c
-
8
g
H

GLORIAM

Loyola University Chicago

e Loyola eCommons
Master's Theses Theses and Dissertations
1968

An Enzymatic Assay for D-Glucaric Acid in Blood
and Bile

Nicholas M. Di Filippo
Loyola University Chicago

Recommended Citation

Di Filippo, Nicholas M., "An Enzymatic Assay for D-Glucaric Acid in Blood and Bile" (1968). Master's Theses. Paper 2262.
http://ecommons.luc.edu/luc_theses/2262

This Thesis is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons. It has been accepted for inclusion in

Master's Theses by an authorized administrator of Loyola eCommons. For more information, please contact ecommons@luc.edu.

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 License.
Copyright © 1968 Nicholas M. Di Filippo



http://ecommons.luc.edu
http://ecommons.luc.edu/luc_theses
http://ecommons.luc.edu/td
mailto:ecommons@luc.edu
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

An Engymatic Assay for D-Glucaric Acid

in
Blood and Bile
UNIVERSITY
0 LIBRARY
L MEDIC\NS
by

A Dissertation Submitted to the Faculty of the Graduate
School of Loyola University in Partial Fulfillment of
the Requirements for the Degree of
HMaster of '§cienea

February
1968




LIFE

Nicholas M. Di Filippo was born in Burope of American parenks
on November 1, 1939. He began his education in the public grade
schools of Providence, Rhode Island, and campleted grade schoal and
high school in Joliet, Illinois. He is a graduate of Joliet Catholic
High School and Loyola University®s College of Arts and Sciences.

The anthor began his graduate studies in the department of
erobiclogy in September, 1965. He is married to the former
Margaret Regina Hogan; the couple have three children: Iucy Anne
(two years old), Thomas Jude (one year old), and Marie Regina (two
weeks old).




Table of Contents

Chapter I. Introduction

A,
B.
c.
D.

Historical

Importance of D-glucarie acid

Present assays for D-glucaric acid in bioclogical fluids
Glucuronclactone conversion to D-glucaric acid

Chapter II. Materials and Methods

A.
B.
C.
D.
E.

HMaterials
Growth of E. goli

Preparation of enzymes
Treatment of heparinized blooed or gallbladder bile
Assay

1. Assay for glucarate in absance of blood or bile
2. Assay for glucarate in blood

3. Assay for glucarate in bile

Chapter III. Results

A.
B.
C.
D.

Results with glucarate in absence of blood or bile

Estimation of glucarate content of blood

Estimation of glucarate content of bile

Blood glucarate analysis using NADH and NADPH
-ii-

‘O-«!NHH&

12
13

15

15

18

20

3

X

25




Chapter IV.

Chapter V.

Chapter VI.

Table of Contents (can't.)

Discussion

Acknowl edgements

Iiterature Cited

Page
27

35




Chapter I. Imtroduction

A. Historlcal

In 1961, C. A. Marsh (22), then at the Rowett Research Institute
in Scotland, was working with urinary s-glucuronidase inhibitore of unknown
composition. When examining the dislysate from normal human urine, Marsh
found that the potency of the inhibitor was enhanced by acid treatment and
decreased by treatment with alkall; both treatments were reversible. Hs
noted that these properties were cmmsistent with the known specific inhib-
itore D-glucaro-l,li-lactone and galactarclactone. Although the presence
of such compounds in mamualian body fluids had not previocusly been reported,
Harsh suggested that D-glucaro-l,l-lactons could conceivably arise by ouci-
dation of D-glucuronic acid or its 6,3-lactone and that D-glucuronic acid
in turn could be formed in vive through the breaskdown of uridinediphosphsate
glucuronic acid. He later found that rat liver homogenates were asble to
convert D-glucurono-3,6-lactons into a product which inhibited rat liver
P-glucuronidase, and, a8 in urine, this power was greatly increased by acid
trestment and reverailly abalished by treatment with alkali. Partially
purified enzyme preparations required the addition of nicotinsmide adenine
dimcleotide (NAD), which also potentiated the activity of cruds preparatiors.
It was not until 1962 that this NAD-dependent enzyme, forming D-glucaro-
1,i-lactone from a lactone ofifp-glucuronic acld wes named D-glucurono-
lactane delydrogenase by Marsh.




Smmméwmatthemmmdthalwtmw
glucaric acid and the enzyme concerned with its formation, others have
joined Harsh in expanding our lmowledge of glucarats in relatiom to f~gluc-
uranidase inhibition and the possible use of glucarete as a therapeutic tool
in the prevention or treatment of ailments such as cholelithiasis (21),
hyperbilirubinemia (3), and cancer of the bladder (9). A review book dis-
cussing these concepts and related topics has recently appeared, sdited by
Geaffyy J. Duttan and entitled "Glucuronic Acid, Free and Combined” (11b).

Be Importance of Deglucaric acid

D=glucaric acid, also knoun a3 saccharic acid or glucosaccharic
acid, the product of ths reaction catalyzed by D-glucuronclactone dehydrog-
enase, is widely foumd in nature and has the following chemical formula:

