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Introduction

ZG16p is a soluble protein that was initially identified in rat

pancreas where it is associated with the zymogen granule
membrane.[1] The protein was recently detected in human

colon, small intestine, and serum, as well as in the pancreas.[2]

ZG16p plays a role in packaging pancreatic enzymes into zym-

ogen granules and separating them from constitutively secret-

ed proteins.[3] ZG16p has been proposed as a primary binding
partner of glycosaminoglycans (GAGs) in pancreatic granules.[4]

The ZG16p amino acid sequence has homology with the

carbohydrate-recognition domain (CRD) of jacalin, a jackfruit
lectin.[4–5] A recent X-ray crystallographic analysis revealed that

human ZG16p has a jacalin-related b-prism fold, similar to that
in Banlec, a mannose-binding lectin in bananas.[5] Glycan mi-

croarray screening has demonstrated that ZG16p has specifici-

ty for glycans consisting of mannose, including mannan and
Ser/Thr-linked O-mannose.[2, 5–6] Asp151 is a key mannose-bind-

ing residue, as mutation of Asp151 to Asn abolished glycan
binding.[2] Interestingly, ZG16p also binds GAGs, especially hep-

arin and heparin sulfate.[4] Our recent crystallographic and
NMR studies indicated that mannose and GAG binding to
ZG16p occurs with distinct binding modes:[6] mannose uses

a shallow binding site made from three loops (the GG loop
(between b1 and b2 strands, Gly31–Gly35), the recognition
loop (between b7 and b8, Lys102–Tyr104), and the binding
loop (between b11 and b12, Ser146–Leu149)), whereas sulfated

oligosaccharides bind to a positively charged surface consist-
ing of a cluster of basic amino acid residues.

Most of the mannose-binding animal C-type lectins, includ-

ing dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin (DC-SIGN), the mannose receptor,

Dectin-2, macrophage inducible C-type lectin (Mincle), and
Langerin, are involved in host immunity through recognition

of the mannans of pathogenic bacteria.[7]

Most of these lectins are signaling molecules with trans-

membrane domains, although some, also involved in host im-

munity, are secreted. Mannose-binding lectin (MBL) is a liver-
derived serum protein that has a role in the innate immune re-

sponse by binding to the surface glycans of a wide range of
pathogens.[7a, 11] Proteins of the regenerating islet-derived (Reg)

family are secreted proteins containing a C-type lectin-like

ZG16p is a soluble mammalian lectin that interacts with man-
nose and heparan sulfate. Here we describe detailed analysis

of the interaction of human ZG16p with mycobacterial phos-
phatidylinositol mannosides (PIMs) by glycan microarray and
NMR. Pathogen-related glycan microarray analysis identified
phosphatidylinositol mono- and di-mannosides (PIM1 and
PIM2) as novel ligand candidates of ZG16p. Saturation transfer

difference (STD) NMR and transferred NOE experiments with

chemically synthesized PIM glycans indicate that PIMs prefer-
entially interact with ZG16p by using the mannose residues.
The binding site of PIM was identified by chemical-shift pertur-

bation experiments with uniformly 15N-labeled ZG16p. NMR
results with docking simulations suggest a binding mode of

ZG16p and PIM glycan; this will help to elucidate the physio-
logical role of ZG16p.
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domain, and play a role in pancreatic function and associated
diseases.[12]

Similar to the C-type lectins and Regs, ZG16p binds patho-
genic fungi Candida and Malassezia in a mannose-dependent

manner.[2] Therefore, it is possible that human ZG16p is in-
volved in the gastrointestinal immune system through binding

target glycans of pathogens. In order to gain insights into the
structure–function relationships of ZG16p in pathogen recogni-
tion, we determined the glycan-binding specificity of ZG16p

by using a pathogen-related glycan microarray. ZG16p binds
to phosphatidyl inositol mannosides (PIM1 and PIM2,

Scheme 1), major cell-wall components of some pathogenic

bacteria including Mycobacterium tuberculosis.[16] We also eluci-
dated details of the binding mode of human ZG16p with PIM

glycans by using NMR experiments and docking simulations.

The findings raise the possibility that human ZG16p is involved
in mucosal defense against bacteria through recognitions of

short PIM glycans.
Bacterial infections and host defense mechanisms must be

studied from various aspects. The huge diversity of bacterial
glycans and the presence of numerous uncharacterized host

lectins preclude rapid progress in this research area. The bind-

ing preference of human ZG16p lectin is unique in that it in-
volves both mannose and sulfated glycosaminoglycans. How-

ever the role of ZG16p has not yet been fully characterized in
terms of sugar binding. Here we combine glycan array screen-
ing, synthetic chemistry and structural biology approaches to
elucidate the possible role and mechanism of ZG16p in patho-
gen recognition.

