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ABSTRACT
A full length cDNA clone that codes for human histidyl-tRNA

synthetase (HRS) and cDNA clones that span the full length
transcript of hamster HRS have been isolated. The full length
human HRS cDNA was expressed after transfection into Cos 1 cells
and a CHO ts mutant defective in the gene for HRS. The complete
nucleotide sequence of the hamster and human gene were obtained
and extensive homologies were observed in three regions on
comparing these sequences between themselves and with the sequence
of HRS derived from yeast. These results provide unequivocal
evidence that we have indeed cloned the hamster and human gene for
HRS.

Three overlapping phage recombinants containing the complete
hamster chromosomal gene for HRS have also been isolated. The
genomic HRS is divided into 13 exons. The precise locations of
each of the 5' and 3' exon-intron boundaries were defined by
sequencing the appropriate regions of the cloned genomic DNA and
aligning them with the sequence of HRS cDNAs. These studies
provide the basis for future structural and functional analysis of
the gene for HRS. In particular, it will be of interest to
examine if different exons of HRS correlate to different domains
of the HRS polypeptide.

INTRODUCTION

Aminoacyl-tRNA synthetases play a crucial role in protein

synthesis. They are of particular interest as enzymes because

they are involved in two steps during the aminoacylation

reactions, first resulting in activation of the amino acid and

then its attachment to the 3' end of its cognate tRNA. Although

there is considerable information on the structure-function

relationships of the bacterial aminoacyl-tRNA synthetases

(1,2,3,4,5,6), much less is known about the mammalian enzymes,

especially at the molecular level. Since development of such

information necessarily first involves cloning of the genes, we

recently initiated studies directed to the isolation of the cDNA
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of one of these enzymes, histidyl-tRNA synthetase (HRS) from

Chinese hamster ovary (CHO) cells. Accordingly, we developed

histidinol resistant lines in which the gene for HRS was amplified

30 fold, and using these lines, we were able to isolate a 250 bp

cDNA for the HRS gene (7).

This clone has provided the opportunity to investigate the

structure, function and expression of the gene for HRS. In this

paper, we report on (a) the isolation of full length cDNAs for

hamster and human HRS, (b) the expression of the human HRS cDNA in

recipient cells, (c) comparison of the nucleotide sequences of CHO

and human cDNAs for HRS, and (d) comparison of the primary

structure of four species of HRS --- bacteria, yeast, CHO and

human. Since this gene has the same essential function through

the animal kingdom, conservation of any part of the gene probably

reflects important functional domains. We also report the iso-

lation and characterization of the CHO chromosomal gene for HRS.

We show that the complete gene spans 18 kb and contains 13 exons.

MATERIALS AND METHODS

Cloning of cDNAs for CHO and human histidyl-tRNA synthetase

The CHO cDNA library and the human SV40 transformed fibro-

blast cDNA library (both constructed in the pCD vector) were

provided by Okayama (7). The CHO cDNA library in the pCD vector

was screened by a 3' CHO cDNA probe (pHRS1, 250 bp) described

previously (8). A second small CHO library (30,000 recombinants)

was constructed using mRNA from histidinol resistant CHO cells,

using the procedure of Gubler and Hoffman (9). This latter CHO

cDNA library and the human cDNA library were screened by a more 5'

genomic fragment (3 kb) of the HRS chromosomal gene.

cDNA probes were nick translated using the Amersham nick

translation kit and (a - 32P)dCTP (specific activity 3000Ci/mmol;
Amersham) to a specific activity of 1-2 x 108 cpm/pg.
Hybridization conditions were as described previously (8).

Screening of the genomic library for the CHO HRS chromosomal gene

A wild type CHO genomic library prepared in the A phage

EMBL3 was provided by Shotwell and Ray. Genomic clones were

screened for inserts corresponding to HRS by in situ plaque

hybridization (10). For more detailed analysis, genomic fragments

3350



Nucleic Acids Research

generated by digestion with BamH 1, Sal 1 or Hind III were sub-

cloned into either psp64, psp65, GEM 1 or GEM 2 vectors.

Restriction maps and DNA sequence analysis

The location of restriction endonuclease cleavage sites in

the inserted DNA was determined by digesting the DNA with several

restriction enzymes under the conditions recommended by the

manufacturer. All DNA sequencing was done by the Sanger dideoxy

chain termination method (11). Dideoxynucleotide triphosphates,

deoxynucleotide triphosphate were from the Bethesda Research

Laboratory. DNA polymerase (Klenow fragment) was from Boehringer

Mannheim. The cDNAs were either sequenced directly as double

stranded restriction fragments or exonuclease III generated

fragments subcloned in the vector GEM 1 or 2 (Promega) (12), using

a Sp6 promoter primer or a T7 promoter primer (Promega), or

sequenced using the 17mer universal primer (New England Biolabs)

after subcloning into the phages M13mp18 and mpl9 (Bethesda

Research Laboratory). DNA sequences were established by analysis

of both strands and analysis of fragments across the restriction

sites. Genomic DNA fragments were sequenced directly as double

stranded exonuclease III generated fragments subcloned in the

vectors GEM 1 or 2 (Promega) (12), using a Sp6 promoter primer or

a T7 promoter primet (Promega).

