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“Twee keer twee is vier: da’s waarheid.
Jammer genoeg dat het zo licht en leeg is.
Liever had ik heldre klaarheid.

Over dat wat vol en zwaar is.”
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1. ACTIVE RENIN, INACTIVE RENIN AND
PRORENIN

1.1. INTRODUCTION
1.1.1. HISTORY

Robert Tigerstedt (1853-1923), professor of physiology at the Karolinska Institute
in Stockholm, discovered renin at the turn of the century!. The scientific
achievements of Richard Bright (1789-1858), Karl Ludwig (1815-1895) and
Charles Brown-Séquard (1817-1894) had set the stage for this discovery?. It was
Bright who observed that many patients dying with small contracted kidneys
had cardiac hypertrophy and a ‘hard, full, pulse.” Ludwig introduced the mercury
manometer for recording intra-arterial pressure on a revolving kymograph. Of
equal importance was the study of the process of internal secretion by Brown-
Séquard. In a series of classic experiments published in 1898, Tigerstedt and
Bergman® were able to demonstrate that a saline extract of rabbit kidneys, when
injected intravenously into rabbits, raised blood pressure up to fifty percent
within two minutes. The substance concerned was present in the renal cortex
and in the renal venous effluent. It was absent in renal medulla and urine.
The substance was soluble in water, non-dialysable, stable at 56 C but not at
100 C and extremely potent. Tigerstedt and Bergman called this unknown
substance, renin. Their main conclusion was that renin was a blood pressure-
raising substance released by the kidney into the circulating blood. They
considered this hormone to be the connection explaining the association between
renal and cardiac disease described by Bright.

This discovery laid dormant for more than 30 years before its significance
was recognized by Goldblatt and coworkers, who produced hypertension in the
dog by clamping the renal artery®. These experiments indicated that the pressor
substance, renin, was released from the kidney with the constricted artery.
Goldblatt’s group later defined the *Goldblatt Unit’ of renin, which is the quantity
of renin that, after intravenous injection, raises the directly measured mean arterial
pressure with 30 mm Hg in an unanaesthetized, trained, dog®. At present renin
is defined in relation to a standard preparation supplied by the World Health
Organization. This standard has been accepted as the international reference
preparation’. It is to be expected that, as a result of the recent purification
of renin, a less arbitrary definition of the Goldblatt Unit will be established.

Ruyter® first described the juxtaglomerular epitheloid granular cells present
in the wall of the afferent arteriole of the glomerulus of the mouse kidney.
These cells exhibit features of endocrine and smooth muscle cells and may be



considered as ‘myoendocrine’ cells. It was Goormaghtigh® who postulated that
they were the source of renin. Nairn'® and Edelman'! demonstrated the loca-
lization of renin in the granules of the juxtaglomerular cells in the afferent arteriole
by the fluorescent antibody technique. However, because of the unspecific nature
of the renin antisera, these observations were be questioned. With the introduction
of highly specific antibodies and by using immunohistochemical techniques, renin
could be unequivocally demonstrated in the secretory granules of the epithelioid
cells of the juxtaglomerular apparatus!>!4, By microtechniques Cook et al.'®
were able to isolate the content of the granulated juxtaglomerular ceils and
demonstrated that the isolated material had vasopressor activity.

There is now general agreement that renin is stored in membrane-bound
cytoplasmic granules of modified cells of the afferent glomerular arteriole, just
before it enters the glomerular capillary tuft. Both the afferent and efferent
glomerular arterioles are anatomically and functionally closely associated with
a group of cells of the distal tubule forming the macula densa. These cells,
together with the modified cells of the afferent arteriole, form the juxtaglomerular
apparatus. The anatomy of the juxtaglomerular apparatus has recently been
reviewed!®.

