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In 1935 Negelein and Haas described a method for the de-
termination of glucose 6-phosphate dehydrogenase activity based
on measurement of the rate of reduced triphosphopyridine nu-
cleotide formation from triphosphopyridine nucleotide (1).
Since that time innumerable enzymes and substrates have been
measured by the appearance or disappearance of reduced diphos-
phopyridine nucleotide or reduced triphosphopyridine nucleo-
tide. In faet, with the aid of auxiliary enzymes nearly every
substance of biological interest could be measured with a pyri-
dine nucleotide system.

The present practical limit of sensitivity of spectrophotomet-
ric measurement of DPNH or TPNH is of the order of 10-%
moles per liter or 10-® moles total.! The present practical limit
for fluorometric measurement of reduced or oxidized pyridine
nucleotides is of the order of 10-% moles per liter or 1012 moles
total. Greater sensitivity would be useful both in respect to
absolute amount measurable and in respect to concentration
necessary for measurement.

This paper describes methods for determination of reduced or
oxidized DPN or TPN at concentrations as low as 10~% M and
in amounts as small as 10-15 moles. It also indicates the possi-
bility of extending the methods to the measurement of 10-19
moles of either pyridine nucleotide. The coenzyme to be de-
termined is made to catalyze an enzymatic dismutation between
two substrates. After several thousand cycles one of the prod-
ucts is measured.

Apparently, Warburg, Christian, and Griese were the first to
use the cyeling principle to measure TPN (3) in a system con-
sisting of glucose-6-P and its dehydrogenase and “old yellow
enzyme.” In 10 minutes, for each mole of TPN, 330 moles of
O, were consumed. Jandorf, Klemperer, and Hastings (4) used
the cycling principle to measure DPN in a system containing
enzymes to catalyze the conversion of fructose diphosphate to
glycerol-P and P-glycerate. Fach mole of DPN caused the
release from bicarbonate buffer, in 1 hour, of 1300 moles of COs.
With the use of this system in the Cartesian diver, Anfinsen (5)
was able to measure with precision as little as 2 X 10-12 moles of
DPN. More recently, Glock and McLean (6) measured pyri-

* Aided by grants from the American Cancer Society (P-38 and
P-78), and the United States Public Health Service (B-434).

1 This applies only to direct measurements of samples in a
cuvette. Thus, 0.05 ml of a solution of DPNH with an optical
density of 0.12 at 340 mp contains 107° moles. By microscopic
techniques, applied to.living tissues or to suspended droplets (2)
much smaller quantities, possibly as little as 10714 meles, can be
measured spectrophotometrically.

dine nucleotides with cycling procedures. DPN was reduced
with aleohol dehydrogenase, TPN with glucose-6-P dehydro-
genase. They were then reoxidized by DPN or TPN cyto-
chrome ¢ dehydrogenase. Reduced cytochrome ¢, in 30- to 50-
fold yield, was measured spectrophotometrically.

The system described here for TPN measurement, utilizes
glucose-6-P dehydrogenase and glutamic dehydrogenase:

TPNH + o-ketoglutarate + NH,* —» TPN* + glutamate (1)
TPN* 4 glucose-6-P — TPNH + 6-P-gluconate (2)

Under the conditions given, each molecule of TPN catalyzes the
formation of 5,000 to 10,000 molecules of 6-P-gluconate in 30
minutes. The 6-P-gluconate is then measured in a second in-
cubation with 6-P-gluconate dehydrogenase and extra TPN*.
The TPNH produced is determined fluorometrically (7).

DPN is measured with lactic dehydrogenase and glutamic
dehydrogenase:

DPNH + a-ketoglutarate + NH,® — DPN* + glutamate (3)
DPN* 4 lactate — DPNH 4 pyruvate 4)

Pyruvate is produced in 2500-fold yield in 30 minutes and is
measured in a second step with added DPNH and lactic dehy-
drogenase. The resulting DPN+ is measured fluorometrically
(7).

During cycling, the nucleotides are used at concentrations
well below their Michaelis constants; consequently, reaction
rates are proportional to nucleotide concentrations. Since the
final product in each case is again a pyridine nucleotide, the
cyclic process can be repeated if necessary with an over-all
multiplication factor of 106 to 108.

The method can be used to measure either the oxidized or the
reduced form or the sum of both. In measuring DPN+ (TPN+),
destruction of both DPNH (TPNH) and interfering enzymes,
can usually be accomplished by brief acid treatment. In meas-
uring DPNH (TPNH), mild alkaline treatment is ordinarily
adequate for destruction of DPN* (TPN+) and interfering en-
zymes. A companion paper (8) gives rate constants for destruc-
tion of oxidized and reduced pyridine nucleotides over a wide
range of pH value and temperature.

EXPERIMENTAL PROCEDURE

Determination of TPN+ or TPNH

Sample Procedure—The complete cycling mixture is made in
0.1 M Tris buffer, pH 8.0 (0.04 M Tris base-0.06 m Tris hydro-
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chloride) and contains 5 mM a-ketoglutarate, 1 mM glucose-6-P,
0.1 mm ADP, 0.025 M ammonium acetate, 0.2 mg per ml of
bovine plasma albumin, 0.2 mg per ml of crystalline beef liver
glutamic dehydrogenase, and sufficient yeast glucose-6-P dehy-
drogenase to give a calculated activity in the reagent at 25° of
0.6 mole per liter per hour with optimal TPN+* and glucose-6-P
concentrations. The required glucose-6-P dehydrogenase ac-
tivity was provided by a concentration of 0.05 mg per ml of
this enzyme as supplied (1960) by Boehringer and Sons, Mann-
heim, Germany. It may be assayed fluorometrically in 0.1 M
Tris buffer, pH 8.0, with 0.1 mm TPN+ and 1 mm glucose-6-P.
The specified glutamic dehydrogenase concentration is sufficient
to give a calculated velocity with optimal substrate and TPNH
concentrations of approximately 0.4 mole per liter per hour at
25°.

The enzymes are added to the rcagent within a few hours of
use. If the enzymes are suspended in ammonium sulfate, the
amounts to be used are centrifuged and resuspended in sufficient
2 M ammonium acetate to provide the necessary concentration
of NH,4* indicated above. This reduces the sulfate concentra-
tion to 5 mM or less. (See “Kinetics of Enzymes Used for TPN
Measurement.”’)

Volumes of 100 ul of complete cycling mixture (kept near 0°)
are pipetted into serological tubes (7 X 75 mm) in a rack in
ice. TPN+* or TPNH (1 to 20 ul) is added to give concentra-
tions in the range of 3 X 10-°to 5 X 108 M. Water, or better
a fluid closely approximating that containing the TPN, is added
to bring all samples to the same volume +29,. The rack is
transferred to a 38° bath for 30 minutes and then to a 100° bath
for 13 to 2 minutes. From each tube 50 ul is transferred to a
3-ml fluorometer tube containing 1 ml of 0.02 M Tris buffer, pH
8, with 0.02 mm TPN+, 0.1 mm EDTA, and sufficient 6-P-gluco-
nate dehydrogenase to oxidize 509, of 0.005 mMm 6-P-gluconate
in 3 minutes or less. After 30 minutes at room temperature,
the fluorescence of each sample is measured, together with that
of control samples containing 6-P-gluconate in the range antici-
pated (7,000- to 10,000-fold yield). Standards which increase
in steps of two or three to cover the particular concentration
range are provided. Standards and blanks are carried through
the entire process, including any procedure before cycling.

