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ABSTRACT. Mannosidases are key enzymes in the eukaryotic N-glycosylation pathway. These enzymes
fall into two broad classes (I and Il) and are characteristically different in catalytic mechanism, sequence,
and structure. Kifunensine is an alkaloid that is a strong inhibitor against ctasednnosidases but is

only a weak inhibitor against classdkmannosidases. In this paper, the 1.80 A resolution crystal structure
of kifunensine bound toDrosophila melanogastefGolgi a-mannosidase 1l (dGMII) is presented.
Kifunensine adopts &“B boat conformation in the class Il dGMII, which contrasts #& chair
conformation seen in class | human endoplasmic reticuldn?2 mannosidase (hERMI, PDB 1FO2). The
observed conformations are higher in conformational energy than the global mirfi@yuwranformation,
although the conformation in hERMI is closer to the minimum, as supported by an energy calculation.
Differing conformations of 1-deoxymannojirimycin were also observedC;aandC, conformation in

dGMIl and hERMI, respectively. Thus, these teemannosidase classes distort these inhibitors in distinct
manners. This is likely indicative of the binding characteristics of the two different catalytic mechanisms
of these enzymes.

The eukaryotic N-glycosylation pathway is responsible for apparatus where there are a series of timming and elongation
the conjugation of oligosaccharides to specific asparaginesteps by a variety of glycosyl hydrolases and glycosyl
residues in nascent proteins. Several diseases result frontransferases as the maturing glycoprotein travels through the
malfunctions in the N-glycosylation pathway, including cis- mediat, andtrans-Golgi apparatus. The protein is then
neurological disorders and storage diseases of the lysosomeecreted from the Golgi en route to its final destination. This
(1—3). In certain cancers, there is an unusual distribution of process has recently been reviewed inGef
oligosaccharides on the tumor cell surface whose presence g-Mannosidases remove mannose residues from the
has been hypothesized to allow the tumor cell to evade maturing oligosaccharide by hydrolyzing the mannosyl
components of the immune system, such as carbohydrateglycosidic bond. These enzymes fall into two categories, class
mediated recognitionl( 4, 5). I and class Il, based primarily on sequence similarity and

The process of N-glycosylation consists of successive stepspreferred substrates (Table T).(Since the two classes differ
of extension and trimming by a variety of enzymes. At the in product stereochemistry, bond specificity and inhibitor
outset, a lipid-linked sugar precursor is transferred to the structure, it can be surmised that their catalytic mechanisms
asparagine residue of the N-glycosylation sequon (&sn- are different, and inverting and retaining mechanisms have
Ser/Thr, whereX = Pro) of the nascent protein in the been proposed for each class.

endoplasmic reticulum (ER)This is followed by a series The class | ERal,2-mannosidase (mannosyl-oligosac-
of trimming steps by glucosidases amanannosidases. The  charide 1,2a-mannosidase, EC 3.2.1.113) catalyzes the
glycosylated protein is then transported to ttie-Golgi removal of a singler1,2 linked mannose fromlanGIcNAG,

producingMansGIcNAG (7). This enzyme is involved in the
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of 200 mM. The reaction mixture consisted of 2b of

Table 1: Comparison of Class | anddtMannosidasés - - :
varying concentrations (110 mM) p-nitrophenole. man-

: class | : class Ii noside p-NP-mannose) from Sigma, 16L of 200 mM
g'y;gz'if?g;&%e family 47 family 38 buffer, and 1QuL of water or inhibitor. The buffer used was
metal ion dependence ta 7t ot MES_pH 5._75, which is optimal for this enzym&)( The
topology type Il TM type 11 T™M reaction mixture was pre-warmed to 3T, and 5uL of
mannose linkages al,? al,2;a1,3;01,6 o-mannosidase in 10 mM sodium phosphate pH 6.8, 100
thslollr?]lyze_tit oroduct inverted wined mM NaCl is added to initiate the reaction. The amount of
stereochemistry of proauct Inverte retaine ; H
optimal inhibitors pyranose analogues furanose analogues enzyme added was that which is necessary to keep the

reaction in the linear range. This represented approximately
350 ng of protein for a 15 min reaction. At the endpoint, the
reaction was stopped using b0 of 0.5 M sodium carbonate.
The absorbance of the reaction was measured at 405 nm with
520 nm background correction on a micotiter plate reader.
The measurements were taken in the absence and presence
of each inhibitor to determine Michaetidenten kinetics.
Ki values were derived from theintercepts of the double
reciprocal plots.
FiGurRe 1: Chemical structures of the inhibitors examined in this ~ Crystallization Crystallization of dGMII was carried out
paper. (A) Kifunensine, (B) swainsonine, and (C) 1-deoxymanno- as described in red. A total of 2uL of concentrated protein
b s e hen o e owin svocures B0 Solion was combined wilh 2L ofreservo bufr (100

