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Direct utilization of mannose for glycoprotein biosynthesis
has not been studied because cellular mannose is assumed t
be derived entirely from glucose. However, animal sera con-
tain sufficient mannose to force uptake through glucose-
tolerant, mannose-specific transporters. Under physiological
conditions this transport system provides 75% of the man-
nose for protein glycosylation in human hepatoma cells des-
pite a 50- to 100-fold higher concentration of glucose. This
suggests that direct use of mannose is more important than
conversion from glucose. Consistent with this finding the liver
is low in phosphomannose isomerase activity (fruc-
tose-6-P<—>mannose-6-P), the key enzyme for supplying glu-
cose-derived mannose to the N-glycosylation pathway. 4]
Mannose is rapidly absorbed from the intestine of anesthet-
ized rats and cleared from the blood with a {» of 30 min.
After a 30 min lag, label is incorporated into plasma glycopro-
teins, and into glycoproteins of all organs during the first
hour. Most (87%) of the initial incorporation occurs in the
liver, but this decreases as radiolabeled plasma glycoproteins
increase. Radiolabel in glycoproteins also increases 2- to
6-fold in other organs between 1-8 h, especially in lung, skele-
tal muscle, and heart. These organs may take up hepatic-
derived radiolabeled plasma glycoproteins. Significantly, the
brain, which is not exposed to plasma glycoproteins, shows

(0]

ubiquitous distribution of PMI and the finding that deletion of
PMI in yeast is lethal unless mannose is added to the medium
(Gracy and Noltmann, 1968; Mendicino and Rao, 1975; Smith
et al.,1992). Recently two types of mannose-specific transportgrs
were identified in mammalian cells. One is a sodium-dependént
energy requiring transporter on the brush-border surfacegof
Caco-2 cells and the other is a sodium-independent facilitaged
transporter on the basolateral surface of Caco-2 cells and @ a
variety of other cells (Ogier-Dengt al.,1994; Panneerselvamg
and Freeze, 1996b). Theyake Of the latter transporter iss
35—70uM, which is similar to the serum mannose concentratiogs
In humans, rabbits, and flounders, the only species whgre
mannose measurements have been reported (Pritehald &
1982; Etchison and Freeze, 1997). Significantly, these trags-
porters are relatively insensitive to the 100-fold higher physi®-
logical concentration of glucose in the blood (5 mM) suggesting
that they could normally function to deliver mannose to cells ®r
glycoprotein biosynthesis. In addition, the kidneys of dog a#d
flounder have been shown to contain a sodium-dependgnt
mannose transporter that is distinct from the glucose transpaster
(Silverman et al., 1970; Pritchardet al., 1982). At plasma %1
concentrations of 50—1QM mannose, the flounder reabsorbs ug
to 70% of the filtered sugar (Pritchagtial.,1982). =
Patients with carbohydrate-deficient glycoprotein syndrorfie
type | (CDGS) underglycosylate many serum glycoproteins §'y
failing to add entire N-linked oligosaccharide chains (Panneersel-
vam and Freeze, 1996a; McDowell and Gahl, 1997). The defect
in the majority of these cases is a loss of phosphomannomu%se
(PMM) activity, which converts M6P to mannose-1-phosphate
(M1P). Fibroblasts from these patients synthesize redu@ed
amounts of a truncated lipid-linked oligosaccharide precursor gnd
incorporate less [2H]mannose into glycoproteins (Matthijss
et al., 1997a,b). Both underglycosylation and precursor tru@-

essentially no increase in radiolabel. These results suggestCation are corrected by supplementing the culture medium vith

that mammals use mannose transporters to deliver mannose
from blood to the liver and other organs for glycoprotein bio-
synthesis. Additionally, contrary to expectations, most of the
mannose for glycoprotein biosynthesis in cultured hepatoma
cells is derived from mannose, not glucose. Extracellular
mannose may also make a significant contribution to glyco-
protein biosynthesis in the intact organism.

Key words:mannose/glycosylation/mannose
transporter/rat/plasma glycoprotein

Introduction

mannose, but not with glucose, suggesting that direct manr%)se
utilization is preferred over the contribution made by glucoge
(Panneerselvam and Freeze, 1996a). 5
There are very few studies exploring the occurrence, bf-
availability, absorption, fate, or incorporation of mannose into
glycoproteins of higher animals. One study in humans conclu@ed
that oral mannose was not efficiently absorbed, but that infused
mannose was well tolerated and cleared normally (Wood and
Cahill, 1963). A more recent study demonstrated that mann§se
was efficiently absorbed by humans (Altetral.,1997). Itis well 2
established that mannose can be transported by the intestinal
epithelial cells of rodentsek vivg at [(115-20% of the rate for &
glucose (Cori, 1925; Deuet al., 1938; Wilson and Vincent, 3
1955). One study in rats concluded that mannose could incréase

Mannose is required for N-glycosylation and glycophospholipidiver glycogen (Deuekt al., 1938), and another reported that
anchor synthesis. In eukaryotic cells mannose is assumed torhannose was not preferentially used over glucose for glyco-
derived primarily or exclusively from glucose. Generatingprotein biosynthesis (Rambal et d41995).

mannose requires phosphomannose isomerase (PMI) whichlf extracellular mannose is directly used for glycoprotein
converts fructose-6-phosphate (F6P) to mannose-6-phosphatesynthesis, then (1) it should be observed routinely in the blood of
(M6P) (Schwartz, 1992). This assumption is predicated on thmammals, (2) cells active in mannose absorption should have
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Table I. Mammalian serum mannose concentrations

