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During a study of the phosphorylation of N-acyl-D-mannosamine by extracts of
Escherichia coli and other bacteria, Kundig, Ghosh, and Roseman! discovered a type

of phosphotransferase system consisting of three protein components acting ac-
cording to the following scheme:

enzyme I

PEP + HPr P-HPr + pyruvate (A)
enzyme II

P-HPr + sugar — sugar-P 4 HPr, (B)

where PEP denotes phosphoenolpyruvate; HPr, a small heat-stable protein con-
taining histidine; and P-HPr, the phosphorylated protein.

Their data indicated that enzyme I and HPr have broad functions serving a
family of enzymes II, each specific for one or a few sugars.!- 2

We have recently demonstrated that the dissimilation of D-mannitol by Aero-
bacter aerogenes depends upon a phosphotransferase system similar to the one de-
scribed above. In the absence of an inducible enzyme II specific for D-mannitol
(referred to as “enzyme II” in this work), A. aerogenes fails to grow on this com-
pound.?

In the present report some of the phenotypic consequences of mutations affecting
enzyme I or HPr are described. In contradistinction to the loss of enzyme II,
which renders the cell incapable of utilizing a particular compound, the lack of
enzyme I or HPr pleiotropically affects the metabolism of a number of polyhydric
alcohols and sugars. :

Materials and Methods.—Bacteria: Strain 5P14, a double auxotroph of A. aerogenes 1033 (ref.
'4), provided by B. Magasanik, was used as the starting cell line. Its strict requirement for
arginine and guanine permitted distinction of mutant progeny from contaminating organisms.
For our convenience this strain has been called strain 2002 (ref. 3) and will be referred to as such
in this communication. Strain 2006, a mutant lacking enzyme II, hence unable to grow on D-
mannitol, was obtained from strain 2002 (ref. 3). Strain 2050, lacking enzyme I, and strain 2070,
lacking HPr, were both isolated as D-mannitol-negative clones from populations of strain 2002
treated with ethyl methanesulfonate® MacConkey agar in which D-mannitol was substituted
for lactose® was used for the detection of these mutants. Strain 2051, a spontaneous revertant
exhibiting normal growth rate on agar with D-mannose as carbon source, was derived from a
population of cells of strain 2050 recycled in liquid medium with the same carbon source.
Strain 2071 was isolated as a spontaneous revertant by directly plating 10? cells of strain 2070 on
agar with D-sorbitol as carbon source.

Chemicals: 1-C'%-D-mannitol (25 c¢/mole) was obtained from Nuclear-Chicago Corp.; D-
mannitol, L-arabinose, D-mannose, and D-fructose from Eastman Kodak Co.; glycerol and mal-
tose from Fisher Scientific Co.; D-arabitol, ribitol, D-sorbitol, D-ribose, and D-galactose from
Pfanstiehl Chemical Co.; i-inositol, lactose, and acid-hydrolyzed casein from Nutritional Bio-
chemicals Corp.; D-glucose from Merck and Co.; and PEP (sodium salt) from Calbiochem.
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Growth of cells and preparation of components for enzyme assays: Growth rates were determined
at 37° in 50 ml of mineral medium with 0.29, carbon source and 4 X 10~* M each of arginine and
guanine. The cultures were incubated in 300-ml nephelometric flasks on a rotary shaker at about
240 cycles per min. Growth was monitored by turbidity readings as before.* The composition
of the mineral medium has also been described.? For assays of enzyme I, enzyme II, and HPr
or for the preparation of these components for use as reagents in the assay, cells were grown to
stationary phase in 250 ml of media in 2-liter Erlenmeyer flasks.

The assay of each component of the PEP-dependent phosphotransferase system was based
upon the phosphorylation of labeled D-mannitol, as described below, in a reaction mixture con-
taining the remaining two components in excess.

To obtain “enzyme II 4+ HPr,” cells from a 250-ml culture of strain 2002 fully grown on 0.29,
D-mannitol were suspended in 2.5 ml of 0.1 M Tris-HCI buffer, pH 7.6, and disrupted by ultra-
sonic treatment for 2 min in a model 60 W MSE apparatus (Measuring and Scientific Equipment
Litd., London, England) while being chilled in a —10° bath. After centrifugation at 10,000 X ¢
for 20 min at 0° to remove unbroken cells and fragments, the supernatant fraction was centrifuged
at 100,000 X g for 2 hr at 0°. The pellet, containing about 709, of the enzyme II activity in the
original extract, was resuspended in 2.5 ml of Tris-HCI buffer. The 100,000 X g supernatant
fraction was heated to 100° for 10 min and clarified by centrifugation at 35,000 X ¢ for 10 min.
This solution retained almost full activity of HPr and was combined with the suspension of enzyme
II. The mixture contained no detectable enzyme I activity.

