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I. Introduction

Hemoglobins Ay, ;¢ (HbAj, ;) and hemoglobin
2. (FAbAy.) the so-cafled minor hemoglobins are
regular constituents of human erythrecytes. Hb Ay,
is formed postribosomally by attachment of glucose
and mannose to the N-terminal valice of the 8chains
of HbA via a Schiff’s base linkage [1 5], while the
structure of Hb Ay, 1, has not yet been studied in
comparable detail. The minor hemogiohins are
elevated in diabetic patients [6—9], depending on the
blood sugar level [9] . In vitro, giucose stimulaies in a
dose-dependent marier hemoglobin glycasylation in
hemolysates from normal erythrocytes [5,9] and also
in ptiriﬁed hemoglobin preparations [35,9}. In the
present study we show that Hb glycosylation is not
specific for glucose vut eccurs also with other sugars
and sugar-phosphates. In every case incorporation
took place mainly into the f-chains of the minor
hemoglobins.

2. Materisls and methaods

D{+)-glucose, D{+)-grlactose, D(+}-mannese,
D{—)}-{ructose, D{—}-ribose was purchased from
Merck, Darmstadt, FRG. Glucose-6-phaosphate (G6P)
and uridine-5"-diphospho-glucose (UDP-glucose)
were from Boehringer, Mannheim, FRG. D-{U-"*C}-
Glucose, D-[1-*H}galactose, D-[1.’H]mannose,
D-[U-"*C]-fructose, D-[U-**C]glucose-6-phosphate,
UDP-D-{6-*H] glucose came from Tte Radiochemical

Centre Amershan, Bravnschweig, FRG. Whatman
CM 23 cellulose was bought from Vezter KG,

Wieslech, FRG. Other reagents were those deseribed
in {9] -
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2.1. Frcuebasion of hemolysates and oA g with
urilabelled sugars

Hemolysate or purified HbAp, prepared as
described [9] {(corresponding to I mmolfiiter hemo-
globin) was dialyzed for 42 h at 37°C against 250-fold
vol. developer no. 6 [7] containing 27.7 manol/liter
of the various sugars or sugar phosphates. After 30
min centrifugation at 40 000 X g at 4°C hemoglobin
fractions were separated by chromatography on
Bio-Rex® {7.9].

2.2. fIncorporation of sugars into kemoglobin chains
Prior to use the hemolysate was dialyzed at 4°C
with three changes in 24 h against 100-fold vol.
glucnse-free Farle’s solution [10] fortifisd with solid
MgS0,; and NaHCO; to yield final concentrations of
1.2 and 40 mmeot/liter, respectivaly. To 8 ml of
hemolysaie, placed in plastic tubes {2 X 10 ¢m) the
labelled sugars were added to yield a final concentza-
tion of 22.2 mmol/liter and spec. radioact. 2.5 mCi/
mmoi. The pH was adjusted to 7.5 by gassing for
5 min with carbogen (25:5/0,:CO,) before the
plastic tubes were stoppered and incubaied for 2h
at 37°C in a shaking water bath. The mixiure was then
mmmediately dialyzed against 1000-fold vol. developar
no. 6 at 4°C wiih four changes in 36 b, and centri-
fugad at 40 000 X g for 3G min at 4°C. Fractionation
and quantification of the minor hemoglobins was
carried out 23 describad [9]. ‘
eparation of - and fchains of hemoglobin was
performed by chromatography on CM 23 in 8 M urez
according to {11,12] . The peak fractions were
pooled and dialyzzd at 4°C against 1G0-Fold vol. 0.9%
NaCl, pH 70, with four changes in 36 h prior to
about 50-fold concentration by colladinm bags SM
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E3 200 (Sartorius, Gottingen, FRG). Protein-bound
radicactivity was detenmined by precipitation of
0.5 ml protein solution with 0.1 ml 3 mol/liter tri-
chlaroacetic acid (TCA) and washing the precipitates
twice with 10% TCA. Radioactivity was determined
in a Packard tri-carb liguid scintillation counter
model 574 after dissclving the precipitates in 0.5 mi
NCS® solubilizer. Protein was determined according
to [13], hemoglobin concentration was determined
from cyanmethemogiobin derivative Agqy (Tost-Kit,
Boehringer, Mannheim, FRG}.

