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Abstract: Hard tissues, such as bone and teeth, consist of hydroxyapatite (HAP), collagenous proteins and
noncollagenous proteins. Osteopontin and bone sialoprotein are two major noncollagenous proteins in bone
and have many L-Asp and L-Glu repetitive sequences, respectively, as possible hydroxyapatite (HAP)-
binding sites. Fluorescence-labeled acidic amino acid (L-Asp or L-Glu) homopeptides containing six or more
residues bound strongly to HAP and were selectively delivered to and retained in bone after systemic
administration. This result stimulated the development of bone-targeting drugs by tagging with acidic
oligopeptides. Three model drugs, estradiol, quinolone antibiotics and tissue-nonspecific alkaline
phosphatase (TNSALP), tagged with aspartic acid hexapeptide were examined the clinical feasibility of the
acidic oligopeptide strategy for selective drug delivery to bone.

In vivo experiments confirmed the long acting effects of L-Asp hexapeptide-tagged estradiol and
levofloxacin on animal models of osteoporosis and osteomyelitis, respectively, although there was loss of in
vitro bioactivity, suggesting that the acidic hexapeptide was removed by hydrolysis in the body after delivery
to bone. The adverse effect of estradiol on the uterus was greatly reduced by conjugation to the
hexapeptide. The L-Asp hexapeptide-tagged TNSALP has the enzyme activity similar to untagged enzyme
and was selectively delivered to bone and retained for long time in comparison with the untagged enzyme.
These results support the usefulness of acidic oligopeptides as bone-targeting carriers for therapeutic

agents.
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Introduction

Bone is susceptible to a range of diseases, like aseres. However, it is generally difficult to
deliver and retain drugs in the bone. Bone is composed umqterials such as the inorganic
compound hydroxyapatite (HAP) and bone-matrix proteins, waiehquite different from the

components of other tissues. Among them, HAP may j@mising target for selective drug
delivery to bone.

The structures of several bone non-collagenous prdtehsind to HAP have a repeating
sequence of acidic amino acids (Asp, Glu), which may s&s\ee HAP binding site. Osteopontin
and bone sialoprotein, two major non-collagenous proteinsone, have L-Asp and L-Glu
repetitive sequences, respectively (Fig. 1), and rapidig bb HAP after they are secreted in
osteoblastic cell culture [1-3]. Thus, these acidigopeptides are candidate bone-targeting
carriers. It was hypothesized that, after systemmimidtration, a drug tagged with such an
oligopeptide would be selectively delivered and bind to boneremie active drug would be
released gradually during bone remodeling processes.

This review describes the properties of acidic oligopegptatel introduces the tagging of
three model drugs, estradiol, quinolone antibiotics, asdi¢-non-specific alkaline phosphatase
(TNSALP), with an acidic oligopeptide to examine thenickl feasibility of the acidic

oligopeptide strategy for selective drug delivery to bone.

Bioproperties of acidic oligopeptides



Homo-oligopeptides consisting of two to ten acidic anaoa@ residues, conjugated with
9-fluorenylmethylchloroformate (Fmoc) or fluorescein (FIT®ere synthesized by routine
solid-phase methods (Fig. 2). The dissociation congkatdecreased with increasing numbers
of acidic amino acid residues, and the binding ratg,JBeached almost maximum at a length of
six residues. The affinity for HAP was not relatedhe optical isomeric form (L or D) or the
acidic amino acid species (Asp or Glu) [4]. When irgrausly administered, fluorescein-labeled
L-Asp hexapeptide (FITC-§) disappeared from the plasma with a biological halfdifé&0 min,
and 95% of the administered FITC was excreted within 2ddwever, FITC-I[g rapidly bound to
the bone and teeth and was detectable in bone tisgeresael4 d after administration (Fig. 3), but
it was undetectable in other tissues [5]. Among thené&s@ forms of the amino acids, the
retention time was much longer for D-amino acid oligojokestthan for L-peptides. However, the
L-amino acid (Asp) hexapeptide was chosen, because theptidlganay be insensitive to

hydrolysis in bone thus would not release the tagged drug.

