physiological role of GAP is to down-regu-
late #as p21 and that GAP, therefore, acts
upstream from 7as p21 in a signal transduc-
tion pathway (4). However, the results pre-
sented here, which suggest that GAP and
the ras effector bind to the same site on p21,
raise the possibility that GAP is the effector
protein itself. If so, it would be expected
that the interaction between GAP and p21
occurs on the plasma membrane, since mem-
brane association is known to be required
for ras function (12). We therefore propose
that GAP, which has been shown previously
to be a cytosolic protein (4), translocates to
the membrane through association with the
GTP-bound form of p21. We speculate that
this translocation is necessary to bring GAP
in close proximity to its own target (or
targets) and that the formation of this com-
plex generates a signal for cellular prolifera-
tion. Thus, GAP activation may be analo-
gous to that of protein kinase C, which has
been shown to involve translocation to the
plasma membrane in response to mitogenic
stimulation (13). An interesting aspect of
the model proposed here is that it provides a
means for down-regulating the active com-

- plex through the stimulation of GTP hy-
drolysis by GAP, resulting in the dissocia-
tion of GAP from the complex. Since the
GTPase activity of oncogenic p21 mutants
cannot be stimulated by GAP, constitutive
association between GAP and its putative
target (or targets) takes place, which in turn
results in loss of growth control.
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Evidence from Cassette Mutagenesis for a Structure-
Function Motif in a Protein of Unknown Structure

NEIL D. CLARKE,* DONALD C. LI1EN, PAUL SCHIMMEL

The three-dimensional structure of most enzymes is unknown; however, many
enzymes may have structural motifs similar to those in the known structures of
functionally related enzymes. Evidence is presented that an enzyme of unknown
structure [Ile-transfer RNA (tRNA) synthetase] may share a functionally important
structural motif with an enzyme of related function (Tyr-tRNA synthetase). This
approach involves (i) identifying segments of Ile-tRNA synthetase that have been
unusually conserved during evolution, (ii) predicting the function of one such segment
by assuming a structural relation between Ile-tRNA synthetase and Tyr-tRNA
synthetase, and (iii) testing the predicted function by mutagenesis and subsequent
biochemical analysis. Random mutations were introduced by cassette mutagenesis into
a ten-amino-acid segment of Ile-tRNA synthetase that was predicted to be involved in
the formation of the binding site for isoleucine. Few amino acid substitutions appear to
be tolerated in this region. However, one substitution (independently isolated twice)
increased the Michaelis constant K,, for isoleucine in the adenylate synthesis reaction
by greater than 6000-fold, but had little effect on the K, for adenosine triphosphate,
the apparent K,, for tRNA, or the rate constant .

LTHOUGH FUNCTIONALLY RELAT-
ed, the members of the aminoacyl-

a mononucleotide binding fold (2) (Fig. 1).
In the case of Bacillus stearothermophilus Tyr-

transfer RNA (tRNA) synthetase
class of enzymes are heterogeneous in qua-
ternary structure and subunit size and in
general show little sequence similarity.
However, a subset of these enzymes (includ-
ing Ile-tRNA synthetase) share a similar 11-
amino-acid segment known as the signature
sequence (I). In the two aminoacyl-tRNA
synthetase structures that have been partially
solved (Tyr- and Met-tRNA synthetase),
this sequence occupies the same position in

Signature
sequence

48—-—-“

38
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tRNA synthetase, residues in this sequence
are known to be involved in the binding of
adenosine triphosphate (ATP) (3) and in
the catalytic formation of the aminoacyl-
adenylate intermediate (4). We present evi-

Department of Biology, Massachusetts Institute of Tech-
nology, Cambridge, MA 02139.

*Present address: Department of Molecular Biology and
Genetics, Johns Hopkins University School of Medicine,
Baltimore, MD 21205.

