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ABSTRACT

DETECTION AND CHARACTERIZATION OF A
COMPONENT(S) IN COMMERCIAL LOTS OF
REDUCED NICOTINAMIDE ADENINE
DINUCLEOTIDE OXIDIZABLE
BY INTACT YEAST CELLS
By

Ralph Leonard Somack

Intact yeast cells were found to oxidize some
component(s) of reduced nicotinamide adenine dinucleotide
(NADH) solutions. This oxidation was also observed with
solutions of oxidized nicotinamide adenine dinucleotide
(NAD) and reduced nicotinamide adenine dilnucleotide
phosphate (NADPH) as substrates; but only one commercial
lot of each of these compounds was tested. The extent
of the oxygen uptake observed varied from lot to lot

(0.25 to 1.13 umoles of 0, uptake/mg NADH). The respir-

2
atory quotient of the oxidation with NADH was observed

to be in the order of 0.67, and no free amino nitrogen

was released during the oxidation. The extent of this
oxidation was as high at pH 4.0 as at pH 7.0, even though
the NADH in the solution was all in the form of the acid
modification product at pH 4.0. The oxidizable component(s)
was separated from the NADH by the use of anion exchange
resin; and, thus, proven to be a contaminant(s) of the

preparation. This compound(s) was found to be neutral

at both acid and basic pHs; as indicated by 1ts failure



Ralph Leonard Somack

to adsorb to either anion or cation resins at these
pHs. The eluted component(s) expressed no character-
istic absorption spectrum between 220-440 nm. O2
uptake was not observed when the eluted component(s)

was dried at either acid or basic pHs wunder a vacuum
at 40 C; thus indicating that the component(s) was
either volatile or unstable under these conditions.
Inhibition of both O2 uptake and 002 evolution was
observed when the component(s) was oxidized by yeast

in the presence of azide, malonate or iodoacetate.

This indicated that metabolism of the component(s) was
dependent on the electron transport system, the tri-
carboxylic acid cycle and sulfhydryl containing enzymes.
The low levels of the oxidizable component(s) present,
the high cost of NADH preparations, and the difficulty

in concentrating the component(s) precluded further

efforts toward identification at this time.
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INTRODUCTION

Commercially prepared oxidized and reduced nico-
tinamide adenine dinucleotide (NAD and NADH respectively)
have been used 1n a great number of scientific investi-
gations. These and other pyridine nucleotides are involved
in a large number of oxidation-reduction reactions
catalyzed by dehydrogenases.

Anderson (1), in his studies on the primary site of
inhibition of yeast respiration by sorbic acid, found that
sorbate inhibited aerobic oxygen uptake by yeast cells at
pH 4.0 when solutions of commercial NADH and reduced
nicotinamide adenine dinucleotide phosphate (NADPH)
were used as substrates. These oxidations were markedly
inhibited by both KCN and azide indicating that the
oxidation proceeded via the cytochrome system. Since
these coenzymes are krnown to be converted to products

inactive in den e reactions under acid conditions

ydrogena

i

(11, 25), it was unlikely that these coenzymes were
metaboclized 1In the manner outlined by Anderson.
Trhe present study was initiated in an attempt

to identify the nature of these oxidations.
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REVIEW OF LITERATURE

Oxidation of NADH and NADPH

Anderson (1), showed that solutions c¢f NADH and

oxidation, which was observed in the presence of 33
es of NADH, was shown to be inhitited 100% by KCN
X lO—lM) and 68% by sorbic acid (5.3 x 10‘3M).
oxidation observed with NADPH solutions was inhibited
by atabrin (5.3 x 10"2M), 100% by azide (7.7 x 10“3M),
88% by sorbic acid (5.3 x 10-3M). Further evidence
the oxidation préceeded via electron transport (ETS)
from the observation that methylene blue was reduced
cytochrome oxidase was inhibited by KCN with an
sclution as substrate. The experiment was performed
yeast cells a2t pHd 5.1 - 5.3. Studies with 2-4
trophencl (DNP) indicated that the oxygen uptake
hole cells observed with NADH solutions reguired
vz transport since DNP lowered the resulting Qog,

e 1t failed to affect the rates of endogenous

viration or gluccze oxlidation. As Anderson pointed

this would be expected since substrate phosphory-
on occurs via glycolysis during glucose metabolism.
Studies with crude extracts of yeast cells showed

these preparations'also oxidized NADH and that the

]

ensative to azide, antimycin A and KCN.

[¢]

rno



Although the oxygen uptake with intact cells was inhiblted
by CO, there was no significant inhibition of oxygen
uptake with the crude yeast extracts (Anderson, 1963,
unpublished data). These results were explained on the
basis of the peroxidase activity observed in the 1solated
crude yeast mitochondria preparations but not in the
intact cells.

