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A general method, termed affinity labeling, is proposed to achieve the labeling of the
active sites of antibody and enzyme molecules. A labeling reagent is utilized with the
following main characteristics: (a) it can bind specifically to the particular active site;
and (b) it is capable of forming covalent bonds with various amino acid residues. By
virtue of the formation of the initial specific and reversible complex between the reagent
and the active site, the local concentration of the reagent in the active site is increased,
thereby favoring covalent bond formation by the reagent in the site as compared to the
rest of the protein molecule. The theoretical basis of the method is examined and
thermodynamic conditions for successful labeling are obtained. Experiments are de-
scribed with the reagent p-(arsonic acid)-benzenediazonium fluoborate aad pure anti-
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benzenearsonic acid antibodies.

The experiments conform to the predictions of the

method and provide evidence that a tyrosine residue in the active site of this antibody

is specifically labeled with this reagent.

Considerable success has been achieved in
finding reagents which can be covalently attached
to some amino acid residue in the active sites of
certain enzymes (Balls and Jansen, 1952; Cohen
et al., 1959; Barnard and Stein, 1959; Stark
etal., 1961; Witter and Tuppy, 1960; Fischer et al.,
1959). Once a stable covalent link is thus
formed, the attached residue serves as a tag dur-
ing systematic degradation of the protein for
peptide sequence studies. In these instances,
advantage has been taken of the fact that most
of the enzymes involved have some one uniquely
highly reactive residue in their active sites, as for
example a serine residue in the case of the hydro-
lases (Balls and Jansen, 1952; Cohen et al., 1959).
Indeed, it may well be that such highly reactive
residues are to be expected in the active sites of
many enzymes if their catalytic activity involves
the formation of covalently-bonded unstable in-
termediates between the enzyme and fragments of
the substrate (¢f. Koshland, 1959). It should be
possible in such cases to find a particular labeling
reagent which can form a covalent bond to the
unique residue in the enzyme active site, the bond
so formed having the additional property of being
stable.

The problem of labeling the active sites of anti-
body molecules is perhaps more difficult because
there is no evidence that antibody sites contain
any unusually reactive residues. This is of course
not too surprising since the usual interaction be-
tween an antibody and its specific antigen appears
not to involve any covalent bond rupture or
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synthesis. One method which has been sug-
gested (Pressman and Sternberger, 1951; Singer,
1955; Koshland et al., 1959) has recently been
refined experimentally by Pressman and Roholt
(1961); the ultimate general usefulness of this
method remains to be demonstrated. In this
paper we propose a general method, which we
term affinity labeling, for attaching covalently
bound groups to the active sites of antibody and
enzyme molecules, and present experiments with
one antibody system, anti-benzenearsonate, which
are entirely consistent with the predictions of the
method. Another antibody system, anti-2,4-
dinitrophenyl, has been studied with similar
results, which will be presented elsewhere (Metz-
ger, Wofsy, and Singer, to be published). The
discussion of the method and the experiments
performed emphasize the application of affinity
labeling to antibody active sites, but the generali-
zation to enzyme systems is straightforward.
During the course of these studies, reports ap-
peared from several independent laboratories
(Baker et al., 1961; Schoellmann and Shaw, 1962;
Lawson and Schramm, 1962) of related investiga-
tions with enzyme systems.

ELEMENTARY THEORY OF THE METHOD

Consider an antibody (Ab) molecule specific
for a particular haptenic determinant (Hp).
The reaction of these two generally results in the
formation of a non-covalently bonded reversible
complex. Let us assume that among the amino
acids comprising each active site of a given Hp-
specific Ab there is a particular residue Y which
can be chemically modified by appropriate re-
agents. The method does not require prior
knowledge of the chemical nature of Y, only that
one or more such groups be present in the active
site. In addition, there are a number of residues
y present on the remainder of the Ab molecule,
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where y may or may not be the same type of
residueas Y.

The method of affinity labeling involves the
use of a labeling reagent, HpX, with characteris-
tics to be considered in more detail in the Discus-
sion. Here it is sufficient to indicate that the
group X should be as small as possible; it should
be capable of reacting with preferably more than
one kind of amino acid residue to form stable
covalent bonds under adequately mild conditions;
and it should be attached to Hp by a stable cova-
lent bond, in a position that does not interfere
greatly with the formation of the non-covalently
bonded reversible complex between HpX and
Hp-specific Ab. The central idea of affinity label-
ing is that by virtue of the formation of this
initial non-covalent complex between HpX and
the active site of the Hp-specific Ab, the local
concentration of X in the active site is increased,
and the rate of covalent bond formation between
HpX and Y as compared to the rate of reaction
of HpX and any other y on the Ab molecule is
thereby enhanced.