The proteolytic activity of renin was discovered just before the second world
war, independently by Brown-Ménendez!”-!® and his group in Argentina and
by the group of Page!®?° in the United States. Renin catalyses the hydrolysis

1 2 3 L1 5 6 7 8 9 10 11 12 13 158 15
Renin substrate H - Asp - Arg - Val - Tyr - lle - His - Pro - Phe - His - Leu - Val - lle - His - Asn- Glu-R

<+——Renin
L] 5 6

1 2 3 7 8 9 10
Angiotensin | H - Asp - Arg - Vai - Tyr - lle - His - Pro - Phe ~ His - Leu - OH
<+—— Converting enzyme
1 2 3 L] 5 6 7 8
Angiotensin 1| H -~ Asp - Arg ~ Val - Tyr - lle - His ~ Pro ~ Phe - OH H - His - Leu- OH

Fig. 1.1. Outline of the biochemistry of the human renin-angiotensin system. The aspartic protease
renin cleaves its substrate (angiotensinogen) between leucine 10 and valine 11 to form the decapeptide
angiotensin 1. Converting enzyme removes residues histidine 9 and leucine 10 to form the octapeptide
angiotensin II, the biologically active endproduct of the system.

of the Leu-10-Val-11 bond of human angiotensinogen®'-2* (Fig.1). Because this
reaction is the rate-limiting step in a series of reactions leading to the formation
of angiotensin-II, a highly potent vasoconstrictor and aldosterone-releasing
hormone, renin is considered to have a key role in blood pressure regulation
and in sodium and water homeostasis®*2’.




1.1.2. BIOCHEMISTRY OF RENIN

The family of protein-splitting enzymes or proteases are classified according
to the structural features of their active site i.e. serine, cysteine, metallo- and
aspartic (aspartyl) proteases, also called acid proteases, because of their low
pH optimum of activity?>3°. The name aspartyl protease has been adopted by
the Committee of Enzyme Nomenclature of the International Union of Bio-
chemistry*! because all enzymes in this group have two aspartyl residues in their
active site?®-3%32_ The systematic number of the aspartyl proteases is EC 3.4.23.31,
Renin (EC 3.4.23.15) belongs to the group of aspartyl proteases, which also
includes proteases such as pepsin A (commonly known as pepsin), pepsin C
or gastricsin, chymosin or rennin, penicillopepsin and cathepsin D?*-*¢. The
aspartyl proteases are all specific for peptide bonds with large hydrophobic
residues on either side of the scissile bond*>%*. However, the nearly neutral pH
optimum and the highly restricted substrate specificity of renin are properties
not shared by the other aspartyl proteases.

Investigations on the tertiary structure of the aspartyl proteases have shown
that these enzymes have a bilobal structure3?-*. The two domains are separated
by a deep and extended cleft perpendicular to the largest diameter of the molecule.
The two aspartyl residues of the active site are located in this cleft and are
in intimate contact. The two catalytically active residues in the aspartyl proteases
are Asp-32 and Asp-215, in the amino-acid sequence of porcine pepsin A%,
Renin is completely inactivated by the active-site specific irreversible inhibitors
of acid proteases, i.e diazo compounds and epoxides**-*. Diazo compounds,
such as N-diazoacetyl-L-phenylalanine methyl ester, react with un-ionized car-
boxyl groups, specifically with the side chain carboxyl of Asp-215323644-48
Epoxides, such as 1.2-epoxy-3-(p-nitrophenoxy)propanol, which react specifically
with ionized carboxyls, modify Asp-32%2364%°° From measurements of the pH
dependence of the inhibition, the side chain carboxyl group of Asp-32 and Asp-
215 of porcine pepsin A have been found to have pKa values of 1.2 and 4.5
respectively®?. This implies that, within the pH range of the optimum catalytic
activity of pepsin A, Asp-32 is in the ionized form, whereas Asp-215 is not
ionized?*2.

