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Many pectin methylesterases (PMEs) are expressed in plants
to modify plant cell-wall pectins for various physiological roles.
These pectins are also attacked by PMEs from phytopathogens
and phytophagous insects. The de-methylesterification by
PME:s of the O6-methyl ester groups of the homogalacturonan
component of pectin, exposing galacturonicacids, can occur pro-
cessively or non-processively, respectively, describing sequen-
tial versus single de-methylesterification events occurring
before enzyme-substrate dissociation. The high resolution x-ray
structures of a PME from Aspergillus niger in deglycosylated and
Asn-linked N-acetylglucosamine-stub forms reveal a 10%-turn
parallel B-helix (similar to but with less extensive loops than
bacterial, plant, and insect PMEs). Capillary electrophoresis
shows that this PME is non-processive, halophilic, and acido-
philic. Molecular dynamics simulations and electrostatic poten-
tial calculations reveal very different behavior and properties
compared with processive PMEs. Specifically, uncorrelated
rotations are observed about the glycosidic bonds of a partially
de-methyl-esterified decasaccharide model substrate, in sharp
contrast to the correlated rotations of processive PMEs, and the
substrate-binding groove is negatively not positively charged.

The heterogeneous polysaccharide pectin (1-4) is a key
component of the plant cell wall (5). A host of enzymes, includ-
ing pectin methylesterase (PME)® as well as endo- and exo-
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The atomic coordinates and structure factors (codes 5c1c and 5c1e) have been
deposited in the Protein Data Bank (http://wwpdb.org/).
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polygalacturonases, modifies pectin fine-structure locally in
space and time for purposes of plant-cell differentiation, cell
adhesion/separation, growth, and development from roots to
meristem, morphogenesis, seed and fruit development, and
defense against pathogens (6-16). PMEs hydrolyze the O6-
methyl ester groups of the homogalacturonan (HG) chains that
form the backbone of pectin (Fig. 1). As well as being ubiquitous
in plants, and frequently manifesting in a staggering number of
isoforms (more than 66 for Arabidopsis thaliana) (8, 10), PMEs
are found in phytopathogenic bacteria and fungi (17-26) and in
Archaea (especially Halobacteriaceae (27)), and they have also
been observed in the genomes of several phytophagous insects
(28 -30) and in human gut microflora (31). Recently, plant pol-
len PMEs have been identified as a key human allergen (32, 33).

Bacterial and plant PMEs that have been functionally char-
acterized are generally observed to be processive (34-55), i.e.
the enzyme binds to the HG substrate and then successively
hydrolyzes a block of methyl ester groups before dissociating. In
all cases characterized to date, the direction of processivity is
from the non-reducing end of the HG chain toward the reduc-
ing end, as shown in Fig. 1. The degree of processivity (also
called the action pattern) has been reported to be dependent on
ionic strength and pH (56), and various classifications of PMEs
exist (48, 49, 57-60). In general, processive PMEs have their
isoelectric points, pl, and pH for optimum activity at near-neu-
tral to basic pH, although one exception, a ficus (jelly fig) PME,
has been reported (61, 62). Where salt sensitivity and the pH
optimum for activity have been reported, generally, the pH of
optimum activity has decreased as salt concentration increases.

To date, the fungal PMEs from Aspergillus (Emericella) nidu-
lans (63) and Trichoderma reesei (Hypocrea jecorina) are
reported to be processive (50, 64), whereas others are reported
to be non-processive with the pattern of de-methylesterifica-
tion of HG chains being near-random, indicating that these
enzymes release their substrate after each de-methylesterifica-
tion event (38, 42, 50, 52, 65— 67). This mode of action is also
referred to as multiple attack (56).

glucosaminyl)asparagine amidase; BisTris, 2-[bis(2-hydroxyethyl)amino]-
2-(hydroxymethyl)propane-1,3-diol; PDB, Protein Data Bank.
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FIGURE 1.Hydrolysis (de-methylesterification) of a short homogalacturo-
nan oligomer. For processive PMEs, the direction of de-methylesterification
is indicated by the arrow. The reducing and non-reducing ends of the HG
oligomer are annotated. The ¢ and ¢ torsion angles linking pairs of residues
are shown; the primed atoms belong to the glycolytically linked adjacent
residue toward the reducing end of the HG chain.

Sequence identity in pairwise comparisons of PMEs between
plants and bacteria, between bacteria and fungi, and between
plants and fungi is generally on the order of 30%. Between PMEs
from phytophagous insects and other organisms, the identity is
somewhat lower. Fig. 2 shows a ClustalW-based (68) alignment
of all structurally characterized PMEs, including the fungal
PME of this study.

Plant and bacterial PMEs have been structurally character-
ized, and recently so has an insect PME . They all share a dis-
tinctive parallel B-helix structure, shown in Fig. 3. A pair of
absolutely conserved Asp residues, Asp-178 and Asp-199 in the
Erwinia chrysanthemi PME, forms the active site, along with a
pair of Gln residues (Gln-153 and Gln-177) that potentially
form an oxyanion hole for the putative negatively charged acyl
intermediate. The structure of a carrot PME, Dca-PME, has
been determined (69) as well as the structure of tomato PME,
the latter with a tightly associated kiwi fruit inhibitor (70). Bac-
terial PMEs from the soft-rot plant pathogen E. chrysanthemi
(Dickeya dadantii), Ech-PME, and from the zoonotic diarrhea-
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FIGURE 2. Adjusted ClustalW alignment of selected PME sequences. The
raw sequence-based alignment has been adjusted to show structural align-
ment, where three-dimensional structural characterization has been made.
Residues structurally homologous for fungal, plant, bacterial, and insect PMEs
are highlighted in bold capitals; where structural homology is limited to two
of the four structures light-face capitals are used. Residues in lowercase are not
structurally homologous, and those in italics were not structurally character-
ized or observed. The secondary structure elements are noted above the
pile-up of sequences. The B-helical turns are denoted n (n = 1-10); the
strands comprising each turn are appended as n-1,n-2,and n-3; a series of very
short B-strands, which form a 5-stranded B-sheet and encompass several
active-site residues, are shown in a semi-transparent representation. The
active-site Asp and GIn residues are flagged by red arrows; potential N-glyco-
sylation motifs (NX(S/T)) of eukaryotic PMEs are boxed, and the ladder of cys-
teine and serine/threonine residues are boxed (vertical boxes). For clarity,
extended insertions have been excised and the number of missing residues
placed in parentheses.

causing Yersinia enterocolica, Yen-PME, have also been struc-
turally characterized (46, 71, 72). The PME from the rice weevil
shares the same distinctive B-helix structure and key active-site
residues observed for other PMEs (73).

In the case of the PME from E. chrysanthemi, complexes of
the enzyme with a variety of hexasaccharide HG oligomers with
different patterns of methylesterification have been character-
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FIGURE 3. Structure of the PME from E. chrysanthemi. The PME is colored
according to secondary structure (magenta for B-strands of the parallel core
B-helix, red for non-core B-strands, cyan for helices, and pink for loops). The
decasaccharide used for molecular dynamics simulations and formed by
combining hexasaccharide oligomers (yellow, methyl-esterified except at the
reducing end; green, de-methyl-esterified except at the non-reducing end) is
modeled into the binding groove. Note: saccharide residues at —1 and +1
sites are overlapped, and the orientation of the galacturonic acid/methylga-
lacturonate residues alternates. The labeling scheme for the core parallel
B-helix is shown. Key active-site residues are shown as sticks.

ized (46). This study established that the oligosaccharide bind-
ing groove is ~10 residues long. The active site is denoted as
+1, and it was established that galacturonic acid moieties pre-
fer sites —1 and —2, whereas methyl-esterified residues prefer
sites +1 and +3. Thus, the direction of processivity was ratio-
nalized. Binding at sites —3, —2, —1, +1, +2, and +3 is well
conserved among the different hexasaccharides, whereas bind-
ing at the outer sites of the binding groove is less well defined.
Additionally, a key feature of the oligosaccharide conforma-
tions was a pseudo-2, screw axis that placed neighboring
methyl ester groups alternately facing into and away from the
binding groove. This creates a topological problem as pro-
cessivity cannot be accomplished by simple translation of sub-
strate with respect to enzyme (or vice versa).

Recently, we performed extensive molecular dynamics sim-
ulations on decasaccharide Ech-PME species, derived from
hexasaccharide Ech-PME complexes (46), which deciphered
the mechanism of processivity (74, 75). Concerted rotations of
residues spanning the active site were observed, but only for a
decasaccharide oligomer that represented the transition state
where a just de-methyl-esterified residue was at the active site
+1, galacturonate groups were present at sites —5 to —1, and
methyl-esterified residues at sites +2 to +5 (denoted X, XM,).
These rotations oriented the methyl ester group of the mono-
saccharide at site +2 toward the active site at +1, in the correct
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orientation for a second de-methylesterification event after the
translation of the chain (74). In one simulation, this translation
was also observed. The processivity of this PME can therefore
be considered as a Brownian ratchet, where the free energy that
rectifies thermal fluctuations is carried endogenously in the
methyl ester groups, in contrast to classical molecular motors
that are powered by exogenous sources, such as hydrolysis of
ATP, or by relaxation of proton or ion gradients (75).

