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TABLE I 
INHIBITIOP OF GUANINE DEAMINASE* AND XANTHINE  OXIDASE^ BY 

KO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

R 
--- Guanine deaminase-- 
1 5 0 , ~  phf ( [SI/ [I I)02 

101 1 . 3  
370f 0.036 
190 0.071 
83 0.16 
77 0.17 
21 0 .63  

100 0.13 
120 0.11 

14 0 .95  
275f 0.048 

0.20 67 
1 .0  13 
0.098 130 
0.056 240 
0.18 74 

>200 <O.  067 
5 . 9  2 . 3  
0.17 78 
0.44 30 
0.050 270 
0.65 20 
9 .3  1 .4  
1 . 2  11 
3 .5  3.8 
1 . 3  10 
5 . 3  2 . 6  
0.34 39 
0.24 56 
2 . 0  6 . 7  
0.22 59 
0.12 110 
0.10 130 

18 0.73 
13 1 .0  

Xanthine oxidase--- --- 
1 5 0 , ~  p M  ([S]/[1])0.6' 

0.410 20 
230 0.34 
16 0.50 
9 .7  0 .83  

13 0.62 
0.62 13 
8.1 1 . 0  
7 . 7  1 .0  
4.2 1 . 9  

580 0.14 
0.50 16 
0.21 38 
0.11 91 
0.084 95 
0.37 22 
0.12 68 
0.60 13 
0.071 110 
0 .23  35 
0.072 110 
0.62 13 
1.8 4 . 5  
0.25 32 
1 .6  5 . 0  
0.68 12 
1 . 3  6 . 2  
0.25 32 
0.082 100 
0.24 33 
0.41 20 
0.11 74 
1 . 8  4 . 5  
0.70 12 
1 . 9  4 .3  

5 The technical asbistance of Ilaureen Baker and Pepper Caseria with these assays is acknowledged. * Guanine deaminase (guanase) 
was a commercial preparation from rabbit liver that was assayed with 13.3 rM guanine in 0.05 M Tris buffer (pH 7.4) containing 37, 
DMSO as previously described.'O c Xanthine oxidase was a commercial preparation from bovine milk that was assayed with 8.1 pLV 
hypoxanthine in 0.05 JI Tris buffer (pH 7.4) containing 10% DMSO as previously described." I,o = concentration for 50% inhibi- 
tion. e Ratio of concentrations of substrate to inhibitor giving 50% inhibition. f Data from ref 4. 0 Data from ref 5 .  Data from 
ref 6. Data from ref 3. 2 Data from ref 14. 

Introduction of an o-bromo (8) or o-chloro atom (7) 
gives an S-10-fold loss in binding; that loss is not due 
to an electronic effect, but is steric, is indicated by the 
less than twofold loss in binding by the small o-fluoro 
atom (6). These results indicate that the phenyl ring 
of 1 is coplanar to the purine ring when complexed to 
the enzyme; in order for 7 and 8 to complex effectively, 
an 8-10-fold loss in binding energy could occur as a re- 
sult of the energy needed to bring 7 and 8 to coplanarity. 
The a-naphthyl group (9) gives a sevenfold increment 
in binding over the o-chlorophenyl group (7) ; this in- 
crement can be accounted for by hydrophobic bonding 
of one or two carbons of the benzo moiety in area B. 
Since the m-methyl group (29) gives a fivefold incre- 
ment over 1, the additional binding by 9 over 7 is ac- 
counted for by a hydrophobic interaction a t  positions 9 
and 10; it follows that positions 7 and 5 are not hydro- 
phobic. 

Figure 1.-A proposed map of the hydrophobic bonding region 
of rabbit liver guanine deaminase; G = 9-guanyl, - = hy- 
drophobic, . . . . = not hydrophobic, - = unknown. 

