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The nucleotide sequence of a 4.6-kb SalI-EcoRI DNA frag-
ment including the trmD operon, located at min 56 on the
Escherichia coli K-12 chromosome, has been determined. The
trmD operon encodes four polypeptides: ribosomal protein
S16 (rpsP), 21-K polypeptide (unknown function), tRNA-
(mtG)methyltransferase (trmD) and ribosomal protein L19
(rp1S), in that order. In addition, the 4.6-kb DNA fragment
encodes a 48-K and a 16-K polypeptide of unknown functions
which are not part of the trmD operon. The mol. wt. of
tRNA(mtG)methyltransferase determined from the DNA se-
quence is 28 424. The probable locations of promoter and
terminator of the trmD operon are suggested. The transla-
tional start of the trmD gene was deduced from the known
NH2terminal amino acid sequence of the purified enzyme.
The intercistronic regions in the operon vary from 9 to 40
nucleotides, supporting the earlier conclusion that the four
genes are co-transcribed, starting at the major promoter in
front of the rpsP gene. Since it is known that ribosomal pro-
teins are present at 8000 molecules/genome and the tRNA-
(m1G)methyltransferase at only - 80 molecules/genome in a
glucose minimal culture, some powerful regulatory device
must exist in this operon to maintain this non-coordinate ex-
pression. The codon usage of the two ribosomal protein genes
is similar to that of other ribosomal protein genes, i.e., high
preference for the most abundant tRNA isoaccepting species.
The trmD gene has a codon usage typical for a protein made
in low amount in accordance with the low number of tRNA-
(mtG)methyltransferase molecules found in the cell.
Key words: nucleotide sequence/regulation/ribosomal pro-
teins/trmD operon/tRNA(m'G)methyltransferase

Introduction
The translational apparatus in Escherichia coli is composed

of RNAs, such as rRNA and tRNA, and a variety of proteins
such as initiation factors, elongation factors and aminoacyl-
tRNA ligases. These different macromolecules constitute the
major part of the cell content (Maal0e, 1979). Measurements
of macromolecular composition have been made in order to
understand the mechanisms which govern cell growth. An
early observation was that fast growing cells have a higher
content of rRNA and tRNA than slow growing cells. Such
growth rate-dependent regulation is also true for all ribo-
somal proteins, elongation factors and many, but not all,
aminoacyl-tRNA ligases (Maaloe, 1979; Nierlich, 1978;
Neidhardt et al., 1975). Proteins with growth rate-dependent
regulation are made in large amounts in the cell although ex-

ceptions exist (Pedersen et al., 1978). Ribosomal proteins, as

well as other proteins made in large amounts, are also
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regulated in a way similar to stable RNA when monitored
during shift-up and shift-down conditions. Although much is
known of the regulatory behaviour of such proteins and
many models have been discussed, the underlying mechanism
is still unknown (Maal0e, 1979; Nierlich, 1978; Lindahl and
Zengel, 1982).

During the biosynthesis of tRNA, several endo- and exo-
nucleases operate together with the tRNA-modifying enzymes
before the emergence of the mature tRNA (Mazzara and Mc-
Clain, 1980). At least 40 different tRNA-modifying enzymes
are involved in the maturation process but only a few of their
genes have been identified (Bjork et al., 1982; Bjork, 1983).
So far little is known about gene organization and regulation
of this group of enzymes. However, the regulation of
tRNA(m5U)methyltransferase is similar to that of stable
RNA and ribosomal proteins, although the output of this en-
zyme is low (Ny and Bjork, 1980). Another tRNA biosyn-
thetic enzyme, the tRNA(mtG)methyltransferase, is regulated
in quite a different way. The specific activity of this enzyme
increases only slightly with increased growth rate and the
regulation of this enzyme under amino acid limitation is dif-
ferent from that of ribosomal proteins and rRNA (Ny et al.,
1980). Moreover, the enzyme is present at - 80 mol-
ecules/genome in sharp contrast to the ribosomal proteins
which are present at 8000 molecules each/genome at the same
growth rate (Dennis and Bremer, 1974; Hjalmarsson et al.,
1983).
The trmD gene encodes the tRNA(mrG)methyltransferase.

It has recently been located on the chromosomal map of
E. coli and cloned (Bystrom and Bjork, 1982a). Subcloning,
deletion mapping and analysis of Tn5 insertions have
established that the trmD gene is the third promoter-distal
gene in an operon composed of four genes (Bystrom and
Bjork, 1982b). Expression in vivo, using the minicell system,
revealed that the promoter-proximal gene is expressed in
much larger amounts than trmD. The fourth gene, i.e., the
gene following trmD, is also expressed at a high level com-
pared with trmD (Figure 1). This paper describes the entire
DNA sequence of this operon and its nearby regions. From
published amino acid sequences, the first and the last gene in
the trmD operon were shown to encode the ribosomal pro-
teins S16 and Ll9, respectively. Thus, the trmD gene, located
between the two ribosomal protein genes, is expressed at a
100-fold lower level (Figure 1). A unique regulatory device
must exist to maintain this non-coordinate expression.

