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ABSTRACT

METABOLISM OF D-FUCOSE AND
L-ARABINOSE IN A PSEUDOMONAD

by A. Stephen Dahms Jr.

The first known degradative pathway by which an
organism utilizes D-fucose (6-deoxy-D-galactose) has been
elucidated. Two unique, pyridine nucleotide-linked dehyd-
rogenases have been found which are distingulshable, in
part, by thelr ability to oxidize either the furanose or
the pyranose hemliacetal of D-fucose to the y- or the 6-
lactone respectively. The NAD-linked D-aldohexose dehyd-
rogenase oxldizes g-D-fucopyranose to D-fucono-6-lactone
which spontaneously hydrolyzes to D-fuconate. The NAD(P)-
linked L-arabino-aldose dehydrogenase oxidizes Bg-D-fuco-
furanose to D-fucono-y-lactone which is hydrolyzed to
D-fuconate by a y-lactonase. D-Fuconate 1s dehydrated by
a specific dehydratase to form 3,6-dideoxy-D-threo-
hexulosonic acid (2-keto-3-deoxy-D-fuconate) which, in
turn, is cleaved by a specific aldolase, 2-keto-3-deoxy-
D-fuconate aldolase, to yield pyruvate and D-lactaldehyde.
No enzyme activity which modified D-fucose by means of
isomerization, phosphorylation, epimerization, or reduc-
tion could be demonstrated. It was concluded that D-fucose
was not degraded by a pathway analogous to those which

occur in other organisms for the degradation of L-fucose
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or L-rhamnose, which are the two other common 6-deoxy
aldohexoses,

The five enzymes of the D-fucose pathway were
purified and some of thelr properties determined and
compared to similar enzymes in the literature. The
specific activities of the enzymes in cell extracts and
the K values are in physiologically significant ranges.
The intermediates of the D-fucose pathway were also iso-
lated and were identified by derivatization and chemical
syntheslis,

The NAD-dependent D-aldohexose dehydrogenase has
been purified 327-fold, 1s NAD-specific, 1s not affected
by thiols, thiol inhibltors, or metal ion activators, 1is
Iinduced by growth on D=fucose and D=glucose, and oxldizes
D-fucose, D-galactose, 3,6-dideoxy-D-galactose, 2-deoxy-
D-galactose, D-glucose, 2-deoxy-D-glucose, 6-deoXy=D=
glucose, D-allose, D-altrose, and D-mannose to the cor-
responding dé-lactones,

The NAD(P)-dependent dehydrogenase has been puri-
fled 276-fold, is operative equally well with either NAD
or NADP, 18 not affected by thiols, thiol inhibitors, or
metal lon activators, 1s induced by growth on D-fucose,
D-galactose, L-arabinose, and 6-1odo-6-deoxy-D-galactose,
and oxidizes D-fucose, D-galactose, 3,6-dideoxy-D-
galactose, 2-deoxy=-D=galactose, L-arabinose, L-mannose,
and 6=-1odo-b6-deoxy-D-galactose to the corresponding y-

lactones,
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The lactonase has been purified 16-fold, hydro-
lyzes y-D=lactones, 1s not activated by thiols or metal
ions, 1s not inactivated by thlol inhibitors or EDTA, and
is induced by growth on D-fucose, L-arabinose, and 6=-iodo=-
6-deoxy-D=galactose.

D=Fuconate dehydratase has been purified 30-fold,
catalyzes the irreversible dehydration at C-2 and C-3
32;22 hydroxyl groups of its substrates, 1s specific for
D-fuconate and L-arabonate out of 20 sugar acids tested,
has an absolute requirement for a divalent cation, 1is
activated by thlols and 1s inactivated by thlol inhlbitors,
and is induced by growth on D-fucose, L-arabinose, and D-
galactose,

2-Keto=3=deoxy-D-fuconate aldolase has been puri-
fied 50-fold, catalyzes the C-3, C=4 cleavage of its sub-
strate to form pyruvate and an aldehyde, 1s specific for
2-keto-3-deoxy-D=fuconate and 2-keto-3-deoxy-L-arabonate
out of 9 deoxy sugar aclds tested, has an absolute
requirement for a divalent catlion, 1s stabilized by
thiols and 1s induced by growth on D-fucose and L-arabinose,

With the exception of the NAD-linked D-aldohexose
dehydrogenase, all the enzymes of the D-fucose pathway act
upon L-arabinose or its corresponding intermediates,
Mutants which were lacking D-fuconate dehydratase and
2-keto-3=deoxy-D-fuconate aldolase showed defective
growth on both D-fucose and L-arabinose and support the

hypothesls that the enzymes of the D-fucose pathway also
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function in the degradation of L-arabinose. 2-Keto-3-
deoxy=-L-arabonate, the product resulting from the D-
fuconate dehydratase-catalyzed dehydration of L-arabonate,
has been found to be degraded in other microorganlisms by
2-keto=3-deoxy-L-arabonate dehydratase, The latter
dehydratase could not be demonstrated in the pseudomonad
under investigation, and 1t has been concluded that a new
L-arabinose pathway has been found through which 2-keto-
3=-deoxy=-L-arabonate 1s cleaved by 2-keto-3-deoxy-D-

fuconate aldolase to yleld pyruvate and glycolaldehyde.
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INTRODUCTION

D-Pucose (6-deoxy-D-galactose) is generally con-
sidered to be a rare carbohydrate whereas the L-enantlo-
morph 18 considered to be relatively abundant and wide-
spread in nature. However, many published reports on
the natural occurrence of B-D=-fucosldes (see Literature
Survey in the appendix) indicate that the D-enantiomorph
1s more prevalent than is generally appreclated. Further,
speciflic B-D-fucosidases have been found 1in several
organisms, and a microbial membrane transport system
active on D-fucose has been thoroughly documented. How=-
ever, desplte the plethora of information concerning
D-fucose, lts blodegradative pathway has not been
described for any organism.

The purpose of thls investigation was to eluci-
date the bilodegradative pathway of D-fucose in a bacter-
ium and to characterize the participating enzymes. The
pathway was determined to be: D-fucose » D-fucono-y-
lactone + D-fucono=-§-lactone =» D-fuconate = 2-keto=3-
deoxy-D-fuconate = pyruvate + D-lactaldehyde. In addl-
tion, it was found that the enzymes instrumental in D-
fucose degradation also function in a new pathway for
L-arabilnose degradation. An abstract on aspects of this

work has been published (1).



EXPERIMENTAL PROCEDURES

Cultivation of Bacteria and Preparation of Cell

Extracts- The organism used in this study was selected
for its abllity to utilize D-fucose as a sole carbon
and energy source and was classified as a pseudomonad.
Detalls of the isolation and identification are given

in the Appendix B. The organism was grown aeroblically
in Fernbach flasks on a rotatory shaker at 32°C in a

one liter medium consisting of 1.35% NapHPO,*7Hp0, 0.15%
KHPOy,, 0.3% (NH,)pS0,, 0.02% MgSO,*7H,0, 0.0005% FeSOy,
and 3.5% carbohydrate (autoclaved separately). Step-
wise addition of the carbohydrate was necessary since

14 carbohydrate markedly reduced the growth rate. After
inoculation, 20 ml 25% w/v of the carbohydrate was intro-
duced per liter of medium; 6 additional 20 ml 25% w/v
portions were added to the flasks at six hour intervals
before harvesting. Very thick cell suspensions (absor-
bance at 600 nm, 18-22) were obtalned using thls tech-
nique. Turbldity measurements were made with a Coleman
Junior Spectrophotometer on appropriate dilutions in 18
mm test tubes., The cells were harvested 4 hours after
the final addition of the carbohydrate and approximately
40 nours after innoculation. The cells were resuspended

In glass-distilled water and recentrifuged prior to



sonic disruption.

Extracts were prepared from washed cells 1n lce-
cold 0,10 molar sodium phosphate buffer (pH 7.0) or 0.10
molar Bicine buffer (pH 7.4) by a 13 minute exposure to
10-kec sonic oscillation in a Raytheon sonic osclllator
equipped with an ice-water cooling jacket., The superna-
tant fluid resulting from a 10 minute centrifugation at
40,000 x g was used as the cell extract.

Analytical Procedures- Reducing sugars were deter-

mined by the method of Sumner and Howell (1A). Aldonic
aclds were determined after conversion to the correspond-
ing lactones by heating in 1 N HC1l for 5 minutes. Lactones
were determined as the hydroxamic acids by the method of
Hestrin (2). Descending paper chromatography was per=-
formed using Whatman #1 filter paper in the following
six solvent systems:
(1) water saturated 2-butanone
(2) n-propanol-formic acid-water (6:3:1)
(3) water saturated phenol
(4) pyridine-0.10 N HCl- n-butanol (3:2:5)
(5) n-butanol-water-95% ethanol (5:4:1)
(6) n-butanol-pyridine-water (6:4:3)

Carbohydrates were visualized by benzidine-HC1l
and perlodate (3), N,N-dimethyl-p-phenylenediamine (4)
and alkaline silver nitrate (5). Lactones were visual-
1zed by their formatlon of hydroxamic aclds, 2-Keto-3=-

deoxy aldonic aclds were visualized with the periodate-
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thiobarbituric acid reagents of Warren (6). a-Keto acids
were located by spraying with 0.1% 2,4-dinitrophenyl-
hydrazine in 2 N HC1l followed by 10% KOH (18).

Proteln was determined spectrophotometrically with
the aid of a nomgraph (courtesy of Calbiochem) based on
the data of Warburg and Christian (7). In crude extracts
or preparations high in nucleic acid content, protein
concentration was estimated by the biuret method (8),
with bovine serum albumin as the standard., Light measure-
ments were performed on a Gilford 2400 absorbance-record-
ing spectrophotometer thermostated at 25.0°C using micro-
cuvettes with a 1 cm light path or on a Gilford 300
digital spectrophotometer also with a 1 cm light path,
Spectra of the quinoxaline derivatives, the B-formyl
pyruvate-thliobarbituric acid chromogen, the malondlalde-
hyde-thlobarbituric acid chromogen, the 3-methyl-2-
benzothlazolinone hydrazone azine, and the tetraazopenta-
methine cyanine derivatives of 3-methyl-2-benzothlazolinone
hydrazone were recorded with a Cary model 15 spectrophoto-
meter.,

L-Ribulose and D-fuculose were determined by the
cysteine-carbazole method (9) with L-rhamulose as the
standard. The cystelne-carbazole reagents were added to
aliquots contalning the ketoses and were incubated at
35°C for 10 minutes, Under the above conditions, using
an 18 mm path length, 0.1 pmole of L-rhamulose in 7.4 ml
of solutlion gave an absorbance of 0.28 at 540 nm (36).
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Standard L-rhamulose was the gift of Dr. J. W. Mayo.

Pyruvate was determined with lactic acid dehydro-
genase and NADH and by the method of Frliedman and Haugen
(10) as modified by Sayre and Greenberg (11). Acetalde-
hyde was determined by the method of Barker and Summerson (263)
using perlodate removal techniques of Itagakl and Susukl
(12), Carbon dioxide from ceric sulfate decarboxylations
of a=keto aclds was measured manometrically according to
the procedure of Meister (13). Sodium borohydride reduc-
tions were carrlied out according to the method of
Ghalambor, Levine, and Heath (14). Carbonyl compounds
were determined as the tetraazopentamethine cyanine
derivatives with 3-methyl-2-benzothlazolinone hydrazone
(15). Perlodate consumption was determined by the method
of Dixon and Lipkln as modified by Suglimoto and Okazakli
(16, 269),

2-Keto-3-deoxy-D-fuconate and 2-keto-3-deoxy-D-
galactonate were determined using modifications in the
2-thlobarbituric acid (TBA) assay of Welssbach and
Hurwitz (17). The TBA assay for B-formyl pyruvate,
which 18 liberated upon perlodate oxidation of 2-keto-3-
deoxy sugar acids, 1s influenced by unknown factors (18)
and necessitated the utilization of different molar
absorptivities for the respective 2-keto-3-deoxy sugar
aclds, The molar absorptivities for KDF and 2-keto-3-
deoxy-D-galactonate were found to be 27,900 and 60,500
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respectively by determining a-keto acid content in the
semicarbazide assay (19) and by determining the amount
of CO, released upon ceric sulfate decarboxylation.
Microdetermination of a-keto aclids was also carried out
on the azines of the 3-methyl-2-benzothiazolinone hydra-
zones (20).

Thin-layer chromatography was performed in the
following three solvent systems:
(1) pyridine-0,10 N BCl-n-butanol (3:2:5)
(11) n-butanol-ethanol-0.5 N NH4O0H (70:10:20)
(111) benzene-tetrahydrofuran-glacial acetic acid (57:35:8)

Reagents- D-Fucose was synthesized by modificatlions
of the method of Freundenberg et al. (21) and Schmid et
g;. (22), Details for the preparation of this compound
are given below, 6-Iodo-6-deoxy-D-galactose was prepared
by modifications of the method of Raymond and Schroeder
(23), Potassium salts of D-galactonic, L-arabonic,
D-arabonic, D-xylonic, and D-lyxonic aclds were prepared
by the method of Moore and Link (24). Potassium salts
of D= and L-fuconic and 6-1odo-6-deoxy-D-galactonic
aclds were prepared by hypoliodide oxidation of the cor-
responding aldoses. Potassium 3-deoxy-D-Xylo-hexonate
was prepared by KOH hydrolysis of D-galacto-a-metasac-
charinic acld lactone synthesized by the method of Evans
et al. (25). D-Glucarate and D-galactarate were obtalned
from Sigma and were crystallized as the dicyclohex-

ammonium salts according to the procedure of Fish and
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Blumenthal (26). Potassium salts of D-mannonic, L=
rhamnonic and cellobionic acids were prepared by hypolo-
dide oxidation but were not crystallized. D-Ribonate and
D-gluconate were prepared by alkaline hydrolysis (pH 8.5)
of the corresponding y- and é-lactones, the gifts of Dr.
We A, Wood, L-Galactonate and L-gluconate were prepared
by the alkaline hydrolysls of the corresponding y- and
6-lactones, the gifts of Dr. J. W. Mayo. The free aclds
were generated by treatment with AG50W-X8-Ht, 50-100
mesh, and lyophllization. Pyridine nucleotides were
obtained from P-L Biochemicals, Protamine sulfate and
2-amino-2-(hydroxymethyl)-1,3-propanediol-HC1l buffer
(Tris-HC1l) were obtalned from Sigma Chemical Co.
D-Galactono-y-lactone and standard D-fucose were obtalned
from General Biochemicals. L1A1lH), was obtained from K
and K Laboratories and was finely powdered under an
anhydrous atmosphere before use., Thin-layer chromatog-
raphy plates were Silica Gel Fpgy (Brinkman)., N-2-
Hydroxyethylpiperazine-N-2!'-ethanesulfonic acid buffer
(Hepes), N,N-bis(2-hydroxyethyl)glycine buffer (Bicine),
N-tris(hydroxymethyl)methyl glycine buffer (Tricine),
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid
buffer (TES), DL-threonine and L-threonine were obtailned
from Calblochem. Ethyl methanesulfonate and 2-thio-
barbituric acid were obtained from Eastman; the latter
compound was recrystalllized by the procedure of

Waravdekar and Sasalaw (27), 3-Methyl-2-benzothiazolinone
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hydrazone-HC1l was obtained from Aldrich Chemlcals and
was used without further purification.

Barium salts of 2-keto=-3-deoxy=-b6-phospho-D-
galactonate and 2-keto=3-deoxy-6-phospho-D-gluconate
were the gifts of Dr, W. A, Wood, The barium salts
were converted to the sodium form by treatment with
AG50W-X8-Na+, and portlions were dephosphorylated with
intestinal alkaline phosphatase (obtained from General
Biochemicals). The phosphatase reaction mixture con-
sisted of 2 umoles of phosphate ester, 1 pumole MgCly,
and 5 mg alkaline phosphatase in a volume of 5 ml. The
reaction was followed titrimetrically with a Sargent
recording pH stat at pH 8.3. The reaction was carried
out at 28°C until proton release had ceased; the reac-
tion mixture was then neutralized with a cation exchange
resin and filltered.

Myo-lnositol and dulcltol were the gifts of Dr,
We W, Wells, Glucose-free 2-deoxy-D-glucose, glucose-
free D-mannose, galactose-free 2-deoxy-D-galactose, D-
altrose, D-allose, adonitol, and xylitol were the gifts
of Dr, W, A, Wood. L-Mannose, L-glucose, L-galactose,
and L-fructose were the gifts of Dr. J. W, Mayo.

2-Keto-4-hydroxy glutarate was the gift of Dr.
Eugene Dekker (University of Michigan). 2-Acetamido-
2-deoxy-D-allose and 2-acetamido-2-deoxy-D-altrose were
provided by Dr. M, B. Perry (National Research Council
of Canada, Ottawa), 3,6-Dldeoxy-D-galactose was the
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gift of Dr, Otto Luderitz (Max Planck Institute, Frei-
burg). N-Acetylneuraminic acid was provided by Dr., W.
Jourdian (University of Michigan). 6-~Deoxy-D-allose
and 6-deoxy-D-glucose were the generous gifts of Dr., T.
Reichstein (University of Basel, Basel, Switzerland).

Phosphate buffers were prepared from the sodium
salts, and all melting points are uncorrected.

Assay for Aldose-Ketose Isomerization- Isomerase
activity was measured colorimetrically by the cysteine-
carbazole method. The reaction mixture consisted of 20
nmoles of the aldose, 2 umoles MgCl,, 5 umoles phosphate
buffer (pH 7.0), and 1-5 mg of the cell extract. The
mixture was incubated at 30°C and aliquots were with-
drawn at time intervals and assayed for ketose,

Assay for Kinase Activity- Kinase activity was

determined spectrophotometrically at 340 nm and 25,0°C,
The reaction mixture contained 10 umoles of the aldose,
0.5 umole ATP (pH 7.2), 1 pmole MgCl,, 0.5 umole phos-
phoenolpyruvate (pH 7.2), 0.07 umole NADH, 5 umoles
glycylglycine buffer (pH 7.2), 13 ug lactate dehydro-
genase=-pyruvate kinase, and 0,05-0,1 mg of cell extract
in a total volume of 0.15 ml, A control to correct for
NADH oxldase and ATPase contained all the reaction com-
ponents except the aldose,

Assax for Aldose Reductase Activity- Activity was

measured spectrophotometrically at 340 nm by following
the oxidation of NADH or NADPH. The assays consisted of
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0,07 umole NAD(P)H, 5 umoles of glycylglycine buffer
(pH 7.2), and 10 umoles of the aldose in a volume of
0.15 ml, A control to correct for NADH oxidase con-
tained all the reaction components except the aldose,

NAD(P)-Dependent Dehydrogenase Assay- Activity

was measured spectrophotometrically at 340 nm and 25.0°C,
The reaction mixture (0.15 ml) consisted of 2.5 umoles
D-galactose, 0.3 umoles NADPY, 15 umoles Tris-HC1l buf-
fer (pH 8.1), and a limiting amount of the enzyme. The
assay was linear with respect to time and enzyme con-
centration, All carbohydrate solutions used in the
analysis of the NAD(P)-dependent and the NAD-dependent
dehydrogenases were allowed to approach mutarotational
equilibrium by incubation at room temperature for
periods not less than two hours; this was done to mini-
mize the possible effects resulting from the preferential
enzymatic oxidation of one anomer at a rate greater than
the rate of anomerization., A unit of NAD(P)-dependent
dehydrogenase was deflned as the amount of enzyme which
catalyzed the reduction of 1 pumole of NADP* per hour,
NAD-Dependent Dehydrogenase Assay- Activity was
measured spectrophotometrically at 340 nm and 25.0°C.
The reaction mixture (0.15 ml) consisted of 2,5 umoles
D-glucose; 0.3 umole NAD*, 15 umoles Tris-HC1l buffer
(pH 8.1), and a limiting amount of the NAD-dependent

dehydrogenase. The assay was linear with respect to
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enzyme concentration and time., A control to correct for
NADH oxidase was necessary in the early steps of purifi-
cation and contalned all the components except D-glucose,
NADH oxidase could be completely eliminated by preparing
sonic extracts in a solutlion consisting of 0,10 molar
Bicine and 0,147 mM 2-thioethanol (pH 7.4). A unit of
NAD-dependent dehydrogenase activity was defined as the
amount of enzyme which catalyzed the reduction of 1 umole
of NAD* per hour,

Lactonase Assay- Enzyme actlvity was measured
spectrophotometrically at 540 nm using the hydroxamic
acid procedure of Hestrin (2). The standard curve was
prepared using D-galactono-y-lactone. The assay con-
sisted of 10 umoles D-galactono-y-lactone, 40 umoles
Tris-HC1 buffer (pH 7.5), and a limiting amount of the
lactonase in a total volume of 0.15 ml. The reaction
mixture was incubated at 30°C before quenching with 1,0
ml of the alkaline hydroxylamine reagent, The assay was
linear with respect to enzyme concentration and time,

A control to correct for the non-enzymatic hydrolysis

of lactones was necessary and contained all the compo-
nents except the lactonase., All lactone solutions were
freshly prepared before each assay. A unit of lactonase
activity was defined as the amount of enzyme which
catalyzed the hydrolysis of 1 umole of D-galactono-y=-

lactone per hour., All lactonase preparations were free
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of contaminating NAD-dependent dehydrogenase, NAD(P)-
dependent dehydrogenase, D-galactonate dehydratase, and
D-fuconate dehydratase.
Dehydratase Assay- Two assays were used routlnely

for the detection of deoxy hexulosonic acids. The TBA
assay was restricted to qualitative detection of KDF,
2-xeto=3-deoxy-D-galactonate, and 2-keto-3-deoxy-L-
arabonate, All enzyme-catalyzed dehydration reactions
were assayed for a-keto aclds by the semicarbazlde
method., The assay consisted of 20 umoles Bicine buffer
(pH 7.4), 0.147 umole 2-thiocethanol, 5 umoles D-fuconic
of L-arabonic acid (pH 7.4), 5 umoles MgClp, and a limit-
ing amount of the enzyme in a total volume of 0,15 ml.
The reaction mixture was incubated at 30°C for 30 minutes
and was quenched by the addition of 1.0 ml of the semi-
carbazide reagent. The mixture was incubated at 30°C for
15 minutes and diluted to 5.0 ml with water; the absor-
bance was determined at 250 nm in a 1 cm quartz cuvette
against a diluted reagent blank., Controls for contribu-
tions to absorbance by protein, buffer, thiol, and carbo-
hydrate were necessary. Under the above conditions, 0.5
pmole of the a-keto acld gave an absorbance of 1.02, The
assay was linear with respect to enzyme concentration and
time., A unit of dehydratase activity was defined as the
amount of enzZyme which catalyzed the formation of 1 umole
of a=keto acid per hour. D-Galactonate dehydratase was

also assayed with the above procedure with the exception
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that the 2-thioethanol was omitted.

2-Keto-3-deoxy-D-fuconate Aldolase Endpoint Assay-

Endpoint assays were used for the determination of the
amount of pyruvate liberated upon enzymatic cleavage of
2-keto=3=deoxy-D-fuconate (KDF). Enzyme activity was
measured spectrophotometrically at 340 nm and 25.0°C,

The reaction mixture (0.15 ml) consisted of 13 ug lactic
acld dehydrogenase, 0.07 umole NADH, 1 umole MgCl,, 0.143
umole 2-thioethanol, 15 umoles Hepes buffer (pH 7.4),
0.02-0,04 umole KDF, and a limlting amount of the aldolase.
Levels of NADH oxidase and endogenous pyruvate were also
determined and appropriate corrections made.

