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In this report Sul (supD), which is known to suppress "amber" mutations by
means of a specific transfer ribonucleic acid, has been mapped relative to his and
uvrC and has been found to be located at about 37.5 min on the Taylor and Trotter
genetic map of the Escherichia coli K-12 chromosome. In addition, Sul+ has been
shown to be dominant over Sul-, which supports the idea that Sul is the structural
gene for the suppressing transfer ribonucleic acid.

Extensive biochemical studies in this and other
laboratories (1, 5, 8), with in vitro protein-
synthesizing systems, have shown that Sul
(supD) suppression of "amber" mutations was
effected through a specific suppressing transfer
ribonucleic acid (RNA). These results suggested
that Sul+ might be the structural gene for the
suppressing transfer RNA. If it is, Sul+ must
produce a diffusible product, and Sul+ should be
genetically dominant over SuI-. Signer et al. (11)
have shown that Su2+ (supD) is at least partially
dominant over Su2-. The present studies establish
the dominance of Sul+ over Sul-.
Two laboratories (6, 11) have shown that

Sul (supD) maps near his by recombination
linkage (80%) and by the co-transduction
frequency of the two genes by P1 phage [8%;
Signer et al. (11); 6%, Garen et al. (6)]. In this
report we map the position of Sul relative to
his and uvrC.

MATERIALS AND METHODS
Bacterial strains. Tables 1 and 2 list the source and

genotype of the various bacterial strains used in this
report. The position of markers is shown in Fig. 1.

Nomenclature. The genetic system of nomenclature
used in this paper is that recommended by Demerec
et al. (37 with the following exceptions. (i) The symbols
Sul and Su2 are used for two suppressors of the NI
or "amber" nonsense codon, since these symbols have
been previously published (1, 5, 6). To conform with
the system of Demerec et al., the symbols supD and
supB have been proposed for these loci. (ii) Since the
mutant allele of Sul actively suppresses "amber"
mutations, it is referred to as the Sul+ allele; the non-
suppressing, wild-type allele is referred to as Sul-. In
all other instances, the symbol "+" indicates the

IThis report is part of a thesis presented by E. P. H. to Yale
University in partial fulfillment of the requirements for a Ph.D.
degree.

wild-type allele. (iii) Sir' refers to the wild-type allele
of str, and mutations to si rr confer resistance to
streptomycin. (iv) The symbol vals refers to the wild-
type allele of val, and mutations to valr allow the
strain to grow when valine, but not isoleucine, is
present in the growth medium.

Procedures. Conjugation experiments were con-
ducted as follows. The Hfr strain was grown in LB
broth (see reference 6) without shaking, to a cell
density of 108 cells/ml at 37 C, and the F- strain was
grown in LB broth with shaking to a cell density of
3 X 108 cells/ml at 37 C. The two strains were mixed
in equal volumes, and the suspension was incubated
without shaking for an appropriate time period
(usually 2 to 3 hr). The culture was then centrifuged,
the precipitate was suspended in saline (0.85% NaCI),
and appropriate dilutions were plated on selective
media (TG + various additions, see reference 6).

P1 transductions. P1 transductions were accom-
plished by using Plv phage obtained from A. Garen.
The donor strain was infected when it reached a
cell density of 108 cells/ml in LB broth containing
0.01 M CaCl2 (in a 37 C incubator shaker) at a
multiplicity of infection (MOI) of 0.02. After notice-
able lysis, the supernatant fluid was sterilized by
passing through a membrane filter (Millipore Corp.,
Bedford, Mass.), and the phage were titered (about
1010 phage/ml). The recipient culture was grown
overnight in LB broth containing 0.01 M CaCl, at 37 C
with shaking, and was infected at a MOI of 0.2-for 20
min. The solution was centrifuged, the precipitate
was washed with saline, and appropriate dilutions
were plated on selective media.

