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For bacteriostatic tests, inocula from master plates were grown
overnight at 37 °C and then diluted 1000-fold in the same medium.
Cultures were grown at 37 °C in Erlenmeyer flasks on a rotary
shaker, and the growth was follwed by measuring the turbidity
at 650 nm. Drugs were added after 2 h of growth.
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Several sensitive substrates for porcine pancreatic elastase, chymotrypsin, and trypsin were prepared that utilize
the permanently charged, fluorogenic cation 1-methyl-6-aminoquinoline (MAQ™) as the leaving group. Kinetic rates
for the hydrolysis of substrates were determined fluorimetrically and compared with analogues having 6-aminoquinoline
(6-AQ) as an uncharged leaving group. It was found that substrates containing the quaternized leaving group generally
have a higher k,/K,, ratio. An exception to this trend was noted with a trypsin substrate, Bz-DL-Arg-MAQ*. During
the course of this investigation, several significant advantages of the MAQ ion as a fluorogenic leaving group in
protease substrates were found: (a) its appearance can be measured fluorimetrically using wavelengths of light that
result in its maximal fluorescence, while under these conditions, the unhydrolyzed substrate is essentially nonfluorescent,
(b) it confers a high degree of water solubility to hydrophobic peptides, thereby eliminating the need for organic
cosolvents to dissolve substrates, and (c¢) quaternized substrates can be prepared readily and in good yield from
the corresponding 6-(peptidylamido)quinolines. These positively charged synthetic fluorogenic substrates are, therefore,
useful probes for investigating the steric and electronic properties of the active-site environment of proteolytic enzymes.

Proteolytic enzymes play a key role not only in the
regulation of cellular protein turnover but also in the
control of many other physiological functions. Examples
of these are digestion, blood coagulation, fibrinolysis, in-
flammation, control of blood pressure, maturation of
peptide hormones, ovulation, fertilization,! and morpho-
genic changes during development.? Uncortrolled de-
struction of intra- or extracellular proteins by proteases
is associated with many pathological conditions, such as
the breakdown of articular cartilage by elastase® and
collagenase*® during rheumatoid arthritis, the destruction
of pulmonary elastin by elastase during emphysema,® and
the activation of plasminogen during the invasion of
healthy tissues by tumor cells.” The information con-
cerning the catalytic and regulatory mechanisms of pro-
teases is, therefore, crucial to the understanding of these
pathophysiological states. Moreover, such information will
be useful for a rational design of medicinal agents that will
modulate or prevent unwanted proteolysis.

Synthetic chromogenic or fluorogenic substrates com-
posed of peptidyl amides of aromatic amines have been

(1) Holzer, H.; Heinrich, P. C. Annu. Rev. Biochem. 1980, 49, 63.

(2) Ossowski, L.; Biegel, D.; Reich, E. Cell 1979, 16, 929.

(8) Starkey, P. M.; Barrett, A. J. Biochem. J. 1976, 155, 265.

(4) Oronsky, A. L.; Buermann, C. W. Annu. Rep. Med. Chem.
1979, 14, 219.

(5) Oronsky, A. L.; Buermann, C. W. In “Neutral Proteinases of
Human Polymorphonuclear Leukocytes”; Havenman, K., Ja-
noff, A., Eds.; Urban and Schwartzenberg: Munich, 1978; pp
361-372.

(6) Janoff, A. In “Neutral Proteinases of Human Polymorphonu-
clear Leukocytes”; Havenman, K., Janoff, A., Eds.; Urban and
Schwartzenberg: Munich, 1978; pp 390-417.

(7) Rohrlich, S. T.; Rifkin, D. B. Annu. Rep. Med. Chem. 1979, 14,
229.

widely used to detect and quantify proteases and to define
their amino acid specificities.? Because of the exceptional
sensitivity of fluorimetry, fluorogenic substrates are par-
ticularly ideal as probes of enzyme structure and mecha-
nism. Three problems, however, are generally encountered
that limit the use of these agents. First, the fluorescence
spectra of the substrate and product often overlap to a
significant degree, and it becomes necessary, therefore, to
use wavelengths longer than the excitation maximum to
excite the product in order to avoid high levels of back-
ground emission from the excess unhydrolyzed substrate.
This compromise decreases the fluorescence of the product,
thereby lowering the sensitivity of the assay. Second, the
aromatic amines are usually hydrophobic and thus require
organic cosolvents (e.g., dimethylformamide or dimethyl
sulfoxide) to solubilize them. The presence of these sol-
vents produces unpredictable inhibitory or stimulatory
effects on the enzyme.®1 In addition, such solvents are
inappropriate for the in situ assay of proteases in cell
culture. Third, the currently available chromogenic or
fluorogenic groups are not readily amenable to derivati-
zation. In order to study the steric and electronic prop-
erties of the portion of the active site on the enzyme that
binds the amino acids of the substrate extending toward
the C terminus from the scissile bond (the leaving group
subsite), a leaving group of the substrate that can readily
be derivatized into a series of congeners is required. Such
studies have so far received only minor attention.!!?

