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Abstract—A series of 10 N(7)- and N(9)-acyclonucleosides of guanine and 8-substituted guanines (8-
Br, 8-SH and 8-NH,), and two N(7)-acyclonucleosides of hypoxanthine, were tested for their ability to
inhibit purine nucleoside phosphorylase (PNP) (E.C. 2.4.2.1) from human erythrocytes and rabbit
kidney. The acyclic chains contained a nitrogen in place of a carbon at the 3', 4’ or 5' position and, in
one case, an ether oxygen at the 2’ position. Most striking was the finding that one of the N(7)-
acyclonucleoside analogues, 7-[(1,3-dihydroxypropyl-2)aminolethylguanine, proved to be a 3-fold more
effective inhibitor than its corresponding N(9) counterpart, with K; = 5 vs 14 uM for the human enzyme
and 0.7 vs 2.3 uM for the rabbit enzyme. Both analogues, as well as the others examined, inhibited
phosphorolysis competitively with respect to nucleoside substrates (inosine with the human enzyme
and guanosine with the rabbit enzyme). The foregoing logically led to the finding that the 7-8-D-
ribosides of guanine (N’Guo) and hypoxanthine (N'Ino) were weak substrates of PNP from human
erythrocytes, calf spleen and E. coli. With the human enzyme the pseudo-first-order rate constants
(Vma/K,) for phosphorolysis of N'Guo and N’Ino were 0.08 and 0.02% that for Ino. The Michaelis
constants (K,,) for N’Guo were 27 (calf PNP), 108 (human PNP) and 450 uM (E. coli PNP). For N'Ino
the corresponding K, values were 1.52, 1.26 and 0.64 mM. Four previously well-characterized N(9)-
acyclonucleoside inhibitors of calf spleen PNP were found to inhibit phosphorolysis of NIno by the
same enzyme 2-10-fold more effectively than the parent Ino. The overall results, along with the known
excellent substrate properties of N(7)-alkyl- Guo and Ino (Bzowska et al. J Biol Chem 263, 9212-9217,
1988), were examined in relation to present concepts regarding binding of substrates and inhibitors at
the active site(s) of these enzymes.
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(E.C. 2.4.2.1.) catalyses the reversible

and the propensity of this enzyme to enzymatically

phosphorolysis of purine nucleosides, such as inosine
and guanosine, in eucaryotes, as well as adenosine
in some procaryotes, e.g. E. coli and S. typhimurium:

purine nucleoside + phosphate =
purine base + ribose-1-phosphate

Because of the known relationship between PNP
deficiency and certainimmunological disorders [1, 2],

§ Corresponding author. FAX (48)-22-22-02-48.
1 Abbreviations: PNP, purine nucleoside phosphorylase;
N’Ino, 7-B-D-ribofuranosylhypoxanthine; N’Guo, 7-B-b-

ribofuranosylguanine; Ino, inosine; Guo, guanosine;
br*Gua, 8-bromoguanine; nh,*Gua, 8-aminoguanine;
sh®Gua, 8-thioguanine; m’Hx, 7-methylhypoxanthine;

m’Hx, 9-methylhypoxanthine; m’Gua, 7-methylguanine;
m°Gua, 9-methylguanine; CML, chronic myelogenous leu-
kemia.
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cleave chemotherapeutically active nucleoside ana-
logues, which are thus rendered inactive [3],
considerable effort is currently being devoted to
development of potent inhibitors, particularly of the
human enzyme ([3-22]. These approaches are
accompanied by intensive studies on the mechanism
of action of the enzyme from various sources [23-30].

In a continuation of earlier studies in this field
[8,25,26] the potential inhibitory properties of
some synthetic N(7)-acyclonucleosides, namely
acyclonucleoside analogues in which the acyclic
chain is linked to the N(7) of a purine, have been
examined. Surprisingly, and in contrast to some
previous unpublished observations with other N(7)-
acyclonucleosides, one of these turned out to be a
more effective inhibitor than its N(9)-counterpart;
this in turn, led to the finding that the N(7)-isomers
of Ino and Guo (Fig. 1), i.e. N’Ino and N’Guo, are
weak substrates of the enzyme from various sources.
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R=H Ino, N'ino

R = NH, Guo, N'Guo
Fig. 1. Structures of N’Ino and Ino (R = H), and N’Guo
and Guo (R = NH,).

MATERIALS AND METHODS

Enzymes

Calf spleen PNP (25 U/mg), human erythrocyte
PNP (20 U/mg) and xanthine oxidase from buttermilk
(1 U/mg) were from Sigma (St Louis, MO, U.S.A.).
Purified E. coli PNP (90 U/mg, 27°) was kindly
supplied by Dr George Koszalka [31, 32]. Homo-
genous PNP from rabbit kidney (38 U/mg, 37°) was
purified as described earlier [33].

