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Candida albicans contains characteristic $-1,2-linked oligomannosyl moieties in the cell wall mannan. Re-
duction of the reducing termini of these oligosaccharides by NaBH, causes a significant downfield shift in the
NMR signals for the second and third mannose units and upfield shift of the fourth mannose unit. To show the
correlation between the shift in the NMR signals and the conformations of the -1,2-linked mannooligosaccha-
rides, we performed molecular mechanics calculations. Six energy minima of the $-1,2-linked mannobiose were
found in the relaxed map computed using the AMBER force field. Five of the six energy minima could also be
generated by a simulated annealing from a 900 K molecular dynamics. Similarly, the solution conformation of
the f-1,2-linked mannotriose to mannoheptaose was identified by the high temperature-simulated annealing. In
the mannotetraose, the nonreducing terminal mannose unit was located near the reducing terminal one and
formed a folded conformation. This result suggests that a mannose unit affects the H-1 chemical shifts of not
only the second mannose unit, but also the third and fourth mannose units.

Key words

The antigenicity of the cells of pathogenic yeasts belong-
ing to the genus Candida reside in the mannan, one of the
cell wall polysaccharides. The B-1,2-linked oligomannosyl
moieties, from biose to heptaose, being connected to the
mannan side chain through the phosphate group, behave as
the main epitope of the mannans."” The S-1,2-linked oligo-
mannosyl moieties are specifically and prominently ex-
pressed on the surface of C. albicans, but not on Saccha-
romyces cerevisiae and have been identified as the antigenic
factor 5 of the Candida mannans.” Candidiasis is now re-
garded as one of the life-threatening opportunistic infectious
diseases in immunocompromised patients due to infection
with the human immunodeficiency virus, tumorigenesis,
treatment with immunosuppressive agents during organ
transplantation, efc. Therefore, efforts have been made to de-
velop serological diagnostic procedures for candidiasis by
detecting either the epitope or antibody of the C. albicans
mannans containing the -1,2-linked oligomannosyl moieties
from patients’ sera.>* Several reports’ " suggest the partici-
pation of the f3-1,2-linked oligomannosyl moieties as the ac-
tive sites of the adherence of C. albicans cells to mammalian
cells as the initial step of the Candida infection. The §-1,2-
linked oligomannosyl moieties bind to galectin-3,%? which is
expressed in macrophages, dendritic cells, epithelial cells,
etc. The B-1,2-linked mannooligosaccharides inhibit the ad-
herence of the C. albicans cells to mouse macrophages or
human intestinal Caco-2 cells.””'” Furthermore, a mono-
clonal antibody to the f-1,2-linked oligomannosyl moieties
protect the experimentally disseminated Candidiasis.''"'? The
[-1,2-linked oligomannosyl moieties are also present in the
phospholipomannan of the cell wall of C. albicans."® Dele-
tion of a mannosyltransferase gene, CaMIT1, which is re-
sponsible for the synthesis of the oligomannosyl moieties of
the phospholipomannan, reduce the virulence of the C. albi-
cans cells.'¥ These findings suggest that the f-1,2-linked
oligomannosyl moiety has a specific structure compared to
the common o-1,2-linked oligomannosyl moiety. Therefore,
determination of the conformation of these oligosaccharides
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in an aqueous solution is very important for elucidation of
the structure—activity relationship.

