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The order of gene loci in the phoA-phoR region of the Escherichia coli K-12
linkage map was demonstrated to be lac pio4 proC phoR. The end of the phoA
locus corresponding to the amino terminus of alkaline phosphatase was shown to
be the end nearer proC. Translation (and transcription) of phoA is therefore in the
anticlockwise direction relative to the conventional E. coli linkage map.

The alkaline phosphatase gene-protein system
of Escherichia coli K-12 has proven useful in the
study of the genetic determination of protein
structure, particularly with respect to the effects
of nonsense mutations (14) and the mechanism
of intracistronic complementation (11, 15, 46).
Alkaline phosphatase (EC 3.1.3.1) is composed
of two identical polypeptide chains (41), coded
for by the single phoA cistron (16) which maps
near minute 11 of the E. coli linkage map (9, 51).
Repression of alkaline phosphatase synthesis is
controlled by two regulatory gene loci: phoR
which is closely linked to phoA, and phoS which
maps near minute 74 (3, 9, 51).

In this paper we describe genetic experiments
which establish the location and orientation of
phoA on the E. coli linkage map. We have found
the order of gene loci in the phoA phoR region,
reading clockwise, to be lac phoA proC phoR.
The same order has been independently deter-
mined by Yagil, Bracha, and Silberstein. (5, 53).
We have also shown that the end of phoA corre-
sponding to the amino terminus of the polypep-
tide is the end nearer proC. Translation (and
transcription) of phoA is therefore anticlock wise
relative to the conventionally drawn E. coli
linkage map.

MATERIALS AND METHODS

Chemicals. 5-Fluorouracil (SFU) was a generous gift
of Hoffmann-LaRoche, Inc., Nutley, N.J. N-methyl-
N'-nitro-N-nitrosoguanidine (NG) was obtained from
Aldrich Chemical Co., Milwaukee, Wis. p-Nitrophen-
ylphosphate, a-naphthylphosphate, and tetrazotized o-
dianisidine were obtained from Sigma Chemical Co.,
St. Louis, Mo.

Bacterial strains. The strains of E. coli K-12 used in
this study are described in Table 1.

Media. L broth: tryptone, 10 g; yeast extract, 5 g;

NaCl, 5 g; 1 N NaOH, 1 ml; water, 1 liter. LG broth:
L broth containing 2 g of glucose per liter. LG-Ca
broth: LG broth containing 5 x 10-* M CaCl,. TG
medium (9), a mineral salt solution buffered with tris-
(hydroxymethyl)aminomethane-hydrochloride at pH 7.4
and containing 0.2% glucose was supplemented with
either 6.4 x 10-* M KH,PO, (excess phosphate), 6.4
x 10-* M KH,PO, (limiting phosphate), or 6.4 x 10-*
M B-glycerol phosphate (Pho* selection plates). For
Lac* selection, 0.2% lactose was substituted for the
glucose.

Broth and minimal plates contained 1.2% agar.

Supplements were added to TG phosphate plates (or
Lac* selection plates) as needed in the following con-
centrations: dihydrostreptomycin, 100 pg/ml; L amino
acids, 20 ug/ml each; adenine, 20 ug/ml; thiamine, 5
pg/ml. EMB-lactose-agar contained 10 g of peptone
(Difco), 15 g of agar (Difco), 10 g of lactose, 2 g of
K.HPO,, 0.4 g of Eosine Y, and 0.065 g of methylene
blue per liter.