Transient expression of human HRS cDNA in Cos 1 cells

Cos 1 cells were transfected with recombinant plasmid DNA

(human HRS cDNA in the expression vector pCD) in a calcium

phosphate precipitate (13). After 72 hours, the transfected cells

were trypsinized, washed with phosphate buffered saline, and lysed

by vortexing in cold buffer (50 mM Tris hydrocholride, pH 7.4, 1

mM DTT, 5 mM EDTA, 20% glycerol, 0.5 mM phenylmethyl-sulfonyl

fluoride (PMSF)). The lysates were centrifuged at 10,000 x g for

15 min. Determination of histidyl-tRNA synthetase activity was as

reported previously (8).
Cell lysates were also denatured by boiling in 2% SDS and 0.5

mM DTT for 3 min., and run on a 7.5% SDS-acrylamide gel (14). The

proteins were transferred to nitrocellulose in a Trans-blot cell

(Biorad). The protein blots were then pretreated with 50 mM Tris

HC1, pH 7.5, 0.15 M NaCl and 3% BSA (Sigma) for four hours and

then treated with anti-HRS from polymyositis patient serum diluted
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in 20 mM sodium phosphate pH 7.3, 0.15 M NaCl and 3% BSA. The

blots were then washed five times with wash buffer containing 20

mM sodium phosphate, pH 7.3, 0.15 M NaCl, 0.25% Triton and

1% BSA. 2 x 106 cpm of I125 protein A (New England Nuclear) was

then added to the above wash buffer and the blots were incubated

at 40C overnight. Finally, the blots were washed extensively with

the above wash buffer. Autoradiography of the filters was carried

out at -700C with XAR-5 Kodak film and an intensifying screen.

Selection of long term transfectants

D10-5 cells (CHO mutants that have a temperature sensitive

HRS) (15) were co-transfected with recombinant plasmid DNA (human

HRS cDNA in the expression vector pCD) and pSV2 Neo plasmid DNA

(19) by the calcium phosphate method (13). Forty-eight hours

after transfection, the cells were doubly selected by growing in

400 ig/ml Geneticin (G418 sulfate;Gibco) at 390C. Cells mock

transfected or transfected with only pSV2 Neo plasmid DNA were

used as control. Single cell colonies were picked and expanded

and RNA preparations were made as described below. No viable

colonies were found in control transfected cells.

Northern blot analysis

Total RNA was isolated from cell cultures using the guani-

dinium isothiocyanate method followed by CsCl centrifugation (16).

RNA preparations were run on 1.5% agarose gels containing formal-

dehyde (17). After transfer of RNA onto nitrocellulose, RNA blots

were probed with a nick translated 3' Bgl I - BamH I restriction

fragment of the human cDNA for HRS.

RESULTS

Isolation and characterizations of cDNA clones for histidyl tRNA

synthetase

Since our cDNA clone only consisted of 250 bp (8), our first

objective was to isolate full length clones of the hamster gene.

A CHO cDNA library constructed with the pCD vector was screened

with the 250 bp (pHRS1) clone (8) as the hybridization probe (see

Materials and Methods). Ten different positive cDNA clones were

isolated but the longest insert was only 660 bp (pHRS2). Restric-

tion endonuclease and southern blot analysis of the restriction

enzyme digested 660 bp pHRS2 (see Fig.1) indicated that pHRS1 was

located close to the 3' end of the cDNA.
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Figure 1. Restriction endonuclease map of human HRS cDNA clone
(HuHRS) and a composite restriction endonuclease map of CHO HRS
cDNA clones (pHRSl, pHRS2, pHRS3 and pHRS4). Enzymes
represented are B, BamH I; bl, Bgl I; b, Bgl II; E, EcoR I;
H, Hind III; P, Pst I; X, Xho I. At the bottom of each map are
strategies used to determine the nucleotide sequence of the cDNA
clones.

As a second approach and to obtait more clones, we decided to

profit from the fact that our histidinol resistant CHO lines

contained 30 fold increased levels of mRNA (8). We therefore

constructed a small cDNA library using this mRNA (see Materials

and Methods).
In work on the HRS genomic DNA (Fig. 6), using pHRS1 as

probe, we had isolated a unique Sal I - BamH I fragment (from a

phage clone called HRSX2) from a genomic library prepared in

phage EMBL3. Because this fragment was about 3 kb in length and

because it was known to be at the 5' end of the gene (this
fragment hybridized to the HRS transcript in Northern blot

analysis but did not hybridize to the cDNA pHRS2 which contained

the complete 3' end of the HRS gene), we used it to probe the

second library. It would be expected that we would probably
identify cDNA clones with more 5' HRS sequences.
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Figure 2. Transient expression in Cos 1 cells - immunoblotting
of the transfected Cos 1 cells. lane a HRS polypeptide from
mock transfected Cos 1 cells; lanes b serial dilution of HRS
polypeptide from cells transfected with the full length human
cDNA for HRS (pCDHHRS); lane c : HRS polypeptide from cells
transfected with control plasmid (pCDX).

