
J. Am. Chem. Soc. 1994,116, 2643-2644 2643 

Chemical Delivery System To Transport a Pyroglutamyl 
Peptide Amide to the Central Nervous System 

Laszlo Prokai, Xu-Dong Ouyang, Wei-Mei Wu, and 
Nicholas Bodor* 

Center for Drug Discovery, College of Pharmacy 
University of Florida, Gainesville, Florida 32610-0497 

Received December 2, 1993 

We have recently reported1 the delivery of an enkephalin analog 
to the central nervous system (CNS) following intravenous 
injection by a "chemical delivery system"2 approach that involves 
the fundamental steps of (1) transport through the blood-brain 
barrier (BBB) made possible by a lipophilic steroid moiety (L) 
and a lipoidal 1,4-dihydrotrigonellyl targetor (T) attached to the 
peptide via a spacer (S), (2) retention in the brain or "lock-in" 
via the enzymatic oxidation of T to a membrane-impermeable 
pyridinium moiety (T+), and (3) release of the biologically active 
peptide (P). However, the method reported can only be applied 
to neuropeptides with free NH2 and COOH termini. Here we 
report an important extension of the method to peptides with 
N-terminal pyroglutamyl (Pyr) and C-terminal carboxamide 
functions. 

In our lead compound Pyr-His-Pro-NH2 known as thyrotropin-
releasing hormone (TRH) and originally isolated from the 
hypothalamus,3 no free hydroxy or amino groups are present. 
Besides its function as the primary neurotrophic hormone for 
thyroid-stimulating hormone (TSH) secretion,3-4 the extrahy-
pothalamic distribution of TRH and its receptors indicates that 
TRH plays other roles in nervous system physiology,5 and large 
doses show beneficial effects in memory impairment* and in 
amyotrophic lateral sclerosis.7 However, TRH has a short in 
vivo half-life on the order of 5 min8 and does not effectively 
penetrate the BBB9 due to its low distribution coefficient (KD < 
0.005 between 1-octanol and water) and its susceptibility to 

(1) Bodor, N.; Prokai, L.; Wu, W.-M; Farag, H.; Jonnalagadda, S.; 
Kawamura, M.; Simpkins, J. Science 1992, 257, 1698-1700. 

(2) Chemical delivery system is defined as an inactive compound produced 
by one or more chemical modifications of the molecule, and multistep enzymatic 
and/or chemical transformations in vivo produce the targeted compound. 
See: Bodor, N; Brewster, M. E. In Handbook of Experimental Pharmacology, 
Vol. 100, Targeted Drug Delivery; Juliano, R. L., Ed.; Springer-Verlag: Berlin, 
1991; pp 231-284. 

(3) Boler, R.; Enzman, F.; Folkers, K.; Bowers, C; Schally, A. Biochem. 
Biophys. Res. Commun. 1969, 37, 705-710. 

(4) Brownstein, M.; Palkovits, M.; Saavedra, R.; Bassiri, R.; Utiger, R. 
Science 1974, 185, 267-269. 

(5) (a) Horita, A.; Carino, M.; Smith, J. Pharmacol. Biochem. Behav. 
1976,5,111-116. (b) Miyamota, M.;Nagai, Y.; Norumi, S.;Saji, Y.; Nagawa, 
Y. Pharmacol. Biochem. Behav. 1982,17,797-806. (c) Kraemer, G.; Mueller, 
R.; Breese, G.; Prange, A., Jr.; Lewis, J.; Morrison, H.; McKinney, W., Jr. 
Pharmacol. Biochem. Behav. 1976, 4, 709-712. (d) Kalivas, P.; Horita, A. 
/ . Pharmacol. Exp. Ther. 1980,212,203-210. (e) Cott, J.; Breese, G.; Cooper, 
B.; Barlow, I.; Prange, A. / . Pharmacol. Exp. Ther. 1976,196,594-604. (f) 
Atweh, S.; Simon, J.; Kuhar, M. Life Sd. 1975,17,1535-1544. (g) Schmidt, 
D. Commun. Psychopharm. 1977,;, 469-473. (h) Brunello, N.; Cheney, D. 
J. Pharmacol. Exp. Ther. 1981,219,489-495. (i) Porter, C; Lotti, V.; DeFelice, 
M. Life Sd. 1978,21,811-820. (j) Santori, E.; Schmidt, D. Regul. Peptides 
1980,1, 69-74. (k) Malthe-Sorenssen, D.; Wood, P.; Cheney, D.; Costa, E. 
J. Neurochem. 1978,31,685-691. (1) Yarbrough, G. Prog. Neurobiol. 1979, 
12, 291-312. (m) Yarbrough, G. Nature 1976,263, 523-524. (n) Braitman, 
D.; Auker, C; Carpenter, D. Brain Res. 1980,194, 244-248. 

(6) (a) Mellow, A.; Sunderland, T.; Cohen, R.; Lawlor, B.; Hill, J.; 
Newhouse, P.; Cohen, M.; Murphy, D. Psychopharmacology (Berlin) 1989, 
98,403-407. (b) Peabody, C; DeBlois, T.; Tinklenberg, J. Am. J. Psychiatry 
1986,143, 262-263. (c) Sunderland, T.; Mellow, A.; Gross, M.; Cohen, R.; 
Tariot, P.; Newhouse, P.; Murphy, D. Am. J. Psychiatry 1986,143,1318. (d) 
Molchan, S.; Mellow, A.; Lawlor, B.; Weingartner, H.; Cohen, M.; Sunderland, 
T. Psychopharmacology (Berlin) 1990,100, 84-89. 

