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ON THE MECHANISM OF PYRIDINE NUCLEOTIDE REDUCTION
BY DITHIONITE* **

by
MICHAEL B. YARMOLINSKY*** anp SIDNEY P. COLOWICK
McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, Md. (U.S.A.)

The reduction of a pyridine nucleotide by sodium dithionite (hydrosulfite) in mildly
alkaline medium takes place with the formation of a transient yellow intermediate
which may be stabilized by strongly alkaline conditons!. It has been suggested that
the yellow intermediate, Y$, formed in the course of dithionite reduction of DPN re-
presents a “half-reduced”, free-radical form of DPN2-% and that this form of the co-
enzyme may be of significance in respiration?, possibly being stabilized on certain apo-
dehydrogenases and responsible for their enzymic activity®?. The formation of DPNH
from Y has been assumed to occur by dismutation of two free radicals (Equation A)
to yield one molecule each of DPN and DPNH#%5. The DPN could be recycled accord-
ing to this view.
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The possibility has been considered by earlier investigators? that Y might be a
sulfur-containing compound rather ‘than a free radical. The present paper offers
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§ Abbreviations: DPN or DPN, for oxidized diphosphopyridine nucleotide; DPNH or DPNyeq4
for reduced diphosphopyridine nucleotide; R for ribose-pyrophosphate-adenosine; NMN for
nicotinamide mononucleotide; Y and Y’ for the yellow intermediate(s) formed in the course of
reduction of DPN Ly dithionite and by hydroxymethyl sulfinate, respectively; tris for tris-
(hydroxymethyl)aminomethane; ADH for yeast alcohol dehydrogenase; uM for micromoles.
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evidence that Y is the sulfinate derivative of DPNH"*, resulting from the transfer of a
portion of the dithionite ion to carbon 4 of the nicotinamide ring of DPN. The for-
mation of DPNH from Y is believed to occur by hydrolysis rather than by dismutation
{Equations B and C).
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Preliminary accounts of this work have appeared?®:?.

RESULTS
Formation and characteristics of Y

The formation of Y from DPN and dithionite can be conveniently followed spectro-
photometrically by measuring optical densities at 400 mu. At this wave length the
absorption of Y is not appreciably interfered with by absorption due to DPN, DPNH
(see Fig. 1) or dithionite. In a medium containing sufficient dithionite and alkali,
DPN is completely converted to Y and the reaction is prevented from going further.
Under these conditions the formation of Y exhibits a logarithmic time-course over an
interval during which the fraction of dithionite disappearing is small (Curve “Y”,
Fig. 2). :

The absorption spectrum of Y in 0.05 N NaOH (Fig. 1) shows a broad low band
extending out into the visible region, in agreement with the observations of earlier
workers!. This has an extinction maximum of 3.2-10% cm? mole-! at about 357 mg.
In addition, the extinction of Y in the neighborhood of 260 my is strikingly increased
over the values characteristic of DPNH or DPN. Since similar rises in extinction
appear upon forming the NMN analog of Y, the spectral changes in the formation of
Y may be entirely attributed to effects upon the nicotinamide ring. The large con-
tribution of the nicotinamide moiety to the 260 mpu absorption of Y is retained at
pH 11. At this same pH the nicotinamide moiety of a number of tertiary N!-substi-
tuted nicotinamide compounds makes no contribution whatsoever to their 260 mu
absorption. This applies to DPNH and to DPN adducts with cyanide!®, with carbonyl
compounds!!, with hydroxylamine**, or with bisulfite*** (measuring the light ab-
sorption of the last mentioned at neutrality, where the compound is stable®.12).
Y also differs from the DPN compounds just listed in that it fails to show detectable

* Adducts between DPN and various carbonyl reagents are named as derivatives of DPNH.
Thus Y (or Y’) is referred to as sulfinyl DPNH.
** R."M. BurtoN aND N. O, KaPLAN, unpublished data.
*** Unpublished observations of the authors.
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fluorescence with exciting light of wave length 2537 A (“Mineralight”) or 3650 A
(Coleman photofluorometer). However, the above-mentioned observations appear
insufficient to rule out a tertiary Nil-
substituted nicotinamide compound.Thus
Y behaves more like DPNH than like

N
2

3 DPN in that it is stable in alkali, forms
% no cyanide addition complex and resists
S . DPN cleavage by Neurospora DPNase!3.
s+ DPNH
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Fig. 2. Logarithmic time course of Y and Y’

