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Abstract*An enzyme from leaves of staghorn sumac "Rhus typhina# that catalysed the galloylation of 0\1\2\3\5!
penta!O!galloyl!b!D!glucose to the gallotannin\ 2!O!digalloyl!0\1\3\5!tetra!O!galloyl!b!D!glucose\ was puri_ed
more than 499!fold to apparent homogeneity[ b!Glucogallin "0!O!galloyl!b!D!glucopyranose# served as acti!
vated acyl donor in this conversion[ For the native enzyme\ a Mr value of 069\999 was determined by gel
_ltration\ while a single polypeptide band of Mr 31\999 was detected by SDS!PAGE[ The acyltransferase had
pH and temperature optima of 3Ð3[4 and 14>\ respectively\ and was most stable between pH 2 and 3[4[
Besides the major substrate\ pentagalloylglucose\ also 0\1\2\5!tetragalloylglucose and hexa! to nona!substituted
gallotannins were accepted as minor substrates by this new enzyme for which the systematic name
{{b!glucogallin] 0\1\2\3\5!pentagalloyl!b!D!glucose "2!O!galloyl#!galloyltransferase|| "EC 1[2[0[!# is proposed[
Þ 0887 Elsevier Science Ltd[ All rights reserved

INTRODUCTION

Enzyme studies with extracts from sumac "Rhus
typhina# and oak have shown that 0\1\2\3\5!pen!
tagalloylglucose 2\ the presumed immediate precursor
of the two subclasses of hydrolysable tannins\ i[e[ gal!
lotannins and ellagitannins\ is formed by a series of
consecutive and highly position!speci_c galloylation
steps in which b!glucogallin "0!O!galloyl!b!D!glucose#
0 is not only the _rst intermediate but is required also
as the principal activated acyl donor "cf ð0Ð2Ł#[ With
crude extracts from sumac leaves it has been dem!
onstrated that this mechanism applies also to the sub!
sequent conversion of pentagalloylglucose to more
complex gallotannins ð3Ł[ These polyphenolic com!
pounds are characterised by additional galloyl resi!
dues which are attached to the pentagalloylglucose
core via meta!depside linkages "cf 1 in the structure
scheme#[ The sequential synthesis of a variety of
di}erently substituted oligomeric gallotannins\ lead!
ing to nonagalloylglucoses\ and most likely even to
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higher substituted derivatives\ has been proven in this
investigation[ On the basis of the di}erent reaction
rates observed for these conversions\ a preliminary
scheme for the preferred pathways in the biosynthesis
of gallotannins has been proposed ð2Ł[ It remained
completely unknown\ however\ whether the individual
reactions of this metabolic routes were catalysed by
speci_c enzymes\ or whether one or only few unspec!
i_c galloyltransferases were involved in these path!
ways[ As reported below\ recent studies on this ques!
tion led to the isolation of a new galloyltransferase
that catalysed the prevalent formation of a hex!
agalloylglucose\ 2!O!digalloyl!0\1\3\5!tetra!O!gal!
loyl!b!D!glucose 3[

RESULTS AND DISCUSSION

Enzyme puri_cation

The enzyme was extracted from homogenates of
sumac leaves in the presence of PVP and borate which
both are known to bind inhibitory endogenous phe!
nolics[ For the same purpose\ the resulting crude
extract was stirred with Dowex\ followed by treatment
with protamine sulphate to remove residual acidic
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components[ After a subsequent ammonium sulphate
precipitation step\ the enzyme was subjected to gel!
_ltration on Sephacryl S!299[ As shown in Fig[ 0A\
this step revealed the existence of several gal!
loyltransferases which all were characterised by com!
paratively high Mr values[ The _rst three peaks among
these were particularly active in converting pen!
tagalloylglucose to hepta! and octagalloylglucoses as
main products\ in contrast to the last fraction which
preferentially catalysed the formation of hex!
agalloylglucose[ This latter fraction was rech!
romatographed under identical conditions\ thus
a}ording the e.cient separation of the gal!
loyltransferase from a contaminating esterase of
slightly lower Mr which is known to actively degrade
tannins ð4Ł[ The signi_cant increase in measurable
total enzyme activity after this step "cf Table 0# was
attributed to the depletion of the enzyme solution of
this counteractive protein[ The most active fractions
from the second gel!chromatography step "Fig[ 0B#
were combined and subjected to ion!exchange chro!
matography on DEAE cellulose\ followed by hydro!
phobic interaction chromatography on butyl!
Sepharose[ After this _nal step the galloyltransferase
had been puri_ed more than 499!fold in 1) yield
to apparent homogeneity as shown by PAGE under
denaturing and non!denaturing conditions[ The
results of a representative puri_cation experiment are
summarised in Table 0[ The pure enzyme could be
stored at 9Ð3> for several weeks without signi_cant
loss of catalytic activity[