The hexapeptide, pepstatin A (isovaleryl-L-valyl-L-valyl-statyl-L-alanyl-sta-
tine) which contains the unusual amino acid statine (4-amino-3-hydroxy-6-
methylheptanoic acid) and which has been isolated from various species of
actinomyces, is a potent inhibitor of pepsin and other acid proteases®!>2, Pepstatin
binds as an extended chain in the center of the apparent substrate binding site.
Statine is the major structural component responsible for the inhibition by
pepstatin and is an analog of the transition state for catalysis by pepsin and
other aspartyl proteases®®. Pepstatin A also inhibits renin in vitro as well as
in vivo’»%*>%, The pepstatin concentration required to inhibit human renin by
50 percent (IC 50) was 10°° M, which is much higher than the IC 50 for pepsin
A and cathepsin D, which have an IC 50 of about 10~ M to 10-1° M>!-3. Recently
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, some novel inhibitors containing the amino acid statine incorporated into
analoques of porcine angiotensinogen, have been developed. These are highly
potent inhibitors of human renin; their IC 50 is 10° M to 1071 M>’. Szelke
et al.’® obtained highly selective potent inhibitors of human renin by reduction
of the Leu-10-Val-11 scissile peptide bond, i.e. replacement of the peptide bond
(-CO-NH-) by a reduced bond (-CH2-NH-), in the 5-12 amino acid sequence
of human angiotensinogen.

A 56,000-fold purification of hog renal renin, with a specific activity of 780
Goldblatt Units per mg of protein was reported by Haas and coworkers already
in 1953%. An important improvement in the purification of renin has been the
use of chromatography on pepstatin coupled to agarose’*5°. The purification
of renin from human kidneys is more difficult because its concentration is 20
times lower than in hog kidney. Recently, the purification of human renal renin
obtained from cadaver kidneys, with a specific activity of about 1,000 Goldblatt
Unit per mg of protein has been accomplished®®%3. Galen and coworkers®
reported on a fully purified human renin isolated from a renin-secreting tumor.
Juxtaglomerular cells constitute the main source of renin but the concentration
is too low to purify it in quantities high enough to allow determination of its
primary structure. However , as much as five percent of the total protein content
of the submandibular (often, but less correctly, called submaxillary ) salivary
glands of an inbred strain of male mice is an isoenzyme of renin. This isoenzyme
of renin has physicochemical, enzymatic and immunochemical properties closely
resembling those of mouse renal renin-"2.

Using Edman degradation techniques, Misono and coworkers’>’* demonstrated
that renin from mouse submandibulary gland consists of two polypeptide chains,
connected by one sulfide bond. The heavy chain consists of 208 amino acids,
molecular weight (Mr) 31,306, and the light chain contains 48 amino acids,
Mr 5,458. The complete amino acid sequence of mouse submandibular gland
renin precursor has been reported by Panthier and Corvol™ . They were able
to present the analysis of bacterial DNA recombinant clones harbouring an
essentially complete transcript of renin mRNA from the mouse submandibular
gland. The decuded amino acid sequence showed that renin was synthesized
as a Mr 44,209 precursor, preprorenin.

Murakami’”’¢, Hobart” and Morris®®?# reported on the primary structure of
human renin. They also used the technique of nucleotide sequencing of the
complementary DNA (c-DNA) coding for the human renin precursor. The
predicted amino acid sequence consists of 406 amino acid residues with a N-
terminal pre- and prosegment consisting of 20 and 46 residues respectively (Fig.2).
There is a close similarity between the primary structure of human renin and
mouse renin. A high degree of sequence homology, particularly in the catalytically
important region, was found upon comparison of human and mouse renins
with other aspartyl proteases™3!. This suggest that the tertiary structure of renin
is similar to that of other acid protesases. Blundell®2#* has presented a model
for the three dimensional molecular structure of mouse submandibular renin.



Pre Pro Renin

Leu Asp38 Asp226 Arg 340

Fig. 1.2. Schematic representation of structure of human kidney renin and renin precursor. Arrow
1 depicts the cleavage of the signal peptide (pre-part) from the parent molecule, pre-pro-renin.
Arrow 2 depicts the processing of prorenin (inactive renin) into renin.

The tertiary structure of human renin was reported by Morris®!. It consists of
two lobes forming a cleft where the active-site is located, which is comparable
to the structure of other acid proteases.

