
(Fkt receked April w 1979; revised manuscript received September 4th, 1979) 

The microsomal fraction of mammalian liver homogenate contains a pyro- 
phosphatase activity which catalyses the hydrolysis of UDPglucuronic acid to UMP 
and glucuronic acid I-phosp’hate. A further phosphatase activity cleaves these prod- 
ucts to uridine and phosphate, and glucuronic acid and phosphate, respectively. 
A new method for the assay of these reactions is described using analytical capiJJary 
isotachophoresis. ?%is technique permits the simuhaneous quantitative analysis of 
mixtures containing UDPghxuronic acid, the primary products of hydrolysis, UMP 
and glucuronic acid l-phosphate, and the secondary products, phosphate and 
glucuronic acid, The sensitivity of the method is sufficient for the accurate determi- 
nation of 0.1 nmole of these substances applied to the isotachophoresis instrument 
in a volume of I-10 pI, i.e., for solutions of concentration as low as 10 ~mole/l. The 
sample-to-sample analysis time, including washing of the capillary and resetting of 
the instrument is of the order of 40 mm. The major advantages of this method are 
that a complete analysis is possible without the need for radioactively labelkd com- 
pounds, and the analysis time is considerably less than for a conventional chromato- 
graphic separation. 

IN-lXODUCXiON” 

UDPghrcuronic acid is the hey substance in the so-calfed D-ghrcuronic acid 
pathway’. There are two enzyme systems of mammalian liver endoplasmic retic&m 
which employ UDPghxuronic acid as substrate. First, the biosynthesis of glncuronides 
catalysed by UDPghmuronyltran&emse (EC 2.4.1.17) uses this nucleotide as the 
SOW of gIucuronic acid for conjugation to a wide range of acceptorG_ This process 

‘TOWhOil.lCO rresimnw shcnlId bc ad-. 
” Abbrcvktions: UDPGA = tidk S’&phosp~ gl~ai~ acid; UMP = usidine S- 

monophasphate; GA-f-P = a-n-&czmmic acid l-phosphate; GA = D-gluturotic acid; Pt = ia- 
0rKanic phq&e. -mess; nuckotide pyrophosphatve (dinuc!eotide nxkotidohydrol~ 
E-C-3.6.I.% alkaline phosphatase (auckotide nudeotidohydroks, E.C.3.1.3.1.) 



is vital in hepatic detoxification mechanisms. Second, UDPglucuronic acid caq be 
hydrolysed to UMP and gh~curonic acid l-phosphate by a pyrophosphatase activity, 
belkved to be the impecik nuckotide pyrophosphatase (EC. 3.6.1.9), which also 
cleaves UDPgkGse, NAD +, NADK, NADP’, and NADPW. Free mgiucuronic 
acid is important in the biosynthesis of D-glucaric acid, L-_xyluPose and other pentoses, 
aad can also be converted into x.-ascurbic acid in specks which synthesize this 
&X&L D-Glucuronic acid can be produced through either of t&e two above- 
mentioned pathways, by hydrolysis of glucuronides (catalysed by #I-gh~curonidase, 
EC_ 3_2_131) or by hydro!ysis of gl~curotic acid 1-phosphakz (probabiy catalysed by 
zn unspecik alkaiine phosph&ase~ EC_ 3_1_3_1)_ These pathways are summarizedin 
Fig_ 1. 
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Fq. 1. fklxmc slu~niq the foi-nxaon of n-gl uuuwnic acid from UDFgbaxonk acid_ Tk G-St 
p&way is vii din-sckotidc n&cotidok~ydrohsc (E-C_3.6.1 3) and phosphatasc @roSabIy EC.3.1.3.1. 
a&vitiks with intamuiiate pradxt B&ICUOT& acid I-pbspbte. The akrnativc pathway is via 
GIWgiucrrro~yit (?ZC24_1_17’) and &glucun~tidase (E_C_3_21_31) ztivitics with a &D- 
&aEc%l& as inttrmdiate EIetab4titc 

