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Background: Structural determinants of aspartyl aminopeptidase (DNPEP) enzymatic activity have not yet been elucidated.
Results: DNPEP contains a binuclear metal active site and forms a tetrahedral homo-dodecamer in solution.
Conclusion: Manganese binding at the active site stimulates DNPEP activity. The tetrahedral assembly restricts peptide access

to the active site.

Significance: This study provides a structural and biochemical basis for understanding DNPEP physiology.

Aminopeptidases are key enzymes involved in the regulation
of signaling peptide activity. Here, we present a detailed bio-
chemical and structural analysis of an evolutionary highly con-
served aspartyl aminopeptidase called DNPEP. We show that
this peptidase can cleave multiple physiologically relevant sub-
strates, including angiotensins, and thus may play a key role in
regulating neuron function. Using a combination of x-ray crys-
tallography, x-ray absorption spectroscopy, and single particle
electron microscopy analysis, we provide the first detailed struc-
tural analysis of DNPEP. We show that this enzyme possesses a
binuclear zinc-active site in which one of the zinc ions is readily
exchangeable with other divalent cations such as manganese,
which strongly stimulates the enzymatic activity of the protein.
The plasticity of this metal-binding site suggests a mechanism
for regulation of DNPEP activity. We also demonstrate that
DNPEP assembles into a functionally relevant tetrahedral com-
plex that restricts access of peptide substrates to the active site.
These structural data allow rationalization of the enzyme’s pref-
erence for short peptide substrates with N-terminal acidic resi-
dues. This study provides a structural basis for understanding
the physiology and bioinorganic chemistry of DNPEP and other
M18 family aminopeptidases.

Aminopeptidases catalyze the cleavage of the N-terminal
residues from peptide or protein substrates (1). These enzymes
are found in all forms of life and have important roles in a
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variety of biological processes involving peptide signaling such
as angiogenesis, memory, tumor growth and metastasis, repro-
duction, and maintenance of blood pressure (2). With respect
to the latter process, aminopeptidases are recognized as key
players in regulating the activity of the renin-angiotensin sys-
tem (RAS)® (3).

The RAS is best known for its role in regulating blood pres-
sure and maintaining fluid and electrolyte homeostasis (4). In
addition, a number of organs in the body contain local RASs
that act within the organ or tissue to modulate its function, the
eye constituting one such example (5-13). The ocular RAS is
involved in a number of physiological and pathological pro-
cesses, including regulation of intraocular pressure (14),
inflammation (15, 16), angiogenesis (17), and neuron function
(18, 19), and it has been identified as a potential therapeutic
target for glaucoma and retinopathies (20-22).

Production and degradation of the major bioactive angioten-
sin peptide, angiotensin II (Ang II), involves the action of sev-
eral enzymes, including renin, angiotensin-converting enzyme,
and aminopeptidases (23, 24). Renin and angiotensin-convert-
ing enzyme inhibitors as well as Ang II receptor antagonists are
widely used for treatment of cardiovascular and renal diseases
(25, 26). Glutamyl aminopeptidase (EC 3.4.11.7, also known as
aminopeptidase A or ENPEP) is one enzyme involved in the
processing of Ang II to AngIII (3, 27). Ang IIl is thought to play
a key role in angiotensin signaling in the brain and other neu-
ronal tissues (28). Another acidic aminopeptidase implicated in
the metabolism of angiotensin peptides is a soluble enzyme
termed aspartyl aminopeptidase or DNPEP (EC 3.4.11.21). A
recent transcriptome study in our laboratory identified Dnpep
as a highly expressed gene in the whole eye as well as the neural
retina (supplemental Table S1) (29). Moreover, Dupep expres-
sion is more than 20-fold higher relative to Enpep suggesting a
key role for DNPEP in the ocular RAS.

3 The abbreviations used are: RAS, renin-angiotensin system; Ang, angioten-
sin; BVS, bond valence sum; CCK-8, cholecystokinin octapeptide; DNPEP,
aspartyl aminopeptidase; EXAFS, extended x-ray absorption fine structure;
MCH, melanin concentrating hormone; NKB, neurokinin B; SAD, single
wavelength anomalous diffraction; XANES, x-ray absorption near edge
spectra; XAS, x-ray absorption spectroscopy; r.m.s.d., root mean square
deviation.
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DNPEP is an ~55-kDa metalloenzyme that requires zinc for
its enzymatic function and exists as a high molecular weight
complex (30-32). The enzyme activity is enhanced by Mn(II)
and bacitracin and inhibited by zinc and metal chelators (30—
32). The DNPEP gene was identified by Wilk and co-workers in
1998 (32). DNPEP belongs to the M18 aminopeptidase family
that is contained within the MH clan as designated in the
MEROPS data base (33). Yeast aminopeptidase I, a dodeca-
meric zinc-dependent enzyme, is the founding member of the
M18 family (34). M18 peptidases are found in all kingdoms of
life indicating an ancient evolutionary history. Although sub-
strate specificity is not absolutely conserved (34), the well char-
acterized M18 aminopeptidases Yhrl13wp/Ape4 and
PfM18AAP from Saccharomyces cerevisiae (35) and Plasmo-
dium falciparum (36), respectively, also prefer N-terminal
aspartyl-containing substrates. Interestingly, most vertebrate
genomes encode only a single M18 family peptidase pointing to
an important, highly conserved, and nonredundant physiolog-
ical function for DNPEP. Although a role for DNPEP in angio-
tensin peptide metabolism has been proposed, its ability to
metabolize other signaling peptides has not yet been tested.

Until now, only low resolution techniques have been applied
to the study of DNPEP structure. His residues that are critical
for DNPEP enzymatic activity have been identified, but a
detailed structural analysis of the active site and metal cofactors
has not yet been reported (37). DNPEP behaves as an octamer
according to gel filtration analysis (31, 32). However, DNPEP is
related to the M42 family archaeal aminopeptidases, which
form dodecameric assemblies (38, 39). Additionally, yeast
aminopeptidase I has been characterized as a dodecamer with
pseudo-D3 symmetry (34, 40). Thus, DNPEP quaternary struc-
ture and stoichiometry remain unclear.

Here, we show that DNPEP can metabolize several biologi-
cally relevant signaling peptides. We demonstrate that “as-iso-
lated” DNPEP contains a binuclear zinc center in which one site
is labile and can be replaced by other metal ions. Furthermore,
we elucidate the structural basis of manganese catalytic activa-
tion by showing that Mn(II) substitutes for zinc at the labile site.
We also show that DNPEP assembles into a functionally rele-
vant dodecameric tetrahedral complex that contributes to
DNPEP substrate selectively.

EXPERIMENTAL PROCEDURES

Chemicals— Aspartyl-p-naphthylamide, human angiotensin
I (Ang I), Ang II, cholecystokinin octapeptide (CCK-8), mela-
nin-concentrating hormone (MCH), and neurokinin B (NKB)
were purchased from Bachem (Torrance, CA). Isopropyl B-p-
thiogalactopyranoside and dithiothreitol (DTT) were obtained
from Anatrace (Maumee, OH). All other chemicals were pur-
chased from Sigma.

DNPEP Activity Assay—An assay mixture containing 100 um
aspartyl-p-naphthylamide was prepared in 450 ul of 50 mm
Tris-HCI, pH 7.5. Ten ul of protein sample was added to the
pre-warmed assay mixture with or without the various test
compounds and incubated at 37 °C with shaking at 220 rpm for
30 min. The reaction was stopped by adding an equal volume of
methanol. The mixture was placed in a quartz cuvette, and flu-
orescence emission at 412 nm with excitation at 345 nm was
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recorded. The enzyme activities in different conditions were
compared by fluorescence intensities with that of sample alone
at pH 7.5 as a control. Each condition was performed in tripli-
cate, and the results are presented as means = S.D.

