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Parathyroid hormone-related protein (PTHrP) plays a vital
role in the embryonic development of the skeleton and other
tissues. When it is produced in excess by cancers it can cause
hypercalcemia, and its local production by breast cancer cells
has been implicated in the pathogenesis of bone metastasis for-
mation in that disease. Antibodies have been developed that
neutralize the action of PTHrP through its receptor, parathy-
roid hormone receptor 1, without influencing parathyroid hor-
mone action through the same receptor. Such neutralizing anti-
bodies against PTHrP are therapeutically effective in animal
models of the humoral hypercalcemia of malignancy and of bone
metastasis formation. We have determined the crystal structure of
the complex between PTHrP (residues 1-108) and a neutralizing
monoclonal anti-PTHrP antibody that reveals the only point of
contact is an a-helical structure extending from residues 14 -29.
Another striking feature is that the same residues that interact with
the antibody also interact with parathyroid hormone receptor 1,
showing that the antibody and the receptor binding site on the
hormone closely overlap. The structure explains how the antibody
discriminates between the two hormones and provides informa-
tion that could be used in the development of novel agonists and
antagonists of their common receptor.
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The discovery of parathyroid hormone (PTH)®-related
protein (PTHrP) as the cause of hypercalcemia in many
patients with cancer provided new insights into the patho-
genesis of the skeletal complications of malignancy (1). It
revealed PTHrP as a previously unrecognized hormone,
related in evolution to the calcium-regulating PTH, but
important in the pathogenesis of the humoral hypercalcemia
of malignancy, a syndrome in which hypercalcemia occurs
without evident bone metastases. Whereas PTH consists of
84 amino acids, human PTHrP has three alternative splice
products of 139, 141, and 173 residues. Apart from 8 of the
first 13 residues of PTH and PTHrP being identical, there is
no significant identity between these peptides (2). PTHrP
actively promotes bone resorption, doing so in a manner
identical to that of PTH by acting upon the receptor
(PTHI1R) it shares with PTH. The PTHIR is located on cells
of the osteoblast lineage, which program the formation and
activation of osteoclasts, and on cells of the kidney tubule,
through which both PTHrP and PTH promote cyclic AMP
and phosphorus excretion but reduce calcium excretion.
Other actions of PTHrP that reflect those of PTH include the
ability to relax vascular and other smooth muscle. This
response may reflect a physiological function of PTHrP
rather than of PTH and is consistent with PTHrP production
and local action on smooth muscles at various sites (3).

The first 34 amino acids of each hormone contain the full
biological activities of both PTH and of PTHrP to activate the
PTHIR (4). The sequences of PTHrP and PTH between resi-
dues 14 and 34 are interesting in that, although they are not
homologous, nevertheless they appear to be critical for binding
of each to the seven transmembrane G protein-coupled recep-
tor, PTHIR (4). Within the first 34 amino acids of PTH and
PTHrP two functional regions have been revealed based on
structural and cross-linking studies (5—8). These studies have
indicated that the C-terminal half of the first 34 residues of each
hormone comprises the high affinity binding domain, interact-
ing with the N-terminal portion of the extracellular domain of
the receptor. The N-terminal half of each hormone activates
the receptor through contact points on the extracellular loops
and juxtamembrane regions (9).

® The abbreviations used are: PTH, parathyroid hormone; PTHrP, parathyroid
hormone related protein; PTH1R, parathyroid hormone receptor 1; MES,
4-morpholineethanesulfonic acid.
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Parathyroid Hormone-related Protein Structure

Despite their equal ability to activate through the PTHIR, it
was clear from the earliest work, even with antibodies against
peptides within the first 14 residues of PTHrP, that highly spe-
cific antibodies could be generated that discriminate between
PTH and PTHrP (10). Likewise, polyclonal antibodies against
PTHrP-(1-34) that neutralized its effects completely in vitro in
promotion of cyclic AMP production in response to PTHrP
without any detectable neutralizing effect on PTH were used to
prevent and to treat hypercalcemia in nude mice bearing
xenografts of PTHrP-secreting human cancers (11, 12). Similar
results were obtained with a neutralizing mouse monoclonal
antibody against PTHrP (13). Subsequently, after the finding
that breast cancer metastases to bone were enriched in PTHrP
production (14), Guise and Mundy (15) used an experimental
model in nude mice in which human breast cancer cells grow as
lytic deposits in bone after intracardiac injection and showed
that PTHrP production by the cancers contributed to the proc-
ess of tumor establishment and growth in bone by promoting
osteoclast formation and bone resorption. Furthermore, the
tumor establishment and growth in bone could be prevented by
treating the mice with a monoclonal antibody against PTHrP
(16) or with a bisphosphonate (17) to inhibit bone resorption.

