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Summary 

Substi tuted primary hydroxamic acids were found to inhibit the catalytic 
activity of  a number  of  redox enzymes. The inhibition was not  related to the 
nature of the metal-active site of  the enzyme nor to the nature of  the oxygen- 
containing substrate. Two easily available enzymes, mushroom tyrosinase 
(monophenol ,dihydroxyphenylalanine:oxygen oxidoreductase,  EC 1.14.18.1) 
and horseradish peroxidase (donor:hydrogen-peroxide oxidoreductase,  EC 
1.11.1.7), which were potent ly  inhibited by  hydroxamic acids, were chosen for 
more detailed study.  

A kinetic analysis of  the inhibitory effects on the partially purified tyrosin- 
ase of  mushroom (Agaricus bispora) revealed that inhibition was reversible and 
competit ive with respect to reducing substrate concentration, but  was not  com- 
petitive with respect to molecular oxygen concentration. 

A spectrophotometr ic  and EPR study of the binding of  salicylhydroxamic 
acid to horseradish peroxidase revealed that  this hydroxamic acid was bound to 
the enzyme in the same manner as a typical substrate, hydroquinone.  Spectro- 
scopic and thermodynamic measurements of  the binding reactions suggested 
that this binding site is close to, bu t  not  directly onto,  the heme group of  the 
enzyme. 

From these results it is concluded that  the mode of inhibition of  hydroxamic 
acids need no t  be, as generally supposed, by metal chelation, and mechanisms 
involving either hydrogen bonding at the reducing substrate binding site or the 
formation of a charge transfer complex between hydroxamic acid and an elec- 
tron-accepting group in the enzyme are considered to be more feasible. The 
relevance of  these findings to deductions on the nature of  other hydroxamic 
acid-inhibitable systems is discussed. 
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Introduction 

The primary hydroxamic acids, of the general structure R-(CO)NHOH, have 
been well studied by physical means. For example, infrared spectroscopy [1] 
has revealed that  the monomeric molecules are intramolecularly hydrogen 
bonded,  thus: 

\ N / t ~  

H 

This structure may be replaced by intermolecular hydrogen bonds under 
appropriate conditions [ 1 ]. 

A further proper ty  of the hydroxamic acids is their ability to chelate metal 
ions, presumably as typical bidentate oxygen donors [2--4] ,  thus: 

R--C=O.  : 
I ::~I::" 

HN--O" ! " 

Chelation of  iron in the ferric state is particularly favored [4]. This iron- 
chelating property has been exploited in a chemotherapeutic t reatment  for 
removal of excess iron from Cooley's anemia patients [5,6]. 

In 1971, Schonbaum et al. [7] reported the specific inhibitior~ by primary 
hydroxamic acids of  the cyanide- and antimycin A-insensitive alternative respi- 
ratory pathway which is present in many higher plant mitochondria (for 
example, see review in ref. 8). Later, however, it was shown that hydroxamic 
acids could also form complexes with horseradish peroxidase (donor:hydrogen- 
peroxide oxidoreductase,  EC 1.11.1.7) and that the complexing was competi- 
tive with respect to reducing substrate [9]. Recently,  an inhibitory effect on 
the L-a-glycerophosphate oxidase activity of Trypanosoma sp. has been demon- 
strated [10].  These inhibitory properties of  the hydroxamic acids have some- 
times been at tr ibuted to their metal-chelating ability and in the case of the 
higher plant alternative oxidase, many workers have even taken the hydroxamic 
acid effect  as evidence of an iron-sulfur center involvement in the pathway. 

In this report,  we show that hydroxamic acids are also capable of inhibiting 
tyrosinase (monophenol ,dihydroxyphenylalanine:oxygen oxidoreductase,  EC 
1.14.18.1) reactions, and at concentrations much lower than those required for 
inhibition of the alternative pathway. Kinetic, spectroscopic and thermo- 
dynamic evidence is presented that the mechanism of inhibition of  both tyro- 
sinase and horseradish peroxidase is one of  competi t ion with the reducing sub- 
strate for its binding site. This binding may be close enough to the metal of the 
active site so that it perturbs its environment, but  is probably not  directly onto 
the metal atom, i.e. the hydroxamic acids may not  act by metal chelation in 
these systems. 