Twelve positive recombinant plasmid clones were obtained from

the screening of 30,000 recombinant clones. Restriction enzyme

mapping revealed two clones with inserts of 1.14 kb and 1.13 kb

(pHRS3 and pHRS4), respectively, (Fig. 1). The inserts of these

two cDNA clones overlapped with each other and spanned 1.9 kb of

the 5' end of cDNA for HRS. The 3' end of pHRS3 also overlapped

with pHRS2 (Fig. 1). In total, 2.08 kb of cDNA sequences for HRS

were obtained. This is the length to be expected from the size of

the HRS gene transcript (see later) and it indicates that we have

obtained the full length cDNA hamster gene transcript.

Since we were interested in the comparative analysis of the

gene for HRS from various organisms, we then carried out experi-

ments to isolate the human cDNA for HRS. A human SV40-transformed
fibroblast library, constructed with the pCD vector (7), was

3354



Nucleic Acids Research

1 2 34 5

Figure 3. Northern blot analysis of long term transfectants.
lane 1 : mRNA from D10-5 cells grown at permissive temperature;
lanes 2-4 : mRNAs from three independently selected lines
transfected with full length human cDNA for HRS; lane 5 : mRNA
from a D10-5 revertant line grown at 390C. mRNA preparations
were subjected to electrophoresis in a 1.5% RNA-formaldehyde
gel. The mRNA was transferred to nitrocellulose and hybridized
with a nick translated 3' Bgl I - BamH I restriction fragment of
the human cDNA for HRS in the presence of 50% formamide at 650C.

screened using the Sal I - BamH I genomic fragment from HRS2 as

hybridizing probe. 1.4 x 106 recombinant plasmids were screened

and twenty independent positive cDNA clones were isolated. We
were thus able to obtain a long insert of about 2.1 kb. Using
this 2.1 kb fragment as a probe for Northern blot analysis of
human lymphoblast mRNA, we identified a 2.1 kb RNA transcript,

indicating that the human HRS cDNA is probably full length.
Thus we have succeeded in isolating full length human and

hamster cDNAs for the gene for HRS. We have compared the restric-
tion maps of the two cDNAs and these are shown in Fig. 1. There

are clearly some common, as well as different, sites between the
cDNAs of the two species, as would be expected from their nucleo-
tide sequence comparison (see later).
Expression of husan HRS cDNA

Considerable evidence was obtained in our earlier work (8)
that the original cDNA clone represented a fragment of the HRS
gene. However the availability of full length cDNAs provided the

opportunity to obtain much more definitive proof for this content-

ion, that is, we were now able to conduct a functional assay for

the cloned gene.

The fact that the Okayama and Berg library was constructed in
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the pCD mammalian expression vector was particularly useful for

this purpose. To test for funtionality, we therefore transfected

the pCD plasmid DNA containing the human cDNA full length fragment

into Cos 1 cells and assayed for transient expression of the gene.

Cos 1 cells were used since the pCD vector contains the SV40

promotor and can replicate efficiently in this host in response to

the endogenous large T antigen, and other permissive factors. As

controls, cells were mock-infected or transfected with a control

plasmid. Seventy-two hours after transfection, the HRS activities

of the transfected Cos 1 cells were measured. As shown in Fig. 2,

cells transfected with the human HRS cDNA showed an eight fold

increase in HRS enzyme activity compared to that of mock trans-

fected cells or cells transfected with control plasmid. The HRS

proteins made by these transfected cells were also examined by

immunoblotting. Total cell extracts were run on SDS-PAGE, blotted

onto nitrocellulose, probed with polymyositis patient serum

containing autoantibodies specific for HRS (18), followed by 125I

protein A. The results are portrayed in Fig. 2. The HRS protein

of mock transfected cells and that of cells transfected with

control plasmid are shown in lanes a and c, respectively. The

proteins from cells transfected with the human HRS cDNA were

serially diluted before loading on the gel. As shown in Fig. 2

lane b, there was also an eight fold increase in HRS protein when

cells were transfected with human HRS cDNA.

In order to show that the result obtained in the transient

expression study was not due to activation of the monkey HRS gene

by transactivating factors, long term transfectant lines were

selected and analysed. For this experiment, a CHO ts mutant

(D10-5) (15) containing a temperature sensitive HRS gene was used

as recipient. The cells were cotransfected with DNA from both the

human cDNA alone and pSV2 Neo (19) by calcium phosphate precipita-

tion. Transfectants were then doubly selected by growth in G418

at 390C. Single cell colonies were picked and expanded, and mRNA

prepared from these transfectants. A Northern blot of these mRNAs

was probed with a human HRS specific probe under conditions in

which the probe did not cross hybridize with DNA from the CHO HRS

gene. As shown in Fig. 3, the human HRS mRNA transcripts were

only visible in the transfectants (lanes 2, 3 and 4) and not in
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the parental ts mutants (lane 1) or revertants of the ts mutants

(lane 5). These results provide unequivocal evidence for the

identity between the human cDNA we have isolated and the gene for

histidyl-tRNA synthetase. Parenthetically, they provide evidence

that we have isolated a full length cDNA.

