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Abstract

Background—Gaucher disease is characterized by the activation of splenic and hepatic 

macrophages, accompanied by dramatically increased levels of angiotensin-converting enzyme 

(ACE). To evaluate the source of the elevated blood ACE, we performed complete ACE 

phenotyping using blood, spleen and liver samples from patients with Gaucher disease and 

controls.

Methods—ACE phenotyping included 1) immunohistochemical staining for ACE; 2) measuring 

ACE activity with two substrates (HHL and ZPHL); 3) calculating the ratio of the rates of 

substrate hydrolysis (ZPHL/HHL ratio); 4) assessing the conformational fingerprint of ACE by 

evaluating the pattern of binding of monoclonal antibodies to 16 different ACE epitopes.

Results—We show that in patients with Gaucher disease, the dramatically increased levels of 

ACE originate from activated splenic and/or hepatic macrophages (Gaucher cells), and that both 

its conformational fingerprint and kinetic characteristics (ZPHL/HHL ratio) differ from controls 

and from patients with sarcoid granulomas. Furthermore, normal spleen was found to produce 
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high levels of endogenous ACE inhibitors and a novel, tightly-bound 10–30 kDa ACE effector 

which is deficient in Gaucher spleen.

Conclusions—The conformation of ACE is tissue-specific. In Gaucher disease, ACE produced 

by activated splenic macrophages differs from that in hepatic macrophages, as well as from 

macrophages and dendritic cells in sarcoid granulomas. The observed differences are likely due to 

altered ACE glycosylation or sialylation in these diseased organs. The conformational differences 

in ACE may serve as a specific biomarker for Gaucher disease.
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1. INTRODUCTION

The lysosomal storage disorder Gaucher disease (Mendelian Inheritance in Man, OMIM 

#230800) results from the recessively inherited deficiency of lysosomal glucocerebrosidase 

(GCase, EC 3.2.1.45), caused by mutations in the gene GBA1 (MIM# 606463) located on 

chromosome 1q21. The enzymatic deficiency causes accumulation of the substrates 

glucosylceramide and glucosylsphingosine, primarily in cells of the reticuloendothelial 

system. Histologically, the disorder is characterized by the presence of lipid-laden Gaucher 

macrophages (Gaucher cells) in the spleen, liver, and bone marrow. These cells are believed 

to be primarily responsible for the visceral, hematologic, and bone pathology in affected 

individuals [1–2].

There are both non-neuronopathic (type 1) and neuronopathic (types 2 and 3) forms of 

Gaucher disease. Patients present with vast phenotypic heterogeneity, ranging from 

asymptomatic adults to early lethality. Enzyme Replacement Therapy and Substrate 

Reduction Therapy are effective in reversing disease manifestations in non-neuronopathic 

Gaucher disease, although response to therapy differs between patients and even siblings. 

There are over 300 known mutations in GBA1, with certain relevant genotype-phenotype 

associations, but in many cases, genotype cannot be used to predict prognosis or the 

response to therapy [3]. Because of this variability in phenotypes, there is a great need for 

biomarkers that might correlate with prognosis [4].

Several blood biomarkers have been identified for the biochemical monitoring of Gaucher 

disease [5]. Three of those most commonly used to reflect disease activity are chitotriosidase 

[6], angiotensin I-converting enzyme and acid phosphatase – reviewed in [7]. Furthermore, 

studies in blood from patients with Gaucher disease also demonstrate more than 10-fold 

elevation in chemokines PARC/CCL18 [8] and macrophage inflammatory proteins (MIP)-1-

α and MIP-1-β [9]. Most recently glucosylsphingosine was reported as a biomarker closely 

correlating with disease activity [10].

Of these markers, angiotensin I-converting enzyme (ACE, CD143, EC 3.4.15.1), a Zn2+ 

carboxydipeptidase with two catalytic centers [11], is a key regulator of blood pressure, and 

also participates in the development of vascular pathology and remodeling [12–13]. The 
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somatic isoform of ACE is highly expressed as a type-I membrane glycoprotein in 

endothelial [14–15], epithelial and neuroepithelial cells [16–17], as well as in immune cells 

including macrophages and dendritic cells [18–19]. ACE is also known as CD143 [20–21].

In addition to membrane-bound ACE, a variable amount of soluble ACE lacking the 

transmembrane domain is present in blood and other biological fluids [22]. In a healthy 

individual, ACE found in blood originates primarily from the vast pulmonary 

microvasculature, which exhibits 100% ACE expression, compared to capillaries in the 

systemic circulation, which are 10–15% ACE-positive [15]. ACE enters the circulation via 

proteolytic treatment (shedding) from the endothelial cell surface by a yet unidentified ACE 

secretase [23]. In healthy individuals, the level of ACE in the blood is stable [24], whereas it 

is increased, 3–5-fold, in blood of subjects with sarcoidosis [25] or Gaucher disease [26–27], 

and it has been used as a clinical biomarker of disease severity [28–29].

A panel of 16 monoclonal antibodies (mAbs) has been developed that recognize different 

conformational epitopes on human ACE [30–32]. It has been shown that the pattern of mAb 

binding to ACE is a very sensitive marker of local ACE conformation. This pattern, known 

as the “conformational fingerprint of ACE”, reflects changes in the epitopes for the distinct 

mAbs, due to partial denaturation of the ACE globule, chemical modification, inhibitor 

binding, mutations, and different glycosylation/deglycosylation patterns [33–36]. Moreover, 

it was previously shown that this conformational fingerprint may detect conformationally 

changed ACE derived from different cell/tissue origins, including ACE from macrophages/

dendritic cells [33], epithelial cells [35] or heart [37], versus ACE from lung endothelial 

cells. In disease states, such as sarcoidosis [33] or uremia [34], an altered ACE 

conformational fingerprint is observed.