Results
Strategy for the determination of the nucleotide sequence of
the trmD operon

Figure 1 summarizes the gene organization of the 4.6-kb
DNA fragment including the trmD operon (Bystrom and
Bjork, 1982b). The 3.4-kb SalIl-AvaI1 and the 1.7-kb
HindIII2-EcoRIl fragments were isolated and shotgun cloned
into the replicative form of Ml3mp701 (Figure 1, lane g). The
DNA sequences of the different cloned fragments were deter-
mined using the dideoxy method (Sanger et al., 1977, 1980).
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In this way most of the DNA sequence on both strands was
determined for the entire 4.6-kb Sall-EcoRIl DNA frag-
ment. The remaining sequence was determined following
isolation of specific DNA fragments (Figure 1, lane h). Some
regions were sequenced according to Maxam and Gilbert
(Figure 1, lane i). Figure 2 shows the DNA sequence of the
4.6-kb Sall-EcoRI1 fragment.
Identification of open reading frames

Using the computer program 'TransQ' of Staden (1979),
open reading frames were identified. It has been established
that the 4.6-kb SalI1EcoRII DNA fragment encodes six poly-
peptides with mol. wts. 48 K, 13 K, 25 K, 31 K, 15 K and 16 K
(Bystrom and Bjork, 1982b). Six open reading frames were
found in the DNA sequence which agree with the positions of
the corresponding genes and sizes of these six proteins
(Bystrom and Bjork, 1982b). Four of these polypeptides are
part of the trmD operon, starting around position 1700 and
ending around position 3829 (Bystrom and Bjork, 1982b).
The trmD gene product, the tRNA(m1G)methyltransferase,
has been purified to homogeneity and the NH2-terminal se-
quence has been determined to be H2N-(Met)-(Trp)-Ile-Gly-
Ile-Ile-Ser-Leu-Phe-Pro (Hjalmarsson et al., 1983). This
stretch of amino acids corresponds to the 10 codons from
position 2617- 2646 (Figure 2). This open reading frame con-
sists of 255 codons and ends with an ochre codon (UAA at
position 3382). The mol. wt. of a polypeptide translated from
this open reading frame will be 28 424 compared with the
31 000 obtained with pure enzyme and minicell extracts on
SDS-gel electrophoresis (Hjalmarsson et al., 1983; Bystrom
and Bjork, 1982b). Table I shows that the amino acid com-
position of the pure enzyme is in good agreement with the
amino acid composition predicted from the nucleotide se-
quence. The first and fourth proteins in the trmD operon
have mol. wts. of 13 K and 15 K, respectively, on SDS-gel
electrophoresis. These mol. wts. are in agreement with those
of ribosomal proteins S16 and L19 (Wittman, 1974). Further-
more, the corresponding genes have been located close to
tyrA (6907o co-transducible to tyrA, Isono, 1978), as well as
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the trmD gene (8007o co-transducible to tyrA; Bystrom and
Bjork, 1982a). The amino acid sequences for the first
polypeptide (13 K) and the fourth polypeptide (15 K) deduc-
ed from the DNA sequence were identical with the amino acid
sequences reported for the ribosomal proteins S16 and Ll9,
respectively (Vandekerckhove et al., 1977; Brosius and Arf-
sten, 1978). Ribosomal protein S16 starts at position 1771 and
ends with an ochre codon (UAA) at position 2017. Ribosomal
protein L19 starts at position 3426 and ends, also with an
ochre codon, at position 3771. The second protein in the
operon has a mol. wt. of 25 K on SDS-gel electrophoresis.
There exist three possible start code words at positions 2029,
2035 and 2038 and an ochre (UAA) at position 2584. These
alternative start positions would give polypeptides of mol.
wts. 20 869, 20 639 and 20 508, respectively. At present we
cannot determine which of these start codons is used to pro-
duce the 25-K polypeptide. Furthermore, there also exists an
additional stop codon (UAA) at position 2596 in the same
reading frame. Thus, the trmD operon is compact, with in-
terspace regions between the ribosomal protein S16, 21-K
polypeptide, tRNA(m1G)methyltransferase and ribosomal
protein L19 of only 9-18, 30 and 40 nucleotides, respectively
(Figure 3A).
Codon usage

Table II shows the codon usage of the genes in the trmD
operon. The rpsP(S16) and rplS(L19) genes show similar
codon usage as genes for other ribosomal proteins and other
proteins made in large amounts in the cell (Nomura et al.,
1980). Thus, these genes avoid certain codons such as
AUA(Ile), CGA/G(Arg), AGA/G(Arg), UCA/G(Ser),
ACA/G(Thr) and GGA/G(Gly) (Ikemura, 1981). These
codons, except UCA/G and ACG, are identical with the
modulator codons suggested by Grosjean and Fiers (1982).
Furthermore, these codons are read by tRNA species found
in small amounts in the cell. In contrast, the trmD gene uses
these codons more frequently in correlation with the low
amount of this enzyme produced in the cell. Results obtained
using minicell systems suggest that the expression of the 21-K
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Fig. 1. Restriction map and sequencing strategy of the 4.6-kb Sall-EcoRI fragment containing the trmD operon of E. coli K-12. (a) Number of molecules of

each gene product, encoded by the trmD operon, at a specific growth rate of k = 1.0 (Dennis and Bremer, 1974; Hjalmarsson et al., 1983). (b) Genes within

the 4.6-kb SaII-EcoRI fragment. (c) Promoters of the trmD operon. P indicates the major promoter, and (P) indicates a suggested weak internal promoter

