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Abstract

The 300 kDa cation-independent mannose 6-phosphate receptor (CI-MPR) plays an essential role in

lysosome biogenesis by targeting∼60 different phosphomannosyl-containing acid hydrolases to the

lysosome. This type I membrane glycoprotein has a large extracellular region comprised of 15 hom-

ologous domains. Two mannose 6-phosphate (M6P) binding sites have been mapped to domains 3

and 9, whereas domain 5 binds preferentially to the phosphodiester, M6P-N-acetylglucosamine

(GlcNAc). A structure-based sequence alignment predicts that the C-terminal domain 15 contains

three out of the four conserved residues identified as essential for carbohydrate recognition by do-

mains 3, 5 and 9 of the CI-MPR, but lacks two cysteine residues that are predicted to form a disulfide

bond. To determine whether domain 15 of the CI-MPR has lectin activity and to probe its carbohy-

drate-binding specificity, truncated forms of the CI-MPR were tested for binding to acid hydrolases

with defined N-glycans in surface plasmon resonance analyses, and used to interrogate a phos-

phorylated glycan microarray. The results show that a construct encoding domains 14–15 binds

both M6P and M6P-GlcNAc with similar affinity (Kd = 13 and 17 μM, respectively). Site-directed

mutagenesis studies demonstrate the essential role of the conserved Tyr residue in domain 15 for

phosphomannosyl binding. A structural model of domain 15 was generated that predicted an Arg

residue to be in the binding pocket and mutagenesis studies confirmed its important role in carbo-

hydrate binding. Together, these results show that the CI-MPR contains a fourth carbohydrate-recog-

nition site capable of binding both phosphomonoesters and phosphodiesters.
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Introduction

The 300 kDa cation-independent mannose 6-phosphate receptor
(CI-MPR) and the 46 kDa cation-dependent MPR (CD-MPR) play
critical roles in phagocytic and autophagic degradative pathways by
supplying the lysosome with its repertoire of ∼60 different hydrolytic
enzymes (Kornfeld and Sly 2001; Braulke and Bonifacino 2009).
Newly synthesized soluble acid hydrolases are marked for recognition
by the MPRs in a two-step process that generates phosphomannosyl

residues and facilitates their delivery to lysosomes. The first step
occurs in the cis Golgi and is carried out by uridine diphosphate
(UDP)-N-acetylglucosamine:lysosomal enzyme N-acetylglucosamine-
1-phosphotransferase (GlcNAc- 1-phosphotransferase, EC 2.7.8.17)
that transfers GlcNAc-1-phosphate to the C-6 hydroxyl group of an
N-glycan mannose within acid hydrolases to form a phosphodiester
(Hasilik et al. 1980; Varki and Kornfeld 1980; Bao et al. 1996; Kudo
et al. 2005). The second step, which may not always occur, takes place
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in the trans Golgi network (TGN) where N-acetylglucosamine-1-
phosphodiester α-N-acetylglucosaminidase (EC 3.1.4.45; also known
as “uncovering enzyme”) removes the GlcNAc to form a phosphomo-
noester, mannose 6-phosphate (M6P) (Waheed et al. 1981; Varki et al.
1983; Kornfeld et al. 1999; Rohrer and Kornfeld 2001; Do et al. 2002).
The heterogeneity of the resulting phosphorylatedN-glycans is high due
to several factors including the number and location of the phosphate in
the glycan chain: five out of the ninemannose residues of highmannose-
type N-glycans can be modified by GlcNAc-1-phosphotransferase and
eachN-glycan chain can contain one or twophosphomannosyl residues,
which can be phosphomonoesters and/or phosphodiesters (Varki and
Kornfeld 1980). Therefore, the MPRs must interact with a diverse set
of glycans in order to effectively target acid hydrolases to the lysosome.

The CI-MPR has a large extracellular region comprised of 15
domains, referred to as Mannose 6-phosphate Receptor Homology
(MRH) domains (Munro 2001; Castonguay et al. 2011). Each
∼150-residue domain has three or four disulfides and share 15–38%
sequence identity when compared with each other or to the CD-MPR
[reviewed in references Brown et al. (2009) and Kim et al. (2009)]
(Figure 1). Some, but not all domains of the CI-MPR have known
functions. Residues important for plasminogen and urokinase-type
plasminogen activator receptor binding are found in the N-terminal
domain 1 (Leksa et al. 2002). The single insulin-like growth factor
II binding site resides in domain 11, with residues in domain 13

increasing the affinity of the interaction by ∼10-fold and was the
first demonstration of interplay between domains (Devi et al. 1998;
Linnell et al. 2001). Carbohydrate-binding activity has been mapped
to individual MRH domains: three phosphomannosyl-binding sites
are localized to domains 3, 5 and 9 and differ in their preference
for phosphomonoester- and phosphodiester-containing glycans
(Hancock, Yammani et al. 2002; Reddy et al. 2004; Bohnsack et al.
2009) (Figure 1). Similar to domain 11, the binding affinity exhibited
by the carbohydrate recognition domains (CRDs) 3 and 5 is enhanced
by the presence of additional regions of the receptor. A construct
encoding domain 3 alone exhibits∼1000-fold lower affinity for a lyso-
somal enzyme than domains 1–3 (Hancock, Yammani et al. 2002),
and the crystal structure of domains 1–3 shows that residues in do-
main 1 and domain 2 do not directly contact M6P, but act to stabilize
interactions to the loops of the binding pocket located within domain
3 (Olson, Dahms et al. 2004). Similar results were observed for the
phosphodiester-specific-binding site within domain 5: a construct
encoding domains 5–9 binds with ∼60-fold higher affinity to the
acid α-glucosidase (GAA) diester than a construct encoding domain
5 alone (Bohnsack et al. 2009). These results suggest that, like domain
3, domain 5 utilizes other domains of the receptor to stabilize its
carbohydrate-binding pocket.

In addition to theMPRs, a few other proteins in the secretory path-
way have been identified that contain MRH domains (Munro 2001):
Three resident proteins of the endoplasmic reticulum (ER) involved in
the quality control of glycoprotein folding that recognize mannose re-
sidues of high mannose-type N-glycans on newly synthesized glyco-
proteins [OS-9, XTP3-B and the β-subunit of the heterodimeric
glucosidase II (GIIβ)] and the γ-subunit of the Golgi-localized
GlcNAc-1-phosphotransferase [reviewed in ref. D’Alessio and
Dahms (2015)]. The three-dimensional structure of MRH domains
are known for eight (i.e. domains 1–3, domain 5, domains 11–14)
out of the 15 domains of CI-MPR (Uson et al. 2003; Olson, Dahms
et al. 2004; Olson, Yammani et al. 2004; Brown et al. 2008; Olson
et al. 2010; Brown et al. 2008), CD-MPR (Roberts et al. 1998;
Olson et al. 1999), OS-9 (Satoh et al. 2010) and GIIβ (Olson et al.
2013). The overall fold of an MRH domain comprises a flattened
β-barrel structure consisting of nine β-strands organized into two or-
thogonally oriented antiparallel β-sheets, β1–β4 and β5–β9, with β9
interjecting between β7 and β8 (Figure 2A). Differences between
MRH domains are due predominantly to differences in the length
and positioning of loops that connect the β-strands. A comparison
of the MRH domains that bind carbohydrate reveal that the binding
pocket surrounding mannose is highly conserved and shows that the
positions of the four residues critical for interacting with the mannose
ring are nearly identical: Gln, Arg and Tyr are found on strands β3, β7
and β9, respectively, with Glu located in loop D between strands β8
and β9 (Kim et al. 2009; Olson et al. 2013) (Figure 2B and C).
Together, these four residues serve as a signature motif for mannose
recognition by MRH domains.