Here we report alterations in the ACE conformation in plasma, spleen and liver of patients 

with Gaucher disease, demonstrating that the local ACE conformation is both tissue and 

disease specific, and may serve as biomarker of pathology. Based on our analyses of 

conformational fingerprints of tissue and plasma ACE under normal and disease conditions, 

we conclude that the excessive ACE seen in the blood of patients with Gaucher disease 

originates from both splenic and hepatic macrophages. Moreover, ACE phenotyping of 

blood and spleen samples revealed ACE effectors which bind to ACE and change its 

conformation and kinetic properties. One of these, a novel, tightly-bound ACE effector, 

preferentially found in the spleen, was absent in spleens from patients with Gaucher disease.

2. METHODS

2.1. Study participants

This non-interventional pilot study was approved by the Institutional Review Boards of the 

University of Illinois at Chicago (USA) and the Research Center of Medical Genetics 

(Moscow, Russia). All procedures were carried out in accordance with institutional 

guidelines with appropriate written informed consent. Heparinized or citrated plasma 

samples, spleen samples collected during splenectomy, and postmortem spleen, liver, kidney 

and lung samples were used to determine ACE activity and for immunochemical 

characterization of ACE. Anonymized samples from subjects collected with informed 
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consent under a natural history protocol at the National Human Genome Research Institute 

of the National Institutes of Health (USA) were also included.

2.2. Immunohistochemistry

Paraffin-embedded spleen tissues from patients with Gaucher disease and controls were 

sectioned at 2 to 4 μm, mounted on super-plan slides (Superfrost, Menzel-Gläser, 

Braunschweig, Germany) and dried overnight at 37°C. Microwave treatment was performed 

in 0.01 M citrate buffer, pH 6.0, as previously described [38]. The mAbs to ACE (CD143), 

clone CG2 [30]) from BMA Biomedicals (Augst, Switzerland), and mAbs to macrophage 

marker, CD68, clone KP1 (Dako Cytomation, Hamburg, Germany), were used at 

concentrations of 5 μg/ml and 7.6 μg/ml, respectively, in Tris-HCl buffer, pH 7.4, and 

incubated on slides for 30 min at room temperature. Slides without the primary mAb served 

as negative controls. Immunohistochemistry was performed using the Dako Real™ 

Detection System with standardized reagents per the manufacturer’s protocol.

2.3. ACE activity assay

ACE activity in plasma, in spleen, liver or lung homogenates and in culture medium from 

ACE-expressing cells (as an example of recombinant human ACE) was measured using a 

fluorometric assay with two ACE substrates, 2 mM Z-Phe-His-Leu (ZPHL) or 5 mM Hip-

His-Leu (HHL) [30]. Briefly, 20–40 μl aliquots of samples were added to 200 μl of ACE 

substrate and incubated for the appropriate time at 37°C. The His-Leu product was 

quantified by complexing with o-phtaldialdehyde.

2.4. Isolation and cultivation of ACE-expressing cells

A plasmid containing the full-length somatic ACE cDNA, but without a transmembrane 

anchor, WTΔ [39], kindly provided by Dr. F. Alhenc-Gelas (then INSERM Unit 352, Paris, 

France), was stably expressed in CHO cells (ATCC, Manassas, VA) using Plus Reagent 

(Invitrogen Corp., Carlsbad, CA) as described [40]. Culture medium (Ultra-CHO, Cambrex 

Bioscience Walkersville, Inc., Walkersville, MD) was collected as a source of soluble ACE.

2.5. ACE purification

Seminal fluid was kindly provided by Dr. V.V. Evdokimov (N.A. Lopatkin Research 

Institute of Urology and Interventional Radiology, Moscow, Russia) and used as a source of 

somatic ACE. ACE was purified by lisinopril affinity chromatography as in [41]. Purified 

ACE preparations were confirmed to be homogeneous by electrophoresis on 7.5 % SDS-

PAGE gels. ACE purification from lung and spleen homogenates was performed similarly.

2.6 Immunological characterization of ACE (Plate immunoprecipitation assay)

Ninety-six-well plates (Corning, Corning, NY), coated with 16 anti-ACE mAbs via a goat 

anti-mouse IgG (Pierce, Rockford, IL) bridge, were incubated with the tested ACEs. Plate-

bound ACE activity was measured with substrate for ACE (Z-Phe-His-Leu), added directly 

to the wells [33, 42].
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2.7. Dialysis and filtration of human plasma and spleen and lung homogenates

Dialysis of the human spleen and lung homogenates and plasma was performed in 10 kDa 

dialysis cassettes (Pierce, Rockford, IL) against 50 mM phosphate buffer, pH 7.5, containing 

150 mM NaCl and 1 μM ZnCl2, at 4°C. Filtration of the homogenates and plasma was 

performed on Vivaspin filtration membranes (GE Healthcare, Sartorius Corp., Bohemia, 

NY) with 3, 10, 30 and 100 kDa limits at 12 000g.

2.8. Statistical analysis

Data collected from the different patient groups were analyzed using the Mann-Whitney test 

with STATISTICA 6 (StatSoft, Inc., OK) in 3–4 independent experiments.

