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Domain mobility as probed by small-angle X-ray
scattering may account for substrate access to the
active site of two copper-dependent amine oxidases

Amine oxidases are a family of dimeric enzymes that contain
one copper(Il) ion and one 24,5-trihydroxyphenyalanine
quinone per subunit. Here, the low-resolution structures of
two Cu/TPQ amine oxidases from lentil (Lens esculenta)
seedlings and from FEuphorbia characias latex have been
determined in solution by small-angle X-ray scattering. The
active site of these enzymes is highly buried and requires a
conformational change to allow substrate access. The study
suggests that the funnel-shaped cavity located between the D3
and D4 domains is narrower within the crystal structure,
whereas in solution the D3 domain could undergo movement
resulting in a protein conformational change that is likely to
lead to easier substrate access.

1. Introduction

Quinoprotein copper-containing amine oxidases (CAOs; EC
1.43.22, formerly EC 1.4.3.6) are found in bacteria, yeasts,
fungi, plants and mammals, where they catalyse the oxidative
deamination of primary amines to the corresponding alde-
hydes, with the concomitant reduction of molecular oxygen to
hydrogen peroxide. In prokaryotes, CAOs allow the utilization
of various amine substrates as a source of carbon and nitrogen
(Wilce et al., 1997, Wilmot et al., 1997). In eukaryotes, CAOs
play a role in cell differentiation and growth, wound healing,
detoxification and cell signalling (Kumar et al., 1996).

The ping-pong catalytic mechanism utilized by CAOs
can be divided into two steps. The ‘reductive half-reaction’
involves the oxidation of an amine to the corresponding
aldehyde and the formation of a reduced form of the
6-hydroxydopa (2,4,5-trihydroxyphenethylamine) quinone
(TPQ) cofactor: E,, + RCH,-NH;— FE.,..-NH; + RCHO.
The ‘oxidative half-reaction’ involves the re-oxidation of the
enzyme with concomitant release of ammonium and hydrogen
peroxide: E,..-NH3 + O, + H,O— E,, + NH; + H,O..

CAOs are homodimers and each subunit has a molecular
mass of 70-90 kDa and contains an active site with a tightly
bound copper(II) ion and a 24,5-trihydroxyphenylalanine
quinone (TPQ or TOPA; Janes et al., 1990). Several CAOs,
including CAO from pea (Pisum sativum; PSAO) and from
bovine serum, a lysyl oxidase from Pichia pastoris and the
human vascular adhesion protein-1 (VAP-1), have been
crystallized and characterized by single-crystal X-ray diffrac-
tion (Guss et al., 2009 and references therein).

Sequence homology is very high in plants (varying from
~90 to 98%), but is low when plant enzymes are compared
with those found in animals and bacteria. However, CAOs
have remarkably conserved structures, with mushroom-like
architectures made up of three or four topological domains
(Guss et al., 2009).
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The active site is situated in the large D4 domain consisting
of a B-sandwich of 18 strands in two twisted antiparallel sheets.
The two smaller D2 and D3 domains have the same o—g fold.
The N-terminal D1 domain, the biological function of which
remains unknown, constitutes the stalk of the mushroom
shape in prokaryotic CAOs but is not present in mammalian
and plant CAOs (Kumar et al., 1996).

The well defined active site of CAOs is buried, and substrate
access to it apparently requires a substantial rearrangement
of the polypeptide fold (Kumar et al., 1996). This active site
shows the following structural and functional peculiarities.
(i) TPQ is derived from the Cu-catalysed oxidation of a post-
translationally modified tyrosine residue in the consensus
sequence Asn-Tyr-Asp/Glu of the polypeptide chain (Mu et
al., 1992). (ii) The copper(Il) ion is coordinated by the
imidazole groups of three conserved histidine residues and by
two water molecules (equatorial We and axial Wa). (iii) TPQ
is close but not bound to copper(II) and apparently has high
rotational mobility. (iv) After amine nucleophilic attack,
proton abstraction requires the presence of a base, which has

been identified as a conserved aspartate residue. (v) A tyro-
sine residue seems to play an important role in the active site
owing to a hydrogen bond that it makes to O4 of TPQ.

Although a lysine residue (Lys296) has been suggested to be
present in the active site of PSAO crystals, where it forms a
hydrogen bond to the phenolic group of TPQ (Kumar et al.,
1996; Duff et al., 2004) demonstrated that the published crystal
structure showed TPQ in a nonproductive so-called ‘on-
copper’ conformation; the role of Lys296 in the ‘off-copper’
conformation remains controversial. Incidentally, the ‘on-
copper’ and ‘off-copper’ conformations refer to the orienta-
tion of TPQ and copper, as described previously (Dawkes &
Phillips, 2001).