Inosine and guanosine were from Sigma.
Ethanolamine, 2-amino-propandiol-1,3 and
trihydroxymethylaminomethane were from Fluka
(Buchs, Switzerland) and Merck (Darmstadt, GFR).
7-p-D-ribofuranosylguanine [34] was a kind gift of
Dr P. Garner. Compounds 2, 3, 9, 10, 11 and 12
(see Table 2), the synthesis of which will be described
later, were kindly supplied by the Institute of Organic
Chemistry, Latvian Academy of Sciences.

The synthesis of 9-(2'-chloroethyl)guanine and 7-
(2'-chloroethyl)guanine was as described previously
[35], and 9-(3'-chloro-2'-hydroxypropyl)guanine was

obtained according to Piper et al. [36]. Syntheses of
the remaining compounds are described below.

Ultraviolet absorption spectrophotometry

This was performed with Zeiss (Jena, GFR)
Specord UV-VIS M40 and Kontron (Vienna,
Austria) Uvikon 940 spectrophotometers, both with
thermostatically controlled cell compartments, using
2, 5 and 10 mm path length cuvettes.

Kinetic constants

These were calculated from data obtained by
continuous monitoring of phosphorolysis with a
PDP11 minicomputer, using a program described
previously [37, 38]. Inhibition constants, using the
initial velocity method, were determined with a
program for non-linear and weighted linear regression
according to Cleland [39], with the aid of a Hewlett
Packard 1000 minicomputer.

Chemical syntheses

Melting points (uncorrected) were determined
with a Boetius microscope hot stage. Elemental
analyses were performed with a Carlo Elementary
Analizator EA 1106 (Erba, Italy) by the Chro-
matography Laboratory, Institute of Organic Chem-
istry, Latvian Academy of Sciences. NMR spectra
were recorded in DMSO on a Brucker WH-90/BS
spectrometer; chemical shifts are in ppm vs internal
trimethylsilane. Mass spectra were obtained with an
MS-50 (Kratos) spectrometer equipped with a Tech.
Ltd FAB 11 NF source of argon as reagent gas.

N'Ino synthesis (V). N'Ino was synthesized as
described in Fig. 2. Hypoxanthine (5.0 g, 36.7 mmol)
was refluxed in hexamethyldisilazane (70 mL) and
(NH,),SO,4 (20 mg) until it dissolved completely.
The reaction mixture was evaporated to dryness in
vacuo. The residue was dissolved in a mixture of
1,2-dichloroethane (90 mL) and acetonitrile (30 mL),
acetate I1 (9.74 g, 30.6 mmol) was added and the
solution cooled to 0°. After addition of SnCl,

OSiMe, 0
AcO
N~ N o OAc  gacy, HN N\
LY ¢ — LY
NS N AN N
N | AcO OAc N
0SiMe, w
N " AcO o
AcO OAc
+
N N N
'é | \> NH,/MeOH ( | N\>
HN N e/ MeH HN N
v 0 o v
HO o AcO o
HO OH AcO  OAc

Fig. 2. Procedure for synthesis of N'Ino.
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Fig. 3. Procedures for synthesis of N(7)- and N(9)-acyclonucleosides.

(3.58 mL, 30.6 mmol) the reaction mixture was left
at room temperature for 72 hr. The clear solution
was extracted with 100mL aqueous NaHCO;,
washed with water (3 X 100 mL), dried (Na,SO,)
and evaporated to dryness. The residue was purified
on a silica gel (L 100/160, Chech) column by elution
with chloroform (300 mL) and then with chloroform-
ethanol-acetic acid (98:2:0.3). Fractions containing
nucleoside IV were evaporated and treated with
methanolic ammonia (100 mL) for 24 hr. Recrys-
tallization from 85% ethanol gave V (3.28 g, yield
40%), m.p. 214-216°, lit. 216-218° [40]. 'H-NMR
(500 MHz, DMSO) 6 H8 = 8.61(s), 6 H2 = 8.02(s),
8 H1' =6.19 (d, Jyyyy =5.5Hz), 6 OH2' =5.44
(d, ]OHZ'HZ' =59 HZ), 6 0OH3 =5.16 (d, JOH3'H3' =
4.9Hz), 5OHS’ = 5.05(t), 6H2' = 4.39(q, Jyouy =
5.1Hz), 6H3 =4.11 (q, Jysue = 3.9Hz), S H4' =
3.93 (q), 6 H5 = 368([11) (JHS’HS” =120 HZ,
Jonsus = 4.8Hz, Jyyys =3.7Hz), 6 HS" =
335(m) (JOHS'HS” = 5.8 HZ, ]H4'H5" =3.8 HZ)

Synthetic procedures for compounds 1 and 4-8.
These are shown in Fig. 3. 9-[(1,3-dihydroxypropy!l-
2)amino]ethylguanine (1). 9-(2’-chloroethyl)guanine
(0.43 g, 2 mmol) and 2-aminopropandiol-1,3 (0.54 g,
6 mmol) were dissolved in 2mL dry butanol and
heated at 120° for 5hr. After addition of ethanol
(15mL) the mixture was left in a refrigerator for
12 hr. The precipitate was filtered and recrystallized
from water, then ethanol. Yield 85%; m.p. 165°
dec.; MS, FAB (M + 1) 269; anal. caled. (found)
for C;yH{{NgO;H,O: C 41.9 (41.7), H 6.3 (5.9), N
29.4 (29.0)%; 'H-NMR &: 8-H 7.66, NH; 6.40.