Suppressor assay. The suppressing character of the
various strains was assayed as follows. The enzyme
alkaline phosphatase is induced when alkaline
phosphatase-positive strains are grown in a medium
which is low in orthophosphate (7). The presence of
this enzyme in growing colonies can be detected by
using the a-napthyl acid phosphate assay discussed
below. Strains which contain a nonsense mutation in
the structural gene (phoA) do not produce the enzyme
unless a suppressor gene is present. The S26 allele of
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TABLE 1. List of bacterial strainis

Genotype
Strain Sexa Sourceb

Sul met his trp arg thi thy phoA uvrC recA sir val

KL96 Hfr(40) + + + + + + + + s s B. Low
KL96-A Hfr(40) - + - + + + + + + s s Penicillin selection on

KL96
KL96-B Hfr(40) + + + + + + + + + s s PI co-transduction of

his+,Sul+ from
S26R1e into KL96-A

KL16-99 Hfr(57) ? + + + + + + + + 1 s s B. Low
AB2435 Hfr(57) - + - + - + + + + s s P. Howard-Flanders
S26Rle Hfr(15) + + + + + + + S26 + + s s A. Garen
HW-IAI F- + + + - S26 + + r r A. Garen; made valine-

resistant and thy-
mine-requiring

HW-1A2 F- + + + + S26 + 1 r r Thy+, Strr recombinant
from KL16-99 X HW-
IAl

HW-IA3 F- + + + + + S26 - + r r Trp+Strr recombinant
from AB2435 X HW-
IA

HW-ICI F- + + + + + + S26 + + r r Trp+Strr recombinant
from S26Rle X HW-
IA

HW-1C2 F- + + + + + - S26 + + r r HW-lCl requiring thy-
mine

HW-1C3 F- + + + + + + S26 + 1 r r Thy+Strr recombinant
from KL16-99 X HW-
1C2

HW-5A1 F- _ + + + - S26 + + r r A. Garen; made valine-
resistant and thy-
mine-requiring

HW-5A2 F- + + + + S26 + 1 r r Thy+Str+ recombinant
from KL16-99 X HW-
5A1

Numbers in parentheses, (40), (57), (15), refer to points of origin on the Taylor-Trotter (13) map of
the Escherichia coli chromosome for the transfer of the Hfr chromosome. Also see Fig. 1.

b Penicillin selection was accomplished by following the procedure described by Curtiss et al. (2).
The strains requiring thymine were isolated by the procedure described by Stacey and Simson (12).

TABLE 2. Episomal strains

Genotype

Strain Sexa Episomal Chromosomal Sourceb

his Sul his trp Sul phoA recA sir

WH-1 F' + + - - - S26 1 r his+Sul+ recombinant from KL96-
B and HW-1A2

WH-IA F' + - - - S26 1 r Penicillin selection on WH-1
WH-1 B F' + -_ _ - S26 1 r Co-transduction of his+Sul- mark-

ers into WH-IA

a See footnote a, Table 1.
See footnote b, Table 1.
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FiG. 1. Linkage map of Escherichia coli K-12. See
Table I for explanation of nomenclature used. Arrows
indicate the direction of chromosomal transfer.

phoA was determined to be an Nl nonsense codon
since it was suppressible by Sul+ (6). Therefore, the
presence of active alkaline phosphatase in a strain
carrying phoAS26 indicates the presence of the active
Sul+ gene.

Alkaline phosphatase assay. The presence of
alkaline phosphatase in growing colonies was detected
by the procedure of A. Garen (personal communica-
tion). Colonies which were grown on plates low in
orthophosphate were sprayed with a solution con-

taining 2 mg of a-naphthyl acid phosphate per ml in
1 M tris(hydroxymethyl)aminomethane-hydrochloride,
pH 8.0, and immediately thereafter with a solution
containing 10 mg/ml of fast red violet salts (UN
1325, Verona Dyestuffs, Union, N.J.) to which 0.025
ml of 6% borate was added per ml. A brown ring
forms around colonies that produce enzymatically
active alkaline phosphatase. Colonies with no active
alkaline phosphatase do not react and appear white.

