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INTRODUCTION

An iodine-reactive residue is known to be at the active site
of antibody directed against the azophenylarsonic acid group (l 2). As
the Pirst ‘step in the 1dentification of this residue, the numbers and
kinds of surface groups which can react with iodine were determined after
extensive treatment of arsonic antibody (3) Iodiee was foudd to be sub-
stituted in all the available tyrosyl and histidyl residues and in addltion
significant numbers of methiqnyl and tryptophanyl residues were oxidized.
Since in previous studies (4) loss of immunologicel activity was shown to
. be associated with the binding of iodine, these data:suggesfed the presence
‘of a tyrosyl or histidyl grodp at the active site. | |

The present work describes the positive identification of tﬁe
active site group by (a) partial iodinations in which the medification'of '
amino acid reeidues was correlated with loss in bidding_capécify‘and (b)d

the cambined use of iodination and photooxidation.

METHODS AND MATERIALS

Pr_paration of Purified Arsonic Antibody--Antisera vere prepared

in New Zealand white rabbits by the injection of bovine gamma globulin
coupled with diazotized‘arsanilic acid. After a single course of inocula-~
tions the animals were exsanguinated add sera containing more than 100 ug
of adtibody N per ml were'pooled. *Antibody directed only against the
azophenylafsonic acid moiety was isolated from the pooled sera by precipita-

tion with:an azoantigen in which human fibrinogen was substituted as the
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protein carrier. The waéhed immune precipitetes were then dissolved in
an 0.25 M solution of the haptene, p-nitrobenzenearsonic acid, and the
resulting solution was applie& to & DEAE column equilibrated with 0.02 M
phosphate buffer, pﬁ T.2. Under these conditions the ahtibody appeared
as a single peak at column volume and the eluate was showﬁ to be at least
© 95% pure by equilibrium dialysis measurements. Detailed descriptions of
the antigen syntheses and the purification procedﬁres have appeared else-
vhere (h); | |

Preparation of Purified Gemma Globulin--Pooled sera from normal

rabbits was treated by the slow addition of saturated.(NHh)Esoh, pH 7.0,
until the concentretion of (NHh)sth reached 30%. The precipitate which
formed after 24 hrs of standing was removed by centrifugation and diécarded.¥
The amount of (Nnh)2soh in the supernatantlwas then increased to 37% and |
the resulting precipitate was washed with 37% (NHu)sth, diésolvéd<in-dis- ;
tilled water at pH 7.0, and reprecipitated at the same concentration of |
salt. This process was repeated two times with the exception that the

final precipitation was carried out with a 35% solution of (Nﬂh)Zsoh’
:Aliquots of the isolated gamme globulin were then separated on a DEAE

column under exactly the same conditions used for the elution of the specific

antibody.

Measurement of Antibody--The immunological activity was assayed

by the dialysis of arsonic antibody against acetylated arsanilic acid imn
vhich the carboxyl carbon was radiocactive. This equilibrium dialysis method

has the advantage that it provides a direct measure of the binding capacity
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of antibody and does not depénd on' a secondary manife#tation of antigen-
antibody binding such as the formation of insoluble complexes. The haptene
was synthesized from arsanilic acid and Clh-labelled acetic aﬁhydride by -
a modification of the method of Ehrlich (S)f The dialyses were carried

out in & lucite apparatﬁs which was divided into two campartments by the
insertion of a dialysis membrane. After 1 ml of the appropriaste antibody
or haptene solution was added to each compartment, the container was closed
and rotated in the cold for 44 hrs. The anfibody concentrations used
varied fraom 1 to 2 x 10-5 M depending on the binding capacity; the haptene
concentrations ranged from 1.5 x 1072 M to 1.5 x 10°% M. All solutions

| vere made up in 0.2 M glycine buffer, pH'8.5 and 0.125 M NaCl.

To detérmine the amounts of free and bound haptene after dialysis
dupiicate 0.1 ml aliquots from each compartment were plated and counted in
en end window gas chamber to an accuracy of better than 1%. Corrections
were applied for self-absorption, background and non-specific absorption
of the haptene on the membrane and walls of the container as previously
determined in a series of Qontrol experiments (4). The protein content of
the solutions in the antibody compartment were analyzed in triplicate by

the micro-Kjeldahl N method.

