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The HindII and HindIII restriction maps of the att4)80-tonB-trp region of the
Escherichia coli chromosome are presented. Analysis of phage DNAs carrying
tonB mutations has allowed identification of a 1,730-base pair HindII fragment
containing at least part of the tonB gene. This fragment is 4,020 base pairs from
the end of trpA, with the total distance from att4)80 to trpA being 6,550 ± 800
base pairs. Properties of hybrid plasmids containing insertions of various tonB+
restriction fragments suggest that tonB lies completely within the 1,730-base pair
fragment. In addition, apparent fusions of /8-galactoside to proteins within the
tonB region suggest that the entire region codes for more than one polypeptide.

The region of the Escherichia coli genetic
map between att4s80 and trpA at about 27 min
(1) is known to code for only one gene: tonB.
Mutants in tonB are resistant to bacteriophages
Ti and )80, tolerant to many colicins, defective
in high-affinity iron transport (19), and defective
in vitamin B12 transport (5). Since the region
between att¢,80 and trpA is estimated to be
2-6,500 base pairs (bp) long (12), one might an-
ticipate finding more than one gene in the tonB
region. A maximum estimate of protein coding
capacity, ignoring the possible existence of reg-
ulatory elements, is nearly 270,000 daltons.
The lack of other mutations in the tonB region

necessitates a nongenetic approach to character-
izing the region. One strategy for this is compar-
ison of a restriction map of the region with
analysis of proteins coded by defined fragments
of DNA within the region. In this report we
describe a HindII and HindIII restriction anal-
ysis of transducing phages carrying various parts
of the attO80-tonB-trp region. tonB deletions
have enabled us to pinpoint one HindII frag-
ment which carries at least part of the tonB
gene. Preliminary attempts to define the tonB+
region coding for the phenotype through cloning
into ColEl plasmids are also presented. In ad-
dition, we have isolated several fusions of 8-
galactosidase to proteins within the tonB region,
indicating that the region codes for more than
one polypeptide.

MATERIALS AND METHODS
Buffers and media. Hind buffer, polyacrylamide

t Present address: Department of Microbiology and Im-
munology, University of Washington, Seattle, WA 98195.

gel electrophoresis buffer, phage buffer, ACa buffer,
M63 buffer, T-agar, F-top agar, andTrp agar have all
been described elsewhere (4, 11, 12). Agarose gel elec-
trophoresis buffer is 0.16 M tris(hydroxymethyl) ami-
nomethane (Tris)-acetate (pH 8.3)-0.08 M sodium
acetate-8 mM disodium ethylenediaminetetraacetate
(EDTA) (3). Amplification medium for growth of plas-
mids consists of M9 buffer containing 0.2% Casamino
Acids, 0.4% glucose, 4 Ag of vitamin B, per ml, and
0.001 M MgSO4. Ligation buffer is 0.02 M Tris-hydro-
chloride (pH 7.6)-0.01 M MgCl2-0.001 M dithiothrei-
tol-0.001 M EDTA-50,M ribo-ATP (23). SSC-CaCl2
used in transfections is 1 volume of SSC (0.15 M NaCl,
0.015 M trisodium citrate, pH 7.0) plus 2 volumes of
0.1 M CaCl2. Chromium agar is 15 g of agar per liter in
M9 supplemented with 0.3% Casamino Acids, 0.2%
glucose, 4 ,ug of B, per ml, 0.01 M MgSO4, and 100 pM
CrCl3. Neomycin was used at a concentration of 50
pg/ml in agar plates.

Bacteria and bacteriophages. All strains of bac-
teria and bacteriophages used are listed in Table 1.
Preparation of p8Ovir and colicin V+B has been de-
scribed elsewhere (9).

