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ABSTRACT: Pichia pastorislysyl oxidase (PPLO) is uniqgue among the structurally characterized copper
amine oxidases in being able to oxidize the side chain of lysine residues in polypeptides. Remarkably, the
yeast PPLO is nearly as effective in oxidizing a mammalian tropoelastin substrate as is a true mammalian
lysyl oxidase isolated from bovine aorta. Thus, PPLO is functionally related to the copper-containing
lysyl oxidases despite the lack of any significant sequence similarity with these enzymes. The structure
of PPLO has been determined at 1.65 A resolution. PPLO is a homodimer in which each subunit contains
a Type Il copper atom and a topaquinone cofactor (TPQ) formed by the posttranslational modification of
a tyrosine residue. While PPLO has tertiary and quaternary topologies similar to those found in other
guinone-containing copper amine oxidases, its active site is substantially more exposed and accessible.
The structural elements that are responsible for the accessibility of the active site are identified and discussed.

Amine oxidases catalyze the oxidative deamination of mechanism or through a concerted covalent catalysis mech-
primary, secondary, and tertiary amines to the correspondinganism, both involving the FAD cofactod).

aldehydes, with the subsequent reduction et®H,O, (as Quinone-containing CuAQOs, on the other hand, appear to
illustrated for a primary amine): be involved exclusively in the oxidative deamination of
primary amines. These enzymes can be subdivided into two
RCHZNH;r + 0,+ H,0—RCHO+ NH4+ + H,0, classes based on the type of quinone cofactor present in the

active site: 2,4,5-trinydroxyphenylalanine quinone (TPQ) or

The amine oxidases found in mammals fall into two lysyl tyrosylquinone (LTQ) (Figure 1). Enzymes of the latter
groups: quinone-containing copper amine oxidases (CUAOS) class, known as lysyl oxidases, have long been known to be
and flavin-dependent monoamine oxidases (MAOs). MAOs associated with connective tissue formation through cata-
are found exclusively in the outer mitochondrial membrane lyzing the crucial deamination of the side-chain of peptidyl
of virtually all cell types (). These enzymes degrade lysine that initiates cross-linking of lysine residues in collagen
primary, secondary, and tertiary amines and are involved in and elastinZ, 3). While biogenesis of the LTQ cofactor has
the oxidation of several neurotransmitters. MAOs are be- yet to be examined, TPQ biogenesis has been extensively
lieved to function either through a single electron-transfer studied, inter alia using multiple trapped crystal structures
(4). The conversion of a Tyr residue to TPQ requires only
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conformations in the various structures. In one conformation,

it is coordinated directly to the copper atom. Since it was
o E{\/\/N originally observed in ECAQO under conditions in which the

enzyme was shown to be inactive, this conformation has been
described as “inactive”1(1). Other structural data have
subsequently suggested that the position of the TPQ may be
dynamic, and its location is now described as either “on-

(6] (6]

(i) (i)
Ficure 1: Modified amino acid residues that act as cofactors in B g GAFE ”
CuAOs. Linkages to the protein are shown as wavy lines. (i) 2,4,5- popper o.rho;c]f C_(I_)Fp))per 1?4)' Ithappears th‘;t SUbStratesl can
trihydroxyphenylalanine quinone, TPQ, found in most CuAOs, and interact with the Q'to. orm t“e enzymeti Strqt(_a compiex
derived from a Tyr residue and (ii) lysyl tyrosyl quinone, LTQ, ©only when the TPQ is in the “off-copper” position.
found in mammalian lysyl oxidases and formed from linked Tyr  The two classes of CuUAO having TPQ and LTQ, respec-
and Lys residues. tively, at the active site are unrelated at the sequence level.
Classifying newly discovered CuAOs can be difficult, since
their most prominent shared property is an ability to oxidize
. primary amines. In the search for yeasts that can live with
and the presence of copper in boih types of CUAQ suggestsma" organic amines as their sole source of nitrogen,

that the catalyt_|c mechanisms are §|m|la}.( . . researchers identified several CuUAOs with methylamine or
TPQ-containing CuAOs are distributed widely in nature penzylamine as the preferred substrat€andida boidinii

