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ABSTRACT: Crystal structures of endopolygalacturonase fi8tareum purpureumere solved in native

and two galacturonic acid complex states at atomic resolution. Endopolygalacturonase catalyzes the
hydrolysis ofa-1,4-glycosidic linkage of polygalacturonate in pectin. The native structure was determined
by the multiple wavelength anomalous dispersion method and was refined anisotropically with SHELXL-
97, with anR factor of 11.4% and aRq. factor of 14.0% at 0.96 A resolution. The enzyme folds into

a right-handed parallg-helix with 10 complete turns. The crystal structures of its binary complex with
oneb-galacturonate and its ternary complex with tergalacturonates were also determined to identify

the substrate binding site at 1.0 and 1.15 A resolutions, respectively. In the binary complgkpene
galactopyranuronate was found in thé& subsite, thus proving the strong affinity of té subsite expected

from the bond cleavage frequency on oligogalacturonates. In the ternary complex, an adgiienal
galactofuranuronate was found in thel subsite. In both subsites, the recognition of the galacturonate
carboxy group is important in galacturonate binding. Intfiesubsite, the carboxy group interacts with
three basic residues, His195, Arg226, and Lys228, which were conserved in all endopolygalacturonases.
In the —1 subsite, the unigue nonprolgis-peptide bond is believed to be involved in binding the carboxy
group of the substrate. The active site architecture of the complexes provides insight into the mechanism
of inverting glycosyl hydrolases and also sheds light on the basis of the differences between the family
28 and the other inverting glycosyl hydrolases.

Pectin is a major component of the plant cell wall, and its meric configuration of the products during the reactidh (
degradation is an important process in infection by plant In this mechanism, the hydrolysis proceeds by a general acid
pathogenic organisms, plant senescence, and fruit ripeningcatalyst donating a proton to the glycosidic oxygen and a
(1. It consists of so-called “smooth” and “hairy” regions. catalytic base guiding the nucleophilic attack of a water
The smooth region, or the homogalacturonan component,molecule on the anomeric carbon of the galacturonate moiety
consists of a backbone of-1,4-linkedp-galacturonic acid bound at the—1 subsite. Studies of the bond cleavage
residues, which are partly methylated and acetylated. Thefrequency with oligo-galacturonates have indicated that many
hairy region, known as rhamnogalacturonan, is characterizedendopolygalacturonases to hydrolyze the first glycosidic bond
by stretches of 1,2-L-rhamnose-1,4x-D-galacturonic acid  from the reducing end of tri- and tetragalacturonate ).
dimers.L-Arabinose and-galactose may be attached to the  Stereum purpureuns a pathogenic fungus that causes
rhamnose residues. silver-leaf disease in apple trees, and it secretes large amounts

Endopolygalacturonases (EC 3.2.1.15) are involved in of several endopolygalacturonases into the culture medium
pectin degradation. The enzymes belong to the family 28 (7, 8). These endopolygalacturonases degrade the pectin in
glycosyl hydrolases and catalyze the hydrolysis ofctk4- leaves and cause the silver leaf symptoms. Endopolygalac-
glycosidic bonds between adjacemtp-galacturonic acid turonase | (endoPG1Y)a glycoprotein with 335 amino acid
residues within the pectin main chai®)(The endopolyga-  residues, is one of these endopolygalacturon&ekiidoPG
lacturonases are inverting glycosidases that invert the ano-l consists of three glycoforms, which differ in the number
of glycosylation sites. The glycoforms of endoPG | can be
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Culture, Sports, Science, and Technology (13460046 and 13033044). ; ; ; ;
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single crystals for our atomic resolution (0.96 A) study by Si diode X-ray fluorescence detector. Selection of the
using deglycosylated endoPG la, so as to avoid the hetero-wavelengths of the peak and the edge for the multiple

geneity of the sugar chaingl).

anomalous dispersion (MAD) data collection was made on

Recently, the crystal structures of the endopolygalactur- the basis of thef’ and f” anomalous scattering factors,

onases from the bacteriuBErwinia carotaora (12) and the
fungi Aspergillus niger(13) and A. aculeatus(14) were

determined from the fluorescence spectra using the program
CHOOCH @1). This gave the peak at 1.07178 A and the

solved at 1.9, 1.68, and 2.0 A resolutions, respectively. Theseedge at 1.07216 A. The remote was chosen at 1.03 A to

structures fold into a right-handed paralfehelix, which is

obtain the dispersive differences. Each wavelength data set

also found in other pectin degrading enzymes, such asWas collected from Oto 360 using T oscillation aml a 5 s

rhamnogalacturonase A%) and pectate lyasel6). Three

exposure time. The three data sets were collected in the order

conserved aspartate residues were proposed to be critical foef peak, edge, and remote. They were collected at each
the catalysis 17) in those structures. These residues were Wavelength to a resolution of at least 2.19 A. The native

implicated as the acigbase catalysts in the reaction of the

and derivative data sets were integrated with MOSF2I¥) (

endopolygalacturonase. The distances between the pairs oftnd were scaled with SCALAZQ).

