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Abstract

The acquisition of mannose 6-phosphate (Man6P) on N-linked glycans of lysosomal enzymes is a

structural requirement for their transport from the Golgi apparatus to lysosomes mediated by the

mannose 6-phosphate receptors, 300 kDa cation-independent mannose 6-phosphate receptor

(MPR300) and 46 kDa cation-dependent mannose 6-phosphate receptor (MPR46). Here we report

that the single-chain variable domain (scFv) M6P-1 is a unique antibody fragment with specificity

for Man6P monosaccharide that, through an array-screening approach against a number of phos-

phorylated N-glycans, is shown to bind mono- and diphosphorylated Man6 and Man7 glycans that

contain terminal αMan6P(1→ 2)αMan(1→ 3)αMan. In contrast to MPR300, scFv M6P-1 does not bind

phosphodiesters,monophosphorylatedMan8 ormono- or diphosphorylatedMan9 structures. Single

crystal X-ray diffraction analysis to 2.7 Å resolution of Fv M6P-1 in complex with Man6P reveals that

specificity and affinity is achieved via multiple hydrogen bonds to the mannose ring and two salt

bridges to the phosphate moiety. In common with both MPRs, loss of binding was observed for

scFv M6P-1 at pH values below the second pKa of Man6P (pKa = 6.1). The structures of Fv M6P-1

and the MPRs suggest that the change of the ionization state of Man6P is the main driving force

for the loss of binding at acidic lysosomal pH (e.g. lysosome pH∼ 4.6), which provides justification

for the evolution of a lysosomal enzyme transport pathway based on Man6P recognition.
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Introduction

High mannose-type Asn-linked oligosaccharides (N-glycans) terminat-
ing in mannose 6-phosphate (Man6P) function as recognition markers
for the transport of lysosomal hydrolases from the Golgi to lysosomes
(Luzio et al. 2007; Braulke and Bonifacino 2009).Man6P is recognized
by the 300 kDa cation-independent mannose 6-phosphate receptor
(MPR300) and 46 kDa cation-dependent mannose 6-phosphate recep-
tor (MPR46), which are P-type lectins (Castonguay et al. 2011) that me-
diate this transport. The MPR300 at the plasma membrane also
internalizes extracellular Man6P-containing proteins.

Inherited defects in the phosphotransferase complex (UDP-N-
acetylglucosamine-1-phosphotransferase), the key enzyme in the for-
mation of Man6P, cause reduced levels or the complete absence of
Man6P residues, leading to the secretion of the lysosomal
hydrolases and, as a consequence, dysfunctional lysosomes. The asso-
ciated lysosomal storage disorders (LSDs) manifest as mucolipidosis
type II (MLII also known as I-cell disease) with severe skeletal ab-
normalities, hepato-splenomegaly, progressive psychomotor retard-
ation and early death, or MLIII (pseudo-Hurler polydystrophy,
MLIII) with clinically milder symptoms (Braulke et al. 2013). No
treatment is available for MLII or MLIII, whereas some LSDs
caused by mutations in genes encoding single lysosomal enzymes
are treatable by recombinant enzyme replacement therapy based
in most cases on Man6P-dependent uptake mechanisms for proper
lysosomal delivery in cells and tissues (Ortolano et al. 2014).

Thus, there is considerable interest in the structural determin-
ation and quantification of N-glycans containing Man6P, as well
as their positions in lysosomal glycoproteins and the structural
characterization of their specific interaction with MPRs. Several
studies of the Man6P-binding domains of MPR46 and MPR300
in complex with different ligands have revealed structural insights
into the binding of Man6P and provided explanations for the ob-
served pH optimum of binding and distinct trafficking functions
in the cellular environment (Dahms et al. 2008; Olson et al. 2008,
2015). Recently, we have isolated a rabbit antibody single-chain
variable fragment (scFv) designated M6P-1 by phage display
(Figure 1); M6P-1 is specific for Man6P residues and displays low
micromolar affinity similar to both MPRs (Müller-Loennies et al.
2010). The scFv M6P-1 was shown to bind to glycoproteins con-
taining Man6P, allowing the direct identification and quantification
of Man6P residues on proteins (Schröder et al. 2010; Madhavarao
et al. 2014) and the indirect determination of GlcNAc-1-
phosphotransferase or Man6P phosphatase activities (Pohl, Tiede,
et al. 2010; Makrypidi et al. 2012). Further, these studies have de-
monstrated that scFv M6P-1 has the potential to be a powerful add-
itional tool for the fast and economical diagnosis of MLII andMLIII
by simple western blotting (Müller-Loennies et al. 2010; Pohl,
Encarnacão, et al. 2010).

To better understand the specificity of scFv M6P-1 towards phos-
phorylated high mannose-type N-glycans and to explore its
anti-carbohydrate specificity in comparison with MPR P-type lectins,
we have determined its reactivity with a large number of high
mannose-type N-glycans and used single crystal X-ray diffraction to
determine the structure of the Fv in complex with Man6P.

