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Highlights

e Two catalytic calcium-ions facilitate proton abstraction in pectate lyase
e At low pH aspartates become protonated and the catalytic calcium-ions are not bound

e The Michaelis complex is not formed in the absence of the catalytic calcium-ions

Abstract

Pectate lyase, a family 1 polysaccharide lyase, catalyses cleavage of the a-1,4 linkage of the polysaccharide
homogalacturonan via an anti B-elimination reaction. In the Michaelis complex two calcium ions bind
between the C6 carboxylate of the D-galacturonate residue and enzyme aspartates at the active centre (+1
subsite), they withdraw electrons acidifying the C5 proton facilitating its abstraction by the catalytic
arginine. Here we show that activity is lost at low pH because protonation of aspartates results in the loss

of the two catalytic calcium-ions causing a profound failure to correctly organise the Michaelis complex.
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1. Introduction

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

residues.

R oo Co0
|/o 0
HO | —» ROH + HO
|
OH
H OH \ -

Pectate lyases play a pivotal role in remodelling and recycling the pectin polysaccharides present as
insoluble composites in plant cell walls, accelerating rates of reaction by factors exceeding 10*’ fold and
cleaving one of the most stable bonds in nature [2]. Pectate lyases (EC 4.2.2.2) are employed in a range of
biotechnological applications involving the extraction and modification of plant polysaccharides and occur
in five (PL1, PL3, PL5, PL9 and PL10) of the current 23 families of polysaccharide lyases [3]. Bacillus
subtilis pectate, the subject of this paper, belongs to PL1 and adopts the parallel B-helix fold [4, 5]. PL3
[6] and PL9 [7] pectate lyases also have this protein architecture as do the fungal pectin lyases A and B [8,
9], rhamnogalacturonase (GH28) [10], polygalacturonase (GH28) [11], and pectin methylesterase (CES)
[12-15]. Pectate lyases in families, PL2 and PL10 enzymes form (o, a)7 and (o, o)z barrels, respectively
[16, 17].

Important insights into the reaction mechanism of PL1 pectate lyase came from complexes formed in PL1
family enzymes [18, 19] and from the discovery of active site convergence in the PL10 and PL1
polysaccharide lyase structures [17]. Several Bacillus subtilis pectate lyase substrate complexes in PL1
enzymes have also been reported [20] giving further insights into specificity. A catalytic mechanism

featuring acidification of the C5 proton by calcium-ions, proton abstraction from C5 of the GalA residue



binding the +1 subsite with the elimination of the leaving group from C4 is now generally accepted (Fig. 1
& 2; see also the CAZypedia entry on PL1 family polysacharride lyases). Arginine 279 is the catalytic base
in pectate lyase which is unusual, but arginine has also been reported to act as the base in other enzymes
[21]. Bacillus subtilis pectate lyase has a pH optimum of around 8.4 with the activity falling away at low
and high pH values [22]. At pH 8.5 the Kw and ke for trigalacturonate are 1.2 mM and 340 s, respectively
[20]. Understanding the pH-dependence of this family of enzymes is important for their use in biocatalysis
and biotechnology and for engineering enzymes to extend the range of their use for the sustainable
utilization of plant polysaccharides. Here, we have studied B. subtilis pectate lyase at low pH to understand
what changes in structure and electrostatics are responsible for the loss of activity. We discover that loss
of activity is due to non-productive binding of substrate caused by protonation of carboxylates that

orchestrate formation of the productive Michaelis complex.

2. Materials and Methods

2.1 Production and assay of native pectate lyase
Recombinant B. subtilis pectate lyase was produced in E. coli as previously described [20]. The activity
of the enzyme at different pH values was evaluated by measuring double bond formation in the product at

235nm [22].

2.2 Crystallography

Crystals of Bacillus subtilis pectate lyase were grown using hanging drop vapour equilibration using 20
mg/ml protein in 20 mM tris(hydroxymethyl)aminomethane (Tris) at pH 7.0 and a reservoir of 19% (w/v)
PEG4000, 0.1 M sodium acetate pH 4.0 and 0.2 M ammonium acetate. The drops were formed using 2l
of each of protein and reservoir. The trigalacturonate complex was produced by soaking crystals in the
reservoir conditions supplemented with 5 mM trigalacturonate (Sigma), 2 mM calcium chloride, and 15%

glycerol as cryoprotectant for 1 minute prior to cryocooling at 100 K and data collection. These conditions



