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Characterizing how multidrug-resistant bacteria circumvent the action of clinically used or novel antibiotics requires a detailed 
understanding of how the antibiotics interact with and cross bacterial membranes to accumulate in the cells and exert their action. 
When monitoring the interactions of drugs with bacteria it remains challenging to differentiate functionally relevant internalized 
drug levels from non-specific binding. Fluorescence is a method of choice for observing dynamics of biomolecules. In order to 
facilitate studies involving aminoglycoside antibiotics, we have generated fluorescently labeled aminoglycoside derivatives with 
uptake and bactericidal activities similar, albeit with a moderate loss, to those of the parent drug. The method combines fluores-
cence microscopy with fluorescence-activated cell sorting (FACS) using neomycin coupled to non-permeable cyanine dyes. Fluo-
rescence imaging allowed membrane-bound antibiotic to be distinguished from molecules in the cytoplasm. Patterns of uptake were 
assigned to different populations in the FACS analysis. Our study illustrates how fluorescent derivatives of an aminoglycoside 
enable a robust characterization of the three components of uptake: membrane binding, EDPI, and EDPII. Because EDPI levels are 
weak compared to the two other types of accumulation and critical for the action of these drugs, the three components of uptake 
must be taken into account separately when drawing conclusions about aminoglycoside function. 
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Aminoglycosides are among the oldest antibiotics in clinical 
use. These broad spectrum antibiotics are used against clini-
cally important bacteria and for treatment of infections 
caused by multidrug-resistant bacteria.1,2 In the past decade, 
novel aminoglycosides have been developed with decreased 
toxicity and susceptibility to resistance.2–7 Many widely used 
aminoglycosides contain a deoxystreptamine ring (2-DOS) 
that is essential for antimicrobial activity. The 2-DOS ami-
noglycosides bind both subunits of the ribosome and inhibit 
protein synthesis.8–10 These drugs cause miscoding 11 via a 
direct interaction with ribosomal RNA (rRNA) of the small 
subunit.10,12–16 Some 2-DOS aminoglycosides also interact at 
a specific site within the large ribosomal subunit resulting in 
inhibition of translocation 17,18 or recycling.19 In addition, 
aminoglycosides have been reported to inhibit initiation 20,21 
and perturb ribosome biogenesis.22–24  
Aminoglycoside uptake occurs through two energy-
dependent phases known as EDPI and EDPII.25–27 EDPI is 
known to be dependent on the proton motive force (PMF).28–

30 EDPII requires active protein synthesis by aminoglyco-
side-sensitive ribosomes and, therefore, is energy dependent. 
The lethal mode of action of aminoglycosides is thought to 
occur through induction of ribosomal miscoding, which 
produces misfolded proteins that when inserted into the inner 
membrane trigger an increase of permeability and conse-
quently a diffusive entry of the drug in EDPII.31 Increase in 
cell killing efficiency is interpreted as an increase in amino-
glycoside uptake. Measuring aminoglycoside uptake is im-

portant for understanding the basis of aminoglycoside action. 
This has been often achieved by study of cultured cells treat-
ed with radioactively labeled aminoglycosides.25,26,32 A 
method has been reported for measuring intracellular levels 
of kanamycin that relies on an ELISA, but it requires cell 
lysis.33 Novel tools making use of fluorescent antibiotics are 
emerging that enable characterization of the interactions of 
antibiotics with bacteria at the level of organelles or even 
whole organisms.34 For example, gentamicin and tobramycin 
coupled to Texas Red have been widely used in this type of 
analysis; however this dye, by itself, penetrates cells, com-
plicating analysis.35 Recently developed techniques make use 
of spectrofluorimetry, microspectrofluorimetry and kinetics 
microspectrofluorimetry for single-cell analysis of naturally 
fluorescent antibiotics or fluorescently-labeled com-
pounds.36,37 In addition, mass spectrometry was combined 
with spectrofluorimetry to provide insights into the efflux 
mechanisms of  fluoroquinolones.38   
Depending on the analysis, the membrane-bound fraction of 
a drug may be quantified, biasing the measurement of true 
internalized drug levels. For aminoglycosides, it is also im-
portant to differentiate EDPI and EDPII phases, as only 
EDPI leads to cell death. EDPII is a consequence of internal-
ization of the drug through the membrane damaged due to 
EDPI. In addition, because each cell may respond differently 
to antibiotics, an accurate description of drug uptake requires 
single-cell analysis. To finely evaluate aminoglycoside up-
take, we developed a series of cyanine-modified neomycin 



 

 Neomycin Neo-Cy5 

P. aeruginosa PA14 3.25 150 

Measured in minimal medium MOPS-G. 

Neo-Cy5 causes misreading during ribosomal decoding. 
Aminoglycosides cause miscoding in vitro at concentrations 
in the range of 10-100 µM.5,11,43,44 Since Neo-Cy5 binds the 
ribosomal decoding site on the small subunit (Figure 2(a)), 
we tested the capacity of Neo-Cy5 to induce misreading 
using a dual-luciferase gain-of-function assay. In this assay, 
misreading restores the enzymatic activity of a mutant firefly 
luciferase. In the mutant, codon 245, which in the wild-type 
mRNA is CAC (coding for histidine), is replaced by the 
near-cognate CGC codon (arginine).5 Translation activity 
was analyzed by comparison to the signal due to wild-type 
Renilla luciferase, which served as internal standard. Like 
neomycin, Neo-Cy5 caused miscoding however effects were 
attenuated by more than one order of magnitude (Figure 
2(b)). 

 

Figure 2.  Neo-Cy5 binds ribosomal A site and induces mis-
reading. a) Binding of neomycin (left) and Neo-Cy5 (right) to 
ribosomes was assayed using DMS chemical probing. Left lane 
is a control reaction with no DMS added. Right lanes are reac-
tions in the presence of increasing concentrations of neomycin 
or Neo-Cy5. The protected nucleotide A1408 that belongs to the 
neomycin binding site (Figure 1(b) is marked with an arrow. b) 
Mis-incorporation of amino acids was assayed using a gain-of-
function assay. Wild-type and mutant firefly luciferase reporters 
were used for in vitro translation reactions together with the 
Renilla luciferase, which served as an internal control. Error 
bars are s. e. m. for three independent experiments. 

 
Neo-Cy5 has proton motive force-dependent bactericidal 
activity. Aminoglycoside accumulation in bacterial cells is 
known to be dependent on PMF.28 We therefore tested the 
effect of the protonophore carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP) on Neo-Cy5-induced bacterial cell death. 
Addition of CCCP protected cells from the drug-induced 
killing (Figure 3 and Figure S8), demonstrating that, as for 
other aminoglycosides, the accumulation of Neo-Cy5 is PMF 
dependent. 

 

Figure 3. Neo-Cy5-induced cell killing is PMF dependent. 
Survival of E. coli MG1655 cells after a 4.5-h treatment with 1.5 
µM neomycin or 48 µM Neo-Cy5 with and without a 2-h pre-
incubation with 30 µM CCCP. Plotted are values relative to 
untreated control culture. Error bars are s. e. m. and were calcu-
lated from three independent experiments. Significant differ-
ences, calculated by the Mann–Whitney test, are indicated (**** 
P < 0.0001). 