and have been purified from mammals, plants, and micro- ang in pichia pastoris(26). It was originally hoped that a
organisms. They are involved in the oxidation of many short- ,yified enzyme of this type could be used as an analytical
to long-chain aliphatic mono- and diamines, including several agent for the quantitation of amines, but a competing reaction
aromatic aminesl@, 15). In microorganisms, they frequently iy which the enzyme oxidizes lysine residues in peptides
have a nutritional role in the utilization of primary amines yade this impossible2g). The “lysyl oxidase-like” activity
as the sole source of nitrogen or carbd@)( The role of  f thep. pastorisenzyme was later fully characterized, and
amine oxidases in higher organisms is not as clear. In plants,it \yas shown that lysine and lysine peptides are among the
it is hypothesized that CuAOs are involved in cell wall preferred substrates for the enzyme in vit@7)( This
biosynthesis16). Further, plant amine oxidases are involved enzyme, terme®. pastoridysyl oxidase (PPLO), was cloned
in processes of development and senescence, wound healingy,q overexpresse@®). The quinone cofactor was unequivo-
the reduction of the concentration of toxic amines, and the cally identified as TPQ by chemical isolation and Raman
blosyntheIS|s of _aIkaI0|ds and hormongﬁ,(l?). In mam- spectroscopy29). Thus, PPLO is a TPQ-containing CUAO
mals, amine oxidases appear to be tissue specific and argyith the ability to oxidize peptidyl lysine side chains. In this
thought to have functions in detoxification, cell growth, respect, it resembles the LTQ-containing mammalian amine
signaling, adhesionl@, 19), and apoptosislb, 16). oxidases. Further, while many CuAOs display broad substrate
The three-dimensional structures for CUAOs frdts- specificity, PPLO has by far the broadest substrate range
cherichia coli (ECAO) (20), Pisum satium (PSAO) @1), among known CuAOs, oxidizing a large number of short-
Arthrobacter globiformis(AGAO) (12), and Hansenula  to long-chain aliphatic amines, including several aromatic
polymorpha(HPAO) (22) have provided a rational basis for  amine derivatives 28). This paper describes the high-
experiments and speculation concerning the enzyme mech+resolution crystal structure of PPLO. Analysis of the structure
anism and the biogenesis of the TPQ cofactor. The four contributes to our understanding of the unique ability of
CuAOs have the same overall architecture and topology. All PPLO, in contrast with other TPQ containing CuAOs, to
have a single active site containing one type Il copper ion include lysine and lysine peptides among the primary amines
and the TPQ cofactor per subunX-25). The active sites  that it can oxidize. As a demonstration of this ability, we
are located in the large core domaingaandwich, which  show that PPLO displays catalytic activity toward tropoelas-
contains approximately 400 residues (domain D4). N- tin (the un-cross-linked form of elastin) at a rate comparable

terminal to the core are two other domains with simid#6 with that of a true mammalian lysyl oxidase.
topologies (D2 and D3). ECAO alone contains an additional

N-terminal stalk domain (D1)20). The additional domain  METHODS

in ECAO led to the structure being described as mushroom

shaped, with D2, D3, and D4 representing the cap and the Crystallization, X-ray Data Collection, and Processing.
N-terminal D1 as the stalkk0). A highly unusual feature of ~ The protein was expressed and purified as described previ-
the structures is a large solvent-filled cavity or “lake” in the Ously @8 29). The crystallization, data collection and
interior of the dimer, between the two D4 domains. The Preliminary X-ray analysis for crystals described as “form
copper site in each subunit backs onto the lake, with the 1" and “form 2" have been publishe@@. Diffraction data
TPQ cofactor lying on the distal side of the copper atom. A for the structure analysis described in this work, correspond-
long and narrow channel connects the TPQ to the externaling to “form 2”, were recorded from a single crystal (0<2
solvent (12). Two unusual3-hairpin arms extend from the 0.1x 0.1 mn?) at beamline 91 of the Stanford Synchrotron
central domain of one subunit along the surface of the other Radiation Laboratory. The outermost shell of data at 1.65 A
subunit. Residues at the end of one arm form part of the resolution has a significant signalllo(I)L] of 2.6. The
entrance to the active-site channel. The number and typesstatistics for the data used in the structure solution and
of residues in thgg-hairpin arms are variable, as indicated refinement are given in Table 1.

