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Overlapping Nucleotide Determinants for Specific 
Aminoacylation of RNA Microhelices 

A seven-base pair microhelix that recapitulates a glycine transfer RNA (tRNA) 
acceptor helix can be specifically aminoacylated with glycine. A single base pair and the 
single-stranded discriminator base near the attachment site are essential for aminoacyl- 
ation. These nucleotide sequence elements, and those in microhelices that can be 
charged with histidine and alanine, occur in the same positions and therefore overlap. 
Studies on a systematic set of sequence variants showed that no microhelix could be 
charged with more than one amino acid. Also, none of the three cognate aminoacyl- 
tRNA synthetases (aaRSs) gave a detectable amount of aminoacylation of the CCA 
trinucleotide that is common to the 3' ends of all tRNAs, showing that the specific 
acceptor stem nucleotide bases confer aminoacylation. An analysis of the relative 
contributions of these microhelices to overall tRNA recognition indicates that their 
interaction with aaRSs constitutes a substantial part of th;: recognition of the whole 
tRNAs. 

T H E  AMINO ACID ACCEPTOR STEM 

and the anticodon are common loca- 
tions of the major determinants of 

aminoacylation specificity (1, 2). The accep- 
tor stem is itselfa substrate for alanine a d  
histidine aaRS (3-6). In these cases, each 
respective tRNA has been shown to have its 
major determinant located in the acceptor 
stem [G3:U70 for tRNAALa (2, 3) and the 
unique G-1:C73 for tRNAHis (6, 7)l.  
~ h e s e  observations, the early proposal (8) 
[substantiated by recent experiments (4, 
9-12)] that the N73 nucleotide in the accep- 
tor stem acts in general as an important part 
of the system of tRNA identity elements, 
and the highly differentiated interactions 
between acceptor helm elements and syn- 

thetases that have been elucidated in the 
three-dimensional structures of Escherichia 
coli tRNAG1" (13, 14) and Saccharomyces 
cerevisiae tRNAASP (15) with their respective 
enzymes suggest that further examples of 
amino acid-specific aminoacylation of ac- 
ceptor stem microhelices might be found. As 

additional possibility, we investigated a 
tRNA for which anticodon nucleotides are 
implicated as at least part of the tRNA 
identity system. Early genetic studies sug- 
gested that Gly tRNA synthetase recognizes 
the anticodon nucleotides C35 and C36 
(16). However, alteration of the tRNG$Z 
anticodon to CUA yields an efficient Gly- 
inserting amber suppressor (1 7 ) ,  suggesting 
that, for this isoacceptor, nucleotide deter- 
minants outside of the anticodon are also 

Department of Biology, Massachusem Institute of Tech- important for aminoacylation. The conser- 
nolow, Cambridge, MA 02139. vation of the first four acceptor stem base -. . - 

pairs and U73 among all hree tRNAG1y 
*Present address: Department of Biochemistry, Univer- 
sity of Vermont College of Medicine, Burlington, VT isOacce~tOrs (I8) prompted us to design a 
05405. set of oligonucleotide substrates with poten- 

tial Gly acceptor stem determinants, both 
alone and in conjunction with determinants 
for Ala and His. 

We found that a seven-base pair micro- 
helix based on the acceptor stem sequence of 
tRN@zc can be specifically aminoacylated 
with Gly (microGIY, Fig. 1A). The charging 
by GlyRS was less than the rate of ami- 
noacylation of microALa and microHis with 
their cognate enzymes (19). The kinetic 
parameters for microGIY aminoacylation 
with purified GlyRS were as follows: the 
Michaelis constant K, = 45 p,M and the rate 
constant kcat = 3 x lop3 s-'; for aminoacyl- 
ation of tRNAG$ under similar conditions, 
K, = 0.6 p,M and kcat = 3.5 s-'. Neither 
microALa nor microHi"as aminoacylated 
with Gly, which suggests that although the 
charging of microGIY by GlyRS was less effi- 
cient than the charging of rnicrohelices by the 
other two aaRSs, aminoacylation of rnicrohe- 
lices by GlyRS is sequence specific. 

