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Abstract
Angiotensin converting enzyme (ACE) can cleave angiotensin I, bradykinin, neurotensin and
many other peptide substrates in vitro. In part, this is due to the structure of ACE, a protein
composed of two independent catalytic domains. Until very recently, little was known regarding
the specific in vivo role of each ACE domain, and they were commonly regarded as equivalent.
This is not true, as shown by mouse models with a genetic inactivation of either the ACE N- or C-
domains. In vivo, most angiotensin II is produced by the ACE C-domain. Some peptides, such as
the anti-fibrotic peptide AcSDKP, are substrates only of the ACE N-domain. Knowing the in vivo
role of each ACE domain has great significance for developing ACE domain-specific inhibitors
and for understanding the full effects of the anti-ACE pharmaceuticals in widespread clinical use.

Introduction
While renin and angiotensin-converting enzyme (ACE) work coordinately to produce
angiotensin II, these enzymes are very different. Renin is extremely limited in its tissue
expression, while ACE is expressed by many tissues, including vascular endothelium,
proximal tubular epithelium of the kidney, absorptive epithelia of the duodenum,
inflammatory cells and even developing male germ cells [1]. Renin is an aspartyl
endoprotease; ACE is a zinc dependant dipeptidyl carboxypeptidase, meaning that ACE
cleaves two amino acids from the carboxyl end of peptides. But the single most striking
difference between renin and ACE is that renin is a highly specific enzyme, while ACE is
promiscuous, capable of cleaving many different peptide substrates. In vitro studies have
shown that ACE can hydrolyze angiotensin I, bradykinin, neurotensin, the tetrapeptide N-
acetyl-seryl-aspartyl-lysyl-proline (AcSDKP), enkephalins and others. Even some substrates
with modified C termini (for example substance P) can be hydrolyzed by ACE. This has
significant physiologic consequences in that renin only contributes to the generation of
angiotensin II, angiotensin 1-7 and similar angiotensin peptides. In contrast, the far larger
number of bioactive peptides hydrolyzed by ACE implies wider physiologic effects, and in
particular, effects apart from blood pressure control. As only one example, ACE inhibitor
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use in humans prevents the generation of angiotensin II, but it also leads to an accumulation
of bradykinin, a vasodilator and potent proinflammatory molecule that can induce cough [2].

Structure of ACE
In part, the wide substrate specificity of ACE is because the ACE protein is composed of
two catalytic domains. These domains, often called the N- and C- terminal domains (Figure
1), contain the consensus amino acid sequence HEMGH. This motif binds zinc and is crucial
for enzymatic activity. Each domain is catalytically independent [3]. Overall amino acid
homology between the two ACE domains is approximately 60%, but in the portions
involved in catalysis, homology reaches 89% [1,4**]. Analysis of genomic DNA exon sizes
and exon-intron boundaries, indicates that the modern ACE gene is the result of an ancient
gene duplication [5]. This form of ACE is termed somatic ACE, as it is the ACE isozyme
present in plasma and made by endothelium, the kidney and other somatic tissues. A second
ACE isozyme, called testis ACE, is only expressed by developing male germ cells and is a
smaller protein, composed of only the C-terminal domain. Nonetheless, testis ACE is
catalytic and male mice lacking testis ACE produce far fewer offspring than wild-type mice
[8-10**]. Some authors have suggested that testis ACE may be the primordial form of ACE
[4**]. The two ACE isozymes result from two separate promoter regions in the ACE gene
[6,7]. Unless otherwise specified, we will refer to somatic ACE as ACE.

ACE or an ACE-like enzyme has been found in mammals, fish, worms, insects, crabs and
even ticks [11,12]. The analysis of ACE in D. melanogaster is of particular interest [13-16].
Here, two ACE homologs termed Ance and Acer have been studied in detail. Each of these
enzymes contains only one catalytic domain. Analysis of the gene structure and enzymatic
properties of each of these proteins showed that Ance is more similar to the C-domain of
somatic ACE while Acer appears more similar to the N-domain. The conclusion of these and
other studies is that the gene duplication that resulted in the ACE present in vertebrates
occurred approximately 330-350 million years ago [13]. That both catalytic domains of ACE
have been conserved over such a long period of time indicates that each ACE domain must
have an important and different physiologic role.

