ABSTRACT

AN ANALYSIS OF THE MECHANISM OF
L-RIBULOSE-5-PHOSPHATE 4-EPIMERASE FROM
AEROBACTER AEROGENES

By Jean D. Deupree

L-Ribulose-5-P 4-epimerase (EC. 5.1.3.) catalyzes
the interconversion of L-ribulose-5-P and D-Xylulose-5-P.
The mechanism of eplmerization was analyzed to determine
whether NAD* was required as a participant in an oxidation-
reduction mechanlism similar to that of UDP-glucose
4.epimerase or whether the mechanism was different. This
was prompted by the observation that the L-ribulose-5-P
L.epimerase is comparable to UDP-glucose 4-epimerase in
that: (a) there is no T,0 or H2180 exchange with the
medium; (b) T is not lost from C-4 carbon of the substrate
during epimerization; and (c) the enzyme does not require
added NAD' for activity nor 1s it inhibited by NADase,
However , differences in the mechanisms of the epimerases
are implied from the observations that: (a) the kinetic
isotope effects differ; (b) L-ribulose-5-P and D-Xxylulose-
5-P are unique among the substrates for the 4-epimerases in
that a carbonyl group 1s present two carbons removed from
the site of epimerization; and (c) a sensitive catalytic
assay did not detect NAD* bound to the L-ribulose-5-P

h.epimerase.
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Homogeneous L-ribulose-5-P U4-epimerase was obtained

from Aerobacter aerozenes grown on L-arabinose using the

following purification steps: DEAE-cellulose chromatography,
ammonium sulfate fractlionation, calclum phosphate gel elu-
tion, Sephadex G-200 column chromatography, and DEAE-
Sephadex column chromatography. Fine needle-shaped crystals
of the 4-epimerase were obtained from an ammonium sulfate
solution. The homogeneity of the U4-epimerase was based on
the following observations: (a) the same specific activity
was obtained before and after crystallization and recrystal-
lization; (b) a single band was obtalined on polyacrylamide
gels electrophoresed at 3 different pH values; and (c) a
constant molecular welght was obtained across the cell in
high-speed equilibrium ultracentrifugation. A specific
activity of 70 ¥ 10% at 28°C and pH 8.0 was obtained for

the homogeneous 4-epimerase when Mntt was the only divalent
cation present.

A molecular weight of 1.14 x 10° £ 1.4 x 103 was
obtained for the homogeneous enzyme by high-speed sedimen-
tation equilibrium experiments.

NAD* was not tightly bound to the 4-eplimerase as
concluded from the following observations: (a) NAD' was
not detected by a microbiological assay either before or
after hydrolysis in acid or base; (b) L*C-NAD* was not
incorporated into the 4-epimerase isolated from a nicotinic

acld-requiring mutant of A. aerogenes which was grown on
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14 nicotinie acid and which produced L1¥C-NAD*; (c) the
fluorescence and absorption spectra of the 4-epimerase were
not characteristic of bound NADY or NADH, and (d) an
absorption spectrum with a maximum around 340 mu was not
obtained on incubation of the 4-epimerase with L-ribulose-
5-P. In addition, the homogeneous 4-epimerase did not
require NaDt for activity nor was the activity altered by
the presence of NADY, NADH, NADP*, NADPH in the assay mix-
ture,

Divalent metal ions activated the 4-epimerase to
varyine extents with the order of activation being Fn't>
Cot*> N1t+> cat*> 2nt+> Nett.  Incubation of the enzyme
with EDTA resulted in a loss of about 90% of the enzyme
activity, and the activity was not recovered on passage of
the enzyme through a Sephadex G-25 column. However, addi-
tion on the divalent metal ions reactivated the enzyme.

Indirect evidence 1s not consistent with lipoate,
cystine, Blz-coenZyme, or an oxldized tryptophan deriva-
tive catalyzing 4-epimerization by oxidatlon-reduction.
This is based on the facts that: (a) the absorption
spectra of the 4-epimerase were not characteristic of
Blz-coenzyme; and (b) the enzyme was stable to treatment
with borohydride, sodium sulfite, or arsenite in the
presence of a thio compound, and in the presence of NADH,

In additional tests of possible mechanisms, it

was concluded that the substrate does not appear to form
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a Schiff base with the 4-epimerase since the enzyme was
stable to borohydride reduction in the presence and absence
of substrate. Further, a carbanion intermediate could not
be detected by incubating the enzyme-substrate complex with
tetranitromethane.

Thus, 1t was ascertained that the mechanism of
L-ribulose-5-P 4-epimerase is different than that of UDP-
glucose 4-epimerase in that the mechanism of epimerization
cannot use NAD* as an electron acceptor, and the indirect
evidence 1s not consistent with an oxidation-reduction
rechanism, A mechanism involving elther dealdolization-

aldolization or hydration-dehydration is proposed,
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INTRODUCT ION

L-Ribulose-5-phosphate 4-epimerase (EC. 5.1.3.)"
catalyzes the interconversion of L-ribulose-5-phosphate
and D-xylulose=5-phosphate. The enzyme 1s induced in

Escherchia coll (1), Lactobacillus plantarum (2) and

Bacillus subtilis (3) by growth on L-arabinose and 1is

induced in Aerobacter aerogenes by growth on L-arabinose

(4), L-xylose (5), and L-arabitol (6).

Seven different 4-eplimerases have been identified
thus far, The substrates for all of these, except that
for L-ribulose-5-P L-epimerase, are nucleotide-diphosphate
aldoses which are held in the pyranose form by a glycoslide
linkage at C-1. In contrast, the open chain substrates,
L-ribulose=-5-P and D-xylulose-5-P, contain a free carbonyl
two carbons removed from C-4 where epimerization occurs.

It 1s currently assumed that the mechanism of all
L_epimerases involves an NAD*-catalyzed oxidation-reduction
at C-4 without loss of the migrating hydride ion to the
surrounding medium. Evidence for an oxidation-reduction
type of epimerization 1s based solely on studles of UDP-
glucose 4-epimerase. Lack of exchange of isotopic hydrocen
and oxygen from labeled water (7, 8, 9) and an inverse
isotope effect (10) eliminate an epimerization mechanism
involving an Sny 1lnversion, carbon-carbon bond cleavage,

1



2
or dehydration. Evidence in support of an oxidation-reduc-
tion mechanism include: (a) all UDP-glucose 4-eplmerases
that have been studied either require added NAD' for
activity or contain tightly bound NADY; (b) an absorption
spectrum with a 345 mu maximum was obtained upon incubation
of the U4-epimerase from E. coll with substrate (11);
(c) enzyme-bound NAD* was reduced with tritiated sodium
borohydride, and the T was transferred from the enzyme-
bound NADT to TDP-U4-keto-6-deoxy glucose (12) to form a
mixture of tritlated UDP-glucose and UDP-galactose., Fur-
ther, the retention of T on the C-4 position of added UDP-
hexose-4-T (13, 14) indicated that the hydride ion which
is removed 1s not free to diffuse from the actlive site. It
is still not known how many steps are involved in the epi-
merization of UDP-glucose, or whether hydrogen is trans-
ferred only to NAD* or also to some other component of the
enzyme,

Of the other nucleotide-linked 4-epimerases, only
UDP-N-acetylglucosamine 4-epimerase (15) has been shown to
require NAD* for activity. There is evidence that some of
the UDP-glucose 4-epimerases can catalyze the epimerization
of nucleotide-linked aldoses in addition to UDP-glucose and
UDP-galactose (16, 17, 18, 19, 20).

L-Ribulose-5-P U4-epimerase is similar to UDP-glucose
b.epimerase in that: (a) T or 185 were not exchanged when

the epimerization was run in T;0 or H2180 (21); (b) T was
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not lost from C-4 of D-xylulose-5-P-4T during epimeriza-
tlon;1 (e¢) the enzyme was not inactivated by treatment
with charcoal or NADase, nor did it require NAD' for
activity (4, 2, 21). Although bacterial UDP-glucose
L_.epimerases were not inactivated by charcoal or NADase,
tightly bound NAD* was detected in all cases. However,
bound NAD* was not detected on L-ribulose-5-P 4-epimerase

from Lactobacillus plantarum using a sensitive catalytic

assay (2), The fact that L-ribulose-5-P 4-epimerase was
shown to have a different kinetic 1sotope eff‘ect1 than
UDP-glucose L-epimerase, indicates that there are differ-
ences in the mechanism of these two epimerases; however,
the differences may be only 1n the rate determining step.
Thus, there 1s a definite need to study the mechanism
of 4-epimerases, other than that of UDP-glucose 4-epimerase,
in order to substantially determine whether an NADY-catalyzed
oxidation-reduction mechanism is always involved.
L-ribulose-5-P L-epimerase was chosen for this study since:
(a) substantial evidence for the presence or absence of an
NADY requirement for epimerization has not been obtalned;
(b) epimerization 1s unknown and may be completely different
than that of UDP-glucose 4-epimerase; (c) the substrates are
not nucleotide-linked, and thus, it 1s clear that a nucleo-

tide molety does not participate in the epimerization in

lpossitt, D., Wood, W. A., Salo, W. L. and Kirkwood, S.,
unpublished results,
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any manner; and (d) the enzyme is readily avallable and has
been partially purified from A. aerogenes,

Thls thesls reports a purification procedure for
obtaining crystalline and homogeneous L-ribulose-5-P
h-epimerase from A. aerogenes. A series of isotopilc,
optical and kinetic experiments show that NAD* is not
bound to the 1solated enzyme and 1s not involved 1in the
eplmerization of L-ribulose-5-P and D-Xylulose-5-P. A
series of kinetic experiments indicate that the epimeriza-
tion is activated by specific metal ions. Further under-
standing of the mechanism of epimerization was obtained by
determining the effect of inhibitors on enzyme activity.

A discussion of the possible mechanism of epimerization 1is

presented.



LITERATURE REVIEW

Chemical Mechanisms of Carbohydrate Eplmerizations

Epilmerizations of carbohydrates may occur at any
carbon by an Sn; reaction commonly known as the Walden

inversion. The general reaction is as follows:

R R R
s o l gl8o. | l
8. @ 4 Hbc':dora = v‘CmOH = Hl8o>lc<H + SoH
'Y |
R Rt R?

In Snp eplmerizations the opposite eplmer 1s always obtailned.
Reactions of this type are readily detectable, since, if the
reaction is run in H2180, the product will contailn one atom
of 180 per molecule of product, as shown above, Likewlse,
if the 1nitlal substrate contailns 180, the product will not
contain 180,

Groups on carbon atoms ad jacent to a carbonyl group
are subject to Lobry de Bruyn-Alberda van Ekenstein trans-
formations (22), The reaction, as shown in Figure 1, is
thought to be a general acid, base-catalyzed enolization.

To date, these transformations have only been studied to
the extent of showing a significant epimerization of an
aldose at C-=2, considerably more isomerization to the cor-

responding 2-keto sugar, and slight epimerization at C-3.
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A mixture of C-2 and C-3 epimers and the isomerization
product 1s thus obtalned.
Rearrangement of the carbon chain has not been
detectable during the transformations. lMetal ilons facili-
tate the removal of the a-proton from eilther an aldose or

a ketose, probably by forming a complex such as:

R
|
H-C=0..
| M
H-C-0"’
I H
Rl

Two of the side reactions of the Lobry de Bruyn-
Alberda van Ekensteln transformations are dehydration and
aldolization and/or dealdolization., Since dehydration 1is
an irreversible reaction, it wlll not facilitate the for-
mation of additional epimers, Elther acid or base aldoli-
zations could yleld a mixture of four possible eplmers.
Assuming equal rates of formation of all epimers, the
trans, or more thermodynamically stable epimers, would
predominate., Aldolization of trioses to form hexoses have
been reported in the literature. The conversion of
D-fructose to D-sorbose 1s thought to occur by dealdoliza-
tion followed by aldolization. Although aldolizations are
acld or base-catalyzed, they occur during transformations
carried out in the presence of a high concentration of free

hydroxyl sroups and rarely during aclid transformations.
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The mechanism of eplmerization at C-1, or mutarota-
tion, was first proposed by Lowry (23) as an acid, base-
catalyzed reaction which involved the simultaneous trans-
fer of a proton from the acid catalyst to the sugar in the
same step that a proton was transferred from the sugar to
the base catalyst ylelding the sugar aldehyde or hydrate
directly.

HA A
{ B:e /'
o og/ OH 0 O H
= C-H = + HA 4+ B:°
H HB OH

There is no indication of carbon-bound oxygen exchanging
with the water during the course of the reaction. Others
Interpret the data as two consecutive bimolecular reactions,
where a proton 1s added in one step and the second proton
is removed in a separate step.

A mixture of eplmers of carbohydrates could also be
obtained either by oxidation of the one of the hydroxyls to
glve the carbonyl followed by reduction or by dehydration

followed by rehydration.