Oligopeptide-tagged estradiol for osteoporosis

Osteoporosis is a serious problem for postmenopausal addwageen, and estrogen
deficiency plays a causative role in its developmdastrogen can act directly or indirectly on
osteoblasts and osteoclasts through estrogen recept@tetemechanisms [6-10], resulting in an
anabolic effect on bone formation in estrogen-deficianimal models [11, 12]. Estrogen

replacement therapy is an effective treatment inmp@sopausal women to prevent reduction of



bone mineral density [13]. However, systemically adst@red estrogen is widely distributed to
tissues other than bone, and prolonged therapy may iecieasisks of endometritis, breast and
endometrial cancer, and intrauterine hemorrhage [14, T% development of osteoporosis
therapies that are more efficient and selective dmelis desirable to avoid such adverse reactions.
Estradiol (B) was tagged with the L-Asp hexapeptide at the 3-positiesB[Js) or the
17B-position (E-17BDs) via a succinate ester (Fig. 4), and the pharmaco&sesind
anti-osteoporotic effects of these compounds were imeahfd, 16]. First, the binding affinities of
these compounds at human estrogen receptors dBR ERB, were testedh vitro. The affinities
of E»-3Dg and E-17BDs to both estrogen receptors were about 100-fold and 10,000-fold,
respectively, less than those of estradiol. Moreatwés,unlikely that the tagged estradiols can
permeate through the plasma membrane, because of tieaphylicity and large molecular size,
and it seems probable that hydrolysis of the ester batdelen estradiol and the L-Asp
hexapeptide portion would be required for the tagged estsadishow biological activity. At 6 h
after a single intravenous administration (@ndol/’kg), the plasma concentration of the compound
was very low, and the apparent tissue-to-plasma comtemtratio was almost 1.0 in most tissues
and organs, indicating that the compound could not dis&rilsuaccumulate in tissues. Among the
tissues examined, untagged estradiol was most highly distfilmiténe uterus, where it might
cause adverse effects such as endometritis, whereasdiulation of the tagged estradiols in
the uterus was clearly lower. On the other hand, thggiadiol was distributed to bone at 50-fold

the level of untagged estradiol. Moreover, the levablgfed estradiol in bone decreased very



slowly, falling to basal level (10.5 + 3.3 pmol/g) by 7 dayserelas untagged estradiol declined to
the basal range within 1 day after injection.

It is well known that estradiol with a mono- or diesat position 3 or/and 17 shows
prolonged estrogenic effects in the body due to the biolbgfiahility of esterified estradiol [17,
18]. This is so because removal of the ester is nageks further metabolism and excretion of
estradiol, and the de-esterification step appears toebeatl-limiting process in the elimination
[19]. Indeed, at 6 h after the injection of untagged esthdtie plasma concentration of estradiol
had decreased almost to the basal level (7.6 £ 1.9 pmol/wihgreas the tagged estradiols
remained in the circulation at 6 hxBDs; 26.7 £ 9.0 pmol/mL, E17BDs; 22.0 £ 12.0 pmol/mL,
respectively). The lower total body clearance ({({bf the tagged estradiols, compared with that
of untagged estradiol, may result from superior biologitability. This would be favorable for
the long-term action of tagged estradiol in bone.

When tagged estradiol (0.11, 0.37, or dmol/kg, every seventh day) or untagged
estradiol (0.3umol/kg, every third day) was intravenously administerdd wvariectomized
(OVX) mice for 28 days, the tagged estradiol dose-dependemibrsed the decreased bone
mineral density (BMD), and the estrogenic effects wehecsive to bone. The untagged estradiol
increased not only the BMD but also the weights of tkeeustand liver [4, 16]. Estradiol caused
hypertrophy of uterine tissues and fatty degeneration ilivére These results indicate that tagged
estradiol reduced the risk of systemic adverse effdastoadiol, while retaining the osteogenic

effect in bone.



The retention of E=3Dg in the blood circulation and bone and its anti-ostengmeffects
were greater than those ofE7/3Ds. The difference may be attributable to the greaterlisyadi
E>-3Dg to hydrolysis, compared with,EL73Ds, so that the retention in bone is longer fe13Bs
than for B-17BDe. Itis likely that the tagged estradiols bound to baregeadually hydrolyzed on
the bone surface, possibly by peptidases, acid secretedstbgclasts, and/or non-specific
esterases, and that the released estradiol themiaetstrogen receptors.

Thus, these acidic oligopeptide-tagged estradiols3 and E-17BDs, are promising
candidates for the treatment of postmenopausal ostsiporThe prolonged effect and selective
delivery to bone should extend the medication intemedlr@duce the adverse effects of estradiol.
However, when considering the clinical use of these pégtide-tagged estradiols, intravenous
injection is undesirable because of the potential fworpcompliance. The bioavailability of
E,-17BDg after oral administration was less than 10%. Tibeee Yokogawa et al. have developed
an intranasal preparation to increase the bioavaikaholitthe tagged molecules [20]. The
bioavailability of B-173De after intranasal administration was increased to 75#dmyporating
2,6-di-O-methyl{-cyclodextrin into the formulation, thereby creatang inclusion complex with
E,-178Ds that could achieve prolonged residence in the nasal cavibe @acidic
oligopeptide-tagged estrogen provided increased medicatiorplieoe because of its
long-acting and easy administration, and it increasedoateoporotic efficacy because of
selective delivery to bone and reduced adverse effeetrafdiol, resulting in improved quality of

life for patients.



