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Distinct glycoforms of human a;1-acid glycoprotein
have comparable synthesis rates: a
['3C]valine-labelling study in healthy humans
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Various «q-acid glycoprotein (AGP) glycoforms are present in plasma differing in extent of branching and/or fucosylation
of their 5 N-linked glycans, as well as in concentration. It is assumed that hepatic synthesis determines the relative
occurrence of the AGP-glycoforms in plasma, but experimental evidence is lacking. In this study, we have investigated the
contribution of fractional synthesis rates to the plasma concentration of AGP-glycoforms that differed in relative occurrence
in healthy human plasma. During a ['*C]valine infusion, AGP was isolated from the plasma of healthy volunteers. Four
AGP-glycoforms, differing strongly in plasma concentration were obtained by sequential affinity chromatography over
concanavalin-A- and Aleuria aurantia-agarose columns. The incorporation of the ['*C]valine tracer into the AGP-glycoforms
was measured by gas chromatography combustion isotope ratio mass spectrometry. The mean fractional synthesis rates of
the four AGP-glycoforms did not differ significantly between each other as well between individuals. The results indicated a
renewal of about 15%/day of the plasma pools of each of the AGP-glycoforms. This is in support to the assumption that the
differences in plasma concentration of the AGP-glycoforms are a reflection of the state of the hepatic glycosylation process.
Published in 2004.
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presence of various AGP-glycoforms in plasma [6-8]. The
concentrations and relative occurrence of AGP-glycoforms
reactive with concanavalin A (Con A; recognizing di-
antennary-containing AGP-glycoforms) or Aleuria aurantia
lectin (AAL; recognizing a3-fucosylated AGP-glycoforms)
have been shown to fall between narrow limits in a healthy pop-
ulation of human individuals [9]. Temporal changes in plasma
concentrations of specific AGP-glycoforms occur during hep-
atic acute-phase reactions like induced by severe trauma. This
regards Con A-reactive AGP-glycoforms with two or more di-

Introduction

a1-Acid glycoprotein (AGP) is a human plasma protein that
belongs to the group of positive acute-phase proteins, which
are produced by the liver [1,2]. It has a carbohydrate con-
tent of 45% in the form of 5 N-linked glycans. These gly-
cans display a microheterogeneity with respect to their extent
of branching (di-, tri- and tetraantennary glycans), degree of
a3-fucosylation and sialylation [3-5]. This is reflected in the
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antennary glycans as well as strongly fucosylated AAL-reactive
AGP-glycoforms expressing sialyl Lewis* groups [7,8,10-12].
The physiological function of AGP is still in debate, since it
can bind and carry numerous basic and neutral lipophilic com-
pounds [13,14], but also expresses several anti-inflammatory
properties [1,8,9]. Studies in vitro as well as in animals have
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shown that the anti-inflammatory properties are strongly influ-
enced by the composition of its glycans, i.e. are AGP-glycoform
dependent [8,15—17]. For instance, inhibition of CD3-induced
proliferation of lymphocytes by AGP requires the presence
of diantennary glycans [18], and amelioration of neutrophil-
and complement-mediated injuries can be performed by AGP-
glycoforms that contain sialyl LewisX groups [17].

We and others have anticipated that increases in plasma con-
centration of specific AGP-glycoforms are induced by hepatic
synthesis and will contribute to the beneficial effects of the hep-
atic acute-phase reaction [7,8,17]. Indeed, inflammatory medi-
ators implicated in the regulation of the hepatic acute-phase re-
action have been shown to induce the synthesis of diantennary-
containing AGP-glycoforms by human hepatocytes in vitro
[16], most probably by changing the expression of specific gly-
cosyltransferases [6,19]. The relative increase of these AGP-
glycoforms in the secretion media corresponded to the changes
observed in the acute-phase induced increases observed in hu-
man plasma for these AGP-glycoforms. This suggests that in
human plasma the relative abundance of AGP-glycoforms is
a synthesis-driven phenomenon, but experimental evidence is
lacking. Therefore, we have performed a ['*C]valine-labelling
study of AGP-glycoforms in healthy human subjects to de-
termine the fractional synthesis rates (FSR) of four AGP-
glycoforms that differ strongly in plasma concentration.

