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or 2 d-dimethoxy-6-cltloropyrimidine’ wis discussed previously.”

See Tables T and IV for the physical and analytical data for
thesce compowtds.

6-(2,3-Dichloroanilinejuracil (23) (Method AL- A\ nuxtare of
0.755 g (5 mtoles) of 6-chlorouracil® and 1.62 g (10 mmoles) of
2 5-dichloromiiline was heated b1 a barh at 200° for St min when
the mixture resolidified. The cooled mixiure was writurated winh
200 ml of hot water.  The produet was eollected on o filter and
washed with hot water; yield 110D g (8077), mp 322-323° dee.
Recrystallization from 1OAe gave wlhilte crystals of unchanged
nielting point.
i22) B. L. Langley, British Patent 845,378 (1450):  Chum. Akistr., 58, 6506
(1u61).
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6-(3-Naphthylaminojuracil (28) (Method B1l- -\ mixture of
0.755 g (5 mnales) of G-chlorouracil,?? 1.649 g (10 mmoles) of
g-naphihylantine, DI ntd of HAO) and 1 dvap of 12 8 HCL was
refluxed with <stirring for 12 hr. - The hat mixiare wax fih ered mid
the prodner wished with hot 1LO; vield D95 g (7251 mp
3330547 dee. Reervsiallization from J1OAe gave whive vrystals,
nip 338530 de,

Method C was thie sanie ax method 13, only the HCwas ontitied.

Method D wus 1he =ame as merhsd €. oonly DM was
n=ed ax solvent. Thix nwethod i ineffective if the amine is in-
sutliciently reactive, such as 23-dichloroaniline.  With this -
reactive amiite, tie prodiet was 6-dimethylaminouracil, white
ervstals from HOAe, mp 312-314° dee. Apal. (Cil1,N;0.0) €,
H, N.

On the Nature and Dimensions of the

Hydrophobic Bonding Region of Guanine Deaminase and Xanthine Oxidase’

B. . Baker axp Winnias IF. Woon

Department of Chepvistey, University of California al Sanlo Durbara, Santa Bavhara, Californin
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Thirty-four selected O-=ubstituted gnanines have bheen studied as inliihitors of guanine demuinase and xaithine
oxidase in order to map the hydrophabic bonding rogions of these two enzynmes; such maps aid in the desigit of
active-site-directed irreversible inhibitors and in the design of nwre potent reversible inhibitors. These maps
were remarkably similar for the two enzymes, the main difference being observed st the para position of 9-

phenylguanine.

The two ntost potent reversible inhibitors were 9-(m-benzamidophenyl)gnaitine (20) and 9-(p-

pheuylpropyloxypheuyl)guanine (14); these were complexed about 230-fold better than the substrate (gnanine)
to guanine deautittase and about 100-fold better than the sabstrwe vhypouxmithine) 1o xanthine oxidasc.

9-D’henylguanine (1) has heen found to be a good in-
hibitor of hoth guanine deaminase* and xanthine oxi-
dase,? being complexed 1.3- and 20-fold better than
the respeetive substrate.  That this 9-phenyl group
interacts with the two enzymes by hydrophobie bind-
ing was then demonstrated.® In order to design an

0
N

HN*,'[ >

1A

R
L= 11
11, I = p-OClL,
16, 1} = p-COO"
18, 1l = mNICOCH By

active-site-directed irreversible inhibitor” from an -
hibitor that also exhibits hydrophobie bonding, it is
necessary to determine where the hydrophobic region
ou the enzyme ends; then a leaving group can be prop-
erly positioned to form a covalent bond with a nueleo-
philic center in a more polar region on the enzyne sur-
face.

{1y This work was weneransly suppsniel by Grant CA-086494 frinn the
Nalional Cancer Inslituve, U, 8. I'ubbe 1Tealth Service.

(2) For the previous paper in this series see I'. R, Baker and W. Rzeszn-
tarzki, J. Med. Chem., 11, 639 (1968).

(3) Tor the previnus paper on these enzynies see B, R. Baker aml W. 1
Wood, 2b3d., 10, 1106 (1967), paper CIIl of the series.

1) B. R. Baker and D. V. Ranti, ibid., 10, 62 (1967), paper LXXIV of
this series,

7a) T R Baker, J. Pharn, Sei. 86, 90 (1967 ), paper NCIIT of this series.

i6) D. R. Baker and W. . Waoal, JJ. Med, Chemn,, 10, 1101 (1967), paper
C11 of this series.

