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Abstract D-galacturonic acid is a potential platform

chemical comprising the principal component of pectin in

the citrus processing waste stream. Several enzyme activ-

ities are required for the enzymatic production of galac-

turonic acid from pectin, including exo- and endo-

polygalacturonases. The gene TtGH28 encoding a putative

GH28 polygalacturonase from Pseudothermotoga ther-

marum DSM 5069 (Theth_0397, NCBI# AEH50492.1)

was synthesized, expressed in Escherichia coli, and char-

acterized. Alignment of the amino acid sequence of gene

product TtGH28 with other GH28 proteins whose struc-

tures and details of their catalytic mechanism have been

elucidated shows that three catalytic Asp residues and

several other key active site residues are strictly conserved.

Purified TtGH28 was dimeric and hyperthermostable, with

Kt
0.5 = 86.3 �C. Kinetic parameters for activity on

digalacturonic acid, trigalacturonic acid, and polygalac-

turonic acid were obtained. No substrate inhibition was

observed for polygalacturonate, while the Ksi values for the

oligogalacturonides were in the low mM range, and Ki for

product galacturonic acid was in the low lM range. Kinetic

modeling of the progress of reaction showed that the

enzyme is both fully exo- and fully non-processional.

Keywords GH28 � Polygalacturonase �
Hyperthermostable � Substrate inhibition � Product
inhibition � Galacturonic acid � Pectin

Introduction

Pectins comprise a group of heteropolysaccharides that are

plant middle lamellae and primary cell wall constituents

which, depending on their backbone structure, are classified

as xylogalacturonan, rhamnogalacturonan I, rhamnogalac-

turonan II, modified hairy region, or homogalacturonan

(HG) [1]. Pectin from citrus peel waste comprisesmainlyHG

that is highly methyl esterified [2], and conversion of this

food processing waste to biofuels and value-added products

is the subject of much current interest [3–5]. In nature, pec-

tin-degrading enzymes occur in plants, fungi, bacteria, and

insects [6, 7], where they are involved in physiological

processes such as plant cell wall modeling, fruit ripening [8],

plant wound response [9], fungal and bacterial plant patho-

genic processes [10–12], and insect herbivory [13–16].

Pectinolytic enzymes are important industrial enzymes used

primarily in various food and fiber industries including fruit

juice extraction and clarification, poultry feed additives [17–

19], and in the production of pectic oligosaccharides with

potential prebiotic health benefits [20, 21]. The predominant

pectin saccharide D-galacturonic acid is a potentially valu-

able biomass-derived platform chemical, and as such

Aspergillus niger has been metabolically engineered to

convert D-galacturonic acid to L-ascorbic acid [22] and
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L-galactonic acid [23]. Additionally, D-galacturonic acid

can be enzymatically converted to the di-acid galactaric acid

[24], which may find application as a Ca-sequestering agent

[25] and as a platform chemical for polymers [26, 27].

The enzymatic degradation of HG pectin proceeds by

initial side chain removal by pectin methylesterases (EC

3.1.1.11) in carbohydrate esterase family 8 in the carbohy-

drate active enzyme (CAZY) database [28] since the HG

backbone must be exposed before depolymerization by

polygalacturonase [29]. Pectins can be depolymerized by

two mechanistically distinct enzyme types: pectate lyases

which proceed via b-elimination, cleaving the glycosidic

bond at the C-4 position and eliminating H from C-5 to yield

a D 4:5 unsaturated product [30], and polygalacturonases,

which hydrolyze the a-1,4 glycosidic bonds of polygalac-

turonic acid and HG regions of pectin in an exo- or endo-

manner, that based on amino acid sequence homology are

grouped in CAZY database glycosyl hydrolase family 28

(GH28). Glycosyl hydrolases catalyze the nucleophilic

attack of glycosidic bonds, resulting in either retention of

anomeric configuration from double-displacement reaction

or inversion of configuration via a single displacement

reaction [31, 32]. The GH28 enzymes comprise several

different pectinolytic enzymes, which are divergent in

substrate specificity but are expected to have the same

catalytic mechanism. Both endo-(EC 3.2.1.15) and exo-

(EC 3.2.1.67 and EC 3.2.1.82) GH28 polygalacturonases

from Aspergillus have been shown to catalyze the

hydrolysis with inversion of configuration [33, 34]. The

endo-polygalacturonases (3.2.1.15) yield oligogalactur-

onides, while the exo-polygalacturonases hydrolyze

polygalacturonic acid from the non-reducing end, releas-

ing either digalacturonic acid (diGalUA) (EC 3.2.1.82;

exo-poly-a-galacturonosidase) or galacturonic acid

(GalUA) (EC 3.2.1.67; galacturan 1,4-a-galacturonosi-
dase). Exo-polygalacturonases from both eukaryotic [15,