The final 6-P-gluconate concentration in the fluorometer
should not exceed 10~° M since this is the limit of proportionality
of TPNH fluorescence. Higher levels could be measured spee-
trophotometrically, but there is no obvious advantage.

The 6-P-gluconate dehydrogenase used here, was prepared
from rat liver (see “Special Preparations”). It is stable for at
least 1 hour at room temperature in the final reagent.

The cycling reagent without enzymes may be stored for 2
weeks at —20° or 2 months at —85°. Longer storage results
in loss of a-ketoglutarate.

Permissible Variations—The cycling procedure is quite flexi-
ble. The time of incubation may be varied between 15 and 60
minutes to accommodate higher or lower TPN concentrations.
An hour’s incubation is recommended for samples in the range
of 1 to 3 X 10~ M TPN, and an aliquot of 90 to 100 ul may be
used for the last step to increase sensitivity. The cycling rate
is linear for 30 minutes, but falls off a little between 30 and 60
minutes (Fig. 1).

The volume during cycling may be increased, but the cost of
the enzymes may be a deterrent. However, if there is a preju-
dice against the use of small volumes, and 2000- to 3000-fold
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Fi1G. 1. Effect of pH value, temperature, and time on TPN
cycling. Incubation volume was 100 ul. The TPN concentra-
tions were 2.9 X 1078 M for samples at 25 and 38°, and 2.9 X 10~7
M for samples at 0°. The enzyme concentrations were 756% of
those deseribed in the sample procedure in text.

cycling is sufficient, the enzyme concentrations may be reduced
to 0.2 of those given above and larger cycling volumes employed.
In this case ammonium acetate is added to keep the concentra-
tion of NH,* at approximately 0.025 M. The cycling rate is
not reduced in direct proportion to enzyme concentration as
discussed below. Conversely, the cycling volume may be re-
duced, if necessary, to as little as 1 ul in appropriately smaller
tubes with corresponding increase in sensitivity (Table I). If
the absolute amount of 6-P-gluconate formed is less than 5 X
10-1° moles, it is usually desirable to measure indirectly the final
TPNH produced (see “Indirect Measurement of TPNH”),

The temperature coeflictent is 6.4% per degree between 0 and
25° and 7.7 9%, per degree between 25 and 38° (Fig. 1). The rate
at 0° is 89 of that at 38°. Therefore, the time between addi-
tion of first and last sample to the cycling mixture should not
exceed half the subsequent incubation time if the limit of toler-
ance is 4.

The optimal pH is 8.0, but the rate is only 7% lower at pH
7.7, and 11 9% lower at pH 8.3 (Fig. 1).

The glucose-6-P concentration may be increased to 5 mM to
permit TPN concentrations up to 3 X 10~ M. The only disad-
vantage is a slight increase in cycling blank. This substrate
can conversely be reduced to 0.3 mM with very low TPN levels,
with only slight sacrifice of cycling efficiency, since the Michaelis
constant is approximately 0.02 mMm in the cycling mixture. The
a-ketoglutarate concentration cannot be substantially altered
from that recommended without decreased cycling. It does
not contribute an appreciable blank. The ADP level is not
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TaBLE 1

Cycling in small volume and double cycling

Two sets of samples were cycled for 30 minutes at 38°.

The TPN concentrations were the same in both sets (5 and 20 X 10-? M) but

the volumes during eycling differed by a factor of 100. The 100-ul samples were subsequently treated according to the ‘‘sample pro-

cedure’’ given in the text.
ment of TPNH.”

The 1-ul samples, after cycling, were analyzed for 6-P-gluconate as described under ‘“‘Indirect Measure-
The procedure followed for the double cycling experiment is given in the text.

For double cycling, the first step

was carried out in 1 gl, the second cycling step in 100 ul with 4.79%, of the original sample (see text).

Single cycling (100 gl) Single cycling (1 ul) Double cycling

TPN 6-P-Glucose Yield* TPN 6-P-Glucose Yield* TPN 6-P-Glucose Yield*
1013 mole 1079 mole 1015 mole 10711 mole 10716t mole 1078 mole

5.55 4.1 7420 5.6 4.4 7900 2.6 1.20 4.6 X 107

5.55 4.3 7760 5.6 3.8 6800 2.6 1.13 4.3 X 107

5.55 4.3 7760 5.6 3.8 6900 2.6 1.27 4.9 X 107

5.55 4.3 7760 5.6 3.6 6400 2.6 1.24 4.8 X 107
20.5 14.5 7050 20.7 13.6 6600 9.7 3.90 4.0 X 107
20.5 14.8 7230 20.7 14.2 6900 9.7 3.77 3.9 X 107
20.5 15.0 7330 20.7 14.8 7200 9.7 3.88 4.0 X 107
20.5 14.8 7220 20.7 14.9 7200 9.7 3.83 4.0 X 107

* Ratio of 6-P-gluconate produced to TPN originally present.

1 Calculated from the fraction carried through both cycling steps.

critical; in fact, the cycling rate is only 209, lower when it is
omitted (30-minute cycling). However, it appears to protect
glutamic dehydrogenase, particularly for longer periods of
incubation, The NH,* level is not critical, but there is some
inhibition if the concentration is increased to 0.1 M (due to
increase of apparent K, for TPN* with glucose-6-P dehy-
drogenase).

Source of Blanks—Both cycling procedures are capable of
giving reproducible results, with coenzyme concentrations during
cycling as low as 1 or 2 X 107® M. At these levels the blank
values become critical. In the sample procedure above, the
over-all blank value need not exceed the equivalent of 3 X 10-?
M TPN (calculated as concentration during cycling). This
blank has three sources: (a) The cycling reagent contains mate-
rials which fluoresce slightly at pH 8. These may account for a
third or more of the blank. (b) The final 6-P-gluconate dehy-
drogenase reagent may have a fluorescence blank equal to that
of 3 X 1077 M TPNH measured directly. This would be equiva-
lent to approximately 10~ M TPN concentration during cycling.
A third of this blank appears to be due to water itself, a third is
due to the Tris buffer, and a third is due to TPN+* and the dehy-
drogenase. Higher readings indicate dirty tubes or contami-
nated solutions. It is recommended that all tubes be cleaned
by heating 15 minutes at 100°, first in half-concentrated HNO;,
then in distilled water, with a rinse in redistilled water. (¢)
There may be a small increase in blank resulting from incuba-
tion of the complete cycling reagent. This presumably indicates
the presence of minute amounts of TPN. This need not exceed
the equivalent of 5 X 1071 TPN. The first two contributions
to the blank may be, in effect, reduced 10-fold by measuring
TPNH indirectly (see below).

A penalty attached to the high sensitivity of the cycling
methods is the danger of contamination with coenzymes them-
selves. Pipettes that are to be used at any point where con-
tamination could interfere should not be used to pipette strong
coenzyme solutions, or else they should be specially cleaned by
soaking for 1 hour (inside and out) in 0.1 ¥ NaOH, and rinsed

with 0.1 § HCL. Tt would seem wise to keep stock coenzyme
solutions away from the cycling reagents.

