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Abstract

Glutamate dehydrogenases (GDH) interconvert o-ketoglutarate and glutamate. In yeast, NADP-
dependent enzymes, encoded by GDH1 and GDH3, are reported to synthesize glutamate from a-
ketoglutarate, while an NAD-dependent enzyme, encoded by GDH2, catalyzes the reverse. Cells
were grown in acetate/raffinose (YNAceRaf) to examine the role(s) of these enzymes during
aerobic metabolism. In YNAceRaf the doubling time of wild type, gdh24, and gdh34 cells was
comparable at ~ 4 hours. NADP-dependent GDH activity (Gdhlp + Gdh3p) in wild type, gdh24,
and gdh34 was decreased ~80% and NAD-dependent activity (Gdh2p) in wild type and gdh34
was increased ~20-fold in YNAceRaf as compared to glucose. Cells carrying the gdhl14 allele did
not divide in YNAceRaf, yet both the NADP-dependent (Gdh3p) and NAD-dependent (Gdh2p)
GDH activity was ~3-fold higher than in glucose. Metabolism of [1, 2-13C]-acetate and analysis of
carbon NMR spectra was used to examine glutamate metabolism. Incorporation of 13C into
glutamate was nearly undetectable in gdhl4 cells, reflecting a GDH activity at < 15% of wild
type. Analysis of 13C- enrichment of glutamate carbons indicate a decreased rate of glutamate
biosynthesis from acetate in gdh24 and gdh34 strains as compared to wild type. Further, the
relative complexity of 13C-isotopomers at early time points was noticeably greater in gdh34 as
compared to wild type and gdh24 cells. These in vivo data show that Gdh1p is the primary GDH
enzyme and Gdh2p and Gdh3p play evident roles during aerobic glutamate metabolism.

Introduction

The yeast Saccharomyces cerevisiae thrives with ammonia as its only source of nitrogen, as
it is capable of assimilating ammonia into glutamate, which accounts for about 80% of
cellular nitrogen (Magasanik, 2003). Glutamate may be produced in two ways. An ATP-
dependent glutamine synthetase (encoded by GLN1) may catalyze the transfer of ammonia
onto glutamate, producing glutamine. This is followed by the action of a NAD-dependent
glutamate synthase (encoded by GLT1), which reduces and transfers the amide group onto
a-ketoglutarate (2-oxoglutarate) to produce two molecules of glutamate. Alternatively, in the
favored route at lower metabolic cost, two NADP-dependent glutamate dehydrogenases
(NADP-GDH; encoded by GDH1 and GDH3) produce glutamate by catalyzing amination
and reduction of a-ketoglutarate (Magasanik, 2003; DeLuna et al, 2001). Degradation of
glutamate to a-ketoglutarate and free ammonia is mediated by a related NAD-dependent
glutamate dehydrogenase (NAD-GDH; encoded by GDH2) (Miller and Magasanik, 1990).
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Studies by DeLuna et al. (2001) on the expression and activity levels of the three glutamate
dehydrogenase enzymes indicate that Gdhlp is the sole NADP-GDH showing activity when
cells grow on glucose. Gdh3p is induced during the diauxic shift or by growth in ethanol,
indicating a role during respiration, whereas Gdh1p activity is the same or decreased under
these conditions. The Gdh2p enzyme is also subject to regulation (Coschigano et al, 1991),
being repressed by glucose and elevated during fermentation (low glucose, ethanol),
respiration (acetate) or growth with amino acids as nitrogen source. Such control is
consistent with an anapleurotic role for Gdh2p during respiration (Coschigano et al, 1991).

The regulation of the GDH enzymes indicates different physiological roles in the cell. In
these studies we aimed to examine the biosynthesis of glutamate in vivo using 13C-metabolic
enrichment followed by nuclear magnetic resonance (NMR) spectral analysis. Glutamate
formation was examined during aerobic metabolism in normal, wild type cells as compared
to single disruption mutants for each of the GDH enzymes (gdh14, gdh24 and gdh34).
These data allow us to make some conclusions about the relative importance of each of the
three enzymes in regulating the level of glutamate formation during aerobic metabolism.