The presence of three distinct CRDs in the CI-MPR that recognize
phosphomonoesters (domains 3 and 9) or phosphodiesters (domain 5)
(Marron-Terada et al. 2000; Chavez et al. 2007; Bohnsack et al. 2009)
explains, in part, why the CI-MPR is more efficient than the single
CRD-containing, phosphomonoester-specific CD-MPR in targeting
acid hydrolases to the lysosome (Hoflack et al. 1987; Ludwig et al.
1994; Pohlmann et al. 1995; Kasper et al. 1996; Sleat and Lobel
1997; Sohar et al. 1998). To further probe CI-MPR’s ability to interact
with a heterogeneous population of acid hydrolases, we performed a
structure-based sequence alignment using the MRH domain structures
of domains 3 (Olson Dahms et al. 2004; Olson, Yammani et al. 2004)

Fig. 1. Schematic diagram of the CI-MPR. The CI-MPR is a type I transmembrane

glycoprotein with an ∼2300-residue extracellular region. The locations of the

ligand-binding sites are indicated. The fibronectin type II insert present in

domain 13 (orange) interacts with domain 11 to increase the CI-MPR’s affinity

for IGF-II. Domains with solved structures are represented by their molecular

surface generated in PyMol from RCSB deposited coordinates (domains 1–3,

1Q25; domain 5, 2KVB and domains 11–14, 2V5O). Domains with no known

function are colored grey while domains with known function are colored

(carbohydrate-binding domains are colored in green, with the M6P-binding

site highlighted in yellow). This figure is available in black and white in print

and in colour at Glycobiology online.
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Fig. 2. Comparison of carbohydrate-binding MRH domains. (A) Cartoon representation of the overall fold of an MRH domain using the structure of domain 3 (PDB

entry 1Q25) as amodel. The β-strands 1–9 are labeled alongwith theM6P ligand, which is present in the crystal structure. (B) The close-up view of domain 3’s binding

pocket with the four conserved signature motif residues labeled that interact with M6P (gold ball-and-stick). (C) Structure-based sequence alignment of MRH

domains. The essential residues for carbohydrate binding are shaded in red while the critical Trp residue in domain 5 is boxed. The newly identified essential

Arg residue in domain 15 is shaded in cyan. The locations of β-strands of CI-MPR domain 3 (PDB entry 1Q25) are indicated with arrows above the sequence. (D)

The model of the binding pocket of domain 15. Residues predicted to be in the binding pocket (Gln, Glu, Tyr and newly identified Arg on β4-strand) are labeled. (E)

The close-up view of the domain 5 (PDB entry 2KVB) binding pocket showing the four essential residues along withW653. This figure is available in black and white

in print and in colour at Glycobiology online.
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and 5 (Olson et al. 2010) of CI-MPR, CD-MPR (Roberts et al. 1998;
Olson et al. 1999),OS-9 (Satoh et al. 2010) andGIIβ (Olson et al. 2013)
(Figure 2C). This analysis revealed that only domains 3, 5 and 9 of
CI-MPR contain the four residues of the signature motif; however, do-
main 15 contains three of these four residues with Val at position 2205
instead of the conserved Arg residue on strand β7 (Figure 2C). To deter-
mine whether domain 15 of the CI-MPR contains a functional
carbohydrate-binding site, we conducted several different experiments
including surface plasmon resonance (SPR) analyses using immobilized
acid hydrolases and probed a glycan microarray containing purified
phosphorylated glycans. The results demonstrate that domain 15
of CI-MPR binds both phosphomonoester- and phosphodiester-
containing high mannose-type glycans; thus, CI-MPR contains four
carbohydrate-binding sites.

Results

Modeling of the C-terminal region of the CI-MPR predicts

conserved residues form a binding pocket

Using the crystal structure of bovine CI-MPR domain 3 as a template
(Figure 2A), a structural model of bovine domain 15 was generated,
which predicts the three conserved residues (Gln, Glu and Tyr) are
in close proximity. Although domain 15 lacks the conserved Arg resi-
due on strand β4 (Figure 2C), the model predicts that an Arg residue
located on a different β-strand, β4, is present in the binding pocket
(Figure 2D). This Arg residue at position 2170 corresponds to a con-
served Trp residue, W653, of domain 5 (Figure 2E). W653 is found in
the binding pocket (Olson et al. 2010) and mutagenesis studies have
shown that W653 is important for phosphodiester binding by domain
5 of the CI-MPR (Castonguay et al. 2011). A comparison of the amino
acid sequence of CI-MPR domain 15 from various species reveals
that the three residues (Gln2160, Glu2227 and Tyr2233) plus
Arg2170 on β4 are absolutely conserved, along with the four Cys re-
sidues (Supplementary data, Figure S1). Taken together, these results
suggest that domain 15 harbors a carbohydrate-binding site.

The C-terminal region of the CI-MPR binds acid

hydrolases

To test the hypothesis that domain 15 of the CI-MPR can interact with
mannose-containing ligands, constructs encompassing the C-terminal
region of the receptor were generated as C-terminal His-tagged pro-
teins in Sf9 cells. The 15 domains of the CI-MPR are joined together
by short linkers of 5–12 amino acids that span the conserved cysteine
residues marking the N- and C-terminus of each domain. However,
domain 15, which is the C-terminal MRH domain adjacent to the
membrane (Figure 1), is tethered to the transmembrane region by a
linker of 26 amino acids. Initial experiments utilized two constructs,
either terminating one amino acid after the final cysteine of the domain
or extended by an additional eight residues. The presence of the add-
itional eight residues at the C-terminus resulted in a higher yield of
recombinant protein and these residues are present in constructs used
in subsequent studies (Dom15, Dom14–15, Dom7–15 and Dom1–15).

