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SUMMARY 

Lung contains a true angiotensin-convertiug enzyme, i.e., an enzyme that 
converts angiotensin I to angiotensin II  by the hydrolytic removal of the dipeptide 
histidylleucine. The soluble enzymes from guinea pig and hog lung were purified more 
than 2oo-fold. These enzymes are quite similar in having the same Km, 20/~M, tile 
same s20,w value of 8.2 from sucrose gradient measurements, and the same Stokes 
radius from Sephadex G-i5o gel filtration, corresponding to a molecular weight of 
about 15o ooo d. The plasma enzymes have the same S2o,w values and Stokes radii 
as the lung enzymes ; the Km values are similar but slightly higher 4 ° #M. 

In contrast to plasma, the lung, especially hog lung, contains a considerable 
amount of histidylleucine hydrolyzing activity. This enzyme was obtained in a 
partially purified form with a specific activity of 1.6 ttmoles/min per mg protein. The 
molecular weight of histidylleucine cleaving enzyme was estimated to be about 
8o ooo based on the corrected S2o,w value of 5-3 S and the relative elution volume from 
gel filtration. The Km value of 2oo tiM for histidylleucine was calculated. 

The maximum tissue converting enzyme activities of guinea pig and hog that 
we obtain are about 3o and IO nmoles/min per g wet tissue. This amount is less than 
we expected since in the dog more than 5o% of angiotensin I is converted to angio- 
tensin II  in a single passage through the lung. 

INTRODUCTION 

NG AND VANE 1 3 and other groups a-6 have shown that angiotensin II, octa- 
peptide, is formed more rapidly from angiotensin I, decapeptide, during passage of 
blood through the lung than in blood itself based upon in vivo and in vitro biological 
assays for angiotensin II. In blood, this conversion is mediated by a specific enzyme, 
the converting enzyme, that hydrolyzes the decapeptide to the octapeptide and 
histidylleucine 7 14. 

BAKHLE 6 has recently shown that dog lung tissue converts angiotensin I to 
angiotensin I I  but since he used the biological assay for angiotensin I I  he did not 
demonstrate the formation of histidylleucine. Thus, as far as that work and the work 
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of others a " is concerned, the reaction that  occurs in lung tissue could be chemically 
different from the reaction that  occurs in blood. I t  could, for example, involve the 
successive removal of leucine and histidine from the decapeptide a. Or the nonapeptide 
formed by the removal of leucine from angiotensin I, might itself be active as a 
vasoconstrictor and might be mistaken for angiotensin l I  in the biological assay. 

Using [aH]Leul°-angiotensin I, an a t tempt  to demonstrate histidylleucine in 
blood leaving the lung turned up mostly [aH]leucinelS. This result might arise from 
the cleavage of leucine from angiotensin I by a carboxypeptidase-like enzymea, ~a. 
Another possibility is that  [aH]leucine might arise from the cleavage of histidylleucine 
from angiotensin I by a converting enzyme followed by the rapid cleavage of histidyl- 
leucine by another enzyme to yield histidine and leucine. 

However, a note has recently appeared reporting the formation of histidyl- 
leucine from angiotensin I by an acetone-powder preparation from human lung 1~. 

In this paper we show that  histidylleucine is indeed formed from angiotensin I 
by hog and guinea pig lung preparations. The enzyme in lung, therefore, is a (on- 
verting enzyme, i.e. it carries out the same chemical reaction as the converting 
enzyme in blood. We further show that  the converting enzyme from lung has ap- 
proximately the same molecular weight as the enzyme from blood but the Km values 
are slightly different. However, the amount of enzyme that  we recover does not seem 
to be sufficient to account for its anticipated physiological role. The lung also contains 
large amounts of an enzyme that  hydrolyzes histidylleucine. 