" 6 Mammal Serum mannosei/)
-% 5 Primates (simian) Human (n = 23) 54
[0}
& 4 East african drill (baboon) 75
© 2 Sumatran orangutan 40
o 3 i
—g ! Macaque (n = 2) 67
2 2 i Primates (prosimian) Lemur 87
1 Marsupials Koala (n = 3) 88
0 : ; Rodents Rat (n = 4) 80
e 8 ¥ 8 ® 8 8 8 8 8 8 3 Mouse (n = 2) 130 g
T2 5 ¢ 5 € I s oz oa I 9% , :
e 2 & 2 »v ¢ Lagomorphos Rabbit (n = 2) 81 g
Mannose (uM) Carnivores (canine)  Spectacled bear 82 §
. o o ) Malayan sun bear (n = 2 50 g
Fig. 1. Distribution of serum mannose concentrations in selected higher 4 ( ) 5
vertebrates. The average serum mannose concentration from 1-20 Manchurian brown bear 62 Q
individuals of different species are given as a single value. Duplicate Alaskan b b 63 S
determinations for each sample were done as described in Etchison and askan prown bear _8—
Freeze, 1997. See Table | for actual values. This normal distribution pattern Polar bear (n = 3) 76 )
demonstrates a mean of [{8l. Of the 35 species examined, only one has a ) c
mannose concentration greater than two standard deviations from the mean. Domestic dog 65 _g-
. _ c
Arctic fox (n = 3) 92 g
Styan’s red panda 49 o
mannose-specific transporters that account for the mannose flux, @)ivores (feline)  Domestic cat 135 S
physiological concentrations of mannose should make a significant o =
contribution to glycoprotein biosynthesis in the presence of normal Fishing cat (n = 4) 7 S
levels of glucose, and (4) mannose should be efficiently absorbed African leopard 90 &
. . . " . z
through the gut and incorporated into tissue and plasma glyco Persian leopard 94 3
proteins. This report provides initial evidence supporting these , _ -
hypotheses and demonstrates that dietary and serum-derivégiodactyls Bighorn sheep (n = 2) 39 S
mannose can contribute to protein N-glycosylation. Bantang 43 o)
5
Nubian ibex (n = 2) 116 9
Pot-belly pig (n = 2 114 =
Results ypig (n=2) g
) o ) East Asian bongo (n = 2) 93 3
Mannose is a ubiquitous component of mammalian sera . -
Okapi 28 Q
The identification of mannose-specific transporters in several Cow 60 2
mammalian cell types suggests that mannose may be important Bactrian camel (n = 3) 161 ;
for glycoprotein biosynthesis. If true, then all animals should have _ >
sufficient blood mannose concentrations to drive uptake througRerissodactyls Sumatran rhino 40 g
the transporter. However, there is almost no information about Indian rhino 56 °
mannose levels in the blood of animals. Therefore, we obtaineg, ,, ,scids Asian elephant 24 o
frozen sera from 35 species of animals housed at the San Diego _ S
. . . = c
Zoo and San Diego Wild Animal Park and determined the African elephant (n=2) 73 5
mannose concentration. The results in Takkeow that all have 3
> : . 5
between 28 and 1M mannose in their blood. Bactrian camels | . hepatoma cells have a mannose-specific N
have 16JuM, which appears to be outside the normal range se =
. S - transporter @
for other animals. When the number of species is plotted agains S

mannose concentration, a normal distribution is obtained withEhe liver is highly active in glycoprotein biosynthesis and
mean of 7%M (Figurel). This is slightly higher than the average therefore hepatocytes might also have a mannose transporte%. To
seen in humans (58M), but it is clearly in the Kptakerange — examine this, two human hepatoma cell lines, HepG2 and C2A,
measured for mannose transporters in fibroblasts (3@MJ0  were incubated with increasing concentrations of unlabefed
Glucose concentrations are 50- to 150-fold higher than mannosennose and 14Ci/ml (1 uM) of [2-3H]mannose in the &
(data not shown). The source of blood mannose is unknown, laresence of 0.5 mM glucose, which is sufficient to maintain tie
some is probably derived from the diet. There is no publishezklls during the experiment. An Eadie-Hofstee kinetic analysis
information on the bioavailability of mannose in various plantshows a high-affinity transport process with gkeof 75uM

and animals. We found no obvious trend of serum mannose levalsd Vinax 0f 33 nmol/h/mg for mannose in both cell types. A
based on whether the animal is classified as a carnivorg)00-fold molar excess of glucose (5 mM) oveBffimannose
herbivore, or omnivore. We conclude that mannose is a normahibits uptake by only 35%, indicating that this kinetic system is
component of the blood of higher animals and that its concentrglucose-tolerant (Tablg). The uptake was highly specific for

tion is sufficient to drive uptake through the mannose transportdree mannose since a large variety of other monosaccharides and
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mannose derivatives (e.@, and 3-methylmannoside, manno- 0.020
heptose, mannitol, anhydromannose) or linkage isomers of
mannobiose inhibited uptake by only 5-20% at 5 mM. Several
examples are shown Tablle These data are comparable to the
results of the mannose transporter characterized in fibroblasts
(Panneerselvam and Freeze, 1996b). Deoxymannojirimycin, a
well-known inhibitor of selected mammaliarmannosidases
(Daniel et al., 1994; Moremeret al., 1994), shows a slightly
better inhibition than other competitors. Previous studies sug-
gested that mannose uptake was partially inhibited by deoxyman-
nojirimycin (Ogier-Deniset al., 1994). The best inhibitor is .004
ATB-BMPA, a 4-0O azitrifluoroethylbenzoyl-substituted bisman-
nose compound that has been used to specifically photoaffinity , ] i i
label the facilitated glucose transporters (Holrearal., 1990; 0.8 -0.5 -0.2 0.2 0.5 0.8 1.0
Jordan and Holman, 1992). These results show that mannose can 1/days

be taken up by the mannose specific transporter on hepatoma cells

but they do not show whether glycoprotein biosynthesis preferen-

tially utilizes mannose or converts it from glucose via PMI. Fig. 2.1sotope dilution analysis of [2H]mannose specific activity in C3A
human hepatoma cell glycoproteins. C3A cells were grown in 3 ml of
medium containing 13AM mannose and [2H]mannose at a specific

activity of 170 d.p.m./pmol of mannose and 5 mM glucose. The medium
was changed daily on each of 9 days, and the cells were harvested by

