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ABSTRACT: Humans have three functioning genes that encode copper-containing amine oxidases. The product
of the AOC1 gene is a so-called diamine oxidase (hDAO), named for its substrate preference for diamines,
particularly histamine. hDAO has been cloned and expressed in insect cells and the structure of the native
enzyme determined by X-ray crystallography to a resolution of 1.8 A. The homodimeric structure has the
archetypal amine oxidase fold. Two active sites, one in each subunit, are characterized by the presence of a
copper ion and a topaquinone residue formed by the post-translational modification of a tyrosine. Although
hDAO shares 37.9% sequence identity with another human copper amine oxidase, semicarbazide sensitive
amine oxidase or vascular adhesion protein-1, its substrate binding pocket and entry channel are distinctly
different in accord with the different substrate specificities. The structures of two inhibitor complexes of
hDAO, berenil and pentamidine, have been refined to resolutions of 2.1 and 2.2 A, respectively. They bind
noncovalently in the active-site channel. The inhibitor binding suggests that an aspartic acid residue,
conserved in all diamine oxidases but absent from other amine oxidases, is responsible for the diamine

specificity by interacting with the second amino group of preferred diamine substrates.

Copper-containing amine oxidases (CAOs)! are widespread
throughout nature. They catalyze the oxidative deamination of
primary amines to the corresponding aldehydes with the con-
comitant production of hydrogen peroxide and ammonia:

RCH,;NH; + O, + H,O — RCHO + H,0, + NH;

Whereas the primary function of the bacterial and yeast proteins is
believed to be the provision of essential carbon and nitrogen
compounds for metabolism, amine oxidases likely have a wide
variety of roles in higher organisms. One proposed role in plants is
based on the proposition that the H,O, product of the reaction
provides a signal for wound healing. Mammals have up to four
functioning genes (AOC1—4) for CAOs (/). AOC2 encodes a retina-
specific amine oxidase (RAO) that includes a putative transmem-
brane domain. Likewise, AOC3 encodes membrane-bound protein,
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termed vascular adhesion protein-1 or VAP-1, and AOC4 encodes a
homologous soluble form of VAP-1 lacking the transmembrane
domain. AOCI encodes a diamine oxidase (DAO).

In humans, the AOC4 gene contains a mutation at position
225 which introduces a stop codon that translates to a nonfunc-
tional truncated protein (/). Of the remaining three human
CAOs, VAP-1 and RAO have 65% identical sequences, whereas
DAO is only ~38% identical to either VAP-1 or RAO. Pre-
viously thought to be expressed specifically in retinal ganglion
cells (2, 3), AOC2 mRNA has recently been shown to be present
in many tissues, however with RAO enzymatic activity isolated to
the eye (4).

Interest in VAP-1 intensified when it was discovered that this
endothelial glycoprotein is involved in leucocyte extravasation at
sites of inflammation and that its enzymatic activity was required
for the cell adhesion function (5—9). Humans have a soluble
protein that has been suggested to be a proteolytic cleavage
product of membrane-bound VAP-1 (/0) functioning in place of
the nonfunctional AOC4 gene product. VAP-1 has been shown
to be upregulated at sites of inflammation (/0) and has been
implicated in such human diseases as diabetes mellitus (17, 12),
congestive heart failure (13), and liver disease (/0).

DAO was originally identified as the enzyme that cleared
exogenous histamine from minced lung and liver samples and
was therefore termed histaminase (/4). Subsequently, a protein
identified as diamine oxidase was termed amiloride-binding
protein and was incorrectly implicated with the amiloride-
sensitive Na™ channel (15). Consequently, some databases still
designate AOC1 as ABP1. The fact that DAO and ABPI were in
fact the same protein was later noted by the original authors (16),
who also reported the cloning of the human gene, corresponding
to a 751-residue protein (/7). Overexpression of recombinant
human DAO (hDAO) has been achieved in insect cells (18).
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The availability of large amounts of recombinant hDAO enabled
the identification of its preferred substrates in vitro showing, not
surprisingly, a distinct preference for diamines. In particular, two
atypical diamines, histamine and 1-methyl histamine, are excel-
lent substrates. Each contains an imidazole group in place of one
of the primary amines present in typical substrates. hDAO is the
frontline enzyme for degradation of exogenous histamine (79),
and reduced levels of DAO have been shown to be directly
correlated with histamine intolerance (reviewed in ref 20). In
particular, an uncomplicated pregnancy is believed to be depen-
dent on the balance between DAO and histamine in the placenta
(reviewed in ref 27). While DAO has a broad specificity for
various diamines acting on cadaverine (1,5-diaminopentane),
putrescine (1,4-diaminobutane), and the polyamine spermidine,
it shows low activity for the more “traditional” CAO substrates
such as benzylamine and methylamine (/8). DAO is most
strongly expressed in the placenta (/8), in the kidney (22, 23),
throughout the gut (24, 25), and in the lung, with lower levels in
the brain (18, 22). A model for release of DAO by intestinal and
kidney epithelial cells has been proposed (19, 26) whereby DAO is
liberated from basolateral vesicles at the plasma membrane in
response to an external stimulus from heparin and is thereafter
cleared rapidly from the circulation.

To date, structures of copper amine oxidases have been
determined from all kingdoms of life with the notable exception
of archaea. The structures from eubacteria (Escherichia coli and
Arthrobacter globiformis), yeast (Hansenula polymorpha and
Pichia pastoris), plants (Pisum sativum), and mammals (Homo
sapiens and Bos taurus) are homodimers with a common archi-
tecture (27) with subunits of ~700 amino acid residues. The
E. coli enzyme was the first structure to be determined and was
described as a mushroom with the stalk formed from the two D1
domains and the cap from the D2, D3, and D4 domains of each
subunit (28). The two active sites, located in the D4 domains,
contain the Cu ions and the characteristic trihydroxyphenylala-
nine quinone (TPQ) cofactor. TPQ is formed post-translationally
from a tyrosine residue in a spontaneous reaction in the presence
of Cu ions and molecular oxygen. The ping-pong enzymatic
reaction involves a reductive half in which the substrate amine
reacts with the TPQ to form a Schiff base and an oxidative half
involving the release of the aldehyde product and reoxidation of
the enzyme with molecular oxygen. All the other structures
resemble that from E. coli except that they lack the D1 or stalk
domain.

The TPQ in CAO structures has been observed in two distinct
conformations. In the “off-copper” or “active” conformation of
the enzyme, the TPQ is seen to be swung away from the Cu ion
toward the base of the active-site channel making available the
O5 atom of the quinone for attack by the substrate amine. In the
“on-copper” or “inactive” conformation, the O4 atom of the
TPQ is seen to be coordinating the Cu ion, effectively restricting
access of substrate to the TPQ. This conformation has also been
previously observed to be correlated with the movement of a
“gate” residue into position to further block access of the
substrate to the TPQ (29).

