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ABSTRACT: Pectate lyases harness anti β-elimination chemistry to cleave the R-1,4 linkage in the homo-
galacturonan region of plant cell wall pectin. We have studied the binding of five pectic oligosaccharides to
Bacillus subtilis pectate lyase in crystals of the inactive enzyme in which the catalytic base is substituted with
alanine (R279A). We discover that the three central subsites (-1,þ1, andþ2) have a profound preference for
galacturonate but that the distal subsites can accommodate methylated galacturonate. It is reasonable to
assume therefore that pectate lyase can cleave pectin with three consecutive galacturonate residues. The
enzyme in the absence of substrate binds a single calcium ion, and we show that two additional calcium
ions bind between enzyme and substrate carboxylates occupying the þ1 subsite in the Michaelis complex.
The substrate binds less intimately to the enzyme in a complex made with a catalytic base in place but in the
absence of the calcium ions and an adjacent lysine. In this complex, the catalytic base is correctly positioned to
abstract the C5 proton, but there are no calcium ions binding the carboxylate at the þ1 subsite. It is clear,
therefore, that the catalytic calcium ions and adjacent lysine promote catalysis by acidifying the R-proton,
facilitating its abstraction by the base. There is also clear evidence that binding distorts the relaxed 21 or 31
helical conformation of the oligosaccharides in the region of the scissile bond.

Pectate lyases are carbon-oxygen lyases that harness anti
β-elimination chemistry to cleave the R-1,4 glycosidic linkage
between D-galacturonate (GalA) residues in the homogalacturo-
nan region of the plant polysaccharide pectin (1). In the reaction
scheme below, R and R0 are additional R-1,4-linked GalA
residues.

Pectate lyases play a pivotal role in remodeling and
recycling the pectin polysaccharides present as insoluble
composites in plant cell walls, accelerating rates of reac-
tion by factors exceeding 1017-fold and cleaving one of the
most stable bonds in nature (2). The bacterial pectate
lyases loosen the adhesion between plants cells, allowing
the bacteria to invade causing crop spoilage. Pectate

lyases (EC 4.2.2.2) occur in five of the 21 families of
polysaccharide lyases (3): PL1, PL2, PL3, PL9, and PL10.
Bacillus subtilis pectate lyase (BsPel),1 the subject of this
paper, belongs to PL1 and adopts the parallel β-helix
fold (4, 5); PL3 (6) and PL9 (7) pectate lyases also have
this protein architecture as do fungal pectin lyases A
and B (8, 9), rhamnogalacturonase (GH28) (10), poly-
galacturonase (GH28) (11), and pectin methylesterase
(CE8) (12-15). Pectate lyases in families PL2 and PL10
form (R,R)7 and (R,R)3 barrels, respectively (16, 17).

The structure of pentagalacturonate in complex with Erwinia
chrysanthemi pectate lyase C (PelC) has been reported pre-
viously (18), and a catalytic mechanism featuring abstraction
of a proton from C5 of the GalA residue binding the þ1 subsite
with the elimination of the leaving group from C4 is reason-
able (19). This reaction mechanism featuring proton abstraction
by arginine acting as a base is supported by the convergence in
active site geometry seen upon comparison of the PL10 and PL1
polysaccharide lyase structures (17). In this paper, we probe the
mechanism and substrate specificity of BsPel in depth. We
confirm the role of the catalytic base by observing its presence
in the correct place for proton abstraction. We show that two†This work was supported by a grant from the Biotechnological and
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calcium ions that bind between the enzyme and substrate
carboxylates at the þ1 subsite together with an adjacent lysine
residue stabilize the reaction intermediate. We also provide
evidence that supports the view that substrate distortion is a
characteristic of catalysis by pectate lyase.We show that the three
central subsites (þ2, þ1, and -1) have a strong preference for
galacturonate and that methylated galacturonate residues can be
accommodated in the more distal subsites. Combining the results
of crystallography, use of mutant enzymes, and isothermal
titration calorimetry, we reveal the importance of entropy in
binding and gain insight into the calcium binding characteristics
of the free enzyme and the enzyme in the presence of substrate.
The process of binding essential catalytic components, two
calcium ions, together with substrate is uncommon in enzyme
catalysis and is reminiscent of substrate-assisted catalysis.