35–40] and prokaryotic [41–47] sources have been iso-

lated and characterized, and we describe here the

recombinant expression and characterization of a hyper-

thermostable GH28 exo-polygalacturonase (EC 3.2.1.67)

from Pseudothermotoga thermarum DSM 5069

(Theth_0397, NCBI# AEH50492.1) termed TtGH28.

Materials and Methods

Materials

TtGH28 enzyme (calculated e280 nm 46.85 mM/cm [48])

was stored in 50 mM sodium phosphate, pH 7.0, with

150 mM NaCl and 10 % glycerol at -80 �C. Prior to ini-

tiating reactions, enzyme was diluted into 10 mM sodium

phosphate, pH 7.0, and 0.1 mg/mL bovine serum albumin

(BSA). Polygalacturonic acid (polyGalUA), MW

25–50 kDa, was from Sigma-Aldrich (St. Louis, MO), and

an average molecular weight of 37.5 kDa was used in

calculations of molarity. HEPES and Bis–Tris propane

were obtained from Fisher Scientific (Pittsburgh, PA).

4-Nitrophenyl-a-D-xylopyranoside and 4-nitrophenyl-b-D-
mannopyranoside were obtained from Toronto Research

Chemicals (Toronto, ON, Canada). All other chemicals

were obtained from Sigma-Aldrich (St. Louis, MO). Water

was purified by a Milli-Q Academic A10 unit (EMD

Millipore; Billerica, MA).

Gene Synthesis, Cloning, Expression,

and Purification of Enzymes

The synthetic gene encoding TtGH28 was designed for

expression in Escherichia coli based on the amino acid

sequence (Supplementary Fig. 1; GenScript USA Inc.,

Piscataway, NJ), with the stipulation that NdeI and XhoI

restriction sites be avoided to allow for subcloning into

pET29b(?) (EMD Millipore). The expressed native pep-

tide C-terminal residues were followed by Leu-Glu-(His)6
to allow for affinity purification, and the protein was

expressed using E. coli BL21(DE3) CodonPlus cells

(Agilent Technologies, Inc., Santa Clara, CA). A glycerol

stock stab was used to inoculate 10 mL Terrific Broth

containing 30 lg/mL kanamycin (TBkan) that was incu-

bated overnight (37 �C, 250 rpm). 0.4 L TBkan was then

seeded and grown to OD600nm *2 before inducing protein

expression with 1 mM IPTG, and protein expression

occurred overnight at 25 �C. Cells were lysed using

*13 mL/g cell pellet lysis solution: CelLytic B reagent,

0.5 mg/mL hen egg-white lysozyme, 2 mM b-mercap-

toethanol, 5 U/mL Benzonase (all from Sigma-Aldrich),

and 1 lL/mL CalBiochem protease inhibitor cocktail III

(EMD Millipore) for 2 h at room temp then centrifuged

10 min at 9000 9 g. The supernatant was heated 10 min at

70 �C and centrifuged a second time. His-tagged TtGH28

was partially purified using Ni–NTA resin according to

manufacturer’s instructions (Qiagen, Valencia, CA), fol-

lowed by final purification using size exclusion chro-

matography on a Superdex 200 16/60 column (GE

Healthcare Bio-Sciences, Pittsburg, PA, USA). Purity of

the protein was assessed by PAGE using Novex Nupage

4–12 % Bis–Tris protein gels and Novex Sharp protein size

standards according to manufacturer’s instructions (Ther-

moFisher Scientific, Waltham, MA), with absorbance at

280 nm being used to measure protein concentrations.