The efficacy of anti-PTHrP antibodies in treating both
humoral-mediated hypercalcemia in cancer and bone metasta-
sis formation and growth in mouse models raises the prospect
of humanized forms of these antibodies being used as therapeu-
tic agents in these diseases in human subjects, and preclinical
data have been obtained in support of that (18, 19). With that in
mind, the present project was undertaken in which we have
made use of a monoclonal antibody prepared against human
PTHrP (residues 1-34), which neutralizes the actions of PTHrP
through PTHIR without any action against PTH. The antibody
has been complexed with recombinant human PTHrP (resi-
dues 1-108) to generate crystals that have been used to analyze
the three-dimensional structure with the aim of discovering the
structural basis of neutralization of PTHrP action by the
antibody.

EXPERIMENTAL PROCEDURES

Cell Line—The rat osteosarcoma cell line, UMR106, was used
for the bioassay of PTHrP using the cyclic AMP response.

Establishment of a Mouse Anti-human PTHrP-(1-34)
Antibody—The antibody was developed against synthetic
PTHrP-(1-34) and shown to be effective in treating hypercal-
cemia in a nude mouse model of the humoral hypercalcemia of
malignancy (13). The cells were re-cloned and the hybridoma,
#23-57-137-1, was established as a monoclonal cell line by Mit-
subishi Kagaku BCL. The monoclonal antibody derived in this
way was shown to be effective in lowering blood calcium in
nude mice bearing a hypercalcemic human lung cancer-pro-
ducing PTHrP (20). The hybridoma cells were transplanted
into the abdominal cavity of Balb/c mice to produce ascites, and
the antibody in the ascites was purified by using protein
A-Sepharose column chromatography.

Cloning and Sequencing of Mouse Anti-PTHrP Antibody—
mRNA from hybridoma #23-57-137-1 was prepared using the
Quick Prep mRNA purification kit (GE Healthcare). cDNA syn-
thesis was then carried out using avian myeloblastosis virus
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reverse transcriptase, with the extracted mRNA as the template
and appropriate primers for the H and L chains using the
5'-AmpliFINDER RACE kit (Clontech, Palo Alto, CA). The
specific genes for the antibody variable regions were amplified
by PCR. The DNA fragments were digested with the restriction
enzymes Xmal and EcoRI Cloning at the EcoRI and Xmal sites
on pUC19 was then carried out using DNA Ligation kit Version
2 (Takara Shuzo). The DNA sequence was determined by the
dye terminator cycle-sequencing method using the 373 DNA
Sequencer (PE Biosystems).

Specificity of the Mouse Anti-PTHrP Antibody—The binding
specificity of the antibody was investigated using an enzyme-
linked immunosorbent assay. In brief, 96-well plates were
coated with 1 ug'ml™" of human PTHrP-(1-34) (Peptide Insti-
tute Inc., Osaka, Japan). After washing, the samples were seri-
ally diluted and added to each well, and then, after washing,
alkaline phosphatase-conjugated goat anti-mouse IgG
(#62-6622; Zymed Laboratories Inc., San Francisco, CA) was
added. After incubation and washing, phosphatase substrate
(Sigma 104 Phosphatase Substrate) was added, and the optical
density at 405/620 nm was then measured.

In Vitro Neutralizing Activity of the Anti-PTHrP Antibody—
The activity of the mouse anti-PTHrP monoclonal antibody
was assessed in vitro by determining its ability to neutralize the
effect of PTHrP in promoting cyclic adenosine mono-phos-
phate (cAMP) formation in the PTH/PTHrP-responsive osteo-
sarcoma cell line, UMR106. The cells in 12-well plates were
preincubated for 20 min in a-modification of Eagle’s medium
(a-MEM) containing 0.1% (w/v) bovine serum albumin and 1
mM isobutylmethylxanthine. Cells were subsequently incu-
bated for 12 min in the presence or absence of PTHrP prepara-
tions with or without monoclonal antibody at 0.630 wg/ml,
then washed with phosphate-buffered saline, and intracellular
cAMP was extracted with ethanol. Samples were evaporated to
dryness, and cAMP levels were determined by radioimmuno-
assay as described (21).