Materials and Methods

Yeast strains, media and growth

The yeast strains used in these studies and their genotypes are listed in Table I. Genotypes
were confirmed by growth phenotype for nutritional markers or PCR analysis of GDH
alleles (data not shown). Synthetic medium (YN) contained 0.6% yeast nitrogen base, 0.5%
yeast extract, and the necessary amino acid supplements, see Table 1 (Sherman, 1991). The
carbon sources were either 2% glucose (YNDex) or 1% each of acetate and raffinose
(YNAceRaf). Minimal medium for 13C-metabolic enrichment contained 0.67% yeast
nitrogen base without amino acids. All media reagents were from Difco or Sigma Chemical.

Doubling times were determined for cells during logarithmic growth. YNDex-grown cells
were diluted to an optical density of 0.05-0.2 at 600 nm (ODgqg) and ODgqq readings were
taken for 8 (YNDex) to 24 (YNAceRaf) hours at 30 C with shaking at 200rpm. Growth after
the transfer of cells from YNDex to YNAceRaf proceeded only after a significant lag (~10
hours; data not shown). To examine the viability of gdhl4 cells after culture in YNAceRaf
medium, cells pre-grown overnight in YNDex were pelleted by centrifugation, resuspended
in YNAceRaf, and cultured for an additional 17-19 hours. The number of live cells in the
culture was determined before and after incubation in YNAceRaf by spreading a dilution of
cells onto duplicate rich YPD plates (Sherman, 1991) and counting the number of resulting
colonies.

Growth conditions used for enzyme determination and metabolic enrichment were
essentially the same as those above. For glucose grown cells, cell lysates were prepared
from late log phase cells grown overnight in YNDex. For cells grown in YNAceRaf, cells
were first grown up overnight in YNDex. Cells were then pelleted by centrifugation,
resuspended in fresh YNAceRaf medium, and allowed to grow to late log phase (16-18
hours) with shaking at 30°C.

Glutamate dehydrogenase assays

Cell lysates were prepared by glass bead disruption in 0.1M potassium phosphate, pH 7.8 as
described previously (Trotter et al, 2005). Aliquots were stored at —20°C and thawed on the
day of the assay. Glutamate dehydrogenase activity was measured by monitoring the
oxidation of NADPH or NADH spectrophotometrically by the method of Doherty (1970).
Protein concentrations were determined by BCA (bicinchoninic acid) assay (Sigma
Chemical).
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NMR studies

Results

Cells were washed with sterile diH,O and pellets were resuspended (0.5-0.75 g) in minimal
medium containing 0.5 mg/mL of [1,2-13C]-acetate (Cambridge Isotope Labs). Cells were
incubated with shaking at 30°C for the time indicated. Following incubation, cell extracts
were prepared as described previously (Trotter et al, 2005) with one modification. The
extracts were dried overnight with a Jouan RC1010 vacuum centrifuge and the dried extract
was dissolved in deuterated water (D,0O; Cambridge Isotope Labs). NMR spectroscopy was
performed on a JEOL ECA-400 MHz instrument. Proton-decoupled 13C NMR spectra were
obtained at 100.6 MHz using WALTZ-16 proton decoupling, a 45° pulse width, 5s delay,
20,000-Hz sweep width, and 32,000 data points. The number of scans per sample was set at
4096.

Delta software (JEOL) was used for spectral processing. Glutamate peaks were identified
based upon published shift values, shift values observed using standards, and our previous
studies (Trotter et al, 2005). Carbon-13 enrichment with the acetate precursor resulted in
glutamate signals appearing as multiplets, rather than the singlets seen in molecules with
natural abundance of 13C. Relative total, singlet, doublet, and/or multiplet 13C signal
intensities for the carbons of glutamate were determined by integration as previously
described (Trotter et al, 2005).

Characteristics of strains under experimental conditions

Culture conditions were chosen such that all three GDH enzymes might be measurably
active - i.e. in the absence of glucose - and the mutant strains might have the best growth
performance. The trisaccharide raffinose was chosen as one carbon source because it allows
for de-repression of glucose repressed genes, while still supporting growth of some yeast
strains carrying mitochondrial deficiencies (Reilly and Sherman, 1965; Zitomer and Nichols,
1978). Acetate was also included to allow cells to adapt to this carbon source (De Virgilio et
al, 1992; van den Berg et al, 1996; Tenreiro et al, 2000) prior to metabolic enrichment with
the isotope-labeled form. Thus, experiments were conducted with cells grown either in 2%
glucose (YNDex) or a mixture of 1% acetate and 1% raffinose (YNAceRaf) and containing
ammonia as the primary nitrogen source. The doubling times of the strains in both media are
shown in Table I. With the exception of gdhl4 in YNAceRaf, the strains have comparable
doubling times in either medium. Although the gdh14 cells do not double in YNAceRaf, cell
viability is unaffected after 17-19 hours culture in this medium (see Materials and Methods,
data not shown).