3. Results

Incubation of hemolysates and of purified HbAy;
with various sugars leads to marked changes of the
elution patiern of hamoglobin fractions when com-
pared with the sugar-free incubation (fig.la—h}). While

Tig. . Formaticn of miner hemoglobins by incubation of
hemolysates with various sugars. Flemolysates (corresponding
to = hemoglobin concentration of L mmol/liter) wers
dialyzed for 42 h at 37°C against developer no. 6 in the
absence (a2} or presence of 27.7 mmol/Hter glucose (),
fructose {c}, mannose {d), galzctoss {e), ribose (i}, glucose-
6-phosphate (g}, and uridine diphospha-ghicose (h), respec-
tively, prior to chromaiography oa Bio-Rex® {as described
in section 2). The HbAyy fraction which is eluted after the
minor hemoglobins by buffer change has been emitied in
dizgrams b—h of fig.1.
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Table 3
Effect of sugars and sugar phosphates on formaiion of minor hemoglobins in lysed erythrocytes and purified HbApj

Etitent volume ol)

Sugar Hemolysate Purificd HbAy;
HbAy.p HbAf, Totat HbAp,h HbAy, Total
‘minor hemo- ‘minor hemo-
alobins’ globins’
(%) (%) {73 (%) (%) (%)
Nane 33 5.4 8.7 29 - 29
Glucose 6.5 131.3 17.8 7.3 10.7 18.0
Frucicse 5.3 10.2 15.5 5.7 2.9 15.6
Monnosa - - 346 - - 44.7
Galacivse — — 27.4 - —_ 328
Ribose - - 582 - — 69.1
Glucose-G-phosphate 37.7 74 43.1 39.8 — 39.8
Uridine diphosphate- 94 T4 16.8 7.1 2.0 9.1
clitlcose

Hemolysates and pusified HbAyy (prepared as described in section 2), corresponding io a hemogiobin consentration
af about 1 mmulfliter, were dialyzed foi 42 h at 37°C against develeper no. 6, conteining no sugar or 27.7 molf
liter of the sugars indicated, and analvzed for minor hemaoglobin content (see section 2}
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in the case of glucose, fructosz and UDP-glucose well
separated peaks were obtained (fig.16 ,c.h) this is not
the case with mannose, galactose, ribose and glucose-

6-phosphate (fig.1d--g). Data on minor hemoglobin

formation from a variety of sugars are given in table 1.

As may be seen marked changes were observed, the
greaiest eifect being exerted by ribcse, followed by
mannose, gaiactose, glucose aad fruciose. They all
caused an elevation of both HoAp,;, and HbAy,
albeii i the presence of ribose there appeared a

striking shifi in favor of the Hb Ay, ., peak. Glucosa-
6-phosphate and UDP-glucose increased almost

exclusively the HbA;, ., region.

Further experiments on the foymation of miner
hemoglobins fTom sugars other than glucose were
casried ot with xbelled sugars in order to establish
whether these were also covalendy incorporated in
the §-chain of hemoglobin. Chromaiographic separa-
tion of the &- and A-chains yielded difierent protein
and radicactivity distribution profiles for HbAg,,,,,
HbA;, snd HbAy as illustrated in fig.Z.

Fig.2. Separation of the &- and g-chaing of radicactively-
labelled HbA!ai—b a3, HbAj, (0) and HbAH {c}). Hemolysates
were incubated with labelled glucose (), mannose (b), and
fructose (c), respectively and treated as described in section 2
prior to chromatography on Bio-Rex 70%. The fractions of
the HbAy, . p. HbA g, and HbAjs region were pooled, concen-
trated and 2.5, 5.5 and 8.5 mg protein, respectively, were
applied on top of a 1 X 190 cm column of CM23 ceflulose in
8 M urea. The «- and g<chains were eluied by a linear Na* ion-
gradient (5§ mmol Na, HPO, — 40 mmol Na, EPO;) at room
tenperatire ¥ 3 m! Fractions at 2 tate of 1 mil/min_ In euch
fraction E,44 pm (—— ) and radioactivity (- - - - - ) weie
determined.