E X P E R I M E N T A L  

Enzyme preparation 
A crude converting enzyme solution was isolated from saline-perfused lung 

homogenates of guinea pig and hog by fractional centrifugation 6 in o.o5 M sodium 
phosphate buffer (pH 6.8). The preparation was partially purified by (NH4)2SO 4 
fractionation between 1.6 and 2.2 M, and by gel filtration with Sephadex G-I5O using 
a 2.2 cm X 45 cm column with o.o5 M sodium phosphate buffer (pH 7.4), containing 
o.o5 M NaC1 as the eluent (Scheme I). The active enzyme fractions from the Sephadex 
column (Fig. i) were combined, dialyzed against distilled water, and concentrated by 
Amicon ultrafiltration using a Diaflo PM 30, 25-ram membrane filter. The final 
specific activities of partially purified lung converting enzyme preparations were 
obtained as lO. 5 and 3.8 units* per mg of protein for guinea pig and hog, respectively, 
based on the radioactivity assay using the synthetic substrate, I Asp 1, Ile '~, 1 4 C - L e u l ° ]  - 

angiotensin I (Table I). A partially purified guinea pig plasma converting enzyme 
with a specific activity of 15.6 units per mg protein was prepared by the method 
reported previouslyS, 9. Protein concentration was measured by the method of LowlCY 
el al. ~v using bovine serum albumin as the standard. 

Enzyme assay 
For the converting enzyme activity, the rate of hydrolysis of the synthetic 

substrate, iAsp 1, Ile '~, l~C-Leul°]-angiotensin I was measured bv a radioactivity 
assay which measured the radioactivity of histidyl[14Clleucine produced in the 

* i u n i t  of  a n g i o t e n s i n - c o n v e r t i n g  e n z y m e  a c t i v i t y  w a s  def ined  as t .o  nnlo le  of  d i p e p t i d c  
h i s t i d y l l e u c i n e  r e l e a s e d  pe r  rain.  
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reactionS, 9. Substrate, o.2-io nmoles of angiotensin I containing 4 nC of [14C-Leul°]- 
angiotensin, and IO #g of the enzyme protein were incubated in 5o #1 of 0.o5 M 
sodium phosphate buffer (pH 7.4) containing o.12 M of NaC1 at 37 °. The substrate 
concentrations ranged from 4.2 to 18o #M. In the radioactivity assay for the convert- 
ing enzyme the radioactive product histidylleucine is well separated from the sub- 
strate [14C-Leul°]-angiotensin I in I h by high-voltage paper electrophoresis at 
5o V/cm at pH 3.7. 

In a series of tests for other peptidase activities of the lung converting enzyme 
preparation, angiotensinase(s) and histidylleucine splitting enzyme activities were 
measured by radioactivity assay using [Asp 1, 14C-Ile'~]-angiotensin II and histidyl- 
[14C]leucine, respectively, and activities of exopeptidases, carboxypeptidase and 
aminopeptidase were assayed by the spectrophotometric method using hippuryl- 
phenylalanine (at 254 nm) and the /~-naphthylamides of aspartic acid and leucine 
(at 34 ° n m )  is, respectively. 

The identity of the radioactive compound that moved like histidylleucine in 
high-voltage electrophoresis was confirmed by rechromatography on Whatman No. I 
paper using the solvent system, sec.-butanol-i-propanol monochloroacetic acid- 
water (7o:1o :3:4, v/v/w/v), and on thin-layer silica gel using n-butanol-acetic acid- 
water (4:I :I, v/v/v). 

Homogenate 

In 0.05 M sodium phosphate buffer, 
pH 6.8 
Centrifuged at 1000 xg  for 15 rain 

Supernatant (So) 
Centrifuged at 20 000 x g 
for 15 min 

Tissue debris 

Supernatant (S 1 ) 
Centrifuged at 80 000 xg  
forl  h 

Pellet (PI) 

Supernatant ($2) 
I (NH4)2 SO4 fractionation 

1.6-2.2 M 
Redissolved in 0.05 M sodium 
phosphate buffer, pH 7.4 

Ammonium sulfate fraction ($3) 

~Gel filtration with G-200 Sephadex 

Enzyme preparation ($4) 

Pellet (P~) 
Resuspended in 0.05 M 
sodium phosphate buffer, 
pH 7.2, Triton X-100 