We have used GAA, a lysosomal enzyme that has been enzymati-
cally modified to contain only phosphomonoesters (GAA monoester)
or phosphodiesters (GAA diester), to determine the carbohydrate spe-
cificity and binding affinity of various truncated forms of the MPRs
(Chavez et al. 2007; Bohnsack et al. 2009; Castonguay et al. 2012).
SPR studies were undertaken in which GAA monoester and GAA die-
ster were immobilized on separate flow cells of a CM5 sensor chip and
various concentrations of Dom15 were flowed over the surface.
Although Dom15 demonstrated measureable binding to both surfaces

(KD = 700 and 900 μM, respectively: Table I and Figure 3A), the pro-
tein displayed significant interaction with the unmodified reference
surface (Figure 3B). In an attempt to rectify this issue, Dom15 was ex-
pressed in Escherichia coli, which produces nonglycosylated proteins,
and compared with the glycosylated protein isolated from Sf9 insect
cells. The structural integrity of the Dom15 protein, which is refolded
following its purification from inclusion bodies, was evaluated by nu-
clear magnetic resonance (NMR) spectroscopy. The 15N-1H-hetero-
nuclear single quantum coherence (HSQC) spectrum displays a peak
dispersion indicative of a folded protein, although the nonuniform
peak intensities could indicate either some element of disorder or pro-
tein dynamics (Figure 3C). Addition of 75 mMM6P to the sample re-
sulted in chemical shift perturbations in a select group of backbone
NH groups suggestive of ligand binding, and other peaks appearing,
which could indicate a change in the dynamics of the protein
(Figure 3C). Similar to the glycosylated Dom15 isolated from Sf9
cells (Figure 3A and B), SPR analyses show Dom15 interacts with
both GAA mono- and GAA diester surfaces, plus significant inter-
action with the reference flow cell was observed making it unsuitable
for further SPR studies (Figure 3D).

We next asked whether domains adjacent to domain 15 enhance
carbohydrate-binding affinity, as we have shown for domains 3 and
5 of the CI-MPR (Hancock, Yammani et al. 2002; Bohnsack et al.
2009). A construct expressing two domains was identified that satisfies
this criterion: domains 14 and 15 (Dom14–15). In contrast to the sin-
gle domain 15 construct produced in Sf9 insect cells (Figure 3A and B)
or E. coli (Figure 3D) in which significant binding to the unmodified,
reference surface was detected, SPR analyses of the two domain con-
struct, Dom14–15, revealed minimal interaction with the reference
surface that accounted for <2% (20RU or less) of the response de-
tected with the GAA monoester- or GAA diester-modified surfaces
(Figure 4A). SPR studies show that Dom14–15 binds GAA monoester
and GAA diester with similar affinities (KD1 = 13 ± 3 μM and KD1 =
17 ± 7 μM respectively; Figure 4A, Table I) that is ∼50-fold higher
affinity than observed by Dom15. This interaction is inhibited by
M6P (GAA monoester Ki = 580 ± 70 μM, GAA diester Ki = 520 ± 31
μM; Figure 4B), but not G6P at concentrations up to and including
5 mM (Figure 4C), demonstrating that the interaction between
Dom14–15 and these lysosomal enzymes is dependent upon the pres-
ence of phosphomannosyl residues. Furthermore, substitution of the
conserved signature motif Tyr2233 residue with Phe in domain 15
(Dom14–15mYF) resulted in a dramatic loss of binding activity with
both GAA monoester- or GAA diester-coupled surfaces (Figure 4D).

Taken together, these results show that domain 15 can interact
with both phosphomonoester- and phosphodiester-containing lyso-
somal enzymes and that Tyr2233 in domain 15 is essential for the
interaction. Furthermore, the affinity of the interaction between
Dom14–15 and the phosphomannosyl-containing GAA is compar-
able with domain 5 of the CI-MPR that we have shown to contain a
low affinity site for M6P. In contrast to Dom14–15, Dom5 binds pref-
erentially to glycans with phosphodiesters (Reddy et al. 2004; Chavez
et al. 2007; Bohnsack et al. 2009).

Conserved arginine in domain 15 is a key determinant for

phosphomannosyl binding

A structural model of domain 15 predicts that Arg2170 on β4 is in
close proximity to the other three conserved residues (Gln2160,
Glu2227 and Tyr2233) in the binding pocket (Figure 2D). We hy-
pothesized that this Arg residue compensates for the missing signature
motif Arg at position 2205 (Figure 2C). To test whether Arg2170 is
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important for carbohydrate recognition, Arg2170 was replaced with
Ala in Dom14–15 (Dom14–15mRA). The resulting mutant was eval-
uated for its ability to bind GAAmonoester andGAA diester. The SPR
analyses showed that Dom14–15mRA exhibits no significant binding
above background to either GAA monoester- or GAA diester-coupled
surfaces (Figure 4E). These results demonstrate that Arg2170 of do-
main 15 is essential for phosphomannosyl recognition by Dom14–15.

Glycan microarray analyses

We have previously generated a novel glycan microarray that contains
high mannose-type glycans with or without phosphomonoesters
or phosphodiesters (Song et al. 2009, 2012). The purified glycans
containing a bifunctional fluorescent linker, 2-amino-N-(2-ami-
noethyl)-benzamide (AEAB), are covalently immobilized onto
N-hydroxysuccinimide (NHS)-activated glass slides. The slides were
incubated with MPR proteins and their binding interactions were de-
tected using MPR-specific antibodies or antibodies directed against
the His-tag, which were not bound by the glycan microarray (Fig-
ure 5A). As a control to demonstrate the presence of glycans printed
on the array, we used the plant lectin concanavalin A (ConA), which
specifically binds high mannose-, hybrid- and complex-type biantenn-
ary glycans (Baenziger and Fiete 1979; Brenckle and Kornfeld 1980;
Brewer and Bhattacharyya 1986). Consistent with its known

specificity, biotinylated ConA bound to the expected glycans on the
array (glycans 1–21 and 23) (Figure 5B). In addition, the similar inten-
sity of binding by biotinylated ConA indicated that all glycans, except
glycans 2, 17 and 21, were immobilized on the slides at comparable
levels. As expected, little or no interaction was observed to the control
glycan LNnT-AEAB (glycan 22) or the phosphate-buffered saline con-
trol (positions 24 and 25). The positive signal for biotin [position 26,
∼2000 relative fluorescence unit (RFU)] detected with the Cy5-labeled
streptavidin is used for aligning the grid for analysis.

