
AspI6') to rearrange to their catalytically 
effective positions. The 8400-fold discrimi- 
nation between a methyl and a carboxy- 
methyl side chain is only achieved in an 
environment in which the substrate is com- 
pletely solvated by protein groups. Lack of 
detailed understanding of protein intramo- 
lecular mobility may account for other at- 
tempts (27) to alter enzyme-substrate speci- 
ficity being less than entirely successll. 

Our results show it is possible to design 
and make a new MDH, which is by any 
standards a good enzyme and about twice as 
active as that which is naturally evolved in 
the organism from which the gene was 
derived (28). In the case of well-studied 
protein frameworks where new enzymes can 
be designed and made by small changes in 
residues close to the protein surface, we may 
hope it will soon be less laborious to rede- 
sign an existing and thermally stable enzyme 
framework for a new target substrate than to 
search for a new enzyme activity from natu- 
ral organisms. 
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Translation of Unspliced Transcripts After 
Heat Shock 

Severe heat shocks block the splicing of intervening sequences fiom messenger RNA 
precursors. The RNA's that accumulate after a severe heat shock have normal 
transcription start sites and are uncut at both their 5' and 3' splice junctions. Some of 
these unspliced transcripts leave the nudeus and enter the pool of cytoplasmic 
messenger RNA. Translation of these RNA's proceeds into their intervening se- 
quences, resulting in the production of abnormal proteins. Thus, the repression of 
normal transcription, which usually accompanies the heat shock response, may protect 
the cell from the large-scale synthesis of abnormal RNA's and aberrant proteins. 

A LL CELLS RESPOND TO HIGH TEM- 

peratures by inducing the synthesis 
of heat shock proteins (hsp's) and at 

least partially suppressing the synthesis of 
normal cellular proteins (1) .  In Dvosophila 
melanogastev cells, transcription of heat shock 
genes is rapidly induced by a shift from the 
normal growing temperature of 25°C to 
temperatures between 29" and 39°C. Heat- 
shock transcription is maximal at 37°C; at 
this temperature the transcription of previ- 
ously active genes is repressed (2). Heat 
shock also elicits a complete change in the 
specificity of translation. While heat-shock 
mRNA's are translated with very high effi- 
ciencies at 37"C, preexisting mRNA's are 
translationally inactive. These messages are 
not degraded, but are quantitatively retained 
and translated during recovery from heat 
shock (3). 

We have shown that another basic aspect 
of gene expression in Dvosophila cells is 
altered by heat shock; the splicing of inter- 
vening sequences from mRNA precursors is 
blocked at high temperatures and remains 
blocked during the initial stages of recovery 
at normal temperatures. This block in splic- 
ing was first discovered because it greatly 
reduces the synthesis of the 83-kD heat 
shock protein (hsp83). The hsp83 gene is the 
only hsp gene in Dvosophila that contains an 

the control of a heat-inducible promoter, its 
transcripts are also not spliced at high tem- 
peratures (4). 

As is the case with other toxic effects of 
heat, the hsp's appear to mitigate the effects 
of heat on RNA splicing. When Dvosophila 
cells are given a mild heat treatment, which 
induces the synthesis of hsp's, before they 
are exposed to more severe temperatures, 
RNA splicing is protected. The protective 
effect of the prior treatment is blocked when 
cycloheximide is added before, but not after, 
the synthesis of hsp's (4). The disruptive 
effects of severe heat shocks on RNA splic- 
ing are highly conserved and are found in 

(5 ) ,  ;rypnosome (6 ) ,  plant (7), and 
mammalian cells (8). The protective effects 
of mild heat treatment have been demon- 
strated for both Dvosophila and yeast cells (4, 
5). 