COOR

=
o

COOH
I¥s importance in bacterial metabolism has been studled by Elumenthal (6,7),
who found that when Bscherichis coll was grown in glucarete, both resting-cell
suspensions and cell-fyee extracts from this culture canverted one mole of
glucarats to one mole of pyruvate. Fram this starting point, the cogplste
nmetabalic pathway for the conversion of D-glucarate 40 glyceraste and pyruvate
was soon elucidated. This pathway was also found in & vardiety of enteric
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bacteria. Another patiway for D-glucarate degradation in pseudommmads leads
to the formation of «-ketoglutarate and COp (hha).
The importance of glucarete to the pathogenesis of gallstones in
humsns was recently considered by Maki (21). In the biliary tract, S-gluc-
uronidase of bacterial origin, usually Bscherichis coli, hydrolyzes bilirubin
glucuronide into free bilirubin and gluowronic acid. Subsequently, ths
calcium in bile combines with the carboxyl group of the liberated bilirubin
to form caleium bilirubinate, which thon precipitates. But, bile corpains
glucaro~l,li-lactons, & normal inhibitor of f-glucuronidase (33,45). This
lactone is the product of the reaction catalyzed by Deglucuramolactane
dehydrogenase in the liver. Tms, glucaric acid may play two opposing roles
in cholelithiasis: (1) it can support the growth of E. cali, which camithen
liberate bacterial /-glucuronidase, and (2) can inhibit the activitycef the
f~glucuronidase of bacterial arigin, tims preventing calcium bilirubdinate
jstone formation.
Anke (3) noted that bilirubin glucurcnide formation was low in
| memm.ﬁ-@.mm,malmdammm
infants, thereby breaking down what listle glucuronide was being fommed.
Fh cansidered suppressing /A-glucuranidase using glnmlwbm tharspeuti-
kally, to camteract in the newborn a) a decreased production of the fegluce
ase inhibitor, aggravating sn already increased bilirubin load, b) as
a3 deficiency in the detaxicating mechanism in the sbsence of canjugation
th gluowronic acid (24).
Bayland (9,10) tried toncorrelate the pole of glucaro-1,L-lactens
brith the appearence and prophylaxis of bladder camcer. Although his sttempt




to prevant the induction of bladder cancer in dogs with glucaro-l,l-lsctone
{10) was wnsuccessful, Boyland has reconmended orel administration of
glucaro-1,li~lactome to men exposed to carcinogenic aromatic amines and to
mm%mmw&rwwmdwmwm& Boyland beliesves
this would reduce the anount of free carcinogenic arcmatic amines in urine
wlilch would be released enzymatlically fram their glucuromides by the action
of urinary f-glucuranidase.

Marsh has done a considereble amount of sovk.sm the urinary excretion
@MWM&,W&l%BWWiMdWWW&&
normal. constituent of human urine (25). He found that the normal amount of
glucaric acid excreted per 2l hr period was about 10 mg (using & more preclse
chemical analysis, Ishidate (15) has recently found that there is actuslly
15 ng excreted par day). This was fho first demnstratiom of glucarate in
mnwmammmmm&umemmw
measured in lumsn gallbladder bile (33,45).+:At present, the anly knoum
function of glucarete in hmans is, a3 brought out previously, the ability
to inhibit f-glucuronidase. Howsver, glucarate may exist in & mmber of
forms, and not all forme are equally inhibitory. According to Hatsushiro
(23) and Harsh (31), there are three possible lactones which cam form from
glucaric acdd:

Q2 0:COH 0:C
ot HEOH me? 0
(= J —CH HOCH
0 0 HioH ég
\\ i HOOH SOH
20 €10 QHC:0
@ucaro=b, 3~ Glucaro=6,3- @ucaro-l,l-

1.&-&!.1&0%@3 .lactone lactne




Harigaye has studied the inhibitory effect an ret-liver A-glucuranidase by
thase varims forms of glucaric acid, both in witro and in vivo, In his

in vigro studies, Harigaya (13) examined not only the various forms of
glucaric acid, but also closely related compounds, and found that glucaro-
1,4~lactons was the most potent inhibitor studisd. e found that the inhi~-
bitim of Aglucurenidase by acids derived from glucoss mnd their lastames
decreased in the following order: glucarc-l,L-lactone, glucaro-3,6-1,l-di-
lactone, glucaric acid, glucare-3,6~lactons, glucurcnic acid, ghuconoey-
lactm, glucano-~j~lactone, glueonate, and glucurandlactome. The inhibitory
potency of the last two compounds was £ound to be equal. From these results,
Harigaya concluded that 3,6-lactonization causes a decrvase; while
1,h-lactonization causes an inecrease in the inhibitory effect of the cor-
responding acid. Turming t¢ in Fivo experiments Harigaye (1h) found the
results to be somewhat different. The experiments were perCormed as follows:
Various doses of glucarete or its lacbones were administered Ly a stamach
tube, the animals were sacrificed after 30 min and ths activity of liver
fr-glucuronidase was then assayed. Thus, when glucaric acid and its lactomes
were orally administered tc¢ male mics, the potencies of inhibitory actim

of these campounds on liver A-glucuranidase were in the following order,
begimning with the most potent: glucaro-3,6-l,l-dllactone, glucaro-l,l-
lactone, glucaro-3,6-lactane and glucaric ecid. Therefore, in comtrast to
the in vivo Lindings, the inhdbitory effect was intensifisd, rather than
decreased, by 3,6-lactanization. The fact that the effect of orally aduine
istered glucaro-l,li~3,6~dilactone was more posereful than glucaroe-l,l-lactone
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was not due to the quantitative transforwmation of the dilactone to the
1,k-lactone in the intestinal tract since it was found that the dilactone
was transformed into the 3,6~ and 1,k-lactmes at equal retes. Tims, Harigaya
concluded that the dilactane was more rapidly absorbed from the intestinal
tract and more readily trensported through the liver cell membrane than
glucaro-1,l-lactone; when the two lactones were introducsd directly into
the blood, the relation was reversed. The in yitro inhibition of glucarete
of Aglucuronidase from other sources, such as bovine liver (18), digestive
gland tissue of the blus cxadb (37), bacteria (45), and urine has also been
studied, and in each study, glucaro-l,l-lactons was found $0 be & potent
inhibitor.

As emphasized throughout the previous dlscussion the anly lmown
value to humans of glucarste is derived fram its ability to inhibit the
enzyms /-glucuronidase. According to Plum (36), /-glucuronidase is a
widely distributed enzyme, which hydrolyses ths /-glycosidic bond between
uronic acid amd a varisty of other mcdtises, including steroids, hydroxylated
aromatic ccopounds and sugar derivitives. Mmm;mdmw
in & latent form in most tissues, being associated with lysosomes and
microscmes. From this bound state it may be releassed as a free or non-
sedimentabls form durirg autclysis, ischemic necroeis, trawsatic shock,
experimental muscular dystrophy and hypervitaminosis A. Tissus activity
of p-glucuranidase may be related to hormemal sctivity (11). According
somm(lz).muaamzwwm@nq:,&mmmm
plasmic reticulum and in lysoscmes, and although he agrees with Plum that
mmummmm“%mmmam,mmm




the possibility that the enzyme may serve as a structural protein of the
endoplasmic reticulum, a hypothesis that has yet to be tested experi-
mentally. Fishman also points to a third localization of A-glucuronidase
within body fluids, such as salivary, gastric and intestinal juices, bile,
vaginal and spinal fluids, and urine (35), where the enzymecis active.

