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Summary

Targeting of newly synthesized lysosomal hydrolases
to the lysosome is mediated by the cation-dependent
mannose 6-phosphate receptor (CD-MPR) and the in-
sulin-like growth factor Il/cation-independent man-
nose 6-phosphate receptor (IGF-11/CI-MPR). The two
receptors, which share sequence similarities, constitute
the P-type family of animal lectins. We now report the
three-dimensional structure of a glycosylation-defi-
cient, yet fully functional form of the extracytoplasmic
domain of the bovine CD-MPR (residues 3-154) com-
plexed with mannose 6-phosphate at 1.8 A resolution.
The extracytoplasmic domain of the CD-MPR crystal-
lizes as a dimer, and each monomer folds into a nine-
stranded flattened B barrel, which bears a striking
resemblance to avidin. The distance of 40 A between
the two ligand-binding sites of the dimer provides a
structural basis for the observed differences in binding
affinity exhibited by the CD-MPR toward various lyso-
somal enzymes.

Introduction

In higher eukaryaotic cells, mannose 6-phosphate recep-
tors (MPRs) mediate the delivery of newly synthesized
soluble acid hydrolases to the lysosome by binding spe-
cifically to mannose 6-phosphate (Man-6-P) residues
found on their N-linked oligosaccharides. The resulting
MPR/lysosomal enzyme complex is transported from
the Golgi to an acidified, prelysosomal compartment
where the low pH of the compartment induces the com-
plex to dissociate. The released lysosomal enzymes are
packaged into lysosomes while the receptors either re-
turn to the Golgi to repeat the process or move to the
plasma membrane where they function to internalize
exogenous ligands. The observation that a defect in this
targeting pathway results in a severe human lysosomal
storage disease, mucolipidosis Il, emphasizes the es-
sential role of this phosphomannosyl recognition system
in the biogenesis of lysosomes (for reviews, see von
Figura and Hasilik, 1986; Dahms et al., 1989; Neufeld,
1991; Munier-Lehmann et al., 1996a).

Two distinct type | integral membrane glycoproteins
have been identified as MPRs. The 46 kDa cation-depen-
dent MPR (CD-MPR) exhibits optimum Man-6-P binding
in the presence of divalent cations (Tong and Kornfeld,
1989; Li et al., 1990). Sequence analysis of the bovine
CD-MPR reveals that it is comprised of a 28-residue
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amino-terminal signal sequence, a 159-residue extracy-
toplasmic domain, a single 25-residue transmembrane
region, and a 67-residue carboxyl-terminal cytoplasmic
domain (Dahms et al., 1987; see Figure 1). The second
MPR, the 275 kDa insulin-like growth factor Il/cation-
independent MPR (IGF-II/CI-MPR), is multifunctional in
that it binds proteins bearing the Man-6-P recognition
marker as well as the peptide hormone IGF-II (Tong et
al., 1988; Waheed et al., 1988; Kornfeld, 1992). The IGF-
II/CI-MPR consists of an amino-terminal signal se-
quence, a 2269 residue extracytoplasmic region com-
posed of 15 homologous repeating domains, a single
transmembrane region, and a 163-residue carboxyl-ter-
minal cytoplasmic domain. The extracytoplasmic region
of the CD-MPR, unlike the transmembrane and cytosolic
regions, shares sequence similarities (ranging from
14%-28% sequence identity) with each of the 15 re-
peating domains of the IGF-II/CI-MPR (Lobel et al.,
1988). However, since these two receptors share no
obvious sequence similarity with other lectins, it has
been proposed that the two MPRs contain a distinct
class of sugar-binding domains, resulting in their desig-
nation as P-type lectins (Drickamer and Taylor, 1993).
Due to their common function in targeting lysosomal
enzymes and the similarities in their amino acid se-
quence, it has been suggested that the MPRs evolved
from a common ancestral gene (Dahms et al., 1987).
Little is known about the molecular interactions re-
quired for the specific binding of lysosomal enzymes by
the MPRs. Equilibrium dialysis studies revealed that the
CD-MPR binds 1 mol while the IGF-1I/CI-MPR binds 2
mol of Man-6-P per polypeptide chain (Tong and Korn-
feld, 1989; Tong et al., 1989). Therefore, the observation
that the CD-MPR exists primarily as a dimer in mem-
branes (Dahms and Kornfeld, 1989; Li et al., 1990; Pun-
nonen et al., 1996) agrees with the hypothesis that two
functional Man-6-P binding domains are needed for op-
timal lysosomal enzyme recognition. The two MPRs bind
phosphomannosyl residues optimally in the pH range
of 6.3-6.5, and no detectable binding is observed below
pH 5, which is consistent with their ability to release
lysosomal enzymes in the acidic environment of the
prelysosomal compartment (Tong and Kornfeld, 1989).
However, only the IGF-II/CI-MPR can bind ligand at neu-
tral pH, which may explain why the CD-MPR cannot
internalize ligands at the cell surface (Hoflack et al.,
1987; Ma et al., 1991). The extracytoplasmic domain
alone has been shown to be sufficient for Man-6-P bind-
ing by the CD-MPR (Dahms and Kornfeld, 1989; Wend-
land et al., 1989). His-105 and Arg-111 of the CD-MPR
have been implicated in Man-6-P binding by chemical
modification (Stein et al., 1987) and site-directed muta-
genesis (Wendland et al., 1991a) studies. Additional
studies have localized the two Man-6-P binding sites to
domains 1-3 and 7-9 of the IGF-II/CI-MPR (Westlund et
al., 1991; Dahms et al., 1993) and have identified Arg-
435 in domain 3 and Arg-1334 in domain 9 as being
essential components for phosphomannosyl recogni-
tion (Dahms et al., 1993). Sequence analyses revealed
that Arg-111 of the CD-MPR is conserved in domain 3
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Figure 1. Schematic Presentation of Wild-Type and Mutant Bovine
CD-MPR

