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Proteins comprise a remarkably diverse group of com-
pounds. They vary widely, not only in terms of com-
position and structure, but also in their enormous spec-
trum of biological functions. Most of these functions
are highly specific and constitute a primary means of
identifying individual proteins.

Presently, it is almost universally accepted that the
function of a protein is directly related to its three-di-
mensional structure which, in turn, is dictated by its
linear sequence of amino acids. Due to molecular fold-
ing, amino acid side chains may be brought from distant
positions in the linear sequence of the protein into
proper spatial alignment and juxtaposition so as to in-
duce the chemical reactivity and surface environment
essential for the ultimate manifestation of function.

Protein structure is commonly determined by a com-
bination of chemical sequencing and X-ray crystallo-
graphic methods.!=* At present such procedures have
a number of practical limitations. Some properties of
proteins are best examined by chemical procedures. In
particular, amino acid residues participating in enzyme
function can be identified most effectively by means of
chemical modifications. The approach has become in-
creasingly sophisticated in recent years, and efforts are
now directed toward discerning not only specific fune-
tional residues but also the nature of the environmental
factors which render them active. Several recent, gen-
eral reviews of this subject are available.’—3

A large number of reagents can be employed for mod-
ification of side-chain residues in proteins,®-* and virtu-
ally all functional groups are amenable to chemical al-
teration (Table I). However, most reagents are non-
specific; they react with more than a single residue or
even a single class of residues. This may complicate
the interpretation of chemical modification studies.
Fortunately, certain residues, because of their micro-
environment within the three-dimensional structure of
the protein, may exhibit reactivities different from
those expected on the basis of studies with model com-
pounds. Often, these are the residues which have a
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Table I

Reactions for the Modification of
Functional Groups in Enzymes
-NHCH(R)CO-
functional groups,
Reactions
(CH,)NHj, e-amino
group of lysine

Acylation, alkylation, arylation,
deamination, reaction with reac-
tive carbonyls

(CH,;):NHC(=NH)NH,, Condensation with dicarbonyls
guanido group of argi-
nine

(CH,),COOH, n = 1, 2,
carboxyl group of as-
partic and glutamic

Esterification, urea formation with
carbodiimides, reduction

acids
CH,SH, thiol group of Oxidation, arylation, alkylation,
cysteine 8 elimination, heavy metal deriv-
atives
N
CHzC\/:J Alkylation, diazonium coupling,
N iodination, oxidation, photo-
imidazole group of oxidation
histidine
(CH,):SCHs, thio ether of  Oxidation, photooxidation, alkyla~
methionine tion

CH,C:H,OH-p, phenolic
group of tyrosine

110
N

Acylation, alkylation, iodination,
nitration, oxidation

Alkylation, formylation, oxidation,

N ozonolysis
indole group of trypto-
phan
CH.OH, aliphatic hy- Esterification

droxyl group of serine
and threonine

direct role in biological function. In fact, the struc-
tural factors which generate and condition catalytic func-
tion and specificity in enzymes seem to be closely re-
lated to those which give rise to such unusual chemical
reactivity. Itisthischaracteristic which allows a rather
high frequency of unique group labeling in chemical mod-
ification studies.

In instances where 1:1 stoichiometry is not observed,
other experimental approaches such as “differential
labeling” can be employed. Modification is first per-
formed in the presence of a protective agent (substrate,
inhibitor, cofactor, allosteric regulator, etc.), the agent
is removed, and the modification is repeated with, e.g.,
isotopically labeled reagent. Alternatively, if the pro-
tein to be modified exhibits a specific binding affinity
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for a particular chemical structure, a chemically reac-
tive side chain can be affixed to that structure in order
to bring about covalent bonding to a residue in the vi-
cinity of the binding site. The various maneuvers
which can be employed are summarized in Singer’s
review.®

The interpretation of the results of chemical modifi-
cations of proteins cannot be based solely on functional
parameters. Thus, while loss of enzymatic activity
consequent to modification of a particular amino acid
side chain is generally assumed to signal the participa-
tion of that residue in activity, other possibilities such
as denaturation must be considered. - For this reason,
mild reactions are ordinarily recommended; however,
this should not inhibit the courageous from investigat-
ing the “unusual” since some proteins can withstand
rather extreme conditions.

In this Account, we will not attempt to cover the vast
field of chemical modifications of proteins. Rather, we
will confine ourselves to a discussion of a few selected
means to modify one particular amino acid side chain to
best illustrate the principles and considerations involved
as well as the type of information which can be obtained.

Modifications of Tyrosyl Residues

Tyrosine is one of the most experimentally accessible
residues. Its structure is indicated in Table I. Tt has
spectral characteristics which can be examined in the
native protein, providing a means of determining the
phenolic dissociation constant. Its physicochemical
properties enable it to assume various functions in the
mechanism of action of enzymes. It can participate
either in substrate binding or in catalysis as a proton
donor, as a nucleophile or general base, or as a locus for
hydrophobic or charge-transfer interactions. Iurther,
these properties can be influenced markedly by the
surrounding environment.

It was not until a few years ago that the susceptibil-
ity of tyrosine to chemical modification became fully
appreciated; both the aromatic ring and the hydroxyl
group can undergo substitution reactions. Some of
the more commonly employed reactions are listed in
Table I. Because the aromatic ring absorbs light, spec-
tral changes often accompany tyrosyl modification and
are valuable in identifying and quantitating the degree
of reaction.

