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ABSTRACT

PANTOTHENIC ACID UPTAKE AND METABOLISM

BY THE RED BLOOD CELL

IN THE RAT

BY

Kathleen Faye Annous

Red blood cells (RBCs) contain bound forms of

pantothenic acid (PA) which have never been characterized.

Objectives of this research included determining the uptake

and release mechanism for PA, and the PA derivatives, in the

RBCs. Uptake of PA was studied by incubating RBCs with

[14C]PA, at varied specific activities, and varied sodium,

glucose or pH levels. Release of PA was studied by

incubating RBCs containing [14CJPA, at three specific

activities, in media. Uptake and release of PA by RBCs were

nonsaturable, and uptake was unaffected by sodium, glucose

or pH. PA derivatives were determined by enzymatic

hydrolysis of RBCs followed by radioimmunoassay for PA, and

paper chromatography. Radioimmunoassay quantitated PA,

4'-phosphopantothenic acid (4'-PPA) and pantetheine (PE).

Peaks indicating the presence of PA and 4'-PPA appeared on

chromatograms. We concluded that PA passively diffuses into

and out of the RBC, and the RBC contains PA, 4'-PPA and PE.
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INTRODUCTION

Pantothenic acid (PA) is an essential B-vitamin needed

to synthesize coenzyme A (CoA) and acyl carrier protein

(ACP) of fatty acid synthase. CoA is necessary in the

metabolism of carbohydrates, amino acids and lipids, and ACP

is essential for fatty acid biosynthesis in all nucleated

mammalian cells.

The estimated safe and adequate intake for PA has been

set at 4 - 7 mg/day by the Food and Nutrition Board (1989)

for adolescents and adults, and a higher unspecified intake

is recommended for pregnant and lactating women. Although

PA is ubiquitous in a normal diet, there are certain

populations who may be at risk of attaining a marginal

deficiency due to various physiological stresses:

alcoholics, pregnant and lactating women, and adolescents.

Alcoholics generally get most of their calories from alcohol

and consequently suffer from B complex vitamin deficiencies

(Olson 1973). Tao and Fox (1976) measured urinary excretion

of PA in patients in an alcoholism rehabilitation program

and found that the excretion decreased from 6.6 to 2.7

mg/day with increasing time in the program. They postulated

that this was because the body was better able to utilize PA

as it became healthier.
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Pregnant and lactating women may not be able to consume

enough food to provide the additional PA required. Cohenour

and Galloway (1972) found that pregnant teenagers who had

the same intake of PA as nonpregnant controls, had a lower

blood bound PA concentration than controls and consequently

advised supplementation of 5 - 10 mg/day during pregnancy.

Song et al (1985) reported that pregnant and lactating

women, whose PA intake was the same as controls, had a

depressed blood concentration of PA.

Adolescents may become marginally deficient in PA due

to poor diet choices. After determining PA intake in

adolescents, Eissenstat et al. (1986) reported that 49% of

female and 15% of male adolescents had intakes below the

minimum suggested.

Although PA deficiency per se has not been reported in

a free-living human population, there is no evidence that

the deficiency does not exist or has not been identified

because of the lack of sensitive and specific biochemical

parameters to assess PA nutriture in an organism. The

extent of health impacts of marginal or advanced deficiency

of PA is yet unknown.

Total PA consists of the PA derivatives

(4'-phosphopantothenic acid (4'-PPA),

4'-phosphopantothenoylcysteine (4'-PPAcys),

4'-phosphopantetheine (4'-PPE), dephospho-coenzyme A

(deoA), CoA and pantetheine (PE)) as well as free PA. PA

derivatives are also called bound forms of PA, referring to
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the additional phosphate, cysteamine and adenosine groups

attached to PA to make the derivative. Current biochemical

methods to evaluate PA nutritional status include the

measurements of total and free forms of PA in urine, serum

and whole blood. It is not clear, however, which of these

parameters, or combinations of them, predict true PA status

of tissue concentrations or functional capacities: urinary

PA concentration (mg/day) appears to reflect short-term

dietary PA intakes rather than tissue stores; in serum which

contains only free PA as delineated by Song et al. (1984,

1985), PA concentration is controlled by the

gastrointestinal and renal systems and reflects transport of

the vitamin between organs and tissues dependent on

metabolic and hormonal states. Although whole blood PA

concentration has been determined by several investigators

in an attempt to assess PA nutriture, total PA concentration

of whole blood varies widely in the published literature

(Song et al. 1985).

Bound and free forms of PA have been quantitated in

various blood components (Bates and Song 1987) and the

erythrocyte contains most of the PA in the blood, in bound

forms. However, the chemical forms of PA in the RBC, uptake

mechanisms of PA by erythrocyte, and the interrelation

between PA metabolism in erythrocytes and those in tissue

and organ cells have never been reported. Unlike the

biological fluids or usual dietary intake, organ and tissue

samples are inaccessible to relate to nutritional status.
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Information on PA uptake by the erythrocytes can be useful

in relation to nutritional requirement for the vitamin; RBCs

are easily accessible cells and metabolize PA as evidenced

by containment of bound forms of the nutrient, which have

never been identified or quantitated.

Our overall hypothesis, which encompasses the present

study plus additional studies, is that the RBC mimics, in a

limited way, organ or tissue cells in PA uptake or

metabolism, and will serve as a reliable and sensitive

measure of PA nutriture on the following grounds: 1) the

first step of the synthetic pathway of PA to two important

functional coenzyme forms, i.e., CoA and 4'-PPE of fatty

acid synthase, is the rate limiting step modulated by

pantothenate kinase. In order to possess bound forms of PA,

RBCs must carry out the first and most important control

step in the synthesis of CoA; 2) of the easily accessible

biological fluids (e.g. urine and blood), only blood cells

contain bound forms of PA. All nucleated tissue cells are

known to contain CoA, as well as other bound forms of PA; 3)

the abundance of the RBCs in blood, compared to other blood

cells, will make it possible to use small amounts of blood

samples for assay by existing methods.

Therefore, the objective of this research, which is the

first step in proving our overall hypothesis, was to study

the metabolism of PA by the RBC. Specific objectives in

studying the metabolism of PA by the RBC were: 1) to

determine the uptake and efflux mechanism of PA by the RBC,
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and 2) to identify the PA derivatives in the RBC. We

hypothesize that: 1) the uptake and efflux mechanism of PA

by the RBC may be the same as for other tissues which have

been studied, sodium dependent active transport, and 2) the

RBC does not sythesize CoA, based on the cellular

organization and metabolism and a few preliminary evidences

that CoA could not be detected in the blood. The RBC would

then maintain a relatively simple model for PA metabolism

while retaining the critical control pathway to CoA.



REVIEW OF LITERATURE

PANTOTHENIC ACID DEFICIENCY

Although PA deficiency symptoms have not been reported

in free-living humans, they can be induced with the

metabolic antagonist omega-methyl PA added to a PA deficient

diet. Studies using this antagonist have reported the

following symptoms in humans after about 4 weeks: fatigue,

anorexia, constipation, epigastric distress, numbness and

tingling in the hands and feet, susceptibility to infection,

personality changes and depression. Biochemical changes

include an impaired ability to acetylate p-amino benzoic

acid, increased sensitivity to insulin, adrenal cortical

hypofunction and decreased plasma cholesterol (Bean et al.

1955, Hodges et a1. 1958). In all the studies utilizing the

antagonist omega-methyl PA, PA was never measured directly

in whole blood or serum, because the antagonist interferes

with measurement of PA in biological tissues (Fry et al.

1976). Instead, measurements of PA deficiency included

insulin tolerance tests, acetylation of p-amino benzoic

acid, excretion of 17 ketosteroids and eosinopenic response

to ACTH. However, when young men were fed a purified,

partly synthetic PA deficient diet without an antagonist, PA

concentrations of biological fluids could be measured (Fry

6



7

et al. 1976). Urinary PA excretion decreased from 3.05 to

0.79 mg/day and total blood PA also decreased in the PA

deficient group. Although, it was 12 weeks before the men

became ill, and they never developed clinical symptoms of PA

deficiency.

Rats develop the following signs of PA deficiency after

2 - 3 weeks on a PA deficient diet: decreased growth rate,

discoloration of fur, anorexia, gastrointestinal disorders,

reduced antibody production, impaired adrenal function as

measured by depletion of sudanophilic and ketosteroid

substances from the adrenals, diarrhea and muscle weakness

(Barboriak et a1. 1956). Reproductive problems reported in

PA deficiency also include failure of implantation,

resorption or defective litters such as low birth weight and

low litter count (Nelson and Evans 1946). Since the rat

develops PA deficiency with comparable signs to those seen

in the human, the rat has often been used as a model to

study pantothenic acid metabolism. Low serum PA

concentrations have been measured in rats on PA deficient

diets showing these deficiency signs. Therefore we can

assume that the symptoms in humans are also accompanied by

decreased serum PA, even though it could not be measured due

to the interference by the antagonist. Also, very little is

known about the mechanisms of the reported signs/symptoms or

biochemical changes resulting from PA deficiency.
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METHODS TO EVALUATE PANTOTEENIC ACID STATUS

The biochemical parameters that have commonly been used

in assessment of PA status in humans include: total and free

PA in whole blood and plasma, and urinary excretion of PA

(mg/day). However, there is controversy on which, if any,

is the best measure. Although physiologically related or

interdependent, each of these biological fluids contains

different forms of the vitamin in differing amounts. Plasma

and urine contain only free PA at approximately 100 - 150

ng/ml and 3 - 5 ug/ml (computed with 1 liter urine per day),

respectively (Song et al. 1985). Whole blood contains free

and bound forms of PA at 400 - 600 ng/ml, although reported

total PA levels have varied in healthy individuals from

130 - 2622 ng/ml in whole blood (Song et al. 1985). The

bound form of PA in whole blood has never been identified,

but is often assumed to be CoA (Friedrich 1988; Combs 1992;

Machlin 1990). The weakness of using dietary intake of PA

as a valid measure of the vitamins status lies in the

variability of intake, accuracy of reporting,

bioavailability of foods and physiological state of the

host.

Several studies have reported correlations among the

different parameters. Fox and Linkswiler (1961) reported a

high correlation (r = 0.805) between urinary excretion of PA

(mg/day) and dietary intake of PA, in a population of young

adult women who were put on various diets containing

different amounts of PA. In a study on adolescents (Kathman



9

and Kies 1984), a strong correlation was found between serum

PA and dietary PA (r = 0.891), but no correlation was found

between dietary PA and urinary PA or between serum PA and

urinary PA. In contrast, the same study found in adults

that dietary PA correlated well (r s 0.831) with urinary PA,

and dietary PA was not correlated with serum PA

concentration. Another study of adolescents (Eissenstat et

al. 1986), reported a correlation between dietary PA and

urinary PA (r = 0.60), and moderate correlations between

dietary PA and whole blood PA (r = 0.38) and between dietary

PA and RBC PA (r = 0.38). No correlation was reported

between urinary PA and whole blood or RBC PA. Song et al.

(1985) found similar results in free-living pregnant and

lactating women. Dietary PA correlated with urinary PA

(r = 0.5) and whole blood (r = 0.2), but whole blood PA and

dietary PA did not correlate with plasma PA (r = -0.02).

The disagreement in the findings might have been partly

attributed to inherent problems or potential errors

associated with surveys with human subjects. For example,

reported dietary intake data are not without significant

errors on the part of subjects and interviewers, and also

vary between subjects and among days. Biological specimens

were also collected on the same day for the dietary data,

although their interaction may not occur immediately. The

conflicting results also infer that the metabolism of PA in

each of the parameters is controlled by different

mechanisms. Plasma PA is controlled by the
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gastrointestinal and renal systems and reflects transport of

the vitamin between organs and tissues dependent upon

hormonal and metabolic states, while urinary PA reflects

dietary PA intakes rather than tissue stores. Whole blood

contains both plasma and RBCs, so it reflects the same

controls as plasma plus the metabolism of PA in the RBC,

since we know that the RBC contains mainly bound forms of

PA. Each measurement then reflects a different stage of PA

nutriture or metabolic state.

FUNCTION OF PANTOTHENIC ACID IN THE RBC

Figure 1 shows the metabolic pathway of PA to and from

CoA and ACP, the active forms of PA in all nucleated

mammalian cells. The first three enzymes, pantothenate

kinase, phosphopantothenoylcysteine synthetase and

phosphopantothenoylcysteine decarboxylase are located in the

cytosol, while dephospho-CoA pyrophosphorylase and

dephospho-CoA kinase complex are in the mitochondria as well

as in the cytosol (Skrede and Halvorsen 1979).