In all eukaryotes the excision of interven- 
ing sequences to form mature messenger 
RNA's begins with the incorporation of 
RNA polymerase I1 transcripts into spliceo- 
some complexes consisting of small nuclear 
(snRNP) and heteronuclear (hnRNP) ri- 
bonuclear protein particles. Two catalytic 
reactions then occur. First, the precursor 
RNA is cleaved at the 5' exon-inuon junc- 
tion with the concurrent formation of a 
lariat structure, in which the 5 '  guanosine of 

intervening sequence, and its protein is 
&Ierefore the h s ~  effected. However, Department ofMolecular Genetics and Cell Biology, The 
the block in sulicine is not s~ecific to hsv83 University of Chicago, Chicago, IL 60637. 

L " 
When the intron-cOntaining *Current address: Department of Molecular Biology, 

coho1 dehydrogenase gene is placed under University of California, Berkeley, CA 94720. 
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the intron is joined by a 2',5'-phosphodies- 
ter bond to an adenine near the 3' end of the 
intron. Next, the 3' intron-exon junction is 
cleaved and the exons are ligated together 
19). , , 

To determine which step in RNA splicing 
is blocked by heat shock and how hsp's 
might bc t ion  to protect splicing, we have 
examined the structures and intracellular 
locations of intron-containing RNA's accu- 
mulated during the heat shock response. 
Our previous results demonstrated that 
these RNA's are uncut at their 3' splice sites 
(Fig. 1, probe A) (10). Therefore, two fea- 
tures of the 5' ends of hsp83 precursor 
RNA's were examined. First, we asked 
whether the heat-induced block in splicing 
occurred before or after 5' splice-site deav- 
age and lariat branch h a t i o n .  Second, 
because a difirent transcriptional initiation 
site might make the RNA a poor substrate 
for splicing, we determined whether the 

heat-induced, unspliced hsp83 RNA's had 
the same 5' ends as the normal, spliced 
hsp83 mRNAYs. 

The 5' splice sites and 5' ends of all 
accumulated hsp83 RNA's were first 
mapped by nuclke protection analysis with 
a uniformly labeled probe. This single- 
stranded DNA probe began with sequences 
170 nudeotides (nt) upstream of the normal 
manscription start sit4 spanned the 150-nt 
first exon, and continued for 440 nt into the 
intron (Fig. 1, probe B). RNA's from con- 
trol cells, containing constitutively synthe- 
sized mature hsp83 mRNA (1 I), protected 
150 nt of the probe from nuclease digestion, 
as expected from previous experiments iden- 
t@hg the 5' exon sequence (12). With 
RNA's from cells exposed to a severe heat 
shock, the most pro&nent protected frag- 
ment was 590 nt. Apparently, most of the 
accumulated hsp83 precursor RNA's were 
not cleaved at &eir 5' splice sites. 

S Exon Fig. 1. Srrucnuc of , 
hsp83 RNA's. (Top) lllnmmz 
The hsp83 uansuipt, ' 
with ~verricallv hatched) 

__H 
tco  nl Hph I bal I > 

'rimer D 

am' and (hbrizondi A 
hatched) 1.1-kb inmn 
above restriction sites Probec 
used to generate probes. 1 - 
(Bottom) Sl  protection 
and lnimer extension Probe A 

M H C  
w 

Probe B 

- - 
Pst 1 - 

Probe C; ~rirner D 

analy~L. ws were a- MHcMHc T H C M T H C  

tracted from Schneidds - I 
line 2 ceh that had been 
heat-shodred at 38°C for 
30 min and m e d  to 
25°C for 1 hour (H) or 
from cells maintained at - 
25°C (C). The positions 

- II 
L 

of the original probe (P) - 
and the fragments a- - 
pected fiom the un- .L 

-. 
-u 

spLiccd prrcursor (U) u 
and the nonnal spliced - 
mRNA (S) are indicated I 

at the sides. Molecular 
size markers (M, lanes 1, 
4, 7, and 13) were 32P- -s +-  . 
end-labeled fragments 
h E c o R I a n d H i 1  
digestion of pBR322 
(988, 632, 517, 506, 4 ~ 6 1 ~ 9  10 11 12 13 1 4  1 5  1 6  