Iodination of Antibody--Arsonic antibody was iodinated by a

modification of the method of McFarlene (6) in which iodine monochloride
is the iodinating agent and the reaction is carried out in 0.2 M glycine,
pH 8.5. A complete description of the apparatus eand the procedure used

mey be found in (3). In the experiments to determine the effect of
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iodination on binding capacity radioactive iodine monochloride was not

employed because of the difficulty of counting Clh in the presence of

131. JTodine 1ncorporation‘was measured in these cases by carrying out

I
duplicate experiments in which highly purified gemma globulin was substi-
tuted for the arsonic antibody and the ICI was eépilibrated with radio-
active iodine: The iodine upteke was then calculated'from'the specific
activity of the samples and the assumptions of & N content of 16 and

a molecular weight of 166;000. To determine specific activities, the
iodinated samples were precipitated in the_presence of 0.13% NaHSO3 and
T cc13Doon (TCA); the precipitates were washed three times with T TCA,
dissolved in dilute NaOH and aliquots removed for counting and N analysis
by the micro-Kjeldahl method. Radioactivity was aésayéd in a deep well
scintillation counter and,correcﬁed for background, decay and sample
volume., It was sﬁown that under these conditions the iodine uptake of

the globulin preparations was identical within experiﬁental error to that

of purified arsonic antibody and that the yields were reproducible (4).

Photooxidation of Antibody--The procedure used for catalytic

photooxidation was developed by Ray and Koshland (7) on the basis of earlier
work by Weil and his co-workers. The apparatus consisted of & Warburg

bath with a lﬁcite bottom through which passed theAlight from a benk of

150 watt spotlights mounted below. The light inﬁensity was controlled by
use of a rheostat and volt ﬁeter which meintained a 126 volt input to the

- lights. Reaction flasks constructed with a flat polished glass bottom

were attached to the Warburg shaker and immersed 1/2 inch into the water
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" bath maintained at 11-12° C.. The shaker was set to give a full stroke at
the rate of 80 per min.

Since the rate of photooxidation was found to vary with the
volume, concentration of reactants and ionic strength of the reaction
solution (7), the photooxidations weré carried out under a constant set
. of conditions. A 1.9 ml volﬁme of a solution 3.3 x 10'.5 M in antibody
gnd 0.02 M in phqsphate buffer, pH 7.2, was.pipetted_into the reaétion
flask. One-tenth milliliter of 0.2% methylene blue, freshly prepared in
phosphate buffer, was added, the solution was thoroughly mixed and the
flask was fitted to the stopper mounted on the menometer stand. After
suitable exposure to light, the coﬁtents of the flask were transferred
so that the methylene blue could be removed by dialysis or precipitation
with TCA. The photooxidations and all manipulations from the fime of
ad&ition to the final removal of the methylene blue wvwere performed in a
darkened room and the reaction mixture kept ice-cold at all times. 1In
those instances when more than 10 mg of an antibody were required for ex-
periments subseqpeﬁt to photookidation, an appropriate number of reaction
solutions were photooxidized‘simultaneously under the conditions described
above. Controls were included to assay the effect of methylene blue in

the dark and -light exposure in the absence of the dye.

Analyses of Amino Acid Residues--The amino acid analyses were

carried out on 4 mg samples which were either dialyzed exhaustively against
~dilute phosphate buffer or precipitated with TCA according to the procedures

described sbove, In the case of the photooxidized samples, the TCA
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precipi;ates were subjected to an additional wash with ice-cold 95%
alcohol which removed mosf of the adsorbed methylene blue. “Acid hydrolyges
were performed according to the standard procedure; basic hydrolyses by
" the Ba(OH)2 method of Ray and Koshlend (7). The dried hydrolysates were
dissolved in Svml of the appropriate buffer and 2 ml aliquots were applied
to the long end short column of the automatic analyzer.. The recoveries
obtained for the amino acids in each chromatogram were expressed relative
to a leucine value of 89 residues per mole of antibody ‘The use of this
correction was supported when the sum of the residues so obtained (3)
gave a-molecular weight for .arsonic antibody of 156,700, & value in good
agreement with the average of 160}000 determined for rabﬁit antibody by
various physical measurements (6 - 11). |