8 - Bromo - 9 - [(1,3 - dihydroxypropyl - 2)amino}-
ethylguanine (4). To a solution of 1 (1.4 g, 5 mmol)
in 10 mL H,O bromine water was added dropwise
until the orange colour persisted. The solvent was
evaporated in vacuo and the residue recrystallized
from ethanol. Yield 90%; m.p. 250° dec.; MS, FAB
(M + 1) 429; anal. calcd. (found) for C;gHsN¢O,Br:
C 28.1 (28.1), H 3.8 (3.8), N 19.6 (19.6)%; 'H-
NMR é: NH, 6.07.

7 - [(1,3 - dihydroxypropy! - 2)amino]ethylguanine
(5). This was obtained as described for compound
1, starting from 9-(2'-chloroethyl)guanine and 2-
aminopropandiol-1,3. Yield 90%; MS,FAB (M + 1)
269; anal. calcd. (found) for C;;H;(NgOs: C 44.8
(44.7), H 6.0 (6.2), N 31.3 (31.3)%; 'H-NMR &: 8-
H 7.84, NH, 6.07.

9-{(1,3 - dihydroxy - 2 - hydroxymethylpropyl - 2)-
amino]ethylguanine (6). 9-(2'-Chloroethyl)-guanine
(0.43g, 2mmol) and trihydroxymethyl-amino-
methane (0.72 g, 6 mmol) were dissolved in 2 mL
dry DMSO and heated at 120° for 5 hr. After addition
of ethanol (15mL) the mixture was left in a
refrigerator for 12 hr. The precipitate was filtered
and recrystallized from water and then ethanol.
Yield 74%; m.p. 243-244°; MS, FAB (M + 1) 299;
anal. calcd. (found) for C;;H ;4N 040.5 H,O: C 41.9
(41.7), H 6.1 (6.2), N 27.4 (27.4)%; 'H-NMR &: 8-
H 7.64, NH, 6.40.

7-{2 - hydroxy - 3[(2 - hydroxyethyl)amino]propyl-
1}guanine (7). This was obtained as described
for compound 6, starting from 9-(3'-chloro-2'-
hydroxypropyl)guanine and ethanolamine. Yield
92%; m.p. 230° dec.; MS, FAB (M + 1) 269; anal.
caled. (found) for C10H16N603H20: C 41.9 (420),
H 6.7 (6.3), N 29.4 (29.3)%; 'H-NMR &: 8-H 7.71,
NH, 6.18.

7-{2-hydroxy-3-[(1,3-dihydroxypropyl-2)amino]-
propyl-1jguanine  (8). 9-(3’-Chloro-2'-hydroxy-
propyl)guanine (0.86g, 4mmol) and 2-amino-
propandiol-1,3 (0.54 g, 6 mmol) were dissolved in
2mL ethanol and heated at 120° for 5hr. After
addition of ethanol (15 mL) the mixture was left in
a refrigerator for 12 hr. The precipitate was filtered
and recrystallized from water and then ethanol.
Yield 85%; m.p. 208-209°; MS, FAB (M + 1) 299;
anal. caled. (found) for C;;H;zsNsOH,O: C 41.8
(41.6), H 6.4 (6.4), N 26.6 (26.5)%; 'H-NMR é: 8-
H 7.76, NH, 6.11.

Inhibitor properties
Compounds were tested for inhibition of phos-
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Table 1. Spectral data for absorption, pH 7, of neutral forms of N'Ino and N’Guo, and spectral changes at A, (Ag)
accompanying complete phosphorolysis of both nucleosides

A’max Emax A’min Emin Aﬂh\ Ag
Compound (nm) (M7 'em ™) (nm) (M 'em™") pK, (nm) (M~ lem™)
N’Ino 255* 8300* 229+ 4070t 9.2% 2498 46508
203 12,300
N'Guo 2869 9250 258 4830 10.0** 2588 35408
240(sh)y 79509

* Montgomery and Thomas [40] report a value of 8480 at 256 nm.

+ From [40].

} Literature values: Ino pK, 8.9; m'Hx, 9.0; m°Hx, 9.3 [50, 51}.

§ Direct method.

| Phosphorolysis coupled with xanthine oxidase.
9 From [34].

** Literature values: Guo, pK, 9.2; m’Gua. 9.95; m°Gua, 9.8 {50-52].

phorolysis of Ino or Guo. Reactions were followed
spectrophotometrically in 50 mM phosphate buffer,
pH7, either by the coupled xanthine oxidase
procedure with Ino as substrate [41] or directly with
Guo as substrate.

Kinetic parameters for Guo as substrate were
determined by the initial velocity method only
because of potent inhibition by the liberated guanine
[42].

