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Amino Acid Replacements That Compensate for a 
Large Polypeptide Deletion in an Enzyme 

Abstract. Deletion of more than 400 amino acids from the carbonyl terminus of an 
enzyme causes a severe reduction in catalytic activity. Selected point mutations 
within the residual protein partially reverse the effects of the missing segment. The 
selection can yield mutants with activities at least ten times as  high as those of the 
starting polypeptides. One well-characterized mutation, a single amino acid replace- 
ment in the residual polypeptide, increases the catalytic activity of the polypeptide by 
a factor of 5 .  The results suggest substantial potential for design of protein elements 
to compensate for missing polypeptide sequences. They also may reject that 
progenitors of large aminoacyl-tRNA (transfer RNA) synthetases-one of which was 
used in these studies-were themselves much smaller. 
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Department of Biology, 
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We examined the possibility that a 
substantially truncated protein can reac- 
quire, through substitution of one or 
more amino acids some of the activity 
that is lost when a large polypeptide 
sequence is removed. Because there is 
no opportunity for compensatory inter- 
actions between mutant amino acids in 
the residual protein and the missing poly- 
peptide sequences, the possibilities for 
restructuring the enzyme are limited. 

There were two reasons for doing 
these studies. First, protein engineering 
is conceptually simpler and technically 
easier with small polypeptide chains. 
Many enzymes are large and, if they are 
to be redesigned or modified, the small- 
est possible unit of structure that retains 
activity is to be preferred. Removal of 
polypeptide sequences, however, can se- 
verely attenuate, if not eliminate, activi- 
ty. This may pose constraints on how 
small an efficient enzyme for a particular 
reaction can be made. 

The other reason concerns the overall 
design and organization of a particular 
class of enzymes, one member of which 

was investigated in these studies. These 
are the aminoacyl-tRNA (transfer RNA) 
synthetases (1, 2 ) .  Some of these en- 
zymes are large polypeptides (approxi- 
mately 1000 amino acids), but there are 
data that support the hypothesis that the 
progenitors of these large enzymes were 
themselves much smaller (3, 4). The 
question is whether a barely active, 
small subfragment of a large synthetase 
has latent potential to retain specificity 
while reacquiring some of the catalytic 
activity that was lost on removal of a 
large segment of protein. 

We demonstrated direct selection of a 
mutant fragment with enhanced catalytic 
activity. This was done without knowl- 
edge of the three-dimensional structure 
of the protein. The idea is that, for any 
strain construction in which the cell 
growth rate is severely retarded because 
of limited activity of the enzyme of inter- 
est, a mutant enzyme with enhanced 
specific activity will have accelerated 
growth and a clear selective advantage. 

Mutagenesis and selection were ap- 
plied to a catalytic fragment of Esche- 
richia coli alanine tRNA synthetase. The 
enzyme catalyzes a two-step aminoac- 
ylation reaction of ~ R N A ~ ' " .  The first 
reaction is synthesis of aminoacyl ade- 
nylate, which can occur in the absence of 
~ R N A ~ ' " .  The second reaction is be- 
tween the enzyme-bound adenylate and 

~ R N A ~ ' " ,  to yield A l a - t R ~ ~ ~ l " .  The sum 
of the two reactions is the aminoacyia- 
tion reaction. 

The full-length enzyme is an 875-ami- 
no acid polypeptide (5 ) .  Aminoacylation 
of ~ R N A * ' ~  requires a 461-amino acid 
NH2-terminal fragment, as judged by an 
in vivo complementation assay (3, 4). 
Although the activity is sufficient to 
achieve complementation of a specific 
mutation in vivo, the aminoacylation ac- 
tivity in vitro is virtually undetectable. 
There is no evidence for activity in vivo 
or in vitro for an amino-terminal frag- 
ment having 76 fewer amino acids (frag- 
ment of 385 alas amino acids). 

The original plasmid construction that 
encodes the 461 NH2-terminal alas  co- 
dons specifies a polypeptide that comple- 
ments the temperature-sensitive alaS5 
mutation but does not complement a 
strain that carries the AalaS2 null allele 
(3, 4). This suggests that improving the 
specific activity of the fragment in vivo 
cbuld result in complementation of the 
null allele background. 

