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Estimate of Minimal Distance between Rapidly 
Exchanging Zinc and Nucleotide Binding Sites 
in Liver Alcohol Dehydrogenaset 

Mark Takahashi’ and Richard A. Harvey 

ABSTRACT: A hybrid horse liver alcohol dehydrogenase 
(Young, M., and Wang, J. (1971), J .  Biol. Chem. 246, 2815) 
prepared by substituting cobalt(I1) for the rapidly exchanging 
(“catalytic”) zinc atoms shows a n  absorption maximum at 650 
mp and an  enhanced absorption in the wavelength range from 
300 to 450 mp. The appreciable spectral overlap between the 
absorption spectrum of this hybrid enzyme and the fluores- 
cence emission of binary complexes with NADH,  thionicotin- 

T he role of zinc ions in the catalytic mechanism of 
horse liver alcohol dehydrogenase has been investigated by 
numerous workers (Plane and Theorell, 1961; Drum and 
Vallee, 1970a,b; Iweibo and Weiner, 1972). Weiner (1969) and 
Mildvan and Weiner (1969) have probed the active-site region 
of the dehydrogenase with a spin-labeled (nitroxyl) analog of 
ADP-ribose‘ which binds strongly to  the NADH binding site. 
By studying the effect of the unpaired electron on the nitroxyl 
radical upon the proton resonance of ethanol, they were able 
to  estimate the distance between the substrate alcohol and the 
ribosidic bond to  the pyridine nitrogen of NADH.  Proposed 
mechanisms for dehydrogenase activity have assumed that the 
zinc atoms at the active site are in close proximity to  both 
nucleotide and ethanol ; it has been postulated (Theorell and 
McKinley McKee. 1961) that the zinc atom binds portions of 
both substrate and cofactor as ligands. Recent data of Iweibo 
and Weiner (1972), however, have indicated that the strength 
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Abbreviations used are:  N A D -  and NADH,  oxidized and reduced 
nicotinamide adenine tlinuclcotide, respectively; K,iK,, dissociation 
constant for the eiizyine-inhibitor complex; sNADH,  thionicotinamide 
analog of N A D H ;  Hepes, N-2-hydroxyethplpiperazii ic-~-2’-ethatie- 
sulfonic acid; ADP-ribose, adenosine diphosphate ribose; K,,,, apparent 
Michaelis constant for substrate under discussion. 

amide NADH, and Rose Bengal results in energy transfer 
from the bound ligand to  the cobalt in the hybrid enzyme. 
Calculations based upon the Forster equation require a 
distance of at  least 19 A between the nicotinamide ring and 
the cobalt binding sites. These data make it unlikely that the 
readily exchanging zincs of liver alcohol dehydrogenase are 
directly involved in the catalytic process. 

of binding of NADH and NAD+ is not changed when the 
dehydrogenase is stripped of all zinc. There are four zinc atoms 
per dehydrogenase molecule, two readily exchangeable and 
two only slowly replaceable (Drum et a/., 1969). The loss of 
the rapidly exchanging zinc atoms is accompanied by a pro- 
portionate decrease in enzyme activity, and so it has been as- 
sumed that these “catalytic” zincs are situated near the active 
site. Iweibo and Weiner’s (1972) finding that loss of D o r h  
“catalytic” zinc and slowly exchanging structural zinc is not 
crucial for the binding of NADH suggests that even the “cata- 
lytic” zinc may also function to maintain appropriate structure 
a t  the active site. 

Young and Wang (1971) have reported production of a 
hybrid alcohol dehydrogenase enzyme in which the two rapidly 
exchanging zinc ions are replaced by cobalt atoms. Use of 
this hybrid enzyme with cobalt in place of zinc together with 
an  appropriate fluorescent donor (NADH or an  NADH 
analog) held promise of estimating distances between the 
cobalt (or zinc) ions and the NADH moiety. Such distance 
calculations based upon use of the Forster equation have been 
extensively utilized by Latt er ul. (1972) who studied cobalt 
quenching of fluorescence of synthetic carboxypeptidase sub- 
strates when cobalt is substituted for the native zinc in this 
metalloenzyme. It was hoped similarly that estimates of the 
distance between cobalt and the NADH molecule, in con- 
junction with the distance estimate of Mildvan and Weiner 
(1969), could be used to  determine whether or not the cobalt 

B I O C H E M I S T R Y ,  V O L .  1 2 ,  N O .  2 3 ,  1 9 7 3  4743 



T A K A H A S H I  A N D  H A R \  I Y 

(or zinc) of dehydrogenase was close enough to either co- 
factor or substrate to perform its postulated role in the cata- 
lytic mechanism. 

NADH and two appropriate fluorescent NADH analogs 
were chosen for this study. sNADH is a NADH analog with 
sulfur substituted for oxygen in the carboxamide of the 
nicotinamide. Anderson et d. (1950) synthesized sNADH and 
reported that it was an  ell'ectivc cofactor for the dehydro- 
genase. The other fluorescent analog chosen was the dye Rose 
Bengal. Brand PI L I I .  (1967) have reported that Rose Bengal is 
an inhibitor of the dehydrogenase reaction. compctitiLe with 
respect to NADH.  The dye shows the same stoichiometry of 
binding ;IS NADH (two molecules per dehydrogenase mole- 
cule) and is rcadily displaced by N A D -  in the presence of 
pyrazole. These data indicate that the fluorescein derivativc. 
interacts with dehydrogenase at the NADH binding site. Rose 
Bengal is particularly well suited for study with cobalt- 
dehydrogenase as an energy acceptor since the fluorescence 

on of the bound dye shows a high q ~ i a n t ~ i n i  yield and 
cantly overlaps the far-red absorption of the cohalt 

dchqdrogenase hybrid. 

