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Abstract — [Lys’|dermorphin, abbreviated K7DA, which has structural features similar to a metabolically
stable p-opioid peptide agonist [D-Arg’, Lys']dermorphin analogue (DALDA), but is inirinsically more potent
with respect to binding to the p-opioid peptide receptor. The present studies report on attempts to enhance
brain uptake of systemically administered K7DA by conjugation to a complex of streptavidin (SA) and the
OX26 murine monoclonal antibody to the rat transferrin receptor, which undergoes receptor-mediated
transcytosis through the blood-brain barrier (BBB). SA-OX26 conjugate mediates BBB transport of
biotinylated therapeutics. The K7DA is monobiotinylated at the e-amino group of the Lys’ residue with
cleavable linker using NHS-SS-biotin. The brain uptake of I-labeled biotinylated K7DA (‘*I-bio-SS-K7DA)
was very small and rapidly metabolized after intravenous injection. The brain uptake, expressed as percent of
injected dose delivered per gram of brain, of the I-bio-SS-K7DA bound 1o the SA-OX26 conjugate (*I-bio-
SS-K7DA/SA-0X26) was 0.14+£0.01, a level that is 2-fold greater than the brain uptake of morphine. The
cleavability of the disulfide linker in vivo in rat plasma and brain was assessed with gel filtration HPLC and
intravenous injection of labeled opioid chimeric peptides. The disulfide linker is stable in plasma in vivo but
is cleaved in rat brain in vivo. In conclusion, these studies show that delivery of these potential opioid
peptides to the brain may be improved by coupling them to vector-mediated BBB drug delivery system.
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oA AR Foji HdFe] Fiof o tH*FE] ‘ﬂ 45 7] o23-¢ neuropeptide”d 2FA| & transport vectorell
"-FJSL—E" 2AFAY R e84 slefe] =4 1 FHAYAA $Ee= Holth. &, receptor-mediated

B0l HaAsEd Yo ¥y = gy —Ll-—r-(blood- transcytosisS W}el)= rat transferrin receptorel thEl ©Hg
bram barrier, BBBYE- & £3}351A| F3to] of=]a7-2 Aol 2339l 0X268 Zdvector® AHE-8}3L vectore} He}o)
2 g AF-E £ o oldh ases B AT e ZAgLe 80|54 F}=F avidin-biotin technology

A olgl F71A] A E Adstr] Hsted AA, olu] B (Yoshikawa®} Pardridge, 1992)2 o]-$-3}*] avidin-vector
conjugates (SA-OX26)2} biotinylated peptides 3431
DALDA (Schiller <, 1989)2} A8t F22 E4]1% v}e} in vivo2 %ol 7lo|t}. o] 7% biotinylated peptide2]

a¥l wpepzte] djalde g ¢k43EF dermorphin = A 4)

W= p-opioid <~-8-H| o] 73H 3} A gsl=(Negri 5, 1992) e PEolA °P7”6}-_T'_ ¥ el 4] 80|37 biotind}
[Lys'|dermorphin (K7DA)E Zdlslelelczn Xelslelm, peptide2] ZAgo] Agk=i= disulfide <1ZHH-L o] &35}o]
1:1]—“.:'_ ]_

* To whom comrespondence should be addressed.

=% BBBEIA & £214)7]7] £)5}e] ‘chimeric peptides
Vehlle AERele) =) sEledeiz sheels in vive 9| £ A& (Pardridge, 1991) E)8lin}. o] 72 = of

E A7%E in vivoE Fo35 K7DA2} chimeric peptides
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Z  bio-S5-K7DA/SA-0X262] @%“-pharmacokineticsﬁ}
HPLC patterng- H] 54 8}o] opioid peptide?] ] St
askdoz 2N dakel AR ANE ¥ ushud
e},

