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ABSTRACT: A series of new compounds, 6-amino- 1 -naphthalenesulfonamides (ANSN), were used as 
fluorescent detecting groups for substrates of amidases. These compounds have a high quantum fluorescent 
yield, and the sulfonyl moiety permits a large range of chemical modification. Fifteen ANSN substrates 
with the structure (Na-Z)Arg-ANSNRlR2 were synthesized and evaluated for their reactivity with 8 proteases 
involved in blood coagulation and fibrinolysis. Thrombin, activated protein C, and urokinase rapidly 
hydrolyzed substrates with monosubstituted sulfonamide moieties (R, = H). The maximum rate of substrate 
hydrolysis for acrylic substituents was observed when R2 = C4H9 (n-butyl homologue). The hydrolysis rates 
for substrates with branched substituents were slower than their linear analogues. Monosubstituted 
(Na-Z)Arg-ANSNR,R2 possessing cyclohexyl or benzyl groups in the sulfonamide moiety were hydrolyzed 
by these three enzymes at  rates similar to that of the n-butyl homologue (except the cyclohexyl compound 
for u-PA). Factor Xa rapidly hydrolyzed substrates with short alkyl chains, especially when R1 = R2 = 
CH3 or C2H9 Lys-plasmin and rt-PA demonstrated low activity with these compounds, and the best results 
were accomplished for monosubstituted compounds when R2 = benzyl (for both enzymes). Factor VIIa 
and factor IXaS exhibited no activity with these substrates. A series of 14 peptidyl ANSN substrates were 
synthesized, and their reactivity for the same 8 enzymes was evaluated. Thrombin, factor Xa, APC, and 
Lys-plasmin hydrolyzed all of the substrates investigated. Urokinase, rt-PA, and factor IXaP exhibited 
reactivity with a more limited group of substrates, and factor VIIa hydrolyzed only one compound 
(MesD-LGR-ANSN(C2HJ2). The substrate ZGGRR-ANSNH(cyc1o-C,H, ,) showed considerable spe- 
cificity for APC in comparison with other enzymes (kcat/KM = 19 300 M-’ s-, for APC, 1560 for factor 
IIa, and 180 for factor Xa). This kinetic advantage in substrate hydrolysis was utilized to evaluate the 
activation of protein C by thrombin in a continuous assay format. Substrate (D-LPR-ANSNHC,H,) was 
used to evaluate factor IX activation by the factor VIIa/tissue factor enzymatic complex in a discontinuous 
assay. A comparison between the commercially available substrate chromozyme T H  (p-nitroanilide) and 
the ANSN substrate with the same peptide sequence (TosGPR) demonstrated that aminonaphthalene- 
sulfonamide increased the specificity (kat/KM) of substrate hydrolysis by thrombin more than 30 times, 
with respect to factor Xa substrate hydrolysis. 

x e  proteases involved in coagulation and fibrinolysis are 
trypsin-like serine proteases which preferentially hydrolyze 
peptide, ester, or amide bonds in which a basic amino acid 
provides the carbonyl group of the scissile bond. The specificity 
of enzymelsubstrate interactions is a complex function of a 
variety of structural factors which include binding domains 
in the protease for specific amino acid side chains located on 
both the amino (P1-P,) and carboxyl (Pl’-Pi) side of the 
targeted lysine or arginine residue in the substrate protein.’ 
The idea that short peptide substrates can be designed which 
incorporate enough information to discriminate among dif- 
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ferent proteases relies on the concept that each active site is 
comprised of a unique series of side chain binding “pockets”. 

A number of studies evaluating the utility of synthetic 
substrates for many of the proteases involved in blood coag- 
ulation and fibrinolysis have been reported (Cho et al., 1984; 
McRay et al., 1981; Lottenberg et al., 1981). Generally, these 
studies have evaluated the reactivity of substrates containing 
4-nitroaniline and amides of 7-amino-4-methylcoumarins for 
this class of serine proteases. This work has provided a large 
amount of information regarding contributions of the Pl-P3 
amino acids in an attempt to optimize enzymatic substrate 
specificity for a particular protease. However, a design 
strategy employing structural variations of the detecting group 

The nomenclature used to identify individual amino acid residues of 
the substrate (P2, PI,  PI’, etc.) and the subsites of the enzyme (S2, SI, 
SI’, etc.) is that of Schechter and Berger (1967). 
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(P') to provide added specificity to the substrate has not been 
adequately explorede2 

A large number of fluorogenic substrates for proteolytic 
enzymes have been reported (Lottenberg et al., 1981; Bell et 
al., 1974; Nieuwenhuizen et al., 1977; Morita et al., 1977). 
In general, these substrates provide increased sensitivity over 
similar substrates designed to exploit absorbance changes 
between substrate and product. Important characteristics 
which have guided the design of fluorogenic substrates have 
included the following: minimal overlap of the fluorescence 
spectral properties of substrate and hydrolysis products, rea- 
sonable solubility of substrate and fluorescent product in 
aqueous buffer, low rates of nonenzymatic hydrolysis of sub- 
strates, and stability of the generated fluorescent product to 
both photo and chemical decomposition. 

We report here on a new class of fluorescent detecting group, 
the aminonaphthalenesulfonamides (ANSN).3 The presented 
synthetic scheme enables a variety of substitutions of the parent 
aminonaphthalenesulfonate molecule at the sulfonate moiety. 
This factor permits exploration of the influence of structural 
features of the substrate detecting group (P') on enzymatic 
specificity. In the present study, a number of these detecting 
groups were synthesized, covalently linked to the carboxyl 
group of arginine or peptides with C-terminal arginine, and 
their specificity as substrates for a series of coagulation and 
fibrinolytic proteases was assessed. Furthermore, specific 
examples of substrates which are useful in evaluating the 
activation of protein C and factor IX are described. 

EXPERIMENTAL PROCEDURES 
Materials and Methods. I-Palmitoyl-2-oleoyl- 

phosphatidylserine (PS), and 1-palmitoyl-2-oleoyl- 
phosphatidylcholine (PC) were purchased from Sigma. 
Phospholipid vesicles (PCPS) composed of 75% PC and 25% 
PS or 100% PC were prepared as described (Higgins & Mann, 
1983). All other reagents were of analytical grade. 

Bovine thrombin (Lundblad et al., 1976), bovine factor Xa 
(Krishnaswamy et al., 1987), bovine activated protein C 
(APC) (Haley et al., 1989), and Lys-plasmin (Claeys et al., 
1973) were prepared by previously reported methods. Human 
factor IX was prepared by previously reported methods 
(Lawson & Mann, 1991) and activated to human factor IXa 
by factor XIa, a gift from Dr. Steve Olson using the general 
methods of Lindquist et al. (1978). Recombinant human 
coagulation factor VIIa (rVIIa) was provided as a gift from 
Dr. Ulla Hedner, Novo Pharmaceuticals (Pedersen et al., 
1989). Recombinant t-PA (activase) was provided as a gift 
from Genentech Inc. Two-chain urokinase was provided as 
a gift from Collaborative Research, Bedford, MA. Recom- 
binant tissue factor was provided as a gift from Dr. Shu-Len 
Liu, Hyland Division, Baxter Healthcare Corp. 

The concentrations of proteins used in this study were 
calculated using the following molecular weights (M,) and 
extinction coefficients (I$:?): bovine thrombin, 36 700, 1.95 
(Mann et al., 1981); human factor VI1 and VIIa 50000, 1.39 
(Bajaj et al., 198 1); human factor IXa, 45 000, 1.40 (Lindquist 
et al., 1978); bovine factor Xa, 45 300, 1.24 (Fujikawa & 
Davie, 1976); bovine APC, 52650, 1.37 (Kisiel & Davie, 

Butenas et al. 

* P' is used to designate the position of the substrate detecting group 
with respect to the nomenclature of Schechter and Berger (1967). 

Abbreviations: Mes, methanesulfonyl; Z, carbobenzyloxy; Tos, p-  
toluenesulfonyl; p-NA, p-nitroanilide; DCC, 1,3-dicyclohexylcarbi- 
imide; ANSN, 6-amino-1-naphthaienesulfonamide; DMSO, dimethyl 
sulfoxide; DMFA, dimethylformamide; Boc, tert-butoxycarbonyl; Bz, 
benzoyl. 

SO. * HNC. H. 
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2-Gly-Gly-Arg OH.HCI; DCC; HOBT 
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2-Gly-Gly-Arg-Arg HN 

FIGURE 1: Synthetic scheme of the 6-((Z-Gly-Gly-Arg-Arg)- 
amino)-1-naphthalenecyclohexylsulfonamide. Abbreviations: DCC, 
1,3-dicyclohexylcarbodiimide; HOBT, 1-hydroxybenzotriazole. 

1981); rt-PA, 72000, 2.0 (Rijken & Collen, 1981); Lys- 
plasmin, 82900, 1.7 (Barlow et al., 1984); two-chain urokinase, 
54700, 1.36 (White & Barlow, 1970). The concentration of 
recombinant tissue factor was determined by amino acid 
analysis and provided by Baxter Hyland Inc. 

Synthesis of ANSNs. The ANSNs, peptides, and fluoro- 
genic substrates were synthesized by Dr. S .  Butenas and co- 
workers at the Institute of Biochemistry, Vilnius, Lithuania. 
The peptides were prepared according to methods of Anderson 
et al. (1964). In general, the synthetic scheme involves four 
steps: synthesis of ANSNs; synthesis of arginyl-ANSNs; 
synthesis of peptides; and synthesis of peptidyl-ANSNs. The 
complete synthesis for 6-((Z-Gly-Gly-Arg-Arg)amino)- 1 - 
naphthalenecyclohexylsulfonamide is presented below (see 
Figure 1). 