: mM Tris pH 7, 8.5% PEG 6000, 2.5% methyl-pentanediol)
1FO3 (KIF), THWW (SWA), and 1FO2 (DMIB(11). to form the crystallization drop. After 618 h of growth,

converting it toGIcNAcManGIcNAG (8, 9). The cleavage the cryfstals We-r-e ready to bg exposed to inhibitor.
of these two bonds is the committed step of complex Inhibitor Addition and FreezingThe crystals were washed

N-glycan formation {0). The structure of Golgi-mannosi- N phosphate reservoir buffer: 100 mM sodium phosphate
dase Il fromDrosophila melanogastedGMIl) has been ~ PH 7, 8.5% PEG 6000, 2.5% MPD. Kifunensine was added
solved, and several inferences as to putative catalytic residuedn Phosphate reservoir buffer at 10 mM concentration. Three
have been made (PDB 1HTY, IHWW, and 1HXKJ)( 2 uL additions of kifunensine were added to the prystal drop,
Recently, a second classdtmannosidase structure, that of €ach one followed by a removal of/d. of solution from

the bovine lysosomal enzyme, was published and suggestedhe drop. Each addition and removal step was followed by
an intriguing low pH activation mechanism for that enzyme @ soak time of approximately 30 min. The overall effect of

a Adapted from ref7.

(PDB 107D) (L1). this technique was to reduce the Tris concentration in the
Kifunensine (Figure 1) is an alkaloid that is a cyclic drop while simultaneously increasing the kifunensine con-
centration.

oxamide derivative of 1-aminodeoxymannojirimycin and is )
produced by the actinomycekétasatosporia kifunens@482 The crystals were then removed from the hanging drop
(13). Kifunensine is a highly specific inhibitor of class | and exposed to phosphate reservoir bufféifunensine with
a-mannosidases and inhibits these enzymes from plant andncreasing concentrations of MPD-{20%) and flash-frozen
rat with 1Cso values of 26-50 and 100 nM, respectivelyt, in a nitrogen stream. They were tested for preliminary
14). However, the inhibition of class k-mannosidases is diffraction and then stored in liquid nitrogen for transport
much weaker with an 1§ value of 120uM for Jack bean  to0 the X-ray source.
o-mannosidasel@) and aK; value of 5.2 mM forDrosophila Data Collection. The crystals were exposed to X-ray
Golgi a-mannosidase Il (this paper). radiation in beam-line F1 at the Cornell High Energy
]_-Deoxymannojirimycin (DMJ) iS a mannose ana]ogue SynChrOtron Source (CHESS) at Cornell University in |thaca,
with a nitrogen at the typical ring oxygen position. DMJ is  NY. Data were collected using dual ADSC Quantum-4 CCD
a somewhat efficacious inhibitor against both class | and classdetectorsDENZO and SCALEPACKwere used to process
Il a-mannosidases, and structures of DMJ in complex with the data 15). Final reduction statistics are presented in
both hERMI and dGMII have been solved to high resolution Table 2.
(9, 12). Structure DeterminationThe previously solved structure
Here, we present the structure of kifunensine, a weak classof dGMII was used in conjunction with the collected data
Il a-mannosidase inhibitor, bound to dGMII, a class Il t0 generate-weighted difference mapg{ — F) using CNS
a-mannosidase. The low efficacy of kifunensine against (16). These maps unambiguously showed the position and
dGMII versus its efficacy against hERMI is examined from orientation of the kifunensine in the active site (Figure 2)
a structural perspective. For comparative purposes, 1-deoxy-The electron density maps were verified from a second
mannojirimycin binding is also examined in both enzymes. independently grown and treated crystal.
Energy CalculationsThe coordinates of the inhibitor alone
MATERIALS AND METHODS were removed from the associated enzyme and were
subjected to a molecular dynamics simulation using the
Inhibition AssayInhibition of a-mannosidase activity was DISCOVERSuite inInsightll (Neguiibration= 100, Nsteps= 1000,
carried out in microtiter plates in a final volume of pQ. Nhistory = 10). The resulting energy values in kcal/mol are
Inhibitors were dissolved in water to a final concentration reported in Table 4.
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Ficure 2: Electron density of kifunensine in the dGMII active site.
The oa-weighted unbiased difference densityF2— F¢) is
presented to 1.80 A resolution and was contoured to {0044
electrons/&). This density was calculated before inclusion of the
inhibitor in the calculations.