Oligomeric State Determination

Size Exclusion Chromatography with Multi-Angle Light

Scattering detection (SEC-MALS) was used to determine
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the oligomeric state of 1.41 mg/mL TtGH28 in 100 mM

succinate, pH 5.0. Size separation was performed on a

Superdex 200 10/300 GL column (GE Healthcare Bio-

Sciences). The column was mounted on an Agilent 1200

LC HPLC system equipped with the following on-line

detectors: DAD UV-absorbance detector (Agilent Tech-

nologies), Wyatt Dawn� HeleosTMII 18-angle MALS light

scattering detector, Wyatt QELSTM quasi-elastic (dynamic)

light scattering (QELS) detector, and Wyatt Optilab�

T-rEXTM refractive index detector (Wyatt Technology

Corp, Santa Barbara, CA) equipped with a 120-mW solid-

state laser operating at 658 nm. The column was pre-

equilibrated overnight in 100 mM succinate buffer, pH 5,

at flow rate of 0.5 mL/min and 25 �C. The protein solution

was equilibrated at 25 �C for 1 h and then filtered through

Millipore MC-GV 0.22 lm centrifugal filters. Absorbance

at 280 nm was measured from the protein solution before

and after filtration using a Perkin Elmer Lambda 1050

spectrophotometer (Perkin Elmer, Waltham, MA). The

UV–Vis absorbance spectrum of the filtered protein solu-

tion was recorded to verify no significant absorbance

occurs at 658 nm. 150 lL was injected onto the column

and elution simultaneously monitored with DAD UV (230,

260, 280, 320 nm), MALS, QELS, and RI detectors.

Molecular weight was determined using the Debye fitting

method (Fig. 1, Astra software package v. 5.3.4.20, Wyatt

Technology Corp) as described [49]. The Wyatt Optilab�

T-rEXTM refractive index detector was used as the con-

centration detector; the refractive index increment dn/dc

value of 0.187 was determined using 1.5 mg/mL Bovine

Serum Albumin (BSA) standard. Hydrodynamic radius was

calculated from the diffusion coefficient measured by the

QELS detector. The temperature-corrected solvent viscos-

ity constant was set to 8.945 9 10-3 g/(cm-sec), based on

the BSA standard run.

Kt
0.5 Determination

A PCR machine (MJ Research thermocycler, Bio-Rad,

Hercules, CA) was used to establish a temperature gradient

from 79 �C to 93 �C, and aliquots of TtGH28 in 125 mM

succinate, pH 5.0 containing 0.1 % BSA were incubated

for 1 h, followed by 1 h at 30 �C for refolding. Assays for

residual activity were performed by adding 5 lL aliquots

of enzyme mixture to 75 lL succinate buffer with 20 lL
1 % polyGalUA substrate, and incubating 10 min at 80 �C,
followed by cooling to 12 �C for 1 min before quenching

by adding 100 lL dinitrosalicylic acid (DNSA) solution

[50]. Kt
0.5, the temperature at which � activity remains

after incubation for 1 h, was calculated by fitting the

fraction folded data to Boltzmann sigmoidal Eq. 6.

Separation and Quantification of Reaction Products

Products from TtGH28-catalyzed hydrolysis of diGalUA,

triGalUA, or polyGalUA were separated and quantified

using a DX500 HPLC system with an ED40 electro-

chemical detector (pulsed amperometry), AS3500

autosampler, PA-100 (4 9 250 mm) anion exchange col-

umn, and Chromeleon software (Dionex, Sunnyvale, CA)

[51]. Samples (25 lL) were injected onto the column

equilibrated with 0.1 M NaOH and developed with a 5-min

linear gradient (0.05–0.45 M sodium acetate in 0.1 M

NaOH) at *25 �C and a flow rate of 1.0 mL/min. Several

concentrations of the products of interest were used to

establish standard curves on the same day experimental

samples were run.

Steady-state Kinetics of TtGH28 Acting

on diGalUA, triGalUA, or polyGalUA at pH 6.0

and 40 �C

Initial-rate reactions (0.5-mL) at 40 �C contained varied

diGalUA concentrations (0.0341–8.52 mM), varied triGa-

lUA concentrations (0.0317–9.51 mM), or varied poly-

GalUA concentrations (5.20–52.0 lM) in 100 mM MES

pH 6.0, I (ionic strength) = 0.1 M adjusted using NaCl.