These notions may be generalized to include other hydroxamic acid-inhibit- 
able systems which we are not  capable of examining so directly. In particular, 
their relevance to studies of the mitochondrial  alternative oxidase of  higher 
plants [8] is discussed. 
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Materials and Methods 

Enzyme assays. Tyrosinase (from mushroom, grade II from Sigma, mono- 
phenol ,dihydroxyphenylalanine:oxygen oxidoreductase,  EC 1 . 1 4 . 1 8 . 1 ) w a s  
assayed in a medium containing sodium citrate at a pH of 5.6 and 25°C [11].  
Substrate concentrations were varied up to a maximum of 0.1 M (pyrogallol), 
3.3 mM (L-tyrosine) or 2 mM (epinephine). Oxygen consumption rates were 
measured with a Clark-type oxygen electrode and maximal rates were used. 

Peroxidase (from horseradish, Sigma grade VI, donor:hydrogen-peroxide 
oxidoreductase,  EC 1.11.1.7) and cytochrome c peroxidase (from yeast, EC 
1.11.1.5, the ki.nd gift of Dr. T. Yonetani), were assayed in a medium con- 
taining 40 mM potassium phosphate and 1 mM EDTA at a pH of 7.0. The oxi- 
dation of 0.033% p-phenylenediamine at 485 nm or of 40 pM reduced cyto- 
chrome c at 550 nm was monitored after initiation of the reaction with 0.001% 
hydrogen peroxide. 

Catalase (Boehringer, from beef  heart, EC 1.11.1.6) was assayed in a medium 
containing 40 mM potassium phosphate and 1 mM EDTA at a pH of 7.0 and 
which had been deoxygenated with argon gas. The initial rate of oxygen genera- 
tion on addition of 0.125 mM hydrogen peroxide was monitored with a Clark- 
type  oxygen electrode. 

Cytochrome c oxidase (EC 1.9.3.1) activity of  isolated mitochondria was 
assayed in a standard mitochondrial  preparation [12] by measurement of  the 
rate of oxygen consumption on addition of 10 mM ascorbate/0.1 mM N,N,N',N'- 
tetramethyl-pophenylenediamine. The suspension medium was 0.3 M mannitol, 
10 mM KC1, 5 mM MgCl2 and 10 mM potassium phosphate at pH 7.2. 

Ascorbic acid oxidase (from zuccini squash, EC 1.10.3.3) was a gift of  Dr. 
C.R. Dawson and was assayed in a medium containing 40 mM potassium phos- 
phate and 1 mM EDTA at a pH 7.0. Oxygen consumption rate was monitored 
with a Clark-type oxygen electrode after addition of 1 mM neutralized ascorbic 
acid. 

Xanthine oxidase (from buttermilk,  EC 1.2.3.2, purchased from Sigma Chem- 
ical Co., grade I) was assayed from its rate of superoxide anion generation in 
the presence of 0.1 mM xanthine and generation rate was monitored from the 
rate of  production of adrenochrome from 1 mM epinephrine by  measuring the 
absorbancy change at 485 minus 575 nm (e = 3.97 mM -1 • cm-1). 

Glycollate oxidase (glycollate:O2 oxidoreductase,  EC 1.1.3.1) was assayed in 
spinach leaf mitochondria by the formation of glyoxylate phenylhydrazone by 
the method of Frierbend and Beevers [13],  assayed aerobically by  monitoring 
oxygen uptake.  Approx.  100 ~1 sample (1--1.5 mg mitochondrial  pro te in)was  
incubated in 2.5 ml reaction medium containing 50 mM triethanolamine 
buffer, pH 7.9, 4 mM EDTA, 0.001% Triton X-100, 60 pM KCN and 24 pM FMN. 
Following incubation in the dark for 5 min, the reaction was initiated by  addi- 
tion of 12 mM glycollate and the rate of oxygen consumption was determined. 

Superoxide dismutase (EC 1.15.1.1, from bovine blood,  purchased from Sig- 
ma Chemical Co., Type I), was assayed either by the xanthine/xanthine oxidase 
[14] or the K*O~ [15] assay. In the xanthine assay, superoxide dismutase 
activity was determined at 560 nm by following the reduction of nitroblue 
tetrazolium to formazan. In the K÷O~ assay, superoxide was provided by addi- 
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tion of 200 pl dimethylsulfoxide saturated with potassium superoxide to 2.8 
ml medium containing 56 pM nitroblue tetrazolium, 10 pM EDTA and 10 mM 
phosphate buffer at pH 7.5. Absorbance was read at 560 nm as above. Varying 
amounts of enzyme (10--200 pl) were used in order to obtain a standard curve 
of percentage inhibition versus enzyme concentrations. 

