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The dimensions of the hydrophobic bonding region of E. coli B thymidine phosphorylase have been studied with 
25 derivatives of 6-anilinouracil (4) and four derivatives of 6-benzylaminouracil ( 5 ) ,  where substituents have 
been placed on the benzene ring of these two compounds. One Qide of the benzyl group of 5 is hydrophobically 
bonded and the ot,her side is not. Similarly, t,he opposite side of the phenyl group of 4 is hydrophobically bonded 
and the other is not; it is in these nonhydrophobic regions where the benzene rings should be substituted with 
appropriate leaving groiips in order to convert 4 and 5 to active-site-directed irreversible inhibitors. The hydro- 
phobic bonding region on the enzyme is fairly planar since bicyclic arid tricyclic systems such as 3- and 4-amino- 
biphenyl, CY- and 6-naphthylamine, and 2-aiithranylamino (31)  a1 tached to the 6 position of uracil are effectively 
complexed to the enzyme; in fact,, 31 and 6-(2,3-dichloroanilino)uracil (23)  are inhibitors that  complex to thymi- 
dine phosphorylase 1100-fold more effectively than the substrate, 6-fluoro-%'-deosyuridine (FUDR). 

A hydrophobic region on an enzyme just adjacent to 
where the substrate is held in the active site has con- 
siderable utility in the design of active-site-directed 
irreversible inhibit0rs.j First, reversible binding can 
be considerably enhanced; for example, a phenylbutyl 
group placed on the 5 position of a 2,4-diaminopyrimi- 
dine can increase binding to dihydrofolic reductase by a 
factor of 40,000.6,' Second, such a hydrophobic bond- 
ing region adjacent to the active site can be expected to 
have undergone evolutionary changess between spe- 
c i e ~ ; ~ ~ ~ ~  small differences can even occur in an enzyme 
from a tumor compared to the liver of the same ani- 
mal.ll Third, if an exo-type active-site-directed irre- 
versible inhibitor is constructed that utilizes the hydro- 
phobic bonding region, these small differences can be 
greatly magnified to give inhibitors that can inactivate 
an enzyme from a tumor with no inactivation of the 
enzyme from the liver of the same anima1.2r12 For 
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example, the triaminopyrimidine moiety of 1 binds to 
the active site of dihydrofolic reductase, the phenoxy- 
propyl moiety binds to the hydrophobic region of the 

1 

enzyme, but the m-fluorosulfonylbenzamido group is in 
a polar region of the enzyme that promotes covalent 
bond formation b e h e e n  the sulfonyl fluoride group and 
t'he enzyme. l2 Since t'hymidine phosphorylase13~14 has 
a hydrophobic bonding region adjacent to the active 
~ i t e , ~ , ' ~ - ' *  a similar approach utilizing this region for 
tissue-specific inhibitors has been one of t'he endeavors 
of this laboratory. 

I n  order to design an effective act'ive-site-directed 
irreversible inhibitor of thymidine phosphorylase that 
utilizes the hydrophobic bonding region, it' is useful t,o 
know what types of hydrophobic moieties will give 
maximum interaction with the enzyme; i t  is even 
more imperative to know where this hydrophobic 
region ends so that an appropriate leaving group can be 

(12) B. R. Baker and  R .  B. Meyer, Jr., ibid., 11, 489 (1968), paper C X I X  
of this series. 

(13) For  the  possible chemotherapeutic utility of a tissue-selective block- 
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2 3, R = CH, 
4 ,  R = N H  

5 6, U = urncilG-yl 

placed oii the  iiihibitor that i -  j u \ t : i l ~ o i d  to  ;i iiuclco- 
philic groul) in :L hjdro1)hilic nre:t oii the eiizj mc. -1 
(i-phenyl groui) ( 2 )  on uracil give> h j  drophohic inter- 
:iction with enzyme onlj. \\ hcii it i- held out of tlic plniic 
of the  uriLci1 ring by ortho subhtitlieiith.lC X- :I I\ orhiiig 

we suggested': that the ~)heii> 1 groul) of 
3lX : i d  4,3  n. n ell a q  5,?  is :ilso out of pl:uie \ 

ur:icil ring :ii iiidicntcd; tlii, \vorliilig 11) 110th 
iiow 1)ecii extctiidrd hy thc :ih;.ulnl)tioli that the I,eiizc>iic. 

ring- of 2-5 :ire :ill coml)lexcd i i i  tlic vinic ])l:iii(~ :I- 

indicated in the compo-ite draniiig (6) nhere .I is the 
benzene ring of 2, R is the benzciir ring of 3 aiid 4 ,  
C' i h  the benzeiic riug of 5, niid I' i i  thc ur:icil-G-j 1 
moirty t h:it is out-of-plniic with t h c  ,113C 
subject of thi.; 1):y)er i- therefor(. the -upport of 6 :ii :I 
norliing h j  pothesis mid further iiia1q)iiig of  thc~  liydro- 
~)hobic 1)oiidiiig 1):ised oil this hy1)othcsi.s (Figure I ) .  