In this investigation, the solution structures of two different
CAOs (from lentil seedlings and from Euphorbia latex) have
been reconstructed from SAXS data, showing that they share
the same topology and closely resemble the crystal structure
of PSAO. Experimental evidence strongly suggests that in
solution these homodimers have specific regions that could
undergo conformational change; in particular, the D3 domain

seems to move with respect to the rest
of the protein, thus increasing the

g A 3

' ﬁ accessibility of the active site.

- — 97 2. Materials and methods
- - B — 2.1. Reagents and enzyme purification
All reagents were of the highest
analytical grade. 1,4-Diaminobutane
- — 45 dihydrochloride  (putrescine)  and
1,5-diaminopentane  dihydrochloride
(cadaverine) were purchased from
- — 36 Sigma—Aldrich (St Louis, Missouri,
USA). Amine oxidase from lentil (Lens
esculenta) seedlings was prepared as
g — %Z reported by Floris et al. (1983), whereas
() ) that from E. characias latex was purified
0.75 as described by Padiglia et al. (1998).
0.9 4 The purified enzymes were exhaustively
i dialyzed against 25 mM potassium
8 0.5 3 | phosphate buffer pH 7.0, concentrated
§ Es 0.6 1 by ultrafiltration and centrifuged at
3 :2 E 14300g for 30 min. The pellet was
< 0.25 < 034 discarded. The protein concentration in
i the supernatant was measured by the
] Bradford method using bovine serum
0 3(')0 g 4(')0 ' 5(')0 ' 6(|)0 0 ' 4(')0 ' 5(|)0 i 6(|JO albumin to generate calibration curves
T e Wityelngih um) (Bradford, 1976). Only p.r(.)teins of the
© @ highest quality were utilized on the
. basis of a TPQ:dimer ratio of 1.9:2.1.

Figure 1

(a) PAGE under nondenaturing conditions and (b) SDS-PAGE in the presence of S-mercapto-
ethanol of purified LSAO (lanes 1 and 1’) and ELAO (lanes 2 and 2') exclude any polydispersity of
the samples. Lane 3’ contains molecular-mass marker (labelled in kDa). Visible absorption spectra
of ELAO (56 uM) and LSAO (91 uM) are shown in (¢) and (d), respectively. The oxidized forms of
CAOs show a distinct pink colour, with peaks in the visible region at 498 nm (LSAO) and 496 nm
(ELAO) (marked with arrows). The shape of the peaks and the absence of shoulders in these peaks
clearly indicate a fully functional enzyme.

The concentration of the quinone was
determined by titration with the
carbonyl reagent PHY, giving a hydra-
zone with a very high extinction
coefficient at 445nm (gys = 64 X
10* M~ ' em™'; Medda et al., 1995).
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Table 1

Data-collection and scattering-derived parameters.

Data-collection parameters
Instrument
Wavelength (A)

LSAO ELAO

SWING (SOLEIL synchrotron)
1.033

q range (A_]) 0.01-0.60
Exposure time (s) 25
Concentration (mg ml™") 2.0
Temperature (°C) 10
Structural parameters
10) (cm™") [from P(r)] 0.32 0.32
R, (A) [from P(r)] 37.25 £0.03 35.83 £ 0.05
1(0) (cm™") (from Guinier) 0.32 0.32
R, (A) (from Guinier) 36.8 £ 0.1 355 £0.1
Dipax (A) 120 120
Porod volume estimate (A3) 282090 235860
Dry volume calculated from 178000 178000
sequence (A?)
Partial specific volume (cm® g™") 0.73 0.73
Contrast (10'° cm™2) 3.047 3.047
Molecular mass from /(0) (kDa) 200 200
Monomer molecular mass from 73.5 74.0
sequence (kDa)
Software employed
Primary data reduction FOXTROT
Data processing FOXTROT, PRIMUS,
KALEIDAGRAPH
Ab initio analysis DAMMIN
Validation and averaging DAMAVER
Rigid-body modelling SASREF
Computation of model intensities CRYSOL

Three-dimensional graphical
representations

Discovery Studio Visualizer 3.0,
Swiss-PdbViewer

For SAXS measurements, the samples were appropriately
diluted by determining the concentrations from absorption
spectra using an 44 of 4100 M~ cm™" for lentil seedling
amine oxidase (LSAO) and an &496 of 6000 M tem™ for
E. characias amine oxidase (ELAO) (Floris et al, 1983;
Padiglia et al., 1998).