Reactions were run in duplicate. Before (time = 0 min)

and after (time = 2–4 min) initiating reactions with

Fig. 1 Debye plot for data collected at nine scattering angles (from

61.2� to 148.8�); a first order linear fit is shown; the Mw is calculated

from the y–intercept [49]

Mol Biotechnol (2016) 58:509–519 511

123



enzyme (7.56 nM), 100 lL aliquots of reaction mixtures

were removed and quenched to pH 9.0 with NaOH, diluted

into 10 mM Bis–Tris propane pH 9.0, and kept on wet ice

or the HPLC autosampler at 5 �C until analysis. Products

monoGalUA and diGalUA were separated and quantified.

MonoGalUA Inhibition of TtGH28 Acting

on triGalUA at pH 5.0 and 40 �C

For product inhibition studies, initial-rate reactions

(0.5 mL) at 40 �C were run as those of TtGH28 acting on

triGalUA, described above, except that reactions contained

varied triGalUA concentrations (0.037–0.22 mM) and

varied monoGalUA concentrations (0–0.28 mM) in

100 mM sodium acetate pH 5.0, I = 0.1 M.

Progression of TtGH28 Acting on triGalUA at pH

6.0 and 40 �C

The reaction (3 mL) at 40 �C contained 99.1 lM triGalUA in

100 mM MES pH 6.0, I = 0.1 M. The reaction was run as

previously described for steady-state kinetics of TtGH28

acting on triGalUA, with 100 lL aliquots removed and

quenched before (time = 0 min) and after (time = 2–120 min)

initiating the reaction with enzyme (7.56 nM). The substrate

triGalUA and products diGalUA and monoGalUA were

separated and quantified by HPLC. The data were fit to a

model assuming a fully exo- and fully non-processive

mechanism with KinTek Explorer [52] using the steady-

state kinetic and equilibrium parameters of the enzyme

acting on triGalUA and diGalUA (determined in this work).

Steady-state Kinetics of TtGH28 Acting

on polyGalUA at Varied pH and 40 �C

Control experiments were performed to determine which

buffers were non-inhibitory and appropriate for use in

determining kinetic parameters: buffers used were 10 mM

citrate (pH 3.0 and 4.0), 100 mM MES (pH 5.0, 5.5, and

6.0), 100 mM HEPES (pH 7.0 and 8.0), and 50 mM Bis–

Tris propane (pH 9.0). All buffers were adjusted to 0.1 M

ionic strength with NaCl. The following buffers were

inappropriate for use in determining kinetic parameters:

acetate, succinate, phosphate, and pyrophosphate (all of

which were weakly inhibitory), and tricine (which inter-

fered with HPLC quantification). We also ran a pH stability

profile for the enzyme. TtGH28 (1.33 lM) was preincu-

bated for 10 min at each pH in appropriate buffer equili-

brated at 40 �C. Immediately following preincubation,

enzyme was used to initiate reactions with 20.8 lM poly-

GalUA in 100 mM MES pH 6.0 and 40 �C, as above. From
pH 3.0 to 9.0 (inclusive), in the buffers above that were

found to be appropriate for use, the enzyme was fully

stable for 10 min, so no corrections or omissions of pH

conditions were necessary. Initial-rate reactions of TtGH28

acting on polyGalUA at varied pH were run as described

above. Product monoGalUA was quantified by HPLC.

TtGH28 Acting on Nitrophenyl-substituted

Substrates at 40 �C

TtGH28 activity was determined for potential nitrophenyl

substrates. Reactions (0.8-mL) at 40 �C contained 1.0 mM

substrate and either 20 mM sodium acetate, pH 5.0, or

20 mM sodium phosphate, pH 7.0. Reactions were initiated

by addition of TtGH28 (0.464 nmol in 7 lL), and 0.25 mL

aliquots of reaction mixture were quenched after 20 h by

addition of 0.75 mL 100 mM sodium carbonate, pH 11.5.

Control reactions with no enzyme were run under the same

conditions to account for background absorbance of sub-

strates. Product 4-nitrophenyl (or 2-nitrophenyl for 2-nitro-

phenyl-b-D-xylopyranoside substrate) was quantified by

absorbance at 400 nm, e = 18.3 mM/cm (or at 420 nm for

2-nitrophenyl, e = 4.5 mM/cm). Data were collected in

triplicate.