Results

Dependence of scFv M6P-1 binding on pH

The binding of scFv M6P-1 to an immobilized neoglycoconjugate
of pentamannose phosphate (PMP) from Hansenula holstii

phosphomannan linked to bovine serum albumin (BSA) was investi-
gated by ELISA at pH 5.0, 6.0, 6.4 and 7.4 (Figure 2), as Man6P
has a pKa

2 ¼ 6:1 (Hassid and Ballou 1957; Gracy and Noltmann
1968). PMP is a mixture of glycans consisting of α1→ 3-linked Man
residues containing Man6P at the non-reducing terminus and a single
α1→ 2-linkedMan at the reducing end (Parolis et al. 1998; Ferro et al.
2002). The optimum binding was observed at pH 7.4 and 6.4, and it
was about 2-fold reduced at pH 6.0. The affinity dramatically de-
creased with reduction in pH by three orders of magnitude and was es-
sentially lost at pH 5.0. In an ELISA inhibition assay D-mannose
6-sulfate at 100 mM was unable to inhibit the binding of scFv
M6P-1 to PMP-BSA.

Specificity of scFv M6P-1 towards high mannose-type

N-glycans

The specificity of scFv M6P-1 towards high mannose-type N-glycans
was determined by interrogating a phosphorylated glycan array (Song
et al. 2009; Castonguay et al. 2012) with a biotinylated scFv M6P-1
(Figure 3). As positive controls, wemeasured binding of a soluble form
of the MPR300, which was purified from fetal bovine serum by
phosphomannan affinity chromatography as described previously
(Tong and Kornfeld 1989), and binding by concanavalin A (Con A,
a mannose-specific lectin). The glycans were printed on the array
and reactivity with Con A at 0.5 µg/mL indicated that all glycans on
the array were accessible to binding and present in sufficient amounts.
The differential binding observed by Con A is either due to differences
in the structures that impact Con A binding or slight differences in the
concentration of printed glycan. At higher Con A concentrations
(10 µg/mL) binding of the glycans is similar (Castonguay et al.

Fig. 1. Primary structure of the variable domains of the light (VL) and heavy

chain (VH) scFv M6P-1 obtained by phage display from an immunized rabbit.

The sequence determination has been published (Müller-Loennies et al.

2010) and residues were numbered using a world wide web interface (http://

www.bioinf.org.uk/abs/) applying the Kabat convention (Martin 1996). Amino

acids involved in interactions with the ligand in the crystal structure are shown

with increased font size. This figure is available in black and white in print and in

color at Glycobiology online.
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2012). The binding profile of the MPR300 revealed binding to all
phosphorylated glycans, including phosphodiesters and are therefore
in agreement with previous results (Song et al. 2009; Castonguay et al.
2012). Taken together, these control studies demonstrate the validity
of the phosphorylated glycan array.

The glycan array analysis (Figure 3) using the biotinylated scFv
M6P-1 revealed that it bound specifically mono- and diphosphorylated
Man6 (PM6 and 2(P)M6, respectively) as well as diphosphorylated
Man7 glycans 2(P)M7(1) and 2(P)M7(3) which all contained αMan6P
(1→ 2)αMan(1→ 3)αMan, i.e. Man6P in the A-arm. The strongest sig-
nal was obtained for PM6. Glycans lacking phosphate and those con-
taining αGlcNAc-1-P-6-αMan phosphodiesters were not bound by the
scFv. High mannose-type N-glycans that contained Man6P in the
C-arm, i.e. αMan6P(1→ 2)αMan(1→ 6)αMan in structures PM8(1),
and PM9 were also not bound by scFv M6P-1. Remarkably, this was
also the case for 2(P)M9 despite the presence of Man6P on the A-arm.

Crystal structure analysis: ambiguity in space group

assignment and pseudo-merohedral twinning of Fv

M6P-1 crystals

The Fv M6P-1 was generated by cleavage of the scFv linker, and sub-
sequently crystallized and soaked with Man6P. Diffraction data were
collected to 2.7 Å resolution, and initially indexed, integrated and
scaled in a primitive tetragonal Bravais lattice. Systematic absences in-
dicated space group P41212 or P43212. Cell content analysis predicted
two molecules in the asymmetric unit (AU); however, molecular re-
placement (using the coordinates of the variable domain dimer of
the only rabbit antigen binding fragment of an antibody (Fab) then de-
posited in the Protein Data Bank (Berman et al. 2000) (http://www.
pdb.org), 4HBC, as a search model initially located only one molecule
of the asymmetric unit. An extensively refined partial solution used as
a model eventually yielded a full solution in P41212, but refinement
stalled with R factors >40% and electron density that did not match
entire lengths of the polypeptide chain.

The assumption was made that the space group was incorrect and
the data were examined for evidence of twinning. The data were re-
indexed into a primitive orthorhombic Bravais lattice with unit cell
axes a = 60.6 Å, b = 128.05 Å and c = 127.30 Å. Analysis of data
by PHENIX.xtriage (Adams et al. 2010) revealed a significant off-
origin peak at coordinates 0.000, 0.473, 0.473, with a height
28.44% of the origin. Twin law tests revealed pseudo-merohedral
twinning with the operator –h, l, k and an estimated twinned fraction
of 0.419 (Britton analyses), 0.437 (H-test) or 0.435 (maximum like-
lihood method). The structure was then solved by molecular replace-
ment in space group P212121 with four Fv molecules in the AU.
Multiple rounds of model building and refinement yielded a final
model with Rwork = 0.228 and Rfree = 0.269 and a final refined twin
fraction of 0.480.