With Ino as substrate both methods, continuous
monitoring and initial velocity, were employed. With
continuous monitoring phosphorolysis was followed
to completion and kinetic constants were evaluated
by fitting the integrated form of the Michaelis—
Menten equation [43,44] to 10-20 experimental
points by the least-squares method, as described
previously [38]. Inhibition constants were then
calculated using the kinetic parameters for Ino
phosphorolysis (K, = 28 uM for human PNP) as
standard, as described previously [§].

Using the initial velocity method inhibition
constants were determined by a program based on
non-linear and weighted linear regression analysis,
according to Cleland [39].

Substrate properties

Phosphorolysis of N’Ino and N’Guo was monitored
spectrophotometrically. For N’Guo the direct
method was employed, while for N'Ino both
methods, i.e. direct spectrophotometric and coupling
with xanthine oxidase [41], were used. The xanthine
oxidase procedure profited from the fact that
hypoxanthine is liberated during the course of the
reaction of N’Ino with PNP, as for phosphorolysis
of Ino. Kinetic parameters for phosphorolysis were
evaluated by the initial velocity method for both
N’Guo and N’Ino [43], and the continuous
monitoring method for N’Ino [25,44]. Spectral
properties of both new substrates are listed in Table
1.

One unit of PNP is the amount of enzyme that
converts 1 umol of inosine to hypoxanthine/min at
25° in the presence of 50 mM phosphate buffer,
pH 7.5, and an excess of xanthine oxidase.

RESULTS

All the synthetic acyclonucleoside analogues
embraced in this study (see Table 2 and Fig. 4) were
initially tested for inhibition of phosphorolysis of
Ino (with the human erythrocyte enzyme, 50 uM
inhibitor concentration, 25°) or Guo (with the rabbit
kidney enzyme, 100 uM inhibitor concentration,
37°). For those which inhibited phosphorolysis by
more than 50% under these conditions, inhibition
constants, K;, were determined kinetically with Ino
as substrate by the continuous method (with human
PNP) or by the initial velocity method (with rabbit
PNP). It was first established that, at a concentration
of 100 uM, none of the compounds affected the
xanthine oxidase activity used in the coupled assay
with Ino as substrate.

The overall results (Table 2) show that only
compounds /-6 (see Fig. 4) exhibited values of
K; <50 uM for both the human and rabbit enzymes.

Position of acyclic chain

The most striking result is that analogue 5, with
the same acyclic chain as I, but located at N(7) of
guanine, exhibits a K; value 3-fold lower than its
counterpart (/) (K; =5 cf 14 uM with human PNP,
and K; = 0.7 cf 2.3 uM with the rabbit enzyme). The
N(7)-acyclonucleoside, like its N(9) counterpart,
inhibited phosphorolysis competitively with respect
to substrates.

Length and nature of acyclic chain

Compounds 7-10, with longer acyclic chins at N(7)
of guanine, are either moderate (compound 70) or
much less effective inhibitors. This was apparently
in accord with previous observations that, in a series
of guanine N(9)-acyclonucleoside inhibitors of PNP,
extension of the acyclic chain led to marked decreases
in affinity for the enzyme [8]. But compound / (see
Fig. 4), which is an extended chain analogue of the
known PNP inhibitor carba-2’-nordeoxyguanosine
[7,8], by insertion in the latter of an NH between
C(2') and C(3'), shows K; values of 14 (25°) and
2.3uM (37°) vs the human and rabbit enzymes,
respectively. This is a significant improvement in
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Table 2. Inhibition constants of some acyclic nucleosides with human erythrocyte PNP (Ino as variable substrate) and
rabbit kidney PNP (Guo as variable substrate) in presence of 50 mM phosphate buffer, pH 7

K{uM)

Position of

acyclic chain Acyclic chain Human Rabbit

Analogue  Base (or ribose) (or ribose) erythrocyte PNP* kidney PNP¥

1 Gua N(9) (CH,),NHCH(CH,OH), 14t x4 2.3

2 nh,*Gua N(9) (CH,),NHCH(CH,OH), ~11 5

3 sh®Gua N(9) (CH,),NHCH(CH,0OH), 22+09 0.6

4 br¥Gua N(9) (CH,),NHCH(CH,OH), 25+1.0 0.6

5 Gua N(7) (CH,),NHCH(CH,OH), 5§+2 0.7

6 Gua N(9) (CH,),NHC(CH,0H), ~50 15

7 Gua N(7) CH,CHOHCH,NHCH(CH,0OH), I 1

8 Gua N(7) CH,CHOHCH,NHCH,CH,0H 1 v

9 Gua N(7) [CH,CH,N(CH;),CH,CH,OH]*C1~ i v
10 Gua N(7) CH,0O(CH,),NHCH(CH,0OH), ~60 82
11 Hx N(9) (CH,),NHCH(CH,OH), o 1
12 Hx N(7) (CH,),NHCH(CH,OH), o 1
- Guo N(7) Ribose ~300t+

* K; determined at 25° with the continuous spectrophotometric assay from increase of K,, and decrease of V,,./K,,
for Ino phosphorolysis in the presence of inhibitor (see Materials and Methods).