(8) Knight, C. G. In “Proteinases in Mammalian Cells”; Barrett,
A. J., Ed.; North-Holland Publishing Co.: Amsterdam, 1977;
p 583.
(9) Bundy, H. L.; Moore, C. L. Biochemistry 1966, 5, 808.
(10) Somorin, O.; Tokura, S.; Nishi, N.; Noguchi, J. J. Biochem.
1978, 85, 157.
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Recently, we have developed!®!* a new class of synthetic
protease substrates employing 6-aminoquinoline (6-AQ)
as the fluorogenic leaving group. We demonstrated that
this heterocyclic amine has unique spectroscopic proper-
ties. Owing to the large separation between the fluores-
cence spectra of the substrate and product, the 6-AQ lib-
erated during catalysis can be excited selectively using its
excitation wavelength maximum without causing the
substrate to fluoresce. There is also an important synthetic
advantage of using 6-AQ for the preparation of the peptide
substrate, namely, it undergoes acylation in high yield
because its amino group is more basic!® than the reso-
nance-deactivated amino groups of other frequently used
chromophores such as p-nitroaniline and 4-methyl-7-
aminocoumarin. Furthermore, by quaternizing 6-AQ at
the N-1 position with a variety of alkylating agents, a series
of sterically and electronically different substrates can be
generated for various proteolytic enzymes.

In this article we demonstrate that substrates containing
6-AQ as the leaving group can be converted in a single
reaction into MAQ™ salts that retain the advantageous
spectroscopic properties of 6-AQ. In all cases the qua-
ternization reaction is complete within 24—-48 h and both
the organic solvent and the low boiling alkylating agent
can be readily removed in vacuo. This simple procedure
also generates highly water soluble substrates and provides
a convenient alternative to the multistep sequences em-
ployed to transform the N-terminal amino acid of hydro-
phobic substrates into their more soluble succinylated or
glutarylated derivatives. To evaluate the utility of MAQ*
as a fluorogenic probe of enzyme structure, substrates for
pancreatic elastase, chymotrypsin, and trypsin were syn-
thesized, the rates of their hydrolysis were determined
fluorimetrically, and these values were then compared with
other substrates having unsubstituted neutral leaving
groups. '

Synthesis and Fluorescence Properties of
Substrates

Scheme I outlines the preparation of a tripeptidyl sub-
strate for pancreatic elastase, Cbhz-Ala-Ala-Ala-MAQ* (5).
Acylation of 6-AQ (1) with Cbz-alanine using 1,1’-
carbonyldiimidazole!®!? as the condensing agent afforded

(11) Inagami, T.; Patchornik, A.; York, S. S. J. Biochem. 1969, 65,
809.

(12) Petkov, D.; Christova, E.; Stoineva, I. Biochim. Biophys. Acta
1978, 527, 131.

(13) Brynes, P. J.; Bevilacqua, P.; Green, A. Anal. Biochem. 1981,
1186, 408,

(14) Brynes, P. J.; Andrade, P.; Gordon, D. Anal. Biochem. 1982,
126, 447,

(15) Brown, E. V.,; Plasz, A. C. J. Heterocycl. Chem. 1970, 7, 335.