 
FACS and TIRF microscopy reveal drug peripheral 
accumulation and strong interaction with membranes. 
Because cationic aminoglycosides can interact with the 
membranes of the bacterial cell surface, we devised a proto-
col to measure only tightly-bound or internalized Neo-Cy5. 
We first removed weakly membrane-bound and not internal-
ized molecules by washing the cells on mixed cellulose ester 
filters. At least three washes with MOPS-G at 37 °C were 
necessary to remove non-internalized drug (Figure S9). We 
measured Neo-Cy5 uptake by E. coli MG1655 cells in the 
exponential phase of growth in the presence of Neo-Cy5 at a 
concentration three times the MIC. After filtration, cells 
were recovered and immediately analyzed by FACS. After a 
short 5-minute exposure to Neo-Cy5, a signal due to the 
conjugate was clearly distinguished from the background 
fluorescence (Figure 4(a)). We verified that the signal was 
dependent on the neomycin moiety: TIRF microscopy 
showed that the Cy5 dye alone was not incorporated into live 
bacterial cells and that Cy5 did not interact strongly with 
membranes (Figure S10 and Figure 4(a)). Because the ob-
served signal for Neo-Cy5 could correspond to molecules 
tightly bound to the membrane or internalized in the 
periplasm or cytoplasm, we inspected the localization of the 
drug by TIRF microscopy (Figure 4(b)). Here, periplasmic 
accumulation would correspond to the self-promoted mecha-
nism previously proposed where aminoglycoside cross irre-
versibly the outer membrane via the lipopolysaccharides in 
E. coli.45 After a 5-minute incubation, Neo-Cy5 accumulated 
at the periphery of the cell and did not overlap with the fluo-
rescence of Spinach-tagged ribosomes46 (Figure 4(c) and 
Figure S11)). We conclude that Neo-Cy5 bound at the mem-
brane of a cell or internalized in the periplasm can readily be 
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derivatives that have antibacterial activity similar to the 
parent aminoglycoside. When used with adequate protocols, 
these derivatives allow single-cell analysis of aminoglyco-
side uptake by fluorescence microscopy and fluorescence-
activated cell sorting (FACS).   
 
RESULTS AND DISCUSSION 
Generation of Neo-cyanine derivatives. Radioactivity 
based assays25,26,32 and ELISA33 do not report on accumula-
tion at the single cell level. A fluorescent derivative with 
preserved uptake and bactericidal activities would facilitate 
analysis of uptake with single-cell resolution. We previously 
showed that the 5” position of neomycin could be modified 
with various functional groups without compromising anti-
microbial activity (Figure S1). Analysis of the structures of a 
neomycin-ribosome complex indicated that functional 
groups introduced at this position are accommodated in the 
major groove of helix 44 of the 16S rRNA in a conformation 
that does not interfere with drug binding or induction of 
miscoding.  
We used a derivative of neomycin where the hydroxyl group 
at the 5” position was substituted with S-(CH2)2-NH2 to 
allow introduction of extra chemical groups by coupling 
(Supporting information, product 5).39 Addition of a 
thyminylacetamidoethylthio or uracil (Neo-U) at the 5” 
position preserved the antimicrobial activity against E. coli 
as measured using an MIC assay (Figure S1 and Table S1).  
As expected, Neo-U bound to the A site on the small ribo-
somal subunit, although affinity was slightly decreased com-
pared to the unmodified neomycin (Figure S2). This result 
indicated that large chemical modifications can be intro-
duced at the 5” position of ring III without strongly perturb-
ing A-site binding or antimicrobial properties. 
We next labeled neomycin with sulfonated cyanines Cy3 and 
Cy5 (Figures S3,S4,S5 and S6), which are non-membrane 
permeable dyes suitable for fluorescence microscopy.40 The 
spectral properties of Neo-Cy5 conjugate (Figure 1(a)) do 
not differ from those of the free dye (Figure S7). We verified 
that the fluorescent probes are accommodated without any 
steric clash by docking into the crystal structure of E. coli 
ribosomes bound to neomycin (PDB code 4v52). The Cy3 
and Cy5 probes, which are bulkier than the uracil base, likely 
lie in a cavity between helices h27 and h44 of 16S ribosomal 
RNA (Figure 1(b)). 

 

Figure 1.  Structure of the Neo-Cy5 conjugate and accommoda-
tion at the ribosomal A site. a) Structure of Neo-Cy5 in which 
Cy5 is coupled to ring III of neomycin. b) Neomycin binding 
sites in h44 of the small ribosomal subunit (blue) and in H69 of 
the large ribosomal subunit (beige) (PDB code 4v52). Small and 
large ribosomal proteins are shown in purple and green, respec-
tively. The red box indicates a cavity near the neomycin binding 
site in h44 where Cy5 can be accommodated. Nucleotide A1408 
that is part of the neomycin binding site is indicated. 

Neo-cyanine derivatives are active antibiotics. Next, we 
verified that Neo-Cy5 binds the decoding site of 16S rRNA 
in 70S ribosomes. Footprinting analysis of ribosomal parti-
cles bound to Neo-Cy5 showed that the conjugate interacts 
with the decoding site of the small ribosomal subunit in a 
manner similar to neomycin and Neo-U, and like Neo-U, 
Neo-Cy5 has slightly lower affinity than the parent antibiotic 
(Figure 2(a)). We next tested the antimicrobial activity of 
Neo-Cy5.  The measured MIC in minimal medium was 
slightly higher than that of neomycin (Table 1) and similar to 
the MICs for Neo-U (Table S1) and closely related amino-
glycosides.41,42 The MIC of Neo-Cy3 was also similar to that 
of Neo-Cy5 (Table 1). 
MIC values were also measured in Mueller-Hinton broth for 
Gram negative and positive bacteria including ESKAPE 
pathogens (Table 2). Tested strains included clinically rele-
vant Gram negative pathogens such as Pseudomonas aeru-
ginosa, A. baumannii, K. pneumoniae, S. typhimurium, as 
well as the Gram positive S. aureus USA300. MIC values for 
the parental drug neomycin were higher in rich medium 
when compared to minimal medium. This effect was strong-
er for the Neo-Cy5 conjugate as MIC values were increased 
by factors ranging from 20 to 40 compared to the values 
measured for neomycin (Table 2). The MIC value was not 
measurable for Pseudomonas aeruginosa in rich medium and 
found to be 150 µg/ml in MOPS-G (Table 3). 
 
Table 1. MIC values in µg/ml of neomycin-cyanine deriv-
ative conjugates against E. coli MG1655.  

 Neomycin Neo-Cy5 Neo-Cy3 

M9 medium 3.0 13 ND 

MOPS medium 1.1 10.4 5.2 

Measured in minimal medium MOPS-G. ND: not determined. 

Table 2. MIC values of Neo-Cy5 in µg/ml against Gram 
negative and positive strains.  

 Neomycin Neo-Cy5 

E. coli MG1655 2.5 75 

P. aeruginosa PA14 2.5 > 150 

A. baumannii DSM30011 5.0 75 

K. pneumoniae LM21 1.25 25 

S. typhimurium14028 1.25 50 

B. subtilis 0.25 6.25 

M. luteus 1.5 6.25 

S. aureus USA300 2.5 75 

Measured in cation-adjusted Mueller-Hinton broth. 

Table 3. MIC values of Neo-Cy5 in µg/ml against P. aeru-
ginosa PA14.  

30S 50S

h 44

H 69

S12

*

Position Cy5

neomycin

Neo-Cy5

b)a)

h 27

Figure	1

A1408

Neomycin

Intermediate
for
coupling

NHS	Cy5

Neo-Cy5

Figure S3. Scheme for generation of Neo-Cy5. The primary amine group that reacts
with the NHS-ester-Cy5 is highlighted by the red circle. Other amino groups are
protected by hexa-N-tert-butyloxycarbonyl groups.

