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ABSTRACT: The isolation, in stable and pure form, of a family
of potent hypertensive, renin-like enzymes from the sub-
maxillary gland of adult male mice is reported. The enzymes
are chromatographically and electrophoretically distinct,
but are antigenically related. The chemical and physical
properties of two of the enzymes, salivary renins A and C,
have been examined. Molecular weight values of 43,000 and
36,000-37,000 were obtained by gel filtration and by equilib-
rium sedimentation, respectively. The two enzymes differ

’I:le morphological appearance and biochemical com-
position of the submaxillary glands of the mouse depend
to a great extent on the hormonal status of the animal
(Sreebny and Meyer, 1964). The administration of testosterone
to female mice induces both tubular cell growth in the sub-
maxillary gland and a marked increase in the levels of a
number of specific proteolytic enzymes and hormone-like
proteins. These include a hypertensive renin-like enzyme
(Werle et al., 1957, 1968; Bing and Farup, 1965; Oliver and
Gross, 1967 ; Chiang er a/, 1968 ; Takeda et al., 1969), arginine
esterases (Angeletti er al., 1967), the nerve growth factor
(Cohen, 1960), and the epidermal growth factor (Cohen, 1962).
It has been suggested that the growth factors present in the
gland may originate by specific proteolytic cleavages of larger
precursor molecules (Taylor ez al., 1970).

In this paper we are reporting the isolation and character-
ization of a family of renin-like enzymes from the submaxillary
gland of the adult male mouse. Although the marked hyper-
tensive properties of renin and renin-like enzymes (due to the
enzymatic formation of angiotensin) have been known for
many years, renin has not yet been obtained in a stable pure
form (Lee, 1969). Our purpose was to define biochemically
the very potent hypertensive activity present in the salivary
gland, thus permitting further enzymological, immunological,
and physiological studies. In addition, these studies may help
in the understanding of the interrelationships of the various
hormone-like peptides and specific proteolytic enzymes in-
duced by testosterone in the salivary gland.

Experimental Section

Materials and Methods. Renin activity was assayed with
the fluorogenic renin substrate (benzyloxycarbonyl-Pro-Phe-
His-Leu-Leu-Val-Tyr-Ser-3-naphthylamine) of Reinharz and
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in their isoelectric points; values of 5.4 and 5.6 for renins
A and C, respectively, were obtained by isoelectric focusing.
The amino acid compositions of the two enzymes were very
similar. Positive periodate-Schiff tests indicate both are
glycoproteins. Both salivary renins react with synthetic renin
substrates to yield the expected products, and with whole
plasma renin substrate to yield angiotensin-like pressor
material. Both have direct and sustained pressor effects in
vivo. Renin A has been obtained in crystalline form.

Roth (1969). The procedure measures the extent of cleavage
of the Leu-Leu bond in terms of the quantity of 3-naphthyl-
amine liberated by subsequent digestion with aminopeptidase
M. The assay mixture contained 0.05 M pyrophosphate buffer
(pH 6.2), 0.1 mm zinc acetate, 150 ug of bovine albumin
(Sigma, type F), 10 ug of substrate in 20 ul of dimethylforma-
mide, and 0.1-1.0 ug of the renin preparation in a final volume
of 250 ul. A blank without renin was run in each series of as-
says. The mixture was incubated for 1 hr at 37°, and the re-
action terminated by heating the mixture for 5 min at 100°.
After cooling, 10 ul of 2 M Tris-Cl buffer (pH 8.6) and 100 ug
of aminopeptidase M (10 EU) were added. The final mixture
(pH 7.75) was further incubated for 2 hr at 37° and the amount
of free B-naphthylamine liberated from the substrate was
measured by fluorometry as described by Reinharz and Roth
(1969). All estimations were carried out in the range in which
the amount of renin present was directly proportional to the
quantity of B-naphthylamine liberated. Aminopeptidase M
was obtained from Carl Roth Co., Karlsruhe, West Germany.
The fluorogenic renin substrate was very kindly provided by
Dr. M. Roth.

The enzymatic cleavage of the synthetic tetradecapeptide
renin substrate (Schwarz-Mann) by salivary gland renin was
examined in the following manner. The tetradecapeptide
(500 ug) was incubated with 70 ug of the renin preparations
for 4 hr at 37°. The incubation was carried out in 0.1 M sodium
pyrophosphate-HCI buffer (pH 6.8) in a final volume of 250
pl. The reaction was terminated by the'addition of 2 ul of
glacial acetic acid. Thin-layer chromatography was per-
formed on microcrystalline cellulose sheets obtained from
Eastman-Kodak. Peptides were detected with the Pauly
reagent.