The procedure for obtaining “enzyme I 4+ HPr” has already been described.* Cells of strain
2006 grown on 2%, antibiotic medium 3 (Difco) supplemented with 1.59, D-glucose were used
as the starting material. The extract contained no enzyme II activity.

To prepare ‘“‘enzyme I + enzyme II,” cells of strain 2002 fully grown on 0.2% D-mannitol
were suspended in 2.5 ml of Tris-HCI buffer, and disrupted by sonication as above. The extract
was centrifuged at 10,000 X g for 20 min at 0°. The supernatant fraction was treated with 250 mg
of Norit A for 30 min at 0°. The supernatant fraction after centrifugation contained less than
0.59%, of the HPr activity originally present in the crude extract.

All three preparations could be stored for several weeks at —20° without significant loss of
activity.

Enzyme assays: All enzyme activities are expressed as mumoles of D-mannitol phosphorylated
per min per mg protein at 25°.  All the reactions were carried out in the presence of 5 X 1075 M
C4-D-mannitol (2.5 ¢/mole), 5 X 10~3 M PEP, 5 X 1075 M MgCly, and 0.04 M Tris-HCIl (pH
7.6). For measuring enzyme I activity, 0.1 ml of‘enzyme II + HPr” was added; for measur-
ing enzyme II activity, 0.1 ml of “enzyme I 4+ HPr” was added; and for measuring HPr
activity, 0.1 ml of “enzyme I + enzyme II'” was added. An appropriate amount of the
crude extract to be assayed was added to initiate the reaction. In each case the final volume of
the mixture was 0.4 ml. The reaction was allowed to proceed for 10 min after which further
phosphorylation of the labeled substrate was arrested by the addition of 0.6 ml of 0.2 M unlabeled
D-mannitol. The labeled D-mannitol phosphate was separated from the free hexitol by passing
the mixture through a Dowex-1 formate column. D-mannitol phosphate was eluted and counted
in a planchet as previously described.? i

Protein concentrations were measured with the biuret reaction.’

Assay of C4-D-mannitol uptake: Cells grown overnight in 50 ml of medium with 1% casein
hydrolysate as carbon source were diluted 100-fold with fresh medium containing 19, casein
hydrolysate in the presence or absence of 2% D-mannitol. After reaching 100 Klett units, the
cells were washed twice and resuspended at the same density in mineral medium at 0°. Two-
tenths ml of this suspension was added to a test tube, equilibrated at 25°, containing 0.1 ml of
5 X 1075 M C!-D-mannitol (25 ¢/mole), 0.1 ml of chloramphenicol (400 ug/ml), and 0.6 ml of
mineral medium. After 30 seconds the cells were quantitatively collected on a Millipore filter,
washed, and counted.! Under the conditions used, the rate of D-mannitol uptake was linear for
at least 1 min. Cells metabolically poisoned with 0.03 M azide and 0.001 M iodoacetate® for 1
hr at 25° immediately prior to the assay served as controls.

Results.—Strains 2050 and 2070, originally isolated as D-mannitol nonfermenting
mutants, exhibited multiple impairments of growth when tested on agar plates
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TABLE 1

GrOWTH PATTERNS OF PARENTAL, MUTANT, AND REVERTANT
STRAINS ON VARIOUs CARBOHYDRATES

Carbon Strains—
Source 2002 (Parental) 2050 (Mutant) 2051 (Revertant) 2070 (Mutant) 2071 (Revertant)

Glycerol ++
D-arabitol
Ribitol
D-mannitol
D-sorbitol
i-Inositol
L-arabinose
D-ribose
D-glucose
D-mannose
D-galactose
D-fructose
Lactose
Maltose

Growth was tested on agar plates. Normal growth rate of colonies is denoted by + +, slow growth by +,
and no growth by 0.

(Table 1). Strain 2050 not only failed to grow on D-mannitol, but also on D-sorbi-
tol and D-fructose. Its rates of growth on glycerol, D-glucose, D-mannose, and
maltose were considerably slower than those of the parental strain 2002. A similar
pattern was exhibited by strain 2070, except that it grew normally on glycerol and
slightly on D-fructose.

Table 2 gives the doubling times of the parental and the two mutant strains with
D-mannitol, D-glucose, and D-arabitol as sole carbon source in liquid medium.

To test whether the multiple impairments in the two mutants were phenotypic
expressions of single mutations, a spontaneous revertant was obtained from each
mutant by selection on a single carbon source. As shown in Tables 1 and 2,
strain 2051, selected from strain 2050 on D-mannose, concomitantly regained all the
other growth abilities. Similarly, full restoration of the growth properties was
observed in strain 2071, selected from strain 2070 for growth on D-sorbitol.