Structure of Fv M6P-1 in complex with Man6P
The data collection and refinement statistics for Fv M6P-1 with
Man6P are given in Table I. The four crystallographically independ-
ent Fv molecules each contain a heavy and light chain, labeled H/L,
A/B, C/D and E/F. Excellent electron density was observed for the
Man6P monosaccharide in each of the four Fv molecules in the
AU (Figure 4A) and for the polypeptide chain generally, although
each light chain has regions of weak or interrupted electron density
around residues 7–10, 14–16 and 93–95B, opposite the combining
site (for numbering of residues see Figure 1). Residues were num-
bered using a world wide web interface (http://www.bioinf.org.uk/
abs/) (Martin 1996) applying the Kabat convention, with heavy
and light chain residues designated with an H or L, respectively,
and with amino acid insertions designated with capital letters to
keep conserved residues properly aligned. Superposition of the four
Fv in the AU showed that the complementarity determining regions
(CDR) of all four molecules in the AU adopt the same conformations
(Figure 4B), with the exception that in two of the four light chains,
SerL94 (chain L) or AsnL95A (chain B) of CDR L3 is not modeled
due to ambiguous electron density. Each of the four Fv in the AU
displays electron density consistent with a buffer-derived sulfate
ion linked by hydrogen bonds and a salt bridge to GlnL42 and
ArgL43, well outside the combining site. Two of the four Fv display
electron density for an additional sulfate ion coordinated to
ArgL95C in the combining site (chains D and F), which also main-
tain their salt bridge interactions toMan6P. The two Fv with this sul-
fate ion present have somewhat better electron density for residues
L93–L95B than the two without.

Fv M6P-1 makes four hydrogen bond contacts to the mannose
ring of Man6P through CDR H1 and H3 (Figure 5A). The side
chain of ThrH33 forms a hydrogen bond with the Man6P ring oxy-
gen, the backbone carbonyl of AspH95 forms a hydrogen bond to
OH-2, and the side chain of AspH95 and the backbone amide of
AsnH98 form hydrogen bonds to OH-3. There is an additional
hydrogen bond seen between ThrH33 main chain N and OH-2,
where the distance is observed to lie between 2.99 and 3.45 Å de-
pending on the AU. Fv M6P-1 binds to the phosphate group on
Man6P through CDR L1 and CDR L3 where both ArgL32 and
ArgL95C form salt bridges. There are small variations in the hydro-
gen bond distances between the four molecules in the AU due to
modest differences in refined orientations of protein side chains
and the ligand.

The soaked ligand Man6P is capable of mutarotation, but in each
case the electron density of the Man6Pmolecule is consistent with the
α-anomeric form. Superposition of β-mannose in the combining site

Fig. 2. Binding of scFvM6P-1 to immobilized PMP-BSA at different pH in ELISA.

ScFv M6P-1 (Mw 28,228 Da) dissolved in the indicated buffers was titrated

starting from 5 µg/mL (177 nM) on PMP-BSA neoglycoconjugate immobilized

on polystyrene ELISA plates (85 ng/cup≈ 24 pmol of PMP). The datawere fitted

by non-linear regression to a logistic function using Origin v. 7.0 SR4

(OriginLab Corp., Northampton). Displayed are the duplicate data points and

the fitted curve. This figure is available in black and white in print and in

color at Glycobiology online.
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Fig. 3. Binding of scFv M6P-1 to glycans immobilized in an array on glass slides. The glycan microarray used in this analysis contained the schematically depicted

glycans that were printed in replicates of four at a concentration of 100 µMwith the exception of glycans 3, 7, 11, 12, 15, 18 and 21, whichwere only available at lower

concentrations (<100 µM). Below a structure code is given where G = GlcNAc (blue squares), P = phosphate (light yellow circles) and M =Man (green circles).
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reveals steric clashes of OH-1 with the backbone of residues
TyrH32 and ThrH33.

FvM6P-1 is a unique anti-carbohydrate antibody in its origin from
rabbit. Rabbit antibodies generally have longer andmore diverse CDR
L3s compared with humans and mice (Lavinder et al. 2014), and Fv
M6P-1 follows this trend with a 12-residue CDR L3 [determined with
IMGT/V-QUEST (Brochet et al. 2008)]. This does not however appear
to be a critical factor in Man6P recognition as CDR L3 is backward
leaning (Figure 4B) and makes only one direct interaction from
ArgL95C to Man6P (Figure 5A). Fv M6P-1 displays no otherwise un-
usual features compared with other anti-carbohydrate antibodies
(Haji-Ghassemi et al. 2015).