396, 344, 298, 221, 
220,154, and 75 nt). (Lanes 1 to 3) Probe A, a continuously labclad, single-suaudcd DNA probe that 
spans the 3' splice site, was hybridized in solution to 10 pg of total cdlulu RNA's and digcsad with 80 
units of S1 nudease. (h 4 to 9) Probe By a continuously labeled, single-stranded DNA probe that 
spans the 5' splice site and 5' end of hsp83 RNA's, was hybridized in solution to 10 pg of total cellular 
RNA's and d i g d  either with 80 units of S1 nudease (lanes 5 and 6) or 450 units of mung bean 
nudusc (lanes 8 and 9). (Lanes 10 to 12) Probe C, which spans the 5' splice site and 5' end of hsp83 
RNA, was end-labeled at the Bal I site with T4 polynudeotide kinase, with subsequent Eco RI 
digestion. The gel-purified, double-stranded DNA fragment was hybridized in solution to 10 p g  of 
total cellular RNA's (lanes 11 and 12) or m 10 pg of yeast tRNAYs (lane 10) and digested with 450 
units of mung bean nudease. Digestion-artifact bands (*) appeared in samples that contained only 
tRNA as well as in samples that contained Drosophila RNA. (Lanes 14 to 16) Primer D consisted of 
purified probe C digested with HphI. The end-labeled, double-stranded DNA hgment of 42 nt was 
denatured and hybridized in solution to 10 pg of total cellular RNA's (lanes 15 and 16) or to 10 pg  of 
yeast tRNA's (lane 14). Nudcic acids were precipitated, and the primer was extended with 15 units of 
avian reverse uansaiptase. Products were elecwphoretically separated on gels containing 8M urea and 
4% (lanes 1 to 3), 6% (lanes 10 to 16) or 8% (lanes 4 to 9) polyacrylamide, and were detected by 
autoradiography (29. 

To provide better resolution of the 5' 
ends of hsp83 precursor RNA's and confirm 
that the 5' splice site was uncleaved, another 
probe (probe C, Fig. 1) was used. Since this 
probe was 5' end-labeled at the Bal I site 
within the intron sequence, RNA's from 
control cells did not protect the 32~-labeled 
portion of the probe. RNA's from heat- 
shocked cells protected a single 32P-labeled 
fragment of approximately 200 nt. The 
bands indicated by an asterisk in Fig. 1 were 
digestion artifacts since they also appeared 
in a reaction that contained only the probe 
and 10 pg of yeast tRNA (lane 10). The 
majority of the intron-containing transcripts 
that accumulated during heat shock had 
been initiated approximately 200 + 5 nt 
upstream of the Bal I site, at the previously 
mapped normal transcription start site (12). 
These RNA's remained uncut, either at the 
5' exon-intron junction or elsewhere in the 
region. 

Both results were confirmed by primer 
extension analysis. An end-labeled intron- 
specific primer (primer D, Fig. 1) was hy- 
bridized to RNA's from either control or 
heat-shocked cells and then extended by 
reverse transcriptase to the end ofthe RNA. 
As expected, with RNA's from control cells 
the primer was not extended. With RNA's 
from heat-shocked cells, the primer was 
extended to a total length of approximately 
200 nt, representing the distance from the 
end-labeled nucleotide to the normal tran- 
scription start site. Thus no extraneous 
RNA sequences were present at the 5' end 
of the transcript. 