E s Nonregular secondary structure
SRR } a-helix, thicker lines lie above the
— B—-sheet, thinner lines below
meml-  (-sheet

Fig. 1. Schematic of the dinucleotide binding fold type structure of B. stearothermophilus Tyr-tRNA
synthetase. This drawing (not to scale) represents one selected part of the solved structure of Tyr-tRNA
synthetase based on published drawings and descriptions (2, 8, 9). The letters below the schematic
indicate the B-strands according to the convention of Blow ez al. (2). The approximate location of the
signature sequence found in a subset of aminoacyl-tRNA synthetase is shown, as is the location of a
segment that starts 26 amino acids beyond the end of the signature sequence. This segment may be
analogous to the segment of Ile-tRNA synthetase that we have subjected to mutagenesis in this work.
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dence that Ile-tRNA synthetase may share
with Tyr-tRNA synthetase a functionally
important beta-alpha-beta motif that in-
cludes and extends beyond this sequence.
The sequences of the genes for Ile-tRNA
synthetase from Escherichia coli (5) and from
the yeast Saccharomyces cerevisiae (6) show
that the enzymes have diverged significantly
since the prokaryote-eukaryote evolutionary
split. Even if small gaps are allowed in the
alignment of the sequences, there is only
27% amino acid identity between the two
enzymes (6). However, the divergence is not
uniform throughout the sequence, but rath-

Fig. 2. Blocks of strong se- A 200

er is punctuated by blocks of strong se-
quence identity (Fig. 2). We surmise that
these segments have been conserved during
evolution because they are functionally im-
portant.

One of the most striking blocks of se-
quence identity lies 26 amino acids beyond
the end of the signature sequence. This
block of ten amino acids includes eight
identities and two conservative substitu-
tions. Although the Ile-tRNA synthetase
polypeptide (a monomer of 939 amino ac-
ids) is more than twice the length of that of
the tyrosine enzyme (an «p dimer with

300 400 500 600 700 800 900
| !

quence identity and the El ' :
/

strategy for mutagenesis.

I

(A) A representation of E.
coli IletRNA synthetase; B
numbering is from the
NH,-terminus. Regions of
strong sequence identity (a
stretch of at least ten amino
acids with 60% or more co-

S. cerevisiae

E. coli

Glu Arg Arg Phe Gly Trp Asp Thr His Gly Val Pro lle Glu His

ProgDTyr Val Pro Gly Trp Asp Cys His Gly Leu Pro lle Glu Leu'®*

CCG TAT GTG CCT GGC TGG GAC TGC CAC GGT CTG CCG ATC GAG CT%

CATATG GAGCTC
Nde | Sac |

linear amino acid identity) with the S. cerevisine enzyme are represented as shaded, crosshatched, or solid
blocks. The total amino acid identity in the shaded blocks is 71%. The total amino acid identity in the
rest of the sequence is 21%, provided that small gaps in the sequence are allowed. The black block
represents the signature sequence. The cross-hatched region begins 26 amino acids beyond the end of
the signature sequence. (B) The E. coli sequence targeted by the mutagenic cassettes (Nde I to Sac 1) is
shown (11). The bold type in the E. coli and yeast sequences indicates the conserved residues.

Fig. 3. Kinetic parameters of the Gly** to Arg
mutant. Lineweaver-Burk plots were used to de-
termine the Kyqey Of (A) the wild-type and (B)
the mutant Ile-tRNA synthetase. Extracts were
prepared essentially as described in (18), and
dialyzed against 50 mM tris-HCI (pH 7.5), 100
mM KCl, 1 mM EDTA, and 10% (v/v) glycerol.
Activity was measured with the pyrophosphate
exchange assay as described (19) except that the
ATP concentration was 1 ma. This is the optimal
concentration for both the wild-type and the
GR94 mutant enzymes (I4) and is near to the
Katp) for each enzyme. Higher concentrations
of ATP are inhibitory (20). The Ile concentrations
used for the mutant are 1000-fold higher than for
the wild type. The error bars for the mutant data
represent the standard deviation of measurements
made on the two independent isolates. At high
substrate concentrations, greater than 98% of the
activity is attributable to the GR94 mutant en-
zyme rather than to the MI1 chromosomal mu-
tant. (C) Kinetic parameters for wild-type and
mutant Ile-tRNA synthetase. The estimated accu-
racy of these parameters is £20%. The K, values
for ATP and Ile were measured with the pyro-
phosphate exchange assay. The Ile concentration
for each Kyatr) determination was at least three-
fold above the Kyqe) for that enzyme. Relative
keqy values were determined by normalizing the
pyrophosphate exchange values for Vigax to the
amount of Ile-tRNA synthetase in crude extracts
as determined by densitometry of Western blots
with antibodies to Ile-tRNA synthetase. The ele-
vation in Kpqe) in the mutant enzyme makes the
measurement of these values by the aminoacyla-
tion assay (14) unfeasible (the higher concentra-
tions of unlabeled Ile that are required necessarily
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GR94 33,000 1.5 0.2 0.85