In order to examine the method in some detail,
the following reactions may be considered:

k, ks
Y +HpX=C—-1L (1)
ks
k,
Y + HpX —- L (2)
ks
y + HpX — (3)

in which the k’s are the respective (assumed single-
valued) specific rate constants; C is the non-
covalent reversible complex between the Ab and
HpX; L isthe desired covalently labeled irreversi-
ble product of the reaction of HpX with the group
Y in the active site; and M is the undesired
covalently-labeled product of the reaction of
HpX with a group y elsewhere on the Ab molecule.
Equations (1) and (2) represent two possible
paths under a given set of conditions for the
reaction of HpX with Y; in equation (1) the reac-
tion proceeds via the initial formation of a
specific, non-covalent, reversible complex, whereas
in equation (2) the same reaction proceeds via an
ordinary bimolecular mechanism. For the pur-
poses of this paper the reaction in equation (2) is
assumed to follow second-order kinetics, although
in individual instances it might be acid- or base-
catalyzed, or otherwise follow more complicated
kinetics. The rate of formation of L via initial
complex formation is denoted by L, and via the
bimolecular path by Lp; the rate of formation
of M is denoted by M.

We may define the co>fficient Lc/M the en-
hancement. Since in most cases of interest
Lp < < Lc, the ratio J§ Lc dt/J§ M dt, where t
is the reaction time, will give the average specifi-
city of labeling of Y compared to any other
single group y. It is useful to separate the
enhancement into two parts:
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Lo/M = (Lc/Ls) (Ls/M) @

and to discuss each part separately.

The coefficient L¢/Lp may be termed the
intrinsic enhancement, the ratio of the rates of
formation of L by the route of equation (1) to
that of equation (2). It has been shown (Sturte-
vant et al., 1961; Froese et al., 1962; Day et al.,
in press) directly in two independent Hp-Ab
systems that k, is unusually large, attaining values
of the order of 10'-10® Mm~! sec.”! This rapidity
of non-covalent complex formation is likely to be
generally true with Hp-Ab systems. If the re-
verse reaction rate constant is given by K /ki,
where K3 is the (assumed single-valued) associa-
tion equilibrium constant for the formation of C,
then since most Hp—Ab systems that have so
far been studied are characterized by values of
K, of the order of 10%-10¢ m~!, k, will generally
be greater than 10 sec.”! Only for exceedingly
reactive reagents will k; exceed this value. In
general, therefore, k, > k; and the complex
C will be in equilibrium with Y and HpX, its

concentration given by Kj[Y].[HpX].. It fol-
lows that

. . _ kCl kK

Lo/Le = (97 HpX) = ke )

where the subscript e refers to the equilibrium
concentration of a particular substance at any
given time during the reaction. Therefore,
Le/Lp > 1 if ky/k, > 1/Ka. This inequality is
equivalent to

AFY ~ AFi < —aF} (6)

where AF}! is the free energy of activation re-
quired to convert the complex C into the activated
complex C? for the reaction to give L; AF! the
free energy of activation to form the (presumed)
same activated complex C! by equation (2);
and AF? = —RT InKj4. This may be rewritten
as

(AH} — aHY) — T(aSt — aShH) <— aF} 7)

Whenever this inequality is satisfied, the intrinsic
enhancement will be favorable, that is, greater
than unity.

It may first be noted that in general a factor
operating to make AFi — AF{ favorably smaller,
is the cratic contribution (Gurney, 1953) to the
entropy difference AS! — AS: The former
activation process is unimolecular. If the latter
activation process is assumed to be bimolecular,
then because of the choice of standard states
corresponding to 1 mole/liter, a term —R In x, =
R In 55.6 = 7.98 e.u. is contributed to increase
AS} — ASi, where x, is the mole fraction when
the concentration is 1 mole/liter and there are
55.6 moles of water in one liter. (Alternatively,
this term acts to increase k;/k, by a factor of
55.6.)

Consider the process C — C!. Within the
complex C, there will be an equilibrium configura-
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tion of HpX and of the amino acid residues in the
active site such as to determine an equilibrium
position of the group X relative to Y. In special
cases, this equilibrium position may correspond
exactly with a favorable X ....Y reaction co-
ordinate, so that only the energy to strain the
bonds in the reactants is required to form the
activated complex, and AH} = AH}. In general,
however, the equilibrium position of X and Y in
the complex C will not correspond to this ideal
situation. If the positioning of X and Y within
the active site so as to achieve this favorable reac-
tion coordinate requires more energy than — AF?
+ RT In 55.6, the intrinsic enhancement will be
less than unity. (For Ky = 10¢%at T = 300° A,
this corresponds to 10.7 kcal/mole.) If less than
this amount of energy is required, then the intrin-
sic enhancement will be favorable.

The important conclusion follows, therefore,
that it 1s not essential to have a perfect and rigd
alignment of the groups X and Y within the
specific complex C in order to obtain enhance-
ment. Just as long as these groups can comz= into
the proper alignment without the expenditure of
more than the indicated (and rather large) energy
prior to the formation of the activated complex, a
favorable intrinsic enhancement will result. It
is difficult at the present time to go beyond this
and to define exactly what latitude is permitted
to the equilibrium positions of the groups X and
Y in the complex C. This will certainly vary for
different antibodies. It is pertinent to note here
the fact that antibody-hapten specificity is not
absolute, but that cross-reactions between struc-
turally related haptens are generally observed
(cf. Nisonoff and Pressman, 1957). This sug-
gests that some changes in orientation and spatial
relationships may be permitted both hapten and
amino acid residues in a specific complex without
excessive increase in free energy.!

