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ABSTRACT

Angiotensin-converting enzyme from human lung was purified to apparent homogeneity using a five-step purification procedure
consisting of ammonium sulfate precipitation, ion-exchange chromatography on DEAE Sephadex A-50, gel permeation on Sephadex
G-200, chromatofocusing on a polybuffer exchange (PBE 94) column and high-performance liquid chromatographic gel permeation on
a Bio-Sil TSK-250 column. This procedure gave an = 700-fold purification with a 20% yield compared to a 550-fold purification and a
1% yield with an affinity chromatography-based procedure. The 20-fold greater yield of the five-step procedure offers a major ad-
vantage for preparative use in the structural characterization of angiotensin-converting enzyme.

INTRODUCTION role in cardiovascular homeostasis by catalyzing

the conversion of the decapeptide angiotensin I

Angiotensin-converting enzyme (ACE) (EN
3.4.15.1), peptidyl dipeptide hydrolase, is a high-
molecular-mass (x 150 kDa) glycosylated inte-
gral membrane protein located on the luminal
surface of the cell membrane. ACE plays a major
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to the octapeptide angiotensin II, a potent pres-
sor hormone [1], and the hydrolysis of bradyki-
nin, a vasodilator/natriuretic peptide which is al-
so a potent stimulator of vasodilator prostaglan-
din synthesis [2,3]. Site-directed inhibitors of
ACE are effective in the treatment of systemic
hypertension and congestive heart failure [4].
ACE is found in a large variety of cells, tissues
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and biological fluids, including plasma [1], semen
[5], proximal renal tubular cells [6], intestinal epi-
thelial cells [7], stimulated macrophages [§], brain
[9], testis [10], lung [11], vascular endothelium
[12], and the medial and adventitial layers of
blood vessel walls [13]. ACE associated with vas-
cular endothelium has received the most intensive
study both in vive and in vitro, in part because of
its contribution to the maintenance of blood
pressure in normal subjects and to the pathoge-
nesis of systemic hypertension in animal models
and man. Although ACE is an abundant mem-
brane protein, it has proven difficult to isolate
and purify.

The nucleotide sequence of ACE mRNA has
been determined by cloning the DNA comple-
mentary to human vascular endothelial cell and
mouse kidney ACE mRNA [14,15]. The amino
acid sequences deduced from these cDNAs reveal
a high degree (83%) of homology between the
human and murine enzymes. In both species, a
highly hydrophobic sequence was found near the
carboxyl terminus of the molecule, likely repre-
senting an anchor to the cell membrane. A high
degree of internal homology was found between
two large domains of the ACE molecule, each of
which contains a Zn?* binding region and a cata-
lytic site, suggesting that the ACE gene may rep-
resent the duplicated product of a precursor gene
[14,15]. Many important questions remain con-
cerning the expression of the ACE gene and the
posttranslational processing of this large (= 1300
residues) and complex protein. Further, detailed
structural characterization of ACE, including
crystallographic examination of the molecule and
mapping of the active site, has not yet been per-
formed due to the difficulty in purifying large
amounts of enzyme to homogeneity.

Most purification schemes for ACE in current
use employ affinity chromatography with lisino-
pril, N%[(S)-1-carboxy-3-phenylpropyl]-L-lysyl-
L-proline, a potent active site-directed ACE in-
hibitor, as the stationary ligand [16—18]. While
these procedures can be used to prepare highly
purified enzyme, their yields are low, and they are
not practical for preparative use. The affinity of
ACE for the Sepharose—spacer-lisinopril matrix
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(K; = 1-107° M) is weak compared to its affinity
for free lisinopril (K; = 1-107'° M), so the re-
covery of ACE from tissue extracts is low. Fur-
thermore, because of its large size, steric hin-
drance may greatly limit access of the enzyme to
the immobilized inhibitor in the affinity column.
Development of a ligand and spacer combination
with enhanced binding capacity for ACE puri-
fication [19] has not greatly enhanced the yield of
ACE from human lung in our laboratory. The
current study describes a novel method of puri-
fying ACE from human lung using a five-step pu-
rification procedure consisting of ammonium sul-
fate precipitation, ion-exchange chromatography
on DEAE Sephadex A-50, gel permeation on Se-
phadex G-200, chromatofocusing on a polybuff-
er exchange (PBE 94) column and high-perform-
ance liquid chromatographic (HPLC) gel per-
meation on a Bio-Sil TSK-250 column and com-
pares this method to an affinity chromatographic
procedure [19]. Both methods yielded a pure pro-
tein of molecular mass ~ 150 kDa and a specific
acitvity of ~40 U/mg; the yield from the five-step
purification procedure was 20-fold greater than
that from affinity chromatography. Thus, the
novel five-step chromatographic procedure is ad-
vantageous for preparative use in the structural
characterization of ACE.