(7) B, R. Baker, “Desipn of Active-Nice-Direeleil Irreversilile Euzyune
Luhibitays.,  The Organin Chemistry of tlue Bnzyinin Active-site,"
Wiley ansd Sans, Do, New York, N, Y., [0AT,

Jotin

In addition to these dimensional studies on the hyvdra-
phobie bonding region, answers to two earlier questions
were sought.  In what manner does the p-OCH; sub-
stituent of 11 give a 50-fold increment in binding to
guanine deaminse?  In what manner does the m-
bromoacctamido group of 18 give a 60-fold inerement,
in binding to guanine deaminase® and a sevenfold in-
crement in binding to xanthine oxidase? The results
posed by these questions are the subject of this paper.

Guanine Deaminase.—The inhibition results with 34
selected compounds on guanine deaminase are listed
Tuable }. The topography (Figure 1) of the hydropho-
bie bonding region of guanine deaminase will be dis-
cussed first; each position n the area containing the
hvdrophobic bonding region is numbered by paosition
and cach hexagon ix lettered by avea.

The 9-pheny! group (1) on gnanine gives a 28-fold
increment in binding over the 9-methy! group (10).1
Such an inerement would require hydrophobie mnterac-
tion by only two or three of the six earbons.  Sinee the
9-H of guanine binds to the enzyme as an electron ace-
ceptor, M it 1x clear that position 1 (Iigure 1) is polar
and not hydrophobie.  Furthermore, one meta posi-
tion of this phenyl (area A) is also not in a hydrophobice
region beeause 10 loss in hinding occurs with a m-amino
group (17).%  Thus the left side of arca A s arbitrarily
assigned to a hydrophobie region in positions 4-6.  The
pyrimidine portion of the guanine ean then be cither
to the left of area A or flipped over to the right of
area A.

(8) 'Phe ehempthnrapentic rssous for sGulying gnaninve (lewninasid W
aned xanthie oxidasat by ve oy provionsly iliseussed,

o Ree yef ¢, p 1D,

107 13, R. Baker. J.
meCres.

(11 1 R, Baker wrl Jo L Dewditckson, J. Pharm, Seit. 88, 955 (19670
pagar NOTL of abis zeries,

Vel Chem., 10, 50 (19071, paper LX NI of (bis
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TasLE I
INHIBITION® OF GUANINE DEAMINASE? AND XANTHINE OXIDASE® BY

(0]
e
NHZ_]*N N>
L

~———~Guanine deaminase——— ———Xanthine oxidase-——

No. R Isod M (I81/1IDos? Isod uM (181/11 Do
1 CsH; 10/ 1.3 0.41¢ 20
2 CsH;CH, 370/ 0.036 23¢ 0.34
3 CesH3(CHj; )," 190 0.071 16 0.50
4 CeHs(CHy)s 83 0.16 9.7 0.83
5 CeH;5(CHy),4 77 0.17 13 0.62
6 0-FCsH, 21 0.63 0.62 13
7 0-CICsH, 100 0.13 8.1 1.0
8 0-BrCsH, 120 0.11 7.7 1.0
9 a-Naphthyl 14 0.95 4.2 1.9

