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STUDIES ON THE MECHANISM 01’ ADSORP’I‘ION 01; PURINES Ii\c 

SEI’HADEX G-IO CI-IROMATOGRAPHY 

The adsorption of purines to Sephades G-10, as measured by the logarithms of 
corrected chrornatographic elution volumes, Vgo, . shows correlations \vith the 
following physical properties of the purines : z-electron delocalization energy, 
electron donating ability, electron accepting ability, basic and acidic plr’, and water 
solubility. These correlations, together with equilibrium dialysis studies of adsorption 
of purines to destran and Sephacles, indicate that purines interact primarily with the 
destran portion of Sephades in contrast to substituted benzene derivatives, which 
interact primarily with the ether cross-linkages of Sephades. 

INTRODUCTIOX . . 

The S&hades gels (Phartnacia) arc composed of clestran, a linear u.(I-;c 6) 

glucose polymer with or.(r --c 3) branching points, whicll leas been cross-linked with 
epichlorohyclrin to give glyceryl ether linkages of the type: destran-0-CH2- 
Cl-I-CH ,-0-clcs tranl . Originally employed as supports for zone electroplioresis 

&I< 
and ,as gel filtration columns for determina+ion of molecular weights of rnacro- 
moleculest, Sephades gels were sl~own by GELOTTE~ to adsorb reversibly aromatic 
and jleterocyclic compounds. Tile llighly cross-linked Sephacles (;-IO 11as been sl~own 

to be a useful adsorbent for column chromatography of purines and related 
3 con~pouncls - 1). Tile effects of estent of gel cross-linlcage”~ 10~11 and eluent flow rate;, 

ionic strengtll~~ 11 and pI-I(I~~* II-l3 have been studied in order to improve the 
separation of purines by Sepllacles chromntograph~~. Ho\vever, the specific clienlical 
groups of tile purines and the Sephades gels involved in adsorption and the types 
of bonds formed have not been determinecl. Investigations of the mechanism of 
adsorption of other heterocyclic and aromatic compounds to Sephades indicated 
solne relationship betweexi substituent group properties such as increasing electron 
clonating ability and increasing elution volumes on Sephndes colunmsl**p l5. ~31~00~ 
.- 

* To whom reprint rcqucsts should lx sent. 
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and coworkers showed that the adsorption of substituted phenolslfi and substituted 
anilines and benzoic acids17 correlated with the electron donating ability of the 
substituent groups as measured by their Hammett a values and therefore that 
adsorption was due to the hydrogen bonding of the amino, carbosyl, or hydroxyl 
group to the gel cross-linkages. DETERMANN AND WALTERI* showed by equilibrium 

dialysis that the adsorption of phenol to Sephades gels was due to interaction with 

the ether cross-linking groups and not the dextran portion of the gel. 

The availability of data for Sephadex G-IO chromatography at pH 7.0 of a 
variety of substituted purines and related compounds previously reported;, together 
with the additional data given here, suggested that studies of the correlations of 
elution parameters with structural and physicochemical properties c~f the purines 
could give considerable information about the mechanism of adsorption of purines 
to Sephadex gels. Further studies with different dextran gels were performed to 
determine whether the ether linkages of Sephadex are involved in the adsorption 
of purines as they are in the adsorption of benzene derivatives. 

METHODS 

The selection of suitable conditions for Sephadex G-IO chromatography of 
purines and the methods used have been described 7. All compounds were chroma- 
tographed on a 1.0 x IOO cm column of Sephades G-IO eluted with 0.05 M sodium 

phosphate buffer, pH 7.0. In addition, some purines and heterocyclic compounds 
were chromatographed on a 1.0 x 50 cm column of Sephadex LH-zo (hydroxy- 
propylated Sephadcx G-25) eluted with the same buffer. The void volumes (V,,) 
were determined as the elution volumes (V,) of dyed blue dextran and the internal 
volumes (VI) were calculated from the elution volumes of acetone minus the void 
volumes. The corrected elution volumes (‘VJ’) of the compounds were calculated 
from Veo = (V, --OWO (ref. 7). 

Equilibrium dialysis experiments were performed with solutions of Dextran 
T 40 (mol. wf. 40,000) and suspensions of Sephadex G-IO (water regain 1.0, 40-120 p), 
obtained from Pharmacia, at concentrations between o and 35O/” (w/w) in 0.05 M 
sodium phosphate, pH 7.0. 3 ml of these solutions or suspensions in dialysis tubing 
were dialyzed against 6 ml of the phosphate buffer, or 0.1 mM adenine or 0.1 mmol 
xanthine in the same buffer. Equilibrium was reached in 4-5 11. The change in 
absorbance at 260 nm between o and 6 h for the adenine and santhine dialysis 
solutions, corrected for the change in absorbance of buffer dialysis solution, was used 
to calculate the per cent change in purine concentration as a function of per cent 
of Dextran or Sephadex in the clialysis tubing. 

Regression equations and correlation coefficients were calculated using programs 
supplied with the Olivetti-Underwood Programma IOI. 

