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SUMMARY

Staphylococcus aureus transports and metabolizes maltose by a pathway that

does not involve the phosphoenolpyruvate dependent phosphotransferase system
(PrS). Maltose appears to enter the cell by diffusion, is hydrolyzed to glucose,
which is then metabolized chiefly by the PTS, but a second minor pathway of
glucose metabolism is also present.

INTRODUCTION
A phosphoenol pyruvate dependent phosphotransferase system {PTS) which
translocates carbohydrates and phosphorylates them has been discovered in

Staphylococcus aureus (1, 2, 3). It has been speculated (4) that all carbo-

hydrates are transported and phosphorylated by this system in S. aureus, and
we have shown that phosphate derivatives of several carbohydrates are formed
(5). We wish to show here that maltose is metabolized principally via diffu-

sion and hydrolysis of the non-phosphorylated molecule.

MATERTALS AND METHODS

The cultures employed are derivatives of Staphylococcus aureus NCTC 8511

and have been described in earlier papers (2,5). Characterization of mutants
and growth procedures have been described (7). Biochemical procedures, chroma-
tography, sources of chemicals are described in reference (5). The procedure
for the study of p-nitrophenyl-Q-D-glucoside hydrolysis was as for o-nitro-
phenyl-B-D-galactopyranoside (7).
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RESULTS

Wild type S. aureus and ptsl mutants of it lacking enzyme I of the PTS

produce acid from maltose and glucose in broth cultures containing these
carbohydrates. The mutants, however, do so only after 3-5 days at 37 C. The
acid produced from glucose by ptsl mutants can be owing to & leaky ptsI muta-
tion or to a second pathway of glucose utilization. Further mutations to make
the ptsI unable to produce acid from glucose can be induced with mutagens.
Transductants selected on glucose media from the ptsl glucose negative strains,
formed from phage from the wild type, are of two types: complete wild type,
and only glucose positive, in about equal numbers. The first of these repre-
sents restoration of enzyme I function and the second, restoration of a second
glucose pathway. The nature of the second pathway is unknown but may be an
ATP dependent kinase. The principal pathway appears to be via the PTS, since
the second pathway (glg_éf) produced only weakly positive colonies on glucose
indicator agar.

Maltose utilization- The delayed utilization of maltose cannot be ex-

plained on a second glucose pathway unless maltose is first cleaved to glucose.
Evidence that S. aureus possesses an enzyme that splits maltose to two mole-
cules of glucose has been presented (1). It has also been reported that the
wild type forms a derivative of maltose, a presumed phosphate (5). In an
attempt to clarify the pathways of maltose utilization by S. aureus, we have
studied the hydrolysis of p-nitrophenyl--D-glucoside (PNPQG), an analogue of
maltose and also a colorimetric substrate of the staphylococcal maltase. Whole
cells as well as extracts were studied.

In figure 1 the velocity of hydrolysis of PNRXG by whole cells, as a
function of PNPQG concentration, is shown. Two wild type cultures, and three
independently derived ptsl mutants were studied. There is no significant dif-
ference between the wild type and the mutants in hydrolysis rate. This result
indicates that the phosphorylation step, missing in the ptsl mutant, is not
important in the entry of PNPQG into the cell, and that the maltase cleaves

the non-phosphorylated analogue.
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Figure 1

The hydrolysis of p-nitrophenyl-t-D-glucoside by suspensions of the wild
type and a ptsl mutants of Staphylococcus aureus as a function of external
concentration. Open symbols, wild type cultures. Closed symbols, three indep-~
endent ptsl mutants.

The concentration range in the plot in figure 1 is between 10-3 and
3X 10-2M because of the sensitivity of the assay. This plot is similar to
that observed earlier (6, 7) in studies of hydrolysis of o-nitrophenyl-g-D-
galactopyranoside (ONPG) by intact cells. The lack of a plateau again indicates
that the hydrolysis of the nitrophenyl carbohydrate is not the limiting step
in uptake and hydrolysis by intact cells. Disrupted cells yield a linear
response to PNPQG concentration from the lowest concentrations employable up
to the solubility of the substrate.

Exit from the cells of glucose does not require enzyme I of the PTS. When
a suspension of cells of the ptsI mutant, also deficient for the second glucose
pathway (EEEI g}g&) are exposed to lI‘C-mal't:c;se, the maltose enters the cells
and is hydrolyzed to glucose which leaks from the cells into the medium. The
leached glucose can be separated chromatographically from maltose and quanti-
tated with a scintillation counter. From this information the hydrolysis rate

can be shown to be proportional to external maltose concentration over a 10k-
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Figure 2
Rate of hydrolysis of maltose by cell suspensions of a ptsl gluA mutant
as a function of external maltose concentration, detected by chromatography
of the cell culture and measuring the concentration of glucose produced.

fold range (figure 2), another indication that maltase is not the limiting
step in uptake and hydrolysis by the intact cell.

+ - +
Utilization of glucose produced from maltose by a PtsI Glu, Mal mutant

2

in the presence of an external glucose oxidage prep~ The phosphotransferase

has been implicated in membrane passage in several microorganisms (4). The
evidence presented above indicates that maltose enters the staphylococcal cell
by diffusion and is then hydrolyzed to glucose, What is the route for the
utilization of the glucose produced? Must it exit the cell to be phosphorylated
and translocated by the phosphotransferase system?
A gluA g§§£+ mutant has been used to test these questions, by exposing
1h

suspensions of this mutant to = C-maltose in the presence of an external glu-

cose trap (glucose oxidase plus catalage), checking for glucose utilization
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with a pH indicator and chromatographing the culture medium in systems that
resolve glucose, maltose, and gluconic acid. This strain of Staphylococcus
aureus does not utilize gluconic acid. The results were: acid production
within 18 hours at 37 C. The chromatograms of the fluid of this culture
showed no glucose, or gluconic acid, but two small peaks, neither of which
corresponds to lactate. Continued incubation of the suspension to 72 hours
resulted in increased acidity (over 18 hours) and the formation of a peak
corresponding to the gluconic acid.

These results indicate that glucose formed from maltose internally in
the staphylococcal cell can be utilized without exiting the cell. Since glucose
utilization in this mutant must be via the phosphotransferage system (the
second glucose pathway is defective), the results indicate that at least
the later steps of the PTS are available to internal glucose.

Action of the PTS on maltose- It has been reported that the wild type

strains of S. aureus produce a derivative of maltose, suspected to be phos-
phate(s) (5). This derivative is produced by wild type, but not ptsl strains.
This derivative has been investigated further: (1) There is no enzyme in
extracts of wild type cells that can convert this material to products with
chromatographic properties different from the untreated compound. This in
contrast with the case of lactose-phosphate which was split to galactose-6-
phosphate and glucose (8). (2) Both alkaline and acid phosphatase produce
no chromatographic change in this material. The nature of this material
remains obscure, but it may be a polysaccharide or phosphorous containing
maltose polymer.
DISCUSSION

The hydrolysis of PNPXG by intact staphylococcal cells, both by wild
type and mutants lacking enzyme I of the PTS is identical and indicates that
the analogue enters the cell by diffusion and is hydrolyzed as the free
derivative. This is presumably true for maltose as well. Although a deriva-

tive, presumed phosphate, is formed by wild type cells, this derivative is
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only seen at low maltose concentrations and probably represents a minor path-
way, since further metabolism of it was not detected. Perhaps it is a product
of a low specificity of the glucose metabolic pathway via the PTS, with the
glucose enzyme II phosphorylating maltose. In any case, at high concentrations,

a non PTS pathway appears to predominate.
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