The possible effect of  salicylhydroxamic acid upon rat liver microsomal 
cytochrome P-450 was determined by monitoring the effect of the reagent on 
the visible and EPR spectrum of the native oxidized enzyme. Other effectors of 
the cytochrome P-450 have already been shown to produce spectra shifts of the 
hemoprotein [16,17]. A lack of effect was taken as indicative of a lack of inter- 
action of the hydroxamic acid with the hemoprotein.  

EPR measurements. Samples for EPR measurements were frozen in liquid 
nitrogen in quartz EPR tubes and stored at 77 K until assayed. Spectra were 
obtained with a Varian E-4 spectrometer (Varian Associates). The temperature 
of the samples for EPR measurements was controlled with a variable tempera- 
ture cryostat  (Air Products Model LTD-3-110 ). Temperature was monitored 
with a calibrated carbon resistor placed in the helium flow directly below the 
sample and g-values were corrected by reference to a weak pitch standard. 

Redox potentiometry. The method used was that  of Dutton [18]. The sam- 
ple was 0.25 mg/ml horseradish peroxidase in an appropriate buffer, kept 
anaerobic with a constant  flow of argon gas. Mediators used were benzyl vio- 
logen (10 pM), indigo 2-sulfonate (10 pM), 2-hydroxy-l ,4-naphthoquinone (10 
pM), anthraquinone-2,6-sulfonate (10 uM) and phenosafranine (5 gM). Reduc- 
tive and oxidative titrations were by additions of solutions of sodium dithionite 
and potassium ferricyanide, respectively. Potential was measured with a platinum 
electrode with a standard saturated KC1 calomel half cell. The redox state of 
the enzyme was monitored at 435--450 nm. The absorbance changes caused by 
the dyes were ti trated in separate experiments and were subtracted from the 
peroxidase titrations. 

Chemicals. m-Chlorobenzhydroxamic acid was the kind gift of Dr. G.R. 
Schonbaum and a sample of purified ascorbic acid oxidase was generously sup- 
plied by Dr. C.R. Dawson. 

Protein. Protein was assayed by the method of Lowry et al. [19] with bovine 
serum albumin as standard. 

Results 

A number of  redox enzymes were tested to determine whether there was a 
possible common factor which could account for the observed effects of  the 
hydroxamic acids. These results, which were obtained by experimentation or 
by reference to the available literature, are presented in Table I. Salicylhy- 
droxamic acid at 1 mM concentration was used for the tests and the results 
obtained were that  of either very potent  inhibition (>90% inhibition) or of no 
inhibition at all (sometimes even a slight stimulation). 

The points to note from this survey are that  there is no apparent relation 
between the potential for hydroxamic acid inhibition and either the nature of 
the oxygen-binding metal atom (e.g. copper or iron) or the nature of the 
oxygen substrate (i.e. either molecular oxygen, hydrogen peroxide or super- 
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T A B L E  I 

T H E  I N H I B I T O R Y  P R O P E R T I E S  O F  S A L I C Y L H Y D R O X A M I C  A C I D  O N  A V A R I E T Y  O F  R E D O X  

E N Z Y M E S  

E n z y m e s  w e r e  a s s a y e d  a s  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  T h e  e n z y m e s  w e r e  p r e i n c u b a t e d  w i t h  1 m M  

s a l i c y l h y d r o x a m i c  a c i d  b e f o r e  t h e  ( r e d u c i n g )  s u b s t r a t e  w a s  a d d e d .  I n  c a s e s  w h e r e  n o n - l i n e a r  r a t e s  w e r e  o b -  

s e r v e d ,  t h e  i n i t i a l  r e a c t i o n  r a t e  w a s  a l w a y s  t a k e n .  