2-Keto-3-deoxy-D-fuconate Aldolase Standard Assay-

Pyruvate liberated upon cleavage of KDF or KDA was mea-
sured in a coupled-assay using lactic acid dehydrogenase
and NADH, Enzyme activity was measured spectrophotomet-
rically at 340 nm and 25.0°C, The reaction mixture
(0.15 m1l) consisted of 13 ug lactic acld dehydrogenase,
0,07 umole NADH, 1 umole MnCl,, 0.147 umole 2-thioethanol,
15 umoles Hepes buffer (pH 7.8), 5 umoles KDF or KDA, and
a limiting amount of the enzyme. The assay was linear
with respect to enzyme concentration and time. Controls
to correct for NADH oxlidase and possible endogenous pyru-
vate were run,

Preparation of D-Eucose- Anhydrous zinc chloride
(360 g) was added to a 6-liter Erlenmeyer flask equipped
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with a polyethylene mixing blade and a mechanlcal stirrer.
Acetone (3.75 liters) was rapldly added and the suspension
stirred until the zinc chloride was dissolved, Concen-
trated sulfuric acid (12,0 ml) was added dropwise from a
pipet, such that no acid would touch the inside of the
neck, a;D-Galactose (200 g), doubly recrystallized
according to the procedure of Wolfrom and Thompson (23)
and chromatographlcally homogeneous on Whatman #1 paper
in solvent systems 3, 4, and 5, was quickly added and the
suspension stirred for 6 hours. A suspension of anhydrous
sodium carbonate (600 g) in water (1.05 liters) was added
slowly over a period of 30 minutes, The zinc carbonate
suspension was collected by suction filtration and was
washed several times by resuspending in acetone and
refilltering. The filltrates were combined and reduced in
volume to a syrup under reduced pressure., The acetal was
extracted with three 400-ml portions of diethyl ether
which were combined, dried over anhydrous sodium sulfate,
and reduced in volume under vacuum to a syrup (bath tem-
perature 30°C). The acetal was freed from condensation
products of acetone by heating at 100°C and 0,05 mm Hg
for 1 hour; yleld 271.3 g (93.5%) of a crude, undistilled
syrup, 1,2-3,4-d1-0-isopropylidene-a-D-galactopyranose.

Di-0O=-1sopropylidene-D-galactose (270 g) was stirred
into anhydrous pyridine (520 ml) in a 1-liter, 3-necked
flask fitted with a mechanical stirrer and a drying tube.



p-Toluenesulfonyl chloride (285 g), recrystallized from
petroleum ether:ligroin (10:3), was added and the reac-
tion stirred for 5.5 hours during which time the tempera-
ture was mailntained below 60°C, Pyridine-HC1l was immedi-
ately filtered out, following completion of the reaction,
and was washed with pyridine and diethyl ether., Water

(10 ml1) was added to the filtrate to destroy excess tosyl
chloride and the mixture was concentrated under reduced
pressure (bath 25°C) to approximately 250 ml. The solu-
tion was immedliately poured into cold water (2.5 liters,
15°C) while being stirred moderately fast by a mechanical
stirrer, After 10 minutes a precipltate developed which
solidifled upon further standing. The so0lid residue was
broken up manually into chunks, filtered, and washed with
water. The product was suspended in distilled water by
mixing in a large Waring blender at maximum speed for a
period of 5 minutes after which time it was again filtered
and washed; this procedure was repeated until both pyri-
dine and colored impurities were removed. The product was
dried over anhydrous calcium sulfate before dissolving in
anhydrous methyl alcohol (1 liter) and treating with Norit
(20 g). Norit treatment was repeated until the solution
was free of all coloration. The filtrate (1400 ml) was
left for approximately 12 hours at 4°C; crystallization
began within 20 minutes. The product was collected by
suction filtration, washed with cold water (1.5 liter)
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and dried in a vacuum desiccator over anhydrous calcium
sulfate, The product, 1,2-3,4-d1-0-1sopropylidene-6-p-
toluenesulfonyl-a-D-galactopyranose, was ob£ained in a yield of
88.,2% (280 g); mp. 101-02°C; reported, 102-03°C (22).

The tosyl product (64.3 g) was dissolved in
anhydrous benzene (100 ml1) followed by distillation to a
final volume of 70 ml, A suspenslion of anhydrous diethyl
ether (140 ml) and 6.2 g lithium aluminum hydride were
added through a dropping funnel, and the solution was
stirred magnetically for 30 hours while refluxing under
anhydrous conditlions, After 12 hours of the 30 hour
perlod had passed, additional lithium aluminum hydride
(3.0 g) was added, Following completion of the reaction,
the suspension was allowed to settle, and the supernatant
was qulckly decanted into a flask containing ethyl ace-
tate (10 ml) to destroy excess hydride. Anhydrous diethyl
ether was added to the reflux flask, the suspension was
allowed to settle, and the solutlon was quickly decanted
as above, This extraction procedure was repeated three
times, The ether extracts were combined and extracted
with 10f sodium chloride (2.5 1liters) until all the
aluminum hydroxide was removed. Following filtration
through Hyflo Super-Cel, the sodium chloride-aluminum
hydroxide solution was back-extracted with diethyl ether
(two=350 ml portions)., The ether extracts were combined

and concentrated under vacuum to a syrup (50 ml) which
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was distilled under vacuum {0.45 mm Hg); the 81-83°C
fraction was collected., Extreme care had to be taken
not to exceed 85°C at thls pressure or else an unknown,
highly exothermic reaction occurred. 1,2-3,4-Di-O-1s0-
propylldene-a-D-fucopyranose distilled as a colorless
oil which solidified after standing to form a solid
melt; the yleld was 23.0 g (58%); melting point 36-37°C,
reported 36-37°C (22),

Di-O-isopropylidene-a-D-fucopyranose (23,0 g) was
refluxed for 3 hours in 350 ml 1% sulfuric acid. The
clear solution was neutralized while hot with a warm
barium carbonate suspension. Following filtration of
the mixed barium salts, the neutral solutlon was decolor-
1zed with Norit and was concentrated under vacuum. The
resulting syrup was dehydrated by three treatments with
absolute ethanol and was crystallized from 95% ethanol;
yleld 12,2 g (78%), overall yield 36.2%; m.p. 140-45°C,
reported 140-45°C (21), No depression of the melting
point was observed upon addition of authentic D-fucose,
The product co-chromatographed with standard D-fucose in
solvent systems 3, 4, and 5. The melting point of the
phenylhydrazone was 171-72°C; reported 172°C (29, 30).
Further evidence 1s supplied below where synthetic D-
fucose 1s converted into four known derlvatifes of the
free aclid, D-fuconic acid. A summary of the reactions

for the synthesis of D-fucose is presented in Figure 1,
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Figure 1, Beactions in the synthesis of D-fucose
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Preparation of Potassium D-Fuconate- Anhydrous

D-fucose (2.0 g) was dissolved in 4 ml of distilled water
and was added to 25 ml of absolute methanol. Resublimed
lodine (6.3 g) was dissolved in absolute methanol (70 ml)
in a 500 ml, 3-necked flask fitted with a mechanical
stirrer, a drying tube, and a dropping funnel. The tem-
perature was maintained at 40°C throughout the course of
the reaction with an electronic thermoregulator. The
methanolic D-fucose solution was quickly added to the
methanolic 1odine solution prior to the dropwise addi-
tion of methanolic KOH (115 ml, 4%). The resultant
straw-yellow solution was set aside at room temperature
and allowed to crystallize; it was complete within 24
hours. The product crystallizes as the monohydrate (31)
in long, fine needles, m.p. 166-67°C. The product was
recrystallized from methanol-water (97:3), m.p. 169-70°C,
which remained unchanged upon further crystallization.,
The product was chromatographically homogeneous in solvent
systems 1, 2, 3, and 5. D-Fucono-y-lactone was prepared
by treatment of the potassium salt with Dowex-50W-H+,
lyophilization, and crystallization from diethyl ether-
ethanol (10:1); m.p. 104-05°C, reported 104-06°C (32).
The amlde was prepared through the lactone; m.p. 175-76°C,
reported 180°C (33); further recrystallization did not
affect the melting point of the amide. The benzimidazole

derivative was prepared by the method of Moore and Link
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(24); mep. 252=53°C, reported 248-49°C (34),

Selection of Mutant Strains- An overnight culture

of the pseudomonad in D-glucose-mineral medium was har-
vested by centrifugation in sterile tubes, and the result-
ing pellet was suspended in 7 ml mineral medium containing
1.4 mmole of ethyl methanesulfonate (35)., After incuba-
tion for 3.5 hours at room temperature, 0.02 ml of the
suspenslion was lnoculated into 7 ml D-glucose-medium and
incubated for 24 hours at 32°C. The cell mass increased
in absorbancy at 600 nm from 0.050 to 0.60 (1.8 cm light
path), as measured with a Coleman Junior Spectrophotometer.
The cells were plated on D-glucose-mineral-agar after
dilution by a factor of 110,000:1 (250 cells per plate).
The resulting colonles were replicated on L-arablnose-
mineral-agar and D-glucose-mineral-agar sequentially.
Mutant straln 5-1-10-1 was selected as a strain
which grew well on D-glucose but falled to grow on
L-arablnose., Further characterization indicated that the
mutant possessed the following phenotype: D-fucose~,
L-arabinose™, D-glucoset, D-galactoset, D-xylose*,
D-mannose~, D-fructose™, lactose™ which was identical to
the parental strain with the exception that the mutant
was negative on L-arabinose and D-fucose. A revertant
was obtalned by incubation of mutant strain 5-1-10-1 with
0.5% D-fucose-mineral medium for 48 hours at 32°C., The
revertant possessed the same phenotype as the parental

strain.
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Mutant strain 73-1-2 was selected as a strain
which grew on L-arabinose and D-fucose at about 40% the
wlld-type rate but grew normally on D-glucose and D-
galactose, This strailn was identical to the parental

strailn in other respects.



RESULTS

A. INVESTIGATIONS OF VARIOUS POSSIBLE ENZYMATIC REACTIONS
INVOLVING D-FUCOSE

The initlial step in the metabolic pathway of an w-
deoxy aldose can potentlially involve any of several enzy-
matic reactions., These include aldose-ketose 1lsomeriza-
tion, epimerization, phosphorylation at C-1, reduction at
C-1, or oxldation. The results of a systematic investiga-
tion of these possible reactions are given below,

Isomerization or Epimerization- Using crude extracts

of D-fucose-grown cells, attempts were made to chromato-
graphically demonstrate either the epimerization of D-
fucose to another deoxyaldose or the isomerizatlion of
D=fucose to D-fuculose, Using the procedure outlined in
Table I, it was found that D-fucose was not modified to
a detectable extent (< 0.03 umole per hour per mg protein).
D-Fucose was not 1somerized to a ketose which would have
yielded an orcinol positive spot nor was it epimerized to
a deoxyaldose which exhibited partition coefficlients
differing from those of D-fucose in the two solvent sys-
tems employed. 6-Deoxy-D-gulose, 6-deoxy-D-talose, 6-
deoxy-D-glucose, and 6-deoxy-L-idose, the possible epi-
merization products of D-fucose, were not available for

use as standards, so 1t is not definitely known that their

22
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Chromatographic analysis for epimerization or
isomerization of D-fucose, Cell-free extracts

of D=fucose-grown cells were prepared as des-
cribed in Experimental Procedures., The reaction
mixture consisted of 150 pmoles D-fucose, 10
umoles MgCl,, 10 umoles sodium phosphate buffer
(pH 7.0), and cell extract (15 mg of protein) in
a volume of 1.0 ml., The mixture was incubated
at 30°C, and 50 pul aliquots were withdrawn after
4 hours. The aliquots were delonized with Dowex-
50W=H*+, and the eluate was spotted on Whatman #1
raper., The chromatograms were developed in
solvent systems 3 and 6 and were visualized with
alkaline silver nitrate for reducing compounds
and wlth an orcinol spray for ketoses. A control
consisted of a 1ldentical reaction mixture with
the exceptions that L-arabinose-grown Aerobacter
aerogenes (known to possess L-arabinose 1somerase)
was used as the enzyme source, and L-arabinose
was used as the substrate.

Re Values
Substrate Enzyme Source System #3 System #6
D-Fucose * .62 7
L-Arabinose * .54 40
D-Fucose P seudomonad .62 ol
L-Arabinose A. aerogenes 54, J66** 40, .50**

* No enzyme added

**0rcinol

positive spot
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chromatographic separation from D-fucose would have been
achieved; however, the probability that D-fucose and 1its
possible isomerization product possessed the same parti-
tion coefficients in the two solvent systems is very
small, since other hexoses have Ry values ranging from
.36 to .72 in solvent system 3 and from .37 to .55 in
solvent system 6.

Aerobacter aerogenes 1s known to possess an
inducible L-arabinose lsomerase which converts L-arablnose
to L-ribulose (37). In the chromatographic analysis a
control experiment was run in which an identical reaction
mixture was prepared with the exceptions that L-arabinose-
grown<Aerobacter aerogenes was used as the enzyme source
and L-arabinose was used as the substrate, The cell
extract effected the partlal conversion of L-arabinose
to a compound which exhibited the same chromatographic
characteristics as ribulose and was orcinol positive

(Table I)., Thus, L-arabinose isomerase in Aerobacter

aerogenes was detected using the same conditions employed
for the investigation of possible D-fucose lsomerization
in extracts of the pseudomonad; this control provides an
indication of the reliability of the techniques used in
the detectlon of possible D-fucose lsomerization.

A colorimetric assay was also used for the detec-
tion of possible isomerization of D-fucose to D=-fuculose
in extracts of the pseudomonad., The basic reaction mix-

ture used in the colorimetric assay was identical to that
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described in Table I. No ketose formation was detected
(<0,004 umole per hour per mg) eilther in the basic reac-
tion mixture or in reaction mixtures supplemented with 2
mM CoClp, 10 mM ATP, 10 mM NADY, or 20 mM EDTA. The
results of the chromatographic and colorimetric analyses
indicated that cell-free extracts of D-fucose-grown cells
did not 1somerize D-fucose to D-fuculose,

Phosphorylation- The possible phosphorylation of

D-fucose with ATP by extracts of D-fucose-grown cells was
investigated using the assay described in Experimental
Procedures, No ATP-dependent phosphorylation (<0.001
umole per hour per mg) could be detected (Table II).
Beduction- The poésible reduction of D-fucose by
extracts of D-fucose-grown cells was investigated using
the spectrophotometric assay described in Experimental
Procedures, No D-fucose reductase activity (< 0,002 umoles
per hour per mg) could be detected (Table III).
Dehydrogenation- In attempts to detect an initlal

phosphorylation reaction for D-fucose, it was observed
that if NAD* were added to the complete assay in the
presence of D-fucose and cell extract, the endogenous
rate due to NADH oxildase drastically decreased, thereby
suggesting some reduction of NADY was occurring. Further
investigation showed that a dehydrogenase was present
which could oxidize D-fucose, as well as a number of
other carbohydrates, to aldonolactones (Table IV). It

was also shown that NADPY could serve equally well in the
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Table II., Phosphorylation of D-fucose. The standard assay
was employed. The pH of all added components was

Experiment Rate of NADH Oxidation
(umoles per hour per mg protein)

Complete* 0.116
Complete minus D-fucose 0.116
Cogglete plus 1 umole Mn2*,

Co“*, or EDTA 0.115

NADH oxidase
(cell extract plus NADH) 0,051

Endogenous ADP
(PEP-coupling system plus cell

extract) 0.000
Complete plus 0.1 umole ADP >0.6

Complete minus cell extract 0.000
Complete plus 0.1 umole NADY 0.012

*See Experimental Procedures
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Table III, Spectrophotometric assay for D-fucose reduc-
tase activity., The standard assay was employed
in which both NADH and NADPH were tested as
electron donors. Cell-free extracts of D-fucose-
grown cells were used as the source of the
enzyme,

— — — —— —  —  — —— — ——  ———  — _ ——

Experiment Specific Activity
(umoles/hr/mg protein)

Complete*, using NADH 0.185
Complete, using NADPH 0.000
NADH oxidase (complete minus D-fucose) 0.183

Complete + 1 umole MgCl,, EDTA, or
2-thioethanol 0.185

*See Experimental Procedures,
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NAD-dependent dehydrogenase activity. Dehydro-
genase actlivity was measured spectrophotometrically
at 340 nm and 25.0°C. The reaction mixture con-
sisted of 5 umoles sodium phosphate buffer (pH 7.0),
0.1 umole NADt*, 10 umoles aldose, and a limiting
amount of the dehydrogenase in a total volume of
0.15 ml., Crude extract of D-fucose grown cells
was used as the source of the enzyme. The control
to correct for NADH oxldase contalned all the

above components with the exceptions that the
aldose was eliminated and NADH was substituted for
NAD*. Those carbohydrates which were negative
(<0.002 umoles per hour per mg protein) were:
L-galactose, D-xylose, L-fucose, D-lyxose, and
D-arabinose.

Carbohydrate Specific Activity

(umoles/hr/mg protein)

D-Gaiactose

D-Fucose

L-Arabinose
D=Glucose

D=Mannose

2.1
1.8
0.8
0.5
0.3

6-Iodo-6-deoxy~-D-galactose 1.2

D-Galactose (NADP' substituted for NAD*) 1.9
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role as an electron acceptor in the oxidation of galac-
tose and D=fucose., Crude purification involving ammonium
sulfate fractionations and Sephadex G-200 chromatography
resulted in NAD-dependent D-fucose dehydrogenase activity
devold of NAD-dependent D-glucose and D-mannose dehydro-
genase activities. In addition, re-examination of crude
extracts indicated that NADP* could not serve as an elec-
tron acceptor for D-mannose or D-glucose oxldation. These
data suggested a minimum of two pyridine nucleotide-
linked dehydrogenases. Further examination and purifica-
tlion described below revealed that there are only two
dehydrogenases in D-glucose-, D-galactose-, L-arabinose-,
and D-fucose-grown cells; they are, a NAD-dependent
dehydrogenase and a NAD(P)-dependent dehydrogenase,

Using the NAD(P)-dependent dehydrogenase, a direct
correlation was obtalned between the amount of D-fucose
oxidized, the amount of lactone formed, and the amount of
NADH produced in the oxidation (Table V)., Some hydrolysis
of the lactone had occurred as evidenced by the higher
lactone concentration after lactonization. Since all the
D-fucose oxidized can be accounted for as lactone and
since the previous experiments conceming alternative
metabollic reactlons for D-fucose were negative, it was
concluded that D-fucose degradation by any other means
in this microbe except by an initlal oxidatlion was improb-
able,
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Correlation between D-fucose oxidation, NADH pro-
duction, and lactone formation. The reaction mix-
ture consisted of 50.0 umoles pyruvic acid (pH
7.0), 25,0 umoles D-fucose, 50 ug lactic acid
dehydrogenase-pyruvate kinase, 1 umole NAD*. 50
Hmoles sodium cacodylate buffer (pH 7.0), and

12,5 mg cell extract of D-fucose-grown cells in a
total volume of 1.00 ml. The reaction was incu-
bated at 25°C and the pyruvate concentration
monitored by the method of Friedman and Haugen.
The pyruvate concentration became constant after
one hour, and the lactone and fucose concentra-
tions were then determined. An aliquot was lac-
tonized to convert any free aldonic acids to the
corresponding lactone. The cell extract contailned
no NAD-dependent dehydrogenase activity (<0,0002
umoles per hour per mg of protein), as determined
with glucose and NAD+,

_—_—— —  —  —————

Component Initial umoles Final umoles Change
D-Fucose 25,0% 0.00 25,0

Pyruvic Acid 50.,0% 25.4 24,6

Lactone 00.0 20,8 20.8

Lactone

(after lactonizing) 00.0 24,1 24,1

*Zero time alliquots were assayed.



B. CHARACTERIZATION OF THE NAD(P)-DEPENDENT DEHYDROGENASE
1, Purification

Cell extracts of D-galactose-grown cells were pre-
pared as described in Experimental Procedures. Except
where indicated otherwise, the fractionation procedures
were carried out at 0-4°C., A summary of the purification
is given in Table VI.

Protamine Sulfate Fractionation- The protein con-

centration of the cell extract was adjusted to 15 mg per
ml by dilution with 0.10 molar sodium phosphate buffer
(pE 7.0). Ammonium sulfate (13.7 g) was dissolved in 525
ml cell extract to a final concentration of 0.20 molar,
and then 105 ml of a 2% protamine sulfate solution in
0.10 molar sodium phosphate buffer (pH 7.0) was added
Wwith stirring to a final concentration of 0.33%. After
30 minutes the suspension was centrifuged at 40,000 x g
for 10 minutes, and the resulting precipitate was dis-
carded.

Heat Step- The NAD-dependent dehydrogenase 1s heat
lablle with a half-1ife of 42 seconds at 55°C whereas the
NAD(P)-dependent enzyme is somewhat more stable. Thus,
the contaminating NAD-dependent dehydrogenase activity
could be removed by a carefully controlled heating proce-
dure, The 40,000 x g supernatant (630 ml) resulting from

the protamine sulfate step was immersed in a 60°C bath

31
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Table VI. Purification of the NAD(P)-dependent dehydrogen-

ase,
Fractlon Units Specific Fold 280/260
Activity Ratio

Cell extract 101,000 11.8 1.0 0.620
Protamine sulfate 99,500 12,7 1.1 0.895
Heat step 82,500 23.4 1.89 0,960
Ammonium sulfate 55,500 69.5 5.90 1.22
Sephadex G=200 30,100 540, hs,7 1.31
Calcium phosphate gel 14,500% 3340, 276, 1.49

*Only a portion of the pooled Sephadex G-200 fractlons was

purified by calcium phosphate gel.

This value has been

corrected for the total volume of the pooled Sephadex frac-

tions.
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and stirred gently until the temperature reached 55°¢
(in about 20 minutes). The protein solution was heated
for an additional 2 minutes at 55°C, cooled in an 1ice-
water bath, and centrifuged at 40,000 x g. The conse=-
quent preclplitate was discarded.

Ammonium Sulfate Fractionation- The 40,000 x g

supernatant (620 ml) was brought to 40% of saturation by
the addition of 122 g of ammonium sulfate and the result-
ing preciplitate was centrifuged down and discarded. The
supernatant was then brought to 60% of saturation with
81.3 g of ammonium sulfate and centrifuged, and the
resulting precipitatewas collected by centrifugation and
dissolved in 70 ml 0.10 molar sodium phosphate buffer
(pH 7.0). The protein concentration at this stage was
28 mg per ml.

Sephadex G-200 Chromatography- The above 40-60%

fraction was placed on a column (6 x 60 cm) of Sephadex
G-200 equilibrated with 0.01 molar sodium phosphate buf-
fer (pH 7.0). The enzyme was eluted with the same buffer.
Fractions (15 ml) were collected, and those which contained
the most activity were pooled (90 ml total),

Calcium Phosphate Gel- The pooled Sephadex G-200
fractions containing the NAD(P)-dependent dehydrogenase
activity were adjusted to pH 6.5 with 0.05 molar HC1l and
dilalyzed for 24 hours against 0.01 molar sodium cacodylate
buffer (pH 6.5). A portion of the dialyzed protein (5.0
ml) was then treated with 20% v/v of calcium phosphate
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gel prepared according to the method of Wood (49). The
gel suspension was centrifuged for one minute 1in a
clinical centrifuge and then successively eluted with 1
ml each of 0.01, 0.02, 0.03, 0,04, and 0.05 molar sodium
phosphate buffer (pH 7.0). Approximately 50% of the
activity eluted in the 0.01-0.02 molar range whereas
100% of the activity was recoverable in the 0.01-0.05

molar range,
2, Properties

pH Optimum- NAD(P)-dependent dehydrogenase activ-
ity as a function of pH was maximal at pH 9.4 in Tris-HC1l
and glycine buffers (Figure 2), However, maintenance of
the dehydrogenase at pH 9.4 in an ice-water bath in the
presence of 0,10 molar Tris-HCl buffer resulted in an
irreversible loss of 10% of the starting activity within
12 minutes. In addition, at pH values »9, reaction rates
were not linear beyond 10 minutes and were observed to
decrease exponentially. Further, the K, values for L-
arabinose, D-fucose, and D-galactose at pH 9.4 were
found to be 5-14 fold higher than at pH 8.1 (see below).
For these reasons, the standard assay employed a buffer
at pH 8.1 rather than at the pH optimum.

Substrate Specificity- A large number of carbo-

hydrates were examined as possible substrates for the

enzyme, The carbohydrates which were found to be oxidized
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Figure 2, pH Optimum of the NAD(P)-dependent
dehydrogenase, The standard assay was employed
except that the pH and the buffer composition were
varied with the dehydrogenase concentration con-
stant. The calclum phosphate fraction with the
highest Spe¢1flc activity was used. Each buffer
was 0.10 molar., The pH measurements were deter-
mined on duplicate reaction mixtures. The pH of
the reaction mixture did not vary during the 10

minute reaction period.
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by the enzyme were D-fucose, D-abequose (3,6-dideoxy-D-

galactose), D-galactose, 2-deoxy-D-galactose, L-arabinose,
6-10do-6-deoxy-D-galactose, and L-mannose (Table VII).

The carbohydrates which did not serve as substrates also
did not reduce the rate of oxidation of 33.3 mM D-galac-
tose when added at equimolar concentrations,

Lineweaver-Burk plots for D-galactose, D-fucose,
and L-arabinose are presented in Figures 3, 4, and 5.

