
International Journal of Biological Macromolecules 168 (2021) 350–355

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i j b iomac
Colorado potato beetle alpha-amylase: Purification, action pattern and
subsite mapping for exploration of active centre
Csaba Hámori a, Judit Remenyik b, Lili Kandra a, Gyöngyi Gyémánt a,⁎
a Department of Inorganic and Analytical Chemistry, Faculty of Sciences and Technology, University of Debrecen, H-4032 Debrecen, Hungary
b Institute of Food Technology, Faculty of Agricultural and Food Sciences and Environmental Management, University of Debrecen, H-4032 Debrecen, Hungary
Abbreviations: BCF, bond cleavage frequency; BLA, Ba
CNP, 2-chloro-4-nitrophenyl; CPB, Colorado potato beetle
phenyl 4-O-β-D-galactopyranosyl-α-maltoside; Gn, malto
ber of glucose unit; HPLC-DAD, high performance liqui
array detector; HSA, human salivary α-amylase; LdAmy
amylase; PPA, porcine pancreatic α-amylase; SUMA, SUb
ware; TMA, Tenebrio molitor α-amylase.
⁎ Corresponding author at: University of Debrecen,

Analytical Chemistry, P.O. Box 400, Egyetem tér 1., Debrec
E-mail address: gyemant@science.unideb.hu (G. Gyém

https://doi.org/10.1016/j.ijbiomac.2020.12.071
0141-8130/© 2020 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 29 September 2020
Received in revised form 29 October 2020
Accepted 8 December 2020
Available online 11 December 2020

Keywords:
Insect α-amylase
Bond cleavage frequency
Subsite structure
Colorado potato beetle is an invasive insect herbivore and one of themost challenging agricultural pests globally.
This study is the first characterization of the active centre of Colorado potato beetle (Leptinotarsa decemlineata)
α-amylase (LdAmy). Bond cleavage frequency values for LdAmy were determined by HPLC product analysis
on a chromophore labelled maltooligomer substrate series. Binding energies between amino acid moieties of
subsites and glucose residues of substrate were calculated. Active site contains six subsites in the binding region
of LdAmy; four glycone- (−4, −3, −2, −1) and two aglycone-binding sites (+1, +2). Subsite map calculation
resulted in apparent binding energies −11.8 and − 11.0 kJ/mol for subsites (+2) and (−3), respectively,
which revealed very favorable interactions at these positions. Structures of binding sites of LdAmy and mamma-
lian α-amylases show similarity, but there are variations in the binding energies at subsite (−2) and (−4). Dif-
ferences were interpreted by comparison of amino acid sequences of human salivary α-amylase (HSA) and
porcine pancreatic α-amylase (PPA) and two insect (Leptinotarsa decemlineata and Tenebrio molitor) enzymes.
The observed substitution of positively charged His305 in HSA at subsite (−2) with an acidic Asp in LdAmy in
the same position may explain the obtained energy reduction.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In insects, the digestion of starch depends only on amylases and α-
glucosidases [1]. The sequences and some properties of α-amylases of
different insect order origins (Diptera, Coleoptera, Heteroptera and Hy-
menoptera) have already been described [2–7], but mainly the cereal-
eating insect α-amylases were studied [8,9]. The sole insect amylase
with a known 3D structure is Tenebrio molitor larva α-amylase (TMA)
(PDB: 1viw, 1clv, 1tmq, 1jae) [10] with a 50% sequence similarity to
mammalian amylases like porcine pancreatic α-amylase (PPA) and
human salivary α-amylase (HSA). α-Amylase enzymes (EC 3.2.1.1) be-
long to the GH13 family of glycoside hydrolyses according to a
sequence-based classification [11], and they are characterized by a (β/
α)8 barrel 3D structure with seven conserved regions. The active site
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of α-amylase family enzymes contains a strictly conserved triade of
acidic groups as catalytic residues: a Glu as proton donor, an Asp as cat-
alytic nucleophile, and an additional Asp involving in substrate binding
[12]. The substrate binding region of α-amylases consists of a tandem
array of subsites, where each subsite interacts with one glucose, the
monomer unit of starch substrate, according to the subsite model [13].
The quantification of binding energies belonging to subsites is referred
to as subsite mapping. Substrates bind productively if a susceptible
bond lies over the catalytic site, and the bond is cleaved. Endo-
carbohydrase enzymes, like α-amylases, can form more productive
binding modes, and the relative rate of the formation of each product
is called bond cleavage frequency (BCF). By using BCF data obtained
for a substrate series, it is possible to calculate the subsite binding en-
ergy for every subsite in the enzyme binding region with the exception
of the two subsites adjacent to the catalytic site, which are occupied in
every productive complex [14,15]. Subsite maps were evaluated earlier
in our research group for α-amylases of different origin such as PPA,
HSA, Bacillus licheniformis (BLA), and two barleyα-amylase isoenzymes
[16–19].