Discussion

ScFv M6P-1 recognizes a single carbohydrate residue

The Man6P-specific scFv M6P-1 was obtained by immunization with
PMP, implying a structural similarity between αMan6P(1→ 2)αMan
and αMan6P(1→ 3)αMan leading to cross-reaction of the yeast PMP

and natural lysosomal glycoproteins with antibodies. Yet, the crystal
structure analysis revealed that the lack of specificity for the glycosidic
linkage can be explained by a small pocket-type combining site that
specifically recognizes only the terminal carbohydrate residue. This
is in contrast to almost all other known antibodies against carbohy-
drates where, despite the dominance of a single residue providing
most of the binding energy, multiple residues of the carbohydrate anti-
gen are in contact with the antibody. From early studies, it was esti-
mated that the smallest antibody combining site can accommodate
two to three monosaccharide residues (Arakatsu et al. 1966; Bundle
et al. 1994). Thus, scFv M6P-1 is one of very few antibodies reported
to exhibit high affinity (Kd = 28 µM) (Müller-Loennies et al. 2010) for
a single monosaccharide residue.

Two different mechanisms for the antibody recognition of mono-
saccharides have been observed. First, there exist a number of crystal
structures of antibodies specific for various chlamydial oligosacchar-
ide antigens in complex with a 3-deoxy-α-D-manno-oct-2-ulosonic
acid (Kdo) monosaccharide (Brooks et al. 2008; Brooks, Blackler,
et al. 2010; Brooks, Müller-Loennies et al. 2010; Blackler et al.
2012), which have affinities for the monosaccharide in the range of
3–90 μM. In these cases, monosaccharide binding is achieved through
a pocket of conserved sequence containing specific hydrogen bonds
and a strong salt bridge to a sugar carboxylate.

Second, and in contrast, antibody S-20-4 has been determined to
achieve an affinity of 39 μM for a terminal monosaccharide of the
Vibrio cholerae Ogawa O-specific polysaccharide [oligomer of α1→
2-linked 4-amino-4,6-dideoxy-D-mannose (perosamine) N-acylated
with 3-deoxy-L-glycero-tetronic acid] through a significant hydropho-
bic effect (Wang et al. 1998; Villeneuve et al. 2000).

ScFv M6P-1 achieves specificity for mannose

6-phosphate through targeted hydrogen bonds and

charged-residue interactions

ScFvM6P-1 achieves its affinity and specificity through several hydro-
gen bonds and important salt bridge interactions to the small carbo-
hydrate antigen. ScFv M6P-1 was previously determined not to bind
mannose, glucose or glucose 6-phosphate (Glc6P) (Müller-Loennies
et al. 2010), and binding to PMP-BSA was not inhibited by mannose
6-sulfate (this study). The crystal structure presents a clear rationale
for specific recognition of Man6P by scFv M6P-1, but not mannose,
as the scFv makes two salt bridges to the phosphate group from
ArgL32 and ArgL95C (Figure 5A). In this sense, M6P-1 is similar to
Kdo-binding antibodies that also utilize a salt bridge interaction
(Brooks et al. 2008; Brooks, Blackler et al. 2010; Brooks, Müller-
Loennies et al. 2010; Blackler et al. 2012).

The lack of measurable affinity for Glc6P can be traced to the
hydrogen bonds formed by the axial O2 of Man6P to AspH95 O
and ThrH33 N (depending on which molecule in the AU) that could
not be formed by the equatorial O2 on Glc. The lack of binding to
Man6S (with an ionization state of −1) indicates that strong

Table I. Data collection and refinement statistics for liganded Fv

M6P-1

Fv M6P-1 with Man6P

Resolution (Å) 30.1–2.72(2.79–2.72)a

Space group P212121
a (Å) 60.6
b (Å) 128.1
c (Å) 127.3
No. of molecules per asymmetric unit 4
Rsym
b 0.105 (0.392)

I/σ(I) 7.6 (2.4)
Completeness (%) 81.2 (86.3)
Redundancy 2.5 (2.5)
Unique reflections 20805
Refinement
Rwork (%) 22.6
Rfree (%) 26.7
No. of waters 153
r.m.s bonds (Å) 0.0090
r.m.s. angles (°) 1.489
Mean B (Å2) 30.4
Wilson B (Å2) 33.0

Ramachandran
Favored 94%
Allowed 5%
Outliers 1%

aValues in parentheses represent the highest resolution shell.
bRsym = ΣhklΣi|Ii(hkl)− 〈I(hkl)〉|/ΣhklΣiIi(hkl), where Ii(hkl) is the intensity of

each ith redundant observation of reflection hkl, and 〈I(hkl)〉 is the average
intensity of a given reflection hkl.

Glucose and Galactose in controls are depicted as blue and yellow circles, respectively. Numbers indicate the number of residues and isomers are distinguished by

numbers in brackets. N-Glycan residues are designated as schematically depicted in the lower panel following the nomenclature as published (Castonguay et al.

