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Thioglycollate-stimulated murine peritoneal macrophages were cultured for eight days in
the presence of swainsonine, or 1,4-dideoxy-1,4-imino-D-mannitol (DIM), or both of these
competitive a-mannosidase inhibitors together. Analysis of accumulated high-mannose
oligosaccharides by reversed phase HPLC after perbenzoylation revealed that DIM- and
DIM-plus swainsonine-treated macrophages contained larger amounts of Man,GIcNAc,
Man_GlcNAc and Man,GlcNAc, while swainsonine-treated macrophages contained rela-
tively more Man,GlcNAc and Man_GlcNAc. These results are consistent with the known
inhibitory effects of DIM and swainsonine on Golgi mannosidases I and Il respectively, and
on lysosomal o-mannosidase. Depletion of stored oligosaccharides to control values was
complete within seven days of terminating swainsonine treatment.

Swainsonine, a naturally-occurring alkaloid, is a specific and reversible competitive
inhibitor of lysosomal a-mannosidase (EC 3.2.1.24) [1]. When ingested, it produces a
toxicosis reminiscent of the genetic o-Mannosidoses seen in animals and humans [2],
including accumulation of intracellular oligosaccharides and inhibition of lysosomal o-
mannosidase [3, 4]. Swainsonine is also a potent inhibitor of Golgi mannosidase I} [5] and
because this inhibition results in altered processing of asparagine-linked glycans, cultured
cells treated with this inhibitor have been used for studying oligosaccharide processing [6].
Because of the dual effects of swainsonine on processing and lysosomal catabolism, treated
cells can also be used for comparison with cells from individuals having Mannosidosis, to
explore further the pathobiology of this rare genetic disease [7].

Another naturally-occurring structural analogue of mannose, 1,5-dideoxy-1,5-imino-D-
mannitol (abbreviation DMM, derived from the trivial name 1-deoxymannojirimycin) has

*Author for correspondence.
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Figure 1. Structures of «-mannosidase inhibitors. See text for abbreviations.

been isolated from the seeds of a tropical legume, Lonchocarpus sericeus [8]. DMM was
synthesized recently [9, 10] and was shown to be a specific inhibitor of Golgi mannosidase
I [11], which resulted in the presence of Man GIcNAc, as the predominant N-linked glycan
[12] and in impaired secretion of glycoproteins [13]. Because the structure of swainsonine
is closer to that of an azafuranose derivative of mannose than to the six-membered ring of
DMM (see Fig. 1), anew inhibitor was synthesized containing the features of DMM on afive-
membered ring [14, 15] to test the possibility that this might be an even stronger inhibitor.
This compound, 1,4-dideoxy-1,4-imino-D-mannitol (DIM), is a potent inhibitor in vitro of
Jack Bean and lysosomal a-mannosidases as well as of Golgi mannosidase | [16].

We have developed a sensitive HPLC procedure that has enabled us to quantify directly the
small amounts of oligosaccharides accumulated in cultured cells with induced or natural
storage disorders [17]. In this study, we have compared the effects of DIM and swainsonine
on cultured macrophages with respect to the amount and chain length of high mannose
oligosaccharides that accumulate. We have also monitored the disappearance of stored
oligosaccharides after discontinuation of swainsonine treatment. A preliminary account of
this work has been presented {18].

Materials and Methods
Cell Culture Conditions

Peritoneal macrophages were elicited by injecting adult C57BL/6) mice (Jackson Laborato-
ries, Bar Harbor, MA, USA) intraperitoneally with 1 ml of 4% Brewer’s thioglycollate
medium (Difco, Detroit, MI, USA). After four days the mice were killed by cervical disloca-
tion. Macrophages were harvested by peritoneal lavage with Medium 199 and cultured in
35 mm polystyrene dishes at approximately 3 x 10° cells/plate in 2 ml of medium, as
described [19]. Cells harvested from a single mouse peritoneum were routinely plated on
three dishes and incubated for two hours at 37°C in 5% CO, in air to allow the macrophages
to adhere to the dish. They were washed by vigorous agitation with medium and allowed
to remain in medium for two days. The medium was changed and after three days of
additional growth the cells were treated with the inhibitors. Protein was measured by the
method of Lowry et al. [20].