Phage P1 stocks. Phage Plkc was obtained from S.
Lederberg. Lysates for transduction were prepared by
growth on cells in LG-Ca broth at 37 C with shaking,
usually in two stages. (i) Each lysate originated from a
single plaque of P1 plated on the bacterial strain which
was to serve as recipient in the transduction. An expo-
nentially growing culture of the donor strain (at ap-
proximately 5 x 107 cells/ml) was infected with phage
which had been picked from the single plaque, sus-
pended in LG-Ca broth, shaken at 37 C for 30 min,
and mixed with a drop of chloroform. After 3 to 4 hr
of incubation of the infected culture, a few drops of
chloroform were added; the culture was chilled and
shaken vigorously and was centrifuged at 10,000 x g
for 10 min to remove bacterial debris. This procedure
generally yielded a low-titer lysate containing approxi-
mately 107 plaque-forming units (PFU)/ml. (ii) High-
titer stocks were prepared by growing the phage on 50
ml of the donor strain as described above, by using the
low-titer stock to provide a multiplicity of infection
(MOI) of 0.05 to 0.1. After centrifugation of bacterial
debris, the phage were collected by centrifugation at
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TABLE 1. Bacterial strains
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Escherichia Mating t

coli K-12 Mutant loci and sites® ating type Source or derivation

strain when relevant

K10 Hfr Cavalli | A. Garen (9)

S26 phoA-S26° Hfr Cavalli | A. Garen (17)

ul2 phoA-U12 A. Garen (13)

Ui phoA-U18 A. Garen (13)

NS31-11 proC (leu) (lacl) (thi) Hfr Hayes N. M. Schwartz. The proC mutation in
NS31-11 is the one used for mapping the
elements of lac (27)

ANI lac proC (leu) (thi) From NS31-11 after treatment with NG.

AN2 phoA-U12 (leu) (thi) Transduction of AN1 with P1 grown on
U12 and selecting Lac* Pro*

AN3 phoA-U12 proC (leu) (thi) Transduction of AN1 with P1 grown on
U12 and selecting Lac*

AN4 lac phoA-U12 (leu) (thi) Transduction of AN1 with P1 grown on
U12 and selecting Pro*

ANS phoA-U18 proC (leu) (thi) Transduction of AN1 with P1 grown on
U18 and selecting Lac*

AN6 lac phoA-U 18 (leu) (thi) Transduction of AN1 with P1 grown on
U18 and selecting Pro*

F- Silver lac str (purE) (thi) F- S. Silver

C2 phoR-C2 Hfr Cavalli | A. Torriani (9)

FGR1 phoA phoR-C2 Hfr Cavalli | Isolated by B. Rosen from C2 after UV®
irradiation and screening for Pho-

FGR2 lac phoA phoR-C2 str (purE) (thi) F- From mating FGR1 x F- Silver, selecting
for streptomycin resistance (Sm®) and
screening for Pho~ Lac-

FGR3 lac phoR proC leu (thi) Hfr Hayes | Spontaneous alkaline phosphatase constitu-
tive (Pho¢) mutant from AN1

FGR4 phoA-S26 trp (his) (met) From treatment of an F- phoA-S26 his
met strain obtained from A. Garen with
NG, and penicillin selection for Trp-

FGRS lac phoR proC leu str (his) (met) From mating FGR3 x FGRA4, selecting
Trp* Sm*, and screening for a Lac-
Pho¢ Pro- Leu- recombinant

2 Symbols used for gene loci are according to Demerec et al. (8). The phenotypes of the mutations in each gene
locus used in this study are: phoA, alkaline phosphatase negative; proC, proline requirement; leu, leucine require-
ment; lacl, constitutive for §-galactosidase; lac, unable to ferment lactose; phoS, alkaline phosphatase constitutive;
str, streptomycin resistant; met, methionine requirement; purE, purine requirement; thi, thiamine requirement; phoR,
alkaline phosphatase constitutive; his, histidine requirement; trp, tryptophan requirement. Loci not relevant to the
experiments described are enclosed in parentheses. Mutational sites are indicated after each locus where known. The
symbols used for these sites predate the introduction of standardized nomenclature (8) and have been retained.

® The S26 mutation is an amber mutation and is phenotypically revertible by 5-fluorouracil.

¢ Ultraviolet.