(Bystrom and Bjork, 1982b). (d) Restricton map of the 4.6-kb Sall-EcoRI fragment. (e) Scale in kb of the 4.6-kb chromosomal DNA fragment of pBY03
containing the trmD operon. (f) DNA fragments isolated from pBY03 used in g, h and i. (g) Fragments in f were shotgun cloned into vector M13mp7Ol, with

respective enzyme. When using restriction enzymes giving blunt ends, T4 kinase phosphorylated BamHI or EcoRI linkers were ligated onto the fragments

before ligating them into M13mp701. Vertical lines indicate restriction sites within the sequenced area. Horizontal continued lines indicate sequenced DNA

and dashed lines represent the rest of the cloned DNA. (h) Specific fragments cloned into vector M13mp701. (i) Regions sequenced by the method of Maxam

and Gilbert (1977, 1980).
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Nucleotide sequence of the trmD operon

GTLGA~AGTTTGAGCAATAAG8kAAGAGAAGCAGTATAGCGTCAGGTG AACGCTGCTCCAJCCGTTGCATAACAACAAAGACGCCTTCATGTTATACTGCGGCAAAATACTGATGATGTGT 1- 0

CGCGATTGCGGCCAACCGTTTCCACCCCAGGCGAGAGACAATGTTTGATAATTTAACCGATCGTTTTCCGCCGTGCCATACAGGGCGTGAGCCCATGAGACAACGT
AAAAATAGCTCGCAAGTCGCTGGGCTCTGAGGCGACTAGTCTCCG TATGCGTCGAGTTACAAGTCGCGTAAAGGAAGAT6CGGTTGGCAGAGTTATAGG 21,36

CCTGCCGGCGAGTG__TCTACACGTGGCATGCAGGACAACTACTGTGGACGCGGTCTCGTGGG 361- 480

CCTGCAAGGIGCCG'GIAAAACACTGGTAAACTCGGTAAGTTCTCG AA GCAAAAAAAGTCT-TGTTCTCCACTTA481-GGGGA600AC
:,;,;rcAalu na,lVlsPheP,ePro0erAsp Va OGLyG n~PoaAplVlsAalLuLolAayLuyPeyApaLGCTTGAGACGCTGGCAGAGCAGGTGGGCGTTG ATTTCTTCCCTTCTG ATGTTGGT CAGA GCC GGTAGATATCGTTAAC9CGGCGCTGAAAGAAGCCAAACTGAAATTCTA CGACGTGCT 601- 720

GCTGGTGGA,-~1hACCGCTGAT ACeAHGsGaTAeGuaMtMeACAsGATCAAACAeGTnaH SeIeePoVa~LGeuhreuheVaVa0VaAapA2aMetThrG2 GIGCGGTGA CCGTGGCGCTGCACGTTGACAGGTAGAGGTAAAGCCATGCGTCGATTAAC~CGGTTGAAACCCTGTTTGTGGTTGACGCCATGACCGG~CA 721- 840

,:,~-72'2,-rlLsAahAn,ulLurLuhG VoVleTryVleGysAarGlG~lAaeSrlAiiIehGGGATGCGGCCAATACGGCAAAAGCATTCAATGAAGCGTTACCGCTTACCGG CGTAGTGTTGACCAAAGTGGACGGCGA'rGCCCGCGGCGG GCGGCGCTCTCTATT CGTCA CATCACTGG 841- 960

":,-'~.Z:",,P-L,.G~a(ZGuyTrZAaeGurPeiPosAglAaeA ILulMtlApaLueLulGuCAAACCGATCAAGTTCCTCGG GTTGGCGAGAAAACTGAGGCGCTGGA GCCGTTCCATC~GGACCGCATCGCGTCGCG TATTCTCGGCATGGGCGACGTACTGTCGCTGATCGAAGATIAIT 961-1080

2Lu',r'~Vs2AspArgAl2sG2nA2aG2uLysLeuAaS0erLyaLeuLyeLys0G 9AapG28yPheAapLeuAanAepPheLeuG2uGinLeuArgG2nMetLyaAs,nMetG2yG2yAeCG'AAAGCAAAGTTGACCGCGCGCAGGCAGAGAAATTAGCCAGCAAGCT GAAAAAA GGTGACGGC TTCGA TCTCAACGACT TTCTTGAGCAGCTGCGCCAGATGAAAAATATGGGCGGCAT 1081-1200

GGCTAGTCTGATGGGCAAGCTGCCGGGCATGGGGCAGATCCCGGA TAACGTCAAGTCACAGATGGACGATAAAGTGCTGGTGCGTATGGAAGCCATCATCAACTCGATGACGATGAAAGA 1201-1320

uArgAZa5srGulIeyG SrrL4grI lAOaGlz8Cy8GZyMetG0nVa4ZGnA8pVaZABsnArgLe5CuLeLaG0nPheA8pA8pMetG0,nArgM5etMeGCGCGCTAAGCCACAAATCATCAAAGG TTCGCGTAYA'ACGCCGTATTGC TGCCGG TTGCGGTATGCAGGTGCAGGACGTTAACCGTCTTCTGAAACAGTTCGACGACATGCAGCGCATGAT 1321-1440

7:,yLySMetLysLys,'ZG28yMetA2aLySMetMetArgSeMetLysGI AOeMetPr.oProGZyPheProGzyArgGAAGAAAATGAAGAAGGGCGGAATGGCGAAGATGATGAGAAGCATGAA GGGTATGATGCOJCCCA GGCTTCCCTGGTC.GCTAATCGGCCTGGCTTGTTTG~CATTTTGGCACCGGGATGTG 1441-2560