Structures	corrigées	:

Neomycin

Intermediate
for
coupling

NHS	Cy5

Neo-Cy5

Figure S3. Scheme for generation of Neo-Cy5. The primary amine group that reacts
with the NHS-ester-Cy5 is highlighted by the red circle. Other amino groups are
protected by hexa-N-tert-butyloxycarbonyl groups.

Structures	corrigées	:



 

detected by FACS and visualized by TIRF fluorescence 
microscopy. 
 
Neo-Cy5 binding to bacterial membranes is saturable.  
Binding of Neo-Cy5 to the bacterial membranes was found 
to be instantaneous as visualized in real time by FACS (Fig-
ure S12). Membranes of E. coli showed saturability when 
exposed for 5 minutes to increasing concentrations of Neo-
Cy5 (Figure 4(d,e)). At low concentrations, there was strong 
heterogeneity in fluorescence levels of individual cells (Fig-
ure 4(d)). At the highest concentrations, even though the 
exposure time was short to ensure that only the drug interac-
tion with the membrane was monitored, in a fraction of cells 
high levels of uptake was observed (Figure 4(d)). Experi-
ments described in the next section demonstrated that this 
fraction corresponds to cells with cytoplasmic uptake. In 
cells treated with 64 µM of Neo-Cy5, 2.9% of cells had 
detectable levels of Neo-Cy5 in the cytoplasm. This value is 
above the known fraction of 0.3% of cells that are dead in a 
fast growing bacterial population.47 Therefore there is rapid 
cytoplasmic uptake at high concentrations of Neo-Cy5. 
 
Neo-Cy5 is internalized mainly through EDPII. E. coli 
MG1655 cells were treated with 32 µM Neo-Cy5 for 30 
minutes, the time period corresponding to the onset of ami-
noglycoside-induced exponential killing.48 When cells were 
imaged using TIRF, we observed that fluorescence signals 
were distributed over the entire cell volume for most of the 
cells (time 30 min 88%, n=57), (Figure 5(a)). This clearly 
indicated cytoplasmic uptake. Most of the cells had low 
levels of fluorescence corresponding to EDPI uptake. A low 
percentage of cells had bright Cy5 fluorescence signals sug-

gestive of EDPII accumulation. For 60 min of incubation, 
100% of the cells had cytoplasmic uptake (n=119). Cells 
exposed to Neo-Cy5 overnight showed morphological de-
fects (Figure S13) similar to what has been previously de-
scribed for cells treated with aminoglycosides,49,50 in particu-
lar foci formation at poles.  
Addition of the protein synthesis inhibitor chloramphenicol 
prior to exposure to aminoglycosides decreases EDPI and 
abolishes EDPII.51 We pre-incubated the cells with chloram-
phenicol before the addition of a lethal concentration of Neo-
Cy5 to evaluate the contributions of EDPI and EDPII uptake 
by FACS (Figure 5(b)). Differences in profiles obtained with 
or without chloramphenicol were very minor at 30 minutes; 
TIRF imaging showed that EDPI already occurred for most 
of the cells (Figure 5(a)). Only a slight shift of the distribu-
tion toward stronger levels of fluorescence was observed 
with time. This result revealed that EDPI uptake is indeed 
difficult to capture by FACS. The shift of the distribution in 
absence of chloramphenicol was more pronounced at 60 and 
150 minutes in agreement with an EDPII-driven cytoplasmic 
uptake. We concluded that little Neo-Cy5 accumulates in the 
cytoplasm via EDPI when compared to membrane-bound or 
cytoplasmic levels that resulted from the EDPII-driven pro-
cess.  
 
Accumulation of Neo-Cy5 and loss of cell viability. We 
next performed a detailed kinetic analysis of Neo-Cy5 up-
take at the single-cell level. Cell viability was monitored in 
parallel. Like observed for other aminoglycosides48, Neo-
Cy5 displayed the characteristic lag followed by exponential 
killing of the cells (Figure 5(c)). The plot of the sum of the 
fluorescence levels as a function of time calculated from our



 

 

Figure 4. Fluorescence microscopy and FACS enable detection of Neo-Cy5 bound to E. coli MG1655 cells. a) FACS analysis of cells 
exposed to 32 µM Cy5, 32 µM Neo-Cy5, or no dye for 5 min at 37 °C. Cells were washed on a 0.45 µm-pore-size HAWP membrane filter. 
Binding of Neo-Cy5 was clearly distinct from cellular autofluorescence and residual binding of the free dye. b) Representative brightfield 
and TIRF microscopy images of cells incubated for 5 min with Neo-Cy5 as in panel “a”. Scale bar: 5 µm c) Neo-Cy5 does not localize 
with ribosomes after a 5-minute incubation. E. coli cells expressing Spinach-tagged ribosomes were exposed to Neo-Cy5 and imaged. Left: 
Brightfield. Right: Neo-Cy5 (red), Spinach (green). Bottom: plot of a cross section of fluorescence signal for a representative cell with the 
peripheral pattern. d) Saturability of bacterial membranes to Neo-Cy5 binding. Cells were incubated for 5 min at 37 °C with increasing 
concentrations of Neo-Cy5, filtered, and analyzed by FACS. The percentage of cells with cytoplasmic uptake was calculated from the 
number of cell counts with a Cy5 signal higher than the red threshold line divided by the total number of cell counts. e) Binding curve of 
the membrane-bound Neo-Cy5. 

single-cell analysis recapitulated previous data obtained on 
cell ensembles.26 During the first 20 minutes of incubation 
with the drug, fluorescence levels increased slightly while 
cell survival remained intact. During this period, Neo-Cy5 
localized at the cell periphery (Supplementary Figure 13). At 
40 minutes, the cytoplasmic pattern became dominant with 
stronger drug accumulation (Figure 5(c,d) and Figure S14) 
concomitantly with the onset of the decrease in cell survival 
rate (Figure 5(c)). This period corresponded to a transition 
between EDPI and EDPII. The onset of EDPII was previous-
ly considered to be the first time point at which uptake be-
comes linear and rapid.26 This time point for Neo-Cy5 was 
around 50 minutes (Figure 5(c)). During the 20-minute tran-
sition period (40 to 60-min) 90% of the cells lost viability 
with a sharp increase in drug uptake. After 80 minutes, 99% 
of the cells were dead and levels of accumulation continued 
to increase steeply and linearly during 40 minutes, reaching a 
factor of approximately 10 of increase taking as a reference 

the membrane-bound fraction (ratio of medians 120 min/5 
min) (Figure 5(c)). Finally, at the beginning of the transition 
time point (40 minutes), the cytoplasmic drug levels that 
accumulated during EDPI, accounted for approximately one 
third of the total levels, the other two thirds corresponded to 
membrane/periplasmic interaction or accumulation (Figure 
5(c)). 
 