The wild-type, mutant, and revertant strains were grown on casein hydrolysate
in the presence or absence of D-mannitol and their cell-free extracts-were analyzed
for enzyme I, enzyme II, and HPr under conditions in which their activities were
proportional to concentration. (See Fig. 14 for assay of enzyme I, Fig. 1B for
assay of HPr, and ref. 3 for assay of enzyme II.) (The slight deviation of enzyme
I activity from linearity at very low concentrations suggests the requirement of
another factor in the phosphotransferase system or dissociation of enzyme I at high
dilution. Table 3 shows that the activity of enzyme I is absent in strain 2050 and
the activity of HPr is absent in strain 2070. The missing activity in each case is
restored in the revertant.
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TABLE 2

DousLiNg TIMES OF PARENTAL, MUTANT, AND REVERTANT STRAINS ON THREE
DirFrFERENT CARBOHYDRATES

Q .
otralns-

Carbon 2002 2050 2051 2070 2071

source (Parental) (Mutant) (Revertant) (Mutant) (Revertant)
D-mannitol 52 n.g* 54 n.g.* 49
D-glucose 45 132+ 54 160t 54
D-arabitol 47 54 50 65 55

All cells were pregrown on casein hydrolysate and transferred to fresh medium containing the new carbon
w\:r%e at a le\tr‘el of 0.2%. Doubling time is expressed in minutes.
o growth.
1 Slow growth commenced after a lag period of 3—4 hr instead of the usual lag time of about 20 min.
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Fig. 1.—(A) Activit, fy versus concentration of enzyme I. (B) Activity
versus concentration of HPr (in this case a significant blank value of 1500
cpm has been subtracted).

Table 3 indicates that the presence of D-mannitol stimulated the production of
enzymes I and II. The effect on enzyme I is not specific; addition of glycerol, D-
arabitol, D-sorbitol, D-glucose, D-fructose, or D-mannose to the casein hydroly-
sate medium also resulted in similar elevations (data not shown). The induction
of enzyme II by D-mannitol is highly specific. Glycerol, D-arabitol, D-sorbitol,
D-glucose, D-fructose, or D-mannose in the growth medium caused no appreciable
increase in the specific activity of this enzyme (data not shown). There was also
apparently a slight stimulation of HPr formation by D-mannitol. Slight stimula-
tion of HPr formation by other polyhydric alcohols and sugars has likewise been
observed.

Table 3 also shows that D-mannitol was able to induce enzyme II in strain 2050
(with no measurable enzyme I activity) and in strain 2070 (with no measurable
HPr activity). Moreover, the lack of HPr activity did not prevent the hexitol from

TABLE 3

Sepeciric ActiviTiEs OF ENzYME I, ENzYME II, AND HPR IN PARENTAL,
MUTANT, AND REVERTANT STRAINS

Growth on Casein Hi/drolyaaéep Grown on Caasein Hydrolysatie Plus D- Manmtol
r

Strain EnzymeI Enzymel Enzyme I Enzyme I

2002 (Parental) 3.4 0.2 8.2 14 7.4 13

2050 (Mutant) 0.0 0.3 6.6 0.0 4.8 8.8
2051 (Revertant) 2.5 0.1 7.5 12 4.7 9.7
2070 (Mutant) 4.8 0.2 0.0 14 13 0.0
2071 (Revertant) 2.7 0.2 8.2 12 6.5 14

Casein hydrolyum was added ata level of 1%, and D-mannitol, when used, at 2% All enzyme activities are

e of D tol phosphorylated per min per mg protein ‘at 259

P
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TABLE 4

AcCUMULATION OF RADIOACTIVE MATERIAL BY CELLS
INcuBATED wWiTH C!4-D-MANNITOL

Grown on

Grown on casein hydrolysate
Strain casein hydrolysate (cpm) plus D-mannitol (cpm)
2002 (Parental) 822 5534
2050 (Mutant) 183 391
2051 (Revertant) 930 5304
2070 (Mutant) 14 80
2071 (Revertant) 889 6214

The incubation conditions were as in Materials and Methods. The counts retained by poisoned
cells (21 cpm) have been subtracted from each value.

