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zyme from the strain selected as a 
product of the mixed infection (the re- 
sistant P. berghei) should be readily 
discernable. The data support this as- 
sumption; major differences were found 
between the dihydrofolate reductases 
of the sensitive and resistant P. berghei 
strains (Tables 1 and 2). The enzyme 
from the resistant strain had a ninefold 
higher Vm,ax, a tenfold higher Km value 
for dihydrofolate, and a 20-fold in- 
crease in the 50 percent inhibitory con- 
centration for pyrimethamine, as com- 
pared to the enzyme from the sensitive 
P. berghei (Table 1). Also, the resist- 
ant P. berghei enzyme was stimulated 
less effectively by KC1 than the enzyme 
from the resistant strain (Table 2), and 
the inhibition of the enzyme by pyri- 
methamine was unaffected by prior in- 
cubation with dihydrofolate (Table 1). 

The possibility that extracts of the re- 
sistant P. berghei contained a mixture 
of separate molecules of the enzyme 
from the resistant P. vinckei and the 
sensitive P. berghei was investigated. 
Inspection of curves of percentage in- 
hibition plotted against the logarithm of 
pyrimethamine concentrations for the 
enzymes from the latter two strains re- 
vealed that there is a range of pyri- 
methamine concentrations (0.8 X 10-8 
to 4.0 X 10-8M) in which the sensi- 
tive P. berghei enzyme is completely in- 
hibited and the resistant P. vinckei is 
unaffected. The 50 percent inhibitory 
concentration of pyrimethamine found 
for the enzyme from the resistant P. 
berghei (1 X10-8M) fell within this 
range of concentrations; thus, if it were 
a mixture, it would have to contain 
equal amounts of the two enzymes, and 
a graph of the percentage inhibition 
versus the logarithm of pyrimethamine 
concentration would be expected to 
show a broad "plateau" at this range 
of concentrations. Such a plateau was 
in fact observed when a prepared mix- 
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ture (1: 1) of the enzyme from the 
resistant P. vinckei and from the sensi- 
tive P. berghei was tested for inhibition 
by pyrimethamine. However, the curve 
for the resistant P. berghei did not 
show this plateau. A straight line was 
obtained with the same slope as in the 
case of the other three enzymes; thus 
it was concluded that the dihydrofolate 
reductase was not a mixture of the en- 
zyme from the "donor" and "recipient" 
strains. 

The properties of the dihydrofolate 
reductase from the resistant P. berghei 
were intermediate in character between 
those of the resistant P. vinckei and the 
sensitive P. berghei. The marked dif- 
ferences among the enzymes from the 
various strains suggest that the protein 
structures of these enzymes are not 
identical. In the resistant P. vinckei 
this is presumably due to a mutant gene 
or genes coding for an altered dihydro- 
folate reductase, selected during the de- 
velopment of resistance to pyrimetha- 
mine. It seems likely that only part of 
the gene or genes responsible for cod- 
ing of the enzyme of the donor strain 
would be transferred to the recipient. 
Hotchkiss and Evans (8) and Sirotnak 
et al. (9) have reported on multiple 
gene sites involved in drug resistance 
in bacteria, in which different degrees 
of resistance could be transferred in 
transformation experiments. Also, al- 
tered dihydrofolate reductases are pres- 
ent in mutant strains of antifolate-re- 
sistant bacteria (8, 10). The experi- 
ments reported here, and previously (2), 
indicate that these phenomena can occur 
in plasmodia. It may be difficult to de- 
termine the mechanism by which the 
transfer occurred in view of the ab- 
sence of techniques for genetic anal- 
ysis in plasmodia. However, by ar- 
ranging conditions to allow for bio- 
logical filtration, and by detailed analy- 
sis of the genetic marker chosen, our 
studies support the contention that 
transfer of genetic material among plas- 
modia is possible. 
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Wellcome Research Laboratories, 
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Mixed Lymphocyte Reactions and 

Tissue Transplantation Tolerance 

Abstract. The induction of tolerance 
of Lewis histocompatibility antigens in 
BN rats inoculated at birth with BN/ 
Lewis F1 hybrid bone marrow cells, as 
revealed by the prolonged survival of 
Lewis skin grafts, is accompanied by 
markedly decreased reactivity in the 
mixed lymphocyte interaction. Blood 
lymphocytes from animals inoculated 
with lymph node cell suspensions also 
display diminished proliferative reac- 

tivity to hybrid BN/Lewis cells in the 
interaction. However, these recipients 
are not tolerant of Lewis skin grafts. 
Blood lymphocytes from BN rats inocu- 
lated neonatally with Lewis thymocytes 

fail to display any level of unrespon- 
siveness in vitro, and such animals are 
not tolerant of Lewis skin grafts. The 
results suggest that in rats skin and 
marrow cells have histocompatibility 
antigens that are absent or poorly ex- 

pressed on lymph node cells and thymo- 
cytes. 