To date, no structure has been determined of a fungal or of a
non-processive PME, or for that matter of a PME where the pI
and the pH of optimum activity are <4.5. The black rot fungus
Aspergillus niger expresses three PMEs, for lack of better
names, Ani-PME1 (UniProt G3Y7R7, pmeA), Ani-PME2 (Uni-
prot G3YALO, pmeB), and Ani-PME3 (UniProt G3Y257) (76).
Ani-PME1 and Ani-PME2 share identity of only 42% (Fig. 2),
much lower than that among pairs of isoforms for a given plant
or even between plants. Ani-PME]1 has been shown to have
three glycosylation sites (77), whereas Ani-PME2 is predicted to
have just two (Fig. 2). Ani-PMEL1 has been expressed in Pichia
pastoris, and its activity and lack of processivity have been
widely characterized (78 —80). Here, we present the first struc-
ture of a fungal PME, Ani-PME2, which, while preserving key
active-site residues (Fig. 2), has distinctly different loop struc-
tures and surface electrostatic potential compared with plant,
bacterial, and insect PMEs. Using highly methyl-esterified pec-
tin samples, we have examined in parallel the mode of action of
Ani-PME1 and Ani-PME2 alongside that of a PME from orange
(Citrus sinensis), denoted here as Csi-PME. We also present
results of molecular dynamics simulations on Ani-PME2, con-
ducted with the same methodology as our calculations on Ech-
PME. These serve two purposes as follows: first, to understand
the basis of non-processivity in this fungal enzyme, and second,
to validate our calculations on the processive Ech-PME by pro-
viding a point of comparison.

With this work on fungal PME, we now have, for the first
time, both detailed biochemical characterizations and struc-
tures for the following: (i) processive and non-processive PMEs;
(if) PMEs from three distantly related organisms; (iii) PMEs that
have activity from acidic to basic conditions; and (iv) PMEs that
vary in their requirement for ionic strength (salt concentra-
tion). Our results provide then a key addition to the voluminous
attention paid by Nature to pectin and pectin methylesterases
in plant cell-wall construction, modification, and decon-
struction by researchers seeking to understand the myriad fac-
ets of the biochemistry and biophysics of pectin and PME and
by technologists applying pectin methylesterases in numerous
industrial scale processes and products (5).

Experimental Procedures

Sources of Chemicals—All chemicals and reagents used were
AR grade or higher, sourced from Sigma (New Zealand), Merck
KGaA, and Thermo Fisher (Australia Pty. Ltd.). Deglycosyla-
tion and cloning enzymes, purification kits, and media were
from Bio-Rad, GE Healthcare, Life Technologies, Inc., New
England Biolabs, Roche Diagnostics (New Zealand), and Zymo
Research Corp. Crystallization solutions and plates were
obtained from Art Robbins Instruments, Hampton Research,
and Molecular Dimension Ltd. Custom primers and gBlock
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were supplied by Integrated DNA Technologies Pty. Ltd.
Orange PME (EC 3.1.1.11) (Csi-PME), obtained from Sigma
(P5400, >150 units/mg), and apple pectin, obtained from Fluka
and from Sigma (catalog no. 76282, degree of methylation
(DM), ~75%) were used as received. All water used was of
MilliQ standard.

Vector Modification for Synthesis and Cloning of Ani-PMEI
and Ani-PME2—The pYES2 vector (Life Technologies, Inc.)
(Scheme 1) was digested with Xhol and confirmed by 1% aga-
rose gel electrophoresis. All restriction digests were done in 1X
SuRE Cut buffer H or B, as appropriate (Roche Diagnostics),
overnight at 37 °C the enzyme was heat-inactivated at 65 °C for
20 min, and the fragments were purified with DNA Clean &
Concentrator"™-5 (Zymo Research Corp.). The purified frag-
ment was further digested with HindIII and dephosphorylated
with 1 unit of thermosensitive alkaline phosphatase (Promega)
in 1X Multi-core buffer at 37 °C for 15 min and heat-inacti-
vated at 74 °C. The gBlock was digested simultaneously with
Xhol and HindIII. The resulting DNA products were ligated
overnight at 4 °C and then for 3h at 10 °C in 1 X T4 DNA ligase
buffer (Roche Diagnostics) with 0.5 units of T4 DNA ligase.
Escherichia coli XL-1 Blue competent cells were transformed
with 8 ul of the ligation mixture by heat shock, and cells were
plated on SOB/ampicillin agar plates and grown for 20 h at
30 °C. Several colonies were picked and used to inoculate sep-
arate cultures of LB/ampicillin medium. The cultures were
grown at 37 °C overnight, and colony PCRs were run using cus-
tom primers (Integrated DNA Technologies) to select isolates
with the correct length. Plasmids were isolated using a High
Pure Plasmid Isolation kit (Roche Diagnostics). The sequences
of the resulting plasmid products were confirmed by DNA
sequencing (Massey Genome Service, Massey University, New
Zealand). The construct is shown in Scheme 1.

RNA Extraction—Material from a frozen vial of A. niger van
Tieghem, anamorph (ATCC 11414) obtained from the Massey
University Culture Collection, was streaked onto a maltose
extract agar plate. A 1-cm? of growth was cut from the plate and
vortexed in a 0.01% Triton X-100 solution. This was used to
inoculate a modified Czapek-Dox media (sucrose replaced with
1% w/v apple pectin (Sigma, DM 70-75), pH 6.8) and grown at
30 °C for 6-7 days. Activity assay was performed by adding
media filtered through a 0.2-um syringe filter to 0.5% w/v
highly methyl-esterified homogalacturonan (degree of methyl-
esterification of 96%, gift from Marie-Christine Ralet) and incu-
bating at 35 °C. De-methylesterification was visualized with
capillary electrophoresis (see under “Functional Analyses of
Ani-PME2 and Csi-PME” for more detail). Upon confirmation
of PME activity, total RNA was isolated by grinding cells in
liquid nitrogen with a pestle and mortar and extracted using
Ilustra RN Aspin mini kit (GE Healthcare) with the DNase step
repeated once.

c¢DNA Synthesis and PME Cloning—cDNA was synthesized
from total RNA in a reverse transcriptase reaction containing 4
ul of SuperScript® VILO™ MasterMix (Life Technologies,
Inc.) and 0.3 ug of RNA. The annealing reaction was incubated
at 25 °C for 10 min, followed by elongation at 42 °C for 120 min,
and termination at 85 °C for 5 min. PME genes were PCR-am-
plified from the resulting cDNA and then modified by PCR to
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...CGACTCACTATAGGGAATATTAAGCTTAAAAAAATGAGATT
TCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTA
GCTGCTCCAGTCAACACTACAACAGAAGATGAAACGGCACAAATTC
CGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGA
TGTTGCTGTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTG
TTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGG
TATCTCTCGAGAAAAGAATGCATACTTCATATCTTCTGGGCGCCCT
TGCCGCCCTGGCTGCTACCGCCGTCGGTGCTCCGGCAGAGCACATC
AAGAAGCGAGAGAGCCGGACGAGTGCTCCCTCAGGGTGTCTGACGG
TCGGATCGGATGGAACTTATTCCACCATCGGCGACGCGCTTGACGC
TCTAGGCTCATCCACTTCGTCCGCTTGCATTTACGTTGCCAGCGGC
ACGTATGAAGAGCAGTTGACCATTGACTACGCTGGCAACCTGACCC
TGTACGGTGAGACTACCGACACCAGCACATACAAGGACAATGTGGT
TACCATTACCCACACCATTTCGTCGCCGGATGCCGGCTCTCTCGAC
AAGAGCGCTACCGTCAACGTGGTCTCGGATGGGTTCAGCATGTACA
ACATCAACGTGGAGAATGGATATGGCGAGGGAGCACAGGCCGTAGC
CCTTGTCGGAAACGCAGATCAACTGGGCTTCTATGGATGCCAATTC
AGTGGTTATCAAGACACTCTCTATGTCAAGGCCGGCACCCAGTATT
ACTCCAACTGCATGATTGAGGGCGCGGTCGACTACATCTTTGGCGA
TGCGTCCGTGTGGTTCGGCGAATGTGACATTGTGTCTAACGGCGCC
GGTGCCATCACGGCCTCATCGCGCGAAACTTCCTCTGACTCAGGCT
GGTACGCTATCGACAACTGCAACATCAAGGCTGCTTCAGGAGTCTC
TCTCACGGAGGAGGTCTACCTGGGCCGGCCGTGGCGCGTGCTGGCG
CGGGTCATCTACCAGAACTCGGTGTTGTCGGACATCATCAACCCCA
AGGGATGGACGACCATGGCAGACGGTGCGACGCCGCTGTATTATGA
ATACAACAACTCTGGTGCGGGATCGGACACCTCTGATCGCGAATAC
GAGACCTCAATTTCTGCTGCGGTTGACAAGACCACGGTGCTGGGCG
AGACTTGGGGAGACTGGATTGATCGGAGCTACTAATCTAGAGGGCC
GCATCATGTAATTAGTTATG..

