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I .  INTRODUCTION 

The pyridine nucleotide coenzymes NAD and NADP (see Section 11) are ubiquitous in 
all living systems. They are required for the reactions of more than 370 different kinds of 
enzymes according to the most recent edition of Enzyme Nomenclarure. ' This number rep- 
resents 17% of all classified enzymes.' Many more exist but the Enzyme Commission 
numbers have not been assigned to them yet. Undoubtedly, these coenzymes are responsible 
for more enzymatic reactions than any other coenzyme. Figure I represents the molecular 
structures of NAD(P). 

In the vast majority of cases, the role of these coenzymes in enzyme-catalyzed reactions 
is to serve as the acceptor of what is equivalent to a hydride ion (H-) from the substrate in 
a reversible manner. Substrates can be organic compounds or inorganic molecules such as 
H, (hydrogen dehydrogenase) (EC. 1.12.1.2.) and NO,- (nitrate reductase) (EC. I .6.6.2.). 
In short, these coenzymes serve as cellular electron carriers. The site where this hydride 
transfer reaction takes place on the coenzyme molecule is C-4 of the nicotinamide/dihy- 
dronicotinamide ring (Figure 1 )., 

In most of these reactions, the coenzyme and the substrate have a stoichiometric rela- 
tionship and the coenzyme does not return to its original form at the end of the reaction. In 
this sense, pyridine nucleotide coenzyme is different from other coenzymes such as thiamine 
pyrophosphate, biotin, and pyridoxal phosphate, which act catalytically and return to their 
original forms upon completion of the reaction. For this reason, pyridine nucleotide is 
sometimes called cosubstrate. 

Some hydrolaes [e.g., adenosylhomocysteinae (EC.3.3. I .  I .)I, lyases [e.g., dTDPglucose 
4,6-dehydratase (EC.4.2. I .46.) and uiocanate hydratase (EC.4.2.1.49.11, isomerases [e.g., 
UDPglucose 4-epimerases (EC.5.1.3.2.) and myo-inositol-I-phosphate synthase 
(EC.5.5. I .4.)], and decarboxylases [e.g., UDP-glucuronate decarboxylase (EC.4.1.1.35.)] 
contain very tightly bound NAD(P), which undergo no net change at the termination of 
reaction. In these cases, the bound dinucleotide acts coenzymatically in the true sense by 
serving catalytically as the hydrogen acceptor as well as donor for the intermediates in the 
reaction sequence of a given catalysi~.~.' ( I t  is of some interest to note that there is no known 
case in which the pyridine nucleotide is covalently bound to its host enzyme; however, flavin 
nucleotide coenzymes, another group of major cellular electron carriers, have been found 
to be covalently bound to a small number of enzymes.) 

According to the definition by Hanson,6 the methylene carbon (C-4) of the dihydroni- 
cotinamide ring of NAD(P)H is a prochiral center. If one of the two prochiral hydrogens 
at the C-4 is replaced with an isotope (deuterium or tritium), a new chiral center is introduced 
to the ring and as a result two diastereomers are produced depending on the position of the 
isotope. Figure 1 also illustrates the absolute configuration of this prochiral center as well 
as the spatial position of the isotope (deuterium) in the two diastereomers NADDJ (4R- 
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FIGURE I .  Structure of NAD(P) and the absolute configuration of C-4 prochiral 
center of the dihydronicotinarnide ring. As it  is drawn, the re face of the nico- 
tinamide ring of NAD(P)+ faces the reader and the si face the back of the page. 
The pro-R hydrogen (H,) and the prod  hydrogen (H,) of the reduced coenzyme 
or malegrare also widely known as the A hydrogen (HA) and the B hydrogen 
(H& respectively. The inset presents the chiral center of the deuterium-labeled 
diasterorners. NADD, and NADD,. Unless otherwise indicated, in this and other 
figures, R represents the ADPR moiety of the coenzyme. 

'H)NADH] and NADD, [(4S-'H)NADH]. (See Section 11 for the use of the A and B 
notations. ) 

It is a well-established theorem that asymmetric agents like enzymes can distinguish the 
two apparently identical groups on a prochiral center including prochiral hydrogem. and 
usually exhibit absolute discrimination between the two. This remarkable stereospecificity 
of enzymes has been demonstrated, perhaps most dramatically, with the enzymatic redox 
reactions involving NAD(P). 

As far as we know, all of the reactions catalyzed by NAD(P)-linked enzymes exhibit 
absolute stereospecificity with respect to the coenzymes. [The only possible exception is 
CDP-4-keto-6-deoxy-~-glucose reductase (EC. I .  17.1. I .). See the Appendix and Section 1V. 
A.] Hence, in the case of the oxidation of NAD(P)H, one group of the oxidoreductases 
transfers only the pro-R hydrogen at the prochiral center of the dihydronicotinamide to their 
substrates, while the other group removes only the pro-S hydrogen. In the reverse reaction, 
when a hydrogen is added to C-4 of the nicotinamide ring to form NAD(P)H, the enzymes 
which remove the pro-R hydrogen from the reduced form transfer the hydrogen on the re 
face of the trigonal C-4 (Figure I ) ,  and those acting upon the pro-S hydrogen, to the si face. 

Ever since this striking stereochemical orderliness in enzyme-catalyzed reactions was first 
discovered by Fisher et a1' in 1952, it has become increasingly evident that this aspect of 
stereospecificity is one of the most stringently conserved properties of NAD(P)-linked ox- 
idoreductases during the evolutionary course. Furthermore, the information about this ster- 
eospecificity of a given enzyme is critically important in the elucidation of its reaction 
mechanism as well as active site structure. 
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For these reasons, immense effort has been directed to the establishment of the stereo- 
specificities of as many enzymes as possible during the ensuing 3 decades since the discovery. 
As the consequence. the stereospecific hydrogen transfer by oxidoreductases has been the 
best-studied example of the power of enzyme in making stereochemical choices. In this 
article, 1 will present the compilation of the stereospecificity of the enzymes that have been 
established to date (Appendix), and will attempt to rationalize our current understanding 
about the stereospecificity emphasizing the conformational implication, and discuss other 
issues that are relevant to the present topic. It should be pointed out that, in great majority 
of cases, NAD(P)-linked enzymes are also stereospecific with respect to the substrate in 
regard to hydrogen transfer. For instance, in alcohol dehydrogenase-catalyzed oxidation of 
ethanol. the enzyme removes only the pro-R hydrogen of the substrate; likewise, in the 
reverse reaction, the hydrogen is transferred to the re-face of the carbonyl group of 
acetaldehyde. '.' 

In formulating the compilation (Appendix), if the stereospecificity of a given enzyme 
with respect to its substrate is also known, that specific position is marked on the structure 
of the substrate. At the outset, however, I should point out clearly that this review does not 
discuss the stereospecificity involving the substrate and product. Covering the coenzyme 
portion alone is already immensely voluminous work; if the stereospecificity of oxidored- 
uctases on substrate is deemed worth discussing, i t  should be dealt with in a separate treatise. 

Previous reviews on the present subject can be found in References 10 to 17. A monograph, 
which exclusively deals with the biochemistry of the pyridine nucleotide coenzyme, has 
recently been made available. I' 

11. NOMENCLATURE AND ABBREVIATION 

Because the stereospecificity of NAD(P)-linked enzymes was discovered before the ab- 
solute configuration of the redox site of the coenzymes was established, various nomencla- 
tural designations have been provisionally applied to differentiate the two methylene hydrogens 
of the dihydronicotinamide ring of NAD(P)H. The most widely accepted nomenclature, at 
least among biochemists, is the A/B designation. 

Conventionally, the face of the nicotinamide ring, which is involved in alcohol dehydro- 
genase reaction, illustrated in Figure 2, has been arbitrarily named the A side, and the 
opposite side of the ring plane the B side. The hydrogen located on the A-side of the 
dihydronicotinamide ring is called the A side hydrogen (HA) and that on the opposite side 
the B-side hydrogen (HB). 

In the alcohol dehydrogenase-catalyzed reaction shown in Figure 2, the deuterium orig- 
inated from [ I ,  1 -dideutero]-ethanol occupies the A side of the dihydronicotinamide of the 
product (NADD,). '' The enzymes having the same stereospecificity as alcohol dehydro- 
genase and those with the opposite stereospecificity are called the A and the B stereospecific 
enzymes, respectively. 

Originally, the A and B hydrogens were called the a and P hydrogens, respectively, by 
Vennesland in 1956.'" However, this notation was abandoned several years later because it 
invoked confusion with the a- and P-configurational terms for the nicotinamide-ribosyl 
glycosidic linkage. The confusion was compounded in case the substrates were carbohydrates 
or steroids. 

In order to alleviate this confusion, Jaraback and Talalay" introduced the 1/11 system in 
place of the a/P in 1960. But this system, too, was unsatisfactory as they could be mistaken 
as coenzyme I (Coi) and coenzyme I1 (CoII), the old names for NAD and NADP, respec- 
tively. Kaplan" suggested the use of 1/2 designation but i t  received limited acceptance. 

Finally in 1962, Vennesland's group" introduced the A/B system and the majority of 
researchers have preferred i t  to other systems. Unfortunately, however, the course of this 
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ENZYMA JfC REDUCJION 

R J R 
NAD+ (R)-CH3CHDOH CH3CH0 NADDA 

FIGURE 2. Stereospecificity of alcohol dehydrogenase (EC. I .  I .  I .  I .)- 
catalyzed reaction. The deuteride from [ I .  I-~]-ethanol is added to the 
re face of the nicotinamide ring of NAD' in the reaction: the deuterium 
is added to "that side of the nicotinamide ring on which the ring carbon 
atoms I to 6 appear in anticlockwise order". The chiral center of the 
dihydronicotinamide ring thus created exhibits the R configuration. 
Furthermore, this enzymatic hydrogen transfer is stereospecific with 
regard to the substrates as well: only the pro-R hydrogen of ethanol 
and the re face of acetaldehyde participate in the reaction. (Adopted 
from Bentley, R . .  Stereochemisrry. Tamm. Ch.. Ed., Elsevier. Am- 
sterdam, 1982, 113. With permission). 

nomenclature intricacy has introduced substantial confusion in the literature concerning 
NAD( P) . 

Organic chemists favor the use of the RIS and the pro-Rlpro-S systems for the methylene 
hydrogens of dihydronicotinamide ring and the relsi designation for designation of the face 
of the trigonal C-4 of the nicotinamide ring. Undoubtedly, these systems are superior to the 
conventional ones since they designate the absolute configuration without requiring additional 
information. In the case of dihydronicotinamide ring, the A and the B hydrogens correspond 
to the pro-K and the pro-S hydrogens and, in the case of nicotinamide, the A and the B 
sides are the same as the re and the si-faces, respectively (Figure I ) .  

For the sake of brevity, many abbreviations are employed in this article in order to describe 
various forms of the coenzymes, their fragments and analogs, and isotopic labels: NAD and 
NADP, abbreviations for nicotinamide adenine dinucleotide and nicotinamide adenine din- 
ucleotide phosphate, respectively, signifying the coenzymes irrespective of their redox state; 
NAD(P), both NAD and NADP; NAD' and NADP' , oxidized forms of NAD and NADP; 
NADH and NADPH, reduced forms of NAD and NADP; NAD(D)+ and NADP( D) + , 
oxidized coenzymes labeled with deuterium (D) at C-4 of the nicotinamide (in case the 
isotope is tritium, T is used instead of D); NADD, and NADD, (NADPD, and NADPD,), 
reduced coenzymes labeled with deuterium at the A and B positions of the dihydronicotin- 
amide, respectively; (3AcPy)AD, 3-acetylpyridine adenine dinucleotide; (3IPy)AD. 3-io- 
dopyridine adenine dinucleotide; (3PyA 1 )AD, 3-pyridine aldehyde adenine dinucleotide; 
(3CNPy)AD, 3-cyanopyridine adenine dinucleotide; (3-AminoPy)AD, 3-aminopyridine ad- 
enine dinucleotide; (TN)AD, thionicotinamide adenine dinucleotide; NMN + and NMNH, 
oxidized and reduced forms of nicotinamide mononucleotide, respectively; ADPR, adenosine 
diphosphate ribose; NMNH(OAc),, NMNH with both C-2' and C-3' hydroxyl groups ace- 
tylated; NADH(OAc),, NADH with all ribosyl hydroxyl groups acetylated; E-NADH , the 
1 ,P-ethenoadenosine analog of NADH; DHNR, dihydronicotinamide riboside; N(Hyp)DH, 
nicotinamide hypoxanthine dinucleotide; (N-Met)NAD, N-methylnicotinamide adenine din- 
ucleotide; N(CH,NH-A)D, nicotinamide 8-methylaminoadenine dinucleotide; N((CH,),N- 
A)DH, nicotinamide 8-dimethylaminoadenine dinucleotide; N(CH,CH,NH-A)DH, nicotin- 
amide 8-ethylaminoadenine dinucleotide; and N(Br-A)DH, nicotinamide 8-bromoadenine 
dinucleotide. Unless otherwise indicated, all nucleotides have the P-glycosidic linkage be- 
tween the base and the ribose. 
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CHEMICAL REDUCTION 
"Mixture f56 :44/" 

R 
NADD1(44%) 

R 
NAD(D)+ 
(44XD) 

FIGURE 3.  Chemical reduction of NAD' with sodium dithionite in D20 .  This particular 
instance shows that the population ratio of formed NADD, to NADD, is 56:44%; usually, 
however. higher values for NADD, formation are observed (Table I ) .  Rcoxidation of 
the mixture of NADD, and NADD, by alcohol dehydrogenase in the presence of ace- 
taldehyde produces NAD' and NAD(D)' at an overall deuterium content of 44%. (Adapted 
from Bentley, R . ,  Srereochernistn. Tamm, Ch., Ed., Elsevier. Amsterdam, 1982, 113. 
With permission.) 

111. CHRONOLOGY OF MAJOR DEVELOPMENTS 

As noted earlier, Fisher et al.' were the first to report in 1952 that yeast alcohol dehy- 
drogenase catalyzed the transfer of hydride between the substrate and NAD in a reversibly 
stereospecific manner with respect to the redox site of the coenzyme. In the preceding year, 
this group of workers had already discovered that this hydrogen transfer occurred in a direct 
manner without the mediation of either the protein or the medium.'3 [In the case where the 
hydrogen from NAD(P)H is transferred to N ,  S ,  or 0 atom of the acceptor, it may be 
difficult to prove the direct transfer because the transferred hydrogen is subject to exchange 
with the one in the medium. Examples of such cases are dihydropteridine reductase 
(EC. 1.6.99.7.)(N), dihydrolipoamide dehydrogenase (EC. 1.8.1.4.) ( S  on the enzyme), and 
carbonyl reductase (EC. 1 . 1 .  I .  184.) (0 with quinone substrate). Nonetheless, in these cases, 
too, the enzyme-catalyzed steps of the overall reactions involve the direct hydrogen transfer. 
It is the subsequent nonenzymatic exchange reaction which causes the loss of the original 
hydrogen from the coenzymes. This exchange does not always occur, however; in a case 
such as Pseudumonus transhydrogenase, a flavoprotein, the hydrogen transferred from NADPH 
to FAD does not exchange with medium hydrogen unless the enzyme structure is disrupted 
with, e.g., 1 M urea.24 Cytochrome b, reductase (EC. 1.6.2.2) is another flavoprotein ca- 
talyzing the direct hydrogen transfer from NADH to (3AcPy)AD' .*'I 

Fisher et al.Iy prepared NADD from NAD' by two procedures: first, enzymatically by 
employing yeast alcohol dehydrogenase and CH,CD,OH (Figure 2), and second, chemically 
with sodium dithionite in D20 (Figure 3). When the alcohol dehydrogenase-catalyzed reaction 
was carried out in the reverse reaction in the presence of the enzymatically prepared NADD 
and acetaldehyde, the product NAD' contained no isotope (Figure 2). In the same reaction, 
but with the chemically prepared NADD, however, the resulting NAD' contained 0.44 
atoms of deuterium per molecule. Clearly, the chemically prepared NADD contained a 
mixture of two diastereomers, NADD, and NADD,, whereas the enzymatic preparation 
contained pure NADD,. The result also demonstrates that the chemical reduction slightly 
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I 
NADDA\ R 

H)j P- N n 

Y 
R 

NADDB 

I 
R 

NAD(D)* 

FIGURE 4. The oxidation of NADD, and NADD, by neutral fericyanide. 
In the oxidation o f  NADD,, about equal amounts of deuterium and hy- 
drogen are removed from the reduced coenzyme, producing approximately 
equal amounts of NAD’ and NAD(D)+ , When NADD, is oxidized by 
the same procedure, on the other hand, only 10% of deuterium is removed 
and, as the result, 90% of the product is NAD(D)+. It is certainly a steric 
effect, and not a deuterium isotope effect, that discriminates the two dias- 
tereomers in removing the deuterium. (From Colowick, S .  P . ,  van Eys, 
J . ,  and Park, J.  H . ,  Comprehensive Biochemistry, Vol. 14, Florikin, M. 
and Stotz, E. H . ,  Eds., Elsevier, Amsterdam, 1966, I .  With permission.) 

favors the formation of NADD, to NADD,. This unequal formation of NADD, and NADD, 
in the chemical.procedure, thought to be within the experimental error at that time,” later 
was proved to be caused by the nature of the molecular folding of the free coenzyme. 

Pullman et al.3 found in 1954 that the degree of the A-side preference in this chemical 
reduction was much higher than originally reported. In addition, Pullman et aL3 as well as 
San Pietro et demonstrated that chemical oxidation of the reduced form of the coenzyme 
by ferrycyanide, too, favors the A side as illustrated in Figure 4. The sterk preference in 
chemical redox reactions involving the coenzyme has played a significant role in elucidating 
the conformation of free coenzyme in solution. This aspect will be discussed later in detail. 

It is a matter of considerable interest to note that when this enzyme stereospecificity was 
discovered even the redox site of the coenzyme was not clearly delineated. In fact, the 
position was erroneously assumed to be one of the two ortho-positions (C-2 and C-6) of the 
pyridine ring. [It was 1954 when Pullman et a].) established that the para position (C-4) 
was the reaction site.] The thesis that the enzyme stereospecificity for the coenzyme was 
not a unique property of alcohol dehydrogenase-catalyzed reaction but a common charac- 
teristic of other NAD-linked enzymes was proved when the reactions of lactate dehydrogenase 
(EC. 1.1.1 .27.)27 and malate dehydrogenase (EC. 1.1.1.37.)** were found to be likewisely 
stereospecific. 

The stereospecificity of all of these three enzymes are the same, the A side. However, 
that the enzymatic reactions are not limited to the A side of the coenzyme was demonstrated 
in 1955, when Talalay et and San Pietro et al.,26 respectively, discovered that the 
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('JF-NH~ Irocitrate G F - N H 2  Glutamate b F - N H 2  

NADP(D)+ +CO2 NADPDB NADP+ 

dohydrogenare dehydrogenase - * 
R-P i r o c i t r a t  R-P a-ketogluGrate\ R-P 

a-ketoglutarate +NH; [2-Dlglutamate 

intestinal 
pi phorphatare 

b ! - N H 2  Glutamate b ! - N H 2  

+ N H ~  [2-D]glutamate 

* Y  dohydrogenare 

R 
Y 
R o-ketoglu<rate- 

NADDs NAD+ 

FIGURE 5.  The identical configurational relationship of C-4 hydrogens of the dihydronicotinamide rings ol' 
NADH and NADPH. The opposite stereospecificity between isocitrate dehydrogenase (EC. I .  I .  I .42. )-catalyzed 
reaction and glutamate dehydrogenase (NAD(P)') (EC. 1.4. I .3. )-catalyzed reaction with respect to NADP is 
demonstrated first by reducing NADP(D)+ with isocitrate dehydrogenase. followed by reoxidation with glutamate 
dehydrogenase. The NADP' produced by the action of glutamate dehydrogenase contains. unlike the original 
dinucleotide, no deuterium (deuterium was recovered in the product as 12-D-glutamate). proving that these two 
enzymes possess the opposite stereospecificity. The NADPD generated by the action of iaocitrate dehydrogenase 
is also converted to NADD by removing the C-2' phosphate group of NADPD with intestine phosphatase. The 
NADD thus produced is oxidized with the same glutamate dehydrogenase and the resulting NAD' is also found 
to be devoid of the isotope. These results demonstrate that the hydrogens at the C-4 prochiral centers of the 
dihydronicotinamide rings of NADH and NADPH have the same spatial relationship. (From Bentley. R.. Stcr- 
eochemisrry, Tamm, Ch.. Ed., Elsevier. Amsterdam, 1982, 113. With permission.) 

reactions catalyzed by P-hydroxysteroid dehydrogenase (EC. I .  1 . I .5 1 .) and transhydrogen- 
ase involve the opposite side - the B side - of NAD. 

