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A B S T R A C T

Among the structural polymers present in the plant cell wall, pectin is the main component of the middle
lamella. This heterogeneous polysaccharide has an α-1,4 galacturonic acid backbone, which can be broken by
the enzymatic action of pectinases, such as exo-polygalacturonases, that sequentially cleave pectin from the non-
reducing ends, releasing mono or di-galacturonic acid residues. Constant demand for pectinases that better suit
industrial requirements has motivated identification and characterization of novel enzymes from diverse
sources. Bacillus licheniformis has been used as an important source for bioprospection of several industrial
biomolecules, such as surfactants and enzymes, including pectate lyases. Here we cloned, expressed, purified,
and biochemically and structurally characterized an exo-polygalacturonase from B. licheniformis (BlExoPG). Its
low-resolution molecular envelope was derived from experimental small-angle scattering data (SAXS). Our ex-
perimental data revealed that BlExoPG is a monomeric enzyme with optimum pH at 6.5 and optimal temperature
of approximately 60 °C, at which it has considerable stability over the broad pH range from 5 to 10. After
incubation of the enzyme for 30 min at pH ranging from 5 to 10, no significant loss of the original enzyme
activity was observed. Furthermore, the enzyme maintained residual activity of greater than 80% at 50 °C after
15 h of incubation. BlExoPG is more active against polygalacturonic acid as compared to methylated pectin,
liberating mono galacturonic acid as a unique product. Its enzymatic parameters are
Vmax = 4.18 μM.s−1, Km = 3.25 mgmL−1 and kcat = 2.58 s−1.

Introduction

The plant cell wall is built up of a number of intimately intertwined
structural polymers forming complex heterogeneous structures. The
middle lamella is mostly composed of pectin, a heterogeneous poly-
saccharide formed of methyl esterified galacturonic acid units, linked
by α-1,4 glycoside bonds [1]. Methyl groups of the backbone chain are
removed by the enzymatic action of pectin methylesterase (PME) and
the α-1,4 glycosidic bonds are cleaved by the catalytic action of two
different classes of pectinases: pectate lyases (PL, EC 4.2.2.) that use a
trans-elimination reaction for cleavage, thus releasing unsaturated su-
gars; and the polygalacturonases (PGs), which employ hydrolytic re-
actions leading to release of saturated sugars [1,2]. Among PGs, the
endo-PG (EC 3.2.1.15) randomly hydrolyzes internal sites of the pectin
chain, while the exo-PG promotes a sequential cleavage from non-re-
ducing ends cleaving off mono (EC 3.2.1.67) or di-galacturonic acid
residues (EC 3.2.1.82) [2]. Pectinases have a wide range of industrial

applications, e.g., in extraction and clarification of fruit juices, oil ex-
traction, pretreatment of wastewaters containing pectin, and retting
and degumming of crop fibers, to list a few [1,3,4]. Some of the ap-
plications, such as fruit juice clarification and winemaking, require acid
pectinases that are generally obtained from fungi [1,3]. On the other
hand, degumming and retting of natural fibers and textile scouring
demand applications of alkaline pectinases, which are commonly ob-
tained from bacterial sources [1,3].

Driven by constant biotechnological demands in pectinolytic en-
zymes, there is a need for identification and characterization of novel
pectinases with biochemical properties that could be useful in industrial
settings. Bacillus licheniformis has been reported as an important mi-
crobial producer of several industrial enzymes. This microorganism is a
gram-positive, mesophilic bacterium, commonly found in the soil,
growing at temperatures between 15 and 68 °C [5]. Superior perfor-
mance in secretion of alkaline serine protease transformed B. licheni-
formis in one of the most important bacterial sources of these enzymes,
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produced at an industrial scale [6]. Furthermore, B. licheniformis is also
widely used as an industrial strain for surfactant production [7,8]. B.
licheniformis is also being used as a microbial source for other in-
dustrially relevant enzymes, such as cellulases, xylanases [9–11] and
pectinases [12–15]. Here we cloned, expressed, purified and bio-
chemically characterized a novel exo-polygalacturonase (BlExoPG)
from B. licheniformis and determined its small-angle X-ray scattering
low-resolution molecular envelope in solution.