Results and Discussion

Pathogen glycan-focused microarray

We speculated that ZG16p plays a role in the host immune de-

fense by binding cell-wall glycans of pathogenic bacteria,

hence we performed a pathogen-related carbohydrate micro-
array analysis (Figure 1).[17] The array (Table 1) comprised

a small set of glycoconjugates, lipid-linked glycans, and poly-
saccharides derived from mycobacteria and fungal pathogens,

in addition to mannose-containing mammalian neoglycolipids
(Probes 1–4, Table 1) that were tested with ZG16p in a previous

study[6] and served as controls here. Wild-type ZG16p gave

strong binding signals with PIM1 and PIM2 (arrayed as a mix-
ture), with similar intensities to those for the positive controls
1 and 2 (Man-Thr-DH and Man-Ser-DH; Figure 1 A). Interesting-

ly, the intensity for hexamannoside PIM6 was much lower.
PIM2 and PIM6 are the two most abundant PIM classes in My-
cobacterium bovis, M. tuberculosis H37Rv, and Mycobacterium
smegmatis 607 (Figure S1 in the Supporting Information).[18]

ZG16p preferentially bound PIM1 and PIM2 over PIM6. DC-
SIGN, through its interaction with PIMs, is considered a key

molecule during infection with M. tuberculosis.[19] In contrasts
to ZG16p, DC-SIGN preferentially binds PIM5 and PIM6 over
shorter PIMs.[20] In contrast, the D151N mutant of ZG16p[2]

showed little or no bindings to these probes (Figure 1 B), in ac-
cordance with a previous report on loss of mannose binding.[2]

Lipoarabinomannan (LAM) and lipomannan (LM), the major
glycolipids in the cell wall of all Mycobacterium species, elicited

little or no binding signal with ZG16p. LAM and LM from M. tu-

berculosis (but not LAM from M. smegmatis ; capped by phos-
phatidyl inositols) were well bound by plant lectin concanava-

lin A (Con A), which was included as a positive control (Fig-
ure 1 C). No significant binding was observed for ZG16p to

M. tuberculosis cord factor trehalose-6,6’-dimycolate (TDM), sul-
folipids, or arabinogalactans, nor to the fungal-derived glucan

Scheme 1. Chemical structures of PIM1 and PIM2 and synthesized PIM gly-
cans 1 and 2.

Figure 1. Microarray analysis of a small pathogen-related array of glycan
probes (lipid-tagged probes or polysaccharides). The fluorescence intensities
are shown for A) wild-type ZG16p, B) the D151N mutant, and C) plant lectin
Con A (included for comparison). Glycan probes are detailed in Table 1. Each
probe was printed in duplicate at two levels (light and dark gray bars ; 1–8:
2 and 5 fmol per spot; 9–20: 0.03 and 0.1 ng).
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polysaccharides. The glycan array data suggest that ZG16p has
a preference for short a-mannose-related glycans, including
PIM1 and 2, over more-complex mannose-containing glycans.

Chemical synthesis of PIM1 and PIM2 glycans 1 and 2

To investigate the binding mode of ZG16p to PIM1 and PIM2

by NMR, we prepared phosphoglycans 1 and 2 by reported

procedures with some modifications (Scheme 2).[21] Instead of
a phosphodiester bearing a diacylglycerol moiety or functional-

ity that enables covalent attachment to surfaces or beads,
PIM1 glycan 1 and PIM2 glycan 2 structures used in our experi-

ments had a monoester of phosphoric acid at the C1-position
of myo-inositol to ensure solubility. The syntheses of 1 and 2

commenced from the myo-inosi-
tol building block 3.[22] To pre-

pare 1, a temporary para-me-
thoxybenzyl (PMB) ether was

placed at C2 of 3, followed by
benzylation and acidic cleavage

to furnish glycosyl acceptor 4 in
58 % yield over three steps. Gly-

cosylation of 4 with phosphate

5[23] at ¢40 8C in toluene exclu-
sively formed the a-linked pseu-
dodisaccharide 6 in 84 % yield
(1JC1–H1 = 175 Hz). In situ isomeri-

zation of the allyl ether generat-
ed iridium hydride,[24] and hy-

drolysis of the corresponding

enol ether resulted in an alcohol
function at C1 of inositol. Phos-

phonylation with the mixed an-
hydride of pivalic acid and H-

phosphonate 7[25] followed by
oxidation provided the triethyl-

ammonium salt 8 in 73 % yield

over three steps from 6. Subject-
ing 8 to deacetylation and sub-

sequent final hydrogenolysis
over palladium in methanol

yielded 1 in excellent yield
(97 %) over two steps.