3. RESULTS AND DISCUSSION

3.1. Immunohistochemical detection of ACE in Gaucher spleen

We performed immunostaining of spleen samples from three patients with Gaucher disease 

and spleen from patients with unrelated diseases using anti-ACE mAb CG2 and anti-CD68 

(macrophage marker) mAb KP1 (Fig. 1). Previously, large amounts of ACE were observed 

within the cytoplasm of splenic Gaucher cells by immunofluorescence, while levels in other 

cells were considered negligible [43]. Here, we found that ACE in normal spleen is present 

in endothelial cells of terminal trabecular arteries, central arterioles, marginal zone sinuses 

and arterioles of the red pulp, while negligible ACE expression was seen in immune cells 

Representative staining demonstrated that Gaucher cells express a huge amount of ACE, 

confirming previous results [43]. ACE in splenic Gaucher cells is seen in the cytoplasm and 

on the cell membrane. While immunostaining for the tissue macrophage-specific protein 

CD68 appeared homogenous in all Gaucher cells, immunostaining for ACE was 

heterogeneous, with either low, medium or high amounts of ACE (Fig. 1).

3.2. ACE phenotype in Gaucher plasma

ACE activity in heparinized plasma was determined using two synthetic substrates-Hip-His-

Leu (HHL) and Z-Phe-His-Leu (ZPHL). We found that in two independent cohorts 

(collected in 2008 and in 2016) ACE activity in plasma of patients with Gaucher disease 

(totally from 19 patients-mostly type I), was dramatically increased compared to the ACE 

activity in plasma of 25 unrelated patients from the pulmonology clinic. Fig. 2A 

demonstrates that ACE activity in plasma in a representative cohort of 10 patients with 

Gaucher disease was 3–10 fold higher (mean-5-fold) than the mean value for 7 unrelated 

control individuals (30.3 ± 5.2 mU/ml with ZPHL as a substrate), in agreement with 

previous observations [26–27]. ACE activity in plasma from both patient groups was fully 

inhibited by the ACE inhibitor enalaprilat (not shown). Thus, this activity could not be 

attributed to the action of other peptidases. Of note, the ACE activity in plasma from two 

patients undergoing enzyme replacement therapy was lower (increased only about 2-fold, 

data not shown). In addition to measuring ACE activity, we quantified the amount of ACE 

immunoreactive protein (using precipitation of ACE by mAbs), and found that ACE levels 

were also dramatically increased in the plasma from patients with Gaucher disease (not 

shown).
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Fig. 2B shows the ratio of the rates of the hydrolysis of the two ACE substrates, ZPHL and 

HHL. The two domains of ACE hydrolyze a range of natural and synthetic substrates, but 

with different efficiencies [44–47]. The substrates, ZPHL and HHL, are used to determine 

ACE activity in laboratories worldwide, mostly at fixed concentrations of 2 mM and 5 mM, 

respectively, at pH 8.3. ACE domains hydrolyze the substrates under these conditions at 

different rates. HHL is hydrolyzed faster (9-fold) by the C domain of ACE [44], whereas 

ZPHL is hydrolyzed at similar rates by both domains [30]. As a result, the ratio of the rates 

of hydrolysis of these two substrates (ZPHL/HHL ratio) is characteristic of a specific ACE 

form: somatic two-domain human ACE has a ratio of about 1–1.5, N domain about 5–7, and 

C domain about 0.6–0.8 [48]. The ZPHL/HHL ratio has primarily been used to detect blood 

levels of common ACE inhibitors taken as drugs [48]. However, this ratio can also be used to 

detect ACE mutations influencing ACE activity [49], as well as inactivation or inhibition of 

a specific domain, for an increase in this ratio might reflect inactivation/inhibition of the C 

domain, while a decrease might indicate the inactivation/inhibition of the N domain [48].

The ZPHL/HHL ratio is a rather uniform parameter for native ACE in normal plasma, and is 

characterized by very low inter-individual variability with standard deviations (SD) of only 

about 3–5% [34,48], while ACE activity determined with a single substrate in control 

populations varies 3–4-fold, with SDs of ~30% [24,42]. We did not identify any patients 

with exogenous ACE inhibitors in blood, as the ZPHL/HHL ratios for individual patients 

were not increased. However, the ZPHL/HHL ratio was significantly lower (p<0.01) in 

plasma of most patients with Gaucher disease (Fig. 2B), indicating the putative presence of 

excessive amounts of endogenous ACE inhibitors binding preferably to the N domain of 

ACE. Alternatively, the lower ZPHL/HHL ratio for ACE in plasma of patients with Gaucher 

disease could be explained by the production of additional conformationally changed and 

kinetically different ACE by Gaucher cells. Thus, we determined the ZPHL/HHL ratio at 

different dilutions in plasma samples from three patients with Gaucher disease and five 

unrelated controls to determine whether this lower ratio is specific to ACE produced by 

Gaucher cells. With dilution, the ZPHL/HHL ratio for ACE in Gaucher plasma increased 

slightly more than that in control plasma (insert in Fig. 2B), indicating the contribution of 

ACE inhibitors in the plasma of patients with Gaucher disease. However, this ratio in 

Gaucher plasma was still lower than in control plasma, even at 20-fold dilution (insert in 

Fig. 2B), which may indicate that other factors impact ACE kinetics in health and disease.

Dialysis of both control and Gaucher plasma using a 10 kDa membrane resulted in an 

increase in ACE activity with both substrates, ZPHL and HHL. The activity towards ZPHL 

increased more, also increasing the ratio ZPHL/HHL, indicating that plasma inhibitors 

preferentially inhibit the ACE N domain (not shown). Filtration of both control and Gaucher 

plasma on filters with different pore sizes (Fig. 3) also increased ACE activity in both 

supernatants diluted to the initial volumes (Fig. 3A). The filtrates, collected from undiluted 

control and Gaucher plasma with 10 kDa and 100 kDa filters, both inhibited the activity of 

purified ACE, but the filtrate from Gaucher plasma had a greater inhibitory effect (Fig. 3B), 

confirming the higher content of endogenous inhibitors in plasma in these patients. Since the 

results using filters with different pore sizes did not differ, the molecular mass of these ACE 

inhibitors in plasma is likely less than 10 kDa. Thus, in patients with Gaucher disease, there 
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is not only increased ACE activity in blood, but also increased levels of endogenous, easily-

dissociating, low-molecular weight (LMW) ACE inhibitors.