Because microGIY retained specificity for 
Gly and could not be misacylated with other 
amino acids, we predicted that, as in the case 
of microALa and microHis, aminoacylation of 
Gly rnicrohelices might also be dependent 
on one or more sequence determinants 
among the nucleotides found at N73,2:71, 
and 3: 70. To characterize the effect of these 
potential determinants on each of the three 
aaRSs, we constructed 13 sequence variants 
based on a reference stem-loop sequence 
(Fig. 1B). In the 13 variants selected, se- 
quences from the cognate microhelices (Fig. 
2, constructs 1,6,  and 13) were grouped in 
different combinations to help to identify 
sequences necessary for Gly acceptance. 
Constructs 1, 6, and 13 contain the nucleo- 
tides at positions N73, 2:71, and 3:70 that 
are unique to the isoacceptors of tRNAALa, 
tRNAHi" and tRNAGIY, respectively, in the 
context of the reference stem- loo^. 

As observed with the parental microhelix 
(Fig. lA), there was no aminoacylation of 
microhelices 1, 6, and 13 with either of the 
other two noncognate amino acids (Fig. 3). 
These variants were aminoacylated by their 
cognate enzymes with efficiencies equal to 
those of their parental variants. Thus, the 
specificity and efficiency of aminoacylation is 
retained in the context of the reference 
structures and is largely determined by the 
2:71, 3:70, and N73 nucleotides. 

The 13 sequence variants were tested in- 
dividually as-substrates for aminoacylation 
by each of the three aaRSs. Each aaRS 
aminoacylated a unique subset of these 13 
variants, and none of the variants was ami- 
noacylated by more than one enzyme (Fig. 
2). Sequence determinants in microhelices 
specific for GlyRS were studied with all of 
the constructs.- he most efficient aminoacyl- 
ation was achieved with the G3:C70, 
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C2:G71, U73 microhelix (microhelix 13). 
These nucleotides are conserved among the 
three tRNAGIY isoacceptors (18). A single 
base or base pair substitution was intro- 
duced at each of the three positions (micro- 
helices 8 through 12). Because microhelices 
8, 9, 10, and 12 lack G3:U70 and 
G- 1:C73, they are aminoacylated with nei- 
ther Ala nor His. Also, there was no detect- 
able aminoacylation of microhelices 8, 9, 
and 10 with Gly, in which U73 (microheli- 
ces 8 and 9) and C2:G71 (microhelix lo),  
respectively, were individually changed. In 
contrast, G3:C70 to G3:U70 or to A3:U70 
substitutions (microhelices 11 or 12) only 
reduced the efficiency of aminoacylation 
with Gly. These data suggest that both 
C2:G71 and U73 are required for ami- 
noacylation with Gly. 

We confirmed that previously identified 
primary determinants for recognition 
(G3:U70 for AlaRS and G-1:C73 for 
HisRS) are required for efficient aminoacyl- 
ation in the context of the reference stem- 
loop. Additional sequence elements were 

Fig. 1. Ala, His, and Gly microhelices and the 
derivation of the reference stem-loop sequence. 
(A) Comparison of Ala, His, and Gly microhelices 
that are based on the sequences of the cognate 
tRNAs. Nucleotides in solid boxes are common 
to all three sequences, and those in dashed boxes 
are shared by microMa and microHi? Numbering 
of microNa is based on that of the full-length 
tRNA. (B) Reference stem-loop sequence. Nucle- 
otides common to all of the microhelices used in 
this study are indicated. Bold dashed lines indicate 
nucleotides that were systematically varied. The 
nucleotides shared by microMa and microHi%ere 
used for the sequence of the lower four base pairs. 
Two of these base pairs (G4:C69 and A7:U66) 
are also shared by microG1y, whereas the other 
two (5:68 and 6:67) are not conserved among 
tRNAGIY isoacceptors. The loop sequence, which 
previous work had suggested is unimportant for 
aminoacylation of microhelices with Ala or His 
( 3 4 ,  was arbitrarily derived from the W C  loop 
of tRNAHi? RNA microhelix substrates were 
prepared by in vitro RNA synthesis with synthetic 
DNA templates and purified T7 RNA polymerase 
(25). The T7 RNA polymerase used in these 
studies was purified from E. coli strain BL21/ 
pAR1219 by the method of Grodberg and Dunn 
(26). A fivefold molar excess of guanosine 5'- 
monophosphate over guanosine 5'-triphosphate 
was included in these reactions to ensure that the 
transcripts initiated with 5'-monophosphates 
(25). The transcription products were purified by 
preparative gel electrophoresis, followed by elu- 
tion of the nucleic acids from the crushed gel slices 
bv diffusion. The RNA concentration of the 

identified that are not uniquely required for 
aminoacylation by AlaRS and HisRS but that 
do modulate charging. Thus, changes at 2:71 
and 3:70 decreased but did not abolish ami- 
noacylation by HisRS (Fig. 2, microhelices 4, 
5, and 7), whereas for AlaRS, the introduc- 
tion of U2:A71 substantially reduced but did 
not prevent aminoacylation (Fig. 2, microhe- 
lix 2). 

