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SUMMARY

Ribitol dehydrogenase from Aerobacter aerogenes strain 1033 acted only on ribito:,
but was induced both by ribitol and by p-arabitol. The induction of this enzyme by
D-arabitol was shown to depend on its metabolism. A mutant which produced ribitol
dehydrogenase cunstitutively was isolaied, in which the formation of this cnzyme was
apparently nu longer regulated by the inducer, although catabolite repression con-
tinued to exert its influence. Ribitol dehydrogenase was obligatory for the utilization
of ribito] under both aerobic and anaerobic conditions. Under anaerobic conditions
the growth rate on ribitol was severely limited by inadequate hydrogen acceptors
and was stimulated by the addition of fumarate to the growth medium.

INTRODUCTION

Aerobacter aerogenes strain 1033 has been shown to grow on ribitol, glveerol, n-
arabitol, D-mannitol, n-sorbitol and myo-inositol as sole sources of carbon and
energvt 7. A. aevogeres strains PRL R3 and ATCC g621 have also been shown to
utilize ribitol as a sole source of carbun and energy - extracts of these cells were
found to contain ribitol dehydrogenasce (ribitol-DPXN oxidoreductase) which con-
verted ribitol tc n-ribulose®-19, [n the case of 4. gerogenes strain PRL R3, high tevels
of the enzyme were also reported in cells grown on n-arabitol L-arabitcl and xylitold.

Extracts of strain 1033 grown on ribitol were also found to contain a ribitol
dehydrogenase which reduced DPN in the presence of ribitol. The present studies
were undertaken to determine the specificity of induction of this enzyme under con-
ditions such that the compound tested for induction was not metabolized to a signi-
ficant extent. The svbstrate specificity of the enzyme and its role in the adaptive
utilization of rbitol under acrobic and anaerobic conditions were also investigated.

MATERIALS AND METHOD=
Chemicals

Crystalline pyridine nuclectides were obtained from Pabst Laboratories; nbitol, -
arabitol, r.-arabitol, meso-erythritol, n-dulcitol and n-ribuse front Pfanstichl Labora-
tories; n-sorbitol from k. M. Chemical Company, Lta.; glycerol from Merck and Co.;
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fumaiic acid from California Corporation for Biochemical Research; succinate from
Matheson Coleman and Bell; myo-inositol and triphenyl tetrazolium chloride from
Mutritional Bicchemicals Corp.; and the Folin-Ciocalteu phenol reagent from the
Hartman-Leddon Company.

Bacleria

The studies, were condncted with /. aerogenes strain 1033, and an arginine and
guanine double auxotroph of this strain, 3¥14; these organisms were obtained from
Dr. B. Macasaxik. A mutant A,-, whick could only produce 59, of the p-arabitol
dehydrogenase inducible in the willd-tvpe was derived from 5P14 by 5. A. LERNER.

Three mutants were icolated from sFi14 during the present study. R, which
produced ribitol dehydrogenase constitutively, was obtained by a procedure reported
carlicr!l. R, - produced ribitol dehydrogenase when grown on succinate in the presence
of ribitol but wax unable to utilize ribitol as a carbon source, and R,~ was unable to
produce ribitol dehydrogenase or to utilize ribitol as a carbon source. The last two
mutants were obtained by treating populations of cells with ethylmethane sulfonate
as a mutagen!®. The treated cells were regrown to allow genetic segregation after
which they were plated for identification and isolation by a procedure similar to the
one used by ZAMENHROF for the isolation of Lac - colonies!®, The agar had the following
components: 8 g tryptone, 5 g NaCl, 17.5 g Difco bacto-agar, 4.5 g ribital, v.15 g
K HPO,, 10 mg guanine, 50 mg arginine, 45 mg triphenyitetrazolium chloride and
goo ml H,0. R~ mutants utilized tryptone as the source of carbon and energy and
formed red colonies as a result of the intracellular reduction of tetrazolium to forma-
zan. Wild-tvpe colonies were colorless, the production of furmazan being prevented
vy the acid produced by ribitol fermentation. All mutants which were isolated were

checked for arginine and guanine requirements to insure against the inclusion of
contaminants,

Preparation of the encyme

The culture medium, conditions for growth, and procedures for harvesting and
sonically disrupting the cells have been described previously®4. Unless otherwise
specified the cells were grown on 0.2%, carbon source. Media for growing 5P14 or
its derivative strains were supplemented with 40 ug guanine and 50 ug arginine/ml.
The supernatant fraction of the cell extract was assayed for ribitol dehydrogenase

activity. No loss of activity was detected after storage for several hours at 2° or
several weeks at —10°.

