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The presented series of naphthalene-N-sulfonyl-D-glutamic acid derivatives are novel MurD ligase inhibitors
with moderate affinity that occupy the D-Glu binding site. We performed an NMR study including transfer
NOE to determine the ligand bound conformation, as well as saturation transfer difference experiments to
obtain ligand epitope maps. The difference in overall appearance of the epitope maps highlights the importance
of hydrophobic interactions and shows the segments of molecular structure that are responsible for them.
Transfer NOE experiments indicate the conformational flexibility of bound ligands, which were then further
examined by unrestrained molecular dynamics calculations. The results revealed the differing degrees of
ligand flexibility and their effect on particular ligand-enzyme contacts. Conformational flexibility not evident
in the crystal structures may have an effect on ligand-binding site adaptability, and this is probably one of
the important reasons for the only moderate activity of novel derivatives.

1. Introduction

The bacterial peptidoglycan biosynthetic pathway consists of
several steps that are considered as targets for the development
of novel antimicrobial agents. Mur ligases are intracellular
enzymes involved in the biosynthesis of cytosolic peptidoglycan
precursors. In particular, MurA and MurB enzymes catalyze
the synthesis of UDP-N-acetylmuramic acid (UDP-MurNAca),
while MurC to MurF enzymes consecutively link peptides L-Ala,
D-Glu, L-Lys, and D-Ala-D-Ala dipeptide, respectively, to form
UDP-MurNAc-pentapeptide. Subsequently, the pentapeptide is
attached to a lipid tail and further cross-linked within the cell
membrane.1,2

A paper3 recently appeared on novel naphthalene-N-sulfonyl-
D-glutamic acid derivatives that inhibit MurD, a key enzyme
within the Mur ligase series. The IC50 values of a structurally
diverse set of compounds ranging between 80 and 600 µM did
provide some foundation for the structure-activity relationship.
It appears that the best inhibitor has a 2-naphthalene substituted
N-sulfonyl-D-glutamic acid and arylalkyloxy substituent at the
6- and 7-positions. SAR indicates that the 6-(aryl)alkyloxynaph-
thalene side chain contributes favorably to the binding affinity,
and the lipophilic character makes the dominant contribution.

It is interesting to note that MurD was shown to be highly
stereospecific when D,L-Glu enantiomers were used as substrates.
L-Glu is completely inactive up to 5 mM.5 However, enzyme

stereospecificity is much less pronounced with regard to
inhibition by naphthalene-N-sulfonyl-D,L-glutamic acid deriva-
tives. For example, (R)- and (S)-6-butoxy derivatives give an
IC50 ratio of only 2.5.4

The high resolution crystal structure of the MurD complex
with several inhibitors revealed detailed inhibitor binding within
the active site. Most notably, the glutamate moiety of the
naphthalene-N-sulfonyl-D,L-glutamic acid derivatives binds within
the D-Glu-binding pocket. The naphthalene ring of the inhibitors
is positioned in a cleft within the binding site, possibly making
hydrophobic interactions, and the 6-(aryl)alkyloxy substituents
extend into the uracil-binding pocket. It seems that only small
differences in the binding modes of the naphthalenesulfonamido
group contributed to the 3-fold difference in IC50 values between
(R)- and (S)-6-butoxy derivatives. Moreover, positional isomers,
6-(4-cyanobenzyloxy)naphthalene derivative and the analogous
7-derivative, show comparable IC50 values. A comparison of
high resolution crystal structures of the MurD complex with
both compounds indicates that the binding site can easily
accommodate both conformations of the lipophilic moieties.3

There is no doubt that the experimentally determined positions
and conformations of compounds in the MurD active site offer
a solid foundation for optimization of inhibitors in this structural
class.

However, we considered that the exploration of conforma-
tional dynamics of the ligands in the enzyme binding site might
shed some additional light on the 3D static pictures yielded by
X-ray diffraction. It is generally accepted that conformational
dynamics can strongly affect the stability of the ligand-protein
complex. In view of the concepts on induced fit or protein
conformation selection, which focus on ligand-protein binding
site adaptability,6 a conformational dynamics study could afford
important findings that complement the conclusions from the
SAR study and the high resolution crystal structure studies.
Moreover, the crystal structures of several novel derivatives in
complex with MurD could not be determined. For the novel
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inhibitors examined in this study (Table 1) only the crystal
structures of 17c, 20, and 17l in complex with MurD are
available.3,4

Here we report the results of the solution NMR and
unrestrained molecular dynamics (MD) studies of a series of
novel naphthalene-N-sulfonyl-D,L-Glu derivatives (Table 1) in
complex with MurD. For the NMR studies MurD (47.7 kDa)
was isolated and purified from E. coli. Because of the high
molecular weight of the enzyme and moderate binding affinity
of novel derivatives, ligand-based NMR methods, transferred
NOE, and saturation transfer difference experiments were
selected to investigate the bound ligands. The aim was to obtain
the conformational and dynamic properties of the bound ligands
and to explore their influence on ligand-enzyme interactions.
This will provide structural and dynamic insight into the
observed differences in the activity of novel inhibitors, which
could be important for the rational design of more active
derivatives.