by published CuAO structures and amino acid sequeri@s ( Structure SolutionThe structure of PPLO was solved by
22). The TPQ cofactor has been observed in two distinct molecular replacement, with the program AMoRH)( A

for the mammalian LTQ containing lysyl oxidase enzymes
have yet to be determined, the similarity of LTQ and TPQ
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Ficure 2: Stereoviews of PPLO in two orientations. In the upper view, the 2-fold axis of molecular symmetry lies vertically in the plane
of the paper. In the lower view, the molecule is rotated so that the viewer is looking along the 2-fold axis. The ribbon representation is
colored to highlight the domain structure: D2, red; D3, green; D4 from subunit A, blue; D4 from subunit B, yellow. The Cu atom in each
D4 domain is shown as a cyan sphere. Figures 2, 4, and 6 were prepared with program ROL (

Table 1: Crystallographic Data and Structure Refinement Statistics StrUCture (PDB entry: 10AC2()), which had the highest-

for Pichia pastorisLysyl Oxidase ranking pairwise alignment with PPLO in a blast sea®3).(
space group ) The sequence o_f PPLO matche_s r_es@ues—?]]ﬁ of ECAO
unit cell dimensions a=248.4b=121.1, with 25% identity and 41% similarity. The homologous
c=151.8A8=124.6 residues comprise more than half of D2, and all of D3 and
resolution (A) 24.6-1.65 D4. Two search models were used to locate the two dimers
redundancy 28(2.6) in the asymmetric unit of PPLO. One consisted of a dimer
/o(l) 13.7 (2.4) _ _ . )
completeness (%) 94.7 (90.7) of ECAO including all atoms corresponding to the aligned
Rmergd 0.06 (0.42) regions of the sequence, and the other was this structure
overallB value (Wilson plot) (8) ~ 16.5 converted into a poly-serine peptide. Rotation functions were
n”ggﬁsorfer]lﬁggydmge” 28,232 calculated at resolutions from 3to 5 A, in 0.5 A steps with
number of reflections 419,014 (28,231) both models. The top two unique solutions for the rotation
Rerysf 0.161 (0.240) function subsequently proved to be the correct solutions for
Riree (5% of data) 0.187(0.271) the two dimers. A translation function to locate the first dimer
B(OPI?'IJ'((f/I{])aI cycle) (?'0150 (0.230) was calculated for the top 41 rotation function solutions. The
Ramachandran plot ’ top solution was used to fix the first dimer in a translation
residues in most 87.8 search for the second. The translation search for the second
favored regions (%) dimer used the remaining top 40 rotation function solutions
residues '”f‘”OWEd 12.2 and gave a clear result with &walue of 0.58 for data to 4
rmsdrﬁgﬁlﬁr@am geometry A resolution. The positions of the two dimers were optimized
bond lengths (A) 0.01 as rigid bodies using the FITFUN step of AMoRe, resulting
bond angles?) 15 in a residuaR = 0.55 for the data to 3.0 A resolution. Visual
aﬁ?ﬁftgﬁq'“es ) 164 inspection of this solution indicated that the molecules packed
golve'm S 271 in the crystal without overlap.

