
Polypeptide Sequences Essential for RNA 
Recognition by an Enzyme 

Many RNAs are complex, globular molecules formed from elements of secondary and 
tertiary structure analogous to those found in proteins. Little is known about 
recognition of RNAs by proteins. In the case of transfer RNAs (tRNAs), considerable 
evidence suggests that elements dispersed in both the one- and three-dimensional 
structure are important for recognition by aminoacyl tRNA synthetases. Fragments of 
alanine tRNA synthetase were created by in vitro manipulations of the cloned alas 
gene and examined for their interaction with alanine-specific tRNA. Sequences 
essential for recognition were located near the middle of the polypeptide, juxtaposed to 
the carboxyl-terminal side of the domain for aminoacyl adenylate synthesis. The most 
essential part of the tRNA interaction strength and specificity was dependent on a 
sequence of fewer than 100 amino acids. Within this sequence, and in the context of 
the proper conformation, a segment of no more than 17 amino acids was responsible 
for 25% or more of the total synthetase-tRNA free energy of association. The results 
raise the possibility that an important part of specific RNA recognition by an 
aminoacyl tRNA synthetase involves a polypeptide segment that is short relative to the 
total size of the protein. 

A MINOACYL TRANSFER RNA SYN- 

thetases catalyze the attachment of 
amino acids to their cognate transfer 

RNAs (tRNAs) (which have specific triplet 
anticodons) and in this way establish the 
rules of the genetic code. The sequences of 
many tRNAs have been determined (I), and 
all can be folded into the common cloverleaf 
structure (2). The cloverleaf structure is in 
turn folded into an L-shaped tertiary struc- 
ture, with different tRNAs sharing com- 
mon, stabilizing tertiary interactions (3 ) .  

Because of the folded, globular structure, 
there are more levels of complexity in the 

interaction of aminoacyl tRNA synthetases 
with tRNAs than, for instance, occur in the 
interactions of repressor proteins with DNA 
(4). Repressors interact with a discrete seg- 
ment of linear double helix. In contrast, 
chemical modification, ultraviolet and 
chemical cross-linking, and nuclease protec- 
tion experiments show that regions of a 
tRNA molecule that are contacted by an 
aminoacyl tRNA synthetase are not contigu- 
ous. In particular, contacts have typically 
been observed in the acceptor stem, the D- 
stem, and, in some cases, the anticodon stem 
and loop (5) .  

In comparison to the relative uniformity 
of tRNA structures, aminoacyl tRNA syn- 
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ular weights and quaternary structures, with 
limited primary sequence homologies (6, 7). 
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milliliter, and about 10-l3 to 10-12M [32P]tRN~A1a. For fragments 875N to 461N, the maximum 
concentration of protein, over most of the binding curve, was less than the concentration of BSA (100 
pglml) that was introduced to counter nonspecific binding. For fragment 368N, no binding was 
observed up to 100 pgiml. To determine the curve for this fragment, we measured nonspecific binding 
of tRNAAIa to varying concentrations of BSA, up to and beyond 100 pglml; this was compared with 
the binding of fragment 368N over the same concentration range. No binding for fragment 368N 
above the nonspecific binding to BSA was detected. For fragment 385N, the binding was well above 
the nonspecific binding to BSA. To test the possibility that an inhibitory contaminant is present in the 
fragment 368N preparation, we measured the binding curve for wild-type enzyme (875N) in the 
presence of 4.8 pVf 368N protein. The binding of wild-type enzyme to tRNAAla was unaltered. 

structural information on adenylate binding 
sites in these enzymes (8,9), we know of no 
example of a high-resolution crystal struc- 
ture of an entire tRNA-binding region of an 
aminoacyl tRNA synthetase. 