Scheme i. Preparation of lung converting enzyme from guinea pig and porcine hog. 
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Sedimentat ion experiment 
Sucrose dens i ty  grad ien t  sed imenta t ion  exper iments  were carr ied out  as de- 

scr ibed by  MARTIN AND A?aES 19 using bovine l iver  catalase,  Escherichia coli alkal ine 
phospha tase  and bovine cy tochrome c as s t a n d a r d  marke r  proteins.  Corrected 
sed imenta t ion  coefficients, s20,w were calculatedS, 9 and compared  to the  r epor ted  
values  2°. The a p p r o x i m a t e  re la t ionship  of sed imenta t ion  cons tant  and  molecular  
weight ,  (sa/s2)a/2 --- (mol. wt.l /mOl, wt.2) was used to de te rmine  the re la t ive  molecular  
weights  of the  lung and p la sma  conver t ing  enzymes,  The ca lcula ted  molecular  weights 
were also compared  with  the  results  from gel f i l t rat ion with  Sephadex  G-I5o in which 
the re la t ive  elution volumes,  Ve/Vo, were used to de te rmine  the re la t ive  molecular  
weights  of pro te ins  based  upon Stokes radi i  (Fig. 2). 

RESULTS 

The purif icat ion me thod  used in this  work is summar ized  in Scheme I and  
the course of the  purif icat ion of the  guinea pig lung conver t ing  enzyme is t a b u l a t e d  
in Table  I. I t  will be no ted  t ha t  the  sum of the  act ivi t ies  in F rac t ions  P2 and S 4 
exceeds by  a factor  of two the enzyme ac t iv i ty  measured  in the  original  hoinogenate.  
This  resul t  implies  t ha t  interfer ing substances  have been removed  dur ing the course 
of  purif ication.  This supposi t ion  is subs t an t i a t ed  by  the d a t a  presented  in Table  I I, 
which shows t ha t  a number  of enzymes t ha t  are expected  to affect the measurement  
of  conver t ing  enzyme,  including his t idyl leucine spl i t t ing  enzyme and angiotensinases,  
are present  in the  homogena te  bu t  are absent  in Sa. The his t idyl leucine sp l i t t ing  
ac t iv i ty  in the  homogena te  is comparab le  to the  conver t ing  enzyme ac t iv i ty .  

Tim s i tua t ion  with  porcine lung homogenate  is more extreme.  In this  case there 
is no measureable  p roduc t ion  of h is t idyl leucine  and a high level of his t idyl leucine 
sp l i t t ing  ac t iv i ty  is present .  The act ivi t ies  of the  o ther  enzymes are also much higher  
than  in guinea pig lung homogenate .  F rac t ion  S 4 produces his t idyl leucine from 
angiotensin I and  is near ly  free of the  o ther  enzyme activi t ies .  

TABLE 1 

PURIFICATION OK GU1NFA PIG LUNG CONVERTING ENZyIvIE 

Protein concentration was measured by the method of LowRY et al? 7. Enzyme activity was 
assayed with E~C-Leul°]-angiotensin I, o.i8 mM. Tissue homogenate was prepared from 15 g of 
wet tissue after perfused with saline solution. 

t:ractio~ Total Total Specific Purification Yield (%) 
protein activity activity (-fold) 
(rag) (nmoles /min ) 

Homogenate 3280 I52 0.046 I ioo 
S 0 2 8 0 0  142 o .o51  1.1 95 
~1 2030 I3,~ 0.068 1. 5 9I 
S 2 lO20 127 °-I25 2"7 84 
P2 * 95 ° 136 o. 143 3. i 89 
S a 145 75 0.520 i 1.3 50 
~-I 17 178 lO. 5 23 ° 117 

* The centrifuged pellet was resuspended in o.o 5 M sodium phosphate Imtter (pH 7.2). 
and was solubilized with diluted Triton X-Ioo (I :25 dilution). 
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T A B L E  I I  

M I N O R  E N Z Y M E  A C T I V I T I E S  F R O M  L U N G  C O N V E R T I N G  E N Z Y M E  P R E P A R A T I O N S  

Enzyme Substrate Substrate 
conch. 
(raM) 

Enzyme activity (units/rag protein) 

Guinea pig Hog 

Homogenate S, Homogenate S 4 

Conver t ing  enzyme  [14C-Leu1°]-angioten- 
sin I O.182 10. 5 3.8 o.o46 o.oo 

(o. I5)* (o.o4)* 
H i s - L e u  h y d r o l y z i n g  

enzyme  His  Ea4C]Leu 2 o.15 o 33.2 0.2 
Angio tens inase  [14C-I1e5 l - ang io tens in  