A soluble form of the CI-MPR (sCI-MPR) was purified from bovine
serum; as we previously reported (Bohnsack et al. 2009; Song et al.
2009), it binds to all phosphomonoester- and phosphodiester-containing
glycans on the array with the exception of glycan 11 (GPM7(3) or
Man7-P-GlcNAc-b), but not high mannose-type glycans (glycans 1, 3–
8; binding to glycan 2 could not be fully evaluated due to the reduced
level (∼25%) of glycan 2 immobilized on the slides, see Figure 5B) (Fig-
ure 5C). Dom14–15 binding was significantly weaker but nevertheless
exhibited a similar profile as the sCI-MPR in that it interacts with all
phosphomonoester- and phosphodiester-containing glycans with the ex-
ception of glycan 11. However, at the single concentration of Dom14–15
used, a more robust interaction was observed with phosphomonoester-
containing glycans thanwith the phosphodiester-containing glycans (Fig-
ure 5D; glycan structures are shown in Figure 5E). Dom14–15 did not
bind to high mannose-type glycans, except for glycan 5 (Man7-c)

Table I. Kinetic data obtained from SPR analyses

Construct

KD (nM)

ka1 (M
−1 s−1 × 103) kd1 (s

−1 × 10−3) Monoester Diester

Monoester Diester Monoester Diester kd1/ka1 Steadystate kd1/ka1 Steadystate

D1–15 184 ± 20 137 ± 30 0.8 ± 0.1 6.7 ± 0.6 4.5 ± 0.7 71 ± 10 51 ± 1 148 ± 20
D1–14 65 ± 9 60 ± 9 2.0 ± 0.5 25 ± 3 31 ± 7 254 ± 55 436 ± 99 700 ± 270
D7–15 122 ± 9 59 ± 5 10 ± 1 87 ± 3 80 ± 11 123 ± 15 1500 ± 163 1600 ± 390
D7–15m15YF 84 ± 30 21 ± 4 45 ± 3 6 ± 1 574 ± 166 418 ± 106 DNB DNB
D7–15m15RA 36 ± 7 DNB 45 ± 2 DNB 1300 ± 303 1070 ± 236 DNB DNB
D7–15m9 1.6 ± 0.3 1.6 ± 0.3 112 ± 44 7 ± 3 12700 ± 2000 9340 ± 1120 4000 ± 2000 16300 ± 7800
D7–15m9m15 DNB DNB DNB DNB DNB DNB DNB DNB
D14–15 20 ± 3 5 ± 3 274 ± 31 106 ± 82 13000 ± 3000 8200 ± 1250 17000 ± 7000 21300 ± 2980
D15 (sf9) 700000 900000
D14–15m15YF DNB DNB DNB DNB DNB DNB DNB DNB
D14–15m15RA DNB DNB DNB DNB DNB DNB DNB DNB

KD2(mM)

ka2 (M
−1s−1 × 10−3) kd2 (s

−1 × 10−3) kd2/ka2

Construct Monoester Diester Monoester Diester Monoester Diester

D1–15 3 ± 2 3.9 ± 0.1 1.1 ± 0.9 0.06 ± 0.06 300 ± 150 16 ± 14
D1–14 2 ± 2 9.0 ± 0.6 1 ± 2 2.5 ± 0.1 400 ± 500 279 ± 19
D7–15 0.9 ± 0.6 8 ± 1 0.6 ± 0.9 6 ± 1 200 ± 400 750 ± 44
D7–15m15YF 10 ± 1 3 ± 2 4.0 ± 0.2 1 ± 2 410 ± 43 DNB
D7–15m15RA 11 ± 3 DNB 6 ± 0.7 DNB 545 ± 62 DNB
D7–15m9 15.4 ± 0.6 5 ± 2 6.4 ± 0.4 0.2 ± 0.3 259 ± 117 0.4 ± 0.6
D7–15m9m15 DNB DNB DNB DNB DNB DNB
D14–15 18 ± 10 8 ± 7 8 ± 5 8 ± 7 500 ± 500 750 ± 670
D15 (sf9) 9 11
D14–15m15YF DNB DNB DNB DNB DNB DNB
D14–15m15RA DNB DNB DNB DNB DNB DNB

DNB denotes did not bind. Kinetic and steady state affinity data calculated from SPR sensorgrams obtained with GAA mono and GAA diester immobilized on the
sensor chip surface. Purified recombinant protein was injected as the free analyte. Upper table reports kinetic parameters of the major component obtained from fitting
sensorgrams to a two-state model with conformational change. The lower table reports kinetic parameters for the minor component with KD values in the millimolar
range. All values were determined from at least three independent trials.
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(Figure 5D). In addition, no interaction was observed between Dom14–
15 and the nonphosphorylated, galactose-terminated glycans
LNnT-AEAB (glycan 22) and NA2-AEAB (glycan 23), further demon-
strating Dom14–15′s requirement for phosphomannosyl residues as rec-
ognition determinants. Although sCI-MPR and Dom14–15 bound both
glycans 17 and 21 (Figure 5C and D), it is likely that the observed re-
sponse underrepresents the binding capacity of the receptors given that

glycans 17 and 21 are immobilized at a lower level (∼65%) compared
with the other glycans (Figure 5B).

Influence of additional domains on the binding affinity of

domain 15

To assess whether additional domains influence the binding affinity of
domain 15, a construct encoding domains 7–15 (Dom7–15) was

Fig. 3.Characterization of domain 15 construct by SPR andNMR. (A) Increasing concentrations of domain 15 (1, 5, 10, 20, 40, 60, 80 and 100 μM) produced inSf9 cells

were flowed over either a reference flow cell or GAA mono- or diester coupled to CM5 surface and the response was measured. Insets depict the response at

equilibrium (Req) plotted against receptor concentration; data were fitted to a steadystate model (BIAevaluation software) and KD values were determined. (B)

Unsubtracted responses for flow cells 1 (reference, orange) and GAA monoester (cyan) and diester (magenta) coupled flow cells illustrating the significant

interaction of domain 15 protein produced in Sf9 cells with the reference, uncoupled dextran surface of the CM5 sensor chip. (C) 1H-15N HSQC spectra of E. coli
expressed and refolded domain 15 protein in the absence (black) and presence of 75 mM M6P (red). (D) Sensorgrams of response units (RU) versus increasing

concentrations of E. coli expressed domain 15 protein (1, 5, 10, 20, 40 and 80 μM) comparing the reference flow cell (orange) with the unsubtracted GAA

monoester (cyan) or GAA diester (magenta) flow cells. This figure is available in black and white in print and in colour at Glycobiology online.
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Fig. 4. SPR studies characterizing the interaction between truncated MPRs (Dom14–15, Dom14–15m15YF, Dom14–15m15RA and lysosomal enzyme GAA. (A)

Increasing concentrations (40, 80, 120, 200, 400, 1000, 2000, 5000 and 10000 nM) of the Dom14–15 protein were flowed over the reference surface or GAA

monoester or GAA diester coupled surfaces for 2 min followed by buffer and regeneration with 10 mM HCl. Representative sensorgrams are shown. Insets

depict the response at equilibrium (Req) plotted against receptor concentration and data are fitted by nonlinear regression to calculate the KD under steadystate

conditions. (B) Dom14–15 binding to GAA monoester (closed circles) and GAA diester (open circles) surfaces is inhibited by increasing concentrations of M6P.