E n z y m e  S o u r c e  I n h i b i t i o n  P r e s u m e d  S o u r c e  o f  
b y  1 m M  e n z y m e - a c t i v e  i n f o r m a t i o n  o n  

s a l i cy l -  s i t e  i n h i b i t i o n  
h y d r o x a m i c  

a c i d  

T y r o s i n a s e  

A s c o r b i c  a c i d  
o x i d a s e  

C y t o c h r o m e  
o x i d a s e  

H i g h e r  p l a n t  
a l t e r n a t i v e  

o x i d a s e  

X a n t h i n e  o x i d a s e  

M u s h r o o m  + 
P o t a t o  t u b e r  + 

A p p l e  + 

Z u c c i n i  s q u a s h  - -  
(Cucu rbita pepo)  

R a t  l i ve r  - -  
P o t a t o  t u b e r  - -  

M a n y  s o u r c e s  + 

M i l k  - -  * 

C o p p e r  B y  e x p e r i m e n t  
C o p p e r  B y  e x p e r i m e n t  

C o p p e r  By  e x p e r i m e n t  

C o p p e r  By  e x p e r i m e n t  

C o p p e r ,  h e i n e  B y  e x p e r i m e n t  
C o p p e r ,  h e i n e  R e f .  7 

? R e f .  7 

G l y c o l l a t e  S p i n a c h  l e a v e s  - -  

o x i d a s e  

S u p e r o x i d e  B o v i n e  b l o o d  - -  C o p p e r  
d i s m u t a s e  

L - ~ - G l y c e r o -  Trypanosoma sP.  + ? 
p h o s p h a t e  

o x i d a s e  

P e r o x i d a s e  H o r s e r a d i s h  + h e i n e  

C y t o c h r o m e  c Y e a s t  - -  h e i n e  
p e r o  x i d a s e  

C a t a l a s e  B o v i n e  l i ve r  - -  h e i n e  

L i p o x y g e n a s e  G e r m i n a t i n g  s e e d s  + ? 

C y t o c h r o m e  R a t  l i ve r  - -  h e i n e  
P - 4 5 0  

M o l y b d e n u m ,  
F A D ,  F e S  

F A D  

By  e x p e r i m e n t  

By  e x p e r i m e n t  

B y  e x p e r i m e n t  

R e f .  10  

B y  e x p e r i m e n t  

B y  e x p e r i m e n t  

By  e x p e r i m e n t  

P e r s o n a l  c o m -  
m u n i c a t i o n  o f  

D r .  C.  L e o p o l d  

B y  e x p e r i m e n t  

* S o m e  i n h i b i t i o n  a t  h i g h  c o n c e n t r a t i o n .  

oxide anion). Furthermore, enzymes which are generally rather similar in terms 
of their metal active site (for example,  catalase and horseradish peroxidase) are 
not  necessarily affected equally by the inhibitors. These points are particularly 
emphasized in the case of  cytochrome c peroxidase compared to horseradish 
peroxidase, where the former is unaffected and the latter potently inhibited by 
salicylhydroxamic acid. These enzymes both have heme-active sites and utilize 
hydrogen peroxide, and differ only in the nature of  the substrate which 
donates reducing power (i.e. cytochrome c or a reduced quinone, respectively). 

For further investigation, two enzymes which were potently inhibited by 
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hydroxamic  acids were selected. These enzymes, mushroom tyrosinase and 
horseradish peroxidase, have already been characterized to a great extent  and 
are easily available commercially in relatively large amounts.  

The inhibitory effects o f  hydroxamic acids on partially purified mushroom 
tyrosinase 

The experiments were performed with both a monohydroxy-(L-tyrosine)  
and a dihydroxy-(pyrogallol)  substrate. It was found that  maximum inhibition 
was no t  obtained immediately,  particularly with partially inhibitory concentra- 
tions of  inhibitors. Hence, before subs•rate was added, in each case the enzyme 
was incubated with inhibitor for 10 min at room temperature.  This precaution 
made it easier to assess the maximum inhibition, even although the final 
inhibited rate was the same whether  inhibitor was added before or after sub- 
strate. Fig. 1 illustrates the results obtained with three hydroxamic acids on the 
initial rate of  oxidation of 3.3 mM pyrogallol by mushroom tyrosinase. All 
three inhibitors were effective in the less than micromolar  range of concentra- 
t ion and the order  of potency  was m-chlorobenzhydroxamic acid (Ki apparent 
= 50 n M ) >  salicylhydroxamic acid (Ki apparent = 150 n M ) >  benzhydroxamic  
acid (g  i apparent = 600 nM) at a pyrogallol concentrat ion of 3.3 mM. A similar 
order  of po tency  of inhibition was obtained when L-tyrosine was the substrate 
and in this case the lag phase of onset of observable oxygen consumption 
increased as inhibition increased. 