Fig. 1. Absorption spectra of DPN, DPNH, Y,
and Y’. DPN (Pabst) was a sample of 869,
purity by weight and served as a source of
DPNH, Y, and Y’. The spectrum of DPN was
measured in unbufiered solution, of DPNH in
0.1 M tris pH 10, and of Y and Y’ in o.05N
NaOH. Appropriate corrections were made for
the absorption of the reducing agent or its
oxidation products and for incompleteness of

formation. In each case the reaction was initi-
ated in a cuvette of 1 cm light path by the
addition of an aqueous solution of DPN to an
alkaline solution of the reductant, final volume
3 ml. Curve Y: 1.1 uM of DPN, 11 M of
sodium dithionite in 0.05 N NaOH. Curves Y’:
0.9 uM of DPN, 8o uM of sodium hydroxy-
methyl sulfinate in 0.17M glycine buffer,

conversion of DPN to Y’ at low hydroxymethyl pH 10.5.

sulfinate concentrations. Because of the in-

stability of Y and Y’ the points for these curves represent extrapolated values obtained from

several readings at each wave length. The extinctions at and below 290 my in the case of Y’

were determined with the aid of a photomultiplier, necessitated by the high absorption of the
reductant. See MATERIALS AND METHODSs for further details.

Aerobic decomposition of Y

Solutions of Y freed of dithionite by oxygenation? readily decompose in air to yield
DPN. The reaction is first order with respect to Y and is strongly dependent on pH and
the nature of the buffer (Fig. 3). From Fig. 3 it appears that the lability of Y is influ-
enced to very different degrees by the different ionic species of the buffer L-arginine.

The reaction yields almost entirely DPN regardless of which of the indicated
buffers is present. A variable but small amount of DPNH may appear on the aerobic
neutralization of solutions of dithionite-free Y. The DPNH appears independently of
whether or not the solufion is freed of sulfite. Under a variety of aerobic conditions
the yields of DPNH have never exceeded 50% of the total nucleotide present, and
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usually the yield has been no more than 10-15%. This observation is in agreement with
the earlier results of SCHLENK e¢f al.5. In general, after the complete decomposition of
Y all the nucleotide may be accounted for as the sum of DPN and DPNH. The ob-
served partial decomposition of Y to DPNH in the absence of any reducing agent
requires that Y be at a reduction level either half-way between DPN and DPNH or at
the reduction level of DPNH itself. The very low yields of DPNH obtained upon

500 neutralization of Y in air suggest that under the
= 250} o usual aerobic conditions the principal reaction which
Yl ] . . .
w v 2 11] prouine.~"/ | Y undergoes involves autoxidation.
v 15,7 11 No OM
2 100} 2 1,
z /, 1
s 50
; 25% Fig. 3. Buffer and pH effects on the stability of Y under
w aerobic conditions. The approximate half-life of Y in
o 1o} solutions of the indicated buffers at room temperature
w (ca. 25°) was computed (by extrapolation when necessary)
w 5 from the rates of decrease of 400 mu absorption of
2 sktris ARGININE dithionite-free solutions of Y. The buffers tris (pK = 8.1)
w Z L-arginine (pK,; =9.0, pK,=12.5), and L-proline (pK =
2' 10.6) were 0.1-0.23; NaOH was a 0.05N solution for
r ' which the pH was estimated by calculation. The insert
05 | L TR . gives the slopes expected for decomposition reactions in
T 8 9 10 0 2 13 yhich the rate-limiting step involves the participation of
pH the indicated numbers of hydrogen ions per molecule of Y.

Anaerobic decomposition of Y

Solutions of Y were found to exhibit greater stability anaerobically than when open
to the air. However, even under anaerobic conditions, Y becomes very unstable at
neutral or slightly alkaline reactions. For example, at 26° the half-life of Y in tris
buffer is less than half a minute at pH 7.4 in the presence of air, while Y has a half-life
of 4 minutes at this same pH and temperature in the absence of air.

As may be seen from Table I, the major nucleotide product of the anaerobic
decompositon of Y is not DPN but DPNH. This finding has been confirmed by
SwaLLow!4, Similar results may be obtained with preparations which have been freed
of sulfite. In the experiment of Fig. 4 neutralization of sulfite-free Y is carried out
anaerobically and the nucleotide reactant and product followed by measuring optical
densities at 400 and 340 my, preliminary to enzymic assay of the yield of DPNH
and DPN.

