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ABSTRACT The sequence ofa 939-amino acid polypeptide
that is a member of the aminoacyl-tRNA synthetase class of
enzymes has been aligned with sequences of 15 related proteins.
This alignment guided the design of 18 fragment pairs that were
tested for internal sequence complementarity by reconstitution
ofenzyme activity. Reconstitution was achieved with fragments
that divide the protein at both nonconserved and conserved
sequences, including locations proximal to or within elements
believed to form critical elements of secondary structure.
Structure assembly is sufficiently flexible to accommodate
fusion of short segments of unrelated sequences at fragment
junctions. Complementary chain packing interactions and
chain flexibility appear to be widely distributed throughout the
sequence and are sufficient to reconstruct large three-
dimensional structures from an array of disconnected pieces.
The results may have implications for the evolution and
assembly of large proteins.

Limited proteolytic cleavage of ribonuclease A, staphylo-
coccal nuclease, cytochrome c, cytochrome b5 reductase,
human pituitary growth hormone, human hemoglobin, thio-
redoxin C, adenylate kinase, or alanine racemase yields
fragments that can reassociate in vitro to reconstitute activity
(1-10). These protease-generated fragments are believed to
represent well-defined structural units or domains that asso-
ciate through complementary sequences at the interfaces.
While domains cannot always be released by proteolysis,
when produced by genetic methods they still can participate
in noncovalent assembly of protein structure (11-13). Recon-
stitution of protein structure has also been achieved with
overlapping fragment pairs of staphyloccocal nuclease, cy-
tochrome c, and SecA, where overlaps of 10 or more amino
acids have been used (14-17). In a related vein, a specific
protein fragment derived from dihydrofolate reductase
(DHFR) can strongly inhibit the refolding of DHFR (18).
Inhibition is believed to be caused by binding of the fragment
to its complementary site on DHFR, and displacement of the
corresponding intrachain segment within the protein.
To investigate more generally whether complementary

chain packing interactions are sufficiently strong to over-
come breaks in the covalent structure and to displace steric
obstacles introduced at the break points, we chose Esche-
richia coli isoleucyl-tRNA synthetase. This monomeric pro-
tein of 939 amino acids is one of ten class I aminoacyl-tRNA
synthetases (19) and is believed to be historically related to
a subgroup that includes cysteinyl-, methionyl-, leucyl- and
valyl-tRNA synthetases (20). Although these E. coli proteins
vary in size from 461 (cysteine enzyme) to 951 (valine
enzyme) amino acids, they share sequence motifs in their
amino-terminal halves that are part of a Rossmann (nucle-
otide-binding) fold. For one member of this subgroup of
enzymes-E. coli methionyl-tRNA synthetase-a three-
dimensional structure of the amino-terminal 547 amino acids

has been described (21). Structural modeling and mutagen-
esis suggest that the isoleucine enzyme is folded like methio-
nyl-tRNA synthetase (20, 22-24), so that the interpretation of
the functional assembly of "randomly" cleaved isoleucine
tRNA synthetase can reasonably be done in the light of a
structural model.

MATERIALS AND METHODS
Computer Programs and Sources of Sequences. GAP,

PILEUP, PROFILE, and PRETTY programs are provided in the
Genetics Computer Group (Madison, WI) software. GAP uses
the alignment method of Needleman and Wunsch (25).
PILEUP uses the progressive alignment method of Feng and
Doolittle (26). PROFILE is based on the methods of Gribskov
et al. (27).

Synthetase sequences were as follows: E. coli isoleucine
(19), Saccharomyces cerevisiae isoleucine (28), Methano-
bacterium thermoautotrophicum isoleucine (29), E. coli
valine (30), S. cerevisiae valine (cytoplasmic and mitochon-
drial) (31), Bacillus stearothermophilus valine (32), S. cere-
visiae mitochondrial leucine (33), Neuropora crassa mito-
chondrial leucine (34), N. crassa leucine (35), E. coli methi-
onine (36), Thermus thermophilus methionine (37), S.
cerevisiae mitochondrial methionine (38), S. cerevisiae me-
thionine (39), and E. coli cysteine (20, 40).

