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N-[(2-Sulfo)-9-fluorenylmethoxycarbonyl]s-gentamicin C; Is a Long-Acting
Prodrug Derivative
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Most low-molecular-weight drugs are short-lived species in the circulatory system, being rapidly
eliminated by glomerular filtration in the kidney. However, binding to human serum albumin
(HSA) can slow clearance and prolong lifetime profile in vivo. In this study, we have engineered
a gentamicin derivative with affinity to albumin by linking three (2-sulfo)-9-fluorenylmethoxy-
carbonyl (FMS) to three amino groups of gentamicin C;. FMS;-gentamicin associates with HSA
with a K, value of (1.31 4+ 0.2) x 105 M™% It has less than 1% the antibacterial potency of
native gentamicin. Upon incubation at pH 8.5 and 37 °C, the FMS moieties from FMS;-
gentamicin undergo slow hydrolysis (ty, = 8.0 & 0.2 h), leading to a linear regeneration of the
antibacterial potency with a ty; value of 11 + 0.7 h. FMS3-gentamicin is a long-lived species in
the rat circulatory system. Following a single subcutaneous or intravenous administration, it
maintains a prolonged pharmacokinetic profile with a peak and a “through” concentration of
immuno/antibacterial active gentamicin exceeding 4—5 times the duration obtained by
administered native gentamicin. To sum up, an approach aimed at elongating the lifetime of
low-molecular-weight drugs in vivo has been examined here with gentamicin. Two to three
FMS per mole of compound are to be introduced to obtain an albumin associating affinity of
Kqg = 7.6—9.2 uM and, hence, to significantly extend the drug’s lifetime in situ following
administration. By use of this technology, the loss of pharmacological potency with derivatization
is of no consequence, since FMS moieties are hydrolyzed and activity is generated at

physiological conditions.

Introduction

Recently, we have introduced an approach for elon-
gating the half-life of peptide and protein drugs in vivo?!
by covalently linking 2-sulfo-9-fluorenylmethoxycarbo-
nyl (FMS) moieties to their amino acid side chains. Such
FMS derivatives containing two or more FMS moieties
per protein show protracted action in vivo. This has been
demonstrated for insulin,? interferon o2,® enkephalin,
and other peptide and polypeptide drugs (in prepara-
tion). FMS moieties undergo slow and spontaneous
hydrolysis under physiological conditions. Hydrolysis of
FMS—protein conjugates in vivo proceeds with a ti,
value of 5—7 h.

FMS—peptide and —protein conjugates were found to
be resistant to proteolysis both in vitro and in vivo. This
was valid for peptides and proteins whose route of
elimination in vivo takes place through receptor-medi-
ated endocytosis, through inactivation by serum pro-
teases in the circulatory system, or by proteolysis at the
cell surfaces of tissues. With respect to FMS—peptide
and —protein drugs, such resistance to proteolysis, prior
to the release of the FMS moieties by hydrolysis,
appears to be critical for maintaining prolonged circu-
lating therapeutical levels.?2™4

Our aim in this study was to investigate whether this
conceptual approach can be extended to protract the
actions, in situ, of low-molecular-weight drugs of non-
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peptidic origin. This drug category differs from the
polypeptide category in undergoing a faster clearance
in vivo, operating predominantly by glomerular filtra-
tion in the kidney; elimination through proteolysis in
this case is none or negligible.> As a prototype for this
drug category, we have selected gentamicin, a low-
molecular-weight nonorally absorbed agent used for the
treatment of many serious Gram-negative bacterial
infections.® In theory, conjugation of FMS moieties to
these types of drug is not expected to confer protracted
action in vivo, unless the corresponding conjugates
associate endogenously with albumin with a sufficient
affinity to slowing their rate of clearance by glomerular
filtration. Albumin, an abundant multifunctional trans-
port protein, is known to bind reversibly a wide variety
of endogenous substances and drugs.” Hence, low-
molecular-weight drugs, when associated with albumin,
are often cleared from the circulation at lower rates.>
Our studies with gentamicin were largely based on this
concept.

