
Table 2. Photolysis of uracil in water. Identi- 
cal doses of 260 to 300 mA light in all cases; 
uracil concentration 10-4M; 2,4-hexadienol 
(HDB) concentration l10-4M; analyses by ab- 
sorption spectrophotometry (addition of a 
small amount of mineral acid reverses the 
photohydration). Results are percentages'. 

Degassed Aerated 

No HE No 11DE HDE 11 H1DE 

Conversion 
42?-2 31l? 2 31?L2 33?+2 
Analysis of Products 

Hydrate 31?-5 42?-5 43?-5 46?45 
Dimers 69?-5 58?f5 57?t5 54?t5 

and uracil triplets [(Disc (intersystem 
crossing) I obtained by 2537-A excita- 
tion in acetonitrile solution were deter- 
mined with cis-piperylene as the I"trip- 
let counter" (11). Note (Table 1) 
the reduction in yields when the hydro- 
gen at the N-3 position of thymine or 
uradil is replaced by a methyl group. 
Phosphorescence from thymidine and 
uridine is observed only at high pH 
where the N-3 proton is removed (9, 
12). 

The difference in efficiencies of the 
dimerizations o~f thymine and uracil 
cannot be quantitatively accounted for 
on the basis of the difference in triplet 
yields. Steric hindrance afforded by the 
methyl group in thymine may be an 
important factor. 

In water thymine undergoes a very 
slow photooxidation if the water solu- 
tion is aerated (13). We observed no 
reaction of thymine in degassed water 
solution. On the other hand, photolysis, 
of a water solution of uracil gives 
dimers and the photohydrate, the lat- 
ter being detected by the h at and acid 
lability (14) of the material associated 
with the loss of absorbancy (Table 2). 
The initial ratio of hydrate to dimers 
decreases with increasing uracil con- 
centration (IS). In addition we found 
that, the ratio depends on the presence 
or absen-ce of air (oxygen) or of 2,4- 
hexadi~enol. The latter is a water soluble 
eliene with a triplet energy of 59.5 
kcal/mole (16) and is transparent at 
,the wavelengths of the exciting light 
employed. The presence of air or 2,4- 
hexadienol. leads to an increase in the 
ratio of hydrate to dimer. Furthermore, 
the disappearance of uracil is retarded 
by air or the hexadienol. Qualitatively, 
the data fits a model which does not 

mine in acetonitrile. This dimer has a 
different infrared spectrum and differ- 
ent chromatographic properties (17) 
from those the dimer produced by pho- 
tolysis of DNA or of thymine in ice 
(18). 

In addition to the dimer produced 
,by photolysis of uracil in ice, a second 
dimer was isolated from photolyzed 
solutions of uracil in both water and 
acetonitrile. A qualitative examination 
has indicated that the ratio of "ice 
dimer" to new dimer increases in the 
presence of a triplet quencher. The 
stereochemical course of the photo- 
dimerization of coumarin depends on 
the excited state involved (19). 
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Evolution of Immunoglobulin Polypeptide Chains: 

Carboxy-Terminal of an IgM Heavy Chain 

Abstract. The dipeptide sequence at the carboxy-terminal of a heavy (4) chain 
from a human macroglobulin (IgM) is tyrosylcysteine, although the reverse 
sequence, cysteinyltyrosine has not been rigorously excluded. The presence of 
cysteine at the carboxy-terminal was predicted from a recognition of the chemi- 
cal homologies among g the polypeptide chains of imn unoglobulins, and their 
probable evol tionary origin. 

On the basis of certain chemical sim- 
ilarities and amino acid sequence ho- 
mologies between the light and heavy 
polypeptide chains of immunoglobulin 
molecules, Singer and Doolittle (1) 
have proposed that the cistrons coding 
for these two kinds of chain have 
evolved from a common ancestral gene. 
This proposal led to the specific predic- 
tion that at or near the carboxy-termi- 
nal of the IgM (immunoglobulin M) 
heavy chain (/) there might be present 
a cysteine residue, since both classes 
of human light chains (K and X) have 
a cysteine residue in that region [car- 
boxy-terminal for K-chains (2); penulti- 
mate to carboxy-terminal for X-chains 
(3) 1. The heavy chains of IgG immuno- 

globulins (y) do not have a cysteine 
residue in their carboxy-terminal region 
(4), although other homologies to the 
carboxy-terminals of light chains are 
apparent (1). In the light chains, these 
cysteines form part of the interchain 
disulfide link between the light and 
heavy chains (3). It was suggested, 
therefore, that such an evolutionarily 
conserved cysteine residue at the end of 
n-chains might be responsible for the 
disulfide linkage of the five 7S-type 
subunits to form the 19S 1gM molecule 
(5). To test this prediction we have 
treated a human /%-chain with carboxy- 
peptidase A and -have indeed found 
cysteine at the carboxy-terminal. 

The IgM studied was a Waldenstrom 
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macroglobulin with K-type light chains; 
its purification and characteristics have 
been described (5). The macroglobulin 
was reduced with 0.005M dithiothreitol 
for 30 minutes at 250C in a 0.2M 
tris-HCI buffer, pH 8.6. Only interchain 
disulfide bonds are reduced under these 
conditions. The liberated -SH groups 
were specifically alkylated with a 10-per- 
cent (molar) excess (over reducing 
agent) of iodoacetamide-1-C14 (New 
England Nuclear) for 15 minutes at 
250C in 0.2M tris-HCI buffer, pH 8.0. 
The ji- and ,-chains were separated on 

Sephadex G-100 in I.M propionic acid 
at 40C (6). The ratio of C'4 activity in 
the {A- and K-chain peaks was 4:1. Our 

experiments were performed on chains 
separated from three different batches 
of reduced and alkylated material. In, 
an effort to increase the susceptibility to 
carboxypeptidase digestion, one batch 
of separated chains was succinylated 
with succinic anhydride (7). In addition, 
experiments were carried out with a 
fraction of a tryptic digest of partially 
reduced and C14-alkylated IgM, which 
appears to consist solely of oligopeptides 
derived from the carboxy-terminal. half 
of the n-chain (5). We refer to this 
fraction as the trypsin-digested Fc- 
fragments, by analogy to the (whole) 
Fcy fragments released from IgG mole- 
cules by papain digestion. 