With respect to the term Lp/M in equation
(4), the rate of reaction with only one group y is
considered because the ultimate experimental ob-
jective of these studies is the degradation of the
labeled Ab molecule into peptide fragments pre-
sumably containing one, or at most a few, groups
y.

From equations (1), (2), and (3), it follows
that

Lp/M = k(Y] 'ksly] (8)

! The reactions of related haptens with antibody
homologous to the p-(p’-azophenylazo)-benzoate ion
(Nisonoff and Pressman, 1957) provide just one
illustration of this effect. If the relative equilibrium
constant, Ka, for the binding of benzoate ion to this
Ab is taken as 1.0, Ka for 3-nitro,5-chlorobenzoate is
0.07, while for o-inethylbenzoate Ka is 0.03. This
indicates that the free energy differences involved in
accommodating these heterologous haptens, com-
pared to benzoate ion, into the Ab site are relatively
small; for Ka = 0.03, this free energy difference is
only about 2 keal/mole.
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If the groups Y and y are of the same kind chemi-
cally, ki/k; is a measure of the relative reactivity
of Y and y toward a non-specific small reagent
Q-X. Since Ab active sites must be near the
external surface of the molecule to be accessible
to antigens, there is no reason to expect the
reactivity of Y to be much less than that of the
average y, and hence k,/ks; ought generally in
such a case to be of the order of magnitude of
unity. If Y and y are chemically different, then
only if y is considerably more reactive than Y
toward Q-X does any difficulty arise. If this
situation obtains in any given system, it can
readily be recognized and by additional devices
probably can be satisfactorily dealt with.

The term [Y ]./(y] presents no special difficul-
ties. It can be maximized at a given initial ratio
of HpX to Ab by reducing the total Ab concen-
tration, or at a given total Ab concentration by
reducing the initial ratio of HpX to Ab, and
values of the order of unity for this term can be
achieved.

The enhancement is obtained from equations
(4), (56), and (8):

©)]

and, by virtue of the analysis presented, it can
be concluded that under suitable conditions it
should be possible to find one or more reagents
HpX for an Hp-specific Ab for which Le.M > 1,
and with which specific labeling of the active site
should be achieved.

It is obvious that the method of affinity label-
ing can be applied to the labelirg of the active
sites of enzyme as well as antibodies. The theo-
retical considerations in this section can be used
directly if instead of a reagent HpX one substi-
tutes InX, where In is a specific competitive inhibi-
tor of the enzyme in question.

MATERIALS AND METHODS

Rabbit Antibody and Rabbit Normal ~v-Globulin.
—Rabbit antibody to benzenearsonic acid (anti-
R Ab) was obtained and specifically purified by
methods previously described (Epstein et al.,
1956; Pepe and Singer, 1959). Rabbit normal
y-globulin (Fraction II) was purchased from
Pentex, Inc.

Chemicals.—p-Nitrobenzenearsonic acid (K&K
Laboratories, Inc.) was dissolved in water with
one equivalent of NaOH, and precipitated as the
sodium salt by addition of EtOH. Tyramine
hydrochloride, B grade (California Corporation
for Biochemical Research), was recrystallized
twice from EtOH-Et,0. Sodium lauryl sulfate
(Fisher Scientific Co.) was recrystallized twice
from n-butanol. The compounds p-(arsonic
acid)-benzenediazonium fluoborate (RDF) and
p-/carboxylic ac'd)-benzenediazon'um fluoborate
‘{CDF) were prepared by a procedure based on
“Method II” for diazonium fluoborates as de-
scribed by Roe (1957), with 259% HBF, used as
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the reaction medium. Elemental analyses yielded
the following results: RDF (decomposes 90-95°):
caled. (+49% H,0): C 22.78, N 8.86, H 2.27;
found: C 22.78, N 8.91, H 2.17. CDF (decomposes
95-102°): caled. (+49% H.0): C 35.59, N 11.86,
H 2.46; found: C 35.59, N 11.94, H 2.46

Reaction of Diazonium Salts with Proteins.—
Reagent stock solutions were prepared in water
at 0° immediately prior to use. Except where
otherwise indicated, 0.10 ml of a solution of 3.03
X 10—* M diazonium reagent was added, with
stirring, to a protein solution at 0° containing
6 mg anti-R or normal y-globulin in 2.90 ml
buffer, 0.17 M borate, and 0.12 m NaCl, pH 8.0.
Thus reaction solutions were initially 1.25 X
10— M in protein and 1.01 X 10~% M in reagent.
(The molecular weight of rabbit v-globulin was
taken as 160,000, €. .. = 14.6.) In order to
investigate the effect on the coupling reaction of
first reversibly blocking the Ab active sites by a
hapten, sodium p-nitrobenzenearsonate (referred
to as the protector) was included in some of the
protein solutions (prior to reagent addition);
in all but specified cases, the concentration of
nitrobenzenearsonate used was 6.25 X 1073 M,
a 500-fold molar excess over protein. Anti-R
Ab samples with the excess p-nitrobenzenearso-
nate present during the reaction are referred to as
protected samples and those without as unpro-
tected. Reactions were terminated at times
ranging from 1 minute to 24 hours by the addition
of 0.2 ml 0.32 M tyramine (freshly prepared, ad-
justed to pH 8), which rapidly destroyed any
unreacted diazonium reagent.

