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Assessment of the Rules Related to Gaining Activity against GramNegative Bacteria
Henni-Karoliina Ropponena,b, Eleonora Diamantia, Alexandra Siemensc, Boris Illarionovc, Jörg Haupenthala,
Markus Fischerc, Matthias Rottmannd,e, Matthias Witschelf, Anna K. H. Hirscha,b*
In the search for new antibacterial compounds, we repositioned an antimalarial compound class by designing it based on
the so-called “eNTRy” rules for enhanced accumulation into Gram-negative bacteria. We designed, synthesised and
evaluated a small library of amino acid modified compounds together with the respective Boc-protected analogues,
leading to no substantial improvement in antibacterial activity against Escherichia coli wildtype K12, whereas more distinct
activity differences were observed in E. coli mutant strains ΔtolC, D22, ΔacrB and BL21(DE3)omp8. A comparison of the
activity results of the E. coli mutants with respect to the known rules related to enhanced activity against Gram-negative
bacteria revealed that applicability of the rules is not always ensured. Out of the four amino acids used in this study,
glycine derivatives showed highest antibacterial activity, although still suffering from efflux issues.

Introduction
The threat of increasing antimicrobial resistance is alarming, which
reinforces the need to continuously nourish the antibiotic pipeline. 1
Despite ongoing debates on the “golden set of rules” for antibiotic
accumulation into Gram-negative bacteria, the current
understanding what makes a molecule a successful antibiotic
candidate is still incomplete (H.-K. Ropponen and A. K. H. Hirsch,
review in preparation). In another recent review, A. L. Parkes raised
the question “what can we design for?” - which still needs to be
answered in the antibiotic field.2
The first correlation of physicochemical properties with
antibacterial activity dates back to the 1960s, when low nonionisable lipophilicity, logP, was correlated to enhanced activity
against Gram-negative bacteria.3 Later on, low ionisable lipophilicity,
logD7.4, strict molecular weight (MW) limit (≤600 Da) and high polar
surface area (PSA) were found to be characteristic for marketed
antibiotics against Gram-negative infections.4 In 2017, a new
direction was given by the so-called “eNTRy” rules. Based on them,
a compound needs an ionisable amine (N), low globularity as the
factor of three-dimensionality (T) and high rigidity as the measure
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of rotatable bonds (R) to accumulate into Escherichia coli.5,6 This
sparked the research to focus on 3D-properties of the compounds
and a scoring function for Gram-negative bacteria was developed
based on molecular-dynamics simulations between the outer
membrane porins (e.g., E. coli OmpF and OmpC) and the passing
molecule. A molecule is more likely to go through the porin with
lower size, as the measure of minimal projection area, and with high
partial charge determined by dipole moment and charge. 7 An
alternative scoring profile for Gram-negative bacteria was
implemented in the multiparameter software StarDrop in 2018,
focusing on physicochemical properties and comparing compounds
active against Gram-negative bacteria to other marketed drugs.8
Antibacterial activity requires, however, a delicate balance between
permeation and efflux, which can be achieved by focusing on
topology, physical properties and atom/bond count of the
compounds.9
The eNTRy rules were derived from compound accumulation to
E. coli and some success stories of their applications have already
been published, where an introduction of, in particular, an ionisable
amine according to the eNTRy rules has increased the antibacterial
activity against other Gram-negative bacteria, such as Acinetobacter
baumannii and Klebsiella pneumonia.10–14 In contrast, another
recent study argues that there are properties in addition to the ones
defined by the eNTRy rules that govern the Gram-negative uptake.
Even though the ionisable amine provided the needed activity boost
against E. coli, the lower effect on the activity against A. baumannii
and Pseudomonas aeruginosa is not yet understood.15 The
downside of most rules (Table 1), however, is that they are always
representative for only a certain set of compounds or based on a
specific bacterium. Sometimes clear boundaries for the applicability
of the rules are missing and most of the reported studies are based
on known antibacterial compound classes. However, to the authors’
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knowledge, the general applicability of the rules for a design of a
novel series without previous antibacterial activity is questionable.
Therefore, it is necessary to evaluate, whether these rules are
applicable for repositioning an antimalarial chemical class
originating from inhibitors of Plasmodium falciparum (Pf) IspE
displaying Pf cell-based activity, but lacking antibacterial activity
(unpublished results from this consortium). The purification of
PfIspE is reported in the present study for the first time. The kinase
IspE is the central and fourth enzyme of the 2-C-methyl-D-erythritol
4-phosphate (MEP) pathway for the biosynthesis of universal
isoprenoid precursors.16 Since most of the reported IspE inhibitors
have low-micromolar in vitro activity against Gram-negative
homologues but lack activity in cell-based assays, we embarked to
address this activity gap by designing a small set of compounds in
accordance with the eNTRy rules using L-amino acids.17
Table 1 Summary of the reported rules for compounds to gain activity
against Gram-negative bacteria
Rules

