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The NAD-dependent glyseral-3-phosphate dehydrogenuse (glyeeral-3-phosphute:NAD*® axidoreductase: BC 1.1.1.8; GIP DHG) was purified
174-old (o homuogeneity from Suceharomyees cerevisine steuin Had3D by uffinity. und ion-exchunge chromatogruphy. SDS-PAGE indicated that
the enzyme had 3 meleculur mass of upproximately 42,000 (= 1,000) whereas a4 molecular mass of 68,000 was observed using gel filtration. implying
that the enzyme may exist as n Jdimer. The pH optimum for the reduction of dihydroxyacetone phosphute (DHAP) was 7.6 and the enzyme had
u pl of 7.4, NADPH will not substitute for NADH ax coenzyme in the reduction of DHAP. The oxidution of glycerol-3-phosphate (G3P) oteurs
ut 3% of the rate of DHAP reduction at pH 7.0. Apparent K, values obluined were 0.023 and 0.54 mM for NADH and DHAP, respectively, NAD,
(ructose- | -bisphoaphute (FBP), ATP und ADP inhibited GIP DHG uctivity. X, values obtained for NAD with NADH ais varisdle sutyitrate and
FBP with DHAP as variable substrite were 0.53 and 4.8 mM, respectively,

Yeust: Burificatiun: Giyeevol3sphosphate delydrogenase: Molecular mass

. INTRODUCTION

Glycerol-3-phosphate (G3P) dehydrogenase (DHG)
has been isolated from the cytoplasm of various micro-
orgunisms, including yeusts [1-4], algae [5-7] and bacte-
ria [8-10]. The cytoplasmic G3P DHG of Saecharomy-
ces corevisiae catalyzes the reduction of DHAP to G3P,
which is followed by dephosphorylation of G3P to glyc-
erol by a phosphatase. Glycerol is an important product
of glycolysisin 8. cerevisiae and higher amounts are also
produced as a compatible solute when yeast is exposed
to osmotic stress. GIP DHG levels in S. cerevisiae are
subject to glucose repression (11] and are also osmoreg-
ulated (12.13]. G3P DHG in 8. cerevisiue was previously
purified and characterized by Merkel et al. [2] and Chen
et al. [3]. Discrepancies, however, exist between their
data. The purpose of this investigation was to purify
and characterize the G3P DHG from S, cerevisiae
grown under osmotic stress. The effect of major intra-
cellular solutes on the enzyme activity and kinetic con-
stants were determined.

2. MATERIALS AND METHODS

2.1, Yeasi strain and cultivation

S. cerevitiae strain Ha4.3D wes cultured in YPD medium, contain-
ing 20 g - I"' glucese, 20 g - [*! peptone, 10 g - 1™' yeast extract und 0.05
g - 1" ampicillin. in a fermentor (Virtis; Gardiner, New York) with an
8 | working volume. The water activity (a,) of the medium was ad.
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Jjusted 1o 0.97 with NaCl (0.9 molal) [14]. The pH wus sct to 4 but not
controlled during fermentation. The fermentor eulture wus incubated
at 30°C witl: an air flow of 2.5 | - min™\. Cells were harvested in
mide-exponentia! phase by centrifugation ut 8,000 % 2 and washed twiee
with isotonic solution at 4°C.

2.2, Purification af glyeerol3-phosphate dehydragenuse

The cell extraet was prepared by suspending 60 g yeast ¢cells in 10
mM Iris-HCl bulfer (pH 7.2) containing 10 mM EDTA. 2 M 2.
mereaptoethunol, | mM phenylmethanssulphony! fluoride, 1| 4M pep-
statin and 0.1 mM antipain. und breaking the cells for 3 min ina Broun
MSK Cell Homogenizer (Braun Melsungen AG. Germany). Cell das
bris was removed by centrifugation at 24,000 x ¢ for | h und further
manipulations were performed on the supernatant at 4°C. The sample
wus desalted and the buffer was changed by meins of gel filtration
(Sephadex G-25 column, 1.5 x 37 em equilibrated with 10 mM Tris
ut pH 2.0). Active fructions were pooled and louded batchwise onto
an affinity column (reactive blue 2-Sepharose CL-68 column, Bio-
Rud, 2.4 x 7.5 ¢em) und washed with 10 mM Tris (pH 7.0) (bufTer A).
The G3P DHG was cluted with buffer A containing § mM NADEH,
at a flow rate of 1 ml - h™', Active fractions were pooled and applicd
10 4 DEAE-Scphacel column (2.4 x 4 em), equilibrated 0.1 M Tris-
HCl 2 mM 2-mercaptasthunol, pH 2.0 (buffer B). The column was
washed with buffer B and the G3P DHG was eluted with a linear
gradient of buffer B and | M Tris-HCI, 2 mM 2-mereaptoethunol, pH
7.0 (buffer C) at u flow rate of 1 ml - h~', The enzyme eluted at Tris
consentrations between 285 and 560 mM. Active fractions were
pocled and applied to u Sephadex G-100 column (1.6 x 47 em) equil-
ibrated with buffer C and cluted at a flow rate of 0.5 ml - h™". Aclive
fractions were pooled, concentrated against polyethylene giycal (PEG)
2000 and used for kinetic studies. A summury of a representative
enzymic purification is presented in Table 1.

