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Reverse Transcriptase in a Clinical Strain of 
Escherichia coli: Production of Branched 

RNA-Linked msDNA 

Branched RNA-linked multicopy single-stranded DNA 
(msDNA) originally detected in myxobacteria has now 
been found in a clinical isolate of Escherichia coli. Al- 
though lacking homology in the primary structure, the E. 
coli msDNA is similar in secondary structure to the 
myxobacterial msDNA5s, including the 2',5'-phospho- 
diester linkage between RNA and DNA. A chromosomal 
DNA fragment responsible for the production of msDNA 
was cloned in an E. coli K12 strain; its DNA sequence 
revealed an open reading frame (ORP) of 586 amino acid 
residues. The ORP shows sequence similarity with retro- 
viral reverse transcriptases and ribonuclease H. Disrup- 
tion of the ORP blocked msDNA production, indicating 
that this gene is essential for msDNA synthesis. 

A N UNUSUAL SATELLITE DNA CALLED MsDNA (MULTI- 
copy single-stranded DNA) was originally found in Myxo- 
coccus xanthus, a Gram-negative bacterium living in soil (1). 

The satellite consists of a 162-base single-stranded DNA, the 5' end 
of which is linked to a branched RNA (msdRNA) of 77 bases by a 
2',5'-phosphodiester linkage at the 2' position of the 20th rG 
residue (2). There are approximately 700 copies of msDNA per 

genome. msDNA is widely distributed among various myxobact 
including the closely related Stigmatella auuantiaca, which has 
msDNA-msDNA-Sal63 (3), highly homologous to msD1 
Mx162 from M. xanthus (4, 5) .  Several M. xanthus strains, inder 
dently isolated from different sites, contain msDNA (6 ) .  We fo 
that M, xanthus contains another smaller species of msDNA form 
called mrDNA and now termed msDNA-Mx65 (7). In contras 
the close homology between msDNA-Mxl62 and msDNA-Sal 
there is no primary sequence homology between msDNA-Mx 
and the small molecule, msDNA-Mx65. However, msDNA-M 
does share key secondary structures such as a branched rG resid~ 
DNA-RNA hybrid at the 3' ends of the msDNA and the msdRl 
and stem-loop structures in RNA and DNA strands. 

We have shown that msdRNA is derived from a much lor 
precursor RNA (pre-msdRNA), which can form a very stable st 
and-loop structure (2). A novel mechanism for msDNA syntl- 
was proposed, in which the stem-and-loop structure of 
msdRNA serves as a primer for initiating msDNA synthesis as. 
as a template to form the branched RNA-linked msDNA, 
predicted that a reverse transcriptase (RT) is required for 
reaction (2). We now report that msDNA also exists in Eschev, 
coli and that a gene with sequence similarity to retroviral RT's 
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Flg. 1. Detection of msDNA in a clinical S 1 2 3  4 . - 
isolate of E. coli. Total RNA, prepared 
(22) from a 5-ml culture, was added to 50 
pl of a reaction mixture containing: 50 
mM uis-HC1 (pH 8.3); 6 mM MgC12; 40 
mM KO, 5 mM D m ,  1 phf dATP, 622- 

dLTP, and dGTP; 0.04 pM dCTP; 0.2 
phf [~-'~p]dcTP; and 10 units of AMV- 
RT (Boehringer Mannheim). The reaction 
mixture was incubated at 37°C for 30 247- 
minutes, then extracted with 50 p l  of 
phenolchloroform (1: l), and preci itated 
with ethanol. The samples were s u & d  ,6,,- 
to electrophoresis on a 4 percent aaylam- 
id&M urea gel. (Lane S) Size markers in 
nudcoddes; Msp I digest of pBR322 end- 110- 
labeled with [a-32PIdCTP and the Klenow 
fragment of DNA polymetase I; (lane 1) 
E. coli K12 strain (300; (lane 2) the same 
as in lane 1, except that the sample was 67- 

treated with RNase A (5 pg, 10 minutes at 
37°C) just before electrophoresis; (lane 3) 
clinical isolated C1-1; and (lane 4) dinical 
isolate C1-1 treated with RNase A. The 
clinical isolate was identified as E. coli (9). 

T-A 
A-T 
A-T 

C-G 

7-Y' 
$-I C-G 

G-C 
G-C 
U-A 
U-A 
G-C 
U G 
F-GU 

304 
LA' 

RNA 

Fig. 2. The complete primary and proposed secondary structure of msDNA- 
Ec67. The DNA sequence was determined (10) with the use of 3' -end 
labeled msDNA. The RNA sequence (msdRNA; boxed region) was dcter- 
mined with the use of base-specific ribonudeases as described (2). The 2',5' 
branched linkage between the 15th rG residue and the 5' end of the DNA 
strand was determined with the debranching enzyme from HeLa cells as 
described previously (2,5,11). The branched rG at position 15 is circled, and 
both RNA and DNA are numbered from their 5' ends. The secondary stem 
loop structure in both the DNA and RNA sequences were determined 
empirically on the basis of the already known s t r u m  of myxobacterial 
msDNA's. 