Introduction of the p-methyl group (24) gives a 
threefold increment in binding by a hydrophobic inter- 
action at position 14; that  position 14 can also form a 
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phenyl group of 3114 residing in area F arid the phenyl 
group of 3214 in area 1;. Furthermore, one NH of 32 
resides a t  position 20 without repulsion indicating 
that this position is not hydrophobic; i t  also follows 
that positions 21-23, 2, 27, and 35-37 are not hydro- 
phobic.13 

So te  that the p-fluorosulfonylbenzamido group of 3314 
gives no appreciable change in binding compared to the 
parent 1;  since positions 14-16 are hydrophobic, it is 
logical for the carboxamido function of 33 to reside a t  
positions 12-14 which positions the phenyl group in area 
L without hydrophobic bonding. Similarly, the p-  
bromoacetamido group (34)3 should not give an incre- 
ment in binding over the parent 1 since the carboxamido 
would reside at positions 12-14 and the bromine atom at 
position 26 or 28. 

Although no evidence is available, it is probable that 
positions 32, 33, 40, and 41 are not hydrophobic since 
the adjacent positions are not. It is also interesting to 
note that the p-CF3 group of 26 gives no increment in 
binding over the p-CH, (24), indicating that a fluorine 
atom between positions 13 and 14 does not form a 
donor-acceptor complex with the enzyme. 

In  a study of the binding of the CsH:(CH2), group 
(1-5), it is clear that the best binding occurred when 12 

= 0; apparently the phenylalkyl groups do not have 
the proper conformation within their enzyme-inhibitor 
complexes to give appreciable hydrophobic bonding in 
areas A, B, D, E, and I. 

Xanthine Oxidase.-In Table I are listed the results 
of inhibition of xanthine oxidase with the same 34 
compounds evaluated on guanine deaminase; some of 
these 9-phenylguanines were previously shonn to be 
good inhibitors of xanthine o ~ i d a s e . ~  Thus the topog- 
raphy of the hydrophobic bonding region of xanthine 
oxidase could also be studied by these compounds and 
is presented in Figure 2;  again each position has been 
numbered and each area lettered in the same manner as 
Figure 1 for guanine deaminase. 

The 9-H of guanine is probably not complexed to 
xanthine oxidase since guanine and 9-methylguanine 
(10) are nearly equally effective inhibitors. l1 Since the 
9-methyl group of 10 gives no increment in binding over 
guanine, i t  is clear that position 1 (Figure 2) is not in a 
hydrophobic region; i t  is less likely that the 9-H is 
complexed to the enzyme and the loss in binding when 
this group is replaced by methyl is equally compensated 
for by hydrophobic bonding by the 9-methyl group since 
a large loss in binding occurs when hypoxanthine is sub- 
stituted by a 9-methyl group. However, 9-phenyl- 
guanine (1) gives a 140-fold increment in binding over 
9-methylguanine (10) ; that this interaction by the 9- 
phenyl group is due to hydrophobic bonding was pre- 
viously demonstrated.6 A 140-fold increment in hydro- 
phobic bonding requires a minimum of three carbons 
interacting in this manner,I2 but may involve even four 
or five carbons. Since one side of the phenyl ring is 
in a polar region and one side is in a hydrophobic re- 
gion,6 the hydrophobic side is arbitrarily assigned to the 
left; the guanine may then complex with either its 
pyrimidine moiety to the left or the right, but riot 
necessarily in the same direction as in guanine de- 
aminase (Figure l). Thus positions 3-6 are in a hydro- 

(14) B. R. Uaker and W. F. Kood,  J .  X e d .  Chem. 11, 850 (1988). paper 
CYXIII  of this  series. 
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Figure 2.-A propo5ed map of the hydrophobic boiidiiig regioii 
of bovine milk xanthine oxidase; G = Y-guailyl, -- = hy- 
drophobic, e . . . .  = not  hydrophobic, - = urlknowll. 

phobic area and position 2 may or may riot be. That 
position 3 is in a hydrophobic area is also supported by 
the slight loss in binding caused by an m-amino group 
(17) in position 11. 

