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SIITROD=OMAL ELECTRON TRANSPORT WITH ~-MADH AS DNONOR



SYNOPSIS

a-NADH is neither active as an electron donor when
tested with several P-NADH-linked dehydrogenases, nor as a
competitive inhibitor of the B-isomer in these enzyme systems.
Recently, however, an a-NADH-oxidoreductase activity was
found in hepatic microsomes and the soluble fraction of rat
liver.

The enzymatic oxidation of o-NADH bv the hepatic
microsomal electron transport system has been investicated.
A comparative study of the factors responsible for the
mnicrosomal catalyzed oxidation of o= and Bg-NADH has impli-
cated that the enzymatic activity of a=-NADH is most likelv
a manifestation of isoenzyme reductases associated with the
nicrosomal electron transport svstem, rather than a mani-
festation of a broad electron acceptor specificity of the
7=NADH-1inked microsomal reductases.

Substrate specificitv studies revealed that the
most active electron acceptors for the Bg-NADH-linked reduct-
ases are completely inactive as substrates in the o-NADH
linked reductase gvstem.

Using cytochrome ¢ and DCPIP as final electron
acceptors it was observed that: The enzymatic oxidation of

-NADH is optimal at a more acidic pH than is R-NADH oxi-
dation; the apparent Xm values for a~NADH are somewhat hicher
than those for B-NADH; o-NADH oxidation is more readily in-

hibited by sulfhydrvyl group reagents and X-irradiation than



(ii)

is the corres-onding p-NADH oxidation; after acetone
extraction the enzvmatic oxidation of a- and B-NADH respond
differentlv to the addition of phospholipid micelless; TTFA
readilyv inhibits a-NADH oxidation whereas R-NADH oxidation
is relatively resistant; trypsin digestion results in a
dramatic increase in the Km for oa-NADH with little effect
on the rate of a-NADH oxidation. In contrast, the effect on
the rate of R-NADH oxidation is inactivated by trvpsin with
the Km for g-NADH remaining unaltered.

DOC solubilization of microsomes followed by DEAE-
cellulose chromatography results in the resolution of the
yv— and B-NADH-DCPIP reductases.

Evidence inconsistant with the existence of micro-
somal isoenzyme reductases hasbeen described and discussed.
It was observed that: o-NADH may serve as a competitive in-
hibitor of the g-isomer with the R-NADH-DCPIP and cvtochrome c
reductases; B—NAD+ mav protect both the a- and B-NADH-DCPIP
and cvtochrome ¢ reductase activities against pCMB inhibition;
the lysosomal solubilization of microsomes followed by DEAE-
cellulose chromatography and iscelectric focusing revealed that
a- and R-NADH-DCPIP feductases and P—NADH—Fe(CN)g3 reductase
possess identical isocelectric points.

__ynothetical model svystems illustrating the possible
heterogeneity of the microsomal electron transport syvstem has

also been presented.
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ABBREVIATTONS

The following abbreviations have been used in

Nicotinamide adenine dinucleotide

a—anomer of nicotinamide adenine dinucleotide
B—anomer of nicotinamide adenine dinucleotide
Reduced nicotinamide adenine dinucleotide

a-anomer of the reduced nicotinamide adenine
nucleotide

B—anomer of the reduced nicotinamide adenine
nucleotide

Reduced nicotinamide adenine dinucleotide phosphate
a—anomer of the reduced nicotinamide adenine
dinucleotide phosphate

B—anomer of the reduced nicotinamide adenine
dinucleotide phosphate

Nicotinamide adenine dinucleotide and nicotinamide
adenine dinucleotide phosphate

nicotinamide adenine dinucleotide and

a—anomer of

a—anomer of nicotinamide adenine dinucleotide phosphate

R—anomer of nicotiramide adenine dinucleotide and

B—anomer of nicotii.amide adenine dinucleotide

phosphate
Reduced nicotinamide adenine dinucleotide and

reduced nicotinamide adenine dinucleotide phosphate



a-NAD(P)H

NMR
ATP
DCPIP
EDTA
pCMB
NEM
DEAE
TTFA
Fp
FAD
TYR
DOC

oD

()

a—anomer of the reduced nicotinamide adenine
dinucleotide and a-anomer of the reduced nico-
tinamide adenine dinucleotide phosphate
Nuclear magnetic resonance

Adenosine triphosphate
2,6-dichlorophenolindophenol
(ethvlenedinitrilo) tetraacetate, disodium salt
p—-chloromercuribenzoate

N-ethylmaleimide

Diethylamine ethyl cellulose
Thenoyltrifluoroacetone

Flavoprotein

Flavin adenine dinucleotide

Tyrosine

Deoxycholate, disodium salt

Optical density
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TNTRODUCTION

The treatment of nicotinamide adenine dinucleotide bv

NAD(P)+glycohvdrolase (EC 3.2.2.6) from Neurospora crassa
D

resu.ts in the cleavage of the riboside bond2 and the complete
destruction of the NAD -linked yveast alcohol dehydrogenase
3ctivityl. However, there still remains material capable of
“ormning the typical cvanide addition complex characteristic

of pvridinium derivatives3. KAPLAN et i&l were able to
isolate this material from a number of hichly purified
commercial NAD+ preparations, and illustrated that it was the
cxidized form of nicotinamide adenine dinucleotide containine
in a-riboside linkage.