CONCLUSIONS 
With the purpose of improving methodologies for measuring 
aminoglycoside uptake by bacteria we used click chemistry 
to develop fluorescent conjugates of neomycin that have 
uptake and bactericidal properties similar to the ones of the 
parent aminoglycoside. We coupled sulfonated cyanine dyes 
that are not membrane-permeable to neomycin allowing 
clear visualization of the uptake. The obtained Neo-Cy3 and 
Neo-Cy5 derivatives exhibited uptake properties strictly  
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Figure 5. EDPI-mediated uptake can be distinguished from EDPII-mediated uptake. a) Representative brightfield and TIRF microscopy 
images of cells after 2, 30 and 60 min of exposure to 32 µM Neo-Cy5. Scale bar: 5 µm b) E. coli cells treated with 32 µM Neo-Cy5 with or 
without 25 µg/mL of chloramphenicol were incubated for the times indicated. At each time point, cells were filtered, washed, and analyzed 
by FACS. Cell counts were normalized to 100%. Weak cytoplasmic uptake, which corresponded to EDPI was detected as an upper shift of 
the blue population compared to the red population. The stronger shift corresponding to EDPII levels of uptake is highlighted by an arrow. 
c) Killing curve obtained for E. coli with monitoring of Neo-Cy5 uptake. Cells were grown exponentially at 37°C in MOPS medium con-
taining glucose to an OD600 of 0.2, diluted 10 times in fresh medium before addition of Neo-Cy5. At different time points, cells were col-
lected and filtered to remove drug excess. Cells were plated on agar pads for fluorescence microscopy (Figure S14) and fluorescence quan-
tification to generate panel d and serial dilutions were made and plated on LB agar for c.f.u. counting. The kinetic of Neo-Cy5 uptake on 
the cell population is represented by the sum of the single-cell analysis of fluorescence signals displayed in panel d. The rapid and linear 
EDPII phase is highlighted by a dashed line. d) Single-cell quantification of Neo-Cy5 accumulation as a function of time. Red lines high-
light the medians, boxes show 75/25%, and vertical dashed lines indicate 90/10% of the maxima.  
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dependent on the neomycin moiety demonstrating that this 
type of conjugate can be widely used to report on aminogly-
coside uptake. In addition, these dyes have spectral proper-
ties that make them suitable for fluorescence microscopy. 
The Neo-Cy5 conjugate is active against Gram-positive and 
negative strains with the exception of Pseudomonas aeru-
ginosa in rich medium. This pathogen is known to resist to 
multiple drugs owing to a membrane of low permeability, 
the expression of multidrug efflux pumps and its adaptation 
to the presence of antibiotics. The efflux pump MexX-
MexY-OprM plays a role in intrinsic resistance to aminogly-
cosides.52–54 The pump has moderate drug specificity as 
aminoglycosides, macrolides and tetracycline are sub-
strates.55 Structural data obtained for this type of pumps 
provided details on their architecture and revealed indeed 
multiple binding pockets for various drugs.56–58 It remains to 
be investigated if the presence of the fluorescent dye will 
affect the efflux mechanism in Pseudomonas aeruginosa. 
Using Neo-Cy5 conjugate, we devised a method for accurate 
monitoring of aminoglycoside uptake. Membrane binding of 
Neo-Cy5 was found to account for a large fraction of the 
fluorescence signal. We showed that we could remove the 
excess of drug and the weakly bound molecules, which oth-
erwise masked the real levels of uptake, by filtration and 
washing. Using TIRF microscopy we ensured the validity of 
FACS observations. Using FACS, we monitored drug bind-
ing and intracellular accumulation. Neo-sulfonated-cyanine 
derivatives did not suffer from dye permeability drawbacks 
observed for dyes such as Texas Red.35    
Aminoglycosides are bound to the bacterial cell membrane 
and accumulate in the cytoplasm of bacterial cells through 
EDPI and EDPII. The membrane-bound and EDPII compo-
nents accounted for a large fraction of the total levels of 
Neo-Cy5 tightly associated with E. coli cells. Levels of Neo-
Cy5 resulting from EDPI-mediated internalization were low 
even though it is this fraction that results in the deleterious 
effects of aminoglycosides on cells. The loss of membrane 
integrity results in the onset of strong diffusive entry of the 
drug during EDPII.25,27 
The data reported here illustrate how fluorescent derivatives 
of an aminoglycoside enable a robust characterization of the 
three components of uptake: membrane binding, EDPI, and 
EDPII. EDPII-mediated uptake is a consequence of the mis-
coding activity of the drug that accumulated via EDPI. As 
miscoding levels can vary between bacterial strains and 
between mutants of a single strain, EDPII accumulation may 
only partially reflect EDPI accumulation. Thus, it is critical 
that the three components of aminoglycoside uptake be eval-
uated. We expect that the method described here will be 
applied to characterize aminoglycoside uptake into bacteria 
to facilitate a better understanding of the mechanisms of 
action of these drugs and their next generation derivatives. 
Interestingly, the group of Y. Tor recently investigated the 
uptake of several aminoglycoside-Cy3 conjugates including 
neomycin-Cy3 and guanidinoneomycin-Cy3 in Chinese 
hamster ovarian cells using fluorescence microscopy and 
FACS.59 Guanidinoglycosides-Cy3 conjugates entered cells 
better than their parent aminoglycosides. This work together 
with our results emphasize the usefulness of Cyanine-
aminoglycoside conjugates for further studies of their cellu-
lar uptake by eukaryotic and prokaryotic cells. This class of 
antibiotics, including neomycin, has recently drawn strong 

attention for the development of novel, potent, and less toxic 
drugs to address the pressing societal problem of multidrug-
resistant (MDR) infectious disease.60,61 The approach com-
bining fluorescence microscopy and FACS should provide a 
framework for future antibiotic-cell interaction studies and 
facilitate the development of novel aminoglycosides.  
 
METHODS 
Chemicals. Cy5 and Cy3 NHS-esters were purchased from 
General Electric Healthcare or Lumiprobe GmbH. 3,5-
Difluoro-4-hydroxybenzylidene imidazolinone was pur-
chased from Lucerna Technologies. 2,2,2-trifluoro-N-(2-
sulfanylethyl)acetamide was obtained from Merck or pre-
pared following the reported procedure.62 
Labeling of neomycin with cyanine fluorophores. A de-
rivative of neomycin containing 2-N-
trifluoroacetamidoethylthio in place of a hydroxyl group in 
ring III was used for functionalization. Other amino groups 
were protected by hexa-N-tert-butyloxycarbonyl groups for 
selective reactivity at the new 5” NH2 position. The deriva-
tive was used to conjugate neomycin to NHS-ester dyes. 
Selective deprotection of the 5” position was performed in 
ammonium hydroxide in methanol, and the unique free ami-
no group was reacted with Cy5 or Cyanine 5 monofunctional 
NHS-ester. Reactions were monitored by analytical thin-
layer chromatography (TLC) on silica gel 60 F254 plates 
(0.25 mm). The Cy5 and Cyanine 5 conjugates were purified 
on TLC plates (Silica gel 60, Merck), eluted in ethanol, and 
deprotected with trifluoroacetic acid (90%) to remove bu-
tyloxycarbonyl groups. 
Purification of ribosomes. Tightly coupled 70S ribosomes 
from E. coli MRE600 were prepared as described.63,64 Brief-
ly, cells were grown in exponential phase and when the 
OD600 reached 0.3, cells were collected by centrifugation. 
Cells were lysed by passage through a module/piston ho-
mogenizing system pre-cooled to -80 °C that maintains the 
material in a frozen state. The piston was actuated with a 
Carver hydraulic press. Ribosomes were isolated by several 
centrifugation steps followed by a sucrose gradient (10-40%) 
fractionation. The fraction containing 70S particles was 
collected using a density gradient fraction system (Teledyne 
Isco), pelleted, and resuspended in 50 mM Tris-HCl (pH 
7.6), 10 mM MgCl2, 100 mM NH4Cl, 6 mM 2-
mercaptoethanol. Aliquots were stored at -80 °C after flash 
freezing in liquid nitrogen. The ribosome concentration was 
obtained by measuring the absorption at 260 nm; we as-
sumed that there are 23 pmol ribosomes per A260 unit. 
Footprinting of Neo-Cy5 on 70S ribosomes. The concen-
tration of Neo-Cy5 stock solution was estimated from the 
absorbance at 649 nm measured in 10 mM Tris-HCl, pH 7.5. 
Chemical probing of Neo-Cy5-ribosome complexes was 
performed as described.65 We used the RNA base-specific 
reagent dimethyl sulfate (DMS) which methylates positions 
N1 of adenines and N3 of cytidines as well as position N7 of 
guanines.66 Modification reactions (100 µl) with 70S parti-
cles (10 pmol) were performed in a buffer containing 80 mM 
potassium cacodylate pH 7.2, 100 mM ammonium chloride, 
20 mM magnesium chloride, 1 mM dithiothreitol and 0.5 
mM EDTA. In brief, 1 µl of (DMS) (1:10 dilution in 95% 
ethanol) was added to a 50-µL reaction mixture. After incu-
bation at 37 °C for 10 minute reactions were stopped by 
addition of 25 µL of 6.7% (v/v) β-mercaptoethanol in 280 