Enzyme Results.--The inhibitor, of th>midiiics 
pho-phoryl:isc in  thi> stud) C;LII Iw divided iiito t \ I ( J  

type?: (a) (i-niiilinouracilq i t  itli -ub-titueiit- oil  tIi(,  
hrizeric ring i n  'l'ahlt~ I, niicl (b) (i-bciiz~lamiiit~ur:icil~ 
\\ ith suh-fitu(~tit- 011 the 1jenzyl:imi~io nioiety iii T;ihlc> 
11. I:rom the+ dnt:L emerge the inappiiig of t hc  liydrii- 
phobic wgiori :ii iho\\ I I  in  Figure I . 

011e of the csoiiformntions of 6-iiiiilii~ouracil (4) would 
hnvc col)lnri:irity of the two ririgi. That these ririgs are 
riot co111:~nar i l l  t lic enzyme inhibitor complex is show1 
\)y t\vo lincs of  evidence. Thc 1)heiiyl group of 6- 
1 iheny1ur:icil ( 2 )  complexes 1 o thc hydrophobic bondiug 
wgion only whc~n thc 6-liheriyl groul) is held out of 
coplnn:irity h j  ortho substituents, as previously dis- 
cfius-ed. I R  The second line of evidence arises hy coni- 
1)arisoii of the binding of the hmiliiio group (4) with 
1 he o-mrthyl- (8) :md ?,,G-dimethj 1:uiilino (18) group- 
Thc o-methyl grou~i  of 8 give\ n 13-fold increment iii 

binding, the re:ixni- for \vhich 'i\ ill tw discuqsed later; 
introduction of t he  s(wxid mcth\ 1 groul) (18) giws le\- 
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o-methyl groups with the uracil ring. The two ex- 
tremes in conformations of 18 that are possible are 
(a) the planes of the two rings are bent in a V shape 
with an angle of about 30"; (b) the plane of the ben- 
zene ring in (a) can then be rotated 90" so that the planes 
of the benzene and uracil rings are perpendicular. 
Thus, as shown in Figure 1, i t  is quite probable that the 
phenyl groups of 6-phenyluracil (2) and 6-anilinouracil 
(4) are in the same plane and actually overlap in the 
hydrophobic region, ie., the phenyl group of 2 TFoould 
reside in area A and the phenyl group of 4 would reside 
in area B; thus, the phenyl rings of 2 and 4 have 
positions 1 and 2 in common in Figure 1. As will be 
shown later, positions 18 and 19 do not give a hydro- 
phobic interaction with the enzyme; second, the K6 
of the uracil of 6-anilinouracil (4) is complexed in a 
polar region; third, no hydrophobic interaction 
occurs when this S6 is substituted by methyl (32). 
Therefore, the only remaining carbons of 6-phenyluracil 
that could give a hydrophobic interaction with enzyme 
are at  positions 1 and 2 in Figure 1. 

The 13-fold increase in binding by the o-methyl 
group of 8 could be due to a hydrophobic interaction 
with the enzyme, or partial restriction of a coplanar 
ground-state conformation or both. If the major 
effect of the o-methyl group is due to the effect of the 
somewhat restricted conformation on the ground state 
of the molecule, then a similar effect should be seen 
with the more polar o-methoxy group (24); note that 
24 is only a twofold better inhibitor than 6-anilinouracil 
(4), but that the o-methyl group gives a 13-fold incre- 
ment in binding. Therefore, the maximum effect a 
single ortho substituent could have on restricting a 
coplanar ground-state conformation 1% ould be twofold. 
However, a 13-fold increment in binding is above the 
tenfold maximum that is thermodynamically possible 
from hydrophobic bonding of a single methyl group.lg 
It follows that the 13-fold effect of the o-methyl group 
is probably due to a sixfold increment in hydrophobic 
bonding and a tnofold increment in binding due to an 
ortho effect in common with the o-methoxy substituent 
on possible ground-state conformations. The hydro- 
phobic bonding by the o-methyl group of 8 can be a t  
position 7 or position 1s (Figure 1);  that the methyl 
group is not at position 1s can be supported by the 
folloir-ing considerations. 