Many reactions which require CoA in mitochondria

include: conversion of pyruvate to acetyl-CoA, transfer of

acetyl groups to oxaloacetate and conversion of

u-ketoglutarate to succinyl CoA in the TCA cycle; formation

of heme from succinyl CoA which condenses with glycine to

form 6-aminolevulinic acid, the source for all nitrogen and

carbon atoms of the porphyrin molecule of heme (Shemin et

a1. 1955); activation and oxidation of fatty acids via
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Figure 1. Metabolism of Pantothenic Acid.
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B-oxidation; activation and metabolism of “-keto acids from

branched chain amino acids; and synthesis of cholesterol,

steroid hormones and prostaglandins. 4'-PPE of ACP, the

prosthetic group of fatty acid synthase serves as a

functional arm in fatty acid synthesis (Stryer 1975).

The reticulocyte has the metabolic capability of

nucleated cells with mitochondria to perform these

reactions. As the reticulocyte matures to the RBC, the

mitochondria is lost as well as the enzyme acetyl CoA

carboxylase (Pittman and Martin 1966), which is required for

conversion of acetyl CoA to malonyl CoA in the pathway of

fatty acid biosynthesis. Since the mature RBC does not need

CoA or ACP, PA would not have to be converted to either of

these. Instead it may metabolize PA to one of the other

intermediates upon entering the RBC.

METHODS TO QUANTITATE PANTOTEENIC ACID AND ITS DERIVATIVES

Free PA is often quantitated in biological tissues by a

microbiological assay (Skeggs and Wright 1944, Hatano 1962,

Yoshioka et al. 1968), a radioimmunoassay (RIA; Wyse et al.

1979), an indirect enzyme linked immunosorbant assay (Song

et al. 1990) or a semi automated radiometric-microbiologica1

assay (Guilarte 1989). Quantitation of total PA by these

assays requires the enzymatic hydrolysis of bound forms of

PA (which include CoA and intermediates) in samples with

alkaline phosphatase and pantetheinase prior to applying the

assay procedures for free PA (Hoagland and Novelli 1954).
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CoA can be quantitated by the phosphotransacetylase end

point method (Michael and Bergmeyer 1974), the

u-ketoglutarate dehydrogenase reaction (Garland et al.

1965), a radioisotopic assay (Knights and Drew 1988) or by

high performance liquid chromatography (HPLC; Robishaw et

al. 1982; DeBuysere and Olson 1983).

Acyl-CoAs can be quantitated by hydrolysis of acyl

groups with 3 mol KOH/L at pH 11 and heating for 15 minutes

at 55°C, then assaying for free CoA. Alternatively,

acyl-CoAs can be directly quantitated with the HPLC

(DeBuysere and Olson 1983). ACP can be quantitated by the

same alkaline hydrolysis procedure as for acyl-CoAs. In

this case, 4'-PPE is hydrolyzed and then assayed as for

total PA.

Nakamura and Tamura (1972) separated qualitatively PA,

4'-PPA, pantethine, 4'-phosphopantetheine-S-sulfonic acid

and pantetheine-S-sulfonic acid, in biological specimens, by

a combination of paper chromatography and electrophoresis.

Other methods, namely, paper chromatography (Michelson 1964)

and ion exchange chromatography (Nakamura et al. 1972)

separated the PA derivatives partially, with an overlap

occurring between 4'-PPA, 4'-PPAcys and 4'-PPE (Skrede and

Halvorsen 1979). A modification of Nakamura's ion exchange

column procedure (Smith 1978), which used DEAE cellulose

paper and formic acid (0.5 mol/L) as solvent, separated PA,

deoA and CoA standards, which were purchased, and 4'-PPE

which must be synthesized (Halvorsen and Skrede 1980).
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These PA derivatives were quantitated in liver from the rat

injected with [14C1PA. The resulting paper chromatogram was

cut into sample columns, each sample column was cut into a -

k inch segments and counted for radioactivity.

Halvorsen and Skrede (1980) presented several solvent

systems for use on the HPLC to separate standards of PA,

4'-PPA, 4'-PPAcys, 4'-PPE, deoA and CoA. All standards

were radiolabeled, except deoA. The eluate from the column

was collected and counted for radioactivity and

simultaneously monitored for uv absorption at 254 nm. DpCoA

was quantitated by using CoA as an internal standard, all

other PA derivatives could be quantitated by counting for

radioactivity. In 1982, Robishaw et al. quantitated PA,

4'-PPA and CoA, from rat heart tissue, using a gradient

system on the HPLC. The retention times of the standards,

determined by absorbance at 205 nm, were 25, 9.5, 29.5, 45.5

and 38 minutes for PA, 4'-PPA, 4'-PPE, deoA and CoA,

respectively. Hearts were perfused with radiolabeled PA,

prepared and injected into the HPLC. Fractions were

collected from the HPLC for each corresponding peak of the

standards and counted for radioactivity. The PA derivatives

in the tissue samples were quantitated by the radioactivity

rather than by the absorbance because many other compounds

in biological samples absorb at 205 nm. 4'-PPE and deoA

could not be recovered because isotopically labeled

standards were not available commercially and could not be

synthesized.
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Of the methods described, paper chromatography gives

qualitative information on PA derivatives present and has

the advantages of being easy, quick and economical. When

combined with RIA for total and free PA, paper

chromatography can provide much information in little time.

However, if quantitation of all PA derivatives is required,

the HPLC is the most efficient. The compromise for HPLC

would be time and money for setting up initial conditions

and separation of standards. If acyl-CoAs need to be

identified and quantitated, the HPLC technique requires a

separate set of initial conditions.

PANTOTEENIC ACID TRANSPORT MECHANISMS

Transport of PA has been studied in many cell or tissue

systems. Many terms are used in the literature pertaining

to transport. Uptake, influx and accumulation are

interchangeable terms which encompass transport and part of

metabolism. To measure only transport of a compound, the

metabolism of the compound inside the cell must be made

inoperative, with the implication that the metabolism is

already known. Uptake studies do not require a

disconnection of transport from metabolism in the cell. In

fact, the metabolic continuity is maintained in order to

learn about the metabolism. Efflux and release are also

interchangeable terms indicating the amount or rate of the

compound coming out of the cell.

Sugarman and Munro (1980) studied, in vitro, the
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accumulation of radiolabeled PA by adult rat adipocytes.

Inhibitors of oxidative metabolism (i.e. cyanide,

2,4-dinitrophenol) added to the incubation medium resulted

in a decreased uptake of PA. other water soluble vitamins

did not affect the uptake of radiolabeled PA. Whereas,

unlabeled PA and decreased temperature caused decreased

uptake of radiolabeled PA suggesting that PA uptake was

energy and temperature dependent, and the uptake process was

specific for PA. Albumin, which was necessary in the media

system to bind free fatty acids released from adipocytes,

bound to PA also. Therefore, the authors reported an

inability to calculate the exact kinetics of PA uptake.

Smith and Milner (1985) investigated, in vitro, the

mechanism of PA transport across plasma membranes of rat

liver parenchymal cells by determining initial velocity of

[14CJPA influx and efflux. The authors found that transport

occurred by a carrier mediated system, from 0.3 - 36.5 pmol

PA/L, and primarily by passive diffusion with 50 - 200 umol

PA/L in the media. The uptake of [14C]PA was measured in

the presence of amino acids, carboxylic acids (i.e.

carnitine, pyruvate, 2-oxoisovalerate, 2-oxoglutarate,

n-butyrate, DL-3-hydroxybutyrate and 2-oxovalerate),

pantothenol and unlabeled PA. Of these only

DL-3-hydroxybutyrate, 2-oxoisovalerate and pantothenol were

weak inhibitors.

To determine dependence of PA uptake on sodium, the

media concentration of sodium was varied by substituting,
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iso-osmotically, choline chloride or lithium chloride for

116 mmol/L sodium chloride. The Km of PA transport

decreased with increasing sodium concentration in the media,

and the Kmpant at zero sodium concentration was 250 umol/L.

The effect of intracellular sodium concentration on PA

uptake was examined using cells incubated with ouabain, an

inhibitor of Na+, K+ -ATPase, or gramicidin D, a Na+

ionophore. Both decreased the uptake of PA.

Respiratory effectors (i.e. cyanide, azide,

2,4—dinitrophenol) decreased the initial velocity of [14C1PA

influx and the strength of the inhibitory effect increased

with incubation time. Velocity of [14CJPA uptake was not

significantly affected by preloading cells with PA. The

reported Km and V“mam of PA transport were 11 umol/L and 350

nmol/mg protein/min, respectively. The efflux of [14CJPA

was measured with a Km of 85 :L- 29 umol/L and a Vmam of 0.015

t 0.003 nmol/mg protein/min. PA efflux was not sensitive to

sodium, PA, ouabain, gramicidin D or 2,4-dinitrophenol added

to the external media. They concluded that PA is

cotransported by the rat liver parenchymal cell in a 1:1

ratio with sodium on a carrier highly specific for PA;

sodium decreases the apparent Km for PA, and a sodium

carrier complex forms only on the intracellular side of the

membrane.

Transport of [14C]PA by the choroid plexus and brain

slices of rabbit was studied, in vitro, by Spector and Boose

(1984). The choroid plexus accumulated [14C]PA against a
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concentration gradient and the accumulation was inhibited by

unlabeled PA, probenecid and caproic acid. N-ethylmaleimide

and poly-L-lysine, which block sodium transport, inhibited

uptake of [14C]PA, and dinitrophenol and iodoacetic acid

almost stopped accumulation totally. Accumulation of

[14CJPA, in the brain, declined over time and was slower

than in the choroid plexus. PA, dinitrophenol, iodoacetic

acid, probenecid, N-caproic acid and N-ethylmaleimide at

37°C and at 1°C inhibited uptake of [14C]PA by the brain

slices. The amount of phosphorylated [14C]PA after

accumulation was determined in both brain and choroid plexus

by separation of [14C]PA from phosphorylated forms of PA

with paper chromatography. After developing the

chromatogram, labeled phosphorylated PA forms were detected

by counting for radioactivity. It was found that up to 43%

of [14CJPA taken up by the tissue incubated in PA

concentrations of 0.5 - 3 umol/L in the media was

phosphorylated. Efflux studies of the choroid plexus and

brain slices, after incubation with [14CJPA, showed that

[14C1PA was readily released whether PA was present in the

media or not, but when the temperature was decreased the

efflux decreased also. They concluded that the choroid

plexus contains an active transport system for PA which may

depend on sodium and the exact mechanism for brain

accumulation of PA is uncertain although facilitated

diffusion with intracellular trapping by phosphorylation was

highly speculated.
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Spector et al. (1986) also studied transport of [3H]PA,

in vitro, across the blood-brain barrier of the rat. They

reported that PA is transported by a saturable system with a

Km of 19 umol/L and a Vmax of 0.21 nmol/g brain/min.

PA transport was studied, in vitro, across the renal

brush-border membrane vesicles of the rat (Karnitz et al.

1984) and the rabbit (Barbarat and Podevin 1986). Both

vesicles accumulated PA above equilibrium values in the

presence of a sodium gradient. The Km and Vmax were

reported as 7.3 umol/L and 23.8 pmol/mg protein/min for rat,

and 16 umol/L and 6.7 pmol/mg/10s (40.2 pmol/mg/min) for

rabbit. 4'-PPE and 4'-PPA were taken up and consequently

inhibited PA uptake in the rat vesicles. The conclusion for

the vesicles from both rat and rabbit was that PA is

transported via a sodium dependent, active transport

process. In the rabbit cell, the PA anion is transported

with two sodium ions.

Lopaschuk et al. (1987) measured, in vitro, PA

transport in perfused rat heart and sheep cardiac

sarcolemmal vesicles. In rat heart the reported Km was 10.7

umol/L and the mewas 418 nmol/g dry/30 min (13.9 nmol/g

dry/min). Sodium decreased incrementally in the perfusate

resulted in decreased PA uptake. Addition to the perfusate

of a mixture of amino acids, whose uptake is sodium

dependent, also resulted in decreased uptake of PA. When an

inward sodium gradient was applied to the sarcolemmal

vesicles, PA uptake was rapid, but uptake was markedly
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decreased when sodium was replaced by potassium or if

external sodium was below 40 mmol/L. Also, PA uptake in the

vesicles increased with increasing PA concentration in the

presence of sodium. They concluded that PA is transported

across the myocardial sarcolemmal membrane and heart by a

sodium dependent carrier mediated process. Beinlich et al.

(1989) measured [14C1PA uptake in perfused rat heart. The

rate of PA transport was saturable, with a Kb of 11 umol/L

and Vmax of 630 nmol/g dry/h (10.5 nmol/g dry/min), which is

comparable to the Lopaschuk study.