Materials and Methods 

C/rrmic~i/.s. Horse liver alcohol dehydrogenase (crystalline 
suspension in 0.02 hi phosphate buffer, pH 7.0) was purchased 
from Boehringer-Mannheim Corporation. Bovine serum albu- 
min and horse liver alcohol dehydrogenase (1 X crystallized 
and lyophilized), used solely as protein standards, were ob- 
tained from Worthington Biochemical Corporation. Nicotin- 
amide adenine dinucleotide (grade I11 reduced and oxidized) 
was obtained from Sigma Chemical Co. Thionicotinamide 
adenine dinucleotide (oxidized) was obtained from PL Bio- 
chemicals, Inc. N-2-Hydroxyethylpiperazine-N-2'-ethanesul- 
fonic acid (Hepes) buffer was obtained from Calbiochem. 
Phenol reagent (2 N) was obtained from Fisher Chemical Co. 
Isobutyramide was an Eastman Chemical Co. product. 

Atomic absorption standards cobalt and zinc chloride (1000 
ppm). quinine sulfate, and Rose Bengal were obtained from 
Matheson Coleman and Bell. Cobalt chloride and zinc acetate 
were reagent grade products of Mallinckrodt Chemical 
Works. Aquasol scintillation counting fluid and radioactive 
fAZn were obtained from New England Nuclear Corp. All 
other unspecified chemicals were reagent grade and were used 
without further purification. 

Cob~ilt-SirDsritirtrd Horse Lice, Alcoliol Dehj,drogenasr. 
Cobalt-containing hybrid dehydrogenase was prepared ac- 
cording to the procedures of Drum et id. (1969) and Young 
and Wang (1971). The dehydrogenase (60-75 phi), which was 
preequilibrated against 0.025 h i  Hepes (pH 7.0) buffer, was 
then dialyzed in cobalt containing buffers a t  pH 5.5 for vary- 
ing lengths of time: bulfer I consisted of 0.025 hi sodium ace- 
tate and 0.1 hi cobalt chloride at pH 5 . 5 :  bulrer I1 consisted of 
0.1 II sodium acetate and 0.2 h$ cobalt chloride at p H  5.5. 
After dialysis against the appropriate cobalt containing buffer 
in a nitrogen saturatrd atmosphere at  4', the hybrid enzymes 
were dialyzed exhaustively against 0.025 hi Hepes (pH 7.0). 
Care was taken to exclude air from the hybrid enzyme. 
Dehydrogenase protein determinations were made using the 
Lowry e r  a / .  procedure (1951). 

Dehydrogenase with G5Zn substituted for the rapidly ex- 
changing "catalytic" zincs was prepared as described by 
Drum cf ~ t l .  (1969). The dehydrogenase (60-75 p ~ )  was 
dialyzed 22 hr against 0.1 hi sodium acetate (pH 5.5) plus 0.1 
rnii ""nOAc (buffer 111). The degree of WZn incorporation 
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was monitored by scintillation counting in a Packard 1riCarb 
liquid scintillation spectrometer (Model 3310). Small a l i q ~ o t s  
(0.1-0.2 ml) were counted in 10 ml of Aquasol. 

Aroriiic. .Ihsor/~fi,rion. The metal content of the ckhydrogenase 
was determined on a Varian-Techtron atomic ahsorption 
spectrophotometer (Model A M ) .  Standard ctin es for zinc 
and cobalt were prepared from 1000-ppni atomic absorption 
standards. 

0z:j.mic Assci.~. Enzyme activity i n  the direction of NADH 
formation at pH 8.8 was followed on a Gilford Model 240 
recording spectrophotometer. The assay system contained 
1.67 mki NAD'. 16.6 mhi sodium pyrophosphate ( p H  c).O), 
and 17 niv ethanol. Enzyme activity in the direction of NAL) 
formation was assayed at pH 7.0; the assay contained 0.1 \ I  

potassium phosphate at pH 7.0. 1.8 inxi acetaldchyde. and 0.2 
n n t  NADH.  Specific activity was delined as iianoinuIc\ of 
substrate consumed per minute per milligram of prolcin a t  
25". 

C'trlculution cfEirergj. 7'rcinsfi.r. Calculations of the ilistancix 
for transfer of electronic excitation cnergq from pyridine 
nucleotides or Rose Bengal to  the cobalt of the hyhrid alcohol 
dehydrogenase were made according to Forster ( 1965) 

where RO is the distance at  which the probability of encrgy 
transfer equals the probability of spontaneous deactivation of 
the excited state, 17 is the refractive index, $I is the donor 
fluorescence quantum yield in the absence of energy transfer, 
~2 is the dipole-dipole orientation factor, and J is the overlap 
integral as shown in eq 2: where E is the molar extinction co- 

efficient of the acceptor, F is the fluorescence of the donor, and 
v is the wave number. The efficiency of transfer between the 
donor and acceptor separated by a distance R was calculated 
from the following expression. 