TABLE I
vIELD OF DPNH FROM DITHIONITE-FREE Y UPON ANAEROBIC NEUTRALIZATION

Experiment number I F 3 v4 5 6 Average

Yield of DPNH expressed
as per cent of initial DPN 73 81 85 86 91 93 85

The procedure in a typical experiment (No. 3) was as follows: Equal volumes of 0.03M DPN
and 0.04M sodium dithionite in 0.3N NaOH were mixed. After 2 minutes the solution was
oxygenated for 8 minutes and 1.0 ml of the yellow solution was diluted in 8.1 ml 0.1 N NaOH
in a Thunberg tube. This was evacuated, sealed, and o.9 ml 1M/ KH,PO, was tipped in from
the Thunberg top. After incubation for one hour at 37° the tube was chilled, opened, and the
contents assayed for DPNH. The final pH was 7.8.
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Fig. 4. Anaerobic neutralization of dithionite-free, sulfite- 1.8

free Y. To 2.5 uM of DPN (Pabst) in 5.4 ml of o.5.M tris-

glycine buffer, pH 9.9, 20 uM of sodium dithionite ‘were -6

added making a final volume of 6 ml. One minute was CHy CHO
allowed for color development and 1 ml of 1 M BaCl, was 14} +ADH
added. The mixture was oxygenated for two minutes and : ‘
filtered with suction through fine sintered glass. Turbidity - z}- 11
in the filtrate due to BaCO, formation was prevented by ‘g E'?“
adding 3 ml 1 M Na,SO, and refiltering as before. Of the w ol ADH
clear yellow filtrate 2.5 ml were removed to an anaerobic ©

cuvette of 1 cm light path with a Thunberg top containing <Jt o8k 340 mp

0.3 ml 2N H,S0,. The cuvette was evacuated and sealed. ¢ R DN

Y and DPNH were followed spectrophotometrically with = o6k I}

a Model B Beckman spectrophotometer by measuring opti- a = W7

cal densities at 400 and 340 mu against a water blank. © 400 mp ?

Neutralization was effected by tipping in the acid and an o4r ... comen b

hour later air was admitted and samples taken for enzymic

assay of DPN and DPNH with alcohol dehydrogenase and 0.2 -
ethanol or acetaldehyde, respectively. The readings have

been corrected to values appropriate for a final volume of o 30 50 a5 5o

3 ml. It may be calculated from this graph that for every

0.25 uM of DPN initially present, at neutralization time

0.21 uM may be accounted for as Y, and after neutralization o.17 uM appear as DPNH and
0.08 uM as DPN.

Minutes after addition of dithionite

The observation that Y. may be converted almost stoichiometrically to DPNH in the
absence of any reducing agent may be taken as evidence that Y is at the reduction
level of DPNH. The data do not conform to the view that Y represents a half-reduced
intermediate, but suggest instead that Y is the product of an addition reaction
between DPN and dithionite or a derivative of dithionite.

Stoichiometric release of sulfite from Y

When freed of contaminating sulfite by barium treatment, Y yields sulfur dioxide
upon acidification. Preliminary experiments, in which barium-treated Y was acidified
directly, indicated the expected dependence of the yield of sulfur dioxide upon the
amount of Y present. The molar ratios of sulfur dioxide released to Y acidified aver-
aged 0.65 in four experiments with varying initial DPN concentrations. To reduce the
possibility that this result is due to a solubilizing effect of nucleotide on barium
sulfite, experiments were performed which demonstrate that decomposing Y simply
by neutralization suffices to release barium-precipitable sulfite in nearly stoichiometric
amounts. In each experiment of Table II the sulfite formed upon neutralization of a
solution of Y was precipitated with barium and the precipitate analyzed for sulfite.
The control and experimental solutions are identical except with respect to the order
of addition of acid and alkali. A mole for mole release of sulfite from Y is approximated
in these experiments, for which the average of six determinations of sulfite found
after neutralization is 919%, of theoretical; the small amounts of sulfite found without
neutralization are probably accounted for by slight hydrolysis of Y occurring even at
the alkaline pH.

This result suggests that Y possesses a sulfur residue, containing probably one
atom of sulfur which neutralization liberates as sulfite. It provides no information as
to whether the linkage of sulfur to carbon is direct or through oxygen.
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TABLE II
STOICHIOMETRY OF RELEASE OF SULFITE FROM Y UPON NEUTRALIZATION

For each experiment Y was prepared by mixing equal volumes of 0.1 M Na,S,0, (in 0.5 N NaOH)
and 0.05 M DPN. After 2 minutes the solutiéh was freed of dithionite by oxygenating for 8 minutes
and the resulting sulfite precipitated by the addition of 0.3 ml 1.5 M BaCl, to 1.2 ml of solution.
The precipitate was centrifuged down for 5 minutes at 25,000 g in the cold.and 0.2 ml of the clear
yellow supernatant liquid introduced into each of four small centrifuge tubes at room temperature.
One aliquot was brought to pH 8 with neutral tris-HCI buffer and, after decolorization was com-
plete, brought back to pH 13 with NaOH. To the remaining aliquots a solution of tris-NaCl was
added to bring them to the same salt concentration and pH as in the neutralized realkalized
fraction. One of the unneutralized aliquots served as a blank. The remaining two aliquots provided
internal standards. To each was added freshly prepared solutions of NaHSO, at levels of 2 and
4 M [ml, respectively. All solutions, at a final volume of 1 ml, were centrifuged as before and
the supernatant liquids discarded. In the first three experiments the precipitates were suspended
in water and the color reagent was added.