EXPERIMENTAL

Materials

Sephadex A-50, Sephadex G-200 and polybulft-
er PBE 94 were obtained from Pharmacia LKB
Biotechnology (Piscataway, NJ, USA). All other
chemicals used were of analytical grade and were
obtained from Sigma (St. Louis, MO, USA). So-
dium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) molecular mass marker
kits were from Bio-Rad Labs. (Richmond, CA,
USA). Lisinopril was a gift from Merck Sharp
and Dohme Research Labs. HPLC experiments
were performed with a Beckman 165 system
(Model 165 variable-wavelength detector, oper-
ated at 280 nm; Model 112 solvent-delivery mod-
ule; Kipp and Zonen BD 41 recorder; Rheodyne
Model 340 injector). A Bio-Sil TSK-250 HPLC
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gel, 30 mm x 7.5 mm I.D. column (Bio-Rad
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ular mass markers were obtained from Bio-Rad

Sample preparation

ACE was purified from human lungs obtained
at the time of harvesting hearts and kidneys for
organ donation. Lungs were dissected free of ma-
jor blood vessels and airways, snap frozen in
liquid nitrogen and stored at —80°C until used.
The protocol was approved by the Institutional
Review Board for Human Use of the University
of Alabama at Birmingham.

All procedures except HPLC were performed

at 4°C. Frozen human lung tissue (200 g) was
homogenized in 0.2 M Tris, pH 7.8, 0.03 M KCl,
0.005 M MgCl, and 0.25 M sucrose at 1:5 (w/v).
The homogenate was stirred for 2 h and centri-
fuged at 700 g for 20 min. The supernatant was
saved and the pellet rehomogenized in the same
buffer by the same procedure. After centrifuga-
tion, the supernatants were combined. The com-
bined supernatant was adjusted to pH 5.0 with
glacial acetic acid and allowed to stir for 30 min,
then centrifuged at 15 000 g for 20 min. The su-

pernatant was discarded and the pellet resus-
pended in 0.01 A 4-(2-hydroxyethyl)-1- rnnprq_
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zineethanesulfonic a<:1d (HEPES), pH 7.5, 0.03
M KCI to which Nonidet P-40 was added to a
final concentration of 0.5% and stirred vigorous-
ly for 3 h.

Samples were then subjected to a five-step pu-
rification procedure consisting of ammonium sul-
fate precipitation, ion-exchange chromatography
on DEAE Sephadex A-50, gel permeation on Se-
phadex G-200, chromatofocusing a polybuifer
exchange (PBE 94) column and HPLC gel per-
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meation on a Bio-Sil TSK-250 column. The pro-

tein content of each column eluate was moni-
tored by measuring absorbance at 280 nm. ACE
catalytic activity was measured in each 10-ml
fraction by a modification of the spectrophoto-
metric method of Cushman and Cheung [20] with
hippuryl histidyl leucine (HHL) as substrate. The
reaction mixture (0.5 ml) contained 5 mA HHL.