The substrate channels of the CAOs from different organisms
have very different dimensions, in keeping with their different
substrate preferences (30). The P. pastoris enzyme that has a
unique ability among the structurally characterized CAOs to
oxidize peptidyl lysine residues has an exceptionally wide and
open substrate channel. Another defining characteristic of the
CAOs is the presence of an internal “lake” that has been
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proposed to provide a secondary rear route to and from the
active site for small substrates and products during both the TPQ
biogenesis and enzymatic reactions (27).

The structural determinants of substrate binding and the
enzyme mechanism of CAOs have been examined by the
determination of the structures of inhibitor complexes of many
of the enzymes. Some of these inhibitors, such as 2-hydrazino-
pyridine and benzylhydrazine, act as nonhydrolyzable substrate
analogues and bind covalently to the TPQ cofactor mimicking
the formation of the Schiff base intermediate (37, 32). Others are
mechanism-based inhibitors that were designed to be attacked by
the active-site base. The structures of complexes of MOBA [4-(4-
methylphenoxy)-2-butyn-1-amine] and NOBA [4-(2-naphthyl-
oxy)-2-butyn-1-amine] of A. globiformis amine oxidase AGAO
showed surprisingly that they first acted as substrates and
subsequently that the aldehyde products were attacked by the
amino quinol of the reduced enzyme to form a covalent ad-
duct (33). Other inhibitors, such as molecular wires originally
designed to probe the transfer of an electron to the TPQ, bind
noncovalently in the active-site channel of AGAO (34). Clonidine
binds to a hydrophobic pocket in bovine serum amine oxidase
(BSAO) close to the TPQ that is consequently forced into its
on-Cu inactive conformation (35). Berenil [1,3-bis(4’-amidino-
phenyl)triazene (BRN)] and pentamidine [1,5-bis(4-amidinophe-
noxy)pentane (PNT)] are diamine derivatives that act as drugs
used to treat trypanosomiasis and pneumocystis pneumonia
infections by binding in the minor groove of DNA (36, 37). Each
of the two compounds has an amidophenyl moiety at either end,
and they differ only in the length and chemical nature of the
central linkers. We have shown that both compounds are
excellent inhibitors of hDAO. .

Here we describe the X-ray structure of hDAO at 1.8 A
resolution and its complexes with the inhibitors berenil and
pentamidine. This work provides an explanation for the substrate
specificity of a diamine oxidase, provides further possibilities
for inhibitor design, and demonstrates that potent inhibition
of (at least) diamine oxidases may be achieved by reversible
(noncovalent) binding.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Enzyme expression
and purification were conducted as previously described (/8).
Briefly, recombinant hDAO was overexpressed as a secreted
enzyme in Drosophila S2 cells under the control of a metallothio-
nein promoter. Protein purification was conducted using heparin
affinity, hydroxyapatite, and gel-filtration chromatographies.
At all stages of the purification, sample fractions containing
hDAO were pooled on the basis of catalytic activity. Activities
were monitored using a coupled assay measuring the production
of H,O, in the presence of substrate (10 mM putrescine),
chromogen stock solution {ABTS [2,2-azinobis(3-ethyl)benzthio-
zoline-6-sulfonic acid]}, and horseradish peroxidase (HRP) (38).
Assays were conducted at 37 °C in a final volume of 2 mL. HRP
activation by H,O, and subsequent oxidation of ABTS were
monitored spectrophotometrically at 414 nm. Purified hDAO was
subsequently dialyzed (10 kDa molecular mass cutoff, Pierce)
against 3 x 500 mL changes of 50 mM HEPES (pH 7.2) and
150 mM KCI at 4 °C and concentrated to ~10 mg/mL in pre-
paration for protein crystallization experiments.

Enzyme Kinetics. Compound screening studies were per-
formed in 50 mM HEPES (pH 7.2) with the ionic strength
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increased to 150 mM by KCI. The coupled assay as described in
ref /8 was utilized in all the experiments, with freshly prepared
vanillic acid, 4-aminoantipyrine, and the potential inhibitors
being incorporated into the buffer before each set of experiments.
Isoniazid, cimetidine, clonidine hydrochloride, pentamidine
isethionate salt, and diminazene aceturate (berenil) all were
purchased through Sigma-Aldrich. Assays were performed at
37 °C, and reactions were initiated by the addition of freshly
prepared putrescine. None of the compounds tested was oxidized
by hDAO under these conditions.

Control kinetic parameters were determined with amine sub-
strate in the absence of inhibitor to enable comparisons to kinetic
constants in the presence of inhibitor. For the control curves,
substrate inhibition was apparent at higher putrescine concen-
trations [~600—2000 uM levels (data not shown)]. When experi-
mental data were fit to a substrate inhibition model, an average
K; value for putrescine substrate inhibition of 2270 £ 140 uM was
obtained. This effect might be explained by amine substrate
binding to both oxidized and substrate-reduced forms of the
enzyme (39). For our purposes, data analysis in the presence
of inhibitor compounds was limited to putrescine levels of
<500 uM, where the effects of substrate inhibition are negligible.

A sample of purified hVAP-1 was kindly provided by D. J.
Smith (Biotie Therapies Corp., Turku, Finland). Amine oxidase
activity was determined by monitoring benzaldehyde production
over the course of 5 min at 250 nm using an extinction coefficient
of 12800 M ™" cm ™" (40). Assays were run in 100 mM potassium
phosphate buffer (pH 7.2) at 37 °C.

Kinetic data in the presence of each inhibitor compound were
collected for the first 45 s of the reaction, and initial rates were
determined. Kinetic rates were then analyzed using the statistical
software package GraphPad Prism (version 4.03, GraphPad
Software, San Diego, CA) as previously described (47). Data
were fit using global nonlinear regression analysis. Competitive,
uncompetitive, noncompetitive, and mixed type (1 < o < eoand
f = 0) inhibition models from Segel were entered into GraphPad
as user-defined models (42). In each case, the appropriate mode
of inhibition was judged by the model that best fit the experi-
mental data as determined by analysis of the statistical para-
meters built into GraphPad. During the curve fitting process, the
inhibition constant was defined as a global parameter. Therefore,
the K; values reported here represent the best-fit values for the
respective data sets.

Crystallization and X-ray Data Collection. Two different
crystal forms of hDAO have been grown and characterized during
the course of this work. The structures reported in this paper are
all of the second form, but since the structure was originally
determined by molecular replacement using the form 1 crystals,
this work is described briefly for the sake of completeness.

