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The relationships between the structural and ener-

getic domains of lentil seedling amine oxidase (LSAO)

were investigated using modifiers that target the active

site and the carbohydrate moiety of the enzyme. An

irreversible inhibitor, aminoguanidine, specifically mod-

ified the active site of the lentil enzyme, whereas sodium

metaperiodate cleaves carbohydrate moieties covalently

bound to the native enzyme. Differential scanning cal-

orimetry (DSC) measurements were made on the modi-

fied LSAOs. Deconvolution of the reversible thermal

DSC profiles of the modified enzyme gave three sub-

peaks (energetic domains), each of which was assigned

to one of the three structural domains of the native pro-

tein. Our results led us to conclude that deglycosylation

of LSAO has no effect on thermal stability, whereas

binding of the inhibitor imparts more stability to the

enzyme.
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Copper/TPQ amine oxidases (AOs) (amine oxygen
oxidoreductase deaminating copper/TPQ-containing;
EC 1.4.3.6) catalyze the oxidation of primary amines
with the formation of the corresponding aldehyde, am-
monia, and hydrogen peroxide. Plant amine oxidases are

soluble dimeric enzymes in which each subunit (about
70 kDa) contains one tightly bound Cu (II) and one
tyrosine-derived 6-hydroxydopa quinone (TPQ) as co-
factors.1,2) The crystal structure of pea seedling amine
oxidase (PSAO) (PDB code 1KSI) is known.3) This en-
zyme shows two structurally identical subunits, each
composed of three domains, called D2, D3, and D4.
Moreover, the protein shows four potential glycosylation
sites: Asn131 belongs to domain D3, Asn334 and Asn558
to domain D4, and Asn364 to one of the arms of the other
subunit. All four sites are located on the surface of
the enzyme molecule, so that neither deglycosylation
nor mutagenesis of the asparagine residues disrupts the
structure.3) Based on electron-density maps, it is pro-
bable that three of the four Asn residues have bound
sugars.3) Due to the strict similarity in amino acid se-
quence (about 91%), pea4) and lentil5) amine oxidases
can be considered to have almost identical structures.
Therefore, LSAO may be considered to have three
structural domains (D2, D3, and D4) in each subunit of
the enzyme. Previous studies showed that LSAO has
three energetic domains2,6) that may belong to the
structural domains.
In the present study, the relationship between the

energetic and structural domains of LSAO was studied
using chemical modified enzymes. The enthalpy (�Hcal)
and melting temperature (Tm) values of the domains
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were determined via deconvolution of reversible thermal
profile of modified enzyme by Scal-2 software of
differential scanning calorimetry (DSC).

Materials and Methods

Materials. 1,4-Diaminobutane dihydrochloride (pu-
trescine), aminoguanidine, sodium metaperiodate, horse-
radish peroxidase, and concanavalin A-Sepharose 4B
were purchased from Sigma (St. Louise, MO). Amine
oxidase from lentil (Lens esculenta) seedlings was
purified as described previously.7) A value of 2:45�
105 M�1 cm�1 for "278, the molar absorption coefficient
of the purified enzyme (2 copper ions and a molecular
mass of 150 kDa) was used to estimate enzyme concen-
tration.7) All other chemicals were of analytical grade
and were commercial products.

Spectroscopic methods. Absorption spectra were
recorded with a Shimadzu Model 3100 spectrophotom-
eter (Kyoto, Japan) equipped with thermostated cell
jackets and the temperature was maintained with a
Haake model D8 circulating bath (Haake, Tokyo).

Enzyme assay. LSAO activity was measured, in the
presence of putrescine as substrate, by following the
change in absorbance at 436 nm due to guaiacol oxi-
dation in the presence of horseradish peroxidase. The
complete reaction mixture (1ml) contained 100mM po-
tassium phosphate buffer (pH 7.0), 13mM putrescine as
substrate, 0.1U/ml horseradish peroxidase, and 0.5mM

guaiacol. Enzyme activity was determined as the mean
of at least three different measurements.