Enzyme Catalyzed Epimerizations

One of the functions of an enzyme is to act as a
site-directed catalyst by facllitating the perpetuation of
a chemical reaction at a particular site on the substrate
and by limiting the amount of the side reactions at other

sites on the substrate. Thus the enzyme dictates the
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epimers which will be formed and limits the amount of

side reactions. Therefore, it 1s not unreasonable to
expect most carbohydrate eplimerizations to occur by the
same mechanism as chemical epimerizations. In fact, many
enzyme catalyzed epimerizations are thought to occur by

the same mechanism as chemical epimerization although very
little supportive data has been obtained., From our cur-
rent knowledge, carbohydrate eplimerases can be divided into
3-classes based on reaction mechanisms: (a) aldose-1-
epimerases or mutarotases, (b) epimerizations adjacent to

a carbonyl involving acid-base enolizations (Lobry de Bruyn-
Alberda van Ekenstein transformations), and (c) oxidation-

reductlion mechanisms,

Aldose l-Epimerases or Mutarotases

Epimerization by aldose l-eplmerases 1s thought to
occur by the same acld, base-catalyzed mechanism discussed
for chemical mutarotations. Studies by Bentely and Bhatti

(24) on the mutarotase from Penicillium notatum indicated

that the mechanism did not involve a single displacement,
dehydration, or a dehydrogenation reaction of any carbon-
bound hydrogen or of a hydrated derivative of glucose
aldehyde. These conclusions were based on the fact that
(a) D and 180 exchange with the solvent was negligible, and
the extent of exchange was the same for the enzyme cata-
lyzed mutarotations as for the spontaneous mutarotations,

and (b) substitution of C-1 hydrogen by D had no effect on
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the rate of spontaneous or enzyme catalyzed mutarotation,

Epimerizations Ad jacent to a Carbonyl

Whereas the chemical model predicts exchange of
carbon bound hydrogen with protons of the medium, this is
not an obligatory process 1n the enzyme catalyzed processes,
For instance in the mechanistically related phosphogluco-
isomerase, Rose (25) found that the rate of incorporation
of T into the hexose phosphate was a function of tempera-
ture., At lower temperatures T was not exchanged, and as
the temperature increased the ratio of T exchange with
solvent to T transfer between adjacent carbons also
increased.

By conjecture Z2-epimerases and 3-eplimerases are
thought to occur by keto-enolization mechanisms, Only in
the case of the 3-epimerase has supportive evidence been
obtained.

2-Epimerases: The only 2-epimerases which have

been identified are N-acetylglucosamine-6-P 2-epimerase
and N-acetylglucosamine Z2-epimerase., Ghosh and Roseman
(26) have reported a 200 to 300 fold purification of

N-acetylglucosamine-6-P 2-epimerase from Aerobacter cloacae.

N-glycolyl-D-glucosamine-6-P and N-glycolyl-D-mannosamine=-
6-P also served as substrates; however, N-acetyl-D-glucos-
amine, N-acetyl-D-mannosamine, D-glucosamine-1-P, D-mannos-
amine-1-P, N-acetyl-D-galactosamine-6-P and D-mannose-6-P
would not. The activity was not dependent on the addition

of any cofactor,
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Although N-acetylglucosamine-6-P 2-epimerase has not
been found in animals, the corresponding N-acetylglucosamine
2-epimerase was found (27). Epimerization of N-glycolyl-
glucosamine and N-glycolylmannosamine also occured with the
latter enzyme. N-acetylglucosamine-1-P, UDP-N-acetylglucos-
amine, N-acetylmannosamine-6-P, N-acetylglucosamine-6-P,
glucosamine, mannosamine, glucosamine-6-P, mannosamine-6-p,
N-acetylgalactosamine, glucose, and mannose were not active
as substrates., The purified enzyme had an absolute require-
ment for ATP, although there was no detectable conversion
of ATP to ADP, or AMP., However, Datta and Ghosh (28)
obtained evidence that ATP was acting as an allosteric
effector with cooperative homotrophic interactions.

The mechanism of 2-epimerization has not been studied,
although it is thought to occur by the same mechanlism as the
chemical eplilmerization of N-acetylglucosamine and N-acetyl-
mannosamine at pH 11.0 (29, 30).

3-Epimerases: The existence of a 3-epimerase was

first demonstrated by the identification and partial puri-
fication of D-Xylulose-5-P 3-epimerase from rabbit muscle
by Srere et. al. (31). Since then, the enzyme has been
identified from numerous sources. The enzyme from

lactobaclllus pentosus does not require a metal ion nor is

it inhibited by 10'2M EDTA (32). Only D-xylulose=5-P and
D-ribulose-~-5-P were found to serve as substrates, although

epirerization of tagatose-6-P and xylulose-di-P was tested
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(33). The enzyme from A. aerogenes did not require NAD+,
nor was it inhibited by NADase., IMcDonough and Wood (21)
reported that one atom of tritium was incorporated into an
atom of pentose-5-P durlng the equilibration of D-ribulose-
5-P and D-xylulose-5-P with D-ribulose-5-P 3-eplmerase.
These results are consistent with a keto-enolizatlion mech-
anism; however, the possibility of an entirely different
mechanism cannot be ruled out. Anderson and Wood (5)
observed the 3-epimerization of L-Xxylulose-5-P and
L-ribulose-5-P 1n extracts of A. aerogenes. Although the
mechanism was not studlied, by analogy a keto-enolization

reaction is probably 1lnvolved.,

Epimerization by Oxlidation-Reduction

Substantlal evidence has been obtained for an oxida-
tion-reduction mechanism of UDP-glucose U-epimerase, and by
inferance all other 4-epimerizations have been considered
to occur by the same mechanism, It should be pointed out,
however, that all but one of the known 4-epimerases cata-
lyzes the eplimerization of nucleotide-linked aldoses, in
which the aldose 1s fixed in the pyranose ring. In contrast,
L-ribulose-5-P U4-epimerase catalyzes the epimerization of
the open chain substrates, L-ribulose-5-P and D-xylulose-5-P,
at a carbon 8 to a carbonyl. Based on our knowledge of
chemical epimerizations, it is conceivable that the mechan-
ism of L-ribulose-5-P 4-epimerase involves keto-enolization
of the carbonyl and thus may be quite different than

nucleotide-diphosphate aldose 4-epimerases.
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UDP-Glucose U4-Epimerase; Studies on the Mechanism:

A number of mechanisms were originally proposed to explailn
the eplmerizatlion of glucose and galactose., These include:
(a) multiple cleavage of the hexose with rearrangement of
the carbon atoms to form the epimer, (b) cyclization of the
carbon chain to form an lnositol ring with cleavage of the
ring at a different carbon to form the epimer; (c) attack
at C-4 by a hydroxyl group in an Sn2 (Waldenase) reaction
with simultaneous elimination of a hydroxyl group at C-4;
(d) dehydration of the substrate with formation of a double
bond between C-3 and C-4 or C-4 and C-5 with rehydration to
yileld the epimer; (e) splitting of the carbon chain between
C-3 and C-4 with reformation of the chain to give a mixture
of epimers; and (f) oxidation at C-4 with formation of a
carbonyl group followed by reduction at C-4 to form the
epimer,

In 1950, Leloir (34, 35) showed that glucose and
galactose were eplmerlzed as nucleotide-linked sugars and
not as the free hexoses, If epimerization occurs via
inositol ring formation, the UDP moiety would have to be
translocated to a different carbon atom. Epimerization by
means of multiple bond cleavage of the hexose or by means
of carbon atom rearrangement via inositol ring formation
has been rather conclusively ruled out by a number of iso-
tope studlies which showed that: (a) identical labeling of

liver glycogen was obtailned from rats fed Dzo and a 60%
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glucose or galactose diet (36); and (b) fasted rats fed
glucose-l-luc produced glycogen with 1“C exclusively in the
C-1 position of glucose (37).

When UDP-glucose Y4-epimerase and substrate were
incubated in the presence of T,0 or H2180, neither T nor
180 were incorporated into either UDP-glucose or UDP-galac-
tose (7, 8, 9). If eplmerization involves an Sn2 inversion,
180 should have been incorporated into the sugars, If the
mechanism involves dehydration followed by rehydration,
some incorporation of T or 18¢ might be expected. However,
Rose (38) and Jencks (39) both concur that migration of
protons or hydroxyl group from substrate to enzyme can pro-
ceed at a rate faster than exchange of the proton or hydroxyl
group with the medium. Thus, it 1s conceivable that the
same hydrogen or hydroxyl group which 1s removed is added
back, one of the two being added to the opposite side of
the substrate.

The first clue as to the mechanism of action of
UDP-glucose 4-eplmerase was discovered by Maxwell (40, 41)
when she demonstrated that the purified UDP-glucose
L-epimerase from calf liver required the addition of NAD'

for activity. The following mechanism was thus proposed:
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NADY NADH

UDP-Glucose — —
H,C=-OH
NADH NADY 0
HO
<;>=-‘4Z:> OH H A, ooy
H OH

UDP-Galactose

where NADt removes a hydride from C-4 of the hexose molety
leaving a b-keto hexose, A hydride lon from NADH in turn
reduces the oxidized intermediate.

Further experiments indicate that neither NADPY, the
0~-isomer of NAD+, acetyl-pyridine or pyridine-3-aldehyde
analogue of NADY, nor deamino-NADY could be substituted for
NADt, NADase-treated NADY was not active, indicating that
NAD*, and not a contaminant of NAD*, was the activator.

The proposed oxidized intermediate could not be trapped by
running the reaction in the presence of thiosemicarbazide,
hydroxylamine or hydrazine. Thus the intermedlate must be
tightly bound to the enzyme and inaccessible to the surround-

ing medium, or a carbonyl intermediate does not exist. The
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epimerization of UDP-glucose or UDP-galactose was not
inhibited by NADH oxidase, acetaldehyde or alcohol dehydro-
genase, T was not incorporated into the substrate from
exogeneous NAD*-4-T or NADH-4-T which had been added to
the reaction mixture. The rate of the reaction in 96% D0
was ildentical to that in H,0. These results indicate that
if NAD* accepts a hydride ion from the substrate, there is
a refurn of the hydride ion to the oxildized intermediate,
and the NADH formed during the course of the reaction 1is
not free to exchange with the medium.

Since that time, other UDP-glucose 4-epimerases have
been found to require the addition of NADY to the assay
mixture for activity. These include UDP-glucose Y4-epimer-
ases found in rat tissue (42), human filbroblast lysates
(43), tumor cells (44), hemolysates of infants and adults
(45, 46), and wheat germ (20)., The eplmerizations in all
cases were inhiblited by NADH, and the rate of reaction was
dependent on the ratio of NAD*/NADH.

In contrast, bacterial UDP-glucose 4-epimerases do
not require added NAD*, nor are they inhibited by NADP* or
NADH (7, 9, 48). Tightly bound NAD* was detected in the
eplmerase from both yeast (49, 50, 51, 52) and E. coll (R)
by means of fluorescence in the presence of methyl-ethyl
ketone and by enzymatic and fluorometric analysis of the
NAD" released by acetone or perchloric acid denaturation of

the enzyme. The yeast and E. coli 4-epimerases contained
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1 mole of NAD'Y per mole of protein. The enzyme from yeast

(9) and lactobacillus bulgaris (7) were not inhibited by

washing with charcoal or incubating with NADase,

Some of the characteristics of the yeast 4-epimerase
have been reported in a series of papers by lMaxwell et. al.
(9) and Kalckar and assoclates (50, 51, 52, 53). A fluor=-
escence emission spectrum with a maximum at 450 mu was
obtained by exciting the enzyme at 350 mu. NADH had similar
excitation and emission spectras., NAD' bound in the para
position to a sulfhydryl group on an enzyme can exhibit
characteristic NADH fluorescence as reported for glycer-
aldehyde-3-P dehydrogenase (54). The enzyme also contained
bound NADH at a ratlo of NADY/NADH between 3 and 10, and the
more NADH bound to the enzyme the higher the level of fluor-
escence, Thus fluorescence could be due to NADY, NADH or
both,

Titration of half of the free sulfhydryl groups with
p-hydroxymercuribenzoate resulted in complete loss in
enzyme activity. Yet the fluorescence was not completely
lost until all of the sulfhydryl groups had been titrated.
Bound NAD* could not be detected in the p-hydroxymercuri-
benzoate treated enzyme, The activity, but not the fluores-
cence, was restored after precipitating the enzyme with
ammonium sulfate and resuspending the enzyme in the presence
of cysteine and NAD*, It should be noted that the liver

enzyme (40) was also inhibited by p-hydroxymercuribenzoate,
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and the activity was restored by incubating with cysteilne;
yet nelther cysteine nor p-hydroxymercuribenzoate had any
effect on the activity of the E. coll enzyme.

Treatment of the enzyme with borohydride in the
presence of substrate at the same concentration as the
enzyme resulted in a 50-80% enhancement of fluorescence
with a concomitant loss in enzyme activity. A similar
enhancement of fluorescence was obtalned when the enzyme
was incubated for 6 to 10 hours with 5' nucleotides in the
presence of free sugars., Nucleotides which elicited
fluorescence were 5* UMP, CDP, TDP, UTP. Less than a
2-fold increase in fluorescence was obtained with UTP,
UDPglucose, UDPgalactose, 5' CMP and 3' UMP. Of the sugars,
D-fucose, D-galactose, and D-xylose produced the same
increase 1n fluorescence which was greater than that
obtained with L-arabinose, D-glucose, or D-ribose. Sucrose
and L-fucose had a negligible effect on the fluorescence.
Uridylic acld and galactose were rapidly incorporated into
the protein. The bound galactose was not liberated even
after digestion of the epimerase with pronase and trypsin,
although 1t was released on denaturation with alcohol or
heat, The bound galactose was converted to a unidentified
product even in the absence of 5! UMP,

The 4-epimerases which had been either reduced with
borohydride or incubated with 5' nucleotides in the presence

of sugars were comparable in that: (a) the magnitude and
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quantum yields of fluorescence were identical; (b) the
enzymes had only 5% of their original activity; (c) less
than 10% of the original NAD* was present; (d) only 30% of
the increase in 340 mu absorption could be accounted for
as NAD-4-H, although the assay used may not have detected
all of the NADH.