Nucleotide sequences of the mRNA coding for hamster and human HIS

To facilitate analysis of the HRS genomic DNA (17) and to

allow an analysis of homologies between HRS from various species,

we have sequenced the total human and hamster cDNAs. These

sequences are shown in Fig. 4. As may be seen, both species of

mRNAs for HRS have a 5' untranslated region of 77 nucleotides.

The first Met codon was found at residues 78-81 in both species.

The open reading frame for the CHO HRS mRNA lies from +1 (the

first ATG codon) to +1524. The human HRS mRNA also contains a

1524 bp open reading frame. The predicted proteins encoded by the

CHO and human HRS cDNA's both consist of 508 aa residues. The 3'

untranslated regions of the CHO HRS mRNA contains 425 bp including

18 A's located at 13 bp downstream of the polyadenylation consen-

sus sequence AATAAA. The 3' untranslated region of the human HRS

mRNA contains 413 bp including a tail of 62 A's located at 14 bp

downstream of the AATAAA sequence. Comparison of the CHO HRS and

human HRS cDNAs at the nucleotide level shows that there is 71%

homology at the 5' untranslated region, 82% homology at the

protein coding region and 38% homology at the 3' untranslated

region.

Homology asong species of histidyl-tRNAS synthetase from K.coli,

yeast, hamster and human

Since the nucleotide sequences of HRS from yeast and E.coli

were available (20,21), it was next of interest to compare the

homologies among the various enzymes species. This was done by

examining the derived amino acid sequences. As may be seen in

Fig. 5, there is 56% homology with both the hamster and human HRS

from aa 20 to aa 272 of the yeast HRS. The second region of

homology lies between aa 280 and 340 of the yeast HRS. This

region is 53% homologous to the corresponding regions of the

hamster and human HRS. The third region of homology lies from aa

396 to 473 of the yeast HRS, giving 42% homology with the cor-

responding carboxyl-terminal regions of hamster and human HRS.
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GCCGGAAGTCATC GAGT G T CCT AG PCd TTFGAC CHOHRS -28
iGCCGGAAGTCATC-TT G GCT CCjCATC HUHRS -28

+1
GCAGGC CCGT GCC GATGGC C GCGC RG CHOHRS 23
GCAGGCgJAA CG GCGA C GCGCCCTg HUHRS 2 3

A AIT1GTGWIIAKAACTCCA-CACAGAITGP;C CHOHRS 73
,EAKIC£GIT GAAIACTTUGGAGAJGlGC GCCTCAA AGCAGN HUHRS 73

TCPGTPC GAGGAGGAGGTGGC AACTCC ACTGI CHOHRS 123
GCCIGZTATCGAGGAGGAGGTGGCCAACTCCT ACTG HUHRS 123

AAGGCACAGCTGGITGATGAAAGCAAACAGAAATTTGTGCTCAAAACI CHOHRS 173
AGGCACAGCTGG GAAAGCAAACAGAAATTTGTGCTCAAAA HUHRS 173

CCCAAGGG CACAAGAGACT GTC CCC GGCAGATGGCAGTTCGFA C HOHRS 223
CAA GTCCCCGGCAGATGGCAGTTCG HUHRS 223

GGTGTTTGACGTPWTCAT CHOHRS 273
GGTGTTTG AT HUHRS 273

WTTGATC CTCT TC G TAAAGGAAACACTGATGGGAAAGTATGG| CHOHRS 323
TCTAAAGGAAACACTGATGGGAAAGTATG HUHRS 323

AGA A TCTATGACCOTGAAIAGATCAGGG|GGGGAGCCdOHRS 373
AAGA CA G GACCTGAGG AGGCGG G HUHRS 373

GTCCCTTCGCTATGACC TCACTG CTTTTG GG CAATG| CHOHRS 423
GTCCCTT TCTGCT GGTA HUHRS 423

FKNATAC T TACCAAC ATTAAAC ACCACATAGCAAAGGTGrTATCGCCG CHOHRS 473
JACAiAC TGACCAACATTAACAACC CACATAGCAAAGGTAITATCGGCG HUHRS 473

GATAACCC CTCTATCAC CHOHRS 523
HVGATAACCCTGACAGGAATTCTATCACTGTG. HUHRS 523

TTTTGACATCGCTGGCCAGTTTGATCCCATGA TCCTGATGCAGAGT1G CHOHRS 573
TTTTGACATCGCTGGCCAGTTTGATCCCATGACCTGATGCAGAGIC HUHRS 573

TGAAGATCATGTG AGATCCTGAGTTCACTTCAGATAGGCA GTTCCI CHOHRS 623
TGAAGATCATGT AGATCCTGAGTTCACTTCAGATAGGCA,CTTCCT HUHRS 623

AGTCAAGGTAAATGAC GCGCATCCTAGATGGAATGTTTGCTGTCTGTGI CHOHRS 673
|GTCAAGGTAAAT GCGCATCCTAGATGGAATGTTTGCTGTCTGT HUHRS 673

GTGTTCCTGATAGCAAGTTCCGTACCATCTGCTCCTCAGTGGACAAACT CHOHRS 723
TGTTCCTGATAGCAAGTTCCGTACCATCTGCTCCTCAGTGGACAAACTA HUHRS 723

rGATAAGGTYCCTGGGAGGAAGTAAAGAATGAGATGGTGGGAGAGAAGGGj CHOHRS 773
ATAAGGT1qTCCTGGGAGGAAGTAAAGAATGAGATGGTGGGAGAGAAGG HUHRS 773