 

mM sodium acetate (pH 5.4) and 150 µL of ethanol followed 
by rapid mixing. After precipitation, the pellets were resus-
pended in 10 µL of H2O.  
Sites of modification were analyzed by fluorescent primer 
extension as previously described.67 A Cy5-labeled fluores-
cent DNA primer was purchased from MWG Biotech. Re-
verse transcription reactions were performed in 10 µL of 50 
mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2 10 mM 
DTT with 0.25 mM each dNTP. SuperScript II (Invitrogen, 
0.5 µL 100 units) was added and reactions were incubated at 
45 °C for 40 min. For sequencing samples, 1.25 mM of 
ddATP, ddCTP, ddGTP, or ddTTP was added to individual 
reverse transcription reactions of each sample. Reactions 
were stopped by ethanol precipitation. cDNA samples were 
dissolved in 10 µL loading solution containing 7 M urea. A 
small aliquot (1.5 to 3 µL) of each sample was loaded on an 
8% polyacrylamide 7 M urea gel for separation of cDNAs. 
Gels were analyzed on a Typhoon imaging system. Molecu-
lar graphics were generated using PyMOL(TM) 2.0.1. 
Miscoding assay. Miscoding was assessed in a gain-of-
function assay using firefly and Renilla luciferases. DNA 
reporter plasmids pT7 hFluc WT, pT7 hFluc H245R(CGC), 
and pT7 hRluc WT for in vitro translation assay were pro-
vided by Erik Böttger and Dimitri Scherbakov (University of 
Zurich).5 Wild-type and mutant DNAs were used for in vitro 
translation reactions together with the Renilla luciferase 
DNA, which served as an internal control. In vitro translation 
reactions were performed using the PURExpress system 
(New England BioLabs). The premix for one reaction con-
tained 2 µL solution A, 1.5 µL solution B, 5 nM DNA tem-
plates, and 1 unit/µL of SUPERase·In™ RNase Inhibitor 
(Invitrogen). The reaction was begun by addition of 4 µL of 
the premix lacking aminoglycosides to 1 µL of aminoglyco-
side dilution in 0.2 ml thin-walled tubes on ice. Synthesis 
was performed at 37 °C for 35 min in a thermocycler (lid 
temperature 98 °C) and stopped by placing samples on ice. 
Luciferase activity was measured using the Dual-Luciferase 
Reporter Assay System (Promega). Luciferase assay reagent 
(50 µl) was added to each sample, and the samples were 
mixed and transferred to a white 96-well plate (Greiner, 
catalog number 655075) for bioluminescence quantification 
using an Infinite M200 microplate reader (Tecan). Mis-
coding was quantified by calculating the mutant fire-
fly/Renilla luciferase activity compared with the wild-type 
firefly/Renilla luciferase activity. 
Minimum inhibitory concentration measurement. The 
minimum inhibitory concentrations (MICs) were determined 
using a liquid culture assay according to EUCAST guide-
lines. Aliquots of an overnight culture of E. coli MG1655 
were diluted to have an inoculum of 5.5x105 colony-forming 
units per mL (c.f.u./mL) into the medium containing 2-fold 
serial dilutions of antibiotics. Growth was measured by 
turbidity at each concentration during 18 h of incubation at 
37 °C. Measurements were performed on 200 µL samples in 
a 96-well microtiter plate with transparent lid using an Infi-
nite M200PRO (TECAN). For Neo-Cy5, turbidity was 
measured at 400 nm or 500 nm instead of 600 nm to mini-
mize Cy5 excitation. 
Treatment of cells with carbonyl cyanide m-chlorophenyl 
hydrazone. E. coli MG1655 cells from an overnight culture 
in MOPS supplemented with 0.4 % (w/v) glucose (MOPS-G) 
were diluted into the same medium. Cells were grown for 2 h 

at 37 °C with or without 30 µM carbonyl cyanide m-
chlorophenyl hydrazone (CCCP). The number of live cells at 
the time of CCCP addition were estimated as 5x107 
c.f.u./mL. After a 4.5-h incubation at 37 °C with neomycin 
or Neo-Cy5, cell survival was measured in c.f.u./mL.  
Neo-Cy5 uptake. For the liquid culture, MOPS-G was used. 
Overnight cultures were diluted to an OD600 of 0.037 with 
fresh medium and grown until the OD600 reached 0.2. Typi-
cally, 0.5 µL of Neo-Cy5 dissolved in milliQ water was 
added to 5 µL of the cell suspension (diluted 10 times). Cells 
were incubated in a heat block at 37 °C without shaking. To 
remove Neo-Cy5 not tightly bound or internalized, the sam-
ples were filtered through 0.45 µm-pore-size HAWP mixed 
cellulose ester (MCE) membranes (Merck Millipore) mount-
ed on a micro-sample filtration Minifold II (Schleicher & 
Schuell) and washed three times with 100 µL MOPS-G pre-
warmed to 37 °C. Immediately after filtration, the section of 
the membrane containing cells was placed into an Eppendorf 
tube containing MOPS-G, and cells were recovered by gentle 
up and down pipetting. Cells were immediately placed on 
1% agarose pad for imaging by fluorescence microscopy or 
analysis by FACS. 
Fluorescence microscopy. Fluorescence images were taken 
with an EMCCD camera (Photometrics) through a 63X total 
internal reflection fluorescence (TIRF) objective (Zeiss, NA 
1.43) mounted on an inverted Zeiss Axio Observer Z1 mi-
croscope. Image acquisition was done with the Metamorph 
software package (Molecular Devices). Cy5 illumination was 
performed using a 642-nm laser (0.002 kW/cm2, Roper Sci-
entific), and a filter set was used for fluorescence excitation 
and emission (Chroma Technology; ET 532/640 nm Laser 
Dual Band; excitation filter 530/20 nm and 638/25 nm, di-
chroic mirror 585/70 nm and 650 nm (long pass), and emis-
sion filter 580/70 nm and 700/100 nm). Neo-Cy5 uptake was 
typically observed with an electron-multiplying gain of 1 or 
50 and an exposure of 10 to 100 ms. Spinach aptamer bound 
to 3,5-difluoro-4-hydroxybenzylidene imidazolinone was 
excited with a mercury lamp (excitation 470 ± 20 nm, emis-
sion 525 ± 25 nm). Image analyses were performed using 
ImageJ and microbeJ.68 
FACS analysis. To measure Cy5 fluorescence, cells were 
analyzed with a BD Accuri C6 flow cytometer (BD Biosci-
ences). For each experiment, more than 100 000 events were 
recorded. Excitation was performed with a 640-nm diode 
laser (14.7 mW), and emission was detected through a 
675/25 nm band pass filter. Data were analyzed with Kaluza 
2.1 (Beckman Coulter) and FlowLogic 7.2. Binding affinity 
experiments were analyzed with the software GraphPad 
Prism 8.2.1. Data were fitted to a simple saturation curve. 
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Supporting	methods	
Products	were	verified	by	1H	and	13C	Nuclear	Magnetic	Resonance	spectroscopy	(NMR)	
or	Liquid	Chromatography	Mass	Spectrometry	(LC-MS).	NMR	could	not	be	performed	for	
Neo-Cy5	as	the	quantities	synthetized	were	too	low.		
	