230



Treatment with Inhibitors

Swainsonine and DIM were synthesized and purified according to published procedures
{15, 21]. Media were formulated to contain 0.1 mM, T mM and 5 mM DIM, or 0.1 mM
swainsonine, or a combination of 5 mM DIM and 0.1 mM swainsonine; medium without
inhibitors was used for control cultures. Three plates of macrophages were grown in each
of these media for four days and they were given fresh medium for an additional four days,
whereupon the cells were harvested. After removal of the medium, cells were washed thrice
with 2 ml of 0.9% saline at 37°C, harvested by scraping with a rubber policeman in 0.3 mi
of ice-cold saline, and transferred with a 0.3 ml rinse to a small conical tube. The cells were
disrupted by sonication on ice with a microprobe.

Recovery from Swainsonine Treatment

The ability of cells to catabolize accumulated oligosaccharides after the termination of
swainsonine treatment was studied in macrophages that had been cultured in medium
containing 0.1 mM swainsonine for seven days, with a single medium change on day four.
Cells were then harvested from three dishes (zero time point of recovery). The remaining
dishes were changed to inhibitor-free medium and the cells were harvested after one, two,
four or seven days of recovery. Additional medium changes were made on days two and four
to hasten the release of swainsonine into the medium. Cells cultured throughout the entire
experimental period in inhibitor-free medium were harvested as untreated controls.

HPLC Analysis of Oligosaccharides

Oligosaccharides were analyzed from aliquots of cell homogenate as described [17]. The
sample was deionized on mixed bed resins, and the neutral oligosaccharide fraction was
reduced and benzoylated. Derivatized samples were dissolved in acetonitrile, injected on
a Microsorb C8 column (4.6 mm x 100 mm; Rainin Instruments, USA) and eluted with a
linear gradient of acetonitrile/water, 4/1 by vol, changing to pure acetonitrile over 15 min,
Burdick and Jackson HPLC grade solvents were purchased from Rainin Instruments. HPLC
was performed with a Varian Instrument Model 5020 (Varian Associates, USA). The output
from a model SF 770 variable wavelength detector operating at 230 nm (Kratos/Schoeffel,
USA) was connected to a model 4270 integrator (Spectra-Physics, USA). Perbenzoylated
raffinose (11 benzoyl groups) was used as an external standard for quantification as
described [17]. Areas were normalized to 11 benzoyl groups and then divided by the
raffinose response; the molar extinction per benzoyl group is approx.12,600.

Sources of Standard Oligosaccharides

Mana1-3ManB1-4GlcNAc, Mana1-2Mana1-3ManB1-4GicNAc and Manol-2Manal-
2Mano.1-3ManB1-4GlcNAc were isolated from urine of patients with o-Mannosidosis [22];
Mana1-6ManB1-4GIcNAc was isolated from bovine Mannosidosis urine [17], as were
Mana1-6[Mana1-31ManB1-4GIlcNAc and Mana1-3Mana1-6ManB1-4GlcNAc after dig-
estion with endoglucosaminidase D and H, respectively; Mano1-3Mana1-6{Mano1-
3]ManP1-4GicNAc and Manal-6[Manal-3]Manal-6[Manal-31Manp1-4GlcNAc were
obtained from urine of sheep with locoweed toxicosis [23] after digestion with endogluco-

saminidase H.
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Figure 2. Comparison of the effects of DIM and swainsonine on the HPLC elution profiles of perbenzoylated
oligosaccharide alditols isolated from cultured murine macrophages.

Oligosaccharides were isolated from macrophages after culture for eight days in the absence of inhibitors (panel
A) or in the presence of 0.1 mM swainsonine {panel B), 5 mM DiM (panel C), or a combination of 0.1 mM
swainsonine and 5 mM DIM (panel D). The HPLC profile of standard oligosaccharides from human o-
Mannosidosis urine is shown in panel E. For peak identification see Table 1. One eighth of the total neutral
oligosaccharides isolated from ca. 9 x 10° cells was injected.