The equilibrium response (Req), normalized to the highest response, was plotted against the concentration of M6P. The Ki was calculated using nonlinear

regression (SigmaPlot, version 10.0). (C) Dom14–15 was flowed over either the reference surface or GAA mono- or diester-coupled surface in the absence or

presence of 1 or 5 mM G6P. The resulting sensorgrams are shown depicting the inability of G6P to inhibit receptor binding to the GAA-coupled surfaces.

Sensorgrams of increasing concentrations [same as (A)] of either Dom14–15YF (D) or Dom14–15RA (E) flowed over either the reference surface or GAA mono-

or diester-coupled surface. In both cases there is at least a 20-fold difference in RU response at the highest concentrations (increase in bulk refractive index due

to high protein concentration). This figure is available in black and white in print and in colour at Glycobiology online.
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generated which contains the phosphomonoester-specific CRD, do-
main 9 (Bohnsack et al. 2009), along with the newly identified binding
site in domain 15 (Figure 1). SPR analyses show that Dom7–15 binds
GAA monoester with a higher affinity than GAA diester (KD1 = 80 ±
11 nM versus KD1 = 1500 ± 163 nM; Figure 6A, Table I). However,
Dom7–15 exhibits an ∼11-fold higher affinity for GAA diester than
Dom14–15 (KD1 = 17000 ± 7000 nM). Substitution of the conserved
signature motif Tyr2233 residue with Phe in domain 15 (Dom7–
15m15YF) or Arg2170, which is predicted to be in the binding pocket
(Figure 2), with Ala (Dom7–15m15RA) resulted in the loss of inter-
action with the GAA diester-coupled surface (Figure 6B and C), simi-
lar to that observed when these mutations where placed in the context
of Dom14–15 (Figure 4). Because the carbohydrate-binding site of

domain 9 is specific for phosphomonoesters (Marron-Terada et al.
2000; Bohnsack et al. 2009), these data support the hypothesis that
residues in domain 15 (Arg2170 and Tyr2233) are required for the
ability of Dom7–15 to recognize phosphodiesters.

To evaluate the role of the presence of domains 7–14 on the
carbohydrate-binding ability of domain 15, the essential Arg1290
residue of domain 9 was mutated to an alanine residue in the
Dom7–15 construct (Dom7–15m9) and the ability of this construct
to bind phosphomono- and diesters was evaluated by SPR. This mu-
tation produced protein with similar affinities for the GAA mono and
GAA diester surfaces (KD1 = 12700 ± 2000 nM and 4000 ± 2000 nM,
respectively) as Dom14–15 (KD1 = 13000 ± 3000 nM and 17000 ±
7000 nM, respectively), indicating the inclusion of the seven

Fig. 5. Interaction of CI-MPR constructs with phosphorylated and nonphosphorylated, highmannose glycans. The glycanmicroarray was printed as described in the

text and the individual glycans are identified by their glycan number as indicated in (E). Glycans 1–8 are nonphosphorylated high mannose-type oligosaccharides;

9–15, phosphodiesters of high mannose-type oligosaccharides and 16–21, phosphomonoesters of high mannose-type oligosaccharides. (A) Controls showing

background binding of rabbit antibody B14.5 and anti-penta His. MPR-specific rabbit antibody B14.5 at a 1:250 dilution followed by Cy5-labeled goat anti-rabbit

immunoglobulin G (IgG) (5 μg/mL). Anti-penta His (5 μg/mL) followed by Alexa633 goat anti-mouse IgG (5 μg/mL). (B) Biotinylated ConA (0.5 μg/mL) detected

with 0.5 μg/mL of Cy5-labeled streptavidin. (C) Soluble CI-MPR (sCI-MPR) isolated from bovine serum (5 μg/mL) detected with rabbit antibody B14.5 (1:250) and

Cy5-labeled goat anti-rabbit IgG (5 μg/mL), (D) Dom14–15 (150 μg/mL) detected with anti-penta His (5 μg/mL) and Alexa633 goat anti-mouse IgG (5 μg/mL). The

assays are single experiments where each glycan is printed in replicates of four, and the RFU value is the mean of the four. The error bars represent the

mean ± S.D. The glycan ID numbers highlighted in red represent glycans that exhibit significant interaction with the receptor. This figure is available in black

and white in print and in colour at Glycobiology online.
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Fig. 6. Interaction between Dom7–15 constructs and the lysosomal enzyme GAA modified with either M6P (monoester) or M6P-GlcNAc (diester). Representative

sensorgrams fromSPR analyses showing response units (RU) with increasing concentrations (10, 20, 40, 80, 120, 200 and 400 nM) of (A) Dom7–15, (B) Dom7–15m9,

(C) Dom7–15m15YF, (D) Dom7–15RA or (E) Dom7–15m9m15. This figure is available in black and white in print and in colour at Glycobiology online.
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additional domains did not result in additional enhancement of carbo-
hydrate binding above that obtained by the presence of domain 14
(Figure 6D, Table I). To confirm there were no other regions in the
Dom7–15 construct capable of binding these surfaces, we performed
SPR analyses of a construct containing two amino acid substitutions to
eliminate the carbohydrate-binding activity in domains 9 and 15; this
construct (Dom7–15m9m15) demonstrated no measurable response
to GAA monoester or GAA diester surfaces except at the highest con-
centration (1000 nM) tested (Figure 6E). As a control, a construct en-
coding the entire extracytoplasmic region of the CI-MPR (Dom1–15),
terminating at the identical C-terminal residue as Dom14–15, was
generated and flowed over the GAA coupled sensor chip. As shown
in Figure 7, the binding of Dom1–15 (and Dom1–14) do not reach
equilibrium within the time frame of the association phase, resulting
in an underestimate of the binding affinity calculated by steady state
methods. Thus, the KD values calculated from the ratio of the dissoci-
ation and association rate constants (kd/ka) are more accurate as this
kinetic method does not rely on the achievement of steady state equi-
librium conditions. Additionally, the KD values obtained for Dom1–
15 as determined by (kd/ka) are similar to previously published values
obtained for the CI-MPR isolated from bovine serum (Bohnsack et al.
2009). Evaluation of the kinetic data show that Dom1–15 binds with
high affinity to GAAmonoester (KD1 = 4.5 ± 0.7 nM) andGAA diester
(KD1 = 51 ± 1 nM) (Figure 7B, Table I), A construct encoding domains
1–14 (Dom1–14) was also subjected to SPR analyses. Dom1–14,
which lacks the CRD in domain 15, exhibits ∼10-fold decrease in af-
finity for both GAAmono and GAA diester surfaces (KD1 = 31 ± 7 nM
and KD1 = 436 ± 99 nM) (Figure 7A, Table I) compared with Dom1–
15. The presence of the M6P-GlcNAc-specific domain 5 in Dom1–14
results in binding to the diester surface, although with an ∼9-fold
lower affinity compared with Dom1–15. Taken together, these data
support the hypothesis that, similar to domains 3 and 5, additional

domains interact with domain 15 to enhance the carbohydrate-
binding affinity of domain 15.