FEnzyme assay

The activity of ribitol dehydrogenase was measured by following the reduction
of DPN at 340 mu in a model DU Beckman spectrophotometer at 25°. The assay
solution contained ©.3 ml of 0.5 M ribitol, 0.2 m! of neutralized o.01 M DPN, 0.6 mi
0.5 M Na;CO, at pH 10.9 and sufficient water to give a volume of 3.0 ml after the
addition of the enzyme. The reactivn blank contained all the components except the
suhstrate At these concentrations of reagents the reaction rate was proportional to
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the concentration nf enzyme used, provided that the increase in absorbancy did not
exceed 0.3 in the first 60 sec. The rate was linear during this time and was employed
tn calculate the enzyme activity, which was expressed as gmoles of DPN reduced/minf
mg protein. The protein was determined by the use of the Folin-Ciocalten phenol
reagent, according to the praocedure described by Lowny of @l 9,

The activity of the enzyme increased gradually with pH to @ maximuin at pH 11
and decreased rapidly at higher pH. The enzyime was unstable at this pH but the
rate of its inactivation was not sufficient to affect the assav.

Growth studies

Media for growth studies contained carbon sources and tumarate at a concen-
tration of 0.29. Growth rates of bacteria were determined in 50-ml cultures in
300-ml Bellco Nephelo culture lasks. Anaerobic studies were varried out in similar
flasks sealed with ground glass joints, The Hasks were flushed with W;- €0, (43 : 5)
for 3 min at a flow rate of 3 I/min and incubated at 37° on a rotary shaker opcrated
at 240 cycles/min. Growth was monitored by reading the absorbancy in the side arm
in a Klett colorimeter with a No. 42 filter. A sufficient inoculum of bacteria was em-
ployed to yield an initial reading of 20 Klett units,

RESULTS
Substrate specificity
Extracts of cells grown on ribitol were tested for reduction of DPN in the pre-
sence of several polvhydric alcohols. Such extracts were found 1. reduce DPXN in the
presence of ribitol but not iu the presence of glvcerol, meso-erythritol, u-arabitol,
L-arabitol, xylitol, p-galactitol, p-mannitol, b-sorbite! or myo-inositol. The specificity
of ribitol dehydrogenase is elucidated in Table I which shows that the enzyme attacked

TABLEL
SUBSTRATE AND INDUCTION SPRECIFICITY OF RIBITOL DEAYDROGENASE

All compounds tested as substrates were emploved at o.05 M. Compounds testedd as inducers
were employed at 0.1 M under gratuitous conditions,

Campunnt Canpituration AT A
Kibito! l-(..'!-!,.(;[[ CHH,OH 100 1ou”
n-Arabitol  CHOH CH,OH © 3"
Xylitol CH,LOH CH,OH =l <1
L-Arabitol  CH,OH CH O 1 ]
Erythritol CHOH M ot o

®* Testes] with strain R, which possessed the ability to form eibitol dehydrogenase but
was unable to utilize the pentitol for mctabolism.

** Testd] with a mutant, A;-, which could praduce only 39 of the D-arabitol uehydrogenase
inducible in the wild-type. ) )
“** A broken bar is used to indicate that this hydroxyl gronp may assume cither configuration.
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the all-¢cis pentitol but not the other pentitols or the all-cis tetratol. Testing for
coenzyvme specificity revealed that DPN could not be replaced by TPN.