232



Results
Comparison of DIM and Swainsonine

When macrophages were treated with DIM at concentrations of 1 mM or less, the oligo-
saccharide profile obtained by HPLC did not differ from that of control macrophages (Fig.
2A). However, at a concentration of 5 mM, the lysosomal o-mannosidase was sufficiently
inhibited for appreciable amounts of high mannose oligosaccharides to accumulate (Fig.
2C). The profile was similar to that obtained from urine of patients with a.-Mannosidosis (Fig.
2E) and consisted of oligosaccharides with two to nine mannose residues and a single N-
acetylglucosamine residue, indicating the presence of an active lysosomal endo-B-N-
acetylglucosaminidase [24] in mouse macrophages. Swainsonine and combined swainso-
nine and DIM treatmentalso resulted in the accumulation of high mannose oligosaccharides
(Fig. 2B and D). However, the oligosaccharides accumulating as a result of each of these
treatments differed in their relative abundance, as shown in Table 1. Treatment with DIM
caused a greater accumulation of the larger oligosaccharides (Man, ,GlcNAc) than did
treatment with swainsonine. Man GlcNAc and Man,GlcNAc were the principal oligosac-
charides that accumulated in swainsonine treated macrophages. In macrophages treated
with both inhibitors, Man GlcNAc, Man,GlcNAc and Man,GIcNAc accumulated to a
greater extent than with either of the inhibitors alone, suggesting that inhibition of processing
and lysosomal a-mannosidase(s) was incomplete in the presence of 5 mM DIM alone.

The quantitative data presented in Table 1 are consistent with the presence of an additional
lysosomal a-mannosidase in mouse macrophages that degrades branched Man,GIcNAc to
Man,GlcNAc. This enzyme is inhibited by swainsonine but not by DIM. As a result, the two
isomers of Man,GIcNAc (for structures see Table 2) comprise 26.4% of the total oligosac-
charides in cells treated with DIM alone, but only 11% in cells treated with swainsonine
alone or DIM plus swainsonine, with a concomitant increase in the amount of Man,GIcNAc.
Cenci di Bello et al. [7] originally described a similar enzyme in human skin fibroblasts. A
single isomer of Man,GlcNAc (Man,GIcNAc-I) is observed in swainsonine-treated control
human fibroblasts and then only during the recovery period after removal of swainsonine;
however, itis the major oligosaccharide accumulated in untreated Mannosidosis fibroblasts

[171.
Recovery from Swainsonine

Macrophages cultured in medium containing 0.1 mM swainsonine for seven days were
allowed to recover from o-mannosidase inhibition in inhibitor-free medium. After seven
days of swainsonine treatment, macrophages had accumulated Man,GIcNAc through
Man,GIcNAc, with a preponderance of Man,GlcNAc and Man,GlcNAc (Fig. 3A). Surpris-
ingly, during the first four days of recovery the total amount of high mannose oligosaccha-
rides remained constant (Table 3), but the relative amounts of Man,GlcNAc, Man GlcNAc
and Man, GlcNAc decreased, with a concomitant increase in the abundance of the
Man,GlcNAc and Man,GlcNAc isomers. During the recovery process the relative isomeric
composition of Man,GlcNAc (peak 6) changed, as shown by the appearance of a shoulder
on the descending edge. Unmarked peaks in Fig. 3 panels B and C, eluting between peaks

3 and 4, did not co-elute with Mana1-2Mana1-3Manf1-4GlcNAc, Manal-6[Manal-
233



Table 1. Relative abundance of oligosaccharides determined by HPLC.

Isolated oligosaccharides were reduced, perbenzoylated and quantified by reversed phase
HPLC on a C8 column, employing an acetonitrile-water gradient for elution. Key: SW,
swainsonine.