Thymidine phosphorylase is a reversible enzyme 
reaction that can condense 2-deoxy-a-D-ribofuranosyl 
1-phosphate with thymine to give thymidine. The 
polar phosphate must be held on the enzyme so that 
X1 of the thymine can readily attack C1 of the sugar. 
For the highly polar a-phosphate group, which is a prob- 
able binding p ~ i n t , ' ~ , ' ~  to be able to position properly, 
it must be in contact with a polar region on the enzyme. 
It follows that the large hydrophobic region (Figure 1) 
must be in the opposite direction from where the phos- 
phate of the cosubstrate is held as shown in 4; thus the 
o-niethyl of 8 should be complexed to position 7. 
Therefore, position 18 is not in a hydrophobic area since 
no increment in binding is observed between the 
o-methyl (8) and 2,G-dimethyl (18) derivatives. 

That position 19 is not involved in hydrophobic 
bonding is indicated by a twofold increment in binding 

(19) For a discussion of the  bonding forces tha t  cause complex formation 
between an  enzyme and its inhibitor, see ref 5 ,  Chapter 11. 

by the o-methoxyl group (24) over 4; this twofold 
effect has been discussed earlier. Since the relatively 
polar ether oxygen of 24 nould be repulsed from the 
hydrophobic position 7 ,  it therefore should occupy the 
norihydrophobic position 1s;  it follon s that position 19 
is not hydrophobic, else the methyl of the methoxy 
group of 24 should have shov n an increment in binding. 

Introduction of a 5-methyl group on the o-methyl 
derivative (8) to give 17 results in no increase in bind- 
ing; therefore, position 20 11 here the 5-methyl group of 
17 resides cannot be hydrophobic. In  contrast, intro- 
duction of a 3-methyl (15) or 4-methyl (16) gives an 
increment in binding indicating that positions 10 and 
13 are hydrophobic; this conclusion is further supported 
by the increments in binding of 9 and 10 compared to 4. 

Completely parallel results concerning positions 7 ,  
10, and 13 nere obtained by halogen substitution 
(19-23). I n  fact, 6-(2,3-dichloroanilino)uracil (23) 
is one of the two best inhibitors in Tables I and 11, 
being complexed to thymidine phosphorylase 1100-fold 
better than the substrate (FUDR). 

That positions S and 28 are not hydrophobic is shown 
by the fact that o-ethyl (11) does not bind any better 
than o-methyl (8). Further evidence that position 8, 
as well as position 9, are not in a hydrophobic region is 
shown by comparison of the a-naphthyl (27) and the 
2,3-dimethylphenyl (15) groups; there is only a twofold 
difference in binding, indicating that position 8 or 9 
makes a weak hydrophobic contribution. Since posi- 
tion S makes no hydrophobic contribution, this weak 
increment between 15 and 27 is probably due to a hydro- 
phobic interaction at position 9. 

Introduction of an o-chloro atom (33) on 6-benzyl- 
aniinouracil (5 )  gives a threefold increment in binding; 
since it has already been shown that position 2s is not 
hydrophobic, the increment with 33 is probably due to a 
hydrophobic interaction at  position 4. I t  is also highly 
probable that positions j and 6, which are in common 
between the 6-anilino group (area B) and the G-benzyl- 
amino group (area C), are hydrophobic to account for 
the binding of these two benzene rings. S o  informa- 
tion is available on whether or not position 3 is hydro- 
phobic; such an answer could be obtained by replacing 
the phenyl group of 6-anilinouracil (4) by a 3-pyridyl 
group; loss in binding by the replacement would indi- 
cate position 3 is in a hydrophobic region. 

Position 26 is not hydrophobic since there is a twofold 
loss in binding when the p-chloro atom (35) is introduced 
onto 6-beiizylamiiiouracil (5 )  (Table 11). That either 
position 11 or 27 is hydrophobic is seen by the fivefold 
increment in binding when the m-chloro atom (34) is 
introduced on 5 .  Since it has been established that 
positions 7 ,  8, 26, and 28 are not hydrophobic, it is 
unlikely that the adjacent 27 nould be hydrophobic; 
that position 27 is not hydrophobic is further supported 
by 36 where the gain in binding by the 2-methyl group 
a t  position 4 is lost by the repulsion of the 5-methyl 
group from position 27. Therefore, the m-chloro atom 
of 34 logically interacts hydrophobically a t  position 11 ; 
additional evidence that position 11 is hydrophobic 
will be presented later. 

Introduction of the m-phenyl group (29) on G-anilin- 
ouracil (4) gives a 43-fold increment in binding in area 
F. Of this &fold increment in binding, position 10 
can account for fourfold (4 us. 9), and position 11 for 
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TABLE I11 
PHYSIC-~L PROPERTIES OF 

XU - 
i 

x 
0 

10 
11 
12 
13 
14 
1 ;i 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2,5 
26 
27 
28 
20 
30 
31 

1Ietliod 
( h r )  

c (12) 
(0 5 )  

9 (0 ,5) 
A (0 5 )  
c (12) 
c (4) 
B (12) 
B (4) 
c (12)" 
c (12) 
c (12) 
c (12) 
c (48) 
c (24 )h  
c (4) 
1) (12) 
A (0  5 )  
c ( 2 )  
c (2) 
c (12) 
B (4) 
B (12) 
c (12) 
c (12) 

