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Modification of tyrosine residues with tetranitromethane and reversible sulphite protection ofcysleine residues were tested on three dehydrogenascs 
of two families. In liver alcohol dchydrogcnase no Tyr residue is appreciably labelled, while in the horuologous sorbitol dchydrogeaasc Tyr-109 
is specifically labelled: the difference corresponds to a segment correlating with subunit interactions and the different quaternary structures of the 
proteins. In Dro.sopiti/rr alcohol dchydrogcnasc, Tyr modification is multiple, and the results show the prcsemx or two different states of Cys residues, 
reactive in the presence and absence ofcupric ions, respectively. Super-activation with cyanide was also noticed after S-sulphocysteinc protection. 

The results demonstrate the possibility of identification of specific Tyr residues in proteins with reversibly protected Cys residues, 

S-Sulphocysteine; Tetranitromcthane: Reversible cysteine moditication; Nitrotyrosinc; Enzyme inactivation; Reactive residue 

1. INTRODUCTION 

Chemical modifications with side chain-specific rea- 
gents offer modes of identifying residues at active sites 
of proteins. In the case of tyrosine residues, tetranitro- 
methane is a fairly specific reagent, but cysteine residues 
can also react and reduce the usefulness of the reagent 
[I]. Dehydrogenases illustrate the problem well, often 
having both important cysteine and tyrosine residues. 
In short-chain dehydrogenases (including Drosopkih al- 
cohol dehydrogenase [2.3]), a reactive tyrosine residue 
has been postulated [4], but labelled only in 3a/2Oj?- 
hydroxysteroid dehydrogenase [5], apparently lacking 
cysteine residues. In medium-chain dehydrogenases of 
the liver alcohol dehydrogenase type, reactive Cys resi- 
dues [6-l I] constitute ligands to metal atoms [12,13] 
and complicate identification of reactive tyrosine resi- 
dues (cf. [5]). Use of reversible Cys modification would 
be of interest, to yet products that, after deblocking of 
Cys-protective groups, are only Tyr-modified. 

For that reason, we have studied reversible cysteine 
modification, coupled with Tyr modification, utilizing 
two cysteine-rich dehydrogenases, the liver alcohol and 
sorbitol dehydrogenases, and one short-chain dehydro- 
genase, Drosopltilu alcohol dehydrogenase. We find the 
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old method of sulphite modification of cysteine residues 
in the presence of Cd’, to give the S-sulphocysteine 
derivative [14-l 61, useful as a mild means of protection. 
In the absence of intervening tetranitromethane treat- 
ment, this procedure is reversible, also for the cysteine- 
rich and metal-containing mammalian enzymes, and in 
the presence of tetranitromethane reactive tyrosine resi- 
dues can be differentiated. Results correlate with en- 
zyme inactivation and conformational properties. In 
addition, unexpected relationships are found regarding 
the two cysteine residues of the Drosopl~ih enzyme, 
where sulphite reaction in the absence of Cu”, and 
super-reactivation with cyanide, may correlate with na- 
tive oxidation or adduct formation. 

2. MATERIALS AND METHODS 

Alcohol dehydrogenase from horse liver and sorbitol dehydroge- 
tmse from sheep liver were obtained from Sigma (MO), Drosopltih 
alcohol dehydrogenase was prepared as described [I 71, Enzyme activ- 
ities were mrasured at 340 nm, 25°C. using oxidation of NADH with 
n-fructose for sorbitol dehydrogcnase at pM 7.4. reduction of NAD 
with ethunol for liver alcohol dehydrogenase at pH IO, and with 
?-propanol for Droso/~lrilri alcohol dehydrogenase at pH 8.6. 