To date, two bzsic methods for the assay of UDPglucuronic acid hydrolysis 
haw been nqxxted_ A complete a.nalysi.s has only been possible using Iabelkd UDP- 
giftxaxonic acid aud a paper_chro;natographic separationc_ The major advantage of 
this method is tkt the metalxGsm of UDPgiucuronic acid through both routes cam 
*bc folloxwd simultaneously_ Howescr, the analysis is somewhat labosi~us and time- 
m&g_ A more rapid a-y of the pyrophosphatase xtivity is possible by the 
fi&er hydrolysis of the products, IMP and giucuronic acid f-phosphate, &h the 
aid of added pyrophosphatase-free alkaline phosphatzse (EC. 3.1.3.1). The total 
inoqanic pbosshate liberated is estimated by t&e method of Fiske and SnbbaRow. 
and l &e amount of UDPgWuronic acid hydrolysed at the pyrophosphate linkage is 
ca!cuIa&exi directly as half&e total phosphate form#. Aithough this assay is acawate 



and easy to perform, the method is ouly applicable to the pyrophosphatase reztction; 
the rafe-Ii&kg process of @ucuronic acid L-phosphate hydrolysis in microsomal 
pFeparations cmnot be foilowed_ 

The aim of the present work was to develop a method for the isotachophoretic 
separation of UDPghmmmic acid from the products of hydrolysis to provide a rapid 
and accurate techuique for the analysis of the pyrophosphatase/phosphatase route to 
glucuronic acid, Analyficoi capillary isotachophoresis has already beeu employed for 
the qualitative and quantitative analysis of other nucleotides and organic anioi&‘, 
and for the study of some enzymatic processe8 *‘_ The major advmtages which could 
be offered by this technique are: (a) a rapid amdysis, based on the separation times 
for the other nucleotides, (as the separation is carried out in carrier-free buffer media, 
very iittIe time is wasted in cteauing and resetting the instrument for the next analysis), 
and (b) detection of the samp!es is carried out photometrically so that radioactively 
labelled compounds are not required. For a more detailed description of the back- 
ground to isotachophoresis see refs. 10 and 11. 

MA- AND METHODS 

The isotachophoretic analyses were carried out on the LKB 2127 Tachophor 
(LKB-Produkter AB, Bromma 1, Sweden), Gttcd with a PTFE capihary (61 cm x 0.5 
mm I.D.). The capillary was maintained at a temperature of IO” during the measure- 
ments. The separated zones were detected photometrically at 254 urn. 

The reference samples for the experiments, UDPGA, UMP, GA-l-P and GA 
were purchased from Boehringer (Mauuheim, G.F.R.), and potassium dihydrogen 
phosphate from Merck (Darmstadt, G-F-R_), and were of the highest available 
commercial purity. Solutions of these substances were prepared to a concentration 
of 1 mmole/l in ICI0 mmoIe/l Tris-HCi buffer at pH S as standards for calibration of 
zone lengths. The leading electrolyte system was 5 mmolefl HCl containing 0.25 % 
(w/v) HPMC (hydroxypropylmethy&4lulose; Dow Chemical, Midland, Mich., 
U.S.A.), and corrected to pH 3.89 by the addition of /?-alanine. The terminating 
eIectroIyte was 5 mmole/l caproic acid, 

The separation was performed under conditions of constant current, at 100 PA 
for the tirst 20 min, and then at 50 PA. The total separation time -as ca. 30 mm, and 
the samples passed the UV detector at a potential of 17-20 kV. Calibration curves 
were derived from the zone lengths of various amounts of the staudard solutions 
defiued above. The range employed was l-10 nmole of substauce injected into the 
instrument in a volume no greater than 10 $_ A number of small absorbing and non- 
absorbing zones due to impurities in the electioIyte systems and in the samples were 
detected in the isotachopherograms. These were differentiated by running a separation 
in the absence of added sample. 

incubations of UDPGA with microsomal enzyme preparations were carried 
out in 100 mmole/l Tris-HCl buffer at pH 8, and zt temperature of 25”. The UDPGA 
concentration employed was 0.5 mmolefl, and incubations were canicd out in the 
presence and absence of MgCl, at a coucentratio~ of 1 mmolefl. The microsomal 
fraction of homogenates of rabbit, rat, and pig liver were prepared by differential 
centrifugation according to standard procedums=. The protein concentration in the 
inmbatiom WLS adjusted to about 1 mgJml, determined by the method of Lowry 