Introduction of an o-chloro (7) or o-bromo (8) group 
causes a 20-fold loss in binding compared to the parent 
1. Sirice the o-fluoro (6) group gives little change in 
binding, the effect of the halogen of 7 and 8 is not elec- 
tronic, but steric. These results indicate that the 
phenyl ring of 1 should be coplanar to the purine ring 
for optimum binding; thus the 20-fold loss in binding 
with 7 and 8 could be due to the energy required to 
bring the rings into coplanarity. The a-naphthyl 
group (9) gives only a twofold increment in binding over 
7; this increment is accountable by the hydrophobic 
bonding of only one carbon in area B. Since the m- 
methyl group (29) also gives a twofold increment in 
binding over the parent 1, the difference in binding be- 
tween 7 and 9 is due to a hydrophobic interaction a t  
position 10; it follows that positions 7-9 are not in a 
hydrophobic area. 

In  contrast to guanine deaminase, introductiori of a 
methyl group (24) gives a fourfold loss in binding with 
xanthine oxidase, indicating that in the latter enzyme 
position 14 is in a polar region. That position 14 is 
polar is further supported by the fourfold increment in 
binding by the p-carboxylate group (16). .Ictually, a 
larger increment in binding by the COO- group could 
be expected if it is interacting with the enzyme in a 
donor-acceptor complex; thus some repulsion of the 
COO- group a t  position 15 might be occurring since 
position 15 is in a hydrophobic area arid position 13 is 
not, as will be shown later. 

That position 15 is hydrophobic is indicated by the 
twofold increment in binding by the p-ethyl group (25) 
compared to p-methyl (24) ; this increment is not due 
to an interaction at  position 13, which will later be 
shown to be nonhydrophobic. A nearly threefold in- 
crement in binding by p-isopropyl (23) compared to p -  
ethyl (25) could be interpreted to mean that hydro- 
phobic bonding occurs at  both positions 13 and 15; 
however, since position 13 is not hydrophobic, the effect 
of chain branching could be a more favorable ground- 
state conformation of 23 for coniplexing to position 15. 
That a flat interaction near coplanarity with the 
phenyl group is necessary for 23 and 25 to complex 
with xanthine oxidase is indicated by the sevenfold loss 
in binding by the t-butyl group (22) compared to iso- 
propyl (23). 
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TABLE I1 
PHYSICAL PROPERTIES~ OF 

0 

--X,,,,,. mu------ 
NO. R 70 yield Formula pII 1 pH 18 

4 CoH:(CH?h 14 Ci4HiaNaO. O..iII,O 251, 279 259,' 26G 

6 0-FCBHI 18 CiiEIxFNjO 260, 2 7 3  266 
7 O-ClC6H4 24 CIiHxClNjO 259, 270' 268 
8 o-BrC& 8 CI1HxBriXjO 259, 271f 268 

5 CsI%:,(CHph 17 CiaHiiNjO 254, 281 "58 ' "$1 

9 a-Naphthyl 16b CijHiiiXjO 260,' 280 273 
12 p-HOCoH4 26 CiiH9N;OP 230, 269' 251, 263f 
14 p-CoHa(CH2hOCoH4 3*5c CmHisNG 233, 270' 268 

254, 288 255, 258, 300' 15 Diberixofuraii-3-yl 3lC CiiHiiNjOi 
19 C~HJJHCHO-VL 45d Ci?Hi:jNsOa 245,f 277' "68' 
20 CgHJ'THCOC6Hj-VZ 35e c]bI1l&602.0.7.5HnO 264 "9 