The positions of the five potential N-linked glycosylation sites are
indicated by the asparagine residues (N). The glycosylation-deficient
mutant Asn-81/STOP**was generated by replacing the proline (resi-
due 155) codon in the bovine CD-MPR sequence (CCA, nucleotides
584-586) with a stop codon (TGA), thereby generating a protein
lacking the transmembrane and cytoplasmic domains. In addition,
four out of the five potential N-linked glycosylation sites were re-
moved by replacing the asparagine residues at positions 31, 57, 68,
and 87 with glutamine (Q) (Zhang and Dahms, 1993). Expression of
the Asn-81/STOP** construct in baculovirus-infected insect cells
results in a secreted protein of 154 residues, and N-terminal se-
quencing demonstrated that the 28-residue N-terminal signal se-
quence (hatched box) has been removed.

(Arg-435) and domain 9 (Arg-1334) of the IGF-II/CI-MPR,
suggesting that structural similarities exist between the
ligand-binding sites of the two receptors.

To obtain insight into the mechanism by which these
receptors bind lysosomal enzymes with high affinity, we
have crystallized the extracytoplasmic domain of the
CD-MPR in the presence of Man-6-P and have deter-
mined its three-dimensional structure at 1.8 A resolution
by the multiple isomorphous replacement method. The
structure of the CD-MPR surprisingly exhibits striking
similarities to the biotin binding protein avidin. The crys-
tal structure reveals the nature of carbohydrate recogni-
tion by the CD-MPR and suggests a mechanism for
the enhancement of ligand binding in the presence of
divalent metals. Furthermore, we have modeled a com-
plex between the receptor and a lysosomal enzyme,
B-glucuronidase, which indicates that two separate oli-
gosaccharide chains of a lysosomal enzyme must inter-
act with the CD-MPR.

Results and Discussion

Expression of Recombinant Bovine CD-MPR

A truncated form of the bovine CD-MPR (Asn-81/STOP'%),
consisting of the ligand-binding extracytoplasmic do-
main that has been modified to contain only a single
N-glycosylation site, was generated (Figure 1). This gly-
cosylation-deficient soluble form of the CD-MPR has
been shown previously to exhibit ligand binding proper-
ties similar to those of the wild-type receptor (Zhang and
Dahms, 1993). Asn-81/STOP* was purified to apparent
homogeneity by pentamannosyl phosphate-agarose af-
finity chromatography from the medium of baculovirus-
infected Trichoplusia ni 5B1-4 (High Five) insect cells.
Enzymatic deglycosylation of the purified protein dem-
onstrated that it contained a single N-linked oligosac-
charide. In addition, amino acid sequence analysis dem-
onstrated that the 28-residue signal sequence was
removed, as the N terminus (TEEKTXDLVGEK) was iden-
tical to that of the mature CD-MPR isolated from mam-
malian cells (Stein et al., 1987; N. M. D., unpublished
data).

Table 1. Data Collection and Phasing Statistics

Diffraction Data Native K,PtCl,  K,OsCls
Parameter
Resolution (A) 1.8 2.6 25
Rumerge® (%) 7.7 7.9 7.4
Total observations 144,591 44,152 44,924
Unique reflections 31,187 10,270 12,190
Completeness (%) 89.0 85.8 90.8
MIRAS Phasing K,PtCl, K,0sClg
(Ptano)”
Parameter
Riso (F) 11.1 7.0
(Rano)? 3.9
Figure of merit® 0.667 0.599
(0.358)
Phasing power 2.17 1.52
(1.79)
Reuiird 0.533 0.607
Concentration (mM) 5 5
Soaking time (hr) 2 18
Number of sites 4 3

Final Model Statistics

Final R factor" 22.1%

Riree 26.1%

rmsd bond lengths 0.006 A

rmsd bond angles 1.28°

# of nonhydrogen atoms 2621
excluding water molecules

# water molecules 194

Average B Factors (AZ)

Main chain 18.6
Side chain 215
Man-6-P 221
Water 30.8

The abbreviations are as follows: rmsd, root mean square deviation;
MIRAS, multiple isomorphous replacement anomalous scattering.
Rperge = 2n2illi — <Ih>1/Z4Zillyi |, where h indicates unique reflection
indices and i indicates symmetry equivalent indices.

b Statistics for anomalous data sets are shown in parentheses.
°Riso = 2|IFpl — IFplI/2|F,| for isomorphous replacement (iso) data.
9Rao = 2|IF*| — |[F7|I/2|F*]| for acentric anomalous scattering (ano)
data.

¢The overall figure of merit was 0.561.

"Phasing power = fiys/Ems, Where fis = [(Efi?)/n]¥2 and Ems = [Z(Fen —
IFe + ful)/n]2.

IRuis = 2 (IFey — Fp | — If4l)/Zy [Fpy — Fpl for all centric data.
"Reflections in the resolution range between 10 Aand 1.8 A (1>20
o) were used for refinement. Approximately 10% (3138 reflections) of
the total reflections was used for Ry, calculations.