The monodispersity of the protein dimers was verified by
size-exclusion HPLC chromatography performed on a PE
Series 200 System (Perkin Elmer Life and Analytical Sciences,
Boston, Massachusetts, USA) using a Yarra SEC-4000 column
(Phenomenex Inc.) and allowed the presence of higher
aggregation states to be ruled out.

2.2. Polyacrylamide gel electrophoresis (PAGE)

Electrophoresis under nondenaturing conditions was
performed as described previously (Gabriel, 1971). The
protein band with AO activity was detected after the elec-
trophoretic run by staining the gel in 100 mM potassium
phosphate buffer pH 7.0 containing 100 pg peroxidase, 1 mg
benzidine and 1 mM putrescine.

SDS-PAGE was carried out according to Weber & Osborn
(1969). The protein samples for SDS-PAGE were heated at
100°C for 5 min in 10 mM Tris—HCI buffer pH 7.0 containing
1% SDS and 100 mM pB-mercaptoethanol. For SDS-PAGE
analysis the following molecular-weight standards were used:
phosphorylase b (97 kDa), bovine serum albumin (66 kDa),
ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydro-

genase (36 kDa), carbonic anhydrase (29 kDa) and trypsin-
ogen (24 kDa).

2.3. Spectroscopic analysis and enzyme assay

The UV-visible absorption spectra of the CAOs were
recorded at 25°C using an Ultrospec 2100 spectrophotometer
(Biochrom Ltd, Cambridge, England).

The CAO enzymatic activity was measured as previously
reported (Floris et al., 1983). Oxygen uptake was determined
with a Clark-type electrode coupled to a OXYG1 Hansatech
oxygraph (Hansatech Instruments Ltd, King’s Lynn,
England). The temperature of the reaction chamber was kept
at 37°C using a circulating water bath. The solution (1 ml)
containing the enzyme was maintained for 10 min with
constant stirring and the reaction was started by the addition
of the substrate (putrescine).

2.4. SAXS analysis

SAXS measurements were carried out on the SWING
beamline at the SOLEIL synchrotron-radiation facility, Saint-
Aubin, France. The two-dimensional detector was set up at a
distance of 1806.9 mm from the sample holder, allowing the
scattering intensity to be recorded in a momentum-transfer
range of 0.01 A~ < g < 0.60 A™' [¢ = (47/A)sin6, where 26
is the scattering angle and A is the wavelength of the mono-
chromatic beam). The sample holder was a quartz capillary
kept under vacuum at a temperature of 10°C. Absolute cali-
bration of the beam was performed according to standard
procedures using water as a primary standard (Mylonas &
Svergun, 2007).

The proteins (LSAO and ELAO) were analyzed in the same
buffer as used for purification (25 mM potassium phosphate
pH 7.0). 5mM DTT was added to the solution in order to
prevent radiation-damage effects. Each sample was measured
at three different concentrations: 0.5, 1.0 and 2.0 mg ml ™. As
shown in Supplementary Fig. S1', no aggregation or inter-
particle effects were observed in the curves of both proteins.
Thus, data analyses were performed using protein samples at
2.0 mg ml~'. For each acquisition, a total volume of 50 pl
solution was fluxed into the capillary and, after inspecting for
radiation damage, 25 frames (1 s each) were recorded and
averaged. Buffer signal was successively subtracted. All of
these steps were performed with the FOXTROT program
available at the SWING beamline workstation.

Data treatment was performed with PRIMUS (Konarev et
al.,2003), which contains different modules, including GNOM
(Svergun, 1992). The latter program allows the p(r) function to
be obtained, calculation of the radius of gyration in real space
and estimation of the maximum dimension of the particle
(Dmax)'

The ab initio structures of the proteins were obtained as
dummy-atom (DAM) models (Svergun, 1999; Svergun et al.,
2001; Volkov & Svergun, 2003) from the regularized curves
obtained from GNOM as follows. For each structure, ten

! Supporting information has been deposited in the IUCr electronic archive
(Reference: TZ5047).
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independent DAMMIN models were generated, averaged
(DAMAVER) and filtered (DAMFILT) to obtain a final
model representative of the protein envelopes.

The theoretical scattering curves from the crystal structures
were calculated with CRYSOL (Svergun et al., 1995) and fitted
against the experimental curves.