Journal of Medicinal Chemistry, 1984, Vol. 27, No. 9 1167

Scheme II¢
Bz-Arg —= Bz-Arg(MBS) —*%= Bz-0L-Arg(MBS}-6AQ — =
10 11 13
Bz-DL-Arg-6AQ —E= Bz-DL-Arg-MAQ
14 9

¢ (a) p-Methoxybenzenesulfonyl chloride, (b) isobutyl
chloroformate, (¢) 6-aminoquinoline, (d) methane-
sulfonic acid, and (e) methyl iodide.

monoalanyl peptide 2. The carbobenzoxy group of this
compound was removed by brief exposure to HBr-satu-
rated acetic acid, and the free amino group of 3 was then
acylated with Chz-alanylalanine (3) to produce Cbz-Ala-
Ala-Ala-6AQ (4). Quaternization of the quinoline group
proceeded smoothly by stirring 4 with methyl iodide for
24 h. A dipeptidyl substrate, Cbz-Ala-Ala-MAQ® (6), was
synthesized in a similar manner by acylation of 1 with
Cbz-alanylalanine, followed by alkylation of the hetero-
cyclic nitrogen with methyl iodide. It should be pointed
out that the use of strong alkylating agents such as methyl
iodide would not be appropriate for substrates containing
the amino acid histidine or methionine since it is likely that
their side-chain functional groups will be alkylated.

In order to assess the influence of the charged fluoro-
phore of 5 and 6 on the proteolysis reaction, a tripeptidyl
substrate having a neutral leaving group, succinyl-Ala-
Ala-Ala-6AQ (7), was prepared by first removing the car-
bobenzoxy group of 4 and then acylating the exposed
N-terminal amine with succinic anhydride.

A quaternary substrate for chymotrypsin, Cbz-Phe-
MAQ™ (8), was synthesized by methylation of the previ-
ously described!® Cbz-Phe-6-AQ.

Scheme II presents the route employed to prepare the
trypsin substrates Bz-DL-Arg-MAQ* (9) and Bz-DL-Arg-
6AQ (13). Protection of the reactive guanidino group of
arginine was best accomplished by convertine N-
benzoylarginine (10) to its p-methoxybenzenesulfonyl
(MBS) derivative 11, following the procedure introduced
by Nishimura and Fujino.!® The carboxyl group of this
compound was then reacted as its mixed anhydride with
1 to give amidoquinoline 12, and the MBS group was re-
moved by methanesulfonic acid to afford substrate 13.
Finally, quaternization was effected with excess methyl
iodide to produce the dicationic substrate 9.

As we reported previously for 6-AQ,!? the quinolinium
ion also can be selectively excited, even in the presence of
excess substrate, close to its excitation maximum. It is
possible, therefore, to monitor the appearance of MAQ™*
using its fluorescence maxima (A, = 410 nm, A\, = 550
nm) while, under these conditions, emission from the un-
hydrolyzed substrate is reduced to 0.2% of its maximum.
As a result, interferring background fluorescence is es-
sentially eliminated.

Biological Results and Discussion

Table I lists kinetic constants determined for the en-
zyme-catalyzed hydrolysis of substrates containing the
MAQ* group and the uncharged 6-AQ moiety. Unfortu-
nately, some of the compounds having an N-terminal Cbz
group were insoluble in water and it was necessary to
convert them to succinyl or glutaryl derivatives in order
to obtain rate data.

Pancreatic Elastase Substrates. The magnitude of
the k..:/K,, ratio of a substrate most closely reflects the

(16) Anderson, G. W.; Paul, R. J. J. Am. Chem. Soc. 1958, 80, 4423,
(17) Paul, R. J.; Anderson, G. W. J. Org. Chem. 1962, 27, 2094.
(18) Nishimura, O.; Fujino, M. Chem. Pharm. Bull. 1976, 24, 1568.
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Table 1. Kinetic Constants for the Enzymatic Hydrolysis of Synthetic Fluorogenic Substrates®

kca Kn:u
substrate (concn range, uM) enzyme (concn, pM) K., mM Regt, 871 Mt'4 g1
5, Chz-Ala-Ala-Ala-MAQ* (50-200) elastase (1.4) 0.23 1.09 4739
6, Cbz-Ala-Ala-MAQ™ (130-1700) elastase (1.4) 4,17 0.043 10
7, succinyl-Ala-Ala-Ala-6AQ (50-250) elastase (1.4) 0.50 1.7 3400
8, Cbz-Phe-MAQ* (7.5-100) chymotrypsin (2.0) 0.18 0.40 2222
14, glutaryl-Phe-6AQ? (200-1600) chymotrypsin (2.0) 1.80 0.14 79
9, Bz-DL-Arg-MAQ™ (50-200) trypsin (1.0) 0.22 0.14 636
13, Bz-DL-Arg-8AQ (50-200) trypsin (1.0) 0.39 0.60 1500

¢Kinetic constants were determined from the initial rates of hydrolysis by the Lineweaver-Burk method. ®Data taken from ref 18.

efficiency with which it undergoes proteolysis and is a
parameter that can be used to compare the relative spe-
cificities of a series of enzyme substrates.’® Examination
of the kinetic constants determined for the hydrolysis of
5 and 6 confirms the observation of Bieth and others?-2
as to the importance of an extended peptide chain on the
rate of the proteolysis reaction. Addition of a third alanine
at the P, subsite? confers to 5 a nearly 500-fold greater
kest/ K ratio that arises from approximately equal im-
provement in each of the kinetic constants.