MATERIALS AND METHODS

Production of Native and Mutant BsPel Proteins. A
DNA fragment encoding the mature BsPel protein was amplified
from B. subtilis genomic DNA using PCR and oligonucleotide
primers that included NcoI restriction sites immediately flank-
ing the coding sequence. The PCR product was subcloned into
expression vector pET3d and the plasmid transformed into
Escherichia coli BL21(DE3) pLysS. The sequence was confirmed
before protein production. Protein overproduction was induced
using IPTG (0.1 mM), and purification was conducted by ion
exchange chromatography and size exclusion chromatography.
Mutations were introduced using appropriate mutagenic primers
and the QuickChange kit (Stratagene).
Kinetic Analyses. Enzyme assays using polygalacturonate

were conducted at 42 �C in 50mMTris (pH8.5) in the presence of
5 mM CaCl2; the pH was checked for consistency before and
after the assay. The formation of product was assessed at 235 nm
(extinction coefficient of 5200 M-1 cm-1). Acids were separated
by HPLC using a calibrated Microsorb amino column. Unsatu-
rated galacturonic acids were detected from their UV absorption
at 232 nm.
Crystallography. Crystals of the R279A mutant were grown

by streak seeding pre-equilibrated protein drops (20 mg/mL)
using wild-type crystals as seeds. The soak conditions for the
trigalacturonate complex were the reservoir conditions: 0.1 M
sodium acetate (pH 4.6), 0.2 M ammonium acetate, and 18%
PEG 4000, supplemented with 20 mM trigalacturonate, 7 mM
calcium chloride, and 15% glycerol as a cryoprotectant. The
conditions used for the hexasaccharide complexes were identical
except that the hexasaccharide and calcium concentrations
were 5 and 2 mM, respectively. The product complex used native

crystals soaked under similar crystallization conditions supple-
mented with 20 mM GalA3, 5 mM sodium chloride, and 15%
glycerol. The calcium-free complex was formed using the triple
mutant which crystallized in the same space group and under
soak conditions similar to those above with the exception that
2 mM cobalt chloride was used in place of calcium chloride, the
hexagalacturonate concentration was increased to 100 mM, and
the pH of the sodium acetate was lowered 0.6 unit to pH 4.0. The
crystals, of space groupP21 (a=50.6 Å, b=69.0 Å, c=59.2 Å,
and β= 113.6�) with one molecule in the asymmetric unit, were
soaked in substrate for 10min prior to being cryocooled and data
collection.

Diffraction data were recorded at SRS Daresbury and ESRF
Grenoble, and the crystallographic data are summarized in
Table 1. Data were processed and reduced using MOSFLM (20)
and SCALA (21), solved using MOLREP (22), and refined and
visualized usingREFMAC5/ARP (23, 24) andO/COOT (25, 26),
respectively. In each case, calculated anomalous difference maps
allowed the metal ions to be assigned unambiguously. Hexa-
galacturonate was produced as described previously (27). Three
specifically methylated hexasaccharides (28-31) were also used:
compound I, MMCCCM; compound II, CCMMMC; and
compound III, MCCCCM (where M represents a methylated
andC a nonmethylated galacturonate residue and the sequence is
given starting from the nonreducing end of the hexasaccharide).
Isothermal Titration Calorimetry. Calcium ion binding to

R279A BsPel and to R279A BsPel in the presence of 2 mM
hexagalacturonate was assessed in 25mMTris-HCl (pH 7.5) and
100mMNaCl at 25 �C using aMicroCal VP-ITC device. For the
calcium titrations, the protein and hexasaccharide were dialyzed
extensively against buffer supplemented with 1 mM EDTA and
then against EDTA-free buffer before degassing and use. Heats
of dilution were negligible for the titration of calcium into buffer
and relatively small for the titration of calcium into hexa-
saccharide. The BsPel concentration used in these experiments
was 0.13 mM.