NAD(P)-dependent GDH activity was measured in extracts from cells grown in either
medium. Total NADP-dependent GDH activity (primarily Gdh1p) in the wild type, gdh24,
and gdh34 strains is decreased in YNAceRaf as compared to YNDex (Table 2, left). Yet, the
small amount of NADP-dependent activity in gdhl4 cells (presumably due to Gdh3p)
increases; this suggests that, although NADP-dependent GDH overall is decreased, the
proportion of NADP-dependent activity due to Gdh3p is higher in YNAceRaf medium.
NAD-dependent Gdh2p activity is significantly elevated in cells grown on YNAceRaf as
compared to YNDex (Table 2, right). This is true even in the non-dividing, gdh14 cells.
Collectively, these data indicate that all of the NADP- and NAD-dependent GDH enzyme
activities are present at measureable levels in cells grown in YNAceRaf medium.

Metabolic enrichment studies

Metabolic enrichment with 13C precursor was used to examine glutamate metabolism, as the
observed characteristics of NMR spectra can provide information about the movement of
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carbons through the pathway(s). The abundance of 13C in nature is such that, without
enrichment, each of the carbons in glutamate appears as a single resonance in a proton-
decoupled 13C spectrum. With metabolic enrichment, the introduced 13C-label stands out
above the natural signal (not shown). During metabolic incorporation of [1, 2-13C]-acetate,
the ratio of 13C signal in carbon 2 (C2) compared to carbon 4 (C4) of glutamate reflects the
relative rate of incorporation of [1,2-13C]-acetate. The schematic in Figure 1 depicts
[1,2-13C]-acetate incorporation, which forms 13C-isotopomers of glutamate with
consecutive rotations of the citric acid cycle. Increasing enrichment of 13C relative to 12C at
each position is represented by darker shading. Note that 13C enrichment of glutamate C4
precedes that of C2. Increasing 13C enrichment of neighboring carbons is responsible for
characteristic splitting of carbon resonances observed in NMR spectra (Jeffrey et al,
1991;Burgess et al, 2001;Trotter et al, 2005).

Cells were pre-grown in YNAceRaf medium, incubated with [1, 2-13C]-acetate in minimal
medium for a desired time, and extracts prepared for NMR analysis. Proton-decoupled 13C
NMR spectra were obtained and glutamate peaks were identified based upon known shift
values. The upper spectrum in Figure 2 is typical following incubation of wild type yeast in
[1,2-13C]-acetate for 120 min. As we have previously observed (Trotter et al, 2005), the
primary signals are from the five carbons of glutamate (labeled on the spectrum) and the
carbons of sugars (at 60-95 ppm). As carbons of glutamate become 13C-enriched, the singlet
resonance(s) are split, due to the presence of the 13C label at neighboring carbon(s), into
characteristic multiplets (d, t and dd; expanded above the top spectrum for the five carbons
of glutamate). The lower spectrum in Figure 2 was obtained from gdh1 yeast in [1,2-13C]-
acetate for 120 min. Note that the vertical scale for gdhl1 spectrum has been magnified 7-
fold. Thus, glutamate carbons labeled by [1,2-13C]-acetate are easily observed in wild type
cells; however, incorporation in gdhl is minimal, making detection and analysis of labeled
glutamate carbons unfeasible in this strain.

Spectra similar to that in Figure 2 were generated from YNAceRaf-grown cells incubated in
minimal medium with [1,2-13C]-acetate for 0, 1 or 2 hours. NADP-GDH and the NAD-
GDH activities measured under these conditions showed strain to strain comparisons as
reported in Table 2 and no significant change in the activities during labeling period (data
not shown). 13C-Enrichment of C2 and C4 of glutamate was determined by integrating the
total area under the curve for each signal and the ratio of enrichment at C2 and C4 was
calculated. The data in Figure 3 demonstrate that over the time course, either the gdh24 or
the gdh34 allele decreases the rate of C2 to C4 enrichment as compared to wild type.
Additionally, the rate in the gdh34 strain is noticeably impaired as compared to the gdh24
strain.