Eschevichia coli Ala-tRNA synthetase is a 
tetramer of four a chains of 875 amino acids 
encoded by alas (1 0). To delineate the parts 
of the rotein required for recognition of P tRNAA a, we have used alaS gene deletions 
and investigated the resulting protein frag- 
ments. The native protein and proteins that 
have from 20 to 500 amino acids deleted 
from the COOH terminus were investigated 
(Table 1). These deletions affect the oligo- 
meric state, as determined in vitro (10). 
Fragment 699N (synthesized from an a l d  
gene that encodes only the NH2-terminal 
699 codons) and the smaller NH2-terminal 
fragments are monomers; fragments 808N, 
852N, and 875N (wild-type enzyme) are 
tetramers. 

Each fragment had alanyl adenylate syn- 
thesis activity indistinguishable from that of 
the wild-type enzyme. The aminoacylation 
activity was determined in vivo and in vitro. 
Except for 368N and 385N, each fragment 
complemented an alaS null strain-(11). 

\ ,, 
whe; it was expressed from a multicopy 
plasmid (column 5, Table 1). Only fragment 
852N. however. had activitv in vitro comDa- 
rable ;o that of the wild-Gpe enzyme (c'ol- 
urnn 4). Fragments 461N to 808N had a 
greatly reduced catalytic constant (kcat) for 
aminoacylation, which evidently was unre- 
lated to the oligomeric state. The reason for 
the reduction in kcat is not yet known. 

To measure the ability of hese proteins to 
bind to tRNAAIa separately from their cata- 
lytic properties, we used a nitrocellulose 
filter-binding assay (12). The binding curves 
for fragments 875N, 808N, and 699N (Fig. 
1) were essentially identical and show that 
the three proteins bind to tRNAAta with 
dissociation constants of 17 nM, 13 nM, 
and 26 nM, respectively. Because fragments 
875N and 808N are tetramers, while frag- 
ment 699N is a monomer, the binding 
curves show that binding occurred to a 
single chain and that the strength of associa- 
tion was not altered by tetramer formation. 

Deletion of an additional 238 amino acids 

Department of Biolo Massachusetts Institute of Tech- 
nology, Cambridge, % 02139. 

*Present address: E. I, du Pont de Nemours and Compa- 
ny, Wilmington, DE 19898. 

REPORTS 1651 



Table 1. Properties of fragments of alanine tRNA synthetase.* 

Oligo- Aminoacyl Arninoacylation Pro- meric adenylate tein In In state formation vitro vivo 

875N 014 Yes Yes Yes 
852N 014 Yes Yes Yes 
808N 014 Yes Reduced Yes 
699N a Yes Reduced Yes 
461N a Yes Reduced Yes 
385N 01 Yes No No 
368N 01 Yes No No 

*The wild-type protein is designated as 875N for the monomer chain length, which is 875 amino acids. Fragments 
852N, 808N, 699N, 461N, and 385N were synthesized from recombinant plasmids that harbor alas genes that 
encode NH2-terminal peptides that extend to the respective codons. Each rotein had the expected molecular weight 
within the resolution o f  SDS gel electrophoresis (10). The wild-type an1 alas deletion mutant genes were cloned 
behind the Tac promoter (22,23) to elevate production o f  the proteins. Fra ments 875N to 461N each complement a 
chromosomal deletion o f  a l d  (11) and were purified from the deletion bacfground (24,251. Fragment 385N, which 
does not complement the deletion strain, was urified from a wild-tvpe background. The amount o f  the low level of 
wild-tvpe contamination in the preparation oPfragment 385N was determined quantitatively by use o f  Western blot 
analy& (26,27). It was found to be at least 50 times less than what would be required to generate the binding curves 
observed throu h wild-nrpe protein contamination. Fragment 368N was generated by trypsin digestion o f  fragment 
461N, as descrited for ifs reparation from wild-nrpe protein (28). The NH2-terminal sequence was confirmed to be 
the same as that o f  the willnr e protein by ~dnl ide~radat ion .  The COOH-terminal anlino acid was established by a 
mass spectrometric analysis bFdgests o f  the protein (29). AU protein preparations were free o f  interfering nuclease 
contamination. The ohgomeric form o f  each protein was determined by gel-filtration chromatography (10). 
Aminoacpl adenylate synthesis activity was determined by the ATP-pyrophosphate exchange assay (30). In vivo 
complementation o f  a chromosomal deletion o f  a l d  was as described (10, 24). In vitro aminoacplation assays were 
according to a standard procedure (31,32). "Reduced" indicates that kc,, for this reaction was diminished about 1000- 
fold relative to the value for the wild-type enzyme. 

