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ARTICLE INFO ABSTRACT

Article history: A library of mono- and di-amino acid peptidic-amyiycosides (PAs)with kanamycin and neomycin as the m
Received aminoglycosides, was systematically and rapidlytlsgsized via solid phase peptide synthe&msinoglycoside
Received in revised form were first converted intdN-Boc protected carboxylic acids and fourteen L-amatids were then used in the
Accepted diversification of the full library. The approaclutbned describes a rapid synthetic procedure where >20
Available online compounds can be synthesized in a few months B850 purity. UV thermal denaturation assessedihéinc

stabilization by PAs to model human and bacteriaditd rRNA sequences. Significant differences werend in
thermal melting profiles among PAs that were atiiglol to specific amino acid sequenddsomycin PAs lead tc
much larger variation in the stabilization of AesiRNA sequence\T, = 2.6-17.1°C) as compared to kanamy
PAs (ATm = 0.4-4.3°C). Kanamycin PAs had little activity against Graegative and Grarpesitive bacteria
compared with neomycin PAs that had significantteaterial activity with MIC ranging from 2 — 16 uM
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1. Introduction

Aminoglycosides have been at the forefront off——
antimicrobial therapy for the past seven decadesddition to A “’éé\s\/v‘w* Sibelase oI
their use as antibiotics for the treatment of Graeipe and S
Gram-negative bacterial infections, aminoglycos@esuseful as o on
scaffolds for the recogniton of nucleic acids. L R LS
Aminoglycosides bind to the A-site of the 16S badater o o e vo_ o ou RN
ribosomal RNA (rRNA) and perturb protein synthesis oays . on -
mistranslatiorf. Prevalent use of aminoglycosides provides thg w1 ke Ribostamycin
selective pressure for the development of resistana Neomycin Paromomyein
aminoglycoside modifying enzymes (AMEs) and moreergly, R
target mutations such as rRNA methylatioWarious chemical 8 \1‘/\‘ -dsoxystrptamine
modifications have been reported to address thaesssof o - on
aminoglycoside resistance and target recognitiothefoacterial \Eﬁ " ;i/z ’\éﬁ uo%;,~£'f/",;1~" \iﬁ o NEIL,
16S rRNA. The conjugation of peptides and aminogiid® has B oo, 5L,
been reported to show evasion of action of AMEs by ™ = Kanamycin Tobramyein
circumventing AME modification of the aminoglycosid®re on on on
unit in addition to building unique scaffolds foNR and DNA R I o ﬂjﬁ wo oL, )‘rﬁ wo oL,
recognition. We report herein solid phase chensgalthesis to 3’\“ " N T
gain rapid access to structurally well-defined aminoglycoside- o oo o

dipeptide conjugate library, with kanamycin and ngoim Figure 1. A. 4,5-deoxystreptamine subclass (neomycin,

seijving as n?odel gminoglycosides.fCoanidﬁnt(ljag(djh?eptide paromomycin, ribostamycin); B. 4,6-deoxystreptamsudbclass
and aminoglycoside to rRNA may further the diversifyRNA o . . - "y
stabilization that can be achieved using differantino acid (amikacin, - kanamycin, - tobramycin, - gentamicin, - sigam

combinations. In general, the centrally locatedfetdipresent in netilmicin).
most of the clinically important aminoglycoside iaftics is the Based on the substitution pattern of the 2-DOS ring,
2-deoxystreptamine (DOS) moiétgFigure 1). aminoglycosides are broadly divided into two differe

subclasses, the 4,5- and 4,6-disubstituted DOS. Neannayw
paromomycin belong to 4,5-disubstituted subclassd an



kanamycin, tobramycin, amikacin, belong to 4,6-ubituted
subclasgFigure 1).

2
included to identify the effect of these modificais on the
electronics of the parent ring structure. We alsport the
antibacterial activity of select kanamycin and ngoim PAs and

To circumvent issues of aminoglycoside resistanceyeir effects upon binding human afid coli A-site rRNA as

chemical modification of aminoglycosides has beseduas a
viable strategy, with a new drug plazomiciecently receiving

evaluated by UV thermal denaturation.

FDA approval. Major challenges associated with chelmica2. Results and discussion

syntheses of aminoglycoside-based novel antibiatigsor the
inherent difficulties related to synthesis and fication of pure
and structurally well-defined carbohydrates. Chajles include:
(i) the presence of multiple hydroxy and amino guvith
comparable reactivity (ii) regio- and stereoselectglycosidic
bonds (iii) multi-step building block synthesis )(ithe need for
manipulation of numerous protecting groups and tédious
column purification for multiple intermediates. Thfore, due to
the structural diversity of natural aminoglycosidsgnthesis of
modified aminoglycoside libraries remains an arduchallenge.
A common strategy employed over the past decaddéas to
maintain the core aminoglycoside scaffold and ipocate
additional binding/recognition moieties to syntlzesistructural
analogs of natural aminoglycoside antibiotics.

Various synthetic protocols for the production ¢f 5
modified neomycin class of aminoglycosides haventreported
for modification of antibacterial activity and nea acid binding.
824 Optimization of nucleic acid binding has been achieby
conjugating (via C%OH modification) B-DNA minor groove
binding ligand Hoechst 33288’ and intercalators such as
fluorescein?**° pyrene *** naphthalene diimide, anthraquinone,
% 3% methidium carboxylic acfd for selective recognition of A-
and B-form DNA and binding to different nucleic asiauctures.