Plasmids pMJ385Nt and pCH461Nt, 
respectively, encode the 385- and 461- 
amino acid fragments at the NH2-termi- 
nal of alanyl-tRNA synthetase, plus a 
COOH-terminal "tail" of 14 codons de- 
rived from pBR322. Plasmid pCH461Nt 
complements (at 42OC) the temperature- 
sensitive alaS5 mutation (3). Plasmid 
pMJ385Nt complements neither alas5 
nor AalaS2 mutant alleles. The polypep- 
tide encoded by pCH461Nt has low 
aminoacylation activity (see below). Al- 
though it is sufficient to complement the 
alas5 strain, it is insufficient for comple- 
mentation of a specially constructed null 
allele, AalaS2 (4, 6). 

Heteroduplexes between these plas- 
mids were formed and subjected to bisui- 
fite mutagenesis (7, 6) (Fig. 1). (Except 
for the deleted nucleotides in pMJ385Nt 
and a removed Sal I site in pCH461Nt, 
the two plasmids are identlsal.) The mu- 
tagenized DNA was passed through a 
ung- alas5 strain (9). This strain is tem- 
perature sensitive by virtue of the aluS5 
mutation; the uracil-N-glycosidas defi- 
ciency (ung-) assures that mutant ura- 
c i l ~  are not excised. The ung- alas5 
cells were also transformed with an un- 
treated mixture of heteroduplex and lin- 
ear DNA's. In this control experiment, 
about half of the transformants selected 
for plasmid-mediated ampicillin resist- 
ance (Ampr) at the permissive tempera- 
ture (30°C) were viable at the restrictive 
temperature (42OC). This established that 
segregation of the plasmids within the 
heteroduplex occurs after replication 
and that the deletion loop is retained in 
the 42°C transformants, because exci- 
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sion of this loop would prohibit comple- 
mentation of the temperature-sensitive 
alas5 mutation. 

The ung- alas5 cells transformed with 
NaCI- and bisulfite-treated DNA's gave 
two species of plasmids that were isolat- 
ed from the pooled progeny arising at the 
permissive temperature. Both comigrat- 
ed with the original plasmids. Digestion 
with Sal I preferentially linearized the 
smaller plasmid, as anticipated. (This 
allows pCH461Nt to be preferentially 
transformed because linear DNA trans- 
forms poorly.) The Sal I-digested pool 
of mutagenized DNA was then trans- 
formed into a AalaS2/pMJ901 strain to 
select for the desired mutant alanyl- 
tRNA synthetase fragments. 

The AalaS2 mutation is a null allele of 
alas  (10). Because alas  is an essential 
gene, this strain is maintained prior to 
transformation by an alas  plasmid 
(pMJ901), which also encodes tetracy- 
cline resistance (Tet? and has a tempera- 
ture-sensitive origin of replication. In 
transformants harboring both pCH461Nt 
and pMJ901, the latter is selectively 
eliminated by shifting the temperature to 
42°C (10). 

For NaC1-treated DNA controls, no 

transformants arose at 42OC. This is con- 
sistent with the inability of pCH461Nt to 
complement AalaS2 and indicates that 
prolonged exposure to high salt concen- 
tration has no enhancing mutagenic ef- 
fects. 

Heteroduplexes were treated with 4M 
bisulfite for 15, 60, 120, and 240 minutes. 
Viable colonies were observed at the 
restrictive temperature from cells trans- 
formed with each of the bisulfite-treated 
DNA samples. Of the AalaS2 transfor- 
mants that arose under permissive condi- 
tions, between 1 and 4 percent were 
viable at the higher temperature, where 
replication of the maintaining plasmid is 
blocked. The optimal number of mutant 
phenotypes was obtained with DNA that 
had been treated for 60 or 120 minutes 
with 4M bisulfite. 

