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Abstract
Membrane metallo-endopeptidase (MME), also known as neutral endopeptidase 24.11 (EC
3.4.24.11), is involved in the metabolism of natriuretic peptides that play a key role in modulating
cardiac structure and function. Common genetic variation in MME has not been addressed by
resequencing the gene using DNA from different ethnic populations. We set out to identify and
functionally characterize common genetic variation in MME in three ethnic groups. DNA samples
from 96 European-American, 96 African-American, and 96 Han Chinese-American healthy
subjects were used to resequence MME. Ninety polymorphisms, 65 novel, were identified,
including 8 nonsynonymous single nucleotide polymorphisms (nsSNPs). Expression constructs for
the nsSNPs were created and COS-1 cells were transfected with constructs for wild type (WT) and
variant allozymes. Recombinant proteins were analyzed by quantitative Western blot analysis and
by a one-step fluorometric assay. A significant reduction in enzyme activity (21% of WT) and
immunoreactive protein (29% of WT) for the Val73 variant allozyme was observed. Proteasome-
mediated degradation and autophagy participated in the degradation of this variant allozyme. The
chaperone proteins, BiP and GRP94, were upregulated after transfection with Val73 MME,
suggesting protein misfolding, compatible with conclusions based on the MME X-ray crystal
structure. Multiple novel polymorphisms of MME were identified in three ethnic groups. The
Val73 variant allozyme displayed a significant decrease in MME protein quantity and activity,
with degradation mediated by both proteasome and autophagy pathways. This polymorphism
could have a significant effect on the metabolism of natriuretic peptides.
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1. Introduction
The heart synthesizes two important peptides, atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP). ANP and BNP cause vasodilation and natriuresis by direct actions
that are primarily cGMP-mediated. These two peptides play an important regulatory role in
cardiovascular disease as well as a key role in modulating cardiac structure and function [1].
BNP is commercially available as nesiritide and is approved for intravenous use in the
treatment of decompensated heart failure (HF). These peptides are degraded approximately
equally by two mechanisms: enzymatic degradation catalyzed by membrane
metalloendopeptidase (MME), or neutral endopeptidase (NEP 24.11; EC 3.4.24.11), and
clearance by the natriuretic peptide receptor C (NPR-C) [2]. Sequence variation in the gene
encoding the precursor of BNP (NPPB) has been associated with altered serum BNP levels
[3], but the impact on BNP levels of MME gene sequence variation remains unknown.
Measurement of serum BNP is useful for diagnostic and prognostic purposes, especially in
heart failure [4]. Nesiritide (BNP) is used to treat acute decompensated heart failure, but
response to its use is variable [5]. MME plays an important role in the metabolism of
nesiritide [6], and the potential importance of MME genetic polymorphisms on nesiritide
degradation is also unknown. Furthermore, compounds that inhibit MME by increasing
endogenous peptides like natriuretic peptides and bradykinin have been developed, and have
been used to treat hypertension and heart failure [7]. MME polymorphisms and their
possible effect on the pharmacological actions of these drugs have not been studied.
Important steps toward these translational studies would be the identification and
characterization of common MME polymorphisms in “normal”, randomly selected
populations. DNA samples from such subjects are studied because common genetic
variation needs to be defined initially in “normal” individuals prior to studying drug effect
and response [8].

MME is a 100 kDa, type II integral membrane protein containing a highly conserved zinc
binding motif in its extracellular C-terminal domain [9]. The enzyme is present in
polymorphonuclear leucocytes, brush border cells of the proximal tubule and podocytes of
the kidney, and epithelial cells of the liver, breast, lung and brain. MME cleaves substrates
on the amino side of hydrophobic amino acids by hydrolyzing peptide bonds, and, as a
result, it inactivates several peptide hormones including glucagon, enkephalins, substance P,
neurotensin, oxytocin, bradykinin, and natriuretic peptides. The MME gene encodes a 750
amino acid protein, is 45 kb in length, consisting of 23 exons and maps to chromosome
3q25.1–q25.2. The 5′-untranslated region of the gene is alternatively spliced, resulting in
four separate 5′-UTR sequences [10]. However, the coding region is not affected by this
alternative splicing. Because of the importance of MME as the final common pathway for
natriuretic peptide metabolism and because of the importance of natriuretic peptides in
cardiovascular disease, we resequenced MME in DNA from 288 subjects, identified novel
coding and non-coding genetic polymorphisms in the MME gene, and subsequently
characterized the functional implications of the coding polymorphisms.

2. Methods
2.1. DNA samples

DNA samples from 96 European-American (EA), 96 African-American (AA), and 96 Han
Chinese-American (HCA) unrelated, healthy subjects (sample sets HD100CAU, HD100AA,
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HD100CHI) were obtained from the Coriell Cell Repository (Camden, NJ). All of these
DNA samples were collected, anonymized and deposited by the National Institute of
General Medical Sciences. All subjects had provided written consent for the use of their
DNA for research purposes. The present study was reviewed and approved by the Mayo
Clinic Institutional Review Board.