Methods
Human study protocol

Five healthy, non-smoking male volunteers with normal plasma
levels (0.5-1.1 g/L) of AGP (see Table 1 for subject charac-
teristics) were recruited. The study protocol was approved by
the local ethics committee, and informed consent was obtained
from each subject. L-[1-'3C]Valine (99% '3C) was prepared as
sterile solution. After overnight fasting the patients reported at
8.00 h, and Teflon catheters were inserted into a dorsal hand
vein of each hand. A primed (7.0 mmol - kg~!), continuous in-
fusion of L-[1-'3C]valine (7.0 mmol-kg~'-h~') was started
(t = 0) and continued during 6 h. Arterialized blood samples
were obtained with a heated hand box [20]. The blood samples
were drawn at + = 0 for background enrichments, and at 120,
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180, 240, 300 and 360 min for precursor enrichments and AGP-
glycoform isolations. Heparinized blood samples were placed
on ice, centrifuged at 4°C, and stored at —70°C until analysis.

Materials

Concanavalin A (Con A) (Type V), Coomassie Brillant Blue
R250, L-fucose and «-methylmannopyranoside were from
Sigma (ST. Louis, MO, USA). Aleuria aurantia lectin (AAL)
and the AAL-HiTrap columns were obtained from Biomed Labs
(Newcastle upon Tyne, UK). Both the FPLC system, the 5 ml
HiTrap desalting columns, the 1-ml affinity HiTrap columns
and the DEAE-Sepharose were obtained from Pharmacia (Up-
psala, Sweden), polyacrylamide and agarose M from BioRad
(Richmond, CA, USA) and human serum protein calibrator
(HSPC) and monospecific rabbit-antihuman AGP antiserum
from Dakopatts (Glostrup, Denmark). 1-ml Con A-HiTrap and
mab-AGP-HiTrap columns were prepared according to the pro-
cedure provided by the manufacturer. Monoclonal anti-AGP
IgG (mab-IgG) was a gift of Dr. B. Halsall (Cincinnati, Ohio,
USA). L-[1-3C]Valine (99% '3C) was obtained from Mass
Trace (Woburn, MA, USA).

Isolation of total AGP

AGP was isolated from 5-ml plasma by FPLC affinity chro-
matography (see Figure 1A). Binding of AGP, on three com-
bined 1-ml mab-AGP HiTrap columns containing 6 mg mab-
AGP (IgGs) each, was performed in PBS. Bound AGP was
eluted with PBS containing 1.15 M NaCl and desalted in
demineralized and filtered water (milli-Q water) by two 5-ml
desalting HiTrap columns. The samples were lyophilized, dis-
solved in milli-Q water, followed by concentration determina-
tion and checked for purity on 10% SDS-PAGE. The samples
were stored at —20°C until further analysis.

Isolation of different AGP-glycoforms

FPLC affinity chromatography with the lectins, Con A and
AAL as affinity component, was applied to separate the dif-
ferent glycoforms of AGP according to their diantennary gly-
can presence and degree of fucosylation, respectively [8]. Four
combined 1-ml Con A-HiTrap columns containing 10 mg Con

Table 1. Characteristics of selected male human volunteers

Subject Age (years) BMF (kg/m?) CRP™ (mg/L) Glucose (mM) Albumin (g/L) AGP concn. (mg/L)*
1 23 20.8 5.0 4.7 41 690 + 80
2 21 25.3 4.0 4.8 39 990 =+ 40
3 27 18.9 3.0 5.0 40 980 £ 70
4 22 20.7 <2.5 5.1 44 520 + 90
5 27 21.1 <2.5 5 40 930 + 60

*BMI, body mass index.
**CRP, C-reactive protein.

***Mean + S.D. of the values as determined at the various time points (n = 6).
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Figure 1. Representative chromatograms of AGP isolation (A), Con A fractionation (B), AAL fractionation of the C; glycoform (C)
and AAL fractionation of the C, glycoform. See Methods for experimental details. Ci: Con A non-bound AGP fraction, C,: Con A
bound AGP fraction, A;: AAL non-bound AGP fraction and A,: AAL bound AGP fraction.