We conclude that when RNA splicing is 
blocked by heat shock, most of newly syn- 
thesized hsp83 RNA's accumulate as M- 
length, uncut transcripts with the same 5' 
ends as mature hsp83 rnRNAYs. These un- 
spliced transcripts accumulate in large num- 
bers during the initial stages of recovery 
from a severe heat shock. After a few hours, 
their concentration dedines and the concen- 
tration of mature hsp83 messages increases 
(4'5).  Whether the messages were produced 
by processing of the previously accumulated 
unspliced transcripts or by direct processing 
of new mmccipts was investigated in several 
ways. For example, either DRB (5,6-dichlo- 
robenzimidazole riboside) or actinomycin D 
was used to block new transcription during 
recovery. In both cases, precursor concen- 
trations declined at the same rate as in the 
absence of the drugs, but there was no 
corresponding increase in the concentration 
of mRNA. The results suggest that the 
accumulated unspliced transcripts are unable 
to reenter the splicing pathway. However, 
the interpretation of the results is douded 
by the possibility that the drugs interfered 
with splicing as well as with transcription. 
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Cell fractionation experiments suggested 
that most of the unspliced transcripts were 
located in the cytoplasm, the wrong cellular 
compartment for -splicing. ~ow&er ,  the 
RNA's might have simply leaked fiom the 
nudeus during fractionation (13). 

To rigorously determine if heat-induced 
intron-containing transcripts enter the cyto- 
plasm, we asked whether they were translat- 
ed into  rotei in. We constructed a chimeric 

I 

gene, JY113, whose transcripts would en- 
code a protein of one size if properly spliced 
and a protein of another size if unspliced 
(diagrammed in Fig. 2). The 5' half of the 
hsp70 gene, including all of the 5' transcrip- 
tional and translational elements required 
for heat shock expression (14), was fused to 
the 3' half of the Drosophila alcohol dehydro- 
genase (adh) gene, which contains a 70-nt 
intervening sequence (15). Translation of 
spliced transcripts fiom this gene would 
produce a 50-kD protein. Translation of 
unspliced transcripts would yield a shorter 
polypeptide, of 40 kD, because of an in- 
fiame nonsense codon in the intervening 
seauence. 

ks expected, in stably transformed Dro- 
sophila tissue-culture cells (I@, no products 
of this gene were detected at the normal 
growing temperature of 25°C (Fig. 3 4  lane 
1). When cells were shifted to an intermedi- 
ate heat shock temperature of 35"C, tran- 
scription was inducd. The transcripts were 
spliced accurately and transported to the 
cytoplasm, as evidenced by the abundant 
synthesis of a novel 50-kD polypeptide (Fig. 
3A, lane 2). This polypeptide was reactive 
on immunoblots with a goat antiserum to 
ADH. Immunoreactive peptides were not 
detected in untransformed cells nor in cells 
transformed with the vector alone. 

At 3TC, the 5 0 - 0  polypeptide was pro- 
duced at a lower level and a novel 40-kD 
polypeptide, of the size expected for transla- 

tion of the unspliced precursor, appeared 
(Fig. 3 4  lane 4). This 40-kD polypeptide 
also reacted with the antiserum to ADH. To 
control for artifactual production of the 40- 
kD polypeptide, we constructed another 
gene from an adh cDNA done; JY112 is 
identical to 1Y113 exceDt that it does not a 

contain the adh intervening sequence. When 
Drosophila cells stably transformed with the 
cDNA gene were exposed to various tem- 
peratures, the 50-kD polypeptide was pro- 
duced, but the 40-kD polypeptide was not 
detected, even at high temperatures (Fig. 
3B). We conclude that the 40-kD polypep- 
tide results fiom the translation of un- 
spliced, intron-containing RNA's that enter 
the cymplasm of heat-shocked cells. 

The heat-induced block in RNA splicing 
persists for 2 hours after exposure to a severe 
heat shock (4). In keeping with this result, 
when cells with the intron-containing gene 
were exposed to 38°C for 30 min and then 
returned to 25"C, only the 40-kD polypep 
tide, and not the 50-kD polypeptide, was 
synthesized during the first 2 hours of re- 
covery. During the third and fourth hours of 
recovery, synthesis of the 50-kD polypep- 
tide gradually increased (Fig. 4, lanes 1 to 
4). 6 contrast, in cells containing the in- 
tronless gene JY1 12, the 50-kD polypeptide 
was synthesized throughout recovery, and 
the &-kD polypeptide was not d k e d  
(Fig. 4, lanes 5 to 8). 