used are similar to those used previously for the preparation of complexes in crystals of the Arg279Ala
mutant previously reported [20], thought the soak time was shorter and the pH lower. The pH in the protein
drop is anticipated to be close to pH 4.0 as the Tris buffer is both close to its buffering limit and
overwhelmed by the concentration of the acetate buffer. The solubility of the trisaccharide and calcium
chloride do not change significantly in going from pH 4.6 to 4.0. Diffraction data were recorded at the
European Synchrotron Radiation Facility (ESRF) on the beam-line ID14-1 using the fixed wavelength of
0.934A, an ADSC Q210 CCD detector and the Oxford Cryostream for 100K data collection. A total of 200
images were collected using 3 second exposures and oscillation of 1° per image up to a resolution of 1.57A.
The crystallographic data statistics are summarized in Table 1. Data were processed and reduced using
iMOSFLM [23, 24] and AIMLESS [25, 26], solved using MOLREP [27], and refined and visualized using
REFMACS/ARP [28, 29] and COQOT [30], respectively. Calculated anomalous difference maps allowed
the calcium-ion to be assigned unambiguously. The refined coordinates and observed structure factor

amplitudes are deposited in the protein databank with PDB accession code 5AMV.

2.3 Electrostatic calculations

PROPKAZ3.1 [31, 32] which can handle multiple ligands and has improved ability to account for non-
covalently coupled ionisable groups was used to calculate the pKa values for residues in the active centre
of the productive and non-productive complexes. The use of PROPKAS3.1 allowed three calcium-ions, and
trigalacturonate to be included in the calculation using the Michaelis complex and one calcium ion and
trigalacturonate in the non-productive complex. The calculations were made at pH 7.0 and pH 4.0 using

an intrinsic pKa for the trigalacturonate carboxylates of 3.5 [33].

3. Results

Crystals of B. subtilis pectate lyase were successfully grown at pH 4.0, soaked in trigalacturonate, calcium

and glycerol (cryoprotectant) prior to data collection to 1.57A resolution (Table 1 gives the crystallographic



statistics). The crystals, of space group P2; with a=50.8 A, b=88.1 A, ¢c=55.5 A, p=110.4° have a single
molecule in the asymmetric unit. The crystal structure, solved by molecular replacement using the native
structure (PDB accession code 1BNS8) stripped of water molecules and calcium-ion as the search model,
showed clear evidence of the binding of trigalacturonate to subsites +2, +3 and +4 and of calcium-ion
binding to only the first calcium-binding site (Fig. 3a). The binding to these subsites is not a consequence
of an occluded active centre in these crystals as the substrate-binding cleft is open to solvent and there is
no steric impediment to binding to subsites +1 and -1, or other subsites to the non-reducing side of the
cleaved bond (Fig. 3b). This final structure, comprising residues 1 to 399, trigalacturonate, one calcium-
ion, one acetate, one glycerol and 570 waters, could be successfully refined to R-factor/R-free of 16.0/19.2
with reasonable stereochemistry (Table 1). Thirty residues could be built with their side-chains in two
conformations. The soak time, although short, is clearly sufficient for trigalacturonate to gain access to the
active centre as the occupancy in the crystal is close to 1.0. The high electron density in the native map and
peak in the anomalous difference map provides clear evidence of the single calcium-ion bound in the
complex. This calcium-ion occupies the site seen in the original, free enzyme, structure and is bound to
carboxylate oxygen atoms of aspartates 184, 223 and 227 (Fig. 4a), although in the structure reported here
the calcium occupancy is lowered from close to 1.0 to close to 0.5. The oxygen-calcium distances are
around 2.3-2.4A, though it is noticeable that Asp223 adopts two conformations in this structure, one where
it is in close contact with the bound calcium (2.3 A) and one where it has retreated slightly, presumably
when the calcium is absent. The tightest interaction between trigalacturonate and enzyme is for the GalA
residue in the +2 binding site where the guanidinium group of Arg282 makes two hydrogen bonds with the
carboxylate of the galacturonate (Fig. 4b). Other hydrogen bonds from the sugar at the +2 subsite are: 02
to Asnl178, O3 to Aspl73; O4 and the ring oxygen O5 to Arg279. At the +3 subsite the substrate carboxylate
makes polar contacts to Arg217 and GIn278 and at the +4 subsite there are no strong polar interactions but

the sugar is secured in place by the binding at the other two sites and the proximity to the enzyme’s surface.