Phage f2#5 and other tonB- f2-derived phages were
constructed as follows. Bacterial strain Ymel was ly-
sogenized with Aatt4s8OcIts2N7N53Aninl (hereafter
called phage f2). At 30°C, independent cultures of
Ymel. f2 were treated with colicin V+B and c80vir to
select tonB mutants as described by Gottesman and
Beckwith (9). These tonB lysogens were induced at
42°C, and the resultant lysates were screened for trpA+
phage with Ymel AA on Trp media. Purified plaques
were screened for the N-dependent expression of the
trpA gene, indicating that they did not carry the entire
trp operon (11). Phage f2trpA was constructed by
inducing Ymel lysogenic for f2, without previous tonB
selection, and screening among trpA+ plaques for one
which did not carry trpB+ by a complementation test.

Xptrp-lacK6 and other phages carrying tonB- lac+
fusions were constructed as follows. An F' lacZ118
(formerly lacZ-u,,8; 16) was transferred into strain
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TABLE 1. Bacteria and bacteriophage strains u8ed in thi study
Strain Pertinent characteristics Source or reference

Bacterial
Ymel F- 8upF L. Hallick
Ymel AA F- A(tonB-trpA)553 supF A(tonB-trpA)553 (obtained from C. Yan-

ofsky) was intr9duced into Ymel by
Pivir transduction

X7800 (IacZ118) F- 480dLac (IacZ118) A(Lac-pro) Su trpR X7800 (14) homogenotized with F' lacZ118
pRZ112/MO F- Sm' harboring plasmid pRZ112 R. Jorgensen
W205 F- 80dlac A(trp-tonB-lac)W205 A(lac- W. Reznikoff (14)

pro) Su-
Bacteriophage

f2 Aatt4a8OcIts2N7N53Aninl N. Frankln via K. Carisen
134/6 5 f2ptonBE trpABDCEop+ B. Jones (12)
Xptip-iacW2nin1 A Transducing phage carrying W2 trp-lac Aptip-lacW2 (4) ninl deletion crossed on

fusion subsequently

X7800. This early lacZ nonsense mutation was crossed
onto the chromosome by homogenotization. tonB de-
rivatives of X7800 (lacZ18) were selected by using 25
ml of a saturated culture each time as described above
and were screened for tacZt colonies on nutrient plates
containing the indicator dye XG (5 bromo-5-chloro-3-
indolyl-,6D--galactoside).

tonB lacZ' colonies were presumed to have arisen
by simultaneous deletion of the 118 mutation in lacZ
and deletion of all or part of tonB. Double events such
as reversion of 118 or mutation to an ochre nonsense
suppressor along with simultaneous tonB mutation
would be exceedingly rare. The effect of these dele-
tions is to fuse /1-galactosidase, the lacZ gene product,
to other proteins in the tonB region which are tran-
scribed in the same direction as the lacZ gene (15).
,f-Galactosidase activity is present in these deletion
strains and allows detection of these fusions as blue
colonies on XG plates. The putative fusions were
further screened for their Trp phenotype to remove
from consideration any clones which bore trp-lac fu-
sions. Seven out of 14 candidates were trp4 and ap-
parent fusions to genes within the tonB region.

These fusions were crossed onto phage Aptrp-
lacW2Aninl, a ninl deletion derivative of phage
Aptrp-lacW2 (4) which was constructed to accomodate
more bacterial DNA. trpA+ plaques were selected on
Ymel AA on Trp plates, purified, and retested for
LacZ+ phenotype.

Preparation of transducing phage DNA. Phage
f2 and its transducing phage derivatives were grown
as described by Reznikoff et al. (20). The tonB- lacZ4
fusion phages were found to grow best by using the
modified PDS technique of Blattner et al. (8).

Phage preparations purified by two CsCl equilib-
rium density gradients were dialyzed against phage
buffer. DNA was prepared by phenol extraction of
these phages, followed by extensive dialysis against
DNA buffer.

Preparation of plasmid DNAs. Plasmid DNAs
were grown and prepared by the method of Blair et al.
(7).