( 1 )  6-Phthalimido-I-naphthalenesulfonic Acid Pyridinium 
Salt ( I ) .  A total of 223 g (1 mol) of 6-amino-l- 
naphthalenesulfonic acid and 148 g (1 mol) of phthalic an- 
hydride were boiled for 5 h in 1 L of pyridine. After boiling, 
the reaction mixture was left at room temperature for 16 h. 
The precipitated product was filtered and washed with pyridine 
and water, and then the product was recrystallized from b o i i g  
water: yield 298 g (69%); mp 234-237 O C .  Anal. Calcd. for 
C2,H,,N2SO,: C, 63.88; H, 3.73; N, 6.48; S, 7.42. Found: 
C, 63.74; H, 3.81; N, 6.52; S, 6.99. 

(2)  6-Phthalimido-I-naphthalenesulfonyl Chloride (14. A 
total of 43.2 g (0.1 mol) of 6-phthalimido-1-naphthanene- 
sulfonic acid pyridinium salt (I) and 62.5 g (0.3 mol) of 
phosphorus pentachloride were boiled for 5 h in 600 mL of 
chloroform. Solvent and the POCl, formed in the reaction 
were evaporated in a vacuum. The remaining product was 
added to 2 L of ice water, and after 1 h the precipitated 
product was filtered, washed with water, dried, and recrys- 
tallized from toluene: yield 36.8 g (99%); mp 248-251 OC. 
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Table I: Physicochemical Constants for ANSNRIR2 
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. .  

emission 
maximum rel. anal. datab yield 

Rl R2 (7%) mp(OC) Rp C H N S form u 1 a MW (nm) fluorescencec 
IV H CH3 57 145-148 0.38 56.10 5.16 11.96 13.11 CllH12NzS02 236.2 

55.91 5.12 11.85 13.57 
V H 

VI H 

VI1 H 

VI11 H 

IX H 

X H 

XI H 

XI1 H 

XI11 H 

XIV CH3 

XV C2H5 

XVI 

XVII 

XVIII 

83  

48 

78 

46 

79 

69 

66 

48 

64 

81 

46 

71 

44 

74 

109-113 

140-144 

76-79 

48-50 

198-200 

87-90 

136-140 

148-150 

92-94 

106-108 

140-143 

187-190 

80-83 

0.55 57.72 5.72 11.40 12.57 
57.58 5.64 11.19 12.81 

0.61 59.26 6.27 10.73 11.70 
59.07 6.10 10.60 12.13 

0.51 58.88 6.09 10.58 12.04 
59.07 6.10 10.60 12.13 

0.48 60.56 6.45 10.20 11.37 
60.41 6.52 10.06 11.52 

0.57 60.40 6.62 9.93 11.02 
60.41 6.52 10.06 11.52 

0.55 60.47 6.56 10.14 11.26 
60.41 6.52 10.06 11.52 

0.62 61.72 6.86 9.40 10.92 
61.62 6.89 9.58 10.96 

0.69 63.15 6.81 9.18 10.84 
63.13 6.62 9.20 10.53 

0.67 65.52 5.19 8.82 9.21 
65.36 5.16 8.97 10.26 

0.63 57.56 5.66 11.30 12.00 
57.58 5.64 11.19 12.81 

0.74 60.54 6.57 9.89 11.35 
60.41 6.52 10.06 11.52 

0.78 62.16 6.21 9.57 10.81 
62.04 6.25 9.65 11.04 

0.79 63.28 4.46 9.07 10.18 
63.13 6.62 9.20 10.53 

0.63 57.34 5.67 9.72 10.74 
57.51 5.52 9.58 10.97 

1 ZH 14”z~o2 

C13H16N2S02 

C13H16N2S02 

C14H18NZS02 

14H I 8N2S02 

C14H18N2S02 

15H20N2S0Z 

C ~ ~ H Z ~ O N ~ S O ~  

C17H16N2S02 

C12H14N2S02 

C14H18NZS02 

C1SH18N2S02 

C16H20NZS02 

C14H16N2S03 

250.31 

264.34 

264.34 

278.37 

278.37 

278.37 

292.40 

304.41 

312.39 

250.31 

278.37 

290.38 

304.41 

292.36 

468 92 

466 78 

470 93 

468 76 

467 63 

468 100 

46 5 112 

469 90 

466 101 

467 75 

472 65 

470 89 

473 68 

469 96 

476 41 

OEthyl acetate-chloroform 1:l. bThe top value for each entry is the found value; the bottom value is the calculated value. cMeasured in TBS, pH 
7.4, 22 OC. Concentration of ANSNRlR2 = 1 pM. Fluorescence is expressed relative to ANSNH(i-C4H,). Excitation wavelength = 352 nm, 
emission wavelength = 470 nm. 

Anal. Calcd. for CI8Hl0NSC1O4: C, 58.15; H, 2.71; N, 3.77; 
S, 8.63; C1,9.53. Found: C, 58.02; H, 2.84; N, 3.73; S, 9.01; 
C1, 9.32. 

(3) 6- Phthalimido- I -napht halenecyclohexylsuljonamide 
(ZZZ). A total of 37.2 g (0.1 mol) of 6-phthalimido-l- 
naphthalenesulfonyl chloride (11) was added to a solution of 
11.4 mL (0.1 mol) of cyclohexylamine and 13.9 mL (0.1 mol) 
of triethylamine in 500 mL of acetone over 5 min. The re- 
action mixture was stirred at 20 OC for 4 h. The acetone was 
evaporated, and the residual was added to 1 L of water. The 
product was filtered and washed with water, dried, and re- 
crystallized from methanol: yield 40.9 g (94%); mp 206-209 
OC. Anal. Calcd. for C24H22N2S04: C, 66.34; H, 5.10; N, 
6.45; S, 7.38. Found: C, 66.48; H, 5.07; N, 6.32; S, 7.14. 
(4) 6-Amine-l -naphthalenecyclohexylsuljonamide (XZZ). 

A total of 43.5 g (0.1 mol) of 6-phthalimido-l-naphthalene- 
cyclohexylsulfonamide was boilded for 4.5 h in 500 mL of 
methanol possessing 4.9 mL (0.1 mol) of hydrazine mono- 
hydrate. The methanol was evaporated, and the residual was 
extracted 2 X 200 mL with boiling chloroform. The chloro- 
form was evaporated, and the product was recrystallized from 
methanol: yield 16.7 g (55%); mp 136-140 OC. Anal. Calcd. 

Found: C, 63.15; H, 6.81; N, 9.18; S, 10.84. Physicochemical 
constants for all the 6-amino- l-naphthalenesulfonamides 
(IV-XVIII) prepared by this method are given in Table I. 
Synthesis of 6-LArginylamino-I -naphthalenesuljonamides 

Hydrobromides. (5) 6-((Na-(Carbobenzyloxy)-~-arginyl)- 
amino)-l-naphthalenecyclohexylsuljonamide Hydrobromide 
(XXVZZ). A total of 3.89 g (0.01 mol) of N”-(carbobenzyl- 
oxy)-L-arginine hydrobromide and 3.04 g (0.01 mol) of 6- 
amino- 1 -naphthalenecyclohexylsulfonamide (XII) were dis- 
solved in 15 mL of dry pyridine. Then, 30 mL of dry toluene 

for C ~ ~ H ~ O N ~ S O ~ :  C, 63.13; H, 6.62; N, 9.20; S ,  10.53. 

was added to this solution. The toluene was evaporated in a 
vacuum, and the reaction mixture was cooled to -20 OC. A 
total of 2.68 g (0.013 mol) of a 1,3-dicyclohexylcarbiimide 
solution in 6 mL of dry pyridine was added to the reaction 
mixture. The mixture was held at -20 OC for 30 min and then 
warmed to 4 OC for 1 h, followed by an increase in the tem- 
perature to 20 OC for 20 h with stirring. The precipitated 
dicyclohexylurea was filtered, the pyridine was evaporated in 
a vacuum, and the remaining oil was dissolved in 40 mL of 
l-propanol-chloroform (1 :3). This solution was washed by 
the following steps: 15 mL of water, 15 mL of saturated 
sodium chloride containing 1 mL of concentrated HCl, 15 mL 
of 2% ammonia in water, and 15 mL of water. The organic 
layer was dried over anhydrous Na2S04, the solvents were 
evaporated, and the residual oil was hardened by grinding with 
dry toluene. The reaction product was filtered, washed with 
dry toluene, dry diethyl ether, and recrystallized from 1- 
propanol: yield 6.35 g (94%); mp 135-141 OC; Rf = 0.69 
(l-butanol-acetic acid-water 4:1:2); [a]g = -12.6’ (c 1; 
CH30H). Anal. Calcd. for C30H39N6BrS05: C, 53.33; H, 
5.82; N, 12.44; Br, 11.83; S, 4.75. Found: C, 53.21; H, 5.96; 
N, 12.63; Br, 11.48; S, 4.32. Physicochemical constants for 
all the 6-((Na-(carbobenzyloxy)-~-arginyl)amino)-1- 
naphthalenesulfonamide hydrobromides (XIX-XXXIII) 
prepared by the same method are given in Table 11. 
(6) 6-(~-Arginylamino)-l-naphthalenecyclohexylsuljon- 

amide Hydrobromide (XLZV). A total of 6.76 g (0.01 mol) 
of 6-((Na-(carbobenzyloxy)-~-arginyl)amino)-l- 
naphthalenecyclohexylsulfonamide hydrobromide (XXVII) 
was dissolved in 10 mL of 3 N HBr in glacial acetic acid and 
kept at room temperature for 2 h. The reaction mixture was 
added to 100 mL of dry diethyl ether. After 10 min the 
precipitate was filtered, washed with diethyl ether, and dried. 
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Table 11: Phvsicochemical Constants for HBr.W-Z)Ara-ANSNR,R, 
anal. datab yield [ali0 (c 1; R 