Turner and Hughes (1962) did not detect transport of PA

against a concentration gradient in everted sacs of rat

intestine and concluded that PA was absorbed by passive

diffusion through the intestine. Although, these studies

were performed without radiolabeled PA and the high

concentration of PA used (100 mmol/L) wasn't optimal for

demonstrating transport mechanisms. Shibata et a1. (1983)

reported that in the rat gut, PA is hydrolyzed from CoA by

the following series of reactions: CoA to 4'-PPE to PE to

PA, and then passively diffuses at PA concentrations of 7.5

umol/L - 0.15 mol/L into the rat small intestine.

Fernstermacher and Rose (1986) reevaluated, in vitro, rat

and chick intestinal absorption of PA, using 0.9 - 20.9 umol

[3H]PA/L. They reported that PA absorption, in both

tissues, demonstrates sodium dependence and saturation

kinetics, with a Km for PA of 17 i- 2 umol/L and a Vmax of

972 i 80 pmol/cmth (16.2 pmol/cmgfmin). They concluded, at
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concentrations at or below 0.9 “mol/L, PA is absorbed by a

sodium dependent active transport process. Stein and

Diamond (1989) studied PA uptake in mouse intestine, in

vitro, and reported a Km of 21 ”mol/L and Vmax of 260

pmol/cmzlmin, for a sodium dependent saturable transport

system.

Grassl (1992) investigated PA transport by epithelial

cells of the maternal facing membrane of human placenta. He

measured flux of [14CJPA (2 umol/L) across the membrane in

the presence of the cations Na+, Li+, K+ or choline (100

mmol/L) and found a marked stimulation of PA uptake with

Na+. After pretreatment of membranes with gramicidin, PA

uptake in the presence of Na+ was reduced, indicative of a

mediated cotransport process coupling Na+ and PA.

Dependence of PA uptake on membrane voltage was demonstrated

when PA accumulated markedly when conditions were favorable

for an inside negative voltage and valinomycin was present.

Kinetic measurements of sodium dependent PA uptake measured

the Km at 9 “mol/L and Vmax of 3 nmol/mg protein/min. When

biotin (20 “mol/L) was added to kinetic studies of sodium

dependent PA transport, the Km for PA was increased to 16.6

umol/L while the Vmax remained the same. Also biotin

analogues had the same effect on sodium dependent PA

transport as on sodium-dependent biotin transport,

suggesting biotin and PA compete for the same transporter.

Table 1 summarizes all PA transport mechanism studies,

most tissues or cells studied transported PA by a sodium
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dependent active transport system. The transport mechanism

and metabolism of PA into the RBC have never been

investigated and it can not be assumed that RBCs would

transport PA by the same system as other tissues do, because

the RBC is uniquely different from all other tissue cells in

its organelle makeup and function.

METABOLISM OF HATER SOLUBLE VITAMINS IN THE RBC

Thiamin is transported into the RBC by facilitated

diffusion (Hoyumpa 1982). Once inside the cell, thiamin is

phosphorylated to the di- and tri-phosphate esters. The

diphosphate ester, thiamin pyrophosphate, is the active

cofactor for transketolase which functions in the hexose

monophosphate pathway in the RBC.

Riboflavin enters the RBC in its free form, then it is

phosphorylated to flavin mononucleotide. Flavin

mononucleotide is converted to flavin adenine dinucleotide,

which is the coenzyme form required for erythrocyte

glutathione reductase (Beutler 1969).

Nicotinic acid or nicotinamide is transported into the

RBC by facilitated diffusion. Nicotinic acid is converted to

nicotinamide mononucleotide and finally to nicotinamide

adenine dinucleotide or nicotinamide adenine dinucleotide

phosphate, which are used in glycolysis and the hexose

monophosphate pathway in the RBC.

Folate is found in the RBC in nine times the amount of

serum (Grossowicz 1962). The transport system specific for
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the forms 5-CH3-tetrahydrofolate and 5-HCO-tetrahydrofolate

is saturable and influenced by anions, although efflux is

not energy dependent (Branda et al. 1978; Branda and Anthony

1979).

Pyridoxine and pyridoxal are transported into the RBC

by passive diffusion. This transport is temperature

dependent, due to phosphorylation of pyridoxine and protein

binding of pyridoxal (Mehansho and Henderson 1980).

Pyridoxine is phosphorylated to pyridoxine phosphate which

is converted, via an oxidase to pyridoxal phosphate, the

main coenzyme form (Anderson et al. 1971). Binding to,

hemoglobin by pyridoxal phosphate causes a change in oxygen

affinity for hemoglobin.

Uptake of vitamin 812 bound to transcorrin, by the RBC

is dependent upon reticulocytes, calcium and magnesium in

the serum (Retief et a1. 1966).

Ascorbic acid is oxidized on or near the surface of the

RBC to dehydroascorbic acid. Dehydroascorbic acid then

diffuses through the lipid portion of the cell wall and is

reduced back to ascorbic acid, trapping it inside the cell

(Wagner et al. 1987). Dehyroascorbic acid, therefore, acts

as an antioxidant in the RBC.

Very little is known about PA metabolism in the RBC.

Uptake and metabolism of PA by the RBC has never been

investigated before although, it is known that the RBC does

metabolize PA to an extent as attested to by the presence of

bound forms of PA in the RBC.
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SUMMARY

A study of the uptake and metabolism of PA by the RBC

is necessary for the following reasons: 1) there is no

information concerning the uptake and metabolism of PA in

the RBC, 2) CoA has always been assumed to be the major form

of PA in the RBC, but no evidence is available that this

assumption is true and 3) the RBC has no known metabolic

pathways requiring CoA; 4) the RBC is uniquely different

from all other tissue cells in its organization and

metabolism, and therefore can not be assumed to take up or

metabolize PA by the mechanisms of other tissue cells that

have been studied; and 5) we hypothesize that PA metabolism

in the RBC mimics tissue PA metabolism and will thus serve

as a reliable measure of PA nutriture in the animal, but

this will have to be proven in subsequent studies.

The most effective and efficient way to determine the

presence of PA derivatives, qualitatively and

quantitatively, is with a combination of paper

chromatography and RIA, so these methods were chosen for the

metabolism studies.



MATERIALS AND METHODS

CHEMICALS

[1-‘4C1Pantothenate (2.11 GBq/mmol) was purchased from

New England Nuclear (Boston, MA). Soluene 360 and Picofluor

40 scintillation cocktail were purchased from Packard

Instrument Co (Downers Grove, IL). A plasma hemoglobin kit,

thiopropyl-Sepharose 6B, Crotalus Atrox venom, ninhydrin

spray reagent, sodium nitroprusside, CoA, deoA, PA,

pantethine and alkaline phosphatase were purchased from

Sigma Chemical Co (St. Louis, MO). Pantetheinase was kindly

provided by Drs. Wittwer and Wyse's lab at Utah State

University.

ANIMALS AND DIET

Sprague-Dawley rats weighing 300 - 500 g were used in

all studies. The rats were allowed free access to rat chow

(Purina 5001 Laboratory Chow, Purina Mills Inc, St Louis,

MO) and water, until killed by cardiac puncture under

methoxyflurane anesthesia.

BLOOD COLLECTION

Blood was collected from the rat by a cardiac puncture

in Vacutainer tubes containing heparin (Beckton Dickinson,

26
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Rutherford, NJ) and centrifuged in a table top centrifuge at

1000 X g for 10 minutes. The plasma layer and buffy coat

were removed. The RBCs were washed twice with 0.9% NaCl

(physiological saline), in the same volume as the removed

plasma layer, and centrifuged at 1000 x g for 10 minutes.

The saline and residual buffy coat were discarded.

UPTAKE AND RELEASE OP PA BY THE RBC

Preparation of the RBCs

Packed RBCs were resuspended in phosphate buffered

saline (PBS) containing 10 mmol glucose/L, in a 1:1 ratio

(0.4 mL and 10 mL for uptake and release experiments,

respectively). This RBC preparation will be referred to as

RBC-PBS throughout the thesis. Each data point represents

the average of 5 separate determinations.

Viability of the RBC membrane

The viability of the RBC membrane to withstand various

incubation periods and centrifugation force was evaluated by

measuring the hemoglobin content of the medium layer of

RBC-PBS (1:1, 0.4 mL). The RBC-PBS samples, without added

PA were incubated and centrifuged, along with the samples

mixed with radiolabeled PA, during the uptake and release

experiments. The viability of the RBC membrane was

considered acceptable when < 1% of hemoglobin in the cell

was released into the media. The measured hemoglobin

concentration in the media layer was consistent between
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experiments in the range from 22 — 186 pmol/L and 34 - 176

umol/L in the uptake and release experiments, respectively.

counting of RBCs

RBCs were counted in samples of 0.2 mL of RBCs using a

hemocytometer, in all experiments. The RBC count was used

to standardize all uptake and release data to 107 RBCs, in

order to compare experiments. The RBC count, in 0.2 mL of

RBCs, was equated with nmols PA taken up or released by 0.2

mL of RBCs, which was calculated from the measured

radioactivity and the known specific activity of each

sample. Then nmols PA was standardized to 107 RBCs.

Quantification of PA in the RBC

PA was quantitated in RBCs, in all experiments as a

measure of homogeneity between experiments. Total PA

includes the bound PA forms (4'-PPA, 4'-PPAcys, 4'-PPE,

deoA, CoA and PE) as well as free PA. Initial free and

bound PA concentrations were measured in the RBC after the

cells were hemolyzed by three freeze-thaw cycles. For

determination of the bound forms of PA, 0.5 mL of packed

RBCs were incubated at 37°C for 8 hours, with 0.1 mol/L Tris

buffer (400 uL, pH 8.1), alkaline phosphatase (50 units),

pantetheinase (100 units) and distilled water to a final

volume of 1.5 mL. The enzymatic hydrolysis of RBC samples

was terminated by adding four times the RBC volume of

equimolar amounts of saturated Ba(OH)2 and 10% ZnSO4, in
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that order. The mixture was vortexed, centrifuged at 4000 X

g for 10 minutes, and the supernatant was saved for analysis

of PA by RIA (Wyse et al. 1979), as follows: A mixture of

100 uL of supernatant, 12.5 uL of rabbit antisera against

PA, 10 [IL of [14mm (117 Bq) and 227.5 pL of 1.5% rabbit

serum albumin in PBS was vortexed, and then shaken at room

temperature for 15 minutes. Saturated (NH4)2SO4 (350 uL)

was added to the mixture, vortexed and centrifuged at 8500 X

g at 10°C for 15 minutes. The supernatant, containing PA

(both 1“c labeled and unlabeled) unbound to the antibody,

was aspirated off. The pellet, containing antibody bound PA

(both 14C labeled and unlabeled), was resuspended in 500 pL

of 50% (NH4)2SO4, vortexed and centrifuged again at 8500 X g

for 15 minutes. The supernatant was discarded. Tissue

solubilizer, Soluene 360 (300uL), was added to the pellet,

vortexed and incubated at 60°C for 30 minutes. The mixture

was vortexed after incubation, and to it was added 3 mL of

scintillation cocktail; radioactivity of the sample was

counted in a Tricarb 4000 series scintillation counter

(Packard Instrument CO, Downers Grove, IL). PA standards

(0.5 pmol - 10 nmol) were processed in the same manner as

the samples to obtain a standard curve which was used to

determine the PA concentration of the samples.
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Uptake of PA by the RBC

Effect of incubation time and PA concentration. In

studying the uptake of PA by the RBC, 0.4 mL of RBC-PBS was

incubated at 37°C with five concentrations of PA: 0.34, 1.7,

3.4, 17.0, 34.0 pmol/L RBC-PBS for varying durations. The

PA concentrations were chosen to surround the physiological

PA concentration of rat whole blood (approximately 3 pmol/L;

Hatano et al. 1967; Israel and Smith 1986). All media

contained 0.34 pmol [14C]PA/L (2.11 GBq/mmol); the final PA

concentration was adjusted with unlabeled PA.

After incubation for 3, 7, 10, 20, 30, 40, 50, 60, 120,

240 and 360 minutes, the samples were briefly placed on ice

to impede further PA transport and then centrifuged at 5000

X g for 3 minutes. The supernatant was aspirated off and

saved. The RBCs were then washed twice with 0.2 mL of ice

cold physiological saline and centrifuged at 5000 X g for 3

minutes. The supernatant and subsequent two washes were

pooled, mixed with 10 mL of Safety Solve scintillation

cocktail and counted for radioactivity by a Tricarb 4000

series scintillation counter to account for all the

radioactivity originally added.

Data collection. The radioactivity in the resulting

RBCs was counted after the following preparation of the

cells: Each sample of the resulting packed RBCs (0.2 mL) was

mixed with 1 mL of isopropanol-Soluene 360 (1:1), vortexed

and incubated at 40°C for 30 minutes. The RBC mixtures were

then mixed with 1.5 mL of 30% H202, to bleach, and left at
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room temperature for 1 hour. The samples were then

incubated at 40°C for 15 - 30 minutes to expel any remaining

Héoz. When cooled, the bleached RBC samples were combined

with 15 mL of Picofluor 40 scintillation cocktail, vortexed,

and counted for radioactivity by a Tricarb 4000 series

scintillation counter.