For 5, the k., /K, ratio is about 1.5 times higher than
that measured for the succinylated 6-AQ substrate 7. This
small effect, combined with the uncertain influence of the
negatively charged succinyl group, make meaningful com-
parison and interpretation of the results tenuous. The
synthesis of additional compounds and further kinetic
studies are currently underway in order to gain meaningful
information pertaining to the steric and electronic prop-
erties of the active site of this enzyme.

Chymotrypsin Substrates. The ability of a cationic
leaving group to accelerate the hydrolysis of substrates by
chymotrypsin is clearly seen by comparing the kinetic data
presented for glutaryl-Phe-6AQ (14) and 8. While the
presence of the glutaryl group adds a complicating factor
to the interpretation of the results for this enzyme, the
large effect seen with these substrates as well as agreement
with literature precedences makes interpretation of these
results possible.

The 10-fold lower Michaelis constant of 8 could result
from electrostatic interaction between the positively
charged fluorophore and an anionic region near the active
site of chymotrypsin. Fastrez and Fersht? studied a series
of synthetic chymotrypsin substrates and found that in-
troducing the cationic trimethylammonium group at the
para position of N-acetyltyrosinanilide brought about an
increase in the k., compared with substrates having more
hydrophobic para substituents. The increase in the
turnover number was attributed to destabilization of a
specific mode of nonproductive binding: the trimethyl-
ammonium ion prevents the leaving group from entering
the hydrophobic pocket that normally accepts the side

(19) Bender, M. L.; Kezdy, F. J. Annu. Rev. Biochem. 1965, 34, 49.

(20) Gertler, A.; Hofman, T. Can. J. Biochem. 1970, 48, 384.

(21) Atlas, D.; Levit, S.; Schecter, L; Berger, A. FEBS Lett. 1970,
11, 281.

(22) Thompson, R. C.; Blout, E. R. Proc. Natl. Acad. Sci. U.S.A.
1970, 67, 1734.

(23) Bieth, J.; Wermuth, C. G. Biochem. Biophys. Res. Commun.
1973, 53, 383.

(24) The accepted nomenclature (Schecter, I.; Berger, A. Biochem-
istry 1966, 5, 3362.) for describing the interaction of a peptide
substrate with a protease divides the active site into two do-
mains of subsites. Amino acid residues of substrates are de-
noted P,, Py, P;, etc. in the N-terminal direction and P/, Py,
Py, ete. in the C-terminal direction from the scissile bond. The
corresponding subsites on the enzyme are denoted S, S,, S,
and Sl” Sg,, Ss’, etc.

(25) Fastrez, J.; Fersht, A. R. Biochemistry 1973, 12, 1067.

chain of tyrosine, and as a result, a catalytically active
enzyme-substrate complex is formed more rapidly. Sim-
ilarly, the charged fluorophore of 8 will be unable to enter
the S, subsite* and it too should achieve productive
binding conformations more rapidly than 14, which has
the more hydrophobic 6-AQ leaving group.

Trypsin Substrates. Trypsin has a sharply defined
specificity for hydrolyzing peptides at the carboxyl groups
of lysine and arginine.?® This preference is attributed to
attraction between the substrate and a specific anionic
region on the enzyme.?” Eyl and co-workers,?® using
chemical methods, identified this site as the side-chain
carboxylate moiety of Asp-177. Because 9 has two cationic
centers that can compete for the binding pocket on the
enzyme, one would predict that it will participate to a
greater extent in nonproductive binding than the mono-
cationic 13.

The kinetic data presented in Table I show that the K,
and k. for 9 are indeed lower than those measured for 13.
Nevertheless, it is unlikely that this sufficiently explains
the rate difference. When a substrate becomes involved
in nonproductive binding, both its k. and K, are de-
creased to the same extent and, therefore, the k. /K,, ratio
remains unchanged.?’ Consequently, other factors must
contribute to the poor substrate behavior of 9. One pos-
sible explanation is that the high concentration of positive
charge in the substrate induces subtle conformational
changes in the protease that result in a less active catalytic
site.