Not enough experiments have been carried out at this
time to accurately interpret all of these results., The
fluorescence enhancement may not be related to any mechan-
istic property of the enzyme, and the free nucleotides and
sugars may be reacting at a site on the enzyme remote from
the active site. However, it 1s possible that the 5' UMP
and free sugars were responding in the same manner as true
substrate, in which case, the sugar would have been oxidized
at C=4 by transfer of a hydride to NAD*., 1In the normal
reaction the oxidized intermediate would be immediately
reduced by NADH, so that at any one time the steady state
level of NADH would have been too low to be detectable.
However, in the presence of pseudosubstrate, the oxidized
intermediate may not have been reduced due to the inability
of the protein or substrate to make a necessary conforma-
tional change, or the oxidized intermedlate may have been
converted to a second non-reactive form. Thus, detectable
levels of NADH would have been produced, and this would
have been observed as an increase in fluorescence, Since

the reduction of the enzyme with borohydride was carried
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out in the presence of substrate, the borohydride may have
reduced either NADY, the oxidized substrate or both, but
in either case NADH would have formed which would have pro-
duced the increase in fluorescence,

Indirect evidence for a reduction of NADY during the
course of the eplmerization was obtained by Wilson and
Hogness (11)., They found that incubation of the E. coli
Loepimerase with substrate produced an absorption spectrum
with maximum at 345 mu. If NADY were reduced during the
course of the reaction, one would expect an absorption
maximum near 340 muj due to electron perturbation caused
by the protein, the exact wavelength will vary from protein
to protein., They calculated that 19% of the enzyme bound
NAD* was in the reduced form in the presence of substrate.
Their data are consistent with the following sequence of

reactions:

NADx-E + S; == NAD --ES, NAD,_ 4-ES,; =

red

(2"

NAD ,yx=-ES, NAD ,-E + S,

where E 1s the enzyme and 81 and 82 are UDP-glucose and
UDP-galactose,

Bevill et. al. (13) and Kohn et. al. (14) indepen-
dently presented evidence for retention of T at C-4 during
epimerization by the yeast enzyme. Thus, the T is either
stereospecifically removed from the hexose and reintroduced,

or the C-H bond 1s never broken.
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To further elucidate the mechanism, Bevill and
coworkers (10) studlied the kinetic isotope effect observed
when tritium was substituted for the hydrogen at C-4 of
the hexose molety. A mixture of elther UDP-glucose-l-luc
and UDP-glucose=4~T or UDP-galactose-l-luc and UDP-~
galactose-4-T was incubated with the yeast U4-epimerase for
given periods of time., The rate of appearance of 1he in
the product was taken to be a measure of the rate of reac-
tion of hexose with hydrogen at C-4, since any 1l isotope
effect should have been negligible. The ratio of T/llc
at any given point in the reaction to T/luc at equilibrium
was plotted versus # attainment of equilibrium., The plots
were extrapolated to 0f attainment of equilibrium to obtain
an estimate of kT/kH. An inverse lsotope effect of elther
1.5 or 3.0 was obtained depending on the direction of the
reactlion.

If T were transferred in the rate determining step,
a positive lsotope effect would have been expected. How-
ever, a small or even inverse primary isotope effect might
have been obtained 1f hydrogen were bound more tightly in
the transition state than in the starting state. Due to
the a-hydrogen 1sotope effect of reactions involving a
trigonal carbon, such as cleavage of C-0 or C-C bonds at
Cy» the unlabeled compound should react 12-25% faster than
the T-substituted compound. A Sny, like mechanism could

concelvably explain the inverse 1sotope effect; however,
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18o exchange with the medium would have been necessary
for an Sny reaction. An inverse isotope of 3 would be
consistent with transfer of hydrogen to oxygen or carbon,
but transfer of the hydride ion to sulfur atom is ruled
out., Bevill proposed the following mechanism to explain

theilr data:

k ko k ky
—5 a—— .—3>n —
E + SH == E-SH = E-H----3 = E-H----§' =
k5
EeeweHS! —=> E 4+ S'H
p—

where S and S' are UDP-galactose and UDP-glucose. K3 is
the rate determining step and might be a reorganization of
the enzyme-substrate complex which allows the hydrogen to
return to the opposite configuration. The secondary iso-
tope effect would be due to a shift in the equilibrium of
ky and kg or kp and k3. If the reaction were occuring at
a site on the enzyme which excludes water, the observed
1sotope effect would be consistent with the transfer of
two-hydrogen ions and two-electrons from the substrate
directly to NAD* with the C-4 hydrogen ion being trans-
ferred to the nitrogen of NADY,

A preliminary report by Nelsestuen and Kirkwood (12)
has recently appeared presenting direct evidence for the
formation of NADH during the course of the reaction. Incu-
bation of the E. colil l-epimerase with NaBT, resulted in
loss in enzyme activity towards UDP-glucose and a concom-

mitant reduction of NAD' to NADT. The NAD' was reduced in
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the B side of the para-position as determined by denatur-
ation of the protein and assaying NADT released with
specific a and B-dehydrogenases, The activity was regained
when the reduced enzyme was incubated with TDP-4-keto-6-
deoxyglucose., Simultaneously, the NADH was oxidized and
TDP-6-deoxyglucose-4-T and TDP-6-deoxygalactose-4-T were
produced.,

At the present time it is not known whether the
uracll molety of the UDP-hexose plays a significant role
in the catalytic events, whether 1t is necessary for
speclficity of binding of the substrate to the enzyme, or
if it is only present to maintain the substrate in the
preferred conformation or in the pyranose form. If the
latter were the only function of the uridine molety, the
enzyme should also eplimerize other glycosldes of glucose
and galactose, such as glucose-1-P, but this has not been
studied., However, a number of reaction mechanisms involv-
ing the uridine molety have been proposed.

UDP-glucose can exlst without steric hindrance in a
folded conformation with the uracil moiety, particularly
the acylamido (-CO-NH-CO-) group, held in close proximity
to the 4-position of the hexose. Because of this,
de Robichon-Szulmajster (55) proposed that one of the
carbonyl groups of the uridine molety displaces a proton
from the C-4 hydroxyl group at the same time the NAD'

removes a hydride from C-4, Due to migration of the proton
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on the nitrogen, either carbonyl group of the uracll may
become protonated. Thus a proton i1s freely accessible to
either side of the hexose, and can be returned to the
oxygen anion at C-4 at the same time the hydride ion is
returned from the NADH., It 1s impossible to test this
mechanlsm 1sotopically since oxygen-bound protons are
freely exchangeable with the medium,.

From a study of a number of enzymes using UDP-hexose
substrates Budowsky et. al. (56) and Druzhinina et. al.
(57, 58) proposed that the only analogues of UDP-glucose
that can enter into a UDP-glucose-requiring-enzymatic
reaction are those which contain an unchanged -C(X)-NH-C(X)-
group in the uracil ring where X can be oxygen or sulfur,
They proposed that the function of the acylamido group was
to hold the UDP-glucose in a folded conformation by hydro-
gen bonding between: (a) the C-2 carbonyl group of uracil
and the hydroxyl group at C-2 of ribose; (b) the nitrogen
at C=3 of the uraclil and the hydroxyl group at C-3 of
glucose; and (c) the C-4 carbonyl group of uracil and the
hydrogen at C-2 of glucose. Thus the more rigid uracil
nucleus serves as a template for the conformationally
lablle monosaccharide molety so that the hydroxyl groups
at C-2 and C-3 always occupy the equatorial positions,
which are the positions most avallable to hydrogen bonding,
A number of analogues of UDP-glucose were investigated in

support of the above theory. Analogues of the uracil ring
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which were found to be epimerized by UDP-glucose 4-epimer-
ases from calf liver were 5,6-dihydro-UDP-glucose, 2'deoxy-
UDP-glucose, 6-aza-UDP-glucose, 4-thio-UDP-glucose and
2-thio-UDP-glucose all of which have an acylamido group,
were found not to be epimerized by the U-epimerase. How-
ever, Druzhinia et. al. (57) has recently discovered that
ADP-glucose was epimerized by UDP-glucose U-epimerase from
both calf liver and mung bean. UDP-Glucose epimerization
was inhibited by ADP-glucose indicating that UDP-glucose
L-epimerase was responsible for ADP-glucose epimerization.
Since the adenine nucleus does not have an acylamido
grouping, it would indicate that if the acylamido group
were responsible for maintaining the secondary structure of
the nucleotide-diphosphate hexose, this 1s not a necessary
prerequisite for 4-epimerase activity of the calf liver and
mung bean enzyme. However, Salo et. al. (16) reported that
ADP-glucose was not epimerized by the E. coli enzyme.
Druzhinina's results would also rule out de Robichon-
Szulmajsters (55) proposed theory of a direct involvement
of the uracil molety in the epimerization.

Druzhinina et. al. (17) and Salo et. al, (16) have
independently reported on the epimerization of a number of
other nucleotide sugars by UDP-glucose 4-epimerase, Using
a serles of UDP-deoxyglucose analogues Druzhinina et. al.
(17) found that UDP-4-deoxyglucose was the most effective
competitive inhibitor of UDP-glucose 4-epimerase from calf
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liver and mung bean, UDP-3~-deoxyglucose was not epilmerized
1tself, suggesting that the C-3 hydroxyl group was necessary
for the actual eplmerization reaction. Nevertheless, the
C-3 hydroxyl group appeared to facllitate substrate binding,
since the k; for UDP-3-deoxyglucose was twice that of the
b_.deoxyglucose derivative. UDP-6-deoxyglucose was not epi-
merized by the enzyme from calf liver, but was epimerized
by the enzyme of plant origin, and was an 1lnhibitor ot UDP-
glucose for both epimerases, Further, the specific activ-
ity of UDP-6-deoxyglucose 4-epimerase did not change on
purification, which indicates that UDP-glucose 4-epimerase
was responsible for the epimerization. UDP-glucuronic acid
was also found to be iInhibitory to the epimerization.

Using yeast UDP-glucose 4-epimerase Salo et. al. (16)
was able to obtain epimerization of UDP-xylose, UDP-arabin-
ose, B-L-arabinose-1-P, xylose, UDP-glucuronic acid, UDP-4-
o-methyl-D=glucose, UDP-D-allose, UDP=-D-mannose, UDP-N-
acetylglucosamine, UDP-f-D=glucose, dUDP-D-glucose, ADP-
glucose, CDP-glucose, GDP-glucose, IDP-glucose, or dTDP-
glucose, The ratio of UDP-glucose epimerization to UDP-
Xylose, UDP-arabinose, and UDP-fucose epimerization
increased on purification, and UDP-xylose, UDP-arabinose,
and UDP-fucose did not inhibit epimerization of UDP=-
galactose, Thus there appeared to be 4-epimerases other
than UDP-glucose 4-epimerase in the less pure preparations,

In summary, the lack of incorporation of T or 180
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from the medium, and the negative 1isotope effect tend to
rule out all proposed mechanisms of glucose and galactose
epimerization except that involving oxidation-reduction,
UDP-glucose 4-epimerase appears to require NAD* for activ-
ity, slnce all bacterial enzymes examined were shown to
contain tightly bound NAD*, and NAD* had to be added for
activity of the epimerases of higher plants and animals,
Activity of the eplmerases requiring added NADY was depen-
dent on the NAD*/NADH ratio in the medium; this may be a
means of regulating the enzyme activity in the cell.
Production of an absorption spectrum with a 345 mu maximum
when the enzyme was incubated with substrate provided sub-
stantial indirect evidence for NADH formation during the
course of the reaction. The data of Nelsestuen et. al.
(12) provides rather conclusive direct evidence for trans-
fer of a hydride ion to NAD* and for the formation of a
L-xeto derivative during the course of the epimerization.
However, the hydride may be transferred to another group
on the enzyme surface before or after reduction of NADY,
There 1s no substantial evidence that the uracll molety tis
involved in any way in the enzyme reaction.

UDP-Glucose 4-Epimerase; Other Characteristics:

Darrow and Creveling (59) reported that the yeast 4-epimerase

was activated by cations and organic amines. Maximal stim-
ulation was obtained by preincubation with 50 mM NaCl, KC1,
NH4C1l, NayS0y, (NHu)zsou and with 5 mM MgCly, MnCl,, and
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CaCl,. Monovalent organic amines at 100 mM concentration
produced the same maximal activity elicited by catlons.
However, 10 mM spermine and spermidine produced twice the
maximal rate obtalned with metals, It should be noted,
however, that the organic amines were neutralized with
NaOH, and, therefore, it is not known what part of the
activation was due to Na' and what part was due to the
organic amine. Different levels of activity produced by
equivalent levels of C1™ indicated that the activation was
due to either the cation or the amine and not to the C1~,
In the absence of any metal lons or amines, the enzyme did
not elicit true Michaelis-Menton kinetics; rather, there
appeared to be product inhibition. Product inhibition has
also been reported for the same enzyme from rats (42), 1In

the presence of spermine the V was increased, but the

max
Km remained the same as that obtained with the liver enzyme,
and the results gave linear Lineweaver-Burke plots. Thus
the metal ion or amine activation appears to be non-
speciflic and may reflect a change in conformation of the
protein to a more favorable conformation or binding of the
product by a metal ion and, thus, eliminating product inhi-
bition.

Sucrose gradient experiments by Darrow and Rodstrom
(60) indicated various degrees of aggregation of the yeast
h.epimerase under different conditions. Enzyme treated

with p-hydroxymercuricbenzoate had the smallest molecular

weight, possibly that of monomer. Native enzyme and enzyme



29
treated with spermine at 25°C or p-hydroxymercuricbenzoate
treated enzyme which had been reactivated with cysteine
had twice the molecular weight (dimer). Enzyme treated
with spermine at 5°C aggregated to form a tetramer. Darrow
and Rodstrom (61) also report that a molecular weight of
125,000 was obtained for the yeast ‘enzyme as determined by
low speed equilibrium centrifugation. One mole of NADY was
found per mole of enzyme; thus, one molecule of NADY 1is
bound per dimer,

Similarly Wilson and Hogness (11) reported a molecu-
lar weight of 7.9 (f 0.8) x 10% for the E. coll h-epimerase
as obtained from a series of high speed sedimentation
equilibrium and sedimentation velocity experiments,

UDP-Glucose L-epimerase from newborn and adult rats
(42) appear to have the same stability characteristics;
however, the enzyme from newborn rats had a Vmax 5 times
greater than that of the adult-rat enzyme. UDP-Glucose was
a competitive inhibitor of UDP-galactose. Inhibition was
also obtained with UDP-mannose, UMP, and TDP-galactose;
however AMP, ADP, ATP, ADP-glucose, GDP-glucose and GLP=-
mannose were not inhibitory.