2. Results and Discussion

2.1. Conformation of the Bound Ligands. The conforma-
tional properties of the bound naphthalene-N-sulfonyl-D,L-Glu
derivatives were studied by the application of transferred NOE
experiments.7,8 Initial NOE experiments of the most potent
derivatives performed in the absence and in the presence of
MurD have shown that the rate of dissociation from the complex
fulfils the requirements for successful transfer of NOEs from

the bound to the free state. The sign change of the ligand NOE
cross-peaks was observed upon addition of the enzyme. In
NOESY spectra recorded in the absence of the enzyme only a
few very weak positive NOE cross-peaks were observed. Thus,
the contribution of the NOE contacts of the free ligand to the
transferred NOE cross-peaks is negligible.

Nontrivial NOEs observed in transferred NOESY spectra
and calculated distances are listed in Table 2. Distances from
the crystal structures3,4 are added for the derivatives 17c,
20, and 17l. For some derivatives mutually exclusive NOEs
are observed between the naphthalene ring and its C6 or C7
substituent and between the naphthalene ring and D-Glu
moiety. These NOEs indicate the conformational dynamics
of the ligands at the enzyme binding site. Because of the
conformational averaging, the NOEs will be used qualitatively
as indicators for the presence or absence of a population with
a certain type of relative orientations between molecular
segments. The differences in distance values can be a
consequence of different population distributions between
exchanging conformers in solution. The distance values in
Table 2 are given just to emphasize the differences between
the conformational properties of bound ligands in the crystal
and in solution.

Strong NOEs between H5 and CH2(1) are observed for C6
substituted naphthalene-N-sulfonyl-D,L-Glu derivatives. Weak
NOEs between H7 and CH2(1) protons are also present for most
of the derivatives. Simultaneous observation of H5-CH2(1) and
H7-CH2(1) NOEs could be a consequence of naphthalene ring
rotation or different orientations of the C6 substituent. In the
case of derivative 17i, similar conformation flexibility can be
proposed because of the presence of mutually exclusive
H5-cPeH1 and H7-cPeH1 NOEs. An additional pair of
mutually exclusive NOEs of H5 with cyclopentyl cPeH2 and
cPeH5 protons indicates cyclopentyl ring rotation (Figure 1).
NOEs that would indicate rotations of the phenyl or cyanobenzyl
ring of derivatives 17j, 17k, and 17l cannot be observed because
of the magnetic equivalence of protons at the ortho and meta
positions of the free ligand. For the C7 substituted N-sulfonyl-
D-Glu derivative (38), conformational flexibility in this part of
the molecule can be proposed because of observations of strong
H8-CH2(1) and weak H6-CH2(1) NOEs.

The proximity of H5 and CH2(1) protons is observed only in
the crystal structure of bound 17c. In the crystal structures of
bound 20 and 17l these protons are more than 4 Å apart while
the H7 and CH2(1) protons are closer than 2.6 Å. Differences
in these distances indicate a different orientation of the alkyloxy
moiety relative to the naphthalene ring. In solution, the preferred
orientation of the alkyloxy moiety relative to the naphthalene
ring appears to be similar for all C6 substituted derivatives with
IC50 values ranging between 100 and 710 µM.

Naphthalene ring rotation can also cause the mutual appear-
ance of H3-HR and H1-HR NOEs. For D-Glu derivatives,
medium H1-HR NOEs, and medium (17c, 17l, 17k, 11d) or
weak (17i, 17j, 17f, 17g, 20, 38) H3-HR NOEs are observed.
The relative orientation of the D-Glu moiety and naphthalene
ring in the crystal structures of bound 17c and 17l corresponds
only to the observation of the H3-HR NOE. For the L-Glu
derivative (20), both NOEs between the naphthalene ring protons
and the HR proton are weak. This is the only significant
difference between bound conformations of the more potent
D-Glu derivatives and the less potent L-Glu derivative in solution
that is obviously influencing the ligand-enzyme interactions.
In the crystal structure of bound 20 the H3-HR and H1-HR

distances are larger than 4.3 Å. The formation of an extended

Table 1. Structures of Investigated Compoundsa

a MurD inhibitory activity of compounds was published previously. The
same compound labels are used as in the published synthetic studies.3

2900 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Simčič et al.
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ring-type system is observed in the N-sulfonamido-D-Glu moiety
in the crystal structures of 17c and 17l, which is absent in the
crystal structure of 20.3,4 For D-Glu derivatives with IC50 values
ranging from 105 to 810 µM both orientations of the naphthalene
ring relative to the D-Glu moiety are populated in solution, and
the orientation corresponding to the proximity of H1 and HR

protons is more favorable.

