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ABSTRACT: Even though highly purified horse liver alcohol de- 
hydrogenase (LADH) may contain from 3.1 to 4.3 g-atoms of 
Zn per mole, only 2 g-atoms of Zn are catalytically active. 
Further, 2 moles of the competitive inhibitors 1,lO-phe- 
nanthroline(0P)and 2,2’-bipyridine(BP) have been reported to 
bind to 1 mole of enzyme. This stoichiometry has been con- 
firmed by titrations employing the chromophoric properties of 
these chelating agents, and the characteristic absorption, opti- 
cal rotatory dispersion, and circular dichroic spectra of the 
LADH-Zn-OP(BP) complexes all yield this same value. In 
addition, spectral data confirm that OP and BP interact with 
the enzyme through coordination with Zn, not by nonspecific 
binding with amino acid side chains of the protein. The 
method of continuous variations was employed to  resolve the 
statistical problem generated by the interaction of less than 
the total number of Zn atoms present in the enzyme. It also 
demonstrates that only 2 of the 3.5 g-atoms of Zn in the 
enzyme here employed interact with OP and BP. 
Moreover, both Zn atoms form 1 :1 complexes with each 
agent. Since Zn complex ions containing both chemically 

T he reversible inhibition of horse liver alcohol dehydro- 
genase, LADH, by the chelating agent, 1 ,lo-phenanthroline, 
OP (Vallee and Hoch, 1957), first suggested that zinc plays a 
role in the catalytic function of this enzyme. Subsequent ki- 
netic (Vallee et al., 1959; Plane and Theorell, 1961) and spec- 
tral studies (Vallee et a[., 1958; Vallee and Coombs, 1959; 
Yonetani, 1963a,b) indicated that two molecules of OP interact 
with zinc atoms in LADH and compete with NADH, the 
coenzyme. These data were consistent with the presence of two 
active enzymatic sites (Theorell and Bonnichsen, 1951) each 
containing a single essential zinc atom. 

The more recent detection of zinc in excess of 2 g-atoms/ 
mole of more highly purified LADH (Akeson, 1964; Oppen- 
heimer et a[., 1967; Drum et al., 1969a) occasioned a reex- 
amination of the interaction of 1 ,lo-phenanthroline and of 
2,2 ’-bipyridine with this enzyme. Spectrophotometric titration 
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Abbreviations used in this paper are: LADH, horse liver alcohol 
dehydrogenase: OP, 1,lO-phenanthroline; BP, 2,2’-bipyridine; Znt’ 
and Zni ’, total and free (reactive) amounts of zinc in LADH ; Znf ‘ a  OP 
and Znr’eBP, 1 : I  complexes of a reactive zinc atom of LADH with 
OP and BP. 

reactive and unreactive Zn atoms are unknown, there are 
no model systems which could serve for comparison. 

Hence, Job’s curves, based on a series of hypothetical stoichi- 
ometries, were computer generated, and these show that other 
coordination species, e.g., 1 :2 or 2 :1 complexes, are not com- 
patible with the experimental data. Thus, liver alcohol de- 
hydrogenase seems to  be the first instance in which the use of 
Job’s method demonstrates the existence of different classes of 
metal atoms, as gauged by their chemical reactivities. The 
method of continuous variations also provides indirect con- 
firmation of the nonintegral Zn content, determined indepen- 
dently by direct analysis. These results are compared to  those 
of chemical modification. Diethyldithiocarbamate inactivates 
the enzyme by selective removal of only the 2 active site 
Zn atoms. The resultant enzyme does not bind OP. In con- 
trast, carboxymethylation labilizes only the structural Zn 
atoms while the catalytically active ones are retained and bind 
OP. Thus, the dual chemical reactivities of the Zn atoms as 
revealed by the Job’s curves are also reflected in their biologi- 
cal properties. 

(Vallee and Coombs, 1959), optical rotatory dispersion titra- 
tion (Ulmer et al., 1961), and the present studies both of 
native and of chemically modified LADH indicate that only 
two of the zinc atoms of LADH interact with OP and BP. 
Thus the zinc atoms in this enzyme in excess of the two in- 
volved directly in catalysis do not react with either metal 
binding agent. Moreover, an extension of the method of con- 
tinuous variations (Job, 1928) demonstrates its applicability to 
a system containing both reactive and unreactive metal atoms. 

Methods 

LADH (Boehringer-Mannheim Corp., lots 607327, 625238, 
and 643228) was obtained as a suspension of crystals in 10% 
ethanol-0.02 M sodium phosphate (pH 7). Concentrated solu- 
tions of enzyme were prepared by suspending the crystals in 
0.1 M NazHP04-0.01 M glycine (pH 9) and dialyzing 24 hr 
against 100 volumes of the buffer at 4”. After this prepara- 
tion, enzymatic activity was unchanged, and the solution re- 
inained clear for 12 hr at 0’. For all spectral measurements 
the pH was adjusted with phosphate buffer (pH 6) to  result 
in final buffer concentrations of 0.084 M Na2HP04, 0.016 M 
NaH2P04, and 0.0075 M glycine at pH 7.5. 

The specific absorptivity of the preparations at 280 mp was 
0.43 mg-1 cmz (Drum et al., 1969a). Based on a moleculai 
weight of 80 X lo3 (Drum et al., 1967), the enzyme samples, 
prepared as described above, contained 3.3-3.5 g-atoms of 
zinc/mole of protein, as measured both by atomic absorption 
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TABLE I :  Absorption Maxima and Corresponding Molar 
Extinction Coefficients of 1 ,lo-Phenanthroline, 2,2 '-Bipyri- 
dine, and Their Zinc Complexes in 0.1 M Tris-C1 (pH 7.5). 

OP Zn(OP)12+ Znf ' .OP 

A,,, e x 10-3 A,,, e x 10-3 A,,, e x 10-3 
(mp) (cm-I M - ~ )  (mp) (cm-' M-') (mp) (cm-1 M-1) 

226 34.4 226 36.5 
265 29.5 270 35.5 271 29.0 
290 9 . 0  292 11.0 297 10.0 
310 1 .o 312 1 .46  316 2 .0  
323 0.64 324 0.74 329 1.45 

341 0.14 345 0.70 

BP Zn(BP)12+ Znf'. BP 

233 10.2 244 10.7 246 11.8 
280 13.3 295 17.2 298 16.2 

306 17.7 308 12.6 

spectrometry (Fuwa et nl., 1964) and by diphenylthiocar- 
bazone extraction (Vallee and Gibson, 1948). The specific 
activity of the enzyme samples was 13.0-13.6 AAllo/min per 
mg, using the assay previously described (Drum et a/., 1969a). 