Description of the CD-MPR Polypeptide Fold
The three-dimensional structure of the CD-MPR was
determined to 1.8 A resolution (R factor = 22.1% and
free R factor = 26.1%). Data collection, phase determi-
nation, and refinement statistics are summarized in Ta-
ble 1. The CD-MPR folds into a distinct, compact domain
as shownin Figure 2B. Beginning with Glu-3, whichis the
third residue inthe mature protein, the electron density is
continuous through Ser-154, with the exception of the
loop containing residues Val-38-Asp-43 (VGQSPD), which
shows no observable electron density. Although the en-
tire oligosaccharide chain of this glycosylated protein
is not visible, a single N-acetylglucosamine residue,
which is attached to Asn-81, is clearly discernable.
The CD-MPR consists almost entirely of g strands,
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Figure 2. The CD-MPR Is Composed Primarily of 3 Strands

(A) Topology of the bovine CD-MPR structure. B strands are repre-
sented by black arrows, while the « helix is indicated by a cylinder.
Disulfide bonds are enclosed by shaded, dashed boxes. Light gray
circles represent the four N-linked glycosylation sites that have been
removed by the substitution of Asn residues with GIn residues. The
closed, black circle represents the single intact glycosylation site
at position 81. Numbering of residues is based on the mature protein
sequence. The B strands are numbered from N to C terminus, begin-
ning with 1, while the « helix is labeled as “A.” The residue located
at the beginning and end of each secondary structural element is
indicated.

(B) Ribbon diagram of the bovine CD-MPR structure. Disulfide bonds
are indicated (green ball-and-stick model). The locations of the five
potential N-glycosylation sites are also highlighted (yellow ribbons).
However, in the Asn-81/STOP** glycosylation-deficient mutant, only
the asparagine residue at position 81 is glycosylated. The density
is continuous throughout the entire molecule with the exception of
the loop between strands 1 and 2 (pink ribbon). The location of Man-
6-P is shown (gold ball-and-stick model).

with only one « helix located at the N-terminal region
of the molecule (Figure 2). The B strands form two
sheets that are positioned orthogonal to one another,
giving rise to a flattened B barrel arrangement. Following
the N-terminal « helix, the molecule contains a four-
stranded, antiparallel g sheet, extending from Lys-32
through Val-76. The molecule then extends through five
more B strands, forming the second B sheet. The antipar-
allel strands are sequentially connected throughout the
molecule, with the exception of the last two  strands,
which switch places in order to form a necessary disul-
fide bond. All six cysteine residues of the extracyto-
plasmic domain of the CD-MPR are involved in disulfide
bond formation. Since each of the three disulfide bonds
(Cys-6-Cys-52, Cys-106-Cys-141, and Cys-119-Cys-
153) are located within a g sheet, they do not participate
in connecting one B sheet to the other. This disulfide

bonding pattern was previously predicted for the CD-MPR
based on amino acid alignments between the CD-MPR
and each of the 15 repeating domains of the IGF-11/ClI-
MPR (Lobel et al., 1988) and on subsequent mutational
studies (Wendland et al., 1991b). The interactions be-
tween the two B sheets of the CD-MPR are primarily
hydrophobic in nature. The residues involved in associa-
tion of the two B sheets consist of Leu-29, Phe-34, Phe-
49, Val-51, Leu-64, Val-77, lle-92, Leu-94, Ala-113, Val-
115, lle-117, Phe-128, Phe-145, Met-147, and Leu-151
(see Figure 6). These residues form a hydrophobic core
that collapses the interior of the CD-MPR protein, thus
making the overall structure very tight and compact.

Comparison of the CD-MPR to Other

Known Protein Structures

In an attempt to identify other proteins that have a fold
similar to the CD-MPR, two methods were used. First,
the structures of all the known lectins, which are indexed
at http://www.cermav.cnrs.fr/databank/lectine/, were
compared one at a time to the CD-MPR coordinates
using the program “FIT” (distributed from http://gamma.
mbb ki.se/~guoguang/fit.html). The superimposed struc-
tures were then manually inspected to determine whether
structural similarities exist. Second, the coordinates for
the CD-MPR were submitted to the DALI server (http://
www?2.ebi.ac.uk/dali/), which performs a three-dimen-
sional structure comparison of the query structure to a
representative set of the entire pdb database (Holm and
Sander, 1993). These analyses confirmed that the CD-
MPR bears no resemblance to other lectins for which
structural information is available. However, the CD-
MPR was found to exhibit a fold topologically similar to
that of avidin, a protein with which it exhibits less than
10% sequence similarity, with a root mean square (rms)
deviation of only 1.9 A among main-chain atoms of 78
residues that form the two 8 sheets, excluding variable
loop regions. Figure 3 shows a comparison of the CD-
MPR and avidin polypeptide folds. What is striking about
this finding is that not only are the CD-MPR and avidin
topologically similar (identical through strand 7, then
strands 8 and 9 of the CD-MPR are reversed from that
of the avidin fold), but the almost orthogonal arrange-
ment that is observed between the two B sheets of the
CD-MPR, forming the flattened p barrel structure, is also
conserved. Both proteins bind to their ligand at a similar
location in the structure. However, in comparison to the
Man-6-P binding site in the CD-MPR, the biotin binding
site is positioned deeper within the avidin molecule.
Based on the similarities between the two structures, it
is intriguing to speculate that the CD-MPR utilizes the
same polypeptide fold as avidin in order to facilitate
high-affinity ligand binding.