Governing Properties

Gram-negative
vs Gram-positive 3

logP ~ 4 for Gram-negative
logP ~ 6 for Gram-positive

Gram-negative
vs other drugs 4

4-fold lower logD7.4 (~ –2.8)
higher MW (~ 414, ≤600 Da)
higher PSA (~165 Å2)

eNTRy rules 5,6

Ionisable amine
(preferably primary)
Rotatable bonds (≤5)
Globularity (≤0.25)

Gram-negative
Scoring Function 7

High partial atomic charge
(dipole moment and charge)
Low size
(minimal projection area)
The most active ones in the range of 0.4–0.6
including TPSA > 65.68 Å2,
Flexibility < 0.3656,
logS > 0.8232, logD < 1.79,
hERG pIC50 < 4.938, MW > 237.1 Da,
BBB category: negative

StarDrop
Scoring Profile 8
(Gram-negative
vs other drugs)
Gram-negative
Permeation & Efflux 9

Escherichia coli: topology, physical properties,
atom/bond count

*MW: molecular weight, (T)PSA: (total) polar surface area, logS: log solubility, hERG: the
human Ether-à-go-go-Related Gene, BBB: blood brain barrier.

Results and discussion
Compound 1 originated from a previous publication within the
consortium and no antibacterial activity was reported back then for
this compound and its close derivatives. 18 As it was only used as a
reference compound for the E. coli IspE inhibition, the focus was not
on its antibacterial activity. Even in the presence of the outer
membrane permeabiliser polymyxin B nonapeptide (PMBN)
ensuring enhanced uptake, no antibacterial activity (E. coli K12 %inh. = 6 ± 1 @100 μM + 1 µg/mL PMBN) was observed (Table 2). In
the search of new E. coli IspE inhibitors with antibacterial activity,
we selected compounds 2 and 3, originating from the antimalarial
class featuring moderate E. coli IspE inhibition as suitable starting
points to test the applicability of the rules to compounds with weak
antibacterial starting profiles. The heterocycles, furan and

thiophene, on the right-hand side (RHS) could be bioisosterically
replaced by amino acids, exploiting amide coupling chemistry. As
both compounds 2 and 3 also inhibit undesirably the auxiliary
enzymes pyruvate kinase and lactate dehydrogenase (PK/LDH) in
the coupled enzyme activity assay, we focused more on gaining
antibacterial activity by modifying them based on the eNTRy rules,
while also monitoring activity changes at the enzymatic level to find
new scaffolds selectively inhibiting the Pf or E. coli IspE enzymes.
Under the cellular assay conditions, compounds 2 and 3 are poorly
soluble and percentage (%) growth inhibition could only be
measured at 25 and 50 μM, respectively, showing no substantial
activity against E. coli K12 wildtype, nor against the ΔtolC effluxpump mutant (Table 2). Therefore, the compounds 2 and 3 were
used to test, whether an application of these eNTRy rules to this
series by introducing L-amino acids and glycine will afford the
sought-after antibacterial activity. Amino acid modifications were
considered a suitable way of evaluating the influence of the free
amine vs the Boc-protected amine on the antibacterial activity. The
key interest for the primary amine was influenced by the eNTRy
rules and thereby, amino acid modifications opened up a
synthetically readily accessible way to introduce them.
Table 2 Biological-activity results of the reference compounds

1

2

3

PfNF54 IC50(µM)

n.d.

5±1

6±0

PfIspE IC50(µM)

>500

57 ± 12

39 ± 24

EcIspE IC50(µM)

1±0

91 ± 21

68 ± 13

PK/LDH IC50(µM)

>500

65 ± 15

56 ± 11

n.d.

30 ± 16
@25 μM

33 ± 3
@50 μM

6 ± 1 @100 μM
+ 1 µg/mL PMBN

5±6
@25 μM

2 ± 11
@50 μM

E. coli ΔtolC (% inh.)
E. coli K12 (% inh.)

*Pf: Plasmodium falciparum, E. coli or Ec: Escherichia coli, PK/LDH: pyruvate
kinase/lactate dehydrogenase, n.d.: not determined, PMBN: polymyxin B nonapeptide

For the synthesis, we selected four readily available N-Bocprotected amino acids; L-valine, L-leucine, L-tyrosine and glycine. To
obtain derivatives with modifications on the RHS, the 2aminothiazole building block 6 was accessed via Hantzsch
condensation and used for amide couplings followed by Bocdeprotection (Scheme 1).19 In order to evaluate the influence of an
increased number of rotatable bonds in accordance to the eNTRy
rules, ethyl-pyrrole derivative 7 was used to synthesise the
corresponding glycine derivative 12 with one additional rotatable
bond.
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Scheme 1 Synthetic route for right-hand side modifications. a) Thiourea,
EtOH, Δ, 16 h. b) N-Boc-AA-OH, HBTU, TEA, DMF, RT, 18 h. c) DCM, TFA, RT,
30 min. AA: amino acid side chain.