In order to characterize the conformation of plasma ACE in patients with Gaucher disease, 

we performed conformational fingerprinting of ACE in plasma from ten patients with 

Gaucher disease and seven controls using a panel of mAbs directed against 16 different 

epitopes located on the N and C domains of catalytically active human ACE [33]. We 

previously demonstrated that the pattern of precipitation of ACE activity by this set of mAbs 

(“conformational fingerprint of ACE”) provides a sensitive tool for the detection of changes 

in the local conformation of ACE, due to denaturation, inhibition [33–34], mutations [36, 49 

and references herein], or cell/tissue of origin [32–33, 35, 37].

We used diluted plasma samples to estimate the binding of mAbs to ACE in order to 

eliminate putative effects of endogenous ACE inhibitors/effectors [36] on ACE in control 

and Gaucher plasma. We found that the binding of two mAbs, 3G8 and 6A12, each with 

epitopes on the N domain of ACE [50–51], and mAb 3F11, with an epitope on the C domain 

[31], differed significantly in the Gaucher samples, as shown in Fig. 4A. The differences in 

binding of mAbs 3G8, 6A12 and 3F11 is likely due to different ACE glycosylation at 

potential N glycosylation sites, Asn82 and/or Asn 25, Asn416 and Asn1162, within the 

epitopes for these mAbs, respectively [50, 51, 31]. This would result in differences in the 

local conformations of these epitopes on the surface of ACE produced by Gaucher cells in 

the spleen and/or liver and lung endothelial cells, which are the main source of ACE in 

blood under normal conditions, and, therefore, result in different mAbs binding.

Of note, the conformational fingerprint of plasma ACE from patients with Gaucher disease 

(Fig. 4A) differs significantly from that of patients with sarcoidosis – Fig. 4B (data adapted 

from [33]), which was characterized by significantly changed binding of six mAbs, 3G8, 

1G12, and 6A12 to the N domain and 1B3, 1E10 and 3F11 to the C domain of ACE. This 

finding indicates that the conformation of ACE produced by activated macrophages in 

spleen and/or liver in Gaucher disease and macrophages/dendritic cells in sarcoid 

granulomas, may be disease-specific.

3.3. ACE phenotype in Gaucher spleen and liver

We next performed complete ACE phenotyping in human spleen. We estimated ACE activity 

and kinetic characteristics of ACE (ZPHL/HHL ratio, see 3.2) in spleen homogenate from 

six Gaucher and five control spleens, and compared these parameters with ACE in 

homogenates from control lung. The ACE activity in control spleen homogenates was much 

lower (20-fold) than in similarly prepared lung homogenates. However, activity was 

dramatically increased (10–12-fold) in spleen samples from patients with Gaucher disease 

(Fig. 5A), confirming previous studies [27]. Unexpectedly, the ZPHL/HHL ratio for ACE in 

control spleen homogenates was significantly higher than in lung homogenates or 

recombinant human soluble ACE (Fig. 5B). However, the ZPHL/HHL ratio for ACE in 

Gaucher spleen homogenates was remarkably lower than in control spleen, and was closer to 

that for lung or recombinant ACE (Fig. 5B), suggesting that normal human spleen produces 

some endogenous ACE inhibitors/effectors [48]. This is supported by the finding that serum 

ACE activity in splenectomized patients was slightly increased (+17.6%, p<0.02) [52]. 
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However, these inhibitors (or some of them) seem to be deficient in “non-functional” spleen 

from patients with Gaucher disease.

The differences in conformational fingerprints of ACE in homogenates from different tissues 

in healthy and diseased states are shown in Fig. 5C–E. The pattern of the binding of mAbs, 

3G8 and 5F1 to the N domain and 1B3, 1B8/3F10, 1E10, and 2H9 to the C domain, to ACE 

in Gaucher spleen samples produced primarily by Gaucher cells, significantly differed from 

the binding pattern of ACE in control spleen samples (Fig. 5C), where it is produced by only 

endothelial cells (see Fig.1D–E). This could result from differences in glycosylation at 

potential glycosylation sites in ACE, specifically, Asn82 and/or Asn 25 in the epitope for 

mAb 3G8 [50] and Asn117 in the epitope for mAb 5F1 [53] on the N domain, as well as 

Asn731 within overlapping regions for mAbs 1B8/3F10 and 1B3 and Asn685 in the epitope 

for mAb 2H9 [31] on the C domain. It should be noted, that the conformation of 

macrophage ACE in Gaucher spleen also differed from that in macrophage/dendritic cells in 

sarcoidosis – Fig. 5 in [33].

The conformation of ACE produced by endothelial cells in different control tissues also 

differed, as reflected in the differences between mAbs 5F1 (to the N domain) and mAbs 

1B3/1B8/3F10 (to the C domain) binding to ACE from control spleen and lung (Fig. 5D). 