aNumbers in parentheses refer to the highest resolution shelt-1.68 _StrUCture Ref'n?menThe resulting mo_del was first refined
1.65 A. Complete statistics for the data collection have been published With CNS (34) using simulated annealing to remove some
(30). ® Rnerge= Z|In — Th=hlI ¢ R values= Z|Fops — Feaid ZFobs Reotal of the model bias. Strong 4-fold noncrystallographic restraints
is theR value followin_g the fin_al cyc_les of re_finement_, inwhich allthe  \were used. At this stage, electron density maps calculated
data were used.DPI is the diffraction precision indicato#§). with data from 7 & 3 A were poor and vyielded little

additional information. The residuals weRe= 0.524 and

reasonable value of the Matthews’ coefficieBR) predicts Riee = 0.55. Side chains were added to the model in default
the presence of two dimers (four subunits) in the asymmetric conformations, using @g) and faithfully following the blast
unit. It was assumed that pairs of subunits would dimerize sequence homology alignment. Further electron-density maps
with 2-fold symmetry similar to that observed in other CUAO were calculated: (i) with real-space average® weights,
structures. The search model was derived from the ECAOQ (ii) with solvent flattening and 4-fold reciprocal space
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averaging using DM 36), and (iii) using a procedure in  poelastin was measured using therelease assay (detecting
ARPWARP (37) to add oxygen atoms into regions of positive the appearance 6H in water from the assay mixture), as
difference electron density and remove atoms in weak previously described by Kagan and co-worke4€)( Re-
electron density. Although the individual maps were still combinant, radiolabeled tropoelastin was prepared by slight
poor, using a combination of maps made it possible to modifications of the method as described by Kagan and co-
remove parts of the structure that were modeled incorrectly. workers @1); the recombinante. coli strain expressing
This resulted in small decreases in b&tand Rye.. More human tropoelastin was generously provided by Dr. Herb
importantly, it led to significant improvements in the Kagan (Boston University School of Medicine). 43]-
electron-density maps. At its minimum, the model consisted lysine was purchased from Amersham Pharmacia Biotech
of four monomers of only 344 residues, 71 without side and incorporated into the tropoelastin as previously described.
chains, a total of 12688 atoms, representing 45% of the final Bovine aorta lysyl oxidase was purified by the method of
refined model. The values &andRy..Were 0.47 and 0.49, Kagan and Cai42).

respectively. Many cycles of manual model fitting using O Substrate ModelingA hexapeptide substrate was modeled
(39), and refinement eventually allowed the completion of into the active site of PPLO to visualize the restrictions on
the polypeptide chain. From this point onward, refinement substrate size and orientation. The hexapeptide, HKHYDV,
was carried out with REFMACS3@). The strong noncrys-  was chosen on the basis of having the higkg#ky reported
tallographic symmetry restraints applied during the early for a substrate of PPLQ2{). The peptide was placed in a
stages of the refinement were removed in the final cycles. tight -turn8 motif using a segment of the PPLO structure
Once the model for the polypeptide was essentially (residues A47#A501) and then mutating the residues using
complete, water molecules were added, using PEAKMAX program O. The single Lys residue was placed at the apex
(39 and WATPEAK @9). Solvent sites were required to  of the turn. The hexapeptide was manually maneuvered into
have a well-resolved difference electron-density peak greaterthe funnel, avoiding steric clashes, until the lysinedtbm
than 4, and a position permitting the formation of hydrogen overlapped the O5 of TPQ using program O. The energy of
bonds with reasonable stereochemistry. Each solvent site washe complex structure was then minimized with CNS.
examined manually during the refinement and after the final  \jiscellaneous CalculationsThe PPLO structure was

cycle to ensure that it met the stated criteria. Partially superposed on the known CuAO structures using an initial
occupied solvent sites belonging to alternative solvent gientation generated by the least-squares routines in O.
networks were allowed only if they were associated with \/ojymes of inland lakes were calculated using VOIDOO
2Fo—Fc density greater than 1o5 Electron-density maps  version 971120/3.1.24Q). Cavity entrances were blocked
clearly indicated the presence Iflinked carbohydrateN- by mutating surface side chains to larger amino acids. Buried
acetylglucosamine) at all five putative glycosylation sites, gyface areas were calculated using AREAIMOL version 4.2

and these were added to the model. The carbohydrate contenigg) pefault parameters were used unless otherwise stated.
expected for the five observed glycosylation sites per subunit

is consistent with the difference between the molecular massResSULTS
determined by SDSPAGE (112 kDa) and that calculated

from the amino acid sequence (90 kDa for residue3dr). The Crystallographic ResultThe structure of PPLO
Regions of the polypeptide with multiple conformations were (Figure 2) has been refined at 1.65 A resolution. The final
included only if they were confirmed using omit maps. residuals areR = 0.160 andRree = 0.187. Data were