2.2. Ligand Epitope Mapping. Saturation transfer difference
(STD) NMR9,10 was used to investigate ligand-enzyme con-
tacts. STD amplification factors for epitope mapping were
determined with a short saturation delay of 350 ms to avoid
the effect of the longitudinal relaxation rate on the signal
intensities. Nonuniform relaxation properties across the molecule
are observed for all derivatives. The 1H T1 relaxation times in

Table 2. Nontrivial NOE Connectivities and Corresponding Distances (Å) Calculated from Transferred NOESY Spectra

a Distance from X-ray structure, PDB code 2jff.4 b Observed in 1D trace from 2D spectrum. c Overlapped. d Distance from X-ray structure, PDB code
2uup.3 e Distance from X-ray structure, PDB code 2jfh.4

Naphthalene-N-sulfonyl-D-glutamic Acid DeriVatiVes Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2901
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the naphthalene ring are in the range from 1.4 to 3.0 s. The
lowest T1 values between 0.7 and 0.9 s are observed for protons
in the Glu moiety, while the highest T1 values between 3.3 and
4.4 s are found for protons in the phenyl ring of the arylalkyloxy
substituents. A saturation period shorter than half of the shortest
T1 is recommended to eliminate the effect of relaxation on STD
amplification factors.11 The sensitivity under short saturation
conditions is greatly reduced. Therefore, STD amplification
factors could not be detemined for some multiplet signals of
low intensity, especially for �-protons. These protons have T1

relaxation times lower than 0.8 s, while the T1 of other protons
is equal to or higher than 0.8 s.

Note that in the STD ligand epitope maps (Figures 2-4) the
relative values of the STD amplification factor are normalized
in each molecule separately. The strength of interactions with
the protein can be compared only between the atoms inside a
particular molecule. The STD amplification factor is not an
appropriate parameter for intermolecular comparison because
its magnitude depends on the exchange kinetics of the ligand.10

A major difference in overall appearance of the STD epitope
maps of D- and L-Glu butoxy derivatives (compounds 17c, 38,

and 20) represents the relative strength of the STD effect in the
butoxy chain with respect to the rest of the molecule (Figure
2). The 3-fold reduced activity of the L-Glu derivative (20)
seems to be a consequence of less favorable interactions of the
L-Glu moiety and naphthalene ring with the enzyme. The methyl
protons of the lipophilic butoxy substituent of 20 have a
significantly stronger STD effect than the protons in the other
segments of the molecule. On the basis of the crystal structures
of MurD in complex with 17c and 20, the less favorable binding
interactions of 20 have been proposed because of the displace-
ment of its naphthalenesulfonamido group in the binding cleft.
The D-Glu derivatives (17c and 38) have a uniform STD effect
across the molecule. A similar proximity of protons to the
enzyme in all three molecular segments is observed, especially
for the C6 substituted D-Glu derivative 17c. The relative strength
of interactions of butoxy chain and naphthalene ring with respect
to D-Glu is slightly increased for the C7 substituted derivative
38. It seems that C7 substitution strengthens the hydrophobic
contacts of the ring and butoxy chain with the enzyme.

Figure 1. Expanded regions of NOESY spectra of compounds 17c (left) and 17i (right) showing the presence of mutually exclusive NOEs. The
H4-CH2(1) cross-peak (left) is most probably a consequence of spin diffusion across the H5 proton.

Figure 2. Relative degrees of saturation of individual protons of
derivatives 17c (red), 20 (green), and 38 (yellow) determined from 1D
STD NMR spectra at a 97-fold excess. The values in each molecule
are normalized to the intensity of the signal with the largest STD effect.

Figure 3. Relative degrees of saturation of individual protons of
derivatives 17l (purple), 17k (blue), and 17j (magenta) determined from
1D STD NMR spectra at a 97-fold excess. The values in each molecule
are normalized to the intensity of the signal with the largest STD effect.

2902 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Simčič et al.
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In general, the arylalkyloxy derivatives 17k and 17j with
increased lipophilicity of the C6 substituent and its overall
bulkiness yield similar epitope maps (Figure 3). The protons
with the highest degree of STD effect, which are in tightest
contact with the protein, are located in the C6 substituents.
However, the relative strength of the hydrophobic contacts of
the C6 substituent with respect to the interactions of the rest of
the molecule is higher for 17k than 17j. An almost 2-fold
increased activity of 17k in comparison to 17j confirms the
importance of hydrophobic contacts within the uracil-binding
pocket. For cyanobenzyloxy derivative 17l more uniform STD
effects across the molecule are observed (Figure 3). This cannot
be attributed to less favorable interactions of the C6 substituent
because the C4 substitution of the phenyl ring with a cyano
group prevents observation of the STD effect at the ring’s para
position. The crystal structure of the 17l-MurD complex reveals
the various interactions of the cyanobenzyloxy substituent with
the uracil binding pocket, i.e., hydrogen bonding and π-π
stacking, which obviously increases its activity more than 2-fold
with respect to 17j.