Initial vapor diffusion hanging drop crystallization trials were
set up using a Mosquito robot (Molecular Dimensions) to
dispense drops consisting of 200 nL of protein solution and
200 nL of reservoir solution over a reservoir of 75 uL at 20 °C.
Initial hits of platelike crystals were observed in 0.1 M MES
(pH 6.5) and 12% (w/v) PEG 20K from the NeXtal Classics screen
(Qiagen) after approximately 2 months. Fine screening with
manually pipetted drops comprising 2 uL each of protein and
reservoir solutions yielded the best crystals when the reservoir
contained 0.1 M MES (pH 6.1) and 12% (w/v) PEG 20K. These
orthorhombic crystals in space group €222, are termed form 1.

Subsequently, a new stock of hDAO was subjected to similar
screening protocols. In this case, the initial PACT screen (Qiagen)
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with the Mosquito robot and 200 4 200 nL drops gave promising
crystals in 0.1 M bis-tris propane (pH 7.5), 20% (w/v) PEG 3350,
and 0.2 M sodium sulfate at 20 °C. Larger crystals were grown
under the same conditions from manual 2 4 2 uL drops. These
crystals grew to a suitable size (largest dimension being ~200 ym)
within 2 weeks. These form 2 crystals are also orthorhombic but
in space group P2,2,2,.

Synchrotron radiation diffraction data for the native and BRN
structures were collected at Australian Synchrotron beamline
AUS 3BMI on an ADSC Quantum 210r CCD detector at a
wavelength of 0.957 A. In-house data for the PNT structure were
recorded on a Mar345 image plate (Marresearch) using Cu Ko
X-rays produced by a Rigaku RU200H rotating anode generator
using Osmic optics (both from Rigaku).

Structure Solution and Refinement. In-house data col-
lected from form 1 crystals were processed using DENZO and
SCALEPACK (43). A search model of a monomer for molecular
replacement was created using a template model [1VAP-1, PDB
entry 2c10 (44)] and a sequence alignment of hDAO and the
template protein using CHAINSAW (45). All water molecules
and metal ions were removed from the search model, and side
chains were pruned to common atoms based on the sequence
alignment. Molecular replacement with PHASER (46) gave a
clear solution (Z score = 29.1, and log likelihood gain = 590) for
the data in space group €222, with one molecule in the asym-
metric unit. The resulting model was first refined as a rigid body
with REFMACS (47) followed by multiple rounds of restrained
refinement with simulated annealing in PHENIX (48). Between
rounds of refinement, the model was manually corrected using
sigma-A-weighted electron density maps in COOT (49). Syn-
chrotron radiation diffraction data were subsequently recorded
on the same crystal to a resolution of 2.11 A. The data were
integrated with MOSFLM (50) and scaled together with the in-
house data using SCALA (5/). The in-house data were first
reprocessed with MOSFLM for ease of data management. The
combined data set was 95.2% complete with an Rperee of 0.11.
The model refinement protocol used for the in-house structure
described above was followed. It was evident throughout refine-
ment that many sections of the model were disordered. Further,
the R and Ry, values converged to somewhat high values, 0.24
and 0.30, respectively.

Data collected from form 2 crystals (native and inhibitor—
protein complexes) were processed using the HKL2000 software
suite (43). For the native structure, a search model for molecular
replacement was generated using the partially refined form 1
dimer stripped of solvent molecules, metal ions, and carbohy-
drate and with the TPQ cofactor modeled as alanine. A clear
molecular replacement solution was obtained using PHASER
(Z score = 57.0, and log likelihood gain = 9134). Following the
same protocol as the form 1 structure, initial rigid body refine-
ment was followed by multiple rounds of restrained positional
and B factor refinement with REFMACS. It was evident from the
early rounds of refinement that the electron density maps
revealed many of the disordered regions not able to be modeled
in the form 1 structure. Following each round of refinement, the
model was manually checked and corrected against the corres-
ponding electron density maps in COOT. Water molecules were
added as the refinement progressed either manually or auto-
matically in COOT and checked for sufficient electron density,
correct stereochemistry, and reasonable B factors compared to
those of surrounding atoms. N-Linked carbohydrate was well-
resolved in the electron density at six of the eight putative sites
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Table 1: Diffraction Data and Refinement Statistics for hDAO

native

berenil complex

pentamidine complex

Data Collection

space group P2,2,2, P2,2,2, P2,2,2,

cell dimensions a, b, ¢ (A) 92.5,94.8, 196.5 92.7,94.9, 196.4 92.5,94.7, 196.3
X-ray source AUS 3BM1 AUS 3BM1 rotating anode
A (A) 0.95663 0.95663 1.5418

detector ADSC Quantum 210r ADSC Quantum 210r MAR345

resolution range (A)

46.6—1.8 (1.80—1.86)"

50—2.09 (2.09—2.18)"

50—2.15(2.15-2.23)¢

no. of observed reflections 1012186 468085 267279

no. of unique reflections 158683 98904 89751

completeness (%) 99 (95.1)“ 96.7 (91.8)" 95.0 (87.1)¢

multiplicity 6.4 (5.2)¢ 4.7 (4.4)° 3.0 (2.4)¢

(Ila(I)) 20 (3.7)¢ 10.8 (2.4)¢ 9.9 (2.7)¢

Rmerge” 0.084 (0.436)“ 0.139 (0.61)“ 0.103 (0.336)“
Refinement Statistics

no. of reflections in the working set 150455 93778 85093

no. of reflections in the test set 8007 5059 4554

no. of protomers per ASU 2 2 2

total no. of atoms (non-H) 12989 12772 12686

no. of protein atoms 11632 11587 11529

no. of metal atoms 6 6 6

no. of water molecules 1136 952 916

no. of atoms in alternate conformers 268 219 164

no. of other atoms 215 227 235

Reryst 0.161 (0.221) 0.168 (0.210) 0.182 (0.232)

Riree 0.189 (0.259) 0.210 (0.267) 0.221 (0.301)

rmsd for bond lengths (A) 0.011 0.012 0.008

rmsd for bond angles (deg) 1.4 14 1.2

(B) (A% 17.5 21.0 26.4

Cruickshanks DPI¢ 0.107 0.199 0.246

DPI based on R factor 0.102 0.167 0.190

PDB entry 3HI7 3HIG 3HIT

“Values in parentheses are for the highest-resolution shell. ”Rmerge = 31— /> (). Diffraction Precision Indicator as output from REFMACS (53).

Table 2: Inhibition of hDAO by Selected Pharmaceutical Compounds

inhibitor mode of inhibition inhibition constant (Kj)
isoniazid noncompetitive 970 + 50 uM
cimetidine mixed 90 + 14 uM
clonidine mixed 100 + 8 uM
pentamidine mixed 290 + 19 nM
berenil mixed 13+ 1nM
pentamidine” noncompetitive 1.10 £ 0.04 uM

“Results for hVAP-1.