The reactions were performed at two pH values: (1) the
standard assay (pH 8.1); (11) the pH optimum (pH 9.4).

A tabulation of the K; and V_ .y values derived from the
plots in Figures 3-5 i1s presented in Table VIII, All
rates with mixed substrates were non-additive (Table IX),
suggesting that the activity in the Sephadex G-200 frac-
tion represented one enzyme.

Nucleotide Specificity- NAD and NADP served
equally well as cofactors for the dehydrogenase reaction
at pH 8.1. From the Lineweaver-Burk plots shown in
Figures 6 and 7, the Kp values for NAD* and NADP' were
found to be 14,8 uM and 67.6 uM respectively.

Reversal of the Dehydrogenation- The product of

D-fucose oxidation by this enzyme has been identified as
D-fucono-y-lactone (see Product Identification, this
section). The dehydrogenation reaction for similar
enzymes has been found by other investigators to be
reversible when using a high concentration of the respec-

tive lactone and a low pH (38-45). The reversibility of
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Table VII. Substrate specificity of the NAD(P)-dependent
dehydrogenase, The standard assay was employed
with the exception that the carbohydrate concen-
tration was 33.3 nmM.

'

——

Carbohydrate Relative Rate %
2-Deoxy-D-galactose 142
D-Galactose 110
D-Fucose 100
L-Arabinose b7
3,6-Dideoxy-D-galactose (abequose) L2
6-Iodo-6-deoxy-D-galactose 37
L-Mannose#* 34

Carbohydrates which were not active as substrates
(1.e., less than 1% the activity on D-fucose) are: galactose-
6-P, glucose-6-P, fructose-6-P, D-xylose, lactose, melezitose,
maltose, celloblose, DL-glyceraldehyde, D-ribose, D-lyxose,
2-deoxy=D-ribose, L-rhamnose, sucrose, D-arabinose, L-xylose,
N-acetyl-D-glucosamine, D-glucosamine, D-mannitol, D-sorbitol,
myo-inositol, L-sorbose, raffinose, turanose, mellbiose,
Trehalose, L-fucose, L-arabitol, a-methyl-glucoside, inulin
(843 mM), L-galactose, L-glucose, L-mannose, L-fructose, D-
fructose, xylitol, D-arabitol, adonitol, glucuronic acid,
galacturonic acid, D-xylulose, galactaric acid, glucaric acid,
6-deoxy-D-glucose, D-glucose, 2-deoxy-D-glucose, D-allose,
D-altrose, 2-acetamido-D-allose, 2-acetamido-D-altrese, 6-
deoxy-D=-allose, and D-mannose.,

*L-Mannose was not saturating at 33.3 mM. The K vealue was
later determined to be about 100 mM. L-Mannose at 2%0 mM
was oxildized at the same rate as D-galactose at 33.3 mM,
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Figure 3. Lineweaver-Burk plots relating NAD(P)-
dependent dehydrogenase activity to D-galactose
concentration at two pH values., With the excep-
tion of the differences in buffers, the routine
assay was employed. The calcium phosphate frac-

tion with the highest specific activity was used.
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Figure 3B
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Figure 4., Lineweaver-Burk plots relating NAD(P)-
dependent dehydrogenase activity to D-fucose con-
centration at two pH values. Other conditions

were the same as described in Figure 3.
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Figure 5. Lineweaver-Burk plots relating NAD(P)-
dependent dehydrogenase activity to L-arablnose
concentration at two pH values., Other conditions

were the same as described in Figure 3.
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Table VIII, A tabulation of the Kp and Vpgx values for the
NAD(P)-dependent dehydrogenase. The data were
derived from the data deplcted in Figures 3-5.

pH 8.1 pH 9.4

Carbohydrate Kp (mM) Relative Vpox Kp (mM) Relative Vpgx

D-Galactose 0.17 110 2,0 72
D-Fucose 0.50 100 6.6 100
L-Arabinose 0.14 L7 0.52 12




Table IX, Effect of mixed substrates on NAD(P)-dependent
dehydrogenase actlvity. The standard assay was
employed with the exception that the carbohydrate
concentration was 6.7 mM. When both substrates
were mixed, the concentration of each substrate
was the same as that used above. A Sephadex G-200
fraction was used.

Specific Activity

Substrate (umoles/hour/mg)
D-Galactose 310
D-Fucose 285
L-Arabinose 132
D-Galactose + D=Fucose 291
D-Galactose + L-Arabinose 215

D-Fucose + L-Arabinose 198
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the NAD(P)-dependent dehydrogenase was tested with both
$- and y-lactones., The data, shown in Table X, indicate
that the reaction is reversible with y-lactones of
D=fuconic and D-galactonic acids but not with D-glucono-
6-lactone; further, the reaction was not inhibited by
D-glucono=6=lactone. The §-lactones of D-fuconlc and
D-galactonlic aclids could not be tested because of thelir
instability (46-48), Since the product was identified
as D=-fucono-y-=lactone and since the reversibility of the
reaction was demonstrated with the y-lactones of the
respective substrates, it may be inferred that the dehyd-
rogenase 1s operative on the furanose form of the carbo-
hydrate,

Stébilltx- The half-life of the dehydrogenase has
been found to be 13 minutes at 55°Q. The enzyme, in
Sephadex G-200 fractions, 1s stable to freezing at -20°C
in 0.01 molar sodium phosphate buffer (pH 7.0) for periods
up to two months. Lyophilization of pooled Sephadex G-200
fractions containing the enzyme in 0.01 molar sodium phos-
phate buffer (pH 7.0) resulted in a 60-80% loss of activ-
ity.

The effects of various metal ions, thiols, and
thiol group inhibitors are shown in Table XI, The enzyme
18 not affected by 1 mM 2-thloethanol or 1 mM dithio-
threitol. Similarly, 0.5 mM lodoacetate or 0.5 mM p-

chloromercuribenzoate is not inhibitory to enzyme activ-
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Table X. Reversibility of the NAD(P)-dependent dehydrogenase.
The assay consisted of 0.26 umole NADPH, 10 umoles
of the respective lactone, 30 umoles Tris-maleate
buffer (pH 6.5) and a limiting amount of the dehyd-
rogenase in a total volume of 0.15 ml. A Sephadex
G=200 fraction was used. The pH of the reaction
mixture did not vary during the 15 minute reaction
period. The lactone solutions were prepared before
each assay in 0.20 molar Tris-maleate (pH 6.5).

Lactone Specific Activity
(umoles/hour/mg)
D-Galactono=-y=lactone 13.5
D-Fucono=-y=lactone 8.4
D=Glucono=6=lactone < 0,02

D-Galactono=-v=lactone +
D-glucono=-6=lactone 13.4

D=Fucono-y=lactone +
D-glucono=-6-lactone 8.2
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Table XI. Effect of various reagents on NAD(P)-dependent
dehydrogenase actilvity. The standard assay was
utilized in which the enzyme was added to the
cuvette contalning the reagent. The Sephadex G-200
fraction with the highest specific activity was
used, The pH of the reagents was 7.0.

% of Control

Reagent Concentration Activity
p-Chloromercuribenzoate 0.5 mM 100
Iodoacetic acid 0.5 mM 100
2-Thioethanol 1.0 mM 100
Dithiothreltol 1.0 mM 100
EDTA 6.6 mM 100
MgClo 6.6 mM 100
CoCly 6.6 mM 95
(NHy),80,, 6.6 mM 95
MnCl, 6.6 mM 90
NiCl, 6.6 mM 70
FeSOy, 6.6 mM 10
Zn012 6.6 mM 10

&

caCl, 6.6 5
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ity. There was no observed inhibition by 6.6 mM EDTA or

activation by metal ions, also at 6.6 mM.

Induction- The inducibility of the NAD(P)-dependent
dehydrogenase was tested by growth on various substrates.
The results (Table XII) indicate that D-fucose, D-galac-
tose, L-arabinose, and 6-iodo-6-deoxy-D-galactose induce
the NAD(P)-dependent dehydrogenase to a level 35-120 fold
over the non-induced level present 1n nutrient broth-
grown cells. The data suggest that the enzyme 1s instru-
mental in the metabolism of D-fucose, D-galactose, L-arab-

inose, and 6-iodo-6-deoxy-D-galactose.
3. Product Identification

The enzymatlc reaction product resulting from the
NAD(P)-dependent oxidation of D-fucose, D-fucono-y-
lactone, was prepared on a small scale and was identified
by chromatography, derivatization, and by comparison with
authentic, chemically prepared D-fucono-y-lactone, as
described below., Also, a large scale reaction was
carried out at a high pH to hydrolyze the D-fucono-y-
lactone, formed from the oxidation of D-fucose, to the
free acld, which was subsequently crystallized as the
potassium salt,

Enzymatic Preparation of D-Fucono-y-lactone- The

reaction mixture consisted of 200 umoles D-fucose, 250

Hmoles pyruvic acid (pH 6.4), 125 ug lactiec aclid dehydro-
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Table XII. Induction of the NAD(P)-dependent dehydrogenase
by various growth substrates. The standard
assay was employed. Cell extracts were pre-
pared by sonic disruption in 0.01 molar Bicine
buffer and 0.143 mM 2-thioethanol (pH 7.4).
Protein was estimated by the biuret assay.,

Growth Substrate Specific Activity
(umoles/hour/mg)
D-Fucose 11.8
L-Arabinose 15.7
D=Glucose 0.250
D-Galactose 11.8
Nutrient Broth 0.130

6-Iodo-6-deoxy-D-galactose 4,69
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genase, 1 umole NAD+. and 2 ml of a Sephadex G-200 frac-
tion (3.5 mg protein), The NAD(P)-dependent dehydrogenase
contained no NAD-dependent dehydrogenase, yY-lactonase,
D-fuconate dehydratase, on 2-keto-3-deoxy-D-fuconate
aldolase, énd was prepared in the same manner described
in the purification procedure with the exception that the
enzyme was 1solated from L-arabinose-grown cells, The pH
was maintained at 6.4 by automatic titration with a
Sargent recording pH stat using 0.10 molar NaOH as the
titrant or by incorporating 400 umoles Tris-maleate
buffer (ﬁH 6.4) into the reaction mixture. The reaction
mixture was maintained at 25°C and was judged to be com-
plete after 2 hours as measured by the complete loss of
reducing sugar. The reaction mixture was then deionized
by passage through a mixed bed resin (50:50, Dowex-5ow-H+,
Dowex-1-0H") and chromatographed on Whatman #l paper in
solvent systems 1, 2, 3, and 5; the lactone co-chromato-
graphed with authentic D-fucono-y-lactone prepared by
lactonization of D-fuconic acid. The yield of the enzy-
matically prepared lactone was 150 umoles (75%). A com-
parison of the properties of the enzymatically and chem-
lcally prepared lactones 1s presented in Table XIII,

Enzymatic Preparation of Potassium D-Fuconate-

The reaction mixture (80 ml) consisted of 20 mmoles of

D-fucose, 25 mmoles of pyruvic acid (pH 8.9), 500 ug
lactic acid dehydrogenase, 1 umole NAD+, and 20 ml of a
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Table XIII. A comparison of the physical properties
potassium D-fuconate and D-fucono-y-lactone
prepared by chemical and enzymatic routes,

—

I
ﬁ

Preparation
Derivativesi Enzymatic Chemical Lit. Ref,
m.p. Kt-D-Fuconate  169-70°C 169-70°C  169-70°C (31)
m.p. Lactone 105-06°C 104-05°C 105-06°C (32)
m.p. Amide 176-77°C 175-76°C  180°C (33)
m.p. Benzimidazole 251-53°C 252-539C  248-49°C (34)
Chromatography (Whatman #1) Ry Values
Enzymatic _Chemical

Solvent System #1:

D<Fuconlc acid .10 . 098

D=Fucono-Y=lactone .61 .62
Solvent System #2:

D-Fuconic acid <47 U7

D-Fucono=-y=-lactone .61 .61
Solvent System #3:

D-Fuconic acid .70 .68

D=Fucono«y=lactone - -
Solvent System #5:

D=Fuconic acid .26 .25

D-Fucono=-y-lactone .56 «55

¥No depressions of the melting points were observed upon
mixing.,
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Sephadex G=200 fractlion (35 mg prétein) containing the
NAD(P)-dependent dehydrogenase prepared in the same
manner as described in the purification procedure with
the exception that the enzyme was isolated from L-arab-
inose-grown cells. The enzyme preparatlon was devoild of
D-fuconate dehydratase, 2-keto-3-deoxy-D-fuconate aldolase,
vy-lactonase, and NAD-dependent dehydrogenase activity.
The pH was maintained at 8.9 by automatic titration with
a Sargent recording pH stat, using 0.50 molar KOH as the
titrant. The temperature was maintained at 25°C for 6
hours after which time the reaction was judged to be
complete as measured by the complete loss of reducing
sugar and the constancy of the pyruvate concentration.
The reactlion mixture (100 ml) was then passed through a
Diaflow ultrafiltration cell equipped with a 10,000
molecular welght cut-off ultrafiltration membrane to
remove protein, The eluate from the ultrafiltration
cell was reduced in volume under vacuum to 15 ml, applied
to a AG50W-X8-K' column (1 x 12 cm) and eluted with
delonized water (350 ml)., The eluate from the column
was reduced in volume under vacuum to 4,0 ml. The salt-
syrup slurry was then triturated with two portions of
absolute methanol (110 ml, 45°C) and filtered. The fil-
trate was seeded with authentic potassium D-fuconate
(see Experimental Procedures); crystallization commenced

Immediately. The long, fine needles characteristic of
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this salt were collected by suction flltration and washed
with diethyl ether (25 ml); yield 4.21 g. The superna=-
tant yielded an additional 0.56 g after repeating the
above procedure. Total yleld was 4,67 g (97%) after
recrystallizing from methanol-water (100:2)., A compari-
son of the properties of the enzymatically and chemically
prepared sugar acids 1s presented in Table XIII. Enzy-
matically prepared potassium D-fuconate was found to be
identical in all respects to the chemically prepared
material, A general outline for the chemlical and enzy-
matic preparations for D-fucose, potassium D-fuconate,

and D-fucono-y=-lactone 1s presented in Figure 8,
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Figure 8, A general outline for the preparation of
D-fucose, D=-fuconic acid, and D-fuconolactone,
D-GALACTOSE

(Chemical) 1’ (Enzymatic)
D-FUCOSE e delonization

12. KOH |
(Enzymatic)

ultrafiltration
Dowex=50-K+
trituration
i D-FUCONO-Y-LACTONE

| ep K+-D-FUCONATE F

(Chemical)

Dowex-50-HY
lactonization




C. CHARACTERIZATION OF THE NAD-DEPENDENT DEHYDROGENASE
1. Purification

Cell extracts of D-glucose-grown cells were pre-
pared as described in Experimental Procedures. Except
where indicated otherwise, the fractionation procedures
were carried out at 0-4°C, A summary of the purification
is given in Table XIV,

Protamine Sulfate Fractionation- The protein con-

centration was adjusted to 6.5 ﬁg per ml by dilution with
0.10 molar sodium phosphate buffer (pH 7.0). Ammonium
sulfate (17.2 g) was dissolved in 650 ml cell extract to
a final concentration of 0.20 molar, and then 130 ml of

a 2% protamine sulfate solution in 0.10 molar sodium
phosphate buffer (pH 7.0) was added with stirring to a
final concentration of 0.33%. After 30 minutes the sus-
pension was centrifuged at 40,000 x g for 10 minutes,
and the resulting preclipitate was discarded.

Ammonium Sulfate Fractionation- The 40,000 x g

supernatant (800 ml) from thelprotamine sulfate step was

brought to 30% of saturation by the addition of 110 g

of ammonium sulfate and centrifuged. The supernatant

was then brought to 40% of saturation with 48,1 g of

ammonium sulfate, The resulting precipltate was collected

by centrifugation and was dissolved in 53 ml 0,01 molar

sodium phosphate (pH 7.0). The protein concentration was

20 mg per ml. It might be noted that the 0-30% fraction,
64



65

Table XIV, Purification of NAD-dependent dehydrogenase,
 —  — — ———— 3

Fraction Units Specific  Fold  280/260
Activity Ratlo
Cell extract 50,140 12,2 1.0 .633
Protamine sulfate 45,130 11.1 1.0 .859
Ammonium sulfate 27,500 27,2 2,24 1.17
Sephadex G-200 14,600 134 11.0 1.25
DEAE-cellulose 11,700% 830 68 1,48
Calcium phosphate gel 6,750 3980 327 1.58

*0Only a portion of the pooled Sephadex G-200 fractlons was
purified by DEAE-cellulose, This value and the units
recovered from the calcium phosphate gel step have been
corrected for the total volume of the pooled Sephadex
fractions.
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which contains 30-40% of the total soluble protein present
in crude extracts of the pseudomonad, contains the rust-
colored protein which bestows the characteristic plgmen-
tation to the crude extract and the microorganism.

Sephadex G-200 Chromatography- The 30-40% ammonium

sulfate fraction (53 ml) was placed on a column (6 x 60
cm) of Sephadex G-200 equilibrated with 0,01 molar sodium
phosphate buffer (pH 7.0). The enzyme was eluted with
the same buffer, Fractions (15 ml) were collected, and
those which contalned the most actlvity were pooled

(135 ml total).

DEAE-Cellulose Chromatography~- DEAE-cellulose
(Sigma, exchange capacity = 0.9 meq per g) was pretreated
as recommended by Sober et al. (50) and was equilibrated
with 0,02 molar sodium phosphate buffer (pH 7.0). The
pooled Sephadex G-200 fractions were reduced in volume
to 15 ml using a Diaflow ultrafiltration cell equipped
with a 10,000 molecular weight cut-off ultrafiltration
membrane (Amicon Corporation). A portion of the Sephadex
G=200 concentrate (2 ml) was applied to a DEAE-cellulose
column (3 x 5 cm) which was then washed with 60 ml of the
above buffer, and then successively eluted with a step-
wise gradient composed of 60 ml each of 0,10, 0.20, 0.30,
0.40, and 0.80 molar sodium chloride in 0.02 molar sodium
phosphate buffer (pH 7.0). Of the two dehydrogenases,

only the NAD-dependent dehydrogenase remains active fol-
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lowing the above DEAE-cellulose fractionation, and thus,
contaminating NAD(P)-dependent dehydrogenase activity was
removed, The NAD-dependent enzyme elutes in the 0,20-
0.30 molar sodium chloride range. The fractlons contain-
ing the most activity were pooled (44 ml total).

Calcium Phosphate Gel- The procedures used were
the same as descrlbed for the calclum phosphate purifi-
cation of the NAD(P)-dependent dehydrogenase. The NAD-
dependent dehydrogenase exhibited the same elution char-

acteristics as the NAD(P)-dependent dehydrogenase,
2, Properties

pH Optima- NAD-Dependent dehydrogenase activity
as a function of pH was maximal at pH 8-8.5 in Tris-HC1
buffer and at pH 9-10 in glycine buffer (Figure 9).

Substrate Specificity- A large number of carbo-
hydrates were examlned as possible substrates for the
dehydrogenase, The following carbohydrates were oxidilzed
by the enzyme: D-glucose, 2-deoxy-D-glucose, 6-deoxy-D-
glucose, D-galactose, 2-deoxy-D-galactose, D=-fucose,
3,6-dideoxy-D-galactose, D-altrose, D-allose, and D-
mannose (Table XV), The carbohydrates which did not
serve as substrates also did not reduce the rate of oxi-
dation of 33.3 mM D-glucose when added at equimolar con-
centrations,

The Lineweaver-Burk plots for eight of the ten
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Table XV, A tabulation of the Kp and Vpgx values for the
NAD-dependent dehydrogenase. The data were
derived from the data depicted in Figures 10-17.

Carbohydrate Relati;e Vmax Kp (mM)
D-Glucose 188 0.86
D-Galactose 142 1.6
D-Mannose 124 b,s
2-Deoxy=-D-glucose 107 1.6
D-Fucose 100 5.8
2-Deoxy-D-galactose 94 6.3
D-Altrose 79 2.4
D-Allose L7 13.0
6-Deoxy-D-glucose 61 *

3,6=-Dideoxy-D-galactose 23 #®

The carbohydrates which were not active as substrates
(L.e, <1% the activity on D-fucose) are: galactose-6-P,
glucose-6-P, fructose-6-P, D-xylose, lactose, melezitose,
maltose, celloblose, DL-glyceraldehyde, D-ribose, D-lyxose,
2-deoxy-D=-ribose, L-rhamnose, sucrose, D-arabinose, L-xylose,
N-acetyl-D-glucosamine, D-glucosamine, D-mannitol, D-sorbitol,
myo-inositol, L-sorbose, 6-iodo-6-deoxy-D-galactose, raffin-
ose, turanose, mellbiose, trehalose, L-fucose, L-arabitol,
a-methyl-glucoside, inulin (1.25 umoles), L-galactose, L-
glucose, L-mannose, L-fructose, D-fructose, xylitol, D=
arablitol, adonitol, glucuronic acid, galacturonic acid, D-
xylulose, galactaric acid, glucaric acid, 6-deoxy-D-allose,
2-acetamido-D-allose, and 2-acetamido-D-altrose,

*Not determined.
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carbohydrates active as substrates are presented in
Figures 10 through 17. A tabulation of the Ky and V4
values derived from these kinetic plots 1s also presented
in Table XV, All rates with mixed substrates were non-
additive thereby suggesting that the activity in the
DEAE-cellulose fraction represented one enzyme (Table
XVI).

Nucleotide Specificity- From the Lineweaver-Burk

plot presented in Figure 18, the Ky value for NADY was
found to be 7.7 x 10~5 M. NADP* was absolutely ineffec-
tive as a cofactor for the dehydrogenase reaction using
concentrations up to 20 mM. In addition, NADP+ (4 mM)
was not a competitive inhibitor of the standard assay.
Reversal of the Dehydrogenation- The fact that

the 1solatlion of a lactone resulting from D-fucose oxi-
dation by the NAD-dependent dehydrogenase was consis-
tently unsuccessful (see Product Identification, this
section) suggested that the product was the unstable
d=lactone rather than the stable y-lactone, The ring
s8lze of the lactone resulting from the oxidation of
D-galactose, D-glgcose. and D-fucose by the NAD-dependent
dehydrogenase was determined by observing the reversal of
the dehydrogenation reaction using 6- and y-lactones (38~
45), The reduction of D-fucono-y-lactone, D-galactono-
y-lactone, or D-glucono-6-lactone in the-presence of the

purified enzyme and NADH was tested, and the results are
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Figure 17
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Table XVI, Effect of mixed substrates on NAD-dependent
dehydrogenase activity. The standard assay was
employed with the exception that the carbohyd-
rate concentration was 33.3 mM. When both sub-
strates were mixed, the concentration of each
substrate was the same as that used above., A
DEAE-cellulose fractlion which contained no
NAD(P)-dependent dehydrogenase was used.

Substrate Specific Activity

(umoles/hour/mg protein)

D-Glucose Lb1o

D-Galactose 306

D-Mannose 271

D-Fucose 216

D-Mannose + D-Fucose 243

D-Mannose + D-Glucose 342

D-Mannose + D-=Galactose 287

D-Glucose + D=Galactose 350

D-Glucose + D-Fucose 303

D~Fucose + D-Galactose 259
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presented in Table XVII. It may be seen that the reaction
i1s reversible only with the dé-lactone which suggests, in
turn, that the enzyme 1s opergtive on the pyranose form
of the carbohydrate. The data also indicate that the
Y-lactones are not competitive inhibitors of the reverse
reaction under the conditions described in Table XVII.
The 6=lactones of D=fuconic and D-galactonic acids could
not be tested because of their instabllity (46-48),

From the Lineweaver-Burk plot presented in Fligure
19, the Km value for D-glucono=06-lactone was found to be
about 10 mM; The half-=1ife for D-glucono-6-lactone under
the conditions of the assay (pH 6.5) 1s approximately 10
minutes (51, 52), and for this reason the K, value must
be considered to be an approximation. Using conditlons
under which the lactone was saturating (66.6 mM) and vary-
ing the NADH concentration, a K; value for NADH was
obtalned From the Lineweaver-Burk plot presented in
Figure 20, the K, value was found to be 39 uM.