% Novel perylene-neomycin conjugates have been eilifor
selective targeting of nucleic acid structures suash human
telomeric G-quadruplex DNA through base stacking amad\ge
recognition.** Various triazole linked neomycin dimers and
benzimidazole-neomycin conjugates through”-C&l group
modification with varying linker length have beenedsfor
selective recognition of quadrupléXduplex RNA/" “miRNA,

“ HIV TAR-RNA. ***" Moreover, various neomycin B dimers
tethered via triazole, urea and thiourea linkage®i@und to be
poor substrates for AMEs and selectively bind baatek site
rRNA over human A site rRNA? “*Nucleic acid binding chains
such as PNA and DNA can be included in these targeingnd

2.1. Synthetic strategy

Retrosynthetic analysis of covalently linked peijotid
kanamycin library is given ifrigure 2. The scheme is designed
as a combination of both solid and solution phgs¢hesis.
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Figure 2. Retrosynthesis of peptidic-kanamycin conjugate
library.

In solution phase, kanamycin acid monorieas the precursor

approaches™** These reports suggest that improvements ing, gojiq phase synthesis, could be synthesizeah fkanamycin

rRNA recognition can be attained by chemical modifins of
naturally-occurring aminoglycosides.

amine 5, which in turn can be formed from commercially
available kanamycin Al in 4 steps. Simultaneously, different

Most of the synthetic approaches described aboge afmono- and di- amino acid conjugates could rapidlg b

performed using solution-phase synthesis. Compévedolid-
phase synthesis, solution-phase synthesis is a[sloeess as it
involves multiple purification steps during the cee of
synthesis. Thus, a methodology for rapid productioh
compound libraries followed by antibacterial scregniand
ribosomal binding analysis is highly desirable. \k&cently
published a comprehensive approach for studying riRi&ing
affinity and antibacterial activity of peptidic-nmgcin library to
identify novel rRNA binding antimicrobiald® Several PAs were
quickly identified that bind with high affinity andyreater
selectivity to the E. coli A-site rRNA than the parent
aminoglycoside as compared to the mammalian A-Sitese
promising results led us to expand the approadhdoide PAs
using kanamycin, which belongs to 4,6-deoxystreptami
subclass. Herein, we successfully report the solakelrassisted
rapid synthesis of a 210 member mono- and diamito-c
peptidic-kanamycin library by using fourteen L-amiacids. A

synthesized by modifying the standard 9-
fluorenylmethoxycarbonyl (Fmoc)-based solid phaseptige
synthetic strategy: Amino acid conjugates can then be coupled
with  kanamycin acid monomer6, followed by global
deprotection to achieve a large PA library. Theidsgihase
synthesis was carried out using Fmoc-PAL-PEG-PSh rési
modifying Fmoc-based solid phase peptide synttsitategy as
described in the results and discussion sectiois Mmodified
solid phase strategy could potentially be emplofgedthe rapid
synthesis of large libraries consisting of varidgusoc-protected
amino acids, and various aminoglycosides by redutie time
and manual labor drastically. PAs were synthesizetherresin
beads using HCTU (2-(6-Chloro-1H-benzotriazole-13ay);3,3-
tetramethylaminium hexafluorophosphate) as couplieggent
and DIPEA WN,N-Diisopropylethylamine) as base. Successful
global deprotection was achieved by using TFA (tdfbacetic
acid)/m-cresol (8/2 v/v) mixture. All these conjuemtwere

comparison of NMR spectra of neomycin and kanamycirsynthesized (as shown in the schemes below) andaterrad

conjugates with their precursor acid and PA derieatig



by NMR spectroscopy and mass spectrometry (MALDFJ@s
reported in the supporting information.

2.2. Synthesis of kanamycin/neomycin acid derivative

In order to synthesize peptidic-kanamycin conjugjaer first
goal was to prepare kanamycin acid derivatd/ewhich was
initiated by selective protection of amino groupkanamycin A,
1 with tert-butoxylcarbonyl (Boc) groups to obt&ras shown in
Scheme 1.
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Scheme 1. Solution-phase synthesis of Kanamycin-azide

The primary hydroxy group (6”-OH of ring 1) of coropnd
2 was then selectively protected  with
triisopropylbenzenesulfonyl group, which was furtbabstituted

by azide group via & displacement reaction in order to achieve

the kanamycin azide derivative RW.ERROR - Unable to find reference:13049

Hydrogenation of azide derivative furnished 6”-dg@X-amino

3

Scheme 2. Synthesis of kanamycin acid derivatié the
precursor for solid phase synthesis of kanamycmuzates.

In comparison, neomycin aming (Scheme 3) was
obtained after hydrogenation of neomycin aziddor 12 h,
followed by filtration and column purification tofafd amine8
in 90% vyield. Neomycin aminég was further reacted with
succinic anhydride to furnish the neomycin acidivdgive 9, in
good yield.
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Scheme 3. Synthesis of neomycin acid monon®eiPrecursor for
solid phase synthesis of neomycin conjugates.

2.3. Synthesis of kanamycin/neomycin peptidic conjugates

With the kanamycin/neomycin acid monomesand 9 in
hand, the solid phase synthesis of the peptidieskemin or

kanamycin5 which was reacted with succinic anhydride to yieldneomycin library was carried out using Fmoc-PAL-RES resin

the amide bond linked kanamycin acid derivaivas shown in
Scheme 2. Using solvent conditions of methanol : ethyl ateta
(2:1, viv) which completely solubilized kanamycinide 4,
reduction was performed, and the reaction was madtbourly

by modifying Fmoc-based solid phase peptide syitisttategy
as shown inScheme 4. The general protocol for solid-phase
synthesis of peptidic-kanamycin library is detailéd the
supporting information. This modified solid phasetegy was

after the addition of Pd/C mixture. TLC showed ~80%successfully employed for the rapid syntheses 1@ member