(belonging to the Asn-X-Thr sequon, where X can be any
residue) and modeled as the appropriate glycans during refine-
ment. The largest peaks in the electron density corresponded to
the active-site copper atoms and four secondary cation binding
sites. The secondary sites were modeled as Ca*" ions on the basis
of (i) the homology of Ca®" binding sites in the related copper
amine oxidase structures of P. pastoris [PDB entry 1w76 (30)] and
VAP-1 [PDB entry 2c10 (44)], (ii) their relative peak heights, and
(i) the corresponding anomalous difference electron density
peaks. The TPQ was modeled into unbiased omit density during
the final stages of refinement. The quality of the structures was
analyzed using MOLPROBITY (52).

The starting model for the refinement of the structures of the
protein—inhibitor complexes was the refined native structure
with solvent molecules, metal ions, and carbohydrate removed
and with the TPQ modeled as alanine. The refinement protocol

used for the native structures was followed. The inhibitor
molecules were only modeled in the final stages of refinement
to ensure that the least biased interpretations of the electron
density were made.

Data processing and refinement statistics for all the structures
are listed in Table 1.

RESULTS

hDAQO Inhibition by Pharmaceutical Compounds. Iso-
niazid (an antibacterial agent used in the treatment of
tuberculosis) (54), cimetidine (a potent histamine H, receptor
antagonist and a type I; imidazoline receptor agonist) (55),
clonidine (an anti-hypertension drug) (56, 57), and two anti-
protozoal, aromatic diamidines, pentamidine and berenil (58, 59)
were selected for investigation into their inhibitory effects against
hDAO.

Isoniazid, pentamidine, and berenil were chosen because of
the presence of a primary amine functionality, which could
directly react with the TPQ cofactor. Cimetidine and cloni-
dine, on the other hand, do not have this capability. These
compounds have structural features that mimic histamine, the
preferred substrate for hDAO, and thus have the potential to
bind in the active site of this enzyme. While all tested
pharmaceutical compounds were inhibitors of hDAO, the
effectiveness of individual inhibitors varies from low nano-
molar to high micromolar levels (Table 2).
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FIGURE 1: Inhibition patterns of hDAO and hVAP. Experimental
data curve fits obtained through global model nonlinear regression
analysis. (A) Pentamidine inhibition of hDAO [0 (blue squares), 0.25
(red circles), 0.50 (green triangles), and 1.0 uM pentamidine (brown
triangles)]. (B). Berenil inhibition of hDAO [0 (blue squares), 0.125
(red circles), and 0.250 uM berenil (green triangles)]. (C). Pentami-
dine inhibition of hVAP-1 [0 (blue squares), 0.2 (red circles), 1.0
(green triangles), and 2.0 uM pentamidine (brown triangles)].

Nonlinear regression analysis reveals that a mixed type/
partial competitive mode of inhibition best describes the
nature of inhibition toward putrescine oxidation for hDAO
in all but one case (Table 2). Isoniazid is the lone exception,
where inhibition is purely noncompetitive with a K; value of
970 + 50 uM. The Lineweaver—Burk replot of the nonlinear
regression global fits (data not shown) shows these lines
converging on the x-axis, as expected for noncompetitive
inhibition.
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FIGURE 2: (A) View of dimeric hDAO highlighting interesting fea-
tures. One subunit is shown in a ribbon representation colored by
domain (domain 2, red; domain 3, green; domain 4, blue). Linkers
joining D2 to D3 and D3 to D4 are colored yellow; Ca>" is colored
green, Cu®" brown, and carbohydrate wheat. The second subunit is
shown as a molecular surface to highlight the dimeric interaction of
the subunits. (B) Active site of one subunit of hDAO. (C) One of the
two Ca’* binding sites in each subunit. (D) Glycosylation at Asn110,
one of three glycosylation sites per subunit. The 2F, — F; electron
density maps are contoured at 1.50.

Pentamidine and berenil, two benzamidine derivatives, are the
most potent inhibitors of hDAO, with K; values in the nanomolar
range. Both these compounds exhibit mixed type/partial compe-
titive inhibition toward putrescine oxidation (Figure 1A,B).
Double-reciprocal plots of the nonlinear regression global fits
show an off-axis intersection point, as expected for this type of
inhibition model (data not shown). In contrast, pentamidine
inhibition of hVAP is purely noncompetitive with a K; value of
1.10 £ 0.04 uM (Figure 1C).

Crystal Structures of hDAQO. The native structure of hDAO
and those of the berenil and pentamidine complexes have been
refined at 1.8, 2.1, and 2.2 A resolution, respectively, with good
geometry and low R values (Table 1). A structure alignment of
1425 Co atoms of the native structure with those of berenil and
pentamidine yields root-mean-square deviations (rmsd) of 0.11
and 0.13 A, respectively. Given the precision of these structures
(Table 1), we can conclude that the structures are essentially
identical and that a general description can be made on the basis
of the native structure alone. Important differences between the
native and inhibitor structures will be discussed separately.

hDAO is a homodimer of two 85 kDa subunits (A and B)
(Figure 2A). There is one homodimer present in the asymmetric
unit, formed from residues A27—A267 and A278—A751 from
one subunit and residues B28—B263 and B278—B751 from the
other. There is only very weak electron density for one additional
residue at the N-terminus of chain B. The missing residues at the
N-terminus include the 19-residue signal peptide that was
omitted from the construct. Therefore, residues 20—26 in the A
chain and 20—27 in the B chain are likely to be disordered.
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FIGURE 3: Solvent accessible molecular surface representations of the hDAO dimer colored by electrostatic potential (kT/e) at concentrations of
0.15M for —1 and +1 ionic species at pH 7.0. (A and B) Zoomed-in views of berenil and pentamidine, respectively, bound in the hDAO active-site
cavity. The TPQ is hidden from view beneath the right-hand side of each inhibitor shown as a stick representation (yellow). (C) Lateral view of the

hDAO dimer. (D) Top view of the hDAO dimer.

Similarly, there is only weak uninterpretable electron density for
loops from residues 268—277 in the A chain and from residues
264—277 in the B chain. No residues are missing from the
C-terminus of the mature protein.