Glucose has been 1ldentified as the product of the
reduction of D-glucono=b-lactone by trapping with hexo-
kinase and measuring the resulting glucose-6-phosphate
with glucose-b6-phosphate dehydrogenase. The results are
presented in Filgure 21,

Anomer Preference- gxperiments were carried out
to determine whether both pyranose forms were equally

effective as substrates. The rate of oxidation of an
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Table XVII, Reversiblility of the NAD-dependent dehydro-
genase, The assay consisted of 10 yumoles of
the respective lactone, 0.26 umole NADH, 30
umoles sodium phosphate buffer (pH 6.5) and
a limiting amount of the dehydrogenase in a
volume of 0.15 ml., A DEAE-cellulose fraction
was used. The pH of the reaction mixture did
not change during the 15 minute reactlion
period., The lactones solutions were prepared
before each assay in 0.10 molar phosphate
buffer (pH 6.5).
Lactone Specific Activity
(umoles/hr/mg)
D=Glucono=b=lactone 18.6
D-Galactono=-y=lactone <0,02
D-Fucono-y=-lactone <0.,02
D=Glucono=d=lactone +
D-galactono-y=-lactone 18.4
D-Glucono-6=lactone +
18.4

D-fucono-y=lactone
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Figure 20
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Figure 21, Identification of D-glucose as the product
of D-glucono-6-lactone reduction by the NAD-dependent
dehydrogenase, The complete assay consisted of 1.25
Lumoles D-allose; 0.75 pmole ATP, 1.5 umole MgCIZ. 20
umoles sodium cacodylate buffer (pH 6.5), 0.001 umole
NAD*, 0.3 pmole NADP*, 10 pmoles D-glucono-6-lactone
(freshly prepared 1h 0.10 molar sodium cacodylate buf-
fer, pH 6.5), excess hexokinase and glucose-6-phosphate
dehydrogenase, and a limiting amount of the NAD-depen-
dent dehydrogenase, A calcium phosphate fraction was
used. D-Allose and NAD' were used as a NADH regenerat-

ing systemn.

Curve A: Complete
Curve B: Complete minus NADPt
Curve C: Complete minus any one of the following
components:
NAD-dependent dehydrogenase
hexokinase
glqgose-é-phOSphate dehydrogenase
NAD

D-allose
D-glucono=b6=lactone
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equilibrium solution of a,B=D=-glucose was compared to
the rate of oxidation of freshly prepared a-D-glucose
at 15.6°C and pH 7.5. Under the above conditions, in
which the mutarotational step i1s the rate 1limiting step
in the oxidation (38, 53), a,B=-D-glucose was preferen-
tially oxldized at a rate 5-fold that of a-D-glucose
(Figure 22), It may be inferred that B-D-glucose 1is
probably the true substrate for the enzyme,

Stability- The half-1ife of the NAD-dependent
dehydrogenase at 55°C was found to be about 40 seconds
(Figure 23). The NAD-dependent enzyme 1s not heat
stable relative to the NAD(P)-dependent enzyme as shown
also in Figure 23, Inactivatlion profiles of the enzymes
with thelr respective substrates were superimposable
and were linear, suggesting that the activities were
due to single enzymes,

The enzyme, in Sephadex G-200 fractions, 1is
completely stable to freezing at -20°C in 0,01 molar
sodium phosphate buffer (pH 7.0) for six months,
Lyophilization of pooled Sephadex G-200 fractions con-
taining the enzyme in 0,02 molar sodium phosphate buf-
fer (pH 7.0) resulted in a 50% loss of activity,

The effects of various metal ions, thiols, and
thiol group inhlbitors are shown in Table XVIII, The
enzyme is not affected by 1 mM 2-thloethanol or 1 mM

reduced glutathione., Similarly, 0.5 mM iodoacetate of
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Figure 22, Comparilison of the rate of oxidation of

a- and a,f=-D=glucose by the NAD-dependent dehydrogen-
ase, The standard assay was émployed with the excep-
tions that 0.026 umoles D-glucose and 15 umoles Tris-HC1
buffer (pH 7.5) were used. The cuvettes containing
the reaction mixture minus glucose were equilibrated
at 15.6°C before adding the equilibrated a,B-D-
glucose or the freshly prepared a-D-glucose solution.
The reaction was maintained at 15.6°C. Experiments
were 1ldentical 1in all respects with the exception of
the state of mutarotational equilibrium of the D-

glucose solutions,
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Figure 23, Line A: Thermal denaturation of the NAD(P)-
dependent dehydrogenase at 55°C. The protein solution
(1,08 mg per ml) was heated in 0,01 molar sodium phos-
phate buffer (pH 7.0). Aliquots were withdrawn at the
indicated times and assayed with the standard assay.
The thermal denaturation profiles were superimposable
using D=-fucose, L-arabinose, and D-galactose with
elther NAD or NADP as the electron acceptor. A calcium
phosphate fraction was used. Line B: Thermal denatur-
ation of the NAD-dependent dehydrogenase at 55°C., A
DEAE-cellulose fraction was used. The protein solu-
tion (1.8 mg per ml) was heated in 0.01 molar sodium
phosphate (pH 7.0). Aliquots were withdrawn at the
indicated times and assayed with the standard assay.

- The heat inactivation profiles using D-mannose, D-
galactose, and D-fucose, 1n addition to D-glucose, were

superimposable.,
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Table XVIII. Effect of varlous reagents on NAD-dependent
dehydrogenase activity. The standard assay
was utlilized in which the enzyme was added to
the cuvette contalning the reagent. The cal-
cium phosphate gel fraction with the highest
specific activity was used. The pH of all
reagents was adjusted to 7.0.

% of Control

Reagent Concentration Activity
p-Chloromercuribenzoate 0.5 mM 100
Iodoacetic acid 0.5 mM 100
2-Thioethanol 1,0 mM 100
Reduced glutathione 1.0 mM 100
EDTA 6.6 mM 100
MgCl, 6.6 mi 100
MnCl2 6.6 mM 97
NH,C1l, (NHy),S0,, 6.6 mM 86
CoCl, 6.6 mM 51
NiCl, 6.6 mM 35
CuSOu : 6.6 mM 16
FeSOu 6.6 mM 16
CaCl, 6.6 mM 12
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0.5 mM p=-chloromercuribenzoate were not inhibitory to
enzyme activity. There was no observed inhlbition by

6.6 mM EDTA or activation by metal ilons at 6.6 mM.

Induction- The inducibility of the NAD-dependent

dehydrogenase was tested by growth on various substrates,
The data (Table XIX) indicate that D-glucose and D-fucose
induced the dehydrogenase to a level 48-146 fold over

the non-induced level as present in L-arabinose-grown
cells and suggest that the enzyme is instrumental in the

metabolism of D=-fucose and D-=-glucose,,,
3. Product Identification

The isolatlion of a lactone resulting from D-fucose
oxidation by the NAD-dependent dehydrogenase, using the
same techniques employed for the isolatlion of D-fucono-
vy=-lactone resulting from D-fucose oxidation by the NAD(P)-
dependent dehydrogenase, was consistently unsuccessful,
This was concluded as being due to the instability of
the 6-lactone as compared to the y-lactone (46-48), 1In
support of this conclusion the reversibility studies indi-
cated that the product of the NAD-dependent dehydrogenase
was a 6=lactone rather than a y-=lactone. Thus, due to
the instability of D-fucono-bé-lactone, the apparent
product of D-fucose oxidation by the NAD-dependent
dehydrogenase is D-fuconate which was identified by co-

chromatography and derivatization.,
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Table XIX., Induction of the NAD-dependent dehydrogenase
by growth on various substrates, The cell
extracts were prepared by sonic disruption
in 0.01 molar Bicine buffer and 0.143 mM 2-
thioethanol (pH 7.4) to eliminate NADH oxi-
dase activity. The standard assay was
employed., Protein was estimated by the
bluret assay.

Growth Substrates Specific Activity

(umoles/hr/mg)

D-Fucose 5.55

L-Arabinose 0.115

D-Glucose 16.3

D-Galactose 0.690

Nutrient Broth 0,204

6-Iodo-6-deoxy-D-galactose 0.330
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Product Isolation- The reaction mixture consisted
of 100 umoles D-fucose, 125 umoles pyruvic acid (pH 6.5),
400 umoles Tris-maleate buffer (pH 6.5), 50 ug lactic
acid dehydrogenase, 1 umole NAD*, and 2 ml of a DEAE-
cellulose fraction containing the NAD-dependent dehydro-
genase (1.5 mg protein) in a total volume of 2.5 ml.
The NAD-dependent dehydrogenase fraction contalned no
NAD(P)-dependent dehydrogenase, D-fuconate dehydratase,
Y-lactonase, or 2-keto-3-deoxy-D-fuconate aldolase. No
lactone was detectable after one hour although the D-fucose
concentration, as measured by reducing sugar, was zZero
and the pyruvate concentration had become constant., The
reaction mixture was then delonlzed by passage through a
Dowex~50W-H* column (0.5 X 2 cm) and chromatographed on
paper in solvent systems 1 and 5. The product co-chromato-
graphed with authentic D-fuconate; no D-fucono-y-lactone
was detected, A portion of the Dowex-50W-H¥ eluate was
lactonized and chromatographed in solvent systems 1 and
5. .The lactonization product was found to co-chromato-
graph with authentic D-fucono-y-lactone in both systems,
It was concluded that D-fuconate was the apparent product
of the NAD-dependent dehydrogenatién of D=fucose and
that the 6-lactone was probably the immediate product

which spontaneously hydrolyzed to form D-fuconate,



D. CHARACTERIZATION OF A D-FUCONO-Y-LACTONASE
1. Preliminary Experiments

D-Fucono-y-lactone 1s a stable lactone which
hydrolyzes slowly, even at pH 9 (48). Since this y-
lactone 1s stable, since D-fucono-yvy-lactone was iden-
tifled as the product of D-fucose oxldation by one of
the dehydrogenases (Section B), and since hydrolysis
of D-fucono-yv-lactone was noted in the initial experi-
ments (Table V), the presence of a lactonase was postu-
lated. The presence of a lactonase was later confirmed
by assaying the enzymatic enhancement of the rate of
proton release in the hydrolysis of varlious aldonolac-
tones. Evidence 1s presented in Figure 24 which shows
the participation of a lactonase in the hydrolysis of

D-fucono-y-lactone.
2, Purification

Cell extracts of D-galactose-grown cells were
prepared as described in Experimental Procedures,
Except where indicated otherwlse, the fractionation
procedures were carried out at 0-4°C. A summary of the
purification 1s given in Table XX,

Protamine Snlfate Fractionation- The protein con-
centration was adjusted to 17.5 mg per ml by dilution
with 0.10 molar sodium phosphate buffer (pH 7.0).

108
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Figure 24, The participation of a lactonase in the
hydrolysis of D=-fucono-yv-lactone determined by auto-
matic titration using a Sargent recording pH stat.
The assay consisted of cell extract (5 mg of protein)
and 40 umoles D-fucono-y-lactone in a volume of 1.0
ml. The rate of proton release was monitored in an
unbuffered solution by automatic titration at pH 7.0
with 0.005 M NaOH. The controls consisted of deter-
mining the rate of proton release in the separate
cell extract and lactone solutions, The cell extracts
were from D-fucose-grown cells,

Curve A: Complete

Curve B: Complete minus fucono-y-lactone

Curve C: Complete minus enzyme
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Table XX. Purification of the y-lactonase,

-

Fraction Units Specific Activity Fold
Cell extract 178,000 20.9 1
Protamine sulfate 142,000 13.9 0.69
Ammonium sulfate 85,500 80.1 L

Sephadex G-200 17,000 333 16




112

Ammonium sulfate (13.7 g) was dissolved in 525 ml cell
extract to a final concentration of 0.20 molar, and then
105 ml of a 2% protamine sulfate solution in 0.10 molar
sodium phosphate buffer (pH 7.0) was added with stirring
to a final concentration of 0.33%. After 30 minutes the
suspension was centrifuged at 40,000 x g for 10 minutes,
and the resulting precipitate was discarded.

Ammonium Sulfate Fractionation- The 40,000 x g

supernatant (620 ml) was brought to 40% of saturation by
the addition of 122 g of ammonium sulfate and the result-
ing precipitate was centrifuged down and discarded., The
supernatant was then brought to 60% of saturation with
81.3 g of ammonium sulfate and centrifuged, and the
resulting precliplitate was collected by centrifugation
and dissolved in 35 ml 0.05 molar Bicine buffer (pH 7.5).
The protein concentration at thls stage was approximately
L2 mg per ml.

Sephadex G-200 Chromatography- The 40-60% ammonium
sulfate fraction was placed on a column (6 x 60 cm) of
Sephadex G-200 equilibrated with 0.05 molar Bicine buffer
(pH 7.4). The enzyme was eluted with the same buffer,
Fractions (15 ml) were collected, and those which con-

tained the most activity were pooled (60 ml total).
3. Properties

pH Optimum- Lactonase actlvity as a function of
pH was maximal at pH 7.6 in Tris-HC1l and sodium phosphate
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buffers (Figure 25),

Substrate Specificity- The lactonase catalyzed
the hydrolysis of y-D-lactones but falled to catalyze the
hydrolysis of L-galactono-y-lactone or D-glucono-6-
lactone as indicated in Table XXI.

The data in Table XXI also indicate that the K
values for D-fucono-y-lactone, D-galactono-y=-lactone,
and D-ribono-y-lactone are approximately equal to or
less than 20 mM since the lactones were saturating at
40 mM. From the Lineweaver-Burk plot presented in
Figure 26, the Kn value for D-galactono-y-lactone was
determined to be 2.1 x 1072 M.

Stability- The half-1ife at 60°C was determined
to be 3 minutes (Figure 27). The thermal denaturation
profile of the pooled Sephadex G-200 fractions was
linear, suggesting that the observed activity was due
to a single enzyme,

The effects of various metal ions, thilols, and
thiol group inhibitors are shown in Table XXII., The
enzyme is not affected by 1 mM 2-thioethanol, 1 mM
reduced glutathione, or 1 mM sodium sulfide, Similarly,
0.50 mM lododacetate or 0.50 mM p-chloromercuribenzoate
was not inhiblitory to enzyme activity. There was no
observed activation or inhibition with 5 mM EDTA or 5 mM

metal ion.
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Figure 26
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Table XXII, Effect of various reagents on lactonase activ-
ity. The standard assay was employed in which
the enzyme was added to the cuvette containing
the reagent. The Sephadex G-200 fraction with
the highest specific activity was used. The
pH of all reagents was 7.0.

e —
% of Control

Reagents Concentration Activity
p-Chloromercuribenzoate 1 mM 100
Todoacetic acid 1 mM 100
2-Thioethanol 1 mM 100
Reduced glutathione 1 mM 100
Sodium sulfide 1 mM 100
EDTA 5 mM 100
MgCl, 5 mM 100
MnCl, 5 mM 100
CoCl, 5 mM 100
NH,Cl 5 mM 100
FeS0,, 5 mM 103
NiCl, 5 mM 103
CuS0,, 5 mM 90
CaCl, 5 mM 100
ZnC1, 5 mM 97
Sodium phosphate buffer 50 mM 100
(pH 7.0§

Bolled enzyme - 0
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Induction- The inducibility of the y-lactonase was
tested by growth on various substrates, The data (Table
XXIII) indicate that D-galactose, D-fucose, L-arabinose,
and 6-1o0do-6-deoxy-D-galactose induced the enzyme 2-5
fold over the non-induced level present in nutrient broth-

grown cells,
4, Product Identification

The reaction product resulting from y-lactonase
action of D-fucono-y-lactone, 1l.e. D-fuconate, was

identified by chromatography and derivatization.

Preparation of the Reaction Product- The reaction
mixture consisted of 20 umoles of D-fucono-y-lactone and
0.5 mg of a Sephadex G-200 fraction in a total volume of
1.0 ml. The rate of proton release, 1.e. the reactlion
rate, was followed by automatic titration at pH 7.0 using
a Sargent recording pH stat and 0.01 molar NaOH., The
reaction was complete within 20 minutes as indicated by
the total absence of lactone and by the negligible rate
of proton release, The non-enzymatic rate, as measured
in the absence of protein, was less than 0.2 umole/20
mlnutes.‘ The reaction product was deproteilnized by
passage through a column of Dowex-50W-H' (0.5 x 1 cm)
and was spotted on paper., The chromatograms were developed
in solvent systems 1 and 5. The reaction product was
found to co-chromatograph with authentic D-fuconate in

both solvent systems,
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Table XXIII. Induclbllity of the y-lactonase by growth on
various substrates., The standard assay was
employed. Cell extracts were prepared by
sonlc disruption in 0.01 molar Bicine buffer
and 0.143 mM 2-thioethanol (pH 7.4). Protein
was estimated by the biuret assay.

Growth Substrates Specific Activity
(Mmoles/hr/mg)
D-Fucose 19.5
L-Arabinose 20,6
D-Glucose 4,86
D-Galactose 20.9
Nutrient Broth 7.74

6-Iodo-6-deoxy-D-galactose 24,2
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A portion of the Dowex-50w-H+ eluate was relacton-
1zed and chromatbgraphed on paper which was then developed
in solvent systems 1 and 5. The relactionization product
co-chromatographed with authentic D-fucono-y-lactone. It
was concluded~that D-fuconate was the sole reaction
product of y-lactonase action on D-fucono-y-lactone,

It is felt that, although the lactonase was not
purified beyond Sephadex G-200 chromatography, the enzy-
matic activity observed was due to a single enzyme on the
basis of the following: (i) the thermal denaturation
profile was first order; (1i) only one symmetrical peak
was observed when ammonium sulfate fractions of galactose,
fucose, or arablnose cell extracts were chromatographed
on Sephadex G-200; (111) a single, symmetrical pH optimum

was observed,



E. CHARACTERIZATION OF D-FUCONATE DEHYDRATASE

The preceeding three sections described the
properties of the enzymes responsible for the formation
of D-fuconate from D-fucose. The present section 1s con-
cernéd with the purification and properties of a specific
dehydratase which catalyzes the 1rrever;1ble dehydration
of D-fugonate and the consequent formation of 3,6-dideoxy-
D-ﬁg;gg-hexulosonlc acild (2-keto=-3-deoxy-D-fuconate,
D-KDF)., It will also be shown that the enzyme which
dehydrates D-fuconate also dehydrates L-arabonate; L=
arabonate dehydratase has been reported in the literature
but was not characterizable due to its extreme labllity
(54=56).

Another dehydratase, D-galactonate dehydratase,
similar to D-fuconate dehydratase, 1s also present in
this pseudomonad, Dataare presented in this section
which distinguishes D-fuconate dehydratase from D-galac-
tonate dehydratase. Due to the structural similarity
between D=galactonate and D-fuconate, D-galactonate
dehydratase might also be expected to dehydrate D-fuconate,
however, data will be given in thils sectlon and later
sections which support the conclusion that D-galactonate

dehydratase does not dehydrate D-fuconate in vivo.

125
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1. Preliminary Experiments

When cell extracts of D-fucose-grown cells were
incubated with D-fuconate, followed by oxidation with
periodate, a 2-thiobarbituric acid (TBA)-positive com-
pound was formed. The physical properties of the TBA
chromogen necessitated that the parent compound possess
the structure of a 2-keto-3-deoxy sugar acld (see
Product Identification, this section) which consequently
required the postulation of a dehydration step. Thin-
layer chromatography indicated that only one TBA-positive
compound accumulated in the presence of D-fuconate and
cell extract; analysls of fractions resulting from
Sephadex G-200 chromatography of the protamine sulfate-
treated cell extract indicated that probably one enzyme
was responsible for D-fuconate dehydration. Preliminary
studies also indicated that the enzyme possessed an abso-
lute requirement for a divalent cation and was activated
by thiols,

Due to the structural similarity between D-galac-
tonate and D-fuconate (6-deoxy-D-galactonate), it was
initlally postulated that the enzyme which dehydrated
D-fuconate was the same enzyme which dehydrated D-galac-
tonate, D-galactonate dehydratase (E.C. 4.2,1.6)., Evi-
dence to the contrary was obtalned in the preliminary
studies which indicated that the two activities were

distinguishable in the following analyses: (1) Sephadex
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G=200 and DEAE-cellulose chromatography; (11) pH optimum;
(111) thermal denaturation; (iv) sulfhydryl inhibitor
responses; and (v) mixed substrate studies.

D-Galactonate dehydratase was later found to
dehydrate D-fuconate; however, the Kn value was about
0.12 M., The specificity of the dehydratases can be
summarized as (1) D-Fuconate dehydratase dehydrates
L-arabonate and, at low concentrations, D-fuconate, but
will not dehydrate D-galactonate; (1i) D-Galactonate
dehydratase dehydrates D-galactonate and, at high con-
centrations, D=-fuconate, but will not dehydrate L-arabon-
ate. In the following experiments, L-arabonate was used
as the substrate for D-fuconate dehydratase whenever
D-galactonate dehydratase was present to prevent possible
interference from D-galactonate dehydratase.

The results of the preliminary experiments bas-
lcally indicated that an enzyme had been found which
dehydrated D-fuconate at physiological concentrations,
that the enzyme was not D-galactonate dehydratase, and
that the resultant product was a 2-keto-3-deoxy sugar
acid.

2, Purification

Cell extracts of L-arabinose-grown cells were pre-
pared as in Experimental Procedures with the exception

that the cells were disrupted in 0.10 molar Bicine buffer
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(pH 7.4)s Except where indlcated otherwise, fractiona-
tion procedures were carried out at 0-4°C, A summary of
the purifilcation 1s given in Table XXIV,

Protamine Sulfate Fractlionation- The protein con-

centration was adjusted to 14.5 mg per ml by dilution

with 0,10 molar Bicine buffer (pH 7.4). Ammonium sulfate
(10.0 g) was dissolved in 380 ml cell extract to a final
concentration of 0.20 molar, and then 75 ml of a 2%
protamine sulfate solution in 0.10 molar Bicine (pH 7.0)
was added with stirring to a final concentration of 0.33%.
After 30 minutes the suspension was centrifuged at 40,000
Xx g for 10 minutes, and the resulting precipitate was dis-
carded.

Ammonium Sulfate Fractionation- The 40,000 x g
supernatant (455 ml) was brought to 40% of saturation by
the addition of 89.5 g of ammonium sulfate and the
resulting preciplitate was centrifuged down and discarded.
The supernatant was then brought to 60% of saturation
with 60,0 g of ammonium sulfate and centrifuged, and the
resulting precipltate was collected by centrifugation
and dissolved in 75 ml 0.10 molar Bicine buffer (pH 7.4).
The protein concentration was 21 mg per ml,

Séﬁhadex G=200 Chromatography- The above 40-60%
fraction was placed on a column (6 x 60 cm) of Sephadex
G-200 equllibrated with 0.10 molar Bicine buffer (pH 7.4),
The enzyme was eluted with the same buffer. Fractions

(15 ml) were collected, and those which contained the
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Table XXIV, Purification of the D-Fuconate Dehydratase*

——— S—

s——

Fraction Units Specific Fold 280/260
o Activity

Cell-extract 39,400 L,67 1 . .68

Protamine sulfate 39,000 5.91 1.3 .84

Ammonium sulfate 29,500 18.7 4,0 1,22

Sephadex G=200 7,000 81.1 17.3 1.48

DEAE-cellulose 2,220 141 30.2 1.60

*I.-Arabonate as substrate
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most activity were pooled (75 ml total). A typlcal
Sephadex G=200 elution profile for D-fuconate and D-galac-
tonate dehydratases 1s presented in Figure 28,

DEAE-Cellulose Chromatography- DEAE-cellulose

(Sigma, exchange capaclity = 0.9 meq per g was pretreated
as recommended by Sober et al. (50) and equilibrated with
0.01 molar sodium phosphate buffer (pH 7.0). The pooled
Sephadex G-200 fractlons were reduced in volume to 5 ml
using a Diaflow ultrafiltration cell equipped with a
10,000 molecular weight cut-off ultrafiltration membrane.
The Sephadex G-200 concentrate was applied to a DEAE=-
cellulose column (2 x 6 cm) which was then washed with

60 ml of the above buffer and then successively eluted
with a stepwise gradient composed of 60 ml each of 0,05,
0.10, 0.15, 0.20, 0,25, and 0,30 molar sodium chloride

in 0,01 molar phosphate buffer (pH 7.0). A typlcal
elution profile for D-fuconate and D-galactonate dehydra-
tase 1s presented in Figure 29, The DEAE-cellulose step
must be performed as quickly as posslﬁle due to the
denaturing characteristics of DEAE-cellulose towards

D-fuconate dehydratase,
3. Properties

pH Optimum- D-Fuconate dehydratase activity as a
function of pH was maximal at pH 7.1-7.4 in Bicine and

Hepes buffers (Figure 30). The pH optimum using L-arabonate
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Figure 28, Fractionation of D-galactonate and
D-fuconate dehydratases on Sephadex G-200. The
detalls are presented in the text. L-Arabonate
was used as the substrate for D-fuconate dehydra-

tase., Fractlons were analyzed by the semicar-

bazide assay,
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as substrate was superimposable with the pH optimum using
D-fuconate as substrate., The pH optimum in the absence
of 2=thioethanol was also 7.1-7.4, but was broader than
the pH profile obtained in the presence of 2-thloethanol.

