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kcin 3a mehr mit Diinnschichtchromatographie (US.) 11) nachgewiesen werdcn konnte (ca. 40 Std.). 
Dic Losung wurde darauf im Vakuum eingedampft, mit A ktivkohle behandelt und dcr Ruckstand 
aus Acetonitril/Hexan umkristallisiert. ;\usbeutc 2,46 g (8276) ; Smp. 174-205" (wurde durch 
6-maligcs T~mkristallisieren nicht verbesscrt) . 1)iesc Substanz sublimiert bis 180"/0,005 Torr niclit. 
Uci 310" wird sit glatt  zur Ausgangssubstanz 3 a pyrolysiert. Die vorgeschlagene Dimev-Struktur 14 
\vurda init analytischcn l laten belegt: IH. (CHCI,): u .a .  4,42; 6,88; 11,65. UV. (CH,CN): End- 
absorption 216 nm. NMR. (CDCI,) : ca. 1,4-3,2/m, cycloaliph. H ;  5,5-5,9/nz olef. H (vier Protonen). 
XIS: mje = 290 ( M b  C,,H,,W,), 145 (M+/2) ,  92 (Aft/:! - CH, = CH-CN; Basis-Pik). 

CzOH2,N, (290,4) Ber. C 82,72 H 7,64 N 9,657, Gef. C 82,84 H 7,71 X 9,44% 
Pyrolyse des Photodimeven 14. 1 g 14 wurdc im Kugelrolir bei 0,02 Torr bis auf 310" erwarint. 

R.3 270" bcgann eine ijlige Flussigkcit zu destillicren, wclche spektrokopisch init 3a identisch ist. 

LlTERATUKVEKZElCHNl S 
.\usbcutc 0,73 g (73%). 
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Fur die Diinnschicht-Chromatographie dienten A2erck-UC-Fertigplatten F,,, (Kieselgel) . Der 
Substanzfleck von 3a war sichtbar unter UV.-Licht, der Substanzflcck des Photoproduktes 
wurde nur nach Bchandlung mit Jod- Dampfen sichtbar. 
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S'urnmary. Pig kidney particulate aminopeptidase (EC 3.4.1.2) was purified by a modification 
of the procedure of Wachsmuth e t  al. [3] to  a statc of homogeneity according to criteria of ultra- 
centrifugation and  polyacrylamide gel electrophoresis, and  some of its physical and chemical 
properties were determined. 

1) 

____  
.4 preliminary report of this work was presented at thc second annual mceting of the {Jqion 
of Swiss Socicties for Experimental Biology a t  Fribourg, May 23-24, 1970 [ l ] .  
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The purified enzyme (specific activity 30 2 3 pmoles Ieucine-p-nitroanilide hydrolyzed/min/ 
nig) has a s20,w := 9.82 S at pH 8 and a molecular weight of about 280,000 as determined by high 
speed sedimentation equilibrium. Divergence between the number-, weight- and z- avcragc 
molecular weights, ant1 n sharp decrease of these values at low protein concentration, suggest t ha t  
one is dealing with an associating~dissociating system. 

Amino acid analysis revealed the presence of considerable quantities of carbohydrates In the  
enzyme. Colorimetric, gas chromatographic and enzymatic analyses demonstrated the presence of 
glucosaniinc, galactose, mannosc, fucosc and sialic acid rcsidues in the  ratio of 1: 0.89: 0.75: 0.13: 
0.13, amounting to  ca. 400 residues or 20:/, (56,000 daltons) of the molccular weight. With the 
cxccption of sialic acid, the  carbohydrate content was remarkably constant from preparation to  
preparation. 

Analyses by both atoinic absorption spectrometry and thc dithizonc method showed tha t  
zinc ~ the only metal found in significant amount - was always present in the ratio of 2 atoms 
per molecule. I t  is thercforc proposed t h a t  pig kidney particulate anxinopepticlase is a Zn-contain- 
ing glvcoprotcin 

Introduction. - Some years ago, Pfleiderer et al. 1-21 [3]  described a particulate 
aminopeptidase (EC 3.4.1.2) isolated from a niicrosomal fraction of pig kidney. This 
enzyme, now commercially available under the name of 'arninopeptidase M' (Roehwz & 
Haas, Darmstadt, Germany) constitutes a useful tool for the determination of amino 
acid sequences in proteins i4j. In further studies [S] Wachsnzuth suggested that the 
enzyme might be made up of 10 subunits composed of chains of two types but of equal 
size (ca. 28,000 daltons). From kinetic studies using various substrates and inhibitors, 
three different substrate-binding sites were postulated on the enzyme [6], and tyrosyl 
and irnidazoleresidues were to be involved in enzymic activity [7]. According to Wachzs- 
muth et al. [4] the activity of the enzyme is not significantly affected by addition of 
either divalent metal ions or of EDTA, which findings suggest that  this aminopeptidase 
is not a metalloenzyme. 