Since the 5' sequences required for trans- 
lation during heat shock (14) are identical 
on the intronless and intron-containing 
RNA's, the relative rates of synthesis of the 
5 0 - 0  and 40-kD polypeptides should re- 
flect the relative concentrations of the 
spliced and unspliced RNA's in the cyto- 
plasm. Northern blot analysis demonstrated 
that total adh transcript concentrations were 
nearly identical in thk two cell lines. Since 
the rate of production ofthe 4 0 - 0  protein 

adh IVS 

Fig. 2. Diagram of the -----.em "sPm a-mAe- k P 7 0  la,: 1 ::,hm 

tides which t h e  &&. c ~olypep* from 
(A) The intron-contain- spliced ~ R N A  454aa 
Lg gene, JY113, was 
constructed by replacing PO'y~p'ide from 
the Barn HI to Sma I unspliced RNA 368aa 

fragment of the 3' half of 
the hsp70 gene in 
pDM300 (26) with the Bam HI to Xba I (filled by the Klenow fragment of DNA polymerase) fragment 
of the 3' half of the Lkosophila adh gene in pHAP (27). (Solid line) Unuanscribed sequences from the 
hsp70 gene. (Open boxes) 5', transcribed, untranslated sequences of the hsp70 message lcader required 
for translation at high temperatures and 3', transcribed, untranslated sequences of the adh gene. (Broad, 
vertically hatched boxes) 5', the first 336 codons of hsp70. (Narrow vertically hatched boxes) adh coding 
sequences, 30 codons at 5' and 88 codons at 3'. (Horizontally hatched box) the 70 nt adh intron. (B) 
The corresponding cDNA gene, JY112, was constructed in a similar manner from an adh cDNA done, 
pWX3008. (C) The polypeptide predicted from translation of mRNAys, derived either by correct 
splicing of JY113 transaiprs or fiom unspliced transaipts of JY112, is 454 amino acids (aa), appmxbately 
50 kD. (D) The polypeptide pred~cted from uanslation of unspliced tmmaipts of JY113, ending at the 
i n h e  nonsense codon in the intervening sequence, is 368 amino acids, approximately 40 kD. 

A +~ntran CDNA 

I 
50 kD- ' 
Adin- 

Fig. 3. Protein synthesis at various mnpartufc~ 
inSchneiddsline2ccllsstlMyansfiormedw~h 
the intronantaining fnc  ly11 or the D N A  
lacking gcneJY112. ( ) Cells tramhRned with 
JY113 were maintained at normal growth tern- 
peram (25"C, lane l ) ,  or shifted to 35OC (lane 
2 , 36°C (lane 3), or 37°C (lane 4) fbr 75 min. 1 [ H]Leu&e was added, and incubation was con- 
tinued at these temperatures for an additional 45 
rnin. (B) Cells transfoxmed with JY112, treated as 
for (A). Proteins were extracted and analyzed on 
10% polyacrylamide-SDS gels as previously de- 
scribed (4). Positions of the hsp, actin, and the 
novel 50-kD and 40-kD polypeptides are indicat- 
ed at the right of each panel. In (A), the band 
migrating just above actin is due to an endoge- 
nous virus that is heat shock-resistant. Expression 
of the virus varies from culture to culture and has 
no dfcct on heat shock gene expression (28). 

in cells canying the intron-containing gene 
(lanes 2 and 3) was approximately the same 
as the rate of production of the 50-kD 
protein in cells carrying the cDNA gene 
(lanes 6 and 7), it appears that the intron- 
containing transcripts exit the nudeus with 
roughly the same e5ciency as the intronless 
transcripts. 

Intron splicing is thought to be one of the 
6nal steps in transcript maturation, occur- 
ring before RNA is transported fiom the 
nudeus to the cytoplasm, and it has been 
suggested that intron sequences might pro- 
vide a signal for discriminating between 
RNA's that should or should not be trans- 
ported. Here we observe efticient splicing at 
one temperature and a complete block in 
splicing at another, with both RNA's being 
transported to the cytoplasm with apparent- 
ly similar efticiencies. It is possible that high 
temperatures disrupt both the splicing ma- 
chinery and a separate nudear discrimina- 
tion system that operates to prevent *on- 
containing RNA's fiom entering the cyto- 
plasm. A more parsimonious explanation is 
that once having escaped the splicing ma- 
chinery, an RNA is fiee to enter the cyto- 
plasm. 