CTGCTCCCTCTCTTCCCGTACGGGATCGACAATGTCCGCACGCTTCGAATTGACGTATCATTCCCGC 1661-1680

Met VaiThrIleArgLeuAiaArgHisGlyAAAAGATAA ~TTGGCT7 ~ CACGACCGTCCCGTGGGCCGTGTTATCAACAGGGTTT_TGTACATCGTTGACTCCGC 6 oo10

AOasLsLysArgProPheTyrGOnVa2Va2Va2A 2aAepSerArgAsnA0aArgAanIG2yArgPheILeGtuArgValGZyPhePheAs,nProIieAlaSerGZuLyaGtuGluGOyThrGCTAAAAAGCGTCCGTTCTACCAGGTTGTTGTCGCTGACAGCCG AATGCACG CAACGG CGCTTCATCGAGCGCGTTGGTTTCTTCAACCCAATCGCTAGCGAAAAAGAAGAAGGCACT 1801-1920

ArgLeuAs LeuAspArgIOeA2aHisTrpVa2G2yG2nG0yA0aThrI2eSerAapArgVa2AlaAZaLeuI2eLy8G2uVa2AanLysA2aA2a MetCGCCTGGA TCTGGATCGCATCGCTCACTGGGTTGGCCAGGGCGCAACTATTTCTGA TCGCGTTGCTGCGCTGATCAAAGAAGTAAACAAAGCAGCTTAATCTGTCACGGTGGTCATGATG 1921-2040

S~eLysGZnLeThrAiaGlnAloProValAs ProIleVaiLeuGlyLyeMetGiySerSerTyrGlyIteAr~GOyTrpLeuArgValPheSerSerThrGluABpAlaGZuSerIZeAGCAAACAACTCACCGCGCAAGCACCTGTTGA~CCCATCGTTTTGGGAAAAATGGG 7TCGTCTTACGGTATTCG TGGGTGGCTCAGAGTGTTTTCTTCCACCGAAGACGCCGAAAGCATT 2041-2160

PhAspTyrG2nProTrpPheIleGlnLyeA 2a400Tp9 n aIILeGueTpyeiHeeGnApetlIeLaeLalVaApaAgeTTTGACTATCAGCCCTGGTTTATCCAGAAGGC GGGTCAGTGGCAGCAA GTCCAGCTGGAAAGCTGGAAGCACCACAATCAGGACATGATCATCAAGCTGAAAGGCGTTGACGATCGTGAT 2161-2280

GCGGCGAACCTGCTGACGAATTGTGAAATTGTCGTGGATTCATCGCAGCTGCCTCAGCTTGAAG AGGGGGACTACTACT2qGAAAGACCTGATGGGCTGCc~AGGTAGTAACCACTGAAGGC 2281-2400

.rAorLeui7lLyVatVa2AspMetMetGLuThrG2ySerAenAep VaZLeuV'tI2eLaeA laA;neuILSSeAspAtaPheGtyI2IeLjx8G0uArgLeuVatProPheLeusAeGl02T~GtTG~AGCTGTTAGAACGTTAGCTCCTAT GA CG AAGATGCGTTTGGT ATCAA GGAA CGTCTCGTACCGTTCC TCGA GGG 2401-2520
7ZVaZIteLyegLysaVZAspLeuThrThrArgSerI0eG2uVaZAepTrpAepProGO PeMtTptGytelSreCAGGTTATCAAGAAAGTCGATCTCACTACTCGTTCAATCGAAGTAGATTGGGATCCTGG TTTTAAACCACCGGATAAACGGTAAAAGACGGCGCTATGTGGATT GGCATAATTAGCCTG 2021-2640

PhePr,GluIMetPheArgA2aI2eThrA.OTArGZApaZThrGZyArgAZaVaZCkeAanGtsL euLeuSerIleGtnSerTrp SerProArgAep PheThrHiAeApArgHisArg TrTTCCTGAAATGTTCCGCGCAATTACCGAITACGG GTAACTGGCCGGGCAGTTAAAAATGGCCTGCTGAGCATCCAGAGCTG GAGTCCTCG GA TTCACGCATGACCGGCACCGT ACC 2641-26
VaZAs A8 Ar Pr T8rGZYGOtZAOSPr&GZ8MetLeu~MetMetVa2GZnPr0LeuAr AsPAZaIZeHi8A2aA2aLYaAZaAZaA2aG2SGZuG1SAZaLxsVaZIZeTYreueGTGGA£ GACG CCTT ACGGCGGCGG CCGGG ATGTTAATGATGGTG CAACCCTTGCGEGACG CCATTCATGCAGCAAAAGCCGCGGCGGGTGAAGGCGCAAA GGTGATTTATCTGTCA 2761-2880

PrGn%ArgL%sLuAsqGZlnAZaGZ Va2SerG2uLeuA ZaThrAenG0LnCyseuI2eLeu Va2CtaGI ArgTxr02GluG IleA8p GluArg Va2I2eG2nThrG2uI2eAspCCAAGGXCGA GTTG CAGCGG~GCAGCGAACTGGCAACGAATCAAAAATTGATTCTGGTGT CGGTCG TACGAAGGT ATAGAT GAGCGC GT GATCCAAACCGAAATTGAC 2881-3000
Z1u0u~Trp 3 0 eZ0AspTy rVaZLeuSerGl yGI GOLaePr AZaM4etThrLeulseAspS 'rVal0erArgPheI0eProGI Va0L G29yHieG2uA1ascrAZaThrGZuaGAAGAATG TCAATCGG C GTT CGTTCTCAGTGGTGG GAuGTTuACCA GCAATGACGCT9ATTGAATCCGTTTCCCGGTT TATTCCGGG AGTACcTG GGACATGAAGCCTCGG CAACGGAA 3001-3120