For extinction coefficient determinations, measurements of
protein concentrations were performed with the Spinco
Model E analytical ultracentrifuge equipped with a Rayleigh
interference optical system, in a synthetic boundary cell at
20° according to the conditions described by Chervenka
(1969). Renin was dissolved in 0.1 M sodium acetate (pH 5.60).
A value of 4.1 fringes/mg per m! was used as the average re-
fractive increment for a typical protein solution (Babul and
Stellwagen, 1969). Optical densities were measured at 280
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nm with a Beckman DU spectrophotometer in 0.1 M sodium
acetate (pH 5.60), and in glass-distilled water, using a 1-cm
path-length cuvet. No differences in protein absorbance were
observed between the two solvents.

Sedimentation equilibrium studies were performed with
a Spinco Model E analytical ultracentrifuge equipped with a
split-beam photoelectric scanning system and a multiplex
accessory. Scans were made at 280 nm using the slow scan-
ning speed. Solutions of renin were exhaustively dialyzed
against 0.1 M sodium acetate (pH 5.60), and a 3-mm liquid
column of sample was layered over perfluorotributylamine
(FC 43, Minnesota Mining and Manufacturing Co.) in the
solution section of the cell with dialysate being added to the
solvent sector. Determinations were made at 20° with a rotor
velocity of 13,000 rpm for low-speed sedimentation equilib-
rium studies, and 32,000 rpm for high-speed (meniscus de-
pletion) studies. Runs were made for 24-36 hr before scan-
ning. Different protein solutions were examined over a 3-
to 5-fold concentration range.

The apparent weight-average molecular weights were
calculated from the sedimentation equilibrium data by the
equation

_ 2RT dlnec
(1 — tp)w? dr2

where ¢ is directly proportional to the recorder deflections
of the scanner. The terms of the equation are M, apparent
weight-average molecular weight; R, gas constant; 7, ab-
solute temperature, #, partial specific volume; p, solution
density ; w, angular velocity in radians per second; r, distance
in centimeter from the center of rotation; ¢, absolute protein
concentration at r. Base-line absorption corrections were ob-
tained by the method described by Chervenka (1969). The
partial specific volume was assumed to be 0.74 for both pro-
teins.

Sedimentation velocity studies were performed on a Spinco
Model E analytical ultracentrifuge equipped with a schlieren
optical system, using 12-mm double-sector cells with a syn-
thetic boundary centerpiece. Measurements were made at
20° with a rotor velocity of 56,000 rpm. Renin solutions were
in 0.1 M sodium acetate (pH 5.60). Observed sedimentation
velocity coefficients were corrected to standard conditions
(520,w)-

Gel filtration was performed at 4° by the upward-flow
technique using Sephadex G-100 (Pharmacia). The columns
were calibrated as described by Whitaker (1963). Ion-ex-
change chromatography was performed with DE-52-cellu-
lose and CM-52-cellulose (Whatman). All column eluates
were monitored by an ISCO uv flow monitor at 280 nm. Pro-
tein content was estimated by the procedure of Lowry er al.
(1951), using bovine serum albumin as a standard.

Protein solutions were concentrated by pressure ultra-
fitration using Amicon equipment. Buffer changes were made
by the addition of the appropriate buffer and reconcentration.

Polyacrylamide gel disc electrophoresis was performed as
described by Davis (1964), but with the omission of the stack-
ing gel, using prewashed gels according to the directions of
Mitchell (1967). Protein bands were stained with Amido
Black, and the procedure of Zacharius er al. (1969) was used
for the detection of glycoproteins.

Isoelectric focusing was performed at 5° on LKB equip-
ment according to the manufacturer’s directions in 1.2 9 am-
pholyte solutions. The pH was measured at 1-3° using a
Sargent-Welch pH meter (Model NX).

TABLE I: Recoveries of Renin-like Activity? during Purification.

Sp Act.
Total (umoles/
Total Act. hr per
Protein (umoles; mg of Yield
Preparation (mg) hr) Protein) (%)
Homogenate 5400 880 0.16 100
Ammonium sulfate 2600 900 0.35 102
Sephadex G-100 500 440 0.88 50
First CM-52 150 260 1.73 30
DE-52 65 180 2.77 20
Fraction A
Final CM-52 15 100 6.67 11
Fraction C
Final CM-52 3 18 6.00 2

¢ Assayed with the fluorogenic renin substrate of Reinharz
and Roth (1969), see Materials and Methods.