The scientific inquirv which followed the identifi-
cation of a-NAD+ has yet to be reviewed in the literature. In
the following the chemical and biochemical properties, the
biosynthesis, and the enzymatic activitv of 0-NAD' and o-NADH

aAre reviewed.

CEEMICAL AND BIOCHELMICAL PROPERTIES
+ +
1. Structure »f +=NAD and g-NAD -

Figure 1 shows the currentlv accepted structure of

o—- and B—NAD+,1 the evidence for which has been obtained from

. b
a number of divergsent Sources6’ > and subsequently proven bv

Svnthesis7’u6.






700 mu; vhereas the corresponding B-anomers possess nerative
rotation. More recently MILES et i£6 have used the character-
istic optical rotatory and circular dichroism measurements

of the o and B-isomers to indicate that o and B-NADH undergo
an :,8, epimerization (an inversion of the configuration at
C-1'), when the anomers undergo and addition reaction (i.e.
hvdration, across the 5,6-double bond of the dihydropyridine
moiety), and are in the presence of acids or polyvbasic anions.
Moreover, these workers have reported that the acid-catalyzed

epimerization appears to favor closure in the o configuration.

3. Acid Hvdrolvsis -

Complementary to these epimerization studies of
MILES and coworkers, SUZUKI et iig have investigated the
relative susceptibility of the o and 8-NAD' isomers to acid
hydrolysis. Accordingly, it has been found that after 60 min
in 4N HC1l at 100 C only 53% of the nicotinamide-ribosidic
bond of a—NAD+ is cleaved, while nearliv 100% of the bond of

B=NAD has been hvdrolyzed.

4. Spectronhotometric constants -

KAPLAN et iil and SUZUKI et iig have shown that the
a-isomer of nicotinamide adenine dinucleotide possesses
characteristic absorption maxima and extinction coefficients
Zor both its reduced and cvanide addition product. In all

cases studied, it has been found that in contrast to the



g-isomer, the spectrophotometric constants for the oxidized,
reduced, and cvanide addition product of the a—-anomer has the

tendency to shift to longer wavelengths.

5. Fluorescence Excitation Spectra -

o)
Both WEBERl and SHIFRIN and KAPLAN17’29

have
pointed out that the fluorescence spectra of B-NADH shows a
462 mu band not onlyv when the dihvdronicotinamide part of the
molecule is excited by 340 mu irradiation, but also when the
molecule is activated at 260 mu, a region where the absorption
is primarilv due to the adenine moietv. SHIFRIN and KAPLAN
have also shown that o-NADH exhibits the same fluorescence as
the B-isomer when excited at 340 muj; but onlv slicht fluor-
excence when excited at 260 mu. This results indicated that
the excitation of fluorescence with 260 mu licht was dependent
not onlv on the presence of adenine in the molecule, but also

on the proper spatial relationship between the adenine and the

dihydropyvridine ring.

6. Conformation -

Several pertinent suggestions have been made regarding
the conformation of pvridine dinucleotides in aqueous solution.
Evidence for the intramolecular transfer of electronic energy

between the adenine and pvridine rings of NADH has been pro-

. 16, 18-20
vided from a number of sources . The fluorescence

17, 29

transfer studies of SHIFRIN and KAPLAN led them to propose



a hydrogen-bonded structure in which the pyridine and adenine
. 5
rings lie co-planar for effective energy transfer . On the

272 .
21, to infer a

other hand, fluorescence data led VELICK
folded conformation for NADH in which the pyridine and adenine
rings are stacked in parallel planes, the nicotinamide ring

lying above the plane of the adenine ring. Furthermore, both

22 23
VELICK =~ and KAPLAN

have constructed molecular models which
show that the pf-isomer allows Juxtaposition of the adenine

and dihy ropyvridine rings more readily than does a-NADH, (i.e.
Figure 2).

(a) B-NADH - Again using molecular models, SARMA et Eiu have
demonstrated that the molecule of the f-isomer 1s flexible
enough to have two folded conformations, one in which the
pyridine ring lies above the plane of the adenine ring, termed
rigcht-handed folding (P-helix); and the other in which the
pvridine ring lies below the plane of the adenine ring, termed
left-handed folding (or M—Helix)zu. Furthermore, in investi-
cating the conformation of pyridine dinucleotides in agueous
solutions, M ¢ T°, JARDETZKYL®, and CATTERALL?®, employine
NMR, SUZUKI et iig, using fluorescence spectral data,
CZERLINSKIQB, working with temperature jump experiments, and
YILES and URRYZO employing circular dichorism, all conclude
that g-NADH probably exists as a mixture of two folded conform-
ational forms.

