846 Journal of Medicinal Chendstry, 1970, Vol. 13, No. i

N-Aminoalkylpolyglycine.

Buoruts, vl ol

Svnthesis, Antibacterial Activily, and

Electrochemical Behavior as a Titrant of Living Cells

ELEONORA SaNtUCCl, MARCELLO MARCHERT, FRANCO ALHAIQUE,
Cravpro Borrg, axn Privio M. Ricaiem

[stituto di Chimica Farmaccalica dell' Universitn di Rown,
Centro de Chimien del Farmaco del N Rane, Haoly

Beerived Novewber 3, 14964

N-Aminoalkyl derivatives of biologically inactive homopolypeptides were synthesized as potential biologieally

active produets.

N-(8-Aminoethyl)polyglycine showed growth inhibitory action on Escherichia coli, while a
raitdom copolymer of ornithine-N-(3-aminoethyl)glyeine was inactive,

The antibacterial activity of the new

polymers was studied by a turbidimetric method and by potentiometric nieasurenentts following a new technique

which uses membraie eleetrodes.

Thus, distintetion between the electrostatic and nonelectrostatic contributions

to the bacteria—polymer interaction was possible and permitted eorrelation uf the electrochemical phenomenon

with antimicrobial activity,

Several synthetic polyamino acids have been investi-
gated to determine correlutions between biological fune-
tion and chemical structure, in view of possible chemo-
therapeutie implications.! A series of polvmers has
been svnthesized from natural polyvpeptides of well-
known biological activity? by varving the sequence and
the composttion of the amino acid residues of the natural
products. However, the forees responsible for the
imteractions between the polymerie molecules and the
complex bacterial struetures have not been defined well.
The presence of specific noneleetrostatie forees of the H
bond and Van der Waals bonds has been demonstrated
by Katchalski, ef al.’  The significance of these forees
is clear, although they may not be the only ones in-
volved.*

Important determinantz of the chemotherapeutic
activity of natural and synthetic polvamino acids in-
chude (1) the polypeptide strueture (generally, mono-
mers do not exhibit growth-inhibiting activity) aned
{b} the cationie nature of basie polyvpeptides (neutral
and acid polyamino aeids generally are mactive),  For
exantple, polvglveine s unable to inhibit the growth of
buaeteria,  whereas polvornithine has  antibactertal
activity,

These considerations prompted ux to synthesize N-
alkyvl-substituted polymers as potentially biologieally
active produets.  In order to enhance the expected
effeet we increased the number of positive charges of
the original polymer by introdueing an NHa group at
the end of the substituting alkyl chain. Thus the
polvmers deseribed in this paper can be considered ax
N-antnoalkyl dertvatives of biologically tnaetive homo-
polvpeptides.  The N-substitution i the polyvmerie
chain. by introducing a struetural change, should -
fluenee the nonelectrostatie forees involved in the inter-
action with bacteria and thux pernut distinetion of the
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electrostatic and nonelectrostatic contributions to the
phenomenon.

We studied bacteria-polymer interactions by poten-
tlometrie nreasurements using the “coupled’” membrane
system deseribed elsewhere *  Antibacterial activity of
the new polymers was tested by following the growth of
the microorgams=m by a turbtdimetric method.” Thus.
we were able to correlate electrochemical phenomena
with antiniterobial activity,

Chemistry. - The mononer synthesiz was based on
the hydrolvsix of the 2-ketopiperazines obtained by u
ring closure reaction between ethyvlenediamine and an
a-halo ester.®

Polymers were prepared through the N-carboxy an-
hydride (NCA) intermediate.” Some derivatives of
the N-(B-benzyloxyearbonviaminoethyl)glveine NCA
were ulso prepared (see Experimental Section).

The polymerization was performed either in solution
or in bulk (the first method gave better results) and the
protecting group was castly removed with HBr in Ac-
OH.>  The average degree of polyvmerization (D) was
determined by titrating the terminal groups aud by
osmometric measurements.  The polyvmers were passed
through an ion-exchange resin and the concentrated
solutton of the free base was separated in fractions of
different D2 through a Sephadex columm.  Kach frac-
tionn wax then lvophihized and its molecubur weight was
determined i the wsual way,

Experimental Section

Melting potints, taken in capillary tubex i a Sclunelzpunkt-
bestintmungsapparar  aceording 1o Tottoli, are uncorrected.
Osmometric mensnrements were performed with o Knmier
Dantpfdruck osmorzeter.  All analytical samples gave appropriate
ir speetra and combusiion analysis for ¢ H. N, and Cl within
0.4 of theory.