Even in vitro, the two catalytic domains of ACE do show some important biological
differences. For example, optimal catalytic activity of the C-domain requires substantially
higher concentrations of chloride than observed for optimal catalytic activity of the N-
domain [3]. But perhaps the most significant difference between the two domains is a
difference in enzymatic efficiency for individual peptide substrates. Some peptides, such as
bradykinin, are hydrolyzed at approximately the same rate by both catalytic domains. In
contrast, angiotensin I is hydrolyzed approximately three times more efficiently by the C-
domain than the N-domain [3]. Finally, the peptides AcSDKP, angiotensin 1-7, and amyloid
β-protein 1–42 are nearly exclusively cleaved by the N-domain [17-19*]. These conclusions
are based on in vitro data, since, until recently, it was not possible to analyze the in vivo role
of each ACE domain.

In vivo roles of ACE
There are two conceptual approaches to studying the in vivo function of the individual ACE
domains. The first one is pharmacologic. All the commercially available ACE inhibitors
used in clinical practice are insufficiently selective in their domain specificity to allow study
of individual domain function. However, potent and specific inhibitors of each of the ACE
domains have now been synthesized. For example, RXP 407, a peptide in which a
phosphinic acid bond is used in place of a peptide bond, has a dissociation constant three
orders of magnitude lower for the ACE N-domain than for the C-terminal domain [20]. This
compound is reported as stable in vivo and, when used in a mouse, increases the plasma
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level of AcSDKP as much as 6-fold [21]. Another phosphinic peptide, RXPA 380, is
reported as being a C-terminal specific inhibitor, with a dissociation constant more than 3
orders of magnitude lower for the ACE C-domain than the N-domain [22]. Again, this
compound appears effective in mice. Finally, Sturrock and colleagues have prepared a
different chemical class of C-terminal specific ACE inhibitors, termed ketomethylene
inhibitors [23,24*]. Again, there is a 3 order of magnitude difference in dissociation
constant, with very little effect on the N-terminal of ACE. Since mice genetically modified
to express ACE with only one active catalytic site have a normal blood pressure (see below),
we would predict that such site-specific ACE inhibitors would have only a limited effect
reducing long term blood pressure. However, we believe they will be clinically useful for
treating models of tissue injury, as discussed below.

The second major approach for studying ACE domain function is genetic, by using targeted
homologous recombination in embryonic stem cells. The first targeted genetic models of
ACE were null for all ACE expression [8,26]. However, targeting in ES cells has the
capacity to create virtually any genetic change that can be envisioned [27]. Genes can be
duplicated, promoters can be altered, and even individual nucleotide changes can be inserted
into the genome. It was this last approach that was used to create mouse models expressing
ACE with only one functional ACE domain. In other words, instead of truncating the ACE
protein, our strategy was to selectively mutate two amino acids with the predicted result that
the resulting protein would be full length but have only one active ACE catalytic domain
(Figure 1). This work was based on elegant in vitro studies showing that mutations
converting the two histidines responsible for binding zinc into lysine residues was sufficient
to catalytically inactivate an ACE domain [3].

For the N-domain, the critical histidines are found at positions 395 and 399 within the 8th

exon of the ACE gene; for the C-domain, it is histidines 993 and 997 in the 20th exon [28**,
29**]. In both instances, targeting constructs were created in which His (codon CAT or
CAC) were converted to Lys (codon AAG or AAA). To assist in positive selection, the
targeting constructs incorporated a neomycin gene within either the 7th or the 19th intron.
Finally, we used strategies to ultimately delete the neomycin cassette, such that the final
mice would only possess a single LOX site within an intron plus mutation of HEMGH to
KEMGK. In the original publications, mice with inactivation of either the N- or C-domain
were referred to as ACE 7/7 and ACE 13/13 [28**,29**]. Now, we use the more logical
nomenclature N-KO and C-KO.