2,2-Bipyridine-HCI and 1 ,lo-phenanthroline-HC1 (G. Fred- 
erick Smith Co., Columbus, Ohio) were dissolved in 0.1 M 
NaH2P04 adjusted to pH 6.0 with NaOH. The absence of zinc 
contamination was verified analytically. Solutions of diethyl- 
dithiocarbamate were made by dissolving the sodium salt 
(Eastman) in oxygen-free Tris-C1 buffer (pH 7.5) at 4". Car- 
boxymethylation of LADH was accomplished as described 
previously (Li and Vallee, 1965). 

Absorption spectra were obtained at 23 O with a Cary Model 
15 recording spectrophotometer using sample cells of 0.1- 
10.0-mm path length. T o  ensure reproducibility each solution 
and buffer was scanned successively three times with air as 
reference. Values for molar absorptivity of the Znf ' .OP and 
Znf ' .  BP complexes were determined by addition of the chelat- 
ing agents to  excess enzyme, making appropriate corrections 
for the measured dissociation constants. 

Optical rotatory dispersion and circular dichroism were 
measured with a Cary Model 60 spectropolarimeter and cir- 
cular dichroism attachment at 27 O, using 0.1-10.0-mm path- 
length, fused quartz cells. The instrument was operated with a 
response time of 3 sec and scan speeds of 5-10 mp/min. All 
measured rotations were the mean of three successive scans 
yielding a precision of i0 .0004" for optical rotatory disper- 
sion and =tO.OOl O for circular dichroism, from 250 to 350 mp. 
The results for the interaction of LADH with the two chelating 
agents are reported as specific rotation, [a]f7, based on the 
enzyme concentration. For comparison with values of molar 
extinction and molar ellipticity of the chromophores, molar 
rotation, [MI, is employed, and [MI:' = (ao~,~j)(/)(c), where 1 = 
path length in centimeters and c = molar concentration of the 
metal-chelate complex; a,,t,r,l is measured after subtraction 
of the optical rotatory dispersion due to  LADH. Similarly, 
circular dichroic spectra are reported as molar ellipticities, 
[elf' = (e,t,,,J(/)(c), uncorrected for the refractive index of the 
buffer. 

A,mp 

FIGURE 1: Absorption spectra of OP (- - - -), Zn(OP)?' ( 
and Znf ' .OP (--). 0.1 M Tris-C1 (pH 7.5). 

To establish the stoichiometry of the interaction of two spe- 
cies, the method of continuous variations (Job, 1928) was em- 
ployed as follows: equimolar concentrations of the two com- 
ponents which form the complex are mixed in varying pro- 
portions while their molar sum is kept constant. On the as- 
sumption that both species present react to the same extent, 
a maximal change in absorbance is expected when the relative 
amounts of reacting zinc and OP correspond to the stoichi- 
ometry of the complex. For example, if the change in absorb- 
ance is plotted as a function of the mole per cent of zinc for an 
inorganic 1 : 1 Zn(OP)12+ complex, the maximal change will 
occur at 50 mole % zinc; for a 1 :2 Zn(OP)?2+ complex, at 
33 mole zinc. 

In the present case one component, zinc in LADH, Zn,', 
was varied from 0 to  100 mole whereas the second com- 
ponent, OP, was varied from 100 t o  0 mole %. This was ac- 
complished by mixing from 0 to 400 p1 of 2.74 X M 
Zn,' with 400 to  0 pl of 2.74 X 10- M OP  such that the final 
volume was 400 p1 and the molar concentration sum (Zn,') + 
(OP) was 2.74 X M. The spectra for the enzyme, OP, and 
for their mixture were recorded separately from 340 to  300 mp 
using 1.0-mm path-length cells. From these data the difference 
absorbance (A329 = A ( I . . ~ D ~ ~ + O P )  - Al,anH - AOP) was cal- 
culated. 

Results 

In either 0.1 M sodium phosphate or Tris-C1 (pH 7.5) the 
absorption spectrum of OP displays maxima at 226 mp (e 
34.4 x 10" cm-1 M-'), 265 mp ( e  29.5 X lo3 cm-l M - ~ ) ,  and 
324 mp ( e  0.64 x 10-3 cm- 1 M - ~ )  and shoulders at 290 and 
310 mp (Table I). When Zn2+ is in excess, the 1 : 1 Zn(OP)12+ 
complex is formed: the maximum at 265 mp shifts to 270 mp 
(e 35.5 x lO3cm-1 M-I), a second peak appears at 292 mp, and 
additional smaller peaks occur at 312, 324, and 341 mp (Fig- 
ure 1). These spectra are identicalwith thosepreviously obtained 
for the 1 : 1 complex in perchlorate at pH 5.5 (Sone et d., 1955) 
and in ammonium acetate at pH 6.1 (McClure and Banks, 
1951). On interaction of 3 x 10-4 M OP with the zinc atoms of 
4 x 10-4 M LADH the absorption maximum of OP shifts 
from 265 to  271 mp (E 29 X 10- cm-1 M - ~ )  and smaller peaks 
occur at 297, 316, 329, and 345 mp (Table I and Figure 1) 
(Vallee er a[., 1958). 
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FIGURE 2: Optical rotatory dispersion and circular dichroism of the 
Znf’ .OP complex. 0.1 M Tris-CI (pH 7.5). The ellipticity (-) 
and rotatory dispersion (- - - -) curves are corrected for the dis- 
sociation constant of the Zni’.OP complex and expressed in terms 
of chromophore molarity as described under Methods. 

The absorption bands of the Znf’.OP complex are optically 
active (Ulmer et a/ . ,  1961; Li and Vallee, 1964). The resultant 
extrinsic Cotton effect, detected by optical rotatory dispersion, 
exhibits a positive peak at 280 mp ([M]280*7 = +5.2 X lo2 deg 
cm-1 M- 1) with a prominent shoulder at 300 mp, a crossover 
point at 271 mp, and a negative trough at 260 mp ([M]26027 = 
-6.7 X IO2 deg cm-l M - ~ )  (Figure 2).2 

The corresponding measured circular dichroic spectrum for 
the Znf’ .OP complex has a major positive band at  271 mp 
([e12i127 = 2.0 x lo3 deg cm-’ ~ - 1 )  and a shoulder at  295 mp 
([O],g,27 = 4.5 x 102 deg cm-1 M-1). Small negative bands 
occur at 310, 319, and 349 mp, and positive bands are seen at  
329 and 342 mp (Figure 2). 