AlS{HEEH
= (==

JILL

AEE

Na™ = Amersham KoreaZ €| Zg%tw, [Lys|der-
morphin (K7DA)= Dr. Bickel (Philipps University, Mar-
burg, Germany)e] %™ 3}A A-3s}lsit). 0X26%= Dr. Bick-
ele] Dr. Pardridge (UCLA, USA)ZHE] Fofibolr] =l o
A Aelekste] AZ3tedt). Sulfosuccinimidyl 2-(biotin-
amidoethyl)-1,3"-dithiopropionate (NHS-SS-biotin), 2-imino-
thiolane (Traut's reagent)¥} m-maleimidobenzoyl-N-hydroxy-
succinimide ester (MBS)= Pierce Chemical A 22 AR2-3}
sit}. Acetonitrile-2- Fisher Scientific® 258, chloramine
T-= MCB Reagents, *:3} recombinant strepavidin (SA) Z
7)el Aok Sigma] AlF-S 3te] ARSI Vydac
C4 (10x250 mm) reversed-phase HPLC column- Seper-
ations Group (Hesperia, CA)el|4], Superdex 200 HR 10/30
© Pharmacia®H¥&], TSK-gel G2000 SWx HPLC columns
(7.8% 300 mm)= Tosohaasoll 4] F-41stedct. £22 4%
Sprague-Dawley (SD) rat2] A3 190-260 g2] 712 Harlan
Winkelman (Borchen, Germany)E4E] F8lsle] 477k
A% & Abastsich
Avidin-0X26 Conjugates?| &4

Antitransferrin receptor monoclonal antibody$l 0X26$}
B g]otell A E2)sle] A AT SA2] conjugate o|7] B
75 = (Pardridge S, 1995a; Bickel 5, 1995)% F-gl
HhH o 2 A ZFdc). 7HEA ASEd, 0X269) Traut's
reagent?] W)= 1:52] ¥]E thiol3} A7) SA+= 208 mo-
lar ratio®] MBSE 248 X|7)ch. ThiolshEl OX262} &4
3y SAE FEsle]l ZA A7 FE, SA-0X26 conjugate
Superdex 200 HR 10/30 column-& A8-5}] fast protein li-
quid chromatography (FPLC) system 2% SA-OX26 con-
jugate®} unconjugated SA =i wEz}eE AghN 22 27t
27 AA) A Z3 SA-OX26 conjugate’= [‘H]biotin3}
AGAA olv] B3t upH(Kang Pardridge, 1994)0) =
7wl =ed5led brain delivery®-& FAstoict. A= Fol5
60301212 [‘H]biotin/SA-OX26 conjugate?] uptakeZF
0.1740.01%ID/ge) 3 1, BBB 32 permeabilitysurface
area (PS) productt= 1.2940.20 ul/min/g, AHF 5 4
3 9 (AUCKE 138+ 15%ID - min/ml=. ef =% (Saito -,
1995)ll 4] 528} gk AR 3k viehd el
Dermorphin analogue®| Biotinylation

K7DA= a-N-fmoc-Tyr'e] NH,7|7} R 5% Hel2 Pep-
tide Synthesis Facility (UCLA)EX&] A]to} 748 ) <]
A7) A= o)v] ¥yl E=F(Bickel 5, 1994)2] v}
w2} NHS-SS-bioting 6]&3te] biotinylationsFict. Zhek
3] Aesld, 500 pge] fmocK7DA (EA}=; 1066)E di-
methyl sulfoxide 400 plel] 28] XA 0.05 M NaHCO; 600
WE 71sle] pHS 8.3°2.8 FAghc}. of 7)ol 68 molar ra-
tio2] NHS-$S-bioting 0.05 M NaHCO; 1 mlel] =¢) -8-oF
2 ek AL 6087 vRe-Alz]l &, 100 ule] triflo-
ouroacetic acid (TFA)2} 500 ul2] acetonitrile (ACN)E- 7}3}
of ®¥1-8-2 Z| A7t} Reversed-phase column (Vydac C4
columm, 10x250 mm)& ¢172%}3 flow ratex= 3 ml/min =
&}e] gradient system (1108 Solvent Delivery Module,
Beckman)2- o]-4-5F HPLC (Lamda-Max Model 481, Wat-
ers LC)Z A A5} N-terminal fmoc group2 A|A A7l =,
bio-8§S-K7DA= thA] HPLC® A%t} Desbiotinylated
K7DA (desbio- K7DAYS 37]$18141%= in vitro’dtella] 50
mM dithiothreitol (DTT)E- 50 mM phosphate buffer (pH 7.5)
o o] 1417F A gelA] WEAA HPLCE A A 2},
Bio-SS-K7DA2| Radioiodination