SCHEME 1. Ani-PME2 construct showing vector pYES2 (gray) with inser-
tions including gBlock (bold, with S. cerevisiae consensus sequence
AAAAAAATGimmediately followed by S. cerevisiae a-mating factor) and
Ani-PME2 (beginning with the added Kex cleavage site AAAAGA). Ani-
PME2 primers are in italics and utilized restriction sites are underlined.

add restriction sites and a Kex cleavage site using custom prim-
ers (Integrated DNA Technologies, see Scheme 1). The DNA
fragments and modified pYES2 vector were digested in separate
reactions containing Xhol and Xbal for 16 h at 37 °C. The
amplifications and digests were confirmed by 1% agarose gel
electrophoresis. Vector de-phosphorylation, ligation, transfor-
mation, growth, PCR, and sequence confirmation were per-
formed as described above (see under “Vector Modification for
Synthesis and Cloning of Ani-PME1 and Ani-PME2”). The
clones were transformed into uracil-auxotrophic INVSc1 yeast
expression host by heat shock according to the pYES2 protocol.
Several colonies of INVScl containing the pYES2_aMF_Ani-
PME construct were inoculated into individual 8 ml of SC-U
medium (synthetic minimal defined medium minus uracil sup-
plement) containing 2% glucose. The cultures were grown at
30 °C with shaking overnight and were made into glycerol
stocks for —80 °C storage.

Expression and Purification of Ani-PMEI and Ani-PME2—
One vial of frozen stock was used to inoculate a starter culture
of 200 ml of SC-U medium in a 1-liter flask and grown at 30 °C
for 24 h with shaking. A volume of cells sufficient to make a final
starting density (Aq,) of 0.4 were spun down at 1500 X g for 10
min and resuspended in 10 ml of induction medium (SC
medium containing 2% galactose instead of glucose). The sus-
pension was divided equally and placed into two 5-liter flasks
containing 1 liter of induction medium. Cells were grown at
30 °C with vigorous shaking for 72 h. Cells were harvested by
centrifugation at 5000 X g for 20 min, and the cell pellets were
discarded. The supernatant was filtered through a 0.8-um filter
paper (Merck Millipore), and the pH was adjusted to 5.5 with
NaOH. A bed volume of 40 ml of DEAE-Sephadex A-25 (GE
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Healthcare) equilibrated with buffer B (20 mm BisTris-HCl, 0.5
M NaCl, pH 6.5) was added and stirred gently at room temper-
ature overnight. After binding, the resin slurry was packed into
an XK26/200 column (GE Healthcare) by gravity and washed
with 20 column volumes (CV) of 80% buffer A (20 mm BisTris-
HCl, pH 6.5), 20% buffer B. PME was eluted in a linear gradient
from 20 to 100% buffer B in 6 CV at a flow rate of 1.5 ml/min
delivered by an AKTAexplorer 10S (GE Healthcare). The frac-
tions were checked for PME activity, and purity was assessed by
SDS-12% PAGE. Active fractions of similar purity were pooled,
buffer-exchanged into storage buffer (10 mm sodium acetate,
50 mm NaCl, pH 4.5), and concentrated with Vivaspin 20
concentrators with 10,000 molecular weight cutoff (GE
Healthcare).

Deglycosylation of Ani-PMEI and Ani-PME2—Removal of
N-linked high mannose glycans from Ani-PME was performed
by incubation with maltose-binding protein-tagged EndoH;
(New England Biolabs) or His-tagged PNGaseF (81). For
EndoH; reactions, the sample was deglycosylated in 1X G5
Reaction Buffer with 40,000 units of EndoH; per ml of sample
and incubated for 20 h at 37 °C. The resulting mixture was
applied to a 500-ul amylose column (New England Biolabs),
and the deglycosylated PME was recovered in the flow-through
fraction and stored at —80 °C. Similarly for PNGaseF reactions,
concentrated buffer was added to the PME sample in storage
buffer for a final concentration of 50 mm Na,PO,, 10 mm
sodium acetate, 50 mm NaCl, 1 mm EDTA, pH 7.5; PNGaseF
was then added for a final concentration of 15 ug/ml. The reac-
tion was incubated at 37 °C for 60 h. Imidazole-HCI was added
to a final concentration of 25 mm at the end of incubation and
applied to a 500-ul Chelating Fast Flow column (GE Health-
care) charged with Ni**. The deglycosylated PME was recov-
ered in the flow-through fraction and stored at —80 °C.

Mass Spectrometry of Deglycosylated Ani-PMEI and Ani-
PME?2 and Csi-PME—The identity of the PME was confirmed
by in-gel digestion of excised SDS-polyacrylamide gel bands
(82) and tandem MS/MS experiments. Mass spectrometric
measurements were performed using a 6520 series Q-TOF
mass spectrometer and an HPLC-Chip Cube interface
equipped with a ProtID-Chip-43 (II) chip (Agilent Technolo-
gies). The peptides were eluted from the chip using a linear
gradient of MeCN with 0.1% formic acid from 5 to 55% in 15
min at a flow rate of 4 nl/min delivered by a 1260 Infinity Nano
LC system (Agilent Technologies). Capillary voltage of 1830 V,
fragmentor voltage of 175 V, and skimmer voltage of 65 V were
used for LC-MS/MS experiments. The spectra were acquired in
the m/z range from 400 to 1700 at six and four spectra/s for
parent and fragmented ions, respectively. Data acquisition, pro-
cessing, and exportation were performed using Mass Hunter
Workstation version B6.0 SP1 (Agilent Technologies). The data
were searched against the non-redundant database under the sub-
set of A. miger combined with a contaminant database using the
Trans Proteome Pipeline (83) and MASCOT search engine.
Search parameters took into account modifications such as car-
boxymethyl on Cys, deamidation of GIn and Asn, and methionine
sulfoxide. A cutoff score based on p < 0.05 was used to filter the
searches, and each reported protein hit has at least two unique
peptides following “Paris Guidelines” (84). The intact deglycosy-
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lated protein did not fly on either Q-TOF or Orbi-trap instru-
ments, due to large negative surface charge, but an approximate
mass of 32.0 (6) kDa was obtained by MALDI-TOF.

Functional Analyses of Ani-PME2 and Csi-PME—To analyze
for processivity, three different protocols were used. In all cases,
capillary electrophoresis, which separates components on the
basis of hydrodynamic size and charge density, was used. First,
this allowed the de-methylesterification process to be moni-
tored via increases in the negative charge density of an apple
pectin substrate. This was conducted at different pH values and
ionic strength to determine the pH and ionic strength for opti-
mal activity. Second, the digest patterns of the modified sub-
strates could be interrogated after incubation with degrading
enzymes to infer the blockiness of the charge distribution of
the pre-digested polymer from the number of completely
unmethyl-esterified fragments produced.

Capillary Electrophoresis—Experiments carried out in this
work used an automated CE system (HP 3D), equipped with a
diode array detector. Electrophoresis was carried out in a fused-
silica capillary of 50 wm internal diameter and a 46.5-cm total
length (40 cm from inlet to detector). The capillary incorpo-
rated an extended light path detection window (150 wm) and
was thermostatically controlled at 25 °C. Phosphate buffer at
pH 7.0 was used as a CE background electrolyte (BGE) and was
prepared by mixing 0.2 m Na,HPO, and 0.2 m NaH,PO, in
appropriate ratios and subsequently reducing the ionic strength
to that desired (typically 50 or 90 mm). All new capillaries were
conditioned by rinsing for 30 min with 1 M NaOH, 30 min with
a 0.1 M NaOH solution, 15 min with water, and 30 min with
BGE. Between runs, the capillary was washed for 2 min with 1 m
NaOH, 2 min with 0.1 M NaOH, 1 min with water, and 2 min
with BGE. Detection was carried out using the far-UV absor-
bance at 192 nm (reporting on the presence of the carboxyl
groups present on each GalA residue). Samples were loaded
hydrodynamically (various injection times at 5000 pascal, typi-
cally giving injection volumes of the order of 10 nl) and typically
electrophoresed across a potential difference of 25 kV. All
experiments were carried out at normal polarity (inlet anodic)
unless otherwise stated.

First, 2 ul of Ani-PME2 in glycosylated and EndoH-treated
(NAG stub) forms (2 and 12 mg/ml, respectively) were each
added to 150 ul of 0.5% w/v of highly methyl-esterified (~75%)
apple pectin in 50 mm acetate buffer at pH 4.2 with 100 mm
NaCl. CE was used to follow hydrolysis of the methyl ester
groups of the pectin HG chains to galacturonate residues as a
function of incubation time. The evolution of the methylesteri-
fication distribution, relative to the starting pectin, was inferred
from the CE profile as described elsewhere (47, 85). Second,
aliquots of 0.5% w/v apple pectin were incubated with (i) glyco-
sylated Ani-PME2 (pH 4.5, 100 mm NaCl), (ii) orange PME (pH
7.5), and (ii) base (pH 11.5), respectively, without buffering. The
plant PME and the base were included as reference points for
processive and non-processive de-methylesterification, respec-
tively. In all cases as de-methylesterification proceeds, the pH
drops as pectic acid groups are liberated. In response, 10-ul
aliquots of 0.1 M NaOH were periodically added to the solutions
to maintain the pH. When the total amount of NaOH added
corresponded to the liberation of sufficient carboxyl protons so
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that the degree of methylesterification of the pectin was
inferred to have been reduced to around 35%, the reactions
were quenched by dropping the pH to 3 with acetic acid and
subsequently denaturing the enzymes by heating (95 °C for 5
min) where appropriate. Again, the degree of methylesterifica-
tion and the intermolecular DM distribution of these substrates
were obtained by CE. The advantage of this batch-method is
that three low DM substrates (all ~(35 = 2)%) can be obtained
from the same mother pectin in a facile manner, performing the
de-methylesterification in three different ways. Third, the sam-
ples generated under the second protocol were treated with
endopolygalacturonase II (EndoPG II) from A. miger. This
enzyme preferentially cuts the HG chain in unmethyl- or de-
methyl-esterified regions, and it has a strict requirement for
non-methyl-esterified GalA residues on either side of the scis-
sion point (86). Hence, the digest pattern (the relative amount
of differentnon-esterified or partially methyl-esterified oligosac-
charides of different degrees of polymerization liberated) is ren-
dered sensitive to the patterning of methyl ester moieties along
the chain and therefore to the processive nature or otherwise of
the reaction that removed the methyl ester groups from the
highly esterified starting material. These digests were per-
formed in 50 —100 mm acetate buffer at pH 4.2, and the result-
ing oligogalacturonides were examined after a 24-h incubation
at 25 °C by CE.