Cloning of restriction fragments into pRZ112.
pRZ112 is a deletion variant ofColEl::Tn5 constructed
by Richard Jorgensen (R. Jorgensen and W. S. Rez-
nikoff, manuscript in preparation). Tn5 is a transpos-

able element specifying neomycin resistance (6). Plas-
mid pRZ112 contains single HindIII, HpaI, BglII, and
EcoRI cleavage sites.

Plasmid and phage DNAs were cut with the desired
restriction endonuclease, phenol extracted, ether ex-
tracted, and treated with T4 DNA ligase (23), and 0.1
to 0.4 pg of DNA was used to transform 0.2 ml of
competent Ymel AA or W205, using a 45-s 37°C heat
shock (13). Both Neo' and Neo' Chr' colonies were
screened for the presence of plasmids, using a modifi-
cation of the "toothpick assay" of Bamres (3): clones
to be screened for plasmids were amplified first in 2
ml of amplification medium and then treated as de-
scribed above. All agarose gels, including those used
to examine large DNA restriction fragments, were 1%
agarose in the Tris-acetate-EDTA buffer described by
Barnes (3).
The 2,720-bp PvuII fragment was cloned by blunt-

end ligation into the EcoRI site in pRZ112 after treat-
ment of the EcoRI sticky ends with Micrococcus
luteus DNA polymerase according to a modification
of the Backman et al. (2) procedure by Hardies et al.
(S. C. Hardies, R. K. Patient, R. D. Klein, F. Ho, W.
S. Reznikoff, R. D. Wells, submitted for publication).
This essentially involved heating the EcoRI-digested
vector to 700C to denature the sticky ends and kill the
EcoRI enzyme. A 0.5-pug amount of this DNA was
preincubated for 1 h at 150C in ligase buffer plus four
deoxyribonucleoside triphosphates (2 uM each) plus 1
pl of M. luteus DNA polymerase (150 U/ml) in a total
volume of 16 p1. The PvuII-digested DNA was then
added along with T4 DNA ligase as described above.

Digestion of DNA with restriction endonucle-
ases. A 3-,ug amount of phage DNA or 1 pg of plasmid
DNA was digested in Hind buffer at 37°C in a final
volume of 50 pl for all restriction endonucleases used
in this study. The time of digestion and quantities of
enzymes used varied with the enzyme preparation.
Hindll + III, EcoRI, and HindUII enzymes were gen-
erously provided by J. Gardner, S. Hardies, L. Maquat,
and S. Rothstein. In some digests, HincII was used
instead of Hindll. All other enzymes were purchased
from New England Biolabs.

Polyacrylamide gel analysis. Preparation of
DNA samples has been described previously (12).
DNA fragments were examined on 3.5% polyacryl-
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PHYSICAL MAP OF THE E. COLI tonB REGION 1167

amide slab gels (20 by 20 by 0.3 cm) containing 25%
glycerol in TBE buffer (17). After electrophoresis at
110 V, the gels were stained in 10 yg of ethidium
bromide per ml, destained in water, and photographed.

Molecular weight determinations. Double-
stranded replicative form OX174 was digested with
HincII, HpaI, and HpaII enzymes in separate digests,
which were then combined and run beside the relevant
phage DNA digests on polyacrylamide slab gels. The
sizes of the restriction fragments were taken from
Sanger et al. (22).
When larger molecular weight markers were needed

(>2 x 106), EcoRI digestions of f2 were used. Molec-
ular weights of these RI fragments came from Helling
et al. (10). These digests were run on 1% agarose gels
(data not shown).