Materials and methods

Cloning, expression and purification

The BlExoPG open reading frame (ORF; GenBank access number:
AAU42338.1AAU42338.1) was cloned into expression vector
pETTRXA-1a/LIC as previously described [16]. The resulting plasmid
was built to express BlExoPG fused at the N-terminal region to a histi-
dine affinity-tag to facilitate purification and thioredoxin to increase
yield of soluble protein and contained a cleavage site for Tobacco etch
virus (TEV) protease. The E. coli DH5α cells were transformed by
electroporation in a propagation step. Next, the purified plasmid was
used to heat shock transform E. coli Rosetta cells rendering the BlExoPG
expression strain. The protein expression was performed at 37 °C for 5 h
followed by an incubation at 18 °C for 24 h in ZYM-5052 medium [17]
containing lactose as an inducer agent. Subsequently, the cells were
harvested by centrifugation at 2.000 × g for 45 min and 4 °C, sus-
pended in a lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM
imidazole, 5% glycerol, 1 mM PMSF, 1 mM DTT and 25 μg.mL−1 of
lysozyme) complemented with 1× protease inhibitor cocktail (Sigma-
Fast™, Sigma) and incubated at a room temperature for 40 min. The
cells were disrupted by sonication on ice bath using a 550 Sonic Dis-
membrator Sonifier (Fisher Scientific). After centrifugation (6,000 × g,
30 min at 4 °C) the target protein was purified from supernatant frac-
tion using two steps of nickel affinity chromatography, one before and
one after TEV proteolysis. In a first purification step, the recombinant
protein (with a molecular mass of about 65 kDa) was eluted using
100 mM Tris-HCl buffer, pH 8.0, 300 mM NaCl and 100 mM imidazole.
Trace amounts of imidazole were removed by dialysis in the same
buffer. The purified protein was incubated with 3 mg mL−1 of TEV
protease during 48 h at 4 °C. In a second purification step, recombinant
protein devoid of the fusion Hist-Trx-tag and with apparent molecular
mass of about 50 kDa was eluted using 100 mM potassium phosphate
pH 7.0, 150 mM NaCl and 65 mM imidazole. To ensure the sample
purity, a third purification step was performed by running the protein
samples on Superdex™ 200 prep grade 16/60 (GE) molecular exclusion
column using 100 mM potassium phosphate pH 7.0 in 150 mM NaCl. To
estimate the BlExoPG mass, a calibration chromatography curve for the
gel filtration column was assembled using standard proteins with the
known molecular masses. The BlExoPG protein samples were con-
centrated to 1.5 mg mL−1 using a 30 kDa Amicon Concentrator (Mili-
pore) at 2500 × g and stocked at 4 °C. The sample purity was confirmed
by 12% SDS-PAGE stained with Comassie blue.

Enzymatic assays

The enzymatic activity was quantitatively determined by the DNS
method that measures the reducing end-groups of saccharides [18]. All
experiments were conducted in triplicate. Specific activity of the en-
zyme was tested using five different substrates (Sigma): poly-
galacturonic acid, pectin from citrus fruit (20–34% esterified), pectin
from apple (75% esterified), carboxymethylcellulose (CMC) and xylan.
Since the BlExoPG showed highest enzymatic activity against non-me-
thylated substrate, the following biochemical characterization was
conducted using polygalacturonic acid. The reaction consisted of
2.2 μM enzyme, 1% (w/v) polygalacturonic acid and 100 mM buffer in
50 μL final volume and was incubated for 20 min. The reaction was

stopped with 100 μL of DNS reagent, boiled at 100 °C for 5 min and
immediately cooled on ice for 1 min. The absorbance was measured at
540 nm using the MultiSkan Spectrum (Thermo Scientific) equipment
and the absorbance values converted to relative activity.

