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SUMMARY 

The anion-exchange chromatography of commercial NADH using a potassium 
bicarbonate solution as eluent yields highly pure NADH with good stability_ Twelve 
compounds are also separated which act as dehydrogenase inhibitors. The main 
impurities are further characterized. The compound mainly responsibie for residual 
optical density in commercial NADH preparations is probably a stereoisomer of 
NADH which is in reversible equilibrium with NADH at pH values in the range 
5-7. A method of thin-layer chromatography, to check commercial NADH prepa- 
rations for impurities, is described_ 

INlRODUCTION 

Accurate measurements of the activities of enzymes requiring NADH as 
coenzyme depend largely on the purity of the NADH. The formation of inhibitory 
compounds in NADH preparations was originally reported by Lowry et ~1.~ and Dalziel’ 
and subsequently confirmed by many other authors. A review on this subject by 
Gerhardt eb al.’ has recently appeared_ Difficulties are encountered in purifying the 
coenzyme and assuring its stability. The unfavourabie influence of humidity, freezing 
or acidification on its stability is well. established. In previous papers we reported a 
new chromatographic procedure with potassium bicarbonate solution as an easily 
removable eluent3p4. The present paper deals with the application of this method to 
the purification of commercial NADH which results in a highly purified product with I 
excellent stability. More than ten compounds are removed during the purification 
procedure, all of which inhibit several NADH-dependent dehydrogenases. Possible 
structures for the main impurities are discussed_ Conditions leading to their formation 
from NADH were investigated. 

h64TERIAL AND METHODS 

NADH was purchased from Arzneirnittelwerk Dresden (Dresden, G.D.R.) 
and Boehringer (Mannheim, G.F.R.). DE#UZ-Sephadex A-25, particle size 40-120 pm 
@harma&, Uppsala, Sweden) was prepared according to the manufactor’s instruc- 
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tions and knsformed into the bicarbonate form by equilib-ration with I M potassinm 
bicarbonate. Dowex 5OW-X8; 200-400 mesh, was obtained from Serva (Heidelberg, 
G.F.R.). Enzymes used: alcohol dehydrogenase (EC i _ 1. I. 1) (Arzneimittelwerk Dres- 
den), lactic acid dehydrogenase (EC 1.1.X.27) from rabbit muscle (Boehringer). 

Separation on DEAE-Sephadex columns 
The wlumns (5 x 100 cm) were packed with DEAE-Sephadex A-25 and equi- 

librated with 50 mM potassium bicarbonate. After samples of about 5 g commercial 
NADK dissolved in 50-100 ml of 50 mM potassium bicarbonate had been drained 
into the gel, the column was washed with about 2 1 of 50 m&f potassium bicarbonate. 
For elution, a gradient from 50-800 mM potassium bicarbonate was applied using 
150 cm water pressure (for profile, see Fig. 2). Separation was carried out at 4”. The 
eluate was fractionated (10 ml each) and the peaks detected by continuous measure- 
ment of light transmission at 254.7 nm (Uvicord, LKB)_ The extinction at 260 nm 
and 340 nm was also measured in each fraction. 

Thin-layer chromarography 
Glass plates (20 x 40 cm) were coated with a l-mm-thick layer of DEAE- 

Sephadex A-25 (KCO,-). 5-~1 samples containing OS-l.0 pmoles of the nucleotide 
were applied directly on the gel surface. For 20-pmole samples, the NADK solution 
was applied in a line on the gel surface. The eluent was carried to the gel by paper 
(F?l 18; Filtrak, Niederschlag, G.D.R.) ensuring continuous contact between paper 
and gel and avoiding any overlapping of the paper on the gel. Development was 
carried out at 4” with 200 mM potassium bicarbonate, the plates being inclined at an 
angle of 15”. A water-saturated chamber is not necessary_ The spots were detected 
by ultraviolet (UV) absorption or fluorescence. For quantitative determination the 
corresponding areas of gel were removed and eluted by 2 x 2.5 ml of 400 mM 
potassium bicarbonate. 

Removai of potoxkm bicarbonate from the eluate 
The potassium bicarboaate was removed from the eluate with Dowex 5OW-X8, 

ZOO-400 mesh (K ‘). The resin was stirred into the eluate in small portions at 4” and 
the pH was carefully controlled. The procedure was performed nuder vacuum 
(10 torr) to allow carbon dioxide to escape. The set-up is shown in Fig. 1. With eluatcs 
containing NADH, the pK must be carefully controlled to avoid a value below 6.5, 
where rapid degradation of NADK takes place. 