RESULTS

Characterization of Mutant Proteins. We initially pro-
duced five mutants of BsPel to find an inactive but structurally
unperturbed variant in which we could form enzyme-substrate
complexes in the crystal (Table S1 of the Supporting Infor-
mation). The residues chosen for mutation were the putative
catalytic base, R279, and the three aspartates, 184, 223, and 227,
that bind the single calcium seen in native BsPel. The R279A
mutant had virtually no activity and only aminor perturbation of
the active center, an increase in the mobility of Ile 250, and was

Table 1: Crystallographic Data Statistics for the Six Oligosaccharide Soaks

GalA3 3 3Ca GalA6 3 3Ca I 3 3Ca II 3 3Ca III 3 3Ca GalA6 3Co

resolution (Å) 2.0 2.3 1.8 1.7 1.9 1.9

Rmerge
a,b (%) 7.6 (13.8) 9.7 (22.0) 5.4 (11.7) 6.7 (24.1) 5.1 (14.6) 5.7 (6.7)

completenessa (%) 99.1 (97.6) 92.1 (90.3) 98.9 (98.4) 96.3 (83.4) 100.0 (100.0) 97.2 (96.1)

mean I/σ(I)a 15.7 (8.8) 11.0 (4.2) 19.7 (11.1) 15.0 (5.0) 18.4 (8.8) 23.8 (18.3)

R factor (Rfree)
c 14.9 (19.7) 14.4 (22.3) 15.5 (18.5) 16.6 (20.1) 15.2 (19.2) 13.1 (19.6)

aValues in parentheses are for the highest-resolution shell. bRmerge = (
P

hkl

P
i|Ii - ÆIæ|)/

P
hkl

P
Ii, where Ii is the intensity of the ith observation, ÆIæ is the

mean intensity of the reflection, and the summations extend over all unique reflections (hkl) and all equivalents (i). cR factor =
P

hkl|Fo- Fc|/
P

hkl|Fo|, where
Fo and Fc represent the observed and calculated structure factors, respectively. The R factor is calculated using 95% of the data included in the refinement and
Rfree the 5% excluded. GalA3 and GalA6 are trigalacturonate and hexagalacturonate, respectively. The specifically methylated hexasacharrides (I, II, and III)
are described inMaterials andMethods. All complexes were formed in R279A crystals (catalytic base mutant) in the presence of calcium, with the exception of
the last complex, GalA6 3Co, formed in the triple mutant enzyme (N180A/D173A/K147A), in the absence of calcium (see the text for more details).
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therefore chosen for these studies. The R279K and D227A
mutants had too much residual activity for preparation of
complexes in the crystal. D223A had low activity and is a further
candidate for preparation of the complexes in the crystal. Kinetic
analysis of the wild-type enzyme showed that trigalacturonate
was cleaved uniquely into unsaturated digalacturonate and
saturated galacturonate, suggesting that trigalacturonate binds
productively to subsites þ2, þ1, and -1. Digalacturonate was
not cleaved at an appreciable rate and therefore presumably

binds nonproductively or not at all. At pH 8.5 and in the presence
of 5mMCa2þ,KMand kcat for trigalacturonatewere 1.2mMand
340 s-1, respectively. KM and kcat for tetragalacturonate were
0.19 mM and 1000 s-1, respectively; the kcat value is similar to
that measured using polygalacturonate (1200 s-1). If the stability
of pectin is on the order of 10 million years (2), then the rate
enhancement is at least 1017-fold.
Enzyme-Substrate Complexes Formed in the R279A