However, when G-1:C73 was intro- 
duced, G3:U70-dependent aminoacylation 
with Ala was completely blocked (microhe- 
lix 4 versus microhelix 1). (A low but repro- 
ducible extent of aminoacylation was ob- 
served with a variant containing U- 1:A73.) 
Thus, the major determinant for His identi- 
ty is a blocking determinant for AlaRS that 
overrides the G3:U70 base pair. This result 
implies that aminoacylation with Ala and 
His ,is mutually exclusive. None of the Ala- 
or His-accepting microhelices was ami- 
noacylated with Gly. Because C2:G71 and 
U73 are important for Gly acceptance, these 
nucleotides were introduced into Ala- and 
His-specific substrates. These substitutions 

-1 fJ - 76 

U-A 

e 7 0  

dm 
U A  

C G  A 

Reference stem-loop 
Geparations was determined from absorbance at 
260 nm with a calculated extinction coefficient of 18.1 x lo4 M-' cm-' (27). CCA was chemically 
synthesized on a Gene Assembler Plus Synthesizer (Pharmacia LKB, Piscataway, New Jersey) with the 
use of fully protected diisopropyl-p-cyanoethyl ribonucleotide phosphoramidites. The product was 
purified on a C,, high-pressure liquid chromatography (HPLC) column (VYDAC, Hesperia, 
California). The aaRSs were purified to near homogeneity as described (6, 28, 29). In general, this 
method consisted of cell lysis and extract clarification, Mono Q fast protein liquid chromatography, and 
Superose 6 or 12 chromatography (Pharmacia LKB). The active fractions identified by aminoacylation 
assay and sodium dodecyl sulfate-(SDS) gel electrophoresis were pooled, concentrated, and brought to 
50% glycerol before storing at -20°C. 

together block aminoacylation with Ala (mi- 
crohelix 11 versus 1). Because an A73 to 
U73 substitution reduces but does not pre- 
vent aminoacylation with Ala (4 ) ,  we inves- 
tigated the effect of C2:G71 alone (micro- 
helix 3). The C2:G71 Gly determinant, like 
the G- 1:C73 His determinant, blocks ami- 
noacylation with Ala and overrides the pos- 
itive G3:U70 Ala determinant (see below). 

Similarly, the presence of the Gly-specific 
determinants U73 and C2:G71 blocks ami- 
noacylation with His (microhelix 6 versus 
13). Although U73 replaces the major His 
determinant G- 1:C73 and is itselfsdficient 
to prevent aminoacylation with His (micro- 
helix 10 versus 6), the U2:A71 to C2:G71 
substitution alone reduces aminoacylation 
efficiency (microhelix 7). Also, whereas the 
Gly determinants interfere with aminoacyla- 
tion by HisRS and AlaRS, the converse 
relation also holds. Either a U73 to 
G-1:C73 (His determinant, microhelix 13 
versus 7) or a U73 to A substitution (Ala 
determinant, microhelix 13 versus 8) is suf- 
ficient to prevent Gly acceptance. 

The overlapping nucleotide determinants 
for aminoacylation of microhelices with Ala, 
Gly, and His are summarized in Fig. 4. The 
major determinants are shaded, and those 
that have a secondary or modulatory role 
[compare with ( 4 ) ]  are boxed. In general, 
the boxed nucleotides can be replaced with 
at least one alternative without elimination 
of aminoacylation of an oligonucleotide that 
has the essential major determinant or deter- 
minants for charging with a specific amino 
acid. The role of the Gl:C72 base pair that 
is common to all three tRNAs has not been 
investigated here and thus cannot be ruled 
out explicitly as a contributor to the identity 
of any or all three of the tRNAs. 