conversion after 1 h and complete conversiod td 5 after 2 h.
A quick filtration to avoid the amine exposure tmasphere was
performed to remove excess Pd/C and then driedrurad@ium
for 1 h. The productt was then immediately reacted with
succinic anhydride in order to afford the final guwaot, i.e.,
kanamycin acid derivativé. Measured amount (1.05 equiv.) of
succinic anhydride was added in the reaction mixtoreget
guantitative conversion of the amifeo the corresponding acid
6 and to avoid formation of any undesired kanamydimer
adducts $cheme 2). Compound6 was purified by extraction
with water and ethyl acetate and no column chromatdgr was
performed. The presence of a free carboxyl funeligmoup in6
allows us to use this key intermediate for furthexdifications
using solid phase peptide chemistry.
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library consisting of mono- and diamino acid-kanamy
conjugates (DPA1900-2110) and neomycin conjugates (DPA
1167, 1261, 1267, 1276 and 1281) (shown in the supporting
information) by reducing the manual labor neededsatution
phase synthesis. Fifteen L-amino acigsalanine, arginine,
asparagine, aspartic acid, cysteine, histidine, citey
phenylalanine, proline, serine, threonine, tryptphtyrosine,
lysine and valine) were studied in the full libraf@rowing
peptide chain was attached to Fmoc-PAL-PEG-PS re&n
amide linkage. Kanamycin/neomycin acid derivativeand 9
were coupled with different mono- and diamino acidjogates
on the resin beads using HCTU (2-(6-Chloro-1H-beramnie-
1-yl)-1,1,3,3-tetramethylaminium  hexafluorophosghat as
coupling reagent and DIPEAN(N-Diisopropylethylamine) as
base.

With the initial success, our next goal was remaovflall
molecules from the solid support and global demtaia to
achieve peptidic-kanamycin/neomycin  conjugate fliema
Successful global deprotection and cleavage from $blid
support was accomplished by using a mixture of TFA
(trifluoroacetic  acid)/Phenol/water/TIPS  (triisopytgilane)
(88/5/5/2 viv). The detailed experimental procedurand
characterization data (NMR and MALDI-TOF) of all the
compounds are shown in the supporting informatioomplete
characterization includingH, **C NMR and MALDI were



performed on ten compounds, DPA67, 1261, 1267,
1281, 1966, 2060, 2066, 2075 and2081 (Figure 3).
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Figure 3. Solid-phase syntheses of peptidic-
kanamycin/neomycin conjugates: Some of the reptatees are
shown such as DPA167, 1261, 1267, 1276, 1281, 1966, 2060,
2066, 2075 and2081.
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24. 9Yynthesis of deprotected kanamycin/neomycin acid
derivative

In order to perform comparative NMR studies of the
synthesized kanamycin/neomycin conjugates with theicursor
acid derivatives, deprotection (removal of tertexycarbonyl
groups) of kanamycin and neomycin acid derivatig@snd 9)
was carried out in the presence of trifluoroacetic dTFA) to
obtain the corresponding deprotected kanamycin resainycin
acid derivatives10 and 11 (Scheme 5). The formation of
compoundslO and11 was confirmed by NMR spectroscopy and
mass spectrometry (MALDI-TOF). The characterizatitata are
shown in the supporting information.
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Scheme 5. Synthesis of deprotected kanamycin and neomycin
acid derivative.

2.5. NMR studies of kanamycin/neomycin conjugates with their
precursor acid derivative

A comparative study of the synthesized kanamycin and
neomycin conjugates with their corresponding acidcprsor
were then undertaken by NMR spectroscoplie protons of
aminoglycoside kanamycin A and neomycin B were assigmd
confirmed as known in the literatur&: *® We first assigned
anomeric protons and carbons for the acid derigdttyand 11
by using 2D NMR spectroscopy. The HMQEI{**C 2D NMR)
spectra for the compouri® and11 are shown irFigure 4 and5,
respectively. For clarity, we designated the cydlgs for both
the systems (kanamycin and neomycin) as I-IV as shiawhe
Figure 6. In '"H NMR spectrum of kanamycin acid derivatit@,
anomeric protons for the ring Il and Il appear¢®.89(J = 3.3
Hz) and 5.68 ppmJ(= 3.9 Hz), as a doublet, respectively. The
anomeric carbons for the ring 1l and Il in compdufoO,
appeared at 100.7 and 96.8 ppm, respectively**in NMR
spectrum ofl0. On the other hand, the anomeric protons for the
pyranosyl ring Il and IV in neomycin acid derivativEl,
resonated at 5.89 and 5.26 ppm as an apparentetsingl
respectively, whereas the anomeric proton of furiaeosng IlI
appeared at 5.34 ppm as a doublet 3.6 Hz), in theH NMR
spectrum of11. In °C NMR spectrum ofl1, anomeric carbons
for the pyranosyl ring 1l and IV appeared at 94.9 85.7 ppm,
respectively, whereas the anomeric carbon for thenfiside ring
Il resonated at 109.13 ppm € NMR spectrum of.1.

Based on the assignment of anomeric protons armbresrof
kanamycin and neomycin acid derivative, we simila$gigned
the chemical shifts of their amino acid componerise 2D
NMR specta (HMQC) of the conjugates are shown in the
supporting information. Comparative NMR studies weaeried
out with the PAs and their precursor acid derivatiaed



kanamycin/neomycin sulphate and are given as itk of 'H
NMR spectrgFigures 7 and 8).

5

Figure 4. HMQC spectrum kanamycin acid derivatil@
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Figure 7. Stack plot for'H NMR spectra (in BO) of kanamycin
-~ sulphate, kanamycin acid derivatil® and its various peptidic
conjugates.
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Figure 8. Stack plot for'H NMR (in D,0O) spectra of neomycin
sulphate, neomycin acid derivatidd and its various peptidic
conjugates.