One unit of enzyme activity was defined as the

65

amount of enzyme that hydrolyzed 1 pmol of

HHI. ner min at 37°C. Protein concentrations of
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each fraction were determined by the method of
Lowry et al. [21] with bovine serum albumin as
standard. At the end of each chromatographic
step, active fractions were pooled and concen-
trated in an Amicon cell with a YM30 mem-
brane.

Ammonium sulfate precipitation

Ammonium sulfate was added to a final con-
centration of 15.8 g per 100 ml (30% saturation),
the pH was adjusted to 7.5 with NH4OH, the

mixture was stirred for 30 min, then centrifuged

at 30 ﬂﬂO o for 30 min and the sunernatant was
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collected. Ammomum sulfate was added to a fi-
nal concentration of 21.12 g per 100 ml (70%
saturation), the pH was adjusted to 7.5 with
NH,OH as above and the mixture was stirred for
30 min. After centrifugation at 30 000 g for 30
min, the pellet was dispersed in 0.01 M HEPES,
pH 7.5, 0.03 M KCI and 20 mM 3-[(3-cholami-
dopropyl)-dimethylammonio}-1-propanesulfo-

nate (CHAPS). The suspension was stirred for 30
min and centrifuged at 30 000 g for 10 min and
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changes of 1 1 each of the buffer.

{on-exchange chromatography

The dialyzed ammonium sulfate fraction (200
ml) was applied at a flow-rate of 1.0 ml/min to a
column of DEAE Sephadex A-50 (290 mm x 40
mm L.D.) which had been equilibrated with 20
mM Tris, pH 7.2, 20 mM NaCl, containing 100
uM pepstatin, 20 mM CHAPS and 0.1 mM
phenylmethylsulfonyl fluoride (PMSF). The col-
umn was washed with 5 voiumes of buffer untii
the absorbance at 280 nm of the effluent was <

N1a fo Blatian uw carriad th Linenr
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gradient (total volume 3 1) between 20 and 600
mM NaCl in the above buffer. Fractions were
assayed for ACE catalytic activity. ACE catalytic
activity emerged as a single symmetical peak at

=200 mAM NaClL

Gel permeation chromatography
The DEAE fraction was subjected to gel per-
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meation through a column (500 mm x 25 mm
I.D.) of Sephadex (G-200 equilibrated and devel-
oped with 20 mAM Tris—HCI, 20 mM CHAPS, pH
7.3, 200 mM NaCl, | mM pepstatin, 0.1 mM
PMSF at a flow-rate of 30 ml/h. Fractions (5 ml)
were collected and assayed for ACE activity as
previously described.

Chromatofocusing

A polybuffer exchange column PBE 94 (200
mm X 15mm [.D.) was equilibrated with 25 mM
bis-Tris buffer, pH 6.5 (adjusted with HCl), 20
mM CHAPS. Concentrated samples from the
two peaks of catalytic activity from the gel per-
meation column were applied to the column indi-
vidually. Elution was accomplished with a loaded
polybuffer solution (10 ml of polybuffer 74 plus
100 ml of distilled water adjusted to pH 3.5 with
HC).