Indirect Measurement of TPNH—With smaller samples the
sensitivity may be increased 10-fold by measuring the final
TPNH indirectly as follows. After cycling and heating to 100°,
each sample is treated for 30 minutes with 3 to 10 volumes of
6-P-gluconate dehydrogenase reagent. A solution of 0.3 ™
NazP040.3 M KoHPO, is added in an amount equal to twice the
volume used for cycling and the sample is heated 10 minutes at
60° to destroy excess TPN+. An aliquot is then added to 0.2
ml of 6 N NaOH containing 0.039, H,0, (8) in a fluorometer
tube. After heating for 10 minutes at 60°, 1 ml of water is
added, and the fluorescence measured.

Kinetics of Enzymes Used for TPN Measurement—(The ki-
netics of rat liver 6-P -gluconate dehydrogenase are discussed
below where the preparation is described.) During ecycling,
pyridine nucleotide concentrations are far below the Michaelis
constants, Therefore, the important kinetic factor is the first
order rate constant £ = Vynux/Kn, where V., is the velocity
with saturating levels of coenzyme. With establishment of
steady state, the rate of TPN+ reduction must equal the rate of
TPNH oxidation, i.e. k,(TPN*) = L, (TPNH). The over-all
cycling rate constant, k., is equal to koke/(ka + k).

Since kq./ky = (TPNH)/(TPN™), the ratio of the two rate
constants can be observed directly in the fluorometer with cy-
cling mixture to which is added a low but measurable concen-
tration of TPN* (10-¢ Mm). With a moderate concentration of
glucose-6-P, e.g. 5 X 10~ M, the cycling process can be followed
directly, since the TPNH concentration will first hold nearly
constant at a steady state level and then fall sharply when the
substrate is nearly used up. This procedure was used to deter-
mine optimal cycling conditions. It could also be used as a
quick test of the adequacy of the complete cycling reagent if
difficulty should arise.

Yeast glucose-6-P dehydrogenase in 0.1 M Tris, pH 8, has a
K, value for glucose-6-P of 0.02 mm, and for TPN* of approxi-
mately 0.002 mm. There is very little mutual dependence of
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the K,, value for either TPN* or glucose-6-P on the concentra-
tion of the other. The V..x is not affected by a-ketoglutarate,
NH;*, or sulfate in the amounts present in the cycling reagent,
but they all depress the first order rate constant for TPN+.
There is approximately 309, inhibition by 5 mMm a-ketoglutarate
or (.1 M ammonium acetate. Sulfate is particularly inhibitory
and the inhibition varies with the square of the concentration.
With 1 mM glucose-6-P, and 0.002 mm TPN+, sulfate at concen-
trations of 0.005, 0.010, 0.018, and 0.036 M, inhibited 40, 55, 88,
and 989, respectively. It is therefore important to remove
most of the sulfate from the enzyme preparations before use.
There is no appreciable inhibition of the first order rate con-
stant by the products, glutamate and 6-P-gluconate, at 0.5 mnm
concentration. The net effect of the various inhibitors in the
cycling reagent is to give an apparent K, value for TPN+* of
approximately 0.005 mm. With the amount of glucose-6-P
dehydrogenase indicated in the sample procedure (Vmax =
600 mmoles per liter per hour), the calculated first order rate
constant for TPN+ would approximate 120,000 per hour at 25°.

Glutamic dehydrogenase (beef liver) according to Frieden (9)
has a K,, value of 0.7 mm for a-ketoglutarate and of 0.026 mm
for TPNH at pH 8.0 in 0.01 M Tris-acetate at 25°. In the pres-
ent cycling mixture at 25° the K, value for TPNH was found
to be approximately 0.01 mm with a V.. of 400 mmoles per
liter per hour for a 0.2 mg per ml solution. This would give a
calculated first order rate constant of approximately 40,000 at
25°. (The constant is only a little higher at 38°.) Frieden ob-
served (10) that ADP enhances the activity of glutamic dehy-
drogenase, particularly in the presence of high levels of DPNH
and at all levels of TPNH tested. It has been found that with
lower levels of TPNH than he used there is almost no effect of
ADP on rate (pH 7.6 to 8.0). Lowering the TPNH (to 0.002
mMm) has two other kinetic effects: The apparent Michaelis con-
stant for NH,* is lowered by a factor of at least 10 (to less than
0.5 mM) and the inhibitory effect of concentrated a-ketogluta-
rate (50 mm) is reduced to 409, (instead of 809, inhibition with
0.04 mm TPNH). At a more alkaline pH value (9.2) ADP has
an accelerating effect even with low TPNH. Neither glutamate
(0.5 mm) nor 6-P-gluconate (0.5 mm) were inhibitory to glu-
tamic dehydrogenase activity in the cycling mixture (low TPNH
levels).

Cyecling rates observed directly in the fluorometer are approxi-
mately as predicted from the above kinetic considerations when
the level of enzymes is kept relatively low. With the high
enzyme levels of the cycling mixture above, the rates are only
approximately 1 of those predicted. Observation of steady
state levels of TPNH in this case indicates that the rate of
TPN+ reduction is much less than expected. It seems probable
that a substantial portion of the TPN* is combined with the
two enzymes, which are present in much greater equivalent con-
centrations than the nucleotide. Some of the TPNH is also
bound by the enzymes as demonstrated by enhancement of
TPNH fluorescence (in the absence of substrates).

Double Cycling

It is not the purpose of this paper to exploit the possibilities
of double cycling. However, a single experiment may be de-
scribed to illustrate the very high amplification attainable
(Table I).

Samples containing 5 and 20 X 1075 moles of TPN+ were
cycled at 1 ul volume for 30 minutes. After heating at 100°,
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TPN+ and 6-P-gluconate dehydrogenase were added to make a
total volume of 8 ul. This was incubated 15 minutes at 26°,
after which surplus TPN+* was destroyed by heating for 10 min-
utes at 60° with 2 ul of 0.3 M Na;P0,-0.3 » K;HPO,. Some of
the samples were analyzed at this stage by heating with strong
NaOH containing HsOs. A 7000-fold vield of TPNH had been
obtained (Table I). Aliquots of the remaining samples were
recycled at a volume of 100 xl. The aliquots used (0.5 ul) repre-
sented only 59% of each original sample. The final yield of
TPNH was equal to a gain of approximately 45,000,000-fold.
A surprising thing is that reproducibility did not suffer in spite
of the high gain. As discussed below, to capitalize fully on
double cycling it would be necessary to conduct the first stage
in g very small volume.

Determination of DPN* or DPNH

Sample Procedure—The complete cycling mixture is made in
0.2 m Tris buffer, pH 8.4 (2:1 ratio of Tris base to Tris HCI),
and contains 100 mM sodium lactate, 0.3 mm ADP, 5 mum a-keto-
glutarate, 0.05 to 0.15 M NH,*, 0.4 mg per ml of crystalline beef
liver glutamic dehydrogenase, and 0.05 mg per ml of crystalline
beef heart lactic dehydrogenase (charcoal-treated see “Special
Preparations”). The enzymes to be used are added within an
hour of use. If they are provided as suspensions in strong
(NH,)2804 this can furnish the required NH,*. The amounts
of enzymes used are such as to give calculated rates in the cy-
cling mixture at 25° with optimal levels of substrates and co-
enzymes, approximately of 1 mole per liter per hour for glutamic
dehydrogenase and 0.12 mole per liter per hour for lactic dehy-
drogenase.