The movement simulation and modelling against solution
scattering data for the D3 domain was performed with
SASREF (Petoukhov & Svergun, 2005). At least three inde-
pendent refinements were conducted without observing any
spread of conformational space of the resulting models.

Three-dimensional structural images were built with
Discovery Studio Visualizer 3.0 (Accelrys Software Inc.) and
Swiss-PdbViewer (http://www.expasy.org/spdbv/; Guex &
Peitsch, 1997). Low/high-resolution structure superpositions

1 i
=12
N
“’s_ -14
0.1 - LY =16} 1 1
3 =
y | e
~ 'y y
= ! -2
S 0.01F \\ .
3‘ I".\ 22 00005 0001 00015 0.002
o RXN ¢ A
..:.‘_\-.-'\“A
0.001 Sy
§ - it} -
ﬂ*"""ﬁ""a"ﬁ‘mﬁubw A
e
0.0001 ‘ ‘ ‘ L ! ! !
0 005 01 015 02 025 03 035 04
q(A™)
(a)
0.00035 T T T T T T T
0.0003 - N s
I‘A__ \
1%
0.00025 - i %, -
o f,f i
< oo002}- F M 1
£ ¢ W
= ! i
"> 0.00015 | 4 .
= f i
[ "._\
0.0001 |- [ .
'._'.\ 1 J_.‘-'
5 N ey g
5% 107 EeEREEIN o0 ﬁm{'@
St h-’;‘tAf-ﬂ;',,%ﬁi“fh“iFrmﬂﬁ!iﬁ
0 | | 1 | | | |
0 005 01 015 02 025 03 035
g(A™
. (0
Figure 2

and NSD calculations were performed with SUPCOMB 2.0
(Kozin & Svergun, 2001).

2.5. Sequence analysis and homology modelling

Sequence alignments were performed with Clustal Omega
as available at http://www.uniprot.org (The UniProt Consor-
tium, 2012).

Three-dimensional model structures of LSAO and ELAO
were retrieved from the SWISS-MODEL Repository auto-
mated homology modelling database (Arnold et al., 2006;
Kiefer et al., 2009; Kopp & Schwede, 2004). For both the
LSAO sequence (UniProtKB ID P49252) and the ELAO
precursor sequence (UniProtKB ID Q9SW90) the server
identified the crystal structure of PSAO subunit B (PDB entry

2x10 6 T
/ BN
—6 / P '.\
1.5%10° )’ )\ -
15 R\
I.". '..}
- i )
=] : Y
< . -6 | 1: '\-_ -
§ 1x10 ) 5’
g J L]
; 3
I Y
Sx107 - F A -
¥ N
¥ ™,
l‘ .\.\‘-..
0 '/ L ! | | | :-"‘“""'t.
0 20 40 60 80 100 120
r(A)
()
40 T T T T
i
35 N fis EIE M
0 Lo B
B LR aetty
T R
=< ! l,. [ Ll ™
25k ’“s-||| AR
- 4 'iﬂ"li L / ||
E 20} ] 5*:""-..'!' %J ! -
- 1,30 ?\'ﬂ il
’i: ! n it ||I ! f\ d
S I5F 1! ;l? { -
Yo hHy
0 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01
g (A

@)

The scattering patterns (a) of LSAO (dotted line) and ELAO (dashed line) are rather superimposable on each other. From the Guinier region (inset),
radii of gyration of 36.8 £ 0.1 A for LSAO (crosses) and 35.5 £ 0.1 A for ELAO (open circles) were calculated. From the /(0)/c value, a molecular mass
of ~200 kDa was calculated for both enzymes. The p(r) functions (b) of the two proteins have similar shapes and are characterized by the same maximum
dimension (D) of the particle (120 A). The Kratky (¢) and Porod (d) plots indicate that both proteins are globular and suggest the presence of a more

movable region (see text for further details).
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1ksi, chain B; Kumar et al., 1996) as a template from a BLAST
(Altschul et al., 1990) search. The resulting sequence identity
with the template was 92% for LSAO and 90% for ELAO. As
the sequence identity was higher than 50%, the models were
calculated by the server in automated mode (model-quality
assessment was performed via ANOLEA and GROMOS)).