The resonance values for the anomeric protons and
carbons for both kanamycin and neomycin derivataresshown
in Table 1 and?2, respectively. A small upfield shift of anomeric
H1 protons of the ring Il in all the kanamycin coggiles was
observed as compared to its acid derivatl@e On the other
hand, a small downfield shift of anomeric H1 protofishe ring
Il in all the neomycin conjugates was observed aspeoed to its
acid derivativell. These results suggest that for both the 4,6-
and 4,5-DOS aminoglycosides, substitutions by diffe@mino

Figure 6. Structures of (a) kanamycin (a) and (b) neomycin@Cids at the primary hydroxy group do not substdigtior

conjugates, designated with different ring systembgere R
represents hydroxy group for acid derivative; amiin@ acids
moiety for the conjugates.

differentially perturb the electronics of the baisgs. The amino
acid chains can then be expected to interact wihetizyme or
ribosomal RNA without electronically perturbing thenétional
groups present in the natural aminoglycosides, dnatrequired

The stack plots ofH spectra of kanamycin and neomycin PAs for binding to the eubacterial rRNA A-site.

with their corresponding acid precursor is showfigure 7 and
8, respectively.



Table 1. Resonance values of anomeric protons and carbons of
kanamycin derivatives.

Compound Anomeric H1 for | Anomeric H1 for | Anomeric C1 for | Anomeric C1for
ring Il (ppm) ring Il (ppm) ring Il (ppm) ring Il (ppm)

Kanamycin sulphate 5.48 5.02 97.47 100.08

Kanamycin acid 5.68 5.09 96.77 100.70

derivativel0

Kan CV (DPA2081) 5.62 5.07 97.07 100.77

Kan FV (DPA2075) 5.56 5.03 97.06 100.78

Kan VY (DPA 2066) 5.57 5.05 97.25 100.81

Kan LY (DPA 2060) 5.56 5.04 97.27 100.81

Kan TD (DPA1966) 5.65 5.07 97.05 100.72

Table 2. Resonance values of anomeric protons and carbamsoofiycin derivatives.

Compound Anomeric | Anomeric H1 | Anomeric HI' | Anomeric C1| Anomeric Anomeric CI
H1 for ring | for ring 1l | for ring IV |for ring Il | Cl for ring|for ring IV
Il (ppm) (ppm, (ppm, (ppm, I (ppm; (ppm,
Neomycin sulphate 5.98 5.40 5.25 95.15 110.18 95.19
Neomycin acid 5.89 5.34 5.26 94.92 109.13 95.69
derivativell
Neo CV (DPA1281) 5.96 5.38 5.27 94.89 109.39 95.77
Neo FV (DPA 1276) 5.95 5.37 5.26 94.88 109.39 95.76
Neo VY (DPA1267) 5.96 5.39 5.28 94.89 109.45 95.74
Neo LY (DPA1261) 5.96 5.39 5.28 94.87 109.44 95.75
Neo TD (DPA1167) 5.97 5.40 5.28 94.88 109.40 95.73

2.6. Thermal denaturation analysis of kanamycin/neomycin peptides when bound with the human A-sifeigure 12),
conjugates binding human and E. coli A site rRNA whereas upon binding with thE. coli A site, the melting

The effects of select kanamycin and neomycin PAs witf€MPeratureT) was found to vary from 71.3 to 796 (Figure
a 27-base model . coli and human A-site rRNAFigure 9) 13). In both cases for the human aBdcoli rRNA, neomycin

was evaluated by UV thermal denaturation. The meltingconquate_ Neo LY exhibited the mfaéimum in_crement of
temperatureT,) for the human ané&. coli A-site was found to denaturation temperature by 10.8 and 1respectively. The

be 51.5 and 62.2C, respectively(Table 3). Kanamycin sulphate U\,/ thermal denqturation studies revea}ll thgt conjogatit amino
showed little change ifi,, (-1 °C) upon binding to the human A acids to neomycin impart greater stabilization efhbhuman and

site, whereas a small changeTin (2.1°C) when bound with the E coli A-site rIR;]NA as con:jpared. t? tEe correspor(ljding
E. coli A site was observedFigure 10 and 11). Neomycin anamycin PAs. This was most dramatic for the PAs [Kaan

sulphate imparted a larger changeTjnof 3.7 °C upon binding Neo LY that had the greatedfT, of 4.3°C and 17.1°C
with the E. coli A site. Kanamycin acid derivativel@ and respectively of the target rRNA structures. To best of our

kanamycin-peptides exhibited a changeTjnthat ranged from knqwledge, _SUCh _Iarge stabilizations of rRNA by tueabl
0.4 to 2.6°C upon binding with human A-site{ of 51.5°C), aminoglycoside variants, such as PAs shown here, haver
where kanamycin conjugate Kan LY showed the higfgsof been reported.

54.1°C. A similar trend was observed with kanamycin-pegtide

bound to theE. coli A site with increases iy, of 1.1 to 4.3°C

with Kan LY vyielding the highesT,, of 66.7°C as compared to

E. coli A site alone T, of 62.4°C). The change iff,, varied from

2.6 to 10.8’C with neomycin acid derivativd{) and neomycin-
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Figure 9. Secondary structures of e coli and human A-site 044

rRNA models used in this study.
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Table 3. UV melting temperatureTf, °C) of human A-site
rRNA andE. coli A-site rRNA bound to PAs
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E. coli A-site rRNA 62.4
Tm AT, Tm AT, Figure 11. Thermal melting profiles of. coli A-site rRNA upon
Compounds human E. coli binding with kanamycin PAs.
A-site A-site
Kanamycin sulphate 50.5 -1.0 64.5 +2|1
Kanamycin acid 51.9 +0.4 63.5 +1.1 - o s (1)
derivative (0) 10|
Kan TD (DPA1966) 53.9 +2.4 64.4 +2.0 e e
Kan LY (DPA2060) 54.1 +2.6 66.7 +4.3] | T g | 5 jummmia-ue
KanVY (DPA 2066) 52.7 +1.2 64.8 +2.4 &
Kan FV (DPA2075) 52.3 +0.8 65.0 +2.6 E o6
Kan CV (DPA2081) 52.2 +0.7 65.2 +2.8 5 "
Neomycin sulphate 50.5 -1.0 66.1 +3[7 d’,—é 0.4
Neomycin acid 57.0 +5.5 72.8 +104 | £
derivative (1) 3 02
Neo TD (DPA1167) 61.8 +10.3 71.3 +8.9 2
Neo LY (DPA1261) 62.3 +10.8 79.5 +17.1 0.0
Neo VY (DPAI267) 59.0 +7.5 76.0 +13.4 " 30 0 B e 70 80 80
Neo FV (DPA1276) 54.1 +2.6 72.4 +10.(¢ Temperature (“C)
Neo CV (DPAL281) 58.4 +6.9 75.2 +12.4

