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Expression of the Escherichia coli Cell Division 

Gene sep Cloned in a XCharon Phage 

Abstract. The Escherichia coli cell division gene sep, which probably codes for 
one of the penicillin-binding proteins, has been cloned into XCharon 10 to form a 
viable sep+ transducing phage. After infection with this hybrid phage, penicillin- 
binding protein 3 was overproduced and incorporated into the E. coli inner mem- 
brane. 
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A 20.8-kilobase-pair (kbp) segment of 
Escherichia coli DNA around the minute 
2 region of the standard map contains at 
least seven genes required for cell divi- 
sion, murein biosynthesis, or membrane 

permeability (1, 2). These genes include 

sep and ftsA, whose products function 

during septum formation; conditional 
mutants defective in these genes grow as 

long, nonseptate filaments at high tem- 

perature. The filaments retain some in- 

complete constrictions, which represent 
arrested septation (2). The murE, murF, 
murC, and ddl gene products function in 
murein biosynthesis; temperature-sensi- 
tive (ts) mutations in these genes cause 

lysis at high temperature (1). The envA 
mutants have increased permeability to a 

variety of agents and the cells grow in 
chains (3). All these genes are related in 
that they participate in cytoplasmic 
membrane-cell wall synthesis or func- 
tion. Genetic and physical maps of this 
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group of genes have been prepared by 
transduction and by heteroduplex analy- 
sis of DNA of defective X transducing 
phages (Fig. 1A) (2). 

The sep gene probably is identical to 
the pbpB and fts genes described inde- 
pendently by Spratt (4) and Suzuki et al. 
(5) and thought to code for penicillin- 
binding protein 3 (PBP-3), a component 
of inner membrane (4). This conclusion 
is based on the finding that a sep ts mu- 
tant lacks PBP-3 activity when assayed 
in vitro at 30? or 42?C and on a genetic 
analysis of independently isolated trans- 
ducing phages (6). Therefore, the prod- 
uct of the sep (pbpB/ftsl) gene has two 
detectable properties-a function during 
septation and a function in penicillin 
binding. 

As an approach to defining how sep- 
tum formation (and consequently cell di- 

vision) is regulated in E. coli, studies on 
the regulation of expression of sep might 
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be useful. The availability of plaque- 
forming transducing phages that carry 
bacterial genes can greatly facilitate 
work on regulation of expression. 

We have prepared a viable h phage 
carrying the sep gene by cloning the sep 
region into XCharon 10. First, a restric- 
tion fragment map of the leuA to envA 
region was prepared (Fig. 1A). We ana- 

lyzed Eco RI, Hind III, and double 
Eco RI and Hind III digests of the DNA 
of defective transducing phages. The 
mapping was facilitated by the availabili- 
ty of a family of phages with overlapping 
regions of E. coli DNA extending from 

leuA through envA (2). The sep gene 
is carried on an 18.2-kbp Eco RI frag- 
ment of XmurF+121 DNA (Fig. 1C). The 
XCharon 10 vector (7) (Fig. 1D) was 
chosen for cloning this fragment for four 
reasons. (i) It accepts fragments of length 
9.2 to 23.4 kbp. (ii) A central fragment 
must be reinserted to reconstitute infec- 
tious molecules. (iii) The presence of the 
lacZ region permits the identification of 
phages which have had the XCharon 10 
central fragment replaced with foreign 
DNA. (iv) Although XCharon 10 has a 
deletion within the cl gene, the deletion 
does not remove any nucleotides re- 

quired for functioning of OLPL or ORPR 
(8), which means that XCharon 10 hy- 
brids will transduce efficiently Xh bacte- 
rial lysogens. 

The DNA of XmurF+121 and DNA of 
XCharon 10 were cleaved with Eco RI, 
mixed, ligated with T4 DNA ligase, and 
used to transfect CaC12-treated E. coli 
C600 cells. The transfected cells were 
plated on medium containing 5-chloro-4- 
bromo-3-indolyl-/3-D-galactoside (XG) to 
identify the phages in which the lacZ 
region was replaced by DNA from 
XmurF+121 and, consequently, grew as 
colorless plaques. XCharon 10 plaques 
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areas under the peaks with a Hewlett-Packard digitizer and calculator. The PBP's are numbered according to Spratt (4). 
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are blue on XG plates because /-galac- 
tosidase is present (7). 