In contrast to most genes in higher eu- 
karyotes, most of the heat shock genes are 
fiee of intervening sequences. The si@- 
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Actin - 
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HS recovery 

Flg. 4. Protein synthesis in transfbrmcd cdls 
from a 3a°C h u t  shock (HS). 

ed with either JY113 zzz33 t lmsbm 
(lanes 1 to 4) orly112 (lanes 5 to 8) were divided 
into four ual portions and atposed to 38°C for 
30 min 3 returned to 15.C. ['H]hcine was 
added to one portion 15 min after return to 25"C, 
and incubation was continued for 45 rnin (lanes 1 
and 5). The other portions wen labeled for 45 
min after 2 hours (lanes 2 and 6), 3 hours (lanes 3 
and 7), and 4 hours (lanes 4 and 8) of recovery. 
Proteins were analyzed as in Fig. 3. 

cance of this observation is underscored by 
the fact that other members of the heat 
shock gene family, those expressed at nor- 
mal temperatures, do contain introns (17). 
The heat-induced block in RNA splicing 
and the translation of intron-containing 
transcripts place two restrictions on gene 
expression, and these restrictions may have 
provided selective pressure for the evolution 
of intronless heat shock genes. First, the 
presence of an intron in a heat shock gene 
would restrict synthesis of a hsp when it is 
presumed to be most needed, during heat 
shock or during recovery from heat shock. 
Second, if an intervening sequence was pre- 
sent within the coding region, not only 
would synthesis of a normal hsp be eliminat- 
ed, but an abnormal, truncated hsp would 
be produced. We have found that the syn- 
thesis of aberrant hsp's can be detrimental. 
In particular, certain carboxyl-terminal dele- 
tions of hsp70 have the dominant pheno- 
type of prolonging the time required for a 
cell to recover from heat shock (18). 

The hsp83 gene of Drosophila is one of the 
exceptions to the general rule that heat- 
induced genes lack intervening sequences. 
In this case, two characteristics may mitigate 
the effect of the intron. First, the gene is 
constitutively expressed as well as heat-in- 
ducible. Thus, a substantial quantity of 
hsp83 protein is present in the cell before 
heat shock. Second, the intervening se- 
quence is positioned immediately in front of 
the first AUG of the normal coding se- 
quence. If translation is initiated at the first 
AUG of the intervening sequence, a poly- 

peptide of only seven amino acid residues 
would be produced. 

The repression of normal transcription 
occurs at temperatures that produce very 
high rates of heat-shock transcription (2).  
Thus it is not simply a nonspecific toxic 
effect of heat. Our results suggest that it may 
have evolved, at least in part, to prevent the 
accumulation of intron-containing tran- 
scripts in the cytoplasm and the subsequent 
synthesis of abnormal polypeptides. The ar- 
gument is supported by the fact that the 
histone genes, which do not have interven- 
ing sequences, are the only normal cellular 
genes in Drosophila whose expression is 
known to continue with heat shock (19). 
Moreover, in yeast cells, the block in normal 
transcription is apparently not as stringent 
as it is in Drosophila cells, and some intron- 
containing transcripts of normal cellular 
genes accumulate in substantial numbers at 
high temperatures (5). Very few yeast genes 
contain intervening sequences and, in those 
that do, the introns are located near the 5' 
ends of the transcripts, which would there- 
fore produce only short polypeptides. 