The CD-MPR Is a Dimer

Crystals of the CD-MPR reveal the presence of two
molecules of the CD-MPR per asymmetric unit. The spa-
tial arrangement of these molecules is shown in Figure
4A. The rms deviation between the main-chain atoms
of the two monomersis 0.10 A, demonstrating that their
structures are identical. In addition, both monomers
show no observable electron density for residues 38-43,
suggesting that this region is very dynamic in the native
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Figure 3. Similarity between the CD-MPR and Avidin Folds

(A and B) The CD-MPR structure (cyan ribbon) was overlapped with
that of avidin (magenta ribbon; PDB accession code 1AVE) using
DALI. The rms deviation between main-chain atoms (excluding vari-
able loop regions) is 1.9 A. The ligand-binding sites are located
topologically in similar positions on the two molecules (red ball-
and-stick model for avidin; gold ball-and-stick model for Man-6-P).
The N and C termini of the CD-MPR are labeled, as are the N* and
C* termini of avidin. The two views are oriented 180° to each other.

structure. As is seen with the interactions between the
B sheets of one monomer, the interactions between the
two monomers are primarily hydrophobic in nature (Fig-
ure 4B), including residues Val-9, Gly-10, Phe-86, Trp-
91, Met-93, lle-95, Val-114, Met-116, Val-131, Val-138,
Phe-142, and Leu-144. The contact surface area be-
tween the two monomers of the dimer is 1550 A? per
monomer, which is approximately 20% of the entire sur-
face area of one CD-MPR monomer (8231 A?). Since this
is the most hydrophobic surface of the CD-MPR and,
in general, such a large hydrophobic surface would not
be solvent exposed, this crystallographic dimer most
likely represents the functional form of the CD-MPR.
These structural data support previous biochemical
studies which indicate that the CD-MPR exists predomi-
nantly as a dimer in membranes (Dahms and Kornfeld,
1989; Li et al., 1990; Punnonen et al., 1996).

Figure 4. The CD-MPR Exists as a Dimer

(A) Ribbon diagram of the bovine CD-MPR dimer. There are two
CD-MPR monomers (red/rose ribbon and blue/cyan ribbon) within
the asymmetric unit. These monomers are related by a noncrystallo-
graphic 2-fold axis parallel to the YZ plane (45° off the x axis). The
ligand, Man-6-P, is also shown (gold ball-and-stick model).

(B) The interactions at the dimer interface are primarily hydrophobic
in nature. Residues forming the interface between the two mono-
mers are shown (green ball-and-stick model). This view is looking
from the “top” of that shown in (A).

The Structure Reveals the Nature of Carbohydrate
Recognition by the CD-MPR

The crystals of the CD-MPR were obtained in the pres-
ence of Man-6-P and the divalent cation, Mn*2 Both
|2F, — F¢| and |F, — F.| difference Fourier maps yielded
well-defined electron density (Figure 5A) located at the
end of the B barrel (Figures 2B and 4A). Each monomer
is complexed with a single Man-6-P molecule (Figures
2B and 4A), which is consistent with previous Scatchard
analyses that determined a stoichiometry of ligand bind-
ing of one Man-6-P molecule per CD-MPR monomer
(Tong and Kornfeld, 1989) and with the observation that
a monomeric form of the receptor can bind ligand
(Dahms and Kornfeld, 1989). Residues found in loop
regions as well as in B strands from both B sheets are
involved in binding ligand (Figures 5B and 6). Studies
which showed that a complete loss of binding activity
occurs following either the reduction of the CD-MPR
with dithiothreitol (Li et al., 1990) or the replacement of
each of the six Cys residues with Gly (Wendland et
al., 1991b) have indicated the importance of disulfide
linkages in carbohydrate recognition. Analysis of the
structure confirms that disulfide bond formation is im-
portantin the stabilization and/or orientation of the loop
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Figure 5. The CD-MPR Contains Bound Man-6-P

(A) Stereo diagram of a model of Man-6-P fitted into the final electron density map. A |2F, — F.| difference Fourier map was calculated at 1.8
A and contoured at 1.2 o. The |2F, — F_| density is also shown for the Mn*? ion (dark circle).

(B) Stereo view of the complex network of hydrogen bonds formed between Man-6-P and residues in the binding site region of the CD-MPR.
Residues within the ligand-binding site are shown (cyan ball-and-stick model), along with Man-6-P (gold ball-and-stick model). Potential
hydrogen bonds are indicated by blue dotted lines. Atoms are colored as follows: red, oxygen atoms; blue, nitrogen atoms; cyan, protein
carbon atoms; gold, ligand carbon atoms; yellow, Mn*?; lavender, phosphate atom; Wat, water molecule (red sphere).

involved in Man-6-P binding (Figure 2B). The disulfide Two residues that were previously mutated and shown
bond between Cys-106 and Cys-141 appears to be of to be important for Man-6-P recognition (Wendland et
particular importance, as it brings two loops (loop be- al., 1991a), His-105 and Arg-111, are located within the
tween B strands 6 and 7, and loop between B strands ligand-binding site (Figure 5B). His-105 functions in
8 and 9) together to form the Man-6-P binding cavity. binding the negatively charged phosphate group of the

—WH Figure 6. Comparison of the CD-MPR with

. * hd ° o Domains 3 and 9 of the IGF-II/CI-MPR
cdmpr 1 TEEKTED LVGEKGKESE KELALLKRLT [PLENKSFEST VG..QSPDMY SYVFRVEREA i
dom3 RDYLESRSES LS.......S AQHDVAVDLQ PLSRVEASDS LFYTSEADEY TYYLSICGGS The sequence alignment was generated us-
domg VVRAEGDYCE VR D PRHGNLYNLI PLGLNDTVVR ...... AGEY TYYFRVCGEL ing the BESTFIT algorithm (Genetics Com-
) =y - ) puter Group program, University of Wiscon-
. . o o * % o H T
cdmpr 56  G....... NH SSGAGLVOIN KSN.GKETUV GRENETQIFN GSNWIMLIYK GGDEYBNHQG sin-Madison). The output was modified such
don3 OAPIF. ...N KKDAAVEQVK KADSTQUKVA GRPONLTLRY SDGDLTLIYF GGEE. that gaps and insertions were placed in vari-
domg TSGVEPTSDK SKVISSCOFK RGPQGFOKVA GLFN.QKLTY ENGVLKMNYT GGDT. .g?H able loop regions. The secondary structure
_“__g-__“_ of the CD-MPRis shown above the sequence.
. 105 B. . o . . e o o The arrows designate @ strands, and the wavy
cdmpr R.EQRRAVVM ISENRHT.LA DNFNPUSEER GKVQDE@FFLE EMDSSLAGS : ; . .
dom3 SGFQRMSVIN FECNQTAGNN GRGAPVFTGE . Fﬁ%n TWDTKYACV line represents the single « helix. Residues
dom9 KVYQRSTTIF FYCDR..... STQAPVFLQE TS. .DCS'TLF EWRTQYACP involved in Man-6-P binding are shown in

