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Abstract. Interactions and cleavage reactions of ,B-amino acids and ,B-oligopeptides
(up to nine residues, carrying the side chains of Ala, Val, Leu, Ile, Phe, Ser, Lys, and
Hop) with biological systems, such as the most potent peptidases (pronase, proteinase
K, 20S proteasome), microorganisms (Pseudomonas aeruginosa and Pseudomonas
putida), and mammalian blood (intravenous application to rats) have been investigated
and compared with a-peptides. The results are: i) the three peptidases do not cleave
,8-peptides at all (within 24 h), and they are not inhibited by a ,8-peptide; ii) except for
certain 3-aminobutanoic-acid (,8-HAla) derivati ves, neither free, nor N-acety 1-,8-amino
acids, nor ,8-peptides (offered as sole Nand C source) lead to growth of the two bacteria
tested; iii) two water-soluble /3-heptapeptides (with Lys side chains) were shown to
have elimination half-lives t1nC,B) of3 and 10 h at 100- and 30-ng/mllevels, respective-
ly, in the rodent blood - much larger than those of a-peptides. Thus, the preliminary
results described here confirm the much greater stability of /3-peptides, as compared to
a-peptides, towards metabolization processes, but they also suggest that there may be
interactions (by hitherto unknown mechanisms) between the worlds of a- and f3-
peptides.
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these compounds have been described pre-
viously [22b] [23][25]. Thef3-peptides 14-
20 contain the ,B-amino-acid building
blocks (R)- and (S)-,B3-HAla, (R)- and (S)-
fP-HPhe, (S)-,B3-HLys, (S)-,B3-HVal, (S)-
fP-HSer, (S)-,B3-HLeu, (S)-fP-HHop, and
(S)-f32-HHop (for ,B-amino-acid abbrevia-
tions, see [14][17][23][25]).

The two commercially available pepti-
dases pronase and proteinase K and the
20S proteasome were employed for the
enzymatic degradation experiments. Pro-
nase is a mixture of several endo- and
exopeptidases. Proteinase K is an endo-
serinase. The 20S proteasome (isolated
from human erythrocytes [26]) is an N-
terminal threonine protease. Pronase and
proteinase K were used in specific con-
centration (0.02 D/ml), such that a-pep-
tide 23 is nearly totally degraded after] 5
min. The 20S proteasome was used with a
standard concentration of 7 ng/ml (in the
presence of 0.0 I % sodium dodecy I sulfate
[27]).

Solutions containing one of the pep-
tides 14-23 in buffer were treated with the
peptidases and with the 20S proteasome.
For inhibition studies, solutions contain-
ing the a-peptide 23 and the f3-peptide 14
were subjected to the peptide-cleaving

1. Introduction

Many f3-amino acids have been identi-
fied as building blocks in peptides and
antibiotics [2][3] (from plants and micro-
organisms [4-6]), few have been found in
mammals [7]. Their metabolism has been
examined in some cases [7] [8]. Early stud-
ies by Abderhalden [9][10] suggested that
peptide bonds involving f3-arnino acids
are resistant to enzymatic hydrolysis. Thus,
certain j3-amino acids have been incorpo-
rated into naturally occurring peptides of
important pharmacological properties [lI-
B].

Recently, surprisingly stable second-
ary structures of f3-peptides (oligomers of
f3-amino acids) have been disclosed [14-
20]. Potential applications of j3-peptides
as physiologically active agents will be
favored by their resistance to enzymatic
degradation. So far, we have studied the

stability of f3-peptides towards a variety of
peptidases [21]. In the present study, we
have subjected several water-soluble f3-
amino acids and ,B-peptides (Fig. 1,1-23)
[22][23] to systems of increasing com-
plexity: digestion with the most potent
peptidases, bacterial growth on media of
j3-amino-acid derivatives, and in vivo met-
abolic behavior. The outcome of these
experiments is relevant to the question as
to whether the j3-peptidic world is 'orthog-
onal' to the a-peptidic one [14].