The f-glucuronidase of bile appears to be extremely important in formation
of gallstones of the bilirubin type. However, it may not be the endogenous
p-glucuronidase which is of importamnce in this regard, but rather the A-gluc-
uronidase of bacterial origin (19,20,21,41,43). According to Sato (42)

the optimm pH for f-glucuranidase from E. coli is about pH 7. This is
cantrasted with tissue A-glucuronidase which has a pH optimum of 3.9 to 6.3.
Since the pH of bile 1s usually near 7.0 this tends to favor the activity
of bacterial f-glucuronidase while the activity of tissue f-glucuronidase
"may be far from a maximum at normal pH of bile, since the latter is largely
different from the optimm pH." The sctivity of serum A-glucuronidase in
various disease processes has been widely studied (3k,36,38,39) and

appears to be intensified in atherosclerosfs, epilepsy, and diabetes.

C. Present assays for De-glucaric acid in bilalogical fluids.

Presently there are two methods for the quantitation of glucarate
in two bicdlogical fluids, urine and bile. DBoth methods were first devaloped
Por testing the glucarate in urine and were later adapted to bile. No

reports are available at present cancerning either the qualitative or
-?O




quantitative detection of glucarate in other biological fluids such as
blood, cerebrospinal fluid, sercus fluigd, etc.

The first method available for the determination of glucarate in
wrine was that of Harsh (25), bassd on the ability of glmcarate to inhibit
ﬁng}xcurmidasa. The f-glucuronidase assay iz carried out as follows: A -gluce
Weumdfmumwmamm Biosynthetic phenol-
phthalein p-n-glumiae, 0.63 ml, 1s the standard substrate for the enzyme
assay, which is incubated for cne hr. at 37 C in 0.125 M acetic acid-NaOH
buffer, pH 5.2. The L ml incubation mixture includes 0.5 ml of enzyme so-
lution, which liberates 35-40 ug of phenclphthalein in assays deveid of urine
or other substances inhibitory to the enzyme. To estimate urinary glucarate,
tmmdnmnmlumaddedmhmmewmimtomwmdm
strate immediataly before the final addition of the encyme, and the assay is
carried out as usual. The urine is treated as follows: crude urins (pH L.5-
7.0) is treated at 100 C for 40 min, after adjustment with 3 N HCL to pH 2.0-
2.2, fdllowed by readjustment with NaOH €0 pH LeOehe5s This treatment is
mmmmmmmwﬂmmmwummmm»
adjustments thers is no interference with the pil of the subsequant enzyme
assay. To quantitate this method, lkrsh selected an arbitrary unit, namely
1 it of inhibition” (U.I.) which he dafined as "that quantity which pro-
maB%mtimwmnmﬁmmmmmmmmmwat
PH 5.2 with 0.63 mii phenolphthalein glucuronide as substrate.’ Thus, from
a graph of inhibition against concentration of acithmated urine, ths U.Il.
present in a urine spscimen can be measured.

In 1965, Ishidate et al. (15) developed a chemical method for the
e




quantitative determination of glucarate in wrine. Yagamuchieh al. (L5)
quickly adapted this improved method to measure the glucarate content of
{gallbladdée bile. In esseuce, this was a chemical method bused on an ilon-
exchange chramatographic separatiom of D-glucarate in urine or bile weing an
mm”emﬂninbmfm The separstion of D-glucarate was
MwmmeﬁmuwabmeMBMm ‘IhoD-'
|glucaric acid tims separeted was axidized with periodic acid; the resuliing
lglyoxylie acid was determined by a modification of the procedure reported by
McFadden and Howss (45): The glyaxylic acid was condensed with phenyl-
hydrazine o its phenylhydrazone and, in the presence of potassium ferricyanide
and excess phenylhydrezine, emwmml,ﬁwumma
colored substance. The latier was quantitatively detereined ipac:ﬁropMo-
[metrically at 520 mp.

Although & cansidarabls improvemsnt over the method of lMaxeh, this
mothod also had its disadvantages. MW,&MWM,MW
uronic acid, I-ascarbde acid and octher hexaric acids could not be differ-
entiated from glucarete. Another disadvantage appeared to be that there was
naMWM@@Mmmmmmcﬂm%).

De Glucuronclactons conversion to D-glucaric acid; glucuromolactone
dahydrogenase.

Gucuronclactone, the lactons of glucuranic acid and the substrate

9=




for D-glucuronalactone dshydrogensse, has the following chemical formmlas

The close structurel similarity of D-glucurcnolactas to D-glucaric acld
lead Mayeh (26) to speculate that D-mmo}.astm was a direct precursor
of the Deglucaric acid produced blosynthetically. Although glucuronolactone
has not been reported in mammalian tissus (11b), Marsh believes that the
probable source of glucurenolactone in vivo is fres glucuronic acid formed
in tissues sdlely from UDP-glucuronic acid, either by direct action of
phosphatases or by the hydralysis of glucurcnides formed by tramefer of the
Deglucurcnic acid moiety to unlmouwn acceptors. However, Mayesh does not mile
mmmmvmwwmwmmmammm
sm,xww,mwmm@mmm@mmm Rax
M)nummmmozgmummmmﬂfaumtmww
lactone could be comverted to I~ascorbic acid, by the enzyme De-glucurono-
Mom reductase, a wmw;emum mzyme, which may capets with
D-glucuranclactons deln >cgenase for its substrete. Baker (5) studied the
metabalisin of D-glucaranalactone-6-15C in man and found that, although a
mpMimcxthuumol&mtompwmeoa,nmgm
cmuimmemmmtoacmwMﬁdmummdhy
radloactive ascorbic acid in urine. Unfortunately, he dfd not test for
labelled glucaric acid, which presumably would have shom the activity not
mly of De-glucuranclactone reductase, but also of D-glucuronclactone dehy-
mmuwxmntgammmmawbmxm(zs)