For derivatives 17f, 17g, and 17i (Figure 4) the largest STD
effects are observed in the D-Glu moiety. It seems probable that
the absence of the methylene spacer in the cyclopentyloxy
substituent (17i) reduces the contacts of this lipophilic substitu-
ent with hydrophobic residues in the uracil binding pocket, and
therefore, the contacts between the D-Glu and C6 substituent
protons turn out to be similar. Consequently, there is an almost
2-fold and 3-fold reduced activity of 17i with respect to
arylalkyloxy derivatives 17k and 17l. The relative strength of
the STD effects in the C6-substituent is largely reduced for
derivatives 17f and 17g. Introduced polarity in the C6 substit-
uents of 17f and 17g obviously reduces hydrophobic contacts
with the uracil binding pocket. In addition, the relative strength
of the STD effect in the naphthalene ring is also reduced in
comparison to D-Glu butoxy and arylalkyloxy derivatives. A
similar effect was observed for L-Glu derivative 20. Significantly
lower activity of derivatives 17g and 20 shows the importance
of naphthalene ring interactions. On the other hand the loss of
hydrophobic contacts in 17f does not affect its activity, which
is even slightly higher than that of 17c. One possible explanation
for this effect could be the formation of hydrogen bonds by its
C6 substituent with the receptor binding site.

Surprisingly, the strongest STD effect of unsubstituted
naphthalenesulfonamide 11d is observed in the naphthalene ring
and not in the D-Glu moiety (Figure 4). We can speculate that
interactions of naphthalene ring substituents with the uracil
binding site are hindering the enzyme-naphthalene ring interac-
tions of derivatives 17f, 17g, and 17i. However, the complete
lack of interactions with the uracil binding pocket of 11d results
in the lowest activity among the investigated compounds (Table
1).

2.3. Molecular Dynamics at the Receptor Level. Unre-
strained molecular dynamics simulations of ligand-MurD
complexes clearly indicate the conformational flexibility of
naphthalene-N-sulfonyl-D,L-Glu derivatives at the MurD binding
site. During simulations the naphthalene ring rotates around its
C2-C6 axis by up to 180° and conformational flexibility
connected with reorientation of the alkyloxy moiety or ring
rotations in C6/C7 substituents is observed. During naphthalene
ring rotations notable changes in H1-HR and H3-HR distances
appear. A particular orientation of the naphthalene ring corre-
sponds to proximity of H1-HR or of H3-HR protons. For 20,
these protons are in general more than 3.5 Å apart during the
simulation, which is in agreement with NOE studies. In most
cases, the dihedral angle C5-C6-O-CH2(1) also significantly
changes during pronounced reorientation of the naphthalene ring.
Therefore, the substituent remains fixed in the uracil binding
site, while only the naphthalene ring reorients. However, in some
cases the C5-C6-O-CH2(1) dihedral angle is stable and
changes in the dihedral angles of the alkyloxy moiety, which
are more remote from the naphthalene ring, appear. Significant
changes in the dihedral angles in the alkyloxy moiety and ring
rotations in the substituent can also be observed in the
trajectories when the naphthalene ring position is stable and
indicate additional conformational flexibility of the substituents,
which is not connected with naphthalene ring rotations. With
pronounced changes in the dihedral angle C5-C6-O-CH2(1),
distances between the CH2(1) protons and H5 or H7 protons
change such that either H5 or H7 is closer to the methylene
protons. Conformational flexibility of the derivatives observed
during MD simulation is thus consistent with the observation
of mutually exclusive NOEs discussed in section 2.1.

Different extents of naphthalene ring flexibility observed in
MD trajectories of butoxy derivatives (17c, 20, and 38) are a
major reason for dissimilarities in the binding mode of these
derivatives. The most pronounced naphthalene ring reorienta-
tions up to 180° are observed several times during 2 ns of
simulations for L-Glu derivative 20 (Figure 5A). These severely
affect the electrostatic interactions of the L-Glu moiety with the
enzyme. Only hydrogen bonds between the γ-carboxyl group
and Ser415 are formed during entire simulation, while hydrogen
bonds with Phe422 and Arg425 are lost after ring reorientation
at 900 ps. Hydrogen bonds of the R-carboxyl group with Lys348
and Thr321 are disturbed at 900 ps and finally lost after the
ring flips over at 1600 ps. On the other hand, the R-carboxyl
group of D-Glu derivatives 17c and 38 forms hydrogen bonds
with Lys348 and Thr321 for almost the entire simulation. The
γ-carboxyl groups of 17c and 38 have stable hydrogen bonds
with Ser415. In addition, the γ-carboxyl group of 17c has an
unstable but frequently formed hydrogen bond with Phe422.
Less pronounced naphthalene ring rotations along the trajectories
of 17c and 38 (Figure 5B,C) do not affect hydrogen bonding
of the D-Glu moiety with the enzyme.

Fewer hydrogen bonds are observed in solution than in the
crystal structure of 17c-MurD and 20-MurD complexes.4 This
is expected, as many of them were formed across conserved

Figure 4. Relative degrees of saturation of individual protons of
derivatives 17f (black), 17g (gray), 17i (striped), and 11d (white)
determined from 1D STD NMR spectra at a 97-fold excess. The values
for each molecule are normalized to the intensity of the signal with
the largest STD effect.