(b) 4-NADH - Fluorescence data and molecular models reveal that

the juxtaposition of the adenine and dihydropyridine moieties
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of +-NADH (i.e., Fig. 2) allows less intramolecular interaction
between these chromophors than does the correspondine R-anomer
17321’22328’29. Furthermore, MILES and URRYQO,investigating the
circular dichrosim spectra of o-NADH,and SARMA et iius investi-
cating NMR chemical shift data, have also reached this conclus-
ion. Moreover, the reports of ARMA and MILESZO, together with
that of JARDETZKY et iil? have concluded that o=-NADH, like g-
MNMADH, exists in a folded conformation. On the other hand,
however, unlike Bg-NADH which exists primarilv as P and M helices,
MILESQO and JARDETZKY19 concluded that o-NADH may exist in
several possible conformations. Indeed, the unique geometrical
relationship which exists between the two chromophors of o-NADH

is revealed 1in molecular models which 1llustrate that this

. . . 20
molecule mav possess several conformational configurations .

+
BIOSYNTHESIS OF a-NAD

KAPLAN et iil originally found a-NAD+ to comprise
10-15 percent of purified commercial NAD+ preparations (i.e.
PABST NAD+), which v re prepared from either liver or veast.
Subsequently, the a-isomer has been found to exist in other
tissues and organisms.

Two hypotheses have been formulated to account for
the origin of the two isomers. Either the two molecules could
originate from a partially asymmetric synthesis, or on the

other hand, only one isomer could be synthesized and this






both an- and B-anomers are present in the original a-nicotinic
acid mononucleotide sample. However, as of vet no quantitative
data has been obtained.

.. + . .
In addition to the oa-NADP occurring in Azotobacter

vinelandii, NAKANISHI et ali2 have reported the presence of

this oa-nucleotide in the isthmus of hen oviduct. Although
further investigation is needed to elucidate the function of
x—NADP+ in the oviduct, 1t has been interestingly pointed out
that in nicroorganisms the relative amount of a—NADP+ and
B-NADP+ occur in a molar ratio of 5:1 while in the oviduct
they occur in nearly equal concentrationslz.

In contrast to the data reported bv SUZUKI and NAKANISHT
ndicating the possible asymmetrical synthesis of the a-nucleotide
PICCI et §£l3 have proposed that the only product of NADY

csynthesis in vivo and in vitro is the g-isomer. Using the

classical conditions of PREISS and HANDLERlu, RICCI svnthesized
NAD® from nicotinic acid with human erythrocyvtes and reported
+that after 24 hrs of incubation NAD® increases 7-fold; with the
6-NAD" level decreasing from 11% of the total before incubation
to only 2% o the total NAD+ after incubationlg, strongly
suggesting therefore, that only B—NAD+ is synthesized from the
nicotinic acid.

Likewise, it was noticed that the percentage of the
a-isomer decreases during the initial period of enhanced NAD+

. . . . .. 13
syntheslis within the rat liver. Similarly, RICCI et al



+
have proposed that only 2-NAD _s svnthesized in vivo.

However, these workers have also reported that the concen-
+tration of the a-isomer shows variationswhich are not within
experimental error. For example, an increase in wNAD+, with
a concomitant d=crease in the B—NAD+ concentration, was noted
after the total level of NAD+ synthesis was reached. It may
be probable therefore that a conversion of the g-isomer to

the n-isomer takes placej; indeed, in ricroorganisms the

enzvme, mutarotase, 1is presumably responsible for such an

activity 9.

ENZYMATIC ACTIVITY OF THE o-ISOMER

1 that the nicotin-

It was Tirst reported by KAPLAN
. . + . .
amide riboside bond of o YNAD 1s resistant to cleavage by

NNeurospora NAD(P) ~lycohydrolase (EC 3.2.2.6.), an enzyme which

. . . 8,9
cleaves the g-isomer. Likewilise, SUZUKI et al > demonstrated

+ . . .. .
that o-NADP , isolated from Azotobater vinelandii or svnthesized

in vitro is also not attacked by the Neurospora NAD(P) slyco-

hvdrolase enzvme. Furthermore, a-NADYis neither active as a

cofactor with manv B-NAD-1inked dehydrogenases includine veast

or liver alcohol dehydrogenase, muscle lactate dehydrosenase,

muscle triosephosphate dehydrogenasel, nor as a compoetitive

inhibitor of the gisomer in these enzyme Svstem832. Likewise,

a—NADP+ is not active with veast glucose-6-phosphate dehydro-
9

genase . 1t has also been found that in contrast to 6—NAD+,

+
a-NAD is unable to serve as gsrowth factor for Hemophilus




.

Darainfluenzae .

The reduction of cvtochrome ¢ in the presence of
o«-NADH bv hamster liver mitochondria was briefly described in

3 . .
a review paper by CLARK et al l, but experimental details

have not as vet been published. Likewise, SUZUKI et 3&9 has
reported that fx—NADP+ when incubated with the supernatant
fraction from the isthmus of hen oviducts results in a slow
increase in the absorption at 345 mu; however, the factors
responsible for this reaction were not investigated,

Recentlv OKAMATO et 3332 have reported on the
enzymatic oxidation of a=-NADH by liver mitochondria which is
resistant to inhibition bv antimvein A, rotenone, and amvtal
These workers have also detected the enzymatic reduction of
DCFIP via x=NADH and a purified "diaphorase" from pig heart;
while in rat liver microsomes, o-NADH has been reported to
reduce cytochrome c. Moreover, OKAMATO has found that addit-
ion of »-1ADH to a sample of rat liver microsomes gives
essentiallv the same spectral change of cvtochrome b5 to
reduced form, than if B-NADH were used; however, the signifi-
cance and factors responsible for this reaction were not
investicated.