RESULTS 

The advantage of using V,J’ as a measure of adsorption instead of ICd, defined 
as (V, - V,)/V, (ref. I), where VC~, was calculated from the difference between the 
elution volumes of clextran and acetone, is shown in Table I. Columns were prepared 
from two lots of Sephadex G-IO and a stanclard solution of four purines was chroma- 
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TABLE I 

COMPARISON OF IfLUTION PARAMETERS FOI< PURINISS CIllZOhIATOGWAPHED ON I .O X 100 CIll COLUMNS 

I?ROM T\\‘O LOTS 01’ SBPHADLX G-IO 

Dcxtran 
Acetone 
Hypoxantllinc 
Xanthinc 
Guaninc 
Adcninc 

32.5 3x.2 
Or.0 gzL1 

I 13.0 2.S2 2.4s I04 2,g2 
156 

2.3-l 
4.33 3.59 I43 3.59 

199 5.84 4.85 181 ";'E 4.51 
2.51 7.67 0.38 231 io2 6.40 

1SLUTIOS VOLUMES OP PURINILS AX13 RELATED CODIPOUNDS ON S.EPI-IADI3.S G-IO 

Purincs 
Guanirlc(-3-)N-oxiclc 
S-Mctl~yltl~cophylli~~c 
3-Mctliylsantliinc 
1,3-Dimcthyluric acicl 
3-Mkthylaclenine 
I, 7-Dimcthyluric ;Lcicl 
7-Methyluric acid 
I-Mcthyluric acid 
S-Mcrcaptopurinc 
6-Sclenoputinc 
S-Nitrotlicoplivllin~ 
S-Chtorosantl~lnc 
G-l?ipericlino( x)puritie 
G-Ucnzylaminopurirlc 

Ribosyl purines 
N’-Dimctliylguanosi~ie 
Itibosyl G-mcrcaptopurinc 
liibosyl 6-mctliylniercnptopurine 
Zsopropyliclcucnclcliosinc 

S-Aznpurincs 
S-Azatlicopliylliri~ 

Pyrazolo[3,.}-rllpyrimiclincs 
4-hliiillo-(i-liyclrosy- 

‘Pvritnidincs 
.5-t-\cctylnlnino-G-amino-r ,3-climcthylumcil 
5, G-Dinrllino- r, 3-clinictliyluracil 

Misccllancous 
NADP 
Pyricl0siLl~~llOS~~lliLt~ 
Tri~oncllinc 
Nicotinic wit1 
N-hIctli~~l-2-~~y~iclO~ic-~-carbosnmicle 
Uroc:Lni’c ;Lcicl 
Bcnzoic acicl 
Nicotinamiclc 
.iZibosyl-~-atiii~io-.~-irnitla;rolcc~L~~0s~L~~iiclc 

91 
IO.5 
125 
131 
136 
145 
147 
170 
329 
347 
437 
601 

GOG 

1413 

92 
13s 
=77 
199 

18s 

175 4.29 -k 0.032 

55 
YO 

3-I 
45 
46 
s2 
ss 

IO2 
111 
1 1’2 
117 

1.70 1-0.231 
2.24 i-o.352 
2.72 A-o.430 
3.03 +0.482 
3.25 -I- 0.5 I 2 

3.46 $_O.54O 
3.52 -I- 0.547 
4.23 +0.627 
9.15 + 0.963 
9.08 + o.gSG 

12.01 +r.osr 

1790.5 -t I.232 

17.31 -t I .2.+0 

42#4S -t I .628 

1.Sg -+ 0.263 

3.14 -t OS497 
4.33 i-O.637 
4.99 -I-o.GgS 

q.so 

0. 70 
1,4G 

0.037 -.1a432 
0,38 -0.414 
OS.+1 -0.3S7 
I.53 -to.IGs 

I.71 -t 0.233 
2.11 -t-O.325 
2a34 -I- 0.371 
2.4 -I-0.391 
2.50 -I- 0.39s 

-t_o.GSz 

-0.151 
-I- 0. I GG 
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tographed on each column. The mean of the differences in I<‘,c for the two lots of 
Sephadex G-IO was 0.20 -J= 0.05 (S.E) which gave a 9 value of 0.045 when compared 
by Student’s t-test. The mean of the differences for I/’ $ was only 0.04 -& 0.04 indicating 
no significant difference in V,” for the two lots. 

‘vc, ‘vBO and log VCO values for 91 compounds chrornatographecl on Sephades 
G-IO columns have been published7 and data for 32 additional compounds are presented 
in Table II. It should be noted that log Tr e0 for non-adsorbed compounds with 
V e = V, + Vt is -0.056. Substituent dlog ven values are defined as the change in 
log Ve” due to the addition of one group on the purine ring, with a positive value 
indicating increased adsorption and a negative value indicating clecreasecl adsorption’. 
Additional dlog V,O values for purine ring substituents are given in Table III. The 
additivity of dlog V,O values and their use in predicting elution volumes has been 
described;, 

’ Table IV lists substituent dlog V,O values for various ring structures related 
to the purine ring, with the ring positions numbered similarly. The change in 
adsorption for a given substituent is in the same direction for the three-ring systems, 
with the values similar for the purine and pyrazolo[3,4-djpyrimidine rings but not 