Mutations with deleterious effects 
were scored by the loss of complementa- 
tion of the temperature-sensitive alas5 
strain. With extensively mutagenized 
DNA (4 hours with 4M bisulfite), fewer 
than 3 percent of the alas5 transfor- 
mants arising at 30°C were viable at 
42°C. This indicates that large numbers 
of deleterious mutations had occurred. 
In contrast, equal numbers were viable 

Fig. 1. Heteroduplex construction formed 
from plasmids pMJ385Nt and pCH461Nt. 
PvuII-linearized pMJ385Nt (inner strand) and 
PstI-linearized pCH461Nt (outer strand) were 
denatured and reannealed to form the plasmid 
heteroduplex shown. The single-stranded de- 
letion loop contains codons 386 to 461 of alaS. 
Treatment with sodium bisulfite promotes 
deamination of cytosine to uracil within this 
region. Additional products from heterodu- 
plexing that are not shown include reannealed 
linears and the complementary heteroduplex. 
The a las  temperature-sensitive E.  coli strain 
KL380 (relevant genotype, alaS5) was pro- or i  

vided by K.  B. Low (25). The a l a s  chromo- 
somal deletion mutant strain KL385 recAAl 
Kanr AalaS was constructed as described by 
Jasin and Schimmel (10). BD1528-3a (relevant 
genotype, ung-1 recAl alaS.5) is a uracil N- 
glycosylase defective strain used to stably 
incorporate mutant uracils as thymines after < ~ k b  2 
bisulfite mutagenesis (9). The construction of p ~ ~ 3 8 5 ~ t l p c ~ 4 6 1  ~ t  

plasmids pMJ385Nt and pMJ461Nt, which 
encode NH2-terminal alanyl-tRNA synthetase fragment, is detailed elsewhere (4). The unique 
Sal I site in pMJ461Nt was eliminated by linearizing with Sal I ,  filling the staggered ends of the 
linear DNA, and recircularizing with T4 DNA ligase. Ampr transformants were screened for 
loss of the Sal I site and one plasmid (pCH461Nt) was selected for heteroduplexing. Plasmid 
pMJ385Nt was digested with Pvu 11, and pCH461Nt was digested with Pst I. Heteroduplexes 
were formed from 4 p.g of each linear DNA by the method of Peden and Nathans (3, and 
bisulfite mutagenesis was carried out by the method of Shortle and Nathans (26) [see also (8)l. 
Incorporation of thymine for uracil in the mutant plasmids was accomplished by transforming 1 
p.g of bisulfite-treated DNA into the ung- alaS.5 strain BD1528-3a. After a 2.5-hour expression 
period at 30°C, the culture was spread on several Luria-Bertani Amp agar plates containing 
ampicillin (100 p.g/ml), and colonies arising after 48 hours were pooled. DNA isolated from 
pooled strains were used to transform alaS.5 and AalaS2 Escherichia coli mutants in the 
selection procedure. Plasmid DNA was isolated by a modification of the procedure of Katz et 
a/ .  (27) or by the rapid boil method (28). DNA fragments subjected to electrophoresis in 1 
percent agarose were isolated by electroeluting the fragment from excised gel slices. Competent 
E ,  coli was prepared and transformed (29). DNA was sequenced by the dideoxy chain 
termination method (11) with the use of derivatives of M13 phage templates (30). 

390 

at both temperatures for cells trans- 
formed with NaC1-treated DNA (see 
above). 

The AalaS2 transformants that were 
viable at 42°C were judged not to arise by 
reversion of the defective replication ori- 
gin in pMJ901 because that plasmid's 
Tetr marker was lost at 42OC. That activi- 
ty is borne by mutant pCH461Nt was 
shown when plasmid DNA from several 
viable colonies was back-transformed 
into the same strain and yielded transfor- 
mants at a high frequency (5 x lo4 per 
microgram of DNA) at the restrictive 
temperature. We picked colonies with 
mutant phenotypes resulting from trans- 
formation with DNA that had been treat- 
ed with bisulfite. To determine the loca- 
tions of point mutations, a 0.8-kb Bgl II- 
Eco RI segment that spans the deletion 
loop (Fig. 1) was excised from mutant 
plasmids that complement AalaS2. This 
fragment was cloned into M13mp9 and 
sequenced by the dideoxy chain termina- 
tion method (11). The orientation of the 
cloned segment was such that synthesis 
of the complementary chain extended 
from the Eco RI site-at the 3' end of the 
truncated alas  coding strand-into the 
internal coding sequences for the frag- 
ment. In this direction, a single primer 
extension reaction was sufficient to de- 
termine the sequence of the entire dele- 
tion loop. 

