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ABSTRACT
The genes encoding the 52 ribosomal proteins (r-proteins) of Escherichia

coli are organized into approximately 19 operons scattered throughout the
chromosome. One of these, the spc operon, contains the genes for ten
ribosomal proteins: L14, L24, L5, S14, S8, L6, L18, S5, L30 and L15 (rplN,

rplE, rpsN, rpsH, rplF, rplR, rpsE, r , and rplO). We now report the
entire 5.9 kb nucleotide sequence of the spc operon. DNA sequence analysis
has confirmed the genetic organization and refined the amino acid sequence of
the ten r-proteins in this operon. It has also revealed the presence of two
open reading frames past the last known gene (L15) of the spc operon. One of
these corresponds to a gene (prLA or secY) which recently has been shown by
others to be involved in protein export. In addition, S1 mapping experiments
indicate that a significant proportion of transcription initiated from the
spc operon continues not only into the two putative genes, but also without
termination into the downstream a r-protein operon.

INTRODUCTION

The Escherichia coli ribosome contains 52 unique proteins (r-proteins)
and three species of RNA (rRNA) (1-3). Genes coding for 27 of the r-proteins

as well as several other related genes are clustered in the 72 minute region

of the E. coli genome (4,5). The results of a detailed biochemical and

genetic analysis (4-6) of this region suggested that these genes could be

organized into four transcriptional units. These transcriptional units have

been called "operons" and were given the trivial names str, S10, spc and a

based on the genetic or biochemical character of one of their gene products.

Even though these operons have been the subject of intensive study for a

number of years, their complete organization and the physiological regulation

of their expression is still not completely understood. The application of

modern genetic tools that allows a more sophisticated analysis of these

operons requires a knowledge of their nucleotide sequence. In the present

study the entire nucleotide sequence of the spc operon, including the region

between the spc operon and the a operon, was determined. In addition, the

nature of the mRNA transcript covering the distal portion of the spc operon,
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the proximal portion of the a operon, and the region between the two operons

was examined by SI mapping experiments. The spc operon was chosen for such a

detailed analysis for the following reasons:

A) Preliminary DNA sequence analysis of the region just preceding the a

operon promoter did not reveal a transcription termination structure for the

preceding spc operon (7). Furthermore, earlier analysis of the spc and a

operons suggested that spc promoter activity might contribute significantly

to a operon gene expression (6, 8).

B) Silhavy and his coworkers (9, 10) discovered that mutation of a gene

within or very near the spc operon affects protein export. Examination of

preliminary DNA sequence information in the region between the a and spc

operons revealed possible reading frames that could code for two proteins

whose function has not been determined (7). Possibly one or both of these

genes codes for proteins that participate in protein export. It is therefore

of interest to determine their complete nucleotide sequence and determine if

their expression is under the control of the spc promoter.

C) Earlier studies have demonstrated that translation of r-protein mRNA

is regulated by an autogenous feedback mechanism (11, for review see 12).

The spc operon r-proteins are apparently subdivided into three independently

regulated translational units (13 and P. Singer, D. Dean, L. Matthews, and M.

Nomura, unpublished experiments). Elucidation of the entire nucleotide

sequence of the spc operon allows an examination of possible secondary mRNA

structures that could be important in the translational regulation process.

In addition, a knowledge of the spc operon sequence will facilitate the

construction of hybrid plasmids and/or phages that can be used to test models

that attempt to explain how the translational regulation of r-protein mRNA is

accomplished.
D) Determination of the complete nucleotide sequence of the spc operon

would confirm and refine the amino acid sequence of ten r-proteins determined

by others (14-23) using peptide sequencing procedures.

EXPERIMENTAL PROCEDURES

Strains. Bacteriophages M13mp7 (24), M13mp8, M13mp9 (25), plasmid pUC9
(26), and their E. coli host JM103 (24) were obtained from Bethesda Research

Laboratories (BRL). Methods for their propagation and maintenance were as

described by literature supplied by BRL and J. Messing (personal

communication). E. coli K12 strain GM1, used for Sl mapping experiments, is

ara A(lac pro) thi/F' lac+ pro+. The lac region on the F' carries laclq and
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the lacP mutation, L8 (see 27).

DNA. The ultimate source of DNA for sequencing was Xfus3 and Xspcl (4,

28). Cloning of the 5 kb EcoRI fragment (see Fig. 1) has been described

(29). This plasmid, pN01001, was used as a source of DNA to isolate the 5 kb

EcoRI fragment. The 1.8 kb EcoRI fragment (see Fig. 1) from Xspcl was

cloned into pUC9, designated pNO10558, and was used for the isolation of the

1.8 kb fragment. The 1.9 kb BamHl/Sall fragment from Xspcl contains the

genes for L14 and L24 and a part of the L5 gene (30). The fragment was

cloned into pBR322, designated pN01507, and used as a source of DNA for

sequencing the L14-L24 gene region. Restriction endonucleases and DNA ligase

were obtained from BRL or New England Biolabs. Use of enzymes was as

recommended by their suppliers.

Cloning into M13. Various portions of the 5 kb EcoRI and 1.8 kb EcoRI

fragments were subcloned into M13mp7, M13mp8 and M13mp9 using the restriction

enzymes indicated in Fig. 1. In regions where the same insert was isolated

in both directions but were too large to be completely sequenced (such as the

HincII clones), further subcloning was carried out using a method suggested

by C. Squires (personal communication). Equimolar amounts of single stranded

DNA from two M13 clones (with an insert in opposite orientations) were

incubated in 50 mM Tris HC1, pH 8.0, 50 mM NaCl and 10 mM MgC12 for 30 min at

680C. The sample was adjusted to 30 mM sodium acetate, pH 4.5 and 1 mM ZnSO4

and treated with SI nuclease (2 units/tLg DNA for 30 min at 450C. Digestion

was terminated and DNA recovered by ethanol precipitation. The resulting

double stranded linear DNA was used directly for further subcloning into M13

using suitable restriction enzymes (such as TaqI and Sau3A).