Aspartyl proteases, such as pepsin A and cathepsin D, are processed from
inactive precursors, with the release of a prosegment to give the active enzyme.
These prosegments or proparts are located on the N-terminus of the parent
molecule. Their is a striking similarity between the prosegment of porcine
pepsinogen A (44 amino acids), bovine pepsinogen (45 amino acids) and the
propart of mouse and human prorenin (45 and 46 amino acids respecti-
vely)”>-8184+-88 The enzymatic activity of pepsin A is inhibited by fragments of
the prosegment of pepsinogens®®-3%, Peptides related to the 12-19 amino acid
sequence of the prosegment of mouse submandibulary prorenin have been
synthesized and these peptides were found to inhibit mouse submandibulary
renin® as well as human renin®.

1.1.3. RENIN AS A POLYPEPTIDE HORMONE

After the classic work of Steiner®® on the precursor of insulin and Chrétien®



6

on lipoprotein it has become clear that most, if not all, protein hormones and
other secretory proteins begin their life as part of a larger precursor molecule.
These precursor molecules are subsequently processed by limited proteolysis to
the biologically active proteins®*2. According to Steiner®! the precursor proteins
can be classified in two major groups depending on the localization of the
maturation processes. The first group of proteins are processed within their
cell of origin, before exocytosis. The polypeptide hormones, insulin and pa-
rathyroid hormone, are examples of this group. The second group consists of
proteins that are processed only after secretion, either in a single step or in
a series of sequential cleavages. The cleavage of the proenzymes of the clotting
system is a typical example of the latter group of proteins. The proenzymes
are enzymatically inactive and become activated during proenzyme-enzyme
conversion.

The precursor proteins contain a short hydrophobic N-terminal extension of
15 to 30 amino acids, the signal peptide or prepeptide, which is cleaved shortly
after attachment and penetration of the nascent protein through the lipid
membrane of the endoplasmic reticulum. The proprotein, which is located
intracisternally, is transported through the endoplasmic reticulum, Golgi ap-
paratus and condensing vacuoles and finally stored in the secretory granules.
The polypeptide chain of the propart can vary markedly in size as well in location
within the full length polypeptide chain of the proprotein.

Polypeptide hormones are usually converted into the mature hormone during
this intracellular transportation process or within the secretory granules. The
cleavage occurs in most cases after a pair of basic amino acids (lysine,arginine).
The inactive precursors of enzymes, proenzymes or zymogens, are activated
outside the cell of origin. The mechanism of renin maturation is similar to that
observed in other cases of preproprotein processing®*~19. Protein synthesis in
vitro is studied in fractionated cell extracts, also known as cell-free systems.
The complete machinery of protein synthesis is present in the rabbit reticulocyte
lysate and other systems. If m-RNA isolated from mouse salivary gland or mouse
and human kidney is added to such extracts, the added m-RNA will be translated
to the proteins coded for. Total poly(A)'RNA or mRNA isolated from mouse
salivary gland and mouse and human kidney were translated in the presence
of 35-S-methionine using the cell-free rabbit reticulocyte system and other systems.
The translated products were subsequently subjected to immunoprecipitation
using specific renin antibodies. The cell free translation of m-RNA yielded a
45,000 Mr preprorenin.

In the presence of microsomal membranes, mouse preprorenin was rapidly
converted to prorenin, Mr 43,000 and also, rapidly further converted to a single
chain form of renin, Mr 38,000. Mouse renin was then slowly hydrolyzed to
give two chain renin, the heavy chain of Mr 33,000 and the light chain of Mr
5,000 held together by one disulfide bond?*-1%. Both single- and two chain mouse
renin have an exposed active site. The specific activity of the purified one-chain
renin has been reported to be five-fold higher than of two-chain renin. This



difference in specific activity of the one- and two-chain renin is surprising because
they differ by only two amino acids. Purified heavy chain, obtained by dithiotreitol
treatment of the two-chain form, had less then 4% of the activity of the native
two-chain renin®. This indicate that the light chain is essential for enzymatic
activity. The one-chain renin is immediately secreted into the medium after
synthesis, whereas the two-chain renin is secreted later. This might indicate that
there are two separate pathways for renin secretion.