Conclusions

These studies have demonstrated that 6-AQ and MAQ*
afford several important advantages that argue for their
more extensive use in synthetic substrates for proteases:
(a) alkyl groups can be introduced at the N-1 position of
the heterocycle to generate a series of charged, fluorogenic
substrates, (b) the unique spectroscopic properties of
MAQ™ enable it to be detected with use of wavelengths
of light that result in its maximal fluorescence, (c) the ionic
leaving group confers much higher solubility in water to
hydrophobic peptides, thereby eliminating the undesirable
use of organic cosolvents in assay media, and (d) pepti-
dylquinolinium salts can be prepared easily and in good
yield. Thus, synthetic fluorogenic substrates containing
a 6-AQ or MAQ™ leaving group are useful probes of the
active sites of various proteases for their binding and
catalytic activities.

Experimental Section

1,1’-Carbonyldiimidazole, p-methoxybenzenesulfonyl chloride,
methanesulfonic acid, succinic anhydride, methyl iodide, and
anisole were obtained from Aldrich Chemical Co., Milwaukee, WL
Carbobenzoxy-L-alanine, carbobenzoxy-L-alanylalanine, N-

(26) Hirs, C. H. W.; Moore, S.; Stein, W. H. J. Biol. Chem. 1956,
219, 623.

(27) Blow, D. M.; Birktoft, J. J.; Hartley, B. S. Nature (London)
1969, 221, 337.

(28) Eyl, A. Q., Jr.; Inagami, T. J. J. Biol. Chem. 1971, 246, 738.
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benzoyl-L-arginine, isobutyl chloroformate, Amberlite CG-50,
quinine sulfate, orcein-elastin, porcine pancreatic elastase (type
I), a-chymotrypsin (type III), 2-nitro-4-carboxyphenyl di-
phenylcarbamate, trypsin, and p-nitrophenyl p-guanidinobenzoate
were obtained from Sigma Chemical Co., St. Louis, MO. Ana-
lytical and preparative thin-layer chromatography plates were
obtained from Analtech, Newark, NJ.

Melting points were determined with a capillary melting point
apparatus (Thomas-Hoover) and are uncorrected. Microanalyses
were performed by Galbraith Laboratories, Inc., Knoxville, TN,
and Schwarzkopf Microanalytical Laboratory, Woodside, NY.
Prior to submission of samples for elemental analyses, they were
dried for 24 h at 25 °C (0.1 torr). All analytical data for elements,
unless otherwise indicated, were within £0.4% of the theoretical
values. In four cases, 5-8, the elemental analyses differed from
the calculated values by 1 or more equiv(s) of water. Since these
compounds are hygroscopic and they are unstable to rigorous
drying conditions, the presence of one or more waters of crys-
tallization seems likely. Because these compounds are nonvolatile,
standard high-resolution mass spectrometry cannot be used as
an independent means of structure verification. Therefore we
used fast atom bombardment mass spectrometry to confirm the
identity of compounds 5-8. This novel technique,? carried out
by Dr. Charles Iden (Director of the Mass Spectrometry Facility,
Department of Pharmacological Sciences, SUNY at Stony Brook)
confirmed the molecular weights of the compounds. Likewise,
the fragmentation patterns shown by these compounds are con-
sistent with their proposed structures.

Fluorescence measurements were conducted with a Perkin-
Elmer MPF-44A recording spectrofluorimeter that was stand-
ardized prior to each experiment such that a 6.7 uM solution of
quinine sulfate in 0.1 N H,SO, produced intensity equal to 1.0
relative fluorescence unit (RFU). Thin-layer chromatography
(TLC) was performed on Analtech silica gel plates containing a
fluorescent indicator. Peptides containing 6-AQ or MAQ* ap-
peared as blue fluorescent zones, using long-wavelength UV light
(366 nm). The following solvent systems were employed for TLC
elution: A, chloroform/methanol (9:1); B, chloroform/methanol
(20:1); C, chloroform/methanol (7:1); D, chloroform /methanol
(5:1); E, methanol; F, methanol/acetic acid (10:1). Ion-exchange
chromatography was conducted on Amberlite CG-50 resin (car-
boxylate form), using a stepwise gradient of ammonium carbonate
from 0.1 to 1.0 M.