In 1960, Nakamoto and Vennesland'" experimentally proved for the first time that the 
reactions of NADP-linked enzymes such as isocitrate dehydrogenase (EC. I .  I . I .42. ) and 
glutamate dehydrogenase (EC. 1.4.1.3.) are also stereospecific in the same manner as that 
of NAD-linked enzymes. Because their experiment may be considered as a classical example 
for an elegant but simple case of enzymological work, i t  is illustratively reproduced in Figure 
5. In their experiment, a sample of NADPD was prepared from NADP(D)+ with isocitrate 
dehydrogenase (pig heart) in the presence of isocitrate. The product NADPD was then 
reoxidized with glutamate dehydrogenase (beef liver) in the presence of a-ketoglutarate and 
NH,' . Glutamate dehydrogenase had been known to utilize both WAD and NADP as coen- 
zyme and was previously shown to possess the B stereospecificity with NAD." The deuterium 
presented in the NADP was not retained in the NADP' produced by the action of the 
glutamate dehydrogenase, but was found in the product glutamate. This finding unambig- 
uously proved that isocitrate dehydrogenase and glutamate dehydrogenase have the opposite 
stereospecificity. However, an ambiguity had remained as to whether the configurational 
positions of the HA and H, in NADH were the same as those in NADPH. 

In order to solve this problem, these workers converted the NADPD produced by the 
action of isocitrate dehydrogenase to NADD by removing the C-2' phosphate group of the 
adenosine moiety with intestinal phosphatase. When the NADD thus produced was oxidized 
with the same glutamate dehydrogenase, the resulting NAD', like NADP' described above, 
did not contain the isotope. On the basis of this result, they unequivocally concluded that 
the HA and H, in NADH have the same spatial relationship as those in NADPH and. 
furthermore, that isocitrate dehydrogenase is A stereospecific. 
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Through 1960, the stereospecificity research had been carried out by employing exclusively 
deuterium-labeled coenzymes and substrates. The quantitation of the deuterium content in 
the final products (i.e.,  H2 gas) by mass spectrometry was not only an extremely laborious 
endeavor, but also involved a large margin of experimental errors. When radioisotopes began 
to be increasingly available for biochemical research. Jaraback and Talay?’ were the first to 
take the advantage of tritium-labeled compounds to determine the stereospecificity of 3a- 
hydroxysteroid dehydrogenase (EC. I .  1 .  I .50), P-hydroxysteroid dehydrogenase, and estra- 
diol 17P-dehydrogenase (EC. I .  I .  I .62.). Since that time tritium has virtually replaced the 
use of deuterium in the study of the stereospecificity. 

In 1961, Velick32 offered a logical explanation for the steric preference in the chemical 
redox reaction of the dinucleotide. According to him, NADH molecule in aqueous medium 
was folded in such a way that the faces of the adenine and the dihydronicotinamide rings 
were stacked in parallel formation, the B side of the dihydronicotinamide facing the plane 
of the adenine ring. This conformation of the free coenzyme molecule introduces steric 
hindrance against the removal of the HE in the chemical oxidation with, e.g., ferricyanide; 
as a result, the HA had to be more easily removed than the H, as observed experimentally 
(Figure 4).3.25 Because the chemical reduction of NAD’ exhibited the same steric prefer- 
ence;‘.” Velick concluded that the oxidized form should be similarly folded as the reduced 
form. Velick’s conclusion was heavily based upon the energy transfer property from the 
adenine ring to the dihydronicotinamide. which was originally demonstrated fluorometrically 
by Weberq3 followed by Shifrin and Kaplan.34..q5 By applying the same energy transfer 
principle to the enzyme-bound reduced coenzyme, Velick‘? suggested that the coenzyme 
might assume open conformation when bound to the active site of its host enzyme, on the 
contrary to the free state. 

However, Jardetzky and Wade-Jardetzky I”’ first formulated the currently accepted dynamic 
“folded-open’’ conformation theory in 1966, on the basis of proton magnetic resonance 
(PMR) study on the dinucleotide. 

For 10 years since the stereospecific hydrogen transfer was discovered, the absolute 
configuration of the methylene prochiral center of the dihyronicotinamide ring of the reduced 
coenzyme had not been established. It was. therefore, impossible to assign the positions of 
the two diastereotopic hydrogens - HA and HE - spatially on the C-4. All that could be 
said about this was the relative positions in reference to the position of the hydrogen 
transferred by the action of alcohol dehydrogenase to the coenzyme. 

In 1962, however, a landmark investigation was carried out by Cornforth et a1.j” to 
determine the absolute configuration of the redox site of the coenzyme. As shown in Figure 
6 ,  they first converted the dihydronicotinamide moiety of NADD, to a 6-methoxy derivative 
by treating the deuterium-labeled coenzyme with methanolic acetic acid. Succinic acid was 
subsequently obtained by degrading the 6-methoxy derivative with ozone followed by per- 
oxyacetic acid. The deuterium-labeled succinic acid thus produced from the degradation of 
NADD, produced a levorotatory ORD curve, which overlapped with the curve obtained 
with a standard (-)(2R)-monodeuterosuccinic acid. As expected, the succinic acid obtained 
from NADD, by the same procedure gave the ORD curve that had the opposite sign of 
rotation. Based upon this result, they concluded that the chiral center of the dihydronico- 
tinamide ring of NADD, and NADD, has the R- and S-configurations, respectively. In the 
words of Cornforth et al.? “When an enzyme of class A transfers hydrogen from a substrate 
to a pyridine nucleotide, the hydrogen is added to that side of the nicotinamide ring on 
which the ring atoms I to 6 appear in anticlockwise order” (Figure 2 ) .  

Meanwhile, the number of enzymes whose stereospecificity became known increased 
steadily and some common features had emerged. By 1966, Colowick et aI.’l were able to 
draw several systematic generalizations about the stereospecificity (often referred to as 
Bentley’s generalizations”) and many other minor generalizations followed soon. Because 
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. . ~  
COOH 

NADDA [-)-(ZR){ZD)Succinic ocid 

FIGURE 6. Determination of the absolute configuration of the chiral center of the dihy- 
dronicotinamide ring of NADD,. By sequentially degrading NADD, with methanolic acetic 
acid, ozone, and peroxyacetic acid, a deuterium-labeled succinic acid, which is comprised 
of C-3, C-4, C-5, and C-6 of the original dihydronicotinamide ring of the coenzyme, is 
prepared. The ORD curve of this product coincides with that of standard (-)-(2R)-[2-~]- 
succinic acid; the monodeuterosuccinic acid obtained from NADD, by the same procedure, 
on the other hand, yields the ORD curve that is identical to the curve for (+)-(2S)-[2-~]- 
succinic acid. From these findings, it is concluded that the chirality of C-4 of the dihydron- 
icotinamide of NADD, is the R configuration. The numbers in parentheses on succinic acid 
in accordance with the numbering system of succinic acid. (From Bentley, R., Stereochem- 
isr?, Tamm, Ch., Ed., Elsevier, Amsterdam, 1982, 113. With permission.) 

enough body of data about the stereospecificity has been accumulated since these general- 
izations were proposed, we have now reached a good time to examine their validity com- 
prehensively (see Section V.A.). 

In the 1960s, the conformation of the coenzyme was also investigated by spectrophoto- 
metry, circular dichroism, and nuclear magnetic resonance (NMR) techniques. The results 
obtained by these techniques generally confirmed the earlier conclusion reached by the 
fluorescence work. Among these, the technique that has contributed the most to our current 
understanding about the conformation of the coenzyme is NMR spectrometry. With the 
advancement of instrumentation, the study primarily by high resolution PRM has corrected 
some of the early erroneous conclusions. This technique still serves as one of the most 
powerful tools for conformational work. 

The stereospecificity of the enzymes containing tightly bound, catalytically acting coen- 
zyme is difficult to study. In 1970, the stereospecificity of one of the enzymes belonging 
to this category, dTDPglucose 4,6-deh~dratase,~' was established and since then the ster- 
eospecificity of several more of such enzymes has been determined. 

and Arnold and K a ~ l a n ~ ~  discovered that while 
the formation of the adduct betwen NAD' and pyruvate in the presence of lactate dehy- 
drogenase is totally stereospecific in accordance with the physiological stereospecificity of 
that enzyme, the nonenzymatic formation of the same adduct, as well as the cyanide adduct, 
favors the A side over the B side, just like the chemical oxidation-reduction of the coenzyme. 

Recently, deuterium has been increasingly replacing tritium in the stereospecificity work 
as the use of more facile instrumentations such as high resolution PMR,"".41 gas-mass 
spectrometry,4'-4' or electron impact as well as field desorption mass spectrometryJS have 
been gaining widespread popularity. 

Beginning with lactate dehydrogenase in 1970," X-ray crystallography has been applied 
extensively for the study of the conformation of enzyme-bound coenzymes. In every case 
studied thus far, the coenzymes bind to their host enzymes i n  the open conformation without 
exception. Available X-ray data demonstrate that the nicotinamide/dihydronicotinamide ring 
of the coenzyme bound to the A-stereospecific enzymes (arifi orientation) shows 180" opposite 
orientation from that bound to the B-stereospecific enzymes (sy7 or orientation). and this 
difference in the torisonal conformation is apparently the basis for the enzyme stereospecificity. 

Even at the time when the elucidation of the overall conformation of enzyme-bound 
coenzyme was well underway by X-ray crystallography, the crystal conformation of free 
coenzyme had been elusive due to the unavailability of suitable crystal. In 1977, however, 

During 1971 to 1974, Oppenheimer et 
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Saenger et a]." were able to obtain the crystal of the coenzyme in  the form of Li+-NAD' 
complex and establish by X-ray crystallography that i t  is in the open form but in a different 
manner from that of the enzyme-bound form. 

In more recent years. several groups of investigators studied the conformation of protein- 
bound coenzyme and other nucleotides by employing the transferred proton-proton nuclear 
Overhauser effect (TRNOE). The results obtained by this approach are generally in good 
agreement with those obtained by X-ray crystallography. 

IV. SURVEY OF AVAILABLE DATA (APPENDIX) 

A. Overview 
The Appendix lists the stereospecificity of I58 pyridine nucleotide-linked enzymes (not 

all of them are classified yet). I t  also includes the enzyme sources, the reactions that were 
carried out for the actual stereospecificity determination, and whenever possible, the location 
of the transferred hydrogen on the molecular formulas of the substrates or products. Certain 
enzymes included [e.g., xanthine oxidase (EC. I .2.3.2.) and 2-nitropropane dioxygenase 
(EC.-)] are not NAD(P) linked, but are stereospecifically active with the coenzymes. 

The enzymes in the Appendix are remarkably evenly divided between the A-stereospecific 
group (77 enzymes) and the B-stereospecific group (80 enzymes). One enzyme, Enzyme E, 
of CDP-4-keto-6-deoxy-~-glucose reductase (EC. I .  17.1.1 .) was described as having no 
stereospecificity. I t  has been also reported that a hydrogen from the medium incorporates 
into the product CDP-4-keto-3,6-dideoxy-glucose (thus, indicating an indirect hydrogen 
transfer) in the multistep reactions catalyzed by this enzyme. This enzyme is also capable 
of acting as an NAD(P)H o x i d a ~ e . ~ "  

Historically, several enzymes had been claimed for lacking the stereospecificity, but such 
data have been proven to be repeatedly incorrect. Some of the examples of such cases are 
milk xanthine oxidase, which was reportedly sterically nonspecific,'" but later was found to 
be a B-stereospecific enzyme;"' dihydrolipoamide dehydrogenase (dihydrolipoyl dehydro- 
genase), which was described as having a mixed stereospecificity,s'J.5' but actually was a 
strictly B-stereospecific enzyme;4",5'.5.' and. as pointed out elsewhere,54 orcinol 2-monoox- 
ygenase (EC. I .  14.13.6.). which was initially reported as exhibiting a mixed stereospecificity 
when resorcinol or m-cresol (so called "uncouplers" of the monooxygenation) served as 
the substrate.ss but afterward was proved to have the A stereospecificity.5h 

Because of these precedences, it  may be worthwhile to investigate the stereospecificity 
of Enzyme E, at each step very carefully in order to make it certain that the reaction is truly 
nonstereospecific. I t  seems that the key work is establishing the stereospecificity of the 
NAD(P)H oxidase reaction of the, enzyme. 

One enzyme listed in the Appendix flavopapain, is semisynthetic. Levine and Kaiser5' 
synthesized this product by covalently linking 7a-bromoacetyl- 10-methylisoalloxazine to 
the thiol group of Cys-25 of papain, and showed that it acted like an oxidoreductase in the 
oxidation of NAD(P)H. Although it is listed as an A-stereospecific enzyme according to 
these workers, i t  should be pointed out that this artificial enzyme lacks the absolute stere- 
ospecificity seen with natural enzymes. In fact, the reported stereospecificity of this enzyme, 
i.e., the removal of 68 and 12% of deuterium from NADD, and NADD,, re~pectively,~' 
represents no more stereospecificity than the chemical oxidation of these diastereomers with 
ferricyanide (Table I ) .  

That the enzymes which can employ both NAD and NADP as coenzyme exhibit the same 
stereospecificity toward both of them is well confirmed in numerous cases without exception 
(Appendix). In  addition, the substitution of NAD with analogs such as (3AcPy)AD, 
(3CNPy)AD, and (TN)AD does not change the stereospecificity of alcohol dehydrogenase,5x 
glutamate dehydrogenase,sx lactate dehydrogenase,s' and melilotate 3-monooxygenase 
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Table 1 

REDUCTION OF NAD(P) 
THE STEREOPREFERENCE IN CHEMICAL OXIDATION- 

Reaction 
Product 

(%) Ref. 

Reduction NADD, NADD, 

NAD' 

NADP' 

56 44 19 
58 42 21 
12 28 3 
63 31 26 

S,O,'- in D,O NADPD, NADPD,, 

64 36 26 
70 30 26 

Oxidation NAD+ NAD( D )  

35 65 3 
NADD, 51 49 26 

54 46 26 

NADD, 10 90 26 
Fe(CN),'- 

(EC. 1.14. 13.4.).sy I t  is also worth noting that yeast alcohol dehydrogenase oxidizes a- 
NADH with the same stereospecificity as for NADH (a-NADH is oxidized at about three 
orders of magnitude slower rate than is NADH)."' 

B. Application to Enzyme Classification: A Proposal 
Alcohol dehydrogenase (NADP) (EC. 1.1. I . 2 . ) .  better known as aldehyde reductase. and 

carbonyl reductase (ketone reductase) are two confusing groups of NADP-linked enzymes 
with largely unclear physiological function." The extremely broad as well as often over- 
lapping substrate specificity, presence of multiple forms, and the similarities in molecular 
properties (i.e., the monomeric structure with molecular weights of 30,000 to 40,000) among 
these enzymes have made their distinction very confusing."-"" In general, alcohol dehydro- 
genases (NADP) act upon aldehydes, but some of them can also reduce a limited number 
of  ketone^."."^ Carbonyl reductases. on the other hand, appear to reduce both aldehydes 
and ketones equally 

There are now a number of reports which make it clear that previously individually 
classified enzymes such as glucuronate reductase (L-hexonate dehydrogenase) (EC. 1.1.1.19.), 
mevaldate reductase (NADP) (EC. 1.1.1.33.), and lactaldehyde reductase (EC. 1.1.1.55.) 
are in fact alcohol dehydrogenases (NADP).6'.6n.69 All of these enzymes are A stereospecific 
(Appendix). 

By employing electrofocusing, Felsted et al.b5.67 separated a number of xenobiotic alcohol 
dehydrogenases (NADP) and carbonyl reductases from rabbit liver. Among these enzymes, 
naloxone reductase and naltrexone reductase (these are also called dihydromorphinone re- 
ductase) showed the A stereospecificity, whereas oxisuran reductase and metyrapone re- 
ductase were B stereospecific. They also found that p-nitrobenzaldehyde reductase, p -  
nitroacetophenone reductase, daunorubicin reductase, and 3,7-dimethyl- 1 -(5-oxohexyl)-xan- 
thine reductase were present in more than two forms, which could be distinguished by their 
pls: the low pl forms of these enzymes were B stereospecific, while the high pl forms 
showed the A stereospecificity. Recently, Wermuthh3 presented the evidence that carbonyl 
reductase isolated from human brain is B stereospecific. 
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These data clearly demonstrate that aldo-keto reductases can be separated into two groups 
depending on their stereospecificity for NADP. Obviously, the enzyme that acts upon one 
diastereomer or enantiomer catalyzes a different reaction from the one that eniploys the 
opposite stereoisomer as substrate; consequently, therefore. these two enzymes must be 
classified separately. A good example for such case is L-lactate dehydrogenase (EC. I .  I .  1.27.) 
and D-lactate dehydrogenase (EC. 1 :I.  1.28.) (both are A stereospecific). which act upon the 
opposite enantiomers of lactate. The same classification treatment should apply to enzymes 
which share the same substrate with the same stereospecificity but exhibit the opposite 
stereospecificity with respect to the coenzyme. 

In accord with this view, the Nomenclature Committee (IUPAC-IUB) very recently prop- 
erly assigned a new EC number ( I .  I .  I .  184.) to carbonyl reductase. separate from alcohol 
dehydrogenase (NADP) (EC. I .  I .  1.2.).” In the same recommendation.’‘ however, the coni- 
mittee deleted EC. I .  I .  I .  149. (20a-hydroxysteroid dehydrogenase) and combined it with 
EC. I .  I .  I .62. (estradiol 17P-dehydrogenase). In my opinion, this is a mistake because al- 
though estradiol l7P-dehydrogenase. a B-stereospecific enzyme. may also have 20a-hy- 
droxysteroid dehydrogenase activity in addition to estradiol I7P-dehydrogenase a~t ivi ty .~” 
there is another 20a-hydroxysteroid dehydrogenase which shows the A stereospecificity 
(Appendix). I t  thus appears that it is more proper to separate estradiol 17P-dehydrogenase 
and 20a-hydroxysteroid dehydrogenase under two independent EC numbers. 

Transhydrogenase is another case which requires some consideration for reclassification. 
Although the enzyme from P. aeruginosu and that from beef heart mitochondria are classified 
under the same EC. 1.6.1. I . ,  they are two completely distinct enzymes: while the former is 
a soluble flavoprotein (FAD) showing the B stereospecificity for NAD as well as NADP 
(the BB type), the latter is an insoluble protein devoid of any prothetic group and. more 
critically, exhibits the A stereospecificity for NAD, but the B stereospecificity with respect 
to NADP (the AB type).” Consequently, these two types of enzyme do not catalyze the 
same reaction and, therefore, it is reasonable to propose that separate EC numbers should 
be assigned to these two types of transhydrogenase. 

By the same reasoning, 3a-hydroxysteroid dehydrogenase from rat liver.72 2-oxopantoyl 
lactone reductase from yea~ t ,~ ‘  and enoyl-(acyl-carrier-protein) reductase from pigeon (or 
rat) liver74 (all A stereospecific) are different from the identically named enzymes, respec- 
tively, from P .  testosteroni” (also that from rooster comb73 or from rat seminal ve~cicle’~) 
(EC.1.3.1.50.), Escherichia coli (EC.1.1.1.168.),7’ and (or E .  ~ o l i ~ ~ )  (1.3.1.10.) 
(all have the B stereospecificity). In the appendix the first two enzymes are listed under 
E.C. I .  I .  1 .?. and the third one, under E.C. I .3.1.?. [Nitrate reductase (EC. I .6.6.3.) from 
yeast was reported” to have the opposite stereospecificity from nitrate reductases (EC. I .6.6. I .  
and 1.6.6.2.) from other  source^.^"^^ However, Davies and Kenworthy” have corrected the 
erroneous result initially obtained with the crude yeast enzyme and now report that this 
enzyme is, like the enzyme from other sources, A stereospecific.] 

V. PROPOSED GENERALIZATIONS, EVOLUTIONARY IMPLICATIONS, 
AND PHYSIOLOGICAL SIGNIFICANCE 

A. Review of Generalizations 
Concurrent with the increase in the volume of the enzyme stereospecificity data, various 

researchers have proposed a number of empirical generalizations in order to assort the 
enzymes on the basis of their stereospecificity and at the same time to predict the stereo- 
specificity of a given enzyme in case it is unknown. Unquestionably, some of the gener- 
alizations were proposed in haste when only very limited information was available. Because 
the stereospecificity of quite extensive numbers of enzymes is now known, this is an ideal 
opportunity to review their validity. 
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Colowick et al.” were the first to present three systematic major generalizations in 1966: 

1 .  