On  titration of 6.8 x 10-4 M LADH with successive addi- 
tions of OP, a distinct break in the difference absorbance 
plot is apparent at a point corresponding to 2 moles of OP/ 
mole of LADH (Figure 3). The results of titration at  329 mp 
are identical with those at 297 mp. At 4 ”  over an interval of 24 
hr after completion of the titration no change in the difference 
absorbance occurs. Thus, it appears that the interaction of OP  
with only two of the zinc atoms of LADH generates the ab- 
sorption bands at  329 and 297 mp, characteristic of the 
Znf‘.OP complex (aide 

The results of rotatory dispersion titration are iden- 
tical with those of spectrophotometric titration at  329 

2The  complexes of OP and Zn?+ are racemic mixtures and are 
optically inactive. In Figures 2 and 7, the values for molar rotation and 
ellipticity refer to the molarity of the chromophore, since spectroscopic 
properties of the Znf’.OP and Z n f ’ .  BP are the object of major interest. 
The contributions of the enzyme alone have been subtracted from 
those obtained with the mixture. 

3 Spectrophotometric titration with OP at 329 mp (Vallee and Coombs 
1959) and with BP at 308 mp (Sigman, 1967) avoids the large correction 
for background absorbance, due to the free chromophore, required at 
lower wavelengths. Thus, while titration at 271 m r  also yields a stoi- 
chiometry of 2 moles of OP/mole of LADH, the data are less precise, 
due to intense absorption both by the protein and chromophore. 

D 
rn -. 1.0 N% 

% 

m-4 0 
X 
e 
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0- I r 
0 2 4 6 8 1 0  

MOLES OP/ M O L E  L A D H  

FIGURE 3: Spectrophotometric and rotatory dispersion titration of 
LADH with OP. The titrations were performed by mixing identical 
aliquots of LADH with increasing concentrations of OP, to yield 
the indicated ratios of OP to LADH. The final LADH concentration 
was 6.8 X M, in 0.1 M phosphate-0.0075 M glycine (pH 7 3 ,  
27”. The difference absorbance, A A A  = A(LADH + OP) - ALADH - 
AOP, at 329 mp (0) and at 297 mp (H) and the difference rotation, 
A[al% = [ a l 2 g o  (LADH + or) - [ c u ] ~ ~ o  I.AI)H (A)), are plotted on 
the same scale in order to illustrate the identity of the titration 
curves. 

and 297 mp by successive additions of OP to LADH. The dif- 
ference dispersion generated reaches a sharp end point on 
addition of 2.0 moles of OP/mole of LADH (Figure 3). 

When the interaction of OP with Znf’ is studied by Job’s 
method of continuous variations, the curve obtained by dif- 
ference spectrophotometry is unlike that found in any con- 
ventional, inorganic system. Based on the total zinc content of 
the enzyme, Le., 3.5 g-atoms of zinc/mole of LADH in this in- 
stance, the lines drawn along the linear portions of the ex- 
perimental data intersect at 64 mole % Zntr.  The point of 
intersection would be expected to be at 50 mole % zinc if OP 
were to  form a 1 : 1 complex with each zinc atom of LADH. 
If, however, only two of the enzyme zinc atoms were to react 
with OP  at  high concentrations of reactants, maximal forma- 
tion of the l : l Znf‘ .OP complex should occur when the molar 
ratio of the OP  to  total enzyme zinc is 2.0/3.5, Le., at the point 
of 3.5/(3.5 + 2.0) = 64 mole of Znt’, precisely that 
which is observed (Figure 4). Thus the method of continuous 
variations seemed capable of signaling the presence of non- 
reacting zinc atoms. 

While verifying the extinction coefficient and dissociation 
constant of the complex (uide iflfra), Job’s method should also 
yield information not readily obtainable from titrations em- 
ploying the method of molar proportions, e.g., more specific 
delineation of the precise stoichiometry at  each zinc atom and 
detection of free zinc ions, when removed from the enzyme 
by the ligand. 

Thus data indicating binding of 2.0 moles of OP to LADH 
containing 3.5 g-atoms of zinc/mole could denote the forma- 
tion of two separate 1 : 1  Z n f r . O P  complexes, a single 1 :2 
Znf’.(OP)z complex, or 2: l  (Znr’)z. OP  complexes, the latter, 
of course, being chemically unknown. To ascertain the pre- 
sumable basis of the results, a computer program was designed 
which permits systematic examination of the experimental 
parameters affecting the ultimate results for Job’s curves (see 
Appendix). 
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FIGURE 4: Job’s method of continuous variations applied to the 
interaction of zinc in LADH with op. LADH and op were mixed 
in order to vary the moles per cent total Zn, Znt,, as indicated on 
the abscissa, and the difference absorbance, A(LADH + OP) - 

of Znt‘ (3.5 g-atoms/mole) plus OP was kept constant at 2.74 X 
10-3 M. Conditions: 0.1 phosphate-0,0075 glycine (pH 7,5), 23”, 
1-mm path-length cuvets. 

FIGURE 5 :  Comparisons of experimental and theoretical Job’s 
curves for the interaction of zinc in LADH with OP. Job’s curves 
are plotted for the following theoretical models: formation of a 1 :2 

(-----I; 
(Znf%.OP complexes ( .  . . . . .). Experimental points corresponding 
to Figure 4 are indicated by the closed squares (m). The application 
of curve parameters is outlined in the Results and Appendix 

- A(OP) ,  was measured at 329 mp (H). The iota[ molarity Znf‘ ‘(OP)2 (- - - -); Znf”oP = 0.57 
Znf”oP comp1exes3 = 0.50 (--‘--I; and 

sections. 