Other Nucleoside-Diphosphate U4-Epimerases: Other

nucleoside diphosphates which are epimerized include:

UDP-glucuronic acid (19, 62), UDP-xylose (16, 17, 18, 19,
20), UDP-N-acetylglucosamine (15, 63, 64), d-TDP-glucose
(20, 65), and UDP-fucose (16, 17). In most cases it was
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not reported whether the epimerization was catalyzed by
UDP-glucose 4-eplmerase or by separate epimerases,

Salo et. al, (16) reported that epimerizations of
UDP-L-arabinose, UDP-L-fucose and UDP-Xylose were not due
to UDP-glucose 4-epimerase, since there was no competitive
inhibition of UDP-glucose 4-epimerase by the other sub-
strates, and UDP-xylose activity could be partially removed
by purification. However, Druzhinina's results indicate
that UDP-fucose and UDP-glucose are epimerized by the same
enzyme from mung beans (17). Likewlse, Ankel and Maitra
(18) found that UDP-glucose and UDP-Xxylose are metabolized
by the same 4-epimerases from E. coli, since the same ratio
of UDP-glucose to UDP-Xylose epimerase activity was found
in three mutants of E. coll contailning different levels of
UDP-glucose epimerase., In addition UDP-xylose and UDP=-
glucose were competitive inhibitors of the 4-epimerase
preparation, as determined by assaying the enzyme in the
presence of varying quantities of both substrates,

Felngold et. al. (19) have reported a separation of UDP=-
glucuronic acid 4-epimerase from UDP-L-arabinose U4-epi-
merase in mung bean, but they did not determine whether
UDP-glucose was epimerized. Feingold et. al. (20) also
reported a separation of UDP-glucose 4-epimerase activity
from UDP-L-arabinose 4-epimerase and dTDP-glucose 4-epi-
merase activities present in wheat germ extracts. However,

TDP-glucose and UDP-L-arabinose may be epimerized by the
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same enzymes, Thus, there 1s a precedence for separate
eplmerases for all of these substrates; yet, ln some organ-
isms UDP-glucose 4-epimerase appears to be less specific
and capable of eplmerizing more than one substrate.

Of all of these other L-epimerases only UDP-N-acetyl-
glucosamine U4-epimerase from rabbit skin (15) has been
shown to require NADY, It was not determined whether UDP-
glucose 4-eplimerase was present or required NAD*Y. Thio-
nicotinamide and acetylpyridine analogues of NaD* were
found to be less active than NAD+: however, the NAD' could
not be replaced by NADP*. The epimerization was inhibited
by UDP, uridine, uracil, UDP-glucose and UDP-glucuronic

aclid.

L-Ribulose-5-Phosphate 4-Epimerase

In 1957 Wolin, Simpson and Wood (66) reported the
conversion of L-ribulose-5-P and D-ribulose-5-P by crude

extracts of Aerobacter aerogenes. Since then, the enzyme

has also been 1dentified in Lactobaclllus plantarum (2)

and Baclllus subtills (3) and identifled (1) and purified

(67) from Escherichia coll.

L-Ribulose-5-P 4-Epimerase; Studies on the Mechanism:

L-Ribulose-5-P 4-epimerase, like the bacterial UDP-glucose
L_epimerase, does not require NAD*, nor is it stimulated by
NAD* or NADP* (4). The enzyme was stable to charcoal treat-
ment (4), and it was not inactivated by NADase (21, 2).
Burma and Horecker (2) did not detect any bound NADY or NADH
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using a sensitive catalytic assay; however, the 260 mu
absorption was higher than expected of only protein, thus,
indicating the presence of bound nucleotide. McDonough and
Wood (21) did not find evidence for isotopic exchange from
the medium into substrate when the reaction was run in
1,180 or T,0.

Experiments to determine the kinetlic isotope effects
for L-ribulose-5-P U-epimerase, comparable to those used
for UDP-glucose 4-epimerase, were performed by the joint
efforts involving W, A, Wood's and S, Kirkwood's laborator-
tes.! D-xylulose-S-P-l-luC and D-xylulose-5-P-4-T were
obtained by the enzymatic conversion of D-xylose-l-luc and
D-xylose=4-T in the presence of D-xylose-isomerase and
D-xylulokinase and ATP. D-xylulose-S-P-l-luc and D-xylulose-
5«P=4-T were combined in known ratilos and incubated for
gilven periods of time in the presence of L-ribulose-5-P
Y4-epimerase from A. aerogenes. The rate of the reaction
of the two labeled specles was determined from the rate of
appearance of 1%C in L-ribulose-5-P. An estimate of the
initial isotope effect (kT/kH) was obtained by determining
isotope effect on the rate at various times prior to the
obtainment of equillibrium and extrapolating to zero percent
attainment of equilibrium. An isotope effect of kT/kH = 1.00
was obtalned. Thelr data also demonstrated that T was
maintained at C-4 during the epimerization. The absence
of an isotope effect indicates that T cannot be transferred
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during the rate determining step. However, in an enzymatic
reaction the binding of the substrate to the enzyme or the
conformational change of either the substrate or the enzyme
may be the rate determining steps. Thus, carbon-hydrogen
bond cleavage or an oxldation-reduction reaction in
L-ribulose-5-P epimerization cannot be ruled out by the
lack of an isotope effect., However, the mechanism of
L-ribulose-5-P U4-epimerase must differ from that of UDP-
glucose 4-epimerase in some respect; either a difference in
the rate determining step or in the reactlion mechanism,

In summary, at the present time, there is no sub-
stantlal evidence that the mechanism of L-ribulose-5-P
4.epimerase is the same as that for UDP-glucose 4-epimerase,
The facts that T,0 and H2180 are not exchanged and that T
is not lost from C-4 during epimerization are consistent
with oxidation-reduction of substrate as in the case of
UDP-glucose L-epimerase. These results would rule out an
Sny inversion reaction. The L-ribulose-4-P 4-epimerase
could contain tightly bound NAD* which 1is not removed by
charcoal or NADase treatment, as found for bacterial UDP-
glucose 4-epimerases; however, there is no substantial
evidence for tightly bound NAD* on L-ribulose-5-P UY-epl-
merase. A kp/ky = 1.00 indicates that there 1s some
departure from the mechanism of UDP-glucose 4-epimerase,
although this may be minor. If a hydride ion were trans-

ferred during the rate-determining step, an isotope effect
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greater than 1.0 would be expected. A chemical epimeriza-
tion by the Lobry de Bruyn-Alberda van Ekenstein transfor-
mation at C-4 due to the functional carbonyl at C-=2 should
be very limited if it exists at all. In the presence of an
enzyme, the chemical epimerization could be directed exclu-
sively to the C-4 carbon, and the rate of reaction could be
greatly accelerated. This mechanism is not feasible with
UDP-glucose 4-epimerases due to the lack of a carbonyl group
on the hexose molety.

L-Ribulose-5-P 4-Epimerase; Other Characteristics:

Wolin, Simpson and Wood (4) have reported a 223 fold purifi-
catlon of the enzyme from A. aerogenes., Only D-xylulose-5-P
and L-ribulose-5-P were found to serve as substrates for
the U-epimerase; the other substrates tested were D-tagatose-
6-P, De=xylose-1-P, D-xylose-5-P and D-ribulose-5-P,

Additional cofactors or metal lons were not required
for actlivlty by the enzyme from A. aerogenes (%), L.
plantarum (2), or E. colil (67). The K, of these enzymes
for L-ribulose-5-P was 1 x 10-%M, 1.1 x 10-3M, and 9.5 x 105K
respectively. The pH optimum for the enzyme from A. aerogenes
was between pH 8.5 and 9.5 with about 40% of maximal activity
at pH 7.0 and no activity between pH 5 to 6. In contrast,
a broad pH optimum between pH 7.0 and 10.0 was found for the
L. plantarum (2) and the E. coll (67) enzymes. Spontaneous
conversion of L-ribulose-5-P to D=xylulose-5-P does hot

occur even at pH 10.0., The equilibrium ratio of D-xylulose-5-P
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and L-ribulose-5-P varied from 1.2 to 1.9 for the enzyme
from L. plantarum (2) and A. aerogenes (67);: these values
are approximately comparable to those found for UDP-
glucose/UDP-galactose,

L-Ribulose-5-P 4-epimerase from E. coll (67) was
purified to homogeneity as determined by acrylamide gel
electrophoresis and ultracentrifugation. The enzyme was
crystallized; however, activity could not be recovered
from the crystals. A molecular weight of 103,000 was
obtained for the enzyme. Only one molecular welght specles
was apparent from acrylamide gel and molecular weight

determinations.

UDP=-Glucuronic Acid 5-Epimerase

The only 5-epimerase which has been reported to
date 1s UDP-glucuronic acid 5-epimerase., Jacobson and
Davidson (15) obtained evidence for the 5-epimerization of
UDP-glucuronic acid to UDP-L-iduronic acid by extracts of
rabbit skin. The epimerization required added NAD*; NADP?,
thionicotinamide-ADP, and acetylpyridine-ADP were less
active than NADY; and NADH was inactive. When the reaction
was run in T20. T was not incorporated into the substrate,
nor was there any spectral evidence for production of an
a-f unsaturated carboxylic acid during the course of the
reaction., Incubation of the enzyme with UDP-D-glucuronic
acid and UD32P did not result in any exchange of uD32p into

UDP-D=glucuronic acid. The tissue extracts did not have
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any UDP-glucose 4-epimerase activity; however, UDP-N-acetyl-
glucosamine 4-epimerase appeared in the same purification
fractions as the UDP-glucuronic acid-5-epimerase activity.
The UDP-N-acetylglucosamine 4-epimerase was inhibited by
UDP=glucuronic acid and the UDP-glucuronic acid 5-epimerase
was inhibited by UDP-N-acetylgalactosamine and UDP-N-
acetylglucosamine. The 5-epilmerase was also inhibited by
UDP, uridine, and uracil., Thus the 5-eplimerase appears to
have some of the mechanistic characteristics of UDP-glucose
h_.epimerase, This is difficult to explain. Since the sugar
moiety exists In the pyranose ring, the formation of a
carbonyl group by NAD* facillitated oxidation cannot occur.
If the mechanism involves oxidation at C-4 followed by keto-
enolization between C-4 and C-5, the a-p unsaturated car-
boxylic acld should have been detected spectrophotometrically
1f the steady state levels were high enough to be detected.
There 1s precedence for this type of reaction, since 6-deoxy-
sugar formation appears to involve oxidation at C-4 followed
by enolization between C-4 and C-5 and dehydration between
C-5 and C=6 (68, 69),

Control of L-Ribulose-5-Phosphate 4-Epimerase Formation

Pathway of L-Arabinose Metabolism in Bacteria

L-Ribulose-5-P 4-epimerase 1s induced in A, aerogenes
by growth on L-arabinose (4), L-arabitol (6) or L-xylose (5),
but not by growth on D-glucose, D-xylose, or D-arabinose (4).
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Crude extracts of A, aerogenes grown on L-arablnose con-
tain L-arabinose 1somerase, L-ribulokinase and L-ribulose-
5-P 4-epimerase, and the pathway of L-arabinose metabollsm
was thus deduced (71) to be:

Isomerase Kinase
L-Arabinos¢ -———————> L-Ribulose ————> L-Ribulose-5-P

L_.Epimerase
> D-xylulose-5-P ——> Pentose cycle

L-Ribulose-5-P L-epimerase 1s also induced in E. coll (1),
L. plantarum (2), and B. subtilis (3) by growth on L-arab-
inose, The pathway of L-arabinose metabolism in all of

these bacteria 1s essentially identlical to that in A,

aerogenes.

L-Arabinose Operon

Englesberg and his assocliates (1, 72, 73, 74) have
extenslvely mapped the L-arablinose operon in E. coli. The
L-arabinose operon codes for a regulatory protein, an
initiator site, L-ribulokinase, L-arabinose lsomerase and
L-ribulose-5~P U-epimerase in that order. The L-arabinose
permease 1s located at a different site on the DNA and also
contains an inltiator site. The regulatory protein, or
repressor, presumably 1s an allosteric protein containing
a site for attachment of the regulatory protein to the
initiator regions of both the L-arabinose operon, and the

L-arabinose permease gene, and also a site for L-arabinose.
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Binding of L-arabinose to the repressor is thought to pro-
duce an allosteric transition in the repressor to form the
activator. The actlvator initlates the transcription of
the genes coding for all of the proteins on the L-arabinose
operon as well as for the L-arabinose permease., A mutation
in the initiator gene which results in the production of
elther more or less of the L-ribulokinase also results in
a coordinate increase or decrease in the level of L-arabinose
isomerase and L-ribulose-5-P 4-epimerase indicating that
synthesis of these three proteins is coordinately controlled.

Although the L-arabinose operon has not been mapped
in A. aerogenes, DMortlock and assoclates have shown that
L-arabinose isomerase, L-ribulokinase and L-ribulose-5-P

b-epimerase are coordinately controlled as in E. col1.?