10 CH; 2757 0.048 58¢ 0.14

11 p-CH;0C:H,» 0.20 67 0.50 16

12 p-HOC:H, 1.0 13 0.21 38

13 p-C.H,0CsH 4 0.098 130 0.11 91

14 p-CsH;(CH;);0CsH, 0.056 240 0.084 95

15 Dibenzofuran-3-yl 0.18 74 0.37 22

16 p-HOOCC:H;? >200 <0.067 0.12 68

17 m-NHyCsH 47 5.9 2.3 0.60 13

18 C:H, NHCOCH;Br-m* 0.17 78 0.071 110

19 CsH.NHCHO-m 0.44 30 0.23 35

20 CsH,NHCOC:Hg-m 0.050 270 0.072 110

21 CeHy(CiHon)-p 0.65 20 0.62 13

22 CsHy(CiH -t )-p 9.3 1.4 1.8 4.5

23 CeH4(C3Hr=0)-p 1.2 11 0.25 32

24 CsH4CH3—ph 3.5 3.8 1.6 5.0

25 CeH,CoHeph 1.3 10 0.68 12

26 CsH.CFsp 5.3 2.6 1.3 6.2

27 CoH,CoHip 0.34 39 0.25 32

28 CeHCsH-m 0.24 56 0.082 100

29 CeH,CH;z-m* 2.0 6.7 0.24 33

30 B-Naphthyl? 0.22 59 0.41 20

31 m-CeHNHCOCH SO F-m? 0.12 110 0.11 74

32 m-CsH.NHCONHCH.SO,F-m7 0.10 130 1.8 4.5

33 p-CsH.NHCOC:H SO, F-p? 18 0.73 0.70 12

34 p-CeH.NHCOCH,Br* 13 1.0 1.9 4.3

@ The technical assistance of Maureen 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 uf guanine in 0.05 M Tris buffer (pH 7.4) containing 39,
DMSO as previously described.’® ¢ Xanthine oxidase was a commercial preparation from bovine milk that was assayed with 8.1 uM
hypoxanthine in 0.05 M Tris buffer (pH 7.4) containing 109, DMSO as previously described.!? 4 I3 = concentration for 5097 inhibi-
tion. ¢ Ratio of concentrations of substrate to inhibitor giving 509, inhibition. / Data from ref 4. ¢ Data from ref 5. * Data from
ref 6. ¢ Data from ref 3. 7 Data from ref 14.

Introduection of an o-bromo (8) or o-chloro atom (7)
gives an 8-10-fold loss in binding; that loss is not due
to an electronic effect, but is sterie, 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.

Figure 1.—A proposed map of the hydrophobic bonding region
of rabbit liver guanine deaminase; G = 9-guanyl, —— = hy-

Since the m-methyl group (29) gives a fivefold incre-  drophobic, - - - - = not hydrophobic, »w = unknown.
ment over 1, the additional binding by 9 over 7 is ac-
counted for by a hydrophobic interaction at positions 9 Introduction of the p-methyl group (24) gives a

and 10; it follows that positions 7 and 8 are not hydro-  threefold increment in binding by a hydrophobic inter-
phobic. action at position 14; that position 14 can also form a
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nonpolar donor-aceceptor complex with 11 will be dis-
cussed later.  Inereasing the chain from p-methyl (24)
to p-ethyl (25) gives a threefold inerement in binding dute
to interaetion at position 13 or 15, That position 13 ix
probably hydrophobic will be discussed later with the
binding of m~formamido group (19) and related amides.

The g-naphthyl group (30) gives a 15-fold inerement
in hinding over the parent 9-phenyl group (1); fivefold
of this inerement is acecunted for by hydrophobie inter-
action at position 10 ¢« es. 29) and the eightfold inere-
ment at positions 14 and 15 (1 »s. 25). Thercfore
liydrophobic interaction at position 16 is weak at best.
That positions 16 and 17 are mn a hydrophobic nrea ix
indicated by the 40-fold inerement in binding given by
the m-phenyl group (28) over 1: sevenfold is accounted
for by position 10 (1 rs. 29), the remaining sixfold can be
accounted for by positions 9, 16, and 17 being hvdro-
phobie and positions 18 and 19 not hydrophobie.

The p-pheny! group (27) gives a 29-fold increment
i binding over the parent 1; eightfold of this ix ac-
countable by the hydrophobic interaction at positions
14 and 15 (1 #s. 25). The remaming fourfold inere-
ment i accountable by hydrophobice bonding at posi-
tions 13 and 29 with perhaps a minor contribution by
position 28; it follows that hydrophobic bonding does
not ocentr at positions 27 and 28, That position 29 is
hivdrophobic and 30 is not 1s further supported by the
binding #-buty! group (21) which i only twofold better
than the p-ethyl group (25). That a flat interaction
between arcas A, Chand D and the enzyme is required
as shown in Figure 1 is supported by the sevenfold loss
i binding by the -butyl group (22) compared to ethyl
(25).  This flat interaction i further supported by the
similar binding of the p-ethy! (25) and p-isopropy! sub-
stituents (23) where the latter has one out-of-plane
methyl group.