HPLC gel permeation chromatography

The concentrated sample from the chromato-
focusing step was applied to the HPLC column
and was eluted with the same buffer at a flow-rate
of 0.6 ml/min. The column was run at ambient
temperature (25°C). Catalytic activity appeared
in two peaks at apparent M, values of 300 and
150 kDa. Gel permeation chromatography on a
Bio-Sil TSK-250 gel permeation column was also
used to estimate the purity of our ACE prepara-
tion. The gel permeation column (300 mm x 7.5
mm 1.D.) (Bioanalytical Systems) was equilibrat-
ed in 0.041 M Na;HPOQOy, 0.019 M NaH,PO,, 0.2
M NadCl, 20 mM CHAPS, pH 7.2 and calibrated
with molecular mass markers, including: thyro-
globulin (bovine), M, 670 000; y-globulin (bo-
vin), M, 158 000; ovalbumin (chicken), M,
45 000; myoglobulin (equine), M, 17 000; and vi-
tamin B,., M, 1350 (Bio-Rad). Purified ACE and
the molecular mass markers were injected into
the HPLC gel permeation column, eluted at dif-
ferent flow-rates (U) and theoretical plate heights
(H) of ACE and the standard proteins were mea-
sured [22]. By studying the retention and band
broadening of proteins on the TSK column, dif-
fusion coefficients (D,) of solute in stationary
phase were obtained which elucidate the hydro-
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dynamic process of chromatographic resolution
of proteins by hydrophilic size-exclusion chroma-
tography. After calculating the correlation be-
tween D, and the molecular mass of the solute,
the molecular dimensions of proteins in the
process of chromatographic separation can be
predicted. Deviations in diffusion coefficient of a
protein from the calculated value reflect differ-
ences of measured molecular dimensions from
molecular volumes predicted from the calibra-
tion curve of the gel permeation column. Devia-
tions from 21d, (where d, is the particle diameter
and 2 the tortuosity of the packing material, is
~ 1, as the microspheres are porous) in the in-
tercept of the theoretical plate height (H) versus
flow-rate (U) curve from the band broadening
equation H = CU+24d,+ flam)r (where C,U
represents mass transfer resistance caused by sol-
ute diffusion in the stationary phase and f(oum)r an
added term for polydisperse solutes [23]) reflect
impurities in the proteins. Using the band broad-
ening equation [23], the intercepts of the H-U
curve were determined and the purity of the ACE
samples was evaluated from the values of the in-
tercepts.

SDS-PAGE

Pooled fractions of the two peaks eluted from
the HPLC column that contained ACE catalytic
activity were concentrated using Amicon cells
with a YM-30 membrane treated with SDS and
2-mercaptoethanol, and analyzed by 7% SDS-
PAGE using the stacking method of Laemmli
[24]. Protein was detected with a silver stain [25].

Western blots

Proteins were separated on SDS-PAGE as de-
scribed above. Gels were fixed in a solution of 0.1
M Tris-HC], 0.2 M glycine, 20% methanol, pH
7.8. Blotting of protein on nitrocellulose was per-
formed electrophoretically by immersing the as-
sembly of gel and paper in a buffer containing
0.02 M Tris-HCl, 0.2 M glycine, 20% methanol,
pH 8.3 (buffer 1). The nitrocellulose was washed
three times for | min in 0.15 M NaCl, 0.01 M
Tris—HCI, pH 7.5 (buffer 2) and then incubated
with 25 ml of 0.05 M Tris—Base, 0.005 M EDTA,
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0.15 M Na(l, 0.0035 M SDS, 2.5% gelatin, 0.5%
Triton X-100 and 5% dried milk, pH 7.5 (buffer
3) at room temperature for 1.5 h. The membrane
was immersed in 50 ml of fresh buffer 3 contain-
ing 0.25 ml (1%, w/v) of anti-ACE serum (poly-
clonal antibody from rabbit) and mixed by con-
tinuous rocking at 4°C overnight. After rinsing,
the membrane was immersed in 25 ml of buffer 3
minus dried milk containing 25 ul of anti-rabbit
1g( alkaline phosphatase conjugate and shaken
for 1 h at room temperature. The washed mem-
brane was soaked in 20 ml of buffer (100 mM
Tris-HCI, pH 9.5, 100 mM NaCl, 5 mM MgCl,),
132 ul of a solution containing nitro blue tetrazo-
lium (50 mg/ml) in 70% dimethylformamide and
66 ul of a solution containing nitro blue tetrazoli-
um (50 mg/ml) 100% dimethylformamide were
added and shaken at 37°C in the dark, as de-
scribed by McGadey [26] and Blake er al. [27).
When the color of the bands was developed to the
desired intensity, the reaction was stopped by
rinsing the mebrane with several changes of
deionized water.