Swvectral Assay of Azoproteins.—Spectral analy-
ses to determine the degree and nature of azo-
derivatization were performed after denaturation
of the azoproteins and an extensive washing
procedure to remove any reaction products not
covalently bound to protein. The work-up
procedure, after termination of the reaction,
congisted of the following steps:

(a) To the reaction solutions which contained
no protector, 1.88 X 10 ~2moles of nitrobenzenear-
sonate were added; thus, prior to denaturation
and washing all solutions contained equal amounts
of nitrobenzenearsonate.

'b) Proteins were denatured and precipitated
by making the solutions 75% in ethanol.

{c} Precipitates were washed successively by
a centrifugation and decanting procedure, with 5
ml ethanol, two 5-ml volumes of ether, a solution
of 5 ml ethanol plus 1 ml 1% NaCl (the salt
prevented turbidity in the supernatants), and
5ml 1% NaCl.

{d) The precipitates were dissolved at 37° in
1.5 m! of a 0.5% sodium lauryl sulfate-0.02 M
phosphate buffer, pH 6.2. Prior to spectral
assay, solutions were clarified by centrifugation
at 10,000 rpm for 10 minutes.

Spectra of the solutions were recorded with a
Car: spectrophotometer between 310 mu and
600 miy, first at pH 6.2 and then, after addition of
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sufficient 5 M NaOH, in 0.15 N NaOH. Protein
concentrations were determined from optical
densities of diluted solutions at 280 mu, pH 6.2,
with €., = 14.6, since at this wave length the
azo contribution to the absorption of the very
lightly modified proteins was negligible. In
order to determine the small spectral changes
produced in a sample of anti-R Ab by reaction
with a diazonium reagent, the background protein
spectrum was subtracted. For reasons of ac-
curacy, this was taken as that of the correspond-
ing protected anti-R sample that had been reacted
for 1 minute, since the protein samples thus com-
pared were subjected to most nearly identical
treatment subsequent to the reaction itself.
Tabachnick and Sobotka (1959, 1960) examined
the spectra of model compounds formed by the
reaction of diazotized arsanilic and p-aminoben-
zoic acids with tyrosine, histidine, and lysine
derivatives. The spectra of a given type of com-
pound formed by reaction with either RDF or
CDF are almost identical. According to these
authors, the extinctions at 460 and 500 mu of an
azo-derivatized protein are not significantly al-
tered by proteolytic digestion, and the assumption
is therefore reasonable that the extinction coeffi-
cients of the model compounds are essentially the
same as the corresponding structures in the azo-
protein. It is therefore possible to estimate the
amounts of azotyrosine and azohistidine formed
by RDF or CDFI from the extinctions of a
solution of an azo-protein at 460 and 500 mpy
{where the contribution of the bis-azo lysine
derivative is negligible) by use of an appropriate
pair of simultaneous relations.

REesuLTs

The reaction of the homologous arsonic diazo-
nium reagent, RDF, is much more rapid with un-
protected anti-R Ab than with anti-R Ab pro-
tected with p-nitrobenzenearsonate (Figs. 1 and
2). Furthermore, the spectra of such protected
and unprotected anti-R Ab derivatives differ not
only quantitatively but qualitatively as well
(Fig. 1). The spectra of protected anti-R Ab de-
rivatives are mixed, that is, the resultant of con-
tributions from azotyrosine, azohistidine, and
perhaps other azo structures. Such mixed prod-
uct spectra are characteristic of the usval reactions
of diazonium compounds with proteins (Tabach-
nick and Sobotka, 1960; Gelewitz et al., 1954,
In marked contrast, the spectra of the unprotected
anti-R Ab derivatives over the entire range of
reaction times are closely similar to the corre-
sponding spectrum of the model compeund mono-
(p-azobenzenearsonic acid® N-chloroacetyltyro-
sine (Tabachnick and Sobotka, 1959, showing
maxima (in 0.15 m NaOH) at about 330 and
480 mu and a minimum near 380 my. The num-
ber of moles of azotyrosine formed per mole of
each unprotected anti-R Ab sample was estimated
in two ways: first, by the simultaneous relations
of Tabachnick and Sobotka (1960); and, second,
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by the use of simply the measured optical density
at 480 mu and the value es = 11,000 based on
the model azotyrosine derivative (Tabachnick
and Sobotka, 1959). The results of both methods
of calculation are essentially the same. There is
within experimental error no azohistidine formed
with unprotected anti-R Ab through the first
hour of reaction with RDF, and perhaps a trace
(<0.03 moles azohistidine per mole protein) after
20 hours.

On the other hand, the spectra of the protected
sample and of normal v-globulin reacted with
RDF for comparable times were quite similar
(Fig. 1). After 20 hours of reaction time, the
former sample contained 0.25 moles azotyrosine
and 0.19 moles azohistidine per mole protein,
whereas the latter contained 0.19 moles azo-
tyrosine and 0.13 moles azohistidine per mole
protein.

