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SUE@@GE: Full substitution of Cu(I1) or Ni(I1) for the w g-atan zinc in 
Aeramnas aminopeptidase hyperactivates the enzyms 6.5 and 25 fold 
respectively. Even greater enhancements of activity can be achieved with 
mixed metal substitutions. Thus, apoenzyms reactivated by first adding one 
g-atcm zinc follcwed by me g-atom of either cU(II) or Nit111 is 15 and 22 
times more active than the native enzyme. Reversing the order, i.e. by 
first adding either me g-atcm Cu(I1) or Nit111 follmed by one g-atom zinc, 
activates the enzyme nearly 100 fold. The order of metal addition is 
critical and suggests the existence of two non-identical metal sites, each 
with a different function. 

INTRODUCTION: Amngthe minopeptidases known to be zinc mtalloenzymes 

(l-7) scms contain tm and others one g-atan zinc per mmmer (3, 4, 8). 

However, much more is knmn about the mechanism of action of "one-zinc" 

=wms, such as thernolysin amd carboxypeptidase A, than is understood 

about "two-zinc" enzymes. For this and other reasons, the role of zinc and 

other metals in the action of amimpeptidases has recently cams under 

scrutiny in several laboratories (9-11). Aeramnas amimpeptidase (EC 

3.4.11.10) is an unusually stable microbial protease of simple structure and 

consists of a single peptide chain of 29,508 daltons (8, 12). Moreover, 

like the large hexameric leucine aminopeptidases, the native enzyme contains 

two g-atan zinc (8). Recently, wa have probed the active site of Aerammas 

aminopeptidase by means of chemical modification (13, 14) and with 
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inhibitors (15). The results underscored the desirability of elucidating 

the role of metals in the activity of this enzyme. Both total and partial 

substitution of copper or nickel for zinc reveals remarkable activity 

responses: partial substitution can result in specific activities as much as 

lOO-fold greater than that of the native enzyme. 

MATERIALS AND MlFrHax: Aeramnas aminopeptidase was prepared by the, 
procedure of Prescott & -2). Activities were measured at 25'C bv 
spectrophotanetric determination of the rate of hydrolysis of 
L-alanine-pnitroanilide under first order conditions using 3.75 x 10 -5 M 
substrate in 50 r@l Hepes, pH 7.5, and an assay volume of either 0.5 or 1.0 
ml. Initial velocities were calculated fran the spectrophotuneter (Varian 
219, Gilford 222 or Zeiss PMIIII) recordings at 405 nm; sane reactions were 
permitted to go to msnpletion for qaph$ calculations of first order rate 
constants. The value E = 10,800 M an (16) was used to calculate the 
concentratim of p-nitrcaniline liberated. Contaminatim of apoenzymby 
adventitious ions was minimized by extraction of buffers with dithizone in 
CC14 and by the use of plastic--ware or acid cleaned glassware. 
routinely performed in plastic spectrophotaneter cuvettes. 

Assays were 
Zinc analyses 

weremade IX-I a Perkin Elmer Model2280 atanic absorptim spectrophotaneter. 
All metal ions used were Johnson-Matthey "Specpure"; dipicolinic acid was 
fransiqm Chemical Co., and l,lO-phenanthroline was fran Aldrich Chemical 
co. Dialysis tubing ("S~trapore", Spectrum Medical Industries) was washed 
in deionized water at 70 C several times befor us -f -f. Enzym concentrations 
were estimated fran the valuec 280 = 41,760 M cm . 

RESULTS AND DISCUSSION: The enzyme used in the present studies, freed of 

adventitious metal ions by passage through a column of Sephadex 625 

equilibrated in metal-free Tris, 0.1 M, pH 7.3, contained 1.73 g-atm zinc 

per nol, consistent with our earlier report (8) that the enzyme contains 2 

g-atan zinc per ml. Both l,lO-phenanthroline and dipicolinic acid, 

chelating agents frequently used to remove zinc frcm zinc metalloenqmes, 

caapletely and reversibly inactivate the Aeramnas amirmpeptidase, 

presmnably by removing this metal (Figure 1). l,lO-Phenanthroline was 

selected to prepare apoenzyme since it inhibits the enzyme instantaneously 

ard n-ore effectively than dipicolinic acid which inhibits it in a time 

dependent manner (Figure 1). 