Volumes of 100 pl of complete c¢ycling mixture (kept near 0°)
are placed in 7 X 75 mm tubes in a rack in ice. DPN* or
DPNH (1 to 20 pl) is added to give a concentration in the
range 3 X 10=? to 5 X 10-%. Water or a fluid approximating
that containing the nucleotide is added to bring all samples to
the same volume =#+29%. The time between addition of first
and last sample in a set should not exceed 10 minutes since the
cycling rate is 15 to 209, as fast at 0° as at 25° (Fig. 2). The
rack is transferred to a bath at 25° for 30 minutes and then to a
bath at 100° for 11 to 2 minutes.

To each tube in ice is added 100 ul of a reagent containing
0.65 m NaH:PO,, 0.15 M K,HPO,, 1.5 ug per ml of crystalline
rabbit skeletal muscle lactic dehydrogenase, and DPNH at a
concentration 3 to 10 times that of the expected pyruvate (2500
times the DPN concentration). The lactic dehydrogenase is
added to the ice-cold phosphate reagent within an hour of use,
and the DPNH within 15 minutes of use. The rack of samples
is transferred to a water bath at 20-30° for 15 minutes and re-
turned to the ice bath. To each sample is added at once 25 ul
of 5 N HCI with very thorough mixing to destroy excess DPNH.

An aliquot of 100 wl is added to 200 ul of 9 N NaOH. After
heating 10 minutes at 60°, 1 ml of H.0 is added and the fluores-
cence read.

Since pyruvate formation is not strictly linear with DPN
concentration, standards of DPN+ are included which increase
in steps of two to cover the range of assay. Blanks and stand-
ards are carried through the entire procedure, and are treated as
nearly as possible like the samples to be analyzed.

Permissible Variations—The cycling procedure is not as flexi-
ble as that for TPN due primarily to a fall off in rate as pyru-
vate accumulates. Arbitrarily, a 0.1 mM pyruvate concentra-
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Fic. 2. Effect of temperature, pH value, and concentration of
DPN on cycling. Incubation time was 30 minutes in a volume of
100 ul. The pH value was 8.4 unless otherwise indicated. The
pyruvate concentration produced has been plotted against the
concentration of DPN present. The range for quadruplicate de-
terminations around each point is indicated.

tion, at the end of cycling, has been set as a practical upper
limit. If this consideration is kept in mind, the incubation time
may be extended to 60 minutes and probably longer to measure
DPN levels in the 1 to 3 X 10-° M range. Incubation for less
than 30 minutes is not recommended, due to the substantial
cycling rate at 0°, which would make it difficult to handle large
numbers of samples at a time. For this reason it may be pref-
erable in general to reduce lactic dehydrogenase to half and
cycle for 60 minutes.

Cycling volumes may be increased without undue cost, since
neither enzyme is very expensive. The cycling volume may
also be decreased as in the case of TPN. No difficulty has been
encountered with volumes of 5 ul and 10— M DPN.

When it is unnecessary to work with lowest DPN concentra-
tions it may be desirable to decrease the cycling rate. This
permits the use of higher DPN levels without excessive depar-
ture from linearity, and reduces the danger of variability from
contamination. When the cycling rate is to be reduced it is
recommended that lactic dehydrogenase be lowered more than
glutamic dehydrogenase to keep the DPN* to DPNH ratio
high and thereby minimize reduction of pyruvate formed. A
reagent containing 50 mu lactate, 0.2 mg per ml of glutamic de-
hydrogenase, and 0.01 mg per ml of lactic dehydrogenase gave a
yield of 600 moles of pyruvate per mole of DPN in 30 minutes.

The temperature coefficient is 79, per degree between 0 and
25°, but only 3% and 2.29%, per degree between 25 and 32° and
between 32 and 38° respectively (Fig. 2). There is, therefore,
only a modest gain in raising the temperature above 25°. How-
ever, there is no reason why the cycling cannot be carried out
satisfactorily at 38° since the complete reagent is quite stable
at this temperature.

The optimal cycling pH value is 8.4, but it is only diminished
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2% and 79% by changing the pH to 8.8 and 8.0, respectively
(Fig. 2).

The lactate concentration is kept high to minimize the inhibi-
tory effects of pyruvate accumulation. Since the best commer-
cial lactate contains at least 1 part in 40,000 pyruvate, there is
some advantage in regard to blank in reducing lactate when
measuring very low DPN levels (1 to 5 X 10-? m). The initial
cycling rate is as high with 50 as with 100 mm lactate. Sub-
stantial change in a-ketoglutarate concentration will decrease
glutamic dehydrogenase activity but will not have much effect
on cycling rate since lactate reduction is the rate-limiting step.
The concentration of NH,* is also less critical than for the TPN
method.

Source of Blanks—A major contribution to the blank comes
from pyruvate in the lactate. With 100 mm lactate as sub-
strate, 1 part of pyruvate in 40,000 would equal 2.5 X 10~¢ M
or the equivalent of 10-? M DPN (with 2500-fold cycling). The
heart lactic dehydrogenase used (after charcoal treatment) con-
tributed the equivalent of 2 X 10~ m DPN. DBoth these
blanks could probably be reduced if necessary. The remainder
of the cycling components do not add appreciably to the blank.
The DPNH used after cycling for pyruvate measurement adds a
blank equal to 1 or 2% of the amount present. However, if
the DPNH has become oxidized, it may contribute a much
greater blank. The fluorescence from the water and alkali used
for the last step ought not to exceed that from 1 or 2 X 108 M
DPN* (direct reading), s.e. the equivalent of 1 or 2 X 10® M
DPN as cycled in the sample procedure. The over-all blanks
tend to be more erratic for DPN than for TPN. This is attrib-
uted, on the basis of considerable evidence, to contamination by
DPN itself. Apparently, DPN is more abundant than TPN in
the laboratory as well as in most tissues. Suggestions for avoid-
ance of contamination have been given in the TPN section.

Kinetics of Enzymes Used for DPN Determination—DBeef heart
lactic dehydrogenase kinetics is rather complex. Under the
recommended cycling conditions with 0.1 M lactate, the apparent
K., value for DPN+ is 10-° M and there is a nearly linear rela-
tionship between 1 /» and 1/(DPN™*) with DPN+ from 3 X 10*
to 5 X 10-7 M. This indicates a first order rate constant for
DPN+ of approximately 12,000 per hour with 0.05 mg per ml of
beef heart lactic dehydrogenase as given in the sample proce-
dure. With low DPN*+ (2 X 10-¢ M) velocity is half-maximal
with 8.6 X 1073 lactate. The kinetics of this enzyme has been
very thoroughly studied by Schwert ef al. (see for example
Winer and Schwert (11)). The above K, value for DPN+ is
only % of the value they found under conditions that were quite
similar except that these authors used semicarbazide to trap
the pyruvate formed.

Glutamic dehydrogenase at a concentration of 0.4 mg per ml
and pH 8 to 8.4 gives a calculated first order rate constant for
DPNH of 60,000 per hour (25°). Glutamic dehydrogenase is
deliberately used at this relatively high level of activity in order
to maintain a high steady state ratio of DPN+:DPNH for the
reason already stated.