2. 

3. 

Stereospecificity for a given hydrogen transfer reaction is always the same, regardless 
of the source of the enzyme. 
Dehydrogenation of a given substrate shows the same stereospecificity whether the 
nucleotide involved is NAD or NADP (proposed originally by Krakow et al.K’). 
Enzyme which is nonspecific with respect to substrate will show the same stereospe- 
cificity when different substrates are used. 

This set of generalizations has been widely reiterated over the ensuing years, albeit there 
may be some variations in wording. 12-14.x3 .x4  

It was VenneslandX3 who pointed out the self-evident nature of generalization No. I .  The 
expression “a given hydrogen transfer reaction” already implies the same stereospecificity. 
If two enzymes from different sources act upon the same substrate with different stereo- 
specificity with respect to the coenzyme, these two enzymes catalyze two different reactions, 
not a given (or the same) reaction. For this reason, this generalization will not be considered 
as a valid generalization in this article (see Section 1V.B). [Furthermore, the untenability 
of this generalization should have been overwhelmingly evident from the fact that many 
enzymes have overlapping substrate and product specificity. For instance, glutamate de- 
hydrogenase, a B-stereospecific enzyme, can catalyze the reversible oxidative deamination 
of ~ - a l a n i n e . ~ ~ ~  the physiological substrate of alanine dehydrogenase (EC. I .4.1. I .), which 
is an A-stereospecific enzyme. Should this generalization hold, glutamate dehydrogenase 
must show the A stereospecificity with L-alanine, a highly unlikely, but not impossible 
prospect. For the sake of literature survey, however, it should be mentioned that the oxidation 
of ribitol to D-ribulose by ribitol dehydrogenase (EC. I .  1 .  I .56.) (B stereospecific) and by 
~-iditol dehydrogenase (EC. I. I .  1.14.) (A stereospecific) was considered to be another ex- 
ception to this generali~ation,~~ in addition to the reactions of the three enzymes (i.e., 3a- 
hydroxysteroid dehydrogenase, 2-oxopantoyl lactone reductase, and enoyl-(acyl-carrier-pro- 
tein) reductase) previously described in Section IV.B.1 

In a vast majority of cases, the same enzymes from different sources nevertheless show 
the same stereospecificity. Hence, Arnold et al.m examined the stereospecificity of L-lactate 
dehydrogenase and malate dehydrogenase. typical A-stereospecific enzymes, and glycer- 
aldehyde-phosphate dehydrogenase (EC. 1.2.1.12.), a typical B-stereospecific enzyme, from 
a wide variety of evohtionarily divergent sources and confirmed that they exhibit the same 
stereospecificity in all cases. 

Generalization Nos. 2 and 3 are holding without exception in all reactions examined so 
far, and, in all probability, they will remain so since the coenzyme must bind to the host 
enzyme in a specifically juxtaposed way in relation to the substrate in order for the reaction 
of a given enzyme to proceed. 

In 1972, Davies et al.7y proposed the fourth rule: when a metabolic sequence involves 
consecutive NAD(P)-dependent reactions, the dehydrogenases involved in the sequence have 
the same stereospecificity . The enzymes involved in the following sequences of various 
metabolic pathways are examples of this rule. 

alcohol aldehyde 
dehydrogenase (A) dehydrogenase (A) 

(EC. 1.1.1.1 .) ’ (EC. 1.2.1.3.) 
acetaldehyde acetate 

D-xylulose L-xylulose 
reductase (B) reductase (B) 

D-xylulose > xylitol 9 L-xylulose 
(EC.1.1.1.9.) (EC. 1.2.1.10.) 
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meso-tartarate oxaloglycollate 
dehydrogenase (A) reductase (A) meso- tartarate oxaloglycollate 

(EC. 1.3.1.7.) (EC. 1.1.1.92.) 
A glycerate 

aldose L-iditol 
reductase (A) dehydrogenase (A) 

D-glucose P D-sorbitol D-fructose 
(EC. 1.1.1.21 .) (EC. 1.1.1.14.) 

D-mannitol-1-P D-sorbitol-6-P 
dehydrogenase (B) dehydrogenase (B) 

(EC.l . l . l .  17.) (EC. 1.2.1.140.) 
D-mannitol- 1 -P ' D-fructose-6-P 

glucose-6-P 
dehydrogenase (B), 
(EC. I .  1 . l .  149.) 

D-glucose-6-P 

D-sorbitol-6-phos- 
phate dehydrogenase (B) 

(EC. 1.1.1.44.) 
6-phospho-D-glucono-&lactone 

D-ribulose-5-P 

aspartate-semialdehyde homoserine 
dehydrogenase (B) L-P-aspartyl dehydrogenase (B) L-aspartate 

P-semialdehyde 
(EC.l.2.1 . I  1 .) ' phosphate (EC. 1. I .  1'.3.) 

F L-homoserine 

I t  should be pointed out, however, that nitrate reductases and nitrite reductase (EC. 1.6.6.4.) 
are involved in sequential reactions, however, these two classes of enzymes show the opposite 
stereospecificity: The former is A stereospecific. while the latter is a B-stereospecific en- 
zyme." Mansell et also pointed out that although cinnamoyl alcohol dehydrogenase 
(EC. I .  1 . 1  .?.) and cinnamoyl-CoA reductase (EC. 1.2.1.44.) are involved in a consecutive 
metabolic sequence in plant, they possess the opposite stereospecificity. 

Reviewing the hydrogen transfer between NADPH and steroids, catalyzed by various 
steroid oxidoreductases from mammalian sources, Akhtar et a1." noted the fifth generali- 
zation: NADPH-dependent mammalian steroid dehydrogenases and reductases catalyze trans- 
fer of hydrogen from the B-side of the coenzyme to the a-face of the steroids and the A- 
side hydrogen to the P face. The examples of the enzymes consistent with this rule are 
estradiol 17P-dehydrogenase (human placenta), testosterone 17P-dehydrogenase (porcine 
testicular microsome) (EC. 1.1.1.64.), 20a-hydroxysteroid dehydrogenase (rat ovary) 
(EC. 1 . 1 .  I .  149.), 3a-hydroxysteroid dehydrogenase (rat liver soluble fraction) (EC. 1.1.1 .?.), 
cortisone 6-reductase (rat liver soluble fraction) (EC. 1.3.1.3.), cortisone a-reductase (rat 
liver microsome)(EC. 1.3.1.4.), 7-dehydrocholesterol reductase (rat liver microsome) 
(EC. 1.3.1.21 .), and sterol dehydrogenase (rat liver microsome) (EC. 1.3.1 .?.). The 
3a-hydroxysteroid dehydrogenase (EC. I .  1 .  I .SO.) from rat seminal vesicles is, on the other 
hand, a B-stereospecific enzyme and, therefore, is an exception to this generalization. 

Alizade and BrendelI4 summarized some of the minor generalizations (such as generali- 
zation No. 6) proposed through 1975: enzymes with A specificity have smaller substrates 
than those with B specificity (originally proposed by Krakow et a]."). Colowick et a] . ' '  
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challenged this statement by citing the fact that hydrogen dehydrogenase takes the smallest 
possible molecule, H2,  as substrate. and that the substrate for methylenetetrahydrofolate 
dehydrogenase (EC.1.5.1.5.) is large, yet these enzymes showed the B and A stereospe- 
cificity, respectively. 

Nevertheless. You et al.'' confirmed that this rule held in an overwhelming number of 
cases. but modified it as in  the following: those enzymes whose physiological substrates are 
iioripkosplior~lci~e~i orguiiic cornpourids huvitrg three or less curbon atom show the A ster- 
eospecificity. Hence. as You et a]."' pointed out, it is worth noting that although alanine 
dehydrogenase. glutamate dehydrogenase. and leucine dehydrogenase (EC. I .4. I . 9 . )  catalyze 
similar type of oxidative deaminations reactions. alanine dehydrogenase is A stereospecific. 
while the other two show the B stereospecificity. (The only possible exception to this rule 
is dihydroxyacetone reductase (EC. I .  1.1.156.) from Mucor juvanicus. However, it should 
be noted that this particular enzyme possesses unusually broad substrate specificity, exhib- 
iting higher activity with alicyclic compounds such as (9S)-trtrns- I .4-decalinedione than 
dihydroxyacetone;x"."' in  many ways, it resembles carbonyl reductase.] 

7. 

8. 

9 .  

10. 

11. 

Reactions involving the oxidation of secondary OH groups adjacent to carboxyl groups 
always have the A stereospecificity regardless of the stereochemistry of the alcohol 
(originally proposed by Krakow et al."). It should be noted, however, that 2-0x0- 
pantoate reductase (EC. 1.1.1.169.) catalyzes such reaction, but has the B 
stereospecificity . 
All constitutive NAD- or NADP-linked dehydrogenases of phosphorylated substrates 
(originally proposed by Venneslandx3) or substrates substituted with CoA or nucleotides 
are of the B type. You et a].,'(' however, pointed out that phosphoglycerate dehydro- 
genase (EC. 1 .  I .  I .95.). whose substrate contains a phosphoryl group, is an A-stere- 
ospecific enzyme. So far as is known, all of the dehydrogenases which act on nucleotide- 
containing substrates are B stereospecific. However, many exceptions exist as regard 
to the enzymes acting on the CoA derivatives: hydroxymethylglutaryI-CoA reductase 
(EC. 1.1.1.54.), acetaldehyde dehydrogenase (acylating) (EC. 1.2.1. lo.), and acyl- 
CoA dehydrogenase (EC. 1.3.1.8.) are examples of the exception. 
All inducible NAD-linked dehydrogenases from the Pseudomonas genus are of the B 
type. There are only four enzymes which belong to this category: 3a-hydroxysteroid 
dehydrogenase; P-hydroxysteroid dehydrogenase; D-galactose dehydrogenase 
(EC. I .  I .  I .48.); and carnitine dehydrogenase (EC. 1 . 1 .  I .  108.). Exceptions are, on the 
other hand. more numerous: meso-tartrate dehydrogenase (EC. I .3.1.7.) and all of the 
six external monooxygenase (EC. 1.14.13.-.) listed in the Appendix all of which are 
inducible in Pseudornonus. 
Most dehydrogenases which are not specific for either NAD or NADP but can transfer 
hydrogen to both coenzymes are of the B type. Examples of the enzymes which have 
this property but show A stereospecificity are salicylate 1-monooxygenase 
(EC. I .  14.13.1 .), NAD(P)H dehydrogenase (EC. 1.6.8. I .I, and ferredoxin-NADP' 
reductase (EC. 1.18.1.2.). 
The overwhelming majority of all constitutive NAD- or NADP-linked dehydrogenase 
utilizing primary or secondai y alcohols or amines which are not phosphorylated or 
substituted with similar ligands are of the A type. There are, however, too many 
exceptions to this rule to make it valid. The following enzymes act on the primary or 
secondary alcohol groups but show the B stereospecificity: homoserine dehydrogenase 
(EC. 1.1.1.3.), aryl-alcohol dehydrogenase (EC. 1.1.1.91 .), 21 -hydroxysteroid dehy- 
drogenase (EC. 1.1.1.150.) (these three enzymes act upon the primary alcohol groups 
and those listed below, upon the secondary alcohol groups), myo-inositol 2-dehydro- 
genase (EC. 1.1.1.18.), 3-hydroxybutyrate dehydrogenase (EC. 1.1.1.30.), 15-hydrox- 
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yprostaglandin dehydrogenase (EC. 1 . 1 .  I .  141 .), glycerol 2-dehydrogenase (NADP’) 
(EC. 1.1.1.156.). 2-oxopantoyl lactone reductase (EC. 1 .  I .  I .  168.), and various steroid 
dehydrogenases such as 3a-hydroxysteroid dehydrogenase from other sources than rat 
liver soluble fraction, 20P-hydroxysteroid dehydrogenase (EC. I .  I .  1.53.), estradiol 
17P-dehydrogenase1 testosterone 17P-dehydrogenase, and estradiol 17a-dehydrogen- 
ase (EC. 1.1.1.148.). Like alanine dehydrogenase, glutamate dehydrogenase and leu- 
cine dehydrogenase act on the primary amines, but the latter two have the B 
stereospecificity . 

A twelfth generalization can also be raised: the enzymes which reduce disulfide are B 
stereospecific. The enzymes belonging to this category are glutathione .reductase (EC. 1.6.4.2.), 
dihydrolipoamide dehydrogenase (EC. 1.8. I .4.), and thioredoxin reductase (EC. 1.6.4.5.). 

You et al.” screened the stereospecificity of a special group of enzymes called external 
monooxygenases (flavoenzymes) and found that every enzyme examined to date (one half 
dozen) showed the A stereospecificity; thus, a new generalization, No. 13, was introduced: 
all external flavoprotein monooxygenases have the A stereospecificity. No exception to this 
rule has been noted so far. 

Finally, i t  now appears feasible to propose an additional generalization, No. 14, concerning 
another special group of enzymes - those with tightly bound NAD (which acts catalytically): 
the enzymes with catalytically acting, tightly bound NAD possess the B stereospecificity. 
All of such enzymes examined to date - dTDPglucose 4.6-dehydratase, UDPglucose 4- 
epimerase. and L-my-inositol- 1 -phosphate synthase - are uniformly B stereospecific. (Gly- 
ceraldehyde-phosphate dehydrogenase is another enzyme having tightly bound NAD. Al- 
though the bound NAD does not act catalytically in  this case, this enzyme is also B 
stereospecific. ) 

Review of the generalization pertaining to the stereospecificity clearly indicates that there 
are too many of them. It is reasonable to eliminate meaningless generalization No. I and 
those with too many exceptions such as Nos. 9, 10, and 11.  

B. Evolutionary Implications 
In the previous section, it was possible to see that the members of several distinct clusters 

of enzymes share a uniform stereospecificity. Since a theoretical elucidation for these em- 
pirical findings is apparently lacking, explanations for this uniformity have been sought from 
the evolutionary point of view.92 

Hence, the generalization of Davies et al. (No. 4)79 can be explained with the theory that 
the second and third enzymes in metabolic sequences were evolutionarily derived from the 
first enzyme, the common ancestor. Due to evolutionary necessities, many enzymological 
properties among these enzymes have been changed, but the stereospecificity remained 
conserved. This “common ancestor” theory can be applied to other generalizations such as 
Nos. 7, 8, and 12 to 14. 

According to Garavito et a1 .y.‘ the proper positioning of carboxamide group of the coenzyme 
on the enzyme allows for the close approach of the C-4 atom on the nicotinamide and the 
reactive carbon of the substrate. I t  follows, then, that once the conformation of the substrate 
has been established with respect to the functional groups of the enzyme at the active site, 
the stereospecificity for the coenzyme is predetermined. Hence, dehydrogenases which are 
divergently evolving from a common precursor must maintain the same stereospecificity as 
long as the protein fold of the catalytic domain is conserved for a given substrate. 

From the observation that the enzymes whose substrates are small organic compounds 
are A stereospecific (generalization No. 6), You et al. I‘ speculated that the A-stereospecific 
enzymes might have evolved before the B-stereospecific enzymes. This speculation was 
borne out from the notion that the prebiotic chemical process more likely produced simple 
small molecules before complex large compounds, which are in general the products of 
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biotic processes in already evolutionarily advanced organisms. When primitive organisms 
appeared, they must have lived on small compounds as energy source because not  only were 
these the only ones present, but also the organisms were more likely to possess very rudi- 
mentary catabolic systems, which could not break down large molecules. Hence. the fact 
that there is no B-stereospecific enzyme that acts on small organic compounds (except the 
exception noted) suggests that the A-stereospecific enzymes appeared before the B-stereo- 
specific enzymes. 

C. Physiological Significance 
The physiological purpose for the existence of the two groups of enzymes having the 

opposite stereospecificity for NAD(P) has not been convincingly elucidated. I n  all proba- 
bility, i t  may be sound to conclude now that there is no apparent physiological purpose 
behind the two discrete stereospecificities. 

Historically, there was a proposal which was discussed extensively but is no longer 
considered valid. In the 1950s it was found that in the presence of pyruvate. lactate dehy- 
drogenase as well as alcohol dehydrogenase in the presence of acetaldehyde. could oxidize 
the NADH bound to glyceraldehyde-phosphate dehydrogenase."-'.''' On the basis of this 
finding, Velick'" hypothesized that dehydrogenase-catalyzed reactions could be regulated in 
vivo by the simultaneous attachment of two enzymes through a coenzyme molecule. He 
pointed out that in such a case the two dehydrogenases were likely to have the opposite 
stereospecificity in order to avoid steric hindrance. (The stereospecificity of glyceraldehyde- 
phosphate dehydrogenase was not known at that time). 

This speculation received substantial support when the stereospecificity of glyceraldehyde- 
phosphate dehydrogenase was subsequently found to be indeed the opposite (B stereospecific) 
from that of alcohol and lactate dehydrogenases (A stereo~pecific).~" Supporting Velick'h 
hypothesis, Levy and Vennesland.>' thus proposed circumspectively that this type of enzynir- 
enzyme interaction might be the physiological basis for the existence of the A and B 
stereospecificities. 

This proposal was weakened considerably, however, when Astrachan et al.'" reported 
that the bound NADH to glyceraldehyde-phosphate dehydrogenase can be oxidized with 
glutamate dehydrogenase. which is also a B-stereospecific enzyme. Furthermore. Hung and 
Hoberman" studied the influence of the stereospecificity on the rates of hydrogen exchange 
between substrates of NAD-coupled dehydrogenases and concluded that their study did not  
support Levy-Vennesland's proposal. Vennesland seemed to be content with this conclusion."-' 

VI. STEREOSPECIFICITY IN CHEMICAL OXIDATION-REDUCTION AND 
IN FORMATION OF ADDITION PRODUCTS 

In addition to the reduction by H -  , the pyridinium ring of NAD(P)+ can also be converted 
to the addition products having 1,4-dihydropyridine rings by the attack on the C-4 by various 
nucleophiles such as CN-, H S 0 3 - .  and carbonyl compounds." Figure 7. in which the 
nucleophiles are represented by X:-  .relates that the pyridinium ring can exist as a resonating 
system with the positive charge distributed between the ring nitrogen and the C-2, C-4, and 
C-6. The C-4 is particularly susceptible to nucleophilic attack since the inductive effect of 
the carboxamide moiety, an electron withdrawing group, enhances its carbonium ion character. 

Not only the H-  transfer but also the addition reactions take place enzymatically as well 
as chemically, although the rates of enzyme-mediated reactions are uncomparably faster than 
those of nonenzymatic reactions. One possible reason for the great efficiency when an enzyme 
is present is that the nicotinamide ring of the enzyme-bound coenzyme in the transition state 
is probably puckered, simulating the boat form (Figure 8). 
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NH2 
I 

R R if R 
+ 
X I  

I 
R 

FIGURE 7. Possible positions of nucleophilic addition on the pyridinium ring of NAD'. 
The resonating system of the pyridinium ring makes the three even-numbered ring carbons 
share partial carbonium ion character. However, the C-4 atom is particularly susceptible to 
the attack by a nucleophile X:- since its positive charge is more enhanced due to the presence 
of an electron-withdrawing carboximide group at C-3. 

BENT NAD' 

R R 
t 
X i  

R 

BENT NADH 

R R 

FIGURE 8. Puckered forms of NAD' (a) and NADH (b). In the transition state, enzyme distorts the nicotinamide 
ring (a) and dihydronicotinamide ring (b) of enzyme-bound NAD' and NADH, respectively, into the boat form 
causing the N-1 of both rings to be pyramidal. The N-I-C-I'  bond is no longer in the plane of nicotinamidd 
dihydronicotinamide ring, but is bent far enough out of the plane to destroy any resonance between a lone pair of 
electrons on the N-1 and the remaining double bonds in the ring. In  this boat form, the carbonium ion character 
of the nicotinamide ring of NAD' is localized at C-4, which becomes susceptible to nucleophilic attack by X:-. 
There is some evidence that the nicotinamide/dihydronicotinamide ring of the NAD(H) in the folded form is also 
puckered (free in solution, folded form to open form = 3664%). However, the degree of folding in  enzyme- 
bound coenzyme may be more profound and the enzyme may stabilize the transition state of the coenzyme. Hence 
the rate of the nucleophile addition reactions with enzyme-bound NAD' is often several orders of magnitude faster 
than that with free NAD' . The puckered form of the ring in enzyme-bound coenzyme has never been detected by 
X-ray crystallography, however. (Adopted from Cook, P. F., Oppenheimer, N. J . ,  and Cleland, W. W., Bio- 
chemistry. 20, 1817. 1981. With permission.) 
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A. Chemical Oxidation-Reduction 
As noted previously, from the very article that described the enzyme stereospecificity 

originally, it has been repeatedly confirmed that the chemical reduction of NAD(P)+ with 
reductants such as sodium dithionite in D,O form a mixture of NAD(P)D, and NAD(P)D, 
at an unequal proportion, the amount of NAD(P)D, always exceeding NAD(P)D,. 