Crystallization of Ani-PME2—The sitting-drop vapor diffu-
sion method was used for initial crystallization trials, with solu-
tions dispensed by means of a liquid-handling robot Mosquito
(TTP Labtech) into 96-well Shallow-well Intelli plates (Art
Robbins Instruments). The screening conditions used were
Structure Screen I+II HT-96 and JCSG-plus HT-96 (Molecular
Dimensions) at 25 °C. 800-nl drops were made with equal vol-
umes of protein at 6.5 mg/ml and reservoir solutions in subwell
2 and 800 nl of reservoir solution alone in subwell 3. Crystalli-
zation conditions yielding micro-crystals were further opti-
mized by the hanging-drop vapor-diffusion method. Suitable
crystals were grown at 21 °C in drops of 2 ul, made with protein
and reservoir solutions in the ratios of 1:1 and 2:3, the latter
containing 1.9 m (NH,),SO,, 100 mMm sodium acetate, pH 3.6
(EndoH,-deglycosylated Ani-PME2), or 1.8 m (NH,),SO,, 100
mMm sodium acetate, pH 4.1 (PNGaseF-deglycosylated Ani-
PME2). Crystals grew as clusters of very fine flattened needles,
up to 0.6 mm long and 0.015 X 0.010 mm in cross-section over
a period of a week. Single crystals of fully glycosylated protein
have not been obtained at this stage.

Single Crystal X-ray Diffraction Data Collection, Structure
Solution, and Refinement of Ani-PME2—Single crystals were
briefly soaked in mother liquor containing 20% glycerol as cryo-
protectant and flash-frozen in liquid nitrogen. Single crystal
x-ray diffraction data to resolutions of 1.8 A (PNGaseF-treated
enzyme) and 1.75 A (EndoHtreated enzyme), harvested from
an RAxisIV"™ detector using x-rays generated by a Rigaku
MMO007 microfocus rotating copper-anode x-ray generator
that were monochromated and focused by an AXCo PX70 cap-
illary optic, were processed using CRYSTALCLEAR and
d*TREK (87). The structure of the PNGaseF-treated enzyme
was solved by molecular replacement using MrBump, (88 -91)
as embedded in the CCP4i suite of programs (92, 93). A com-
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posite model was based on the PMEs from tomato (Solanum
lycopersicum; PDB code 1xg2) and carrot (Daucus carota, PDB
code 1gqg8), with side chains trimmed by CHAINSAW to a
common stub shared by Ani-PME2. After refinement by means
of REFMACS5 (94) of the PHASER-produced ensemble solu-
tion, R,y and Ry, were 0.409 and 0.445, respectively. Not-
withstanding the rather high R, .. value, the electron density
maps, displayed and manipulated via COOT (95), readily
allowed rethreading of many loops, adjustment of rotamers for
side chains common to search and target molecules, and addi-
tion of all side chains. No significant electron density before
residue 29 (Ani-PME2 numbering) was observed. Several
rounds of refinement and inspection of electron density maps
with COOT led to additional adjustments and corrections to
main chain and side chain conformations along with the addi-
tion of sulfate ions, water molecules, and glycerol molecules to
complete the structural model. The validation tools of COOT
were used to assess and check the structure for infelicities.

Data collection and structure refinement of the EndoH,
treated Ani-PME proceeded very similarly to the PNGaseF-
treated protein. Because the structure is isomorphous to the
PNGaseF-treated enzyme, the set of reflections /1k/ set aside for
calculation of Ry, for the structure of the PNGaseF-treated
enzyme was transferred to the data set for the EndoH-treated
enzyme, and additional reflections were added, because resolu-
tion of this x-ray data extended to 1.75 A. Refinement for the
latter structure began with rigid-body refinement of the model
for the former structure, stripped of non-proteinaceous moi-
eties. Salient details of data processing and structure refine-
ment are given for both structures in Table 1. All molecular
diagrams were prepared using PyMOL (Molecular Graphics
System, Version 1.5.0.4 Schrodinger, LLC).

Calculation and Comparison of PME Electrostatic Pro-
perties—The comparison of electrostatic potentials has been
performed on the basis of similarity indices describing the
quantitative differences of the proteins’ electrostatic potentials
in three-dimensional space. The protonation state of each pro-
tonatable amino acid has been adjusted to that calculated at pH
4. The pK,, values for each amino acid have been calculated
using the software PROPKA Version 3.0 (96). Hydrogens,
atomic charges, and radii were placed using the software PDB
2PQR Version 1.9 (97) using the parameters derived by the
PARSE force field, which has been optimized for calculations in
implicit solvent (98). Electrostatic potentials have then been
calculated by solving the linearized form of the Poisson-Boltz-
mann equation using the software APBS Version 1.3 (97). Sim-
ilarity indices were calculated using the webserver PIPSA (99).
PIPSA calculates similarity indices using Equation 1,

2(pup2)

Sly=——~+"-—"—~
12 (pup1) + (pap2)

(Eq. 1)

where (p,,p,), (p1,p1), and (p,,p,) are the scalar products of the
electrostatic potentials calculated by discretizing the solutions
of the Poisson-Boltzmann equation on a three-dimensional
grid. After superimposing the structures, the electrostatic
potentials have been calculated over the whole Ech-PME, Dca-
PME, Ani-PME1, and Ani-PME2, but the similarity indices
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TABLE 1
Data processing and structure refinement statistics for Ani-PME2

PNGaseF-treated PME2 EndoH,-treated PME2
Data collection and processing
Crystal system Orthorhombic Orthorhombic
Space group C222, C222,

Unit cell: @, b, ¢ (A) .
Resolution range(highest shell) (A)

75.25,113.84, 88.74

88.74—1.80 (1.86-1.80)

74.61, 113.54, 88.77
62.35—1.75 (1.81-1.75)

No. of reflections 32,510 34,821
R... 0.075 (0.313) 0.084 (0.366)
I/o() (post-averaging) 9.8 (3.7) 83 (3.1)
Completeness 95.7 (91.4) 95.6% (89.6)
Redundancy 3.79 (3.75) 3.94(3.71)
Wilson B value (A?) 19.4 19.0
Structure refinement

A 1 1
R 0.170 0.171

e 0.203 0.201
Amino acid residues 29-327 29-327
No. of amino acid atom sites 2280 2335
No. of water molecules 312 323

Other atoms/groups )
Average B value: protein/water/other (A?) 18.9/30.4 /33.9
Root mean square deviation bond distances (A) 0.0069
Root mean square deviation bond angles (°) 1.26
Ramachandran
% Favored/allowed/forbidden 95.5/4.2/0.3 (Met276)
PDB code 5clc

2.25 glycerol/3.5 SO /1 C17/0.5 CH,COO~

3 glycerol/4.5 SO2~/1 C17/0.5CH,COO /1 NAG
19.8/31.1/44.3

0.0082

1.31

95.2/4.5/0.3 (Met276)
5cle

described here are relative to the binding groove of the enzyme,
defined as the region described by a sphere (see Fig. 13A) having
as its center the coordinates of Asp-199_OD2 of Ech-PME and
the radius 15 A. A matrix, reporting the differences between the
electrostatic potentials of the PMEs expressed by the fourth
species, was obtained and is shown in Fig. 13B.

