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POLYPHENOLIC INHIBITORS OF ALPHA-ACID OXIDASE ACTIVITY 
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Abstract-Polyphenolic compounds in the lupulin glands of the female inflorescence of Humulus lupulus were 
identified. It was demonstrated that only those possessing 3’,4’-dihydroxyphenol groups were capable of inducing a lag 
phase in the enzymic oxidation of alpha-acids during which the phenolic compound was itself altered by the enzyme. 
Examination of the kinetics of interaction between the resin substrate, phenolic inhibitor-substrate and the enzyme 
provided a basis for the suggestion that the system may represent a tolerance mechanism (towards a product of 
secondary metabolism which is stored in an extracytoplasmic compartment) in secretory cells. 

INTRODUCTION 

During the past decade the breakdown or turnover of a 
wide variety of secondary plant products has been clearly 
established. The humulones or alpha-acids are a rare 
group of isoprenylated acylphloroglucinols produced in 
glandular scales known as lupulin glands on the inflore- 
scences of the species Humulus lupulus L., the common 
hop. Evidence of enzymic oxidation of these compounds 
in the presence of manganese and atmospheric oxygen [I] 
and peroxidation [Z] have been reported in the last 5 
years. The presence of endogenous inhibitors of alpha- 
acid oxidation have been noted; these could be removed by 
treatment of enzyme extracts with insoluble polyvinylpyr- 
rolidone (PVP), suggesting that they were of a poly- 
phenolic nature [l]. 

Polyphenolic compounds have been reported to be 
present in mature female inflorescences in a concentration 
range of 4-14% [3,4]. Individual components include 
catechin, epicatechin, p-coumaric and caffeic acids, quer- 
cetin and kaempferol [S]. McMurrough et ul. [6] have 
quantified three different glycosides of both of these 
flavonols. Vancraenenbroek et al. [7] have found pro- 
cyanidins B- 1, B-2, B-3, and B-4 in hops. Analysis of beer 
haze has identified 16 phenolic monomers [S] and 
procyanidin B-3 [9] which may have been derived from 
barley as well as hops. 

Interactions of a general nature between proteins and 
polyphenols are a common problem encountered by plant 
biochemists [lo] and are thought to result from the 
formation of complexes of o-dihydroxyphenolic groups 
via a bidentate hydrogen bond formation with the keto- 
imide groups of the protein [ 11, 121. Action of o-diphenol 
oxidases results in the formation of o-quinones which 
readily associate into insoluble polymers [I 131. 
Additionally o-quinones have been shown to react with 
nucleophilic groups including lysyl and cysteinyl residues 
resulting in tanning of proteins with attendant destruction 
of enzyme activity [IO, 141. 

More specific interactions with enzyme systems have 
been reported and may be significant with respect to 
general plant physiology. Flavonoids and other phenolic 

compounds affect oxidative phosphorylation in mito- 
chondria in a manner indicative of an uncoupling function 
[15]. The kinetics of peroxidase mediated oxidation of 
indole-3-acetic acid (IAA), in the presence of quercetin 
revealed that both compounds were destroyed and that 
the presence of each modified the kinetic behaviour with 
respect to the other in a mutual sparing effect [16]. A 
mechanism has been proposed for a similar effect in which 
ferulic acid caused a lag in the oxidation of IAA mediated 
by wheat peroxidase [17]. Inhibition of lipoxygenase- 
dependent lipid peroxidation by quercetin in which the 
flavonol itself was oxidized has led to the suggestion that 
compounds of this type may act as antioxidants in uiuo 

[181. 
The present study was undertaken with the objectives of 

(i) identifying the endogenous inhibitors of alpha-acid 
oxidase, (ii) determining the nature of this interaction in 
order to provide a basis for speculation with regard to how 
this interaction may serve the plant and (iii) providing a 
means whereby this interaction might be used to improve 
pre- and post-harvest management of the crop (this third 
aspect to be reported elsewhere). 

RESULTS AND DISCUSSION 

Inhibition of alpha-acid oxidase acti& 

Extracts with alpha-acid oxidase activity were obtained 
by means of acetone precipitation [l]. When a direct 
buffer extract was prepared no activity was observed 
however, treatment of this extract with PVP resulted in 
observable activity indicating that this had been masked 
by the presence of inhibitors which may be removed by 
acetone extraction of the tissue or PVP treatment of the 
extract. This was confirmed by including an extract of 
acetone washings in a reaction mixture with acetone 
powder extract, the activity ofwhich was reduced by 70 7:. 