These results suggest a highly differenti- 
ated complementarity between AlaRS, 
GlyRS, and HisRS and the acceptor stems 
of their respective tRNAs. This highly spe- 
ci6c complementarity may be in part ob- 
scured with full-length tRNAs, in which 
interactions outside of the acceptor stem 
may compensate for a less than exact fit of an 
acceptor helix with a particular aaRS. These 
considerations reflect the need for an analyt- 
ical estimate of the relative contribution of 
the acceptor stem to the identity of the 
full-length tRNA molecule. 

Much of the specificity of tRNA recogni- 
tion occurs at the transition state of catalysis 
and is reflected in kcat (1, 7-12). For AlaRS 
and HisRS, kcat for the respective microhelix 
substrate is reduced to about one-twentieth 
of the kc,, for the cognate tRNA. However, 
for GlyRS, kc,, for microG1y is reduced to 
about one-thousandth of that of the intact 
tRNA. This deficiency, although small in 
terms of activation free energy (-4.3 kcal 
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Mlcrohellx acceptor sequence 
I 2 3 4 5 6 7 8 9 10 11 12 13 

Fig. 2. Aminoacylation of microhelix sequence variants by AlaRS, HisRS, and GlyRS. The nucleotides 
that have been varied in each case are shown; other nucleotides in the structures are as shown in Fig. 
1B. Reaction conditions were as described (21). Relative activities of the various substrates with the 
three different aaRSs are indicated by (+) and (-). Microhelices 1, 6, and 13 have the nucleotides at 
positions 2:71, 3:70, and 73 that are unique to the isoacceptors of tRNAaa, tRNAHi" , and tRNAGIY, 
respectively. The activity of each of these three substrates (*) is taken as the reference level (++ +). In 
absolute terms, the rate of aminoacylation of microG1y (as measured from VmJKm) is at least 
one-thirtieth of that of the microHikd  microaa. Each decrease of about one-tenth in the initial rate 
of aminoacylation (at a constant concentration of 50 CLM of RNA) relative to the cognate substrate is 
indicated by the deletion of a plus (+). The minus (-) indicates an initial rate of incorporation 
of that of the cognate microhelix. (With the exception of variant 3, of which the rate of charging with 
Ala was - of microaa, charging of other substrates indicated by a minus was typically equal to that 
of negative controls.) Each of the combinations of microhelix and aaRS was assayed at least twice. 

Glycine 

mol-l), suggests the importance of se- 
quences outside of the acceptor stem for 
specific aminoacylation. The importance of 
sequences that are outside of the acceptor 
stem is reinforced by the elevated Km values 
for microhelix substrates [one to two orders 
of magnitude larger ( 3 4 1  compared to 
Ill-length tRNAs. 

The operational rate of aminoacylation k 
(VmJKm; Vm, = maximum velocity) is 
proportional to exp(-AGot/~T), where 
AG"~ is the free energy of activation, R is the 
gas constant, and T is temperature (20). The 
lowering of AGOt by enzyme action results 
in rate enhancement and catalysis. The mag- 
nitude of this reduction in activation free 
energy (AAGot) is given by -RTln(kcaJ 

k,,,). Similarly, the reduction in AAGot by 
the enzyme interaction with a microhelix 
that is specifically aminoacylated versus 
enzymatic aminoacylation of the CCA trinu- 
cleotide (which is common to all tRNAs 
and microhelices) is given by A A C t  = 
-RTln(kmicrohellx/kCCA)~ and for a tRNA/ 
microhelix comparison the relevant energy 
change is A A G t  = -RTln(k,Jk,c,he,). 
Relative kinetic parameters (expressed as 
kmutan Jkwild.*) have been used in the com- 
parison of mutant versus wild-type tRNA 
sequences (1, 7, 9, 10). 

The relative contribution of the acceptor 
stem to tRNA recognition is difficult to 
analyze because highly sensitive measure- 
ments of the aminoacylation of adenosine or 

- 
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Histidine 

- 

3.  

1. 
Aianine Glycine 

W W . L  *A J , ,  
- 1 i : : : : : : :  

0 10 20 30 40 

Glycine 

5 '!pne 1 1 
-1 

0 10 20 30 40 

- 

l lme (mln) 

Fig. 3. Aminoacylation of Ala, His, and Gly reference stem-loop microhelices by cognate and 
noncognate E. coli aaRSs at pH 7.5 and 37°C (RNA substrates, 50 N; aaRSs, 1 p M )  (A) AlaRS, (6) 
HisRS, and (C) GlyRS. The arrows denote the extent of aminoac lation of the various microhelices. 
Data from two independent assays of the reference stem-loop microah Similar data were obtained both 
with the parental microhelix sequences (Fig. 1A) and the reference stem-loop sequences. The 
incorporation of amino acid per 6-p1 reaction aliquot is given on the ordinate axis. 