2 ug (1.6 nmol)2] bio-SS-K7DAe!| 1 mCi2] Na'*1e} 1.4
nge] chloramine TS o] =}dl3l gk}, qh3-2 AL-ol|A
60% Zak vl¢-A7] &, 1.9 ug2l sodium metabisulfite = 7}
o] wke-g& F=x)A]ZItl. Radioiodinated bio-SS-K7DA
(*I-bio-SS-K7DA)ell 1% TFA 1mlE 7}slo] AR 3 )21
1|2 methanol 10 ml, 60% ACN/0.1% TFA 5 mlz} &%
4 10 mlE2 EA43}A|7] C18 SepPak cartridgel] &-8-A}A
0.1% TFA 10 ml2 1 5 ml2] 60% ACN/0.1% TFA=. -8
2271}, B835le] P2 PLbio-SS-K7DALUZE9] ACN
& 29 A A ASEZ 0.05 M Na,HPO, (pH=7.4)2} 0.05%
sodium azideZ Yol 4 ¢4 Bt} #2 AAMEL] v
3412 (.12 mCi/nmolo] 32 trichloroacetic acid (TCA) & #
&2 95% o] Aelglrt.

Pharmacokinetics@} Brain uptake

I-bio-SS-K7DA ©= = SA-0X262}9] pharmacoki-
netics2} brain uptake:= ketamine (100 mg/kg)®} xylazine (2
mg/kgye B7IN2 Foidled miFAlz] &) single in-
travenous injection technique (Rapoport =, 1980)2- ©]-8-3}
o] 7 x3}git}. 0.1%2] rat serum albumin (RSAYS -7t
0.2 ml2] Ringer Hepes buffer (RHB)o]| 0 ==+ 30 uge] SA-
0X26%} 10 uCi®) *I-bio-SS-K7DAZ P& §-90-2 g A
Moz Fofshn Gl A SsEdelA 025, 1, 2,5,
15, 30, 60%-¢] He oF 025 mlg Hstsirt. o FoiF
17kl 5ale] W E Asted TAE AT 3] WG
A& 22]3}9dt}. Pharmacokinetic parameter+= biexponen-
tial equation (Gibaldie} Perrier, 1982)e] plasma TCA %A
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HRALEAL dataZ- fitting Al A Qo). BAE . T3 9
Z(AUCQC), steady-stateol| 42 F-E 24 (Vdss), AFF A4
clearance (CL), A FA)ZHMRT)Y = Gibaldi¢} Perrier2]
B2l whel Ay, A ki, kB 5B TEHATE PTbio-SS-K
7DAS] ¥F HFE LA (Vo) FolF 147418 w9
dpm/g-& Z-E A|7ke] F @AFe] dpm/plE e P
Zl gholt}. *I-bio-SS-K7DA2] brain uptakes thg-2] A4
2] ste] Aalksledct.

%ID/g(H:PS . AUC().[

7)ol A %ID/g i 1 go] uptakedt Sofeko] ik u|g
o] PS= rhg-9] Aol osfA] gk o] Fapgda]e|t.

PS= [VD-VU] Cpm/ AUCO_(

Cp(Ty= A7k 8% Fxolz Vo o7 & =
FollA B51% ¥]%2] plasma volumeg vlelch(Kang}
Pardridge, 1994).