Hydrolysis of Ia and lb.---Both 2-ketopiperazine (la) and 3-
methyl-2-ketopiperazine (Ib)* (20 g, 0.2 mole of Ia, and 50 g,
0.43 mole of Ib) were treated with a large excess of concentrated
HCl and gently refluxed for 3 days. The solvent was then distilled
in vacuo and the residue recrystallized from MeOH--Et;00. The
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TanLr I
P —Lag period: —— —-—-—Growth period-—-——
Conen Abs time Rel Abs time Rel
No. DP (ug/mb) (min) (min) (min) (min)
Test 510 1.0 170 1.0
I Polyornithine 19 24 1880 3.6 250 1.5
11 Poly-ITa 19 60 1120 2.2 120 0.7
111 Poly-11b 19 110 510 1.0 170 1.0
v Polyornithine 5 24 1740 3.4 220 1.3
v Copolymer 5] 110 510 1.0 170 1.0
ScreMmE I mY
RCHXCOOEt —CHCHNE, 85r
X=Clor Br
Ia and Ila R=H
Ib and IIb R=CH, o
H
N0 4 80 -
i R — NH,CH,CH,NHCHRCOOH
N 1
H
I
resulting N-(B-aminoethyl)glycine and N-(g-aminoethyl)-pL- 75
alanine- HCI were dissolved in hot H;O and treated with Ag,COj
in a H,0 suspension. The mixture was filtered and H.S bubbled
through the solution in order to precipitate Ag*. After filtration
over activated charcoal aud vacuum evaporation of the solvent,
the residual yellow oil slowly solidified at room temperature.
The free base (I1a) could be recrystallized from H.O-EtOH, mp B
154-155° (20.5 g, 86.79 yield). IIb was recrystallized from
absolute EtOH, mp 124.5-125° (45.4 g, 809, yield). Anal 70+~ A
Ila (C4H10N202) C, H, N; IIb (C5H12N202) C, H, N.
N-(B-Aminoethyl)glycine Bis-CBZ Derivative.—IIa (9 g,
0.076 mole) was dissolved in 2 N NaOH (IIa-2HCI may be used
directly). Equivalent amounts of benzyl chlorocarbonate and 4
N NaOH were added simultaneously dropwise to the cooled
solutiont and worked up according to Bergmunn and coworkers.? L
The product recrystallized from Et.O-petroleum ether had mp 1 L L L L
T7-78° (162 g, 552% yleld) Anal. (CgonzNzOs) C, H, N 0 1 2 3 4 5
N-(8-Aminoethyl)-pr-alanine bis-CBZ derivative was obtained mg/m| .10

in the same way as a white gum which did uot solidify (65%
yleld) Anal. (C~21H24N205) C, H, N.

N-Carboxyanhydrides could be prepared in good yield (82%)
by treating equimolecular amounts of the bis-CBZ derivatives
and PCl; in dry CeHs. The NCA derivative was precipitated
by addition of petroleum ether after refrigerating overuight at
5°.  N-(B-Benzyloxycarbonylaminoethyl)glycine-NCA, recrys-
tallized from dry CgHe—petroleum ether, melted at 124-125° dec.
Anal. (ClsH14N205) C, H, N.

No crystalline product could be obtained from the correspond-
ing pr-alanine anhyvdride. Anal. (C;:Hi6N20;) C, H, N.

N -(3-Benzyloxycarbonylaminoethyl)glycine and Its Me Ester.
—Anhydride (1.5 g, 5.4 mmo'es) was dissolved in 10 ml of Me,CO
aud 2 ml of 5§ N HCl. After stauding overnight at room tempera-
ture the solution was conceutrated and the white product ob-
tainted was dissolved in & minimum amount of H.O. By adding
dilute NHsOH to pH 6.7 N-(8-benzyloxycarbonylaminoethyl)-
glycine precipitated as a viscous oil which erystallized on standing
at 3°. Recrystallization from EtOH gave 700 mg (529, vield)
of product, mp 207-208° dec. Anal. (C1:Hi1sN:04) C, H, N.

The corresponding Me ester- HCI was obtained by treating the
same anhydride (900 mg, 3.2 mmoles) with HCI in absolute
MeOH (780 mg, 809, yield; mp 134-135°). Anal. (Ci:HisCIN:O4
C, H, C], N.

Polymerization of NCA Derivatives.—N-(3-Benzyloxycarbonyl-
aminoethyl)glycine-NCA (8 g, 0.027 mole) was refluxed for 3
days in dry PhMe or CsHgs. The solution was allowed to cool at
room temperature while the polymer (3 g) precipitated as a yellow—
brown solid. The precipitate was purified by dissolving it in
DMF and pouring the solution into H,O while stirring vigorously.

DP of this product, determined by titrating the terminal COOH

(9) M. Bergmann, L, Zervas, and W. F. Ross, J. Biol, Chem., 111, 245
(1935},

Figure 1.—Electromotive force recorded in solutions of N-(5-
aminoethyl)polyglycine in 1 X 107* M KCl (DP = 19 in plot
A; DP = 6in plot B)vs. the polypeptide concentration,

groups with MeONa,!% was between 18 and 20. More polymer
could be obtained by vacuum distillation of the solvent.

The same procedure was followed for the polymerization of the
corresponding pL-alanine derivative.

In the case of the random copolymer, ornithine- N-(g-amino-
ethyl)glycine, equimolecular amounts of the two anhydrides
were refluxed in dry PhNO,.