In rats, bone marrow cells constitute 
the only effective means by which neo- 
natal recipients can be rendered tol- 
erant of Ag-B incompatible skin grafts 
(1), that is, skin grafts that differ from 
their host at the major histocompati- 
bility locus of the species (2). By com- 
parison, cells derived from the spleen 
and lymph nodes are poor in inducing 
tolerance of these grafts and thymo- 
cytes are ineffective (3). Nonetheless, 
there is evidence that rats inoculated 
at birth with Ag-B incompatible lymph 
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parison, cells derived from the spleen 
and lymph nodes are poor in inducing 
tolerance of these grafts and thymo- 
cytes are ineffective (3). Nonetheless, 
there is evidence that rats inoculated 
at birth with Ag-B incompatible lymph 
node or splenic cells are persistent cellu- 
lar chimeras. Blood leukocytes from 
these animals will immunize isologous 
recipients against skin homografts from 
the donor strain (4); and a high pro- 
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portion of these rats will succumb to a 
graft-versus-host reaction if specifically 
sensitized lymphocytes from the donor 
strain are administered to them in num- 
bers that ordinarily would have no ef- 
fect on normal recipients (4). Situations 
where cell chimerism persists in the 
absence of tolerance of skin homo- 
grafts have also been described for 
mice (5), cattle (6), and man (7). 

Peripheral blood lymphocytes de- 
rived from rats made tolerant by inocu- 
lation at birth with Ag-B incompatible 
bone marrow cells have been shown to 
be specifically unreactive in the mixed 
lymphocyte interaction (MLI) (8). This 
inability to be stimulated in vitro by 
cells bearing the tolerance-inducing 
antigens is thought to reflect the state 
of induced specific immunological tol- 
erance of skin homografts in vivo. It 
therefore seemed important to deter- 
mine whether the poor results in in- 
ducing tolerance of skin homografts in 
rats with lymph node cells or thymo- 
cytes was associated with a change in 
reactivity of cells from such animals in 
the MLI. The absence of any signifi- 
cant proliferative activity by lympho- 
cytes from these animals when exposed 
in culture to cells bearing the toler- 
ance-inducing antigens, concomitant 
with the failure of these animals to 
accept test skin homografts, might im- 
ply that tolerance of cells derived from 
one tissue may not necessarily extend 
to cells of another tissue of the same 
genetic origin. 

Rats of the isogenic BN (Ag-B3) 
strain were inoculated within 24 hours 
after birth with either 30 X 106 bone 
marrow, lymph node, or thymus cells 
obtained from young adult BN/Lewis 
(Ag-BW/Ag-B1) F1 hybrids (9). Hybrid 
donors were used to avoid lethal graft- 
versus-host reactions. Proliferative re- 
activity of the peripheral blood lympho- 
cytes from these recipients was tested 
in the MLI when the animals were 8 
weeks old. One million blood lympho- 
cytes derived from each of them were 
mixed in culture with 1 million BN/ 
Lewis F1 hybrid lymphocytes accord- 
ing to procedures described in detail 
by Wilson (10). The use of this experi- 
mental design provides a unidirectional 
response, since previous studies have 
shown that proliferating cells in paren- 
tal-F1 cultures are almost exclusively of 
parental origin (8). The activity obtained 
in these mixtures was compared with 
the activity of cells from normal BN 
rats mixed with F1 hybrid cells. All cul- 
tures were conducted in triplicate in a 
volume of 1 ml of culture medium with 
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Table 1. Mixed leukocyte responses and skin homograft reactions of BN rats inoculated at 
birth with Lewis cells of different origin. 

Distribution of mixed 
leukocyte responses (dasuv 

Cells Re- (% of controls)* (y 
ells .cipients injected Highly Not injected (No.) Highly Tolerant Not 

(0-40) (> 40) tolerant (14-0) tolerant 
(> 50) (< 14) 

Bone marrow 16 16 0 11 4 1 
(15.9 + 6.1)? 

Lymph node 15 12 3 0 0 151 
(25.3 ? 5.8) (60.6 ? 13.6) 

Thymus 14 0 14 0 0 14? 
(112.1 + 19.8) 

* Percentages were calculated from the "peak" response of each animal. t Mean percent of con- 
trol response (? 2 S.E.). $ MST, 8.5 ? 1.2 days. ? MST, 8.0 + 0.3 days. (The MST of Lewis 
grafts on BN hosts is 8.1 ? 0.4 days.) 