R1 (76) mp('C) CH,OH) (BAd12) '  C H N S Br formula 
XIX 

xx 
XXI 

XXII 

XXIII 

XXIV 

xxv 
XXVI 

XXVII 

XXVIII 

XXIX 

xxx 
XXXI 

XXXII 

XXXIII 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

CH3 

C2H5 

81 127-132 

93 134-138 

94 118-124 

92 119-124 

91 122-127 

95 122-126 

20 145-148 

91 120-124 

94 135-141 

96 161-164 

78 117-121 

84 106-112 

89 118-123 

91 107-113 

84 119-125 

-13.3' 0.68 

-14.1' 0.69 

-14.9' 0.71 

-14.3' 0.70 

-14.6' 0.67 

-13.5' 0.70 

-13.3' 0.55 

-16.0' 0.77 

-12.6' 0.69 

-13.5' 0.63 

-13.4' 0.69 

-12.8' 0.72 

-12.8' 0.71 

-13.8' 0.73 

-12.3' 0.69 

49.59 5.32 13.63 4.63 12.42 
49.42 5.14 13.83 5.28 13.15 
50.36 5.52 13.34 4.53 12.06 
50.24 5 .35  13.52 5.10 12.86 
51.21 5.61 13.62 4.29 11.72 
51.02 5.55 13.22 5.04 12.57 
51.17 5.45 13.40 4.23 12.19 
51.02 5.55 13.22 5.04 12.57 
51.83 5.93 12.78 4.13 1 1 . 5 1  
51.77 5.74 12.94 4.94 12.30 
51.62 5.88 13.07 4.12 11.84 
51.77 5.74 12.94 4.94 12.30 
51.92 5.81 12.85 4.63 12.03 
51.77 5.74 12.94 4.94 12.30 
52.58 6.13 12.85 4.42 11.89 
52.49 5.92 12.66 4.83 12.04 
53.21 5.96 12.63 4.32 11.48 
53.33 5.82 12.44 4.75 11.83 
54.58 5.25 12.14 4.23 10.93 
54.46 5.16 12.29 4.69 11.69 
50.39 5.54 13.42 4.33 12.30 
50.24 5.35 13.52 5.16 12.85 
51.63 5.85 12.75 4.58 11.88 
51.77 5.74 12.94 4.94 12.30 
52.49 5.81 12.62 4.53 11.87 
52.65 5.64 12.70 4.85 12.08 
53.41 5.73 12.60 4.54 11.57 
53.33 5.82 12.44 4.75 11.83 
50.71 5.18 12.51 4.71 11.79 
50.68 5.32 12.66 4.83 12.04 

'BAW412 is 1-butanol-acetic acid-water 4:1:2. *The top value for each entrv is the found value; the bottom value is the calculated value. 

The dry 6-(~-arginylamino)- 1 -naphthalenecyclohexylsulfon- 
amide dihydrobromide was dissolved in 10 mL of water, the 
solution was then poured into a separation funnel, and 50 mL 
of l-butanol was added. This was followed by the addition 
of 5% NaHC03 with shaking until the water layer was pH 
7.5. The organic layer was washed with water and then 
concentrated in a vacuum until the final volume of the solution 
was between 3 and 5 mL. The product was precipitated with 
dry diethyl ether, then filtered, washed with diethyl ether and 
dried: yield 4.82 g (89%); Rf = 0.43 (l-butanol-acetic acid- 
water 4:1:2); [cr]hO = -2.0' (c 1; DMSO). Anal. Calcd. for 
C22H33NdBrS03: C, 48.80; H, 6.14; N, 15.52; Br, 14.76; S, 
5.92. Found: C, 48.94; H, 6.19; N, 15.48; Br, 15.01; S, 5.59. 
Physicochemical constants for all the 6-(~-arginylamino)- 1- 
naphthalenesulfonamide hydrobromides (XXXIV-LVIII) are 
given in Table 111. 

Synthesis of 6- (Peptidylamino)-1 -Mphthalenesulfonamides. 
(7) 6- (( Z-Gly- Gly- Arg- Arg) amino) - I -naph thalenecyclo- 
hexylsulfonamide (LIZ). A total of 4.59 g (0.01 mol) of 
Z-Gly-Gly-Arg-OH hydrochloride, 2.68 g (0.01 3 mol) of 
1,3-dicyclohexylcarbodiimide, and 1.35 g (0.01 mol) of 1- 
hydroxybenzotriazole hydrate were added to 25 mL of dry 
DMFA and cooled to -20 OC. The reaction mixture was kept 
at 0 OC for 1 h followed by the addition of 5.42 g (0.01 mol) 
of 6-(~-arginylamino)- 1 -naphthalenecyclohexylsulfonamide 
hydrobromide (XLIV) in 15 mL of dry DMFA. The reaction 
mixture was kept at 0 OC for 1 h and then warmed to 20 OC 
for 20 h with stirring. The precipitated dicyclohexylurea was 
filtered and the reaction solution was added to 150 mL of 
water. This solution was extracted 5 X 20 mL by a mixture 
of l-butanol-ethyl acetate (l:l), and the organic layer was 
then washed with 3 X 7 mL of 5% NaHC03, 3 X 7 mL of 
10% KHS04, and 3 X 7 mL of water. The organic layer was 
concentrated to a final volume of 3-5 mL and the product was 
precipitated with dry diethyl ether, filtered, washed with di- 

ethyl ether, and dried: yield 5.88 g (68%); Rf = 0.45 (l-bu- 
tanol-acetic acid-water 4:2:1); [ C X ] ~ ~  = -12.2O (c 1; DMSO). 
Physicochemical constants for all the peptide naphthalene- 
sulfonamide substrates (XLIX-LXII) prepared by this method 
are given in Table IV. 

Physical Characterization of the Synthesized Compounds. 
Melting points were determined on a Boetius melting point 
apparatus. Optical rotation measurements were performed 
on a Perkin-Elmer 141 polarimeter. Thin-layer chromatog- 
raphy was performed using aluminum oxide coated plates 
(VWR Scientific, Gibbstown, New Jersey). 

Assay Methods. Enzyme assays were conducted in 20 mM 
Tris, 150 mM NaCl, pH 7.4 (TBS), at room temperature (22 
"C). The final volume for all reaction mixtures was 2.0 mL. 
Fluorogenic substrates were dissolved in DMSO to a stock 
concentration of 10 mM. The 10 mM stock solution was 
diluted in TBS to the final working concentration prior to all 
assays. Enzyme was added to mixtures containing buffer 
components and substrate, and the rate of substrate hydrolysis 
was measured as the change in fluorescence over time, cor- 
responding to the generation of the particular ANSN. 
Quantitation of substrate hydrolysis was accomplished by 
reference to standard curves constructed from the appropriate 
fluorescent moiety. Fluorescence was monitored (continuously 
or discontinuously) using a Perkin-Elmer fluorescence spec- 
trophotometer, Model MPF-44A, equipped with a standard 
chart recorder. Fluorophore was detected using an excitation 
wavelength of 352 nm and emission wavelength of 470 nm with 
8- and 12-nm slit settings, respectively. Light artifacts were 
minimized using a 399-nm long-pass cutoff filter in the 
emission light beam. Kinetic constants of substrate hydrolysis 
were determined using the nonlinear least-squares fitting 
program ENZFIITER (Elsevier-BIOSOR, Cambridge, United 
Kingdom). This program was used to calculate the kinetic 
constants of substrate hydrolysis (kat and KM) by iteratively 
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Table 111: Physicochemical Constants for HBr.Arg-ANSNRIR2 
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anal. datab 
yield [a]$ (c 1; Rf 

R, R, (7%) mp ("0 DMSO) (BAW412)' C H N S Br Brutto formula 
XXXIV 

xxxv 
XXXVI 

XXXVII 

XXXVIII 

XXXIX 

XL 

XLI 

XLII 

XLIII 

XLIV 

XLV 

XLVI 

XLVII 

XLVIII 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

CH3 

C2HS 

(CH,), 

(CH2)6 

morpholyl 

85 

94 

95 

91 

90 

96 

85 

92 

89 

98 

83 

92 

90 

89 

81 

98-104 

171-178 

133-138 

167-1 7 1 

128-133 

161-165 

163-168 

128-132 

151-1 56 

149-152 

99-102 

133-137 

124-130 

135-1 39 

154-159 

+3.3O 0.40 

-4.1 O 0.46 

-2.10 0.41 

-1.00 0.42 

-2.0° 0.47 

-3.2' 0.47 

-1.5' 0.33 

-5.0' 0.40 

-2.00 0.43 

-1.00 0.50 

+4.30 0.41 

-0.50 0.44 

-1.20 0.48 

-2.10 0.50 

+2.6O 0.38 

43.27 5.44 17.61 6.48 17.23 
43.13 5.32 17.75 6.77 16.88 
44.18 5.64 17.32 6.83 17.02 
44.36 5.58 17.24 6.58 16.39 
45.68 5.96 16.84 6.11 16.35 
45.51 5.83 16.76 6.39 15.94 
45.69 5.75 16.69 6.11 16.15 
45.51 5.83 16.76 6.39 15.94 
46.48 6.21 16.27 5.84 15.85 
46.60 6.06 16.30 6.20 15.50 
46.68 5.94 16.38 6.12 16.11 
46.60 6.06 16.30 6.20 15.50 
46.76 6.21 16.14 5.96 15.88 
46.60 6.06 16.30 6.20 15.50 
47.67 6.36 15.74 6.18 15.01 
47.63 6.28 15.87 6.05 15.09 
48.94 6.19 15.48 5.59 15.01 
48.80 6.14 15.52 5.92 14.76 
50.36 5.44 15.13 5.71 14.77 
50.27 5.32 15.29 5.83 14.54 
44.18 5.72 17.11 6.12 16.24 
44.36 5.58 17.24 6.58 16.39 
46.51 6.18 16.14 6.56 15.12 
46.60 6.06 16.30 6.22 15.50 
47.68 6.06 15.84 5.82 15.55 
47.82 5.92 15.93 6.08 15.15 
48.73 6.28 15.70 5.41 15.03 
48.80 6.14 15.52 5.92 14.76 
45.39 5.67 16.03 5.54 15.81 _ _  _ _  - 
45.37 5.52 15.87 6.06 15.09 

'BAW412 is l-butanol-acetic acid-water 4:1:2. bThe top value for each entry is the found value; the bottom value is the calculated value. 