General properties of the enzyme

Under standard assay conditions "see Exper!
imental#\ the transferase reaction was linear with
respect to protein concentration for about 05 mg of
protein per assay\ except for a pronounced {{lag

Fig[ 0[ Separation of b!glucogallin] pentagalloylglucose gal!
loyltransferases by gel!_ltration on Sephacryl S!299[ A\ _rst
chromatography step^ B\ rechromatography[ "Ð Ð Ð#\ UV
absorption at 179 nm^ "**#\ enzyme activity "both arbitrary
units#[ Fractions were pooled as indicated by the inserted

bars[ For further details\ see text[

phase|| at 9Ð4 mg protein[ No reaction occurred with
enzyme previously denatured by heat or acid[ Lin!
earity of the reaction was maintained for ca 1 h under
these conditions[ The enzyme was inactive below pH
1 and above pH 5[1\ with a maximum at pH 3Ð3[4
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Table 0[ Puri_cation of galloyltransferase from leaf extracts of Rhus typhina�

Total protein Total activity Speci_c activity Puri_cation Recovery
Step "mg# "nkat# "nkat mg−0# "!fold# ")#

Dowex _ltrate 5909 402 9[974 * 099
Protamine sulfate\ supernatant 3489 170 9[950 9[6 44
"NH3#1SO3\ 24Ð69) ppt[ 067 66 9[32 4[0 04
0st Sephacryl S!299 05[7 34 1[57 20[4 8
1nd Sephacryl S!299$ 0[5 124 036 0617 35
DEAE cellulose 9[89 24 27[8 347 6
Butyl!Sepharose% 9[15 00[3 32[8 406 1

� Crude extracts were not assayed because of excess contaminants preventing HPLC analysis of reaction products[
$ Enzyme from this step was used to determine its general properties[
% Substrate speci_cities and Km values were determined with the pure enzyme[

"citrate bu}er#^ half!maximal activities were at pH 2[1
and 4[1[ After preincubation at 29> for 2 or 13 h\ the
transferase was found to be most stable between pH
2 and 3[4 but was rapidly inactivated above pH 5 and
below pH 2[ The temperature optimum of the reaction
was at 14> "half!maximal activities were at 09> and
49>#[ The enzyme was found to be very heat labile[
After preincubation for 1 h at various temperatures\
it was stable only at 9Ð09> while it had already lost
79) of activity at 19>^ complete inactivation occurred
at 34> under these conditions[ On the other hand\ the
transferase exhibited a relative enzymatic activtity of
19) even at 9>^ similar cold!tolerances have been
reported for galloylglucose!synthesising enzymes
from oak or sumac leaves ð5Ð7Ł[ Between 09> and
19>\ an average activation energy of 23 kJ mol−0 was
calculated which corresponds to a Q09 value of 0[6[
From gel!_ltration experiments with a calibrated
Sephacryl S!299 column ð8Ł\ an apparent Mr of
069\999 was estimated for the enzyme[ After dena!
turing SDS!PAGE the existence of only one single
polypeptide band of Mr 31\999 was observed\ indi!
cating that the native enzyme existed as a tetramer of
apparently four identical subunits[