As with TPNH, there is only slight enhancement of glutamic
dehydrogenase activity by ADP at pH 8 with low DPNH con-
centrations (0.002 mm). As the pH value is made more alkaline
the velocity decreases rapidly and the ADP enhancement be-
comes more marked.

Lactate Pyruvate Equilibrium and Pyruvate Measurement—The
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equilibrium constant for (pyruvate) (DPNH)/(lactate) (DPN*)
was determined to be 8.8 X 10~* at pH 8.4 in 0.1 M Tris buffer.
This gives an equilibrium constant of 3.9 X 10~%2 which is in
substantial agreement with values in the literature. Lactate is
used at very high concentration during cycling to compensate
for the unfavorable equilibrium. When it comes to pyruvate
measurement the high level of lactate is a disadvantage and
makes it necessary to lower the pH value as much as possible.
At the pH value chosen, 6.5, (pyruvate) (DPNH)/(lactate)
(DPN*) = 1 X 10-% Any pyruvate remaining represents a
negative error. This error, as a fraction of the total initial
pyruvate, is equal to the final equilibrium value for (pyruvate)/
(DPN+*). With a lactate concentration of 0.05 m after dilution
in the second step, the equilibrium constant for (pyruvate)/
(DPN™) 1s equal to 5 X 10-7/(DPNH).2 This means that to
prevent a negative error of more than 5%, the excess DPNH
cannot be less than 10-% M, or 0.029; of the lactate concentra-
tion. Direct observations confirm this caleulation. To pro-
vide sufficient DPNH only becomes a problem when measuring
lowest DPN levels. For example, a DPN concentration of 102
M with 2000-fold cycling results in 10-¢ M pyruvate at the pH
6.5 step, and would require a 10-fold excess of DPNH.

For convenience, the DPNH and lactic dehydrogenase are
added to the phosphate solution that is used to shift the pH
value to 6.5. This solution because of its acidity (pH 6.2) and
high phosphate concentration destroys DPNH at a rate of 409,
per hour at 25° but only 59, per hour at 0°. Possible loss of
DPNH is borne in mind in calculating the amount of DPNH
to use.

ANCILLARY PROCEDURES

Preparation of Sample

The sensitivity of the cycling methods simplifies sample prepa-
ration. In the analysis of tissues no extraction is necessary be-
fore cycling because of the high dilution. Nor, does extraction
scem desirable, since there is always a possibility that coenzyme
might be adsorbed by insoluble material.

Ordinarily, before cycling, samples are treated with acid or
alkali to destroy reduced or oxidized coenzymes, as the case de-
mands, and this treatment can also accomplish the destruction of
interfering enzymes that may be present. In general, it is suffi-
cient for destruction of DPNH and TPNH to add HCI to give
an acid excess of 0.02 to 0.05 N. Destruction is complete in 1
or 2 minutes at room temperature, whereas DPN+ and TPN+*
are stable for several hours (or as long as a week at 4° in 0.02
N HCI, although freezing in acid results in loss). Similarly,
heating for 10 minutes at 60° with a 0.02 N excess of NaOH
destroys 99.999% of oxidized pyridine nucleotides without loss of
reduced forms, and the weakly alkaline solution may be stored
for several days at 4° (but not frozen) without appreciable loss
8).

Two situations have been encountered in which the acid or
base pretreatment is more exacting. The first situation results
from the extraordinary stability of mammalian DPNase toward
acid. Therefore, in preparing tissues for measurement of native
DPN+* or TPN* it is recommended that they be homogenized
at a dilution of at least 1:50 in 0.01 M H,S0,-0.1 M Na,SO, with

2 At pH 6.5, from the preceding equation, (pyruvate)/(DPN*) =
10~% (lactate)/(DPNH) = 5 X 10-7/(DPNH).
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subsequent heating for 45 minutes at 60°. This reduces DPN-
ase to a point at which it will ordinarily not be disturbing al-
though some activity may persist (8).

The second situation demanding special treatment arises from
the fact that blood in the presence of alkali can oxidize DPNH
or TPNH. As little as 1 part of blood in 40,000 parts of 0.02
N NaOH will oxidize a substantial fraction of DPNH or TPNH
in an hour at 25° or in 10 minutes at 60° (8). Blood itself may
be treated at a dilution of at least 1:100 for 10 minutes at 60°
in 0.1 ¥ Na,C0;-0.02 N NaHCO; to destroy oxidized nucleotides
with little loss of the reduced forms. However, this treatment
is not satisfactory for all tissues. For example, rat liver homoge-
nate at this pH value (10.7) quickly oxidizes some of the DPNH.
A satisfactory solution appears to be to homogenize tissues at a
dilution of at least 1:100 in ice-cold 0.02 N NaOH containing
0.5 mM cysteine, and to heat the homogenates (within an hour)
for 10 minutes at 60° (8). The cysteine (as cysteine hydrochlo-
ride) is added to the NaOH solution shortly before use.

In preparing tissues for substrate analysis with a pyridine
nucleotide system it will often be possible to destroy interfering
enzymes ahead of time by treatment with acid or base. In this
case, the two difficulties just discussed may not arise. If the
substrate can tolerate heating with base (e.g. 5 minutes at 60°
in 0.02 N NaOH), this is the treatment of choice since base is
much more effective than acid in destroying DPNase. In meas-
uring very low substrate levels, it may be necessary to make a
special point of destroying native coenzymes before assay. For
example, if glucose-6-P were to be measured with glucose-6-P
dehydrogenase and TPN+, the native tissue TPNH would need
to be first destroyed with acid unless the TPNH concentration
was insignificant in comparison to the glucose-6-P level. (Acid
pretreatment in this case would suffice for both TPNH and en-
zyme destruction.)

When samples are ready for the cycling step in the assay,
they may be handled in the same manner whether the coenzyme
to be measured is the pre-existing native substance or the prod-
uct of an enzyme reaction designed to measure an enzyme or
substrate. Usually the required volume of the sample will be
so small that whether it is acid or alkaline it can be added di-
rectly to the complete cycling mixture without prior neutraliza-
tion. If the sample adds no more than 0.01 mole per liter of
acid or base to the cycling mixture it will not change the pH
value significantly, nor destroy more than a few per cent of the
cycling enzymes. If this limitation is to be exceeded, the sam-
ples may be brought to the approximate pH value of the cycling
mixtures by adding 2 moles of Tris base per mole of acid or 2
moles of Tris hydrochloride per mole of base, as the case may
be. The Tris hydrochloride should have a pH value no lower
than 6 to avoid danger of TPNH or DPNH destruction during
addition. Storage is not recommended after neutralization.

If the volume of original sample to be used exceeds 209, of
that of the cycling reagent, the reagent may be prepared in more
concentrated form.