Formation and Properties of The Acid
Product of NADH and NADPH

NADH, NADPH and other nl~substituted dihydropy-
ridines have been shown to be unstable in acid (11, 20).
The characteristic 340 nm absorbtion peaks of the reduced
coenzymes are lost with the concurrent formation of a
new peak at 290 nm. This latter peak disappears rapidly
at pH 1 but can be stabilized by the addition of
bisulfite or by neutralization immediately after the
formation of the primary acid product. The primary acid
product decomposes relatively slowly between pH 3 and 5.
Burton and Kaplan (4) have suggested that the primary
acid product is formed by the opening of the heterocyclic
ring ylelding an amino aldehyde. Bisulfite is thought
to stabilize the acid product by addition through the
oxygenated grouping of the aldehyde at the 6 position
of the ring.

The results presented by Anderson (1) are complicated

by the fact that two different systems seem to have been



operative. Since NADH and NADPH are rapidly converted

to enzymically 1lnactive coenzymes under acid conditions,
these would have been inactive in the ETS oxidations
carried out by Anderson with whole yeast cells. However,
his experiments with crude yeast extracts were carried
out at neutral pH, anq these would have involved true

coenzyme oxlidations in the systems studiled.



EXPERIMENTAL METHODS

Culture and Cultural Technigues

The yeast used 1in these experiments was from two
sources. In one experiment, a stock strain of baker's
yeast from our laboratories was used to produce fresh
cells in the following manner: 250 ml volumes of dextrose
broth (Difco) were adjusted to pH 4.0 with tartaric
acid, innoculated with stock yeast and allowed to grow
in shake flasks at 30 C for 24 hours. The cells were
harvested by centrifugation, washed two times with 0.1
M KH2P04 and stored at 0 C until use. 1In all other
experiments, baker's yeast purchased locally was alir
dried and maintained in the freezer. Just prior to use,
the dried yeast was washed three times with distilled
water, re-suspended in distilled water and incubated on
a rotary shaker for three hours to lower the endogenous
metabolic rate. Cell weights are reported as dry weights
and were determined by placing 1 ml of cell suspension

at 110 C for 24 hours.

Oxidation Techniqgues

Standard Warburg techniques as described by
Umbreit et al. (17) were employed for measurements of

0, uptake and CO, evolution. All components of the

2 2
reaction mixture were added to the main compartment of



the Warburg flask except substrates which were tipped

in from a side arm after thermal equilibrium was attained.
Alr was used as the gas phase 1in all experiments. Carbon
dioxide was determined by the direct method; and 0.2 ml

of 20% KOH along with a strip of filter paper was placed
in the center well of the cups used to measure oxygen
uptake. Reaction mixtures were adjusted to the pH of

the experiment with potassium phthalate, glycine-
hydrochloride buffer or potassium phosphate buffer.

The pH was determined at the termination of the experiment
(final pH). In each case where used, the respiratory
quotient (RQ) was defined as umoles of CO, evolved/

2

umole O2 consumed.

Assay and Cleavage of NADH

The NADH and related compounds were obtained from
various commercial sources as specified in the Results,
and were stored at 0 C until use. A modification cf the
lactic dehydrogenase assay of Kornberg (13) was employed
to measure the coenzymatic purity of a number of commercial
preparations of NADH. Snake venom phosphodiesterase
was purchased from Sigma Chemical Company and was used
to split NADH bty the method of Razzel and Khorana (15).

Purification of the Oxidizable
Contaminant

Purification of an oxidizable fraction(s) present

in NADH was achieved with 200-400 mesh Dowex 1-X8, OH™



form. The resin was washed overnight in 4 N NaOH
followed by five volumes of distilled water. Further
purification was achieved with 200-400 mesh Dowex
50W-X4, H+ form. The resin was activated for use in
the same way as the Dowex 1-X8 except that 5 N HC1 was
substituted for the NaOH. Columns of about 0.5 x 3

cm were used with each resin. The columns were washed
with at least ten volumes of distilled water prior to

use.



RESULTS

Studies on The Oxidation of
NADH by Yeast Cells

Nature of the oxidation

Varying amounts of O, uptake and CO, evolution

2 2

by yeast cells were noted when similar concentrations of
various commercial brands of NADH were added as substrate.
In earlier work, the pH of the reaction mixtures was
below 5 suggesting that the acid modification product

of NADH was the species being oxidized. Figure 1 shows
the oxidation observed with two commercial brands of NADH.
The respiratory quotient (RQ), adjusted for endogenous
activity, for the oxidation of the lot obtained from
Sigma was 0.62 while the RQ for that from Boehringer and
Soehne was 0.72. Yeast cells for these oxidations were
from two different sources, as indicated. A direct

comparison of the extent of O, uptake by commercial

2
dried yeast was then made using a number of different lots
of NADH from different sources. As is evident in Fig. 2,
the yeast oxidized some component(s) cf all lots, but

there was considerable variation in the extent of oxida-
tion among lots. The total O2 uptake with the lot obtained

from Sigma was very much higher than with any of the

octhers.