et cd_* with bovine serum albumin as reference_ ImmediateIy &et i&.iation of the 
imxlbati~ 10 4 oftbe mixture were remwed in a microsyringt and injected into the 
LKB--Ikcbopbor_ The separation was carried out accordingto theaxxditio~~~described 
for the calibration experiments_ Further aliq~~ots of 10~1 we= removed fmm the 
incubation mkhm at inkewak of W-40 miu (i.e., after compktion of the preazding 
analyst) until no more UDPGA was detectable in the isotachopkmgram. Control 
exxents were carried out to ensure that no furtheE entymatic hydrolysis occwred 
af&erinjeetion Of&esanl~k~~thc imtmmc&Inadditimtotie ali~otxemoved 
for direct appk&on $3 the apparam a fur&r sample Fcas taken 2t the same intervals 
of time, and the protein was precipitated by the addition of one tenth of the sample 
vob~~~e of 70 oA pes&hxic acid. C?Q cornpktion of the direct kinetic expetienk H%~l 
portions of tke supematant of the perchloric acid-treated samples were arrzdysed. 
T&e rSu.ks of the two methods were Similar to witbin the nonnai experimental 
accumy, demonstrating that ix+xtion of a sample into the electrolyte system in the 
instnment leads to efkctii quenching of the enzymatic reactions, 

Fig- 2 depicts the princi$zs of analysis of a UV-absorbing and non-absorbing 
zone. A prereqnisite for the accurate qrrantitative determination of an absorbing zone 
is symmetry of the pe2k The width of the zone (0,) was measured at half its height 
(E&J. and was converted into units of time according to the set chart speed. The 
width of a non-absorbing zone (0,) was estimzted at half the height (H,) of the lower 
absofiing neighbouring peaks, which can be either sample zones, or 2 pe2k due to 
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an impurity. Calibration curves for the W-zbsorbiig species UDPGA and UMP, 
and the non-absorbing specks, GA-I-P, GA. and Pi, were umstmcted as zone widths 
in seconds with respect to the amount of injected sample in nanomoles. These plots 
were all linear within the range studied, and passed through the origin of the axes. 

The order of migration of the aions involved in this study from high to low 
mobility was UDPGA, GA-I-P, Pi, GA, and UMP, as derived from isotachophero- 
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Fig. 3. kaCachq&mgram der.no~~ the earfy stage of hydro&si.s of UDPGA. Peaks a and i are 
due Co UDPGA and UMP, respc&s~&_ T&e naaabsorbing zones, b, d, and g due to GA-I-P, 9, 
amiGAases&imala~&issragc.l%eremainn imncsaseduetoimpuritiesritiesinthe bu.ffersysems.The 
thaa~cmpfoyedwas6cn;lmin.andffie~isshownbothin~aMz~~-~uniis. 



grams of t&e refkrence SubsQnces. The calibration - were linear for the range 
l-10 mnok of substance inje and the slopes of the calibration plots expressed in 
seconds per nmoIe resulting from these plots are given in Table I. 

Figs. 3 and 4 are exampfes of isotachopherograms at an early add later stage 
of hydroly+, respectively. The source of microsomes in this case was rabbit liver, 
and th: incubation v-as qarried out in the absence of magnesium ions, which gave 
slower tietics than in the-pxsence of magnesium. The small peaks denoted by c, e, f, 
and h were due to impurities, and wire a&o present in a blank run. These impurities 
were thus present in the ekctrolyte systems. UDPGA is the W-absorbtig peak, a., 
with the highest mobility of the anions present. The no=-absorbing zones, b, d, and g. 
ue due to GA-l-P, P,, and GA, respectively. These zones are definable through the 
small &sorbing impurity ~s&s, which are often used as markers in isotachophoretic 
experim_~S~. UMP is ffie W-absorbing zone, i, with the lowest mobility of the anions 
prekt. The mo isotachopherograms demonstrate that although the width of the 
UDPGII zone is reduced by more ‘&an half & the period between Fig. 3 and Fig. 4, 
the UMP zone is only siigbtly wider. The more dramatic incrcaxs arc obscti in 
the ronabsorbing zones, particukiy PI, which is explained by the further hydrolysis 
of C&fP’. The final product of phospbatase cleavage, uridine, is not detectable under 
these conditions. The width of the UDPGA, GA-l-P, Pi, GA, and UIHP zones were 
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de&mined according to the aforexentioxd method, and were converted into con- 
~ntions from the calibration carves. A kinetic profile of the concentration changes 
is shown in Fig. 5. The conditions were the same as those for the isotachopherograms 
in Figs. 3 and 4. UDPGA was completely hydrolysed within CQ. 200 min. 
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Fii 5 EC&tic pro6k derived from the isotachophoretic walysis of UDPGA hydrolysis. The sub- 
strate UDPGA (0) is hydroIyxd within CQ. 200 min under our experimental conditions. LIMP con- 
cena-afims (e) are more or less canStant during the first &lo% of t&e nxction Sme, demonstrating 
similar tates_of formation from UDPGA and further hydrolysis. The other primary product of 
Ir?)PGA hydrolysis GA-l-P (RI). displays inaeadn g concentration for the first 2 h, and kvek off 
when 80% of the UDPGA has been hydrolysed. The final hydrolysis product, P, (0) hcreses 
rapidly in consezntration, Iixaly for the first 2 h of reaction_ Ghxuronic acid (+) is form@ only when 
a considerable amount of GA-l-P has accmnulated in the textion mixture. 