Special Preparations

6-P-Gluconate Dehydrogenase—Available commercial prepara-
tions of 6-P-gluconate dehydrogenase from yeast are contami-
nated with glucose-6-P dehydrogenase and are therefore unsuita-
ble for the present purpose. Rat liver is a rich source (13) and
was found to be at least twice as active as sheep, beef, or hog
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liver. Fresh livers, 50 g to 200 g, were homogenized in 9 vol-
umes of 0.025 M phosphate buffer at pH 7.5. (Throughout the
preparation was kept at 0-4°. All centrifugations were made
at approximately 10,000 X g for 20 to 30 minutes.) The initial
activity was 21 mmoles per liter per hour measured in the fluo-
rometer at 25° with 0.5 mm 6-P-gluconate, 0.05 mm TPN+, and
1 mm EDTA in 0.05 M Tris at pH 8. The precipitates were dis-
carded after centrifuging the original homogenate and after
adding solid ammonium sulfate to concentrations of first 1 m
and then 2 M. The precipitate obtained at an ammonium
sulfate concentration of 3 M contained 709, of the original ac-
tivity. This measured approximately 0.3 ml per g of liver.
It was dissolved in 3 volumes of phosphate buffer (0.025 M, pH
7.5) and dialyzed 5 hours at 4° against this same buffer con-
taining 0.2 mM EDTA. The solution was diluted to a protein
concentration of 19, (measured with Folin phenol reagent) and
nucleic acid was removed with 0.04 volume of 19, protamine
sulfate. After centrifuging, solid ammonium sulfate was added
to the supernatant fluid to a concentration of 2 M with enough
1 ~ NH,OH to bring the pH value to 7. The precipitate was
discarded and the activity (559 of the original) was precipitated
at 2.8 M ammonium sulfate concentration (neutralized). After
dialyzing as before, the sample was brought to a protein con-
centration of 19 and adsorbed on Cas(PO,): gel. The gel was
added in three steps (1.5 ml of 0.4% gel per ml of sample at
each step). The gel was removed by centrifuging after each
addition. The third gel treatment adsorbed half the activity
remaining at that stage, and 609, of this activity was recovered
by eluting with 0.2 M phosphate buffer, pH 7.4, (40 ml] per g of
gel) and precipitation with 3 volumes of 4 M ammonium sulfate
(neutralized). The activity was 30 moles per kg of protein per

TanLe I1
Reproducibility of TPN and DPN measurement

Cycling was carried out for the times indicated in a volume of
100 pl at 38° for TPN and 25° for DPN. The somewhat lower
cycling rate for the three lowest TPN concentrations is attributed
to the use of a 0.3 mm concentration of glucose-6-P (to diminish
the blank) rather than 2 mm used for the other samples. To keep
the final TPNH concentration within the range of the fluorometer,
the aliquots taken finally into 1 ml for 6-P-gluconate determina-
tion varied from % the sample (50 ul) for the lowest three TPN
levels to % the sample for the highest level. Concentrations are
given as 1079 M (10713 moles).

TPN* (%ifxlfij;) TPN* (%i%?;) DPN* (;{)iilﬂ)
0.90 8000 29.2 5800 2.02 3710
0.90 7810 29.2 5780 2.02 3760
0.90 7810 29.2 5640 2.02 3450
0.90 8020 20 .2 5780 2.02 3580
2.86 8000 93.5 5320 3.98 3710
2.86 8110 93.5 5210 3.98 3450
2.86 8000 93.5 5250 3.98 3450
2.86 8000 93.5 5300 7.90 3250
9.16 7610 298 23001 7.90 3320
9.16 7700 208 2340% 7.90 3280
9.16 7740 208 23201 7.90 3360
9.16 7900 208 2320% |

* Ratio of 6-P-gluconate produced to TPN present.
t Ratio of pyruvate produced to DPN present.
1 On 15-minute incubation.
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hour, assayed as above. The yield was approximately 12 %, with
a 25-fold purification. Further ammonium sulfate fractionation
resulted in loss of activity without gain in specific activity.
Glucose-6-P dehydrogenase and hexokinase activity were 1 part
in 10,000 and 1 part in 900, respectively, of the 6-P-gluconate
dehydrogenase activity. The preparation also contained isocit-
rate dehydrogenase and a trace of malic enzyme. In 0.02 M
Tris buffer at pH 8 the Michaelis constant for 6-P-gluconate is
approximately 10-° M, and that for TPN+ about 3 X 10-7 m.

Purification of Heart Lactic Dehydrogenase—Beef heart lactic
dehydrogenase (8 ml of a 29, suspension in 2.5 M ammonium
sulfate (Worthington Biochemical Corporation)) was diluted to
40 m] with 29, Norit. The enzyme was then recrystallized from
the supernatant fluid according to Neilands (12). This treat-
ment reduced DPN+ concentration from 8 X 10-4, to 1 X 10-3
moles per kg of protein. Recrystallization without charcoal
treatment did not remove appreciable DPN+,

Preparation of Sodium Lactate—Five grams of calcium (n{+)-
lactate)s-4 H;O (California Corporation for Biochemical Re-
search) were suspended in 32 m] of H,O. After adding 11 ml of
2 M Na,CO; the suspension was shaken vigorously and filtered.
The alkaline filtrate was brought to pH 7 with approximately 1
ml of 5 N HCl. The solution assayed 0.78 M with acetyl-DPN
and lactic dehydrogenase.

ASSESSMENT OF PROCEDURES

Reproductbility and Proportionality—The cycling procedures
are reproducible almost to within the limits imposed by the
fluorometer (Table I, Fig. 2). The data presented in Table V
represent 36 analyses for each of the nuclectides. The pooled
standard deviations for DPN+, DPNH, TPN+*, and TPNH
were 2.0, 2.2, 2.9, and 1.9, respectively.

The proportionality between TPN concentration and 6-P-glu-
conate formation is quite satisfactory and permits assay of a
100-fold range of coenzyme with the same cycling reagent (Ta-
ble II). The yield of pyruvate from DPN+* is less proportional.
Without serious departure from linearity the practical limit for a
given cycling reagent and incubation time is a 20-fold range, 7.e.
conversion of 0.005 to 0.19, of lactate to pyruvate. With suffi-
cient numbers of standards the range can nevertheless be ex-
tended. DPN was added in steps of two from 1.8 X 10-8 to
58 X 107" M. Successive higher levels compared to the lowest
level were, respectively, 93, 83, 70, 56, and 44 9, of that expected
for proportionality.

Specificity—When added to the TPN cycle, DPN at 10 times
the TPN level neither gives a significant blank nor alters the
cycling rate for TPN (Table IIT). Similarly, TPN does not
interfere in the DPN cycle with TPN:DPN ratios of 100:1
(Table IIT). When TPN+ at a concentration of 5 X 10-¢ M
was heated in 0.02 ¥ H,SO, for 30 minutes at 60°, not more than
1 part in 2000 was converted to DPN* (measured by cyling).
Some decrease was found in the cycling rate for TPN in the pres-
ence of high concentrations of the alkali degradation produets of
TPN+. TPN at 5 X 10-% M was inhibited 16 and 339, respec-
tively, by 2 X 10-% M and 10-5 M TPN+ that had been destroyed
with alkali. On the other hand, the cycling of 2 X 10" m
DPN was inhibited less than 109, by 4 X 10~ M DPN+ that
had been destroyed with alkali.

Whole homogenates of liver, brain, and blood, treated suc-
cessively with acid and alkali to destroy all pyridine nucleotides,
contribute blank values equivalent to 10-° to 10-7 moles of DPN
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or TPN per kg of tissue (Table IV). These blanks are negligi-
ble in relation to the native levels of the pyridine nucleotides
(Table VI) with the possible exception of TPN+* in liver and
brain. In this case, the tissue blanks approximate 2 and 5%,
respectively, of the relatively low amounts of TPN+ present.