RESULTS
Determination of the HindU and HindIII

restriction maps. DNAs from two types of
tonB- transducing phages were analyzed by
digestion with restriction endonucleases HindII
and HindIII and electrophoresis of the digests
on 3.5% polyacrylamide slab gels.

otf 8o0Sgenes o y z o p

Ullacloc Z-

The first series of transducing phages was
derived from a series of chromosomal tonB dele-
tions in E. coli strain X7800 (lacZ118) which
fused /8-galactosidase to proteins within the
tonB region (Fig. 1A). Three of these fusions
have been shown to produce detectable levels of
hybrid 83-galactosidase proteins on sodium do-
decyl sulfate gels (K. Postle, Ph.D. thesis, Uni-
versity of Wisconsin-Madison, 1978; K. Postle
and W. S. Reznikoff, manuscript in preparation).
In these tonB- lacZ' fusion phages, DNA is
deleted from at least att480 to tonB or beyond
to trp. One phage, Aptrp-lacK38, carries an ap-
parent fusion of lacZ to trpA, resulting in a
hybrid polypeptide with the activities of both
genes (data not shown). All of the tonB- lac+
fusion phages, of which Xptrp-lacK37 is an ex-
ample (Table 2), have the same trp end point
and differ only in the extent of DNA deleted in
creating the fusion.
The second series of transducing phages was

derived from the X-+080 hybrid phage f2 (Fig.
1B). These phages differ from one another not

oftso ton B
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FIG. 1. (A) Generation of tonB- lacZ' fusions in bacterial strain X7800 (lacZ118). Hypothetical deletions

resulting in the tonB- lacZphenotype are diagrammed. lacZ endpoints are unknown, but all deletions result
in detectable ,8-galactosidase activity. tonB region endpoints have been localized within various HindII+III
restriction fragments. (B) Generation of f2tonB- trpA+ transducing phages from the Ymel.f2 lysogen. A
possible sequence of events resulting in phages such as f2#27 (Table 2) is diagrammed.
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TABLE 2. Summary of restriction fragments present in HindII+III digests of tonB- trpA+ transducing
phage DNAs

Fragment no.

Phage 7 6 8 28 20 27 43 41 17 16 25 23 4

(1,600) (1,730) (1,570) (510) (860) (520) (200) (210) (1,020) (1,040) (580) (670) (2,250)

f2#27 + + + + + + +
f2#28 + + + + + + + + +
f2trpA + + + + + + + + + +
f2#5 + + + + + + + +
f2#32 + + + + + + + +
f2#30 + + + + + + + + +
f2#22 + + + + + + + + + +
f2#23 + + + + + + + + + +
f2#29 + + + + + + + + + +
f2#31 + + + + + + + + + +
f2#17 + + + + + + + + + + +
f2#24 + + + + + + + + + + +
f2#18 + + + + + + + + + +

134/65 + + + + + + + + + + + + +

Aptrp-lacK37 + + + + + + +

Xptrp-lacK6 + + + + +
Aptrp-lacK48 + + + + +

Xptrp-lacK19 + + + +
Xptrp-lacK29 + + + +

Aptrp-lacK23 + + +
Xptrp-lacK38 +

a Only restriction fragments from the tonB-trp region are summarized. The fragments are ordered left to right according to

their map order. Plus (+) indicates that the restriction fragment was present in the HindII+III digest of phage DNA; a blank
space indicates that the fragment was missing. Numbers within parentheses are lengths in base pairs of the numbered fragments
under which they appear. Phage 13 4/6 5 described by Jones and Reznikoff (12) carries the wild-type tonB region and the entire
trp operon.

only in the extent of the trp operon they carry,

but also in the types of tonB mutations present.
There are three classes of tonB mutations which
can be discerned (Table 2): (i) those mutations
which do not detectably alter any restriction
fragments, such as in phages f2#28, f2#24, and
f2#17; (ii) those mutations which alter only
fragment 6 and may be either deletions or inser-
tions, such as in phages f2#23, f2#22, f2#29,
and f2#31; (iii) those mutations which are ob-
viously deletions by the criteria that they re-

move two or more contiguous restriction frag-
ments, such as in phages f2#27, f2#5, f2#30,
f2#32, and f2#18.