I I  0.04 O.Ol 5 o 0.053 o 
Aminopept idase** Asp- f l -naph thy lamide  0.46 o.oi  o 0.035 o 
Carboxypept idase*** H i p p u r y l p h e n y l a l a n i n e  1.2 0.005 o.152 o 

* These va lues  were der ived  f rom the  S 4 and  P2 fract ions.  
** A m i n o p e p t i d a s e  ac t iv i t i e s  were measured  by  s pe c t ropho t ome t r i c  a s say  a t  Aa40 nm {ref. 18). 

*** Ca rboxypep t i da s e  ac t iv i t i e s  were a s sayed  by  AA25 ~ nm for h ippur i c  acid. 

The lung converting enzyme preparations, $4, from both animals showed the 
general characteristics found for plasma converting enzyme; i.e., C1- is required, 
there is a broad pH opt imum between 7.2 and 7.8 and the enzyme is completely 
inhibited by sodium EDTA (1.2 mM for 15 min prior to incubation with substrate). 

In all cases the reaction rate was constant over the incubation period of 12o rain 
at 37 °. We could not measure initial velocities in the determination of Km, since 
accurate measurement of radioactive histidylleucine required considerable hydrolysis. 
In the present study the reactions proceeded 15 40% and the Kra values were de- 
termined by using the average velocities ~ = J Sit and the arithmetic mean substrate 
concentrations, S ~ S o - A  S/2 in place of initial velocities and the initial substrate 
concentrations (Fig. 3). The use of average values allows the Lineweaver-Burk plot 
(and related plots) to be used when as much as 50% of the substrate has been 

T A B L E  I I [  

C H A R A C T E R I S T I C S  OF ANGIOTENSIN-CONVERTING ENZYME 

I un i t  of m a x i m u m  enzyme  a c t i v i t y  expresses  nmoles /min  per  ml of  p l a s m a  or per  g wet  t issue. 

A ngiotensin-converting K m Maximum 
enzyme of (ItM) enzyme 

activity 
(units) 

Guinea  p ig  
p l a s m a  48.0 9.5 
lung  20. 4 approx.  3 o*" 

Porcine  
p l a s m a  42.0 9.0 
lung 26.0 approx.  IO** 

H u m a n  
p l a s m a  45.0 8.3 

S20,w* t½ 
(sucrose (rain) 

gradient) 

8.2 3.5 
8. 3 

8.3 3-3 
8 . 2  

8.2 7.0 

* The cor responding  molecular  we igh t  is a b o u t  15o ooo based on s~o.w = 8.2 S. 
"* M a x i m u m  enzyme  ac t iv i t i e s  of lung  t i ssue  level  were e s t ima ted  from enzyme prepara-  

t ions  S 4 and P2. 

Biochim. Biophys. Acta, 25 ° (1971) 549-557 



554 ]t.-j.  Lt~E et al. 

utilized~L The Km values are given in Table  I I I .  The enzyme from the three different 
p lasmas  have the same Km and the two enzymes from lung have  the same Kin. The 
lung enzymes have a s l ight ly  lower Km than  ti le p l a sma  enzymes.  

Values of the tissue concent ra t ions  of conver t ing  enzyme are also given. 
Es t ima tes  for lung are compl ica ted  b y  the presence of large amounts  of interefer ing 
substances.  Reasonable  es t imates  can be made  because the  s teps leading to S 4 do 
not  involve large losses of enzyme.  

The s~0,v, values of all t i le conver t ing  enzymes are abou t  the same, 8.2 S 
(Table III). This sed imenta t ion  coefficient corresponds to a molecular  weight  of 
about  15o ooo. Ano the r  measure  of the molecular  weight was ob ta ined  b y  gel fil- 
t r a t ion  and yie lded a value of about  145 ooo (Figs. i and  2) in confi rmat ion of the  
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Fig. [. Purification of guinea pig lung converting enzyme by gel filtration with Sephadex G-I5 o. 
The gel-filtration experiment was performed using a 2.2 cm × 45 cm bed of Sephadex G-J5 o, 
4 ° 12o mesh, with o.o 5 M sodium phosphate buffer (pH 7.4) containing o.o5 M NaC1 as the eluent. 
The flow rate was 3o ml/h. Enzyme activities were measured by the radioactivity assay using 
[Asp~,~4C-Leu~°]-angiotensin 1 for the converting enzyme (&---&) and histidyl?4C]leucine for the 
histidylleucine-cleaving enzyme (×---;/,, ). Protein concentration was estimated from the absor- 
bance at 28o nm (() (~). 