Oligopeptide-tagged quinolone antibiotics for osteomyelitis

Osteomyelitis is a progressive infectious process faguilh inflammatory destruction of bone,
bone necrosis, and new bone formation. Chronic ostelimmyis generally treated with surgical
debridement, following the administration of parenteratibdotics such asp-lactams or
aminoglycosides. Without adequate debridement, modti@tntiregimens fail, regardless of the
duration of therapy. Even when all necrotic tissue has bEmoved, the remaining bed of tissue
must be considered as contaminated with the responsiblegeais. Thus, it is recommended to
treat the patient with antibiotics for at least 4 weg@is23]. Moreover, the serum bactericidal titer,
which is defined as the maximal dilution of the paties€sum that is able to kill the infecting
organismin vitro, should be 1:4 or greater for a cure [24]. Thus, high dosg¢doeng-term
administration of antibiotics are required for thetreent of osteomyelitis, because the delivery
of antibiotics to bone is difficult. As the fluoroquinales have a broad spectrum of actiuityitro,
including activity against Gram-negative organis@aphylococcus aureus, andS. epidermidis
[25], improving their bone distribution should increaserttierapeutic effectiveness.

Takahashi et al. have designed levofloxacin (LVFX) taggéutive L-Asp hexapeptide at
position 3 in the pyridone carbonic acid moiety, an aaemter of the drug, via a glycolate ester,
(LVFX-3Dg) and norfloxacin (NFLX) tagged with the L-Asp hexapeptid@@dition N7 in the
piperazinyl group via a glycolate and succinate linker (NFID§)(Fig. 5) [26]. The minimum

inhibitory concentrations (MIC) for anti-microbialtagty of LVFX-3Dg and NFLX-70y againstS,



aureus in vitro were 100- and 60-fold less, respectively, than thoseeofdbpective untagged
drugs. One reason for this may be the increased hydrophilanising from the acidic

oligopeptide tag. Fluoroquinolones act by inhibiting bactetigdoisomerase II, which is

responsible for the replication of double-stranded DNAd &hus must cross the bacterial
membrane to be effective [27, 28]. The marked reductioheo&htimicrobial activity of tagged

guinolones indicates that the release of the pareugf loly hydrolysis was required for biological
activity, as in the case of tagged estrogen.

The pharmacokinetic parameters of LVFXs3@hd NFLX-703 after a single intravenous
injection are shown in Table 1. The AUC value oftetegged drug was two-fold that of the
respective parent drug. In contrast, the Vdss value igiasicantly less for the tagged drugs than
for the parent drugs, indicating a low distribution oé tiagged compounds into tissues. The
biological half-life was not changed by conjugation. Atigh these fluoroquinolones themselves
have some affinity for calcium or bone, the levetagfged drugs in bone was more than 100-fold
that of the parent drugs for at least 7 days after ioject After injection of LVFX-30Q, the
resulting LVFX was detected in bone marrow at about 1%e concentration of LVFX-3gin
bone and was continuously released for 7 days. It is krtbat fluoroquinolones show extensive
tissue penetration, and as a result, can cause adeeses in various tissues, including the
cardiovascular system, central nervous system, bkar, musculoskeletal system, and kidneys
[29, 30]. The risk of adverse events may be decreased Mjygedion with an oligopeptide

because of lower distribution into tissues due to thee@sed hydrophilicity.



The therapeutic effect of tagged drugs on osteomyelitisevakiated using a murine
model of osteomyelitis, which was prepared by inoculatidh aureus into the tibia. The amount
of S aureus remaining in the tibia after a single intravenous inggcof the drug (27.7 mmol/kg
for LVFX and LVFX-3Ds; 31.3 mmol/kg for NLFX and NFLX-7E) was determined, but only a
slight reduction in the number 8faureus was observed after the administration of LVFX, aad n
effect was seen for NLFX and NFLX-¢DThe anti-microbial effect of LVFX was temporargda
the number of. aureus had recovered to the level of the untreated contralmed 6 days after
administration. On the other hand, LVFX-8Buppressed the growth 8f aureus for at least
6 days, showing a prolonged effect. Nevertheless, taetedf LVFX-3Ds was not sufficient to Kill
S aureus, presumably because the LVFX concentration generated fd-X-3Dg in the bone
was insufficient to killS. aureus. Fluoroquinolones show a concentration-dependent kilfiegte
for susceptible organisms, with higher concentrationdlumroquinolones resulting in more
complete killing [31, 32]. Thus, the hydrolytic rate of LX43Ds appears to be an important
determinant of the maximal anti-microbial effect. NFIZKs did not release NFLX and did not
show any effect. These findings emphasize the impostast ensuring an appropriate
susceptibility of the acidic oligopeptide-tagged drug to biakalghydrolysis. To improve the
effectiveness of the tagged drug, further modificat®mequired, possibly devising a linkage