Estimation of radioactive contamination. Radioactive

contamination left on the outside membrane surface of the

washed RBCs was estimated as follows. RBC-PBS (1:1, 0.4 mL)

samples were combined with the various concentrations of PA,

which contained labeled and unlabeled PA, immediately

centrifuged at 5000 X g for 3 minutes, washed twice in 0.2

mL of ice cold physiological saline and centrifuged at 5000

X g for 3 minutes. The RBCs were prepared and counted for

radioactivity as described above. The radioactivity that

remained in the RBCs prepared in this manner was assumed to

Abe from [14C]PA attached to the outer surface of the RBC.

Effect of sodium. PA uptake by the RBC was determined

in the presence of varied concentrations of sodium (0, 38,

76, 152 mmol/L) and at the four concentrations of PA: 0.34,

3.4, 17.0, 34.0 pmol/L RBC-PBS. As described earlier, the

[14C1PA in each sample was kept constant at 0.34 pmol/L, and

the desired final concentration of PA was achieved by adding

unlabeled PA. The physiological osmolarity of medium with

varying sodium concentrations was maintained by replacing

NaCl and NaZHPO4 with equimolar LiCl. After incubation in

the media with varied sodium concentrations at 37°C for 7
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minutes, the RBC-PBS (0.4 mL, 1:1) samples were briefly

placed on ice, centrifuged at 5000 X g for 3 minutes, washed

twice in PBS containing the respective sodium concentrations

and centrifuged at 5000 X g for 3 minutes. The washed RBCs

and PBS washes were prepared and counted for radioactivity

as described above.

Effect of glucose. The effect of glucose on the uptake

of PA by the RBC was determined. Samples of 0.4 mL RBC-PBS

(1:1) were incubated with 0.34 pmol [14CJPA/L and with or

without 10 mmol glucose/L at 37°C for 3, 7, 10, 20 and 30

minutes. After incubation, the RBC-PBS samples were put

briefly on ice, centrifuged at 5000 X g for 3 minutes,

washed twice in 0.2 mL of ice cold physiological saline and

centrifuged at 5000 X g for 3 minutes. The washed RBCs and

PBS washes were prepared and counted for radioactivity as

described above.

Effect of pH. The effect of pH on the uptake of PA by

the RBC was investigated. Samples of 0.4 mL RBC-PBS (1:1)

at various pH (7.2, 7.3, 7.4, 7.5 and 7.6) were incubated

with 0.34 pmol/L of [14CJPA at 37°C for 3, 7, 10 and 20

minutes. After incubation the RBC-PBS samples were put

briefly on ice, centrifuged at 5000 X g for 3 minutes,

washed twice in 0.2 mL of ice cold physiological saline and

centrifuged at 5000 X g for 3 minutes. The washed RBCs and

PBS washes were prepared and counted for radioactivity as

described above.
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Release of PA by the RBC

Effect of incubation time and PA concentration. In

determining the release of PA from the RBC, four RBC-PBS

samples (10 mL, 1:1) were mixed with 0, 0.34, 3.4 and 34.0

pmol/L of PA. Again the latter three samples contained 0.34

pmol/L of [14C]PA and the final PA concentration was

obtained by adding unlabeled PA. After incubation at 37°C

for 2 hours, the RBCs were separated from the media by

centrifugation followed by washing as described above. The

average radioactivity in 0.2 mL of RBCs at this point (zero

time) was 37 Bq. The sample with no added PA was used for

RBC counting and hemoglobin analysis.

Aliquots (0.2 mL) from each of the RBC preparations

containing different concentrations of PA were then mixed

with 0.2 mL of PBS and incubated at 37°C for 10, 20, 30,-40,

50, 60 and 240 minutes. Upon termination of incubation,

each sample was briefly set on ice, then centrifuged at 5000

X g for 3 minutes to separate the cells from the media. The

cells were washed twice in ice cold physiological saline

(0.2 mL) and centrifuged at 5000 X g for 3 minutes.

Data collection. The mixture of cell supernatant and

two washes, which contain.[14C]PA released from the cell,

were pooled, mixed with 10 mL of Safety Solve scintillation

cocktail and counted for radioactivity.
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METABOLISM OP PA BY THE RBC

Quantification of PA Derivatives

Identification and quantification of PA derivatives in

the RBC was investigated with the RIA for PA. Lysed fresh

RBCs were subjected to enzymatic treatment, with

pantetheinase alone, alkaline phosphatase alone, and both

enzymes together. These preparations along with lysed RBCs

which had not been subjected to enzymatic degradation, were

analyzed by RIA for PA, as described above. Pantetheinase

degradesPE to PA providing information on PE content of the

RBC, and alkaline phosphatase removes phosphate groups

therefore 4'-PPA will be degraded by alkaline phosphatase to

PA. Both enzymes applied simultaneously break down all PA

derivatives (4'-PPA, 4'-PPAcys, 4'-PPE, PE, deoA, CoA) to

PA.

Paper Chromatography

Qualitative identification of PA derivatives in the RBC

after uptake of PA by the RBC was accomplished with paper

chromatography.

preparation of standards. PA, [14C]PA, deoA and CoA

standards were purchased. Standards for three PA

derivatives that are not available commercially were

prepared as below.

4'-PPA standard was synthesized by the modified method

of Halvorsen and Skrede (1980): Fresh rat liver (2 g) was

homogenized in 1.0 mL of 20 mmol/L potassium phosphate
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buffer (pH 7.2). The homogenate was centrifuged (10,000 X

g) at 0°C for 20 minutes. One mL of the supernatant, which

contains pantothenate kinase, was incubated at 37°C for 40

minutes with 1.5 mL of a solution of 0.2 mmol PA/L, 10 mmol

ATP/L, 5 mmol MgC12/L, 2 mmol dithiothreitol/L, and 50 mmol

tris buffer/L (pH 7.4). After the incubation, protein was

precipitated by addition of five drops of methanol and

centrifugation at 10,000 X g at 0°C for 20 minutes. The

supernatant was subjected to chromatography on a

thiopropyl-Sepharose 63 column and allowed to react for 30

minutes. The thiol groups of the matrix hang onto any thiol

containing PA derivatives, allowing 4'-PPA to pass through.

The column was prepared as follows: 1 g of gel material was

equilibrated with 10 mL of potassium phosphate buffer (20

mmol/L, pH 8.0). This gave about 3 mL of matrix and the

column used was 1 cm in diameter. 4'-PPA in the column was

eluted with 6 mL of 20 mmol potassium phosphate buffer/L

(pH 8.0).

4'-PPE standard was synthesized by the method of

Halvorsen and Skrede (1980): A 1 mL solution of 2 mmol

CoA/L, 8 units Crotalus Atrox venom, 2 mmol MgClZ/L, 0.1

mmol dithiothreitol/L and 50 mmol tris buffer/L (pH 7.0),

was incubated at 37°C for 30 minutes. The mixture was

cooled on ice and diluted to 2 mL with 20 mmol potassium

phosphate buffer/L (pH 8.0). The pH was adjusted to 8.0

with 0.1 mol NaOH/L. The solution was loaded onto a

thiopropyl-Sepharose 6B column, prepared as described above,
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and allowed to react for 30 minutes. The column was then

washed with 6 mL of 20 mmol potassium phosphate buffer/L

(pH 7.0) and final elution of 4'-PPE was accomplished with 8

mL of 0.1 mmol dithiothreitol/L in 20 mmol potassium

phosphate buffer/L (pH 8.0).

PE was synthesized by reduction of disulfide bonds of

pantethine with dithiothreitol, at ten times the

concentration of pantethine.

Paper chromatography of standards. Standards were

spotted on DEAE cellulose paper and developed in 0.5 mol

formic acid/L (pH 3.1, adjusted with NH40H) for 4 - 4.5

hours. This gave a solvent front at 25 cm.

Chemical visualization of standards. PA and 4'-PPA

were visualized by heating the dried paper chromatogram at

160°C for 30 minutes, spraying with ninhydrin, and heating

again briefly. Heating causes B-alanine to break from

pantoic acid, and the former reacts with ninhydrin to

produce violet color. Sulfhydryl goups of CoA, deoA and

4'-PPE were visualized using a sodium nitroprusside spray,

(5 mL of 30% sodium nitroprusside dissolved in 1 mol

H2804/L, mixed with 95 mL of methanol and 10 mL of 28%

ammonia, and filtered).

After subjecting the standards to the chromatography

and chemical visualization, it was determined that the

amount of RBCs needed for visualization of its PA and PA

derivatives, was much greater than amounts practical for the

present study. Detection of PA derivatives in the RBC was
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subsequently accomplished by using the RBC incubated with

radiolabeled PA.

RBC preparation. 20 mL of RBC-PBS (1:1) were incubated

at 37°C for 6 hours with 3.4 pmol [14C]PA/L. After

incubation the RBCs were separated by centrifugation at 1000

X g for 10 minutes. The media layer was removed, and the

RBCs were washed twice with 10 mL of physiological saline,

centrifuged at 1000 X g for 10 minutes and the saline wash

was discarded.

Each sample (1 mL of packed RBCs) was combined with 2

mL of 6% HClO4 containing 30 mmol dithiothreitol/L, to lyse

the cells and precipitate proteins. The mixture was

centrifuged at 10,000 X g for 5 minutes and the supernatant

was neutralized to pH 6 - 7 with 3 mol KOH/L and centrifuged

again. The supernatant was saved and dried in a vacuum

oven. The dried sample was dissolved in 50 uL of 0.2 mol

dithiothreitol/L (pH 3.1, adjusted with formic acid). The

50 uL samples were subjected to paper chromatography as the

standards desribed above.

Data collection. The paper chromatogram of the

prepared RBCs, after having dried, was cut into sample

columns and each column was cut into 1 cm pieces, from base

to solvent front. The 1 cm pieces were added to 5 mL of

scintillation cocktail and 100 uL of distilled water, to

increase solubility of radioactivity from paper (application

note ABA-006, Packard Instrument CO, Meriden, CT). The

mixture was counted for radioactivity in a scintillation
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counter and the distribution of radioactivity was then

compared to the visualized standards for identification.

Enzymatic degradation. Enzymatic degradation was also

applied to RBCs after incubation with.[14C]PA for 6 hours as

follows: Each RBC sample (1.0 mL) was mixed with 6% HClO4 to

lyse cells and precipitate proteins, as described above.

The supernatant of each sample was incubated at 37°C for 8

hours with 0.1 mol/L tris buffer (400 uL, pH 8.1), either

200 units of pantetheinase, 100 units of alkaline

phosphatase or both and distilled water to a final volume of

2.0 mL. At termination of enzymatic hydrolysis, all samples

were boiled for 5 minutes and centrifuged at 10,000 X g for

5 minutes. The supernantant was dried in a vacuum oven,

resuspended in 50 uL of 0.2 mol dithiothreitol/L and

subjected to paper chromatography, as described above.

The subsequent data were suggestive of either

pantetheinase breaking PA down to pantoic acid and

B-alanine, or contamination in the pantetheinase preparation

shifting the location of paper chromatography peaks.

Pursuant to the answer, chromatograms were run on the

following 8 samples: 1) 0.68 nmol of [14C]PA was incubated

with 20 units of low purity (182 units/mL) pantetheinase and

0.1 mol/L tris buffer (400 mL, pH 8.1) at 37°C for 5 hours.

The solution was then boiled 5 minutes and centrifuged at

10,000 X g for 5 minutes. 2) 20 units of low purity (182

units/mL) pantetheinase was incubated with 0.1 mol/L tris

buffer (400 mL, pH = 8.1) as for sample 1. After
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incubation, to the solution was added 0.68 nmol of [14C]PA,

immediately boiled for 5 minutes and centrifuged at 10,000 X

g for 5 minutes. 3) 0.68 nmol of [14CJPA was incubated with

20 units of high purity (807 units/mL) pantetheinase and 0.1

mol/L tris buffer (485 uL, pH 8.1) at 37°C for 5 hours. The

solution was then boiled 5 minutes and centrifuged at 10,000

X g for 5 minutes. 4) 20 units of high purity (807

units/mL) pantetheinase was incubated with 0.1 mol/L tris

buffer (485 uL, pH 8.1) as for sample 3. After incubation,

to the solution was added 0.68 nmol of [14C]PA, immediately

boiled for 5 minutes and centrifuged at 10,000 X g for 5

minutes. 5) 0.68 nmol of [14CJPA was incubated with 10

units of alkaline phosphatase (40,820 units/mL) and 400 uL

of 0.1 mol/L tris buffer (pH 8.1) for 5 hours at 37°C,

boiled and centrifuged for 5 minutes at 10,000 X g for 5

minutes. 6) 0.68 nmol of [14CJPA was incubated with 10

units of alkaline phosphatase (40,820 units/mL), 20 units of

low purity pantetheinase (182 units/mL) and 400 uL of 0.1

mol/L tris buffer (pH 8.1) at 37°C for 5 hours, boiled and

centrifuged for 5 minutes at 10,000 X g. 7) 0.68 nmol of

[14CJPA was added to 300 pL of 6% HClO4, then neutralized to

about pH 7 with 3 mol KOH/L. 8) 500 uL of 6% HClO4,

neutralized with 3 mol KOH/L, was mixed with 0.68 nmol of

[14C]PA. Supernatant from all 8 samples were subjected to

paper chromatography, as described above.