The optimum temperature was determined in potassium phosphate
buffer at pH 7.0 in a temperature range from 40 to 80 °C. The optimum
pH was determined at 60 °C by varying pH of sodium citrate/glycine/
sodium phosphate buffer from 2 to 10. To assess the enzyme thermal
stability, it was pre-incubated at 50, 60 and 70 °C during different
periods of time at the optimum pH. To evaluate the enzyme stability at
different pHs, it was pre-incubated in a pH range of 2 to 10 using
phosphate/borate/acetate buffer at the optimum temperature for
30 min. The residual activity was assessed under the optimum pH and
temperature conditions. In addition, the enzyme activity was analyzed
in the presence of 15 different additives (Table 1). Kinetic parameters
Vmax, Km and kcat of the enzyme were determined using D-(+)-ga-
lacturonic acid monohydrate (GalA) (Sigma) for building of a standard
concentration curve. The reactions were performed under the optimal
conditions, varying the substrate concentration from 0.1 to
9.0 mg mL−1.

All the obtained data were analyzed using GraphPad Prism software
(version 5.0). To define the values of optimal pH and temperature the
“Sum of two Gaussians” analysis was applied, and “Michaelis-Menten”
and “kcat” analyses were executed to determine the kinetic parameters.

Enzymatic cleavage pattern

Thin layer chromatography (TLC) method [19] was used to analyze
the soluble products generated by the enzyme cleavage. The reactions
were performed with 0.1% polygalacturonic acid under the optimum
conditions for enzymatic activity. The samples were collected after 0.5,
1.5 and 3 h of incubation and centrifuged at 13,000 × g for 5 min. After
centrifugation at 13,000 × g, the reaction supernatants were deposited
at a TLC silica gel 60 F254 sheet (MERCK).

Sample separation was performed by ten times alternation between
two running solutions (solution A: 1-butanol: 2-propanol: acetic acid:
water (7:5:2:4); and solution B: 1-butanol: acetic acid: water (4:5:1)).
The dried sheet was sprayed with 5% sulfuric acid: ethanol (v/v) and
heated at 105 °C for 10 min. To independently confirm and to extend
the TLC results, more sensitive HPAEC analyses were also performed.
The HPAEC system (ICS-5000, Dionex), equipped with a CarboPAC1
analytical column (250 mm x 2 mm i.d., Dionex) was used. The flow
rate was set at 0.5 mL min−1 (30 °C). The injection volume was 1 μL
and the elution was performed using two steps: a linear gradient from
0.05 to 0.7 M sodium acetate in 0.1 M NaOH for 65 min followed by a
different linear gradient up to 1 M sodium acetate for 10 min. GalA and

Table 1
Biochemical characterization of BlExoPG.

Substrates (1%) Rel. activity (%) Additives (4 mM) Rel. activity (%)

poly-GalA 100 Control 100
Citrus pectin 20 K+1 96.2
Apple pectin 2 Mg+2 91.9
CMC 0 β-ME 89.7
Xylan 0 Li+2 88.0

DTT 83.3
Ca+2 74.7
Ni+2 73.5
Mn+2 68.5
Fe+3 64.6
Cu+2 30.4
Co+2 36.0
Fe+2 11.76
Additives (0.1%)
Triton ×100 96.6
Tween 20 87.4
SDS 24.2
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Tri-GalA (Sigma) were used as standards in all experiments.
Chromatography-coupled small-angle X-ray scattering data

and structural analyses
Size-exclusion chromatography-coupled small-angle X-ray scat-

tering (SEC–SAXS) data were collected at the B21 beamline of the
Diamond Light Source Synchrotron (Didcot, UK). The data were mea-
sured using a Pilatus2 M detector (Dectris) set to cover momentum
transfer within 4.014E–03 Å−1 < q < 4.07E–01 Å−1 range (q = 4π
sin θ/λ, where 2θ is the scattering angle).

Prior to data collection, the protein samples were centrifuged at
17,000 × g for 2 h at 4 °C, then loaded onto a 4.8 mL KW-403 column
(Shodex) equilibrated with a buffer solution (50 mM Tris-HCl pH 8.0,
150 mM NaCl, 5% w/v glycerol) coupled to an Agilent 1200 HPLC
system. Scattering data were collected in-line mode at B21 beamline at
Diamond Light Source. During the SAXS measurements the sample
(40 μL) passed through an in-vacuum quartz capillary of 1.6 mm path
length at a flow rate of 0.16 mL min−1 at a controlled temperature of
25 °C. The SAXS data frames were collected at three seconds exposure
intervals and the buffer frames used for the background subtracted
SAXS were collected after 1.5 column volume. The scattering image
frames were spherically averaged, scaled and merged using in-house
software and ScÅtter pipelines (Diamond Light Source, Didcot, UK,
http://www.bioisis.net/tutorial/9).

