
cumulative changes occur in TAg-express- 
ing mice betwee11 4 a11d 7 lllonths of age 
that prohibit reversal of cellular transforma- 
tion even in the  absence of the  primary 
transformi~lg stimulus. T h e  nature of the 
these changes remains to  be identified. 
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Correction of the Mutation Responsible for 
Sickle Cell Anemia by an RNA-DNA 

Oligonucleotide 
Allyson Cole-Strauss,* Kyonggeun Yoon,* Yufei Xiang, 

Bruce C. Byrne, Michael C. Rice, Jeff Gryn, 
William K. Holloman, Eric B. Kmiec? 

A chimeric oligonucleotide composed of DNA and modified RNA residues was used to 
direct correction of the mutation in the hemoglobin PS allele. After introduction of the 
chimeric molecule into lymphoblastoid cells homozygous for the PS mutation, there was 
a detectable level of gene conversion of the mutant allele to the normal sequence, The 
efficient and specific conversion directed by chimeric molecules may hold promise as 
a therapeutic method for the treatment of genetic diseases. 

Sickle cell anemia is the classic prototype of 
a hereditary hemoglobinopathy resulting from 
a point mutation in the p-glohin gene ( 1 ,  2).  
The  clinical condition results from homozy- 
g(1s1t71 of the sickle cell allele Ps, ill which an 
A-to-T mutation within the sixth codon of 
the p-glohin coding region changes the nor- 
mal glutamic acid residue to a valine. T h e  
severity and prevalence of this disease have 
made sickle cell a11elnia a candidate for gene 
therapy. Over the past several years a variety 
of strategies for genetic lnodification have 
heen devised. These have included transduc- 
tion methods hased on retrovirus and adeno- 
associated virus vectors to deliver the nortllal 
p- or y-globin gene to hematopoietic progen- 
itor cells (3). Nevertheless, the attendant ran- 
dolll integration of retrovirus vectors and 
genornic rearrangements accompa~lying inte- 
gration of adeno-associated viruses are unde- 
sirable consecluences of gene transfer mediat- 
ed by viral vectors. Correction of the pS allele 
to P A  through a gene conversion lnechanisnl 
n ~ u l d  provide a means for gene therapy that 
circumvents this prohlern. 

In a recent study fro111 this laboratory, a 
procedure was reported for correcting the 
mutated forlll of an  extrachromosolnal gene 
present on a plaslllid by use of a chimeric 
oligonucleotide composed of DNL4 and 
R N A  residues (4). T h e  design of this mole- 
cule \\,as prolnpted by the discovery that 
RNA-DNA hybrids \\,ere highly active in 
homologous pairing reactions in vitro and 
that hairpin caps at the ends of hybrid mol- 
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ecules were no  impedirnellt to pairing (5). 
These observations suggested a strategy for 
targeted correctio11 in which a short, douhle- 
stranded olieo11ucleotlde vector is activated 
for recombination by incorporating R N A  
residues and protected from exol~ucleolytic 
degradation by capping both ends. T h e  2'-  
0-methyl lnodification of ribose of the R N A  
added protection against cleavage by ribonu- 
clease iRNase) H activities. 

T o  correct ;he Ps mutation, we designed 
the chimeric olieonucleotide 1SC1) as a 
single rnolecule (with t\vo sequences that 
were inverted and complementary) capable 
of folding back o n  itself to  form a dunlex 
structure (Fig. 1) .  T h e  molecule was com- 
posed of D N A  residues with two interven- 
ing blocks of 10 2'-0-methyl R N A  resici~les 
flanking a short stretch of five D N A  resi- 
dues. W h e n  the m o l e c ~ ~ l e  \\,as fol~ied into 
the duplex conformation, the sequence of 
one strand comnrised all D N A  residues 
\\,hereas the other strand contained the 
RNA-DNA hlocks. 111 this case, the inter- 
nal sequence is complernentary to the pS- 
globin sequence over a stretch of 25 resi- 
dues that span the site of the P5 ~ n ~ ~ t a t i i ) ~ ~ ,  
with the exception of a single base (T). T h e  
five D N A  residues flanked by R N A  residues 
\\,ere cel~tereil about the mutant T residue 
in the pS coding sequence. A co11trol chi- 
meric oligonucleotide (SC2)  \\,as desigl~ed 
in the same manner with the exception of 
one hase ('4; designated in bold and with an  
asterisk in Fig. 1 ). 