Calorimetric measurements. Differential scanning
calorimetric measurements of native and modified
LSAO (6.7 mM) were carried out in an ultra-sensitive
Scal-1 microcalorimeter (Moscow, Russia) with a 0.328
ml cell at a heating rate of 1K/min. This heating rate
was found to provide adequate time for equilibration.
For each experiment, the buffer baseline was subtracted
and the data were normalized with respect to protein
concentration. To prevent a possible degassing of the
solution during the heating process, the pressure was
maintained at 2 atm during all DSC runs. Reversibility
of unfolding was checked routinely by stopping the
heating immediately after passing the heat absorption
peak and re-heating the sample upon cooling.8)

Using the procedure of Privalov and Potekhin,9) a
deconvolution analysis of the reversible system was
carried out with the help of software (Scal-2). This
software enabled us to deconvolute Cp

ex (excess Cp)
profile to a number of subpeaks, viz., the energetic
domains that contributed to the observed DSC profile. It
was assumed that unfolding of each domain proceeds
independently. It should be noted that the best fitting
error was selected as the best deconvolution, which is
less than 0.5% in this study.

The calorimetric denaturation enthalpy (�Hcal, calcu-
lated from the area under each calorimetric peak) and
partial molar heat capacity (�Cp) of the native6) and
modified proteins were determined according to the
method of Privalov and Potekhin.8) Tm is the transition
temperature at Cp,max, and it is a criterion of protein
stability.

Chemical modifications of LSAO.
Modification of TPQ. Aminoguanidine was used to

inhibit LSAO irreversibly by the procedure described
earlier.10) Briefly, 6.7 mM LSAO was incubated with 133
mM aminoguanidine in 100mM potassium phosphate,
pH 7.0, at 25 �C for 30min to obtain complete inhib-
ition. The inhibited sample was dialyzed against potas-
sium phosphate buffer at 4 �C. The irreversibly inhibited
LSAO was used in calorimetric measurements.
Modification of LSAO carbohydrate moiety by period-

ate. We used various periodate concentrations within a
ranges of 0.005–0.1 M11) to avoid undesired reactions
and to determine a suitable periodate concentration.
LSAO 6.7 mM in one ml aliquot, 100mM potassium
phosphate buffer, pH 7.0, was incubated with various
concentrations of sodium metaperiodate on ice in the
dark for 2 h.12) These mixtures were dialyzed against the
buffer for 12 h at 4 �C to remove free periodate and side
products.
In order to separate deglycosylated LSAO, 300 ml of

concanavalin A-Sepharose was added to 750 ml of each
periodate-treated LSAO solution, equilibrated in 100mM

potassium phosphate buffer, pH 7.0, and incubated for
60min at 25 �C.13,14) The resin was then precipitated by
microfuge and the supernatant was used in enzymatic
assays and DSC experiments.

Results

Calorimetric measurements
Figure 1 shows the Cp

ex of the aminoguanidine-in-
hibited LSAO. One peak was observed to have a max-
imum at 69 �C. We observed that the reheating DSC pro-
files of native and modified LSAO had the same Tm,
with less than 20% decrease in calorimetric enthalpy.
The DSC profile was independent of LSAO concen-
tration in a range of 0.5–6mg/ml. Deconvolution of
the excess molar heat capacity revealed three subpeaks
(transitions I–III; Fig. 1). The values of �Hcal and Tm
for the subpeaks are given in Table 1 and are compared
to those reported for native LSAO.6)

Deconvolution of an excess molar heat capacity of
sugar-modified LSAO revealed three subpeaks denoted
I, II, and III (Fig. 2). The values of �Hcal and Tm for the
subpeaks are tabulated in Table 1.