The absorption spectra were taken with a modified Beck- 
man DU spectrophotometer which incorporated a solid-state 
photometer and digital read-out system. Ten-centimeter cells 
were used in obtaining the spectra of the cobalt li\er alcohol 
dehydrogenase. 

Nuorescence 1?ira~iireii7ent~ were made with a previously 
described spectrofluorimeter (Harvey et d.. 1Y72) equipped 
with an Osram 450-W xenon arc lamp, Samples were main- 
tained at  25" by nieans of a thermostated c u w t  holder. 
Fluorescence studies with sNADH and Rose Bengal were 
performed with the image of the xenon lamp defocused from 
the entrance slit of the excitation monochromator: this at- 
tenuated light source minimized the possibilities of photo- 
degradation of sNADH and photooxidation of the dch)dro- 
genase by Rose Bengal. The optical densities of solutions were 
either less than 0.1 at the exciting wavelength or the fluores- 
cence was appropriately corrected for the inner filter afftxt. 

The data from binding and fluorescent experiments were 
fitted directly to  appropriate theoretical curkes using the 
reiterative procedure similar to that described by Wilkinson 
(1961). 

The quantum yields of sNADH and of Rose Bengal bound 
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TABLE I :  Time Course of Cobalt Incorporation into Liver 
Alcohol Dehydrogenase.’ 

c o  

(hr) drogenase drogenase Zrnetal Sp Act. 
Dialysis Co/Dehy- Zn/Dehy- 

0 3 5  3 5  3 5  
2 0 62 3 1  3 7  3 6  

10 1 3  2 3  3 6  2 4  
26 1 66 1 8  3 5  2 2  
72 2 86 1 1  3 9  2 1  
72 3 0  0 5  3 5  1 7  

‘Results are expressed as moles of metal per mole of 
dehydrogenase (mol wt 80,000) as a function of time of dialysis 
in buffer 1. Dialysis in buffer 11. 

to  zinc dehydrogenase were measured by comparison with 
standard solutions of quinine bisulfate in 0.1 N HYSOl and 
riboflavine (pH 7), respectively. The quantum yields of 
quinine bisulfate and riboflavine were taken as 0.70 and 0.26, 
respectively (Scott et a / . ,  1970; Weber and Teale, 1957). 

Calibration of the xenon arc-excitation monochromator 
combination employed the method of Melhuish (1962) using 
a concentrated solution of Rhodamine B as a fluorescent 
screen. The detector system was calibrated by the method of 
Parker and Rees (1960) using a standard tungsten-iodide 
lamp. 

Results 

Cliuructerizution of the Hybrid Enz.yme. Drum et al. (1969) 
have reported that only two “catalytic” zinc ions are ex- 
changed in the dehydrogenase when metal exchange is con- 
ducted in buffer 111. No further exchange of zinc occurs 
despite exhaustive dialysis under these conditions. Young and 
Wang (1971) have reported virtually complete substitution of 
cobalt for zinc when the dehydrogenase was dialyzed against 
0.025 hi sodium acetate containing 0.085 M cobalt chloride; 
two separate rates of exchange of cobalt for zinc were dis- 
cerned. The time course of exchange of cobalt for zinc in buf- 
fer I is given in Table I .  It can be seen that 2.9 of the 3.5 zinc 
atoms present in the native enzyme are replaced by cobalt 
after 72 hr of exchange under these conditions. During these 
experiments care was taken to ensure that the hybrid enzyme 
studied was “viable” according to  two principal criteria: 
first, that the total number of metal binding sites was con- 
served; second, that the enzyme showed a specific activity 
>2. Enzyme which did not meet these criteria resulted pri- 
marily when the hybrid enzyme was exposed for extended 
periods to atmospheric oxygen. 

The absorption spectrum of a hybrid dehydrogenase mole- 
cule containing 1.7 atoms of cobalt and 1.8 atoms of zinc per 
enzyme molecule is shown in Figure 1. The cobalt-containing 
enzyme, which is visibly green, exhibits a broad featureless 
absorption shoulder between 400 and 500 mp with a distinct 
absorption peak at 650 mp. The corresponding enzyme con- 
taining only zinc shows no absorption over this wavelength 
range. 

Comparative kinetic studies were made on both native and 
hybrid dehydrogenases to determine whether significant 
changes in catalytic properties occurred upon cobalt sub- 
stitution for zinc. The values of K,,, for native enzyme and a 

I I 
I 

2,000 1 

FIGURE 1: Spectral overlap of hybrid dehydrogenase and binary 
complexes with native dehydrogenase. Absorption spectrum of 
hybrid dehydrogenase (containing 1.7 and 1.8 atoms of cobalt and 
zinc, respectively, per enzyme molecule) in 0.025 ht Hepes (pH 7.0) 
(upper curve). e expressed in terms of molarity of enzyme molecules. 
Fluorescence emission spectra of 2 phf (---), 6 p~ sNADH (-), 
or 0.5 phf Rose Bengal ( . . ) in the presence of 1 2  p~ native zinc- 
dehydrogenase in 0.025 M Hepes (pH 7.0). Excitation wavelengths 
were 340 (NADH), 400 (sNADH), and 500 m,u (Rose Bengal). 

hybrid dehydrogenase containing 1.6 cobalt and 2.1 zinc 
atoms are shown in Table 11. Also listed in this table are values 
for Ki for the inhibition of dehydrogenase by Rose Bengal. 
It can be seen from these data that the K,,, and Ki values are 
similar for hybrid and native enzymes, indicating that no 
major differences in these enzymatic properties have resulted. 