2.2. Gene resequencing
The MME gene was resequenced in the 288 DNA samples described in the preceding
paragraph. Specifically, 14 PCR reactions were performed with primers that flanked exons
for at least 200 bp on either side, as well as approximately 1 kb of the 5′-flanking region (5′-
FR). Primer sequences are listed in Supplemental Table 1. Amplicons were then sequenced
on both strands in the Mayo Molecular Biology Core Facility with an ABI 3700 DNA
sequencer using BigDye™ dye terminator sequencing chemistry (Perkin-Elmer Life
Science, Boston, MA). To exclude PCR-related artifacts, independent amplifications were
performed for any SNP observed in only a single DNA sample or any sample with an
ambiguous chromatogram. The sequencing chromatograms were analyzed using Mutation
Surveyor version 2.2 (Softgenetics LLC, State College, PA). GenBank accession numbers
for the MME reference sequences used in these experiments were NT_005612.15. All
sequence data were deposited in PharmGKB with Accession Number PA30864.

2.3. MME expression in COS-1 cells
Human MME cDNA open reading frame (ORF) clone (NM_007289), transcript variant 2b,
obtained from OriGene Technologies, Inc. (Rock-ville, MD), was used as wild type (WT)
cDNA clone. This construct was cloned into the eukaryotic expression vector pCMV6-XL4.
The insert was sequenced in both directions to verify construct sequence. Site-directed
mutagenesis was then performed using the QuikChange II kit (Stratagene, La Jolla, CA) to
create expression constructs for each of the variant allozymes. The sequences of primers
used to perform site-directed mutagenesis are also listed in Supplemental Table 2. The
sequences of all variant allozymes were also confirmed by sequencing in both directions.
COS-1 cells were then transfected with expression constructs encoding WT and variant
MME allozymes, as well as “empty” vector (EV) that lacked an insert as a control, using the
Fugene 6 Transfection reagent (Roche Applied Science, Indianapolis, IN) at a charge ratio
of 6:1. The cells were also cotransfected with pSV-ß-galactosidase (Promega, Madison, WI)
to make it possible to correct for variation in transfection efficiency. After 48 h, the cells
were harvested in a buffer containing 50 mM Tris–HCl (pH 7.4). The cells were then
homogenized with a Polytron homogenizer (Brinkmann Instruments, Westbury, NY),
followed by centrifugation at 100,000×g for 1 h. After centrifugation, the supernatant was
separated from the pellet and stored. The supernatant was used to assay β-galactosidase to
make it possible to adjust for transfection efficiency. The pellet was homogenized after the
addition of 50 mM Tris–HCl buffer (pH 7.4). Both cytosol and membrane preparations were
stored at −80°C for use in the functional genomic studies described subsequently.

2.4. MME enzyme assay
MME activity was measured as previously described using a one-step fluorometric assay
with Dansyl-D-Alanyl-Glycyl-p-nitrophenyla-lanylglycine (DAGNPG) as a substrate [11].
DAGNPG, 200 μM, was preincubated for 15 min at 37 °C in 50 μl of 50 mM Tris–HCl (pH
7.4). The reaction was initiated by adding 50 μM of the membrane preparation, and the
mixture was incubated for 1 h at 37 °C. After incubation, the enzymatic reaction was
stopped by boiling at 100 °C for 5 min, and the samples were diluted with 200 μl of Tris–
HCl (pH 7.4). Optical density was determined using a 96 well plate reader (Tecan, Durham,
NC, USA) using 342 nm as the excitation and 562 nm as the emission wavelength. A
standard curve was prepared using known concentrations of D-Alanyl-Glycyl ranging from 4
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to 64 μM. Substrate kinetic studies were performed using ten different DAGNPG
concentrations ranging from 0.04 to 0.4 mmol/l.

2.5. Western blot analysis
Membrane preparations were subjected to electrophoresis on 10% Tris–HCl acrylamide gels
loaded on the basis of co-transfected β-galactosidase activity measured with the Promega β-
Galactosidase Enzyme Assay System (Promega). After electrophoresis, proteins were
transferred to PVDF membranes (BioRad, Hercules, CA), and the membranes were
incubated with rabbit polyclonal anti-MME antibody in (1:500) (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), followed by a secondary antibody (1:5000). Immunoreactive proteins
were detected using the ECL Western Blotting System (Amersham Pharmacia, Piscat-away,
NJ). The IPLab Gel H (Biosystemetica, Plymouth, UK) system and the NIH image program
(http://rsb.info.nih.gov/nih-image) were used to quantify immunoreactive proteins, and the
data were expressed as a percentage of WT human MME protein intensity on the same gel.
Three samples each for the WT, empty vector and variant allozymes were assayed for each
allozyme studied.