The resin was added to the eluate until a final pK in the range 6.8-6.5 was 
attained. The resin was then removed by fiitration and the solution evaporated to 
about one half the original volume. This procedure was carried out 2 or 3 times, after 
which the filtrate was dried in a rotary evaporator. The potassium bicarbonate content 
of the dried product amounts to about 15 % (w/w). The dried compounds were stored 
in the darkness in a desiccator containing phosphorus pentoxide at 4”. 

Spectropho?ometric measurements 
A 260 mnf~340 m ratio. The absorbances at 260 nm and 340 nm of NADK and 

the separated impurities were measured in a 200 mM potassium bicarbonate solution 
with a VSU II spcctrophotometer (Carl Zeiss Jena). 
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Fig. I. Set-up for removing potassium bicarbonate from eluates after chromatographic separation of 
NADH and related compounds. To avoid freeing potassium chioride into the eluate, the calomel 
electrode was connected to the eluate by 2 membrane-coated glass tube containing saturated potas- 
sium bicarbonate solution. For details, see text. 

Residual absorbance at 340 nm. The estimation of the residual absorbance was 
carried out after complete oxidation of NADH by the lactic acid dehydrogenase 
(LDH) reaction with the following final concentrations: phosphate buffer 100 mM, 
pH 7.5; pyruvate, 0.6 mM; NADH, 0.2 mM; LDH 5 ~1. The residual absorbance 
is given by: 

Residual absorbance [%I = 
final &O nm 

A 
w. nm before the addition of the enzyme 

-100 

Measuriments of the activity of lactic acid dehydrogenuse (LDH) and alcohol 
dehydrogenase (ADH). In all cases NADH was dissolved in 209 mM potassium 



bicarbonate. ADH reaction: phosphate buffer 100 mM pH 7.5; NADH (A= ,, is 
A’ 0.45); Getaldehyde, 0.4 ok (v/v); ADH (1:2m, v/v, dissolved in 3Oq- m.M phos- 
phate buffer, pH 7.5 containing 1 mM mercaptoethanol). LDH reaction: phosphate 
buffer, IOOmMfpH 7.5); NADH (&, pn is - 0.4233; 0.1 ml pyruvale (1 mg/ml); 
LDH (1 :lOOO, v/v, dissolved in 100 mi%4 phosphate bufFer pH 7.5). 

All enzymatic assays were carried out with an Eppendorf photometer, 366 run, 
1 cm light pzth, 25”. 

Measwements of optical rotation 
Measurements were carried out with the Polamat (Carl Zeiss Jena). 

Circtdar dichroim spectra 
Circular dichroism spectra were monitored with a spectropolarimeter (Cary 60) 

at 25”. 

GV spectra 
The W spectra were monitored with a Unicam W-800 spectrophotometer in 

quartz cuvettes of 1 cm light path (25”). The substances were dissolved in 200 mM 
potassium bicarbonate and measured against blanks of the same solution. 

A 

6 

litre 
Fig. 2. Anal_yti& and preparative chromatography of commem -ai NADH with DEAFSephadex A- 
25. A typical ‘Ihin-layer chromatogzam or abootlt 1 ,wrmle NADH is shown in +&e upper part. The 
lcwer part shows the elution protile after separation of 5 g NADH 062 DEA?Z-Sephadex column 
(5.x 100 cm) usipg pota4um bicarbonate~as eluent. The peaks were detected by measuring the 
ab+banaz at 260 rim (- ) and-340 XXII (- - z). The compou6& separati ak numb&d 1-12. 
Compound number 3 shows no absorbance at 260 MI and 140 nm but-shous UV fluora~en~e. 
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TABLE I 

&Q n&&w nm RATIO AND RESlDUAL ABSORBANCE AT 34Onm OF THE PRODUCT 
BEFORE, DURING, AND AFl-ER PURIFICATION’ 

A 260- ReSidl&d 
-- 
A YOU= &.a css I%) 

Before chromato~phy 
Afier chromatography 
After removal of ffie potassium bicarbonate 
After drying 

* Number of estimations in parentheses. 

2.87 &- 0.05 (10) 10.3 
226 f 0.04 (10) 1.2 - 
2.28 f 0.04 (5) 
2.30 2 0.04 (10) 1.3 

~~ 

U Vj?uor2sc2nce spectra 
Excitation and emission spectra were recorded in 200 m&f potassium bicar- 

bonate with a Perkin-Ehzer 204 fiuorescence spectrophotometer at 25”. 