- 

Alanine Histidine Glycine 

Fig. 4. Major and minor determinants for micro- 
helix aminoacylation. Only the top portions of the 
acceptor stems have been shown for clarity. De- 
terminants essential for aminoacylation by the 
cognate enzyme are indicated by shaded boxes. 
Modulating determinants are indicated by un- 
shaded boxes. - 

of the CCA trinucleotide that is common to 
the 3' ends of tRNAs are not available, nor 
are there data on the uncatalyzed chemical 
aminoacylations of the 3' ends of RNAs by 
amino acids and adenosine triphosphate 
(ATP) or by the aminoacyl-adenylates. In an 

- 

attempt to assess these rates, we measured 
the aminoacylation of CCA (at a concentra- 
tion of 1 mM) by relatively high concentra- 
tions (6 to 10 pM) of AlaRS, HisRS, or 
GlyRS in separate reactions that included the 
respective cognate amino acid and ATP (Fig. 
5). These experiments were designed to de- 
tect 5 ppm of aminoacylated CCA. Control 
experiments established that each enzyme re- 
tained >90% of its activity throughout the 
incubation and that CCA trinucleotide re- 
mained intact. In all cases, no aminoacylation 
could be detected after 1 hour. 

From this result, we estimated that at 10 
pM AlaRS or HisRS and 6.6 p M  GlyRS, 
kc, < 1.4 x lo-' s-' (21). Values for 

- 

- - 

ktRNA and kmicro for each of these amino 
acid systems can be computed from pub- 
lished values and from this work (3-6, 22). 
The relative kinetic parameters ktmA/kmicro 
and kmicrJkccA and the associated reduc- 
tions in activation free energy contributed 
by each part of the tRNA are listed in Table 
1. The ratio of ktmJkccA is greater than lo9 
to 10" in each of these cases and estab- 
lishes the dynamic range of the system. For 
tRbTANa and tRNAHi" the maior contribu- 

- 

tion to the VmJ& parameter for recogni- 
tion is the acceptor helix. For tRNAG1y, the 
recognition of the acceptor helix also makes 
the largest contribution to the reduction in 
AAGot relative to the full tRNA, but less so 
than that of the other two microhelices. 

- 

The demonstration of specific aminoacyl- 
ation of microhelix structures with Gly is 
particularly significant because of the genetic 
evidence for a role of the anticodon in 
discrimination of tRNAG'Y (16). The ami- 
noacylation of microhelic,es suggests that 
interactions with the acceptor stem itself are 
sufficient to form a viableknsition state for 

- 
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Fig. 5. Elution profile of alanyl-adenosine and 
estimation of fractional aminoacylation. The de- 1 o4 
tection sensitivity for alanyl-adenosine is ex- 
pressed as the fraction aminoacylation, defined as 
the fraction of 1 mM RNA substrates (tRNA or 
CCA) that gave alanyl-adenosine. Aminoacylation 03 
of CCA was carried out at 37°C for 1 hour in 50 O 

mM phosphate buffer (pH 7.5) containing 3H- 
labeled amino acid, 2 mM ATP, 1 mM CCA, 10 
mM MgCI,, 20 mM KCI, and substrate amounts , 02 of aaRSs (10 FM AlaRS or HisRS, and 6.7 FM 
GlyRS). The aminoacylated reaction products 0 10 20 30 40 50 60 
were digested with ribonuclease A (Boehringer Fraction number 
Mannheim) for 10 min at 37°C at an enzyme to 
substrate molar ratio of 1:25. The digestion was stopped by addition of 3.5 M acetic acid. After 
centrifugation to remove protein, the hydrolysate was analyzed on a WDAC 401 HPLC column with 
a linear gradient from 50 mM to 1 M sodium acetate (pH 5.2). In the case of the His system, the 
gradient was followed by an elution with 3 M sodium acetate (pH 5.2) in order to elute histidinyl- 
adenosine from the column. Fractions (1 ml) were collected and counted with Hydrofluor (National 
Diagnostics, Manville, New Jersey). The elution profile of each 3H-labeled aminoacyl-adenosine was 
obtained by digestion and chromatography of the appropriate aminoacylated tRNA, under the 
conditions described above. A minute amount of ribonuclease Adigested aminoacyl-tRNA (to 
produce aminoacyl-adenosine) was loaded on to the column to calibrate the sensitivity of the system. 
From this standard, we concluded that this system can detect a fractional extent of the aminoacylation 
of 5 nM CCA that is equal to 5 x of the starting concentration (21). At the end of each reaction 
with CCA, control reactions were carried out to confirm that the remaining amino acid and ATP were 
utilizable upon addition of fresh cognate tRNA and enzyme. In another set of control reactions, the 
extent of enzyme activity remaining in each of the three reactions was measured and found to be at least 
90% of the starting activity. The stability of CCA remaining after incubation was determined from thin 
layer chromatography with either 1 M sodium acetate (pH 5.2) or 1 M lithium chloride-1 M formic 
acid as solvent systems. 