SA-0X26¢] 235 "I-bio-SS-K7DAY] HA4Z A} gF
A2 gel filtration HPLCE FAlsloin). A il ZAl 5 605
of @el& AF 3] F2 A 20 WE A 3nlelA ZH
z} #spo] Eg5)aL o]7ZS PBST buffer (0.01 M Na,HPO,,
pH=7.4/0.15 M NaCl/0.05% Tween 20) 250 plE 3]4]s}ed
TSK-gel filtration HPLC columnel] F¢)sfelc}. 3] .
bio-SS K7DA/SA-OX26¢] a8 A HZALE c0%e] o
313 3vt=)e] xHFE Polytron homogenizerS o]-43}
o] 9] 3u] volume?] PBST buffer® #2557 20,000

O [*1), bio-ss-K7DAISA-OX26
1), bio-ss-K7DA

10.0

%ID/mlI

1.0

0.1 { T T T T I
0 10 20 30 0 50 60

minutes

Fig. 1. Clearance from plasma of I-bio-SS-K7DA in its
free form (Q) or bound to the SA-OX26 vector (®) is shown
for up to 60 min after single intravenous injection. Data are
mean+SE (n=3 rats); some SE bars are not visible becausc
the SE is smaller than the symbol.

g 4TolA 30&Ft AR sl] & AE9L TSK-
gel filtration columne]] F+]3}ed FA}s}edn}.
Gel filtration HPLC

SA-0X269] 125I—bin:)—SS—K7DA-‘3’F] avidin-biotin2 3 %
disulfide bond2] <FHA-2 TSK-gel G2000 SWy HPLC
columns (7.8 300 mm)& AF&3} gel filtration HPLCZ 2
glslel . o) isocratic elution< PBST bufferg A}-&-3}4)
ow 2% 0.5 ml/minZ &k9t}. Column fractions?] &2k
= 05mle]3 Zp7he] whaldAg &3 F’ﬂﬂr gt o]
column®] void volumes} salt volumn<& z+zt 6 mi=} 11 ml
o] gdrt.

o o o

L-bio-SS-K7DAS| HULY =04

Hegez Al &5 FoIdk Ibio-SS-K7DA2]
pharmacokinetics2} brain uptake 513 607125 H7}
st ch(Fig. 1). o] peptidet= FeI 5 60%ol Foiat 2o
95% o|Ake] BF o2 AASUT A&3] fabsle] &
A5 AL S TCAR &2 F4135 0.25%] 83%0l4]
e 608 22%71A) AR HFig. 2). “I-bio-SS-K7DA
= distribution half-life7} 0.73£0.08 min®]3Z, elimination
half-lifel= 27.02£0.2 min, 3 FA 5417k (MRT)e] 35.6+0.2
min ©.& HAF compartmentEHE A A= Heh(Table I). &
gl, steady-stateel| 4] 2] B3E 23 (Vdss) 309+17 mlkg.2.
% plasma volume<! 71+3 ml/kg (Pardridge, 1994)2.c} 4x]

100
O[], bio-ss-K7DA/SA-OX26
8o ® ['“1], bio-ss-K7DA
=
£
5 60+
8
[=3
o 40 -
L ¢
[&]
| =
2° -
0 T T T T T T

0 10 20 30 40 50 60
minutes

Fig. 2. The percent of plasma radioactivity that is precipi-
table with TCA 1is plotted as a function of time after intrave-
nous administration for either the free (O) or conjugated 'T-
bio-SS-K7DA (@). Each point on the graph represents mean
+SE (n=3 rats).
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Table I. Pharmacokinetic parameters for [ “I]bio-SS-K7DA
either free or conjugated to SA-OX26 in the rat

[*I]bio-SS-K7DA/

125 :
Parameter [ “I]bio-S5-K7DA SA-OX26
A, (%ID/ml) 5.05+0.29 6.61 +0.63
A; (%ID/ml) 1.384+0.10 6.57 041
k; (min™) 0.97-£0.11 0.15 =+0.03
k, (min) 0.026+0.001 0.00870.0024
12 (min) 0.73+0.08 538 +1.21
distribution
tin, (min) 27.04+0.2 104 + 38
elimination
AUC, 59.0£4.3 1038 + 399
(%ID - min/ml)
Vd., (mlkg) 300 +17 69.0 +15
CL. (ml/min/kg) 8.71+0.50 061 +0.17
MRT (min) 35.6+0.2 142  + 53

All parameters are determined from TCA-corrected meas-
urements of plasma radioactivity. Data are mean+ SE (n=3).