LtlOg veo VALUES FOR SIJBS’JXlYJ?A.X’l% ON THE PUI<INI’, RING 

Mcthyl 

I-Iyclroxyl 
Amino 

Methyl 

N-Osidc 
E~yclrosyl 
sc1c110 
Benzylamino 
Pipcriclino (I) 
Methyl 

X-Iyclrosyl 

Cllloro 
Nitro 
Mcrcapto 
Methyl 
Ribosyl 

Isopropyliclcnc- 
ribosyl 

3-Mcthylsanthinc 
7-Mcthyluric acid 
Uric ncicl 
I-Mctl~ylllyposantliinc 
I-Mctliyll~yposnnthinc 
6, S-Dihyclrosypurinc 
Santhine 
AclcniIlc 

I-Methyluric acicl 
Guaninc 
a-Wyclrosypurinc 
Purinc 
Purinc 
Purinc 
I-Mcthyluric acicl 
Uric acid 
3-~Icthylsnntliinc 
‘I’lieopliyllinc 
r-~Tctliylsstltliiric 
7-iVcthylsnntliinc 
1,7-Dinietliylsantliirlc 
Xnnthinc 
l’lieol~liyllinc 
Purinc 
‘L’licol~liyllinc 
N”-DimctliylGunnine 

-0.02G 

+0.007 
_I-0.015 

-I- 0.2+1. 

-t- 0.323 
-1-0.330 
-0.r1g 
-0.293” 
--o.rLCS 
-0.d1.55” 
4-0.372 
-I- o.g8G 
-I- x .302 
-t_ I.Z‘{O 

-0.087 
-o*r3s 
-0.182 
-I-o.072 
+osT37 
+o.rq1 

_1-o.rSr 

i- 0,677 
;1-0.67 r 
-t_ o.g(i3 
-O,O_j8 

-0*27;3 

G-~lethylmcrcal,topuri~ic -0.309 
G-~l’crcnptopurinc -o*354 

Aclcninc -0.TO7 
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for the S-azapurine ring. Also shown in Table IV is the major exception to the rule 
that substituent dlog Ijr$) values are independent and additive. The klue for a 
hydrosyl group at any position on the rings is positive escept for the addition of a 
hydroxyl group at position z of a ring with a hydrogen or amino group at position 6. 
The ring dlog Y,O values in Table IV indicate that with the esception of z,G-cliamino- 
S-azapurine, the ring Alog V,O values are largely independent of the substituent 
groups on the rings. Removal of the imidazole portion of the purine ring greatly 
reduces adsorption as shown by the large negative purine to pyrimidine ring 
dlog vi’,” of -o.zgS. Conversion of the imidazole ring of purine to a triazine ring 
(mean Alog v/,” = fo.229) or to a pyrazolo ring (mean dlog ‘v,? = +o.r7g) greatly 
increases adsorption. The ring dlog vjL”’ value of +0.319 for the change from imidazole 
to pyrazole is 1.S times the value for conversion of purine to pyrazolo[3,4-dl- 
pyrimicline, indicating that the pyrimidine ring of these compounds influences the 
effects of changes in the five-membered ring. 

The effects of substituents on the purine ring on log v,” values suggest that a 
high electron density in the rin g favors adsorption to Sephacles. Uric acid and 
methylated uric acids which esist as anions at pI-I 7.0 are strongly adsorbed while 
those compounds that contain a positive charge due to quaternization of a ring 

6-Amino -l-o.W3 + 0.02 I 
6-EIyclrosyl -1-0.320 -kO.163 

G-Rmino . -0*30_1. - -4.380 

G-I-~yclrosyl +o.rs(;, --b 0.232 -I- 0. I62 

- 
- 

-- 
- 

- 
--0+333 
-0.2g.1 
--0.z66 

-I-O.001 - 

-.I-. 0. 1 fjG - 
_+. 0.27” - 

-I- a.273 -f- 0.207 
-I- 0.3 r 3 -I- 0.20_3 
-t- ~~.3.57 -(- 0. I70 
.- -}- 0. I 3 I 
- - 

Mcnr1 V~LIUC -0.2gs -+ O.ZZS -t_o.rp-J 

s.12. iu. 0.01g 0.053 0.017 
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nitrogen or an amino group have greatly reduced adsorptions. Also, the purines in the 
lactim form, which are more aromatic, are more strongly adsorbed than are the purines 
in the lactam form. This is shown by the log I/,O values of to.366 for G-hydrosypurine 
(lactam) compared to to.556 for G-methoxypurine (lactim) and also +o.S51 for 
G-mercaptopurine (thione) compared to +0.946 for 6-methylmercaptopu’rine 
(mercapto). This increased adsorption is not due to the methyl group on the sulfur 
or oxygen substituent since the log VvBO value for 6-methylaminopurine of +o.S26 
is only slightly’ higher than that of +o.S05 for G-aminopurine. 