Table IV: Phvsicochemical Constants for PeDtidvl-ANSN 
substrates 

XLIX BocPFR-ANSNHC~H, 
L PFR-ANSNHCjh7.2HC1 
LI BocPPR-ANSNHCjHII 
LII PPR-ANSNHCSHll.2HCl 
LIII ZGGRR-ANSNH(cycl0- 

LIV GGRR-ANSNH(cycl0- 
C6Hll) 

LVI BocD-LPR-ANSNHCsH, 
LVII D-LPR-ANSNHCjH7.2HCl 
LVIII (N"-Boc,NV-Z)KR-ANSN- 

LIX (NV-Z)KR-ANSN(CH3)2* 
(CH3)2 

2HC1 
LX KR-ANSN( CH3)2.3HBr 
LXI BzIGR-ANSNH(i-C3H7) 
LXII TosGPR-ANSNH(i-CAH39) 

MW %yield Rp [a]$b 

737.74 82 0.28 -6.8 
764.94 96 0.72 -12.8 

742.94 68 0.58 -27.8 
715.74 84 0.33 -33.4 
864.93 68 0.45 -12.2 

993.55 79 0.36 +4.2 

682.80 
748.94 
721.74 
768.93 

741.73 

777.43 
694.80 
742.86 

87 0.62 -12.9 
82 0.68 -35.5 
93 0.50 -50.1 
87 0.59 -6.3 

81 0.49 +15.4 

82 0.28 +9.6 
85 0.61 -19.4 
75 0.61 -38.0 . -  I 

OIn 1-butanol-acetic acid-water 4:1:2. bSolvent is DMSO. 

fitting initial rates of substrate hydrolysis to the Michaelis- 
Menten equation. 

Activation of Factor IX by Tissue FactorlFactor WZa. The 
activation of factor IX was evaluated by adding zymogen 
factor IX to a mixture of tissue factor, factor VIIa, and 
phospholipid vesicles according to the general methods of 
Lawson and Mann (1991). Reactions were carried out in 20 
mM Hepes, 0.15 M NaCl, 5 mM CaC12, pH 7.4 (HBS), at 
37 OC. After relipidation of tissue factor into phospholipid 
vesicles (PCPS), factor VIIa was added to the reaction system 
and the TF/VIIa/PCPS complex was assembled. Reactions 
were started by the addition of factor IX to the experimental 
system. The final concentration of components in the reaction 
were the following: tissue factor, 10 nM; factor VIIa, 10 nM; 
PCPS, 200 pM; and factor IX, 1.5 pM. Factor IXaj3 for- 

mation was evaluated using a discontinuous assay format by 
removing designated reaction time points (100 pL) from the 
ongoing activation reaction and rapidly diluting each time point 
into 1.1 mL of 200 pM substrate LVII which had been 
preequilibrated in HBS buffer with 5 mM CaClz at 37 OC. 
The rate of factor IXaS formation was reported by the change 
in fluorescence which corresponded to the hydrolysis of the 
provided substrate over a l-min interval for each reaction time 
point. The initial rate of substrate hydrolysis for each time 
was then compared to an identical reaction sample which was 
quenched in an equal volume of 50 mM EDTA, 2% SDS 
(w/v), 0.01 M Tris-HC1, 10% glycerol, 2% 2-mercaptoethanol 
(v/v), and analyzed by SDS-PAGE (Laemmli, 1970). 10% 
polyacrylamide gels were stained with Coomassie Brilliant Blue 
and destained by diffusion. The physical conversion of factor 
IX to factor IXaj3 was then evaluated by scanning densito- 
metry using a Microscan 1000 scanning densitometer (TRI 
Inc.) according to the methods of Lawson and Mann (1991). 

Activation of Protein C. The rate of activation of protein 
C by thrombin in TBS at 22 OC was measured in a continuous 
assay system. Fluorescent substrate LIII and protein C were 
incubated together in TBS, and the background rate of sub- 
strate hydrolysis was recorded. Thrombin (25 nM final) was 
added to the reaction, and the change in fluorescent intensity 
over time was recorded. Rates of substrate hydrolysis were 
determined from the slopes of tangents to the progress curve 
taken at l-min time intervals. Thrombin hydrolysis of sub- 
strate LIII was determined independently. The resulting 
corrected rates of substrate hydrolysis were converted to 
concentrations of APC by reference to an APC standard curve. 
This reference standard curve was linear with respect to 
varying the APC concentration (0.5-10 nM) using a fixed 
concentration of substrate (10 pM). Secondary plots of APC 
concentration vs time for each initial protein C concentration 
were constructed, where the slopes of these plots represent the 
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1 .  H;CH3 (XIX) 
2. H;C2H5 (XX) 
3. H;C3H7 (XXI)  
4. H;i-C H (XXII) 
5. H;CqI-& (XXlIl) 
6. H;i-CqHg (XXIV) 
7. H;t-CqHg (XXV) 
8. H;C5H1 1 (XXVI) 
9. H;c-C6H1 (XXVII) 
10. H;benzyl [XXVlll) 
1 1 .  CH3;CH3 (XXIX)  
12. C2Hg;C2Hg (XXX)  
13. (CH2)5 (XXXI) 

15. morpholyl (XXXIII) 
14. (CH2)6 (xxxl l )  

FIGURE 2: The relative activity of (Nu-Z)Arg-ANSNR,R2 with factor IIa, factor Xa, APC, and u-PA. The most reactive substrate for a particular 
enzyme was normalized to 100%. The activities of all other substrates were then calculated by dividing their initial rate of hydrolysis by the 
rate of hydrolysis of the most reactive substrate. In the case of monosubstituted cyclohexyl moieties and disubstituted analogues, the relative 
activity for u-PA was less than 1%. 

initial rates of APC generation by IIa at each protein C 
concentration. Kinetic constants for protein C activation were 
determined using the nonlinear least-squares fitting program 
ENZFITTER as described above. 

RESULTS 
Physicochemical Characterization of the Synthesized 

ANSNs. Table I presents the structures and physicochemical 
constants of the fluorescent reporter groups used in this study 
and their relative fluorescent intensities. All of these com- 
pounds (IV-XVIII) and their precursors (1-111) are easily 
synthesized and purified to analytical grade by crystallization 
(compound VI is not crystalline). The compounds (IV-XVIII) 
have excitation maxima near 350 nm with emission maxima 
ranging from 465 to 476 nm. Fluorescent measurements show 
a 2.5-fold range (41-1 12) in the intensities of the fluorescent 
signals among the 1 5 synthesized compounds. Fluorogenic 
substrates (XIX-LXII; structure X-Arg-ANSNR,RJ show 
relative fluorescent intensities at 470 nm of less than 0.1% that 
of the respective free fluorophore. Detection of most of these 
fluorescent compounds at a concentration of M can be 
easily achieved (>2X background) in the presence of lo-* M 
fluorogenic substrate. Continuous excitation of any of these 
compounds at 352 nm for a period of 30 min resulted in no 
significant (<2%) deterioration of the fluorescence signal. 
Nonenzymatic hydrolysis rates in TBS at 4 OC were less than 
0.2% in 30 days. 

Physicochemical constants and the results of composition 
determinations for the blocked (Nu-carbobenzyloxy: XIX- 
XXXIII) and unblocked (XXXIV-LVIII) 6-(~-arginyl- 
amino)- 1 -naphthalenesulfonamide hydrobromides are reported 
in Tables I1 and 111, respectively. Compounds reported in 
Table I1 were prepared from aminonaphthalenesulfonamides 
(IV-XVIII) and Na-(carbobenzyloxy)-L-arginine hydro- 
bromide with the synthesis carried out in pyridine. All of these 
compounds are crystalline and are of analytic grade. 

Table IV presents the physicochemical characteristics of a 
set of 6-(peptidylamino)- 1 -naphthalenesulfonamides. Peptide 

substrates were all synthesized with relatively high yields 
(68-96%) using the general scheme outlined in Figure 1. 
Nu-Blocked peptides substrates (XLIX, LI, LIII, LV, LVI, 
LVIII, LXI, and LXII) have solubilities in aqueous buffer of 
at least 150 pM; peptide substrates unblocked at the Na 
position (L, LII, LIV, LVII, LIX, and LX) have solubilities 
in the range of 1-3 mM. 