Examination of isolated lupulin glands revealed these 
structures to be a potent source of inhibitory substances. 
Inhibitory activity could be removed from lupulin extracts 
by passing them through small columns of PVP. 
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The effects ofvarymg concentrations ofenzyme, inhibi- 
tor, alpha-acids and manganese were investtgated using an 
inhibitory extract prepared from lupulin. Ttme course 
studies re\ealcd that. in the presence of inhibitors almost 
no loss of alpha-acids or oxygen consumption occurred 
duringan initial period (XI min sckeral hr with rncreasing 
volumes ofinhihitoryexrract addedjafter which oxidation 
of the resins was obzrlcd to proceed ai a rate similar to 
that observed in an otherwise identical mixture which did 
not mcludc the inhibltorq extract (Fig 1 I. ‘The duration of 
this lag phase wah shortened by raising the concentrntton 

of enzyme. Increasing the concentrations of alpha-acid> 
and manganese also reduced the lag phase duration (Fig. 
2). Ths similarity hctween the cfl‘ects of Laipha-acids-1 and 
[Mn2‘] is conslstcnt \vtth rciults of ktneric %tudleb which 
indtcatc that the actual substrate for a!pha-awi oxtdase 
actiilty cons~zt\ of hln-activated TL’\III compounds [19]. 
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from that of an identical mixture not containing any BSA 
indicating that the lag phase was not a result of impaired 
enzyme activity due to precipitation of enzymeepoly- 
phenol complexes. 

Incubation of inhibitory extract with enzyme prior to 
the addition of alpha-acids resulted in a shortening of the 
lag phase, longer pre-incubation achieving greater reduc- 
tion of the lag and an increased effect evident with higher 
enzyme concentration suggesting that interaction with the 
enzyme resulted in alteration of the inhibitors with 
attendant destruction of their ability to inhibit alpha-acid 
oxidation. 

UV spectra of mixtures containing buffer plus quercet- 
rin, enzyme extract plus quercetrin and enzyme extract 
alone measured prior to and following 24 hr incubation at 
36” (Fig. 4) support the conclusion that the polyphenol is 
altered by the enzyme as does the colour change from pale 
yellow to reddish brown observed during this incubation. 

Confirmation was obtained using analytical HPLC to 
follow changes in quercetrin levels in reaction mixtures 
consisting of 2 ml crude enzyme extract and 0.4 mg 
quercetrin (added in 0.5 ml methanolic solution) in the 
presence and absence of alpha-acids, 2.0 mM. 
Chromatograms indicated disappearance of quercetrin 
and the appearance of peaks with shorter R,s. The 
disappearance of quercetrin was considerably faster in the 
presence of alpha-acids (2-3 hr) than in their absence 
( > 24 hr). Following the disappearance of quercetrin 
peaks from the chromatograms, oxidation of alpha-acids 
was observed to proceed rapidly. Incubation of extracts 
containing protocatechuic acid resulted in the total loss of 
this peak from the chromatograms with no product peaks 
detectable at either 254 or 280 nm, which, considered with 
the spectral change observed for quercetrin, suggests that 
aromatic ring cleavage of the phenolic inhibitors occurred 
during the lag phase in alpha-acid oxidation. 

Kinetics of alpha-acid oxidation during lag phase 

Two protein peaks with alpha-acid oxidase activity were 
separated by eluting a crude extract through a 60 x 2.5 cm 
column of DEAE-Sephadex A50 with 0.1 M phosphate 
buffer, pH 7.5. These were equivalent to the pl 3 and p1 10 
bands obtained by isoelectric focussing [l], the pI 3 
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Fig. 4. UV-spectra of quercetrin (1) prior to and (2) following 

24 h incubation at 36”, buffer and enzyme blanks subtracted. 

fraction consisting of three small proteins with pIs 3.0,3.3 
and 3.6 and the pl IO fraction containing one larger 
protein in a clearly symmetrical peak separated from the 
other fraction by 150 ml eluate devoid of protein. Anion 
exchange proved to be a powerful preparative procedure 
because endogenous inhibitors were retained by the gel 
and the desalting effect yielded proteins free from en- 
dogenous manganese. The velocity versus [substrate] 
response was determined for each fraction in the presence 
and absence of quercetrin. All mixtures containing quer- 
cetrin exhibited biphasic time courses; the reaction velo- 
cities reported here are those observed during the initial/ 
lag phase. Double reciprocal plots revealed simple Henri- 
Michaelis-Menten kinetics in the absence of quercetrin. In 
the presence of quercetrin the relationship between initial 
velocity and alpha-acids substrate concentration was 
sigmoidal indicating positive homotropic co-operativity 
with respect to alpha-acids. 