The chemical reactions of tyrosyl residues can be di-
vided into four categories.

(a) Ester Formation. This occurs with simple acid
anhydrides, ' acid chlorides,’0:'! acetylimidazole,!?
and phosphoryl and sulfonyl halides.?.1!

(b) Electrophilic Substitution. Halogenation,'0.11,13,14
coupling with diazonium compounds,’¢.1 and nitration
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Gaddone, J. Biol. Chem., 238, 1343 (1963).
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with tetranitromethane!® are typical examples which
have been examined in detail and employed widely.

(¢) Ether Formation. Methylation with dimethyl
sulfatel®!! and arylation using fluorodinitrobenzene?
or cyanuric fluoride'® has been employed with success
in a number of cases.

(d) Oxidation Reactions. A variety of such reac-
tions are known, including electrolytic oxidation,'®
ultraviolet irradiation,® dye-sensitized photooxida-
tion,?! and enzymatic oxidation with tyrosinase.??

Acylation. Acetylation with acetic anhydride or
acetylimidazole is a typical example of a suitable
tyrosyl echemical modification.®® The reaction is gener-
ally carried out at neutral to slightly alkaline pH
(7.5-8.0) with a ratio of reagent to protein of between
10 and 100. FEven at 0° the reaction is complete
within 1 hr. The pH of the reaction must be con-
trolled, preferentially by an autotitrator (pH-stat),
since some buffers influence the course of the reac-
tion.2® Acetic anhydride reacts with amino, sulfhy-
dryl, phenolic, and hydroxyl groups of proteins. The
specificity depends upon the conditions employed and
the particular protein. Acetylimidazole is milder and
more selective than the anhydride and, even at room
temperature, it is less reactive toward amino and ali-
phatic hydroxyl groups. These circumstances have
made it a favored reagent for tyrosyl modification.

O-Acetylation markedly decreases the phenolic ab-
sorption at 278 nm (AE s = 1160). Exposure to alkali
or to neutral hydroxylamine hydrolyzes the ester
bond and restores the spectrum; acetylhydroxamic acid
can be estimated quantitatively. This provides a
means to differentiate, both chemically and biologi-
cally, between the acetylation of amino vs. phenolic hy-
droxyl groups.

Cyclic anhydrides, such as succinic anhydride, offer
a greater degree of control for limited acylations. The
reaction of succinic anhydride with tyrosine reverses
spontaneously due to intramolecular catalysis of the hy-
drolysis of the O-succinyl ester bond by the free car-
boxyl group.?* However, the rate of deacylation can be
increased, for instance, by adding methyl substituents
to the methylene carbon atoms or decreased by increas-
ing the number of methylene groups as in glutaric anhy-
dride.?* Blocking of phenolic hydroxyl groups with
chloro- or bromoacetyl groups also is a reversible pro-
cess due to spontaneous ester hydrolysis.?
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R R Scheme I
C—CH. XC¢H,0~ + TNM === charge-transfer complex
/ 2
—_— + 0\ Jrrate determining
lC,_CHQ NOQXCGI‘LO— -~ [XCGH4O + NOz] + C(NOQ)S_
O\C /0 OH 0
/4 \(I:H2 | XCH0- + NO,-
(—-)O\C/CH2 HOOC— HQ N02 + XCBH40_ ‘—"_ XCﬁqu‘ + NOz—
O/ HOOC-—CH, nXCeH,O - —> coupling products

Succinylation of the hydroxyl groups of serine and
threonine and of amino groups has also been observed. 267
However, these derivatives are relatively stable,
and deacylation can only be effected with alkaline hy-
droxylamine. Furthermore, whereas the products of
acetylation of amino and phenolic hydroxyl groups are
uncharged, dicarboxylic acid anhydrides introduce an
additional negative charge via the carboxylate ion.
Therefore, these reactions may have different effects
on activity, conformation, or degree of aggregation. 829

Nitration. Nitration with tetranitromethane (TNM)
has proven to be exceptionally valuable for studying
tyrosyl residues in proteins.—3% The reagent can be
employed under mild conditions—room temperature
and pH 8.0. When added in low molecular excess,
TNM selectively nitrates ortho to the hydroxyl
group of tyrosyl residues. Under these conditions it
can also oxidize sulfhydryl groups. The nitration of
tyrosine is dependent upon pH, being slow or absent
at pH 6 and very rapid at pH 9. Nitration and thiol
oxidation can often be distinguished by performing
the reaction at pH 6 where only oxidation takes place.

Bruice, ef al.,®® have investigated the nitration of
phenol model compounds by TNM in detail and have
suggested the mechanism outlined in Scheme I. TNM
forms a charge-transfer complex with phenoxide ion,
in aqueous solution, thus accounting for the pH depen-
dence of the reaction. This is followed by a rate-deter-
mining electron transfer to generate the phenoxide and
nitrite radicals plus the nitroformate anion. Nitration

(25) J. F. Riordan, M. Sokolovsky, and B, L. Vallee, unpublished
data.

(26) A.D. Gounaris and G. E. Perlmann, J. Biol, Chem., 242, 2739
(1967).
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(28) I. M. Klotz and 8. Keresztes-Nagy, Nature, 195, 900 (1962).

(29) E. A. Meighen and H. K. Schachman, Biochemistry, 9, 1163
(1970). .
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3583 (1966).

(31) J. F. Riordan, M. Sokolovsky, and B. L. Vallee, tbid., 6, 358
(1967).