4o

STATISTICS

All data points in uptake and release experiments

represent 5 replicates computed as mean 1 SD. Regression

analysis was performed on all uptake and release data with a

significance level of p < 0.001. Data analysis for this

study was done using the following statistics software

packages: Statgraphics 3.0 (STSC Inc and Statistical

Graphics Corp, Rockville, MD) and Crunch 4.0 (Crunch

Software Corp, Oakland, CA). RIA data are reported as the

mean 1 SD of 4 - 6 replicates.



RESULTS AND DISCUSSION

PA UPTAKE AND RELEASE BY THE RBC

All data have been standardized to 107 RBCs which is

from approximately 2 mL of whole blood, assuming a 50%

hematocrit. Uptake of total PA followed the classical

hyperbolic pattern of increasing rapidly for the first 2

hours then slowing down or leveling off at all PA

concentrations (Figure 2). Uptake of total PA by the RBCs

continuously increased with the amount of PA added (Figure 3

a 4); statistical analysis indicated significant least

squares regressions at all time points (r2 = 0.77 - 0.99,

p < 0.001), which indicated a nonsaturable influx process.

In each of these experiments, 0.34 umol [14CJPA/L was used

with varying amount of unlabeled PA added to obtain the

desired concentration. The same data were analyzed for the

uptake of radioactive PA per 107 RBCs, rather than by the

uptake of total PA (both labeled and unlabeled; Figure 5 a

6). A significant linear decrease was seen with labeled PA

uptake with increasing initial PA concentration, after

incubation for 20, 30, 50, 60 and 120 minutes (p < 0.05,

with r2 = 0.21 - 0.64). Since this effect was not seen at

all time points and r2 was low, it was concluded that total

PA in the media had no affect on uptake of [14CJPA, which is

41
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Figure 2. RBC uptake of PA vs incubation time.

The RBCs were incubated with PA concentrations of 0.34 (C)),

1.7 (O), 3.4 (A). 17.0 (a) and 34.0 (C1) pmol/L at 37°C

for 3, 7, 10, 20, 30, 40, 50, 601 120, 240, and 360 minutes.

All media contained a constant [ 4C]PA concentration of

0.34 pmol/L, with varying specific activity achieved with

unlabeled PA. PA concentrations were chosen to surround the

average blood PA concentration in rats of 3 pmol/L. Each

point represents the mean and SD of 5 replicates.
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Figure 3. Total PA uptake by RBCs (3-30 min) vs initial PA

concentration in media. The RBCs were incubated with PA

concentrations of 0.34, 1.7, 3.4, 17.0 and 34.0 nmol/L at

37°C for 3 (A): 7 (El): 10 (A): 20 (O) and 30 (0)

minutes. All initial PA concentrations included 0.34 umol

[14C]PA/L. All time points increased linearly (r2 = 0.77 -

0.96, p < 0.001) which indicated a nonsaturable influx

process, and each point represents the mean and SD of 5

replicates.
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Figure 4. Total PA uptake by RBCs (40-360 min) vs initial

PA concentration in media. The RBCs were incubated with PA

concentrations of 0.34, 1.7, 3.4, 17.0 and 34.0 pmol/L at

37°C for 40 (Q), 50 (Q), 60 (I) 120 ([3), 240 (A) and

360 (4;) minutes. All initial PA concentrations included

0.34 pmol [14C]PA/L. All time points increased linearly

(r2 = 0.93 — 0.99, p < 0.001) which indicated a nonsaturable

influx process, and each point represents the mean and SD of

5 replicates.



45

 

 

D
J

-
>

t
-
—
-
4

.

I
—
—
'
-
—
-
l

 

 

 

[
“
0
]
P
A
(
d
p
m

x
1
0
3
/
1
0
7
R
8
0
3
)

0
1

   
T .—

2 -L _

1 1\1 :==-_“‘==:_~.~:: __
g -

0 o—o c o

O 5 10 15 20 25 30 35

Initial PA Concentration (pmol/L)

Figure 5. (“C]PA uptake by RBCs (3-30 min) vs initial PA

concentration in media. The RBCs were incubated with

several PA concentrations (0.34, 1.7, 3.4, 17.0 and 34.0

pmol/l) all of which contained 0.34 pmol [14C]PA/L, at 37°C

for 3(0), 7 (Q), 10 (Q)' 20 (A) and 30 ([1) minutes.

Regression analysis of [1 C]PA uptake showed a significant

linear decrease at 20 and 30 min (p < 0.05, r2 = 0.21 -

0.46). Since the effect was not seen at all time points and

r was very low, it was concluded that total PA in the media

has no affect on labeled PA uptake. Each point represents

the mean and SD of 5 replicates.
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Figure 6. (“C]PA uptake by RBCs (40-360 min) vs initial PA

concentration in media. The RBCs were incubated with

several PA concentrations (0.34, 1.7, 3.4, 17.0 and 34.0

pmol/L) all of which contained 0.34 nmol [14C]PA/L, at 37°C

far 40 (O). 50 (O). 60 (A): 120 (A): 240 (El) and

360 (I) minutes. Regression analysis of [14C]PA uptake

showed a significant linear decrease at 50, 60 and 120 min

(p < 0.05, r2 = 0.31 - 0.64). Because the effect was not

seen at all time points and r2 was low, it was concluded

that total PA in the media had no affect on labeled PA

uptake. Each point represents the mean and SD of 5

replicates.
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expected in a nonsaturable system.

Previous PA uptake studies in the adipocytes (Sugarman

and Munro 1980), liver (Smith and Milner 1985), kidney

(Karnitz et al. 1984), heart (Lopaschuk et al. 1987) and

intestine (Fernstermacher and Rose 1986), reported that PA

was transported via a sodium dependent active transport

system. Brain, however, was reported to transport PA via

facilitated diffusion (Spector and Boose 1984). The PA

uptake experiment in Figure 7, showed that at each sodium

concentration of 0, 38, 76 and 152 mmol/L RBC-PBS (7 minute

incubation time), the total PA uptake increased linearly (r2

= 0.70 - 0.76, p < 0.001) with no differences at different

sodium levels. The data indicated that sodium is not

necessary for the uptake of PA by the RBC.

We compared the uptake of total PA by the RBC with and

without 10 mmol glucose/L RBC-PBS, to insurethat energy is

not required for the uptake of PA by the RBC. Regression

analysis showed that presence of glucose in the media did

not affect uptake kinetics (Figure 8). We also investigated

the uptake of PA by the RBC at various pH of the media (7.2,

7.3, 7.4, 7.5 and 7.6). No differences were seen in total

PA uptake among the pH levels studied (Figure 9).

Figure 10 shows that the total PA release from the RBC

was linear for about 50 minutes at initial PA concentrations

of 0.34 - 34.0 pmol/L RBC-PBS. At zero time the PA

concentrations of the RBCs which were pre-incubated in 0.34,

3.4 and 34.0 pmol PA/L RBC-PBS, all of which contained
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Figure 7. Effect of sodium on RBC uptake of PA. The RBCs

were incubated with PA concentrations of 0.34, 3.4, 17.0 and

34.0 pmol/L at 37°C in media containing 4 sodium

concentrations (0 (Q), 38 (Q), 76 (A) and 152 (A)

mmol/L) for 7 minutes. All initial PA concentrations

included 0.34 pmol [14C]PA/L. The osmolarity of medium with

varying sodium concentration was kept constant by replacing

NaCl and NazHP04 with equimolar LiCl. Each point represents

the mean and SD of 5 replicates. At each sodium

concentration the uptake was linear (r2 = 0.70 - 0.76,

p < 0.001) and there were no differences between sodium

concentrations.
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Figure 8. Effect of glucose on uptake of4 PA by the RBC.

The RBCs were incubated with 0. 34 pmol [14C]PA/L and either

0 (C)) or 10 (4;) mmol glucose/L at 37°C for 3, 7, 10, 20

and 30 minutes. Each point represents the mean and SD of 5

replicates. Regression analysis showed no differences in PA

uptake whether glucose was present or not.
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Figure 9. Effect of pH on uptake of PA b the RBC.

The RBCs were incubated with 0.34 nmol [1 C]PA/L at pH

levels of 7.2 (O), 7.3 (g), 7.4 (A), 7.5 (A) and

7.6 ([J) at 37°C for 3, 7, 10 and 20 minutes. Each point

represents the mean and SD of 5 replicates. Regression

analysis showed no differences in PA uptake between the

various pH conditions examined.
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Figure 10. Release of total PA by RBC: vs incubation time.

The RBCs were incubated with PA concentrations of 0.34 ((3),

3.4 (Q) and 34.0 (A) nmol/L at 37°C for 2 hours. All

initial PA concentrations included 0.34 umol [ C]PA/L. The

radiolabeled RBCs (37 Bq), which contained 0.104, 1.04 and

10.4 nmols PA/107 RBCs, were then washed and reincubated in

fresh media for 10, 20, 30, 40, 50, 60 and 240 minutes.

Each point represents the mean and SD of 5 replicates.
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0.34 pmol [14C]PA/L RBC-PBS, were 0.104, 1.04 and 10.4 nmols

PA/107 RBCs, respectively. With increasing initial PA

concentrations in the RBC, the release of total PA from the

cell increased linearly (Figure 11, r2 = 0.71 - 0.93,

p < 0.001), which indicated that efflux of PA is also

nonsaturable. The data were analyzed by regression analysis

in terms of total activity (Figure 12), as in the uptake

experiment. With increasing initial PA concentrations in

the RBC, release of radioactive PA was not changed which

indicated total PA in the RBC had no affect on release of

labeled PA, expected in a nonsaturable system.

In summary, PA uptake and release by the RBC were found

to be occuring by passive diffusion based on the following

evidence: 1) uptake and release of PA from the RBC

continuously increase with PA concentrations from 0.34 - 34

nmol/L, 2) total PA had no affect on uptake or release of

labeled PA, 3) energy, pH and sodium did not affect PA

uptake under our experimental conditions.

METABOLISM OF PA BY THE RBC

Figure 13 shows the structure of CoA and its bonds that

are hydrolyzed by pantetheinase, alkaline phosphatase and

pyrophosphatase. The alkaline phosphatase preparation

purchased from Sigma contains both alkaline phosphatase and

pyrophosphatase.

PA derivatives present in the RBC were determined

qualitatively and quantitatively by subjecting the RBCs to a
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Figure 11. Release of total PA by RBCs vs initial PA

concentration in media. The RBCs were incubated with PA

concentrations of 0. 34, 3. 4 and 34. 0 pmol/L at 37°C for 2

hours. All initial PA concentrations included 0. 34 pmol

[14C]PA/L. The radiolabeled RBCs (37 Bq), which contained

0.104,1.04 and 10. 4 nmols PA/107 RBCs, were then washed and

reincubated in clean media for 10 (I), 20 (v), 30 (D), 40

(A), 50 (A), 60 (0) and 240 (0) minutes. Each point

represents the mean and SD of 5 replicates, and all time

points increased linearly (r2 = 0.71 - 0.93, p < 0.001)

which indicated a nonsaturable efflux process.
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Figure 12. Release of [1‘c19a by uses vs initial PA

concentration in media. The RBCs were incubated with varied

PA concentrations (0.34, 3.4 and 34.0 pmol/L) at 37°C for 2

hours. All initial PA concentrations included 0.34 pmol

[14C]PA/L. The radiolabeled RBCs (37 Bq) were then washed

and reincubated in clean media for 10 (I), 20 (v ) ,

30 (D), 40 (‘), 50 (Ail 60 (Q) and 240 (0) minutes.

Regression analysis of [ C]PA release showed no change with

initial PA concentration which indicated total PA had no

affect on release of labeled PA. Each point represents the

mean and SD of 5 replicates.
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differential enzymatic hydrolysis, then by quantitating the

total PA generated by RIA (Table 2). All enzymes applied

simultaneously, break down all PA derivatives (4'-PPA,

4'-PPE, 4'-PPAcys, deoA, CoA and PE) to PA, representing

total PA in the cell. Alkaline phosphatase applied to PA

derivatives breaks all phosphate group bonds (see Figure

13), so 4'-PPA is the only PA derivative which will be

degraded to PA and can then be quantitated by RIA.