Modeling of Ani-PME2-HG Complexes and Molecular
Dynamics Simulations—HG decasaccharides were modeled in
complex with Ani-PME2, using as starting coordinates those
from two x-ray crystal structures of Ech-PME in complex with
hexasaccharides (46). The two structures chosen showed the
hexasaccharides docked along different subsites of the binding
groove. In one case (PDB code 2nsp), the hexasaccharide occu-
pied subsites —5 to +1 and in the other (PDB code 2nt9) —1 to
+5. Coordinate merging of the two hexasaccharides and the
deletion of one of the two pairs of overlapping monosaccha-
rides (subsites —1 and +1) provided a decasaccharide spanning
the entire length of the binding groove. The complex between
such a decasaccharide and Ani-PME2 has been modeled
through the structural alignment of Ech-PME, docked with
an HG decasaccharide, and Ani-PME2. The decasaccharide
selected to test for processivity was unmethyl-esterified on
residues docked in the subsites —5 to +1 and methyl-ester-
ified on residues docked in the subsites +2 to +5, denoted
X;XM,, and models the product of the reaction, whereby the
active site (+1) accommodates a de-methyl-esterified resi-
due. Energy minimizations in vacuo removed steric clashes
between the protein and the oligosaccharide. The prepara-
tion of the system for production of molecular dynamics
runs and the analysis and visualization of the collected tra-
jectories were performed as described previously (74). Each
system was simulated for a total time of 250 ns in five inde-
pendent simulations of 50 ns for which the set of initial par-
ticle velocities was different.
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Results

Expression, Purification, Deglycosylation, and Activity of Ani-
PMEI and Ani-PME2—The genes for Ani-PME1 and Ani-
PME2 had the A. niger export tag replaced by one optimized for
the expression host, Saccharomyces cerevisiae. The protein was
expressed and exported into the growth medium in good yield
and then readily purified. Sequence analysis revealed two
potential motifs for asparagine N-linked glycosylation (see Fig.
2). To obtain fully deglycosylated protein, Ani-PME2 was
treated with PNGaseF. To obtain protein bearing N-linked
N-acetylglucosamine (NAG) stub(s), the protein was treated
with EndoH;. The enzyme in all three forms is active. Mass
spectrometry analysis of pepsin-digested fragments established
that the export tag was cleaved as expected, and relative to the
full-length native protein, the recovered Ani-PME2 began at
residue 29. X-ray crystallographic analysis confirmed that only
Asn-84 was N-glycosylated (see below).

The activity of the protein was monitored over the pH range
3-7,in the presence or absence of NaCl. Maximum activity was
observed in the pH range 4.0 4.5 and with concentration of
NaCl of 0.8 M. Without added NaCl, protein activity is highly
reduced. At pH 7 and above in the presence of 100 mm NaCl,
Ani-PME?2 is nearly inactive. A similar activity profile has been
established for Ani-PME1 (79, 100).

Processivity of Ani-PME1, Ani-PME2, and Csi-PME—Three
experimental protocols on highly methyl-esterified apple pec-
tin establish that under conditions close to their pH optima
Ani-PME2 is non-processive, whereas Csi-PME is processive as
expected. In the first protocol, the de-methylesterification of
apple pectin by Ani-PME2 in glycosylated and Endo-H-treated
(N-acetylglucosamine stub) forms was followed as a function of
time, as summarized in Fig. 4, A and B. In both cases, CE reveals
that the Gaussian peak shape is preserved, which is indicative of
random de-methylesterification of the apple pectin by the Ani-
PME2 species (47). The glycan appears to have minimal effect

JOURNAL OF BIOLOGICAL CHEMISTRY 1295



Structure and Processivity of a Fungal Pectin Methylesterase

EOF Starting Apple Pectin

EOF A g Apple Pect /\
© Jgi 2 £ o Base
2 _A/\._‘E g ———/gi g
N e B
£ '—A—A/\k; s & S /\ Ani-PME2
3 o r-] Z =
< rle S A e 1

____N_/\ i £ Csi-PME2
(5
0 2 4 6 8 1012 14 0 2 4 6 8 0 20 40 60 80 100
time/min time/min DM (%)

(A) (8) (€

FIGURE 4. Capillary electrophoresis of de-methyl-esterified pectin. CE results of de-methylesterification of Fluka apple pectin in 50 mm acetate buffer at pH
4.2 containing 100 mm NaCl by Ani-PME2 (glycosylated) (A) and Ani-PME2 (EndoH, treated) (B). The pectin peak (carboxyl group absorbance at 192 nm) moves
to theright as its negative charge density increases. (The large spike at around 2 min results from the electro-osmotic flow.) C, capillary electrophoresis of batch
de-methyl-esterified of pectin. Pectin was de-methyl-esterified to generate substrates of similar degree (35%) of methylesterification (DM), maintaining pH at
a constant value by titration with 0.10 m NaOH solution. Orange PME (Csi-PME at pH 7.5), Ani-PME2 (at pH 4.5), and base (at pH 11.5) were used to de-methyl-
esterify 0.5% w/v apple pectin. The degree of methylesterification and the molecular distribution were obtained by CE.
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FIGURE 5. Capillary electrophoresis of EndoH;-digested partly de-methyl-esterified pectin. A, CE of apple pectin samples digested with EndoPG Il and run
with 50 mm background electrolyte at 20 kV applied voltage. Highly methyl-esterified apple pectin has first been treated with strong base (labeled Base),
Csi-PME, or Ani-PME2 to a constant degree of methylesterification of ~35%. EndoPG Il digestion of the de-methyl-esterified sample obtained by using Csi-PME
produces only mono-, di-, and tri-galacturonic acid fragments of upon digestion with EndoPG II. For the base-generated and Ani-PME2-treated substrate, both
of similar DM, however, many more fragments (see dotted boxes) can be identified as being partially methyl-esterified oligogalacturonides, consistent with the
more random placement of the unmethyl-esterified residues by base or Ani-PME2. B, capillary electrophoresis of EndoH-digested partly de-methyl-esterified
pectin. CE of apple pectin samples digested with EndoPG Il and run with 100 mm phosphate running buffer at 30 kV applied voltage. Highly methyl-esterified
apple pectin was first treated with strong base (labeled Base) or glycosylated Ani-PME2, or Ani-PME1 to a constant degree of methylesterification of ~40%.
Unmethyl-esterified peaks are labeled, and additional peaks corresponding to methyl-esterified fragments appearing in all three digests are indicated by

dotted lines (101).

on the resultant charge distribution and only a mild effect on
the activity so that the EndoH-treated enzyme achieves a sim-
ilar extent of de-methylesterification of pectin in about two-
thirds the time of the fully glycosylated Ani-PME2.

In the second protocol, batch de-methylesterification, apple
pectin samples were hydrolyzed to a constant average degree of
methylesterification of ~35%. Under strongly basic conditions
(pH 11.5), apple pectin undergoes non-enzymatic, non-pro-
cessive (random) de-methylesterification; the Gaussian distri-
bution of charged forms of unmodified apple pectin is pre-
served upon treatment with a strong base. A Gaussian
distribution is also maintained upon treatment of apple pectin
by glycosylated Ani-PME2 at pH 4.5 and 100 mm NacCl, indica-
tive of a lack of processivity. However, for apple pectin treated
with Csi-PME, CE shows a broadened and unsymmetrical dis-
tribution, which is consistent with processive action by this
enzyme, as illustrated in Fig. 4C.

In the third protocol, the samples, each having an approxi-
mately sample-averaged 35% degree of methylesterification as
prepared under the above second protocol, were digested with
EndoPG II, which preferentially cleaves the glycosidic bonds of
the HG chain at sites containing a de-methyl-esterified or non-
methyl-esterified galacturonic acid residue. That Csi-PME is
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highly processive is confirmed by the presence of just three
peaks in the CE chromatogram, corresponding simply to
mono-, di-, and tri-galacturonic acid species (101), as shown
in Fig. 5A. Moreover, non-processive (or near-random)
de-methylesterification by Ani-PME2 at pH 4.2 or by strong
base at pH 11.5 is confirmed by a plethora of fragments of vary-
ing length and charge, as shown in Fig. 54 (101). Although the
distributions of EndoPG II-generated fragments for base-
treated and Ani-PME2-treated samples are slightly different,
this difference is probably attributable to imperfectly random
de-methylesterification by Ani-PME2, as hinted by the slight
tailing of the Gaussian distribution for the Ani-PME2-treated
apple pectin, apparent on close inspection of Fig. 4C.

Finally, samples of a second highly methyl-esterified apple
pectin (to investigate the reproducibility of the data with a dif-
ferent starting substrate) that had undergone prior treatment
with either strong base, or Ani-PMEL, or glycosylated Ani-
PME2 to a constant DM of ~40% were then treated with
EndoPG II, and the products were examined by CE (Fig. 5B)
under conditions designed to give higher resolution than for the
previous runs (different ionic strength of the background elec-
trolyte and voltage). Both Ani-PME1 and Ani-PME2 share a
similar lack of processivity.
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FIGURE 6. Structure of EndoH,-treated Ani-PME2. The active-site Asp residues (here Asp-168 and Asp-189) are highlighted in a ball-and-stick representation
(carbon atoms in yellow); the disordered NAG stub is similarly highlighted (carbon atoms in yellow). Other atoms, including those of a sulfate and a glycerol near
the active site, and the disulfide bridge Cys-38 -Cys-65, are in standard CPK coloring. A decasaccharide (de-methyl-esterified for residues labeled —5, —4, —3,
—2,—1,and +1and methyl-esterified for residues +2, +3, +4,and +5) is modeled in the binding groove and shown in semi-transparent form. A, view looking
down on the active site. Note that the carboxylate group of the decasaccharide residue at the site —1 coincides closely with one of the sulfate anions, and a
glycerol is located close to the active-site aspartate residues. B, view looking approximately down the B-helix axis of Ani-PME2, rainbow colored from the N
terminus in blue to the C terminus in red. The n'm faces of the B-helix are labeled (helix turn n = 1-12; face m = 1-3).