Previous HindII+III restriction analysis of
f2tonB+ trp+ phages had identified 13 restriction
fragments unique to the region extending from
att480 through tonB and through the trp operon
(12). These are numbered according to their
order in the HindII+III restriction pattern of
the tonB+ trp+ phage 13 4/6 5. The lengths in
base pairs of these fragments are as follows: 4,
2,250; 6, 1,730; 7, 1,600; 8, 1,570; 16, 1,040; 17,
1,020; 20, 860; 23, 670; 25, 580; 27, 520; 28, 510;
41, 210; 43, 200. The molecular weights from
Jones and Reznikoff (12) have been updated for
this paper, using the more accurate OX174 DNA
restriction fragments as markers.

Representative HindII+III digests are shown
in Fig. 2. The absence of fragments 25, 23, and

4 from a digest of the tonB+ trpA+ trpB- phage
f2trpA indicated that they are trp fragments
(Table 2). Likewise, the digest of f2#28 assigned
fragment 16 to the trp operon. Analysis of tonB-
trp+ phage digests such as f2#23 implicated
fragment 6 in the tonB mutations. The large
deletion of fragments 6, 7, and 8 in f2#32 allowed
assignment of fragments 7 and 8 to a cluster
along with fragment 6. Finally, the fusion phages
provided a valuable deletion analysis of the re-
gion, which permitted the construction of the
HindII+III map (Fig. 3) with four ambiguities:
the relative orders of fragments 23 and 4, frag-
ments 20 and 28, fragments 41 and 43, and
fragments 6, 7, and 8.

(i) Relative order of fragments 23 and 4: Frag-
ments 4, 16, 20, 23, 25, and 27 were absent when
phage 13 4/6 5 DNA was digested with HindII
instead of HindII+III. Three new fragments ap-
peared of lengths 2,900, 1,400, and 1,600 bp. On
the basis of their molecular weights and the data
in Table 2, these three new fragments were
identified as fusions of fragments 4 and 23, 16
and 25, and 20 and 27, each of which contains a
single HindIII site at the junction of the two
HindII+III fragments. This information allowed
the construction of a HindIII map of the tonB-
trp region. Table 2 predicts the presence of a
HindIII fragment consisting of fragments 25 and
either 4 or 23. HindIII digest of f2, f2trpA, and
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PHYSICAL MAP OF THE E. COLI tonB REGION 1169

13 4/6 5 DNAs reveals a unique -1,300-bp frag-
ment in 13 4/6 5 which, on the basis of its size,
must consist of fragments 25 and 23. Therefore,
the order is 25-23-4.

(ii) Relative order of fragments 20 and 28:
Knowledge of the HindIII site separating frag-
ments 20 and 27, together with the HindII+III
digest of fusion phage Xptrp-lacK6 (Table 2),
suggests the correct order. The Xptrp-lacK6 di-
gest lacks fragments 20 and 28, but has fragment
27. Since fragment 20 must be next to fragment
27, the order must be 28-20-27.

(iii) Relative order of fragments 17 and 41:
The nucleotide sequence of the trpA-trpB inter-
cistronic region determined by Platt and Yan-
ofsky (18) predicts an HpaI site in trpB DNA,

In

d O r'- r)
) N NCM

4k IL
C\N CN NI CN\
'4- v4 v4 _4 -

3719bp -
2744 bp -

1690bp
1264bp -
1049bp -

770bp -
609 bp -

495bp -

392bp -
335bp -
292bp -

21Obp -

168bp -

66 bp prior to the trpB translation stop codon.
HpaI cleaves sequences which are a subset of
those cleaved by HindII (21). HpaI + HindIII
double digests of various f2-derived phages in-
dicate that the only HpaI site within the trp
structural genes is located between fragments 17
and 16. Since f2 phages such as f2#27 (Table 2)
which carry trp DNA up to but not including
fragment 16 are trpA+, our data are consistent
with the HpaI site predicted by the data of Platt
and Yanofsky that is located between fragments
16 and 17. Fusion phage Xptrp-lacK38 is trpA+
(as are all of the fusion phages) but lacks both
fragments 41 (210 bp) and 17 (1,020 bp). Since
fragment 41 is only 210 bp long and since Xptrp-
lacK38 must contain at least 800 bp beyond the