30,000 x g for 2 hr and resuspended in 5 ml of LG-Ca
broth. Stocks prepared in this way generally had titers
of 3 x 10° to 3 x 10!'° PFU/mI assayed on Shigella
dysenteriae.

Transduction. The procedure described by Adler and
Kaiser (1) was used. Unless stated otherwise, the MOI
was about 5. The frequency of selected transductants
ranged from 10-7 to 10-%.

Scoring of phenotypes. The Lac phenotype was
scored on EMB-lactose plates. Pro was scored by reph-
cating from proline-supplemented minimal plates to
plates lacking proline. Alkaline phosphatase pheno-
types were determined by spraying colonies either with
p-nitrophenylphosphate (9) or with a mixture of a-

naphthylphosphate and tetrazotized o-dianisidine (42),
which cause colonies containing derepressed levels of
alkaline phosphatase to turn yellow and purple, respec-
tively, within seconds. Constitutive phosphatase-posi-
tive colonies turn color on plates containing either ex-
cess or limiting phosphate; repressed phosphatase-pos-
itive colonies turn color on plates containing limiting
phosphate, but not excess phosphate; and phosphatase-
negative colonies do not turn color on either medium.
However, the constitutivity of the phenotypically SFU
revertible pho4 mutant S26 could be determined by
spraying colonies partially grown on excess phosphate-
containing plates with SFU (2.5 mg/ml), incubating
overnight, and spraying with a-naphthylphosphate and
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tetrazotized o-dianisidine. The edges of phoA(S26)
PhoR colonies turn purple (40). The phoA(S26)phoR
‘genotype of such recombinants was confirmed by
measuring the synthesis of alkaline phosphatase in lig-
uid medium containing excess phosphate with and
without SFU (5 mg/liter, reference 40).

Conjugation. The Hfr and F- strains were grown in
L broth to approximately 2 x 10® cells/ml each. A 0.5-
ml amount of the Hfr culture and 4.5 ml of the F- cul-
ture were mixed. In some experiments the mixture was
incubated at 37 C in a 250-ml flask without shaking for
90 min. In others, the mixture was shaken gently for 5
min, after which 1 ml was diluted into 100 ml of broth at
37 Cin a I1-liter flask and held at 37 C for 55 min with-
out shaking. The mating cultures were then diluted and
plated on appropriate selective plates.

Mutagenesis with NG: (A. Garen, personal com-
munication). Bacteria which had been grown overnight
in Penassay Broth (Difco) were washed with and concen-
trated 10-fold in 0.2 M acetate buffer, pH 5.0. To 0.5 ml
of this suspension, 0.12 ml of a freshly prepared solution
of NG (4 mg/ml) in the same buffer was added. After
standing for 3.5 hr at 37 C, the suspension was diluted
into 10 ml of Penassay Broth and centrifuged, and the
cells were resuspended in 10 ml of Penassay Broth and
shaken overnight at 37 C. Specific mutants were iso-
lated by appropriate selection techniques.

RESULTS

Order of lac, phoA, and proC loci. As summa-
rized by Taylor and Trotter (52), the proC,
phoA, and phoR loci are all cotransducible at
high frequency and are all situated clockwise
from the lacl locus. The lac and proC loci are
also reported to be cotransducible (7, 33, 47) with
a frequency of approximately 0.2 (33). We have
confirmed the cotransducibility of these four loci
and have found that the frequency of cotransduc-
tion of lac and phoA equals that of lac and proC
The phoA and proC loci are much more closely
linked to each other (cotransduction > 0.84) than
either is to lac (cotransduction < 0.4; unpub-
lished experiments).

We have examined the map order of lac, phoA,
and proC by three factor crosses as described in
Table 2. In each cross, Pho* Pro* transductants
were selected on Pho* selection plates lacking
proline. The selected transductants were rep-
lica plated onto EMB-lactose and TG-limiting
phosphate plates and then restreaked on these
two types of plates to determine the Lac pheno-
type and confirm the Pho* phenotype. The re-
streaking was found to be necessary since the
Pho- and Lac- phenotypes can be missed in het-
erogeneous colonies which also contain Pho* or
Lac*.