*(0) eyeadn ¢p ‘snouslopus ¢ (e)
UuoTaNTOoOAD Noo ‘snouslopua ¢(vy) ayezdn €0 ‘HQYN (V) uUOTINTOAd €00 ‘HAQVN - aand
3€°0L 2q 03 wu QhE 3® pafkesse HAYN 9UJ, °PIsn aJIdM (492H0E9# 30T) HAVN SuUya0g pue
J93UTdaysog saToun {6 ‘poalBOTPUT SJI9UYM ‘pur STT30 3seak posuord 3w G°TT “93ereyzud
unyssejod saToun (QQf 3B8Y3 3dsoxs y 03 T[eOTQUSpPT agaam sdno ayyl (d) T — 0°f HA
TBUTIJ 9yl pue Tw 0°€ sem dnd yoes JO auUNTOA TB303 3yJ - *JTe sem aseyd sel3 ayyg
*a)e3dn € asanseasw 03 STTOM J93U80 3Yj O3 DPOPPR SBM HOY %02 JO Tw 2°0 ‘aand 44°0L
8q 03 wu QhE 3e pakess® (0GG9-990T# 3IO0T) HAVN BWITS sarown Qf pa3eOTPUT BJ3UM
‘pue 9seshk paTap TeTOJI{uwod (3y3team Kap) Buw g “saereysyd unissejod sajouwn (G2
:pPaUTBIUOD ST3SSaA JanqaeMm ayL (V) 0 0f€ 38 AITBOTJIISWOUBW PSUTWISFIP SJI9M SanTep
*STT90 1seak £q uotanioaa C0) puer ayeadn €0 U0 HAYN JO 109JJH--°T o24n3T4

saqnuiN
02T 00T 0z 09 Ot 02 02T o001 0ot 09 oh 02
| o m v v w v v
Z . v c
> : -
N ot
9 ¥ v
. e 3
¢r|||\t\\ut\nq R —v—
4\4 T ot m T ¢
. - ZO
q|l.\‘l-|\\\\\<nl\ N.H p 8 mN
Aﬁ 3._”
~ S m.ﬂ albe om

2o 10 %9p satoun



10

30 «
27 -®
24 4 /./
®
21 &
o 18 ¢
g
g‘ 15 - [
._N
12
~ [ ]
e
® /P’A/
/
—
I
D..—-——"n
ﬂ.—-——‘ﬂ"'—_‘n/
60 30

Iilnutes

Figure 2.--0Oxidation of various brands of NADH.
experimental procedure was as outlined in Figure 1(A)

except that 25.9 mg (dry weight) of yeast was used.

Amounts

of 10.66 umoles of the lyophilized and 30 umoles of the
other lots of NADHE were prepared in HpO and tipped in from
the side arms at zero time. The final pH was 4.7 - L4.8.
Sigma,disodium Lot #106B-6550 (e); General Biochemicals,
disodium Lot #83789 (o); Calbiochem, disodium Lot #801865
(A); General biochemicals, dilithium Lot #85232 (A); Sigma,

disodium Lot #6-84-7 (B); endogenous (II).
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Yeast cells also oxidized some component(s)
of the solutions of a few other related compounds tested.

A brand of NADPH supported O, uptake while NADP from

2
the same company did not. One brand of NAD showed

some O, uptake over endogenous levels. Fig. 3 shows

2

that the initial rates of O, uptake observed with the

2
NADH solutions were the same as the rate observed with

glucose as substrate.

Purity analyses of NADH preparations

Equal samples of the NADH lots tested with yeast
(Fig. 2) were assayed for purity based on the amount of
340 nm absorbing material present. Activity was then
determined by the lactic acid dehydrogenase reaction.
The results indlcate that there was no correlation between
purity, rate and extent of activity, and amount of 02
uptake by yeast cells (Table 1). The large differences
in the rate of the lactic dehydrogenase reaction with
the different NADH preparations may have resulted from
the presence of inhibitors in some of them as previously
reported (9). This experiment suggested that a contaminant
present in some commercial lots of NADH, and not the
acid modification product of the coenzyme, might be
responsible for this oxidation.

Effects of cleavage of NADH on
oxidation by yeast cells

To determine what the effect of altering the

intact nature of the NADH molecule would have on the
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Figure 3.--Oxidation of NADPH, NADP and NAD. See
Figure 1(A) for procedure. The Warburg vessels contained:
300 umoles potassium phthalate, 9.1 mg yeast cells (cloned);
and, where indicated, 10 umoles of glucose or dinucleotide.
The final pH was 3.9 - 4.2. Glucose (e®); NADPH, Boehringer
and Soehne Lot #6331344 (o); NADH, Boehringer and Soehne
Lot #6304264 (A); NAD, Calbiochem Lot #63991 (A);

Endogenous and NADP Boehringer and Soehne Lot #6043507 (®).
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oxidation, snake venom phosphodiesterase was employed.
This enzyme 1is known to split the molecule at the
pyrophosphate linkage yielding reduced nicotinamide
mononucleotide (NMKH) and adenylic acid (15). Cleavage
of 22 umoles of NADH was verified by assaying with the
lactic dehydrogenase system until no loss in optical
density at 340 nm was observed (Fig. U4). The cleavage
products (7.88 umoles) were tested for oxidation by
yeast compared to an untreated NADH control. The results
are shown 1in Fig. 5 and indicate that cleavage of the
molecule 1In this manner does not affect the oxidation

phenomena.