As carbons in glutamate become increasingly 13C-enriched, the peak patterns for each
carbon become more complex. Generally, the complexity of the resonance pattern, that is
the areas of multiplet resonances as compared to the area of the singlet peak, increases with
time and/or with the number of times the carbon backbone is cycled before the a-
ketoglutarate leaves the citric acid cycle for synthesis to glutamate (Jeffrey et al, 1991;
Trotter et al, 2005; Turcotte et al, 2010). Alternatively, this parameter could be altered by
entry of unlabeled, anaplerotic a-ketoglutarate derived from other cellular pools. An
example of peak patterns at different times of enrichment in the gdh24 strain is shown in
Figure 4A,; the increase in complexity over time is most evident for C2 and C3. The
intensities of multiplet (d, t, dd) and singlet peaks for C2, C3 and C4 for the wild type,
gdh24 and gdh34 strains were integrated and calculated as a ratio of multiplet to singlet and
are shown in Figure 4B. Data for carbons 1 and 5 are not included, since the intensity was
weak and primarily multiplet (data not shown). The data show comparable ratios for wild
type and gdh24 for nearly all the data points. The decreased complexity observed for gdh24
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and gdh34 at C2 may reflect the decreased rate of enrichment (Figure 2). So, despite the
slower enrichment observed in gdh24 cells (Figure 3), the isotopomers formed in wild type
and gdh24 cells are qualitatively similar. In contrast, the relative proportion of multiplet for
C3 in the gdh34 strain, particularly at early time points, is noticeably elevated as compared
to wild type and gdh24. This trend is also seen at C4, but was not statistically significant (p
values between 0.07 and 0.15). Since the enrichment of C2 compared to C4 is slower in
these cells, these data suggest that the elevated isotopomer complexity reflects greater
cycling of the backbone before conversion to glutamate.

Discussion

Saccharomyces cerevisiae expresses three glutamate dehydrogenases, each considered to
have a particular function in glutamate metabolism under specific conditions. The Gdh1p
and Gdh3p are primarily involved in glutamate biosynthesis, while Gdh2p is involved in
glutamate degradation to ammonia and a-ketoglutarate (Magasanik, 2003). Gdh1p is active
in cells grown on glucose as well as non-fermentable carbon sources, while Gdh3p is most
active under non-fermentative or respiratory conditions (DeLuna et al, 2001; Riego et al,
2002; Avendano et al, 2005). Gdh2p is also elevated when cells are grown in low glucose or
non-fermentable carbon (Coschigano et al, 1991). In the present study, we set out to
examine these role(s) in vivo using stable isotope metabolic enrichment with [1,2-13C]-
acetate in single disruption mutants under conditions in which all three enzymes are active.
To that end, we chose a mixture of acetate and the de-repressing sugar raffinose.

Gdh14 cells are reported to have impaired growth on minimal glucose and ethanol media,
indicating Gdh1p’s importance to fermentative as well as respiratory growth (DeLuna et al,
2001; Magasanik, 2003). We did not observe any difference in doubling time for gdh14
cells as compared to wild type in our glucose medium (YNDex), which also contains 0.5%
yeast extract. However, our gdh14 strain showed an impairment on minimal glucose
medium similar to that reported (DeLuna et al, 2001; data not shown) and was unable to
divide in the acetate/raffinose medium (Table 1). So, even though the relative proportion of
Gdh3p activity increases in acetate/raffinose (Table 2), it is apparently insufficient to permit
normal growth and glutamate synthesis without Gdh1p. 13C-Enrichment experiments in
gdhl4 incubated in acetate/raffinose confirmed (Figure 2) that the Gdhlp enzyme is an
important contributor to glutamate synthesis under these conditions.

Gdh3p is also required for normal growth on minimal ethanol medium, since gdh34 cells
exhibit a doubling time of 67% as compared to wild type on this carbon source (DeLuna et
al, 2001). Ethanol is converted to acetate for utilization as an energy and carbon source
(Turcotte et al, 2010). Interestingly, we did not observe any defect for gdh34 cells on
acetate/raffinose medium (Table 1), presumably because raffinose and 0.5% yeast extract
were also in the medium. Yet, despite the wild type growth on acetate/raffinose medium,
our 13C-enrichment experiments demonstrate an important role for Gdh3p in glutamate
metabolism from citric acid cycle intermediates under these conditions. First, the marked
decrease in the rate of enrichment at C2 relative to C4 of glutamate observed in gdh34
(Figure 3) suggests a decrease in the flux of acetate carbons into the citric acid cycle. It has
been reported that the pool of a-ketoglutarate in gdh34 cells grown on ethanol is 50% of that
in wild type cells (DeLuna et al, 2001). So, the decreased rate of enrichment we observe
may reflect a lower availability of a-ketoglutarate in gdh34 cells grown on acetate/raffinose.