3. Results
3.1. Enzyme purification and activity assay

Purified LSAO and ELAO were tested for homogeneity
and monodispersity by PAGE. Only one protein band with
enzymatic activity was detected by PAGE either under non-

VTPLHVQHPLDPLTKEEFLA--VQTIVONKYPISN-NRLAFHYIGLDDPEKDHVLRYETH
FTPLHTQHPLDPITKEEFLA--VQTIVONKYPISN-NKLAFHYIGVDDPEKDLVLKYETS
VTPLHTQHPLDPLTKEEFLAHIVQTIVONKYPISNNNKLAFHYIGVDDPEKDLVLKYETS
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Figure 3
Sequence alignment of PSAO, LSAO and ELAO. Yellow, the consensus se
post-translationally modified Tyr residue (TPQ). Green, the three histidine

the Cu®" ion in the active site. Red, the Lys296 residue that is supposed to belong to the active site
by forming a hydrogen bond to the phenolic group of TPQ (Kumar et al., 1996).

denaturing conditions or by SDS-PAGE in the presence of
B-mercaptoethanol (Figs. 1a and 1b), confirming the absence
of any polydispersity (i.e. aggregation) of the analysed protein
samples. The purified AOs showed a k. using putrescine as
substrate that was typical of highly purified enzymes (LSAO,
k.=155s"", ELAO, k. =23s™").

3.2. Spectroscopic features

Owing to the presence of TPQ, the oxidized forms of CAOs
show a distinctive pink colour with peaks in the visible region
at 498 nm for LSAO (g495 = 4100 Mt cm’l) and at 496 nm for
ELAO (£406 = 6000 M~' cm™") (Figs. 1c and 1d). Any differ-
ence in the enzyme structures can be attributed to these
regions of the spectra. In Fig. 1, the
absence of shoulders in these peaks for

57 Q43077 PSRO
57 P49252 LSAO both LSAO and ELAO is an unambig-
60 Q9SWI0 ELRO uous indication of a purified and fully

functional enzyme (Medda et al., 1995).
111 Q43077 PSRO
111 P49252 LSRO
116 Q9SWI0 ELAO 3.3. Structural parameters of LSAO and
ELAO
171 Q43077 PSRO : o
191 LdAsEs Tepa ]?ata collection and scattering
176 Q9SWI0 ELAO derived parameters for the analysed
LSAO and ELAO samples are reported
231 043077 PSAO in Table 1, according to the publication
231 P49252 LSARO  oyjdelines recently suggested by
236 Q9SWI0 ELAO
Jacques et al. (2012).
The scattering patterns of LSAO and
291 Q43077 PSAO . .
291 P49252 LSAO ELAO are very similar, as shown in
296 ©9swo0 ELAC  Fig. 2(a). Analysis of the Guinier region
(inset in Fig. 2a) gave radii of gyration
351 043077 PSAO of 36.8 &+ 0.1 A for LSAO and 35.5 £+
351 P49252 LSRO A
356 EoEWSD ELRG 0.1 A for ELAO. A molecular mass of
~200 kDa was calculated from /(0)/c for
both proteins; this value is 2.72 and
411 Q43077 PSAO ; . .
411 P49252 LSAO 2.70 times higher with respect to those
416 Q9swW90 ELAC  calculated for the amino-acid sequences
of the LSAO and ELAO monomers,
471 Q43077 PSRO respectively. These values appear to be
471 P49252 LSAO it table f dimeri tei
476 ooswoo mlao  quite acceptable for a dimeric protein.
However, molecular-mass estimation
531 043077 psao  irom I((.))/.c is never very accurat.e
531 P49252 LSAO because it is affected by several physi-
536 Q9SWS0 ELAO  cochemical parameters, including the
determination of the partial specific
591 Q43077 PSARC  yolume of the protein, the solvent
591 P49252 LSRO . o
596 Q9SW9I0 ELAO electron density, the contribution of the
shell of hydration of the protein to the
649 043077 PSRO overall scattering and the exact deter-

649
653

P49252 LSAO
Q98W90 ELAO

mination of the protein concentration
(Mylonas & Svergun, 2007); last but not
least, it is affected by protein flexibility.