susceptible to osteoclast-derived acid, peptidase, or norfisgsterase.

Oligopeptide-tagged enzyme for deficiency of tissue-non-specific alkaline phosphatase
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Hypophosphatasia is an inherited metabolic disorder cfctieé bone mineralization and is
caused by a deficiency in tissue-non-specific alkaline pgraisagse (TNSALP). Despite the
presence of TNSALP in bone, kidney, liver, and adreéisalie in healthy individugl<linical
manifestations in patients with hypophosphatasia aréelimo defective skeletal mineralization,
manifesting as rickets in infants and children and osteoraataadults [33]. ALP functions as an
inorganic pyrophosphatase in bone [34, 35]. Inorganic ppsgitate (PP itself impairs the
growth of HAP crystals and acts as an inhibitor of mileaton [36-39]. With insufficient
TNSALP activity, PRis not adequately hydrolyzed, and the resulting build-up of uolyzid
PR in the perivesicular matrix inhibits the proliferatioh pre-formed HAP crystals beyond the
protective confines of matrix vesicle (MV) membranes.

Hypophosphatasia is caused by the deficiency of a singhgmee, TNSALP, making the
disorder potentially amenable to enzyme replacemerdpgd ERT). However, the results of ERT
with intravenous infusion of plasma ALP or purified livELP in patients with hypophosphatasia
have been disappointing [40-44Recently, one report has suggested that continuousedg lbf
a high dose of TNSALP to bone would be needed to induce physial bone mineralization [45].
These observations suggest that the ALP enzymes admedisigtravenously were mostly
consumed in the visceral organs and thus were not actdellyered to the bone at the
physiological levels necessary to rescue the lesiohgrefore, it was tried to develop TNSALP
targeted to bone by acidic oligopeptide.

The cDNAs were designed for two enzymes: anchorlessmigioant human TNSALP

11



(rhTNSALP) and anchorless human TNSALP tagged wittnedich of six L-Asp residues at the C
terminus (CR-TNSALP) (Fig. 6) [46]. When these cDNAs were trantfddnto Chinese hamster
ovary (CHO-K1) cells, the enzymes were secreted flencells into the culture medium, because
they do not have the glycosylphosphatidylinositol anicigosignal peptide sequence from the
C-terminus of human TNSALP cDNA. There was no sigaifit difference in specific activity,
Michaelis constant, or ¢k between the two enzymes. Thus, ¢&INSALP can restore
mineralization in hypophosphatasia patients. Indeed, ituresl of hypophosphatasia
patient-derived bone marrow cells, the tagged enzyme digirkeproved mineralization, similar
to the untagged enzyme rhTNSALRIthough PRPcompletely inhibited the mineralization, even
in the presence of,Rhe addition of CB TNSALP restored the mineralization level to thattedf t
PR-free control culture, as did TNSALP. Consequentlysegems that both the tagged and
untagged enzymes may be taken up without modification inoblastic cells, possibly by
endocytosis, and that both show similar bioactivityeimts of mineralization, by degrading; P
the cells.

To evaluate the pharmacokinetic tissue distributiothefenzymes, fluorescently labeled
enzymes were prepared with the Alexa dye.sTNSALP showed about a 2-4-fold increase in
bone retention, compared with untagged TNSALP, for st [@alays after intravenous injection.
The distribution to other tissues was not significadtfierent between the two enzymes, although
the half-lives in the circulation were slightly adifent (rhTNSALP, 19.1 h; GETNSALP, 14.4 h)

after a single intravenous injection. The differerif-figes in the circulation may have been due
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to the different carbohydrate structures, i.e., the taggesyme was less sialylated than the
untagged enzyme, based on the result of lectin affinitgroltography [46]. It is known that
higher sialic acid residue content at the terminus ot#nbohydrate chain contributes to a longer
half-life of ALP in the blood [47, 48].