(32) J. F. Riordan, M. Sokolovsky, and B. L. Vallee, tbid., 6, 3609
(1967).

(33) P. Cuatrecasas, S. Fuchs, and C. B. Anfinsen, J. Btol. Chem.,
243, 4787 (1968).

(34) J. T. Johansen, M. Ottesen, and I. Svendsen, Biochim.
Biophys. Acta, 139, 211 (1967).

(35) A. Schejter, I. Aviram, and M. Sokolovsky, Biochemistry, 9,
5118 (1970).

(36) M. Sokolovsky and J. F. Riordan, Israel J. Chem., 7, 571
(1969).

(87) W. Domschke, C. Von Hinueber, and G. F. Domagk, Bio-
chim. Biophys. Acta, 207, 485 (1970).

(38) T. C. Bruice, J. J. Gregory, and 8. L. Walters, J. Amer.
Chem. Soc., 90, 1612 (1968).

results from the coupling of these two radicals, but ad-
ditional reactions are made possible by the coupling of
phenolate radicals with each other. Turther, nitrite
ions are formed by electron transfer between NO, and
additional phenolate ions.

The reaction of TNM with sulfhydryl groups is
thought to proceed by the mehanism given in Scheme
I1.3*  An intermediate sulfenyl nitrate is formed which,

Scheme II
RSH + TNM —> RSNO; + G(NOy);~ + H*

RSH
—> RSSR + NO,” + HT
RBNO; ——

H:0
L—-> RSOH + NO,” + H~

i» [0]
— RSO?H

in the presence of excess thiol, 7.e., low molar excesses
of TNM, gives the disulfide and nitrite ion. Alterna-
tively it can hydrolyze to give the sulfenic acid which,
upon exposure to air, oxidizes to the sulfinic acid. The
relative amounts of disulfide and sulfinie acid depend
upon reaction conditions, the ratio of TNM to RSH,
and the nature of the R group.®®

When TNM is employed in high molar excesses at pH
8, or if the reaction is carried out at higher pH values,
other residues such as histidine, tryptophan, and methi-
onine will react.?®% The products of these reactions
have not been identified thus far but, in the case of
tryptophan, a number of nitrated derivatives have been
demonstrated. 384

According to the above schemes, it should be possible
to follow the modification of proteins with TNM by
measuring the release of nitroformate anion. This spe-
cies absorbs at 350 nm with an extinction coefficient of
14,400.4 However, we have found that with a number
of proteins the amount of nitroformate produced is
greater than that which can be accounted for by tyrosyl
modification, sulfhydryl oxidation, or loss of other resi-
dues. This suggests the possibility of a catalytic
breakdown of TNM. Thus, the appearance of 350-nm
absorption can serve only as a qualitative gauge for the
reaction of TN M with proteins.

(39) M. Sokolovsky, D. Harell, and J. F. Riordan, Biochemisiry,
8, 4740 (1969).

(40) M. Sokolovsky, M. Fuchs, and J. F. Riordan, FEBS (Fed.
Eur. Biochem. Soc.) Lett., 7, 167 (1970).

(41) D. J. Glover and S. G. Landsman, Anal. Chem., 36, 1690
(1964) .
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The free-radical mechanism for nitration can lead to
potentially significant side reactions, protein—protein
interaction and polymerization. Such cross-linking of
proteins has been reported to occur on nitration in a
number of instances.*2=4 The formation of nitrite ion,
as a by-product, can also cause unwanted side reac-
tions® If modificationis terminated by acidification, as
has been done on occasion, the resultant nitrous acid can
(a) modify previously unreacted tyrosyl residues; (b)
deaminate lysyl residues; (¢) react with thiol and other
side-chain groups, and (d) induce polymerization.
Thus, it is critical that excess reagent and by-products
be removed from the reaction mixture by gel filtration
or dialysis prior to lowering the pH. The formation of
nitrate esters® can provide another mechanism by
which protein polymerization may occur. Such active
esters could react with, e.g., amino groups leading to
inter- and intramolecular peptide bonds.

Diazonium Coupling. Proteins may also be modified
by coupling with aromatic diazonium salts. These
reagents, long used in the study of proteins, interact
readily with tyrosyl, histidyl, and lysyl residues, pro-
ducing intensely colored products with the first two.
Recently it has been observed that, in some proteins,
arginine and tryptophan (at the « position) can also
couple with diazonium salts.*®#  An enormous number
of diazonium compounds are available, but little atten-
tion has been given to the influence of the aromatic resi-
due on the specificity of the reaction. Rather, attempts
have been made to define specificity on the basis of ab-
sorption spectra. However, lack of residue or spectral
specificity has largely rendered such reagents of limited
value for purposes of definitive indentification. Never-
theless, under appropriate conditions azo labels have
beenshown to be attached specifically to tyrosine residues
at the active sitesof antibodies.*® Moreover,it is possible
to overcome the broad specificity of these reagents by
performing successive chemical modifications, 7.e.,
blocking exposed lysyl residues by acylation, thus pre-
venting their subsequent reaction with the diazo re-
agent,*?