The ring nitrogens or the hydrogen groups on the ring nitrogens of purines in 
the lactam form are of major importance for adsorption to Sephades as shown by the 
large decrease in adsorption when the hydrogen is replaced by a methyl group 
(Table V). Methyl substitution at the I position gives the smallest dlog V,” value 
and hence this position contributes little to the adsorption of the purine ring. The 
values for a methyl group at positions 3, 7 or g are comparable indicating that these 
positions contribute about equally to the adsorption. This decrease in adsorption 
upon methyl substitution on the ring nitrogens is not a simple steric effect since a 
methyl group at the 6 carbon has a small positive dlog Ve” value while a methyl 
group at the S carbon has a small negative dlog V,O value. Assuming that the 
negative of the methyl Alog VBu values is a measure of the contribution of tile ring 
nitrogens to adsorption of the purine ring, the negative of the sum of the mean 
dlog ‘T/,0 values for positions I, 3, 7 and 9, +0.404, when added to the value for a 
nonadsorbed compound (-0.056) gives +0.34S. This value can account for the log VCo 
value of +0.326 observed for purine. 

To obtain further information about the mechanism of adsorption of purines to 
Sephades G-IO, correlations of elution parameters with the physical properties of the 
purines were investigated. The appropriate elution parameter is log Tlk) which is 
proportional to the logarithm of an adsorption coefficient which in turn is proportional 
to the difference in standard chemical potential between the molecules in solution 

dlOg b-,” VALUES FOR nT12TIlYL GROUPS ON THIS I’UIZISI!: KING 

-_--- -._.------ 

‘LT,, r\r .P c,, c, 

ia!an -0.0~s -0.150 -0*13‘+ -0.172 -0.457 +o.os.\ -0.05s 
S.D. o*o++ 0.010 0.020 - 0.19s - - 

S.E.i\I. 0.015 0.009 0.00s - 0.09s - - 
?b s 5 9 I 4 I I 

__-_- 

First methyl 
scc011c1 111et11y1 
Tl~ircl methyl 

_ ._ 

Ri,wg fxxit~ion 
.-~_--I 

Nil (arrti?zo) A’ ” (ct,Jri,ro) 
- -_ - 

+ 0.02 I. -0.04 I 

+ 0.05s --0.1og 
-0.326~~ -- 

- -.-._ 

1’ ikthvl group CR~SCS qunternizntion of amino group or ring nitrogen. 
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and those adsorbed to Sephades. Thus, the following equation relates log ‘v,” and 
chemical potential : 

log I,,” = lLOlh - PowI - -I- c 
2.33 XT 

where ,u(J refers to the standard chemical potentials, X is the gas constant, ‘1’ is tile 
absolute temperature, and C is a proportionality constant. Since the values of log VJJ 
were determined at the same temperature (room temperature), log V,‘J increases as 
the standard chemical potential of the compound on the gel is reduced relative to 
that of the solution. Differences in the standard chemical potentials of purines are 
related to their physical properties and therefore correlations llet\veen physical 
properties and log V/c0 values are espected. 

The correlations of the physical properties of the purines with their log V/‘,‘J 
values to be described concern mainly methyl, amino, and hydrosyl substituted 
purines since it appears that these groups exert their effects primarily through changes 
in the properties of the rings. Purines containing sulfur, halogen, carbosyl and 
cyan0 groups consistently failed to show correlations between tlieir physical properties 
and adsorption to Sepllades. This is probably due to direct interaction of these groups 
with. the gel and therefore these compounds were escluded from the correlations 
escept where noted. It is interesting that the molecular weights of the halogens 
correlate well with their Alog ‘I/,” values for the 6 position of the purine ring (Fig. I), 

and a similar trend is found for the chalcogens. Polarizability of the halogens is 
proportional to their molecular weights while electronegativity is inversely pro- 
portional. Therefore, adsorption of the halogen groups to Sephades may involve 
dipole-induced dipole and dispersion forces. BROOK AND MUNDAY~~ have noted that 
halogen-substituted phenols, anilines and benzoic acids are more strongly adsorbed 
to Sepllacles than predicted by their Hammctt a relations, and that the order of 
increasing adsorption was I?, Cl, Br, I. 

The greater adsorption of purines with the lactim structure compared to tllose 
with the lactam structure suggested that increased aromatic character might correlate 
with adsorption to Sephades. Although few experimental data are available on the 
electronic structure of purines, an estensive series of molecular orbital (MO) 
calculations which give approximate values for the electronic properties of purines 
llave been published by the PULJAIANS lf)f2(), Tile values used for the correlations with 
log 172’ values were those calculated by the Hiickel MO Linear Combination of Atomic 
Orbitals method, with the imidazole hydrogen assumed to be at tile F) position. 

The delocalization energy, E, a measure of the aromatic character of the 
~~n~po~ncl~, was founcl to give a fair correlation with log T,‘,” for a large number of 
heterocyclic compounds (Fig. 2). The equation of the regression line \vith halogen, 
sulfur, carbosyl and cyano purines included is: 

log I/',0 = - 0.544(& 0.1S3) -+ 0.344(& O,O.jO)E (I# = 0.750; 12 = 31). 

The correlation between log V&J of purines only and tlieir clelocalization energies 
shown in Pig. 3 gave tile following regression equation: 

log T'c" = - 2.00(& 0.46) + o-707(& 0.1aS)E * (v = o.s7g; ?Z = II). 