the three aspartate residues are4.6.5 A. In contrast, in

MAD Phasing, Automatic Model Building, and Refinement

the common inverting enzymes, the average distance betweer\ resolution range between 20 and 2.2 A of the MAD data

the catalytic residues is 10 AL§). This finding indicated

set was used for the phase determination. Four Pt sites were

that the active site architecture of the endopolygalacturonasegound, refined, and used for the phase calculation in the

could differ from that of most other inverting glycosyl

program SOLVE 24). The initial phase was modified by

hydrolases. Site-directed mutagenesis experiments with thesolvent flattening and histogram matching using DRE)(
A. nigerenzyme revealed that Asp153, Asp173, and Asp174 The initial model was constructed automatically by ARP/
in endoPG | are involved in its catalytic function, whereas WARP (26). The native data set and the phase output from

His195, Arg226, Lys228, and Tyr262 function primarily in
substrate recognition1@, 20). However, there is little

DM were combined, and 5% of the reflections were selected
for cross-validation. The phase was further modified and

structural evidence regarding the substrate and/or inhibitor €xtended to 0.96 A with the mode warp of ARP/WARP.

binding site or the architecture of the active site.

Then, the mode warpNtrace of ARP/WARP automatically

In this paper, we describe the crystal structures of the built a model that had 321 of the 335 amino acid residues

native and product complexes of endoPG | fr@n pur-

of endoPG |. The remaining parts of the structure were built

pureumat an atomic resolution. In these complexes, one Manually using the program @T), and the resulting model

molecule of galacturonate was observed in e subsite,

was refined by Refmac2g). Water molecules were added

and two molecules of galacturonate were observed in the With the mode solvent of ARP/WARP. SHELXL-929) was

+1 and—1 subsites, respectively. These structures provide Used for further refinement of the model, using the aniso-
experimental evidence of the substrate binding mechanismtr(_)p'c temperature fa_lctor with stereochemlcal restraints. In
and insight into the active site architecture as well as the thiS stép, some multiple conformation structural parts were

reaction mechanism of endoPG |.

EXPERIMENTAL PROCEDURES

Purification, Crystallization, and Preparation of the Pt
Derivative. EndoPG | was purified from a culture filtrate of
Stereum purpureurrand was crystallized as previously

added to the model.

Preparation of Galacturonate Complexe$he binary
complex of the enzyme with monogalacturonic acid was
obtained by cocrystallization of the nondeglycosylated en-
doPG la with trigalacturonic acid. In the cocrystallization, 2
uL of a 2% (w/v) (37 mM) trigalacturonate solution were
added to the hanging-drops, and the other conditions were

described 11). The enzyme has three isoforms with respect the same as those used for the native crystallizatidi. (

to differences in the sugar chain. EndoPG la, in which Asn92 The crystals thus obtained were soaked in cryoprotectant
and Asn161 are glycosylated with the high mannose type of solution containing 2% (w/v) trigalacturonate. The ternary
sugar chain was used in this study after deglycosylation with complex, consisting of the enzyme and two molecules of

endog-N-acetylglucosaminidase H1(Q). For the phase
determination, a KPtCl, derivative was prepared by soaking

monogalacturonic acid, was obtained by soaking the native
crystals in a different cryoprotectant solution containing

the native crystals in a heavy atom solution containing 2.4 galacturonate [10% (w/v) (515 mM) galacturonate, 10% (w/

mM K,PtCl, 25% (w/v) PEG 4000, and 50 mM MES buffer
(pH 6.2) for a week.

Data Collection The native crystal was flash-frozen in
liquid nitrogen after soaking in a cryoprotectant solution
containing 20% (w/v) PEG 4000, 20% (v/v) glycerol, 10%
(v/v) 2-propanol, and 200 mM NaCl in 50 mM sodium

v) PEG 10000, 20% (v/v) glycerol, and 200 mM NacCl in
50 mM sodium acetate buffer, pH 5.0].

The diffraction data of the complexes were also collected
on beam line BL44B2 at SPring-8, to 1.0 and 1.15 A
resolutions for the binary and the ternary complexes,
respectively, at 90 K. Both crystals were isomorphous with

acetate buffer (pH 5.0). The native crystal data were collectedthe native one. The data were processed and reduced in the
on beam line BL44B2 at SPring-8, using a marCCD165 same manner as for the native crystal. The initial models
detector {1). The crystal diffracted to 0.96 A resolution were determined by the rigid body and restrained refinements
using a 0.7 A wavelength X-ray beam. In the case of the Pt with Refmac from the native structure, and were rebuilt by
derivative, the Pt-soaked crystal was back-soaked and flashARP/WARP. Further refinements were performed as that used
frozen in liquid nitrogen using the cryoprotectant solution for the same manner in the native structure. The stereochem-
at pH 6.2. The X-ray fluorescence spectrum was measuredical dictionary for the refinement of the galacturonate
directly from the crystal on the BL44B2 beam line, using a moieties was derived from the structure of galactose in the
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Table 1: Data Collection and Refinement Statistics