The 50-fold increment in binding® by the p-methoxy
group (11) over 1 was then investigated. The p-hy-
droxy group (12) has now been synthesized and found
to give a tenfold Increment i binding over the parent
1; the remaining fivefold incremeut of 11 is aecount-
able by hydrophobie interaction of the methyl at posi-
tion 15 (24 »s. 25).  One anomaly with 11 must still be
accountable; how can position 14 bind the methyl of 24
by hydrophobic bonding and the oxygen of 11 and 12 by
a donor-acceeptor complex?™  This can be acconnted
for if position 14 on the enzvme is part of a phenyl
group of x phenylalanine; the methyl eould then inter-
act by hydrophobie bonding and the oxygen as an elec-
tron donor to the = cloud of the underlying phenyl
group on the cuzyvme.  That such a donor-aceeptor
complex with the amide oxygen of 19 can also occur in
this area at position 13 will be discussed later.

The binding by the remaining ethers (18-15) can now
be explained.  The twofold inerement of the p-ethoxy
group (13) over p-methoxy (11) is accountable by lLy-
drophobie bonding of the termiual methyl group of 13
at cither position 16 or 29. The p-phenylpropyloxy
group (14) gives only a twofold increment in binding
over the p-ethoxy group (13) and 14 is of the two best
reversible mmhibitors of guanine deaminase in Table I.
Thus, only one more carbon of 14 than 13 binds to the
enzyme.  Sinee position 17 has been shown to be hydro-

{12 For a disctssion of Whie modes of vompluxing bhetween inhibitors anel
enzymes see ref 7 Chapter 1.

Vol. 11

phobie and position 30 not, it follows that the pra-
pyloxy moicty of 14 binds at positions 1417 and the
terminal phenyl of 14 gives no additional hydrophobie
interaction at positions 18, 19, or 34.

The dibenzofuran (15) and the m-biphenyl (28)
groups bind to the enzyime about the same, the major
differenice in structure being the ether bridge of 15, 1f
the ether bridge of 15 could complex at position 14,
then 15 could be expected to be a tenfold better in-
hibitor thav 28 (compare 1, 11, and 13). However,
the ether oxvgen does not rveside at position 14, hut
resides inside area 1) between positions 4 and 16, The
oxygen nteraction appeats to be between positions 1.
and 13 siee the oxvgen of either 11 or 19 can eomplex
to the enzyvme: thus it would appear that the ethe
oxygen of 15 1= not close enough to the axygen-donm
binding area.

The 60-fold merement in binding® by the wi-bromo-
acetamido group (18) over the parent 1 was then -
vestigated.  Three possibilities were eonsidered: (1)
the carboxamido part of 18 might complex to the en-
zyme by a donor-aceeptor complex, (h) the bromo-
methyl might interaet hydrophobically with the en-
zyie, and (¢) the bromine atom might interact in o
donor-aceeptor complex.'?  In order to separate out
possibility a, the m-formamido analog (19) was syu-
thesized; 19 showed a 22-fold inerement in binding over
the parent 1 and a 13-fold inerenent over the m-amino
group (17). Thix 13-fold inerement can onlv be due
to a donor mteraction of the amide oxygen with an ac-
ceptor group on the enzyme; this amide oxygen can
reside at either position 13 or adjacent to position 2,
Sinee a donor atom o an inhibitor (11, 12) can interaet
with the enzynie as position 14, it 1s logical to assnme
that the amide oxygen of 19 can nteract similarly at
position 13 with the hydrophobie eleetron aceeptor on
the enzyme.' It follows that the remaining 2.6-fold
difference  between  the  bromoacetamido  (18)  and
formamido (19) groups is due to imteraction with the
enzyine at positions 20, 21, or 25 by either hydrophobic
bounding or donot -acceptor interaction.

A suitable working hypothesis for the 2.6-fold inere-
ment observed between 18 and 19 is the hydrophobie
interaction of the bromine atom at position 235; this is
derived from comparison of 18-20 and 31-34. Re-
placement of formyl group (19) by benzoy! (20) give a
further ninefold enhancement in binding by the beu-
zene ring which must reside in area 17 if the amide oxy-
gen resides at position 13;  this inerement is probably
too large to be dne to o donor-aceeptor complex with
the enzyme, but could be readily aceountable by a
hydrophobie interaction of two of the carbons i area
I, Note that the benzamido (31) and phenyhureido
(32) groups bearing o sulfony! flnoride give identical
fourfold Increments in binding over the formamido
group (19). Thesc resultx arce accounted for if hydro-
phobic bonding ocenrs at positions 24 and 25 by the

