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Reaction of bovine pancreatic ribonucleaae A vith 2'(3')-O- Sunsnary: 
bromoacetyluridine at pH 5.5, 25'C, leads to a rapid and stereospecific 
inactivation of the enzyme rith formation of 3-carboxymethylhistidine- 
12 BNaee A end 1-carboxymethylhistidine-119 RNase A in the ratio of 
Trl. The product distribution is the reverse of that obtained for the 
reaction of bromoacetate vith RNase A. The results suggest that the 
imidaxole group of histidine-12 is favorably disposed to interact rith 
the phosphate residues of cyclic nucleotide substrates and 2*- and 3'- 
nucleotide inhibitors. 

RNase A* reacts rapidly nithu-haloacetates at pH 5.5 exclusive- 

ly at N-l of histidine-119 and N-3 of histidine-12 in the ratio of 

9r1, respectively (Heinrikson et al., 1965). Alkylation at a single 

imidazole residue prevents reaction at the other imidazole nithin the 

seme molecule, no dicarboymetbyl RNaae A derivatives being found. The 

rate accleration compared with the reaction of N-l or N-3 of free 

histidine is over 2000 times. The relative rate enhancement appears to 

be due in part to a specific binding effect of the haloacetate anion 

to the positively-charged site on the enzyme responsible for nucleotide 

binding and catalysie. The exclusion of reactivity of the second imida- 

zole is attributed to charge repulsion between the oP-haloacetate anion 

and the anion of the carboqvmethylhistidyl residue of the monoal&vlated 

RNase A. AlIqlation at either residue ir inhibited by polyvalent anions 

(Crestfield et al., 1963). These findings suggest that the inidasoles of 

histidine-12 and histidine-119 are near to each other at the active 

site, a fact corroborated by X-ray analysis of RNase S crystals (Wyckoff 

et al., 1967). 

No explenation is apparent for the peculiar product distribution 

*The folloving abbreviations are used throughoutt RNase A, bovine pan- 
creatic ribonuclease A; RAU, 2t(31)-6-bromoacetyluridine. 
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although the inaccessibility of N-l of histidine-12 is documented by 

X-ray studies. In order to examine the stereospecificity of the product 

distribution of the alkylation reaction and the relationship of the 

nncleoside binding site to the imidasoles at the active center, BAU has 

been allored to react vith RNase A at 25'C and pii 5.5. The experiments 

reported here provide information concerning the kinetics and product 

distribution of this reaction. 

EXPERIMEh'TAL 

BAU ras sjnfhesised from uridine and trimefhylorthobromoacefate 

(Fromsgeot et al., 1967). The product, Rf 0.16, shoved a faint trace 

of uridine, Rf 0.02, upon thin-layer chromatography in 10% aethanol- 

chloroform and gave a positive ester test rith hydroqlsmine and ferric 

chloride. The compound gave a negative inorganic and positive organic 

bromide test. Combustion and UV absorption analysis indicated that the 

BAU preparation rae 90% pure and that the major part of the impurity 

was not nucleoside material. RNase A activity vas measured with cyfi- 

dine-2',3'-cyclic phosphate (lfurdock et al., 1966) and protein chromo- 

togreply was carried out on columns of Bio-Rex 70 (Rirs et al., 1965). 

Amino acid analyses were performed on columrs~ of Amiaex h-4 and A-5 

(.3p8CkRlI?UI et al., 1958). 

Analytical Experiments 

1.) BAU/RNase A 7:l Molar Ratio 

RNase A (0.0023 A$ ras allowed to read with BAU (0.016 li) in 0.2 

$ sodium acetate buffer, pA 5.5, at 25'C. The reaction mixture xas 10% 

ethanol by volume. Aliquots vere removed at suitable time intervals,and 

examined for residual enzymatic activity and the formation of protein 

reaction products. 

2.) BAU/RNase A 2rl biolar Ratio 

Experiments were carried out as above except that BAUras 0.0041 1. 

Reaction mixtures vere 10% acetone by volume. Aliquots vere removed at 

suitable time intervals and examined for residual enzymatic activity and 

RNase A disappearance as well as the formation of alblated protein pro- 

ducts. 

Preparative Experiment 

1.) BAU/RN.aae A 2rl Molar Ratio 
A large scale reaction vas carried out in vhich 157 3g (11.5 umoles) 

of RNase A were alloved to react rith 7.45,mg (20.4 umoles) of BAU for 

10.75 houra under the conditions specified above for the analytical reac- 

tion conducted at a 2rl molar ratio. Proteins vere separated from III+ 
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reacted BAU and buffer salts on a column of Sephadex C-25 medium. The 

protein fraction vas chromstographed on a 36 X 3.75 cm columu of Bio-Rex 

70, -400 mesh, in 0.2 g sodium phosphate buffer, pH 6.45, at 4'C. Efflu- 

ent fractions were analyzed for 280 and 260 mu absorbance and enzymatic 

activity. Fractions containing protein rere pooled, desalted and subjected 

to amino acid analysis. 