2.3, Euzyme assays and deterntination of kinetic constunis

Enzyme assays und kinetic constants were determined spectro-
photometrically. One unit of enzyme activity is defined as the rate of
canversion of | umal substrate or product per min, ind specific activ-
ities are given as U - mg™' protein. DHAP reduction [15] aund G3P
oxidation [4] by G3P DHG were ussayed as described previously.
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Purificution tuble of Sucehurumyves cerevisine glycerol-3«-phosphute dehydrogenase

Purification step Valume (mi} Activity (Uj Frotein (mg) Specific uc('ivity Yield (%) Purification fuctor
(Umg™')

Cell extract 28 ol 1,389 0.23 100 }

Scphudex G2§ 19 147 38y 0.4} 46 1.8

Reuetive blue kL] LX) 401 2. 28 9

DEAE-Sephueel 10 49 24 203 18 ]

Sephidex G100 6.3 4o 1.43 41.1 14 17%

Apparent affinity constunt (Ky) values tor NADH und DHAP were
determined from double-reciprocui ploty, and apparent inhibitioncon-
stunes (X)) values (rom Dinon plots. Protein concentristions were deter-
mined us previously described [18),

2.4, Moleerlar mass, pl codd pH determinations

The molccular Mass of ihe native enzyme was determined by com-
piring its mobility on a Tz, opeart HWSSF colunin with thut of known
standareds [1 7). Molecular mass under denuturing conditions was esti-
mated by SDS.PAGE using stundard proteins {18). isocleetric focus-
ing CIEF) [19]} und pH aptimum determination (20) was performed ux
previously described,

2.8, Westernsimmunablor analysis

Preparation of untibodics aguinst purified G3P DHG [21] and im-
munoblotting of proteins separated on 12% polyucrylumide gels were
carried out using stundurd procedurex (Amershum Kit code RPN.23),

3. RESULTS

3.1, Swhility of the enzyme

G3P DHG was initially eluted from thc Sephadex
G-100 eolumn with buffer B, In this buffer, activity was
quickly lost. and no activity remained after storage at
=20 or -80°C in the presence of 50% PEG 2000, 5 mM
NADH or 5 mM DHAP. However, when the enzyme

Fig. 1. (A} Silver-siained SDS-PAGE gel of G3P DHG (lane 2) puri-
fied from 8. cerevisfae, with (lune 1) protein markers. (B) Western-
im.munoblot of (lane 1) crude extract from 8. cerevisive and (lane 2)
purified G3P DHG. (C) IEF gel of purified G3P DHG (lune 1) and
1EF standards (lane 2). 5 4g enzyme protein was applied in ¢ach case,

was ¢luted from the Sephadex G-100 column with
buffer C more than 90% activity remained after storage
at 4°C for several weeks,

3.2, Molecular mass, innnunoblatting and  isoelectric
point

The purified sample migrated as a single band on
SDS.polyacrytamide gels with an apparent molecular
mass of 42,000 (x 1,000: # = 3: Fig. 1). The molecular
mass of the native enzyme as determined by gel filtra-
tion was estimated to be 68,000. This indicated that the
undissociated enzyme may be a dimer. IEF revealed a
pl of 7.4 (+ 0.12: » = 3) for G3P DHG (Fig. 1). Im-
munoblotting confirmed the presence of a single protein
under denaturing conditions in crude extracts and in the
purified sample representing G3P DHG (Fig. 1).