pink. The five potential N-glycosylation sites
are shown in yellow. Cysteine residues are shown in green. Residues that are conserved are shaded in gray. The numbering is based on the
mature CD-MPR sequence. The small circles above the letters indicate the residues of the CD-MPR that are involved in the association of
the two B sheets. The asterisk above E101 and N104 indicates that these residues participate in main-chain interactions with the Mn*2 and
Man-6-P, respectively. The red line between strands 1 and 2 represents the disordered loop region as shown in Figure 2B. The wild-type CD-
MPR sequence is shown and therefore contains Asn residues at positions 31, 57, 68, 81, and 87. However, the construct that was used to
determine the structure contained GIn at each of these positions, with the exception of position 81 where the Asn was retained.
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ligand. Of the residues located in the binding site, His-
105 is the most likely candidate to confer the pH depen-
dence that is observed in phosphomannosy! binding.
Arg-111 is hydrogen bonded to the C2 oxygen atom of
the mannose ring and, although not in close proximity
for hydrogen bonding interactions with the phosphate
oxygens (about 4.1 A away), may also provide a posi-
tively charged environment for the phosphate moiety of
the ligand. The main-chain atoms of Asp-103, Asn-104,
and His-105, a water molecule that is hydrogen bonded
to the carboxylate of Asp-103, and a Mn*2 complete the
interactions involved in binding the phosphate portion
of the sugar.

The CD-MPR was originally identified and purified
based on its enhanced ligand binding ability in the pres-
ence of divalent cations, particularly Mn*2 (Hoflack and
Kornfeld, 1985a, 1985b). Asp-103, which is located
within the loop containing His-105 between strands 6
and 7, coordinates the Mn*?2 cation. In addition, the car-
bonyl oxygen of Glu-101 and a guanidino nitrogen of
Arg-111 coordinate the Mn*2 cation. The divalent cation
in turn ligates one of the phosphate oxygen atoms of the
Man-6-P ligand. In the absence of cations, it is predicted
that Asp-103 could directly interact and form hydrogen
bonds with the phosphate oxygen atoms, although
charge interactions may interfere with ligand binding.
These findings are consistent with previous biochemical
studies which show that binding of the CD-MPR to a
phosphomannosyl affinity column is inhibited in the
presence of EDTA (Hoflack and Kornfeld, 1985b). In ad-
dition, equilibrium dialysis binding studies using the CD-
MPR purified from bovine liver demonstrated a 4-fold
increase in affinity for pentamannosyl phosphate in the
presence of MnCl, (Tong and Kornfeld, 1989).

Residues involved in forming hydrogen bonds with
the hydroxyl groups of mannose include Arg-135 (C4
hydroxyl), Glu-133 (C3 and C4 hydroxyls), Tyr-143 (C3
hydroxyl), Arg-111 (C2 hydroxyl), GIn-66 (C2 hydroxyl),
and Tyr-45 (C1 hydroxyl). These residues, along with
Asp-103, Asn-104, and His-105, are conserved among
bovine, human, and murine CD-MPRs (Koster et al.,
1991). In addition, site-directed mutagenesis studies
have confirmed the essential nature of these residues
for Man-6-P binding: CD-MPRs containing a single
amino acid substitution at position 66, 105, 111, 133,
135, or 143 exhibit a dramatic loss in the ability to bind
to a pentamannosyl phosphate-agarose affinity column
(Wendland et al., 19914a; L. Olson and N. M. D., unpub-
lished data). Inhibition studies using chemically synthe-
sized oligomannosides or neoglycoproteins have dem-
onstrated that the presence of the phosphomonoester
Man-6-P at a terminal position is the major determinant
for ligand recognition and that linear mannose se-
quences which contain a terminal Man-6-P linked «1,2
to the penultimate mannose are the most potent inhibi-
tors (Distler et al., 1991). Additional studies using sugar
analogs of Man-6-P have shown that the phosphate
group and axial 2-hydroxyl moiety of Man-6-P are critical
for ligand binding (Tong and Kornfeld, 1989), which is
reflected in the number of interactions these moieties
have with the protein (Figure 5B). In contrast to that
observed for many of the mannose/glucose-specific
binding lectins (Weis and Drickamer, 1996), the binding

of Man-6-P to the CD-MPR does not require stacking
interactions with aromatic side chains.