T h e  chilneric molecule was introduced 
into lylnphohlastoid cells ( B  cells) homozy- 
gous for the p' allele by means of a com- 
mercial liposome formulation, and the cells 
were assaved for correction after 6 hours 16. 
7). correction of the single hase mutation 
\\,as assessed by taking advantage of restric- 
tion fragment length polylllorphisms 
(RFLPs) resulting from the PS mutation 
12): the  A-to-T transversiol~ in the 13' allele ~, 

results in the loss of a Bsu 361 reitriction 
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site (CCTGAGG). A 1.2-kbp Bsu 361 
DNA fragment of the P-globin gene is ab- 
sent in the ps allele and is replaced by a 
diagnostic 1.4-kbp fragment (8). When 
genomic DNA recovered from homozygous 
BS lvm~hoblastoid cells was analvzed with , , s  

this procedure, the 1.4-kbp fragment was 
observed (Fig. 2). However, two fragments 
were observed in DNA from cells trans- 
fected with the chimeric molecule. The 
presence of the 1.2-kbp fragment in addi- 
tion to the 1.4-kbp fragment indicates that 
the pS allele was partially corrected in a 
dose-dependent fashion. 

To measure the efficiencv of correction 
rapidly and sensitively, we adapted a poly- 
merase chain reaction (PCR)-based RFLP 
analysis (9). Primers were designed to yield a 
345-bp fragment spanning the site of the PS 
mutation after PCR amplification of genom- 
ic DNA. The fragment from normal cells 
contains a Bsu 361 recognition sequence and 
yields fragments of 228 and 117 bp upon 
digestion, whereas pS DNA contains the 
sequence CCTGTGG and remains refracto- 
ry to cutting. Analysis indicated that the 
345-bp DNA fragment amplified from SC1- 
treated pS cells was partially cleaved with 
Bsu 361, indicating correction of the muta- 
tion on some but not all chromosomes (Fig. 
3). The frequency of correction was depen- 
dent on the dose of the chimeric molecule 
(SC1) used in transfection. 

Direct sequencing of the PCR-amplified 
345-bp fragment was performed to confirm 
the T-to-A change in the coding strand. In 
the DNA sample from PS cells transfected 
with chimeric molecule SC1 (at a higher 
concentration than used in the RFLP map- 
ping), sequence analysis revealed an ap- 
proximately equal mixture of A and T res- 
idues at the site of the pS mutation (Fig. 
4A). DNA from untreated PS cells con- 
tained only T at that position and DNA 
from PA cells contained only A whether 
treated with SC1 or not (Fig. 4A) (10). PS 
cells transfected with the control chimeric 
molecule SC2 remained unchanged in se- 
quence after treatment (Fig. 4A). However, 

Fig. 1. Sequences of the chimeric oli- 
gonucleotides and of pS-, pA-, and 
6-globin. The site of mutation is indicat- 
ed by the asterisk in the PA and pS 
sequences. The homologous se- 
quence in the 8-globin gene is aligned 
with the corresponding sequence in 
the p-globin gene. The residues under- 
lined in 8-globin differ from those in PA. 
Chimeric molecule SCl contains 25 bp 
of sequence identical to that in PA, 
whereas the control oligonucleotide 
SC2 is identical to pS. DNA residues 
are capitalized and 2'-0-methyl RNA 
residues are in lowercase. 

some of the DNA from normal cells trans- 
fected with SC2 was partially converted to 
the pS mutant sequence as evidenced by a 
mixture of T and A residues at the site 
altered in the PA allele (Fig. 4A). These 
results indicate that the chimeric molecule 
can direct introduction or correction of mu- 
tations in the genome. 