Spectrum before and after oxidation

A spectrum of NADH both before and after acid-
ification and after oxidation was performed to determine
it products which absorb between 240 nm and 200 nm were
crocuced as a result of the oxidation. Fig 6 shows
that fcliowing oxidation nc peaks were either produced
¢ro1cst within this range. The primary NALDH acid
moaitication srectrum 1s characterized by loss of the
band at 340 nr, greatly increased absorption in the
region of 280 to 290 nm and a heightened maxima which
is shifted from 260 to 265 nm. This agrees with the
repurts of Haas (11) and Rafter et al. {(14;. 1If the
reacticn proceeds by a mechanism which involves the

NADH zcid product, it does nothing to alter the spectral
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Figure 4.--Phosphodiesterase cleavage of NADH.
A reaction mixture containing 22 umoles NADH (Boehringer
and Soehne, Lot #6304264), 200 umoles Tris-HC1l (pH 8.9)
and 0.1 mg snake venom phosphodlesterase was incubated
at 30 C for 2 hours. A control of 22 umoles of NADH with-
out phosphodiesterase was treated similarly along with 2
blank solutions; one without NADH and one without NADH
or diesterase. All volumes equalled 2 ml. The dlesterase
treated mixture and the NADH control were assayed for
intact nucleotide by the lactic dehydrogenase assay using
the blank solutions as reference cuvettes. Cuvettes
contained .055 ml of the diesterase treated mixture,
NADH control or appropriate blank solution, 1 umole
sodium pyruvate, 50 umoles potassium phosphate (pH 7.5)
and .025 ug rabbit muscle lactic dehydrogenase in a total
volume of 1 ml. Diesterase treated NADH (e); NADH

control (o).
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Figure 5.--0Oxidation of NADH and of phosphodiesterase
treated NADH by yeast. Aliquots of 1 ml from the control
and phosphodiesterase treated solutions of NADH (Figure 4)
were tested manometrically for O, uptake and COp evolution
by yeast cells. See Figure 1(A) for procedure. The Warburg
vessels contained 1 ml glycine-HC1l buffer (0.1M), pH 4.3,
20 mg cells, and substrates as indicated. The final pH was
4.5, The vessels containing the blank solutions (Figure 4)
showed no O, uptake. Diesterase treated Op and COp,
respectively, (e,0); NADH control O, and CO,, respectively,
(A,A), endogeneous O, and COp, respectively (m,0).



Figure 6.--(A) Spectrum of NADH and the NADH acid
product. A solution containing 0.104 umoles of NADH per
ml was compared with a solution of the same lot of NADH
at the same concentration after acidification to pH 3.0
with HC1 and incubation for 2 hr. NADH (e); acid treated
NACH (o). (B) Spectrum of the NADH acid product after
oxidation by yeast cells. Oxidation by yeast of 7.65
umoles of NADH from the same stock solution used in A
above was conducted as described in Figure 1(A). The
cells were discarded, the supernatants diluted 1 to 20
and the spectrum determined.
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characteristics of that compound. Also, yeast cells
failed to show any oxygen uptake when solutions of
commercial adenylic acid or of nicotinamide monomucleotide
(NMN) were used as substrates in experiments such as
outlined in Fig. 1 (A). These experiments provide
increased evidence for the existence of some oxidizable

component other than the NADH acid product in the solutions

tested.

Studies With The NADH Contaminant

Separation on anion exchange resin

Direct evidence for the hypothesized contaminant
was attained when 100 umoles of NADH (Sigma, lot #106B6550)
was passed through a Dowex 1-X8, OH  form column. The
NADH was adsorbed and the eluate tested for oxidation
with yeast. The NADH was eluted with HC1l-NaCl buffer
and similarly tested. The details and results of this
experiment are summarized in Table 2. Although fractions
I and II contained less than 0.2 umoles of NADH acid
product, they accounted for literally all the O2 uptake
of all fractions when tested with yeast. Fraction IV
contained 48 umoles of NADH acid product, 76% of the total
recovered from the column, but supported no O2 uptake
With yeast. Fractions I and II potentially represent
€nough material for 78 umoles of 0, uptake based on

the actual oxidation of 0.8 ml of each fraction. The
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TABLE 2.--Separation of an oxidizable contaminant from NADH
by anion exchange chromatography?2.

pH of umoles NADH (acid wumoles O,

Fraction # fraction product)/vessel uptake <
I 12.0 .051 13.05
I1 12.0 .046 2.59
ITI 10.5 .058 _———
IV 9.5 9.9 .00
v 5.5 2.2k ———
VI 5.0 0.8 ——
13 umoles -—— -——- 11.22
NADH

@0ne hundred umoles of NADH (Sigma, lot # 106B-6550)
in 1.0 ml of H2O was added to a Dowex 1-X8 column (see the
methods section for details of preparation). Fraction I
(4.0 ml) was collected by washing ﬁith HZO' The column was
then eluted with 3.9 ml of 5 x 10 M HCl in 0.1 N NaCl to
collect fraction II and then with 3.9 ml volumes of 5 x
lO_Ll N HC1 in 1.0 N NaCl for fractions III through VI.