reduce the specific activity of [*H]lle to too large an extent). Thus, the apparent K., for tRNA was
arbitrarily defined and determined at 1 mM ATP and 25 pM Ile with purified tRNA"® (Subriden, Inc.,

Rolling Bay, Washington).
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subunits of 419 amino acids), there is evi-
dence for a nucleotide fold in the amino
terminal part of Ile-tRNA synthetase that may
be structurally related to that of Tyr-tRNA
synthetase (7). Because of this possible rela-
don, the Tyr-tRNA synthetase-tyrosyl-ade-
nylate co-crystal structure (8, 9) was examined
in order to identify a possible function for the
segment of Tyr-tRNA synthetase that lies 26
amino acids beyond the signature sequence.
The segment is in relativelty close proximity
to the bound tyrosyl-adenylate, and near the
center of the segment is Asp’®, which is
believed to hydrogen bond to the amino
group of tyrosine (10).

In view of this, the aforementioned re-
gion that is conserved between two Ile-
specific synthetases may contribute to the
formation of the binding site for Ile. To
investigate this possibility, we introduced
random mutations into the region by cas-
sette mutagenesis (Fig. 2) (11). The restric-
tion sites that were used for cloning the
mutagenic cassettes were introduced into
the E. coli ileS gene by oligonucleotide-
directed mutagenesis (12). The cassettes
were cloned into #eS in such a way that
greater than 99% of the transformants are
attributable to the insertion of a cassette; 93
independent transformations were per-
formed. Plasmid DNA was prepared from a
single transformant from each of the 93
transformations and used to transform a
recA derivative of the strain MI1. [MI1 (13)
has a mutation in the chromosomal allele of
#leS that renders the Ile-tRNA synthetase
activity undetectable under standard assay
conditions. When transformed with the #/eS-
bearing plasmid pMT521, the plasmid-en-
coded aminoacylation activity under stan-
dard conditions is more than 100,000 times
greater than that of the chromosomal-en-
coded MI1 activity, and the Ile-tRNA syn-
thetase activity in crude extracts can be
attributed to the plasmid allele.] The trans-
formants were assayed under four sets of
substrate concentrations to screen for
changes in the Michaelis constant Ky, values
of each of the three substrates (Ile, ATP, and
tRNA).

Of the 93 transformants examined, 62
were phenotypically wild type with respect
to the K, for all three substrates, whereas
28 produced neither detectable activity nor
detectable levels of protein. One mutant
(IN102), which encodes an Ile to Asn sub-
stitution at position 9 of the identity block,
had only minor effects (less than tenfold)
on the kinetic parameters of Ile-tRNA syn-
thetase and was not studied in detail. The
remaining two mutants were found to have
severely altered activity. These two mutants
each encode a Gly** to Arg substitution
(codon changes of GGC to CGA and CGG,
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Fig. 4. Sequences of phenotypically Wild type

wild-type and kinetically altered
cassette mutants. The cassettes in-
clude 35 base pairs of double-

stranded DNA. The wild-type cod- ~ GR94 (@) (1)
ing strand for these 35 base pairs is
shown along with the amino acids ~ GR% ®) (1)
that potentially can be mutated by
nucleotide substitutions in this re- IN102 (1)

gion. Kinetically altered cassette
mutants were cloned into an M13

vector and sequenced by the Sanger (2
method according to Biggin et al.
(20). In the case of the phenotypic 1
wild-type clones, the 62 plasmids
were pooled, and a fragment con- (2)
taining the cassette region was
cloned into an M13 vector. Seven- (3)
ty-two members of this pool were
then sequenced, of which 16 (3)
showed differences with the wild-
type sequence. Maintenance of the (3)
wild-type codon is indicated by a
dash. The sequences of mutant co- ¢!
dons appear beneath the corre-
sponding wild-type codon. Note (1)

that, with one exception, none of

Tyr Val Pro Gly Trp Asp Cys His Gly Leu Pro lle Giu
-T GIG CCT GG&C TGG GAC TGC CAC GGT CTG CCG ATC G--