Fig. 3. Determination of the RNA nudeotide 
sequence for the branched RNA linked to 
msDNA. Total RNA was prepared from the 
clinical strain C1-1 and fractionated on a 5 percent 
aaylarnide gel. msDNA containing full-length 
RNA was eluted from the gel. This fraction was 
then labeled at the 5' end of the RNA with [y- 
3 2 ~ ] A T ~  and T4 polynudeotide kinase. The 5' 
end-labeled RNA linked to mDNA was again 
purified on an 18 percent acrylamide8M urea 
sequencing gel. The labeled RNA was then x- 
quenced with limited digestion by base-specific 
RNases (2). (Lanes OH-) Partial alkaline hydrol- 
ysis ladder (0.5M sodium bicarbonatehder pH 
9.2); (lane E-) no enzyme treatment of the 
labeled RNA linked to msDNk, (lane T1) RNase 
T1 (1 U per reaction, 55"C, 15 minutes); (lane 
U2) RNax U2 (1 U and 0.5 U per reaction, 
5s°C, 15 minutes); (lane PhyM) RNase PhyM (1 
U per reaction, 55*, 15 minutes); (lane Bc), 
RNase B. cerus (2 U per reaction, 55"C, 15 
minutes); (lane CL3) RNase C U  (2 U per 
reaction, 37"C, 15 minutes). The large gap in the 
sequence gel is due to msDNA linked at the rG 
residue at position 15 by a 2',5' phophodiestec 
Miage (5). The RNA sequence at the 3' end 
region from the branched rG residue (the upper 
part of the gel) was determined from a 6 percent 
gel. 

ribonucleases H is required for the production of msDNA. 
msDNA in E. coli. The recent serendipitous finding of msDNA 

(msDNA-Ec86) in E. coli B by Lim and Maas (8) prompted us to 
search for msDNA in other E. coli strains. As shown by Yee et al. ( I ) ,  
msDNA is not found in the common laboratory strain K12; 
however, we have now found msDNA in a clinical E. coli strain 
isolated from a patient with a urinary tract infection. Fifty indepen- 
dent E. coli urinary tract isolates were examined for the presence of 
msDNA (9). The screening method consisted of treatment of total 
RNA prepared from each strain with RT from avian myeloblastosis 
virus (AMV) in the presence of [ U - ~ ~ P I ~ C P  (deoxycytidylate) plus 
the deoxynudeotides dATP, dTTP, and dGTP and subsequent 
polyacrylamide gel electrophoresis (PAGE). Since msDNA contains 
a DNA-RNA duplex structure, the 3' end of the DNA molecule 
serves as an intramolecular primer and the RNA molecule serves as a 
template for RT. When RNA prepared fkom one of the clinical 
strains, E. coli C1-1 (Y), was labeled in this manner, two distinct, low 
molecular weight bands of about 160 bases became labeled with 3 2 ~  

(Fig. 1). If the labeled sample is digested with ribonudease (RNase) 
A before it is placed on the gel, a single band corresponding to 105 
bases of single-stranded DNA is detected (Fig. 1, lane 4). This 
indicates that both bands in lane 3 contain a single-stranded DNA of 
identical size. The two labeled bands observed befbre RNase 
treatment (lane 3) are due to two species of msDNA comprising a 
single species of single-stranded DNA linked to RNA molecules of 
two different sizes. RNA molecules of two different s k  have been 
observed at the 5' ends of msDNA fiom myxobacteria in which a 
precursor molecule contains a longer RNA that is processed into a 
smaller mature form (2, 5). Among the 89 clinical isolates screened, 
three other strains produced msDNA-like molecules of varying size 
and quantity, suggesting extensive diversity among these molecules. 
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A 1 2 3  4 5 B S  1 2 3 Fig. 4. DNA blot analy- 
sis of E. coli C1-1 chro- 
mosomal DNA(A) and 

23.0 - adysii of msDNA syn- 
thesis by pC1-1E and 

9.4 - pC1-lP(B). (A) The 
chromosomal DNA was 

6.6 - digested with Eco RI 
(lane l), Hind 111 (lane 

4.4 - 2), BamHI (lane 3), PstI 
(lane 4), and BglII (lane 
5). For each lane, 3 pg 
of the DNA dgest was 
applied to a 0.7 percent 

2.3 - agarosc gel. After elec- 
2.0 - trophoresis, the gel was 

blotted to a nitrocellu- 
lose filter, and hybridiza- 
tionanalysiwascarried 
out (23) with msDNA 
labeled AMV-RT and 
with ~ 3 z p I d c m  as a 
probe. Numbers at the 
left represent the molec- 

ular sizes in kilobases. (9) Total DNA prepared from each strain was mated 
with RNax A, separated on a 5 percent aaylamide gel, and stained with 
ethidium bromide (lane S) pBR322 digested with Msp I size markers in base 
pairs; (lane 1) DNA prepared from the host strain CL-83 (recA); (lane 2) 
CL-83 (red)  transformed with plasmid pC1-1E (11.6-kb Eco RI fragment as 
in Fig. 5); (lane 3) with plasmid pC1-1P (2.8-kb Pst I (a)-Pst I (b) fragment 
as in Fig. 5). An arrow indicates the position of rnsDNA. 