In order to investigate the inhibition further,  the effects of salicylhydrox- 
amic acid on mushroom tyrosinase oxidation of  L-tyrosine was examined. 
When the experiments was performed at a variety of substrate and inhibitor 
concentrat ions and appropriate Lineweaver-Burk plots were drawn {Fig. 2), it 
was found that  the inhibition was competit ive with respect to L-tyrosine con- 
centrat ion.  A further  exper iment  was performed at fixed L-tyrosine and vari- 
able salicylhydroxamic acid concentrat ions and the reactions were allowed to 

Inhibitor conc.(/xM) 

Fig. i. The inhibition of mushroom tyrosinase by substituted hydxoxamic acids. A suitable amount of 

mushroom tyrosinase (Sigma Chemical Co.) in 50 mM sodium citrate at pH 5.6 and 25°C was used. In 

each case the reaction was initiated by the addition of pyrogallol and the initial rate of oxygen consump- 

tion was taken as a measure of rate of reaction. When assays were performed with inhibitor, the enzyme 

was preincubatcd with inhibitor for 10 rain, so that maximum inhibition was always obtained. Symbols 

are: • • ,  m - c h l o r o b e n z h y d r o x a m i c  acid; • -~, s a l i cy lhyd roxamic  acid; E - - m ,  b e n z h y d r o x -  
amic  ac id .  
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2.55 ~.M SHAM 

÷~/+///~ t , l~zy~: aM SHAM 

i i i i i i 

I 2 :~ 4 ,5 6 

Tyrosine concentration~ I (rnM -I) 
Fig. 2. L ineweave r -Burk  p lo t s  o f  m u s h r o o m  tyros inase  o x i d a t i o n  o f  L-tyrosine in the presence  o f  inhib- 
i tor .  T he  m u s h r o o m  e n z y m e  (125  ~g /ml )  in 50 m M  s o d i u m  ci t ra te  at  p H  5.6 and 25°C was  i n cu b a t ed  
wi th  inhibi tor  for  10 m i n  be fo re  subs t ra te  was added .  Suf f ic ien t  t ime  was  a l lowed so t h a t  m a x i m a l  
o x y g e n  c o n s u m p t i o n  ra te  was  observed .  SHAM, s a l i c y lhyd rox amic  acid. 

proceed to near zero oxygen tensions. Lineweaver-Burk plots of the inverse of 
reaction rates versus the inverse of oxygen concentrations revealed a rather 
more complex relation (uncompetitive) between oxygen and salicylhydroxamic 
acid concentrations viz. both the V of the reaction and its apparent Km for 
oxygen decreased with increasing salicylhydroxamic acid concentrations 
(Fig. 3). 

Similar experiments with pyrogallol as substrate did not  yield conclusive 
results. This may be because the apparent Km of the reaction for oxygen with 
pyrogallol as substrate was so high that  linear reaction rates were never 
observed and hence a small change in apparent Km for oxygen on addition of 
inhibitor would significantly alter the observed initial reaction rate.: It has 
already been noted [20] that  the apparent Km of the tyrosinase reaction for 
oxygen varies with species and concentrations of reducing substrates. 

The inhibition observed could not  be imitated by 10 mM EDTA, nor was 
protection against inhibition given by 0.5 mM Cu 2÷ (in the form of CuC12), 
added prior to inhibition. 

The reversible nature of the inhibitor was demonstrated by passing a solution 
of commercially purchased tyrosinase wi~h 500 pM salicylhydroxamic acid (i.e. 
fully inhibited) through a Sephadex G-25 column (1.2 cm × 25 cm height), 
previously equilibrated with 50 mM sodium citrate buffer at a pH of 5.6. A 
fully active enzyme (in terms of specific activity per mg protein) was regained 
when the enzyme fraction was :collected from the column effluent. 