from fragment 699N gives fragment 461N. 
This protein was able to bind tRNA with a 
dissociation constant 20 times that of the 
wild-type protein. This corresponds to a 
contribution by the deleted sequences of 
-1.8 kcalimol to the total interaction free 
energy of - 10.7 kcalimol (assuming a stan- 
dard state of 1 moliliter). 

Removal of 76 additional amino acids 
from the COOH terminus gives fragment 
385N; the dissociation constant for binding 
to tRNAA1" was 3.7 CJM. This was 200 
times higher than the dissociation constant 
for the wild-type enzyme-tRNAA1" complex. 
This fragment had the full adenylate synthe- 
sis activity, but it did not aminoacylate 
tRNA (Table 1). The data in Fig. 1 suggest 
that the defect in aminoacplation activity 
was due not to tRNA binding but rather to 
a defect in the transfer of amino acid from 
the adenylate to the bound tRNA. This 
conclusion was strengthened by our failure 
to detect aminoacylation by in vitro assays 
conducted at tRNAA1" concentrations as 
high as 100 IJJM. 

We detected no association of fragment 
368N with ~ R N A ~ ' " ,  even though we esti- 
mate we could detect binding that is re- 
duced 100-fold from that offragment 385N 
(corresponding to a dissociation constant of 
370 pibf). Therefore, the dissociation con- 
stant for fragment 368N was 2370 CJM. 
The result suggests a crucial role in tRNA 
binding for some of the amino acids be- 
tween positions 368 and 385. 

The curves in Fig. 1 are calculated on the 
assumption that there is no cooperativity in 
the binding of protein fragments to 

tRNAA1" (13). Cooperativity would be 
manifest if the monomeric fragments 
formed oligomers upon binding to 
tRNAAla. That the protein binds tRNA as a 
monomer was confirmed for fragment 
461N. Gel filtration chromatography was 
performed, under the conditions of the fil- 
ter-binding assay, on fragment 461N alone 
and in the presence of saturating amounts of 
~ R N A ~ ' " .  Fragment 461N migrated on the 
column as a monomer, and the fragment- 
tRNA complex migrated as the sum of 
protein and tRNA molecular weights for a 
complex with a 1 : 1 stoichiometry. This re- 
sult is in agreement with the hyperbolic 
tRNA binding curves observed for all of the 
proteins studied. 

Although the fragments used in these 
studies were judged to be at least 95% pure, 
contamination with another synthetase 
could lead to nonspecific association of that 
contaminant with the tRNAA1" used in the 
assay (14, 15). We examined this possibility 
with gel filtration experiments on fragment 
385N, which has the weakest association 
with tRNAAla. The elution profile of the 
column was monitored by assays of alanine- 
dependent adenosine triphosphate (ATP)- 
pyrophosphate exchange activity (adenylate 
synthesis) and tRNAAla binding. The two 
activities coincided. As positive controls, we 
used fragments 699N and 808N, each of 
which binds strongly to ~ R N A ~ ' " .  The gel 
filtration profiles obtained with these frag- 
ments also showed coincident peaks of ala- 
nine-dependent ATP-pyrophosphate ex- 
change activity and of tRNAA1" binding at 
the expected locations in the profile. These 

results collectively establish that the frag- 
ments themselves are responsible for the 
observed binding to tRNAA1". 

