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SUMMARY

Psendomonas fragi contains a constitutive, particulate aldose dehydrogenase. The
enzyme oxidizes its sugar substrates to the p-lactone of the correspondiog aldonic
acids. An investigation of properties of che enzyme showed that all substrates are
oxidized vy a single enzyme.

Though the enzyme is constitutive, growth did not scem to be correlated with
oxidation of the sugar but rather with metabolism of the product of oxidation, f.e.
the sugar acid. The ¢cnzymes oxidizing the sugar acids and p-arabinose have different
properties from those of the aldose dehvdrogenase. These enzymes are oluble, are
formed by induction and are highly specific for their individual substrates.

INTRODUCTION

Pseudomonas fragi is an organism capable of growing on a variety of carbohydrates
including the four common pentosest. In a study of the mechanism by which this
organism degrades the pentoses, it was found that the sugars were all oxidized via
similar pathways which converged in forming a-ketoglutarate. However, some
differences were found in the enzymic response of the organism to the varwous pen-
toses. The entire enzyme system for oxidizing 1»-arabinose was in tiie soiuble fraction
of sonic extracts of cells grown on D-arabinuse. On the other hand, the first sten far
oxidizing L-arabinose, v-xylose and D-tibos wis Catalyzed by the particulate fraction
of extracts while the enzym.s tor the remaining steps wwere present in the soluble
fraction.

This study is concerned with the physiological conditions under which the va-
rious enzyme systems arz formed, and with some of the properties of the particulate
pentose dehydrogenascs.

Abpbreviation: PAIS phenuzine methosulfate.

* This is a laboratory of the Northern Utilization Resecarch and Devclopment Division,
Agricultural Research Service, L5, Dupartment of Agricuiture.
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LEXIPERIMEXNTAL

P. fragt NRRY B-25 was growr, harvested and suspended as resting cells or ex-
tracted into cell-free preparations as previously described!.

Sugars were determined by the method of SCHALES AKD ScHALES?, lactone as
hydroxamic acid?® and aldonic acid as lactone after heating in acid solution!. Oxygen
consumption was measured by standard Warburg manometry. Pyridine nucleotide
reduction was assaved on a Beckman® DU spectrophotometer at 340 mu, dichloro-
phenol-indophenol reduction was followed at 6oo my, cytochrome ¢ at §50 my and
potassium ferricvanide at 440 mu.

L-galactose was a gift of Dr. W. Z. Hassip. Phenazine methosulfate was supplied
by Dr. J. W Ngwren. All other chemicals were prepared or obtained as reported
previcuslyt,

RESULTS
Retationship of sugar ubilization to growth

Cells of 2. fragi grown on a medium of 0.19; tryptone, 0.19, yeast extract and
0.5%, glucose, were inoculated into a synthetic medsum containing one of the pen-
toses as the sole carbon suurce. For reasons that will be discussed Jater, the same
medium with either glucuse or galactose as sole caraon source was also inoculated.
The results (Fig. 1) skow that oniy in the case of p-arabinose was there any appreciable
lag in growth and in sugar consuinption. With the other sugars, oxidation of the
substrate seemed to begin immediacely upon inocuwlation. Almost all the sugar was
consummed before much growth took place. Growth seemed to be better correlated
with lactone disappearance. The results with galactose arc especially interesting in
that, even though the organism could oxidize the substrate, no growth of the orga-
nism occurred on this substrate,

in culture media with L-arabinose, xylose or ribose as substrates, it is the corres-
ponding lactone rather than the free acid that accumulates, The reverse is true when
the cells are growing on p-arabinose. Undoubtedly this accumulation of lactone is
due to the absence of any lactonases in cells grown on the first three substrates,
whereas the cells growing on D-arabinose possess an enzyme that wiil hydrolyze b-
aratono-y-lactonet. Cells to which galactose has been supplicd as substrate accumulate
galactono-y-lactone in the culture fluid. Since the organism uses neither the lactone
nor galactonic: acid for growth, the acid accumulates in the medium as the lactone
slowly hvdrolyzes spontancously. With glucase as substrate, little lactone or aldonic
acid accumulates and then for only a short time. Cells grown on glucose contain a
lactonased, but it is specific for glucono-8-lactone. The results with growth on glucose
are not strictly comparable to thosc obtaincd with the other substrates since the
inoculum had been grown on a medium containing glucosc.

Enzymic patterns of ceil-free extracts of P. fragi grown on various substrates

i.-Arabinose, xylose, ribose and glucose: The soluble fractions from cells grown
on these s 1bstrates were devoid of dehydrogenase activity on any of the compounds.