Experimental Section

Abbreviations. FMS, (2-sulfo)-9-fluorenylmethoxycarbonyl;
FMS-OSu, FMS-N-hydroxysuccinimide; (FMS)s-gentamicin, a
gentamicin derivative having three FMS moieties covalently
attached to the amino side chains of gentamicin; HSA, human
serum albumin; ICso, inhibitory concentration (half-maximal)
needed to arrest E. coli replication; OD, optical density; HPLC,
high-performance liquid chromatography; PNPA, p-nitrophe-
nyl acetate; tBoc-Tyr-OSu, N-tBoc-L-tyrosine N-hydroxysuc-
cinimide ester; PBS, phosphate-buffered saline; TNBS, trini-
trobenzene sulfonic acid; FFA, free fatty acids.

Materials. Gentamicin sulfate, HSA, tBoc-Tyr-OSu, PNPA,
and chloramine T were purchased from Sigma, and [*?°1] iodine
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(carrier-free) was from Amersham. 9-Fluorenylmethoxycarbo-
nyl-N-hydroxysuccinimide (Fmoc-OSu) is a product of Nova-
biochem (Laufelfingen, Switzerland). All other materials used
in this study were of analytical grade.

Chemical Procedures. Ultraviolet spectra were obtained
with a Beckman DU 7500 spectrophotometer in 1 cm path
length UV cuvettes. Mass spectra were determined using
MALDI-TOF and ESMS techniques (Bruker-Reflex-Reflectron
model, Germany, and VG-platform-11 electrospray single qua-
dropole mass spectrometer, Micro Mass, U.K., respectively).
Reverse-phase HPLC was performed with a Spectra-Physics
SP8800 liquid chromatography system (Spectra-Physics, San
Jose, CA) equipped with an applied Biosystem 757 variable-
wavelength absorbance detector.

Preparation of (2-Sulfo)-9-fluorenylmethoxycarbonyl-
N-hydroxysuccinimide (FMS-OSu). This compound was
prepared by modifying the procedure of Merrifield and Bach.®
Briefly, Fmoc-OSu (337.4 mg, 1 mmol) was dissolved in 4 mL
of CH,Cl; and cooled to 0 °C. A solution of CISO3H (60 uL, 0.9
mmol) in 2 mL of CH,CI, was added with constant stirring
and cooled over a period of 15 min. The solution, which turned
yellow, was allowed to warm to room temperature. A white
precipitate was formed within 1 h. At 2 h, cyclohexane (4 mL)
was added to dissolve the unreacted Fmoc-OSu. The suspen-
sion was centrifuged and washed four times with 6 mL of 1:1
cyclohexane/CH,Cl,. The white solid thus formed was dried
under P;0s in vacuo for 24 h and had the following charac-
teristics: yield 290 mg (86%); mp 140—146 °C; TLC (1 butanol/
acetic acid/water, 8:1:1), R; = 0.31; mass spectrum (ES~), m/z
416 (100%, M — 1).

FMS moieties, either free or covalently bound to peptides
and proteins, absorbed in the UV region with a molar extinc-
tion coefficient (ezs0) of 21.200 + 100.