0.016

0.012

0.008

1/specific  activity

Table Il. Inhibition of cellular [2-3H]mannose uptake

NBlPpJ0Jx0"qoaA|6 wolj papeojumoq

Inhibitor % Inhibitiord scraping on days 5-9. The cells were lysed and the proteins precipitated
with isopropanol, washed, and acid hydrolyzed to release the mannose. The
Control (0.5 mM d-glucose) 0 specific activity of mannose in glycoproteins was measured at each time as§
. described irMaterials and methodand plotted as double reciprocal of D
D-Glucose (MM) specific activity vs. days. Extrapolation to infinite labeling time shows that 58
1 15 the specific activity of mannose in glycoproteins rea¢ii&s of that inthe <
medium, indicating that 75% of the mannose had come from 2
5 b [2-3H]mannose. Thus, only 25% could have come from other sources suchs
10 70 as direct utilization of glucose. g
D-Mannose (mM) %l
0.06 37 concentration in the medium never fell belowpMd. Cellular

proteins were precipitated from the lysate and hydrolyzed, andghe

0.25 68 specific activity of mannose determined by high performange
0.5 83 anion exchange-pulsed amperometrlc detection chromatograghy
10 01 (HPAE-PAD) along with a series of [2H]mannose standards ofz
known specific activity. The specific activity of mannose iB
Other sugars (5 mM) glycoproteins will increase as the cells grow. Using isotope
p-2-Deoxygalactose 25 dilution analysis extrapolated to infinite labeling time |nd|cated
b-Galactose 25 that the specific activity of mannose in glycoproteins reachegat
least 75% of the specific activity of mannose added to the med@m
L-Rhamnose 15 (Figure 2). This means that exogenous transported manngse
p-Mannosamine 35 contributed 75% of the mannose found in hepatoma c&ll
b-N-Acetyl-mannosamine <5 glycoproteins. Although we cannot be certain'if this numb&r
5-6-Deoxymannose < includes [_2—3H]mannose salvaged_ from previously Ia_bel_e%f
glycoproteins the results show that direct use of mannose is hl@ly
p-Altrose (3-epimer of mannose) 30 preferred for glycosylation in culture. The remaining 25% $
b-Talose (4-epimer of mannose) 35 probably derived from glucose either directly or via gluconeg-
Deoxymannojirimycin (4 mM) 55 gene5|s This is consistent with the results of short-term Iabellﬁgs
using [2-3H]mannose or [1, 5, GH]glucose at physiological S
ATB-BMPA (4 mM) 73 concentrations. [2H] Mannose contributed 70% of the totag
radioactivity found in PNGaseF released oligosaccharides gnd
oo o et o e ch o e et wanea, | 30% comes from [1, 5, Bklglucose (ress not shown). These
ggpaped from the Ffjlask, and disrupted by ultrasonication, and an aqu(Jot WasreSUItS show that contrary to expectations, mannose not glucase
taken for scintillation counting. is the preferred source of mannose for glycoprotein blosynthes|s

Nearly identical results are seen using human fibroblags
(Panneerselvaret al.,1997).

oToC *

Utilization of [3H]mannose by cultured human hepatoma cells Enzymatic activities of PMM and PMI in tissues

To directly estimate the mannose contribution to glycoproteithe preference of mannose over glucose for hepatoma cell
biosynthesis, actively growing hepatoma cells were labeled fglycoprotein biosynthesis suggest that the specific activity of PMI
various times with 13@M [2—SH]mannose (1QCi/ml) in the  (F6P<—>MG6P), the key enzyme used for endogenous mannose
presence of 5 mM glucose to mimic physiological conditiongaroduction from glucose, might be relatively low compared to
The labeling medium was renewed every day so that the mannagber tissues, especially when normalized to liver glycoprotein
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biosynthesis. To examine this, the specific activity of PMI and~

phosphomannomutase, PMM (Man6P<—>Man1P), a key inter-=. 8 o 14 400
mediary enzyme for N-glycosylation were measured in various rat> o a
organs. As shown in Table JPMM specific activity is highestin %! = 1.0 7
liver and intestine compared to other rat organs. Liver is low in PME = 4 .
with 13 U/mg protein while it ranged between 21-40 U/mg proteinx 6 - & 0.6 - 300 !
for the other organs. When expressed as a PMI/PMM ratio, Iiveg c . . N <Q
. . . . . [
is the lowest of all organs. This is consistent with a preference fofy = 0-20 50 40 60 g
direct mannose utilization for liver glycoprotein biosynthesis. ‘; . el
2 Minutes 3
ific activi i 2 41 £200 @
Table Il. Specific activity of PMI and PMM in rat organs c - 5
2 7 ~
L v U 9
Organ PMI PMM PMI/ PMM T L T ¢
A % = 3
Heart 24 17 14 e e L 100 ~ g
Spleen 24 2.0 12 ":_ o
Lung 21 16 13 + . . ~ g
; I oo 3
Kidney 24 1.6 15 ' Q
i O L T T T T T T T T T 8
Brain 38 1.0 38 ! ! o]
0 20 40 60 80 100 120 g
Muscle 32 1.3 25 X
i g
Liver 13 338 3 Minutes s
Intestine 40 4.1 10 5
o
e . . . Fig. 3. Kinetics of [2-3H]mannose appearance and clearance of radiolabele%
PMM and PMI activities are reported as units per mg protein\séerials glycoproteins in rat serum. [2H] Mannose was injected into the circulation 5
and methods). of an anesthetized rat and samples were withdrawn as described in the

nie

Materials and method#\fter an initial equilibration with interstitial fluid,
linear regression analysis of the semilogarithmic plot (inset) for the clearancg:

. . of [2-3H]mannose gives a half-time of 30 min.
Mannose is rapidly removed from the bloodstream =4 9

To examine the fate of mannose in the blood, anesthetized rats
were given an intravenous injection of #mannose and the =
radiolabel was followed with time in the peripheral blood. After30 min as an injected dose. The initial rate of uptake is g0
arapid equilibration with interstitial fluid (Rang and Dale, 1987)decreased by the presence of up to 2700-fold excess of fructose.
[2-3H]mannose is cleared from the blood with a half-life ofln fact, the rate is about 2-fold greater in the presence fructgge.
[BO min as shown in FiguBe Incubation of [23H]mannose with  These results suggest that mannose is carried by a trangport
either serum, plasma, or whole blood showed no change in tBgstem distinct from the facilitated fructose transporter, GLUT®5
label over several h indicating that it was not simply metabolized!son and Pessin, 1996). A 100-fold excess of glucose doegnot
by blood components. Very little of the label was found in bloodffect the rate of [2H]mannose uptake, but a 2700-fold excess
cells. After[B0 min, a portion of the [2H]mannose began to decreases the initial uptake rate by 75%. Based on these re@lts,
appear in the blood as either labeled glycoproteins #f@si.  we cannot be certain if the mannose transporter is distinct frem
At 4 h following the injection, radiolabeled plasma glycoproteinsodium-dependent glucose transporters (Olson and Pessin, 1396).
and3HOH production reached plateau values which then S|ow|yeSS than 1% of the total radiolabel was found in the lumen of ¢he
decline over the next several days (data not shown). We couffestine, feces or urine 4-8 h after the gavage demonstrating that
account fort70% of the label injected at the beginning of theuptake from the intestine was very efficient. These results &so
experiment. The production 8HOH indicates that some of the suggest that the kidney actively reabsorbs mannose. Ehis
[2-3H]mannose entered the glycolytic pathway through PMIprobably occurs through efficient, previously identified manno3e
[2-3H] Mannose was also incorporated into tissue glycoproteirigansporters in kidney tubules that are distinct from the kidriy
and the distribution into various organs (data not shown) @lucose transporter (Silvermaet al., 1970; Pritchardet al., 3
virtually identical to that observed when $&}mannose is given 1982). =]