c
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FIG. 2. HindII+III digests of f2-derived transducing phage DNAs (A) and Aptrp-lac W2-derived fusion

phage DNAs (B). Numbers on the right-hand side of each figure correspond to the tonB-trp restriction
fragments from phage 13 4/6 5 mentioned in the text and shown in Fig. 3. OX174 standards consist of a
mixture of three separate restriction digests (HpaI, HpaII, and HincII) as indicated in the text. 3.5%
polyacrylamide-25% glycerol slab gels were run for 12 h at 110 V in TBE buffer (16).
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7 6 8 28 20 27 . 17
r X r T I U

IX I InI IriI
II

6 80 genes att 80 ton B

FIG. 3. HindII and HindIII restriction maps of the tonB-trp region. II indicates HindI restriction sites.
III indicates HindIII restriction sites. Correlation of the physical map with the genetic map is shown. The
elements on the genetic map have been localized to the restriction fragments under which they appear.

tonB side of the HpaI site to accommodate the
trpA gene, the absence of fragment 41 from a
HindII+III digest of Xptrp-lacK38 suggests that
the order is 41-17-16.

(iv) Relative order of fragments 6, 7, and 8:
HindII+III digests of the transducing phages
did not readily provide the order of fragments 6,
7, and 8. However, 6 was known to be the inter-
nal band on the basis of f2#27 and f2#30 digests,
which deleted 6 and 7 or 6 and 8, respectively
(Table 2). To aid in the restriction analysis, the
10,000-bp HindIII fragment was inserted into
the single HindIII site in pRZ112, a neomycin-
resistant deletion derivative of ColE1::Tn5, to
yield the hybrid plasmid pRZ510 (Fig. 4).
The fact that BglI cuts in fragment 8, but not

in 6 or 7, was used to order these fragments

EcoRI

Hind III 80 DNA

FIG. 4. Partial restriction map ofpRZ510. pRZ112
is a 6 x 106-dalton derivative of ColEl onto which
Tn5 (specifying neomycin resistance) has been trans-
posed. The hybrid plasmid pRZ510 containing the
inserted 10,000-bp HindIII fragment is diagrammed
here. The heavy line corresponds to the inserted
HindIII fragment. The numbered fragments on that
line correspond to the HindII fragments contained
within the HindIII fragment. The BglI site in HindII
fragment 8 is indicated.

within the plasmid. HindIII + BglI digests of
parental plasmid pRZ112 and tonB+ plasmid
pRZ510 show that only two new fragments arise
from the cleavage of the cloned 10,000-bp
HindIII fragment by BglI (Fig. 5A). The lengths
of these two fragments which must have been
generated by the BglI cut in fragment 8 are
2,500 and 7,300 bp. (The 7,300-bp fragment co-
migrates with the largest fragment in the digest.)
If the fragment order were 8-6-7-28-20, the BglI
+ HindIII fragment containing 28 and 20 should
have been between 3,700 and 5,270 bp. If the
fragment order were 7-6-8-28-20, the BglI +
HindIII fragment containing 28 and 20 should
be between 1,370 and 2,940 bp. Clearly, the
2,500-bp BglI + HindIII fragment which is ob-
served is most consistent with the order 7-6-8-
28-20.
Other restriction sites in the tonB region.