T K; at 37° from initial velocity method (see Materials and Methods).

¥ K in presence of 1 mM phosphate and 50 mM Tris buffer, pH 7, was (41 = 7) uM.

§ K/ in presence of 1 mM phosphate and 50 mM Tris buffer, pH 7, was (18 = 5) uM.

| No inhibition at 50 uM concentration of the analogue.

{ Inhibition of guanosine phosphorolysis less than 50% at 100 uM concentration of the analogue.

** Not determined.

1+ Inhibition constant determined by initial velocity method with calf spleen enzyme and Ino as a substrate.

o]
HNS SN BNLZY S ',‘\
Ji\’ 4| ,'>—R| HND sl 1'>
HNT XN N N
(I:Hz o] ‘I:Hz
. o
NH filH
|
REC—CH,OH HC—CH;OH
CH,0H CH,0H
R: R:
1 H H (4) 5 (50
2 NH, H ~11)
3 SH H (2.2)
4 B H (25
& H CHOH (~50)

Fig. 4. Structures of some synthetic acyclonucleoside
inhibitors of PNP. Figures in brackets are K; values (uM)
for inhibition of human erythrocyte PNP.

affinity for the human enzyme over carba-2'-
nordeoxyguanosine (K; = 36-38 uM at 25° 7, 8]).
It should also be noted that compounds I-5
contain a chiral centre at C(4'), so that each is a
racemic mixture of two enantiomers. If one of these
is more active as an inhibitor, as appears most likely

[8,15], these compounds may be even more potent
than indicated in Table 2 and Fig. 4.

Role of aglycon

For two of the compounds with good inhibitory
properties (1 and 5) it is of interest that replacement
of the guanine aglycon by hypoxanthine, to give 11
and 12 (Table 2), led to a dramatic drop in inhibitory
activity. This is in accord with reports that the C(2)
amino group of guanine is a hydrogen-bond donor
in N(9) substrates and inhibitors [10, 24, 28] of the
mammalian enzymes. It is also consistent with the
authors’ proposal (see below) concerning the mode
of binding of unusual N(7) substrates and inhibitors
at the active site of PNP.

Role of an aglycon 8-substituent

It is well known that some purine 8-substituents,
especially NH,, may enhance affinity of an inhibitor
for the enzyme [3,4,6,14,16,21]. Therefore,
analogues of 1 with NH, (2), SH (3) and Br (4)
groups at C(8) of guanine were prepared. It was
seen (Table 2 and Fig. 4) that two of these, SH and
Br, led to more potent inhibitors, with K; values 4-
to 6-fold lower than that for ! (see also Table 4),
while an NH, substituent did not modify affinity for
either the human or rabbit enzymes.

Effect of phosphate concentration

It was first noted by Tuttle and Krenitsky [18] and
Krenitsky ef al. [19] that the moderate inhibition of
human erythrocyte PNP by acyclovir pyrophosphate
is dramatically enhanced when the phosphate
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concentration in the incubation medium is decreased
from the usuvally employed saturating 50 mM to
1 mM (intracellular phosphate concentration). This
was ascribed to the comportment of acyclovir
pyrophosphate as a bisubstrate analogue inhibitor.
More recently Montgomery et al. [21] and Secrist et
al. [22] prepared a series of 9-arylmethyl and 9-
cykloalkylmethyl derivatives of 9-deazaguanine with
ICsy values for inhibition of calf spleen PNP in the
micromolar range at a phosphate concentration of
50 mM. Reduction of the phosphate concentration
to 1mM led to decreases in K; values of up to 20-
fold. For two of our inhibitors (5 and 1), which differ
only in that the acyclic chain is at N(7) or N(9) of
guanine, respectively, it was found that the K;
values increased 3-fold at the lower phosphate
concentration, from 5 to 18 uM for 5, and from 14
to 41 uM for 1.

Inhibition of phosphorolysis of Ino by N'Guo

The products of phosphorolysis of Ino and Guo,
Hx and Gua, are potent inhibitors of the reaction
as well as substrates in the reverse reaction
{23,45,46]. By contrast, alkylated purines are
relatively poor inhibitors. Elsewhere it has been
shown that, with the calf spleen enzyme, the K,
values for inhibition of phosphorolysis of Ino and 7-
alkylGuo by a series of 7-alkyalguanines are quite
high, in the range of 0.45-0.65mM [25]. This
further testifies to the specificity of the N(7)-
acyclonucleosides as inhibitors of the phosphorolytic
reaction and raises the question as to whether N’Guo
is an inhibitor. When the latter was tested for
potential inhibition of Ino phosphorolysis with the
calf spleen enzyme, it yielded a K; of ~0.3 mM,
significantly lower than the K; values of the 7-
aklylguanines.

Substrate properties of N'Ino and N'Guo

The low, but significant, inhibition of Ino
phosphorolysis by N’Guo is in line with the most
striking finding of the present study, namely the
behaviour of compounds ! [with the acyclic chain at
N(9) of guanine| and 5 [with the acyclic chain at
N(7) of guanine]. The observation that an N(7)-
acyclonucleoside of guanine may bind to mammalian
PNP more effectively than its N(9) counterpart (see
Table 2) pointed to the desirability of examining
possible substrate activity of N’Ino and N’Guo.