Because these previous studies raised a number of intriguing questions regarding 
the nature and structure of this protein, the matter was reinvestigated. This publica- 
tion presents some physical and chemical data suggesting that pig kidney particulate 
arninopeptidase is a Zn-containing glycoprotein. Although no conclusion could be 
drawn as to the subunit structure of the enzyme, the suggestion that it involved ten 
subunits of equal size could not be confirmed. 

A subsequent publication ( P .  Lehky et al. '81) will report on the role of Zn and 
other metal ions in the activity of the enzyme. 

Methods. XI1 reagents were of analytical grade; Sephadex products wcrc purchased from 
Pharlnacia (Uppsala, Sweden) ; Dowex resins from FZuka (Buchs, Switzerland) and Chelex-100 
from Calbiochem (I,ucerne, Switzerland). Metal-free water was obtained by  double distillation of 
deionized watcr in a quartz glass still ( Westdeutsche GZasschmeZze, Geesthacht). The method nf 
Z'hievs 191 for cleaning glassware was employed. hletal-frcc huffcrs were prepared by extraction 
with dithizonc according t o  Thievs [9], or by passage through a column of chclating resin [lo]. 
LXsc gel clectrophorcses were performed on 7.5% acrylamidc gels as described by Urnstein & Davzs 

-4 ctivity of the E'rizynw was detcrmincd spectrophotomctrically [3j r12j. Optical measurcments 
were carried out  with a Heckman DB spectrophotometer, fitted with a thermostatically controlled 
cell holder a t  37". The rate of hydrolysis of 1.66 x 10-% solutions of L-leucine-p-nitroanilide in 
0 . 0 5 ~  TES huffcr at pH 7.0 was calculated from the absorption changes a t  405 nm, nsing a molar 
absorbancy coefficient of 0,620 for p-nitroaniline. Enzvme concentration was of the  order of hi 

(ca. 0.3 ,ug/ml). 

111;. 
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Protein concentrations were determined spectrophotometrically by cmploying the absorbancy 
coefficient A:$ = 16.9, based on refractometric measurements obtained from ultracentrifuge 
experiments, and by the method of L o ~ v > ~ e l u Z .  [13], using bovine scrnm albumin as standard. 

The specific activity is defined as pmoles p-nitroaniline liberated pcr minute per nig of enzyme 
under the above conditions. 

Metal analyses were performed on a Perkin-Elmev Model 303, atomic absorption spectrophoto- 
meter fittcd with a recorder; Zn was also assayed by the dithizone method [14]. 

UILtrarezlvzfugafion was performed in a Sf i inco  Model E ultracentrifuge equipped with tem- 
perature and electronic speed control, and focused a t  the two-thirds plane of the cell 1154 [16j. All 
molecular weight distributions werc based on high speed equilibrium experiments using a six 
channel Kcl-F centerpiece designcd by I'phawtis [16;. Raletgh patterns were recorded on Kodak 
11-G photographic plates, and read on a modified Nikon microcomparator 1171. 

Points were read throughout, until the fringes could no longer be resolved at the base of the 
cell; computation of the data was carried out with the computer program developed by Z'eZlev 
et  al. [IS].  For high speed sedimentation cquilibrium experiments, the enzyme was equilibrated 
in 0 . 1 ~  Tris-HC1-O.lu NaCl buffer pH 7.8. Sedimentation velocity experimcnts werc carried out at 
18.3" in a double sector cell and at a protein concentration of 6 mg/ml in the same buffer as 
described above. Thc displacement of the Schlicren patterns was measured in the microcomparator 
described above. A partial specific volume of 0.74 ml/g was used in the calculations. 