It was found,  in agreement with other workers [21,22], that  no significant 
amounts of EPR-detectable copper were present in the resting tyrosinase at any 
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AI -~ + 705nM SHAM 
= .0 
~ + 
~ [ . ~ , + / ~  235nM SHAM 

0 

~ 0 ~  SHAM .02 

-0.~5 -o~ -o05 0:05 d., ~ 
Oxygen concen~ion (M~'I) 

Fig. 3. Lineweaver-Burk plots of mushroom tyrosinase oxygen consumption at fixed L-tyro~ne ~ d  v~i- 
able inhibito~ concentrations. The enzyme (125 ~ /m l )  wa~ incubated in ~0 mM sodium citrate at pH 5.6 
and 25~C for 10 m~ with inhibitor before ~e subst~ate, 0.66 mM L-tyro~ne, was added. The reaction 
w ~  ~owed to proceed to ne~ completion ~ d  reaction ra~e~ were meas~ed a~ a tangen~ to the oxygen 
consumption cu~e at appropriate oxygen coneent~a~on$. SHAM, s ~ e y ~ d r o x ~ i e  acid. 

temperature between 6 K and 80 K. The addition of a hydroxamic acid, even in 
great excess, did not  cause the copper to become EPR "visible". 

The effect of  hydroxamic acids upon the "browning" response of  whole tissue 
slices 

It is well known that  the "browning"  response observed when a wide variety 
of plant materials are cut is caused by tyrosinase activity of the tissue [23]. Use 
was made of  this to test the effect of the hydroxamic acids upon the tyrosinase 
activity of whole tissue slices. It was found that  the hydroxamic acids had dra- 
matic inhibitory effects upon the browning response of potato and apple slices. 
In this experiment, tissue slices were cut and immediately soaked for 10 min in 
a solution of inhibitor at the required concentration. Excess water was removed 
from the slices and they were left to age in air for several hours. For all three 
hydroxamic acids, a concentration of 10 pM inhibitor was found to be suffi- 
cient to completely inhibit the browning responses of both tissues. 

The effects of  hydroxamic acids on horseradish peroxidase 
Schonbaum [9] has already demonstrated that  a complex is formed between 

benzhydroxamic acid and horseradish peroxidase. He further demonstrated 
that the effect was competitive with the reducing substrate. On the basis of 
spectral, EPR and kinetic data, he concluded that  the binding was by polyfunc- 
tional hydrogen bonding. 

We studied the effects of 0.5 mM salicylhydroxamic acid on the EPR-detect- 
able forms of horseradish peroxidase. At low (6 K) temperatures, a number of 
high spin (5/2) and mixed spin (3/2 cf. ref. 24) forms which are in pH-depen- 
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dent equilibrium can be observed. Addition of the hydroxamic acid caused con- 
version into a single, pH-independent, rhombic, high spin heme configuration 
(Fig. 4). The number of detectable spins in this form increases several-fold 
because the low spin forms {not detectable because of saturation at this tem- 
perature} are also converted into this configuration and so become EPR detect- 
able. This effect is directly analogous to that reported by Leigh et al. [25] for 
the binding of a typical substrate, hydroquinone, to the horseradish peroxidase. 
The binding in both cases is presumably close enough to the heme group to 
cause conformational restraints which favor the single high spin heme configu- 
ration (cf. ref. 25). 

Since the hydroxamic acids are able to chelate ferric iron much more effi- 
ciently than ferrous iron [4,26], one would expect the midpoint potential of  

Horseradish Peroxidase at 65°K .~ /-" 