Amino acid analysis was done according to the method of
Spackman et al. (1958) on a Spinco Model 120C analyzer,
equipped with an Infotronics integrator.

Antiserum to the renin-like enzyme of fraction C was pre-
pared by injecting 0.5 mg of the preparation in Freund’s
complete adjuvant (Difco) into the footpads of a rabbit.
After 3 weeks the injection was repeated and the animals
were bled from the ear vein 1-2 weeks after the second injec-
tion.

Isolation of rhe Renin-like Enzymes. Adult male Swiss—
Webster mice weighing 40 g or more were Killed with chloro-
form. The submaxillary glands were excised and stored frozen
until a sufficient quantity had been accumulated. Approx-
imately 25-30 g wet weight of glands was obtained from 150
mice. The recovery of enzyme aciivity at each step of the iso-
lation procedure may be followed by referring to Table I.

EXTRACTION PROCEDURE. For each 25 g of frozen tissue
was added 100 ml of cold distilled water, and the mixture
was homogenized in a Waring Blendor for 3 min. The homog-
enate was centrifuged for 10 min at 3° and 16,000g. The super-
natant fluid was decanted and the residue was stirred with 90
ml of cold distilled water and recentrifuged. The combined
supernatants contained approximately 5 g of protein.

To nine volumes of extract was added one volume of a
stock streptomycin solution (1.46 g of streptomycin sulfate,
adjusted to pH 9.0, in a final volume of 20 ml). The final
pH of the mixture was between 6.8 and 7.1. The mixture
was allowed to stand at 2-5° overnight, centrifuged for 5
min, and the residue was discarded. Solid ammonium sulfate
was added to the supernatant liquid (56 g of ammonium sul-
fate/100 ml of supernatant) and, after solution, the mixture
was allowed to stand at 0° for 30 min. The precipitate was
then separated by centrifugation (as described above), and
the supernatant liquid was discarded. The residue was
suspended in 20 ml of water and dialyzed with stirring for
24 hr against five changes of 2-1. amounts of distilled water
at 2-5°. This dialyzed preparation contained 2.4-2.8 g of
protein in approximately 110 ml and over 95 of the initial
activity.

GEL FILTRATION ON SEPHADEX (G-100. The dialyzed prep-
aration was concentrated through a Diaflo membrane (UM-
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FIGURE 1: Gel filtration of submaxillary gland extract. Sample
volumes of 20 ml containing 1.2-1.4 g of protein were applied to a
Sephadex G-100 column (5.0 X 90 ¢m) and eluted with 0.01 M
sodium acetate (pH 5.9) buffer containing 0.1 M NaCl. The flow rate
was 2.0 ml/em? per hr and 10-ml fractions were collected.

10) to a final volume of 40 ml, and was centrifuged at 20,000g
for 3 hr. The supernatant was divided into two equal portions
(1.2-1.4 g of protein) and was applied, in separate experi-
ments, to a Sephadex G-100 column and eluted as described
in the legend to Figure 1. Using the fluorogenic substrate
method of Reinharz and Roth (1969), the major peak of renin-
like activity was found in the fraction shown between the
arrows (Figure 1). This fraction, containing approximately
50% of the applied activity, was taken for further purifica-
tion. The remaining tubes, having relatively small amounts
of renin-like activity, were not examined further. They may
represent other forms of renin, or may be artifacts due to the
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FIGURE 2: Chromatographic elution pattern of the DE-52-treated
Sephadex peak on CM-52-cellulose. The sample was applied to a
column (1.5 X 15 ¢cm) of CM-52-cellulose and eluted with a salt
gradient (see text for details). The flow rate was 0.2 ml/min, and
approximately 6-ml fractions were collected.

4288 BIOCHEMISTRY, voL. 11, No. 23, 1972

COHEN et al.

P——BUFFER————*—-———-*—-— NaCl GRADIENT.
P
[
S ra20o
P
&
o
| ! t 1
! \ £
,."-,‘ : ! F150 €
;oA : ! Q
i | ) 1 D
! ' ' ~N
a 1 ‘. 1
P P 5
[ $ 4 F100 1
' ; A .” | "z’
! 4 /o ! \ <
! | [ i b Q
' ) ;o ’ p 5
4 by et LY A ‘\A +0.50 g
:' w & K- SINPNSE g .‘A pet
| “sa. Y A,
/ ol Al
-4 T - r : T T I o
0 5 10 15 20 25 30 35
FRACTION NO.