A each, were used to isolate Con A-non-bound (C;) and Con A-
bound (C,) AGP-glycoforms (see Figure 1B). The non-bound
C,-fraction was collected in the void volume of the column with
PBS, whereas the bound C,-fraction could be eluted with PBS
containing 33 mM «-methylmannopyranoside. The collected
fractions were lyophilized and desalted as described above and
dissolved in PBS. Four combined 1-ml AAL-HiTrap columns
were used to separate the C; and C, fraction into AAL non-
bound (C;A; and C,A ) and AAL bound (C;A, and C,A,)
AGP-glycoforms (see Figure 1C and D). C;A; and C,A; were
collected in the void volume of the column with PBS. C{A,
and C,A; were eluted with PBS containing 10 mM L-fucose.
The AGP-glycoforms were lyophilized, desalted and dissolved
in milli-Q water. Con A and AAL that, as a result of leakage
from the HiTrap columns, may have been bound to AGP was
removed by subjecting the AGP samples to DEAE-Sepharose
chromatography. Disposable columns with 300 pul DEAE-
Sepharose were washed with 3 ml washing buffer (68.4 mM
NaCl, 1.3 mM KCl, 5.1 mM Na,HPO,4 and 0.9 mM KH,POy,)
before binding the AGP samples on DEAE-Sepharose. After
binding, the samples were washed with 6 ml washing buffer
containing 33 mM «-methylmannopyranoside and 10 mM L-
fucose to remove Con A and AAL. AGP was eluted by 2 ml
washing buffer with an end concentration of 1.15 M NacCl fol-
lowed by lyophylization and desalting as described above. Fi-
nally, the purity of each AGP-glycoform preparation was con-
trolled by SDS-PAGE and revealed the presence of only one
band. Samples of the four glycoforms were stored at —20°C un-
til hydrolyzing and derivatization. According to the reactivity of
the glycoforms with Con A and AAL [8] the five carbohydrate
structures on each of the AGP-glycoforms represented: non- or
lowly fucosylated tri- and tetraantennary glycans (C1A}), tri-
and tetraantennary glycans containing a relatively high amount
of fucose residues (C; A;), one or more diantennary glycans and
maximally four non- or lowly fucosylated tri- and tetraanten-
nary glycans (C,A/), and one or more diantennary glycans and
maximally four tri- and tetraantennary glycans with a relatively

high amount of fucose residues (C,A;). All glycoforms were
strongly sialylated according to their electrophoretic mobility
in crossed immunoelectrophoresis without a lectin in the first
dimension gel (not shown).

Determination of AGP concentrations

Concentrations of total AGP and of the various AGP-
glycoforms were determined by single radial immunodiffusion,
according to Mancini et al. [21], using mono-specific precip-
itating anti-AGP antiserum. Human serum protein calibrator
(HSPC) with known AGP concentration, consisting of pooled
sera from healthy blood donors, was used as a standard for the
determination of the AGP concentration.

Determination of [1-'3C]ketoisovalerate and [1-'C]valine
enrichments

Precursor [*C]valine enrichment in the cell was esti-
mated from its ['*Clketo acid enrichment in plasma. Ke-
toisovalerate (KIV) in plasma was analyzed as the O-t-
butyldimethylsilylquinoxalinol derivative. The ['*C]KIV en-
richments were measured by gas chromatography combustion
isotope ratio mass spectrometry (GC-c-IRMS) on a HP Engine
(Hewlett-Packard, Palo Alto, CA, USA) using positive chemi-
cal ionization [22]. Valine from the AGP hydrolysates was an-
alyzed as the N-methoxycarbonyl methyl ester; [1-'*C]valine
enrichments were measured by GC-c-IRMS [23]. Enrichment
was expressed as tracer-to-tracee molar ratio (TTR).

Calculation of fractional synthesis rate

The FSRs were calculated for each individual and per glycoform
according to the formula of Foster and co-workers [37]: A(t) =
TTRkv * [1 — e ¥¢=D], where A(¢) is the time series of the
TTRs of valine in AGP-glycoform samples, TTRkyy is the mean
of the TTR of ketoisovalerate in plasma during infusion, d is
a delay time, k represents the slope (FSR) of the glycoform,
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and r represents the time points in the series during the 6-h
['*C]valine infusion. FSRs are expressed in percent per day
(%.day™").