The data of Table 2 are most conveniently ana-
lyzed by inspection of the diagrams of the
crosses depicted, and comparison of the fre-
quency of the donor Lac phenotype among the
selected class in each cross. For the order /ac-
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phoA-proC as shown, the frequency Lac*/Pho*
Pro* in cross A is expected to be smaller than
the frequency Lac-/Pho* Pro* in cross B, since
formation of the former requires two addi-
tional crossovers. For the order lac proC phoA
(not diagrammed), the expected result would be
the opposite. The observed results indicate the
order to be lac phoA proC. We have confirmed
this order by the result of two other sets of sim-
ilar crosses, by using strains carrying a different
phoA mutation (unpublished experiments). The
same order has also been found by Yagil, Bra-
cha, and Silberstein (53), by using Hfr x F-
crosses.

Orientation of phoA on the E. coli linkage map.
To orient the phoA cistron, we have mapped two
sites in phoA4, U12 and U 18, relative to lac and
proC. The U12 and U8 sites are known to be at
opposite ends of the fine-structure map of phoA
(13). The positions of U12 and U18 relative to
lac, proC, and each other were determined by the
four-factor crosses described in Table 3. Lac*
Pro* transductants were selected by plating the
transduction mixtures on Lac* selection plates
lacking proline and containing limiting phos-
phate. The colonies which grew on these plates
were sprayed for alkaline phosphatase activity
without further purification. Restreaking, which
would have been a formidable task, was not nec-
essary since Pho* recombinant clones in mixed
colonies would have been detected. Crosses E
and F served as controls of reversion to Pho*.
U12 and U18 do not show intracistronic comple-
mentation, at least not to a sufficient extent for a
colony of a heterogenote carrying these two
phoA mutations to have a Pho* phenotype indis-
tinguishable from wild-type (unpublished experi-
ments). Therefore, the Phot colonies obtained in
crosses C and D cannot be the result of rare het-
erogenotes formed by transduction by addition
and must be true recombinants.

As shown in the diagram of Table 3, more
Pho* recombinants are expected among the se-
lected class in cross C than in cross D if the
order is lac U12 UI18 proC, since two fewer
crossovers are required in cross C. The opposite
result would be expected if the order were lac
U18 Ul2 proC. The observed results establish
the order lac U12 U18 proC.

Mapping of phoR. The map position of phoR
relative to /ac and phoA was determined by the
three-factor Hfr x F- crosses shown in Table 4.
In each cross, the mating mixture was plated on
Lac* selective plates containing excess phosphate
and dihydrostreptomycin to select for Lact SmF®
recombinants. The colonies which grew on these
plates were scored for their phosphatase constitu-
tive phenotype without further purification. Re-
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TABLE 2. Order of lac, phoA, and proC
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No. of Lac* Frequency of Lac
No. of Pho* - phenotype of
Cross Genotype® Pro+* selected amo“cgl ::slw“ donor e:mong
selected class
A Donor: Ul2 + phoA +
\ 150 13 0.08
Recipient: AN1 lac \ + / proC
B Donor: ANI lac + proC
/ 208 152 0.27
Recipient: AN2 + phoA® +

a Crossovers needed to obtain a Pho* Pro* transductant with the Lac phenotype of the donor are indicated.