03½ ~ ~ eLeA~tsrHiTrhrrPoGluValLeuG5GI~etG2uVa2ProProVa2LeuLeuSerG2yAsnHisAZaGluIteAr ArgTrpArsGAICCTTGCGAAGXTGCTGA CCGCCT TACGCGGCCT GAGGTGTTAGAJGGGATGGAAGTTCCGCCAGTGTTACTGTCGGGCAACCATGCCGAGATACG CGC TGGCG 3121-3240

:,z,,:~s'Z,ierLeGlyAgThrrpLeArgAgProluLeLeuGuAsneuAZLeuTrGluZuGIAl-A LeueuAGG2uPeL eAhrGGHi,AaG2nGnGnTTGAAACAGTCGCTGGGCCGTACCTGGCTTAG AAGACCTGAACTTCTGGAAAACCTGGCTCTGACTGAAGAGCAAGCAAGOTT GC TGGCGGAGTTCA8 AACGGAACACGCACAACAGCAA 3241-3360

I7LWsHisAsEG2OMetAla MetSerAsnIIleIleLyaeG2nLeuG2uGGInGlZuGlnMetLyeG02nAspVasOProSLATA ACATGA GG ATGGIqGTAAGCCCCCGAGATATCAGTTTACCCAGGATAAGAGATTAAATTATGAGCAACATTATTA AGCAACTTGAACAAGAGCAGATGA AGCAGGA CGTACCTT 3361-3480

-rheAr ProG2yAsC1ThrVa2G2IuVa2LysVa2TrpVa2Va202GluGIerL sAr LeusGZnA2aPheG2uG2y VaZVaiIZeAlaIZeArgAsnArgGI LeuHieSerAiaPCCTTCCGiCCGGG GAIACCGTGGAAGTGAAAGTATGGGTTGTTGAAGGTTCC'AAAAXACGTCTGCAGGCATTCGAGGGCGTGGTTATCGCTATTCGTAACCGCGGTCTGCACTCTGCAT 3481-3600

YVsALsI2eSorAsnG20GIuGI0V ZG2uAr0~yOZhE02nThlfB0erpfroV 2lVa2A,EpSerI2eSerVaOLysArgArgGZyA2aVa2ArgLyaA2sL9 sLeuTy rTTCACTGTTCG'iACAATTTCCAACGGeGAAuGGeGIIGAGCGTGCICGACTCCTTCGGTAGTTGAC AGCATTTCTGTCAAACGTCGTGGT GCTGTTCGTAAAGCTAAACTGTACT 3601-3720
IA;'.A

I

AIa Ia ffeLXju

ACCTdCGTGAGCGTACtGdfAAdGCTGCTCG ACA.II GICfiIIIIII.TAAGATTTCGCTTAAGCGACATCCTGTTAAGAAGGGCTGGCCAATTGGCTGGCCCTTTTTTATCTGTTTG 3721-3840
GTAGGACAATTCTTCCCGACCGGTTAACCGACCGGGAAAAAATAGACAAAC

CTGGTTTTTAGGGGAGiATCACCCTGCACGCGdGGTCTCGGGCGGCCTG4CGGTTTGTACTGGTATGGATATTTTTCCTAAC'CCGTGTGTGAGT 384T3843396GACCACAAA8TTCCC CATCTGGTAGTCCGCAACGGCGACGCGAAAGCGTCCAAAAAGTTGAAACCCACAProTC rT rIleVaTValAtaVaZArgArgAsnGZuAlaArgGlyG2nA iaThrLysAeSe0rA2aI2eProTyrLysLy8G2yLeuG2yG2nThrThrLeuAsnS.erA
CGTGAATTGTCACCCiAGCCATCATCGCCAGACTTCGCCGTTCATGAiAGCTTCGTGTACTGCTTCCCATGTTTCGGGfGTCATCATAGG 3961-4080408

GCACCTAAACAGTGGGTTCGGGTCGTAGCGGTGCGTAAGCGGCAAATTACTTTCGGAGCAACATGACAAAGTGGATCAATGCCACCAGGT4081TG-4200C

CCGGATATATCTAGTGAACGGCTCCGGGAAT_CTAGGCTGACATATTATAGTAACAGGGTCAG 4201-4320

TGCTTCATACAT TGCTCTAAATGTACGGAGTCGTATTTCCCAAGCTCTAAG 4321-4408

TGTAGTATCTCGTGGTATCGCTTAAG

Fig. 2. DNA sequence of the trmD operon and nearby regions from E. co/i K-12. Only one strand with the polarity of the mRNA is given, except for the
region encoding the 16-K polypeptide which is transcribed in the opposite direction. The amino acid sequences of the coded proteins are shown. The trmD
operon consists of: the rpsP(S16) gene, which begins at position 1771; the 21-K (unknown function) gene, which begins at position 2029- 2038; the trmD
[tRNA(m1G)methyltransferase] gene, which begins at position 2617; and the rplS (L19) gene, which begins at position 3426. The first 10 amino acids of the