The parameters required to  generate Job’s curves cor- 
responding to  each of the above postulates are known. The 
dissociation constant for the Znf’.OP complex at pH 7.5 is 
3.3 i 0.5 X M (Vallee and Coombs, 1959). At p H  7.0 
the values are slightly lower, 8.8 X (Sigman, 1967) and 
8 X M (Yonetani, 1963a). The corresponding molar 
absorptivity varies from 1700 (Vallee and Coombs, 1959) to  
1400 cm-’ M-’ (uide supra), the latter calculated from values 
for difference absorptivity (Sigman, 1967; Yonetani, 1963a). 
Spectrophotometric titration of excess enzyme with OP (uide 
supra) gives an overall value of €329 2900 * 100 cm-l M-1 for 
the LADH<OP)2 complex; this value fixes the lower limit for 
the molar absorptivity of a hypothetical Znf’ - (OP), complex 
and was used in generating the corresponding curve (Figure 5). 

Figure 5 shows the results of this analysis, The experimental 
values coincide with those generated by the computer program 
for formation of two separate 1 :1 Znf‘.OP complexes with 
8329 1450 + 20 cm- M - ~  and K = 3.0 0.2 X 10-5 M. For- 

The structure of BP differs from that of the rigidly planar 
OP  by virtue of the fact that free rotation about the carbon- 
carbon bond joining the two pyridine rings can occur; this 
causes significant changes in the spectral properties of its 
Zn2+ complexes. In 0.1 M sodium phosphate or Tris-Cl buffer 
(pH 7.5) the absorption maxima of BP are at 233 mp (a 10.2 X 
IO3 cm-’M-I) and at 281 mp (e 13.3 X IO3 cm-’M-l). 

Excess Zn2+ shifts the maximum at 230-244 mp (Table I) 
( E  10.5 X lo3 cm-’ M - ~ )  and splits that at 281 mp, giving rise 
to maxima at 295 mp ( E  17.2 x cm-1 M-1) and 305 mp 
( E  17.7 X lo3 cm-l M-I) (Figure 6). These maxima and the ab- 
sorptivities of the Zn(BP)12+ complex are identical with those 
at pH 5.5 in perchlorate (Sone et al., 1955). The absorption 
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FIGURE 7: Optical rotatory dispersion and circular dichroism of the 
Znf’.BP complex. 0.1 M Tris-Cl (pH 7.5). The ellipticity (-) 
and optical rotatory dispersion (- - - -) curves are corrected for the 
dissociation constant of the Znr’.BP complex and expressed in 
terms of chromophore molarity as discussed under Methods. 

spectrum of the Znf’.  BP complex from 350 to 300 mp has been 
described recently (Sigman, 1965, 1967), and the present data 
extend these observations. Interaction of Znf’ with BP causes 
hypochromic and bathochromic shifts in the absorption spec- 
trum as compared to that of the Zn(BP)12+ complex; maxima 
occurat246(t  11.8 X 1 0 3 c m - 1 ~ - 1  ), 298 ( e  16.2 X lo3  cm-1 
M - ~ ) ,  and 308 mp ( e  12.6 x lo3 cm-l M - ~ )  (Figure 6). In the 
circular dichroic spectrum, similar maxima are observed at 298 
mp ([e]:;, = 6.0 x 102 deg cm- 1 M- 1 )  and 308 mp ([e];:, = 
5.2 X 10% deg cm- M- 1) (Figure 7). The optical rotatory disper- 
sionofthecomplexexhibitsapeakat 313([M],’:, = +3.7 X 10% 
deg cm- M- I), a trough at 285 ([MI::, = - 3.2 X 10% deg cm- 
M- l), and a second smaller peak at 260 mp (Figure 7). In accord 
with the high dissociation constant for this complex, the spec- 
trophotometric titration curve for Znf’ .  BP does not exhibit a 
sharp break (Sigman, 1967). In order to derive the stoichio- 
metry by linear extrapolation the mass law expression for the 
Znf’.BP complex was rearranged (Klotz, 1946; Stockell, 
1959). 

For the reaction Znf’.BP = Znf’ + BPfree 

where n = moles of BP bound per mole of LADH. 
Using the relations 

eq l a  may be rearranged to give 

FIGURE 8:  Spectrophotometric and rotatory dispersion titration of 
LADH with BP. The points from the spectrophotometric titration 
(0 )  and those from the rotatory dispersion titration (A) are plotted 
according to the linear form of the mass law equation (eq IC). 
The symbol t d  denotes the molar difference absorptivity and  CY^ is 
the corresponding quantity for optical rotation, the molar dif- 
ference dispersion. The numerical value of the stoichiometry for the 
interaction of BP with LADH. / I ,  is given by the y intercept; the 
slope of the curves is the dissociation constant. K.  The final LADH 
concentration was 1.2 X 10-3 XI. in 0.1 hi phosphate4.0075 M 
glycine (pH 7.5). 27“. 

The subscript, max, refers to the maximum possible value 
for absorbance, which is fixed by the concentrations of LADH 
and BP; Bd is the difference absorptivity. Analogous expres- 
sions may be written for the differencedispersion measurements. 

When plotted in this manner, the results of spectrophoto- 
metric and rotatory dispersion titration of the Znt‘. BP com- 
plex correspond closely with each other (Figure 8). The data 
indicate that 1.9-2.0 moles of BP interacts with 2.0 moles of 
Znf’, and the dissociation constant is 6 X M. Based on 
this stoichiometry and dissociation constant the molar ab- 
sorptivity, molar ellipticity, and molar rotation of the Znf’. BP 
complex can be computed over the wavelength range from 240 
to 340 mp (Figures 6 and 7). The absorptivities at the maxima 
are given in Table I. 

The specific interaction of these chelating agents with only 
one of the two classes of zinc atoms in LADH (Drum et a/., 
1967) was documented further. Diethyldithiocarbamate, a 
bidentate sulfur-containing chelating agent, selectively re- 
moves the two active site zinc atoms of LADH (Drum er al., 
1969a). This agent has a much higher affinity for zinc than 
either OP  or BP. Addition of OP  to LADH, modified in this 
manner, does not generate either the spectra observed when 
OP binds to native LADH or the Cotton effects of the mixed 
complex (Figure 9A). However, NADH still binds to  LADH, 
inactivated by diethyldithiocarbamate, as evidenced by char- 
acteristic spectral (Theorell and Bonnichsen, 1951) and spec- 
tropolarimetric (Ulmer et a/ . ,  1961) changes, but addition of 
excess OP does not affect these changes (Figure 9A). Thus, 
based on these criteria, OP  does not bind to diethyldithio- 
carbamate-modified LADH. 