Because the P-globin gene is a member of 
a family of related genes, there was the pos- 
sibility that one or more of the other globin 
genes might have been inadvertently altered 
as a conseauence of transfection with the 
chimeric molecule. The most likely candi- 
date for alteration was the 6-globin gene 
because it is more than 90% homologous to 
the P-globin gene. There is complete iden- 
tity over the 5-bp DNA-core targeting re- 
gion of the chimeric molecule SC1 and two 
single-base differences characterizing regions 
corresponding to the flanking RNA stretch- 
es. To investigate whether there were alter- " 
ations introduced into the 3-globin gene af- 
ter transfection of cells with the chimeric 
molecules, we sequenced 6-globin DNA as 
described above. When SC1 was used to 
transfect cells, no change was found in the 
6-globin sequence over the region of DNA 
homology spanned by the chimeric molecule 
(Fig. 4B). There was likewise no change 
found in the 6-globin sequence of DNA 
when SC2 was used to transfect cells (Fig. 
4B). The outcome in this latter case is in 
contrast to the observed change directed by 
SC2 in the PA-globin sequence (Fig. 4A). It 
is possible that the gene conversion mecha- 
nism responsible for the change might be 
inactivated when there is nonidentitv in the 
sequence spanned by the RNA region. 

As a minimal screen to measure the reac- 
tivity of the chimeric oligonucleotide on the 
rest of the genome, mutagenesis of the hypox- 
anthine-guanine phosphoribosyl-transferase 
(HPRT) gene was monitored. This gene en- 
codes an enzyme in the purine salvage path- 
way, and because it is X-linked, events at a 
single allele can be measured bv induction of " 
resistance to 6-thioguanine (1 1 ). In this ex- 
periment (day -4), PA cells containing a 

. . . A c  cTG ACT c c T  G& a G  AAG T c T  G c . .  . pS-globin 

... TG GAC TGA GGA CAC CTC TTC AGA C G . . .  

. . .AC CTG ACT CCT G& GAG AAG TCT G C . .  . pA-globin 

... TG GAC TGA GGA CTC CTC TTC AGA C G . . .  

. . .AX CTG ACT CCT GU GAG AAG ACT G C . .  . &globin 

... TA GAC TGA GGA CTC CTC TTC XGA C G . . .  

T GCGCG u g  g a c  u g a  g g A  CTC C u c  u u c  a g a  cg T 
T T SC1 
T T 

T CGCGC AC CTG ACT CCT GAG GAG AAG TCT GC T 
3'5' 

T GCGCG u g  g a c  u g a  g g A  CAC C u c  u u c  a g a  cg T 
T T SC2 
T T 

T CGCGC AC CTG ACT CCT GTG GAG AAG TCT GC T 
3' 5' 

Fig. 2. Southern hybridization analysis of DNA from 
SCl -treated cells. Genomic DNA from PA control 
cells and pS cells transfected with SC1 was cut 
with Bsu 361 and analyzed by Southern hybridiza- 
tion. Globin DNA from PA and pS migrates as 1.2- 
and 1.4-kbp fragments, respectively, indicated to 
the right. 

normal P-globin gene were transfected with 
SC2-DOTAP (Boehrineer Mannheim) for 16 - 
hours, and the conversion of the normal 
P-globin gene to the sickle cell genotype was 
analyzed with the PCR method described 
above (see Fig. 3). As shown in the inset of 
Fig. 4C, the cleavage of the PCR-generated 
fragment is reduced (PA + SC2, day O), in- 
dicating conversion from BA to BS. At this 
time (dgy O), 6-thioguaniAe was'added and 
cell survival was determined at various times 
up to 14 days. There was no significant differ- 
ence in cell counts during this period between 
the cell population treated with the chimeric 
oligonucleotide and the untreated cells (Fig. 
4C). On day 14, the conversion of PA to PS 
was measured in treated and untreated cells, 
and again, a detectable amount of PCR prod- 
uct remained uncleaved by Bsu 361 in the 
SC2-treated but not untreated samples, there- 

mmpp- 
Bsu 361 

Fig. 3. SCl directs correction of pS to PA in a 
dose-dependent manner. A 345-bp fragment 
spanning the site of the PS locus was generated 
by PCR and digested with Bsu 361. DNAfrom PA 
contains the sequence CCTGAGG and is cut by 
Bsu 361 to yield 228- and 117-bp fragments 
whereas pS DNA that has the sequence CCT- 
GTGG is resistant to digestion. 
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Fig. 4. (A) DNA sequence determination. Sequence analysis of the $- or targeted base. (C) HPRT targeting as a measure of random mutagenesis 
6-globin PCR products generated from cells transfected with 46 nM SC1 or induced by the chimeric molecule. Treated and untreated cells were incubat- 
SC2. The arrow designates the targeted base (A or T) for correction or ed with 6-thioguanine (6TG) for the indicated times, and cell survival was 
conversion. (8) Sequence analysis of the 6-globin PCR products generated measured directly by counting. PCR analyses were used to ensure that 
from cells transfected with 46 nM SC1 or SC2. The arrow designates the conversion occurred in treated cells at 0 and 14 days, respectively. 