Preparation of w . The results were essentially identical f,or 

six preparations of apoenzroe made by the same general procedure. In a 

typical experiment native Aeramnas aminopeptidase, 2.3 x 104M, was 

dialyzed for 29 h against 3 changes of 15 volumes of 2 rrM 

647 



Vol. 114, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

loo- * 

E 

sso- 

5 
rp 

9 

. 

. 

-7 -6 -5 -4 -3 -2 
h [II 

Figure 1: Inhibition of Aeramnas amixqqtidase by metal-chelatirq 
reagents. Cmcentratim~ependence of inhibitim by: l,lO-phenanthroline 
(O)anabydipicolinicacidatzero(A) and17-28min(U) 
incuhtimL9 In the experiments withl,lO-phenanthroline, eamplee of v  
(3.26 x 10 M) were allwd to etand for 3Omin in the amcentratione of 
reagentshxmz9 The enzyme axcentratim in the dipicolinic acid experiments 
was 1.43 x 10 M. First-order assays were started by edding 
L,-leucine-pnitroenilide to yield a final concentratim of 5 x 10 -6Min20 
nt4 Tricine, #i 7.5. 

l,lO-lzhenanthroline in 50 rrM Tricine axkaining 50 KM KCl, pH 7.5. The 

l,lO-phenanthroline was remv& by dialysis against seven changes of 

50 nM Hepes, pH 7.5 with 15 volumes/change over a 48 h period. The specific 

activity of the six apoenzyme preparations varied fm 3 to 9% of that of 

native aminopeptidase. The zinc content averaged 0.12 g-atan per ml of 

protein, i.e. approximately 6% of the zinc of the native enzyme. The stock 

preparation used for the experiments shown in Table I was 1.35 x lo4 MWith 

respect to protein ard 6.9 x -6 
10 Mwithrespecktozinc. l'heapoenzyme 

remains stable in the frozen state and can be reactivated fully by the 

addition of zinc. 

ReactivaticnofApoaminopeptidasebyMetal Ions: 

Cu(II), Ni(II), and Q(I1) all reactivate the apoenzyme toamuch 

greater extent than zinc, which restores native activity. a(111 restores 

"20% of the activity, but Mn(II), Ca(II), and Mg(II) have rm effect at all. 

The apoenzyme was titrated with Z&II), Cu(II), Ni(I1) and Co(I1) to 

determine the requirements for restoratim of mximal activity (Figure 2). 

With Zn(II), &II) and Ni(II), addition of oily one g-atun of metal results 

in maximal activity, which is different for each metal. Hm~ver, with 

Cu(I1) mimal activity is achieved only in the presence of excess Cu(II), 
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TABLE I: Effects of the Order of Addition of Metal Ions on the 

Activity of Reactivated Aeramnas Apoaminopeptidasea 

Sequential Additions to Ppoenzyme -tcat'Kmb Fold ActivationC 
First Metal Secmd Metal -1 (min M x 10 -3 

Native Ensynxa 

cu2+ 

cu2+ 

zr?+ 
Ni2+ 

Ni2+ 
Zn2+ 

co2+ 

co2+ 
zI12+ 

cu2+ 
zt-i2+ 

cu2+ 
Ni2+ 

Zn2+ 

Ni2+ 

co2+ 
zn2+ 

co2+ 

1.3 1 

8.4 6.5 

127 98 
8.2 6.3 

31.9 25 
114 88 

5.1 3.9 
10 7.7 
11.1 8.5 

5.4 4.2 

%I- eprations weremade by addirq aqensyms and one g-am of the 
first metal to 50 nM Hepes (@I 7.55), mixing and equilibrating for 1 h 
at roan temperature. One g-atanof the secomlmetal was then added, 
ped, and an additional 1 h of equilibration time$.lcmed. 

Detemined by first-order kinetics with 3.75 x 10 M 
L-alanine-p-nitroanilide substrate. Values obtained graphically for k 
@xervdwere divided& [E 1 toobtain k 

Ratio of kcat /K for them?tal reconstit%&Km& to that of the 
native etlzyfe. 

m 

the activity when one g-&an is present be- tm thirds of its maximm 

(Figure 2). 