Synthesis of FMS;-gentamicin. Gentamicin sulfate (10
mg, ~20 umol) was dissolved in 1.0 mL of 0.5 M NaHCOg; (pH
8.5) and cooled to 0 °C. Solid FMS-OSu was added gradually
in several aliquots over a period of 2 h. Overall, 10 molar
excesses (~200 umol) of FMS-OSu were added over gentami-
cin. The reaction mixture was then dialyzed against H,O at 7
°C for 3 days and finally lyophilized. A dialysis bag with a
cutoff of 1200 + 50 Da was used, which allowed for the
diffusion of excess reagents and any residual amounts of native
gentamicins or mono- and bis-modified FMS-gentamicins that
might have been left following derivatization. The product was
further purified by HPLC using a prepacked LichroCart RP-
18 column (250 mm x 10 mm; 7 um bead size), employing a
binary gradient formed from 0.1% TFA in water (solution A)
to 0.1% TFA in 75% acetonitrile in water (solution B), eluting
att =0 min with B = 0% and at t = 60 min with B = 90%, at
a flow rate of 12 mL/min. For purity evaluation of isolated
fractions, analytical reversed-phase HPLC was performed
using a prepacked Lichrospher-100 RP-18 column (250 mm x
4 mm, 5 um bead size) and the following binary gradient: at
t =0 min, B =0%; at t =30 min, B = 100% at a flow rate of
0.8 mL/min. Separations were performed using a Spectra-
Physics SP8800 liquid chromatography system equipped with
an Applied Biosystems 757 variable-wavelength absorbance
detector. The column effluents were monitored by UV absor-
bance at 220 nm. FMSs-gentamicin was obtained with >95%
purity and an overall yield of 56%.

Affinity of FMS-gentamicin Conjugates to HSA. Affin-
ity was evaluated by a slight modification of the procedure of
Koh and Means.® The analysis is based on the potency of
several compounds that associate with HSA to arrest PNPA
hydrolysis by HSA.° HSA, 11.4 uM in 0.4 mL of 0.05 M HEPES
buffer, pH 6.7, was incubated for 10 min with and without
increasing concentrations of FMS-gentamicin conjugates. PNPA
(100 mM in DMSO) was then added to obtain a final concen-
tration of 1 mM. The absorbance at 410 nm was determined
60 min after the addition of PNPA, and ICsy values were
calculated. In preliminary studies, by use of an equilibrium
dialysis procedure, FMS-serine was found to associate with
HSA with a K, value of (0.5 + 0.02) x 105 M1 (Kg = 20 + 2
uM) and to inhibit HSA-evoked PNPA hydrolysis with an 1Csg
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value of 50 £+ 3 uM (manuscript in preparation). A conversion
factor of 2.5 was therefore used here for converting 1Cso values
in the PNPA assay to K4 value estimates.

Preparation of Gentamicin and FMS-gentamicin Con-
jugates That Can Be Radiolabeled with ?°1. tBoc-Tyr;-
gentamicin. Gentamicin (3 mg) was dissolved in 0.5 mL of
0.5 M NaHCOs. Aliquots (2 uL) from a solution of tBoc-Tyr-
OSu (180 mg/mL in DMSO) were added to the stirred gen-
tamicin solution over a period of 3 h. Altogether, 1.5 mol of
tBoc-Tyr-OSu/mol of gentamicin was added. The precipitate
formed was collected by centrifugation, washed several times
with H,0, and resuspended in 0.1 M HCI, and excess tBoc-
Tyr was extracted with ethyl acetate. The aqueous fraction
was lyophilized and solubilized in 0.1 M NaHCOs3, pH 8.5. The
product contained about 1 mol of tBoc-Tyr/mol of gentamicin,
as judged by the absorbance at 278 nm and by the presence of
tyrosine following acid hydrolysis. A fraction of this prepara-
tion was preserved for 2% iodination.

FMS; o-tBoc-Tyrio-gentamicin. FMS-OSu (11 mg, 26
umol, 3.9 molar excess) was added to a solution of gentamicin
(3.0 mg in 0.5 mM NaHCOs, 6.7 umol). The reaction was
carried out for 1 h at 0 °C with constant stirring. tBoc-Tyr-
OSu was then added in aliquots, as above, over a period of 1
h. FMS-OSu (10 mg) was then added, and after 30 min the
reaction mixture was dialyzed for 3 days against H,O, using
a dialysis bag with a cutoff of 1200 + 50 Da, and then was
lyophilized.