A summary of the point mutations 
found in seven different mutants is given 
in Table 1. Six of these have a mutation 
of glutamine to amber (CAG to TAG) at 
the codon following amino acid 461. This 
mutation precisely terminates the short 
extraneous segment of 14 codons de- 
rived from pBR322 sequences that are 
in-frame with the COOH-terminal end of 
pCH461Nt. One mutant (MO) has the 
nonsense mutation as the sole non-silent 
mutation, and it thus encodes the wild- 
type 461-amino acid NH2-terminal frag- 
ment of alanine-tRNA synthetase. That 
MO complements alas2 implies that re- 
moval of the tail enhances the activity in 
vivo. 

Five of the mutants have the same 
amber mutation and one or more mis- 
sense mutations. Two of them have one 
missense mutation, which is either 
Ala3,, + Val (MI) or Ala4,, + Val 
(M2). The three that have more than one 
missense change each have at least one 
of these mutations. A mutant (M6) that 
does not terminate after codon 461 was 
also scored. It has the string of 14 codons 
derived from pBR322. This has three 
mutations in the alas  coding section and 
none of these is found in any of the other 
mutants. It was not investigated further. 
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Mutants MO, M2, M3, M4, and MS 
were checked for mutations outside the 
target region. Each was sequenced for 
250 base pairs beyond the 5' side of the 
boundary of the deletion loop. No addi- 
tional mutations were found. This con- 
firms that mutagenesis was limited to a 
specific segment. 

The Ava 11-Eco RI fragment that 
spans the deletion loop was excised from 
mutant plasmids MO, M2, M3, and MS. 
The analogous DNA segment was re- 
moved from the recipient vector 
pMJ38SNt and replaced with the mutant 
DNA fragment so as to reconstruct the 
truncated alas gene coding for mutant 
polypeptide. The reconstructed mutant 
plasmids complement the AalaS2 null 
allele and in every other respect are 
identical to the original mutant plasmids 
(data not shown). This confirms that the 
mutations given in Table 1 are solely 
responsible for the mutant phenotype. 

In vivo synthesis of the fragment from 
pCH461Nt, of wild-type fragment from 
MO (plasmid pCH461N), and one of the 
mutant fragments (M2) was studied in 
maxicells (12, 13). Plasmid-encoded pro- 
teins were selectively labeled with ['SI- 
methionine, separated by sodium dode- 
cyl sulfate (SDSbpolyacrylamide gel 
electrophoresis and visualized by autora- 
diography (Fig. 2). The perceptible 
greater mobility of wild-type and 
mutant fragments, as compared with that 
of the fragment from pCH461Nt, sug- 
gests that the modified polypeptides ex- 

Table 1 .  Amino acid substitutions in mutants 
that arise in the selection for higher catalytic 
activity. Mutants MO to M5 arise from C + T 
transitions in the coding strand of the DNA, 
and mutant M6 arises from C + T transitions 
in the opposite strand. In addition to the 
missense mutations, some of the mutant 
genes also contained silent changes. The num- 
ber of silent changes is MO, none; MI, two; 
M2, one; M3, one; M4, three, M5, two; and 
M6, none. 

Mutant substitution 

MO* 
M 1 t Ala,, + Val 
M2t A l h  + Val 
M3t Ala394 + Val, Alhw + Val 
M4t Ala394 + Val, Ala443 + Val, Alh5, 
+ Val 

M5t Alaw9 + Val, Arh15 + Cys 
M6$ Valws + Ile, Val,,, + Ile, Glu,,,, 
+ Lys 

*Mutant MO arises from a single base change in 
pCH461Nt. This change (CAG- >TAG) generates a 
stop codon immediately after codon 461 of alas. 
Th~s stops translation of the 14 codons derived from 
pBR322 which are fused to alaS in pCH461Nt. 
tcontains an amber stop codon after codon 461. 
This is generated by the same C -+ T transition as 
occurs in MO. $Contains a "tail" of 14 codons 
after alaS codon 461. These codons are derived from 
pBR322. 

pressed in vivo lack the extraneous 
COOH-terminal amino acids, as expect- 
ed. The similar intensities of the poly- 
peptide bands suggest that the three frag- 
ments are stably synthesized and that 
their levels of expression are similar. 