iCCTTGCACCAGAAGTGGCTGATCGCATTGGGGACTATGTCCAGC G>CA CHOHRS 823
CTTGCACCAGAAGTGGCTGATCGCATTGGGGACTATGTCCAGCL& HUHRS 823

GTIG TGGT T CCAGGATCCTAAAC TIFC CHOHRS 873~~~~~~~~~~~~~~~~A CHUHRS 873gT tdCTCKq CCAGGATCCTAAAC U! A HUHR S 87 3
ACAA G GCGGAGGGCTTGGGAGACCTIAG GCT VITTGWAfT" C HOHRS 923
hACAAIGICAGGCGGAGGGCTTGGGAGAC'CTIMAE¢AGGC TTGAIGJ HUHRS 923

TEECCC TTGGCATTGATGACAAIGITCTCCTTTGACCTGAGCCTTI CHOHRS 973
C TACCC § TTGGCATTGATGACAAJAIATCTCCTTTGACCTGAGCCTTGI HUHRS 973
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FETCGAGGGCTGG*ACTA CTGGGGT TCTAT GGCAGTGCTGCT CHOHRS1023
TCGAGGGCTG C CTGGGGlT CALTGGAGTGCT HUHRS1023

AGAIGAp GGAGCT GGGAAG CCTGGTGTGGGCAGTGTGGCT9 CHOHRS1073
CAG ICAGGAG AG CCTGGTGTGGGCAGTGTGGCT HUHRS1073

TGGAGGCGCTATGATGGGCTIGPTGGGCATGTTGCCCC G CHOHRS1123
LTGGAGGCGCTATGATGGGC IITGCATTTC HUHRS 1123

"PTGCPATGCGTWTGGG TCAGTAT GGATAFTCTCCATF CHOHRS1173
WG*C G1CATGTdjqjGCTCAGCA RGGrtrTCTCCATCHUHRS1173

c RG gACRWAGAGGCTT GGACCAC AGAq CHOHRS1223
BiGGA ct AGAGGCTT AGG A GGACCAC HUHRS1223

CAGGT|TTGTGGCATCTGCACAGAAAAAGCTGGC AGG GACT CHOHRS1273
|ACAGGTIGCTTGTGGCATCTGCACAGAAAAAGCTGGC MAGG GAC TA| HUHRS1273

WAGCTTGTC TC,RGT GTGGGAGCTGGCTGC A CHOHRS1323
GCTTGTGCTGAC GTGGGATGCTGGGATCAAGGCMGAGCTGC A HUHRS1323

AGAACCCAAAG| AC TGAACCAGTT AGTACTGTGAGG AGG CHOHRS1373
BAAGAACCCAAAACTGAACCAGT AGTACTGT AG HUHRS1373|CATCCCACTGGTFCG TCATC GFAGCAGG T TC CHOHRS 1423