In some cases, the 1,2-linked oligosaccharides were shown
to form specific conformations. As reported by Brant and
Christ,'” the glycosidic torsion angles, ¢ and v, of the low-
est energy conformer of the a-1,2-linked fucobiose form ad-
ditional fucose units of higher o-1,2-linked fucooligosaccha-
rides to self-intersect its helices. Consequently, the ¢ and
angles of the higher oligosaccharides differ from those of the
disaccharide due to steric hindrance. The o-1,2-linked man-
nooligosaccharides seem to not have such a steric difficulty
judging from the ¢ and y angles of the lowest energy con-
former of the o-1,2-linked mannobiose'®'” and from the
simple 'H-NMR spectra of its higher oligosaccharides. How-
ever, the -1,2-linked mannooligosaccharides seem to mani-
fest a conformational property similar to the a-1,2-linked fu-
cooligosaccharides. The assignment results of the H-1 sig-
nals of the f-1,2-linked mannooligosaccharides from biose
to heptaose indicated that each intermediary mannose unit
had a different chemical shift.'"® This property is unusual for
the homo-oligosaccharides of a single linkage series. Fur-
thermore, the reduction of the reducing termini of these
oligosaccharides to the corresponding alcohols caused a sig-
nificant downfield shift in the H-1 signals for the second
mannose unit (A6=0.07—0.08 ppm) and the third mannose
unit (A6=0.03—0.08 ppm) and an upfield shift of the fourth
mannose unit (A5=0.07—0.08 ppm).'® For the ¢-1,2-linked
mannooligosaccharides, a shift in the H-1 signals by the re-
duction mainly occurs on the second mannose unit and is
shifted upfield (A6=0.06—0.08 ppm) instead of downfield.
Based on these results, we speculate that the reducing termi-
nal mannose unit locates near the three units in order to af-
fect these H-1 proton chemical shifts. Nitz et al.'” reported
the conformation of the -propyl glycoside derivatives of the
J-1,2-linked mannooligosaccharides. However, the f-1,2-
linked oligosaccharide moieties were connected to a phos-
phate group of the mannan side chains by an o-linkage.
Therefore, we used the free 3-1,2-linked mannooligosaccha-
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rides instead of the B-propyl glycoside derivatives for the
conformation analysis. The reducing terminal mannose unit
of the free S-1,2-linked mannooligosaccharides mainly con-
sists of the o-anomer.'® The unprecedented shift effect of the
H-1 chemical shift of up to the fourth carbohydrate units by
treatment of these oligosaccharides with NaBH, seems to
indicate a folded conformation.

The purpose of the present study is to demonstrate the
close proximity between the first and the fourth mannose
units by the folded conformation. To determine the lowest
energy conformer of each member of the f-1,2-linked man-
nooligosaccharide series, we attempted application of a sim-
ulated annealing protocol from a high-temperature molecular
dynamics.

Experimental

Materials The f3-1,2-linked mannooligosaccharides were prepared from
the mannan of the C. albicans NIH B-792 strain by treatment with 10 mm
HCI at 100 °C for 60 min followed by gel chromatography on a Bio-Gel P-2
column.'®

Conventions The residues of the oligosaccharides have been labeled
from the reducing terminus. The glycosidic torsion angles, ¢ and y, are de-
fined as H-1-C-1-O-1-C-2" and C-1-O-1-C-2'-H-2’ (Fig. 1), respectively.

Computational Method The molecular mechanics and the molecular
dynamics calculations were performed using the Insight II/Discover molecu-
lar modeling package (Biosym Technologies, San Diego, CA, U.S.A.).
These calculations were performed in vacuo with the dielectric constant
£=80.0 using the AMBER force field with exo-anomeric potentials.”” These
were run on a COMTEC 4D RPC computer (Daikin Industries, Ltd., Tokyo).

Systematic Grid Search For the relaxed-body potential energy calcula-
tion of Manf31-2Mane, the ¢ and y angles were stepped through 360° in in-
crements of 5°, and, at each grid point, the internal coordinates, except for
the linkage torsion angles, were fully energy minimized by 1000 cycles of
the conjugate gradients. The iso-energy levels were contoured with interpo-
lation of 1 kcal/mol above the absolute minimum.

Conformational Search by a Simulated Annealing from High-Tem-
perature Molecular Dynamics Each f-1,2-linked mannooligosaccharide
was equilibrated by running dynamics at 900 K for 20 ps. The data were col-
lected from a subsequent 100 ps run at 900 K to generate 100 random energy
structures. These structures were then separately cooled in 50K steps, and at
each step, a 1-ps molecular dynamics was performed from 500 to 300 K and
then to 10K in 10K per 1-ps steps and finally to 5 K. Each annealing struc-
ture was then minimized using a conjugate gradient algorithm.