In vitro, the aminoacylation activity of 
the polypeptide encoded by pCH461Nt, 
which has the tail of 14 codons derived 
from pBR322, is so low that it is difficult 
to quantitate reliably. However, the ala- 
nine-dependent adenosine triphosphate 
inorganic pyrophosphate (ATP-PP,) ex- 
change activity of this fragment appears 
unaltered from that of the full-length na- 
tive enzyme. 

We focused primarily on wild-type 
fragment MO, the two missense substitu- 
tion mutants M1 and M2, and the double 
mutant M3. The initial analysis was done 
with crude extracts. As an internal stan- 
dard, we checked the valine-specific 
aminoacylation activity because this 
should be the same for each extract. We 
established that each one had valine- 
specific aminoacylation activity within 
20 percent of that of the extract for MO. 
The four extracts had the same (k10 
percent) alanine-dependent ATP-PPi ex- 
change specific activity (adenylate syn- 
thesis), suggesting that the adenylate 
synthesis domain is not disturbed in the 
mutants. This is consistent with other 
data showing that full alanine-dependent 
ATP-PPi exchange activity (equal to that 
of the full-length enzyme) is accom- 
plished by the 385 NH2-terminal amino 
acids, which are outside the region that 
was mutagenized (4, 14). The similar 
alanyladenylate synthesis activity of the 
various extracts also implies a similar 
protein concentration. The results of 
expression of MO and M2 in maxicells 
corroborate this point. 

Aminoacylation activity of wild-type 
fragment MO, in contrast to that of the 
polypeptide encoded by pCH461Nt, is 
easily detected. This is consistent with 
MO's complementation of the AalaS2 al- 
lele and with the lack of complementa- 
tion of this allele by pCH461Nt. 

The alanine-dependent aminoacyla- 
tion activity of the four extracts was 
investigated. For the wild-type fragment 
the aminoacylation specific activity is 
about 0.1 percent of that of full-length 
native alanine tRNA synthetase. We de- 
tected no difference in the normalized 
aminoacylation activity for the Ala394 
+ Val mutant M1 when compared with 
that of the wild-type enzyme MO. Mu- 
tants M2 and M3, which have the 
+ Val substitution either alone (M2) or 
combined with the Ala394 + Val change 
(M3), have similar aminoacylation spe- 

cific activities that are severalfold above 
that of wild-type fragment MO. (Quanti- 
tative values are given below.) We 
therefore investigated further the proper- 
ties of the single substitution mutant 
M2. 

The effect of the A l w  + Val muta- 
tion on catalytic activity was explored by 
measuring steady-state kinetic parame- 
ters for the A l w  + Val and wild-type 
fragments. Both fragments were purified 
to near homogeneity in a four-step pro- 
cedure. In the ATP-PPi exchange reac- 
tion (14), the two fragments have nearly 
identical Michaelis constants (Km's) for 
alanine and ATP. The Km for alanine 
was measured by varying the amino acid 
from 0.1 to 2 mM at 2 mM ATP. The Km 
for ATP was determined by varying the 
nucleotide from 10 to 200 pM at 5 mM 
alanine. For the wild-type fragment, 
these Km's are 0.7 mM (alanine) and 23 
pM (ATP) at pH 7.5 and 30°C; the mu- 
tant M2 parameters are 0.5 mM and 21 
JLM, respectively. The same ATP-PPi 
exchange activity of the two fragments is 
not due, therefore, to compensating 
changes in the kinetic parameters. The 
sites for ATP and alanine appear undis- 
turbed. 

The difference in specific aminoacyla- 
tion activity of wild-type and mutant 
enzyme extracts was corroborated with 

laS protein 
fragments 

Fig. 2. Autoradiogram of a 10 percent SDS- 
polyacrylamide gel showing plasmid-encoded 
proteins selectively labeled with [35S]meth- 
ionine and expressed in transformed maxi- 
cells. Positions of molecular weight standards 
are indicated. The bottom band corresponds 
with the dye front. Plasmid-encoded proteins 
were selectively labeled with [35S]methionine 
by the maxicell technique (12) and visualized 
on the 10 percent SDS-polyacrylamide gels 
(31) by autoradiography. 