2.6. Immunofluorescence microscopy and protein degradation studies
COS-1 cells were grown on coverslips for 24 h prior to transfection with expression
constructs for the WT and Val73 variant allozymes. The cells were fixed and permeabilized
as described previously, and were stained for 30 min with a rabbit polyclonal anti-MME
antibody (1:100) (Santa Cruz Biotechnology, Inc.), followed by incubation for 30 min with
an anti-rabbit antibody-fluorescein isothiocyanate (FITC) conjugate (1:200) (Santa Cruz
Biotechnology, Inc.). DAPI nucleic acid stain (Invitrogen, Eugene, OR) and a mouse
monoclonal antibody [RL90] to PDI (Abcam Inc., Cambridge, MA) were used to visualize
the nuclei and endoplasmic reticulum (ER), respectively. Cells were then visualized with a
Zeiss LSM 510 Confocal Laser Scanning Microscope. To quantify cells, we randomly
selected three fields (each field containing approximately 200 cells), obtained photographs,
and counted all cells in each field.

To test for proteasome-mediated degradation, after transfection with WT and Val73 MME
constructs, COS-1 cells were treated with either DMSO or 20 μM of MG132, a proteasome
inhibitor for 24 h. To determine whether autophagy might be responsible for clearance of the
Val73 variant allozyme, transfected cells were treated with 10 μM of the autophagy inhibitor
3-methyladenosine (3MA) for 48 h. The possible interaction of the Val73 variant allozyme
with chaperone proteins was determined by treating WT and Val73 transfected cells with
purified mouse anti-BiP/GRP78 antibody (1:1000) (BD Transduction Laboratories, San
Jose, CA) and rabbit polyclonal antibody to GRP94 (1:250) (Abcam Inc.). Binding protein
(BiP) and GRP94 are major chaperone proteins in the endoplasmic reticulum.
Immunoreactive MME protein was then quantified by Western blot analysis after
normalization using plasma membrane calcium ATPase isoform 4 (PMCA4) as a membrane
housekeeper protein standard. Mouse monoclonal antibody (JA9) to PMCA4ATPase was
used in a 1:1000 dilution (Abcam Inc.).

2.7. Structural analysis
The 2.1 Å resolution crystal structure of human MME bound to the active site inhibitor
phosphoramidon (PDB accession code 1DMT) [12] provided the starting point for
computational modeling of the variant allozymes. Molecular visualization and modeling of
the variant structures were performed using the computer program Coot [13]. Structural
figures were prepared with Molscript and Raster3D [14,15]. Parallel molecular dynamics
(MD) simulations of the WT and Val73 variant structures were performed with the
GROMACS-4.0.3 software package and GROMOS-87 force field [16,17]. Using the SPC
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water model, the structures were solvated in a cubic periodic box extending at least 9 Å from
the protein atoms and subjected to 30 ps of position-restrained MD calculations before an
extended 6 ns of extended MD simulations. Energy was minimized in 500 steps using a
steepest descents procedure. The temperature of the system was coupled to a reference bath
of 300 K and a coupling time constant of 0.1 ps. Coordinates were saved every 1 ps for
analysis.

2.8. Data analysis
Values for π, θ and Tajima's D were calculated as described by Tajima [18]. R2 values, a
measure of linkage disequilibrium, were calculated as described by Hartl and Clark [19] and
Hendrick [20]. Haplotype analysis was performed as described by Schaid et al. [21] using
the E–M (expectation–maximization) algorithm [22]. Apparent Km values were determined
using the GraphPad Prism 4.0 software program (GraphPad, San Diego, CA). Mean protein
and Km values were compared using Student's t-test and ANOVA.

3. Results
3.1. Human MME resequencing

MME was resequenced using 288 anonymized DNA samples from subjects of three different
ethnic groups. Ninety polymorphisms, including 86 SNPs and 4 indels, were observed; 62 in
AA, 40 in EA, and 36 in HCA subjects (Table 1 and Fig. 1). Thirty-eight of these
polymorphisms were “common”, with a minor allele frequency (MAF) of >1% in at least
one ethnic group. There were 17 polymorphisms within exons, 8 of which were
nonsynonymous SNPs (nsSNPs) resulting in the following changes in the encoded amino
acids: Met8Val, Arg23Pro, Met73Val, Gly225Ala, Asn285Ser, Val345Ile, Met419Leu,
Asn593Ser (Table 1). The alleles encoding Met8Val were observed in both EA and AA
subjects. Met73Val, Gly225Ala, and Met419Leu encoding alleles were only observed in AA
subjects. The alleles encoding Asn285Ser and Val345Ile were only observed in EA
individuals, while those encoding Arg23Pro and Asn593Ser were observed only in HCA
subjects. MAF for these nonsynonymous SNPs were less than 1% except for the alleles
encoding Met8Val and Met419Leu. Sixty-five of the 90 MME polymorphisms were novel
and were not present in public databases (www.ncbi.nlm.nih.gov/SNP) (Table 1). The
MAFs of the known SNPs present in public databases (e.g. HapMap) were comparable to
the MAFs that were observed. For example, the rs12696022 SNP had MAFs in HapMap of
0.192, 0.089 and 0.000 in CEU, HCB and YRI subjects, respectively, as compared to 0.156
in EA, 0.089 in HCA and 0.016 in AA subjects in our study.