Additional restriction cleavage sites in the tonB
region are shown in Fig. 6. The HpaI and SalI
sites were obtained by double and triple digest
of f2-derived phage DNAs with HindIII, HpaII,
and SalI. These were confirmed with similar
digests ofpRZ510 and pRZ429, a hybrid plasmid
containing a HindIII fragment consisting of
HindII+III fragments 27, 43, 41, 17, and 16.
PvuII, BglI, BglII, PstI, and AvaI sites were

mapped in pRZ526, a hybrid plasmid carrying
an HpaI fragment consisting ofHindII+III frag-
ments 7, 6, and 8 inserted into the HpaI site of
pRZ112.
Location of tonB. A class of tonB- trpA+ f2

phages exists which is altered in only the 1,730-
bp fragment 6 (Table 2, f2#22, f2#23, f2#29, and
f2#31). The existence of this class suggests that
tonB is at least partially contained within the
1,730-bp fragment. To locate tonB more pre-
cisely, we have begun to construct hybrid plas-
mids containing various restriction fragments
from the tonB region (Table 3 and Fig. 5B, lanes
1 to 5).
These hybrid plasmids were selected by their

ability to complement chromosomal tonB dele-
tions with respect to chromium resistance. Chrr
candidates were also tested for sensitivity to
480vir and colicin V+B. tonB+ bacteria are re-
sistant to 100 uM chromium, whereas tonB bac-
teria are sensitive to this metal. All of the tonBE

16 25 23

II In H InI
4

trp A trp genes
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LA +

CF
H

NmL..
-o
c =m if

cr cr

H

6-

nf t

NI01 0=
N n:

3719bp -
2744bp -

1690bp -
i264bp -
1049bp -

770bp -

609bp -

495bp -

392bp -
335bp -
292bp -

210bp -

162bp-

4

-4

I.

0

N N
Cr 0t
CL CI

H-I~I

o0 -o,,,% V;0 D -o

N N rS -4 N N

CL CK Q CL CL C CL

6 -7
'IN

-20

-28

2 3 4 5 6 7 8
A

B
FIG. 5. Restriction endonuclease digests of tonB+ hybrid plasmids. (A) Comparative digests of pRZ112

(parental plasmid) andpRZ510 (hybrid plasmid carrying the tonB+ 10,000-bp HindIII fragment diagrammed
in Fig.4). The BglI + HindIII digest patterns demonstrate a unique BglI site in the 10,000-bp HindIII
fragment. Comparison of the HindII+III + BglI digest with the HindII+III digest confirms this analysis and
demonstrates that the BglI site is in HindIII fragment 8. (B) Restriction digests of hybrid plasmids carrying
cloned tonB' restriction fragments. Each lane is labeled with the plasmid name (Table 3) and the restriction
enzyme used for digestion. The numbers to the right of the figure show positions of bands 6, 7, and 8 in the
HindII digest of 13 4/6 5 (lane 6). Lanes 1 to 5 demonstrate that successively smaller restriction fragments
have been cloned. The HindIII band in lane 1 is a doublet consisting ofpRZ112 plus the cloned HindIII
fragment. The cloned PvuII fragment can be excised from pRZ531 by using EcoRI as explained in the text.
The smallest fragments in pRZ546 andpRZ540 (lanes 4 and 5) are both the cloned 1, 730-bp HindII fragment
6 as shown by comparison with the HindII digest of 13 4/6 5 (lane 6). The HindIII + BglII double digest of
pRZ546 andpRZ540 (lanes 7 and 8) indicate that the 1, 730-bp fragment has been cloned in both orientations.
The parental plasmid pRZ112 contains one BglII site and one HindIII site. The inserted 1, 730-bp fragment
contains one BglII site 170 bp from the end of the fragment (Fig. 6).

restriction fragments cloned contain the 1,730-
bp fragment 6 (Table 3). To aid with the initial
restriction mapping, we have also cloned the
HindIII fragment containg HindII+III frag-
ments 27, 43, 41, 17, and 16 on the basis of trpA+
expression (pRZ429). The 1,730-bp fragment 6
has been cloned in both orientations relative to
the vector pRZ112 (Fig. 5B lanes 7 and 8). When
transformed into a bacterial strain carrying a

total chromosomal tonB deletion (W205), both
plasmids (pRZ546 and pRZ540) confer chro-
mium resistance, 080 sensitivity, and colicin
V+B sensitivity on the transformants.