pH 62 Goin: 25 xlO 2 j ~ / ~  ~400G-~ x4 V 
!#- ..~__ 

pH 75 

pH 8.4 __j~-"~ 
8 7 6  5 4 3 2 

g value 

Horseradish Peroxidose +O.SmM Salicylhydroxamic Acid at Co S°K 

Gain 05 x 102 

pH 6.2 

pH "KS 

pH 84 

T 

x4 

xL !i 

g value 

Fig. 4.  EPR-detectable  ef fects  o f  sal icylhyd~oxardic  acid on  horseradish perox idase .  Horseradish perox id-  
ase (Sigma,  ~ a d e  VI )  was  dissolved in an appropriate  buf fer  to  5 mg/ml .  Buffers  used were:  pH 6 .2 ,  50 
mM, 2- (N-mo~phol ino) -e thane  sui fonate;  pH 7.5 ,  50 mM methy l -2 - (N- t r i s (hydroxymethy l )  aminoe thane)  
suiformte; pH 8 .4 ,  50 mM glycylg lyc ine .  Samples  w i th  or w i t h o u t  0 .5  rnM sa l icy lhyd~oxamic  acid were  
frozen  rapidly in l iquid ni trogen and s tored  at 77 K unti l  assayed.  Condi t ions  of  EPR measurement  were:  
m o d u l a t i o n  apl~tude, 12 .5  G; m o d u l a t i o n  frequency ,  1 0 0  kHz ,  microwave  p o w e r ,  5 roW; m i c r o w a v e  fre- 
quency ,  9 . 1 8 5  GHz; temperature ,  6 .5  K. 
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the heine iron of the horseradish peroxidase to be significantly shifted to lower 
potentials on addition of a hydroxamic acid if metal chelation were indeed the 
mechanism of inhibition. The shift would be --60 mV per 10-fold difference in 
affinity for oxidized compared to reduced forms {see Clark [27] for a detailed 
mathematical treatment).  Such a ti tration carried out anaerobically in the pres- 
ence of  redox mediators as discussed by Dutton [18] is illustrated in Fig. 5. 
The pH dependency of the midpoint  potential obtained with the native enzyme 
is essentially the same as that  obtained by Harbury [28]. A slope of --60 mV/ 
pH is found,  until the pK of 7.3 of the H ÷ is reached when the redox reaction 
becomes pH independent.  It can be seen that  the addition of a hydroxamic 
acid at pH 7.0 caused at most a 100 mV negative shift in the Em7 of --250 mV 
of the peroxidase heme. A slope of --60 mV/pH unit is still observed in the sali- 
cylhydroxamic acid-complexed enzyme, again with a pK of around 7.3. Con- 
sidering that  the affinity of hydroxamic acids is many orders of magnitude 
higher for ferric, compared to ferrous, iron [4,26], this Em change is much less 
that  one would expect if indeed the iron of the enzyme were being directly 
chelated by the inhibitor. It does still, however, indicate a preference of the 
hydroxamic acid for the oxidized form of the enzyme as compared to the 
reduced form by almost two orders of magnitude. We would attribute this to 
a conformational effect of the heme reduction on the substrate binding site, 
which converts the site into a configuration less favorable to hydroxamate 
binding. Only in this way can we still rationalize the kinetic [9] and EPR 
effects of the hydroxamate.  
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Fig.  5.  R e d o x  t i trat ion o f  h o r s e r a d i s h  p e r o x i d a s e  in  the  absence  and p r e s e n c e  o f  s a l i c y l h y d ~ o x a m i c  ac id .  
A s o l u t i o n  o f  0 . 2 5  m g / m l  h o r s e r a d i s h  p e r o x i d a s e  in  a p p r o p r i a t e  b u f f e r  w a s  m a d e  a n a e r o b i c  w i t h  a f low of  
argon gas. Mediators  added  w e r e  b e n z y l  v i o l o g e n  ( 1 0  pM),  i nd igo -2 - su ] fo rmte  ( 1 0  pM) ,  2 - h y d r o x y - l , 4 -  
n a p h t h o q u l n o n e  ( 1 0  /~M), a n t h r a q u i n o n e - 2 , 6 - s u l f o n a t e  ( 1 0  /~M) a n d  p h e n o s a f ~ a n i n e  (5  ~M).  A s p e c t r o -  
p h o t o m e t r i c  r e d o x  t i trat ion was  p e r f o r m e d  as descr ibed  by  D u t t o n  [ 1 8 ]  w i t h  w a v e l e n g t h  o f  4 3 5  m i n u s  
4 5 0  n m .  S o d i u m  di th ion i te  and p o t a s ~ u m  fer~icyanide  w e r e  used for  the reduct ive  and ox ida t i ve  t i t r a -  
t i ons ,  respec t ive ly ,  and care was  t a k e n  that  hys teres i s  did n o t  o c c u r ,  i.e. that  the  s y s t e m  w a s  in  equ l ib r i -  
u rn .  Buffers  used  were :  p H  4 . 5 ~ 5 . 5 ,  5 0  m M  succ in ic  acid; p H  6 .2 ,  5 0  m M  2 - ( N - m o r p h o l i n o ) - e t h a n e  
s u l f o n a t e ;  p H  7 ~ 7 . 5 ,  5 0  m M  p o t a s s i u m  p h o s p h a t e ;  p H  8 . 5 - - 1 0 . 5 ,  5 0  m M  g l y c y l g l y c i n e .  
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Discussion 