Affinity chromatography

Preparation of affinity resin. Epoxy-activated
Sepharose 6B (Pharmacia) gel was prepared by
coupling 6-[N-(aminobenzoylamino)jcaproic
acid, as described by Pantoliano ez al. [19]. The
resulting gel was activated to form the
N-hydroxysuccinimide ester as outlined by Cua-
trecasas and Parikh [28], which was then sus-
pended in dimethylformamide. To this gel slurry,
solid N-hydroxysuccinimide (0.5 M) and diiso-
propylcarbodiimide (0.5 M) were added, and the
mixture was stirred in a sealed system for 70 min.
Sepharose-28 (nm)-lisinopril was prepared by re-
acting 25 mAM lisinopril with gel in 0.1 M
Na,CO3, pH 10, at 4°C overnight,

Sample preparation and affinity chromatogra-
phy. A 200-g amount of human lung was dissect-
ed, homogenized and subjected to detergent ex-
traction as described above. After membrane sol-
ubilization by addition of Nonidet P-40, the sam-
ple was centrifuged at 250 000 g for 2 h. The su-
pernatant was then dissolved in 20 mA/ HEPES,
0.3 M NaCl, 1 mM Zn(C,H303),, 20 mM
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CHAPS, pH 7.5 at room temperature and was
applied at 0.4 ml/mintoa 35cm x 1.2 em LD.
column of Sepharose-28-lisinopril, previously
equilibrated with the buffer described above. The
column was washed with starting buffer until the
absorbance at 280 nm of the effluent was < 0.1
a.u.f.s. Bound ACE was then eluted with 50 mA
sodium borate, pH 9.5, 20 mM CHAPS and was
concentrated to 5-10 ml in an Amicon cell with a
YM-30 membrane.

Gel permeation. The sample was applied at 30
mi/htoa 88 cm x 2.6 cm 1.D. column of Ultro-
gel AcA-34 previously equilibrated with 0.02 M
potassium phosphate, pH 8.3, 0.1 M NacCl, 20
mM CHAPS, and eluted. The molecular mass of
the catalytically active fraction was determined
by HPLC and non-denaturing PAGE as previ-
ously described.

RESULTS

The results of purification of ACE from hu-
man lung by chromatography and gel permea-
tion HPCL are summarized in Table 1. After the
initial sample preparation and detergent solubil-
ization steps, the ammonium sulfate precipita-
tion steps proved very efficient in removing a
large amount of protein with little loss of ACE
activity. Ion-exchange chromatography with
DEAE Sephadex A-50 yielded a single activity-
containing peak eluting at approximately 200
mM NaCl. The eluate from the Sephadex G-200
gel permeation column contained two distinct
peaks of ACE activity (Fig. 1). Catalytic activity
appeared in two symmetrical peaks correspond-
ing to a trough in global protein at a V./Vo (Vo
= the column void volume; V. = elution volume
of the ACE sample) value of ~ 1.2 and 1.5. From
this point on in the isolation scheme, the two
peaks were kept separate. When these two peaks
were subjected to chromatofocusing individually,
a single peak containing ACE activity was ob-
served at pH 5.0 for both samples. These two
forms of ACE had apparent M, values of 300
kDa and 150 kDa, respectively, by HPLC gel
permeation and by non-denaturing PAGE. Anal-
ysis of the two forms of ACE by denaturing SDS-
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TABLE 1
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PURIFICATION OF ANGIOTENSIN-CONVERTING ENZYME FROM HUMAN LUNG BY CHROMATOGRAPHY AND

GEL PERMEATION HPLC

Step Protein Volume Total Specific  Total Purification Yield
concentration (ml) protein  activity  activity  (X-fold) (%)
(mg/ml) (mg) (U/mg) (1)
Detergent solubilization 40 250 10 000 0.06 600 l 100
Ammonium sulfate 29 147 4260 0.12 510 2 85
DEAE-AS0 27 45 1200 0.27 324 4.5 54
G-200 form | 48 4 190 0.86 163 143 27 a7
G-200 form 11 43 3 130 093 120 5.5 20
Chromatofocusing form I i1 1.6 176 9 158 150 26 44t
Chromatofocusing form II 8 14 154 7 108 117 18
HPLC form | 1.1 1.5 1.7 47 78 ELEI 3 "
HPLC form II 1.2 1.2 14 36 52 600} > 700 9 (%

“ Specific activity ratio.
b Total activity ratio.