Using standard spectrophotometric techniques for
following phosphorolysis of purine nucleosides, it
was initially noted that exposure of both N’Ino and
N’Guo to mammalian (calf spleen and human
erythrocyte), as well as bacterial (E. coli), enzymes
led to their conversion to products with absorption
spectra corresponding to hypoxanthine and guanine,
respectively.

The reaction of N’Ino with E. coli PNP, pH7
(data not shown), led to a shift in the absorbance
maximum from 255 to 250 nm and an increase in the
height of the absorbance maximum with an isosbestic
point at 258 nm, all consistent with formation of
hypoxanthine (A, =249.5nm, £, = 10,700 M™!
cm™! for Hx as compared to Ap,, =255nm and
Emax = 8300 M~ ! cm™! for N”Ino, see Table 1). Due
to potent inhibition by the liberated hypoxanthine

A [nm]

230 250 270 290 310
T T ) T T

04

ABSORBANCE
o
X

o
N

oA

44 42 40 38 36 34 32

¥ x10% [cm™)

Fig. 5. Enzymatic phosphorolysis of N'Ino catalysed by
calf spleen PNP (0.015 U/mL) in 50 mM phosphate buffer,
pH 7, at 25°. Phosphorolysis was coupled with xanthine
oxidase (0.15U/mL), so that the reaction went to
completion. Quantitative formation of uric acid from
hypoxanthine liberated in the course of phosphorolysis of
N’Ino is shown by isosbestic points at 221, 246 and 270 nm.
The curve marked “0” is that for N'Ino; figures beside the
other curves represent the time of phosphorolysis (min).

[23,45,46], the latter stage of phosphorolysis
proceeds very slowly, but addition of an excess of
xanthine oxidase to the reaction mixture (0.029
U/mL) instantly converts the product of the reaction
to uric acid, Ag., =293, & = 12,300M~! cm™!,
proving that hypoxanthine is formed in the course
of the reaction of N’Ino with PNP,

Figure 5 presents the spectral changes
accompanying complete phosphorolysis of N’Ino
catalysed by calf spleen PNP. The reaction is coupled
with xanthine oxidase, so that phosphorolysis
proceeds to completion. Quantitative formation of
uric acid from N’Ino is shown by isosbestic points
at 221, 246 and 270 nm, proving once again that the
glycosidic bond of N’Ino is phosphorolysed by the
calf enzyme with liberation of hypoxanthine and
ribose-1-phosphate. Similar results were obtained
for human erythrocyte and E. coli PNP (data not
shown).

Continuous monitoring at 293nm of phos-
phorolysis of N'Ino catalysed by human erythrocyte
PNP (0.8-3.2U/mL) and E. coli PNP (0.4-2.8
U/mL) shows: (1) first-order kinetics with V,,,/
K., = 0.07 and 0.23% that for inosine, respectively
(Table 3), indicating that the K,, values for the calf
enzyme are high relative to initial substrate
concentrations employed (¢ =40 and 30uM,
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Table 3. Substrate properties of N'Ino and N’Guo with calf spleen, human erythrocyte and E. coli purine
nucleoside phosphorylases

K,.(uM) Vi %) Vinax/ K %)
Substrate Calf Human E. coli Calf Human E. coli Calf Human E. coli
Ino 13* ~28* 32+ 100* 100* 100+ 100* 100* 100+
N’Inot 1520 1260 640 26 2.3 3.4 0.23 0.08 0.17
0.26% 0.07§ 0.23
Guo 11 461 ~20 220 901 260 809 110
N’Guo** 27 108 ~450 0.6 0.09 33 0.3 0.02 2

* Continuous monitoring method, phosphorolysis coupled with xanthine oxidase.

+ Initial velocity method, phosphorolysis coupled with xanthine oxidase.

4 With initial substrate concentration, ¢, = 35 uM pseudo-first order kinetics observed, indicating K, >c,.
§ With ¢, = 40 uM pseudo-first order kinetics observed, indicating K,,>cg.

|| With ¢, = 30 uM pseudo-first order kinetics observed, indicating K,,>c.

9 At pH7.5, from [18].

** Initial velocity method, phosphorolysis monitored directly.

respectively); (2) linear dependence of the rate
constant on enzyme concentration, in accord with
enzyme-catalysed phosphorolysis of N'Ino.

With the initial velocity method K, and V,,
values were determined for N'Ino as a substrate of
all three enzymes. Linear regression analysis from
Eadie-Hofstee plots of initial velocities vy vs vg/cq
gave: K,, = 1260 yuM and V,,, = 2.3% for Ino with
the human enzyme; K, = 1520 uM and V,,, = 26%
with the calf spleen enzyme; and K,,, = 640 uM and
Vmax = 3.4% with E. coli PNP (Table 3).