TABLE 3. Order of lac, phoA-U12, phoA-U18 and proC

Pho* among selected

Cross Genotype® Expt MOI PT: 3; ‘:’;'l;:fe; class
No. %°

C Donor: AN4 lac U12  + + | 4.1 122 1
\ 2 8.4 1398 47
Recipient: ANS + + UI8 proC 3 38 1243 29
4 0.8 9 1
5 1.6 692 13
6 04 10,499 315
7 42 735 22

Total 14,698 428¢ 29 + .14
D Donor: AN6 lac  + UI8  + 1 5.0 1387 13
/N / \ 2 6.2 871 9
Recipient: AN3 +" U112 ' + 7 proC 3 25 1747 23
4 0.5 1143 20
5 2.7 9958 91
7 3.1 802 7

Total 15,908 163¢ 1.0 + .08
E Donor: AN4 lac U12 + + 1 2.5 211 0
2 58 870 0
Recipient: AN3 + Ul2 + proC 3 2.3 436 0
4 0.5 133 0
5 1.0 690 0
Total 2340 0
F Donor: AN6 lac + UI8 + 1 83 418 0
2 8.9 870 0
Recipient: ANS5 + + Ul8 proC 3 4.1 304 0
4 0.8 18 0
5 43 469 0
6 0.6 2278 0
Total 4357 0

2 Crossovers needed to get Pho* among the selected class are indicated.

® + Standard deviation.

¢ The maximum reverse mutation frequency to Pho* calculated from the data in crosses E and F (P = 0.01) is 2.0
% 10-2 for U12 and 1.1 x 10~2 for U18. Taking the lac-phoA distance to be 20 times the phoA-proC distance (as
indicated by the results of the cross S26 x FGRS), the calculated maximum Pho* found among the selected class
which could have resulted from reverse mutation is 29 in cross C and 19 in cross D.
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TABLE 4. Order of lac, phoA, phoR

Phosphatase constitu-

tives (phoA* phoR )
Cross Genotype® Expt ;:;l Zil::;; among ::L es:deaed

No. Frequency
G Donor: K10 + + + \ 1 3,445 164 0.048
Recipient: FGR2 str’ lac phoA' phoR 2 2,055 117 0.057
Total 5,500 281 0.051
H Donor: FGR1 + , + phoA 6 phoR 1 6,550 127 0.019
Recipient: F- Silver str /Iac + / 2 4414 81 0.018
Total 10,964 208 0.019

@ Crossovers needed to get a phosphatase constitutive among the selected class are indicated.

streaking was not necessary since a constitutive
clone in a mixed colony would have been de-
tected. As shown in the diagram of Table 4, the
order lac phoA phoR is expected to lead to a
higher frequency of constitutive (phoA+* phoR)
recombinants in cross G than in cross H. The
opposite result is expected for the order lac phoR
phoA. The data show that the order is lac phoA
phoR. The same order has been found by Bracha
and Yagil (5).

The map position of phoR relative to proC
was examined by the cross S26 x FGR 5 (Table
5), in which Leut SmPR recombinants were se-
lected and lac, phoA, proC, and phoR were each
scored as unselected markers. By using the SFU
phenotypically revertible phoA4-S26 mutation, it
was possible to determine the constitutivity of
Pho- recombinants. The selected recombinants
were restreaked before scoring the unselected
markers, and all progeny which were found to be
recombinant for any of the unselected markers
were retested by restreaking and checking the
phenotype of each marker. Of 1223 colonies
tested, 1142 were parental for the unselected
markers (748 lac* phoA proC* phoR* and 394
lac phoA+ proC phoR), 69 resulted from recom-
bination between lac and phoA (42 lac phoA
proC* phoR* and 27 lact phoA* proC phoR),
and 12 were recombinant among phoA, proC, and
phoR. The genotypes and analysis of these
twelve are shown in Table 5. Since we have pre-
viously established the order lac phoA proC and
the order lac phoA phoR, the only possible or-
ders are lac phoA proC phoR and lac phoA
phoR proC. The data favor the order lac phoA
proC phoR: 10 out of these 12 recombinants are
the results of a single crossover among the
closely linked markers for this order, whereas
only four are single-crossover products and eight

TABLE 5. Order of proC phoR relative to lac phoA:
analysis of recombinants among phoA, proC, and
phoR