The synthesis of 2 continued

with double glycosylation of 3
with 5 under conditions similar

to those used in the synthesis of
6. Pseudotrisaccharide 9 was ob-

tained in 62 % yield, and the a-
configuration of both anomeric

linkages was confirmed (1JC1–H1 =

173 and 176 Hz). Exposure of 9
to PdCl2 in CH2Cl2/methanol se-

lectively removed the allyl ether
(64 % yield). Final phosphoryla-

tion of the corresponding alco-
hol 10 with 7 formed phosphate

11, which was deacetylated and submitted to hydrogenolysis
to provide 2 in 49 % yield over four steps.

STD-NMR analysis of the interaction of PIM glycans with
ZG16p

In order to understand the interactions of ZG16p with PIM gly-

cans, saturation-transfer difference (STD)-NMR spectra were re-

corded (Figure 2). In each case, there was a 100-fold excess of
ligand over protein in the NMR buffer (PBS, pH 7.4, 99 % D2O).

Under these conditions, PIM1 glycan 1 apparently exhibited
a potent STD-NMR signal, whereas glycerol (asterisks in Fig-

ure 2 A and C), which could not be fully removed during the
purification process of ZG16p, nearly disappeared. This clearly

Table 1. Glycan probes in the microarray analysis.

No. Probe[a] Structure

1 Man-Thr-DH Mana-Thr-DH[b]

2 Man-Ser-DH Mana-Ser-DH

3 Man7(D1)GN2-AO

4 Man9GN2-AO

5 M. tuberculosis TDM purified trehalose dimycolate (TDM) from M. tuberculosis, strain
H37Rv
(BEI number NR-14844)

6 TDB trehalose-6,6-dibehenate (TDB), a synthetic analogue of TDM (Sigma)
7 M. tuberculosis PIMs 1 and 2 purified PIM 1 and 2 from M. tuberculosis, strain H37Rv

(BEI number NR-14 846)
8 M. tuberculosis PIM 6 purified PIM 6 from M. tuberculosis, Strain H37Rv

(BEI number NR-14 847)
9 M. tuberculosis MME purified mycolic acid methyl esters from M. tuberculosis, Strain H37Rv

(BEI number NR-14 854)
10 M. tuberculosis TDM as for probe 5
11 M. tuberculosis Sulfolipid-1 purified sulfolipid-1 from M. tuberculosis, Strain H37Rv

(BEI number NR-14 845)
12 M. tuberculosis PIMs 1 and 2 as for probe 7
13 M. tuberculosis PIM 6 as for probe 8
14 M. tuberculosis LAM purified lipoarabinomannan (LAM) from M. tuberculosis, strain H37Rv

(BEI number NR-14 848)
15 M. smegmatis LAM purified LAM from M. smegmatis (BEI number NR-14 849)
16 M. tuberculosis LM purified lipomannan (LM) from M. tuberculosis, strain H37Rv

(BEI number NR-14 850)
17 M. tuberculosis arabinogalactan purified arabinogalactan from M. tuberculosis, strain H37Rv

(BEI number NR-14 852)
18 pullulan from Pullularia pullulans mixed-linked a1-4,a1-6 glucose polysaccharide (Megazyme)
19 curdlan from Alcaligenes faecalis b1-3 glucose polysaccharide (in 50 mm NaOH) (Megazyme)
20 pustulan from Umbilicaria papullo-

sa
b1-6 glucose polysaccharide (CalBiochem)

[a] Probes 1–8 were printed at 2 and 5 fmol per spot; the rest were at 0.03 and 0.1 ng per spot. The neoglycoli-
pids (positions 1–4) are from the collection assembled in the course of research in the Glycosciences Laborato-
ry at Imperial College. [b] DH, amino lipid 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE). [c] AO,
aminooxy-functionalized DHPE.
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indicates that the main constituent in the STD-NMR spectrum

shown in Figure 2 B reflects the saturation transfer effect from
ZG16p. Likewise, PIM2 glycan 2 exhibited potent STD-NMR sig-

nals, thus confirming binding to ZG16p (Figure 2 C and D).
The relative STD effects (STD %) suggest that the most pro-

nounced interactions between PIMs and ZG16p were at pro-
tons at C3–C6 of the mannose residue (Figure 2 E). In the case

of the monomannosylated PIM1 glycan 1, the binding epitope

is mainly the pyranose ring at C3¢C6, because the protons
showed a potent saturation effect (70–100 %), whereas the ino-

sitol moiety showed weaker saturation (<70 %). Although the
data obtained under these conditions must be considered

qualitative, this observation is consistent with the crystal struc-
ture of ManOMe–ZG16p complex (PDB ID: 3VZF), where C4–C6

of mannose interact with the protein.[6] In the case of PIM2

glycan 2, protons at M4 and M’4 exhibited similar saturation
effects. Although partial signal overlapping at positions 2, 3,

and 5 of two mannoses prevents precise epitope mapping, the
data imply that ZG16p interacts with PIM2 at the mannose res-

idues.