The amide moiety of the amino acids was also considered as a
suitable bioisosteric replacement of the pyrrole moiety on the lefthand side (LHS). As 2,4-aminothiazoles are known to be unstable
and general concerns about the stability of 2-aminothiazoles
emerged from the underlying class, we decided to use building
block 18 with a direct phenyl-linker in position 2. 20,21 The N-Boc
protected compound 19 was accessed via a Curtius rearrangement
and used for amide couplings followed by Boc-deprotection to
afford a small library of LHS-modified compounds (Scheme 2). 22,23

Scheme 2 Synthetic route for left-hand side modifications. a) DPPA, TEA,
tBuOH, 80 °C, 18 h. b) 4 M HCl/dioxane, RT, 16 h. c) N-Boc-AA-OH, HBTU,
TEA, DMF, RT, 18 h. d) DCM, TFA, RT, 30 min. AA: amino acid side chain.

Out of the new compounds, only RHS amine derivative featuring Ltyrosine 13 showed moderate inhibitory activity against E. coli IspE,
(IC50 = 200 ± 35 µM), yet selectivity over PK/LDH. In contrast,
moderate inhibitory activities selective for PfIspE were observed for
the three Boc-derivatives 9, 11 and 12 (Table S2, ESI†) and out of
them, both N-Boc-valine 9 (PfIspE IC50 = 61 ± 7 µM and PfNF54 IC50 =
1.9 ± 0.4 µM) and N-Boc-glycine 11 (PfIspE IC50 = 196 ± 44 µM and
PfNF54 IC50 = 5.1 ± 0.5 µM) showed low micromolar antimalarial
activity, being the first inhibitors of PfIspE showing also antimalarial
activity. The overall weak enzymatic activities suggested minimal E.
coli IspE target engagement of the class and we shifted our focus to
study how well the reported rules listed in Table 1 apply to this set
of compounds. To evaluate antibacterial activity, we screened the
compounds primarily against E. coli efflux-pump mutated ΔtolC and
wildtype K12 strains. Since most of the compounds only showed
antibacterial activity against the efflux-pump mutated E. coli ΔtolC
and not against wildtype K12 (Table S3, ESI†), we decided to
compare only the ΔtolC results and the respective physicochemical
properties to minimise the impact of efflux issues (Table 3). One of
the difficulties with the current rules is the lack of clear boundaries
of their applicability and therefore, where no reported values were

given, we distinguished the physicochemical properties with colour
coding (Table 3) to differentiate the N-Boc protected compounds
from the free base forms, and not in comparison to other known
antibiotics.
The applicability of the eNTRy rules was tested by comparing
the Boc-protected derivatives 8–12 and 21–23 to the amine
derivatives 13–17 and 24–26. As a general trend, we observed that
most ionisable amine derivatives have improved cellular activity in
comparison to the Boc-protected compounds. This trend is more
dominant on the RHS-derivative compounds. This is in line with the
eNTRy rules as the Boc-protected compounds generally display a
higher number of rotatable bonds and lack the ionisable amine.
Interestingly, the ethyl-pyrrole derivatives featuring glycine 17
showed a similar activity profile to its corresponding methyl-pyrrole
derivative 16 despite the increased number of rotatable bonds, but
still being within the eNTRy limits. All tested compounds respect the
limits of low globularity, although the Boc-protected compounds
have higher globularity than the corresponding amine derivatives.
Another parameter of rigidity was described by S. Cooper et al. as
b_rotB (fraction of rotatable bonds), stating that b_rotB should be
below 0.2 to achieve higher activities in E. coli in the absence of
efflux.9 Using this parameter of rigidity, all of the compounds would
have been predicted not to accumulate well. The Boc-protected
compounds also show lower solubility in the bacterial assays, which
is supported by the calculated logD 7.4, logP(o/w) and SlogP values that
are poorer than for the amine derivatives (Table 3). However, the
Boc-derivatives have a higher TPSA than the corresponding amine
derivatives. In contrast to the antibacterial activity results, the Bocprotected compounds 8–12 are more active in the enzyme assay
than the corresponding free amines (Table S2, ESI†). This brings
across one of the key challenges in antibiotic research, how to
achieve cellular activity and target engagement in a balanced way.
For example, it would be expected that the best reference EcIspE
inhibitor 1 would show antibacterial activity based on the overall
profile of the calculated properties. Additionally, in contradiction to
the experimental results of compound 1 (E. coli K12 % inh. with 1
μg/mL PMBN = 6 ± 1% @100 μM), the antibacterial scoring profile
implemented in StarDrop also predicts high antibacterial activity
(score=0.4), but rates the new amino acid derivatives poorly (Tables
2 & 3). On the other hand, the other reference compounds 2 and 3
do not exhibit any antibacterial activity that is supported by the
predicted poor antibacterial scoring profile (score=0.0 for both).
Since the observed antibacterial activities against E. coli ΔtolC
did not correlate with these against wildtype E. coli K12, the most
active compounds against E. coli ΔtolC were also tested against
efflux-pump mutated E. coli ΔacrB, lipopolysaccharide-mutated E.
coli D22 and porin-knockdown mutant (BL21(DE3)omp8) to evaluate
potential permeation or efflux issues (Table 4 and Table S3, ESI†).
Reference compounds 2 and 3, however, do not display any
antibacterial activity in any of the mutant strains (Table 4).
Accumulation into Gram-negative bacteria can occur via active or
passive transport. Recent studies show that molecular uptake
through porins is governed by other properties than by a previouslydefined, simple MW cut-off (≤600 Da).24,25 Most of the rules given in
Table 1 are based on the dominating E. coli OmpF. The eNTRy rules
demonstrate that the ionisable amine is needed for a key salt-salt
interaction within OmpF and the scoring function by S. Acosta-