Besides their lack of residue specificity, diazonium
salts suffer some disadvantages in that more than one
derivative may be formed with tyrosyl, histidyl, and
lysyl residues. In the case of tyrosine, the 3-azo and
the 3,5-bisazo derivatives have been identified. Mono
coupling proceeds rapidly, while the second step 1is
slower. With histidine, bis coupling to give the 2,4
derivative is quite fast, and it is unecertain if monoazo-
histidine is the 2 or the 4 derivative. Lysine is gener-

(42) R. J. Doyle, J. Bello, and O. A. Roholt, Biochim. Biophys.
Acta, 160, 274 (1968).

(43) J. P. Vincent, M. Lazdunski, and M. Dellaage, Eur. J.
Biochem., 12, 250 (1970).

(44) R. W. Boesel and F. H. Carpenter, Biochem. Bilophys. Res.
Commun., 38, 687 (1970).

(45) M. Sokolovsky and J. ¥. Riordan, FEBS (Fed. Eur. Biochem.
Soc.) Lett., 9, 239 (1970).

(46) L. Goldstein, M. Pecht, S. Blumberg, D. Atlas, and Y. Levin,
Biochemisiry, 9, 2322 (1970).

(47) P. Cuatrecasas, J. Biol. Chem., 245, 574 (1970).

(48) N. O. Thorpe and S. J. Singer, Biochemistry, 8, 4523 (1969),

(49) M. Sokolovsky and B. L. Vallee, tbid., 6, 700 (1967).
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ally thought to form a pentazine, but recent evidence®
would suggest that the triazine may be the predominant
species.

Structural and Functional Consequences
of Protein Modification

Each of these modification procedures has been em-
ployed to specific advantage with a variety of enzymes.
Acylation is the only reversible reaction known for tyro-
sine. This fact led to the initial demonstration that
two tyrosyl residues are essential to the catalytic mech-
anism of carboxypeptidase A5 In addition, the ease
by which acylation can be measured suggested a method
for the determination of “free’” and “buried” residues
in proteins.!’? These designations, “free” and “buried,”
are used merely to indicate the susceptibility of certain
residues to chemical modification and, hence, are
strictly operational. They are not intended to define
the location of residues on the interior or exterior of the
three-dimensional protein structure, though this could
obviously influence reactivity markedly. The chemi-
cal reactivity of side-chain groups of proteins is largely
determined by local environmental factors such as the
charge or polarity of neighboring residues.

Acetylation has helped to identify “regulatory’ as
well as “catalytic” sites in enzymes. Acetylation of
fructose 1,6-diphosphatase from rabbit liver with ace-
tylimidazole has revealed two classes of functional
tyrosylresidues.®® Inthefirst phase of modification, two
or three tyrosyl residues are acetylated with no change in
catalytic properties. The acetylation of four additional
residues is associated with the loss of allosteric inhibi-
tion by adenosine monophosphate. Finally, the acety-
lation of the last few residues abolishes catalytic activity.
The last phase is blocked by the substrate while the in-
hibitor protects the second group of tyrosyl residues.

Nitration affords multiple opportunities for studying
tyrosyl residues in proteins. Some of the results of such
studies (see ref 53-72) are summarized in Table II. In

(50) H. M. Kagan and B. L, Vallee, ¢bid., 8, 4223 (1969).

(51) R. T. Simpson, J. F. Riordan, and B. L. Vallee, 1bid., 2, 616
(1963).

(52) 8. Pontremoli, E. Grazi, and A. Accorsi, tbid., 5, 3568 (1966).

(53) -U. Femfert and G. Pfleiderer, FEBS (Fed. Eur. Biochem.
Soc.) Lett., 4, 262 (1969).

(54) S. Fuchs and D. Givol, ibid., 2, 45 (1968).

(55) R. Kassab, A. Fattoum, and L. A, Pradel, Eur. J. Biochem.,
12, 264 (1970).

(56) P. Christen and J. F. Riordan, Biochemistry, 9, 3025 (1970).

(67) A.J.Furth and D. B. Hope, Biochem. J., 116, 545 (1970).

(58) S. V. Shlyapnikov, B. Meloun, B. Keil, and F. Sorm, Collect.
Czech. Chem. Commun., 33, 2292 (1968).

(59) A. Nilsson and 8. Lindskog, Eur. J. Btochem., 2, 309 (1967).

(60) N. C. Price and G. K. Raddua, Biochem. J., 114, 419 (1969).

(61) Z. Romano, M. L. Marcante, A. Floridi, and A. Caputo,
Biochim. Biophys. Acta, 194, 74 (1969).

(62) R. L. Rill and I. M. Klots, Arch. Biochem. Biophys., 136,
507 (1970).

(63) M. Z. Atassi and A. ¥. 8. A. Habeeb, Biochemastry, 8, 1385
(1969).

(64) M. Z. Atassi, ibid., 7, 3078 (1968).

(65) M. A. Grillo and M. Coghe, Ital. J. Biochem., 18, 133 (1969).

(66) L. Ma, J. Brovetto-Cruz, and C. H. Li, Biochemistry, 9, 2302
(1970).

(67) L. V. Kozlov, G. A. Kogan, and L. L. Zavada, Biokhimiya,
34, 1257 (1969).

(68) G. A. Beaven and W. B. Gratzer, Biochim. Biophys. Acta,
168, 456 (1968).
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Table II
Consequences of Tyrosyl Nitration in Proteins

Protein Modification consequences

Nitration of one tyrosyl residue per
monomer causes inactivations?