To date therefore, the biological sienificance of
+=NAD® and o-NADH is so “ar completely nknown. Since the

. 3 .
discoverv by STRITTMATTER and BALL:%f a microsomal electron

transport chain, considerable work has been carried out to



elucidate the nature of the electron flow through the system.
However, 3o yet no work has been published that characterizes
+he role which ~-IIADH may play in this electron transport
chain.

The following report investigates the factors
responsible for the microsomal enzymatic oxidation of a-NADH
in order to: (a) compare these factors to those responsible
for the g=NADH microsomal enzvyvmatic activitvs; (b) to elucidate
the path of electron flow from a-NADH through the microsomal
electron transport svstems; (c) and to determine whether the
reductase abilityv of a-NADH i1s associated with any function
of some hitherto unknown enzyme(s); or is a mere manifestation

>f broad specificity of the R-NADH microsomal reductase svstem.



MATERIALS AT METHODS

Chemicals and Biochemicals -

Thenolvtrifluoracetone, indifo carmir
benzoauinone, and tetramethvl-para-benzoauinone
from Aldrich Chemical Co.

2-methyl-1,4-napthoquinone, 1l,4-naptt
1,4-napthoquinone-2-sulfonic acid were supplied
Orcsanic Chemicals.

Para-benzoquinone was from the J.T. 1}

Sodium deoxvcholate was obtained from
Coleman and Bell Co.

LKB Instruments, Inc. suopplied the ar
am~holytes.

Cytochrome by was prepared and purif:
liver microsomes by an identical procedure oric
b OMURA and TAKESUE “or the purification of m:
rit liverSD.

All other biochemicals, including a-I
Trom Sigma Chemical Co. The o-NADH obtained we
purified (Sigma Tvpe IITI) muscle lactate dehvd:
(EC 1.1.1.27) as assaved accordine to the methc
Under the assav conditions no enzvmatic oxidat:
Preparation was observed to exceed the lower 1:
detection (0.274%4 nmoles/min/me protein). Tt we

therefore that the ~-NADH preparation was esser

, 2,6=-dimethvl-
were obtained
aquinone, and

bv Fastman

ker Chemical Co.

the Matheson

holine carrier

d from pie
nallyv described
roscmal bg from
DH, were obtained
tested with
genase

L2

of VORMBERG .

n of the o-=-NADH
it of enzvmatic

concluded
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r“crosomal value. On the other hand, all the electron accept-
ors tested (with the exception of DCPIP) are incapable of
oxidizing a-NADH in the B8-NADH-DCPIP fraction (Column ITD;
“furthermore, the active electron acceptors in this fraction are
identical to those in the a-NADH-DCPIP fraction (with the
exception of cytochrome c.) Therefore, it appears that these
tgo fractions are nearly identical in respect to their electron
a1cceptors; but differ only in their electron donor specificitv.
The Fe(CN)g3 peak (i.e. ColumnI' , while having no apparent a-
nr B-NADH-DCPIP reductase activity, also ex ibits negligible
+=1TADH oxidation. In addition, its hichest reductase activity
is with those electron acceptors which are incapable of beins
reduced by o-NADH — namely Fe(CN);3 and p-benzoqguinone.
Lu_kewise, this same situation i1s seen to exist for the isolated

cvtochrome b5 reductase.

Reconstitution o the microsomal NADH-cytochrome ¢ reductase

To obtain direct evidence on the involvement of

cytochrome b5 in the a- and g-NADH mediated redt tion of

cvtochrome ¢ and DCPIP, the microsomal NADH-cvtochrome ¢ re-
ductase system was reconstituted. Microsomal NADH-b5 reductase
was prepared by lysosomal direstion of fresh rat liver micro-
somes as described in Methods. The flavoprotein was puri‘“ied
400-fold which result_31 in a 273 mu to 460 mu O0.D. ratio of
5.9, a value somewhat lower than that reported bv previous

7 . .
workers5 . Cytochrome b_ was prepared from hog liver micro-

5

somes in a procedure identical to that described by OMURA
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DISCUSSION

While the existence of the o-anomer of nicotinamide
adenine dinucleotide in 1living cells has been recognized, its
biological significance still remains obscure. Although the
reduced form of the isomer cannot be substituted for R-NADH
in many of the g-NADH-linked enzvmes, the evidence presented in
this report indicates the existence of certain enzyme systems
which catalyze the oxidation of a-NADH.

a-NADH was enzymatically oxidized in the presence of
various subcellular fractions of hog adrenal and rat liver,
kidney, and heart tissues using either DCPIP or cvtochrome c
as final electron acceptor (Tables II and III). Since o-NADH
cytochrome c¢ reductase was found to be 1lc¢ alized in the hevatic
microsomal fraction (Table IV), together with a relativelv
high a-NADH-DCPIP reductase activity, it was possible to
investigate these two o-NADH-linked reductase activities within
a system in which the biochemical properties of the R-NADH
linked microsomal reductases are relatively well established.