As reported earlier (6), msDNA was not observed in the E. coli K-12 
saain, C600 (Fig. 1, lanes 1 and 2). 

Nucleotide sequence of msDNA Ec-67. To determine the base 
sequence of the DNA molecule, we isolated the RNA-DNA com- 
plex fiom the clinical strain and labeled it at the 3' end of the DNA 
molecule with AMV-RT and [a-32~]dAT~. Supplementing the 
reaction mixture with dideoxy-CTP (ddCI'P), ddTI'P, and ddGTP 
resulted in the addition of a smgle-labeled adenine at the 3' end of 
the DNA strand. The RNA was removed with RNase A plus RNase 
T1 and the end-labeled DNA was sequenced (10). The msDNA 
consists of a single-stranded DNA of 67 bases and, as in the case of 
msDNAYs from myxobacteria (1,2), it can form a secondary hairpin 
structure (Fig. 2). The primary sequence, however, is not homolo- 
gous to any of the myxobacterial msDNA's, nor to the msDNA 
from E. coli B (msDNA-Ec86) (8).  

The sequence of the RNA molecule was determined with the 
RNA-DNA complex purified h m  E. coli C1-1. The RNA sequence 
was determined with base-specific RNases as described (7). A large 
gap is observed in the RNA sequence ladder (Fig. 3); this gap is due 
to the DNA strand branched at the 2' position of the 15th rG 
residue of the RNA strand which produces a shift in mobility of the 
sequence ladder (Fig. 2). The RNA consists of 58 bases with the 

Fig. 5. Restriction map of the 11.6-kb Eco RI 
fragment. In the CI-1E map, the left-hand half 
(Fxo RI to Hind 111) was not mapped. In the C1- 
1EP5 map, the locations and the orientations of 
msDNA and msdRNA are indicated by a small 
arrow and an open arrow, respxtively. A large 
solid arrow represents an OW and its orienta- 
tion. 

DNA molecule branched at the G residue at position 15 by a 2',5'- 
phosphodiester linkage. The branched G structure was determined 
as previously described for msDNA's h m  myxobacteria (2, 5). 
After treatment with RNases A and T1, the msDNA retained a small 
oligoribonuclemide linked to the 5' end of the DNA molecule 
because of the inability of RNases to deave in the vicinity of the 
branched linkage. The 5' end was labeled with [y-32P]ATP, in the 
presence of T4 polynudeotide kinase, and the labeled RNA mole- 
cule was detached from the DNA strand by a debranching enzyme 
purified h m  HeLa cells (11). This small RNA was a tetraribonu- 
deotide that could be digested with RNase T1 to yield a labeled 
dinudeotide. Since RNase T1 could not cleave the RNA molecule at 
the G residue before the debranching enzyme treatment, it was 
concluded that the single-stranded DNA is branched at the G 
residue via a 2',5'-phosphodiester linkage. In addition, partial 
RNase U2 digestion deaved the RNA molecule to yield a 3 2 ~ -  

labeled mononucleotide and a 32P-labeled trinudeotide. Thus, the 
sequence of the tetranudeotide is "A-GA-(U or c ) ~  (Fig. 2). 
Despite a lack of primary structural homology, msDNA-Ec67 
displays all the distinctive features found in msDNA's h m  myxo- 
bacteria. These indude a single-stranded DNA with a stem-and-loop 
structure, a single-stranded RNA with a stem-and-loop structure, a 
2'-5'-phosphodiester linkage between the RNA and DNA, and a 
DNA-RNA hybrid at their 3' ends. This hybrid structure was 
confirmed by demonstrating sensitivity of the RNA molecule to 
RNase H. 
Cloning of the locus for =DNA-Bc67. In order to identifj the 

DNA fragment that is responsible for msDNA synthesis in E. coli 
C1-1, we performed DNA blot hybridizations with various resaic- 
tion enzyme digests of total c h r o m d  DNA prepared h m  E. 
w l i  C1-1; we used msDNA-Ec67 labeled with AMV-RT (the same 
preparation as shown in Fig. 1, lane 3) as a probe (Fig. 4 4 .  
Digestion with Eco RI (lane l),  Hind IJJ (lane 2), Barn HI (lane 3), 
Pst I (lane 4), and Bgl 11 (lane 5) showed single band hybridization 
signals corresponding to 11.6,2.0, -22,2.8, and 2.5 kilobase pairs 
(kb), respectively. The upper band appearing in the Eco RI 
digestion is due to incomplete digestion of the chromosomal DNA. 
Analysis of total chromosomal DNA prepared from E. coli C1-1 by 
agarose gel electrophoresis revealed that the strain contains two 
plasmids of different size. However, neither plasmid hybridized with 
the 32P-labeled probe, an indication that the fragments detected in 
Fig. 4A are derived fiom chromosomal DNA. Furthermore, there is 
only one location for the msDNA-coding region on the chromo- 
some, since various resmction enzyme digestions gave only one 
band of varying sizes. Similar results were observed for the 
msDNA's of myxobacteria (1, 5, 7). 