The electrostatic results for the productive complex suggest a substantial depression of the pK of arginine
279 consistent with its role as base in the reaction. A value of pKa 3.2 is calculated for Arg279 at pH 4.0
(Table 2). This pKa value is much higher, as expected, for the non-productive complex lacking the catalytic
calcium-ions. The four key calcium-binding aspartates all show an upwards movement in pKa in the non-
productive complex. Asp223 shows the largest shift in pKa and this is the calcium-binding residue seen to
move away from the first calcium-ion in the electron density map. This movement will hamper binding of
the second calcium as will its increase in pKa. There is a domino effect as a consequence of not binding of
the second calcium, as without this the +1 GalA carboxylate is not correctly positioned to bind the third
calcium-ion. The increase in the pKa of Asp173 will also contribute to the loss of the third calcium. Asp227
and Asp184 protonation will contribute to the reduced binding affinity of the first calcium ion, movement
of Asp223 and the chain of events leading to the non-productive complex. Qualitatively similar shifts

between the productive and non-productive complex are seen at pH 7.0 and pH 4.0.

4. Discussion

Previous studies on B. subtilis pectate lyase have established that Arg279 is in the correct position to abstract
the C5 proton from the GalA binding to the +1 subsite and it is plausible that it is deprotonated for a
sufficient fraction of the time to be the essential catalytic base [20]. The electrostatic calculations presented
here suggest that the pKa of Arg279 is substantially reduced from its intrinsic value consistent with this
role in catalysis. Originally we thought that the simplest explanation for the loss of pectate lyase activity
at low pH was that the arginine became protonated annulling its ability to abstract the C5 proton from the
substrate. However, here we show that the primary reason for loss of activity at low pH is because of non-
productive binding to the active centre due to the failure to bind the two catalytic calcium-ions between the
enzyme and the substrate. The catalytic calcium-ions are therefore responsible both for inductive
destabilization of the C5 proton [5, 34, 35] and for productive binding bringing the C5 proton within reach
of the catalytic arginine. The failure to bind the calcium-ions can be traced to the protonation of aspartates

that form the binding sites for the catalytic calcium-ions. While protonation of the substrate carboxylates



cannot be ruled out, and may be a contributing factor to loss of Michaelis complex formation, there is direct
evidence for protonation of the carboxylates binding the first calcium as the occupancy of this calcium is
reduced from close to 1.0 at pH 4.6 [20] to approximately 0.5 at pH 4.0. Although there is evidence from
electrostatics calculations to suggest that the pKa of all the aspartates is increased, Asp223 appears to play
a central role as it links directly the binding of the first calcium-ion through the substrate GalA +1 subsite
carboxylate to the second calcium-ion and then indirectly via binding and orientation of the GalA +2 subsite
to the third calcium-ion. Furthermore it is Asp223 that moves away from the first calcium-ion in the crystal

structure providing a direct link between its behaviour and loss of formation of the productive complex.
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Figure Legends

Figure 1. The proposed mechanism for the cleavage of trigalacturonate catalysed by pectate lyase in which
the C5 proton of the galacturonate (GalA) binding to the +1 subsite of the enzyme is acidified by the binding
of two catalytic calcium-ions and abstracted by the catalytic arginine, Arg279. Lysine 247 may also be
involved in acidifying the C5 proton by providing a proton to the carboxylate of the galacturonate binding
to the +1 subsite. Protonation of the glycosidic oxygen is probably by water. The digalacturonate product

has an unsaturated C4-C5 bond.

Figure 2. (a) An overview of the parallel B-helix architecture of Bacillus subtilis pectate lyase showing the
binding of trigalacturonate to the -1, +1 and +2 subsites formed by the surface of parallel -sheet PB1 and
adjacent loops. The “Michaelis complex” was trapped in the enzyme by substituting the catalytic arginine
with alanine [20] (PDB accession code: 201D). The arginine, built back into the structure in the position
seen in the native structure [5] (PDB accession code: 1BNS8), is shown in magenta. Calcium-ions are shown
as small cyan spheres. (b) Close-up of the active centre revealing the binding of the two catalytic calcium-
ions to the GalA carboxylate in subsite +1. The +2 GalA carboxylate is bound by Arg282 and the -1 GalA
carboxylate binds to the first calcium-ion. The crystals were grown at pH 4.6 where there is sufficient
activity in the native enzyme for the substrate to be turned over at this pH. PyMOL was used to prepare

the Figures showing molecular structures.