* Reckman Instruments, Inc., Palo Alto, California. Products mentioned are not endorsed
vy the U5, Department of Agricult.ve over other products of the same quality.

Biocirim. Biophys. .1cia, 07 {1903} 349~358



35«

HYDROUEMNASE

DIl

CONSTITUTIVE ALTNOSE

“wICIRIE JEOIGIAD PUY SjUAmaInsEM PRI 0 PAAOWII

ataw soplies qur & geannnal gy L

U0 uno1d wiue

_ N
boeon A
e ol /_. o
i el . J S '
k.--.. phy iz wott .
m ¥’
SN_I -0
17k
930420]09
[111] 4 o Sl
g ja/sopoutt

T o
LA T S N S

L

:

1 ST AT PAEQROUT Al €U [ asodnpt Qoo pue govnga sl o tundan %o
S10 dy JO aan0 Gl B O P OT It POIRRIOUT 213M (W oo1) WPap SaRnsng Jo sauas  uo 1& 4 g jo qamorn 1 g

Ly T
¢ 26 e . o W Ll m ¥ ) 1
—r T T T % ...14. 0 T
ny .-.m,nwn....‘.
'—.-—.. .. et
. .s: "o _
3__| S Oy -
: |
_ i _
i : .
f e 002~ -0l
9__' ey . ;
. K Tumgieg nieg
Mecoeecemareennasinerenacnaa e WY
[ 31 ] ] asoeiqriy-4
19 _ ooch- sy
T mjsmerd gy
Tty ey
9 oo 2 ot W o 1t 1 N i u N K o
Tt T T T Ty T ¥ T T T
\ e '
,l-“
LY -

oot

P
ke
Soaime

pent T Ly

oyly
0t ! -4

Apiny m/uparf

1 LTS «.
! h Thv. -
- e ',
i
| "
oo«r Ll
gy *T T
T
i asomge
ot-
ey

Hiochsm. Biophys. cla, 67 (1963) 349-358



352 R. WEIMBERG

Oxidative ability was found only in the particulate fractions. These particles showed
a low degree of specificity in that they were capable of catalyzing the oxidation of a
number of sugars. As an example, the results with the particulate fraction from cells
grown on L-arabincee are presenter] in Table I. This same enzymic pattern was ob-
served with all particulate fractions of P. fragi regardless of the substrate upon

TABLE 1

RLELATIVE RATES OF ONTDATION OF YVARIQUS SUGARS BY WASHED PARTICLES
oF Pseudomonas fragi GROWN ON L-ARARINOSE

In the main compartment of a Warburg flask were placed 0.3 ml cride particles (0.8 mg N 'ml),
o.1 ml .05 M MgS0, and 1.6 ml 0.1 M phosphate (pH 6). The sugars, at a cancentration of 1.0 M.
were added ta the enzyme fram the vessel's side arms in a volume of 0.1 ml. The center well
contained o.2 ml 209, KOLH.

SUEur ITIRTNT Soagar QN
Glucuse 264 Trehalose o
Galactose 2004 D-Arabinose o
t-Arabinose 2064 b-Lyxose ©
Nvlase 178 L-Rhamnose O
Mannose 165 Maltose ©
Glucosamine a8 Sucrose o
Torassium gluconate 102 I'otagsium L-arab nate o
Ribose 33 Potassium n-arabonate o
Lactose 20 Potassium galactonate o
Cellobiose 13 Ammoninmxylonate [+
L-IFucase o Potassium ribonate o

which: the organism was grown. Also, the relative rates at which the sugars were
oxidized were the same in all cases. This same pattern occurred in particles from
cells grown on p-arabinose (which is not a substrate for the enzyme) and even cells
grown in a medium composed only of 0.59%, yeast extract plus 0.5%, tryptone. Thus,
the enzyme system catalyzing the oxidation of L-arabinose, xylose, ribosc and glucose
can be considered to be an alduse dehydrogenase that is constitutive in P. fragi.

(n the other hand, the soluble fraction from these cells contained the enzyme
systems for oxidizing the pentonic acids to e-ketoglutarate’. Here there is some
relationship between the growth substrate and enzymic activity. Cells grown on L-
arabinose and xylose contained a specific oxidizing system for the corresponding
sugar acid (Fig. 2A, B). As repurted?, no system for oxidizing ribonate can be found
in cell-free extracts from cells grown on ribose; however, the extracts from these
cells can oxidize xylonate (Fig. 2C). The reclationship of xylonate oxidation to
ribose mctabolisin in ribose-grown cells has not been investigated. Cells grown
either un glucose or in a medium lacking any carbohydrate source contain none of
these sugar acid-oxidizing enzyme systems in the soluble portion of cell-free extracts
{Fig. 2F, F).

