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25,  The r o p l l '  rnutatlons were obtarned by hydroxyl- 

arnlne mutagenesls of the cloned RAP1 gene (S. 
Kurtz and D.  Shore, rn preparation). Mutant alleles 
\vere s u b s t l ~ t e d  for the wild-npc copy of RAP1 In 
the genome. Each mutatlon IS recessive and segre- 
gates 2 : 2  In a cross u~l th  an isogen~c wild-type 
der~vatlve. &Mutants uZere tested In a mlnlmuuii of 
nvo Independent experlments 

26. Telomeric tracts (60 ng)  that contalncd a Bcl I 
coheslvc end Ivcre prepdred by annealing two com- 
plementar) gel-purltied (~ligonucle(~t~dcs and were 
subsequently ligated to a Bail  HI-llnearizcd reph- 
catlng plasmid, YRpl7  ( 1  p g ) .  The DNA was then 
hgdted to  a Bail  H I  fragment that contained the 
HIS3 gene, the ends of u~hlch had been previously 
Mled In wlth the KIena\v fragment of DNA p l y -  
merase I, and transformed Inn, the G ~ l i c r i r h i o  roli 
straln HB101 The vectors obtained contained 
YRpl7  flmkcd by art~ficial telomeres that were 
sepxated by the Il1.S.l gene to avold the  rearrange^ 
ment of rnverted repeats in t i o i i  [A. ~Murray and J .  
Szustdk. .\.lo/ C ~ l l  B i o i  6 ,  3166 (1986)l  Because 
Ligatlon of the HIS-contarnlng fragment to  the 
art~fic~al tclomeres recreated the Barn H I  srte, diges~ 
tion of t h ~ s  plasmld with Bail  H I  resulted in the 
fixmatron of J YRpl7  plasmld tcrni~nated hy telo- 
menc sequences. The sequences pre5ent at the plas- 
riud termlnl were identlcd to  those present in the 
anginal ohgonucleotidc with the cxception o f a  4-bp 
5'  overhang. 

27. In the case of i \ l l2 ,  one of the m70 telomeric tracts 
(1:R.d ( pn>xrlnal) contained an dddltional C to  T 
change, designated by ( X ,  outside of the two 
nono\erlapprng M ' 1  blndlng sites. In the case of 
AT16. an apparent structural anomaly at the end of 
the 1'11,43 proxlmal telomere d ~ d  not pcrmlt an 
accurate determination of the termlnal 5 bp of t h ~ s  
telomerc 

28. D. Share, L). Stillman, i\. Brand, K. Nasmyth, 
E . t I B 0  1. 6,  461 (1987)  Gel mobilln sh~f t  assavs 
\vcre with 10 pg of total 'yeast extract 
prepared from cell, expressing ivild~typc U P 1  and 
olig(~nucleotldes that contained the wrld-type and 
muta11t t~lonieres Tclonieres \vcrc labeled with [ a ~  
"P]deou\ddcnosrnc trlphosphate and the Klenow 
fragment of D S h  polymerase I by filhng In the Bcl I 
overhatip. 

29 L. HamveU. ] Bncfi,rrui 93, 1662 (1967).  
30. F. Sherman, G Fink, J .  Hicks, .\frr/~ods i n  Yt ,<~,r  

(;t,tii,riii (Cold Sprlng Harbor Latx) ran~q,  Cold 
Spring Harbor, NY. 1986). 

31. For each transformation, a random collection of 
transformants was plcked to  rnsure the absence of 
my bias (for example, colony SIX) .  Unpurified 
uansfixniants were used so as to l d c n t ~ k  all  prod^ 
ucts of the transti~rniatl(~n event L)NA was Isolated 
from these transfi)rmants and the structures of the 
plasmlds were determined by the presence of extra- 
chromosomal plasmlds in blots of undigested DNA 
probed wlth elthcr p) ly ld(GT)J~poly[d(CA)J  or  
pRR322, and by dlgestron of the plasniids w t h  P\u  
11, ahlch cuts once aithln the plasmids Aberrant 
Linear forms \vcrc ~nltlally ~dentificd by Pvu I1 
d~gestlon and confirmed by Mlu I digestion. In 
~berrant llnear forms, terminal fragments vanlng In 
length. up to  1 kb longer than the usual 360-bp 
tract, were obscned after dlgestlon \vlth Mlu I (data 
not shoan) .  Recomb~nant FtNcNres were con- 
firmed by more extenslvc restrlct~on analyses In a 
subset of transfornmant DNAs 