and Ishidate (15) using different methods. When a dose of D-glucurono-
lactone was given to lmmans, an averags of 16 per cend of it was converted
into Deglucaric acid within a 2l hr period, as evidenced by an increaseiiin
urinary Deglucaric acid. This conversion was most 1ikely due to the actim
of D-glucuranolactme delydrogenase. Howsver, Harigaya (15) questioned the
formation of gluoeronolactons, since cal adainistretion of the latter was
noaxly without effact on the activity of liver f-glucurcnidase. At any
rate, the following is the probible mechanism of formation of glucaric acid
lactones from glucuranclactanes favored by most workers in the field (33):
NAD + glucurmclactone -———> NADHz + glucaro-6,3-1,lL-dilactane
glucarodilactme ,j}z__, zlucm-é,B-lacbm + glucaro-l,l-lactae




Chapter II. Ilaterials and lMethode

A, laterials

Hlood was obtained by venipuncture and placed in heparinized tubes
(1 ml of & 1< solutian of heparin dried as a f£ilm inside tube). Bile was
obtained fram postmortem as well as surgical material. MNADI and NADPH were
cbtained from the Sigma Chemical Company (NADH is grade III, disodium salt
obtained from yeast; NADPH is the tetrasodium salt, type II, enzymatically
reduced). lactic dehydrogenase (crystalline suspension fram rsbbit muscle)
and L;glntamnc deliydrogenase (crystalline suspension from bovine liver)
were also cbtained from Sigms. Other chemlcals, such as 1gSO),
tris (hydroxymethyl Jaminomethans (Tris) and maleic acid, were obtained either
from J. T. Baker Chemical Co. or Sigma. Pure potassiun acid glucarete was
obtained from D. C. Fish (prepared as the cyclohsxylammonium sald (llc).
The M;;ualaate buffer was prepared dy-mixing 50 ml of a 0.80 M solution
of Tris with sbout L5 ml of 8,8 ! maleic acid salution, titrating with
NaOH to pll 7.6. The volume was then made up to 180 ml. Delonized ghd '
distilled water was used throughout these studies.

Bse (rowth of Lscherichia ecolid

The medium for the growth of Escherdchia coli strain CRG3IA (8)




contained the following in ane liter of distilled, deionized (DI) water:
8.0 g of Deglucarate, 16.5 g of anhydrous dibasic sodium phosphate, l.5 g
of monobasic potassium phosphate, 2.0 g of mmonium sulfate, 0.2 g of
magnesium sulfate heptahydrate, 10 mg of calciunm chloride dihydrate, and
50,g of ferrous sulfate heptahydrate. 4 57 inocculum of a starter culture
groun Lor 24 hr in the same medium was used to initiste growth. The cells
wore groam for 16 hr (i.e., to ths stationary phase) on a rotary shalwer,
after vhich they were harvested by centrifugstion, resuspendsd in and washed
twice with 0.05 1 KCl.

Ce Preparation of Enzymos

Esch g (wet waight) of cells was suspended in 10 ml of O.1 M Trise-
maleate buffer, pH 7.6. After sanicating for 8 min with a Branson sonifier
(positiom 6, 3 smp, 15 sec intervals for 8 min with a microtip). The super-
nataat fluid remeining afber centrifugetion for 10 min at 21,000 xg was used
as the crude enzyme preparation. This crude preparation was partially
purified using ammcnium sulfate; all operations were performed at O-4 C. To
the 10 al of supernstant was added 10 ml saturated (N ),S0, which had been
neutrelized with ammonia. After 15 min, with cocasional stirring, the O to
50%(1,)p50), precipitate was removed Wy cemtrifugatim, and 12 ml Of ssturated
(N, )80, was added to the 20nl of supernsnt fluid. After 15 min with
wmimlﬂiﬁngﬁwsowm(mq‘)asehwﬁ.pﬁmmrm&by
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cantrifugatione The 50 to 707 pallet was suspended, without further treatment,
tn 5 ml Q.1 ¥ Teis-maleate buffar and 0.1 ml of this partially purified
mMmmwwwwmmmzw@ﬁmmmmw
bile. This 50 to 70% fraction was found to comtain all three enzymes, i.e.,
D-glucaraete dehydrase, keto-decxy-D-glucarate aldolase, and tartronate
serialdeliyde reductase, invalved in glucarete metobolism byrE. eoli. The
final protein concentration of the O to 70% fraction suspended in O, M
Tris-maleats buffer was 0.5 mg protein/ml. The ensyme could be stored at

-20 ¢ for more than a month.

D. Treatment of heparinized blood or gallbladder bile

Blood, cbtained by venipuncture, was placed in heparinized tubes.
Bight ml of the heparinized blood or bile sample wers then pipetted into a SO ml
ceptrifuge tube to which was added 5 ul of & 1.8 N perchloric acdd sdlution,
giving & solution containing 0.62 ml blood or bile per cue ml. After
thoroughly mixing with a vortex, the protein was removed by centrifuging for
15 min at 15,000 xg at 0 C. 8ix ml of supernantant fluid were removed, to
which 1.75 ml 3 HWBW slowly added, giving a final solutiom eantaining
0148 ml blood or bile per ml. After thoroughly mixing, the insaluble potassiwm
salt of perchlordc acid precipitated and the supernatint was decanted and
frozen. During freezing the remaining potassium perchlorete becsme insoluble
and immediatly after thawing, the perchlorete-free blood or bile sdlutdion

L




was decanted. The pH of this sdlution was betwesn § to 9. The sdlution
was then delactonized in a bolling water bath for & minimum of 30 win,
after which it was ocwlled snd ready for assay. If the salution could not
be assayed within the next fow hr, it was stored frozen until time of assay.