Protein Preparation and Crystallization—Fab fragments of
#23-57-137-1 were prepared by briefly digesting the antibody
with papain and separating the Fab fragments from the undi-
gested antibody and Fc fragments using protein A-Sepharose.
Recombinant human PTHrP, ;. was expressed and purified
from Escherichia coli (22). An excess of PTHrP, .4 was incu-
bated with the Fab fragment at 20 °C for 2 h, and the resultant
PTHrP,_,,¢'Fab complex was purified by size exclusion chro-
matography using a Superdex 75 10/30 column (GE Bio-
sciences) previously equilibrated in 20 mm MES buffer, pH 6.0,
containing 150 mMm sodium chloride, 0.02% (v/v) Tween 20, and
0.02% (w/v) sodium azide. The complex was buffer-exchanged
into 10 mm MES, pH 6.0, containing 0.02% sodium azide and
concentrated to 5 mg'ml ™! using a Centricon-10 concentrator
(Millipore, Beverley, MA). Crystals of the complex were grown
in hanging drops at 20 °C with 38% (v/v) polyethylene glycol 400
as the precipitant and buffered with 100 mm Tris at pH 8.7.

Data Collection—An x-ray diffraction data set to 2.0 A reso-
lution was collected at beamline 14-BM-C (Advanced Photon
Source, Chicago, IL) from a single frozen crystal at 100 K with
no need of an additional cryoprotectant. The data were pro-
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cessed using the HKL program package (23). The data collec-
tion statistics are given in Table 1.

Structure Determination—Molecular replacement calcula-
tions were performed with the program AMoRe (24) using data
in the 12 to 4 A resolution bin. The best model for the molecular
replacement calculations was chosen by matching the
sequences for the variable domains of the heavy and light chains
of the Fab against Protein Data Bank entries using a BLAST
search (www.ncbinlm.nih.gov). The best hit for the variable
domain of the heavy chain was the PDB entry 11GT with 77%
pairwise sequence identity (83% including similar residues),
and the best hit for the variable domain of the light chain was
the PDB entry 11GC with 43% pairwise sequence identity (60%
including similar residues). The molecular replacement solu-
tion was subjected to rigid body refinement in the resolution
shell from 30 to 4 A, yielding an R-factor of 49.5% (Ry,.. of
50.5%). The elbow angle of the heavy chain of the final model of
the Fab was found to be 15° more acute than that in entry 11GT,
causing a deviation of up to 16 A between the equivalent atoms
of each model. The change in the elbow angle of the light chain
was about 3°, resulting in deviations up to 2.7 A between each
model. The Fab model was then refined using CNS (25). After
four cycles of model building and refinement, clear density for
the helical region of the antigen could be seen. Residues 14—-31
of PTHrP were built into the model (with the interpretation
being confirmed by omit maps), and further refinement cycles
were performed until convergence. Structural coordinates have
been deposited in the Protein Data Bank under accession code
3FED.

RESULTS

In Vitro and in Vivo Neutralizing Capacity of the Anti-PTHrP
Antibody—In previous work the mouse monoclonal antibody
(2.5 pg/ml) has been shown to inhibit by 92.5% the action of
PTHrP-(1-34) in promoting cAMP production by osteosar-
coma cells without any effect on the response to PTH-(1-34)
(26). In the present work this efficacy was confirmed, and block-
ade of responses to longer PTHrP sequences is shown. Thus,
cAMP levels in response to 1 nm PTHrP-(1-34), -(1-84), and
-(1-108) were 282 * 69, 168 * 44, and 227 * 4 pmol per well,
respectively. In the presence of antibody these levels were 4 = 2,
3 £ 1,and 4 = 0.2 pmol/ml, respectively. In separate experi-
ments the antibody showed no neutralizing effect against
human PTH-(1-34), with the latter at 1000-fold higher concen-
tration than PTHrP-(1-34) (data not shown). When the anti-
PTHrP monoclonal was used to treat in vivo nude mice that had
been rendered hypercalcemic by PAN-7-JCK cells (derived
from a human pancreatic cancer associated with hypercalcemia
and high production of PTHrP (26)), the hypercalcemia was
corrected, and the calcium control was maintained within the
normal range throughout the experiment. The humanized
form of the antibody was similarly effective in the same series of
experiments. It also suppressed growth of lytic bone deposits in
mice after intracardiac injection of MDA-MB-231 cells (18) as
well as preventing cachexia in mice bearing the LC6-JCK
human lung cancer xenograft, independent of the calcium-low-
ering effect of the antibody (19).
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TABLE 1
Crystallographic data collection and refinement statistics

The values in parentheses are for the highest resolution bin. r.m.s.d., root mean
square deviation.