2012). The array was interrogated with biotinylated scFv M6P-1 and Con A and affinity purified fetal bovine serum MPR300. Bound scFv M6P-1 and Con A were

quantified after incubation with Cy5-labeled streptavidin and MPR300 was assayed using a rabbit polyclonal antibody and a Cy5-labeled anti-rabbit IgG as

described (Castonguay et al. 2012). Con A and MPR300 served as positive controls to validate the array. Relative fluorescence units were determined as the

average of four replicates, and the glycan numbers correspond to the glycans above. Biotinylated Con A at 0.5 µg/mL (left) was detected with Cy5 Streptavidin

(5 µg/mL); biotinylated scFv M6P-1 at 20 µg/mL (middle) detected with Cy5 Streptavidin (5 µg/mL); MPR300 at 5 µg/mL (right) detected with a rabbit polyclonal

antibody (1:250 dilution) and Cy5-labeled goat, anti-rabbit IgG at 5 µg/mL. Slides were scanned for Cy5 in a ProScaArray scanner (PerkinElmer) and average

fluorescence units were determined using the corresponding ProScanArray software.
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Fig. 4. Crystal structure of scFv M6P-1 (A). Fo− Fc omit electron density maps contoured to 2σ for Man6P in each of the four Fv molecules in the AU. The refined

coordinates of the corresponding Man6P are superposed for clarity. (B) Superposition of M6P-1 binding sites of the four molecules in the asymmetric unit,

displaying α-carbon backbones of CDR loops and the Man6P molecule of each unit. Chains H/L in green, A/B white, C/D tan and E/F blue.

Fig. 5. Comparison ofMan6P-binding sites of FvM6P-1 and bovineMPR. Stereoviews of the binding sites of (A) FvM6P-1 (light chain green, heavy chain tan), (B) the

CRD ofMPR46 (pdb code 1M6P; Roberts et al. 1998) and (C) the CRD formed by theN-terminal domains 1–3 ofMPR300 (pdb code 1SYO; Olson et al. 2004), showing

hydrogen bonds and salt bridges as dashed yellow spheres.
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charged-residue interactions are imperative for binding, and supports
the ELISA data that showed that binding is lost at pH below the
second pKa of Man6P (pK = 6.1, Hassid and Ballou 1957; Gracy
and Noltmann 1968). The scFv M6P-1 was crystallized at a pH of
8.5, which would result in a charge of −2 for the phosphate moiety
thus allowing for strong salt bridges to be formed.

The observed lack of binding to phosphodiesters can be explained
by the loss of one negative charge on the phosphate because a charge
of −1 is insufficient for binding. In addition, the combining site of the
Fv is sterically restricted surrounding the phosphate (Figure 6A) and
could only accommodate a phosphodiester with the second sugar
directed upwards away from the binding site.

Comparison of scFv M6P-1 and P-type lectin Man6P
recognition strategy

The MPR46 and MPR300 are well-studied P-type lectins that bind
high mannose-type glycans containing Man6P (reviewed in Dahms
et al. 2008) allowing a comparison of the antibody combining site
with the lectin carbohydrate recognition domains (CRDs). MPR46
forms stable homodimers with a single Man6P CRD per monomer
and binds almost exclusively phosphomonoesters (Distler et al.
1991; Olson et al. 2008; Song et al. 2009). In contrast, the
MPR300 contains four independent Man6P-binding sites and binds
strongly to almost all phosphomono- as well as phosphodiesters,
such as Man-P-GlcNAc (Song et al. 2009) (Figure 5). It contains
two high-affinity Man6P-binding sites and a low-affinity-binding
site that has been shown to bind Man-P-GlcNAc with higher affinity
than Man6P (Chavez et al. 2007; Olson et al. 2010).

The crystal structures of the bovine MPR46 in complex with pen-
tamannosyl phosphate (PMP, PDB code 1C39) (Olson et al. 1999) and
of the N-terminal domains 1–3 of MPR300 in complex with Man6P
(PDB code 1SZ0) (Olson et al. 2004) have revealed in both MPRs five
conserved interactions from Tyr, Gln, Arg, Tyr and Glu to the pyra-
nose ring (Figure 5). A total of 11 possible hydrogen bonds to the pyr-
anose ring lead to a high-affinity-binding site.

Surprisingly, the phosphate is bound by the high-affinity-binding
site in domains 1–3 of the MPR300 only by two hydrogen bonds
without any salt bridge interaction, yet it has been reported to ex-
hibit an affinity for Man6P similar to MPR46 (Tong et al. 1989;
Tong and Kornfeld 1989), which binds the phosphate through one
salt bridge (His105) and three hydrogen bonds (Asn103, Asn104)
and loses binding to Man6P upon His105 deprotonation (Olson
et al. 2008).

In contrast to the lectin MPR structures, the interaction between
the antibody Fv M6P-1 and Man6P is dominated by the phosphate
moiety, which formsmono- and bidentate salt bridges through two ar-
ginine side chains (ArgL32, ArgL95C). The combining site of Fv
M6P-1 displays only four hydrogen bonds to the pyranose ring of
Man6P. Two of these bonds are from the protein main chain atoms
in FvM6P-1, whereas all hydrogen bonds in theMPRs to the pyranose
ring are from side chains.

The combining site of Fv M6P-1 is similar to the MPR46 binding
site with steric restriction about the phosphate moiety (Figure 6A and B),
consistent with its inability to accommodate phosphodiesters.
The MPR300-binding site formed by domains 1–3 is less restricted
than that of MPR46 (Figure 6C); however, a Man-P-GlcNAc
phosphodiester-binding site is also located in domain 5 (Bohnsack
et al. 2009). Determination of the solution NMR structure of domain
5 revealed a binding site less sterically crowded than MPR46 (Olson
et al. 2010).