Hepatic microsomes are known to contain two electron
transport systems (i.e., Scheme A). One consists of the
flavoprotein NADPH-cvtochrome ¢ reductase and cvtochrome P—HSOSI,
and catalyzes the hydroxvlation of a number of lipid soluble
substances including steroids, drugs, and various dve882. The

other electron transport system consists of the flavoprotein



Fe(CN) T3
&
//ﬂ r €Xogenous cvtochrome c
NADH e=—% Fp —» cvtochrome b5-+4 stearyl coenzvme A
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NADPH —» Fp ——3% p-450 ———3 hydroxylation drugs

\\\\\* dves

exogenous cytochrome c

Scheme A. Schematic representation of the microsomal electron

transport system






another microsomal component, possiblv cytochrome b

Although the biochemical data is not

~ F

the microsomal components involved in the e
reduction of cytochrome c, Pe(CN)gg,and to a 1
DCPIP, by g-NADH are fairly well established.

electron acceptors have therc re been used in

studv in investicsatine the factors responsible

enzvmatic oxi ation of a-NADH.

I. Enzymatic Oxidation of «-NADH

The microsomal c¢ 3alyzed oxidationaof

nay be either explained: (a) bv being represer
broad specificitv of the R-NADH-linked microsc
or (b) a manifestation of the presence of some

isoenzyme(s) associated with the r crosomal el

svstem.

71

36,52

5

complete, most
zymatic

3ser degree
These same

the present

“or the

the o-NADH
ative of a verv
al reductases;

hitherto unknown

ectron transoport

While the present report doesn't completelv eliminate

the former possibility,
the latter.

Hypothesis A. a-NADH as a donor for micr

it presents strong evidence to support

somal R-MADH-

linked reductases

59,111

STRITTMATTER has demonstrated
reaction in the enzvmatic oxidation of NADH b
cvtochrome b5 reductase involves the particip
of the three reactive SH groups and the inter
nucleotide with at least two protein sites (i

Scheme B).

that the initial
microsomal

tion of onlv one

~tion of the

reaction 1 of
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unlike +=NADH, is incarable of formins a stable nucleotide-
enzyme complex or, on the other hand, it mav mean that it
does and ~-NADH unsuccessfully competes for the nucleotide
bindins site, therfore resulting in little apparent enzvmatic
activity.

Although these phenomena require further investigation
one point seems to be sicsnificant however — namelyv, the p-NADH-
cvtochrome ¢ reductase activity appears "latent". TFor example,
it was observed that in the presence of g-NADHFH and p-CMP, the
p-NADH-cvtochrome ¢ reductase activity is stimulated 47%. This
phenomena 1is Jess apparent with either the o-NADH cytochrome c
or ao- and R-NADH DCPIP activities. A 50% stimulation can also be
achieved with NADPH and p-CMB in the microsomal NADPF-cvtochrome
c reductase system93. Although it is possible to explain these
results on strictly a conformational and steric basis, it mawv
well be that cvtochrome ¢ reduction via g-NADH or NADPH is depend-
ent on a component not shared by the other reductases studied.
This hvpothesis is reinforced L, the biphasic dose response curve
for f-NADH-cytochrome ¢ reductase in which its enzymatic activity
is also stimulated 47% by low doses of ionizing radiation (Fic. 6).
Moreover, since B—NAD+ does not protect in the pure NADH—bS re-—
ductase system, purified accordineg to the method of STPITTMATTER58,
the B—NAD+ protection observed with microsomal suspensions mav
well indicate that another species of INADE-cvtochrome bg reductase
is being protected and/or activated, thereby resulting in an

apparent fully protected svstem.



5. Lipid Dependenc-s

It is well known that a number of microsomal enzvmes
require the presence of lipid for the expression of their
activity105_108. Indeed, the NADH-cytochrome ¢ reductase
svstem has been isolated in a protein-lipid complex which
contained the reductase, cvtochrome b5, non-heme iron, and
phospholipid569—70. Accordinglv the NADH-cvtochrome c¢
reductase activity seems to be partially 1lipid dependentlog_llo.

Recently JONES and WAKTLY®

have presented evidence
which indicates that phospholipids mav be required for the
transfer of electrons in the region beyond the flavoprotein of
the microsomal NADH-cytochrome c reductase system. It was
demonstrated that the microsomal NADH-cytochrome ¢ reductase,
but not the NADH—Fe(CN)g3 reductase activitv is 1nactivated
by 10% agueous acetone extraction and that the former activity
can be reactivated by the addition of lecithin-lvsolecithin
phospholipid micelles. It was not reported however what effect,
if any, the addition of the phospholipid micelles had on the
NADH-Fe(CN);3 reductase activitv of the acetone-extracted
microsomes.