Inorganic phosphate is produced through hjxirolysis both of GA-l-P and of 
UMP. It is interesting to resolve the phosphate components c and Py (derived from 
the c&avage of GA-l-P and UMP, respectively) from the total phosphate Fi observed 
in the isotachopherogram. A further component, c must be defined for the small 
amount of inorganic phosphate present as impurity in the system. This amount was 
estimated from the measurement at initiation of the incubation, which in the case of 
the kinetic proHe shown in Fig_ 5 was 0.12 mmoIe/L 



‘Ete inotganic phosphate component of GA-l-P hychlysis, e, is identical with the 
con~t.ration of GA, the other product of lxy&oly& elf GA-I-P. 

mm 

By the same argument, e is equal to the uridine concentration. me UDPGA CQQ- 
centration at a partkuiar stage of the hydrolysis, UDPGA, can be estimated in three 
ways: 

(1) Directly from the width of the UDPGA peak_ 
(2) From the sum of the GA-l-P and GA cuncentrations deducted from the 

initial UDPGA concentration, UDPG&_ 
(3) From the sum of the UMP 2nd P ccncentrations deducted from UDPG&_ 
Tabie II summarizes the values of UDPGA,, GA-l-P, GA, Fii, and UMP con- 

centrations measured directly from the zone widths, and the concentrations P: and 
PF caIccWed indirectly as described above. The three calculations of LTDPGA, are 
&ted in Table III_ The values derived from the GA-;-P and GA concentrations are 
in good a~meut with the di_xct measurements of UDPGA, at the later stages of 

hydrolyak At the early stages of the reaction, the amounts of GA-l-P and GA 
generated ace too small to be estimated accurately from the zones. Thus, the amount 
deducted from uDPG& is underestimatEd, and the resulting value of UDPGA, is 

tco hi.& As the inorgauk phosphate component of UMP hydrolysis, e, is derived 
from a deduction of the GA ccmcentration from total phosphate, one would thus 
expect tie v;ilucs of P to be overestimated during the early stage of hydrolysis_ Thus, 
the v&xs of UDPGA, derived from UMP and c should be lower than the di_tect 
values_ ‘This is indeed found to be the case. The errors can be compensated by cal- 
culating a mean value for the UDPGA, values derived by the two indirect methods. 
_lksc rcsuks arc found to be in good agreement with the direct determination of 
UDPGA,, as shown in Table III. 
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TABLEill 

Tl3E UDPGA CGNCENT%WiONS DURLNG THE COURSE OF HyDROLYSfs, EST& 
MA- m.ZCO~ENG TQ) THREE METHODS FROM THE DATA OF TABLE 11 

Me&& A is fmm the direct ar&sis of the UDFGA zone_ Metbd B is derived from ttie sum of the 
GA-L-P and GA comermatios deducted from the initial UDFGA cmcentration, UDPGAa, and 
method C from the sum of the UMP and e concentrations deducted from UDPGAO, as expbined 
hthecext. 