Precedence for a Second L-Ribulose-5-P 4-Epimerase

L-Arabitol, L-xylose, and L-Xxylulose are not natur-
ally-occuring pentoses, however, A. aerogenes is able to
metabolize them., The pathway for metabollism of these
pentoses was determined by W. A, Wood and assoclates (6,

76) to be as follows:

2LeBlanc, D., Mortlock, R. P., Deupree, J., Wood,
W. A,, unpublished results,
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L-arabitol
ribitol
dehydrogenase
L-xylulokinase
L-xylulose > L-xylulose-5-P
L-fucose L-xylulose=5-P
isomerase \VB-epimerase
L-Xylose L-ribulose=5-p
L-ribulose=5-P
L_epimerase
A\
D-xylulose-5-P

The questions which remain are: (a) what 1s the genetic
location of the genes coding for all of these enzymes, and
(b) 1s the L-ribulose-5-P U4-epimerase coded for by the gene
in the L-arabinose operon, or is there a second gene. In
order to answer these questions it i1s necessary to discuss
the metabolism of pentoses and pentitols, by A. aerogenes
in detall.

The arabitol dehydrogenase activity present after
growth on L-arablitol is the result of a very low rate of
oxidation by ribitol dehydrogenase. Further growth of the
organism on L-arabitol results in the selection of mutants
which are derepressed and constituitive for ribitol dehydro-
genase (77). Likewise, L-fucose isomerase appears to be
the enzyme involved in isomerizing L-xylose to L-xylulose,
and growth of the organism on L-xylose resulted in the
selection of mutants producing constituitive levels of

L-fucose isomerase (78)., Thus the L-arabitol dehydrogenase
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and L-xylose isomerase activities appear to be due to pro-
teins which are coded for by a gene for ribitol dehydrogen-
ase and L-fucose lsomerase, respectively. The pathway of
ribitol and L-Xxylose metabolism is presented in Figure 2.

If L-ribulose-5-P 4-epimerase was translated from
the genes of the L-arablnose operon following growth on
these substrates, all of the L-arabinose operon proteins
should have been produced since the L-arabinose operon is
thought to be coordinately controlled., However, extracts
of L-arabitol and L-xylose grown cells do not contain
L-arabinose isomerase or L-ribulokinase activities (79).

In addition, the enzymes of the lL-Xxylulose pathway must

not be coded for by the genes in the L-arabinose operon nor
are they produced constituitively, since L-xylulokinase and
L-ribulose-5-P 3-epimerase activitles were not present in
extracts of cultures grown on L-arabinose (79). Thus, it
seems reasonable to hypothesize that a L-Xylulose operon
exists and that 1t codes for L-xylulokinase, L-Xxylulose=5-P
3-epimerase and a second L-ribulose-5-P 4-epimerase, This
implies that L-xylulose is found in nature and is metabolized
by A. aerogenes.

Recently Mortlock® obtained a mutant of A. aerogenes
which was constitulitive for the L-arabinose operon and had
a defective gene for L-ribulose-5-P L-epimerase, in that
L4-epimerase activity was not present in extracts of cultures

grown on L-arabitol plus casamino acids. However, the crude
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extracts were able to epimerize L-ribulose-5-P following
growth on L-arablitol plus casamino acids. This is highly
indicative of the fact that two L-ribulose-5-P b-eplmerases
exist, and that each is under separate control and is coded

for by separate genes,
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MATERIALS AND METHODS

Bacteriological

Aerobacter aerogenes

L-Ribulose-5-P 4-epimerase was obtained from either
wild type or mutant strains of A. aerogenes, PRL-R3. The
cells were grown with aeration at 32° or 37°C on a minimal
salts medium (76) composed of 0.15% KHpPOy, 1.42% Na,HPOy,
0.3% (NHy),50,, 0.02% MgS0y, 5 x 10~-"% Feso,, and 0.5%
L-arabinose. An initial innoculum was grown in 10 ml
quantities., After 24 hours the culture was transferred to
one liter of medium in a 3-liter fernbach flask., Four
liters of a 12-hour growth were used to innoculate 100
liters of media in a 130-liter fermenter (New Brunswick
Co., Inc.). The culture was grown at 37°C at a stirring
speed of 200 rpm and an aeration rate of 2.5 ft3/min. until
the absorbance at 660 mu was 1.8 using a 1 cm light path.
The cells were harvested prior to reaching stationary
phase in a continuous centrifuge (Sharples Corporation),
and the cells were stored frozen. The medium was not cooled
during the harvesting since the bacteria produce a poly-
saccharide upon cooling.

A series of mutants derived from a uracil auxotroph

of A. aerogenes PRL-R3 was obtained from Dr., R. P. Mortlock

43
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of the University of Massachusetts, Amherst, Mass, The
mutants were grown in the same manner as wild type with
the addition of 0.005% uracil to all media, The u~i~
mutant 1s constitultive for the L-arabinose operon and
produces 3 times more L-ribulose-5-P 4-epimerase than the
wild type.2 Therefore it was used as a source of M4-epi-
merase for most of the experiments. The n~u™ mutant
requires nicotinlc acid as well as uracil for growth, and
it was grown on minimal salts medium supplemented with
L-arabinose, uracil and 10'5% nicotinic acid,

L-Ribulokinase was obtained from a u~e” mutant
which did not produce an active 4-epimerase, but did syn-
thesize active L-arabinose 1somerase and L-rilbulokinase.

Similarly, a mutant of E. coll, D-+22, obtained from

Englesberg, was also used as a sourcz of L-ribulokinase,
The E. coli mutant 1is diploid for the L-arabinose operon,
but it does not produce a functional A-epimerase., Both
mutants were grown according to the procedure of Anderson

(80).

Leuconostoc mesenteroldes

Leuconostoc mesenteroldes (an uncharacterized strain)

was grown, harvested, and the crude extract was prepared as

described by Sapico and Anderson (81).

Lactobacillus arabinosus

Lactobacillus arabinosus 17-5 (ATCC 8014) was

obtained from the American Type Culture Collection. The
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organism was grown on Difco Micro Innoculum Broth and maln-
tained on the same type of medium supplemented with 2%

agar,
Chemicals

General Chemicals

Nicotinic acid (carboxyl-l1%C) with a specific activ-
ity of 59.1 mC/mmole was obtained from Nuclear-Chicago.
Spectrographically standardized Cosou. Mnsou. FeSOu, Mgsou,
Nisou. and Znsou were obtained from Johnson, Matthey and
Co., Limited. L-Arabinose was purchased from Nutritional
Biochemical Co., Calbiochem!'s triosephosphate isomerase-a-
glycerolphosphate dehydrogenase mixture was used. Whatman
DE=32 was obtalned from Reeve Angel. Calcium phosphate gel
was prepared according to the procedure of Keilin and

Hartree (82),

L-Ribulose-~5-P

L-Ribulose-5-P was prepared according to the proce-
dure of Anderson (80) by a series of steps involving chemical
isomerization of L-arablinose to L-ribulose, phosphorylation
of L-ribulose in the presence of L-ribulokinase and purifi-
cation of the L-ribulose-5-P obtained.

The L-ribulose was prepared using Anderson's modifi-
cation (80) of the original procedure of Relchstein by
refluxing 25 gm of L-arabinose in pyridine. A 10% yleld of

L-ribulose was obtained as determined by the cysteine-carbazole
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method (83) run at 37°C for 20 min., Because of the speci-
ficity of the L-ribulokinase, the L-ribulose was not puri-
fled,

L-Ribulokinase was isolated from either an E. coli
mutant or an A. aerogenes mutant which lacked an active
L-ribulose-5-P 4-epimerase. The crude extract was partially
purified to remove the competing ATPase., L-Ribulose-5-P
which was prepared using the E. coll L-ribulokinase
appeared to be partially contaminated with D-Xylulose-5-P.
This was probably due to the presence of some L-ribulose-
5-P 4-epimerase activity in the L-ribulokinase preparation;
however, the level of activity was too low to be detected
in an enzyme assay., When thils preparation of L-ribulose-5-P
was used, 1t was necessary to pre-incubate the substrate
in the reaction mixture prior to adding the U4-epimerase
due to the initlal consumption of D=Xylulose-5-P by phos-
phoketolase,

L-Ribulose-5-P formed from the L-ribulokinase reac-
tlon‘was isolated as the Ba salt at pH 6.7 without any
attempt to remove contaminating nucleotides with chareoal.
When charcoal treatment was used, a removal of 50% of the
L-ribulose-5-P resulted. Therefore the L-ribulose-5-P was
purified using a Dowex-l-formate column according to the
method of Simpson and Wood (84)., Approximately 50% of the
starting L-ribulose was obtailned as the driled Ba salt of
L-ribulose-5-P.
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The L-ribulose-5-P was shown to be about 50% pure
as determined enzymatically using an end point assay,
wherein a limiting amount of L-ribulose-5-P was added to
the U4-epimerase assay contailning an excess of U4-epimerase,
The amount of L-ribulose-5-P present was calculated from
the total drop in 340 mu absorbance as reported below for
the 2-step assay. Quantitative assays for the amount of
substrate produced are approximately 40% low due to the
fact that the end point is only approached and never
reached. Therefore the L-ribulose-5-P content of the
barium precipitate obtained was determined chemically. A
barium free solution of sugar was dephosphorylated with
acld phosphatase in acetate buffer at pH 5.0, The super-
natant was assayed for inorganic phosphate by the Fiske
Subbarow method (85); for ribulose by the cysteine-
carbazole method (83), and the orcinol method (86): and
for L-ribulose-5-P concentration using the 4-epimerase
assay. The substrate was found to be at least 70% pure
by the chemical assay., D=Ribulose or D-xylulose were not
detected in the supernatant using a D-ribuloreductase and
D-xyluloreductase assay which should have detected a 6%
or greater contamination of the D-ketopentose. The dephos-
phorylated sugar solution was deionized and chromatogramed
using N-butanol:pyridine:water (6:4:3) and water saturated
phenol solvents., Location of the sugars was detected by

spraying with a mixture of orcinol, and trichloroacetic
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acid in water saturated phenol (87) and with a mixture of
dimethylphenaline and trichloracetic acid in water (88).
Only one sugar was detected on chromatograms of the pre-
pared sugar, and 1t migrated in both solvents with the

same Rf as ribulose,

Enzxgatic

L-Ribulose-5-P 4-Epimerase Assay

Continuous Assay: L-Ribulose=5=P h-epimerése was

routinely assayed at 28°C in a Gilford spectrophotometer
using a minor modification of the continuous coupled assay
previously reported by Anderson and Wood (76). The coupled
assay 1s based on the following series of reactions:
L.Epimerase Phosphoketolase

L-Ribulose=5-P > D-Xylulose=5-P —>
ASOu-—-

Glyceraldehyde-3-P + Acetate

Triosephosphate
Glyceraldehyde-3-P > Dihydroxyacetone-
isomerase phosphate

a=-Glycerolphosphate
dehydrogenase

/)jL"lK\g > a-Glycerolphosphate

NADH NADT

The 0.2 ml reaction mixture contained 0,5 umoles of L-ribulose=-
5-P, 0.1 umole of thiamine pyrophosphate chloride, 1.0 umole
NayHAsO,, 0.1 umole NADH, 0.5 umole of MgClpy, 10 umoles of

imldazole buffer (pH 7.2) and an excess of a-glycerolphosphate
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dehydrogenase, triosephosphate isomerase and D-Xylulose-5-P
phosphoketolase. The reaction was started by adding 4-epi-
merase. A molar extinction coefficient of 6.22 x 105 was
used to convert the decrease in 340 mu absorbance to umoles
of NAD* formed. This in turn is equivalent to umoles of
D-xylulose-5-P formed. Enzyme units are expressed as umoles
of D-xylulose-5-P formed/min. The continuous assay must be
run at pH 7, since phosphoketolase 1s not actlive above this
pH. However, it should be noted that the 4-epimerase has a
pH optimum at 9.0 with 40% of the maximal activity at pH 7.0.

2-Step Assay: L-Ribulose-5-P U-epimerase activity

was also determined using a 2-step assay (4), which allowed
the L-ribulose-5-P and U4-epimerase to be incubated together
in the absence of other enzymes or cofactors, The 0.1 ml
reaction mixture, contalning 0.5 umoles of L-ribulose-5-P
and 5 umoles of glycylglycine buffer (pH 8.0) was preincu-
bated for 10 min. at 28°C. The reaction was started by
adding U-epimerase. Aliquots were removed at a given time
and added to 2 ul of concentrated acetic acid to stop the
b-epimerase activity. The enzyme solution was heated in a
boiling water bath for 1 min. and then neutralized with
NHyOH. The D-xylulose-5-P content, was determined by add-
ing an aliquot of the reaction mixture to the remainder of
the coupled 4-epimerase assay at 37°C and pH 7.2. The
D-xylulose-5-P assay was always started by the addition of

phosphoketolase, The decrease in absorbance due to dilution
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was determined by running the assay without the addition of
h-epimerase. The D-xylulose-5-P content was determined
from the decrease in 340 mu absorbance minus the decrease
in absorbance of the assay in the absence of enzyme, The
decrease in absorbance was converted to umoles as 1in the
continuous assay. The rate of eplmerization followed zero
order kinetics up to 6 min. as determined by plotting
umoles of D-xylulose-5-P formed versus time.