E. Assay

1. Assay for D-glucarate in absence of blood or bile:

A glucarate solution could be enalyzed in two ways, ane assay utilizing]
NADFH and another NADH. In using NADPH, two cuveties were negessary, one servihg
as & contral; thelr contents were as follows:

#1 #
o MHW, pH 746 0.0 a1 g:gg -
RADPE (500 Mot o/} 0.0 0.10

The reaction was initieted by the addition of 0,03 ml E. cali emzymes %o each
cuvette. The reaction was followed at 340 mp in a recording spectrophotometer
for 90 tegllO min at 37 C.

The second method, utilizing NADH instead of NADPH was more
sensitive since lactic dehydrogenase (IDH) was also added to the assay
tins giving two moles of NADH comverting to NAD per mole of glucarate
present; again two cuvettos ware necessary, me serving as the combrol:

15




#1 #2

O.) H Tris-maleate, PH 7.6 0,50 mlL 0450 ml
0,08 H MgSOy* THa0 0.50 0.50
HoO 1.82 1.72
NADH (19.5 moles/al) 0,05 0.05
Glucarate sample — 0,10
IDH (0.5 mg protein/ml) 0.10 0.10
B coli enzymes 0;%, \ O

The reaction was started by sddition of the E. cali enzymes. The UADH conve. ;'
yersion to JAD was calculated with 6.22 x 10° omP/icle as the extinction
coafficient (6)s The reactiom was also fallowed at 340 my and at 37 C .

2. Assay for glucarate in blood

The klood was treated as outlined in section C, where cach ml of the
deproteinized sample conbained O4i8 nml whole Llood. The asssy was carried
art in three parts as fallows:

Paxt I:

# #2 #3 #
0.0 M W. pH 7.6, =l 0,50 0.50 0,50 0,50
0,16 H 1gS0),*7Hp0, ml 0.25 0,25 0.25 0425
HpO 0e10 2,10 00 wwow
Deproteinized blood, xﬂ. 2,00 wewe 2,00 2,00
HADH (1905 m/ﬂl)’ 0.05 6005 0.% th
IDH (0.5 mg prptein/ul), al 0,10 0.8 0,10 0.10
(Ancarate mole/ml). ml 0.10
Part Il:
After the 1DH reactiom has ceased, glutemic delydrogenase (GLDH) was added:
(LDH, (2 mg protein/al), al 0.05 0.05 0,05 0.05
Part TII:

After CGLDY reaction had ceased, the following were added:
HADH, ml 002 0,02 0,02 0,02
Ee coli enzymes (10.5 ml protein

par ﬂ)p ml

a6 3% T ST o4




Cuvettes #1 and #2 were controls, and the changes in optical demsity (OD)
at 340 mjy of both cuvettes were added and then subtracted from the changes
in OD in cuvettes three and four. Cuvetts #1 measured the conversion of
NADH to NAD due to the presence of blood (3o E. ¢ali enzymes were presefit),
while cuvetie number two measured the NADH conversion to NAD due to any
NADH oxidase which might have been present in the enzyme extract.

Cuvette number three measured the amount of glucarate present in 0.56 ml
whole blood, while cuvette mumber four measured the recovery obtained by
adding a known amount of glucarate.

The first part of the assay measured the pyruvate initially present
in the blood sample and converted it to lactate. This was necessary since,
pyruvate was produced from glucarate by the addition of E. call enzymes,
and its conversion to lactate was again measured. The second part of the
essay was nscessary for the removal of _iketoglutarate, since, it was
found that glutamic dehydrogenase was present in the partislly purified
E. goli enzyme preparation. However, the amount of .(-ketoglutarate
normally present in 0.96 ml whale blood was not very significant (less
than 2 vg); elimination of this step would result in less Shan a ten
error. The amaonium féns necessary for this reaction came from lactic
dehydrogenase, which was suspended in an amonium sulfate solution.

This was the reason for having the reaction as the second portion of the

assay. In the third portion, the NADH was again added to the assay to

ensure an adequate amount of NADH for the B. goli enzymes, namely,

D-glucarate dehydrase, keto-deaxy-D-glucarate (EDG) aldolase, and tartsmate
17




semialdehyde reductass. However, the amount of NADH to be added varied,
depending mainly on the amamitt of pyruvate initially present in the
sample. m,mmwswxwmmawm,mmamm
converted to NAD per mole of glucarste present, ons due to the.reaction
of tartronate semialdehyde going to glycerste, and the other due to the
action of lactic dehydrogenass. The reaction was followed for 110 min
at 37 C in a Gilford recording spectrophotometer.

3. Assay for glucarate in bile
Since gallbladder bile was deproteinized in the same marmer as bloog|

there was O.48 ml of undiluted bile/l dep zed bils. Due to the

opacity of the deproteinized bile as compared to that of deproteinized
blood, it was often necessary to use less aof the deproteinized bile. The

assay for glucarate in the presence of bile is carried cut as follows:
#l # #3 #

0.50

0.40 M Tris-maleate, pH 7.6, ml 0.50 0,50 0. 0.50
0,16 M MgS0}, ml 0.25 0.25 0,25 s.%
Hz0, ml | 0.70 2.10 0.60 0O,
Bile solution, ml ; 1.50 eew= 1,50 1.50
NADPH (19.5 moles/ml), ml 0.05 0.05 0,05 0.05
s (1 maﬁl), ml ¢, 5 0.13
enzymes, - .. [

HADFH had to be substituted for NADH in bile since in some samples a cross-

reaction converted any NAD present to NADH., It is not known what this

reaction is. Thus, since NADPH had %o be substitued, the lactic dehydro-

genase reaction could not be utilized, since this enzyme is specific for

NADH; therefare, ome mole of NADPH wes canverted $o:HADP.for every male
«18-




of glucarate present. Here, &8 in blood, the reaction was fallowed
for 110 min at 37 C in a Gilford Model .2000 automatic spectrophotameter.