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins
ARTICLE

Journal Name

Gutiérrez et al. relies on compound passage through outer
membrane porins including E. coli OmpF and OmpC.5,7 Therefore,
we used the porin-knockdown mutant (BL21(DE3)omp8) to
evaluate, whether the primary amine is needed for permeability via
porins and in fact, none of the tested compounds showed
antibacterial activity against the omp8 strain lacking the major E.
coli porins OmpF, OmpA and OmpC (Table 4). 26 With respect to the
eNTRy rules, the glycine derivative 17 showed no inhibition against

the omp8 strain, suggesting that the amine could indeed play a role
in the uptake via the porins. On the other hand, its Boc-derivative
12 also showed no inhibition, thus disagreeing with the necessity of
the ionisable amine proposed by the eNTRy rules, leaving the
question of the real uptake mechanism of the series (Table S3, ESI†).
With respect to the other defining properties for porin passage, the

Table 3 Summary of Escherichia coli ΔtolC growth-inhibition results with their respective calculated properties from the different rules related to antibacterial
activity in Gram-negative bacteria.

logD7.4

MW (Da)

TPSA (Å2)

Minimal projection area (Å2)

Dipole moment (D)

logP(o/w)

b_rotR

SlogP

Antibacterial scoring profile

4

4.53

0.1

354.4

107.1

49.06

7.9

1.1

0.2

0.6

0.40

2

30 ± 16 (@25 μM)

no

0.029

5

3.58

4.0

329.4

60.1

39.98

0.9

3.3

0.2

4.8

0.00

3

33 ± 3 (@50 μM)

no

0.029

5

3.12

4.4

345.5

46.9

40.33

1.4

4.1

0.2

5.2

0.00

9 ± 13 (@50 μM)

no

0.060

8

1.92

4.4

470.6

105.5

66.87

4.5

4.3

0.3

4.9

0.05

13 L-tyrosine

38 ± 14 (@100 μM)

yes (7.7)

0.153

5

5.01

0.5

370.5

93.2

39.96

5.2

2.6

0.2

3.3

0.25

9 N-Boc-L-valine

14 ± 10 (@50 μM)

no

0.077

7

2.29

4.0

406.5

85.3

63.45

3.7

4.0

0.3

4.6

0.07

14 L-valine

42 ± 15 (@100 μM)

yes (7.3)

0.046

4

5.18

0.7

306.4

72.9

40.69

4.1

2.4

0.2

3.0

0.06

5 ± 8 (@50 μM)

no

0.058

8

2.29

4.4

420.6

85.3

62.04

3.8

4.5

0.3

5.0

0.07

15 L-leucine

58 ± 17 (@100 μM)

yes (7.8)

0.043

5

5.31

0.8

320.5

72.9

42.62

4.2

2.8

0.3

3.4

0.06

11 N-Boc-glycine

46 ± 12 (@100 μM)

no

0.040

6

2.46

3.3

364.5

85.3

51.45

3.2

2.6

0.3

3.6

0.10

16 glycine

57 ± 2 (@100 μM)

yes (7.5)

0.016

3

6.58

0.3

264.3

72.9

32.52

4.0

0.9

0.2

2.0

0.08

12 N-Boc-glycine

41 ± 17 (@50 μM)

no

0.021

7

2.99

3.6

378.5

85.3

52.69

3.1

2.9

0.3

4.0

0.10

17 glycine

55 ± 14 (@100 μM)

yes (7.5)

0.034

4

5.49

0.0

278.4

72.9

34.21

4.0

1.3

0.3

2.4

0.12

21 N-Boc-L-valine

21 ± 2 (@100 μM)

no

0.072

7

4.07

3.8

375.5

80.3

58.43

3.9

4.3

0.3

4.3

0.08

24 L-valine

17 ± 1 (@100 μM)

yes (8.0)