value ob ta ined  b y  sucrose-gradient  sedimenta t ion .  I f  the conver t ing  enzyme were 
not  a g lobular  prote in  i t  would appea r  " l ighter"  by  sed imenta t ion  and "heavier"  by  
gel f i l trat ion.  Since the same values  were ob ta ined  by  bo th  methods  we can conclude 
tha t  the molecular  weight  is a p p r o x i m a t e l y  r ight  and  tha t  the  conver t ing  enzyme is 
a g lobular  protein.  

His t idyl leuc ine  sp l i t t ing  ac t iv i t y :  In  cont ras t  to plasma,  the lung, especial ly 
hog lung, conta ins  a re la t ive ly  large amoun t  of h is t idyl leucine  hydro lyz ing  ac t iv i ty .  
This  enzyme was ob ta ined  in a pa r t i a l l y  purified form with a specific ac t iv i ty  of  1.6 
/~moles/min per  mg of protein  by  (NH4)2SO 4 f rac t ionat ion  between 1.6 and 2.2 M 
and by  Sephadex  G-I50 gel f i l t ra t ion (Fig. I).  The m a x i m u m  rate  of h is t idyl leucine  
hydro lyz ing  ac t iv i ty  was about  2/~moles/min per g wet tissue. There is a t  least  Ioo  
t imes as much his t idyl leucine hydro lyz ing  ac t iv i ty  in porcine lung homogena tes  as 
there  is conver t ing  enzyme ac t iv i ty  (Table II) .  However ,  guinea pig lung homo- 
genates  conta ined  only about  as much tfist idylleucine hydro lyz ing  ac t iv i ty  as 
angio tens in-conver t ing  enzyme ac t iv i ty .  

The molecular  weight  of the  h is t idyl leuc ine-spl i t t ing  enzyme from porcine 
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Fig. 2. Molecular  weight  de t e rmina t ion  by  gel f i l trat ion on Sephadex  G-I5O. The  gel-fi l tration 
e x p e r i m e n t  was pe r fo rmed  as in Fig. I. The  conver t ing  e n z y m e  and  h is t idyl leucine-c leaving  en- 
zyme  act iv i t ies  were m e a s u r e d  by  the  rad ioac t iv i ty  assay.  Bovine  liver ca ta lase  (mol.wt.  2475oo ) 
a n d  E. coli alkal ine p h o s p h a t a s e  (mol.wt,  9o ooo) were a s sayed  by  spec t ropho tomet r i c  m e t h o d s  
us ing  H~Oz and  p - n i t r o p h e n y l  p h o s p h a t e  as the  subs t ra tes ,  respect ively.  Cy toch rome  c (mol.wt.  
125oo ) was m e a s u r e d  by  i ts  abso rbance  a t  35 ° n m .  

lung was est imated to be about  80 ooo based on the corrected S2o,w value of  5.3 S 
and the relative elution volume from gel filtration (Fig. 2). The Kra value o.2 mM 
for histidylleucine was calculated as for the convert ing enzyme. We have not investi- 
gated the specificity of this peptidase which will probably require further purification, 
but  specificity is not  a requirement for this enzyme to function as a catalyst  for the 
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Fig. 3 -Modif ied  L i n e w e a v e r - B u r k  plots  for gu inea  pig p l a sma  and  lung  conver t ing  enzyme.  
[Aspl,I leS,l*C-Leul°]-angiotensin I, o .46-4.16 nmoles ,  was i ncuba t ed  a t  37 ° wi th  o.5/*g of  the  
par t ia l ly  purif ied gu inea  pig  p l a sma  (0)  and  lung  (O) in 5 ° / A  of  o.o 5 M sod ium p h o s p h a t e  buffer  
(pH 7.4) con ta in ing  6.2 Fmoles  of  NaC1. g is t he  ave rage  va lue  of  the  subs t r a t e  concen t ra t ion  dur-  
ing  t he  i ncuba t ion  period and  ~ is t he  average  veloci ty  for t he  release of  h is t idyl leucine  f rom the  
subs t r a t e  zl. 
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hydrolyzing of histidylleucine. The pH opt imum of this enzyme is about 6.4, and 
there is no requirement for C1 . The activity of this porcine lung enzyme was inhibited 
completely by sodium EDTA and i, io-phenanthroline, o.5 mM. This enzyme does 
not split the histidylleucine peptide bond (or any bond) in angiotensin I. 