Phenotypic mutants

Arg - - - - - - - -

Phenotypic wild types

CGA
- - - Arg - - - - - - - -
[ece]
- . - - - - - - - - Asn
AAC
. va - - - - - - - - - -
GTA
- - Gy - - - -
cee]
- - - - - Asp - - Gly -
GAT GGA
- Ser - - Pro -
TCC cce
- - - . - a6y -
[ece]
- - - - Gy Pro -
[cee]

ccT

ATT

the other nucleotide substitutions among the phenotypic wild types results in a change in amino acid
sequence. Amino acid changes are indicated in bold type. The numbers in parentheses to the left of the
mutant sequences represent the number of times the sequence was obtained. For the phenotypic wild
types, these do not necessarily represent independent isolates.

respectively) at the first position of the
identity block. The mutants have a K, for
Ile in the adenylate synthesis reaction of 33
mM, which is more than 6000 times greater
than the Kpqe) of the wild-type enzyme
(Fig. 3, A and B). The K, value for ATP is
increased only fourfold and the rate constant
keat is essentially unchanged (Fig. 3C). To
our knowledge, the magnitude and specific-
ity of the change in kinetic parameters
caused by this mutation is unusual for a
multisubstrate enzyme. That only one kinet-
ic parameter is significantly altered suggests
that the structural change caused by the
mutation is highly localized and does not
induce a global distortion of the enzyme.
Although other possibilities exist, these data
suggest that Gly>* contributes to formation
of the Ile binding site.

We examined further the 62 transfor-
mants that are phenotypically wild type.
Plasmid DNA from these transformants was
pooled and 72 isolates from the pool were
sequenced. At least 11 independent nucleo-
tide substitutions were found among these
phenotypic wild-type transformants. With
one exception, all of these substitutions pre-
serve the wild-type amino acid sequence
(Fig. 4). The exception is a Cys®’ to Ser
substitution at a position at which the yeast
enzyme has a Thr.

A statistical analysis based on the distribu-
tion of nucleotide changes among the phe-
notypic wild-type mutants suggests that
more than 50 amino acid substitutions are
expected to be represented by the transfor-
mants that we examined (I14). Because only
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four amino acid substitutions were found
among either the active or the partially
active transformants, many of the remaining
amino acid substitutions that occurred ap-
parently gave rise to inactive enzyme. Most
of the plasmids derived from strains that fail
to produce plasmid-encoded activity are
smaller than the wild-type plasmid. Al-
though we have not examined these clones
in detail, it seems likely that deletions have
occurred among the transformants with
amino acid substitutions in this region. This
suggests that some substitutions are deleteri-
ous to the cell. Among other possibilities,
this deleterious effect could be due to mis-
acylation of tRNA" caused by a relaxed
specificity of the mutant enzyme for its
amino acid substrate.

The pronounced and specific effect of the
Gly*™ to Arg mutation suggests that a struc-
tural element for binding Ile to the Ile-
tRNA synthetase occurs in approximately
the same location, relative to the signature
sequence, as an element that contributes to
binding Tyr to Tyr-tRNA synthetase. This
is further evidence for a structural related-
ness between aminoacyl-tRNA synthetases
that are superficially quite different [com-
pare with (7)].

The analysis reported here may be extend-
ed to other aminoacyl-tRNA synthetascs.
This approach is likely to be most fruitful for
those enzymes for which sequences are
known from a prokaryotic and a eukaryotic
organism, as this will maximize the signifi-
cance of conserved sequence elements. In
addition, those aminoacyl-tRNA synthe-

tases that contain the conserved signature
sequence may be most amenable to this
analysis because they may contain a mono-
nucleotide fold similar to those found in the
Tyr and Met enzymes. The Val- and Gln-
tRNA synthetases meet these criteria (15—
17). The introduction of mutations at ap-
propriate residues in these enzymes may
provide further evidence for structural simi-
larities within this seemingly heterogeneous
family of enzymes.
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