CCATCCCACTGGAT jCAIGAGCAGG AC GATGATC CHHRS 1423

CAAGCTCCG C r G AAGAGGTGGATGTCCGAAGAGA CHOHRS1473
CAAGCTCCG CAGT AGAGGTGGATGTCCGAAGAGA HUHRS1473

TTTGGAGGG G GAACAAGCCCCTCTW CT CHOHRS1523KATTGTGGAGG AG C GC C CT HUHRS1523

TGAA GG CT AGAGGA+CAGG r GCMATTT CACf CHOHRS1573
ICTG ICAGAGGAAIAGGAA C GGCAC ST1TGd HUHRS1573

rXACAFA CTGCR ATGTACft GTTWwCACM TCTGAC!FA CHOHRS1623
IGTT ASACAA TGCATAbJG CAATGCTTKIGCACTT UT HUHRS1623

GAKCTG&AGGGNpTCGCPTACACFCGGCCTTTT T CHOHRS 1673
TCGC GGAJGACCGJAAGAWrGGTCA ACAGAGCC GA ATUHRS1673

ATT GT TAT CTGGCAAAGAAAAAAG>JAIAAAGAA CHOHRS1723
TGGGATiTAT CTGGCAAA CGGCCCWGGi"C HUHRS1717

AAGGAACAGAAAAGAAAAAAAGGCCAGGTGTACAGTTTCCTAGTCGGGAA CHOHRS1773

TpGGGAGGAGCAGTAPr AG AG TT AG T ACTC CHOHRS1823
C&CCTTTTTCATAC G Cc AG I GCTJAJCC CGTG*TCTGG HUHRS1767

CTA ACTCCTGTATRTACCTA GATGGTCGCCCATAfCAG CHOHRS1873
GCT&jcAAGGACCCAPCTGAWTGGTCJCATCTGCAGI;gCC_GCACPJAGT HUHRS1827

qATGA CTCCCAC CC GC`AAGTqA ATG CHOHRS1923
TGAGCA CTCA CC C ATTGTCACAATGT HUHRS1877

ElC CldElTAAAAAAAAAA CHOHRS 1942
CA AAAAAAAAAA HUHRS 1896

Figure 4. Nucleotide sequence alignment of (a) hamster and (b)
human cDNA for HRS. The nucleotide position number is listed on
the right margin. Gaps corresporid to computer generated
displacement of sequences to maximize alignment. Identical
bases at corresponding positions are boxed in.
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I NIQAIRGMNDYLPGETAIWQRIEGTLKNVLGSYGYSEIRLPIVEQTP a 50
RSLNKVrSIKSSSIIRMSSAT NATSLAKAPKKG b 49

M AEL NSRHRLfrRGLKQQKASA D%EEEVAKLLKLKAQLP ES H c 50
M E LVKLQGEI EEEVAKLLKLKA ES d 50

LFKRAIGEVTDVVEKEMYTFEDRNGDS PEGTAGCVRAGIEHGLLYN alO0
AGDSVRDAF b 99

KQRFVLRTPRGTRDY SPRQMAVRERVFDVIIC FKRHGAEVIDTPVFELE clOo
OKQFVLKTPKGTRDYSPROMAVREKVFDVI RFKRGAEVIDTPVFEL dlOO
ERL GPMFREERPQKGRYRQFHQLGLVQAVNPEFKADPVVDIYLVA a150

YGEDSKLIYNLEDQGGELCSLRYDLTVPFARYVAMNNIQSIKRY b149
TLMGKYG DLIYNLEDQGGELCSLRYDLTVPFARYVAHNNIQSIKRY c150
TLMGKYGE DL A MNIT K dl50

SGADTQSAAMALAECEVFGLQGPDIDAELIMLTARWwRLGIWH TLEL a200
RIAKVYRRD?AM R FYO DOECL5g b199
IAKVYRRDNPAMTRGR SITVDFDIAGQFDP DAECLKIMCEILS c200
RIAKVYRRDNP A MP NSITVDFDIAGFDP AE d200

NSIGSLEARANYRDALVAFLE KEKL D KRRMYTNPLRVLDSKNPEV a250
ruL IVK b249
SLQ FLVKVNDRRILDGMFAVCGVPDSKFRTICSSVDKLDKVSWEEVK c250
ISLOI2N LVKVNDRRILDGMFAVCGVPDSKFRTICSSVDKLDKVSWEEVM d250

QALLNDAPALGDYLESRERFAGLCKLLESW IAYTVNQRLV a293
K S EI SADANITSNEKAKOGL b299

EMVGEKGLAPEVADRIGDYVQQHGGV V DPKLSQNKQAVEGLG c300
NEMVGEKGLAPEVADRIGDYVOQOHGGV VEQ DPKLSQNKQALEGLG d300

fRG D TV SLGSQGTV a317
D F SFDLSLARGLDYYTGLIY' SA SAPPENA b349

DLKLLFEYLTLI IDDKISFDLSLARGLDYYTGVIYGVIA4tGA c349
DLKLLFEYLTL GIDDKISFDLSLARGLDYYTGVIYEAVLL SAQE*A d349

CAGG YDGL LGGRATPAVGFAMGLE a335
SELKKKAKSAEDASEFVGVGSIAAG YD F EASGJKSTQIPC b399
PWCGQCGCW RYDGLVGMFDKGIRKVPCVGLS c384
tlW£Ewca 7cIS IRYD I%KL.Y&MDZQIRXCGAQHW d384

RLVLR14DELPGVKLMTNHGGGNFKKQFARADKRWRVAVVLGESRhANG a385
ISFGVERIFSkLI R INSSTTI VFV WT MKV b449
VE IRIFSIVEQRLEALEE VKTTETQVLVASAQ KL KACLQG c430
GG IRIFSIVEQRLEALEE TTETOVLVAS, IV It FACLR d430

R VVKLRSGTAVAQDSVAAHLRTLLG- a414
QLW NR DTA1 b499

IAGIKAELLYKKNPKLLNQLQYCEEtGIPLVAIIGEQELKDGVIKR c476
I&GIKAELLYKKNPKLLNOLOYCEEAGIPLVAIIGEOELKDGVIKI d476

Fj KR ADDD LV AADIVPIVQEKLSQIHEVTRLIKGL- b541
LRS ^E VDVRRVE U c0-RE v c508
LRSj1REEVDVRREELVEEI RR I d508

Figure 5. Alignment of the deduced amino acid sequences of the
(a) E. coli, (b) yeast, (c) hamster, (d) human cDNAs for HRS.
Gaps correspond to computer generated displacement of sequences
to maximize alignment. Identical amino acids at corresponding
positions are boxed in. indicates region of homology
among the four species of HRS.
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On comparing the three eukaryotic HRS (yeast, hamster and

human) with the prokaryotic HRS (E.coli) much less homology was

found. However, a significant homology was located in a middle

region of all the four species of HRS (Fig.5). Within this

region, the hexapeptide arg-glu-leu-asp-tyr-tyr represented the

longest contiguous amino acid match among all four species of

HRS.