.4mino acid analyses were performed by thc procedure outlined by Moore & S te in  1191. The 
material was cxtensively dialyzed against several changes of twice distilled water before analysis. 
Aliquots (1.5 mg) were lyophilized in hydrolysis tubes; to each tube was added 3 nil of constant 
boiling hydrochloric acid. The tubes were flushed with nitrogen and evacuated three times in 
succession, then sealed under vacuum. Hydrolyses were carried out on duplicate samples at 
108" & 1' for periods of 24, 48, 72 and 96 h. After removal of HCI in a vacuum dcssicator, the 
samples were analyzed on a Spinco Model 120 C automatic recording amino acid analyzer. Half- 
cystinc was determined as cysteic acid following performic acid oxidation as described by Moore & 
Steziz [lo], and tryptophan was determined by the spectrophotometric method of R e m z e  & Schmid 

Carboh,ydrata Analyses: Carbohydrates were identified by thin layer chromatography on 
cellulose plates in three solvent systems and by gas chromatography of their trimethylsilyl deriva- 
tives [21], following hydrolysis. For this purpose, t o  10-12 mg of extensively dialyzed 
samples in hydrolysis tubes were added 200 pcg of inositol as internal standard. The mixtures were 
lyophilized and redissolved in 2.5 ml of water, 2.5 nil of 2~ HC1 was added, the tubes were 
evacuated several times, flushed with nitrogen, sealed, and heated at 100" for 4 and 8 h. The 
samples were first passed over (1 x 10 cm) columns of Dowex 1- x 8 (acetate form) to  exchange 
the chloride ion, the effluents were evaporated in a rotatory evaporator below 35". the residucs 
were taken up in little water, then passed over (1 x 5 cm) columns of Dowex 50- x 8 (H+ form) t o  
remove cations. After evaporation of thc effluents, the residues were dissolved in water and these 
solutions were divided equally for gas chromatography and colorimetric determinations of sugars, 
respectively. For control purposes duplicate samples containing 200 pg inositol and 400 ,ug each of 
fucose, mannose and galactose were carried through the same procedure. 

For gas chromatography, the dried samples were dissolved in dry pyridine (400 pl) ; hexa- 
methyldisilazane [ZOO pl) and trimethylchlorosilanc (100 pl) were then added and the samples left 
a t  room temperature for 1-2 h. The solvent was evaporated and the residue extracted with 
petroleum ether (b.p. 40-70"). After filtration through glass wool the solution was reduced t o  
0.5 ml; 5-10 p1 of this solution was injected into a Perkin-Elnzer Model 900 gas chromatograph, 
equipped with a flame ionization detector and temperature programming. Carrier gas was N,. For 
the determination of fucose an OV-1 column was used, whereas for the separation of mannose and 
galactose a column of carbowax 4000 was used. Semiquantitative determination of the individual 
components was carried out by cutting out the respective peaks from the chart paper and weighing 
them. 

Colovimelric Methods: Total carbohydrate was determined by the orcinol-sulfuric acid method 
of Winzler [22], as modified by F r u n ~ o i s  e t  al. [23] but o n  a scaled down levcl. The phenol-sulfuric 
acid procedure [24], as modified by McKeZvji & L r e  [Z5j  was also employed, but yielded some dif- 

1201. 
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ferences in the colour response for rnannose and galactose, in contrast t o  the  orcinol-sulfuric acid 
method in which both sugars gave almost identical yields. The sum of galactose + mannose could 
thus be determined after correction for fucose, which was determined independently with sulfuric 
acid-cystein according to  the procedure of Uische & Skeftles [26j. The cstimations carried out 011 
the whole protein and on the hydrolysate were in very good agreement. 

In  addition to  gas chrornatography, galactose \\.as also tletermined enzymatically with the  
'Galactostat' from Wovthznglon [27]. 

Sialic acid determinations were made after hydrolysis of the  enzyme sample in 0 . 1 ~  sulfuric 
acid at 80' for one hour [ZS ]  using thiobarbituric acid according t o  W u ~ v e i z  [29j, and, after absorp- 
tion of sialic acid on an  anion exchange column (Uowex 1- x 8,  acetate form), following the resor- 
cinol procedure of Sven,nerhoZm [ZSj. 

I'or hcxosamine determinations, samples were hydrolyzed in 4 N HCI for various intervals of 
time, and the hydrolysates, after evaporation and redissolution in water, were applied to  columns 
of 1)owex .50 x 8 to  separate the hexosamine saccording to GurrleZZ [30]. When only glucosamine 
could be detected, the simpler procedure of Boas [ 311 was followed. Glucosamine was determined 
according to  Elson & Movgaiz [ 3 2 ] ,  as modified by Rondle & Movga?z [33] and Kruan & Muir [34J. 