Likewise, the chemical oxidation of NADH with neutral ferricyanide also favors the 
removal of the A-side hydrogen of the dihydronicotinamide ring. Table 1 presents the 
summary of the stereopreference data in chemical oxidation-reduction from several reports. 

It should be noted from Table 1 that 46 to 65% of the fenicyanide oxidation product of 
NADD, is NAD(D)+ , but much less deuterium is removed [90% of deuterium remains in 
NAD(D)+] when NADD, is oxidized by the same procedure. This observation, which is 
also illustrated in Figure 4 for clarity, proves that it is the steric effect, not the deuterium 
isotope effect, that makes the removal of deuterium from NADD, easier than from NADD,. 
This steric effect will be explained explicitly when the conformation of free coenzyme in 
solution is dealt with in Section VII. 

B. Formation of Addition Products (Adducts) 
Cyanide'".'o' and carbonyl  compound^'^^.'^^ are well-known nucleophiles which form 

addition products with NAD(P)+ or with their analogs. In preparing the cyanide adducts 
with NAD' and (3AcPy)AD+, Arnold and K a ~ I a n ~ ~  and Oppenheimer et al.,38 respectively, 
found that the cyanide anion could, like H- , attack either the A or the B side of the pyridinium 
ring resulting in two diastereomers, NADCN, and NADCN, [or (3AcPy)ADCN, and 
(3AcPy)ADCN,], as shown in Figure 9. In these addition reactions, too, the yield of the 
A-side stereoisomer is invariably higher than the B-side addition product, i.e., NADCN,/ 
NADCN, = 1.5," and (3AcPy)ADCNA/(3AcPy)ADCN, = 1.8 (in D,0).3* Such unequal 
proportion of the diastereomeric adduct formation does not occur with NMN + . I M  

The adducts formed between NAD' and various carbonyl compounds have been studied 
extensively because there is some experimental evidence that various dehydrogenases cat- 
alyze the formation of these adducts under physiological condition (alkaline condition is 
preferred, however) for the physiological purpose of regulating the rate of metabolism. 105.106 

First, however, the nonenzymatic formation of the adducts with carbonyl compounds will 
be considered by employing pyruvate as the example of the carbonyl compounds (Figure 
10). Under alkaline condition, the tautomeric en01 form, not the keto form, of pyruvate 
forms a covalent bond with its cr carbon ( i~ electrons) to the enol group and C-4 of the 
pyridinium ring of NAD' as illustrated in  Figure IOa. Understandably, this reaction requires 
the alkaline condition to enhance the formation of the en01 form of pyruvate,. Figure 10b 
shows that the addition reaction is followed by the second nucleophilic attack on the carbonyl 
carbon of the covalently bound pyruvate by the carboximide nitrogen to give reduced na- 
phythyridone structure (Figure 1Oc). The carbonyl addition with NAD + is considerably faster 
in less polar medium such as alcohol than in aqueous solution." 

The addition product thus formed with the substrate of a given dehydrogenase usually 
serves as a specific inhibitor of that enzyme. For instance, the NAD-pyruvate adduct inhibits 
lactate dehydrogenase but exerts little effect on malate dehydrogenase, whereas NAD-ox- 
aloacetate adduct is a strong inhibitor of malate dehydrogenase but shows poor inhibition 
on lactate dehydrogenase. I"' In  recent years, these adducts have proved useful as biospecific 
eluants in affinity chromatography in the purification of various dehydrogenases. '"' 

Figure 1 I presents the mechanism of enzyme-catalyzed adduct formation employing lactate 
dehydrogenase as an example of the dehydrogenases and pyruvate, the carbonyl compounds 
as before. The extraction of the hydroxyl proton of the tautomeric enol form of pyruvate 
by B base on the enzyme (Figure 1 la) facilitates the nucleophilic attack on C-4 of the 
pyridinium ring of the enzyme-bound NAD' by the TT electrons, forming an "abortive 
ternary complex" (true "abortive ternary complex"). 
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9 
Qc-NH2 I 

R 

NAD+ 

+ CN- 

R 
NADCNA 

+ 
H C N  w- .. 

h 
NADCNa 

0 , F - N “ .  D FN 

R 

N A D (  D)CN. 

NADCN, - =1.5 
NADCN,  

R 

N A D  (D)’ 

FIGURE 9. Reversible formation of NADCN adduct and preparation of NAD(D)‘ 
from NAD’ via this adduct. Owing to the NAD’ conformation in solution (the B 
face of nicotinamide folded against adenine), the addition of CN- to the A side of 
the nicotinamide of NAD’ is favored to the B side addition. The C-4 proton of 
NADCN is acidic enough to be exchanged freely with D’ in D,O medium. Upon 
the exchange, the dissociation of CN- from the adduct is facilitated by dilution as 
well as lowering the pD of the medium. NADP(D)+ can be obtained by the same 
procedure. If the reaction is carried out in THO medium, instead of D,O, tritiated 
oxidized coenzyme is obtained. 

[ I t  should be noted, however, that unlike the ternary complex formed between the chem- 
ically synthesized NAD-pyruvate adduct and the enzyme, the true “abortive ternary com- 
plex” is acyclic, meaning that the second six-membered ring is not closed. This structural 
difference is the basis for the difference in fluorometric as well as spectral (UV and CD) 
properites between these two types of ternary complexes.”.’ I ’ Nonetheless, the synthetic 
NAD-pyruvate adduct is structurally so similar to the acyclic NAD-pyruvate moiety of the 
abortive ternary complex that i t  can release the latter from the enzyme through competition. ‘ I ’  
The NAD-pyruvate moiety can also be dissociated from the abortive ternary complex by 
treating it with base (Figure 1 I )  or urea.3y.”’ Once that moiety is dissociated from the 
enzyme, the second six-membered ring closes and the product becomes indistinguishable 
from the chemically synthesized adduct (cf. Figures 10 and 1 1).3y.”2 The formation of the 
nonproductive “abortive ternary complex” reduces the concentration of free enzyme thus 
resulting in inhibition, and that is generally regarded as the mechanism for the inhibition of 
dehydrogenase activity by high concentration of substrate. I t  is important to realize that 
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0 - H  r' 

0 
L 
7 

I 
R R 

(4 

OH- - 
HO, ,COO- 

0 c, 
CH2 NH 

(yo 
R 

FIGURE 10. Base-catalyzed formation of the addition product between NAD' and pyru- 
vate. The P electrons of the tautomeric enol form of pyruvate attack electrophilic C-4 of the 
nicotinamide (a) to form a covalent bond (b). followed by another nucleophilic attack from 
the carboxamide nitrogen to close the second six-membered ring (c). (Adopted from Arnold, 
L. J., Jr. and Kaplan. N. 0.. J. B i d .  Chem..,  249, 652, 1974. With permission.) 

OH- - 
HO, ,COO- 

/c\ 

(y +LDH 

I 
R 

FIGURE I I .  Enzyme-catalyzed formation of the "abortive ternary complex" among L-lactate dehy- 
drogenase (EC. 1 .  I .  1.27.). NAD' and pyruvate. While the keto form of pyruvate serves as the phys- 
iological substrate for this enzyme, it is the enol form that is responsible for forming the "abortive 
ternary complex". The extraction of the hydroxyl proton by a base on the enzyme molecule facilitates 
the nucleophilic attack on the nicotinamide C-4 by the P electrons of the pyruvate (a), but the second 
six-membered ring remains unclosed in the ternary complex (b) (enclosed box). The structure of the 
abortive ternary complex is, therefore, different from the ternary complex formed between the chemically 
synthesized NAD-pyruvate binary adduct and the enzyme. Under alkaline condition (or in 6 M urea), 
however, the NAD-pyruvate adduct dissociates from the protein and only then the second ring closes. 
The formation of the ternary complex reduces the free enzyme level and, therefore, results in inhibition 
of the physiological reaction of the enzyme. (From Arnold, L. J.,  Jr. and Kaplan, N. 0.. J. B i d .  
Chern., 249, 652, 1974. With permission.) 

while the physiological substrate of lactate dehydrogenase is the keto form of p y r u ~ a t e , ~ ~ . ~ ~ ~  
it is the tautomeric enol form that is responsible for the inhibition of that enzyme.'I4 Everse 
et al. Ios and Everse and Kaplan"'h extensively discussed the differential regulation of the 
activities of lactate dehydrogenase isozymes by cellular pyruvate concentration in relation 
to their metabolic roles in vivo.] 

Arnold and Kaplad' found that the NAD-pyruvate adduct was formed at a rate about an 
order of magnitude faster in the presence of lactate dehydrogenase compared to the nonen- 
zymatic formation. There is also a long-established fact that the concentrations of the nu- 
cleophiles such as sulfite and cyanide required to form their respective adducts with free 
NAD' are several orders of magnitude higher than those required for the same reaction 
with lactate dehydrogenase-bound NAD' . InX.Iw 

These observations may be explained, in part, by the probable hydrophobic nature of the 
environment on the enzyme where the addition reaction takes place. However, it is more 
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A B 

coo- 

0 H Hi 
H N H  

I 
R 

cpo- 

R 

FIGURE 12. .The structures of the A-side (A)  and the B-side (B) addition 
products between NAD' and pyruvate. Chemical synthesis favors the 
formation of the A-side isomer to the B-side isomer at a ratio of 60:40%. 
The adduct formed by the action of lactate dehydrogenase is purely the 
A-side isomer. The pyruvate moiety of the adduct is equitorial which keeps 
the hydrogen on the opposite side in the fully axial position. (From Arnold. 
L.  J . ,  Jr.. and Kaplan. N.  0.. J .  Bid. Chem., 249. 652, 1974. With 
permission). 

likely that a greater role is played by the nature of the electronic structure of the nicotinamide 
ring in the transition state when the coenzyme is bound to a host enzyme. Cook et al."" 
reported some evidence which suggests that in the transition state the nicotinamide ring as 
well as the dihydronicotinamide of enzyme-bound coenzyme is distorted into the boat form 
(Figure 8). which in turn results in the localization of the positive charge of the pyridinium 
ring at the C-4. Therefore, the bent nicotinamide ring structure facilitates the attack on the 
carbonium ion, C-4, by the nucleophile X -  as illustrated in Figure 8a. 

Since the carbonyl adducts with NADT can also be formed enzymatically as well as 
nonenzymatically , the stereospecificity of these addition reactions is a matter of significant 
interest. By employing proton magnetic resonance, Arnold and Kaplan" and Arnold et a1.I" 
were able to establish that the base-catalyzed, nonenzymatic addition reaction also prefers 
the formation of the A-side diastereomer to the B-side product at a ratio of 60:40%. Figure 
12 represents the structures of the A- and the B-side NAD-pyruvate adduct. In contrast to 
NAD', the pyruvate adduct formed with NMN' is in an equal population mixture of the 
A- and B-side isomers.'" These data demonstrate that the AMP moiety of NAD' is re- 
sponsible for the observed stereopreference in chemical formation of adduct. 

Arnold and Kaplan,3v however, demonstrated that the NAD-pyruvate addition product 
formed in the presence of lactate dehydrogenase (chicken heart) is the pure A-side isomer. 
This finding is consistent with the stereospecificity of the enzyme in  the physiological 
reaction. To date, the stereochemical analysis of the addition product formed in  the presence 
of a B-stereospecific enzyme has not been carried out. 

I t  is critical to point out that the significant stereopreference in the nonenzymative reactions 
involving the dinucleotides, be it the redox reaction or the adduct formation. is always for 
the A side. Unlike enzyme-catalyzed reactions, there has been no known chemical reaction 
in which the B side of the coenzyme is favored. This one-sided steric preference in the 
reactions involving the entire coenzyme molecule, but not the half-molecule such as NMN + , 
is ascribed entirely to the conformation of the free dinucleotide in solution. 

The puckering of the nicotinamide/dihyronicotinamide ring and the conformation of the 
coenzyme, both in  free and in enzyme-bound states, are discussed in some detail in the 
following sections. 
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VII. CONFORMATION OF FREE COENZYME 

The study on the conformation of NAD(P) has been an intensive research subject for over 
2 decades. Various techniques have been employed for this purpose and our understanding 
about this subject has been refined and misinterpretations corrected as there are improvements 
in instrumentations: fluorescence energy transfer and quenching;"-3s hyperchromicity of the 
chroniophores;"-"" circular dichroism;"".' 

Of these, fluorometric study and. more recently, NMR have made the most significant 
contribution to the elucidation of the conformation of the coenzyme in solution state. Since 
the data obtained by the former have been reviewed several times already, here the emphasis 
will be given to the NMR work. The X-ray crystallography of the coenzyme was carried 
out on the Li +-NAD' complex crystallized from aqueous methanol as dihydrates. 

It  should be pointed out that extensive coverage of the conformation of nucleotides is 
beyond the scope of this article. Here, the coverage will be limited to the overall conformation 
of the coenzyme molecule and other conformational properties that are relevant to the 
stereopreference in chemical reactions and, in Section VI11, to the absolute stereospecificity 
in enzymatic reactions. 

Detailed conformational parameters such as, among others, various bond angles, orien- 
tation of pyrophosphate linkage, and the mode of puckering of ribose rings (endo-exo forms) 
of the coenzyme. both in free state in solution, as well as in crystalline form, and in enzyme- 
bound state have been authoritatively reviewed very recently in the articles that deal exclu- 
sively with the conformational aspects. IM.'11.171 

X-ray c r y s t a l l ~ g r a p h y ; ~ ~ ~ ' ' ~  and NMR. 119-130  

A. In Solution 
I .  Fluorescence Property: Evidence for Folded Nature 

Because the oxidized form of the coenzyme does not fluoresce, the conformational work 
by fluorometry has been virtually limited to the reduced form. Weber3) was the first to point 
out that there was intramolecular association between the adenine base and the dihydrodni- 
cotinamide moiety of NADH. He convincingly showed that the excitation of the NADH 
molecules in an aqueous solution with the beam at 260 nm (80 to 90% of which is absorbed 
by the adenine ring), in addition to that at 340 nm (which is absorbed entirely by the 
dihydronicotinamide ring), caused the fluorescence emission of the dihydronicotinamide ring 
(A,,,,, = 462 nm). 

This observation clearly indicates that there is excitation energy transfer from the adenine 
base to the dihydronicotinamide ring of NADH, which becomes possible only by the close, 
stacked juxtaposition of these two moieties. In order for them to be stacked closely, the 
backbone of the coenzyme molecule must be folded, because in open conformation, such 
as that in Figure 13, the two rings are far apart and, as a result, energy transfer between 
these two ring systems is unlikely. 

The folded nature of NADH conformation in aqueous medium would be confirmed by 
studying the fluorescence characteristics as a function of solvent, temperature, and structural 
modification, for those factors are likely to perturb the molecular conformation and cause 
changes in the mode of folding. 

In solvents having lower dielectric constants than water such as propylene glycol33 and 
ethylene glycol monomethyl ether," the fluorescence emission of NADH associated with 
the excitation at 340 nm is usually enhanced by several fold, while that with the 260 nm 
excitation virtually disappears, demonstrating clearly the lack of energy transfer due to 
unfolding of the molecule in these media. 

Velick" also found that raising sample temperature stepwisely from 9 to 62" caused the 
loss of the 260 nm-excited emission more rapidly than the 340 nm-excited emission. The 
decrease in the emission associated with the 340 nm is ascribed to thermal dissipation of 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



336 CRC Critical Reviews in Biochemistry 

0 0  

FIGURE 13. The NAD in the full open conformation. The top structure shows the anfi 
orientation of both the adenine and the nicotinamide rings and the bottom. the NMN' 
portion of  the coenzyme, presents the nicotinamide ring in the s y  form. It can be seen 
clearly that when the nicotinamide is in the arrri form, the nicotinamide C-2 proton is 
closer to the C- I ' proton than is the C-6 proton; in the 5.w orientation. on the other hand, 
the nicotinamide C-6 proton is in closer proximity to the C-I' than is the C-2 proton. 
Also, in the syn form the C-2 proton is closer to the proton on the C-3' than is the C-6 
proton. (From Levy. H. R . .  Ejchart, A,. and Levy. G .  C.. Biochernitrry. 22.2792, 1983. 
With permission.) 

the excitation energy, however, in the case of the 260-nm excitation, both thermal dissipation 
and decreased energy transfer owing to molecular unfolding are responsible for the rapid 
loss of the fluorescence emission. 

Shifrin and Kaplad4 noted that in an aqueous medium the nonphysiological isomer a- 
NADH and N(HyP)DH analog show only a fraction of the 260-nm-excited emission seen 
with the physiological NADH, although the emission accompanied by the excitation at 340 
n m  remained relatively unchanged. Hence, they concluded that the two ring bases in the 
two nonphysiological molecules are, for steric reasons or otherwise, not close enough for 
efficient excitation energy transfer. 

'These observations led Velick" to propose that NADH in an aqueous solution is in  the 
folded form, in which the adenine and the dihydronicotinamide rings are stacked nearly in 
parallel, the former lying above the B face of the latter. This conformational model is 
consistent with the low reactivity of the B side in the oxidation of NADH by ferricyanide 
since the hydrogen on this face is, unlike the HA, sterically shielded by the adenine ring 
and as a result less accessible to the oxidant (Table 1 and Figure 4). 

Velick" also deduced that NAD' should be similarly folded since its chemical reduction 
with dithionite attacks the B side less preferably than the A side (Table 1 and Figure 3). In 
support of this interpretation. Shifrin and KapladS showed that the fluorescent, oxidized 
form of the analog (3Amino)AD' exhibited over 1 I times more intense fluorescence in 
propylene glycol than i t  did in water; however, 3-aminopyridine methiodide, which lacks, 
among others, the adenine ring did not show this variation in fluorescence intensity in these 
two media. This finding can be best explained by the fluorescence quenching by the adenine 
ring of the oxidized analog in water (folded conformation). but not in the organic solvent 
(open conformation). Furthermore. the preponderance of the A-side diastereomer in the 
formation of the addition products between NAD' and CN- or carbonyl compounds strongly 
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supports the view that the oxidized form, too, is folded in such a way that the B side of the 
nicotinamide ring faces the adenine ring. 

2 .  Nitclear Magnetic Resonance Studies 
Our current knowledge about the conformation of NAD(P) and other nucleotides of 

biological importance is largely derived from NMR study, especially PMR investigation in 
D,O medium. Attention should be drawn to the fact that many of rhe early investigations 
employing PMR contain widespread erroneous interpretations and misleading conclusions 
due to the unavailability of high resolution instruments as well as to the use of isotopically 
impure samples. Many of the serious errors are pointed out and corrected here and in 
Reference 38.  

a. Evidence for the Dynamic "Folded-Open" Conformation 
In any ringhing-stacked conformation - caused by intramolecular folding - of a molecule 

containing more than one aromatic rings, it is expected that the anisotropic shielding by the 
ring current originating from the aromatic ring will profoundly influence the chemical shifts 
of the protons of the facing ring. whether it  has an aromatic or nonaromatic structure. 

Meyer et al."" were the first to note that the chemical shifts of the protons on the 
dihydronicotinamide ring of NADH appear in significantly higher fields when compared to 
those of N-benzyl- 1.4-dihydronicotinamide. Likewise, Jardetzky and Wade-Jardetzky"" found 
that the chemical shifts of the protons on both adenine and pyridinium or dihydropyridine 
rings of NAD(P) moved uniformly to a considerably higher field compared to their coun- 
terparts on the mononucleotides AMP (or ADPR"') and NMN (which were present in an 
equimolar mixture), respectively (see Table 2). Similarly, the chemical shifts of the protons 
on the dihydropyridine ring of NAD-pyruvate adduct (Figure 12) (as well as NAD-oxal- 
oacetate and NAD-acetaldehyde adducts) are also shielded without exception compared with 
the resonances of the counterpart protons of the adducts formed with NMN+. ' "  

The fact that the chemical shifts of all of the protons on the carbons (and also the resonances 
for the carbons themselves, see below) of both pyridinium/dihydropyridine and adenine rings 
of the dinucleotide are affected, always shifting to the upper field, demonstrates that there 
is strong intramolecular interaction between the two rings and that i t  is magnetic, i.e., ring 
current effect, not electric effect, that is responsible for the shielding. In order for the ring 
current to take effect, the two rings must be in close proximity. As indicated in the preceding 
subsection, the same conclusion was reached by the fluorometric study. 