by confirming the results obtained on day 0. B cells. The background mutagenesis level in 3. E. G. She-etd., A c d  sci, 88, 
4294 (1 991); J. L. Miller eta/., ibid. 91,101 83 (1 994); These obsewations suggest that treatment the TK6 cells was 1.0 x The mutation I. T. C. F. Meyer, 

with a chimeric molecule in a lymphoblastoid frequencies in the SC1 and SC2 chimeric ~lood 81,1384 (1 m). 
cell induces the desired mutation conversion treated cells were 2.1 x and 2.7 x 4. K. Yoon, A. Cole-stmuss, E. B. him. w. Nan. 

Acad. Sci. USA.  93, 2071 (1996). but is not generally mutagenic within the respectively. There was partial conver- 5. E. B. him, A. Cole-S trauss, W. K. Holloman, Mol. 
detection limits of the assay system. Hence, sion of the f3-globin locus in K562 cells at 47 MI. m. 14. 7163 (1994). - .. s - -  ,- 
the mibilitv of random .m"taeenesis. al- nM SC2. and these cells were also used for 6. ~eparin-t&ed blood was obtained from discarded 

thou& still p A t ,  is somewhat ;educed. an HPRT mutagenesis experiment. The 
$ ~ c a l ~ ~ $ O ~ ~ ~ & ~ g ~ , " ~ &  zdd:rBr 

This study shows that single base pair background mutagenesis frequency in these history nor symptoms of the disease. ~~~~~~~l~ 
alterations in B-globin genes of cultured cells was < 1.3 X The number of 6TG- cdls were prepared from blood (-8 ml) with density- 

Epstein-Ban virus (EBV)-transformed cells resistant colonies after treatment with SC2 
~ ~ ~ ~ D b & ~ ~ ~ ~ I ~ = ~ ' ; " , " I ~ ~  can be introduced in the mammalian ge- was <1.3 X 895-8 (Conell k&itute for Medical Research catalog 

nome uDon transfection with a chimeric 
RNA-DNA oligonucleotide. These find- 
ings could form the basis of an approach to 
gene therapy by providing an efficient 
method for sitedirected changes in targeted 
genes. We are aware, however, that other 
genes may not respond to such treatment 
and thus extensive o~timization studies for 
each target must be conducted. 

Note added in tn-oof: Conversion of the 
B-globin locus & ni t  been successful in 
TK6 cells, even though the uptake of a 
radiolabeled chimeric oligonucleotide was 
slightly better than in the EBV-transformed 
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numb& GM07404D). Infections were performed 
with addtion of 0.1 & of lectin PHA-L (~i$ma) in 10 
ml of RPMl medium supplemented with 20% fetal 
bovine serum in a T25 flask. Cultures were fed twice 
a week starting on day 5 and were considered to be 
established once 60 to 70% of the cells remained 
viable at day 21. 
The PA and pS lymphoid cells were maintained in 
RPMl medium containing 10% fetal bovine serum. 
Cells (1 x 105 per milliliter) were seeded in 1 ml of 
medium in each well of a 24-well tissue culture plate 
the day before the experiment. Transfections were 
performed by mixing chimeric okionucledies with 3 
pg of DOTAP (Boehringer Mannheim) in 20 pJ of 20 
mM Hepes, pH 7.3; incubating the M u r e  at room 
temperature for 15 min; and adding the mkture to the 
cultured cells. After 6 hours the cells were harvested 
by centrifugafion, washed, and pr@ for PCR am- 
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pf~cat ion (E. S Kam~asaki in PCR Protocols, M. A. 
nnis, D. H. Gelfand, J. J. Sninsky. T. J White. Eds. 
(Academic Press, New York 1990) pp. 146-1 52. 

8. For Southern blot analysis 10 k g  of genomic DNA 
was dgested with Bsu 361 and the fragments sepa- 
rated by electroptioress on a 0.7% agarose gel. Af- 
ter the DNA fragments were transferred to a nylon 
membrane, hybrldlzaton mias perforlned wlth a 32P- 
labeled, 1.2-kbp Bsu 361 PA-globn fragment cloned 
n pBR328 as the probe. 