The pH of all fractions was adjusted to 4.0 - 4.6 with

2 N HC1l and assayed at 260 nm for NADH acid product using
an extinction coefficient of 2.5 x lO_u w1 oemt (7).

O2 uptake was measured manometrically and corrected for
endogenous activity. See Fig. 1 (A) for procedure.

The Warburg vessels contained 250 umoles potassium
phthalate, 20 mg of cells and, where indicated, 0.8

ml of fractions I through VI, or NADH. The final pH was

h,2 - b4.b4,
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ratio of umoles of O2 uptake to NADH in the control
vessel suggests that this is 90% of the value expected
if 100% of the contaminant had been recovered from the
column. The contaminant must be either positively
charged or neutral at high pH since it was not adsorbed

by the column.

Free amino nitrogen determination

The Nessler's reaction was applied to determine
if there was any free amino nitrogen in fraction I or
in the oxidation product of fraction I. ©No significant
amounts of free amino nitrogen were noted in either case
(Table 3).

Effects of substrate drying on
the oxidation

An attempt was made to concentrate the contaminant(s)
separated in fraction I by drying under a vacuum at 40 C.
However, when the sample was re-hydrated and tested with

yeast for O, uptake, none was observed. This result

2
suggested that the contaminant(s) was either volatile or
inactivated by such treatment.

Table 4 summarizes the effects of various treat-
ments of both an NADH solution and fraction I. The data
indicate that drying at 40 C at an acid pH of either
solution totally destroyed the oxidizable component(s).

Drying the NADH solution and fraction I at a basic pH

resulted 1n decreases in the O2 uptake with yeast of



TABLE 3.--Determination of free amino nitrogen before and
after oxidation of fraction I by yeast.@

umoles free umoles O2
Sample amino nitrogen uptake
endogenous vessel 1.94 3.7
(2.8 ml)
fraction I vessel 0.97 11.8
(2.8 ml)
fraction I - 0.17 -
untreated
(0.5 ml)

aAn amount of 0.5 ml of fraction I (prepared as
outlined in Table 2 and stored at 5 C until use) was
oxidized as outlined in Fig. 1 (A). The cells were spun
down and discarded. The supernatants were stored frozen
until the Nessler's determination for free nitrogen.
Amounts of 0.7 ml of the endogenous and fraction I
supernatants and 0.2 ml of unoxidized fraction I were
brought to 2.0 ml volumes with H,O. Free amino nitrogen
was determined by direct nessierization (17). The
results, where indicated, are reported as umoles of free
amino nitrogen per vessel or 0.5 ml of fraction I -
untreated.

87.5% and 96.5% respectively. When an acid solution
of fraction I was allowed to evaporate without heat,
brought to veclume and tested, no oxidation was detected.
These results indicated that the contaminant was either
volatile or unstable under acid or basic conditions.

The stochiometry of the oxidation of fraction I is
similar to that of untreated NADH. The RQ, adjusted
for endogenous activity, of the reaction was 0.67
(Fig. 7). PFig. 8 demonstrates the effect of carrying out

the reaction at pH 7.0. The rate was lowered but the total
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TABLE 4.--Effect of various treatments of NADH and fraction
I on O, uptake by yeast.@

2
umoles
NADH umoles O
Substrate Treatment per vessel uptakeb
NADH none, pH 8.9 20.0 15.2
NADH dried (40 C), 20.0 1.9
pH 8.9
NADH dried (40 C), 20.0 0.4
pH 3.0
0.8 ml fraction I none, pH 12.0 .04 12.5
" dried (40 C), .04 0.4
pH 12.0
1Al
dried (40 C), .0k 0.0
pH 3.0
"
dried (no heat), .0l 0.0

PH 3.0

2180 umoles (based on 100% purity) of Sigma NADH
(Lot #128B-6210) was made up in 1.8 ml H,0. 0.2 ml
aliquots (20 umoles) were treated as ind%cated and oxidized.
The remaining 100 umoles in 1.0 ml was put through a Dowex
1 column. Fraction I was collected in 4 ml of H,O0 and
0.8 ml aliguots were treated as indicated. Frac%ions
sere assayed as basic solutions at 340 mu for NADH.
Acidification was with 0.1 N HCl, where indicated.
Drying was accomplished with a vacuum rotary evapomix
at 40 C. O, uptake was determined as outlined in
Fig. 1(A). “The Warburg vessels contained 250 umoles
potassium phthalate, 10 mg cells, and substrate, as
indicated. The final pH was 4.1 - 4.6

bAdjusted for endogenous activity.