Table 2

Fanuary 1978
a Ezeo epenifeactioos
287 ﬁfzﬁ—d‘lah f-crain o —chialry -3300
s
3,859 2003
0234 ~10a80
a.5%
aEze0 cpenéfraction
235 33000
a0 20060
[+ o1 =00
o 3 p el ]
Efftuent vatume (o}
aSze0 cprefeactan
8.3+ c {550
1000
- 60
B

Effleent volume {md)

Incorporation of sugars in the o- and g-chains of hemoglobin fractions

Mol sugar bound per mok a- er g-chain

glucosa

g-chains e~chain B~chain a-chain g-chain a-chain

(+al®)
‘Glucose 0.} [ 0.05 < 0Q.005 0005 $.004
Fructose 0.064 L 3.G3 0.002 0.007 $.005
Mannose c.5 0.27 i.l 0.11 0.11 g.11
Galactose 0.11 — 0.33 <0024 0.023 < 4.01
Glucosa6-phosphats 3.05 < 0.G02 0.013 0.001 (4] - G
Uridine diphospho- 0.02 < (.003 0.016 0 0 {
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Ia ihe case of Hb4&y ¢ the chains emerged in
three protein peaks, two of them at the position of
the normal ¢- and f-chain, and a third peak catled
g [14] in front of the f-chain. Except with mannase
{table 2) radioactivity was mainly associated with
the B- and P chains a sinall peak appearing in front
of the a-chain (fig.2a).

Unlike Hb Ay, o, Ho A, displayed only one B-chain
besides the a-chain. Radicactivity was almost exclu-
sively confined to the f-chain and only traces were
found in the a<chain {(fig.?b). The proiein profile of
the HbAy subunits closely resembied that of HhAp
The radiozctivity patiern however, differed from the
other hemoglobin fractions, as the a- and the f-chains
contained the label in nearly the same amounts
(fig.2c). Further, two additional radioactive peaks
wece observed in HbAII in front of the a- and the
§-chain, respectively, the nature of which rewzins tc
be slucidated. This patiern was obtained with {ruc-
tose, ghicese, mannose and galactose but not with
glucosa-6-phosphaie and HDP-glucose which were
not incorporated at all into HbAg.

From these studies there is iiftle doubt that the
formaiion of minor hemoglobins is not specific for
glucose 2nd can occur with a variety of other sugars.
Cluantitatively, sugar incorporation into the S-chains
is highest in the case of mannose, followed by
galactose, glucose, fructose and the sugar phosphates,
as summarized in table 2.

4. Diccussion

HbAg, ., and HbAy, are formed on incubation of
hemeolysates or purified HbAg with glucose [2]. The
present study shows that other sugars can also give
vise to these minor hemoglabins, ribose, mannose,
and galactose being even inore effective than glucose.
Incorporation of galactose and glucose info hema-
plohins A and S was reported [15], however, ncither
the hemoglobin fractions nor the ¢- and f-chains
were separated.

Dur stizdies strongly support covalent incorpora-
tion of the susars sindied and furthermore deman-
strate that, in the minor hemoglobins the linkage is
specifically located on the f-chains. While these
studies werz in progress glucose was found to be
incorporated into the S-chain of HbAg, [5]. The
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N-terminal valine residue was identified as the
binding site.

In accordance with §118,17] glucose-6-phosphata
appeared to be a much better suhstrate than slucose
as far as the formation of HoAp, ., is concemed
itable 1). However, after dialysis, TCA precipitation
and urea ireatment the $-chains contained litile
gucase-6-phasphate, even lass than glucose (table 2).
The high amount of proiein-bound glucose-6-phos-
phate in HbAg, ., found [17] is probably due to the
stabilisation of a SchLiff’s base linkags by reduction
with NaBH, prior io the separation of the &- and
p-chains.

Since we were more interesied in the spontaneously-
formed TCA-stable hemoglobin—sugar adducts we
have aomiited the NaBH. reduction step.

Also with respect to HbAg, formation it appeuars
from table 2 that the uptake of glucuse is considerably
higher than that of slucose-6-phosphate. These daia
do not support the view that hemoeglobin glycosyla-
tion occurs via the incorporation of glucese-6-phos-
phate and subssqueni removai of the phosphate group
rather than by direct uptake of free glucose {17}, Also
the fact that the concentrations of 2,3-divhospho-
glvcerate and P; exceed that of glucose-6-phosphate
in the red cell by 2—3 ordeis of mapnitude does not
favour this concept, as these compounds compaie
with glucose-6-phosphate for a common binding site
on the f-chain of hemoglobin [17,18] . That the frze
sugars rather than tl - sizar phosphates are involved
in minor hemeglobin fonnation is also consistent with
the finding [14] that the alucose-G-phosphate content
of native HbAp, Is unmeasurably low, and also is in
agreeiment with the statement [19] that the red cell
lacks glucose-6-phosphatase. Furthermore, if is com-
patible with the observation that the levels of Hb A,
and of glucose-G-phosphate during the life span of the
erythrocytes show no correlation. While b Ay,
increases with the age of the red cell [20] the glucosa-
6-phosphate concentration is highest in the reticrilo-
cytes [21}.
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