The relative proportion of 13C-label intensity observed in multiplet resonances as compared
to singlet, particularly at C3 and C4, was greater in gdh34 cells as compared to wild type
(Figure 4B). One interpretation of these data is that, before conversion to glutamate, the
carbon backbones take a greater number of turns around the citric acid cycle, thereby
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increasing the chances that neighboring carbons are 13C labeled (Figure 1). If the gdh34
disruption does decrease the availability of a-ketoglutarate, it may be that the intermediate is
conserved longer for use in turns of the citric acid cycle. Alternatively, these data may
reflect a fundamental difference in the pool of glutamate synthesized by Gdh3p as compared
to Gdhlp. Indeed, there is recent evidence that these enzymes have differential localization
in the cell. Gdh3p was identified as a member of the mitochondrial proteome, while Gdh1p
was not (Sickmann et al, 2003). So, the Gdh3p enzyme may have a unique relationship to a-
ketoglutarate formed in the citric acid cycle. Taken together, the 13C-enrichment data
support an important role for Gdh3p in glutamate biosynthesis under de-repressing
conditions.

Gdh2p, which serves primarily to convert glutamate back to a-ketoglutarate and ammonia
(Magasanik, 2003), is greatly elevated in cells grown in acetate/raffinose (Table 2). Thus,
although no growth defect was observed (Table 1), we anticipated that the gdh24 disruption
might significantly alter glutamate homeostasis. The rate of 13C-enrichment at C2 as
compared to C4 was noticeably slower than wild type, but not as slow as was observed in
the gdh34 cells (Figure 3). This indicates that the movement of the acetate label from the
citric acid cycle to the glutamate pool is decreased in these cells. At first glance this result
seems counterintuitive, since the Gdh2p is generally thought to be anaplerotic to the citric
acid cycle, replenishing a-ketoglutarate levels as needed. Thus, loss of the enzyme might be
expected to shift the pathway toward more glutamate biosynthesis, not less. However, this
result may also reflect a slower flux through the cycle because the enzyme is not present to
provide a-ketoglutarate. Unexpectedly, the 13C-multiplet versus singlet pattern in the gdh24
cells was very similar to wild type. So, loss of Gdh2p does not seem to significantly alter the
glutamate pool formed via this pathway.

It is interesting that despite the clear regulation of Gdh2p activity by carbon source, others
have also had difficulty establishing a role for this enzyme in carbon metabolism
(Coschigano et al, 1991). In fact, gdh24 cells do not display any growth impairment in
media containing glucose or a non-fermentable carbon source and ammonia as the nitrogen
source (Miller and Magasanik, 1990; Coschigano et al, 1991). It is important to note that
acetate/raffinose medium used in our studies resulted in a ~20-fold increase in NAD-
dependent activity as compared to glucose (Table 2), which is in line with the reported
carbon source regulation of the GDH2 gene (Coschigano et al, 1991). Levels of the Gdh2p
enzyme are also separately regulated by the nitrogen source, generally being lower when
ammonia or glutamine is the nitrogen source and higher when nitrogen is provided as
glutamate or some other amino acids (Miller and Magasanik, 1990; Coschigano et al, 1991;
Miller and Magasanik, 1991). Further, gdh24 cell growth is impaired as compared to wild
type when nitrogen is provided exclusively as glutamate (Miller and Magasanik, 1990).
Ammonia, rather than glutamate, was used as the nitrogen source for the present studies, so
as to maximize 13C-enrichment of the intracellular glutamate pool. It remains a possibility
that the role of Gdh2p in glutamate metabolism might be more evident when a different
nitrogen source is utilized and this is an area for future investigation.

Previous studies examining regulation of expression, as well as growth and levels of
metabolic intermediates in mutants have indicated specific roles for these glutamate
dehydrogenase isozymes (Magasanik, 2003; DeLuna et al, 2001; Coschigano et al, 1991;
Miller and Magasanik, 1991). The present 13C-enrichment study furthers the previous
investigations by providing the first in vivo analysis of glutamate biosynthesis during
aerobic metabolism in strains carrying disruptions in genes encoding these enzymes. The
data confirm a primary role for Gdh1p in glutamate biosynthesis from citric acid cycle
substrates. Additionally, loss of Gdh3p results in a significant impairment of glutamate
synthesis, indicating an important role for this enzyme as well. Finally, loss of Gdh2p was
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less deleterious to glutamate homeostasis than expected; however, further investigation
under conditions in which Gdh2p activity is maximal may provide additional insight.
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Figure 1.