as a gavage dose as discussed below. Both radiolabeled serum glycoproteins &itDH began to =
appear approximately 30 min after the gavage indicating that%he
[2-3H]mannose was metabolized (PMI converts’iM6P to 2
SHOH and unlabeled F6P). Their appearance in the blood oc&urs
The identification of mannose-specific transporters in Caco-at about the same time as that observed in the experiments @sing
cells suggested that mannose might also be actively absortietused [2-2H]mannose. This shows that transport from thg
from the intestine by transporters different from those used fantestine is not the rate limiting step for utilization of mannose. At
glucose or fructose. Such a transporter could be important fany time point approximately 70% of the administered radiolabel
delivery of dietary mannose to the organism. To examine this, vean be accounted for as freeJ@}mannose, glycoprotein-asso-
administered a gavage of BH]Jmannose to anesthetized rats andciated [2-3HJmannose3HOH, or low molecular weight anionic
monitored the uptake into peripheral blood (Figudg  compounds, which are presumably phosphorylated glycosylation
[2-3H]mannose is rapidly absorbed during the first hour when ibtermediates. By 8 AiB5% of the radiolabel is converted into
peaks and then declines with approximately the same half-time3#OH.

llod yusIa

Mannose is rapidly absorbed from the gut
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Fig. 4. Oral absorption of [2H]mannose and the kinetics of appearance of S
radiolabeled egcoproteins afHOH in femalg rats. Venous cannulated 8.
female rats were given a gavage dose of S00ofi[2-3H]mannose and Fig. 5. Rat serum mannose concentration following a large oral dose of 3

serum samples were monitored for the appearance of total radioactivity, mannose. Female rats were given a gavage of dose of 0.1 g mannose per%g

[2—3H13mannose§HQH and TCA precipitable glycoproteins. At 2 hvirtually  pody weight, and the amount of mannose in the blood was monitored with 2
no [2-°H]mannose is left in the blood, but b&tHOH and radioactive time. Mannose continues to accumulate in the blood for several hours andﬁ
glycoproteins continue to accumulate. Results are shown as glgan./ reaches >3-fold higher than the basal level.

[2-3H]mannose and d.p.ml/for glycoproteins.

BaAIUN T

the predominant consumer both in total amount and speo%ic
activity of mannose uptake. At 1 h plasma contains a significant
amount of labeled glycoproteins, and this increases about 2-%Id
To determine if the intestinal transporter was capable d¢furing the next hour and then remains relatively stable betwgen
transporting a larger load of mannose, a gavage dose of 0.#¢gnd 8 h (not shown). Nearly 85% of the TCA precipitabie
mannose per kg body weight, including a small amourfi2dioactivity seen inthe liver at 1 hiis lost by 8 h, and 23% of tis
[2-3H]mannose as a tracer, was administered to rats. Direl@ss can be accounted for by an increase in labeled plagma
measurements of serum mannose concentrations and radid/coproteins. The remainder of label is probably lost through
labeled [23H]mannose levels were coincidental for at least 6 holigosaccharide processing within the liver and increasesgof
The mean serum mannose level increased fronM7d 283uM  labeled glycoproteins in other organs as seen in Figuaed 7. =
within 90 min as shown in Figuf® There were no apparent  The next major consumer of [24]mannose is the intestine.g
side-effects such as osmotic diarrhea. These results indicate this high level is not simply the result of a higher localizeg
relatively large loads of mannose can be transported efficientigoncentration of the initial [ZH]Jmannose gavage, since th&
same distribution of radioactive glycoproteins is observed whéan
Mannose is incorporated into tissue glycoproteins [2—§H]mannose is infused d|re_ctly into the_ bloo_d. The amountg)f
[2—°H]mannose in glycoproteins of the intestine decreasesJy
Following a gavage dose with tracer amounts oHipmannose, 45% between 1 and 8 h. Like the liver, the decrease probably
rats were sacrificed at 1, 4, and 8 h by whole body perfusion. Thesults from oligosaccharide processing and a high secretion ate
major organs were removed and analyzed foiffmannose in  of glycoproteins. ]
glycoproteins by TCA precipitation. The identity of the radiolabel In contrast to liver and intestine, all of the organs examin%d,
as >90% [23H]mannose in glycoproteins was confirmed asexcept the brain, show an approximate 2- to 6-fold increase inghe
described irMaterials and methodsind at 1 h it accounted for amount of [23H]mannose found in glycoproteins between 1 anel
[M% of the administered label. Approximately 53% of the labeB h (Figure7). The lung shows nearly a 6-fold increase, skele%l
incorporated into glycoproteins during the 1 h labeling is losinuscle and heart show 5- and 4-fold increases, while kidney gnd
during the next 8 h of labeling. Since most of théifimannose  spleen have <2-fold increase. Brain shows only a 20% incre3se
in the blood has already been metabolized by 2 h, the loss létween 1 and 4-8 h of labeling. Since all tissues are equally
[2-3H]mannose from proteins probably reflects a combination aéxposed to [22H]mannose in the blood during the first hour ang
oligosaccharide processing and glycoprotein degradation. Theannose cannot be stored within cells, the substantial increage in
results in Figures show the distribution of TCA precipitable glycoprotein-associated radiolabel at 8 h may result from
material at 1 and 8 h, and the total amount of radiolabel at eaehdocytosis of labeled plasma glycoproteins. Thus, organs differ
time is defined as 100%. Figureshows the specific activity at in their direct uptake of mannose and its prompt incorporation
1 and 8 h expressed as d.p.m./gm wet weight of tissue. Restifto glycoproteins.
obtained at 8 h resembled those at 4 h. It is clear that all of the A gavage of [23H]mannose was also given to pregnant rats.
major organs incorporated radiolabel, but that the liver is by farhe label was incorporated into the placenta and fetus, including

Metabolism of high doses of mannose
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HEART
SPLEEN
LUNG
KIDNEY
BRAIN
MUSCLE
LIVER
INTESTINE
SERUM

SERUM 59%

8 hour

Fig. 6. Total radiolabeled glycoproteins in various rat tissues following a

gavage of [23H]Jmannose. Rats were given a 500i dose of

[2-3H]mannose and the total amount of radiolabeledHxmannose
incorporated into all glycoproteins in the blood and in each organ are define

LIVER 17%

INTESTINE 13%

fetal brain. The specific incorporation of 48 d.p.m./mg protein in
the fetus and in fetal brain is similar to that of the maternal brain
(Table 1V), demonstrating that [3H]mannose crosses the
placenta when available at normal physiological concentrations.
Amniotic fluid of humans was previously shown to contain
mannose comparable to its concentration in blood (Akazawa
et al.,1986).