2. Enzymatic Degradation Studies

We selected the f3-hepta- (14-19) and
f3-nonapeptides (20) and the two a-pep-
tides 22, 23 (eight and 21 residues, respec-
tively) [24] for an investigation with strong
peptidases and the 20S proteasome. With
the exception of 15 [19], the syntheses of
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enzymes. After various periods of time,
aliquots were taken and analyzed by re-
versed-phase HPLC and MALDI mass
spectrometry.

The result is unambiguous: None of
the {3-peptides 14-20 was digested, and
the enzymes were not inhibited by {3-pep-
tide 14. The {3-peptides were stable for at
least 23 h against the peptidases and for 62
h against the 20S proteasome, whereas the
a-peptides 23 and 22 were digested within
15 min and 7 h, respectively. In Fig. 2,
typical HPLC profiles before and after
incubation with the 20S proteasome are
shown.

3. Bacterial Growth Experiments

To test the ability of certain microor-
ganisms to metabolize {3-amino acids and
to cleave {3-peptides, we have done first

experiments with Pseudomonas aerugi-
nosa and Pseudomonas putida: free {3-
amino acids (1-4), N-acetyl-{3-amino ac-
ids (5-8), {3-dipeptides (9, 10), 'mixed'
dipeptides (i.e., dipeptides consisting of a
{3-and an a-amino acid, 11 and 12) [28],
and, for comparison, an a-dipeptide (13)
were offered as sole carbon and nitrogen
source.

The amino acids and peptides were
dissolved in buffer solution with MgS04,

CaCI2, and trace elements. The antibiotics
spectinomycin and chloramphenicol were
added to P. aeruginosa and P. putida,
respectively. The bacteria were first grown
on so-called full media (Luria Bertani
media, LB media [32]). Samples of the
cultures were washed with buffer solution
and added to the media containing the {3-
amino acids 1-8 or dipeptides 9-13. With
one exception (1), the bacteria grew nei-
ther on the {3-amino acids 2-4, nor on the

N-protected {3-amino acids 5-8, nor on the
{3-dipeptide 10. As expected, P. aerugi-
nosa and P. putida grew on the a-dipep-
tide 13. At least in some cases, growth was
observed on the media containing dipep-
tides 9,11, and 12 (with a {3-HAla compo-
nent!) after the first incubation or after a
second incubation with a small amount of
a grown culture (for details see Exper.
Part). In Fig. 3, the growth curves of P.
aeruginosa and P. putida are presented;
the curve obtained with P. aeruginosa on
the 'mixed' dipeptide 11 displays an inter-
esting pattern: It appears that the bacteria
cut the dipeptide into two parts, grow on
the first one (the a-amino acid ?), adapt to
and then grow on the second one [33].
Only little but significant growth was ob-
served with P. aeruginosa on the {3-dipep-
tide 9 and with P. putida on the dipeptides
9 and 11.
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Fig. 2. Comparison of the HPLC profiles of {3-peptide 19 and a-peptide 23 with the 20S proteasome in buffer soln: a) {3-peptide 19 before incubation;
b) {3-peptide 19 after 62 h incubation; c) a-peptide 19 before incubation; d) a-peptide 23 after 7 h incubation. Absorbance was recorded at 214 nm. The
a-peptide 23 is totally degraded under the same conditions after only 7 h (for details see Exper. Part).
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Degradation Experiments
The peptidase concentrations of the stock

solns. were selected such that the a-peptide 23
(same concentration as the tested substrates) was
nearly totally degraded after 15 min. The 20S
proteasome was used in a standard concentration
of? ng/~ in TEAD (20 mM Tris-HCl (pH 7.5), I
mM EDTA, I mM NaN3, I mM DTT).

General Procedure: I0 ~ (0.01 1-\11101) of a
stock soln. of the substrate in H20 (1.0 mM) [38],
I0 ~ of the stock soln. of the peptidase or 15 ~
(2.1 )Jg) of the stock soln. of the 20S proteasome
with 3 ~ of a SDS soln. (1% in H20) were added
to 280 ~ (peptidases) or 272 ~ (20S proteasome)

6. Experimental Part
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Fig. 3. Growth curves of Pseudomonas aeruginosa (a) and Pseudomonas putida (b) on the indicated
substrates as sole carbon and nitrogen source (OD600= optical density at 600 nm, for details see Exper.
Part). The growth curve on j3.dipeptide 9 is printed in red color.

either oral activity or sustained biological
activity, because absorption barriers (e.g.,
intestinal, nasal, and buccal) and hepato-
biliary excretion mechanisms may severe-
ly compromise the therapeutic potential of

- a peptide or peptidomimetic drug, thereby
subjecting it to acute or chronic intrave-
nous administration requirements. It will
now be important to study the elimination
pathways of ,B-peptides that account for
the rapid decrease of their concentration in
the first 30 min and to localize the 13-
peptides in the animals with radioactively
labeled samples ('slow-release' effect?).