Schematic depicting [1,2-13C]-acetate incorporation, forming 13C-isotopomers of glutamate
with consecutive rotations of the citric acid cycle. Increasing enrichment of 13C relative
to 12C is represented by darker shading.
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Figure 2.

uMuL_

-10.0

Typical proton-decoupled 13C-spectra for wild type (upper panel) and gdhl14 (lower panel)
strains after 2 hours in [1, 2-13C]-acetate. Characteristic splitting of the singlet resonance(s)
for glutamate carbons, due to the presence of the 13C label at neighboring carbon(s), are
expanded at the top (s, singlet; d, doublet, dd, doublet of doublet; t, triplet). Note that the

gdh1 spectrum has been magnified 7-fold.
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The ratio of 13C signal in carbon 2 relative to carbon 4 of glutamate during incorporation of
[1,2-13C]-acetate. The signal intensity, determined by integration, for carbon 2 was divided
by that for carbon 4 (C2/C4 ratio). Data presented are the % of the maximal ratio (obtained

for wild type at 120 minutes) +/— SEM from three separate experiments. a, p < 0.05 as

compared to wild type at the same time point. b, p < 0.05 as compared to other strains at the

same time point.
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Figure 4.

Analysis of glutamate carbon 13C signal complexity as a function of time in [1,2-13C]-
acetate. (A) Example of expanded spectra for carbons 2, 4, and 3 (C2, C4, and C3) from the
gdh24 strain at 30, 60 and 120 minutes. (B) Intensity of multiplet resonances (d, t, dd) as
compared to the singlet peak as a function of time. The intensities of multiplet and singlet
peaks from three separate experiments were integrated and calculated as a ratio of multiplet
to singlet +/— SEM. Data for carbons 1 and 5 are not included, since the intensity was weak
and primarily multiplet (data not shown). *, p < 0.05 as compared to the other two strains for
this carbon at the same time point.
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Strains and doubling times on experimental media

Table 1

Strain® Genotype Doubling Time (minutes)P
YNDex YNAceRaf
Wild Type (BY4742) MATa his3 leu2 lys2 ura3 127+13 254+43
gdhl4 (YOR375c) MATa his3 leu2 lys2 ura3 gdh14::G418 132+11 NDC
gdh24 (YDL215¢) MATe his3 leu2 lys2 ura3 gdh24::G418  132+6 232+43
gdh34 (YAL062w) MATa his3 leu2 lys2 ura3 gdh34::G418 133+6 272+33

Page 13

aWild type is followed in parentheses by the strain name; for mutants the strain name used in these studies is followed in parentheses by the

designation for the disrupted open reading frame.

Doubling times during logarithmic growth in glucose (YNDex) or acetate plus raffinose media (YNAceRaf); Average of 3-5 separate

determinations +/— standard deviation. ND = not detectable

CAlthough the gdh14 strain does not divide, no loss of viability is observed after 17—19 hours in this medium.
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Table 2

Glutamate dehydrogenase activities in strains grown on experimental media

Strain NADP-GDH Activity (umol/min/mg)®  NAD-GDH Activity (mol/min/mg)?
YNDex YNAceRaf YNDex YNAceRaf
Wild Type 154+26 24+6C 6.2+4.3 108+13¢
gdhl4 1.0+0.4 3.2+1.1d 5.8+6.3 14420, €
gdh24 154+10 24+6C 1.8+0.2 1.2+03
gdh34 125+15 21+6C 2.9+0.3 85+9C

aNADP-dependent measures Gdh1lp and Gdh3p activity. Data are the average +/— standard error for 4 or 5 separate determinations.
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bNAD-dependent measures Gdh2p activity. Data are the average +/— standard error for 2 or 3 (YNDex) or 5 (YNAceRaf) separate determinations.

c - L
p < 0.001 by t-test as compared to activity of the same strain in glucose.

d . L
p < 0.08 by t-test as compared to activity of the same strain in glucose.

ep< 0.001 by t-test as compared to activity of wild type or gdh34 in YNAceRaf.
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