To ensure that the cobalt exchanged into enzyme was indeed 
going into “catalytic” zinc sites, “Zn was exchanged into the 
enzyme under conditions defined by Drum et a/. (1969). This 
65Zn-labeled enzyme was used to  determine whether stoi- 
chiometric removal of 6jZn occurs simultaneously with cobalt 
incorporation into the protein. 65Zn was exchanged for 26 hr 
in the buffer specified by Drum e/ a/. (1969); this buffer con- 
tained 0.1 M sodium acetate (pH 5.5) and 0.1 mM CjZn acetate 
(buffer 111). The enzyme was then dialyzed exhaustively 
against 0.025 M Hepes (pH 7.0) and checked for total zinc, 
radiolabeled zinc, and specific activity. This enzyme was sub- 
sequently dialyzed for 26 hr against cobalt-containing buffer 
I, dialyzed exhaustively against 0.025 M Hepes (pH 7.0), and 
then analyzed for cobalt, zinc and “Zn, and activity. The re- 
sults shown in Table 111 indicate that 1.8 “catalytic” “Zn, 
atoms exchanged into the dehydrogenase. Upon treatment 
with cobalt-containing buffer I, 1.7 cobalt atoms per dehydro- 
genase were incorporated into the enzyme. Simultaneously 1.6 
“catalytic” 65Zn atoms were lost from the enzyme. Thus, 
within experimental error, there was stoichiometric replace- 

TABLE 1 1 :  Kinetic Properties of Native and Hybrid Liver 
Alcohol Dehydrogenase.’ 

~ 

NAD+ + NADH NADH + NAD+ 

K,,,- K,(Rose K,,,- Ki(Rose 
Enzyme (NAD‘) Bengal) (NADH) Bengal) 

-__---___ 
Cobalt hybrid 9 14 7 10 3 

19 15 6 2 8  Native (zinc) 16 5 

a Numbers indicate micromolar apparent Michaelis con- 
stants obtained at saturating concentrations of other sub- 
strates. 



r m L t  i i i  : Comparison of Stoichiometry of Cobalt Substitution for “Catalytic” ’Zn or Liver Alcohol Dehydrogenaw 

Metal Content 

Zn Dehy- “Zn Dehq- Co Dehq- Metal Dehy- 
~ 

Enzyme Source drogenase drogena\c drogenaw drogenase 5p ALt 

Native enzyme dialyzed against 6JZn“ 3 37 l k  3 1 7  3’ 
f lZn  enzyme (above) dialyzed against buffer I ”  I 6X 0 17 1 72 3 30 ’ 2  

’ Dialyzed 26 hr in buffer I11 and exhaustively against 0 35 h i  Hepcs (pH 7 0) Dialyzed 26 hr in buffer I m d  exhaustibely 
against 0 25 M Hepes (pH 7 0) 

ment of “catalytic” zincs by cobalt in 26 hr exchange in bufrer 
I .  When the degree of cobalt incorporation is limited to  less 
than two cobalts per dehydrogenase, cobalt substitution occurs 
almost exclusively into the rapidly exchanging “catalytic” 
metal sites. 

Binding r ! f ’  Rose Bengul to ~ I I P  Cohcilf Lirrr illci~hol Ur-  
li~~(lrcigenusr Hjhrid.  In order for there to  be energy transfer 
between two chromophores, the emission of the donor in the 
absence of energy transfer must overlap the absorption of the 
acceptor. This spectral criterion is satisfied by the Rose Bengal 
and cobalt dehydrogenase hybrid couple (Figure 1); energy i h  

transferred from the enzyme-bound dye to  the cobalt s u h -  
stituted at  the “catalytic” sites of the dehydrogenase. Such 
cnergy transfer would be seen experimentally as a decrease in 
the fluorescence of Rose Bengal bound to the hybrid when 
compared to the corresponding binary complex with the 
native zinc-containing enzyme. 

Figure 3 shows that the expected quenching of Rose Bengal 
bound to the cobalt hybrid is experimentally realized. The 
data in Figtire 2 correspond to  a quenching of approximately 
58 7;. The excitation maximum of Rose Bengal bound to the 
hybrid enzyme shows a 5-6-mp red shift when compared to 
the corresponding maximum for the zinc-containing enzyme. 
This spectral shift could either result from minor differences 
in lhc structure of or the exact location of the Rose Bengal 
binding site; the significance of these diferences is impossible 
to estimate. Rose Bengal bound to  the zinc dehydrogenasc 
shows :i fluorescence enhancement of seven- to  eightfold when 

V,L 

i , i c i i i i t t .  2 :  Fluorescence excitation spectra of 0.5  y~ Rose Bengal: 
( - , - )  tree; ( ~ -1 bound to native Linc-deh)drogeiiase (12  y ~ ) :  (---1 
hound to hybrid enzyme (12  ythi) described i n  Figtire I .  Emission 
wzivelength was 633 my. 