RESULTS 

The loss of enzymatic activity in the 7rl BAU/RNase A reaction 

is first-order for over 80% of the reaction. The calculated second-order 

rate constant based upon inactivation is 1.69 X 10m2 g-lsec-'. The sec- 
ond-order rate constant for the formation of the major protein product, 

identified as 3-carboxymethylhistidine-12 BNase A, was 1.42 X 10s2 
-1 c's-laec . The carboqymetbyl derivative ie apparently derived from the 

rapid hydrolysis of the parent uridine carbozymethyl RNase A ester. 

The lability of amino acyl nucleoside esters to base hydrolysis has been 

well documented (Zachau and Feldmann, 1965). The rate of loss of enzy- 

matic activity and RNase A disappearance vere shown to be identical in the 

221 BAU/BNase A reaction xhich vas second-order over 60% of the reaction. 

The second-order rate constants for the loss of l?Nase A and formation 

of 3-carboqmethylhistidine-12 RNase A are 3.48 X 10s2 g-'sea: -' and 

2.94 X 10B2 g'sec-', respectively. In both casea, for the 7rl and the 

2:l BAU/BNase A reactions, the rate of appearance of the 12-derivative 

represents 85% of the total rate of RNase A modification. Table 1 

illustrates comparative kinetic data for the formation of S-carbozy- 

methylhisfidine-12 BNase A from BAU, iodoacetamide and bromoacetate. 

Figure 1 indicates the 280 and 260 mu absorbance profiles of the 

effluent from a preparative chromatogrsm of BAU plus RNase A reaction 

products. Peak II vas identified as unreactsd BNase A from its specific 

activity which ras the same as that of a stock BNaae A solution. Peaks 

III and IV rere inactive against cytidine-2',3'-cyclic phosphate and 

xere identified from amino acid analyses and their relative chromato- 

graphic mobilitiee on analytical Bio-Rex 70 columus. Peaks III and IV 

are I-carboqmefhylhistidine-119 RNase A and 3-carbozymethylhistidine 

-12 BNase A, respectively. Table 2 illustrates the relevant amino acid 

composition end chromatographic mobilities of the modified proteins. 

DISCUSSION 

The reaction of BAU with BNase A is a highly specifio, acclerated 

allqlation vhich is mediated by the attachment of the reactive bromo- 
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acetyl residue to the nucleoside portion of the molecule. The inhibitor 

induced allglation produces ratee of reaction comparable to those found 

for the reaction of bromoacetate nith FiNsee A vhere the value of the 

second-order rate constant is 2.05 X low2 g'sec" 

(Deinrikson et al., 1965). The rate enhancement compared to the reac- 

tion of iodoacetamide is of the order of 200-350 fold. This relative 

TABLE 1 

Comparison of the Second-Order Rate Constants for the Formation 

of 3-Carboxymethylhistidine-12 RNase A in the Reaction of RNase 

A rith a-Daloacetyl Derivatives at 25'C, pH 5.5 

Reaction Molar Ratio 
(d-halO8Cetyl/kN8Se A) 

Second-Order 
Rate Constant 

(Emlsec") 

RNase A + BAU 7 1.42 X 1O-2 

RNase A + J3AU 2 2.94 x 1o-2 

RNase A + Iodoacetemide* 148 0.11 x 10-3 

RNase A + Bromoacetate** 3 - 26 0.21 x 1o-2 

* Data obtained from J?ruchter and Crestfield, 1967 
**Data obtained from Heinrikson et al., 1965 

TABLE 2 

Partial Amino Acid Analyses and Chromatographic btobilities of 

Carboqmethyl Derivatives of RNase A 

RNase Peak III Peak IV l-CM-119 RNase a,b 3-M-12 RNase8'b 

LYS 10 10.45 9.98 10.10 10.0 

MET 4 3.61 3.89 3.90 3.71 

HIS 4 3.00 3.03 2.96 2.84 
l-CM-HISb - 0.86 0.00 0.99 0.00 

3-cbf-HIsb - 0.00 1.02c 0.00 1.01 

CEROMATO- 1 1.30 1.84 1.32 1.98 
GRAPHIC 
MOBILITY 

2 Data obtained from Crestfield et al., 1963 
a CM, carboqmetbl 
2 halyficsl data obtained from an acid bydrolrsis of a aample Of 

performio acid oxidized 3-carbowthylhistidine-12 lease A 
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Figure 1. 280 and 260 mu abeorbence profile of the effluent from a 
preparative ChromatograPl of the products of the reaction of BAU and 

FWa8e.A at a molar ratio of 2tl 

rate enhancement is attributed in part to the binding affinity of the 

uridine moiety of BAU. In addition, the binding of the nucleoeide por- 

tion of BAU kq orient the alIqylating moiety euch that it lies in close 

proximity to histidine-12, thus adding to the rate accleration with 

respect to iodoacetemide. 

