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Angiotensin�converting enzyme (ACE, peptidyl�
dipeptidase A, EC 3.4.15.1) is a zinc�dependent pep�
tidase that metabolizes various biologically active pep�
tides (angiotensin I, bradykinin, Ac�SDKP, etc.) and
plays a key role in the regulation of blood pressure in
patients with most cardiovascular pathologies. Moreover,
this enzyme is involved in the neuropeptide metabolism,
immune and reproductive functions, signal transduction
into the cell, and other functions [1–3].

ACE is a glycoprotein and an integral type�I mem�
brane protein. The main ACE functions in the organ�
ism are fulfilled by the membrane�bound form of the
enzyme on the surface of endothelial, epithelial, and
neuroepithelial, as well as immune cells, macroph�
ages, and dendrite cells. Upon the action of still
unknown enzyme (some metal�dependent secretase),
ACE transforms into the soluble state through the
cleavage of anchoring sequence [4, 5]. This soluble
ACE is present in blood, seminal fluid, and other bio�
logical fluids. The concentration of ACE in these fluids is
an important parameter for clinical observation.
Healthy individuals reveal stable ACE blood level [6],
while during the development of some diseases, the
significant increase in this level could be observed
(e.g., sarcoidosis [7, 8] or Gaucher’s disease [9]); in
addition, the changes of the ACE concentration in
biological fluids due to the alteration of ACE gene
expression could be observed in cases of the polymor�
phism of the gene of this enzyme [10].

The somatic (tissue) form of ACE consists of the
two homologous domains (N and C) within single
polypeptide chain; each of these domains contains an
active center [11]. Precise 3D structure of the somatic
ACE is still unknown; however, a few models have
been proposed [12–14] based on the solved crystal
structures of separate ACE domains [15, 16], epitope
mapping of ACE [12], and the electron microscope
data of full�sized enzyme [13].

The set of about 40 monoclonal antibodies (mAbs)
directed to the different amino acid sequences of ACE
polypeptide chain or to the conformational epitopes
on the surface of the rat, murine and human enzyme
had been obtained previously [12, 17–25]. These
mAbs had been successfully applied for the quantita�
tion of ACE by ELISA and flow cytometry [26, 27].
Moreover, the set of 16 mAbs directed to the various
epitopes on the surface of both domains of human
ACE allowed to obtain new data on the structure and
mechanism of the action of ACE [12, 17, 20, 21, 28,
29], as well as to reveal carriers of new ACE gene
mutations [30–34].

Structural studies demonstrated that the pattern
(conformational fingerprinting) that characterizes the
binding efficiency of the mAbs set directed to the dif�
ferent surface epitopes on both ACE domains is a very
sensitive marker of local enzyme conformation that
could change upon denaturation, inhibitors’ binding,
etc. [21, 25]. Because all epitopes for the antibodies
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from this set have been characterized, the change in
the binding of certain antibody with ACE indicates the
place on the protein surface where the changes
occurred.

The pilot study of the phenotyping of the human
ACE derived from different tissues (blood
plasma/serum, lungs, kidney, spleen, heart) demon�
strated that the binding of the mAbs set directed to the
various epitopes on the ACE surface was different for
ACE from different tissues. The data allowed us to
conclude that the ACE surface conformations also dif�
fered among different cells/tissues.

Normally, 75% of ACE in the blood plasma origi�
nates from the endothelium of lung capillaries [35].
Almost 100% of the lung capillaries demonstrate ACE
expression, while only 10–15% of the capillaries of the
vascular bed produce ACE [36]. As we have already
mentioned, the level of ACE in the blood of healthy
people is quite stable, while in sarcoidosis or Gau�
cher’s disease, a significant increase in the blood ACE
level was reported.

Sarcoidosis and Gaucher’s disease are systemic
diseases difficult for diagnosing. The cause of Gau�
cher’s disease is the decrease of the activity of the lyso�
some enzyme, acid β�D�glucosidase, that leads to the
accumulation of nonhydrolyzed β�D�glucocerebro�
side in all cells of the organism, preferentially in mac�
rophages. The affected macrophages are activated and
stimulate ACE synthesis. Sarcoidosis is a systemic
granulomatous disease in which the lungs are mainly
affected. It was shown that in lymph nodes containing
granulomas the ACE expression was 12 times higher
than in normal ones [37]. Sarcoid granulomas were
suggested to be the source of the elevated ACE con�
centration in the blood. Thus, it could be expected
that, during the development of these diseases, in the
blood could be both lung�derived endothelial ACE
and enzyme from other sources with different surface
conformations.