Restriction of the correlation to purines with the lactim structure gave a very good 
correlation : 



356 L. SWEETMAN, W. L. NYHAN 

log ‘c/,0 = - 3.12( f 0.40) -I- o.gY7( =t 0.103)E (Y = 0.954; ?Z = 5). 

Inclusion of purines with a single lactam structure had little effect on this correlation. 
These results indicate that aromatic character is important for adsorption of purines 
to Sephades. 

1.0 

0.8 

0.6 

,oSe / / / 

/ 
I 

d0 I I 
0 50 100 150 

Atomic weight 
Fig. I. Relationship between the ntomic wci~hts of the hnlogcns (solid lint) and cl~alco~cns 
(clashed line) mcl their Alog V,O values for the 6 position of the purinc ring. 171 is a prcclictcd value. 
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01 

-0.2. I _--_l.I~ 
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Oelocalization Energy, E 

Fig. 2. Corrclntion bctxvccn log VcO :rnd clclocnlixntion cncrgy, 12, for hctcrocyclic compout~cls. 
l , purincs; 0, S-cLzapurincs; I, pyrimiclincs; TJ other, .r = crcntininc; 3, = imiclazolc; 3 = 
nllniitoin; 4 = urocadc xicl; 5 = ~~-nmino-5-it~iicl~~olccarbosnmiclc; G = tryptophan ; 7 = .h- 
nlililiopyrazolo[.~,.t-dll~yrimirliiic; S == bcti;ziniiclazolc. 

J. Cl~r~or~tnfogr~., 59.(1971) 3dtcp3GG 
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Fig. 3. Correlation bctwcc~~ log VcO and clclocalization cncrg>*, J_Z, for puritlcs. Solid lint: 0, Inctim; 

0, Ill0n0lactaIll; U , cli- ant1 tri-lactnm. .Ihsliccl line : 0, lactim only. 

0 

HOMO K; 

liig. 4. Corrclatioti bctwccrl log I/‘cO :mcl I-IOMC) ZCl for purincs. ,n-clcctron donating al,ility clccrcascs 
as I-IOhKO fil incrcascs. l , lactim ; 0, Inctani. 
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Another electronic property obtained from MO calculations is the energy 
coefficient of the highest occupied molecular orbital, HOMO Ki, which is proportional 
to the ionization potential of the molecule and inversely proportional to thez-electron 
donating ability. As shown in Fig. 4, an escellent negative correlation between log Ire0 
and HOMO Kt for purines with the lactim structure was found: 

log vp = z.oS( f 0.16) - 2.64( f o.2s)won/Io 1c.i (Y = 0.977; ‘IA = 6). 

However, for purines with one or more lactam structures, tlie correlation was poorer: 

log 5/,0 = 0.978(-f: 0.149) - 1.39( A 0.4S)EIOMO ICd ( Y = 0.042; 12 = 14). 

In both cases, the slopes were negative, indicating that adsorption to Sephades 
increases with increasing z-electron donating ability of the purines. In addition 
to donating electrons, purines are capable of accepting electrons. The energy coefficient 
of the lowest empty molecular orbital, LEMO Iit, is inversely proportional to the 
electron affinity of the molecule, i.e., the electron accepting ability decreases as 
LEMO lC$ becomes more negative. As shown in Pig. 5, increasing adsorption to 
Sephades correlated with decreasing electron accepting ability. Again the purines 
fell into the classes, viz. lactim: 

log ‘I/,0 = - 2.13( f 0.40) - 3.46( & o.~I)LEIMO Ii‘( (Y = 0.959; 12 = G), 

and lactam : 

log I/,” = - o.355( & 0.240) - o.S37( =t_ 0.239)LEMO K.1 (9’ = o.SGg; ?z = 6). 

Purines with a lactim structure gave a higher correlation coefficient and a larger 
slope in the LEMO Kt and adsorption correlation than lactam purines. Thus, the 

/ 

0 
Lactim 

0.8 

0.6 

0.0 
-0.6 -0.8 -1.0 -1.2 -1.4 

LEMO K; 

Big. 5. Correlation bctwecn log If,O and LID10 I\‘1 for purincs. ,mclcctron nc,c+zing ability 
dccrca,sLses as LID10 KL tccotncs more ncgntivc. 0, lnctitn; 0, I:u&.m~. 3 . 

J, Clwotn.nlogr., 5cJ (1971) 349-366 
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correlations between the electronic properties of purines and their adsorption to 
Sephadex indicate that high aromatic character, high electron donating ability, and 
low electron accepting ability favor adsorption, particularly for purines with the 
lactixn structure. 