Both proteins show very similar p(r)
functions with a bell-like shaped curve
and the same value for the maximum
diameter (D, = 120 z&) as estimated

quence containing the
residues coordinating
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Figure 4

Three-dimensional homology models for (a) LSAO (blue) and (b) ELAO (green) monomers retrieved from the SWISS-MODEL Repository and
compared with the crystal structure of the PSAO 1ksi chain B monomer template (c) (orange). In the two models, the outlined short red stretches
correspond to spatial regions that are non-overlapping with the regions of the template structure.
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Figure 5

Best fit of the experimental scattering patterns of LSAO (a) and ELAO
(b) to the theoretical pattern calculated from the crystal structure
coordinates of PSAO yields quite high x values (28.5 for LSAO and 29.7
for ELAO). Calculations were made with the CRYSOL program as
detailed in §2.

with GNOM (Svergun, 1992; Fig. 2b). The Kratky plots
(Fig. 2¢) for both enzymes clearly show that they have a
globular shape. The Porod plots (Fig. 2d) seem to confirm
this interpretation; in fact, after reaching a plateau at ¢* <
0.002 A™* the presence of folded protein is clearly indicated;
at ¢* > 0.002 A~ the plot instead increases monotonically,
suggesting the presence of a more mobile region of the protein
(Fig. 2d). Interestingly, the Porod volume estimates are
282090 and 235 860 A> for LSAO and ELAO, respectively,
corresponding to molecular masses of ~166 and 139 kDa,
values that are more consistent with dimers than those derived
from 1(0)/c (Porod volume/1.7 >~ molecular mass; Fischer et al.,
2010).

3.4. Comparison with the available crystal structure

Crystal structures of these two CAOs are not yet available.
For both proteins, we have built a three-dimensional structure
by homology modelling using the crystal structure of
P. sativum CAO (PDB entry 1ksi; Kumar et al, 1996) as a
template. The sequence alignment (Fig. 3) indicates that the
three enzymes share ~86% sequence identity (569 residues in
identical positions; 43 positions with similar residues).

As shown in Fig. 4, the monomeric subunits of both proteins
were essentially superimposable on the pea enzyme monomer.
For ELAO only seven short regions are not perfectly super-
posed with the template: Lys39-Val47, Asn59-Asn60,
Aspl110-Thr112, Alal29-Argl33, Ile140-Glul42, Gly414-
Tyr416 and Ser648-Asn654. For LSAO only a short three-
residue region (Gly403-Tyr405, corresponding to Gly414—
Tyr416 in ELAO) does not fit the crystal structure of PSAQO.
Notably, the tyrosine residue of the conserved Gly-Asn-Tyr
sequence belongs to the TPQ region, but the crystal structure
used as the template is in the energetically unlikely ‘on-
copper’ conformation. Therefore, it could be anticipated that
the coordinates of the models resulted in slight differences in
this region.
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Since the monomeric structures of LSAO and ELAO were
very similar, in our first analysis step we evaluated the
compatibility of the SAXS data (and of the derived low-
resolution DAM structures) for both proteins with the crystal
structure of the PSAO homodimer.

The experimental curves matched quite nicely with the
theoretical curve expected from the crystal structure of PSAO
(Fig. 5), although the x values were somewhat high: 28.5 for
LSAO and 29.7 for ELAO, respectively. The most remarkable
difference between the theoretical and the experimental
scattering patterns resided in the depth of the first minimum
for g values around 0.12 AL

The filtered ab initio DAM models for the solution struc-
tures of LSAO and ELAO both superimpose quite well on the
crystal structure of PSAO (Fig. 6). However, the distances
calculated with SUPCOMB 2.0 from the high-resolution
structure are NSD = 1.613 for LSAO and NSD = 1.461 for
ELAO. These values may be indicative of the presence of a
conformational change of the protein in solution, as the ten
independent calculations of the DAMMIN models are very
stable (i.e. NSD = 0.522 £ 0.009 for LSAO and 0.539 £ 0.009
for ELAO). Furthermore, in Fig. 6 it can be noted that for
both proteins the D3 domain (highlighted in red) of each
subunit does not perfectly fit into the overall shape of the
model.

Since the theoretical curve of the crystal structure of PSAO
did not perfectly match the experimental curves of LSAO
and ELAO, we built a model of these two proteins using
the homology models obtained for the subunits. This was
performed by superposing the homology models of LSAO
and ELAO monomers onto the two subunits of the dimeric
structure of PSAO (PDB entry 1ksi). We then fitted the
experimental SAXS curves to the theoretical curves of these
models using CRYSOL. When using the homology models,

Figure 6
Two different orthogonal projections of the DAM models of LSAO (left) and ELAO (right) superposed on
the crystal structure of dimeric PSAO. In the crystal structure, the D2 and D4 domains are shown in orange
and the D3 domain is shown in red.

the comparison of experimental versus theoretical curves
(Supplementary Fig. S2), with a x value of 29.5 for both
proteins, indicated that the analysis did not significantly
improve with respect to the PSAO crystal structure (for LSAO
it even became worse).