Pt derivative

remote peak edge native binary complex ternary complex

Data Collection

X-ray source SPring-8 BL44B2

wavelength (A) 1.03000 1.07178 1.07216 0.70000 0.70000 0.60000
resolution (A)
overall 31.2-2.10 32.4-2.19 32.4-2.19 41.5-0.96 25.3-1.00 12.+1.15
outer shell 2.2%2.10 2.3+2.19 2.36-2.19 1.0+-0.96 1.05-1.00 1.2+1.15
reflections
observed 65,489 57,904 58,361 1,186,116 649,682 230,114
unique 16,941 15,065 15,078 171,534 152,404 104,270
redundancy 3.9 3.8 3.9 6.9 4.3 2.2
completeness (%)
overall 95.8 95.2 95.2 94.0 93.8 97.3
outer shell 914 88.8 91.6 89.4 89.9 96.2
meanl/ol
overall 25.6 21.6 23.7 5.6 6.1 6.5
outer shell 14.2 12.3 13.7 35 3.8 2.8
Reym (%)
overall 1.8 2.1 2.0 3.7 5.4 7.1
outer shell 4.0 4.7 4.3 20.6 17.2 25.1
MAD Phasing
resolution (A) 20.6-2.20
R (%)
to remote 1.7 1.9
to peak 0.9
Rano (%0)° 3.8 3.9 3.9
no. of site 4
mean figure of merit 0.72
Structure Refinement and Stereochemistry
resolution (A) 10.6-0.96 10.6-1.00 10.6-1.15
no. of unique reflections 171,380 152,299 104,207
no. of reflections in test set 8,572 7,627 5,171
Ruork (%0)? 11.4 10.9 12.6
Riree (%)° 14.0 134 16.4
no. of atoms
protein 2,466 2,502 2,437
sugar chain 42 28 28
ligand 0 13 26
glycerol 12 0 0
Cl- 1 1 1
Na* 0 1 0
solvent 504 585 510
root-mean-square deviations
bond distances (A) 0.018 0.016 0.014
angle distances (A) 0.032 0.031 0.030
chiral volumes (&) 0.117 0.101 0.090
ARym == |l = laf/Z 1. PRy = Z[lsi — 131/Zllavi]. ¢ Rano = = [I(+) — | (=)I/Z[lavl. @ Ruork = = |Fobs — Feaid/Z|Fobd for the reflections of work

set.® Ryee = = |Fobs — Feald/Z|Fobd for the reflections of test setDistances between two atoms that are bonded to same atom.

HIC-up database3(Q). The enzyme-ligand interactions were
analyzed by HBPLUS31) and LIGPLOT @2).

RESULTS region.

Structure Determination of Endopolygalacturonase | 1WO kinds of complex structures containing monogalac-
Details of the structural determination and the crystal- {Uronic acids bound at the proposed active site cleft were
lographic refinement are given in Table 1. The structure of &S0 determined and refined. The binary complex containing
the native crystal was solved by the MAD method with a Pt & Single molecule of monogalacturonic acid as the ligand
derivative and was refined at 0.96 A resolution. The program Was obtained by cocrystallization of the enzyme with
ARP/WARP constructed a structural model containing 321 trigalacturonic acid. The final refined model hRdndRyee
amino acid residues automatically, and provided a high factors of 10.9 and 13.4%, respectively, at 1.0 A resolution.
quality electron density map. The final structural model The ternary complex, prepared by soaking contained two
consisted of amino acid residues-335, twoN-acetylglu- ~ molecules of monogalacturonic acid, had pyranose and
cosamine residues attached to Asn92 and Asn161, and 504uranose ring configurations, respectively. The ternary
water molecules. Th&® and Ry.. factors were 11.4 and complex structure was refined at 1.15 A resolution with an
14.0%, respectively. The Ramachandran plot for 277 non- Rfactor of 12.6% and a correspondiRge. factor of 16.4%.
glycine and nonproline residues showed 238 (85.9%) residuesThe three structures met the criteria of atomic resolution
to be in the most favored region, 36 (13.0%) residues in the defined by Sheldrick33).

generously allowed region, 2 (0.7%) residues in the additional
allowed region, and 1 (0.4%) residue in the disallowed
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comprises 10 complete turns frgpastrand 4 in PB1 to 37

in PB3 (Figure 1A). The amino acid sequence of endoPG |
has 25.8 and 40.6% identity with those of taecarotaora
endopolygalacturonase, PehA, and #aigerendopolyga-
lacturonase I, respectively (Figure 2). Structural superposi-
tions of endoPG | with PehA and endopolygalacturonase |
showed that 252 and 301loCatoms are in structurally
equivalent positions, with rms differences of 1.6 and 1.4 A,
respectively. A comparison of endoPG | with. niger
endopolygalacturonase Il revealed that most of the secondary
structural elements are in the same positions. Differences in
the two structures are seen only in their C-terminal regions.
The C-terminus of thé\. nigerendopolygalacturonase Il is
fixed by a disulfide bridge, whereas that of endoPG I is fixed
by an additiona)3-sheet structure, PB2c, composed of two
pB-strands, 36 and 38.