Synthetic	Procedures	and	characterization	data	

	
1,3,2',6',2''',6'''	 Hexa-N-tert-butyloxycarbonylneomycin	 2:	 To	 a	 solution	 of	
commercially	available	Neomycin	 sulfate	 (1	g,	1,4	mmol)	 in	DMF/H2O	 (20	mL/20	mL)	
were	 added	 triethylamine	 (9	mL)	 and	di-tert-butyl	 dicarbonate	 (2,1	 g,	 9,62	mmol,	 6.9	
eq.).	 The	mixture	was	 heated	 at	 60°	 C	 for	 5	 h.	 After	 concentration	 under	 vacuum,	 the	
crude	was	dissolved	in	EtOAc	and	washed	with	brine.	The	organic	 layer	was	recovered	
and	 dried	 on	 MgSO4.	 After	 concentration	 and	 purification	 of	 the	 crude	 by	 silicagel	
column	chromatography	(CH2Cl2/MeOH	(9/1))	2	was	isolated	(876	mg,	52	%	yield;	oil).	
1H	NMR	(300	MHz,	CD3OD)	d	=	5.45	(br,	1H,	H1'),	5.25	(br,	1H,	H1''),	5.10	(br,	1H,	H1'''),	
4.9-4.8	(m,	2H),	4.2-4.11	(br,	2H),	3.9	(m,	1H),	3.85-3.78	(m,	3H),	3.76-3.55	(m,	5H),	3.52-
3.39	 (m,	 6H),	 3.32-3.22	 (m,	 5H),	 1.90	 (br,	 1H,	 Heq),	 1.49-1.35	 (m,	 54H),	 1.3	 (br,	 1H,	
Hax);13C	NMR	(75	MHz,	CD3OD)	d	=	158.8,	158.3,	158.0,	157.8;	110.5,	100.2,	99.2,	87.6,	
83.3,	80.6,	78.2,	75.6,	74.3,	72.9,	72.4,	71.5,	69.0,	63.4,	57.1,	53.4,	52.2,	51.7,	42.6,	41.7,	
35.8,	 28.9.	 MS	 (ESI+):	 m/z	 calculated	 for	 [C53H94N6O25+Na]+:	 1237,6,	 found	:	 1237,4;	
elemental	Analysis	calculated	C,	52.38;	H,	7.80;	N,	6.92;	O,	32.91;	found	C,	49.95;	H,	7.91;	
N,	6.55;	O,	30.86.	

	
	
5"-O-triisopropylbenzensulfonyl-1,3,2',6',2"',6"'-hexa-N-tert-butyloxycarbonyl	
Neomycin	3:	To	a	solution	of	compound	2	(500	mg,	0.41	mmol)	in	pyridine	(3	mL)	was	
added	a	solution	of	2,4,6	triisopropylbenzenesulfonyl	chloride	(4	g)	in	pyridine	(7	mL).	
The	solution	was	stirred	at	RT	for	48	h	and	was	concentrated	under	vaccuum.	The	crude	
was	dissolved	in	EtOAc	and	washed	with	brine.	The	organic	layer	was	recovered,	dried	
on	 MgSO4.	 After	 concentration	 and	 purification	 by	 silicagel	 column	 chromatography	
(CH2Cl2/MeOH	(10/1))	3	was	isolated	(432	mg,	71	%	yield);	1H	NMR	(300	MHz,	CD3OD)	
d	=	7.01	(s,	2H,	Har),	6.1	(br,	1H,	H1'),	5.18	(br,	1H,	Heq),	4.9	(br,	1H,	H1"'),	4.65-3.79	(m,	
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8H),	4.3-4.0(m,	2H),	3.8-3.6	(m,	8H),	3.4-3.2	(m,	4H),	2.7	(br,	1H,	Heq),	2.92-2.85	(m,	3H),	
1.69	(br,	1H,	Hax),	1.9-1.3	(m,	55H)	.	1.18	(s,	18H);		13C	NMR	(75	MHz,	CD3OD)	d	=	169.5,	
159.4,	 158.7,	 158.5,	 158.2,	 157.7,	 132.8,	 132.4,	 130.9,	 130.2,	 125.5,	 111.1,	 100.0,	 98.6,	
87.0,	81.1,	80.8,	80.7,	80.3,	79.2,	75.8,	74.8,	73.2,	72.8,	71.8,	71.2,	69.8,	69.4,	68.8,	68.5,	
56.7,	53.7,	52.6,	42.7,	41.6,	35.7,	29.3,	28.9,	25.7,	24.2,	25.0;	MS	(ESI+):	m/z	calculated	for	
[C68H116N6O27S1+Na+H]+	:	 1504,7;	 found	:	 1504.8,	 [C68H116N6O27S1+2Na]2+	:	 763.35,	
found	:	763.5.	
	

	
	
5"-(2-N-trifluoroacetamidoethylthiol)-1,3,2',6',2"',6"'-Hexa-N-tert-
butyloxycarbonyl-5"'-deoxyneomycin	4:	To	a	solution	of	sodium	ethoxide	(4	mL,	3	M	
in	 EtOH)	 under	 Argon	 was	 added	 commercially	 available	 2,2,2-trifluoro-N-(2-
mercaptoethyl)acetamide	 (90	 mg,	 0.51	 mmol)	 in	 EtOH	 (3	 mL)	 and	 the	 mixture	 was	
stirred	at	RT	for	15	min.	Then	was	added	a	solution	of	compound	3	(220	mg,	0.15	mmol)	
in	EtOH	(3	mL)	and	the	mixture	was	stirred	at	RT	for	5	h.	20	mL	of	CH2Cl2	were	added,	
and	 then	 an	 aqueous	 solution	 of	 sodium	 phosphate	 (pH	 =	 6).	 The	 organic	 layer	 was	
separated,	dried	on	MgSO4	and	concentrated.	The	crude	was	purified	by	silicagel	column	
chromatography	(CH2Cl2/MeOH	(10/1))	to	afford	4	(184	mg,	91	%	yield);	1H	NMR	(300	
MHz,	CD3OD)	d	=	6.75	(m,	1H),	6.52	(m,	2H),	6.15	(br,	1H,	H1'),	5.45	(br,	1H,	H1"),	5.21	
(br,	 1H,	 H1"'),	 4.8-4.3	 (m,	 6H),	 4.28-4.15	 (m,	 2H),	 4.08-4.0	 (m,	 1H),	 3.8-3.75	 (m,	 2H),	
3.72-3.63	(m,	2H),	3.59-3.45	(m,	6H),	3.39-3.22	(m,	4H),	2.81-2.79(m,	2H),	2.76-2.70	(m,	
2H),	2.03-1.96	(m,	1H,	Heq),	1.78-1.74(m,	1H),	1.52-1.48	(m,	54H+Hax);	MS	(ESI-TOF):	
m/z	 calculated	 for	 [C57H98F3N7O25S1+1H]+	:1371,5	 found	:	 1371,5	
[[C57H98F3N7O25S1+1H]2+	:	686.3,	found	:	686.4.	
	