It is clear that  hydroxamic acids, originally reported to be specific inhibitors 
of  the higher plant mitochondrial  alternative oxidase [18],  are rather less spe- 
cific inhibitors than once expected. This has given us a means of studying their 
mode of  inhibition directly by  testing their effects on well characterized redox 
enzymes. The accumulated results obtained with both  mushroom tyros inase  
and horseradish peroxidase indicate that  a mechanism of inhibition whereby 
the hydroxamic acid chelates the metal from the active site of  the enzyme is 
no t  the most likely mechanism, even although hydroxamic acids have previ- 
ously been noted for their metal-chelating capacity. This evidence includes the 
reversible nature of inhibition, competit ive kinetics with respect to reducing 
substrate, lack of correlation of  inhibition with metal prosthetic group type, 
EPt~ perturbation effects, and thermodynamic measurements.  Further,  recent 
studies in collaboration with workers in the laboratory of  Dr. A. Cerami, 
Rockefeller University, New York, have shown that the potential of inhibition 
of a series of hydroxamic acid derivatives is dependent  not  upon their metal- 
chelating ability, but  instead upon the presence of an aryl moiety on a primary 
hydroxamate  group (unpublished data). 

From the experiments performed,  we feel that  an alternative reasonable 
explanation of  hydroxamic acid inhibition is that of  competi t ion with the phe- 
nolic substrate for its binding site on the protein. This binding, by conforma- 
tional changes of the protein, presumably may also affect the kinetics of  the 
enzyme with respect to oxygen binding at the metal (c~. tyrosinase inhibition 
kinetics) or can cause conformational  restraints on the number  of  possible 
heme configurations (cf. the EPR-detectable effects of salicylhydroxamic acid 
on horseradish peroxidase), if the substrate binding site is close enough to the 
heme group. The binding, which is easily reversible, may be by  polyfunctional  
hydrogen bonding (cf. ref. 1), as suggested originally by Schonbaum [9]. How- 
ever, it is also known that hydroxamic acids can undergo a 1-electron oxidation 
in the presence of acidic ceric sulfate or alkaline ferricyanide to give a short- 
lived radical intermediate [29].  It is thought  extremely unlikely that  the 
hydroxamic acids are actually oxidized to such products when they act as 
inhibitors in these systems, for example, no transient oxygen consumption 
could be detected on addition of hydroxamic acids to tyrosinase, and no 
radical species were detected in any inhibitor • enzyme complexes (unpublished 
observations of  Rich, P.R. and Bonnet,  Jr., W.D.). Instead, however,  it is quite 
feasible that  a partial electron sharing may occur between the hydroxamic acid 
and an acceptor  group in the enzyme to produce a "charge transfer complex"  
[30,31].  Such a hypothesis  is experimentally testable, since a charge transfer 
absorption band should be detectable with a wavelength maximum dependent  
upon the ionisation potential of  the hydroxamic acid species. Experiments 
designed to detect  such absorption bands are currently in progress. 

These conclusions may be extended to another hydroxamic acid-inhibitable 
system, that  of  the alternative mitochondrial  respiratory pathway of higher 
plants [8].  We have already demonstrated that  the commonly  accepted expla- 
nation of  inhibition of  the alternative respiratory oxidase by metal chelation, 
presumably of  the iron in an iron-sulfur center, is not  borne out  by experimen- 
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tal findings [32--34].  These new results offer an alternative explanation, that of  
competi t ion with respect to the reducing substrate of  the terminal oxidase, 
which in this case would be a reduced form of ubiquinone [35].  A mechanism 
of this kind would explain the observed anomalies that the K i of inhibition is 
dependent  upon electron flux [36] and that the salicylhydroxamic acid inhib- 
i tory effect  is not  competit ive with respect to oxygen concentration (Rich, 
P.R., unpublished data). 

Since the hydroxamic acids may actually have multiple effects upon major 
biochemical processes in the plant, an effect  of these chemicals observed in an 
unpurified or whole cell system is not  easy to interpret. The observation is par- 
ticularly relevant to the effects of these hydroxamic acids upon tissue respira- 
tion, where in several instances a reduction in oxygen consumption on addition 
of a hydroxamic acid has been taken as evidence of  an alternative mitochon- 
drial respiratory pathway.  The work reported in this paper suggests that an 
assumption of  this nature is not  justifiable. For example, the total tyrosinase of 
a pota to  slice has at least 100 times the oxygen-consuming capacity of the 
respiratory pathway and is inhibited by at least one order of  magnitude less by 
hydroxamic acid than is the alternative mitochondrial  pathway. 
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