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Suggest Strong pKa Shifts of Ligands as Driving Force for
High-Affinity Binding to TGT
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Introduction

During post-transcriptional modification, the prokaryotic
enzyme tRNA-guanine transglycosylase (TGT, EC 2.4.2.29) cata-
lyzes the exchange of guanine by the modified base preQ1 (7-
methylamino-7-deazaguanine) at the wobble position 34 of
the anticodon loop of tRNAAsn,Asp,His,Tyr (Scheme 1).[1] Subse-
quently, the incorporated preQ1 is further modified to queuine
(7-(((4,5-cis-dihydroxy-2-cyclopenten-1-yl)amino)methyl)-7-dea-
zaguanine), involving further enzymes in the biochemical path-
way. The resulting tRNAs play a significant role in developing

pathogenicity of Shigella flexneri, the causative agent of Shigel-
losis. Shigellosis is responsible for about 165 million infections
and causes more than one million fatalities each year. A high
rate of incidences is observed among children at the age of
one to four, predominantly in developing countries with poor
hygienic conditions and unsafe water supplies.[2,3] Increasing
problems with respect to an administered drug therapy arise
due to plasmid-encoded resistances against most common an-
tibiotics and due to the lack of effective vaccines. In previous
studies, the TGT gene of S. flexneri was knocked out leading to
a significantly decreased infection rate.[4] As an alternative pro-
spective, we embarked upon the development of Shigella-spe-
cific antibiotics that prevent the evolvement of pathogenicity.

The bacterium carries a virulence plasmid as source of its
pathogenity that encodes for a variety of virulence factor

A novel ligand series is presented to inhibit tRNA-guanine trans-
glycosylase (TGT), a protein with a significant role in the patho-
genicity mechanism of Shigella flexneri, the causative agent of
Shigellosis. The enzyme exchanges guanine in the wobble posi-
tion of tRNAAsn,Asp,His,Tyr against a modified base. To prevent the
base-exchange reaction, several series of inhibitors have already
been designed, synthesized, and tested. One aim of previous stud-
ies was to address a hydrophobic pocket with different side
chains attached to the parent skeletons. Disappointingly, no sig-
nificant increase in binding affinity could be observed that could
be explained by the disruption of a conserved water cluster. The
ligand series examined in this study are based on the known
scaffold lin-benzoguanine. Different side chains were introduced
leading to 2-amino-lin-benzoguanines, which address a different
pocket of the protein and avoid disruption of the water cluster.
With the introduction of an amino group in the 2-position, a dra-
matic increase in binding affinity can be experienced. To explain
this significant gain in binding affinity, Poisson–Boltzmann calcu-

lations were performed to explore pKa changes of ligand func-
tional groups upon protein binding, they can differ significantly
on going from aqueous solution to protein environment. For all
complexes, a permanent protonation of the newly designed li-
gands is suggested, leading to a charge-assisted hydrogen bond
in the protein–ligand complex. This increased strength in hydro-
gen bonding takes beneficial effect on binding affinity of the li-
gands, resulting in low-nanomolar binders. Crystal structures and
docking emphasize the importance of the newly created charge-
assisted hydrogen bond. A detailed analysis of the crystal struc-
tures in complex with substituted 2-amino-lin-benzoguanines in-
dicate pronounced disorder of the attached side chains address-
ing the ribose 33 binding pocket. Docking suggests multiple ori-
entations of these side chains. Obviously, an entropic advantage
of the residual mobility experienced by these ligands in the
bound state is beneficial and reveals an overall improved protein
binding.

Scheme 1. Structure of preQ1, which replaces guanine 34 in the wobble po-
sition of the modified tRNAAsn,Asp,His,Tyr during the base-exchange reaction of
TGT. The precursor preQ1 is further modified to queuine.
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genes. Essential for the regulation of the pathogenicity-devel-
oping process of Shigella is the expression of the virulence
factor VirF, which activates directly the transcription of further
virulence genes such as icsA and virB.[5] The modified tRNAs
are required for an efficient translation of virF-mRNA at the ri-
bosome. Reducing the amount of modified tRNA by prevent-
ing the base-exchange reaction provides a novel strategy for
an antibiotic therapy. The bacterium is blocked from access of
the endothelial cells, which is a prerequisite to create pathoge-
nicity. This mode of action prevents eradication or any other
influence in the function of the bacteria.