The spectra of normal vy-globulin samples re-
acted with RDF in the absence or presence of a
1000-fold molar excess of p-nitrobenzenearsonate
were indistinguishable, which shows that this
protecting hapten has no nonspecific effect on the
reaction of RDF with proteins. Its effect on the
reaction of RDF with anti-R Ab must therefore
be entirely due to its capacity to block the Ab
active site.

The rates of formation of azotyrosine groups
with different protein samples reacted under
comparable conditions with either RDF or CDF
(Fig. 2) may be summarized as follows:

(a) About 400 minutes of reaction time with
RDF is required to form the same amount of
azotyrosine with normal y-globulin that forms in
the first one minute with unprotected anti-R Ab.

(b) By contrast, the apparent rates of reaction
of the heterologous reagent CDF with unpro-
tected anti-R Ab and normal vy-globulin are very
similarly slow.

(¢) The rates of reaction of RDF and CDF
with protected anti-R Ab and normal vy-globulin
are all quite similarly slow.

The products of the 24-hour reaction of the
heterologous reagent CDF with protected and
unprotected anti-R Ab exhibited slightly different
spectra (Fig. 3). Although in both cases the
spectra were mixed, i.e., due to a combination of
azotyrosine, azohistidine, and perhaps other
groups, the unprotected anti-R Ab derivative
appeared to contain somewhat more azotyrosine
(0.18 mole ‘mole protein) than the comparable
protected one (0.13 mole ‘mole protein).

DiscussioN

The theory presented in this paper indicates
that under suitable circumstances it should be
possible by the method of affinity labeling to at-
tach a labeling group to the active site of an anti-
body or an enzyme molecule. That the active
site has actually been labeled in any particular
experimental system is, however, a difficult
proposition to prove, mainly because of the
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F1G. 1,—Spectra in 0.15 N NaOH of rabbit anti-R
Ab and rabbit normal 4-globulin after reaction
with RDF. All reactions were performed at pH 8,
5°, protein concentration = 1.25 X 10~% M, reagent
concentration -= 1.01 X 1075 M. a, Unprotected
anti-R Ab, after 20 hours. b, Protected anti-R
Ab (reacted in presence of 6.25 X 103 M p-nitro-
benzenearsonate), after 20 hours. ¢, Unprotected
anti-R Ab, after 1 hour. d, v-Globulin, after 20 hours.
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Fic. 2.—Rate of formation of monoazotyrosine
residues in the reaction of rabbit anti-R Ab and rab-
bit normal ~-globulin with RDF or CDF: e—e, un-
protected anti-R Ab with RDF; A A, protected
anti-R with RDF; A—A, --globulin with RDF;
0—O, unprotected anti-R with CDF; ®--B, pro-
tected anti-R with CDF'; shaded triangles, ~-globulin
with CDF. The arrow indicates the fact, verified in
separate experiments, that no further modification of
unprotected anti-R Ab with RDF is detected after
6 hours.

ambiguities which are at present inherent in the
concept of the active site itself. It is useful, there-
fore, to discuss in two stages the experimental
results presented in this paper. In the first
stage, we inquire what the evidence is that the
reaction of RDF and unproiected anti-R Ab does
indeed proceed by the meciianism of equation (1),
i.e., by way of an initial non-covalent specific
complex; and in the second stage, what the evi-
dence is that the aciive site of anti-R Ab has
actually been successfully labeled.

The Mechanism of Rcaction of RDF and Anti-R
Ab.—The following items are pertinent to the
discussion of thir mechanism:

{a) The initial rate of formation of azotyro-
sinc derivative * - the reaction of RDF with anti-
1. A% s abeu " times greater than with nor-
m3) y-globain. st us assume that there is
only one tyrosine in each of the two active sites
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F1c. 3.—Spectra in 0.15 N NaOH of unprotected
anti-R Ab, a, and protected anti-R Ab, b, after
reaction with CDF for 24 hours.

of an anti-R Ab molecule with which RDF re-
acts. On the other hand, there are about 60
tyrosine residues on a normal y-globulin molecule
(Smith et al., 1955). If this difference is taken
into account, therefore, the initial value of the
enhancement [equation (9)] is 400 X 60/2, or
about 104 Such a large enhancement is expli-
cable only by the mechanism of initial reversible
complex formation, according to the theory pro-
posed above. The only alternative explanation,
that there is a unique extraordinarily reactive
tyrosine residue on the anti-R molecule (either
within or outside of the active site) that is not
present on normal y-globulin, is ruled out by the
fact that the closely similar but heterologous re-
agent CDF shows no such enhancement of reac-
tion rate with anti-R Ab.