TR-NOE analysis of the PIM1 and 2 glycans bound with
ZG16p

In order to investigate the interactions of PIM glycans, we col-
lected 1H,1H NOESY spectra (Figure 3). In order to minimize

spin diffusion, the appropriate mixing time was determined by
the NOE build-up curve (Figure S2). The 2D 1H,1H NOESY spec-

trum of PIM1 glycan 1 (4.6-fold excess) in the presence of

ZG16p provided the key inter-residual correlation between
Man-H1 and Ino-H2, and intra-residual correlations in negative

NOE (Figure 3 A). In contrast, no correlation was observed
when using the D151N ZG16p mutant (Figure 3 B). These data

suggest that the identified NOEs are transferred (TR)-NOEs
originating from ZG16p-bound state. The atomic distance of
inter-residue Man-H1–Ino-H2 was determined as 2.2 æ from rel-

ative intensity of the signal.
The 1H,1H NOESY spectrum of PIM2 glycan 2 (4.6-fold excess)

with ZG16p provided inter-residual correlations in Man-H1–
Ino-H2, Man’-H1–Ino-H6, and Man’-H1–InoH1 in negative NOE

(Figure 3 C). In contrast, only the trace NOE correlations were
identified in the control spectrum (ZG16p-D151N; Figure 3 D).

The atomic distances of the inter-residue protons, ManH1-
InoH2, Man’H1-InoH6, and Man’H1-InoH1, were determined at
2.3, 2.2, and 2.8 æ, respectively. We observed TR-NOE signals,

thus also suggesting selective binding of PIMs to ZG16p. The
binding site was further analyzed in titration experiments.

Chemical shift perturbation experiments of ZG16p with
phosphoglycans PIM1 and PIM2

The interaction site(s) of the ligands on ZG16p was determined

by chemical shift perturbation experiments and 1H,15N HSQC
spectra. To achieve this, we prepared uniformly 15N-labeled

ZG16p ([15N]ZG16p) for 1H,15N HSQC, and 13C,15N doubly labeled
ZG16p ([13C,15N]ZG16p) for sequential signal assignments. The

Scheme 2. Synthesis of PIM glycans 1 and 2. Reagents and conditions: a) PMBCl (1 equiv), NaH, DMF, ¢20 8C, 41 % (69 % based on recovered starting materi-
al) ; b) BnBr, NaH, DMF, 0 8C, 90 %; c) CHCl3/TFA (9:1), 93 %; d) 5 (1.3 equiv), TMSOTf, toluene, ¢40 8C, 84 %; e) i : [Ir(COD)(PPh2Me)2]PF6, H2, THF; ii : HCl(aq), 92 %;
f) i : 7, PivCl, pyridine; ii : I2, H2O, 79 %; g) NaH, MeOH, 99 %; h) 10 % Pd/C, H2, MeOH, 98 %; i) 5 (2.6 equiv), TMSOTf, toluene, ¢40 8C, 62 %; j) PdCl2, CH2Cl2/MeOH
(1:1), 64 %; k) i : 7, PivCl, pyridine; ii : I2, H2O, 68 %; l) NaH, MeOH, 78 %; m) 10 % Pd/C, H2, MeOH, 92 %.
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assignment of the backbone amide signals of ZG16p was ach-

ieved for [13C,15N]ZG16p in 2D and 3D NMR experiments

(Table S1).[29]

PIM1 glycan 1 and PIM2 glycan 2 were titrated into a

[15N]ZG16p solution, and the signal perturbations were record-
ed (Figure 4). The results suggest that binding is a fast ex-

change process, because each set of specific signals featured
a gradual chemical-shift change under the titration conditions.

The results of the titration with PIM1 glycan 1 are depicted
in Figure S3, and the weighted 1H,15N chemical-shift changes

(Ddavg) of ZG16p upon addition of a 20-fold excess of 1 are in
Figure 5 A. The backbone amide signals of Lys36, Arg37, and

Gly147 showed large chemical-shift changes (Ddavg>0.06),
whereas those of Gly35, Ser146, and Leu149 were moderate

(0.04<Ddavg<0.06). Small chemical-shift changes (0.025<
Ddavg<0.04) were observed for Glu29, Tyr30, Gly31, Ser32,
Gly33, Gly34, Arg37, Asp82, Asn129, Ile142, Arg145, Asp151,

and Ala152. During the titration, the Leu149 signal broadened
at 20-fold ligand excess. In addition, the signal from Arg37 was
strongly affected (Ddavg, 0.06). The KD of PIM1 glycan 1 was
5.0 mm (Figure S4 A).

The backbone amide signals perturbed on titration with
PIM2 glycan 2 were very similar to those with PIM1 (Figure 5).