Unlike the pyridinium ring of NAD+ , the dihyropyridine ring of NADH is not aromatic 
and, therefore, imparts only a small degree of shielding to the adenine protons compared 
to what the nicotinamide ring of NAD' does.I3' Also, the upfield shifts of the resonances 
of the pyridinium ring of a-NAD' is less prominent,"' suggesting that this nonphysiological 
isomer has weaker intramolecular association than the physiological one. It is, however, 
also true that the difference in the direction of the nicotinamide ring in a-NAD' is responsible 
for at least a part of the change in the chemical shiftsm 

Lowering the pH below the pK, (3.8) of the N-l of the adenine ring causes unfolding of 
NAD' due to the creation of the electrostatic repulsion between the pyridinium ring and 
now the protonated adenine ring. 11".1'3 Since the dihydronicotinamide ring is not charged, 
NADH molecule remains to be folded at low pH.Iz3 (Caution should be exercised for 
NAD(P)H decomposes rapidly under acidic condition.) 

In accordance with the PMR work, Blumenstein and RafteryI3O reported that the "C 
chemical shifts of the nicotinamide ring of NAD' at neutrality (where the coenzyme assumes 
the folded conformation) were uniformly shifted upfield compared with those for the same 
carbons of NMN + . (The comparison was made with the resonances of NMN' obtained at 
pH 4, where the phosphate group is singly ionized. Since NMN' phosphate cames two 
negative charges at neutral pH, these workers caution that the comparison should not be 
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Table 2 
CHEMICAL SHIFTS OF THE PROTONS ON THE DIHYDROPYRIDINE 

RING" 

Mononucleotides 
DHNR 
NMNH 
NMNH(OAc), 

Chnucleotides 
NADH 
NADPH 
NADH(OAc),  

N(Hyp)DH 

(TN)ADH 
(3AcPy)ADH 
(3PyAI)ADH 

E-NADH 

(N-MeONADH 

N(CH,NH-A)DH 
N(CH ,CH,NH-A)DH 
N(Br-A)DH 

c-2 

7.157 
7. I66 
7. I39 

6.Y34 
6.923 
6.925 
6.720 
6.986 
6.868 
7.736 
7.280 
7.093 

C-6 

6. I I8 
6.239 
6.252 

5.963 
5.957 
6.025 
5.x70 
6.057 
6.0fl7 
6.007 
6.000 
6.002 

c-5 

5.009 
5.036 
5.045 

H ,\ 

4.750 2.739 
4.784 2.809 
4.X6X 2.X70 
4.655 2.600 
4.882 2.898 
4.741 2.661 
4.741 2.661 
4.930 2.573 
4.984 2.648 

2.83 
2.87 
2.90 

c-4 

3.075 
3.075 
3.055 

H , I  

2.636 
2.723 
2.759 
2.525 
2 . X M  
2.52s 
2.525 
2.532 
2.602 
2.56 
2.67 
2.78 

A6," 

<0.002 
<0.002 
<0.002 

0 .  I 03  
O.OX6 
0. I I I 
0.0xo 
0.0.59 
0.136 
0. I36 
0.04 I 
0.045 
0.27 
0.20 
0.12 

Chemical shifts are in ppm from TSP and are accurate to within 0.002 ppni. The wniples were 50 
n M .  the p D  was 8.5. and the temperature WBF 22°C. except lor NADH and NADPH where the 
concentration wab 5 mM. 

From Oppenheimer, N .  J . ,  The Pyriditic, Nucleoride Coen:yrws. Everse. J . .  Anderson. B .  M..  and You. 
K., Eds.,  Academic Press. New York. 1982. 51. With permission. 

made with the values obtained at near neutrality, but should be with that obtained at pH 4). 
In contrast, at acidic pH, where the coenzyme molecule unfolds due to electric repulsion 
between the nicotinamide and protonated adenine, the IT resonances for the carbons of the 
pyridinium ring of NAD' are virtually identical with those in NMN'. These results are 
consistent with those obtained by PMR work: the adenine and nicotinamideldihyronicotin- 
amide rings are stacked in parallel due to the intramolecular folding at the backbone of the 
coenzyme molecule. 

The evidence for the folded nature of the coenzyme conformation can be more easily 
elucidated with the reduced form than with the oxidized form. In addition to the upfield 
shift of the chemical shifts of the dihydronicotinamide ring protons of NAD(P)H compared 
to the counterpart protons on NMNH,'20.'24 Table 2 clearly demonstrates that the chemical 
shifts of the two geminal A and B protons of the dihydropyridine ring of various reduced 
dinucleotides are nonequivalent, the chemical shift for the B-proton always appearing in 
higher field than that for the A proton. The nonequivalence between these two protons exists 
regardless of the modification of the dihydropyridine ring, the purine base, and the ribose 
(bonded to the dihydropyridine ring) of the reduced dinucleotides. 

It is important to note in Table 2 that in mononucleotides such as NMNH and DHNR, 
the chemical shifts of the A and B protons are coalesced to a single resonance, thus showing 
no indication of nonequivalence between them, and move downfield. Why are the two 
geminal protons - HA and H, - of the dinucleotides nonequivalent? 

Since the two diastereotopic A and B protons of the dinucleotides as well as the mon- 
onucleotides cannot be related by any symmetry, their chemical as well as magnetic envi- 
ronment must be different. In order to observe discrete resonances, however, the two methylene 
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protons on the dihydropyridine ring require that the chemical or magnetic anisotropy gen- 
erated by nearby chiral centers must be greater than the line width of the signals. I f  the 
chiral centers are too distant or nearly symmetrical with respect to the subject protons. the 
existing anisotropy may not be sufficient enough to result in resolution. In the case of N M N H  
and DHNR, the nonequivalence, if any, between the A and the B protons must be caused 
by the ribose chiral centers. The absence of resolved resonances in these mononucleotides 
indicates that the magnetic anisotropy generated by the sugar is too small to cause resolution. 
at least on 220-MHz scale. 

Hence.. the resolution of the A and B resonances of NAD(P)H and their analogs must be 
ascribed to the anisotropy generated by the aromatic adenine ring of the dinucleotide mol- 
ecule. However, any magnetic influence on the prochiral A and B protons from the adenine 
ring is not possible if the coenzyme assumes a linearly extended, open conformation such 
as that seen in Figure 13. since these protons are located farthermost away from the adenine 
in such conformation. The only logical choice in  explaining the PMR data is the folded 
model, in which the two bases of the dinucleotide are stacked face to face. 

Since the A and B protons lie above and below the dihydropyridine ring plane of NAD(P)H 
(all other protons on this ring are coplanar) in the folded form, one proton should face the 
adenine ring and the other should be exposed to the medium. The proton which faces the 
adenine ring is expected to receive stronger shielding by the adenine ring current than the 
one exposed to the medium and, as a consequence, the former’s chemical shift must appear 
in a higher field than the latter’s. Experimentally. it has been proven that the chemical shift 
of the B proton appears in a higher field than that of the A proton (Table 2). I t  is. therefore. 
the B proton which faces the adenine ring. 

Oppenheimer et al.3X noted that the difference between the chemical shifts for the A and 
B protons of a-NADH ( 6 ,  - 6 ,  = 0.05 ppm) was much smaller than that for the same 
protons in the physiological NADH ( 6 ,  - 6 ,  = 0.10 ppm). This finding demonstrates that 
the reduced form of this nonphysiological isomer is also in the folded conformation. the B 
side likewisely facing the adenine ring; however, the degree of intramolecular interaction 
is probably much weaker than that of the physiological form. as Shifrin and Kaplan‘” 
originally inferred. This conclusion, nonetheless, does not imply that a-NADH and P-NADH 
have the same three-dimensional structure. 

Dissolving NADH in a medium having lower polarity than D20 (e.g.. D20-CD,0D 
mixture) causes the chemical shifts for the A and B protons to merge together and shift 
downfield to the limiting values of the chemical shifts for the same protons in NMNH.’” 
This result confirms that in apolar solvent the reduced form of the coenzyme unfolds and 
as a result the A and B protons lose the nonequivalence. 

Perturbation of NAD structure by dissolving it in apolar ~olvent’~.”.’ or by raising 
temperature120.1~l.125 causes downfield shift of the chemical shifts for the protons on both 
bases rather uniformly, indicating again that it is the ring current effect that is affected by 
the unfolding caused under these environmental conditions. The same conclusion was drawn 
by the change in fluorescent property of NADH under the same conditions, as discussed 
previously. 

Figure 14 schematically represents the coenzyme in the folded conformation at the back- 
bone. For clarity, the two bases are shown separated, but in reality the B face of the 
nicotinamide/dihydronicotinamide ring should be right on top of the adenine ring. The 
difference between the two structures is the glycosidic torisonal orientations of the two bases, 
which is the subject of the next section. 

The PMR property of NAD(P) described above can be best rationalized with a model in 
which the coenzyme molecules exist at a rapid, dynamic equilibrium state between the folded 
form (Figure 14) and the open form (Figures 13 and 20). The equilibrium is rapid on the 
PMR time scale; therefore, the observed chemical shifts (Table 2) represent a time-averaged 
weighted sum of the contributions from these two forms. 
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FIGURE 14. Schematic representation of NAD in folded Conformation with the bases oriented in syn 
or anti angles. The structure on the left shows the anti orientation of the adenine-ribose linkage (the C- 
8 is closest to the C-2’ proton and relatively close to the protons on C-3’ and C-5’, but distant from 
the C-I ’ proton; the C-2 proton is. on the other hand, distant from any of the ribose protons) and the 
s m  conformation of the nicotinamide-ribose linkage. Shown on the right is the structure of the coenzyme 
in which the adenine- ribose linkage is in the s w  form (the proton on the C-2 is closest to the C-2‘ 
proton and relatively close to the proton on the C-5’) and the nicotinamide-ribose linkage in the anti 
orientation. (From Sarma, R. H. and Mynott. R. J . ,  J .  Am. Chem. Soc., 95. 7470, 1973. With 
permission.) 

On the basis of thermodynamic parameters derived from chemical shift-temperature re- 
lationship, Jardetzky and Wade-Jardetzky’20 estimated that the population of the NAD + 

molecule with folded conformation is 20 to 40% at pH 7.2 and 27°C. A significantly lower 
value, 15%, was reported by McDonald et al.I2, The estimations based upon the ionization 
constants of the adenine N-1 of NAD’ and ADPR’33 and upon UV spectrophotometric”5.’16 
as well as circular dichroisrn’l6 studies, however, indicate the population to be 44 and 40 
to 50%, respectively. Based upon vicinal coupling constants, 3J4.,, of the dihydronicotinamide 
ring, Oppenheimer et al.I2* estimated the folded population in an intriguing manner. The 
observed 3JA., and 3J,., are 3.1 and 3.9 Hz, respectively; in the fully open NADH (i.e., at 
707, as well as in NMNH, these two constants merge to a single, midpoint value of 3.5 
Hz. They made the assumption that in the fully folded form, more than two constants should 
approach the limiting values of 2.2 and 4.6 Hz, respectively. (See Section VII.A.2.c for 
the rationale behind this assumption.) The mole fraction for the folded form X, then should 
have the following relationshp with the coupling constants: Job% = X,. J, + J,(1 - XF), 
where Jobr = 3.1 and 3.9, J, = 2.2 and 4.6, and J, = 3.5. From this equation these workers 
were able to conclude that 36% of the coenzyme population is in the folded form. 

Clearly, the population proportion between the folded form and the open form is extremely 
sensitive to the environmental conditions, i.e.,  temperature, pH, ionic strength, and polarity 
of the medium. This is probably the reason for the widely variable estimate for the folded 
form population. Nevertheless, the reported values are in approximate agreement with the 
deuterium incorporation into the B side during chemical reduclion with dithionite in D,O(Table 
1 ) .  

b. Base-Ribose Torisonal Orientations 
The torisonal angle, x, about the glycosidic linkages which bond the adenine (xA) and 

the nicotinamide (xN) to their adjacent ribose is another major conformational feature of the 
dinucleotide. According to the Nomenclature Commission of the IUPAC-IUB,’34 the tori- 
sonal angle xA is defined as the angle between the N-9-C-4 bond of the purine base and 
the C-1‘-0-1’ bond of the adenosine ribose, and xN as the angle between the N-1-C-2 bond 
of the pyridinium/dihydropyridine ring and the C- 1 ‘-0-1 ’ bond of the ribose in NMN. Figure 
15 presents these angles diagramatically. 
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ADENINE - RIBOSE PY RlDlNl UM / DI HY DROPY R I DINE - RIBOSE 

(r (r 

IdO* 180' 

Syn : 0 2 90'; Anti = 180 2 90' 

FIGURE 15. The onrj and 5yr~ glycosidic torisonal angles of adenine ( x A )  and nicotinamideldihydronucotin- 
amide (xN) rings. The angle xA is defined as the clockwise angle between the C-1-0-1' bond and the N-9-C- 
4 bond of the purine ring while facing the glycosidic bond from N-9; the angle xN is the clockwise angle 
between the C-1-0-1' and the N-I<-2 bond of the nicotinamide/dihydronicotinamide ring. There are two 
thermodynamically stable torisonal regions: 5.~11 and nriri. The angle ranges for these regions are also indicated 
on the figure. (Adapted from IUPAC-IUB Joint Commission on Biochemical Nomenclature, Eur. J .  Biochern., 
131. 9, 1983. With permission.) 

In  general, there are two energetically preferred regions, designated syn and anti, in the 
torisonal orientation of the glycosidic bond: the x value in the syn region ranges 0 Ifr 90" 
and that for the anti region, 180 Ifr 90" (Figure 15).Ix4 Figure 13 (top) shows the anti 
orientations of both the adenine and nicotinamide/dihydronicotinamide rings of the coenzyme 
in the linearly open conformation. The NMN' half molecule shown in the bottom of Figure 
13 represents the syii orientation of the nicotinamide/dihydronicotinamide ring. 

The torisonal orientation of the two glycosidic linkages in the folded coenzyme molecules 
can be seen in Figure 14. The structure on the left shows the adenine ring in the anti form 
and the nicotinamide/dihydronicotinamide ring in the syn orientation; the structure on the 
right shows the 180" rotation of the two bases, thus, the adenine ring is in the syn form and 
the other, in the anti form. 

Glycosidic orientation in AMP - Usually, P-nucleotides, including AMP, in aqueous 
solution are in a rapid equilibrium state between the anti and syn conformations, with the 
preference for the anti form to the syn. 1 2 2 . 1 x s - i x 7  

The preference for the arzti form can be demonstrated by measuring the chemical shift of 
the C-2' proton of AMP. In the syrt form the C-2' proton is in closer proximity to the adenine 
base than it is in the anti conformation (Figure 14). Consequently, the purine ring in the 
anti orientation is expected to exert less deshielding on the C-2' proton than that in the synt 
orientation. 

Evans and Kaplan'" reported that the chemical shift of the C-2' proton of AMP was very 
similar to the model compounds, 8-amino-AMP and 8-methylamino-AMP, which are known 
to have the anti orientation, but it moved to substantially higher field compared to that of 
the same proton on 8-dimethylamino-AMP, which is known to have the syn conformation 
(below). These data support that the adenine ring in AMP is anti oriented. (The intramolecular 
hydrogen bond between 8-NH- and 0-5' of the ribose stabilizes the anti conformation of 8- 
amino-AMP and 8-methylamino-AMP. However, the 8-dimethylamino analog, which lacks 
such hydrogen bond. is predominantly in s y i  conformation due to the bulky dimethylamino 
substituent.) 
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Analogous to the case of AMP, Lappi et al.''y observed that the chemical shift of the 
adenosine C-2' proton of NADH shifted 0.69 ppm upfield compared to that of NI(CHJ2-N- 
AJDH,  which is in the s ~ w  conformation (see above). However, the difference in chemical 
shifts of the same protons in NADH and in N(CH,-NH-A)DH, and also in N(CH,-CH,-NH- 
A)DH (both analogs have the anti conformation) are only 0.09 and 0.05 ppm, respectively. 
From this finding, they concluded that the adenine ring in AMP moiety of NADH has, like 
that in free AMP, the anti orientation. 

Glycosidic orientation in NMN - Eagan et al. 12') studied the torisonal conformation of 
the nicotinamide-ribose linkage in NMN + by measuring the intramolecular proton-proton 
nuclear Overhauser effect (NOE) enhancement. The NOE is the most sensitive NMR method 
for the conformation analysis of nucleotides in solution since it can determine the relative 
proximity of two intramolecular protons in space. Saturation irradiation at the frequency of 
the resonance of a given proton causes the largest NOE enhancement to its closest proton. 

From Figure 13 it  can be seen that in the syn form of the nicotinamide ring in NMN' 
the C-6 proton is in closer proximity to the C-I' proton than is the C-2 proton; conversely, 
in the anti conformation the C-2 proton is situated closer to the C-I' proton than is the 
proton on C-6.  The actual measurement of the NOE enhancement for the protons on C-6 
and C-2 at the saturation of C-I' proton revealed that the syn and anti conformers of the 
mononucleotide were about, equally populated in a pH and temperature-independent manner. 
In other words, these two conformational isomers are isoenergetic. 

employed proton TI  (spin-lattice relaxation time) measurement to determine 
the synlanfi conformer population of NAD' . If the predominant conformer of NAD' is 
.y, there would be a large change in T,  for C-I' proton in going from isotopically natural 
NAD' to monodeuterated NAD' at nicotinamide C-6, but little change with the dinucleotide 
labeled at the C-2. Conversely, if the anti form predominates, a large change should be 
expected in T I  for C-I' in going to deuterium-labeled NAD' at the C-2, but no change with 
that at the C-6. Experimentally observed data, however, were not consistent with any of 
these expectations, but it could be best explained with the model that the nicotinamide ring 
of NAD' is librating between the syn and the anti orientations. Hence, in agreement with 
the conclusion drawn from the NOE study with NMN', the populations of the syn and anti 
isomers of NAD', too, are about equal. 

This conclusion does not support the view expressed by Sarma and Myn~tt,~'".'"' who 
proposed that the nicotinamide ring in NMN', as well as in NAD', favored the syn 
orientation (while NMNH favored the anti form) on the basis of the 5'-phosphate ionization- 
dependent perturbation of the resonances for the protons on the C-6 and C-2. Eagan et al."' 
and Oppenheimer1''4 discussed the ambiguity that is associated with the conclusion derived 
from the titration of the phosphate group. 

Although Oppenheimer'" regards the anti orientation of the nicotinamide ring in the 
folded form of the coenzyme more favorable, presently available data do not provide any 
information as to whether the two torisonal conformers are equally populated both in the 
open and folded conformations. I t  is quite possible that in the dynamic "folded-open'' 
conformation of the dinucleotide the open form favors one conformer, whereas the folded 
form favors the opposite conformer in such way that the apparent conformer populations 
average out to be approximately equal. 

The conformational features of the free coenzyme in aqueous medium can be summarized 
as follows: 

Zens et al. 

1.  

2. 

The coenzyme molecule, regardless of the redox state, is at the dynamic equilibrium 
between the open and folded conformations. 
In the folded form, the adenine and the nicotinamide/dihydronicotinamide rings are 
stacked in parallel, the B face of the nicotinamide/dihydronicotinamide ring facing the 
adenine ring, for the maximum intramolecular interaction. 
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3. 

4. 

While the adenine ring is anti oriented the nicotinamide ring prefers neither syn nor 
anti orientations, thereby making the population of these conformers equal. 
It is not known if the two torisonal conformers are equally populated both in the open 
and the folded forms of the molecule. 

c. Puckering of the Dihydronicotinamide Ring in the Folded Conformation 
Albeit it is somewhat speculative, another possibly significant conformational feature 

which has become apparent from PMR studies is that when NADP(H) is in  the folded form 
but not in the open form, the dihydronicotinamide ring may not be planar but puckered in 
the manner that the C-4 and N-l ends are bent away (like the boat form) from the adenine 
ring. The evidence for this puckering has been derived from the unusual observation with 
NADH that the vicinal coupling constant 3JB.,(3.9 Hz) is larger than the 'JAJ3. 1 HZ)."~  
As mentioned in Section VII.A.2.a, such difference is absent in NMNH. as well as in 
DHNR, in which both coupling constants have the same value of 3.5 HZ;"~."" elevated 
temperature or apolar medium, under which condition the two bases destack, causes the two 
coupling constants of NADH to merge to the value obtained with the mononucleotides. 