Substrate speci_city

The galloyltransferase exhibited normal Michaelis!
Menten kinetics with the acyl donor b!glucogallin up
to a maximal concentration of 3[7 mM^ increasing
substrate inhibition occurred above this value[ The
a.nity of the enzyme towards a wide array of putative
acceptor substrates was determined under standard
assay conditions[ As summarised in Table 1\ the trans!
ferase was most active with 0\1\2\3\5!pen!
tagalloylglucose 2[ The enzyme exhibited fair a.nity
towards 0\1\2\5!tetragalloylglucose and hex!
agalloylglucoses\ and was still moderately active in
the presence of hepta! and octagalloylglucoses[ Trace
activities were observed with nonagalloylglucoses as
well as with b!glucogallin\ 0\5!di! and 0\1\5!tri!
galloylglucose[ No reaction occurred in the presence
of a!glucogallin\ 1!mono!\ 5!mono!\ 2\5!di!\ 0\2\5!tri!

and 0\1\3\5!tetragalloylglucose\ i[e[ compounds which
do not belong to the biosynthetic route from gallic
acid to gallotannins in Rhus[

Reaction products

Normal!phase HPLC of standard enzyme assays
on silica gel revealed that the substrate\ 0\1\2\3\5!pen!
tagalloylglucose 2\ had been converted to hexa!\ hep!
ta! and octagalloylglucoses in a ratio of 0]9[2]9[92
"Fig[ 1A#[ Closer analyses by reversed!phase HPLC
"Fig[ 1B# showed that 2!O!digalloyl!0\1\3\5!tetra!O!
galloyl!b!D!glucose 3 was the predominant hex!
agalloylglucose\ while hexagalloylglucoses 4 and 5

were formed in ca 49) lower concentrations[ Among
the heptagalloylglucose reaction products\ approxi!
mately equal amounts of 6Ð8 were determined\ in con!
trast to 09 which was found\ like in vivo ð09Ł\ to occur
in only minute quantities "ratio ca 0]9[14#[ Further
experiments in which the standard substrate\ pen!
tagalloylglucose\ had been replaced by various hex!
agalloylgucoses revealed that 3\ the main product for!
med from pentagalloylglucose in the preceding step\
was exclusively acylated to the heptagalloylglucose\ 2!
O!trigalloyl!0\1\3\5!tetra!O!galloyl!b!D!glucose 6[ In
contrast\ the side!products of the preceding step\ i[e[
hexagalloylglucoses 4 and 5\ preferentially yielded
heptagalloylglucoses 7 and 8[ It is evident from these
results that the galloyltransferase described here is
speci_c in acylating 0\1\2\3\5!pentagalloylglucose in
the 2!O!position to hexa! and heptagalloylgucoses\
justifying the systematic name {{b!glucogallin]
0\1\2\3\5!pentagalloyl!b!D!glucose "2!O!galloyl#!gal!
loyltransferase|| "EC 1[2[0[!# for this new enzyme[

EXPERIMENTAL

Chemicals

Chemical methods were employed for the synthesis
of b!glucogallin 0 ð00Ł and 0\1\2\3\5!pen!
tagalloylglucose 2 ð01Ł[ a!Glucogallin\ 1!O!gal!
loylglucose\ 5!O!galloylglucose and 2\5!di!O!gal!
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Table 1[ Acceptor substrate speci_city of sumac leaf galloyltransferase

Relative activity� vmax Km vmaxK
−0
m

Substrate ")# "nkat# "mM# "×09−2#

0!O!Galloyl!a!D!glucose 9 * * *
0!O!Galloyl!b!D!glucose "b!glucogallin# "0# ½9 07[2 2199 5
1!O!Galloyl!b!D!glucose 9 * * *
5!O!Galloyl!b!D!glucose 9 * * *
0\5!Di!O!galloyl!b!D!glucose ½9 5[8 549 00
2\5!Di!O!galloyl!b!D!glucose 9 * * *
0\1\5!Tri!O!galloyl!b!D!glucose ½9 5[7 499 03
0\2\5!Tri!O!galloyl!b!D!glucose 9 * * *
0\1\2\5!Tetra!O!galloyl!b!D!glucose 68 2[8 74 641
0\1\3\5!Tetra!O!galloyl!b!D!glucose 9 * * *
0\1\2\3\5!Penta!O!galloyl!b!D!glucose "2# 099 23[1 29 0030
Hexagalloyl!b!D!glucose "3# 40 21[2 64 320
Hexagalloyl!b!D!glucose "4# 70 30[7 89 353
Hexagalloyl!b!D!glucose "5# 69 25[0 59 591
Heptagalloyl!b!D!glucose "6# 16 05[2 014 029
Heptagalloyl!b!D!glucose "7# 00 09[6 54 053
Heptagalloyl!b!D!glucose "8# 04 7[9 099 79
Octagalloyl!b!D!gluccose$ 30 08[9 039 025
Nonagalloyl!b!D!glucose$ 6 2[3 059 10