compared to the unbound dye; the possibility exists that the 
smaller fluorescence observed in the case of the hybrid enzyme 
is d ~ i e  to a lower a f h i t y  of Rose Bengal for the cobalt-sub- 
stittited enzyme. This trivial possibility was c d u d e d  by cx- 
periments in which the relative fluorescence of Rose Bengal 
bound to  zinc and  hybrid enzymes was measured as ;I func- 
tion of increasing protein concentrations. Dialysis against 
buffer I for 26 hr restilted in the incorporation of 1.7 atoms of 
cobalt per dehydrogenase molectile. When the reciprocal of 
fluorescence enhancement for the cobalt hybrid (Figtire 3, line 
labeled 1.7 Co2* ) is extrapolated to infinite protein concentra- 
tion, the ordinate intercept is dityerent than that obtained with 
the zinc-containing enzyme. This difTercnce indicates that 
when Rose Bengal is completely hound by the hybrid,’cnzyme 
(intinite number of binding sites relatibe to ligand concentra- 
tion) its fluorescence is suhstantially less than that of  the cor- 
responding zinc unzymc. F ~ O I T ~  thc ordinatct intcrccptb of 
Figure 3 i t  can hc calculatctl th;it the 26-hr hybrid shows 067;  
quench relatiCc to that of the iorre5ponding zinc cn/ymc. It 
can be determined t Scatcharit r’i ( I / . .  1957) that the dissociation 
:onstant for the Kore Bengal zinc dehydrogenase binary com- 
ple\ i b  2.9 p h i ,  Mhile the corresponding dissociation constant 
for the cobalt hybrid binary complex is 2.4 phi. ‘These dis- 
iociation constants are in good agreement with the kinetically 

i I ( , U I U  3 :  Reciproc;il oi‘ tluorescence eiihaiicciiieiit of Rose Bengal 
( 0 . 5  p v )  cs. the reciprocal 31‘ tleli>droyenase coiicentration a s  a 
function of degree of cobalt incorporation. t.luorescence eiiliance- 
inent is (fluorescence of Rose Bengal ~deh~drngenasejfuorescence 
of  tinhound I t o i c  Rengal) . 1. i.~,.. an enhancement of 1 . 0  cor- 
responds to  :i iloiibiinp ofeinisioii 011 interaction with enzyme. 
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TABLE IV: Summary of Fluorescence Quenching Data. 

10- I6J 
Quantum (cm6/ Ro x R 

EnzymeLigands Yield mmol) (A) Quench (A) 

Rose Bengal 0 .17  38 21 66 19 
N A D H  0 057 30 17 33 19 
sNADH 0.0014 27 9 0 17 
NADH-isobuty- 0 .17  30a 20 32 23 

Rose Bengal- 0 .11  38a 19 30 23 
ramide 

acetaldehyde 

‘ I  Overlap integral assumed to  be same as that of correspond- 
ing binary complex. 

determined K, (Table 11) for the zinc- and cobalt-containing 
hybrid as well as with the Kd determined by Brand et ul. (1967) 
for native zinc enzyme. 

Figure 3 shows the quenching of Rose Bengal bound to a 
series of dehydrogenase hybrids differing in the extent of sub- 
stitution of cobalt for the zinc of the native enzyme. The 
degree of quench calculated from the reciprocal of fluorescence 
enhancement extrapolated to infinite protein is shown in the 
inset to Figure 3. The extent of energy transfer (quenching) 
from Rose Bengal to  the cobalt of the hybrid enzyme increases 
as the 1.8 atoms rapidly exchanging zinc are replaced by 
cobalt. Further substitution of cobalt for zinc atoms of de- 
hydrogenase (replacement of structural zincs) results in little 
additional fluorescence quenching of bound Rose Bengal 
(from 66% quench at 1.8 Co per dehydrogenase to  7 5 z  
quench at  3.0 Co per dehydrogenase). This suggests that the 
latter, slowly exchanging “structural” zinc atoms are more 
than 35 A from the Rose Bengal (NADH) binding site, i.e., 
too far away from bound dye to produce significant quench- 
ing. 

Calculation of the distance between Rose Bengal and the 
cobalt of the hybrid dehydrogenase enzyme (containing 1.7 
cobalt atoms per dehydrogenase molecule) was performed 
using eq 1-3 and the data of Table IV ( K *  = and the index 
of refraction taken to  be 1.5 (Latt et ut., 1970)). The calculated 
distance between the enzyme-bound Rose Bengal and the 
cobalt atom of the hybrid dehydrogenase molecule is 19 A. 
However, ambiguity exists as to the exact location of the 
emission oscillator of the Rose Bengal molecule. Also un- 
known is the correspondence of the binding site for Rose 
Bengal and the binding site for the nicotinamide portion of 
NADH.  Thus, it seemed advisable to confirm this distance 
estimate with fluorescent nucleotides which are substrates for 
the dehydrogenase reaction. 

Binding o f  NADH and sNADH to the Cobalt H,rbrid 
Enzj.ine. It can be seen from Figure 1 that both NADH and 
the thionicotinamide analog of N A D H  bound to the de- 
hydrogenase have emission spectra which overlap with the 
absorption spectrum of the cobalt dehydrogenase hybrid. 
Thus, the spectral properties are compatible with energy 
transfer from the pyridine nucleotide to the cobalt of the 
hybrid dehydrogenase. The fluorescence emission of NADH 
bound to  the cobalt dehydrogenase (extrapolated to infinite 
protein concentration) i s  quenched 33 % when compared to 
the limiting fluorescence observed with the zinc enzyme 
(Figure 4). In contrast, when the fluorescence emission of the 
thionicotinamide analog is extrapolated to  infinite protein 

- 
I - + 

cn 
W 
E 
0 
3 
J , I  1 1 

L O 4 8 0 1 2 3  
[ PROTEiN , MG/ML]-’ 