Molecular Biology and Protein Expression—A plasmid con-
taining the bovine dnpep open reading frame (GenBank™™
accession number BC105402) was obtained from ImaGenes
(clone IRCJp5010F0111D). The DNPEP coding sequence was
amplified by PCR using the following primers: 5'-ccatg-
ggcagggeccgcaaagaggeg-3' (forward) and 5'-aagctttcagtctac-
caggaggctacgge-3' (reverse). The resulting product encodes all
but the first two residues of full-length bovine DNPEP flanked
by 5’ Ncol and 3" HindlII restriction enzymes sites. The prod-
uct was cloned into a modified pET30a vector that encodes His,
tag followed by a tobacco etch virus protease recognition
sequence in front of Ncol- and HindIII-cloning sites resulting
in an in-frame fusion between the His,/tobacco etch virus pro-
tease site tag and the DNPEP coding sequences. The open read-
ing frame was fully sequenced to ensure the construct was cor-
rect. The plasmid was transformed into the T7 express BL21
Escherichia coli strain (New England Biolabs, Ipswich, MA),
and transformants were cultured in a shaker incubator at 37 °C.
Protein expression was induced when the culture reached an
Asoo nm Of 0.6 by addition of isopropyl B-p-thiogalactopyrano-
side to a final concentration of 4 um. After overnight incuba-
tion, the cells were collected by centrifugation and either flash-
frozen and stored at —80°C or used immediately. For
production of manganese-activated DNPEP, 1 g of MnCl, was
added to each liter of the bacterial culture 30 min prior to
induction (41).

Protein Purification—Purification of recombinant DNPEP
was performed at 4 °C. The cell pellet was resuspended in 60 ml
of cold binding buffer (10 mm Tris-HCI, pH 8.0, containing 300
mm NaCl, 10 mm imidazole and 10% glycerol) and lysed by three
passes through a French pressure cell. The lysate was centri-
fuged at 195,000 X gfor 30 min, and the supernatant was loaded
onto a 2-ml nickel-nitrilotriacetic acid Superflow column
(Qiagen, Valencia, CA). The resin was washed with 50 ml of
binding buffer followed by 50 ml of wash buffer (10 mm Tris-
HCI, pH 8.0, containing 300 mm NaCl, 20 mm imidazole, and
10% glycerol). Bound protein was eluted with 20 ml of elution
buffer (10 mm Tris-HCI, pH 8.0, containing 300 mm NaCl, 250
mM imidazole, and 10% glycerol). DNPEP-containing fractions
were combined and loaded onto a Superdex 200 gel filtration
column (GE Healthcare) equilibrated with 10 mm Tris-HCI, pH
8.0, containing 300 mm NaCl, and 10% glycerol. Eluted fractions
with high activity and purity were combined, concentrated, and
stored at —80 °C or used immediately for experiments.

LC-MS Activity Assay—Human Ang I, Ang II, CCK-8, MCH,
and NKB were dissolved in 50 mm Tris-HCI, pH 7.5. Each sub-
strate was prepared at five concentrations as follows: 0.05, 0.1,
0.25, 0.5, and 1 mMm. 0.6 ug of DNPEP was added into 100 ul of
preincubated substrate solution, and the reaction mixture was
incubated at 37 °C with 550 rpm shaking. Every 5—-10 min after
reaction initiation, 5 ul of the mixture was added into 95 ul of
40% acetic acid to stop the reaction and reduce the peptide
concentration. The peptides were analyzed by an 1100 series
Agilent HPLC (Santa Clara, CA) equipped with a diode-array
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detector and an XBridge BEH300 C4 (3.5 um, 2.1 X 50 mm)
column (Waters, Milford, MA) equilibrated with 50% acetoni-
trile in water. Peptides were eluted from the column at a flow
rate of 200 ul/min and directed into an LXQ linear ion trap
mass spectrometer (Thermo Scientific, Waltham, MA)
through an electrospray ionization source working in the posi-
tive mode. Substrate and product eluted together within 2 min.
DNPEP-catalyzed hydrolysis gave rise only to des-Asp' prod-
ucts. Product formation was quantified as the area ratio
area,,, quc/ (area + area,,  q,,) from substrate and prod-
uct chromatograms. Product concentration was calculated as
[Slinitial X areap quc/(area + area,, quce): Vinax and K,,,
values were obtained according to Michaelis-Menten steady-
state kinetics using Sigmoidal-Hill fitting in Origin 8.1 software
(OriginLab).

DNPEP Crystallization—Crystals of bovine DNPEP were
obtained by the hanging drop vapor diffusion method by
mixing 1 ul of purified DNPEP at 5 mg/ml with 1 ul of crystal-
lization solution consisting of either 30% PEG 400, 100 mm
Tris-HCI, pH 8.5, and 0.2 m MgCl, (condition A), 20% 1,4-
butanediol, 100 mm MES-NaOH, pH 6, and 0.2 m Li,SO, (con-
dition B), or 35% 2-methyl-2,4-pentanediol, 100 mm Tris-HCl,
pH 7, and 0.2 M NaCl (condition C) and incubating the resulting
drops at 8 °C. Cube-shaped crystals typically appeared within 1
week and grew to full size within 2 months. The largest crystals
were ~75 um?®. Mature crystals were harvested without addi-
tional cryoprotection and flash-cooled in liquid nitrogen prior
to x-ray exposure.

Crystallography—Diffraction data were collected at the
Northeastern Collaborative Access Team (NECAT) 24-ID-C
beamline at the Advanced Photon Source. Data sets were col-
lected on crystals grown in condition B at the zinc K-peak and at
50 eV above and below the peak to allow anomalous scattering-
based structure solution as well as to evaluate active site zinc
occupancy. Datasets were also collected on a crystal grown in
condition A as well as a crystal grown from manganese-acti-
vated DNPEP in condition C, the latter using an x-ray energy
about 50 eV above the manganese K-edge. Data reduction was
performed using either HKL2000 (42) or XDS (43) and Trun-
cate from the CCP4 suite (44). The crystals all belong to space
group F432 with one monomer in the asymmetric unit. Initial
phases were obtained by zinc single wavelength anomalous dif-
fraction (SAD) using the ZnZn-DNPEP post-peak data set. The
anomalous substructure, consisting of two zinc atoms, was
located using SHELXD (45) and refined using Phaser (46). The
occupancy of the two zinc atoms refined to values near 1. The
SAD phases were improved by density modification resulting in
an overall figure of merit of 0.737 (44). The density-modified
electron density maps were of sufficient quality to allow auto-
matic building of ~74% of the protein chain using ARP/wARP
(47). This initial model was then refined against the dataset
collected on the crystal grown in condition A (referred to as
ZnMg-DNPEP) using REFMAC (48), and the model was com-
pleted manually using Coot (49). The geometric quality of the
model was periodically evaluated using the MolProbity server
(50). Iterative manual rebuilding and refinement produced a
model with good stereochemistry, and R, and R, values of
17 and 21.2%, respectively. The Ry, ..-based overall estimated

substrate

substrate
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coordinate uncertaintyis 0.15 A as calculated in REFMAC. Res-
idues 1-27, which consist mostly of the His tag and protease
cleavage site, and residues 224 —234 were not modeled because
of weak or absent electron density. Additionally, the side chain
of Glu®® was omitted as it was consistently found in strongly
negative F, — F_ electron density peaks. Six residues were mod-
eled in split conformations. Two metal ions and 267 waters
were included in the model.

The refined model was stripped of heteroatoms and refined
against the ZnZn-DNPEP post-peak dataset, which was repro-
cessed to maximize the resolution. Notably, this model has
more regions that could not be modeled because of weak elec-
tron density compared with the ZnMg-DNPEP model. Bijvoet-
difference Fourier maps clearly showed that both metal-bind-
ing sites were occupied by zinc. Iterative manual rebuilding and
refinement led to a model with R, and R, values of 18.8 and
23.8%, respectively, and good stereochemistry. Residues 125—
128,164-171,193-203, 223-238, 378 —384, and 427—- 435 were
omitted from the model because of weak or absent electron
density. Four residues were modeled in split conformations,
and 173 waters were included in the model. Data collection,
phasing, and structure refinement statistics are shown in Table
1. All figures of the crystallographic model were generated
using PyMOL (Schrodinger).

Electron Microscopy—A 3-ul drop of freshly purified DNPEP
at a concentration of 40 ug/ml was adsorbed to a glow-charged
and carbon-coated electron microscopy (EM) grid for 1 min.
The grid was then washed twice and stained with 1% uranyl
acetate. Micrographs were obtained using a 200-keV FEI Tec-
nai F20 XT field emission transmission electron microscope at
a magnification of X67,834. In total, 105 micrographs were
obtained by using a Primescan D 7100 drum scanner (Heidel-
berger Druckmaschinen AG) at a pixel size corresponding to
22A.