Table 1. Relative contribution to the add to or subtract from the contribution to 
recognition Parameter k (VmJKm) the the AGO+ that is made by the acceptor helix. 
microhelix acceptor stem versus the rest of 
tRNA structure, Free energy values pertain to The determinants 
37°C. for each of the three microhelices include the 

Parameters - A A G O ~  
Relative k (kcal mol-l) 

Alanine 
>1.4X lo9 
>l.OX lo6 

1.4 x 103 
Histidine 

>1.6 x 10'' 
>8.6 x 10' 

1.9X lo2 
Glycine 

r2 .7  x 10'' 
>3.0 x lo5 

9.5 x 104 

catalysis. The failure to aminoacylate the 
CCA trinucleotide and the high specificity 
observed in the experiments with microhelix 
sequence variants (Fig. 2) emphasize the 
role of specific sequence elements in the 
charging of RNA oligonucleotides. The ex- 
clusive aminoacylation with one amino acid 
of an RNA that has two major determinants 
is well illustrated by the blocking of a 
G3:U70-containing substrate by the histi- 
dine G- 1:C73 determinant. Without more 
structural information, it is not possible to 
predict why one determinant (G- 1: C73) 
and not the other (G3:U70) is dominant. 
The microhelix substrates reveal only prop- 
erties of the acceptor helix-aaRS comple- 
mentarity, and other parts of a tRNA may 

span in the acceptor helix from N73 to base 
3:70 (Fig. 4). The importance of bases 
within this span is evident in genetic and 
biochemical studies of tRNANa (2, 3), 
tRNAGh (lo), and tRNASer (1, 1 I), and in 
the cocrystals of E. coli tRNAGh (13) and S. 
cerevisiae tRNAA"P (IS), with their respec- 
tive aaRSs. The cocrvstal studies revealthe 
significance of interactions between the syn- 
thetases and the ends of acceptor stems but 
also show that parts of the tRNA outside of 
the acceptor stem (such as the anticodon) 
have substantial interactions with the pro- 
teins (14). An analysis of microhelix sub- 
strates in these systems would help to  clarify 
the relative role of adaptation of the aaRSs 
to a specific acceptor sequence or structure 
that is evident in these cocrvstals. Nucleo- 
tides at the end of the accebtor stem also 
appear to be important for the discrimina- 
tion of elongator and initiator tRNAs and, 
therefore, may be critical for interactions 
with proteins other than aaRSs (23, 24). 
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Specific Acceptance of Cardiac Allograft After 
Treatment with Antibodies to ICAM-1 and LFA-1 

An indefinite survival of cardiac allografts between fully incompatible mice strains was 
observed when monoclonal antibodies (MAbs) to intercellular adhesion molecule-1 
(ICAM- 1) and leukocyte function-associated antigen- 1 (LFA- 1) were simultaneously 
administered after the transplantation for 6 days. Mice with long-term surviving 
cardiac allografts accepted skin grafts from the donor-strain but rejected skin grafts 
&om a third-party strain. Because MAbs to ICAM-1 or LFA-1 alone were insufficient 
for prolonged tolerance, the two MAbs probably acted synergistically to induce specific 
unresponsiveness. Thus, ICAM-1-LFA-1 adhesion participates in the induction of 
allograft rejection and MAbs may be useful as therapeutic agents. 