02 uptake was not significantly altered. Thils result
might have been due to a decrease in substrate permeabil-

ity at the higher pH. The endogenous O, uptake level

2

was unchanged.
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Figure 7.--Oxidation of fraction I by yeast cells
at pH 4.0. See Figure 1(A) for procedure. The Warburg
vessels contained 250 umoles potassium phthalate, pH
4.0, 12.9 mg cells and, where indicated, 0.8 ml fraction
I adjusted to pH 4.0 with 0.1N HCl. The final pH was
4.0. Fraction I, Op and COp, respectively (e,0);
endogenous, O2 and CO,, respectively (A,A).
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Figure 8---0Oxidation of fracticon I by yeast cells
at pH 7.0. See Figure 1(A) for procedure. The Warburg
vessels contained 12.9 mg cells and, where indicated,
250 umoles potassium phthalate, pH 4.0, or 2000 umoles
potassium phosphate buffer, ph 7.2, and 0.8 ml fraction
I, pH 12. Fraction I, pHE 4.4 and 7.1, respectively (e,0);
endogenous, pH 4.0 and 7.0, respectively (A,A).



Further purification with cation exchange resin

To determine whether the contamlinant was positively

charged or neutral, fraction I was adjusted to pH 4.0

and added to a Dowex 50 W, H+ form, cation exchange

column and washed with water. The water eluate was

tested for oxidation with yeast as shown in Fig. 9.

Based on the fraction I control from the anion exchange
resin, 91% of the activity was recovered after passing
fraction I through the cation exchange resin. The

results suggested that the contaminant was uncharged

at pH 4.0.

Absorption spectrum of the contaminant

An amount of 0.5 ml of the eluate from the acidic

resin was added to 0.5 ml H,O, and the absorption

2

spectrum recorded from 200 to 950 nm using H20 as a

blank. This amount of eluate in 1.0 ml represents a

potential of approximately 4 umoles of O, uptake with

2

yeast. No significant absorption peaks were observed.

Studies Using Inhibitors
of Cellular Metabolism

Azide is known to inhibit respiration in yeast
by blocking electron transport. When the oxidation of
fraction I by yeast was allowed to proceed in the presence

of azide (3.3 x 10“3 M), both O, uptake and CO, evolution

2
were completely inhibited (Table 5).

2
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Figure 9.--0Oxidation of fraction I by yeast cells
after passage through a cation exchange column. An
amount of 100 pmoles of NADH (Sigma Lot #128B-6210) in
1 ml Hy0 was added to a Dowex I-X8, OH form, column.
Fraction I (3.8 ml) was collected by washing with H,O.

An amount of 0.9 ml of fraction I was acidified to °

pH 4.0 with HC1l and added to a Dowex 50 W, HY form,
column, and fraction II (3.0 ml) collected by washing
with Hp»O0. Op uptake and COp evolution were determined
as outlined in Figure 1(A). The Warburg vessels contained
250 umoles potassium phthalate, pH 4.0, 26 mg yeast

cells and, where indicated, 0.2 ml of fraction I or

0.8 ml of fraction II. The final pH was 4.0 - 4.1.
Eluate from Dowex I-X8 (fraction I), O» uptake (A4);
eluate from Dowex 50 W (fraction II), Op uptake and CO-,
evolution, respectively (e,0); endogenous, Op uptake (d).
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TABLE 5.--Effect of azide, malonate and iodoacetate
on the oxidation of fraction I by yeast cells.2

Experi- umoles umoles % inhibition
ment Substrate Inhibitor 002 O2 002 02
A endogenous 3.34 3.17
endogenous azide 2.2 0.21 34 93.4
pyruvate 13.9 13.5
pyruvate azide 0.0 0.0 100 100
fraction I 3.52 5.25
fraction I azide 0.1 0.0 97.2 100
B endogenous 3.4 b.o
endogenous malonate 1.64 1.23 47.7 69.2
pyruvate 1.96 2.12
pyruvate malonate 0.46 0.88 76.5 58.5
fraction I 1.99 .10
fraction I malonate 0.0 1.81 100 55.9
C endogenous 4,22
endogensou iodoacetate 07 G8
glucose 12.4
glucose 1odoacetate 0.0 100
pyruvate 13.5
pyruvate iodoacetate .21 98
fraction I 6.1
fraction I iodoacetate .08 99
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aTable 5.--Effect of azilde, malonate, and iodo-
acetate on the oxidation of fraction I by yeast cells.
See Fig. 1 for procedure. The % inhibition was adjusted
for endogenous activity with or without the appropriate
inhibitor.

Experiment A. Vessels contained 23 mg cells,
250 umoles potassium phthalate, and 10 umoles sodium
azide, 0.2 ml fraction I acidified to pH 2.0 with 2 N
HC1l, or 14.8 umoles potassium pyruvate, where indicated.
The final pH was 4.0.