PAGE revealed a single band of M, 150 kDa
(Fig. 2). A single band was found on Western
blot (Fig. 3). On HPL.C gel permeation chroma-
tography, the two forms of ACE had an intercept
on the H-U curve very close to 244, (Fig. 4}, in-
dicating a highly pure preparation. This purifica-
tion scheme gave a 700-fold purification of ACE,
with a yield of ~20% of the starting material and
a final specific activity of 36 U/mg (Table 1).
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FRACTION NUMBER

Fig. [. Sephadex G-200 chromatography. The ACE activity-con-
taining peak from the DEAE Sephadex A-50 column was chro-
matographed on a Sephadex G-200 column. The volume of each
fraction was S ml. Fractions 10-25 and 35-50, which contained
almost all of the ACE activity, were pooled and concentrated
separately in preparation for the chromatofocusing step. (O)
Protein absorbance (280 nm); (@) activity (U).

The results of purification of ACE from hu-
man lung by affinity chromatography are sum-
marized in Table I1. Enrichment of approximate-
ly 360-fold in the purity and specific acitvity of

Fig. 2. SDS-PAGE of purified angiotensin-converting enzyme.
Angiotensin-converting enzyme (2—4 pg) purified by the five-step
chromatographic method was subjected to gel electrophoresis on
7% SDS-PAGE. The 150-kDa form was run in the middle lane
(1) and the 300-kDa form in the right lane (2). Molecular mass
markers (left lane) were: myosin (M, = 200 000); f-galactosidase
(M, = 116 250); phosphorylase b (M = 97 400); serum albumin
(M, = 66 200); ovalbumin (M, = 45 000); carbonic anhydrase
(M, = 31 000).

il
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Fig. 3. Western Blot analysis of purified angiotensin-converting
enzyme. Left lane: angiotensin-converting enzyme (35 pg) puri-
fied by the five-step chromatographic method. This was a mix-
ture of the 300-kDa and 150-kDa forms. Right lane: angiotensin-
converting enzyme (3-5 ug) purified by Sepharose-28 (nm)-lisi-
nopril affinity chromatography.

ACE was achieved by affinity chromatography
alone, but the yield was only ~ 1% of ACE in the
starting material (Table II). Analysis of the pro-
tein by silver-stained SDS-PAGE revealed two
bands of about equal intensity, one traveling at
M, 150 kDa and the second traveling at M, 70
kDa (not shown). The second band contained no
catalytic activity, suggesting that it represented a
contaminant from the affinity matrix. When elu-
ate from the affinity column was subjected to gel
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Fig. 4. H-U dependence of proteins on TSK-250 gel. Eluent:
0.041 M Na,HPO,, 0.019 M NaH,PO, and 0.15 M Na,SO, (pH
6.8). Key to symbols: O = y-globulin; @ = ovalbumin; A =
myoglobin; A = vitamin B,,; [J = thyroglobulin; x = angio-
tensin-converting enzyme [; B = angiotensin converting en-
zyme I1. The intercept of the H-U curve for angiotensin-convert-
ing enzyme was close to 0, indicating that the protein was pure.

permeation chromatography on ACA-34, a sin-
gle peak containing large amounts of ACE activ-
ity was eluted and appeared as a single band on
silver-stained SDS-PAGE (Fig. 5). This protein
had an M, of 300 kDa on gel permeation HPLC
and non-denatured SDS gel (not shown). A sin-
gle band was observed on Western blot (Fig. 3).