Preparation of episomes. Episome-donating strains
were prepared by the technique of Low (10). An Hfr
strain which transferred early the gene to be placed
on the episome was mated for short times with an
F- strain containing a recA- gene. A large fraction of
the recombinants were partial diploids, maintaining
stable episomes with the desired gene.

RESULTS

Dominance of Sul+ over Sul- in F' partial dip-
loids. A strain containing a his+,Sul+ episome
was produced as follows. The Hfr strain, KL96-B
(his+, SUa+,str-) and HW-1A2 (hi-, trpr ,Sua-,
phoAS26,recAl,str') were mated for 30 min,
and His+, Strr partial diploids were selected. The
strains containing his+ on the episome were
tested independently to determine whether Sul+
was also present on the episome by using P1
transduction. P1 phage were grown on the
episome-donating strains, and then the recipient

strain HW-1A (his-, Sul-) was infected. Trans-
ductant colonies were required to be His+. The
presence of Sul+ was determined by using the
alkaline phosphatase spray assay. Forty-five his+
episomal strains were tested before one was
found which contained Sul+ as well. The episome
which had been shown to contain his+ and Sul+
was transferred from this strain, WH-1 (his-,
trp- ,Sul-,phoAS26, recAI /F,his+,Sul+), into'
strain HW-5A2 (metr, his-, Sul-,phoAS26, recAl )
by selecting His+,Trp+ recombinants. One-hun-
dred per cent of these colonies (greater than
10,000) were brown-ringed (Sul+) as determined
by the alkaline phosphatase spray assay. Twenty
recombinants were tested to insure that the
episome was present and could be transferred
during conjugation. These results indicate clearly
that Sul+ is dominant over Sua.
Enzyme assays, made by Hoffman and Wilhelm

(8a), indicated that the alkaline phosphatase activ-
ity of strains WH-1 (phoAS26, Sul/F,Sul+) and
HW-1C3 (phoAS26,Sul+) were identical. Strain
HW-1A2 (phoAS26,Sul-) had no detectable
alkaline phosphatase activity.

However, it is possible that this effect, instead
of being due to the presence of Sul+, could be
due to other genes present on the episome which
function in the presence of Sul+ or Sua-. There-
fore, an episome containing his+ ,Sua carried by
strain WH-1B (identical with strain WH-1 except
for modified episome) was prepared and trans-
ferred into strains HW-1C3 (hisr-, Sul+) and
HW-1A2 (his- ,Sul). His+ colonies were selected
to insure the presence of the episome in each
case. The His+ colonies (greater than 10,000)
were tested for their suppressor character. All
colonies resulting from the mating of HW-1C3
were brown-ringed (Su+), whereas those from
the mating of HW-1A2 were white (Su-).
These experiments confirm that Sul+ is domi-

nant over Sul-.
Location of Sul relative to his. To determine

the location of Sul relative to his, we produced
many episome-donating strains in crosses be-
tween KL96-B and HW-1A2 by the technique of
Low (10). The order of genes can be determined
by noting the frequency with which the episomes,
which contained one of the two genes, carried
the second gene as well. If the gene order of
strain KL96-B is F, his, Sul, episomes which con-
tain his need not have Sul, but those containing
Sul must have his as well. Results (Table 3) show
that Sul must be further from the F integration
site than his.
Gene order of his,Sul, uvrC. Howard-Flanders

et al. (9) have shown that uvrC is located between
his and trp and lies within several minutes of his.
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Since the above evidence indicates that Sul is also
between his and trp and close to his, the position
of Sul can be determined more accurately if this
gene is located relative to uvrC. P1 transduction
studies to establish the gene order of his, Sul
and uvrC were carried out. If his+ is transduced
from a his+, Sul+, uvrC+ donor strain into a his-,
Sul-, uirC- strain, and a second donor gene is
selected for as well, the number of transduLctant
colonies maintaining the third donor gene can be
determined. If this third gene is located between
the first two genes, almost all transductant colo-
nies selected to have the first two genes of the
donor will also have the third gene of the donor.
If the third gene falls outside the first two, many
of the transductants will not contain the third
gene (Table 4). These results show the gene order
to be his, Sul, uvrC.
Linkage frequencies determined in appropriate