Equations

Data were fit to the following equations where m is the

observed initial (steady-state) rate of catalysis; ET is the

total enzyme concentration; kcat is the turnover number of

catalysis; S is the substrate concentration; Km is the

Michaelis constant; Ksi is the substrate inhibition constant,

the dissociation constant for S from ESS; I is the inhibitor

concentration; Ki is the inhibition constant; p is the deter-

mined parameter at a single pH; P is the pH-independent

value of the parameter; PL is the lower limit of the

parameter; H? is the proton concentration; Ka1 is the proton

concentration where p is half of P for the first group(s)

affecting P; Ka2 is the proton concentration where p is half

of P for the second group(s) affecting P; FF is enzyme

fraction folded for a two-state thermal denaturation pro-

cess: Folded = Unfolded; and Kt
0.5 is the temperature at

which 50 % of the enzyme remains folded after incubation

at temperature T for 1 h. Data were fit to non-linear

equations using GraFit [53] or GraphPad Prism (GraphPad

Software, Inc., LaJolla, CA):

v

Et

¼ kcatS

Km þ S 1þ S
Ksi

� � ; ð1Þ

v

Et

¼ kcatS

Km þ S
; ð2Þ

v

Et

¼ kcatS

Km 1þ I
Ki

� �
þ S

; ð3Þ
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p ¼ PL

1þ Ka1

Hþ
þ P

1þ Hþ

Ka1

� P

1þ Hþ

Ka2

; ð4Þ

p ¼ P

1þ Ka1

Hþ þ Hþ

Ka2

; ð5Þ

FF ¼ 1

1þ exp K0:5
t � T

�
slope

� � : ð6Þ

Results and Discussion

Amino Acid Sequence Analysis

The amino acid sequence of TtGH28 upon which gene

synthesis was based was identified in the CAZy database

from functional annotation of a genomic sequence for

Pseudothermotoga thermarum DSM 5069 (AEH50492.1)

deposited in the NCBI database by the DOE Joint Genome

Institute (Walnut Creek, CA USA). It should be pointed

out that the predicted functional annotation as an endo-

type GH28 enzyme has not been borne out by experiments

in this report (vide infra). It is thought that members of a

given GH family are evolutionarily related, with differ-

ences arising from tuning of enzyme substrate specificity

and kinetic and biophysical parameters for a given physi-

ological function, leaving the basic catalytic core and

mechanism intact. A catalytic mechanism for an Asper-

gillus GH28 endopolygalacturonase consistent with

anomeric inversion has been developed based on crystal

structure and site-directed mutagenesis [54], and compar-

ison to the suggested catalytic mechanism of tailspike

rhamnosidase [55, 56]. The mechanism involves three

GH28 conserved Asp residues (Asp271, Asp292, and

Asp293, TtGH28 numbering, filled star in Fig. 2), where

Asp292 acts as the catalytic acid and Asp271 and Asp293

activate the attacking water nucleophile. Crystal structures

have been determined for exo-polygalacturonases from

both Yersinia enterocolitica (EC 3.2.1.82; YeGH28) [57]

(19 % identical, 29 % identical or similar with TtGH28)

and Thermotoga maritima (EC 3.2.1.67; PelB, Tm0437)

[58] (25 % identical, 37 % identical or similar with

TtGH28). The core structure of GH28 exoPGases has been

shown to consist of a right-handed parallel b-helix, with
twelve turns in Tm0437 exoGH28 [58] and ten turns in