We also determined nucleotide diversity, a quantitative measure of genetic variation,
adjusted for allele frequency, in all three ethnic groups by calculating θ, a population
mutation measure that is theoretically equal to the neutral mutation variable, and π, average
heterozygosity per site. Values for Tajima's D, a test of the neutral mutation hypothesis,
were also estimated (Supplemental Table 3). Although negative values for Tajima's D
indicate a departure from neutrality, none of the values listed in Supplemental Table 3 were
statistically significant.

3.2. Linkage disequilibrium and haplotype analysis
Population-specific linkage disequilibrium analysis was performed for each ethnic group.
All possible pairwise SNP comparisons were used to compute R2 values. Data for all
pairwise SNP comparisons with R2 values≥0.7 for each ethnic group are listed in
Supplemental Table 4. Haplotype analysis was also performed for MME, and a total of 27
haplotypes with frequencies of over 1% were observed (Supplelemental Table 5). Haplotype
designations were based on the encoded amino acid sequence of the allozyme, with the most
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common amino sequence in AA subjects being designated as *1. Letter designations were
then added based on decreasing frequencies, using AA samples as the ‘base’. Therefore, the
*1 haplotype encodes the WT allozyme and the *2, *3, and *4 haplotypes contain SNPs that
encode variant amino acids Met8Val, Arg23Pro, and Met73Val, respectively. None of the
haplotypes listed encoded more than more than one variant amino acid. Haplotypes
containing nsSNPs that had a frequency of less than 1% were included in Supplemental
Table 5 because of the variant amino acid sequence. Haplotype frequencies, like MAFs,
differed significantly among the three ethnic groups. Many haplotypes were observed in
only one ethnic group. There were 6 haplotypes with an allele frequency of >1% in AA
subjects, whereas 13 and 16 such haplotypes were observed in EA and HCA individuals,
respectively (Supplemental Table 5). The *1C haplotype was observed with a relatively high
frequency in all three populations, whereas *1D was observed in high frequency in the EA
and HCA subjects, but not in AA subjects (Supplemental Table 5). Graphical
representations of population-specific R2 values across the MME gene for the three
populations studied are shown in Supplemental Fig. 1.

3.3. MME allozyme activity and protein levels
Expression constructs were created for the MME WT and eight variant allozymes to make it
possible to determine the effect of the nsSNPs on levels of protein, enzyme activity, and
substrate kinetics. These MME expression constructs were transfected into a mammalian
expression system, COS-1 cells, to ensure that mammalian post translation modification and
protein degradation systems would be present. Immunoreactive protein levels were then
measured by quantitative Western blot analysis and levels of enzyme activity were measured
in WT and all variant allozyme samples. The levels of MME immunoreactive protein, as
well as the enzyme activity of the variant allozymes as a percentage of WT are shown
graphically in Fig. 2A. The Val73 allozyme showed a decrease in protein levels to
approximately 25% of WT. Similar results were observed when enzyme activity of the
Val73 allozyme was assayed with DAGNPG as a substrate. Conversely, immunoreactive
protein levels for the Ser285 allozyme were approximately 60% greater than that of WT, and
a corresponding increase as compared to WT was seen in enzyme activity for this allozyme.
No statistically significant differences were detected for the other six variants. There was a
significant correlation between protein and enzyme activity levels for this group of MME
allozymes (R2=0.7798, p=0.0016) (Fig. 2B). Because of the possibility that part of the
difference in level of enzyme activity that we had observed for the Val73 and Ser285 variant
allozymes might be due to alterations in substrate kinetics, substrate kinetic studies were
also performed. The apparent Km values observed for DAGNPG for WT, Val73 and Ser285
allozymes were 236.5±5.5, 91.0±4.6 and 228.6±5.2, respectively. Although the Km values
for WT and Ser285 allozyme did not differ significantly, the Val73 allozyme had a
significantly decreased apparent Km value for DAGNPG as compared to WT (p≤0.005).
However, this decrease in apparent Km could not explain the lower activity for this
allozyme. Due to markedly reduced immunoreactive protein levels and enzymatic activity of
the Val73 variant as compared to WT and the other variants we sought to delineate the
processes that could lead to degradation of this variant protein.