Substrate Specificity- A relatively large number
of carbohydrates were examined as possible substrates
for the dehydratase., Of the followlng carbohydrates
only D-fuconate and L-arabonate were found to serve as
substrates at the 60 mM level: D-fuconate, L-arabonate,
D-arabonate, L-fuconate, - 6=1odo-6-deoxy-D-galactonate,
D-galactonate, D-ribonate, D-xylonate, D-lyxonate, D=
mannonate, L-rhamnonate, D-glug¢onate, L-galactonate, L-
gluconate, D-galactarate, D-glucarate, celloblonate, D-
glucuronate, D-galacturonate, 3-deoxy-DT§112-hexonate,
N-acetyl-D-glucosamine, and glucosamine.

From the Lineweaver-Burk plots presented in
Figures 31 and 32 the Ky values for D-fuconate and L-
arabonate were found to be 4.0 and 4.3 mM respectively,
The relative Vp,y Values were 0.47 and 1.00 respectively,
2-Thloethanol had no effect on the K, value for D-fuconate
but did increase the V .y Value, as previously noted.

Metal Ion Activators- D-Fuconate dehydratase
possesses an absolute requirement for a divalent cation

as shown in Table XXV. Mg?* was found to be the most

24 24 2+ 2+

effective activator with Mn™—", Fe ', Cu2+, Co ", and Ni

being partially effective. The effect of Mg2+ concentra-
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Table XXV, Effect of metal lons on D-fuconate dehydratase,
The standard assay was used with the exceptions
that 2 umoles of the metal salt and 0.5 umole
EDTA (pH 7.4) were added. The DEAE-cellulose
fraction with the highest specific activity was
used., L-Arabonate was used as the substrate,
The pH of all reagents was 7.4,

—

————

Cohpound ; v Relative Rate
MgCl,, MgSOy 100%
MgCl, + NH,Cl 88
MnCl, 85
FeS0,, 37
CusSo0,, 29
CoCl, 18
NiClp

CaCl,

ZnCl2

MgCly + bolled enzyme

O O O o o

No ion added
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tion upon D-fuconate dehydratase activity was studled
(Figure 33); the optimum M52+ concentration was deter-
mined to be about 20 mM. The effect of concentration of
other ions on dehydratase activity was not tested.
Aotivity with 3.3 mM EDTA in the absence of added metal
lons was nil, Ammonium ion was 22% inhibitory at 3.3 mM.

Sﬁlfhzdrxl Activation and Inhibition- Sulfhydryl

compounds activated the dehydratase from 30-60% depend-
ing upon the stage of purification (Table XXVI),
Q-Chloromerourlbenzoate (50 uM) produced 88% inhibition
although lodoacetate was without effect at 2 mM,

Reversibilitz of the Dehydratlon- Incubation of
0.6 to 6 mM 2-keto-3-deoxy-D-fuconate (KDF) or 2-keto-3-
deoxy-L-arabonate (KDA) in the otherwise standard assay,
using Sephadex G=-200 fractions containing the dehydratase
but devold of KDF aldolase, resﬁlted in no detectable
loss of TBA-positive material.(<0.004 umole per hour per
mg protein). In addition, enzymatic preparations of KDF
or KDA were consistently obtained in ylelds amounting to
100% of the starting material. All attempts to demon-
strate the reversibility of dehydration were repeatedly
unsuccessful,

In addition to establishment of the equilibrium
position of the dehydratase reaction, 1t was also deter- ‘

mined by the same experiments that the dehydratase prepara-

tion did not éleave, or remove by other means, KDF or KDA,
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Sulfhydryl activation and inhibition of D-
fuconate dehydratase. The standard assay

was employed with the exception of the varia-
tion in the thiol or the thiol inhibitor
added., The DEAE-cellulose fraction with the
highest specific activity was used. The pH
of all reagents was 7.4. L-Arabonate was
used as the substrate.

Compound

Concentration Relative Rate

No thlel or thiol
inhibitor added - 100%

2-Thioethanol

2,85 mM 130

Glutathione (reduced) 2,68 mM 145

Dithiothreitol 2,68 mM 142

Jodoacetate

2.23 mM 104

p-Chloromercuribenzoate 0.05 mM 12




147

Stability- D-Fuconate dehydratase i1s not heat-stable
relative to D-galactonate dehydratase as shown in Figure
34, The half-1life at 53°C of the former, in a DEAE-
cellulose fractlion, 1s 80 seconds compared to over 1 hour
for the latter, D-Fuconate dehydratase, present in
Sephadex G-200 fractions, loses 50% activity upon freez-
ing overnight in 0.10 molar Bicine buffer (pH 7.4) and 1is
equally unstable towards lyophilization in the same buffer
system, The enzyme, however, remains completely active
after 24 hours at room temperature in 0,10 molar Bicine
buffer (pH 7.4). D-Fuconate dehydratase, present in
Sephadex G-200 fractions, was found to be inactivated by
various buffers; the buffers (0,10 M) and the relative
activities Qf the dehydratase at pH 7.5 are: Blcine
(100%4), sodium barbitol (60%), Hepés (45%), glycylglycine
(41%), phosphate (30%), Tris-HC1 (15%), Tes (9%), and
Tricine (3%). 7

Induction- The indueciblility of D-fuconate dehydra-
tase was tested by growth on various substrates., The
data (Table XXVII) indicate that D-fucose, D-galactose,
and Le-arabinose induced the enzyme 13-fold over the non-
induced level as present in nutrient broth-grown cells.
D-Galactose apparently acts as a gratuitous inducer of
D-fuconate dehydratase since the enzyme is inoperative

on D-galactonate,
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Figure 34, Line A: Thermal denaturation of D-
fuconate dehydratase at 53°C, A DEAE-cellulose
fraction was used. The protein solution (3.1 mg
per ml) was heated in 0.20 molar Bicine buffer
(pH 7.4). Aliquots were withdrawn at the indi-
cated times and were analyzed with the standard
assay using both L-arabonate and D-fuconate, with
no added thiol. Line B: Thermal denaturation of
D-galactonate dehydratase at 53°C. A Sephadex
G-200 fraction was used. The protein solution
(2.1 mg per ml) was heated in 0.20 molar Bicine
buffer (pH 7.4). Aliquots were withdrawn at the
indicated times and were analyzed with the standard

assay.
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Table XXVII, Induclibllity of D-fuconate dehydratase by
growth on various substrates., The standard
assay was employed with L-arabonate as the
substrate., Cell extracts were prepared by
sonlc disruption in 0.01 molar Blecine buf-
fer and 2-thioethanol (pH 7.4). Protein was
estimated by the bluret assay.

Growth Substrates Specific Activity

(umoles/hr/mg)
D-Fucose b,67
L-Arabinose k.27
D-Glucose 0.562
D-Galactose h,25
Nutrient Broth 0.329

6=-Iodo-6-deoxy-D-galactose 0.570
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L, 1Identification of the Dehydration Product

Among other things, the initial experiments indi-
cated that when cell extracts of D-galactose-, D-fucose=-
or lL-arabinose-grown cells were incubated with D-fuconate,
a TBA-positive product accumulated in amounts approaching
theoretical 1limits. The product was proposed to be a
2-keto-3-deoxy aldonic acld solely on the basis of the
physical properties of the TBA chromogen. This section
wlll concern the enzymatic synthesis, the structural
elucidation, and the chemical syntheslis of the dehydra-
tion product.

Enzymaggc Synthesls of the Dehydration Product- To

obtain suffiéient material for characterization, the enzy-
matic preparation of the dehydration product was carried
out on a large scale (0.5 mmole). The reaction mixture
contalined 50 umoles MgCl,, 500 pmoles potassium D-fuconate,
and 20 mg of a Sephadex G-200 fractlon contailning the
dehydratase, in a total volume of 10 ml. The pH was maln-
tained at 7.4 with a Sargent recording pH stat using 0.01
molar sodium hydroxide as the titrant. Aliquots were
withdrawn at various intervals and were assayed with

TBA for 2-keto-3-deoxy aldonic acid formation. After

the reaction was complete (2 hours), the reaction mixture
was deproteinized by passage through a column of Dowex-
50W-H* (0.5 x 35 cm). The column was washed free of non-

cationic material with deionized water (750 ml), and the
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eluate was passed through an AG1-X8 formate column (200-
400 mesh, 0.5 x 35 cm) which was also washed with delon-
ized water (750 ml). The formate column was eluted with
a linear gradlient of 0-0.08 molar formic acid using a
Technicon Autograd gradient device. Fractions (14 ml)
were collected and analyzed for KDF by the TBA assay
(Figure 35). The pH of the eluate from the formate
column was also monitored using a flow-through cell
equipped with a micro-electrode. Fractions contailning
KDF were pooled and reduced undeér vacuum to a syrup to
remove formic acid (bath temperature, 30°C). The free
acid was converted to the potassium salt with Dowex-50W-K*
and lyophilized to form a semicrystalline solid. The
yield was 490 umoles (98%). The solid was dissolved in
water, and the pH was adjusted to 7.4 with KOH. The
dehydration product was shown to be chromatographically
homogeneous on Whatman #1 paper in solvent systems 2 and
6 and possessed Ry values of .29 and .78 respectively.

Absorption Spectrum of the TBA Chromogen- 2-Keto -

3-deoxy aldonic aclids and 2-deoxy sugars are cleaved by
periodate to form B-formyl pyruvate and malondialdehyde,
respectively., It was observed by Welssbach and Hurwitz
(17) that a compound resulting from periodate oxidation
of 2-keto-3-deoxy aldonic acids reacted with TBA to form
an intense pink color which absorbed maximally at 549-551

nm which they concluded to be a TBA-B-formyl pyruvate.com-
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plex. Malondialdehyde also reacts to form a TBA chromogen;
however, the A .. 1s 532 nm (6, 27, 57, 58). The malondi-
aldehyde-TBA chromogen is alkall stable, iIn distinct con-
trast to the B-formyl pyruvate-TBA chromogen which 1is
alkall unstable (14, 27). Both complexes exhibit shifts
to longer wavelengths in the presence of alkali, and no
other compounds tested except malondialdehyde and B-formyl
pyruvate ylelded chromogens in the 530-550 nm range,

The absorption spectrum of the TBA chromogen
resulting from the perlodate oxidation of the dehydration
product is presented in Figure 36. The chromogen possessed
a xmax at 551 nm and was alkalil unstable., The results
1ndicéte that the dehydration product possessed the
structure of a 2-keto-3-deoxy aldonic acid. No over-oxi-
datlion of B-formyl pyruvate by periodate, which would
result in concomitant loss of color formation (17, 59),
was observed under the conditions of the assay (Figure 37).

Cerlic Su;faté Decarboxylation- To substantiate the

probable identity of the dehydratlion product as a 2-keto-
3-deoxy aldonic aclid, a ceric sulfate decarboxylation was
performed. The dehydration product was first reduced with
NaBHu and then oxidized by ceric sulfate to form, theoret-
ically, a 2,5-dideoxy-pentose (Table XXVIII). The NaBH,,
reduction products were TBA-negative since B-formyl lac-
tate resulting from perlodate oxidation of the mixed

metasaccharinic acids does not react with TBA to form a
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visible chromogen (57). However, after ceric sulfate
decarboxylation of the mixed metasaccharinic acids, a
TBA-positive compound was formed which absorbed maximally
at 532 nm and was alkall stable and was thus character-
istic of a 2-deoxy aldose (Figure 38). The data substan=-
tiated the presence in the dehydration product of keto
group at C-2 and the methylene group at C-3. Since
2 ,5-dldeoxy pentose standards were not avallable, the
ceric sulfate oxidation product could not be rigorously
identified; however, the results strongly support the
contention that the dehydratlion product has the structure
of a 2-keto-3=-deoxy aldonic acid.

Quantitative recovery of CO2 by the procedure of
Meister (13) indicated that the dehydration product
ylelded 0.996 mole CO2 per mole KDF.

a-Keto Acid Derivatlives- The dehydration product
reacts with 3-methyl-2-benzothiazolinone hydrazone to
form an azine which absorbs maximally at 325 nm, charac-
teristic of a-keto acids (20). The spectrum is presented
in Filgure 39. The dehydration product also forms a semi-
carbazone which absorbs maximally at 250 nm (Figure ko),
also characteristic of a-keto acids (19).

o-Phenylenediamine will condense with 2-keto
hexonic acids to form 2-hydroxyquinoxalines (60). The
absorption spectra of quinoxalines are highly specific,
the 330/360 nm absorbancy ratio being 1.51 ¥ 0.07 for
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Figure 38, Absorption spectra of the TBA chromogen
resulting from the periodate oxldation of the sodium
borohydride-reduced and ceric sulfate-oxidized dehy-
dration product. The alkaline stablility of the
malondialdehyde-TBA chromogen is indicated; the pH
11,2 spectrum was not changed after 2 hours. The

pH of the TBA assay 1s 2,0 which was adjusted to pH
11.2 with 0.5 molar KOH.
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Figure 39, Absorption spectrum of the 3-methyl-2-
benzothiazolinone hydrazone azine of the dehydration

product,
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Figure 40, Absorption spectrum of the semicarbazone
of the dehydration product.
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2-kxeto hexonic acid derivatives. The quinoxaline spectrum
for the dehydration product (Figure 41) possesses a 330/
360 nm ratio of 1.51; repeated analyses ylelded the
average value, 1.51 ¥ 0,02,

The data obtailned from these three derivatives are
conslstent with the previously obtalned data which indl-
cated that the dehydration product possessed the structure
of a 2=keto-3-deoxy aldonic acid.

Periodate Oxidation- It cannot be assumed that the
configuration of the hydroxyl groups remaining in the 2-
keto-3-deoxy aldonic acid has not been changed, despite
the absence of a precedent of such a reaction. The
assignment of the conflguration of the hydroxyl groups at
C-4 and C-5 as threo was possible, however, as a result
of studies of the different rates of release of B-formyl
pyruvate in the perlodate oxidation of 3-deoxy-D-threo-
and 3-deoxy-D-eythro-hexulosonic acids, The rate of
‘periodate oxidation of 3-deoxy hexulosonlc aclds is con-
tigent upon the confliguration of the hydroxyl groups on
C-4 and C-5, and it has been found that the erythro con-
figuration 1s oxldized at a more rapld rate than the
Eﬁ;gg configuration (14, 27, 61-65). The congruence of
the reaction rates for the periodate oxidations of the
dehydration product and 3-deoxy-D-threo-hexulosonic acid
(2-keto=-3-deoxy-D-galactonate) 1is iﬁdicated in Figure 42;
the results of these experiments clearly indicate that
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Figure 41, Absorption spectrum of the quinoxaline
derivative of the dehydration product.
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the configuration of the hydroxyl groups at C-4 and C=5
has remained intact through dehydration at C-2 and C-3,

Quantitative determination of periodate indicated
that 0,89 mole perlodate was consumed per mole a-keto
acid, Acetaldehyde, the co-product of the perlodate
oxldation,.was also detected but in amounts of 0,2-0,3
mole per mole a-keto acid. Acetaldehyde, however, 1is
the only known compound which interferes with the TBA
assay (66) and probably condenses via an aclid-catalyzed
aldol condensation with the enol formed by the rearrange-
ment of the active methylene carbanion of B-formyl
pyruvate.

Cleavage by 2-Keto-3-deoxy-D-fuconate- The dehydra-

tion product 1s cleaved by KDF aldolase in an endpoint
assay to yleld 0.98 mole pyruvate per mole a-keto acid
and 0,96 mole lactaldehyde per mole a-keto acid. These
data provide additional structural proof of the dehydra-
tion product.

The previous data on the dehydration product are
summarized on Table XXIX., It has been concluded that the
structure of the dehydration product is 3,6-dideoxy-D-
threo-hexulosonic acid (KDF). As a final proof of
structure, the chemical synthesis of KDF was undertaken

and 1is presented in the next subsection.
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5. Chemical Synthesis of 2-Keto-3-deoxy-D-fuconate

This compound was synthesized via modifications of
the method used for thé synthesis of N-acetylneuraminic
acld (67). The reaction involves an aldol-type condensa-
tion of lactaldehyde with a pyruvyl carbanlon generated
by alkaline B-decarboxylation of oxalacetate, DL-Lact-
aldehyde was prepared by the oxidative deamination of
DL-threonine using the procedure of Abeles et al. (68).
Chromatography of recrystallized DL-lactaldehyde on
Dowex-l-HSO3' by the procedure of Huff (69) and analysis
of the fractions with 3-methyl-2-benzothiazolinone
hydrazone indicated the presence of at least 12 carbonyl
compounds with lactaldehyde in excess of 99%. Thin-layer
chromatography plates developed in solvent system (1) and
visualized with 3-methyl-2-benzothiazolinone hydrazone
also indicated at least 6 carbonyl compounds were present
in minor amounts. Paper chromatograms developed in sol-
vent system 3 indicated 5 ninhydrin positive compounds
were present in the above recrystallized DL-lactaldehyde.
Despite the above contaminants, the DL-lactaldehyde dimer
melted at 103-05°C; reported 105°C (74). The 2,4-dinitro-
phenylhydrazone was also prepared, m.p. 156°C; reported
156.5-157°C (70). It should be pointed out that previous
workers who have prepared lacFaldehyde by the above proce-
dure have assumed purity on the physical evidence of melt-

ing points (68, 70-73, 262); the possible effects of the
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13-15 contaminants upon the enzymatic systems which were
under investigation is a matter of conjecture. The
recrystallized lactaldehyde was used without further
purification for the synthesis of KDF.

DL-Lactaldehyde (0.34 g) was dissolved in 2.0 ml
water, and the pH was ad justed to 7.2. Oxalacetate
(0.226 g) was dissolved gradually in 2,0 ml water; the
pH was maintained at 8.5 with a Sargent recording pH
stat using 8.5 molar NaOH, The lactaldehyde solution
was then added to the oxalacetate solution, and the pH
was adjusted to and maintained at 11.0 at 25°C. The
progress of the reactlion was followed by withdrawing
aliquots from the reaction mixture and analyzing for
2-keto=-3-deoxy acids with TBEA,

The reaction was judged to be complete within 20
minutes (Figure 43) after which the solution was neutra-
lized with AG50W-X8 and filtered., The filltrate was
treated with Norit (1.5 g) until it was colorless, and
the resultant solution was applied to an AG1-X8 formate
column (200-400 mesh, 0.5 X 15 cm) and eluted with one
liter of a 0-0.6 molar formic acid gradient followed by
one liter of a 0.6-5.5 molar formic acid gradient. The
column was washed free of non-ionic substances with
water (0.5 1) before initiating elution procedures.
Fractions (15 ml) were collected and analyzed with the

TBA and semicarbazide assays., One TBA-positive peak and
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two semicarbazide-positive peaks were observed in the
elution profile (Figure 44), The fractions containing
the TBA-positive peak were pooled and freed of formic
acid by three evaporations under reduced pressure; yleld
680 umoles, 40%f. The second semicarbazone peak was
eluted at approximately 5 molar formic acid and thus
resembled pyruvic acid (18); the fractions containing
the second semicarbazone peak were pooled and treated
as above and ylelded a substance which reacted with
lactic acld dehydrogenase and NADH.

The pooled fractions (TBA-positive peak) were
rechromatographed on the AG1-X8 formate column with a
0-0.6 molar formic acid gradient; one slightly skewed
peak was obtained (Figure 45). The compound co-chromato-
graphed with enzymatically prepared KDF in solvent sys-
tems 2 and 6., Chemically prepared 3,6-dideoxy-DL-
hexulosonic acid, DL-KDF, prepared above, was cleaved to
0.485 mole pyruvate per mole by KDF aldolase (presented
in the next section). The rate of release of g-formyl
pyruvate in the perliodate oxidation of chemically synthe-
sized DL-KDF was identical to that of enzymatically pre-
pared D-KDF using the techniques described in Figure 42,

Chromatography of the pooled fractions containing
DL-KDF on an AG1-X8 carbonate column (200-400 mesh, 0.5 x
15 cm) by the procedure of Hershberger, Davis and Binkley
(75) or on an AG1-X8 borate column (200-400 mesh, 1 x 30
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Figure 45, Elution of 3,6-dideoxy-DL-hexulosonic
acid from Dowex-1 formate using a 0-0,06 molar

formic acld gradient, Detalls are given in the
text.
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cm) by the procedure of Samuelson, Ljungquist and Parck
(76) also ylelded one peak. It was concluded that the
isomer of 3,6-dideoxy-DL-hexulosonic acid that was
formed was the 22222 isomer on the basis of co-chromatog-
raphy with enzymatically prepared 3,6-dideoxy-D-threo-
hexulosonic acid (KDF), cleavage by KDF aldolase, and on
the basis of the Dowex-l1-borate, -formate and -carbonate
chromatography in which one peak was consistantly
obtained, It was also concluded that the condensation
was stereospecific under the conditions employed or that
the érxthro isomer was less stable under the isolation
conditions.

D-KDF was also synthesized using the same condi-
tions employed for DL-KDF with D-lactaldehyde prepared
from L-threonine, The product from the AG1-X8 formate
column was identical to enzymatically prepared KDF and
was cleaved to 0.98 mole pyruvate per mole KDF by KDF
aldolase, It 1s a possibllity that the erythro 1somer
was a contaminant to the extent of 1.5% and was not
separable from the threo isomer utilizing the above
chromatographic procedures, It 1s not known whether the
erythro isomer is cleaved by KDF aldolase,

Synthetlc KDF was found to be unstable under the
solvent extraction procedure and partially degraded to
a compound which reacts with lactic acid dehydrogenase

and NADH and co-chromatographs with pyruvate., High pH
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(>9) was found to be deleterious and resulted in orange
colored solutions and large lossess of TBA-positive
material., KDF forms a lactone which 1s easily hydrolyzed
at pH 8,0, KDF may be stored indefinitely at -20°C and
PH 7.4 without deterioration. KDF could also be isolated
as the partially crystalline potassium salt by lyophiliza-
tion.

The structure of the dehydration product of D-
fuconate has been rigorously determined by degradation,
derivatization, and, finally, by chemical synthesils,

The enzymatically prepared compound has been found to be
identical in all respects to the chemically prepared

compound, and it has been concluded that the dehydration
product of D-fuconate 1s 3,6-dideoxy-D-threo-hexulosonic

acid.



F. CHARACTERIZATION OF 2-KETO-3-DEOXY-D-FUCONATE ALDOIASE
1, Preliminary Experiments

By analogy to known reactions of deoxy hexulosonic
acids, the most llkely degradative reaction for KDF would
be cleavage by an aldolase., The pathways of galactose
and glucose metabolism in some bacterlavlnvolve 2-keto=3-
deoxy-D-galactonate and 2-keto-3-deoxy-D-gluconate
respectively (78, 19), which undergo prerequisite phos-
phorylation by speciflc kinases prior to cleavage by
specific aldolases (19, 77-79); however, KDF cannot be
phosphorylated in a similar reaction due to the lack of
an hydroxyl group on C-6 and thus would not be expected
to be cleaved by these two aldolases, The pathway of 2-
keto-3-deoxy-L-arabonate degradation in some bacteria
involves dehydration to form a-keto glutarate semlialde-
hyde (54-56); KDF cannot participate in a simllar reac-
tion, once agaln due to the lack of an hydroxyl group at
C-6.

An enzyme has been described in a pseudomonad,
however, which 1s instrumental 1n the degradation of the
rare carbohydrate D-arabinose and which cleaves 2-keto-=3-
deoxy-D-arabonate to form pyruvic acid and glycolic acid
(80)s Consequently, a similar aldolase was sought which
could cleave KDF, presumably to pyruvate and D-lactalde-

hyde, Spectrophotometric analysis for such an aldolase

187
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using KDF, cell extract, lactic aclid dehydrogenase, NADH
and the appropriate controls indicated slow cleavage
(€043 umole per hour per mg protein); further, incubation
of KDF with cell extracts resulted 1n a decrease in TBA-
positive material also amounting to 0.3 umole per hour
per mg protein. The enzyme was purifiled on Sephadex G-200,
and activity was located with the lactic acid dehydrogen-
ase and the TBA assays; the peaks were superimposable
(Pigure 46).