�Determinations were performed under standard assay conditions at 9[16 mM concentration of the various substrates[
Relative activities are compared to the reaction rate observed with pentagalloylglucose equal to 099)[ 9\ inactive^ ½9\ trace
activity not quantifyable under standard assay conditions[

$ Mixture of isomeric compounds[

Fig[ 1[ HPLC analysis of galloyltransferase reaction products[ A\ normal!phase HPLC on Si 59 silica gel^ B\ reversed!phase
HPLC on RP!07[ "**#\ Standard enzyme assay^ "Ð Ð Ð#\ blanks with heat!denatured enzyme[ G5ÐG7\ hexa!\ hepta!\
octagalloylglucose[ Figures in parentheses correspond to the structures depicted in the Scheme[ For further details see text[

loylglucose were provided by Dr H[ Schick "Hei!
delberg\ Germany#[ 0\5!Di! and 0\1\5!tri!O!
galloylglucose were prepared enzymatically ð02\ 03Ł[
0\1\2\5!Tetra!O!galloylglucose was isolated from
commercially available tannin "Roth GmbH\
Karlsruhe\ Germany# ð6Ł[ 0\2\5!Tri! and 0\1\3\5!tetra!
O!galloyl!b!D!glucose were generous gifts of Prof[ E[

Haslam "She.eld\ U[K[#[ Hexa! to non!
agalloylglucoses were isolated from leaves of R[
typhina ð0Ð3\ and unpublished resultsŁ[

Plant material[ Young leaves of staghorn sumac "R[
typhina# were collected from trees in the surroundings
of the university[ After washing with dist[ H1O\ they
were frozen in liquid N1 and stored at −19> in evacu!
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ated plastic bags[ Under these conditions\ the plant
material could be stored for more than 5 months with!
out apparent loss of enzyme activity[

Polyacrylamide!`el electrophoresis[ Anodic dis!
continuous PAGE with 5) separating gels "pH 7[7#
and 3) stacking gels "pH 5[7# was employed for ana!
lysing the puri_cation of the enzyme ð04Ł^ to achieve
optimal separation\ all samples\ gels and bu}ers were
supplemented with 9[0) Tween 19 ð05Ł[ In the case of
denaturing PAGE "01[4) separating gel#\ this non!
ionic detergent was replaced by 9[0) SDS[ Protein
bands were detected by silver staining ð06Ł[