Some regions of difference electron density contained collected from a single crystal of “form 2" as previously
relatively strong positive features, which could not easily reported 80). Within the limits of precision, the two
be identified. Where possible, these were interpreted ashomodimers in the asymmetric unit are identical with the
networks of partially occupied solvent and were modeled exception of a few surface side-chain orientations. Each
accordingly. The copper atoms were associated with thesubunit comprises residues 4175 of the published se-
largest positive peaks in a difference electron-density map, quence. Residues-40 of the DNA-derived sequence were
having the same locations in the molecule as in other CuAQ lost from the N-terminus before final purification, as
structures. Two other large peaks in each subunit wereconfirmed by N-terminal sequencing. The 12 C-terminal
modeled as C4 ions on the basis of their peak heights and residues, 776787, are presumed to be disordered. The active
stereochemistries. The identity of the2Cdons was con- site of each subunit includes a Cu(ll) atom coordinated by
firmed by analyzing the anomalous signal as a function of the side chains of three histidine residues and the TPQ
X-ray energy at SSRL beamline 9-2. Sulfate ions were cofactor. Each subunit also contains two tightly bounéCa
included on a similar basis. In each subunit, one?S@n ions, five glycosylation sites at which at least one carbohy-
appeared to be disordered as indicated by the shape ofirate (NAG) residue is resolved, and six 50ions. There
residual difference electron density. Attempts to refine these are 3981 solvent sites per asymmetric unit.

SO ions (numbered 811, 821, 831, and 841) were not Summary of the Structurén overall architecture, PPLO
successful, and they are included in the deposited coordinatess similar to the other CuAOs. Like AGAO, HPAO, and
with zero occupancy. The TPQ residue was included only PSAO, but unlike ECAO, it does not have a known D1
in the final stages of the refinement to ensure minimum bias domain. However, it is possible that residues4D of the

in its orientation. The coordinates and structure factors havegene product, which were missing from the protein used for
been deposited with the Protein Data Bank as entry PDB ID the structure analysis, constitute a D1 domain in vivo.
1N9E. Residues 4155 form an isolated N-terminal strand, and are

Measurement of Lysyl Oxidase Adty. The activity of analogous to the DiD2 linker in ECAO. Residues 56
two genuine lysyl oxidases and five CuAOs against tro- 169 form domain D2. Residues 1#805 form domain D3.
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Ficure 4: Stereoviews of electron density difference maps at the PPLO activelsie F2 electron-density, brown, contoured at®&nd
“omit” electron-density, green, contoured at.3The “omit” density was calculated with values B to which the atoms of TPQ did not
contribute. Some of the solvent sites are associated with lower levels of electron-density and may be occupied only partially.