Structurally, hDAO is very similar to the other reported CAO
structures (27). It shares the archetypal CAO fold comprised of
the three domains, D2, D3, and D4, from each subunit that make
up the mushroom cap (Figure 2A). The D1 domain is a unique
feature of the E. coli enzyme among those that have been
structurally characterized. The dimer interface is formed by
residues from the D4 units that form an annulus at the center
and extensive areas of contact made by arms that reach across
from one subunit to the other. The total buried surface is 8597 A?
per monomer, of which the arms account for 4079 A* (60). The
D2 and D3 domains lie at the periphery of the cap (Figure 2A).
Domain 2 consists of residues 27—135. Connecting D2 to D3 is a
short linker of eight residues. Domain 3 extends from residue 144
to0 258. Both D2 and D3 are similar in length and are composed of
a four-stranded f3-sheet and three a-helices. It has been proposed
that the D2 and D3 domains arose from an early gene duplication
event (28). They have no specific known function other than a
structural role. Bridging from one side of the structure to the
other, and linking D3 to D4, is a meandering 51-residue linker
that threads beneath the center of the two D4 domains before
joining to the larger of the two central S-sheets that start domain
D4. This linker contains the disordered loop corresponding to
residues 267—278. The largest domain, D4, is comprised of
residues 310—751 and contains the active site and the protruding
arms linking the subunits. Arm 1, termed the “upper arm” (30),
consists of residues 529—1559 and is an extended S-hairpin. The
“lower arm” consists of a four-stranded f-sheet comprised of
residues from two sections of the polypeptide chain (427—446
and 712—730). Each of the D4 subunits is dominated by a central
p-sandwich comprising twisted eight- and six-stranded f3-sheets.

The active site of each subunit is located between and toward the
edge of these ff-sheets with both contributing elements of the
active site.

Copper Binding Site. The active site of hDAO (Figure 2B)
contains a type Il copper ion coordinated in a distorted
tetrahedral geometry by the N> atoms of the imidazole side
chains of His510 and His512 and the N°! atom of His675 and
the O4 atom of the TPQ cofactor. In all the structures described
here, the TPQ is in the on-copper conformation. The TPQ was
actually modeled as a 50:50 mixture of TPQ and tyrosine on the
basis of earlier experiments that showed approximately 1 mol of
TPQ per dimer was formed in the insect cell expression
system (/8). Consistent with the description of the partial
formation of TPQ, Thr685 is also present in two conformations,
each with an occupancy of 0.5, one of which forms a hydrogen
bond with the OS5 atom of TPQ.

Other Metal Binding Sites. In addition to the copper ion in
the active site, there are two other cation binding sites per
subunit. These have been modeled as Ca** ions. The first calcium
(Figure 2C) is present in all CAO structures except for HPAO
and has therefore been suggested to play an as yet unknown
functional or structural role (27). This calcium has an octahedral
geometry with oxygen ligands from one water molecule, the
carboxylate groups of three aspartic acid residues (Asp519,
Asp521, and Asp664), and the carbonyl oxygen atoms of
Leu520 and Leu665. These ligands are completely conserved in
the bovine serum and hVAP-1 structures. The second Ca*" is
coordinated by seven oxygen atoms from two water molecules,
the carboxylate group of Glu562 acting as a bidentate ligand, the
side chains of Asn656 and Glu658, and the carbonyl oxygen of
Phe653. The ligands for this second Ca*" site are also conserved
in the other mammalian enzymes, hVAP-1 and BSAO. A Ca*"
ion is also present in PPLO and ECAO close to this site but with
different ligand residues.
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FiGure 4: (A) Model of histamine, off-copper TPQ Schiff base
intermediate as it would appear during catalysis. The imidazole
nitrogen of histamine is shown to be well-placed to make a proposed
H-bond to Aspl186. (B) Native hDAO (cyan) in the region of the
vicinal disulfide (green) observed in VAP-1 (white, 2¢10) and BSAO
wheat, 2pnc). (C) Position of the tyrosine gate in AGAO in the open
(green, 2cg0) and closed (red, lavl) positions with an overlay of all
reported mammalian CAO structures (BSAO, 1tu5, 2pnc; VAP-1,
2¢10, 2¢11, Tusl; hDAO, 3hi7, 3hig, 3hii) shown in shades of blue.

Substrate Channel. The amine substrates of CAOs need to
reach the TPQ cofactors in the active site. The active sites of
CAOs are quite buried and can be reached only from the enzyme
surface by access down a channel that varies in shape and depth
depending on the source of the enzyme (30). The channel in
ECAO is very long and narrow; in marked contrast, the channel
in PPLO is a wide open funnel. In hDAO, the active-site channel
appears from the surface as a narrow asymmetrical cone-shaped
cavity that divides into two and later recombines near the TPQ
cofactor (Figure 3A,B). The cavity dimensions are approximately
26 A x 13 A x 9 A. An electrostatic rendering of the surface of
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hDAO (Figure 3A,B) shows that the lining of the channel is
negatively charged as might be expected for an enzyme that acts
on positively charged amine substrates. In the structures of
ECAO, AGAO, and PSAO, a tyrosine residue acts as a gate
across the lower part of the channel blocking access to the TPQ
when closed. The structurally equivalent residue in hDAO,
Tyr371, appears to be halfway between the “open” and “closed”
conformations observed in other CAOs and does not appear to
block the TPQ from reaching the off-copper conformation or to
block access to the TPQ by substrates.

The characteristic feature of hDAO is the presence of an
aspartic acid residue, Aspl86, halfway down the substrate
channel. It is positioned to interact with the second amine group
of a diamine substrate such as histamine. A model of histamine in
the active site with the TPQ placed in the off-copper conforma-
tion is shown in Figure 4A.

The Lake. Analysis of the structure of AGAO first showed
the presence of a lake at the dimer interface between the
subunits (61). Lakes of various sizes were subsequently described
in the structures of all CAOs. It has been suggested that the small
substrates, O,, and/or small products, H,O, and NHj3, could
enter or leave via this route and therefore avoid conflict with the
amine substrate and aldehyde product in the substrate chan-
nel (30, 61). The entry to the lake in hDAO is centrally located in
the middle of the top of the structure (Figure 3D) with the lake
occupying the space between the two subunits. Interestingly, the
site of entry into the lake in hDAO is flanked on both sides by a
region of positively charged residues (Figure 3D) from either
monomer which has previously been recognized as a heparin
binding-site consensus sequence (residues 568—575) (18).

Glycosylation Sites. Ultracentrifugation of recombinant
hDAO expressed in insect cells indicated that the protein
contained between 20 and 26% glycosylation by weight (18).
Oligosaccharide chains have been modeled into good electron
density at three of the four putative N-linked sites at Asn110,
Asn538, and Asn745. These three asparagines are conserved
in all known mammalian diamine oxidases. At least two
N-acetylglucosamine residues have been modeled at each site.
Interestingly, at the Asn110 site in the A subunit, there was
sufficient density to allow the modeling of a third mannose
residue that was apparently ordered due to contacts made with
a symmetry-related molecule in the crystal (Figure 2D). There
is no electron density at the fourth potential site, Asnl68,
suggesting that it is not glycosylated. This site is located on the
surface and would provide unhindered access for the glycosyl-
transferases. However, this asparagine is not conserved in
other mammalian diamine oxidases.