Treated macrophages

Peak? Component® Mannosidosis 0.1 mMSW 5 mM DIM 5 mM DIM +

urine 0.1 MM SW
MOIO/O

1 ManzGlcNAc-l 68.8 4.7 11.9 4.7

2 ManZGICNAc—H - 6.0 14.5 6.4

3 Man3G|cNAc - 44.0 233 41.2

3¢ Man,GlcNAc-M 14.2 - - -

4 Man,GlcNAc-I 0.7 4.3 2.3 2.0

5¢ Man,GIcNAc-M 8.0 - - -

5 Man,GIcNAc-II - 8.6 10.2 7.6

6 ManSGICNAC 4.4 20.0 13.9 14.3

7 ManGGICNAC-I 0.3 0.5 0.6 0.6

8 MansGlcNAc-Il 1.8 5.4 10.8 6.2

9 Man7G|cNAC-I 0.2 0.8 0.5 0.7

10 Man7GICNAC-II 1.1 2.9 5.7 8.1

11 ManaGlcNAC 0.7 2.0 5.1 6.3

12 Man,GlcNAc 0.4 0.7 1.3 2.1

nmol/mg protein 4.0 3.7 3.8

2See Fig. 2.

b See Table 2 for probable structures of Man, (GlcNAc.
© A slight difference in retention times was observed for peaks 3 and 5 from Mannosidosis urine and the
corresponding peaks from mouse macrophages.

3]ManB1-4GlcNAc or Mana1-3Mana1-6Manp1-4GlcNAc, and may represent non-carbo-
hydrate contaminants. After seven days of recovery, the oligosaccharide profile had changed
dramatically and did not differ substantially from that of the control (cf. Fig. 3D and E). Such
a rapid recovery was expected on the basis of an earlier study on swainsonine-poisoned
sheep, in which the amount of oligosaccharides in the urine declined rapidly and reached
baseline levels within 12 days of discontinuing swainsonine administration [25].

Discussion

Earlier studies [14] demonstrated that DIM is a ten-fold better inhibitor than swainsonine of
Jack bean o-mannosidase in vitro (K. 0.76 and 9.5 pM, respectively). In contrast, the six-
membered ring mannose analogue, DMM, is a very weak inhibitor of Jack bean a-mann-
osidase with a reported K; of 400 uM [9]. Inhibition of intact cells is dependent upon the
penetration of the cells by the inhibitor as well as by its relative inhibitory potency. Chotai
et al. [26] have shown that swainsonine is internalized rapidly by cultured fibroblasts in a
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Table 2. Probable structures of stored oligosaccharides in mouse macrophages

Peale Component Structure
1 Man,GlcNAc-I Mana1-3ManB1-4GlcNAc
2 Man,GlcNAc-1} Mana1-6Manp1-4GlcNAc
3 Man,GlcNAc Mana1-6Manp1-4GlcNAc
Manoﬂ3
30 Man,GlcNAc-M Mana1-2Mana1-3ManfB1-4GlcNAc
4 Man, GlcNAc-| Mana1-3Mana1-6ManB1-4GlcNAC
Man(x?
50 Man GlcNAc-M Mana1-2Manal-2Manot-3ManB1-4GlcNAc
5 Man GIcNAc-II Mano1-6Mana1-6ManB1-4GlcNAce
Manoﬂ3
6 Man_GlcNAc Manai -6M§na1-6MgnB1-4GlcNAc

Manal Manal

2 Peak numbers refer to Fig. 2.

b A slight difference in retention times was observed for peaks 3 and 5 from Mannosidosis urine and the
corresponding peaks from mouse macrophages. Structures of Mannosidosis urine oligosaccharides Man,GlcNAc-
M and Man,GlcNAc-M were taken from Nordén et al. [22]. Probable structures of mouse macrophage
oligosaccharides are based on co-elution with authentic standards on HPLC, and on results obtained from
permethylation studies of oligosaccharides isolated from swainsonine-treated human skin fibroblasts [17].
cTentative structure, as no standard was available.

time- and concentration-dependent manner and is concentrated inside the lysosomes by ion
trapping. DIM shares structural features and weak basicity with swainsonine and is also
taken up by cells, but less readily than swainsonine [27]. The inhibition by these competitive
enzyme inhibitors is reversible, which complicates direct measurement of the degree of
inhibition of lysosomal a-mannosidase due to the considerable dilution of the lysosomal
contents following cell lysis. Therefore, we are reporting only indirect measurements of their
relative potency, as measured by oligosaccharide accumulation. The main thrust of this
study was to test whether DIM is a more potent inhibitor of lysosomal a-mannosidase than
swainsonine when given to cultured mammalian cells, because treatmentof cultured human
fibroblasts with 100 pM swainsonine has been shown to produce a storage disorder closely
resembling Mannosidosis [7, 17].