D I S C U S S I O N  

The identification of the lung as the pr imary site for the hydrolysis of angio- 
tensin I to angiotensin I I  raises questions concerning the localization of the enzyme, 
its relationship to the plasma enzyme, the reaction carried out by the enzyme and 
whether it requires physiological activation. 

Our work indicates quite clearly that  the lung enzyme is a converting enzyme 
that  cleaves off histidylleucine. However, this reaction can be obscured by large 
amounts of histidylleucine splitting activity in lung. This latter enzyme may serve 
the function of splitting histidylleucine and returning the amino acids to their blood 
pools. 

The lung and blood converting enzymes have the same molecular weights but 
slightly different Km values. They seem to be very similar enzymes. However, enzyme 
in Pellet P2 that  was solubilized with Triton X-Ioo sedimented rather more slowly, 
S2o,w - -  5.9 S. The sedimentation coefficient of S 4 enzyme was not affected by Triton. 
The pellet enzyme will be examined more thoroughly. 

I t  is generally assumed that  the lung converting enzyme is localized in the 
walls of the blood vessels so as to be readily available to act on angiotensin I during 
the few seconds that  are required for blood to pass through the lungs. 

Measurements indicate that  over 7o°.o of angiotensin I is converted to angio- 
tensin I I  in a single passage through dog lung x a. Do we recover enough enzyme 
activity to account for the above observation, assuming the same phenomenon in 
hog and guinea pig? Let us calculate the half-time for the hydrolysis of angiotensin I 
and also the transit time of blood through the lung, i0. The half time is independent 
of the concentration when ~S] % Km and is given by 

0 . 6 9  A'm 0 . 6 9  K m  
t a / 2  . . . . . . .  (/5 

where V' is the maximum velocity per g of tissue (3 ° nmoles/min per g), w is the 
weight of guinea pig lung (3 g) and q) is the volume of the blood vessels whose walls 
contain the enzyme. The transit time is given by 

q~ 
t o --- 

Y 

where r is the blood flow rate through the lung (about 6o ml/min in the guinea pig). 
Thus 

II/2 o . 6 9  l '[m 
r 9 -4  

t o V'vo 

Our calculation indicates that  only a few percent of angiotensin I would be converted 
to angiotensin I I  in a single passage of the blood through the guinea pig lung. What  
is wrong? Perhaps we have "damaged" the enzyme in the extraction process. Or 
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perhaps we have isolated an inactive form of the enzyme which requires activation 
to achieve full catalytic potency. 

The enzyme from lung that goes into solution is apparently very similar to the 
plasma enzyme since the two have the same molecular weight and similar though 
different Km values. 

In partial agreement with BAKHLE AND REYNARD 22 and SANDER AND HUG- 
GINS 2̀3 who report that the enzyme from dog and rabbit lung are localized in insoluble 
particles that sediment at 78 ooo and 25 ooo × g, respectively, we find part of  the 
enzyme from guinea pig and hog lung is obtained as an insoluble pellet by centri- 
fugation at 8o ooo × g. This pellet was treated with Triton X-Ioo  to yield a soluble 
enzyme that sedimented more slowly than the plasma or soluble lung enzyme. 
Recently, YANG et al34 reported a dipeptide hydrolase (or kininase II) activity from 
swine plasma and kidney, and found that it had a converting enzyme-like activity 
which liberates histidylleucine and angiotensin II from the decapeptide, but its 
specificity is different from the converting enzyme. The nature of our particulate 
enzyme, P2, and its relationship to the other enzyme forms will be investigated 
further. 
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