3.5. Domain mobility of ELAO and LSAO

As previously mentioned, comparison of the theoretical
scattering pattern of the crystal structure of PSAO with the
experimental patterns of ELAO and LSAO (Figs. Sa and 5b)
shows that for both proteins the two curves display noticeable
differences, beyond any experimental or computing error,
most remarkably in the small-angle region and around the first
subsidiary minimum and maximum. In particular, the first
minimum and maximum of the calculated pattern are much
sharper than the experimental minimum and maximum, the
minimum is shifted towards smaller g values and the oscilla-
tions observed in the g range 0.025-0.035 A" are different
in the experimental pattern. Taking into account the twofold
symmetry of the molecule, the experimentally observed
weaker modulation suggests that in solution there is some
departure from the symmetry observed in the crystal structure.
In the same direction, the shapes of the Kratky and Porod
plots (Figs. 2¢ and 2d) also do not rule out the presence of a
region exploring a certain conformational space, in particular
through rigid-body movement of a domain around flexible
linkers.

Moreover, for both proteins under study it can be noted
that the a-helices belonging to the D3 domain of the crystal
structure do not overlap with a high electron-density region of
the DAM models (Fig. 6).

Thus, we ascertained whether a slight domain movement
was allowed in the structures in solution using SASREF (see
§2). We performed a positional
refinement of the D3 domains
(residues 106-204) with respect to
the D2 (residues 6-96) and D4
(residues 205-676) domains in the
1ksi crystal structure in order to
find the best fit against the
experimental scattering patterns
of LSAO and ELAO in solution.
In order to ensure a small
conformational change, a contact
condition file has been intro-
duced, with the limitation that in
both monomers the distance
between the C-terminal residue
(Vall05) of the D2 domain and
the N-terminal amino acid
(Asp106) of the D3 domain did
not exceed 7 A.

Such a constraint takes into
account that the D2 and D3
domains are linked by a relatively
short loop consisting of ten
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Table 2
Fitting parameters of the crystal structure of PSAO before and after D3
domain movement against experimental data.

X valuet NSD#

ELAO LSAO ELAO LSAO
1ksi 29.7 28.5 1.461 1.613
1ksi after D3 domain movement 6.1 122 0.913 0.93

t Calculated from scattering curves with CRYSOL. % Calculated with SUPCOMB
between low-resolution DAM models and high-resolution crystal structures.
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Figure 7

Superposition of the experimental scattering pattern of ELAO (grey) on
the theoretical pattern (black) obtained after positional refinement of the
D3 domain on the crystal structure lksi. Domain movement has been
obtained as a roto-translation of the D3 domain with a maximum 5 A
distance constraint between amino acids 105 and 106. The y value of the
fitting is 6.02.

residues (Asn96-Vall05). On the other hand, the D3 and
D4 domains are linked by a long region (spanning Asp193-
Phe231), where the only structural motif present is the so-
called ‘loop X’ consisting of three residues (Thr222, Ser223
and His224; Kumar et al., 1996). In the PSAO crystal structure,
loop X interacts in an antiparallel manner with the corre-
sponding loop of the other subunit. Thus, we performed a
positional refinement of the D3 domain taking into account
that this region could undergo a large movement without
substantially altering the overall conformation of the protein.
The resulting structures were found to fit the experimental
scattering patterns of LSAO and ELAO in solution much
better (see Table 2), implying, in the case of ELAO, an 80%
improvement of the quality of the fit with respect to the
original coordinates (see Table 2 and Fig. 7). Moreover, the
structures obtained by the D3 positional refinement super-
posed better on the DAM models (see Table 2), as shown in
Fig. 8 for ELAO. Thus, the movement of the D3 domain
yielded a significant fitting improvement of the SAXS scat-
tering pattern for the proteins in solution. However, we have
to take into account that the resolution of the SAXS data and
the data treatment only allow it to be concluded that the
proteins are not tightly packed as in the crystal structure and,

Figure 8

The crystal structure of PSAO (orange) after positional refinement of the
D3 domain (red) with SASREF strongly indicates that D3 domain
movement is occurring in solution.

incidentally, the models are compatible with an average
solution conformation in which D3 domains can move.

4. Discussion

In this study, we demonstrate that the experimental SAXS
patterns of ELAO and LSAO show clear differences
compared with the theoretical scattering pattern of the crystal
structure of PSAO.