Crystals. The inactive but structurally unperturbed mutant of

FIGURE 1: Pectin oligosaccharide binding to B. subtilis pectate lyase. Complexes shown in panels b-d were formed in crystals of the R279A
(catalytic base mutant) form of BsPel. The complex shown in panels e and f was formed using the triple mutant (N180A/D173A/K247A) and
cobalt in place of calcium. The maximum-likehood/σA-weighted 2Fo- Fc syntheses are contoured at 0.5σ for all apart from the GalA3 complex
which is contoured at 1.0σ. All are shown as blue wire mesh. Calcium ions are shown as blue spheres, and cobalt is shown as the magenta sphere.
(a) Cartoon representation of the parallel β-helix architecture of BsPel with β-strands and R-helices represented as magenta arrows and cyan
helices, respectively. The cyan/red liquorice bonds represent bound hexasaccharide (pectin I). The oligosaccharide binds to the surface of the
β-sheet known as PB1. The reducing end of the hexasaccharide binds toward the C-terminal end of the parallelβ-helix. (b)GalA3, shown as cyan/
red liquorice bonds, occupies subsites -1 to þ2. Key side chains involved in binding are shown in stick representation. (c) Pectin I, a
hexasaccharide with three consecutive carboxylates, binds to subsites -3 to þ3. (d) Pectin II, hexasaccharide with only two consecutive
carboxylates (see Materials andMethods), binds nonproductively to subsitesþ1 toþ3. (e) GalA6 binding to the triple mutant (N180A/D173A/
K277A) in the presence of cobalt (magenta sphere) which binds in place of calcium 1. The oligosaccharide binds to subsite þ2 tightly but more
loosely to subsites-4 toþ1.The cobalt does not bind the-1 carboxylate directly, unlike calcium1. (f) Enzyme’s eye viewof the complex shown in
panel e. The experimental evidence for the location of the catalytic arginine and substrate is shown. Arginine 279 is ideally positioned to abstract
the C5 proton from GalA binding in subsite þ1. See the text for more details. This figure was produced using PyMOL (47).
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BsPel (R279A) was used to produce five enzyme-substrate
complexes in the crystal (crystallographic details are given in
Table 1). In each of these complexes, the substrates bind in the
cleft formed by the surface of parallel β-sheet 1 and the adjacent
loops, and two additional calcium ions are bound between the
enzyme and oligogalacturonate (Figure 1a). Trigalacturonate
binds to subsites -1, þ1, and þ2 (Figure 1b), in agreement with
the measured kinetic data that showed that the product was an
unsaturated digalacturonate and saturated galacturonate. Hexa-
galacturonate and pectins I and III bound subsites -3 to þ3

(Figure 1c). Pectin II with only two consecutive GalA residues
does not bind productively and occupied subsites þ1 to þ3
(Figure 1d). Continuous electron density was seen in maximum-
likehood/σA-weighted 2Fo - Fc synthesis for GalA3. Five resi-
dues of the six were seen for GalA6 at 1.0σ with the sixth
(subsite þ3) weaker (mean B factors are given for each of the
subsites in Table 2); five of six residues were seen for both pectins
I and III at 1.0σ with weaker electron density for subsites away
from the catalytic center. Maximum-likehood/σA-weighted
2Fo - Fc syntheses contoured at 1.0σ are shown for GalA3 and
0.5σ for pectin I and pectin II binding in Figure 1. The pectins
superimpose on each other closely so that a description of the
binding of subsites-1, þ1, andþ2 of pectin I is appropriate for
all four productive complexes. The GalA carboxylate occupy-
ing the þ1 subsite is bound by two calcium ions and K247
(Figures 1b and 2a). Both C2 and C3 hydroxyl groups form
hydrogen bonds to R284 with the C2 hydroxyl close to the
carboxyl binding subsite þ2. At subsite þ2, O3 binds the third
calcium and the carboxylate oxygen atoms form hydrogen bonds
to the NE and NH2 atoms of R282. At subsite -1 (leaving
group), O5 binds the second calcium ion and the carboxylic O6A
atoms bind to both the first and second calcium ions (Figures 1
and 2a and Table S2 of the Supporting Information).

