caleulated using the CHARMM funclion,
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Fig. 9. {A) Superposition of the commeon heavy atoms ol the avenige
NMR strosture of (S)-{} 5-OHluissomyein bound te FKBR 1o the aver-
uge NMR siructure of ascomysin (bokd) bound o FKBP, The Ik
position is denoted with an asterisk, {B) Superposition of the common
heuvy atoms of the average NMR structure of {R)-[18-OMJuscomysin
bound te FXBP 1o the average NMR strusture of uscomyein bound
to FKBP. {C) Superposition of the common heavy ntoms of the aver-
age NMR structure of (R)-[| 8.OH}ascomycin bound to FKBP to the
averuge NMR siructure af (8){18-OHJuscomyein (bold) bound to
FKBP.

found in proteins. Although this is not critical in iso-
tope-editing experiments, resulling in only a slight de-
crease in sensitivity if the delays are not properly set, it
is very important when attempiing to suppress the pro-
lons attached to *C-labeled nuclel in isotope-filtering
eAperiments [15,16].

Fig. 3A depicts an isotope-filtered 2D NOE spectrum
of (&)-[18-OHlascomycin bound to [U-""C,*N]FKBP
acquired using the pulse sequence shown in Fig. 2A.
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The artifncts due to the incomplete suppression of the
proton resonances of *C-labeled FIKBP, especinlly near
the dingonul. make data interpretation very difficult. In
contrast, using the isotope-filtered 2D NOE pulse se~
quence (Fig. 2B) recently developed in our laboratory
(15], that employs two delays which ean be tuned to
different 'J,,.13. values, superior suppression of C-
attached protons is obtained as illustrated in Fig. 3B.
The reduction of artifucts allows more NOEs to be un-
ambiguously interpreted in terms of proten-proton dis-
tance restraints for generating 3D structures of these
ligands when bound to FKBP. Similar improvements in
suppressing the proton signuls of {U-"C.*N]JFKBP
were achieved in isotope-filiered 2D TOCSY spectra
using doub ly tuned filiers (¢.g. Fig. 3C). aiding in the
proton resonance assignments of the bound ligands.

3.2, Proion resonance assiguments

The proton resopances aof (R)- and (S)-[18-OHlas.
camycin when bound to FKBP were assigned from an
analysis of isotope-filtered TOCSY spectra nequired
with a mixing time of 15 ms using the pulse sequence
shown in Fig. 2C. The scalar-coupled protons could
readily be traced from the isotope-filtered 2D TQCSY
speetra such as the one shown in Fig. 3C. The chemical
shifts were assigned by a comparison with the previ-
ously assigned chemical shifis of ascomycin when
bound 1o FKBP, and were confirined from isotope-
filtered 2D NOE data. As in ascomyein [8.9.24], protons
at the 3, 4 and 5 position of the piperidine ring appear
shifted to quite high field >0.3 ppm {or both of the
isomers. This initial observation indicated that their
overall binding to FKBP must be quite similar to that
of ascomyein. The overnll chemical shifts for both deriv-
atives are similar to thase of ascarnycin except for pro-
tons at or near the 18 posision,

3.3, Determination of the stereachamistry at the 18 posi-
tien

The oxidation of ascomycin by selepium (IV) oxide
results in two diastereomers which can be sepurated by
silica gel chromatography. Initially it was not known
which stereaisomer wis R and which was S. The identi-
fication of the isomers was accomplished using the NOE
data. A set of 20 starting structures were gencrated for
each isomer using distance geometry, and further re-
fined with dynanical simulated annealing. During the
structure calculntions, the chirality at the 18 position
was allowed teo float, i.e. the chirality was allowed to flip
between R and § to best stutisfy the NOE constraints
(25,26]. For the majar isamer, all 20 structures had a
stereochemistry of § at the 18 position after simulated
annealing. For the minor isomer, 16 structures were
obtained with a stereochemistry of R, while 4 were ob-
tained with u stereochemistry of S. We concluded from
this result that the major isomer was (S)-[18-OH]Jas.
comycin, whiie the minor isomer was (£}-[18-OHJas-
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Fig. 5. Regio

n of the ascomycin/FKBP complex [27] in the vicinity of the ascomycin binding site showing the hydrophobic cleft formed by Tyr-26,

Phe-46, Arg-42, Lys-44, and part of ascomycin. The 18, pro-R and pro-§ positions are labelled R and S, respectively.

comycin. Therefore, in all further structure calculations,
the chirality at the 18 position was fixed.