DNA Sequencing. DNA sequencing was done by the chain termination method

of Sanger (31) as described by the BRL sequencing manual. DNA polymerase I,

Klenow fragment, was obtained from either BRL, New England Biolabs or P-L

Biochemicals with no detectable differences. The single stranded synthetic

universal primer, 5'-CCCAGTCACGACGTT-3', was obtained from P-L Biochemicals.

Sequencing samples were run on 6% polyacrylamide gels, 0.4 mm thick,

containing 7M urea, 100 mM tris borate, pH 8.1 and 2 mM EDTA. Resolution of

the sequencing gels was increased by using thinner, 0.25 mm, gels (spacers

and combs made from Cardex, Central Plastics Distributors Co., Madison, WI)

and by fixing (10% acetic acid for 10 min) and drying (750C, 1 h) the gels
before autoradiography (32). The DNA sequence of the L14 and L24 genes was

determined by the method of Maxam and Gilbert (33) as described previously
(7) using pN01507 as a source of DNA. DNA sequence analysis was done with

2601



Nucleic Acids Research

"t4 -~
I

a
001 01

v
0 :C a" E

i E

iiI

TL r I

Ii

o oN N

I
,

Ii
° °E N

U) tL a.

0

0
0
0

0
0
0

N
0
0
0

co oo =
o 0~c
0 .4 .'~0 4i
0 0 60~O44
O. 0 0
O O J:

0

t t t ffi '~.I C- 4>.s s X

O
0DW

0

= :3 44h0 r- 0

o h $f4-
0 U) 4

LO ^ .

0} a1
f-° °

0 L .. ** n a

e

I
II_
Ii-

II

IT
CY

n

0
05
11
5
0)
N

2
10
0

s
as

II
x

-j

1

!2

x

LI

0

I

-r--
_xm
cq
t

2
i

7

2602

or

IL

0-
OD

_



Nucleic Acids Research

computer programs by Staden (34) and with programs designed by John Devereux

of the University of Wisconsin Genetics Computer Group.

Si mapping. Si mapping was performed by the method of Berk and Sharp

(35) as described by Squires et al. (36). Single stranded M13mp8 or M13mp9

hybridization probes containing various segments of the region between the

spc and a operons (see Fig. 3A) were cloned in each of the two possible

orientations. RNA was extracted from strain GMI grown in AB glucose (0.4%)

supplemented with casamino acids (0.1%) (37) and hybridized to the M13

hybridization probes. After treatment with Sl nuclease, samples were run on

5% polyacrylamide gels and stained with ethidium bromide. In each case, the

RNA/DNA hybrids visualized were found only when using a DNA probe whose

orientation was complementary to mRNA.

RESULTS AND DISCUSSION

DNA sequence and the organization of r-protein genes in the spc operon.

The nucleotide sequence of the promoter region of the spc operon was

previously reported (38). The sequence covered a distal part of the S17 gene

(the last gene of the S10 r-protein operon) and a proximal part of the L14

gene (the first gene of the spc operon). The promoter region of the a operon

was also sequenced previously (7) including approximately 550 nucleotides

preceding the transcription start site of the a operon. We have now

sequenced the DNA segment (about 5,000 nucleotides long) which is between

these two previously determined promoter regions, completing the nucleotide

sequence of the entire spc operon.

DNA derived from two sources, Xfus3 and Xspcl (4, 28) was used for the

sequence work. Fig. 1 shows the experiments used to determine the DNA

sequence and Fig. 2 shows the results obtained together with the previously

reported sequences of the promoter regions mentioned above. The DNA sequence

for the intercistronic region between the L24 gene and the L5 gene was also

previously determined (39), and the results are used to complete the spc

operon sequences shown in Fig. 2. We have sequenced 70% of the coding

regions for r-protein genes from two or more M13 clones, and alignment with

the published amino acid sequences of the ten spc operon r-proteins (14-23)
gives further support to the reliability of the DNA sequence results.

Sequences from other regions were determined from both strands in over 90% of

the cases, otherwise they were determined by two independently isolated M13

clones containing the same insert DNA.

Biochemical (5) and genetic experiments (4, 7) performed previously in

2603



Nucleic Acids Research

0: tlJ J- c
U O C O <:OOC:00 0 00 00 UO U O :"O U O
ON _- 0%O H-- < 0 N = -4 O 0~ HO[-:

H 0 U: U SU :0'-
H- HC M<M M.U %O 00 U: -cc N

F 0DUJ<: C

~~ 0 U U 0C12-IUU U0 > 0-t<:~~ ~ ~~~~~~ -C t-U>cJ -Ca:%:J x
0l F0 OH 0S O~
C:

0 U U H
:

0
J

0 UUO 00Co Uo Ho Hoo0aC 0 H O Ho
H'- Ur O<:A e-4He- c/czU, H'- or-ULA>Ho 0 0a'U'- ONOJCflm HLCJe-U-UO' 00U'-)ctXO

0> H: 00) t

--. UJ0 0Z-

UH 0 0 U U0~~~~LU

e U: <H LU H0U H 0 H
0 H H H

b

M 0 t-Hc 0 U OH
:

z H c U U
cO H O0000 000 0ZWL:H010
Uco HN a0 MO- 00 ONHac O H-

O H 0 0 H HOQ UO U -c%: c U:O 0 -
H 0: U

0U:=He

-4H ZNS U

__ ,

<:>O cD Ze >~~~~~~~~~~~~~~-I > a C ,CO

=-* -CU H 0 L H HU

F H HUDHt: H 00:becz -C U

U - 0% U 0c U- aU U U HC L

H &F- 0 _ W, O% 0 t- H -H >Ho MO UO-cc HO U 0 O> 0HO- H'- HL 0e-- 00O 0- He-U UN mor