Although addition of me g-atan of each of the metals restores m&.mal. 

or near maximal enzymatic activity Characteristic for each, the results 

Figure 2: Reactivation of aqaminmptidase with divalent mtals. 
Apoamiraopeptidase (6.75 x 10 M) was equilibrated with the metal in 50 I'@! 
Hepes, pH 7.5, for 1 h before initiating reaction by the additivn of 
>alanine-pnitroanilide to a final concentratim of 3.75 x 10 M and 
recording initial velocities. Activities are expressed as n-ols of product 
per minute per no1 enzyme. 0, Zn(II1: m, Q(II): A, cU(II): 0, Ni(I1). 
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MOLS METAL/MOL ENZYME 

%%$%fw~kmdf~(II). The apenzyme (6.75 x 10 
poaminopeptidase by stoichiawtr_jc mnbinations 

Mf was 
equilibrated at roan temperature for 1 h with the metals at the 
mlar excess &mm before the reactions were starte5by addition of 
substrate. Reactions were perfomed with 3.75 x 10 M 
L-alanine-~nitroanilide in 50 nirl Hepes, pH 7.5. After the initial velocity 
of each reaction was apparent ( 0 ), one equivalent of Zn(I1) was added and 
the new rate was determined ( W ). Left panel:., Cu(II) only: n ,Cu(II) 
plus 1 equivalent of Zn(I1). Right panel: 0, Ni(I1) only;a, Ni(I1) plus 1 
equivalent of Zn(II). Activities expressed in Figure 2. 

differ strikingly when they are added in oaobination with zinc. When the 

apoenzyme is first preeguilibrated with one equivalent of Cu(I1) or Ni(II), 

subsequent addition of me equivalent of zinc increases activity 

dramatically, far exceeding that brought about by any one of these metals 

alone (Figure 3). Hcwever, when two or n-ore equivalents of Cu(I1) or Ni(I1) 

are present, the addition of zinc does not increase activity (Figure 3). 

This suggests that the a poaminopeptidase requires I-D more than two 

equivalents of metal ion either for the restoratim a&or hyperactivation 

of enzymatic function. In contrast to the truly remarkable increases in 

activity which result fran adding zinc to enzyme containing Ni(I1) or 

Cu(II), the addition of zinc to enzyme containing Co(II) stimulates activity 

only to a minor extent. 

In these experiments the order of addition of ions to the apoenzyme is 

critically important: the hydrolytic rates wfiich result fran addition of 

Ni(I1) or Cu(I1) to enzyme containing me equivalent of zinc are 

considerably less than those sbmn in Figure 3. This dependence of activity 

upon the order of metal addition suggests strongly that the functional 
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potential of the twometal sites is not the same. Thiswas examinedby 

varying the order of addition of all possible mnbinations of Zn(II) with 

Cu(II), Ni(I1) and -(II). The first order rate constant for each 

preparation was determined and k,&Km ratios were calculated (Table I). 

When zinc is added first, followed by any of the other three metals, the 

kcat/KMvalues are about four to six times greater than that of the native 

=zYme- The addition of zinc to enzyme containing one equivalent of either 

nickel or copper, l-owver, yielded preparations with kcat/Km values nearly 

100 times the activity of the native Aeranonas aminopptidase to.wrd 

L-alanine-p-nitroanilide. 

The most striking results of these experiments are: (i) the nearly 100 

fold increased activity on addition of zinc to enzyms that contains one 

equivalent of Cu(I1) or Ni(I1) and (ii) the 6.5 and 25 fold increase in 

activity resulting fran the substitution of copper and nickel, respectively 

for zinc. Neither carboxypeptidase A nor thermolysin, the zinc 

metalloproteases which have been studied msst intensively, are active 

mds peptides &en zinc is replaced by copper (17, 18). To our knowledge 

this is the first example of a very active, copper substituted 

metalloprotease. 

The activity of the nickel, cobalt and copper Aeranona s aminopeptidase 

is considerably higher than that of the zinc enzyme, when substituted either 

totally or partially. Figure 3 and Table I illustrate the critical 

importance of the order of metal addition. The data strongly suggest that 

the metals bind specifically to two characteristic tit mn-identical sites, 

each exercising a different function. These features of the enzyme and the 

detailed role of the metal in substrate specificity are under investigation. 
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