Uridine has a dissociation constant of 1.3 X 10m2 g (Ukita et al., 

1981), and assuming 8AUto have a similar binding affinity for RNare A, 

588 and 218 of the total initial FtNase A in the 7rl and 2x1 EAU/BNase 

A reactions, respectively, are in the form of a BAWWaae A complex. 

That a mechanism might exist where a binding step preueeds al~lafioa 

ia suggested by the non-linear dependence of the first-order rate con- 

stant for enzymatic inactivatiofi upon BAU concentration. This ie reflec- 

ted in the different values for the second-order rate conatante calcu- 

lated from the 7:l and 2:l BAU/RNase'A reactions. That the higher 

BAU/Rt+Jase A ratio givea a lover value of the second-order rate con&ant 
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auggeste that saturation kinetics may be operative. 

It might be expected from the etereospecific binding of the uridine 

portion of the BAU molecule that the product distribution should reflect 

the proximity and specific orientation of imidszole group8 et the active 

site. Studies rith models indicete that the distance of the active d-car- 

bon of the bromoacetyl residue from the 2' or 3' oxygen in the BAU mole- 

cule is approximately the same es the distance between the anionic phoe- 

phoryl oxygen and the phosphoryl ester oxygen in 2'- or 3'-uridylic acid. 

NMR spectra of RNese A complexes of 2'-, 3'- and 5'-cytidylic acids sug- 

gests specific interactions of the phoaphafee of the 2'- and 3'-nucleo- 

tidea tith the imidezolium ion of hietidine-119 (Meadows et al., IQSQ), 

Therefore, the location of the a-haloacyl group at the 2' or 3' position 

of the riboee ring of uridine should constitute a powerful stereospeci- 

fit inhibitor. 

The product distribution of carboxyel&leted derivatives from the 

BAURNase A reectioa indicate8 the reverse1 of the distribution observed 

rith bromoacetate (Ileinrikaon et al., 1965). Alkyletion rith BAU leads to 

the formation of 3-carboxymethylhistidine-12 RNeae A end l-carbovethyl- 

hiefidine-119 RNese A in the ratio of 8rl. A ratio of 1rP for these pro- 

ducts XBB found vith bromoacetete. The distribution of carbogmethyleted 

products found in e control experiment in vhich BNaae A ree treated vith 

a 7 molar excess of uridine and bromoacetete, which could theoretically 

ariee from e very rapid hydrolyeia of BAU, indicated thet the product 

diefribution observed rith BAU rae a unique feature of the covalent in- 

teraction of fhia c+haloecylnucleoeide rith RNeee A, and not due to 

elkylation rith bromoacetate in the preeence of uridine. The specificity 

of the BAU alkylation is not incompatible from a stereochemical vievpoint 

rith the specificity of the bromoacetete alkyletion, because of the pre- 

sence of a different orientetion factor in each reagent. The carboxylate 

anion of bromoacetete could bind to the imidazolium ion of hietidine-12 

directing the 0(-bromomethylene residue avey from hietidine-12. If the 

stereoepecificity of the bromoaoetate reaction depends heavily on thie 

orientation factor, then histidine-119 rould be elkylated to a greeter 

extent, because at pII 5.5, the imidezolium ion of hietidine-12 ie pre- 

sent in e 2.5 fold greater concentration than the corresponding ion of 

hisfidine-119. Thie is due to the small difference in their plCe values. 

llistidine-12 has a pKa of 6.2 and hi&&dine-119 hae a pKa of 5.8 (ldeadowe 

and Jardetzkg, 1968). On the other hand, albletion of histidine-12 by 

BAU would be favored if nucleoeide binding conferred on the orientation 
of the bromoacetyl residue a geometry which facilitated reaction at 
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histidine-12. It is clear that an allglating function such 88 d-bromo- 

methylene can have entirely different geometriee relative to the active 

site imidazole groups depending on whether an anion or nucleoside pro- 

vides the orienting force. In addition, it is clear that nuoleoside 

binding can also force a specific orientation Of 8 phosphate group 

esterified at one of the hydroxgl residues of the ribose ring. It is 

quite probable that different binding orientations exists for inorganic 

phosphate and the phosphate residue of ribonucleotides as indicated by 

differences in the NMR chemical shifts and pICa alterations associated 

with ligand-RNase A complex formation (Meadows et al., 1969). 

The reaction of BAU with RNase A doee not lead to the isolation of 

uridine carborgmethyl RNaee A eaters. The 280/260 ratios for peak III 

and IV are 1.90 and 1.86, respectively, indicating the absence Of coval- 

ently bound nucleoside. A calculated 280/260 ratio for 8 1:l molecular 

compound of uridine and RNase A should be 0.85 based on the summation of 

the extinctions for uridine and RNaRe A at theee wavelengths. Experi- 

ments are now being carried out to determine the optimal conditions for 

the isolation of a covalent nucleoeide-protein compound. 
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