P LEzL O 0X<QbCeO'-
O: 0o >H LAO U 0%:-cc c

U 04 U 0 . %00a 0 OFC
C - U z< < :X<

~~~U0 H H U~~~~~~~~~~~~~<U00 U

H H CC =a% 0 < 0 a >H ":O0 H H 0 U H U 0 UzC0 HO UJO 00O HO 0 U<:O af0 00 -:0
e e N orm UeJOHa-UOS U-) C)0 O 0')-
H4 0 0 0 0t > 2 e 'H>{-ZM H '- '-aFH0eU 0cv .coe U U cz'-*~ U 0 0 H r He c co U e

e JHU-O :C:H O~ eH U>U-(U

.~~~~JH0 U U~~~~~U F Uc W 0-
U U H U~~~~~~~~~ Hc -C 00 E- U

>>~~~~~~~~~~~~~~~~~~-cnu e4O

HO ~ 0 ~ H0 ~ co HU -cc 00cNoO ci-o -4H 0>He- -eoa 0- Un eu H- HO> U'- Un e uA0 H'- orn C:J eLA 00%O 00- ZHo' 00 0'-
0 H ve >'H :>H 0 0 H ZH- H'--
oU H U 0 Uo 0e H ~4H :>H .U U HbCH-cU
e~~~~U: H 0UOJbce07 E-

OO 0HcOHF c
0 H

>LCe HO 00 3Oo co Oo Co eoM-0%O0£ 00X C: ONHJ{~J H%E O Z~Ce >H0 HN'Xe
: H'- ZHrn cJ LMHLA cvo ~e- 0Oo zeo0 ce-
>H e e O0 H U 0 e'<'- U'-
0 H 0 Ho<: tH .JH -C U% HE

:H 0 0 H Ue H 00 U UJ 0 H ~H>F. s UCe UU H~ XC) .H A:0X 0 C:) e ze LAU
a: U U U UJ 0 H e H
HLA QU =0OO >H'z- HU 0u Ut 0C)F O~LazH'- ~Hrn

:>H 0'- UNM 0J <A U)O He- UCO HO e'-0 U HE H a~e 'O>0'ae- e'-

U U Ho Ho U O~ OcU LOJ Hc
HU H 00Do H 0 UJ e 0

e~ ~~ Hu0e CO S: H 0D 0
00 ceo )UOo Se cOUO UO eo HO E:HO .JHO

:BO AHbO H0 eo UN Ht 0OD eO eo UJN
H Ze- UJN eJ OL =0Oo Cie- aO0 UO U'-
LA H U U HHEUe0Fe
Y

HOO >HLc J U H
e

H U> eUQ Le cO 0e <
HUOm O u

00 00 '0° o e ° e-000 00
° ~ >'0 00

tD
0 e'- :'HN oorn zeu'1 0Oo e- c0~ >Ho~ eU'-

U H ze uc0 ze H 0 0n U >H ze
H) U0D 0 U

e
NZZHJ ~ Hb~ ~~ U

O C:A U UH10:0-J4a

UO H-O 00 HO 00 H<O zeo eU0 Uo 00
ON ew EH%O ~b JHO 'N ew ~o Oe0 JEHOoc U'- <N <:n oUU' eso U- O0 0' U'-U U EH H 0O H Ye 0'-H U HU eU JEH U <: e Y: J

U H 0: Hb 00 00xe U z

UO H- UN 0m 0- 0 U>-H)-0
=0 HO LQ~ e U0Z-O 00b O = =
wQ' Hr OL Q e HOLJ H'- Hr <:A He- 'F

U H '-4 HU z~ :H e O e e-4 H H s 0Ucc H U 0
<

0
2

0 U H(~>He 0) U
'-H H

2604



Nucleic Acids Research

00 00 0000 0 U 10 -0 I-O 00
UNc U* -0O Uco 00 HI'cv > *- cOU : EI- co .41- 0

a -C 0 -. i-L( -.%O -C c 00% l-C 1-"V- ONCY U

I- 0 U JI-.( EI-' 0U z'

COU~~~~~~~~~~~~~ U~C 0 -C0
U 0 U

COU I-'U ~~~~~~~--U% t-' U" 0 0 0 0 U 0

-3-

0

0

00 U U U, ~U W- .21-' CY- u1- CY (
.2-0 1-U 0 O- 0 UO4 UO 00
UO~~~~~N~~~* ~~~~.U%0 1~~~I LI L)00 00cN 1-W 1-'% W-'0
00'-~~~~I-"-~~~~'- U'- I-"-~~~~~ UI- ON ONI UN ON

QC ou1-as1-00 I- 1 0 a I)' 0-
U. 1- I-'u U 0U 0QC I-A -' 0
U woo CYI-U 0 U 0 0 V)-C0 I-

U
7 L% ot-'0 U m Mcl-I%OI tI-CLI-'-41-' U~~~~~c L 0%0 1 . ) o0'0 W- .-3 cm 0 c
U0 '

U AF-nULAL0-00 -U ' l-.rnC QCA - U0-C0'-0' -U- JI" -U- ' UN
Mc '-N in-IN0 0 U I- LI)0U~~~~~~IC0 0o

UC W-~ ' 0C 0) 00 0U '0*-
I- 00

c

U U 0 U

u
0

-1El-' ..3- o.J

c

U 0m 0U-)I-0 CL)
0 'U Un O 00t LI)U 0 01-'0a CY 1-'0mUN U* COUiA ~~~~I-.O 00 -0 0'-W V U"-4~OU 0- OF

I-' U U 0- U- C.)
2 1-

U 0 ~~~~~~~~~ ~~~~U~ 0- 0in-M UL U-
U 0 0b '

QCl-cc =Q 0 0 U-0 ) 0 0 U c0 U-O( 4U 3 1-EUn t-' I- I-'t0L0 t- 00%