Enzyme samples in 0.1 M sodium phosphate. pH 8.0: were 
sulphated with 5 mM sodium sulphite in the presence of 0.05 mM 
CuSO, at room temperature in the phosphate buffer, Tyrosine resi- 
dues were nitrated with tetranitromethune at room temperature with 
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a I - to 40.fold molar CXC~SS of reagent in the same buffer. Reduction 
of sulphated. or sulphated and nitrated enzymes, was pcrformcd with 
5 mM dithiothrcitol at room temperature for I h in sodium phosphate 
buffer, Excess reagents at each step of enzyme modification were 
removed by dialysis against phosphate buffer, 

Enzymes modified with tctranitromcthanc were dialyzed against 
waler, lyophilizcd, carboxymelhylated, analyzed for nilrotyrosinc 
content by amino acid analysis after hydrolysis, and submitted to 
peptide analysis for identification of the labclled tyrosinc residue(s) 
afkr cleavage with Lys-C protcase, and peptide purifications by re- 
verse-phase high performance liquid chromatography [4], For cleav- 
age, samples were solubilized in 9 M urea. diluted to I .5 M urea with 
0. I M ammonium bicarbonate, and treated with proteinasc Lys-C at 
prowase/dchydrogenasc ratios of 12.5 for 6 h at 37°C. Amino acids 
were analyzed in an LKB Alpha Plus innrument after acid hydrolysis 
at 110°C for 24 h in 6 M HClIO.596 phenol. while scqucnccr analysis 
utilized u Milligen Prosequencer 6600. Nitrotyrosine and PTH-nitro- 
tyrosinc were detected by the absorption at 360 nm in acid [I]. 

3. RESULTS 

3.1. Nirruiiot~ of’nutive etz:pes with ~et~uttir~otttetitcltte 

3.1.1, Medium-chain dchydrogenases. 
Liver alcohol and sorbitol dchydrogenases are inac- 

tivated by tetranitromethanc, but rates and products are 
different, with sorbitol dchydrogenase the more scnsi- 
tive enzyme (90-95% inactivation in 3 min vs. 120 min 
for alcohol dehydrogcnase at enzyme/reagent ratios of 
190). Acid hydrolysis and analysis for nitrotyrosine 
after inactivation to 90-95%. revealed about 2 mol ni- 
trotyrosine per mol subunit in alcohol dehydrogenase 
but only trace amounts in sorbitol dehydrogenase. 
These results suggest that the most reactive residue in 
sorbitol dehydrogenase, correlating with inactivation, is 
not tyrosine. In contrast, no residue in alcohol dehydro- 

TIME (minl 
Fig. I. Illactivation of the three enzymes by sulphile treatment. Open 
symbols refer to samples treated with 5 mM Na,SO, and 0.05 mM 
CuSO, in G.1 M phospbat: buffer. pH 8.0. zt r3om temperature wirh 
horse liver alcohol dehydrogcnasc (r), sheep liver sorbitol debydroge- 
nase (c) and Dro.sophifu alcohol dehydrogenase (A), and filled symbols 
to samples treated under identical conditions cxccpt for Ihe absence 
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Fig. 2. Reactivation of the three cnrymcs by dithiothrcitol nlicr 
sulphitc treatment. Reactivation of horse liver alcohol dchydrogcnasc 
(cI), sheep liver sorbilol dehydrogcnasc (r)), and Drosqirib aicohoi 
dehydrogcnaslt (&) in 0.1 M phosphate builizr. pH 8.0. with 5 mhl 
dithiothrcirol at room tcmpcrature. Further reactivation was obscrvcd 

or the CuSO, (until added, at the arrow marked Cu”+). after dialysis against phosphalc buffer. 
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genase is highly sensitive to tetranitromethanc, but tyro- 
sine residues gradually react. The presence of a reactive 
residue in sorbitol dehydrogenase, not correlating with 
nitration of tyrosine, makes this enzyme suitable for 
analysis of tyrosine modification after thiol protection. 

3.1.2. Short-chain dehydrogenase. 
At room temperature, inactivation was similar to that 

for sorbitol dehydrogenase even at very low tetrani- 
tromethane excess. At 4”C, a slower inactivation could 
be observed, as well as non-stoichiometric amounts of 
nitrotyrosine after hydrolysis (about 0.5 mol per mol 
protein chain at 95% inhibition). It is concluded that 
both tyrosine and other residues react, making tctrani- 
tromethane modification complex with Drosopltih al- 
cohol dehydrogenasc. 