Chapter III. Rssults

A. Results with glucarate in absence of blood or bile

A solution of glucarate could be measured accurately with ¥ecoveries
close to theory using the procedure outlined. The following iz an experi-
ment which was performed essentially as in E.l. (see Materials and
Methods) exce:pt that the f£inal volume was 3.12 ml. In this experiment
NADPH was used. There were three cuvettes, #1 is the cantrol, #2 cantains
0.1 moles of glucarate and #3 contains 0.2 moles of glucarate. The
changes in 0D were as follows:

# #2 #3
0 to 20 min 0.042 0.210 0.397
20 to 30 min 0.009 0.005 0.024
30 %0 40 min 0,006 0.012 0.012
kO to 50 min 0.006 o.% 0.006
50 to 60 min 0.006 0. 0.006
60 to 90 min 0.008 0.008 0.017

Therwfore, t&kinséﬂm.nuﬁwmdpﬁn‘k,whaﬂmfallwingw
in optical density:

il 232-0693 #2 'vtg’gﬂ #3 = g.m:s
mu'&ﬁ-ﬂﬁ : Omuﬁt -iie E - 9%

-

Therefore, analyzing cuvette #2:
0.176/6.22=0,029; and 0.029x3.12=C.090 umoles of glucarate; actuslly
added 0.100 umoles, and therefore have a 90% recovery.
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Now, amnalyzing cuvetite #3:
0.376/6.22=0,060; and 0.060x3.12=0,187 ymoles of glucarate; actually
added &Eﬁﬂ}\mﬁlﬁa, and therefore have a 93&5% recovery.

B. BEstimation of glucarate combtent of blood

samples were as presented on the table on the fallowing page. In Teble 1,
mmlmmmzmwmmxarwmmmammm
from wham the blood sample was taken. Where there is a capital and a small
letter, the "name" refers to the first two letters of the domor's last name
since the first nsme was not availsble. The firet twenty samples were

17 from Hines Veterans Administretion Hospital. The last three samples
mmmwhﬁm@mm,mm,wwm
sidered a# "normals.” As yet, there is no explanation for the great dif-
ference obtained between "patients" (averege 16 ugm glucarabe/ml) and
"normals" (average 66 ygu/il). These findings were not correlated to the
disease process of tested patients. At any rate, when all samples are
cansidered as a group, values renging from 6 to 67 ugm of glucarate/lml
(0.6%%6&%/1%&1}%6%@%&,mmmmiwmpmm
varied fram 4 to 13 pgn/l (0.4 to 1.32 mg/100 ml).




Table 1.

Glucarate and pyruvate content
of human blood

BEHEERICPERIRPHESIFPRGES ?

——

0.082/3. 1Ll
0'1 .m
g'mg'm
0.268/3. 2l
0.310/3.1 71
s
0. 3.
0.112/3.26a0
0.216/3. 151
0. am
0.303/ 17l
0154 /3.1 7l
0.138/3.1 L
0.202/3.1 7L
0.212/3.17a1
0.3 /3. 1oml
0.342/3.1 7l
e
0.998/3.16ML
1.010/3.20m1
-997/3. 201

0.047 5.83
0,070 8.68
0.12} 15,38
O.;fg 19.7L
. 18.47
0.166 20.58
Ghlw 13»
0.084 10.42
0.059 7.32
.11 13.76
0.192 23.80
0.165 20.8)
0.079 .79
0.073 9.05
0.105 13.02
0.32.11 Jég.g?g
0.230 ™
Otlm %QM
oy 1708
0. .
0.528 65.47
Gﬁg‘o “n%
0.533 66.09

0‘- 091
0.069
0.116
0.093
0.066
0.050
0.053
0.075
0.081
0.076
0.062
0.076

0.053
0.1h5
0,100
0.094
o.igg
0.

0.147
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The fallowing table shows the per cent recovery of glucarabe added
directly to the assay cuvette:

Mmcles Hnoles found, Mmoles
) ) M .
T 50 T
J.W. 0.10 0.259 0.369 0.110 110
S.B, 0.10 0.256 0.365 0.109 109
M8, 0.10 0.060 0.166 0.106 106
BoGe 0.10 0.067 0.176 0,109 109
Podled A  0.20 0,185 0.377 0.192 96
Pooled B 0.20 0.071 0,260 0.18¢ 9%
Pooled ¢ 0.20 _0.058 C.232  O.17h- 87

The recovery was generally close to 100%. Matched glass cuveties were used
to analyze the first five samples, while quartz cuvettss were used for the
last three samples. From these and othar experiments it appeared that the
use of glass cuvettes ly caused recovery to be 5 to 10% too high.
Therefore, quartz cuveties were used exclusively for all analyses fallowing
this observations It was found that the per cent recovery drops if the
last traces of potassium perchlorate have not been removed.

A mmber of compounds were amployed to detect the presence of cross
reactions in the assay. The following substances added directly to the
assay cuvette did not interfere with the assay: 0.8 mg glucose, 1.2 mg
L-tartaric acdd, 0.2 mg pobassium glucurcnate, 0.09 mg gulonclactone, and
0.02 mg ascorbic acid. However, concentrations of ascorbic acid con-
siderebly above those normally found in blood, did interfere with the
results, increasing the conversiom of NADH to NAD:

~23~




(a) when 0.1 mg of ascorbic acid was added in cuvette #i(see
Haterdals and Hethods), i.e., replacing the glucarate in the recovery
cuvette, the change in OD in cuvetbe #3 was 0.130 while thot with ascorbic
acid was 0.240.

(b) when 0.05 mg was added to #4, the change in 0D of cuvette #3
was 0.154, while #; was 0.228.

(¢) when 0.03 mg was added to #4, the change in OD in cuvette #3
was 0,212 while that in # was 0.272.

(d) when 0.02 mg was added to #i, no difference was obtained. When
the exporiment was repeated a very slight difference (0.008) was obtained,
the change in optical demsity being greater in cuvette #i. Thus, it
appears that at the levels normally present in whole blood (0.4 to 1.5 mg/
100 ml; Cecil and Loeb: Textbook of Medicine), ascorbic acid does not
interfare with the assay and msy thus be disregarded, although st Mijhes
concentrations its presence will significantly affect the assay.