f

U-n1-oN 4 D-I 00-C)-c In-0 % I: -"- Ur.n-Ol-3IA4
s-lI-"- >-1-.'-* 0'- - I-"- 0' 0'- UN I-NCM UNc

0 '~-El-' 00 =0 U ' UCL 0

QC0 COO0a- I

0 00 -C 0 Wc'J --0A l--0 - UO I- 0 UO
040 U0co -'0 O N I-*= 0CLNOWI- co H-1-0 s-1-N Z'-4

J31-Ncu >~--rM 1--uL U%O 00- 00co --0- -C CMN crn
U'- U-"- ~~~~~0'- Q0 '-C 00'- -4' I- UNc .NCM NC
0 0~~~~~~~~~

0 0 U I Ur 0 U0 0
4 d-

U 0
0

C/U CL- 0 U -IC
0U l- l- 1-' EI- 1.1~~~~~~~~~~~~~~~~~~~~L- J-'0~- 0 00W.' 1-4-' 0C) 0 I- 0 0

0 0 bdU LU UIL I-
l-0 -0 -C0 00 C0 0120I)0 W.J-C0 000 000 bdMc0CLI-'ULA QCt-ZLC%S ~0-% U'- cf4l-' -CLA 00t- 00% 0'M- QC fl
1-NA OrnC.1J 1-'* zIC %O LI- 000c 00C% QC0 l-NM Urn
- UC COWXI 0dOC 96U I- 0SI-c0Lt U. UI- =0 00 I-

0
C t IF-'4C I' -
0 U U~~~~~~~~L 0

c L I- 0 ~ - CO -U 14-
~~001-41-0 CL1-'0~~~ a- l-'0

Li
00 )0 00'L

I-'* 1'o l-0C)OU.-0 OON
o C)

Uo0U0 a 0 I-ON_r NUO E- co V)4)0 00-aCY 00 Eu0co-- oN0 I.CM
UC L)UM 0 =0=0o% -0 occ -e

IL) u
L- UI0-)a0 U Uc U

Y
Uc Ur 1- -i- f 0 U 0L 0 I

0 U -~~~ U 0 1-41-c o-- 0
W-C Woc 0- 0 - U0a0)0 00 00I) 00 UO 1-0 o0C) UUrcn ILA% I- 0- 00% UL) oc n ULA 1-1-- ocU0% z= '-

OONv eon WL-*~~ 1- --Nu0co 00 M IC0 0'T- .4 n0'"- U- 1-- -QC 0' 1-.'- 0'q- UNC I-Ncm UN
0 L)--C E-

0 ' 0 I-

0 I- I-~~~~~~~0 - U- I-) -a -C.' 0-4 .

A.3I-'04U 1-4 '4 0 0 -U 0 0 ~~~~~~~~~~~~LC.J CY -C 0 1~- I- .I-000 00 0~~ ~~~~~~~~0UO C 0 -2l- 0 > E- 0 0I-'U I-0
F- UNCM X JI- - co 1-0 UNU\*I) 0%0 QCc 00aMcNCM rn U* -UuI MO- 0 00% I-'0 0'V- UrnO- U'- 0- 0'- U - ' M :M- I- AN El-N 0 - A>. E-- COV)U U U '0036

a .4 U = O I' U I
4c U 1- Ua- COU-u -- ~ -

~~ ~ U I-' I-. 0- 0 00u
U U 00-

uN( 0~-e Jjr LUQC %O a000 A.U0% 000 .d-41- -ICC.NC00' 0' 0' U' I- 0'- U'- ONC -N ONcO0 0 CLI-' =0 1-' 0 ~ ~~ ~~~ ~ ~~~~~~~~~~~~~~~~0a- 1--
U I- -~~~~~~~1' U E-. L)

CO OU
O I- 1-' U W.CVI -U L- I-.U l-U) 0 -C I-- U - 4

2605



Nucleic Acids Research

H-O .4O uUO HO UO IO 00 00 00 0O
> H N w-L ZT 0 NO x 4G 040O'O 'UNc -I -- %O U~ HO
0ULA 0%O UHt U c 00 0'- bd-cc ~M-C _-r-w ~
ONc I-N-c v .UN -.N mr' Hr0 m CCm -C -C'm

.J-3 HU H- >I m HU--

03f-O 0 w 0U - 0. 1- 0 0 0
U

l - 00u3%0 0o H% 0C 0 U4Z
U'- o -I'cr', OLA U 0 a U-I C Lf UH 00

U 0 U 4 0 LAU 00
0 c H Ut H U 0HoE- 0 0v -C%O -cc

E- UI CU O 0 t HU co jE40 O.- u 0 HT-cV
H H 0 Hr UH..4

H U ~~~~~~~~~~~~~~a 0 U
HO0 HO 00 (0 0-0 i4HAUOU

U H H4 H0--, - 0 0N
>~ HU 0 .4 H H 00 0 H-cO ~~ ~~ ~~~~~~0U U - wU -UO U H ~~~~ ~~ ~~ ~~~~~0H 0 U
W~~~~-4H 0~~~4 C0 L00 LNJ-C0 0 0 . 0 0 0u H0O0oU0Hc .~00oU -IU 0-CU cm O -T 0 U%

_UO% 00'- - r- ~U c -UH0% U'Hvm UL_ OH
HNv ONva v 0c CcUN)UNUN n Om o-m ur mr~~~H~~~~~U 00~~~~~~~~ a4 0 Uc UI

00 0 U U ~~~~~~~~~~~~~~~~~~~~~~JH~~~ L0LH Z
H H 0t HUconU % DU-0Hr-mE4W
000-U~~~~~~~~~~~ ~~~~ ~~~U LH~~~~E 0IU H U

O U 0 H-IC ~U 0 H U a 0 U0-~H -H0 U 0 E00 &000 u0 00 UO 0
~~~ UO HN~~~~~al U~co L0 3 0-I UN Nd. _- 0-U