Carboxymethylation with iodoacetate, previously shown to 
label two reactive cysteinyl residues of LADH at or near the 
two coenzyme binding sites of LADH (Li and Vallee, 1964), 
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affords further information in this regard. S-CM-cysteine- 
LADH contains 1.9-2.0 g-atoms of zinc/per mole of enzyme 
after dialysis against metal-free buffer (Drum et al., 1967). 
When LADH is labeled selectively at  the active sites with 2.0 
g-atoms of 65Zn/mole (Drum et al., 1969b), only the labeled 
but none of the unlabeled zinc atoms remain after carboxy- 
rnethylation and dialysis against metal-free buffer; apparently, 
thl: labeled 6jZn atoms are those which are catalytically active. 

In contrast to diethyldithiocarbamate-inactivated LADH, 
S-CM-cysteine-LADH does bind OP, as measured by ap- 
pearance of its distinctive, positive Cotton effects (Figure 9B). 
Furthermore, rotatory dispersion titration of S-CM-cysteine- 
LADH with OP indicates binding of 2 moles of OP/mole of 
S-CM-cysteine-LADH. 

Discussion 

The presence of metal atoms in enzymes may be detected 
directly, employing well-known analytical methods (Vallee, 
1955; Drum et al., 1969a), or indirectly, by measurement of 
properties arising from the metal-protein interaction, e.g., 
enzymatic activity and its inhibition by chelating agents, and 
absorption, optical rotatory dispersion, circular dichroism, 
nuclear magnetic resonance, and electron paramagnetic reso- 
nance spectra (Vallee and Wacker, 1970). Considerations per- 
tinent to the direct determination of the metal content of 
metalloenzymes have been discussed recently, with particular 
reference to zinc in LADH (Drum et al., 1969a). LADH 
preparations currently available contain 3 . 1 4 2  g-atoms of 
zincimol wt 80 x 103 (Akeson, 1964; Oppenheimer et a/., 
1967; Drum et a/.,  1969a); this stoichiometric variability ap- 
pears to be related both to  the different roles of the zinc atoms 
in LADH (cide infra; Drum et al., 1969a,b) and to the existence 
of multiple isozyme forms of LADH (Pietruszko et a/., 1969). 

The inhibition of LADH by 1,lO-phenanthroline was one of 
the first indications, by indirect criteria, of the presence of 
zinc in LADH and of its functional role in the enzyme (Vallee 
and Hoch, 1957).4 The interaction of LADH with OP re- 
sults in spectral changes similar to, though not identical with, 
those of the Zn(OP)12+ complex (Vallee et al., 1958), and based 
on this property the stoichiometry and dissociation constant 
of the LADH-OP complex, Znr’.OP, were determined (Vallee 
and Coombs, 1959). These and other studies indicated the 
existence of two active sites, data entirely in accord with those 
of physicochemical measurements on preparations of LADH 
then available. Indeed, since then evidence derived inde- 
pendently both from metal isotope exchange and chemical 
modification (uide infra) suggests that only two of the zinc 
atoms in LADH are catalytically active. This conclusion is 
also in accord with functional evidence (Drum et al., 1969a,b) 
and with the properties of earlier preparations, now known to 
have been less active than those presently available and pre- 
sumed, therefore, to have been impure. 

Recognition of these circumstances prompted an examina- 
tion of the stoichiometry of OP  binding to highly purified 
enzyme by means of the method of continuous variations 
(Job, 1928). The results of the use of Job’s method with LADH 
indicated two distinct advantages over the method of molar 

Although subsequent kinetic studies with this and other metal 
binding agents further defined the catalytic role of the metal, they will 
not be discussed here. 

250 300 350 
X. m p  

FIGURE 9: Cotton effects of modified LADH. (A) Optical rotatory 
dispersion of 5.7 X M diethyldithiocarbamate-inactivated 
LADH before (- - - -) and after addition of 3.1 X 10-4 hi OP 
(-1 or NADH ( ’  . . . .) or both (-’--.--). (B) Optical rota- 
tory dispersion of 1.5 X lo-‘ M S-CM-cysteine-LADH befort: 
(- - - -) and after addition of 3 . 3  X hi OP (- --- -) or 3.0 X 

M NADH ( ’  . . .). Experiments were performed in 0.1 21 

Tris-C1 (pH 7.5), 4”. 

proportions for the study of this enzyme: the shape of the ctir\’g.: 
both excludes the possibility that zinc is removed from LADH 
by OP and shows that OP forms two separate 1 :1 Znr’.Ol’ 
complexes on the enzyme surface, rather than 2 : 1 (Znf’)?. OI* 
complexes with more than two zinc atoms or a 1 :2 Znf‘.(Ol’i.3 
complex with a single zinc atom. These points require fur 
ther discussion. 

The occurence of one or more maxima in the Job’s curve 
less than 50 inole of zinc would suggest dissociation of zin, 
from the enzyme. A maximum at 25 mole of zinc would 
confirm formation of the 1 :3 Zn(OP),2+ complex, as found by 
Felber et al. (1962) for the interaction of OP  with carboxy. 
peptidase A and indicating removal of the metal by the chclat 
ing agent. 

When two stable complexes, e .g . ,  Zn(OP)l*+ and Zn(OP)p*+ 
are formed, Zn(OP)IZ+ reaches its maximum concentration a: 
a reagent ratio less than the formal ratio (OP)/(Zn*?), and 
the concentration of Zn(OP)?+ becomes maximum at a re 
agent ratio somewhat aboce the ratio 2(OP)/(Zn2+) (Katzin 
and Gebert, 1950). However, the measured spectroscopic 
property of a solution is the sum of those of the component 
species, and without information about their characteristics, 
i .e . ,  concentration, molar absorptivity, dissociation constants, 
the shape of the resulting Job’s curve cannot be predicted. 

In order to explore the effects of these parameters on the 
formation of the three hypothetical complexes (cide supra) and 
to extend this analysis to the LADH-OP interaction, the nu- 
merical computation of Job’s curves was formulated to pro- 
vide for the potential inaccessibility to a ligand of a fraction 
of the enzyme-bound zinc atoms (see Appendix). 

If all zinc atoms were reactive, formation of the 1 : 1 Znf’ OP 
complex would be maximal at 50 mole of zinc. Since the 
Job’s plot i s  based on the presumption that the reactants are 
equimolar and their sum is constant, the presence of zinc 
atoms which do not react with OP of necessity shifts the maxi- 
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mum of the curve toward higher values of mole per cent of 
zinc (Figure 4). 