	
	
5"-(2-aminoethylthio-)-1,3,2',6',2"',6"'-Hexa-N-tert-butyloxycarbonyl-5"-	
deoxyneomycin	5:	
Compound	4	 (84	mg,	 0.061	mmol)	was	 dissolved	 in	NH4OH	 solution	 in	MeOH	 (3	mL,	
70%).	The	solution	was	strirred	at	TA	for	1	h	and	then	concentrated	under	vaccum	to	
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afford	5	 (36	mg,	46%	yield).	 1H	NMR	(300	MHz,	CD3OD)	d	=5.44	(br,	1H,	H1'),	5.2	(br,	
1H,	H1"'),	4.92	(br,	1H,	H1"'),	1H),	4.34	(m,	1H),	4.22(m,	1H),	4.05	(m,	1H),	3.9	(m,	2H),	
3.75(m,	2H),	3.64-3.12	(m,	15H),	3.0-2.78	(m,	4H),	1.95	(br,	1H,	Heq),	1.68	(m,	1H,	Hax),	
1.64-1.38	 (m,	 54H);	 MS	 (ESI-TOF):	 m/z	 calculated	 for	 [C55H99N7O24S1+2H]+	:1276,5	
found	:	1276,06,	[[C55H99N7O24S1+2H:]2+	:	638.5	found	:	638.45.	

	
	
The	 compound	 5	 was	 resuspended	 in	 100	 µL	 of	 dimethyl	 formamide	 (DMF).	 N,N-
Diisopropylethylamine	(100	µL)	was	added	to	two	micromoles	of	Cy5	(GE	Healthcare)	
or	 Cyanine	 5	 (Lumiprobe)	 	monofunctional	 NHS-ester	 previously	 dissolved	 in	 500	 µL	
DMF.	 The	 sample	was	 next	 placed	 for	 two	 hours	 at	 room	 temperature	with	 the	 Boc-
neomycin	derivative	 for	coupling.	The	reaction	was	monitored	by	analytical	 thin-layer	
chromatography	 (TLC)	 on	 silica	 gel	 60	 F254	 plates	 with	 eluant:	
chloroform/Ethanol/NH4OH	 5.6/3.8/0.45	 (Figure	 S6c).	 Then	 the	 sample	 was	 dried	
under	vacuum	and	kept	at	–	80°C	if	necessary.	The	product	was	dissolved	in	methanol	
for	 purification	 on	TLC	plates	 (Silica	 gel	 60,	Merck).	 The	 silica	 gel	was	 recovered	 and	
placed	in	Eppendorf	tubes	and	the	product	eluted	in	ethanol.	The	resin	and	the	solvent	
were	separated	by	centrifugation	and	the	elution	step	repeated	3	times.	The	sample	was	
dried	 and	 finally,	 removal	 of	 the	 butyloxycarbonyl	 groups	 was	 performed	 in	
trifluoroacetic	acid	(90%)	for	10	minutes	at	room	temperature.		

Neo-Cy5 
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Figure	S1.	Derivatives	of	neomycin.	
	
Table	S1	:	MIC	values	for	neomycin	derivatives	against	E.	coli	MG1655	cells	grown	
in	LB	medium.		
product	N°	 R1	 MIC	μg/ml	

11b	 OH	 5	
12b	 uracil	 10	
13b	 thymine	 >40	
14b	 thyminylacetyl	 20	
15b	 thyminylacetamidoethylthio	 5	
16b	 NH2	 >40	
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Figure	S2.	DMS	probing	of	30S	ribosomal	subunits	bound	to	neomycin	and	Neo-U.		The	
lane	marked	“-	DMS”	is	a	control	reaction	with	no	DMS	added.	Bands	corresponding	to	
nucleotides	A1492	and	G1494	are	indicated.	
	

	
	
Figure	S3.	Scheme	for	generation	of	Neo-Cy5.		The	primary	amine	group	that	reacts	with	
the	NHS-ester-Cy5	is	highlighted	by	the	red	circle.	Other	amino	groups	are	protected	by	
N-tert-butyloxycarbonyl	groups.		
	

	
	
Figure	S4.	 Synthesis	of	Boc-Neo-Cy5	 from	Boc-Neomycin.	All	 steps	were	performed	at	
room	temperature.	
	
	

Neomycin

Intermediate
for
coupling

NHS	Cy5

Neo-Cy5

Figure S3. Scheme for generation of Neo-Cy5. The primary amine group that reacts
with the NHS-ester-Cy5 is highlighted by the red circle. Other amino groups are
protected by hexa-N-tert-butyloxycarbonyl groups.

Structures	corrigées	:

Neomycin 1

Conditions	and	reagents	:	
a) TEA,	Boc2O,	DMF,	60°C;		NH4OH,	MeOH; b)	TIPBSCl,	Py,	RT	48	h;		c)	EtONa,	trifluoro-N-(2-mercaptoethyl)acetamide,	RT,	5	h;	d)	NH4OH,	MeOH

52	%	yield 71	%	yield

91	%	yield
46	%	yield

LE	1e rendement	
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calcul
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Figure	S5.	 Synthesis	of	Boc-Neo-Cy5	 from	Boc-Neomycin.	All	 steps	were	performed	at	
room	temperature.	Below	are	indicated	the	two	structures	of	Neo-Cy5	according	to	the	
source	 of	 Cy5-NHS	 (GE	Healthcare	 or	 Lumiprobe).	 The	 difference	 is	 highlighted	 by	 an	
arrow.	
	 	

6 Neo-Cy5

Conditions	and	reagents	:	a)	NH4OH,	MeOH,	b)	i)	NHS-Cy5,	DIEA,	DMF;	ii)		TFA/H2O	9/1

a) b)

I	noted a	mistake on	feb 10,	the	midle structure	is haveving Cy5	GE	and	final	one	Cy5	lumiprobe.	I	put	a	white	box	to	correct
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Figure S3. Scheme for generation of Neo-Cy5. The primary amine group that reacts
with the NHS-ester-Cy5 is highlighted by the red circle. Other amino groups are
protected by hexa-N-tert-butyloxycarbonyl groups.
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Figure S3. Scheme for generation of Neo-Cy5. The primary amine group that reacts
with the NHS-ester-Cy5 is highlighted by the red circle. Other amino groups are
protected by hexa-N-tert-butyloxycarbonyl groups.
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Sup	Figure	xx

a)

Néomycine DF 63  

 

 

 

 

Chemical Formula: C57H98F3N7O25S 

MS(ESI-TOF) m/z calcd for [C57H98F3N7O25S +1H]+ = 1371,5 found = 1371,5 

 

 

 

et j'ai aussi son 1H RMN 
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Sup	Figure	xx

b) MS obtained using an ESI-Quadripole autopurify (pump : 2545, mass: ZQ2000) mass spectrometer. 

MS(ESI-TOF) m/z calcd for [C55H99N7O24S1+2H]+ = 1276,5, found = 1276,06  
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MS obtained using an ESI-Quadripole autopurify (pump : 2545, mass: ZQ2000) mass spectrometer. 