Experiment B., Vessels contained 20 mg cells,
2000 umoles potassium phosphate (pH 6.2) and 2500
umoles sodium malonate, 0.2 ml acidified fraction I,
or 7.4 umoles potassium pyruvate, where indicated.
The fianl pH was 6.2 to 6.3.

Experiment C. Vessels contained 23 mg cells,
250 umoles potassium phthalate and 13.3 umoles iodoace-
tic acid, 10 umoles glucose, 0.3 ml of fraction I

or 7.4 umoles potassium pyruvate, where indicated.
The final pH was 4.0 - 4.1.

Malonate (8.3 x 1071 M) was employed to study
the effects of inhibition of the TCA cycle on the meta-
bolism of fraction I. Malonate is a competitive inhi-
bitor which, at sufficient concentration, ties up
succinate dehydrogenase preventing the formation of
fumerate with the resultant accumulation of succinate.
The reaction was run at pH 6.2 in the presence of high
concentrations of potassium phosphate buffer since 1t
was impossible to lower the pH further with the quantity
of malonate needed for inhibition without adding excessive
amounts of ions. To overcome the error due to the
solubility of 002 in the buffered vessels at this pH, the
solubility coefficlent o' at pH 6.3 was used to compute

the KCO, values used in measuring CO, evolution (17).

2
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The results indicated that CO2 evolution was inhibited

100% while O2 uptake was inhibited 56%. However, this

may be in error due to the method used in estimating CO2.
Iodoacetate (4.4 x 1073 M) inhibited oxidation of

both fraction I and pyruvate by 99%. This data indicates

that the oxidation 1is dependent on a sulfhydryl containing

enzyme(s).



DISCUSSION

Data has been presented showing that some commercial
preparations of NADH and related nucleotides contain some
component(s), other than the nucleotides themselves or

thelr acid modification products, which supports O, uptake

2
> evolution by yeast cells. The oxidizable compo-

and CO
nant(s) was not adsorbed on either anionic (pH 12)

or cationic (pH 4.0) exchange resins; and, thus, is
believed to be uncharged.

Drying at 40 C under vacuum of an NADH solution or
separated contaminant at either acid or basic pHs
resulted in the loss of the component(s) oxidizable by
yeast cells. Evaporation at an acid pH without heat
gave the same result. Elther the component(s) is volatile
under these conditions or it is inactivated by drying
with or without heat, or both. Drying an NADH solution
with heat at basic pHs 1lead to a recovery of 12.5%
of the original O2 uptake. Lyophylization at various
pHs was not attempted.

The RQ from the oxidation of the separated
component(s) was 0.67 suggesting that it might be a
lipid or fatty acids. However, this seems unlikely
since fats would not be expected to be volatile or des-

troyed by the treatments employed. Since fatty acids

are negatively charged, they would not likely pass

31
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through the strong anion exchange columns employed to
separate the contaminant from NADH.

The compound(s) appears to be colorless and showed
no characteristic absorption peaks between 220-440 nm.
If one assumes that only 1 umole of material is required

to yield even 4 umoles of O, uptake than at least 1

2
umole of material/ml was tested for light absorption.
Saturated hydrocarbons, alcohols and ethers are trans-
parent in this region. Since monofunctional olefins,
acetylenes, carboxylic aclds, esters, amides and oximes
have absorption maxima at 200 nm, non-specific absorption
in this area might have blanked out absorption from any
one of these compounds under the conditions employed

(16). Aldehydes, ketones, aliphatic nitro compounds and
nitrate esters have absorption maxima near the ultraviolet
region but the intensities are very low. Acetone, for
example, has a molecular extinction coefficient of 16 at
270 nm and such a compound would certainly have been
missed if only a few umoles of material was present as

was probably the case with the oxidizable contaminant.

The inhibition of the oxidation noted with azide
indicates that the oxidation proceeds via ETS. Anderson's
(1) observation that the oxidation of "NADH" proceeded
in the presense of KCN with methylene blue as an electron
accepter, indicated that flavo proteins were involved in

the oxidation.
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Malonate at high concentrations inhibited CO2

evolution 100% while inhibiting O, uptake 56%. As

2

pointed out previously, the extent of inhibition of CO2
evolution by malonate might have been in error due to the

method used in estimating CO, at the higher pH of the

2
reaction. Since the oxidation (Fig. 8), at a neutral pH,

proceeded without a loss in total O, uptake compared to

2
the reaction at an acid pH, the results with malcnate

are meaningful, however limited. The metabolism of the
contaminant seems to involve, at least in part, the

TCA cycle.