Tyr-45 is located at the beginning of strand 2, which
is at the C-terminal end of the disordered loop region
(Figure 2). In the structure, Tyr-45 shows very well-
defined electron density and hydrogen bonds with the
C1-hydroxyl of Man-6-P. Since the endogenous ligands
of the CD-MPR are glycoproteins containing terminal
phosphomannosyl residues on high mannose-type oli-
gosaccharide chains, this hydroxyl group would be in-
volved in a glycosidic linkage and thus would not be
available for hydrogen bonding interactions. The loca-
tion of Tyr-45 in a flexible portion of the molecule sug-
gests that Tyr-45 could move to accommodate a bound
oligosaccharide chain. In the apoavidin structure, a loop
containing residues 36-44 is disordered but becomes
ordered upon binding biotin (Livnah et al., 1993). This
loop in the avidin structure is analogous to the loop
preceding Tyr-45 of the CD-MPR (residues 38-43). Thus,
this disordered loop in the CD-MPR may be flexible
to allow ligand to bind, becoming ordered only in the
presence of an oligosaccharide. The finding that elec-
tron density is observed for all residues in this loop in
the crystal structure of the CD-MPR complexed with
pentamannosyl phosphate supports this hypothesis (L.
Olson, J. Zhang, N. M. D., and J.-J. P. K., unpublished
data).

Previous studies have indicated that oligosaccharides
containing Man-6-P residues in phosphodiester linkage
with either N-acetylglucosamine or a methyl group bind
poorly to the CD-MPR (Hoflack et al., 1987; Tong and
Kornfeld, 1989; Distler et al., 1991). The configuration
of the ligand-binding site of the CD-MPR is consistent
with these biochemical studies. Approximately 65% of
the Man-6-P surface is buried by the receptor, and par-
ticularly, the phosphate moiety is quite concealed, leav-
ing no room in the structure to accommodate a phos-
phodiester.

As shown in Figure 4A, the two carbohydrate binding
sites of the CD-MPR dimer are spaced widely apart and
are oriented in the same direction. This parallel binding
site arrangement is observed in several oligomeric lec-
tins, such as ricin, the mannose binding protein, and
cholera toxin (Drickamer, 1995). The linear distance be-
tween the two Man-6-P sites is approximately 40 A,
which is too great for a single high mannose-type oligo-
saccharide to span (a typical distance between the ter-
minal mannose residues of a high mannose-type oligo-
saccharide is =20 A). The structure is consistent with
previous studies which showed that diphosphorylated
oligosaccharides bound to the CD-MPR with an affinity
similar to that of Man-6-P (K; = 2 X 1077 M versus 8 X
10% M) (Tong and Kornfeld, 1989; Tong et al., 1989).
This is in contrast to that observed for the IGF-1I/CI-
MPR where a diphosphorylated oligosaccharide bound
with an affinity similar to that of lysosomal enzymes
(Ka =2 X 107°M versus 1 X 10~° M). However, in these
studies, the stoichiometry of binding was determined
to be 0.5 molecules of the diphosphorylated oligosac-
charide per monomer of the CD-MPR, indicating that a
single oligosaccharide can span the two binding sites
of the dimer. One possible explanation may relate to
the oligomeric state of the CD-MPR during the binding
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studies. Chemical cross-linking studies have indicated
that the CD-MPR exists as dimers and tetramers in de-
tergent solution (Li et al., 1990; Waheed et al., 1990; Ma
et al., 1992). Several studies (Li et al., 1990; Waheed et
al., 1990) have shown that increasing the receptor pro-
tein concentration in detergent solutions results in the
formation of increasing amounts of tetramers, with a
receptor concentration of 19 uM yielding a high percent-
age (68%) of tetrameric species (Waheed et al., 1990).
Therefore, the high concentrations of detergent-solubi-
lized receptor used in the binding studies by Tong and
Kornfeld may have resulted in a high percentage of the
CD-MPR existing as a tetramer. It is possible that as a
tetramer, two carbohydrate binding sites are situated
within the appropriate distance for a single diphosphory-
lated oligosaccharide to span. Another possible expla-
nation for this discrepancy is that a conformational
change occurs upon binding an oligosaccharide, bring-
ing the two binding sites of the dimer in close proximity
to each other. However, for this to occur, the conforma-
tional change would have to be quite dramatic and thus
represents a less likely mechanism.

Structure-Based Sequence Alignment of Domain 3
and Domain 9 of the IGF-II/CI-MPR

The extracytoplasmic region of the CD-MPR shares se-
quence similarities (ranging from 14%-28% sequence
identity) with each of the 15 repeating domains of the
IGF-II/CI-MPR (Lobel et al., 1988). Of the 15 repeating
domains of the IGF-II/CI-MPR, only domains 3 and 9
have been shown to be essential for binding Man-6-P
(Dahms et al., 1993). Therefore, we proceeded to model
domains 3 and 9, using the structure of the CD-MPR as
a template, in order to gain insight into the mechanism
of carbohydrate recognition by the IGF-II/CI-MPR. A
structure-based sequence alignment was generated be-
tween the CD-MPR and domains 3 and 9 of the IGF-II/
CI-MPR by maintaining the positions of the cysteine
residues involved in disulfide bond formation and plac-
ing gaps and insertions within the variable loop regions
(Figure 6). Nonpolar residues involved in the association
of the two B sheets in the CD-MPR (Figure 2) are also
conserved in domains 3 and 9 (Figure 6), supporting
the hypothesis that these domains of the IGF-11/CI-MPR
form a similar polypeptide fold.