This is likely caused by the presence of more sialylated glycans at glycosylation sites 

Asn117 (5F1) and Asn731 (1B3/1B8/3F10), which are parts of the epitopes for these mAbs, 

in ACE produced by spleen endothelial cells. These specific mAbs bind differently to 

plasma and lung ACEs (Fig. S1), as plasma ACE (as well as many other plasma 

glycoproteins) is known to be more sialylated than its “parent” lung glycoprotein, due to the 

passage of blood proteins through liver lectins/receptors [54].

Studying liver, we found that ACE activity in homogenates of Gaucher liver was 2-fold 

higher than that in control liver. When we compared conformational fingerprints of ACE 

from Gaucher liver and spleen, we found that the binding of mAb 3G8 to liver ACE was 

much greater than its binding to spleen ACE (Fig. 5E). The binding of this mAb to ACE 

from control and Gaucher liver, equilibrated by activity, was found to be equal (data not 

shown), while the binding of this mAb to ACE from control spleen was greater than ACE 

from Gaucher spleen (Fig. 5C). It was shown previously [50] that recombinant ACE 

produced in CHO cells in the presence of α-glucosidase-1 inhibitor NB-DNJ, or 

neuraminidase-treated ACE purified from seminal fluid or blood, i.e. under-glycosylated or 

under-sialylated enzyme, exhibited increased binding of mAb 3G8. Thus, it is likely that in 

Gaucher disease, activated splenic (but not hepatic) macrophages produce ACE, which is 

extra-glycosylated at sites Asn82 and/or Asn25 than ACE produced by normal spleen.

Of note, the differences in conformational fingerprints of ACE in Gaucher spleen and lung 

(Fig.5 C–D), the primary sources of ACE in blood [15], do not correspond to the differences 

between ACE fingerprints in Gaucher versus control plasma (Fig. 4A), specifically with 

respect to the efficacy of mAb 3G8 binding. The excess plasma ACE levels in Gaucher 

disease could originate not only from splenic Gaucher cells, but also hepatic Gaucher cells 

[2, 55], as liver ACE binds this very mAb more tightly. Given that ACE activity/amount in 

human blood is 30 mU/ml (Fig. 2A), in lung is ~1500 mU/g, in normal spleen is ~ 70 mU/g, 
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and in normal liver is ~70 mU/g, and given that there is a 10-fold difference in the mean 

weights of spleen and liver (150 g versus 1500 g), some estimates can be made. With the 20-

fold increase in spleen ACE and 2-fold increase in liver ACE activity/amount in Gaucher 

disease found in this study, we calculate that the amount of ACE available for shedding into 

circulation from hepatic Gaucher cells is comparable to that from splenic Gaucher cells.

3.4. Endogenous ACE effectors in human spleen

To establish the presence of putative endogenous ACE inhibitors likely causing abnormally 

high ZPHL/HHL ratio (Fig. 5B) for ACE in normal human spleen, we estimated the effect of 

gradual dilution of control spleen homogenates on both an apparent ACE activity and 

ZPHL/HHL ratio using the two substrates, and compared it to ACE activity in similarly 

prepared human lung and kidney homogenates, as well as recombinant human ACE. 

Previously, an increase in apparent ACE activity upon dilution of plasma was considered as 

evidence of the presence of endogenous ACE inhibitors in the blood [56]. While the activity 

of recombinant human ACE did not change upon dilution, in all tissue homogenates the 

apparent ACE activity increased with dilution, indicating the presence of endogenous ACE 

inhibitors in all tissues. ACE activity in human lung and kidney homogenates had a similar 

response to dilution and, thus, these tissues likely have similar amounts of inhibitors (Fig. 

6A). However, the dependence of ACE activity on the dilution of spleen homogenate was 

much greater, suggesting that spleen contains much higher concentrations of ACE inhibitors 

than lung or kidney (Fig. 6A and Fig. S2A–B). The calculated ZPHL/HHL ratios for tested 

sources of ACE indicated that these ratios did not change upon dilution of recombinant 

human ACE or ACE from kidney and lung homogenates, but there was a significant 

decrease of this ratio with dilution of spleen homogenates (Fig. 6B). This suggests the 

presence of a different set of endogenous ACE inhibitors in normal human spleen compared 

to lung or kidney. The more than 3-fold higher ZPHL/HHL ratio observed for ACE in 

undiluted spleen homogenates (Fig. S2C) could be explained either by the presence of high 

amounts of inhibitors without any domain specificity [43], or by the presence of a spleen-

specific endogenous ACE inhibitor/effector which binds preferably to the C domain of ACE.

It was shown previously [47] that the catalytic centers of ACE exhibit strong negative 

cooperativity, at least in the hydrolysis of synthetic tripeptide substrates like ZPHL and 

HHL, and in the binding of common inhibitors. In practice, this means that random binding 

of a ligand to one of the active centers in somatic ACE dramatically decreases the binding of 

another ligand molecule to the second active center. At fixed concentrations of the two 

substrates (2 mM ZPHL and 5 mM HHL), and with known kinetic parameters of the 

hydrolysis of both substrates [48], one can calculate that at an inhibitor concentration equal 

to the putative inhibition constant, the ZPHL/HHL ratio would equal 1.4; at an inhibitor 

concentration 10-fold higher, this ratio would be 2.9 and at inhibitor concentrations 100-fold 

higher, the ZPHL/HHL ratio becomes 4.6. Further increasing the inhibitor concentration up 

to 1000-fold higher than inhibition constant, however, would not result in a significant 

increase of the ZPHL/HHL ratio, as it becomes only 5.0. The ZPHL/HHL ratio for ACE in 

undiluted spleen homogenate is even higher (Fig.S2C), hence it is unlikely that this ratio 

results from ACE inhibitors alone. Therefore, in addition to large amounts of easily-

dissociating ACE inhibitors without domain specificity, normal spleen may contain a spleen-
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specific endogenous ACE inhibitor/effector, which binds preferentially to the C domain of 

ACE.