4. Pharmacokinetic Studies

5. Discussion

To learn about the in vivo stability of f3-
peptides, compounds 16 and 21 [34] were
administered intravenously (iv.) to rats,
and their concentrations in the blood fol-
lowed by sampling and HPLC/MS analy-
sis (for experimental details see Exper.
Part). The elimination half-life values
tll2(fJ) were ca. 3 h for 16 and ca. 10 h for
21; after a rapid decrease of peptide con-
centration in the first hour, the concentra-
tion remained almost constant at ca. 30
ng/ml and 100 ng/ml, respectively (Fig.
4).

As reviewed in the literature [35], de-
termination of peptide metabolic stability
in vivo is experimentally complex, and the
cooperative analysis of half-lives of natu-
ral or synthetic peptides in serum, plasma,
or blood is further complicated, because
experimental methods often differ among
investigators. Half-lives of a-peptidic
drugs, administered intravenously, lie in
the range of minutes [36] (Table 3 in [37]).
f3-Peptides 16 and 21 thus display a much
greater stability towards metabolization
processes.

We have demonstrated that even strong
peptidases such as pronase or proteinase
K do not cleave ,B-peptides (Fig. 2). How-
ever, before ,B-peptides can be considered
as active substances in medicinal chemis-
try, it was important to explore their inter-
action with natural enzymes (Fig. 3). Ar-
bitrarily, we chose two pseudomonas spe-
cies for the experiments. The next step
will be to include other ,B-peptides and a
larger variety of microorganisms in fur-
ther investigations.

The animal experiments revealed that
f3-peptides 16 and 21 have an increased in
vivo metabolic stability, as demonstrated
by the elimination half-lives of ca. 3 and
10 h, respectively. These two f3-peptides
differ in their secondary structure: The
configurational pattern of ,B-peptide 16
does not allow for the formation of a 31
helix [17] [22b], whereas f3-peptide 21 has
a 3 ,-helical structure, according to its CD
spectrum [34]. Whether the higher level in
blood of f3-peptide 16, as compared to 21,
is caused by the different structures can
not be decided at this point. Considering
the large variety of ,B-peptides, there is no
way of telling whether the two - water-
soluble - f3-peptides chosen for the animal
experiments are, in any way, characteris-
tic examples. Achievement of metabolic
stability of peptides is no guarantee of
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rachium album (Boehringer, Mannheim). Buffer
soln.: 10 mM Tris-HCl, pH 7.5, with calcium
acetate as stabilizer. Stock soln. in buffer. The
20S proteasome was purified from outdated blood
as described in [26].

b) Extraction Method, Protein Precipitation:
30 III of internal standard (Leu-enkephalin,