Fromthe alignment, itis apparent that the loop regions
in the vicinity of the carbohydrate binding site are altered
in the IGF-II/CI-MPR. In domain 3 and domain 9, several
of the residues that are responsible for ligand binding
in the CD-MPR remain in place, including Tyr-45 (CD-
MPR numbering), GIn-66, Arg-111, and Tyr-143. How-
ever, interactions with Glu-133 and Arg-135 have both
been lost since these residues have been changed to
Thr and Glu, respectively, in domain 3, and Leu and Glu,
respectively, in domain 9 (Figure 6). Perhaps the largest
difference between the ligand-binding sites exists in
the loop containing residues 103-108. This loop, which
connects strands 6 and 7 and is primarily responsible
for binding and concealing the phosphate moiety of
Man-6-P in the CD-MPR, is shorter by four residues
(YDNH) in both domain 3 and domain 9 (Figure 6) and
is predicted to result in the exposure of the phosphate

moiety. These observations are consistent with previous
binding studies, which show that the IGF-11/CI-MPR can
bind oligosaccharides bearing phosphodiesters, con-
taining either a methyl group or N-acetylglucosamine,
while the CD-MPR cannot (Hoflack et al., 1987; Tong
and Kornfeld, 1989; Distler et al., 1991). Neither domain
3 nor domain 9 contains a residue analogous to Asp-
103, which coordinates the divalent cation and thus may
explain why only the CD-MPR exhibits enhanced bind-
ing in the presence of divalent cations. Confirmation of
the above models will have to await the structure of the
IGF-II/CI-MPR.

Hypothetical Complex between the CD-MPR

and B-Glucuronidase

In order to understand further the mechanism of ligand
recognition by the CD-MPR, we have modeled the inter-
action of the CD-MPR with a lysosomal enzyme, B-gluc-
uronidase (Protein Data Bank accession code 1BHG;
Jain et al., 1996). In this model, we have oriented the
CD-MPR with respect to the membrane such that the
carbohydrate binding sites are situated at a distance
from the membrane. Since the C-terminal Ser residue
at position 154 is only five residues from the predicted
transmembrane portion of the CD-MPR, it is likely that
the two C termini of the dimer are in close proximity to
the lipid bilayer. B-glucuronidase is a homotetrameric
glycoprotein that has been shown to bind with high
affinity to the CD-MPR (Kq = 0.28 nM, Watanabe et al.,
1990; Ky = 4.4-5.1 nM, Ma et al., 1991). Each monomer
of the human enzyme contains 651 residues, and all four
of the potential N-linked glycosylation sites are glyco-
sylated. However, only a single oligosaccharide chain,
which is attached to Asn-173, is discernable in the crys-
tal structure. Therefore, docking was performed by over-
lapping the terminal sugar of the oligosaccharide at
position 173 in the B-glucuronidase structure with the
Man-6-P of the CD-MPR structure (Figure 7). It is clear
that the binding sites of the dimeric CD-MPR will readily
accommodate the two oligosaccharide chains posi-
tioned on separate polypeptides chains of this tetra-
meric enzyme, but not a single diphosphorylated oligo-
saccharide. Although the oligosaccharide at position
173 may not be preferentially bound by the CD-MPR
due to its relatively poor phosphorylation state in com-
parison to the oligosaccharides at the other three glyco-
sylation sites (Shipley et al., 1993), the model does show
how the CD-MPR could recognize two oligosaccharides
located on different polypeptide chains of an oligomeric
ligand and predicts that a similar type of mechanism
could occur for phosphorylated oligosaccharides lo-
cated on the same polypeptide. This model is consistent
with recent studies which showed that the CD-MPR
exhibits a higher affinity toward oligosaccharides with
one phosphomonoester while the IGF-11/CI-MPR prefer-
entially binds oligosaccharides containing two phos-
phomonoesters (Munier-Lehmann et al., 1996b). Thus,
the differences in affinities exhibited by the CD-MPR
toward different lysosomal enzymes (Sleat and Lobel,
1997) are likely to be due to the combined effects of the
location and number of phosphomannosyl! residues on
the oligosaccharide and the spatial orientation of these
sugar chains on the lysosomal enzyme molecule.
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Figure 7. Molecular Modeling of a Complex between the CD-MPR
and a Lysosomal Enzyme, B-Glucuronidase

The refined structure of the CD-MPR and the published coordinates
of B-glucuronidase (PDB accession code 1BHG) were used. The
CD-MPR dimer (blue/cyan and red/rose ribbons) are shown in the
same orientation as in Figure 4A. The tetrameric B-glucuronidase
protein is shown. The oligosaccharide attached to Asn-173 is also
shown (gold ball-and-stick model). The model was generated by
overlapping the terminal mannose residue of the B-glucuronidase
oligosaccharide with the CD-MPR Man-6-P substrate. The location
of the membrane is also indicated (gray spheres).

In summary, the structure of the extracytoplasmic do-
main of the CD-MPR reveals the mechanism of carbohy-
drate recognition by the P-type family of animal lectins
and provides a model for lysosomal recognition by the
MPRs. The information gained during these studies has
led us to ask additional questions. For example, what
is the molecular basis for the pH dependence of ligand
binding and release by the MPRs? Is Asp-103 of the
CD-MPR responsible for the enhancement of binding in
the presence of divalent cation? Do the MPRs undergo
a conformational change upon binding ligand? What is
the nature of IGF-II binding to the IGF-1I/CI-MPR, and
is there any cooperativity between the IGF-Il and carbo-
hydrate binding sites of this receptor? Additional bio-
chemical, biophysical, and structural studies will be re-
quired to answer these and other questions at the
molecular level.

Experimental Procedures

Expression and Purification of Recombinant CD-MPR

A glycosylation-deficient form of the bovine CD-MPR containing
the signal sequence and extracytoplasmic domain (Asn-81/STOP®,
Figure 1) was generated as described previously (Zhang and Dahms,
1993). The nonfusion AcNPV transfer vector pVL1393 (PharMingen)
encoding the Asn-81/STOP™* construct (2 pg) and modified AcCNPV
baculovirus DNA (0.5 p.g, BaculoGoldR DNA, PharMingen) were co-
transfected into the Spodoptera frugiperda (Sf9) insect cell line, and
recombinant virus was isolated as described previously (Dahms and

Brzycki-Wessell, 1995). Trichoplusia ni 5B1-4 (High Five) insect cells
were cultured in Express Five serum free medium (Life Technologies,
Inc.) and maintained at 27°C. High Five cells in monolayer cultures
were infected with the recombinant virus at a multiplicity of infection
of 5-10 and the medium was harvested 4-5 days postinfection.
Asn-81/STOP*® protein was purified from the medium to apparent
homogeneity by pentamannosyl phosphate-agarose affinity chro-
matography as described previously (Dahms et al., 1993).