6-(N-Carbobenzoxy-L-alanylamido)quinoline (2). Into 15
mL of anhydrous tetrahydrofuran was added 3.03 g (18.7 mmol)
of 1,1’-carbonyldiimidazole and 4.19 g (18.7 mmol) of carbo-
benzoxy-L-alanine. After stirring for 30 min at room temperature,
466 mg (3.23 mmol) of 6-aminoquinoline!® was added and the
solution allowed to stir for 72 h. The product was isolated by
diluting the organic solution with water, adjusting the pH to 10
with concentrated NaOH, and extracting several times with
chloroform. The combined organic phases were washed thor-
oughly with water, dried over MgSQ,, and evaporated under
reduced pressure to afford a white solid. Recrystallization from
acetone-petroleum ether produced 1.11 g, 98% yield, of white
needles: mp 171-172 °C; Ry (A) 0.62. Anal. (C4H,9N;03) C, H,
N.
6-(N-Carbobenzoxy-L-alanyl-L-alanyl-L-alanylamido)-
quinoline (4). To a solution of 230 mg (0.66 mmol) of 2 in 2 mL
of glacial acetic acid was added 5 mL of 30% HBr in acetic acid.
After 30 min at room temperature, the solution was diluted with
50 mL of anhydrous ether, which precipitated compound 3 as its
dihydrobromide salt in the form of a fine white powder. These
solids were washed several times with ether, dried overnight in
vacuo, and used in the following reaction without further puri-
fication. To 1.00 g (3.40 mmol) of carbobenzoxy-L-alanyl-L-alanine
in 15 mL of anhydrous tetrahydrofuran at room temperature was
added 551 mg (3.40 mmol) of 1,1’-carbonyldiimidazole. After 30
min, the dihydrobromide salt of 3 (250 mg, 0.66 mmol) was added
to the solution together with 2 equiv of triethylamine to ensure
the formation in situ of its free base. The solution was then stirred
for 72 h at room temperature and the crude product that had
precipitated was isolated by filtration. Recrystallization from