MW 555.6, 50 !Jg/ml in H20) were added to 300

Bacterial Growth Experiments
The optical density (OD600) was measured at

600 nm on a spectrophotometer Novaspec II
(Pharmacia Biotech). The substrates (12.5 mM)
were dissolved in buffer (42 mM Na2HP04, 17
mM KH2P04, 8.6 mMNaC!, pH 7.3) with MgS04
(I mM), CaCI2 (0.1 mM), and trace elements .
Spectinomycin and chloramphenicol (both anti-
biotics) were added to P. aeruginosa (PAO IS)
[39] and P. putida (S313, DSM 6884) [40], re-
spectively. The microorganisms were first grown
on full media (LB media). Samples of the cultures
were taken (1.5 < OD600< 2.5) and washed with
buffer solution. A small amount of these washed
cells (normally 0.4- 1.0% of the incubating soln.
volumina) were added to the media containing
the substrates or to a blank soln. and incubated at
37° (P. aeruginosa) and 30° (P. putida), respec-
tively. P. aeruginosa grew on 1, 12 (OD600 :::
0.40), and 13 and P. putida grew on 1 and 13. No
growth was observed on the other substrates. The
media containing 9-11 and 9-12 were incubated
for a second time with a small amount of a grown
culture on 12 (P. aeruginosa) and on N-Ac- Val-
OH (P. putida), respectively. After the second
inoculation, growth was observed on 9 and 11 (P.
aeruginosa) and on 11 (P. putida). To reproduce
the growth experiments, a little amount (normal-
ly 0.4-1.0% of the incubating soln. volumina) of
every grown culture was added to a new media
containing the same substrate. This procedure
was repeated for a second time .

Bacterial growth curves: The microorgan-
isms were first grown on the substrates. A sample
of the grown culture was taken and diluted with
dis!. H20 (OD600:::0.01). A small amount (2% of
the incubating soln. vol urn ina) of this soln. was
added to a media containing the same substrates
or to a blank soln. OD600 was measured after
various periods of time.

Pharmacokinetic Studies
a) Dosage and Administration:

Animals: Fasted (20 h) male Wistarrats weigh-
ing 240-260 g, surgically prepared by implanta-
tion of a permanent cannula into the right femoral
artery. Five animals per administration route.

Dosage: For the intravenous reference, a dos-
age of 4 mg/kg was used, which was injected into
the left femoral vein.

Dosage vehicle: The drug substance was dis-
solved in physio!. saline. The concentration in the
intravenous vehicle was 4 mg/ml (administered
volume 1 ml/kg).

Exp. Design: After administration, blood (500
mUtime point) was withdrawn from the cannulat-
ed femoral vein into heparinized containers at the
following time points: 0.083, 0.5, 1,2,4,8, and 24
h. The amount of sampled blood was replaced
regularly with fresh blood, prepared from donor
rats. The analysis has been done from whole
blood samples after extraction. The samples will
be stored at _20° until analysis.
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ml of 80% propan-2-ol) was mixed with 1111of
concentrated HPLC-peak fraction on a gold tar-
get. Measurements were performed using a LD-
TOF (laser desorption/time of flight)-system
(Hewlett-Packard G2025A) at a vacuum of 10-6
Torr. For signal generation ca. 50 laser shots were
added up in the single-shot mode.

Syntheses of the a-peptides: Peptides were
synthesized in an automated peptide synthesizer
432A (Applied Biosystems, Weiterstadt, Germa-
ny) following the Fmoclt-Bu strategy and ana-
lyzed by HPLC (system gold, Beckman Instru-
ments, Milnchen, Germany) and MALDI-TOF
mass spectrometry (G2025A, Hewlett-Packard,
Waldbronn, Germany). Peptides showing a puri-
ty of less than 80% were purified by preparative
HPLC.

Enzymes: Pronase (EC 3.4.24.4) from Strep-
tomyces griseus (Fluka). Lyophilized powder.
Stock soln. in buffer. Proteinase K from Triti-
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Fig. 4. Concentrations of (3-peptide 16 (a) and 21 (b) in blood, measured after 4.0-mg/kg iv.
administration to rats (for experimental details see Exper. Part)

buffer soln. (20 mM hepes/KOH, 2 mM MgAc2>
pH 7.6). The mixtures were incubated at 37°.
Samples of 100 or 150 !ll were taken, stopped
with HOAc and analyzed by RP-HPLC and
MALDl mass spectrometry.

HPLC-Analysis: For the analysis of degrada-
tion products, unfractionated peptide digests were
injected onto pRP SC 2.1/JO-columns (Pharma-
cia), Microbore HPLC system (SMART system,
Pharmacia). Soln. A: 0.1 % TFA in H20; soln. B:
0.081 % TFA, 80% acetonitril in H20. Detection
by measurement of the UV absorption at 214 nm.
Gradients were 0% B for 5 min, in 40 min to 40%
B, in 15 min to 75% B and up to 85% in another
5 min. The flow rate for all separations was 150
lJl/min.