A formation curve for a hypothetical (Znf’)*.OP complex 
exhibits a maximum at slightly over 50 mole of ligand, and 
its descending limb is concave. Both these features are lacking 
in the experimental data, since the absorptivity of a (Znf’)2.0P 
would have to be equal to  or less than that of the Znf’.OP 
complex (Vallee el a/ . ,  1958; Vosburgh and Cooper, 1941). 

Past discussions of the theory underlying the method of 
continuous variations (Vosburgh and Cooper, 1941 ; Katzin 
and Gebert, 1950; Woldbye, 1955; Jones and Innes, 1958) 
have not considered its applicability to systems in which a 
fraction of the metal ion present will not react with a given 
ligand. Such a situation would be unusual in inorganic sys- 
tems, although compounds such as the polynuclear cobalt 
acetate complexes might conceivably exhibit such behavior 
under certain conditions (Sharp and White, 1952). 

The two classes of zinc atoms in LADH and their inter- 
actions with OP  and BP provided the impetus for such an ex- 
tension by incorporating a parameter, s, to account for the 
reactivity of a fraction of the metal atoms (see Appendix). 
When the Job’s curve for formation of two distinct Znf’ .OP 
complexes is generated employing a value for s derived both 
from the total zinc content measured and the known stoichi- 
ometry of OP  binding (Figure 3), it approximates the experi- 
mental data very closely (Figure 5). This is in marked contrast 
t o  other possible models which were examined. 

The dependence both of the location and the absolute 
value of the maximum difference absorptivity on the fraction 
s of the zinc in LADH which is reactive toward OP afforded 
additional confirmation of the measured zinc content of 
these LADH preparations. This value was found to  be 3.5 
g-atoms of zinc/mole of LADH, corresponding to  a value of s 
= 0.57. Assuming arbitrarily a value of precisely 4.0 g-atoms/ 
mole, then s = 0.50 when two molecules of OP  bind to each 
molecule of LADH. However, the Job’s curve generated for 
s = 0.50 does not then coincide with the experimental data, 
and the difference is sufficiently great to exclude an analytical 
error. Thus, when employed in this manner the method of 
continuous variations can serve parenthetically as a gauge of 
accuracy of analytical data, much as this is not the primary 
purpose for its use. The experimental data are compatible 
with the hypothesis that only two of the zinc atoms of this 
LADH preparation form separate 1 :1 complexes with OP;  
the remaining zinc atoms of LADH neither react with OP  to 
form a mixed complex nor does OP remove them from the 
e n ~ y m e . ~  

Spectrophotometric, circular dichroic, and rotatory disper- 
sion titrations indicate the same stoichiometry of binding for 
OP  and BP, i .e.,  2 moles/mole of LADH, suggesting that the 
same zinc atoms are responsible for both the Cotton effects and 
the changes in absorption6 The specificity implied both by 

5 The linearized curve for titration of zinc in LADH with BP (Figure 
8) also excludes formation of a 1:2  Znf’.(BP)z complex. The experi- 
mental data are not compatible with the mass law expression for such a 
complex 

these titrations and the Job’s plot was confirmed independently 
by studies with LADH modified to selectively remove either 
the reactive, catalytically active zinc atoms or those which are 
unreactive or buried. 

Diethyldithiocarbamate inactivates the enzyme while re- 
moving only the two functional zinc atoms of LADH (Drum 
et a/., 1969a,b). This modified enzyme binds neither OP nor 
BP (Figure 9A). The present data would further suggest that 
OP binds asymmetrically only to the catalytically active zinc 
atoms of LADH. 

Carboxymethylation of LADH labilizes those zinc atoms of 
LADH which are not related directly to catalysis and which 
may then be removed by dialysis (Li and Vallee, 1962; Figure 
9B). The zinc content of S-CM-cysteine-LADH (Drum et al., 
1967) is 2.0 g-atoms of zinc/mole and these metal atoms are 
those which exchange selectively with 6jZn*+ in acetate buffer 
(Drum et a/., 1967, 1969b). 

Though the characteristics of BP are similar to  those of OP, 
it is less suitable than that agent for studies based on the 
method of molar proportions. The affinity of BP for ZnZf is 
lower than that of OP, but the absorption band of the Znf’. BP 
complex at 308 mp is less subject to interference than the 
Znf’.OP bands at  271, 297, and 329 mp. These properties 
have been found advantageous when studying the binding of 
substrates, coenzyme analogs, or inhibitors to LADH in 
competition with BP. However, the low stability constant of 
the Znf ’. BP complex renders it much less suitable for studies 
by means of the method of continuous variations since the 
maxima of the Job’s curve are not well defined. 

The molar absorptivities of the mixed complexes of LADH 
with OP  and BP obtained here are in agreement with those of 
earlier studies but reported as difference absorptivities. Thus, 
Sigman (1965, 1967) determined the molar difference ab- 
sorptivities for BP at 308 mp and for OP  at  297 to be 1.1 X 
10- 4 and 8.0 X 10- cm- M-I, respectively. The correspond- 
ing values from Table I are 1.26 X lo4 and 10.0 X lo3 cm-’ 
M-1, the difference reflecting contributions of the enzyme and 
of free chelating agent at the respective wavelengths. Similarly, 
the molar absorptivity of 1450 cm-1 M-] at 329 mp is close 
to that expected from the corresponding difference absorptiv- 
ity at  329 mp for the Znf’.OP complex reported previously 
(Vallee and Coombs, 1959; Yonetani, 1963a,b; Sigman, 1965, 
1967). 

The dissociation constant for the Znf‘aBP complex, 6 X 
10-4 M, is in good agreement with the value 4 x lo-‘ M 
based on measurements in 0.045 M sodium phosphate (pH 
7.0) in the presence of M EDTA (Sigman, 1965, 1967). 
These values are also only slightly higher than those for the 
third stepwise dissociation constant of the ionic complex, 
where in 0.1 M KN03, K 3  = 1.4 X M (Yasuda et al., 1956) 
and in 0.1 M NaN03,  K? = 1.6 X 

Diethyldithiocarbamate-inactivated LADH, which neither 
contains the “reactive,” enzymatically active zinc atoms 
nor binds OP, exhibits characteristic changes both in absorp- 
tion and optical rotatory dispersion on addition of NADH, 
both in the presence and absence of OP  (Figure 9A). It has 

M (Anderegg, 1963). 