U U CY U 0mac cH C m cn -Cr' z

U3E 0 -cU0 0 U.-0 U 00 00 HU
U H H U4 U 0 0roc oC#2U0'~~~~~~ 0-U~Q O H 00 U 0U

UH H0% H'-~~~~-c UCr' U H 00 H'- aC' LZ~~~*~~~HLA~~~~~0H HU~~~~~~ LAU0% C~~~~~-cHA0 U'-. -Cr U3H-~~~NONUN ~~~~~~~~~~~N HN HC'~~~~~~~~~E 00r-IC OO' Ur or0rHc H 0c H Uo 0 0) U 0
U U U -0 0 H C'0 LH0 >HL)0 >F

CM HCC U H H 0H\M 0 O 0 H
0 co a U LH

U U H~~~~~~~~L U 0 0 0
UOHO UO HO ~~~~~~~~~~~~~~~~0 HO~~~ U-O 00 I >(-~~U'OC/~~~~~UC0~~~U0 ~~~ON ~~~ 0~~~0~f HOc0 C)

o _- HA OH0 UCOt 00 00 -'- H Cr n -ccLA
HNc UN UN UN ONc 2cr - ' oc'H r'~r~O lz L)H Ua-Hw j -U H H
U H 0 HHI U U 00'- CU c00 JH o -I H -4H U HHcUO 04cw 14H 00-U 0-U-4U I0 H H UI '0 0I UHU -CH0).0 d-CU0 L-.Jac0 00QC0 UOF UO UO HO

_-z HL 0 [.%O HOt- 0% [--0 U'- CM~ Uc O LACOON QC/UNC ~UNC g-CC FC M0UNc#2UN ccr'Hr UHrr Hrr Uc'%
H0 H~~~~~~~~~~~~~~~~~~~o H 0) 0U)