32. D klatthcws and V. F~rcac l l ,  C:,i,il: o f i d  I ' r i d e r ~ i ~ i n d -  
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46. St~tlstlcal analyses of the rclat~vc frcquencics of 
u~nsformant products were carrlcd out by conun- 
genc? XL analyscs with cvpected values of 5 or  
greater. Thc nunlmurn X' valuc among ~ndiv~dual  
experlments for the dccreasc of healed Ilnears for 
AT5 1s 16.7 ( l ' c 0 . 0 0 1 ) .  for AT12 1s 8.3 
(I' <: 0 005). and for AT13 IS 22 (1' .: 0 001) The 
nunlmum X L  value f i ~ r  the dccreasc of  13LI fbr AT5 
IS 37.9 (1'c: 0.001). for AT12 IS 18  2 ( I J <  0.001), 
.md for '41'13 IS 17.8 (1' < 0.001 ). The X' valuc for 
the differences bemecn AT1 and AT16 in healed 
hneus is 0 9 4  ( P  < 0.3). which IS not statistically 

srgnificant. The decreases in the propr t lon  of 
healed linears with the use of mutant telomeres are 
significant when compared with the AT1 control 
lncluded In each experiment and when represented 
as cumulative data as shown in Table 1 The high 
frequenc) of healed linears in AT1 was ohsenred 
over a 16-fold range in DNA concentratJon, ind~cat- 
Ing that small changes in DNA concentration d o  not 
affect the proportion of products in thrs assay. For 
each of the mutant plasmids, significant decreases In 
transfixmation frequenc) (1.5- to 3-fold) relative to  
AT1 were also found for l~nearized, but not crrcular, 
plasmids Therefore, the decreases in healed lineus, 
shown here, are nunlmal estrmates. 
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Protection of Mice Against the Lyme Disease 
Agent by Immunizing with Recombinant OspA 

Lyme borreliosis is a tick-borne illness caused by Borrelia burgdovferi. The gene for 
outer surface protein A (OspA) from B .  burgdovferi strain N40 was cloned into an 
expression vector and expressed in Escherichia coli. C3HMeJ mice actively immunized 
with live transformed E. coli or purified recombinant OspA protein produced 
antibodies to OspA and were protected from challenge with several strains of B .  
burgdovferi. Recombinant OspA is a candidate for a vaccine for Lyme borreliosis. 

L YME DISEASE IS A MULTISYSTEM SPI- 

rochetal illness characterized by 
rheumatologic, neurologic, cardiac, 

and dermatologic manifestations. The caus- 
ative agent, Rorrelia brtydovfiri ,  is transmitted 
to  humans mostly by Ixodes ticks (1). The 
host immune response to  B. brtvgdovfevi is 
incompletely understood; however, humor- 
a1 inlmunity is important in protecting ani- 
mals from infection. Passive inxnunization 
of hamsters with mtiserum to B. brtvgdovferi 
prevents infection from intraperitoneal chal- 
lenge with B. btrydovfiri  (2). The protection 
is partially strain-specific, however, because 
antiserum to B. bucqdovfevi strains from dif- 
ferent geographic locations does not show 
h11l cross protection (3). Active immuniza- 
tion of hamsters with whole inactivated B. 
bucqdovfiri strain 297  prevents subsequent 
infection with B. burgdo+ri strain 297  ( 4 ) .  
The hamster model, however, is limited for 
the study of Lyme borreliosis because the 
animals d o  not develop clinical manifesta- 
tions of Lyme disease. 

A model of Lyme borreliosis has been 
developed in immunocompetent mice that 
resembles some of the clinical manifestations 

of Lyme disease in humans (5). A strain of 
B.  huydor f iv i ,  designated N40, was isolated 
from Westchester County, New York; 
C3HiHe mice infected with B.  hrt;qdovfivi 
N40 develop spirochetemia 5 days after 
challenge and peak arthritis and carditis 14 
days after infection. This model is useful for 
active immunization ex~erimcnts with H .  
btryqdovferi in contrast to  the model of Lyme 
borreliosis in severe combined immunodefi- 
ciency mice (6). 