A second issue is the specificity of the 
association of the fragments with ~ R N A ~ ' " .  
All experiments were performed with 100 
kgirnl of bovine serum albumin (BSA) in 
the binding mixture. In this way, we detect- 
ed only interactions that were above the 
background of nonspecific association with 
this protein. For proteins 875N, 808N, 
699N, and 461N, the concentration of BSA 
was in excess of the fragments over most of 
the concentration range in which the frag- 
ments bound to tRNAAla. For fragments 
385N and 368N, concentrations higher 
than 100 kgiml were used for some of the 
data points. For that reason, we investigated 
the weak nonspecific association of BSA 
with tRNA at higher protein concentra- 
tions. The binding of BSA to tRNAA1" is 
inconsequential compared with that of pro- 
tein 385N (Fig. 1). In contrast, protein 
368N shows no binding beyond the weak 
interaction observed with BSA. Because 
protein 368N was used at concentrations 
considerably higher than those of the other 
fragments, it also serves as an additional 
control against nonspecific association of 
tRNA with protein. 

Experiments were also performed to com- 
pare the relative affinities of the fragments 
for tRNAA1" with those for a population of 
noncognate tRNAs. For this purpose, an 
amount of each protein was used such that, 
in the absence of unlabeled competitor 
tRNA, all of the 32~-labeled tRNAAla was 
bound. A constant amount of 32~-labeled 
tRNAA1" was mixed with increasing 
amounts of either unlabeled tRNAA1" or of 
total tRNA and analyzed in the standard 
binding assay (Fig. 1). By comparing the 
amount of unlabeled total tRNA relative to 
unlabeled tRNAAla that was able to compete 
away half of the bound 32~-labeled 
~ R N A ~ ' " ,  it is possible to estimate the affini- 
ty of tRNAAla relative to that of unfraction- 
ated tRNA. 

For fragment 875N (the wild-type en- 
zyme) there was a tenfold preference in the 
apparent binding affinity for tRNAAla ver- 
sus the unfractionated tRNA. This is be- 
cause approximately 5% of the unfraction- 
ated tRNA mixture is ~ R N A ~ ' "  (as deter- 
mined by independent measurements). 
Thus, the preference for ~ R N A ~ ' "  was with- 
in a factor of 2 of what would be expected if 
there were no binding to the noncognate 
tRNAs in the unfractionated mixture. This 
confirms that, for the wild-type protein, the 
binding assay detects the specific synthetase- 
tRNA interaction. 

With fragments 461N and 385N, the 
difference in binding affinities was reduced 
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Table 2. Summary o f  binding of  ~ R N A * ' ~  t o  
alanine t R N A  synthetase fragments at 25°C. Ab- 
breviation: AGO, Gibbs free energy. 

Pro- 
Dissociation 

constant 
AG= 

tein 
(n'+f) 

(kcaVmol)* 

*The standard state is EM. 

only threefold relative to that observed with 
the.wild-type enzyme. Thus, even fragments 
that have lost much of their affinity for 
tRNAA1" nonetheless retain significant 
specificity. The results support the interpre- 
tation that the smaller proteins are binding 
to tRNAA'" in essentially the same mode as 
the wild-type enzyme, but with fewer inter- 
actions. 

Additional experiments have hrther ad- 
dressed the question of specificity. Protein 
461N, when expressed from a multicopy 
plasmid, can serve as the sole source of Ala- 
tRNA synthetase activity to sustain cell 
growth in vivo. This implies that misacyla- 
tions with this enzyme fragment are minimal 
or nonexistent in vivo (1 6). We also aminoa- 
cylated unfractionated tRNA in vitro with 
alanine, by using the wild-type protein 
875N. After completion of the aminoacyla- 
tion, we added protein 461N to determine 
whether additional aminoacylation (for ex- 
ample, of species other than tRNAA1") could 
occur. No incremental aminoacylation of 
unfractionated tRNA by protein 461N was 
detected. 