To characterize these new models, we used Western blot analysis to study tissue expression
of ACE in these new strains. These data establish that the introduction of point mutations
into N-KO and C-KO mice had no effect on the 1) tissue distribution, 2) the levels of ACE
expression, or 3) the molecular size of the ACE protein. Also, to verify the in vivo
biochemical phenotype of ACE produced by the N-KO and C-KO mice, the plasma catalytic
activity was assayed using the ACE substrates AcSDAcKP (cleaved exclusively by the N-
terminal) and Hip-His-Leu (HHL, cleaved much more efficiently by the C-terminal domain).
We also took advantage of three additional tools: the N-specific inhibitor RXP407, the
difference in chloride sensitivity of the two ACE domains, and the fact that testis ACE only
contains the C-domain. All of these studies were consistent: N-KO mice produce an ACE
protein lacking N-domain catalytic activity while C-KO mice lack ACE C-domain activity.
However, equally important, in each of these models the non-targeted domain of ACE was
fully catalytic.

One of the misconceptions concerning ACE is that the enzyme is present in great
physiologic excess. This is not true. For example, a mouse heterozygous for one WT ACE
allele and for one ACE null allele produces about 60% normal plasma ACE activity [26].
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Such a mouse has a normal blood pressure, but only because up-regulation of renin, and
angiotensin I maintains angiotensin II levels. In fact, some mouse models made in our
laboratory express ACE only in aberrant tissue locations, such as by liver hepatocytes [30].
In these and in other experimental models of ACE manipulation, the regulation of renin can
compensate and maintain a normal blood pressure over wide changes in ACE location and
expression levels [31,32]. Thus, it was expected that N-KO and C-KO mice would have
normal blood pressures, and in fact, this is what was found. Further, while we originally
found a small elevation of plasma angiotensin II levels in the N-KO mice, additional data
and statistical analysis shows no significant differences between N-KO, C-KO and WT for
plasma angiotensin II levels. Thus, any physiologic differences in these models cannot
reasonably be attributed to differences of blood pressure or plasma angiotensin II levels.

Role of the N- and C-domain of ACE in the control of blood pressure
While the N-KO and C-KO mice have normal blood pressures, how they achieve
homeostasis is very different. This is readily apparent from examining blood levels of
angiotensin I. N-KO mice have plasma levels of angiotensin I and renin that were identical
to WT mice [28**]. N-KO mice have a fully active C-terminal catalytic domain and the
normal values of angiotensin I and renin indicate that, under steady state in vivo conditions,
it is the C-terminal domain that is responsible for the vast majority of angiotensin II
production. Because of this, no compensation of renin or angiotensin I is necessary to
maintain blood pressure in the N-KO model. Different results were seen in the C-KO mice,
which retain an active N-domain [29**]. These mice have a normal blood pressure but this
is achieved with plasma angiotensin I levels that are greater than 7-fold those of WT and
plasma renin activity 2.6-fold those of WT. These data reflect the relatively inefficient
ability of the N-domain to produce angiotensin II, resulting in homeostatic up-regulation of
renin, subsequent elevation of angiotensin I and, through mass action, reestablishment of
normal angiotensin II levels.

The relative in vivo efficacy of the ACE N- and C-domains is bolstered by experiments in
which N-KO, C-KO or WT mice were infused intravenously with either angiotensin I or
angiotensin II peptide. For these experiments, the mice were anesthetized and prepared with
an arterial catheter to monitor blood pressure. A venous catheter was used for peptide
infusion. These studies showed that there was no difference in the magnitude of the blood
pressure rise, the time response of the rise, or the shape of the pressure curves between WT
and N-KO mice. These data were very different from those observed with the C-KO mice.
These animals responded to angiotensin I infusion with a rise in blood pressure that was
reduced by 48% as compared to WT mice. In contrast, when we measured the fall in blood
pressure elicited by IV infusion of bradykinin, C-KO mice showed a response equivalent to
WT, consistent with the finding of that bradykinin (1-9), and bradykinin (1-7) plasma levels
were equivalent in N-KO, C-KO and WT mice. Thus, both the basal levels of angiotensin I
and the response to infused angiotensin I peptide indicate that, in vivo, the vast majority of
angiotensin II is produced by the conversion of angiotensin I by the C-terminal domain of
ACE. Given this conclusion, it is difficult to argue that evolutionary maintenance of the
ACE N-domain was due to genetic pressures related to the production of angiotensin II.
What then is the physiologic role of the ACE N-domain?