According to the Karplus re1ati0n.l~' vicinal coupling constants are maximal when the 
bonds of the coupled protons are coplanar and minimal when they are orthogonal. The fact 
that 3JA., is smaller and 'JB., is larger than 3.5 Hz signifies that the A proton of NADH is 
more perpendicular to the dihydropyridine plane and the B proton more horizonral than 
their respective protons in NMNH. This interpretation was corroborated by the analysis of 
the long-range coupling between the C-6 proton and the methylene protons on the C-4. 
'JA.,(2.O Hz) and 5JB.6(1.5 Hz); such difference is again absent in NMNH, in which both 
constants are identical ( 1.7 Hz) at about midway between these two values. Since vinylic 
coupling is maximal when the proton is orthogonal with the ring and minimal when it is 
coplanar, the long-range coupling constants obtained with the dinucleotide support the notion 
that the A hydrogen is displaced aria1 and the B hydrogen equatorial.12x 

Therefore, in the folded conformation of NADH, the dihydropyridine ring may not be 
planar but the two bonds connecting the C-3, C-4, and C-5 are puckered away from the 
bulky adenine ring. The fact that 4J,, is also decreased from 1.7 Hz in NMNHIzh to 1.5 Hz 
in NADHiU suggests that the N-1 end of the dihydropyridine ring is also puckered. The 
dihydropyridine of the coenzyme is thus very likely in the boat form when it is stacked 
against the adenine ring. 

The limiting values of 3JA.s ( =  2.2 Hz) and 3JB.5 (= 4.6 Hz) (see Section VII.A.2.a) for 
the puckered dihydronicotinamide ring in fully folded NADH were derived by Oppenheimer 
et al.Iz8 from the PMR data of NAD-pyruvate and NADCN adducts, respectively. In the 
former adduct (Figure 12). the equatorially displaced pyruvate moiety keeps the proton on 
the C-4 in the fully axial position, whereas in the latter, the proton is fully in the equatorial 
position due to the axial addition of CN- . These limiting values for the vicinal coupling 
constants correspond to a change in the dihedral angle between the C-4 methylene and the 
C-5 methine of at least 15". The result, therefore, demonstrates a puckering of the C-4 
position by about 30" from the plane consisting of the C-2, C-3, C-5, and C-6 atoms.IM 
This estimate is in close agreement with the degree of puckering observed in the X-ray study 
on the model compound, the crown ether N-methyl- 1,4-dihydropyridine crystal complexed 
with sodium perchlorate (Figure 16a). The X-ray study revealed that the N-1 and the C-4 
atoms of the dihydropyridine ring of this compound are forced out of the ring plane by 27.7 
and 36", respectively. 142 

Rob et al.143 also found by X-ray crystallography that the dihydropyridine ring of an 
achiral bridged 1,4-dihydr0-3,5-biscarboxamido pyridine is in the pronounced boat confor- 
mation [Figure 16b (RED) the actual compound subjected to the X-ray study is devoid of 
the three methyl groups]. Consequently, the two methylene protons in the bridged dihydro- 
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FIGURE 16. The dihydropyridine model compounds have the boat conformation: (a)  crown ether N-methyl-l.4- 
dihydropyridine complexed with \odium perchlorate. X-ray structural determiyition reveals that the dihydropyridine 
is in a prominent boat conformation. tilted relative to the tetraethylene glycol chain: (b)  stereoselectiye hydrosen 
transfer from N-benzyl- I .4-[4.4-~]-dihydronicotinamide to an achiral bridged\I.4-dihydro-3.5-biscarboxamide pyr- 
idine. The deuterium is transferred to the oxidized lorm of the model compound in a highly stereoselective manner. 
more than 90% of the deuterium ending up .in magnetically more shielded diastereotopic C-4 position. X-ray 
investigation with the reduced model cornpound (btu lacking the three methyl groups on the benzene ring) shows 
that the ring is considerably distorted into the boat form. (Diagram b is adapted from Rob. F.. van Ramesdonk. 
H. J . .  Verhoeven. J .  W . .  Pandit. U .  K . .  and Boer. T. J . .  Tctrtrhedrori Lett.. 21. 1549, 1980. With permihsion.) 

pyridine ring shown in Figure 16b (RED) are present in different magnetic environment and, 
therefore, show different chemical shifts and coupling constants: AS,, = 0.13 ppm; 2J,, 
= 14 Hz. Of more significant consequence is that N-benzyl- 1,4-[4,4-dideuteroI-dihydron- 
icotinamide leads to highly siereoselective (290%) introduction of deuterium at the mag- 
netically most shielded disastereotopic C-4 position of the model compound, as represented 
in the reaction shown in Figure 16b. 

Only above two dihydropyridine model systems are known to have distorted ring structure. 
The dihydronicotinamide ring in a model compound like N-benzyl- 1,4-dihydronicotinamide 
is perfectly planar (below). 

B. In Crystal 
Saenger et al.47.''n elucidated the conformation of NAD' in the crystal of Li+-NAD+ 

complex, which is illustrated in Figure 17 by X-ray crystallography at 1.09 A resolution. 
Two Li' are coordinated to the dinucleotide: one is attached to the adenine N-7 and an 
unesterified oxygen atom of the phosphate group in NMN + and the other to the unesterified 
oxygen of the phosphate group in AMP and the remaining unesterified oxygen on the NMN + 

phosphate. 
The carboxamide group is nearly coplanar with the obviously planar pyridinium ring, the 

C-NH, bond being cis-planar with the C-3-C-4 bond of the pyridinium ring. (In the N-1 
unsubstituted nicotinamide, however, the C-NH, in the carboxamide group is rotated by 
180" to be trans oriented to the C-3-C-4 bond.'" Wright and King'" presented the bond 
angles and distances of the N- 1 unsubstituted nicotinamide ring). 
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FIGURE 17. Conformation of Li+-NAD+ complex crystal. The coordination of 
the two Li' is marked by solid bonds: one Li' is attached to the adenine N-7 
and an unesterified oxygen atom of the phosphate group in NMN' and the other 
to the unesterified oxygen of the phosphate group in AMP and the remaining 
unesterified oxygen on the NMN + phosphate. The carboxamide group is nearly 
coplanar with the pyridinium ring. the C-NH, bond (arrow) being cis-planar with 
the C-34-4 bond. The adenine and nicotinamide bases are nearly perpendicular 
to each other and are separated by 1 I .5 A. The glycosidyl linkages of both bases 
are anri oriented: x,, = 232": xN = 195". (From Saenger, W.. Reddy, 9. S.. 
Muhlegger. K.,  and Welmann. G.. Nature (London). 267. 225, 1977. With 
permission.) 

Unlike the conformation in solutim state, NAD' molecules in crystal exist in the open 
form, the two bases being separated by about 1 1.5 A and nearly perpendicular to each other. 
The glycosidic linkages of both rings are in the anti orientation, i.e., xA = 232"; x = 

It was inferred that the conformation of Li + -NADP+ is very similar to Li + -NAD + . Since 
the 2'-phosphate is fairly remote from the pyrophosphate group, these two groups cannot 
interact directly or by means of a chelating cation. It is, however, possible that the adenine 
N-3 may be liganded by a cation with the oxygen on the 2'-phosphate. 

In order to examine the planarity of the dihydronicotinamide ring, K a ~ l e ' ~ ~  determined 
the bond lengths and angles of N-benzyl- 1,4-dihydronicotinamide by X-ray crystallography, 
and the data are presented in Figure 18. 

The N - 1 4 - 2  and N-1-C-6 distances are 1.38 and 1.43 A, respectively, compared to the 
expected single bond length of 1.47 A.  The shorter N-1-C-2 distance relative to the N-1-C- 
6 is ascribed to the presence of an enhanced resonance form of the ring with the coplanar 
carboxamide group (Figure 18). This resonance form, which again requires a planar ring 
nitrogen, is presumably responsible for the 340 nm absorption band in the UV spectrum, 
usually a typical and unique property of reduced form of dinucleotide, since the 3-halopyr- 
idine nucleotide analogs which are coenzymatically active lack this absorption band. 146 

Hence, it now appears evident that the dihydronicotinamide ring in NADH in the open 
conformation and in N-benzyl- 1,4-dihydronicotinamide (Figure 18) is planar, but in the 
folded NADH and in the crown ether- 1,4-dihydronicotinamide as well as in the achiral 
bridged 1,4-dihydro-3,5-biscarboxamido pyridine (Figure 16), it is in the puckered, boat 
form. 

1950 4 7 . 1 1 ~  
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/NH2 

1.32 

I 
R 

FIGURE 18. The planarity of the dihydronicotinamide ring in N-benzyl- I ,4-dihydronicotinamide. 
The bond lengths and the dihedral angles between the atoms in the ring are consistent with those 
in a planar ring conformation. In addition, the resonating system between the dihydropyridine ring 
and carboxamide group requires that the carboxamide group be coplanar with the ring; it is this 
resonance form that is responsible for the light absorption at 340 nm. a unique and typical UV 
spectrum property of reduced form of the coenzyme and of many analogs. 

VIII. CONFORMATION OF ENZYME-BOUND COENZYME 

A. Overall Mode of Binding 
13efore a wealth of information about the conformation of NAD(P) bound to their host 

enzyme has been available through extensive X-ray crystallography, some fluorometric and 
PMR studies had suggested that the dinucleotide held, unlike its conformation in solution, 
base-destacked open conformation in most cases. For instance, based upon the persistence 
and disappearance of fluorescence emission at 260 nm excitation upon binding of NADH 
to various enzymes, Ve1ick3l deduced that the coenzyme was in the open conformation at 
the active sites of lactate dehydrogenase, alcohol dehydrogenase, glutamate dehydrogenase, 
and glycerol-3-phosphate dehydrogenase (EC. I .  1. I .  18.) because the excitation at 260 nm 
no longer imparted the fluorescence emission at 485 nm. The NADH bound to glyceral- 
dehyde-phosphate dehydrogenase was, however, assumed to be in the folded conformation 
since the fluorescence emission (at 485 nm) upon the excitation at 260 nm was retained.32 

Similarly, Lee et a1.l3? reported downfield shift of the chemical shifts of protons on both 
nicotinamide and adenine rings of NAD' upon its binding to several dehydrogenases with 
the exception of glyceraldehyde-phosphate dehydrogenase. Since downfield shift represents 
base destacking (no ring current effect), these workers also concluded that NAD' held the 
open conformation when they were bound to enzymes with a possible exception of glycer- 
aldehyde-phosphate dehydrogenase. 

Extensive X-ray crystallographic investigations on the conformation of enzyme-bound 
NAD(P). initiated in Rossman's laboratory in 1970 with the complex with dog fish M, 
lactate dehydrogenase,4h have proved, however, that the coenzyme, regardless of the redox 
stale and of the stereospecificity of the host enzyme, holds the open conformation, stretched 
between the adenine binding crevice and the nicotinamide binding pocket at the coenzyme 
binding domain of enzyme. 1 3 1 . 1 ' 7 . 1 7 2  

In  order to fix spatially a flexible molecule like NAD(P) on a protein, a network of 
hydrophobic force, hydrogen bonding. and ionic interaction displays intricate association 
between the coenzyme and various amino acid residues in the coenzyme binding domain of 
a given enzyme. Some of these amino acids in each type of interaction appear to be strictly 
conserved both in character and relative positioning among dehydrogenases. 

Figure 19A and B schematically show the overall conformations of the NAD bound to a 
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FIGURE 19. Schematic representation of the conformation of NAD in lactate dehydrogenase.NAD*pyruvate 
ternary complex (A) and in glyceraldehyde-phosphate dehydrogenase.NAD+ binary complex (B). In (A), the 
adenine binds in a hydrophobic pocket. Tyr-85 provides an interaction during the initial stage of coenzyme 
binding. Asp-53 gives some specificity to the adenine orientation. The adenosine ribose is positioned by three 
hydrogen bonds with its hydroxyls: one between the 2'-OH and Asp-53, and two between the 3'-OH and Asp- 
30 as well as Lys-58. The negative charge of the pyropbosphate group is balanced by the interaction with Arg- 
101. The NMN ribose forms hydrogen bonds between the 2'-OH and Glu-140, and between 3'-OH and Ala- 
98. The nicotinamide ring itself is supported by hydrophobic residues (Val-32 and 247) and by a hydrogen 
bond between its carboxamide group and €-amino group of Lys-250. When in the oxidized form. the pyridinium 
ring can interact with Glu-140. The glycosidic torisonal orientations of both the adenine and nicotinamide rings 
of the bound coenzymes are in the anri form. (From Holbrook. J .  J . ,  Liljas, A., Steindel, S. J.. and Rossman. 
M. G.. The Enzyme. Vol. I I ,  3rd ed., Boyer. P. D., Ed., Academic Press. New York, 1975, 191. With 
permission). In  (B). only the overall conformation of the bound coenzyme is shown. The most striking difference 
between the coenzyme conformation shown in (A) and (B) is that on B-sterospecific enzyme, the nicotinamide 
ring of the dinucleotide is syn oriented, a 180" opposite rotation from that bound to lactate dehydrogenase. 
(From Moras. D., Olsen. K. W., Sabesan, M. N.. Buehner, M., Ford, G. C., and Rossman. M. G., J .  B i d .  
Chem.. 250, 9137, 1975. With permission.) 

typical A-stereospecific enzyme (lactate dehydrogenase) and a B-stereospecific enzyme (gly- 
ceraldehyde-phosphate dehydrogenase), respectively. The most remarkable conformational 
feature of the coenzyme in both complexes is that the dinucleotide molecule is in the base- 
base destacked open form, although it does not reach the full linearity due to a fold at the 
pyrophosphate bridge. 

Figure 20 diagramatically demonstrates the fold at the pyrophosphate group and the 
glycosidic torisonal orientations of the two bases of the coenzyme bound to an A-stereo- 
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B 

FIGURE 19B. 

specific enzyme (lactate dehydrogenase). In this diagram, both the adenine and nicotinamide 
are anri oriented. The fold at the pyrophosphate bridge determines the degree of opening of 
the dinucleotide molecule, which is represented by the base-base distance, i.e., C-6, * * - C -  
2, for the nicotinamide in the anti form and C-6, - * * C-6, for that in syn. (The subscripts 
A and B represent adenine and nicotinamide. respectively.) The degree of opening of enzyme- 
bound coenzyme differs from one complex to another; for instance, the base-base distance 
in dihydrofolate reductase*NADPH*Methotrexate (EC. I .5.1.3.)-bound NADPH is a full 3 
A longer than that in lactate dehydrogenase-bound NAD’ (Table 3). 

Table 3 presents the summary of some of the important conformational parameters of the 
coenzyme bound to several dehydrogenases. In addition to the complexes in Table 3,  Schulz 
et and Pai and S c h ~ l z ’ ~ ~  reported that the NADPH in the ternary complex, glutathione 
reductase (human erythrocytes; EC. 1.6.4.2.)*NADPH*oxidized glutathione (3 b. resolution) 
is in the open conformation. Likewise, Volz et al.Is0 and Biesecker et al.,Is’ respectively, 
reported that the coenzymes in dihydrofolate reductase (chicken liver) *NADPH-phenyltriazine 
(2.9 b.) and glyceraldehyde-phosphate dehydrogenase (Bacillus stearothermophilus)*NAD + 

(2.7 A) complexes are also in the open form. 
Thus far, there has been no case in which enzyme-bound coenzyme exhibits the base- 

base stacked, folded conformation. The overall conformation of enzyme-bound coenzyme 
is, therefore, profoundly different from the dynamic “folded-open” conformation of free 
coenzyme in solution. 

I t  now becomes difficult to reconcile the X-ray data about the conformation of the NAD + 

bound to glyceraldehyde-phosphate dehydrogenase (open conformation) with the conclusion 
reached by f l~orometr ic~~ and PMR (folded conformation). Obviously, an alter- 
native explanation must be searched. A clearly known fact is that in a negative cooperative, 
tetrameric glyceraldehyde-phosphate dehydrogenase, the four coenzyme binding sites (one 
per subunit) are close to each other near the central molecular waist.’s’.’s3 Because of this 
close proximity, it is possible that there is an intermolecular interaction among the NAD 
molecules on each subunit. Even though the enzyme-bound coenzyme is in the open form, 
the intermolecular interaction may cause the energy transfer29 and the ring current effects 
to occur. In the noncooperative, tetrameric enzyme like lactate dehydrogenase, this in- 
termolecular interaction between the bound coenzyme molecules is unlikely because thr 
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FIGURE 20. Schematic diagram of the overall conformation of NAD' 
bound to the A-stereospecific enzyme. The molecule is in  ring-ring des- 
tacked. open conformation with the nicotinamide and the adenine rings 
ctnfi oriented. The molecule is not. however. in the completely linear form 
(cf. Figure 13). due to a fold at pyrophosphate linkage. which determines 
the base-bdse distance. When the nicotinamide is s\.ri oriented the distance 
C-6,**C-6, is used instead of C-6,*-C-2, r r r i f i ) .  in order to compensate the 
180" rotational difference. Some important conformational parameters of 
NAD(P) bound to the A-stereospecific IS well as B-slereospecific enzymes 
are given in Table 3. (Adapted from BrandCn. C.-I.. and Eklund. H. .  
DehJdrogenases Requiring Nirotiricrmidr Coerr.wtes. Jeffrey. J . .  Ed.. 
Birkhauser Verlag. Basel. 1980. 41. With permission.) 

dinucleotide is bound completely within each subunit giving little possibility for intermo- 
lecular association. 'm 

Figure 21 compares the conformation of NAD' in the lactate dehydrogenase ternary 
complex and that in Li+-NAD' c r y ~ t a l . ~ ' . ' ~ ~  Owing to the different bond angles about the 
C-4'-C-5' bonds, indicated by an arrow, the adenosine groups in the two complexes turn 
to the opposite directions although their distances to the nicotinamides are comparable. In 
addition, the adenosine glycosidic bond in Li+-NAD' complex is nearly vertical to the 
plane of the paper, whereas it is in the same plane as the paper in the ternary complex. 

B. Specific Interaction between Coenzyme and Enzyme 
Because the mode of binding of the nicotinamide/dihydronicotinamide ring of the coen- 

zyme to a given enzyme is critically important in eventuating the stereospecificity of that 
enzyme, its interaction with various amino acid residues on the protein is separately discussed 
in detail in a later section. 

The specific features in binding of the ADPR moiety of the coenzyme to those enzymes 
listed in Table 3 are, however, discussed briefly here. Further information about the con- 
formation of the coenzyme can be found in the recent references that are written specifically 
for that purpose.'".''' 

In every complex analyzed, the adenine ring binds to a hydrophobic crevice on the surface 
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bond vertical 

6-33 
FIGURE 2 I .  Comparison of the conformations of NAD’ in lactate dehy- 
drogenase.NAD ‘vpyruvate ternary complex (solid bonds) and Li * -NAD‘ 
complex (open bonds). Owing primarily to the different conformation about 
the C-4’C-5’  bonds, indicated by arrows. the ADP moieties in the two com- 
plexes turn to opposite directions although the distances from the adenine rings 
to the nicotinamide rings are comparable. Also. the adenine rings in the two 
complexes are oriented differently: in Li +-NAD’ complex the adenosine gly- 
cosidic bond is nearly vertical to the plane of the paper, while it is in the same 
plane as the paper in  the complex with the enzyme. (From Saenger, W..  
Reddy. B. S.. Muhlegger. K . .  and Weinman. G., Noritre (Loridon). 267. 225, 
1977. With permission.) 

of enzyme in a relatively unspecific manner, with its torisonal angle (xA) anti (Table 3) .  
The crevice can also accommodate other aromatic rings as long as they are not too large. 
The adenine portion of the coenzyme, therefore, can be drastically modified without the 
total loss of coenzymatic function.Is4 What is also true is that many aromatic molecules 
with negatively charged groups often serve as competitive inhibitors of dehydrogenases for 
the coenzyme. In some complexes. the binding of the adenine ring may be further facilitated 
by hydrogen bonding between the N- 1 (lactate dehydrogenase) or the N-3 (lactate dehydro- 
genase and glyceraldehyde-phosphate dehydrogenase) with the protein. The 6-NH, group 
of the adenine ring is somewhat protruding out of the adenine crevice toward the medium. 
Consequently, the protein does not render steric hindrance to this group when the coenzyme 
is immobilized for affinity chromatography through a spacer chain attached to this amino 
group. 155 

I n  general, the adenosine ribose interacts with enzyme through the combination of weak 
hydrophobic force and hydrogen bonds with the 2’-OH and 3’-OH groups. In the case of 
bound NADPH, the 2’-phosphate group is also hydrogen bonded (dihydrofolate reductase). 
The degree of opening of the coenzyme molecule (i.e., the distance between the two bases) 
is governed by the bond angle of the pyrophosphate bridge, which is in turn determined by 
ionic interaction. hydrogen bonding, and hydrophobic interaction with various amino acid 
residues in the domain. The NMN ribose is, like the adenosine ribose, bound through 
hydrophobic force as well as hydrogen bonds with its hydroxyl groups. 

