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SUMMARY: Two compounds have been designed to serve as photoaffinity reagents 
for use with carboxyl proteases. 1,2-Epoxy-3-(4'-azido-2'-nitrophenoxy)pro- 
pane has been synthesized and shown to react with porcine pepsin in the same 
fashion as the traditional inhibitor 1,2-epoxy-3-(p-nitrophenoxy)propane, 
while p-azidophenacyl bromide is similar to other phenacyl bromides in its 
reaction with pepsin. In combination with p-azido-a-diazoacetophenone, pre- 
viously shown to resemble o-diazo carbonyl reagents in its reaction with pep- 
sin, photoaffinity analogs are now available for all three of the widely-used 
carboxyl protease inhibitors. 

Enzymes ranging from the gastric digestive proteases, pepsin and chymosin, 

of vertebrates to the extracellular fungal proteases from Penicillium 

janthinellum, Rhizopus chimensis, and Endothia parasitica are now well- 

documented as belonging to a single class of carboxyl proteases. These 

enzymes require two active site aspartate residues for their function and 

have much structural homology to porcine pepsin (1,2). However, speculation 

continues about the common mechanistic and structural features of a large 

number of other, less well-studied, carboxyl proteases (1,3,4) and, in some 

cases, about the physiological roles of the proteins (1). 

We have developed a series of bifunctional photoaffinity reagents which 

will allow application of the powerful photoaffinity technique (5,6,7) to 

investigating questions of structure and function for carboxyl proteases. An 

earlier report (8) on photoaffinity reagents for use with pepsin noted dis- 

couraging results with e-diazobenzenesulfonic acid and with photolabile pep- 
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tide analogs. Our reagents, on the other hand, were designed to be comparable 

to the three widely-used, traditional, carboxyl protease inhibitors (1,9,10,11) 

and to contain the aryl aside chromophore which is known to give good 

levels of insertion into protein upon photolysis (5,12,13). 
1 

The first inhibitor, 1,2-epoxy-3-(4'-azido-2'-nitrophenoxy)propane, 1, 

is a photoaffinity analog of 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP), while 

pazidophenacyl bromide, 2, serves as an analog of the p-substituted phenacyl 

bromides. Finally, pazido-a-diazoacetophenone, 2, is an analog of the 

a-diazo carbonyl inhibitors. 

results of the incubation of 

with porcine pepsin has been 

We report here the synthesis of 1 and the 

porcine pepsin with 1 and 2. The reaction of 3 

described earlier (13). 

CHN2 

2 3 - - 

MATERIALS AND METHODS 

Inhibitors. [carbonyl-'4C]p-Azidophenacyl bromide, 14C-2, was synthesized as 
described previously (14). 

Reagent 1 was synthesized by the reaction of 4-azido-2-nitrophenol, pre- 
pared through the 2-nitroquinone diazide, with epichlorohydrin. The method of 
Ried and Appel (15) was used to prepare 2-nitroquinone diazide which was ob- 
tained as a brown solid that detonated on heating to 164°C. The procedure of 
Zhmurova et al. (16) was used to convert the diazide to 4-azido-2-nitrophenol -- 
in an overall yield of 81% from the 4-amino-2-nitrophenol (Aldrich) starting 
material. Recrystallization of the 4-azido-2-nitrophenol from 95% ethanol 
gave yellow needles, mp 88-88.5"C,Rf on silica gel of 0.58 in 1:2 (v/v) 
acetone/ligroin, Rf of 0.54 in 1:2 (v/v> ether hexane. Lauguin et al. -- 
describe an alternate synthesis and provide other physical data for It-azido- 
2-nitrophenol (17). To synthesize 1, a 2.7~ml (3.2 g, 34 mmole) portion of 
epichlorohydrin was added to a solution containing 4.0 g (22 mmole) of 4-azido- 
2-nitrophenol and 1.2 g (30 mmole) of sodium hydroxide in 200 ml of water. 
The reaction was stirred at room temperature for 17 h. An additional 2.7 ml 
of epichlorohydrin was added to the reaction and stirring was continued for 
24 h. The reaction mixture was diluted with water and extracted with ether. 
After washing with base and water, the ether layer was dried and evaporated to 
an oil which was crystallized from 95% ethanol to give 0.73 g (corrected yield, 
19%) of 1. Unreacted phenol starting material was recovered (0.99 g, 5.5 
mmole) by acidifying the basic extracts and collecting the precipitate. Re- 
crystallization of the epoxy product from 95% ethanol gave yellow crystals: 
mp 97.5-98.5"C; Rf on silica gel of 0.09 in 1:2 (v/v) etherfhexane; nmr 
(CDC13, Varian T-60 Spectrophotometer) 6 2.80-3.03 (m,2,C% epoxide), 3.23- 