Colorless plaques were picked and 
tested for ability to transduce a sep ts(A+) 
lysogenic recipient to temperature in- 
sensitivity (Ts+) (2). One viable sep+ 
transducing phage, designated ACha- 
ron 10-Ecsep+l, was further character- 
ized. This hybrid phage (Fig. 1E) was al- 
so able to transduce leuA, murE, and 
murF mutant recipients, and thus carries 
these three genes as well as the sep gene. 
ACharon 10-Ecsep+1 DNA was cleaved 
by EcoRI into three fragments-19.5, 
18.2, and 10 kbp in length; and its struc- 
ture was shown by heteroduplexing the 
DNA with Ximm434 DNA (Fig. 1G). A 
diagram of the XCharon 10-Ecsep+l/ 
himm434 molecules is presented in Fig. 
IF. 

Although the sep fragment could have 
been inserted in either of two orienta- 
tions (that is, AJ, XP', leuA sep murE F 
XR, or J murF E sep leu AP' AR), the 
actual orientation was the one dia- 
grammed: VJ AP' leuA sep murE F AR. 
This conclusion is based on analysis of 
two types of heteroduplexes. First, the 
XCharon 10-Ecsep+ l/imm434 heterodu- 
plex molecules contained no duplex 
DNA in the P' region; if the orientation 
were J murF E sep leuA XP' AR, rean- 
nealing would have occurred between 
the P' regions of both single strands. 
Second, heteroduplexes of XCharon 10- 
Ecsep+1 and Xsep+82 DNA's were pre- 
pared. Xsep+82 carries a 10.2-kbp in- 
sertion of E. coli DNA in which sep and 
leuA are in the same orientation as in 
AmurF+121 (Fig. 1C). Heteroduplexes of 
Asep+82/ACharon 10-Ecsep+1 DNA con- 
tained a central single-stranded loop in 
which there was no homology between 
the sep-leuA DNA of Xsep+82 and the 
leuA-sep region of ACharon 10-Ecsep 1. 
Therefore, the hybrid phage (XCha- 
ron 10-Ecsep+l) contains the 18.2-kbp 
fragment in the orientation which is op- 
posite to that in Asep+82 or XmurF+121 
(Fig. 1C). 

After infection of wild-type E. coli by 
the hybrid phage, penicillin-binding pro- 
tein 3 was overproduced (Fig. 2). Cells 
were grown at 30?C and infected with a 
lysis-defective derivative (Sam7) of 
ACharon 10-Ecsep+ 1. Control cells were 
infected with XcI857Sam7. Two hours af- 
ter infection, membrane fractions were 
isolated and [14C]benzylpenicillin was 
bound to the membrane proteins (4). Af- 
ter treatment with Sarkosyl, the inner 
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AXc857 contained normal amounts of the 
six PBP's, but in cells infected with the 
hybrid ACharon 10-Ecsep+l, PBP-3 was 
overproduced. The level of PBP-3 in 
membranes of the hybrid-infected cells 
was approximately four to five times as 
high as that in membranes of AcI857-in- 
fected or -uninfected cells. Therefore, 
PBP-3 was overproduced and excess 
PBP-3 was able to incorporate into 
inner membrane. The extent of over- 
production (that is, total soluble and 
membrane-bound PBP-3) could not be 
determined because of the insensitivity 
of the assay; therefore, the four- to five- 
fold overproduction is a minimum esti- 
mate. 

In addition to allowing the amplifica- 
tion of the sep gene for the production of 
PBP-3 for chemical studies of the pro- 
tein, use of the hybrid phage should facil- 
itate genetic studies of the sep region be- 
cause mutants of sep can readily be 
isolated from XCharon 10-Ecsep+l. Al- 
though sep is an essential gene from E. 
coli, it is not required for growth of X. 
Both nonsense and deletion mutations 
can be expected in the sep region. In ad- 
dition, the hybrid phage should be useful 
in studying the mechanism of insertion of 
PBP-3 into the inner membrane. DNA of 
the hybrid phage could also be used as a 
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vitamin A. 