Figure 12. Thermal melting profiles of humahk-site rRNA upon
binding with neomycin PAs.
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Figure 10. Thermal melting profiles of human A-site rRNA upon _ ) ) ) )
binding with kanamycin PAs. Figure 13. Thermal melting profiles oE. coli A-site RNA upon
binding with neomycin PAs.



2.7. Antibacterial activity of kanamycin- and neomycin- PAs

Table 4. Minimum inhibitory concentration (MIC puM) of
kanamycin and neomycin PAs against bacterial stiials
(percent growth inhibition) for each bacterial strai

DPA# E. coli S P. MRSA
aureus | aeruginosa
ATCC | ATCC | ATCC ATCC
25922 | 25923 | 27853 1960649

MIC of Kanamycin and Kanamycin Pas

Kanamycin sulphate| 4 4 >64 >64
(11+1) (25+3)

Kanamycin acid >64 >64 >64 >64
derivative (0) (23+2) | (85x10)| (13%1) (32+3)
Kan TD (DPA1966) | >64 (0) | >64 (0)| >64 (0) >64
33+2

Kan LY (DPA2060) | >64 (0) | >64 (0)| >64 (0) >64 (0)

KanVY (DPA2066) | >64 (0) | >64 (0)| >64 (0) >64 (0)

Kan FV (DPA2075) | >64 (0) [ >64 (0)| >64 (0) >64 (0)

Kan CV (DPA2081) | >64 >64 >64 (0) >64

(19+1) [ (40+4) (30+6)
DPA# E.coli |S. P. MRSA
aureus | aeruginosa
ATCC | ATCC | ATCC ATCC
25922 | 25923 | 27853 1960649

MIC of Neomycin and Neomycin PAs

Neomycin sulphate | 2 2 >64 >64
(5243)
Neomycin acid 4 2 >64 (0) 64
derivative (1)
Neo TD (DPA1167) | 64 32 >64 (0) >64
(34%2)
Neo LY (DPA1261) | 16 4 >64 (0) >64
(30+4)
Neo VY (DPA1267) | 16 4 >64 (0) >64
(3620)
Neo FV (DPA1276) | 32 8 >64 (0) >64
(37+2)
Neo CV (DPA1281) | 8 4 >64 >64
(14+1) (52+4)

8

Antibacterial activity for kanamycin and neomycin Pigre
assessed using two Gram-positive and two Gram-negative
reference strains. Similar to the effects obseimedRNA A-site
stabilization, kanamycin PAs were much weaker antdvaadt
compounds with only DPA 2081 exhibiting significardtigity
against theS. aureus and MRSA strair(Table 4). In contrastE.

coli and S. aureus were susceptible to several of the neomycin
PAs with MIC values ranging from as low as 4 uM to[64.
DPA 1281 was the most potent PA with MIC of 8 and 4HEor
coli andS aureus, respectively. Notably, the MRSA strain was
inhibited 30 - 37% with four of the neomycin PAs arglto 52%
with DPA 1281 at 64 uM.

2.8. Docking studies of kanamycin/neomycin conjugates with
model E. coli A site RNA

Molecular docking studies were performed with few the
conjugates binding to bacterial A-site model RNA. Thedel
(PDB 1pbr) used was the A-site Bfcoli 16S ribosomal RNA
The docking studies were performed with two kanamycin
conjugates (Kan LY and Kan CV) and two neomycin coaieg
(Neo LY and Neo CV) which showed significant change in
melting temperatureT(,) in UV denaturation experimenigure

14. Analysis of the docked structures reveals that bemof
interactions (hydrogen bonding, van der Waals) betwamino
acid side chains of neomycin conjugates tlroli A-site RNA

are much more pronounced compared to that of kaciamy
conjugates. Both the neomycin conjugates (Neo LY Neal CV)

fit well inside the grooves of A-site RNA, and the hyxly group

of tyrosine residue in Neo LY makes a close H-bonataxt with
phosphate backbone between U5 and C6. In contrast, th
structure of Kan LY leaves tyrosine residue oriemtitway from
the groove, leaving the hydroxyl group far from beekbone.

Figure 14. Docked structures of A-site bacterial RNA binding
with (a) Kan LY (DPA2060); (b) Kan CV (DPA2081); (c) Neo
LY (DPA 1261) and (d) Neo CV (DPA281)
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Assisted Laser Desorption/lonization (MALDI)!H and **C
NMR spectral analyses were performed on a spectromete

A 210-member library of peptidic-kanamycin/neomycin gperating at 300 MHz, 500 MHz, and 75 MHz, 125 MHz,
conjugates was successfully synthesized via a @pidefficient  ragpectively in QO solutions unless otherwise stated. Chemical

3. Conclusion

solid-phase protocol for developing DNA/RNA-targeted
therapeutics.  Various mono-  and di-amino  acid
kanamycin/neomycin conjugates were rapidly syntlesizZAs
compared to the synthesis of neomycin acid mono@er
synthesis of kanamycin acid mononéaresulted in the formation
of various side products upon prolonged exposureth®e
atmosphere. However, subtle change in the reactidvergo
conditions allowed us to isolate pure kanamycin @mwiithin 2h
which was then immediately coupled with succinic amialgdto
afford kanamycin acid monomér as the key precursor for the
solid phase synthesis. The data suggest that foreamples
studied here, the amino acid variations do not teasignificant
perturbation in the electronic behavior of the
aminoglycoside ring, allowing it to retain its sdagity in
binding and function.