In addition to these general properties of the n-electrons of the purine rings, 
the charge density at specific positions of the ring may be of importance, as for 
example, the unshared electron pairs of the ring nitrogens. The large negative Alog V,O 
values for substitution of a methyl group on the ring nitrogens, especially at the 3,7, 
and CJ positions, indicate the importance of these nitrogens for adsorption. The basic 
plr’, values of the purincs are proportional to the ease of protonization of the 
nitrogens and hence proportional to the electron density of the nitrogens. Basic and 
acidic pK’, values for the purines were obtained from the literature22-2.‘. As shown 
in Fig. GB, there is an escellent correlation between basic pK, values and log T/,(’ 

0.8 
e (A) Lactam 

Basic pK, 
Fig. 0. Corrchtion bctwccrl log IrO’) rrntl basic pl<,L for puri1w.s;. (A) 0 , Iactam without ;~I’I ;rmino 
group; A, lrrctnm with an iLtllin0 group. (u) 0, laGtim; 0, N1-liEtL%lll. 

,/. CllYom7fog,~., 59 (197 1) 349-366 



360 L. SWEETMAN, W. L. NYHAN 

values for purines with the lactinl structure 
involving the nitrogen at the I position: 

log ‘vco = - o.ISg( &o.oSq) I_ 0.24G( f 

ancl tliose wit11 a single lactam structure 

0.025) basic pKll (.v = 0,941; 92 = 14). 

The inclusion of purines with a lactam structure at tile I position with the lactini 
purines is justified by the dlog V, ‘) data for methyl substitution, whicll indicates 
that the I position contributes little to adsorption. However, the purines with one 
or more lactam structures shop a negative correlation between log I/J1 and basic 
pZCn (Fig. GA). For purines without an amino group: 

log V”eO = 0.705( rt: 0.1gS) - 0.23;( & 0,115) basic pK, (Y = 0.7G4; ‘82 = 5), 

and for purines with an amino group: 

log T’,” = 0.7IS( & 0.049) - o.o37S( f o.orG4) basic p&T, (Y = 0,755; 72 = 6). 

0.6 

(A) Lactam 

(6) Lactim and Mono- lactam 

0.8 

0.0 
I I I I 

5.0 6,O 7.0 8.0 9,o 10.0 11.0 

Acidic p/f,., 

Fig. 7. Correlation between lo, m I’(!O nncl acidic pKa for purincs. (A) 0, lactnnl without an amino 
group; A , hctnln with an nrnino group. (B) @, hCtiln; 0, N,- or N,-IitCtnIll. 
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The log V,” values were determined at pH 7.0, above the basic pK, values of the 
purincs, so that actual protonntion of the purines is not a c-nnsideratjon in these 
correlations. 

Another measure of the electron density of the ring nitrogens is the anionic 
pKu, which is inversely proportional to the ease of removal of 8 proton from nitrogens~ 
with a lqdrogen group, and proportional to the electron density of the nitrogens. Fig. 
713 shows a good correlation 13etween anionic pKi, and log V e0 for purines ivith the 
lactim structure and those with a single lactam structure: 

log V,” = - 2.6x( * o.=jG) -+- 0.333( & 0.055)) anionic plr’, (Y = o.s34;12 = 16). 

The correlation with purines containing no hctam structure is even higher with 
1’= 0.959 (./I = S). For purines with one or more lactam structures, there is a negative 
correlation between anionic plC’u and log Tr,O (Fig. 7A). 1 ;or 1 xrines without :LII amino 
group : 

iog I,,‘,0 z I.O3(-& 0.13)- 0.0794(4 0.01&j.) anionic pIiLl 

and for purines with an amino group : 

p = o.soz; 72. = IS), 

log r”(!” = 1.30(& 0.45) r o.oGgc_,(f o.ojxG) anionic pl\‘,, ( Y = 0.010; 91 = 5). 

Thus, increased electron density on the ring nitrogens, wllether measured 
by increasing basic or aciclic pli’ LL, correlates with increased adsorption to Sephades 
for purines with the lactim structure and those with a single lactam structure, but 
correlates with decreased adsorption for purines with lactanl structures. High 
electron density of purines with the lactim structure may contribute to adsorption 
by increasing the hydrogen bonding of the nitrogens with unshared clcctron pairs 
to the liyclrosyl groups of Sepliacles. However, for purines with lactam structures, 
high electron density could decrease adsorption by reclucing the hydrogen bonding 
of lactam hydrogen groups to tlie osygen groups of Sepliacles. 

Tlie prececiing correlations of the electronic properties of the purines ancl their 
log T/‘,” values reflect relationships between these electronic properties and the 
difference in standard chemical potentials of the adsorbed molecules and those in 
solution, i.e., @)lirl - jPgL‘l. Assuming that jPliCl is comparable for most purines, 
adsorption ~voulcl he related mainly to changes in ,,Ppc~. However, this assumption 
may not be valid, and differences in chemical potential could be due to differences 
in @)~i~, rather than pogel. The standard chemical potentials of pukes in solution 
can be related to their water solubilities. The logarithm of the solubility is inversely 
proportional to the standard chemical potential difference between the solid ancl the 
solution. Assuming tllat the ,u(’ of solid purines arc similar, tile logarithms of the 
solubilities are inversely proportional to ~$II~,. l?urtlier assuming that $JUc?l is 
comparable for purines, a negative correlation between log Tr,,O and log solubilities 
would be espected. For these correlations, the solubilities reported by ALI~ERT ASD 