The radius of gyration (Rg) was estimated by two methods: first,
using the Guinier equation − I(q) = I(0).exp[(−q2.Rg

2)/3],
q.Rg < 1.3 [20–22], and then using ScÅtter (Diamond Light Source,
Didcot, UK); the same was done with the pair distribution of the par-
ticle, P(r), and the maximum dimension, Dmax.

Twenty one independent “dummy atom” models (DAMs) were re-
stored by the ab initio procedure implemented in DAMMIF [23], where
the DAMSTART model was improved with the software DAMMIN [24],
both included in the ATSAS suite [25]. The best model was super-
imposed with the computed homology model using SUPCOMB software
[26]. Based on reported crystallographic structures as well as the
homology model, the X-ray scattering profiles were computed using
FOXS, and the discrepancy between experimental and theoretical SAXS
curves was quantified using the minimized FoXS χ-parameter [27].
SAXS_MoW was used to evaluate molecular weight of the protein in
solution [28].

Results and discussion

Expression, purification and molecular mass calculation

BlExoPG gene was successfully cloned into the pETTRXA-1a/LIC
expression vector and used to transform E. coli Rosetta cells. The en-
zyme was overexpressed as a 65-kDa protein fused to the Hist-Trx-tag
(Fig. 1A). First, the fused protein was purified by Ni+2 affinity chro-
matography by eluting with 100 mM imidazole. After Hist-Trx-tag re-
moval with TEV protease, the 50 kDa non-fused protein was collected in
65 mM imidazole in a second step of Ni+2 affinity chromatography.
This molecular weight is close to the theoretical molecular mass of the
enzyme estimated from its amino acid sequence (48.14 kDa). Next, a
gel filtration chromatography step was performed to ensure the sample
purity and to estimate the protein molecular weight in solution. The
protein was eluted as a unique peak (Fig. 1B). The molecular mass
calculated from the experimental calibration curve corresponds to a
protein with molecular mass of approximately 54 kDa (Fig. 1C), which
indicates that BlExoPG exists in monomeric form in solution.

Enzymatic characterization

BlExoPG exhibits enzymatic activity only for the pectic substrates
with no activity against CMC, or xylan detected (Table 1). The highest
specific activity was observed for polygalacturonic acid (poly-Gal),
followed by approximately 5 times lower activity for citrus pectin and

50 times lower specific activity for apple pectin. The enzyme specificity
for non-methylated pectin is a common feature for the PGs and it is well
known that the removal of methyl-groups from the esterified pectin, by
the enzymatic action of pectin methylesterase, increases the affinity of
PGs for the substrate [29–31].

Next, we evaluated the influence of metal ions and detergents on
BlExoPG enzymatic activity (Table 1). No positive effects were observed
for any of the additives used in our experiments, instead, all caused
some decrease in the enzyme activity. Major detrimental effects were
observed for SDS (loss of 76% in enzymatic activity) and for bivalent
cations, mainly Fe+2, Co+2 and Cu+2 which caused losses of 88%, 70%
and 64% of enzymatic activity, respectively. These results are in line
with the behavior of enzymatic activity of other PGs. For example, PG
from Pleurotus ostreatus lost 29.4%, 33%, 48.2%, 56.3% and 95.8% in
activity in the presence of Ni+2, Ca+2, Cu+2, Mg+2, and Fe+3, re-
spectively [32]. Exo-PG from Bacillus KSM-P576 showed stability in
5 mM β-mercaptetanol, but lost, 69%, 28% and 10% of its activity upon
addition of Cu+2, Ni+2 and SDS [33]. Notably, the latter enzyme gained
60%, 36%, 31%, 18% and 16% when Mg+2, Mn+2, Fe+2, Ca+2 and
Fe+3 were added to the reaction [33].