FIGURE 3: Chromatographic elution pattern of the CM-52-cellulose
fraction (Figure 2) on DE-52-cellulose. The sample was applied to
a column (1.5 X 15 cm) of DE-52-cellulose and eluted with a salt
gradient (see text for details). The flow rate was 0.2 ml/min and
approximately 6-ml fractions were collected.

detection of non-renin-like enzymatic activity by the assay
method employed.

TION-EXCHANGE CHROMATOGRAPHY OF THE G-100 PEAK. The
pooled fraction was concentrated in a Diaflo ultrafiltration
cell to approximately 20 ml. The pH of this material was
lowered to 4.5 by ultrafiltration with 0.1 M acetate buffer
(pH 4.5), followed by 0.01 M buffer. The sample was then re-
concentrated to 20 ml and centrifuged at 2500 rpm for 10
min. The supernatant (400-500 mg of protein) was applied
to a small column (1.5 X 10 cm) of DE-52-cellulose equili-
brated with 0.01 M sodium acetate (pH 4.5), and eluted with
the same buffer. Under these conditions some protein (about
309) but very litile of the renin-like activity was adsorbed
to the cellulose. The pH of the eluate (containing 300-350
mg of protein and most of the renin-like activity) was ad-
justed to pH 5.4 with 0.05 M sodium acetate by ultrafiltration
and was concentrated to approximately 15 mil. (Recovery of
renin at this step is not shown in Table I.)

The sample was applied to a column of CM-52-cellulose
equilibrated with 0.05 M sodium acetate buffer (pH 5.4) and
eluted with the same buffer. More than 80 per cent of the ap-
plied activity remained adsorbed and was subsequently eluted
with a sodium chloride gradient. The salt gradient was pre-
pared by allowing 0.05 M sodium acetate buffer (pH 5.4),
containing 0.15 M NaCl to flow into a 125-ml constant-
volume mixing chamber filled with the sodium chloride free
buffer. The protein remaining on the column was eluted with
2 M NaCl. A typical elution pattern is shown in Figure 2.
The multiple-peaked fractions between the arrows, con-
taining 130-180 mg of protein and approximately 80%; of the
applied activity, were pooled.

This material was concentrated to approximately 15 ml
in an ultrafiltration cell, adjusted to pH 7.5 with 0.02 M Tris-
HCI buffer, and reconcentrated to 15 ml. The sample was
then applied to a column of DE-52-cellulose equilibrated
with 0.02 m Tris-HCl buffer (pH 7.5) and eluted with the
same buffer, All of the renin-like activity remained adsorbed,
and was then eluted with a 0-0.3 M sodium chloride gradient
prepared as described above. The result is shown in Figure 3.
The peak between the arrows contained 60-75 mg of protein
and essentially all of the applied activity.

This material was concentrated to 10 ml in an ultrafiltra-
tion cell, adjusted to pH 5.4 with 0.05 M acetate buffer (pH
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FIGURE 4: Chromatographic elution pattern of the DE-52-cellulose
fraction (Figure 3) on CM-52-cellulose. See text and Figure 2 for
procedure.

5.4) and reconcentrated to 15 ml. The sample was again ap-
plied to a CM-52 column, and the activity eluted with a so-
dium chloride gradient prepared as described with the first
CM-52 column. A typical elution profile is shown in Figure 4.
All of the observed peaks detectable by their absorbance
at 280 nm were enzymatically active; the specific activities
of all the fractions were almost identical, suggesting the exis-
tence of a family of renin-like enzymes.

Gel Electrophoresis of Isolated Fractions. Samples contain-
ing approximately 40 ug of protein obtained from individual
tubes or pooled tubes shown in Figure 4 were examined by
polyacrylamide gel disc electrophoresis. Tubes in fractions
A, C, D, and E (Figure 4) each contained only one electro-
phoretically detectable band, with different distances of mi-
gration. Tubes from fraction B contained a mixture with one
band clearly different from any of the others detected. Typical
electrophoretic results are shown in Figure 5. Thus both chro-
matographically and electrophoretically we have been able

FIGURE 5: Disc gel electrophoresis of renin-containing fractions
A-E (Figure 4). The pH of the resolving gel was pH 9.5. The cathode
was at the top of the column.

FIGURE 6: Immunodiffusion pattern of renin-containing fractions
A-E (Figure 4). The center well contained antiserum to renin C.
The outside wells contained the renin fractions A, B, C, D, and E,
respectively, at concentrations of 0.4-0.5 mg/ml.

to separate four renin-like enzymes, with one form predom-
inating. The evidence suggests a fifth minor form appearing
as a shoulder of the main first peak (fraction B, Figure 4).