Hexagalacturonate binds similarly to trigalacturonate, but in
addition, subsites-2,-3, andþ3 are occupied. Subsites-2 and
-3 make fewer contacts with the enzyme than central sites þ2,
þ1, and-1, and this is reflected in the mean B factors (Table 2).
The partially methylated pectins I and III bind in a manner
similar to that described for hexagalacturonate. Only subsites
þ3 to þ1 are occupied for compound II, revealing that three
consecutive carboxylates are needed for productive binding. No
methyl groups were seen in the electron density for any of the
specifically methylated compounds, probably due to rotation of

Table 2: Summary of the Binding of Pectic Oligosaccharides and Calcium

to Pectate Lyasea

enzyme substrate -3 -2 -1 þ1 þ2 þ3 metal

R279A GalA3 C C C 3 Ca2þ

B factor 9.7 8.8 9.3

R279A GalA6 C C C C C C 3 Ca2þ

B factor 41.3 28.2 13.1 12.4 13.9 30.0

R279A pectin I M M C C C M 3 Ca2þ

B factor 47.9 37.5 17.2 10.9 9.4 22.3

R279A pectin II C C M 3 Ca2þ

B factor 28.6 25.5 34.7

R279A pectin III M C C C C M 3 Ca2þ

B factor 46.1 34.9 17.7 10.4 8.9 24.9

triple mutant GalA6 C C C C C 1 Co2þ

B factor 37.7 44.3 38.9 34.7 22.1

aC and M indicate GalA and GalAMe, respectively. There is a strong
preference for GalA at the þ2, þ1, and -1 subsites. Binding to the -3
subsite is seen only at low contour levels in the electron density maps. The B
factors given here are themeanB factors of the atoms in the stated subsite in
square angstroms. The isotropically refined B factor (B) is related to the
mean square displacement of the atoms (Æuæ) by the equation B = 8π2Æu2æ.
The sixth GalA of GalA6 bound to the complex formed in the absence of
calcium (Triple mutant) occupies the -4 subsite (see Figures 1e and 2b).

FIGURE 2: Schematic representationof the binding ofhexaglacturonate to theR279Amutant and triplemutant in the absence of calcium (a andb,
respectively). Themolecular structures with corresponding density are shown in panels c and d of Figure 1, respectively. This figurewas produced
usingLIGPLOT (48). Ligandbonds are colored blue and protein bonds brown; hydrogenbonds are drawn as dotted lines, and protein side chains
involved in hydrophobic interactions are colored brown (for more information, see Figures S1-S4 of the Supporting Information).
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the methyl groups about the ester bond. The presence of the
methyl groups is therefore inferred from the chemical structure of
the specifically methylated hexasaccharides rather than by direct
observation. LIGPLOT diagrams for the two GalA6 complexes
appear in Figure 2 and for the other four complexes in the
Supporting Information.
Calcium Binding Sites. Anomalous difference maps clearly

revealed the presence of three calcium ions in the five enzyme-
substrate complexes and a single calcium ion bound to the
enzyme in absence of oligosaccharide. The first calcium binding
sitemakes contactswith three aspartates (D184,D223, andD227),
one water, and the carboxylate O6A atom of the GalA binding to
subsite-1, although this is not a tight contact (Figure 1 and Table
S2). D223 is the major contributor to the second calcium-binding
site which binds tightly to the ringO5 andO6A atoms of theGalA
in the -1 subsite and to the O6B atom of the GalA in the þ1
subsite. The third calcium binds tightly to the O6A atom of the
GalA in the þ1 subsite and to the ring oxygen and carboxylate
oxygen of the sugar residue in the þ2 subsite. The stoichiometric
enzyme:substrate:calcium ratio is 1:1:3 for these productive bind-
ing substrate complexes, and the structural and thermodynamic
results together reveal that the three calcium ions have clearly
defined roles in binding and catalysis. The mutational results
suggest that changes to the environment of calcium 1 have signifi-
cantly less impact on catalysis than those that affect calcium 2
(Table S1 andFigure 1) and that can be understood in terms of the
number of tight contacts with calcium 2 in the enzyme-substrate
complexes.
Conformation of the Pectic Oligosaccharides. The con-

formation of the pectic oligosaccharides bound in the substrate
binding cleft adopts the expected relaxed 21 or 31 helical torsion
angles with the important exception of those in the vicinity of the
scissile bond (Table 3). If these torsion angles were repeated, the
pectin helix would be approximately a 61 helix because when one
looks down the chain the adjacent carboxylates in subsites -1
and þ1 are rotated by approximately 60� with respect to one
another rather than the 180� of the 21 helix or the 120� of the 31
helix. Evidence for distortion of the scissile bond comes first from
a consideration of torsion angle ψ (C10-O4-C4-C5, where
prime indicates theGalA to the nonreducing side) which is within