DISCUSSION
The advent of affinity isolation procedures uti-

lizing active site-directed ACE inhibitors coupled
to various supports with secondary chromatog-

TABLE 1I

PURIFICATION OF ANGIOTENSIN-CONVERTING ENZYME FROM HUMAN LUNG BY AFFINITY CHROMATOGRA-

PHY

Step Protein Volume Total Specific  Total Purification® Yield?
concentration (ml) protein  activity  activity  (X-fold) (%)
(mg/ml) (mg) Umgy U)

Detergent solubilization 6.5 1500 9750 0.08 780 1 100

Affinity chromatography 0.01 38 0.38 29 11 362 14

ACA-34 eluate 0.2 1 0.2 44 8.8 550 1.1

@ Specific activity.
b Total activity.
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Fig. 5. Angiotensin-converting enzyme (24 ug) purified by Se-
pharose-28 (nm)-lisinopril affinity chromatography subjected to
electrophoresis on 7% SDS-PAGE. The silver-stained band has
an estimated M of 150 kDa. Molecular mass markers were:
myosin (M, = 200 000); S-galactosidase (M, = 116 250); serum
albumin (M_ = 66 200); ovalbumin (M, = 45 000).

raphy permitted for the first time the isolation of
highly purified ACE of high specific activity. The
principal disadvantage of affinity isolation proce-
dures for ACE is low yields: the affinity methods
reported to date require 1 1 or more of resin to
purify 20 mg of enzyme. Although placing lisi-
nopril on linker arms of various lengths has been
used to improve the yield of ACE purified from
rabbit lung [19], the application of this procedure
to the purification of ACE from human lung in
the current study produced poor yields. A further
disadvantage of active site-directed affinity chro-
matography-based purification schemes is that
the ACE isolated by these techniques still has the
inhibitor used to remove the enzyme from the
affinity matrix bound to its active site, and thus
may have an altered conformation. For example,
crystals containing this ACE-inhibitor complex
may yield misleading information about the
three-dimensional structure of the enzyme.

The five-step purification procedure described
in the current paper gave a 20-fold greater yield
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of human lung ACE than the affinity chromatog-
raphy-based procedure that was used for com-
parison. The purity and specific activity profiles
of proteins obtained by both procedures were
comparable. Thus, the five-step chromatographic
procedure has major advantages for preparative
applications. OQur procedure differs in a number
of important respects from the only HPLC-based
purification scheme for human lung ACE previ-
ously reported [29]. The latter procedure em-
ployed a combination of detergent extraction
with Nonidet P-40 and incubation with trypsin to
free ACE from the membrane, followed by hy-
droxyapatite fractionation and HPLC on Super-
ose 12 and Mono Q. Our yield from the Nonidet
P-40 step was 5-fold greater than that of Ta-
keuchi et al. [29]. Furthermore, the rationale for
use of both trypsin digestion and detergent ex-
traction in the same purification scheme is elu-
sive: inadequate explanation was given for use of
trypsin and for the observed effects of trypsin on
the Superose 12 gel permeation profile of ACE
activity. In the purification scheme of Takeuchi
et al. [29], a large amount (30 mg) of protein elut-
ed from the hydroxyapatite column was loaded
directly onto the Superose 12 HPLC column.
These loading conditions would likely either pro-
duce very poor separation of proteins or would
damage the column. Finally, the specific activity
of their ACE preparation (105 U/mg) was more
than twice that reported by other groups, includ-
ing our own.

In the current study, the five-step purification
procedure yielded ~3 mg of pure human lung
ACE from 200 g of starting material. This in-
cluded 1.7 mg of high-molecular-mass (300 kDa)
material (form I), specific activity 47 U/mg, and
1.4 mg of lower-molecular-mass (150 kDa) mate-
rial (form II), specific activity 36 U/mg. When
both form I and form II were subjected to PAGE
under denaturing conditions (SDS), only one sil-
ver-stained band appeared at 150 kDa, indicating
that form I was a dimer of ACE. The 150-kDa
monomer was pure by criteria of SDS-PAGE
and gel permeation chromatography on HPLC
and appeared similar to published descriptions of
ACE purified by affinity chromatographic tech-
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niques [16-19]. The five-step chromatographic
procedure is suitable for use with large amounts
of starting material for the preparative-scale pu-
rification of ACE.
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