(b} On the other hand, the difference in reac-
tion rates of RDF and CDF with anti-R Ab is
entirely consistent with the concepts of affinity
labeling. According to equation (9), the en-
hancement should be correlated with Ky, the
equilibrium constant for the formation of the
non-covalent reversible complex C. Direct meas-
urements of K4 for RDF and CDF with anti-R
Ab are difficult to make because of the covalent-
borid-forming capacities of these haptens. For
our purposes, however, estimates of K values
may be obtained from studies on related systems.
The hapten p-/p’-hydroxyphenylazo}-benezene-
arsonic acid (Eisen and Karush, 1949) binds to
anti-R Ab with K4 = 3.5 X 10% and th= influence
of different para-substituents on benzsnearsonic
acid on the binding to anti-R Ab has been shown
to be relatively small (Pressman et ai., 1942).
A value of Ky = 10 for the reversible combina-
tion of RDF and anti-R Ab is therefore very
likely to be correct within a facior of about 10.
Froan the results of studies of hapten inhibition of
precipitation (Nisonoff and Pressman, 1957; Press-
man et al., 1942),? it can be inferred that K, for
the binding of a heterologous benzoate Hp to

2 The results of Nisonoff and Pressman (1957)
actually compare the binding, of benzoate and p-
arsanilate ion haptens to anti-p-(p’-azophenylazo)-
henzoate antibody, and show that Ka for the latter
hapten iz less than 0.01 the value for the former.
It is assumed that the relative binding of these
haptens to anti-R antibody would, to a first approxi-
maiivi, be correspondingly different (Landsteiner,
1945).
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anti-R Ab should be no greater than 102 times
that of the corresponding homologous benzenear-
sonate Hp. It is clear that a reduction of Ka
by as large a factor as 102 would, other things be-
ing equal, reduce the initial enhancement of
about 104 observed for the covalent reaction of
RDF with anti-R Ab to a value of about 10?2
for the corresponding reaction of CDF [equation
(9)]. Such a relatively smaller value of enhance-
ment would not be readily detectable as a signifi-
cant increase in over-all rate of reaction (Fig. 2),
because of the competing effects of the many non-
specific groups on the Ab molecule. On the other
hand, the small spectral difference between com-
parable protected and unprotected anti-R Ab
samples reacted with CDF (Fig. 3) suggests that
some small enhancement is indeed detected by
this more sensitive type of observation.

{¢) The presence of an excess of the hapten
p-nitrobenzenearsonate largely eliminates the en-
hanced rate of reaction of RDF and anti-R Ab.
On the other hand, this hapten has no effect on
the reaction of RDF with normal ~-globulin.
The effect of p-nitrobenzenearsonate in the
former case must therefore be due to its specific
interaction with the active sites of anti-R Ab.
This is precisely what is to be expected if RDF
must first bind reversibly to the active site before
it reacts to form a covalent bond with the Ab.
The effect of the protecting hapten is to lower
the concentration [Y ], in equation (9).

Baker et al. (1961) have recently reported inves-
tigations which bear a strong relationship to those
presented in this paper but which have a different
ultimate objective. These authors sought to
find irreversible inhibitors of enzymes which “fit
the active site of an enzyme reversibly, then be-
come irreversibly bound by alkylation of the
enzyme adjacent to the active site.”” Much of
the chemistry involved is formally similar, but
our concern has been primarily to label the active
sites. Of particular interest here are studies
they performed which provide strong and inde-
pendent kinetic evidence for a reaction mechanism
involving the formation of a specific reversible
complex between a reagent and the active site of
an enzyme prior to the formation of an irreversible
covalent bond. It was found that the two coin-
pounds, 4-(iodoacetamido)-salicylic acid and 4-
{iodoacetamido)-benzoic acid, irreversibiy inac-
tivated the enzyme giutamic dehydrogenase.
The ratio of the rates of irreversible inactivation
of the enzyme by the two ~nmpounds was closely
similar to the ratio of their reversible association
constants with the enzyme, as expected from
equation (9).

The Nature of the Groups on Anti-R Ab Mole-
cules Labeled with RDF.—From the discussion of
reaction mechanism just given, it follows that the
formation of the irreversible covalent bond be-
tween RDF and unprotecied anti-R Ab must
occur while the reagent is bound to the Ab active
site. The only cremaining question is whether
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the bond is formed with a group actually in the
active site or one very close to, but not part of,
the site. The evidence is substantial that the
reaction is specifically with a tyrosine residue in
the active site.

(a) The only significant product of the en-
hanced reaction of RDF and unprotected anti-R
Ab, according to direct spectral evidence, is the
p-(arsonic acid)-benzeneazotyrosyl group. On
the other hand, if the active site is protected with
p-nitrobenzenearsonate, the reaction of RDF
with anti-R Ab produces a variety of products,
and the reaction rates are much reduced.

About 0.8 mole RDF was added per mole of
unprotected anti-R Ab, and, according to spectral
analysis, about 0.5 mole, or better than 60% of
the reagent, was recovered after 6 hours of reaction
time as protein azotyrosine residues.

(b) The diazonium group is small and there-
fore the effective reaction sphere of the RDF
reagent, while bound to the active site of the
anti-R Ab molecule, encompasses the active site
and little more.