We first verified that passive inununiza- 
tion is protective in the C3HiHe mouse 
model. Mice were passively immunized with 
antiserum to B.  b ~ h ~ d o v f e r i  N40 from mouse 
or rabbit and then challenged with B h y q -  
dorfiri N40 ( 7 ) .  Control groups were immu- - .  

nized with normal mouse or rabbit scmm. 
After 5 or 14 days cultures of the blood and 
spleen were incubated for 2 weeks in Bar- 
bour-Stoenner-Kelly (BSK) medium ( 8 ) .  As 
expected from results in the hamster model, 
passive immunity was protective. Further- 
more, the protective effect of  rabbit senim 
was maintained at a dilution of 1: 500. 
Protection extended to B. huyqdorjerr strain 
R31 and the clinical manifestations of dis- 
ease at 14 days was prevented (Table 1) .  

E Flkrlg, Sectlon of Imniunob~olog ,  Yale Unlberslq 
School of Mechclne. and the Dl \~s lon  of Infect~ous The antigens res~onslble for ellcitlng the 
Diseases. Department of Internal ~Medlcine, Yale Vnlver- 
slty School of Medlclne. New Haven, CT 06510. 
S. W. Barrhold, Section of Comparative Medicine, Yale 
Unlversiq School of Medcine, New Haven, (3 06510. 
F. S.  Kantor. L)~vision of Allergy and Clinical Immunol- 
ogy, L)ep.mnrnt of Internal ~Med~cine, Yale Unlverslr). 
Schc~jl  of ~Mediclne, New Haven, CT 06510. 
R. A. FlaveU, Section of Immun(~biology and the Ho\v- 
ard Hughes Medical Institute, Yale Universiv School of 
Medicine, New Haven, CT 06.510. 

productionof prot&tivc antibodies are not 
known; however, several outer surface pro- 
teins on B. buydovferi  are candidates. The 
outer membrane of B. huyqdorfirr is coated 
with a 31-kD protein known as outcr sur- 
face protein A (OspA) ( 9 ) ,  and a 34-kD 
protein named outer protein R (OspB) (10). 
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These proteins are heterogenous, particular- bodies are produced t o  the 41 -kD flagellar 

Iy O S ~ B ,  among B. hucsiorf ivi  isolates, but  antigen ear& in disease and t o  OspA uld 
the degree o f  v a r i a b i l i ~  has no t  been clari- OspB, a n o n g  other  proteins, later in the  

fied (11). In addition, a 41 -kD protein is illness (15). In the mouse model antibodies 

associated with the B. huvgdovfilri flagellurn t o  these three antigens occur within the first 

(12) .  T h e  genes for these proteins have been month  o f  illness (5).  W e  n o w  show that 

cloned and sequenced from B. hrryqdorfevi active irnnlunization with recombinant 
B31 (13, 1.5). During human infection, anti- OspA from B. hu;qtlo+ri N 4 0  protects mice 

Table 1. Protection of CeHIHcJ micc from infection \vlth B brryqdoyfirr N40 or B31 by passive 
immunization using polyclonal antiserum to B. huyqdot;fir~ N40. Groups of five mice Lvcre passively 
imn1uni7~d \vith antiserum (0.1 ml). Control groups \vere immunized w ~ t h  normal serum. One day 
after inullnunization, micc were intraderrnally injected \vith lo4 B. hucqdodkri N40 or B31 spirochetes. At 
5 or 14 days organs were hanestcd. and one or nvo cultures of each organ \\.ere Incubated for 2 \\reeks 
and examined by dark-field microscopy. Twenty high-po\ver fields \vere scanned per culture. Posit~ve 
cultures had between 1 and 100 spirochetes ~vhile negative cultures had no organisms. The table reports 
results of blood and splenic cultures (number of posit~ve culturesltotal number of cultures) begun 5 or 
14 days after challenge and incubatcd for 2 weeks and the histopathologic evaluation of the heart and 
joints 14 days after infection. 