The 2-step assay was used to determine the effect of
metal lons on enzyme activity since all metals can be re-
moved from the first step of the reaction mixture. To
reduce the metal content of the assay to a negligible value,
all glassware was soaked overnight in 3N HC1l and rinsed
with double quartz distilled water, The solutions were not
allowed to come in contact with soft glass or metal. The
reagents were stored in acld-washed polyethylene bottles.
Tris-Hepes buffer was used, since Sigma's Tris has a
negligible metal content, and Hepes buffer 1s a poor metal
chelator (89)., The pH of the L-ribulose-5-P was adjusted
with Tris, and the buffer and the L-ribulose-5-P were
rassed through a chelex column to remove any contaminating
metals, The Tris-Hepes buffer (pH 8.0) was used in the
first step of the assay 1n place of glycylglycine buffer.
No attempt was made to remove metals from the reagents
used in assaying the amount of D-xylulose-5-P formed or
in the continuous assay, since Ng'* is required by the

phosphoketolase,
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Glyceraldehyde-3-P Dehydrogenase Coupled Assay: An

attempt was also made to assay L-ribulose-5-P U4-epimerase
using a coupled assay containing phosphoketolase, and
glyceraldehyde-3-phosphate dehydrogenase in the presence of
As0,""". A slower rate was always obtalned using this
system., Any contamination with trliosephosphate 1lsomerase
resulted in a decrease in the rate of reduction of the NAD+,
presumably because of the turnover number of trlosephos-
phate isomerase is 100 times faster than that of glycer-

aldehyde-3-P dehydrogenase, Thus the glyceraldehyde-3-P

coupled assay was not used,

Phosphoketolase

D=Xylulose-5-P phosphoketolase was purified from

Leuconostoc mesenteroides using a modification of Racker's

(90) procedure as follows. The pH of the crude extract
was adjusted to 4,55 with 1 M acetic acid at 0°C, The
preclpitate was removed by centrifugation, and the pH of
the supernatant was readjusted to 6.0 with phosphate
buffer, The enzyme was applied to a DEAE-cellulose column
which had been equilibrated with 0.05 M phosphate buffer,
pH 6.0 and 1 mM thioglycerol until the 280 mu absorption
of the eluate was less than 0.04. The phosphoketolase was
eluted using a linear gradient between 0.1 M phosphate and
0.6 M phosphate buffer at pH 6.0 containing 1 mM thio-
glycerol. The enzyme was precipitated with 3 M ammonium

sulfate, The precipitate was back extracted with 2.5 M,
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2,0 M, and 1.5 ¥ ammonium sulfate in 0.1 M phosphate buffer,
pH 6.0 and 0.01 M mercaptoethanol. Most of the activity
was recovered in the 2,0 M fraction and was stored frozen

and used as such,

Determinations

Protein Determinations

The proteiln concentration was determined using the
280/260 ratio as described by Warburg and Christian (91).
In preparations contalning a very low 280/260 ratio the
Lowry (92) procedure for protein determination was used as
indicated. The specific activity is defined as units/mg of

Polyacrylamide Gel Electrophoresis

Enzyme fractions were analysed by electrophoresis in
7.5% acrylamide gels according to the method of Davis (93)
using square cross-section, optical quartz tubes (5 x 5 x
100 mm). The lower gel was electrophoresed in Tris-glycine
buffer, pH 8.3, to remove the ultraviolet absorbing material
prior to applying the enzyme. The enzyme was layered on
the lower gel in 5% sucrose and electrophoresed in the same
buffer at room temperature. The gels were scanned at 280 mu
in a Gillford spectrophotometer using a linear transport
attachment, then removed from the tubes, stained with amido
black, and scanned at 560 mu.

In some experiments, the gels were sliced into 1.7 mm
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sections using a lateral gel slicer (Canalco, Incorporated).
The enzyne was eluted from the gel by incubation in 0.2 ml
of 0.05 M phosphate buffer, pH 7.2, for 4 hours at 4°C,
Aliquots were assayed for enzyme activity. The radiocactiv-
ity was measured by washing the gel suspension into scin-
tillation vials with water and counting in Xylene-dloxane-
cellosolve scintillation fluid (94) in a scintillation

spectrometer,

Molecular Welght Determinations

The method of Yphantis (95) was used for high speed
sedimentation equilibrium studies. The enzyme was sedimented
in 12 mm double-sectored cells with sapphire windows in a
Spinco Model E analytical ultracentrifuge which was equipped
with a regulated temperature control unit and Rayleigh
interference optics. The fringe displacement data were
analyzed using the computer program of Small and Resnick
(96) which had been modified for use on a Control Data 3600
computer, Density of the solvent was determined with a

pycnometer,

Microblological Assay for NAD*

For quantitative determinations of nicotinic acid
and NAD*, the micorbilological assay of Snell (97) as
described in the Difco Manual (98) was used. The extent
of growth of L. arabinose was determined by measuring the

turbidity at 660 mu after incubating for 16 to 24 hours at
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37°C, A standard curve was prepared from the extent of
growth obtalned with either nicotinlc acid or NAD* run
under similar conditlions., The enzyme to be assayed was
dialyzed overnight against water, and hydrolyzed for 30
min, in a boiling water in the presence of elther 0,1 N
NaOH or 0.1 N HCl., The samples were sterilized either by
passage of lb-epimerase or hydrolysate through a millipore
filter or by performing the hydrolysis under sterile con-
ditions. As controls, NAD¥, glyceraldehyde-3-phosphate
dehydrogenase, NADH, and bovine serum albumin were sub-

jected to similar treatment.

Identification of 1¥c-NAD*

The 140 NADY from the u™n~ mutant which was grown
on 140 nicotinic acid was partially purified and identified
‘according to the procedure of Hagino and coworkers (99).
The cells were suspended immediately after harvesting in a
sufficient quantity of 70% perchloric acid to give a final
concentration of 5% acid. The precipltate was removed by
centrifugation and washed twice with 5% perchloric acid,
The supernatant fluid and the washings were combined and
ad justed to pH 7 with 5 M KOH. The potassium perchlorate
was removed by centrifugation and the supernatant fluid
was subjected to chromatography on a Dowex 1-X8 formate

(200 to 400 mesh) column (1.5 X 20 cm). The 1%

C compounds
were eluted from the column with 75 mls of Hz0 and 75 mls

each of 0,05, 0.1, 0.25, 1,0, 2,0 and 4.0 M formic acid.
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The fractions from each radioactive peak were combined and
lyophilized, The reslidue was taken up in water and lyo-
philized two more times to remove the formic acid. The
final residue from each radloactive peak was dissolved in
water and mixed with cold NAD* and chromatographed in
ascending 1 M ammonium acetate:ethanol (3:7), and
1-butanol:acetone:water (66:1,7:33), and in descending
pyridine:water (2:1). In a like manner, the radioactive
fractions were mixed with cold nicotinamide and chromato-
graphed on thin layer plates using a chloroform:methanol:
acetic acid (30:50:20), dioxane:acetic acid (100:1) and
chloroform: methanol (90:10) solvents, The radioactive
material was detected using a Packard Radiochromatogram
scanner; the radioactivity of the paper chromatograms were
also detected by audioradioaugraphy. The location of the
cold NAD* and nicotinamide spots was determined by fluores-

cence produced by exposing to ultraviolet absorption.



RESULTS?

Rate of Growth And L-Arabinose Utilizatlon
By Aerobacter Aerogenes

A study was made of the growth of A. aerogenes
PRL-R3 as a function of L-arabinose utilization and U4-epi-
merase specific activity in order to determine the best
time for harvesting the cells so as to obtain the maximum
yleld of 4-epimerase., A 100-liter culture of A. aerogenes
was grown in the fermenter as described in Methods,

Samples were withdrawn every hour, and the extent of growth
was determined by measuring the turbidity at 600 mu. The
cells were removed by centrifugation and frozen, and the
supernatant was assayed for L-arabinose content using the
orcinol method (86). The frozen cells were subsequently
thawed, diluted with two volumes of water, sonnicated, and
assayed for 4-epimerase activity and for protein concentra-
tion.

As can be seen from Figure 3, the rate of L-arabinose
utilization and the rate of drop in 4-epimerase specific
activity followed the same curve, The bacteria reached the

stationary phase as the L-arablinose content of the medium

3The purification, criteria of purity, molecular
weight, all studies on the NAD* content, and the NAD*
requirement of L-ribulose-5-P 4-epimerase are reported by
J. D. Deupree and W. A, Wood in a paper to be published by
Journal of Blological Chemistry.

56
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dropped below 0.1%. The i-epimerase specific activity

appeared to decrease during the last hour of the log phase.
It should be noted, however, that 4-epimerase assays using
crude extracts are always subject to large errors. This
appears to be due to the large amount of NADH oxidase which
1s present in the extracts, As a control, the crude
extracts were assayed in the absence of L-ribulose-5-P.

The 4-epimerase activity was taken to be the difference
between the rate of NAD' formation in the presence of
L-ribulose-5-P versus the rate of NAD' formation in the
absence of L-ribulose-5-P. In crude extracts 80% of the
measurable NAD'Y formation was the result of NADH oxidase
activity and 20% was due to 4-epimerase activity. There-
fore, the level of U4-epimerase which can be added to the
assay 1s at the lower level of activity which can accur-
ately be measured. Thus, the validity of the 4-epimerase
activity obtalned for the crude extract is not known. The
above experiment was only run once; however, the 4-epimerase
activity values used were an average of more than one assay.
In theory the 4-epimerase specific activity should have
remained at the same level throughout most of the log
phase, and the level should have decreased as the level

of L-arablnose in the medium reached a minimum. The drop
in the level of specific activity at 2-hours is unexplain-
able, and it was assumed that the level of L4-epimerase

activity was actually higher, but was not measurable due
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to the NADH oxidase activity present, Nevertheless, it
can be reasonably assumed that to obtain the maximum
amount of 4-epimerase the bacteria must be harvested such
that the last of the cells are belng recovered at the
onset of the stationary phase., Thls assumption is further
supported by the results of the following experiments,

The rate of growth of A. aerogenes PRL-R3 on l-liter
of minimal salts medium plus 0.5% L-arabinose was compared
to that obtained with minimal salts, 1% casamino acid and
0.2% L-arabinose. The bacterial growth reached the same
final level of absorbance in both cases., However, supple-
menting the medium with casamino acids shortened the grow-
ing time by 2-hours. The rate of L-arabinose utilization
followed the rate of growth in both cases indicating that
the L-arabinose was probably being used as a source of
energy and the casamino aclids as a source of amino aclids.

The u~1” mutant was also grown on both mineral salts
plus 0.5% L-arabinose and on minimal salts, 1% casamino
acids and 0.2% L-arablnose. The results were the same as
those obtailned with the wild type, although a higher level
of L.epimerase was obtalned by growth on 0.5% L-arabinose

without casamino acids,

Purification of L-Ribulose-5-P 4-Epimerase

In order to study the reaction mechanism, it was

first necessary to purlfy the enzyme to homogeneity.
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Although a purification scheme had been worked out, it was
not reproduclible, and a new scheme had to be devised from
which reasonable yields of 4-epimerase could be obtained
in a reasonable period of time. A u~i- mutant was obtailned
after the purification had been worked out. The 4-epimerase
specific activity of the crude extract from the mutant as
well as the final yleld of enzyme was threé times higher
than that obtalned with wild type.® The L-eplimerases
behaved 1ldentically during purification. Table 1 gives the
results of a typical purification using the following puri-

Tication steps,

Purification Steps

Crude Extract: One volume of A. aerogenes cells

(u~1~ mutant) was suspended in two volumes of cold distilled
water (380 gm wet weight + 760 ml H,0) and ruptured by
treatment of 100-ml portions in a chilled 200-watt Raytheon
Sonicator for 20 min. Alternatively, the entire cell sus-
Pension was forced twice through a pre-chilled Manton-
Gaulin laboratory homogenizer at 7000 psi. The suspension
T rom elther process was centrifuged at 20,000 x g for 20
min, and the pellet discarded., The supernatant solution
was adjusted to pH 7.2 with ammonium hydroxide. The enzyme
Preparation was maintained at 4°C throughout the entire
purification.

Chromatography on DEAE-Cellulose: The crude extract

(59,500 mg/1100 ml) was stirred for 20 min. with approximately
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320 gm (dry weilght) of DEAE-cellulose (Whatman DE-32),
which had previously been washed with acid and base and
equilibrated with 0.075 M phosphate buffer, pH 7.2. The
DEAE-cellulose, with enzyme bound to it, was poured into
a column (8.5 x 35 cm) and washed with 0.075 M phosphate
buffer, pH 7.2, until the absorbance of the eluate at
280 mu was less than 1.0. The protein was eluted from
the column with a linear gradient prepared from 1500 ml
each of 0.075 M and 0.50 M potassium phosphate buffer,
pH 7.2. The 4-epimerase was eluted with approximately
0.35 M phosphate.

Ammonium Sulfate Back Extraction: The fractions

from the DEAE-cellulose column containing 4-epimerase

were pooled and ammonium sulfate and EDTA were added to
2.8 M and 10~M respectively. After stirring for one

hour, the solution was centrifuged at 26,000 x g for 15
min. The resulting pellet was extracted with 2,0 M, 1.6 I,
1.1 ¥, and 0.5 M ammonium sulfate in 0.1 M phosphate buffer,
pH 7.2, and 10-3M EDTA by stirring with 40 ml of each
ammonium sulfate solution for 30 min. followed by centri-
fugation at 26,000 x g for 15 min. About 70% of the
Loepimerase activity was extracted with the 1.1 M ammonium
sulfate,

Calclum Phosphate Gel Fractionation: The ammonium

sulfate fractions contailning 4-epimerase were dlalyzed for
8ix hours against two l-liter changes of distilled water,
After diluting the protein with distilled water to 10 mg/ml,
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calclum phosphate gel was added slowly at a ratio of 1 mg
(dry welght) of gel per mg of protein and stirred for 20
min, The gel was pelleted by centrifugation and discarded.
An additional 2 mg of gel per mg of proteiln were added to
the supernatant solution; this adsorbed at least 90% of
the activity. The U4-epimerase was eluted by washing the
gel several times with 0.004 M phosphate buffer, pH 7.2,

Alternatively, the enzyme solution was dlialyzed
against 0,004 M buffer, and 3 mg of calcium phosphate gel
per mg of protein were added. After removing the gel by
centrifugation, the supernatant solution contalned at
least 90% of the 4-epimerase, and the same increase in
specific activity was achleved,

The eluates from either procedure containing the
b.epimerase were combined, adjusted to 0.1 M phosphate
concentration, pH 7.2, and solid ammonium sulfate added
to 2,8 M, After stirring for 1 hour, the precipitate was
removed by centrifugation and dissolved in a minimal volume
of 0.05 M phosphate buffer, pH 7.2.