O UL 0 0 0 LE H .~
a. U H -C U Hr00~~ Z~ ~ H ~ Z~ JH Cr' 0 U H H

~~ ~~~4HLA~c LI)O0'N O 0-U% QCU0H'- HN U L
UNH.% ON- Q )0 CLUN o -' C ' 'H CM Uor 0 Q

CM o \j U M c UCM0OU Hm 0 0 0c
H 0 0 H o 0 U- 0F- LHZ)~LL.IF.>U C' -H H 0 0

Z~~~I-4H U~~~~~L -H L) 0CL H H U
UO 00 00 UO~~~~~~~~~~~Q HO HO 0 L 0

2606



Nucleic Acids Research

00 00 00 .40 -IC0 1-.0 1-'0 00 - 0 00

I-. 0 0 0~~~~ ~~I-'
C

0
-cc 1-0U

H 0 H0 L1-4 08 -IU0 0 2.e-0 -UO
0 0 0n1- t- . 0% 1- 0C 0 r -C 0

1- 1- -.41coU-%.0 C/40 .4- 00t

0 0 0 ~~~~~~~~~~~~~~40 40 0 1-
0 0 00 1-0 1-0C 1-0c 0 00 0c 1- = '1 -00c
t1- -0c 00' E-0 .4 - 04 r' A.~U 1LA 0.40-O 3 01-

~~~0L1- 0~~~~~~~U0 ~ 0 .4 0 0 1- 0 U0
0 1- 0~~~~~~~~~ U 0 -C 1% - 04 1- -CL - U0 -

LA A 00o 0 W-IC 0 Y Z 0 0%E4%Ct
1-00 1- 0 1-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1-U

0 1- 00)1-C 00NC 00 LA

01-00 .~~~~~~~0' 1-0 'c'-~~~~~~~ oc U)04)-41L a4 11

0 0- U 0 0 04 0U
E0 C-4 0 1-0LA. 0 0 0 01-(*
1- 0O-c o o 0% 1-C 0 (M 0.0 .-41 1-0 4c0l

1-0QC U 41 1-0U 1 0- 0-0 0AC ~ 0 00 U~ 1- 0 1- - 00 00
IC-4 Z10 0 0 ~ 10 W~- 1N ~1--40 L. -1-
-~~~rn-~~~~rn orn 0*~~~U-I 0* U- - * 0
-~~1- 1- t 0 OLA ~~~ La1- L~~.1- CiH 14.1-4cc 0E4U0 LAO 0 0 1-. Z.-S 1- 1-C 0 1-j1--3Q tl Q 1- U( oc C.J 1- - 0 U 0 0 L

co 1-% E" 1- E-0 U0 CM LAO19c--41- LA)~O 0.L -

1-Mo41-M1-000 =0=1 C.)U'1

0 0 1- 0 0 0 1- 0 0
\1-01 1-0 0§0% a.0 0 M C 00000\c LAOO 1-1-%D 1-
~~~40~~~~~0~~~~0' ~~~0 0 U 0VON)- 1- Lai040 -3E-
~~~~~~0 00 0.0~~~~~~~X- 00 4-1- ' 0

1- 1- 0 0 .0 bd 14.1-0
4O 0.0 0 .4- 0 1-4 0 E 0 M -0 M C0 ar1-

1-.4 Ut-~0 0'-c or CLA 01-j 00' 0' 1-~ OLA-
orn 0-4rn U4- O O:T 0" * 0W0-*zo ~ = M[--c 000U)U1- 1-M 1- C7 0 0- 0 U1 1- 4-1 0 LO

14JC#~~~~~= 0 c U10E-00 1- 0 o0 01- 0 1
[G-- C.O 0 co 41- 0 0 CM O= %O 0 0 0 -\j
CcO 1-0c 1-N ' c CjL)* W -IC0 = ON3 1- *M t

0 E*0 -4 A*L44 4
.41- f- -IOU 1 .1 E44-0U-
1- 0 0- 0 - 44- 4H0
0~ ~ ~ -0 0 1- 0 0.70 -L)0 00 E-0 L)-0 1-0 1-0 1- 0 Z-0 U 0 CY0

00 01-aLn 0t- -C00 OC- O- N 1-('Ei 0U 1-40 0 1--
L-Jc % 00 LAt--[.O 00 W.41 0 1- M - UU0 L0 0nU(n 0 0.) 1- 1-U-1 0 0 0 1 .41- >z1W 0001-1 O-. U . 0. LI0 1- 0a0- C-7 0 0 0 U 01
0 100 .4- 1- -0 0.LAOO 0 0 -cc 1U1-0C),0 000 00.)000 - 00>1-*\ 3[.= - .% (040 00 1-0 O 0* E U%-Cco0000 O40 1-1t- 00 1-ON - U~ m\oUrn L.c .4-4 Z1--to crcnmr -tor cn00* H 00 CY -IC0* 1-* k-

0 in 0 0 0 1- 0 1
1- 0 U) 0 1 1 d -C O1-C --

0 -C0 .40 0U )U0 >~ 0 0-cL) 1- 1n0L [-t- 1- 0 0 1- L)c LI) 0.0 l- L0.0
00 0 1-0. c 00 00 00N - )e00 0 0000nOL)

Cn) n o-',or2c n or-cn 0*F C 0* 0* 0*1) -
0 -0 1- 0 0 0 U)J 00- >1- 00
0 0 0~~~~~~~~~~~~~~cr- 0 0L00)

0 0 0 E 0r0C 1-

2607



Nucleic Acids Research

4 O 00 U H 0-.0 0 1-4 0 -C10 HOCYeN v3U HU 0° co > -OE 'o HN vTo U4 E- 00
U0 0 .4- H-.N _0* O LA 040 -Ct- E- co

0*UJ A OLAlN tU uL Ue LAuLUNu e u Le ULn
0 H 0 H U H0~LUU U 0 U H H U se 0

0 WHO H 0 U 0 0
H

HUN Ul U% 0 U

<e_ om Iu-L e- eo U'- o'0 ouL- ec1-. 00 0-E-vo-c LA 040 - us 0N>ear >HuA JH-LA 4|-41.L FA C4ULA HLA QUL 1-LAU 0 U e - H H 0 UUJ H 1- 0 U0 e xe U

eu cm -Z eO% se co za ev cn 0 >N
0 0~ ~~ ~~~~ ~~ ~~~~~~cv u L.J H8% U4t c

1-. U H H 0 0
v eU H

EO- UO ~O HO 00 0 U HeO
UO UN H* 040 c0 HO UN CIH0* H0

<U04 :Oo LAO'- eUN HUQm cOuOL 0Q40° e HO
0* QUL euA OLA euA OLA 0uLA rULA HL

E-- 0% -3U H ' H 0U U U H00-U ci. LAU JH Se iz. OO H

U Uc Hc U H O H U0 H H 0 Ue o e U o H U

0-U 0 U ..v H-ICJco 00 H-c
U 00o 00H O0 0Hl-.c

UO HO UOur u Our OUrOuo Oun HOHrO-
4H04 xe' CzHc' >HL 001- L..H0 J'- oCl OL

00 L.J~~~~~~~~ '-4H ~~~~ L'H 0-UM-.- H UN H N

0 0 0 U U U U 0

> e r bd> c w
0 H H~ ~~~~ ~~~~~~~~H- U -4H H

OH oU > cO U e >

u > o > > e O~~~~~~~~~~>>0 0 0 H~~~~~~~~~~~CU4 0 U H

Uo 0 k o 0H 0H HI0 MH 0

: H0 -ILUO > -UO J- O W- H %O -U co 00 HOc
H> eo U'- ON em 0* 040 00 HX
Ceo 0 e U 0- H He co

H H ~~~~~~~~~~~~~~~U 0 00H

00" >H -3H cY-0-UU

U H U0 0 H 0 0 U
~U co H 00 00C c H 0 U Hccc

00 HO QO 00 00 HO 00 .e
UH U04 0'- > HLA HH e4 s- en

Lz.HO LI.H0 eU- 0-UN Cz.HA =0* <:ULA <¢-- U
OLA

E-4H H. AU 0 e

U 0 H~~~~~~~~~~~~~u U0 Ue~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~coe0 -C cv e %O M -Cc U -

H 0 H c0 H U 0 H U-

I-4H~~~~~~~HZ~~~~~ ~~~H 00~~~U L.. UN hJ U L 0 CL

0 H
e UH0 e

0UO O 00 HO UO 00 HO e eH
E-4HU0 > He UOt M.N U L. M Ye cc0 Ot- E-e o s NCco o00 0'- H Hm 0* HN UH .c -c

eLA =zH r .- H W 0-eU CH1n H UN IU U
H H --U U UU U 0H

CY e c H E-z

H(- 0>F0b0)t)Ue UIC

0U H H0~~~~~~~~~~~~~~~~~0U C

E--aeU OUC:O J

04
O )O H(ONU

J U*O e

OL U04

O
C O

z
-C0 HE0 000

zeu

H HU. U Co 0
UU 0-aeH Hco00o c eOHU UNHeH e

0 0 Ur 0 0

U Ho Hoo o o o0 O 0

t:>OX 00~ChC4t:M O UOtJ - 00 H Om 00 H OHl 00
Hc 04 UOC 00 N U* NH40e OeN0 co00D .J H04 LA O

ze
N HU' HU* HULA O4 .u H

0 4 0 U H CYHU-

UU U 0 U U 0H~~~~~~~~~~~~~~~~~~

0 0 H HC 0 LA H 0
HO 00 HO HO00- 001OQ > C1UU O HO00oU

4-4 JH Fe HU ze~ eU eU U H

e~ L. >H 00 e. 00> EH 0z e

U H 0 0 Hq 0 e e U ee U H U H H H se 0 H
LJON Ot O 000H)O H L.HO

7l FJU O UO HeoONer U*o U4o~ 00ON>eHw 040x HOb O
O U U 0: Hz U 0 LA e H U

HO 00 UO HO O UO FO .b UOx.o

0'- em OLA eH U04 U'- On OLA 00- 004ZHbe oe4 o0 LAU'- >^N a:O* :"HLA eo4 OHs Oe* U* cULA HLA HLA UL OLA OLA .eLA HLA
.-J f=O =e: eU L.. HU >H U U U

UJ 0 U U 0 H Hz =O eLL bU <: Q H EC..H ZH >H H U UH 0 He ~ 0 0 0 Ho

2608



Nucleic Acids Research

this laboratory identified ten r-protein genes in the spc operon and

indicated their order except for L30 and L15. The order of L30 and L15 was

subsequently established by DNA sequencing across the site between the 5 kb

EcoRI and the 1.8 kb EcoRI fragments (L. Post, Ph.D. thesis, University of

Wisconsin, 1979). The present DNA sequence results have confirmed these

previous conclusions regarding the presence of r-protein genes and their

order. In addition, the results have revealed the presence of two open

reading frames (Y and X) downstream of the last r-protein gene, L15, in the

operon. These will be discussed below.

The DNA sequence has also confirmed and refined the amino acid sequences

of the ten r-proteins of the spc operon. The amino acid sequences as deduced

from the DNA sequence for L24, S8, L18, S5, L30 and L15 show complete

agreement with published amino acid sequences (15, 18, 20, 21, 22, 23).

However, discrepancies have been found for L14, L5, S14 and L6 (14, 16, 17,

19). In the case of L14 and L6, the amino acid sequences as deduced from the

DNA sequences have been shown to agree with revised amino acid sequence data

(H. G. Wittmann, personal communication). The discrepancies not resolved