Isolation of HRS recoabinants from a CHO genomic library

As a first step in determining the structure of genomic HRS,

approximately 1 x 106 phage of a CHO genomic library prepared in

the A phage EMBL3 were screened using the 2590 bp CHO cDNA clone

isolated previously, pHRSl, as the hybridization probe (1). Two

positive phage clones (HRSX1, HRSX2) were isolated by repeated

plaque purification. One of the positive phage clones was found

to hybridize also to a cDNA probe pX75, (350 bp) which coded for

the previously described 75K polypeptide of unknown function that

is coamplified with HRS in histidinol resistant lines (8). A

restriction enzyme map was constructed (Fig. 6) based on restrict-

ion endonuclease analysis of the two recombinant phage isolates.

The position of pHRSl and pX75 on the inserted DNA of phage clone

HRSX1 was assigned by Southern blot analysis of the restriction

enzyme digested recombinant phage. In order to span the whole HRS

gene, we obtained more overlapping genomic phage clones as

follows. An unique sequence containing a Sal I - BamH I fragment

of HRSX2 was used as a probe to "chromosome walk". An additional

overlapping phage clone (HRSX3) was obtained in this way and the

restriction enzyme map of this recombinant phage was constructed

as shown in Fig. 6. In total, three overlapping phage clones were

obtained encompassing 29 kb of the genomic DNA.

Mapping of exons and introns of the chronosomal gene for HRS

Exon sequences were tentatively localized in six regions by

hybridization of 32p labelled HRS cDNA fragments to enzyme digests

of genomic DNA inserts from the phage clones (Fig. 6). The

precise locations of each of the 5' and 3' exon-intron boundaries

were defined by sequencing the appropriate regions of the cloned

genomic DNA and aligning them with the sequence of HRS cDNAs. As

shown in Fig. 6, the chromosomal gene for HRS is divided into 13

exons and spans 18 kb. Fig. 7 summarizes the sequences of the

3361



Nucleic Acids Research

5' 3'
MRS CONA pE'

Exon 14 5 6 7 8 10 1 12 13
No.

ioobp

pX7S

GENOMIC S EPXp tPqbnpEH 5XBiCK *B E
DNA

HRSk3
1kb HRSX2

HRSX1
pH

SE .PFDESE~~~~~~~~
SA

- pA

Figure 6. The organization of the hamster HRS gene.
A. Restriction endonuclease map of HRS cDNA. The numbers above
the map denote exon number. B. Restriction endonuclease map of
genomic HRS. The three overlapping X phage recombinants (HRSl1,
HRSX2, HRSX3) that were used to characterize the gene are
indicated below the map. The subcloned genomic fragments used
for detailed mapping are shown below the recombinants. Enzymes
represented are A, AvaI; B, BamHI; bl, BglI; b, BglII; E, EcoRI;
H, HindIII; K, KpnI; p,PstI; X,XhoI.

exon-intron boundaries. The splice junctions conform to the

consensus sequences described in the literature. The

polyadenylation signal was located 20 bp 5' of the site of

polyadenylation at the 3' end of the gene.

DISCUSSION

In this paper we have described the isolation and sequencing

of full length cDNA clones encoding CHO and human histidyl-tRNA

synthetases and have compared these sequences between themselves

and with the sequences of HRS derived from yeast and E.coli. The

homologies we have observed between the HRS from hamster, human,

yeast, together with the expression of the full length human HRS

cDNA after transfection into Cos 1 cells and a CHO ts mutant

defective in the gene for HRS, provides very convincing evidence
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SEQUENCES OF EXON-INTRON JUNCTIONS

5 'Boundary 3 'Boundary

Consensus C a tt c
from AC g t gt n ag G

literature A g cc t

Intron Intron
Number Size (kb)

I GCT GAC CAG gtgcgacta ... cetccacag ATC GAG GAG 0.24
90 91

Cln (30) Ile (31)
2 ACC CCC AAC gtaaactat ... actctgaag CCC ACA AGA 7.5

180 181
Lys (60) Gly (61)

3 GAG CTA AAG gtgagaggt ... tttteeag CAA ACA CTC 1.8
300 301

Lys (100) Glu (101)
4 GAC CTC ACT gttaccetc ... tgttateeg CTC CCT TTT 1.1

396 397
Asp (132) Val (133)

5 T ATC ACT CT gtgagtgtt ... tCCttgCag C CAT TTT CA 1.0
521 522

Val (174) Val (174)
6 CTG CTC AAG gtcagaact ... tcctaacag CTA AT CAC 0.12

630 631
Lys (210) Tal (211)

7 CTA GAT AAG gtcaataac ... tctgeecag CTT TCC TCG 0.35
729 , 730

Lys (243) Val (244)
8 CAC GCT GAG gtaaaagcc ... getceccag GTG TCT CTG 2.9

828 829
Clu (276) Val (277)

9 GAT CAC AAC gtaaagaag ... ttoccatag ATC TCC TTT 0.1
951 952

Lys (317) Ile (318)
10 CGA TTA GAG gtcccggca .. gcgtcctag GCT TTA GAG 0.18

1191 1192
Clu (397) Ala (398)

11 CGC ATC AAC gtacaggag ... catttgcag GCC CAG CTC 0.3
1398 1399

Lys (436) Ala (437)
12 ACA CAA GAG gtaaggagg ... cctggccag CTC CAT CTC...