tRNA(mG)methltranserase erercnf1irmedr byi de,terminantion of the- NH2-te-rminal amino aclid sequnce-, of the- purriftie e-nzyme (Hjalmarssonne atil., 198).
Two presumptive Pribnow sequences are boxed in front of the rpsP gene. Regions of dyad symmetry able to form hairpin structures with aAG value less
than -8.4 kcal are indicated by underlining. A dot indicates the center of symmetry. Probably, the dyad symmetry, with aAG = -20.0 kcal, following the
rplS gene is the terminator of the trmD operon.
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polypeptide is intermediate between the ribosomal proteins
and the tRNA(m'G)methyltransferase (Bystrom and Bjork,
1982b). Table II shows that the codon usage of the gene for
the 21-K polypeptide is somewhere between that of the two
ribosomal protein genes and the trmD gene. Thus, the
UCA/G(Ser), ACA/G(Thr) and GGA/G(Gly), which are
completely avoided by the ribosomal protein genes but used
rather frequently by the trmD gene, are used to some extent
by the 21-K protein gene. The frequent use of CUC(Leu) by
the 21-K protein gene is also in sharp contrast to the usage by
ribosomal protein and trmD genes.

Discussion
In this paper the entire nucleotide sequence of a 4.6-kb

Sall1-EcoRI1 DNA fragment including the trmD operon is
presented (Figure 2). The restriction enzyme pattern (Sail,
HindIII, EcoRI) of this sequenced DNA fragment was shown
by the Southern blot technique to be identical to that of the
E. coli chromosome (unpublished results). The trmD gene is
the structural gene for the tRNA(m1G)methyltransferase.
Surprisingly, the promoter proximal gene of this operon was
found to be rpsP, which encodes for ribosomal protein S16.
The last gene of the operon is rplS, which encodes for

Table I. Comparison of the amino acid composition of the
tRNA(m'G)methyltransferase obtained from the protein hydrolysate and the
DNA sequence. Results are shown as residues per molecule

Residue Number of residues
Protein DNA
hydrolysatea sequence

Methionine 7.1 8
Tryptophan n.d. 5
Isoleucine 13.7 15
Glycine 24 24
Serine 14.6 14
Leucine 27.9 28
Phenylalanine 6.1 6
Proline 11.5 13
Glutamic acid 22

Glx 33
Glutamine 1I
Aspartic acid 14

Asx 18.6
Asparagine 4
Arginine 18.3 19
Alanine 20.9 21
Threonine 11.9 12
Tyrosine 6.9 6
Valine 13.3 14
Lysine 7.9 8
Histidine 8.9 9
Cysteine 2.1 2

aData are from Hjalmarsson et al. (1983). The number of residues per
tRNA(mIG)methyltransferase molecule in the protein hydrolysate was
calculated by multiplying the molar %0 of its amino acid composition
with the total number of residues obtained from the DNA sequence
(trp residues subtracted). Aspartic acid and glutamic acid were not
distinguished from their respective amino derivatives. Tryptophan was
degraded during the analysis.
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ribosomal protein L19. This provides the first example where
a gene for a tRNA biosynthetic enzyme is part of an operon.
The two surrounding genes, encoding the ribosomal proteins,
are expressed at a high level, each resulting in 8000 mol-
ecules/genome in glucose minimal medium. The third
promoter-distal gene, trmD, is expressed at a very low level
resulting in only - 80 molecules of tRNA(m1G)methyltrans-
ferase/genome (Figure 1). Furthermore, the regulation of
these proteins, both as a function of growth rate and as a
response to the level of ppGpp in the cell, is quite different
(Ny et al., 1980).
Two presumptive promoters were found in front of the

rpsP gene. The two possible - 10 regions are indicated in
Figure 3b (Rosenberg and Court, 1979). The sequence of one
of these promoters (- 10 from position 1690 to 1696) is iden-
tical to the - 10 region of the str-promoter and the -35
region of the ar-promoter (Nomura et al., 1980). In position
1730 - 1731, located - 39 nucleotides in front of the start of
the rpsP gene, there is a region of dyad symmetry. This hair-
pin structure is followed by a stretch of four Ts (Figure 3B).
Similar features have been found in other ribosomal operons
and in the str-operon such a hairpin structure was shown to
be a terminator in vitro (Post et al., 1978). The in vivo
significance of this hairpin structure in the trmD operon is yet
to be established.

Transposon Tn5 insertions in the rpsP or the 21-K gene
abolished the synthesis of the trmD gene product, the

A INTERCISTRONIC REGIONS IN THE TRMD OPERON

RPSP - 21K
2002
V,l A.crn Lys Ala Ala ... Met Ser Lys CGl Leu Thr Ala GlnGTA AAC AAA GCA GCT TAA TCT GTC ACG GTG GTC ATG ATG AGC AM CAA CTC ACC GCG CAA

18

21K - TRMD

2572
Asp Pr' C2y Phe . .. Yet Trp Ile Gly Ile
GAT CCT GGT TTT TAA ACC ACC GGA TAA ACG GTA AAA GAC GGC GCT ATG TGG ATT GGC ATA

30
TRMD - RPBL
3376
Me t Al2a ... M#et Ser Aens
ATG GCG TAA GCC CCC GAG ATA TCA GTT TAC CCA GGA TAA GAG ATT AAA T ATG AGC AAC

40

B THE PROMOTER REGION OF THE TRMD OPERON

C T
C C

T G
T A
G T
CG
CG
TG
CG
AT
GC
GC
CG
CG
ATT1660 1680 1700 CG0 1760 MetVa0ACTGTTGATTGCAATTCCCGCAAAAATGA GEfTTCGGGCTTTAATAA TTTTATTCACACAAGAGGATGTTATGGTA

