Synthesis of Galloyl-Coenzyme A Thioester
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Galloyl-CoA, a potential intermediate in the biosynthesis of gallotannins, has been prepared
via N-succinimidyl 4-O-p-D-glucosidogallate and 4-O-p-D-glucosidogalloyl-CoA.Besides a major
absorption band at 261 nm, the UV-spectra of the purified thioester and its corresponding
4-O-glucoside contain a longer wavelenght absorption band due to the thioester linkage at
305nm (galloyl-CoA) or at 290 nm (shoulder, glucosidogalloyl-CoA). The molar extinction
coefficients ¢ of the two thioesters were determined via the iron-complex of 4-O-f-D-glucosido-
galloyl hydroxamic acid; &,,-values of 19.5x 10° [cm? mol~*] and 21.5x 10° [cm* mol~*] were
calculated for galloyl-CoA and its glucoside, respectively. Difference spectra, i.e. absorbance
before esterolysis and after, revealed maximal absorption of the thioester bond at 310 nm
(de=17.4x105[cm? mol-!]) for galloyl-CoA and at 282 nm (de= 7.2 x 106 [cm? mol~¢]) for glu-
cosidogalloyl-CoA. The two thioesters were further characterized by determining their half-

lifes during hydroxylaminolysis and alkaline hydrolysis.

Introduction

Gallotannins are phenolic plant products which
consist of a polyol moiety (usually D-glucose) whose
hydroxyl groups are esterified wit gallic acid
(3,4,5-trihydroxybenzoic acid). The complexity of
such esters ranges from the simple S-D-glucogallin
(1-galloyl-B-D-glucose) to p-penta-O-galloyl-D-glu-
cose. Esterification at the m-hydroxyl of the galloyl
residues with further galloyl groups yields poly-
galloyl esters like the chinese gallotannin from Rhus
semialata. In contrast to the detailed knowledge of
the chemistry and natural distribution of such hydro-
lyzable tannins (for recent reviews, see [1, 2]), little is
yet known concerning the biosynthesis of these com-
pounds. For thermodynamic reasons, the participa-
tion of an activated intermediate may by be ex-
pected in such esterification reactions. This assump-
tion has been proven by enzymatic studies on the
formation of chlorogenic acid (3-O-caffeoyl-D-quinic
acid) and related depsides [3—7], acylated flavonols
[8] or lupine alkaloids [9]. It has been shown in these
investigations that cinnamoyl-CoA thioesters were
utilized as carboxyl-activated intermediates. By anal-
ogy, it appears conceivable that galloyl-CoA might

Abbreviations: CoA, CoA-SH, coenzyme A; DCC, dicyclo-
hexyl carbodiimide; DCU, dicyclohexyl urea; PC, paper
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be involved in the biosynthesis of gallotannins. It
should be noted that esters of substituted benzoic
acids are common plant constituents, and that their
CoA-derivatives have frequently been proposed to
function as the required precursors (cf. [10]). How-
ever, no conclusive data on the biosynthesis of such
esters are available. With respect to gallotannins, it
was decided to synthesize and characterize the
CoA-thioester of gallic acid as a prerequisite for
further studies on these questions.

Experimental
Analytical methods

The chromatography systems used for the identi-
fication of galloyl-CoA and of the various gallic
acid derivatives required in its synthesis are sum-
marized in Table I. The compounds were detected by
inspection under UV-light and further characterized
by color reactions. Phenolic hydroxyl groups were
detected by spraying with diazotized sulfanilic acid,
the presence of vicinal phenolic hydroxyls was
demonstrated with 0.5% FeCl; in methanol. Hydrox-
amic acids and esters (after pretreatment with 2 M
hydroxylamine, pH 6) were stained with acidic
FeCls-solution [11]. Thioesters and free CoA-SH
were detected by the “delayed” nitroprusside reac-
tion [12].