That a heat-induced block in splicing can 
lead to the production of abnormal polypep- 
tides may have other biological conse- 
quences. For example, it might be responsi- 
ble for certain developmental anomalies that 
are produced by short, high-temperature 
heat shocks. To take a case in point, when 
Drosophila ernbryos at the cellular blasto- 
derm stage are exposed to a short, severe 
heat shock, the adult flies that emerge sever- 
al days later display developmental anoma- 
lies, with patches of tissue developing as 
though they belonged to other segments 
(20). These transformations, known as phe- 
nocopies, are very precise and closely resem- 
ble those seen in flies carrying certain domi- 
nant gain of function mutations in thefirshi 
tarazu (Fz) segmentation gene (21). In both 
cases, the most common transformation is 
of !kt abdominal segment tissues to third 
abdominal segment tissues, with transfor- 
mation of thoracic tissues appearing less 
commonly. One of the& mutations,JizRp1, 
is associated with a chromosomal break- 
point that would result in the production of 
a truncated fiz polypeptide (22). Since the 
single intron of the& gene is located in the 
middle of the protein coding region, a trun- 
cated polypeptide would also be produced 
fiom unsplicedfiz transcripts if a short high- 
temperature heat shock disrupted splicing 
behre transcription could be repressed. 
Thus, the phenocopies induced by heat- 
shock in cellular blastoderm ernbryos might 
be due to the production of a truncated& 
polypeptide that is dominant over the wild- 
type& polypeptide. We do not suggest that 
this mechanism is responsible for all heat- 

induced developmental anomalies, but it 
may make a significant contribution to other 
heat-induced toxicities. 

Mild prior heat treatments reduce the 
incidence of developmental abnormalities 
and of lethality following a severe heat shock 
(23). They also alleviate the disruption of 
RNA splicing, a protective effect that ap- 
pears to be dependent upon the synthesis of 
hsps themselves (4).  Here we have shown 
that the heat-induced block in splicing oc- 
curs prior to the first catalytic reaction in the 
splicing pathway. Presumably then, hsps 
exert a protective effect on an early step in 
the pathway. They might act indirectly by 
preserving a general nudear structure re- 
quired for splicing. An alternative possibility 
is suggested by the fact that hsp70 and its 
low-temperature relatives are involved in the 
proper assembly and disassembly of protein 
complexes (24). The hsp70 protein might 
play an essential role in spliceosome assem- 
bly and disassembly at high temperatures. 
Clearly, the roles of the hsp's in protecting 
RNA splicing and in preventing heat-in- 
duced toxicities are subjects for further in- 
vestigation. 
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Accuracy of in Vivo Aminoacylation Requires Proper 
Balance of tRNA and Aminoacyl-tRNA Synthetase 

The fidelity of protein biosynthesis in any cell rests on  the accuracy of aminoacylation 
of tRNA. The exquisite specificity of  this reaction is critically dependent on  the correct 
recognition of tRNA by aminoacyl-tRNA synthetases. It is shown here that the 
relative concentrations of a tRNA and its cognate aminoacyl-tRNA synthetase are 
normally well balanced and crucial for maintenance of accurate aminoacylation. When 
Escherichia coli Gh- tRNA synthetase is overproduced in vivo, it incorrectly acylates the 
supF amber suppressor tRNATyr with Gln. This effect is abolished when the intracellu- 
lar concentration of the cognate tRNA7'" is also elevated. These data indicate that the 
presence of aminoacyl-tRNA synthetase and the cognate tRNAs in complexed form, 
which requires the proper balance of the two macromolecules, is critical in maintaining 
the fidelity of protein biosynthesis. Thus, limits exist on  the relative levels of tRNAs 
and aminoacyl-tRNA synthetases within a cell. 