Single particle reconstruction of DNPEP was performed
using the EMAN2 software package (51). About 5000 particles
were boxed manually using e2boxer followed by contrast trans-
fer function corrections. Class averages were calculated using
refine2d with tetrahedral symmetry imposed. The initial three-
dimensional model was built up from the 31 class averages
using e2initialmodel. A refined map was obtained after six iter-
ations with an angle step of 2.5°. The map resolution was deter-
mined according to the 0.5 criterion using a Fourier shell cor-
relation plot generated from an even/odd test. Figures of the
map were generated using Chimera (52). The crystallographic
model of the DNPEP tetrahedral complex was docked into the
EM map by rigid body fitting in Chimera.

X-ray Absorption Spectroscopy—X-ray absorption spectros-
copy (XAS) data were collected on beamline X3B of the
National Synchrotron Light Source at Brookhaven National
Laboratory. Sample temperatures were maintained at 2025 K
during data collection. Samples were loaded into Kapton-
wrapped Lucite cuvettes with a volume of ~30 ul and immedi-
ately frozen in liquid nitrogen. At the zinc K-edge, datasets were
collected over an energy range of 9.47-10.36 keV for both
ZnZn-DNPEP (0.25 mMm protein, 13 cumulative scans) and
manganese-activated DNPEP (1.08 mM protein, 8 cumulative
scans). At the manganese K-edge, a dataset was collected for an
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TABLE 1
Crystallographic data
Data reduction®
Cryst_a_lllzatlon A B c
conditions
ZnZn-DNPEP  ZnZn-DNPEP  ZnZn-DNPEP Mn-act
Data set name ZnMg-DNPEP post-peak° pre-peak® peak’® DNPEP®
Space group F432
) _ a=245.31 _ - =
Unit cell parameter (A) a=244.27 [a = 245.16] a=246.44 a=24552 a=243.70
Wavelength (A) 0.97949 1.27582 1.28909 1.28242 1.88169
50-2.5
Resolution (A) 100-2.1 (2.59-2.5) 100-3.4 100-2.8 100-3.6
(2.23-2.1) [100-2.25 (3.6-3.4) (2.96-2.8)  (3.82-3.6)
(2.39-2.25)]
Unique reflections 36800 [ggggg] 16769 29715 13258
Multiplicity 5.6 (5.3) 1[42{2 826)5]) 8.2(8) 8.2(8.1) 42(3.9)
Completeness (%) 99.8 (99.8) [91503 gg%] 99.8(98.7)  99.9(99.5) 97.3 (98.5)
/ol 11.6 (1.73) [1222'38((13452))] 16.4 (3.9) 17.4(3.9)  6.35(1.81)
Reym(1) (%) 12.7 (95.3) [1;9(?!3549)} 157 (88.4)  115(67.9) 27 (80.8)
Roim(1) (%)° 5.8 (47.5) [4.9 (48.6)] 4.3 (24.1) 3.4(204)  11.7 (40.6)
SAD il
No sites 22Zn
Mean FOM
(before/after DM) fieel0ie
Resolution (A) 73.7-21 86.7-2.25
No reflections 34956 27811
Ruork/ Riree (%)' 17/21.2 18.8/23.8
No atoms 3841 3389
Protein 3572 3214
Metal 2 2
Water 267 173
B factors (A?) 255 28.9
Protein 25.2 28.8
Metal 16.1 275
Water 30.8 29.2
RMS deviations
Bond lengths (A) 0.018 0.016
Bond angles (°) 1.88 1.68
Ramachandran plot
from Molprobity
Favored (%) 96.7 97
Outliers (%) 0.22 0.25
PDB accession code 3VAT 3VAR

“Values in parentheses are for the highest resolution shell of data.

’ Values on top are for the data processed for use in SAD phasing, and values in
square brackets are for the reprocessed data set used for refinement.

¢ Statistics were calculated with Bijvoet pairs unmerged.

4R (D) = 0 3 LR ~ (IRKDY/E, |5, 1 (D).

Ry(D) = g (1/(N = 1))V? 2| I(hK]) — (I(hK))|/Z,,,, 2,1,(hK]) as defined in
Ref. 78 is the precision-indicating merging R factor.

IRyore = it IFonel = [Feardl/Zs | Fopel Rivee is calculated in the same manner

using ~5% of reflections excluded from refinement.

energy range of 6.36—7.24 keV on a freshly prepared, unex-
posed sample of manganese-activated DNPEP (1.08 mm pro-
tein, 13 cumulative scans). Spectra were measured in 5-eV steps
in the pre-edge (1-s count time), 0.3-eV steps in the edge region
(2-s count time), and 0.05k steps above the edge (count time
increasing from 3 to 11 s over the scan), such that each scan
required ~45 min. XAS spectra were obtained as fluorescence
excitation spectra using a 31-element solid state germanium
fluorescence detector array (Canberra, Meriden, CT). Copper
(for zinc K-edge) or chromium (for manganese K-edge) filters
were placed between the sample and detector to keep incident
count rates on individual detector elements below 100 kHz. As
appropriate, zinc or manganese metal foil spectra were
recorded concomitantly for energy calibration, with the first
inflection point of the reference spectrum assigned an energy of
9569 eV for zinc or 6539 eV for manganese. Datasets for each
sample were inspected and merged using the EXAFSPAK pack-
age (53). Following calibration and averaging, the background
absorption was removed by fitting a Gaussian function to the
pre-edge region and subtracting this function from the entire
spectrum. A three-segment spline with fourth order compo-
nents was then fit to the extended x-ray absorption fine struc-
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ture (EXAFS) region of the spectrum to extract y(k). Normal-
ized x-ray absorption near edge spectra (XANES) were
obtained using the AUTOBK algorithm implemented in
Athena (54). Theoretical phase and amplitude parameters were
generated using FEFF 8.40 (55) for simplified models of the
binuclear DNPEP-active site containing both monodentate and
bidentate carboxylates, histidine ligands, and both terminal and
bridging solvent ligands. The geometry of these input models
was modified as needed to better reflect the EXAFS fitting
results. In all analyses, the coordination number of a given shell
was a fixed parameter and was varied iteratively, whereas bond
lengths (r) and Debye-Waller factors (6°) were allowed to freely
float. The amplitude reduction factor S, was fixed at 0.9. The
edge shift parameter AE,, was allowed to float as a single value
for all shells in fits of a given complex. Therefore, in any given
fit, the number of floating parameters was typically equal to (2X
number of shells) + 1. The goodness of fit F was defined as
G (Xexpts — Xeate) /2K Xexpu")''?. For fits to Fourier-filtered data,
the goodness-of-fit metric F' was employed. F' = (2(Xexpu —
Xear) ) (Nipp — Nyag), where Ny, o is the number of floated
variables in the fit, and N}, is the number of independent data
points and is defined as Ny = 2AkAr/r. In the latter equation,
Ak is the k-range over which the data are fit, and Ar is the
back-transformation range employed in fitting Fourier-filtered
data. F’' provides a useful assessment of the effect of additional
shells on improving fit quality (56). The bond valence sum
(BVS) for the first coordination sphere was also used to assess
the appropriateness of a given fit. The BVS was calculated using
3, (exp((r, — 1)/0.37)), where r, is an empirically derived param-
eter for a given pair of atoms and r is the actual bond length (57,
58). Although EXAFS cannot distinguish between atoms differ-
ing by Z £ 1, we assumed an oxygen-rich environment based
upon the crystal structure data.