The factors that initiate and control 
the deposition of minerals in animal tis- 
sue are not well understood. In general, 
the production of a calcifiable matrix is 
required prior to mineral deposition (1). 
In bone, type I collagen is laid down and 
mineral is then deposited within it (1). In 

cartilage, deposition of mineral is associ- 
ated with regions of the cartilage from 
which proteoglycans have been removed 
(2). It has been shown that rat embryonic 
bone cells (3) and embryonic chick limb- 
bud cells (4) are capable of depositing a 
matrix that calcifies in vitro. However, 
cellular control of the amount or distri- 
bution of calcified matrix in these culture 
systems has not been demonstrated. 

The system we have developed allows 
control of both the amount and distribu- 
tion of mineralization. Embryonic chick 
limb-bud mesenchymal cells were pre- 

vitamin A. 

The factors that initiate and control 
the deposition of minerals in animal tis- 
sue are not well understood. In general, 
the production of a calcifiable matrix is 
required prior to mineral deposition (1). 
In bone, type I collagen is laid down and 
mineral is then deposited within it (1). In 

cartilage, deposition of mineral is associ- 
ated with regions of the cartilage from 
which proteoglycans have been removed 
(2). It has been shown that rat embryonic 
bone cells (3) and embryonic chick limb- 
bud cells (4) are capable of depositing a 
matrix that calcifies in vitro. However, 
cellular control of the amount or distri- 
bution of calcified matrix in these culture 
systems has not been demonstrated. 

The system we have developed allows 
control of both the amount and distribu- 
tion of mineralization. Embryonic chick 
limb-bud mesenchymal cells were pre- 

0036-8075/79/1012-0222$00.50/0 Copyright ? 1979 AAAS 0036-8075/79/1012-0222$00.50/0 Copyright ? 1979 AAAS 

probe to measure sep messenger RNA 
synthesis in a study of regulation of sep 
expression. 

CARLEEN A. IRWIN, GAIL FLETCHER 
CYNTHIA L. SILLS, JAMES R. WALKER 

Department of Microbiology, 
University of Texas, Austin 78712 

References and Notes 

1. H. J. W. Wijsman, Genet. Res. 20, 65 (1972); 
Mol. Gen. Genet. 147, 99 (1976). 

2. G. Fletcher, C. A. Irwin, J. M. Henson, C. Fill- 
ingim, M. M. Malone, J. R. Walker, J. Bacte- 
riol. 133, 91 (1978). 

3. S. Normark, Genet. Res. 16, 63 (1970). 
4. B. Spratt, J. Bacteriol. 131, 293 (1977). 
5. H. Suzuki, Y. Nishimura, Y. Hirota, Proc. 

Natl. Acad. Sci. U.S.A. 75, 664 (1978). 
6. M. Iwaya, D. J. Tipper, F. P. Cimara, C. Madu- 

reira, D. F. de Almeida, C. L. Sills, J. R. Walk- 
er, in preparation. 

7. F. R. Blattner, B. G. Williams, A. E. Blechl, K. 
Denniston-Thompson, H. E. Faber, L. -A. Fur- 
long, D. J. Grunwald, D. O. Kiefer, D. D. 
Moore, J. W. Schumm, E. L. Sheldon, O. 
Smithies, Science 196, 161 (1977). 

8. F. R. Blattner, M. Fiandt, K. K. Hass, P. A. 
Twose, W. Szybalski, Virology 62, 458 (1974). 

9. P. Philippsen, R. A. Kramer, R. W. Davis, J. 
Mol. Biol. 123, 371 (1978). 

10. M. Fiandt, Z. Hradecna, H. A. Lozeron, W. 
Szybalski, in The Bacteriophage Lambda (Cold 
Spring Laboratory, Cold Spring Harbor, N.Y., 
1971), pp. 329-354. 

11. J. R. Cameron, S. M. Panasenko, I. R. Lehman, 
R. W. Davis, Proc. Natl. Acad. Sci. U.S.A. 72, 
3416 (1975). 

12. M. Mandel and A. Higa, J. Mol. Biol. 53, 159 
(1970). 

13. Supported by NSF grant PCM 78-07808, NIH 
grant AI08286, and in part by American Cancer 
Society grant NP169B. C.A.I. is an NSF 
predoctoral fellow. 