The Ddavg of [15N]ZG16p upon addition of a 20-fold excess of 2
(Figure 5 B) revealed large chemical-shift changes for Gly35,
Lys36, Arg37, and Gly147 (Ddavg>0.09). Moderate chemical-

shift changes (0.06<Ddavg<0.09) were observed for Gly33,
Gly34, Ser146, Asp151, and Ala152, and small changes (0.03<

Ddavg<0.06) were seen for Glu29, Tyr30, Gly31, Ser32, Ile142,
Val62, Val76, Asp82, and Arg145. The perturbed signals ap-

peared to broaden at an earlier stage in the titration compared

with PIM1 glycan 1. For example, the signals for Gly35 and
Gly147 were broad in the presence of a 20-fold excess of PIM2

glycan 2, whereas the corresponding signals remained sharp in
the presence of a 20-fold excess of PIM1 glycan 1. Additionally,

the Leu149 signal broadened before the 20-fold excess of
ligand was reached. These results might reflect a chemical ex-

change process induced by PIM2 glycan 2, similar to the NMR

time scale. The titration yielded a KD for PIM2 glycan 2 of
3.0 mm (Figure S4 B). The limited differences in perturbed back-

bone NH signals between PIM1 and PIM2 glycans 1 and 2 sup-
port both glycans interacting at the same binding site.

To clarify the interaction between ZG16p and PIMs, the
amino acid residues that showed chemical-shift perturbations

were identified onto the crystal structure[5] (Figure 6; heat map

color scale reflects the averaged chemical-shift changes in the
PIM2 titration). The mapping clearly indicates that most of the
perturbed residues are at the surface of the protein, except for
Asp82 and Ile142. The ligand-binding site is nearly identical to

that for mannose-specific plant lectins of the Jacalin-related
lectin family with a Greek-key motif.[30] They are in two seg-

ments, the GG loop (Gly29–Arg37) and the binding loop
(Ser146–Ala152). The two loops form a shallow ligand-binding
site, with Gly33, Gly34, Gly35, and Gly147 below, Arg37,

Arg145, and Lys36 on one side, and Asp151 on the other;
these can easily accommodate a mannose residue.

Model of ZG16p-PIM1 complex

Human ZG16p has a higher affinity for PIM1 glycan 1 and PIM2
glycan 2 (KD = 5.0 and 3.0 mm, respectively) than a-methylman-

noside (ManOMe, KD = 15 mm, Figure S4 C), even though the
contact-site epitopes are almost identical. This implies that ad-

ditional residues (not identified by 1H,15N HSQC measurements)
might be involved in phosphoglycan binding. Attempts to co-

Figure 2. STD-NMR binding epitope of PIM1 glycan 1 and PIM2 glycan 2 to
ZG16p: A) 1H NMR off-resonance spectrum, and B) STD-NMR spectrum of
PIM1 glycan 1; C) 1H NMR off-resonance spectrum, and D) STD-NMR spec-
trum of PIM2 glycan 2. E) The binding epitopes of PIM1 and PIM2 were de-
termined by relative STD (STD %). In PIM2 glycan 2, STD effects were as-
signed as identical for overlapping signals at M2/M’2, M3/M’3, and M5/M’5.
Asterisks indicate signals from residual glycerol (in the protein purification
buffer). The STD-NMR spectra was collected at 5 8C for samples in PBS
(pH 7.4, 99 % D2O). I : inositol, M : mannose
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crystallize ZG16p with either PIM1 glycan 1 or PIM2 glycan 2
were unsuccessful. Therefore a PIM–ZG16p complex model

based on the crystal structure of glycerol–ZG16p (PDB ID:
3APA)[5] was constructed. The docking simulation was per-

formed with the Glide[31] program of the software package
Maestro. The resulting models were ranked based on the data
obtained by STD and chemical shift perturbation experiments,

and a feasible model was thus identified (Figure 7). This was
validated by the results from the TR-NOE experiments. The dis-

tance between H1 of PIM1 mannose to InoH2 was 2.2 æ in the
TR-NOE experiments, and 2.3 æ in the docking simulations.