This discrepancy could not be ascribed to aberrations owing
to the polydispersity of the two protein samples, as these were
checked for purity and monodispersity by native PAGE and
SDS-PAGE (Fig. 1) and by size-exclusion HPLC chromato-
graphy (data not shown). Moreover, the stability of the
Guinier region at three different sample concentrations (see
Supplementary Fig. S1) supported the absence of aggregation
and/or interparticle interactions. In this context, the impor-
tance of excluding any polydispersity in the assessment of the
reliability of ab initio models should be noted (Dainese et al.,
2005; Putnam et al., 2007; Hammel, 2012).

For both ELAO and LSAO, the molecular envelopes of the
ab initio models show an overall conformation that is slightly

2108

Dainese et al. + Conformational changes in copper-quinoproteins

Acta Cryst. (2014). D70, 2101-2110



research papers

different from that of the crystal structure. In particular, the
molecular envelopes suggest that the regions corresponding to
the D3 domains are more movable or could change confor-
mation in solution in comparison to the crystal structure
(Fig. 6). The observed structural differences could not be
ascribed to the ab initio modelling procedure. Indeed, as
previously demonstrated by others (Meirelles et al., 2011;
Trindade et al., 2009), in the analysis of ab initio models from
a single SAXS curve of a multidomain protein the results
obtained using different programs, such as GASBOR
(Svergun et al, 2001) or BUNCH (Petoukhov & Svergun,
2005), lead to similar envelopes. On the other hand, this is not
quite unexpected because these models are not sensitive to
the flexibility of the parts of the protein after the averaging
with the DAMAVER suite. Thus, the averaged model from
BUNCH models looks like a GASBOR or DAMMIN model.

Differences between the crystal structure and the confor-
mation in solution of multi-domain proteins have previously
been reported and have been attributed to the effect of
packing forces in the crystal (Grossmann et al., 1992; Vachette
et al., 2002).

The first crystal structures of copper amine oxidases from
Escherichia coli (ECAO; Parsons et al, 1995) and PSAO
(Kumar et al., 1996) failed to reveal an accessible portal for the
entry of amine substrates into the active site. This led to the
initial hypothesis that large domain movements would be
required to allow the entry of substrates into and exit of
products from the active sites (Kumar et al., 1996; Parsons et

al., 1995). The high-resolution structures of other AOs clearly
revealed that TPQ is located at the bottom of a funnel-shaped
cavity between domains D3 and D4. The opening of the cavity
of one subunit is partially hindered by the end of one hairpin
from the other subunit, again suggesting some sort of
communication between the two active sites.

Here, we demonstrate that a roto-translation of the D3
domain strongly improves the fitting of the SAXS data,
suggesting that this region in both the ELAO and LSAO
enzymes could undergo remarkable movement without
substantially altering the overall structure of the protein. Thus,
our data indicate that owing to the presence of crystal-packing
forces that lead to a tighter domain interaction, the funnel-
shaped cavity located between the D3 and D4 domains could
be narrower within the crystal structure. The D3 domain could
have a higher mobility in solution, leading to a more accessible
portal for substrate entry.

It must be noticed that the X-ray structures of AOs from
plants clearly show that the D3 domain is connected to the
larger D4 domain through a long partially disordered region
of the protein. Thus, the end of the D3 domain and the
beginning of the D4 domain are about 50 A apart. Such a
flexible stretch runs over the protein surface and could be
responsible for the conformational change that leads to the
opening of the funnel-shaped cavity (Fig. 9). The X-ray
structure of the human VAP-1 enzyme obtained from two
independent studies (Airenne et al., 2005; Jakobsson et al.,
2005) clearly confirmed the presence of a structural topology

Figure 9
The crystal structure of PSAO after positional refinement of the D3 domain (b) shows the active-site residues (ball-and-stick representation) more
exposed to the solvent, while in the original crystal structure (a) these residues are buried and not accessible.
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similar to that of other AOs, made up of domains D2, D3 and
D4 assembled in a heart-shaped dimer. In both structures, the
D3 domain shares the same conserved core as the D2 domain,
but has one additional g-strand and two additional a-helices.
Interestingly, in the human VAP-1 enzyme the linker between
the D3 domain and the larger D4 domain also consists of a
long flexible region (residues 284-322) as observed in plant
enzymes (Airenne et al., 2005, Jakobsson et al., 2005). On the
basis of the present results, it is tempting to speculate that, as a
general feature, CAOs require a domain movement that opens
the gate of the active-site channel for substrate entry and
product exit.
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