C. Estimation of glucarate contant of bile

A recovery cuvette was always run with cach sample of bile,

since the recovery in the presence of bile was uniformly less than
100%. The following data were obtaineds.




Sample

467-110
467-127
467-106
A67-111
A67-109
466-698

266699
C.Co
J. M.

Amount
actual bile

per _cuvette
0.48

0.
o3
0.09
0.29
O.g
0.4
O.lihy
O.l4h

&0D

per ml,

MR
0.020 5.00
0,097 27.53
.17 62.00
0.190 248,00
0.134 59.50
C.127 32.24
0.203 53,83
0.096 25.70
0,253  138.69

(lucarate Rescovery Corrected

% glucarate
78 6.0
60 46.0
60 103.0
60 w.3.

i o
b2 s

7 29.

h 187.5

The first 7 samples were from autopsy material while the last 2 were from
surgical cases. Previous discussions concerning cross-reactions with
blood are equally applicable to bile.

D Hlood glucarate analysis using NADH and NADPH

A pooled blood sample was divided into two parts. One part

was analyzed using NADH as cosngmyme, while the other portion used NADPH
as the coenzyme. Since lactic dehydrogenase camnot utilize NADPH,

these experimants were performed to present added evidence that the
substance measuved by this assay was glucarate. The procedure for both
experiments was as outlined on page 16, with the exception that in one
experimant NADH was used, while in the other NADPH was used.

Using NADH (final volume 3.19 ml) the following changes in optical
density were observed at the end point af 120 min:
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#l=0152 #2 - gzmn # aag:ne # -“%:hm
Therefore, using the caloulations explained an page 20, cuvette #3 gave a
value of 23.96 ;gm/ul, while cuvette # indicated that there was a 95.5%
recovary (added 0.20 ymoles of glucarate and recovered 191 jmoles).
Therefore, the:actual level of glucarate (using NADH as doenzyme) for
this sample was 25.06 mgm/ml.
Turning now to NADPH (final volume 3.15 ml), the following optical
density changes were recorded at 170 mint
#1 = 0,120 #2 = 0.126 #3 = 0410  # = 0.732
+0.120 40, 2] :g_.%
Therefore, cuvette #3 gave a value of 21.08 uygm/ml, while cuvette #i
showed that there was an 82% recovery. Therefore, the actual level of
glucarate in this sample, using NADPH as coenzyme was 25.71 xgm/ml.
As can be seen these values are essentially identical.




Chapter IV. Discussion .

This thesis presents

a new method of analyzing glucarate; its

biochemistry is based on glucarate metabolism in E. coli as reported by

Blumenthal. and Fish (6)¢

(1) = D-Glucarate dehydrase

é%u(d) @ !mggzﬂm
mg @ @ %. (@)

i

%m g :f'- @

(2) = «Keto-A-deaxy-D-glucarate aldolase
(3) = Taptronate semialdehyde reductase

(4) = Lactic dehydrogenase

(a) = D-Glucarate

(o) = «-Reto-f-deoxy-D-glucarate

(¢) = Pyruvate

(d) = Tartronate semialdehyde
(e) = Glycerate

(£) = Lactate




D-@ucarate dehydrase, the first enzyme in this pathway, converts
D-glucarate to keto-decxy-D-glucarate; a specific aldolass then clsaves
the latter compound into tartronate semialdehyde and pyruvate. Tartro-
nate semialdebyde reductase and lactic dehydrogenase then act to yield
glycerate and lactaw mospectively. Thus, for every mole of glucarate
which is metsbolized, two moles of NADH are converted to NAD. D-Glucarate
dehydrase, keto-~dsaxy~-D-glucarate aldolase and tartronate semialdclgide
reductase were partially purified by anmonium sulfate and all three
enzymes were present in a 50 to 707 fraction of the cell-free extract of
E. cali grown on glucarate as the sole carbon source. The biochemistry
is slightly different when glucarate is analyzed in the presence of bile.
In this case, NADPH mst be substituted for NADH in the tartrenate semi-
aldehyde reductase reaction, since, in some samples, a croas-reaction
ocours converting any NAD present to NADH. The nature of this reaction
is not kmown. Horeover, since IDH cannot utilize NADPH, LDH cannot be
a@mployed in the assay 1o determine pyruvate and only oane male of NADPH
is converted to NADP per mole of glucarate present.

Hucose, IL-tartaric acid, potassium glucuronate, gulonolactons,
or ascorbic acid do not interfere with the assay. However, concentrations
of ascorbic acid considerably above those normally present in blood did
significantly affect the assay, increasing the conversion of NAD(P)H to
NAD(P).

Buploying the new enzymatic assay, the presence of glucarate in
blle was confirmed; in addition, this new assay was employed in detecting
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and measuring blood glucarate for the firet time. The presence of gluc~
arate in blood has not been previously reporteds Marsh and Carr (30) stated
Uthat the pressnce of D-glucaric acid could not be detected by us in nomal
rat serum."” These investigators were testing for the presence of glucarate
in serum using a method based on the ability of the 1,h-lactone of gluc-
aric acid %o inhibit A-glucuronidase. However, as Ishidate (15) stated,
"this enzymatic assgy was sometimes unsatisfactory for accurats determin-
ation" of glucaric acid. Although the method of Ishidate is & great im-
provement over that of Marsh, no one has, as yet, reported the presence of
glucarate in blood.

The presence of glucarate in blood, as well as in bile and urine,
is not unexpected since glucaric aclid is formed in the liver as a result of
the oxidation of glucuronclactane by D-glucuronclactone dehydrogenase (26).
This enzyme is ubiquitous in nature (27), having been detected: a) in the
liver and kidney of the rat, mouse, man, guinea pig, and pig; b) in the
testes of the rat, mouse, and man; ¢) in the ovaries of the mouse; and
d) in the brain (i.e., the thalamus) of rat and dian. D-Glucuronolactone
dehydrogenase, however, is not completely specific for D-glucuromolactone,
since D-mammuronclactone also serves as & substrate (32,40).