Cultures Histopatholop 

Antiserum (dilution) Blood Spleen h h r i t i s  Carditis 
-- 

5 day 14 day 5 day 14 day 14 day 14 day 

.!lice c/zizllet<qr.d tvitlr ' i4O 
,Mouse anti-B. b~rr~gdorfi,ri N40 ( 1 : 5)  018 018 
Normal mouse serum ( 1 : 5) 818 XI8 

Rabbit anti-B, hrrcqdo~firi N40 (1  : 5) 0110 0110 015 0110 0110 0110 
Rabbit anti-B. hrrydorfiri N40 (1 : 50) 0110 015 
Rabbit anti-B. 11u;qdorfiri N40 ( 1 : 500) 0110 015 
Normal rabbit scmm (1 : 5) 9110 8/10 8/10 619 10110 10110 

.tliir. cizallet~qed with Bl'l 
Rabbit anti-B. hrryqdorfin N40 (1 : 5)  015 015 015 015 
Normal rabbit senlm (1 : 5)  515 415 515 515 

Table 2. Protection of mice from infection with B, hriycio!fi.ri by active immunization with E ,  toll 
(5  X loh) expressing Osph from B. hu~qdor/>rr N40 or purified recombinant OspA fi~sion protcin, and 
passive immunization with serum from mice activcly immunizcd \vith the Osph exprcsslng E. coli or 
monoclonal antibodies to OspA. Groups of five C3HlHeJ mice \\.ere actively immunized intraperitonc- 
ally \vith live E ,  coli expressing recombinai~t Osph from B. bu<qdorfiri N40, or with E colt lacking the 
Osph product. Mice were actively immunizcd subcutaneously \vith purified recombinant Osph- 
glutathionc S-transferasc fusion protcin (20 kg) or purified glutathionc S-trailsferase in complete 
Freund's adjuvant a i~d  boosted \\~cckly for 2 \\reeks \vith the equivalent anlount of protein in incomplete 
Freund's adjuvant. All mice wcre then ~njected with B. briyqdorfiri strain N40, K31, or CDlh  spirochetes 
( lo4)  intradcrmally and examined at 5 or 14 days. The antiscmm for passive immunization \vas drawn 
from mice actively immunized \vith E ,  colt expressing recombinant OspA. Serum (0.1 ml), either 
undiluted or diluted 1 :  5, was used to passively immunize mice. The supernatant (0.1 ml) from cells 
expressing monoclonal antibodies (MAbs) to OspA \vas administered undiluted. Thc mice \vcrc 
injected the ncxt day with B. hrrvqdor/eri N40 and examined at 5 days. Cultures were incubated and 
examined as described in Table 1. 

Cultures Histopatholop 
Ror- 

Immunization rc l~o  Blood Spleen Arthritis Carditia 
strain -- 

5 day 14 day 5 day 14 days 14 day 15 day 

<4ctive 
E. colr expressing Osph N40 0110 015 0110 215 215 

K31 015 015 
C1>16 015 

E n l l ~  lacking OspA N40 919 515 719 515 515 
B31 515 515 
C1116 315 

OspA fi~sion protein N40 015 015 019 0110 
Glutathione S-transfcrasc N40 515 315 10110 10110 

P'lssivc 
E ,  colt expressing Osph (undil.) N40 014 
E .  coli expressing Osph ( 1  : 5) N40 014 
IgG3 OspA MAb N40 015 
IgGl OspA lMhb N40 515 
Normal rabb~t acmm ( 1 : 5) N40 8110 

from subsequent infection with B, huypdorQvi 
strains N40,  B3 1, and CI> 16. 

T h e  gene for OspA from 13. hrryqdo?fivi 

N40 was amplified with genomic D N A  
from B. hu\ydotjivi N 4 0  (16) and the pc~ly- 
merase chain reaction ( P C R ) ,  and cloned in 
E.  to l i  (17). The  gcnc for OspA-N40  \vas 
sequenced and found t o  be 8 1 9  nuclcotitles 
( 1 8 ) .  The  sequence was compared t o   he 
published sequences for B. hrry~dorf ivr  OspA, 
including strain R 3  1 ( I.?) and strain ZS7, an 
isolate from Freiburg, Gemmany (19).  l ' he  
OspA-N40 gene ditfcrs from OspA-K31 at 
nvo nucleotidc positions, 1 1 7  and 446. This 
changes ~ y s "  t o  Asn3%and GIV14Y t o  G I u ' ~ '  
OspA-N40 differs from OspA-ZS7  by one  
nucleotide at position 490,- which changes 

t o  Gly1h4. These comparisor~s suggest 
that OspA is consen,ed among differc:nt 
isolates. 