To further demonstrate the presence of endogenous ACE inhibitors in human tissues, we 

performed filtration of normal spleen and lung homogenates using 10 kDa and 100 kDa 

filters. The homogenates were concentrated 7–8-fold on filters, the filtrates collected 

separately, and the supernatants were diluted to the initial volume. This procedure resulted in 

significantly increased apparent ACE activity in both spleen and lung supernatants (Fig. 6C) 

using ZPHL and HHL as substrates. However, the increase in spleen ACE activity was more 

pronounced, confirming that normal spleen likely contains greater amounts of endogenous 

ACE inhibitors. Filtration of homogenates on 10 and 100 kDa filters did not demonstrate any 

significant difference, so, most endogenous easily-dissociating ACE inhibitors in spleen and 

lung likely have a molecular mass less than 10 kDa. The direct inhibiting action of filtrates 

from tissue homogenates on the activity of purified ACE is demonstrated in Fig. 6D. The 

characteristics of ACE inhibitors in filtrates from spleen and lung were quite different. Lung 

filtrates inhibited ACE activity with ZPHL and HHL equally, while spleen filtrates inhibited 

ACE activity more with HHL than with ZPHL, confirming the possibility of C domain-

specific ACE inhibitors/effectors in normal spleen.

Comparing the effect of the extended dilution of homogenates on the ZPHL/HHL ratio 

(Fig.S2A–C) with the corresponding effect of filtration with different pore size filters and 

dialysis (Fig.S3A) shows that only dilution of spleen homogenate resulted in a significant 

decrease in ZPHL/HHL, while filtration and dialysis did not significantly alter this ratio 

(Fig.S3A). Nevertheless, this parameter still remained significantly higher than the value for 

the lung ACE, even at 30-fold dilution (Fig. S2C, S3A), suggesting the presence of some 

tightly binding C-domain-specific ACE effector in spleen, presumably with a molecular 

mass more than 10 kDa. A higher ZPHL/HHL ratio for spleen ACE (compared to lung ACE) 

was observed even after precipitation by mAbs (Fig. S3B–C), indicating that the binding of 

mAbs to ACE did not induce dissociation of this putative ACE effector from spleen ACE.

However, ACE purification by affinity chromatography resulted in a decreased ZPHL/HHL 

ratio for splenic ACE, which became close to the values for ACE in lung and blood 

(Fig.S3A). This effect can be attributed to the action of the ACE inhibitor lisinopril, 

immobilized on the affinity column, which is able to change the conformation of the enzyme 

thus inducing the dissociation of the ACE effector from its complex with ACE, similar to 

what is seen with bilirubin and lysozyme [36]. This putative mechanism was confirmed by 

the experiments in which similarly prepared spleen and lung homogenates were incubated 

with the ACE inhibitor enalaprilat, filtered on 30 kDa or 100 kDa filters, and, finally, 

dialyzed to remove enalaprilat. These procedures resulted in significantly increased ACE 

activity in both spleen and lung homogenates due to the removal of a majority of 

endogenous ACE inhibitors (Fig.7, Fig.S4). However, ACE activity in spleen homogenate 

towards HHL as a substrate increased much more than in lung homogenate (Fig.S4), and, 

unlike in lung, the ZPHL/HHL ratio in spleen homogenate significantly decreased (Fig.7, 

Fig.S3A, Fig.S4). This experiment demonstrated that common ACE inhibitors cause 

dissociation of the novel spleen-specific tightly-binding ACE effector from its complex with 

the enzyme. When 3 kDa and 10 kDa filters were used, changes in the ZPHL/HHL ratio for 
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splenic ACE were not detected (Fig.7), indicating that the molecular mass of this novel ACE 

effector is likely between 10 and 30 kDa.

Filtrates of spleen and lung homogenates, as well as plasma, passed through 30 kDa filters, 

followed by 10 kDa filters to remove low molecular weight compounds, were used to test 

their ability to inhibit the activity of purified ACE and change the ZPHL/HHL ratio. While 

filtering plasma did not influence its ACE activity, lung filtrate slightly inhibited ACE 

activity with HHL and increased the ZPHL/HHL ratio. This effect was more pronounced 

with spleen filtrate (Fig. S5). However, the ZPHL/HHL ratio in this case did not reach values 

obtained for undiluted spleen homogenate. It is possible that the putative effector is not 

stable when not in complex with ACE, or it that is susceptible to the action of accompanying 

proteinases. Nevertheless, it appears that this effector is more abundant in spleen than in 

lung or plasma (Fig.S3A, Fig.S5).

Our results indicate that healthy spleen produces a variety of endogenous ACE inhibitors, 

some with a molecular mass less than 10 kDa, which easily dissociate from the ACE-

inhibitor complex upon dilution, filtration or dialysis. However, other easily-dissociating 

inhibitors have a much higher molecular mass, for simple dilution affected the ZPHL/HHL 

ratio more than inhibitor depletion by filtration or dialysis. Lastly, it appears that there are 

ACE inhibitors/effectors in normal spleen with a molecular mass between1 0 to 30 kDa 

which bind tightly to ACE and dissociate only partially upon dilution. Complete dissociation 

of this novel putative ACE effector from the ACE-inhibitor complex occurs only on the 

affinity column with common ACE inhibitors or as a result of ACE treatment with this 

inhibitor.