3.3, pH aptivuun, substrate specificity and coensyme
preference

The maximum rate of DHAP reduction occurred at
pH 7.6. Activity decreased rapidly below pH 7.0 and
above pH 8.0, with activity decreasing more rapidly at
the acidic pH. No activity could be detected at pH Sand
11, NADPH could not substitute NADH as the coen-
zyme at pH values between 4.5 and 11 for the redustion
of DHAP. G3P oxidation was 3% of the rate of DHAP
reduction at pH 7.0, and no activity was observed when
DHAP was replaced with dihydroxyacetone or glycerol
as substrate.

3.4, Kinetic studies
The apparent Kpe Vs and &; values are given in

Table II

Kineiic data of glycerol-3-phosphate dehydrogenase from Sueclaro-
myces cerevistae

Varied Inhibitor K. (mM) Vo (Umg™) K, (mM)
subsirate

MADH 0023 (x0.01» 20(x013)

DHAP 0.54 (£ 0.03) 3.2(£ 05

NADH NAD 093
DHAP FBP 4.8

* Yulues represent the mean of three indepeny--i: determinations with

stundard deviation in pareatheses.
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Table II. NAD (NADH as variable substrate) acted as
a competitive inhibitor and FBP (DHAP as variable
substrate) inhibited non-competitively. ATP at physio-
logical concentrations of 1. 4 and 10 mM inhibited G3P
DHG activity 83, 91 and 95%, respectively, whereas
ADP at similar concentrations inhibited 36, 87 and
90%, respectivelv. No inhibition was observed with
NADPH, G3P, acetaldehyde, glycero! and ethanol at
concentrations of up to 1, 10, 10, 1.000 and 1,000 mM,
respectively.

4, DISCUSSION

The properties of G3P DHG isolated from S. cerevi-
siae cultivated at 0.97 a,, (NaCl) differed in a1 number
of instances from those described previously in S. cere-
visiae [1=3]. which may reflect differences between
straizis and cultivation conditions. The molecular mass
of 42,000 obtained under denaturing conditions is the
sume as the mass reported for the G3P DHG from 8.
cerevisige [3] and the salt-tolerant yeast, Debaryomyces
hansenit [4]. Chen et al. [3] showed that their enzyme was
a monomer, whereas the results of this study indicated
that G3P DHG may be a dimer. In spite of previous
studies on 8. eerevisiae indicating G3P DHG to be a
monomer [2,3), rabbit skeletal muscle G3IP DHG pos-
sessed dimeric and monomeric active formis {22], and
Nilsson and Adler [4] suggested that the dimeric form
may ulso exist in D, hansenii.

The cofactor specificity of G3P DHG was limited to
NADUH. as previously observed in S. cerevisiae [2] and
in B. hansenii [4), and NADPH could not replace
NADH at any given pH. In contrast Nader et al. {1]
reported that G3P DHG functioned at a very low rate
with NADPH between pH 5 and 6 in 8. cerevisiae
(strain carisbergensis). The considerably slower rate of
GIP oxidation we observed compared to the ratz of
DHAP reduction indicates that the cytoplasmic G3P
DHG functions primarily in glycerol biosynthesis but
not in the utilization of glycerol. A mitochondrial G3P
DHG oxidizes G3P to DHAP, and the inability of mu-
tants of S. cerevisiue {11] and D. liansenii [23} lacking a
mitochondrial G3P DHG supports further the assimila-
tory function of the cytoplasmic G3P DHG.

Metabolites found intracellularly differed in their
ability to regulate the activity of G3P DHG. Glyceral,
which is found in S, cerevisiae under non-stressed condi-
tions at less than 2 mM and under osmotically stressed
conditions up to 340 mM (unpublished data), failed to
affect the enzyme activity, indicating that this solute is
compatible with G3F DHG function. However, at phys-
iological concentrations, ATP, ADP, NAD and FBP
inhibited G3P DHG activity. In various yeasts, intracel-
lular concentrations of ATP varied between 1 and 3.5
mM [24,25], NAD between 2 and 3 mM [26] and FBP
between 3 and 10 mM [26]). At these concentrations,
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these metabolites will regulate the activity of G3P DHG
in vivo. Furthermore, during osmotic stress the yesst
cells shrink, which would initially increase metabolite
concentrations. Oren-Shamir et al. [27) observed that
the ATP concentration in the alga, Dunafiella salina,
decreased during the recovery period from osmotic
stress, and we have observed similar decreases in the
yeast Zygosaccharamyees rouxii (unpublished data). If
this metabolite decrease occurs in 8. cerevisiae, the flux
through G3P DHG would increase during recovery
from osmotic shock.
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