Low levels of DPN and TPN were added back to acid-alkali-
treated tissue samples. Recovery was complete (Table IV).
Thus, no tissue constituents stable to both acid and alkali inter-
fere when present at tissue levels as high or higher than those
required for measuring native nucleotides (Table VI).

TasLE 1II

Tests for posstble interference of one nucleotide with measurement
of the other

DPN+, TPN*, and combinations of the two nucleotides were

added to complete cycling mixtures designed for DPN or TPN

assay. The ‘‘observed” values are based on comparison of ob-

served pyruvate or 6-P-gluconate produced, with the amounts

formed by each nucleotide when used alone in its proper cycling

mixture. All values are recorded as 1078 moles per liter of cycling
mixture.
DPN cycle TPN cycle TPN cycle
Present Observed Present Observed Present Observed
TPN+ | DPN+ DPN+ DPN+ I TPN+ TPN* DPN TPN TPN+
|
5 |4.65 4.80 9 10.91, 0.85 9 0 —-0.01
50 | 4.65 4.73 90 1 0.91 | 0.94 90 0 0.00
510 <0.1 90 | 9.33 | 9.35 900 0 0.07
50 |0 0.2 | 900 | 9.33 | 9.0
TasLE IV
Tests for possible interference tn DPN and TPN measurements
n lissues

The tissues were homogenized in 0.02 N HCI, then made 0.02 N
in NaOH (excess), and heated for 10 minutes at 100° to destroy all
pyridine nucleotides. Known amounts of DPN* or TPN* were
then added back as indicated. Cycling was carried out with
whole homogenates. All analyses were made at 100 ul cycling
volume in triplicate. All values are recorded as micromoles per
kilogram of fresh brain or liver or per liter of blood.

DPN TPN
Tissue
Calculated Found Calculated Found
Liver (ug)
22, 0 <3
22 + DPN*+. ... ... 207 207
16. .. ... 0 2.3
16 4+ TPN*. . ....... 25.8 28.1
Brain (ug)
60..... ... 0 <1
60 + DPN*+ ....... 75 74
100, ........ ...l 0 0.4
100 + TPN*+. . ...... 4.7 5.1
Blood (ul)
0.08................. 0 <1
0.08 + DPN*+. . ..... 57 58
1.2 0 0
1.2 + TPN+ 3.6 3.8
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TaBLE V

Recovery of pyridine nucleotides added to homogenates of liver and
brain and to diluted blood

Tissue samples (200 mg) were homogenized in 20 ml of ice-cold
0.02 ¥ H:80,4-0.1 M Na.SO, or 0.02 N NaOH-5 X 10~% m cysteine.
Blood was diluted 1:100 in the same acid solution or in 0.1 M
Na:C0;-0.02 M NaHCO;. The samples were heated at 60° for
either 45 minutes (acid) or 10 minutes (alkaline). The pyridine
nucleotides were added before heating. Standards consisted of
DPN+ and TPN*, and were prepared and heated in H.SO;-
NasS0, like the samples. Assays were conducted in triplicate at
100 ul volume with amounts of tissue indicated. All values are
recorded as 10~® moles per kg wet weight or per liter.

DPN+ DPNH TPN+ TPNH
Tissue g .?3 ?3 E’
) o L] o
212|323 |3 %8|
Liver (ug)
| 640
1+ DPN*. . ....... 2690(2620
4. 215 172 455
44+ DPNH........ 723| 644
4 4+ TPN+. .. ...... 657 1630
4+ TPNH......... 935(895
Brain (ug)
2 e 308
2 4+ DPN*+. ... ... 1310{1360
10.................. 97
10 + DPNH....... 204| 293
20, ... 7.0 25.4
20 + TPN*+. . ...... 58.1| 56.0
20 4+ TPNH........ 118(113
Blood (ul)
0.006............... 132
0.006 + DPN*. .. .. 4511 435
0.02................ 96 14.8 15.6
0.02 4+ DPNH..... 198| 201
0.02 + TPN+. . .... 66.2) 64.9
0.02 4+ TPNH...... 114(115

Analysis of Tissues for Pyridine Nucleotides—The difficulty of
preparing fresh tissues for pyridine nucleotide analysis has been
mentioned. The preparation procedure suggested above was
tested by recovery experiments from liver, brain, and blood.
The nucleotides were added before heating the acid or alkaline
homogenates or dilutions to 60°. Recovery was satisfactory in
all cases (Table V). To test more rigorously whether nucleo-
tide-destroying enzymes had been removed, additional samples
were brought to pH 8 and incubated 30 minutes at 38° before
cycling at 50-fold greater tissue concentrations than those used
during cycling. The samples that had been pretreated with
alkali (for DPNH and TPNH assay) were unaffected by this in-
cubation near neutrality.®? However, samples pretreated with
acid (for assay of DPN+ and TPN+) still contained DPNase.
The losses from liver, brain, and blood for DPN*+ were 359,

3 Since these samples contained only TPNH and DPNH, the
possibility that some DPN- or TPN-destroying activity might
remain was not ruled out, but separate experiments demonstrated
the absence of DPN*-gplitting activity.
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TasLe VI
Analysis of rat liver brain and blood for pyridine nucleotides

Samples were obtained from four male rats, 5 months old
(Sprague-Dawley) and prepared for analysis as described in
Table IV. All the blood possible was removed through the right
heart. Liver samples were homogenized approximately 3 min-
utes postmortem, brain samples approximately 5 minutes post-
mortem. The whole treated homogenates, suitably diluted, were
analyzed at a cycling volume of 100 ul in triplicate. The respec-
tive amounts of liver and brain per sample were 3 and 6 ug for
DPN+, 10 and 30 ug for both DPNH and TPN™, and 4 and 30 ug
for TPNH. A volume of 0.015 ul of blood was used for DPN*
and 0.03 ul for the rest of the assays. All values are recorded as
10-% moles per kg wet weight or per liter.

DPN+ | DPNH | TPN+ | TPNH | Total | Total

Liver, rat No. 1..... .. 674 | 279 (128 (567 953 | 695
Liver, rat No. 2. ... ... 575 | 230 (111 (491 805 | 602
Liver, rat No. 3..... .. 648 | 230 112 401 878 | 513
Liver, rat No. 4. ... ... 617 | 270 |108 549 887 | 657
Average. ... .....} 628 | 252 (115 |502 880 | 617
Brain, rat No. 1. . 321 94 6.9 | 21.3 | 415 28
Brain, rat No. 2. . 354 92 7.5|22.6 | 446 30
Brain, rat No. 3. . 287 87 | 7.3|22.4| 374 30
Brain, rat No. 4. . 324 108 7.1 1228 432 30
Average. . .......| 322 95 7.2 12231 417 30
Blood, rat No. 1........ 120 90 | 12.0 | 8.9 | 210 21
Blood, rat No. 2........ 121 80 | 14.2 | 9.0 201 23
Blood, rat No. 3........ 98 85 | 13.5 1 156.3 | 183 29
Blood, rat No. 4....... . 99 94 | 15.7 | 12.7 | 193 28
Average.........| 110 87 | 13.8 | 11.5 | 197 25

359%, and 0, respectively, and for TPN+, 729, 90%, and 20%,,
respectively. The fact that recoveries were satisfactory in the
analyses of Table V is attributed to the dilution during cycling
which prevented important destruction by residual enzyme
activity.