RESULTS _- 

Fig. 2 shows the results of preparative column chromatography and thin-layer 
chromatography (TLC) of commercial NADH. The eiution profile of the column 
shows twelve compounds in addition to NADH. The re-chromatography of the 
purified and dried NADH in the same system shows only one peak, suggesting that 
formation of any of the twelve CompGunds does not occur during removal of the 
potassium bicarbonate. The same result is obtained by TLC. Therefore, TLC may be 
suitable for rapid detection of impurities in commercial NADH. The main impurities 
are peaks I, 2,7 and 8. Peaks 1,2 and 7 correspond to nicotinamide, NAD and ade- 
nosine-fi’-diphosphate-ribose (ADP-ribose), respectively, which were detected by 
reference substances, UV spectra and phosphorus analysis. Spectrophotometer 
measurements of the purified NADH show that the Aim JAM _., ratio decreases 
to the theoretical value of 2.27 (ref. 15) as the result of the chromatography (Table 
I). Similarly, there sidual optical density decreases from 10% to about lx_ These 
parameters do not alter during removal cf the eluent and evaporation to dryness. 

The influence of both commerciai and pursed NADH on the activity of LDH 
was studied (Table II). For comparison the enzyme velocity obtained with purified 
NADH is taken as 100%. With impure NADH only 80% residual activity was ob- 

TABLE II 

COMPARISON OF THE INFLUENCE OF COMMERCIAL AND PURIFIED NADH ON 
LDH ACTIVITY’ 

I”rne NADH 

ItiS) 
Impure Purified 

Srored us Stored in Stored as Stored in 
liiied product 01 M KHCO, ciried product 0.2 &r KNCO, 

0 ‘79.9 (9 79.9 (9 100 103 (4) 
5 -- 59.7 (2) 100 (2) 99.6 (2) 

73 45.6 (2) - 100 (4) 91.5 (4) 

* Number of estimations in parentheses. 
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Fig. 3;LDH activity compared ia pxx3kd NADH and in the ptesence of impurities (compounds 
I-12) separated ‘from commercial NADH. Each compound is added separately to the purikd 
NADH in neariy ecpimolar concentrations, using the absorbance at 260 nm as the standzrd of 
refsrence. 

taintid. The purified NADH shows no loss of activity with respt to LDH for 73 days, 
the period under invectigation. In contrast, the impure product shows a further loss 
in activity during this time, emphasizing that the stability depends largely on the 
degree of purity. Further, Table II shows the suitability of the eluate containing 

Fig.4. Infiuence of NADH and impurities on ADH. Solid EIIB: compvison of cnmmezial aad 
purified NADH. Broken lines: A, purifkd NADH plus all twelve separated imptiities in the same 
amounts as in the eluate after c&unn chromatography (see Fig. 2); B, puritkl NADSI pius 
eqnimokr amounts of compounds 7 and 8, rq~~&veiy. 
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Fig. 5. Dependence of the interconversion of NADH (M). compound 7 (A-A) and compound 
8 (0.** 0) on the pH value of the soh~tion. pH values were adjusted with 0.1 IV hydrochloric acid 
or 0-L N sodium hydroxide. The compounds were then incubated for 2 h at 25” and separated by 
TLC. Conversion between the three compounds during chromatography c.zn be excluded. After 
separation, the spots were eluted with 2 x 25 ml of 4QO m&f potassium bicarbonate and the 
absorbance was measured at 260 run. The absorbance before incubation wes deticd as loO”~. A: 
Incubation of compound 8; B: Incub-ztion of purifki NAIXL 

NADH for enzyme measurements when it is used within 5 days after chromatography, 
i.e. as there is no detectable loss in activity, it is unnecessary to remove the potassium 
bicarbonate. 

Next, the influence on LDH activity of all twelve compounds separated from 
commerciai NADH was tested. Fig. 3 shows the results after addition of each com- 
pound to purified NADH with the same absorbance at 26C nm. With the exception 
of compound 1, nicotinamide, all the separated compounds behave as inhibitors of 
LDH activity. The most pronounced efkct was found with compounds 3 and 9. All 
tweIve compounds were then added to purified NADH in the same quantities present 
in commercial NADH. Under these conditions the same LDH activity was obtained 
as with the impure product. 

Similar results were obtained with ADH (Fig. 4). The velocity of the enzyme is 

X4- 

1 
2eonm 340nm 

Fig.66.~spectraofpuSedNADH( -) and compound 8 (- - -)_ 
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Fig. 7. UV flucx-escence spectra of purified NADH (- ) and compound 8 (- - -1. 

not linear with time. The effect of purifkation of NADH is much greater on ADH 
than on LDH. The difference between commercial and purified NADH becomes 
more marked as the time of the test increases. 

The main impurities are at peaks 7 (ADP-ribose) and 8. Fig. 5 shows that 
compounds 7 and 8 derive from purged NADH, depending on the pH of the 
solution. Therefore, it is interesting to characterize these compounds in more detail. 