ScFv M6P-1 is specific for glycans containing terminal

αMan6P(1→ 2)αMan(1→ 3)αMan

In addition to its inability to bind non-phosphorylated or phospho-
diester glycans, scFvM6P-1 differentiates between phosphomonoester
glycans with specificity for those containing αMan6P(1→ 2)αMan
(1→ 3)αMan (Figure 3, structures 16–18). The lack of scFv M6P-1
binding to glycans PM8(1), PM9 and 2(P)M9 showed that it does
not cross-react with αMan6P(1→ 2)αMan(1→ 6)αMan and indi-
cated that glycans with two consecutive terminal α(1→ 2)-linkages
as in αMan6P(1→ 2)αMan(1→ 2)αMan(1→ 3)αMan are not
bound. Therefore, the observed cross-reaction between PMP and
N-glycans is due to the fact that the scFv is permissive for the change
from α(1→ 3) to α(1→ 2) only in the terminal linkage but not in the
penultimate position.

While Man6P monosaccharide is capable of mutarotation, each
of the Man6P molecules is observed clearly bound in the α-
configuration, which points the anomeric oxygen away from the bind-
ing pocket (Figure 6A). The CDR loops do not extend significantly
beyond the level ofMan6P in this pocket nor domany side chains pro-
trude. With the exception of TrpH31, which could possibly stack
against additional mannose residues, there is little potential for steric
hindrance of glycans displaying a terminal αMan6P. However, when
αMan6P(1→ 3)αMan(1→ 3)αMan of PMP from the complex struc-
ture with MPR46 (PDB 1C39) is aligned with bound Man6P in the
M6P-1 structure, there are significant clashes with the second and
third mannose residues, with the third completely overlapping the pro-
tein. Yet, as M6P-1 was generated using PMP, alternate conforma-
tions of this ligand must exist.

Considering ligand flexibility, the shallow-binding site and the
dominance of the phosphate in the interaction, binding of Fv M6P-1
to αMan6P(1→ 2)αMan(1→ 2)αMan(1→ 3)αMan or αMan6P
(1→ 2)αMan(1→ 6)αMan appeared feasible, in principal. An alterna-
tive explanation for the lack of binding may therefore be a conform-
ational change induced in the antigen due to the presence of Man
(Figure 3, residue I) inducing steric crowding which renders not only
Man6P on the C-arm but also on the A-arm inaccessible due to back-
folding of the C-arm towards the core GlcNAc. Such conformational
rearrangements affecting the whole triantennary structure have been
predicted for higher N-glycans from molecular dynamics simulations
(Balaji et al. 1994; Qasba et al. 1994) and nuclear magnetic resonance
experiments (Vliegenthart et al. 1983; Kamiya et al. 2013). Neverthe-
less, the binding to PM8 and PM9 by MPR300 domain 9 (Bohnsack
et al. 2009) showed that the Man6P on the C-arm is in fact accessible
to protein binding. Therefore, the surface of M6P-1 adjacent the
Man6P pocket must clash with the PM9, 2(P)M9 and PM8(1) epi-
topes bound by MRP300.

ScFv M6P-1 will recognize several glycoproteins possessing
terminal Man6P residues, which facilitates the diagnosis of
MLII and MLIII by western blotting demonstrating the loss or sig-
nificantly lowered levels of several Man6P-containing proteins, re-
spectively, in extracts of cultured fibroblast of patients compared
with healthy individuals (Müller-Loennies et al. 2010; Pohl,
Encarnacão, et al. 2010). The lack of scFv M6P-1 binding to
higher Man8 or Man9 N-glycan structures that are phosphory-
lated on the C-arm will certainly lead to an underestimation of
the total Man6P content of glycoproteins based on western blot
analysis. However, structural analyses by mass spectrometry indi-
cate that the glycan structures containing <8 mannose residues are
by far the most abundant on lysosomal enzymes, e.g. arylsulfatase
A (Schröder et al. 2010).
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Fig. 6. Binding surfaces of Fv M6P-1 and MPRs. Top-down and side-view surface representations of Fv M6P-1, MPR46 (PDB code 1C39) and MPR300 domains 1–3

(PDB code 1SZ0). In each side-view, the model is clipped through the binding pocket. The dashed line in the top-down view indicates the location of the clipping

plane. (A) Fv Man6P in complex with Man6P. Displayed above the side-view is a model of array glycan #16 for size comparison. (B) MPR46 in complex with PMP,

showing only αMan6P(1→ 3)αMan(1→ 3)αMan as observed in that structure. Manganese ion is displayed as amauve sphere. (C) MPR300 domains 1–3, sequentially

colored yellow, orange, and mauve, in complex with Man6P.