3.4. Bound conformation

For the final structure calculations, 200 structures
were generated for each isomer which were subse-
quently refined using a dynamical simulated annealing
protocol. For (S)-[18-OHJascomycin, 85 structures were
chosen that best satisfied the NOE constraints and that
had a trans-1,8 amide bond. The average rms deviation
of all heavy atoms from a calculated average structure
was 0.37 + 0.06 A, and no NOE violations were found
greater than 0.1 A. For (R)[18-OHJascomycin, 80
structures were chosen that best satisfied the NOE con-
straints. The average rms deviation of all heavy atoms
from an average structure was 0.28 + 0.11 A, and no
NOE violations were found greater than 0.1 A. Thus,
the conformations of both ligands when bound to
FKBP were well defined by the NOE data. Further-
more, as indicated by the structural statistics for both
analogs (Table I), the structures have relatively minor
deviations from idealized geometry.

As shown in Fig. 4A and B, the bound conformations
of both (S)- and (R)-[18-OH)ascomycin are very similar
to the bound conformation of ascomycin. Superposi-
tion of the common heavy atoms of (S)-[18-OH]Jas-
comycin and ascomycin gives an rms deviation of 0.49
A, while superposition of the common heavy atoms of
(R)-[18-OHJascomycin and ascomycin gives an rms de-
viation of 0.36 A. Moreover, as can be seen in Fig. 4C,
the bound conformation of (S)- and (R)-[18-OH]Jas-
comycin are virtually identical within the experimental
error of the method. The rms deviation for superposi-
tion of their common heavy atoms is 0.49 A. Thus,
substitution of a hydroxyl group for a proton at the 18

positon has essentially no effect on the conformation of
the bound ligand.

4. CONCLUSIONS

Using isotope-filtering techniques the proton chemi-

cal shifts of both the major and minor stereoisomers of
[18-OHJascomycin bound to FKBP were assigned.
Based on distance geometry/simmulated annealing cal-
culations, the stereochemistry at the 18 position was
defined as S for the major isomer and as R for the minor
isomer. In addition, from isotope-filtered 2D NOE
data, the bound conformations of both isomers were
precisely determined. From a comparison of the 3D
structures of these analogs with that of ascomycin when
bound to FKBP, it can be concluded that the lack of
immunosuppressive activity displayed by these 18-hy-
droxy derivatives is not due to a difference in the con-
formation. The most likely cause of their inactivity as
immunosuppressants is that the protruding 18 hydroxyl
group, at either the R or S position, prevents the FKBP/
ligand complex from interacting with calcineurin. An
examination of the solution structure of the ascomycin/
FKBP complex [27] re veals a hydrophobic cleft adja-
cent to bound ascomycin, which may form at least part
of the calcineurin binding site. It is formed by the side
chains of Tyr-26, Phe-46, and the aliphatic portion of
Arg-42 and Lys-44, as well as a hydrophobic portion of
ascomycin which includes the methylene group at the 18
position (Fig. 5). If this is, in fact, part of a hydropho-
bic, calcineurin binding site, the addition of a hydroxyl
group at position 18 would disrupt the hydrophobic
surface and might inhibit binding of calcineurin to the
[18-OHJascomycin/FKBP complex.

In addition to the importance of the structural infor-
mation provided in these studies on FK506 analogs
bound to FKBP, this work represents a good example
of how isotope filtering can be used to determine the
conformation of an unlabeled ligand bound to a "*C-
labled protein. In many cases, the synthesis of isotopi-
cally enriched drug molecules will not be possible, sug-
gesting that this approach will be the method of choice
for providing this kind of structural information to aid
in the design of improved pharmaceutical agents.

Acknowledgements: The authors thank Harriet Smith, Earl Gubbins,
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