Residues 306331 link D3 to D4, as an isolated, extended of the entrance to the active site. Notwithstanding these
loop wrapped around the symmetry-related D4 domain. changes at the surface and the subunit interface, the core of
Residues 332750 form the domain D4. The copper site is domain D4, including the active-site region, is conserved.
buried deep in D4. This domain includes protrusions, which  The formation of the new hairpin loop places Cys 756
we have named the “upper arm” (residues 58%8) and near the C-terminus close to Cys 45 near the N-terminus,
the “lower arm” (residues 450463 comprising “hairpin 1", leading to the formation of an intra-subunit disulfide bond.
and residues 732750 comprising “hairpin 2”), respectively.  The disulfide bonds in the two subunits of the dimer are
These arms embrace the symmetry-related domain D4 of therelated in such a way that the polypeptide chains have the
dimer. The C-terminal strand (residues 75175) wraps  topology of two links in a chain. This topology depends on
around the enzyme, contacting the D4 core and the D2 the intertwining of the two polypeptide chains prior to
linker. The C-terminal and N-terminal strands are linked by disulfide bond formation.
a disulfide bond from Cys 756 to Cys 45. In the dimer, the  Active Site and Its Esironment The active site (Figure
D4 domains and the D3D4 linkers form a single core  3) comprises a copper atom coordinated by the side chains
domain containing 890 residues. of three histidines (His 528, His 530, and His 694) and by
Significant Differences from Other Copper Amine Oxi- O4 of the TPQ (residue 478). Thus, TPQ is in the “on-
dases There are a number of functionally important differ- copper” rather than the “off-copper” position. There is no
ences between the structure of PPLO and the publishedevidence one of the histidine residues that coordinates the
structures of other CuAOs. The most dramatic of these is copper is disordered as observed in AGAL2)( However,
an expansion of the previously observed narrow channel tothe main chain at residues 52526 clearly exists in two
the active site into a broad funnel. There are additional conformations. In one of these, the peptide carbonyl oxygen
residues at a number of positions in domain D2 (residues atom makes a hydrogen bond witi™f the Cu ligand His
83—93, 131-134, 148-152, 156-165), domain D3 (residues  528. This histidine residue nevertheless is well resolved in
191-194, 206-202, 215-218, 271292) and domain D4  a single conformation. The electron density for TPQ is
(residues 733752). The effects of these additional residues consistent with the presence of a minor conformer (not
are (i) to create a new helix (residues 2202), which included in the final model but shown in Figure 4) resulting
interacts with residues in the catalytic domain D4 along the from rotation about the &Cr bond. The TPQ is “on-
rim of a funnel to the active site, and (ii) to create a new copper” in both conformations, and its Cu-binding O4 atom
B-hairpin (residues 732750). The new hairpin interacts with  remains in the same position. In one of the two orientations
one of thes-hairpin arms previously identified in all CUAO  of TPQ, its O5 atom can form a hydrogen bond with a
structures, forming a 4-strandgidsheet, which is packed conserved residue, Tyr 384, but this interaction is clearly
tightly against the surface of the catalytic domain of the other not strong enough to restrain the TPQ. The position of Asp
subunit. At the end of the new hairpin, a sequence of acidic 398 in the active site (Figure 3) is consistent with the
residues, DDETEE, contributes to the electrostatic propertiesproposed role of this residue as the totally conserved catalytic
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Glu 589 in the two subunits. The orientation of the
carboxylate groups of these two residues is not well
determined. The distance between correspondingt@ms
is ~7 A. Unobstructed movements of the Glu 589 side chains
could widen this gap. Evidence that the channel permits the
entry of small ions is provided by the presence of two ordered
SO ions in the lake. We conclude that the connection
between the external solvent and the inland lake offers a
pathway for the transport of small molecules and ions, e.g.,
substrate @ product HO,, and product Nki", as others have
similarly conjecturedZ2).

A Unique Funnel Defines Substrate Specifiditycontrast
to all other structurally characterized copper amine oxidases,
PPLO does not require substrates to negotiate a narrow
Ficure 5: Cross section through the PPLO dimer represented as achannel to gain access to the active site. Instead, the active
solvent-accessible surface. The interior of the protein is shaded gray.site lies at the base of such a wide-mouthed funnel that it is

The external surface of the protein is blue and that of the internal - . .
lake is magenta. Wide funnels give access to the active sites in the€f€Ctively exposed to the solvent. The funnel is deep with