Immunological Studies. Rabbit antiserum was prepared
against the pooled enzyme contained in fraction C (Figure
4). By means of immunodiffusion in agarose gels, the reac-
tion of the antiserum to each of the fractions (A, B, C, D, and
E) was examined. The result is shown in Figure 6. The pre-
cipitin bands of all of the fractions examined form a line of
identity indicating a close antigenic similarity. (The inhibition
of renin activity by the antiserum will be reported in a later
publication.)

Final Purification of Two of the Renin-like Enzymes. The
pooled fractions A and C, respectively, were again chromato-
graphed on CM-52-cellulose (pH 5.4) in a manner identical
with that described for the first CM-52 fractionation. Typical
elution patterns are shown in Figure 7. In each instance a
single peak was observed with an almost constant specific
activity throughout the elution profile. All subsequent experi-
ments were performed on the enzymes which were purified
in this manner.

Aliquots of the two preparations, containing 30-40 ug
of protein, were subjected to polyacrylamide gel electro-
phoresis at pH 8.9 and 4.5. In each instance only one band
of material staining with Amido Black could be detected.
Since both preparations stained clearly with a periodic acid-
Schiff reagent, these renin-like enzymes appear to be glyco-
proteins.
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FIGURE 7: Rechromatography of renin fractions A and C (Figure 4)
on CM-52-cellulose. See text and Figure 2 for procedure.
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FIGURE 8: Isoelectric focusing of renin A, renin C, and a mixture of
the two enzymes. Approximately 2 mg of each enzyme was added
to a pH 4-6 range ampholyte solution. Fractions of 1.8 ml were
collected.

The final yields of the two preparations were approxi-
mately 12-15 mg of protein from fraction A and 3-4 mg
from fraction C, representing about 12 and 29, respectively,
of the original enzymatic activity of the homogenate. The
specific activities of the two preparations were similar and
indicated a purification of approximately 40-fold. The re-
coveries of renin-like activity at each step in a representative
purification are summarized in Table I.

Isoelectric Focusing. Aliquots (1.5-3 mg) of the two prep-
arations were subjected to isoelectric focusing in the pH 4-6
range as shown in Figure 8. In each instance only one major
protein peak coinciding with the renin-like activity was noted.
A mixture of the two enzymes were resolvable by this pro-
cedure (Figure 8). The isoelectric points were determined to
be 5.40 and 5.62 for fraction A and C, respectively.

Amino Acid Composition. The amino acid compositions
of the salivary gland renins A and C were quite similar. The

CYTOCHROME C (13,000}

CHYMOTRYPSINOGEN (25,000)

RENIN A AND C

OVALBUMIN (45,000)

ELUTION VOLUME IN ML
n
n
le)

l604 BOVINE SERUM ALBUMIN
{67,000)

T T T T

40 4. 42 43 44 45 4.'6 4.'7 4.'8 4.9
LOG MOLECULAR WEIGHT

FIGURE 9: Estimation of the molecular weights of renin A and renin
C by gel filtration. A 4-ml sample containing 2-4 mg of protein was
applied to a 2.5 X 90 cm Sephadex G-100 column and eluted with
0.01 M sodium acetate (pH 5.9) containing 0.1 M NaCl. Flow rate
was 4.3 ml/em? per hr.
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TABLE 11: Amino Acid Composition of Salivary Gland Renins
AandC.

Residues/1000 Residues®

Renin A Renin C
Time of Hydrolysis:

Amino Acid 24 hr 48 hr 24 hr 48 hr
Lys 37.6 37.4 38.5 37.9
His 25.9 26.9 27.5 27.0
Arg 28.1 27.7 30.1 30.3
Asp 82.0 82.0 84.1 82.2
Thr 73.4 70.9 72.5 72.4
Ser 98.8 90.8 97.3 97.3
Glu 83.0 83.5 79.9 79.5
Pro 57.7 59.0 56.1 58.8
Gly 105.2 105.0 104.0 104.0
Ala 43.4 42.9 44 .0 43.7
Half-Cys 13.0 10.9 14.8 14.2
Val 82.0 93.7 85.6 85.5
Met 18 .4 18.6 14 .1 15.5
Ile 43.0 44 .8 43.0 43.1
Leu 101.0 99.2 100.0 99.7
Tyr 48 .4 48.9 48 .4 47.8
Phe 50.5 49 .4 51.2 52.2
Trp 8.3 8.4 8.8 8.7

¢ Uncorrected for hydrolytic losses. Tryptophan was
determined by the spectrophotometric method of Goodwin
and Morton (1946).

data are summarized in Table II. Further analysis is required
to determine the significance of the observed small variations.