Puvificution of the Enzyme was carried out essentially according to  the procedure of Wnchsmt,~tlz 
t t a l .  [ 3 ] ,  modified as follows: Pig kidney (3,000 g. fresh from the  slaughter house) was homogenized 
in 9 1 of 0.1~ Tris buffer, pH 7.3 and stirrcd at 2" for 30 inin. The suspension was centrifuged at 
3,000 x g for 15 inin, the resulting supernatant was adjusted to  p1-I 5.0 with acetic acid, centrifuged 
at 1,500 x g for 20 min and the  new supernatant solution obtained \<as once more centrifuged, this 
time at 45,000 x g for 30 Inin. The sediment froin the latter centrifugation was resuspended in 
400 ml of 0 . 0 1 ~  Tris buffcr and the resulting suspension was adjusted to  pH 7.3.  Toluene (100 ml) 
was added, and tho mixture was vigorously stirred for 60 inin a t  38". Trypsine (500 nig) was then 
added and the  suspension was incubated a t  37" for 1 h ,  then cooled to  4". The mixture was centri- 
fuged a t  100,000 x g for 30 niin yielding 4 distinct layers. Thc aqueous (second) layer was removed 
by  succion and was fractionated with solid ammonium sulfate; the  fraction precipitating between 
70 and SO% saturation was collected and dissol\-ed in a minimal amount of 0.02 M phosphate 
buffer, pH 7.3. The solution was dialyzed against the  same buffer containing 0 . 1 5 M  NaCl and was 
subjected to  gel filtration on a column o f  Sephadex (2-100 pre-equilibrated with the same NaC1- 
phosphate solution. The pooled active fractions were concentrated by pervaporation, dialyzed 
against 0 . 0 2 ~  phosphate buffer, pH 7.3, and applied to a column of DEXE-Sephadex &50 equili- 
brated with the same solution. Elution \\.as achieved by means of a linear gradient of NaCl in the  
same buffer. The active fractions were eluted a t  0.15-0.2M NaC1. They were concentrated by  
pervaporation and further purified by  recycling three times on a 4.5 x 40 cni colunin of Sephadex 
G-200. The active fractions were finally pooled and frozen €or storage. 

The whole procedure yielded approximately 200 mg of pure enzyme as judged by the finding 
of a single band by  disc gel electrophoresis and a single mnictrical peak in the analytical ultra- 
centrifuge (see below). Thc spccific activity of the prcpar ons varicd from 27 t o  33 unitsjmg. 

Results and Discussion. - Molecular weight determi%ataon: Single symmetrical 
peaks were observed in sedimentation velocity experiments, as would be expected for 
a lionlodisperse solution. Fig. 1 illustrates one such ultracentrifuge run. A sedimenta- 
tion coefficient szo, ,~, of 9.82 S was obtained. For molecular weight determinations, 
high speed sedimentation equilibrium experiments were carried out on the enzyme 
a t  an initial concentration of 0.6 mg-/nil (centripetal channel), 0.8 mg/ml (middle 
c-hannel), and 1.2 mg/nil (centrifugal channel). Figure 2 illustrates the distribution of 
enzyme concentration within the first cell; tlie straight line obtained is a further 
indication of the homogeneity of the preparation. Number-average, weight-average 
and z-average molecular weights as a function of protein concentration are represented 
in Fig.3. It can be seen that molecular weight averages are independent of ivtitial 
protein concentration; values of M, = 251,564, M,,  = 275,440 and M, = 291,949 g/mole 
(average of three cells) were obtained. 
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Figure 1. Sedimentation velocity pattern of particulate aminopeptidase, 6 mglml iiz 0 . 7 ~  Tris, 0 . 1 M  
A1aCl buffev, p H  7.8 

Temperature of the rotor maintained at 18.3"; picture taken 24 min after attainment of maximuni 
speed (50,740 rpm) 

0.2 0'43 
O 43 44 45 

x 2  (cm') 

l?igure 2. Plot of logarithm of the enzyme concentration as a functzon of distance within the cell 
The values were obtained from the first channel in the experiment described in the legend of Fig. 3 

The appreciable divergence between these three values is an indication that one 
might be dealing with an associating-dissociating system. Dissociation at high dilution 
might also be reflected by the sharp drops in number-average, weight-average and 
z-average molecular weights observed below 2 fringes (0.5 mgirnl) z ) .  This is because 
in a high speed sedimentation equilibrium experiment, the concentration of protein 
at  the meniscus of the cell approaches zero [16]. Since the rotor speed for meniscus 
depletion in a mixture is calculated on the basis of the molecular weight of the species 
present in the greatest amount [MI, any protein in the mixture with a molecular weight 
less than that used to determine the rotor speed will be preferentially observed in the 