Discussion

In the current study, a new phosphomannosyl-binding site in the
CI-MPR that is located in domain 15 has been identified and charac-
terized. We show that this domain is capable of recognizing both
phosphodiester-containing glycans as well as phosphomonoesters,
thereby distinguishing it from domain 5 as well as from the
phosphomonoester-specific domains 3 and 9.

What is the functional significance of having multiple
carbohydrate-binding sites with differing specificities? The CI-MPR,
unlike the CD-MPR, is capable of recognizing the products of both en-
zymes that modifyN-glycans on acid hydrolases: M6P-GlcNAc gener-
ated by GlcNAc-1-phosphotransferase and M6P produced by the
action of the uncovering enzyme. The combination of the different gly-
can specificities of these four glycan-binding CRDs (domains 3, 5, 9
and 15) allows the CI-MPR to interact with the structurally diverse
repertoire of phosphorylated N-glycans present on acid hydrolases,
and supports previous in vitro (Hoflack et al. 1987; Sleat and Lobel
1997) and in vivo (Ludwig et al. 1994; Pohlmann et al. 1995; Kasper
et al. 1996; Sohar et al. 1998) studies showing that the CI-MPR is
more efficient in delivering acid hydrolases to lysosomes than the
CD-MPR, which has a single CRD and cannot bind phosphodiesters
(Hoflack and Kornfeld 1985; Tong and Kornfeld 1989; Roberts et al.
1998; Olson et al. 1999; Song et al. 2009). In addition, the uncovering
enzyme is synthesized as a proenzyme that must undergo proteolytic
processing by the endoprotease furin in the TGN in order to become
active (Do et al. 2002). The CI-MPR may have evolved to contain
phosphodiester-binding sites, as their presence would be advanta-
geous to the organism in circumstances where the uncovering enzyme

Fig. 7. Influence of the presence of domain 14 on receptor interaction with the lysosomal enzyme GAA modified with either M6P (monoester) or M6P-GlcNAc

(diester). Representative sensorgrams from SPR analyses showing response units (RU) with increasing concentrations of (A) Dom1–14 (2, 5, 10, 20, 40, 80, 120

and 200 nM) and (B) Dom1–15 (2, 5, 10, 20, 40 and 80 nM). This figure is available in black and white in print and in colour at Glycobiology online.

600 LJ Olson et al.



fails to undergo proteolytic activation or is missing, and thus only
phosphodiesters would be present on acid hydrolases. In support of
this hypothesis are studies showing that transgenic mice expressing
only covered, M6P-GlcNAc-containing acid hydrolases have a normal
phenotype (Boonen et al. 2009). This is in sharp contrast to patients
who are deficient in GlcNAc-1-phosphotransferase activity and are
unable to tag their acid hydrolases with phosphomannosyl residues
needed for their delivery to lysosomes. Genetic mutations in
GlcNAc-1-phosphotransferase cause mucolipidosis II (I-cell disease),
a severe lysosomal storage disorder characterized by aberrant mistar-
geting and secretion of lysosomal enzymes that results in cardiomeg-
aly, hepatomegaly, and death in the first decade of life (Kornfeld and
Sly 2001; Tiede et al. 2005; Kudo et al. 2006). Mice lacking
GlcNAc-1-phosphotransferase activity exhibit a similar phenotype
as patients with mucolipidosis II (Gelfman et al. 2007). Together
these studies suggests that the CI-MPR, due to its ability to bind phos-
phodiesters via its CRDs 5 and 15, rescues these mice from the severe
mucolipidosis II-like phenotype observed in mice or patients lacking
GlcNAc-1-phosphotransferase activity.

The presence of four different phosphomannosyl-binding sites in
the CI-MPR not only provides the possibility of multivalent interac-
tions and increased avidity with newly synthesized acid hydrolases
to enhance the efficiency of their transport from the TGN to endoso-
mal compartments, but also with intravenously administered recom-
binant acid hydrolases used in enzyme replacement treatment (ERT)
of patients with lysosomal storage disorders. The rationale behind
ERT for lysosomal storage diseases is based on providing cells with
a functional enzyme that is lacking due to a genetic defect in these
patients. The glycobiology surrounding the targeted delivery of acid
hydrolases to the lysosome is well understood and has been instrumen-
tal in the development of Food and Drug Administration approved
ERT for six lysosomal storage diseases, five of which target cell surface
CI-MPR for the internalization of the intravenously administered re-
combinant enzyme (Brady 2006). The in vivo production of acid hydro-
lases with phosphomannosyl-containing glycans remains a challenge,
and studies show that increasing the M6P content on recombinant
human GAA improves the efficacy of ERT in Pompe disease (Zhu
et al. 2005; McVie-Wylie et al. 2008; Zhu et al. 2009). In order to im-
prove the design of high affinity acid hydrolases that will interact with
the CI-MPR in a multivalent fashion, the spatial orientation of the
CI-MPR’s four carbohydrate-binding sites is needed. To date, the three-
dimensional structures of eight (domains 1–3, domain 5, domains 11–
14) out of the 15MRH domains of the CI-MPR have been determined
(Brown et al. 2002; Uson et al. 2003; Olson Dahms et al. 2004; Olson,
Yammani et al. 2004; Brown et al. 2008; Olson et al. 2010), with struc-
tures of two (domains 9 and 15) out of the four carbohydrate-binding
sites remaining to be determined and none of the existing multidomain
structures (domains 1–3, domains 11–14) contain two carbohydrate-
binding sites. Combining the two existing multidomain structures,
and along with the prediction that the remaining two carbohydrate-
binding sites will each occur in a tri-domain compact structure like do-
mains 1–3 as opposed to the elongated structure of domains 11–14, we
(Dahms et al. 2008) and others (Brown et al. 2008) have proposed sim-
plified models of the CI-MPR in which the ligand-binding sites are or-
iented on the same face of the receptor, similar to that depicted in
Figure 1. However, there are no data to support the positioning of all
ligand-binding sites on one face of the CI-MPR, and additional struc-
tural studies are needed to test this model. Therefore, the structure of
the entire extracytoplasmic region of the receptor is needed to determine
how the four carbohydrate-binding sites are oriented spatially with re-
spect to each other. This information will be critical for the design of

high affinity, multivalent ligands used in ERT in which M6P and/or
M6P-GlcNAc residues are properly spaced in order to align and engage
with the corresponding carbohydrate-binding sites of the CI-MPR.