Figure 6A presents spectral modifications
accompanying phosphorolysis of N’Guo catalysed
by calf spleen PNP. These are consistent with
guanine formation (Ap,, =276, &pax = 8200M™!
cm™! and Apa = 246, £y, = 10,700M! cm™! as
compared to Ap,, =286nm and g, =9250 M1
cm™! for N’Guo, Table 1), although phosphorolysis
proceeds very slowly in the last stage of the reaction
due to very potent inhibition by the liberated guanine
(23,45]. Quantitative formation of guanine from
N’Guo is shown by isosbestic points at 231 and
280 nm. Similar changes were observed with the
human and E. coli enzymes (data not shown).

With the initial velocity method, K, and Vi,
were determined for N’Guo and three of the enzymes
used in this study. Linear regression analysis of
Eadie-Hofstee plots for initial velocities vy vs vy/cy
gives: K,, = 108 uM and V,, = 0.09% for Ino with
the human enzyme (Fig. 6B) and K, = 27 uM and
Vinax = 0.6% for Ino for the calf spleen enzyme (data
not shown). For E. coli PNP the initial velocity
method gave V,,,./K,, 2% that for Ino, and a rather
high K,,, (~450 uM) in comparison with mammalian
phosphorylases.

Quantitative data for phosphorolysis of Ino,
N’Ino, Guo and N’Guo with calf spleen, human
erythrocyte and E. coli phosphorylases are listed in
Table 3.

Inhibition of N’Ino phosphorolysis by N(9)-
acyclonucleoside inhibitors of Ino phosphorolysis

In view of the foregoing findings, it appeared
desirable to examine the effect on phosphorolysis

of N’Ino of some known N(9)-acyclonucleoside
inhibitors of phosphorolysis of Ino. Using the calf
spleen enzyme, four previously reported inhibitors
of Ino phosphorolysis [8] were tested for potential
inhibition of N’Ino phosphorolysis (results listed in
Table 4). It will be seen that all four were more
effective inhibitors of phosphorolysis of N’Ino than
of Ino, from 2-fold for compounds a and d to as
much as 10-fold for compound ¢. An additional,
rather striking, feature is the behaviour of d, the 8-
bromo analogue of a, which is 3.5-fold more potent
than a in inhibiting phosphorolysis of both Ino and
N'Ino. This is qualitatively in accord with the
observation (Table 2 and Fig. 4) that compound 4,
the 8-bromoanalogue of 1, is a 5-fold more potent
inhibitor of Ino phosphorolysis.

DISCUSSION

It has previously been shown [8] that the 3'-
position of the acyclic chains plays an important role
in the binding of guanine N(9)-acyclonucleosides
to mammalian phosphorylases, e.g. a hydroxyl
substituent at C(3’) substantially lowers the inhibition
constants. It has been demonstrated in this work
that enhanced affinity for the enzyme also results
from replacement of C(3") by an NH group (analogue
1), and that this affinity is further increased by
introduction of substituents such as Br or SH at the
C(8) ring of the aglycon.

Most striking, however, is the observation that
displacement of the same chain from the normal
N(9) position (analogue 1) to the N(7) position, to
give analogue 5, resulted in a 3-fold increase in
affinity. This points to the possible development of
additional N(7)-acyclonucleosides as a new class of
PNP inhibitors.

The foregoing also suggested conceivable binding
of N(7)-nucleosides by PNP. And, notwithstanding
that N’Guo is a poor inhibitor of Ino phosphorolysis,
both N’Guo and N’Ino proved to be substrates,
albeit weak ones, of the enzyme from several
different sources (Table 3). Although N(7) is
probably not a binding site, but is necessary only for
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Fig. 6(A). Enzymatic phosphorolysis of N’Guo catalysed
by calf spleen PNP (0.061 U/mL) in 50 mM phosphate
buffer, pH 7, at 25°. Quantitative formation of guanine is
shown by isosbestic points at 231 and 280 nm. The curve
marked “0” is that for N’Guo; figures beside the other
curves represent the time of phosphorolysis (min) (see
text for further details). (B) Eadie-Hofstee plot for
phosphorolysis of N'Guo catalysed by human erythrocyte
PNP in 50mM phosphate buffer, pH7 at 25°. The
concentration of the enzyme was 0.84 U/mL and the
absorption was monitored at 258 nm. The estimated values
of kinetic parameters from this plot are: K,, = 108 uM and
Viax = 0.09% of that for inosine.
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Fig. 7(A). Arrangement of reactants for phosphorolysis in
the active site of human erythrocyte PNP (adapted from
[10]). R, = H for Ino and R, = NH, for Guo. (B) Possible
arrangement of N(7)-analogues in the active site of PNP.
R; =H for N'Ino and R, = NH, for N’Guo; R, = ribose
for nucleosides and R, = acyclicchain for acyclonucleosides.