The effect of increasing quercetrin concentration in a 
reaction mixture with crude enzyme extract was to shift 
this sigmoidal relationship to the right along the [sub- 
strate] abcissa (Fig. 5). Positive homotropicco-operativity 
is effectively a switching mechanism with regard to 
enzyme activity and the effect of raising the level of 
quercetrin in the mixture raises the alpha-acid concentra- 
tion required to switch on the alpha-acid oxidation 
function of the enzyme. 

In all the studies reported above inhibitory substances 
were added to reaction mixtures prior to initiation of 
alpha-acids oxidation by addition of resin substrate. When 
the order of addition of the two components was reversed 
the lag phase was of significantly shorter duration. 
MachaEkovri et al. [17] observed a similar effect with 
ferulic acid induced lags in IAA -oxidase activity for which 
they have proposed a mechanism. 

The evidence supporting the proposition that the 
activity towards 3’,4’-dihydroxyphenols may be attributed 
to the alpha-acid oxidases is two-fold. Firstly, crude 
extracts have been shown not to possess phenolase 

Alpha -acids (mM) 

Fig. 5. Response of reaction velocity of a crude enzyme extract, 
25 peg protein/ml, to alpha-acids concentration in the presence of 

1.82 (A) and 3.63 PM (m) authentic quercetrin. Note that the 

crude extract (0) contained some endogenous inhibitors. Open 
symbols represent reaction mixtures for which no lag phase was 

observed. 



activity, this being retained in the acetone powder residue 
during rehydration. Similarly crude extracts do not dis- 
play peroxidase activity. The second, and perhaps the 
stronger argument is to be found m the kmetic observa- 
tions; were the two functions attributablr to separate 
enzymes the reduction in the lag duration eit‘ected hq 
increased alpha-acid and Mn’ ’ concentratjons would be 
cnlirely unexpected. and if the disappearance of inhibitor! 
compounds was due to binding to the nucleophilic 
resrdues of the protein additiou ot’ IFA IO rcact~on 
mixtures could be expected to shorten the hp. 

In the absence of a convenient prowdure to a\sa) tiv 
alpha-acrds and dihydroxyphenols wnuir;tneousl~ ihe 

mechanism of lag induction remains t~~xlcai- The lIpand 
exclusion model propo\cd by Fi\hcr vi 01. LX)] which 
prcdlcts hyperbolic response to Lstlbhtr;ltc] m the abscnct. 
of inhibitor and sigmoldal response with inhibitor prcscn! 
IS pcrhap\ the most appropriate to the d;tt:i. I‘hib model 
requires the presence oftwo acti\c \~tc:, t’or ihc substralc, :I 
situation ivhich ha\ hccn obser\cti in rc‘>pt”it of thz pl 10 
protein [_:9j. 

Takaharm has proposed that tlavonol~ may act a\ 
antioxidant\ irl vile [IS]. Thib study tends to support the 
view that some polyphenols act as very spccitic anti- 
oxIdanti effectivelq protecting the hop ri-agns from <II- 
z~mic oxldarinn. The presence of phcnollc lrthibltors 
Introduces a pcrlod of time during which the alpha-acids 
are spared, the magnitude and durarwn of the cfl’cct being 
determined b> the concentrations of the .I .3-tilhydroxy- 
phcnolics, alpha-acid> and manganese. If thi\ mtcractlon 
occur> in r~irn II may rcprcsent a mcchamsm M hereby the 
rcsms arc protected durmg the iirnc interwl bctwccn their 
synthesis and sequestration Into the iabcu~lcnlar q-me of 
the gland, \vhiLz the LCII retain\ J mC;~*~lT: c>! conll-oi of 
cytoplastntc conct’ntrat1on; oi alphaaxis which appear 
to travel to the piasmalemma t~rqxotec~cti t>) an) enctos- 
ing tncmbranc [Zt] III 21 manner ;c~mbl~ng that thought 
tco occur in the case ofthc cannahinord rwn\ m the closcl~ 
related C’c~nritrhi.5 saliw I_. [X!]. 