0.066

4

4.55

1.1

275.4

68.0

40.64

4.1

2.6

0.3

2.7

0.04

22 N-Boc-L-leucine

–3 ± 1 (@100 μM)

no

0.107

8

1.92

4.1

389.5

80.3

59.22

3.8

4.7

0.4

4.7

0.08

25 L-leucine

32 ± 1 (@100 μM)

yes (8.1)

0.044

5

4.72

1.3

289.4

68.0

38.26

2.5

3.0

0.3

3.1

0.04

23 N-Boc-glycine

34 ± 10 (@100 μM)

no

0.062

6

1.83

3.1

333.4

80.3

48.59

3.5

2.8

0.3

3.3

0.11

26 glycine

10 ± 5 (@100 μM)

yes (8.1)

0.007

3

5.72

0.1

233.3

68.0

29.49

3.2

1.2

0.2

1.7

0.06

Rotatable bonds

0.031

Globularity

no

Ionisable amine

n.d.

Left-hand side (LHS)

(Most basic pKa)

1

E. coli ΔtolC (% inh.)

Amphiphilic moment (vsurf_A)

Right-hand side (RHS)

AA = amino acid side chain

Reference

RHS – R = Me
8 N-Boc-L-tyrosine

10 N-Boc-L-leucine

RHS – R = Et

LHS
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*Colour coding was applied for the reported cut-off limits, where possible, and otherwise, arbitrarily chosen cut-off limits were used to differentiate the N-Boc protected
compounds from the free base forms. The colour coding of the results is as follows, (green: obeys the rule, orange: in between and red: disobeys the rule, not statistically
determined): E. coli ΔtolC % inh.: red (<20%), orange (20–39%) and green (>40%) at the highest compound solubility, ionisable amine: green (yes) and red (no), globularity: green
(≤0.25), rotatable bonds: green (≤5) and red (>5), amphiphilic moment: red (≤4.0) and green (>4.0), logD 7.4: green (<1.5), and red (>1.5), MW: green (<600 Da) and red (>600 Da),
TPSA: red (<60 Å2) and green (>60 Å2), minimal projection area: green (<50 Å2) and red (>50 Å2), dipole moment: green (>5.5 D) and red (<5.5 D), logP (o/w): green (<1.5) and red
(>1.5), b_rotR: green (<0.2), orange (0.2) and red (>0.2), SlogP: green (<–0.5) and red (>–0.5) and antibacterial scoring profile: red (<0.40) and green (>0.40). n.d.: not determined.

Table 4 Summary of the activities of the most active compounds against a panel of Escherichia coli strains, Staphylococcus aureus and HepG2 cells

Percentage Inhibition
(@100 μM or unless otherwise stated)
E. coli

LHS

RHS

Ref.

Compound

S. aureus
Newman

HepG2

–4 ± 3

6±1

19 ± 2

–22 ± 19

7±5

–3 ± 5

K12

ΔtolC

ΔacrB

D22

(DE3)
omp8

2 (@25 μM)

5±6

30 ± 16

2±5

9±7

3 (@50 μM)

2 ± 11

33 ± 3

6±7

3±4

16 glycine

13 ± 0

57 ± 2

4±8

3±3

18 ± 1

6±3

19 ± 12

17 glycine

13 ± 2

55 ± 14

65 ± 1

20 ± 4

16 ± 10

14 ± 3

23 ± 5

24 L-valine

10 ± 13

17 ± 1

1±2

14 ± 1

–3 ± 16

5±3

n.d.

25 L-leucine

18 ± 11

32 ± 1

11 ± 6

18 ± 3

30 ± 7

11 ± 1

n.d.

26 glycine

22 ± 4

10 ± 5

6±1

15 ± 3

–20 ± 19

–2 ± 5

17 ± 17

(@50 μM)

(@50 μM)

*The colour coding of the results is as follows: bacterial %-inh.: red (0–19%), orange (20–39%), and green (>40%) at the highest compound solubility. RHS: right-hand side, LHS: lefthand side, n.d.: not determined.