Statistical analyses

Data were analyzed with SPSS software. Student ¢-test and
analysis of variance (ANOVA) were performed for comparing
means. Regression analyses were conducted and Pearson’s r
was calculated to test the fits of the mono-exponential synthe-
sis models. Values are presented as means +SE, unless oth-
erwise stated. A P-value <0.05 was considered significant
(two-tailed).

Results
Plasma concentrations of total AGP and glycoforms

Considerable variances in relative AGP-glycoform distribution
between subjects were found (Table 2). However, the means of
the glycoforms taken over all subjects were significantly dif-

Table 2. Relative distribution of AGP-glycoforms
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ferent compared to each other (p < 0.0005). From all subjects
the four glycoforms were obtained, but at some time points
the amount of recovered protein was too small to allow further
analysis by GC-c-IRMS (cf. Table 3). Nevertheless for each
glycoform at least 3—4 complete series of preparations were
obtained out of the five individuals, and these were analyzed
and used to calculate the FSR of the glycoforms.

Fractional synthesis rate of AGP-glycoforms

In Figure 2, the incorporation of the ['*C]valine tracer in AGP
fractions during tracer infusions are depicted for all avail-
able time series. Tracer incorporation of ['3C]valine in AGP-
glycoforms showed a significant fit for the monoexponential
model in all persons and all fractions (proportion of explained
variance: range 0.92-0.997,0.0001 < p < 0.05). The time de-
lay was not statistically different from zero. The tracer-to-tracee
molar ratios for ketoisovalerate (TTRkyy) presented in Table 3
show that the saturation with ['*C]valine was within acceptable
limits for all subjects.

Relative distribution of AGP glycoforms (% of total AGP)

Subject AGP concn. (mg/L) C/A; CiA, CoA; CoA,

1 690 + 80 355+1.2 6.0+1.3 54.3+0.8 42 +0.9

2 990 + 40 23.6 1.0 25.7+0.4 38.6 0.6 12.1 + 0.6

3 980 + 70 19.2+ 0.5 285+ 1.1 39.1+14 13.3+£1.3

4 520 + 90 343+ 1.8 147 + 1.1 46.1 £ 2.7 49411

5 930 + 60 359+24 20.0+1.6 37.7+1.8 6.4 +0.8

Mean 822 + 186 29.7 £ 7.2% 19.0 £+ 8.2* 43.2 £ 6.7 8.2 + 3.9%

The relative glycoform distribution of the glycoforms is calculated from the recoveries after sequential Con A- and AAL-
affinity chromatography (see Figure 1). The values represents the mean + S.D. of the 6 preparations of each AGP-
glycoform as obtained from the plasma at the various time points during and at the end of the ['®C]valine infusion. C4Ay,
not bound to Con A nor to AAL; C4A,, not bound to Con A but bound to AAL; C5A+, bound to Con A but not to AAL; CoA,,

bound to Con A as well as to AAL.

*Percentage of glycoform significantly different as compared to the three other glycoforms (ANOVA, P < 0.0005).

Table 3. Fractional synthesis rates of the four AGP glycoforms and mean TTRky

Mean individual FSR per glycoform (%/day)

Subject C1A1 C1A2 C2A1 C2A2 TTRxv (%)
1 15.7 1.2 n.d. n.d. 13.3+£1.9 11.4+£0.8
2 n.d. 12.7+1.6 154 +1.0 11.5+£0.8 10.2+0.3
3 13.9+0.3 16.4 £ 0.6 n.d. n.d. 11.7 £ 0.6
4 15.8 £ 0.7 141+ 0.8 18.0 £ 0.7 15.9+4.2 89+0.3
5 11.7+£04 13.1+0.4 13.6 £ 0.5 121 +£0.4 11.3+£0.0
Mean of Subject 1-5 143 +0.9 141 £ 0.7 156.7+£1.0 13.2+0.9

Data are expressed as mean + S.E. of the results obtained for each of the glycoforms at the various time-points. n.d., not
determined because the amount of recovered protein at some time points was too small to allow further analysis by mass
spectrometry. The TTRyy values are incorporated in the table to show that the saturation with ['3C]valine was within acceptable

limits for all subjects. See materials and methods for calculation of FSR and TTR values.
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Figure 2. Enrichment of ['3C]valine in AGP-glycoforms relative to precursor enrichment in human subjects. Subject 1 (O), 2 (o), 3
(#), 4 (a), and 5 (e). See Methods for explanation and for calculation of FSR.