There is some independent evidence that a
tyrosine residue is critically involved in the active
sites of anti-R Ab. Pressman and Sternberger
(1951) showed that anti-R Ab was inactivated by
iodination and that the extent of this inactivation
could be reduced by the presence of a specific
Hp protector. Subsequent studies (Koshland
et al., 1959; Pressman and Roholt, 1961) of the
specific incorporation of radioactive 1odine into
unprotected as compared to protected anti-R Ab
lend weight to the suggestion that the effect of
iodination in this case is to iodinate a tyrosine
residue in the Ab active site. Another finding
which is consistent with tyrosine involvement in
anti-R active sites comes from the studies of
Epstein and Singer (1958) on the variation with
pH of the equilibrium constant of the reaction
between a bivalent benzenearsonic acid hapten
and anti-R Ab. The pH effect could be quanti-
tatively accounted for as due to the ionization of a
single group with pK of about 9.9 in each Ab
active site. This pK value is characteristic only
of lysine «-NH, and tyrosine OH groups, and re-
cent chemical evidence Wofsy and Singer, in
press) now indicates that a lysine «NH, group
cannot be critically involved in anti-R active
sites.

Conclusive proof that labeling of the active site
has occurred, however, can only result from the
accumulated weight of a great many different
types of experiments. A next stage in these
studies obviously invelves the isoiation and
characterization of peptide fragment(s) bearing
the p-benzenearsonic acid-azotyrosine residue.
It the same fragment(s’ are labeled with use of a
variety of other HpX reagents specific for rabbit
anti-R Ab, and if significant correlations are found
in the composition and ssquence of such frag-
ments from among rabbit antibodies of different
specificities and from» among antibodies of the
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same specificity but produced in different animals,
then the proof would be substantially stronger.
Such studies are contemplated or in progress.
Rabbit antibody to the 2,4-dinitrophenyl (DNP)
hapten (Farah et al., 1960) has been reacted with
specific diazonium reagents with results similar
to those described with anti-R Ab in this paper.
Furthermore, the diazonium and several other
HpX-type labeling reagents were found to be
effective in specifically inactivating anti-DNP
Ab.* This investigation will be reported sepa-
rately (Metzger, Wofsy, and Singer, to be pub-
lished).

The Choice of Reagent HpX.—Having discussed
the particular experimental system studied in
this paper, we now consider further some general
aspects of the method of affinity labeling. A
vital factor is the reagent HpX.

(a) The Group X.—It is important to realize
that the reactivity of the group X can vary within
wide limits. Even a highly reactive group may
be used, which may ordinarily react quite rapidly
with groups y on a protein molecule [i.e., ks in
equation (9) may be large], because, for a given
value of K,, the enhancement [equation (9)]
depends on a ratio of rate constants k;/k; and not
on the absolute value of either. Indeed, to in-
crease the probability of forming a labeled
product in the active site, the group X should
preferably be one which reacts at appreciable
rates under mild conditions with as wide a range
as possible of amino acid residues. Thus, some
group Y in the site should be sufficiently favorably
situated to satisfy the inequality in equation (6).
This factor strongly favors highly reactive re-
agents.

(b)Y The Group Hp.—The HpX reagent most
nearly homologous to the particular Ab will likely
exhibit the largest K4 value for the formation of
the reversible complex with that Ab. On thes
other hand, it is conceivable that a reagent Hp'X,
with a heterologous but cross-reacting group
Hp’, might react with the Ab with a larger value
of k;/k; [equation (9)] than the reagent HpX.
Being less strongly bound. and therefore presum-
ably less well fitted to the Ab active site, the re-
agent Hp’X might have more positional free-

3 No data are presented in the text concerning the
activity of anti-R Ab after reaction with RDF. In
early experiments carried out under somewhat dif-
ferent conditions and with 2:1 and 4:1 mole ratios
of RDF to Ab, a loss of 25-409; of precipitating
capacity of the Ab for the antigen benzenearsonic
acid-azo-bovine ~y-globulin was observed. These
exveriments were not pursued, however, because a
quantitative interpretation of such results is rendered
ambignous by at least two factors: (a) the modifica-
tior affects Ab solubility; and (b) the reaction with
RDF attaches haptenic groups to the Ab (thereby
making anti-R Ab simultaneously an R-antigen)
which may affect the Ab assay. The latter factor
would also operate in equilibrium dialysis assays of
Ab activity. These considerations will be amplified
elsewhere,
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dom within the site than the homologous re-
agent HpX, and hence might react more
readily with the group Y in the site. In other
words, the parameters K, and k;/ks, other things
being equal, may vary inversely in such systems;
the resultant enhancement could conceivably be
larger for the heterologous reagent Hp’X than
for HpX.

It should also be noted that an enhancement as
large as the value of about 10* observed in the
RDF-anti-R Ab system implies a specificity of
labeling of a putative active peptide fragment
of about 104 compared to any other peptide frag-
ment. Since, with a radioactive HpX reagent, a
much smaller specificity of labeling could easily
be detected in peptide fragmentation studies, an
appreciable decrease in K, and hence an appreci-
able degree of heterology in Hp’, may be tolerable
in a given system.

These considerations indicate that wide latitude
in the choice of reagent HpX is permitted by the
method of affinity labeling.

Other Aspects of Affinity Labeling.—The con-
cepts of affinity labeling should be applicable in
other directions in addition to that so far dis-
cussed.