0.20
™), bio-s5-K7DA/SA-OX26
| mm[™i), bio-ss-K7DA
0.156 4
T

o
2 0.10 -
=

0.05 -

0.00 -

Fig. 3. The percent injective dose (%ID) delivered per gram
of brain for either ™I-bio-SS-K7DA or 125I-bio-SS-K7DA/
SA-0X26 at 60 min after intravenous injection. Results are
mean+ SE (n=3 rats).

oAk vl 3 glv). ER3 A A clearance (CLY= 8.71
+0.50 mi/min/kg 2.2 frpd o2 9§l dermorphin F%
A9l DALDAS] CL 10.8+0.4 ml/min/kgR.c} 7k g 2=
22 Vel (Samii 5, 1994), ¢] gH2 sucrose?] Ft 104
+0.4 ml/min/kg (Samii %, 1994)=} A3t 2 S8A 23
5o F8 AA7EE glomenular filtrations]] 2J%F Z o2
MzFR ) *Tbjo-SS-K7DA2L] brain uptake= 0.040+0.002
%ID/g 2 2 DALDAS] brain uptakex| 0.02 %ID/g2] 263+
vrehSichFig. 3). ol K7DAL| diAla] qkajAie]
peptide®] A4l clearance & Algtat . webs EAEF
ey 235 WA (AUCE 59+4 %ID - min/mlZ DAL-
DA<l AUCZ} 23+1 %ID/min/mle] 2ufo)AHe Jehfgich

-
=
o]

80000
[*1, bio-ss-K7DA/SA-OX26

60000 -
= 40000
o
[

20000 -

0 - P
T T T T T

0 10 20 30 40 50

Fraction

Fig. 4. Elution profile of gel filtration HPLC of *I-bio-SS-K
7DA bound to the SA-OX26 vector before injection of tracer
into rats. The column was eluted at 0.5 ml/min, and 0.5 ml
fractions were collected and counted for *I-radiocactivity
(CPM=counts per minute).

(Samii 5, 1994). “I-bio-SS-K7DA2| brain uptake?]| Zh-2-
98] AlellA ®edF3 gl 7 ohaZlA| 2 AUCS] F7t
o} vl#ste] uptakez] 2] Abgg Wiehl =24 YA 7o)
ebdAd & A AJBRAL Sl
I-bio-SS-K7DA/SA-0X262| pharmacokinetics@} brain
delivery

SA-0X262} conjugation® *I-bio-SS-K7DA (*I-bio-SS-
K7DA/SA-OX26Ye TSK gel filtration HPLC columng %
stod £&44 7-9mlelA] o] Esi L ¢]712 [H]biotin/
SA-0X269] $&843 FdatdrkFig. 4). *Ibio-SS-K
TDA/SA-0X262] Hal<rz el Ak clearances= conjugation
A oke PLbio-SS-K7DA2} v] @3}k (Fig. 1). Con-
jugation® peptide®] &7}3e] fApa] kAL FolF 14]
7rell A 93+1%e =& TCAAASS BHolm 2y 29
= 9lchFig. 2). “I-bio-SS-K7DAS] &xF3 A A1 clearance
= SA-0X26 vectorol| conjugation® © 24 0.61+0.17 ml/
min/kg 2 2 93%7} 7+A4=ih(Table I). So33 1A]7}o)) A
9] conjugation® peptide2] AUCE 363:£43 %ID - min/ml
oloiz P F-F(BBB) £33 WA (PS) producti= 0.388
+0.046 pi/min/g ©. 2. o|w| A4k5l brain delivery®] h&
0.138+£0.011%ID/ge] I eh(Fig. 3). ©] 3t “I-bio-$S-K
7DAS] brain uptak 3ul] o]4}e] Zh-& vjehie] et 155
Ae YehfE 4221239l morphine?] brain uptake?
24 o]Ake] & BWeolFE 3 ¢lEd|(Bickel 5, 1996; Olden-
dorf 5 1972), 23} © 2 o] peptide= SA-0X26 vectors}
conjugations BAIFl= 24 A8 brain deliveryd] Ak
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Fig. 5. Gel filtration HPLC chromatogram of plasma ob-
tained 60 min after a single intravenous injection of "*I-bio-
SS-K7DA/SA-0X26. Elution of pooled plasma from three
rats performed in triplicate. Fractions=0.5 ml.