MS(ESI-TOF) m/z calcd for [C57H87N9O19S3-1H]- = 1297,54, found = 1297,56; [C57H87N9O19S3-2H]2-= 
648.75, found = 648,37; [C57H87N9O19S3+3H]3+ = 433,67, found = 434,01. 
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Figure	S6.	Characterization	of	Boc-neomycin	derivative	and	Neo-Cy5.	a)	LC-MS	of	2-N-
trifluoroacetamidoethylthio-neomycin	 derivative.	 b)	 LC-MS	 of	 deprotected	 2-N-
trifluoroacetamidoethylthio-neomycin	 derivative.	 c)	 Analytical	 thin-layer	
chromatography	of	the	Neo-Cy5	conjugate.	After	selective	deprotection	of	the	5”	position	
of	Boc-neomycin,	the	free	amino	group	was	reacted	with	Cy5	monofunctional	NHS-ester	
and	 the	 reaction	 monitored	 by	 TLC	 (silica	 gel	 60	 F254	 plates;	
chloroform/Ethanol/NH4OH	28%/5.6:3.8:0.45).		The	results	showed	that	reactions	were	
complete.		d)	After	purification	on	TLC	plates	(Silica	gel	60,	Merck),	Neo-Cy5	was	eluted	
and	the	purity	verified	again	by	TLC.	c)	LC-MS	characterization	of	Neo-Cy5.	e)	LC-MS	of	
the	Neo-Cy5	conjugate	(Cy5	from	Lumiprobe,	see	Figure	S5).	
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Figure	S7.	Excitation	and	emission	spectra	of	Cy5	and	Neo-Cy5.		Data	were	recorded	for	
1	μM	solutions	of	Cy5	or	Neo-Cy5	in	Tris-HCl	(pH	7.6).	Optical	properties	are	identical.	
	

	

Figure	S8.	Neomycin	and	Neo-Cy5-induced	cell	killing	is	PMF	dependent.	
Representative	experiments	for	survival	of	E.	coli	MG1655	cells	after	a	4.5-h	treatment	
with	various	concentrations	of	neomycin	and	Neo-Cy5	with	and	without	a	2-h	pre-
incubation	with	30	μM	CCCP.	Plotted	are	values	relative	to	untreated	control	culture.		
	
	

0

10

20

30

40

50

60

70

80

90

40
0

41
3

42
6

43
9

45
2

46
5

47
8

49
1

50
4

51
7

53
0

54
3

55
6

56
9

58
2

59
5

60
8

62
1

63
4

64
7

66
0

67
3

68
6

69
9

71
2

72
5

73
8

75
1

76
4

77
7

79
0

Fl
u
or
es
ce
n
ce
	(
a.
u
.)
	

Wavelength	(nm)

Cy5	Ex

Neo-Cy5	Ex

Cy5	Em

Neo-Cy5	Em

-4 
-3 
-2 
-1 
0

1

2

3

4

no	antibiotic 0.75 0.85 1 1.5
untreated 3,20 -1,06 -1,53 -2,14 -2,83 
CCCP	(30	µM) 3,10 2,21 1,97 2,08 1,23

Lo
g	
10
	(s
ur
vi
va
l	p
er
ce
nt
ag
e)
	

Neomycin

Antibiotic	µM

no	antibiotic 32 48
untreated 3,27 1,213199641 -3,863333333 
CCCP	(30	µM) 3,116 2,949488188 1,116666667

-5 
-4 
-3 
-2 
-1 
0
1
2
3
4

Lo
g	
10
	(s
ur
vi
va
l	p
er
ce
nt
ag
e)
	

Neo-Cy5

Antibiotic	µM



	
	

S14	

	

Figure	S9.	Excess	Neo-Cy5	is	removed	by	filtration.	E.	coli	MG1655	cells	(OD600	0.02)	
were	incubated	5	minutes	with	32	µM	Neo-Cy5	at	37	°C	then	filtered	through	a	0.45-µm	
pore-size	HAWP	membrane.	Cells	were	washed	or	not	with	100	µL	MOPS-G	medium	
(pre-warmed	to	37	°C),	recovered	from	the	filter,	and	immediately	analyzed	by	FACS.	
The	average	of	Neo-Cy5	signals	for	each	sample	was	measured.	Three	washing	steps	
were	required	to	remove	the	Neo-Cy5.		
	
	
	

	
	

	

Figure	S10.	Cy5	does	not	enter	live	E.	coli	cells.	Left:	Transmitted	light	image	of	a	field	of	
E.	coli	MG1655	cells	exposed	to	32	µM	Cy5	for	1	h	at	37	°C.	Cells	were	washed	on	a	0.45	
µm-pore-size	HAWP	membrane	filter.		Right:	Fluorescence	image	of	the	same	field	of	
view	obtained	with	an	electron-multiplying	gain	of	50	and	an	exposure	of	50	ms.		
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Figure	S11.	Neo-Cy5	does	not	localize	with	ribosomes	after	a	5-minute	incubation.	E.	
coli	cells	expressing	Spinach-tagged	ribosomes	were	exposed	to	Neo-Cy5	and	imaged.	
Cells	were	illuminated	with	a	642-nm	laser	for	Neo-Cy5	excitation	and	emission	was	
detected	at	670	nm.	Spinach	aptamer	bound	to	DFHBI	was	excited	with	a	mercury	lamp,	
and	images	were	acquired	with	a	GFP	filter	cube	(ex.	470	±	20	nm,	em.	525	±	25	nm).	
Brightfield,	Neo-Cy5	(red),	Spinach	(green),	and	merged	images.		

	

	

Figure	S12.	Fast	kinetics	of	Neo-Cy5	interaction	with	the	membranes	revealed	by	real–
time	FACS	experiments.	Cells	in	exponential	growth	phase	(0.3	OD600)	were	diluted	20-
fold	to	a	volume	of	150	µL	and	placed	into	the	flow	cytometer	for	analysis	at	37	°C.	FACS	
analysis	was	initiated	and,	after	a	delay	of	20	s,	500	µL	of	Neo-Cy5	solution	was	added	
for	a	final	concentration	of	0.4	µM.	Addition	of	the	drug	diluted	the	cells	to	0.003	OD600.	
Fluorescence	intensities	of	individual	cells	are	plotted	vs.	time.	Inset	represents	the	
integration	of	the	fluorescence	signals	within	the	boxed	area.	The	signals	were	average	
over	200-ms	intervals	during	this	6-s	time	period.	
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Figure	S13:	Neo-Cy5	induces	morphological	defects	in	E.	coli	cells	grown	overnight	in	
M9	glucose	(0.4	%	(w/v)).	Bright-field	images	are	displayed	on	the	right	and	
fluorescence	images	on	the	left.	At	a	concentration	of	4	µM,	cells	are	longer	and	at	8	µM,	
foci	are	observed	at	poles.	
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Figure	S14:	Time-course	experiment	of	changes	in	Neo-Cy5	accumulation	levels.	Fast	
growing	cells	(OD600:	0.02)	were	incubated	at	37	°C	with	Neo-Cy5	(32	µM).	At	each	time	
points	cells	were	washed	on	filter	and	then	observe	directly	on	MOPS-G	agarose	pad	
(Scale	bar:	5	µm).	Images	were	scaled	to	the	minimum	and	maximum	pixel	values	of	the	
first	image	t=2mn.	For	the	first	4	time	points,	contrast	was	adjusted	for	better	
visualization	and	displayed	on	the	right	column.	For	each	time	point,	images	were	
analyzed	with	microbeJ	for	quantification	of	Cy5	signals	to	generate	figure	5	panel	d.	
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