Mass spectra were recorded on a Varian MAT 711.
C,H,N-analyses were performed by Mikroanalyti-
sches Laboratorium Pascher, Bonn.
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Table . R/-values of gallic acid derivatives used in the synthesis of galloyl-CoA. I. TLC, cellulose MN 300,
n-BuOH/HOAc/H,0 =4:1:5 (upper phase); II: PC, Schleicher & Schiill 2043 b, n-BuOH/HOAc/H,0 = 20:1:4; III: PC,
S & S 2043b, EtOH/0.1 M NaOAc pH4.5=1:1; IV: PC, S & S 2043b, n-BuOH/HOAc/H,0 =5:2:3; V: PC, S & S
2043b, isobutyric acid/NH,/H,0 =66:1:33; VI: TLC, polyamide-6, EtOAc/MeCOEt/HCO,H/H,0 =5:3:1:1; VI
TLC, Si-gel G, toluene/Et formate/HCO,H =5:4:1; VIII: Servacel SA-2 cation exchange paper, 0.05M K-P; buffer

pH7.5.
Compound R/-value in chromatography system

I II 111 v \Y VI VIl VIII
Gallic acid 0.63 0.56 0.66 0.58 0.25 0.55 0.34 0.94
Glucosidogallic acid 0.60 0.59 0.69 0.55 0.30 0.59 0.08 0.94
N-Succinimidyl gallate 0.81 0.43 - - - - 0.28 -~
N-Succinimidyl glucosidogallate 0.66 0.68 0.74 0.60 0.42 0.88 0.07 0.36
N-Hydroxysuccinimide 0.57 0.48 0.75 0.59 0.48 0.69 0.20 0.83
Galloyl-CoA 0.33 0.01 0.56 0.18 0.31 0.03 0 =
Glucosidogalloyl-CoA — = 0.51 0.12 0.25 = - -
Coenzyme A — — 0.51 0.19 0.33 = = —
Galloyl hydroxamic acid 0.39 0.22 — — - 0.33 0.38 —
Glucosidogalloyl hydroxamic acid 0.37 0.22 - - - 0.31 0.04 =

Materials

CoA (free acid) and S-glucosidase were obtained
from Boehringer Mannheim. Redistilled neutralized
hydroxylamine was prepared according to ref. [13].
Ethyl gallate (Fluka) was purified by recrystalliza-
tion from water. Glucosidogallic acid (4-O-f-D-glu-
copyranosylgallic acid) was synthesized by reacting
ethyl gallate with a-acetobromoglucose (Serva Hei-
delberg), yielding ethyl tetraacetylglucosidogallate,
and subsequent removal of the protecting groups by
alkaline hydrolysis [14]. The product was pure as
judged by chromatography (solvents I, VI, VII),
stained positively with diazotized sulfanilic acid,
but not with FeCl;, and gave pure gallic acid after
treatment with f-glucosidase.

Chemical syntheses
N-Succinimidyl 4-O-f-D-glucosidogallate

This ester was prepared analogously to the syn-
thesis of succinimidyl myristate [15]. Glucosido-
gallic acid (4 mmol, 1.32 g) and N-hydroxysuccin-
imide (4 mmol, 460 mg) were dissolved by refluxing
in dioxane. After cooling to room temperature,
DCC (4 mmol, 824 mg) was added in small portions
under stirring. The mixture was kept overnight and
then the DCU was filtered off and the solvent
removed by rotary-evaporation. The resulting solid
was purified at 4°C in 0.3—0.5 g portions by pas-
sage through a Sephadex G-10 column (2.5 cm i.d.
x 30 cm) with water as eluant. The fractions contain-

ing the ester (Vo/Vp=5.2) were pooled and lyo-
philized (yield 56%). The product was analyzed
chromatographically (systems VII, VIII); it gave no
color reaction with FeCl; alone, but stained after
treatment with hydroxylamine/FeCl; or diazotized
sulfanilic acid.

N-Succinimidyl gallate

N-Succinimidyl glucosidogallate (12.5 pmol, 5.25
mg) was dissolved in 0.3 ml 0.1 M sodium acetate
buffer, pH 5.0, and S-glucosidase (10 U) was added.
After incubation under N, for 30 min at 37 °C, the
incubation mixture was chilled in ice, brought to
pH 3 with 1N HCI, and thoroughly extracted with
ether. The organic phase was evaporated and the
product was analyzed chromatographically (systems
I, II, VII). It stained with FeCl; and diazotized
sulfanilic acid. The presumed structure was further
confirmed by FD-MS: m/e 267 (M*).