9. For analysis of the P-gobln sequence the 345-bp 
PCR fragment mias prepared by amplfcaton from a 
crude cell ysate w~ th  primers BG02 (5'-TCCTAAGC- 
CAGTGCCAGAAGA) and BG05 (5'-CTATTGGT- 
CTCCTTAAACCTG) and Expand Taq polymerase 
(Boehr~nger Mannhem). For analysls of the 8-globn 
gene the same cell extracts miere used In amplflca- 
t ~ o n  reactions with primers DG06 (5'XTCACAAAC- 
TAATGAAACCCTGC) and DG07 (5'-GAAAACAGC- 
CCAAGGGACAG) to generate a 335-bp fragment. 
Gels were stained mlith SYBR green (FMC Bioprod- 
~ ~ c t s )  and fluorescence Intensities miere quantitated 
mlith a Molecular Dynamcs fluor~mager. DNA se- 
quencing was performed n both drectons w~ th  an 
A B  373A sequencer. 

10. There s a documented polymorphism In the thrd 
base of codon 2. A sm/~tch from C to T has been 
observed in this posltlon and IS evldent In the PA 

sequence [S. H. Orkn eta/. Natiire 296 627 (1 982)] 
o~ltslde the targeted reglon. 

11 FOLI~ flasks were seeded w~ th  24 m of PA cells at a 
concentration of 1 X 1 0%elIs per m~llil~ter. Two of 
the flasks were transfected for 16 hours wlth 47 nM 
SC2 chmer~c oi~gonucleot~de after mlhich the med-  
um was replaced. The cells rested for 3 days to allow 
for the expression of the HPRT-resistant phenotype. 
On day 0. 6-thioguanine was added (5 pg~ml )  to 
each of the SC2-treated and untreated flasks. The 
meda of these flasks was exchanged tmlce durng 
the experment. All cells were counted on day 0 and 
frequently thereafter for 14 days. The numbers are 
presented n Fg.  4C on a logarthmc scale Iustrat- 
Ing the kll curve of the 6-thioguanine-selected 
flasks. PCR anayss was performed on ;he control 
flasks on days 0 and 14 of the experment showng 
the persstence of the converson event [H L. Lber 
and W. G. T~lley Miitat. Res. 94 467 (1 98211. 

12. We are Indebted to members of E.B K, s laboratory 
for helpful suggestons throughout the course of t hs  
work, to H. Alder (Thomas Jefferson Unlverslty) for 
assistance in the drect DNA sequencing protocols 
and to A. Andrus (Applied Blosystems, Inc.) for pro- 
vldlng the chmerlc molecules. Supported by a grant 
from K~meragen, Inc 
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Enhanced Protein C Activation and Inhibition of 
Fibrinogen Cleavage by a Thrombin Modulator 

David T. Berg, Michael R. Wiley, Brian W. Grinnell* 

A modulator of the enzymatic activity of human thrombin, designated LY254603, was 
identified that enhances the thrombin-catalyzed generation of the anticoagulant factor 
activated protein C, yet inhibits thrombin-dependent fibrinogen clotting. By means of 
mutant substrates, it was shown that LY254603 mediates the change in enzymatic 
substrate specificity through an alteration in thrombin's S3 substrate recognition site, a 
mechanism that appeared to be independent of allosteric changes induced by either 
sodium ions or by thrombomodulin. This compound may represent the prototype of a 
class of agents that specifically modulates the balance between thrombin's procoagulant 
and anticoagulant functions. 

T h e  serine protease thrombin is the pi~,ot -  tivities (3 )  anil stimulating the thrombin- 
a1 cotltrolli~lg factor of all thrombosis, a catalyzed generation of activated protein C 
leading cause of death as well as of morbid- (aPC) in the  presence of Ca2+  (4,  5). 
itv associated with vascular disease. This Thromboinodulin's interaction ~ v i t h  
ellzyine plays a dual role in the regulation of 
blood coagulation. Thrombin's classical role 
is as a procoagulant enzylne that catalyzes 
the  conversion of fibrinogen to fibrin, but 
thrombin also acts as an  anticoagulant en- 
zynle by the proteolytic activation of pro- 
tein C, a key feedback regulator of the 
coagulatio~l cascade ( I  ) .  These opposing 
functio~ls are physiologically colltrolled by 
allosteric changes induced by Na t  ( 2 )  and 
cell-surface thrornbornodulin ( T M )  ( 3 ) ,  
which results in a change in thrombin's 
substrate specificity. T M  functions by di- 
rectly blocking thrombin's procoagulal~t ac- 