188 R J Blackler et al.



pH-dependent binding of scFv M6P-1 and MPRs stems

from ionization of phosphate

The scFv M6P-1, MPR46 and MPR300 all have similar observed af-
finities for Man6P with KD values in the range of 7–28 µM (Tong
and Kornfeld 1989; Müller-Loennies et al. 2010). The common
theme is the presence of charged residues making ion-dipole
and/or salt bridge interactions. Neither MPR binds Man6P at pH
<5, which has been explained in MPR46 by the disruption of elec-
trostatic inter-subunit interactions and the protonation of E133,
one of the critical Man6P-binding residues (Waheed et al. 1990;
Waheed and von Figura 1990; Olson et al. 2008). Interestingly,
the strongest binding of scFv M6P-1 to PMP was seen at pH 6.4
and 7.4, with ∼2-fold reduced binding at pH 6.0 and no observed
binding at pH 5.0, yet the binding site possesses no residues with
pKa in this range. It is therefore likely that the loss of affinity at
pH 5.0 is mainly driven by a change of the protonation state of the
phosphate moiety of Man6P ( pKa

2 ¼ 6:1, Hassid and Ballou 1957;
Gracy and Noltmann 1968).

While the effect of phosphate ionization on the loss of Man6P
binding by MPR46 at acidic pH was not discussed for the release of
cargo into the endosomal compartment (Olson et al. 2008), it is likely
a critical factor in pH-dependent binding (Tong and Kornfeld 1989)
given the extensive charge coordination in the binding site (Figure 5B).
Although there are no salt bridges to Man6P observed in the structure
of MPR300 domains 1–3, there are potential long-range charge inter-
actions from Arg391, Lys358 and Lys125 (between 4.8 and 6.9 Å)
that may be weakened by Man6P protonation. The sequence align-
ment of MPR300 domains 3, 5 and 9 with MPR46 reveals histidine
and lysine residues of MPR300 domain 9 in a similar position to
His105 of MPR46 that forms a salt bridge to Man6P (Reddy et al.
2004). Therefore, Man6P protonation may also explain the mechan-
ism by which the MPR300 releases its cargo into the acidic lumen of
endosomes, for which structural changes of the protein have not been
observed, and provides an explanation why a system based onMan6P
recognition has evolved for shuttling glycoproteins to the lysosome.

Conclusions

The Fv M6P-1 is shown to distinguish N-glycan phosphorylation in
a branch-specific manner, with specificity for A-branch terminal
αMan6P(1→ 2)αMan(1→ 3)αMan present on glycans PM6, 2(P)
M6, 2(P)M7(1) and 2(P)M7(3). This specificity and the predominance
of glycans with fewer than 8Man residues on lysosomal enzymes sup-
port the potential utility of scFv M6P-1 in the diagnosis of MLII and
MLIII or in protein purification for enzyme replacement therapy. The
crystal structure of Fv M6P-1 in complex with Man6P reveals that the
basis for its ability to react with terminal αMan6P is a shallow
monosaccharide-binding pocket with multiple hydrogen bonds to
the pyranose ring and two salt bridges to the phosphate moiety. The
loss of Man6P binding by scFv M6P-1 <pH 6.0 is found to be due to
Man6P protonation and the associated weakening of salt bridge inter-
actions, and a similar effect occurring in the MPRs with Man6P
protonation rationalizes the evolution of the Man6P-based lysosomal
enzyme transport pathway.

Materials and methods

Preparation of Fv M6P-1

The generation of scFv M6P-1 by immunization and phage display
and its expression and purification have been described previously

(Müller-Loennies et al. 2010). Fv was produced from M6P-1 scFv
by incubation with subtilisin at a ratio of 1:300 (w/w) to digest the
flexible linker so as to prevent oligomerization. The digest was per-
formed at room temperature in 20 mM HEPES, pH 7.2, with
150 mM NaCl for 3 h and quenched by the addition of 1 mM
PMSF (G-biosciences). The Fv was further purified by size-exclusion
chromatography (Phenomenex BioSep SEC-s3000 column) using
HEPES, pH 7.2, with 150 mM NaCl as the mobile phase.

Preparation of mannose-6-phosphate

Man6P was prepared from benzyl 2,3,4-tri-O-benzyl α-D-mannoside
(Lu et al. 2005). In brief, benzyl 2,3,4-tri-O-benzyl β-D-mannoside
was phosphorylated with dibenzyl N,N-diethylphosphoramidite and
treated with mCPBA to give the phosphate triester. Hydrogenolysis
of the resulting benzyl 2,3,4-tri-O-benzyl-1-O-dibenzylphosphoryl
β-D-mannoside over Pd/C and purification using ion exchange resin
(Dowex® Na+ form) gave the disodium salt of Man6P.

Biotinylation and ELISA-binding assays

The scFv M6P-1 was biotinylated using sulfo-NHS-LC-biotin (Ther-
mo Fisher Scientific, Bonn, Germany). The reagent was dissolved to
10 mM in water and 0.05 mL added to 0.7 mL of purified scFv
(1.0 mg/mL) in PBS, pH 7.4. After 2 h on ice excess reagent was re-
moved by dialysis against PBS. The activity of the biotinylated scFv
was verified by ELISA against PMP-BSA using a secondary antibody
(ascites from mAb 9E10) against the c-myc tag as described (Müller-
Loennies et al. 2010) and an HRP-conjugate of streptavidin (Dianova,
Germany).