(29) Iden, C., manuscript in preparation.
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methanol afforded 111 mg, 35% overall yield from 2: mp 263-265
°C; Rf (A) 0.50. Anal. (026H29N505) C, H, N.
1-Methyl-6-(N-carbobenzoxy-L-alanyl-L-alanyl-L-alanyl-
amido)quinolinium Iodide (5). To 93 mg (19 mmol) of 4in 5
mL of anhydrous dimethylformamide was added 1 mL of methyl
iodide. After the mixture was stirred at room temperature in the
dark for 24 h, the solvent and alkylating agent were removed under
reduced pressure to afford a thick orange oil. This was dissolved
in a minimal volume of ethanol and precipitated as a solid by the
dropwise addition of ether. After filtration, the product was
washed several times with anhydrous ether and recrystallized from
ethanol-ether to give 75 mg, 61% yield: mp 132 °C dec; R; (E)
0.06. Anal. (CyH3N;Ogl) H; C: caled, 51.18; found, 48.31; N:
caled, 11.06; found, 10.26.
6-(N-Carbobenzoxy-L-alanyl-L-alanylamido)quinoline (15).
This dialanyl peptide was prepared and isolated by using con-
ditions similar to that described above for the synthesis of 2. From
1.00 g (3.43 mmol) of carbobenzoxy-L-alanyl-L-alanine, 551 mg
(3.43 mmol) of 1,1’-carbonyldiimidazole, and 82 mg (0.57 mmol)
of 1 was prepared 177 mg of crude product. Recrystallization from
acetone—petroleum ether afforded 167 mg, 70% yield: mp 223-225
°C; R; (A) 0.52. Anal. (CyHpN,O,) C, H, N.
1-Methyl-6-(N-carbobenzoxy-L-alanyl-L-alanylamido)-
quinolinium Iodide (6). To 29 mg (0.06 mmol) of 15 in 5 mL
of chloroform was added 1 mL of methyl iodide. After the mixture
was stirred for 24 h at room temperature, the solvent and al-
kylating agent were removed in vacuo to afford a thick orange
oil. Crystallization from ethanol-ether produced 36 mg, 90% yield,
of a finely divided yellow powder: mp 135 °C dec; R; (E) 0.086.
Anal. (C,HyN,O,I) H, N; C: caled, 51.26; found, 50.05.
6-[N-(Succinylamido)-L-alanyl-L-alanyl-L-alanylamido]-
quinoline (7). To a solution of 111 mg (0.226 mmol) of 4 in 1
mL of glacial acetic acid was added 3 mL of 30% HBr in acetic
acid. After 30 min, the solution was diluted with 50 mL of ether,
which resulted in the precipitation of white crystals. The solids
were filtered, washed thoroughly with ether, and dried overnight
under vacuum to produce a deliquescent dihydrobromide salt.
This was dissolved in 5 mL of methylene chloride containing 2.2
equiv of triethylamine. Succinic anhydride (22 mg, 0.216 mmol)
was added and the solution allowed to stand overnight at room
temperature. At the end of this time, the white precipitate that
had formed was collected and recrystallized from methanol to
afford 88 mg, 97% yield: mp 193-194.5 °C; R; (A) 0.28. Anal.
(CoHy7N504H,0) H; C: caled, 57.77; found, 58.23; N: caled, 15.32;
found, 13.90.
1-Methyl-6-(N -carbobenzoxy-L-phenylalanylamido)-
quinolinium Iodide (8). To 2 mL of methyl iodide was added
20 mg (0.047 mmol) of 6-(N-carbobenzoxy-L-phenylalanyl-
amido)quinoline.!® After stirring at room temperature for 24 h,
the two-phase suspension was evaporated to dryness under re-
duced pressure and recrystallized from ethanol-ether to afford
25 mg, 95% yield: mp 141 °C dec; R, (E) 0.07. Anal. (CyrHye-
N3Osl) H; C: caled, 57.15; found, 49.91; N: caled, 7.40; found,
6.28.
N-Benzoyl-N-[(p-methoxyphenyl)sulfonyl]-L-arginine
(11). This compound was prepared following the procedure
introduced by Nishimura and Fujino.!® From 5.55 g (19.9 mmol)
of N-benzoyl-L-arginine and p-methoxybenzenesulfonyl chloride
(8.24 g, 39.9 mmol) was prepared 5.89 g, 66% yield, of 11 as a
hygroscopic solid. For characterization, this compound was
converted to its dicyclohexylammonium salt: mp 203-204 °C;
R; (D) 0.58. Anal. (CyH;7NsOgS) C, H, N.
6-[N-Benzoyl-N-[(p-Methoxyphenyl)sulfonyl]-pL-argi-
nylamido]quineline (12). Into 5 mL of anhydrous dimethyl-
formamide at 20 °C was dissolved 800 mg (1.78 mmol) of 11 and
249 uL (1.78 mmol) of triethylamine. After 5 min, 231 L (1.78
mmol) of isobutyl chloroformate was added, the resulting sus-
pension was stirred at this temperature for 45 min, whereupon
1 (214 mg, 1.49 mmol) was introduced into the reaction mixture,
and the reactants were gradually allowed to reach room tem-
perature. After 24 h, the product was isolated by diluting the
organic solvent with water, adjusting the pH to 9 with 5%
NaHCOj3, and extracting with ethyl acetate. The extracts were
dried (MgSO,), and the solvent was removed in vacuo. Crude
12 was purified by preparative scale TLC using multiple elutions
in solvent system B to afford 652 mg, 76% yield: mp 136-138
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°C; Rf (C) 0.38. Anal. (029H30N605S) C, H, N.

6-(N-Benzoyl-DL-arginylamido)quinoline (18). To 33 mg
(0.06 mmol) of 12 was added 850 uL of methanesulfonic acid
containing 15 uL of anisole. After standing at room temperature
for 40 min, the product was precipitated by addition of 50 mL
of ether, washed several times by decantation, and dried under
reduced pressure. Purification was effected by ion-exchange
chromatography conducted on Amberlite CG-50 resin (carboxylate
form), using a stepwise gradient of ammonium carbonate from
0.1to 1.0 M. The blue fluorescent fractions were combined and
lyophilized to produce 20 mg, 77% yield: mp 230 °C dec; R, (F)
0.41; positive Sakaguchi test. Anal. (CyHypNgO,-H,CO;) (5, H,
N

1-Methyl-6-(N-benzoyl-DL-arginylamido)quinolinium
Diiodide (9). A solution consisting of 25 mg (0.05 mmol) of 13,
2 mL of methyl iodide, and 0.5 mL of dimethylformamide was
allowed to stand at room temperature in the dark for 48 h. The
solvents were removed under reduced pressure and ether was
added to solidify the oily residue. Recrystallization from etha-
nol-ether produced 22 mg, 62% yield: mp 220 °C dec; R; (E) 0.06;
positive Sakaguchi test. Anal. (CyH,sNgO,l,) C, H, N.