A large cleft is formed along the surface of tfesheet
PB1 and is surrounded by the three loops connecting
p-strands 9 and 10, 12 and 13, and 15 and 16, as well as by
the three loops on the other side, connecfirgirand 23 and
24, 27 and 28, and 31 and 32 (Figure 1). The proposed
catalytic residues, Asp153, Asp173, and Aspl74, are on the
bottom of the cleft (Figure 1B). Eight residues that are
completely conserved in all endo- and exopolygalacturonases
(Asn151, Asp153, Aspl73, Aspl74, His195, Gly196, Arg226,
and Lys228 for endoPG I)L{) have equivalent positions in
purpureumendoPG | with the N-terminus on the left and the C the cleft among the four structures that have been solved. In
terminus on the right, viewed gftsheet PB1 (yellow). PB2a, PB2b,  addition, Asn91 and Tyr262 are also conserved in the four

?Ezct’hand PB3 a[etShOWF‘ di“ b'“i green. cyan. %‘d reg, LeSple;’EVQ'ystructures, and His150 is conserved in the structures of the
e three aspartate residues, Asp153, Aspl73, and Aspl74, ar

shown in ball-and-stick models. The putative binding state of the ?ungal endopolygalacturonases.
digalacturonate part of the substrate is shown in a stick model (sky ~ Galacturonic Acid Complex StructureBhe experimental
blue), and is discussed in a later section. (B) The structure viewed eyjidence regarding the substrate binding site and the active
from the C-terminal side. A large cleft is formed by the parallel site constitution was obtained by the analysis of two kinds

pB-sheet, PB1, and the loops of both sides of PB1. ; . .
of monogalacturonic acid complex structures. The first

Ficure 1: (A) Schematic representation of the structureSof

Overall Structure EndoPG | has a right-hand@ehelical

complex, the binary complex, was prepared by cocrystalli-

structure, which is common to the pectinases, such as pectatgation with 2% trigalacturonate; however, an unambiguous

lyases 16), rhamnogalacturonasé&f), and endopolygalac-
turonases fronk. carotaora (12), A. niger (13), and A.
aculeatus(14) (Figure 1). Thes-helical structure consists

electron density was observed only for a single galacturonic
acid at the large cleft (Figure 3A). The structure of the bound
galacturonic acid was identified glsp-galactopyranuronic

of five -sheets, PB1, PB2b, PB2a, PB2c, and PB3 and acid (GapA) with the conventionafC; chair form confor-

3 4 5 6

1
. —): = ; —)

5. purpureum 1 ATCTV-ESVDDAKDIAGCSAVTLNG--- -~ FTVPAGNT-LVLNPDEGATVTMAGDI TPARTTL---—--—=-=-=-=-~- 56

A. niger 28 DSCTFTTAAAAKAGEARCSTITLMN------ IEVPAGTTLOLTGLTSGTEVIFEGTTTFQYEEW- -~~~ ——------- 85

4

E. carotovora 1 SDSRTVSEPKTPS-SCTTLEADSSTATSTIQRALNNCDOGRAVRLSAGSTSVFLS - - -GP-LSLPSGVSLLIDEGV-TLRAVNNAKSFENAPSSCGVVDE 9

LA TN o 1. 12 13 14

| m— — — — — —
5. purpureum 57 ----- DGPLFTI-DGTGINFVGAD-HIFDGNGALYWDGRGTMNGTHR----------~ PHPFLEIRG--SGTYRRFEVL AQAISVGPTDAHLTLDGI 136
A. niger 86 ====~, -AGPLISM-SGEHITVTGASGHLINCDGARWWDGE! e KPEFFYAHGLDSSSITGLNIKNTE! SVQAN--DITFTDV 164
E. carotovora 95 NGKGCDAFITAVSTTNSGI--YGPGTI-DGQCGVELY K( IQINKS TLYNVSLI FHVVFSDED-GFTAWKT 190
*
15 16, 17 18 19, 200 21 2 23, 24 25 26
 — | — ) — | — | —— —
5. purpureum 137 TVDDF. DVSAN-NVTIQNC: DCIAIN------ DENMIRFENNQCS! 181 T--GEHVSNVVIKGN-TVTRSM-YGV 225
A. niger 165 TINNADGDT - TVGHSVGVNII IDCLAVH=====~ SGENIWFTGGTCT! LT I-EHSTVESNSE-NHAV 255
E. carotovora 191 TIKTPST-----, IDPMSSFENITIAYSNIA! CNVAIRAYRGRAETRNIST ST == -MGVYNVTVDD- - -LEMNGTTNGL 279
* - - "k - -
2, 28,25, 3 31, 2.3 R 35, 33,

p—— — + — —
-==-GNPGTGAPFSD-VNFTGGAT - TIRVHNHAATRVTVECGN-CSG-NWNWSQLTVTGG 317
GEPTGRPTHNGVTIQD-VELE---SVIGSVDSGATEIYLLCGSGSCS -DWTWDDVEVTGG 347
~=~-G8H--VPDWSDITFE----DVTSETEG- - -VVVLNGENAKEPIEVTMENVELTSD 364