&, = - (Znf __ ‘)(BP)2 __ 
(Znr’.(BP)d 

6 The circular dichroism of dissymmetric metal complexes containing 
OP and BP has recently been employed to verify a nonempirical method 
for establishing the absolute configuration of the bis and tris complexes 

in solution (Bosnich, 1968, 1969; Ferguson et al., 1969). While inter- 
pretation of the optical activity generated in the mono complexes formed 
with Znr’ (Figures 2 and 7) is complicated by interactions with side- 
chain chromophores, studies now in progress may permit an empirical 
stereochemical assignment for Znf’. OP and Znr’. BP (Drum, 1970). 
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been shown previously that S-CM-cysteine-LADH lacks 
the structural, “buried” zinc atoms (Drum et a/., 1967), but 
binds NADH (Li and Vallee, 1965) (Figure 9B); hence, 
apparently coenzyme binding is not uniquely dependent 
either on the “free” or “buried” zinc atoms in LADH, 
in agreement with recent studies employing a spin-labeled 
analog of ADP-ribose : both electron paramagnetic reson- 
ance and proton relaxation measurements indicate displace- 
ment of the analog when NADH is added to zinc-free LADH 
(Weiner, 1969; Mildvan and Weiner, 1969). In each case 
NADH appears to bind slightly less firmly to  modified than 
to native LADH. Thus, in contrast to  binding of the chelating 
agents O P  and BP, the binding of reduced coenzyme to 
LADH cannot wholly depend on interaction with the zinc 
atoms. 

The interaction of chelating agents with metalloenzymes 
is generally thought to  be dependent uniquely on interaction 
with their metal atoms. However, systematic examination 
of different possible modes of inhibition have not been 
conducted with physical-chemical characterization of such 
systems (Orgel, 1966; Vallee and Wacker, 1970). 

Thus nonchelating polynuclear pyridine derivatives, such 
as rn-phenanthroline, have been reported to inhibit and 
disaggregate glutamic dehydrogenase more effectively than 
does O P  (Yielding and Tomkins, 1962). Similarly, both 
yeast alcohol dehydrogenase (Professor F. H. Westheimer, 
personal communication) and bacterial metapyrocatechase 
(Nozaki et a/., 1966) may, under certain conditions, be more 
susceptible to inhibition by m-phenanthroline than by OP.7 
The absorption maxima of both Zn(OP)12+ in aqueous 
solution and O P  base in benzene at  324 mp, E 740 cm-l 
~ - 1 ,  have led to  the questionable conclusion that O P  interacts 
exclusicelj with hydrophobic groups of yeast alcohol dehy- 
drogenase, not with zinc of the enzyme (Anderson era / . ,  1966). 

Formation of the univalent ions of OP  and BP by addition 
of H+ to the bases in aqueous solution results in batho- 
chromic shifts of their ultraviolet absorption maxima and 
slight enhancement of absorptivity (Krumholz, 1951). 
Similarly, the absorption maxima at  265 and 281 mp, 
respectively, of uncharged OP  and BP in benzene show 
bathochromic shifts of 3 mp and absorption is increased 
as compared to aqueous solution (D. E. Drum, unpublished 
observations). In contrast, the changes accompanying 
the formation of the coordination complexes with Zn2+ 
in aqueous solution are more marked. The maximum of 
OP  a t  265 mp is shifted to 270 mp. Importantly, a second 
peak at  292 mp is not seen in benzene at  all. The band of 
BP at 250 mp is red shifted and split into discrete peaks 
at  296 and 306 mp. This phenomenon is not observed either 
on protonation or when benzene serves as a solvent. When 
O P  binds to Znf‘ (Figure l), the bathochromic shift is greater 
and absorbance at higher wavelengths is enhanced even more 
than in the Zn(OP)12+ complex. Compared to Zn(BP)12+, 
formation of the Znf’.BP complexes are characteristic of 
interaction with the metal and cannot be attributed to non- 
specific effects. 

The properties of the Znf’.OP and Znf’.BP complexes 
described here illustrate an approach to  the characterization 

’ m-Phenanthroline is not optically active in the presence of horse 
LADH and is a much less effective inhibitor of LADH than is OP 
(D. E. Drum, unpublished observations). 

of a fraction of the zinc atoms in a metalloenzyme containing 
nonreactive metal atoms. The selective replacement of 
zinc atoms by a metal with more advantageous spectro- 
scopic properties, such as cobalt, or with quantitatively 
diferent chemical properties, such as cadmium, represents 
an alternative approach (Drum, 1970; Drum and Vallee, 1970). 
Furthermore, preparation of “metal-hybrid” metalloenzymes, 
in which one or the other distinct class of native metal atom, 
e.g. ,  zinc, is replaced by a different metal, should facilitate 
more definitive evaluation of the functional roles of the 
separate classes of metal atoms. 
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Appendix 

The equations for interaction of two chemical species 
were set up for computer analysis of the general method of 
continuous variations as follows. 

Solutions of species A’ and B, each of molarity M are 
mixed using x fractional volumes of B and 1 - x volumes of 
A’. The possible complexes are formed by the reactions 

A + rrB = AB, 

where A = SA’ and s is the fraction of A‘ which is specifi- 
cally reactive toward B. 

The increase in absorbance due to complex formation 
as the mole fraction, x ,  of ligand is varied from 0.0 to 1.0 
in the case of the interaction of OP with LADH is 

where E denotes molar absorptivity and I the absorption 
cell path length. 

The following relations also apply 

cE = (A) = sM(1 - x) - cl - cz = (Znf’) 

CE(CO)n 
c1 = (AB,) = __ = (Znf’.OP) 

KI 

This set of simultaneous equations can be solved to yield 
a polynomial in co 
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For a given set of parameters s, p ,  n, M ,  K , ,  and K2> this 
equation can be solved for any given value of x .  The values 
of c l ,  r r ,  and co are then obtained by insertion of the value 
obtained for cn in the previous relations, and Y as a function 
o f  x is then calculated, yielding a Job's curve for the given 
set of parameters. Solution of these equations was pro- 
grammed in FORTRAN IV-H on a Sigma 7 time-sharing 
cotnputer. The polynomial equation for co was solved by 
successive approximations to the positive root in the range 
0 5 cg 5 M x  using Newton-Raphson iteration. 