Radiolabeling with Na ?°I. Gentamicin-containing tBoc-
Tyr moieties were iodinated essentially by the procedure of
Hunter and Greenwood?® with slight modifications. Briefly, to
2 uL of PBS (concentrated x20), tyrosyl-containing gentamicin
derivative (2 uL, 1 nmol) and carrier-free Na 251 (2 uL, 0.1
mCi) were added. This was followed by the sequential addition
of 4 uL of chloramine T (from a fresh solution of 1 mg/mL,
reaction period of 2 min), 4 uL of sodium metabisulfite (from
a stock solution of 5 mg/mL, 2 min), and finally 2 uL of 10%
BSA. lodinated gentamicin derivatives were purified on a
Sephadex G-10 column (0.4 cm x 7 cm), equilibrated and run
with PBS/0.5% BSA (pH 7.4). Fractions corresponding to the
radiolabeled derivative were pooled and frozen.

Amino acid composition was analyzed after acid hydrolysis
in 6 N HCI at 110 °C for 22 h and precolumn reaction with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) (Wa-
ters 2690 separations module, Milford, MA).

Quantitation of Gentamicin. Following acid hydrolysis
of native gentamicin and derivatization with 6-aminoquinolyl-
N-hydroxysucciniimidyl carbamate (AQC), two peaks in a 1:1
ratio at the positions of proline (retention time RT = 24.94
min) and leucine (RT = 32.965 min) emerged on a standard
amino acid analysis. An amount of 100 nmol of gentamicin
yielded 179 nmol of either leucine-like or proline-like peaks.
On the basis of that, gentamicin and derivatives were therefore
quantitated by acid hydrolysis of an aliquot and determined
by amino acid analysis, using peak areas of the leucine and
the proline peaks. The obtained value was divided by 1.79.

Following Up the Circulating Levels of Subcutane-
ously Administered Gentamicin Derivatives in Rat. In
this set of experiments, all derivatives were administered
subcutaneously at 10 a.m. to male Wistar rats weighing 170
+ 10 g. Each rat received 0.3 mL of PBS/0.5% BSA containing
3 nmol of the unlabeled gentamicin derivative and a ?°I-
labeled derivative to obtain a specific activity of 5000 + 500
cpm/pmol derivative. Blood samples were withdrawn from the
tail vein at various time points after administration and were
absorbed onto a round (1 cm) Whatman filter paper (3 mm)
that was weighed before and immediately after spotting. Each
such aliquot contained about 25—35 mg of blood. Filters were
counted for their radioactive content, and the obtained counts
per minute were adjusted to obtain the amount of radioactivity
corresponding to 1.0 mL of blood divided by 5000 to obtain
the amount of the derivative in pmol/mL.

In an alternative procedure, native gentamicin and FMSs-
gentamicin were administered intravenously to rats. Blood
aliquots were withdrawn at several time points, and gentami-
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Table 1. Chemical and Biological Features of
FMS3-Gentamicin Cy

characteristic

FMSs-gentamicin

solubility in aqueous buffer (pH 7.4), mg/mL  >30

molar extinction coefficient at 280 nm,?2 63 600 + 300
mol~tcm~?t
mol of FMS/mol of gentamicin® 3.0+0.2
mass spectral data®
calculated for FMS3-gentamicin Cy, Da 1383.6
found [M + H]*.¢ Da 1384.24
found [M + Na]*,c Da 1405.74

retention time (analytical HPLC),4 min 31.4
antibacterial potency® <1% of the native
potency

ICs0, uM 24+3

a Native gentamicin does not absorb at 280 nm. P Based on the
absorbance at 280 nm and derivative’s concentration determined
following acid hydrolysis and amino acid analysis (Experimental
Section). ¢ Mass spectra were determined using the MALDI-TOF
technique (Bruker-Reflex-Reflectron model, Germany). Identical
mass values were obtained by analyzing either dialyzed or HPLC-
purified samples. @ Column, Lichrosorb RP-18 (5 uM); linear
gradient of 30—100% acetonitrile in 0.1% TFA; rate of 0.8 mL/
min. ¢ Determined by inhibiting replication of E. coli. Native
gentamicin arrests replication half-maximally (I1Csp) at a concen-
tration of 0.22 £+ 0.02 uM.