C THE TERMINATOR OF THE TRMD OPERON

A T
A T
C G
C G
G C
G T
T G
C G
G C
GOCL,uAsn... 3780 G C 3840

CTTAACTAAGATTTCGCTTAAGCGACATCCTGTTAAGAA TTTTTTATCTGTTTGCTGGTGTTTTA

Fig. 3. The DNA sequence of: (A) The intercistronic regions in the trmD
operon. The distances in nucleotides are given below the sequences. One of
the three possible translational initiator codons for the 21-K polypeptide is
indicated (for further explanation see the text). (B) The potential promoter
region preceding the rspP (S16) gene. (C) The potential transcriptional ter-
minator downstream of the rpIS (L19) gene.
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tRNA(m1G)methyltransferase. Furthermore, deletion
analysis as well as analysis of different subclones established
that the promoter of the trmD gene was to the left of rpsP
(Figure 1, Bystrom and Bjork, 1982b). However, in all
TrmD- plasmid derivatives there was a small production of
the rplS gene product, the ribosomal protein L19, suggesting
an internal promoter somewhere upstream of rplS but to the
right of the HindIII2 site in the trmD gene. The latter was in-
ferred from the observation that a HindIII2-EcoRI1 subclone
synthesized a small amount of the rplS product, ribosomal
protein L19 (Bystrom and Bjork, 1982b). However, the DNA
sequence in this region does not reveal any apparent promoter
structure. This further strengthens our suggestion that the
rplS is part of the trmD operon, but does not explain the
small synthesis of L19 in the absence of the major promoter.
The potential transcriptional terminator of the trmD

operon has its point of dyad symmetry at position
3814-3815, with a AG value of - 20.0 kcal (Figure 3C). This
dyad symmetry is followed by a stretch of six Ts, which is
more than the minimal length of four Ts proposed to be im-
portant for terminators (Christie et at., 1981). Other dyad
symmetries with AG values less than - 8.4 kcal are shown in
Figure 2. The significance of these and the postulated pro-
moters and terminators have to be analysed more extensively.

Genes for ribosomal proteins have been shown to be part
of operons containing only ribosomal protein genes as well as
part of composite operons. The latter operons contain genes
encoding non-ribosomal proteins involved in translation, like
EF-Tu and EF-G, or transcription, like subunits of the RNA
polymerase. Some of these operons express the genes dif-
ferently (An et at., 1982; Young and Furano, 1981; Fiil et al.,
1980). The expression of the cistrons in the trmD operon is
sharply dis-coordinate. So far no ribosomal protein operon
has been found with a 100-fold different level of expression
of its constituent cistrons. In the trmD operon two UAA stop

codons are spaced by three codons following the 21-K gene,

where a translational polarity mechanism may well be
operating (Figure 3A). Furthermore, among the ribosomal
protein operons, only the str- and a-operons show a higher
expression of the last genes, compared with the proximal
genes. Thus, in the str-operon the expression of EF-Tu from
the tufA gene is 3- to 5-fold higher compared with the pro-
duction of EF-G from the preceding fusA gene. Two ex-
planations of this phenomenon have been suggested: (i) a

more efficient translation of the tufA mRNA (Young and
Furano, 1981); (ii) a weak internal promoter located within
the 3' terminus of thefusA gene (An et al., 1982; Zengel and
Lindahl, 1982). Similar mechanisms may be operating in the
trmD operon.
Although the relative rate of synthesis of the ribosomal

proteins increases with increasing growth rate, the relative
rate of synthesis of the corresponding mRNAs are more or
less invariant with growth rate (Miura et al., 1981; Lindahl
and Zengel, 1982). The specific activity of the tRNA(mtG)-
methyltransferase is invariant with growth rate (Ny et al.,
1980). Therefore, the regulatory behaviour of the tRNA-
(m'G)methyltransferase might be a reflection of the relative
rate of synthesis of the mRNA of the trmD operon. If so, the
ribosomal proteins S16 and L19 must be subjected to auto-
regulation at the translational level. Such a regulatory
mechanism has been proposed for the regulation of other
ribosomal proteins (Fallon et al., 1979).
The efficiency of reading of any particular codon may vary

over at least a 10-fold range (Bossi and Roth, 1980). This
might exert a significant influence on the rate of protein syn-
thesis in certain regions of the mRNA. It has been suggested
that translational rates may be set by the use of codons whose
tRNAs are present in low levels in the cell and that these
regions may be larger than one codon (Ames and Hartman,
1963; Stent, 1964). Thus, depending on its environment, a

Table H. Codon usage of: (a) the rpsP (S16) gene; (b) the rplS (L19) gene; (c) the 21-K (unknown function) gene, AUG at position 2038 used as start codon; and
(d) the trmD (tRNA(mrG)methyltransferase) gene