throlnbin via anion-binding site I (6 )  re- 
sults in a n  allosteric change that alters 
thrombin's substrate specificity (7). This 
allosteric change, at least in part, eliminates 
repulsive illteractiotls between Glu3%nil 
Glu19? ln thrombin (3 )  and the P3 a n ~ i  P3' 

acidic residues in protein C, which have 
been shown to contribute to the slow rate of 
activation by free a-thrombin (5, 8). In 
addition to these allosteric chanees in ac- " 

tive-site substrate specificity induced by 
macromolec~~lar  interactions at anion-bind- 
ing site 1,  recent studies by Di Cera et al. (2 )  
have dernonstrated that thrombin exists in 
two forms allostericallv controlled bv Naf  

Cardlovascular Research LI,iy Research Laho binding T h e  "fast" form of thrombin ( ~ a + -  
ratorles Indanapo~s IN 46285-0444, USA. bound) cleaves fibrinogen ~ v i t h  higher spec- 

*To mihorn correspondence should be addressed, ificity, whereas the "slo~v" form preferen- 
grinnellbrian@lilly.com tially cleaves protein C .  

We reasoned that if thrornbin existed it1 
multiple forins capable of recognizing differ- 
ent substrates, then it might be possible to 
identify agents that would shift the equilibri- 
urn fro111 one for111 to the other. Therefore, we 
tested approximately 8300 synthetic organic 
compou~lds from the Lilly Research Laborato- 
ries files (9) for agents that might increase the 
rate of thrombin-dependent activation of hu- 
man protein C .  Co~npoul~ds  that had a stirn- 
ulating effect on protein C activation by 
thrornbin were further analyzed for their effect 
on fibrinogen cleavage. Compounds with 
both thrombin activities were illspected for 
structural similarities, and, on the basis of that 
analysis, additional analogs were obtained 
from Lilly Research Laboratories files for com- 
parative bioche~nical evaluation. After t ~ v o  
iterations of this approach, LY254603 was 
identified (Fig. l A ,  inset). A t  the screening 
concentration of 25 kg/ml, the rate of throm- 
bin-catalyzed aPC generation was substantial- 
ly increaseil in the presence of LY254603, as 
shown by at1 approximate eightfold increase 
in the alnount of aPC generateil (Fig. 1A).  
The  compoulld had no effect on aPC ainido- 
lytic activity, as dernonstrated in control ex- 
periments 1vit11 preactivated protein C .  
Whereas the presence of LY254603 resulted 
in a marked stimulation in the ability of 
thrombin to cleave the protein C substrate, it 
also resulted in a marked reduction in the 
ability of thrombin to cleave fibrillogen (Fig. 
1B). These data suggested that we ide~ltified a 
compound capable of altering the substrate 
specificity of throinbin. 

The  effects of LY254603 on stimulation of 
protein C cleavage and reduction of fibrino- 
gen cleaving ability were dependent on con- 
centration. The conce~ltratioll required to 
double the rate of aPC generation in our 
assays was approximately 500 nh.I, a n ~ i  the 
rnaxilnal effect in this experiment reache~i a 
plateau at approximately a 10-fold increase 
(Fig. IC) .  This plateau appeared to be a result 
of the solubility of the compound in the re- 
action, as the ~naximal water. solubility \\.as 
observeii to be approximately 25 p M  The  
inhibitory effect of LY254603 on thrombin 
cleavage of fibrinogen was concentration-de- 
pendent within the saine range, as observed 
for the stimulating effect on protein C cleav- 
age (Fig. ID).  111 repeateil experiments, the 
median inhibitory collcentration (ICj,) for 
fibrinogen clotting and the cotlcentration for 
half-maximal stimulation of protein C cleav- 
age ~vere both -3 kM. The  -10-fol~i increase 
in aPC generation with the more than 95% 
decrease in fibrinogen clotting (at the same 
co~lcetltratio~ls of both thro~nbitl and 
LY254603) effectively yields a shift of at least 
several hulldredfold it1 thrombin's differential 
cleavage specificity. LY254603 significantly 
extended the activated partial thromboplastin 
clotting time in human plasma (16 i 5 s at 40 
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