(7) Yarbrough, G. Life Sd. 1983, 33, 111-118. 
(8) Bassiri, R.; Utiger, R. / . Clin. Invest. 1973, 52, 1616-1619. 
(9) (a) Jackson, I. In Neurobiology of Cerebrospinal Fluid; Wood, J. H., 

Ed.; Plenum Press: New York, 1980; pp 625-650. (b) Metcalf, G. Brain Res. 
Rev. 1982, 4, 389-408. 

peptidase degradation.10 There have been numerous attempts to 
modify the structure to obtain metabolically stable analogs, as 
well as to improve potency and/or CNS selectivity,11 but without 
improvement in brain delivery and duration of action. 

TRH is derived from posttranslational processing of a precursor 
polyprotein.12 The TRH progenitor sequences (Gln-His-Pro-
GIy) are flanked by dibasic residues13 that are typical sites of 
processing by carboxypeptidase B-like enzymes.l4 The C-terminal 
glycine functions as an amide donor for proline,13 due to an 
enzymatic activity designated peptidyl glycine a-amidating 
monooxygenase (PAM) which requires Cu2+, ascorbic acid, and 
molecular oxygen.16 Glutamine (GIn) is the precursor of the 
N-terminal pyroglutamyl,17 and the cyclization is catalyzed by 
a specific enzyme, glutaminyl cyclase.18 

The peptide delivery system (2a) we designed and synthesized 
incorporates a Gln-Leu-Pro-Gly progenitor sequence of a TRH 
analog Pyr-Leu-Pro-NH2 (I),

19 the free COOH of the glycine 
residue is esterified with cholesterol, and the 1,4-dihydrotrigonellyl 
moiety is attached to the progenitor via an additional alanine 
(Ala) residue as a spacer (S). The mechanism of CNS delivery 
for 1 by sequential bioactivation of 2a is shown in Scheme 1. The 
delivery of a pharmacologically significant amount of 1 has been 
indicated by the profound decrease in the barbiturate-induced 
sleeping time, the measure of the activational effect on cholinergic 
neurons, in mice.20 At an equimolar (30 /wnol/kg) dose, the 
intravenous administration of 1 showed only a marginal decrease 
(29.2 ± 2.8 min, compared to the 32.4 ± 3.4 min for the control 
group), while 2a resulted in ca. 30% reduction of sleeping time 
(to 21.5 ± 3.7 min). 

To support that the bioactivation of the CNS-delivered peptide 
precursor 4a to 5a occurs in the sequence implied by the design, 
4a was synthesized and incubated in vitro (20% w/w rat brain 
homogenate, pH 7.4, 37 0C, 30 nM substrate concentration).1 

Electrospray ionization mass spectrometric analysis has revealed 
that about 70% of the peptide precursor has been degraded within 
a half-hour, and processed mainly (by ca. 80%) to 5a, which is 
relatively stable in vitro, by PAM. About 20% of the degradation 
may be due to endopeptidase cleavage (possibly by enkephalinase, 
EC 3.4.24.11, which attacks internal Phe, Leu, Tyr, and Trp 
residues21) yielding a T+-AIa-GIn-LeU fragment.22 Thus, pro­
cessing to 1 is only dependent on the release of 6a by peptidase 
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cleavage of Sa, which proceeds similarly to that of the corre­
sponding enkephalin analog.1 

For the facile release of the final precursor (6a) after the 
formation of the amide terminus, we considered the modification 
of the spacer (S). Prolyl endopeptidase (EC 3.4.21.26) plays a 
role in neuropeptide metabolism23 and cleaves Pro-Xaa bonds 
(Xaa is an amino acid residue) with the exception of the Pro-Pro 
bond. The alanine (Ala) can substitute Pro.24 However, 
N-blocked peptides with the general formula Y-Pro-Xaa, or 
Y-Ala-Xaa, are not easily attacked by this endopeptidase, where 
Y represents an N-terminal protecting group (Y here is T+). 
Therefore, the brain-targeted and "locked-in" peptide precursors 
with a single Ala spacer are not readily metabolized by this 
enzyme. However, sensitivity to prolyl endopeptidase can be 
restored by placing Ala-Ala between the targetor (T) and the 
GIn residue of the progenitor sequence. The corresponding 
chemical delivery system (2b, Ala-Ala spacer), whose bioactivation 
proceeds similarly to that of 2a (Scheme 1), has resulted in a 
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more than 50% decrease (to 15.3 ±1.8 min) of the barbiturate-
induced sleeping time in mice, compared to the control group. It 
is, indeed, an improvement over 2a, where a single Ala separates 
the N-terminal residue (GIn) of the peptide precursor from the 
targetor (T) function. 

In conclusion, chemical delivery systems for peptides with no 
suitable functional groups for covalent bonding can be assembled 
by using an appropriate progenitor that undergoes predictable 
bioactivation. The reaction may also be controlled by allowing 
specific enzymes to interact with the adjustable portion of the 
molecule: the spacer amino acid residues. 
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