Data collection

Temperature (K) 100
Space group P2,2,2
Cell dimensions
a(A) 72.6
b (A) 96.3
c(A) . 88.5
Maximum resolution (A) 2.0 (2.07-2.0)
No. of crystals 1
No. of observations 331,990
No. of unique reflections 42,014
Data completeness (%) 100 (100)
R, (%)* 8.3(69.6)
llo, 27.8 (4.1)
Multiplicity 7.8 (7.5)
Refinement
Non-hydrogen atoms
Protein 3392
Solvent 204
Resolution (A) 2.0
Ryei” (%) 22.4(33.2)
Rt (%) 27.0 (33.9)
r.m.s.d. from ideal geometry:
Bonds (A) 0.017
Angles (°) 1.9
Dihedrals (°) 27.2
Impropers (°) 1.14
Bonded Bs (A?)
Main chain 2.18
Side chain ) 3.07
Mean B (protein) (A?)
Main chain 39.3 (heavy chain),
424 (light chain),
37.4 (PTHID)
Side chain 40.7 (heavy chain),
44.5 (light chain),
40.8 (PTHrP)
Mean B (solvent) (A?) 42.0
Residues in regions of Ramachandran plot” (%)
Most favored regions 89.7
Additionally allowed 9.5
Generously allowed 0.5 (2 residues)
Disallowed 0.3 (1 residue)

“Roym = X2/, = (DI/KD)], where I is the intensity for the ith measurement of a
symmetry related reflection with indices /,k,..

b Reryst. = 3[[Egps| = [Eeatcll/Z[Fopsls where Eopg and F
lated structure factor amplitudes, respectively.

€ Re.ee Was calculated with 10% of the diffraction data that were selected randomly
and not used throughout refinement.

4 Regions defined in Laskowski et al. (27).

alc are the observed and calcu-

Structure Determination—The structure of PTHrP-(1-108)
complexed to its neutralizing antibody was solved by molecular
replacement and refined to a resolution of 2.0 A. The final
model includes residues from 14 —31 of PTHrP, residues 1-131
and 140 -215 of the Fab heavy chain, residues 1-215 of the Fab
light chain, and 204 water molecules. The model has been
refined to a crystallographic R-factor of 22.4% (R-free of 27.0%)
and is of good quality with 89.7% of residues in the most favor-
able regions of the Ramachandran plot. The stereochemical
quality of the final model is good (Table 1), and other stereo-
chemical parameters such as side chain y angle values, peptide
bond planarity, @ carbon tetrahedral distortions, and non-
bonded interactions are all better than or within the allowed
ranges according to PROCHECK (27).

Overall Structure—Of 108 residues, only residues 14-31 of
PTHrP were visible in the final electron density map, with res-
idues 14-29 adopting a helical conformation (Fig. 1a). The
crystal lattice is formed solely by interactions between the Fab
molecules, and there are large solvent channels in the crystal
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FIGURE 1. Structure of the PTHrP-antibody complex. g, view of the final difference (F,,,, — F., ) electron density map (blue transparent surface) in the vicinity
of the hormone, at 2.0 A resolution, calculated using protein phases derived from the final model after omitting the hormone (and surrounding atoms within
3 A of the hormone) and performing a round of simulated annealing to remove bias. The map is contoured at 3¢ with the final model overlaid upon it. b and
¢, view of the complex with the hormone shown in red worm (main chain) and ball-and-stick (side chain) fashion and the antibody drawn in ribbon style (the
heavy chain is in blue, and light chain is in orange). b, polar interactions between the N-terminal end of the hormone with antibody. ¢, polar and hydrophobic
interactions between the C-terminal end of the hormone with antibody. All figures were drawn using MOLSCRIPT (42) and RASTER3D (43). The electron density

figure was displayed with the help of CONSCRIPT (44).