26 JULY 1985 



the purified enzyme. Differences in kcat/ 
K, (kcat is the catalytic constant) for 
tRNA in the aminoacylation reaction 
were observed from the dependence of 
initial velocity on the concentration of 
tRNA. In contrast to the native full- 
length alanyl-tRNA synthetase, which is 
at maximum velocity (V,,,) with respect 
to tRNA in the range assayed (3.4 to 84 
pM;  K, [ ~ R N A ~ ' ~ ]  = 0.6 pM),  the rate 
of arninoacylation for the Ala4,, -+ Val 
mutant was linear with tRNA up to 
[ ~ R N A ~ ' " ]  = 40 b M ,  and that of the 
wild-type fragment was linear up to 
[~RNA*'~]  = 80 F M .  (It is not feasible to 
do assays above 80 pM ~ R N A ~ ' ~  because 
of the amount of scarce material which is 
required and because of potential com- 
plications coming from tRNA aggre- 
gates, which may form at high concen- 
trations.) The slope of the linear portion 
of the velocity versus ( ~ R N A ~ ' ~ )  plot is 
kCat/K,. For the Ala4,, -+ Val mutant, 
this parameter is five times that of the 
wild-type fragment when purified 
~ R N A ~ ' ~  is used (Fig. 3). The magnitude 
of the kcat/Km enchancement is similar 
whether measurements are made with 
purified protein or with cell extracts (not 
shown). Because of the excessively high 
~ R N A ~ ' ~  concentration required, we 
cannot further break down the individual 
components of kcat/K,. 

The aminoacylation activity of the 
Ala4,, -+ Val mutant fragment is un- 
changed whether unfractionated tRNA 
or purified ~ R N A ~ ' ~  is acylated. This 
confirms that the fragment retains speci- 
ficity for tRNA. 

The thermal stability of purified mu- 
tant and wild-type fragments was as- 
sessed. No loss in activity was observed 
for either fragment at 30" and 37°C for up 
to 2.5 hours. With respect to the purifica- 
tion of each fragment, the ratio of ala- 
nine-dependent ATP-PPi activity to 
aminoacylation activity of the crude ex- 
tract was not significantly different from 
that of the pure fragment. The findings 
further suggest that the Ala4,, -+ Val 
mutation enhances intrinsic catalytic ac- 
tivity rather than fragment stability. A 
host strain with a AalaS2 null allele 
(KL385 AalaS2) was maintained, sepa- 
rately, by a plasmid encoding full-length 
alaS protein, the wild-type fragment MO, 
and the mutant fragment M2. The dou- 
bling times in rich (Luria) broth at 37°C 
for the cells harboring fragments MO and 
M2, and full-length native enzyme, are 
respectively, 100, 79, and 30 minutes. 
The faster growth rate of M2 may be 
related to the higher intrinsic enzyme 
activity of the mutant protein M2 in 
comparison with that of the wild-type 
fragment MO. 

Polypeptide chain lengths of amino- 
acyl tRNA synthetases range from 300 to 
1000 amino acids (1, 2). There are data 
supporting the concept of a modular ar- 
rangement of functional domains where- 
by additional polypeptide sequences are 
fused to a catalytic core that itself may 
comprise only a few hundred amino acid 
residues (3, 4, 15, 16). These additional 
amino acid sequences may perform other 
functions such as gene regulation (1 7, 18) 
or the synthesis of adenosine tetraphos- 
phate adenosine, a pleiotropic regulatory 
molecule (1 9-21). 

Strong selective pressure to retain 
these sequences may result from their 
being functionally integrated with the 
catalytic core to the point that they have 

~ R N A ~ ' ~  concentration CUM) 