Nitration of a tyrosyl residue affects
the combining site®*

Nitration of a single tyrosyl residue
results in a loss of catalytic proper-
ties with accompanying structural
changes®

One tyrosyl residue is nitrated only
during the course of catalysis, result-
ing in “syncatalytic” inactivation®

Indicates that the tyrosyl residue
enters into a more hydrophobic
environment on protein~hormone
interaction®

Two of the four tyrosines (146 and
171) ave nitrated in the enzyme,
while in the zymogen residue 94 is
nitrated as well®®

Nitration reveals the presence of a
single “free” tyrosine, but modifica-
tion is without effect on activity?

Esterase activity increases and pepti-
case activity decreases on nitration
of a single environmentally sensitive
tyrosine3?

Both the esterase and peptidase activ-
ities are abolished simultaneously
with the modification of one tyrosyl
residue®

Nitration of tyrosine-67 abolishes re-
spiratory function and changes spec-
tral properties®

Catalytic function is lost after nitra-
tion or acetylation of 2 out of 34
total tyrosyl residues®

Acetylation or nitration of a single
tyrosine per subunit leads to desen-
sitization to allosterie inhibition but
without any marked changes in
enzymic activity

Three tyrosyl residues play an essen-
tial role in maintaining the reac-
tivity of the protein toward specific
antibodies®!

Nitration indicates that three tyrosyl
residues provide ligands to each
irons?

Nitration of tyrosine-20 and -23
causes some conformational changes,
as evident from the increase of sus-
ceptibility to tryptic hydrolysis and
the exposure of one disulfide bridges?

Aminopeptidase M
Antibodies to DNP

Arginine kinase

Aspartate aminotrans-
ferase

Bovine neurophysin IT

Chymotrypsin

Carbonic anhydrase

Carboxypeptidase A

Carboxypeptidase B

Cytochrome ¢

Glucose 6-phosphate
dehydrogenase

Glutamate dehydrog-
enase

ilycoprotein

Hemerythrin

Lysozyme

many cases modification is quite specific. Thus, the
incorporation of about one nitro group per molecule of
carboxypeptidase A with a fourfold molar excess of
TNDM enhances esterase and greatly reduces peptidase
activity.®? The presence of the inhibitor, 38-phenylpro-

(69) W. F. Line, D. Grohlich, and A. Bezkorovainy, Biochemistry,
6, 3393 (1967). .

(70) B. Meloun, I. Iric, and F. Sorm, Eur. J. Biochem., 4, 112
(1968).

(71) C. R. Borja, Biochemistry, 8, 71 (1969).

(72) A, Jerfy and A. B. Roy, Biochim. Biophys. Acta, 175, 355
(1969).

Protein Modification consequences

Myoglobin Nitration suggests that one or both of
tyrosines-146 and -151 are present
in a reactive region of metmyo-
globint4

Ornithine carbamy! Tyrosine may be present in the active
transferase sitet®

Ovine hormone Nitration produces significant struc-
tural changes without altering the
biological properties®

Nitration of four to five tyrosyl resi-
dues significantly alters the enzymic
activity accompanying some con-
formational changes?.67

Of the six tyrosine residues, three can
be nitrated, with differing reactivity,
without altering activity?.68

Clotting activity is virtually abolished
by nitration with a slight decrease
in esterase activity?®

Acetylation and nitration of tyrosyl
residues affect the metal-binding
properties of these proteins®®

Nitration has no effect on catalytic
activity toward small substrates
but decreases considerably that
toward macromolecular substrates4?

Nitration of two tyrosyl residues does
not affect the trypsin-inhibitor ac-
tivity, but gives rise to a conforma-
tion-dependent, side-chain Cotton
effect in the region of nitro aromatic
absorption™

Five tyrosyl residues are “free’’ and

Pepsin

Ribonuclease A

Thrombin

Transferrin

Trypsin

Trypsin inhibitor

Staphylococcal entero-

toxin 16 are “buried”’7t
Staphylococcal Nitration of tyrosine-85 abolishes
nuclease activity toward DNA and RNA.

In the presence of inhibitor only
tyrosine-115 is nitrated without
altering DNA activity while RNA
activity is reduced by 50933

Nitration alters the binding capacity
s0 that hydrolysis of clupein and
gelatin is facilitated, while hydrol-
ysis of small substrates is not
affected?®

Kight tyrosyl residues are nitrated
while acetylation causes reversible
inactivation’®

Subtilisin Carlsberg
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pionate, during the nitration reaction prevents the
changes in activity. Similarly, a low molar excess of
tetranitromethane selectively nitrates the tyrosyl resi-
due at position 85 in the extracellular nuclease of
Staphylococcus aureus, resulting in loss of catalytic activ-
ity toward both DNA and RNA.3 Reaction of the nu-
clease with TNDM in the presence of Ca?* and deoxy-
thymidine 3',5'-bisphosphate, pdTp, selectively ni-
trates tyrosine-115, while tyrosine-85 is protected.
This product is fully active toward DNA but only half
active toward RNA.
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Nitration of tyrosine-67 in horse heart cytochrome ¢
has a number of effects: the closed crevice structure
of the molecule is distinetly weakened, activity is abol-
ished, and in neutral solution the oxidized form cannot
be reduced with ascorbate, nor does it show a 695-nm
band.?® The loss of the 695-nm band indicates that the
sulfur atom of methionine-80 is no longer coordinated
to the heme iron. Apparently, tyrosine-67 must con-
tribute significantly to the maintenance of the native
conformation of the protein. It is of interest that, al-
though it is most readily nitrated, tyrosine-67 is in the
interior of the molecule.” This may be due to its prox-
imity to positively charged residues which would pro-
mote its ionization and, hence, its reactivity. Iurther-
more, spectral analysis of nitrocytochrome ¢ has led to
the suggestion that tyrosine-67 may undergo nitration
at either ortho position of the phenolic ring to give two
different species.®