that would accommodate the disordered parts of the hormone.
The N-terminal end of the helix forms interactions via a num-
ber of hydrogen bonds and salt bridges with residues of the
antibody light chain (Fig. 10), whereas the C-terminal end of the
helix makes a number of hydrophobic interactions with resi-
dues of the antibody heavy chain (Fig. 1c). The antibody makes
use of all complementarity-determining regions for antigen
binding. In total, there are 18 hydrogen bonds or salt bridges
and 22 hydrophobic interactions observed between antibody
and antigen, indicating a rather tight association. There are
only four water-mediated contacts identified between antibody
and antigen; that is, between the carbonyl group of Thr-30 of
the light chain and the amide of Asp-17 of PTHrP, between the
hydroxyl of Tyr-104 of the heavy chain and the side chain
amino of GIn-16 of PTHrP, between the hydroxyl of Thr-97 of
the light chain and the main chain carbonyl of Arg-19 of
PTHrP, and between the amides of Ile-15 and GIn-16 of PTHrP
and the hydroxyl group of the side chain of Thr-30 of the light
chain. The interaction of antibody and antigen causes a solvent-
accessible area of 904 A” to be buried, a typical value for anti-
body-antigen interactions. The fit between hormone and anti-
body is highly complementary (Fig. 2).

Comparison to Uncomplexed PTHrP and PTH Structures—
The observation of a helical region between PTHrP residues
14-29 is consistent with published structural studies of PTHrP
and PTH (5-7). Previous NMR studies reported that the region
in either protein of residues 1-34 is folded into two short heli-
ces consisting of approximately residues 3—11 and 16 —30, con-
nected by a flexible linker (5-7). Of particular note, the linker
residue Gly-12 is strictly conserved throughout PTH/PTHrP
sequences from different species. Whether there are any inter-
actions between these two helices has been a matter of contro-
versy (28-30). The crystal structure reported here does not
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FIGURE 2. Surface representation of the PTHrP binding site colored
according to surface complementarity (40). The most complimentary fits
are shown in red, yellow is average, and white denotes very poor or no fit. The
image was generated with GRASP (45) and RASTER3D (43).

support the tightly folded hairpin structure suggested by some
workers (5, 7, 28). It is also markedly different from the crystal
structure of PTH where residues 1-34 adopt a slightly bent
helical structure and where there is no evidence of any flexibil-
ity in the region between residues 11 and 14 (30).

The C-terminal regions (residues 15-34) of PTHrP and PTH
share only moderate sequence similarity with only 2 identical
residues (Fig. 3). Nevertheless this region in both hormones is
required for high affinity (in the low nanomolar range) binding
to the extracellular N-terminal domain of PTHI1R. The shortest
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FIGURE 3. Helical wheel diagram of the N-terminal region (residues
14-29) of human PTHrP, PTH, and the homologue, Tip39, a hypotha-
lamic ligand for PTH2R (29, 33). Strictly conserved residues are highlighted
in red, and conservative substitutions are in green. The shaded region denotes
the helical face that interacts with both antibody and receptor.

native N-terminal peptide that retains full binding consists of
residues 1-31, and residues between 15 and 34 can inhibit bind-
ing of the full-length peptide. The structure described herein
and those reported elsewhere (5-7) consistently show that res-
idues 14 -29 form a single helix.

DISCUSSION

The biological assay data confirm the selectivity of the mono-
clonal antibody for PTHrP and not PTH and the capacity of this
antibody to neutralize the effects of PTHrP both in vitro and in
vivo. The mouse antibody used in this work was used to develop
humanized forms, with no significant differences among these
molecules in inhibiting PTHrP action in vitro or cancer-in-
duced hypercalcemia in vivo (26). The K, for binding of anti-
body to PTHrP-(1-34) was calculated at 1.02 X 10~ *° m, and
the epitope for binding was shown to be between residues 20
and 30, with some contribution from residues 15-20 (26). The
region between residues 14 and 34 of PTH has been shown to be
responsible for binding to the PTH1R (31), although all residues
between 1 and 34 of the native (1-34) sequences of PTH and
PTHrP are required for full signaling. Several substitutions in
shorter analogs have yielded peptides with substantial activ-
ity, some with virtually full agonist activity (32). Interest-
ingly, the neutralizing antibody described here specifically
recognizes and complexes with residues 14 —31 even though
a much larger form of the molecule, PTHrP-(1-108), has
been presented to it in the crystallization studies. We saw no
electron density for the hormone beyond residue 31, indicat-
ing the rest of the molecule is highly mobile. NMR studies of
longer length PTHrP show that the hormone adopts little, if
any, regular structure beyond this region in solution’ in
accord with our results.