( 3 )  

H 
Amine 
ratio'& 

2 
2 
2 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 
1 
2 
1 
2 
1 . 2  
2 
2 
1 2  
2 
1 
1 
1 2  

R 
yield 

4:3 

74 
6'3 
69 
8 3 
84 
8'3 
63 
69 
87 
60 
75 

T O  
T O  
80 
76 
80 
88 
71 
i 5  
60 
75 
7 2  

- e ,  /a 

r -  i n  

LIP. O C  dec 
327-328b.c 
332-333d 
302-303d 
321-323d,e 
324-325' 
324-326d 
320-321d 
332-3338 
325-326b 
316-31'ib 
321-322b 
346-347d 
3 12-3 14b 
332-33Sd 
341-34zd 
336-337".' 
322-323d 
296-298' 
2W-29gd 
330-332d 
326-327~ 
338-339d 
321-323b 
>360f 
>360f 

(r Itatio of amiiie to 6-chlorouracil. Recrystallized from EtOH. c Lit." mp 321-322O. d Recrystallized from HOAc. e Lit.21 mp 
327-328". 1 Recrystallized from DMSO-EtOH. 8 Recr)-stallized from HOAc-H20. h Reaction run in 1 : 1 H20-MeOEtOH. Lit.z1 
mp 386-337". '411 compounds were analyzed for C, H, N, arid the analytical values obt,airied were within +0.4% of the calculated 
figures. 

conformation by complexing a t  1)osition 4 or 11 (Figure 
1); the group for irreversible inhibition (R) should then 
be bridged to 48 arid 49 so that it projects through 
position 26, 27, or 2s on E'igure 1. 

second important class emerges from the fact that 
positions 1s-21, 14, 1.5, and 29 (Figure 1) are not in a 
hydrophobic area. 6-Anilinouracils should be con- 
structed that have a chloro group ortho (50) or ineta 

c1 
I 

50 51 

(51) in order to hold the pheiiyl ring in one conformation 
by complexing to position 7 or 10 (Figure l), the group 
for irreversible inhibition (1%) should then be bridged 
to 50 arid 51 so that it projects through position 14, IS, 
or 20. 

Substitution oil 6-benzylaminouracil (5 )  (Table 11) 
a t  the a position (41-43) or S6 position (37-39) by 
methyl, phenyl, or benzyl led to a 4-12-fold loss in 
binding; however, this loss could be recouped by intro- 
duction of 2,3-dichloro substituents on the benzyl 
group. Thus a group for irreversible inhibition could 
be placed on these Sfi and a substituents; however, a 
better probability for good irreversible inhibition would 
emerge with compounds of type 48-51. Such studies 
are being pursued. 

TAHLE I V  
PHYSICAL PROPERTIES OF 

Reac- 
tiona 
time, 5$ 

?\TO. R hr  yield Mp,  "C  dec Formula" 
33 2-c1 12 88 314-316b CIIHIOCINIO? 
34 3-C1 24 67 312-314' CiiHioClNa02 
35 4-CI 12 63  320-322b CiiHioCIN302 
36 2,5-(C&)? 24c 77 312-313b CiaHisNa02 
37 NB-CHa 48e 44 273-275d C12HiaNaOz 
38 NB-C2Hb 4W 53 277-279' CiaHiaNaOz 
39 N6-CH2CsHne 5' 75 205-2071,b' CisH17Na02. HCI 
40 a-CHa 24 78 325-327' C12Hldi302 
41 a-CsHs 8c 81 290-29Zd CI~HISNIO? 
42 a-CHnCsHs 3 29 318-320d CmHiiN302 
a All compounds were made by method C with a 20% excess of 

amine unless otherwise indicated. Itecrystallized from HOAc. 
Twofold ratio of ami~ie. Itecryst~allized from Et,OH. e Hy- 

drochloride salt. 1 Recrybtallized from JIeOH. Does not de- 
compose. See footnotej, Table 111. 

Experimental Sectionz0 
The chemistry of the synthesis of the substituted 6-aminouracils 

by condensation of the appropriate amine with 6-ch loro~rac i l~~ 

(20) All analytical samples had ir and uv spectra in agreement with their 
assigned structures: all gave combustion values for C ,  H,  and N within 0.4 
of t h e  theoretical percentage. Each moved as a single spot on tlc on Brink- 
mann silica gel G F  with HO.lc-CsHs or D.\IF-CsHs when viexed under UY 

light. hlelting points nere  taken in capillary tubes on a Mel-Temp block 
and  are uncorrected. 

(21) -1. Paul and  D. Sen, I n d i a n  J .  Cliem., 2,  212 (1964). 