The modification of tyrosyl, histidyl, methionyl and tryptophanyl
residues by iodination was determined from the differences obtained between.
the amino acid recoveries of treated and untreated antibody. The acid
hydrolysates were used to assay the reaction of histidyl groups with
iodine; the basic hydrolysates were required to measure tyrosyl, methionyl
and tryptophanyl reactivity because of the deiodination of di-iodotyrosine,
the reduction of methionine sulfoxide and the destruction of tryptophan
dufing HC1l hydrolysis. The validity of this difference method was estab-
lished ;y the demonstration (3) that the presence of oxidized or iodinated
derivatives did not affect the recoveries of the unmodified residues with
the exception of di-iodohistidine which was partially delodinated in acid

to regenerate histidine. Since an average of 18% was found to be deiodinated
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over a wide rahge of di-iodochistidine concentration, the observed loss
in histidine could be corrected to obtain the number of modified residues.
Studies of photookidized phosphoglucomutase .and chymotrypsin
showed that methionyl, histidyl, tryptophanyl and tyrosyl groups were des-
troyed and the products of the reaction were not stable to hydrolysis (7).
However, since no regeneration of histidine (12) occurred in acid and no
regener;tion of methionine (7), tryptophan and tyrosine (12) in base, the
residues in arsonic antibody modified by photooxidation could be determined
by the same.echeme of analysis of acid and basic hydrolysetes used to

identify iodineted groups.

EXPERIMENTAL RESULTS

The effect of increasing iodination on the reactive groups in
arsonic antiboay is shown in Table I. It may be seen that the tyrosyl
residues were most susceptible to destruction under the experimental con-

"ditions employed and the only groups to react significantly during the
additibn.of smell amounts of reagent. The imidazole rings were iodinated
more slowly as would be expected from the comparative iodieation of the .
free amino acids. Finally methionyl and tryptophanyl residues were oxidized
only after more than 71 atoms of iodine were added per molecule ef.antibody.

The observed emino aeid modifications are compared in Table II
with the measurements of iodine uptake and binding capacity. The correla-
tion with iodine uptake revealed that the number of atoms ineorporated
per antibody molchle"wes always twice the sum of the residﬁes iodinated

within the limits of experimental error. Thus, essentially every substituted
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residue confained two iodine atoms even vwhen additional unreacted groups
vere available. These data supported the earlier observations of Li (13)
that monoiédinated tyrosine reacts morevrapidly with iodine thgn tyrosine
itself. | |

The correlation with the ﬁeasurements of binding capacity
showed that 87.7% of thg active sites were destroyed by the modification
of 26 tyrosyl and 3 hiétid&l reéidues. These results eliminated the |
possibility of & methionyl or tryptophahyl group being the iodine-reactive
residue at the active site of arsonic antibody and strongly indicated thé
presence of tyrosine. However, fiqal.proof depended on the demonétration'
that the reaction of the few histidyl residues was not responsible for the
dbserved loss in immunological activity.

From previous studies, particularly those of Weil and his co-
workers (1b, 15), the hisﬁid&l residues in proteins were known to be sus-
ceptible to destruction by catalytic photooxidation vhile the tyrosyl
residues vere modified very slowly if at all., This information suggestedl
that the iodine-reactive histidines in arsonic antibody could be selectively
modified by photooxidation prior to iodination so that the effect of tyrosyl
loss alone could be assayed.in the subsequent iodination. The optimal
period of photooxidation was chosen from measurements of the loss of
hisitdyl groups as a function of exposure time shown in Fig.yl. It was
evident fram the nonlinearity of the semi-lqg plot that all thé histidines
in arsonic antibpd& were not destroyed at the same first order rate. How-

ever, the shape of the curve obtained suggested two general degrees of
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.reactivity;'approximately 11 of the 1€ histidyl groups were rapidly oxidized
vhile the remasinder appeared relatively inaccessible to the reagent. The
30 minute exposure used represented, therefore, the time required for the
reaction of thosshistidyl residues readily accessible to modification by
photooxidation and presﬁmably 8lso by iodination. |