There has been an increased focus on the research of insect amy-
lases, and the properties of several insect amylases have been reported
since 2000 [20–25]We have recently studied and published the process
of carbohydrate digestion in the gut of Colorado potato beetle (CPB)
[26]. Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) is
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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an invasive herbivore insect and one of the most challenging agricul-
tural pests because it is able to adapt to a variety of solanaceous plants,
awide range of abiotic and biotic stresses, and variable climates. The an-
nual costs of ongoing management reach tens of millions of dollars due
to the global expansion of CPB and its ability to rapidly evolve resistance
to insecticides. L. decemlineata genome was published in 2018, and C
and N terminal parts of some GH13 proteins was recognized among
the 182 GH enzymes, but α-amylase sequence was not identified [27].
The gene (Acc. LOC111504815) encoding anα-amylase like protein (Se-
quence ID: XP_023015287.1) was found in Gene database at NCBI (Na-
tional Center for Biotechnology Information) using sequence of Tenebrio
molitor α-amylase as a template.

Despite the studies on α-amylases of insect origin in general and in
L. decemlineata in particular (reviewed above), there are a lack of data
relating to the subsite structure of the α-amylase, which enzyme is ac-
tive in the midgut of this insect. Considering the central role of α-
amylase in the carbohydrate digestion of CPB, themapping of the active
site should provide a rational basis for the development of new inhibitor
molecules with increased affinity for LdAmy [1–36].

Amylase inhibitors are found in the seeds of plants such as cereals
and legumes, but newpromising synthetic inhibitors are also constantly
developed [28,29]. CPB α-amylase was purified from the extract of in-
sect imago midgut using an effective affinity chromatographic step. Ac-
tion pattern on a chromophore containing maltooligomer substrate
series was determined by HPLC. Based on the obtained bond cleavage
frequency (BCF) data, subsite map calculation was carried out with
SUMA (SUbsite Mapping of Amylases) software developed by our re-
search group [30]. SUMA uses the experimentally determined BCFs for
the identification of the number of subsites, the position of the catalytic
site and for calculation of subsite binding energies.

2. Materials and methods

2.1. Enzyme purification

The preparation of LdAmywas published earlier [26]. Briefly, the di-
gestive tracts of L. decemlineata imagoeswere removed from the beetles
after their decapitation and cutting up their abdomen and thorax. The
prepared digestive tract was put into 500 μL physiological saline solu-
tion (0.9% NaCl, pH 6.5), vortexed then centrifuged for 5 min on
10,000g at 5 °C. The supernatants were collected and stored at −80 °C
until accomplishing activity measurements and further purification.
Since α- and β-glucosidase were also present in the extract [26], α-
amylase was purified from the contaminants by affinity chromatogra-
phy on a cross-linked starch gel. We used the method developed by
Kobayashi and his coworkers with some alterations [31]. The applied
starch stationary phase was prepared using 2 g water soluble starch
(Sigma-Aldrich, St. Louis, Missouri, USA), 1.2 mL 5 mM NaOH, 1.2 mL
distilled water and 0.8 mL epichlorohydrin (Sigma-Aldrich, St. Louis,
Missouri, USA). The reaction mixture was heated in a water bath at
90 °C for 10 min and incubated overnight. The solid product was
crushed in a mortar and washed with distilled water three times. The
pure starch gel was filled into a column, washed and equilibrated with
Fig. 1. Structure of α-amylase substrates. A) 2-Chloro-4-nitrophenyl 4-O-β-D-galactopyra
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40 mM acetate buffer (pH 5.2) containing 1 M ammonium sulphate.
The extract of beetle gut was added into the column. 1 mL of fractions
were collected, and the concentration of protein in each fractionwas de-
termined by spectrophotometry measuring absorbance at 280 nm
(Fig. S1). The columnwaswashedwith the starting buffer until reaching
a minimum of protein concentration. The α-amylase was recovered
from the column with 40 mM acetate buffer (pH 5.2) containing 10
mgmL−1 maltose. Enzyme activities in fractions were ascertained by
spectrophotometry at 400 nm applying the appropriate chromogenic
substrates: PNP-α- and β-D-glucopyranoside (Sigma-Aldrich, St. Louis,
Missouri, USA) and 2-chloro-4-nitrophenyl O-β-D-galactopyranosyl-
(1 → 4)-O-α-D-glucopyranosyl-(1 → 4)-α-D-glucopyranoside
(GalG2CNP Fig. 1A, SORACHIM S.A., Lausanne, Switzerland) for α- and
β-glucosidase and α-amylase, respectively. (Data of amylase activity
measurements are presented in the Supplementary material as
Fig. S1) Fractions showingα-amylase activity were combined then con-
centrated and washed with 50 mM 2-(N-morpholino)-ethanesulfonic
acid (MES) buffer pH 6.0 containing 5 mM Ca(OAc)2 and 51.5 mM
NaCl using 30 K centrifugal filter unit (Merck, Darmstadt, Germany) at
7000g. Neither α- nor β-glucosidase activity was detected in fractions
28–40.