l3I~owx”l were espressed as ,ug purine per g water (20’) and were. not correctecl for 
molecular weight differences. A good negative correlat.ion between log solubility and. 
log V,” can be seen in Fig. S, wit11 tlie regression equation for lactim purines: 

log T’cO = I.GS( & 0.23) - 0.204( -& o.oqC) log solubilit~ 

and that for lnctam purines: 

log T.‘,O = o.gq.~(& 0,114)- O.I_jG( & 0.030) log solubiliQ 

(10 =: o.s40;?7 = IO), 

(J’ := o.ssg; ?a = 7). 
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When the pyrimidines with lactam structures are included with the lactam purines 
the correlation.~c.oefE&ent .&comes 0.913. The difference between the lines for lactim 
and lactam purines presumably reflects the lower ,u”~,,I of the lactim structures with 
their greater aromatic character. The correlations with solubility suggest that the 
extent of adsorption of purines to Sephadex is greatly affected by competition 
between water molecules and the gel surface for the bonding sites of the purines. 

Log solubility (pglg water) 

Fig. S. Correlation between log V 2 and the logarithxn of the solubility (/(g/g water) of purincs and 
pyrinlic~ines. 0, lactiln purines; 0, kdmn purines; A , lactaln pyrirnidines. 

Turning to the properties of Sephadex which contribute to adsorption of purines 
the correlations of electron density and adsorption of purines suggest that lactim 
purines may hydrogen bond to the hydroxyl groups and lactam purines may hydrogen 
bond to the ether and hydrosyl oxygens of Sephadex, To assess the importance of 
these groups of the Sephadex G-IO gel for adsorption, purines and heterocyclic 
compounds were chromatographed on Sephadex LH-20. This is Sephades G-25 that 
has been reacted with propylene oxide so that about 60% of the hydroxyl groups 
have become hydrosypropyl ether groups 25. Thus, the number of hydrosyl groups is 
unchanged but the number of ether groups has been greatly increased. 

‘v,” values cannot be used for comparing adsorption to Sephades G-IO and 
LH-20 because the two gels have different densities and hence different adsorption 
capacities per unit column volume and also different internal volumes. Therefore, a 
new parameter, I< ndr was defined which expresses adsorption per unit volume of gel 
and is independent of column dimensions: 

v c - (V/o + F’t) v/o - v,* 
ICnd = -__I-- = -I-- 

vu v, - v,* 

where V, equals gel volume, Vt equals total column volume calculated from the 
dimensions of the column, and the elution volume of acetone, V,*, was used as 

J. Ciwoutalogr,, 59 (1971) 349-306 
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(VU -j- l/i). ICnd equals zero for a nonadsorbed compound and increases with increasing 
adsorption. Another function used to cotnpare the two gels was the affinity nqnber, 
AN, of DETERMANN AND WALTER, which expresses adsorption per weight fraction 
of the dry gel in the gel bed (-ti) : 

where Tf,C; is the elution volume of glucose. For the calculation of AN, the elution. 
volume of acetone ~2s used in place of that for glucose. 

Table VI gives the column din~ensions ior Sepl~ades C-IO and LH-20 and rl,n 
elution parameters for some purines and other heterocyclic compounds. If adsorpti; n 
of lactim purines and pyricline is due to hydrogen bonding with tile llydrogen of the 
hydrosyl groups of Sephades G-IO, there should be iclentical aclsorption of these 
compounds to Sepllades G-IO and LH-20 since both gels have the same proportion of 
hydrosyl groups. 130th ICarl and AN values indicate that there is no significant 
difference between adsorption of pyridine and lactim purines to the two gels 
(Table VI). I,f adsorption of lactarn purines and pyrrole is primarily due to hydrogen 
bonding with ether osygen groups, there should be increased adsorption of these 
compounds to Sephades LH-20. But, as shown in Table VI, neither santhine nor 

F-____ _--- 

I~oIlLIItc parwrrlctei~ CoLllrrzrt voll‘rr~i.l!s 

G-IO LN-20 
-_-- -_ 

112/ 0 ” .arl 01 
i D /O 

of co~lrrr?n of coirlrrlll 
vol~l~llre vol1rr,rc 

_-__-- __-_ __-~_l_l_.-~--.- _---.- -- 
IT.1 75*5 100.0 39*3 100.0 

V” -t_ 1’1 (1,-c ~uzctollc) GI.0 77.7 35.4 go.1 

I’” (I’c rlcstrnn) 32*5 41*-i I-t.3 36.4 
I’ I 28.5 36*3 21.1 53.7 
IZ II 17.0 23_+.{ 3-9 9.0 
w 0.50 0.2 5 

_-- -_._ ---- --__---__..- 

Corrrporl~lrE I’,: (ml) I<” d A N 
--“P-. _.--_ - -- 

G-IO LII-so G-IO I;H-20 C-IO LH-30 
- _- 

Lactim purincs 
Purim 106 50.0 2.56 3si-I I..+ I.05 

Aclcninc 251 ss..+ IO.SO 13.59 6.23 5.99 
Lnctam purincs 

I-Iyposnnthim 113 47.9 2.95 3.zo 1.70 I.41 

Guaninc 199 0.f.s 7,1. 4 .+ 7 - 5 4 4.52 3.32 
Snntlzii~c 156 55.5 5#40 5.15 3.1~ 3.27 