two subunits. Balls represent the Cu atoms (cyan) and TPQ residues? Wide bottom and steep walls (Figure 6). The protein surface
(red). around the top of the funnel is irregular. There are three
turret-like formations on the rim (Figure 6). The highest peak
base (Asp 298 in AGAO)1({1, 12). Tyr 396 occupies the is 24 A above the base of the funnel, and the minimum height
position assigned in other amine oxidase structures to theof troughs between the turrets is 12 A. At this height, the
“active-site gate”. It lies between the “open” and “closed” funnel has an approximately circular cross-section and a
conformations observed in other CUAO structures, but closer diameter of 10 A.
to the “open” position. The wall of the funnel has contributions from residues-84
Hydrogen-bond networks connect the active site to ordered89 of domain D2; residues 17377, 179-184, 186-188,
solvent regions on the funnel side as well as the inland lake 191 and its attached carbohydrate, 2@76, 234-238, and
side. On the funnel side, the water network extends to oxygen240-243 of domain D3; residues 355, 390, 396, 4@01,
atoms of the TPQ. On the side of the inland lake, the water 405-407, 428-431, 433, 435, 474477, 503, and 660
network (the edge of the lake) extends to Asp 700, which is 661 of domain D4; residues 76975 at the C-terminus (and
hydrogen-bonded to a copper ligand, His 694. Thr 474, which possibly the unobserved residues Z7®7); residues 453
is part of the conserved active-site motif TXXNYD, is 457, and 737742 of the four-stranded beta sheet composed
hydrogen-bonded to a conserved acidic residue, Asp 479,of the loops from the other subunit. The base of the funnel
which in turn is hydrogen-bonded to His 453 on fhbairpin is composed almost exclusively of residues from DA4.
arm extending from the other subunit. This arrangement of The increased size of the funnel compared with the
Thr 474, Asp 479, and His 453 is conserved in all structurally channels to the active sites of other amine oxidases is a
characterized CuAOs. consequence of movements of@ A of residues in D3. For
It has been suggested that in HPAO there is a dioxygen-example, in relation to ECAQ, there are concerted move-
binding site between three residues corresponding to Tyr 480,ments of a helix, residues 17489 in PPLO (188-202 in
Ala 498, and Thr 704 in PPLQ2Q). In the present structure, ECAO) and gS-strand residues 26216 in PPLO (219
the close proximity of the TPQ when it is in the “on-copper” 226 in ECAO). These movements are accommodated by a
position would prevent the accommodation of@this site. similar movement of #-hairpin, residues 248269 in PPLO
However, we cannot eliminate the possibility that ap O (262—281 in ECAO). In several instances, these shifts are
molecule can be accommodated at the proposed site wheraugmented by PPLO having less bulky residues than ECAO
the TPQ residue is in its “off-copper” conformation. (for example, Ser 179 and Gly 211 in PPLO compared with
Subunit Interfaces and an Inland Lak&he interface  the corresponding residues Phe 192 and lle 221 in ECAO).
between the two subunits of the dimer buries 87CF00A Further, the portion of the funnel wall contributed by the
solvent-accessible area per subunit. This large buried surfacearm from the neighboring subunit (hairpin 1 of the lower
area is consistent with the observation that PPLO and otherarm) is shorter than in any other amine oxidase so far
amine oxidases are dimers in solution. The dimer contact characterized. The enlarged opening of the funnel is but-
consists of an annular interface between the D4 domains oftressed by a new helix (residues 27887) and by the
the two subunits and extended surfaces resulting from theinsertion of a strand of polypeptide from the C-terminus
embedding of the arms of one subunit in the surface of the (residues 771775).
other. The embracing arms contribute 42% of the buried area. The distribution of charged side-chains on the walls of
As a result of the dimer formation, the subunits enclose the funnel is electrostatically unbalanced (Figure 6b). A
an “inland lake” of 1000 A (Figure 5). (The volume of the  group of positively charged residues (Arg 176, Arg 335, Arg
lake is calculated for a model in which connections with the 406, Arg 435, and Arg 772) lie on one side, and a group of
external solvent are blocked.) Comparable lake volumes in negatively charged residues (Glu 238, Asp 240, and Glu 242)
other CuAOs are 550 #in ECAO, 900 & in AGAO, 1200 lie on the other. The base of the funnel is composed of polar
A3in HPAO, and 1450 Ain PSAO. In PPLO, the inland  and aromatic residues. If the TPQ residue is modeled in the
lake is connected to the external solvent by a channel along“off-copper” position by analogy with the conformation
the noncrystallographic 2-fold dimer axis, between residues observed in an ECABinhibitor complex (PDB entry 1SPU
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FIGURE 6: Stereoviews showing the active-site funnel ina smgle subunit of PPLO. The protein atoms are shown as a molecular surface
(positively charged residues, blue; negatively charged residues, red; other residues, gray). Attached carbohydrate residues are the only
features drawn as CPK atoms. (a) Surface of the subunit looking down into the active-site funnel. (b) Closer view of the funnel, showing
the “lumpy” nature of the funnel rim. (c) Model of a hexapeptide (HKHYDV) substrate docked into the active site. (d) Alternative view

of the model hexapeptide substrate in the active-site funnel, showing the interaction with the TPQ cofactor.