- y—— v
RTATSASVSGVTYDANTISGIAR-YGVLISQ
I8GA-TGSVSEITYS-NIVMSGISDYGVVI
KSAA-G-VVNGVRY SHVVMENV-ARPIVL
* * ®

5. purpureum 226

A. niger 256

E. carotovora 280
*

3

S. purpureum 318 KAGT-IEKSDEAKITGGQYL 335
A. niger 348 KESTACENFPIVASC---- 362
E. carotovora 365 STHQIENVNVEE. 376
Ficure 2: An amino acid sequence alignment of the three endopolygalacturonases, endo8@urgdureumendopolygalacturonase I
of A niger, and PehA ofE. carotaora, based on three-dimensional structure. Spirals, arrows, and lines above the amino acid sequences
showa-helices,3-strands, and loops of th&. purpureunmendoPG I, respectively. The colors of thesheets are the same as in Figure 1.
The eight residues in red are invariant residues in the available endo- and exopolygalacturonases, as indicated by) Kdstaregidues
in green are common residues in the three endopolygalacturonases in this alignment, except for the residues in red. The boxed residues are
the residues involved in the binding of galacturonate molecules in the complex structures.
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Asn.‘)l ) Arg226  Asn91 —)/:ﬁ
Hisl wﬂ( K Lys228 Hmao</ Lys228
\g Aspr73 W31 \g Asp173¥31

Asnl Asnls £
Aspl74 Aspl74
Asplsg. ;\splfﬁ?

Ficure 3: (A) Stereoview of the binding site of G& in the binary complex. The GpA is shown as a stick model, and its carbon atoms

are colored yellow. The omf, — F. electron density map for the bound @Alis contoured at 9.@. Residues interacting with Gah

and putative catalytic residues are included. A water molecule, W31 (red dot), that bound to Asp153 and Asp174 is considered as a nucleophilic
water. The viewpoint of B is indicated by an arrow. (B) A close-up view of the boungAGaith the F, — F electron density map. The

map is contoured at 3.0 (yellow) and 9Qblue).

el

Aspl53

GIn120

Ficure 4: (A) Stereoview of the binding sites of GAland GapA in the ternary complex. The G&l and GapA are shown as stick

model, and their carbon atoms are colored yellow. The &it F. electron density map for the bound &eland GapA is contoured at

3.0 0. Residues interacting with the ligands and putative catalytic residues are included. A water molecule, W31 (red dot), that bound to
Aspl153 and Aspl74 is considered to be a nucleophilic water. The viewpoint of B is indicated by an arrow. (B) A close up view of the
bound G4dlA with the F, — F. electron density map. The map is contoured ata.0

mation. Although its C1 carbon was in th&anomeric The interactions between galacturonic acids and endoPG
configuration, the C1 of the GaA unit was linked to C4 of | are shown in Figure 5. The O4 of G&{ hydrogen bonds

the adjacent GaA (reducing end side) unit through a (2.68 A) with OD2 of Asp 173. This bonding is important,
glycosidic bond with in the substrate, polygalacturonate, in since it mimics the interaction between the most favorable
the a-anomeric configuration. The same structure of the candidate for the catalytic acid and the glycosidic oxygen

bound GabA was observed in the soaking experiment into
a 94 mM monogalacturonic acid solution. Thus, theg®al
molecule observed in the cocrystallization with trigalactur-

during the reaction. Thus, the @&l binding site is believed
to be the+1 subsite, because its location is at the reducing
end side of the proposed catalytic residues, Asp173, Aspl74,

onate seems to be a hydrolytic product by the enzymatic and Asp153. The other two of the four hydroxy groups of
reaction. Indeed, the considerable amount of monogalactu-GalpA interact directly with the enzyme. Thus, the O2
ronic acid was detected in the mother liquor of the cocrys- hydroxy group forms a hydrogen bond with NE2 of His150.
tallization batch by use of an ion spray mass spectroscopy The O3 hydroxy group makes two hydrogen bonds, one
(data not shown). The second complex, the ternary complex,between ND2 of Asn91 and the other between ND2 of
was prepared by soaking the native crystals in a solution Asn151. The O1 hydroxy group does not interact with the