3.4. Proteasome-mediated degradation of Val73
The decrease in levels of Val73 immunoreactive protein could be due to accelerated protein
degradation, perhaps involving the ubiquitin-proteasome system and/or autophagy [23]. To
delineate the possible role of proteasome-mediated degradation, the effect of the proteasome
inhibitor MG132 was determined. Fig. 3A shows a graphic representation of significantly
decreased Val73 immunoreactive protein values as compared to WT. After treatment with
MG132, the average Val73 protein level increased almost 6-fold but no significant change
was seen for the WT allozyme, indicating that proteasome-mediated degradation plays an
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important role in the degradation of the variant allozyme. A representative Western blot
showing these results after normalizing for membrane protein PMCA4ATPase, is shown in
Fig. 3B. In addition, the number of cells that stained for MME after MG132 treatment was
far greater for Val73 (7±0.8% in control arm and 22±3% in treatment arm, p=0.02) than WT
transfected COS-1 cells (15±2% in control arm and 19±3% in treatment arm, p=0.64) as
shown graphically in Fig. 3C.

3.5. Autophagy, aggresome formation and interaction with chaperone proteins
Autophagy is also an important mechanism for protein degradation. To assess the possible
contribution of autophagy to MME degradation, WT and Val73 transfected COS-1 cells
were treated with 3MA, an inhibitor of autophagy. Mean levels of MME immunoreactive
protein increased significantly after treatment with 3MA for both the WT and Val73 variant
allozymes as shown in the bar graph in Fig. 4A and Western blot in Fig. 4B, indicating a
role for autophagy in MME degradation. Furthermore, fluorescence microscopy showed the
formation of both micro- and macroaggregates of MME after 3MA treatment (Fig. 4D).
These aggregates were seen after 3MA treatment of cells transfected with both the WT and
Val73 allozymes (Fig. 4D). However, the number of cells transfected with microaggregates
after 3MA treatment was far greater for Val73 (9±0.5% increasing to 23±0.2%, p=0.002)
than WT transfected COS-1 cells (5±0.4% increasing to 7±0.4%, p=0.06), as shown
graphically in Fig. 4C. The macro-aggregates observed in these studies may represent
aggresomes, perinuclear bodies composed of misfolded protein, structures observed when
proteins misfold and/or the capacity of proteasome-mediated degradation is exceeded [24].

Binding protein (BiP) is an ER lumen chaperone protein that binds misfolded secretory and/
or membrane-bound proteins and ensures proper movement of these proteins from the ER to
the Golgi apparatus. GRP94, an ER paralog of Hsp90, is also thought to regulate ER
apoptotic signaling when there is an accumulation of misfolded protein in the ER lumen
[25]. Both BiP and GRP94 are increased by conditions that produce misfolded proteins [25].
Fig. 5A shows increased immunoreactive protein levels of BiP and GRP94 for the Val73
variant as compared to the WT allozyme after transfection of COS-1 cells, implying that the
former may misfold and that BiP and GRP94 may participate in Val73 protein degradation.
The representative Western blot in Fig. 5B shows increased BiP and GRP94 after
transfection with the Val73 variant allozyme as compared to WT, after normalizing for the
membrane protein PMCA4ATPase. Because of these observations, we next used MME X-
ray crystal structural information with regard to MME in an attempt to understand the
structural implications of the Met73Val polymorphism.

3.6. Structural analysis of MME variant allozyme
The MME protein fold is bilobal, formed by two predominantly α-helical halves (Fig. 6A).
These two lobes are primarily formed by the N-and C-terminal halves of the polypeptide,
with several intertwining segments, including the N-terminus residues which pack against
the C-terminal lobe. The inhibitor and the catalytic zinc ion shown in Fig. 6A are bound
within an active site at the interface between the two lobes, with all residues directly
interacting with the ligands located in the C-terminal half of the protein sequence. Residues
altered in MME variant allozymes are located in both lobes. Most are distant from the active
site, with the exception of Asn593, which is located 8.6 Å from the bound phosphoramidon.
However, this is a surface exposed residue, and modeling of the Ser593 variant shows that
substitution of the larger hydrophilic residue with a smaller one should be fully compatible
with the WT protein structure.