reference compounds 2 and 3 lack ionisable amines and have clearly
lower dipole moments than compound 1, but they have smaller
minimal projection areas. All amine derivatives have higher dipole
moments than the corresponding Boc-protected derivatives, except
the LHS derivatives L-leucine 25 and glycine 26. The dipole moments
of the amine derivatives are, however, lower than the threshold (5.5
D), which is shown for P. aeruginosa for good outer membrane
permeability.9 The minimal projection areas of the amines are also
lower compared to their corresponding Boc-derivatives, supporting
the general trend seen with the slightly increased antibacterial
activities in the efflux-suppressed mutants.
As we observed increased antibacterial activities for glycine
derivatives 16 and 17 in the efflux-mutated strains, the lack of
activity in the wildtype strain K12 is likely to be linked to efflux
issues. The TolC-pump is located in the outer membrane, whereas
the AcrB-pump is in the inner membrane of the E. coli
transmembrane efflux pump AcrAB–TolC.27 Efflux issues have also
been linked to high lipophilicity measured as non-ionisable
lipophilicity logP(o/w) (>1.5) and SlogP (>–0.5).9 Only the glycine
derivatives 16 and 17 are within the limits of logP(o/w) (0.9 and 1.4,
respectively) and therefore, should avoid efflux in the wildtype
strain K12 (Table 3). Interestingly, the effect of the increased activity
in E. coli ΔacrB is only present for the ethyl-pyrrole derivative 17
and not for the methyl-pyrrole derivative 16, nor for their
corresponding Boc-derivatives 11 and 12, (Table S3, ESI†), nor for
the LHS free amine derivatives 24–26. This may also be due to
different concentrations of the compounds being present in

different compartments of the cell envelope, which may cause
different parts of the efflux pumps being more engaged than others.
The accumulation of the compounds into the different bacterial
compartments could be confirmed by MS-based methods. 28
However, due to the overall lack of antibacterial activity within the
series this path was not followed. Based on the results of the E. coli
mutants, it is likely that the ionisable amines engage partly with the
outer membrane porins and accumulate in, but are later pumped
out, seemingly recognised by the efflux-pump units. No clear
inhibitory differences for the Boc-derivatives against the mutants
were observed, which contradicts the clear single uptake pathway
of the primary amine uptake via porins. Due to the lipophilicity of
Boc-derivatives, passive transport through the phospholipid layers
could also occur or alternatively, via amino acid specific uptake. Due
to the weak target engagement, it is difficult to assess the influence
of different amino acids on the antibacterial activities. It is
important to remember that amino acids are also important
building blocks for bacteria, and specific chemotaxis proteins are
linked to different amino acids. 29–31 Particularly out of the amino
acids used in this study, glycine is reported as an attractant for E. coli
growth via Tsr receptor engagement, whereas L-valine, L-leucine and
32–35
L-tyrosine are reported as repellents.
The most striking
difference is that most of the compounds showed no activity against
Gram-positive Staphylococcus aureus, except L-leucine derivative 15
(% inh. = 52 ± 15 @100 µM). This could be related to different
chemotaxis mechanisms or slight target engagement, in particular,
as the MEP pathway is absent in most Gram-positive bacteria. 36,37
The glycine derivative 17 also weakly inhibited P. aeruginosa (% inh.
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= 11 ± 7 @100 µM) and A. baumannii, (% inh. = 31 ± 17 @100 µM),
the latter even slightly more than E. coli K12. Further studies are
needed to understand if such bacteria-specific amino acid handles
could be used to solve uptake issues or in fact, if they are
recognised as toxins resulting in efflux. Such amino acid modified
compounds could be implemented as “recognition handles” for
chemotaxis-enhanced accumulation or for efflux-pump inhibitors
into a class with a clear cellular and target engagement.

Conclusions
One of the major problems of antibiotic research is to achieve a
balance between antibacterial and enzymatic activity, and yet to
have a good safety profile. The implementation of L-amino acids in
accordance to the eNTRy rules into the old antimalarial class did not
result in a highly active antibacterial compound series.
Nevertheless, increased antibacterial activity was achieved in
comparison to the reference compounds at the expense of efflux
issues as demonstrated with the E. coli mutants. Modifications with
a non-chiral glycine might be a suitable option to enhance
antibacterial activity by introducing an ionisable primary amine, as
shown by glycine derivate 17. It might also be worth investigating
other amino acids, particularly ones linked to chemotaxis used in
Gram-negative bacteria. Eventually, such amino acid-modified
compounds could also be used as “recognition probes” for cellular
uptake or for efflux pumps inhibitors. One should, however, avoid
designing compound series based on only one set of the current
rules available in the literature. We hope that the antibiotic
community will continue to investigate the underlying chemical and
biological principles of antibiotic accumulation and excretion in a
holistic way.