E s c l l ~ v r t l ~ i a  coli transfornmed with 197-  
OspA-N40,  a recombinant plasmid that  ';ti- 
rects d ie  svnthesis o f  OspA-N40  by the 
phage lambda P L  promot&, were induced 
t o  express recombinant OspA-N40  by 
growth at 42°C for 2 hours. I J p o n  induc- 
tion a new band appeared o n  S I ) S - ~ ~ I ~ -  
acrylamidc gel electrophoresis accounting 
for approximately 5% o f  the total cell pro- 
tcin. Sequencing o f  the NH2-terminus o f  
the ne\tr~protcin revealed that the first 15 
amino acids corresponded t o  the arnino acid 
sequencc predicted from the OspA-N.10 
gene sequence, identifying the protein as 
OspA-N40. The  NHz-terminal amino acid 
sequence was Met-X-Lys-Tyr-1,cu-Leu-Gly- 
Ile-GI\,-1,eu-Ile-Leu-Ala-Leu-llc. An im- 
munoblot o f  a cell and an osmotic shock 
(20) extract o f  1:. coli e s p r r ~ s i n g  OspA-N4O 
stained with anti 13. hrr~yilovt;,vl ~ 4 6  mouse 
serum o r  ~1~1th 'I monoclonal ant~bod\r t o  
OspA-N40 s h o ~ ~ ~ e d  that OspA-N40  was eu- 
pressed and localized at least in part t o  the 
peripl'1sn1ic space (2 1) .  

C 3 H l l l c  micc \Irere then immunized t o  
detcmmine if an immune response t o  rccorn- 
binant OspA could be elicited. Groups o f  
five mice were injected ~ntr '~pcr~toncal ly  
once weeklv ~171th 5 x 10h I~ve  1: to11 cx- 
pressing OspA-N40 for 3 \~rccks. Control  
mice \Irere imm~rnizcd with t : ,  coli trans- 
formed with pIIC197-12.  An antibody re- 
sponse t o  O S ~ A - N ~ O  was elicited by the 
fourth week, and could be detected by im- 
munoblot (Fig. l ) ,  t o  a dilution o f  1 : 10010. 

During t h c  fifth \~,cck the micc were 
challenged with H .  krryydorfi,ri t o  determine if 
active immunization would elicit a protec- 
tive immune response. Micc actively imn11.1- 
niaed with E .  coli expressing OspA-N4.0 
wcre infected intraderrnally wit11 lo4 13. 
I~trydoyfEri  N 4 0  and examined at  5 o r  1 4  
days. The  control group consisted o f  n1ic:c 
actii~ely immunized with 1:. toli transformed 



Fig. 1. Immuwblot of a protein extract of B. 
bugdapn' N40 stained with serum (diluted 
11100) fnrm mice immunized with E. coli arprrss- 
ing OspA-N40, and E. coli ladung the OspA 
product. Column 1 is stained with normal mouse 
serum.CoI~2to6(connols)uestainedwith 
serum from mice immunized with E. coli lacking 
the OspA product. Columns 7 to 10 are aained 
with serum from micc immunized with E. coli 
expressing OspA-N40. Column 11 is stained with 
anti B. burgdor$ti strain N40 serum. The band at 
31 kD represents OspA. 

with pDC197-12. Mice actively immunized 
with E. coli expressing OspA were p m e d  
from infection, whereas the control animals 
immunized with E. coli that did not contain 
the OspA product readily developed inkc- 
tion. In addition the majority of the immu- 
nizcd animals were rotected from clinical S disease at 14 days (X P 5 0.05) (Table 2). 

To determine if the immune response to 
OspA could be enhanced to I l ly prevent the 
clinical manif~ations of disease, mice were 
immunized with purified recombinant 
OspA-N40 expressed as a glutathione S- 
t r a n s b  h i o n  protein (22). Control mice 
were immunized with glutathione S-trans- 
b. An extremely strong immune re- 
sponse to OspA was obtained since an anti- 
body response could be detected to a dilu- 
tion of 1 : 64,000 by immunoblot. Groups 
of five mice were challenged with B. burgdor- 
&I N40. and sacrificed at 14 days. Histo- 
pathologic examination of the joints and 
heart in the animals immunized with puri- 
fied OspA showed no evidence of disease, 
whereas the control animals readily devel- 
oped arthritis and carditis (Table 2). More- 
over, as expected, cultures of blood and 
spleen from OspA-immunized animals 
showed no evidence of infection, whereas all 
control mice were infected. Hence, the im- 
mune response that mice generate in re- 
sponse to recombinant OspA from B. burg- 
d@ N40 is sufficient to protect than from 
subsequent infection with B. burgdorfki 
N40. Studies at additional timepoints will 