Aarts (1,2) has studied the glucuronic acid pathway of glucose
metabalism and its relation to D-glucaric acid. He offers the following
summayy of this pathway:
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D-glucose

B‘-glnuaﬂﬂ?é«phoaphata ra

D-glucose-1-phosphate
4«
uriddm—»di?{glueose
uridine~diP-glucuronic acid
glucuronides & ¥ aoid
glucuronic
D-glucaric acidé&
L-guloniec acid
Y
L-mylulose

T4
xylitol

™
D-xylalose
%wfﬁ@a~$?

T | ()

Since D-glucaric acid is not metabolized further, it can be considered as
an end product of the pathwsy. The production of glucarate by this
This can be seen in

pathway mxy be greater in some people than in others.

bile (1 samples).

the results presented in this study for both blood and bile.
that values for blood ranged from 6 to 67 sgm/ml (23 samples) while the
range for bile was 6 to 413 ;\m/ml (7 samples). The latter range approx-
imates m’af Yamaguchi (h5), who, using a chemical method followlng ion-
exchange chramatography, reported velues ranging from 38 to 634 ygm/ml

As stated earlier, there have been no previous reports

for blood glucarate.
It is not known presently what governs the body flnid levels of

-30-
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glucarate. !ma.guohi, in referring to the studies on bile, stated

that the "individual variation was thms quite large and this should

be an interesting subject of future investigation.” However, £rom the
work of Marsh and Aarts, it 1s knowun that the physiclogical state of

the person as well as the intake of certain drugs has a considerable
effect on glucarate levels, as measured by D-glucuronclactone dehydro-
genase activity as well as glucaric acid excretion in urine. According
to Marsh (30) UDPG dehyrogenase and glucurcnyl transfemmse are enzymes
wiich are known to be dedicient in fetal and infant liver tissues and
"daficiencies of these enzymes appear to be one copse of the accumulation
of unconjugated bilirubin in the newly-born, a condition causing neonatal
Jaundice which ngy lead to kernicterus, particularly in premature births.
A lack of D-glucaro-l,l-lactone, due to low D-glucuronclactane dehydro-
genase activity, in fetal and infant tissues could aggravate this path-
ological condition through a failure to suppress the hydrolysis of

newly formed bilirubin glucuronide. Treatment of au;:h cases with D-gluc-
aro-1,h-lactone might thus have an alleviating effect.” Howevar, in
view of the in vivo experiments of Harigaya (1k), I believe that glucaro-
1,4-3,6-dilactone would be a more effective therapy due to the greater
ability of the latter compound to cross biological membranes. HMarsh
further states that the activity of D-glucuronclactone dehydrogenase

is increased Muring pregnancy and may thus be a "physiological process
for keeping the increased quantities of circulating steriod hormone

in a conjugated state.” Lastly, the D-glucuronolactone dehydrogenase

activity of liver preparations from human cancer patients has been
~m¢




found to be significantly reduced.

In addition to the physiological state, as mentioned above,
the intake of certain drugs is also known to affect glucaric acid
metabolism in humans. In vitro experiments by Marsh (28) showed that
the conversion of D-glucuronclactane to D-glucaric acid was inhibited by
barbital. In contrast, the results of his in vivo tests were surprisingly
different (29), since he found that "glucaric acid excretion by rats
treated with 50 mg barbital on three sucessive days increased 12-fold
during the day after the initial dose, then remained almost comstant.”
Moreover, dally administration of chloretome also elevated glucaric acdd
excretion, the distinction being that the excretion of the adid increased
sach day during the period of treatment (three days). At the end of this
period, the animals were killed and liver D-glucuronolactone dehydrogenase
activities measured; he found that "there was ne significant difference
between the enzyme activities of the drug-treated animals and those of
controle.” Based on this and other infommation, Marsh concluded that
the elevated excretion of D-glucarie acid could be explained most easily
by the inereased avallability of the precursor, D-glucuronic acid or
its lactone, the common intermediate for the biosynthesis of L-ascorbic
acid, D-glucaric agid, and bm.uloaa._ However in similar experiments
with barbital, Aarts (2) found that stimulation occured within three hr
after barbital administration to rats, and puromycin and actinomycin D
were unable to block barbital-stimulated exeretion of D-glucariec acid.
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This indicated that the mechanism of stimulation does not involve
increased synthesis of #mzymes concerned in the glucuronic acid pathway.
Hs concluded that a "fuller understanding of the mechanism of stimulation
by barbiturate will require more knowledge” concerning in vive D-gluc-
uronic acld formation.

In summaxry, this thesis presents & new enzymatic assay for
glucaric acid. The following was presented to show that the glucarate
in blood and bile was actually being measured: 1) no cross reaction
cccurred with a mumber of compounds, 2) there was a close approximation
of the glucarate levels in bile obtained by this assgy to thoss levels
presented by Yagamuchi (45), and lastly, 3) identical value was obtained
on the same pocled sample of blood using NADH and NADPH as coenzymes
(since LDH cannot utilize the NADPH the OD change using NADH is exactly
double that produced using NADPH). Using this assay, the presence of
D-glucaric acid in human blood was detected for the first time; the
presence of glucarate in lmman bile was also comfirmed. Previously,
glucarate was reported to be present only in buman bile and urine.
Using this new assay, a whde range of glucarate levels was found in
both human blood and human gallbladder bile: buman whole blood valuss
ranged from 6 to 67 ugm glucarate/ml (0.58 o 6.70 mg/ 100 ml),
while human gallbladder bile values ranged from 6 to 413 pgm/ml
(0.6 to kL3 mg/100 ml). 4As already mentioned, the latter values




approximated those of Yamaguchi (38 to 634 ugm/ml). The cause of
such a wide range of glucarate concentrations is not presently known,
although glucarate metabolism in humans is known to be affected by
physiclogical conditions, disease and drugs.

A portion of this work was presentd at the American Chemical
Society lMeeting in Chicago, Ill., September, 1967; an abstract was
published (11a).
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