Recently two groups of investigators reported on renin biosynthesis by a human
juxtaglomerular cell tumor!%2-19_ Studies with tissue slices from this tumor showed
that renin was first synthesized as an inactive 55,000 Mr species followed by
conversion to the active molecule with an molecular weight of 44,000. Prorenin
is probably packed and converted to active renin within the secretion granules.
Renin producing cells isolated from the tissue and grown in culture secreted
the inactive 55,000 molecular weight form. No conversion to renin was observed.
Therefore the existence of two pathways for the processing, packaging, and
secretion of renin in the juxtaglomerular cell were proposed!®?. Hirose!®* and
coworkers isolated poly(AJRNA from a juxtaglomerular cell tumor and translated
it in rabbit reticulocyte lysate in the absence or presence of microsomal
membranes. The primary translation product, preprorenin, had a molecular
weight of 45,000 that was further processed to glycosylated prorenin (Mr 47,000).
Thus post-translational modification leads to an increase in Mr despite the
removal of the signal peptide.

1.1.4. RENIN AS A PROTEOLYTIC ENZYME

The discussion so far considers renin being a polypeptide hormone secreted
by the kidney. This consideration, however, does not take into account that
renin , in contrast to the polypeptide hormones, does not appear to act via
target cell receptors. Renin acts by virtue of its enzymatic activity. In this respect
renin is comparable to other proteolytic enzymes in plasma. These enzymes
have specific functions in important physiological systems, such as coagulation,
fibrinolysis and the complement cascade!®!%. One important mechanism for
regulating the proteolytic activity of such systems rests on the fact that the
individual enzymes participating in the cascade circulate in plasma as inactive
precursors or proenzymes, which are converted into the active enzyme through
limited proteolysis by other enzymes of the cascade. The activation step is
irreversible since proteolysis is an exergonic reaction and since, under normal
physiological conditions, there is no simple biological mechanism to repair a
broken peptide bond. Potent protease inhibitors, which are present in plasma
in abundant quantities, serve to terminate enzymatic action and constitute a
second mechanism for controlling proteolytic activity!!°.

It is generally accepted that the precursors of polypeptide hormones are
processed to the active hormone before or at the time of their release into the



circulation. The concentration of precursor in plasma, as compared to the active
hormone, is usually low. In contrast, the proteolytic enzymes in plasma are
largely present as inactive precursor molecules that are activated outside their
site of production. In the case of the coagulation system, for instance, 99 percent
or more of the total quantity of the individual enzymes circulates in plasma
as inactive precursor!®1%° It was therefore of great interest that Lumbers and
Morris!!1112 and Skinner!!® and later others!'*'2? reported on the presence of
an inactive form of plasma renin that can be converted into active renin by
limited proteolysis.

The literature on the subject of inactive renin has been reviewed by several
groups of investigators'?*-*'. It now appears that more than 90 percent of the
renin in plasma is present in this inactive form. It is therefore tempting to speculate
that the renin angiotensin system has a dual function. It acts as a circulating
hormonal system but it may also act as a proteolytic system comparable to,
and perhaps interconnected with, the coagulation, fibrinolytic and complement
systems. It is the second possibility that is the subject of this thesis.

1.1.5. AIM OF THE THESIS

Our interest in inactive renin originates from the observation that plasma renin
can be activated by several apparently unrelated modes of treatment. Dialysis
of plasma against a pH 3.3 buffer at 0 C for 24 hours followed by another
24 hours of dialysis at neutral pH causes a five-fold increase in renin acti-
vity!13132-137 Renin activity of plasma is also increased, albeit to a lesser extent,
when plasma is stored at 0 C without prior acidification!**-14!, Finally, the addition
of trypsin and some other proteases, such as plasma kallikrein and plasmin,
to plasma also increases renin activity3’-1%,
Theoretically, the increase in the enzymatic activity of renin could occur by
several mechanisms:
1) changes of the fluid milieu of the enzyme, for instance changes in pH, certain
metal ions, chaotropic agents,
2) reversible binding of an activator to the active site or to an allosteric site
of the enzyme molecule,
3) destruction of an inhibitor of renin or dissociation of the inhibitor moiety
from a renin-inhibitor complex,
4) alteration of the primary structure of inactive renin by limited proteolysis.