Fig. 3. Aminoacylation of tRNAAla by wild- 
type and mutant NH2-terminal fragments of 
alanyl-tRNA synthetase at pH 7.5 and 30°C. 
Reaction mixtures contained 8 FM [3H]alan- 
ine, 2 mM ATP, and variable amounts of 
purified ~ R N A ~ ' ~ .  The aminoacylation rates 
are reduced by the subsaturating concentra- 
tions of amino acid. To raise [3H]alanine to 
saturating concentrations (over 1M) requires 
impractical amounts of radioactive substrate; 
the K, for alanine is identical, however, for 
the two fragments (see text). On the ordinate, 
velocity is measured as picomoles of alanyl 
~ R N A ~ I "  per picomoles of enzyme per min- 
ute. The slopes of the linear portions of these 
curves are k,,,/K, = 3 5 0 ~ - I  sec-' (wild 
type) and 1700M-' sec-' (mutant). The NH2- 
terminal fragment of alanyl-tRNA synthetase 
was purified in four steps that included cell 
lysis, DEAE-cellulose chromatography, uri- 
dine 2',5'- and 3',5'-diphosphate agarose 
(UDP-agarose) affinity chromatography, and 
gel filtration (32). The purified fragments are 
at least 80 percent pure, as judged by poly- 
acrylamide gel electrophoresis, and comigrat- 
ed at the anticipated molecular weight. The 
ratio of aminoacylation to ATP-PPi exchange 
activity remained approximately constant 
throughout the purification. The aminoacyla- 
tion reaction was performed at 30°C by the 
method of Schreier and Schimmel (33) as 
modified by Starzyk et a/ .  (34). 

actual determinants for catalysis (for ex- 
ample, by providing part of the site for 
binding of tRNA) (4, 22). If the residual 
protein that is mutagenized in these stud- 
ies is akin to the alanyl-tRNA synthetase 
progenitor, then the likelihood of suc- 
cess is greatly increased. By the same 
reasoning, large enzymes that evolve 
from small progenitors might themselves 
be amenable to the type of reconstruc- 
tion demonstrated here. 

We believed it might be possible to 
select enhanced activity mutants of 
461Nt that are in the alaS coding se- 
quence, without removal of the 14-codon 
PBR322 portion. The selection repeated- 
ly yielded the glutamine-to-amber codon 
change immediately after codon 461. 
This in itself was sufficient to increase 
activity over that of 461Nt. The AalaS2 
strain nonetheless grows quite slowly 
(see above) when the plasmid that is 
introduced contains just this mutation. 
Improved growth is seen with a plasmid 
that also has the Ala4,, -+ Val substitu- 
tion, and this single change gives a fur- 
ther increase in activity. It appears, 
therefore, that the selection goes beyond 
just that for acquiring the glutamine-to- 
amber mutation. 

We obtained one mutant (M6) without 
the glutamine-to-amber change and with 
three missense mutations in the alaS 
coding sequence (Table 1). The specific 
aminoacylation activity of M6 in extracts 
is higher than that of MO and is compara- 
ble to that of the Ala4,, -+ Val mutant 
(23). This further suggests that activity 
levels higher than those of mutant MO 
are obtained by the selection. It also 
suggests that a number of routes are 
available to achieve higher specific activ- 
ity and that the effects of the 14-codon 
tail can be more than compensated for by 
mutations within a las  itself. 

We estimate that the activity of the 
wild-type fragment MO is several times 
that of the enzyme encoded by 
pCH461Nt. Since mutant M2 (and pre- 
sumably M6) has activity five times that 
of MO. we conclude that the selection 
can yield mutant proteins with activities 
at least an order of magnitude higher 
than that of the starting polypeptide. 

The faster doubling time of AalaS2 
strains expressing the Ala4,, -+ Val frag- 
ment indicates that the Ala4,, -+ Val re- 
placement confers a selective growth ad- 
vantage. The elevated kcat/K, is a likely 
contributing factor. Intracellular concen- 
trations of each tRNA species have been 
estimated at approximately 1 pM (24). 
At these levels of tRNA, both mutant 
and wild-type fragments, having high 
K,'s for tRNA, would operate under 
conditions in which activity is governed 
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by k,,,lK,. Thus, any elevation in this 
parameter increases steady-state amino- 
acylation, accordingly improving growth 
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under conditions in which the acylation 
of ~RNA*'" is likely to be growth-limit- 
ing. 