Previously, a relatively stable ACE activator was found in the non-protein fraction of human 

neutrophil lysates [57] and in some bovine tissues [58] with a MW higher than 30 kDa, and 

some novel effectors were detected in the lysates of leukemic T- and B-cells [59]. Our data 

suggests that normal human spleen can produce different ACE effectors influencing both 

ACE activity and conformation.

Homogenates of Gaucher and control spleens were evaluated after both dilution and 

filtration. The high ZPHL/HHL ratio for ACE decreased upon dilution in control spleen, 

while the low ZPHL/HHL ratio for ACE in Gaucher spleen homogenate did not change (Fig.

8A), supporting our hypothesis that Gaucher spleen does not produce the putative ACE 

effector. The depletion of LMW compounds from these homogenates using ZEBA columns 

had no effect on this ratio for ACE in control spleen homogenates, but the ratio was further 

decreased for ACE in Gaucher spleen homogenate (Fig.8A). This result confirms that some 

ACE inhibitors/effectors in normal spleen are larger than 7 kDa (limit of LMW depletion via 

ZEBA columns).

Filtering both Gaucher and control spleen homogenates through 10 kDa and 100 kDa filters 

increased the apparent ACE activity and decreased the ZPHL/HHL ratio differently (Fig.

8B), confirming the presence of endogenous ACE inhibitors in normal spleen, and indicating 

that endogenous ACE inhibitors/effectors in normal spleen differ from those in diseased 

Gaucher spleen. Since filtration had a greater effect on ACE activity in Gaucher than in 
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normal spleen (Fig.8B), it appears that there are more LMW inhibitors in Gaucher spleen 

and plasma, while normal spleen might contain high molecular weight inhibitor/effector 

absent in Gaucher spleen (Fig.8A).

4. CONCLUSIONS

ACE phenotyping of plasma and spleen from patients with Gaucher disease revealed that 

ACE activity and conformation in Gaucher plasma and spleen differs from controls. 

Moreover, we demonstrated that the conformation of ACE is tissue- and disease- specific, 

and that the excessive plasma ACE in Gaucher disease likely results from elevated ACE in 

both splenic and hepatic Gaucher macrophages. Lastly, we identify the presence of high 

molecular weight endogenous ACE inhibitor/effector in normal spleen, which are absent in 

Gaucher spleen. Both the conformational and kinetic differences in ACE and the absence of 

ACE inhibitor/effector might provide insight into disease pathogenesis in Gaucher disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ACE angiotensin-converting enzyme

mAbs monoclonal antibodies

ZPHL Z-Phe-His-Leu, carbobenzoxy-L-phenylalanyl-L-histidyl-L-leucine

HHL Hip-His-Leu, hippuryl-L-histidyl-L-leucine

CHO cells Chinese Hamster Ovary cells

PBS phosphate buffered saline

LMW low molecular weight

SD standard deviations
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Figure 1. ACE expression in Gaucher spleen
Serial sections of paraffin-embedded sections of Gaucher and control spleen were stained 

with mAb CG2 to human ACE and with mAb KP1 to human CD68. ACE expression and 

localization are shown in red.

A: ACE in splenic Gaucher cells. ACE is seen in the cytoplasm and on the cell membrane. 

mAb CG2, original magnification ×20.

B: ACE is expressed heterogeneously in splenic Gaucher cells. A few Gaucher cells show a 

low (*) amount of ACE, most cells present a moderate (**) amount of ACE and some 
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Gaucher cells show very strong (***) ACE expression. mAb CG2, original magnification 

×40.

C: Serial section of tissue shown in A. The macrophage marker CD68 is expressed 

homogenously in splenic Gaucher cells. mAb KP1, original magnification ×20.

D: ACE in control spleen is present only in endothelial cells of terminal trabecular arteries, 

central arterioles (CA), marginal zone (MZ) sinuses and arterioles of the red pulp. mAb 

CG2, original magnification ×20.

E: ACE in endothelial cells of arterioles of the red pulp (RP) in control spleen. mAb CG2, 

original magnification ×40.

F: CD68 in control spleen is predominantly found in macrophages of the red pulp (RP). A 

few macrophages are stained within the germinal center (GC) of the white pulp (WP). CA, 

central arteriole. mAb KP1, original magnification ×10.
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Figure 2. ACE activity in Gaucher plasma
ACE activity in 10 plasma samples from patients with Gaucher disease (shown on right) and 

7 unrelated controls (left) was quantified using a spectrofluorometric assay with HHL (5 

mM) and ZPHL (2 mM) as substrates.

A. Data is expressed as % of individual ACE activity from mean value for normal patients 

(30.3 mU/ml with ZPHL). Bars highlighted in red are samples with ACE activity 2-fold 

higher than mean for healthy controls (shown in green).
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B. Ratio of the rate of the hydrolysis of two substrates (ZPHL/HHL ratio) in the tested 

samples. Data is expressed as % of individual ZPHL/HHL ratio from mean control value 

(green). Bars highlighted in yellow are samples with ZPHL/HHL ratios 20% less than mean. 

** p<0.01 indicates significantly different ZPHL/HHL ratio in the disease and in normal 

conditions.

Insert. ZPHL/HHL ratio for Gaucher plasma ACE (mean of 3) at different plasma dilutions 

presented as % of corresponding value for control samples (mean of 5).
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Figure 3. Effect of filtrations of Gaucher and normal plasma on ACE activity
A. ACE activity was measured in plasma from Gaucher patients versus normal plasma with 

two substrates, ZPHL and HHL, after filtration with 10 and 100 kDa pore filters. Data are 

expressed as % from control. Each value is a mean of several (2–3) experiments in 

duplicates. Orange indicates ACE activity > 20% higher than the mean, dark orange 

indicates > 50% higher than the mean.