cin was quantitated by a fluorescence polarization immunoas-
say procedure.'*

Results

Preparation and Features of FMS3z-gentamicin
C;. Initially, we have applied 10 molar excess of FMS-
OSu over gentamicin. This was followed, at termination
of reaction, by extensive dialysis in a dialysis bag having
a cutoff of 1200 + 50 Da (Experimental Section). Table
1 summarizes the characteristic features of the deriva-
tive thus obtained. It is a water-soluble, >95% pure
compound (>30 mg/mL at pH 7.2) containing 3 mol of
FMS/mol of gentamicin, as judged by its absorbance at
280 nm (e280 = 63 600 + 300). Mass spectrum analyses
of native gentamicin (Sigma) used in our studies re-
vealed primarily the presence of gentamicin Cy, ([M +
H*] = 478.43 Da). Following derivatization, dialysis, and
HPLC purification, gentamicin C; containing three FMS
moieties was isolated (calculated MW = 1383.6 Da;
found [M + H*] = 1384.24 Da and [M + Na] = 1405.74
Da; Table 1). It should be noted that dialysis alone
removes most of the conjugates containing less than 3
FMS/mol of gentamicin (Experimental Section) as well
as residual, unreacted, gentamicin C;. FMS3z-gentamicin
C1 migrates as a main peak on HPLC with an RT value
of 31.4 min. FMS3;-gentamicin C; has less than 1% (ICsp
= 24 + 3 uM) of the native antibacterial potency of
gentamicin (ICsp = 0.22 £ 0.02 uM; summarized in
Table 1). The structure of gentamicin C; and the
proposed structure of FMSs-gentamicin C; are illus-
trated in Figure 1; FMSs-gentamicin C; is TNBS-
negative. TNBS does not react with secondary amines,*?
suggesting that in FMSz-gentamicin C; prepared with
up to 10 molar excess of FMS-OSu only the three
primary amino side chains of this aminoglycoside have
been derivatized. Reaction with a larger excess of FMS-
OSu led to generation of tetra- and pentamodified
gentamicin as revealed by mass spectrometry. For
additional characterization of FMSz-gentamicin C,, H
NMR studies were performed. Thus, spectra in D,O,
DMSO-de, CDClg/CDsOD, CDC|3/TFA, and CDC|3/CD3-
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Figure 1. Structure of gentamicin C; (A) and the proposed
structure of FMS;-gentamicin C; (B). The arrows point to the
five amino side chain moieties capable of reacting with FMS-
OSu.

OD/TFA used as solvents were recorded at 25 °C on a
Bruker Avance 400 spectrometer (400 MHz). However,
very broad line NMR spectra in both aliphatic and
aromatic regions indicated a possible liquid-crystal-like
behavior, a fact that impairs the assignment of the
compound’s chemical shifts.

Association of FMS-gentamicin Conjugates with
HSA. Figure 2 summarizes a set of experiments in
which samples of gentamicin were modified with in-
creasing concentrations of FMS-OSu to incorporate
about 0.7, 1.3, 2.1, and 3.0 FMS/gentamicin. For each
such treatment, the affinity toward HSA was deter-
mined by the PNPA assay (ExperimentalSection). Na-
tive gentamicin does not inhibit HSA-evoked PNPA
hydrolysis, and gentamicin containing an average of 0.7,
1.3, 2.1, and 3.0 mol of FMS/mol of gentamicin inhibited
HSA-evoked hydrolysis with ICso values of 80 + 3, 43
+ 4,23 £ 2,and 19 £ 2 uM, respectively. These values
correspond to Kq values of 32 + 3, 17.2 + 2, 9.2 + 1,
and 7.6 + 0.7 uM, respectively. Thus, with the FMS
modification, monomodified gentamicin was associated
with HSA with a Kq value of 20—25 uM (see also FMS-
serine), whereas with bismodified gentamicin, the af-
finity was increased about 2.5-fold (Kq = 9.2 + 1.0 uM)
and with the trismodified FMS derivative only slightly
more (Kq = 7.6 £ 0.7 uM, Figure 2).