conjugation experiments support the transduction
data indicating the gene order to be his, Sul, uvrC.
Strain S26Rle (his+, Sul+, phoAS26, uvrC+,
strs,-) was mated with HW-1A3 (his-,SuI-,
phoAS26,uvrC-,strr,X-X), and His+Strr recombi-
nants that were either Sul+ or Sul- were selected.
The linkage of his+ and Sul+ was determined to
be 80%, confirming earlier results (6). The Sul+
or Sul- recombinants were then tested to deter-
mine the frequency of the presence of uvrC-. The
results shown in Table 5 indicate a linkage of
uvrC with Sul of about 77%.

DISCUSSION
The gene order his,Sul ,uvrC has been estab-

lished. The coinheritance frequencies between
his and Sul (80%) and between uvrC and Sul
(77%) suggest that Sul might be located about
midway between these two genes and therefore at

TABLE 3. Analysis of episome-donatinig strainis
produced by mating KL96-B with HW-1A2a

GeNo.of epi- Scond gene No. withGene selected somal strains tse se cond
isolated tested second gene

Sul+ 22 his+ 22
his+ 24 Sul+ 0

a Hfr-F, his+, Sul+, str' X F-his-,Sul-,
recA-, strr, phoAS26. Episome-donating strains
were prepared by mating KL96-B and HW-1A2 in
broth for 10 min. The mating was then interrupted
by using a Vortex mixer, and recombinants that
were Strr and contained either Sul+ or his+ as
indicated were selected. The presence of the
second marker was then tested. The results were
reproduced by using episome-donating strains
isolated from a separate cross of the two parental
strains, with an independent isolate of the Hfr.

TABLE 4. Co-transductants containiing his+ and a
second donor gene; tested for a third donor genie"

Gene required Gene tested Total colonies No. with

Sul+ uvrC+ 36 0
uvrC+ Sul+ 7 7
Only his+ 545

aPlv was grown on S26R1e (his+,Sul+,uvrC+)
and strain HW-1A3 (his-,Sul-,uvrC) was subse-
quently infected. Colonies containing His+ trans-
ductants and a second gene as indicated were
selected. The presence of the third gene was
determined by testing the colonies for sensitivity
to ultraviolet light (uvrC) or for the presence of
alkaline phosphatase (Sul). Transductant colonies
containing uvrC+ were selected by using a modifi-
cation of the technique of Howard-Flanders et al.
(8). The plates containing the transductant
colonies were subjected to short pulses (80 ergs/
mm2) of ultraviolet light every 40 min after plating
for 120 min, and thereafter at 3, 6, and 18 hr after
mating. The surviving colonies were then in-
dividually tested to insure that they were uvrC+.
All strains used were free of prophage.

TABLE 5. Recombination frequency between Sul
and uvrC"

Gene selected Colonies No. uvrC Pertcent (uvrC/itotal colonies)

Sul+ 200 45 22
Sul- 110 85 77

aStrains S26Rle and HW-1A3 were mated as
described in the text. His+,Strr colonies were
randomly selected as either Sul+ or Sulf as indi-
cated. These colonies were then tested to deter-
mine ultraviolet sensitivity (see Table 4).

about 37.5 min on the Taylor-Trotter (13) map.
The position of Sul (supD) appears to be quite
close to the location of a missense suppressor,
supH (4), proposed by Howard-Flanders et al.
(9) in time-of-entry experiments with uvrC as a
comparative marker. Experiments are in progress
to determine whether the two genes are identical.
The dominance of Sul+ over Sul- has been

demonstrated by the use of episomal strains.
This evidence indicates that Sul+ makes a diffusi-
ble gene product, which further supports the
suggestion that Sul is a structural gene for sup-
pressing transfer RNA. It is still possible that
Sul could make another type of diffusible prod-
uct (modifying enzyme, etc.) and a second gene
could produce suppressor transfer RNA; how-
ever, no published studies have established the
existence of such a second gene.
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