1 
Abbreviations used: 1, 1,2-epoxy-3-(4'-azido-2'-nitrophenoxy)propane; 
EPNP, 1,2-epoxy-3-(p-nitrophenoxy)propane; 2, p-azidophenacyl bromide; 
2, p-azido-a-diazoacetophenone. 
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3.53 (m,l,CIJ epoxide), 3.93-4.57 (m,2,CQ), 7.10-7.57 ppm (m,3,aromatic); uv 
(0.4-2% methanol in 0.005 M acetic acid) A,, 249 nm (E 2.05 x 104 cm-l ~-1) and 
363 nm (E 2.14 x lo3 cm-l M-l). The glycol prepared (18) from 1 showed 
similar uv characteristics in 0.005 M acet'c acid: 
lo4 cm-l -1 1o3 cm-1 i-1; and bax 365 nm (E 2.11 x 10' cm-' M-1~~~t~5~nn~2~~ o';'t i9 x . 

Pepsin purification, assay, and oxidation. Porcine pepsin (Worthington PM) 
either was used directly or was purified further by passing it through a 
Sephadex G-25 (fine) column. An e280 of 5.14 x 104 cm-1 ~-1 (19) was used for 
the enzyme in citrate buffer. Enzyme activity was assayed against hemoglobin 
as substrate (19). 

Pepsin was oxidized by the method of Kido and Kassel (20). Following 
treatment with catalase, the pepsin solution was dialyzed against two changes 
of water at 5°C for a total of 19 h. For the nonoxidized control samples of 
pepsin,water was added to the enzyme in place of 30% hydrogen peroxide. 
Oxidized and nonoxidized preparations were adjusted to identical concentra- 
tions in the range of 6-7 x low5 M. Oxidized pepsin retai.ned 74-80% of the 
activity of the nonoxidized enzyme. 
Reaction of 1 with pepsin. In a typical run, solid 1 (0.085 g, 0.36 mmole was 
added to a 38-ml portion of 2.67 x 10B5 M pepsin in 0.1 M sodium citrate buffer 
pH 3.4. The reaction mixture was protected from light and stirred at room 
temperature. The percent pepsin activity remaining in the J-pepsin mixture 
was calculated by comparing the activity of the reaction mixture to that of a 
control pepsin sample. To determine the molar ratio of 1 bound per mole of 
pepsin, a 3.0-ml aliquot of the l-pepsin reaction mixture was removed, cen- 
trifuged to remove solid 1, and chromatographed on a 1.4 x 44 cm Sephadex 
G-25 (fine) column in the dark with 0.005 M acetic acid used as eluant. Early 
fractions containing material absorbing at 280 nm were scanned in the uv 
region on a Cary 17 spectrophotometer and the concentrations of 1 residues and 
of pepsin in these fractions were calculated in either of two ways. First, 
assuming that all absorption at 365 nm was due to absorption by residues of 1, 
the ~365 for the glycol of 1 was used to find the concentration of residues of 
1. The concentration of pepsin, in turn, was determined by noting the A280 
and using the e280 for the glycol of 1 and an E280 of 4.6 x lo4 cm-l M-l (18) 
for pepsin in 0.005 M acetic acid. Alternatively, the A251 and A280 values of 
the fractions were noted and the concentrations of residues of 1 and pepsin 
were calculated b 
~251 of 1.58 x 10 2: 

using the ~251 and the &280 for the glycol of 1 and an 
cm-l M-l and an ~~~0 of 4.6 x lo4 cm-l M-1 for-pepsin. 