In the model, the interaction of PIM1 mannose with ZG16p

is mediated by intermolecular hydrogen bonds to the back-
bones of Gly35, Gly147, Ser148, and Leu149, and to the side

chain of Asp151 (GG loop and binding loop; Figure 7). In PIM1,
hydroxy groups at mannose positions 4 and 6 are highly in-

volved in the hydrogen bonds. This is consistent with our
chemical shift perturbation experiments and with the binding

epitope determined by STD-
NMR. The PIM1 mannose-bind-

ing mode in the model is consis-
tent with the ZG16p–ManOMe

X-ray crystal structure (Fig-
ure S5).[6] However, importantly,
the model suggests that another
amino acid residue (Tyr104) in
the recognition loop and the

side chain of Ser148 in binding
loop interact with the inositol

moiety. Unfortunately, the NMR
signals from Tyr104 and Ser148
were broadened in the 1H,15N
HSQC spectrum, possibly due to

chemical exchange. Although

there is no direct evidence for
interactions with Tyr104 and

Ser148, it is very likely that these amino acids are responsible
for the tighter binding of PIM1 and PIM2 glycans in compari-

son to ManOMe. In line with this, our structural analysis shows
that the hydroxy group of Tyr104 exhibits a water-mediated in-

teraction with Man-O-Ser, thereby assisting ligand binding.[6]

The chemical-shift perturbation experiments for PIM2 glycan
2 suggest that the binding mode is similar to that for PIM1

glycan 1. However, the STD-NMR epitope analysis indicated
the contribution of two mannoses. One possible explanation is

that PIM2 has two independent binding modes that use the
identical binding site on the protein (Figure S6).

Naturally occurring PIMs have a hydrophobic phosphatidyl

group at position O1 of inositol ; this anchors it to the cell sur-
face of mycobacteria and is crucial for interactions with differ-

ent mammalian proteins. For example, mouse CD1d, a known
receptor of PIMs, has hydrophobic grooves where acyl chains

of glycolipids bind.[32] ZG16p lacks these structural motifs, and
evidently binding of this protein involves the sugar and per-
haps the phosphate moiety of PIMs.

Conclusion

We demonstrate that ZG16p preferentially interacts with Myco-
bacterium glycolipids PIM1 and PIM2 over PIM6 and other my-

cobacterial glyco-components. STD-NMR studies reveal the in-
teraction of this human lectin with the C3–C6 moiety of the
mannose residue. NMR perturbation experiments demonstrate
that the phosphoglycans of PIMs interact with the GG loop
(Gly31–Lys36) and the binding loop (Ser146-Asp151) of ZG16p,

and that their dissociation constants are three to five-fold
lower than those of ManOMe. Docking simulations combined

with NMR data implicate Tyr104 (in the recognition loop) in an
interaction with the inositol moiety of the PIMs. ZG16p might
play a role in the mucosal immune response by associating

with exogenous short PIMs of pathogenic bacteria, including
M. tuberculosis, and with endogenous glycosaminoglycans at

independent binding sites. Further work is required to eluci-
date the physiological function of this lectin.

Figure 3. NOESY spectra of A) PIM1 glycan 1 with ZG16p, B) PIM1 glycan 1 with ZG16p-D151N, C) PIM2 glycan 2
with ZG16p, and D) PIM1 glycan 2 with ZG16p-D151N. The spectra were collected with a mixing time of 250 ms
at 10 8C. Gray: positive signals ; black: negative signal ; dotted lines: chemical shifts of Man-H1 (A and B; PIM1), or
Man-H1 and Man’-H1 (C and D; PIM2). Residual HDO signals are observed at ~5.0 ppm.

Figure 4. 1H,15N HSQC spectra of uniformly 15N-labeled ZG16p in titration
with PIM2 glycan 2. Black: signals with no ligand; red: signals in the pres-
ence of 5 equiv of 2 ; green: signals in the presence of 20 equiv of 2 ; blue
arrows: directions of the chemical-shift changes.
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Experimental Section

Expression and preparation of ZG16p: Recombinant ZG16p pro-
tein, uniformly 15N-labeled ([15N]ZG16p), and uniformly 13C/15N-la-
beled ([13C,15N]ZG16p) were prepared in the pCold-MBP (maltose-
binding protein) vector, according to a previously reported proce-
dure with slight modifications.[5] DNA fragments encoding human
ZG16p (residues 21–159 for crystallization, 21–167 for NMR; the
core lectin domain) were subcloned into pCold-MBP[35] for the pro-
duction of recombinant proteins. For the microarray analysis, gluta-
thione-S-transferase (GST)-tagged ZG16p protein (21–167) and its
mutant GST-ZG16p-D151N were prepared in the pCold-GST vector,
which was modified from pCold vector (Takara Bio Inc„ Japan). The
plasmid constructs were transformed into Escherichia coli
BL21(DE3) codon plus (Stratagene), and the cells were grown at
37 8C in either LB medium, M9 with [15N]NH4Cl (ISOTEC, Kìrten-
Herweg, Germany; for [15N]ZG16p), or Spectra 9 (Cambridge Iso-
tope Laboratories, Tewksbury, MA; for [13C,15N]ZG16p). After induc-
tion with isopropyl b-d-thiogalactoside (0.1 mm), the cells were
cultured at 15 8C for 24 h, then harvested, resuspended, and soni-
cated in Tris-HCl (50 mm, pH 8.0) containing NaCl (50 mm), and
Bugbuster (Novagen/Merck Millipore). After centrifugation, the su-
pernatants containing His6-MBP-fused protein was collected and
applied to a Ni Sepharose column (GE Healthcare) equilibrated
with PBS (Na2HPO4 (8 mm, pH 7.4), KH2PO4 (1 mm), NaCl (137 mm),