Rate of Hydrolysis of FMSs-gentamicin. FMS;-
gentamicin was incubated in 0.1 M NaHCOg3, pH 8.5,
at 37 °C. Aliquots were withdrawn at different time
points and analyzed for the appearance of free amino
groups with TNBS.*?2 At pH 8.5, the rate of FMS
hydrolysis from FMS—peptide and —protein conjugates
is nearly the same as that found in vivo or in human
serum in vitro.2® Therefore, this pH was selected for
further experiments. FMS moieties of FMS3-gentamicin
are hydrolyzed in a slow and homogeneous fashion with
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Figure 2. Increased affinity of FMS-gentamicin conjugates
toward HSA as a function of FMS moieties incorporated into
gentamicin. FMS-gentamicin conjugates containing 0.7—3
FMS/mol of gentamicin were assayed for their efficacy to
inhibit HSA-evoked hydrolysis of p-nitrophenyl acetate (Ex-
perimental Section). Results are expressed as 1Cso for each
FMS-gentamicin conjugate (left y axis) and converted to Kq4
estimates (right y axis). The 1Cs, for FMS-L-serine (used here
as an internal standard for monomodified, low-molecular-
weight substance) is also included.

a typ value of 8.0 + 0.2 h. Hydrolysis is complete after
20 h of incubation under these conditions (see Support-
ing Information).

Generation of the Antibacterial Potencies of
FMS; FMS;, and FMSs;-gentamicin. In Figure 3,
gentamicin derivatives containing 1.0 + 0.1 and 2.0 &+
0.3 FMS/mol of gentamicin, as well as FMSz-gentamicin,
were incubated in 0.1 M NaHCO3; (pH 8.5) at 37 °C.
Aliquots were withdrawn at different time points and
were assessed for their antibacterial potencies. All three
FMS-containing derivatives are nearly inactive prior to
incubation (0.9—2% activity, time 0 in the figure). Upon
incubation, the antibacterial potencies of FMS;, FMS;,
and FMS;-gentamicin are generated with ty, values of
2+ 03,7 +£ 0.6, and 11 + 0.7 h, regaining the full
(100%) potencies after 20 h (Figure 3A), 30 h (Figure
3B), and 40 h (Figure 3C) of incubation under these
conditions.

FMS;3 -gentamicin Is a Long-Lived Species in
Rats Following Subcutaneous Administration. In
the set of experiments summarized in Figure 4, radio-
labeled gentamicin-tBoc-Tyr, or FMS; o-tBocTyr; o-gen-
tamicin, were administered subcutaneously to groups
of rats (3 nmol of each, specific activity of 5000 + 500
cpm/pmol, administered in 0.3 mL of PBS buffer/0.5%
BSA, pH 7.4). The circulatory level of each derivative
was determined at many time points after administra-
tion (Experimental Section). Administered 125I-labeled
tBocTyr-gentamicin peaked at 20 + 3 min (15 £+ 1 pmol/
mL) and then declined with a ty» value of 2 + 0.2 h,
reaching undetectable levels 20 h after administration.
With administered 12°I-labeled FMS; o-tBocTyr; o-gen-
tamicin, circulating levels increased more gradually,
peaking at 2 h (17 pmol/mL), and then maintained at a
high plateau for an additional 2 h. Subsequently, the
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levels declined with a ty, value of 9 &+ 0.3 h, reaching
undetectable levels 35 h after administration (Figure
4). Thus, administered gentamicin containing 2.0 FMS/
mol of gentamicin maintains prolonged circulatory levels
over a period of 40 h, exceeding by 4.5 times the levels
obtained after administration of non-FMS-containing
gentamicin.