The 11.6-kb Eco RI fragment and the 2.8-kb Pst I fragment were 
each cloned into pUC9 (12), and E. coli CL83, which is a recA 
transductant of strain JM83 and an msDNA-free K-12 strain (Fig. 
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-35 -10 
TGG CCA TTC AGA TAC GGA m TCA CTT C- TGC ATG ACT ATG CTG c.&ZX& 60 GTT MC AGA ATC GTT MT ATT GAT AGA TOT TAT TAT MA AM ACT COG GCG TTG GCA CAT 1260 

V N R I V N I D R C Y Y K K T R A L A H  
GCA TGA TCG ATT GAG GAT COT CTT TGC TCA GAT CCG CCA GM CTG GCG GGC m TGC TCA 120 

GCT TTG TAT CGT ACA GOT O M  TAT AM GTG CCA GAT O M  M T  GGT GTT TTA GTT TCA GGA 1320 
TGT CAT GCA TGT GCA TGA MA CCA CTG CAT AM GCG GGC AGG CGT GGC GGG GAT ACG AGC 180 A L Y R T G E Y K V P D E N G V L V S G *300 

ccc CGC TAT CAC CGA MA TAG CCA MA TAC TTC TOG AM ACA GM ACT TGA ACT GAT ATG 240 CGT CTG GAT MA CTT GAG GGG ATG m GGT m ATT GAT CAA GTT GAT MG m MC MT 1380 

QRWr a2 
G L D K L E G M F G F I D Q V D K F N N  

b 

300 ATA M C  MA AM CTG M C  M G  C M  CCT GAT ADA TAT GTA TTG ACT M T  GCG ACT TTG CAT 1440 
AAC TAT TTG TGC GTA CAT CCG TCT AM C M  CCA ACA CTT AGC GTT I K K K L N K Q P D R Y V L T N A T L H  

CAG A G C W G & ' L B G  CTG T E  360 
C G C  GGT GCA CAC U 

11 

G?G CCT GCA TGC GTT TCT CCT TGG CCT m TTC CTC TGG GAT OM OM GM ATG 420 
CAC GGA CGT ACG CAA ADA GGA ACC GGA A M  M G  GAG ACC CTA CTT CTT CTT TAC 

@DNA n 

ACA MA ACA TCT MA CTT GAC GCA CTT AGG GCT GCT ACT TCA CGT D M  GAC TTG GCT MA 480 
T K T S K L D A L R A A T S R E D L A K  

ATT TTA GAT ATT MG m GTA m TTA ACT MC GTT CTA TAT AGA ATC GGC TCG GAT MT 540 
I L D I K L V F L T N V L Y R I G S D N  

CM TAC ACT CAA m ACA ATA cco MG MA GGA MA GGG GTA AGO ACT ATT TCT GCA CCT 600 
Q Y T Q F T I P K K G K G V R T I S A P  

*so 
ACA GAC CGG TTG M G  GAC ATC C M  CGA AGA ATA TOT GAC TTA CTT TCT GAT TOT ADA GAT 660 
T D R L K D I Q R R I C D L L S D C R D  

GAG ATC m GCT ATA AGG MA ATT ACT MC MC TAT TCC m GGT m GAG AGG GGA MA 720 
E I F A I R K I S N A Y S F G F E R G K  

*loo 
TCA ATA ATC CTA M T  GCT TAT M G  CAT ADA GGC MA CM ATA ATA TTA M T  ATA GAT CTT 780 
S I I L N A Y K H R C K Q I I L N I D L  

n 
MG GAT m m GM ~ A G C  m MT m GGA CGA GTT AGA GGA TAT m CTT TCC MT CAG 840 
K D F F E S F N F G R V R G Y F L S N Q  

GAT m TTA TTA MT CCT GTG GTG GCA ACG ACA CTT GCA AM GCT GCA TGC TAT MT GGA 900 
D F L L N P V V A T T L A K A A C Y N G  

*I50 
ACC CTC CCC C M  GGA ACT CCA TOT TCT CCT ATT ATC TCA M T  CTA ATT TGC M T  ATT ATG 960 
T L P Q G S P C S P I I S N L I C N I ~  

GAT ATG AGA TTA GCT M G  CTG GCT MA MA TAT GGA TGT ACT TAT AGC AGA T 
D M R L A K L A K K Y G C T Y S R g F f 1 0 2 0  

*zoo 3 ATA ACA ATT TCT ACA AAT AM &AT ACA m CCG TTA G M  ATG GCT ACT GTG C M  CCT 108'" 
I T I S T N K N T F P L E M A T V Q P  

G M  GGG GTT GTT TTG GGA AM GTT TTG GTA AM D M  ATA O M  M C  TCT GGA TTC G M  ATA 1140 
E G V V L G K V L V K E I E N S G F E I  

M T  GAT TCA AAG ACT AGG CTT ACG TAT M G  ACA TCA AGO C M  O M  GTA ACG GGA CTT ACA 1200 
N D S K T R L T P 2 5 0 K T S R Q E V T G L T  