RESULTS

Purification and Characterization of Recombinant Bovine
DNPEP—Bovine DNPEP was produced recombinantly as an
N-terminal His, fusion protein in E. coli. A two-step purifica-
tion consisting of sequential metal affinity and gel filtration
chromatography led to 51-fold purified DNPEP with ~13.8%
yield, equal to 5 mg of purified protein/liter of bacterial culture
(Fig. 1A and supplemental Table S2). Initial gel filtration chro-
matograms consisted of two peaks, one minor peak corre-
sponding to the void volume and a second dominant peak with
a longer retention time that contained all of the enzymatic
activity (supplemental Fig. S1A). Optimization of the purifica-
tion protocol greatly reduced the size of the void peak (Fig. 1B
and supplemental Fig. S1A). SDS-PAGE analysis of the purified
protein showed a single 54-kDa band corresponding to the
mass of the fusion protein, and the identity of the band was
confirmed by immunoblotting (Fig. 1A4). The elution volume of
the major peak corresponded to an apparent molecular mass of
395 kDa thus giving a stoichiometry of 7— 8 subunits per com-
plex (supplemental Fig. S1B). The peak of the enzyme activity
curve was shifted slightly rightward relative to the protein
absorbance maximum, which we attribute to aggregation that
occurred during the time before the fractions could be assayed
(Fig. 1B). Indeed, micrographs of negatively stained DNPEP
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FIGURE 1. Purification of recombinant DNPEP. A, SDS-PAGE (10% gel) anal-
ysis of the eluted fractions from sequential metal affinity and gel filtration
chromatography steps of the purification. Proteins were visualized by Coo-
massie staining, and the identity of the ~55-kDa protein as DNPEP was con-
firmed by immunoblotting (right). B, gel filtration chromatogram overlaid
with the relative activity curve. The slight shift of the activity peak s likely due
to the aggregation of DNPEP during and after elution, as shown in the inset
micrographs of negatively stained particles from the fractions eluted at 58 ml
(left panel) and 65 ml (right panel).

particles from two different fractions collected immediately
after elution from the gel filtration column clearly showed more
aggregation in the fraction eluted earlier compared with the
one eluted later (Fig. 1B).

Effects of Metals and Metal Chelators on DNPEP Activity—
Previous studies indicate that DNPEP uses zinc as a cofactor
(31). DNPEP activity has been reported to be supported or even
stimulated by manganese in some studies (30, 31) but not oth-
ers (32, 37). Additionally, an inhibitory effect of EDTA on
enzyme activity has been inconsistently observed. To further
characterize the properties of DNPEP as a metalloenzyme, var-
ious divalent metals and reported inhibitors and activators
were individually added to the activity assay mixture as shown
in Table 2. We found that addition of Mn(II) to a final concen-
tration of 4 mMm increased the recombinant enzyme activity
4-fold. A dose-effect experiment revealed that the enzyme is
half-maximally stimulated at a manganese concentration of ~6
uM with the effect plateauing around 100 um (supplemental
Fig. S2). Notably, the intracellular manganese concentration in
mammalian cells is in the low to middle micromolar range indi-
cating that this activation phenomenon could be relevant in
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TABLE 2

Effects of divalent metals and potential activators and inhibitors on
the activity of bovine DNPEP

Activity” (percentage
Compound Concentration” of control)
mM

Zn>* 0.4 0.9 (+0.1)
Mn** 4 433 (=105)
Co** 1 267 (+£19)

4 145 (+7)
Ca* 10 67 (£5)
Mg?* 4 96 (+18)
Imidazole 20 60 (+2)
DTT 1 66 (=13)

0.1 73 (+13)
Bacitracin A 0.2 97 (+20)

0.02 127 (+37)
EDTA 10 43 (£9)

5 72 (+16)
1,10-Phenanthroline 2 47 (29)

“ Final concentration of each compound in the reaction solution. Divalent cations
were added as chloride salts.

? Activity is shown as a percentage of the mean rate of three replicates over the
control condition in which only DNPEP was added into the reaction solution,
and the error in parentheses is the standard deviation of the three replicates in
percentage to control. The fluorescence activity assay is described under “Exper-
imental Procedures.”

vivo (59). Consistent with these results, recombinant DNPEP
purified from a culture supplemented with 5 mm MnCl, dis-
played 30-fold higher catalytic efficiency toward aspartyl-p-
naphthylamide compared with unsupplemented enzyme. The
activity simulation was primarily the result of a 14-fold eleva-
tion in k,,, although a 2-fold lower K, value was also observed
for the manganese-activated enzyme (supplemental Table S3).
Co(II) also increased DNPEP activity, albeit to a lesser degree
than Mn(II), whereas 0.4 mm Zn(II) almost completely abol-
ished its activity. Excess zinc has been noted to be generally
inhibitory for a number of peptidases (60). In one case, the
inhibitory effect was attributed to disruption of the peptidase
quaternary structure (61). Unlike glutamyl aminopeptidase
(62), Ca(II) does not affect DNPEP activity. Mg(II) also did not
affect DNPEP activity. Metal chelators such as EDTA and 1,10-
phenanthroline reduced but did not abolish DNPEP activity.
Imidazole and DTT were both inhibitory probably because of
their ability to bind zinc. Although bacitracin A was previously
reported to stimulate DNPEP enzymatic activity (32), we
observed only 20% activation when 0.02 mm of bacitracin A was
added to the assay (Table 2).

DNPEP Activity toward Candidate Signaling Peptide Sub-
strates—W e next evaluated the ability of DNPEP to hydrolyze
five candidate signaling peptide substrates that are known to be
present in the eye along with their cognate receptors (supple-
mental Tables S1 and S4). Ang I and II are known substrates for
DNPEP, whereas NKB and CCK-8 are tachykinins with N-ter-
minal aspartyl residues and similar peptide length as Ang I and
II. MCH, a 19-residue, N-aspartyl peptide with an internal
disulfide bond, was tested to determine whether larger peptides
with more complex structure can be cleaved by the enzyme.
The hydrolysis of each potential substrate was measured by
LC-MS, and the data were fit to a Michaelis-Menten kinetic
model (Table 3 and supplemental Fig. S3). Among the peptides
tested, Ang I and II were the most favored substrates as evi-
denced by their high catalytic efficiency values (Table 3). K,
values were similar for the two peptides, although DNPEP cat-
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TABLE 3

Structure and Function of DNPEP

Aspartic aminopeptidase activity of DNPEP toward physiologically relevant peptides
DNPEP aspartic aminopeptidase activity was measured by LC-MS. Both product measurements and kinetic data fitting are described under “Experimental Procedures.”

Errors in parentheses were obtained from Hill fitting by Origin 8.1.

Length Relative k../K,,
Peptide (amino acids)  mass Peptide sequence (N — C) K, Koot (X10° M 1s71)
Da mm s!
Angl 10 1296.5 Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 0.07 (£0.02) 2.3(*0.1) 30 (£8)
Ang II 8 1046.2 Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 0.10 (£0.02) 7.7 (£0.4) 76 (£16)
CCK-8 8 10632 Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe 0.65(=0.19) 53(+0.8)  8.1(+26)
Melanin-concentrating 19 2386.9 Asp-Phe-Asp-Met-Leu-Arg-Cys-Met-Leu-Gly-Arg-Val- 1.4 (+0.5) 1.4 (*0.3) 0.99 (+0.43)
hormone (MCH) Tyr-Arg-Pro-Cys-Trp-Gln-Val (disulfide-bonded)
NKB 10 12104  Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met 047 (£0.35) 0.18 (+0.06) 0.38 (+0.32)

alytic efficiency was higher for Ang Il because of a 3-fold higher
k.o value. CCK-8 was a moderately good substrate, whereas
MCH and NKB have low catalytic efficiency values. It is note-
worthy that the precursor of CCK-8, cholecystokinin, is more
highly expressed compared with other neural peptides (supple-
mental Table S4) indicating that CCK-8 could also be a physi-
ological substrate of DNPEP. The poor activity toward MCH
might be due to its larger size and disulfide-bonded nature,
whereas the poor activity toward NKB was surprising given that
it is a short peptide with the same number of residues as Ang I1.
These data confirm that angiotensins are favored substrates of
this enzyme but also demonstrate that other biologically rele-
vant peptides may also be regulated by DNPEP.

Crystallographic Structure of DNPEP—The DNPEP struc-
ture is composed of two domains, a catalytic domain that
houses a binuclear metal active site and a dimerization domain
that, along with portions of the catalytic domain, is involved in
oligomer formation (Fig. 2, A and B). The general shape of the
monomer can be likened to a flat lobed leaf or a piece of jigsaw
puzzle. The prominent lobes and intervening grooves form a
complex topography with self-complementary surfaces that
promote homo-oligomerization. A single DNPEP monomer
resides in the asymmetric unit of the crystal, but application of
a subset of the crystallographic symmetry operations generates
a DNPEP dodecamer with tetrahedral symmetry (Fig. 2C and
supplemental Movie S1).