Analysis of the Nu- Z -  Blocked (Arginy lamino)- 
nuphthalenesulfonamides as Substrates for Various Enzymes. 
Table V reports hydrolysis data for eight enzymes for a series 
(XIX-XXXIII) of N"-blocked (arginy1amino)naphthalene- 
sulfonamides each distinguished by substitutions on the 
fluorescent reporting group (Rl, Rz). The complementary 
series of unblocked compounds (XXXIV-XLVIII, see Table 
111) was also evaluated and in each case were hydrolyzed more 
slowly than the respective 2-blocked analogues. In general, 
the Z-blocked (arginy1amino)naphthalenesulfonamides are 
relatively good substrates for Xa, IIa, and APC while being 
poorly hydrolyzed by Lys-plasmin and rt-PA. From Table V, 
it can be seen that three of the eight enzymes (IIa, APC, and 
u-PA) more rapidly hydrolyze the substrates in which the 
aminonaphthalenesulfonamide moiety is monosubstituted (R, 
= H). Figure 2 illustrates the relative activity of these sub- 
strates for IIa, Xa, APC, and u-PA as a function of increasing 
bulk of the alkyl side chains. These data demonstrate that, 
with monoalkylated detecting groups, rates of hydrolysis by 
IIa, APC, and u-PA increase with increasing length of linear 
alkyl chains, attaining a maximum rate with 4 methylenes 
(XXIII, R2 = C4H9). Monoalkylated detecting groups with 
branched alkyl chains (XXI vs XXII; XXIII vs XXIV, XXV) 
show decreased rates of hydrolysis by IIa, APC, and u-PA. 
The activity of factor Xa toward these substrates, while com- 
parable in magnitude to that of IIa and APC, appears gen- 
erally less sensitive to structural variations in the detecting 
group. 

Specific instances can be seen where substitutions result in 
significantly different hydrolysis rates both for a given enzyme 
and between enzymes. For example, IIa, Xa, and APC show 
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Table V: Initial Rate’ of (NQ-Z)Arg-ANSNRIR$ Hydrolysis 
enzymesc 

R, RP IIa Xa APC Plm t-PA U-PA VIIa IXa 
XIX H CH3 44 67 14 0.5 0.7 2.5 SH SH 
xx H C2HS 56 67 49 SH 0.7 6.2 SH SH 
XXI H C3H7 62 42 1 1 1  0.5 SH 7.6 SH SH 
XXII H i-C3H7 49 46 33 0.6 SH 1.3 SH SH 
XXIII H C4H9 98 49 208 3.0 1.2 60 SH SH 
XXIV H i-C4H9 67 51 98 0.5 SH 8.3 SH SH 
xxv H t-C,H, 49 37 37 0.9 SH 1.3 SH SH 
XXVI H CSHll 56 37 140 3.2 0.7 39 SH SH 
XXVII H CYCIO-C~HI~ 72 30 140 1.5 SH 0.5 SH SH 
XXVIII H benzyl 98 36 140 5.0 3.3 88 SH SH 
XXIX CH3 CH3 37 1 1 1  8.3 1.5 SH SH SH SH 
xxx CZHS CZH5 10 119 1.5 0.6 SH SH SH SH 
XXXI (CHZ), 19 41 4.6 1.4 SH SH SH SH 
XXXII (CHZ)6 19 83 2.0 1.1 SH SH SH SH 
XXXIII morpholyl 22 37 9.7 0.7 SH SH SH SH 

‘Rates given are in units of nM/(s nM enzyme) X lo5. bSubstrate concentration was 1 pM. cConcentration of enzyme was 100 nM. SH = slow 
hydrolysis (less than 0.5 X nM/(s nM)). 

1 .  H;CH3 (XIX) 
2. H;C2H5 (XX) 
3. H;C3H7 (XXI) 
4. H;i-C H (XXII) 
5. H : C A ~  7XXll1) 
6. H;i-C:Hg (XiIV) 
7. H;t-CqHg (XXV) 
8. H;C5H1 1 (XXVI) 
9. H;c-C6H1 1 (XXVII) 
10. H,benzyl ( YVIII) 
1 1 .  CHx:CH7 (XXIXl 

FIGURE 3: The relative specificity of (NA-Z)Arg-ANSNRlR2 for 
factor IIa, factor Xa, and AF’C. The initial rate of hydrolysis for each 
substrate by a particular enzyme was divided by the initial rate of 
hydrolysis for the same substrate by the second enzyme. 

roughly equivalent rates of hydrolysis for compound XX (R’ 
= H, R2 = C2H5). When C2H5 is substituted at the R1 and 
R2 position (see compound XXX), the rate of hydrolysis by 
IIa decreases 6-fold, that of APC by about 33-fold, while the 
Xa-catalyzed hydrolysis rate increases 2-fold. KM and k,, 
values for the hydrolysis of a number of these compounds by 
IIa, Xa, and APC are presented in Table VI and in general 
confirm the patterns observed in Table V. 

Figures 3 and 4 illustrate the relative specificity of various 
alkyl side chain modifications for pairs of enzymes (factor IIa 
vs factor Xa, APC vs factor Xa, and APC vs factor IIa). In 
general, these data are similar to the data presented in Figure 
2 where substrate hydrolysis by the enzymes evaluated shows 
a distinct dependence on the structure of the substituents in 
the detecting group. These data demonstrate that the spe- 
cificity of IIa/Xa is relatively insensitive to changes in alkyl 
side chain bulk. When the same series of ANSNs were 
evaluated for APC/Xa specificity, it was observed that the 
n-butyl side chain had the highest specificity for APC. When 
the selectivity of APC relative to IIa was evaluated, it was 
observed that the 5 carbon side chain group (C,Hll) provided 

1 .  H;CH3 (XIX) 
2. H;C2H5 (XX) 
3. H;C3H7 (XXI) 
4. H;i-C H (XXII) 
5. H;C4?9 (XXlll) 
6. H;i-CqHg (XXIV) 
7. H;t-CqHg (XXV) 
8. H;C5H1 1 (XYVI) 
9 .  H;c-C6H1 (XX’v’II) 
10. H;benzyl [XXVlll) 

FIGURE 4: The relative specificity of (W-Z)Arg-ANSNR,R, for factor 
IIa, factor Xa, and APC. Data are plotted as the kat/& of individual 
substrate for a particular enzyme divided by k,,/KM of the same 
substrate for a second enzyme. Data were not obtained for AF’C/Xa 
and APC/IIa when R2 = CH3 or C2HS due to limited substrate 
hydrolysis such that full kinetic evaluation of substrate hydrolysis was 
not possible. 

the most specificity for APC with respect to IIa. 
Analysis of 6-(Peptidylamino)-l -naphthalenesulfonamides 

as Substrates for Various Enzymes. An evaluation of the 
suitability of the 6-(peptidylamino)- 1-naphthalenesulfonamida 
(XLIX-LXII) as substrates for eight enzymes involved in 
blood coagulation and fibrinolysis is summarized in Table VII. 
This table demonstrates that the aminonaphthalenesulfon- 
amides, when conjugated to a variety of peptide sequences, 
can function as sensitive detectors of enzymatic activity. 
Several of these substrates show promise for the measurement 
of either specific coagulation and fibrinolytic proteases or 
processes involving zymogen activation. For example, com- 
pound LV is hydrolyzed by factor VIIa (Lawson et al., 1992). 
Compound LV, LVI and LVII react with factor IXaB, and 
compound LVI is hydrolyzed by plasmin 120 times faster than 
by urokinase. 

A kinetic analysis of substrate hydrolysis by four of the 
enzymes (IIa, Xa, IXa, and APC) with eleven of these sub- 
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Table VI: Kinetic Constants" for the Hydrolysis of (N'-Z)Arg-ANSNR,R2 
substrates enzy mesb 

RI R2 IIa Xa APC 
XIX 62.5 160 SH 

xx 

XXI 

XXII 

XXIII 

XXIV 

xxv 

XXVI 

XXVII 

XXVIII 

XXIX 

xxx 

XXXI 

XXXII 

XXXIII 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

CH3 

C2HS 

0.04 
640 
171 
0.14 
820 
22.2 
0.04 
1580 
25 
0.03 
1180 
32.4 
0.04 
1260 
35.3 
0.05 
1420 
24 
0.02 
930 
41.4 
0.01 
242 
27.9 
0.03 
1090 
41 
0.07 
1680 
22.6 
0.01 
630 
SH 

SH 

SH 

SH 

0.1 1 
714 
121 
0.08 
636 
125 
0.07 
593 
102 
0.08 
800 
139 
0.08 
576 
86.5 
0.07 
811 
114 
0.06 
487 
36.8 
0.04 
979 
51.8 
0.03 
633 
213 
0.04 
198 
91.4 
0.09 
1020 
200 
0.26 
1290 
64.9 
0.06 
924 
427 
0.13 
293 
80 
0.05 
625 

SH 

320 
0.47 
1470 
343 
0.17 
510 
171 
0.62 
3600 
960 
1.6 
1670 
738 
0.4 
540 
436 
0.8 
1830 
180 
0.44 
2470 
218 
0.23 
1050 
SH 

SH 

SH 

SH 

SH 

'Units: K,, pM; kcat, s-I; kcat/&,, M-' s-l. SH = slow substrate hydrolysis: no kinetic constants were calculated. 