Naphthalene-N-sulfonyl-D-glutamic Acid DeriVatiVes Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2903
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water molecules in the crystal structure. The hydrogen bonds
of the sulfonic moiety, which are absent in solution complexes,
were formed exclusively across water molecules. Direct hydro-
gen bonds of the D-Glu moiety with the enzyme are also
observed in MD simulations where differences in their stability
occur. Moreover, MD simulations show formation of a direct
hydrogen bond between the R-carboxyl group and Thr321. In
crystal structures, this ligand-enzyme contact is formed across
a conserved water molecule. Interestingly, direct interaction
between the R-carboxyl group and Thr321 is also observed in
the crystal structure of the UMAG-MurD complex.12

Hydrophobic interactions in 20-MurD complex are not as
connected to the flexible naphthalene ring and are more stable
than electrostatic interactions. The alkyl chain remains posi-
tioned between Ser71, Gly73, Ile74, Ile12, Gly12, Asp35, Thr36,
and Arg37 during the entire simulation. This is in agreement
with the STD ligand epitope map of 20 (Figure 2), which
indicates the closest ligand-enzyme contact for protons in the
alkyl chain. The naphthalene ring is positioned between Pro72,
Gly73, Phe161, and Leu416, probably making hydrophobic
contact. Proximity with Leu416 and Phe161 is lost during the
first 200 ps. Proximity of the ring to Pro73 and Gly73 is
observed during almost the entire simulation. Only between 900
and 1200 ps, during the other orientation of the ring, is Pro73
more remote, but Leu416 is again in spatial proximity. The alkyl
chain of 17c has a similar position in the uracil binding site as
that of 20. Close hydrophobic contacts between the naphthalene
ring and Pro72, Gly73, and Leu416 are present during the entire
simulation. In contrast to 17c, the alkyl chain of the C7-
substituted butoxy derivative 38 is much more flexible within
the uracil binding pocket. Some of its hydrophobic contacts are
stabilized only after 1.5 ns of simulation. Proximity of the alkyl
chain and naphthalene ring with Gly73 exists during the entire
simulation. Leu416 is more remote from the naphthalene ring

than in the 17c-MurD complex. Close contacts with Pro72 and
Phe161 are lost during the first reorientation of the ring;
afterward these two residues are at a similar distance as Leu416.

The almost 3- to 4-fold reduced activity of L-Glu derivative
20 with respect to D-Glu isomeric 6-, 7-butoxy derivatives 17c
and 38 can be mainly attributed to the significantly higher
naphthalene ring flexibility, which considerably destabilizes the
electrostatic interactions of the L-Glu moiety with the enzyme.
Hydrophobic contacts of the enzyme with the alkyl chain are
less sensitive to ring rotations.

Although polarity was introduced in the alkyloxy substituent
of 17f, which is unfavorable for hydrophobic contacts with the
uracil binding site, this derivative has a higher activity than 17c.
MD simulation of the 17f-MurD complex indicates the
formation of a hydrogen bond between the carbonyl group (C(2),
Table 2) of the substituent and the Ser71 hydroxyl group (Figure
6). In addition, close hydrophobic contacts of the methyl and
methylene groups with Gly73, Ile74, Ile12, Gly12, and Thr36
are present during the entire simulation, as seen in the butoxy
derivatives. A combination of hydrophobic interactions and
hydrogen bonding between the C6 substituent and the uracil
binding site is obviously favorable for the activity of derivative
17f. Two naphthalene ring rotations of approximately 100° occur
between 1 and 1.4 ns of simulation; after that the frequently
populated hydrogen bond of the substituent and stable hydrogen
bond of the R-carboxyl group with Lys348 are lost. The
proximity of the naphthalene ring with Pro72 and Gly73 is not
affected, while proximity to the Phe161 and Leu416 changes;
the first one becomes closer and the second one more remote.

A more than 3-fold reduced activity of 17g with respect to
17f can be attributed to the complete lack of hydrophobic
contacts by its highly polar substituent, which are not replaced
by hydrogen bonds (Figure 6). Only during the first 300 ps are
hydrogen bonds between substituent carboxyl group and Arg37

Figure 5. Dihedral angles C3-C2-S-N (left) and C5-C6-O-CH2(1) (right) along MD trajectories of 20 (A), 17c (B), and 38 (C), indicating
rotations of naphthalene ring and flexibility in the alkyl chain.

2904 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Simčič et al.
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formed, which are then lost during the significant reorientation
of the naphthalene ring. Because of unfavorable interactions,
the proximity of the 17g substituent with the residues of the
uracil binding site, otherwise present in complexes of more
active alkyloxy and aryalkyloxy derivatives, is lost.