containing a high concentration (515 mM)mfalacturonic
acid. In this complex, two lobes of electron density were
found for the ligand (Figure 4A). One of the two lobes was
located at the identical position of the @Al site in the
binary complex (Figure 4A). The other lobe of the density
was identified ag-p-galactofuranuronic acid (Gal) (Figure
4B). The electron density of G&l was weaker than that of
GalpA, because of the low occupancy of the boundf@al
The occupancy of GBA was estimated to be about 60%
that of GapA by the SHELXL-97 occupancy refinement.
The conformation of the furanose ring was classified into
the'E envelope conformation. The GAlmolecule was also

in the f-anomeric configuration. Ramos et al. demonstrated
that the ratio between the pyranose and the furanose isomer:
is about 9:1 in aqueous solutio®4). Thus, appropriate
amount of the furanose isomer may exist in the soaking
solution.

enzyme. The carboxy group of @&l engages in electrostatic
interactions and/or hydrogen bonds with four of the enzyme’s
residues. O61 of the carboxy group interacts with NH2 of
Arg226 and ND1 of His195. The other oxygen of the carboxy
group, O62, interacts with NZ of Lys228 and OH of Tyr262.

On the other hand, the binding site for @alppears to
overlap with the—1 subsite, because it is located on the
opposite side of ther1 subsite, across from the catalytic
aspartate residues. The distance between th@AGal4
hydroxy group and the G O5 hydroxy group is only 2.80
A having no space for an additional galacturonate molecule
between the GaA and GafA molecules. Six residues of
the enzyme participate in the Galbinding. The O2 atom
of GalfA participates in hydrogen bonds with OD1 of Asp153
and ND2 of Asn151. O1 of GBA interacts with NE2 of
GIn120. The binding of the carboxy group of &ainvolves
a unique nonprolykis-peptide bond between Gly200 and
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Asn919= oov Asn91 150 Asn91 His150
o ) Asnl51 Asnls1
G 2
Asnis1 @ GInl120 GIn120,

Aspls3 Aspl73

FiGURE 6: A stereoview of the superposed models of the native
crystal and the two complexes around the active site. The enzyme
models of the native, binary, and ternary complexes are shown in
green, blue, and red, respectively. The nucleophilic waters of the
native and the two complexes are in the same colors. The ligands
of the binary and ternary complexes are in cyan and magenta,
respectively.

changes between the binary and ternary complexes were
observed in the vicinity of Ser 201. Due to the interaction
between the OG atom and the carboxy group off&ahe

x1 angle of Ser 201 was shifted from I7ih the native
structure to 70in the ternary complex.