The individual FSRs of the AGP-glycoforms per subject did
not differ significantly from each other (Table 3). The mean
FSRs of the AGP-glycoforms of all five subjects ranged from
13.2-15.7%/day, and also lacked significant differences. The
data were used to calculate the absolute synthesis rates of the
various AGP-glycoforms (see legend of Figure 3) and showed
a linear relationship between pool-size and absolute synthe-
sis rate for the four AGP-glycoforms (Figure 3) with a high
correlation coefficient (R? = 0.9945). The slope of this graph
indicated a renewal rate of 15.9%/day for all four glycoforms.

Discussion

To the best of our knowledge this is the first study describing
the in vivo kinetics of different glycoforms for a human acute-
phase glycoprotein. The highly significant linear relationship
between absolute synthesis rate and plasma pool sizes of the
various AGP-glycoforms (Figure 3) indicates that their relative
occurrence in plasma is regulated by synthesis. This is in line
with the general assumption that the post-translational glyco-
sylation of a secretory glycoprotein is dependent on the gly-
cosylation capacity of the synthesizing cell, i.e. on the relative
activities of glycosyltransferases that are present in the Golgi
system under certain conditions [24]. This can be exemplified
for AGP by a study of human AGP expressed in mice. The trans-
genic animals appeared to be unable to fucosylate human AGP,
which could be attributed to the lack of a3-fucosyltransferase
activity in mice livers [19,25].

<N
=1
|

R*=0,9945
50

40 -
30
20

10

Mean ASR (jumol/day/kg hody weight)

o

50 100 150 200 250 300 350

=}

Mean AGP-glycoform pool (umol’kg body weight)

Figure 3. Linear relationship between absolute synthesis rate
(ASR) and pool size of the four AGP-glycoforms. ASR is the
product of FSR and pool size per glycoform. Pool sizes of the
AGP-glycoforms were calculated from the data presented in Ta-
ble 2, assuming a plasma volume of 80 ml circulating blood per
kg body weight, a hematocrit of 0.45, and a molecular weight
of 41,500 Dalton for AGP. The means of ASR and pool size per
glycoform of the five subjects are presented: o, C1A+; o, C1Ay;
0, CoAq¢; m, CoA,.

Since during the acute-phase response the hepatic mRNA
expression of AGP and its synthesis and secretion is increased
[1,26], it is reasonable to assume that also under those condi-
tions the increases in specific AGP-glycoforms are dependent
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on synthetic regulation. This would implicate that the glyco-
sylation potential of the liver is subject to acute-phase regu-
lation. Indeed, several studies have shown that inflammatory
conditions can affect the activities of hepatic glycosyltrans-
ferases [6,27-32,38]. Kinetic studies of other acute-phase pro-
teins have shown that synthetic regulation is responsible for
increased plasma levels during several injuries [33-35]. One of
these, fibrinogen, was studied in patients with chronic nephro-
sis, using the same stable isotope tracer technique as applied in
the present study. The FSR for fibrinogen correlated strongly
with its plasma concentration [36].

During inflammation especially the Con A- and AAL-
reactive AGP-glycoforms are increased (reviewed in [8]). It has
been shown that the glycan compositions of these glycoforms
give rise to specific anti-inflammatory properties of AGP. Ex-
amples are inhibition of proliferation of lymphocytes [18], and
amelioration of neutrophil- and complement-mediated injuries
[9,17]. This implicates, that in addition to increasing the con-
centration of an acute-phase protein the liver would have the
potency to increase the anti-inflammatory properties of that pro-
tein by changing the post-translational glycosylation process.
This would fit in the generally accepted view that the hepatic
acute-phase response is a feedback response to excessive in-
flammation and is meant to dampen down side effects [2,26].
In addition to the findings of the present study, studying the syn-
thetic kinetics of the AGP glycoforms in patients afflicted by a
chronic inflammatory status could improve our understanding
of the pathophysiologic role of AGP.
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