Fig. 1. Expression, purification and native PAGE characterization of BlExoPG. A) SDS-
PAGE showing purification steps of BlExoPG; 1: total soluble protein; 2: BlExoPG fused to
thioredoxin and His-tag (65 kDa, approximately) purified by Ni+2 affinity chromato-
graphy using 100 mM imidazole for elution; 3: BlExoPG after cleavage of thioredoxin and
His-tag by TEV protease; 4: BlExoPG (50 kDa, approximately) purified by Ni+2 affinity
chromatography with 65 mM imidazole followed by molecular exclusion chromato-
graphy. B) Exclusion molecular chromatography profile containing ferritin (440 kDa),
aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (44 kDa) molecular markers
overlaid with BlExoPG elution peak. C) The BlExoPG elution profile shows that it is a
monomeric protein with the molecular weight of approximately 54 kDa, as estimated
from our experimental calibration line.
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By varying pH we observed that BlExoPG has optimum catalytic
activity at pH 6.5, while retaining 60% of maximum activity at pH 5
and 50% at pH 8 (Fig. 2A). In general, fungal pectinases are acidic
enzymes, while bacterial pectinases are alkaline [1,3,13,33], but
BlExoPG has slightly acidic pH behavior, retaining considerable activity
at neutral and slightly alkaline pHs. Similar behavior has been pre-
viously observed for two thermostable exo-PGs from Thermotoga mar-
itima, with optimal pHs of 6.4 [34] and 6.0 [35]; and for thermostable
PG from Sporotrichum thermophile with pH optimum at 7.0 [36].
BlExoPG optimal temperature is close to 60 °C (Fig. 2B). It maintains
65% of the maximum activity at 50 °C and about 30% at 70 °C. BlExoPG
kinetic parameters Vmax = 4.18 μM s−1, Km = 3.25 mg mL−1 and
Kcat = 2.58 s−1 were defined under the optimal conditions described
above, using poly-GalA as a substrate.

Stability over a wide pH range and for prolonged periods of time at
high temperatures are important enzymatic properties for biotechno-
logical applications. Therefore, we assessed enzyme stability by mea-
suring the residual enzymatic activity after incubation at different pHs
at 60 °C for 30 min (Fig. 2C). Activity dropped below 20% after ex-
posure to pH 2 to 4 and to 84.6% at pH 5. From pH 6 to 10 the enzyme
kept the original activity without any significant loss, revealing that
BlExoPG is highly stable at pH 5 to 10.

To extend our stability analyses, we measured the enzyme residual
activity for prolonged periods of time at elevated temperatures
(Fig. 2D). At 70 °C, the enzyme lost all enzymatic activity after 20 min
of incubation. At the optimal temperature (60 °C), the enzymatic ac-
tivity decreased by half (52.8%) after 6 h; decreased to 21.3% after 9 h
and complete inactivation was observed after 18 h. At 50 °C, the en-
zyme preserved high residual activity (83.2%) after 15 h and, even after
24 h, 64.9% of activity was maintained, thus demonstrating that
BlExoPG tolerates this high temperature condition for extended periods
of time before complete inactivation occurs.

To evaluate the products liberated by the BlExoPG enzymatic ac-
tion, we submitted these to TLC and HPAEC analyses. The TLC analysis
showed a unique band corresponding to monogalacturonic acid under
all three reaction times analyzed (Fig. 3, insert). The soluble products
from the 3 h reaction sample were also analyzed by HPAEC, resulting in
a single chromatographic peak corresponding to GalA monomer
(Fig. 3). Thus, both TLC and HPAEC analyses consistently confirm that
BlExoPG is indeed an exo-polygalacturonase classified as EC 3.2.1.67,
releasing mono galacturonic acid as the single product of the enzymatic
reaction.

Most of the commercially available pectinases are produced by

fungi, notably Aspergillus niger and also Rhizopus sp (Table 2). These
fungal enzymes are acidophilic and have activity in the pH range 2.0 to
6.5. On the other hand, in the paper and textile industrial sectors, al-
kaline pectinases have been used as a more cost effective and ecologi-
cally friendly alternative to conventional caustic scouring processes
[37]. Some of the industrial alkaline pectate lyases are produced by

Fig. 2. Enzymatic activity. BlExoPG has the highest activity at (A) pH
6.5 and (B) 60 °C. (C) The enzyme is stable in a pH range from 5 to 10.
(D) The thermostability assays show that at the optimal temperature
and pH, the enzyme half-life is approximately 6 h; and the complete
inactivation was observed after 18 h. At 50 °C, the enzyme maintained
about 80% of its original activity after 15 h; and even after 24 h its
activity was over 60% of its maximum activity.