Iodoacetate 1nhibited the oxidation of the contam-
inant by 99%. However, no conclusions can be drawn
concerning the role of the glycolytic pathway since O2
uptake with pyruvate was inhibited to the same extent.
Since 1lodoacetate is known to combine with sulfhydryl
group containing enzymes thus rendering them inactive,
the oxldation seems to be dependent on a sulfhydryl
containing enzyme(s). Anderson's (1) observation that
the oxldation of "NADH by whole cells was prevented by
DNP indicated that active transport was required. Glucose
was unaffected, presumably because its oxidation proceeded
via the glycolytic pathway thus supplying its own ATP for
active transport through substrate level phosphorylation.
This indicates that the metabolism of the contaminant

possibly does not proceed via glycolysis or DNP would

have had no effect, as with glucose.
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Addition products between pyridine nucleotides and
a number of nucleophilic substances have been characterized
and the possible relation of these compounds to the contam-
inant should be discussed. Carbonyl addition reactions are
thought to take place at the 4 position of oxidized NAD
through the formation, in the presence of alkali, of
carbonyl anions (2, 5, 6, 8). Such active carbonyl
compounds include dihydroxyacetone, glyceraldehyde,
acetone and its a-substituted halide derivatives and
acetophenone. The rate of addition of these to NAD
is related to the nucleophilic strength of the a group.
The addition compounds have spectra almost identical
with that of NADH and form almost identical acid modifi-
cation products. They differ, however, from NADH in
that they are inactive as coenzymes in dehydrogenase
systems. Other addition compounds of NAD with hydroxyl-
amine (3), mercaptans (18), organic sulfinates (21),
imidazoles (19), and para aminobenzoic acid and related
compounds (10) have been described.

The reactivity of the pyridinium ring to the
above mentioned compounds presents the possibility that
the contaminant found in some commercial preparations
of NADH might be unobstruslvely formed during coenzyme
purification from yeast as an addition product with the
coenzyme. In this form, the contaminant might escape
notice when assayed spectrophotometrically. However,

this hypothesis might reasonably be excluded since the
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addition compounds are inactive as coenzymes., The
nucleotides present in the commercial preparations
used in these experiments seemed equivalent both coenzymat-
ically and spectrophotometrically on a dry weight basis.
Organic sulfinates, on the other hand, form addition
products which can be converted to coenzymatically active
reduced NADH simply by neutralization. However, these
compounds and in fact all the addition compounds mentioned,
seem unlikely as candldates for the oxidizable contaminant
since most of them form stable addition products with NAD
and many of them are either positively or negatively
charged compounds. None of these compounds would have
been expected to pass through the strongly acidic or
basic columns used to separate the contaminant from NADH.
The potent inhibitors described by Fawcett et al.
(9) would also seem to be unlikely as oxidizable contam-
inants since they appear to be nucleotides formed only
in frozen solutions of NADH, and attempts to separate
them from NADH have failed.
Based on 340 nm absorbancies, the commercial lots
of NADH were only about 65-75% pure. Thus, there could
be considerable amounts of a variety of contaminants
present based on dry weight. For example, a weight
containing 10 umoles of NADH would contain 1.77 to 2.48
mg of extraneous matter including oxidized NAD. If a
contaminant had a molecular weight of 100, then this

would represent 17.7 to 24.8 umoles of material.
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This would be more than required to yield the results
obtained with the Sigma NADH even if only 1 umole of 02
was consumed per umole contaminant. The possibility that
the contaminant is a smaller compound and/or the oxidation
of a umole of material contributes more than a umole of
O2 uptake emphasizes the fact that much less than 50%
of the extraneous matter present 1n a sample of NADH
need actually be contaminant to yield typical results.

The identification of the contaminant cannot
be made on the basis of the results presented in this
thesis alone. NADH is very expensive and one would have
to find a method for concentration and purification of

thls material in order to proceed with an accurate

identification.



SUMMARY

During the ivestigation of the oxidation of the
primary acid modification product of NADH by yeast cells,
it was observed that the extent of oxygen uptake by
the cells was much higher when some brands of NADH were
used than when equivalent amounts of other brands were
tested. This lead to the hypothesis that a contaminant(s)
present in some preparations and not the acid product
of the coenzyme was actually responsible for the oxidation.

That the contaminant(s) actually existed was
demonstrated by the spearation of an oxidizable fraction
from NADH through ion exchange chromatography. The
contaminant(s) was characterized as a neutral compound
with no characteristic absorption spectrum between 220-
L40 nm, which was either volatile or unstable when dried
at acid or basic conditions under a vacuum at 40 C.

The RQ of the oxidation was in the order of 0.67, and

no free amino nitrogen was released during the oxidation.
Use of metabolic inhibitors indicated that the oxidaticn
by yeast was dependent on the electron transport system,
the tricarboxylic acid cycle and sulfhydryl containing
enzymes.

Unfortunately, the identity of the contaminating
compound(s) remains obscure. The characteristics observed

appear to eliminate a number of substrates readily

37
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oxidized by yeast cells; e.g., stable sugars, acids,

and stable glycolytic intermediates. The lcw levels

of the oxidizable component(s) present, the high cost

of NADH preparations, and the difficulty in concentrating
the contaminant(s) has precluded further efforts toward

identification at this time.
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