U a, b, c, d, C a, b, c, d, A a, b, c, d, G a, b, c, d,

0 0h° 5 3 1 3 3T0 0 0 1 2 0 0y 1 0 |U |
Phe

0 0 5 33 3
Tyr Cys

4 4 1 3 0 3 1 3 1 2 4 4 0 0 1 2 C
U Ser

1 0 0 4 0 0 2 2 1 1 1 1 term 0 0 0 0 A
Lu|0 0 1 5 0 0 2 3

ter
0 0 0 0 Trp I 1 6 5 6

0 2 1 3 0 1 3 5 0 0 0 6 4 12 4 5 U

0 0 7 1 0 0 2 1 2 2 2 3 6 1 0 6 C

|
Lu
|0 0 0 0 I 0 0 3 0 2 3 7 Mrg 0 0 0 0 A

3 4 7 15 1 2 1 4 2 4 10 4 0 0 0 5 G

2 5 4 9 3 3 3 2 1 0 3 2 0 0 0 2 U

4 2 7 3 0 1 4 4 3 4 2 2 2 2 3 4 C
A Thr

0 0 0 3 0 0 0 0 4 8 7 6 0 0 1 2 A
Mt
l1 2 7 8 0 0 1 6 1 3 6 2 Arg 0 0 0 1 G

5 7 5 4 6 5 0 2 3 1 11 8 2 5 6 5 U

1 2 6 1 0 0 1 4 1 2 7 6 4 3 3 10 C
|G Vl

2 3 4 2 4 2 2 10 4 4 9 16 0Y 0 2 5 A
| | 0 3 2 7 1 0 5 5 Glu 1 5 1 6 0 0 3 4 G

The numbers represent the use of codons in the respective genes, obtained from the DNA sequence in Figure 2. In all four cases stop codon UAA was used.
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specific codon may or may not have a regulatory effect on the
efficiency of translation. The codon usage of trmD is typical
for a gene whose product is made in small amounts (Table
II). One possible regulatory device of the trmD gene may be
the availability of a certain subset of minor tRNA species.
The trmD gene shows a positive response to gene dosage, in-
dicating no deficiency in a putative limiting cell component
like a subset of minor tRNA species (Bystrom and Bjork,
1982a). However, modulator codons could still influence the
rate of translation (Grosjean and Fiers, 1982). Furthermore,
other elements, such as the dyad symmetries found in the
trmD gene, might also play a pivotal role in determining the
efficiency of translation.
One can speculate why the trmD gene is part of an operon

containing ribosomal proteins, since apparently a very
elaborate regulatory mechanism must exist which governs the
differential synthesis of these proteins. The ribosomal pro-
teins in the operon are involved directly in translation. The
tRNA(m1G)methyltransferase is indirectly involved in
translation since it methylates 120o of the tRNAs in E. coli,
among them tRNAi-U and tRNALeu. It seems that in order to
ensure a proper regulation of the tRNA(mrG)methyltrans-
ferase it is advantageous to have the trmD gene as part of an
operon whose products may all be involved in translation.
With the help of the known DNA sequence and the
knowledge of the gene organization it will be possible to con-
struct proper mutants in vitro, which might be helpful in the
elucidation of the regulatory mechanism behind the synthesis
of the tRNA(m1G)methyltransferse and the function of m1G
in the tRNA.

Materials and methods
Materials

Isotopes [ca-32P]dCTP and [,y-32P]ATP were purchased from Radio-
chemical Centre, Amersham. DNA polymerase I (Klenow subfragment) and
T4 polynucleotide kinase were purchased from Boehringer Mannheim and
New England Biolabs, respectively. Restriction enzymes and T4 DNA ligase
were obtained from Boehringer Mannheim or New England 3iolabs. BamHI
(CCGGATCCGG) and EcoRI (GGAATTCC) linkers were obtained from
Collaborative Research. The dideoxynucleotide triphosphates were from PL
Biochemicals. The deoxynucleotide triphosphates, isopropyl 3-D-thiogalacto-
pyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-,3-D-galactoside (X-gal)
were obtained from Sigma. Polyethylene glycol 6000 was obtained from BDH
Chemicals Ltd., Poole, England. The synthetic oligonucleotide primer
CGACGGCCAGTG used in dideoxy DNA sequencing was a generous gift
from KabiGen AB. X-ray film used was Cronex 4 from DuPont.
Preparation ofDNA and DNA sequencing

Plasmid pBY03 was the source ofDNA and was prepared as described else-
where (Bystrom and Bjork, 1982a). Plasmid pBY03 was subjected to restric-
tion endonuclease cleavage and different chromosomal DNA fragments were
purified by separating the digested mixture on a 5% polyacrylamide gel. The
cleaved fragments were electroeluted essentially as described by McDonell et
al. (1977). The DNA fragments were then shotgun cloned into the replicative
form of vector M13mp7Ol using different restriction enzymes with four-base
recognition sequences. The vector Ml3mp701 is a derivative of Ml3mp7
(Bentley, personal communication; Messing et al., 1981). When restriction en-
izymes giving blunt end fragments were used, T4 polynucleotide kinase-
phosphorylated BamHI or EcoRI linkers were ligated onto the fragments
before ligating them into the replicative form of Ml3mp70l. The fragments
generated by restriction enzymes TaqI, HpaII and Sau3a were ligated directly
into the replicative form of Ml3mp701 using the AccI and the BamHI enzyme
restriction sites, respectively. Ligation was performed as described by the
manufacturer. Competent cells of strain JM1O1 were transformed with the
ligation mixture using, essentially, the method of Mandel and Higa (1970).
Preparation of single-stranded Ml3mp7Ol templates, T-lane screening and
DNA sequencing by the dideoxy method were according to Sanger et al.
(1977, 1980). When needed, additional DNA sequencing was made according
to Maxam and Gilbert (1977, 1980).

Computer analysis
The computer programs of Staden (1979), modified by P. Gustafsson and

P. Hagblom, Umea, and the program by Harr et al., 1982 were used to
analyse accumulated DNA sequences. All analyses were made on a Cyber
170/730 Dual computer.
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