- » Moles SOy found per mole of Y The assay for sulfite was as described
Pl er cent recovery - under MATERIALS AND METHODS. In the
e of added sulfite b ,,w;,a’-t-" i second set of three experiments the sulfite
was released into solution from the pre-

1 76 0.10 0.79 cipitates by adding a solution of Na,SO, to

2 89 0.09 0.83 each centrifuge tube, stirring, and recentri-

3 67 0.10 0.93 fuging. The supernatant liquids were then
4 95 0.05 0.78 assayed for sulﬁ({e. The concentrations of
5 65 0.04 1.06 Y are based on initial DPN throughout.
6 72 0.00 1.06 Values for sulfite are corrected for the

per cent recovery of added sulfite.

Reduction of DPN with sulfinates

The exact nature of the sulfur-containing addition compound, Y, is suggested by a
consideration of the ‘“‘aldehydic character” (i.e., potentiality for carbonium ion
formation) of the 4-position of the nicotinamide ring of DPN (see DISCUSSION).
Dithionite is known to react with certain aldehydes in alkaline solutions to form
what are believed to be sulfinate compounds, —C—SO, 1%-18 which, like Y, are
stable to oxygenation. The best known example of such reactions,

(D) -0,5-S0; + CH,0 + H,0 = CH,(OH)SO; + SO7 + H+

is considered to yield hydroxymethyl sulfinate. The analogous reaction between
dithionite and DPN (Equation B) would yield sulfinyl DPNH. If Y and sulfinyl
DPNH are identical, alkaline conditions might be expected to favor a transfer of the
sulfinate moiety of various organic sulfinates to DPN, ¢.¢.,

H H SOp
. ~CONH, > _CONH,
(E) CH, (OH) SO, + || ™ || = | J + CH,0 + H*
\N/ \N
| |
R R

The expectation that sulfinates may react with DPN as described by Equation E
to yield the same yellow compound produced by the action of dithionite is confirmed
by the finding that hydroxymethyl sulfinate and amino imino methane sulfinate react
with DPN at pH 10 or above to form yellow compounds which appear to be identical
with Y. The yellow compound resulting from the reaction of DPN with hydroxymethyl
sulfinate, we designate Y'. Conditions for its formation are described under MATERIALS
AND METHODS. The absorption spectra of the yellow derivatives, insofar as it was
possible to compare them, appear to be identical (¢f. Fig. 1).
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Following formation of the yellow DPNH derivative by either of the above-
mentioned sulfinates, enzymically active DPNH may be formed, as anticipated,
simply by neutralization. These reductants, unlike dithionite, are stable to oxygena-
tion and were not removed. The yields of DPNH were therefore appreciable even
upon aerobic neutralization since regeneration of the yellow intermediate was con-
stantly taking place. The possibility that dithionite generated from the reductant is
responsible for Y’ formation is inconsistent with the extreme stability of solutions of
hydroxymethyl sulfinate to oxygenation and with the absence of dithionite’s charac-
teristic absorption peak at 313 my in unoxygenated solutions.

Sulfinate transfer from Y to formaldehyde

Anether point of similarity between Y and Y’ is their reactivity with formaldehyde.
The reaction with formaldehyde provides the most satisfactory evidence for the
hypothesis that Y is a sulfinate of DPNH. According to this view the addition of
formaldehyde to Y should reverse ReactionE and yield as products DPN and hydroxy-
methyl sulfinate. In a typical experiment a 0.1 m.}/ solution of Y in 0.02N NaOH
was half decomposed in about two minutes by the addition of formaldehyde at 2.0
mM final concentration. That DPN is formed has been confirmed by the cyanide
reaction!®, Advantage was taken of the reducing action of the sulfinates upon silver
ion to identify the other product, by its electrophoretic mobility on paper, as