Nitration of aspartate aminotransferase in the pres-
ence of the substrate pair, glutamate and «-ketoglutar-
ate, abolishes activity concomitant with the modifica-
tion of one tyrosyl residue. Inthe absence of substrate,
there is virtually no inactivation while, in the presence
of competitive inhibitors or either substrate alone, only
slight inactivation occurs. The tyrosyl residue be-
comes reactive only subsequent to the formation of the
enzyme-substrate complex during the actual catalytic
process. This syneatalytic (z.e., synchronous with ca-
talysis) inactivation suggests that the tyrosyl residue
plays a role in the process of transamination.”® These
observations have provided convincing evidence for the
significance of transient conformational changes to the
mechanism of action of enzymes.

TNDM has also been employed to examine intermedi-
ates In reactions of yeast and muscle aldolases.”® The
high molar absorptivity of the product, nitroformate,
provides a convenient means of detecting carbanionic
enzyme-substrate complexes and, in fact, TNM has
been suggested as a general reagent for the titration of
carbanions.™

The insertion in a protein of a chromophore which ab-
sorbs in the visible region of the spectrum, <.¢., nitrophe-
nol, provides a number of convenient experimental ap-
proaches.

(1) Since the nitrotyrosyl residue can ionize, it may
serve to probe the microenvironment of active center
residues by means of perturbation spectra and similar
methods. Spectral titrations indicate an apparent pK
of 6.3 for the nitrotyrosyl residue of mononitrocarboxy-
peptidase compared with the pK of 7.0 for N-acetyl-3-
nitrotyrosine. Hence, the specific nitration of a single
tyrosyl residue in carboxypeptidase would appear to be
related to an abnormally low pK for that residue, per-
haps due to features of its ¢chemical environment which
induce ionization. Lightly nitrated ribonuclease® ap-
pears to contain a very small amount of anomalous ni-
trotyrosine titrating above pH 10. It has been sug-

(73) R. E. Dickerson, personal communication,

(74) P. Christen and J. F. Riordan, Biochemistry, 7, 15631 (1968).

(75) P. Christen and J. ¥. Riordan, Anal. Chim. Acta, 51, 47
(1970).
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gested that this might be due to nitration of a buried
residue, tyrosine-92. However, tyrosine-92 is not ob-
viously inaccessible in the ribonuclease structure, but
it does exhibit abnormal ionization in the native pro-
tein.”® If these observations are correct, it would seem
that this residue might be nitrated by a mechanism
which differs from that proposed by Bruice, et al.®

(2) If the group modified is functional, substrates,
substrate analogs, and inhibitors may affect its spectral
properties. Addition of B-phenylpropionate to nitro-
carboxypeptidase shifts the absorption spectrum.?!
Spectral titrations in the presence of this inhibitor indi-
cate a pK for the nitrotyrosyl residue of 7.0 instead of
6.3, suggesting that the reagent alters the immediate
chemical environment of the active center nitrotyrosyl
residue. Iurther, studies on the nitration of tyrosyl
copolymers have shown that the rate of nitration is a
function of the net charge on the tyrosyl copolymer.
Thus, if the tyrosyl residues are surrounded by posi-
tively charged lysyl groups, the rate of nitration is much
faster and the pK of the resultant nitrotyrosyl group
much lower than when they are surrounded by nega-
tively charged aspartate or glutamate residues. This
may account for the preferential nitration of tyrosine-67
in eytochrome ¢.  The specific nitration of tyrosine-115
in staphylococcal nuclease appears to be analogous to the
situation in carboxypeptidase A. Thus, in the absence
of nucleotide, the nitrotyrosyl residue has an abnor-
mally low pK of 6.4. Addition of pdTp shifts the
pK to 7.2, similar to that seen in model compounds.
The pK of nitrotyrosyl residue 85 is also low, 6.6, but is
altered only slightly by added nucleotide.

The effect of the environment on the pK of nitrotyro-
sine also has been examined using different solvents.
Increasing ionic strength decreases the pK while de-
creasing polarity increases the pK of the phenolate
group. Based on studies with model compounds it was
concluded that the effect of S-phenylpropionate and
of substrates such as glycvl-L-tyrosine, glycyl-r-leu-
cine, and others on nitrocarboxypeptidase is the result
of an apparent shift in the pK of the nitrotyrosyl resi-
due, brought about by a change in local environment.?!
In the native enzyme, the tyrosyl residue was presumed
to be in close proximity to a positively charged group
which enhances its rate of nitration, reflected in a low-
ered pK for the resultant nitrotyrosyl residue. On ad-
dition of substrate the tyrosyl residue shifts away from
the positively charged residue and into a more hydro-
phobic environment. These deductions from chemical
evidence are consistent with X-ray structural data,”
which have revealed that tyrosine-248, in the active
center of carboxypeptidase A, interacts with the posi-
tive charge of arginine-143, and on addition of glycyl-
L-tyrosine it moves more than 12 A away from this
arginine. This could account for the spectral changes
observed on additions of substrates and inhibitors to
the nitro enzyme.