KCl (3 mm)). After washing with PBS, the protein was eluted in PBS
containing imidazole (500 mm). The His6-MBP tag was removed by
digestion with TEV protease at 4 8C for 12 h. The digested proteins
were passed through a Ni-Sepharose column, and final purification
was performed by size-exclusion chromatography (HiLoad 16/60
Superdex 75 pg; GE Healthcare) or cation exchange chromatogra-
phy (TOYOPEARL SP-650M or Giga Cap S-650M; Tosoh, Tokyo,
Japan). The buffer of the purified proteins were replaced with PBS
including D2O (99 or 10 %, v/v) ; the pH was adjusted to 7.4 for
ligand experiments by STD-NMR and TR-NOESY, and to pH 6.5 for
1H,15N HSQC and backbone amide focusing experiments.

Glycan microarray analysis: The microarrays comprised four man-
nose-containing neoglycolipids (NGLs), nine mycobacterial com-
pounds for antigen preparations (Biodefense and Emerging Infec-
tions Research Resources Repository; http://www.beiresources.org/
), and three fungal-derived glucan polysaccharides (sample infor-
mation in Table 1). The arrays were generated robotically using
a non-contact arrayer on nitrocellulose coated microarray slides.[17e]

All the probes were arrayed with carrier lipids (phosphatidylcholine
and cholesterol ; Sigma–Aldrich) as previously described,[17e] except
for M. tuberculosis arabinogalactan and the glucan polysaccharides
(positions 17–20); these were arrayed without lipid carriers. The
lipid-linked probes (positions 1–8) were arrayed at 2 and 5 fmol
per spot, and these samples were quantified based on primulin

Figure 5. The weighted 1H,15N chemical-shift changes (Ddavg) of the backbone amide of [15N]ZG16p upon binding with a 20-fold excess of A) PIM1 glycan 1 or
B) PIM2 glycan 2. *: proline; *: undetermined signals ; *: signal could not be analyzed because of perturbation effects.
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staining of lipid tags.[17e] The bacterial-and fungal-derived glycocon-
jugates and polysaccharides (positions 9–20) were arrayed at 0.03
and 0.1 ng per spot (dry weight of the samples received from com-
mercial sources; see Table 1). Microarray analysis with GST-tagged
ZG16p (GST-ZG16p and GST-ZG16p-D151N) were performed as de-
scribed previously.[17e, 36] In brief, microarray slides were blocked at
room temperature for 60 min with bovine serum albumin (BSA;
3 % (w/v) in PBS). GST-ZG16p and GST-ZG16p-D151N were overlaid
(100 mg mL¢1 as neat, supplemented with 1 % BSA) and incubated
for 90 min, followed by rabbit anti-GST antibody Z-5 (1:200; Santa
Cruz Biotechnology), and then biotinylated anti-rabbit IgG (1:200;
Sigma–Aldrich). Biotinylated concanavalin A (Con A; Vector Labora-
tories, Peterborough, UK) was analyzed at 0.5 and 15 mg mL¢1.
Binding was detected with Alexa Fluor-647-labeled streptavidin
(1 mg mL¢1; Molecular Probes/Life Technologies).

Chemical synthesis of PIM1 and PIM2 glycans: Synthesis and
NMR spectra are in the Supporting Information.

General procedures for NMR experiments: NMR spectra were re-
corded with 500, 600, 700, and 800 MHz spectrometers (Bruker).
Protein solutions in PBS (sodium phosphate (10 mm, pH 6.5 or 7.4)
with NaCl (150 mm) ; in 99 or 10 % (v/v) D2O) were used for NMR
experiments. 1H NMR chemical shifts were calibrated with an exte-
rior standard chemical shift (4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS), set to 0 ppm). 13C and 15N chemical shifts were calibrat-
ed by indirect referencing based on IUPAC-IUB recommended X/1H
resonance ratios (0.251449530 (13C/1H); 0.10132911 (15N/1H)).[37]

NMR data were processed with XWIN-NMR (ver. 3.5, Bruker) and
TopSpin (ver. 3.1, Bruker). The spectra were analyzed with SPARKY 3
(T. D. Goddard and D. G. Kneller, University of California, San Fran-
cisco) and displayed with XWIN-PLOT (ver. 3.5, Bruker).