Thermal denaturation analysis of PAs bound to huaratE.
coli A-site rRNA identified several kanamycin and neomycin
peptidic conjugates that improved rRNA stability asnpared to
kanamycin or neomycin alone demonstrating thetytf our
approach in modulating rRNA binding by simple amintda
variations. Molecular docking studies of select tubp
conjugates bound to the model bacterial A-site rR¢Aurately
predicted differential binding stabilities of neooiny PAs as
compared to kanamycin PAs. These observations conaitdd
with the significant antibacterial activity of theeamycin PAs
against aminoglycoside sensiti&aureus andE. coli. Broader
antibacterial screens and synergy profiles of thpsetidic
kanamycin- and neomycin conjugates on several Grasitiye
and Gram-negative bacterial strains and their bundiffinities
for the bacterial 16S ribosomal A-site RNA using high
throughput screening are currently underway in @lotatory
and will be reported in due course.

Previous approaches to synthesize modified amicoglges
in our hands and from other groups have been peédrin
solution phase. A typical output for such solutidrage reactions
is ~1 compound per week per person, and would béfisimtly
more time consuming, if multiple amino acids owgfreents were
attached to the aminoglycoside. Using a non-autednablid
phase synthesis setup, we are able to synthesizéo up0
compounds per week per person, yielding a
improvement in output, in addition to the savingsaolvent and
silica needed for column purification. As more coexpl
conjugates are synthesized and automation is cemesid the
increase in output could be further expanded toersrdof
magnitude. The rapid approach described in this iarlsolid-
phase synthesis of various modified aminoglycosidejugates
and high-throughput screening could pave the wajdmtifying
the optimal peptide chain residues and linker lemmgtjuired for
developing novel antibiotics against bacterialaliand fungal
pathogens containing potential nucleic acid bindiitgs.

4, Experimental section

General information. Solvents were dried and distilled according
to literature procedures. Chemicals were purchaSech
commercial sources and were used without furthefipations.
Silica gel (100-200 mesh and 230-400 mesh) was teed
column chromatography and TLC analysis was performed
commercial plates coated with silica gel 69,F Visualization of

the spots on TLC plates was achieved by UV radiation o

spraying ethanolic solution of ninhydrin and acet@d. Mass
spectra were obtained from Q-TOF instrument by Matri

shifts are reported with respect to solvent residueter peak at
4.79 ppm for'H NMR. Coupling constants]) are reported in
Hz. Standard abbreviations s, d, t, dd, br s, apm sefer to
singlet, doublet, triplet, doublet of doublet, bidoasinglet,
apparent singlet, multiplet, respectively.

Antibacterial Screening and Minimal Inhibitory Concentration
(MIC) Determination.

Initial screening of the library of kanamycin-pejgiconjugates
and neomycin-peptide conjugates against exponeitade

coremicrobial cultures was performed at single pointagairation of

12.5 uM and 6.25 puM respectively, in duplicate waliing 96-
well polystyrene microplates along with the referecampounds
kanamycin or neomycin sulfate and kanamycin or ngim
acids. The same volume (10 pL) of sterile water i# DMSO
was used for antibiotic addition was added to théhbro
(background control) and microbial culture (growtdntol).
Plates were incubated in a humidified incubator78€Xor 15-
20 hours. The percent growth inhibition was cal@adaising the
formula:

A - A
% Growth Inhibition = 100 — 100x —S2nzound background
Acﬂntrﬂl - Aback‘qrﬂund

MIC values for select kanamycin-peptide conjugat@sd
neomycin-peptide conjugates were determined foroeaptial
phase bacterial cultures by the microdilution mdthotriplicate
according to the Clinical Laboratory Standards gerot. Stock
test compounds were prepared at ten times thedoralentration
in 10% dimethylsulfoxide (DMSO) followed by a serial21
dilution. For each dilution, a ten-microliter aligjuof stock test
compound was combined with 90 pl diluted bacteriapsusion
(~3 x 10 cells per mL) in cation-adjusted Mueller-Hinton Hrot
Final test compound concentrations from serial |8-fdilutions
ranged from 64 uM to 1 uM. Plates were incubatedain
humidified incubator at 3T for 15-20 h. After incubation with
test compound, growth was measured by absorbancésatrd
using a TecanM100Pro plate reader. The percenwthro

ten-foldnhibition at each concentration was averaged froiplidate

assays calculated from the formula above.

4.1. Kanamycin acid derivative (10).

To a solution of compounds (0.1g, 0.102 mmol) in

dichloromethane (1 mL) trifluoroacetic acid (0.5 y)mas added
and stirred at room temperature for 3 h. The sdlwexs removed
under vacuum and the residue was dissolved in deidnivater
(2 mL) and washed with ethyl acetate (3 x 10 mL).
Lyophilization of the aqueous solution produced rdggrted
kanamycin acid derivativé0, as a white solid powder (0.055 g,
92%);'H NMR (D,O, 300 MHz)$ 5.68 (d, J = 3.9 Hz, 1 H), 5.09
(d, J=3.3 Hz, 1 H), 3.96-3.75 (m, 7 H), 3.67-3.32 9ril), 3.20-
3.13 (m, 1 H), 2.63 (d, J = 6.6 Hz, 2 H), 2.55 (d,51EHz, 2 H),
2.06-1.97 (m, 1 H), 1.32-1.23 (m, 1 K NMR (D,O, 75 MHz)
& 175.55, 163.22, 162.75, 118.26, 114.40, 100.70(Q3.62,
77.62, 73.33, 71.89, 71.04, 70.97, 70.80, 68.7113%866.66,
54.66, 49.95, 48.14, 40.45, 39.23, 30.42, 29.64527MS
(MALDI-TOF) m/z calcd for G,H4NsOq5 [M + H]* 584.3, found
584.4.