Fig. 6. Nucleotide sequence of the region from the E. coli C1-1 chromosome 
encompassing the msDNA and msdRNA coding regions and an ORF 
downstream of the msdRNA region. The entire upper strand beginning at 
the Bal I site (Fig. 5) and ending just beyond the ORF is shown. Only a part 
of the complementary lower strand is shown from base 241 to 420. The long 
boxed region of the upper strand (249 to 306) corresponds to the sequence 
of the branched RNA (msdRNA) (Fig. 2). The boxed region of the lower 
strand corresponds to the sequence of the DNA portion of msDNA (Fig. 2). 
The starting site for DNA and RNA and the 5' to 3' orientations are 
indicated by large open arrows. The msdkVA and msDNA regions overlap 
at their 3' ends by seven bases. The circled G residue at position 263 
represents the branched rG of RNA linked to the 5' end of the DNA strand 
in msDNA. Long solid arrows labeled a1 and a2 represent inverted repeat 
sequences that may be important in the secondary structure of the primary 

4B, lane l ) ,  was transformed with the plasmids. Cells transformed 
with the 11.6-kb Eco RI clone (pC1-1E) produced msDNA (Fig. 
4B, lane 2), whereas cells transformed with the 2.8-kb Pst I clone 
(pC1-1P) failed to produce any detectable msDNA (Fig. 4B, lane 3). 
The 11.6-kb fragment was analyzed (Fig. 5). A DNA blot analysis 
of the fragment revealed that a 1.8-kb Pst I-Hind I11 fragment 
hvbridized with the msDNA  robe. When the DNA seauence of 
this fragment was determined, a region identical to the sequence of 
the msDNA molecule was discovered. The DNA sequence corre- 
sponding to the sequence of msDNA is indicated by-the enclosed 
box on the lower strand in Fig. 6 and the orientation is from right to 
left. The location of this sequence is also indicated by a small arrow 
in Fig. 5.  As is the case for all other known myxobacterial msDNA's 
(2, 5, 7) ,  a sequence identical to that of the RNA linked to msDNA 
(Fig. 2) was found downstream of the msDNA-coding region in 
opposite orientation and overlapping with that region by seven 
bases. This sequence is indicated by the enclosed box on the upper 

GGT m AM TTA MG TTG MT GCG CGA OM MA GCA TAT ACT MA m ATT TAC TAT MA 1500 
G F K L K L R A R E K A Y S K F I Y Y K  

*350 
m m CAT GGC MC ACC TGT CCT ACG ATA ATT ACA GM GGG MG ACT GAT COG ATA TAT 1560 
F F H G N T C P T I I T E G K T D R I Y  

m MG GCT GCT TTG CAT TCT m GAG ACA TCA TAT CCT GAG TTG m AGA GM MA ACA 1620 
L K A A L H S L E T B Y P E L F R E K T  

*400 
GAT AGT AM MG AM GM ATA MT CTT MT ATA m MA TCT MT GM MG ACC MA TAT 1680 
D S K K K E I N L N I F K S A E K T K Y  

m nr, GAT c n  TcT 000 GGA ACT G c A L  cTG AM m GTA GAG COT TAT MA M T  1740 
F L D L S G G T A D L K K F V E R Y K N  

M T  TAT GCT TCT TAT TAT GOT TCT CTT CCA MA CAG CCA GTG ATT ATG CTT CTT GAT M T  1800 
N Y A S Y Y G S V P K Q P V I H V L D N  

*450 
GAT ACA GOT CCA AGC GAT TTA CTT MT m CTG ccc MT MA GTT MA AGC TGC CCA GAC 1860 
D T G P S D L L N F L R N K V K S C P D  

GAT GTA ACT O M  ATG ADA AAG ATG MA TAT ATT CAT GTT TTC TAT M T  TTA TAT ATA GTT 1920 
D V T E ~ R K M K Y I H V F Y N L Y I V  

*500 
CTC ACA CCA TTD ACT CCT TCC GGC GAA CAA ACT TCA ATG GAG GAT CTT TTC CCT MA GAT 1980 
L T P L S P S G E Q T S n E D L F P K D  

ATT TTA GAT ATC M G  ATT GAT GGT M G  A M  TTC M C  MA M T  M T  GAT GGA GAC TCA MA 2040 
I L D I K I D G K K F N K N N D G D S K  