300
['®1], bio-ss-K7DA/SA-OX26, brain, 60 min
200
=
o
O
100
0 -
T I T T 1
0 10 20 30 40 50
Fraction

Fig. 6. Gel [iltratton HPLC chromatogram of brain homo-
genate obtained 60 min after intravenous injection of ‘*I-bio-
S5-K7DA bound to the SA-OX26 vector. Aliquots of brain
homogenate were pooled from three rats performed in
triplicate and injected onto the TSK-gel filtration column (7.8
% 300 mm). Fractions=0.5 mL

& zasiae).
Chromatographic analysis

2] bio-SS-K7DAE SA-0X262} conjugationA] 7 ] #ul]
FArE ¥ ©3 7] brain endothelial cellF2] peptide} SA-
0X26 vector®}e] disulfideZ2gre] <orAAdz} A=A
cleavage= Fig. 5¢} 69 7zt elulgiel. Fig. 5¢l| viehd
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wlsh o] ) FolF 60RolA] Loldl BHE L
bio-SS-K7DA= HPLC pel filtration column® Z%-8] SA-
0X26%t &7 4244 7-9mioly 90%0)de] &&=
459 disulfide2 g9 Al Asbe elv xwd
Bickel £(1995)2] Ao} 712 Ants B3 9ivt &
9, o] chimeric peptideE A =Foidk & 604 379
xS0 gel filtration HPLCE-A-2 radiolabeled chim-
eric peptideol|A] free desbio-K7DAS] & &o] 3:12] v|&E X
@lHql cleavageE vtehfe] 3k peptide®| wHALZ2
peaksE ¥ 0] qlrh(Fig. 6). SA-OX262} A vectorsl
NLA-0X269} t}Z peptides}2] disulfideZ2 o] <FdAl&
71538t W w4 disulfideZglo] in vito 37°Col4] &#
9] =] homogenatedl] )8} A<&s}A d = ¢ oh(Pardridge
= 1990). 2 B 379 in vivoAtE <A radiolabeled
chimeric peptide7} €+7%] free desbio-K7DAZ 3185 %]
ok2 712 o] chimeric peptidez} microvessels®] endosomal
compartment3tel] 22| 9] 7 endothelial cytosolgb2 & o]
% 7 o)A e, disulfideZ2 g hHAE I E FA

a9 3188 AAsta 2ok,
A =

2% peptided! K7DAZ- biotinylations}e] ©}7]e] avidin-
biotin technology& ©]-8-3}¢] avidin-vector conjugates (SA-
0X26)s} A 8HA1A FA1%8 chimeric peptide K7DA2] o
AE DA 744471 D3} o] peptides] BBB 24
< 2R 7] F74A EFE veh gtk 22 ER o] de-
livery system-& peptide’] 2FE-2] BBB G40l 842 A
A3k 9lem, 2 Aol 4] AH2-E vectoro] &l el % & Zell
Hu¥ 224 BBB $Svector (Pardridge 5, 1995b)8 o] &
3o brain delivery & £31AA Yoo A4 2 <fejzst
Sol| mE{s]ofe} & Zlo|th

LAt

2o ghEaEslSawe] ARdF A FHAHE
04-F-0063)3} 199515 <= o]zlthatn we|d7H], =gt
=49 Alexander von Humboldt Foundation®] X]4le) 23
a9l on olo] ZAbE UL}
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