Table IV. [2-3H]mannose incorporation in rat organs and tissues

Organ DPM/mg? Mannosé (nmol/mg) DPM/nmol
Heart 6 5 1.2 g
Spleen 16 10 16 2
QD
Lung 5 12 0.4 3
o
Kidney 16 7 2.3 g
Brain 44 8 5.5 g
<
Muscle 3 4 0.8 8
il
Liver 220 35 62.9 2
Liver and plasma 264 3.8-4.1 64.4 g__
o
Intestine 163 8 204 5
Fetus 48 nd° nd E,—)
o
aGlycoprotein-associated [24]mannose was determined at 1 h following aﬁ
500uCi gavage of [23H]mannose. E
bGlycoprotein-associated mannose was determined by TFA hydrolysis as 5.
described in Materials and methods f?
®Not determined. %
l

[2-3H] Mannose incorporation into glycoproteins was alsp
normalized to protein or mannose content of TCA precipitafgs
from saline-perfused organs. These results should indicate W@ich
organs rely on the mannose transporter relative to their manmose
Crequirement fode novoglycoprotein biosynthesis. The result§

as 100%, at both 1 and 8 h. Total serum glycoprotein was estimated by usin re shown in Table/. As EXpeCted the liver is much more activg

a blood volume of 18 ml for 250 g rats. The total amount of radiolabel in

glycoproteins decreases by 53% between 1 and 8 h.

1 hour
[3 8 hour

DPM x 1073 / g wet weight

HEART SPLEEN LUNG KIDNEY BRAIN MUSCLE LIVER INTESTINE

Fig. 7 Specific activity of radiolabeled glycoproteins following a @

gavage of [22H]mannose. Comparison of the specific activity of
[2-3H]mannose in glycoproteins from each organ at 1 and 8 h post-gavage
shows that only the liver and the intestine decrease whereas all other organ

wbiem 39m B/ ¢ .01 X Wdd

an all other organs whether the results are expressed for resident
proteins alone or include the estimated amount of plasgﬁa
glycoproteins synthesized and secreted during the 1 h labelgg.
The intestine is the next most active organ in mannose uptakezand
glycoprotein biosynthesis, and like the liver it probably secregs
a significant amount of newly synthesized glycoproteins. Of the
nonsecretory organs brain incorporates more mannose than @her
organs and also has a high mannose content per milligrang of
protein. The other organs examined all incorporate a sim@ar
amount of [28H]mannose into glycoproteins whether normag
ized to total protein or to mannose content. They appear to begess
reliant than the liver and intestine on direct incorporation &
mannose for glycoprotein biosynthesis. 3

Discussion

The 28-161uM mannose concentration found in mammali
sera is probably physiologically relevant, since thgdfe of N
mannose by its specific transporter is 35HR0 (Ogier-Denis o

et al., 1994; Panneerselvam and Freeze, 1996b). The origirSof
mannose in the blood is unknown but the most likely sources@are
the diet, monosaccharide salvage and production from glucose.
There are no data on the content or bioavailability of mannose in
foods (Hardingeet al., 1965; Shallenberger, 1974; Davis and