D-4rabinose: The soluble fraction from cells grown on this substrate contains
enzymes for oxidizing p-arabinosc and p-arabonate. As mentioned above, the par-
ticulate fraction is inactive un Dp-arabiiiose, although it can catalyze the oxidation
of the uvther pentoscs. D-Arabinose dehydrogenase is an inducible enzyme because it

Miochim. Biopkys. Acta, 67 (1963) 339-358
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354 R. WEIMBERG

is absent in cells grown on other substrates. Like n-arabinose, p-arabonate is oxidized
only by cells and extracts of cells grown on D-urabinose, and the enzyme system is
specific for this aldonic acid (Fig. zD). The only other compounds, besides p-arabinose
and D-arabxmate, that can be oxidized by crude axtracts under the same conditions
are L-galactnse and glucose 6-phosphat«.

Propeitics of the particulate aldose deliydrogenase

Hydrogen acceptors: Crude particles are capable of coupling the oxidation of the
sugars te oxygen. Other reagents that can act as hydrogen acceptors with these
porticles are 2,6-dichlorophencl-indophenol, cytochrome ¢ and PMS. Potassium
ferricvanide was only slowly reduced under the same conditions. Triphenyl tetra-
zolium chloride, methviene blue, FAD, FMN, DPN and TPN were inactive either as
hydrogen acceptors or as stimulators of the rate of oxygen uptake.

Inkibitors: EDTA inhibited the reaction, demonstrating a metal requirement.
Mg®+ stmulated the reaction, but not if added after the particles had been treated
with EDTA. Other cativns, such as Mn2+, Ca?+ or Co®+, had no stimulatory action.

Cvanide nt a concentration of 1-10-* M was another effective inhibitor. This in-
hibidon by cyanide suggested that the oxidation is cytochrome linked. Under
anacrobic conditinns ar in the presence of cyanide, it can be shown that eytochromes
are present in the particles and reduced upon addition of substrate.

Todoacetate, floride, arsenate, arsenite, 2 4-dinitrophenol, Na,S, cysteine and
glutathione are without cfiect on the oxidation. However, BAL at concentrations of
11072 M wili inbibit the reaction. The inhibition by BAL, more than likely, is due
to its metal chelating properties.

Product of oxidation: The crude particles from all sources oxidized 1-arabinose,
xylose, ribose and galactose at pH 6.0 with the consumption of 0.5 umole O,fumole
substrate. Vhen the oxidation was inhibited with cyanide, PMS could be used to
couple the reaction to oxygen, and the amount of oxygen comsumed was doubled.
A stable lactone accumulated in the reaction mixtures in quantitative vields. The
proxiucts were identified by chromatography as the y-lactones of the corresponding
aldonic acids.

With ghucose as substrate, an unstable lactone was detected in the reaction
mixture along with gluconic acid. The vields were never stoichiometric, probably
because the particles also contained a gluconate dehyvdrogenase. By following the
rate of hydrolysis of the ghuconolactone®, it, too, was characterized as the y-isomer.
Apparentlv all the sugars are oxidized in the furanose form.

Extrac'ion of particles: Several solvents and enzymes ‘‘solubilize’” enzymes in
particles from other organisms. Application of these reagents to P. fragi particles
in an attempt to solubilize part or all the oxidative ability in the particles has been
consistentlv unsuccessful. Either the reagent left all activity associated with the
insoluble residue, or else it destroyed activity toward all substrates. Reagents which
did not “dissolve’ the enzyme upon extraction were: Various lipases, ribonuclease,
deoxynibonuclease, sodium perfluorooctanoate, sodium deoxycholate at pH 6.0 and
butannl-1. Reagents which destroyed activity were: Trvpsin, pepsin, lysozyme plus
EDTA, acetone and sodium deoxycholate at pH 7.5.

The effect of extraction of crude particles with butanol-1 was investigated in

Biockim. Biophys. Acta, 67 (1963) 3493358



CONSTITUTIVE ALTMOSE DEHY DROGENASE 355

detail. A o.1-volume of cold butanol was adacd to » suspension of particles in 3 mM
phosphate (pH 6.8). The miaxture was stirred in the cold for 1 h. At the end of this
time, the particles were removed by centrifuging 20 min at 25 ove > g, washed
twice in 3 mM phosphate {pH 6.8) and finally <swspended in the original volume in
tuis buffer.