Fig. 5. Identification of hydroxymethyl sulfi-
nate as a product of the reaction of formalde- A -
hyde with Y (above) and with amino imino
methane sulfinate (below) by paper electro-
phoresis. In each case the paper was a strip of B~ (
Whatman No. 3, 7 cm wide; the solvent was
0.05 N NaOH. The paper was spotted with e N
solutions of approximately the same alkalinity C ‘ ’.’"&L
as the solvent. The electrophoresis apparatus
and technique was as described by MARKHAM '
AND SMmITH!?. A potential of 500 volts was main-
tained for 1.5 hours following which the paper
was air-dried to dampness and sprayed with TO ANODE -»
5% ammoniacal AgNO,. Development of the
spots was not immediate. When it was com-
plete, the paper was washed in ‘“rapid liquid
fixer’” (Eastman Kodak) for 5 minutes, in run-
ning tap water for 20 minutes, dried, and
photographed. Above: The 6 ul of solution used B -
for each spot contained A. o0.05 uM of di- .
thionite-free, sulfite-free Y, prepared essentially
as described in Table II. (A control solution, CH '
DPN omitted, was prepared simultaneously for
use at spots C and D.); B. o.05 uM of di-
thionite-free, sulfite-free Y, 2 uM of form- D+ .
aldehyde; C. o0.05 uM of sodium hydroxy-
methyl sulfinate, 2 uM of formaldehyde in
control solution; D. 2 M of formaldehyde in
control solution. The solutions were allowed to incubate for an hour at room temperature (23°)
before application to the paper. Below: The 10 ul of solution used for each spot contained A. o.1 M
of sodium amino imino methane sulfinate; B. 2 uM of formaldehyde; C. 0.1 uM of sodium amino
imino methane sulfinate, 2 uM of formaldehyde; D. o.1 uM of sodium amino imino methane
sulfinate, 0.1 uM of sodium hydroxymethyl sulfinate. The solutions were allowed to incubate for
an hour at room temperature (25°) before application to the paper. The paper was dried sufficiently
well before spraying so that no formaldehyde spot appears here. Compare with the upper
photograph.
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hydroxymethy! sulfinate (Fig. 5 [above*]). The formaldehyde-treated Y produces two
reducing spots. One of these, near the origin, corresponds to formaldehyde. The other
is identical in mobility, appearance, and size with a spot obtained from the appropri-
ate concentration of commercial sodium hydroxymethyl sulfinate**. We take this to
support strongly the view that Y is a sulfinyl derivative of DPNH.

Reaction E may be regarded as a sulfinate transfer in which DPN participates
as either the acceptor or the donor. To establish that reactions of this general type
can and do occur, a transfer of the sulfinate radical from amino imino methane sulfi-
nate to formaldehyde was demonstrated:

(F) HN:C(NH,)SO; + CH,0 + H,0 = CH,(OH)SO; + (NH,),C:0

This was accomplished by showing that the product of Reaction F has the same
electrophoretic mobility and capacity to reduce silver ion as commercial hydroxy-
methyl sulfinate (Fig. 5 [below]).

Incorporation of deuterium in the conversion of Y to DPNH

Direct hydrolysis of sulfinyl DPNH (Equation C) could give rise to DPNH and
bisulfite. This mechanism for the conversion of Y to DPNH was tested by the two
reciprocal experiments of Table III, which were designed to demonstrate that in the
reduction process deuterium from heavy water may be incorporated into the final
product (DPN,.4) without being incorporated into the intermediate (Y). In each ex-
periment Y was made at pH 11*** and, after oxygenation, brought to pH 7 anaero-
bically so as to form DPN,.,.

The DPN,; to be assayed for deuterium content was reoxidized with neutral
ferricyanide. This procedure removes less deuterium than does reoxidation with
ADH?2. The resulting DPN,, was split with DPNase to yield nicotinamide, which
was isolated by passing the solution through an anion exchange resin. The effluent
and washings were assayed for nicotinamide and then diluted by a known factor
with unlabeled carrier nicotinamide. Exchangeable deuterium was removed by alter-
nately diluting with normal water and drving. The nicotinamide was crystallized
from benzene, dried, and analyzed for deuterium.

The data show that in the reduction process the only step which mcorporates
the deuterium of heavy water into the product is the conversion of Y to DPN,,,, in
accord with the proposed reaction mechanism.

* Untreated Y appears to be oxidized by air, perhaps in the course of the partial drying to
Wthh the paper was subjected before development of the spots.

* The term ‘‘formaldehyde sulfoxylate , originally applied to this compound?® and still com-
monly used, appears to be a misnomer in view of the evidence favoring the sulfinate structures-18.
The interpretation that Y represents the sulfoxylate of DPN, i.e., DPN-OSO-, previously reported
by us®®, was based on incomplete information concerning the structure of the so-called sulfoxy-
lates. It introduces unnecessary difficulties especially as regards the hydrolytic conversion of Y
to DPNH.