FIGURE 4: Reciprocal of fluorescence enhancement cs. reciprocal of 
dehydrogenase concentration for NADH (2  +M) and sNADH ( 6  
p ~ ) :  (0) cobalt hybrid containing 1.7 atom of cobalt per dehydro- 
genase; ( c )  native zinc-dehydrogenase. 

concentration there is no  difference in the limiting fluorescence 
for the cobalt- and zinc-containing dehydrogenase enzymes. 
Calculation of the distance between NADH and the cobalt 
of the hybrid dehydrogenase using the data of Table IV 
yields a distance estimate of 19 A. The thionicotinamide data 
indicate only that the minimal distance between metal and 
nicotinamide ring is greater than 17 A. The NADH-derived 
estimate is in good agreement with the distance calculated 
with Rose Bengal; the absence of quenching observed for 
thionicotinamide is consistent with this distance estimate of 

While the above data indicate a distance of 19 A between 
the rapidly exchanging metal in the dehydrogenase and either 
Rose Bengal or NADH,  ternary complex formation occurring 
during catalysis may alter the conformation of the active site 
(Zeppezauer et ut., 1967). The fluorescence quenching of 
NADH during substrate turnover has not been measured; 
however, fluorescence quenching of ternary complexes formed 
with the inhibitor isobutyramide and NADH has been in- 
vestigated. This ternary complex (Table IV) shows 3 2 x  
quenching of nucleotide fluorescence when hybrid enzyme is 
compared to native enzyme. This quenching corresponds to  a 
distance of 23 A between the nicotinamide moiety of NADH 
and the cobalt atom of the ternary enzyme complex. 

The addition of acetaldehyde to the Rose Bengal-de- 
hydrogenase ternary complex results in a ternary complex 
which is analogous to the isobutyramide-NADH complex 
described above. On extrapolation to infinite concentration of 
acetaldehyde the fluorescence of Rose Bengal in the cobalt- 
containing ternary complex is quenched 3 0 z  relative to the 
corresponding complex formed with the Zn-dehydrogenase; 
this quenching indicates a distance of 23 A between bound 
Rose Bengal and the cobalt of the hybrid enzyme, a value 
which is in good agreement with the data obtained with the 
NADH-isobutyramide ternary complex. 

19 A. 

Discussion 

The distinction between “catalytic” zinc atoms and “struc- 
tural” zinc atoms is based upon differences in the rate of ex- 
change of the metal ions at  p H  5 . 5 .  This study was focused 
upon the “catalytic” (rapidly exchanging) zincs because of 
their proposed role as general acids in the enzymic oxidation 
of ethanol (Abeles et ul., 1957). Care was taken to replace 
only “rapidly exchanging” zinc atoms with cobalt in order to 
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r ic i~i<i  5 :  Sclicmatic representation of distances betneeii enL!ine- 
bouiiil substrate, nucleotide, and metal. 

eliminate the possibility of multiple interactions between 
NADH (or the N A D H  analog) and cobalt substituted at  hrir 
"catalytic" and "structural" sites. 

The conditions of metal exchange employed result in ;I 

hybrid enzjme containing equivalent molar amounts of cobalt 
and zinc. Considering the estiniated error in the metal deti,r- 
mination, these experiments would indicate that at  least YO?: 
of the cobalt was incorporated at the two metal binding sites 
detincci operationally ;is rapidly exchanging, i.~,., those site5 
which exchange with ' . ,Zn at pH 5 . 5  (Table 111). It is con- 
cci\iibie that the remaining 107; (or less) of the cobalt wa\ 
hound a t  the slowly exchanging metal binding s i t e l  of the 
dehydrogenasr. The quenching of ligand ftiorescence vh- 
serbed on binding i o  the hybrid would then he dtie to energy 
transfer from ligand to cobalt stilistittited at 110th the rapidly 
and dowly exchanging sitL's. Howcwr. energy transfer t o  the 
small amount of cobalt postulated to be bound a t  the slowl) 
exchanging site wo L I  I d not sign i I ica t i  t I y a It c r t h e ti i s t m  e 
calculations. For t\arnplc. suppose the 66j',; quenching 
observed with Ko\e Bengal bound to the hybrid cnzqnit. 
i,ontaining 1 . 7  Co and 1.S Zn atoms p e r  dehydrogenase r e -  
julted from partial quenching b) the rapidly ekchanging cobalt 
and complete quenching h j  thc m a l l  ainoiint ( 5  IO",; of t o i ; i /  