26 March 1979; revised 4 June 1979 

probe to measure sep messenger RNA 
synthesis in a study of regulation of sep 
expression. 

CARLEEN A. IRWIN, GAIL FLETCHER 
CYNTHIA L. SILLS, JAMES R. WALKER 

Department of Microbiology, 
University of Texas, Austin 78712 

References and Notes 

1. H. J. W. Wijsman, Genet. Res. 20, 65 (1972); 
Mol. Gen. Genet. 147, 99 (1976). 

2. G. Fletcher, C. A. Irwin, J. M. Henson, C. Fill- 
ingim, M. M. Malone, J. R. Walker, J. Bacte- 
riol. 133, 91 (1978). 

3. S. Normark, Genet. Res. 16, 63 (1970). 
4. B. Spratt, J. Bacteriol. 131, 293 (1977). 
5. H. Suzuki, Y. Nishimura, Y. Hirota, Proc. 

Natl. Acad. Sci. U.S.A. 75, 664 (1978). 
6. M. Iwaya, D. J. Tipper, F. P. Cimara, C. Madu- 

reira, D. F. de Almeida, C. L. Sills, J. R. Walk- 
er, in preparation. 

7. F. R. Blattner, B. G. Williams, A. E. Blechl, K. 
Denniston-Thompson, H. E. Faber, L. -A. Fur- 
long, D. J. Grunwald, D. O. Kiefer, D. D. 
Moore, J. W. Schumm, E. L. Sheldon, O. 
Smithies, Science 196, 161 (1977). 

8. F. R. Blattner, M. Fiandt, K. K. Hass, P. A. 
Twose, W. Szybalski, Virology 62, 458 (1974). 

9. P. Philippsen, R. A. Kramer, R. W. Davis, J. 
Mol. Biol. 123, 371 (1978). 

10. M. Fiandt, Z. Hradecna, H. A. Lozeron, W. 
Szybalski, in The Bacteriophage Lambda (Cold 
Spring Laboratory, Cold Spring Harbor, N.Y., 
1971), pp. 329-354. 

11. J. R. Cameron, S. M. Panasenko, I. R. Lehman, 
R. W. Davis, Proc. Natl. Acad. Sci. U.S.A. 72, 
3416 (1975). 

12. M. Mandel and A. Higa, J. Mol. Biol. 53, 159 
(1970). 

13. Supported by NSF grant PCM 78-07808, NIH 
grant AI08286, and in part by American Cancer 
Society grant NP169B. C.A.I. is an NSF 
predoctoral fellow. 

26 March 1979; revised 4 June 1979 

pared in micro-mass cultures by placing 
a 20-ul drop containing 4 x 105 cells on- 
to a 35-mm tissue culture dish and allow- 
ing the cells to attach themselves before 
adding the medium [Eagle's minimum 
essential medium (MEM) supplemented 
with 10 percent fetal calf serum] (5). The 
mesenchymal cells undergo chondro- 
genesis (formation of cartilage) within 4 

days. Chondrogenesis is characterized 
by the accumulation of an extracellular 
matrix consisting primarily of type II [a 
(11)3] collagen (6) and proteoglycan ag- 
gregates (7). The appearance and organi- 
zation of these matrix components in the 
limb mesenchyme cultures has been well 
documented (8). The 4-day-old cultures 
contain a central zone of cartilage nod- 
ules that coincide with the region of ini- 
tial mesenchymal cell attachment and an 
outer halo of spindle-shaped cells (mes- 
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Calcification of Differentiating Skeletal Mesenchyme in vitro 

Abstract. Embryonic limb-bud mesenchyme was induced to calcify in culture by 
the addition of 3 mM inorganic phosphate to the medium. Phosphate enhanced cal- 

cification of the matrix produced by mesenchymal orfibroblast-like cells, whereas no 

calcification was evident in areas where cartilage had developed. However, calcifi- 
cation was induced throughout the cell layer by altering the cartilage matrix proper- 
ties with certain enzymes or by changing the phenotypic expression of the cells with 
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