A DHESION MOL.ECUL.ES PARTICIPATE 

in the many stages of an immune 
response (1, 2). T cell immune rec- 

ognition requires the contribution of the T 
cell receptor as well as adhesion receptors, 
which promote attachment of T cells to anti- 
gen-presenting cells (APCs) and transduce 
regulatory signals for T cell activation. The 
LFA-1 and ICAM-1 adhesion molecules 
form one such heterophilic receptor-ligand 
pair (3, 4). LFA-1 is required for a range of 
leukocyte functions, including lymphokine 
production of helper T cells in response to 
APCs, killer T cell-mediated target cell lysis, 
and immunoglobulin (Ig) production 
through T cell-B cell interactions (2, 5 ) .  
Activation of antigen receptors on T cells (2) 
and B cells (6) allows LFA-1 to bind its 
ligand with higher affinity. Also, the LFA-1- 
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ICAM-1 interaction is required for optimiz- 
ing T cell fimction in vitro (7, 8). Therefore, 
MAbs to these molecules are potential agents 
for the prevention of graft rejection (9). In 
this report, we demonstrate the effect of the 
combination of these two MAbs on allograft 
survival, which leads to specific tolerance in a 
mouse heterotopic cardiac allograft model. 

The MAbs used in this study, KBA 
(IgG2a) (lo), MI812 (IgG2a) ( I f ) ,  and 
YN1/1.7 (IgG2b) (12, 13) are rat MAb to 

Fig. 1. Histological analysis 
of BALB/c heart allografted 
in C3HIHe recipient. (A) A 
control allograft 7 days after 
the transplantation with no  
immunosuppressive treat- 
ment. Massive infiltration of 
leukocytes together with 
myoc).te necrosis and inter- 
stitial hemorrhage are not- 
ed. (B) An allograft 7 days 
after transplantation from a 
mouse that was treated with 
a 6-day course of YN111.7 
and KBA MAb commenc- 
ing immediately after the 
transplantation. Difhse in- 
terstitial infiltrates are not- 

mouse C D l l a  (a chain of LFA-l), CD18 
(p chain of LFA-l), and ICAM-1, respec- 
tively (14). Because M18/2 does not block 
cell-mediated target cell lysis in vitro (non- 
neutralizing MAb) (1 I) ,  we used MI812 as 
control MAb. Hybridoma cells that produce 
these MAbs were cultured in RPMI 1640 
supplemented with 10% fetal bovine serum 
and 0.1% gentamycin. The MAbs from as- 
cites produced in nude mice were purified 
with the use of a protein G affinity column. 

BALB/c (H-2d) hearts were heterotopically 
transplanted into C3H/He (H-2k) recipients 
by a microsurgery technique (15, 16). Surviv- 
al of cardiac grafts was assessed by daily 
palpation, and the cessation of graft beat was 
interpreted as the completion of rejection 
(16). Because of the full incompatibility of the 
H-2 complex, control C3H/He mice without 
any treatment invariably rejected BALB/c 
heart allografts within 10 days (Table 1). 
Treatment of recipient mice with MI812 did 
not prolong allograft survival. Animals treat- 
ed with daily doses of 100 pg of either 
YNlI1.7 or KBA showed significant prolon- 
gation of allograft survival when compared to 
the control or M1812-treated mice. However, 
all these animals rejected allografts within 50 
days. In contrast, all nine animals treated with 
50 kg of YN111.7 together with 50 kg of 
KBA accepted cardiac allografts as long as the 
observation was continued (75 to 200 days). 
The intensity and frequency of beating of 
these allografts were indistinguishable from 
those of isografts. 

~ i s t o l o ~ & a l  examination of the grafts 
treated with the two MAbs showed greatly 
reduced mononuclear cell infiltration at the 
seventh day as compared with control al- 
lografts without treatment (Fig. l ,  A and 
B). The treated allografts removed at 40, 75 
(Fig. lC) ,  and 120 days after operation 
showed only scattered areas of fibrosis with- 
out any evidence of active rejection. 

Cytotoxic T lymphocyte (CTL) activity of 

ed, but the myocytes are free from necrosis. (C) An allograft 75 days after transplantation from a 
recipient that was treated as in (B). N o  sign of active rejection is seen. AU sections are fixed in 10% 
formalin and stained with hematoxylin-eosin. Original magnification is ~ 2 0 0 .  

28 FEBRUARY 1992 REPORTS 1125 