N-domain of ACE controls AcSDKP degradation and lung fibrosis
We have noted that there are ACE peptide substrates that are exclusively cleaved by the N-
domain. One such peptide is AcSDKP. This peptide is produced from the precursor protein
thymosin β4 by the enzyme prolyl oligopeptidase (POP) and apparently is only degraded by
the N-domain of ACE. A 7-fold increase in the plasma concentration of AcSDKP after the
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acute administration of an ACE inhibitor to normal volunteers shows the in vivo importance
of ACE in the regulation of this peptide [33,34]. Plasma AcSDKP in N-KO mice is 7.3-fold
that measured in WT mice. AcSDKP was first described as a natural regulator of
hematopoietic stem cell proliferation [35]. Elegant recent work by Carretero and colleagues
has demonstrated that AcSDKP also prevents the proliferation of fibroblasts in the
myocardium, aorta and the kidney in models of injury [36*-38].

To study inflammation and fibrosis in the N-KO and C-KO strains, we used the model of
lung injury induced by administration of the anti-cancer drug bleomycin [39*]. This is a well
accepted model of lung injury and fibrosis which has direct clinical relevance, since the anti-
neoplastic use of bleomycin is limited by its lung toxicity [40]. To induce injury in mice, we
placed saline containing bleomycin directly into the trachea and evaluated the mice 14 days
later. As anticipated, WT mice developed significant lung injury consisting of focal,
typically subpleural pulmonary inflammation and fibrosis. Lung injury in C-KO mice was
similar to WT. In contrast, inflammation and fibrosis were greatly reduced in N-KO mice, as
indicated by the retention of a near normal histologic appearance [39*].

To objectively quantitate lung injury, we measure the amount of hydroxyproline in the
whole lung of WT, N-KO and C-KO mice treated with intra-tracheal bleomycin. Since both
the N-KO and CKO strains were on a mixed 129-C57BL/6 genetic background, separate
littermate WT animals from each strain were used as controls. When treated with saline, the
collagen content of WT, N-KO and CKO lungs were equivalent. However, two weeks after
intra-tracheal bleomycin, WT and C-KO mice significantly increased the hydroxyproline
content of their lungs. In contrast, N-KO mice did not show a significant increase of
pulmonary collagen levels (Figure 2). Susceptibility to bleomycin can be influenced by the
level of expression of bleomycin hydrolase in the lung [41]. However, Western blot analysis
showed no significant differences in lung expression of this enzyme in N-KO, C-KO or WT
mice.

As discussed, AcSDKP is released from its precursor protein by the serine peptidase POP.
To examine the role of AcSDKP in the N-KO model, we inhibited the generation of this
peptide with the pharmaceutical S-17092, a POP inhibitor. S-17092 is a highly specific
inhibitor of POP and does not result in a modification in concentration of other peptides
including angiotensin II, substance P and Arg8-vasopressin in the rat heart, kidney and brain
[42-44]. We administered S-17092 by daily intraperitoneal injections starting one day before
the intra-tracheal instillation of bleomycin and continuing until the sacrifice of the mice.
This protocol successfully decreased AcSDKP urine concentrations in the N-KO mice.
When these mice were tested for susceptibility to bleomycin-induced lung injury, they
showed a level of injury, as indicated by hydroxyproline levels that were now equivalent to
those above WT (Figure 2). Please remember, that N-KO mice have normal blood pressure
and plasma levels of angiotensin II. Thus, these experiments clearly implicate some other
function of ACE that affects the response to bleomycin-induced lung injury. We believe this
factor is AcSDKP.