(13) The ground-state confomuatin of aeelaplile has its sarhonyl plane
38° from caplanarity from the henzene ring,  In this discussinp the nasump-
tioit higs beenu maide thac the parbonyl gronp of 18, 18, 31, an.l 32 wives maxi-
spm Diteracting with 1he enzyme al position 13 whben the carlinnyl ap-
pruaelies coblanarity ty the Y-plbenyl gronp; the energy needell van ajisne
frion the greater himling «vergy uf the C:=6) at position 13 when the (120
js voplanar. This coplanarity woubl ecause (be benzene rbuz of 31 in area I
and 32 in area K also 1o appmach coplanarity to the Y-phenyl group.  See b,
1. Pederson amil 13, Peillerson, Tstrohalron Lidters. 2095 (1965) for the ground-
slate cenformutian of avetanilhhe,
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phenyl group of 31'¢ residing in area F and the phenyl
group of 32 in area I{. Furthermore, one NH of 32
resides at position 20 without repulsion indicating
that this position is not hydrophobic; it also follows
that positions 21-23, 2, 27, and 35-37 are not hydro-
phobic.13

Note that the p-fluorosulfonylbenzamido group of 334
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 at
positions 12-14 which positions the phenyl group in area
L without hydrophobic bonding. Similarly, the p-
bromoacetamido group (34)% 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-CF; 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 CeH;(CH,), group
(1-5), it is clear that the best binding occurred when 7
= (; apparently the phenylalkyl groups do not have
the proper conformation within their enzyme-inhibitor
complexes to give appreeiable hydrophobic bonding in
areas A, B, D, E, and 1.

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 shown to be
good inhibitors of xanthine oxidase.* 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.!' Since the
9-methyl group of 10 gives no increment in binding over
guanine, 1t is clear that position 1 (Figure 2) is not in a
hydrophobic region; it 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.® A 140-fold inerement in hydro-
phobic bonding requires a minimum of three carbons
interacting in this manner,'? 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,® 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 not
necessarily in the same direction as in guanine de-
aminase (Figure 1). Thus positions 3-6 are in a hydro-

(14) B. R. Baker and W. ¥. Wood, J. Med. Chem., 11, 850 (1968), paper
CXXIII of this series.
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Figure 2.—A proposed map of the hydrophobic bouding region
of bovine milk xanthine oxidase; G = 9-guanyl, =— = hy-
drophobice, «---: = not hydrophobic, m = unknown.

phobic area and position 2 may or may not 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. Since 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 & 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 hyvdrophobic
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 at
position 10; it follows that positions 7-9 are not in a
hydrophobic area.

In contrast to guanine deaminase, introduction of a
methyl group (24) gives a fourfold loss in binding with
xanthine oxidase, indicating that in the latter enzyme
position 14 1s in a polar region. That position 14 is
polar is further supported by the fourfold increment in
binding by the p-carboxylate group (16). Actually, 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 at position 15 might be occurring since
position 15 is in a hydrophobic area and 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 hydrophobie, the effect
of chain branching could be a more favorable ground-
state conformation of 23 for complexing to position 13.
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 ¢-butyl group (22) compared to iso-
propyl (23).
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The g-naphthyl group (30) gives no inerement in
binding over the parent 9-phenyl group (1). However
sone loss in binding must oceur at position 14: there-
fore, & more valid comparizon taking into account this
repulsion would he 8-naphthy! (30) and p-ethylphenyl
(25) where the former is 1.5-fold hetter. This differ-
ence can be aceounted for by the twofold inerement in
binding at position 10 by the m-methyl group (29).
These increments between 28 and 30 may not be
strietly additive; therefore, position 16 could also bhe
hydrophobie sinee there 1s one strong line of evidence
with 28 that it is. The m-phenyl group (28) gives a
fivefold mmerement i binding over the pavent 1: of this,
twofold is accountable by binding at position 10 and
the remainder must be by either position 9 or 16,
Sinee position 9 1 not hydrophobie, then position 16
should be; it is unlikely that hydrophobie bonding
would reappear at position 19 adjacent to the non-
hydrophobie position 9, which is supported by the
binding of 14 to be dizcussed later.