At pH values below 5, both NADH and compound 8 are irreversibly converted 
into ADP-ribose. Between pH values 5-7 a reversible conversion between NADH 
and compound 8 can by observed. The conversion seems to be very rapid, since the 
same picture was obtained after 5 min incubation under the same conditions. Only 

Fig 8. Circular dicbroism measurer~~~ts of purifiexi NADH ( -) and compound 8 (- - -). 
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preliminary data on the optical properties of compound 8 are available. There are 
differences in the optical rotation between NADH and compound 8: 

[& = - 47.5 (NADH) 

f&- = - 26.2 (compound 8) 

Small differences are visible in the W spectra and UV fluorescence spectra (see 
Figs. 6 and 7). The greatest differences are obtained in circular dichroism measure- 
ments (Fig. 8). The negative Cotton effect is lacking in the case of compound 8. 

The findings suggest that compound 8 probably is a stereoisomer of NADH. 
To find the exact structure, further investigations are necessary. 

DISCUSSION 

The chromatography of commercial NADH using DEAE-Sephadex columns 
and potassium bicarbonate as eluent yields a highly purified product and involves 
relatively low expense and effort. The necessity of eluents with pH values greater than 
7.5 for NADH purification is well established5. The advantage of using potassium 
bicarbonate solution is that it permits quick removal of the eluent after chromato- 
graphic pur&ation. To avoid the formation of inhibitory compounds from NADH 
while removing potassium bicarbonate, a simple set-up is used which permits the pH 
to be checked (Fig. 1). At pH values below 6.5, dehydrogenase inhibitors form 
immediately which is in agreement with the lirerature5-g_ The re-chromatography of 
the purified NADH after temporary acidification to below 6.5 shows that mainly 
ADP-ribose (compound 7) and a stereoisomer of NADH (compound 8) are-formed 
(Fig. 5A). The potassium bicarbonate method gives a product with a lower residual 
optical density at 340 nm and a lower A1160 ,,/Auo nm ratio than is attained with other 
purification methodslO. 

The stability of the NADH purified by this method is excellent (Table II). 
During storage in a desiccator with phosphorus pentoxide at 4” in the darkness no 
impurities are formed witbin a ten week period. A further advantage is the possibility 
of storing and using the NADH-containing eluate from the column without removing 
the potassium bicarbonate. The number of impurities detected did not v&y with the 
different commercial NADH preparations (Arzneimittelwerk Dresden, Boehringer 
Mannheim I and II) investigated, except for differences in the relative amounts of the 
compounds. 

Fig. 3 shows that eleven of the twelve compounds separated from NADH 
inhibit LDH activity. In all the preparations investigated, compounds 7 and 8 con- 
stitute the main impurities. Compound 7, the ADP-ribose, is well established as an 
inhibitor of various dehydrogenases. Our results correspond to the data recorded by 
other authorsg@. In addition, we were able for the first time to separate completely 
compound 8 from NADH. The W spectrum of this compound shows an absorption 
maximum at 340 nm similar to that of NADH. Therefore, it might be responsible for 
the residual absorbance at 340 nm in crude preparations, the AZH) JAuo nm ratio 
failing to reflect the presence of this impurity. To detect all possible impurities simple 
TLC, as outlined here, is a suitable method. 
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340 nm8*u.U. These authors 

I. WENZ et af. 

to he identical Hth the “340-nm compokd” of the 
which was assumed from residual optical density at 
investigated the properties of compound 8 using differ- 

ential measurements in preparations having varying amounts of the “340-nm com- 
pound” while lacking any method of separation from N&XI. Some of these tidings, 
e.g. sin&&y of the W sgiecbum to that pf NADH, ,&e inbibitoti elect on ADH 
aad sensitivity to acidification agree with our results on pure compound 8_ The results 
in Fig. 5, showing the conversion of comporrnd 8 &to ADP ribose at pH values 
bdow 5, explain the differential spectra of this compound with and without addition 
OF hydrochloric acid12. 

Of further interest is the reversible conversion of NADH and this compomd 
at pH values below 7. It may be necessary to consider possible formation of this cum- 
pound under in viva conditions during acid&&ion, resulting in inhibition of NADH- 
dependent reactions. 

Initial attempts to elucidate the structure led to the conclusion that compound 
8 is probably a stereoisomer of NADH. The circular dichroism spectrum of compound 
8 shows some similarities to that of a-NADH 14. From optical rotation measurements 
and its very rapid formation from NADH, however, the identity of compound 8 with 
a-NADH seems improbable. 
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