(76) R. W. Woody, M. E. Friedman, and H. A. Scheraga, Bio-

chemistry, 5, 2034 (1966).
(77) 'W. N. Lipscomb, Accounts Chem. Res., 3, 81 (1970).
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(3) The nitrotyrosyl group, if optically active,
might exhibit characteristic extrinsic Cotton effects
as additional probes of protein conformation. Reac-
tion of pancreatic trypsin inhibitor with TNM results
in both a mono- and a disubstituted derivative nitrated
at positions 10 or 10 and 21, respectively, both retaining
full trypsin inhibitor activities.”® Optical rotatory dis-
persion measurements indicate that nitration does not
effect the protein secondary structure but gives rise to a
conformation-dependent, side-chain Cotton effect in
the region of nitro aromatic absorption. A nitrotyro-
sine-containing pentadecapeptide isolated from the tryp-
tic digest of the nitrated and oxidized inhibitor does
not exhibit such a Cotton effect.”® Importantly the
spectral characteristics represent a guide to labeling
and subsequently isolation of nitrotyrosyl peptides.

(4) The nitrotyrosyl residue is a potential site for
further modification since it can be reduced to an amino
group using sodium hydrosulfite.”® When a five-to six-
fold molar excess of N2,8,0, is added to nitrotyrosy! de-
rivatives at pH’s between 6 and 9, nitrotyrosine disap-
pears within a few minutes. The major product is the
aminotyrosine derivative. In most proteins, amino-
tyrosine appears to be generated virtually quantita-
tively, as determined by amino acid analysis, though
in some model compounds, e.g., nitrotyrosine, glycyl-
nitrotyrosine, and N-acetyl-3-nitrotyrosine, other by-
products have been observed, principally an apparent
sulfamic acid derivative.”® The mechanism of reduc-
tion by Na;8;0, is not yet clear, though participation
of the SO; radical ion in the reduction® could explain
the formation of these products. Alternatively, or in
addition (Scheme III, reaction 3), cyclization followed
by hydrolysis might lead to such a product. In fact,

(78) M. Sokolovsky, J. F. Riordan, and B. L. Vallee, Biochem.
Biophys. Res. Commun., 27, 20 (1967).

(79) J. F. Riordan and M. Sokolovsky, Biochim. Biophys. Acta,
236, 161 (1971).

(80) C. R. Wasmuth, C. Edwards, and R. Hutcherson, J. Phys.
Chem., 68, 423 (1964).
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Table III

pK'’ Values for Phenolic Hydroxyl Ionization
in Tyrosine and Tyrosyl Derivatives

Compound pK’
Tyrosine 10.1
3-Aminotyrosine 10.0
3-Acetylaminotyrosine 9.2
3-Succinylaminotyrosine 9.2
3-Azotetrazolyltyrosine 8.8
3,4-Dihydroxyphenylalanine 8.7
3-Iodotyrosine 8.2
3-Nitrotyrosine 7.2
3,5-Diiodotyrosine 6.4

vield of the by-product is increased if sodium sulfite is
added prior to the reduction of the nitrotyrosine.

The apparent activation of functional tyrosyl resi-
dues by their environment, as evidenced by changes in
apparent pK, suggests a possible chemical basis for
their catalytic role. Alteration of the phenolic pK can
also be brought about by reduction of the nitro to an
amino group (Table 111).

Reduction does not affect the activities of nitrocar-
boxypeptidase, but it does affect activity in two other
instances. Thus, nitration of E. colz alkaline phospha-~
tase reduces hydrolase activity but not phosphotrans-
ferase activity. Subsequent reduction of the nitro to
the amino enzyme restores hydrolytic activity to that of
the native enzyme and increases transferase activity
threefold.’? Reduction of nitronuclease restores some
of its activity toward RNA but less of its activity to-
ward DNA.

The introduction of aminophenols into the primary
sequence of proteins provides the possibility for further
permutations, as shown in Scheme III. Chelation of
metal ions (Scheme 1II, reaction 1) exemplifies the
unique properties of aminophenols which may serve a
particularly wuseful function. Several aminophenol
metal chelates are colored, for instance, thereby allow-
ing identification of the group, possibly the recognition
of vicinal effects, and, perhaps, perturbation through
spectral studies. Some metal chelates may prove to be
suitable for nmr studies. Such modifications, i.e., in-
troduction of metals, represent an extension of available
procedures to prepare derivatives for X-ray diffraction.

Furthermore, the reaction with bifunctional reagents
(Scheme III, reaction 2) which leads to cross-linking
provides an important tool for chemical determination
of the topography within a protein molecule. The se-
lective modification of the amino group can be achieved
by performing the first reaction near the pK of this
group, i.e., 4.7, conditions under which the phenolic hy-
droxyl group is not, e.g., acetylated or succinylated,
and reaction at the a- and e-amino groups will be very
slow if at all.”? Then, the pH of the reaction mixture,
with appropriate dilution to prevent intermolecular
cross-linking, can be raised, allowing reaction with other
neighboring active side chains (Scheme 111, reaction 2).