The p-phenyl group (27) gives a sixfold merement in
binding over the p-methyl group (24); part of this in-
crement is due to hydrophobie honding at position 15
and the remainder may be due to some donor-acceptor
character between the p-phenyl and the polar group(s)
on the enzyme that can complex o p-carboxylate (16)
and can be covalently linked from position 27 by the p-
bromoacetamido derivative (34).*  Thus positions 27~
20 are not likely hydrophobic.  That position 29 ix not
hydrophobie (nor 1s 30) is further supported by no in-
crement in binding between p-cthyl (25) and p-butyl
(21) where the butyl group would oceupy positions 14,
15, 29, and 30.

The p-hydroxy group (12) gives a twofold merenent
I binding; this is probably due to a donor-aceeptor in-
teraction with the same group on the enzyme that com-
plexes the p-carboxyl of 16 When the hydroxyl group
of 12 is methylated to give 11 some loss in binding
=hould oeceur due to the loss of binding of the acidie
hydrogen of 12, but sone gain in binding should oecur
by hydrophobic interaction at position 15; however, it
is somewhat surprising that the net difference between
these forces results i 12 being equal to the parent 1.
When the methoxy! (11) is inereased to ethoxyl (13).
a fonrfold inerement in binding oceurs at position 16,
since position 29 1s not hvdrophobic.  Further ex-
tension of the ether chain to phenylpropyl (14) gives
onhy a =light mmerement in binding over 13, indicating
positions 1719 and 34 are not hydrophobic.

The major strnetural difference hetween the dibenzo-
furan (15) and the m-biphenyl (28) is the cther bridge
in 15, vet 15 is a fourfold less effcetive inhibitor than
28; this result might be due to a repulsion of the ether
bridge which resides inside of ring D of Iigure 2 and
not at position 14,

The cightfold inerement in binding?® by the m-bromo-
acetamido group (18) over the in-amino group (17) was
then investigated.  Threefold of this inerement was
due to the carboxamide oxygen of 19 interacting at posi-
tion 13 in a donor-aceeptor complex;' the remaining
threefold merement of 18 mmnst then be due to an inter-
action of the bromomethyl group at positions 20, 21, or
25 either by a donor-acceptor complex or o hydrophobie
interaction.  Replacement of the bromonethyl group
of 18 with phenyl (20) gave no change in binding, in-
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dicating that the bromomethyl and phenyl groups bind
in the same way. A hydrophobice interaction between
positions 20 and 21 is the preferred explanation sinee 31
ix a 16-fold better inhibitor than 32; the latter compari-
son indicates that position 20 is hydrophobic (repelling
the NH of 32) and positions 24-26 aud 35 37 are not
hydrophobie.  Sinee the binding by the pheny! ring of
20 and 31 is acconntable at positions 20 and 21, it fol-
lows that positions 22-25 are not hydrophobie. '

There are two possible conformations {or the p-
bromouzeetamido group of 34, the first placing the amide
oxygen at position 16 and the =ccond at position 12;
the latter ix preferred for positioning the polar anide
oxygen since position 15 ix hyvdrophobie and position 12
i not. Such g bhinding conformation of the amide
oxygen would place the bromomethyl group at positions
27 and 26 or 28, It is then at position 27 where co-
valent bond formation between 34 and the enzyme oe-
curs when 34 shows its irreversible inhibition;* there-
fore position 27 ix reconfirmed ax o polar poxition.
The threefold loss in binding between the p-bromo-
acetamido (34) group and the p-amino group (I =
0.6 )% is accountable by repulsion of the bromo-
methyl group from positions 27 and 26 or 28, all of
which are not hyvdrophobic.  The threefold inerement
between the bromomethyl group of 34 and the p-fluoro-
sulfonylphenyl group of 33 is probably due to a1 donor
acceptor interaction between position 27 and this ben-
zene ring inaren Lo note also that position 38 is lw-
niediately adjacent to a polar region sinee the sulfonyl
fluoride of 33 attached to position 38 can rapidly form
@ covalent bond with the enzyme.* It follows that
positions 26-28 and 37-39 are not hydrophobie.