Further investigation indicated that the enzyme
had an absolute requirement for a divalent catilon, was
protected by thiols,and also cleaved 2-keto-3-deoxy-L-
arabonate (KDA), in addition to KDF., The products of the
cleavage of KDF or KDA were tentatively characterized as
pyruvate, by 1ts reaction with lactic acid dehydrogenase
and NADH, and as an aldehyde, by the formation of a tetra-
azopentamethine cyanine derivative with 3-methyl-2-
benzothlazolinone hydrazone.,

The observed cleavage of 2-keto-3-deoxy-L-arabonate
(L-KDA) was totally unexpected since the only previously
known pathway for L-KDA degradation, as elucidated by
Welmberg and Doudoroff (54) and Weimberg (55), involves
an entirely different sequence of reactions, as shown

below,
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Figure 46, Sephadex G-200 profile of protamine sulfate-
treated cell extract from D-fucose-grown cells, The
fractions were analyzed for aldolase activity on KDF by
two means: (1) the TBA assay; and (11) the lactic acid
dehydrogenase-coupled assay. The column (3 x 35 cm) was
equilibrated with 0.01 molar sodium phosphate buffer

(pH 7.0). The enzyme was eluted with the same buffer.,

TBA endpoint assay: The assay consisted of 100 ul each
fraction, 0.0849 umole KDF, and 0.2 umole sodium
phosphate buffer (pH 7.0) in a total volume of
0.23 ml. The reaction was incubated at 27°C for
20 minutes before quenching with perilodate.

Lactic acid dehydrogenase-coupled assay: The assay con=-
sisted of 30 ul of each fraction, 0.07 umole NADH,
13 ug lactic acid dehydrogenase, 5 umoles KDF
(pH 7.0) and 5 umoles sodlum phosphate buffer in
a total volume of 0.15 ml. The absorbancy change
at 340 nm and 259C was followed, and controls to
correct for endogenous pyruvate and NADH oxidase
were run,
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HO-C-H Hy0 ﬁHz H,0 CH,
|
CH,0H CHO COOH
L-KDA a=-Keto glutarate a-Keto glutarate
semialdehyde

The previously known pathway for L-KDA degradation
involves the dehydration of L-KDA to form a-keto glutarate
semialdehyde which 1s subsequently oxldized to a-keto
glutarate. The L-KDA dehydratase of these workers was
routinely assayed by following the rate of NAD* reduction
or the rate of decrease of TBA-positive material (since
a=-keto glutarate semialdehyde will not yield f-formyl
pyruvate upon periodate oxidation). BRepeated attempts

to demonstrate the presence of the above pathway in the
pseudomonad under investigation were totally unsuccess-
ful: (1) there was no NAD* or NADP'T reduction when lL-
arabonate or L-KDA were added to reaction mixtures con-
taining varying amounts of cell extracts, NAD(P)*+, metal
ions, various buffers, and thiols; (1ii) no reduction of
a=-keto glutarate with NADH or NADPH could be demonstrated;
(111) loss of TBA-positive material when KDA was incu-
bated with Sephadex G-200 fractions of protamine sulfate-
treated cell extracts corresponded to the aldolase peak

as measured by KDF cleavage; (iv) the rate of decrease
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of TBA-positive material when cell-free extracts were
incubated with KDA corresponded to the rate of KDF
cleavage measured in the same manner; and (v) nearly
quantitative conversions (98%) of L-arabonate to KDA, as
measured by the TBA assay, were carried out by cell-free
extracts, indicating no dehydration of KDA occurred.
Thus, it was concluded that KDA dehydratase was not
present in this microorganism and that a new pathway for
L-arabonate metabolism had been discovered.

The aldolase, hereafter referred to as KDF aldo=-
lase, was totally lnactive on 2-keto-3-deoxy-D-galactonate,
2-keto=-3-deoxy-D-gluconate, and their respective 6-phos-
pho-derivatives, Keto deoxy galactonate formed by galactonate
dehydratase was found to be phosphorylated by a kinase
prior to cleavage, and is demonstrated in Figure 47; in
addition, 2-keto-3-deoxy-6-phospho-D-gluconate was found
to be cleaved by cell extracts, Thus, it was concluded
that the pathways for glucose and galactose metabolism
in the pseudomonad under investigation were identical to
the previously described pathways (19, 77-79). Thus,
despite the structural similarities between D-fucose and
D-galactose, the two carbohydrates are degraded by
entirely different routes; this will be discussed to a
greater extent in the next section.

The results of the initial experiments indicated
that an enzyme was present in D-fucose- and L-arabinose-

grown cells which could cleave KDA or KDF to pyruvate
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and an aldehyde. The enzyme required a divalent catlon,
was stabilized by thiols, was ilnactive on other deoxy
hexulosonic acids, and was distinct from previously
reported enzymes for D-galactose, D-glucose, and L-arab-
inose metabolism. In addition to the conclusion that
the aldolase was the terminal enzyme instrumental in
D-fucose metabolism, it was also concluded that a new

L-arabinose pathway had been discovered.
2, Purification

Cell extracts of L-arabinose-grown cells were pre-
pared as described in Experimental Procedures with the
exception that the cells wereldisrupted in 0.10 molar
Bicine buffer and 0,143 mM 2-thiocethanol (pH 7.4) to
‘eliminate NADH oxidase. Except where indicated other-
wise, the fractionation procedures were carried out at
0-4°C, A summary of the purification 1s'glven in Table
XXX,

Protamine Sulfate Fractlonatlion- The protein con-
centration of the cell extract was adjusted to 16 mg per
ml by dilution with 0,10 molar Bicine buffer and 0,143 mM
2-thioethanol (pH 7.4). Ammonium sulfate (18.5 g) was
dissolved in 700 ml cell extract to a final concentration
of 0.20 molar, and then 140 ml of a 2% protamine sulfate
solution in the above buffer was added with stirring to
a final concentration of 0.33%. After 30 minutes the
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Table XXX, Purification of KDF aldolase*,
= —— — —  — — — —

Fraction Units Specific Fold 280/260
Activity
Cell extract 66,600 L1 1 .62
Protamine sulfate 66,100 L,9 1.2 .87
Ammonium sulfate 57,400 16.5 4,1 1.20
Sephadex G=200 14,600 69.8 17.0 1.38
Heat Step 10,600 208 50.7 1.59

#KDA was used as substrate.
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suspension was centrifuged at 40,000 x g for 10 minutes,
and the resulting precipitate was discarded.

Ammonium Sulfate Fractionation- The 40,000 x g
supernatant (840 ml) was brought to 40% of saturation by
the addition of 165 g of ammonium sulfate, and the
resulting precipitate was centrifuged down and discarded.
The supernatant was then brought to 60% of saturation
with 111 g of ammonium sulfate, and the resulting precipil-
tate was collected by centrifugation and dissolved in 82
ml 0.10 molar Bicine buffer and 0.143 mM 2-thioethanol
(pH 7.4)e The protein concentration at this stage was
42 mg per ml.

Sephadex G-200 Chromatography- The above 40-60%
fraction was placed on a column (6 x 60 cm) of Sephadex
G=200 equilibrated with 0.05 molar Bicine buffer and
0.,143 mM 2-thiocethanol (pH 7.4). The enzyme was eluted
with the same buffer, Fractlons (15 ml) were collected,
and those which contalned the most activity were pooled
(105 ml total).

Heat Step- The protein concentration of the pooled
Sephadex G-200 fractions was adjusted to 2 mg per ml with
0.10 molar Bicine buffér and 0,143 mM 2-thioethanol (pH
7.4)s Sufficlent 0.10 molar magnesium chloride was added
to 10 ml1 of the pooled Sephadex G-200 fractions to bring
the concentration to 0.6 mM. The protein solution was

immersed in a 55°C bath for 8.5 minutes and then chilled
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in ice. The flocculent precipitate was removed by centrl-
fugation at 40,000 x g for 10 minutes, The supernatant
was used as the purified aldolase fraction. The protein

concentration was 0.5 mg per ml,
3. Properties

pH _Optimum- KDF aldolase activity as a function of
pH was maximal at pH 8,1 1n Hepes and Tris-HC1l buffers
(Pigure 48),

Substrate Specificity- KDF aldolase cleaved only
KDF and KDA among the nine deoxy aclids tested. The deoxy
acids which were not cleaved by the aldolase were 2-keto-
3-deoxy-D-galactonate, 2-keto-3-deoxy-D-gluconate, 2-keto-
3-deoxy-6-phospho-D-galactonate, 2-keto=-3-deoxy=-6-phospho-
D=gluconate, 2-keto=4=hydroxy glutarate, 3-deoxy-D-xylo=-
hexonate, and N-acetylneuraminic acid. The first four
deoxy hexulosonlc acids which did not serve as substrates
also did not reduce the rate of cleavage of 20 mM KDF
when added at equimolar concentrations,

From the Lineweaver-Burk plots presented in Figures
L9 and 50, the Ky values for KDF and KDA were determined
to be 2,9 mM and 1.8 mM respectively. KDF was cleaved at
4L7% of the rate of KDA cleavage under saturating condi-
tions.

Metal Ion Activation- KDF aldolase activity has an
absolute requirement for a divalent cation as indicated

in Table XXXI. Mn2* was found to be the most effective
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Figure 49, Lineweaver-Burk plot relating KDF con-
centration to KDF aldolase activity. The standard
assay was employed except that the concentration of KDF
was varled, as indicated, with the aldolase concen-
tration constant. The heat-treated Sephadex G-200
fraction with the highest specific activity was

used.
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Figure 50
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Table XXXI.

205

Effect of metal ions on KDF aldolase. The
standard assay was used with the exceptions
that 0.2 umole of the metal salt and 0,05
WMmole EDTA (pH 7.0) were added. The heat-
treated Sephadex G-200 fraction with the
highest specific activity was used. KDF was
used as the substrate,

e —

Compound Relative Rate
Mn012 100%

CoClz 95

MgCl,, MgSOu 54

NiCl, ks

CuSOy 0

No 1lon added 2
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activator at 3.3 mM with Co?*, Mg?*, and N1*¥ being
partially effective. There was no variation in activity
when assays were run in the presence of 3 mM to 60 mM
MnCly. Aldolase activity with 0.33 mM EDTA in the
absence of added metal ions was 2% of the control activ-
ity.

Analysis of Sephadex G=-200 fractions for KDF and
KDA cleavage in the presence and absence of added metal
ion ylelded some interesting results (Figure 51). Under
conditions of saturating KDA and in absence of metal ion,
one small aldolase peak was obtained at about 740 ml of
the eluate (the 740 peak); activity in this peak was not
diminished in the presence of 0.66 mM EDTA, Under condi-
tions of saturating KDF another small aldolase peak was
obtained at about 660 ml of the eluate (the 660 peak);
the activity in this peak was completely abolished with
0.66 mM EDTA. When 3.0 mM MnCl, was incorporated into
the assay, a new peak 10-fold higher in actlvity was
observed with both KDA and KDF cleavage which was cen-
tered at the 660 peak. The 740 peak represents a lower
molecular weight protein than the 660 peak, and it is
tempting to suggest that the 740 peak represents a
"monomer" fraction and that the 660 peak represents a
"dimer" fraction. The "monomers," formed by dissocla-
tion of the "dimers," slowly cleave KDA but not KDF in

the absence of added metal ion; the "dimers" slowly
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Figure 51
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cleave KDF but not KDA, also in the absence of metal ion.
The "dimers," and not the "monomers" cleave both KDF and
KDA at a 10-fold rate in the presence of added metal ion,
Attempts to reassoclate the "monomers" in the 740 peak
with 2=thioethanol into "dimers" were consistently unsuc-
cessful, The 740 peak was not present in preparations in
which 2-thioethanol had been incorporated. These results
are of a preliminary nature and deserve further investi-
gation,

Sulfhydryl Activation~ The enzyme 1s insensltlve
to thiol inhibitors and thiols durlng assay (Table XXXII),
but 1s stabilized by thiols during purification, A time=-
dependent renaturation process has been observed to occur
when Sephadex G=200 fractions contalning the aldolase
were incubated with 2-thioethanol (Figure 52),
Egulllbrium Constant- Equllibrium positions of the
cleavage reaction with respect to both substrates were
determined (Table XXXIII)., The equilibrium could be
approached from both‘direct1ons, and the reactions were
exothermlic in the directlion of synthesis at 1 mM; the
equilibrium constants for KDF and KDA were determined to
be 0,12 and 0.36 mM respectively.

Stabllity~ KDF Aldolase possesses a half-life of
about 12 minutes at 55°C (Figure 53). The thermal dena-
turation profiles for KDF and KDA are linear and super-
imposable, suggesting that the activity in the heat-
treated Sephadex G-200 fraction was due to a single
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Effects of thlols and thilol group inhibitors
on KDF aldolase during assay. The standard
assay was employed with the exception of the
variation 1n the thiol or the thiol 1lnhibitor
added. The Sephadex G-200 heat-treated frac-
tion with the highest specific activity was
used, The pH of all reagents was 7.0, KDF
was used as the substrate.

. Compound Concentration Relative Rate
2-Thioethanol 3 mM 100
Reduced glutathione 3 mM 95
Dithiothreitol 3 mM 101
Iodoacetate 2 mM 97
p-Chloromercuribenzoate 2 mM 98

No thiol or thiol inhibitor added — 100
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Flgure 52, Time-dependent thiol renaturation of KDF
aldolase present in Sephadex G-200 fractions not pre-
viously stabilized with thiols. Sephadex G-200 frac-
tions were incubated with 0.0143 molar 2-thioethanol
at 4°C for 11 hours in 0.10 molar Bicine buffer (pH
7.4)., Each fraction was analyzed at 0, 2, 4, and 11
hour intervals, The aliquots were analyzed with the
standard assay. A control with no thiol was also run

but was assayed only at t, and tq1.
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Figure 53
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enzyme, The enzyme, present in the heat-treated Sephadex
G-200 fractions, lost 70% activity when stored at -20°C
for three weeks in 0.10 molar Bicine buffer and 0,143 mM
2-thioethanol (pH 7.4), but was completely stable to
lyophilization in the same buffer system., As mentioned
previously, the aldolase appears to dissociate on Sephadex
G=200; this could be prevented by incorporating 2-thio-
ethanol into the eluant.

Induction- The inducibility of KDF aldolase was
tested by growth on various substrates (Table XXXIV),
D-Fucose and L-arabinose induced the aldolase to a level
3-4 fold over the non-induced level present in nutrient

broth-grown cells.
ik, Identification of Cleavage Products

The cleavage products of KDF and KDA in the aldolase
reactlion were initlally characterized as a compound which
reacted with lactic acld dehydrogenase and as a compound
which reacted with 3-methyl-2-benzothiazolinone hydrazone
to form a tetraazopentamethine cyanine dye. The cleavage
products were suspected to be pyruvate and an aldehyde,
either lactaldehyde from KDF or glycolaldehyde from KDA,
More rigorous procgdures were carried out to positively
identify the prodﬁcts and are presented in thls section.

A reaction mixture composed of 5 umoles MgCl,, 10
Mmoles 2-keto-3-deoxy-D-fuconate, 7.35 umoles 2-thio;

ethanol, and 0.5 mg of a heat-treated Sephadex fraction
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Table XXXIV. Inductlion of KDF aldolase by various growth
substrates, The standard assay was employed
with KDF as the substrate. Proteln was esti-
mated by the biuret assay. Cell extracts
were prepared by sonic disruption in 0.10
molar Bicine buffer and 0.143 mM 2-thio-
ethanol (pH 7.4).

Growth Substrate Specific Activity
(umoles/hour/mg)
D-Fucose 3.91
L-Arabinose k.23
D-Glucose 1.28
D-Galactose 1.34

Nutrient Broth 1.08
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in a total volume of 1.0 ml was incubated at 27°C for 1
hour. The reaction was quenched by the addition of 1.5
ml of a saturated solution of 2,4-dinitrophenylhydrazine-
HC1l in 2 N HCl., The hydrazones were allowed to form for
20 minutes after which the mixture was extracted with
three 10-ml portions of toluene. The toluene extracts
were combined and reduced in volume under vacuum (bath
temperature 20°C) to 0.5 ml. Thin-layer chromatography
rlates were spotted with 50 ul samples and were developed
two-dimensionally in the following solvent systems (81):
1st dimension, n-butanol-ethanol-0.5 N NH4OH (70:10:20);
2nd dimension, benzene-tetrahydrofuran-glacial acetic
acid (57:35:8). The plates were sprayed with an aqueous
10% KOH solutlon after drying, and the Ry values and color-
ation of the 2,4-dinitrophenylhydrazones recorded, Two
well-defined spots with distinct coloration were observed.
The 2,4-dinitrophenylhydrazones were scraped from plates
not sprayed with KOH and were eluted with 0.5 N NaOH and
the absorption spectra of the alkaline solutions of the
2 ,4-dinitrophenylhydrazones recorded (82), Standard 2,4-
dinitrophenylhydrazones of pyruvate and lactaldehyde were
prepared by the method of Haway and Thompson (83) and
Huff and Rudney (70), respectively, and were treated in
the same manner as the extracted 2,4-dinitrophenylhydra-
zones with the exception that the so0lld standards were

dissolved in toluene before spotting on thin-layer
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plates. The results, in Table XXXV, indicate that pyru-
vate and lactaldehyde were formed from the cleavage of
KDF., The absorption spectra of the standard 2,4-dinitro-
phenylhydrazones of pyruvate and lactaldehyde were also
found to correspond to the absorption spgctra of spots
1 and 2, respectively, and are presented in Figures 54
and 55, It was concluded that pyruvate and lactaldehyde
were the cleavage products of KDF aldolase action upon
KDF,

Cleavage Products of 2-Keto-3-deoxy-L-arabonate-

The proceeding procedure was duplicated with KDA with
the exception that the 2,4-dinitrophenylhydrazone of
glycolaldehyde was prepared by the method of Powers,
Tabakoglu, and Sable (84), The results are presented
in Table XXXVI, It was likewise concluded that the
products of KDA cleavage were pyruvate and glycolaldehyde.
The 1dentification of the cleavage products of KDF
and KDA were carrled out by converslon of the cleavage
products to the respective 2,4-dinitrophenylhydrazones
and extraction with toluene, by two-dimensional thin-
layer chromatography, and by comparison of the visible
absorption spectra of the isolated 2,4-dinitrophenylhydra-
zones with standard 2 ,4-dinitrophenylhydrazones. It has
been concluded that KDF aldolase cleaves KDF and KDA 1in

an aldol-type cleavage reaction between C-3 and C-=4,
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Figure 54, Absorption spectra of the 2,4-dinitro-
phenylhydrazones of pyruvic acid and spot #1
obtained from thin-layer chromatography of the KDF
cleavage products. The solvent was 0.5 N NaOH.
Detalls are given in the text.
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Filgure 55. Absorption spectra of the 2,4-dinitro-
phenylhydrazones of D-lactaldehyde and spot #2
obtained from thin-layer chromatography of the KDF
cleavage mixture. The solvent was 0,5 N NaOH.

Detalls are given in the text.
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G. ANALYSIS OF MUTANTS IACKING D-FUCONATE DEHYDRATASE
AND 2-KETO~3-DEOXY-D-FUCONATE ALDOLASE, AND THE
RELATIONSHIPS AMONG THE DEGRADATIVE PATHWAYS FOR
D-FUCOSE, L-ARABINOSE, AND D-GAILACTOSE

1. Mutant Strain 5-1-10-1 (D-Fuconate Dehydrataseless)

A mutant was isolated which was incapable of using
L-arabinose or D-fucose as growth substrates but was
identical to the parental strain in other respects (see
Experimental Procedures for the methods of mutagenesis
and 1solation, and the Appendix for the properties of the
parental strain). The mutant, which was designated
strain 5-1-10-1, was found to be missing D-fuconate dehyd-
ratase, but possessed normal levels of the other enzymes
of the D-fucose pathway (Table XXXVII). The level of D-
galactonate dehydratase was also determined and was found
to be normal. The growth rates of mutant strain 5-1-10-1
on D-glucose and D-galactose were identical to those of
the wild type (Figures 56 and 57).

The above data thus support two conclusions:

(1) D=-fuconate dehydratase is absolutely functional in

the metabolism of D-fuconate and L-arabonate; and (1i1)
D-galactonate dehydratase 1s not functional in the metabo-
lism of D-fuconate, Previous evidence indicated that
D-galactonate dehydratase could dehydrate D-fuconate;
however, the Kp value was about 120 mM, The Ky value

was of such a magnitude to warrant the assumption that

the enzyme was not 1nvolved in the in vivo dehydration of

226
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Table XXXVII., Enzyme levels in mutant straln 5-1-10-1, the
parental strain and a revertant derived from

the mutant.

Cell extracts of D-galactose

grown cells, unless otherwise indicated, were
prepared by sonic disruption in 0.01 molar
Bicine buffer and 0.143 mM 2-thioethanol

(PH 7»“’)0
biuret assay,

Protein was estimated by the
Aldolase assays were 1ldentical

to the assay outlined 1n the Experimental
Procedures with the exception that 1,05 pmole

KDF was employed.

Specific activities are

reported as umoles per hour per mg protein,

Specific Activity

Enzyme Wild Type Mutant Revertant
D-Aldohexose
dehydrogenase* 13.9 12,7 14,6
L-Arabino-aldose
dehydrogenase 11,8 20,1 17.5
D=-Fuconate
dehydratase 4,25 < ,0005 3.72
Aldolase 1.34 1.91 1.57
D-Galactonate
dehydratase 6.50 7.11 6.79
*Cell extracts were prepared from D-glucose grown cells,
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Figure 56. Growth of wild-type cells on D-fucose,

L-arabinose, D=galactose, and D-glucose,
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Figure 57, Growth of mutant strain 5-1-10-1 on

D-fucose, L-arabinose, D-galactose, and D-glucose,
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D-fuconate, The fact that the D-fuconate dehydrataseless
mutant possessed D-galactonate dehydratase but falled to
grow on D=fuconate corroborates this assumption.

Thus, not only can D-galactonate dehydratase
activity be distinguished from D-fuconate dehydratase
activity by means of Sephadex G-200 and DEAE-cellulose
elution profiles, thermal denaturation profiles, differ-
ential metal ion requirements, differential sulfhydryl
inhibitor responses, pH optima and mixed substrate studies,
but a mutant has been obtained which is lacking D-fuconate
dehydratase and yet contains normal levels of D-galactonate
dehydratase. A comparison of some of the properties of
the two dehydratases 1s presented in Table XXXVIII,

2, Mutant Strain 73-1-2 (Lacking 2-Keto-3-deoxy-D-

fuconate Aldolase)

Another mutant which exhiblited defective growth on
D=fucose and L-arabinose was obtalned by procedures iden-
tical to those used for the isolation of mutant strain
5-1-10-1, This mutant, designated 73-1-2, grew on L=
arabinose and D-fucose at about 40% the wild-type rate
but grew normally on D-glucose and D-galactose (Figures
56 and 58)., This mutant when grown on L-arabinose or
D-fucose was found to possess about one=fourth the normal
level of 2-keto-3-deoxy-D-fuconate aldolase but possessed
normal levels of the other enzymes of the D-fucose pathway

(Table XXXIX), The slow-growing mutant strain is believed



Table XXXVIII,
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A comparison of the propertles of D-fuconate

and D-galactonate dehydratases

e e e e e 3

D=-Fuconate D-Galactonate
Property Dehydratase Dehydratase
Kyp for D-fuconate 4,00 mM 120 mM
K, for L-arabonate 4,25 mM not a substrate

Kn for D-galactonate
Half-1life at 53°C
pH optimum

Metal ilon requirement
(EDTA t excess cation)

Sulfhydryl inhilbitor
response

2 mM iodoacetate
50 uM p-chloromercuri-

benzoate

Mixed substrate studies

0-40% Ammonium sulfate
fraction

L0-60% Ammonium sulfate
fraction

Calcium phosphate gel step

(mixtures of equivalent
amounts of each enzyme)

not a substrate
80 sec
7.1=7.4

absolute

no effect

88% inhibition
of D=fuconate
dehydration

non-additive
rates with
L-arabonate
and D=fuconate

10% total
activity

90% total
activity

100% inactiva-
tion

12 mM
> 1 hour
6.5-6,8

2-3 fold
activation

no effect

66% inhibition
of D-fuconate
dehydration

non-additive
rates with
D-galactonate
and D-fuconate

90% total
activity

10% total
activity

9% inactiva-
tion
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Figure 58, Growth of mutant strain 73-1-2 on D=fucose,

L-arabinose, D=glucose, and D-galactose,
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Table XXXIX, Enzyme levels in mutant strain 73-1-2 and the
parental strain., Cell extracts were prepared
from L-arabinose grown cells unless otherwise
noted and were prepared as in Table XXXVII,.
Protein was estimated by the biuret assay.
Specific activities are reported as umoles

per hour per mg protein,

Specific Activity

Enzyme Wild Type Mutant
D-Aldohexose dehydrogenase* 16.3 14,1
L-Arabino-aldose dehydrogenase 15.7 11,8
D-Fuconate dehydratase h,27 3.32
KDF Aldolase 4,23 0.91

*Cell extracts prepared from D-glucose grown cells,
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to be a leaky mutant, in which a change in an amino acid
residue iIn the aldolase has resulted in a less catalytl-
cally active protein,

The isolation of mutant strain 73-1-2, which
simultaneously exhibited a reduced growth rate on L~
arabinose and D-fucose and a correspondingly diminished
level of KDF aldolase, supports the prior conclusions
that KDF and KDA are degraded by the same enzyme and that
1L-KDA dehydratase, the only other enzyme reported to act
upon L-KDA (54-56), is not present in thls microorganism.