10 percent fresh rat serum. In vitro ac- 
tivity was assessed on day 5 and day 6 

by adding tritiated thymidine ([3H]TdR, 
0.1 ml containing 0.25 ,tc; 6.7 c/mmole) 
16 hours before harvesting the cul- 
tures. Incorporation of [3H]TdR into 
the acid-insoluble (trichloroacetic acid) 
fraction was determined by liquid scin- 
tillation spectrometry (10). 

All neonatally inoculated animals, as 
well as a panel of normal adult BN 
hosts, were grafted with Lewis skin 
within 1 week after they provided cells 
for the assay in vitro. Survival of the 
test grafts was scored daily after the 
initial 8-day inspection (11). 

Finally, leukocytes from some of the 
animals inoculated with lymph node 
cells were retested for in vitro activity 
6 months after graft rejection to deter- 
mine whether the tolerant state, as as- 
sessed by this assay, had changed. 

The results of the comparison of 
proliferative activity of cells in the 
MLI and survival of test skin homo- 
grafts on subjects inoculated at birth 
with homologous cells of different origin 
are presented in Table 1. As expected, 
the majority of animals inoculated with 
bone marrow cells proved to be highly 
tolerant of test skin homografts (such 
grafts survived for more than 50 days) 
and all of them were comparatively un- 
reactive in the MLI. 

The groups inoculated with lymph 
node cells or with thymocytes, on the 
other hand, displayed some interesting 
differences. None of them proved to be 
even partially tolerant in terms of skin 
graft survival. The median survival 
time (MST) of test grafts on these ani- 
mals was not different from that of 
normal first-set homografts on un- 
treated animals (Table 1). However, 
whereas blood lymphocytes from most 
of the rats inoculated with lymph node 
cells proved to be comparatively non- 
reactive in the MLI, lymphocytes from 
rats that had been inoculated at birth 

with thymocytes gave proliferative re- 
sponses similar to those of cells from 
normal animals. 

Finally, although some change in the 
in vitro activity was observed when the 
MLI was repeated on ten lymph node 
cell recipients 6 months after they had 
acutely rejected Lewis skin grafts, their 
postgrafting responses were still signifi- 
cantly reduced and in all but two ani- 
mals remained less than 40 percent of 
control values. 

These experiments show that BN 
rats inoculated at birth with BN/Lewis 
lymph node cells may reject Lewis skin 
grafts with the vigor and promptitude 
of normal animals, even though their 
blood lymphocytes are significantly less 
reactive to Lewis cells in culture. The 
basis for this paradox is unknown. One 
possibility is that bone marrow and 
skin cells share an antigen(s) that is 
poorly represented on lymph node cells 
so that tolerance induced with bone 
marrow cells extends to skin and is re- 
flected by the lack of proliferative ac- 
tivity to leukocyte-borne antigens in the 
MLI; tolerance induced with lymph 
node cells, on the other hand, extends 
only to the antigens on lymphocytes. 

A complete absence in lymphocytes 
of one or more of the important Ag-B 
antigenic specificities present on skin 
cells does not seem very likely since 
neonatal treatment with high dosages 
(5 30 X 106) of lymph node cells oc- 
casionally does result in rats' accepting 
skin grafts indefinitely (12). This could, 
however, be due to the presence of 
marrow-derived cells in the suspen- 
sions lemployed. 

It is also unlikely that bone marrow 
cells and skin differ from lymph node 
cells with respect to some non-Ag-B 
determined antigen(s) since lymph node 
cells (and thymocytes) are effective in 
inducing high degrees of tolerance of 
subsequent skin grafts when donor and 
host are Ag-B compatible (1), unless 
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the presence of Ag-B antigens inter- 
feres with the ability of node cells to 
induce tolerance of other than Ag-B 
factors. The MLI occurs only between 
Ag-B incompatible cells (13). 

A deficiency of one or more of the 
Ag-B specificities present in marrow, 
lymph node, and skin cells seems a 
more likely explanation for the tolero- 
genic shortcoming of thymocytes, since 
lymphocytes from rats inoculated at 
birth with these cells are fully reactive 
in vitro. Furthermore, high degrees of 
tolerance of skin grafts have never been 
induced by inoculation of these cells 
(3). It may be pertinent that in mice 
the content of H-2 isoantigen in thymus 
cells is significantly reduced in the pres- 
ence of thymus-specific antigens (14). 
Another, although less likely, possi- 
bility is that thymocytes fail to reach 
or persist in the appropriate organs of 
the host for tolerance to be induced. 