The results presented here show that DIM is about fifty-fold less potent than swainsonine in
the mouse macrophage test system that we employed, because no accumulation of
oligosaccharides was observed at concentrations of DIM less than 5 mM. This relative
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Figure 3. Changes in the HPLC elution profiles of oligosaccharides isolated from cultured murine macrophages
during recovery from swainsonine treatment. Macrophages were treated with 0.1 mM swainsonine for seven days
(panel A) and then allowed to recover in fresh medium for one day (panel B), four days (panel C), and seven days
(panel A) and then allowed to recover in fresh medium for one day (panel B), four days (panel C), and seven days
(panel D); panel E: control, untreated macrophages after 14 days in culture. Isolated oligosaccharides were
reduced and benzoylated prior to HPLC analysis. For peak identification see Table 1. Major unmarked peaks in
panels B and C did not co-elute with any available mannose oligosaccharide standard. One twenty-fifth of the total
neutral oligosaccharides isolated from three petri dishes was injected.

potency of DIM and swainsonine on mouse macrophages in vitro is consistent with earlier
results on rat liver lysosomal a-mannosidase: DIM gave 50% inhibition ata level of 6-12 yM
[16] compared to reported values for swainsonine [5] and DMM [9] of 0.2 pM and 380 pM.
Itshould be noted that these relative inhibitory potencies are approximate, as values for 50%
inhibition are dependent on the substrate concentration employed.
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Table 3. HPLC quantification of oligosaccharides isolated from macrophages recovering
from swainsonine treatment.

Days after discontinuing swainsonine treatment

Peak? Component Day 0 Day 1 Day 4 Day 7

nmol/mg protein®

1 Man,GleNAc-1 0.30 0.27 0.74 -

2 Man,GlcNAc-I1 0.03 0.05 0.36 -

3 Man,GlcNAc 1.48 1.06 0.84 -

4 Man,GlcNAc-| 0.10 0.11 0.23 -

5 Man,GlcNAc-II 0.16 0.20 0.69 0.04
6 Man,GlcNAc 1.21 0.98 0.74 0.06
8 Man, GlcNAc-II 0.23 0.14 0.15 -

9 Man_GlcNAc-| 0.03 0.03 - -

10 Man GlcNAc-It 0.19 0.09 0.04 -

11 Man,GlcNAc 0.11 0.04 0.01 -

12 Man,GlcNAc 0.06 0.02 - -
Total oligosaccharides 39 3.0 3.8 0.1

2 Peak numbers refer to Fig. 3.
b Pooled oligosaccharides isolated from three petri dishes. For experimental details see the footnote to Table 1.

Palamarczyk et al. [16] tested the effects of DIM on glycoprotein processing in influenza
virus-infected MDCK cells and established that it is an inhibitor of Golgi mannosidase | with
50% inhibition at 3-6 pM. DMM s a slightly better inhibitor of mannosidase | (50% inhibition
oftheratliverenzymeat 1-2 pM) [11]); however, the exact effect on cultured cells depended
not only on the virus strain used but also on the host cell and the length of incubation [12].
Thus, each of the three mannose analogues that has been tested has an effect on glycoprotein
processing: DMM and DIM both inhibit Golgi mannosidase I, whereas swainsonine is a
powerful inhibitor of Golgi mannosidase It (50% inhibition at 0.2 pM) [4]. Although DIM is
a close structural analogue of swainsonine (see Fig. 1), its action more closely resembles
DMM in inhibiting mannosidase | rather than mannosidase ll. However, because the
product of mannosidase | becomes a substrate for mannosidase Il, DIM may also inhibit the
latter enzyme [16] without this being reflected in the nature of the oligosaccharides
accumulated in DIM-treated macrophages. Cenci di Bello et al. [27] have shown that DIM
is a strong inhibitor of the residual a-mannosidase activity at pH 5 in Mannosidosis
fibroblasts, which is predominantly due to Golgi mannosidase 1.