Indiucer specificily

Extracts of ribitol-grewn cells contained ribitol dehydrogenase but not D-
arabitol dehvdrogenase {EC 1.1.1.11) (see ref. 4}, glycerol dehydrogenase (EC 1.1.1.6)
(see refs. 2, 3) or myo-inositol dehydrogenase (EC 1.1.1.18) (see refss—7). A
significant activity of ribitol Jdechydrogenase was also found in extracts of cells
grown on D-arabitol. The level of this dehydrogenase in such cells was about one
rnth of that found in ribitol-grown cells. Extracts from cells grown on glycerol,
p-mannitol, p-sorbitor, myo-inositol, D-ribost “ud glucese contained negligible ribitol
dehydrogenase activity . The presence of ribitol dehydrogenase in cells grown on D-
arabitol was suspected to be the result of the conversion of p-arabitol to nD-xylulose?
fcliowed by isomerization to D-ribulose; p-ribulose itself might act as an inducer or
it might give rise to small amounts of the inducer.

This hyvpothesis was supported by study of the inducer specificity under gratui-
tous conditions, ¢.e., conditions under which the test compound was not metab-
olized. Two mutants were employed to compare the relative effectiveness of ribito!
and D-arabitol as inducers of ribitol dehydrogenase. A mutant A;—, blocked in b-
arabitol utilization, was grown on succinate in the presence of n-arabitol. Another
mutant R,-, which did not grow on ribitol but which could be induced to form
normal levels of ribito! dehydrogenase when grown on succinate in the presence of
ribitol, was used as a control. Comparison of the lcvels of ribitol dehydrogenase
present in the extracts of these cultures showed that cells of A, exposed to D-
arabitul cuntained only 3%, of the enzyme activity present in cells of R, exposed
to ribitol (Table 1}. The level of ribitol dehydrogenase induced by p-arabitol under
these gratuitous conditions was one third of the value ohtained with wild-type cells
grown on D-arabitol. The persistence of a weak though reduced power for n-arabitol
to stimulate the formation of ribitol dehydrogenase in the mutant A.- may be due
to theimperfection of the block in p-arabitol utilization (see METHODS AND MATERIALS).

1-Arabitol, xylitol, and meso-erythritol were not metabolized by the strain of
A. aerogenes under study. They could be tested as gratuitous inducers of ribitol
dehydrogenase by growing wild-tvpe cells on succinate in the presence of the polyol.
It was found that none of the compounds induced an appreciable level of ribitol
dehydrogenase even when employed at high concentrations to minimize the per-
meability barrier. The results of the induction of ribitol dehydrogenase under gra-
tuitous conditions are summarized in Table I from which it may be scen that the
substrate specificity and induction specificity agreed verv closely.

The yole of ribitol dehydrogenase

Previous studies on the adaptive utilization of glycerol in 4. aerogenes 1033
revealed that two separate pathways could be induced: under aerobic conditions
glycerol was niilized primariiy through glycerol kinasc (EC 2.7.1.30) and under
anaerobic conditions it was utilized primarily through a glycerol dehydrogenase®. In
the case of the adaptive utilization of p-arabitol by this organism, only one pathway
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was involved it which the first enzyme was a DPN-linked p-arabitol deliydiogenases 14
In the present study the adaptive utilization of ribitol was also found to be dependent
upon a single pathway, in which ribitol dehy drogenase was required in the first step.
This was demonstrated by the fact that a nutant lacking this enzyme, R,-, failed

to grow on ribitol as a sole source of carjon and energy under either acrobic or
anaerobic conditions.

Aerobic and anaerobic growth on ribitol

Although ribitol could serve as the sole source of carbon and energv for A.
aerogenes 1033 under both aerobic and anaerobic cunditivns, the anacrobic rate of
growth was poor when compared with the rates vbserved with severai other compounds
(Tablc I1}. The slow ratc of anaerobic growth un ribitol was probably due to the lack
of an adequate hydrogen acceptor system, since the addition of fumarate to the
medium greatly stimulated growth (Table I1 and Fig. 1). [t has previously beenshown
that fumarate serves anaerobically as a hvdrogen accepto. and disappears trom the
medium at significant rates only wheua a fermentable compoend is also present!.13,