Structures of Ani-PME2—The structures of Ani-PME2 in
PNGaseF-treated (fully deglycosylated) and EndoH-treated
(N-acetylglucosamine, NAG, stub) forms have been deter-
mined to 1.80 and 1.75 A resolution, respectively. Both forms
are isomorphous and monomeric. Other structurally charac-
terized PMEs are also monomeric and all share a distinctive
parallel B-helix in which three strands, with a minimum num-
ber of residues of 20, complete one turn of the helix, and the
clockwise (right-handed) helix includes 10% turns, although
parts of the first and last turns do not have three 3-strands. The
entire helix undergoes a left-handed super-helical twist of
~60°. Ignoring the extended loops, the B-helix has a somewhat
triangular aspect when viewed end-on. Denoting each heli-
cal turn with the number # (z = 1,10), each B-sheet face of the
three distinct faces of the helix can be denoted as n'm (m = 1,3).
The putative substrate-binding groove, with reference to the
Ech-PME structure with various hexasaccharide moieties
bound, lies diagonally along the n-3 face. The structure of
EndoH-treated Ani-PME is shown in Fig. 6. The root-mean-
square deviation between these two structures, superimposing
Ca atoms by means of LSKAB, is 0.081 A, indicating that the
NAG stub, and by extrapolation the entire glycan, has essen-
tially no influence on the core protein structure.

High quality electron density is apparent for protein main
chain and almost all side chains from residue 29 through to the
final residue at 327. Asn-84 is revealed as the sole site of
N-linked glycosylation by the following: (i) electron density for
the NAG stub at Asn-84 and none at Asn-288 for EndoH,-
treated Ani-PME2,and (ii) atomicdisplacement parameterscon-
sistent with Asp-84 (the product of hydrolysis of the Asn-linked
glycan) and Asn-288.

For both structures, oxidation of a pair of exposed cysteines
leads to a disulfide link between exposed Cys-38 and Cys-65.
These cysteine residues are not present in plant, bacterial, or
insect PMEs or in Ani-PMEL.
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Except for the N- and C-terminal regions, the parallel -helix
forms a remarkably rigid framework to which the substrate HG
chains bind. Fig. 7 shows the relative atomic displacement
parameters for the structurally characterized processive PMEs
from the bacterium E. chrysanthemi and the plant D. carota
(carrot) and the non-processive fungal PME, Ani-PME2, as
reported here. The rigidity of the long loops surrounding the
active site for Ech-PME is also observed in the molecular
dynamics simulations published previously. (74) These simula-
tions revealed that the motions of the substrate and of the loops
surrounding it were correlated in the case of the substrate capa-
ble of undergoing processive de-methylesterification. In Fig. 8,
the superposition of the structures of Ani-PME2, Ech-PME,
Dca-PME, and rice weevil PME is shown, highlighting the very
different loops among these PMEs and the highly conserved
core parallel B-helix. Indeed, notwithstanding sequence iden-
tity of only ~30%, in pairwise comparisons of this fungal PME
with plant (Dca-PME, PDB code 1gq8) and bacterial (Ech-PME
PDB code 1qjv) PMEs, the root-mean-square deviations by sec-
ondary structure matching with a 5-A threshold for inclusion
(102) are 1.42 A (271 residues aligned) and 1.56 A (259 residues
aligned), respectively.

Cys Ladder—For Ani-PME2, there is a distinctive quartet of
buried cysteine residues, Cys-161, Cys-182, Cys-202, and Cys-
231, that sit at the turn between the strands #:1 and #-2 (n =
5-8) and face internally into the core of the B-helix (Fig. 9). In
both structures of Ani-PME2, these cysteines all adopt the same
rotamer, and there are no disulfide linkages. For Ani-PMEL,
these residues alternate as Cys/Thr/Cys/Ser, and in other PME
structures only one or two of these cysteines are conserved (46,
69, 71).

Homology Modeling of the Structure of Ani-PMEI1—A Clust-
alW alignment (103) of Ani-PME1 and Ani-PME2 reveals about
40% identity (Fig. 2). Active-site residues and their immediate
surroundings are conserved between these two fungal PMEs.
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superposed hexasaccharides
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Processive bacterial (Ech-PME) Non-processive fungal (Ani-PME2)

FIGURE 7. Flexibility of Ani-PME2 reported by crystallographic atomic
displacement parameters (B values). “Putty” diagrams (PyMOL) of the rel-
ative atomic displacement parameters, in rainbow colors, for two processive
plant and bacterial PMEs and for the non-processive fungal PME, Ani-PME?2.
The largest atomic displacement parameters are colored red; the smallest
dark blue. The top left frame shows the decasaccharide derived from superpo-
sition of two hexasaccharides (PDB codes 2nsp and 2ntp). Note that the loops
surrounding the substrate-binding groove are relatively inflexible in all struc-
tures, notwithstanding greatly varying lengths, and note the absence of
bound oligosaccharide in the case of Dca-PME and Ani-PME.

FIGURE 8. Schematic representation of the superposition of PME struc-
tures. The PME2 from A. niger is shown in green, D. carota in orange (PDB code
1998), rice weevil (Sitophilus oryzae) in cyan (PDB code 4pmbh), and E. chrysan-
themi in magenta (PDB codes 2nt6 and 2nt9). The active-site Asp residues are
shown as spheres. Relative to Fig. 6A, the view here is rotated ~90° anti-
clockwise about an axis running south-north. The N and C termini of the rice
weevil PME are cyan-highlighted; the others are shown in black.

Loop lengths are also conserved in general; the exception is the
loop between strands 9-3 and 10-1, which is three residues lon-
ger for Ani-PME1 compared with Ani-PME2. Thus, the sec-
ondary and tertiary structure of Ani-PMEI is expected to
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FIGURE 9. Cysteine ladder comprising Cys-161, Cys-182, Cys-202, and
Cys-231. These Cys and Ser-262 share a common orientation and lie in the
turn between B-helix faces n-1 and n-2. The Asn and lle bookends are shown.
Also shown are the Cys-38-Cys-64 disulfide bridge and the active-site aspar-
tate residues, Asp-168 and Asp-189. For clarity, residues 49-57 are omitted.

resemble very closely that of Ani-PME2. Fig. 13A shows a
superposition of the structures of Ani-PME1 (model), Ani-
PME2, Ech-PME, and Dca-PME. Note that a rethreading of the
loop and strand consisting of residues 91-115 of Ani-PME2
would place this loop for Ani-PMEL1 as lining the substrate-
binding groove, in a manner similar to that for the plant and
bacterial PME structures. Moreover, this rethreading would
place a putative glycosylation motif (NIT) in a loop, rather than
in a B-strand.

Molecular Dynamics Simulations on Ani-PME2—MD simu-
lations performed on Ani-PME2 reveal a substantially different
behavior compared with that previously reported for Ech-PME
(74, 75). The motions of the decasaccharide featuring de-meth-
yl-esterified residues docked at subsites —5 to +1 (X;XM,) are
shown in Fig. 10 for the non-processive Ani-PME2 and the
processive Ech-PME. The sliding motions of the decasaccha-
ride along the substrate-binding groove (parallel to the z direc-
tion) are similar for Ani-PME2 and the processive Ech-PME.
However, motions in the y direction (approximately across the
substrate-binding groove) and especially in the x directions
(away from the enzyme) are noticeably greater for Ani-PME2
than for the processive Ech-PME. Collectively, these motions,
shown as root-mean-square fluctuations in Fig. 10B and as the
derived diffusion coefficients in Fig. 10C, are entirely consistent
with the lack of processivity for Ani-PME2 experimentally
observed by capillary electrophoresis methods.

But what of the dynamic behavior of the decasaccharide
XXM, at the level of the individual residues? The concerted
rotations about the glycosidic bonds for residues in the vicinity
of the active site that were observed for the processive Ech-
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FIGURE 10. Diffusion of HG decasaccharide (X;XM,) docked into the bind-
ing grooves of processive Ani-PME2 and processive Ech-PME. A, structure
of Ani-PME2 in complex with the X;XM, decasaccharide modeled into the
enzyme binding groove. Ani-PME2 is colored in yellow, and the oligosaccha-
ride is shown in licorice and colored by atom type. The binding of X;XM, to
Ech-PME is generally similar and is shown in Ref. 74. The Cartesian axes show
the alignment of the oligosaccharide along the z-dimension. B, mean-square
displacements of the oligosaccharide during the first 500 ps from the start of
the simulation in the x (red), y (green), and z (blue) dimensions. The solid line
refers to Ani-PME2; the dotted line shows Ech-PME. The mean-square displace-
ment in the z direction is very similar for both enzymes. C, diffusion coeffi-
cients calculated from the fitting of the mean-square displacements shownin
B between 100 and 400 ps. Diffusion coefficients describe the movements of
the oligosaccharide along the x (red), y (green), and z (blue) dimensions. The
z-direction represents the direction of oligosaccharide sliding in the case of a
processive activity. The fully colored boxes refer to Ani-PME2; the pale-shaded
boxes show Ech-PME. The diffusion of the oligosaccharide is markedly greater
in the x-direction, away from the substrate-binding groove, for the non-pro-
cessive Ani-PME2 than for the processive Ech-PME.