GAT TTT MG GCA TTT TGT TGT ATT m GAT GCT ATA MA GAT ATA MG GM CAT TAT AAA 2160 
D F K A F C C I F D A I K D I K E H Y K  

TTA ATG TTA M T  AGC TAA TGA ACA GCC CTA ACG TTA TGA ACG CTA AGG CTG ATT TTT CGT 2220 
L M L N S -  

T M  M T  TTA TAT GGT TTG M T  TGT M T  ATA TTA TCT TCA AGC CAT TTA TTT M T  TCC TGC 2280 

ATC CTT TTC TGT M G  GOT ATT M T  TCC TTC CTC ACA AAC ACT MA CTC GCT T M  TCC ACA 2340 

TCC CCA M C  CCC CCT M C  ATT ATT CGC CAT M T  CCC CAT CAT TTC CCC TGC CAC ACG ATG 2400 

CCC TCC CAT CAT CTC ATC CCC CC 

RNA transcript involved in the synthesis of msDNA (2). The nucleotide at 
position 257 (U on the RNA transcript) and that at position 373 (G on the 
RNA transcript) form an U . G pair in the stem between sequence a1 and a2. 
The proposed promoter elements (- 10 and -35 regions) for the primary 
RNA transcript are also boxed. The ORF begins with the initiation codon at 
base 418. The YXDD amino acid sequence conserved among known RT 
proteins is boxed. Numbers on the right signfy the nucleotide bases and 
those with an asterisk represent amino acids. Small vertical arrows labeled H 
and P locate the Hind I11 and Pst I restriction cleavage sites, respectively. 
The DNA sequence was determined by the chain termination method (24) 
with the use of synthetic oligonucleotides as primers. Abbreviations for the 
amino acid residues are: A, Ala; C, Cys; D, Asp; E. Glu; F, Phe; G, Gly; H, 
His; I, Ile; K, Lys; L. Leu; M, Met; N, Asn; P, Pro; Q, Gln; R. Arg; S, Ser; 
T, Thr; V, Val; W, Trp; and Y, Tyr. 

strand in Fig. 6 and the branched G residue is circled. Again, as in all 
the msDNAYs in myxobacteria, there is an inverted repeat comprised 
of a 13-base sequence immediately upstream of the branched G 
residue (residue 250 to 262; sequence a2 in Fig. 6) and a sequence 
at the 3' end shown by an arrow in Fig. 6 (residue 368 to 380; 
sequence al) .  As a result of this inverted repeat, a putative longer 
primary RNA transcript beginning upstream of the RNA coding 
region and extending through the msDNA coding region would be 
able to self-anneal and form a stable secondary structure, which is 
proposed to serve as the primer as well as the template for msDNA 
synthesis (2). 

Existence of an essential gene for msDNA synthesis. The 
proposed model for the synthesis of msDNA (2) predicts that an RT 
plays an essential role in the production of msDNA. Because of 
similarity in the structural arrangement of the msDNA coding 
regions between myxobacteria and E. coli, it is reasonable to assume 
that an RT is also required for the synthesis of msDNA-Ec67. 
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HIV RT WUSPGHMpM(0 N P ~ I l U L V K I ~ I ( W K I S K I C P E N P Y U T P V ? A I ~ ~  0 3 9  
UTLV1 RT RA(-Q W P ~ L ~ I K P Y T O  WNtIPIRPVQU - 7 5  
n m A  RT ~ ~ 0 8 ~ Y T Q n ' I P X M i K C V R T I S A P T D R L  p I Q X R I C D L L S D C R D E 1 ~ ~  f N W S  9 4  . . O  

HIV RT 1 [ 1 , V D ~ D ~ L C I P H P A O ~  KBlTJLWCMY?SWLDKD?R?XT~P (11 3 0 0  
UTLVl RT ? I ~ W ( A R I S L T I D L I 1 8 S S W P O D ~ S ~ I D ~ W I ~ Q W P Y ? ~  PQ 1 3 9  
U W A  RT mR R C 1 ( 8 I I I W I Y ~ X Q f I I W I D ~ ? ? K f ? N ? G ~  iyd NO:: LLU p ' A  1 5 0  

0 .  

BSV RT QXLMCKU~IASQI&IK MQ-P~KEAKLKLUMESI- 4 8 7  
UTLVl RT ~ E I q * v s l a ; T P T I R q ~ L Y ~ p R w I Y U 1 P 8 Q v p S L W ~ l l I . W  3 0 7  
U p W A  RT Y Y R T C E  : M D E  NGV $ V S f G ~ ~ U l Q C ? I ~ ~ I ~  P D S '  3 3 5  

0. 

Fig. 7. Amino acid sequence alignment of the E. coli msDNA ORF with a 
portion of the r e t r o d  Pol sequence from HIV and HTL.V-I. Amino acid 
sequences are compared with matrhrng residues assigned as follows: (+) 
amino acid common to msDNA and HN RTs; (0) amino acid shared by 
rnsDNA and HTL.V-I RTs; and (0) amino acid shared by all  three proteins. 
Arrows divide the protein sequences into three functional domains (15, 16): 
an amino terminal RT domain, a carboxyl-terminal RNase H region, and a 
central "tether" region. The specific amino acid residues for the RT, tether, 
and RNase H domains, for each protein are: HIV, 177 to 439,440 to 600, 
and 601 to 722, respectively; HTLV-I, 15 to 277,278 to 462, and 463 to 
592, respectively; msDNA ORF, 32 to 290, 291 to 465, 466 to 586, 
respectively. The YXDD polymerase consensus sequence is outlined with a 
box. 