4.2. Kan CV (DPA 2081).



'H NMR (D,0, 500 MHz)3 5.62 (d,J = 4 Hz, 1 H), 5.07 (app
s, 1 H), 4.54-452 (m, 1 H), 4.12-4.10 (m, 1 H), 3281t (m, 6
H), 3.78-3.68 (m, 5 H), 3.59-3.45 (m, 6 H), 3.20-3(tw 3 H),
2.62-2.59 (m, 4 H), 2.00-1.93 (m, 1 H), 1.26-1.24 {nt}), 0.95
(d, J = 6.5 Hz, 6 H);*C NMR (D0, 75 MHz)3 175.92, 175.01,
173.88, 172.21, 163.23, 162.76, 118.26, 114.39,78)®7.07,
83.69, 78.41, 75.71, 75.17, 72.02, 70.79, 68.739%766.66,
65.12, 59.41, 55.57, 54.70, 54.34, 49.98, 47.97524442.52,
40.31, 29.73, 27.54, 25.22, 17.68, 16.21; MS (MAL¥) m/z
calcd for GgHs/NgO1.S [M + H]* 785.4, found 785.6.

4.3. Kan FV (DPA 2075)

'H NMR (D,0, 300 MHz)5 7.37-7.23 (m, 5 H), 5.56 (d,=
3.6 Hz, 1 H), 5.03 (d] = 3.3 Hz, 1 H), 4.58 (] = 7.5 Hz, 1 H),
4.00-3.85 (m, 6 H), 3.76-3.66 (M, 3 H), 3.58-3.37 @), 3.23-

3.16 (m, 2 H), 3.04 (d] = 7.5 Hz, 1 H), 2.84 (s, 1 H), 2.50 (app

s, 4 H), 2.00-1.93 (m, 1 H), 1.25-1.22 (m, 1 H), 0({88J = 6.6

Hz, 6 H); °C NMR (D,O, 75 MHz)§ 175.37, 175.24, 174.57,

173.24, 163.21, 162.74, 162.27, 136.13, 129.14,7928.27.24,
118.26, 114.39, 110.53, 100.78, 97.06, 83.63, 7848092,
72.02, 70.92, 70.77, 70.59, 68.74, 68.11, 66.571&955.19,
54.69, 54.34, 49.94, 47.87, 40.21, 39.23, 37.07573030.37,
29.84, 27.57, 18.26, 17.52; MS (MALDI-TORz calcd for
CaeHsiNgO14 [M + H]* 829.4, found 829.6.

4.4. Kan VY (DPA 2066)

'H NMR (D,0, 500 MHz)5 7.16 (d,J = 8.5 Hz, 2 H), 6.82 (d,
J=8Hz, 2 H), 557 (s, 1 H), 5.05 (s, 1 H), 4.58-4(6% 1 H),
3.98-3.88 (m, 6 H), 3.77-3.70 (m, 2 H), 3.60-3.33 dnhj), 3.22-
3.14 (m, 3 H), 2.93-2.88 (m, 1 H), 2.60-2.52 (m, 4 HY6-1.91
(m, 1 H), 1.28-1.21 (m, 1 H), 0.75 @@= 5 Hz, 6 H);"*C NMR
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(m, 1 H), 1.23-1.22 (m, 1 H), 1.19 (d,= 6 Hz, 3 H);"C
NMR (D,O, 75 MHz)3 176.47, 175.67, 174.78, 174.27, 172.13,
163.21, 162.74, 118.25, 114.39, 100.72, 97.05, B37B.14,
71.96, 70.84, 68.73, 68.19, 66.75, 66.66, 59.3434/452.33,
49.86, 44.52, 42.52, 40.70, 35.29, 30.47, 29.88)®4A8.72; MS
(MALDI-TOF) mvz calcd for GoHssNgO;7 [M + H]* 799.4, found
799.6.

4.7. Neomycin acid derivative (11)

To a solution of compound® (0.1g, 0.076 mmol) in
dichloromethane (1 mL) trifluoroacetic acid (0.5 y)mas added
and stirred at room temperature for 3 h. The sdlwexs removed
under vacuum and the residue was dissolved in deidnivater
(2 mL) and washed with ethyl acetate (3 x 10 mL).
Lyophilization of the aqueous solution produced rdggrted
neomycin acid derivativdl, as a white solid powder (0.048 g,
88%);'H NMR (D,0, 300 MHz)3 5.89 (app s, 1 H), 5.34 (d, J =
3.6 Hz, 1 H), 5.26 (s, 1 H), 4.35-4.19 (m, 5 H), 4.1@54(m, 2
H), 4.02-3.85 (m, 2 H), 3.80 (s, 1 H), 3.75-3.33 (@ ,H), 2.65-
2.45 (m, 5 H), 1.95-1.82 (m, 1 H)*C NMR (DO, 75 MHz)3
178.80, 175.92, 163.56, 163.09, 162.62, 162.15,112218.24,
114.38, 110.51, 109.13, 95.69, 94.92, 84.82, 80824, 75.23,
73.38, 72.16, 70.20, 70.08, 69.95, 68.04, 67.583%753.11,
50.77, 49.53, 48.47, 40.71, 40.44, 39.85, 31.0/B®7.88; MS
(MALDI-TOF) m/z calcd for G;Hs,N;Oy5 [M + H]* 714.4, found
714.6.