PME2 are absent for the non-processive Ani-PME2. Fig. 114
shows a Ramachandran-like plot of the distribution of the ¢/
torsion angles (defined in Fig. 1) for the glycosidic linkages
upstream and downstream of the residue bound in the active
site for the non-processive Ani-PME2 and processive Ech-PME
enzymes. Fig. 11C shows the time evolution of these angles and
their highly correlated changes. In contrast, for the non-pro-
cessive Ani-PME2, the distribution of these ¢/ torsion angles
is noticeably different from that for Ech-PME for most of the
linkages (Fig. 11B), and the absence of correlated rotations is
clearly apparent in Fig. 11D.

In our previous study, the sliding of an HG decasaccharide
(X5XM,) along the binding groove of the processive Ech-PME
was observed in association with a sharp drop of the enzyme-
substrate electrostatic binding energy, indicating that charge
neutralization between enzyme and substrate may be occurring
upon sliding (75). We discuss below the implications on pro-
cessivity of the very different electrostatic potential presented
to the substrate by Ani-PME2 compared with that presented by
plant and bacterial PMEs.

Discussion

Similarities and Differences among PME Structures—The
active-site residues identified in the structures of Ech-PME,
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Dca-PME, and rice weevil PME are well conserved in the Ani-
PME2 structure, with one exception; there is for Ani-PME2 no
equivalent to Thr-109 of Ech-PME, Thr-83 of Dca-PME, and
Thr-146 of rice weevil PME (Fig. 2 and Table 2). This threonine,
which appears to be highly conserved in bacterial, plant, and
insect PMEs, binds to substrate at the —1 and —2 sites through
both main chain and side chain moieties. Moreover, the loop on
which this threonine residue resides in the plant, bacterial, and
insect PME structures, between strands 3-2 and 3-3, occupies a
different region of space in the fungal structure. This residue
appears also to be absent in the Ani-PME1 sequence.

Table 3 shows the predicted intermolecular contacts
between a decasaccharide and PME, based on the intermolec-
ular contacts observed for differently patterned hexasaccharide
moieties bound to Ech-PME (46). By and large these contacts
appear to be well conserved between bacterial and fungal
PMEs, with the exception of the Thr noted above.

Loops and Processivity—The B-helix forms a very rigid
framework from which extends an array of loops. The sub-
strate-binding groove, which lies diagonally along the face
formed by strands -3, is lined by five loops of variable length
and mobility (see Figs. 2, 7, and 8). For Ech-PME, few changes in
protein flexibility are seen upon binding hexasaccharides,
except for the loop between strands 7-2 and 7-:3, which
decreases in mobility on substrate binding; Asn-229 from this
loop makes contact with hexasaccharide residue binding at site
+5. These loops are much longer for Ech-PME than for Dca-
PME and Ani-PME2; moreover, several loops for Dca-PME are
several residues longer than those for Ani-PME2 (Fig. 2). In the
case of Ani-PME2, the loops all appear more rigid than those for
the plant and bacterial PMEs, and the loop linking strands 9-3
and 10-1, although of similar length to that in the plant struc-
ture, is particularly rigid (see Fig. 7).

Nonetheless, the plant PME with loops of similar length to
those for Ani-PME2 and much shorter than those of Ech-PME
(Fig. 10) is processive, suggesting that factors additional to loop
movements may be critical for determining processivity. Elec-
trostatic forces, having a longer range of action with respect to
other interatomic interactions, may play a crucial role consid-
ering the highly charged nature of the substrate and enzyme. To
test this hypothesis, a comparison of the electrostatic proper-
ties of PMEs that have different processive abilities has been
carried out.

Surface Charge and Processivity—The surface electrostatic
potential of Ani-PME2 (and also that predicted for Ani-PME1)
is markedly different from that for plant and bacterial PMEs,
especially when calculated at pH 7.4, the pH at which bacterial
and plant enzymes are the most active. Whereas the plant and
bacterial PMEs show a strongly positive potential (except for
the active-site Asp residue), Ani-PME2 shows a very strongly
negative electrostatic potential (Fig. 12). Calculations have also
been performed in the presence of 100 mm NaCl, for which the
screening effect substantially reduces the absolute values of the
surface potentials.

At pH 7.4 and low salt, Ani-PME2 is only weakly active. This
may be correlated with repulsion of substrate, which, unless
fully methyl-esterified, is negatively charged. Lowering the pH
to 4.2, the pH at which Ani-PME2 is most active, still leaves the
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shed previously (74).

TABLE 2
Correspondence table for structurally conserved residues

Most functions are inferred from the structures of Ech-PME (as the D178 A mutant) in complex with variously decorated hexasaccharides and from the changes in enzyme
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activity on mutation of selected residues (46). The PROPKA3-calculated pK, values of active-site residues are given in parentheses (96).

Residue (structural element) Ani-PME2  Dca-PME Ech-PME Rice weevil PME Function/comment

Thr (loop 3-2/3-3) 83 109 146 Substrate binding

Gln (loop 4-2/4-3) 145 115 153 177 Substrate binding

Gln (loop 5-2/5-3) 167 135 177 199 Substrate binding/stabilization of anionic acyl intermediate
Asp (loop 5-2/5-3) 168 (8.17) 136 (9.06) 178 (9.00) 200 (8.51) General acid/base

Asp (loop 6-2/6-3) 189 (4.36) 157 (4.89) 199 (4.58) 226 (4.39) Positioned for nucleophilic attack on methyl ester moiety
Arg (strand 8-3) 249 (13.87) 225(13.39) 267 (14.70) 290 (13.89) Substrate binding

Trp (loop 8-8/9-1) 251 227 269 292 Substrate binding (H-bond of substrate to NE1)

Met (strand 9-3) 276 Trp252 306 Ala332 Dispersion interactions with substrate
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TABLE 3

Residues forming hydrogen-bonding contacts with an HG substrate for Ech-PME and their structural equivalents for Ani-PME2 and Dca-PME
Interactions are inferred from the structures of Ech-PME (as the D178 A mutant) in complex with variously decorated hexasaccharides (46).

Subsite Ani-PME2 Dca-PME Ech-PME
+5 - - Asn-226
+4 No contacts (Lys-182, Gly-180_0)" No contacts
+3 No contacts GIn-181¢ Arg-219
+2 Arg-249, GIn-167 Arg-255, GIn-135 Arg-267, GIn-177
+1 Gln-167, Asp-168, Asp-189 Gln-135, Asp-136, Asp-157 GlIn-177, Asp-178, Asp-199
-1 Gln-145, Trp-251, -, Arg-252“ Gln-115, Trp-227, Thr-83, Lys-228d Gln-153, Trp-269, Thr-109, Thr-272_0OG/N
-2 -, Leu-116_N,* Arg-2527 Thr-83_N, Phe-84_N, Lys-228¢ Thr-109_N(weak), Ala-110_N, Thr-272_N/O
-3, —4,-5 No direct contacts No direct contacts No direct contacts

“ No structural equivalent or inequivalent was in the vicinity to Ech-PME (D178A) with bound hexasaccharides.
® Data were inferred from superposition; no structural equivalent or inequivalent for Ech-PME (D178A) with bound hexasaccharides was in the vicinity.

¢ Data were structurally inequivalent but approximately positioned at Ech-PME Arg-219.

4 Data were structurally inequivalent but approximately positioned at Ech-PME Thr-272_N.
¢ Data were structurally inequivalent but approximately positioned at Ech-PME Ala-110_N and Dca-PME Phe-84_N.

protein surface partially negatively charged. Nonetheless,
intrinsic activity of the orange PME (Csi-PME) and the fungal
PME:s (in the presence of 100 mm NaCl) at their respective pH
optima are similar. Thus, the positive electrostatic potential
extended by the bacterial and most plant PMEs may be respon-
sible for providing overall electrostatic attraction that retains
the increasingly negatively charged substrate in the binding
groove, thereby favoring processivity. In contrast, these two
fungal PMEs provide an overall electrostatic repulsion, favoring
dissociation of substrate and random non-processive enzy-
matic action. Note that galacturonic acid moieties have a pK, of
~3.5 and hence are substantially deprotonated, when exposed,
at the pH optimum of 4.2 for Ani-PME2.

Table 4 summarizes the number and type of residues that are
usually charged at pH ~7, in essence the electrostatic density of
the structurally characterized plant, bacterial, insect, and fungal
PMEs. The plant and fungal enzymes carry a similar number of
charged residues, but the fungal enzymes carry many more
aspartate and glutamate residues and many fewer lysine and
arginine residues than the plant PME, leading to a deficit of —25
and —26 for the fungal enzymes compared with a surplus of +5
for the plant Dca-PME at pH 7. Although the bacterial Ech-
PME carries a larger number of negatively charged residues
than the fungal enzymes, it carries an even larger surplus of
positively charged residues leading to a surplus of positively
over negatively charged residues of +5, the same as the plant
PME. Thus, compared with Dca-PME and Ani-PME2, the sur-
face charge of Ech-PME changes more rapidly with changes in
pH about its isoelectric point.

Taking into account the different pK, values of aspartate
compared with glutamate and lysine compared with arginine,
and the local structural environment of the side chains, leads to
calculated values of the isoelectric point for the folded protein
of 9.90 for Dca-PME compared with 9.51 for Ech-PME and for
Ani-PME2 of 3.87 (96). The rice weevil PME has a similar total
number of charged residues as the fungal PMEs, but the num-
ber of basic and acidic residues is nearly balanced leading to a
calculated pI of 7.09. The pI calculated for unfolded PMEs is
lower by ~0.3 than those calculated for these PMEs when
folded.