Reaction of 2 with pepsin. Pepsin solutions were prepared by diluting oxidized 
or nonoxidized pepsin samples in water with equal volumes of 0.2 M citrate 
buffer of pH 2.5, 2.8, 3.4, or 5.2. Ten molar equivalents of a Solution Of 

'&C-2 in methanol (22.7 mM, 0.6 mCi/mmole) was added to aliquots of pepsin in 
0.1 E citrate buffer. Control reactions contained similar volumes of methanol 
but no 2. The reactions were incubated for 20-24 h at 37°C in the dark, then 
assayed-for enzyme activity, diluted with citrate buffer of the appropriate 
pH, and dialyzed in the dark at 5°C against two portions of citrate buffer. 
Each sample was treated with an equal volume of 2.0 M hydroxylamine, pH 9.0, 
overnight in the dark at room temperature, and then was dialyzed overnight in 
the dark at 5°C against water. 

RESULTS AND DISCUSSION 

Figure 1 shows the loss in activity of pepsin and the incorporation of 

residues of 1 into pepsin over time for a typical run. Similar results were 

obtained when the reaction was run in 0.05 M acetic acid rather than citrate 

buffer. The binding characteristics are analogous to those found by Tang (18) 

for EPNP in that essentially two moles of inhibitor become bound per mole of 

632 



Vol. 111, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

IO0 - 

I - 80 

s 20 

2.50 

L 

2.00 .z - 
0 .- % T- 
C 

1.50 - C 

u- U-I 
0 a 

0: .- 
1.00 ; ,o 

oz 
-0 

G C 

2 
0.50 0 al 

5 

20 40 60 80 100 I20 140 160 

Hours 

Figure 1. Reaction of 1 with pepsin. 

inactivated pepsin at room temperature. Hartsuck and Tang (21) went on to 

show that, although EPNP modified both the catalytically essential asp-32 and 

the nonessential met-290 at room temperature (22), it became specific for 

asp-32 at lower temperatures and shorter incubation times. Since the reaction 

of 1 with pepsin required more than 10 days for the enzyme to lose half its - 

activity at 0-2"C, we did not pursue specificity studies under these condi- 

tions. 

The phenacyl bromide 2 reacts readily with porcine pepsin. The results 

of the reaction of ten molar equivalents of 2 with oxidized and non-oxidized - 

pepsin are shown in Table 1. When the experiment was run at pH 2.8 with puri- 

fied pepsin (nonoxidized), similar results were obtained. Incubation of puri- 

fied pepsin at pH 2.8 with only five molar equivalents of 1 lowered the in- 

corporation of 2 into enzyme to a 1.1 molar ratio. - 

Erlanger's work (23) indicated that p-bromophenacyl bromide inacttiiated 

porcine pepsin by binding specifically to an aspartate residue, but further 

work by Tarasova et al. (24) -- suggested that the modification was actually that 

of met-290. Tarasova et al. also found that a-bromo-4-amino-3-nitroaceto- -- 
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Table 1. Incorporation of 2 into oxidized and nonoxidized pepsin. 

Sample % Enzyme activity Molar ratio % Bound 2 
remaining 2 bound to pepsin cleaved by NN2OH 

Oxidized pepsin 

pH 2.5 
pH 2.8 
pH 3.4 
pH 5.2 

Nonoxidized pepsin 

pH 2.5 
pH 2.8 
pH 3.4 
pH 5.2 

62 0.32 72 
73 0.30 77 
77 0.34 76 
87 0.19 88 

30 1.19 52 
28 1.26 61 
36 1.31 62 
46 0.94 53 

phenone modified only met-290 in pepsin at pH's below 3. The reaction became 

less specific at higher pH's until up to two molar equivalents of the inhibi- 

tor could be bound to pepsin at pH 5.2,with the second mole of inhibitor 

modifying carboxy groups. Here native pepsin likewise binds l-l.3 residues of 

2 at low pH but does not bind higher quantities at pH 5.2. Oxidized pepsin, 

in which 2.5 residues of methionine are converted to methionine sulfoxide (20), 

binds only 0.2-0.3 molar equivalents of 2 suggesting that binding of 2 to - 

native pepsin, even at high 1. to pepsin ratios, high temperatures, and long 

incubation times, is largely at met-290. Finally, treatment with hydroxylamine 

of native pepsin modified by 2 releases only about 50-60% of the radioactivity, 

a result which is reasonable for an alkylated methionine (18,22) but not for an 

esterified aspartic acid residue where cleavage under these conditions should 

approach 100% (13). Interestingly, the small amounts of 2 bound by oxidized - 

pepsin are cleaved in high yield (70-90%) by hydroxylamine, a result which is 

compatible with a high proportion of the residual binding being to carboxy 

groups. 