Table 2: Data Reduction and Refinement Statistics for dGHAR?

wavelength (A) 0.9504
temperature (K) 100
resolution range (A) 301.80
highest resolution shell (A) 1.831.80
mosaicity 0.601
completeness (overall/highest shell) 94.2/83.3%
I/0y (overall/highest shell) 16.3/4.1
Rmerge(Overall/highest shell) 0.058/0.180
reflections (total/unique) 759620/144642
redundancy 5.25

Reryst 0.200

Riree 0.222

atoms 9205
residues 1014

water molecules 986

RMSD bonds (A) 0.0058
RMSD angles (deg) 1.34
averageB-factors for protein (&) 13.66
averageB-factors for inhibitor atoms (3 17.81

aR-factor = (3 ||Fo| — [Fel)/(Z|Fol).

RESULTS

Inhibition of dGMII. We found that kifunensine was a
weak inhibitor of dGMII, with aK; value of 5.2 mM against
dGMII. By comparison, the&; for swainsonine was much
lower at 10.5 nM in identical conditions.

Obtaining a Crystal Complexnitial cocrystal trials failed

Shah et al.

Ficure 3: Kifunensine in the dGMII active site. There are many
KIF-residue interactions, including hydrogen bonding (green and
cyan dashes), metal coordination (violet dashes), and stacking with
aromatic side chain of W95.

Table 3: Atomic Interactions of dGMII with Kifunensine,
Swainsonine, and 1-Deoxymannojirimycin (KIF, SWA, and DMJ,
respectively)

dGMII KIF distance SWA distance DMJ distance

D2040D1 QH 292 N 2.88 OQH 2.75

D3410D2 N 2.74

D4720D1 QH 261 QH 251 OQH 2.80

D4720D2 QH 237 OH 2.61

D920D1 QH 275 QH 291 QH 2.90

R8760 QH 2.76 QH 2.60

Y2690H N 3.00

Y7270H QH 272 QH 2.69

Zn OH 241 OH 231 QH 2.41
OzH 2.37 QH 2.30 QH 2.33

Ki 5.2mM 10.5nM 61Q:M

a Al distances shown are in A.

so kifunensine was added to phosphate-washed crystals.
Kifunensine was also added to the solutions used for cryo-
protection prior to freezing to prevent the loss, by dilution,
of this weakly bound substrate. Kifunensine-soaked dGMII
crystals were assessed for quality on our home X-ray source,
and those with the best diffraction and lowest mosaicity were
analyzed on the F1 line at CHESS. Data sets to 1.8 A
resolution were collected from two crystals, although some
diffraction was observable beyond that limit.
KifunensinedGMIlI Complex.The kifunensine binds to
dGMIl in the active site (Figure 2) and is stabilized by
interactions with a variety of residues. The 2- and 3-hydroxyl

to show the presence of kifunensine in the active site. Instead,groups on the pyranosyl portion of kifunensine (Figure 1)
the observed density could only be attributed to a Tris coordinate the zinc ion at the active site. The six-membered
molecule. The presence of Tris in the active site was ring of kifunensine stacks against Trp95 of the enzyme, with
previously seen in the dGMII structure (ref PDB 1HTY) Trp415 stacking against the €&86—C7 portion of the
and in the lysosomak-mannosidase structure (réf, PDB inhibitor (Figure 3). There are many inhibiteenzyme
107D). Because of the presence of this interfering Tris interactions, including hydrogen bonds with putative catalytic
molecule, we then attempted to grow crystals in the presenceresidues Asp204, Asp341, and Asp472. These and other
of phosphate. Although we could produce large, prismatic interactions are summarized in Table 3 and Figure 4. The
crystals in this manner, they failed to diffract beyond about mode of binding is similar to the extremely efficacious class
7 A. We thus resorted to removing the bound Tris by soak- || a-mannosidase inhibitor swainsonine (Figure 5), whose
ing the molecules in a solution based on the mother liquor 2- and 3-hydroxyl groups on the furanose ring also coordinate
with the Tris replaced by sodium phosphate. Initial crys- the zinc ion, and similar stacking and hydrogen bonding
tallographic studies of these phosphate-soaked crystalsinteractions are also see®)( The pyranose portion of
indicated the absence of clear Tris density in the active site, kifunensine adopts &B boat conformation in the dGMII
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Table 4: KIF Energies (kcal/mol)
isolated from hERMI isolated from dGMII

total energy 97.598 2.060 101.454 0.987
potential energy 73.073 3.000 76.413+ 2.881
kinetic energy 24518 2.767 25.044+ 2.758

was performed on kifunensine isolated from the active sites
of the two enzymes.