45� of cis for the scissile bond as opposed towithin 30� of trans for
the other bonds and in the relaxed conformation of pectin
(Table 3). Additionally, bond angle τ about the glycosidic oxygen
(C10-O-C4) is distorted from the anticipated value of 110-120�
seen for the nonscissile bonds to 130-140� for the scissile bond
(Table 3); this distortion is consistent with bringing the C10 and
C5 atoms close as a result of the 45�ψ angle. One must be careful
in interpreting distortion observed in 1.8-2.0 Å ligand complex
structures, but the conformation of the pectic oligosacharide is
unusual and could result in distortion of the scissile bond.
Complex Formed in the Absence of the Calcium Ions. In

an attempt to form a complex in the presence of the catalytic base
(R279), the side chains forming the third calcium site (D173 and
N180) were removed. The idea was that in the absence of one of
the catalytic calcium ions the rate might be sufficiently low to
enable the complex to be seen in the crystal with a catalytic base in
place. The single mutants D173A and N180A and the double
mutantD173A/N180N resulted in approximately 40, 30, and 5%
of wild-type activity, respectively (Figure 1 and Table S1). K247
is also close to the substrate carboxylate bound by the third
calcium. When the first two mutations were combined with a
third mutation, K247A, to form the triple mutant, the activity
dropped to 0.2% (Table S1). This residual activity still proved to
be too great to produce complexes in the crystal. However, in the
presence of 2 mM colbalt chloride in place of 1 mM calcium
chloride, the complex could be trapped. This complex spans
subsites -4 to þ2 but is not as intimately bound to the active
center as the other enzyme-substrate complexes (Figure 2), most
obviously because the cobalt does not bind the -1 carboxylate
and the two calcium ions bridging the substrate and enzyme
carboxylates are absent (Figures 1 and 2). The conformation of
the bound hexagalacturonate is closely similar to that seen in
complexes in the presence of the two additional calcium ions, so
the binding cleft is still distorting the pectin from the relaxed
conformation in the region of the scissile bond despite the lack of
oligosaccharide-calcium interactions. R279, clearly seen in the
electron density map, is ideally positioned to abstract the C5
proton (Figure 1f).
Thermodynamic Measurements. Calcium binding to the

first site of BsPel is stoichiometric and enthalpically driven with a
Kd of 2.3 ( 0.1 μM (Figure S5 of the Supporting Information).
Calcium binding to BsPel in the presence of a substrate gives a
more complex binding curve, which cannot be fitted as a single
process. As the crystal structure of the resulting complex is
known (Figure 2a), the events can be interpreted in terms of
the crystal structure. The binding can be modeled as a two-step
process with first one calcium and then two additional calcium
ions binding. This would correspond to the binding of calcium to
site 1 first, followed by additional calcium ions binding to sites
2 and 3 as the enzyme-substrate complex is formed. Although
the affinities are not accurately definedby the data, the first step is
enthalpically driven and has an affinity comparable to that of the
binding of calcium to the enzyme in the absence of substrate, and
the second shows lower-affinity binding driven by entropic
changes. (Figure S5). The thermodynamic parameters obtained
from fitting the experimental data are listed in Table S3 of the
Supporting Information.