It is intriguing that all the known ligand-binding sites of the
CI-MPR are localized to the odd-numbered domains of the receptor
(Figure 1). Whether other domains will be identified as binding
novel ligands remains to be determined. However, it is unlikely that
additional phosphomannosyl-binding sites will be identified in the
CI-MPR. Our prediction is based on structural studies of several
MRH domain-containing proteins (Roberts et al. 1998; Olson et al.
1999; Olson, Dahms et al. 2004; Olson, Yammani et al. 2004;
Olson et al. 2010; Satoh et al. 2010; Olson et al. 2013) and our use
of a structure-based sequence alignment coupled with experimental
data that together have identified a spatially conserved signature
motif of four residues (Gln, Arg, Glu and Tyr) within the binding
pocket that are essential for mannose recognition. However, structural
studies of the phosphomannosyl-binding sites in domain 9 and do-
main 15 of the CI-MPR are needed to confirm the mutagenesis studies
(Hancock, Haskins et al. 2002) (and this report) that the signature
motif residues including the newly identified Arg2170 predicted to
be on β-strand 4 of domain 15 are localized in the binding pocket
and directly interact with the mannose ring. Our analyses of the re-
maining domains of the CI-MPR reveal that no other domain of the
bovine or human CI-MPR has more than one of these four conserved
residues, and notably domain 7 does not contain any of these four
positionally conserved residues (data not shown). In support of this
prediction, we have shown that constructs encoding: (i) Domain 1
or domains 1–2 do not interact with a phosphomonoester-containing
affinity column (Westlund et al. 1991) or the lysosomal enzyme,
β-glucuronidase, as assessed by SPR analyses (Bohnsack et al. 2010),
(ii) domains 1–8 containing a point mutation in the binding pocket of
domain 3 that renders it nonfunctional does not interact with a
phosphomonoester-containing affinity column (Dahms et al. 1993)
and (iii) domains 7–15 in which the binding sites in domains 9 and
15 were inactivated by single amino acid substitution of a residue in
their binding pocket exhibits no appreciable binding to GAA monoe-
ster or GAA diester as assessed by SPR analyses (Figure 6). Together,
these data are consistent with only domains 3, 5, 9 and 15 of the
CI-MPR having phosphomannosyl-binding activity.

In addition to acid hydrolases, either newly synthesized or exogen-
ously administered as in the case of ERT, the CI-MPR may interact
with other phosphomannosyl-containing ligands at the cell surface
or in extracellular fluids. For example, the CI-MPR has been reported
to interact with glycosylphosphatidyl inositol (GPI)-linked proteins
(Green et al. 1995), and the newly identified binding site in domain
15, which is juxtaposed to the membrane, may be ideally positioned
to interact with GPI-linked proteins on the cell surface. Supporting its
role both intracellularly and at the cell surface, we have shown that do-
main 15 is capable of binding GAAmonoester and GAA diester at pH
values found in the Golgi (pH 6.5) (Figure 8, Table II) and at the cell
surface (pH 7.4) (Figures 3–7). Furthermore, a soluble form of the
CI-MPR, which contains most of the extracellular region of the recep-
tor, is present in serum and extracellular fluids of several species, in-
cluding human, and its expression is developmentally regulated
(Kiess et al. 1987; Causin et al. 1988; MacDonald et al. 1989; Valen-
zano et al. 1995; Xu et al. 1998). The presence of a carbohydrate-
binding site exposed at the C-terminal end of the soluble CI-MPR (do-
main 15) may allow this soluble form of the receptor to engage in
multivalent interactions with phosphomannosyl-containing ligands
in the circulation. Leukemia inhibitory factor, a secreted cytokine
that stimulates cell proliferation and differentiation (Mathieu et al.
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2012), is another example of a nonacid hydrolase that bears phospho-
mannosyl residues and its bioavailability has been shown to be regu-
lated by the CI-MPR (Barnes et al. 2011) [see Dahms and Hancock
(2002) and Sleat et al. (2013, 2006)] for list of additional
M6P-containing proteins]. Therefore, additional studies are needed
to understand the molecular basis of CI-MPR’s ability to modulate
the cellular location and activity of a diverse set of ligands.

Materials and methods

Generation, expression and purification of CI-MPR

constructs

All constructs were cloned from the bovine CI-MPR cDNA (residue
numbers correspond to amino acid position in the mature CI-MPR
protein): Domain 15 (Dom15, residues 2092–2296), domains 14–15
(Dom14–15, residues 1955–2296), domains 7–15, (Dom7–15, resi-
dues 888–2296), domains 1–14 (Dom1–14, residues 1–1953) and do-
mains 1–15 (Dom1–15, residues 1–2296). Constructs were cloned
into the pVL1392/3 baculovirus transfer vector. All constructs, unless
noted, were generated with a C-terminal tag of six histidine residues
that was preceded by a thrombin cleavage site (LVPRGSHHHHHH)
to facilitate purification by nickel nitrilotriacetic acid (Ni-NTA) affin-
ity chromatography. Mutant cDNAs were generated using DpnI
mediated site-directed mutagenesis and confirmed by DNA sequen-
cing. The constructs were expressed in the fall army worm ovarian
cell line Spodoptera frugiperda (Sf9, Expression Systems, Davis, CA)
and the cells grown in shaker flasks using ESF921 serum-free medium
(Expression Systems) as described previously (Bohnsack et al. 2009).
These constructs, which use the promoter from the polyhedrin gene
for constitutive protein expression, were engineered in-frame with
the native bovine CI-MPR signal sequence, resulting in proteins that

are secreted from Sf9 cells. Recombinant baculovirus was added to
serum-free medium at a multiplicity of infection of two and cultures
were harvested after 4 days of growth at 27°C. Following removal
of the cells by centrifugation, the medium was concentrated by filtra-
tion using Amicon stirred cells and dialyzed against Ni-NTA binding
buffer (20 mM Tris, 300 mM NaCl, pH 8.0). The dialyzed medium
was passed over a Ni-NTA agarose (Clontech, Mountain View, CA)
column, washed and then eluted with Ni-NTA binding buffer contain-
ing 20–400 mM imidazole. The proteins were subjected to gel filtra-
tion using a Superose 12 column (10 × 300 mm) to isolate a single
species. Dom15 alsowas expressed in E. coli using a pET28/sumo vec-
tor. Cells were grown to an OD of 0.8 at 37°C before induction with
0.5 mM IPTG. Cultures were allowed to grow overnight at 16°C be-
fore harvesting. Isotopically labeled protein was generated by substi-
tuting [15N] ammonium sulfate for the unlabeled compound in the
growth medium. Protein was isolated and refolded from inclusion
bodies as previously described (Olson et al. 2013). The Bradford pro-
tein assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the
standard was used to determine protein concentrations.