STD-NMR: 1D STD-NMR experiments were performed in a
600 MHz spectrometer with a TXI probe. The protein signal at ¢0.5
or ¢1 ppm was saturated with a 50 ms Gaussian pulse train with
60 times (on-resonance); reference spectra were obtained with irra-
diation at 40 ppm (off-resonance). The on-resonance and off-reso-
nance spectra were collected in an interleaved manner, and accu-
mulated into two different data sets. Water suppression was ach-
ieved with a WATERGATE pulse sequence (3–9–19 pulse train). In
STD-NMR experiments, 64 scans with three repetition loops were
required to obtain a good signal-to-noise ratio, and protein signals
were partially suppressed by using a 3–10 ms spin-lock pulse. In
binding epitope analyses, the signal intensities were evaluated
from (Ioff¢Ion)/Ioff, where Ion is the on-resonance signal intensity and
Ioff is off-resonance signal intensity. The values were normalized
within each glycan structure (highest value assigned 100 %). Unla-
beled ZG16p (50 mm) in PBS (pH 7.4, 99 % D2O) was used for STD-
NMR experiments, and 100-fold excess of ligand (PIM1 glycan 1 or
PIM2 glycan 2) was titrated into the protein solution.

TR-NOESY: 2D 1H,1H NOESY spectra were collected in a 700 MHz
spectrometer equipped with TCI probe (probe temperature, 10 8C).
The residual HDO signal was suppressed by using WATERGATE
pulse sequence with a 3–9–19 pulse train. NOESY spectra of PIM1
glycan 1 (300 mm) in PBS (500 mL, 99 % D2O, pH 7.4) were collected
in the presence of ZG16p (65 mm) or ZG16p-D151N (60 mm). The
data were collected as 1024 (F2) Õ 256 (F1) data points with 32
scans (mixing times: 150, 250, 350, 500, and 700 ms). NOESY spec-
tra for PIM2 glycan 2 (300 mm) in PBS (250 mL, 99 % D2O, pH 7.4)
were collected in the presence of ZG16p (65 mm) or ZG16p-D151N
(60 mm) by using micro-cells (Shigemi, Tokyo, Japan). The data
were collected as 2048 (F2) Õ 256 (F1) data points (32 or 64 scans;
mixing times, 150, 250, 350, and 500 ms).

1H,15N HSQC titration experiment: 1H,15N HSQC spectra were ob-
tained in a 500 MHz spectrometer equipped with a cryo-TXI probe
(probe temperature 25 8C). The spectra were collected with 1024
(F2) Õ 256 (F1) data matrix points with either four or eight scans.
Appropriate molar equivalents of PIM1 glycan 1 or PIM2 glycan 2
(20 mm in PBS with 10 % D2O, pH 6.5) were added to [15N]ZG16p
(0.1 mm) in PBS (pH 6.5, 10 % D2O), and submitted to 1H,15N HSQC
analysis. Weighted averages of 1H and 15N chemical-shift changes
(Ddavg) were calculated from Equation (1):

Ddavg ¼ ½ðDdHÞ2þð0:2  DdNÞ2¤1=2 ð1Þ

where DdH and DdN are the observed chemical-shift changes
(ppm) of 1H and 15N. The backbone amide signals of [13C,15N]ZG16p
(0.2 mm) were assigned sequentially via analysis of 3D HNCA,
HN(CO)CA, HNCACB, and CBCA(CO)NH spectra obtained from an

Figure 6. Mapping surface residues in the PIM2 glycan interaction on the
crystal structure of human ZG16p (PDB ID; 3APA).[5] Ile142 (shift Ddavg 0.04)
is inside the protein. The signal from Ile149 (green) was broadened upon
PIM2 binding.

Figure 7. Binding model of PIM1 glycan to human ZG16p, created with
docking simulations. The purple dot lines indicate potential hydrogen bond
(3.0 æ).
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800 MHz spectrometer equipped with a cryo-TCI probe at 25 8C
(Table S1).

Modeling of PIM1-ZG16p complex: The docking of PIM1 glycan
1 to ZG16p was performed in the software package Glide 5.8[31] of
the Maestro suite (ver. 9.3.5, Schrçdinger, LLC, New York). Prior to
docking, ZG16p (PDB ID; 3APA[5]) was prepared using Protein Prep-
aration Wizard by adding hydrogen, assigning bond orders, and
optimizing bond lengths, bond angles, and torsion angles. The
minimization was performed with the force field OPLS-2005. The
ligand glycan was prepared with LigPrep and minimized using the
force field OPLS-2005. The receptor glide was generated based on
the glycerol in the crystal data. The docking study was performed
using a standard precision (SP) Glide docking with default parame-
ters. For PIM1 glycan 1, several ligand poses were provided, and
the model with the highest docking score (¢4.0) agreed best with
the NMR data. All possible ligand poses were manually evaluated
based on the STD-NMR data and the 1H,15N HSQC titration results.
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