J ewis, 1975; Bewley and Reid, 1985; Reid, 1985), and there are

todisnoN uo 8

(except brain) show a 2- to 6-fold increase in specific activity. The dramatic N0 animal studies on digestion of glycoproteins. Intestinal
decrease in the liver is partially due to serum glycoprotein secretion.
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and Radhakrishnan, 1972; Gossrau, 1973, 1976). These repaasvert 85% of the label intBHOH (unpublished observations).
predate the discovery of N-linked oligosaccharide processing alide considered the possibility that the high proportion of label
an appreciation of the importance of neutrahannosidases in converted to3HOH was a labeling artifact specific for
oligosaccharide degradation. The identificatiornefannosi-  [2-3H]mannose, but the same results were obtained using
dase | andi-mannosidase Il on the surface of enterocytes, on tjé—14C]mannose showing that they are metabolically equivalent
brush border and in the secretory granules of pancreatic acimmecursors.
cells is particularly significant since it suggests that they could The liver and intestine are the major sites off#mannose
function in glycoprotein digestion (Velasebal.,1993). Normal utilization. Much of the label (53%) initially incorporated into
oligosaccharide processing as well as cytoplasmic and lysosongéfcoproteins by 1 h is turned over, probably due to oligosacchar-
degradation also liberate mannose (Castaal.,1993; Danieket  ide processing and glycoprotein secretion from both organs. In
al., 1994; Moore and Spiro, 1994; Moremetral.,1994; Villers  contrast, the amount of [2H]mannose in plasma glycoproteins
et al., 1994; Saint-Padt al., 1997), but its fate is unexplored substantially increases between 1 and 8 h in lung, muscle, and
(Danielet al.,1994; Moremeret al.,1994). heart. The most plausible explanation for this increase is tHat
The mannose-specific transporter provides at least 75% of tkeme of these cells endocytose a portion of newly labefed
mannose for glycoproteins of hepatoma cells and human fibrglycoproteins. Consistent with this view is the finding that bra@,
blasts (Panneerselvaghal., 1997), clearly indicating that glucose which is not in contact with plasma glycoproteins because of ghe
is not the preferred source of mannose for these cells. This may atéood-brain barrier, shows <20% increase during this time. Soghe
be true for glycoproteins synthesized by the liver. Althouglof the [23H]mannose released from degraded serum glycop?o
metabolic enzymes are not usually rate limiting, the high specifieins may be salvaged.
act|V|ty of PMM in the liver and intestine compared to other organs Monosaccharides are efficiently salvaged from endocyto@d
is probably required to meet the high glycoprotein synthetiglycoproteins (Aronson and Docherty, 1983). In cell culture, tRe
demand. Two human PMM genes have recently been identifiedost dramatic example of this is the reutilization of at least 5(%_’/0
and Northern blots show high expression of both genes in livef the GalNAc and GIcNAc released from proteoglycans agd
(Matthijs et al.,1997a,b). In contrast, PMI activity is surprisingly glycoproteins endocytosed by fibroblasts (Rome and Hill, 1988).
low in the liver (Tablelll), (Gracy and Noltmann, 1968; Salvage is also important in CHIID cells that lack UDP-Gal/ o
Mendicino and Rao, 1975; Proudfattal.,1994). Since the only GalNAc-4-epimerase and require supplements qfM@alac- 3
known function of PMI is to bridge glucose metabolism withtose and 200 M N-acetylgalactosamine for normal®
mannose-6-P production, increased glycosylation using glucos®-glycosylation (Kingsleyet al., 1986; Kriegeret al.,1989). S
derived mannose might require higher PMI activity. The lowBupplying 5-10% dialyzed fetal bovine serum or fetuin alofe
PMI/PMM ratio in liver together with the high rate of fM}man-  (Kriegeret al.,1989) also restores normal glycosylation. FinaII%l
nose incorporation further suggests that the liver preferentially usesman glycoproteins do not contain N-glycolylneuraminic acig,
exogenous mannose for glycoprotein biosynthesis. but human cells growing on serum glycoproteins capped Dy
The clearance rate of [§H]mannose inrats{p=35 min)is  N-glycolylneuraminic acid incorporate it into newly synthesmé&j
very similar to that previously seen in humans (Wood and Cahililycoproteins (Schauer, 1988). Thus, monosaccharide sal\@ge
1963; Altonet al, 1997). By 2 h most of the [2H]mannose has seems to be ubiquitous.
been metabolized, regardless of whethetH}mannose is given Could the mannose transporter provide all of the manné’se
intravenously or by stomach gavage. Absorption from thaeeded for liver glycoprotein production? It probably caf.
digestive system is very efficient, and <1% of total label is founBlepatoma cells take U0 nmol mannose/mg/h under phy5|oﬂ
in the feces or intestinal contents 8 h after a gavage dose. Togical conditions providing 1.5 nmol mannose/h/mg cell protem,
absence of [2H]mannose in the urine indicates that the kidneyassuming that 15% is available for glycosylation (not met
probably reabsorbs mannose using the mannose transporter tiaed through glycolysis). The 1900 mg of protein in the liver g‘
is distinct from the sodium-dependent glucose transporter250 gm rat (Hellerstein and Munro, 1988a) synthesizes 1053520
(Silvermanet al.,1970; Pritcharcet al.,1982). The appearance mg of plasma proteins/h (10 plasma proteins/n/mg liver8
of [2—3H]mannose in the blood is very rapid suggesting that itsrotein; Smithet al., 1983; Hellerstein and Munro, 1988a, b)9-
uptake from the intestinal lumen is probably transporter-meRlasma proteins contain about 20 nmol mannose per mg (Pog/ell
diated. Uptake is not inhibited by fructose, so it is unlikely thagt al., 1994), and since these glycoproteins are predominahtly
mannose employs the GLUTS5 fructose transporter (Olson andmplex-type chains with three mannose residues, this wogild
Pessin, 1996). A 100-fold excess of glucose does not inhibit tragequire synthesis of 0.3—0.6 nmol mannose /h/mg liver proteirkas
[2-3H]mannose uptake, but a 2700-fold excess decreases the lipid-linked precursor. Thus, the mannose transporter (% 5
uptake rate by 75%. From these limited studies it is difficult tamol mannose/h/mg protein) could supply the mannose requused
determine whether the same transporter normally carries glucdse liver glycoprotein biosynthesis (<0.6 nmol mannose/h/rrm
and mannose, but a mannose-specific active transporter has bgeein). Also, assuming that most of the mannose is cleaged
identified in Caco-2 cells and human colon tumor cell line HT-2@rimarily by the liver (Figure®, 3), the clearance rate of manno
(Ogier-Deniset al., 1988, 1990, 1994). from both blood and interstitial fluid i€2 nmol mannose/h/mg &
Mannose appears to transcytose through the enterocytes siliver protein (Guyton, 1981; Rang and Dale, 1987). Thus, both ghe
nearly all of the radioactivity first appearing in the blood is foungnannose transport capacity of the liver and the calculated
as [2-3H]mannose rather than #30H. After a 30—40 min delay turnover rate of extracellular mannose is compatible wih
[2—SH]mannose is metabolized intracellularly by glycolysis tabiosynthetic needs.
yield SHOH, or is incorporated into nascent glycoproteins. The Could dietary mannose supply a significant amount of
great majority of [22H]mannose is converted &#1OH over mannose used by rat liver? Calculations below suggest that it is
several hours, and since it is freely diffusable we cannot be certainlikely to provide all of the mannose. Other sources, most likely
which tissues carry out this conversion. However, fibroblasts arglucose, must still make substantial contributions. The diet of a
hepatoma cells labeled with BH4]mannose for 1-3 h also 250 gm rat (22.5 gm protein/kg/day) provides 11 mg of mannose,
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mannose
F fructose
Gl glucose

M1P mannose-1-p
M6P  mannose-6-p
F6P fructose-6-p
GI6P  glucose-6-p
GDP-M GDP-mannose
— protein