As a demonstration of the use of the cycling procedures, liver,
brain, and blood from four rats were assayed for the four nucleo-
tide forms (Table VI). The values for DPN+ and DPNH for
liver are close to those reported by Glock and McLean (14) and
by Jacobson and Kaplan (15) and somewhat higher than those
found by Helmreich ef al. (16) and Bassham et al. (17). The
TPN+* and TPNH values, however, are approximately twice
those reported by the above workers (14, 15, 17). The total
DPN values in brain and blood are approximately 509, greater
than those found by Glock and McLean (14) and the total TPN
values are nearly double their figures. The TPN* levels of
Table VI in particular are higher than those in the literature.*
The higher values appear to be the result of changes in prepara-
tion of tissues for analysis (greater initial dilution, circumvention
of DPNase destruction, prevention of oxidation and, therefore,

4 Preliminary results with frozen-dried material indicate that
TPN+* levels in the living tissue are in fact much higher than those
recorded in Table V. Apparently, there is an exceedingly rapid
reduction of TPN during the ordinary process of homogenization.
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loss of reduced nucleotides by hemoglobin, and use of whole
tissue rather than extracts).

DISCUSSION

The cycling systems described were chosen from among many
possibilities. The positive factors in the choice of each system
included (@) commercial availability of the required enzymes,
(b) favorable kinetic possibilities, (¢) stability and nonvolatility
of the substrates or products, and (d) ready measurement of one
of the products by a pyridine nucleotide system.

The TPN system is the better of the two. Glutamic dehy-
drogenase represents one of the few easily available enzymes for
oxidizing TPNH and it is used in the kinetically and thermo-
dynamically favorable direction. Old yellow enzyme is another
possibility and might have advantages since oxygen would be
the only substrate required. Glucose-6-P dehydrogenase is ideal
as the other enzyme component since the reduction of TPN+ is
irreversible after hydrolysis of 6-P-gluconolactone and since the
product is easily measured by 6-P-gluconate dehydrogenase.

The DPN system is not ideal because it lacks an irreversible
step, and because of the unfavorable lactate-pyruvate equilib-
rium. Several other systems were considered. Alcohol dehy-
drogenase was used earlier coupled with malic dehydrogenase.
High cycling rates were obtained, but the system was discarded
because of the volatility of both alcohol and acetaldehyde.
Possibly, the same system used with a longer chained alcohol
would have merit. Glycerol-P dehydrogenase was explored
briefly as the oxidizing enzyme coupled with lactic dehydro-
genase plus pyruvate. This system was abandoned because of
the instability of dihydroxyacetone-P, although the kinetics is
quite favorable. Sucecessful cycling was obtained with the glu-
tamic dehydrogenase-lactic dehydrogenase system operating in
the opposite direction from that proposed here. The over-all
equilibrium constant is more favorable, but the cycling rate is
low due to the low velocity of glutamate oxidation. Neverthe-
less, the system may have real advantages if a cycling rate of
500 per hour is sufficient. The a-ketoglutarate formed is
readily measured with TPNH which would permit double cycling
through the TPN system.

In the proposed DPN system it is possible that skeletal mus-
cle lactic dehydrogenase could be substituted for heart lactic
dehydrogenase. The Michaelis constant for DPN* is higher,
and, therefore, the first order reaction constant lower, than with
the heart muscle enzyme, but more enzyme could be used to
compensate. Commercial preparations gave high blank values,
presumably due to contamination with DPN+. If this could
be removed with charcoal, skeletal muscle lactic dehydrogenase
would probably be quite satisfactory.

Either of the cycling systems described can be repeated to give
over-all multiplication of 107 to 105. To exploit fully such
multiplications it would be necessary to carry out the first
cyeling in a very small volume. Without cycling it is possible
to measure 10~ moles of pyridine nucleotide in 1 ml final vol-
ume, i.e. at a concentration of 10-8 M. A double cycling with
108 multiplication would extend this sensitivity to 10~ moles.
This is the equivalent of 0.000,1 ul of a 10—° M solution (the
present lower limit of concentration for satisfactory reproduci-
bility). One molecule of an enzyme with turnover number of
10,000 per minute would produce 10-'® moles of product in an
hour. If the reaction could be made to result in oxidation or
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reduction of an equivalent amount of pyridine nucleotide, this
would be measurable by double cyeling if the first cycling step
could be carried out in 0.001 u! or less.

The advantage of the eycling methods is not limited to an
increase in sensitivity. The multiplication process is capable
of eliminating many disturbing factors. For example, in spite
of a very unfavorable equilibrium constant, lactate can be nearly
quantitatively converted to pyruvate with lactic dehydrogenase
by a 200-fold excess of DPN* at pH 10.7. If the DPNH were
to be measured directly, blank fluorescence from DPN* at this
pH value would be very disturbing. However, after destroying
excess DPN* with stronger alkali, the DPNH can be measured
by cycling with no DPN* blank.

The cycling procedures make it practicable to measure tissue
concentrations as low as 10-¢ M of any substrate that can be
directed to a DPN or TPN system and which will stand mild
exposure to acid or alkali. Such measurement is possible with-
out concentrating the substrate or preparing an extract. The
tissue homogenate is first pretreated with acid or alkali to de-
stroy native nucleotides and enzymes, after which the appro-
priate enzyme system and pyridine nucleotide are added. The
excess nucleotide is then destroyed with acid or alkali, as the
case may require, and the nucleotide that has been formed by
oxidation or reduction is measured by a cycling method.

SUMMARY

1. Methods are presented for the measurement of as little as
10715 moles of diphosphopyridine or triphosphopyridine nucleo-
tide. This is an increase in sensitivity over present methods of
several thousand fold.

2. Triphosphopyridine nucleotide (oxidized or reduced) at a
concentration of 10~° to 3 X 107 m is made to catalyze the
enzymatic dismutation of a-ketoglutarate, NH,*, and glucose
6-phosphate to glutamate and 6-phosphogluconate. The 6-phos-
phogluconate produced is measured in a second step with 6-phos-
phogluconate dehydrogenase and triphosphopyridine nucleotide
added in excess.

3. Diphosphopyridine nucleotide at levels as low as 10~° M is
made to catalyze the dismutation of a-ketoglutarate, NH,*, and
lactate to glutamate and pyruvate. The pyruvate produced is
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measured in a second step with lactic dehydrogenase and an
added excess of reduced pyridine nucleotide.

4. If greater sensitivity is required the cycling processes can
be repeated with an over-all yield of 107 to 108. This would
suffice to measure 1 molecule of any enzyme which forms a
product that can be led to a pyridine nucleotide system.

5. The use of the cycling procedures is illustrated by analyses
of rat liver, brain, and blood for oxidized and reduced nucleotides.
Because of the sensitivity it was unnecessary to prepare extracts
of the tissues. Higher values than those reported previously
were observed for oxidized and reduced triphosphopyridine
nucleotide. These higher values are attributed to changes in
tissue preparation, some of which were made possible by the
sensitivity of the cycling methods.
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