Table VII: Initial Ratea of Peptidyl-ANSNR,R,b Hydrolysis 
enzymes 

substrates IIad Plmd VIIad IXae Xad APCd U-PA' t-PA' 
XLIX BwPFR-ANSNHC~H~ 69 13 SH SH 31 93 5.6 SH 
L PFR-ANSNHC3H.I 56 21 SH SH 222 1 1 1 1  4.6 SH 
LI BocPPR-ANSNHC~H~~ 9259 3 3  SH SH 1.W 1 1 1  43 0.4 
LII PPR-ANSNHCSHI I 4630 9.3' SH SH 0.7' 1 1 1 1  56 0.7 
LIII ZGGRR-ANSNH(CyClO-C6Hll) 3.0 5.9 SH SH SH 463 SH SH 
LIV GGRR-ANSNH(CyClo-C6HI 1) 3.0 1 1' SH SH 0.6' 560 1.2 SH 
LV M~sD-LGR-ANSN(C,H~)~ 842 278 69 0.8 27778 56' 14 14 
LVI BwD-LPR- ANSNHC,H, 200000 3620 SH 3.5 646 3968 1614 1852 
LVII D-LPR-ANSNHC3H.I 100000 815 SH 6.2 319 63291 688 712 
LVIII (NQ-B~,NW-Z)KR-ANSN(CH3)2 15 1 9e SH SH 1.2' 2 3  SH SH 
LIX (NW-Z)KR-ANSN(CH,), 1 1  19' SH SH SH 5.lC SH SH 
LX KR-ANSN(CH3)z SH 3 3  SH SH SH 3.5' SH SH 
LXI BzIGR-ANSNH(i-C,H,) 694 1 4e SH SH 617 46 14 4.6 
LXII TosGPR-ANSNH(i-C4H9) 27777V 1 1 1 1  SH 0.7 5556 13890 2800 14 

aData are normalized to nM/(s nM enzyme) X los. *Substrate concentration was 1 pM. The remaining footnotes represent enzyme concen- 
trations of 1 nM (c).  10 nM (6). and 100 nM (e). SH = slow hvdrolvsis (less than 0.4 X nM/(s/nM). 

strates is presented in Table VIII. In general, the ranges of 
observed K M  values (4-800 pM) and of k,, values (0.0006/s 
to 50/s) are comparable to reported values for tripeptide 
substrates with different detecting groups (Lottenberg et al., 
1981). In all cases but one (compound LXII with M C ) ,  the 

K M  values are below the solubility limits of the substrates, thus 
allowing at least 50% saturation of the target catalyst. 

A comparison between the commercially available substrate 
chromozyme TH (TosGPR-pNA) and a peptidylamino- 
naphthalenesulfonamide with the same peptide sequence 
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Table VIII: Kinetic Constants‘ for Hydrolysis of Peptidyl-ANSNs 
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substrates kinetic constants IIa Xa IXa APC 
XLIX BocPFR- ANSNHC3H7 kcat 0.04 0.06 SH 0.058 

kcatlKM 900 260 1580 

K M  600 667 240 
kcatlKM 600 2000 19600 

LI BocPPR-ANSNHC~H~~ kcat 1.39 0.00064 SH 0.16 
K M  10.9 19 64 
kcat/KM 128000 34 2460 

LII PPR-ANSNHCjHI 1 kcat 30.3 0.0023 SH 14.3 
K M  667 27 640 
kcat1Kt.f 45000 84 22300 

LIII ZGGRR-ANSNH(C~C~O-C~H~I) kcat 0.02 0.0052 SH 6.2 
K M  12.5 29 320 
kcatlKM 1560 180 19300 

K M  30 56 261 
kcat/KM 350 160 11600 

LV MesD-LGR-ANSN(C,H,), kcat 0.63 36.4 0.033 0.055 
K M  31.3 12.5 96 113 
kcat/KM 20000 291000 347 490 

LVI BwD-LPR-ANSNHC3H7 kcat 29.4 3.8 0.03 4.7 
KM 10.5 238.2 1.8 16.8 

LVII D-LPR-ANSNHC3H7 kcat 111.0 1.1 0.21 52.3 

K M  44.4 230 37 

L PFR-ANSNHC3H7 kcat 0.36 1.33 SH 4.7 

LIV GGRR-ANSNH(CyClO-C6H I 1) kcat 0.01 1 0.0091 SH 3.1 

kcatlKM 2.8 X lo6 16000 16667 2 10000 

K M  3.8 40.3 3.3 44.9 

LXI BzIGR-ANSNH(i-C3H7) kcat 1.8 0.44 SH 0.055 

LXII TosGPR-ANSNH(i-C4H9) kcat 52.6 2.4 0.3 120 

kcatlKM 28.9 X lo6 27000 63115 1.16 X lo6 
K M  3 20 55.2 52 
kcatlKM 5600 1970 1070 

K M  1 1  35.3 123 800 
kcatlKM 4.8 X lo6 68000 2400 150000 

‘Units: KM, wM; kat, s-l; kat/KM, s-I M-I. SH = slow substrate hydrolysis; no kinetic constants were calculated. 

Table IX: Comparison of the Fluorescent Detecting Groups 
~~ 

assay 
maximum condition‘ 

detecting groups (nm) (nm) P (nm) P 
7-amino-4-methylcoumarin 380 440 5.5 460 3.8 
2-naphthlamine 360 410 0.36 420 0.3 
2-naphthol 320 360 0.34 420 0.16 
6-amino-1-naphthalenecyclohexyl- 352 470 1 .O 470 1 .O 

hex hem hem 

sulfonamidec 
a Reported emission wavelengths used for assays. bRelative fluores- 

cence intensity in TBS, 25 OC. CAverage detecting group for amino- 
nauhthalenesulfonamides. 

~~ 

(LXII) is presented in Table X. Kinetic analysis of the 
hydrolysis of the two substrates by IIa yields similar KM values 
with compound LXII showing a 4.3-fold greater catalytic 
efficiency. The catalytic efficiency of Xa hydrolysis of the 
tripeptide-p-nitroanilide, characterized by larger KM and kat 
values than those of IIa, is similar to that of IIa. However, 
Xa hydrolysis of compound LXII is 50 times less efficient than 
that of IIa. Collectively these data provide evidence that the 
structure of the P‘ detecting group contributes to the specificity 
of the enzyme substrate interaction. 

Utility of Specific Peptide Substrates for Evaluating Zy- 
mogen Activation. As reported above, specific substrates were 
identified which exhibited reactivity with factors VIIa, IXa& 
and activated protein C. Specific examples of the utility of 
these substrates to investigate the activity or activation of these 
proteins are described below. 

Factor VZZa. Substrate LV (MesD-LGR-ANSN(C,H,),) 
was observed to have significant reactivity with factor VIIa. 
To date, no fluorescent substrate has been identified which 
reacts with factor VIIa, and in general few synthetic substrates 

Table X: Comparison of Chromozyme TH (TosGPR-p-NA) with 
TosGPR-ANSNH(i-C4H9) 

enzyme 
substrate kinetic constants IIa Xa 

chromozyme TH K M  (rM) 13.8 364 
kcat (s-I) 14.1 244 
kat/KM (M-I s-’) 1.02 X lo6 0.67 X lo6 

TosGPR- ANSNH(i- 
C4H9) 

KM ( d W  10.5 132 

k,,/KM (M-I SKI) 4.34 X lo6 8.48 X lo4 
kcat (s-I) 45.6 11.2 

are hydrolyzed by factor VIIa (Zur & Nemerson, 1978; Kam 
et al., 1990; Pederson et al., 1990; Ruf et al., 1991) at rates 
which permit their practical application. Due to the fluorescent 
nature of the ANSN reporter group, the hydrolysis of substrate 
LV by factor VIIa is easily detected at factor VIIa concen- 
trations below M in the presence of 100 pM substrate, 
HBS buffer, and 5 mM CaC1,. We have also observed that 
the enzymatic hydrolysis of substrate LV by factor VIIa is 
enhanced >lo0 times (kat/&) in the presence of saturating 
concentrations of tissue factor, allowing for the detection of 
factor VIIa activity in the presence of tissue factor at con- 
centrations below M. This substrate exhibited no re- 
activity with single-chain factor VII, supporting the conclusion 
that single-chain factor VI1 is a zymogen. A detailed analysis 
of the process of factor VIIa complex assembly with tissue 
factor and phospholipid has recently been reported (Lawson 
et al., 1992).4 

Activation of Factor ZX by Tissue FactorlFactor VZZa. 
Factor IXa@ has been difficult to evaluate in purified reaction 

A copy of this manuscript was enclosed for the reviewers’ inspection. 
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Time (min) 

FIGURE 5: The activation of human factor IX by recombinant human 
factor VIIa/tissue factor. Data were obtained in a discontinuous assay 
format by removing reaction subsamples of factor IX activation at 
the following time points: 0, 2, 4, 5, 7, 10, 15, 20, 28, 36, 48, and 
60 min after the addition of factor IX to the reaction system. Reaction 
aliquots were evaluated by rapidly diluting the subsample (100 pL) 
into 1.1 mL of buffer containing substrate LVII (D-LPR- 
ANSNHC,H,) (200 pM) and the rate of fluorescent substrate hy- 
drolysis for each sample was determined (A). The concentrations 
of reagents used in this experiment were the following: factor IX, 
1.5 pM; rVIIA, 10 nM; TF/PCPS, 10 nM/200 pM in HBS at 37 
OC. An identical reaction subsample was removed from the exper- 
imental system and rapidly quenched in EDTA and prepared for 
SDS-PAGE. After electrophoresis, gels were stained with Coomassie 
Brilliant Blue and subjected to scanning densitometry. The percent 
of factor IXaO formed was plotted as a function of time (0). 

systems due to its low amidolytic activity with short synthetic 
peptide substrates. Furthermore, the use of p-nitroanilides or 
amides of 7-amino-4-methylcoumarins in evaluating factor 
IXaO activity has been limited due to very slow rates of sub- 
strate hydrolysis. The esterase activity of factor IXaO is much 
higher, and the use of synthetic peptide esters (Byrne & 
Castellino, 1978; Byrne et al., 1980) and thioesters (McRae 
et al., 1981; Cho et al., 1984) has been reported. In the present 
study, four substrates were identified which exhibited signif- 
icant reactivity with factor IXa@ (LV, LVI, LVII, and LXII). 
The kinetic constants of substrate hydrolysis of these four 
compounds are presented in Table VIII. The utility of sub- 
strate LVII in evaluating the activation of factor IX by the 
tissue factor/factor VIIa complex was investigated. Data 
presented in Figure 5 demonstrate the activation of factor IX 
by the tissue factor/factor VIIa enzymatic complex. This 
figure illustrates the increase in the rate of substrate hydrolysis 
as factor IX is converted to factor IXaO during the activation 
process. Furthermore, these data demonstrate that the change 
in fluorescence observed during the reaction process correlates 
well with the physical conversion of factor IX to factor IXaP 
as evaluated by SDS-PAGE. The sigmoidal shape of the 
fluorescent substrate hydrolysis curve is consistent with pre- 
vious reports of factor IX activation by the tissue factor/factor 
VIIa complex, in which factor IX requires two proteolytic steps 
to be activated to the enzymatic product factor IXaO (Bajaj 
et al., 1983; Lawson & Mann, 1991). Thus, the lag in initial 
fluorescent substrate hydrolysis occurs due to the first pro- 
teolytic step in the activation process, the conversion of factor 
IX to IXa, a nonenzymatic intermediate in the reaction pro- 
cess. 