TABLE 11

THE HFFECT OF FUMARATE ON THE GROWTH RATES ON VARIOUS CARBON S5OURCES

Doublng Hime *mivy

Carbecn source

Asraduc Anagrohg _*'}:T:::"’zf
Ribitr! 30 325 162
- Arabitol 35 105 72
{lycerol 40 13 87
Glucose 32 58 51

120 - Qmt——0O Rabitel # Fumarate
g Ridi10O)
100 - &t Fumaorals

80—

CULTURE DENSITY IN KLEYT UNITS

i i 1 1 i
L] 1o 200 300

MINUTES

Fig. 1. Stimulation of anaerobic growth on ribitol by the presence of fumarate as a hydrogen
accoptor.
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TABLE 1II

RIBITOL DEHYDROGENASE ACTIVITIES IN CELLS (ROWN ON RIBITOL
UNDER VARIOUS CONDITIONS

Cardbon compounds

Gas phase Dehydengenase

yrr pgrowh medium of culiure activily
Ribitol Air 2.7
Itibitol Ny—CO, (95 : 5) 5.8
Ribitol -+ Fumarate N, -COy4 (95 : 5) 5.1

The level o7 ribitol dehydrogenase was probably not a limiting factor in anaerobic
growth on ribitol since the growth rate could be increased by a factor of three in

the presence of rumarate without increasing the level of the enzyme (Tables II
and [II).

Levels af ribitol dehrvdrogenase in a constitutive midant

A matant Re, which was constitutive with respect to ribitol dehydrogenase, was
grown on several different carbon sources. Succinate-grown cells contained a higher
level of the enzyme than cells grown on ribitol, and glucose-grown cells contained
the lowest level (Tablc IV). These data indicate that the formatiun of ribitul dehy-
dregenase in the mutant was primarily regulated by catabolite repression, rather
than by the interaction of specific induction and specific repression.

TABLE IV

LEVELS OF RIBITOL DEHYDROGENASE IN CONSTITUTIVE AND INDUCIBLE CELLS
GROWN ON VARIGUS SOURCES OF CARBUN AND ENERGY

Bbitol dekvdrogenase

Carbon somect o picinle  Comsfuutite

sPry Re
Glucose 0.00 o.31
Ribitol 2.90 ©0.64
D-Arabitol 0.31 1.34
Succinate ©0.0D 4.20
DISCUSSION

The studies on the inducer specificity of ribitol dehydrogenase illustrated the im-
portance of cheching the action of an apparent inducer under conditions of gratuity.
In this case the inducing action of D-arabitol was shown to be a consequence of its
metabolism. This raises the possibility that the non-specific induction in A. acrogenes
strain PRL K3 of ribitol dehydrogcuase by D-arabitol, L-arabitol and xylitol, and of

D-arabitol dehvdrogenase by ribitol®, might also be the consequence of interconver-
sion of metzbolites.
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The data on the levels of ribitol dehydrogenase in the constitutive mutant lent
further support to the theory that catabolite repression operates apart fromn the
specific 1epressor system!®. In this strain the formation of ribitol dehydrogenase was
apparently no longer dependent on the inducer although catabolic repression still
seemed to be effective. Similar findings inave been reported for f-gaiactosidase (EC
3. 2. L. 23) in a onstitative strain of Escherichia coliV?,

1t has been assumed that the mutation to constitutivity with respect to ribitol
dehydrcegenase invelved only the spedific repressor system, and not the structure of
the enzyme or the catabolite repression system. In terms of this simple model it 15
difficult to explain the observation that the wild-type produced four times as much
ribitol dehydrogenase as the constitntive mutant when grown on ribitol. Both strains
should be subject to similar catabolite repression, and if the sole function of the
inducer were to overcome the effect of specific repression in the wild tvpe, then the
constitutive mutant would be experted to produce at least as much of the enzyme
as the wild type when grown on ribitol. Further analysic of the control of ribitol
dehydrogenase in the constitutive mutant depends on knowing whether the mutation

affected the o-gene or the i-gene!®, bat unfortunately genetic recombination experi-
ments are not yet possible with this organism.
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