Table 4. K, values for inhibition of phosphorolysis (calf spleen enzyme in 50 mM phosphate buffer,
pH 7) of Ino and N’Ino by some N(9) acyclonucleosides

K(uM)

vs Ino* vs N'Inot
Analogue Base Acyclic chain Enantiomer as substrate
a Gua (CH,),CHCH,OH (R) 24 11.4+0.5
b Gua CH,CHN;CHOHCH,OH (+)threo 3.6 0.8x03
¢ Gua CH,CHFCH,CH,0OH (R.S) 29 2.8+0.8
d brfGua (CH,),CHCH,OH (R) 7.3 32+1.0

* From [8]; K; determined at 25° by the continuous spectrophotometric assay from the increase in
K,. and decrease of V,,/K,, for Ino phosphorolysis in the presence of inhibitor (see Materials and

Methods).

T K; determined at 25° by the continuous spectrophotometric assay from the decrease of V., /K,,
for N’Ino phosphorolysis in the presence of inhibitor (see Materials and Methods).
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substrate activity [25, 26}, this appears, at first sight,
inconsistent with X-ray diffraction data [10, 27, 28]
for binding, by human erythrocyte PNP, of the
guanine and hypoxanthine aglycon of substrates and
inhibitors, with the exocyclic O° and the ring N(7)
hydrogen-bonded to the amino hydrogens of Asn?®,
as shown in Fig. 7A [28]. Ribose at N(7) would
sterically impede such interaction (see below).

However, bearing in mind that phosphate is also
a substrate, which must bind in the vicinity of C(1')
to catalyse phosphorolysis of the glycosidic bond
(Fig. 7A), it necessarily follows that the N(7)-
nucleoside should be in an “upside-down” form
which formally resembles the normal N(9)-nucleoside
substrates, as in Fig. 7B.

Human erythrocyte PNP is considered to bind the
pyrimidine moiety of the purine aglycone via three
(inosine) or four (guanosine) hydrogen bonds
[24,27,28], with O° as acceptor of two hydrogen
bonds and the hydrogens of N(1)-H and C(2)-NH,
as donors (Fig. 7A). With N(7)-nucleoside substrates
in an “upside-down” form, it is equally possible that
there are two hydrogen bonds with N(1)-H and the
ring N(3) of N’Ino and a third with the C(2)-NH,
of N’Guo (Fig. 7B). This is consistent with the lower
K,, values of N’Guo relative to N’Ino with all
mammalian enzymes examined (see Table 3).
Furthermore, the NH, of Asn®* may form a
hydrogen bond to N(9) of the N(7)-nucleosides (Fig.
7B), but the same Asn’*** may compete with the
NH;-* of Lys?* for hydrogen bonding to the ring
N(3).

X-ray diffraction studies [10, 21, 22, 28] on human
PNP and inhibitory activity of 9-substituted guanines
pointed to the exocyclic O° and the ring N(7) as
hydrogen-bond acceptors of the NH, protons of
Asn®. However, this scheme is not applicable to
all substrates, since it has been shown elsewhere
[25, 26] that N(7)-alkyl and N(7)-aryl guanosines are
good, or even better, substrates then the parent
Guo. These results are consistent with the theory
which postulated that phosphorolysis of Ino and
Guo proceeds via intermediate protonation of the
ring N(7) [26]. With the N(7) blocked, and
concomitant appearance of a positive charge
distributed between the two imidazole ring nitrogens,
hydrogen bonding to this position is excluded.

Relevant to the foregoing description is a report
[47] that crude extracts of E. coli contain an activity
that readily converts N’Guo to guanine, and the 3-
deaza analogue of N’Guo, an active antibacterial
agent, to 3-deazaguanine. With the aid of various
criteria, this activity was identified as a purine
nucleoside phosphorylase. Extracts from various
mammalian cells were found to be inactive against
3-deaza-N’Guo and, in contrast to the present
findings, against N’Guo. The latter result may have
been due to the low specific activity of the crude
extracts employed by these authors. Surprisingly,
the E. coli extracts readily cleaved Guo, as
expected, but not 3-deaza-Guo, whereas both were
phosphorolysed by the mammalian extracts. This is
most likely related to the reported differences in
specificities between the bacterial and mammalian
enzymes [24]. It is also relevant, in this context, to

recall that 3-deazalno is a substrate for both the E.
coli and calf spleen enzymes [24].

Finally, attention should be drawn to the natural
occurence, albeit uncommon, of purine N(7)-
nucleosides, particularly underlined by the identi-
fication and isolation of N'Ino in the urine of CML
patients, but not from healthy individuals or those
with other types of tumours [48]. The source of this
metabolite has not been definitively established, but
may be associated with the known abnormally high
levels of bound vitamin B, in the plasma of patients
with myeloproliferative diseases such as CML. Some
vitamin By; related analogues have been reported to
contain purine N(7)-ribosides [49]; and it has been
demonstrated that pseudovitamin B;,, following
deamination, is converted to a so-called factor G,
containing the a~anomer of N’Ino [49]. The N7Ino
isolated from the urine of CML patients may thus
be derived from a vitamin B,, analogue present in
their plasma [48]. It is, of course, also conceivable
that the source of N’Ino in CML patients may be
some reaction catalysed by specific transglycosylases.
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