_n accordance with the results of JONES and WAKILHS
the oxidation of B-NADH by cvtochrome ¢ was found to be 70%
inactivated bv the 10% aqueous acetone extraction, while that
observed with Pe(CN)g3 as the final electron acceptor was

found to be inactivated only 4% (Fiecs. 10 and 11). In addition,

however, it was found that after acetone extraction and the



addition o 1mg/ml of the lecithin-lvsolecithin phosoho-
1ipid micelles, both the B-NADH-cytochrome c and Pe(CN)gg
reductase activities are completely restored and indeed
enhanced 60% over their original pre-extracted levels, there-
bv indicative that these two p-NADH-linked reductases share

a2 common response to the phospholipids.

The x»-NADH-linked reductase system, on the other

hand, responds differentlv to the lecithin-lvsolecithin micelles.

“Thile the addition of 0.5 mg/ml of micelles to the acetone-
extracted microsomes restores completely both the a-NADH-cvto-
chrome ¢ and DCPIP reductase activities, additional micelles

cause little enhancement.

Although the phospholipid micelles are able to restore

completelyv the a=-NADH-DCPIP reductase activitv to its original
pre-extracted level, only 75% of the original g-NADH-DCPIP
activity mav be recovered by the addition of the nicelles
(Fic. 11), a result,however,that is in agreement with that
previously reportedu8. The reason why the B-NADH-DCPIP re-
ductase activity 1s inactivated by acetone extraction and the
reason whv 1lipid micelles are able to restore the B-NADH-
cytochrome ¢ and Fe(CN)g3 reductase activities beyond their
orisinal level are not understood at the moment. The loss of
the B-NADH-DCPIP reductase activity mav, however, be due to
the loss of other, as vyvet unknown, factors which are required

this activity.

for



3. TTFA Inhibition

The heterogeneity between the o- and p-NADH-1linked
microsomal reductases was further observed in their response
to thenoyltrifluroacetone. It was clearlv shown (Fig. 12)
that the »-NADH-DCPIP and cvtochrome ¢ reductases are ex-
tremely sensitive to TTFA inhibition, whereas RB-NADH-DCPIP,
cvtochrome c and Fe(CN)g3 are relatively resistant. In that
the enzymatic reduction of the latter two electron acceptors
are unaffected bv TTFA is in accord with that reported bv
STAUDINGER et 3365 who also found that the microsomal NADH-
semnidehydroascorbate reductase activity is sensitive to
inhibition by TTFA. Since TAPPEL67 and WHITTAKER et 2368
have suggested that the sensitive component of TTFA inhibition
to be non-heme iron, it mav be therefore that this component
may be involved in the mi rosomal electron transport system
utilizine a=NADH as the electron donor even though it mav not
be involved in B8-NADH electron transport.
7. Effects of Trypsin

It is well substantiated that the treatment of micro-
somes with trypsin solubilizes cytochrome by and NADPH-cytochrome
¢ reductase, leaving the major portion of NADH-cvtochrome bg
reductase and cytochrome p-450 in the membrane bound stat693’96.

Moreover, the release of cytochrome b_ closely parallels the

5

. ; } } 9y
inactivation of microsomal NADH-cvtochrome ¢ reductase 5

however, whether the former is a cuase of or an effect of the

inactivation has yet to be determined.



The cata presented in this revnort illustrates that
the microsomal ~- and g-NADH-linked reductases exhibit a
differential sensitivity towards trvpsin digestion: the
3-NADH-cvtochrome ¢ and DCPIP reductases beine more hichly

trypsin-sensitive than the corresponding o-NADH reductases

(

ic. 8 and 9). Indeed, at low trypsin concentrations the

!

a-NADH-cvtochrome ¢ and DCPIP reductase activities are stimu-
lated 40% and 27% respectivelv.

On the other hand, as has been found in the mito-
chondrial electron transport systemGu, trvpsin fails to cause
significant effect on the B-NADH—Fe(CN)g3 reductase activity.
The non-involvement of cytochrome bg in the B—NADH—Pe(CN)g3
activity could explain this trypsin resistance.

The stimulation of the a-NADH-DCPIP or cytochrome c
reductase activity by trypsin points to the interesting
possibility that the reactivity may represent an emerging
activity arising upon modification of the enzyme by trvpsin
similar to the modification of the mitochondrial NADH dehy-
drogenase with a subsequent emergence of an NADH-cvtochrome c
reductase activitlel. Alternatively, the increased activitv
may be the reflection of an increased accessibilitv of the
microsomal membrane to -NADH and/or cytochrome ¢ and DCPIP.
Relevant to this possibility is the response of glucose-6-
phosphatase and nucleoside diphosphatase activities to trvpsin
treatment which was similar to those occurring upon treatment of
102,103.

liver microsomes with detergents

The molecular basis for trvpsin inactivation is vyet



obscure. The experiments of SOTTOCASA et alloLL suggest that
the release of cytochrome b5 mav not necessarily be the rate-

limitine reaction in the inactivation of microsomal NADH-

cytochrome ¢ reductase; consequently, trypsin inactivation

may not simply be caused by the release of cytochrome b5.
The release may rather be a consequence of a modification of
cvtochrome b5 bv trypsin, as found by ITO et 3395, and
resulting in an inactivation of the cytochrome towards the

NADH-cytochrome b5 reductase flavoprotein. On the other hand,

trypsin digestion mav also modify the flavoprotein, as is
indicated in Fig. 19 and Table VIT. It appears that although
their enzymatic rates are little affected (Figs. 8 and 9) the
Michaelis constants for both the o-NADH-DCPIP and cvtochrome c
reductases and B—NADH—Fe(CN)g3 reductase all greatly increase
upon exposure to trypsin. In contrast the Km's for g-NADH-
cyvtochrome ¢ and DCPIP (Fig. 18) remain unaltered while their
activities are inhibited by trvpsin digestion.