influencing the level of enzyme I in strain 2070. Hence it must be concluded that
the mutant cells were sufficiently permeable to D-mannitol for induction to occur.
The question arises as to whether there is a specific transport mechanism which
permits the cell to bring D-mannitol into its cytoplasm against a concentration
gradient. If so, one would expect cells of strain 2050 and 2070 to retain their
potential for accumulating free D-mannitol, although they can no longer phospho-
rylate it. Cells of parental, mutant, and revertant strains, grown in the presence and
absence of the inducer, were tested for their ability to take up radioactive material
when incubated with C'4-D-mannitol. The results show that substantial retention
of labeled material (presumably as D-mannitol 6-phosphate and its metabolites)
occurred only in the parental and revertant cells, and was most marked when
they were induced (Table 4). The accumulation process was severely curtailed,
although not entirely abolished, in the mutant cells. The fact that the uptake in
the mutant cells could also be increased several-fold by induction suggests that the
mutations affecting enzyme I and HPr were actually slightly leaky and that the
residual function could be more readily detected by the highly sensitive in wvivo
experiment. In any event, the large disparities between the wild-type and mutant
cells in the ability to accumulate radioactive substances, with or without induction,
strongly imply that phosphorylation of D-mannitol is indispensable for the retention
and that there is no mechanism for concentrating the free heritol against a gradient.
Discussion.—The pleiotropic growth defects associated with the loss of enzyme I
and HPr activities establish the importance of this phosphotransferase system for
the utilization of not only D-mannitol, but also of D-sorbitol, D-glucose, D-man-
nose, and D-fructose. The residual capacity of these mutants for slow growth on
D-glucose and D-mannose is probably due to the function of minor alternative
pathways in this organism.—!3 Inasmuch as the enzyme I and HPr mutants re-
ported here were both isolated on the basis of D-mannitol fermentation, the pos-
sibility cannot be excluded that there exists more than one kind of enzyme I-HPr
system in the same organism and that each system governs the metabolism of a
different family of carbohydrates. Pleiotropic mutations affecting the utilization
of carbohydrates in other species of bacteria, e.g., E. colz*—'* and Staphylococcus
aureus'*? have been reported before. It would be interesting to examine whether
any of them lack a component of an enzyme I-HPr system. (In collaboration with
D. G. Fraenkel we have just shown that the E. coli mutant MM6 (ref. 16) lacks
enzyme I. A more detailed account of this finding will be given elsewhere.)
Kundig and co-workers deduced, from the retention of sugar analogues in os-
motically shocked cells, that the PEP-dependent phosphotransferase system plays



918 GENETICS: TANAKA AND LIN Proc. N. A. S.

a direct role in carbohydrate transport.? The present study provides genetic
evidence of the operation of the phosphotransferase system in the accumulation of
certain sugars. The transport of D-mannitol was amenable to analysis because its
first phosphorylated product is directly utilized by a specific dehydrogenase.?0: 3
Hence retention of molecules, as distinguished from their passage into the cells,21—2
is associated with the first step of dissimilation. In such a situation a separate
active transport system for the free hexitol would not be required and is in fact not
found.

The entry of the free hexitol may be facilitated by a protein, possibly by enzyme
IT itself. The process of D-mannitol uptake is thus analogous to the capture of
glycerol by E. colz, except that glycerol is believed to diffuse freely?® and that
glycerol kinase utilizes ATP as the phosphoryl donor.? The presence of a specific
protein mediating the equilibration of D-mannitol could be tested by the counter-
flow method successfully used in the study of the lactose permeation system of
E. coli by Winkler and Wilson.® If such a protein exists, its relationship to enzyme
II could be examined by the use of temperature-sensitive mutants.

The basic mechanism for D-mannitol uptake has the virtue that a single high-
energy phosphate bond is expended for both capture and activation of a substrate
molecule. The model proposed by Kundig and collaborators as a process of trans-
port requires phosphorylation and immediate dephosphorylation.? Such a model
would therefore demand the demonstration of a highly specific phosphatase inside
the cell.

Finally it should be pointed out that some sugars may be accumulated in cells by
mechanisms different from those discussed here, i.e., without phosphorylation. For
example, the transport system for D-galactose also acts on D-fucose,? which cannot
be phosphorylated at carbon six.

Summary.—Two classes of pleiotropic mutants of Aerobacter aerogenes with
multiple defects in sugar and hexitol utilization have been isolated. One mutant
lacks the enzyme I and another lacks the histidine protein (HPr) of the phosphoenol-
pyruvate-dependent phosphotransferase system. Both mutants fail to grow on
D-mannitol and D-sorbitol and grow slowly or very poorly on D-glucose, D-man-
nose, D-fructose, or maltose. Neither mutant is able to accumulate significant
amounts of radioactive material when incubated with C!4-D-mannitol, even after
growth in the presence of 2 per cent D-mannitol. A spontaneous revertant selected
on a single carbon source was isolated from each mutant. All the other pleiotropic
defects were corrected in the revertant. A model for the role of this phosphotrans-
ferase in active transport is proposed.

We are grateful to T. H. Wilson, H. M. Kalckar, and J. B. Alpers for helpful comments during
the preparation of this manuscript.
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