The last possibility of activation by limited proteolysis is in agreement with
the concept of a proenzyme-enzyme conversion. The existence of inactive forms
of renin with a molecular weight greater than that of active renin has been
demonstrated in plasma but the Mr-figures that have been reported are widely
different!?6.127.130.131  Such a concept is also in agreement with the presence of
an additional nucleotide sequence in mouse submandibulary renin and human
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kidney renin c-DNA, which may correspond to N-terminal amino acid sequences
that belong to the so-called prepropart of renin”-#!. Furthermore, there is recent
evidence that the propart amino acid sequence of human kidney prorenin is
also present in inactive renin of human plasmal®1%6. Prorenin-renin conversion,
within or outside the juxtaglomerular cells where prorenin is synthesized, could
be an important regulatory step in the renin-angiotensin system. With this in
mind we have studied some biochemical aspects of the activation of inactive
renin and addressed the the possible physiological and clinical significance by
measurements of inactive renin in plasma and other body fluids. This thesis
describes our contributions to this subject in the past five years
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2. PRORENIN-RENIN CONVERSION; ROLE OF
ACTIVATORS

2.1. ACTIVATION OF INACTIVE PLASMA RENIN BY TISSUE KALLIKREINS
2.1.1. ABSTRACT

It has been reported that inactive (acid-activatable) human renin could be
converted into the active form by adding urinary kallikrein to acid-pretreated
plasma. Without prior acidification, however, only a small portion of the total
amount of inactive renin present in plasma was converted (activated) by kallikrein,
probably because native plasma contains protease (kallikrein) inhibitors that
are destroyed by acid. We have separated inactive renin and active renin by
DEAE-Sepharose column chromatography of normal human plasma at pH 7.5
and a linearly increasing sodium gradient. Inactive renin isolated in this way
could be activated at pH 7.5 by highly purified pancreas and urinary kallikreins.
With the semipurified preparation of inactive renin, prior acidification was not
required for obtaining virtually complete activation by kallikrein. The kallikreins
were effective at concentrations as low as 10 nM. It is therefore possible that
one or more tissue kallikreins act as physiological activators of inactive renin.

2.1.2. INTRODUCTION

Renin activity of normal human plasma increases by a factor of 3-7 after treatment
at pH 3.0-4.0; this is caused by the conversion of enzymatically inactive renin
or prorenin into the active form!~". Acid activation of inactive renin is a two-
stage process; renin activity increases slightly during the acidification step, but
most of the rise in activity occurs after pH has been restored to neutral, probably
through the action of one or more serine proteases®®1°. It seems unlikely that
this pathway is operative in circulating plasma because of the inhibitory effect
of various plasma proteins. But in vivo activation of inactive renin at the tissue
level through a serine protease is a possibility, and there is now some evidence
to support this. Preliminary experiments by Morris and Day!! showed increased
renin activity of amniotic fluid after the addition of large quantities of a crude
preparation of pancreas kallikrein. Sealey et al.!? reported that the rate of renin
activation in acid-treated plasma was increased after the addition of urinary
kallikrein, which is known to originate from the kidney!>'#; the renin activity
ultimately attained was not higher than that attained with acid treatment alone.
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The possibility that kallikrein acts as an activator of inactive renin is interesting,
since kallikrein is produced close to the site where renin is synthesized'>-'* so
that an effect of kallikrein on renin biosynthesis could influence renal circulation
and sodium handling. Here we describe additional data on the activation of
inactive renin by tissue kallikreins. We have separated inactive plasma renin
from active renin by ion exchange chromatography and found that the inactive
fraction could be activated at physiological pH by highly purified pancreas and
urinary kallikreins without prior treatment with acid.

2.1.3. MATERIALS AND METHODS

Ion exchange chromatography. Blood from healthy male subjects was collected
in plastic tubes containing disodium-EDTA (5 mM). Within 5 min, the blood
was centrifuged at 8,000xg for 10 min. The plasma was immediately frozen at
-20 C. Forion exchange chromatography, EDTA-plasma was thawed and dialyzed
for 24 h against 0.024 M Tris/acetate buffer, pH 7.5, which contained 0.02
M NaCl. The dialyzed plasma (30 ml) was applied to 40 x 2.6-cm columns
of DEAE-Sepharose CL-6B (Pharmacia Fine Chemicals, Uppsala, Sweden),
which had been equilibrated with the same buffer. Elution was performed with
a linear gradient of NaCl up to 0.2 M. Flow rate was 20-22 ml/h, and the
eluate was collected in 5.0 - to 5.5-ml fractions. All procedures were carried
out at 4 C.