Pantetheinase applied to PA derivatives catabolizes the

amide bond, breaking off cysteamine, so PE is the only PA

derivative degraded to PA. Free PA made up only 17% (0.78 i

0.37 nmol PA/lo7 RBCs) of the total PA (4.58 r 2.00 nmol

PA/lo7 RBCs) in the RBC. Seventy eight percent (3.56 r 2.51

nmol PA/107 RBCs) of the total PA, which was measured by RIA

after hydrolysis by the alkaline phosphatase preparation,

include PA and 4'-PPA only. Therefore, it was concluded

that 61% of the total PA in the RBC is in the form of

4'-PPA. Forty eight percent (2.21 i 0.80 nmol PA/107 RBCs)

of total PA in the RBC, which was quantitated by RIA after

hydrolysis by pantetheinase, include PA and PE only. We

thus conclude that 31% of total PA in the RBC is in the form

of PE. The sum of free PA, 4'-PPA and PE added to 109%.

Next, the identity of the PA derivatives present in the

RBC was determined qualitatively with paper chromatography

and using authentic standards. The Rf values of standards

were determined by visualization procedures after paper

chromatography or by using radiolabeled PA and paper
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Table 2. Pantothenic acid and it's derivatives i RBCs quantified after

different enzyme treatments

 
PA

 

Enzyme derivatives* PA2 % of total

nmol/107 RBCs

none PA 0.78 t 0.37 17

alkaline PA, 4'-PPA, 4.58 t 2.00 100

phosphatase & 4'-PPAcys

pantetheinase 4'-PPE,

deoA, CoA,

PE

phosphatase

pantetheinase PA, PE 2.21 t 0.80 48

 

1 Total PA (bound and free) in RBCs was subjected to specific enzyme

treatments and measured subsequently for PA by RIA.

2 Values are mean 1 SD of 4 - 6 replicates.

* Abbreviations used: (PA), pantothenic acid;

(4'-PPA), 4'-phosphopantothenic acid;

(4'-PPAcys), 4'-phosphopantothenoylcysteine;

(4'-PPE), 4'-phosphopantetheine; (deoA), dephosphoCoA;

(CoA), Coenzyme A; (PE), pantetheine.
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chromatography. The Rf values obtained were 0.8, 0.64,

0.35, 0.4, 0.15 and 0.76, for PA, 4'-PPA, 4'-PPE, deOA, CoA

and PE, respectively.

The RBCs incubated in the PBS media with [14C]PA (3.4

nmol/L) for 6 hours were processed (see Materials and

Methods), and then analyzed for PA derivative with paper

chromatography. Figure 14 shows the distribution of

radioactivity on the paper chromatogram of the native RBCs

extracted without prior enzyme treatment. No peaks appeared

below 11 cm (Rf = .44) from the base which indicated that

4'-PPE, de0A and CoA were not present in the RBCs. Present

in the RBCs were PA at 20 cm (Rf = 0.8), 4'-PPA at 16 cm

(Rf = 0.64) and, possibly, PE at the same peak as PA; PE and

PA could not be clearly separated from each other by the

paper chromatography method.

A small possibility also exists that the PE in the RBC

was in an unlabeled form that was not synthesized from the

PA taken up, but had entered the cells from an unlabeled

pool. Both PA and PE can cross the intestinal cell membrane

(Shibata et al. 1983), which would make it probable that PE

can cross other cell membranes including the RBC membrane.

PE is a degraded product of 4'-PPE in the CoA degradative

pathway (see Figure 1), and no known pathways exist to allow

PA to be synthesized directly to PE in any cells studied,

but PE was detected in the RBC by the RIA, without the

intermediate 4'-PPE present. Although, it is unlikely

because pantetheinase activities exist in serum (Wittwer et



59

 

   

  

 

   

0 . ‘

v.v.v.‘ ' . O ‘ ... . .‘

’0"00000000. .
‘ . . .

v v

.... 9.1 0.0.0.4 0.30% ’0’.” . .0; .0.0.0.«

000¢9°° °°° °°°0004000'
.Q . ......4POOCP...9.‘ ... ....

000c, °°° 0000000«

   

      

      
   

  

A
c
t
i
v
i
t
y
(
B
q
)

3 o

      
000 0006. . . .
b O Q 4 O O O O 0 ~

0
O O O 4 ......q ......g . ...: 0.0.0.4 .0.0.0. .0 0.0:

  

          

    

       

      
   

0000000000
.4 0:0:0z0 .:.:.:‘ $029.1 5 O O 4 O 0 0 :0:

3fi3§55%”VVVERRMNWVNflflfl0C00
....4§9.{...4...QPOQ4 .9. .9.

‘ 0° 000 0.. 000 000 00000000
0004......9‘...20004 960 900

-°°° 000 000 000 000 000M000
O...’.€p..qp..gp¢¢q§0§4 .9. COO

' GOO egg .9. 0.0 00945000.

zaav000400000000r000000
000

0 0 0 4 .°.°.’. 50,9. ,°.°.°. 0 0 0 0 0 0 0 0 0 0.
~000 33¢0v¢¢5-0

. ’0’0’0‘ .3101 '10...‘ ’10)} 0 00 0.00.0 0.00.0 70'0705

10 13 1 6 19 22 25

Migration (cm)

   

    

Figure 14. Paper chromatogram of PA derivatives in the

native RBC. The RBCs were incubated with 3.4 pmol [“C1PA/L

at 37°C for 6 hours. The RBCs were washed, prepared and

subjected to paper chromatography on DEAE cellulose paper,

using as solvent 0.5 mol/L formic acid (pH = 3.1, adjusted

with NH4OH) , for 4 - 4.5 hours which produced a solvent

front at 25 cm. After drying, the paper chromatogram was

cut into 1 cm pieces and counted for radioactivity.

Standards of PA, 4’-PPA, 4’-PPE, deoA, CoA and PE produce

peaks at 20, 16, 9, 10, 4 and 19 cm, respectively, based on

a 25 cm solvent front. No peaks appeared below 10 cm,

therefore 4'PPE, deoA and CoA were not present. PA, 4’-PPA

and possibly PE were identified as the PA derivatives in the

native RBCs.
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al. 1989) and only free PA has been found in serum (Song et

al. 1985).

The absence of CoA in the RBCs, as indicated by the

paper chromatogram (Figures 14) as well as by the RIA (Table

2), is also in agreement with CoA measurements in whole

blood made in our lab (unpublished data) using a

radiochemical assay (Knights and Drew 1988) and by Smith

(1987) using the 0c-ketoglutarate dehydrogenase method

(Garland et al. 1965). Both labs found no CoA present in

whole blood.

The presence of 4'-PPA in the RBC was further

confirmed, directly and indirectly, by the combined

analytical procedures, differential enzymatic hydrolysis and

paper chromatography, and PA kinase activities in the RBC.

The RBCs were incubated with.[14C]PA for 6 hours, then

subjected to enzymatic degradation with alkaline phosphatase

before being prepared and applied to paper chromatography

(Figure 15). The alkaline phosphatase treated RBCs had a

single peak at 20.5 cm (Rf = 0.82), which indicated that the

peak at 16 cm (Rf = 0.64) which appeared in the native RBCs

sample (Figure 14) was completely converted to PA.

Figure 16 is the chromatogram of prepared RBCs which

had been incubated with.[14C]PA for 6 hours and subjected to

pantetheinase alone. The data were unexpected.

Pantetheinase breaks down PE to PA, but these two peaks

could not be clearly distinguished from each other by paper

chromatography, so there should have been no significant
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Figure 15. Paper chromatogram of PA derivatives in RBCs

after incubation with alkaline phosphatase. The RBCs were

incubated with 3.4 pmol (”C]PA/L at 37°C for 6 hours. The

RBCs were lysed, subjected to enzymatic degradation with

alkaline phosphatase, which causes 4'-PPA to convert to PA,

prepared and chromatographed. Standards of PA, 4'-PPA and

PE produce peaks at 20, 16 and 19 cm, respectively, based on

25 cm solvent front. No peaks appeared below 10 cm, but the

single peak at 20.5 cm (Rf==0.82) indicated that everything

was converted to PA, confirming that 4'-PPA was present.
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Figure 16. Paper chromatogram of PA derivatives after

incubation of RBCs with pantetheinase. The RBCs were

incubated with 3.4 pmol (“C]PA/L at 37°C for 6 hours. The

RBCs were lysed, subjected to enzymatic degradation with

pantetheinase, which causes PE conversion to PA, prepared

and chromatographed. Standards of PA, 4'-PPA and PE appeared

at 20, 16 and 19 cm, respectively, based on a 25 cm solvent

front.
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shift of peaks from the chromatogram of the native RBCs.

The peak at 14 cm (Rf = 0.56) might represent a combination

of free PA and derivatives because there was no PA peak at

20 cm (Rf = 0.8), though 4'-PPA does fall within this peak

at 16 cm (Rf = 0.64). Figure 17 is the chromatogram of

prepared RBCs which were incubated with [14CJPA for 6 hours

and subjected to enzymatic degradation with a combination of

two enzymes: alkaline phosphatase and pantetheinase.

Application of both enzymes to the RBC was expected to

convert all PA derivatives to PA, generating a single peak.

Although a PA peak is definitely seen, another peak appeared

at 12.5 cm (Rf = 0.50) which was similar to the peak at

14 cm (Rf = 0.56) in Figure 16. Since both chromatograms

(Figure 16 and Figure 17) were from the samples treated with

pantetheinase, we suspected that the pantetheinase caused

the unexpected chromatograms. We then questioned if

pantetheinase hydrolyzes the amide bond in PA to give

pantoic acid and B-alanine. Since the 14C is in the

B-alanine molecule, the new peak at 12.5 - 14 cm (Rf = 0.53)

could be explained by presence of B-alanine. An alternative

possibility was that the pantetheinase preparation contained

substances which caused a slower migration of PA and its

derivatives during paper chromatography. To answer these-

questions, several control chromatograms were run, by

procedures described in Materials and Methods; the results

are shown in Table 3. Since no peaks appeared below 10 cm,

the radioactivity for each chromatogram is listed from 10 cm
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Figure 17. Paper chromatogram of PA derivatives after

incubation of RBCs with alkaline phosphatase,

pyrophosphatase and pantetheinase. The RBCs were incubated

with 3.4 pmol [”C1PA/L at 37°C for 6 hours. The RBCs were

lysed, subjected to enzymatic degradation with pantetheinase

and alkaline phosphatase, which causes degradation of all PA

derivatives to PA, prepared and chromatographed. Standards

of PA, 4'-PPA and PE appeared at 20, 16 and 19 cm,

respectively, based on a 25 cm solvent front.
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Table 3. Diztribution of radioactivity in paper chromatograms after

C A was treated with various enzymes or perchloric

 

 

 

acid .

Migration Samples2

1 2 3 4 5 6 7 8 9

cm Becquerels

10 0 0 0 0 0 0 0 0 0

ll 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 1 0 0

13 0 0 0 0 0 0 8 0 0

14 6 0 0 0 0 2 10 0 0

15 2O 5 O O O 15 9 O 0

16 21 20 0 0 0 24 7 0 0

l7 17 26 0 0 0 l9 5 0 0

18 11 18 0 0 0 l4 5 1 0

l9 7 ll 0 8 l 8 4 12 0

20 4 5 6 27 10 4 3 20 1

21 l 2 59 40 57 1 3 36 48

22 0 0 28 7 25 0 2 28 141

23 0 0 1 0 1 0 2 1 3

24 0 0 0 0 0 0 0 0 0

25 0 0 0 0 0 0 0 0 0

26 0 0 0 0 0 0 0 0 0

Total 88 88 94 84 95 87 60 98 194

 

1

2

Radioactivity eluted between 10 - 26 cm of paper chromatogram, for 8

samples plus standard [ C]PA. Migration of the radioactivity

was measured in cm; no peaks appeared below 10 cm.

Samples were prepared as follows: 1) 0.68 nmols of {MCJPA and 20

units of low purity pantetheinase (182 units/mL) were incubated

together (37°C, 5 hours) and the reaction was terminated by boiling.