(12)), the surrounding residues are Asn 477, Gly 476, lle protruding from the rim of the funnel (the turret with the
475, Tyr 396, Tyr 401. These residues are conserved amonghighest peak) has a sequence of negatively charged residues
the structurally characterized CuAOs. In addition, a loop (D733 DETEE43).
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B, o

Ficure 7: Views of the active-site funnels in the known CuAO structures. (a) PPLO, (b) AGAO, (c) HPAO, (d) ECAO, and (e) PSAO.
The surface of each funnel is shown as a blue mesh. The residues in the interior of a protein are drawn in gray, the copper atom is a cyan
sphere, and the copper ligands, TPQ, active-site base, and “gate” residues are drawn with heavy lines. A small portion of the interior lake
is seen, colored magenta, at the bottom of some figures.

DISCUSSION S0 as to provide access to the TPQ and to allow the TPQ to
move from the “on-copper” to the “off-copper” position. In
tially more accessible than in any other structurally charac- PPL.Q' the TPQ appears to be accessible regardless of the
terized amine oxidase (Figure 7). The O2 atom of the TPQ position of Tyr 396.

is visible from the solvent even when TPQ is in its “on-  The ability of PPLO to oxidize the side chain amine groups
copper” position. Atoms O4 and O5 would be more of lysine residues in peptides and proteins is unique among
accessible when TPQ is in the “off-copper” position. In other the CuAOs that have been characterized so far. Further, this
CuAQs, a gating role has been assigned to an aromaticactivity of PPLO against lysyl peptides is remarkably high.
residue close to the TPQZ). The corresponding residue in  Our new data in Table 2 establish that PPLO oxidizes the
PPLO is Tyr 396. It has been suggested that the gatingside chains of tropoelastin (an in vivo substrate of mam-
residue must move in the first step of the catalytic reaction, malian lysyl oxidase) at approximately the same rate as a

The funnel leading to the active site in PPLO is substan-
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Table 2: Activity of Amine Oxidases, IncludinBichia pastoris
Lysyl Oxidase, against a Recombinant Tropoelastin Substrate

activity

enzyme (dpm}
control (no enzyme) 142 13
bovine aorta lysyl oxidase 83852
Drosophilalysyl oxidase 813t 60
Pichia pastoridysyl oxidase (PPLO) 76% 25
Arthrobacter globiformisamine oxidase (AGAO) 146 22
pea seedling amine oxidase (PSAO) 120

human kidney diamine oxidase 1246
equine plasma amine oxidase 18410

2 Disintegrations per minute measuring the release’tf as
described in the methods section.

mammalian lysyl oxidase. It is remarkable that PPLO, a yeast
enzyme with no sequence similarity to a mammalian lysyl
oxidase, has over 90% of the activity of bovine aorta lysyl
oxidase toward tropoelastin. In an assay of model hexapep- 17
tides as substrates for PPLO, the highest valuels 8K,
were recorded for peptides containing the consensus tro-
poelastin cross-linking sequenc&ry.

We have modeled a complex of PPLO with the substrate
that had the highest activity in the comparative analysis of
Tur and Lerch, namely, the hexapeptide HKHYDZ7{
(Figure 6¢,d). The PPLO funnel readily accommodates the
hexapeptide substrate, and permits formation of the substrate
TPQ Schiff base complex. In general, we predict that lysine
residues at or near a peptide terminus or reverse turn would
be readily oxidized by PPLO. Lysine residues attached to a
long helical segment, as in the triple helical domain of
collagen, would be unsuitable as substrates.
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