Enzyme activities were measured in standard assay
mixtures "69 ml vol[# containing 14 mM citrate bu}er
"pH 3#\ 149 nmol b!glucogallin\ 14 nmol pen!
tagalloylglucose and 49 ml enzyme "for blanks\ heat!
denatured enzyme was used and b!glucogallin was
omitted#[ After incubation at 29> for 1 h\ the reaction
was stopped by adding 09 ml 0 N HCl[ Denatured
protein was removed by centrifugation and the clear
supernatant lyophilised in a spin!freeze dryer[ The
dry residue was redissolved in 49 ml abs[ EtOH and
aliquots "4 ml# of this solution were analysed by nor!
mal!phase HPLC on LiChrosorb Si 59 "Merck CGC
glass cartridges^ particle size 4 mm^ column 049×2
mm i[d[^ ~ow rate 0 ml min−0^ detection UV 179 nm#[
For samples with tetra! to decagalloylglucoses a sol!
vent composed of n!hexane!MeOH!THF!formic acid
"45]22]00]0\ supplemented with 399 mg oxalic acid
per liter ð07Ł# was used\ while assays with mono! to
tetragalloylglucoses were analysed with a less polar
modi_cation of this solvent "52]16]8]0\ plus 219 mg
oxalic acid per liter ð01Ł#[ This comparatively fast ana!
lytical method which\ however\ allowed only the sep!
aration of galloylglucoses according to their sub!
stitution degree was used for the routine measurement
of enzyme activities[ For the detailed determination
of individual galloylglucose isomers\ reversed!phase
HPLC on LiChrospher 099 RP!07 "Merck LiCh!
roCart cartridges^ particle size 4 mm^ column 149×3
mm i[d[^ detection UV 179 nm# with linear 9[94) aq[
H2PO3 "solvent A#:MeCN "solvent B# gradients was
employed[ Mono! to tetragalloylglucoses were sep!
arated with the following gradient] 9Ð1 min] 2) B\ 1Ð
3 min] 2Ð03)\ 3Ð19 min] 03Ð12) "~ow rate 0 ml
min−0#^ for penta! to heptagalloylglucoses the gradi!
ent was 9Ð1 min] 4) B\ 1Ð3 min] 4Ð07)\ 3Ð5 min]
07Ð10)\ 5Ð15 min] 10Ð14) "~ow rate 0[4 ml min−0#[
Quanti_cation of reaction products was done with
a computing integrator "Merck!Hitachi D!1499# and
referenced to ext[ standards[ A gallotannin degrading
esterase "{{tannase|| ð4Ł# in column eluates was deter!
mined by spot tests with the chromogenic substrate
naphthyl acetate ð08Ł[

Protein was determined colorimetrically according
to Bradford ð19Ł\ using BSA as standard[ Very dilute
solns were measured by UV photometry ð10Ł[

Enzyme puri_cation[ Unless otherwise stated\ all
operations were carried out at 9Ð3> and all bu}ers
were supplemented with 4 mM 1!mercaptoethanol[

Leaves of staghorn sumac "79 g# were frozen in liquid
N1 and ground in a pre!cooled ultracentrifugal mill
"Retsch KG\ Haan\ Germany#[ The frozen powder
was mixed with 79 g prewashed PVP and stirred for
29 min with a mixture of 014 ml Tris!HCl bu}er "0
M\ pH 7# and 014 ml borate bu}er "9[1 M\ pH 6[4#[
The homogenate was squeezed through four layers
of muslin\ followed by centrifugation of the _ltrate
"24\999 `\ 19 min#[ The supernatant crude extract was
stirred for 04 min with 7 g Dowex 0X3 "49Ð099 mesh\
borate form# and _ltered through glass!wool[ A 1)
soln of protamine sulphate was added dropwise under
stirring to the _ltrate until a _nal concn of 9[1 mg per
0 mg protein was reached^ after stirring for 29 min\
the solution was centrifuged "19\999 `\ 19 min#[ The
supernatant was fractionated with solid "NH3#1SO3^
the 24Ð69) ppt[ was redissolved in a minimal vol[ of
49 mM Tris!HCl\ pH 6[4 and subjected to gel!_l!
tration on Sephacryl SÐ299 "column 39×1[3 cm i[d[#
equilibrated in 49 mM Tris!HCl\ pH 6[4\ plus 9[0 M
NaCl[ The most active frs "cf Fig[ 0# were concd by
ultra_ltration "Filtron Macrosep\ 09\999 MW
exclusion limit# and rechromatographed under ident!
ical conditions[ The combined active frs were
adsorbed on DEAE cellulose "column 5[4×0 cm i[d[#
in 49 mM Tris!HCl[ pH 6[4\ plus 9[0 M NaCl[ After
washing out unbound protein\ the column was
developed with a linear gradient of 9[0Ð9[4 M NaCl
which eluted the transferase at ca 9[3 M NaCl[ The
most active frs were adjusted to pH 4\ supplemented
with "NH3#1SO3 "_nal concn 0[14 M# and adsorbed on
butyl!Sepharose "column 0×0[7 cm i[d[# equilibrated
in 49 mM K!Pi bu}er\ pH 4\ plus 0[14 M "NH3#1SO3[
The column was washed with 0[14 M and 9[514 M
"NH3#1SO3 in bu}er\ followed by elution of the
enzyme with "NH3#1SO3!free bu}er[
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