Correlation between Immunoreactivity and An-
tibacterial Potencies of FMSs-gentamicin during
FMS Hydrolysis. In the experiment summarized in
Figure 5, FMS3z-gentamicin was incubated at pH 8.5,
37 °C, and aliquots were withdrawn at different time
points and analyzed for both immunoreactivity and
antibacterial potency (Experimental Section). FMS;-
gentamicin is immunoreactive-silent (time 0, Figure 5).
Immunoreactivity, however, is elevated during incuba-
tion, fully overlapping the elevation in antibacterial
potency (Figure 5). Thus, immunoreactivity correlates
with the antibacterial potency of FMSsz-gentamicin
during FMS hydrolysis.

FMSs-gentamicin Is a Long-Lived Species in
Rats Following Intravenous Administration. In
Figure 6, rats have received intravenously native gen-
tamicin, FMS3, or FMSs-gentamicin (1 umol/rat, n = 4
in each group). Blood aliquots were taken at several
time points, and levels of immunoreactive gentamicin
were determined by the fluorescence polarization im-
munoassay procedure. Following native gentamicin
administration, circulating levels peaked at 30 min (47
£ 4 nmol/mL blood), and then declined with t;, = 0.9
+ 0.1 h, reaching undetectable levels 2 h after admin-
istration (Figure 6A). With administered FMS;-gen-
tamicin, circulating immunoreactive gentamicin also
peaked at 30 min (60 = 7 nmol/mL blood) and declined
with a ti, value of 1.3 + 0.2 h, reaching undetectable
levels at 3.5 h after administration (Figure 6B). Fol-
lowing administration of FMS3-gentamicin, immunore-
active gentamicin peaked at 1 h (27 + 4 nmol/mL blood).
This was followed by a flat wide peak over a prolonged
period with a ti» value of 3.8 + 0.2 h, reaching
undetectable levels 10 h after administration (Figure
6C), indicating the presence of circulating immunore-
active/antibacterial gentamicin over a prolonged period
following intravenous administration of FMS3-gentami-
cin.

Discussion

We found previously that a single moiety of FMS
associates with HSA (and other albumins as well) with
a K, value of (0.5 + 0.05) x 10%5 M1, The half-life of
singly modified FMS—short peptide conjugates in vivo
has not been appreciably prolonged (1.5- to 2-fold,
manuscript in preparation). Albumins, however, have
multiple binding sites for diverse types of ligands that
are associated with this carrier protein.!®> We have
therefore postulated that a small ligand containing two
FMS moieties (or more) might form a more stable
complex with albumin, provided a bivalent ligand is
formed that is capable of associating simultaneously
with two or more adjacent sites of albumin.

In this study, we have applied a 10-fold excess of
FMS-OSu over gentamicin and thus introduced 3 mol
of FMS to 1 mol of gentamicin, with concomitant loss
of the antibacterial potency (summarized in Table 1).
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Figure 4. Pharmacokinetic profile of subcutaneously admin-
istered radiolabeled FMS;c-gentamicin in the rat. Comparison
to non-FMS-containing gentamicin. Groups of male Wistar rats
(170 £ 10 g, n = 4 in each group) received subcutaneously at
10 a.m. 0.3 mL of PBS (pH 7.4) 0.5% BSA, containing 3 nmol
of either 1?°1-labeled tBocTyr;-gentamicin or *?I-labeled FMS; -
tBocTyrio-gentamicin (specific activity, 5000 + 50 cpm/pmol).
Blood aliquots from the tail vein were drawn at the indicated
time points. The amount of each derivative in pmol/mL blood
was estimated (Experimental Section). Each point is the
arithmetic mean + SE of four rats.

Upon incubation at pH 8.5, 37 °C, FMS moieties were
hydrolyzed in a slow spontaneous fashion with a ty, =
8.0 £ 0.2 h and full resumption of the antibacterial
activity (ty, = 11 £+ 0.7 h, Supporting Information and
Figure 3C).