Two of the MME variant allozymes showed distinctive behavior during our functional
experiments. Val73 had low expression and activity after transfection into COS-1 cells. This
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residue is located in the N-terminal region of the protein which interacts with the C-terminal
lobe (Fig. 6A). The Met73 side chain is buried in a well-packed, predominantly hydrophobic
environment. Computational substitution with the shorter but wider branched-chain Val73
introduces a number of sterically unfavorable short contacts that cannot be relieved by
simple rotation of the side chain conformation (Fig. 6B). These short contacts involve
residues in adjacent α-helices located in both the N-terminal region (Tyr86 and Ala87) and
the C-terminal lobe (Gln692). Therefore, structural modeling indicated that Val73 was
incompatible with the WT conformation and would likely result in a modified structure or
compromise protein folding/stability. In contrast to Val73, the Ser285 variant resulted in
elevated levels of enzyme expression and activity (Fig. 2A). This residue is located in the
globular N-terminal lobe (Fig. 6A). Its side chain is exposed on the protein surface and
interacts with three solvent molecules. Structural modeling of the Ser285 variant revealed
that it was compatible with the WT protein fold and was unlikely to compromise protein
folding or stability.

To further explore the possible structural consequences of the Val73 variant, parallel MD
simulation calculations were carried out to explore energy-minimized conformations for
both WT and Val73 variant MME protein. The simulations covered 6 ns, and molecular
coordinates were saved every 1 ps for analysis. To compare the conformations between
simulated structures and the initial WT crystal structure and model of Val73, the root mean
square difference (r.m.s.d.) of superimposed backbone atoms was calculated. Plotting
overall r.m.s.d. between simulated structures at different time points and the initial crystal
structure for the two MD simulations reveals different trajectories for the WT and Val73
structures, with the variant deviating more significantly (r.m.s.d. ∼2.0 Å) from the starting
crystal structure than the WT (r.m.s.d. ∼1.6 Å) (Fig. 6C). This confirms, as predicted by the
initial modeling, that the Val73 is not compatible with the WT conformation. A plot of
r.m.s.d. per residue, between the final simulated structures and the initial crystal structure,
and visual comparison of the structures, shows that the most significant conformational
deviation is in the variant region, involving residues Val73–Ala75 (Supplementary Fig. 2).
This region shows minimal deviation in the WT simulation, indicating that the
conformational shifts are due to the Met73Val substitution in the variant.

4. Discussion
MME plays an important role in the degradation of glucagon, enkephalins, substance P,
neurotensin, oxytocin, bradykinin, and natriuretic peptides [26]. MME is expressed in
cardiac and kidney tissue and is upregulated, with an increase in enzymatic activity, in
patients with aortic stenosis and heart failure [27,28]. The upregulation in MME expression
is thought to promote fibrosis in aortic stenosis [29]. MME also plays an important role in
the local control of bradykinin in cardiac tissue by almost exclusively metabolizing
bradykinin in human cardiac membranes [27]. Despite the importance of MME in cardiac
disease and the role that it plays in metabolizing natriuretic peptides, a comprehensive
attempt to identify common MME gene sequence variation in different ethnic groups by
systematically resequencing the gene had not been undertaken previously. Genetic variation
in MME has been reported to play a role in anxiety disorders, Alzheimer's disease and in the
development of glomerulonephritis in the neonate [30–32]. For example, a dinucleotide
polymorphism in the 5′-FR of MME results in altered MME activity with altered hydrolysis
of enkephalin. This polymorphism has been reported to be significantly associated with
anxiety and obsessive–compulsive disorder [30]. Amyloid beta peptide in the brain is
degraded by MME and its accumulation is associated with Alzheimer's disease. A GT repeat
polymorphism in the MME promoter has been linked to late onset Alzheimer's dementia
[31]. In a kindred study, three families with cases of neonatal membranous
glomerulonephritis were screened and found to have two different MME polymorphisms,
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466delC and C1342T, resulting in a truncated protein leading to instability and absence of
MME protein [32]. This MME sequence variation can cause alloimmunization during
pregnancy, resulting in an anti-MME IgG antibody response in the mother when exposed to
fetal MME antigens, causing glomerulonephritis in the neonate and early adulthood.

Genetic variation in the natriuretic peptide system has been associated with an increased risk
of stroke, left ventricular hypertrophy, and essential hypertension [33,34]. A
pharmacogenetic association of the T2238C variant of NPPA (atrial natriuretic precursor A),
a gene encoding the precursor of atrial natriuretic peptide, has been demonstrated with the
use of a diuretic, chlorthalidone as an anti-hypertensive agent [35]. Patients with this variant
had a better response to blood pressure reduction and a lower risk for a coronary event,
stroke and death when treated with a diuretic as compared to a calcium channel blocker. The
natriuretic peptides play an important role in the structural and clinical features of heart
failure and hypertension, and are metabolized, in part, by MME. However, the functional
and clinical implications, if any, of common sequence variation in MME for these diseases
remains unclear.