(a) Mapping of Protein Structure.—By means
of a series of reagents Hp-t-X in which the length
and configuration of a “‘tail” t separating Hp and
X are systematically varied, it may be possible to
label groups outside of the Ab active site in a
systematic manner. The distances and orienta-
tions of such groups from the active site may
conceivably be “mapped” in this manner (Law-
son and Schramm, 1962).

(b) Heavy Atom Isomorphous Replacements.—
For x-ray crystallographic studies of proteins
(Kendrew et al., 1961), it is at present essential to
prepare various isomorphous crystalline prepara-
tions of a particular protein containing heavy
atoms in various fixed positions in the crystal.
Affinity labeling of a protein enzyme may be
produced with a reagent InX (see Theoretical
section), where In is a specific competitive inhibi-
tor of the enzyme containing a heavy metal atom.
With a value of the enhancement of the order of
104, a highly specific and highly localized attach-
ment of the heavy atom to the protein could be
achieved, and, if no significant conformational
change of the protein resulted, a suitable deriva-
tive might be prepared.

(¢) Model Systems for Enzyme-Substrate Inter-
actions.—Strong analogies exist between the
process of affinity labeling and the normal func-
tioning of hydrolase enzymes (¢f. Koshland,
1959). In both cases, the initial rapid formation
of a specific reversible complex is followed by the
formation of a covalent bond between the small
molecule and a group in the active site of the pro-
tein molecule. In fact, an Hp-specific Ab would
be a specific enzyme for the substrate HpX if the
covalent bond formed between HpX and Y were
sufficiently labile to be hydrolyzed at an ade-
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quately rapid rate, and the group Y were regener-
ated. In this sense, affinity labeling is a simpler
process than hydrolase function. Insight into
the latter process may be gained by detailed
studies of the kinetics of affinity labeling and of
the effects of variations in Hp structure and in
the geometry of the group X not only on K,, but
particularly on AH}! and AS! [equation (7)].
In another connection, it may eventually prove
possible to prepare a specific enzyme catalyst for
a given reaction of the substance Hp'X by utilizing
an Ab specific to a suitably designed antigenic
determinant, Hp.
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The chelating agent 1,10-phenanthroline inhibits E. coli alkaline phesphatase by removal
of zinc; the inhibition is reversed on addition of Zn*+ ions. Dialysis of the enzyme
against the chelating agent results in an inactive zinc-free apophosphatase to which
activity is completely restored on addition of Zn+* ions. Among a number of other
metal ions tested Co*+ and Hg*+ restore activity, though only partially. Much
higher concentrations of Mg * * ions bring akout a similar effect, probably by a different
mechanism. Cd+*, Co**, Pb**, and Cu*~ ions inhibit the enzyme, presumably by

displacement of the native Zn *+ ion.

is enhanced by increasing ionic strength.

Purified preparations of E. coli alkaline phos-
phatase contain about 2 gram atoms of zinc per
mole of enzyme protein (Plocke et al., 1962). The
purified enzyme is inhibited by a number of agents
which form stable complexes with zinc ions in
solution. The effectiveness of these inhibitors is
closely related to the magnitudes of the stability
constants of their zinc complexes. Zinc, there-
fore, seems to be involved in the action of the
enzyme.

The present report considers the mechanism
by which one of these agents, 1,10-phenanthroline,
inactivates the enzyme through removal of zinc.
The zinc-free apophosphatase can be reactivated
completely by the addition of Zn ~ *, and partially
by Co++ and Hg* * ions.

* From the dissertation submitted by D. J. Plocke
in partial fulfillment of the requirements for the
degree of Doctor of Philosophy at Massachusetts
Institute of Technology, June, 1961, This work was
supported by the Howard Hughes Medical Institute
and by a grant-in-aid from the National Institutes of
Health of the Department of Health, Education and
Welfare, No. 11-3117 (C4).

t Fellow of the National Science Foundation,
1959--1961,

Be * * ions also inhibit the alkaline phosphatase
of E. coli as has been observed with other phosphatases.

Activity of the native enzyme

METHODS AND MATERIALS

Alkaline phosphatase of E. coli was prepared as
previously described (Plocke et al., 1962).

Protein concentration was determined by the
absorbancy at 278 my, a molar absorbancy index
(ay) of 5.6 X 10* being used (Plocke et al., 1962).

All metals were determined by emission spec-
trography (Vallee and Hoch, 1955); zinc was
alco measured by means of the dithizone method
(Vallee and Gibson, 1948).

Enzymatic activity was determined in 1 m Tris,
pH 8.0, at 25°, with 10~° M p-nitrophenyl phos-
phate (Garen and Levinthal, 1960; Plocke et al.,
1962). Where specified, 0.02 M veronal buffer
was substituted for 1 M Tris.

Reagents.—The method of cleaning glassware
and the preparation of metal-free water has been
described previously (Thiers, 1957). Tris (Sigma
121) and sodium diethylbarbiturate (veronal)
were dissolved in metal-free distilled water, ad-
justed to neutral pH with HCl, and extracted
with dithizone in carbon tetrachloride to remove
contaminating metal ions. Excess dithizone was
removed by extractions with c.p. carbon tetra-
chloride. The extracted solutions were adjusted