As predicted, affinities of FMS-gentamicin conjugates
toward HSA increased significantly when 2—3 mol of

FMS were introduced into gentamicin. A Ky value of
7.6—9.2 uM has been obtained. Thus, bismodified gen-
tamicin associates with HSA with a 2.5-fold higher
affinity as opposed to monomodified gentamicin or to
FMS-serine, suggesting that a bivalent ligand has been
formed capable of associating with two adjacent sites
of albumin.

We next studied whether this increase in the conju-
gate’'s affinity toward albumin is translated into a
prolonged lifetime in vivo. Subcutaneously administered
FMS; o-gentamicin compounds have maintained a pro-
longed elevated level of the derivative that exceeded 4.5
times that of subcutaneously administered non-FMS-
containing gentamicin (Figure 4). The excellent correla-
tion found between developed immunoreactivity and
antibacterial potencies upon hydrolysis of FMS3-gen-
tamicin (Figure 5) further assisted us in determining
pharmacokinetic profiles, which are more relevant to
circulating bacterial Killing potencies. Next, we have
further established the short-lived character of immu-
noreactive gentamicin following intravenous adminis-
tration of either native or FMS;-gentamicin, and the
prolonged pattern of circulating immunoreactive gen-
tamicin following intravenous administration of FMS;-
gentamicin (Figure 6).

It is important to mention at this point that the
desired pharmacokinetic pattern of circulating ami-
noglycosides following administration in humans is still
a matter of debate among clinicians. Several types of
dosing, adjustments, and monitoring were suggested for
achieving maximal bacterial killing and minimal ami-
noglycosides-dependent kidney toxicity.® A pharmaco-
kinetic profile, supplying an initial circulating peak level
of >10 nmol/mL gentamicin, for inducing concentration-
dependent bacterial killing, followed by a prolonged
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Figure 6. Intravenously administered FMSsz-gentamicin in rats facilitates prolonged circulating levels of immunoreactive

gentamicin. Groups of rats (n = 4 for each group) were administered intravenously (1 umol/rat) native gentamicin (A), FMS;-
gentamicin (B), or FMSz-gentamicin (C) in 0.2 mL of PBS buffer, pH 7.4. Blood aliquots were drawn at the indicated time points
and assayed for immunoreactive gentamicin. Each point is the arithmetic mean of four aliquots drawn (at the same time) from

four rats.

circulatory level of >1 nmol/mL where bacterial killing
continues, was recently recommended. Our pharmaco-
logical profile obtained in rats following FMSz-gentami-
cin administration appears to fit well with this pattern
(Figures 5 and 6C). The initial peak of >10 nmol/mL is
followed by a “through” circulating level of >1.0 nmol/
mL immunoreactive gentamicin that persists over a
period of 9 h, as opposed to a period shorter than 2 h in
native-gentamicin-administered rats.

Finally, it is of interest to compare our findings with
those made on insulin—fatty acid conjugates that as-
sociate with albumin.!® Insulin—FFA conjugates, having
a Ky value toward albumin of 40—-60 uM, showed
protracted action in vivo. In our system, about a 5-fold
higher affinity toward albumin (Ky = 7.6—9.2 uM)
appeared to be required to obtain significant prolonga-
tion in situ following administration. These findings

suggest that, unlike with proteins, with regard to low-
molecular-weight compounds, a higher affinity toward
albumin, namely, for Ky = 8—10 uM, must be engineered
to tackle the rapid rate of clearance characterizing this
drug category.

In summary, we found that our prodrug technology
is applicable to the low-molecular-weight drug gentami-
cin as well as to the polypeptide insulin and interferon-
a2.23 On the basis of this study, two or three FMS per
molecule should be introduced for sufficient associating
affinity toward albumin to obtain a significant lifetime
in situ. The loss of pharmacological potency usually
accompanying derivatization is rather advantageous
with this technology, provided reactivation in vivo
proceeds with desired rates and profiles. This feature
allows the administration of higher dosages with no fear
of desensitization or intoxification. This and other
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aspects brought forth in this study are currently under
investigation.
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