Molecular Weights by Gel Filtration. The two enzymes were
applied (in separate experiments) to a column of Sephadex
G-100 which had been previously calibrated with various
known marker proteins. In each instance a symmetrical elu-
tion profile was obtained. By this method (Figure 9) the
molecular weights of both renin-like enzymes were calculated
to be approximately 43,000,

Extinction  Coefficient. The extinction coefficients
(E}C?m, 280nm) for renin A and renin C were determined to be
10.5 and 10.8, respectively. These values were used to estimate
the protein concentration in many of the studies described
here.

Sedimentation Equilibrium. The results of the sedimentation
equilibrium studies are shown in Table III. Molecular weight
calculations for renin A yield mean values of 37,100 == 818
and 35,900 + 536 for the low- and high-speed runs, respec-
tively. Protein aggregation was not apparent in plots of In
¢ vs. r? (Figure 10 a) at the low concentrations employed, so
the data were treated by averaging. In the case of renin C,
significant aggregation was observed at the two higher con-
centrations examined in the low-speed run.* However, the two
lower concentrations in this run show an average molecular
weight of 37,300 which is in good agreement with the average
value of 36,700 = 277 obtained from the high-speed equilib-

! The sedimentation velocity coefficient (s20,w) for renin A was found
to be 6.54 S and for renin C, 6.42 S. These unexpectedly high values
may indicate dimer or aggregate formation under the conditions of
high protein concentration (4—5 mg/ml) employed for these studies.
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TABLE 11: Molecular Weight Data from Sedimentation
Equilibrium Studies.
Renin A Renin C
Initial Initial
Concn App Concn App
Rpm (mg/ml) Mol Wt (mg/ml) Mol Wt
13,000 0.321 37,500 0.281 40,100
0.256 36,400 0.213 39,600
0.192 36,500 0.142 37,400
0.128 38,100 0.085 37,200
Av 37,100 = 818 Av®
32,000 0.256 36,600 0.142 36,800
0.192 36,100 0.085 36,900
0.128 35,600 0.056 36,800
0.064 35,400 0.029 36,300
Av 35,900 = 536 Av 36,700 £ 277

“ An average value was not calculated for renin C because
of the apparent aggregation observed at the two higher con-
centrations examined.

rium data. A tendency toward aggregation at the relatively
higher protein concentration near the base of the solution
column is indicated by the plot of In ¢ vs. r? as illustrated in
Figure 10b. This phenomenon became increasingly prominent
at higher protein concentrations, and dictated the use of
dilute solutions for molecular weight studies. The linearity
of the slope over the major portion of the plot, however,
indicates a relatively homogeneous protein preparation, for
both proteins.

Crystallization of Renin A. An aqueous solution contain-
ing 15 mg of renin A was concentrated in an ultrafiltration
cell to approximately 1.5 ml. The material was then dialyzed
against 0.1 M sodium acetate buffer (pH 5.6) for 3 days at
3-6°. During this period a portion of the renin preparation
(approximately one-fourth) crystallized. The crystals are
illustrated in Figure 11. To check for enzymatic activity,
the crystals were freed of mother liquor by four rapid washes
with cold 0.2 M sodium acetate buffer (pH 5.6) and centrif-
ugation. The crystalline material, after solution in 0.1 M
Tris buffer (pH 7.5), had a specific activity of 6.5 umoles/
hr per mg of protein, identical with that of the starting
material.

Biological and Enzymatic Activities of the Renin-like En-
zymes. Both enzymes are biologically active in vivo. The
intravenous injection of 1 ng of either preparation into 24-
hr nephrectomized, anesthetized rats, treated with ganglionic
(pentolinium) and adrenergic (phenoxybenzamine) blocking
agents, resulted in a clear and prolonged (over 30 min) eleva-
tion of the mean blood pressure. The enzymes also liberated
an angiotensin-like pressor substance when incubated in vitro
with the renin substrate of rat plasma according to the method
of Boucher et al. (1964). The details of these experimental
results will be presented in a later publication.

Both enzymes (renin A and C) were studied for their ability
to cleave the tetradecapeptide renin substrate of Skeggs
et al. (1958) according to the procedure given in Materials
and Methods. The amino acid sequence of this substrate is

1 (a) Renin A
_|‘0.

] base
-1.51
'2.0‘

meniscus

T —r—

In ODZBOnm

1 (b) Renin C
]

‘L meniscus

T T T

—— u
47 48 49 50 51

r2 cm

FIGURE 10: Sedimentation equilibrium plot of In OD against 7 at
13,000 rpm. (a) Renin A at an initial concentration of 0.192 mg/ml.
(b) Renin C at an initial concentration of 0.142 mg/ml.