determine the longevity of protection. 
To test whether the protection is mediat- 

ed by anti*, we recovered serum from 
mice imm& with OspA expressing E. 
coli and passively immunized mice with this 
serum. The mice were Illy protected from 
infection at 5 days, suggesting that antibody 
to OspA generated in our actively immu- 
nized mice is sufficient for protection (Table 
2). In addition an IgG3 (complement fix- 
ing) monodona1 antibody to OspA from B. 
burghrjki N40 was protective in our assay, 
whereas an IgGl (noncomplement fixing) 
was not. Indeed, chronic administration of a 
monoclonal antibody to OspA of B. burgdor- 
j r i  strain ZS7 prevented scid mice fiom 
developing disease when challenged with B. 
burgdorjn ZS7 over a period of 21 days (23). 
The contribution of the cellular immune 
response in protection is not yet known. 

It is important to determine whether the 
immune response to OspA is d a e n t  to 
protect animals from infection with different 
strains of B. burgdorfi. At the present, no 
taxonomic classification exists for the differ- 
entiation of various snains of B. burgdorfki. 
In general, isolates ace classified as different 
on the basii of geographic location. It is 
surprising and encouraging that vaccination 
with OspA protects, becaw the previous 
passive immunization experiments with B. 
burgdor&i antiserum in the hamster model 
showed some degree of strain speaficity, 
and OspA appears to be highly conserved 
among B. burpf* isolates. Since a com- 
parison of the nucleotide sequence of 
OspA-N40, OspA-B31, and OspA-Z!37 
showed a high degree of similarity, it is 
possible that protection should mend to 
different strains of B. burgdorjri. We there- 
fore tested additional strains of B. burgdorfki, 
CD16 (24) and B31, and found that mice 
were protected from infection (Table 2). 
Further studies to dctennine if the protec- 
tive e k t  of OspA is maintained with a 
wider variety of B. burgdmfkl isolates will 
provide additional information on the 
breadth of protection. 

Although B. burgdorjri infeaion in the 
mouse has similarities with human disease it 
is uncertain that vaccination with OspA will 
be dfective in man. As antibodies to OspA 
appear late in human illmss, suggedng that 
it is a poor immunogcn, it must be shown 
that a strong immune response to recombi- 
nant OspA can be elicited in man. It is 
possible, however, that immunization of 
humans with recombiiant OspA in an a p  
propriate regimen and the use of adjuvant 
could give rise to a potent neutralizing 
antibody response. Studies in other animal 
models and man will extend the knowledge 
of the usefblntss of OspA as a vaccine for 
Lyme borreliosis. 
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Probing Immunosuppressant Action with a 
Nonnatural Immunophilin Ligand 

The immunosuppressants FK506 and rapamycin bind to the same immunophilin, 
FK506 binding protein (FKBP), and inhibit distinct signal transduction pathways in T 
lymphocytes. A nonnatural immunophilin ligand, 506BD, which contains only the 
common structural elements of FK506 and rapamycin, was synthesized and found to 
be a high-affiity ligand of FKBP and a potent inhibitor of FKBP rotamase activity. 
Whereas 506BD does not interfere with T cell activation, it does block the immuno- 
suppressive effects of both FK506 and rapamycin. Thus, the common immunophilin 
binding element of these immunosuppressants, which is responsible for rotamase 
inhibition, is hsed to different effector elements, resulting in the inhibition of Merent  
signaling pathways. Inhibition of rotamase activity is an insufficient requirement for 
mediating these effects. 

I N ADDITION TO THEIR  THEMI 'EUTIC  

potential, the immunosuppressive 
agents cyclosporine A (CsA), FK506, 

and rapamycin are useful probes of the T cell 
activat~on process (Fig. 1) (1-4). CsA and 
FK506 inhibit a T cell receptor (TCR)- 
mediated signal transduction pathway that 
results in the transcription of earl\, T cell 
activation genes, including interleukin-2 
(IL-2). Despite the structural similarity to  
FK506, rapamycin has no eEect on the 
production of IL-2, yet potcntly inhibits the 
response of the T cell td activation through 
the 11,-2 receptor (2). Although they specifi- 
call\, ~nhibit different T cell activation 
events, rapamycln and FK506 have also 
been shown to inhibit each other's actions 
(3, 4). 