3.2. Protecriott of rem~ive cysreitte residws and mbse- 

quertt tyrnrhe ttzodijktlion 

3.2.1. Medium-chain dehydrogenases, 
Liver alcohol and sorbitol dehydrogenases were both 

inactivated by sulphite in the presence of Cu” (Fig. I). 
Subsequent dialysis did not reactivate the enzymes. 
They were stable to treatment with sulphite alone (Fig. 
l), and to treatment with only 0.05 mM cupric sulphate. 
It is concluded that the reactive cysteine residues of both 
enzymes are sensitive to sulphation in the presence of 
Cu” (the latter necessary for sulphation of thiols [14- 
161). 

The enzymes inactivated by the sulphite/Cu’+ treat- 
ment can be reactivated with reducing agents like 
dithiothreitol at room temperature for 30 min and reach 
constant values (Fig. 2). Even if incomplete, the reacti- 
vations are remarkable, considering that these enzymes 
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are zinc mctalloproteins with sensitive apoforms, sus- 
ceptible to metal exchange, and inhibited by high con- 
centrations of dithiothreitol. Indeed, subsequent dialy- 
sis to remove excess reagents was found to carry the 
reactivation further, but exact conditions for balancing 
oxidative losses, metal exchanges, and replacements 
proved difficult to find. Nevertheless, the levels reached 
show that S-sulphocysteine protection is principally re- 
versible even for these Cys-rich proteins. 

After sulphite/Cu”+ treatment for 2 h at room temper- 
ature, at which stage remaining activity was only 5-10% 
(Fig. l), and dialysis against 0.1 M phosphate buffer, 
pH 8.0, the S-sulphocysteine-protected enzymes were 
submitted to treatment with a 20-fold molar excess of 
tetrnnitromethane for 5 min at room temperature, i.e. 
conditions that without protection produce extensive 
inactivation of sorbitol dehydrogenase. Subsequent cys- 
teine deprotection with S mM dithiothreitol yielded a 
reactivation of alcohol dehydrogenase (64% of that ob- 
tained without intervening tetranitromethane treat- 
ment), while sorbitol dehydrogenase was permanently 
inactivated. Apparently, protected sorbitol dehydroge- 
nase has tyrosine residue(s) more accessible than in al- 
cohol dehydrogenase. Absorbance at 428 nm indicated 
the presence of nitrotyrosine in the tetranitromethane- 
treated sorbitol dehydrogenase but not in the alcohol 
Jehydrogenase, and amino acid analysis showed the 
presence of 0.9 nitrotyrosine per subunit for sorbitol 
dehydrogenase but only trace amcunts for alcohol de- 
hydrogenase. These results suggest that one tyrosine 
residue in sorbitol dehydrogenase is sensitive to tetrani- 
tromethane, and that modification of this residue pre- 
vents the reactiviations otherwise obtained upon cyste- 
ine deprotection (Fig. 2). 

3.2.2. Short-chain dehydrogenase. 
Treatment of Drosopltih alcohol dehydrogenase 

through cysteine protection and deprotection yielded 
results (Pigs. 1 and 2) similar to those with the medium- 
chain dehydrogenases but with two consistent differ- 
ences. One is that the Drosophila enzyme, with less cys- 
teine and without metal, gives the highest reactivation 
upon deprotection (Fig. 2). However, even in this case, 
reactivation is incomplete, and may correlate with addi- 
tional cysteine modifications (cf. below). 

The other is that the Drosophiku enzyme was sensitive 
to sulphite both in the presence and absence of Cu?+, 
although to different extents. In the presence of Cu?‘, 
the enzyme was inactivated in a manner similar to that 
for the medium-chain dehydrogenases. However, it was 
not stable to treatment with sulphite alone, and partial 
inactivation, reaching a plateau, was achieved (Fig. I), 
at which stage addition of Cu”’ led to further inactiva- 
tion. Sulphite in the absence of Cu” can react with 
cystine [l5], and the partial inactivation of the Droso- 
pltilu enzyme under these conditions suggests a non- 
stoichiometric absence of the two cysteine thiols per 
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subunit in the enzyme preparation. With sulphite alone, 
the sulphation would cause inactivation in the fraction 
of the enzyme lacking thiols, and in the presence of Cu?+ 
also in the thiol-containing fraction (Fig. 1). This pat- 
tern suggests that the cysteine residues in Drosophilu 
alcohol dehydrogenase are not catalytic, but may per- 
turb structural relationships, in agreement with results 
of site-directed mutagenesis, showing loss of the cyste- 
ine residues still to result in active enzymes [18]. 