B. ACE activity of ACE purified from seminal fluid (ACE SF) was measured after 

incubation with 95% of filtrates (10 and 100 kDa limits) of control and Gaucher plasma.
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Bars in yellow are samples with ACE activity 20% less than mean. Each value is a mean of 

several (2–3) experiments in duplicates.

* p<0.05 indicates significantly different ACE activity in supernatants obtained as a result of 

filtration of Gaucher and normal plasma or different activity of pure ACE in the presence of 

filtrates of Gaucher and normal plasma.
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Figure 4. Conformational fingerprint of ACE in plasma
A. Conformational fingerprinting of ACE using sixteen monoclonal antibodies (mAbs) to 

precipitate ACE from heparinized Gaucher plasma. Immunoprecipitated ACE activity is 

presented as a normalized value (“binding ratio”) to highlight differences in 

immunoprecipitation patterns (“conformational fingerprint”) of ACE from different plasma 

samples. Pools of 10 Gaucher and of 7 control plasmas were used as a representative of each 

group.

B. Conformational fingerprint of ACE from plasma of patients with sarcoidois versus 

normal plasma. Pools of 4 plasma from patients with sarcoidosis and 5 controls were used as 

a representative of each group (adapted from Fig. 7 in [33]).
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Data presented is the mean of at least 3 independent experiments in duplicate.

Ratios increased more than 20% are highlighted in orange, more than 50% – in dark orange, 

more than 100% – in red, while less than 20% – in yellow. * p<0.05 indicates significantly 

different mAbs binding to ACE from normal plasma and Gaucher/Sarcoidosis plasma.
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Figure 5. ACE activity and conformation in Gaucher spleen
A–B. ACE activity (A-with ZPHL as a substrate), determined on 6 Gaucher and 5 control 

spleen homogenates (prepared 1:9 (weight: volume), and further diluted 10-fold) and the 

corresponding ZPHL/HHL ratios (B) compared to 3 control lung homogenates as well as for 

the culture medium of CHO cells expressing soluble human ACE without transmembrane 

anchor – WTΔ (57). ** p<0.01 indicates significantly different ACE activity in Gaucher 

disease and control spleen.
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C–E. Conformational fingerprinting of ACE in spleen, lung and liver homogenates. 

Immunoprecipitated ACE activity is presented as a normalized value – Gaucher/Normal 

ratio for spleen (C), Control Spleen/Lung ratio (D) and Gaucher Liver/Spleen ratio (E) to 

highlight differences in immunoprecipitation patterns of ACE from different homogenates. 

Data is presented as the mean of at least 2–3 independent experiments in duplicate. The 

colors correspond to those used in Fig. 4. The mean values for control spleen homogenates 

(A) and lung homogenates (B) are shown in green. ** p<0.01 and * p<0.05. These values 

indicate significantly different patterns of mAbs binding to ACE in different tissues in 

Controls and in Gaucher patients.
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Figure 6. Effects of dilution and filtration on ACE activity in tissue homogenates
A–B. Apparent ACE activity was measured in the homogenates (1:9, weight: volume) of 

spleen, lung and kidney from postmortem specimens. Human recombinant ACE from CHO-

cells expressing soluble wild-type ACE without transmembrane anchor – WTΔ [39] was 

used as a negative control. These homogenates (and culture medium with recombinant ACE) 

were serially diluted and ACE activity determined using two substrates, ZPHL and HHL (A) 

and the ZPHL/HHL ratio was calculated (B). Data are expressed as % of ACE activity in 

homogenates diluted 1/16. Each value is the mean of several (2–3) experiments in 

duplicates.

C. ACE activity was measured in supernatants after filtration of spleen and lung 

homogenates on filters with different pores (10 and 100 kDa) and reconstituted to the initial 

volume.

D. ACE activity of purified seminal fluid ACE was determined after incubation with 95% 

filtrates from spleen and lung homogenates (10 and 100 kDa limit).

Effect of filtration and filtrates was presented as a % from control. Each value is a mean of 

several (2–3) experiments in duplicates. Bars coloring is as in Fig.4.

* p<0.05 indicates significantly different ACE activity in supernatants obtained as a result of 

filtration of lung and spleen homogenates or different activity of pure ACE in the presence 

of filtrates of lung and spleen homogenates.
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Figure 7. The effect of the ACE inhibitor enalaprilat with subsequent filtration on different 
filters on ACE activity in spleen homogenates
Spleen homogenates were incubated with 1 μM enalaprilat, filtered on 3, 10, 30 or 100 kDa 

filters and, finally, dialyzed extensively to remove enalaprilat. ACE activity was measured as 

in the legend to Fig. 2.

A. ACE activity towards substrate HHL.

B. ACE activity towards substrate ZPHL.

C. ZPHL/HHL ratio.
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Figure 8. Effect of dilution and filtration on ACE activity in spleen homogenates
A. Apparent ACE activity was measured in Gaucher and control spleen homogenates at 

different dilutions using two substrates, ZPHL and HHL (as in Fig. 2), with and without 

LMW depletion (performed on ZEBA columns with 7000 Da limit). Data are expressed as 

% of ACE activity in homogenates diluted 1/16. Each value is the mean of several (2–3) 

experiments in duplicates.

B. ACE activity was measured in the Gaucher and control spleen homogenates after 

filtration on filters with different pores (10 and 100 kDa limit). Data are expressed as % of 
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control. Each value is the mean of several (2–3) experiments in duplicates. Color key is as in 

Fig. 4 * p<0.05 indicates significantly different ACE activity in supernatants obtained as a 

result of filtration of Gaucher and normal spleen.
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