MALDI mass spectrometry: Matrix-associ-
ated laser desorption ionization (MALDl). Rou-
tinely, 0.8111 of DHAP-matrix'(20 mg 2,5-dihy-
droxy-acetophenon, 5 mg ammonium citrate in I
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IIIof blood (Vortex 5 s). Protein were precipitated
with 200 Jl! of MeOH (Vortex 30 s, ultrasonica-
tion ] min). Samples were centrifuged at 18
kRPM for 20 min. 300 Jl! of supernatant were
collected. Volume was adjusted to 800 III with
H20, 0.2% HOAc (500 Ill). 800 IIIof sample were
loaded on a Trace Enrichment Cartridge (TEC;
Gilson), packed with Hypersil ODS stationary
phase (70 mg, 10 /.lI11 particle size), and injected
onto the HPLC system (see below).

c) Calibration:
Samples for calibration (1-2000 ng/ml) were

obtained by IOfold dilution of aqueous solutions
of I3-peptides 16 and 21 in fresh blood.

d) HPLC Separation (16):
Separation was achieved using a Dupont 20r-

bax SB C-18 (2.0 x ]50 mm) packed with C-18
reverse phase and fitted with an Optimize Tech-
nologies C-18 precolumn. Flow was typically
300 Ill/min and temperature of the column was
kept at 60°. A gradient was run from 2% to 65%
acetonitrile in H20 in 9 min. Under these condi-
tions, 16 and Leu-enkephaHne had a retention
time of 6.7 min and 7.5 min, respectively. F]ow
was split 1:3 prior to ionization allowing a flow
of approximatively 100 Ill/min into the ESI source.

e) HPLC Separation (21):
Separation was achieved using a Nucleosil

100-5C 18AB (3.0 x ISO mm) packed with C-18
reverse phase and fitted with a Nucleosil100-5C-
18AB precolumn. Flow was typically 500 Jl!/min
and temperature of the column was keptut70°. A
gradient was run from 2% to 50% acetonitrile in
H20 in IS minutes. Under these conditions, 21
and Leu-enkephaline had a retention time of 8.5
min and 10 min, respectively. F]ow was split]:5
prior to ionization allowing a flow of approxima-
tively 100 Ill/min into the ES [ source.

f) MS Method (16):
Mo]ecules were ionized by electro spray (ESI).

Heated capillary temperature was kept at 200°.
Under these conditions, 16 mainly yielded the
MH2++ and MH3+++ions (mlz 431 and 288, re-
spectively). Leu-enkephalin mainly yielded the
MH+ion atmlz556. Multiplier was set at 1700 V.
CID-MS/MS was performed with Ar pressure of
2.0 mTorr and -16 eV collision energy. Selected
Reaction Monitoring (SRM) corresponding to
the fragmentation pattern 431 (MH2 ++) ~ 397
(fragment) and 556 ~ 395 (for the internal stan-
dard) was used as detection method (SRM 43 I ~
397, 556 ~ 395, span 0.2, I s tot.).

Quantitation was based on integration of the
peaks corresponding to the ion current from mlz
973 (16) and 395 (Leu-enkephalin). Ratio be-
tween 16 and the internal standard was used for
quantitation.

g) MS Method (21):
Molecules were ionized by electro spray (ESI).

Heated capillary temperature was kept at 220°.
Under these conditions, 21 mainly yielded the
MH2++ and MH3+++ions (mlz 407 and 272, re-
spectively). Leu-enkephalin mainly yielded the
MH+ ion at mlz 556. Multiplier was set at 2400 V.
CID- MS/MS was performed with Ar pressure of
2.5 mTorr and -10 eV collision energy. Selected
Reaction Monitoring (SRM) corresponding to
the fragmentation pattern 271 (MH/++) ~ 333

(fragment, 2+) and 556 ~ 556 (for the internal
standard) was used as detection method (SRM
271 ~ 333, 556 ~ 556, span 0.3, I s tot.).

Quantitation was based on integration of the
peaks corresponding to the ion current from mlz
333 (21) and 556 (Leu-en kephalin). Ratio be-
tween 21 and the internal standard was used for
quantitation.
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some 13-and a-peptides.
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