Cross:Hfr S26 + + + phoA + +
F- FGRS str leu lac +  proC phoR

CO between phoA,
Genotype proC, phoR
No.
ob- | For order | For order
tained | lac phoA | lac phoA
lac | phoA | proC | phoR proC phoR|phoR proC
+ - + - 4 1 2
-+ -]+ 3 1 2
+ + + + 1 1 1
— - — - 1 1 1
+ + — + 1 1 2
_ - + 2 2 1

are double-crossover products for the order lac
phoA phoR proC. The order lac phoA proC
phoR has also been found by Yagil, Bracha, and
Silberstein (53) who carried out a more exten-
sive analysis.

DISCUSSION

The phoA cistron is known to code for a poly-
peptide chain of approximately 391 residues; two
of these chains dimerize to form alkaline phos-
phatase (41). By peptide analysis of fragments
of alkaline phosphatase made by nonsense mu-
tants, Suzuki and Garen (50) have oriented the
fine-structure genetic map of phoA with respect
to the polypeptide and have found that the U18
end of the map corresponds to the amino end of
the polypeptide. We have shown (Table 3) that
the orientation of phoA4 on the E. coli map is
lac phoA-U12 phoA-U18 proC. These results
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taken together demonstrate that the phoA cis-
tron is translated (and therefore transcribed) in
an anticlockwise direction relative to the E. coli
linkage map.

The orientation of 18 units of transcription
(cistrons and operons) has been determined in
E. coli by using a variety of methods. As
summanzed in Table 6, 14 of these are oriented
anticlockwise and 4 clockwise. Suggestive but
not conclusive evidence has also been presented
for the clockwise orientation of sucA sucB (22)
and for the anticlockwise orientation of each of
two operons in the dra tpp drm pup loci (2).

Earlier work has demonstrated that operons
can function apparently normally when their ori-
entation is inverted (4, 44). However, the proba-
bility of finding 4 or less than 4 out of 18 tran-
scription units oriented in one direction is 0.031 if
the orientation of each unit is random. The data
in Table 6 therefore suggest an evolutionary his-
tory for the E. coli genome which favors a pre-
ponderance of transcription units oriented anti-

TABLE 6. Orientation of transcription units in

NAKATA ET AL.

Escherichia coli®
. Ma .
Tran::n;ntpuon positi?m 0:::::11— Evidence?
(min)®

araBAD 1 A 1@30)

araC 1 A 1@45)

leuAB 1 A 1@30)

aceEF 2 C 1@

lacOZY A° 10 A 1(29); 11 (12, 26); 111
(31); IV (28)

lacl 10 A 1(35); I (31)

phoA 11 AV (this paper)

galETK 17 A I (1) I (19); IV
(6)

bioA 17 A I (18)

bioBEFGCD 17 C 1 (18)

supF 25 A 111 (32)

trpEDCBA 25 A 1(29); 11 (25, 34, 49);
V (54, 48); VI (23)

guaAB 48 A 11 (36)

malPQ 66 A 11 (20)

ilvADE 74 A 11 (38); 1V (39)

rhaBAD 76 A 1137

argE 77 Cc 1(0)

argCBH 77 C 1(2)

% Data for araBAD, araC, and leuAB from E. coli
B/r; all other data from E. coli K-12.

® Minutes on time scale drawn by Taylor (51).

¢ A, anticlockwise; C, clockwise.

4], fusion to another operon; 11, polar mutants; III,
hybridization of messenger ribonucleic acid (nRNA)
to deoxyribonucleic acid strand of known orientation;
1V, map position of O° mutant; V, correlation of amino
acid sequence and genetic map; VI, polarity of mRNA
synthesis.

¢ lacO Is part of the transcription unit (24).

J. BACTERIOL.

clockwise.

The genome of Salmonella typhimurium also
contains clockwise-oriented and anticlockwise-
oriented operons (43).
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