2) 20 units of low purity pantetheinase (182 up4its/mL) was incubated

(37°C, 5 hours) and mixed with 0.68 nmols of [ C]PA immediately

before termination of reaction by boiling. 3) 0. 68 nmols of f“C]PA

and 20 units of high purity pantetheinase (807 units/mL) were

incubated together (37°C, 5 hours) and boiled for termination of

reaction. 4) 20 units of high purity pantetheinase (807 units/mL) was

incubated (37°C, 5 hours) and mixed with 0.68 nmols of [ C]PA

mediately before termination of reaction by boiling. 5) 0.68 nmols

of [ C]PA and alkaline phosphatase werg incubated together (37°C, 5

hours) and boiled. 6) 0. 68 nmols of [1C]PA, 20 units of low purity

pantetheinase (182 units/mL) and alkaline phosphatase were incubated

together (347°C, 5 hours) and boiled. 7) 6% HClO. was mixed with 0.68

nmols of [ "C]PA, then neutralized with 3 mol/L KOH. 8) 6% HClO. was

nputralized to pH 7 with 3 mol/L KOH, then mixed with 0. 68 nmols of

"cum. 9) Standard (“C]PA (0.27 nmol, 296 Bq).
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to the solvent front. Sample 1 (0.68 nmol of [14C1PA

incubated at 37°C for 5 hours with 20 units of low purity

pantetheinase, 182 units/mL) and sample 2 (20 units of low

purity pantetheinase, 182 units/mL, to which 0.68 nmol of

[14C] PA was added immediately before termination) produced

practically the same chromatograms with peaks appearing at

15 - 16 cm (Rf = 0.58) and 16 - 17 cm (Rf = 0.62) compared

to the [14C1PA standard peak at 21 - 22 cm (Rf = 0.81;

Sample 9, Table 3). The two chromatograms (Sample 1 & 2)

indicated that pantetheinase does not catabolize PA, but

caused a slower migration of PA. The chromatogram for

Sample 3 (0.68 nmol of [1401PA incubated at 37°C for 5 hours

with 20 units of high purity pantetheinase preparation, 807

units/mL) was compared with that of sample 4 (20 units of

high purity pantetheinase, 807 units/mL, mixed with labeled

PA immediately before termination). The PA peak appearing

at 21 cm (Rf = 0.81) in chromatograms for both samples 3 &

4, supported the conclusion drawn from samples 1 and 2, that

pantetheinase did not catabolize the amide bond in the PA,

and probably the amount of salts that were present in the

low purity enzyme, but not the high purity enzyme, decreased

the migration of [14C]PA. Chromatograms for sample 5 (0.68

nmol of [14C]PA incubated at 37°C for 5 hours with 10 units

of alkaline phosphatase) and sample 6 (0.68 nmol of [14CJPA

incubated with 20 units of low purity pantetheinase, 182

units/ml, and alkaline phosphatase) confirmed the conclusion

on the effect of pantetheinase on the paper chromatogram,
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suggesting the importance of controlling salt concentrations

in the sample extract to be chromatographed. A single PA

peak appeared in sample 5 at 21 cm (Rf = 0.80) which, as

expected, is very similar to the standard PA peak. Sample 6

produced a single peak at 16 cm (Rf = 0.62) which is similar

as expected, to that in samples 1 and 2, because they also

contain the low purity pantetheinase.

We further evaluated if the buffer system used in the

[14C1PA extraction procedure from the sample RBCs had any

effect on paper chromatography for [14CJPA. Sample 7 (0.68

nmol of [14C]PA added with 6% HClO4, then neutralized) and

sample 8 (0.68 nmol of [1401PA added to neutralized 6%

HClO4) indicated that 6% HC104 broke PA down to pantoic acid

and B-alanine when [14C1PA alone was reacted with the acid.

The decreased migration of the [14C]PA was not seen in the

samples (Figure 14 & Figure 15) which contained protein to

react with the HClO4 added and hence "protect" PA. The

findings on the effect of the extraction procedure with

HClO4 on [14C]PA points out that precautions must be taken

against using high concentrations of HClO4 or to prolong the

length of time for the extraction procedures for PA and its

derivatives from samples, as erroneous results are obtained.

Based on the data presented in Table 3, we can assume

that excessive salt present in the low purity pantetheinase

interfered with the migration of 4'-PPA and PA peaks (Figure

16). An additional peak at 12.5 cm (Rf = 0.5) seen in

Figure 17 compared to the [14C]PA standard (sample 6, Table
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3), may be due to some of the PA in the RBC sample (Figure

17) was buffered against the effects of the salt by other

compounds left in the supernatant after protein

precipitation, therefore we assume Figure 17 represents PA

only.

In our studies we found that PA passively diffuses into

and out of the RBC and that free PA, 4'-PPA and PE are

present in the cell.

The transport of other B-vitamins by the RBC seems to

be based on the RBC's need for the vitamin: facilitated

diffusion, if there is a metabolic need for the vitamin.

Examples are nicotinic acid which is required for both

glycolysis and the hexose monophosphate pathway, and thiamin

which is required for transketolase in the hexose

monophosphate pathway. Passive diffusion occurs when the

vitamin effect is incidental, for example, when pyridoxal is

bound to hemoglobin it causes a change in oxygen affinity

for hemoglobin, although 2,3-diphosphoglycerate provides the

same effect but is found in the RBC at > 1000 times the

concentration of pyridoxal. We observed that PA diffuses

passively into the RBCs and that it is not metabolized

completely to CoA. The finding was not unexpected because

the mature RBCs do not have metabolic pathways requiring

CoA. Perhaps the role of PA is also incidental, possibly as

PE, whose active sulfhydryl site could conceivably be used

in protective roles in the RBC similar to those of

glutathione. The chemically active site of glutathione is
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the sulfhydryl of a cysteine residue, as in PE. Glutathione

preserves red cell deformability, protects -SH groups of

proteins (mainly hemoglobin), serves as a free radical

scavenger and detoxifies foreign compounds. The

concentration of glutathione in the RBCs (2.2 mmol/L),

however, is 1000 times higher than that of PA, thus PA would

have a minor role for this function in the cell. (The

functions, of PA, 4'-PPA and PE in the RBC need further

study.

PA uptake by the RBCs is very different from PA uptake

in other tissues studied. The adipose tissue, liver,

kidney, heart and intestine all transport PA via a sodium

dependent active transport system and the brain transports

PA by facilitated diffusion. Also, the metabolism of PA in

the RBCs is not to the same extent it is in these other

tissues, which metabolize PA completely to CoA. These

differences are due to the uniqueness of the RBC in its

organelle makeup, metabolism and function. Since the RBC is

taking up and metabolizing PA to 4'-PPA, the first and rate

limiting step of CoA synthesis, the RBC is likely to mimic

PA metabolism in the tissues. RBC metabolism of PA must be

further investigated and compared to PA metabolism in other

tissues in an effort to identify reliable and sensitive

measures of PA nutriture. The RBC, if found to be a

sensitive indicator of PA status, is easily accessible and

will serve as a useful biological assay system in clinical

studies.



CONCLUSIONS

PA is taken up and released by the RBCs by passive

diffusion based on the following evidence: 1) uptake and

release of PA from the RBCs continuously increases at PA

concentrations from 0.34 - 34.0 pmol/L; 2) unlabeled PA

added to the media or in the cell had no effect on the rate

of uptake or release of labeled PA, respectively; and 3)

energy, sodium and pH have no effect on PA uptake.

RBCs metabolize PA upon entry into the RBC to 4'-PPA,

the product of the first and most important rate-limiting

step in the conversion of PA to CoA in all nucleated cells,

as supported by the following data: 1) the RIA for PA, after

enzymatic hydrolysis of PA derivatives, indicated the

presence of free PA, 4'-PPA and PE in the RBCs, 2) the paper

chromatograms of the RBCs with and without alkaline

phosphatase hydrolysis showed that PA, 4'-PPA and, possibly,

PE are present in the RBCs, and 3) both RIA for PA and paper

chromatography of the PA derivatives in the RBCs indicated

that 4'-PPE, deoA and CoA are not present in the RBCs, from

which PE can be generated as a degradative product.

Further study of PA metabolism in the RBCs is required

to determine how PE can be present in the cell without the

presence of 4'-PPE, the metabolic precursor of PE, and if
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4'-PPA is broken down to PA in the cell. Also, the

functions and metabolic roles of PA, 4'-PPA and PE in the

RBC needs to be further studied.



LIMITATIONS

1) Uptake and release experiments do not include time

points less than 3 minutes. The radioactivity detected in

the RBC was too low to be accurate after a 3 minute

incubation with 0.34 umol [14CJPA/L with a specific activity

of 2.11 GBq/mmol as purchased. Use of higher concentrations

of radiolabeled PA, which can offset the technical

difficulty addressed will not, however, be in the range of

the physiological concentration of PA in rat whole blood.

2) The effect of sodium on uptake is addressed, but not

on release of PA by the RBC. It was not considered

important after seeing the results of the uptake and release

experiments, namely that PA is taken up and released by

passive diffusion.

3) In the present study, the wash and centrifuge

procedure instead of the oil drop centrifugation technique

(Wohlhueter et al. 1978) was used to separate RBCs from the

media. We found that the oil drop separation technique

yielded a larger within treatment variability, especially at

short time points, than the wash and centrifuge procedure.

4) The limitations of the paper chromatography method

used were the inability to detect nonradiolabeled PA

derivatives in the RBC samples by chemical visualization and
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to accurately separate PA (Rf = 0.80) from PE (Rf = 0.76).

The amounts of PA derivatives that could be detected by the

chemical visualization would require approximately 100 mL of

blood per sample.



RECOMMENDATIONS FOR FUTURE STUDIES

The next step in answering the overall hypothesis,

would be to use the HPLC for separation and quantification

of PA, 4'-PPA and PE in the RBC. Separation of PA, 4'-PPA,

4'-PPE, deoA and CoA has been demonstrated with the HPLC in

rat heart (Robishaw et al. 1982). The HPLC is more

sensitive than paper chromatography which means 1) the

amount of RBC per sample required for analysis would be

smaller, 2) separation of PA derivatives would be sharper

(paper chromatography could not separate PA and PE), and 3)

quantification of PA derivatives by the HPLC, which was not

possible with paper chromatography, would be highly

accurate. Furthermore, the clinical applications of the

procedure must be considered. With the HPLC, many samples

can be run quickly, as compared to the paper chromatography

followed by RIA for quantification.

The next step would be to determine the sensitivity and

reliability of the PA derivatives in the RBC to a PA

deficiency. To do this PA, 4'-PPA and PE should be

quantitated by HPLC methods, in the rat RBC, at a regular

interval during the course when the rat is fed a PA

deficient diet. Tissue concentrations of individual and

total PA derivatives should also be measured at the same
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regular interval to compare with RBC concentrations to

determine if they do indeed mimic tissue concentrations.

To further investigate metabolism of PA in the RBCs,

the HPLC would be very useful. Still to be determined is if

PE is synthesized in the RBC. To do this RBCs can be

dincubated with radiolabeled PA, as we did in our

experiments. Then prepare the cells and inject them into

the HPLC after separation of PA, 4'-PPA and PE standards is

accomplished. Fractions of eluate would be collected at the

retention times of the standards and counted for

radioactivity to determine if radiolabeled PE had been

synthesized in the RBCs.

The question also exists of how does the PA get back

out of the cell after being trapped by phosphorylation? We

can investigate if a phosphatase is present in the RBC which

converts 4'-PPA or 4'PPE to PA or PE, respectively, by

incubating RBCs containing radiolabeled PA with several

concentrations of a phosphatase inhibitor and counting

radioactivity released into the media. If a phosphatase is

present the release of PA (or PE) will be inhibited and show

a decrease with increasing concentrations of the phosphatase

inhibitor.

Another metabolic question to be pursued: Is PA kinase

made only in the reticulocyte and if so, how long does it

last? To partially answer this we can collect

reticulocytes, incubate them with several concentrations of

radiolabeled PA, then prepare and inject them into the HPLC.
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4'-PPA could then be quantitated by collection of eluate at

the corresponding retention time and counting for

radioactivity for each PA concentration, generating a rate

of 4'-PPA synthesis. The same procedure could be done on

mature RBCs, so the rates could be compared. If the rate is

faster in the reticulocyte, we can assume that PA kinase is

not refreshed in the mature RBCs. The life expectancy of PA

kinase in the mature RBC would not be possible to determine

unless mature RBCs could be separated based upon their age.

Also, this experiment would require a large blood sample to

collect the number of reticulocytes needed and may only be

feasible using the HPLC, since small samples are required

for the HPLC.



LIST OF REFERENCES



LIST OF REFERENCES

Barbarat, B. & Podevin, R. A. (1986) Pantothenate-sodium

cotransport in renal brush-border membranes. J. Biol. Chem.

261: 14455-14460.

Barboriak, J. J., Krehl, W. A. & Cowgill, G. R. (1956),

Pantothenic acid requirement of the growing rat. J. Nutr.

61: 13-21.

Bean, W. B. & Hodges, R. E. (1954) Pantothenic acid

deficiency induced in human subjects. Proc. Soc. Exp. Biol.

86: 693-698.