cobal t )  o f  11owIq exchanging cobalt. I n  this 
quenching of Rose Bengal fluor 
with rapidly exchanging cohalt i\oti!ii l i e  621,; uhich i s  e\- 
periincntally indistinguishahlc from the obscrLcd ~i i l i i e  of 
66",; quenching. Thi.; a1tcri.d ~ a l u c  of (127 ii ,  L~alcti lated a>- 
suining that t h t  ohserved qiienching of Jluorescencc can  1ic 
r e p r e x n t e d  a b  if weighted summation of quenching b y  cobalt 
at the rapidly e\changing and ~ I O M  ly exchanging i i i c ta l  
binding sites. Conversely, i f  the sloul> ekihanging mba l t  r k x s  
niji q i / e w / / .  the corrected quenching 134 the rapid11 exchanging 
cohalt wi l l  hi. 71",, which mr rcsponc l~  to a distance of a p -  
prouimatcly 1 7  A fhus ,  the presence of i i  hypothetical 10;; 
wntaniination by slouly ekehanging cobalt can potentially 
introduce im error of  only - 2  .A in the distance between the 
rapic!l> c\changing cobalt and Rose Bengal. Siniilar argu- 
mcnts hold for distance calculations using NADH anit 
$ N A D H .  .rhti\. pro) iclcd one accepts Val1 
definition of slov.ly and rapidly exchanging zi 
fiil criterion for  diferentiating two distinct classcs of metal 
binding sites in  dzhydrogenasc. the cstiniateii tlibtancc bc- 
tv.cen metal and N A D H  or Koic Hengal is sut>jcct to a :- l O u ; ;  
tinwrtainty as a result of posbiblc opulation of ~lowlj 
c\changing mctitl s i t r s  h) coh;i!r. 1 n the qucnching !if 

tluorexcnce o'sscrLcd for N A D H  o r  the NADH malug I?> 
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of Ro on J and because the hybrid was prepared under an- 
aerobic conditions. However, it is not possible t o  unambig- 
uously assign an  estimate of probable error due to  partial oxi- 
dation of cobaltous to  cobaltic a t  this time. 

The distance between the nicotinamide ring of NADH and 
cobalt ion is estimated to be at  least 19 A. Mildvan and 
Weiner (1969) have estimated the distance between the methyl 
and methylene protons of ethanol and the ribosidic bond of the 
pyridine nitrogen to be 3.6 and 4.1 A, respectively. The re- 
lationships between the geometry of the dehydrogenase active 
site as delineated by Mildvan and Weiner (1969) relative to  
the distances demonstrated in this work are shown in Figure 
5 .  

Even under the most favorable conditions when ethanol lies 
between cobalt and Rose Bengal the distance between the 
ethanol and cobalt is too far for the meaningful interactions 
of the “catalytic” cobalt and ethanol to  occur. The “catalytic” 
cobalt thus appears to  be too far away to directly participate 
in catalysis. Based on  the above considerations it would 
appear that the faster exchanging zinc ions play a structural 
and not a catalytic role in the dehydrogenase. 

However, Zeppezauer et a/. (1967) have shown that, in addi- 
tion to  conformational changes occurring upon binding of 
NADH to the dehydrogenase, a subsequent conformational 
change occurs upon formation of the ternary complex between 
dehydrogenase-NADH and isobutyramide. Thus, it was pos- 
sible that upon formation of the ternary complex, a further 
alteration of enzyme structure might occur which brought the 
ethanol or acetaldehyde in closer proximity to  the cobalt. 
To test this hypothesis, fluorescent quenching in ternary com- 
plexes was investigated. The distance estimate based upon the 
fluorescence quenching in ternary complexes is shown in Ta- 
ble IV. It can be seen that the distance between metal and 
cofactor actually increases in the ternary complex. 

Thus, utilizing the active-site distance estimates of Mildvan 
and Weiner (1969), together with our own estimates of dis- 
tance between “catalytic” zinc atoms and NADH,  it is con- 
cluded that the distinction between “catalytic” and “struc- 
tural” zincs may not be valid. The results of this study would 
indicate that rapidly exchanging zincs are no  more “catalytic” 
than are the slower exchanging zincs. This result is in agree- 
ment with the findings of Young and Wang (1971) which were 
based upon substrate and cofactor binding by cobalt hybrid 
and apoenzyme, respectively. However, recent X-ray diffrac- 
tion studies done at  2.9-A resolution (C. I. Branden, personal 
communication) have resulted in location of the four zinc 
atoms relative to the position of the active sites. These data 
indicate that the “structural” and “catalytic” zincs are ap- 
proximately 20 A apart, with the “catalytic” zinc lying in the 
active-site cleft. Studies using the ADP-ribose-dehydro- 
genase binary complex indicate that the nicotinamide ring lies 
quite close to  the active-site (“catalytic”) zinc. The reason 
for this apparent disagreement between the X-ray diffraction 
data and results of this study is not readily apparent. The X- 
ray data obtained thus far have been done on crystals of the 
isolated enzyme or upon binary complexes of the enzyme 
which crystallize in the same space group. It is known that 
binding of N A D H  causes a conformational change which 
alters the crystal symmetry (Branden et ai., 1969). Thus the 
disparity of conclusions could stem from conformational 
differences caused by binding of N A D H  or by differences be- 
tween crystal and solution conformations of the enzyme. 

Theorell and McKinley McKee (1961) have proposed that 
the zinc ion coordinates, as a ligand, the free amino group of 
adenine. If the N A D H  molecule is in the folded configura- 

tion then our data would exclude this possibility with respect 
to  the rapidly exchanging zincs. If, on  the other hand, the 
N A D H  molecule is in an  extended configuration then it 
would be possible that the adenine amino group could inter- 
act with the zinc ion. However, Iweibo and Weiner (1972) 
have shown that ADP-ribose and a nitroxyl spin-label analog 
of ADP-ribose show equal affinity for both native and apo- 
enzyme. This is strong evidence that the zinc atom is in fact 
not an  integral part of the binding site for the adenine moiety 
of N A D H ;  their data, in concert with ours, would indicate 
that neither the nicotinamide nor the adenine portions of 
NADH interact with the rapidly exchanging zinc atoms in 
dehydrogenase. 
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A Calorimetric Study of the Interactions bet\$-een 
Phosphorylase b and Its Nucleotide Activatorst 