Crystallization and Data Collection

The purified CD-MPR was dialyzed against buffer (150 mM NacCl,
10 mM MnCl,, 5 mM B glycerophosphate, and 10 mM Man-6-P
in 50 mM imidazole [pH 6.5]) and concentrated to a final protein
concentration of 8.8 mg/ml. Initial crystallization was performed by
vapor diffusion using the hanging drop technique (McPherson, 1982)
following the sparse matrix protocol (Carter and Carter, 1979). From
the initial screening, four similar conditions resulted in crystal forma-
tion, with crystals ranging from needles to thin plates to thick rods.
Modification of the initial conditions yielded diffraction quality crys-
tals with dimensions of 0.2 mm X 0.2 mm X 0.8 mm. The final
crystallization condition was obtained by mixing equal volumes of
the concentrated protein (8.8 mg/ml in protein buffer) with precipitat-
ing solution (0.20 M ammonium acetate and 25% polyethyleneglycol
4000 in 0.10 M cacodylate buffer [pH 6.6]) and equilibrating against
precipitating solution using the sitting drop vapor diffusion tech-
nique at 19°C.

Asingle crystal was mounted in athin-walled glass capillary tube,
and diffraction data were collected to 2.6 A resolution at 4°C on an
R-axis IICimage plate detector system with a Rigaku RU200 rotating
anode generator operating at 50 kV and 100 mA with a graphite
monochromator. Still photographs indicated that the crystal be-
longed to a tetragonal space group with unit cell parameters a =
b=92.63Aandc = 85.29 A. Assuming two molecules per asymmet-
ric unit, the calculated Matthews’ coefficientis 2.4 A¥Da (Matthews,
1968). Systematic absences at h = odd for the h00 (k = odd for the
0kO) reflections and at | # 4n for the 00l reflections indicate that the
CD-MPR crystals belong to either P4,2,2 or P4,2,2. One complete
native data set was collected to 1.8 A resolution, and the statistics
of the collected data are shown in Table 1. The diffraction data were
processed with the DENZO package (Otowinski and Minor, 1996).

Structure Determination and Refinement
The crystal structure of the CD-MPR was solved using multiple
isomorphous replacement methods together with anomalous scat-
tering data. Heavy atom screening was performed by soaking pre-
formed crystals for various times in mother liquor containing various
heavy atom compounds. Two isomorphous derivatives, K,PtCl, and
K,OsCls, were used for initial phase determination. The positions
of the heavy atoms were determined by inspection of difference
Patterson maps and confirmed by difference Fourier techniques,
using X-ray data with I/c > 3.0, between 30 and 3.0 A resolution.
The positions and occupancies of the heavy atoms were first refined
using the program HEAVY (Terwilliger, 1994), and multiple isomor-
phous replacement phases were calculated and refined using the
PHASES package (Furey and Swaminathan, 1997). The assignment
of the space group was made by calculating Fourier maps for both
handedness for each space group using the Pt anomalous data. By
comparing the quality of these maps, the space group was deter-
mined to be P4;2,2. Phasing statistics are given in Table 1. At this
stage, the overall figure of merit was 0.561 for 11,267 reflections.
Initial electron density maps were calculated using data between
30and 3.0A resolution, and the solvent flattening procedure (Wang,
1985) was used to improve the multiple isomorphous replacement
phases. At this time, it was possible to locate the two molecules of
the CD-MPR within the asymmetric unit and thus determine the
position of the noncrystallographic 2-fold axis. Further density modi-
fication was carried out using noncrystallographic symmetry aver-
aging as implemented in the PHASES package. An initial model was
constructed using the molecular graphics program TURBO-FRODO
(Roussel and Cambillau, 1994). At this stage, a polyalanine model
was unambiguously constructed for the entire polypeptide chain,
including the assignment of over 60% of the amino acid residues.
Approximately 135 of the 154 total residues were built into the initial
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model of the CD-MPR protein. Electron density maps were then
generated by combining the multiple isomorphous replacement
phases and those of the model according to the SIGMAA algorithm
(Read, 1986). Phase combination allowed for the completion of the
chain tracing, along with identification of the remaining amino acid
residues and also identified that anincorrect tracing had been made
through a disulfide bond. Correction of this tracing made it possible
to complete the model building of the CD-MPR, including the total
assignment of all the amino acid residues. The connectivity was
confirmed using simulated annealing omit maps. Refinement of the
structure was carried out using iterative cycles of X-PLOR energy
minimization (Brunger, 1992) followed by manual fitting and rebuild-
ing on a Silicon Graphics workstation using TURBO-FRODO graph-
ics software. The two monomers in the asymmetric unit were refined
using noncrystallographic symmetry (NCS) restraints until the R fac-
tor was approximately 28%, at which stage the NCS restraints were
totally released. Ramachandran plot analysis indicates that over
85% of the residues reside in the most favored regions while none
are observed in disallowed regions.

After each cycle of X-PLOR refinement, both [2F, — F | and |F, —
F.| difference Fourier maps were calculated. These maps were then
used to carry out manual fitting and rebuilding of the model. At
later stages of refinement, water molecules were assigned when
densities greater than 3o were observed in the |F,| — |F.| electron
density map, which were within at least 3.3 A of a potential hydrogen-
bonding partner.
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