Figure I9A. the ternary complex of lactate dehydrogenase. represents, with the exception 
of the orientation of the nicotinamide ring, the typical overall mode of interaction between 
the dinucleotide and enzymes. 

I .  Torisonul Orientutioti of Adenine Ring 
In  addition to the X-ray crystallographic evidence, there is clear NMR evidence that the 
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torisonal orientation of the adenine ring (x,) in protein-bound mononucleotide and dinu- 
cleotide is usually uufi. 

Clore and Gronenborn'Sh.'KX measured the transferred proton-proton nuclear Overhauser 
e f f m  (TRNOE) between the protons on the purine carbons and the ribose protons of AMP 
molecule bound to alcohol dehydrogenase and glutamate dehydrogenase. When the adenosine 
of .AMP is in  the mri  form. the purine C-8 proton is closest to the C-2' proton and also 
maintains relatively close in  proximity to the protons on C-3' and C-5', but is distant from 
the C- I ' (as well as C-4') proton. The proton on the purine C-2 is, on the other hand, remote 
from all of the ribose protons (Figure 13). 

IJpon irradiating at the resonance frequencies of various protons on the ribose, the above 
workers observed the following TRNOE: 

I .  

2. 

3. 

4. 

Irradiation at the resonance of the C-2' proton caused a large negative TRNOE (about 
50%) on the observed resonance of the proton on the adenine C-8. 
Irradiation at the resonances of the protons on C-3' and C-5' caused smaller but 
significant TRNOE on the resonance of the same proton. 
Irradiation at the C-I ' proton resonance caused no change in the intensity of the C-8 
proton resonance. 
Irradiation at the resonance frequency of any of the above ribose protons did not cause 
any change in the intensity of the purine C-2 proton. 

These results unequivocally demonstrate that the glycosidic bond in AMP bound to NAD(P)- 
linked enzymes is anti. 

The torisonal conformation of adenine ring in enzyme-bound NADP' and (TN)ADP+ 
was also determined by measuring the TRNOE. Irradiation at the resonance frequency of 
the protons at C-2',, C-3',, and C-5',, (the subscript A denotes the ribose in adenosine 
moiety) of the coenzyme and the analogs which are bound to dihydrofolate reductase gave 
large TRNOE on the adenine C-8 proton, whereas irradiation at C-l', resonance caused no 
effect. Similarly, Levy et a]."' observed that the irradiation at the resonance of C-2', proton 
but not of C-l', proton of NAD(P)+ bound to both A-stereospecific enzyme (lactate de- 
hydrogenase) and B-stereospecific enzymes [glucose-6-phosphate dehydrogenase 
(EC. 1 .  I .  1.149.) and glutamate dehydrogenase] gave large TRNOE on the purine C-8 proton, 
while that of C- I ' A  showed no effect. 

These data demonstrate that the glycosidic linkages in the adenosine moiety of enzyme- 
bound AMP, NAD(P)+, and (TN)ADP+ are all anti oriented, just like those of free AMP 
in solution and in  Li+-NAD' crystal irrespective of the stereospecificity of the enzyme. 

C. Protein-Bound Nicotinamide Ring and Torisonal Orientation 
1. .Y-Ray Crystallographic Study 

In  contrast to the adenine ring of the dinucleotide which binds to enzyme in a relatively 
unspecific manner and can also be altered somewhat drastically without losing the coen- 
zymatic activity, the mode of binding of nicotinamide/dihydronicotinamide ring is quite 
specific and only limited modification of the ring is permitted before the coenzyme loses 
its function in enzymatic reactions. 

Although the conformation of the ADPR portion of all of the enzyme-bound coenzymes 
studied so far is quite similar, there is a striking 180" rotational difference in the orientation 
of the nicotinamide/dihydronicotinamide ring between the coenzyme complexed with the A- 
stereospecific enzymes and that with the B-stereospecific enzymes (cf. Figure 19A, B). 

On the basis of limited X-ray crystallographic data, You et a].'' speculated in 1978 that 
the torisonal angle (xN) of the glycosidic bond of the nicotinamide/dihydronicotinamide ring 
of enzyme-bound NAD(P) would be anti on the A-stereospecific enzymes and syn on the 
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B-stereospecific enzymes. The accumulated data, since that time (summarized in Table 3). 
confirm this proposal to be the case. 

The orientation of the nicotinamide/dihydronicotinamide ring is determined mainly by two 
types of interaction with the protein: hydrophobic interaction with the pyridinium/dihydro- 
pyridine moiety, which is present always on the unreactive face of the ring away from the 
substrate; and one or more hydrogen bonds between the carboxamide atoms and the logis- 
tically located amino acid residues. Usually, the hydrogen bonding is primarily responsible 
for the proper orientation of the ring, thus resulting in the stereospecificity of a given enzyme. 
Table 4 presents the list of the amino acid residues involved in these two types of interaction 
with the nicotinamide ring in several enzyme-coenzyme complexes. 

It should be pointed out that this torisonal orientation-stereospecificity relationship does 
not necessarily hold in those cases where the immediate hydrogen acceptor from the coenzyme 
is not the substrate, but the enzyme itself or a prothetic group that is already present on the 
enzyme. (In these cases the hydrogen transfer occurs in the so-called “indirect manner”.) 
Under such circumstances, i t  is obvious that there is no need for spatial juxtaposition between 
the substrate and the coenzyme. For instance, on glutathione reductase (human erythrocytes), 
a B-stereospecific enzyme, the dihydronicotinamide ring of the bound NADPH is apparently 
anti oriented. 14’ In glutathione reductase-catalyzed reaction, however, it is either the enzyme- 
bound FAD or, more likely, lysine-66, not the substrate (glutathione) that accepts the 
hydrogen originating from the B side of NADPH.’4’.’s8 

Early studies with the coenzyme analogs provided that the pyridinium ring whose C-3 is 
bonded to a carbon (C-7), which is double bonded to an electronegative atom such as 0, 
S,  or N (which are obviously also typical hydrogen bond formers) can serve as the coenzyme. 
The coenzyme function of (3CNPy)ADSx does not represent a major deviation from this 
concept. The importance of the hydrogen bond with the C-3 substitutent was demonstrated 
by Samama et al.,Is9 who studied the binding of the coenzyme analogs pyridine adenine 
dinucleotide (which contains a hydrogen in place of the carboxamide) and (3IPy)AD’ (in 
which C-3 is occupied by an iodine) to horse liver alcohol dehydrogenase. They found that 
the binding of the ADPR moiety of the true coenzyme and of these analogs is quite similar, 
but the binding of the pyridinium and the halopyridinium rings in the analogs is quite different 
from that of the nicotinamide ring in that the former two rings are oriented away from the 
active site and the catalytically active Zn-atom by as much as 15 A. 

These two analogs are, thus, expected to form catalytically. inactive complexes with the 
enzyme. The pyridine adenine dinucleotide indeed does not function as a coenzyme for 
alcohol dehydrogenase; however, the halo-analog is coenzymatically active. Samama et 
a]. Is9 ascribe this apparent inconsistency to the fact that this halo-analog is possibly in.two 
conformations when complexed with the enzyme in solution, one of which is the active 
form and the other having the observed unproductive binding. The crystallization conditions 
would favor the formation of the inactive complex, whereas there would be an appreciable 
concentration of the active complex under the activity assay condition in $quebus medium. 
The iodine atom can form a hydrogen bond with the amino acids at the binding site of the 
protein and, at the same time, its electron withdrawing power can certainly enhance’the 
carbonium ion character of the C-4, just as does the carboxamide group. 

2. NMR(TRN0E)  Study 
Feeney et a].’* confirmed the anti nature of the orientation of the nicotinamide ring of 

dihydrofolate reductase-bound NADP’ by measuring the TRNOE of the protons on the 
nicotinamide C-6 and C-2 upon irradiation at the resonances of various ribose protons. 

Recently, Levy et a1.I” studied the orientation of the nicotinamide ring of NAD’ as well 
as of NADP + bound to glucose-6-phosphate dehydrogenase, glutamate dehydrogenase, and 
lactate dehydrogenase also by measuring the TRNOE. These workers observed significant 
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TRNOE on the proton on the nicotinamide C-6, but very little on the C-2 proton upon 
irradiation at the resonance of C-1’ proton of both NAD’ and NADP’ bound to the B- 
stereospecific enzymes (glucose-6-phosphate dehydrogenase and glutamate dehydrogenase, 
which are active with both coenzymes). Conversely, irradiation at the resonance of the proton 
on C-3‘ gave substantial TRNOE on the C-2 proton, but little or none on the proton on C- 
6. 

These results demonstrate that while the nicotinamide C-6 proton is in close proximity to 
the C-I‘ proton, the proton on C-2 is to the C-3’ proton. This conformational requisites can 
be satisfied only under the syn orientation of the nicotinamide ring (Figure 13b). As expected, 
precisely the opposite effect was observed with the NAD + bound to lactate dehydrogenase, 
which has the opposite stereospecificity from the preceding two enzymes. Thus, significant 
TRNOE values were obtained on the resonances for the nicotinamide C-2 proton but not on 
C-6 proton upon irradiation at the resonance of the proton on C- 1 ‘ , and conversely, irradiation 
at the resonance for the C-3‘ proton produces considerable TRNOE on the C-6 proton but 
not on the C-2 proton;’” clearly, the nicotinamide ring in this case is anti oriented. 

D. Distortion of Nicotinamide/Dihydronicotinamide in Transition State 
The possibility of distortion of nicotinamide/dihydronicotinamide ring of enzyme-bound 

coenzyme was first raised by Levy and Vennesland.” It had been known that when the 
coenzyme was bound to a dehydrogenase, it could still serve as a coenzyme for a second 
dehydrogenase, often with greater e f f i ~ i e n c y . ~ ~ . ~ ~  V e l i ~ k ~ ~  thereupon speculated, but received 
no sustaining support, that coupling two dehydrogenases with sandwiched coenzyme might 
be a physiological way of regulating metabolic rate (see Section V.C.). 

If the two coupled enzymes happened to have the opposite stereospecificity , the sand- 
wiched coenzyme could accommodate the reactions of both enzymes without being disso- 
ciated by puckering the nicotinamide ring to one direction (which results in the boat 
conformation) for the reaction of the first enzyme; for the second enzyme reaction having 
the opposite stereospecificity, the ring simply puckers to the opposite direction to form the 
mirror-imaged boat form, thus exposing the opposite side of the ring to the second enzyme.” 

Puckering of the dihydronicotinamide ring causes one of the C-4 methylene hydrogens 
to become axial and the other equitorial, as discussed in a previous subsection. Levy and 
Vennesland” pointed out that the axial hydrogen was more likely to be oxidized in the 
reaction because it was this hydrogen that caused the smallest shift of atoms from the positions 
they occupied in the oxidized, planar form of the coenzyme. As a matter of fact, their view 
has turned out ta be correct by bond energy calculation: the C-H bond of the equitorially 
displaced hydrogen would approach an sp2- l s  hybrid orbital, which has a bond energy of 
approximately 109 kcal/mol, whereas that of the axially displaced hydrogen would approach 
a weaker 2p-Is hybrid, whose energy would be approximately 80 kcal/mol. 1 2 8  

Although the hypothesis that two enzymes are coupled, bridged by the coenzyme, is no 
longer considered tenable, the evidence for the distorted nature of the nicotinamide/dihy- 
dronicotinamide ring has been steadily fortified in recent years. By employing the NAD in 
which N-1 of the nicotinamide/dihydronicotinamide ring was labeled with ”N, Cook et aI.”O 
demonstrated normal secondary kinetic isotope effect in both forward and reverse directions 
of alcohol dehydrogenase-catalyzed reaction. (Cyclohexanol and cyclohexanone were serving 
as the substrates.) They ascribed this isotope effect result to the lower bond order (i.e., 
looser bonding) of the N-1 of enzyme-bound NAD’ and NADH in the transition state. They 
proposed that, in the transition state, enzymes distort the nicotinamide of NAD’ and di- 
hydronicotinamide ring of NADH into the boat forms causing the N-1 of both rings to be 
pyramidal (Figure 8) at the step where an alkoxide ion is formed prior to the actual hydride 
transfer. 

As the result, the N-14-1‘  bond of NMN is no longer in the plane of the nicotinamide/ 
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dihydronicotinamide ring, but is bent far enough out of plane to destroy any resonance 
bktween a lone pair of electrons on the N-1 and the remaining double bonds in the ring. 
Consequently, in the case of NAD', the nicotinamide ring develops a carbonium ion char- 
acter localized exclusively at C-4. This is the very reason why the hydride transfer in 
enzymatic reactions is restricted to the C-4 and does not occur at other ring carbons which 
may well share a partial positive charge if the ring is in the planar form (Figure 7). Conversion 
of the distorted nicotinamide/dihydronicotinamide ring to planar form occurs in the subse- 
quent fast steps. 

Based upon X-ray crystallographic work on dihydrofolate reductase from Lactobacillus 
casei, however, Filman et a]. recently presented a somewhat different version of the 
coenzyme conformation in the transition state. They speculated that the trigonal N-1 of the 
nicotinamide ring does pyrimidalize, probably by forming a hydrogen bond between its lone 
pair orbital and a water molecule located nearby. This pyrimidalization does not, however, 
change the planar conformation of the ring, but it does make the C-I' of the ribose out of 
plane. In other words, the nicotinamide ring remains to be planar, but is tilted relative to 
the glycosidic linkage. 

This planar ring conformation allows not only the C-4 but also the other two even-numbered 
ring carbons to share carbonium ion character (Figure 7). The principal reason for them to 
prefer this model to that of Cook et a1.'I0 is that they found three oxygen atoms, from the 
amino acids located nearby, in the plane of, and quite close to the nicotinamide ring of the 
enzyme-bound NADPH. These oxygen atoms may interact with the three partially positively 
charged ring carbons (C-2, C-4, and C-6) through C-H-O type polar interaction (of actual 
hydrogen bond). In this case, it must be the spatial juxtaposition between the substrate and 
the coenzyme that prevents other partially carbonium carbons from serving as hydride 
acceptor. In any event, all of the X-ray crystallographic work on enzyme-bound coenzyme 
reveals absolutely no evidence which supports distorted nicotinamide/dihydronicotinamide 
ring structure. Transition state is supposed to be highly unstable, short lived, and often 
elusive. 

'IX. DOES STABILITY OF CARBONYL SUBSTRATE DICTATE THE 
STEREOSPECIFICvITY? 

The only mechanistic explanation that-elucidates the discrete enzyme stereospecificity and 
at the same time is receiving growing acceptance, cis the anti-syn nicotinamide orientation 
hypothesis proposed by You et al. I' Based upon the correlation between equilibrium constants 
(KJ and stereospecificity of sbme simple, enzyme-catalyzed ketone-alcohol redox reactions, 
Benner and co-workers162.163 recently postulated that reactive carbonyls are reduced with the 
A hydrogen of the reduced coenzyme, while thermodynamically more stable carbonyls are 
reduced with the B hydrogen. 

'The bases for this postulate are 

1 .  

2. 

The reduced coenzyme binds to A-stereospecific enzymes with the torisonal angle af 
the dihydronicotinamide ring'anri and to B-stereospecific enzymes with syn orientation. 
The K,, of the A-stereospecific enzyme-catalyzed reactions are smaller (pK,, 3 11.3, 
i.e., the ketones are more reactive) than those of the B-stereospecific enzyme-catalyzed 
reactions (pK,, < 11.3, i.e., the ketones are more stable), suggesting that anti-NADH 
is a weaker reducing agent than pn-NADH. 
The dihydronicotinamide ring is distorted into a boat form causing the A hydrogen of 
anti-NADH and the B hydrogen of syn-NADH to move axial. 
Principles of orbital overlap suggest that the axial hydrogen (i.e., A hydrogen in anti- 
NADH and B hydrogen in syn-NADH) is more labile and therefore, is subject to easier 
transfer than the equatorial one. 

3. 

4. 
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5 .  On the grounds of these considerations, the stereospecificity of lactaldehyde reductase 
(EC. 1 . 1 .  I . 5 5 . )  - the K,, ( =  12.6) of whose reaction belongs to the A category - 
was predicted and experimentally verified to be an A-stereospecific enzyme. 

In order to validate this postulate, these workers imposed a number of restrictions such 
as: ( I )  the enzyme must catalyze the reduction of simple, unconjugated carbonyls to alcohol; 
(2) the natural substrate must be defined clearly; (3) in case the dehydrogenation accompanies 
other steps (such as decarboxylation). the K,, for only the dehydrogenation step, not that 
for the overall reaction, must be applied: and (4) the substrate and product should not 
interconvert to other forms (such as hemiacetal formation of sugars) which obscure the true 

It should be pointed out that this postulate is mainly concerned about the thermodynamic 
properties of the A and B hydrogens and the carbonyl compounds; there is no mention about 
the role of the spatial juxtaposition between the coenzyme and substrate. In large part, this 
postulate is based obviously upon conjectures and is, as is the case with many of such 
situations, weakened inevitably by some serious factual inconsistencies. 

First, the enzyme they selected to support their claim - lactaldehyde reductase - is, as 
pointed out previously (Section IV. B), the same enzyme as alcohol dehydrogenase (NADP), 
which can reduce diverse carbonyls; most importantly, the natural substrate of this enzyme 
has not been clearly defined.hy IN This is not only exactly the type of enzyme they want to 
avoid in discussing their postulate,"' but also its A stereospecificity is a mere confirmation 
of the data that have been known since 1966 through the mevaldate reduction reaction. 

Second, many enzymes catalyze the reductions of a variety of ketones whose equilibrium 
constants differ by several orders of magnitude, thus, spreading well into both the A and 
the B categories. For example. lactate dehydrogenase reduces a variety of a-keto acid 
including a-ketobutyrate and a-keto-y-hydroxybutyrate, in addition to pyruvate; the pK,, 
of the reactions involving these substrates are 10.5.9.9, and 11.3 to 1 1.6, respectively.1h3.'h6 
The pK,, for pyruvate reduction belongs unquestionably to the A category. but i t  is difficult 
to explain how the enzyme can catalyze the reduction of the stable carbonyls in a-ketobutyrate 
and in a-keto-y-hydroxybutyrate - which clearly require a stronger reducing agent, than 
anti-NADH - and still maintain the A stereospecificity. 

Third, if syn-NADH is a stronger reducing agent than anti-NADH, it is difficult to accept 
the notion that syn-NADH cannot reduce the thermodynamically easier, more reactive 
carbonyls. 

Fourth, the pK,, (= 8.0) of 3a-hydroxysteroid dehydrogenase reaction belongs well into 
the B category.163 However, this enzyme from rat liver (soluble fraction) shows the A 
stereospecificity (Appendix). A similar situation exists with 2-oxopantoyl lactone reductase 
(Kcq unknown) from E .  coli (B stereospecific) and from yeast (A stereospecific). (See Section 
1V.B.) 

Fifth, the following reactions are catalyzed by at least a pair of enzymes (thus, each 
reaction should exhibit the same Keq, as an enzyme cannot alter the equilibrium position). 
However, the enzymes in each pair possess the opposite stereospecificity (Appendix): the 
reaction of dihydroxyacetone to glycerol (pK,, = 1 I .3)163 by glycerol dehydrogenase 
(EC. 1.1.1.6). (A stereospecific) and by glycerol 2-dehydrogenase (NADP) (B stereospe- 
cific); and the conversion of D-ribdose to ribitol (pKeq = 10.3)16' by ribitol dehydrogenase 
(B stereospecific) and by L-iditol dehydrogenase (A stereospecific). 

Due to the restriction imposed and unavailability of the equilibrium constants of many of 
the dehydrogenase-catalyzed reactions, Nambiar et al. I h 3  could test their postulate with only 
a small fraction of the enzymes with known stereospecificity (i.e., 15% or 24 out of 158 
enzymes). The drawbacks against the postulate are overwt'ielming. Like many other pos- 
tulates, whose generalization rules, physiological significance, and ehcidations of mecha- 

Keq. 
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nism were proposed and then proven false, the validity of this new postulate should await 
the test of time. 