Figure 3. (a) oa-weighted Fourier synthesis for the non-productive trigalacturonate complex at pH 4.0 (blue
chicken wire mesh) with refined structure shown as green carbon and red oxygen atoms. The electron
density is contoured at 1.5¢. Also shown is the crystal structure of the productive complex in cyan (PDB
accession code: 201D). The position of the calcium-ion seen in the non-productive complex is shown as
the small orange sphere while the three calcium-ions seen in the productive complex are represented by
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three small cyan spheres. At pH 4.6 trigalacturonate substrate binds to subsites -1, +1 and +2. At pH 4.0
trigalacturonate substrate binds subsites +2, +3, +4. (b) A cutaway image showing the active centre of
pectate lyase in the context of packing in the monoclinic unit cell. This is an arbitrary view chosen to
illustrate that the active centre is open to the solvent channels in the crystal and that the packing does not
occlude the binding of the trigalacturonate to any of the major subsites in the enzyme, including +1 and -1.

Substrate is drawn as sticks, enzyme in cartoon representation, and calcium-ion as cyan sphere.

Figure 4. cA-weighted Fourier synthesis for the non-productive complex at pH 4.0 contoured a 1.56. (a) A
single calcium-ion binds at pH 4.0 with an occupancy of approximately 0.5, compared to the occupancy of
1.0 seen at pH 4.6. Asp223 can be seen to have two conformations where only one was detectable at pH
4.6. (b) The hydrogen-bonding interaction between the GalA residue binding at the +2 subsite and Arg282
seen in the complex formed at pH 4.0. This interaction is conserved between the structures at pH 4.6 and

4.0.
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Table 1: Crystallographic data statistics

Data collection

Wavelength (A)

0.934

Resolution limits (A)

54.23-1.57 (1.66-1.57)

Space group

P2,

Unit cell a, b, ¢ (A) and B (°)

50.78, 88.12, 55.46, 110.41

Mosaicity (°) 0.93

Total number of reflections 227977
Number of unique reflections 58741
Multiplicity 3.9 (3.8)
Completeness (%) 92.3 (85.5)
<l/o(l)> 13.7 (3.5)
Rmerge (%) 6.9 (35.8)
Rp.i.m. (%) 3.9 (20)

B factor from Wilson plot (A2?) 12.5
Crystallographic refinement

R-factor (%) 16.0
R-free (%) 19.2
Number of reflections used overall / R-free 55740/ 2975

Number of atoms refined

3246 protein /37 trigalacturonate /
570 waters / 1 glycerol / 1 acetate

Free correlation coefficient 0.945
Cruickshank’s DPI coordinate error 0.081
Cruickshank’s DPI based on R-free 0.084
R.M.S.D. Bond lengths (A) 0.015
R.M.S.D. Bond angles (°) 1.495
Mean B-factor (A2) 13.8
Ramachandran outliers 0

The parameter values for the range 1.66—1.57 A are given in parentheses. Rmerge = Znii Zi |li - <I> | /-Znu
>I;, where I; is the intensity of the i" observation, <I> is the mean intensity of the reflection and the
summations extend over all unique reflections (hkl) and all equivalents (i), respectively. Rpim is a measure
of the quality of the data after averaging the multiple measurements and Rpim = Zna [n/(n-1)]Y2 Zi [i(hkl) -
<I(hkl) >| / Zna Zi li(hkl), where n is the multiplicity, other variables as defined for Rmerge. R-factor = Xy
|[Fo—Fc |/ Zna Fo, Where Fo and F¢ represent the observed and calculated structure factors, respectively. The
R-Factor is calculated using 95% of the data included in refinement and R-free the 5% excluded.
Cruickshank’s DPI coordinate error is Cruickshank’s diffraction-component precision index (DPI).

R.M.S.D.: Root mean square deviation of the refined model values from ideal values.
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Table 2: Calculated pKa values of residues involved in the Michaelis and non-productive complexes

Michaelis Non- Michaelis | Non-productive
. . . complex productive complex complex .
. Role in Michaelis complex Intrinsic
Residue complex pKa
pH 7.0 pH 7.0 pH 4.0 pH 4.0
D173 Binds Cal & Ca2 1.70 2.74 2.62 3.56 3.8
D184 Binds Cal 7.40 5.84 6.01 7.42 3.8
D223 Binds Cal & Ca2 -3.76 -0.13 -4.45 -0.18 3.8
D227 Binds Cal 2.61 4.36 0.28 3.23 3.8
K247 Close to Ca3 5.93 9.75 1.88 8.42 10.5
R279 Catalytic base 7.58 13.59 3.03 11.42 12.5
R282 Substrate binding 12.59 11.25 9.58 9.35 12.5
R284 Substrate binding 11.47 12.21 11.36 12.05 12.5

The Michaelis and non-productive complexes are described in the text and presented in Fig. 3. The

structure used for Michaelis complex calculations was that formed using crystals of the R279A mutant

(PDB accession code: 201D) with the catalytic arginine reinstated in the position seen in the native

structure (PDB accession code: 1BNS8).
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