Cysteine Residues and Disulfides. Dimeric hDAO contains
five disulfide bridges. A conserved intramolecular disulfide
observed in all CAO structures except ECAQ is present between
Cys391 and Cys417. A disulfide between Cys177 and Cys181
stabilizes a short loop. A vicinal disulfide, observed in both
BSAO and hVAP-1, is absent in hDAO. Jackobsson and
colleagues (44) speculated that this vicinal bridge in hVAP-1
could function as a redox switch. It would be formed at a
relatively low pH by oxidation with hydrogen peroxide and
could possibly induce a conformation change on the surface of
the enzyme when reduced. Since hydrogen peroxide is a product
of the amine oxidation and that catalase is known to inhibit the
effect of SSAO activity on glucose uptake in adipocytes, hydro-
gen peroxide had been suggested to play a role in this mecha-
nism (62). The structures of hDAO, hVAP-1, and BSAO in this
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FIGURE 5: (A) Orientation of the molecule berenil (yellow) in the hDAO active-site channel. Hydrogen bonds are shown as black dashed lines.
The observed electrostatic interaction between the carboxylate group of Asp186 and the triazene group of berenil is colored red. The molecular
structure of berenil is shown in the top right corner. (B) Orientation of the molecule pentamidine within the active site of hDAO. Observed
hydrogen bonding is shown with black dashed lines. The molecular structure of pentamidine is shown in the bottom right corner. The 2F, — F,

electron density maps are contoured at 1.30.

region (Figure 4B) are very similar despite the lack of the vicinal
disulfide in hDAO. This structural similarity casts some doubt on
the proposed functional significance of the vicinal disulfide in
hVAP-1.

An intermolecular disulfide between Cys736 in the A and B
subunits links the dimer. A similar C-terminal intermolecular
disulfide has also been observed in PSAO and in one of the two
available native hVAP-1 structures (63). In the hVAP-1 structure
of Jackobsson and colleagues (44), a disulfide between a Cys41
near the N-terminus and Cys748 near the C-terminus was
modeled. It was recognized by the authors that this may have
been an artifact of their protein preparation as it differed from the
model of Airenne et al., in which the disulfide occurs between the
Cys748 residues of the two subunits. Our observation in hDAO
supports the findings of the hVAP-1 model with the intermole-
cular disulfide (63).

Structure of the Berenil Complex. Omit F, — F, density for
BRNis very good (Figure S1 of the Supporting Information) and
has allowed the inhibitor to be modeled at full occupancy in both
active sites of the structure. BRN is in an extended conformation
and is noncovalently bonded to the protein, making a number of

hydrogen bonds and hydrophobic interactions (Figure 5A). The
amidinium group at the end of BRN, more deeply inserted into
the active site, makes hydrogen bonds with the two carboxylate
oxygen atoms of the putative catalytic base, Asp373. One of these
is an indirect hydrogen bond via a water molecule (Figure SA).
The first phenyl ring of BRN forms an offset T-shaped z-stacking
interaction with Trp376 and a parallel displaced z-stacking
interaction with Tyr371. Parallel displaced s-stacking occurs
between the other phenyl ring of BRN and the phenyl ring of
Tyrl148. The triazene group of BRN makes an electrostatic
interaction with Asp186. The three N atoms of the triazine
moiety are 2.8, 3.0, and 3.2 A, respectively, from the closest
carboxylate oxygen atom of Asp186. The potential donor and
acceptor groups are not oriented suitably for the formation of a
hydrogen bond. BRN also makes a number of contacts with four
ordered water molecules. BRN displaces at least eight water
molecules and a glycerol molecule located in the substrate
channel of the native structure. Apart from displacing solvent,
BRN introduces very few changes to the residues lining the
active-site channel apart from a slight displacement of the indole
group of Trp376 probably due to the m-stacking mentioned
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above. BRN does not contact the TPQ directly. The closest point
of contact is 4.5 A. The TPQ is well-ordered in its on-copper
conformation. The structure indicates that binding of BRN in the
active-site channel is incompatible with the off-copper conforma-
tion of TPQ.

Structure of the Pentamidine Complex. PNT has been
modeled at an occupancy of 0.75 in a similar orientation in both
active sites. The reduced occupancy gives similar displacement
parameters for the PNT and surrounding residues. In a fashion
similar to that of BRN, PNT binds hDAO noncovalently. It
adopts a horseshoe conformation (Figure 5B) unlike BRN, which
is essentially straight. The more buried amidinium group forms
the same hydrogen bonds to Asp373 as observed in the BRN
complex, and the first phenyl ring forms the same stacking
interactions with Trp376 and Tyr371. The linker region makes
no specific contacts with the protein and is weakly resolved in the
electron density. Unlike BRN, it does not contact Asp186. The
amidinium group that extends out of the active site makes a
hydrogen bond to Ser380 which, unlike both the native and BRN
complex structures, is well-ordered in one conformation. PNT
makes two additional contacts with water molecules and directly
displaces a glycerol and eight water molecules observed in the
active-site channel of the native structure. At its closest point,
PNT lies ~3.9 A from the TPQ. The TPQ is modeled in an on-
copper conformation. There is, however, some residual difference
electron density calculated from the final model of the PNT
complex that suggests a small proportion of the TPQ may be in its
off-copper conformation. This would be consistent with the less
than full occupancy of the PNT, which when bound is not
compatible with the off-copper conformation of the TPQ.

DISCUSSION

Substrate Specificity. We now have available two human
CAO structures, hVAP-1 and from this work hDAO. In any
consideration of either as an inhibitor or drug target, it is useful
to highlight the structural differences between them and to
explore whether these differences can be related to their func-
tions. Despite having a moderate level of sequence identity
(~37.9%), the structures of hVAP-1 and hDAO have a rmsd
of 1.2 A for 664 Co atoms when the proteins are superimposed
using the secondary structure matching (SSM) method (64). As a
consequence, the distribution of secondary structural elements is
also highly conserved (Figure S2 of the Supporting Information).
However, despite the overall similarity, there are a number of
subtle differences in side chain orientation within the active-site
channel and a conformation change of one loop at the entrance.

The entrance to the active site is considerably narrower in
hDAO than in hVAP-1, resulting from a changed conformation
in a loop that defines one boundary of the active-site cavity “lip”.
This loop is formed from the tip of the top S-hairpin of the lower
arm from the other subunit of the dimer involving residues
446—450 in hVAP-1 and 434—440 in hDAO. In hDAO, the
longer loop forms a “bridge” between the two sides of the
entrance cavity, effectively dividing the opening into two
(Figure 3A,B). The active-site entrance of hDAO is further
restricted at one end by the C-terminal residues, 747—751.