Super-reactivation with cyanide of the Cys-protected 
Duosophiia alcohol dehydrogenase was noticed. Thio- 
sulphates react readily with aqueous cyanide to give 
thiocyanates [ 181. When S-sulphocysteine-protected 
Drosophila enzyme was treated with IO mM potassium 
cyanide in 0.1 M phosphate buffer, pH 8,0, for 1 h, and 
excess reagents were removed by dialysis, enzyme reac- 
tivation was found to be 120% of the original value. 
This result confirms that protein thiols do not play im- 
portant roles in the enzyme catalysis but that their exact 
surroundings have structural consequences, influencing 
overall levels of activity. 

It was not possible to reactivate tetranitromethane- 
treated Cys-protected Drosophila alcohol dehydroge- 
nase by cysteine deprotection with S mM dithiothreitol 
or IO mM potassium cyanide. The modified enzyme 
exhibited a UV absorbance at 428 nm, and gave 1.8 mol 
nitrotyrosine per mol subunit after acid hydrolysis. The 
results show that more than one tyrosine residue in 
Drosopltih alcohol dehydrogenase is sensitive to 
tetranitromethane after cysteine protection. 

Nitrated and carboxymethylated liver sorbitol and 
Drosophih alcohol dehydrogenases, constituting the 
two enzymes exhibiting reactive tyrosine residues, were 
digested with proteinase Lys-C, and the peptides ob- 
tained were separated by reverse-phase HPLC. Acid 
hydrolysis and analysis for nitrotyrosine of all major 
fractions reveated one nitrated peptide in sorbitol dehy- 
drogenase in agreement with the stoichiometry and four 
in lower yield in Drosopkilu alcohol dehydrogenase 
(Fig. 3). 

Sequence analysis of the fraction nitrated in sorbitol 
dehydrogenase identified this peptide as the fragment 
106-l 32. The label was identified at cycle 4, correspond- 
ing to Tyr-109, and was shown to be PTH-nitrotyrosine 
both by its absorbance at 360 m-n (possible to monitor 
in the MilliGen Prosequencer directly) and late position 
in the chromatogram (after PTH-valine). The second 
tyrosine residue, Tyr-13 1, was recovered completely un- 
labelled. This result identifies Tyr-109 as selectively la- 
belied, accessible in sorbitol dehydrogenase, and detect- 
able after cysteine protection. 

Similar analysis of the DrosopAifa enzyme showed the 
nitrated fractions to correspond to peptides with varia- 
ble recovery of nitrotyrosine at positions 61 and 63 (in 
peptide 56-74), 147 and 152 (in peptide 144-i56), and 
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Fig. 3, Purification of the nitrotyrosine-containing peptides from di- 
gests of nitrated sorbitol dehydrogenase (A) and Drosopl~ilu alcol~ol 
dehydropcnasc (B) by reverse-phase high-performance liquid chroma- 
tography on Vydac Cl& Elution positions of all nitrotyrosine-con- 
taining peptidcs, with numbers giving the tyrosine position and the 
sizes of the rragmcnts, as derived from sequence analysis. In the case 
of fragment 56-74, containing Tyr-GI and Tyr-G3 in B. peptide identi- 
fication and tyrosine positions were fixther checked by redigestion 
with endoprotease Asp-N; this fragment was recovered in multiple 

form, labelled on Tyrdl, Tyr-63. both Tyr, or none. 

178 (in peptide 169-192). These labels add up to about 
two residues of nitrotyrosine and indicate absence of 
selectivity in the tyrosine reactivity. 