Experimental
Cloning, expression and purification of Plasmodium falciparum
IspE Custom-synthesised DNA fragment coding for IspE of P.
falciparum was purchased from GenScript (Piscataway, NJ, USA)).
The purchased plasmid DNA (based on pET22(+) vector) was used as
the template for re-cloning of the DNA fragment coding for IspE
with simultaneous re-arrangement of the His6-Tag from N terminus
to the C terminus of the protein. The DNA fragment coding for IspE
of P. falciparum was amplified by PCR using primers shown in Table
S1. The amplificate was isolated from agarose gel, digested with
restriction endonucleases NcoI and HindIII and ligated into the
plasmid pNCO113 that had been treated with the same restriction
enzymes. The plasmid pNCO113-PFispE-cHis6, containing IspE under
control of T5 promoter, was transformed into the E. coli XL1 strain.
The transformants were plated on LB medium containing Ap (170
mg/L). LB medium (50 mL) containing Ap (170 mg/L) was inoculated
with one colony from the plate and incubated for 12 hours at 37 °C
in shaking flasks. Preculture (15 mL) was transferred into 1.5 L of
terrific broth medium containing Ap (170 mg/L) and incubated for 3
hours at 37 °C in shaking flasks until the OD 600 reached 0.6. The
cultures were cooled down to 25 °C, and the incubation was
continued for 72 hours in shaking flasks. The cells were harvested
by centrifugation (2000 x g, 4 °C, 30 min). The cell pellet was

washed once with saline, centrifuged once again and the
supernatant was discarded. The cell paste was stored at –20 °C.
All procedures used for cell disruption and protein isolation and
purification were performed at 4 °C. Cell paste (10 g) was
resuspended in buffer A (50 mM Tris-HCl pH 9.0, 15 mM imidazole
500 mM NaCl, 5 % glycerol; 50 mL). Cell disruption was achieved by
passing the cell slurry two times through the French Press prechilled
to 4 °C. Cell debris was centrifuged down (10,000 x g, 4 °C, 30 min).
The supernatant was applied onto a chelating sepharose column
(Ni2+-form, 1 cm x 25 cm) equilibrated with buffer A. The column
was washed with buffer A (220 mL) and the protein was eluted by a
three-step gradient of imidazole concentration (50 mM, 250 mM
and 500 mM) in buffer B (50 mM Tris/HCl pH 9.0, 500 mM NaCl, 5 %
glycerol). Fractions containing IspE were identified with
polyacrylamide gel electrophoresis, pooled and applied in 10 mLaliquots onto a Sephadex G-25 fine cross-linked dextran column (2
cm x 60 cm) equilibrated with buffer C (50 mM Tris/HCl pH 9.0, 100
mM NaCl, 2 mM DTT, 5% glycerol). The column was developed with
the same buffer (flow rate, 10 mL/min). The fractions containing
IspE were identified with polyacrylamide gel electrophoresis,
concentrated using Ultrafiltration Cell (Merck, Darmstadt, Germany)
equipped with the membrane permeable for proteins with
molecular weight up to 10 kDa. The final samples of IspE were
stored at –80 °C. The nucleotide sequence of the DNA fragment
coding for IspE from P. falciparum is given in Fig. S1, ESI†.
In vitro IspE inhibitory assay For the IspE assay, CDP-ME (1.0 mM
and 0.2 mM for the assaying of IspE from P. falciparum and E. coli,
respectively) in 100 mM Tris-HCl, pH 7.6, 0.02% NaN3 (30 µL) were
added to a microplate well preloaded either with DMSO or with test
compound dissolved in DMSO (3 µL). E. coli IspE was purified as
previously described.18,38 The reaction was started by addition of
100 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 60 mM KCl, 10 mM
dithiothreitol, 0.02% NaN3, 1 mM NADH, 2 mM
phosphoenolpyruvate, 2 mM ATP, pyruvate kinase (1 U mL-1),
lactate dehydrogenase (1 U mL-1), and E. coli IspE (0.05 U mL-1) (27
µL per microplate well). For the pyruvate kinase and lactate
dehydrogenase (PK/LDH) assay 1 mM ADP in 100 mM Tris-HCl, pH
7.6 (30 µL) was added to a microplate well that had been preloaded
with DMSO or with test compound solved in DMSO (3 µL). The
reaction was started by addition of 100 mM Tris-HCl, pH 7.6, 10 mM
MgCl2, 200 mM KCl, 10 mM dithiothreitol, 0.02% NaN3, 1 mM
NADH, 2 mM phosphoenolpyruvate, pyruvate kinase (0.05 U mL -1)
and lactate dehydrogenase (0.05 U mL-1) (27 µL per microplate
well). The assays were monitored photometrically at room
temperature for 30 min. A summary of the results can be found in
Table S2, ESI†.
In vitro antibacterial assays Assays regarding the determination of
the minimum inhibitory concentration (MIC) were performed as
described recently.39 Our experiments were based on a variety of E.
coli strains/mutants (K12, D22, ΔtolC, ΔacrB, and BL21(DE3)omp8 as
well as S. aureus (Newman strains), P. aeruginosa (PA14) and A.
baumannii (DSM30007). For the case that no MIC value could be
determined due to activity reasons, percentage (%) inhibition at 100
µM (or lower, depending on the solubility of the compounds) was
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determined. A summary of the results can be found Tables S3 and
S4, ESI†.
In vitro cytotoxicity assay Cytotoxicity assays based on the human
hepatocellular carcinoma cell line HepG2 were performed as
described previously.40 A summary of the results can be found in
Table S3, ESI†.
In vitro antiplasmodial assay Plasmodium falciparum drug-sensitive
NF54 (airport strain from The Netherlands, provided by F.
Hoffmann-La Roche Ltd) was cultivated in a variation of the medium
consisting of RPMI 1640 supplemented with 0.5% ALBUMAX® II,
25 mM Hepes, 25 mM NaHCO3 (pH 7.3), 0.36 mM hypoxanthine,
and 100 μg/mL neomycin, as previously described.41,42 Human
erythrocytes served as host cells. Cultures were maintained in an
atmosphere of 3% O2, 4% CO2, and 93% N2 in humidified modular
chambers at 37 °C. Compounds were dissolved in DMSO (10 mM),
diluted in hypoxanthine-free culture medium and titrated in
duplicate over a 64-fold range in 96 well plates. Infected
erythrocytes (1.25% final hematocrit and 0.3% final parasitemia)
were added into the wells. After 48 h incubation, 0.25 μCi of
[3H]hypoxanthine was added per well and the plates were
incubated for an additional 24 h. Parasites were harvested onto
glass-fiber filters, and radioactivity was counted using a Betaplate
liquid scintillation counter (Wallac, Zurich). The results were
recorded and expressed as a percentage of the untreated controls. 43
Fifty percent inhibitory concentrations (IC 50) were estimated by
linear interpolation. A summary of the results can be found in Table
S3, ESI†.
Chemistry All reagents and solvents were of commercial quality and
used without further purification. Chemical yields were not
optimised. Flash column chromatography (FCC) was performed for
compounds packed in ISOLUTE® HM-N (Biotage AB, Uppsala,
Sweden) using CombiFlash Rf+ (Teledyne Isco Ltd., Lincoln, NE, USA)
equipped with RediSepRf silica columns (Axel Semrau GmbH,
Sprockhövel, Germany). Low-resolution mass analytics and purity
control of final compounds was carried out using an Ultimate 3000ISQ liquid-chromatography mass spectrometry (LCMS) system
(Thermo Fisher Scientific AG, Dreieich, Germany), consisting of a
Dionex UltiMate pump, an autosampler, DAD detector and an ESI
quadrupole mass spectrometer. Preparative reverse phase-high
performance liquid chromatography (RP-HPLC) was performed
using an UltiMate 3000 Semi-Preparative System (Thermo Fisher
Scientific AG, Dreieich, Germany) with a Nucleodur ® C18 Gravity
(250 mm × 10 mm, 5 μm) column. NMR spectra were recorded on a
Bruker AV 500 (1H, 500 MHz; 19F, 376 MHz; 13C, 126 MHz)
spectrometer. All spectra were measured in CDCl 3 or DMSO-d6, and
chemical shifts were adjusted based on the residual proton of the
internal standard in parts per million (ppm), (CDCl 3, δ = 7.27, 77.00
and DMSO-d6, δ = 2.50, 39.51, 1H and 13C respectively). Coupling
constants (J) are given in Hertz (Hz) and the following abbreviations
were used for multiplicity (s = singlet, d =doublet, t = triplet, m =
multiplet, br = broad or combinations of these). High-resolution
mass spectrometry (HRMS) was determined by Thermo Scientific Q
Exactive Focus Orbitrap system. The purity of all synthesised
compounds used for biological testing was determined by UV