Our results suggest that when cell 
growth is limited or prevented by a spe- 
cific catalytic activity, it is possible to 
select mutant forms of a catalytic unit 
having a higher intrinsic activity. The 
relative ease with which mutants were 
obtained, with a single mutagen that is 
restricted to G-to-A and C-to-T transi- 
tions, suggests that many more enhanced 
activity mutants could be selected by 
saturating the system with other muta- 
gens. 
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Nerve Growth Factor 

Abstract. Nerve growth factor (NGF) is essential for the development and 
differentiation of sympathetic or sensory neurons. A complementary DNA was 
cloned that corresponds to a gene sequence induced more than SO-fold in a cultured 
target cell line of pheochromocytoma cells (PC12 cells) 5 hours after the addition of 
NGF. The induced messenger RNA encodes a 90,000-dalton polypeptide that may 
represent one of the primary events in NGF-induced differentiation of neurons. 

Laboratory of Biochemistry, 
National Cancer Institute, 
National Institutes of Health, 
Bethesda, Maryland 20205 

*On leave of absence from lstituto di Biologia Cellu- 
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Nerve growth factor (NGF) is required 
for the development and maintenance of 
sympathetic and sensory neurons both in 
vivo and in vitro (1, 2). In addition, it 
induces the differentiation of immature 
(3) and neoplastic chromaffin cells to- 
wards a neuronal phenotype, as exempli- 
fied by the PC12 cell line derived from a 
rat pheochromocytoma (4). While nu- 
merous biochemical effects of NGF on 
PC12 cells have been described, it has 
been difficult to correlate any of these 
effects with the induction of the neuronal 
phenotype. Even though induction of the 
neuronal phenotype requires RNA syn- 
thesis (5), Garrels and Schubert (6) and 
McGuire and Greene (7) reported no 

qualitative change in the protein pattern 
during induction in two-dimensional gel 
analyses of more than 800 proteins in 
PC12 cells. These authors suggested that 
NGF produced only quantitative modu- 
lations of protein synthesis rather than a 
qualitative change in the pattern of gene 
expression. We have investigated NGF 
modulation of gene expression in PC12 
cells by identifying messenger RNA's 
(mRNA's) induced within 24 hours after 
exposure to NGF, a period that is 48 to 
72 hours prior to the appearance of major 
morphological changes. 

A complementary DNA (cDNA) li- 
brary of approximately 5000 clones was 
constructed as described in the legend to 
Fig. 1 with mRNA isolated from PC12 
cultures that had been treated with 2 . 5 s  
NGF (100 ngiml) for 24 hours (8). Those 
cDNA clones that gave a stronger hy- 
bridization signal with total cDNA probe 
from induced as compared to uninduced 
cells were selected and rescreened two 
additional times by the same procedure. 
Six clones were judged to represent 
NGF-induced RNA. This group of 

1 2 3 4 5  6 7 8 9 1 0  Fig. 1. Induction of the mRNA 
hybridizing to the VGF8a 
cDNA clone. Total RNA was 
prepared from cells treated as 
described (16). Approximately 
10 pg of total RNA was sub- 
jected to electrophoresis in 
formaldehyde gels and blotted 

28s  - as described (17). The blot was 
hybridized with apprqximately 

I W - I f l g , ~  e 4 x lo6 countimin per millili- 18s - ter (10 ml) of the nick-translat- 
ed VGF8a and rat actin cDNA 
clones. Equal amounts of plas- 
mid DNA were mixed prior to 
labeling to obtain probes of 
comparable specific activity 
during nick translation. Condi- 
tions for the hybridization 
were as described (18). The 
cDNA library was prepared 
from 28 pg of oligodeoxythy- 
midylate [oligo(dT)]-selected 

RNA (19) extracted from PC12 cells that had been treated with 2.5s NGF (100 nglml) for 24 
hours. Hind 111 and Eco RI linkers were added to the ends of the double-stranded cDNA 
corresponding to the 3' and 5' ends of the RNA's, respectively, as described (20). Escherichia 
coli (DHl) were transformed with the recombinant DNA according to Hanahan (21). (Lane 1) 
RNA from FTRLS cells; (lane 2) RNA from FTRL5 cells treated for 24 hours with 2.5s NGF 
(200 ngiml); (lane 3) RNA from GH, cells; (lane 4) RNA from HTC cells; (lanes 5 to 10) RNA 
from PC12 cells treated with NGF (250 nglml) for 0, 3 ,  5,9 ,  25, and 49 hours, respectively. The 
open arrow indicates the position of the RNA hybridizing with VGF8a cDNA clone. The solid 
arrow indicates the position of the actin RNA. 
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