If this hypothesis is true, then the delivery of exogenous AcSDKP should have a protective
effect, even in WT mice. To test this, AcSDKP was administered to WT mice by osmotic
mini pump. Four days after mini pump placement, bleomycin was administered, and two
weeks later, lungs were collected and assayed for hydroxyproline. Treatment of WT mice
with AcSDKP substantially reduced lung hydroxyproline content, as compared to mice
treated with a saline-filled mini pump. These experiments and the other studies discussed
above strongly argue that AcSDKP has important biochemical effects and that these could
be modulated either through the use of a standard ACE inhibitor or possibly a
pharmaceutical that inhibited only the ACE N-domain.
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C-domain of ACE controls male fertility
One feature of ACE knockout mice (ie mice null for all ACE expression) is the marked
reduction of fertility of the homozygous males [8,26,45]. The role of ACE in fertility is also
true for other organisms like insects and mollusks [4**]. As discussed, a unique ACE
isozyme is made in testes by developing sperm. Dr. Ramaj et al. showed that restoration of
testis ACE expression in the sperm cells of ACE knockout mice was sufficient to rescue the
fertility defect, without improving the other ACE knockout characteristics, such as low
blood pressure and kidney abnormalities [46]. As already discussed, testis ACE is composed
of only one catalytic domain, the C-domain of somatic ACE [47]. Therefore, C-KO mice
express an inactivated testis ACE. We have tested these males and demonstrated that the
enzymatic activity of this enzyme was absolutely crucial to male fertility [10**]. Until now,
the detailed consequences of the inactivation of testis ACE remains unclear. C-KO males
produce sperm cell with a normal abundance and mobility, but these cells are unable to bind
to unfertilized ovocytes. It is therefore reasonable to postulate that the specific inactivation
of the testis ACE isoform could constitute an approach to develop a male contraceptive.

Summary
In conclusion, there is little doubt that both catalytic domains of ACE play important
physiologic roles. The conversion of angiotensin I to angiotensin II is the ken of the C-
domain. In contrast, the N-domain efficiently hydrolyzes other peptides, including AcSDKP
(Figure 3). We believe there are important reasons to develop specific inhibitors of either the
N- or C-domains of ACE that would be soluble and applicable to animal models. However,
it seems unlikely that such agents will chronically influence blood pressure. This is because
inhibition of the C-domain, the locus for angiotensin II production, will result in
compensatory elevation of renin and maintenance of blood pressure. In contrast, inhibitors
of the N-domain would be expected to raise AcSDKP concentrations in the absence of the
typical side effects associated with total ACE inhibition. While we do not yet understand all
the physiologic consequences of elevated levels of AcSDKP, what we know so far indicates
that this will be a fruitful area of investigation for processes as diverse as cardiac response to
myocardial infarction and fibrotic lung injury.
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Figure 1.
Schematic representation of the WT, N-KO and C-KO ACE enzyme. The somatic isoform
of ACE (sACE) is composed of two homologous regions termed N- and C- domains
(hatched regions). Each domain contains the zinc-binding catalytic motif HEMGH. These
domains are anchored to the plasma membrane by a hydrophobic region located at the
carboxy-terminus extremity of the protein. In the N-KO strain the catalytic site of the N-
domain was mutated to KEMGK abolishing its ability to bind zinc and rendering it inactive.
In the C-KO strain, similar mutations inactivated the C-domain. The testis isoform (tACE),
exclusively expressed in male germ cells, lacks the N-domain of sACE and has only one
catalytic domain.
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Figure 2.
Measurement of fibrosis. The determination of hydroxyproline content was used to
objectively measure the degree of collagen deposition in the lung of WT, N-KO and C-KO
mice 14 days after bleomycin or saline administration. The administration of bleomycin
significantly increased the collagen deposition in lung of WT and C-KO mice when
compared to saline treated animals. The inactivation of the N-terminal site of ACE
prevented bleomycin-induced collagen deposition and fibrosis in the lung. * indicates P <
0.01 when compared to WT with the same treatment and ◆ indicates P < 0.01 when
compared to saline-treated mice of the same genotype.
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Figure 3.
Summary of the specific functions of the catalytic sites of ACE. Bradykinin and angiotensin
I are substrates for both catalytic site of ACE, with a more efficient generation of
angiotensin II by the C-terminal site. AcSDKP is a substrate for only the N-terminal site of
ACE and affects inflammation and organ fibrosis. The C-terminal site is necessary for male
fertility.
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