4.8. Neo CV (DPA 1281)

'H NMR (D,0, 300 MHz)3 5.96 (s, 1 H), 5.38 (s, 1 H), 5.27
(s, 1 H), 4.53 (tJ = 6.3 Hz, 1 H), 4.34-4.22 (m, 5 H), 4.10-3.92
(m, 5 H), 3.82 (s, 1 H), 3.76-3.69 (m, 2 H), 3.58-3(85 11 H),
2.90 (d,J = 5.7 Hz, 2 H), 2.63-2.48 (m, 5 H), 1.96-1.83 (m, 1 H)

(D20, 125 MHz) 6 175.71, 175.56, 175.26, 173.54, 163.41,4 g, (d,d = 6.9 Hz, 6 H)*C NMR (D,0, 75 MHz)5 175.84,

163.12, 162.84, 154.33, 130.48, 128.46, 117.47,45]815.15,
112.83, 100.81, 97.25, 83.66, 78.64, 73.12, 717996, 70.74,
70.58, 68.70, 68.10, 66.60, 59.95, 54.72, 54.583%449.92,
47.92, 40.21, 39.20, 35.91, 30.51, 30.21, 29.6058718.06,
17.17; MS (MALDI-TOF)m/z calcd for GgHeNgOss [M + H]*
845.4, found 845.6.

4.5. Kan LY (DPA 2060)

'"H NMR (D0, 300 MHz)5 7.14 (d,J = 8.7 Hz, 2 H), 6.82 (d,
J=8.4Hz, 2 H), 556 (d] = 3.6 Hz, 1 H), 5.04 (d] = 2.4 Hz, 1
H), 4.55 (ddJ = 5.4 Hz,J = 10.2 Hz, 1 H), 4.10 (dd,= 5.7 Hz,
J = 9.3 Hz, 1 H), 3.97-3.84 (m, 5 H), 3.77-3.67 (m, 2 BIB0-
3.31 (m, 8 H), 3.22-3.14 (m, 3 H), 2.92-2.83 (m, 1 H{54-2.50
(m, 4 H), 1.95-1.82 (m, 1 H), 1.46-1.39 (m, 3 H), 21222 (m, 1
H), 0.82 (d,J = 6.3 Hz, 3 H), 0.77 (dl = 6.3 Hz, 3 H)*C NMR

175.30, 174.76, 172.16, 163.17, 162.70, 118.26,4014110.53,
109.39, 95.77, 94.89, 84.85, 80.61, 77.32, 75.3137 72.26,
70.29, 70.15, 69.89, 68.10, 67.56, 67.35, 59.4346553.17,
50.81, 49.54, 48.49, 41.35, 40.48, 39.96, 30.62263029.78,
27.86, 25.40, 18.33, 17.61; MS (MALDI-TORVz calcd for
CssHsN1g016S [M + H]" 915.4, found 915.5.

4.9. Neo FV (DPA 1276)

'H NMR (D,0, 300 MHz)3 7.35-7.22 (m, 5 H), 5.95 (s, 1 H),
5.37 (s, 1 H), 5.26 (s, 1 H), 4.58 Jt= 7.5 Hz, 1 H), 4.31-4.21
(m, 5 H), 4.10-3.97 (m, 5 H), 3.81 (s, 1 H), 3.7473(f, 2 H),
3.58-3.38 (m, 11 H), 3.03 (d,= 7.2 Hz, 2 H), 2.53-2.50 (m, 5
H), 1.96-1.92 (m, 1 H), 0.88 (d,= 6.6 Hz, 6 H);°C NMR (D,O,

(D;O, 75 MHz) § 175.73, 175.42, 175.21, 174.73, 163.21,75 MHz) & 175.29, 175.24, 174.36, 173.24, 163.17, 162.70,

162.74, 154.33, 130.51, 128.47, 118.26, 115.40,3914100.81,
97.27, 83.65, 78.70, 73.11, 71.96, 70.97, 70.7658/068.71,
68.11, 66.60, 54.73, 54.34, 52.96, 49.94, 47.94224039.50,
39.21, 35.82, 30.48, 30.24, 27.59, 24.12, 21.87720MS
(MALDI-TOF) mvz calcd for G;HggNgOss [M + H]* 859.4, found
859.6.

4.6. Kan TD (DPA 1966)

'H NMR (D,O, 300 MHz)5 5.65 (d,J = 3.6 Hz, 1 H), 5.07 (d
J=27Hz, 1H), 472 () = 6.3 Hz, 1 H), 4.30-4.23 (m, 5 H),
3.94-3.87 (m, 4 H), 3.84-3.70 (m, 2 H), 3.57-3.37 énhj), 3.19-
3.13 (m, 2 H), 2.94-2.86 (m, 2 H), 2.68-2.65 (m, 4 P3-1.95

162.23, 136.09, 129.15, 128.80, 127.27, 118.26,3P14109.39,
95.76, 94.88, 84.83, 80.58, 77.35, 75.21, 73.3725[270.28,
70.14, 69.88, 68.08, 67.55, 67.35, 59.19, 55.2034453.16,
50.80, 49.54, 48.48, 40.46, 39.94, 37.18, 30.6323029.89,
27.87, 18.23, 17.55; MS (MALDI-TOF)m/z calcd for

4.10. Neo VY (DPA 1267)

'H NMR (D,0, 500 MHz)5 7.15 (d,J = 8 Hz, 2 H), 6.83 (dJ
= 8.5 Hz, 2 H), 5.96 (s, 1 H), 5.39 (s, 1 H), 5.281($), 4.57-
4.54 (m, 1 H), 4.35-4.22 (m, 5 H), 4.13-3.93 (m, 5 3182 (s, 1
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H), 3.73-3.70 (m, 2 H), 3.62-3.34 (m, 11 H), 3.20-309 2 H), the corresponding pdbqt files. The pdb file (1fbof the
2.60-2.49 (m, 5 H), 1.95-1.92 (m, 1 H), 0.80-0.77 &H); °C receptor bacterial A-site RNA was taken from Proteimal®ank
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