are: ile thr thr thr from the DNA sequence instead of ile thr thr at position

155 in L5 from the protein sequence, and ser from the DNA sequence instead of

gly at position 98 in S14. Table 1 shows the codon usage of the spc operon

r-proteins. The highly nonrandom codon usage is the same as that observed

for other r-proteins (40). The codons preferentially used are those

recognized by the most abundant tRNA species. This usage probably reflects

the need to efficiently translate r-protein mRNA as has been discussed in

more detail previously (40-44).
Cotranscription of the spc operon and a operon. The a operon, located

immediately distal to the spc operon, was originally defined by analyzing

expression of r-protein genes in UV irradiated cells infected with

transducing phages that carry various portions of the 72 minute region of the

E. coli chromosome (see Fig. 1 for structures of the spc and a operons). A

DNA fragment containing the S13, Sll and S4 genes, but not the upstream spc

operon genes, was subcloned into a charon vector phage (45). This phage

could direct synthesis of S13, Sll, and S4 in a X lysogen and therefore

Figure 2
DNA sequence of the spc operon. According to the numbering system used

previously, the first nucleotide is arbitrary set at the third base of the
codon for amino acid 59 of r-protein S17, which is the last r-protein in the
S10 operon (38). Some of these sequences have been published previously (7,
38, 39).
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Table 1

Codon Usage for the Ribosomal Protein Genes of

and Reading Frame Y

ile ATT
ile ATC
ile ATA
met ATG

val GTr
val GTC
val GTA
val GTG

cys
cys

trp

arg
arg
arg
arg

ser
ser
arg
arg

gly
gly
gly
gly

TGT
TGC
TGA
TGG

CGT
CGC
CGA
CGG

AGT
AGC
AGA
AGG

GGT
GGC
GGA
GGG

28 22
58 22
0 1

35 15

53 10
22 4
31 10
14 11

1
1
0
4

12
5
3
0

4
3
1
0

20
12
5
6

the Spc Operon

Codons r-Proteins Y

phe TTT 11 12
phe TTC 28 20
leu TTA 3 5
leu TTG 6 7

leu CTT 6 4
leu CTC 8 4
leu CTA 1 0
leu CTG 65 28

Codons

ser TCT
ser TCC
ser TCA
ser TCG

pro CCT
pro CCC
pro CCA
pro CCG

thr ACT
thr ACC
thr ACA
thr ACG

ala GCT
ala GCC
ala GCA
ala GCG

tyr TAT
tyr TAC

lysAAG

**TAG

his CAT
his CAC
gln CAA
gln CAG

asn AAT
asn AAC
lys AAA
lys AAG

asp GAT
asp GAC
glu GAA
glu GAG

4
2
0
3

68
35
3
1

2
8
1
0

82
41
0
7

30 5
26 10
3 5
6 5

53 10
20 6
37 12
29 13

6
16
9
1

9
8

13
29

13
34
79
42

8
7
1
0

2
2

12
9

2
8

10
7

27
27
54
21

S
2
5
9

Codons listed do not include the initiation codon
*based on initiation at nucleotide 4294 (see text)

provided evidence that these genes carry their own promoter. Furthermore,

DNA sequencing and in vitro transcription experiments were used to identify a

transcription start site and a promoter structure immediately preceding the

S13 gene (7). Finally, deletion analysis of recombinant phages gave in vivo
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evidence for the presence of an a promoter activity in the region identified

by the above in vitro experiments (30). Although there is compelling

evidence that the a promoter does have the ability to be physiologically

active, there is also evidence that the expression of the a operon genes

might also be dependent (at least in part) on the activity of the spc

promoter. Insertion mutations which nearly abolish expression of the spc

operon genes also substantially reduce expression of a operon genes (up to

50%) (6, 8). Thus, the possibility was considered that the a promoter is a

"secondary" promoter and is used in spc insertion mutants but not under

normal physiological conditions.

After completion of the DNA sequence for the spc operon, the sequence

was examined for possible transcription termination signals in the region

between the last r-protein gene in the spc operon and the a promoter. No

rho-independent transcription termination sequence of the type described

previously was found (for example, see ref. 46). A similar situation was

previously noted (40) in the sequence between the Lll operon (rplKA operon

and the adjacent 8 operon (rplJL-rpoBC operon), and it was subsequently found

that these two operons are in fact co-transcribed under "normal" growth

conditions (47). We therefore searched for transcription termination sites

between the spc operon and the a operon using Sl mapping techniques (35, 36).

M13 single stranded DNA probes were constructed that together span the

region between the spc and a operons (see Fig. 3A). These probes were then

used to hybridize total RNA isolated from exponentially growing cells.

Treatment of such hybrid molecules with Sl nuclease removes single stranded

RNA or DNA regions, leaving only RNA-DNA hybrid molecules intact. These

hybrids can be sized on polyacrylamide or agarose gels and consequently a

site(s) for transcription initiation, processing, or termination can be

deduced based on the size of the Sl treated hybrid molecules. The results of

such an experiment are shown in Fig. 3B. This experiment used two DNA

probes (labelled A and B in Fig. 3A) that together span the region between

the spc and a operons. The sizes of the most abundant RNA-DNA hybrids (bands
I and III in Fig. 3B) correspond to the full length of each of the DNA

probes. Similar results were obtained with probe C (data not shown). It is

clear from these experiments that the majority of transcription originating
in the spc operon continues into the a operon under normal growth conditions.

However, there appears to be some transcription termination and/or processing
in this region since several small minor bands could be detected (for

example, bands II and IV in Fig. 3B). Although the nature of the minor
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A B
2 3 4 5

C

B .:

S13 a ] Y L15 I FsE
t Et - t
Pst I Eco RI SmoaI OObp EcoRI

6000 5000 4000

Figure 3
A) The interoperonic region between the spc and a operons. Included are

the proposed reading frames X and Y. Bars A, B and C represent the DNA
fragments cloned into M13mp8 and Ml3up9 for Si mapping experiments.

B) RNA/DNA hybrids. Lane 1: HaeII digest of pBR322, fragments sizes are
1875 bp, 622 bp, 439 bp, 430 bp, 370 bp and 227 bp; Lane 2: M13 probe B-,
which contains the insert B with the same sense as mRNA; Lane 3: M13 probe
B+, which contains the insert B complementary to mRNA; Lane 4: M13 probe A+,