Hetcrocyclic 
Pyriclinc 105 50.4 a.@ 3455 Is.13 1.70 
Pyrinliclinc 70 3s.3 0.52 a O,T;k 0.30 0.33 
Pyrrolc I73 59.4 6.3s 0.15 3.GS 2.71 
Pymzolc 11-1 50.7’ 3-11 3-W x*8&+ I-73 
Iniicl:~zolc 73 34.9 o.GS 0.00 0.39 -o.oG 

.I. C/lvolr?nfo,ly., 59 (1971) 3.1~3GG 



pyrrole is more strongly adsorbed to Sephacles LFI-20. These results suggest that, 
unlike substituted benzene derivatives, purines and heterocyclic compouncls do not 
interact with the ether groups of Sephades gels. 

DETERMANN AND WALTER If3 have shown bv equilibrium dialysis that phenol LI 
is adsorbed to polyethylene glycol but not to desk-an and, therefore, that the 
aclsorption of phenol to Sephades involves the ether cross-links and not the desk-an 
polymer. To study further the importance of ether cross-links of Sepl~ac1e.s for 
aclsorption of purincs, equilibrium 

70 

60 

O- 
0 

I I I I 
10 20 

Polymer % 

30 40 
O L-l I I 

0 10 20 30 40 

Polymer % 

Fig. 9. I?cr cent clx~ngc in rflnccntration of srtnthinc (lactani) and aclcninc (hctin~) after cq~tilibriuni 
dialysis against vnri6us concentrations ( ‘I/o w/w) of Dc,stran T-40 solutions (0) or Scplmt1c.s G-10 
suspensions (a). 

dialysis binding of adenine and santliine to 

70 r 

Desk-an T-40 and Sephades G-IO was determined as described in MISTHOI~S. Fig. g 
shows the per cent change in concentration of the purines in the clialysis solution as a 
function of the per cent of polymer in the dialysis tubing. The change in concentration 
of about 40% for dialysis against buffer is greater than the change of 33% espected 
from simple dilution, suggesting that the purines were slightly aclsorbed to the dialysis 
tubing. This is consistent with the report of adsorption of uric acicl to ‘cellopliane20. 
Santhine was adsorbed equally to destran and Sephades, the slopes of the regression 
lines in ITiEs. g being 0.317 & 0.066 (S.E.) and 0.297 & 0.042, respectively. Aclenine 
was adsorbed to destran to a similar estent with a slope of 0.212 rf= o.ogr but was 
much more strongly adsorbed to Sephades with a slope of 0.521 & o.oGCj. The ratio 
of the slopes of santhine over adenine fdr dialysis against Sephacles G-10 was 0.57. 
This agreed well with the ratio of Tr, 0 for santhine to adenine of o.gG <from column 
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chromatography on Sephadcs G-ho, indicating that comparisons between dialysis 
and chromatographic results are valid. 

These equilibrium dialysis results indicate that, unlike phenol, purines are 
adsorbed to the destran portion of Sephades. The equal adsorption of santhine to 
destran and Sephades indicates that hydrogen bonding of lactam hydrogens to ether 
groups does not contribute to the adsorption to Scphades. However, the stronger 
adsorption of aclenine to Sephades compared to destrans suggests that the amino 
group may form hydrogen bonds with the ether cross-links of Sephades as does the 
phenol group. 

131scuss10x 

The follo\ving properties of purines correlated with increasing adsorption to 
Sephacles G-IO : increasing z-electron delocalization energy, increasing z-electron 
donating ability, decreasing ,z-electron accepting ability, decreasing water solubility, 
ancl increasing electron density at the ring nitrogens as measured by basic ancl acidic 
pK, for purines with lactim structures, but decreasing electron density at ring 
nitrogens for purines with lactam structures. These correlations suggest that the 
mecl~anism of adsorption of purines to Sephades involves several types of molecular 
interactions such as weal; hydrogen bonding between z-electrons and hyclrosyl 
groups of Sephades, hydrogen bonding of nitrogens with unshared electron pairs 
to hydrosyl groups of Sephades, hydrogen bonding of purine lactam hydrogens 
to hydrosyl osygens of Sephades and hydrogen bonding of amino groups to ether 
osygens of Sephades. In addition, because of the polarizability of the z-electrons and 
the dipole moments of purines27, dipole-dipole, dipole-induced di.pole and dispersion 
forces may also play a role in the adsorption of purines to Sephades. Furthermore, 
the correlations of elution volumes with decreasing water solubility inclicate that 
competition between water molecules and the Sephacles gel for bonding sites of the 
purines plays an important role in chroniatograpliy of purines on Sephades. 

Work clone in part in Departments of Pediatrics and I~iocliemistry, School of 
Medicine, University of Miami, Miami, Fla. 33152, U.S.A. Supported in part by 
National Institutes of Health Grant CA-0574s and USPHS Research Grant No. 
HD 0460s from the National Institute of Child Health ancl I-Iuman Development, 
NIH. 
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