Effect of periodate on LSAO activity
In order to remove carbohydrates, LSAO was exposed

to different concentrations of periodate (see ‘‘Materials
and Methods’’). Concanavalin A-Sepharose was added
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to the mixtures and the activity of the enzyme was
measured in the supernatant. Figure 3 shows the relative
activity of sugar-modified LSAO before and after
adsorption on Concanavalin A-Sepharose. All the
reported activities are relative to initial sample (non-
modified and non-adsorbed on resin) activity.

Discussion

Given the 91% amino acid sequence identity between
PSAO and LSAO, a PDB file of LSAO was made using
Swiss model tools at the Expasy site.15–17) The results
showed that the overall structure and domains in LSAO
and PSAO are similar. Based on this prediction, the

amino acid ranges for the LSAO domains were as
follows: D2 23–114; D3 120–217; and D4 236–660.
Simulation showed that most of the interactions between
the two subunits occurred at the interface between the
two beta-sandwich domains D4 of LSAO, which is
similar to PSAO structure.3)

In this study the thermodynamic parameters, Tm, and
�Hcal of LSAO were obtained using DSC at various
concentrations (0.5–6mg/ml). Our experiments showed
that in LSAO, Tm and �H of the DSC profile are
independent of the protein concentration. Based on
reports of Takahashi and Sturtevant18) and Kurganov et
al.19) The independence of thermal parameters from
protein concentration shows that oligomerization does
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Fig. 1. The Best Fit Obtained by Deconvolution of the Thermogram for Active Site-Inhibited LSAO by Aminoguanidine in Two-State Transitions.

The dotted line is related to Cp
ex, obtained from DSC. The thick line shows the fitted curve using a three-domain model of a protein

undergoing reversible denaturation. The domains are shown by thin lines I, II, and III.

Table 1. Thermodynamic Parameters of Two-State Transitions Obtained by Deconvolution of Active Site-Inhibited and Deglycosylated LSAO

from Figs. 1 and 2 and Compared with Native LSAO

Subpeak I II III

�H(kJ/mol) LSAOa (Native enzyme) 388:0� 3:9 667:0� 6:7 879:0� 8:8

Aminoguanidine-inhibited LSAO 361:0� 1:8 547:0� 2:7 725:0� 3:6

Sugar-modified LSAO 379:8� 1:9 641:5� 3:2 863:6� 4:3

Tm (�C) LSAOa (Native enzyme) 61:88� 0:31 64:28� 0:32 66:08� 0:33

Aminoguanidine-inhibited LSAO 62:00� 0:31 66:00� 0:33 70:00� 0:35

Sugar-modified LSAO 61:50� 0:30 63:10� 0:32 66:00� 0:33

aData taken directly from reference 6.
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not contribute to the thermal unfolding process. So in the
thermal denaturation of LSAO dissociation to monomers
does not play any role. In addition, a cysteine is located
two residues before the c-terminal of amine oxidases,
which are not detectable by free cysteine reagents. The

lack of detectable free cysteine would be rationalized by
the formation of an inter-subunit disulfide bond between
two subunits.3) This disulfide bond can link to an
unfolded monomer as a hinge to conserve the unfolded
state of LSAO in dimeric form.

Active site modification by aminoguanidine
A chemical modification of the active site can induce

structural changes. However, irreversible inhibitors are
the best choice for this purpose because they are struc-
turally similar to the substrate and form covalent bonds
to the enzyme. Here we used the irreversible inhibitor
aminoguanidine to modify the LSAO active site, and the
effects of this modification on the energetic domains
(subpeaks) of the enzyme were examined by DSC. The
aminoguanidine-inhibited LSAO showed one major
reversible peak, which on deconvolution gave three
subpeaks (Fig. 1). Inhibitor binding raises the stability
of LSAO in terms of Tm. The Tm values were 69 �C
(Fig. 1) and 65 �C6) for the inhibited and native enzymes
respectively. It has been found that binding of the sub-
strate to the enzyme leads to an increase in the stability
of the protein.20) Table 1 shows the effect of amino-
guanidine binding on the enthalpies of the subpeaks. A
comparison of the enthalpies of subpeaks I, II, and III for
the inhibited enzyme with those of the native enzyme
shows a decrease in the enthalpy of denaturation by 27,
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Fig. 2. The Best Fit Obtained by Deconvolution of the Thermogram for Sugar-Modified LSAO in Two-State Transitions (see thick line).