DISCUSSION

Substitution of the catalytic arginine with alanine resulted in
an enzyme with virtually no catalytic activity. Binding of pectic

Table 3: Torsion and Bond Angles about Selected Glycosidic Bondsa

oligosaccharide subsites φ (deg) ψ (deg) τ (deg)

GalA3 þ1 to þ2 115 153 124

-1 to þ1 63 58 130

pectin I þ1 to þ2 118 151 118

-1 to þ1 75 45 140

pectin III þ1 to þ2 119 150 120

-1 to þ1 70 52 137

PelC 3GalA5 þ1 to þ2 117 157 117

PelC 3GalA5 -1 to þ1 73 51 120

aTorsion angles φ and ψ are about the C1-O4 and O4-C4 bonds,
respectively. They are defined as O50-C10-O4-C4 (φ) and C10-O4-C4-
C5 (ψ), where the prime indicates atoms in the sugar residue toward the
nonreducing end of the oligosaccharide. τ is the C1-O4-C4 bond angle.
The φ and ψ angles of approximately 120� and 150�, respectively, corres-
pond a 21 helical conformation of pectin (18, 44-46). The φ andψ angles of
approximately 70� and 50�, respectively, correspond to a less-relaxed
61 helical conformation, if the angles are repeated. The values are shown
for the complexes at 2.0 Å resolution, or better, and for the glycosidic bonds
between the best-defined subsites -1, þ1, and þ2 as determined from
analysis of B factors (Table 3). The values for PelC 3GalA5 were taken from
Table 1 of ref 18, where the structure was refined at 2.2 Å resolution.
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oligosaccharides to crystals of the inactive enzyme showed that
three consecutive substrate GalA residues are essential for
productive binding to the calcium ions at subsites -1 and þ1
and to the arginine at subsite þ2. Outside these central subsites,
methylatedGalA residues can be accommodated. It is reasonable
therefore to conclude that pectate lyase can cleave a pectin
molecule with three of more consecutive GalA residues. The
complex formed in crystals of the triple mutant protein lacking
the calcium ions highlights the importance of the þ2 subsite as
the key substrate anchor. In fact, in every complex examined, the
þ2 subsite is occupied by GalA and the mean B factor for the
þ2 subsite is the lowest except for that of GalA3 where subsites
-1 toþ2 have similar values (Table 2). Pectin II binds to subsites
þ1, þ2, and þ3 yet still binds the catalytic calcium ions despite
not binding to subsite -1. This binding mode is dictated by the
preference of subsite þ2 for GalA and the lack of three
consecutive carboxylates in the oligosacharide. The importance
of subsiteþ2 as the substrate anchor is further underlined by the
observation that the same interaction between substrate carboxy-
late and arginine is seen in the family PL10 and PL3 complexes.

BsPel binds a single calcium ion, calcium 1, with an affinity
(Kd) of 2.3 μM. This is substantially tighter than that measured
indirectly for binding of the corresponding calcium to PelC (32).
When calcium is titrated into the enzyme in the presence of
substrate, two processes can be distinguished. The first is
enthalpically driven with an affinity similar to that of the binding
of the first calcium to BsPel; it is entirely plausible that this
corresponds to the binding of the first calcium to BsPel. It is also
plausible that the second process corresponds to the binding of
the two additional calcium ions to form the Michealis complex.
Remarkably, this second process is entropically driven, presum-
ably due to the release of water from the surface of the hexa-
saccharide, calcium ions, and enzyme as the enzyme-substrate
complex forms. Unlike most protein-carbohydrate interactions
where there are aromatic residues involved in hydrophobic
interactions, here there is an anionic substrate, a charged sub-
strate binding cleft harboring a calcium ion, and two additional
calcium ions that mediate the interactions between the enzyme
and substrate. There is a single aliphatic hydrophobic residue, Ile
250, in the central part of the substrate-binding cleft of BsPel.
Water molecules are released from the sugars binding the central
subsites (þ2, þ1, and -1) and from the surface of the enzyme,
and these are expected to contribute to the favorable entropic
interaction. Water molecules are also released from the two

calcium ions that are bound in the complex. The other binding
sites are more waterlogged, and presumably favorable entropic
changes are less significant here.