Fig. 3. BlExoPG cleavage pattern. An image of TLC plate is given as an insert at the right
side of the figure. M: molecular marker with a standard solution containing mono and tri-
GalA; B: 3-h-incubation at the absence of enzyme; and the following spots show products
liberated after 0.5, 1.0 and 3.0 h of enzymatic action. The reactions were carried out
under optimum conditions for BlExoPG enzymatic activity. HPAEC chromatogram of the
liberated products after 3-h of reaction is given at the left side. The results consistently
show that the monogalacturonic acid is the unique product of BlExoPG enzymatic action.

Table 2
Industrial pectinases.

Product Organism Manufacturer Reference

Klerzyme 150 A. niger DSM Food Specialties [46]
Pectinase PE-500 A. niger Boli Bioproducts [47]
Pectinase A. niger Parchem [48]
Pectinase A. niger Biocon [49]
Polygalacturonase A. niger Biocon [50]
Macerozyme R-10 Rhizopus sp. Duchefa Biochemie B.V [51]
Pectate lyases Bacillus sp. Novozymes [38]
Pectate lyases B. licheniformis Novozymes [39]
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Bacillus species, including B. licheniformis [38,39], therefore, BlExoPG
presents itself as a potential candidate for biotechnological and in-
dustrial applications, which require neutral or alkaline enzymes.
Complete pectin deconstruction requires cooperative action of the dif-
ferent attack mechanisms of the diversified classes of pectinases, such
as PME, PL, endo-PG and exo-PG. Thus, besides being useful in its own
right, BlExoPG can be combined with, for example, the available B.
licheniformis pectate lyases to synergistically improve pectin processing.

SEC-SAXS data collection and structural analysis

In order to determine the shape and molecular structure of the
BlExoPG, we analyzed BlExoPG using the SEC-SAXS approach to gain a
better understanding of the enzymatic mechanisms and its molecular
behavior in solution. The samples were monodisperse and monomeric,
as suggested by the linearity of Guinier plots of the scattering data
(Fig. 4A), and by BlExoPG molecular mass estimated from the scattering
data (∼44 kDa, Table 3). We analyzed the initial q-region of the scat-
tering curves using the Guinier approximation (log(I(q)) versus q2),
which exhibited a linear correlation, indicative of a globular shape
(Fig. 4A, insert). The Guinier radius of gyration (Rg) for each scattered
frame remained constant within the experimental errors in the range of
protein concentrations used in the experiments, indicating an absence
of interparticle contribution to the intensity. The radius of gyration
calculated on the basis of Guinier plot was 22.4 Å (Fig. 4A − insert,
Table 3).

A pair-distance distribution function, P(r), is characteristic of
globular particles, as indicated by the Guinier plot. The P(r), calculated
from the scattering data, has a maximum distance (Dmax) of 69.7 Å
(Fig. 4B). BlExoPG Rg determined on the basis of its P(r) was also
22.4 Å. A Kratky plot of the scattering data showed a well-defined peak,
suggesting that BlExoPG is a compact protein (Fig. 4C). Furthermore,
Porod-Debye plots (I(q)q4 versus q4) [40] of the scattering data present
clear plateaus (Fig. 4D), indicating that the protein lacks disordered
regions when in solution.

We constructed the atomic models for the BlExoPG using a protein
structure homology-modeling approach [41,42] by combining the
crystal structures of GH28 polygalacturonase from Erwinia carotovora
ssp. carotovora (EccPG; PDB id: 1BHE) [43] and GH28exo-poly-
galacturonase from T. maritima (TmPG; PDB id: 3JUR) [44]. One hun-
dred homology models were built and all the models were compared
with the BlExoPG experimental scattering curve. In order to choose the
most representative model, we evaluated how well the structures

matched the experimental SAXS curve by using the χ-parameter, which
measures the quality of the fit between each generated model and the
experimental SAXS curve. The scattering curve calculated on the basis
of the best homology model has χ= 0.91 with the experimental SAXS
data. Furthermore, the P(r) curve calculated from the atomic structures
of our best homology model reproduced the P(r) distribution calculated
from the experimental SAXS data of BlExoPG well (Fig. 4B).