Plasmid Constructions and Strains. Plasmid pKS148 was
assembled from the following DNA fragments: tet gene and
pl5A ori of pACYC184 (41), fl ori of pTZ19U (42), and
lacPO-lacZ' ofpTZ19R (42), which contains multiple cloning
sites. The universal translation terminator sequence, 5'-
GCTTAATTAATTAAGC-3' (Pharmacia), was inserted at
the multiple cloning sites. Strain IQ843/pRMS711 is a deriv-
ative of E. coli K-12 strain MC4100 (43) that contains
AileS203::kan and recA56 (unpublished work). Viability of
this strain is maintained by pRMS711 (R. Starzyk and P.S.,
unpublished work), which is a derivative of the temperature-
sensitive plasmid pMT101 (44) and has a DNA fragment
encoding the intact ileS-4sp genes.

Biochemical Procedures. To investigate the activity of cell
extracts, the 100,000 x g supernatant (S100) fractions of
complemented cells were prepared and applied to a Superose
12 column (Pharmacia) with 50 mM potassium phosphate
buffer, pH 7.5/0.1 mM NaCl/50 mM 2-mercaptoethanol as
elution buffer (flow rate, 0.3 ml/min). Each fraction (0.3 ml)
was assayed for aminoacylation activity (23).
For Western blot analysis, cells were boiled in SDS sample

buffer and fractionated by electrophoresis through an SDS/
10% polyacrylamide gel. Proteins were transferred onto an
Immobilon-P membrane (Millipore), and enzyme fragments
were detected by using anti-isoleucyl-tRNA synthetase se-
rum (23) and the ECL detection system (Amersham).

RESULTS AND DISCUSSION
Multiple Sequence Alignment. There are 15 amino acid

sequences available for the subgroup that constitutes the
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-aforementioned five class I aminoacyl-tRNA synthetases. highlighted in black in Fig. 1.) Structural motifs in E. coli
These sequences were aligned with the GAP, PILEUP, and methionyl-tRNA synthetase can be placed alongside this
PROFILE programs (25-27), with conserved amino acids iden- alignment and include the amino-terminal nucleotide-binding
tified with PRETTY (Fig. 1). Although these enzymes vary in fold (first 361 amino acids of methionyl-tRNA synthetase) of
size from 461 (E. coli cysteinyl-tRNA synthetase) to 1123 (N. alternating 83-strands and a-helices. This structure contains
crassa cytoplasmic leucyl-tRNA synthetase) amino acids, the sites for binding ATP and amino acid and for aminoacyl
their sequences can be aligned when variable-length inser- adenylate synthesis. A common feature of the nucleotide-
tions are taken into account (20, 22). (These insertions are binding fold of class I aminoacyl-tRNA synthetases is the
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11-amino acid "signature sequence" that ends in the tet-
rapeptide HIGH (19, 46) and the KMSKS (47) element, both
of which form part of the ATP binding site (48, 49). The
signature sequence is part ofa highly conserved loop between
PA and helix HA, whereas KMSKS is between two p-strands
(Fig. 1).
The nucleotide-binding fold is divided by segments [des-

ignated connective polypeptides 1 and 2 (CP1 and CP2)] (22)
that in the related class I glutaminyl-tRNA synthetase pro-
vide sequence elements for docking the acceptor end of
bound tRNA into the proximity of the adenylate (49). Mu-
tations in CP1 of methionyl-tRNA synthetase affect the
tRNA interaction, possibly by altering contacts with the
tRNA acceptor helix (50, 51). After the amino-terminal
nucleotide-binding fold, there is a carboxyl-terminal helix-
rich domain. The alignment of the 15 sequences in Fig. 1
supports the earlier conclusions (20, 22, 24) that major
portions of isoleucyl-tRNA synthetase are folded like E. coli
methionyl-tRNA synthetase.
The multiple sequence alignment shows that there are more

frequent insertions into isoleucyl-tRNA synthetase than into
methionyl-tRNA synthetase, accounting in part for the
greater size of the former protein. Thus, among other con-
siderations, isoleucyl-tRNA synthetase provided an oppor-
tunity to explore the possibility that these insertions occur
between substructures that make up entire domains and,
therefore, to determine whether reassembly is more likely to