2.2. Homogeneity of LdAmy

Purified LdAmy was analyzed using denaturing sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE).Discon-
tinuous polyacrylamide gel as a support medium consisted of 5% stack-
ing and 8% separation gel, and separation was performed as described
by Laemmli [32]. Molecular weight markers were obtained from
ProSieve QuadColor™ protein marker (molecular weight range
4.6 kDa–300 kDa, purchased from Lonza). Running buffer of the dena-
turing electrophoresis was 250mMTris-glycine buffer, pH 8.3, contain-
ing 1% SDS. The electrophoresis was carried out in MINI-PROTEAN II
electrophoretic unit (BIO-RAD). Protein bands were stained with
0.25%w/v Coomassie blue R-250. The SDS-PAGE gel image (Fig. S2) ver-
ify the homogeneity of LdAmy and resulted in ~55 kDa molecular
weight for the purified protein.

2.3. Measurement of enzyme activities

Kinetic experiments were carried out at 30 °C in 50 mM MES
(Sigma-Aldrich, St. Louis, Missouri, USA) buffer pH 6.0 containing
5 mM Ca(OAc)2 (Reanal, Budapest, Hungary), 51.5 mM NaCl (MOLAR,
Budapest, Hungary), and 152 mM NaN3 (Sigma-Aldrich, St. Louis,
Missouri, USA) using GalG2CNP as α-amylase substrate. This buffer
composition is optimal for exclusive aglycone cleavage by α-amylases
[33]. A 200 μL aliquots of 5 mM substrate and MES buffer of 290 μL
were mixed in a half-micro cuvette and incubated at 37 °C for 5 min.
The reaction was initiated by adding a 10 μL aliquot of enzyme solution
and continuous measurement of absorbance started immediately.
Kinetic curves of CNP (2-chloro-4-nitrophenyl) release were measured
continuously at 400 nm using the Parallel Kinetics Analysis program of
a JASCO V550 spectrophotometer (Jasco Corporation, Easton, MD,
nosyl-α-maltoside; B) 2-Chloro-4-nitrophenyl β-maltooligomers (CNPGn; n = 4–8).



Table 1
BCFs from the hydrolysis of maltooligomer substrates by LDAmy.

Substrate 2-Chloro-4-nitrophenyl glycoside products (mol/mol)

CNPG CNPG2 CNPG3 CNPG4

CNPG4 0.34 0.47 0.19
CNPG5 1.00
CNPG6 0.70 0.30
CNPG7 0.39 0.40 0.21
CNPG8 0.30 0.30 0.39
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USA). Progress curves were fitted using linear regression. All
experiments were repeated three or five times. Normalized ΔA min−1

values, proportional to initial rate, were considered to be enzyme
activities.