2, illthough measurements at this low range of concentration are admittedly unreliable and, 
therefore, their interpretation questionable. 
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Figure 3 .  Molecular weight distribution us a fuiu?zction of enzyme concentration 
plotted by a Csl-coxnp plotter directly from the data provided by  the computer program of Teller 
et al. [18]. Four fringes correspond to 1 mg/ml protein; concentrations of enzyme were 0.60 mg/tnl 
in the first (centripetal) cell (A) 0.80 mg/ml in the second (middle) cell (+ )  and 1.2 mg/ml in the 

third (centrifugal) channel ( x ), in 0 . 1 ~  Tris, 0 . 1 ~  NaCl buffer, pH 7.8 

meniscus region. The number average and weight average moments reflect this 
partition by being lower in the meniscus region than throughout the rest of the ultra- 
centrifuge cell ; the degree to which lighter components affect the molecular weight 
averages at  each point in the cell depends upon their concentration. Therefore, in 
principle, decreased molecular weights near the ineniscus are a characteristic of 
dissociating systems whereas a honiogenous, non-dissociating protein should not show 
such molecular weight dependence. 

From the above data, it can only be concluded that the aminopeptidase appears 
to  have a molecular weight of approximately 280,000 a t  high concentration and that 
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it might dissociate to smaller molecular weight species at  low concentration. The 
same value of 280,000 had been previously obtained by gel filtration [3) [35]. 

Amino acid analyses: The values presented in Table I are the averages obtained 
from four times of hydrolysis; they include the usual extrapolation to  zero time of 
hydrolysis for serine and threonine and to inaximum time of hydrolysis for valine, 
leucine and isoleucine. Supportive analyses for half-cystine and tryptophan were 
carried out as indicated under Methods. The sum of the amino acid residues reported 
in Table I (column 3) adds up to 238,000 daltons for a total molecular weight of 
294.000 if carbohydrates also present in the enzyme (see below) were included. 

The amino acid composition given here is markedly different from that reported 
by Wachswwth [5], with differences amounting to as much as 40% for certain residues; 
summation of the molecular weights for the amino acid residues yields a high value 
of 320,000 daltons, to  which should be added ca. 15,000 daltons contributed by 
tryptophan and 56,000 daltons for carbohydrates that were not considered in the 
above mentionned analysis IS], for a total molecular weight of the order of 390,000 
that is far in excess of the molecular weight (-280,000) estimated by both ultra- 
centrifuge analysis and gel filtration. It is rather unlikely that this discrepancy could 
be ascribed to a basic difference in the nature of the two enzyme preparations under 
consideration. Other investigators [5] [7] sometimes used commercially available 
‘aminopeptidase M’ (Roehm & Haas) as a starting material for their purification; 
however, this product is also prepared from pig kidney according to a procedure [Z ]  [3] 
similar to that followed in this study. As will be discussed below, this commercial 
material presents enzymatic properties and a carbohydrate content almost identical 
to those of the purified enzyme investigated here. 

Carbohydrate AnnaZysis: Examination of the chromatograms provided by the amino 
acid analyzer revealed the presence of significant peaks that could not be assigned to 
the usual amino acids, but that occured precisely where one would expect amino- 
sugars to emerge. Indeed, as shown in Table 11, all preparations of the enzyme were 
found to  contain rather large amounts of glucosamine, mannose and galactose, in 
addition to  some fucose and sialic acid. Values obtained by independent analytical 
techniques were in close agreement; furthermore, with the exception of sialic acid, the 
carbohydrate content appeared to be remarkably constant from preparation to 
preparation. In  preparation 4, neutral sugars were also determined colorimetrically 
on the intact enzyme without prior hydrolysis; again, values yielded by this approach 
for galactose plus mannose agreed closely with those obtained after hydrolysis. On the 
other hand, fucose gave a somewhat elevated value due to  high blanks. 

The carbohydrate content amounts to ca. 400 residues (see Table 11) representing 
approximately 20 yo of the molecular weight of the enzyme or ca. 56,000 daltons. 

Because of the discrepancies between the chemical composition reported here and 
that described previously [4-71 analytical tests including carbohydrate analysis were 
also carried out on commercial ‘aminopeptidase M’ (Roehm & Haas) on which, after 
further purification, some of the earlier studies were performed [5] [7] .  Fig.4 indicates 
that, as judged by disc gel electrophoresis, the two enzymes were very similar; the 
crude ‘aminopeptidase M’ (Fig.4, C) shows one major band similar to that displayed 
by the purified enzyme investigated here (Fig. 4, A) plus, as expected, several other 
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Table I .  Amino Acid Analysis o.f Pig Kidney Pai,tictdate Aininopeptidase 

pnoles g residues g residues integral 
pc1- per Per number o f  
0.243 mg 100 g 280,000 g residues per 
enzyme“) enzyme enzyme 280,000 m.w 