For the ELISA-binding assays at different pH, the scFv (1 mg/mL in
PBS, pH 7.4) was diluted to the starting concentration of 0.005 mg/
mL in citrate-phosphate buffer containing 150 mM NaCl with a pH
adjusted to 5.0, 6.0 or 6.4. The binding curves were determined as de-
scribed (Müller-Loennies et al. 2010) in these buffers and compared
with the binding curve of scFv in PBS, pH 7.4.

ELISA inhibition was performed as described (Müller-Loennies
et al. 2010) using mannose 6-sulfate (sodium salt, Dextra), Man6P
and Man at starting concentrations of 100 mM.

Glycan microarray analysis

The phosphorylated glycan array was produced and the analyses were
performed as previously described, and the data were reported as his-
tograms of average Relative Fluorescent Units corresponding to glycan
structures identified by chart ID (Song et al. 2009; Castonguay et al.
2012). The carbohydrate structures are depicted in Figure 3. As nega-
tive controls lacto-N-neotetraose (#22), NA2 (#23), PBS (#24 and 25)
and biotin (#26) were included. The positive controls were carried out
with biotinylated concanavalin A (Vector Labs) at 0.5 µg/mL detected
with Cy5-labeled Streptavidin (Invitrogen) and a soluble form of the
MPR300 at 5 µg/mL detected with a rabbit anti-MPR300 polyclonal
antibody (B14.5 at 1:250 dilution) and Cy5-labeled anti-rabbit IgG
(Invitrogen) at 5 µg/mL. The MPR and B14.5 antibody were kindly
provided by Nancy Dahms (Medical College of Wisconsin, Milwau-
kee, WI). The biotinylated scFv M6P-1 was analyzed on the CFG gly-
can microarray and those data, which are available on the CFG
website (http://www.functionalglycomics.org), indicated that it
bound only mannose-6-phosphate among the 610 glycans printed
on v5.1 of the CFG array. The biotinylated scFv M6P-1 was applied
to the phosphorylated glycan array at 200, 20 and 2 µg/mL in buffer
containing EDTA and detected with Cy5-labeled Streptavidin.
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Crystallization of Fv M6P-1

Purified Fv was concentrated to 14 mg/mL using Amicon Ultra centri-
fugal filters. Crystallization screens were set up using an Art Robbins
Instruments Gryphon robot. Small needle-like crystals appeared in
Hampton Index screen (Hampton Research, Aliso Viejo, CA) condition
#6 (0.1 M Tris, pH 8.5, with 2 M ammonium sulfate) after 4 days.

Ligand soaking, data collection, structure determination

and refinement

Crystals were soaked in mother liquor with 2 mM Man6P and flash
frozen to −160°C with an Oxford Cryostream 700 crystal cooler
(Oxford Cryosystems, Devens, MA) using CryoOil (MiTeGen, Ithaca,
NY) as cryoprotectant. Data were collected on beamline CMCF-ID at
the Canadian Light Source synchrotron (Saskatoon, SK) and pro-
cessed using HKL2000 (HKL Research, Charlottesville, VA). Data
quality were analyzed using PHENIX.xtriage (Adams et al. 2010).
The structure of liganded Fv M6P-1 was solved by molecular replace-
ment using PHASER (McCoy et al. 2007) with the variable domain of
the antibody heavy chain (VH) and variable domain of the antibody
light chain (VL) of a rabbit Fab (PDB code 4HBC) as a model. Manual
fitting of Fo− Fc and 2Fo− Fc electron density maps was carried out
with Coot (Emsley et al. 2010) and SetoRibbon (S. V. Evans, unpub-
lished). TLS and restrained amplitude-based twin refinement allowing
isotropic thermal motion was carried out with REFMAC5 as imple-
mented in CCP4 (Winn et al. 2011). The final refinement and model
statistics are given in Table I.

Visualization and graphics

Crystal structure figures were produced using SetoRibbon (S. V.
Evans, unpublished) and UCSF Chimera (Pettersen et al. 2004). Chi-
mera is developed by the Resource for Biocomputing, Visualization
and Informatics at the University of California, San Francisco (sup-
ported by NIGMS P41-GM103311).

Sequence analysis

The sequence of Fv M6P-1 was analyzed with UCL AbCheck and the
structure was numbered according to the Kabat method (http://www.
bioinf.org.uk/abs/; Martin 1996).
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termining region; CRD, carbohydrate recognition domain; Fab, antigen binding
fragment of an antibody; Fv, variable fragment of an antibody (scFv-fragment
after enzymatic cleavage of the linker); Glc, glucose; Glc6P, glucose 6-phosphate;
GlcNAc-1-phosphotransferase, UDP-N-acetylglucosamine:lysosomal enzy-
me N-acetylglucosamine-1-phosphotransferase; Man, mannose; Man6P, man-
nose 6-phosphate; ML, mucolipidosis; MPR46, 46 kDa cation-dependent
mannose 6-phosphate receptor; MPR300, 300 kDa cation-independent man-
nose 6-phosphate receptor; PMP, pentamannose phosphate from Hansenula
holstii; scFv, single-chain fragment variable; VH, variable domain of the anti-
body heavy chain; VL, variable domain of the antibody light chain.
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