' The effect of photooxidation asnd subsequent iodination on the
amino acid content and the binding capscity of arsonic antibody is shown
in Table III and Fig. 2 respectively. The photooxidative step produced
the expected destruction of 1l histidyl groups &nd in addition altered 2
tyrosyl and iO methionyl residges,l These modifications wereAaccompanied
by av33$ lpss in binding capacity as illustrated in Fig. 2 by the‘decrease
in r, the average number of binding sites per molecule, from 1.91 for the
control to 1.26 for the photooxidized sample. The cause of this loss was
not immediately apparent. The amount was greater than ﬁould be expécted
fram the numbef of tyrosyl residues modified unless a tyrosine at the active.
site was selectively photooxidized. On the other hand, the loss was only
one-third that expected if a histidiﬁe were at the active site, since the
subsequent data demonstrated that the three iodine-reactive histidines were
oxidized. It is possible that the loss resulted from the oxidation of a
histidyl or methionyl residue p;esent'af the active site but not accessible
to iodine even though the overall rate of histidyl or methionyl photooxida-
tion did not parallel the rate at which activity.was destroyed. It is
also possible that the loss was due to changes in the tertiary structure
since the presence of haptene di@Anot protect against the effects of photo-

oxidation.
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The subsequent addition of 40 iodine atoms per molecule to the

photooxidized antibody did not cause any detectable destruction of the

'remaining histidyl residues as shown in the last two columns of Table III,

while the identical treatment of a non-photooxidized cOntfol resulted ih'

the loss of 1.6 histidines. Furthermore, iodination of histidyl grbups

was not obtained when the amount of reagent added, 72 iodine atoms per

molecule of photooxidized antibody, was sufficient £o4destroy 3 histidyl

residues. It would appear, therefore, that those histidyl groups whose re-

| action with iodine coincided with a 90% destruction of immunological activity

were altered by the preliminary photooxidative treatment. Hoﬁever, the

" addition of hO iodine atoms.per moleéule modified 19'tyro§yi residues and

reducéd'thé average number qf sites frém 1.26 to 0.32 per molecule, a Th.6h

loss in the‘activity remaining after photooxidation. These data in con-

Junction withAthe previous demonstration (1, 2, 4) that haptene prevented

thellpss of activity by iodination established that a tyroéyl residue is

" at the active site of arsonic antibody.

DISCUSSION

Previous studies (3) indicated that iodine is not a highly
specific amino acid reagent under-copditions of extensive iodination
since significant numbers of tyrosyl, histidyl, methionyl end tryptophanyl
residues were destroyed. However, the present'analyses of partially io-
dinated material showéd that iodine reacts preferentially with the tyrosyl
side chains in arsonic antibody. Tyrosyl residues glone were modified by

the incofporation of the first 8 iodine atoms per molecule and only 3
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histidyl gfoups vere destroyed in addition to 26 tyrosines by an increase
in iodine upteke to 56 atoms per molecule. Furthermore, the delayed 4
oxidation of methionyl and_tryptéphanyl residues in the presence of excess
reagent suggested ﬁhat these groups do not become &available for reaction
until the tertiary structure is disrupted by the iodination of tyrosyl
residues. A similar pattern of amino ac1d modification was obtained by
the successive iodination of a pool of immunolbgically inert gamma globulin,
as shown in Teble IV. These results indicate that tﬁe relative accessi-
bility of tyrosyl, histidyl, methionyl and tryptophanyl résidues to iodine
is not detectabiy altered by the differences in sequence and/or conforma-
tion which determiné immunological sﬁecificity.

| The active sites of antibddies other then the anti-p-aquénzene—
arsonate have been shoﬁn to contéin an iodine-reactive residue. Grossberg
et é}. (16) found that iodination reduced the binding capacity of anti-p-
azobenzoate, anti-3-azopyridine and4anti-p-phenyltrimethylammonium anti-
: bodies and the loss could be partiaslly prevented by the prior addition of
the respective homoiogous haptene. Ketsura (17) has.obtained similar re-
sults with diphtheria antitoxin. The presence of a tyrosine at the active
center of each of these antibodiés is certainly likely on the basis of the
present studies of the iodination of arsonic antibody and gammé giobulin.
However, fingl identification can only be made by the use of methods, such
-as photooxidation, which eliminate the possible involvement of the other
iodine-reactive groups.