*** When Y was made under more alkaline conditions (o0.15 milliequivalents of NaOH per ml
of deuterium oxide) and neutralized anaerobically in a relatively large volume of normal water,
the resulting DPNreg was found to contain an amount of unexchangeable deuterium comparable
to the amount incorporated in the reciprocal experiment. This result may be due to an enolization
of the sulfinate group of Y at high pH values, rendermg the hydrogen atom at the 4-position
of the nicotinamide ring susceptible to exchange with the medium. Recently, SaN P1ETRO showed
the DPN-cyanide addition compound to be, like Y, susceptible to proton exchange with the
medium under conditions sufficiently alkaline to cause enolization®!. The proton which can undergo
exchange was found to be the one at the 4-position,
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TABLE 111
INCORPORATION OF DEUTERIUM IN THE REDUCTION oF DPN

Equal volumes of 0.6 M L-proline buffer and 0.03 DPN were mixed and twice as many moles
of solid sodium dithionite as DPN present were added. After two minutes the yellow solution
was oxygenated for eight minutes and 1 to 3 ml transferred to the bulb of a Thunberg tube which
was fitted onto a Thunberg tube containing 9 volumes of 0.1 M potassium phosphate buffer,
pH 6.8. In the first two experiments the DPN and proline buffer (pH 10.8) were made up in
deuterium oxide. In the second two experiments the DPN and proline buffer (pH 10.7) were
made up in normal water and the phosphate buffer in deuterium oxide. The tubes were evacuated,
sealed, tipped, and incubated at 37° for 30 minutes. Their contents (pH 7.0) were then assayed
for DPNpeq and prepared for deuterium analysis as indicated under MATERIALS AND METHODS.

Per cent Atom per cent Atoms D
Procedure yield of DPN,,; excess deuterium per molecule
from DPN,, measured of DPN,;*
D,O 1
D,O H,0 o 79 0.037 0.05
DPNyx - Y -> DPNieq
73 0.030 0.05
D,O ¢
H,0 H, T 72 0.245 0.43
DPNy -» Y - DPN;eg
62 0.345 0.65

* Basis of calculations: The atom per cent excess of deuterium in the nicotinamide was con-
verted to deuterium atoms per molecule of DPN;eq with the aid of an appropriate conversion
factor. In the determination of this factor the following assumptions were made: (a) The DPN
unaccounted for as DPN;q, which was not separated from the latter, was assumed to contribute
unlabeled nicotinamide. (b) Ferricyanide oxidation of deuterium-labeled DPN;eq formed with
dithionite in deuterium oxide was assumed to leave the nicotinamide ring with 54 % of the un-
exchangeable deuterium??,

DISCUSSION

The use of dithionite for the reduction of the pyridine nucleotides was introduced
by WaRBURG?24, Shortly thereafter the yellow intermediates which occur in the
dithionite reduction of DPN! and N!-methyl nicotinamide iodide® were investigated.
According to KARRER AND BENZ? the formation of such intermediates appears to be
a necessary stage in the dithionite reduction of pyridinium compounds.
Simultaneously and independently the intermediates which occur in the dithio-
nite reduction of DPN2-4 and Nl-methyl nicotinamide iodide® were interpreted as
representing free radicals because of such properties as reducing power (in both the
kinetic and thermodynamic sense), instability and color. At best, this evidence was
only suggestive. The observation of KARRER et al.?® that the ferricyanide oxidation of
Nl-methyl dihydronicotinamide proceeds with the intermediate appearance of a
strongly negative potential remains to be explained, but appears to bear no relation
to the intermediate produced in the dithionite reduction of N'-methyl nicotinamide.
Arguments of a more general nature have been advanced in support of the
existence of a DPN free radical and of the biological importance of free radical forms
of the coenzymes. Particularly influential has been MicHAELIS’ concept of obligatory
one-electron transfer? as well as analogies between enzyme-catalyzed reactions and
free radical chain reactions’»?"-%. Compulsory one-electron transfer no longer appears
to be an inviolable rule in the oxidation-reduction reactions of either organic or
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inorganic chemistry®. Further, although some enzymes may act so as to initiate free
radical chain reactions (¢.g., lipoxidases®), and although there is perhaps an additional
case of an enzyme stabilizing a free radical form of its prosthetic group®, to date
there is no convincing evidence that free radicals of the pyridine nucleotides partici-
pate in enzymic reactions®, despite contrary arguments offered by MACKINNON AND
WATERS®,

Recently, authors have accepted or noted without criticism the hypothesis that
the yellow intermediates formed upon the reduction of the pyridine nucleotides with
dithionite are half-reduced forms of the coenzymes®.34. While there was formerly
reason to believe it unlikely, the free radical hypothesis has now been rendered
untenable by several lines of evidence. Whereas Y can be prepared from DPN by
the action of certain closely related reductants possessing the sulfinate grouping, no
such compound appears on reducing DPN with borohydride’:3 or at a mercury
electrode* (although yellow compounds clearly unrelated to Y appear as byproducts
in both cases). For a free radical, Y in strongly alkaline solution is remarkably re-
sistant to further reduction by dithionite, by amalgams of sodium or zinc?, by X-irra-
diation or by hydrogenation!. The practically stoichiometric conversion of Y to
DPNH in the absence of reductant is additional evidence against the free radical
hypothesis. By microwave spectroscopy it has not been possible to detect the presence
of any free radicals during the dithionite reduction of N!-propyl nicotinamide iodide”.
Another recent investigation!* shows that solutions of Y lack the paramagnetic
susceptibility required if Y were a free radical.