7 ). A. Barden, unpublished results.
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A number of studies have identified specific residues of
PTHrP involved in receptor binding. Arg-20 and Leu-24 are the
only two residues that are strictly conserved among PTH/
PTHrP sequences in the C-terminal region (between residues
14-and 31) (Fig. 3). Bearing in mind that PTH and PTHrP bind
to the same receptor, these positions are then most likely
important for receptor binding. In the crystal structure Arg-20
and Leu-24 make extensive interactions with the antibody. Res-
idues Phe-23, Leu-24, and Ile-28 are intolerant to substitution
by polar residues (31, 33). Photo-affinity cross-linking experi-
ments of all residues between 22 and 35 suggest that Phe-23,
Leu-27, and Ile-28 are positioned close to the receptor, and
photolabeling of Leu-24 caused a 10-fold reduction in receptor
binding (8). All three residues form extensive van der Waals
interactions with the antibody. On the other hand residues Lys-
26, GIn-29, and Asp-30 of PTH can be mutated without effect
on receptor binding (34).

Studies of PTH/PTHTrP chimeras have led to the identifica-
tion of sites of receptor binding at position 19 of PTH that are
incompatible (34). Position 19 in PTHrP is an arginine, whereas
in PTH it is a glutamate. In the crystal structure Arg-19 is in
hydrogen bonding distance of the hydroxyl of Tyr-31 of the
light chain and forms a salt bridge with Asp-96 and is immedi-
ately adjacent to Arg-20 that appears to be playing a critical role
in mediating 4 hydrogen bonds with the antibody. In PTHrP
Glu-30 forms hydrogen bonds to the side chain hydroxyl of
Ser-52 and the backbone of Gly-54, both of the heavy chain. It is
easy to envisage that replacement of Glu-30 by aspartic acid in
PTH (Fig. 3) could readily retain these interactions through use
of a bound water molecule. All these observations suggest that
the interaction surface of PTHrP used by the neutralizing anti-
body is the same surface used by the hormone in interacting
with its receptor.

The region between residues 15 and 34 of either hormone
contains the principal determinants of binding to the receptor,
and indeed such a fragment can inhibit binding of either natural
ligand (34). These observations suggest that either hormone
binds to the same location on the receptor despite bearing only
two identical residues. A helical wheel analysis of the PTHrP
structure (Fig. 3) provides a molecular explanation for this puz-
zle; one face of the helix is more conserved (four strictly con-
served or conservative substitutions), and it is residues from
this face that interact with antibody or receptor. Thus, we pro-
pose that the conformation of this region when bound to the
receptor is likely to remain a-helical as seen in the structure
here.

In support of this hypothesis is the recently published crystal
structure of PTH (residues 15—34) bound to the extracellular
domain of the human PTHI1 receptor (35). The structure
reveals that PTH binds as a single continuous helix into a
hydrophobic groove formed by a three-layer «--Ba-fold. The
“hot dog in a bun” analogy used by the authors is reminiscent of
the way that PTHrP is recognized by the neutralizing antibody
described here. Although the secondary structural elements
used to recognize hormone are very different between receptor
and antibody, there are a number of similarities. In both cases
~900 A? of solvent-accessible surface area is buried on hor-
mone binding, and the surface complementarity fits (36) are
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very similar (data not shown). The receptor structure confirms
that the antibody does recognize the same surface of the hor-
mone that the receptor uses. A number of PTH residues (Val-
21, Trp-23, Leu-24, Leu-28, Val-31) form a hydrophobic face on
the helix that interacts with the hydrophobic groove of PTHIR,
anchored by polar interactions at the N and C termini of the
PTH fragment. In a similar manner, PTHrP is recognized by its
monoclonal antibody. The equivalent core residues in PTHrP
(Phe-23, Leu-24, Ile-28) interact with a hydrophobic pocket in
the antibody (Fig. 1c). PTH residue Arg-20, completely buried
in the complex structure, forms salt bridges and hydrogen
bonds to the receptor as the same residue in PTHrP does with
the antibody (Fig. 15). It should be noted that the side chains of
conserved residues Arg-20 and Leu-24 adopt different confor-
mations in the different hormone complex structures.