Focusing on electrostatics in the substrate-binding groove,
we have calculated the similarity index for the electrostatic
potential over the area within a 15-A radius of the active site
(see “Experimental Procedures” for details). Fig. 13B reports the
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diagonalized matrix of the electrostatic potential similarity
index in the region of the binding groove (Fig. 13A). Notwith-
standing low conservation of residues in this region (Fig. 2),
Dca-PME and Ech-PME, which are both processive, show a
positively charged electrostatic potential and share a high
degree of similarity in their electrostatic potentials in the region
that binds HG oligomers, as a result of conservative substitu-
tions near, but not at, the structurally equivalent sites. In con-
trast, the two fungal PMEs show an overall negative potential,
with Ani-PME1 showing a stronger negative density in this
region than Ani-PME2.

Among the structurally characterized PMEs, only one posi-
tively charged residue lining the substrate-binding groove is
conserved, Arg-249 in Ani-PME?2 on strand 8:3, which is part of
the conserved LGRPW motif of PMEs. For Ech-PME, eight pos-
itively charged side chains line the substrate-binding groove,
congregated toward the end that favors binding of negatively
charged galacturonate residues. However, the plant and fungal
PMEs, Dca-PME and Ani-PME2, have just three positively
charged residues lining this groove. At the end favoring binding
of methyl-esterified groups, several aspartate residues are
found for Ech-PME that are not conserved in plant and fungal
structures. For Ani-PMEZ2, six carboxylic acid residues, mostly
glutamic acid and hence partly protonated at the pH optimum
of ~4.2, also line the putative substrate-binding groove as
follows: Glu-142, Asp-194, Glu-218, Glu-243, Glu-244, and
Asp-278.

Provided that a minimal suite of positive charges are lining
the substrate-binding groove, enzyme activity does not appear
to be influenced by the presence of negatively charged residues
elsewhere on the surface. However, an overall negative charge
along the binding groove appears inimical to processivity in
PMEs characterized to date.

Focusing now on the active site, the nearly buried active-site
aspartate, Asp-168 for Ani-PME2, has an anomalously high
PROPKA3-calculated pK, value of 8.16 (96). This value is none-
theless smaller than the very high values calculated for Dca-
PME, Ech-PME, and rice weevil PME (respectively, 9.06, 9.00,
and 8.51), not inconsistent with the lower pH optimum for
Ani-PME2 (Table 2). This then allows Asp-168 of Ani-PME2
(and the equivalent residues for Dca-PME, Ech-PME, and rice
weevil PME) to function as a general acid/base. The other
active-site aspartate residue, the nucleophile Asp-189 for Ani-
PME?2, and the structurally equivalent residues for plant and
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Erwinia chrysanthemi 1.000e+01 Aspergillus niger

FIGURE 12. Comparison of surface electrostatic potentials at pH 7. 4. A, Ech-PME. B, Ani-PME2 at 0 mm NaCl (top frames) and 100 mm NaCl (bottom frames).
The color scale is in multiples of kgT/e (T = 298.15 K). The electrostatic potential for Dca-PME is similar to that for Ech-PME.

TABLE 4
Basic and acidic residues for PMEs from A. niger, D. carota, and E. chrysanthemi
Ani-PME2 Ani-PME1 Dca-PME Ech-PME Rice weevil PME

Asp 23 20 17 27 18
Glu 15 19 6 6 8
Total acidic 38 39 23 33 26
Lys 6 5 15 22 14
Arg 7 8 15 16 10
Total basic 13 13 30 38 24
His 1 6 3 3 2
Total charged (excluding His) 51 52 53 71 50
Difference (no. of basic — no. of acidic) —25 —26 +7 +5 -2
Calculated pI* 3.87 (4.27) 9.90 9.51 7.09
Calculated charge at pH 7 —23.50 - 7.61 11.25 0.16
Calculated charge at pH 4“ —3.57 - 21.26 44.26 12.74
pH optimum 4.2-4.5 4.2-4.5 ~7.5 ~7.5 ?
Salt sensitivity Yes Yes No No ?

“ Data were calculated from the folded structure by PROPKA3 (96).
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FIGURE 13. Comparison of the electrostatic potentials for processive and non-processive PMEs. A, structural alignment of the PMEs from D. carota
(Dca-PME, orange, PDB code 1gq8), E. chrysanthemi (Ech-PME, light green, PDB code 2nt6 and 2nt9), A. niger isoform 1 (Ani-PME1, red, homology-modeled
structure), and A. niger isoform 2 (Ani-PME2, yellow). The transparent black sphere, centered on atom OD2 atom of Ech-PME Asp-199 and having a radius of 15
A, shows the region chosen for the quantitative comparison of the electrostatic potentials. B, diagonalized matrix colored according to similarity indices
calculated for the comparison of the electrostatic potentials of the PMEs shown in A. The color plot and the co-respective values of the similarity index are
reported in the inset above. In the right-hand panel, the electrostatic potential densities of the four analyzed PMEs are shown and colored between —1 (red) and

+1 kgT/e.

bacterial PMEs (Table 2) all have slightly elevated pK, values of
~1.5-2.0 greater than that of a free aspartate side chain (pK, of
3.80). The putative substrate-binding arginine, Arg-249 in the
case of Ani-PME2, which forms a strong salt bridge with Asp-
189, also shows elevated pK, values of >14 (reference point of
12.50).

On the Nature of Processivity—Factors determining pro-
cessivity are clearly subtle. The presence of a deep binding
groove alone is insufficient to confer processivity. Indeed, the
long loops of bacterial and insect PMEs may serve to deter the
binding of PME inhibitors. Moreover, favorable electrostatics
by themselves do not determine processivity. The role of sur-
face electrostatic potential, explored in part in our molecular
dynamics simulations following the evolution of the structure
of the enzyme and substrate subsequent to the in silico de-
methylesterification event, appears to be a key factor in deter-
mining processivity, overriding specific interactions of sub-
strate and enzyme, which are largely preserved among the
various PMEs studied (Tables 2 and 3). The degree of pro-
cessivity is highly sensitive to the strengths of substrate and
product binding, with respect to thermal energy, that is to the
Boltzmann factor exp(—E/RT). A continuum of processivity is
therefore to be expected. Indeed, it is remarkable that only ves-
tiges of processivity are apparent in the de-methylesterification
by Ani-PME2 (and Ani-PMEL1) relative to that by a strong base,
given the high concentration of base with respect to substrate
(and PME concentration for enzymatic attack) and the vastly
greater mutual diffusion of base and pectin compared with pec-
tin and PME. Thus, the chances of PME rebinding to the same
pectin molecule and binding to a site adjacent to that just de-
methyl-esterified are better than random.

In the case of Ani-PME2, the pI and pH of optimum activity
approximately coincide. This is true for many other PMEs, both
those with a pH optimum that is acidic and those with a pH
optimum that that is near-neutral to basic. However, for the
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jelly fig and T. reesei PMEs, the pH of optimum activity (~4.5)
and the calculated pI differ by more than 4 log units. Moreover,
both proteins are processive. Processivity is therefore not cor-
related with pH, but at this point it does appear to be correlated
with pL.

Biological Implications—One intriguing feature of Ani-
PME1 and -PME2 is that the pH optimum for activity is mildly
acidic, and a moderate ionic strength (100 mm NaCl) consider-
ably enhances activity. Both A. niger and E. chrysanthemi are
plant pathogens. Whereas E. chrysanthemi attacks the vascular
tissue of plants, in particular seeking access to the xylem, and
operates intracellularly, A. niger appears to attack fruiting bod-
ies, seeds and bulbs, and operates extracellularly. Although
most fruits are acidic and hence a PME operating at acidic pH,
such as Ani-PME2, is optimal for pectin hydrolysis, seeds and
bulbs generally have a pH value close to neutral. A 31-kDa PME
(one of three) from the fungus Fusarium asiaticum has been
found to have a pH optimum of 6.5 (104), and there is a third
putative PME for A. niger that awaits characterization.

Conclusions—The first structures of a fungal, acidophilic,
halophilic PME, Ani-PME2, have been determined in fully
deglycosylated and N-acetylglucosamine-stub forms. The
enzyme has been shown, by using capillary electrophoresis, to
observe pectin de-methylesterification and the subsequent
methylesterification state of the EndoPG II digests to be non-
processive. Molecular dynamics simulations of this enzyme in
complex with a partly de-methyl-esterified decasaccharide rep-
resenting the putative transition state immediately after de-
methylesterification independently suggest that Ani-PME2 is
non-processive, with uncorrelated rotations of the decasaccha-
ride residues and large diffusion coefficients for movement of
the substrate away from the active site. In so doing, these
simulations provide further validation, as a negative control,
of our previous MD work, which revealed that the mecha-
nism of processivity in Ech-PME involves correlated rota-
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tions of residues about the glycosidic linkages before sliding
of the reoriented substrate into position for the next round
of de-methylesterification.

PMEs are ubiquitous in plants and are widely distributed
across animal, fungal, and bacterial domains. Generalities
prominent in the literature concerning the mode of action (pro-
cessive/non-processive) with respect to pH, salt dependence,
and source of PME may need to be revisited as exceptions to
these generalities are revealed.
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