Enzyme Assays. Kinetic constants were determined from
initial rates of hydrolysis by the Lineweaver-Burk method.
Correlation coefficients for all experiments were 0.998 or higher.
Assays using pancreatic elastase were conducted in 67 mM
Tris-HCI buffer (pH 8.8) at 37 °C, using a thermostatically
controlled cuvette. The specific activity of elastase was determined
using orcein-elastin® prior to each experiment. Substrates for
chymotrypsin were evaluated in 50 mM Tris-HCl buffer (pH 8.0)
containing 10 mM CaCl, at 25 °C. The specific activity of the
enzyme was determined with use of the chromogenic inactivator
2-nitro-4-carboxyphenyl diphenylcarbamate.?! Assays utilizing

(30) Sacher, L. A.; Winter, K. K.; Sicher, N.; Frankel, S. Proc. Soc.
Exp. Biol. Med. 1955, 90, 323.

trypsin were performed in 46 mM Tris-HCI buffer (pH 8.1)
containing 11 mM CaCl, at 25 °C. For the titration of trypsin,
p-nitrophenyl p-guanidinobenzoate was used following the method
of Chase and Shaw.’? The concentrations of enzymes and the
ranges at which substrates were employed are listed in Table I.
Excitation and emission wavelengths used to monitor the ap-
pearance of MAQ* were 410 and 550 nm, respectively, and for
6-AQ they were 355 and 550 nm, respectively. All of the substrates
prepared in this study were stable to buffer in the absence of
enzymes: after they were exposed for 24 h at 25 °C to the assay
media alone, no increase in fluorescence due to the appearance
of the leaving group was detected.
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In a continuation of our studies on the effects of hydrophobic substitutions in analogues of luteinizing hormone-releasing
hormone (LH-RH), we have synthesized LH-RH antagonists containing the very hydrophobic amino acid 3-(2-
naphthyl)-p-alanine (p-Nal(2)). The D-Nal(2) substitution was found to be effective when incorporated in positions
3 and 6. The most potent analogue containing two D-Nal(2) residues was [N-Ac-Pro!,n-pF-Phe?,0-Nal(2)3¢]LH-RH
(EDjg = 2.2 ug, rat antiovulatory assay, propylene glycol-saline vehicle). This analogue also demonstrates that the
N-Ac-Pro! substitution is as effective as the more costly N-Ac-A3-Pro! modification. Analogues containing D-Nal(2)
in combination with the hydrophilic D-Arg residue in position 6 were prepared. Neither N-Ac-Pro at position 1
nor D-Nal(2) at position 3 was effective in combination with D-Arg. N-Ac-D-Nal(2) at position 1 gave a highly potent
antagonist ([N-Ac-b-Nal(2)!,0-pF-Phe?,b-Trp?,p-Arg?]LH-RH; ED;, = 2.4 ug) that exhibited a prolonged duration
of action (EDj, = 9.0 ug, corn oil vehicle, dosing on diestrus II).

The possibility that synthetic analogues of polypeptide
hormones might retain their receptor binding ability
without appreciable agonistic activity was recognized early
in the study of peptide hormone analogues.2® The first
competitive inhibitors* of luteinizing hormone-releasing
hormone (<Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-
NH, ,LH-RH) were discovered soon after the disclosure of
the structure of the native hormone.? Although the initial
inhibitors ([Gly?JLHRH, des-His?>-LH-RH) required high
doses in order to be effective® (in vitro), they identified

tInstitute of Bio-Organic Chemistry.
! Institute of Biological Sciences.
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position 2 as the crucial site for modification to obtain
antagonists. Later substitutions in the des-His>LH-RH

(1) Contribution No. 168 from the Institute of Bio-Organic Chem-
istry, Syntex Research. Some of these data were presented in
a preliminary form at the International Symposium on LH-RH
Analogues in Female and Male Contraception, Contraceptive
Delivery Systems Symposium, Maui, HI, 1982. The abbrevi-
ations for natural amino acids and protecting groups follow the
recommendations of the IUPAC-IUB Commission on Bio-
chemical Nomenclature [J. Biol. Chem. 1971, 247, 977].

(2) Schulz, H.; du Vigneaud, V. J. Med. Chem. 1966, 9, 647.

(3) Marshall, G. R.; Vine, W.; Needleman, P. Proc. Natl. Acad.
Sci. U.S.A. 1970, 67, 1624.
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