The 2.8-kb Pst I fragment [from Pst I (a) to Pst I (b) in Fig. 51 
was not able to synthesize msDNA. However, an overlapping 3.9- 
kb fragment fiom Bal I [l.O-kb downstream of Pst I (a) in Fig. 51 to 
the following Eco RI site contains all the information required for 
synthesis of msDNA. This indicates that a region downstream of the 
Pst I site (Fig. 5) is required for msDNA production. The n u b  
tide base sequence from this region revealed a long open reading 
frame (OW) of 586 amino acid residues, starting with the initiation 
codon ATG at nucleotide 418 to 420 (Fig. 6). A distance of only 51 
bases separates the initiation codon from the region that encodes 
msDNA. A putative Shine-Dalgarno sequence (GGA) can be found 
ten bases upstream of the initiation d o n .  When the lac2 gene was 
b e d  in frame at the Hind 111 site (within the ORF) at amino acid 
residue 126, p-galactosidase activity was detected. Thus the region 
encompassing the ORF is indeed transcribed and the gene product 
encoded by the ORF is essential for msDNA synthesis. In a 
preliminary experiment, both msdRNA and the ORF appeared to 
be tramxibed as the same transcription unit, since a deletion 
mutation removing the sequence from residue 1 to 181 blocked the 
expression of the lacZ gene fbed at the Hind I11 site. A putative 
promoter can be found in the deleted sequence (Fig. 6). These - 35 
and - 10 regions probably serve as the promoter for both msdRNA 
synthesis and the ORF. 

Sequence similarity with retroviral reverse tramaiptases. 
When the amino acid sequence of the ORF was compared with 
known proteins, a striking similarity was found with retroviral RTs. 
Comparison of the ORF with RTs from HIV (human immunodefi- 

Fig. 8. Detection of RT activity from . b various cell extracts. Cmde cdl extracts 
were prepared from E. coli strain C2110 
(polA-) (1 7) containing plasmid pCI-1EP5 
en* the msDNA-ORF (Fig. 5) as 
well as the vector plasmid (pGB2) alone. 

C , Extracts were also prepared from the E. coli 
strain PRTS7-1 (polA+) containing the 
cloned M-MuLV RT gene (16,17). Crude 
extracts were prepared essenaally as de- 

b scribed (25). Crude extract quivalent to 
15 of total protein was added to a 50- 
pl reaction cocktail (50 mM tris-HCI, pH 

7.8, 10 mM JYlT, 60 mM NaCI, 0.05 percent NP-40, 10 mM MgCIz, 0.5 
pg of poly(rC) oligo(dG), and 0.1 JLM [U-~~P]~GTP)  and incubated at 
37°C for 1 hour. A sample (5 4) of the reaction mixture was then spotted 
onto DEAE paper (DE81, Whatman). The paper was washed to remove 
unincorporated label (1 7) and then exposed to an x-ray film. (A) All reactions 
contain added template-primer poly(rC) oligo(dG). (B) Control reactions 
in which no template-primer is added. Columns contain the designated cell 
extracts: M-MuLV, cloned Moloney murine leukemia virus RT gene; pGB2 
(26), vector plasmid in strain C2110; pCLlEP5, recombinant plasmid with 
the cloned msDNA gene. The high background activity observed with the 
M-MuLV control extract can be attributed to the activity of DNA polymer- 
ase I since this extract is obtained from a PolA+ strain (HB101). 

ciency virus) (13), and HTLV-I (human T cell leukemia virus type I) 
(14) shows that the first domain to ~ a l ~ ~ ' )  of the ORF 
matches well with the RT domains of HIV and HTLV-I (Fig. 7). In 
particular, the sequences around the polymerase consemus Asp-Asp 
sequence (15) (boxed in Figs. 6 and 7) are well conserved. Of 260 
amino acid residues in this domain, 44 and 38 residues are identical 
with HIV and HTLV-I, respectively. Between the RTs of these 
retroviruses, there are 78 identical amino acid residues in this 
domain. 

The pol gene o f ' r e t r o v k  produces a protein consisting of RT 
and RNase H activities; the former at the NH2-terminal and the 
latter at the COOH-terminal region of the pol gene product (13,16). 
These domains are separated by a poorly conserved "tether" domain 
of approximately 160 to 190 amino acid residues (13). On the basis 
of the HIV sequence, the similarities (only identical amino acid 
residues) between HIV and HTLV-I are 29.5 and 16.8 percent for 
the RT domain and the tether domain, respectively. The similarities 
between HlV and msDNA are 16.9 and 10.3 percent for the RT 
domain and the tether domain, respectively. The similarities be- 
tween HTLV-I and msDNA are 14.6 and 15.5 percent for the RT 
domain and the tether domain, respectively. These results indicate 
that, in addition to the RT region, there are reasonable similarities 
in the tether domain between retroviruses and msDNA. An align- 
ment of the RNase H domains also revealed that there are similar- 
ities between retroviruses and msDNA (15.7 and 17.4 percent with 
HIV and HLTV, respectively) (Fig. 7). The similarity between HIV 
and HTLV-I in this region is 18.0 percent. 