During 2 ns of simulations, the naphthalene ring of aryla-
lkyloxy derivative 17l, which is the most active of the
investigated compounds, is by far the most stable (Figure 7A).
Pronounced conformational flexibility of 17l is observed only
in the C6 substituent around 350 s, where simultaneous rotation
in the alkyloxy moiety and a 180° flip of cyanobenzyl ring
appear (Figure 7A). This does not affect the proximity of the
ring to Asp35 and Arg37 and therefore any possible π-π
interaction between the ring and salt bridge of these two
residues. Proximity of the ring with Thr36 is also undisturbed.
However, the hydrogen bond between Thr36 and the cyano
group observed in the crystal structure is not formed. Possible
π-π interaction is a crucial difference with respect to the
alkyloxy derivatives, since proximity of the cyanobenzyl ring
with the same residues of uracil binding site is observed as for

alkyl chains. The naphthalene ring of 17l is in proximity to
Gly73, Phe61, and Leu416 as in the crystal structure. The
R-carboxyl group has a stable hydrogen bond with Lys348 and
an unstable frequently formed hydrogen bond with Thr321. In
the crystal structure, the hydrogen bond with Thr321 is formed
across the water molecule. The γ-carboxyl group has stable
hydrogen bonds with Ser415 and an unstable but frequently
formed hydrogen bond with Phe422.

Naphthalene ring reorientations of 150° and 60° are observed
for less active arylalkyloxy derivatives 17j and17k (Figure
7B,C). It seems that these rotations are coupled with increased
fluctuations in the phenyl ring orientation, which introduce
instability into the contacts of the phenyl ring with the uracil
binding site. This is more pronounced for 17j than for 17k. An
approximately 2-fold reduced activity of 17j with respect to
17k and 17l can also be attributed to the reduced number of
hydrophobic contacts of the 17j phenyl ring with the uracil
binding site and a more remote position with respect to Asp35
and Arg 37 (Figure 8). The rotation of the naphthalene ring by
150° in 17j appears after larger phenyl ring fluctuations. At

Figure 6. Snapshots from MD trajectories showing the binding mode of derivative 17f (left) and 17g (right) in the MurD binding site.

Figure 7. Dihedral angles C1-C2-S-N (left), C5-C6-O-CH2(1) or O-CH2(1)-CH2(2)-CH2(3) (middle), and O-CH2(1)-PhC1-PhC2 or
CH2(2)-CH2(3)-PhC1-PhC2 (right) along MD trajectories of 17l (A), 17j (B), and 17k (C), indicating naphthalene ring rotations, flexibility in
alkyloxy moiety, and phenyl ring rotations.
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naphthalene ring reorientations of 60°, a 180° degree flip of
the phenyl ring of 17k appears followed by larger fluctuations
in its orientation. During this period the proximity with Asp35
and Arg37 is destabilized. Reorientations of the naphthalene
ring in 17j and 17k disturb its hydrophobic contacts only for a
short time; otherwise the proximity with Pro72, Gly73, Phe161,
and Leu416 is present during the entire simulation. The
hydrogen bonding network of the D-Glu moiety of 17j and 17k
with the enzyme is not affected by naphthalene ring rotations
and is similar to 17l. However, there are a few differences: the
formation of an unstable hydrogen bond between the γ-carboxyl
group of 17k and Arg425 not observed for 17l and 17j and the
absence of a hydrogen bond between the γ-carboxyl group and
Phe422 of 17j.

During pronounced reorientation of the naphthalene ring in
cyclopentyloxy derivative 17i, the cyclopentane ring rotates
simultaneously. This probably reduces the strength of the
hydrophobic contacts with the uracil binding site and may
explain the almost 2-fold reduced activity with respect to 17j.
The phenyl ring of 17j remains positioned in the uracil binding
site during naphthalene ring rotation. Otherwise the same
residues of the uracil binding site are in proximity to both
substituents. The reduced strength of the hydrophobic contacts
of the 17i substituent with respect to the 17j substituent is also
observed in the STD epitope maps. The STD effects of the
phenyl ring are larger than in other parts of 17j, while the STD
effects of the cyclopentane ring are lower than those of D-Glu
moiety of 17i (Figures 3 and 4). In contrast to arylalkyl
derivatives, large variations in the C2-S-N-CA dihedral angle
are observed during naphthalene rotation, which disturb its
proximity with Pro72, Phe161, and Leu416. In the case of 17j
this proximity is stable during the entire simulation. A similar
hydrogen bonding network in the D-Glu moiety is observed as
for 17j, only the hydrogen bond with Thr321 is less stable.

Surprisingly, for unsubstituted naphthalenesulfonamide 11d
significant rotations of the naphthalene ring around its C2-C6
axis are not observed. However, large variations in the
C2-S-N-CA dihedral angle occur, which are related to in-
plane rotations of the ring by up to 60°. Interestingly close
contacts between the ring and Pro72, Gly73, and Phe161 on
one side and Leu416 on the other side are stable during the
entire simulation. Obviously the naphthalene ring binding site
adapts to such a ligand and prevents ring rotations around the
C2-C6 axis. It seems that the uracil binding site interactions
with the substituent hinder the optimal fit of the naphthalene
ring binding site. When the strength of the naphthalene
ring-MurD hydrophobic contacts are reduced, ring rotations
appear, which destabilize other ligand-MurD contacts. Firm

interactions of the naphthalene ring of 11d are in agreement
with its STD ligand epitope map, where the strongest STD effect
appears in the naphthalene ring (Figure 4). In contrast to
substituted naphthalenesulfonamides a frequently formed hy-
drogen bond between the sulfonic group and Asn128 is
observed. The D-Glu moiety of 11d forms stable hydrogen bonds
with Ser415 and Lys348 and unstable but frequently populated
hydrogen bonds with Thr321 and Phe422.