A MINOACYL-TRNA SYNTHETASES ing specificity and are critical for accurate 
catalyze the acylation of tRNAs with tRNA charging in vivo. 
their respective amino acids, a set of To investigate the accuracy of in vivo 

reactions whose specificity is critical for aminoacylation, we have made use of a 
fidelity in the biosynthesis of proteins (1). In sensitive assay for misrecognition of tRNA 
Eschevichia coli, each of these enzymes must by E, coli Gln-tRNA synthetase (GlnRS). 
select its few cognate ~RNAS frbm among 
approximately 80 tRNA species. Neverthe- 
less, the low frequency of errors found in 
protein sequences (for example, ovalbumins 
and globins) indicates that aminoacyl-tRNA 
synthetases display an extremely high degree 
of substrate discrimination (2). In fact, the 
term "superspecificity" has been applied to 
aminoacyl-tRNA synthetases when com- 
pared with other enzymes involved in amino 
acid metabolism, for example, proteases (3). 
Superspecificity can be explained in part by a 
number of proposed proofreading mecha- 
nisms that prevent incorrectly recognized 
amino acids entering the aminoacyl-tRNA 
pool of the cell (4). The accuracy of tRNA 
recognition by an aminoacyl-tRNA synthe- 
tase is an intrinsic part in achieving the 
specificity of aminoacylation. However, an 
additional factor is very important. As we 
show in this report, competition effects be- 
tween different tRNA-aminoacyl-tRNA 
synthetase complexes lead to enhanced bind- 

Certain nonsense mutants are suppressed 
(that is, a functional protein is made) in the 
presence of some suppressor tRNAs, but 
not of others, depending on the amino acids 
carried by the tRNA. For example, the P- 
galactosidase amber mutant lacZlooo can be 
suppressed by supE tRNAG1" (which inserts 
Gln in response to amber codons) but not 
by supF tRNATYr (which inserts Tyr), pre- 
sumably because the mutant enzyme with 
Tyr at the amber mutation site is inactive. 
Thus, the E. coli strain BT32 (lacZlooo, supF) 
is normally phenotypically Lac-. However, 
if GlnRS can aminoacylate the supF suppres- 
sor tRNATYr with Gln (forming suppressor 
G ~ - ~ R N A ~ ~ ' ) ,  active P-galactosidase is 
made in this strain. With this test system we 
showed that an altered form of GlnRS can 
misacylate (mischarge) supF tRNATYr with 
Gin (5, 6). 

We found that wild-type GlnRS also pos- 
sesses a certain affinity for some noncognate 
E. coli tRNAs and can mischarge these spe- 

cies in vitro (&), and thus we investigated the 
conditions under which such ieactions 
might take place in vivo. The most likely 
factor to influence the extent of mischarging 
was the concentration of GlnRS present in 
the cell, so we varied in vivo GlnRS levels by 
constructing strains with different copy 
numbers of glnS, the structural gene for 
GlnRS. The mischarging indicator strain 
BT32 (described above) contains only the 
chromosomal copy of glnS. The h-lysogen 
BT32(AglnS), which carries a single extra 
copy of glnS as part of the prophage, con- 
tains two copies of the gene. In addition, a 
multicopy plasmid clone of glnS was 
introduced into BT32 to form 
BT32lpBR322glnS. Liquid cultures of these 
strains were grown to mid-log phase, and 
the levels of tRNAG'", GlnRS, and p-galac- 
tosidase (arising from suppression of 
lacZlooo) were determined (Table 1). We 
found that BT32 makes significant levels of 
active p-galactosidase only when it markedly 
overproduces GlnRS because of the pres-- 
ence ofglnS on the multicopy plasmid. Little 
enzyme activity was observed in strains 
BT32 and BT32(hglnS), and also in the 
control strain BT321pBR322. Since a 
lacZlooo mutant synthesizes active P-galacto- 
sidase when Gln, but not Tyr, is inserted in 
response to the lacZlooo amber codon, it 
appears that the supF tRNATYr suppressor in 
BT32 can be charged with Gln by wild-type 
GlnRS, given sufficiently high intracellular 
GlnRS concentrations. The transformed 
strain BT321pBR322glnS yielded dark red 
colonies on lactose MacConkey agar plates. 
GlnRS charged supF tRNA less efficiently 
than its cognate supE suppressor tRNA, as 
can be seen by comparing the amounts of P- 
galactosidase activity found in BT32 and in 
the BT32(hsupE) control. In another strain 
(BT32/pBR322supF), the supF amber sup- 
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