The extraction removed approx. 33%, of the nitrogen. When specific activiry
was measured by vaiious assay procedures, the paiicles could no longer utilize either
O, or cytochrome ¢ as hvdrogen acceptors, and the rate of reduction of 2.6-dichloro-
phenol-indophenol was reduced 50 309%; ; however, the specific activity as measured
by O, uptake, with PMS as the clectron carrier, was only slightly affecred (Fig. 3.

8 Gl‘uw:l- = Golaciese
L-Arabimose | ;
Cruda Particles fr Svienol-Extracted Particles /,’;. 6lzcara
*’ » Galuctose 4
P X
200{— -~ o
t"
,.:; A -Arabinase
L e
- A
o - - S
- L /E)lylosn
E S la‘é »"""
’ i
100} — ol * ’-’/9

Minutes Minstes

Fig. 3. Oxidation of sugars bv crude and butansl-extracted particles from P. frag: grown on

xylose Either 0.2 ml of crude particles (0.6 mg MN'mll or o.:ml butanol-extracted particles

(0.6 mg N/ml} vere mixed in the main compartment of a Warbarg flask with o.r ml c.o5 M

MzSO,, o.t mi 1%, PMS, and 2.0 ml o.1 M phasphate {pH 6.0}, To those Rasks containing the

el particles was added ot mi a0 M OHON. In the side arme was placed o1 ml 1.0 5 aagar
The center well contained 0.2 ml :0®; KOH.

The relative ability ot the particles to oxidize the varicus sugars remained the same
as that of the crude particles, except that the extracted particles were now unable
to oxidize putassium gluconate.

PH Optimum: 2ae pH optimum was measured with particles poisoned with
cyanide to which PMS was added to couple the reaction to oxygen. With ail sub-
strates, the maximum rate of oxyvgen uptake occurred at approximately pH 6.

Partial and ‘otal heat inactivation: Heating butanol-extracted particles to 50°
for 5 min had no effect on the rate of oxidation of the various substrates (Table 11},
Increasing the temperature to $o0” resulted in a 709 loss of activity. Temperatures
of 70° for § min or 80" for T min completely destroyed enzymatic activity in the
particles toward all substrates.

Simultancous addition of two substrates: Butanol-extracted particles were used
to minimize the number of steps in the clectron-transport system. PMS was used to

Biochim. Bisphys. Acta, 67 (1063) 349-358
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TABLE I1

HEAT INACTIVATION OF PARTICULATE ALDOSE DEHYDROCGEYASE
FROM Pseudomonas fragi GROWNKN ON L-ARABINOSE

Butanol-cxtracted particles were heated for 5 min at the temperatures indicated. Samples were

removed and assayved for activity at 30° With glucose, galactose and L-arabinose as substrates,

o.2-ml samples of enzyme were used; with xvleose, 0.3 mi; with ribose, 0.6 ml. The ¢nzyme was

mixurd in 2 Warburg flask with o.1 ml o.65 M MgSO,, 0.1 ml 19, PMS and enough o.1 M phos-

phate (pH $6.0) to bring the volume to 2.5 ml. A o.1-ml volume of 1.0 M substrate was added
from the sidearm and 0.2 ml 209, KOH was placed ip the center well.

Temperatirr

Subitrate 0 o oo - ?"," -
1l Ok al Ok nt O,k WOy
Glucose 2B 3035 95 5
Galactose Juo 292 39 3
L-Arabinose 298 325 93 o
XMylose 19% 195 52 o
Ribose 103 [+1.] 5 S

couple the reaction to oxygen. Under conditions where the oxidative enzyme would
be saturated with glucose, if it were added as the only substrate, and PMS was pre-
sent in excess, the rate of oxygen uptake was not increased when cither L-arabigose
or galactose was added to the particles simultaneously with the glucose (Fig. 4). That

Glecetn

200 L—

L L-Arabinese }—  Glotese + L-Arshiness

16 pmeles Glotase +
. 18 gmshs l-lullus;
! 37 pweles /! ",.
16 pmelys | 7 L

x o’

: fmeles Glucons ¢+

slos L-Arablonae

et S8 umalay Glocoss +
¢ pweles -Arabinese

0 A i N 1
20 40 [} 0 [T} [-] 0 4
Minvtes

Fig. 4. Simultancous oxidation of glucose and L-arabinose by butanol-extracted particles from

P. fragi grown on glucose. A volume uf a.1 ml of particles (0,72 mg N/m}) was added to the main

compartment of a Warburg vessel along with 0.1 ml .05 M MgSO,, c.2 m! 1% PMS and 2.0inl

0.1 M phesphate {pH 6.0). Substrate was placed in the sidearm in amounts listed below. The
center well contained 0.2 m) z0% KOH.

this is not due to competitive inhibition could be shown by adding less thar saturat-
ing amounts of the two substrates. Under these conditions, the rate of O, uptake
was strictly additive.