This can be considcrcd reasonable oni) ~f’ihc prcscnce 
of alpha-acids compromia the functronl of the cell and 
all three components of the \jstcm arc prcv~r 111 the 
secretory struciure. 4ddressing the first of rhcsc points, 
alpha-acids u’crc shown to mhiblt the growth of’sny bean 
root callus cultured on \liiler’s medium [I!_< 1 (Table I )~ In 
respect of the second, amon exchange chrorrktographq of 
crude acetone powder extracts of isolated iupulin glands 
[I] resulted 111 the Isolation of ;rcti:e :tipk..ac~d oxldasc 



Polyphenolic inhibitors of alpha-acid oxidase activity 39 

Acknowledgements-We gratefully acknowledge the assistance, 9. 
encouragement and advice given by Dr A. Haunold and S. Likens; 

the financial support of Australian Hop Marketers Pty Ltd and 10. 
the U.S.D.A. Hop Research Group; the provision of equipment 11. 

by the Department of Agricultural Chemistry, Oregon State 

University; technical advice given by G. Nickerson and mass 12. 

spectrometry performed by B. Arbogast. Special thanks to Dr J. 13. 

Kachesy and Dr R. Crowden for helpful discussions and provis- 

ion of authentic polyphenolic compounds. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

REFERENCES 

Menary, R. C., Williams, E. A. and Doe, P. E. (1983) J. Inst. 

Brew. 89, 200. 

Robins, R. J., Furze, J. M. and Rhodes, M. J. C. (1985) 

Phytochemistry 24, 709. 
Jerumanis, J. (1969) Bull. Ass. Asciens. Etud. Brass. Louvain. 
65, 113. 
Narziss, L. and Bellmer, H-G. (1975) Brauwissenschaji 28, 
285. 
Hermann, K. and Mosel, H. D. (1973) Brauwissenschaft 26, 

267. 
McMurrough, I., Hennigan, G. P. and Loughrey, M. J. (1982) 

J. Agric. Food Chem. 30, 1102. 

Vancraenenbroek, R., Gorrissen, H. and Lontie, R. (1977) 

European Brewing Convention Proceeding, Amsterdam, 429. 
Belleau, G. and Dadic, M. (198 1) J. Am. Sot. Brew. Chem. 39, 

142. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

Dadic, M. and Belleau, G. (1976) J. Am. Sot. Brew. Chem. 34, 
158. 
Loomis, W. D. and Battaile, J. (1966) Phytochemistry 5, 423. 
McManus, J. P., Davis, K. G. Lilley, T. H. and Haslam, E. 
(1981) J. Chem. Sot. Chem. Commun. 301. 

Bate-Smith, E. C. (1954) Food 23, 124. 

Van Sumere, C. F., Albrecht, J., Dedonder, A., de Pooter, H. 

and Pi, 1. (1975) in The Chemistry and Biochemistry of PIant 
Proteins (J. B. Harborne and C. F. Sumere, eds) pp. 21 l-264 

Academic Press, New York. 

Pierpoint, W. S. (1969) Biochem. J. 112, 619. 

Stenlid, G. (1970) Phytochemistry 9, 2251. 
Sano, H. (1971) Biochim Biophys. Acta 227, 565. 
Machrifkovri, I., GanEeva, K. and Zmrhal, Z. (1975) 

Phytochemistry 14, 1251. 

Takahama, U. (1985) Phytochemistry 24, 1443. 
Williams, E. A. (1987) (/niuersiry of Tasmania Dissertation, (in 

preparation). 

Fisher, H. F., Gates, R. E. and Cross, D. G. (1970) Nature 228, 

247. 

Menary, R. C. and Doe, P. E. (1983) J. Sci. Food Agric. 34, 

921. 

Hammond, C. T. and Mahlberg, P. G. (1978) Am. J. Botany, 
65, 140. 
Miller, C. 0. (1965) Proc. Nat/ Acad. Sci. U.S.A. 54, 1052. 
Lowry, 0. H., Rosebrough, N. J., Farr. A. L. and Randall, 

R. J. (1951) J. Biol. Chem. 193, 265. 

Likens, S. T. and Nickerson, G. B. (1971) Am. Sot. Brew. 
Chem. Proc. 295. 