These observations are consistent with and add further
support to the hypothesis (p. 538) that the Rg-NADH reduction of
DCPIP and cytochrome ¢ involves the participation of both
cvtochrome b5 and cytochrome b5 reductase, while the reduction
of Fe(CN)E3 and a-NADH reduction of DCPIP (and to a lesser
decree, cyvtochrome c¢) are dependent upon the flavoprotein (i.e.
Figs. 1 and 17). Interestingly, while this assumption appears
to be less true for the o-NADH-cytochrome ¢ reductase activitwv,

it is also noticed that a Km increase of 3.5-fold for this activi
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sisnificantlv less than that of either the x»=NADH-DCPIP

-3
or G—NADH—Fe(CN)6 reductase activities.

8. Solubilization and Purification of the Microsomal a- and

E-NADH-11nked Reductase

112
GREEN and PERDUE have suggested that detergents

solubilize intracellular membranes into heterogeneous units f
small lipoprotein subunitss; on the other hand, other evidence
suggests the complete separation of membranes into lipids and
proteins73’7u. The DOC solubilization of microsomal membranes
followed bv DEAE-cellulose chromatography (Fig. 15), results
in the elution of several enzymaticallv active peaks, possibly
representing hetzsrogeneous lipoprotein complexes. However,
both the a- and B-NADH-DCPIP reductase, although overlabpping,
can be resolved from each other. This difference in electro-
phoretic mobility, together with the electron donor and
acceptor specificity studies (Table VI) on the isolated
reductases would further support the hvpothesis of isoenzyme

reductases associated with the microsomal electron transport

system which can catalvze the oxidation of o-NADH.

IT. Hvpothetical Model Systems of Microsomal Electron Transport

A. The purification of "NADH-cvtochrome bg reductase'" -
It is generally assumed that in the NADH speci©ic micro-
somal electron transport chain the natural flow of electrons

proceeds from NADH through the flavoprotein, NADH-cvtochrome b

55

5

2
reductase, to cytochrome b Turthermore, OKAMOTO gi»g;‘Q

5



have observed that addition of a-NADH to a st pension of rat
liver microsomes gives essentially the same ¢ ectral chance

of cytochrome b5 to reduced form, indicatine therefore the

presence of a cytochrome b5—reducin9 system in rat liver micro-
somes that mav transfer electrons from a-NADF to cvtochrome b5.
However, the immediate nediator of reducing juivalents from

n—=NADH to cvtochrome bS may not necessarilwv > the flavoprotein,
NADH-cytochrome bg reductase, originally des -~ibed bv STRITTMATTER5
This possibility arises from the following observations:

Although the properties of NADH-cytochrome b_ reductase, purified

5
according to the lysosomal digestion method of TAKESUE and
OMURABQ, were reported to be nearly identical to those of NADH-

cyvtochrome b_ reductase, purified accordine to the "snake venom-

57 .
, 1t was

5
solubilization" procedure of STRITTMATTER and VELICK

observed that the latter possesses (a) a molecular weight of

38,400 57, (b) is specific for NADHSS, and (c¢) exhibits a

273 mu/460 mu absorotion ratio of 6.9 - 7.3 57’59. In contrast
the NADH-cytochrome b5 reductase solubilized bv lysosomal

. 52 .
digestion displayed (a) a molecular weight of 27,000, (b) an

inherent NADPH-linked activitv which catalvzed a slow reduction

Hh

of cytochrome b., and (c) an absorption ratio at 273 mu to that

of 460 mu of 5.9.

36,52

TAKESUE and OMURA concluded that the NADH—Pe(CN)g3

reductase activity of their purified NADH-cytochrome b_. reductase,

S
solubilized from microsomal membranes by lysosomal disestion, re-

-3
presents the total NADH—Fe(CN)6 reductase activity of intact



liver microsomes. ‘{et, although the flavoprotein has an
inherent o-1MADH-1linked reductase activity (Table VI) which
was found to be inseparable from the correspondine B-NADH-
linked reductase activity on isocelectric focusing (Fig. 1h4),
it was nevertheless found that a-NADH is enzvmaticallw
inactive in reducing Fe(CN);3 with either the lysosomal
purified NADH~cvtochrome b5 reductase (Table VI) or in the
intact microsomal membrane (Table I).