These three imnlunosuppressants bind to 
proteins termed irnmunophilins with high 
affinin. Cs,4 (Kd = 30 nM) is bound by 

human cyclophilin (j), and both FK506 
(Kd = 0.4 nM) and rapamycin (Kd = 0.2 
1 M )  are bound by human FK506 binding 
protein (FKBP) (4, 6, 7). Although unrelat- 
ed in amino acid sequence ( 8 ) ,  qclophilins 
and FKBPs catalyze the interconversion of 
the cis- and trans-rotamers of the peptidyl- 
prolyl amide bond of peptide and protein 
substrates. These rotamase enzymes are in- 
hibited by their respective immunosuppres- 
sant ligands; FK506 and rapamycin d o  not 
inhibit cyclophilin and CsA does not inhibit 
FKBP (6-8). 

The a b i l i ~  of FK506 and rapamycin to  
inhibit each other's actions suggests a role 
for either a single immunophilin or separate 
immunophilins that share a common recep- 
tor site (hereafter referred to  as the "com- 
mon receptor site") in mediating the actions 
of these drugs (4) .  Rapamycin and FK506 
appear to  be mimics of a leuql-prolyl nvist- 
ed amide bond (9,  lo),  and may therefore 
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"To whom correspndence should bc addressed FK506 and rapamycin are comprised of a 

common immunophilin binding elemer~t 
that is fused to distinct eEector elements that 
determine the T cell activation signaling 
pathway with which the drug m i l l  interfere. 

We designed a molecule, termed 506BD, 
to  adopt a geometn similar to that of  the 
putative immunophilin binding domain 
found in FK506 (Fig. 1). T o  emulate the 
conformation of the cis-rotamer of FK5015 
[obsened in the solid state by x-ray diffrac- 
tometn  (11)], a scaffolding element was 
installed to limit thc conformational free- 
dom of 506BD. 506RD lacks d ~ e  putative 
effector elements of both rapamycin and 
FK506. Therefore, 506BD should not es- 
hibit the T cell inhibiton properties that are 
characteristic of either FK506 or rapamycin, 
yet, by virtue of its anticipated immunophi- 
lin binding properties, 506BD should inhib- 
it the actions of both FK506 and rapamycin. 

The isopropyl substituent of 506BD was 
included to introduce a conformational con- 
straint, involving the avoidancc of a 
-gaucheI+gauche (syri-pentane) local con- 
formation, that is present in FK506. Th,: 
trans-enoate spacer was chosen to fix dl': 
distance of the attachment sites in thc Sam': 
geometn obsened in d ~ e  solid-state confor- 
mation of FK506. We also synthesized 1 

truncated 506BD that lackcd the cyclohexyl 
moiety (des CyH-506BD) to assess its role. 

An efficient synthetic pathway was devel- 
oped that provided 506BD in useful quanti- 
ties and in a stereochcmically homogcncoui 
form (Fig. 2) .  The asymmetric synthesis 
began wid1 the six-carbon chain 1, which 
had previously been prepared from mannitol 
in four steps (12). The pyranose 2 \i7a:i 
obtained as a mixture of anomers from 1 iri 
four steps; only the rnajor p-anomer i:; 
sho\i~n. Stereoselective introduction of the 
allylic methoxyl group in 3 followed subjec. 
tion of 2 to a one-pot rcduction-Grignarcl 
addition sequence (13), whereas the benzy 
lox). bearing stereocenter in 4 nras intro- 
duced by a stereoselective ketone reductior~ 
(14). After ring opcning and homologatior~ 
of 4 into 5, the three dioxolane stereocenter:; 
of 6 were produccd in a stcrcospccific fash-- 
ion by an asymmetric osmylation reactior, 
(15) and then acetal protection. Thc cou- 
pling partner 8 was prepared by metalatior~ 
and hydroxyalkylation of dle vinyl bromide 
7 ,  nrhich we have rcported earlier in t h e  
course of a total synthesis of FK506 (16). 
The coupling of 6 and 8 was achieved b! 
amide bond formation, while macroqcliza- 
tion of the resultant 9 was accomplished by 
an intramolecular Horner-Emmons reaction 
(17) that produced 10 as a singlr E-olefin 
diastereomer. Following sclcctive deprotec- 
tion of the qclic acetal and osidation of the 
resultant diol to  a diketone, a final dcprotec- 
tion reaction resulted in a transannular hem- 
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