Carboxypeptidase A (Worthington 
Biochemicals, DFP-treated) was diluted 
to a concentration of 2 mg/ml with 1M 
ammonium bicarbonate, and one vol- 
ume of enzyme was added to nine vol- 
umes of the chain preparation dissolved 
in water; the ratio of enzyme to poly- 
peptide chain was approximately 1:50 
(molar). Digestions were carried out at 
250C. The release of amino acids was 
examined by (i) paper electrophoresis 
at pH 2 in a mixture of acetic acid, 
formic acid, and water (2 kv for 45 
minutes), (ii) descending paper chro- 
matography in a mixture of butanol, 
acetic acid and water, and (iii) a com- 
bination of both, in which electro- 
phoresis papers were stitched to full 
sheets before chromatography in the 
second dimension. Carboxamidormethyl- 
cysteine (CAMC) was synthesized by 
the reaction of L-cysteine with an 
equivalent amount of iodoacetamide, 
the pH being maintained in the 
neutral range by the addition of NaOH. 
The compound was crystallized fromt 67 
percent ethanol in the cold (rn.p. 195? 
to 1 960C) Treatmuent o~f heavy -nchains 
wit;h carboxypeptida~se A led to a pro- 
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Table 1. Release of radioactivity after treat- 
ment of A-chains with carboxypeptidase A. 
Digestion mixtures were applied directly to 
Whatman No. 3 MM paper which was thea 
dried with a warm air stream. H-igh-voltage 
electrophoresis was conducted, the papers 
were stained with ninhydrin, and the areas 
corresponding to CAMC were cut out and 
counted for radioactivity. The origin areas, 
containing the parent protein, were also cut 
out and counted. Theoretically, 100 percent 
release of the carboxy-terminal CAMC would 
equal one-fourth of the total counts. 

Radioactivity activity 

Digestion (count/mm) released 
time percents 

(min) Agn s age of 
Origin CAM theo- 

CAC retical) 

0 4218 0 0 
10 5220 134 10 
20 5692 209 14 
30 5971 298 19 

240 3698 537 51 

gressive release of C14 radioac tivity 
(Table 1). The radioactive material ap- 
peared in a ninhydrin-positive spot 
which had the same mobility and Rp, as 

the CAMC reference compound. After 
a 30-minute digestion period the only 
other ninhydrin spot on paper electro- 
pherograms or chromatograris corre- 
sponded to tyrosine. Further digestion 
released a greater percentage of the 
expected radioactivity. Theoretically, 
since only one of the four C14-CAMC 
groups on each p-chain could be car- 
boxy-terminal, a maximum release of 
one-fourth of the radioactivity in the 
unchains could have been expected. 
Such prolonged digestion also liberated 
a number of other amino acids. The 
data indicate that the carboxy-terminal 
dipeptidyl sequence which. is most likely 
is tyrosylcysteine, although further ki- 
netic studies would be necessary to 
rigorously exclude the reverse sequence, 
cysteinyltyrosine. 

Several carboxypeptidase digestions 
were performed with the C' -labeled 
trypsin-digested Fctt fragments. A simi- 
lar release of radioactive CAMC was 
obtained. If two of the four C'4-CAMC 
groups of each n-chain were present in 
the Fcu region (5) about 60 percent 
of the expected radioactivity was lib- 
erated after a 3-hour digestion period. 

Attempts to remove the carboxy- 
terminal amino acid [presumably cys- 
teine (2)] of the light (K) chain from 
this ma~croglobulin were uniformly un- 
sticcessful, however. Although carboxy- 
peptidase A digestions were carried 
out from p1T 5.9 to 8.0, with either 
unmodified or succinyla~ted chain}s not 

significant release of radioactivity or 
ninhydrin-positive material was ever 
obtained. The difficulty may stem from 
the fact that glutamic acid is the 
penultimate amino acid in i-type light 
chains (2), a situation which has 
been reported to slow carboxypepti- 
dase digestion considerably (8). 

Evidence has been presented (5) 
that under the conditions of reduction 
in our study only interchain disulfide 
bonds are reduced and subsequently 
alkylated. Furthermore, the particular 
interchain disulfide bond formed by 
the cysteine at the p-chain carboxy- 
terminal must link two pt-chains, since 
the relevant CAMC was also obtained 
from the Fc1j region of the molecule 
which does not contain the K-chains. 
While our results do not exclude the 
possibility that this link might be be- 
tween the two halves of a 7S-type 
subunit (yMs, 5) of the IgM molecule, 
it appears reasonable to infer rather 
that the link is between the 1Ms sub- 
units that form the 19S pentaamer. 

Our results also support the original 
suggestion that the cysteine residue in 
question is an evolutionary survivor of 
a gene duplication which. led on the 
one hand to heavy A-chains and on 
the other to a light-chain class. Final- 
ly, the capacity of IgA molecules to 
form a variety of disulfide-linked poly- 
mers (9) suggests that the a-heavy 
chain may also retain a cysteine resi- 
due near its carboxy-terminal which is 
involved in such cross-links between 
subunits. 
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