Honor C. Ho and Jerry Hsueh-ching Wang* 

ABSTRACT: Interactions of glycogen phosphorylase li with 
AMP and I M P  have been studied by calorimetry at  two 
different temperatures: 18 and 25 '. Calorimetric titration of 
the enzyme with A M P  shows a biphasic curve suggesting that 
the enzyme contains two sets of AMP binding sites with 
different affinity. The high affinity sites are essentially filled 
a t  0.3 mbi AMP whereas significant nucleotide binding at the 
low affinity sites occurs only when AMP concentration exceeds 
1 mM. Since phosphorylase /I is maximally activated at  I mxi 
AMP, the low affinity sites are probably not directly involved 
in the AMP activation of the enzyme. The heat of interaction 
between phosphorylase h and 0.5 mhi AMP has been mea- 
sured calorimetrically as a function of the enzyme concentra- 
tion. This heat per mole of the enzyme increases as the enzyme 
concentration increases a t  18" but not a t  25". Sedimentation 
velocity experiments have shown that phosphorylase I ) ,  in 
the presence of 0.5 mM AMP, undergoes reversible changes 
between a dimeric and a tetrameric species. These results 
suggest that the heat of phosphorylase /]-AMP interaction at 
18" consists of the heat of AMP binding and that of the 

S keletal muscle glycogen phosphorylase h depends on 
AMP for catalytic activity (Green and Cori, 1943). Both L' , ,~ax  
and K,, of the enzyme are functions of the nucleotide concen- 
tration. The interactions between the nucleotide activator 
and phosphorylase 0 have been studied under a variety of 
conditions by kinetic and equilibrium binding techniques 
(Madsen and Shechosky, 1967; Buc and BLIC. 1067: Kasten- 
Schmidt et ul., 1968a,b). Using conformational probes. it has 
been shown that the binding of AMP to phosphorylase I )  is 
accompanied with conformational changes (Ullman et ul.. 
1964; Buc and Buc, 1967; Birkett et ( I / , ,  1071). as well as 
with an enhanced tendency of the enzyme to associate into a 
tetramer (Appleman, 1962; Sealock and Graves, 1967; 
Wang et d., 1968). In addition to  AMP. IMP and several 
other nucleotides also activate phosphorylase /I (Cori ei id.. 
1938; Mott and Bieber, 1968; Okazaki r i  a/., 1968). These 
activators differ from A M P  in that they d o  not significantly 
affect the K,, of phosphorylase b toward glucose I-phosphate. 
nor do  they cause the enzyme to associate into a tetramer 
unless the substrate glucose 1-phosphate or phosphate is also 
present (Black and Wang, 1968: 1970: Mott and Bicber, 
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tetramer formation. The enthalpies of the AMP binding and 
the tetramer formation, as well as the equilibrium constant 
for the enzyme association calculated from the calorimetric 
data a t  18", are respectively 2.6 kcal,'mol, -85 kcal/mol, and 
2.1 x 10. \ I - - ] .  At 25" ,  the enthalpy of AMP binding to  
phosphorylase h is found to be - 13.2 kcal/mol. In contrast to  
AMP, IMP does not induce phosphorylase h association 
either at 25 or at 18". The enthalpy of IMP binding to  phos- 
phorylase h is about -11 kcal:mol, independent of the 
temperature. Changes in free energy, enthalpy, and entropy 
accompanying the AMP induced phosphorylase h association 
at 18" have been calculated from the calorimetric data to be 
respectively -7.1 kcal'mol, -85 kcal.'mol, and 268 ~ L I .  Thesc 
thermodynamic properties indicate that the driving force for 
the AMP induced enzyme association is enthalpic. Thermo- 
dynamic parameters for bindings of AMP and I M P  to 
phosphorylase h. both at 18 and 25' have also been calcu- 
lated. The results indicate that conformational changes in 
phosphorylase h induced by AMP a t  18" are different from 
those induced by IMP and those induced by A M P  at 25" .  

1970). These observations have led to the suggestion that 
conformational changes of phosphorylase b induced by AMP 
difTer from those induced by IMP or other nucleotides 
(Black and Wang, 1968. 1970). 

In spite of extensive studies on nucleotide activation of 
phosphorylase I] .  information concerning the thermodynamics 
of the interactions are meager. Kastenschmidt et t i l .  (1968a.b) 
have calculated some thermodynamic parameters for AMP 
binding to phosphorylase /I based on kinetic and equilibrium 
binding data. In our laboratory, microcalorimetric measure- 
ments of the heat of interactions between phosphorylase h 
and AMP have been initiated and some preliminary results 
have been reported (Wang ('I d,. 1970). The present com- 
munication concerns itself mainly with the thermochemistry 
of phosphorylase /)-AMP interaction and that of the AMP 
induced enzyme association. The results on calorimetric 
study of phosphorylase b--IMP interaction are also included. 

Materials and Methods 

Glycogen phosphorylase h was prepared according to  the 
procedure of Fischer and Krebs (1962), and was recrystallized 
four times in 0.04 hi glycerophosphate--0.03 ki cysteine buffer 
(pH 6.8) containing 1 m v  AMP and 10 mhf Mg(OAc)l. For 
calorimetric and ultracentrifugal studies, phosphorylase h 
preparations were used within 1 week after the fourth crystal- 