4. DISCUSSION 

The results have three implications. The first is that 
the old method of sulphite/Cu!+ modifica.tion of cysteine 
residues is appropriate for reversible cysteine modifica- 
tion during tests for reactive tyrosine residues in pro- 
teins. S-Sulphocysteine derivatization inactivates all 
these enzymes, and the inactivations are reversible by 
dithiothrcitol treatment, True, reversibility is incom- 
plete under the present conditions, but this is compati- 
ble with the fact that two of the enzymes are sensitive 
metalloproteins (the middle-chain dehydrogenases), 
and one (the short-chain dehydrogenase) exhibits I het- 
erogeneity in Cys status (Fig. 1). The reactivation 
achieved was unexpected, and the medium-chain dehy- 
drogenases have not been reversibly activated after 

other cysteine modifications. Reaction of the cysteine- 
protected enzymes with tetranitromethane shows that 
differential tyrosinc reactivity is possible to obtain in the 
protected enzymes. The results exemplify three different 
situations, one accessible tyrosine residue (sorbitol de- 
hydrogenase), several partly accessible (Drosophila al- 
cohol dehydrogenase), and absence of reactive tyrosine 
residues (liver alcohol dehydrogenase). Since the reac- 
tion scheme is possible to use with cysteine-rich dehy- 
drogenases, it should be applicable to proteins in gen- 
eral for detection of reactive tyrosine residues. 

The second implication concerns the reactive tyrosine 
residues identified. They correlate with known confor- 
mational properties. In liver alcohol dehydrogenase, no 
tyrosine residue has been ascribed specific roles at the 
active site [12], while in sorbitol dehydrogenase, Tyr-109 
corresponds to a segment containing the largest differ- 
ences between the liver alcqhol and sorbitol dehydroge- 
nases, adjacent to a deletion, to loss of a zinc atom, and 
contributing to differences in quaternary structure [13]. 
Regarding the labelling results with the Drosophila en- 
zyme, the tertiary structure is unknown. Only one short- 
chain dehydrogenase has been analyzed crystallograph- 
ically [20]. However, that enzyme, 3cr/2Op-hydroxyster- 
oid dehydrogenase has one Tyr residue, Tyr-152, as- 
cribed a critical role [3], located close to the substrate 
site [20], and the corresponding residue has been proven 
to have a role from site-directed mutagenesis of the 
homologous 15hydroxyprostaglandin dehydrogenase 
[?I]. Even if the multiplicity of labelling presently ob- 
tained prevents exact correlations, the results at least 
show that the corresponding residue is one of those 
labelled. 

The third implication concerns the special hybrid 
properties of the Drosophila enzyme towards sulphite 
inactivation in the presence and absence of cupric ions 
(Fig. 1). In the case of the medium-chain dehydroge- 
nases, both were intensitive towards the sulphite treat- 
ment in the absence of Cu?‘, confirming the need for 
Cu” to get sulphite reaction with free thiols [14-163. 
However, in the case of the Drosophila enzyme, a sub- 
stantial inactivation occurred also in the absence of 
CL?‘, condhions at which the reagent reacts only with 
disulphide structures [IS], It may be deduced that in the 
Drosopltika enzyme one or both of the cysteine residues 
are linked to other thiols in disulphide arrangements, or 
to adducts in reactive linkages. Inter-subunit disulphide 
bridges are not likely to be present, since dimers are not 
visible upon non-reductive SDS-polyacrylamide gel 
electrophoresis. An intra-subunit disulphide bridge 
does also not seem likely since the two Cys positions 
(I 35 and 218 in Drosophilu alcohol dehydrogenase) do 
not appear easy to perturb into an S-S bridge if the 
&Gso17hi!a enzyme has a tertiary strwturc related to 
that of 3a/ZO&hydroxysteroid dehydrogenase [20], 
Therefore, the reactivity in the absence of CL?’ may 
suggest an unexpected presence of S-linked low molecu- 
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lar weight ligands. The presence of unusual Cys-modifi- 
cations in the intact enzyme is also supported by the fact 
that cyanide treatment and subsequent reduction was 
now found to cause super-activation of the CyY-pro- 
tected enzyme. Interestingly, the Drosopltih enzyme has 
since long been ascribed different molecular forms pre- 
sumably caused by adduct formation [22,23]. In conclu- 
sion, the results demonstrate the use of tetranitro- 
methane-linked tyrosine modification in Cys-rich pro- 
teins, establish a specific difference between dehydroge- 
nases, and identify an unexpected activation of the 
Drosophila enzyme. 
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