Activation of Protein C by Thrombin. Data presented in 
Table VI11 demonstrate that substrate LIII exhibits a 12-fold 
advantage in catalytic efficiency for APC with respect to IIa. 
This advantage in catalytic efficiency for APC with respect 
to IIa was exploited to evaluate the activation of protein C 
by thrombin in a continuous assay. Figure 6 presents a kinetic 
analysis of the activation of protein C by thrombin using 

O O Y '  " " " " " " " ' ' 1 1  

0 0  0 2  0 4  0 6  0 8  1 0  1 2  1 4  1 6  1 8  2 0  

Protein C [pM] 

FIGURE 6: The kinetics of bovine protein C activation by factor IIa 
in the presence of substrate LIII (ZGGRR-ANSNH(cyclo-CsH,,)). 
The concentration of reagents used in this experiment were the 
following: protein C, 0.1,0.2,0.3,0.4,0.5,0.857, 1.0, 1.2, 1.5, 2.0 
pM; factor IIa, 25 nM; substrate LIII, 10 pM. 

substrate LIII. The resulting kinetic constants for this process 
were calculated, yielding a KM value of 1.4 pM, k,, of 0.046 
s-I, and and overall catalytic efficiency of (kat/KM) of 3.3 X 
104 M-' s-'. These data were not corrected for the partitioning 
of thrombin between substrate LIII and protein C. This results 
in an underestimate of the kinetic efficiency of thrombin ac- 
tivation of protein C. However, in spite of this complexity, 
our data are in general agreement with a previous report 
(Amphlett et al., 1981) (KM = 1.8 pM, kat = 0.009 s?) using 
a discontinuous system with benzoylarginine ethyl ester as the 
substrate. These data demonstrate that by identifying sub- 
strates with kinetic specificity (APC to IIa) the ANSN com- 
pounds can be used in a continuous assay format to evaluate 
various processes of zymogen activation. 

DISCUSSION 
This report presents the synthesis of a new class of fluor- 

escent detecting groups, the 6-amino- l-naphthalenesulfon- 
amides (ANSN), for substrates of amidases. The general 
synthesis described allows for a wide range of chemical 
modifications of ANSN to be readily accomplished. Thus, 
the preparation of a series of structurally unique detecting 
groups with relatively constant fluorescent intensity is faci- 
litated. These modifications of the detecting group can be used 
to enhance both the chemical (solubility and stability in 
aqueous buffer) and biological (reactivity with specific en- 
zymes) properties of the synthesized substrates. The data 
presented illustrate that modifications of these detecting groups 
have significant influences upon the rate of substrate hydrolysis 
by various blood coagulation and fibrinolytic enzymes. From 
these data we show that both the P (peptidyl) and P' (substrate 
leaving group) confer specificity to substrate interactions with 
this class of serine protease enzymes. 

The fluorescent compounds described represent disubstituted 
bicyclic aromatic naphthalene rings maintaining a nucleophilic 
substituent (amino group) in the @-position of one aromatic 
ring and an electrophilic substituent (sulfonamide group) in 
the a-position of the other aromatic ring. The location of these 
substituents allows for a relatively high yield of fluorescence 
from the disubstituted  naphthalene^.^ The presence of a 
sulfonyl moiety in these detecting groups permits a large range 
of chemical modifications. Thus, any compound possessing 
primary or secondary amino groups, including amino acids or 
their derivatives, can be used to modify the detecting group. 

~ ~~~ 

S. Butenas, unpublished observation, 1991. 



Influence of P' Substrate Structure on Enzymatic Specificity 

Various modifications can be made which are able to com- 
pensate for the high hydrophobicity of the aromatic rings, 
thereby increasing the solubility of the detecting groups in 
water, and potentially increasing the overall solubility of the 
substrate. 

When the ANSN detecting groups are compared with the 
more commonly used fluoresent detecting group 7-amino-4- 
methylcoumarin (Table IX), both detecting groups have a high 
yield of fluorescence. However, 7-amino-4-methylcoumarin 
has limited possibilities for modification due to the absence 
of a functional group(s) for this purpose. Thus, it is very 
difficult to modify this compound in order to optimize the 
enzyme substrate interaction or to modulate the solubility of 
the overall substrate. 

The modifiability of the ANSN compounds has allowed us 
to make systematic changes in the alkyl side chain of the 
substrate leaving group. These data (Table V) demonstrate 
that three of these enzymes (IIa, APC, and u-PA) more 
rapidly hydrolyze substrates with monosubstituted sulfonamide 
moieties in the detecting group (R, = H). Furthermore, these 
data demonstrate a dependence between the bulk of the linear 
alkyl chain at the R, position and the rate of substrate hy- 
drolysis observed. Generally, an increase in the rate of sub- 
strate hydrolysis is observed with increasing length of the alkyl 
side chain, attaining a maximum with the n-butyl homologue 
(XXIII, R, = C4H9). Further increases in alkyl chain length 
results in decreased rates of substrate hydrolysis. These data 
suggest that the structure of the P' group has a significant 
influence upon substrate-enzyme interaction. Likely expla- 
nations for this include both steric and electrostatic interactions 
of the substrate as it sits in the enzyme active site pocket. 

When Z-blocked arginyl-ANSNs with branched monoalkyl 
side chains in the detecting groups were evaluated, it was 
observed that the substrates with branched side chains were 
hydrolyzed more slowly by the enzymes studied in this report 
(XXI vs XXII; XXIII vs XXIV, XXV). It was also observed 
that as the alkyl side chain branching increased the rate of 
substrate hydrolysis decreased further (XXIII-XXIV-XXV). 
However, the dependence of the activity of IIa, APC, and 
u-PA on the structure of substituents in the detecting group 
is different for each enzyme. For factor IIa, the difference 
between the maximum and the minimum rate of hydrolysis 
in this group of substrates (XIX-XXVI) is 2.2-fold (XXIII 
vs XIX). For AFC it is 15-fold (XXIII vs XIX), and for u-PA 
it is 45-fold (XXIII vs XXII or XXV). 

It is interesting to compare these data to the reactivity of 
the same compounds with factor Xa (Figure 2). Factor Xa 
hydrolyzes substrates with short alkyl chains (XIX, XX) faster 
than those with longer alkyl side chains. However, there is 
little difference in the rate of hydrolysis among homologues 
with linear and branched alkyl side chains. These data would 
suggest that the S' region of the active site pocket of factor 
Xa is less discriminating with respect to subtle changes in the 
bulk of short chain substitutions of the ANSN leaving group. 
When the disubstituted compounds (XXIX, XXX) were 
evaluated, it was observed that these substrates were more 
rapidly hydrolyzed by factor Xa than their monosubstituted 
analogues (XIX, XX). 

When substrates possessing monosubstituted sulfonamide 
moieties with cyclic structures (XXVII, XXVIII) were 
evaluated, these compounds exhibited significant reactivity for 
IIa, Xa, APC, and u-PA. These data suggest that both steric 
and electronic characteristics of the cyclic rings contribute to 
the reactivity of the substrate for the S' region of the active 
site pocket. These compounds were hydrolyzed at almost the 
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same rate (except the cyclohexyl analogue by u-PA) as the 
compound with the n-butyl substitution (XXIII) which was 
in general the optimal linear alkyl side chain. Possible ex- 
planations for the reactivity of the aromatic substituent include 
the relatively small size of the planar aromatic ring, its ability 
to take sterically favorable positions by rotation around the 
aliphatic bond, and/or specific electronic characteristics of the 
ring optimizing the enzyme substrate interaction. The rela- 
tively large cyclohexyl ring in the detecting group (XXVII) 
is hydrolyzed in the same range as the aromatic analogue 
(XXVIII) by factor IIa, Xa, and AFC. However u-PA, t-PA, 
and Lys-plasmin exhibit a substantial decrease in substrate 
hydrolysis when presented with substrates with the larger ring 
size at the P' position. These data suggest that u-PA, t-PA, 
and Lys-plasmin have limitations to the size of ring groups 
which can be substituted on the ANSN moiety and still allow 
for efficient enzymatic hydrolysis. 

Collectively, our data illustrate that, for the 8 enzymes 
evaluated above, alterations in the P' site of the substrate have 
significant influence upon the specificity of the enzyme-sub 
strate interactions. Thus, one of the utilities of ANSN is that 
it allows for modifications in the substrate leaving group. Such 
modifications can provide structural information regarding the 
active site pocket of various enzymes by changes in both the 
bulk and electrostatic properties of the detecting group. The 
utility of modifying substrate leaving groups to add both 
sensitivity and specificity for a particular enzyme is an area 
of ongoing investigation in our laboratory. 