A low resolution envelope of BlExoPG reconstructed from the SAXS
data utilizing an ab initio method (χ= 0.88) could be superimposed

Fig. 4. SAXS data. (A) BlExoPG experimental and modeled scattering
curves. BlExoPG experimental SAXS curve (open black circles) is su-
perimposed with the theoretical scattering curve calculated from the
restored low-resolution DAM model shown as a red line. The plot in
the insert shows Guinier fitting of the experimental SAXS data. The
linear fit to the q-intermediate data used to calculate Rg is shown as a
red line. (B) P(r) functions determined from the experimental scat-
tering data with errors bars is shown as a black solid line and P(r)
functions determined from the computed scattering curve for the
homology atomic model of BlExoPG is given as a black dashed line.
(C) Dimensionless Kratky plot indicates the expected position of the
maxima for globular-like compact particles. (D) The Porod-Debye plot
of the SAXS data. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 3
SAXS data collection and experimental parameters.

Data collection parameters

Instrument B21 beamline (Dimond synchrotron)
q-range used in DAM model (Å−1) 0.0095 to 0.3619
Exposure time (s) 3-s time exposure intervals
Concentration 2 mg/mL
Temperature 25 (°C)

Structural parameters

BlExoPG Homol.
Model

1BHE 3JUR (A) 3JUR (AB) 3JUR (AC) 3JUR

Rg (Å) from
Guinier
plot

22.4 21.7 20.7 22.1 40.5 29.8 45.2

Rg (Å) from P
(r) function

22.4 ± 1.3 None None None None None None

Dmax (Å) 69.7 74.6 None None None None None
χExp/DAMMIFN 0.88 None None None None None None

χExp/PDBdatabase None 0.91 0.92 0.91 2.2 2.3 4.6

No. Molecules 1 1 1 1 2 2 4

Molecular mass determination

MW estimated from SAXS data using SAXSMoW 44.0 kDa
MW calculated on the basis of the protein amino acid sequence 48.14 kDa

Software employed

Primary data reduction and processing ScÅtter pipelines and ATSAS suite
ab initio analysis DAMMIF/DAMMIN
Align ab initio models DAMAVER
3D structure superimposes SUPCOMB
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upon the respective homology model of BlExoPG (Fig. 5 and Table 3).
The theoretical scattering profile calculated for the BlExoPG homology
model also reproduced the experimental SAXS curve well (χ= 0.91,
Table 3). It has been previously reported that GH28 PGs can form
monomers as well as larger molecular assemblies, such as dimers or
tetramers, in solution [43–45]. The EccPG remains monomeric in so-
lution, while the pectin methylesterase from tomatoes can form dimers
in solution at higher concentrations of the protein [43,45]. Finally,
TmPG has a tetrameric quaternary structure [44].

We compared theoretically computed SAXS scattering curves from
the EccPG and TmPG structures (that have 29% and 49% sequence
identities with BlExoPG, respectively) against experimental BlExoPG
SAXS data. For TmPG, the asymmetric unit contains four molecules
(A–D), which have two types of interactions [43–45]. The scattering
curves for molecule pairs A/C, A/B and A/D were calculated and fitted
against the experimental SAXS data with χ values of 2.2, 2.3 and 4.6,
respectively (Table 3). Next, the scattering curves for the monomers of
TmPG (PDB id: 3JUR, chain A) and EccPG (PDB id: 1BHE; with one
molecule in asymmetric unit) were calculated and superimposed upon
the experimental SAXS data giving χ values of 0.91 and 0.92, respec-
tively (Table 3). Thus, collectively, our SAXS analysis strongly supports
the notion that BlExoPG exists as monomers in solution and has a well-
defined and rigid globular low resolution shape, closely resembling
other GH28 enzymes.
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