Other differences that may affect substrate preferences include
Tyr152in hDAO that lies on the lip of the active-site cavity in the
position equivalent to that of the negatively charged Asp180 in
hVAP-1. Tyrl52 is apparently quite mobile since it is observed in
two conformations. In hDAO, Ser380 is located in a position to
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interact with the second amine of longer diamine substrates
(see below). The equivalent residue in hVAP-1 is a lysine (Lys393)
that would effectively discriminate against longer diamines. All
the residues deep in the active site are conserved between hDAO
and hVAP-1, with the exception of His486 (hDAO) that is Ser496
in hVAP-1.

The proximity of glycans to the active-site channel attached to
Asn232 and Asn294 in hVAP-1 has been suggested to control
both enzymatic activity and cell adhesion (63). The correspond-
ing residues in hDAO are not asparagine and are therefore not
glycosylated. The closest glycan to the active-site cavity of hDAO
is attached to Asn745 lying ~25 A away and would therefore not
be in a position to influence entry of the substrate into the active
site. In hVAP-1, glycosylation at Asn592, Asn618, and Asn666
has been implicated in cell adhesion (65, 66) and at Asn618 and
Asn666 in screening the passage of smaller substrates and
products through a secondary passage to the active site (63).
hDAO is not glycosylated at sites corresponding to these posi-
tions. hDAO does share one glycosylation site (Asn110) with a
putative site in hVAP-1 (Asn137). However, the role of this
glycan in hVAP-1 is unknown (63). Functional roles for glyco-
sylation in hDAO have yet to be proposed.

The structure of native hDAO and of its complexes with BRN
and PNT can provide a structural explanation for the substrate
preference of hDAO. Three residues in particular form specific
interactions with BRN and PNT. Asp373 interacts with the more
deeply buried amidinium groups of BRN and PNT. However,
Asp373 is the catalytic base conserved in all CAOs and cannot
therefore be responsible for substrate specificity. Both molecules
also make a specific contact via nitrogen groups to key residues
within the hDAO active-site cavity. The triazene group of BRN
interacts with Asp186 which lies halfway along the active-site
cavity wall from the TPQ to the surface. The orientations of the
groups indicate that this is an electrostatic interaction and not a
hydrogen bond. An alignment of all known diamine oxidase
sequences with all copper amine oxidase sequences shows this
residue is aspartate in all DAOs but never in other CAOs. For
example, when the crystal structures are superposed, it is Thr212
in hVAP-1, Asn211 in BSAO, and Ser214 in PPLO. PNT lacks a
positively charged group in the central linker region and is
therefore unable to make the equivalent contact with Asp186.
This may explain why PNT binds less strongly than BRN. PNT is
much longer than BRN and binds in a horseshoe conformation
unlike BRN that is essentially straight. Because of its length, PNT
is able to make a hydrogen bond to Ser380 that is conserved in all
DAOs so far characterized and is absent from all other CAOs. It
is tempting to speculate that PNT binds in a similar fashion to
diamine substrates similar in length such as spermidine and
spermine that also contain long linker regions with amines at
either end. However, these substrates also contain a nitrogen
group in the linker region able to interact with Asp186 in addition
to terminal amines that are available for hydrogen bonding with
Ser380. Longer aliphatic diamines such as 1,7-diaminoheptane,
1,8-diaminooctane, and 1,9-diaminononane have also been
shown to be lower-affinity substrates of diamine oxidase purified
from human intestinal tissue (24). Such long extended substrates
would be able to interact with Ser180 but lack a positive group in
the linker region able to interact with Asp186. One of the best
substrates of recombinant hDAO has previously been shown to
be histamine (/8). We have modeled histamine into the active site
of hDAO as the substrate Schiff base complex with TPQ in the
off-copper conformation (Figure 4A). This places the imidazole
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ring in a position to interact with Asp186, providing an explana-
tion for the higher reported affinity for histamine versus those of
other diamines (/8). Putrescine is also an excellent substrate of
DAO and similar in length to histamine and could theoretically
form a similar interaction with Asp186.

Two structures are currently available showing the binding of
inhibitors to the other mammalian CAOs, BSAO and hVAP-1.
Despite poor electron density because of a number of experi-
mental difficulties, 2-hydrazinopyridine (2HP) was seen to bind
hVAP-1 as a nonhydrolyzable substrate forming a Schiff base
complex with the TPQ (44). 2HP belongs to a class of irreversible
covalently bound substratelike CAO inhibitors which have been
well-characterized structurally (37, 32, 67). There is one structure
of a noncovalently bound inhibitor of a mammalian CAO.
Clonidine binds to BSAO in a solvent accessible pocket near
the active site that forces the TPQ away from its active off-copper
conformation and into its on-copper conformation (35). We have
shown that clonidine is a weak inhibitor of hDAO. In the BSAO
complex, clonidine appears to be trapped in an aromatic side
chain m-stacking “sandwichlike” interaction with the TPQ and a
Tyr residue. The superposition of hDAO and BSAO shows that
these residues are conserved and are in similar positions, suggest-
ing clonidine might bind similarly in the two enzymes. The
location of clonidine deep within the active site would not prevent
substrate from entering the channel. PNT and BRN on the other
hand occupy the substrate channel and would prevent the entry
of substrate (Figure 3A,D). Interestingly, in all four mammalian
CAO inhibitor structures, nitrogen atoms of the inhibitors are
involved in hydrogen bonds to the Asp that is the general
catalytic base hinting at the importance of preventing the
substrate from accessing not only the TPQ but also the Asp.
Indeed, it has been suggested previously that the catalytic base
accepts a proton from an amine substrate that carries a positive
charge when it enters the substrate channel (68).

In hVAP-1, Leud69 has been proposed to act as a guardian
residue blocking access to the active site (44, 63). The structurally
equivalent residue in hDAO is Tyr459 and in all of our structures
is positioned to allow unhindered access to the TPQ. However, it
is conceivable that it could adopt a conformation that would
hinder access to the active site. The structures of hDAO all
contain something located in the active-site channel: glycerol in
the native structure and either BRN or PNT in the complexes.
The presence of these molecules in the active-site channel could
be holding Tyr459 in an open conformation.

The work on ECAO, AGAO, HPAO, and PSAO identified
residues in the active-site channel that formed a gate blocking
access to the TPQ (27). In structures of AGAO covalently bound
with various inhibitors (37, 33) or in the presence of noncova-
lently bound molecular wires (29, 34), the gate tyrosine is open,
allowing access by substrates and inhibitors, and the TPQ is in its
off-copper conformation. This has led to the hypothesis that, in
AGAO and possibly other CAOs, substrate (or inhibitor) bind-
ing in the active-site channel triggers the opening of the gate that
in turn allows the TPQ to adopt its active conformation. hDAO
does not appear to follow that paradigm. In all three hDAO
structures and in the structures of hVAP-1 and BSAO, the
corresponding tyrosine resides in neither an open nor a closed
position. The tyrosine side chain appears at the halfway point
between the open and closed positions observed in AGAO
regardless of the presence of inhibitors and of the TPQ con-
formation (Figure 4C). This provides evidence that the proposed
gate mechanism is not relevant to mammalian CAOs. Further,
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and at least for hDAO and BSAO, there is no linkage between the
presence of an off-copper TPQ and the binding of a molecule in
the active-site cavity like there is for AGAO (29).