I.ysine 0.073 & 0.003 3.851 10,782 84 
Histidine 0.036 * 0.002 2.032 5,475 42 
,4mmonia”) U.417 0.005 2.746 7,688 481 
A\rgininc 0.059 * 0.001 3.793 10,620 68 

’I‘hrconine b) 0.122 * 0.002 5.076 13,703 141 
Serinc ”) 0.127 .+ 0.002 4.552 12,746 146 
Glutamic Acid 0.213 i 0.003 11.816 31,685 245 
Proline 0.088 0.002 3.516 9,845 101 
Glycine 0.080 0.002 1.879 5,261 92 
illanine 0.127 * 0.002 3.716 10,404 146 

.Ispartic Acid 0.217 & 0.003 10.278 28,778 250 

ValincCj 0.106 & 0.001 4.325 12,110 122 
Methioninc 0.043 & 0.001 2.322 6,502 50 
Isoleucine =) 0.086 & 0.001 4.006 11,217 99 

‘Tyrosine 0.074 ~1: 0.002 4.970 13,926 85 
Phenylalaninc 0.085 & 0.003 5.147 14,412 98 

Cystined) 0.010 & 0.001 ,425 1,190 12 

Leucine c )  0.178 0.001 8.292 23,218 205 

Tryptophan ”) 0.072 & 0.002 5.515 15,442 83 

”) Averages of 24, 48, 72, and 96 h of hydrolysis on duplicatc samples of the enzyme, with 
standard deviation. 

”) Extrapolated t o  zero time of hydrolysis from least square plots. 
“) Extrapolated t o  niaximuxn time of hydrolysis in order t o  allow for complete release. 
d, As cysteic acid obtained by performic acid oxidation (according to M o o v e  &Stein [ lg l ) ,  
q) Obtained by the procedure of Bencze & Schmid 1201 

‘l‘able 11 Cavhohydvate Content of Fouv Pveparatzons of Pavtaculatc Anzinopeptzdase in Residues 
per  Molecule (m.w. 280.000) 

Prepa- Proce- Fucosc Mannose Galactosc. Mannose + Glucose- Siallc 
ration dure Galactose amne Acid 

1 c 
2 c 
3 c: 

E 
4 c‘ 

c 
c; 
E 

16.3 228 137 

16.3 235 134 7.1 

17.1 236 130 17.6 
117 

19.7 “) 237 ”) 
16.S 236 138 13.9 
16.7 101.5 121 223 

116 

C) Colorimetric determination 
G) Analysis by gas chromatography 
E) Enzymatic determination 
a) Values determined colorimctrically on the whole enzyme without prior hydrolysis. 
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ones corresponding to contaminating impurities. Upon mixing the two products, the 
major component of each were superimposed, migrating as a single band (Fig.4 B). 

Both enzyme preparations could not be distinguished by their enzymatic proper- 
ties. They had essentially identical Michael i s  constants for leucine-$-nitroanilide 
( K ,  = 0.21 mM. v s  0.24 mM as reported by Pfleiderer et al. [GI and same substrate 

Figure 4. PolyacryLamide gel electrophovesis of Figure 5. Polyacrylamide gel electrophoresis of  
6articulate aininobebtidase puvifaed particulate amznopeptidase (20 pg 

Electrophoreses were carried out on 7.5”/6 
polyacrylamide gels according to Ornstein & 
Davis [14] ; gels were stained with arnido black 
10 B. A) aminopeptidase purified as described 
in this study (30 pg); B), mixturc of -1 (15 pg) 
and C (50 pg) ; C) commercial ‘aminopeptidase 

M’ (Roehm & Haas) (50 pg). 

cach) following treatment with 0.7 % sodiuriz 
dodecylsu.lfate according to the Procedure of 
Shapiro et  al. [36] as modified by Weber and 

Osborn [37] 
A) proteins stained with coomassie biiiliant 
blue; B) carbohydrates stained with fuchsine 
following periodate treatment according to 

Keyser [381 

specificities towards the $-nitroanilide derivative of alanine, leucine and glycine 
(100: 76: 18 us 100: 71 : 22, respectively). The specific activity of commercial ‘amino- 
peptidase M’ was 18 units/mg, i. e. approximately 60% that of the purified enzyme 
(30 units/mg) 

A colorimetric determination of neutral sugars (essentially mannose + galactose 3, 
performed on ‘aminopeptidaseM’ without prior hydrolysis gave a value of 235 
residues/mole (280,000 daltons) in good agreement with the value of 241 residues/mole 
obtained under similar conditions for the purified enzyme. 