The catalytic domain, consisting of residues 1-94 and 243—
471, contains a mixed parallel/antiparallel 3 sheet at its core
with «a helices packed against both faces in an aBa sandwich
fold (Fig. 2, A and B). (Note that the residue numbering
throughout refers to the native sequence, and to obtain the
corresponding residue number for the crystallographic struc-
ture, add 25.) Two short antiparallel B sheets that sit on the top
of the posterior « layer complete the description of the domain
fold. All of the binuclear metal protein ligands are found within
this domain. Interestingly, the Asp***~Asn®®" peptide bond
within helix 8 is found in a cis conformation with an w angle of
5.8°. Non-Pro-containing cis peptide bonds are exceedingly
rare in protein structures but when present are usually of high
importance for the function of the protein (63). Indeed, Asp>®°
is a bridging ligand for the binuclear metal center, and it is likely
that the higher energy conformation of the residue is somehow
coupled to the metal coordination. Examination of other pep-
tidases in the MH clan reveals that a cis peptide bond at the
bridging ligand position is a feature common to this group of
proteins (38, 64 —66). In the case of DNPEP, it is clear that the
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cis conformation is critical for the proper orientation of the
Asp?®° side chain for metal coordination. Hydrogen bonding
interactions between the Asp?*° backbone carbonyl oxygen and
the Ser''® hydroxyl as well as a water molecule probably help
stabilize the cis conformation.

Residues 95-242 compose the dimerization domain and fold
into a pair of orthogonal, three-stranded, anti-parallel 3 sheets
with five intervening « helices. Close inspection revealed that
these sheets form a 8 barrel-like structure on one end but are
separated from each other on the other end by helix 6. The first
strand in this domain, strand 5, possesses a somewhat unusual
S4 B bulge motif with two protruding Arg residues that may be
functionally important (67). Notably, these Arg residues along
with other basic residues in this highly positively charged
strand are positioned near the substrate entrance pore of the
tetrahedron and through ion-ion interactions form contacts
between subunits. A number of contacts exist between the two
domains that confer rigidity to the overall structure.

Active Site and Identity of the Metal Cofactors—The active
site binuclear metal center is located in a pocket on the top
surface of the catalytic domain (Fig. 24). All direct protein
ligands of the metals are located within this domain (Fig. 2B).
Based on a previously established convention for MH clan pep-
tidases (66), we refer to the metal-binding site located furthest
away from the core (3 sheet of the catalytic domain as site A and
the other as site B. Although the active site appears to reside in
an extended cleft, a major portion of the cleft is occupied by a
lobe from an adjacent monomer as discussed below. Thus, the
accessible active site is actually a short cavity that extends into
the protein past the binuclear center and terminates in a pre-
dominantly hydrophobic pocket with the side chain of Lys®”°
pointing toward its base. Notably, there are no free acidic resi-
dues in proximity to the Lys*’° amino group, which presumably
possesses a positive charge, to act as a counterion. The strategic
location of this residue at the base of the active site where the
N-terminal aspartyl residue side chain is likely to bind indicates
that it may strongly contribute to the preference of DNPEP for
N-terminal aspartyl-containing peptides. To further evaluate
features of the active site that favor N-terminal Asp-containing
peptides, we carried out an electrostatics calculation on DNPEP
in the context of the dodecameric assembly observed in the
crystal structure. Whereas the exterior of the dodecamer is rel-
atively neutral, its interior is highly positively charged with the
highest charge density located in the active site pocket and
areas immediately adjacent to the pocket (supplemental Fig.
S4). It is evident from this calculation that negatively charged
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FIGURE 2. Structure and topology of DNPEP. A, crystallographic structure of the DNPEP monomer. The DNPEP monomer constituting the asymmetric unit of
the crystal is shown as a divergent stereo pair. The protein consists of two domains, a catalytic domain (light blue) that houses the binuclear metal active site and
is common to all members of the MH clan, and a dimerization domain (pale green) that isimportant for oligomer formation and may also contribute to substrate
selectivity and catalytic function in the context of the tetrahedral oligomeric structure. The active site metals are shown as orange (zinc) and green (magnesium)
spheres together with the direct protein ligands as yellow sticks. All figures of the crystallographic model were generated using PyMOL. B, topology plot of
DNPEP. Helical regions are represented by circles (parallel to viewing direction) or rounded rectangles (perpendicular to viewing direction), and 8 strands are
indicated by triangles. The positions of the direct metal ligands are marked by yellow circles. N and C termini are indicated by black letters. A 10-residue
disordered segment is indicated by a red dashed line. Residue numbering corresponds to the native amino acid sequence. This figure was prepared using
Adobe lllustrator. C, DNPEP tetrahedral assembly generated by application of crystallographic symmetry operators. Each monomer is shown as a different

color.

substrates would be drawn toward the active site through elec-
trostatic forces.

Based on the SAD phasing experiment, we expected that the
metal-binding sites in as-isolated DNPEP were primarily occu-
pied by zinc. However, they could also be occupied by other
first-row transition metals close to zinc in the periodic table as
such atoms would also exhibit significant anomalous scattering
at the zinc K-edge. To confirm the identity of the active site
metals as zinc, we collected datasets on a crystal grown in con-
dition B using x-rays that were either 50 eV below or directly at
the peak of the zinc K absorption edge, as determined by a zinc
fluorescence scan on the same crystal (68, 69). Strong peaks
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were observed at both metal sites in the Bijvoet-difference Fou-
rier electron density map calculated using the peak data with a
somewhat higher peak height observed at site B compared with
site A, whereas much weaker peaks were observed in the corre-
sponding map calculated using the pre-edge data (Fig. 3, A and
B). The sharp increase in anomalous scattering upon passing
through the zinc K-edge clearly demonstrated that the enzyme,
as-isolated from E. coli, contains a binuclear zinc center.

For the ZnMg-DNPEP dataset obtained from a crystal grown
in condition A, we initially modeled both metals as zinc. How-
ever, a Bijvoet-difference Fourier map showed significant
anomalous scattering only at site A, indicating that a metal
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FIGURE 3. Crystallographic identification of active site metals. The left and right metal-binding sites are referred to as site A and site B, respectively.
A, Bijvoet-difference Fourier maps calculated using data collected at the zinc K absorption peak and contoured at the 5 r.m.s.d. (blue mesh) and 25 r.m.s.d. (red
mesh) levels show strong anomalous scattering at the two metal sites, whereas the corresponding map calculated using pre-edge data shows only weak
anomalous scattering at both sites as shown in B, thus demonstrating the presence of zinc at both sites in the as-isolated protein. C, anomalous scattering is
only observed at site A in crystals grown in the presence of magnesium, suggesting that magnesium occupies site B in this crystal form. D, Bijvoet-difference
Fourier map calculated using manganese K absorption peak data collected from a crystal composed of manganese-activated DNPEP. A single 9 r.m.s.d. peak
is found at site B demonstrating that manganese can substitute for zinc at site B leading to an enhancement of enzymatic activity.

other than zinc was present at site B (Fig. 3C). Because the
crystal mother liquor contained a high concentration of mag-
nesium, we tested the possibility that magnesium rather than
zinc could occupy site B in this crystal by calculating element-
specific combined real-imaginary SAD-log likelihood gradient
maps as implemented in Phaser (46). Magnesium log likelihood
gradient maps produced higher Z-scores at site B compared
with the corresponding maps for zinc, which indicated that
magnesium was the predominant metal at site B in this
structure.

We observe different coordination geometries for the binu-
clear metal center in the two structures, consistent with the
difference in metal content. In the ZnZn-DNPEP structure,
Zn* is terminally coordinated by His**® and Glu**®, whereas
His®® and Asp®*? serve as terminal ligands for Zn® (Fig. 44). The
metal-carboxylate interactions appear to be monodentate at
both sites. The metals are bridged by Asp**° and a solvent-
derived water molecule (or hydroxide ion) with a metal-metal
distance of ~3.3 A. The ligand geometry around both zincs is
distorted tetrahedral, but it appears that the solvent molecule is
mobile and can move perpendicularly with respect to the met-
al-metal axis to form hydrogen-bonding interaction with either
Glu*”” or Met**® side chains. The bridging solvent ligand is
located ~2.3 and ~2.5 A away from 7Zn® and Zn®, respectively,
which is most consistent with a relatively mobile, bound water
molecule.