DISCUSSION
Ko Comparison of Kifunensine in dGMII and hERNKifu-
nensine forms similar interactions in both dGMII and hERMI
vas0 as a considerable number of hydrogen bonds are seen
between amino acid residues and ring hydroxyls, as well as
FIGURE 4: KIF-dGMII interactions. The interactions shown ar8 stacking interactions with aromatic side chains. However,
A in distance. There are additional stacking interactions with biochemical assays have shown that kifunensine is a strong
aromatic side chains that are not shown (see text). inhibitor of class la-mannosidases but is rather ineffective

against class lla-mannosidases, including dGMII. The
details of the kifunensine in the dGMIl active site may
indicate what features make kifunensine a poor inhibitor in
class llo-mannosidases.

Kifunensine binds to both dGMIlI and hERMI in non-
standard conformations (Figure 6). The conformation of
kifunensine in the KIFhERMI complex is a'C, chair
conformation, with an all-axial configuration of ring hy-
droxyls (L7). It is hypothesized that this all-axial conforma-
tion exists due to the presence of the fused five-membered
ring to the pyranosyl portion of kifunensine. Neither #ix
conformation in hERMI nor thé“B conformation in dGMI|
represent the accepted low energy state for mannose deriva-
FIGURE 5: Supel’pOSition of inhibitors in dGMII active site. The t|VeS, Wh|Ch |S4Cl (18) However' thé'C4 Conformatlon haS

molecules shown are kifunensine (yellow), 1-deoxymannojirimycin
(green), swainsonine (salmon), and the dGMII active site zinc been shown to be of a lower energy tHeB and thus closer

(indigo). These molecules represent a range of dGMII inhibition t0 the expected global minimum diC, (19). This is
over 4 orders of magnitude. supported by the energy calculations presented in this paper,
which shav a 4 kcal/mol increase in energy between the
hERMI- and dGMII-bound kifunensine forms.
dGMIl Inhibitor Comparison. High-resolution crystal
structures of dGMII complexes with swainsonine, 1-deoxy-
mannojirimycin, and kifunensine have been solv@d This
represents a span of dGMII inhibitor constants over 4 orders
of magnitude.
The comparison of kifunensine, 1-deoxymannojirimycin,
. 6 S " it ot o . and swainsonine in dGMII demonstrates the similarity of
IGURE b >UPErposition or Kiiunensine irom twa-mannosi- metal coordination (Figure 5). The zinc coordination dis-
dases: dGMIl (yellow) and hERMI (red). It is evident that L Cop .
kifunensine is in(%/WO digtinct conformati(ons)in each enzyrhéB tances and geometry_are very S|m|I_ar for_each |nh|plto_r in
in dGMII and!C, in hERMI. In addition, there is an all-equatorial  dGMII, as well as the interactions with various protein side
conformation for the pyranose ring hydroxyls in dGMIl, as chains and the backbone (Table 3). It is interesting to note

contrasted to an all-axial conformation in hERMI. that the weakest inhibitor, kifunensine, is oriented so that it
o . . occupies a region of the active site shown to be unoccupied
active site and has a prominent kink along the-® bond. in dGMII-DMJ and dGMItswainsonine. This may indicate

The kifunensine ring hydroxyls adopt an all-equatorial that there are unfavorable interactions taking place in that
conformation, which contrasts the all-axial conformation seen part of the active site, reducing the efficacy of kifunensine
in hERMI (Figure 6) (2). as an inhibitor.

Kifunensine EnergyThe total energy of kifunensine (the Inhibitor Conformations in dGMII and hERMIThe
sum of potential and kinetic energies) was calculated to be inhibitors kifunensine and 1-deoxymannojirimycin have been
101.46 kcal/mol in dGMII as compared to 97.59 kcal/mol shown in the active sites of both dGMII and hERMI. As
in hERMI (Table 4). This difference of 4 kcal/mol may be mentioned, kifunensine adopts*d8 conformation with a
attributed to the kinked conformation that kifunensine adopts prominent G—N kink in dGMII and a'C4 conformation in
in the dGMII active site, as opposed to the planar conforma- hERMI.
tion in hERMI. The energy difference cannot be attributed  1-Deoxymannojirimycin is a smaller inhibitor that contains
to protein—inhibitor interactions, as the energy calculation a pyranose ring. This inhibitor is forced into distinct chair
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FiGurRe 7: Superposition of 1-deoxymannojirimycin from two
o-mannosidases: dGMII (yellow) and hERMI (red). It is evident
that DMJ adopts two distinct chair conformations in each enzyme:

4C; in dGMII and 1C4 in hERMI.

conformations in each active site, as seen b@aconforma-
tion in dGMII and a'C, conformation in hERMI (Figure 7).

Implications in the Context of the Catalytic Mechanism.
There has been significant progress in recent years in defining
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