The number of iodine-reactive residues at each active site of
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arsonic antibody was determined previously (4) by calculating the probable
losses in binding capacity if there were one or two groups present and if
the iodination of eny oﬁe of these destroys the binding at that site. Fof
this calculation the aséumption was made that any substituted résidue con-
tains two iodine atoms independently of the extent of iodination. When
the theoretical yalues'were compared with the observed losses ip-binding
capacity, a close correspondence was found'with the losses that would be
expected if only one reactive group were at each site. The data obtained
in the present studies provide experimental evidence for the d4i-substitution
of iodinated residues and thus support the previous conclusion that only
oné iodine-reactive group, ie.e. tyrosine, is involved in determining the

specificity of arsonic antibody.

CONCLUSIONS

The modification of amino acid residues in arsonic antibody was
followed as a function of iodine gptake. The tyrosyl side chains were
most susceptible to destruction by iodination, histidyl groups reacted
more slowly and the oxidation of methionyl and tryptophanyl residues was
noﬁ observed until most of the available tyrosines were reacted. Two
iodipe atoms were found to be substituted in each iodinated residue inde-
pendently of the extent of iodination.

The correlation of the observed amino acid modifications with
: 1osses in binding capacity showed that essentially all immunological activity
was destroyed when only tyrosyl and histidyl residues were 1od1nated. By

the combined use of photooxidation, which selectively altered the histidyl
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residues, and iodination which effected a significant decrease in binding
capacity by the reaction ofbonly tyrosyl groups, it was possible to identify
a tyrosyl residue as the iodine-reactive group known to be at the active

site of arsonic antibody.



Research carried out at Brookhaven National Laboratdry under the

auspices of the U, S. Atomic Energy Commission.

2 The gntiazophenylarsonic acid antibody’will be referred to henceforth

in this paper as arsonic antibody.



12.
13.

1k,

15.
16.

17.

-18-
REFERENCES

PRESSMAN, D., AND STERNBERGER, L. A., J. Immunol., 66, 609 (1951).
KOSHLAND, M. E., ENGLBERGER, F. M., AND KOSHLAND, D. E. JR., Proc. Natl.

Acad. Sci. U. S., 45, 1470 (1959).

KOSHLAND, M. E., ENGLBERGER, F. M., ERWIN, M. J., AND GADDONE, S. M.,

J. Biol. Chem., in press.

KOSHLAND, M. E., ENGLBERGER, F. M., AND GODDONE, S. M.;. J. Immunol.,
in press. ' |

EHRLICH, P., AND BERTHEIM, A., Ber. deut. chem. Ges., 40, 3292 (1907).

MCFARLANE, A. S., Nature, 182,53 (1958).

RAY, W. J. JR., AND KOSHLAND, D. E. JR., J. Biol. Chem., 237, 2493 (1962).

EDEIMAN, G. M., AND POULIK, M. D., J. Exptl. Med., 113, 861 (1961).

TISELIUS, A., AND KABAT, E. A., J. Exptl. Med., gg,'llg (1939).

CAMPBELL, D. H., BLAKER, R. H., AND PARDEE, A. B., J. Am. Chem. Soc.,

70, 2496 (1948).

EPSTEIN, S., DOTY, P., AND BOYD, W. C., J. Am. Chem. Soc., 78, 3306 (1956).

GAETJENS, E., AND KOSHLAND, D. E. JR., private communication.

LI, C. H., J. Am. Chem. Soc., 64, 1147 (19k2).

WEIL, L., JAMES, S., AND BUCHERT, A. R., Arch. Biochem. Biophys., L6,
266 (1953). :
WEIL, L., AND SIEBLER, T. S., Arch. Biochem. Biophys., 5k, 368 (1955).

GROSSBERG, A. L., RADZIMSKI, G., AND PRESSMAN, D., Biochemistry, 1,
391 ((1952).
KATSURA, T., Japan. J. Exptl. Med., 25, 167 (1955).