1545 1546
Glu (485) Val (486)

CTC CAA TAA ATG TCT, CCC CCC TAA cacctgtct

Figure 7. Organization of exon-intron boundaries of the hamster
HRS gene. Exon sequences are in capital letters, intron
sequences are in lowercase letters. The number shown below the
DNA sequence indicates the nucleotide position at which the
intron interrupts the HRS mRNA. The numbers shown in
parenthesis indicates the position of the corresponding amino
acid residue in the HRS protein.

that we have indeed cloned the hamster and human genes for HRS.

However, there remains some controversy about the molecular weight
of the mammalian gene product. From the inferred amino acid

sequences, the predicted proteins encoded by the CHO and human HRS

cDNAs would consist of 508 amino acid residues, and therefore a

protein of molecular weight of about 57,000. In contrast, in our

earlier work with polymyositis sera known to precipitate HRS

(anti-Jo 1 antisera), we consistently immunoprecipitated, in the

presence of PMSF, a 52,000 polypeptide with histidyl-tRNA synthe-
tase activity. Disparities in molecular weight of HRS from
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mammals have been reported previously. Kane et al. have purified

HRS from rabbit reticulocytes as a dimer of identical subunits of

64,000 molecular weight (22). Yang et al. reported multiple

polypeptides with molecular weight 52,000 to 64,000 in HRS from

rats prepared by using a Bio Rex 70 column (23). The immunopre-

cipitates of HRS from HeLa cells obtained by using polymyositis

anti-Jo 1 antibody, as reported by Mathews and Bernstein (18),

contained a 50,000 polypeptide. Molecular weight values for HRS

which were significantly smaller than the range of values normally

observed have also been reported by Walker et al. (24). It has

been generally assumed that the 52,000 polypeptide is probably a

proteolytic fragment of HRS. From the predicted amino acid

sequences of both CH0 and human HRS, the second Met residue lies

at the +70 aa residue. If translation were to start from this

second Met residue, the predicted molecular weight of this smaller

protein would be about 50,000. Mirande et al. (25) have

speculated that a number of the eukaryotic synthetases contain a

polypeptide domain which can be removed by proteolysis with no

loss of activity or subunit structure, resulting in a protein of

similar size and subunit structure to the corresponding synthetase

in prokaryotes. Resolution of this problem will require further

investigation.

Recently, Natsoulis et al (20) have isolated and sequenced

the yeast gene for histidyl-tRNA synthetase HTS1. They reported

the unusual finding that this HTSI gene codes not only for the

cytoplasmic histidyl-tRNA synthetase (a shorter transcript) but

also for the mitochondrial histidyl-tRNA synthetase (a longer

transcript). In our case, we believe that the mammalian genes

we have cloned represent the genes for hamster and human cyto-

plasmic HRS since no leader sequences, characteristics of mito-

chondrial proteins, were found at the 5' end of the coding

regions. We do not know whether there are one or two genes that

code for mammalian HRS. Further analysis will be necessary to

obtain more information on mammalian mitochondrial HRS.

A number of E. coli and yeast genes for aminoacyl-tRNA

synthetases have now been cloned (2,6). Comparison of aminoacyl-

tRNA synthetases (for the same amino acid) between yeast and

E. coli have revealed information regarding structural organiza-
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tion. With both methionyl-tRNA synthetase (26) and glutaminyl-

tRNA synthetase(27), an alignment can be made between a central

region of the E. coli and yeast proteins. Nothing is known as yet

of the functional significance of the conserved regions of

these enzyme pairs. Recently, Regan et al (28) identified a

common immunological determinant in E. coli and silkworm alanyl-

tRNA synthetase. By analysis of ten fragments of the E. coli

enzyme the cross-reacting epitope has been mapped to that part of

the enzyme which is essential for alanyl adenylate synthesis. In

the case of histidyl-tRNA synthetase, on comparing four species of

HRS throughout the animal kingdom (ie E. coli, yeast, hamster

and human), a significant homology was located in a middle region

of all the four species of HRS. We are in the process of testing

whether this conserved area represent the core catalytic domain of

the enzyme. The availability of the full length cDNAs and the

transfection assays will allow us to study the structural and

functional relationship of this enzyme.

A number of genes for aminoacyl-tRNA synthetases in yeast

have been cloned (20,26,27,29). None of these were shown to be

split into exons. From the studies in bacteria concerning

structural and functional relationship of the genes for amino-

acyl-tRNA synthetase, there is considerable evidence that there

are different domains in the structure of these enzymes (1,4,5,30,
31). The information on the intron-exon boundaries of the 13

exons of the chromosomal HRS gene will enable us to address the

question of whether these exons correlate to different domains of

the HRS polypeptides.
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