(81) P. Christen, B. L. Vallee, and R. T. Simpson, Biochemistry,
10, 1377 (1971).
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This procedure’™ has been used with the nucleasc of
Staphylococcus aureus.®*  Aminotyrosyl nuclease was
treated with p,p’-difluoro-m,m’-dinitrophenyl sulfone
or 1,3-difluoro-2,4-dinitrobenzene, which at pH 5 gives
exclusive monofunctional substitution at the aromatic
amino group. On exposure to pH 9.4 the derivative
substituted at aminotyrosine-85 cross-links with tyro-
sine-115, while the derivative substituted at aminotyro-
sine-115 cross-links with lysyl residues. The proximity
of tyrosine-115 to lysine residues may account for its
low pK when nitrated.

o-Aminophenols similar to phenylenediamine tend to
form cyeclic compounds (Scheme 111, reaction 3). This
blocks both ionizable groups and allows further investi-
gation of their relationship to function. Conversion to
the diazonium salt (Scheme 111, reaction 4) offers an-
other possibility for cross-linking. In addition, this
modification may prove useful for mapping the active
site of an enzyme by affinity labeling, using low and
high molecular weight substrates that have been modi-
fied at their tyrosyl residue.

Oxidative deamination (Scheme IlI, reaction 3) is
usually catalyzed by metals. The product, 3,4-dihy-
droxyphenylalanine, can be easily oxidized to the qui-
none analog either chemically or enzymatically with
tyrosinase (o-diphenol oxidase).

Finally we wish to indicate how diazonium salts
can be useful for studying the relationship between
structure and function in enzymes. Low concentra-
tions of 5-diazo-1H-tetrazole (DHT) have been found
to modify tyrosyl and lysyl residues in carboxypepti-
dase A.*® A 2009, increase in esterase activity corre-
lates with the modification of a single tyrosyl residue,
but peptidase activity is not affected. Higher concen-
trations of DHT decrease peptidase activity progres-
sively, correlating with the loss of one histidyl residue.
Prior acetylation of the tyrosyls results in monoazohis-
tidylearboxypeptidase lacking peptidase activity but
retaining the esterase activity of the native enzyme.

This functional response differs significantly from
those observed on nitration of one tyrosyl residue in
carboxypeptidase A. The possible roles of various ty-
rosyl residues in its mechanism were studied further by
successive chemical modifications.?? This approach
has led to the suggestion that each of these two tyrosyl
residues may play a different role in the mechanism of
action of carboxypeptidase A.

As pointed out above, coupling of tyrosyl residues
gives colored products which can be used, like the nitro-
tyrosyl residue, as a probe of the chemical environment
of the modified residue.®338 M\ odification of about

(82) P. Cuatrecasas, S. Fuchs, and C. B. Anfinsen, J. Biol. Chem.,
244, 406 (1969).

(83) W. D. Behnke and B, L. Vallee, 158th National Meeting of
the American Chemical Society, New York, N. Y., Sept 1969,
Abstract No. BIOL-249.

(84) G. F. Fairclough, Jr., and B. L. Vallee, Biochemistry, 9, 4087
(1970).
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a dozen different proteins with the same diazonium
salt results in a series of circular dichroic spectra char-
acteristic of each protein. On the other hand, modifi-
cation of a single protein with different diazonium salts
vields a family of closely related dichroic spectra.’t
This suggests that the structure of the protein plays a
major role in determining the spectral details. Hence,
circular dichroism can be used to monitor conforma-
tional changes accompanying enzymatic processes.
For example, the circular dichroic spectrum of arsanil-
azocarboxypeptidase (formed by coupling with p-azoben-
zenearsonate)®® contains multiple, extrinsic ellipticity
bands with peaks at 530, 430, and 328 nm. On addi-
tion of either G-phenylpropionate or glycyl-L-tyrosine,
the ellipticity band at 530 nm disappears; changes at
shorter wavelengths are also observed. Apparently
the binding of substrate and inhibitors alters the con-
formation of an azotyrosyl residue. Similarly, changes
in azotyrosyl ellipticity have been employed to follow
the activation of zymogens, such as arsanilazoprocar-
boxypeptidase®® and arsanilazochymotrypsinogen.®

The coupling of diazonium salts to proteins offers yet
another experimental advantage. Azo derivatives of
tyrosyl and histidyl residues, like nitrophenol, can be
reduced with Na,S:0,, yielding the aminotyrosyl and
aminohistidyl derivatives, respectively. The oppor-
tunities for further reactions with aminotyrosine have
been discussed already (Scheme III), and analogous
possibilities exist for aminochistidine. Since monoazo-
tyrosine is destroyed by acid hydrolysis, it cannot be
detected by amino acid analysis. However, direct
quantitation can be achieved via reduction and deter-
mination of aminotyrosine.”™

Concluding Remarks

We have attempted to present in this discussion some
representative examples of chemical approaches to the
study of enzymes. While we have concentrated on ty-
rosine, it should be clear that similar considerations ap-
ply to the modification of other functional residues.
There is by now a wide selection of reagents available
for use under mild conditions; many more are likely to
be discovered and can be utilized profitably. Turther,
we have confined this discussion to reactions which oc-
eur in aqueous solutions and have not touched upon
the special advantages which may accrue from the use
of nonaqueous solvents and modification of crystalline
enzymes or enzymes bound to membranes. The en-
tire field of enzyme synthesis, with the potential for in-
serting altered amino acids into defined locations, has
emerged only recently, but offers many exciting addi-
tional possibilities. Nevertheless, we hope that the ex-
amples selected will provide insight and stimulation to
generate investigative approaches which may ulti-
mately lead to a chemical definition of the mechanisms
of enzyme action.

(85) G.F. Fairclough, Jr., and B. L. Vallee, tbid., 10, 2470 (1971).