Molecular Dynamics Simulations The system was equilibrated using a
thermal bath at 300 K for 50 ps. The data analysis was then performed for a
total of 1 ns for simulation with a history output every 1000 steps.
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Fig. 1. Schematic Representation of Glycosidic Linkages in Manf1-
2Mana

The glycosidic linkage is described by two dihedral angles: ¢=H-1-C-1-O-1-C-2’
and y=C-1-0-1-C-2'-H-2".
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Results and Discussion

Systematic Grid Search of the Lowest Energy Con-
former of Manf1-2Mana The relaxed-body potential en-
ergy map of Manf1-2Manco was generated as shown in Fig.
2. From the iso-energy contour map, six energy minima were
found with the ¢ and y values of (54.8, —1.2), (50.2, 177.8),
(172.9, 8.6), (46.2, 150.6), (—167.8, 61.0) and (—47.8, 1.8)
as listed in Table 1. The lowest energy conformer of the six
minima was ¢=>54.8° and w=-—1.2° (conformer 1). The
BHI1-AHI and BH1-AH2 inter-proton distances calculated
from the lowest energy conformer were 0.308 and 0.242 nm,
respectively.

Conformational Search of Manf1-2Mano by Simu-
lated Annealing from 900 K Molecular Dynamics One-
hundred generated conformers for the Manf1-2Man¢ at the
900 K molecular dynamics were energy minimized by the
simulated annealing protocol to give five low energy con-
formers, designated SMan,-1 to -5 (Table 2). The ¢ and y
angles of the lowest energy conformer, SMan,-1, were 54.5°
and —1.5°, respectively. The five lowest energy conformers
were the same as the conformers, 1, 3, 4, 5, and 6, found
from the iso-energy contour map obtained from the relaxed

P

-180 -160 -140 -120 -100 -80 -60 -40 -20 O
} 1 L 1 1 L 1 1 L L 1 1 Il

20 40 60 80 100 120 140 160 180

e
4

180

T

160 160

140 L 140

120 — 120

100 ~ 100

80 - 80

60 - 60
40 - - 40

20 - 20

¥ oA 'L oW
20 | J S
-0 L a0
60 I 60
-80 3 L .s0
1100 - 6 1 I -100
420 I -120

140

- I -1a0
-160 [\ - 160
180 — T T T T T T T T T T A T T T T -180

-180 -160 -140 -120 -100 -80 -60 -a0 -20 O 20 40 60 80 100 120 140 160 180

0]

Fig. 2. Relaxed-Residue Steric Energy Map of Manf1-2Mana as a Func-
tion of the ¢ and y Torsion Angles

The iso-energy contour is drawn in increments of 1kcal/mol with respect to the ab-
solute minimum.

Table 1. Steric Energy Minima for Relaxed-Residue Analysis of Man/f31-
2Mano
Inter-proton distance
o 14 AE
Conformer o) ©) (kcal/mol) BHI-AHI BHI-AH2
(nm) (nm)