'The accuracy of this program was checked by calculation 
uf Job's curves for simple cases, e g . ,  1 :1 AB complex for- 
mation ( s  = 1, n = 1, p = 0, K, = 10.F M, and K? = M) 
and 1 :2  AB2 complex formation (s = 1, n = 1, p = 1, K, = 

K 2  = 1 0 . j  M). These cases showed the expected maxima 
at 50 and at 33 mole A, respectively. The values for differ- 
ence absorbance were zero at x = 0 and 1.0 and positive 
for all intermediate values of x ,  both for these ideal cases 
and for those in which more complex relations prevailed. 
Figure 5 displays the theoretical curves obtained for formation 
of 2 : l  A2B, 1 :1 AB (s = 0.57), 1 :1 AB (s = 0.50), and 
1 :2 AB2 complexes employing the best available estimates 
of the required parameters. 

References 

Akeson, A. (1964), Biochem. Biophys. Res. Commun. 17, 211. 
Anderegg, G. (1963), Helc. Chim. Acta 46,2397. 
Anderson, B. M., Reynolds, M. L., and Anderson, C. D. 

Bosnich, B. (1968), Inorg. Chem. 7, 178. 
Bosnich, B. (1969), Accounts Chem. Res. 2,266. 
Drum, D. E. (1970), Fed. Proc., Fed. Amer. SOC. Exp. Biol. 

29,608. 
Drum, D. E., Harrison, IV, J. H., Li, T.-K., Bethune, J. L., 

and Vallee, B. L. (1967), Proc. Nat. Acad. Sci. U. S. 57, 1434. 
Drum, D. E., Li, T.-K., and Vallee, B. L. (1969a), Biochemis- 

try 8, 3783. 
Drum, D. E., Li, T.-K., and Vallee, B. L. (1969b), Biochemistry 

8, 3792. 
Drum, D. E., and Vallee, B. L. (1970), Biochem. Biophys. 

Res. Commun. (in press). 
Felber, J.-P., Coombs, T. L., and Vallee, B. L. (1962), Bio- 

chemistry 1,231. 
Ferguson, J., Hawkins, C. J., Kane-Maguire, N. A. P., and 

Lip, H. (1969), Inorg. Chem. 8,771. 
Fuwa, K.,  Pulido, P. A., McKay, R. H., and Vallee, B. L. 

(1964), Anal. Chem. 36,2407. 
Job, P. (1928), Ann. Chim. (Rome)9,113. 
Jones, M. M., and Innes, K.  K. (1958), J .  Phys. Chem. 62,1005. 
Katzin, L. I., and Gebert, E. (1950), J .  Amer. Chem. SOC. 

(1966), Biochim. Biophys. Acta 113,235. 

72,5455. 

Klotz,I. M. (1946), Arch. Biochem. 9,109 
Krumholz, P. (1951),J. Amer. Chem. Soc. 73, 3487. 
Li, T.-K., and Vallee, B. L. (1964), Biochemistry 3, 869. 
Li, T.-K., and Vallee, B. L. (1965), Biochemistry 4 ,  1195. 
Mildvan, A. S., and Weiner, H. (1969), Biochemistry 8, 552. 
McClure, H. H., and Banks, C. V. (1951), U. S. Atomic 

Energy Commission Publ. ISC-164,1951. 
Nozaki, M., Kojima, Y., Nakazawa, T., Fujisawa, H., Ono, 

K. ,  Kotani, S., and Hayaishi, 0. (1966), in Biological and 
Chemical Aspects of Oxygenases, Bloch, K., and Hayaishi, 
O., Ed., Tokyo, Maruzen, p 347. 

Oppenheimer, H. L., Green, R. W., and McKay, R. H. (1967), 
Arch. Biochem. Biophys. 119, 552. 

Orgel, L. (1966), in Biological and Chemical Aspects of 
Oxygenases, Bloch, K.,  and Hayaishi, O., Ed., Tokyo, 
Maruzen, p 89. 

Pietruszko, R., Ringold, H. J., Li, T.-K., Vallee, B. L., Akeson, 
A., and Theorell, H. (1969), Narure 221, 440. 

Plane, R. A., and Theorell, H. (1961), Acta Chem. Scand. 
15,1866. 

Sharp, J. A., and White, A. G. (1952), J .  Chem. SOC., 110. 
Sigman, D. S. (1965), Ph.D. Dissertation, Harvard University, 

Sigman, D. S. (1967),J. Bid.  Chem. 242,3815. 
Sone, K., Krumholz, P., and Stammreich, H. (1955), J .  Amer. 

Stockell, A. (1959),J. Bid. Chem. 234,1286. 
Theorell, H., and Bonnichsen, R. K. (1951), Acta Chem. 

Ulmer, D. D., Li, T.-K., and Vallee, B. L. (1961), Proc. Nat. 

Vallee, B. L. (1955), Adcan. Protein Chem. IO,  315. 
Vallee, B. L., and Coombs, T. L. (1959), J.  Biol. Chem. 234, 

Vallee, B. L., Coombs, T. L., and Williams, R. J. P. (1958), 

Vallee, B. L., and Gibson, 11, J .  G .  (1948), J .  Bid.  Chem. 

Vallee, B. L., and Hoch, F. L. (1957), J .  Biol. Chem. 225,185. 
Vallee, B. L., and Wacker, W. E. C. (1970), Proteins 5. 
Vallee, B. L., Williams, R. J. P., and Hoch, F. L. (1959), 

Vosburgh, W. C., and Cooper, G. R. (1941), J .  Amer. Chem. 

Weiner, H. (1969), Biochemistry 8,526. 
Woldbye, F. (1955), Acta Chem. Scand. 9,299. 
Yasuda, M., Sone, K., and Yamasaki, K.  (1956), J .  Phys. 

Yielding, K. L., and Tomkins, G.  M. (1962), Biochim. Biophys. 

Yonetani, T. (1963a), Biochem. Z. 338,300. 
Yonetani, T. (1963b), Acta Chem. Scand. 17, S96. 

Cambridge, Mass. 

Chem. Soc. 77,777. 

Scund. 5,1105. 

Acad. Sci. U. S. 47,1155. 

2615. 

J.  Amer. Chem. Soc. 80,397. 

176,435. 

J .  Biol. Chem. 234,2621. 

SOC. 63,437. 

Chem. 60,1667. 

Acta 62,327. 

4086 B I O C H E M I S T R Y ,  V O L .  9, N O .  2 1 ,  1 9 7 0  