By contrast, the higher resolution ZnMg-DNPEP structure
contains a tetrahedrally coordinated zinc at site A and an octa-
hedrally coordinated magnesium at site B, consistent with the
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known geometrical preferences of these cations (Fig. 4B) (70,
71). The protein ligands are arranged in much the same way as
in the ZnZn-DNPEP structure with one notable difference, i.e.
the terminal Asp*** carboxylate ligand binds magnesium in a
bidentate fashion. The position of the bridging solvent ligand is
quite different compared with the ZnZn-DNPEP structure. In
the ZnMg-DNPEP structure, the bridging solvent ligand is ori-
ented such that it forms a hydrogen-bonding interaction with
Glu**’. The metal-solvent bond lengths are significantly
shorter with Zn-O and Mg-O distances of 2.2 and 2.0 A, respec-
tively. The shorter metal-solvent bond length together with the
observed solvent carboxylate hydrogen bonding interaction
suggests that the bridging solvent in this structure is a hydrox-
ide ion. In addition to the direct metal ligands, a number of
water molecules are located in close proximity to the metal
center in the ZnMg-DNPEP structure. One of these water mol-
ecules that is likely of catalytic importance is located 2.8 A away
from Zn®. This water molecule does not appear to be directly
bound to Zn* but rather is held in place near the metal center by
the highly conserved His'®® residue from a symmetry-related
molecule. The lobe containing His"®® is located in the dimeriza-
tion domain and interacts extensively with the major interdo-
main groove in an adjacent monomer forming a highly comple-
mentary association. His'®®, located near the tip of the lobe,
enters deeply into the active site to form a hydrogen bond with
the water molecule (supplemental Movie S1). The extended
conformation of the conserved lobe and the high complemen-
tarity of the surfaces strongly suggest that the interaction is
physiologically relevant and that His"®® plays an important role
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FIGURE 4. Coordination geometry of the DNPEP binuclear center. A, stereoview of the as-isolated ZnZn-DNPEP structure showing a four-coordinate
distorted tetrahedral geometry for both zinc ions. The metal-metal distance is ~3.3 A. The electron density maps indicate that the bridging solvent is mobile
and can move perpendicularly to the metal-metal axis to form hydrogen bonding interactions with Met*** and Glu®*’. B, stereoview of the ZnMg-DNPEP
structure showing a distorted tetrahedral geometry for the site A zinc and an octahedral geometry for the magnesium at site B. The metal-metal distance is
~3.4 A. The position of the bridging solvent is substantially different compared with the ZnZn-DNPEP structure, and it is seen to form a hydrogen bonding
interaction with the nearby Glu®®” residue.

in the peptide hydrolysis reaction. Indeed, a prior study showed
that Phe substitution of the corresponding His residue in
human DNPEP abolishes enzymatic activity (37).

The structure of the DNPEP metal center was further evalu-
ated by zinc K-edge XAS. Examination of metal-specific fluo-
rescence from the as-isolated preparation revealed a significant
signal only for zinc, which confirmed the homogeneity of the
active site metal content. The XANES spectrum was typical for
Zn(II) in an N/O-rich environment (72) with the edge inflection
energy of 9662.5 eV (Fig. 54). The best one-shell fits to the
EXAFS data consisted of a fairly disordered set of five O/N
scatterers at ~2.01 A (Fig. 5C and Table 4). A modest improve-
ment in fit quality was obtained by splitting this shell into two
subshells of O/N scatterers at 1.97 and 2.10 A, but the differ-
ence in bond lengths between the two shells was only slightly
smaller than the resolution of the data (0.143 A), indicating that
a two-shell fit is not justifiable (supplemental Table S5). The
outer shell features were best modeled by a set of single-scat-
tering and multiple-scattering paths from the imidazole of a
single Zn(II)-bound His ligand, in agreement with the single
His per Zn(II) site seen in the ZnZn-DNPEP crystal structure.
Attempts to include a zinc-zinc interaction either in the
presence or absence of His were unsuccessful, based on the
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lack of improvement in fit quality and the very large Debye-
Waller factors obtained for the Zn*+Zn shell (Table 4 and
supplemental Table S6). The absence of a detectable metal-
metal interaction is in accord with the mobile bridging sol-
vent ligand observed in the ZnZn-DNPEP crystal structure,
as metal-metal interactions are typically not clearly detecta-
ble by EXAFS for binuclear sites lacking a rigid single-atom
bridge such as hydroxide (56, 73).

Structural Basis of Manganese Activation—The strong stim-
ulatory effect of Mn(Il) on the catalytic activity of DNPEP
prompted us to examine its structural basis. For these experi-
ments, we used manganese-activated DNPEP that was pro-
duced by supplementation of the E. coli expression culture with
5 mMm MnCl, and displayed a 30-fold higher catalytic efficiency
toward aspartyl-p-naphthylamide compared with unsupple-
mented protein. XANES and EXAFS data were recorded on the
manganese-activated sample at both the zinc and manganese
K-edges. Element-specific fluorescence clearly showed the
presence of both manganese and zinc in the sample, which pro-
vided the rationale for collecting data at both absorption edges.
The zinc K-edge XANES spectrum for manganese-activated
DNPEP was similar to that of the as-isolated sample with a
single edge inflection at ~9662.4 eV. The manganese K-edge
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FIGURE 5. XAS of DNPEP. A, x-ray absorption edge spectra at the zinc K-edge
for both ZnZn-DNPEP and manganese-activated DNPEP. The spectra are
quite similar to one another, with edge inflections at ~9662.5 eV. B, x-ray
absorption edge spectrum at the manganese K-edge for manganese-acti-
vated DNPEP. A weak pre-edge feature, magnified in the inset, is present at
6540.2 eV. C-E, Fourier transforms (FT) and unfiltered EXAFS spectra (k*x(k),
insets) of ZnZn-DNPEP at the zinc K-edge (C), manganese-activated DNPEP at
the zinc K-edge (D), and manganese-activated DNPEP at the manganese
K-edge (E) are shown. Experimental data are shown by dotted lines and fits by
solid lines. The fit parameters correspond to those shown in boldface in Table 4.

XANES spectrum exhibited a sharp rising absorption with a
primary edge inflection at 6548.0 eV, a shoulder inflection at
~6550 eV, and a weak pre-edge feature centered at ~6540.2 eV
(Fig. 5B). These features are in good agreement with those of
other biological Mn(II) sites studied by XAS (73). The sharp-
ness of the rising absorption edge and weakness of the pre-edge
feature were consistent with the Mn(II) ion being in a high
symmetry five- or six-coordinate environment. Zinc K-edge
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EXAFS analysis of the manganese-activated sample revealed
some structural alteration in the Zn(II) site(s) compared with
the as-isolated DNPEP. Specifically, the best one-shell fit to the
data consisted of four Zn-O/N scatterers at 1.97 A, in good
agreement with the bond lengths derived from the crystallo-
graphic structure (Fig. 5D and Table 4). It is also notable that
the Debye-Waller factor of this shell is smaller for manganese-
activated DNPEP compared with as-isolated DNPEP, consist-
ent with a narrower distribution of metal-ligand bond lengths.
Furthermore, there is evidence for alow-Z scatterer at ~2.53 A,
with the small magnitude of ” for this shell suggesting that it
can be attributed to the bridging carbon of a bidentately bound
carboxylate. The outer shell features were satisfactorily mod-
eled by single scattering from low Z atoms at ~3.04 A, which
can be attributable to carbons of coordinated His and carbox-
ylate ligands, as well as a weak metal-metal interaction (mod-
eled as Zn-+Mn) at 3.27 A (fit 10 in Table 4 and supplemental
Table S7). Fitting the 3.3 A feature to a set of ZnC scatterers
provided an apparent good fit to the data but exhibited a poorer
visual match to the data and cannot be plausibly assigned to any
zinc ligands in the active site because binuclear metalloproteins
with N/O ligation generally lack any low zinc atoms at this
distance. It was not possible to model scattering from coordi-
nated histidine ligands. We note that the Zn-+Mn distance of
3.27 Ais in good agreement with the metal-metal separations of
3.3and 3.4 A observed in the ZnZn-DNPEP and ZnMg-DNPEP
crystal structures, respectively, and supports the notion of a
solvent-derived hydroxide bridge in manganese-activated
DNPEP.