4-O-B-D-Glucosidogalloy! hydroxamic acid

N-Succinimidyl glucosidogallate (480 pmol, 203
mg) and redistilled hydroxylamine (4 mol) in a total
volume of 2 ml were incubated for 1.5 h at 30°C. The
reaction mixture was then chilled in ice and puri-
fied by gel-filtration as described above. The frac-
tions containing the hydroxamic acid (V./V,=3.2)
were combined and lyophilized (yield 38%). The
product showed a single spot after chromatography
(solvents I, II, VI, VII) which gave the expected
color reactions with FeCl; or diazotized sulfanilic
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acid. Elementrary analysis gave 43.23% C; 5.13% H;
4.10% N (caled. for C3H;7NOo: 44.96% C; 4.94% H;
4.03% N).

Galloyl hydroxamic acid

Galloyl hydroxamic acid was prepared from the
corresponding glucoside as described above for N-
succinimidyl gallate. The product was pure as
shown by chromatography (systems I, VII) and gave
the expected color reactions. Its structure was further
proven by EI-MS (70eV): m/e 185 (M™), 153
(C¢H,(OH);CO™).

4-O-f-D-Glucosidogalloyl-CoA

CoA (18 mg) was dissolved in 2.0 ml of ice-cold
water and 0.2 ml 1 M NaHCO; was added. Under
constant bubbling of N, through this solution,
N-succinimidyl glucosidogallate (50 pmol, 21.4 mg)
was added in small portions over a period of
45 min, with occasional readjusting the pH of the
mixture with bicarbonate. After standing on ice for
further 15 min, the solution was applied to a column
(25cm 1.d.x30cm) of Sephadex G-10 in water.
The fractions containing the thioester (V./Vy=1)
were pooled and lyophilized (yield 50—70%). Chro-
matographical analysis (systems III-V) revealed
that the product still contained a few percent of
impurities, but that it was free of N-hydroxysuccin-
imide, glucosidogallic acid and N-succinimidyl glu-
cosidogallate as the most likely contaminants.

Galloyl-CoA

Glucosidogalloyl-CoA (20 mg) and f-glucosidase
(10 U) were dissolved in 2.0 ml 0.1 N sodium acetate
buffer, pH 5.0, and incubated under N, for 30 min
at 37°C. The mixture was then chilled in ice, filtered
to remove a slight turbidity, and subjected to gel-
filtration on a Sephadex G-25 (coarse) column
(1.5cmi.d. x 20 cm) in order to remove the enzyme.
Two peaks were observed; the second one (V./V,
=2.0) gave the color reactions characteristic of the
desired thioester. These fractions were pooled, ly-
ophilized, redissolved in 1.5 ml ice-cold water and
rechromatographed on Sephadex G-10 (experimen-
tal conditions as above). Again, two peaks emerged
from the column of which the second one (V./V,
=1.5) was identified as galloyl-CoA. The purest
fractions as judged by chromatography (systems
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III-V) and color reactions were pooled, lyophilized
and stored in the desiccator at —20°C (yield
40-60%).

Results and Discussion
Synthesis of galloyl-CoA

Besides enzymatic methods, a variety of chemical
procedures is available for the synthesis of acyl-
CoA thioesters. Acid anhydrides [16], acid chlorides
[17], mixed anhydrides [18, 19] or acylimidazole [20]
have been used as acylating reagents. These meth-
ods, however, frequently fail in those cases where
the acyl moiety bears reactive functional groups — a
situation which certainly applies to the intended
synthesis of galloyl-CoA. Similar difficultis have
previously been encountered in the preparation of
cinnamoyl-CoA esters, and this problem was solved
by the use of thiophenol or N-succinimidyl esters
[21]. As the latter derivative could be employed
successfully by us also for the synthesis of tropoyl-
CoA [22], we decided to use this method for the
preparation of galloyl-CoA, too. Preliminary experi-
ments, however, indicated that the direct esterifica-
tion of gallic acid and N-hydroxysuccinimide was
impracticable because of the formation of multiple
degradation products and/or by-products. This prob-
lem could be avoided by the use of 4-O-glucosido-
gallic acid instead of the free acid (cf. [21]). This
had also the important advantage that, due to the
absence of vicinal phenolic OH-groups, the hy-
droxamate assay of Lipmann and Tuttle [11] could be
employed for the quantitative determination of the
intermediate products synthesized in this investiga-
tion. The entire reaction sequence which finally
enabled us to prepare galloyl-CoA is summarized in
Scheme 1.