occur when breaks are introduced at these places. The coding
sequence for ileS was divided at 18 places that included the
apparent, idiosyncratic insertions (Fig. 2). The fragment pairs
are designated P101/103, M157/157, etc., and give the last
amino acid of the amino-terminal piece and the first amino
acid of the carboxyl-terminal segment. The largest overlap
among these pairs is the G330/329 construction (2 amino
acids) and the largest deletion is contained in the S207/211
pair (3 amino acids deleted).

Functional Assembly of Split Proteins. The resulting amino-
terminal and carboxyl-terminal portion of each pair was
cloned behind a lacZ promoter and expressed separately
from plasmids pKS148 (see Materials and Methods) and
pTZ19R (42), respectively. These constructions give a car-
boxyl-terminal "tail" of 4-9 extraneous amino acids (encod-
ed by pKS148) on the amino-terminal fragments, and an
amino-terminal fusion of 15-29 amino acids (from the begin-
ning of the p-galactosidase protein that is encoded by
pTZ19R) on the carboxyl-terminal fragments. These tails are
indicated in Fig. 2. Thus, complementation by individual
fragments or by fragment combinations requires flexibility
that is sufficient to displace the tails that are located at the
junctions of the split sequences.
The split sites extend from codon 101 to codon 886 of the

939-amino acid polypeptide (Fig. 1). The activity of these
fragments in vivo was individually tested by introduction of
each plasmid into E. coli strain IQ843/pRMS711. This
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FIG. 2. Reconstitution of isoleucyl-tRNA synthetase activity by fragment pairs. The top line illustrates the ileS coding region and indicates

the restriction sites that were used. Restriction sites that were introduced by site-directed mutagenesis are marked with an asterisk. Scale bar
represents 500 base pairs (bp). DNA fragments producing amino-terminal and carboxyl-terminal fragments were cloned into plasmid vectors
pKS148 and pTZ19R, respectively. Fragments produced are represented by thick lines and the residue numbers of the amino-terminal and
carboxyl-terminal parts are given. Tails at the break points are also schematically shown, as zigzag lines. Plasmids were introduced into E. coli
testor strain IQ843, which was then selected for tetracycline- and/or ampicillin-resistant transformants at 30°C. Transformants were scored for
growth on M9 plates containing 0.2% Casamino acids or on LB plates at 42°C. Results are shown at right.
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"testor" strain, constructed specifically for these studies by
use of previously described methods (44, 52), has a complete
ablation of ileS. Because ileS is an essential gene, cell
viability is maintained by plasmid pRMS711, which encodes
wild-type ileS and which has a temperature-sensitive repli-
con. As a result, growth of IQ843 is temperature-sensitive.
Rescue of the temperature-sensitive phenotype can occur
only when plasmids are introduced that provide isoleucyl-
tRNA synthetase activity at the restrictive temperature.
However, none of the plasmids that encode the amino- or
carboxyl-terminal fragments complemented strain IQ843
(Fig. 2).
The amino- and carboxyl-terminal plasmid sets contain

replicons that belong to different compatibility groups [p15A
(pKS148) and ColEl (pTZ19R)] and, therefore, can coexist in
the same cell. Thus, by introduction of the appropriate
plasmids into strain IQ843, the two protein fragments of each
split pair can be synthesized in trans from separate mRNAs.
When tested for assembly of isoleucyl-tRNA synthetase
activity, 11 of the 18 split pairs were active [Fig. 1 (filled
arrowheads) and Fig. 2]. Because of possible interference
caused by the extraneous carboxyl- and amino-terminal tails
that are located at the fragment junctions, no conclusion can
be drawn for the 7 combinations [Fig. 1 (open arrowheads)]
that yielded no complementation. Proteins from cells that
expressed the 11 active split pairs were analyzed by SDS/
polyacrylamide gel electrophoresis and by Western blot
analysis with anti-isoleucyl-tRNA synthetase antibodies.
Fragments of the expected sizes were detected in most cases,
with no evidence for the presence of the full-length enzyme
(Fig. 3A). Gel filtration under nondenaturing conditions of
extracts of cells representing six examples ofactive split pairs
(H177/177, D276/276, G330/329, N375/377, P613/616, and
G794/795) showed that isoleucyl-tRNA synthetase activity
migrated at the identical position as the intact, monomeric
wild-type enzyme. The N375/377 and P613/616 examples are
shown in Fig. 3B.