In the present study, we identified 90 MME SNPs, 8 of which were nsSNPs, by
resequencing DNA samples from three different ethnic groups. Sixty-five of the
polymorphisms found using this approach were not present in public databases, including
seven of the eight SNPs that altered encoded amino acids. We then functionally
characterized the non-synonymous SNPs in a mammalian cell-based system by expressing
recombinant MME variant allozymes. These functional genomic studies revealed markedly
reduced MME immunoreactive protein and enzyme activity for the Val73 variant. The
finding that the other nsSNPs did not result in a change in MME protein level or activity is
not surprising and has been demonstrated previously during functional genomic studies of
resequencing data performed in our laboratory. These observations are likely related to the
structural consequences of alterations in amino acid sequence [36–38]. The decreased
expression of the MME Val73 variant allozyme was consistent with molecular modeling and
MD simulation calculations performed with the X-ray crystal structure of human MME.
Substitution of Val for Met73 introduced unfavorable interactions with surrounding residues
that could potentially compromise protein folding and/or stability. More detailed MD
simulations confirm that the Val73 substitution is not compatible with the WT protein
conformation, especially in the local region around Met/Val73. Similar structural modeling
of the Ser285 variant allozyme indicated that substitution of that residue would probably not
be detrimental to protein folding. We also sought to delineate mechanisms that could
potentially explain the low level of MME immunoreactive protein for the Val73 variant
allozyme. We showed that this variant allozyme is degraded by both proteasome-mediated
degradation and autophagy. It also resulted in aggregate formation and its presence was
accompanied by increased levels of two ER chaperone proteins, BiP and GRP94, further
suggesting that Val73 may be misfolded. Our results obviously do not include longitudinal
clinical data on the multi-ethnic populations studied. These samples are part of the “Human
Variation Panel” and were purposely collected from “healthy” subjects, anonymized and
deposited by the National Institute of General Medical Sciences (NIGMS), one of the
National Institutes of Health (NIH). The Coriell Cell Repository that provided these samples
is funded, in part, by an award from the (NIGMS). The Pharmacogenomics Research
Network mandates the use of these samples for pharmacogenomic studies and requires that
the polymorphism data be deposited in a public repository (PharmGKB). The purpose of our
study was not to identify SNPs in populations with specific diseases but rather to begin the
process of defining common and rare variants found for MME, both for cardiovascular
pathophysiology and response to drugs used in cardiovascular medicine, but also extending
beyond cardiovascular medicine. These fundamental studies should be expanded in the
future to include populations suffering from cardiovascular disease and patients treated with
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drugs that modulate the natriuretic peptide system. Another limitation of this study is the
fact that the enzymatic activity of the variant MME allozymes with natriuretic peptides was
not studied. However, we used an established and well described high throughput assay to
detect enzymatic activity that is highly specific for MME, thus making these findings
broadly applicable, not only to natriuretic peptides but also to other MME substrates.