tracing at 254 nm in the LCMS platform, being (≥95%) except
compound 8 (93%). The reference compound 1 originated from a
previous publication within the consortium. 18 Reference compounds
2 (Enamine Z26672805/CAS 2094230-26-7) and 3 (Enamine
Z26672672/CAS 2391905-54-5) were commercially purchased
compounds that were kindly provided by BASF. Synthetic
derivatives were synthesised according to Schemes 1 and 2 using
General Procedures A and B as described in more detail in Section
2, ESI†.
Computational methods StarDrop v. 6.6.4.23412 (Optibrium, Ltd.,
Cambridge, UK) was used to calculate logD7.4, MW, TPSA, pKa and
antibacterial scoring profile and to screen for PAINS showing no
hits. The latter two were accessed via the Optibrium Community
(http://www.optibrium.com/community/)).
Dipole
moment
(PM3_dipole), fraction of rotatable bonds (b_rotB), predicted log of
the octanol/water partition coefficients (logP(o/w)) and (SlogP) and
amphiphilic moment (vsurf_A) were calculated with Molecular
Operating Environment (MOE) 2018.01 software (Chemical
Computing Group ULC, Montreal, Canada). MarvinSketch 20.8,
ChemAxon, was used for calculating minimal projection area
(https://www.chemaxon.com). The accordance to the eNTRy rules
was predicted using eNTRyway, where N: presence of an ionisable
primary amine, T: globularity and R: number of rotatable bonds. 5,44
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