2.4. HPLC action pattern determination

Hydrolysis reaction in 1 mL solution of a 2-chloro-4-nitrophenyl β-
maltooligomer (100 μM) substrate (CNPGn, Fig. 1B) was initiated by
the addition of 5 μL purified LdAmy, and 5 μL samples were repeatedly
injected in every 20 min. Agilent 1260 Infinity II (Quaternary pump,
Vial sampler, Diode ArrayDetector) liquid chromatograph and a Venusil
AQ C18 column (4.6 × 150 mm, 3 μm, Agela) were used for each sepa-
ration. Isocratic elutionwas used for the separation of products applying
an eluent containing 18% (V/V) acetonitrile in water with a flow rate of
0.6 mL min−1. HPLC grade acetonitrile (VWR, France) and purified
water from a MilliQ system with ion-exchange and carbon filter
(Millipore, Bedford, MA, USA) were used for eluent. The temperature
of the column and vial sampler was maintained at 40 °C. Compounds
bearing chromophore aglyconewere detected by a diode array detector
at 302 nm (see a sample chromatogram as Fig. S3 in Supplementary
file). BCF values were calculated by dividing the peak area of each
productwith the sum of the product areas. Peak areas obtained for indi-
vidual oligosaccharides were converted into molar concentrations,
whichwere plotted as a function of reaction time to obtain the progress
curves.

2.5. Data evaluation by Scientist® program

Concentration-time data pairs were transported into the Scientist®
program (Micromath St. Luis, USA). Kinetic constants (k) were deter-
mined assuming parallel reactions as first hydrolysis steps followed by
consecutive reactions. A kinetic model of LdAmy-catalysed hydrolysis
was developed. (A schemeof parallel and consecutive steps is presented
in Supplementary material for the octamer reaction as an example, see
Fig. S4). The octamer substratemolecule (S8) was hydrolysed by LdAmy
with parallel reactions into tetramer (S4), trimer (S3) and dimer (S2)
chromophore labelled products. The apparent rate constants of parallel
steps are knx,where n is thenumber ofmonomer unit (G-glucose) in the
substrate, x is the number of G unit in the reducing-end product. Further
consecutive hydrolysis steps can occur on the reaction products
catalysed by the same enzyme, producing S3, S2 and S from tetramer
as well as S from trimer.

Differential equations (Eqns 1, 2, 3, 4 and 5) can be written for the
temporal variations of the concentrations of the substrates and the
final products:

d S8½ �
dt

¼ −k84 S8½ �−k83 S8½ �−k82 S8½ � ð1Þ

d S4½ �
dt

¼ k84 S8½ �−k43 S4½ �−k42 S4½ �−k41 S4½ � ð2Þ

d S3½ �
dt

¼ k83 S8½ � þ k43 S4½ �−k31 S3½ � ð3Þ

d S2½ �
dt

¼ k82 S8½ � þ k42 S4½ � ð4Þ

d S½ �
dt

¼ k41 S4½ � þ k31 S3½ � ð5Þ

2.6. Subsite map calculation

Detailed description of SUMA program used for subsite map calcula-
tions had been published earlier [30]. The software calculates the
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apparent binding energies on the basis of the measured bond cleavage
frequencies. Briefly, the calculations are based on the following equation
(Eqn 6):

ΔGιþ1 þ ΔGx ¼ −RT � ln
Pι

Pιþ1
ð6Þ

where ΔGι+1 is the subsite binding energy of the subsite ι + 1, ΔGX is
the subsite binding energy of the subsite x, Pι and Pι+1 are the bond
cleavage frequencies of the productswhich are produced from the bind-
ingmode, inwhich the reducing end of the substrate is connected to the
subsites ι and ι + 1, respectively. The number of subsites and the posi-
tion of the cleavage site can be set arbitrary for the calculations. The pri-
mary calculated subsite energy values can be refined until reaching the
best agreement of the measured and recalculated BCF data by an itera-
tion process.

3. Results and discussion

3.1. Action pattern and cleavage frequencies of LdAmy on CNP-
maltooligosaccharides

A series of CNPGn (n = 4–8) maltooligomers was hydrolyzed by
LdAmy and followed by HPLC in order to determine the exact position
of glycosidic linkage being cleaved as well as the cleavage frequencies
that indicate the binding mode of the corresponding substrate. Only
the chromogenic reaction products formed were quantified, and the re-
sults are given in Table 1. as an average of at least three determinations.