The thin lines are related to different subpeaks, as shown by I, II, and III. The dotted line indicates Cp
ex directly obtained from DSC.
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Adsorption to Concanavalin A-Sepharose of Carbohydrate-Contain-

ing LSAO Molecules.

Solid curves indicate order-two trend lines. For more details see

‘‘Materials and Methods.’’
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120, and 154 kJ�mol�1 respectively, but the highest
decrement in �Hcal corresponded to subpeak III. Since
the largest change in Tm for subpeak III (4 �C) was ac-
companied by the highest enthalpy change, a probable
conclusion is that this subpeak (energetic domain) be-
longs to structural domain D4, containing the active site.
The results show that the stability of domain D4 in-
creases considerably by inhibitor binding, whereas
�Hcal and Tm of subpeaks I and II remained almost
constant or less changed.

AS is seen in Table 1, the stability of subpeak II also
increased slightly. One possible explanation for this is
that subpeak II corresponds to the D3 domain, which has
been found to interact with D4.3) Since no interaction
between the D2 domain and other domains has been
observed, the binding of the inhibitor is unlikely to have
any effect on the D2 domain. As it is seen in Table 1,
there was no effect of inhibitor binding on Tm or �Hm of
the subpeak I. It may be concluded that subpeak I
corresponds to the D2 domain.

Modification of the carbohydrate moiety
Amine oxidases are classified as glycoproteins with

carbohydrate content, from 11% in mammalian AOs21)

to 3–14% in plant AOs.22) Crystallographic data show
that PSAO has four potential glycosylation sites (Asn131,
Asn334, Asn364, and Asn558).

3) Using structural homol-
ogy to PSAO structure, it is assumed that LSAO also has
four glycosylation sites, one located in the D3 domain
(Asn130), and two others in the D4 domain (Asn334 and
Asn558).

3)

Various experimental methods were used to modify or
remove the carbohydrate moiety of glycoproteins.23–27)

One uses periodate oxidation for cleavage of the sugar
units or for sugar characterization.11) A molecule con-
taining free neighboring hydroxyl groups (such as the
carbohydrate moiety of glycoproteins) is readily cleaved
by periodate. The oxidation of substances with vicinal
hydroxyl groups by periodic acid is as follows:
HOCH2{(CHOH)n{CH2OHþ (nþ 1) HIO4

! 2 HCHOþ nHCOOHþ H2Oþ (nþ 1) HIO3

In this study, we used the above method to modify or
remove the carbohydrate of LSAO.

As Fig. 3 shows, deglycosylation of LSAO led to a
decrease in enzyme activity, indicating that the carbo-
hydrate moieties played a role in enzyme activity.
Furthermore the enzyme activity in the supernatant rose
with increasing periodate concentrations after concana-
valin A-Sepharose treatment. This means that by in-
creasing the periodate concentrations up to 4mM, LSAO
molecules are deglycosylated and come into the super-
natant, since concanavalin A-sepharose can bind to a
protein having even one sugar.12)

Based on crystallographic structure, Kumar et al.3)

suggested that deglycosylation or mutagenesis of aspar-
agine residues is unlikely to disrupt the structure. Since
all four sites are located on the surface of the PSAO, it
was proposed that the carbohydrate attachment has no

effect on the structural stability of the protein.3) Our
results are in agreement with this suggestion, because
Tm and �Hm of the deglycosylated and native enzyme
were nearly similar (see Table 1).

Conclusion

From the results obtained we can conclude that
subpeaks (energetic domains) I, II, and III observed in
the DSC profile correspond to the D2, D3, and D4

structural domains respectively, and that deglycosyla-
tion of LSAO has no effect on the thermal stability of
the molecule.
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