We next analyzed the Manganese K-edge EXAFS data col-
lected on the manganese-activated sample. As with the zinc
K-edge analysis, the first coordination shell was best described
by simple one-shell fits. Although a shell of four Mn-O/N scat-
terers provided the best fit quality, the BVS value of 1.5 for this
fit was clearly too low for a Mn(II) site and is likewise unex-
pected given the XANES spectra, which indicated five or six
coordinate Mn(II). Instead, fits consisting of a highly disor-
dered set of five to six Mn-O/N scatterers at ~2.13 A are in
better agreement with BVS calculations and the empirical
XANES observations (Fig. 5E and Table 4). Studies of structur-
ally well characterized Mn(II) model complexes and proteins
have shown that coordination number can be significantly
underestimated by EXAFS for highly disordered Mn(Il) sites
that have a wide distribution of bond lengths (73, 74). The sig-
nificantly longer average Mn(II)-ligand bond lengths relative to
the Zn(II)-ligand bond lengths are in accord with the larger
ionic radius of Mn(II). Attempts to split the first shell into two
sub-shells were unsuccessful (supplemental Table S4); how-
ever, as with the zinc K-edge EXAFS on this sample, the data
clearly support the presence of a Mn-C/N/O scatterer at 2.56 A
that exhibits a small Debye-Waller value and can also be
assigned to the bridging carbon atom of a bound carboxylate
ligand. The outer shell features could be partially simulated by
inclusion of a manganese-zinc interaction at 3.4 A, a distance
seemingly at odds with the metal-metal separation of 3.27 A
obtained at the zinc K-edge. However, the improvement in fit
quality upon addition of this shell is smaller than was the case at
the zinc K-edge, and it exhibits a fairly large Debye-Waller
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TABLE 4
EXAFS analysis of recombinant and Mn-substituted DNPEP?®

ZnZn-DNPEP, Ecyqe = 9662.5 eV

Zn-O/N Zne+C/N/O ZneseZn ZneeHis
fit n r o? n r of n r o? n r o? F° AE, BVS®
1 5 201 73 0.353 -3.03 2.18
2 5 201 74 1 252 75 0.339 -3.79 220
3 5 201 73 1Zn 3.34 229 0.351 -3.77 220
3.00 21
4 5 201 72 s 28 2] 0.279 -314 219
4.33 0.7
3.01 1.5
5 5 201 72 1Zn 320 15.2 1His 9.19 15 0.271 -3.20 2.19
4.30 0.8
4.33 0.8
Mn-activated DNPEP (Zn K-edge), Ecqge = 9662.4 €V
Zn-O/N Zne*C/N/O ZneesC ZneeeNn
fit n r o? n r of n r o? n r o? F° AE, BVS®
6 4 198 41 0.451 -5.85 1.91
7 4 197 42 1C 253 0.8 0.433 -6.61 1.93
8 4 197 42 1C 254 15 1Mn 3.29 5.6 0.400 -7.32 1.94
9 4 197 42 1C 254 19 4 3.30 29 0.408 -7.41 1.95
10 4 197 4.2 1C 254 1.7 4 3.04 6.3 1Mn 3.27 5.0 0.389 -7.64 1.95
Mn-activated DNPEP (Mn K-edge), Ecqge = 6548.0 eV
Mn-O/N MnessC/N/O MneesC MnessZn
fit n r of n r of n r o? n r o? F° AE, BVS®
11 4 213 6.5 0.429 -0.56 1.49
12 5 213 86 0.451 -1.28 1.88
13 5 213 8.9 1 256 2.6 0421 -1.31 1.86
14 5 213 8.8 1 256 3.4 1Zn 3.41 11.0 0402 -1.21 1.86
15 5 214 8.9 1 256 4.0 2 3.13 142 1Zn 3.40 11.0 0.388 -0.32 1.84

@ ris in units of A; 02 is in units of 10~ A% AE, is in units of eV. All fits are to unfiltered EXAFS data, as follows: ZnZn-DNPEP, Fourier transform range of k = 1.5-12.5
A~ (resolution = 0.143 A); Mn-activated DNPEP (Zn K-edge), Fourier transform range of k = 1.5-13.0 A~ ! (resolution = 0.137 A); Mn-activated DNPEP (Mn K-edge),

Fourier transform range of k = 1.5-11.25 A~ (resolution = 0.161 A).
PF = (A Xexptt = Xeale) 2k Xexpu™) />

¢BVS = bond valence sum for the first-shell atoms of the fit. The BVS is defined as (exp((r, — r)/0.37)), where r, is an empirically derived parameter for a given pair of at-
oms, and r is the actual bond length. The values of r, were taken from Refs. 57, 58. Whereas EXAFS cannot distinguish between atoms differing by Z + 1, we assumed an

oxygen-rich environment based upon the crystal structure data.

factor (fits 13—15, Table 4 and supplemental Table S8), indicat-
ing that a metal-metal scattering path contributes only weakly
to the EXAFS. Indeed, several studies have shown that accurate
detection of biological metal-metal separations longer than 3.0
A by EXAFS is especially difficult in cases where the available
k-range of the data is limited, as is the case here (56, 73, 74). We
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conclude that the available manganese K-edge EXAFS data for
manganese-activated DNPEP does not provide convincing evi-
dence for the presence of a metal-metal interaction. Taken
together, the XAS data on manganese-activated DNPEP sug-
gests that Mn(II) occupies site B of the binuclear center with a
ligand geometry similar to that of the six-coordinate O, Mg(II)
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ion in the ZnMg-DNPEP crystal structure, whereas zinc
remains bound at site A with a more ordered set of ligands.

To provide further support for this idea, we collected x-ray
diffraction data just above the manganese K-edge on a DNPEP
crystal that was grown from the same manganese-activated
DNPEP preparation used for the XAS experiments. Although
the crystals displayed rapid and severe radiation damage at the
long wavelength, we were able to collect a dataset that displayed
reasonable anomalous signal as judged from anomalous corre-
lation coefficients. The Bijvoet-different Fourier map calcu-
lated from these data shows a single ~9 r.m.s.d. peak at site B
clearly demonstrating that manganese does indeed substitute
for zinc at site B (Fig. 3D).

DNPEP Oligomeric Structure—Examination of symmetry-
related molecules in the crystal revealed that DNPEP forms a
homo-dodecameric tetrahedral complex with eight such tetra-
hedra present in the unit cell of the crystal. To evaluate the
possibility that this assembly could represent a physiological
complex as opposed to a crystal packing artifact, we analyzed
the extent and complementarity of self-association using the
PISA server (75) and SC program (76) from the CCP4 program
suite (44). Two major interfaces are responsible for the forma-
tion of the tetrahedral complex (supplemental Movie S1). The
first interface between monomers related by the 2-fold symme-
try element of the tetrahedron buries 3775 A2 of solvent-acces-
sible surface area per monomer. As mentioned above, a con-
served lobe within the dimerization domain of one monomer
extends into the complementary surface of a second monomer
within the large groove between the catalytic and dimerization
domains, resulting in the formation of an anti-parallel dimer.
The dimers of DNPEP form the edges of the tetrahedron, which
are ~118 A in length. The second interface is between mono-
mers related by the 3-fold symmetry element of the tetrahedron
and buries 2661 A? of solvent-accessible surface area per mono-
mer. Helices 11, 13, and 14 and strands 16 and 17 as well as
some intervening loop regions pack against the front face of the
protein in the region between the two domains with the C-ter-
minal tail of helix 15 inserted into the small groove between
domains. This interaction repeats twice to form a hollow cone-
shaped trimer with a closed apex and open base containing the
dimerization sites. Both interfaces have large negative values
for solvation-free energy gain upon complexation, indicating
high thermodynamic stability. In the context of the tetrahedral
assembly, ~40% of the DNPEP solvent-accessible surface area
is buried by interfacial contacts. The dimeric and trimeric inter-
faces have shape complementarity values of 0.709 and 0.706,
respectively, comparable with well established oligomers (76).
Nevertheless, in gel filtration experiments from both us and
others, the protein eluted at a volume consistent with an 8-mer.
This discrepancy prompted us to examine the structure and
symmetry DNPEP by negative stain EM.