These resuilts strongly suggest that a single aldose dehydrogenase with a wide
specificity range is present in these particles.

Biochim. Biophys. Acta, 67 (1963) 349-353
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DIZCUSSION

The oxidation of glucose by particles in extracts of scveral bacterial organisms has
been described*-!!. In studyving the specificitv of the oxidation, it was frequently
reported that these particles could oxidize cther suzars also. Plowever, there has
never been any evidence te show that the activity on these various substrates was
due to one or several enzymes. In P frag: the evidence s fairlv good oo ainggl
enzyme is responsible tor the oxidation of these various sugars. The essential struc-
ture of the sugar in order to be a substrate for the enzyme is that the hvdroxyl group
on carbon 2 be in the same confignration s< it exists in gracose, Also, because the
product of the oxidation is the ¢-lactone of the sugar acid, likely, the furanose form
of the sugar is oxidized.

There are many enzvmes in bacteria assoctated with the particulate fractions of
cell-free extracts. Varving degrees of success have been obtained in atternpts to
dissolve these enzvmes. A recent interesting example 15 tue solubilization by EDTA
of p-allohydrexypreline dehydrogenase induced in Psendomones striata’®. In an ex-
tensive study of glucose and gluconate debydrogenases in P, fliorescens, HERTLEINY?
succeeded in solubilizing the gluconate dehvdrogenase system but was unable to
dissoctate glucose oxidation from the particles. HAvcr!®, on the other hand, fond a
soluble glucose dehydrogenase in extracts of Bacillus anifratime with pron  ies
similar to thosc reported for particuiate ensyvmes. These cells also cantain a typical
particle-bound glucose dchydrogenase. The apparent irability to solubilize the
particulate enzyme system in P. fragi may be due to the fact that it is a multistep
reaction. Not onty are there severul steps following the oxidation which are involved
in electron transport, but possibly there are une or more enzymic steps preceding
oxidation. For instance, since sugars cxist in the pvranose form In aqueous so-
lution!%.13 but the oxidative enzyme only oxidizes those in the furanose form, there
may bhe an enzyme catalyzing a pyranose furanose interconversion, just as therc is
a mutarotase that interconverts a- and g-pyranose forms of glucose!d.23, If only part
of this multi-enzyme complex were dissolved during an extraction procedure, the
assay system would not function and it would appear as if all activity had been lost.

The enzyvme system oxidizing L-arabinose, xvlose, ribose, glicose and galactose
is a constitutive one. The enzyvme systemn is present regardless of the substrate upon
which the organism is grown. It is present in the particles even when the organism is
grown in a medium lacking any of the enzyme's substrates. Further evidence for the
constitutive property of this enzyme is the absence of any lag in oxidation when the
organism is introduced into a medium containing the sugar. D-Arabinose, on the
other hand, 15 metabolized by an inducible dehydrogenase system.

Although the oxidation of L-arabinose, xylosc, ribose and glucose is catalyzed
by a constitutive system, there is a 2- to 4-h lag before growth begins when thesc
compounds are supplied to the ccll as substrates. Since cellular cytochromes are
reduced, presumably tliec cnergy from the sugar oxidation is available to the ccli, but
the cell is unable to use it. Growth is delayed, perhaps, because no carbon material
s available as vet for conversion to cell material. The lag in growth undoubtedly
represents the period required for induction of the enzymes responsible for the sub-
sequent steps in the oxidation. Until this happens, the encrgy obtained from sugar
oxidation cannot accrue to the cell. The metabolism of galactose s an extreme

Biackim. Biophys. Acta, 67 (1963) 349-355



359 R. WEIMBERG

example of this. P, fragi is unable to produce enzymes capable of oxidizing galactonic
acid. This acid therefore accumulates quantitatively in the culture medivm from
galactose and none of the energy from the oxidation is used for assimilation and
growth.

This phenomon of suhstrate oxidation without concomitant growth has been
observed in other obligately acrobic microorganisms?.?®, The question arises as to
what 1s the function of these enzymes. The particulate and constitutive nature of
these dehydrogenases suggests that they are an essential component of the celi
membrane. In tiis locus, they serve the puirpose of oxidizing the sugars to another
compound, the aldonic acid, toward which the organism, at least in F°. fragé, may be
irduced and, consequently, may use as a substrate for growth. If, as in the extreme
case, the organism is unable to use the aldonic acid in this way, then the enzyme is
apparently functionless from a metabolic viewpoint.
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