33 0.33 0.42 023 0.33 
65 0.25 0.31 0.18 0.25 
97 o-i9 020 0.15 0.17 

129 0.11 0.11 0.11 0.11 
163 0.06 0.07 0.15 0.11 . 
Es6 0.05 0.06 0.14 0.10 

Fig. 6. Lbemaver-Burk plot showing the dependaroe of rate of hydrolysis 
baud as a Function cf ttte initial UDPGA connation. The imubations were 
in the absrmr of magnesium ions. The gh, from the plot is 0.36 mmoIe/l. 

of the pyrophosphate 
camiedoutat25”and 



Fig- 6 is a Lineweaver-Burk plot for the rabbit liver microsomal enzyme with 
varying initial c23ncentrations 6f UDPGA. The incubations were carried out at 29, 
and in the absene of added magnesium. The K, from the plot was 0.36 mmole/t. 
which is of the same order as that found by P&akainen et QI_~* (O-21 mmole/l), albeit 
with rat liter microsomes, and in the presence of magnesium ions. The initiai rates of 
UDPGA !@roIysis were derived from tize direct c&cuIation of UDPGA concen- 
trations from the UV-a&orbing zone, and the method was thus shown to be accurate 
enough to permit the use of substrates in a concentration range which is of b&hem&I 
reIe\xxe. Liver microsomes from ail three mammaiian sources were found to have 
both pyrophosphatase activity towards UDPGA, and phosphatase activity towards 
U.MP and GA-I-P_ The hydrolysis, particularly of the primary products UMP and 
GA-l-P was found to be accelerated in the presence of magnesium ions. These resdts 
are in agreement with previous reports in the IiteratunFs. 

DISCUSSION 

These resuIts demonstra’e that anaI+aI capillary isotachophoresis is a very 
sensitive method for l &e separation and quant&tive determination of mixtures of 
nucIeotides, nucIeotide analogues, and anionic derivatives, and can be employed for 
the stidy of e nzymatic reactions involving such substances. The hydrolysis of UDPGA 
ca*alysed by a Liver microsomd pyrophosphatase activirj can be monitored by this 
technique, and the fate of the primary products UhfP and GA-l-P which are further 
c!eaved by a phosphatase activity can be followed simultaneously. The basic principle 
of the isotachophoretic separation of nucleotides with high resolution has already 
Ixcn reported in the literatu&‘, but very little work has previously been invested in 
the use of this method for the assay of enzymatic processes involving nucleotides. 

As f&r as the hydrolysis of UDPGA is concerned, analytical capillary iso- 
tachophoresis offers considerable advantages over more conventional methods. Thin- 
Iayer or ~~i_chroIIlatO_gG3phk separation techniques are useful for the compkte 
anaiysis of reaction substrates and products, but are generally sensitive enough for 
an accurate quantitative assay only if radioactively labelM substances are employed. 
-Moreover, such methods can be *&ious and time-consuming. SimpIer methods are 
avai!abIe for the analysis of one of the reactants or products, but such measurements 
can be subject to considerable errors due to side reactions which are not detected by 
the direct a.naIyticaI technique. An e.xampIe of this problem is the competition 
between ticrosomaI nucleotide pyrophospbatase and hydroxylation or conjuetion 
proceszsx4. all of which act on nucleotides with pyrophosphate linkages. The pyro- 
phosphatase hydroIJ_ses not only UDPGA as described in this work, but aIso appar- 
ently dinucleotides such as NADP, NADPH, NAD, and NADH, which are also 
invoIved in &xurotidation and hydroxylztion reactions, respe&veIy. Thus, it has 
been su_~ted that hydrolysis of the nuckotides should aiways be investigated parallel 
to studies of drug metabolism reactions~, in order to ensure correzt saturating con- 
ditions with respec? to substrate_ The correction would be of even more importance 
in end-point methcds for the analysis of the equiIibrium state_ The method described 
here would be applicable to such studies. 

Under the conditions descrii for the isotachophoretic separations. most of 
the more common nucleotides, and many of the products of metabolism can be 
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analysed simultaneously. Thus, all but one of the products in the complete phos- 
phatase hydrolysis of UDPGA, namely uridine, cam be assayed. The pH employed, 
3.89, was found to be most suitable in this case. As the net mobility of an ionic 
species is defined as tie product of the ionic mddity (a constimt), and the degree of 

dissociation of the species, it is clear tit the net mobility will be p&dependent. In 
the application of this technique to the study of other nucleotide mixture, therefore, 
it woutdben ecemuy to investigate the pH at which the net mobilities of the species 
in a given mixture di&r as widely as possible. The highest isotachophoretic resolution 
is obtained under such conditions. 
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