An important question, of course, is whether or not the polysaccharide is cova- 
lently linked to the enzyme, or present only as a contaminant, originating perhaps 
from the subcellular elements to which the enzyme was originally bound. Only 
preliminary experiments were carried out to answer this question. 

First, the enzyme was denatured by treatment with 0.1% sodium dodecylsulfate, 
then subjected to polyacrylamide gel electrophoresis according to the procedure of 
Shapiro et al. 1361 as modified by Weber  & Osborn [37], bands were stained both for 
proteins and carbohydrates according to Keyser  [38]. Three protein bands were 
consistently found (Fig. 5, A) which, when compared to marker substances of known 
molecular weight (Fig.G), corresponded to material of m. w. ca. 60000, 100 000 and 

3, 

~ 

The contribution of fucose is negligible because of its low colour response in this test. 

31 
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140000 respectively (on occasion, the 100000 m.w. band appeared as a doublet (as 
illustrated in Fig. 6). When duplicate gels were stained for carbohydrates, all three 
protein bands (presumably the subunits of the enzyme) gave a positive response 
(Fig.5, B). In control runs, homoproteins such as bovine serum albumin that do not 
contain carbohydrates, were negative. 

5 %  gel  

5 0  100 

Relative Migra t i on  

Figure 6. Plot of relative mobilities obtained for particulate avvkinopefitidase (PAP)  and protein naarkers 
as a fatnction of molecular weight, jollowing dasc gel electrophoresis 

The enzymc (10 I& was incubated for 30 min at 65” in 0.1% sodium dodecylsulfatc prior to 
electrophoresis in a 5% polyacrylamide gel at pH 7.2 according to  [36] and [37]. Markers were 
bovine serum albumin, m.w. 68000 and 136000 for monomer and dimer, respectivcly [39], oval- 

bumin, 43000 and 86000 for mononier and dimer, rcspectivcly [40], and pepsin, 35000 [41] 

Second, attempts to free the enzyme of carbohydrates by enzymatic attack were 
uncessful. Samples (5-10 mg) of the purified enzyme were subjected to prolonged 
attack (at least 60 h at  room temp.) by sialidase (80 pl of a solution of I‘; cholerae 
enzyme as obtained from Serva, Heidelberg), by emulsin (2 mg), and by p-galactosi- 
dase (1 nig, both from Sigma, St Louis, USA), respectively. Final volume was 2 ml of 
pH 5.0 buffer, acetate in the case of sialidase and citrate-phosphate for the two other 
enzymes. No loss of activity over control was observed ; controls, which were incubated 
under identical conditions but without carbohydrases, displayed less than 15% loss 
of activity stressing once more the remarkable stability of the aminopeptidase. Most 
of the sialic acid and approxiniately one-half of the galactose appeared to be liberated 
through the action of sialidase and p-galactosidase, respectively, but in all instances, 
there was still some carbohydrate linked to  the protein. Examination of the samples 
following enzymatic digestion, by disc gel electrophoresis in 0.17, sodium dodecyl- 
sulfate revealed the same three fractions as before, except that they displayed slightly 
higher mobilities as judged by the appearance of double bands when cochromato- 
graphed with the untreated enzyme. All three new bands gave the essentially same 
positive response as the original material when stained for carbohydrates. This 
strongly suggests that the carbohydrate moiety is an integral part of the enzyme 
molecule and not a contaminating polysaccharide fraction which, for some reason, 
had remained stuck to the enzyme during the course of purification. 
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Metal content of aminopeptidase: The results from metal analyses carried out on 
various purification steps of the enzyme are presented in Table 111. Besides the metals 
listed (Zn, Ca, Mg, Fe, Cu, Ni), Cd, Co and Mn were also analyzed, but were always 
below the detection limits of atomic absorption spectrophotometry (< 0.01 ppni for 

Table 111. Metal Content of Various Fractions Obtained during the Purification of Anzanopeptiduse 

Fraction Specific 

defined p. 475 

g atom meta1/100,000 g proteina) 
Activityas Zn Ca Mg Fe c u  

Kidney extract 0.18 0.31 0.96 8.29 0.66 0.07 

Eluate from DEAE-Sephadex 30.2 0.86 0 0 0.08 0.04 
(NH,),SO, precipitate (70-8070 sat.) 11.0 0.84 0.06 0.01 0.39 0.22 

Eluate from G-200 Sephadex 33.0 0.73 0 0 0 0 

a) 0 indicates a value below the detection limit of the AAS Perkin-Elmer 303 coupled to a record- 
ing device. 