Activation of inactive renin by acid. Samples (2 ml) of EDTA-plasma or fractions
isolated from plasma by ion exchange chromatography were dialyzed for 24
h at 4 C against a glycine/ HCL buffer, pH 3.3, which contained 5mM EDTA.
After pH had rapidly been restored to 7.5 with 1 M NaOH the samples were
dialyzed for various periods, as indicated, at 4 C against a phosphate buffer,
pH 7.5, containing 1 mM EDTAY.

Binding of kallikrein to Sepharose. Highly purified hog pancreas kallikrein
(Kallikrein, Bayer KZ 45/32, Leverkusen, West Germany) was a gift from
professor GL Haberland and Dr E Wischhéfer. This preparation had a specific
activity of 1180 biological kallikreins units (Frey Units)/mg protein, which
corresponds with 9.4 enzymatic units. One enzymatic unit is defined here as
the amount of enzyme hydrolyzing 1 uM of the synthetic chromogenic substrate
H-D-valyl-L-leucyl-L-arginine-p-nitroanilide (S-2266, KXABI, Stockholm, Swe-
den)/min under the conditions of the spectrophotometric assay, as described
below. Urinary kallikrein was isolated from human urine and purified according
to Geiger et al.?® using affinity chromatography on aprotinin-Sepharose: its
specific activity was 6.3 enzymatic units/mg protein. Both kallikrein preparations
were homogeneous at electrophoresis on 7.5 % polyacrylamide gel at pH 8.6%%.
The enzymes were covalently bound to CNBr-activated Sepharose-4B (Pharmacia)
at a ratio of 10 mg protein/g dry Sepharose??. The advantage of binding the
enzymes to an insoluble carrier is that they can be removed so that they cannot
interfere with the assay of renin. The activities of the Sepharose-bound enzymes
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were measured through their amidolytic actions on the synthetic chromogenic
substrate S-2266 (KABI) (23) and compared with standard solutions of unbound
pure hog pancreas kallikrein (Kallikrein KZ 45/32). The enzyme suspensions
(50 pl) in 0.2 M Tris buffer, pH 8.2, were added to 0.15 mM substrate and
the volume was adjusted to 1.1 ml with the same buffer. The mixtures were
slowly shaken in a water bath for 30 min at 37 C. The reaction was then stopped
with 50% acetic acid, and absorbance at 450 nm was measured in a l-cm
semimicrocuvette. Identical mixtures with aprotinin (Trasylol, Bayer) added (100
kallikrein-inhibiting units/ml incubate) served as blanks.

Activation of inactive renin by Sepharose-bound kallikreins. The immobilized
kallikreins were suspended in 0.1 M phosphate buffer, pH 7.5, containing 0.075
M NacCl and 0.1 ml of the suspension was added to EDTA-plasma (1 ml) or
to fractions (1 or 2 ml) isolated from plasma by ion exchange chromatography.
Pepsin (3000 U/mg protein:Sigma Chemical Co., St.Louis, MO, USA), which
was bound to Sepharose in the same way as the kallikreins but which is known
to be inactive at neutral pH, was used as a control. The suspensions were slowly
shaken at 4 C for various periods up to 48 h, as indicated. The enzymes were
then removed by centrifugation at 8,000 x g for 10 min. Experiments in which
the immobilized enzymes were added to 0.15 M NaCl did not result in detectable
renin activity.