The CBZ-protecting group was removed with 409, HBr in
glacial AcOH. After standing overnight the resulting hydro-
bromide was precipitated with dry Et;0. The free base was
obtained by passing the H»O solution of the polymer hydrobro-
mide through an Amberlite IRA 400 ion exchanger. The eluate,
which gave positive reaction with ninhydrin and a negative
Volhard test, was freeze-dried and the crude product, tested
according to Abderhalden and Komm!! and to Sela and Berger, !
showed no positive reaction for usual secondary products. The
polymer was then fractionated through Sephadex G 10 and each
fraction was separately freeze-dried. DP were determined by
osmometric methods (H:O solution).

Biological Testing.—Antibacterial activity against Escherichia
coli was determined by means of an aerated thermoturbidimeters
by comparing the activity of the new products with that of
polyornithine, A synthetic medium was used in growth experi-
ments.® Different concentrations of each substance were used
in order to have, when possible, comparable lag periods. Results
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Figure 2.—Electromotive force recorded in a suspension of
E. coli (1 X 102 viable cells/ml) plus 1 X 107¢* M KCl as a
function of the increasing concentration of A-(8-aminoethyl)-
polyglycine (DP = 19 in plot A; DP = 6 in plot B) and of the
monomer (plot C).

are summarized in Table I. The first reading (zero time) was
done immediately after the addition of the test compounds.

E. coli cultures (5 X 108 viable cells per ml at zero tinte) were
aerated with sterile air (8 1. /hr) at 37° =& 0.1. The lag period
is the interval in minutes between zero time and the first detect-
able increase of turbidity. The growth period is the length of the
logarithmic phase.

Physicochemical Measurements.—Potentiometric measure-
ments were made as described in a previous paper.tt In the
present studies E. coli that had been cultured on nutrient agar
were washed twice and suspended in 1 X 10-¢* M KClI to a con-
centration of 1 X 1012 viable cells per ml. Calibration curves
for the polyaniino acids in 1 X 10~¢ M KCl were obtained by both
stepwise dilution and concentration of the solution while recording
the electromotive force. The calibration curves (Figure 1) show
the contribution to the electromotive force of the polymers.

The titration of E. coli suspension in 1 X 10—¢ M KCI with the
polymer in 1 X 10~* KCl is given in Figure 2. The pH was 7.2
and there was no significant change during the titration. The
titration curves that were obtained may be explained by the
presumed interaction that takes place between the positively
charged peptides and the negatively charged bacterial surface,®
which alters the charge distribution on the latter. Thus the mean
ionic activity of the solution changes and the resulting curves
differ completely from the calibration curve of each component.
The formation of a conmplex between E. colt and the polymer is
accompaiied by an increase in the mean ionic activity iu solution
us indicated by the fall in the nieasured electromotive force.
This may be explained by a release of K* from biuding sites on
the bacterial surface by the polymer, i.c., a polymer-K* exchange
on the surface. This process continues until a ceritical amount of
polymer is added. Further addition of the polymer produces a
sharp reversal of the curve followed by a situation of equilibriuni.

BoTrE, et al.
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Figure 3.—Electromotive force recorded in a solu@n of the
copolymer of ornithine-N-(g-aminoethyl)glycine (DP = 35)

in 1 X 107+ M KCl, vs. the copolymer concentration; plot A
(@ -@). Electromotive force recorded in a suspension of
E. coli (1 X 102 viable cells;/ml) plus 1 X 10=* M KCI us a
funtction of the increasiug concentration of the copolymer;
plot B (O——0).

At this point an increase in the amount of peptide no longer
conttributes to the electromotive force; the mixture behaves like
a solution of peptide that contaius a suspeusion of stabilized
E. coli-polymer complexex.

The titration ecurve of the monomer (Figure 2C) indicates that
no interaction occurs with E. coli. The same electrochemical
behavior was observed with other basic amino acids including
L-lysine.

The calibration and titration curves of the copolymer (Figure
3) do not differ in trend indicating that no electrostatic interaction
takes place between components despite the presence of basic
residues iun the copolvmer. The same result was obtained wheut
Poly-ITb was used as a titraut. Initially we thought that the
presetice of charges with opposite sigtt would iusure electrostatic
interaction between components of our system. However, the
results obtainted with the copolymer and Poly-1Ib indicate that
specific nonelectrostatic forces must be of considerable magnitude
it determininug the extent of the K. coli-peptide interaction, since
they are capable, in the experintental conditions given (Figure 3B),
of inthibiting the interaction itself. This is a new aspect of the
complex of specific forces pointed out by Katchalski, et al.,*
which, though obscure and unknown, do exist and contribute
to a large part of the iuteractionr. A comparison of the physico-
chemical measurements and the biological tests of the present
experiments suggests that (a) electrostatic interaction is accont-
panied by biological nctivity and (b) the presence of basic residues
in a peptide is not sufficient in itself to insure electrostatic inter-
action, at least in the case of the polymers synthesized.