1 54.8 —1.2 0.00 0.308 0.242

2 50.2 177.8 1.74 0.389 0.369

3 172.9 8.6 1.88 0.395 0.365

4 46.2 150.6 1.90 0.325 0.377

5 —167.8 61.0 2.97 0.386 0.376

6 —47.8 1.8 3.88 0.402 0.241
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Table 2. Glycosidic Dihedral Angles and AE of Manf31-2Manc
A ) y Inter-proton distance Corresponding
Conformer (keal/mol) ©) ©) BHI-AH1 BHI-AH2 conformer on
relaxed map
(nm) (nm)
SMan,-1 0.00 54.5 —-1.5 0.308 0.242 1
SMan,-2 2.02 172.0 9.7 0.387 0.366 3
SMan,-3 2.50 47.4 150.4 0.321 0.377 4
SMan,-4 3.11 —167.3 60.8 0.385 0.375 5
SMan,-5 3.92 —47.5 1.9 0.399 0.238 6
180 « - 180 Table 3. Glycosidic Dihedral Angles of f-1,2-Linked Mannooligo-
(A) saccharides
[ ] Mannose residue
o4 L o
Relative F E b c B A
Con- total
fc
-180 -180 ormet enerey [ [ [ Pcp Pyc Da
180 - 180 (kcal/mol)
(B) FG Yer YoE Yep Yec Yas
©) ©) ©) ©) @) ©)
v v SMan,  0.66 Manf1-2Manc
54.5
-1.5
| SMan, -1.93 Manfj1-2Manf1-2Mano
-180 . L -180 52.3 57.2
0 time (psec) 1000 257 —20
SMan, —6.40 Manf1-2Manf31-2Manf31-2Mano
o 48.0 37.2 48.7
-180 0 . 180 16.8 -94 -117
© 180 SMan,  —8.62 Manf31-2Man31-2Man31-2Man31-2Manox
i 48.6  32.6 37.1 57.9
Wy 17.5 124 —16.38 —4.9
L o SMan, —11.75 Manf1-2Manf1-2Manf31-2Manf$1-2Manf31-2Manc
54.6 409 479 36.4 51.9
294 —6.0 143 —10.8 —10.5
Y SMan, —14.67 Manp1-2Manf31-2Manf31-2Manf31-2Man31-2Manf31-2Mano;
oo T e 508 348 708 406 384 513
] 24.6 —9.2 49.0 19.7 —15.1 —6.4
Fig. 3. Histories of the Glycosidic Torsion Angles during 1-ns Molecular

Dynamics Simulations of Manf1-2Man« in vacuo with the Dielectric Con-
stant of 80.0

The molecular dynamics simulations were started with the input ¢ and y values cor-
responding to the conformer SMan,-1. (A) ¢ versus time, (B) y versus time, (C) ¢ and
v line graph.

map calculation of the grid search. The ¢ and y angles of
conformer SMan,-1 were used as input values for the 1-ns
molecular dynamics simulation as shown in Fig. 3. The ¢
and y trajectories showed that the molecule dwells in a
geometry characterized by the average values of ¢=52° and
y=7° and that the y angle is more flexible than the ¢
angle. A short life time of SMan,-3, the conformation of
which is basically the same as conformers 2 and 4, was ob-
served in the molecular dynamics. In keeping with this, the ¢
and y trajectories in a simulation started from the second
lowest energy conformer, SMan,-2, which corresponds to
conformer 3, did not halt at the input values, and the trajecto-
ries jumped immediately to the values corresponding to the
conformer SMan,-1 (data not shown). Therefore, this method
was also used to analyze the conformation of the S-1,2-
linked mannooligosaccharides up to heptaose.

Application of Simulated Annealing from 900 K Molec-
ular Dynamics to Conformational Search for B-1,2-

Linked Mannotriose to Mannoheptaose From one-hun-
dred generated conformers for each p-1,2-linked man-
nooligosaccharides, lowest energy conformers, SMan, to
SMan,, were obtained. The ¢ and y angles of these con-
formers are shown in Table 3. Although the ¢ angles of the
second mannose unit, ¢,,, of these lowest energy conformer
were similar to those of SMan,-1, 49—58°, those of the third
mannose unit, ¢y, were obviously smaller, 36—38°. On the
other hand, the y angle of the fourth mannose unit, W, was
greater than y,, of SMan,-1. The change in the torsion an-
gles seems to be due to the steric effect between the first and
the third and fourth mannose units. Figure 4 shows a stereo-
diagram of the lowest energy conformers of the -1,2-linked
mannooligosaccharides up to heptaose. For the tetraose, the
reducing and non-reducing terminal mannose units, Man-A
and Man-D, are closely located. Similarly, for the pentaose,
Man-B and Man-E, in addition to Man-A and Man-D, are
also located in the same vicinity. Because of the helical na-
ture of the -1,2-linked mannooligosaccharides, the heptaose
also showed the proximity of the mannose units between the
first and fourth units in the oligosaccharide. As shown in Fig.
4, these oligosaccharides showed the close proximity be-
tween the H-1 of Man-B and the H-1 of Man-A as well as the
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Fig. 4. Stereodiagram of the Lowest Energy Conformers of the S-1,2-