3. Conclusions

The conformational properties of the bound naphthalene-N-
sulfonyl-D,L-Glu derivatives were studied by application of
transferred NOE experiments. Nontrivial NOEs observed in
transferred NOESY spectra show conformational dynamics of
the ligands at the enzyme binding site that cannot be explored
by X-ray diffraction. Conformational flexibility of the alkyloxy
moiety and of the naphthalene ring is proposed. The preferred
orientation of alkyloxy and D-Glu moieties relative to the
naphthalene ring appears to be similar for all C6 substituted
derivatives. Ligand epitope maps obtained by STD NMR
technique indicate the importance of hydrophobic interactions
and the segments of molecular structure that are responsible
for them.

Unrestrained molecular dynamics simulations of ligand-MurD
complexes clearly indicate the conformational flexibility of
naphthalene-N-sulfonyl-D,L-Glu derivatives at the MurD binding
site, which, in several examples described above, corresponds
well with transfer NOE experiments and ligand epitope mapping
and can be related to differences in ligand activities. Mutual
dependence between naphthalene ring rotations and the con-
formational flexibility of its substituent were observed. The
degree of conformational flexibility depends on the specificity
of the ligand molecular structure and adaptability within the
binding site. We were able to show the interplay between the
hydrophobic and polar interactions and their possible effect on
ligand affinity. We believe that the conclusions given above
significantly upgrade the drug design studies that were based
solely on the crystal structures.

In order to restate the reason for the differences in the activity
of the studied compounds, we point out the crucial role of the
nature of the naphthalene 6-substituent, which is a long spacer
chain with an aromatic ring that potentiates hydrophobic
interactions and, consequently, lowers the IC50. Having estab-
lished the primary site of interaction and/or recognition at the
binding site residing within the naphthalene N-sulfonyl-D,L-Glu
fragment,3 we believe we could achieve an affinity 2 orders of
magnitude higher by designing appropriate hydrophobic moieties

Figure 8. Snapshots from MD trajectories showing the binding mode of derivatives 17j (left) and 17k (right) in the MurD binding site.
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as 6- or 7-naphthalene substituents that would also include sites
for forming hydrogen bonds, as exemplified by the studied
compounds.

4. Materials and Methods

4.1. Isolation and Purification of MurD Enzyme from E.
coli. The protein was overexpressed and purified according to a
slightly modified procedure for the 6× His-tag system previously
described.13 E. coli BL21-AI cells carrying the pABD16/MurD
vector were grown at 37 °C in 2YT medium containing ampicillin
(100 mg/L) to reach an A600nm of approximately 1.0. Expression
was induced with isopropyl �-D-thiogalactopyranoside (IPTG) at a
final concentration of 1 mM and L-arabinose at a final concentration
of 2 g/L. The growth was continued overnight at 25 °C. The cells
were harvested and resuspended in buffer containing 20 mM
potassium phosphate, 1 mM dithiothreitol, pH 7.2. The cells were
lysed by ultrasound sonication. The suspension was centrifuged,
and the pellet was discarded. Pre-equilibrated Ni2+-nitrilotriacetate-
agarose resin (Ni2+-NTA) was added to the supernatant and
incubated on a multifunction tube rotator for 1 h. The suspension
was centrifuged to recover the resin. The protein was eluted with
increasing concentrations of imidazole (20, 40, 100, and 300 mM)
in buffer containing 50 mM potassium phosphate, 200 mM KCl, 1
mM dithiothreitol (DTT), pH 8. Fractions containing protein were
collected and checked using SDS-PAGE electrophoresis. Fractions
containing MurD protein with a satisfactory degree of purity were
joined and concentrated using Amicon Ultra 10K NMWL concen-
trator. The buffer was exchanged with deuterated buffer containing
20 mM Tris (98% D11), 7 mM ammonium sulfate (98% D8), 3.5
mM MgCl2, 0.3 mM DTT (98% D10), pD 7.2. The protein
concentration was estimated by the Bradford method,14 and the
final concentration was determined by measuring A280 on a
Nanodrop ND-1000 spectrophotometer. Deuterated glycerol was
added to the protein solution as a cryoprotectant (10% v/v), and
the solution was frozen at -30 °C. MurD activity was checked
using a Biomol green assay.15

4.2. Nuclear Magnetic Resonance. The high-resolution NMR
spectra were recorded on Varian INOVA 600 MHz and Varian
DirectDrive 800 MHz spectrometers at 25 °C. All data were
collected using pulse sequences provided in Varian libraries of pulse
programs. Naphthalene-N-sulfonyl-D,L-glutamic acid derivatives
were provided by Lek Pharmaceuticals d.d. Elemental analysis was
used to determine the purity of compounds, which is g95%.3 NMR
samples were prepared in 99.9% D2O buffer containing 20 mM
Tris (98% D11), 7 mM (ND4)2SO4 (98% D8), 3.5 mM MgCl2, 0.3
mM DTT (98% D10), and 0.4 mM ATP, pD 7.2. DSS (0.1 mM)
was used as an internal standard. Protein concentrations were 0.034
and 0.018 mM, and ligand concentrations were 1.55 and 1.73 mM,
depending on the type of NMR experiment. Samples were degassed
using an ultrasound bath for 20 min.