X. METHODS IN STEREOSPECIFICITY DETERMINATION 

In order to determine the stereospecificity of the hydrogen transfer reactions that involve 
methylene prochiral centers, it is imperative to carry out the reactions with deuterium- or 
tritium-labeled compounds. In the case of the reactions of the pyridine nucleotide-linked 
enz.ymes. C-4 hydrogen of nicotinamide of NAD(P)+ , one of the C-4 methylene hydrogens 
of dihydronicotinamide of NAD(P)H, or the substrate hydrogen that is going to be transferred 
to the coenzyme must be replaced with the isotope. The isotopically labeled substrates are 
usually purchased for they are generally difficult to prepare without having labeled coenzymes 
first. In this section, popular methods for the preparation of isotopically labeled NAD(P) + 

as well as NAD(P)H and for detection of the isotope contents in the products are described. 

A. Chemical Preparation of Isotopically Labeled Oxidized Coenzyme 
Figure 9 demonstrates the preparation of NAD(D)+ from NAD' via the cyanide adduct 

in D20.  Colowick et al."" and San Pietro"" showed that the cyanide adduct is formed in a 
reversible manner by incubating NAD' with KCN under alkaline condition (pD 12). The 
stereospecificity of this addition reaction has been discussed (see Section V1.B). 

The dihydropyridine C-4 proton of the adduct is acidic enough to undergo exchange with 
a deuteron in D,O medium, resulting in the formation of NAD(D)CN. Since the adduct 
formation is a reversible reaction, CN- can be dissociated from the deuterated adduct by 
lowering the pD to about 7 and concurrently diluting the reaction mixture by adding KH,PO, 
or H,PO, dissolved in about 10 volumes of D,O (Figure 9). 

NADP(D)' can be prepared by the same procedure by carrying out the reaction with 
NADP' instead of NAD' .3" I t  is also possible to obtain NAD(T)+ and NADP(T)+ by 
replacing D,O with THO."." 

Once the isotope-labeled NAD(P) + is prepared, the stereospecificity of a given enzyme 
can be determined by carrying out that the reaction of the enzyme with the reduced substrate 
in the presence of the enzyme and the isotopically labeled, oxidized coenzyme. The position 
of the isotope in the resulting reduced coenzyme can be found by oxidizingit by an enzyme 
with known stereospecificity in the presence of the oxidized substrate of the enzyme. It 
should be pointed out that the stereospecificity of the enzyme under investigation is opposite 
to the location of the isotope in the reduced form because the isotope is already present in 
the oxidized coenzyme prior to the reduction. 

B. Enzymatic Preparation of Stereospecifically Labeled NAD(P)H with Isotope 
If substrates labeled with deuterium or tritium at appropriate positions are available, 

preparation of stereospecifically labeled NADH or NADPH is simple. By carrying out the 
enzymatic reaction of the substrate with NAD' or NADP' , the reduced coenzyme containing 
the isotope at the A or B position, depending on the stereospecificity of the enzyme, can 
be obtained. 

Several enzymes and their labeled substrates are notably popular for this purpose: alcohol 
dehydrogenase is the most widely employed enzyme for the preparation of the A side-labeled 
coenzyme. For this purpose, the reaction is carried out with [ 1,l-D/T]-ethanol or less costly 
[U-D/T]-ethanol. Since the equilibrium of this enzymatic reaction lies overwhelmingly in 
the direction of the oxidation of NADH, it is necessary to pull the reaction toward the 
reduction of NAD + by converting the acetaldehyde produced into other compounds. The 
inclusion of either aldehyde reductase (EC. 1.2.1.3.) or hydrazine or semicarbazide in the 
reaction mixture satisfies this goal. Providing that properly labeled substrates are available, 
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L-lactate dehydrogenase, malate dehydrogenase. and decarboxylating malate dehydrogenase 
(EC. I .  I .  I .39.) are other examples of enzymes that are useful for preparing the A side- 
labeled reduced NAD. 

Because alcohol dehydrogenase from horse liver is also active with NADP. i t  can be used 
for the preparation of the A side-labeled reduced NADP. I h X  lsocitrate dehydrogenase (NADP) 
(EC. 1.1.1.42.) with fhreo-D,L, - [2-D/T]-isocitrate is, however, a more popular system for 
the A-side labeling. I h Y  

For the preparation of the B-side-labeled reduced NAD(P). glutamate dehydro, uenase 
[NAD(P)], accompanied by DL-[ 2-D/T]-glutamate. is mostly widely employed. Another 
popular enzyme system for this purpose is glucose-6-phosphate dehydrogenase from L o w  
conostoc rnesenreroides, which is capable of utilizing both NAD and NADP with the substrate 
D-[ I-~/T]-glucose-6-phosphate (which can be synthesized by the action of hexokinase in the 
presence of ~-[l-D/T]-glucose and ATP). Viola et al.'"' took the advantage of glucose 
dehydrogenase activity of glucose-6-phosphate dehydrogenase in organic solvent ( i  .e . .  30% 
dimethylsulfoxide) and used only D-[ 1 -~]-glucose,  without ATP and hexokinase. to prepare 
NADPD,. 

Glucose dehydrogenase (EC. I .  I .  1.47. ), galactose dehydrogenase (EC. I .  I .  I .48. ). and 
glyceraldehyde-phosphate dehydrogenase are other enzymes which are sometimes used t o  
prepare the B side-labeled reduced NAD. Labeled reduced NAD can also be obtained i t  
labeled reduced NADP is available by hydrolyzing off the 2'-phosphate group from thc 
reduced coenzyme with alkaline phosphatase."" 

Once stereospecifically labeled reduced coenzyme is available. the stereospecificity of an 
enzyme with unknown stereospecificity can be determined by oxidizing the coenzyme with 
the enzyme under study in the presence of oxidized substrate. The analysis for the presencc 
or absence of the isotope in the resultant oxidized coenzyme directly reveals the stereospc- 
cificity of that enzyme. 

In 197 I ,  Oppenheimer et al? introduced an ingenious way of preparing NADD,,. They 
carried out dihydrolipoamide dehydrogenase (from pig heart) reaction in the presence of  
NAD', a catalytic amount of lipoamide, and an excess amount (over NAD' ) ofdithiothreitol 
in highly pure, buffered DzO medium. In this mixture, practically all of the hydrogens o!  
the sulfhydro groups in both dithiothreitol and reduced lipoamide are exchanged with the 
deuterium in the medium. At the same time, dithiothreitol keeps the lipoamide substrate in 
the reduced form at all times. Under this reaction condition, the reduced coenzyme formed 
by the action of dihydrolipoamide dehydrogenase (a B-stereospecific enzyme) contains a 
deuterium on the B side. The reduced coenzyme thus prepared can be separated from olher 
components in the reaction mixture by ion-exchange chromatography. The use of volatile 
buffer, such as ammonium bicarbonate, for the chromatography as well as for the reaction 
is particularly convenient since the product coenzyme without salts can be obtained by simple 
lyophilization of the eluate. The reduced coenzyme labeled with deuterium on the A sit. 2 

can be obtained by carrying out above reaction in H,O with NAD(D)+. Stereospecifically 
labeled reduced (3AcPy)AD can be also prepared by this procedure.'" Arnold et al."' a d  
Arnold and 

Arnold et al.40 also pointed out that i t  should be possible to prepare stereospecifically 
labeled reduced NADP by replacing dihydrolipoamide dehydrogenase. lipodmide. and NAD ' 
with glutathione reductase, glutathione, and NADP' , respectively. Recently. Wong and 
Wong4' described a facile proton magnetic resonance technique for the determination of the 
stereospecificity of several enzymes with the NADPD, produced according to this very 
suggestion. 

described these procedures in detail. 

C. Techniques for Quantitation of the Isotope in Coenzyme 
As mentioned earlier (Section III), deuterium was used exclusively as the tracer of the 
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stereospecificity determination unt i l  1960. The content of deuterium in the product coen- 
zymes was then analyzed by means of mass spectrometry. Since 1960, however, tritium has 
replaced deuterium because scintillation counting of the radioisotope is much easier than 
the old mass spectrometric quantitation of the stable isotope. 

Because scintillation counting is rather straightforward and most researchers are familiar 
with i t ,  i t  will not be discussed here. Due to the improvement of instrumentation in proton 
magnetic resonance and mass spectrometry, recent trend is, however, reversal to the use of 
deuterium. Of these, PMR is unique in that i t  makes possible direct monitoring of the 
deuterium content at the exact reaction site of the  coenzyme^.^"^'" 

I .  Proton Magrietic Resonarice ( P M R )  
For the analysis of the oxidized coenzyme by PMR, deuterium-labeled reduced coenzyme 

is oxidized with the enzyme under study. The product of this reaction is either NAD' or 
NAD(D)+ depending on the stereospecificity of the test enzyme. NAD' and NAD(D)' can 
be easily distinguished from their spectra in the aromatic region since the former must show 
the resonance for the C-4 proton of the nicotinamide at 8.95 ppm (pD 3, 23°C) without 
interference from the resonances for other protons of the nucleotides, designated PC,H in 
Figure 22a; as expected, however, the spectrum of the latter is devoid of this PC,H peak 
(Figure 22b). (P denotes pyridinium ring.) 

In order to examine the presence or absence of the resonance for the C-4 proton, the 
reaction mixture is lyophilized upon the completion of the reaction (monitored by absorbance 
change at 340 nm) followed by dissolving in D,O. Since no other resonance is likely to 
appear in this aromatic position, the product coenzyme usually need not be purified. (Un- 
reacted NADH does not interfere with the spectrum of the nicotinamide because the reso- 
nances for the protons on the dihydronicotinamide ring appear in the aliphatic region.) 

In case a reaction does not show an absolute stereospecificity, like the occasion of chemical 
oxidation, the degree of stereopreference can be quantitated by integrating the PC,H peak 
area and comparing it with the adjacent PC,H peak area, which should be taken as the value 
for 100% proton. If the PC,H peak area appears to be smaller than that for PC,H, the sample 
contains a mixture of deuterium-labeled and -unlabeled NAD' . 

An example of stereospecificity determination by this approach is illustrated in Figure 
23, which presents the spectra of the oxidized coenzyme produced from NADD, (Figure 
23a) and NADD, (Figure 23b) by the action of salicylate I-monooxygenase." When NADD, 
is oxidized, the spectrum of the resulting oxidized coenzyme lacks the resonance for the 
PC,H proton, whereas the oxidation product of NADD, retains this peak. It must be, 
therefore, concluded that the hydrogen is removed from NADD, and the deuterium from 
N.4DDA, an unambiguous demonstration of the A-stereospecific reaction. 

In case the equilibrium of a given enzymatic reaction lies dominantly toward the formation 
of NADH, or the oxidized form of the substrate is not available, the stereospecificity must 
be determined by analyzing the spectrum of the resulting reduced coenzyme. The dihy- 
dronicotinamide ring of NADH is no longer aromatic; hence, the resonances for the A and 
B geminal protons appear very close to each other in the aliphatic region, as Figure 24 
displays: the resonance for the A proton is located at 2.77 ppm with an unresolved coupling 
constant (JA.5) of 3.1 Hz (Figure 24a), while that for the B proton is at 2.67 ppm with a 
resolved coupling constant (J,J, of 3.9 Hz (Figure 24b) (at 20 mM and 23°C). 

Glucose-6-phosphate dehydrogenase from L. mesenteroides is an enzyme whose stereo- 
specificity must be determined by analyzing NADH since its reaction is' irreversible due to 
the rapid hydrolysis of the product, ~-glucono-6-lactone-6-phosphate, in aqueous medium. 
Figure 24c demonstrates that the reduction product of NAD(D)+ by this enzyme is NADD,, 
indicating that a hydrogen was transferred to the B .  side of NAD(D)+; the enzyme is, 
therefore, B stereospecific. 
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9.5 9.0 8.5 8 .O 
I I I I 

A C ~ H -  .AC,H 

I I I I 

9.5 9.0 8.5 8.0 

PPM FROM TSP AT 220 MHz 

FIGURE 22. The arolnatic region of the PMR spectrum for NAD' (a)  and 
NAD(D) '  (b ) .  The letter\ PC and AC denote the carbon of the pyridinium ring 
and the adenlne ring. respectlvely. The chemical shift of the proton at the redox 
site. PC,H. appears as a doublet between PC,H and AC,H at 8.95 ppm from 
triniethylsily I [ U-Dlpriopionate (TSP): NADt D )  ~ lacks thib resonance. The small 
rewnance on the left side of the AC,H signal in  (b )  is caused by contaminating 
trace amounts 0 1  ADPR. (From Arnold. L. J . .  Jr.. You. K..  Alison. W .  S. .  and 
Kaplan. N. 0.. ~ ; ~ ~ [ . / I ~ , ~ I I ; . \ / ~ ~ \ ,  15. 4844. 1976. With permision.)  
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I I I 

S A Ll CY L ATE 

a) WITH NADD, 

b) WITH NADDA 

L 

L 
I 

I I I 
10 9 €3 

PPM FROM TSP AT 220 MHz 

FIGURE 23. The aromatic region PMR spectra of the products from the 
oxidation of NADD, (a) and NADD, (b) with salicylate I-monooxygenase 
(EC. I .  14.13. I .  1 in the presence of salicylate and 0,. While the product 
from NADD, shows the resonance at 8.95 ppm intact (b), that from 
NADD, is devoid of it (a). indicating the presence of proton at the redox 
site of the former but deuterium in the latter. The enzyme is, therefore, 
clearly A stereospecific. (From You. K.. Arnold, L. J . .  Jr.. and Kaplan, 
N. 0.. Arch. Biochem. Biophys.. 180. 550, 1977. With permission.) 

Obviously, working with NAD’ is much easier and requires a simpler instrument (having 
a magnetic field of as low as 40 MHz) than NADH, which requires at least a 100-MHz 
instrument equipped with Fourier transformation capability in order to resolve the two closely 
situated chemical shifts for the C-4 methylene protons. The handling of NADH can be 
avoided if it is reoxidized with a standard enzyme such as alcohol dehydrogenase, whose 
stereospecificity is well established. It should be pointed out that Wong and Wong4’ employed 
essentially the same procedure to determine the stereospecificity of the enzymatic reactions 
which involve NADP. 

‘The proton magnetic resonance technique has many advantages over the radioisotopic 
procedures: (1) monitoring of the exact redox site rather than the entire or a fragment of the 
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5 4 3 2 I 
I 1 1 1 I I I 1 I I 

01 NADDE 

-no0 

RIBOSE 
PROTONS 

C) PRODUCT OF G-6PDH M 

l'l 

ITLJ L 
-TRACE ACETONE 

1 1 1 1 I I I I 1 1 I 

5 4 3 2 I 
PPM FROM TSP AT 220 M H z  

FIGURE 24. The PMR (aliphatic region) spectra of NADD,, NADD,. and 
the reduced coenzyme produced from NAD(D)+ by the action of glucose-6- 
phosphate dehydrogenase (EC. I .  I .  I .49.) (G-6PDH) from L. mesentemides in 
the presence of glucose-6-phosphate. The spectrum for NADD, shows the 
unresolved resonance for the A proton of the dihydropyridine ring at 2.77 ppm 
with the coupling constant, J A 5 ,  of 3.1 Hz, whereas NADD, presents the 
resolved chemical shift of the B-proton at 2.67 ppm with the coupling constant. 
J,.,, of 3.9 Hz. The product of glucose-6-phosphate dehydrogenase reaction 
shows the chemical shift of the B proton, indicating that the enzyme is B 
stereospecific. TMAC represents the internal standard, tetramethylammonium 
chloride. (From Arnold. L. J.. Jr., You, K..  Allison, W. S . ,  and Kaplan. N .  
0.. Biochemisry. 15, 4844, 1976. With permission.) 
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H or D - 

FIGURE 25. Themolytic formation of nicotinamide 
from NAD' (or NAD(D)') and NADH during mass 
spectrometric detection of the presence of deuterium at 
the redox site of the oxidized or reduced coenzymes: 
the peak at mlz I22 indicates the presence of hydrogen 
and m h  123 deuterium. 

coenzyme molecule; (2) elimination of purification steps; (3) ability of using crude extract 
as the enzyme (in this case, the substrate must be pure); (4) alleviation of the hazards 
associated with radioactivity; and ( 5 )  requirement of a micomole quantity of the test coenzyme. 

2 .  Mass Spectrometry 
In the early days of stereospecificity study (through 1960), the reaction products were 

completely degraded to hydrogen gas, whose deuterium content was then analyzed by mass 
spectrometry. Obviously, this approach is now obsolete. In recent years, gas-liquid chro- 
matography/mass spectrometry is employed for the analysis of deuterium-containing, volatile 
reaction products, thus alleviating cumbersome sample preparation for analysis.4'-" 

In 1980, Ehmke et al.45 introduced electron impact as well as field desorption mass 
spectrometry for the detection of deuterium in the nicotinamide moiety. Because of high 
polarity, thus low volatility, NAD' and NADH molecules must be degraded to nicotinamide 
by pyrolysis as shown in Figure 25. 

The base peak of the electron impact mass spectrum is the molecular ion of nicotinamide 
at mlz 122 formed by the thermal degradation of the intact molecules. Further degradation 
of nicotinamide also gives signals at mlz 106, 78, and 51 according to the steps 

51 
- HCN 

78 122 106 - - NH, - co 

If the molecular ions are derived from NAD+ containing a deuterium at a position (not 
necessarily at the redox site, however), the base peak will be at mlz 123, rather than 122, 
and other peaks will shift likewise one mass unit higher. 

Sensitivity of this technique is so great that 1 pg of the coenzyme is all it takes for a 
successful determination; like the PMR technique, this one does not require purification of 
the coenzyme from the reaction mixture. 

It should be pointed out that this technique is limited to the oxidized coenzyme. In case 
the product is NADH, it should be oxidized completely to NAD' for the analysis. If the 
reaction mixture contains the reduced coenzyme, partially or wholly, ambiguity arises since 
the label is removed from the reduced form during the enzymatically unrelated pyrolysis 
step (Figure 25). 

In field desorption spectrometry, too, the coenzyme must be degraded thermolytically. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Volume 17, Issue 4 365 

The unlabeled NAD+ shows the desorption peak at m l z  122 with little background and 
NAD(D)+ at m l z  123. By employing this approach, it is possible to differentiate the deu- 
terium-labeled reduced substrates (e.g., L-[ 2-Dl-glutamate in glutamate dehydrogenase-cat- 
alyzed reaction) from the unlabeled ones, which cannot be achieved by electron impact mass 
spectrometry due to their low volatility.‘s 

XI. CONCLUSIONS 

The pyridine nucleotide-linked enzymes - more than 150 of them tested to date -exhibit 
absolute stereospecificity in the hydrogen transfer reactions, with respect to the redox site 
of the dinucleotide (with the possible exception of one enzyme). The number of A- and B- 
stereospecific enzymes are almost evenly distributed. There is apparently no germane phys- 
iological logic that can explain this enzyme stereospecificity. The enzyme stereospecificity 
is discussed in part in relation with the generalizations, evolutionary implication, and ap- 
plication to enzyme classification. Also included is the discussion of some of the recent 
proposals on the mechanistic basis for the stereospecificity. The most arduous emphasis is 
given to the conformational interpretation of the stereospecificity . Free coenzyme in aqueous 
medium is at rapid equilibrium between the folded and open forms. Due to this dynamic 
“folded-open” conformation, nonenzymatic reactions, hydride transfer or adduct formation, 
in aqueous solution show one-sided steric preference, always partially favoring the A side. 
The nicotinamideldihydronicotinamide ring in the folded form of the coenzyme may be 
puckered in the boat form. In holoenzyme complexes, all of the cases studied to date, the 
dinucleotide holds the base-base destacked open conformation, which is effectively main- 
tained by an intricate network of hydrophobic force, ionic interaction, and hydrogen bond 
between the coenzyme and enzyme. The most critical determinant in governing the stere- 
ospecificity of a given enzyme is the torisonal orientation of the nicotinamide/dihydroni- 
cotinamide ring of protein-bound coenzyme: on the A-stereospecific enzymes, the orientation 
is anti and on the B-stereospecific enzymes, i t  is syn. This relationship apparently holds 
only in the case where the hydrogen transfer takes place in a direct manner between the 
substrate and the coenzyme. The carboxamide group, which is anchored by one or more 
hydrogen bonds, plays an especially crucial role in making the designated orientation of the 
nicotinamide/dihydronicotinamide ring. In the transition state, these rings of protein-bound 
coenzyme may also be puckered in the boat form. X-ray crystallography and NMR spec- 
trometry have made invaluable contributions in expanding our understanding about the 
relationship between the dinucleotide conformation and the enzyme stereospecificity . 
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