N-Succinimidyl glucosidogallate, the first inter-
mediate along this route, could be synthesized in
good yields by the use of DCC. Problems were
encountered only in the purification of the crude
product. After negative results with DEAE-cellulose,
Dowex 1X4 and Sephadex LH-20 under various
conditions, it was found that gel-filtration on
Sephadex G-10 in water provided an efficient and
convenient method to eliminate the contaminating
starting-reagents and by-products. The identity of
the pure ester was proven by means of chromatog-
raphy and group-specific color reactions, as well as
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Scheme I. Reactions involved in the synthesis and characterization of galloyl-CoA. Glu = glucosyl-residue.

by chemical derivatization. Hydroxylaminolysis af- Glucosidogalloyl-CoA was prepared by transacyla-
forded the corresponding hydroxamic acid which, tion of the corresponding succinimide ester with
in turn, gave galloyl hydroxamic acid after treat- CoA-SH in slightly alkaline medium. The purified
ment with S-glucosidase. Direct enzymatic hydro- thioester was characterized by two ways. First,
lysis of the ester gave the expected aglycone N- alkaline hydrolysis, followed by treatment with -
succinimidyl gallate. glucosidase, resulted in the formation of free gallic

Absorbance

Wavelength [nm]

Fig. 1. UV-spectra of 4-O-f-D-glu-
cosidogalloyl-CoA (A) and galloyl-
CoA (B). (—) Spectrum of the
thioester; (----) spectrum after hy-
drolysis in 0.1 N NaOH, or hy-
droxylaminolysis in 1 M NH,OH,
pH6; (....) difference spectrum.
All spectra recorded in 0.1 M po-
tassium phosphate buffer, pH 7.0.
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acid. Second, hydroxylaminolysis gave a product
which was indistinguishable from glucosidogalloyl
hydroxamic acid prepared directly from the com-
mon precursor N-succinimidyl glucosidogallate. Fur-
ther evidence was obtained by the typical color
reactions with diazotized sulfanilic acid and hy-
droxylamine/FeCl;. The nitroprusside reaction, in
contrast, resulted in an uncharacteristic, faint, and
very slowly developing greyblue color. A possible
explanation for this unusual behavior may be found
in the exceedingly long half-life observed for this
thioester in alkaline solution (see below).

Such problems were not encountered with galloyl-
CoA, the final product, which was isolated after
enzymatic removal of the protecting glucosyl re-
sidue. Treatment with nitroprusside and alkali re-
sulted in the immediate appearance of a brick-red
color which, however, could clearly be distinguished
from the red color obtained with free CoA-SH. The
nature of this thioester was further confirmed by
alkaline hydrolysis, yielding gallic acid, and by
hydroxylaminolysis which led to the formation of a
product that cochromatographed with authentic
galloyl hydroxamic acid in several solvents.

Characteristics of glucosidogalloyl-CoA
and galloyl-CoA

The UV-spectra of galloyl-CoA and its 4-O-glu-
coside are depicted in Fig. 1. Both spectra are
characterized by a major maximum at 261 nm due
to the adenine moiety of CoA. The thioester linkage
causes additional light-absorbance at longer wave-
lenghts, namely a shoulder around 290 nm (gluco-
sidogalloyl-CoA) or a second peak at 305 nm (gal-
loyl-CoA), which drastically decreases upon hy-
droxylaminolysis or alkaline hydrolysis. The result-
ing difference spectra had maxima at 282 nm and
310 nm, respectively. Moreover, it was found that
the spectrum on an equimolar mixture of CoA and
glucosidogallic acid was identical with that of the
corresponding thioester after esterolysis. The ob-
served spectral characteristics are in close agree-
ment with those reported previously for benzoyl-
CoA [23], its mono-hydroxylated derivatives [24] or
veratroyl-CoA (3,4-dimethoxybenzoyl-CoA) [25].
Comparison of these spectra reveals that increasing
substitution of the benzoyl moiety shifts the maxi-
mum of the thioester linkage to longer wavelengths
as it is already known for the analogous cinnamoyl
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derivatives [25, 26]. In this context, it should be
noted that the spectral properties of galloyl-CoA
provide the basis for a convenient and sensitive
photometric assay in enzymatic studies, as this has
been widely used already for the related cinnamoyl-
CoA esters.