Although all available evidence sug- 
gests that skin grafts are more exacting 
in their histocompatibility requirements 
than homografts of other organs-kid- 
ney, liver, heart, and so forth (15)-it 
remains to be determined whether the 
poor ability of lymph node cells and 
thymocytes to induce tolerance when 
tested with skin grafts applies to homo- 
grafts of other organs as well. This 
question is currently under investiga- 
tion. 
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Condensing agents such as dicyclo- 
hexylcarbodiimide (1), mesitylene sul- 
fonyl chloride (2), and triisopropylben- 
zene sulfonyl chloride (3) are used 
usually for the synthesis of phospho- 
diesters in oligodeoxyribonucleotides. 
As a new approach to phosphodiester 
synthesis, Borden and Smith (4) de- 
scribed the synthesis of nucleoside-3t,5 
phosphates in strong anhydrous base. 
In this method the phosphate in the 3' 
or 5' position of a nucleotide bearing a 
suitable leaving group (p-nitrophenox- 
ide) undergoes nucleophilic attack by 
the ionized 5'- or 3'- hydroxyl group 
of the sugar to form the intranucleo- 
tide bond. We now have used this prin- 
ciple to form the internucleotide bond. 
The reaction of suitably protected nu- 
cleosides and nucleotides is carried out 
with anhydrous potassium tertiary bu- 
toxide as the base and fluoride as the 
leaving group on the phosphate (Fig. 1). 
A stepwise synthesis is possible with the 
use of protecting groups of different 
stability in acid (Fig. 1, R and R'). 

The preparation of TpT by this 
method was as follows. DMTr-Tpr, (6) 
(20.4 btmole) and T-MMTr (10.7 ,tmole) 
in dimethylformamide (1 ml) were re- 
acted with molar potassium tertiary 
butoxide in hexamethylphosphoramide 
(0.6 ml) for 15 minutes at room tem- 

perature. The reaction was stopped by 
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addition of cation exchanger (Bio-Rad 
AG 50 W-X2, pyridinium form) (2 ml). 
The resin was filtered off and washed 
with 50 percent ethanol, and the com- 
bined filtrate was reduced to a gum by 
rotary evaporation. The methoxytrityl 
groups were removed by hydrolysis in 
80 percent acetic acid (4 hours, 30?C) 
and subsequent ether extraction from a 
water solution, TpT was then isolated 
by DEAE-cellulose chromatography or 
by a combination of ion-exchange 
chromatography and paper chromatog- 
raphy (7). Based on the amount of 
T-MMTr used, the yield of TpT iso- 
lated was 90.5 percent. 

Yields of TpT obtained under vari- 
ous reaction conditions are shown in 
Table 1. These indicate the following. 
(i) Dimethylformamide is a better sol- 
vent for this reaction than dimethylsulf- 
oxide; (ii) the yields are relatively in- 
dependent of the excess of potassium 
tertiary butoxide used in the reaction; 
(iii) high yields of TpT are obtained 
with only a twofold excess of the phos- 
phorofluoridate over the nucleoside 
component; and (iv) the reaction is fast 
and probably complete in 10 minutes. 

In these reactions, thymine was al- 
ways one of the by-products, indicating 
breakdown of the glycosidic linkage. In 
a 15-minute reaction with a tenfold 
excess of base 2.3 percent of all glyco- 
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Table 1. Preparation of thymidylyl-(3',5')-thymidine. The starting compounds for these 
reactions were dissolved in 1 to 2 ml of the indicated solvent and reacted with potassium 
t-butoxide at room temperature. The products were isolated by ion-exchange chromato- 
graphy and paper chromatography after the protecting groups had been removed by hydrolysis 
in acetic acid. 

Potassium Reaction TpT 
T-MMTr Nucleotide/ t-buotoxide/ Solvent time formed 

reacted with T-MMTr ionizing (min) (%) 
group 

DMTr-Tp,. 1.9 10 DMF 15 87 
DMT-Tpv, 2.1 10 DMSO 15 17 
MMTr-TpF 4.4 6 DMF 10 87 
DMTr-Tpp 1.8 1.5 DMF 15 80 
DMTr-Tpr 1.9 1.5 D F 'IF 2 49 
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Oligodeoxyribonucleotides: Chemical Synthesis in Anhydrous Base 

Abstract. The sugar hydroxyl of a methoxytrityldeoxyribonucleoside reacts with 
a mnethoxytrityldeoxyribonucleoside phosphorofluoridate in dimethylformamide 
and potassium tertiary butoxide to yield the protected dinucleoside monophosphate. 
The reaction is fast and specific, and is used in a stepwise synthesis to prepare 
trinucleoside diphosphate and tetranu cleoside triplhosphate. 
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