Purification of soluble CI-MPR from fetal bovine serum

A soluble form of the CI-MPR (sCI-MPR) was purified from fetal bo-
vine serum by phosphomannan affinity chromatography as described
previously (Valenzano et al. 1995).

Biosensor studies

All SPR measurements were performed at 25°C using a Biacore 3000
instrument (BIAcore, GE Healthcare, Piscataway, NJ) as described
previously (Bohnsack et al. 2009) and using the lysosomal enzyme
GAA with defined N-glycans (Chavez et al. 2007). Purified proteins
(GAA monoester and GAA diester) were immobilized on CM5

Fig. 8. Interaction between Dom7–15 and Dom14–15 constructs and the lysosomal enzyme GAAmodified with either M6P (monoester) or M6P-GlcNAc (diester) at

the pH of the Golgi. Representative sensorgrams collected at pH 6.5 showing the interaction of increasing concentrations of (A) Dom14–15 (120, 200, 400, 1000, 5000

and 20000 nM) and (B) Dom7–15 (5, 10, 15, 20, 40, 80, 120, 200, 400, and 1000 nM)with GAAmonoester and GAA diester coupled CM5 surfaces. Response units (RU)

are shown. This figure is available in black and white in print and in colour at Glycobiology online.
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sensor chips following activation of the surface using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide and NHS as recommended
by the manufacturer. After coupling, unreacted NHS was blocked
with ethanolamine. The reference surface was treated in the same
way except that protein was omitted. Samples of purified truncated
CI-MPR proteins (Dom15, Dom14–15, Dom14–15mYF, Dom14–
15mRA, Dom7–15, Dom7–15m9, Dom7–15m15YF, Dom7–
15m15RA, Dom1–15 and Dom1–14) were prepared in 50 mM imid-
azole, 150 mMNaCl, 5 mMMgCl2, 5 mMMnCl2, 5 mM CaCl2 pH
7.4 supplemented with 0.005% (v/v) P20 and were injected in a vol-
ume of 80 µl over the coupled and reference flow cells at a flow rate of
40 µl/min. After 2 min, the solutions containing the purified proteins
were replaced with buffer and the complexes were allowed to dissoci-
ate for 2 min. The sensor chip surface was regenerated with a 20 µl in-
jection 10 mM HCl at a flow rate of 10 µl/min. The surface was
allowed to re-equilibrate in running buffer for 1 min prior to subse-
quent injections. The response at equilibrium (Req) for each concentra-
tion of protein was determined by averaging the response over a 10 s
period within the steady state region of the sensorgram using the BIAe-
valuation software package (version 4.0.1). The response at equilib-
rium (Req) was plotted versus the concentration of protein and fit to
a 1 : 1 binding isotherm. Because steady state was not achieved in
the cases of Dom1–14 and Dom1–15, data were also analyzed using
a two-state reaction with conformational change-binding (BIAevalua-
tion software package version 4.0.1). In all cases, the minor compo-
nent made an insignificant contribution to the overall affinity and as
such only the kinetic components of the major binding component
are used. All response data were double-referenced (Myszka 2000),
where controls for the contribution of the change in refractive index
were performed in parallel with flow cells derivatized in the absence
of protein and subtracted from all binding sensorgrams. Inhibition
studies were performed using increasing concentrations of M6P or 1
and 5 mM glucose 6-phosphate (G6P). G6P, which is the 2-epimer
of M6P, is used as a control because it had been shown previously
to bind with low affinity (KD = 10–80 mM) to the full-length
CI-MPR (Tong and Kornfeld 1989).

Interrogation of glycan microarray with MPRs

The phosphorylated glycan microarray used in these studies was pre-
pared using a selection of the glycans (printed in replicates of n = 4)
prepared as described previously; however, some glycans were no

longer available (Song et al. 2009). Interaction between MPRs and
purified glycans was determined as described previously (Bohnsack
et al. 2009; Song et al. 2009) using 50 mM imidazole, pH 6.5,
150 mM NaCl, 10 mM MnCl2. To demonstrate the presence of the
high mannose N-glycans and their phosphorylated derivatives, the
array was interrogated with biotin-ConA (0.5 µg/mL) in 50 mM imid-
azole, pH 6.5 containing, 150 mM NaCl, 10 mM MnCl2, 1% BSA
and 0.05% Tween 20 (binding buffer), and washes were with the
same buffer without BSA at room temperature for 1 h. After washing,
the array was incubated with Cy5-labeled Streptavidin (0.5 µg/mL) in
binding buffer; and after washing, slides were scanned for fluorescence
in a microarray scanner (PerkinElmer, Waltham, MA). The signals
were processed as previously described to generate histograms show-
ing average RFU associated with each printed glycan (n = 4). Struc-
tures associated with the Glycan ID are shown in Figure 5E. The
soluble CI-MPR and Dom14–15 were similarly analyzed at 5 and
150 µg/mL, respectively. CI-MPR binding was detected using a
1:250 dilution of the specific polyclonal antiserum B14.5 followed
by C5-labeled goat anti-rabbit IgG (5 µg/mL). Dom14–15 binding
was detected using 5 µg/mL of an anti-penta-His monoclonal anti-
body (Life Technologies, Grand Island, NY) followed by Alexa633-
labeled goat anti-mouse IgG (5 µg/mL).

1H-15N HSQC of E. coli-expressed domain 15 protein

NMR spectra were acquired at 25°C on a Bruker 600-MHz spectrom-
eter equipped with a triple resonance CryoProbe™. Spectral data were
processed using NMRPipe (Delaglio et al. 1995) and visualized using
XEASY (Bartels et al. 1995).

Supplementary data

Supplementary data for this article are available online at http://glyco.
oxfordjournals.org.
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Table II. Kinetic data obtained from SPR analyses at pH 6.5

Construct

KD (nM)

ka1 (M
−1 s−1 × 103) kd1 (s

−1 × 10−3) Monoester Diester

Monoester Diester Monoester Diester kd1/ka1 Steadystate kd1/ka1 Steadystate

D7–15 101 53 7.42 0.0706 74 97 1300 926
D14–15 6.4 4.6 0.11 0.14 17000 9600 29000 45000

KD2 (mM)

ka2 (M
−1 s−1 × 10−3) kd2 (s

−1 × 10−3) kd2/ka2

Construct Monoester Diester Monoester Diester Monoester Diester

D7–15 0.69 7.1 0.13 5.7 0.19 0.81
D14–15 28 3.8 17.4 9.8 0.62 2.6

Kinetic and steady state affinity values determined from SPR sensorgrams obtained with GAA monoester and GAA diester immobilized on sensor chip surfaces.
Purified recombinant protein was injected as the free analyte. Upper table reports kinetic parameters of the major component obtained from fitting sensorgrams to a
two-state model with conformational change. The lower table reports kinetic parameters for the minor component with KD values reported in mM.
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