The fact that the two mutant strains, 5-1-10-1
and 73-1-2, possess corresponding defects in both the
L-arabonate and D-fuconate pathways suggests the common
identity of the two pathways and substantiates the pre-
vious conclusion that both D-fuconate and L-arabonate
are dehydrated by the same enzyme and that both KDF and
KDA are cleaved by the same enzyme., In summary, the
enzymes of D-fuconate and L-arabonate metabolism are
identical, but, despite the structural similarity between
D-fuconate and D-galactonate, the enzymes responsible
for D-galactonate degradation do not participate to a
detectable extent in the degradation of either D-fuconate

or L-arabonate,



DISCUSSION

The data presented in this thesis show that, in
the pseudomonad under investigation, D-fucose 1s degraded
by the pathway shown in Flgure 59. D-Fucose 1s degraded
through a modified Entner-Douderoff pathway by oxidation
to the lactones, hydrolysis to the free acid, dehydration
to the keto deoxy acid, and cleavage to form pyruvate
and D-lactaldehyde., The data also indicate that the
enzymes of the D-fucose pathway function in a new path-
way for the degradation of L-arabinose (Figure 60A);
instead of beilng dehydrated to form a-keto glutarate
semlaldehyde, 2-keto-3-deoxy-L-arabonate is cleaved to
form pyruvate and glycolaldehyde. All attempts to demon-
strate the previously known pathway (Figure 60B) were
unsuccessful.

In this section, the major conclusions, and the
data on which they are based, will be discussed, and an
attempt will be made to relate the results obtained from
this work to those from related studies in the literature.

The initial experiments indicated the presence of
at least two soluble, pyridine nucleotide-linked dehydro-
genases which were capable of oxidizing D-fucose and
which could be differentiated on the basis of nucleotide

and substrate specificity and Sephadex G-200 elution pro-
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Figure 59. Pathway of D-fucose degradation
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Figure 60. L-Arabinose degradation in pseudomonads.
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files. No activity which modified D-fucose by means of
isomerization, phosphorylation, epimerization, or reduc-
tion was detected in crude cell extracts. Thus, it was
concluded that pathways for D-fucose metabolism other
than the oxidative pathway described above did not exist
in thlis pseudomonad; 1t was also concluded that D-fucose
was not degraded by a pathway analogous to those which
occur in other organisms for the degradation of L-fucose
or L-rhamnose, which are the two other common 6-deoxy
aldohexoses (263-265),

Based on substrate specificities of the two fucose
dehydrogenases, the NAD-dependent enzyme may be desig-
nated a D-aldohexose dehydrogenase and the NAD(P)-depen-
dent enzyme may be designated an L-arabino-aldose dehydro-
genase, Substrate specificity cannot, however, be used
as the sole criterion in ascertaining the participation
of a particular enzyme in a metabolic process, The induc-
tion by a speciﬂic carbohydrate of an enzyme which, in
turn, 1s operative on the carbohydrate suggests that the
enzyme may be functional in the metabollism of the carbo-
hydrate. Both dehydrogenases were induced by growth on
D-fucose and, In the absence of any mutational evidence
to indicate the contrary, may be considered to be func-
tional in the degradation of D=fucose, The D-aldohexose
dehydrogenase 1s also induced by growth on D-glucose

whereas the L-arabino-aldose dehydrogenase is also induced
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by growth on D-galactose, L-arabinose, and 6-iodo-6-deoxy-
D-galactose, The last carbohydrate 1s readily metabolized
by the pseudomonad and 1is probably oxidized by the latter
enzyme in vivo. For the sake of clarity, the two dehydro-
genases wlll be distinguished in the remainder of this
section on the basis of substrate specificity rather than
nucleotide specificity.

Evidence was obtalned which establishes the products
of carbohydrate oxidation to be a 6-lactone with the D-
aldohexose dehydrogenase and a y-lactone with the L-arabino-
aldose dehydrogenase. The ring sizes of the lactones
were determined by chromatography and by the ability of
the respectlive dehydrogenases to convert 6- and y-lactones
to the corresponding aldose (Tables X and XVII).

The K, values at pH 8.1 for the physiologlcally
important carbohydrates ranged from 0,86 mM to 5.8 mM for
the D-aldohexose dehydrogenase and from 0,14 mM to 0.50
mM for the L-arabino-aldose dehydrogenase., The Km values
for the latter were also run at the pH optimum, pH 9.4,
and were found to be 5 to 14-fold higher than the K,
values at pH 8.1. The observed increase in K; and Vpaxy
values at pH 9.4 provokes thought about the implications
inherent in the determination of a Ky value at only one
hydrogen lon concentration, as is the case for most
enzymes reported in the literature, except those enzymes
which, due to an abnormally high Ky value, were investil-

gated to determine the lowest and yet most meaningful Kn
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value (85, 86).

The dehydrogenases were easily distinguished on
the basis of thermal denaturation. The half-lives at
550C were found to be 42 seconds and 13 minutes for the
D-aldohexose and L-arabino-aldose dehydrogenases, respec-
tively (Figure 23), These properties were used in the
heat step of the purificatlon of the latter enzyme.
Both enzymes were insensitive to thiols, thiol group
inhibitors, metal ion activators, and EDTA,

Due to the fact that pseudomonads are noted for
possession of multiple carbohydrate dehydrogenases, it
was of interest to determine whether the pseudomonad
under study possessed only two dehydrogenases, or if the
activities on these various sugars could be resolved
further. This was investigated by measuring the ratios
of actlvities on various substrates when the enzymes
were subjected to the following: (1) chromatography on
Sephadex G-200 and DEAE-cellulose; (11) adsorption on
and elution from calcium phosphate gel; (1iii) thermal
inactivation; (1iv) assaying at different pH values; (V)
mixing substrates for possible additive rates. In all
cases, the ratios remalned constant, indicating that
the L-arabino-aldose dehydrogenase and the D-aldohexose
dehydrogenase are single enzymes and that there is, in
the pseudomonad under study, no other dehydrogenase
active on D-glucose, D-galactose, L-arabinose, or D-

fucose when the pseudomonad 1s grown on any of these
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carbohydrates. An additional dehydrogenase has been
observed in D-xylose grown cells., It appears to be a
D-xylose specific dehydrogenase which does not oxidize
any of the above four carbohydrates and D-arabinose,
D=-glucose, L-fucose, and D-1lyxose; thlis enzyme 18 not
detectable in cell extracés of the pseudomonad when
grown on carbohydrates other than D-xylose,

The presence of bacterlial enzymes which oxidize
carbohydrates to the corresponding lactone 1s well estab-
lished., Many of these enzymes are soluble and specific
for non-phosphorylated aldoses, Table XL lists the
specificities of various soluble aldose dehydrogenase
that have been found in other bacteria by other workers,

The only enzymes closely related to the unique
D-aldohexose dehydrogenase, herein described, have been
characterized by Cline and Hu (87) and Avigad et al., (42),
The NAD-dependent aldose dehydrogenase of Cline and Hu
exhibited entirely different substrate requirements, was
totally inactive on D-mannose, and was active on D-xylose,
The NADP-dependent aldohexose dehydrogenase of Avigad
et al. was active only on D-glucose, D-mannose, 2-deoxy-
D-glucose, and D-mannosamine whereas the NAD-dependent
D-aldohexose dehydrogenase described in this thesis was
active on all the D-aldohexoses tested and possesses the
broadest substrate specificity of any soluble dehydrogen-
ase previously described. Microblal dehydrogenases

operative on D-mannose are a rarity, there being only



245

VL YdoIeyoows 988BUSTOIPALAYLD

(o4) qsexs-7 ‘18I~ +dVN ssuomopnes d esoutqeIy-1

dmwmmonwmoodm esBuUaZoIpLyep

(o *49) qBI8~T ‘T8I-Q +QVN ‘sguomopnes g esoutqeIy=-]

. 15513 98vuUsFoIpLYSD

(88) +daVN * LaVN sBuUomWOpPNasd esouTqQBIV-q

onJy=-7 esvueoIpAysp

(48) -d=o ‘188-1 ‘qeae-q daVN ‘. qVN psUOCmWOpPNOs d esoulqeIy-q

aﬁmmmouwzoowm esBUaZOIPAYSP

(08) +aVN ssuomopnosqd esoulqBIV=Q
ugup=g

‘nTIp=-a SNUTJIa9 9sBUSFOIPAYSD

(2h) ‘usu=-q ‘nrI-q +ddVN JI83j39sqouoontd 980X9YOPIVY
qBIs=T

‘onJy-q *‘TL&x~-( esBuUaZoIpAYSP

(L8)  =-a-d ‘ni8-q ‘T88-q +dWN psuomopnesd CEL 8 4

98BUdZOIPAYIP

a-¢d esoxayopTe=a +aVN psuowopnes d 980X9YopTIV=ad

qexs=-7 988USIOIPAYSD

a-d ‘183-q ‘OnJ=-q 4+dQVN ‘ QYN psuomopnesd ©s80pIB-0UTqQBIY-T]T

9uo0390®T JoO £370731oedg £37073T0eds
*Joy Jamouy  WIog Juty 83 BIgSqQNg Jo0qdsooy 9oanog smAzuy
uoJI390eTqd

—

S

HOOOY ¢— (©0u0308BT) &— OHDH
-goyduou z0J o7Jjoeds sessvusfoIpAyep TBIISZ08Bq 9TANTOS sSnOTIBA Jo uosfaedmoo y °IX oTa8l

18T asyoossouom pejeTLroyd



246

*9SO0TqOTTIe0 ‘OTTe0 ¢{85030BT *30BT {9s03T8U

‘aT8m $9850408BTBI=T *‘TBI~-T fesoony-7 ‘onJ=J fesouiqsas= *‘QqBIB=(Q
{osouuBU=(-£X09p=gZ=OoUuimWwe=z ‘uBWp~-J {esouiqsBaB-] ‘qBIB~] !O8O0UUBU=-]
‘usu~-q ¢{esooni=q *‘onJ=-g !osOoTLx-Q ‘TALAX~-Q !985030BTBI=-LX00D-Z *T8BIP=q

tosoonTI-=-£x09p=~z ‘NIIp-q {880408T8BI~-q ‘TBI~-Q !esoonTI-q ‘ni3=-q

tpesn suoO}48IAIqQAY

(ot

(€6)

(6€)

(€4)

(1)

(26)

(16)

(6T)

(48)

(06)

‘g4)

(68)

-a-¢

-a-d

OTT®o
‘3087 418U
‘1Lx-q ‘unrd3-a

ngdp~-q ‘nr3-a

ustl=(] ‘nr3-qg

n3p-q ‘urs-q

ny3=Q

ni3-q

qeIs~T ‘183p=Q

‘ong-q *‘Te3-q

qeas=-1 ‘183-q

gqsase=7 ‘T183-(

umouyun

+ddVN

+daVN

+aVN

+aVN

+IVN

+ddVN

+dVWN

+QVN

mj B
mmiI03 089

d

sNnedBs Omﬁmm

sno00000[pod

sueplxoqns
I0398q0490Y

suopAxoqns

19508q03990Y

FCECE)
suITio8d

psuowopnes d
peuomopnas d
psuowopnesd

BT1YdoIsyooes
ssuomopnesd

psuomopnas d

esBUaBOIPLYSP
esoouToH=qg

asBUaIOoIpAYLP
esoonToH-(

aswsuaIoapLysp
esoonToH=-\

agBuaIoxpilysp
esoonToH=Q

osBUaZOoIpPAYSD
asoonio=(q

asBUsIOIpPAYSP
esoonrn=(

essuedoxpLiyep
esoonToH~-(q

esBUSTOIPAYSD
9803 08TBH=(

essusdoapLysp
9804908T8BH~(

esBUS8BOIPAYSD
950308T8O=Q

esBUFOIPAYSD
880308 8BH=C



247
two recorded instances in the literature (42, 43); the
D-aldohexose dehydrogenase herein described constitutes
the third instance.

The ring form of the lactone resulting from the
oxidatlon of D-glucose by the NADP-dependent aldohexose
of Avigad et al. was determined to be a 6-lactone on the
basls of reversibility of the reaction only with D-
glucono=6-lactone, The ring form of the product was not
determined by Cline and Hu., All soluble dehydrogenase
operative on D-glucose, for which the lactone ring size
has been determined, yield D-glucono-b-lactone (39, 42-4k4,
93). This is in agreement with the results obtained in
the current study. However, all previously reported
studies of soluble dehydrogenases operative on D-galactose,
in which the lactone ring size has been determined, have
indicated the product to be a y-lactone. Thus, the D=
aldohexose dehydrogenase 1solated from the pseudomonad
under investlgation 1s the first reported instance of
D-fucose or D-galactose oxidation in which the pyranose
form of the carbohydrate is oxidized resulting in forma-
tion of the 8-lactone, D-Fucono-b6-lactone and D-galac=-
tono-b-lactone have never been isolated due to their
instability (46-48),

A substantlal number of carbohydrate dehydrogen-
ases have been characterized as to whether the conflgura-
tion of the first carbon atom of the substrate is impor-
tant in the oxldation of the sugar (38, 85, 87, 93, 94),
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In all cases examined which are valid under a set of con-
ditions discussed below, the B-D or the corresponding
a=L form of the carbohydrate was determined to be the
more reactive anomer, It is felt that this type of
analysis must be restricted to those carbohydrates which
exhibit simple mutarotation (95), that is a single slow
mutarotative step solely involving pyranose interconver-
sions; included in this series would be D-glucose, D=
mannose, D=xylose, D~glucose and the disaccharides con-
taining these carbohydrates in the reducing moliety. The
carbohydrates which exhibit complex mutarotation, that
1s those which form substantial amounts of furanose forms
in solution, cannot be used in an anomeric prefence
analysis with certainty since other unknown rate parameters
are Introduced into the analysis; these carbohydrates are
D-galactose, D-fucose, L-arabinose, and D-talose (95).
A further obvious restriction must necessarily involve
the utilization of only those dehydrogenases which are
operative on the pyranose form of the carbohydrate.

In compliance with the previous restrictions, the
investigation of the steric requirements of the D-aldo-
hexose dehydrogenase with a-D-glucose and a,B-D-glucose,
showed that the B-D-pyranose form was preferred over the
a-D-pyranose form. This is in agreement with the results
obtained with other soluble dehydrogenases. The L-arabino-

aldose dehydrogenase was not similarly investigated due
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to the fact that the enzyme oxldizes only those carbohyd-
rates which exhibit complex mutarotation and also due to

the fact that enzyme appears to require the furanose form
for catalysis,

The L-arablino-aldose dehydrogenase is also a
unique enzyme and 18 not easily insertable into any pre-
viously established class of soluble carbohydrate dehydro-
genases due to lts substrate and nucleotide requirements.
It 1s one of the rarer carbohydrate dehydrogenases opera-
tive with both NAD and NADP; it also possesses stringent
substrate requirements and is operative on only those
carbohydrates possessing the L-arablno-configuration.

The product of thlis dehydrogenase has been identified as
the y-lactone, which is in agreement with results obtained
with other soluble dehydrogenases operative on D-galactose.
Since the y-lactone 1s the product, it can be assumed that
the enzyme is operative on the furanose form of the carbo-
hydrate.

The relatively high content of furanoses in solu-
tion of some carbohydrates has been documented. The rate
of mutarotation 1n aqueous solutions of galactose, arabin-
ose and, presumably, fucose 18 substantially faster than
the rate of mutarotation of mannose or glucose as was
pointed out earlier; this has been interpreted as an
indicatlion that substantial amounts of the furanose forms

of the former serles are present at equilibrium (96).
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The proportion of furanoses in an equillibrium solutlon
depends upon the relatlive stabilities of the pyranose
and the furanose forms. The stability of the furanose
forms, likewlse, depends on whether the substituents

are cls or trans to each other; when the three substitu-

ents of the 0-2, 0-3, and C-5 are in a trans-trans

arrangement, the furanose form 1s quite favorable, and
its presence 1s indicated by fast mutarotation., From a
detaliled mathematical treatment of the mutarotation of
D-galactose, Nelson and Beegle (53) postulated that an
equilibrium of galactose contains 12% furanose at 20°C,

A more recent study of the equilibrium composition of
L-arabinose and D-galactose solutions at 25°C by gas
chromatography of the trimethylsilyl ethers 1nd1cated.
that the B-furanose form amounts to 5.3 and 4.9% respec-
tively; the B-pyranose to B-furanose conversion of galac-
tose was noted to be more rapild than the B-pyranose to
the a-pyranose, substantiating in part, the previous
interpretation of fast versus slow mutarotation rates (97).
Wells, Sweeley, Bentley, and coworkers have demonstrated
also by gas chromatography of the trimethylsilyl ethers
that equilibrium solutions of D-galactose contailned 5.4%
furanose (98). Since structures can be drawn for D-
galactofuranose, D-fucofuranose, and L-arabinofuranose
which exhiblt the all-trans configuration (Figure 61), it

1s probable that the L-arabino-aldose dehydrogenase 1is
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also operative on the B-anomer. It 1s not evident, how-
ever, why enzymes would bé evolved which are operative on
B-D-galactofuranose rather than p-D-galactopyranose,
present in 15-fold excess or a-D-galactopyranose, present
in a 6-fold excess. There exists the possibility that
the L-arabino-aldose dehydrogenase possesses the capabll-
ity of converting B-pyranose, present in 15-fold excess,
to a g-furanose in a manner similar to a mutarotase.

Since D-fucono-y-lactone is very stable and hydro-
lyzes slowly even at pH 9 (48) and since 20% of the y-
lactone formed from oxidation of D-fucose by the L-arabino-
aldose dehydrogenase (Table V) was converted to the free
acild by hydrolysis, it was evident in the preliminary
experiments that an aldonolactonase was present. Aldono-
lactonases are a poorly characterized group of esterases
which are operative on internal esters of aldonic acids.
They are a necessary group of enzymes for the hydrolysis
of those lactones which are stable towards non-enzymatic
hydrolysis in the 6-8 pH range. Weilmberg (88) has

observed that Pseudomonas fragi is incapable of efficiently

utilizing L-arabinose, D-xylose, and D-ribose because of
the absence of a lactonase; the Y-lactones of the respec-
tive aldoses were found to accumulate in the media due to
thelr stablility at a neutral pH. Due to the stability of
D-fucono-y-lactone, the growth rate of the pseudomonad
under study would probably be diminished in the absence

of a lactonase,
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A literature survey was undertaken to correlate
the properties of various delactonizing enzymes with the
properties of the lactonase isolated from the pseudomonad
under study. The results of the survey are presented in
Table XLI.

The general properties of aldonolactonases can be
summarized as the following: (1) they are usually speci-
fic for 6- or y-lactones; (11) they require a metal ion
and a thiol for maximum activity; (11i) the pH optima are
in the range 6-7.5; and (1v) they all possess high
Michaelis constants, as noted also by Yamada (103).

The enzyme partlally characterized in this study
was not activated by thlols or metal ions, nor was 1it
inhibited by high concentrations of thiol group inhibi-
tors. The Ky value and the pH optimum were found to be
21 mM and pH 7.6 respectively. There appear to be no
striking differences between the properties of this lac-
tonase and the properties of the previously described
lactonases.,

The degradation of D-fucose to the keto deoxy acid
provides another example of a widespread metabolic mechan-
ism in bacterla whereby utilization of carbohydrates and
polysaccharides involve formation of deoxy sugar acid
intermediates. 2-Keto-3-deoxy sugar acid intermediates
are involved in the degradation of glucose (19, 125),
galactose (78), D-altronic and mannonic acids (106),

D-arabinose (117), L-arabinose (54-56), D-xylose and



4°9 (9-30®T) ngo=-A=-a _ ou0308T
(t0T1) -G°9 9UON WI 0z T®9=~A=d ‘qig=-A=-Q SUe[00ABIZ °d -9=2087]
390%®7]I=9Q
+2°0 (0TO=9=q) ‘nron=-9=d-9-a 988U03 087
(66) 89X +zUH ¢ 458N Wa G°g ‘nTH=-9=q 488BOL 8,;I9¥8BYg nIo=9-q
+Noo 988U030%87]
(ooT) 0°9 +zUH .+Nws nro=9=q JI8AJT eugaog nyo=-9-a
wﬁﬁnmdnwsoonm 988U03 08T
(#S) 3 qQBIY=-A=T
&
o 988U03 08T
(Th) I9ATT 38Y T89=A=a
_ 958U03 0%
(88) 1081] °d qBI¥=A=C
BTTUdO0IBY008S, 958U0308T
(08) 3 qQBIY=-A=(
BT TUdOIBY008E, 988U0308BT
(82) °d #»#18D=A=Q
onJg=-A=

9UON WaZ 02 qQTy=-A=a *‘TBH=A=Q psuowopnesd #98BU0308BT=A
quamaafnbay (sesBTOIPLH)

*Jeay °3do Hd TOTYJ UOI T®B3I8YW Ty £4707J3700dg aoanog oufzug
p——— ———————————— —————— — — —_——

*S§9SBUO030BTOUOPTE SNOTIBA JO uosiIedwmoo § °*ITX 9148l



255

*auojqoBTOUOONI ‘onyg ¢{auojzoBTOUOTNDH
‘Tnn teuojosTOoUOUUB| ‘U {oucjq0BTOUOQTH ‘qQTH ‘euojosrouconTI-oydsoyd-9 °‘nio-d4d-9
{PTOB 0TUOTqO39BT *30WT !{auoq0BTOUOONTH ‘NTH {8U030BTOUOCGBIY ‘QBIY {8U0Q0BTOUO03OBTBY ‘T8Dxx

88BTOIPAH »

1SUOT38TASIqQY

9sBTOIPAY

epirTousjing

-9=TLygeu

(S0T) G4 auoN W g4 sSUoosedonl] °d -£X0qIBY=-A
ngo-A=1 I0ATT

(€0T) ‘nTo=A=q *TBOH-A=(C usTBUWUB) I 9SBUO030®V]

uBj=A=Q

) “zaoswua “zﬁouwnq £aupTH usBTA®B
0° T80=A=0 "Te®O~A~T] pus I9ATT

(€0T) -8°9 SeX  4,UN .+Nmz Wd 0z=T ‘Tud-A-q *TIno-A-1 usiTsWUBK I 9SBUO30BT]
nyo=-A=-q ‘qeay-A=q Loupty

.Adoﬂ .+NQN “ﬁmulrnn ”naM|>|Q pUB JISATT 958 U03908T

2071) saX +an +Noo WaZ 09-0T Tno=A=-q *‘usy-A=Q usTTswus =0uoplVv



256
D-ribose (88, 119), D-glucosaminic acid (107), alginic
acid (61), polygalacturonic acid (63, 116), hyaluronic
acid (108), chondroitan sulfate (115), pectin (109, 110),
glucaric and galactaric acids (18, 26, 111, 112, 119),
myo-inositol (113), and y-hydroxy glutamate (114),
2-Keto-3-deoxy-D-arabino-heptonic acid-7-phosphate (17,
59, 121), 2-keto-3-deoxy-D-manno-octonlc acild-8-phosphate
(14, 75, 118, 120), N-acetyl-neuraminic acid-9-phosphate
(122), and N-acetyl-neuraminic acid (122, 123), also
belong to the group of keto deoxy sugar aclds‘but are
involved 1n biosynthetic reactions and are formed by aldol
condensation of two smaller moleties, The 2-keto-3-deoxy
sugar aclds which contain 5 and 6 carbon atoms are formed
from thelr respective aldonic acid by the action of a
specific dehydratase.