Chromatography on Sephadex G-200: The concentrated

enzyme (400 mg) from the calcium phosphate gel step was
dialyzed for 6 hours against three 1-liter changes of
0.05 M phosphate buffer, pH 7.2. The enzyme was applied
to a column of Sephadex G-200 (2,5 x 100 cm) which had
been equilibrated with 0.05 M phosphate buffer, pH 7.2.

The column was developed with the same buffer, The
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L-epimerase emerged after approximately 230 ml, and frac-
tions containing most of the activity were pooled, precipi-
tated with ammonium sulfate, and dialyzed as before against
0.05 M phosphate buffer, pH 8.0.

Chromatography on DEAE-Sephadex G-50: The enzyme

(51 mg) was applied to a column of DEAE-Sephadex G-50

(50 to 150 mesh, 0.9 x 10 cm) which had been equilibrated
with 0.05 M phosphate buffer, pH 8,0, and 0.05 M KC1l. The
enzyme was eluted with a linear KCl gradlent in 0.05 M
phosphate, pH 8.0, consisting of 40 ml each of 0.05 M and
0.40 M KC1l. The distribution of the protein and the
b-eplmerase activity in the eluate is shown in Figure 4,

Crystallization: To the combined fractions 106 to

124 from the DEAE-Sephadex column (Figure 4), solid
ammonium sulfate was added to a concentration of 2.5 M.
After stirring for one hour, the precipitate was collected
by centrifugation at 26,000 x g for 15 min. The precipi-
tate obtained was back-extracted with 2 ml each of 2.0 N,
1.8 M, 1.6 M, 1.4 M, and 1.2 M ammonium sulfate, pH 9.0,
in 0.1 M glycine buffer, as before. After 24 hours at 0°C
crystals appeared in the 1.6 M ammonium sulfate fraction.
The fine colorless needle-shaped crystals as shown in
Figure 5 contained no amorphous material. The crystals
were washed with 1.8 M ammonium sulfate and dissolved in
0.05 M glycine buffer, pH 9.0, and assayed. The enzyme

was recrystallized by back-extracting with ammonium sulfate
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Figure 5. Crystals of L-Ribulose-5-P L4-Epimerase in 1.6 M
Ammonium Sulfate and 0.1 M Glycine Buffer,
pH 9.0, at a Magnification of 4300x



69




70
as before. The needle-shaped crystals again appeared in
the 1.6 M fraction.

Other Purification Steps Evaluated: In the course

of developing a purification procedure for L-ribulose-5-P
L.epimerase, a number of purification steps were tried but
were found to be of little value, The initial purifica-
tion procedure required heating the enzyme to 60°C for 10
min. as the first step in the purification. It was subse-
quintly found that heating a partially purified enzyme
solution resulted in a loss in specific activity. Thus
the heat step causes an unnecessary loss in protein and
does not accomplish any purification that is not accomp-
lished by the DEAE-celluloseq step. However, heating the
enzyme to 60°C does denature the NADH oxidase present in
the crude extracts., A reproducible assay of the crude
extracts was thought to be obtained aftef the heat step
had been carried out, although the level of activity was
probably lower due to heat denaturation.

The acidity of the crude extracts was lowered to
pH 5.0 with the loss of less than 15% of the activity,
but essentlally no increase in specific activity was
obtalned, When the pH was lowered to 4,5, more than 80%
of the activity was lost, and the activity could not be
recovered on read justing the pH of either the supernatant
or the resuspended precipitate to 7.0.

When the pH of the enzyme solutlion was ralsed to
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10.0, less than 10% of the activity was lost, but an
increase in specific activity was not obtained, and very
little protein preclipitated out of solution.

The addition of protamine sulfate to the crude
extract following the heat step resulted in very little
change in the 280/260 ratio. Since there 1s very little
260 absorbing material remaining after the DEAE-cellulose
step, a protamine sulfate step was thought to be of 1little
value.

Carboxymethyl cellulose bound less than 50% of a
partlally purified enzyme preparation which had been
dialyzed against water., The carboxymethyl cellulose had
been pre-equilibrated with 0.005 M phosphate buffer at
pH 6.0, and it was added to the protein at a ratio of
1 gm (dry weight) of resin to 0.1 gm of protein.

A Sephadex G-200 column was found to glive a better

separation of protein than a G-100 column.

Criteria of Purity of the 4-Epimerase

The specific activity of the enzyme before and after
crystallization and recrystallization was constant within
experimental error and the same as that obtailned from frac-
tions 106 and 124 of the DEAE-Sephadex column (Figure 4),

The recrystallized enzyme was electrophoresed on
polyacrylamide gel according to the procedure in Materials
and Methods. As shown in Figure 6 only one protein band

was detected by scanning at 280 mu or by developing with
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Figure 6, Tracings of Polyacrylamide Gels Containing
Crystalline L-Ribulose-5-P 4-Epimerase

The 7.5% acrylamide gels in square quartz cuvettes
(5 x 5 x 10 mm) were pre-electrophoresed in Tris-glycine
buffer, pH 8.3, prior to applying the protein., Crystal-
line L-ribulose-5-P 4-epimerase (85 ug) in 5% sucrose was
layered on the gel and electrophoresed at room temperature.
The gels were scanned at 280 mu, developed with amido
black, and scanned again at 560 mu in a Gilford spectro-
photometer with a linear transport attachment. The trac-

ings were redrawn and normalized to fit on the same axes,
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amido black. A similar unstained gel was sliced and
assayed for activity as described in Materials and Methods.
L-Ribulose-5-P U-epimerase was found only in the slices
corresponding to the 280 mu absorbing band. Similar
results were obtained with the enzyme after purification
through the DEAE-Sephadex step. When enzyme (specific
activity, 13.0) was electrophoresed 1n the same manner at
pH 7.0 in Tris-diethylbarbituric acid buffer (100), only
one band was detected., A similar run at pH 10.0 in 0.215 N
potassium glycinate buffer showed a minor 280 mu absorbing
peak accounting for less than 3% of the protein., High
speed equilibrium ultracentrifugation of the purified
enzyme resulted in the distribution of only one molecular
weight species across the cell, indicating homogeneous
protein as discussed below. A specific activity of 13.0 M
10% at pH 7.2 and 28°C was obtained with the pure enzyme.
As will be discussed later, this activity can be increased
up to 5.4 fold by incubating with the appropriate cations.

Other Characteristics of Homogeneous
1-Ribulose-5-P L-Epimerase

Molecular Weight of the 4-Epimerase

The high speed equilibrium analysis of Yphantis (95)
was used to determine the molecular weight of the
L-ribulose-5~P 4.epimerase. A 50 ug sample of the enzyme
(electrophoretically pure) was subjected to high speed

ultracentrifugation as described in Methods., From the
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slope of the plot of 1ln of concentration versus the square
of the distance from the center of the cell (Figure 7),

and assuming a partial specific volume of 0.75, the weight
average molecular weight over the entire cell was calcu-
lated to be 1.14 x 105 £ 1.4 x 103. The lack of additional
molecular weilght specles on both ultracentrifugation and
polyacrylamide gel electrophoresis indicates that the
enzyme exists as a single molecular welght specles under

the conditions used.

NAD* Content of L-Ribulose-5-P 4-Epimerase

In studying the mechanism of L-ribulose-5-P 4-epi-
merase, 1t was first necessary to determine if L-ribulose-
5-P 4=epimerase was similar to UDP-glucose 4-epimerase.
The mechanism of UDP-glucose 4-epimerase has been studied
extensively and shown to utilize an oxidation-reduction
mechanism involving NAD* (11, 12). Thus if the mechanism
of L-ribulose-5-P U-epimerase is similar, one would expect
to find NAD* either tightly bound to the enzyme or its
addition to the assay mixture required for enzyme activity.
To answer thls question a series of experiments were per-
formed to detect bound NAD* on the purified enzyme. These
included a microblological assay for nicotinic acid or NAD+,
determination of the 1%C content of purified 4-epimerase
isolated from a nicotinic acid-requiring mutant grown on

1“C-nlcot1nlc acid, and the measurement of the fluorescence
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and absorption spectra, To determine if the reaction
requlired added NAD+. homogeneous enzyme was assayed in the

presence and absence of added NADY,

Microbiological Assay for Nicotinic Acid and NAD*

Lactobacillus arabinosus requires nicotinic acid

for growth, although 1t can use NAD* or NADH as a source
of nicotinic acid, Therefore, if L-ribulose-5-P 4-epi-

merase contains NAD*, L. arabinosus should be able to use

the enzyme or its hydrolysate as a source of NAD',

To test this possibility homogeneous L-ribulose-
5-P 4-epimerase (specific activity, 13.0) was subjected to
a microblologlcal assay for nicotinic acid using the con-
ditions described under Materials and Methods (Table 2),
With or without hydrolysis of the L-ribulose-5-P 4-epimerase
the bacterial growth was always only slightly above back-
ground (Table 2). The enzyme contained less than 0.1 mole
of NAD* per mole of U4-epimerase based upon a molecular
welght of 1.4 x 105, One mole of NAD* per mole of U-epi-
merase should have been readlly detectable, since between
1.7 x 10'3 and 3.5 x 10-3 umoles of enzyme were used, and
the lower detection 1imit of the assay is 4.0 x 10~¥ umoles
of NAD*, To 1nsure that the growth of L. arabinosus was

not blocked by the presence of treated eplmerase, NADY was
added to some of the assays as an internal standard prior
to the hydrolysis. Under these conditions, the bacterial
growth was only slightly higher than that obtained with
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NADY alone. Similar assays revealed the presence of 3.3
moles of NADY per mole of glyceraldehyde-3-phosphate
dehydrogenase with or without hydrolysis with acid or
base. NADt was not detected in the bovine serum albumin,

NAD* Content of the 4-Epimerase After Growth on 1he_
Nicotinic Acid

If L-ribulose-5-P U4-epimerase contained NAD', it
would be predicted that the growth of a nicotinic acid-
requiring mutant on 1“C-nicot1nic acid would yield radio-
active 4-epimerase.

Preliminary to this experiment it was necessary to
(a) determine the minimum amount of nicotinic acid required
by the organism for growth and (b) ascertain that the
nicotinic acid mutant was not producing an altered 4-epi-
merase.

A minimum of 10-5% nicotinic acid was required for
growth of the n=u~ mutant as determined by growing the
mutant on graded levels of nicotinic acid. Cultures were
also grown in l-liter quantities in the presence of 10'5%
nicotinic acid, After reaching stationary phase a sample
of the culture was removed, diluted, and plated on minimal
salts-L-arablinose agar with and without nicotinic acid.
The organism was s8tlll dependent on nicotinic acid for
growth and, thus, had not reverted to the wild type. The
culture was centrifuged under aseptic conditions, and the

cells were used as a source of 4-epimerase. The supernate
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was assayed for nicotinic acid content using the microbio-
logical assay and found to contain only 10% of the added
nicotinic acid. Thus, 10’5% nicotinic acid is sufficient
to prevent the selectlon of revertants and also allows
most of the nicotinic acid to be consumed during growth.

The 4-epimerase was purified 43-fold from the n-u~
cells obtained and was shown by polyacrylamide gel electro-
phoresis to be similar or identical in electrophoretic
behavior to that of the u~1® mutant.

To obtain l¥c-1labeled NAD*, the u™n~ mutant was
grown on two liters of minimal medium plus L-arabinose
supplemented with 10-5% nicotinic acid (carboxyl-l4c)
(specific activity, 59.1 mC/mmole), as described in
Materials and Methods. The 4-epimerase was purified as
before, and the activity and 14 content measured for each
step (Table 3). The ratio of 1L*C to 4-epimerase was
initially very high, but decreased to approximately 1.0
following chromatography on DEAE-cellulose, ammonium sul-
fate fraction, and treatment with calcium phosphate gel.

1% and beepi-

Although there was considerable overlap, the
merase eluted from the DEAE-Sephadex columns (Figure 8) at
different salt concentrations. In fractions 61 through 67,
the molar ratio of 140 to 4-epimerase was less than 0.15.
Fraction 61 was then electrophoresed on polyacrylamide gel.
A fter scanning at 280 mu and 260 mu, the gel was sliced and

the enzyme eluted. Figure 9 indicates that the 4-epimerase
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Figure 9. Separation of 1“0 and L-Ribulose-5-P L4-Epimerase
by Electrophoresis on Polyacrylamide Gel

The experimental procedure was the same as for
Figure 6. After scanning at 280 mu, the center of the
gel was sliced into 2-mm sectlions and the enzyme was
eluted from each slice by incubation in 0.2 ml of 0.05 M
phosphate buffer, pH 7.2, for 4 hours at 4OC, Aliquots
were assayed for 4-epimerase actlivity, and the remainder

used for radioactivity determinations.
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activity and remalning 140 were completely separated by the
electrophoresis.,

Fractions 61 through 67 from the DEAE-Sephadex
column were combined, dialyzed against 0.05 M phosphate
(pH 8.0) and 0.15 M KC1, and applied to a second DEAE-
Sephadex G-50 column (9.9 x 10 cm) which had been pre-
equilibrated with 0.05 M phosphate buffer, pH 8.0, and
0.15 M KCl. The enzyme was eluted with a 40 ml linear
salt gradient between 0.15 M and 0.6 M KC1 in 0.05 M
phosphate, pH 8.0. The molar ratio of 14 to L4_epimerase
was 0,01 for the combined U4-epimerase fractions from the
DEAE-Sephadex column,

Although the assumption that 14 nicotinic acid
would be incorporated into NAD* seemed reasonable, the
above experiment was further validated by demonstrating
that 1“"C-nlcotinic acld was converted to 14C-NAD+ under
the growth conditions employed. To test for 14C-NAD* in
the cells, 10% of the cells grown on 14 _nicotinic acid
were suspended immediately after harvesting in 5% perchloric
acid. The radiloactive material was recovered and chro-
matographed on a Dowex-1-Formate column as described in
Materials and Methods., The 1C elution profile is shown
in Figure 10.