The next problem studied was the quantitative
determination of the CoA-esters synthesized in this
investigation. This was done via the hydroxamate
assay [11]. With analytically pure glucosidogalloyl
hydroxamic acid, an absorption maximum of the
hydroxamate-iron complex at 530 nm was recorded
and a molar extinction coefficient ¢ of 1.52x 10°
[cm? mol~'] was calculated for this wavelenght. This
value is in good accordance with those found for
benzohydroxamic acid (1.56 x 10%) or cinnamoyl
hydroxamic acid (1.68 x 105, [21]). Using the above
value for the quantification of glucosidogalloyl-
CoA, we found and ey of 21.5 x 106 [cm? mol~'] and
a deyg of 7.2 x 108 [em? mol~!] for the maximum of
the difference spectrum.

The corresponding data for galloyl-CoA could not
be determined directly by this means since the
phenolic OH-groups of gallic acid interfere with the
hydroxamate assay. We therefore measured the exact
concentration of a sample of glucosidogalloyl-CoA
by UV-spectrometry, hydrolyzed quantitatively with
p-glucosidase, readjusted to pH 7.0, and recorded
the UV-spectrum of the liberated galloyl-CoA (the
absorbance of the enzyme within the solution con-
tributed to less than 1% of the total extinction and
could thus be neglected). Under these conditions,
the following molar extinction coefficients were
calculated for galloyl-CoA: & = 19.5x 108 &35 =
10.1 x 10% Ade30= 7.4 x 10¢ [cm? mol~']. These values
agree well with those published previously for
benzoyl and hydroxybenzoyl-CoA’s [23, 24] which
were in the range of 21.1-21.4x 10° for &5, and
6.4-7.2x10° [cm?>mol~'] for the de of the differ-
ence spectra.

The thioesters synthesized in this investigation
were further characterized by determining the rate
constants in the presence of hydroxylamine or alkali.
Hydroxylaminolysis was carried out at 30°C in 1 M
NH,OH, pH 6; the decrease of the thioester bond
was measured photometrically at the maximum of
the difference spectrum [27]. Under these condi-
tions, a half-life #/2 of 1.55 min was observed for
glucosidogalloyl-CoA, which corresponds to an ap-
parent pseudo-first order rate constant k of 0.431
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[min~!]. The analogous value for galloyl-CoA was
t/2 = 6.6 min (k = 0.103 [min~']).

Determination of the esterolysis constants in al-
kali was complicated by the presence of ionizable
hydroxyl-groups in the CoA-esters which causes a
pronounced change of the UV-spectra at increasing
OH™-concentrations, thus preventing a continuous
photometric assay. Aliquots of a solution of gluco-
sidogalloyl-CoA in 0.1 N NaOH were therefore neu-
tralized in S min-intervals, buffered with potassium
phosphate, pH 7.0, and analyzed at 282 nm. Under
these conditions, a t/2 of 28 min (k = 0.023 [min™!])
was determined. The correctness of this unusually
long half-life was proven by determining the amount
of hydrolytically released CoA-SH using $5,5’-di-
thiobis (2-nitrobenzoic acid) [28]; exactly the same
values as above were obtained by this procedure.
With respect to galloyl-CoA, neither of these meth-
ods could be employed successfully. It appears that
the galloyl-moiety with its extremely troublesome
3,4,5-trihydroxy configuration makes such studies
virtually impossible.
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Summarizing the data reported above, it is evi-
dent that CoA-esters can be synthesized also with
such labile compounds like gallic acid in satisfying
yield and purity. The latter, as determined by UV-
spectrometry, was usually between 83 and 98%, i.e.
a value which is equivalent to the purity of com-
mercially available CoA-esters or free CoA-SH.
Moreover, the galloyl-thioesters appear to be fairly
stable; no significant degradation was observed
with samples that had been stored desiccated at
—20° for several months. Thus, a basis has been
provided now for attacking the question whether
galloyl-CoA is involved in the biosynthesis of gallo-
tannins, a problem which is presently under investi-
gation in our laboratory.
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