-19-

TABLE I

Destruction of smino acid residues in arsonic antibody by iodination

Amino acid residues recovered per 160,000 g of antibody
Todine added T 5T — . T
Tyrosyl Histidyl Methionyl™ | Tryptophanyl
atoms/mol. ‘
0 | 58.8 16.4 12.8 - 18.3
s 574 6.5 | 130 .
8.9 ' 55.1 1€.L 13.4 -
17.8 51.2 16.3 13.0 -
26.7 h8.3 . 15.9 12.7 | -
35.6 43.1 15.4 ©13.0 187
71.2 32.6 ~ 1k , 13.0 1 - 18.7
260, ‘ k.7 | 10.3 ; 3.2 1  12.5
1

Determined after 16 hr Ba(OH)2 hydrolysis

2 Determined after 20 hr HC1l hydrolysis
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TABLE II

Correlation of destruction of amino acid residues in arsonic antibody

with iodine upteke and loss in binding capacity

Residues lost per 160,000 g of antibody Iodine Loss in

1 Sum of uptake binding

Tyrosyl Histidyl tyrosyl + histidyl capacity
atoms/mol. 4

antibody

1.7 0 1.7 3.57 7.7
3.7 0 3.7 7.63 12.3
7.6 0.1 7.7 15.7 26.0
10.5 0.6 1.1 22.1 Lk.9
15.7 1.2 16.9 30.5 56.6
26.2 2.8 29.0 55.5 87.7

1 Corrected for 18% deiodination of di-iodohistidine in HC1 hydrolysis
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TABLE III

Amino scid residues in arsonic antibody modified by (a) photooxidation

and (b) iodination subsequent to.photooxidation

& . : b Photooxidized and
Untreated Photooxidized

Amino iodinated®
acid Residues " '| Residues ‘Residues Residues - | Residues
per moled ' per moled lost per‘moleq lost

Acid hydrolysatese

lys 69;6 ’ 69.7 68.9
hist | 164 | k.93 11.5 b96 o
arg 45 | 45 | b5 |

| | ' Basic hydrolysat’esf
pro 117 1118 : 122
met 12.2 2.49 9.7 - 2.29 o0
Ileu® 50.3 | 49.6 | wo
s | & 89 - 8. |
tyr 58.3 | 56.2 2.1 | 37.3 -19.0
phe 4 L3.0 2.8 ' .h3.0

8 Combinéd with methylene blue, but not pﬁotooxidized
b Photooxidized for 30 min in presence of 0.0l%»methylene blue

¢ Todinated by additién of 410 I atoms per mol. of photoo#idized antibody
4 e molecular weight of arsonic antibody was assumed to be 160,000

€ Hydrolyzed in HC1 for 20 hrs. Values corrected to arg = 45 residues

per mole. Each vélue represents an éverage of 3 determinations

f Hydrolyzed in Ba(OH)2 for 16 hrs. Values corrected to leu = 89 resi-

dues per mole. Each value represehts an average of at leest 2 determinations

g Sum of Ileu and alld-Ileu



TABLE IV

Destruction of amino acid residues in rabbit gamma globulin by iodination

Residues per 160,000 g of globulin

Iodine :
upteake Tyrosyll Histidyl2 Methionyll Tryptophanyl%
Recovered Lost Recovéred -Lost3 Recovered Lost | Recovered Lost
atoms/mol.
antibody :
0 57.0 0 18.0 0 | 13;0 0 18,6 0
3.6 55.0 2.0 - - 12.4 0 . ;
7.6 52.3 b7 16.0 0 13.2 0 - -
15.7 49.3 7.7 18.0 0 13.0 0 - -
22.1 45,7 11.3 17.7 0.4 3.2 0 - -
20.5 42.0 15.0 | 16.4 1.9 13.2 0 - -
55.5 33.1 23.9 15.9 3.0 12.8 0 19.5 0
102.1 13.4 k3.6 10.7 8.9 3.0 10.0 2.4 6.2
1l

2

Determined after 16 hr Ba(OH)2 hydrolysisr

Determined after 20 hr HC1 hydrolysis

3 Corrected for 18% deiodination of di-iodohistidine in HCl hydrolysis

—88—
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FIGURE LEGENDS

‘Figfll.' Modification of histidyl residues in arsonic antibody

by photooxidation.

Fig.'a. Effect of photooxidation and subsequent iodination on

 the binding capscity of arscnic entibody. Curve C represents both untreated

antibody and entibody combined with methylene blue end then diolyzed in the
dark. Curve 1l represents antibody photooxidized for 30 min in the presence

of methylene blue. Curve 2 represents the same antibody after the addition

cof BO I atams per molecule.
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