YeGH28 [57], and this motif is also found in other enzymes

involved in binding carbohydrate polymers and hydrolyzing

glycosidic linkage enzymes such as pectate lyase C [59] and

phage 22 tailspike protein [55]. There are three catalytic

aspartates in YeGH28 (D381, D402, D403), where D402 is

catalytic acid, and the other two aspartates interact with the

water nucleophile, and these three residues alignwithTtGH28

D271,D292, andD293. Indeed, all eight residues conserved in

YeGH28 (EC 3.2.1.82) [50] and endo-polygalacturonases

(EC 3.2.1.15) [54, 57, 60, 61] determined to be involved in

substrate binding and catalysis (filled square inFig. 2) are also

strictly conserved in TtGH28 (EC 3.2.1.67). In addition,

amino acid sequence alignment (Vector NTI, ThermoFisher

Scientific, Waltham, MA) of TtGH28 to the analogous

enzyme Tm0437 (25 % identity overall) shows that cis pep-

tideG332-S333 and residuesY391, K359, and E334 shown in

the crystal structure to bind the -1 carboxylate group are

strictly conserved. Moreover, 10 out of 14 additional residues

shown to be in the Tm0437 active site (filled circle in Fig. 2)

are either strictly conserved in TtGH28 or an Asp/Glu sub-

stitution in one case.

Oligomeric State

TtGH28 eluted in a single peak with polydispersity 1.001

and a fitted average Mw of 121.51 KDa (Fig. 3), within

5 % of the expected value (117.01 KDa) for dimeric

TtGH28. The measured hydrodynamic radius was 4.1 nm.

No protein peaks of higher or lower Mw forms were

detected in the chromatogram by any of the three detectors

(data for RI detector only, Fig. 3), and the protein was

electrophoretically pure as determined by SDS-PAGE

(Supplementary Fig. 2), and no large aggregates were

present since absorbance readings before and after filtration

were indistinguishable, together indicating that TtGH28 is

a stable dimer under these solution conditions. Interest-

ingly, the related exo-polygalacturonase Tm0437 from

Thermotoga maritima [58] was shown to be a tetramer by

dynamic light scattering, exhibiting decreased polydisper-

sity with increasing temperature indicative of lessening

non-specific aggregation at higher temperatures.

Kt
0.5 Determination

Thermal stability is a desirable property for industrially

relevant enzymes due to increased turnover, lower vis-

cosity, and diminished contamination issues. Both Tm0437

and TtGH28 were identified in the genomes of hyperther-

mophilic Thermotoga species, and as such can be expected

to demonstrate useful thermostability profiles. Indeed, Kt
0.5

for TtGH28 of 86.3 �C was determined (Fig. 4), indicating

hyperthermal stability. The thermal stability of Tm0437

has previously been determined using calorimetry, and its

melting temperature was 105 �C [45]. We determined for

Tm0437 a value of *103 �C for Kt
0.5 from a partial

denaturation curve obtained under the same conditions

used to measure Kt
0.5 for TtGH28 (curve not shown),

indicating marked thermostability differences between

these closely related, functionally identical enzymes.
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Steady-state Kinetics of TtGH28 Acting on Three

Substrates

Steady-state kinetic parameters of TtGH28 acting on three

substrates (diGalUA, triGalUA, and polyGalUA) were

determined and compared to other GH28 EC 3.2.1.67 exo-

polygalacturonases similarly characterized (Table 1;

Fig. 5). The kcat/Km values of diGalUA and triGalUA are

similar and the kcat and Km values for diGalUA are about

50 % higher than for triGalUA. Substrate inhibition is

observed for diGalUA and triGalUA at high concentrations

(Ksi values 3.63 mM and 17.2 mM, respectively). Substrate

inhibition is not observed for the polymer. kcat and Km

values reported for diGalUA and triGalUA for eukaryotic

exo-polygalacturonases RPG15 and RPG16 from Rhizopus

determined at 30 �C [36] were similar to the TtGH28

values (Table 1). Kinetic parameters have been determined

at 80 �C for the closely related Tm0437 enzyme from

Fig. 2 Amino acid sequence alignment of TtGH28, Tm0437, and YeGH28. Filled squares substrate binding and catalysis [54, 60, 61], filled

stars catalytic Asp residues, filled circles other active site residues in Tm0437 [58]

Fig. 3 Chromatogram recorded

by the RI detector (black trace)

and the fitted Mw (gray line)
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Thermotoga maritima [45] (Fig. 2; Table 1), which in

contrast to TtGH28 shows significantly higher kcat values

when proceeding from di- to tri- to polyGalUA. The

turnover rates of Tm0437, NfPG4, and A. giganteus PG for

polyGalUA appear to be considerably higher than observed

for TtGH28, above that expected considering the 40 �C
temperature difference at which the reactions were per-

formed, given a Q10 of 2. A Q10 of 2 is an increase of rate

by a factor of 2 for a 10� increase in temperature (�C).