Asp-Arg-Val-Tyr-1leu-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser,
and kidney renin, from a variety of animal species, has been
shown to cleave the Leu-Leu peptide bond to yield two pep-
tide reaction products (Skeggs et al., 1967a). After the incuba-
tion, the resulting mixtures were chromatographed on thin-
layer cellulose plates with a solvent consisting of a 1-butanol-
acetic acid-water (4:1:5) mixture. In each instance only two
spots with Ry values of 0.49 and 0.72 were detected with the
Pauly reagent for the identification of histidine and tyrosine
residues. The peptide material in areas corresponding to these
spots on duplicate chromatograms (renin C incubation) were

FIGURE 11: Crystals of renin A.
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TABLE 1v: Amino Acid Composition of Peptides Liberated
from the Synthetic Renin Substrate by Salivary Renin C.

Decapeptide Tetrapeptide
(Residues/Mole)* (Residues/Mole)
Amino Acid Obsd Theor Obsd Theor
Asp 1.00 1
Arg 1.09 1
His 1.84 2
Pro 1.03 1
Phe 1.09 1
Ile 0.66 1
Leu 1.20 1 1.09 1
Val 0.86 1 0.92 1
Tyr 0.90 1 0.84 1
Ser 0.09 0 1.15 1

“ Assuming one aspartic acid residue per mole.

eluted with 5 97 acetic acid, taken to dryness, and hydrolyzed in
6 N HCl for 24 hr according to the method of Spackman et al.
(1958). The results of the amino acid analysis of the two iso-
lated peptides are shown in Table IV. It can be seen that the
salivary gland renin hydrolyzed the tetradecapeptide into the
expected products of the reaction: a tetrapeptide, and the
decapeptide, angiotensin I.

Discussion

The isolation of a family of renin-like enzymes from the
submaxillary gland of the adult male mouse has been ac-
complished. All cleave the synthetic renin substrate of Rein-
harz and Roth (1969) with approximately the same specific
activity and appear to be antigenically related.

The preparations of both renin A and renin C were homo-
genieous. They appeared as single peaks (with constant spe-
cific activity) when examined by ion-exchange and Sephadex
chromatography. Disc gel electrophoresis and isoelectric
focusing of the two enzymes again indicated that each is
composed of one molecular species. In ultracentrifugal studies,
linear plots of log concentration rs. r? revealed no significant
heterogeneity. The molecular weights and the amino acid
compositions of the two enzymes were similar.

Renins A and C differ in their isoelectric points; the p/
for renin A was found to be at pH 5.40 and that for renin C,
at pH 5.62. Mixtures of the two renins were resolvable by
isoelectric focusing. This charge difference was presumably
responsible for the observed resolution of the two enzymes
upon chromatography on CM-52-cellulose and upon disc
gel electrophoresis. The chemical basis for the observed differ-
ence in charge is not known. It is possible that the various
forms of renin isolated were derived from a common pre-
cursor by enzymatic degradation either in the gland or during
the isolation procedure.

A direct comparison between the renin-like enzymes iso-
lated in pure form in the present work and those partially
purified from kidney by other investigators is very difficuit
due to the variety of assay systems employed and the rela-
tively few data available concerning the physical character-
istics of the preparations employed. Waldhausl et al. (1970)
reported that human kidney renin had a molecular weight
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of 42,000 by gel filtration and that the isoelectric point was
at pH 5.25. Peart ez al. (1966) reported that the molecular
weight of hog renin, as determined by gel filtration, was about
40,000. Skeggs et al. (1967a) was able to detect four forms of
hog renin by chromatographic procedures. The preparations
of salivary gland renin obtained by Werle er al. (1968) pre-
sumably contain one or more of the renin-like enzymes iso-
lated in our studies.

The possibility that additional forms of the renin-like en-
zyme (or complexes of the enzyme with other proteins) exist
in the salivary gland is suggested by the observation (Figure
1) that some renin-like activity was noted throughout the
elution profile on the Sephadex column. However, since the
fluorogenic substrate is potentially susceptible to nonspecific
endopeptidase action, it is not certain that the unidentified
activity was truly due to the renin-like enzyme. It must be
emphasized that the fluorogenic substrate was able to detect
the renin-like activity in preference to the nonspecific pep-
tidase activity primarily because of the low substrate concen-
tration which may have minimized the action of nonspecific
enzymes.