23 C ~ I I ~ ( C ~ I - I ~ - ~ ) - ~  16 CirHi:N,O 260, 265' 26s 

28 CoH4SaH5-771 43' CiiHi3NjO 255 250' 

21 C&dC4Hrn)-p 27 CijHiiXiO 264, 271' 268 
22 CGH4( CdIln-t)-p 13 CijHiiNaO 262, 280' 2611 

26 C6H4CF3-p 23 CizHxF3NiO 270 238, 278 
27 CsHdCoHa-p 34c C,,I%I 3 s  5 0  262 26s 

a All compounds were prepared from 2-amino-6-chloro-.5-phenylazo-4-pyrimidinol and purified by the previoiisly described methods,6 
unless ot,herwise indicated; each analytical sample gave combustion values for C, H, and N within 0.4 of the theoretical percentage and 
each moved as a single spot on tlc on silica gel with EtOH-CHCL ( 3 : 5 ) .  All of the compounds had iiv and ir spectra in agreement 
wit,h their assigned structures; since all but two compounds (4, mp 262-26!5", and 5, mp 283-284') did not melt below 300", uv data is 
included. The purification step by soliition in XH,OH 
was omitted since it was insoluble. d Prepared by reaction of 17 with 99% HCOOH a t  loo", then recrystallization from l>lIF-H20.  
e Prepared by reaction of 17 with benzoic anhydride in DLIF, then recrystallization from IleOEtOH. 

* An unstated positional isomer of 9-naphthylguanine has been described.16a 

f Inflection. 

ferences in these hydrophobic bonding regions (Figures 
1 and 2) will be discussed first. 

Area A gives 50-fold better hydrophobic bond- 
ing to xanthine oxidase than guanase; the converse is 
true with the adjacent area D. The total hydrophobic 
bonding in areas A and D is quite similar for both en- 
zymes. 

( 2 )  Guanine deaminase shows additional hydro- 
phobic bonding in area E, but xanthine oxidase does 
not. 

In  area F, xanthine oxidase shows hydrophobic 
bonding at positions 20 and 21, but guanine deaminase 
shows hydrophobic bonding a t  positions 24 and 

(-1) Position 14 on xanthine oxidase repulses a 
methyl group) but attracts this group on guanine de- 
aminase. Conversely, the polar carboxylate of 16 is 
attracted to position 14 or xanthine oxidase, but is 
repulsed on guanine deaminase. However, the ether 
oxygen at  position 14 that is attracted to guanine de- 
aminase is not attracted to xanthine oxidase. 

The p-bromoacetamido group of 34 can form a 
covalent bond with xanthine oxidase at position 27, but 
guanine deaminase cannot. Similarly, the sulfonyl 
fluoride of 33 can form a covalent bond with xanthine 
oxidase just adjacent to position 38, but does not irre- 
versibly inactivate guanine deaminase. l 4  

(1) 

(3) 

( 5 )  

The remainder of the hydrophobic bonding region on 
the two enzymes is remarkedly similar. Each hydro- 
phobic region could serve the biological function of re- 
pulsing the more polar nucleosides and nucleotides 
from the respective enzymes so that these are riot sub- 
strates or inhibitors.15 

Construction of candidate irreversible inhibitors that 
project a covalent forming group such as bromoacet- 
amido or sulfonyl fluoride into a nonhydrophobic region 
can now be done on a more rational basis. Such 
studies are continuing and initial studies leading to a 
new irreversible inhibitor of xanthine oxidase is re- 
ported in the following paper. l4  

Chemistry.-Of the new compounds in Table I ,  all 
except 19 and 20 were prepared by condensation of the 
appropriate amine with 2-amino-6-chloro-5-phenylazo- 
4-pyrimidino followed by reductive formylation6 and 
ring lG the remaining two compounds were 
synthesized by acylation of the corresponding amine 
(17). Data on these new compounds are compiled in 
Table 11. 

(1.5) Reference 7, p 121. 
(16) (a) H. C. Koppel, D. E. O'Hrien, and R.  K. Rohins, J .  A m  Chem. 

(t]) C. 11. Koell and R .  I(. Rol,ins, J .  .\led. P h i i l m .  Soc., 81, 3016 (1959): 
Cliem., 5, 558 (1962). 