-1
FiIGURE 5: Schematic representation of the interactions between p|SCUSSION
the enzyme and the ligands in the ternary complex, drawn by
LIGPLOT (32). The interactions of GpA in the binary complex Active Site ArchitectureThe crystal structures of endoPG
are practically the same as those in the ternary complex. The dottedy complexed with galacturonic acid allow us to identify some
g?;g:?ggva%%%%sgtgg rilgsaﬁggt?cl)%:;r.ostanc interactions, and thelrstructural feature_s res_po_nsible for their substrate recognition.
Monogalacturonic acid is a product of the endopolygalac-
Ser201 in which 061 interacts with OG of Ser201, and 062 turonase reaction. Bond cleavage frequency studies have
interacts with the amide group of Ser201. Gly200 is demonstrated that some endopolygalacturonases hydrolyze
necessary to maintain thes-peptide bond, because it has only the first glycosidic bond from the reducing end of tri-
unusualkp/y angles that are not allowed for the other amino and tetragalacturonatd-6). This property of the reaction
acid residuesd is 102.8 andy is —171.7). The carboxy indicates that the enzymes form only one productive
group (062) of GdA also interacts with NZ of Lys228. In  enzyme-substrate complex with these substrates and most
the vicinity of the O4 atom of GahA, there is a water likely recognize the reducing end @&l residue in thet+1
molecule “W31” that interacts with the carboxy groups of subsite. The+1 subsite is believed to have the highest
both Asp153 (2.57 A) and Asp174 (2.49 A). The distance affinity among the subsites for the polygalacturonate substrate
between O4 of GalA and W31 in the ternary complex is in the endopolygalacturonase reaction. In binary complex,
4.15 A. In theA. nigerendopolygalacturonase II, the water an electron density for one Ga#l molecule was observed
molecule at the equivalent position is considered to be the in the+1 subsite. The tight binding of the substrate to subsite
nucleophilic water of the hydrolytic reactiodJ). +1 is due to the electrostatic interactions between the
Comparison of the Nate and Two Complex Structures carboxy group and the basic residues and the precise
A superposition of the native and two complex structures recognition of the galactose epimer. In site-directed mu-
around the ligand binding site is shown in Figure 6. Overall, tagenesis studies @&. niger endopolygalacturonase Il, the
while the native and two complex structures are almost the replacement of the corresponding residues of His195,
same, some structural changes in the side chains of certairArg226, Lys228, and Tyr262 led to 10-fold or greater
amino acids were observed due to the ligand binding. increases in th&,, value (L9, 20). These residues are within
Comparing the native and binary complex structures, posi- hydrogen bonding distances to the carboxy group of the
tional changes of the side chains of Asn91, His150, and GalpA, and the results of their mutations verified the
Arg226 were observed with Ga binding. In the native importance of the carboxy group recognition in subsite
crystal structure, the side chain of Arg226 was disordered for productive substrate binding. In contrast, the replacement
and was observed to split into two conformations; however, of the corresponding residue, Asp173, caused only a 2-fold
in the binary complex it converged into a single conforma- increase in th&, value, but greatly decreased g, value
tion. The convergence of the side chain conformation of (19). Aspl73is at a distance to make a hydrogen bond with
Arg226 may have been caused by the electrostatic interactionO4 of the bound GalA. From this structure, we postulated
with the carboxy group of GpA. The side chains of Asn91  that Asp173 serves as a general acid catalyst that donates a
and His150 shifted their positions slightly. These small proton to the glycosidic oxygen, as described below in detail.
differences are due to the exchange of the hydrogen bonding In the case of G&h binding of ternary complex, carboxy
network around the bound Gl molecule. The structural  group of GalA is also recognized by the characteristic
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Ficure 7: Schematic drawing of the proposed structure for substrate binding inttend+1 subsites. The proposed substrate structure
(black) was modeled based on the structures of thpAsahd GafA molecules (gray). The GpA unit in the —1 subsite of the substrate
modelbis_tdistorted to a half-chair form. The nucleophilic water is in the preferred position to attack the C1 atom ofptheiGiain the
—1 subsite.
structural motifs consists of the side chain of Ser201 and GalfA molecule bound in the ternary complex. These
Lys228, anccis-peptide bond between Gly200 and Ser201. restrictions are likely to be appropriate determinants for the
In the other three known polygalacturonase structures, theproductive substrate binding, as described above, and allowed
nonprolylcis-peptide bond between Gly200 and Ser201 and us to construct a reasonable model. To satisfy the second
the Lys228 residue are conservd@{14). Thecis-peptide restriction, the modeled GaA unit in the —1 subsite should
bond and Lys228 are also conserved in the structure of have the distorted half-chair conformation, in which C1 shifts
rhamnogalacturonase A frorAspergillus aculeatug15). into a more equatorial position from the ordinary chair
Rhamnogalacturonase A also belongs to the glycosidaseconformation. Thus, the ring structure of @Alin the —1
family 28, and it cleaves the-1,2 glycosidic linkage between  subsite was built based on the distorted conformation of the
galacturonate and rhamnose. The structural conservation ofvalienamine pseudosaccharide moiety in acarbose, a transi-
the three residues reveals that tbis-peptide bond and tion-state analogue inhibitor of glucoamylas@5) The
Lys228 probably form a carboxy group recognition motif in ordinary chair conformation for GaA in the —1 subsite led
the —1 subsite of both enzymes. In both thel and+1 to severe steric conflict between the pyranose ring in the
subsites, the binding of the carboxy group was considered—1 subsite and the H4 hydrogen in thel subsite, and
as an important mechanism of substrate recognition. This isbetween the O2 hydroxy group in thel subsite and the
probably the reason endopolygalacturonases are able tdD3 hydroxy group in thet1 subsite. The resulting model
cleave only free polygalacturonate and not the methylesteri- of the digalacturonate substrate shows the following char-
fied substrate. acteristics in the-1 subsite: (i) the pyranose ring of the
On the basis of the structures of Gaknd GapA bound GalpA residue has been distorted into thids half-chair
in the ternary complex, we attempted to construct a structural conformation. In that half-chair conformation, the C2, C1,
model of digalacturonic acid with a substrate molecule bound O5, and C5 atoms are coplanar, a very important character-
in both the—1 and+1 subsites across from the catalytic istic of the postulated oxocarbenium ion-like transition state
residues (Figure 1, Figure 7 and Supporting Information 1). in the glycosyl-hydrolase reaction; (ii) the positions of the
The model of the bound digalacturonate substrate wascarboxy group, C4, C5, and O5 in the model are overlapped
designed to overlap with the G&#l and GafA molecules in with those of the observed GAl structure; and (iii) the
the ternary complex as much as possible, with special observed furanose ring of GAlis perpendicular to that of
consideration of two restrictions: first, the structure of the the model, but the GpA unit in the —1 subsite caused no
GalpA unit bound in thet-1 subsite must completely overlap serious conflict with the enzyme and the @alunit in the
with that of the bound GaA molecule in the ternary  +1 subsite.
complex, and second, the carboxy group of the seconpiGal Implications for Catalytic MechanismThe two major
unit bound in the—1 subsite must overlap with that of the catalytic mechanisms for glycosyl hydrolases involve two
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carboxy residues3g). In the case of the retaining enzymes, two candidates for base catalyst, overlaps Glu400 of glu-
these residues are involved in a double-displacement mech-coamylase, its base catalyst; (i) On the other hand, positions
anism via a covalent glycosyl-enzyme intermediate, and their of the proton donor are divided into two groups; the acid
carboxy groups are separated by approximately 5.5 A. In catalyst of glucoamylase (Glu179) locates in théace of