The small inerements in binding observed with the 9-
phenylalkvlguanines (2-5) ean now be rationalized
from Iigure 2. The benzyl group (2) would have to
have its phenyl residing in area B in order to give hydro-
phobie bonding at positions 5, 6. and 10; however, =
20-fold loss i binding due to sterie interaction worttld
occur (compare 1 and 7). Sinee the maximum hydro-
phobie iuteraetion thermodynamically possible by two
earbons (positions 5 and 6) is 100-fold and position 10
gives a twofold erement (1 vs. 28), the maximum
mteraction expected by the benzy | substituent would be
2 X 100,20 = 10.  Sinee ouly a twofold inerement be-
tween 2 and 10 ix observed. it follows that carbons ut
position 5 and 6 give only o 100,75 = 20-fold increment.
If the phenethyl group (3) conld interaet with its ben-
zene ring residing i area D, then a hydrophobice mter-
action =hould ocenr at positions 4-6, 10, 15, and 16;
however, repulsion will ocenr from position 14 (1 rs. 24).
Sinee the g-naphthyl group (30) and phenyl group (1)
are equally effective, the net gain in binding at positions
10, 15, and 16 ix lost by repulsion at position 1
Therefore, any net hydrophobic bonding would have to
oceur at positions 46, Since a >20-fold inerement in
binding should oceur, the observed fourfold inerement
shows that thix ideal conformation for 3 is not achieved
in the enzyme--inhibitor complex. Similar arguments
can be advanced Tor 4 and 5. Tn summary. the best
hinding to xanthine oxidase occurs with a CeHu(CH.),
gronp when» = 0.

Comparison of the Hydrophobic Bonding Region of
Xanthine Oxidase and Guanine Deaminase. - The dif-
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No R % yield Formula pH 1 pH 13

4 CGH,’,(CHQ)S 14 C14H1;N50‘0.51{20 251, 279 259,-" 266

5 CsH;(CHa,)y 17 CiHiN:O 254, 281 258 1260

6 O-FC5H4 18 CuH:gFN:,O 260, 273"‘ 266

7 0—C1C6H4 24 ClngCINaO 259, 270/ 268

8 0—BI‘C5H4 8 CanBI‘N:}O 259, 271/ 268

9 a-Naphthyl 16 CusHu N0 260, 280 275

12 p—HOCqu 26 CIIHQN:;OZ 230, 269/ '251, 2637
14 p-CeH;(CH,)s0CeH 35¢ CooH)9N:O; 233, 270/ 268

15 Dibenzofuran-3-yl 3le Ci:HnN;0, 254, 288 255, 288, 300/
19 C6H4NHCHO—777, 45d C]QHmNst ‘245,f 277f 268"
20 C5H4NHCOC5H5—7‘VL 356 C.gI’Il4N602 . 075H30 264 269

21 Cqu(C4Hg'TL)'Z) 27 Cl:,HnNnO 264, QTlf 268
22 CsHy(CiHo-t)-p 13 Ci:Hi N0 262, 280/ 269
23 Colls(CsHo-0)-p 16 Ciu:Hi:N;0 260, 265/ 268
26 CeH.CFs-p 23 CHsF3N;:O 270 238, 278
27 C5H4C5H:.—p 34¢ CnI{[anO 262 268
28 CsH,CeHs-m 43¢ CiH13N;0 235 250/

@ All compounds were prepared from 2-amino-6-chloro-5-phenylazo-4-pyrimidinol and purified by the previously described methods,?
unless otherwise 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 uv and ir spectra in agreement
with their assigned structures; since all but two compounds (4, mp 262-265°, and 5, mp 283-284°) did not melt below 300°, uv data is
included. ? An unstated positional isomer of 9-naphthylguanine has been described.'®s ¢ The purification step by solution in NH.OH
was omitted since it was insoluble. ¢ Prepared by reaction of 17 with 999, HCOOH at 100°, then recrystallization from DMF-H,0.
¢ Prepared by reaction of 17 with benzoic anhydride in DMF, then recrystallization from MeOEtOH. / Inflection.

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

(1) 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.

(3) In area ¥, xanthine oxidase shows hydrophobic
bonding at positions 20 and 21, but guanine deaminase
shows hydrophobic bonding at positions 24 and 25.%

(4) 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.

(5) 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.*

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 not sub-
strates or inhibitors.!

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.4

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 formylation® and
ring closure;®* the remaining two compounds were
synthesized by acylation of the corresponding amine

(17). Data on these new compounds are compiled in
Table II.

(15) Reference 7, p 121,

(16) (a) H. C. Koppel, D. E. O'Brien, and R. K. Robins, J. Am. Chem.
Soe., 81, 3046 (1959): (1) C. W. Noell and R. K, Robins, J. Med. Phurm,
Chem., 5, 558 (1962).