Cell extracts were prepared and assayed for RT activity associated 
with the production of msDNA as predicted from the amino acid 
homologies. Only the E. coli strain (C2110, polA) (17) harboring 
the plasmid pC1-1EP5 containing the msDNA ORF displayed RT 
activity (Fig. 8). In the RT assay, the polA strain was used to 
eliminate high background activity due to DNA polymerase I. No 
RT activity was detected in emacts containing the vector plasmid 
alone, or when the template-primer [poly(rC-dG)] was absent fiom 
the reaction mix (Fig. 8). The Pst I site (b in Fig. 5) is located at 
amino acid residue 430, which is between the tether domain and the 
RNase H domain. A plasmid lacking sequences downstream of this 
Pst I site did not produce msDNA. Accordingly, the RNase H 
domain may be essential for msDNA synthesis or, alternatively, Pst I 
disruption may result in inactivation of RT. 

In addition to the similarity between msDNA-Ec67 RT and 
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retroviral RT, there is a similarity between msDNA and retrovir- 
uses; DNA synthesis starts at the site upstream of the RT-RNase H 
gene, and the orientation of DNA synthesis is opposite to the 
direction of transcription of the RT-RNase H gene. In the case of 
retroviruses, transfer RNA's are recruited from the cell for the 
priming reaction (IE), whereas for msDNA an RNA transcript 
serving as template also serves as a primer by self-annealing to form a 
stable secondary structure (2, 5). 

Origin of the E. coli reverse transcriptase. At present the 
relation between msDNA and retroviruses is not known. Nor is it 
known why some of the clinical E, coli strains isolated from human 
patients produce msDNA. Our data indicate that msDNA's pro- 
duced by four independent E, coli strains, all isolated from urinary 
infections, share little homology. This suggests that there may be 
large numbers of species of msDNA in E,  coli. In contrast to 
msDNA's found in E ,  coli, msDNA-Mxl62 from M. x a n t h u s  is 
highly conserved, since nine independent M ,  x a n t h u s  strains isolated 
from various sites have msDNA that hybridizes with the original 
msDNA-Mxl62 (6). Furthermore, msDNA from another myxobac- 
terium, S. auvantiaca (msDNA-Sal63) (5)  also shows a high degree 
of homology to msDNA-Mxl62 (4). 

Several lines of evidence suggest that the RT gene found in the E. 
coli strain C1-1 is not likely to have originated in E. coli, but rather 
was recently acquired from some other source. For example, only 
about 4 percent of E, coli strains tested were found to produce 
msDNA. In addition, the RT gene from strain C1-1 does not cross- 
hvbridize to chromosomal DNA from four other E,  coli strains that 
produce msDNA molecules, an indication that there is extensive 
diversity among these RT genes. In contrast, a DNA fragment from 
the E ,  coli K12 sigma factor gene can hybridize to chromosomal 
DNA from all five msDNA-producing E, coli strains, indicating the 
conserved nature of sigma factors. An analysis of the E ,  coli RT gene 
indicates that the cod& usage for this gene is quite different &om 
most E,  coli proteins. In particular, AGA and AGG, the least 
frequently (2.7 percent) used codons for arginine among 199 E. coli 
genes (19), occurs at a frequency of 64.5 percent in the E,  coli RT 
gene. Similarly, CUG is the most commonly used codon for leucine 
(61.3 percent) (19) in E. coli genes, while its prevalence in the RT 
gene is only 9.1 percent. The AT base pair content of the E. coli RT 
gene was calculated to be 67.6 percent, which is substantially higher 
than the AT content of the E,  colt genome (49 percent) (20). The AT 
contents of HIV and HTLV-I RT genes are 62.1 and 47.8 percent, 
respectively. 

Many questions remain to be answered, including (i) are there any 
particles associated with msDNA; (ii) is the msDNA region trans- 
posable like the Ty element of yeast (21); (iii) can the element 
responsible for the production of msDNA be transferred from cell 
to cell; (iv) can a RT from one strain (E. coli or myxobacteria) 
complement the production of msDNA of other strains; (v) does 
the promoter for the RNA transcript have any similarities to the 
retroviral LTR; (vi) are there any specific integration sites for the 
msDNA element on the E. coli chromosome; (vii) why is the 
branched G residue conserved; (viii) is there an enzyme responsible 
for priming DNA synthesis at the 2'-OH position of the rG residue; 
(ix) why and how does msDNA synthesis stop at one distinct site on 
the RNA template; and (x) how different biochemically are the 

msDNA RT's from retroviral RT's? 
The existence of RT in prokaryotes, previously predicted (Z), is 

now evident from our dais.  his fact iaises intriguing questions 
concerning possible roles of this enzyme in the prokaryotes other 
than msDNA production. We have also found that M ,  x a n t h u s  in 
which msDNA was originally discovered has a long ORF in the 
same manner as found for msDNA-Ec67 (27). This ORF has a high 
degree of similarity to the E,  coli RT. Since eight independent 
isolates of M ,  x a n t h u s  produce homologous msDNA, the M ,  x a n t h u s  
RT is likely to have been acquired at a very early stage of its 
evolution in contrast to the E, coli RT. 
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