Our results indicate that 1; and 2 modify porcine pepsin in much the same 

way that their nonphotoaffinity analogs do, while our earlier work showed that 

2 reacts with the catalytically essential asp-215 of pepsin as do other diazo 

carbonyl reagents. Reagent 1, reactive with at least two amino acid residues 
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in porcine pepsin, may show greater specificity for the asp-32 equivalent in 

certain carboxyl proteases; alternatively, 1 may be useful only in studies 

where the specificity of the original binding of the inhibitor is not a con- 

cern in the ultimate photoaffinity work. Because the reaction of 2 appears - 

specific for met-290, its use will be limited to those carboxyl proteases, 

such as porcine and human (25) pepsins, which have a met-290 equivalent. 

Reagent 3 should be useful with any carboxyl protease since all members of - 

this enzyme family contain an asp-215 equivalent. 

REFERENCES 

1. Tang, J. (1979) Mol. Cell. Biochem. 26, 93-109. 
2. Safro, M. G. and Andreeva, N. S. (1979) Dokl. Akad. Nauk SSSR 247, 

758-761. 
3. Foltmann, B. and Pedersen, V. B. (1977) Adv. Exp. Med. Biol. 95, 3-22. 
4. Fruton, J. S. (1982) Adv. Enzymol. 53, 239-306. 
5. Bayley, H. and Knowles, J. R. (1977) Methods Enzymol. 46, 69-114. 
6. Darfler, F. J. and Tometsko, A. M. (1978) Chem. Biochem. Amino Acids, 

Pept., Proteins 5, 31-93. 
7. Chowdhry, V. and Westheimer, F. H. (1979) Ann. Rev. Biochem. 48, 293-325. 
8. Rao, S. P. and Dunn, B. M. (1982) Biochim. Biophys. Acta 706, 86-95. 
9. Hofmann, T. (1974) Advan. Chem. Ser. 136, 146-185. 

10. Clement, G. E. (1973) Prog. Biorg. Chem. 2, 177-238. 
11. Fruton, J. S. (1971) Enzymes, 3rd Ed. 3, 119-164. 
12. Hixson, S. H.,Burroughs, S. F., Caputo, T. M., Crapster, B. B., Daly, 

M. V., Lowrie, A. W. and Wasko, M. L. (1979) Arch. Biochem. Biophys. 
192, 296-301. 

13. Hixson, S. H., Brownie, T. F., Chua, C. C., Crapster, B. B., Satlin, L. 
M. , Hixson, S. S., Boyce, C. 0. L., Ehrich, M. and Novak, E. K. (1980) 
Ann. N.Y. Acad. Sci. 346, 104-114. 

14. Hixson, S. H. and Hixson, S. S. (1975) Biochemistry 14, 4251-4254. 
15. Ried, W. and Appel, H. (1961) Ann. 646, 82-95. 
16. Zhmurova, I. N., Martynyuk, A. P. and Kirsanov, A. V. (1971) J. Gen. 

Chem. USSR 41, 787-790. 
17. Lauguin, G., Pougeois, R. and Vignais, P. V. (1980) Biochemistry 19, 

4620-4626. 
18. Tang, J. (1971) J. Biol. Chem. 246, 4510-4517. 
19. Rajagopalan, T. G., Moore, S. and Stein, W. H. (1966) J. Biol. Chem. 241, 

4940-4950. 
20. Kido, K. and Kassell, B. (1975) Biochemistry 14, 631-635. 
21. Hartsuck, J. A. and Tang, J. (1972) J. Biol. Chem. 247, 2575-2580. 
22. Chen, K. C. S. and Tang, J. (1972) J. Biol. Chem. 247, 2566-2574. 
23. Erlanger, B. F., Vratsanos, S. M., Wassermann, N., and Cooper, A. G. 

(1966) Biochem. Biophys. Res. Commun. 23, 243-245. 
24. Tarasova, N. I., Lavrenova, G. I., Stepanov, V. M. (1980) Biochem, J. 

187, 345-352. 
25. Sepulveda, P., Jackson, K. W. and Tang, J. (1975) Biochem. Biophys. Res. 

Commun. 63, 1106-1112. 

635 