In agreement with the suggestion made by TAKESUE
and OMURA52 that about half of the NADH-DCPIP reductase
activity may be dependent on the interaction between NADH-

cvtochrome b5 reductase with cytochrome b Fig. 16 shows that

5
indeed cytochrome be will mediate the transfer of electrons

from the reduced flavoprotein to DCPIP, the flavoprotein and
cvtochrome b5 contributing 55% and 45% respectively to the total
R-=NADH-DCPIP reductase activitv. On the other hand, o-NADH-
DCPIF activity seems to be a different enzyme system since it
was found that the addition of cytochrome b5 has no effect on
the x-NADH-DCPIP activity. This mav well indicate, together
with the differences noted between the NADH-cytochrome b5
reductase purified by snake venom-solubilization and the
HHADH-cvtochrome by reductase purified by lysosomal solubiliz-

ation, that there exists two forms of cvtochrome b5 reductase

within the microsomal membrane.












equivalents to separate electron transport chains as has been

diagrammatically illustrated in Model System III, shown in

Scheme E.

ITT. Occurrence and Biological Significance of the Enzymatic

Oxidation of o-NADH

Yhile the enzymatic oxidation of a-NADH has been
characterized for hepatic microsomes, several other enzyme
svstems of mammalian orizin catalyze the transfer of electrons
from o-NADH to appropriate electron acceptors. Indeed, the
enzymatic oxidation of a-NADH by DCPIP and cytochrome c
appeared highest in pisfs adrenal glands and in lesser degrees
in rat liver, heart, and kidney tissue (Tables II and III).

IMAT et al , 1in accordance with the data reported
by STRITTMATTER76, have found that the typical heart microsomal
fracticon contains hich concentrations of flavins but onlv very
low concentrations of hemoproteins. Likewise, it seems char-
acteristic of heart microsomes to exhibit onlyv nominal
»—NADH reductase activity (Tables III and IV). OKAMOTO et §£32
have purified from the heart tissue cytosol a dehydrogenase
activity which was found to accept either o- or g-NADH or
NADPH and because of its inhibition by 10-9 M dicumerol, is
likely to be "DT diaphorase'. Whilst OKAMOT032 observed that
the mitochondrial NADH-dehydrogenase was found to be specific

for g-NADH, the presence of a rat liver mitochondrial o-NADH

oxidase system which is inhibited by cvanide or azide but



insensitive to inhibition by amt +al, rotenone, and antimvcin
A was reported. This electron transfer system, however,
appears to be independent of the well known system coupled
to phosphoryvlation since the latter system is sensitive to
the above inhibitors.

In contrast to the low o-NADH-linked reductase
activity of heart microsomes, adrenal cyvtosol exhibited the
unique feature of not only possessing the most active oa-NADH
DCPIP reductase activity of the tissues and subcellular
fractions studied, but unexpectedly contained the highest
a=-NADH-cytochrome ¢ reductase activity and exemplified the
only instance of the ao-NADH mediated reduction of Fe(CN)g3.
In that the cytosol of other tissues studilied exemplified
only slight a-NADH-cvtochrome c¢ reductase activity, and in
view of the fact that 95% of the "DT diaphorase" of the
cell is found in the cytosolSO with cytochrome c¢ beilng in-
active as an electron acceptor78’79, it was surprising to
Find the localization of the o-NADH-cvtochrome ¢ reductase
in this subcellular fraction. It is not known whether the
oxidation of a-NADH in the adrenal cytosol is dependent
upon the "diaphorase" or is a manifestation of some unknown
enzyme activitv. The former possibility seems unlikely

however in view of its electron acceptor specificity. The



possibility exists, however, that the hi~h adrenal o-NADH
reductase activitv may be reflective of vet unknown enzvme(s)
associated in the steroidogenesis of this tissue. While
KAPLAN et al® originally found ~-NAD' to comprise 10 - 15%
of purified commercial NADY 1 eparations which were prepared
from either liver or veast, NAKANISHI et al have renorted

the existence of x—NADP+ in the isthmus of hen oviducts in a
molar ratio of nearly 1:1 to that of o _NADP " » Although

the existence of the a-anomer of pvridine nucleotides has
therefore been reported, its biological significance in

living cells still remains obscure. Neither has the enzymatic
reduction of u—NAD(P)+ nor the enzymatic oxidation of oa-NADPH
been yet observed. Nevertheless, by investigatineg the factors
responsible for the microsomal enzvmatic oxidation of o-NADH,
this present report has strongly implicated that the reductase
ability of +=NADH is more than a manifestation of a broad
electron donor specificity of the microsomal B-NADH-linked
reductase system. Rather, evidence has been presented which
suggests that the enzymatic oxidation of o-NADH is a mani-
festation of hitherto unknown isocenzyme reductases associated
with the microsomal electron transport svystem and mav provide
the first clue in understandine the biological sienificance of

o—-NADH.



(A)

(B)

FOOTNOTES

Throughout this thesis NADH and NAD+ are often used
without any reference to either the a- or R-isomer.
This is usuallv done when either direct or indirect
reference has been made to the literature and con-
clusions cited or discussed which are based on re-

ports that have not stated which isomer has been used.

In an attempt to eliminate substrate diffusion barriers
and contamination bv "DT-diaphorase'", the intact micro-
somal vesicles were sonicated as described in Methods.
Relevant to the latter is the fact that the microsomal
9

enzymatic oxidation was found to be unaffected by 10 ~ M

dicumerol.
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