The nearly stoichiometric release of sulfite from Y under mild treatment suggests
that Y is an addition compound containing one sulfur atom per molecule**. Although
it was clear in 1936 that the reaction which produces Y modifies, in some way, the
nicotinamide ring?, specification of the site of attachment of the sulfur-containing
residue of Y has had to await the recent demonstration that dithionite reduces DPN
at the 4-position of the nicotinamide ring?2:3 (40,41 compare also). The dithionite ion
may be expected to attack the 4-position of the nicotinamide ring and react there as
it is believed to react with aldehydes, namely, to form a sulfinate. The aldehydic
character of DPN is also shown by the existence of reactions of the nucleotide with
bisulfite’?, cyanide!®!2, carbonyl compounds, and hydroxylamine#2. In the case of
cyanide it is now established? that this addition is also at the 4-position, ¢.c., gamma
to the ring nitrogen.

Thehypothesis that Y represents sulfinyl DPNH is consistent with the proposallé,18
and recent proot*** that dithionite possesses the symmetrical dimeric stucture

* An alkaline solution of DPN (Coenzyme ‘“65’’, Sigma) has been reduced electrolytically at
a mercury cathode with an automatic control to maintain the impressed potential constant. The
instrument was made available to us through the kindness of Dr. ALsorH CorwIN. The impressed
potential was varied gradually from 0.10V to ~—1.75 V with respect to the standard calomel
electrode. At least 30 % of the DPN originally present was converted to enzymically active DPNH.
The product was contaminated with a yellow material stable at neutrality.

“*Y is not a member of the class of sulfite or dithionite addition compounds reported by
KARRER ¢t al.®® to arise secondarily upon dithionite reduction of certain N-alkyl pyridinium salts
(but not of N'-alkyl nicotinamide salts). The derivatives described by KARRER's group are pictured
as the result of sulfite (or dithionite) addition onto the already reduced pyridine ring. Neither
sql'ﬁ'te nor dithionite treatment of DPNH results in Y formation.

J. D. Dunrrz, personal communication, has determined the structure of anhydrous sodium
dithionite by X-ray analysis. The molecule consists of two SO, radicals held together by a rather
weak S-S bond.
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which the name should denote. The ability of a number of sulfinates to substitute
for dithionite in the reaction which forms Y, makes it clear that Y does not represent
an addition of the entire dithionite ion to DPN. The sulfinate hypothesis is strongly
supported by the identification of hydroxymethyl sulfinate as the product of the
reaction between Y and formaldehyde and by the demonstration that sulfinate
transfer can occur readily. The observation that Y decomposes largely to DPN and
sulfite on aerobic neutralization is in keeping with the ease of air oxidation of certain
sulfinates. Although sulfinate oxidation usually results in a stable sulfonic acid, in
the case of sulfinyl DPNH the sulfonate oxidation product would presumably be
identical with the DPN-bisulfite addition product which would be expected to dis-
sociate immediately into DPN and sulfite. The sulfur-containing group of Y may be
oxidized by substances other than oxygen. Y can reduce a dye such as methylene
blue, a metallic ion such as silver!:?, or sulfite (to dithionite)? ¢, reductions which are
equally well effected by certain sulfinates*’»%. With respect to lability to heat!,?
and stability towards cyanide and alkali Y again behaves like a typical sulfinate
derivative of a carbonyl compound?.

In support of the view that DPNH formation from Y can proceed by hydrolysis
of the sulfinate, an analogous reaction may be cited, namely the spontaneous hydro-
lysis of the sulfinate of pyruvic acid with the liberation of sulfite*. The experiments
with heavy water are also consistent with the proposed reaction mechanism. Thus the
bulk of the evidence appears to support the hypothesis that the reduction of DPN by
dithionite, or by certain organic sulfinates, proceeds via the sulfinate of DPNH.

The mechanism of DPN reduction illustrated here may bear some relation to
the enzymic reduction of DPN by p-glyceraldehyde 3-phosphate dehydrogenase®.
RACKER AND KRiMsky#® have suggested that this enzyme forms an addition com-
pound with DPN, the two being connected through a sulfur bridge. According to
these authors DPNH is formed by aldehydolysis of the DPN-S-enzyme compound in
much the same way as we picture hydrolysis to release DPNH from sulfinyl DPNH.