STD ligand epitope mapping experiments10,11 were performed
at 800 MHz with a 10 000 Hz spectral width, 16 384 data points,
saturation time of 350 ms, and 10000-15000 scans. Relaxation
time was 4.5 or 5.5 s depending on the longest 1H T1 relaxation
time of a particular derivative. Spectra were recorded at an enzyme/
ligand ratio of 1:97. Selective saturation was achieved by a train
of 50 ms long Gauss-shaped pulses separated by a 1 ms delay.
Water was suppressed via excitation sculpting.16,17 The on-
resonance selective saturation of the enzyme was applied at 0.21
or at -0.17 ppm depending on the position of proton resonances
of the naphthalene substituents. Off-resonance irradiation was
applied at 30 ppm for the reference spectrum. Subtraction of on-
and off-resonance spectra was performed internally via phase
cycling. Spectra were zero-filled twice and apodized by an
exponential line broadening function of 1 Hz.

Inversion recovery T1 experiments were recorded at 800 MHz
with an 8390 Hz 1H spectral width, 16 384 data points, 40 scans,
and a relaxation delay of 16 s. Ligand concentrations were 0.2 mM.

Values of T1 relaxation times were determined from nine spectra
recorded with recovery delays ranging from 0.06 to 16 s.

The transferred NOESY7,8 spectra were acquired at an enzyme/
ligand ratio of 1:45 with 4096 data points in t2, 64-128 scans,
256-356 complex points in t1, mixing time of 250 ms, and a
relaxation delay of 1.5 s. The 1H sweep widths were 6010 and 8278
Hz at 600 and 800 MHz, respectively. The residual water signal
was suppressed using excitation sculpting,16,17 and adiabatic
pulses18 were applied for suppression of zero quantum artifacts
during mixing time. T1F filter of 30 ms was used to eliminate the
background protein resonances. Spectra were processed and
analyzed with FELIX 2002 software package from Accelrys
Software Inc. Spectra were zero-filled twice and apodized with a
squared sine bell function shifted by π/2 in both dimensions. Cross-
peak volumes in NOESY spectra were calculated using an integra-
tion routine within the FELIX software. Distances were calculated
from cross-peak volumes using the two-spin approximation and
the integrated intensity of a pair of protons H1 and H8 in the
naphthalene ring assumed to have a distance of 2.46 Å.

4.3. Molecular Dynamics. All the calculations were performed
on Beowulf-type CROW clusters19 at the National Institute of
Chemistry in Ljubljana, Slovenia, utilizing the CHARMM molec-
ular modeling suite,20 developmental version 36a1. Starting coor-
dinates were obtained from the Protein Data Bank: PDB entries
2JFH for compound 20, 2JFF for compound 17c, and 2UUP for
compound 17l. Since all compounds share a common D-Glu moiety,
sulfonamide group, naphthalene ring, and ether oxygen, starting
coordinates for those parts for compounds 17f, 17g, 17k, 17i, and
17j were obtained from those of compound 17l. Missing atoms
were constructed using internal coordinates in CHARMM. Hydro-
gen atoms were added using the CHARMM HBUILD routine. Force
field parameters were obtained from the CHARMM parameter and
topology files (version 27) for proteins.21,22 Since no satisfactory
parameters for the sulfonamide group were available from the
CHARMM parameter files, vibration frequencies were calculated
using quantum mechanical methods via the Gaussian 03 program.
Parameters for the sulfonamide group in CHARMM were adjusted
to match vibration frequencies calculated in Gaussian 03. Charges
for sulfonyl oxygens and ether oxygen were refined by adding water
molecules and calculating interaction energy using Gaussian 03.
CHARMM parameters were adjusted to obtain the same interaction
energy as energy calculated ab initio in Gaussian 03. The
compounds alone were subjected to energy minimization using
adopted basis Newton-Raphson method using 1000 steps and then
hydrated by immersion into a cubic box (86 Å × 86 Å × 86 Å) of
water molecules. Deletion of water molecules overlapping with the
protein resulted in a system with approximately 20 000 TIP3 water
molecules. The entire system was again subjected to energy
minimization using the adopted basis Newton-Raphson method
using 1000 steps. Molecular dynamics simulations were run at 1
fs time steps for 2 ns. CPT ensemble was used in all calculations
with a pressure of 1 bar and temperature of 300 K. Electrostatic
interactions were computed with the particle-mesh Ewald method.
A VMD program was used for visualization of MD simulations.23
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