Linked Mannooligosaccharides from Biose to Heptaose Obtained by Simu-
lated Annealing from 900 K Molecular Dynamics
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H-1 of Man-B and the H-2 of Man-A. This conformational
nature is able to be found only by using the free oligosaccha-
ride o-anomers. The folded conformation of the oligosaccha-
ride series seems to provide an explanation for the character-
istic shift effect of the H-1 signal of the second, third, and
fourth mannose units upon reduction by treatment with
NaBH, to convert the reducing terminal mannose to manni-
tol.'® Similar folded conformations were reported by Breg et
al®V for NeuAc (N-acetylneuraminic acid) o2-6Gal (galac-
tose) B1-4GIcNAc (N-acetylglucosamine) and Imberty et
al® for Mana1-3Mano1-6Manf31-4GlcNAc. The GleNAc
unit of the latter oligosaccharide affects the H-1 proton
chemical shift of the o-1,3-linked mannose unit due to its
steric proximity. The ¢ and y angles of the lowest energy
conformer, SMan,, were used as the input values for the 1-ns
molecular dynamics simulation. As shown in Fig. 5, the ¢
and y trajectories oscillated as the geometry of SMan,.

As pattern-recognition receptors, lectins recognize unique
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Fig. 5. Histories of the Glycosidic Torsion Angles during 1-ns Molecular
Dynamics Simulations of the f-1,2-Linked Mannoheptaose in vacuo with
the Dielectric Constant of 80.0

The molecular dynamics simulations were started with the input ¢ and y values cor-
responding to the conformer SMan.,.

carbohydrate ligands, or pathogen-associated molecular pat-
terns, present on the surface of the pathogen, but absent in
the host. The cell wall a-linked mannans of C. albicans and
S. cerevisiae are known to bind with DC-SIGN (dendritic
cell-specific intercellular adhesion molecule [ICAM]-grab-
bing nonintergin), dectin-2, mannan-binding protein, and
mannose receptor. However, the a-linked mannose units are
present in the whole organism. On the other hand, the §-1,2-
linked mannose unit in the cell wall polysaccharide has a
pathogen specific structure. Several studies indicate that
galectin-3 specifically participates in the innate immunity, as
galectin-3 is expressed in a variety of cell types including
dendritic cells, macrophages, and natural killer (NK) cells, as
well as activated T and B cells. Jouault et al.*® reported that
galectin-3 is essential for the Toll-like receptor 2-dependent
cytokine production in response to the C. albicans, but not S.
cerevisiae. Surprisingly, Kohatsu et al.” showed that the
galectin-3 binding directly induced death of the Candida
species containing the f3-1,2-linked oligomannosyl moieties.
The nature of the p-1,2-linked oligomannosyl moieties
seems to be closely related to a specific conformation. Ralton
et al.® reported that Leishmania parasites accumulate intra-
cellular -1,2-linked mannooligosaccharides (degree of poly-
merization 4—40). Leishmania parasites are exposed to ele-
vated temperature when introduced into the mammalian host
from the sandfly. The heat shock stress triggered the accumu-
lation of the f-1,2-linked mannooligosaccharides which is
essential for parasite differentiation and survival in the host
macrophages. These results suggest that the oligosaccharide
is one of the virulence factors in Leishmania species as well
as Candida species, and that enzymes involved in the synthe-
sis are potential targets for new therapies for these infections.
Recently, Mille et al.* identified the f-1,2-mannosyltrans-
ferase gene family in C. albicans. They showed that none of
these sequences contains the conserved sugar-binding region
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containing the DXD (D, aspartic acid; X, any amino acid)
motif (pfam Gly_transf_sug; PF04488) found in many fami-
lies of glycosyltransferases. Homologs were found only in
several fungal species suggesting that these enzymes form a
new family of fungus-specific proteins. The unique amino
acid sequence of the fB-1,2-mannosyltransferase seems to
correlate with the specific chemical shift of the NMR signals
of the -1,2-linked mannooligosaccharides.
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