LdAmy exhibits a unique pattern of action on CNP-
maltooligosaccharides by cleaving CNPG2 reducing end product from
CNPG4, CNPG5 and CNPG6 with the ratios of 0.47, 1.00 and 0.70 and
accordingly maltose, maltotriose and maltotetraose are also released
as non-reducing end products. As the chain length increases, the maxi-
mum frequency of attack shifts toward the non-reducing end of the
substrate. In case of CNPG7 and CNPG8, a more equal distribution can
be observed in the product ratios, but the release of maltotetraose is
always dominant. It is important to note that the ratios of CNPG3 and
CNPG4 products are almost equal at the beginning of the hydrolysis of
the heptamer substrate. CNPG3 is also present as a product of hydrolysis
even in case of the shortest tetramer substrate. Our results are in good
agreement with the previous ones obtained for the heptamer substrate
[26]which suggest a semblance between the subsite structure of LdAmy
and that of PPA.

3.2. Hydrolysis of individual substrates by LdAmy

The prolonged hydrolysis of chromophore containing oligomer sub-
strates were followed by HPLC. The obtained data and fitted progress
curves are presented in Fig. 2. Data evaluation was carried out by ana-
lyzing the progress curves for each hydrolysis reaction using reaction
schemes containing parallel and consecutive steps. In this case, the
mathematical model is a complex system of differential equations ob-
tained from the assumed reaction scheme (Fig. S4). Scientist® software
allows numerical solution of differential equations.



Fig. 2. Progress curves of hydrolysis reactions catalysed by LdAmy on 100 μM CNP-maltooligomers in MES buffer pH 6.8. Substrate and product conentrations were calculated from peak
area of compounds after separation by HPLC. Substrates were as follows: A) CNPG4 red■; B) CNPG5 *; C) CNPG6 turquoise■; D) CNPG7 green+; E) CNPG8 lilac ×. Products of hydrolysis
CNPG blue; CNPG2 green ●; CNPG3 red ◊.
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Enzymatic hydrolysis of CNPG5 was considered as a simple one-step
process since the primer product (CNPG2) is not a substrate for
α-amylases (Fig. 2B). Curves were fitted using a simple one-step
model. Calculated kinetic constants for the investigated five substrates
are summarized in Table 2. The hydrolysis of the substrates except
CNPG5 resulted in more products as a consequence of parallel reaction
steps due to the different binding modes of substrates. Consecutive
steps were assumed for CNPG7 and CNPG8 substrates (Fig. 2D and E),
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which were long enough to result in the formation of further hydrolys-
able primary reducing-end products (tetramer and trimer).

The ratios of obtained kinetic constants for the first parallel steps are
in good agreement with the bond cleavage frequency data (Fig. S5)
showing that our hypothesizedmodel describes the process of hydroly-
sis in an appropriatemanner. Calculated kinetic constants for secondary
hydrolysis of CNPG4 product and for primary hydrolysis of CNPG4 sub-
strate differed from each other, but the symmetrical cleavage (resulted



Table 2
Kinetic constants for LdAmy catalysed hydrolysis reactions of CNP-β-Gn oligomer sub-
strates (n = 4–8).

Parameter Kinetic constants (103 min−1) for substrates

CNPG8 CNPG7 CNPG6 CNPG5 CNPG4

k84 4.90
k83 3.42
k82 3.56
k74 7.17
k73 11.92
k72 12.0
k63 7.37
k62 17.32
k52 17.5
k43 0.706 1.0 4.93
k42 3.428 8.07 10.22
k41 1.193 0.76 7.23
k31 0.757 2.74 5.04

Table 3
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in dimer products from reducing and nonreducing end) was preferred
similarly in all cases.

3.3. Calculation of subsite map: evidence for a “six-subsite” model

Data of Table 1were used for subsitemap calculations by SUMA soft-
ware. The apparent free energy values were optimized byminimization
of the differences of the measured and calculated BCF data.