Also, the Tm0437 km values reported are significantly

higher for diGalUA and triGalUA. The Km for polyGalUA

is lower than reported for the di- and tri-oligosaccharides

for both TtGH28 and Tm0437. MonoGalUA competitively

inhibits TtGH28 acting on triGalUA at pH 5.0 and 40 �C,
with a Ki value of 7.9 ± 1.6 lM (Fig. 6; Table 1). In

contrast, the Ki (GalUA) of the exo-polygalacturonases

from Rhizopus was determined to be on the order of two

magnitudes greater than observed for TtGH28 (Table 1).

Time Progression of TtGH28 Acting on TriGalUA

at pH 6.0 and 40 �C

By following the progression of the enzyme acting on tri-

GalUA, it is demonstrated that as the reaction proceeds,

TtGH28 acts on the product diGalUA. The collected data

for the triGalUA and the two products with time were fit to

a model assuming a fully exo- and fully non-processive

mechanism using the kinetic parameters presented in

Table 1 and the Ki (monoGalUA) of 7.9 lM (Fig. 7). The

goodness of the fit supports the conclusion that TtGH28 is

fully exo- in nature and fully non-processive.

Fig. 4 TtGH28 Kt
0.5. 125 mM Succinate, pH 5.0, 0.1 % BSA, 1 h

incubation. Enzyme assay and curve fitting as described in Methods

Table 1 Comparative kinetic

parameter values for exo-

polygalacturonases EC 3.2.1.67

kcat (s
-1) Km (lM) kcat/Km (s-1mM-1) Ki (GalUA) (lM) Ksi (mM)

TtGH28a

diGalUA 14.1 ± 0.3 19.3 ± 2.1 731 ± 81 n.d. 3.63 ± 0.30

triGalUA 9.55 ± 0.16 12.3 ± 1.4 776 ± 89 7.9 ± 1.6 17.2 ± 1.9

polyGalUAb 10.6 ± 0.3 8.77 ± 0.64 1209 ± 95 n.d.c n.a.c

RPG15d

diGalUA 11.1 ± 0.9 55 ± 4.0 202 ± 22 886 ± 143 n.d.c

triGalUA 11.3 ± 2.3 9.2 ± 0.6 1228 ± 263

RPG16d

diGalUA 6.2 ± 1.4 16 ± 4.0 388 ± 131 501 ± 160 n.d.c

triGalUA 21.3 ± 2.4 n.d.c n.d.c

TM0437e

diGalUA 182 340 535 n.d.c n.d.c

triGalUA 685 340 2015

polyGalUA 936 60 15,600

NfPG4f

polyGalUAb 720 77 9350 n.d.c n.d.c

A. giganteus PGg

polyGalUAb 690 31 22,260 n.d.c n.d.c

a This study; reactions at 40 �C
b polyGalUA Km values in mg/ml were converted to lM based on 37.5 kDa molecular weight average
c n.a, not applicable; n.d, not determined
d Reactions at 30 �C [36]
e Reactions at 80 �C [45]
f Reactions at 65 �C; Km for polyGalUA reported as 2.9 mg/mL [35]
g Reactions at 55 �C; Km for polyGalUA reported as 1.16 mg/mL [47]
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pH Dependence of TtGH28 Acting on polyGalUA

at 40 �C

Following ten minutes of preincubation between pH 3.0

and 9.0 (inclusive), TtGH28 is fully stable. From steady-

state saturation curves determined at each pH, kinetic

parameters of TtGH28 acting on polyGalUA at 40 �C and

varied pH (3.0–9.0) were determined. It was hoped that in

addition to determination of the pKa values of catalytic

groups of the enzyme, that it could be determined whether

the ionization state of the substrate influenced the reaction.

From the literature, the pKa value of monoGalUA is

3.51 ± 0.01 at 20 �C [62]; more importantly, we deter-

mined that the pKa of the second carboxyl group to ionize

of diGalUA is not much higher (if any) than that of the

first, since we found that the pKa values of both carboxyl

groups of the dimer are less than 4.0 (Stoller and Jordan,

unreported results). It is likely the polymer behaves simi-

larly with pKa values below 4.0.