We conducted studies aimed at identifying the
presence of ACE with altered surface topography in
the blood of the patients with Gaucher’s disease (sam�
ples were kindly provided by the Research Center of
Medical Genetics, Russian Academy of Science) and
with sarcoidosis (samples were kindly provided by the
Research Institute of Phthisiopulmonology, Moscow
Medicine Academy). The conformational fingerprint�
ing of ACE from the plasma of healthy donors
(48 samples) had been made. It was shown that the
binding of mAbs varied insignificantly among these
48 samples (data not shown). The analysis of the
plasma of the patients with Gaucher’s disease demon�
strated that the ACE activity level was two to seven
times higher than in normal controls. The analysis of
the mAbs binding to ACE from the plasma of the
patients with Gaucher’s disease revealed no major dif�
ferences when compared with the binding to ACE
from healthy donors. However, there was a statistically
significant increase of the binding of a single mAb

(3G8) to the N domain of the ACE from the patients’
plasma (figure).

An analysis of the binding of mAbs to ACE from the
plasma of sarcoidosis patients (ACE activity level was
increased two to four times compared with the con�
trols) had revealed a few mAbs with the binding dif�
fered from that of the donors’ (figure). A statistically
significant increase in the affinity of the 3G8, 1G12,
and 6A12 mAbs to the N domain of the enzyme and
1B3 and 1E10 mAbs to the C domain had been dem�
onstrated.

What are the possible reasons for these differences?
First of all, the differences in the enzyme surface could
be caused by the substitution of amino acid residues in
the polypeptide chain of the enzyme molecule. How�
ever, the ACE synthesis is coded by a single gene and
the known ACE mutations in its protein part are quite
rare and could not be associated with the differences in
the surface of the enzyme expressed in various tissues
of the same person. It is much more likely that the
observed differences are caused by the protein globule
post�translational modification, which could be called
“functional decorating.” Post�translational modifica�
tions could include phosphorylation, sulfation, meth�
ylation, acetylation, etc. ACE is a typical glycoprotein
with high carbohydrate content, and its most common
post�translational modification is glycosylation. This
process could differ in the proteins synthesized in dif�
ferent tissues by the glycosylation level and by the glu�
cans’ structure.

Human ACE molecule is known to have 17 poten�
tial glycosylation sites [11], and the real glycosylation
of human two domain ACE is poorly characterized.
The thorough and intensive investigation of the ACE
glycosylation was only performed for the recombinant
single domain testicular ACE (C domain) expressed in
the ovary cells of the Chinese hamster [38]. These data
certainly could not be extrapolated on the human
ACE. There are very limited data on the glycosylation
of human ACE. It was reported that in the somatic
ACE from the seminal fluid of 7 out of 17 potential
sites are indeed glycosylated (in particular Asn9). Two
oligosaccharides are the high mannose structures and
the other five are structures of a complex type, mainly
biantennary [39]. Furthermore, for the somatic
human kidney ACE [38], 6 out of 17 potential glyco�
sylation sites have been shown to be glycosylated
(Asn9, Asn25, Asn82, Asn117, Asn480, and Asn913).
All glycosylation sites (apart from Asn913) were
located in the N domain, and one site (Asn1196)
located in the C domain of ACE was not glycosylated.
There are no data about the glycosylation status of the
other ten sites. Human proteome researches have
demonstrated that blood plasma ACE contains three
glycosylated sites, Asn480, 666, and 685 [40].

Thus, ACEs produced by the lung tissue and
altered macrophages during Gaucher’s disease or sar�
coid granulomas during sarcoidosis most probably dif�
fer by glycosylation. It should be noted that the epitope
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for mAbs 3G8 (mAb with altered binding to ACE in
the blood in both Gaucher’s disease and sarcoidosis)
contains two potential glycosylation sites (Asn25 and
Asn82) in the N domain of the enzyme. The epitopes
for mAbs which binding changed in sarcoidosis con�
tain the following potential glycosylation sites: Asn416
(mAbs 1G12 and 6A12) in the N domain of the
enzyme, Asn666 (mAb 1E10), and Asn1196 (mAb
1B3) in the C domain. Thus, it could be concluded
that the differences in the glycosylation level and/or in
the structure of oligosaccharide chains at the above�

mentioned sites are the basis for the observed differ�
ences in the binding of mAbs with blood ACE from
healthy people and from patients with the aforemen�
tioned pathologies. These results could serve as a basis
for the development of clinical laboratory biochemical
methods for diagnosing the Gaucher’s disease and sar�
coidosis.