Fig. 64 shows a raw micrograph of negatively stained DNPEP
particles at X67,834 magnification. The particles are about 17
nm in diameter and are primarily triangular or square-shaped
in projection. Most particles exhibit dark central staining indic-
ative of a hollow structure. The size and projection symmetry of
the particles observed in electron micrographs are fully com-
patible with the hypothesis that DNPEP exists as a dodecameric
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FIGURE 6. Single particle reconstruction of DNPEP. A, micrograph of DNPEP
(40 wg/ml) coated with 1% uranyl acetate at X67,834 magnification. Aggre-
gated and incomplete particles were omitted from the particle set. The scale
bar on the bottom left indicates 100 nm. The 31 class averages derived from
5000 particles using EMAN2 are shown at the bottom of the image. B, 22-A
resolution map shown in different orientations. The cut-through section in
the rightmost panel shows the hollow core of the particle with cavities extend-
ing toward the vertices of the tetrahedron. The scale bar on the top left indi-
cates 50 A. C, alignment of the EM map (mesh) with the crystallographic
model of the DNPEP tetrahedral dodecamer (ribbons colored differently for
each monomer) with the same orientations shown in B. Figures were pre-
pared using Chimera.

complex with tetrahedral symmetry. To further support this
hypothesis, we performed a three-dimensional reconstruction
of the DNPEP complex based on two-dimensional projections
of the negatively stained particles. An initial model generated
from 5000 particles without any imposed symmetry was hol-
low, roughly spherical with a slight elongation in one direction,
and had clear features of the 2- and 3-fold symmetry axes
expected for tetrahedral symmetry. Based on these agreements,
tetrahedral symmetry was imposed during generation of class
averages and the starting model as well as during model refine-
ment (Fig. 6, A and B). The Euler plot demonstrates that the
particle set used for refinement displayed good coverage of the
unique projection space (supplemental Fig. S54). Not unex-
pectedly, the particles had a tendency to sit on the EM grid with
a base of the tetrahedron facing down. The three-dimensional
EM map at 22 A resolution (supplemental Fig. S5B) shows a
hollow tetrahedral complex (Fig. 6B). Each face of the tetrahe-
dron features a large pore in its center. A section through the
map shows that the interior space extends toward the vertices
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of the tetrahedron and forms a pocket where the active sites of
the complex are located. As shown in Fig. 6C, the crystallo-
graphic model docked well into the EM map. The excellent
agreement between the single particle analysis and crystallo-
graphic data confirm that DNPEP exists as a dodecameric tet-
rahedral complex in solution and that this complex represents
the active, functional form of the enzyme.

DISCUSSION

In this report, we present the first detailed structural analysis
of a mammalian M 18 aminopeptidase member, which has pro-
vided a basis for understanding many of the biochemical fea-
tures of this enzyme family. Our interest in this enzyme stems
from its relatively high expression level in the eye and possible
involvement in the ocular RAS, a system that has been impli-
cated in a variety of eye diseases such as diabetic retinopathy.

Prior to this study, cytosolic aspartyl aminopeptidase activity
toward angiotensin peptides had been reported (32, 77) but little
was known about its ability to metabolize other physiologically
relevant substrates. We have analyzed the DNPEP-catalyzed
hydrolysis of five N-Asp-containing bioactive peptides expressed
in the retina (Table 3 and supplemental Table S4). Although all of
these peptides are hydrolyzed by DNPEP, the angiotensin peptides
Ang I and Ang II are found as preferred substrates, which is con-
sistent with the previous supposition that DNPEP acts as an ang-
iotensinase. In addition, CCK-8 has also been found as a relatively
favored substrate of DNPEP, which indicates this enzyme could be
aregulator of neuropeptides in the central nervous system includ-
ing the eye.

Our crystallographic and single particle EM data clearly
show that DNPEP forms a tetrahedral dodecamer in contrast to
the previously proposed octameric aggregation state that was
based on the results of gel filtration experiments. This disagree-
ment could potentially be due to weak binding of DNPEP to gel
filtration resins with a resultant prolongation in its elution time
(32, 35, 36). The preference of DNPEP toward short peptides
can be rationalized by our structural data, which demonstrate
that access to the active site cavity of DNPEP is greatly
restricted due to its sequestration inside the tetrahedral com-
plex. There are four ~20-A-wide “selectivity pores” that would
likely prevent entrance of all but single-stranded peptides into
the interior cavity (Figs. 2C and 6B). Mutagenesis and disulfide
bond cross-linking experiments on the M42 family member
TET have shown that by partially blocking the entrance pore of
the tetrahedron, its enzymatic activity could be substantially
reduced thus confirming the role of this pore in substrate selec-
tivity (61).

The physiological purpose of oligomerization may extend
beyond substrate size exclusion. We observed that monomers in
this complex related by 2-fold symmetry extend lobe-like struc-
tural elements into each other’s active sites that greatly reduces the
size of the active site cleft and may contribute to substrate speci-
ficity and catalysis (supplemental Movie S1). The highly conserved
His'®° located near the tip of this extension is in close proximity to
the binuclear metal center, and mutation of the homologous resi-
due in human DNPEP led to loss of activity without disruption of
oligomer formation (37) consistent with a role for this residue in
catalysis.
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Electrostatics analysis of the DNPEP complex revealed that the
active site pocket is highly positively charged consistent with its
substrate preference (supplemental Fig. S4). Lys®”° located at the
base of the active site cavity appears to be correctly positioned for
interaction with the side-chain carboxylate of the N-Asp of a sub-
strate peptide. While this study was in progress, a crystal structure
of human DNPEP in complex with aspartyl-B-hydroxamate, a
known DNPEP inhibitor (37), was deposited in the Protein Data
Bank (3L6S). The inhibitor is bound in the active site with the
carboxylate moiety forming a salt bridge with a Lys residue analo-
gous to Lys*”° in bovine DNPEP, as well as hydrogen bonds with
Tyr and His side chains. These interactions would guide the scis-
sile peptide bond to be positioned in front of the binuclear center
for hydrolysis to occur. Lys*”° is conserved among aspartyl amino-
peptidases in the M18 family, whereas it is variable in neutral and
basic aminopeptidases in this family.

Like some other MH clan peptidases, the active site of as-iso-
lated recombinant DNPEP contains a binuclear zinc center. Inter-
estingly, we observed that the zinc at site B is capable of exchange
with other divalent cations. We have shown through XAS and
x-ray crystallographic analysis of manganese-activated DNPEP
that manganese substitution for zinc at site B is responsible for the
strong stimulatory effect of this metal on DNPEP activity. These
results suggest a critical role for site B of the binuclear center in the
control of DNPEP enzymatic activity. Future studies will examine
which metal ions are associated with DNPEP under physiological
conditions and whether the activation phenomenon is relevant in
vivo.

M42 family peptidases, which also belong to the MH clan, form
tetrahedral assemblies suggesting an especially close relationship
to the M18 family. M42 peptidases are found only in archaea and
bacteria, whereas the M18 peptidases are more widespread. Phy-
logenetic analysis of crystallographically characterized M18 and
M42 members shows a clear segregation into distinct families, but
there are a number of commonalities between members of the two
families (supplemental Fig. S6A). Both families exhibit two-do-
main architecture. The catalytic domain, including residues
directly involved in metal binding, is structurally well conserved
among the M18 and M42 peptidases. By contrast, notable struc-
tural differences in the dimerization domain are found between
the two families. The dimerization domain of the M42 peptidases
adopts a ferredoxin reductase-like, orthogonal, and six-stranded
anti-parallel 8 barrel fold that is capped on both ends by « helices.
The analogous domain of M18 peptidases, as represented by
DNPEDP, has a similar chain topology, but the 8 barrel fold, in com-
parison with M42 peptidases, appears to be unsealed and pealed
apart on one end with helix 6 nestled between the two orthogonal
BB sheets (supplemental Fig. S6B). The expanded conformation of
the M18 dimerization domain increases the contact surface area of
the tetrahedron potentially increasing its stability. As seen in
DNPEDP, the dimerization domain of many members of both fam-
ilies contains a long finger-like loop insertion with a conserved His
residue that extends into the active site of the dimeric partner that
might complete the active site and be important for catalysis and
substrate specificity.

In summary, the results presented here greatly improve our
understanding of the structure, enzymology, and bioinorganic
chemistry of DNPEP and the M18 aminopeptidase family in
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general. Equipped with this knowledge, we are now in a better
position to more fully understand the physiology of this ancient
family of aminopeptidases.
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