Interpretation in Terms of Structural Model. Reconstitution
of isoleucyl-tRNA synthetase activity (filled arrowheads in
Fig. 1) is usually observed when splits are made within
insertions that cannot be aligned with some or all of the other
sequences. These include splits at D276/276, N375/377,
L709/711, G794/795, and V886/887. The division at V886/
887 yields a carboxyl-terminal fragment ofjust 53 amino acids
that has been suggested as encoding a zinc-binding motif in
the enzyme (37, 53). These insertions may indicate locations
of domains or subdomains that can spontaneously associate
through sequence complementarity at the domain interfaces.
However, fragment complementation is not limited to

interactions between the interfaces of presumed domains.
There are four instances where reconstitution occurs when a
split is made within a well-conserved sequence motif (H177/
177, T241/241, G330/329, and P613/616), and two in a less
conserved region (S207/211 and K583/585). One of these
split points (G330/329) occurs in a sequence element that is
ablated from the methionyl- and cysteinyl-tRNA synthetases
and is known to be in a region of isoleucyl-tRNA synthetase
that is dispensable for activity (22). In contrast, the splits at
K583/585 and P613/616 occur directly in the nucleotide-
binding fold. The active P613/616 split is located in an a-helix
that is adjacent to the critical KMSKS motif that is conserved
among all ten class I aminoacyl-tRNA synthetases. Juxta-
posed tails of 9 and 19 amino acids at the breakpoint are
apparently displaced by the strength of the interaction be-
tween flanking complementary sequences. The reconstituted
size and in vivo activity of the P613/616 split enzyme are
evident in Fig. 3B. We estimate that the specific activity of
the P613/616 split enzyme is --10% that of the wild-type
protein.
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FIG. 3. (A) Western blot analysis of isoleucyl-tRNA synthetase
fragments that were produced in complemented cells. Locations of
size markers (Bio-Rad) are indicated at left (Mr x 10-3). Fragments
of the expected sizes are indicated by filled arrowheads. The short
fragments 795-939 and 887-939 could not be detected under these
conditions. (B) Size fractionation of proteins under nondenaturing
conditions. Strain IQ843 with the maintenance plasmid pRMS711
was used as the wild-type control. Because plasmid pRMS711 has a
low copy number, the activity of wild-type protein is somewhat
underrepresented relative to the N375/377 and P613/616 comple-
mentary pairs that are expressed from high-copy plasmids. The
elution positions of size markers are shown at the top [IgG, Mr
148,000; bovine serum albumin (BSA), Mr 66,000].

Concluding Remarks. Neither overlapping fragments nor
breaks at well-defined junctions between structural units/
domains were required to achieve reconstitution in the pres-
ent studies. The successful reconstitution of active mono-
meric enzyme from a large number (eleven) of essentially
nonoverlapping fragment pairs, the presence of extraneous
sequences at fragment junctions, and the ability to interrupt
conserved regions of the structure suggest that internal
complementarity is widely distributed throughout the entire
sequence and is generally sufficient to overcome breaks in
the peptide backbone to allow assembly of a functional
structure. In addition to sequence-specific hydrogen bonding
and electrostatic interactions, strong hydrophobic forces
(54-58) that are broadly distributed and sequence-specific
(59) probably contribute significantly to internal complemen-
tarity. Because separate recombinant plasmids were used to
express fragment pairs of isoleucyl-tRNA synthetase in
trans, internal complementarity must also be highly self-
selective to overcome competing interactions with other
protein sequences. These results potentially have implica-
tions for the evolution and assembly of large protein struc-
tures starting from specific noncovalent associations be-
tween individual polypeptide elements (60).
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