* MATERIALS AND METHODS
Reagents

Sodium dithionite was obtained from Eimer and Amend as sodium hydrosulfite, pure, low in iron.
It was assayed for purity by the method of SmiTa?® and found to be 70 to 81 %, pure, depending
on the period of storage of the opened bottle. Sodium hydroxymethyl sulfinate was “sodium
formaldehyde sulfoxylate”, practical grade, purchased from the Eastman Kodak Company.
Amino imino methane sulfinic acid was prepared by oxidation of thiocarbamide (Eastman Kodak,
practical grade) according to the method of BARNETT*?. Heavy water was purchased from the
Stuart Oxygen Company on allocation from the U.S. Atomic Energy Commission and was more
than 99.5% D,0. NMN was prepared by the action of snake venom pyrophosphatase* on DPN.
Purity was determined by reaction with cyanide!®. The DPN was Cozymase ‘90", Sigma, unless
otherwise indicated. As a routine DPN,y and DPN,¢q were assayed enzymically with ADH prepared
according to RACKER®, by measuring the change in optical density at 340 my on the addition
of ethanol at pH 10 or acetaldehyde at pH 8, respectively. An extinction coefficient for DPNreq
of 6.3-10% cm? mole~! 51.52 was used in calculating concentrations. In certain experiments DPN
was assayed by spectrophotometric measurement of the DPN-cyanide complex.

* Although BARNETT’s observation®® that amino imino methane sulfinic acid does not reduce
metal salts may be correct, the same is not true of the sulfinate. We find that in ammoniacal
solution the sulfinate reduces silver nitrate instantaneously, just as does Y. The failure to obtain
reducing spots with either Y or amino imino methane sulfinate (Fig. 5, positions A) must be
due to enhancement of the lability of these compounds under the treatment they receive.
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Preparation of the yellow compounds

For the determination of the absorption spectrum in Fig. 1, Y was formed in a relatively concen-
trated solution of final volume 1 ml, 0.05N in NaOH, and containing o.5 3 of DPN and 5 uM
of sodium dithionite. The latter was dissolved in the alkali immediately prior to the addition
of DPN. After allowing three minutes for the formation of Y to be completed, the solution was
made up to the volume appropriate for the spectral measurements using o.o5 N NaOH. A stream
of oxygen was passed through the yellow solution in the cuvette until the excess dithionite
(determined spectrophotometrically at 313 mu?*) was completely destroyed; one minute sufficed.
Essentially the same procedure for preparing Y was used in the remaining experiments.

Dithionite decomposed by oxygenation in alkaline solutions yields, as the major product,
sulfite53.84, Addition of excess BaCl, in solution, followed by centrifugation in the cold (25,000 g,
5 minutes) quantitatively removes sulfite without loss of Y. The excess barium may be removed
by precipitation with Na,SO, in a similar manner.

Y’ is formed by the action of hydroxymethyl sulfinate on DPN in alkaline solution. The
hydroxymethyl sulfinate is not readily autoxidized and no attempt was made to remove the
excess. Conveniently, 0.1 M sodium hydroxymethyl sulfinate in 0.05 N NaOH exhibits no light
absorption above 300 mu. For the determination of the far ultraviolet portion of the absorption
spectrum of Y’ (Fig. 1) 989, conversion of DPN to Y’ was obtained by adding o.1 ml of 5 maJ/
DPN to 0.5 ml of 100 mAM sodium hydroxymethyl sulfinate in o.05N NaOH, and diluting to
15 ml with 0.05 N NaOH after three minutes.

Sulfite detevmninations

Sulfite was determined by the micromethod of GRANT. The test is based on a reaction of sulfur
dioxide with fuchsin and formaldehyde to form a red chromogen. Calculation of sulfite concen-
trations in the unknowns was based on comparison with internal standards.

Deteymination of deuterium incovporated into DPN, .,

The procedures for chemical oxidation of DPNyeq, cleavage of the oxidized product, isolation
and combustion of the resulting nicotinamide, and mass spectrometric analysis were essentially
the same as those employed by PuLLMAN, SaN PIETRO, AND COLOWICK?®2,
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SUMMARY

1. Evidence is presented that the reduction of the pyridine nucleotides by sodium dithionite
occurs via a sulfinate, the added group being attached to the 4-position of the pyridine ring.
It is suggested that hydrolysis of the sulfinate yields reduced nucleotide and sulfite.

2. The intermediate is identified with a yellow stage which has often been regarded as a
half-reduced, free radical form of the coenzyme.

3. Two organic sulfinates have been shown to be capable of reducing DPN to enzymically
active DPNH via the same yellow intermediate.

4. A possible similarity between DPN reduction via a sulfinate and its reduction through
the action of p-glyceraldehyde 3-phosphate dehydrogenase is suggested.

* The enzyme was purified by the procedure of L. AsTRACHAN, T. P. WaANG aAND N. O. KAPLAN,
to be published.
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