* distal modification
—— transport process
—3> enzymatic activity

- transporter

Fig. 8. Revised view of mannose metabolism in animals. In the traditional view, glucose (GI) enters cells through the facilitated glucose transporters and g sme
portion of it is used for glycosylation by conversion of fructose-6-P (F6P) to mannose-6-P (M6P). Eventually, mannosedethisgathway is incorporated
into glycoproteins. In the proposed revised view, mannose derived from glucose makes a smaller contribution to glycayratessibiand insteadirect
mannose utilization is more important. Mannose is obtainable from the diet and from salvage pathways. Free serum martakse candirectly by the
mannose transporter, phosphorylated and used for glycoprotein biosynthesis. Mannose can be derived from dietary songedigésitimni by pancreatic
enzymes or by neutral mannosidases on the enterocyte cell surface and brush bordee{\#!#2@3). A mannose transporter (Ogier-Degtisl.,1994)
delivers mannose from the intestine (GUT) into the blood (EXTRACELLULAR FLUID) where it is taken up by facilitated manspsetéraron the surface
of many types of cells (Ogier-Dergs al.,1994), including hepatocytes. Mannose is incorporated into glycoproteins synthesized by the liver and they are segretec
into the circulation. We suggest that these plasma proteins can be endocytosed, degraded and some of the released|izethfmsendogenous
glycoprotein biosynthesis. Intact high-mannose chains cleaved from LLO or proteins within the endoplasmic reticulum @eR)emymdéd in the cytosol and
lysosome (LY) providing additional mannose (Caetal.,1993; Daniekt al.,1994; Moore and Spiro, 1994; Moceeal.,1995; Moremeret al.,1994; Villerset
al., 1994; Saint-Poét al.,1997). Normal oligosaccharide processing of newly formed chains in the Golgi (G) releases mannose which may be secreted intg the
blood or into the cytoplasm for reutilization. Except for the preference of mannose by hepatoma cells demonstrated here, the relative contributions of ea
pathway are unknown. They are probably cell-type-dependent.
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assuming mannose is 0.2% of the protein mass. Synthesispobcesses in selected tissues might lead to localized pathol
precursor chains for plasma glycoproteins would require 2.2—4dfecting tissue or organ-specific glycosylation (Gahl, 19
mg mannose per day, assuming no mannose salvage. If 15%ifDowell and Gahl, 1997).
this is available for glycoprotein biosynthesis, the liver would
require 15-30 mg of mannose per day. Although there is a
35-200% shortfgll, dietary mannose could still make an impor‘\?laterials and methods
ant and substantial contribution.

We suggest that the traditional view of mannose metabolisgaterials
should be expanded (Figu to include dietary sources and
various mannose salvage pathways. The discovery of a myriadmMannose p-glucose p-fructose, ATP, PMI (P5153), hexoki-
intracellular neutrali-mannosidases (Daniet al.,1994; More- nase (H5625), trichloroacetic acid (TCA), trifluoroacetic acil
men et al, 1994), specific ER export and lysosome impor{TFA), sodium dodecyl sulfate (SDS), and buffer salts weve
pathways for high-mannose type oligosaccharides (SairgtPolobtained from Sigma, St. Louis, MO. Hanks balanced salt
al., 1997; Mooreet al., 1995), and the distribution of neutral solution,a-Minimal essential mediuma¢MEM), and Dulbec- &
a-mannosidases on the surface of enterocytes and in pancreatis modified essential medium (DMEM) were from GIBCO,
acinar cells (Velascet al.,1993) all suggest that many facets ofGrand Island, NY. Antibiotics, glutamine, and trypsin were from
mannose metabolism might be physiologically important. Diskvine Scientific, Santa Clara, CA. Fetal bovine serum was from
covering that mannose directly contributes to glycoproteitdyclone Laboratories, Logan, UT. BH4]Mannose (15 Ci/
biosynthesis raises questions of mannose procurement, utilizimol) was obtained from American Radiolabeled Chemicals,
ation, and salvage. It is also conceivable that malfunction of thebe., St. Louis, MO.

les
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Rats, cell lines, and culture conditions a partial cut in the aorta below the clamp. The cannula was
i . clamped in place, the upper aortic clamp was removed, and 50 ml
Female Sprague-Dawley rats weighing 280 g were obtained frof -e\yarmed Hanks balanced salt solution was slowly injected
Zivik-Miller (Zelienople, PA) with a skull-mounted 20-gauge y,,, syringe. Simultaneously, a vein in the lower abdominal cavity
cannula subcutaneously connected to the jugular vein. The rgfsq opened and the emerging fluid was monitored for loss of red
were handled in the Burnham Institute animal care facility. Theq|q, Approximately 40 ml of Hanks solution provides a

animals were fed standard rat chow and water ad libitum. The)| rjess (blood-free) P

- perfusate indicating complete removal of
human hepatoma cells HepG2 and C3A were from ATCG,|qq from the major organs and tissues of the rat.
Rockville, MD. They were grown in DMEM supplemented with

dialyzed 10% heat inactivated fetal bovine serum (HepG2) or o .

a-MEM supplemented with 20% heat inactivated fetal bovind>etermination of tritiated water, mannose, and
serum (C3A), 2 mM glutamine, 100 U/ml penicillin, and 100[2—H]mannose

pg/ml streptomycin. Cells were maintained at@in a 5% CQ

- ; o
atmosphere. The amount of tritiated wateBHOH) in a sample can bes

established by counting the total radioactivity before and affer
evaporation. Radioactive [2H]Jmannose was determined by»Z
Measurement of [ZH]mannose uptake by cells incubating 20ul aliquots of serum (or TFA hydrolysates, se@
rpelow) with 50ul of 50 mM Tris—HCI, pH 7.2 containing 5 mMg
DMEM containing 0.5 mM glucose (DMEM-g). Low glucose A1 18 U PMI, and 60 U hexokinase for 1 h afG7The 2
was used to maintain cells during the experiment and to preveAt. *H]mannose is converted to Hjmannose-6-phosphate bys
possible competition of mannose uptake. Preliminary experl€xokinase. [23H]M§nnose-6—phosphate is converted to F6P By
ments showed that [8H]mannose uptake in the absence 03'\/II which releasesHOH. After evaporation to remove theg
eHOH the difference of radioactivity remaining, relative to thg

I ly identical to that in 0.5 mM gl ] X . : . .-
%;f;;ee :,/VVZ: ?r?if};{eédeg]ywﬁ]e oad;tic?r? e(r)\flrllagjir:g mgeté(i:l?;control incubation (no PMI), provides a reliable determination of

containing 20uCi/ml of [2-3H]mannose in DMEM-g and the original amount of [23H]mannpse in the serum. The actu
incubated at 37C for 15 min. After removal of the radiolabeled MPlar concentration of mannose in serum was determined with a
medium, cells were washed five times with ice-cold phosphat reviously published ;pectrophotomoetnc assay (Etc_:hlson and
buffered saline (PBS), harvested by trypsinization, and solubif-'€62€; 1997). Approximately 90-95% of the determined radko-
ized in 0.1% SDS. An aliquot of the cell lysate was scintillatiorfctVIy In glycoproteins in either serum or TFA tissue hydrol%_

counted for radioactivity (Beckman LS 6000SC scintillation>ates 1S [2°H]mannose.

counter) and normalized to protein content (BCA protein assay,

Pierce, Rockford, IL). The scintillation counter provided disin-Determination of PMM and PMI enzyme activities in rat
tegrations per minute (DPM) via an internal quench correctiotissues

calculation.