Assays of naturally occurring active renin and in vitro activated renin. The method
for measuring naturally occurring active renin, which has previously been
described?4, was slightly modified. Briefly, aliquots (0.1 or 0.2 ml) of EDTA-
plasma or fractions isolated from plasma by ion exchange chromatography were
mixed with purified sheep renin substrate (final concentration, 0.7 uM angiotensin
I equivalents/liter), and the total volume was adjusted to 1.0 ml with 0.1 M
phosphate buffer, pH 7.5, which contained 75 mM NaCL. EDTA (1 mM) was
present in both substrate and buffer solutions. After the addition of 10 ul §-
hydroxyquinoline sulfate (0.34 M), 5 ul phenylmethylsulfonylfluoride (0.3 M)
in ethanol, and 10 ul aprotinin (Trasylol, Bayer; 10,000 kallikrein-inhibiting
units/ml), the mixtures were incubated for 3-12 h at 37 C. At the end of the
incubation period, no more than 10% of the renin substrate had been consumed,
and generation of angiotensin I was linear for the whole period. For measuring
in vitro activated renin, the acid- or kallikrein-pretreated samples were similarly
incubated with sheep renin substrate. The quantity of angiotensin I that was
generated during incubation with renin substrate, was measured by RIA and
compared with the quantity generated by standard human kidney renin (MRC
standard 68/356, WHO International Laboratory for Biological Standards, Holly
Hill, Hampstead, London, United Kingdom). With the protease (angiotensinase)
inhibitors we have used, the recovery of angiotensin I, which was added to
plasma after treatment with acid or kallikreins, was 98.8 * 4.9% (mean * sem;
n = 15). The recovery of standard renin, which was added to the samples before
treatment with acid or kallikreins, was 97.0 = 4.0 % (n = 15). Renin concentration
is expressed as microunits of the renin standard (MRC standard 68/356 ) per
ml.
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2.1.4. RESULTS

In contrast with acid treatment, pancreas and urinary kallikreins had no effect
on inactive renin in whole plasma (Fig.1). The elution profile of DEAE-Sepharose
chromatography showed two peaks of renin activity: peak A at a sodium
concentration of 0.060 M, and peak B at 0.110 M (Fig.2). The renin content
of peak B was about 80% of the total quantity of naturally occurring active
renin present in plasma. Acid treatment of this peak did not alter its renin
activity. Acid treatment doubled the renin activity of peak A, indicating that
this peak contained inactive renin. However, acidification of this fraction did
not activate more than 5% of the total quantity of inactive (acid- activatable)
renin present in the plasma. In contrast, the addition of Sepharose-bound pancreas
kallikrein to peak A (final concentration 16 nM), led to the activation of more
than 80% of the inactive (acid-activatable) renin present in the plasma. Similar
results were obtained with urinary kallikrein (Fig.1). Both pancreas and urinary
kallikreins were effective at concentrations as low as 10 nM. The kallikreins
had no effect on the renin activity in peak B, probably because this peak did
not contain inactive renin. The inability of added kallikreins to activate inactive
renin in whole plasma can be explained by the presence of protease inhibitors®.
Thus, ion exchange chromatography has resulted in the separation of inactive
renin from active renin as well as from inhibitors that interfere with the proteolytic
activation of inactive renin.

2.1.5. DISCUSSION

The results demonstrate that pancreas and urinary kallikreins in concentrations
as low as 10 nM are capable of activating inactive plasma renin at neutral pH
without prior acidification. The finding with urinary kallikrein confirm and extend
the results of Sealey et al.!?. The precise chemical relationship between active
and inactive plasma renin is still unknown. While there is agreement that the
molecular weights of both naturally occurring active renin and in vitro activated
renin are about 44,000, there is no consensus on whether inactive (acid-activatable)
renin in plasma represents a higher molecular weight form*7.26-2°_ Recent findings
seem to indicate that the difference in molecular weight with active renin is
small or even absent*’. Our findings confirm the results of Shulkes et al.”, who
have shown that the active and inactive forms of renin can be readily separated
on the basis of their difference in net electrical charge.

The present study was restricted to tissue kallikreins. They differ in substrate
specificity from plasma kallikrein®’. Nevertheless, we have recently found that
prekallikrein (Fletcher factor)-deficient plasma had much lower renin activity
after acid treatment than after trypsin treatment’!, whereas in normal plasma,
identical results were obtained with the two procedures®*. This is strong evidence
that plasma kallikrein is involved in the acid activation of the inactive renin.
Under these artificial conditions, plasma kallikrein can unfold its action on renin,
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