these three metals, i .e.  well below 0.05 atom per molecule of purified enzyme). The 
Zn-protein ratio increases approximately 2.5 fold, while the concentration of all 
other metals decreases rapidly. Since the Zn content is already very high in hog 
kidney (340 mg Zn/g protein), it is not surprising that the enrichment with respect 
to this metal is relatively low. In the purified enzyme Zn is the only metal present in 
significant quantity: 0.73 g atom per 100,000 g of protein corresponding to 2.05 atom 
Zn per molecule of enzyme (280,000 m.w.). The value of 2 atoms per molecule was 
consistently found in all preparations analyzed by atomic absorption spectrophoto- 
metry (Table IV) ; these data were confirmed by dithizone titration. A subsequent 

Table IV. Zn Content of Purified Aminopeptidase as Determined by Atomic Absorptaon Spectro- 
photometry 

Preparation 1 2 3 4 5 
g atoms Zn per 
280,000 g protein 1.99 0.1 2.02 & 0.3 2.02 & 0.3 2.2 f 0.2 1.98 & 0.2 
Number of determination 2 5 8 4 4 

publication [8] will show that the catalytic activity of the enzyme is abolished by 
removal of the Zn2+ but fully restored upon readdition of Zn2+; certain other divalent 
cations also reactivated the inactive apoenzyme to different levels. 

Considerations o n  the subunit  structure of the enzyme: Although only preliminary 
work was carried out on this problem, the data presented in this publication cast 
doubts on the subunit structure previously proposed [5]. Results obtained by disc gel 
electrophoresis following sodium dodecylsulfate treatment (see Fig. 5 and 6) gave no 
evidence for a dissociation of the enzyme to species of molecular weight lower than 
60,000 that would be compatible with the ten-subunit postulate [5]. On the assump- 
tion that some of the bands observed could result from incomplete disaggregation of 
the molecule under the conditions used, or that artificial aggregation occured through 
the formation of disulfide linkages between subunits, the material was subjected to 
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drastic treatment (24 h a t  65” with 0.1% sodium dodecylsulfate before and after 
exhaustive carboxymethylation of the protein) but with no appreciable change in the 
obserxred pattern. 

Furthermore, the enzyme contains 84 lysyl and 68 arginyl residues from which 
153 peptides could be theoretically generated by exhaustive tryptic digestion, assum- 
ing that the structure had no repeating sequence. From a peptide niap following 
tryptic digestion, Wachsmuth 151 detected 47 peptides, a result inconsistant with a 
structure composed of 10 subunits made up of one or two types of chains. 

Lastly, all preparations of the enzyiiie so far examined were found to contain 2 Zn 
per molecule. The metal could be either required to maintain the enzyme in the proper 
conformation for activity, or participate in catalysis by being involved in the active 
site of the enzyme, in which case up to two identical regions of the inolecule (pre- 
sumably two subunits) could be postulated. Too little data are available at  this point 
to allow the formulation of a structure that would take these various observations 
into account ; nevertheless none of the findings described herein support the hypoth- 
psis that the enzyme has an oligomeric structure that could accommodate the ten 
subunits consisting of the two types of chains that were previously proposed r5j. 
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48. ESR.-Untersuchung zur Reaktion von Hydroxylradikalen 
mit Glycin 

von H.  Paul und H. Fischer 
I’hysikalisch-chemisches Institut der Llniversitat Zurich, Schweiz 

(12. I. 71) 

Summuvy. Radicals H,N-kH-COOH and H,N-kH-COO-- which have different ESR. spectra 
are observed during the reaction of hydroxyl radicals with glycine in aqueous solution. Rapid and 
reversible exchange between the different dissociated radicals is induced by addition of phosphoric 
acid. The pH dependence of the ESR. spectra yields the pK value and rate constants for proton 
transfcr reactions betwcen the radicals and phosphoric acid. 

ESR.-Spektrcn kurzlebiger Radikale, die bei der Reaktion von Hydroxylradikalen 
rnit Glycin in wassrigen Losungen entstehen, sind bereits von mehreren Autoren an- 
gegeben worden [1]-[7]. Die Spektren hangen stark vom pH-Wert der Losungen ah. 
Fur pH > 8 lassen sie sich mit einiger Sicherheit dem Radikal H,N-CH-COO- zu- 
ordnen, dessen NH,-Protonen inaquivalent erscheinen [3]  [4] 161 [7]. Im Bereich 
3 < pH < 4 wurde ein Spektruni beobachtet, das nach Smith und Mitarb. [5] dein 
Radikal H,N-CH-COOH zugehort und aquivalente NH,-Protonen aufweist. Andere 
Autoren il] [4] haben andere Interpretationen des in diesem pH-Bereich beobachteten 