The pH dependences of all three kinetic parameters (kcat,

kcat/Km, and 1/Km) describe bell-shaped curves (Fig. 8).

Relevantly, only one pKa is seen on the acidic side and the

Fig. 5 Steady-state kinetics of TtGH28 acting on substrates at pH 6.0

and 40 �C. Initial-rate data are fit to Eq. 1 (diGalUA and triGalUA) or

Eq. 2 (polyGalUA); fitted parameters are listed in Table 1.

a diGalUA. b triGalUA. c polyGalUA

Fig. 6 MonoGalUA inhibition of TtGH28 acting on triGalUA at pH

5.0 and 40 �C. Initial-rate data are fit to Eq. 3: Km 11.7 ± 2.7 lM;

kcat 9.62 ± 0.36 s-1, kcat/Km 819 ± 164 s-1mM-1, Ki
monoGalUA

7.9 ± 1.6 lM

Fig. 7 Time progression of TtGH28 acting on triGalUA at pH 6.0

and 40 �C. Curves were drawn using KinTek Explorer with a model

assuming a fully exo- and fully non-processive mechanism, and using

the steady-state kinetic parameters for diGalUA and triGalUA and the

Ki (monoGalUA)
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basic side of the bell curves, which are attributed to the

catalytic acid and base, and no pKa is attributed to the

substrate. In each case, the pKa values of the catalytic acid

and catalytic base are closer together than 3 pH units,

which precludes accurate determinations [63]. The

approximate pKa values for the catalytic acid and catalytic

base are, respectively, 7 and 5 for kcat (which represents the

substrate-occupied enzyme), 6 and 4.5 for kcat/Km (which

represents the substrate-unoccupied or free enzyme) and 6

and 4 for 1/Km. One detail is that kcat and 1/Km pH profiles

do not have a zero endpoint on the acid side, and this may

be attributable to participation of the low pH as a catalytic

acid.

Survey of Potential Nitrophenyl Substrates

In search of a suitable synthetic substrate for use in a

spectrophotometric assay of TtGH28, activity of TtGH28

was determined acting on sixteen nitrophenyl-substituted

potential substrates: 4-nitrophenyl-a-L-arabinofuranoside,
4-nitrophenyl-a-L-arabinopyranoside, 4-nitrophenyl-b-L-ara-
binopyranoside, 2-nitrophenyl-b-D-xylopyranoside, 4-nitro-

phenyl-a-D-xylopyranoside, 4-nitrophenyl-b-D-xylopyranoside,
4-nitrophenyl-a-L-fucopyranoside, 4-nitrophenyl-b-D-fucopyra-
noside, 4-nitrophenyl-b-L-fucopyranoside, 4-nitrophenyl-a-D-
galactopyranoside, 4-nitrophenyl-b-D-galactopyranoside, 4-ni-
trophenyl-b-D-glucopyranoside, 4-nitrophenyl-a-D-glucopyra-
noside, 4-nitrophenyl-a-D-mannopyranoside, 4-nitrophenyl-b-
D-mannopyranoside, and 4-nitrophenyl-a-L-rhamnopyranoside.

For each of the sixteen potential nitrophenyl substrates at pH

5.0 and 7.0 and 40 �C, the activity of TtGH28 was less than

one-millionth that of TtGH28 acting on triGalUA. Thus, no

suitable nitrophenyl substrate for use in a spectrophotometric

assay of TtGH28 was found.

To conclude, TtGH28 from Pseudothermotoga ther-

marum DSM 5069 is potentially useful for conversion of

food processing waste pectinic biomass to value-added

products. The expressed enzyme was characterized and

found to be a hyperthermostable dimer with Kt
0.5 86.3 �C.

Kinetic modeling of the reaction progress is consistent with

the enzyme being fully exo and fully non-processive,

releasing monoGalUA as sole product from polyGalUA

(EC 3.2.1.67). We show here that the enzyme is subject to

substrate inhibition by diGalUA and triGalUA, with Ksi in

the low mM range. The enzyme has a low Km for poly-

GalUA of *9 lM and appears to be quite sensitive to

product inhibition by GalUA with a Ki in the low lM
range.
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