which contains the insert A complementary to mRNA; Lane 5: M13 probe A-,
which contains the insert A with the same sense as mRNA. The scale at the
bottom represents the numbering of the nucleotide bases used in Figure 2.

bands has not been examined, it appears that transcription initiated from the

a promoter is small compared to readthrough from the spc operon. Thus it

appears that a promoter activity, like 6 promoter activity (47), is

suppressed in exponentially growing cells when transcription from the

upstream genes is strong. A similar situation was reported with respect to

the transcription from the PL promoter of phage X, and this phenomenon has

been called "promoter occlusion" (48). It is not clear why transcription of

two r-protein operons is carried out in this way rather than as two

completely independent transcription units.

Recently this laboratory has shown that the r-protein genes in the spc

operon are organized into three translational control units, while the a

operon contains one (or possibly two) such units, (for review see 12). The

S1 mapping experiments reported here indicate that transcription initiated at

the spc promoter results in primarily one spc-a transcript, containing four

or more translational control units. It would be interesting to know whether

the S10 and spc operons are also co-transcribed (see Fig. 1). It has

previously been noted (38) that a rho-independent transcription termination

sequence exists distal to the S10 operon, suggesting that these operons are

2612
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not co-transcribed. This possibility is currently under investigation.

Reading frames Y and X in the spc operon and a protein export gene. The

previous sequence studies on the a operon promoter revealed two open reading

frames upstream from the a operon promoter, one corresponding to a small

basic protein (called "X") and the other (called "Y") spanning the EcoRI site

(7; and Fig. 3A). However, it was not clear whether there are any

additional open reading frames between L15 of the spc operon and the a

operon, nor was it clear whether these presumptive genes, X and Y, are a part

of the spc operon.

Recently, genetic experiments have been used to identify a gene,prlA (9)
or secY, (49) that is located in this region and is involved in protein

export. Complementation studies indicated that the functional prlA (or secY)

gene covers both the SmaI site at nucleotide 4746 and the EcoRI site at

nucleotide 5357 (see Fig. 2 and 3). Analysis of the DNA sequence in this

region shows that there is only one reading frame that is not interrupted

between these two sites, and this is reading frame Y. The pattern of codon

usage in the Y reading frame (see Table 1) is characteristic of weakly or

moderately expressed genes in E. coli such as the lacI (50) and t operon

(51) genes.

The actual initiation codon used to initiate the protein encoded in the

Y reading frame has not been determined. However the results of genetic

studies (9, 49) indicate the the initiation codon is upstream from the SmaI

restriction enzyme site at position 4746. It seems likely that the

initiation codon located at position 4294 is used because only this codon is

preceded by a "good" Shine-Dalgarno sequence (52). Furthermore, Silhavy and

his coworkers (10) have fused a portion of the lacZ gene and a portion of the

Y coding region in a recombinant plasmid in the "correct" reading frame.

Size analysis of the resultant fusion protein is consistent with the

initiation codon being located at position 4294 but does not rule out other

possibilities.
Examination of the DNA sequence does not reveal any promoter-like

structure in or following the L15 gene that could be used for the initiation

of the transcription of the prlA (or secY) gene. In addition, the Sl mapping
experiments described above show that the region corresponding to Y is, at

least in part, co-transcribed with the preceding r-protein genes. These

results are consistent with the conclusion obtained from the genetic
experiments (9, 49) that the prLA (secY) gene is cotranscribed with the

r-protein genes in the spc operon.
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As discussed in the previous paper on the a operon promoter sequence

(7), it is likely that the reading frame X also codes for a protein in vivo.

Although nothing is known about the (hypothetical) protein encoded by X, we

note that the proteins encoded by both X and Y are basic and hydrophobic

(their relative hydrophobicity is similar to membrane-bound proteins, see

ref. 53 for calculations) as deduced from the DNA sequences. It has been

suggested from the genetic studies (9, 49) that protein Y may play a function

in protein export that is analogous to a protein in the signal recognition

particle discovered in eukaryotic systems (54, 55). The eukaryotic signal

recognition particle consists of a small RNA and several protein subunits

(55). Therefore, it is possible that the hypothetical protein encoded by X

also functions as a part of the protein export machinary analogous to the

signal recognition particle. This hypothesis is under current investigation.

In conclusion, we have completed the nucleotide sequence of the region

that historically has been called the spc operon. There are two interesting,

although not completely unexpected, observations that have emerged. Firstly,

in addition to the ten r-proteins contained within the spc operon, there is

at least one and possibly two other genes whose products are involved in

protein export. Whether these proteins are as yet undiscovered r-proteins is

not known. Secondly, we have demonstrated that the majority of the a operon

transcripts originates within the spc operon. The a operon contains genes

that code for at least five (and perhaps more) proteins, including four

r-proteins and the a subunit of RNA polymerase. Thus the transcriptional

unit that includes the spc and a operons contains at least 17 genes with a

variety of functions, including roles in translation, protein export, and

transcription. Clearly this unit of gene expression is remarkable not only
for its size but also for the heterogeneity of its gene products. The DNA

sequence now available allows a direct examination of the many questions
posed by this unique organization.
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