In summary, we resequenced MME and identified multiple novel polymorphisms, including
several SNPs that alter encoded amino acids. The genetic alteration of just one amino acid,
Met73Val, resulted in a significant decrease in the quantity and activity of the enzyme
protein. We then showed that accelerated protein degradation mediated by both proteasome
and autophagy pathways was responsible for the decrease in Val73 MME protein. The
Met73Val polymorphism, although rare, could have could have a significant effect on the
metabolism of natriuretic peptides. Rare variants with MAFs that range from 0.1% to 3%
like Val73 are often detected during comprehensive resequencing studies. There is an
increasing recognition that rare variants are often population specific and can be functionally
relevant with high penetrance to disease. The role of such rare variants in disease
pathophysiology is the subject of vigorous pursuit at present [39]. A recent example is the
existence of rare genetic variants for sialic acid acetylesterase, an enzyme that regulates B
lymphocyte antigen receptor signaling, that had not been revealed by genome wide
association studies but contributes significantly to the population attributable risk of
autoimmune diseases like rheumatoid arthritis and type 1 diabetes mellitus [40]. Genetic
variation in the natriuretic peptide system has already been shown to have important
implications in cardiovascular disease, and nonsynonymous SNPs can play an important role
in variation in drug response. The insight provided by the present study of genetic variation
in MME in three different ethnic groups would help lay the foundation for understanding the
role it plays in the pathophysiology of heart failure and clinical response to drugs that serve
as substrates for MME like nesiritide or drugs which inhibit MME or NEP. Therefore, our
resequencing MME and our studies of the functional implications of the nonsynonymous
SNPs identified could provide a foundation for future studies of common sequence variation
of other important candidate genes in the pharmacokinetic and pharmacodynamic pathways
for drugs used to treat hypertension and heart failure that target the natriuretic peptide
system.
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Fig. 1.
Human MME genetic polymorphisms. The figure shows a schematic representation of the
structure of MME, with arrows indicating locations of polymorphisms. Exons encoding the
open reading frame are represented as dark rectangles and portions of exons that encode
UTR sequences are indicated by open rectangles. Colors of arrows indicate minor allele
frequencies.
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Fig. 2.
MME functional genomics. (A) Levels of MME immunoreactive protein and allozyme
enzyme activity as a percentage of wild type (WT). Each bar represents the average of six
independent transfections (mean±SE). All values are corrected for transfection efficiency.
*p<0.001 and **p<0.05 when compared with the WT value. (B) Correlation between
average levels of MME immunoreactive protein and enzyme activity.
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Fig. 3.
Proteasome mediated MME degradation. (A) Levels of WT and Val73 MME allozyme
immunoreactive protein expressed as a percentage of WT after exposure to MG132, a
proteasome inhibitor. The white bars represent “control” and the black bars represent
samples exposed to the proteasome inhibitor MG132. Each value is the mean±SE of six
independent studies. (B) Representative Western blot analysis of WT and Val73 MME
immunoreactive protein after treatment of the COS-1 cells with MG132. (C) The bar graph
shows the percentage of COS-1 cells transfected with WT and Val73 MME allozymes
before and after treatment with MG132. The white bars represent “control” and the black
bars represent samples exposed to the proteasome inhibitor MG132. Each bar represents the
average of 3 independent readings (mean±SE). (D) Immunofluorescence microscopy for
WT and Val73 MME variant allozymes transfected into COS-1 cells before and after
treatment with MG132. The panels demonstrate (a) MME staining (green) in the nuclear
membrane (NM) and endoplasmic reticulum (ER); (b) Nuclear staining (blue) using DAPI;
(c) COS-1 cell structure without staining; (d) A merged field of (a), (b), and (c) showing
localization of MME around the NM and ER.
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Fig. 4.
Autophagy, MME degradation and aggregate formation. (A) Levels of WT and Val73 MME
allozyme immunoreactive protein expressed as a percentage of WT after exposure to 3MA,
an autophagy inhibitor. Each bar represents the average of three independent transfections
(mean±SE). (B) Representative Western blot analysis of WT and Val73 MME
immunoreactive protein after treatment with 3MA, normalized for PMCA4 ATPase, a
membrane protein. (C) The bar graph shows percentage of COS-1 cells transfected with WT
and Val73 allozymes that stain for MME microaggregates before and after treatment with
3MA. Each bar represents the average of 3 independent determinations (mean±SE). (D)
Immunofluorescence results for COS-1 cells transfected with WT and Val73 MME before
and after treatment with 3MA using confocal epifluorescence microscopy. The panels to the
extreme right show aggregate formation after treatment with 3MA in WT (top panel) and
Val73 (bottom panel) transfected COS-1 cells.
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Fig. 5.
MME degradation and chaperone proteins. (A) The bar graph shows levels of BiP and
GRP94, chaperone proteins in the endoplasmic reticulum for COS-1 cell lysates after
transfection with WT and Val73 expression constructs. Protein levels are shown as a
percentage of that seen after WT transfection. Each bar represents the average of 6
independent transfections (mean±SE). (B) Representative Western blot analysis for WT and
Val73 COS-1 cell lysates showing BiP and GRP94, with the membrane proteins Calnexin
and PMCA4 ATPase stained as “standards”.
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Fig. 6.
Structural modeling of MME variants. (A) X-ray crystal structure of human MME[12]
showing the locations of residues altered by MME nsSNPs. The ordered protein fold
contains residues 55–750, shown as a ribbon diagram with the N-terminal and C-terminal
halves in dark and light gray, respectively. The active site contains a zinc ion (dark orange
sphere) and phosphoramidon inhibitor (light orange spheres). Cα atoms of residues altered
by the Met73Val (MT3) and Asn285Ser (N285) variants are highlighted as cyan and green
spheres, respectively. The locations of other residues altered by variants with WT enzyme
behavior (Gly225, Val345, Met419, and Asn593) are marked by purple spheres. Two variant
residues, Met8 and Arg23 are located in the extended N-terminus which is not present in the
MME crystal structure and, thus, cannot be modeled. (B) Closeup view of the modeled
Met73Val (M73) variant. The side chains of the WT Met73 (crystal structure, magenta
carbon atoms and bonds) and variant Val73 (V73) (theoretical model, cyan carbon atoms
and bonds) interact with atoms in nearby residues such as the main chain and side chain
atoms of Tyr86 (Y86), the main chain carbonyl of the adjacent Ala87, and the side chain of
Gln692 (Q692) (all with magenta carbon atoms and bonds). Substitution of the unbranched
Met73 with the branched Val73 introduces short contacts that are incompatible with the WT
protein conformation. (C) MD simulation trajectories for WT and Val73 MME. Average
main chain conformational differences between the initial MME crystal structure and energy
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minimized WT (blue) and Val73 (red) were calculated for structures sampled at 1 ps
increments during the course of 6 ns simulations. Both trajectories plateaued, indicating
stable equilibria, but the average r.m.s.d. for the Val73 simulation is significantly higher
than for WT, revealing that the Val73 substitution is less compatible with WT conformation
than the original Met73.
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