PTH and PTHrP are equally well recognized by the same
PTH1 receptor. The only data of which we are aware concern-
ing the relative affinities of PTH and PTHrP for the PTHIR
were based on receptor binding and fluorescence resonance
energy transfer-based kinetic analysis (37, 38). These indicated
that PTH-(1-34) bound more strongly than PTHrP-(1-36) to a
high affinity conformational state of the PTHIR and, further-
more, that mutation of His-5 to Ile-5 in PTHrP-(1-36) resulted
in receptor interaction indistinguishable from that of PTH-(1-
34). Given the bulkiness of antibodies, the binding site of a
neutralizing antibody toward PTHrP need not overlap with the
receptor binding site to achieve the selectivity toward PTHrP
and still interfere with the receptor binding. Nevertheless, the
binding site in our structure of PTHrP-(1-108) in complex with
the selective neutralizing antibody closely overlaps the binding
site to the receptor. We can now begin to consider the molec-
ular basis by which certain antibodies discriminate between
PTHrP and PTH. The consistent finding that antibodies can
readily be prepared against PTHrP that do not recognize PTH,
even in great excess, has been very helpful in the development
of discriminatory plasma assays and in the study of tissue dis-
tribution of PTHrP using immunohistology (2). The same spec-
ificity has been applied to a number of polyclonal antisera that
have been used in vivo (12, 39) and to the monoclonal antibod-
ies used by Sato et al. (13) and Guise et al. (16). Such discrimi-
nation would be essential for an antibody to be used therapeu-
tically because as the excess PTHrP is neutralized and serum
calcium returns to normal, the suppressed PTH level rises, and
normal physiological controls return. It is worth noting in this
regard that a neutralizing antibody is aimed at preventing the
deleterious effect of excess PTHrP, acting on the skeleton gen-
erally and on the kidney to cause the humoral hypercalcemia of
malignancy. On the other hand PTH plays an important role in
normal calcium homeostasis and, additionally, acts as an
extremely effective anabolic therapy on the skeleton when
administered by daily injection to subjects with osteoporosis
(40). Thus, structural information concerning molecular mech-
anisms of inhibition of PTHrP-receptor interaction can use-
fully complement other studies of the detailed interaction of
both ligands with PTHIR.

There are a number of factors that explain how the antibody
discriminates between PTHrP and PTH even though they are
both recognized by the same receptor. First, we superimposed
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the PTHrP structure onto the PTH1-receptor complex struc-
ture (data not shown). We find that PTHrP docks well into the
ligand binding groove of the receptor as might be expected,
with PTH possessing an extra turn of helix at its C-terminal
end. We then superimposed the two complex structures, which
reveals that the extra turn of helix in PTH sterically clashes with
a complementarity-determining region of the antibody, provid-
ing a compelling explanation for the antibody specificity.
Another factor could be related to residue 23 that is a pheny-
lalanine in PTHrP but a tryptophan in PTH. The phenylalanine
residue is located in a tight hydrophobic pocket of the antibody
made up of residue Tyr-59 of the heavy chain and Thr-97 and
Phe-102 of the light chain (Fig. 1¢). A tryptophan residue would
be too bulky to fit in this pocket without local readjustments.
Modeling based on the PTH-PTHIR structures suggests the
side chain would clash with Tyr-104 of the antibody heavy
chain. In addition, the substitution of Leu-27 in PTHrP by a
lysine residue in PTH would contribute to the disruption of the
hydrophobic pocket as its side chain is immediately adjacent to
the side chain of Phe-23 (Fig. 1¢). Conversely, in the PTH-re-
ceptor structure Leu-27 superimposes with the aliphatic por-
tion of the lysine residue, thus maintaining key van der Waals
interactions with the receptor.

A means of antagonizing the deleterious effects of PTHrP in
contributing to the skeletal complications of cancer could be an
attractive therapeutic approach even bearing in mind the pos-
sibility of actions of PTHrP at earlier stages of cancer that could
impair invasion (39, 41). The first step in evaluating this possi-
bility is the use of humanized monoclonal anti-PTHrP. What
could be even more attractive is the prospect of using the struc-
tural information obtained from analysis of the PTHrP-anti-
body complex together with that obtained from other
approaches to ligand structure and interaction with receptor to
design small molecule mimetics of the antibody or mimetics of
PTHrP that would compete for receptor binding without caus-
ing signaling.
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