In the presence of calcium, the homogalacturonan region of
pectin assumes a 21 helical conformation in dilute polymer
solutions (33, 34) and a 31 helix at higher concentrations in the
gel or solid phase (35, 36). More recent studies using nuclear
magnetic resonance suggest the calcium-polygalacturonate
complex in the plant cell wall contains both 21 and 31 helices as
well as intermediate conformational states (37). Studies on di-
and trisaccharides reveal similar helical conformations (38-40).
There is clear evidence that the conformation of pectin is
perturbed from relaxed 21 or 31 helical conformation by binding
across the-1 andþ1 subsites. The distortion from a helical 31 or
21 conformation is not simply a consequence of binding the
second calcium because in the complex formed in the absence of
calcium the conformation of the oligosaccharide is similar,
showing the conformation is determined by the overall shape
and characteristics of the binding cleft.

Catalysis byB. subtilispectate lyase and by inference the family
1 polysaccharide lyases can be rationalized by a stepwisemechan-
ism involving (i) initial concerted R-proton abstraction and
protonation of the carboxylic acid to generate an enol inter-
mediate followed by (ii) elimination of the β-leaving group from
the enol (Figure 3). This is precisely as proposed by Gerlt and
Gassman from consideration of the factors that would decrease
the pKa value of the R-proton and account for the observed rates
of proton abstraction from a carbon adjacent to a carboxylate
group (41, 42). The crystallographic evidence for general base
catalysis by R279 and general acid catalysis by R247 is strong,
with both groups exquisitely poised for their respective functions
(Figures 1 and 3).

The R-glycosidic linkage of the substrate and the C5 proton
has ideal anti periplanar geometry for the anti β-elimination
reaction catalyzed by pectate lyase to proceed. The conformation
of the sugar in theþ1 subsite must change from relaxed 4C1 chair
in the Michaelis complex to partially planar in the unsaturated
product. A migration of C4 into the plane of C2, C3, and C5
would be the simplest change in conformation necessary for the
reaction and would also be in accord with the principal of least
nuclear motion during catalysis. Acidification of the R-proton by
the catalytic calcium ions, especially the second calcium bound to
both -1 and þ1 carboxylates and D223, will lead to efficient
transfer of a proton from C5 of the sugar in the þ1 subsite to

FIGURE 3: Plausible two-step mechanism for BsPel: (1) initial concerted abstraction of the R-proton and protonation of the carboxylic acid to
generate an enol intermediate followed by (2) elimination of the β-leaving group from the enol. The intermediate is stabilized by the two catalytic
calcium ions (calcium ions 2 and 3 which bind between the enzyme and substrate). One of these calcium ions may facilitate protonation of the
leaving group.
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R279. K247 appears to contribute to rate enhancement in the
family 1 polysaccharide lyases by generating the more stable
enol-enolate intermediate as opposed to the enolate-enolate
intermediate, though it should be noted that the PL family 9 and
10 enzymes are active, albeit less so, with hydrogen bonding to
the carboxylate from adjacent asparagines (17, 43). A neutral
lysine 247, neutral after protonation of the substrate carboxylate,
proximal to the calcium ions, will also tend to stabilize the
intermediate with respect to the Michaelis complex, thereby
promoting catalysis.

The absence of an obvious group that protonates the glyco-
sidic oxygen of the scissile bond is a concern because the alkoxide
is a poor leaving group. The lone pair on the ring oxygen of the
leaving group is anti periplanar to the C1-O4 bond, and the
-1 GalA is intimately associated with calcium 2; these are both
factors that will help to stabilize the leaving group. The closest
group to either of the lone pairs of the glycosidic oxygen is the
O3 hydroxyl from the sugar in the þ1 subsite at a distance of
2.8 Å. The O3 hydroxyl might shuffle a proton from R284 and
protonate the leaving group in a substrate-assisted protona-
tion step that may be conserved between the family 1 and 10
lyases (17). However, given the intimate association of calcium
and theGalA residue in the-1 subsite, protonation of the leaving
group by solvent facilitated by calcium is also plausible.
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