We also analyzed the probability of the presence of
the conformationally changed ACE in the blood of
uremia patients. This disease is characterized by
extremely high levels of toxins in the blood. Plasma
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Conformational fingerprinting of ACE. Ratio of the values of the binding efficiency of mAbs directed to different epitopes on two
domains of the enzyme in blood plasma from patients with different pathologies (Gaucher’s disease, sarcoidosis, uremia) to the
values of the binding efficiency of the same mAbs to plasma ACE from healthy donors. Ratio of the efficiency of the binding of
mAbs to ACE from homogenates of heart and lung tissues. In each case, the results are represented as the mean of three to nine
independent experiments and, in each experiment, the estimation of the efficiency of the binding of the same mAb with the same
ACE was conducted twice. Asterisks indicate the statistically significant differences, p < 0.05.
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samples from the uremia patients before hemodialysis
were kindly provided by Moscow State Medicine and
Dentistry University. It turned out, that in this case,
the efficiency of the binding of two mAbs to ACE from
the blood plasma of uremia patients had differed from
the efficiency of the binding of the same mAbs to ACE
from the blood plasma of healthy donors (figure). The
statistically significant differences in the efficiency of
the binding of mAb 1G12 to the N domain and mAb
1B3 to the C domain were described for 4 patients out
of 20. The characteristic of the conformationally
changed ACE from the blood plasma of uremia
patients had demonstrated that not only protein sur�
face, but catalytic functions had been changed. Con�
formationally changed ACE was characterized by the
increased activity (up to four times) towards its natural
substrate angiotensin I, by less effective inhibition by
the specific inhibitor enalaprilat (the analog of tripep�
tide wildly used in clinical practice as a hypotensive
drug) and by the almost complete absence of inhibi�
tion by the specific inhibitor nonapeptide teprotide.

The analysis of the blood plasma from healthy
donors (48) and patients without diagnosed uremia
(63) have revealed eight more cases of the conforma�
tionally changed ACE similar to that described for
uremia patients.

Thus, it seems that patients with this conforma�
tionally changed ACE in the blood in case of hyper�
tension should be treated with ACE inhibitors more
intensively or with another class of hypotensive drugs.

It is important, that the conformational finger�
printing of ACE in the blood of the patients with dif�
ferent diseases (Gaucher’s disease, sarcoidosis, ure�
mia) allows one to detect the presence of the enzyme
with the surface topography specific to each disease by
the individual pattern of the efficiency of the binding
of the panel of 16 mAbs. This confirms the possibility
of using the method in clinic.

In conclusion, the possibility of applying confor�
mational fingerprinting in cardiology should be dis�
cussed.

It is known that patients with atrial fibrillation are
characterized by increased expression of ACE in the
heart tissue (atrium in particular) [41]. Earlier, it was
demonstrated that ACE expression increased in the
hypertrophied heart and in small myocardium vessels
in patients who experienced sudden death (Bohle,
Danilov, et al., unpublished work). The important role
of the heart ACE in the development of cardiopathology
was demonstrated in studies conducted on transgenic
mice whose level of ACE expression in the heart was
elevated by 100 times compared to the controls. In
these mice, the volumes of both atriums (left and
right) turned out to be increased by three times. ECG
had demonstrated atrial fibrillation. Moreover, these
mice had a high predisposition to sudden death [42,
43]. So, the increase in ACE expression in the heart
could be the reason for the development of atrial fibril�
lation and ultimately lead to sudden death.

The proportion of the ACE produced in the heart
among total ACE concentration in the blood is no
more than 1%. Thus, even a threefold increase in the
heart ACE in the blood could not exert a significant
influence on the total enzyme activity detected in
blood. However, the proportion of the heart ACE that
enters the blood and complements ACE from the
lungs could be estimated and, thus, patients with
increased ACE expression in the blood could be
revealed if it were possible to isolate antibodies specific
to human heart ACE.

We have compared the phenotypes of the ACE
from the lungs, which are the main source of the
enzyme in the blood and of the heart ACE, the con�
centration of which in the blood could be increased by
an arrhythmia. The comparative conformational fin�
gerprinting of these two types of ACE is presented on
figure. It was shown that the efficiency of the binding
of some antibodies to the N and C domains of the
heart enzyme statistically significant differed from the
efficiency of the binding of the same antibodies to the
lung ACE. The differences in the binding efficiency of
these mAbs could be explained by the differences in
the glycosylation of the following potential glycosyla�
tion sites: Asn25 and Asn289 in the N domain of the
enzyme, and Asn666 and Asn731 in the C domain.

The demonstrated differences could serve as a basis
for isolating the mAbs that specifically detect ACE
produced by different types of cells/organ, heart tissue
in particular, for the further development of the clini�
cal laboratory method of the early diagnostics of
arrhythmia.
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