DISCUSSION
Deletion analysis of HindII+III restriction

fragments from various tonB- trpA+ transducing
phage DNAs has allowed us to order the HindII
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FIG. 6. Other restriction endonucleases sites in the tonB region. The numbered HindII+III fragments are
as in Fig. 3. The expanded map section corresponds to the cloned HpaI fragment ofpRZ526. Restriction
enzymes AvaI, PvuII, BglII, BglI, and PstI have been mapped only within this fragment. There are no EcoRI,
BamHI, KpnI, XbaI, or SmaI sites within the HpaI fragment.

TABLE 3. pRZ112 hybrid plasmidsa
Inserted DNA

Selected
Plasmid Type of Size HindII+III phenotype

fragment (bp) fragments
pRZ429 HindIII 2,990 27, 43, 41, 17, TrpA+

16
pRZ510 HindIII 10,000 7, 6, 8, 28, 20, TonB+

additional
<080 DNA

pRZ526 HpaI 4,900 7, 6, 8 TonB+
pRZ531 PvuII 2,760 6, partial 7, TonB+

partial 8
pRZ540 HindII 1,730" 6 TonB+
pRZ546 HindII 1,730 6 TonB+

a Construction of hybrid plasmids is presented. HindIII,
HpaI, PvuII, and HindII fragments were inserted into HindIII,
HpaI, EcoRI, and HpaI sites on pRZ112, respectively.

' 1,730-bp insert is in opposite orientation from pRZ540.

and HindIII fragments in the tonB-trp region of
the E. coli genome. The observation that several
of these transducing phages are altered only in
fragment 6 suggests that this 1,730-bp fragment
contains at least part of the tonB gene. The
localization of tonB has been confirmed by the
construction of hybrid ColEl plasmids into
which the 1,730-bp fragment has been inserted
in both orientations. These hybrid plasmids
complement a total chromosomal deletion of the
tonB gene with respect to chromium resistance,
4)80 sensitivity, and colicin V+B sensitivity, sug-
gesting that the tonB is entirely contained
within the HindII fragment.
The HindII+III restriction map also provides

an estimate of physical distances within the
attO80-tonB-trpA genetic map. The location of
trpA is well defined since it must be entirely
contained within the 1,020-bp fragment 17. The
location of the Hpa site separating fragments 16
and 17 in trpB (18), together with the known
size of the trpA polypeptide (24), indicates that
the tonB side of fragment 17 is only 145 to 155

bp from the end of trpA. The map location of
att080 defined by the junction of phage and
bacterial DNA is uncertain. If we choose a nom-
inal molecular weight of approximately 36,000
for the tonB polypeptide (K. Postle and W. S.
Reznikoff, manuscript in preparation) and as-
sume that tonB is entirely contained within the
1,730 HindII fragment 6, we obtain a maximum
estimate for the distance from att4)80 to tonB of
2,500 bp. However, we can place no lower limit
upon this distance. Thus, tonB is at least 4,020
bp from trpA, and our estimate for the size of
the entire region from att0480 to trpA is 6,550 ±
800 bp.
As mentioned above, the only mutations

which characterize the tonB region are those in
tonB itself. The following properties of the
tonB- lacZ+ fusion phages imply the existence
of other genes coding for polypetides between
tonB and the end of trpA. (i) The tonB deletions
which created the lacZ+ fusions in X7800
(lacZ118) all remove and extend beyond frag-
ment 6. (ii) These fusions all have detectable
levels of fl-galactosidase (data not shown). We
conclude that the region between tonB and trpA
codes for at least one other polypeptide and that
this polypeptide is transcribed in the same di-
rection as the thp operon.
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