The lyophilized residue from the major radioactive
peak of the H,0, 0.1, and 0.25 M formic aclid eluates were
mixed with elther cold NAD* or cold nicotinamide and
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chromatographed as described in Materials and Methods, As
shown in Table 4, the NADY ultraviolet absorbing material
migrated in all the solvents used with approximately the
same Ry as one of the radioactive spots from the 0.25 I
formic acid eluate, To further assure that the ultravio-
let absorption and the radioactivity on the paper chromato-
gram coincided, the chromatograms were exposed to X-ray
film., One of the radioactive spots in all three solvents
of the chromatograms of the 0.25 M formic acid residue
corresponded to the NAD* fluorescent spot in both shape and
location. Since nicotinamide 1s a degradation product of

uC nicotinamide in the 0.1 M formic

NAD* the presence of I
acid fractions, as shown in Table 5, further confirmed the
presence of 1Y NAD* in the un- cells grown on lic

nicotinic acid.

Absorption Spectrum of the 4~Epimerase

An indication of cofactors tightly bound to an
enzyme surface can, in many cases, be obtained from the
light absorption characteristics of the protein. Enzymes
containing NAD* usually have a 280/260 ratio around 1.0
due to the 260 absorption of the adenine molety. A 280/260
ratio of 1.3 would be expected for L-ribulose-5-P k4-epi-
merase containing 1 mole of NAD*/mole of protein, based
on a molar extinction of 18.0 x 103 at 259 mu and a 280/260
ratio of 0.234 for NAD*, and assuming pure protein has a

280/260 ratio of 1.6, However a 280/260 ratio of 1.78 was
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obtained for 4-epimerase preparation (electrophoretically
pure) which had been dlalyzed overnight against 0,05 M
phosphate buffer pH 8,.0.

An eplmerase solution at 5.5 mg/ml (4.8 x 10-5M)
was scanned between 700 mu and 310 mu at a full scale
deflection of 0.1 A. The dlvergencies were less than 0,02 A
of a scan of bovine serum albumin under identical conditions.
With these conditions any cofactor with a molar extinction

2

coefficlent greater than 4,2 x 10° would have been detect-

able,

Fluorescence Measurements on the 4-Epimerase

UDP~-Glucose 4-epimerase isolated from yeast has a
fluorescence excitation and emission spectra characteris-
tic of NADH (50) even though other studies have shown that
NAD* was bound to the 4-epimerase. In preliminary experi-
ments, a solution containing 2 ml of 0.05 M glycylglycine
buf fer and 10 mmoles of L-ribulose-5-P 4-epimerase was
excited at 350 mu. The fluorescence at 450 mu was the same
as background. Using 10 mmoles of NADH, a strong fluores-
cence emission at 465 mu was obtained and a characteristic
15 mu shift (50) in fluorescence to 450 mu was observed
when 8 nmoles of NADH were added to 2 nmoles of crystalline
lactic dehydrogenase under the conditions used with the

l4-epimerase,
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Absorption Spectrum of the 4-Epimerase-Substrate Complex

If bound NAD' were reduced during the course of the
enzyme reaction, 1t is possible that there would be a
sufficient steady state level of NADH on the 4-eplmerase
to produce an absorption peak in the 340 mu region when
the enzyme was Ilncubated with substrate., Such a peak was
obtained by Wilson and Hogness (8) for the UDP-galactose
b-epimerase from E. coli. In similar experiments, the
absorption spectrum in the 340 mu region was determined
for L-ribulose-5-P 4-epimerase using a Cary spectrophoto-
meter equipped with double compartment microcuvettes., A
solution of 9.15 x 10‘6M L-ribulose~5-P H4-epimerase, and
4,3 x 10'4M L-ribulose-5-P in 0.05 M glycylglycine buffer,
pH 8.5, was used in one compartment of the sample cuvette
and buffer was added to the second. The same concentra-
tions of enzyme and substrate were placed in separate com-
partments of the reference cuvette. There was no detect-
able increase in the 340 mu absorption. Increases in
absorption of less than 0.01 A were considered unreliable.
Thus, at the eplmerase level used, and assuming one NAD'
per eplmerase molecule, a reduction of more than 20% of the

NAD* would have been required to be detectable.

The Effect of NAD* on 4-Epimerase Activity

The possibility exists that NAD* functions in the
reaction mechanism, and that NAD* is furnished in the assay

by the NADH preparation used or by contaminating proteins
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added with the coupling enzyme. Accordingly, a two-step
assay was performed as described 1in Materlals and Methods
wherein L-ribulose-5-P was lncubated with the 4-epimerase,
and aliquots were removed for enzymatic determination of
the amount of D-xylulose-5-P produced. To avoid the possi-
bility of any protein containing NAD* being added to the
assay, crystalline Ub-epimerase was used. The first four
lines of Table 6 show that the formation of D-xylulose-5-P
occurs in the absence of NAD* and that the rate is approx-
lmately equlvalent to that observed in the coupled assay
using 0.05 M imidazole buffer, pH 7.2, at 28°C for both
assays., The addition of NADY, NADH, NADP*, and NADPH, as
well as a l-hour pre-incubation with NAD*, did not alter
the rate., Similar results were obtained with U4-epimerase
(specific activity, 3.0) which had been purified from 1b’C-
nicotinic aclid-grown u™n~ mutant and freed of 1hc by elec-
trophoresis on polyacrylamide gel., In addition, the
enzyme was not 1lnhibited by a 30 min. incubation with NADH,
as determined by assaying in the coupled assay.

Other Studles on the Mechanism of Action
of L-Ribulose-5-P 4-Epimerase

General Discusslion

The preceeding results indicate that b-epimerization
of L-ribulose-5-P and D-xylulose-5-P does not involve an
oxidatlion-reduction mechanism which requires NAD*; however,

another electron acceptor could be utilized, or an entirely
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Table 6, The Effect of Pyridine Nucleotides on Rate of
L-Ribulose-5-P 4~Epimerization

The 0.2 ml reaction mixture contalned 5 umoles of
glycylglycine buffer, pH 8.5; 10 umoles of L-ribulose-5-P,
and additions of pyridine nucleotides and crystallized
h.epimerase (specific activitz, 13.0) as noted in the Table,
After preincubation at 37°C, 4-epimerase was added to initi-
ate the reaction and 50 ul aliquots were withdrawn at 1, 2,
4, and 6 minutes, added to acetic acid, heated in a boilling
water bath for one minute, and neutralized with ammonium
hydroxide prior to assaying for D-xylulose-5-P. The
D=xylulose-5-P concentration was calculated from the decrease
in absorbance at 340 mu as described under Materials and
Methods,

——— ——
m—— —

Additions Concentration 4_Epimerase (units x 103)
Added® FoundP
- - 3.8 6.6
-- -- 7.7 8.3
-- -- 9.6 9.9
- - 19.2 19.0
NAD* 10-3 9.6 9.2
NAD* 10-6 9.6 9.7
NADH 10-3 9.6 11.5
NADH 10-6 9.6 10.3
NADP+ 10-3 9.6 9.3
NADP+ 10-6 9.6 9.3
NADPH 10-3 9.6 9.0
NADPH 10-6 9.6 10.2
NAD+C 10-6 9.6 6.6

8Based upon contlnuous assay at pH 7.2 and 28°cC,
bRased upon two step assay at pH 8.5 and 37°C,
®The L-ribulose-5-P 4-epimerase was incubated with the NAD*

and glycylglycine buffer for one hour. The reaction was
started by adding L-ribulose-5-P to the incubation mixture.
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different mechanism could be involved. There are 4-differ-
ent means by which the enzymatic epimerlzation of L-ribulose-
5-P and D-xylulose-=-5-P could be accomplished. These include:

1. An oxidatlon-reduction mechanism catalyzed by an
electron carrier other than NADY,

2, Sny (Wwaldenase) inversion involving the displace-
ment of the C-4 hydroxyl group by a hydroxyl
group of water,

3. A dealdolization-aldolization mechanism involv-
ing carbon-carbon bond cleavage between C-3 and
C-4.

4, Base catalyzed dehydration between C-3 and C-4,

Enzymatic electron acceptors, which would facilitate
oxidation at C-4 of the pentose, include the Blz-coenzyme,
an oxldized-indolenine group of tryptophan, lipoate or
eystine,

In most enzymes requiring the Blz-coenzyme the
cobamide coenzyme appears to catalyze the exchange of hydro-
gen atoms and some group between ad jacent carbon atoms of
the substrates., Thils mechanism has been shown for glutamate

imutase, methylmalonyl-CoA mutase, glycerol dehydrase,
dioldehydrase and ethanolamine deaminase (102, 103). In
these reactions the hydrogen migration occurs without
exchange with the solvent. The cobamide coenzyme-dependent
ribonucleotide diphosphate reductase also involves the dis-

placement of a group by hydrogen, but 1t differs in that the
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hydrogen arises from a second substrate, usually lipoate
(104, 105, 106). Abeles and assocliates (107) showed that
tritium was transferred to the coenzyme from dl-1,2-pro-
panediol-lBH in the presence of dioldehydrase. The
tritium was transferred from the coenzyme to the reaction
intermediate when the tritiated coenzyme was incubated
with dl1-1,2-propanediol and apoenzyme. The coenzyme was
tritiated exclusively at the 5' position of the adenyl
molety. This suggests that the mechanism involves the
abstraction of the hydrogen from C-1 of dl-1,2-propanediol,
and the transfer of it to the coenzyme, where it becomes
equivalent with at least one, but probably not both,
hydrogens at the C-5!' position of the adenine of cobamide
coenzyme, The cobamlde coenzyme appears to function in a
similar manner in the presence of the cobamide-dependent

ribonucleotide reductase from lLactobacillus leichmannii

(108), methylmalonyl-CoA isomerase, and glutamate isomerase
(107). The 5' carbon is also covalently bound to cobalt,
and it has been proposed that the carbon-cobalt bond is
split during the reaction to provide a position for the
hydrogen atom.

Thus i1t is conceivable that cobamide coenzyme could
facllitate hydrogen atom translocation in the L-ribulose-5-P
4_epimerase by a similar mechanism. The reaction would
differ, however, in that the hydrogen would displace a
group to the opposite side of the carbon rather than to an
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ad jacent carbon.

The possibllity of a tryptophan involvement in the
oxldation-reduction reaction is based on Schellenberg's
proposal that tryptophan is an intermediate in the dehydro-
genase reaction (109, 110, 111, 112), The proposed reac=-
tion sequence for the oxidation of lactate by lactic dehydro-
genase involves the NAD*-catalyzed oxidation of the indole
group of tryptophan to indolenine followed by reduction of

the indolenine by the substrate as follows:

CHp...E + NAD CH...E + NADH
| — +
N < N7Z
H

H
OH O 00
[ |
@TCH- [ .E + CHB-CHZ-C-O l H2 e 0o E + CHB-C-C-O
~ —
N N
H H

Evidence in support of this mechanism includes: (a) lactic
dehydrogenase contained tritium in the methylene group of
tryptophan after incubation with NAD* and lactate-2-T
followed by denaturation with perchloric acid or urea,

(b) renatured, tritiated enzyme retransferred the tritium
to oxidized NADY in the presence of the reduced substrate,
and (c) renaturation of the tritium-labeled enzyme in the
presence of NAD' resulted in the transfer of NAD' to NADT.
The T was transferred from the NADT to acetaldehyde in the

presence of alcohol dehydrogenase. The lactate did not
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appear to be non-specifically bound to the enzyme, since
enzyme incubated with lactate-l-luc did not retain the
label on denaturation. Thus, the evidence strongly sug-
gests that the tryptophan group can be reduced by the
hydride ilon from the substrate; however, this may only
be a side reaction and may not be an obligatory part of
the dehydrogenation reaction.

If tryptophan were involved in the oxidatlion of
L-ribulose-5-P and D-xylulose-5-P, the enzyme would have
to maintain tryptophan in the oxidized form. The
indolenine group would be reduced and reoxidized during

the course of the reaction as follows:

Hz-?-OH
C=0
|
@"TCHQ ) E + HO-C-H N
N7 | =
H HO-?-H
%
H,~C-0-F-0"
o-
Hz-f-OH
C=0
|
H' e o0 E HO-C-H
N C=0
B 9 .
Hz-C-O-P-O
o~

The indolenine could be stabilized by a nearby cysteine

residue
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HS N

. | M

CH.'.E HO..E
+ —_— |
N? S N
H H

as proposed by Schellenberg (111).

Since NAD+ is known to catalyze the oxidation of
UDP-glucose and UDP-galactose in the presence of UDP-
glucose U-epimerase, it can be reasoned that any cdnstitu-
ent on the enzyme surface with an oxidatlion potential
similar to that of NAD* should also accept electrons from
the substrate. Lipolc acid (E; = -0.29) and cystine
(E; = =0.33) have reduction potentials comparable to that
of NAD* (E) = -0.32). Therefore, it is conceivable that
cystine and lipoic acid could act as an electron acceptor
and donor in the oxidation-reductlion of L-rlbulose-5-P and
D-xylulose-5-P in the presence of L-ribulose-5-P 4-epimer-
ase, assuming the reduction potentials for the pentulose
phosphates are similar to that of UDP-glucose and UDP-
galactose,

If the L-ribulose-5-P U4-epimerase mechanism consisted
of an Sn, (Walden) inversion at C-4, the hydroxyl at C-4
would have to be dlsplaced by a hydroxyl group from water.
However, Wood and McDonough (21) have<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>