When the 6-(peptidylamino)-l-naphthalenesulfonamide 
substrates were screened for reactivity with various serine 
protease enzymes (Table VII), it was observed that many of 
these substrates were rapidly hydrolyzed by thrombin, factor 
Xa, Lys-plasmin, and APC. These data would suggest that 
the active site pocket of these enzymes can accept a fairly high 
degree of modification in the Pz and P3 position and still allow 
for significant substrate hydrolysis. 

Table X presents a specific case in which a modification in 
the substrate detecting group increases the specificity of the 
enzyme substrate interaction. This table compares the kinetic 
constants of thrombin and factor Xa substrate hydrolysis for 
two identical tripeptide substrates (TosGPR-pNA and 
TosGPR-ANSNH(i-C,H,). These data demonstrate that a 
particular modification in the ANSN detecting group incream 
the kinetic specifcity (kat/&) more than 30 times (IIa/Xa) 
compared to that of the analogous p N A  compound. Thus, 
highly specific and sensitive substrates for various proteases 
may be developed by optimizing the appropriate P (peptidyl) 
sequences for maximal reactivity with a particular enzyme and 
by modifying the ANSN structure to optimize the reactivity 
of the P' substrate leaving group as it interacts with the enzyme 
active site pocket. 

Lastly, we have been able to exploit both the sensitivity and 
specificity of the peptidyl ANSN compounds to identify 
specific cases of reactive substrates for factor VIIa, IXap, and 
APC. To date, few substrates have been identified which 
exhibit significant reactivity for factor VIIa (Zur & Nemerson, 
1978; Kam et al., 1990; Pederson et al., 1990; Ruf et al., 1991). 
We have exploited the sensitivity and reactivity of substrate 
LV (MesD-LGR-ANSN(C2H5)z) with factor VIIa to evaluate 
changes in the enzymatic activity of factor VIIa as a function 
of complex assembly with tissue factor (Lawson et al., 1992). 

Assays for factor IXap have been accomplished using ester 
or thioester substrates (McRae et al., 1981; Cho et al., 1984). 
N"-Benzoyl-L-arginine ethyl ester has also been used as a 
substrate for IXap (Byme et al., 1980); however this compound 
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is a poor substrate (KM = 27 mM) and has limited utility in 
a multienzyme system due to its broad specificity. McRae 
et al. (1981) reported the activity of IXaB toward several 
thioester substrates but also reported that the utility of these 
compounds was limited due to the inhibition of factor IXag 
by free thiols in the reaction system. We have identified four 
substrates which reacted with factor IXaB (LV, LVI, LVII, 
and LXII). Of these substrates LVII appeared to have the 
most useful properties for evaluating factor IX activation by 
the tissue factor/factor VIIa complex. These properties of 
substrate LVII included a high degree of solubility in aqueous 
buffer and a low degree of reactivity with factor VIIa. These 
data (Figure 5 )  demonstrate that substrate LVII is a useful 
tool to analyze the activation process of factor IX by the tissue 
factor/factor VIIa complex. 

The study of the process of protein C activation by thrombin 
in a continuous assay system has been difficult due to the lack 
of selectivity in the available synthetic substrates for APC with 
respect to thrombin. Discontinuous assay systems which rely 
upon the introduction of thrombin inhibitors at timed intervals 
have been reported (Ohno et al., 1981; Haley et al., 1989). 
Substrate LIII has been used to monitor the activation of 
protein C, by thrombin, in a continuous assay format. The 
resulting kinetic constants (KM = 1.4 pM, k,, = 0.046 s-I) 
are in reasonable agreement with a previous report (Amphlett 
et al., 1981) (KM = 1.8 pM, k,, = 0.009 s-l) using a dis- 
continuous system with benzoylarginine ethyl ester as the 
substrate. These data suggest that the presence of the pep- 
tidyl-ANSN in the reaction mixture had little effect on the 
kinetics of protein C activation by thrombin under the assay 
conditions described above. However, because substrate LIII 
is hydrolyzed by thrombin it is not the ideal reporter group 
for continuous assays of protein C by thrombin. 

The structure activity analysis presented provides a potential 
approach to the synthesis of a more specific substrate. For 
example, the monosubstituted pentyl-ANSN achieves the 
greatest advantage in catalytic efficiency for APC over IIa. 
We feel that these data provide insight into structural alter- 
ations which can be made on both the peptidyl (P) and de- 
tecting group (F) side of the substrate to further optimize the 
specificity of the substrate for use in a continuous assay system 
with a mixture of proteases. 

Butenas et al. 
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Conformational Properties of the G*G Mismatch in d( CGCGAATTGGCG)2 
Determined by NMRt 

Katherine L. B. Borden,* Terence C. Jenkins,§ Jane V. Skelly,§ Tom Brown,lI and Andrew N. Lane*?* 
Laboratory for Molecular Structure, National Institute for Medical Research, The Ridgeway, Mill Hill, London NW7 IAA, 
U.K., Cancer Research Campaign Biomolecular Structure Unit, Institute of Cancer Research, Sutton, Surrey SM2 5NG, U.K., 

and Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ, U.K. 
Received October 28, 1991; Revised Manuscript Received March 18, 1992 

ABSTRACT: The conformational properties of the DNA duplex d(CGCGAATTCGCG)2, which contains 
two noncomplementary G-G base pairs, have been examined in aqueous solution by 'H and 31P N M R  as 
a function of temperature. The G-G mismatch is highly destabilizing, with a T,  value 35 K below that 
observed for the native EcoRI dodecamer. The dodecamer appears symmetric in the NMR spectra and 
exists largely as an average B-type DNA conformation. However, the 'H and 31P NMR spectra give evidence 
of considerable conformational heterogeneity at  the mismatched nucleotides and their nearest neighbors, 
which increases with increasing temperature. There is no evidence for a significant population of the syn 
purine conformation. The imino protons of the mispaired bases G4 and G9 are degenerate, resonate at 
high field, and exchange readily with solvent. These results indicate that the mispaired bases are only weakly 
hydrogen-bonded and are only partially stacked into the helix. On raising the temperature, the duplex shows 
increasing exchange between two or more conformations originating from the mismatch sites. However, 
these additional conformations maintain their Watson-Crick hydrogen bonding. The increase in chemical 
exchange is consistent with a quasimelting process for which the G-G sites provide local nuclei. Extensive 
modeling studies by dynamic annealing have confirmed that the G(anti)*G(anti) conformation is favored 
and that the mispairs are poorly stacked within the helix. The results explain both the poor thermal stability 
and low hypochromicity of this duplex. 

x e  limited fidelity of DNA polymerase is responsible for 
the relatively frequent [frequency of Occurrence is - lo4; see 
review by Loeb and Kunkel (1982)l formation of noncom- 
plementary base pairs during DNA synthesis. Such mis- 
matches provide intermediates in the mutagenic pathway. To 
maintain the integrity of the genetic information mistakes that 
Occur during replication must be repaired with high efficiency. 
The overall fidelity of replication is -l0-lo errors per nu- 
cleotide (Fowler et al., 1974). Of the possible base mispairings, 
purine-purine and purinepyrimidine pairs occur more fre- 
quently than pyrimidine-pyrimidine pairs (Topal & Fresco, 
1976; Fersht & Knill-Jones, 1981). If uncorrected, purine 
purine mismatches lead to transversions in the daughter 
strands, e.g., A-T - A-A,,, - T-A; G C  - G-G,,, - C.G 
(Topal & Fresco, 1976). Cellular repair mechanisms require 
effective recognition of the mismatch sites prior to base cor- 
rection. Three major factors affect the detection of a mismatch 
base pair: (i) the structure of the mispairing, (ii) the nature 
of the adjacent base sequences, and (iii) the conformation of 
the DNA in the vicinity of the lesion. The relative repair 
efficiencies for base-pair mismatches are in the order A C ,  
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Council of the U.K. 
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GG, G-T > A-A > A-G, CC,  COT, T.T (Kramer et al., 1984). 
Further, the A*G repair efficiency is very sensitive to the base 
composition of the surrounding sequence, in particular the A.T 
versus G C  content, which is mirrored by the sensitivity of the 
mismatch conformation to the flanking sequences (Kramer 
et al., 1984; Dohet et al., 1985). There are also differences 
in repair efficiency within the purinepurine class, with G-G 
> A.A > A.G. Although the chemical structures of these 
mismatches are different, the ability of the cellular repair 
enzymes to detect these errors may also depend on the different 
conformations available to the DNA, for example, the pos- 
sibility of hydrogen-bonding patterns in A-G pairings that are 
not available in G.G mismatches. 

In the class of purinepurine mismatches, A.G mispairs have 
been studied extensively by both NMR and X-ray crystal- 
lography (Gao & Patel, 1988; Brown et al., 1990; Webster 
et al., 1990; Carbonnaux et al., 1991; Lane et al., 1991b), and 
NMR studies have also been reported for AeA (Arnold et al., 
1987), AP.A (Fazakerley et al., 1986), and A.1 mismatches 
(Uesugi et al., 1987). However, only comparatively little is 
known about the G-G mispairing. 31P NMR studies (Roongta 
et al., 1990) and preliminary 'H NMR experiments (Piotto 
& Gorenstein, 1991) have recently been reported for a G-G- 
mismatched dodecamer duplex. Topal and Fresco (1976) 
suggested that the G-G mismatch would pair using one base 
in the keto form and syn and the other in the enol form and 
anti. However, Cognet et al. (1991) have presented evidence 
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