These experiments indicate that the frag- 
ments retain significant specificity for 
tRNAA1" even though the absolute affinity 
for the nucleic acid drops as certain critical 
sequences are removed from the protein. 

Winter and co-workers have recently pro- 
posed a model for binding of tILFJATyr to 
tyrosine-tRNA synthetase (1 7, 18). This en- 
zyme is a dimer of subunits of 419 amino 
acids. On the basis of kinetic studies of 
mixed dimers of mutants, they propose that 
tRNATyr binds across the two subunits of 
the dimer. In Ala-tRNA synthetase, all of 
the sequences for tRNA binding are con- 
tained within an isolated chain, and it is 
therefore more straightforward to define 
and study the regions essential for RNA 
recognition. 

Table 2 summarizes the affinities of the 
various fragments for tRNAAla and tabu- 
lates the amount by which the free energy of 
association is reduced by removal of specific 
polypeptide sequences. The simplest inter- 

pretation of the results is that the change in 
free energy of interaction with tRNAA1" is 
attributable to removal of contacts made by 
groups in the deleted sequences, rather than 
to conformational changes induced at a dis- 
tance. The following evidence supports this 
interpretation. 

1)-All of the proteins were at least as 
resistant as the wild-type enzyme to proteo- 
lytic degradation in crude extracts. The re- 
sult suggests that each is stably folded. This 
is also consistent with our ability to purify 
large quantities of each of the proteins, 
without experiencing losses any greater than 
those normally incurred in preparations of 
the wild-type enzyme. 

2) None of the fragments were altered in 
aminoacyl adenylate synthesis. This means 
that amino acid and ATP binding sites (and 
other residues important for catalysis) were 
not distorted. 

3) We created a point mutation at posi- 
tion 409 in the wild-type enzyme, which is 
within the region implicated by the deletion 
analysis to be involved in tRNA binding. 
This mutation had an effect specifically on 
tRNA binding and not on the binding of 
ATP or alanine (16). This is independent 
evidence that the region interacts with 
tRNAA1". 

4) The lack of binding by fragment 
368N is probably not due to local denatur- 
ation of the COOH-terminal end of this 
protein. This fragment is generated by tryp- 
sin digestion of fragment 461N for several 
hours under native conditions (see footnote 
to Table 1). The COOH terminus of this 
protein was established as Arg368. Because 
fragment 368N is a limit digestion product, 
it is unlikely that the COOH-terminal end is 
untethered-from the rest of the protein. 

Fragment 461N has a free energy of 
association with ~ R N A ~ ' "  of -8.9 kcaYmol. 
More than 40%, and perhaps all, of its free 
energy of interaction with tRNAA1" depends 
on sequences between amino acids 368 and 
461. Most of this interaction energy de- 
pends in turn on the surprisingly short 
segment between amino acids 368 and 385. 
This segment contributes -2.8 kcaYmol or 
more to the total svnthetase-tRNA interac- 
tion free energy. This represents, at a mini- 
mum, 25% of the total free energy of inter- 
action of wild-type enzyme with tRNAAla. 

These critical sequences are juxtaposed to 
the COOH-terminal side of the domain for 
adenylate synthesis. This location is plausi- 
ble because the 3' end of the bound tRNA 
reacts with the adenylate in the aminoacyla- 
tion reaction. This assignment of the loca- 
tion within the structure for a critical inter- 
action site is supported by work on other 
systems. Several other synthetases, for exam- 
ple, have their adenylate synthesis domains 

located within their NH2-terminal halves (8, 
10, 19). Two cross-linking studies provide 
evidence that contacts with the 3' end of the 
tRNA are made on the COOH-terminal 
side of the ATP binding sites (20, 21). 
Futureexperiments will determine whether, 
in alanine tRNA synthetase, the region be- 
tween amino acids 368 and 385 is in close 
contact with the 3' end of ~ R N A ~ ' ~ .  
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