The salivary gland renin-like enzymes resemble Kkidney
renin in their enzymatic and biological activities. They appear
to be the purest preparations with renin-like activity from
any source yet reported, and will facilitate our planned studies
on the specificity, kinetic parameters, and physiology of
this enzyme,
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Subtilisin; a Stereochemical Mechanism Involving

Transition-State Stabilizationt

Jon D. Robertus, ] Joseph Kraut,* Richard A. Alden, and Jens J. Birktoft

ABSTRACT: The difference-Fourier method was used to deter-
mine the binding geometry for various polypeptides to sub-
tilisin BPN’. The principal finding was that polypeptides
corresponding to the acylating portion of good substrates
bind in a fashion very similar to that seen previously for poly-
peptide chloromethyl ketone derivatives. The binding of these
virtual substrate polypeptides was assumed to represent a
model for the Michaelis complex between the enzyme and
actual polypeptide substrates. The carbonyl oxygen of the
susceptible bond is near two potential hydrogen-bond donat-
ing groups, the backbone NH of Ser-221 and Né2 of Asn-
155, but the distance is too large for the bonds to be formed
in the Michaelis complex. The focus of these two hydrogen
bonds is termed the “oxyanion hole.” In addition the amido
nitrogen of the substrate specificity residue P, (Schechter, 1.,
and Berger, A. (1967), Biochem. Biophys. Res. Commun. 27,
157) is poised near to, but again too far from, the carbonyl oxy-
gen of Ser-125 for a hydrogen bond, termed the *‘S;-P, hy-
drogen bond,” to be formed. Model-building experiments
readily led to models for the two other likely intermediates, a
tetrahedral addition compound and the acyl-enzyme. In
the tetrahedral addition compound construction of a covalent

In the previous paper of this series we described the binding-

to subtilisin BPN’ of four chloromethyl ketone analogs of
good polypeptide substrates, as seen by the difference-Fourier
method (Robertus er al., 1972). All four inhibitors contained
an L-phenylalanine residue at P,. The polypeptide portion in
each case was hydrogen bonded to an extended segment,
Ser-125--Leu-126-Gly-127, of the enzyme backbone to form
an anti-parallel 8 structure, with the P, phenylalanine side
chain fitting snugly into a hydrophobic crevice. One wall of

1 From the Department of Chemistry, University of California at
San Dicgo, La Jolla, California 92037, Received July 5, 1972. This work
was supported by research grants from the National Institutes of Health
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Development award to R. A, A, from the National Institute of General
Medical Sciences (GM 15401).

1 Present address: M. R. C. Laboratory of Molecular Biology,
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linkage between the Ser-221 O« and the carbonyl carbon of
the susceptible bond results in distortion of that carbon to a
tetrahedral conformation, and closer contact between the
substrate specificity residue P; and the enzyme. Consequently,
the S;-P, hydrogen bond is formed in the addition compound,
and the oxygen of the specificity residue, now carrying a
formal negative charge, is stabilized in the oxyanion hole by
formation of two additional hydrogen bonds. These three
hydrogen bonds, plus a fourth between the leaving group and
His-64, stabilize the tetrahedral intermediate and thereby
lower the free energy of activation for rate-limiting transition
states. Furthermore, model building also indicates that when
the tetrahedral intermediate collapses to the acyl-enzyme,
steric constraints imposed on a specific substrate by the en-
zyme prevent the carbonyl oxygen of the resulting ester link-
age from being maintained in the oxyanion hole. Finally, the
stereochemical similarity between subtilisin and chymotryp-
sin previously described for the charge relay system and the
binding site is shown to extend a$ well to the oxyanion hole,
apparently so important for catalysis. This provides further
evidence that the two enzymes have converged in an evolution-
ary sense to the same mechanism of action.

this crevice consisted of the extended backbone segment
125-127.

This geometry represented a plausible model for binding of
the P,-P; residues, that is, the acylating portion of polypep-
tide substrates. Evidence for the validity of this model in-
cluded the convincing manner in which it explained various
aspects of the enzyme’s specificity at P.~P; (Morihara et al.,
1970) and the virtual identity of the model with that proposed
independently for substrate binding to y-chymotrypsin on
the basis of similar experiments by Segal er al. (1971).

Several basic questions remained to be answered, however,
regarding subtilisin’s mechanism of action. What was the
effect on the observed binding due to covalent attachment of
the inhibitors to His-64 via a methylene carbonyl linkage?
Would a Michaelis complex with a polypeptide substrate
be appreciably different? Is the binding mode the same when
P, is other than phenylalanine ? How would the leaving portion
(P,’, Py, etc.) be bound in the Michaelis complex ? What is the
11, No. 23, 1972 4293
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