Bean, W. B., Hodges, R. E. & Daum, K. (1955) Pantothenic

acid deficiency induced in human subjects. J. Clin. Invest.

(34): 1073-1084.

Beinlich, C. J., Robishaw, J. D. & Neely, J. R. (1989)

Metabolism of pantothenic acid in hearts of diabetic rats.

J. Mol. Cell. Cardiol. 21: 641-649.

Beutler, E. (1969) Effect of flavin compounds on glutathione

reductase activity: in vivo and in vitro studies. J. Clin.

Invest. 48: 1957.

Branda, R. F., Anthony, B. K. & Jacob, H. S. (1978) The

mechanism of 5-methyltetrahydrofolate transport by human

erythrocytes. J. Clin. Invest. 61: 1270-1275.

Branda, R. F. & Anthony, B. K. (1979) Evidence for transport

of folate compounds by a specialized erythrocyte membrane

system. J. Lab. Clin. Med. 94: 354-360.

Cohenour, S. H. & Calloway, D. H. (1972) Blood, urine, and

dietary pantothenic acid levels of pregnant teenagers. Am.

J. Clin. Nutr. 25: 512-517.

Combs, G. F. (1992) The vitamins. Academic Press, Inc.,

Sandiago, U. S. A.

DeBuysere, M. S. & Olson, M. S. (1983) The analysis of acyl-

coenzyme A derivatives by reverse-phase high-performance

liquid chromatography. Anal. Biochem. 133: 373-379.

77



78

Eissenstat, B. R., Wyse, B. W. & Hansen, R. G. (1986)

Pantothenic acid status of adolescents. Am. J. Clin. Nutr.

44: 931-937.

Fernstermacher, D. K. & Rose, R. C. (1986) Absorption of

pantothenic acid in rat and chick intestine. Am. J. Physiol.

250: 6155-G160.

Food and Nutrition Board. (1989) Recommended Dietary

Allowances, 10th ed. Natl. Acad. Sci., Washington, D.C.

Fox, H. M. & Linkswiler, H. (1961) Pantothenic acid

excretion on three levels of intake. J. Nutr. 75: 451-452.

Freidrich, W. (1988) Vitamins. Walter de Gruyter, Berlin,

New York.

Fry, P. C., Fox, H. M. & Tao, H. G. (1976) Metabolic

response to a pantothenic acid deficient diet in humans. J.

Nutr. Sci. Vitaminol. 22: 339-346.

Fujiwara, M., Yoshimura, M. & Tsuno, S. (1955)

"Allithiamine", a newly found derivative of vitamin Bl. III.

On the allicin homologues in the plants of the allium

species. J. Biochem. 42: 591-601.

Garland, P. B., Shepherd, D. & Yates, D. W. (1965) Steady

state concentrations of coenzyme A, acetyl CoA and long

chain fatty acyl-CoA in rat liver mitochondria oxidizing

palmitate. Biochem. J. 97: 587-594.

Grassl, S. M. (1992) Human placental brush-border membrane

Na+-pantothenate cotransport. J. Biol. Chem. 267: 22902-

22906.

Grossowicz, N., Rachmilewitz, M., Izak, G. & Zan, S. (1962)

Determination of folic acid metabolites in normal subjects

and in patients with nutritional megaloblastic anemia. Soc.

Exp. Biol. Med. 109: 770-773.

Guilarte, T. R. (1989) A radiometric microbiological assay

for pantothenic acid in biological fluids. Anal. Biochem.

178: 63-66.

Halvorsen, O. & Skrede, S. (1980) Separation of coenzyme A

and its precursors by reversed-phase high-performance liquid

chromatography. Anal. Biochem. 107: 103-108.

Hatano, M. (1962) Microbiological assay of pantothenic acid

in blood and urine. J. Vitaminol. 8: 134-142.

Hatano, M. (1962) Pantothenic acid deficiency in rats. J.

Vitaminol. 8: 143-159.



79

Hatano, M., Hodges, R. E., Evans, T. C., Hagemann, R.,

Leeper, D. 8 Krehl, W. A. (1967) Urinary excretion and organ

distribution of pantothenic acid in normal diuretic treated

and diabetic rats. Fed. Proc. 25: 721.

Hoagland, M. B. 8 Novelli, G. D. (1954) Biosynthesis of

coenzyme A from phoshopantetheine and of panththeine from

pantothenate. J. Biol. Chem. 207: 767-773.

Hodges, R. E., Ohlson, M. A. 8 Bean, W. B. (1958)

Pantothenic acid deficiency in man. J. Clin. Invest. 37:

1642-1657.

Hoyumpa, A. M., Jr. (1982) Characterization of normal

intestinal thiamin transport in animals and man. Ann. NY.

Acad. 378: 337-343.

Israel, B. C. 8 Smith, C. M. (1987) Effects of acute and

chronic ethanol ingestion on pantothenate and CoA status of

rats. J. Nutr. 117(3): 443-451.

Karasawa, T., Yoshida, K., Furukawa, K. 8 Hosoki, K. (1972)

Feedback inhibition of pantothenate kinase by coenzyme A and

possible role of the enzyme for the regulation of cellular

coenzyme A level. J. Biochem. 71: 1065-1067.

Karnitz, L. M., Gross, C. J. 8 Henderson, L. M. (1984)

Transport and metabolism of pantothenic acid by rat kidney.

Biochim. Biophys. Acta. 769: 486-492.

Kathman, J. V. 8 Kies, C. (1984) Pantothenic acid status of

free living adolescent and young adults. Nutr. Res. 4: 245-

250.

Knights, K. M. 8 Drew, R. (1988) A radioisotopic assay of

picomolar concentrations of coenzyme A in liver tissue.

Anal. Biochem. 168: 94-99.

Lopaschuk, G. D., Michalak, M. 8 Tsang, H. (1987) Regulation

of pantothenic acid transport in the heart. J. Biol. Chem.

262: 3615-3619.

Loy, H. W. (1952) Report on pantothenic acid,

microbiological method. J. Assoc. Agric. Chem. 35: 722.

Loy, H. W. (1954) Report on pantothenic acid,

microbiological method. J. Assoc. Agric. Chem. 37: 779.

Machlin, L. J. (1990) Handbook of Vitamins. 2nd ed., Marcel

Dekker, Inc., New York, Basel.



80

Mehansho, H. 8 Henderson, L. M. (1980) Transport and

accumulation of pyridoxine and pridoxal by erythrocytes. J.

Biol. Chem. 255: 11901-11907.

Michael, G. 8 Bergmeyer, H. H. (1974) in Metheden der

Enzymatischen Analyse. (Bergmeyer, H. ed.), Vol 3, Verlag

Chemie, Weinheim/Bergstrasse, pp. 2105-2034.

Michelson, A. M. (1964) Synthesis of coenzyme A. Biochim.

Biophys. Acta. 93: 71-77.

Nakamura, H. 8 Tamura, z. (1972) Studies on the metabolites

in urine and feces of rat after oral administration of

radioactive pantethine. Chem. Pharm. Bull. 20(9): 2008-2016.

Nakamura, T., Kusunoki, T., Soyoma, K. 8 Kuwagata, M. (1972)

Studies on the distribution of pantothenic acid, coenzyme A

and their intermediates in rat liver. J. Vitaminol. 18: 34-

40.

Nelson, M. M. 8 Evans, H. M. (1946) Pantothenic acid

deficiency and reproduction in the rat. J. Nutr. 27: 497-

507.

Olson, R. E. (1973) In: Modern Nutrition in Health and

Disease (Goodhart, R. and Shils, M., ed.), 5th Ed., p. 1037.

Lea and Febiger, Philadelphia PA.

Pittman, J. G. 8 Martin, D. B. (1966) Fatty acid

biosynthesis in human erythrocytes: evidence in mature

erythrocytes for an incomplete long chain fatty acid

synthesizing system. J. Clin. Invest. 45: 165-172.

Retief, F. P., Gottlieb, C. W. 8 Herbert, V. (1966)

Mechanism of vitamin B12 uptake by erythrocytes. J. Clin.

Invest. 45: 1907.

Robishaw, J. D., Berkich, D. 8 Neely, J. R. (1982) Rate-

limiting step and control of coenzyme A synthesis in cardiac

muscle. J. Biol. Chem. 257: 10967-10972.

Robishaw, J. D. 8 Neely, J. R. (1985) Coenzyme A metabolism.

Am. J. Physiol. 248: E1-E9.

Shemin, D., Russell, C. S. 8 Abramsky, T. (1955) The

succinate-glycine cycle I. The mechanism of pyrrole

synthesis. J. Biol. Chem. 215: 613-626.

Shibata, K., Gross, C. J. 8 Henderson, L. M. (1983)

Hydrolysis and absorption of pantothenate and its coenzymes

in the rat small intestine. J. Nutr. 113: 2107-2115.



81

Skeggs, H. R. 8 Wright, L. D. (1944) The use of

lactobacillus arabinosus in the microbiological

determination of pantothenic acid. J. Biol. Chem. 156: 21-

26.

Skrede, S. 8 Halvorsen, O. (1979) Increased biosynthesis of

CoA in the liver of rats treated with clofibrate. Eur. J.

Biochem. 98: 223-229.

Smith, C. M. (1978 The effect of metabolic state on

incorporation of [ 4C]pantothenate into CoA in rat liver and

heart. J. Nutr. 108: 863-873.

Smith, C. M. 8 Milner, R. E. (1985) Mechanism of

pantothenate transport by rat liver parenchymal cells in

primary culture. J. Biol. Chem. 260: 4823-4831.

Smith, C. M., Narrow, C. M., Kendrick, z. V. 8 Steffen, C.

(1987) The effect of pantothenate deficiency in mice on

their metabolic response to fast and exercise. Metabolism.

36: 115-121.

Song, W. 0., Chan, G. M., Wyse, B. W. 8 Hansen, R. G. (1984)

Effect of pantothenic acid status on the content of the

vitamin in human milk. Am. J. Clin. Nutr. 40: 317-324.

Song, W. 0., Wyse, B. W. 8 Hansen, R. G. (1985) Pantothenic

acid status of pregnant and lactating women. J. Am. Diet.

Assoc. 85: 192-198.

Song, W. O., Smith, A., Wittwer, C., Wyse, B. 8 Hansen, G.

(1990) Determination of plasma pantothenic acid by indirect

enzyme linked immunosorbent assay. Nutr. Res. 10: 439--448.

Spector, R. 8 Boose, B. (1984) Accumulation of pantothenic

acid by the isolated choroid plexus and brain slices in

vitro. J. Neurochem. 43: 472-478.

Spector, R., Sivesind, C. 8 Kinzenbaw, D. (1986) Pantothenic

acid transport through the blood-brain barrier. J.

Neurochem. 47: 966-971.

Stein, E. D. 8 Diamond, J. M. (1989) Do dietary levels of

pantothenic acid regulate its intestinal uptake in mice? J.

Nutr. 119: 1973-1983.

Stryer, L. (1981) Biochemistry. 2nd ed., W. H. Freeman and

CO, New York.

Sugarman, R. 8 Munro, H. N. (1980) [14-C]pantothenate

accumulation by isolated adipocytes from adult rats of

different ages. J. Nutr. 110: 2297-2301.



82

Tao, H. G. 8 Fox, H. M. (1976) Measurements of urinary

pantothenic acid excretions of alcoholic patients. J. Nutr.

Sci. Vitaminol. 22: 333-337.

Turner, J. B. 8 Hughes, C. D. E. (1962) The absorption of

bound forms of B-group vitamins by rat intestine. Q. J. Exp.

Physiol. 47: 124:133.

Wagner, E. S., Whitel W., Jennings, M. 8 Bennett, K. (1987)

The entrapment of [1 C]ascorbic acid in human erythrocytes.

Biochim. Biophys. Acta. 902: 133-136.

Wittwer, C. T., Schweitzer, C., Pearson, J., Song, W. O.,

Windham, C. T., wyse, B. W. 8 Hansen, R. G. (1989) Enzymes

for liberation of pantothenic acid in blood: Use of plasma

pantetheinase. Am. J. Clin. Nutr. 50: 1072-1078.

Wohlhueter, R. M., Marz, R., Graff, J. C. 8 Plagemann, P. G.

W. (1978) A rapid-mixing technique to measure transport in

suspended animal cells: applications to nucleoside transport

in novikoff rat hepatoma cells. Methods Cell Biol. 20: 211-

237.

Wyse, B. W., Wittwer, C. 8 Hansen, R. G. (1979)

Radioimmunoassay for pantothenic acid in blood and other

tissues. Clin. Chem. 25: 108-111.

Yoshioka, M., Yoshioka, S., Tamura, Z. 8 Ohta, K. (1968)

Growth responses on bifidobacterium bifidum to coenzyme A,

its precursors and carrot extract. Japan. J. Microbiol. 12:

395-402.



"71111111111111

 