Nearly confluent cells in 35 mm multiwell plates were rinsed witl

EStudalod YISl

PMM and PMI were obtained by homogenization of freshfy
perfused rat organs in 50 mM Tris—HCI, pH 7.5, and collecting the
supernatant from a 100,080y centrifugation (1 h). PMM and 5

PMI enzymatic activities were assayed fluorometrically with@

Each experiment used a minimum of two rats, and all dafdADPH-linked coupled enzyme system as described previously
reported are the mean values from at least two rats. No variatigha-Correizet al, 1987).
greater than 15% was observed in any physical determination on
multiple rats. Injections and peripheral blood samplings werganitation of glycoprotein-associated mannose and
performed through the skull-mounted jugular vein cannula. Al>_3H]mannose
solutions were 0.@m sterile filtered (Puradisc 25AS, Whatman).
Rats were lightly anesthetized with 5% isofluranefiior to  Radioactivity incorporated into glycoproteins was determined@y
injection, gavage or blood sampling. Intravenous injections of 0.&dding an equal volume of 10% TCA to an aliquot of the tissgie
ml contained 5QICi [2-3H]mannose and 5 mM glucose in PBS homogenate (1 g per 10 ml PBS) or serum. After vortexing ahd
and were prewarmed to 3Z. Gavage doses of 2 ml PBS standing 10 min on ice the precipitated protein was collecteddy
containing 500uCi [2-3H]mannose, either in the absence orcentrifugation. The pellet was washed twice with 10% TCA afid
presence of 75 mM mannose (0.1 g mannose per kg body weigtaduspended with 0.85 M NBH, transferred to a scintillation%
were administered directly into the stomachs of lightly anesthetial and counted for radioactivity. S
ized rats. Between samplings or injections the rats were allowed To identify the glycoprotein-associated radioactivity as
to awaken from the anesthesia and consume \adtébitum  [2-3H]mannose a 0.5 ml aliquot ekchtissue homogenate or%
Aliquots of 0.5 ml of peripheral blood were removed fromserum sample was precipitated with TCA. The washed pelfgts
anesthetized rats, allowed to clot for 1 h, and centrifuged to giweere heated at 10C€ in 1.5 ml 2 M TFA for 4 h. The solutions®
a clear supernatant serum. All analytical measurements wemere evaporated under flowingoNg) at 80C, and then &
performed on serum. lyophilized from 3 ml water. The freeze-dried samples weke
Animals were sacrificed by whole body perfusion. Lightlyresuspended in 0.3 ml of 300 mM Tris—HCI, pH 7.2 and the
anesthetized rats were injected with 45 mg/kg sodium pentobarf®—3H]mannose determined by the hexokinase/PMI assay as
tol (Nembutal, Abbott Labs, Chicago, IL) interperitoneally.described above. The mannose content of TFA hydrolyzed tissue
Depth of anesthesia was determined by lack of a toe-pinch reflaxas determined by the spectrophotometric mannose assay
The abdominal cavity was opened but the chest cavity was lefescribed above. Quantitative estimates of the recovery of
closed. The organs were moved to one side to expose the agnannose in each TFA hydrolysate were judged by the yield of
which was then clamped and a 20 gauge cannula was inserted iRddI-convertible [23H]mannose internal standards (see above).

Gavage and injection of mannose, peripheral blood
sampling, and whole body perfusion

03ualy Ip oJu
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Determination of [23H]mannose specific activity in Gossrau,R. (1973) Histochemical demonstration of beta-glucuronidase, alpha-

N-linked glycoprotein oligosaccharides mannosidase and alpha-galactosidase using 1-naphthyl glycdsiskes.
chemie 36, 367-381.

C3A hepatoma cells were grown ilMEM as described above Gossrau,R. (1976) Localization of glycosidases with naphthyl substrates.

and with an additional supplement of 13@ pnannose and 10 __Histochem. J8, 271-282.

. 3 . . racy,R.W. and Noltmann,E.A. (1968) Studies on phosphomannose isomerase. I.
KCi/ml [2—H]mannose for 9 days with new media added eaCﬁ Isolation, homogeneity measurements, and determination of some physical

day. Base_d on_p_reliminary_ ex_periments, this concentration of popertiesy. Biol. Chem.243,3161-3168.
mannose is sufficient to maintain mannose api¥fehroughout  Guyton,A.C. (1981) Textbook of Medical PhysiolagyW. B. Saunders,
the day. Cells were washed as described above, scraped from th@hiladelphia, pp. 391-399.
tissue culture plate, and disrupted by ultrasonication in 1 ml PBS@fgi_n?eAM-G-, 4S6Wiggyl and Crooks,H. (1965) Carbohydrates in fodds.
GlyCOprOteinS were precipitated at =20 Ovemight with 8 eIIeIth.einSl?/IO&’aﬁd Muhro H.N. (1988a) Interaction of liver and muscle in the
volumes of |sopr0pyl alcohol. Fpllowmg centrlfugatlon the pellelﬁ regulation of metabolism in r(espons),e to nutritional and other factors. In
was washed a.nd hydrolyzed in TFA as descr'b_ed above. T_he Arias,|.M., Jakoby,W.B., Popper,H., Schachter,D. and Shafritz,D.A. (ed§),
resultant material was analyzed for monosaccharide composition The Liver: Biology and Pathobiologyol. 2. Raven Press, New York, pp.2
by Dionex HPAE-PAD. Mannose peaks eluting from the column  966-967. <]
were collected and radioactivity was determined by scintilIatioHe"erstTirg_,M-K-fandtMtl)Jr}_royH-_N- (1988h) Intteracttiqtn of Iliver ;n(:hmuslzcli in tige
ntina. The radi ive mann nten I picomole of regulation of metabolism in response to nutritional and other factors.
(r:r?;nrgosge (d peme;gr?]ggtofethe 2ult8rseemce?di21evx;ta§iorﬁ|c§:§regt% tcr)]eArias,l_.M., Ja_lkoby,W.B., Poppe_r,H., Schachter,D. and Shafritz,D.A. (ed@),
L . The Liver: Biology and Pathobiologyol. 2. Raven Press, New York, pp.
TFA hydrolysates from each day of labeling. 971-972 Q
. <
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