These results demonstrate that the bone-targetingnsysting an acidic oligopeptide is
also applicable to a large molecule such as an enzymsuggest the possible clinical application
of ERT for hypophosphatasia, although further studies\@eeed to confirnm vivo and clinical
effectiveness of the tagged enzyme.

In conclusion, the cumulative results of the studiesacidic oligopeptide conjugation
indicate a promising method of selectively delivering drugbane. Owing to the apparently
strong affinity of acidic oligopeptides for HAP, thegeting system may be widely applicable for
both small molecule drugs and large molecules as prateges/eral bone diseases.

The presence of an acidic oligopeptide tag altered thg'sdpharmacokinetic and
biological properties, including blood clearance, distrinutio visceral organs, and biological
activity. The increased hydrophilicity created by the tathpasight to be responsible for these
alterations. In considering clinical use, it is unlikéiat tagged molecules would be suitable for
oral administration because of their high hydrophilieityl their susceptibility to peptidases and
esterases in the gastrointestinal tract. Otheesoot administration, such as the intranasal route,
may increase the bioavailability of tagged molecules, hedyteater convenience may improve

compliance and patient quality of life.
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Figure

Fig. 1. Amino acid sequences of bone matrix proteins

Bone sialoprotein

MKTALILLSILGMACAFSMKNLHRRVKIEDSEENGVFKYRPRYYLYKHAYFYPHLKRFPVQGSSD
SSEENGDDSSEEEEEEEETSNEGENNEESNEDEDSEAENTTLSATTLGYGEDATPGTGYTGLAAI
QLPKKAGD I TNKATKEKESDEEEEEEEEGNENEESEAEVDENEQGINGTSTNSTEAENGNGSSGE
DNGEEGEEESVTGANAEGTTETGGQGKGTSKTTTSPNGGFEPTTPPQVYRTTSPPFGKTTTVEYE
GEYEYTGANDYDNGYEI'YESENGEPRGDNYRAYEDEYSYFKGQGYDGYDGQNYYHHQ

Osteopontin

MRIAVICFCLLGITCAIPVKQADSGSSEEKQLYNKYPDAVATWLNPDPSQKQNLLAPQTLPSKSN
ESHDHMDDMDDEDDDDHVDSQDS IDSNDSDDVDDTDDSHQSDESHHSDESDELVTDFPTDLPATE
VFTPVVPTVDTYDGRGDSVVYGLRSKSKKFRRPDIQYPDATDED I TSHMESEELNGAYKATPVAQ
DLNAPSDWDSRGKDSYETSQLDDQSAETHSHKQSRLYKRKANDESNEHSDV IDSQELSKVSREFH
SHEFHSHEDMLVVDPKSKEEDKHLKFR ISHELDSASSEVN

Acidic amino acids are emphasized.



Fig. 2. Structure of FITC-Dy
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Fig. 3. Confocal laser scanning microscopic images of bones

Alveolar Bane Incisor

Ground sections of bones were prepared from rats 24 h after injection with FITC-D,.



Fig. 4. Structures of E,-3D; and E,-17p3Dg
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Fig. 5. Structures of NFLX-7Dgand LVFX-3D,
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Table 1. Pharmacokinetic parameters after an intravenous administration of
fluoroquinolones and their Asp-oligopeptide tagged drugs

LVFX LVFX-3Dq NFLX NFLX-7Dq
(27.7 umol/kg) | (27.7 umol/kg) (31.3 umol/kg) (31.3 umol/kg)
AUC,,, 8.77 = 0.39 24.8 £ 0.8* 9.66 = 1.70 20.7 £ 7.8*
(nmol/mL=h)
Vd (L/kg) 1.55 %= 0.04 0.27 *x 0.06* 1.86 & 0.35 0.63 * 0.14*
t,, (") 0.49 % 0.09 0.38 = 0.02 0.52 %+ 0.09 0.62 £ 0.17

Each compound was injected into the jugular vein of mice at the indicated dose.

Each value represents the mean % S.D. (n = 4).
*Significantly different from the parent drug at p < 0.05.




Fig. 6. Structures of CD,-TNSALP

N-signal sequence TNSALP

Anchor-intact TNSALP m [

GPI anchoring signal sequence
(CTTGCTGCAGGCCCCCTGCTGCTCGCTCT
GGCCCTCTACCCCCTGAGCGTCCTGTTC)

N-signal sequence TNSALP

Anchorless TNSALP W

N-signal sequence TNSALP

Anchorless CD,-TNSALP YW

Linker Dg
(ACCGGTGAAGCAGAGGCC) (GACGATGACGACGATGAT)