Our results strongly suggest the presence of at least six subsites, four
glycone- and two aglycone-binding sites, in the binding region of
LdAmy similarly to the subsite structure of PPA determined earlier
[30]. Fig. 3 shows the subsite maps and the apparent binding energies
of subsites for HSA, LdAmy and PPA. The subsites are labelled, according
to the nomenclature proposed by Davies et al. [34], with negative num-
bers to the left (non-reducing end site) and positive numbers to the
right (reducing end site) from the cleavage site. A ‘4 + 2 model’ is sug-
gested for LdAmy, where the interaction between the glucose unit and
subsite is favorable at subsites (−3) and (+2) whereas less favorable
at subsites (−2) and (−4). However, a very interesting, unique phe-
nomenon can be observed at the glycone binding site in the energy
levels. In contrast to the tendencies of both HSA and PPA, where a con-
tinuous decrease is observedmoving away from the catalytic site, in the
case of LDAmy the energy of subsite (−3) is the largest. To interpret the
Fig. 3. Subsite maps of LdAmy (green) HSA (blue) and PPA (red). The subsites are labelled
with negative numbers to the left (glycone binding site) and positive numbers to the right
(aglycone binding site) from the cleavage site, the arrow indicates the location of
hydrolysis.
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observed differences, we compared amino acid sequence of alpha-
amylase like protein of L. decemlineata to that of known α-
amylases such as HSA, PPA, and Tenebrio molitor α-amylase. Multi-
ple sequence alignment was made using CLUSTAL Omega version 1.2.4
(see in Supplement as Fig. S5.) Amino acids involving in substrate bind-
ing were summarized in Table 3.

Sequence identities are low between these proteins, but similarity is
far better especially in conserved regions. Catalytic amino acids (Asp197
andGlu233) and amino acid residues at the aglycone binding sites (+1)
and (+2) are identical, but there are some notable differences at the
glycone binding region (Table 3). In LdAmy, subsite (−4) contains a
polar but uncharged amino acid (Thr) at position 147, where a non-
polar one (Gly) can be found in PPA. However, two acidic amino acids
(Asp) and (Glu) are at the same position of HSA and TMA. These differ-
ences may justify the slight difference that appears on the subsite map
at this position. There is a much larger difference in the binding energy
and polarity of the amino acids surrounding subsite (−2).

Positively charged amino acid (His305) present inHSA andPPA is re-
placed by an acidic, negatively charged (Asp) in LdAmy and by an apolar
Gly in TMA. In addition, His101 near this subsite is also changed to Asp
in case of LdAmy. Interestingly, an apolar amino acid Val163 can be
found at subsite (−3) in all of the studied enzyme except HSA.

4. Conclusions

Considering our findings, we think that LdAmy was an interesting
enzyme for in vitro and in silico studies. The use of modified, lowmolec-
ularweight substrates allowed to elucidate the action pattern and prod-
uct specificity of LdAmy, which have not been examined so far and just
as sub-site map has not been available for any insect. We have pre-
sented the first subsite map for an insect α-amylase and our results
have revealed that the binding region in LdAmy is similar tomammalian
α-amylases HSA and PPA and suggested the presence of six subsites.
However, we observed differences in energy levels at the glycone bind-
ing sites.Multiple sequence alignment revealed that the variation in po-
larity of amino acids present in the glycone binding site is responsible
for the differences. It became clear that there are also sequence differ-
ences between LdAmy and TMA, and the later had greater sequence
similarity to HSA and PPA at the active site.
Amino acid residues involved in substrate binding of different α-amylases.

Subsite Amino acida (and position in HSA)

HSAb LdAmy PPA TMA

-4 Asp147 Thr147 Gly147 Glu147
Asn105 Gln105 Ser105c Met105

-3 Ser163 Val163 Val163 Val163
Gln63 Gln63 Gln63 Gln63
Asp356 Asp356 Asp356 Asp356

-2 Trp58 Trp58 Trp58 Trp58
Trp59 Trp59 Trp59 Trp59
Tyr62 Tyr62 Tyr62 Tyr62
His305 Asp305 His305 Gly305

-1 His101 Asp101 His101 His101
Arg195 Arg195 Arg195 Arg195
Asp197 Asp197 Asp197 Asp197
His299 His299 His299 His299
Asp300 Asp300 Asp300 Asp300

+1 His201 His201 His201 His201
Glu233 Glu233 Glu233 Glu233
Ile235 Ile235 Ile235 Ile235

+2 Tyr151 Tyr151 Tyr151 Tyr151
Lys200 Lys200 Lys200 Lys200
Glu240 Glu240 Glu240 Glu240

Bold characters indicate differences.
a Amino acid numbering corresponds to the 1SMD HSA sequence.
b Active site position in HSA [35].
c Active site position in PPA [36].
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