Analyses of inhibitors binding to enzymes that exhibit a ping-
pong type reaction mechanism are not always easily explained by
traditional inhibition models. There are several different scenar-
ios that may lead to the mixed type inhibition result (Table 2).
The most plausible explanation relates to the idea that TPQ exists
in an equilibrium between on- and off-copper states in the resting
enzyme. Structures of various amine oxidases, in the presence and
absence of substrates and substrate analogues, have shown that
the mature TPQ cofactor is quite flexible and can readily adopt
these conformations (29, 3/, 32). The mixed type inhibition
observed with berenil and pentamidine is indicative of an
inhibitor binding to various enzyme forms. The structures clearly
show that there is a single inhibitor noncovalently bound per
active site. It is likely that this noncovalent inhibitor binding may
tip the equilibrium toward TPQ adopting a nonproductive
conformation (on-copper). In the solution inhibition studies, this
would effectively result in a smaller pool of productive TPQ
which would be available for oxidation of putrescine, conse-
quently decreasing the apparent V., and increasing the appar-
ent affinity of the substrate for the enzyme, both artifacts of
mixed type inhibition profiles.

This work has important physiological relevance in terms of
hDAO inhibition by PNT and BRN. Pentamidine, an aromatic
diamidine, is an anti-protozoal agent effective against Pneumo-
cystis carinii and clinically used in the treatment of P. carinni
pneumonia (PCP) (58, 69). PCP is an overly common and very
serious complication in persons with compromised immune
systems, such as cancer patients, transplant recipients, and AIDS
patients (59, 70, 71). Adverse side effects accompanying penta-
midine treatment occur in at least 70% of AIDS patients and
may include nausea, fever, hypotension, acute renal failure,
leukopenia, hypoglycemia, acute pancreatitis, and cardiac
arrhythmias (72—78).

Plasma concentrations of pentamidine isethionate in patients
following intravenous treatment have been measured at levels
ranging from 25 ng/mL to 1.4 ug/mL (43 nM to 2.3 uM) (59, 73,
79—81). Data also indicate that drug accumulation occurs with
multiple dosing events. It is clear that this concentration range
would certainly inhibit both hDAO and hVAP-1 activity sig-
nificantly, perhaps to the point of complete inactivation. The
relatively narrow substrate specificity of hVAP-1 indicates that
this enzyme has a highly specific function, and in the presence of
pentamidine, it may simply lose the ability to transiently bind
leukocytes. In contrast, hDAO has broad substrate specificity
and can oxidize several physiological amines, including hista-
mine, 1-methylhistamine, putrescine, agmatine, cadaverine, and
spermidine (18). Therefore, complete inactivation of circulating
hDAO or hDAO in tissues by pentamidine could be expected to
severely disrupt normal metabolic pathways involving this en-
zyme. Potentially even more damaging is the fact that the tissue
distribution of pentamidine shows that this pharmaceutical
accumulates in kidney tissue (73, 82, 83), a major locus of
diamine oxidase expression.

With regard to the potential in vivo effects of diamine oxidase
inhibition, circulating histamine concentrations are typically a
few micromolar, and we have previously suggested that hDAO
likely plays a fundamental role in the metabolism of this
amine (/8). A reasonable hypothesis is that during the course
of pentamidine administration (typically 14—21 days) diamine
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oxidase activity is essentially eradicated and histamine methyl-
transferase is unable to sufficiently compensate to clear circula-
ting histamine. This raises the possibility that abnormally high
levels of circulating histamine contribute to some of the serious
side effects that accompany pentamidine treatment. The correla-
tion between the involvement of histamine in smooth muscle
contraction, vasodilation, allergic response, and stimulation of
adenylate cyclase activity in neurons (84) and certain side effects
of pentamidine treatment suggests this may be the case.

Berenil is chemically classified as a diamidine and, along with
pentamidine, belongs to the group of benzylamidine derivatives.
Berenil is an effective anti-protozoal agent and is used to treat
Trypanosoma infections. This compound has been used rather
sparingly in the treatment of African trypanosomiasis (85). It is,
however, a more commonly used trypanocide in the treatment of
dogs, sheep, horses, and cattle (86). In animals, berenil poisoning
causes hyperaesthesia, salivation, convulsions, frequent urination
and defecation, itching, and sweating, concurrent with liver and
kidney damage (87).

Berenil has been investigated as a potential inhibitor of
polyamine synthesis and degradation through its actions on
diamine oxidase, the first step in putrescine degradation, and
S-adenosylmethionine decarboxylase, which prevents biosynth-
esis of spermidine and spermine from putrescine (88). Adminis-
tration of berenil to animals suffering from Surra (caused by
Trypanosoma evansi) caused several allergic reactions, with
severity increasing upon subsequent dosages (89). It appears as
though diamine oxidase was completely inhibited in these
animals, thus causing increased circulating histamine levels and
the observed allergic response. Supporting evidence for this
comes from observations that antihistamines successfully treated
the allergic reactions (89).

CONCLUSION

The expression, purification, and structural determination of
recombinant human diamine oxidase represent a major advance
in the study of this human amine oxidase and for the field of CAO
research. The substrate specificity of this enzyme (/8) strongly
suggests that human diamine oxidase acts in vivo as a component
of multiple metabolic pathways and processes, such as cell
proliferation, inflammation, allergic response, and ischemia.
Our hypothesis is that some pharmaceuticals may disrupt the
normal functions of hDAO in the metabolism of biogenic amines
and thus may contribute to deleterious side effects. Particularly
noteworthy are the data for the two diamidines, pentamidine and
berenil, which are very potent inhibitors of hDAO. It is possible
that disruption of normal hDAO amine metabolism may con-
tribute to the side effects and toxicity associated with diamidine
treatment. The structural basis of this high-affinity inhibition of
hDAO by berenil and pentamidine reveals that this inhibition is
noncovalent. This finding should aid the rational design of highly
specific hDAO inhibitors and may provide a route to drug design
using reversible (noncovalent) inhibitors. Moreover, these struc-
tures provide the means to ensure that inhibitors of hVAP-1 do
not also inhibit hDAO. This is a plausible goal as the develop-
ment of selective inhibitors has already been demonstrated for
copper amine oxidases given variations in substrate analogue
structure coupled with differences in active-site channel archi-
tecture (33, 34, 90). This is increasingly important for the human
copper amine oxidase enzymes as hVAP-1 inhibitors are being
developed to treat a number of conditions (9/—93).
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