the inverting enzymes, on the other hand, the distancethe —1 subsite ring, whereas the acid or acid/base catalyst
between the catalytic carboxy groups is approximately 10 of endoPG | (Asp173) and TAKA-amylase (Glu230) locate
A, and the reaction proceeds via a single-displacementin j3 face of the ring. Consequently, in endoPG |, protonation
mechanism. In the latter mechanism, one of the acidic of the glycosidic oxygen and nucleophilic attack at the
residues acts as a general acid, donating a proton to theanomeric carbon occur from the same side of the scissile
glycosidic oxygen of the scissile bond, while the second bond as proposed by Pickersgilly). This feature is a major
acidic residue acts as a general base, which activates theleterminant of the unusual distance between the catalytic
nucleophilic water molecule that attacks the anomeric carbon.residues of endoPG I.

Endopolygalacturonase is an inverting enzyn®. (As Catalytic Machinery Lys228 is likely to be a key player
indicated previously X2, 13), the distances between the in the carboxy group recognition mechanisms of both the
absolutely conserved three aspartates (average of the-OD1 —1 and+1 subsites. It is located at a special position where
OD1, the OD1+-0D2, the OD2-OD1, and the OD20D2 NZ of Lys228 interacts with three carboxy groups, in both
distances) are 4.4 A (Asp153sp173), 5.5 A (Asp153 GalpA in the —1 and +1 subsites, and in Aspl74. The
Aspl74), and 4.8 A (Aspl173Aspl74), respectively. No  distances between the NZ atom of Lys228 and the coordi-
conserved acidic residues are found at a distance of abouhated oxygen atom in the three carboxy groups are almost
10 A from each other. the same (2.94 A to 062 of Ga# in the —1 subsite, 2.73

The digalacturonate model structure also sheds light on A to 062 of GafA in the +1 subsite, and 2.83 A to OD2 of
the catalytic mechanism. All three candidate Asp residues Asp174). The angles of those three interactions also permit
are located on thg face of the—1 and+1 subsite pyranoside efficient hydrogen bonding. In the view from NZ of Lys228,
rings. As described above, Aspl73 is at the appropriate the three oxygen atoms are placed like the tips of the legs
position to be a proton donor to the fissile glycosidic bond. of a tripod. This arrangement would have an advantage in
Aspl53 or Aspl74 seems to act as a general base to abstragiositioning the catalytic residues and the g#atesidues of
a proton from the nucleophilic water. Both Asp153 and the substrate in the-1 and +1 subsites through the
Aspl74 were considered to be accepting hydrogen bondsmodulation of those three carboxy residues.
from a candidate for the nucleophilic water. In this position,  There are two candidates for a general base residue,
one of the lone pairs of tetrahedral oxygen atom of this water Asp153 and Aspl74. Aspl74 interacts with the basic
molecule is directed toward anomeric carbon in thi residues, Lys228 and Arg226. This interaction would de-
subsite GglA unit in the digalacturonate model. This crease the I§, of Asp174, though making it possible for
placement is ideal for a nucleophilic attack on the anomeric Asp174 to act as a general base. On the other hand, Asp153
carbon of the scissile glycosidic bond. Moreover, in this interacts with an acidic residue, Asp156, which would make
placement, this water molecule, the anomeric carbon in thethe deprotonation of Asp153 unfavorable. However, the
—1 subsite GalA unit in the digalacturonate model, and the distance between Asp153 and Asp156 would facilitate low-
oxygen of the scissile glycosidic bond are very close and in barrier hydrogen bonding (2.53 A). The low-barrier hydrogen
the in-line coordination necessary for hydrolysis by the bonding may affect thea, of Asp153 to act as a general
inverting mechanism. Consequently, the reaction mechanismbase. Mutagenesis experiments of the corresponding residues,
of endoPG | is considered to occur as follows. First, the Asp153 and Asp174, in th&. nigerendopolygalacturonase
substrate is bound into the cleft, and the g#alunit in the Il have demonstrated that the Ala mutation of each residue
—1 subsite is distorted into the half-chair conformation. Next, caused a more than 2000-fold decrease irkth@alue (L9).
the nucleophilic water is activated by Asp153 or Aspl74, Further experiments will be necessary to determine which
and attacks the anomeric carbon of the scissile bond in anresidue is the general base.

Sy2 manner. At the same time, Asp 173 provides a proton

to the fissile glycosidic oxygen. Last, the glycosidic bond is ACKNOWLEDGMENT

broken and the anomeric configuration of the @aunit in
the —1 subsite is inverted to the-configuration.
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