Mice, like most other rodents and also humans, possess an endo-B-N-acetylglucosaminid-
ase [22] that is active on N-linked glycans, with the result that inhibition of lysosomal o~
mannosidase leads to storage of mannose-containing oligosaccharides with a single N-
acetylglucosamine residue at the reducing terminus. This is in contrast to the situation in
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swainsonine-intoxicated sheep or in cattle with genetic o-Mannosidosis, where the majority
of the storage oligosaccharides have a GIcNAc, moiety at the reducing terminus [17, 28] due
to the absence of endo-f-N-acetylglucosaminidase in these species [29].

Treatment of mouse macrophages with 100 uM swainsonine caused the accumulation of
oligosaccharides containing two to nine mannose residues and a single glucosamine
residue. The HPLC elution profile was very similar to that obtained from swainsonine-treated
human skin fibroblasts [17], with Man,GlcNAc (derived from hybrid glycans produced as
a result of swainsonine inhibition of mannosidase Il) and branched Man,GlcNAc (derived
from complex glycans) as the major components.

We had anticipated that Man,GlcNAc would be an abundant storage oligosaccharide in
DIM-treated macrophages because DIM is an inhibitor of both mannosidase | and lysosomal
o-mannosidase. However, compared to swainsonine-treated macrophages, the relative
abundance of Man,GlcNAc was only doubled from 0.7% to 1.3% in cells treated with 5 mM
DIM (Table 1). There are three possible explanations for this unexpected result: (i)
mannosidase 1 is completely inhibited but lysosomal o-mannosidase is not, allowing
considerable intralysosomal degradation of Man,GlcNAc; (i) mannosidase | is not comp-
letely inhibited and so processing can proceed further; (iii) additional processing and/or
lysosomal c-mannosidases are present that are unaffected by DIM. In an attempt to eliminate
the first possibility, we examined the oligosaccharide profile after culturing mouse macrop-
hages in the presence of both 5 mM DIM and 100 uM swainsonine, on the premise that the
combination of the two inhibitors would totally inhibit any residual lysosomal a-mannosi-
dase activity. Under these conditions the relative abundance of Man,GIcNAc was increased
to 2.1% and there were also increased amounts of Man GlcNAc and Man,GIcNAc, as
compared to the values with either DIM or swainsonine alone. This very modest increase
in Man,GIcNAc and the consistency in the amount of stored oligosaccharides at circa 4
nmol/mg protein, suggests that extensive processing of high mannose glycoproteins mustbe
occurring prior to their lysosomal catabolism, but does not distinguish between possibilities
(it} and (iii).

We currently favour the third alternative since, in addition to Golgi mannosidases IA, IB and
i1 [30, 31], at least four other non-lysosomal mammalian a-mannosidases have been
identified. These include two endoplasmic reticulum (ER) a-mannosidases, which probably
play a significant role in mannose trimming reactions. The ER mannosidase removes one
specific mannose residue from Man,GlcNAc,-protein to form a single isomer of Man, GlcNAc,-
protein [32]. A second ER a-mannosidase removes up to three o(1-2)-linked mannose
residues from Man,GlcNAc,-protein to form Man GlcNAc,-protein [33]. A cytosolic «-
mannosidase active at neutral pH has been purified [34], but subsequently it was shown to
be immunologically related to an ER a-mannosidase [35], suggesting that they are two forms
of the same enzyme and that the soluble form is derived from the ER membrane o-
mannosidase by proteolysis. Recently, an endomannosidase has been found in rat liver
Golgi membranes which trims N-linked Glc,Man,GlcNAc, to Man,GlcNAc, with the
release of Glca1-3Man [36].

This study demonstrates that DIM is an inhibitor of both mannosidase | and lysosomal o-
mannosidase in mouse macrophages and differs from both swainsonine and DMM in its
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specificity. The amount of DIM needed to inhibit lysosomal a-mannosidase in cultured cells
is disappointingly high compared to results obtained from in vitro studies. New or modified
inhibitors with greater uptake and specificity would contribute greatly toward further
progress in understanding the role of the many a-mannosidases that have been described
in eukaryotic cells.
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