The quantitative conversion of D-fuconate by cell-
free extracts to a substance which after periodate oxida-
tion ylelded a TBA chromogen with xmax 551 nm suggested
that the substance was a 2-keto-3-deoxy aldonic acid and,
thus, directly implicated the intervention of a dehydra-
tase. The dehydration product was shown to possess the
structure 3,6-dideoxy-D-threo~-hexulosonic acid (KDF) by
analysis of the condensation products of the dehydration
product with semicarbazide-HCl, o-phenylenediamine, and
3-methyl-2-benzothiazolinone hydrazone, by ceric sulfate

decarboxylation, by perliodate rate and total consumption
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studies, by analysis of the KDF aldolase cleavage products,
by identification of the periodate cleavage products, and
by chemical synthesis., Dehydration was found to occur at
C-2 and C-3 leaving the C-4 and C-5 hydroxyl groups intact.

L-Arabonate was also dehydrated by the same enzyme
to a substance which, after periodate oxidation, ylelded
an alkalsi-unstable TBA chromogen with Apgx 551 nm. The
common identity of the enzymes which dehydrated L-arabon-
ate and D-fuconate was indicated by a variety of means,
among which were the following: (1) Sephadex G-200 and
DEAE~cellulose elution profiles and the pH optima of the
enzyme were superimposable; (1i) rates from studies
utilizing mixed substrates were not additive; (1iii) ther-
mal inactivation profiles of the enzyme with both sub-
strates were superimposable and exhibited first order
kinetics; and (1v) a mutant strain was isolated which
lacked dehydratase activity on L-arabonate and D-fuconate,
and a revertant was obtalned from the mutant strain which
regalned the abllity to utilize D-fucose and L-arabinose
and possessed normal dehydratase activity on L-arabonate
and D-fuconate, It was concluded that the observed
activities were due to a single enzyme,

An enzyme reported to dehydrate L-arabonate has

been found to occur in Pseudomonas saccharophila by

Weimberg and Doudoroff (54) and Weimterg (55), and in

Pseudomonas fragi by Weimberg (88)., Weimberg and
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Doudoroff were unable to purify and characterize the

P. saccharophila enzyme due to 1ts extreme labllity; in
contrast, the dehydratase 1solated from the pseudomonad
under study is very stable and retains 100% activity after
24 hours at 30°C, whereas the P. saccharophila enzyme 1s
totally denatured after 5 minutes under the same condl-
tions (54). Thus, this is the first reported purifica-
tion and characterization of a dehydratase active on
L-arabonate and D-fuconate., In P. fragi, Weimberg only
reported the appearance of TBA-positive material when
crude extracts were incubated with L-arabonate,

A literature survey was undertaken to correlate
the properties of other aldonic acid dehydratases and
the results of thls survey are presented in Table XLII.
The properties exhlibited by most of the dehydratases can
be listed as the following: (1) dehydration occurs at a
position a,B to the terminal carboxyl group; (ii) the
configuration of the hydroxyl groups at the dehydration
site 1s usually threo (the exceptions are D-mannonic
dehydratase and transeliminase which dehydrate erythro
hydroxyl groups); (111) a metal ion 1s usually required
for maximal activity (the exception is D-galactarate
dehydratase); (iv) most dehydratases requiring metal
lons also require thiols (the exception 1s D-mannonic
dehydratase); (v) the pH optimum r;nges from 7-8; (vi)
the K,'s are 0.1-8 mM; and (vii) the dehydratase reac-

tion appears to be irreversible.
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In comparison to the previously characterized
dehydratases, D-fuconate dehydratase does not exhibilt
any unusual properties. Dehydration occurs at threo
hydroxyl groups at C-2 and C-3, and a divalent cation
and thiol are required for maximal activity. The pH
optimum is 7.1-7.4, and the dehydration is an essen-
tially irreversible reactlion.

D-Fuconate dehydratase activity is influenced
by the buffers used in the assay. The enzyme 1s par-
ticularly susceptible to Tris and the Tris derivatives
prepared by Good et al. (124), It is interesting to
note that the crude lablle enzyme from P. saccharophila
also exhibited denaturation by Tris (54); buffer effects
on dehydratases have not been described except for the
previous report. Inhibition of D-fuconate dehydratase
by the buffers presented in the text is not belleved to
occur by chelation of lonic cofactors since no correla-
tion exists between the pKM2+ (metal ion binding con-
stants) and the observed activities in the various buf-
fers,

D-Fuconate dehydratase 1s induced by D-galactose
(Table XXVII), but is totally inactive on D-galactonate,
D-Galactose may thus be considered to be a gratultous
inducer of D-fuconate dehydratase., Thils presents an
interesting situation in that D-fucose 1s a gratuitous
Inducer of the galactose operon in other organisms (132,

133), whereas in this instance, galactose i1s a gratuitous
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inducer of an enzyme instrumental in D-fucose degradation.

A mutant, strain 5-1-10-1, was isolated which was
unable to utilize D-fucose or L-arabinose and was shown
to lack D-fuconate dehydratase but possessed normal levels
of D-galactonate dehydratase. This evidence Jjustifies
the conclusions that D=fuconate dehydratase 1s absolutely
functional in the metabolism of D-fuconate and L-arabon-
ate, that D-galactonate dehydratase 18 not functional in
the metabolism of D-fuconate, and that there 1s little
likellhood that this organism possess an alternative
route for D-fucose degradation, a conclusion reached
previously after the inabllity to detect other enzymes
operative on D-fucose,

The further degradation of deoxy hexulosonic acids
is characterized by one of three routes: (1) by dehydra-
tion (56); (11) by direct cleavage (18, 117, 119, 122,
123, 134, 135); or (1i1) by cleavage of a phosphorylated
intermediate (19, 77-79). An aldolase was discovered
which was induced by growth on L-arabinose or D-fucose
and which catalyzed the cleavage of KDF and KDA., KDF
aldolase was purified over 50-fold and some of its
properties determined.,

The cleavage products of KDF and KDA were deter-
mined to be pyruvate and lactaldehyde and pyruvate and
glyolaldehyde, respectively. Equivalent amounts of each

product were formed from the respective substrate.
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Pyruvate, and not hydroxypyruvate, was shown to be the
product of the KDF aldolase-catalyzed cleavage of KDF and
KDA by chromatography and absorption spectra of the 2,4-
dinitrophenylhydrazones.

A literature survey was undertaken to correlate the
sulfhydryl requirements, the pH optima, and the metal ion
requirements of aldolases which cleave deoxy hexulosonlic acids
and 18 presented in Table XLIII.

In contrast to the other aldolases in Table XLIII
KDF aldolase has an absolute requirement for a divalent
cation. The only other aldolases operative on a deoxy
hexulosonic acld which possess ' a metal ion requirement
are 2-keto-3-deoxy-D-glucarate aldolase (18) and 2-keto-3-
deoxy-D-arabino-heptonate-7-phosphate synthetase from
sweet potato (121).

The pH optimum fo; KDF aldolase was found to be
8=8.2 in Tris and Hepes buffers with each substrate., All
similar aldolases possess pH optima 1n this range where
the substrates are completely ionized., The requirement
for metal 1ons in the presence of 1ionized substrates
suggest the formation of an enzyme-M2+-substrate chelate
1s necessary for catalyslis to occur,

KDF aldolase in the assay reaction has no sulf-
hydryl requirement as 1s evident from the absence of
stimulation in the presence of thiols or from the absence

of inhlbitlion in the presence of thiol group inhibitors.,
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However, when extracts were prepared in the absence of
thiols and fractionated on Sephadex G-200, a time- and
thiol-dependent renaturation process was observed to
occur, It 1s suggested that thiols prevent the disso-
clation or denaturation of KDF aldolase by reducing
sulfhydryl groups necessary for the maintenance of con-
formational integrity.

The equilibrium constants for the KDF aldolase-
catalyzed cleavage of KDF and KDA were determlned to
be 0.12 and 0.38 mM respectively. The position of
equilibrium favors the synthesis of KDF or KDA at 10'3 M,
and thus 1s not in agreement with the findings of other
workers on aldolases of non-phosphorylated deoxy hexul-
sonic acids. Aldolases operative on non-phosphorylated
deoxy hexulosonlic aclds possess equilibrium constants
down to 10-2 M (111, 112, 118, 122, 123, 134, 135);
aldolases operative on phosphorylated deoxy hexulosonic
acids possess equilibrium constants in the range 10'3-
10=5 M (77, 129, 130) which are similar to the aldolases
which cleave vicinal hydroxyl groups (136, 137) and to
KDF aldolase., The results obtained in this study pro-
vide an exception to the conclusion of Fish (18) that
all aldolases which cleave non-phosphorylated deoxy
hexulosonlc possess equllibrium constants that favor
cleavage,

The aldolases listed in Table XLIII also possess
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strict substrate requirements, This high degree of
specificity has also been found for KDF aldolase which
cleaves only KDF and KDA, Nelther 2-keto-3-deoxy-D-
galactonate nor 2-keto-3-deoxy-D-gluconate or the
phosphorylated derivatives served as an inhibitor of the
cleavage reaction.

KDF aldolase has been shown to be distinct from
previously reported enzymes for the degradation of D-
galactose, D-glucose, and L-arabinose, In addition to
the conclusion that the aldolase was the terminal enzZyme
in the first known pathway for D-fucose metabolism, it
was concluded, on the basis of mutant strain 73-1-2,
which simultaneously possessed a reduced growth rate on
L-arabinose and D-fucose and a correspondingly diminished
level of KDF aldolase, that KDF aldolase was instrumen-
tal in the degradation of L-KDA, The only previously
known pathway for L-KDA degradation involved its dehydra-
tion by L-KDA dehydratase to form a-keto glutarate semi-
aldehyde (56)., L-KDA dehydratase could not be demon=-
strated in the microorganism under investigation, and it
has been concluded that a new L-arabinose pathway has
been discovered.

The fact that the two mutant strains, 5-1-10-1
and 73-1-2, possess corresponding defects in both the
L-arabonate and D-fuconate pathways suggests the common

ldentity of the two pathways and substantlates the pre-
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vious conclusion that both D-fuconate and L-arabonate
are dehydrated by the same enzyme and that both KDF and
KDA are cleaved by the same enzyme, In summary, the
enzymes of D-fuconate and L-arabonate metabollism are
identical, but, despite the structural similarity
between D=-fuconate and D-galactonate, the enzymes
responsible for D-galactonate degradation do not par-
ticipate to a detectable extent in the degradation of

elther D-fuconate or L-arabonate,



SUMMARY

The first known blodegradative pathway for D-fucose
has been eluclidated. The pathway was determined to be:
D=-fuc08€ —==——p D=fucono-y-lactone + D-fucono-t-lactone
) D=fuconate ———3) 2-keto-3-deoxy-D-fuconate ——
pyruvate + lactaldehyde., The enzymes were purified and
some of theilr properties determined. The metabolic
intermediates of D-fucose degradatlion were 1solated and
identified by derivatization and chemical synthesis, The
enzymes of the D-fucose pathway were found to act upon
L-arabinose and were found also to function in the bio-
degradation of L-arabinose as demonstrated by mutant
strains which possessed simultaneous defects in both L=~
arabilnose and D-fucose metabolism. A new pathway for the
degradation of L-KDA was demonstrated through which L-KDA
i1s cleaved by an aldolase to form pyruvate and glycolalde-
hyde,
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APPENDIX A
OCCURRENCE AND METABOLISM OF D-FUCOSE AND ITS DERIVATIVES

D-Fucose (6-deoxy-D-galactose) is a constituent of
cell walls, cardiac glycosides, mucoproteins, mucopoly-
saccharides and numerous other glycosides. This sugar
and its 2-0-methyl-, 2,3-di-0-methy1-. 3-0-methyl-, and
2-amino-2-deoxy-, 3-amino-3-deoxy-, and ﬁ-acetyl-j-amlno-
3=-deoxy-derivatives have been isolated from the hydroly-
sis products of heteroglycoslides obtained from plants,
fresh-water gastropods, and bacteria (139-176, 180-182,
229-246),

D-Fucose and D-digitalose (3-methoxy J)-fucose) are
liberated upon acid hydrolysis of chartreusin, an antl-
blotic active agalinst Gfam-positlve organisms and myco-
bacterla; 1t is produced by Streptomyces chartreusis from
African soll and by Streptomyces sp. from North American

soll (166-168, 175-176).
D-Fucose has been 1solated from cardiac glycosides

obtained from seeds of Strophanthus sarmentosis and S,

eminii (159, 162), and from leaves of Digitalls purpurea
and D, lanata (145, 146), D-Digitalose has been isolated

from the seeds of S. gerardii, S. commontii, S. armentosis,

(173), and Digitalis purpurea (172). Strophanthus and
Digitalls belong to the family Apocynaceae, which provides

284
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numerous D=-fucose-containing drugs widely used as heart
stimulants. D-Fucose 1s a carbohydrate component of a
cuproprotein, Stellacyanin (249) and has been isolated
from the root glycosides of the morning glory, Ipomoe
orizanesis (174), and from the family Cruciferae, which
comprises the cabbages, caullflowers, brussel sprouts,
and mustard seed (174). 3-0-Methyl ethers of D-fucose
have been obtailned from the naturally occurring pure
cardlac glycosides, strospesid and panstrosid (173).
Other naturally occurring methoxy derivatives and methoxy
glycosides of D-fucose are also documented (146-148,
177-179, 229-246).

The roots of various plants of the Convolvulaceae
contaln glycosides of D-fucose and have been used
medicinally as purgatives for many centurles. The plants
are cultivated in Mexico, Jamaica, and South America
(161). In addition, four common species of aquatic
gastropods have been found to possess specific poly-
saccharides containing D-fucose (180).,

D-Fucosamine has been found to be present in bacteria,
This amino sugar was first located in a specific lipo-
polysaccharide of the Gram-negative bacterium, Chromo-

bacterium violaceum (140). Subsequently, it has been

1solated from Bacillus lichenformis (181), B. subtllis

(181), and B, cereus (182, 258, 259), Salmonella (248),

Xanthomonas campestris (250), and Pseudomonas aeruginosa

(261), Thus, D-fucose and its derivatives are quite
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widespread; the cases cited represent but a few of the
many sources that are documented (139-171, 174-176, 180),

The literature contalns many instances 1n which
fucose was detected and identifled by co-chromatography
with L-fucose, but in which no specific rotation studles
were performed. Thus, D-fucose could conceivably be
present 1n any of the followling instances: O-methyl

fucose in Myobacterlum bovis (189) and M., tuberculosis

(257), the organic material if egg shell matrix (190),

the fucose polysaccharides produced in Corynebacterium

insidiosium and C. sepedonicum (191), the polysaccharide

found in the PR8 and the Lee strains of influenza virus
(192), hemicellulose from Sean seeds (193), fucose in the
gastric mucosa (194), exudate from the bark of Ulmus
fulva (195), mucoprotein from sedentary polychete worms
(196), saponins hydrolyzate from Gypsophila (266), seed
exudate of Ascophyllum nodosum (197), carbohydrate com-

ponents of reticular fibers from lymph, lung, testis, and
adipose tissue (198), placental carbohydrates (199),
carbohydrate content of tissues of cancerous individuals
(267), lung reticulin of cattle (200), polysaccharide
produced by a strailn of B. polymyxa (201), carbohydrates
of mollusk style (202), fucose polysaccharide from cor-
tical fibers (203), fucose content of human renal
reticulin (204), Descement membrane of bovine cornea (205),
quebracho tannin extract (206), amphibian egg jelly (207),

capsular polysaccharide of Pseudomonas fluorescens (208),
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guinea pig spermatozoa (209), human cervical mucus (210),
urinary gonadotropins (211), sphagnum moss and peat (212),
aspen wood (213), cerebrospinal flulds from patients with
mental disorders (214), sea urchin eggs (215), microcysts

of MyXococcus xanthus (251)., The presence of L-fucose was

inferred in each of the cases mentlioned. However, because
of the current realizat;on of the prevalence of the D=
isomer, it would be anticipated that in at least some of
these cases D-fucose would be present instead of, or in
addition to, L-fucose, This observation has also been
made by Levvy (185), who stated, "Although L-fucose has
been positively identified in mammalian tissue in at least
two instances, in many cases, its presence has been
Inferred from evidence that does not distingulsh it from
its D-enantiomorph,"

Thus, the literature substantiates the ubiquity
of D=fucose, Although D-fucose was once thought to be
a rarity compared to the supposed relative abundance of
the L-isomer, it 1s felt that the widespread presence of
D=fucose must now be recognized and that numerous new
sources will continue to be unveiled.

Specific B-D-fucosidases have been reported in
organisms on varying positions of the evolutionary scale,

The visceral hump of the limpet, Patella vulgata, has

been described as providing a good source of glycosides
(183). It has been reported also that the limpet possesses
an enzyme that hydrolyzes B-D-fucosides and that is dis-



288
tingulshable from B-D-galactosidase (183). In addition,
Levvy et al. have reported a p-D-fucosidase from ox
liver (184), Since then, specific B-D=-fucosidases have
been discovered in liver, kidney, and epididymis tissues
of rat, ox, and pig (185). There are also documentations
for specific B-D-fucoslidases in cow ovary and uterus
(148), in the digestive joice of the snail, Hellx pomatia
(186), and in the jejunum of rat, rabbit, mouse, and
guinea pig (256). D=~Fucose-containing cardiac glycosides
have been shown to be cleaved in rat liver by a reportedly
unknown glycosidase (187); presumably this enzyme 1s 1den-
tical to the p=-D=-fucosidase isolated from rat liver by
Levvy (185)., It has also been shown that 92% of 6-deoxy=-
hexose-glycosides from Digitalls sp. are metabolized by
human subjects (188), and it is conceivable that man also
possess a specific B-D-fucosldase, D=Fucono-y-lactone
has been found to be a competitive inhibitor of mammalian
B-fucosidases (254),

No pathway for the metabolism of D-fucose has been
elucidated in spite of its ublquity. In fact, very
little data concerning any aspect of D-fucose metabolism
is avallable in the literature. Kundig et al. (247)
have reported that in E. coll D-fucose Ilnduces a phos-
photransferase which catalyzes'a phosphoryl transfer
from a phosphoprotein to galactose, thereby forming
galactose-6-phosphate. Buttin (132-133) has reported

D=fucose induction of galactokinase, galactose-l1-P-
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uridylyltransferase, and UDP-galactose-4-epimerase in E.
coll., He also specifically reports that E. coll does not
use D-fucose as a carbon source, Varlous other researchers
have used D-fucose as a gratultous inducer of the galactose
operon on the assumption that the carbohydrate was not
metabolized (216-224),

D-Fucose has also been reported to be a most effi-
cient repressor of the lac operon (217, 218, 221) and to
markedly enhance the fluorescence of UDP-galactose-l4-
epimerase (225), Alvardo (226) has shown that galacto-

kinase 1solated from Saccharomyces fragilis 41d not phos-

phorylate D-fucose using ATP as the phosphoryl donor.
Hu and Cline (227) and Wallenfels and Kurz (89)

have 1solated from D-galactose-grown Psuedomonas sp. a

D-galactose dehydrogenase which oxidized D-fucose at the
same rate as D-galactose, Cuatrecasas and Segal (228)
have recently reported on a NAD-specific mammalian galac-
tose dehydrogenase from rat liver which exhibited low
activity on D-fucose. Hayalshl has also reported on a

particulate lactose dehydrogenase of Pseudomonas graveolens

which was highly active on D-fucose (255), There is no
report in the literature that any of the above organisms
which possess D-fucose dehydrogenases are capable of grow-
ing on D=fucose,

Echols et al. (224) have shown through inducer
uptake experiments that D-galactose and D-fucose enter

the cell via different transport systems. This 1s quite
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interesting in light of the fact that specific B-glyco-
sidases for D-fucosides and D-galactosides have been dis-
covered (183-186); these findings suggest, perhaps, that
two distinct operons are present in some bacteria for D-
galactose and D-fucose metabolism. D-fucose has also
been reported to be actively transported by rat and ham-
ster small intestine and rat kidney (252, 253). A
mutarotase from tovine kidney cortex has been shown to
be very active on D-fucose (260) whereas mutarotase from
rat kidney has been demonstrated to be inhibited by D-
fucose (253). Despite the plethora of information con-
cerning D-fucose, its blodegradative pathway has not been

previously described in any organism.



APPENDIX B

ISOIATION AND CHARACTERIZATION OF THE PSEUDOMONAD USED
IN THE PRESENT INVESTIGATION

The organism used in thls study was 1isolated from
cpmmercial D-fucose., Solid, non-sterile D-fucose (50 mg)
was added to a culture tube containing the mineral medium
(10 ml) described in Exﬁerimental Procedures, Turbldity
was noticeable after 5 days on a reciprocal shaker at
32°9C, The culture was streaked on D-glucose-mineral
agar; a colony was selected from the plate and was grown
on D=fucose., This culture was streaked again on D-glu-
cose-mineral agar; the above procedure was repeated twice
again until purity was assured.

The organism thus selected was tested for classi-
fication by the Michigan State Veterinary Bacteriological
Laboratory and the Michigan State Agricultural Pathological
ILaboratory. The characteristics of this organism, as
determined by these two laboratories are as follows:

Gram stain: coccobacilli, Gram-negative
Bloodplate: sharp odor, similar to Pasteurella

Tryptone agar: slightly yellow, no pigment, sticky
colonlies

MacConkey agar: small, fine colonles

Kliglert's agar: negative, growth light
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Sellert's agar: no gas butt, no fluorescence
Oxldase: positive
Catalase: positive, but slow
Nitrate reductase: positive
Citrate: positive
Urea: positive
Fermentation: non-fermentative, aerobic
Voges-Proskauer: positive
Indole: negative
Lysine: no growth
Motility: negative
Liquid Culture:

D-Glucose: positive

Lactose: negative

Starch: negative

L-sorbose: negative

Adonltol: negative

Dulcitol: negative

On the basls of the above data, the organism may be clas-

sified as a pseudomonad.,

The organism was further tested for growth sub-

strate specificity. D=Glucose log-phase cells were inocu-

lated into mineral medium containing 0.5% carbohydrate,

The carbohydrate and the time required to reach the mid-

point of log-phase are listed below.
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Carbohydrate Time
D=Glucose 14 hours

D-Galactose "
D-Galactarate "
D-Galactonate "
D-Glucarate "
D=Fucose "
L-Arabinose "
Sucrose, Lactic Acid 24 hours

6-Iodo-6-deoxy-D-galactose "

D=Gluconate 48 hours
Glycerol "
D-Fructose L days
D=Glucosamine "
D=Xylose "

There was no growth after two weeks on D-arabinose, L-
rhamnose, cellobliose, mannitol, sorbitol, lactose, pro-
pylene glycol, D-mannose, L-sorbose, L-mannose, L-galac-
tose, L-glucose, or L-gluconate, After 2,5 weeks, slight
growth was noticed on D-mannose, and full growth was
noticed on propylene glycol.

Electron microscopy of this organism was performed
by'Richard F. Hamman on a RCA EMU-2E electron microscope.
Specimens to be assayed were appropriately diluted and a
1 ul sample was placed on a 200 mesh copper grid (No. 2200,
Ernest F. Fullam Assoc.) covered with 0,5% Formvar, air

dried, and shadowed with tungsten oxide in a Kinney High
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Vacuum Evaporator (New York Air Brake Co.) at an angle of
18°9.20°, The tungsten oxide was generated by heating
in air the 0.025 in. tungsten wire (Ladd Research Indus-
tries, Inc.). Polystyrene latex spheres of 0.26 u,
standard deviation 0.006 u, (Dow Chemical Physical
Research Lab, Midland, Michigan) were placed on the grids
as a sizing reference prior to sample application.

Carbon stabilized grids were prepared by grinding
a 1/16" dia, tip, 3/16" long on a carbon rod 1/8" in dia,
and butting it against a flat-ended 1/8" r10d. The evapor-
ator "filament glow" rheostat was advanced to 100% (45-50
amps) and the "filament glow" switch was flashed on and
off as rapldly as possible. This deposited an even
layer of carbon over the entire grid surface. The use
of carbon stabilized grids was necessary due to the fall-
ure of the Formvar fillm under conditlions of negative
staining with PTA, Samples to be negatively stained were
mixed 1:1 with 2% PTA, pH 6.8 and placed on the grid to
dry. If the staining was too heavy, appropriate dilutions
were made., Samples were viewed at 50 KV accelerating
voltage without an objective aperature in the EMU-ZE,
Electron micrographs were exposed on 2" x 10" projector
slide plates, developed in D-19 for 1-2 minutes, fixed,
and dried, Two electron micrographs of the pseudomonad
are presented in Figure B-1., The microorganism is about

1.25 4 in length and 1s not flagellated,
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Figure B-1