By means of structure-based drug design, we started the dis-
covery of TGT-specific inhibitors. As the protein of the patho-
genic organism S. flexneri is difficult to crystallize, we per-
formed all the studies described in this contribution by using
the better-crystallizing enzyme from Zymomonas mobilis. ItACHTUNGTRENNUNGexhibits an active site of almost identical composition. Only
Phe106 is exchanged by Tyr.[6]

TGT adopts a folding comparable to the highly populated
triose-phosphate isomerase (TIM)-type (ba)8-barrel fold. Two in-
sertions are responsible for the recognition of the substrate.[7]

The active site of TGT is located at the C-terminal end of the
TIM-barrel scaffold and recognizes specially the trinucleotide
sequence U33G34U35.[8, 9, 10] Uracil 33 and 35 are bound in a rather
flat, solvent-exposed binding pocket. In contrast, the guanine
binding pocket is very deep. Several hydrogen bonds are
formed to Leu231, Ala230, Gln203, Asp156, and Asp102 along
with a pronounced parallel p-stacking to Tyr106 flanking the
binding site (Figure 1 A).

The pathway of the base-exchange reaction follows a ping-
pong mechanism. Initiated by a nucleophilic attack of Asp280
towards C1’ of ribose 34, a covalent intermediate is produced
without breaking the phosphodiester backbone of tRNA.[11,12]

Simultaneously, guanine 34 is cleaved from the tRNA backbone
leaving the binding pocket, subsequently. The vacant binding
site now provides access for the modified base preQ1

(Scheme 1). This nucleobase exhibits an extracyclic amino func-
tion, which replaces a water molecule that was previously me-
diating an interaction between protein and guanine. In the
course of the mechanism, a flip of the peptide backbone is
necessary to exchange the binding-site-exposed hydrogen-
bonding facility from a donor to acceptor group to correctly
recognize the new substrate. The peptide bond between
Leu231 and Ala232 rearranges and performs an interaction via
its carbonyl group to the extracyclic amino function of preQ1

(Figure 1 A). A covalent bond between preQ1 and tRNA is
formed and the modified tRNA is released from the catalytic
site. The described reaction path requires Asp102 and a close-
by water molecule as general base.

Taking into account the physico-chemical properties of the
guanine binding site, several lead structures have been de-
signed and synthesized. Pyridazinones, pteridines, and quina-
zolinones emerged as promising scaffolds (Table 1). In addition,
a “stretched” guanine with an inserted central six-membered
ring leading to lin-benzoguanine (3) was suggested (Ta-ACHTUNGTRENNUNGble 2).[13–15] All parent scaffolds bind in the micromolar range.
To improve their binding affinity, a hydrophobic subpocket
composed of Val282, Leu68, and Val45 was addressed. Filling

Figure 1. Schematic interaction pattern derived by MOE.[36, 37] For clarity, the hydrogen atoms are not shown. A) preQ1 (PDB ID: 1P0E) in the guanine binding
pocket. The protonated exocyclic amino function of the modified base forms a hydrogen bond to Leu231 (2.7 �). A hydrogen bond network between the pyr-
imidine ring and Gly230, Gln203, Asp156, and Asp102 (bond length in �) is responsible for the recognition of the modified base. B) 5 in the guanine binding
pocket with two hydrogen bonds between the newly introduced guanidinium group and Leu231 (2.8 �) and Ala232 (2.9 �) of TGT. The positive charge,
which is delocalized through the conjugated system of the guanidinium moiety is presented on N1 forming a charge-assisted hydrogen bond to Leu231. Fur-
thermore, the ligand is fixed in the binding pocket by the above-described hydrogen bonds to Gly230, Gln203, Asp156, and Asp102 (bond length in �). Medi-
ated by a water molecule, an additional interaction to Gly261 is observed.
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of unoccupied hydrophobic pockets with lipophilic side chains
attached to the lead skeleton is an often-used strategy in
structure-based drug design. Disappointingly, only an insignifi-
cant improvement in binding affinity towards TGT could be
measured for inhibitors with a lipophilic side chain attached
to the above-mentioned parent skeletons. A comprehensive
study of crystal structures elucidated that the lipophilic vector
disrupts a highly conserved water network between the cata-
lytic aspartates (Figure 2 B).[14] This water network provides an
essential contribution to the solvation of the two acidic resi-
dues.

Parallel to the synthesis of the inhibitors with the lipophilic
vector, quinazolinones with a substitution in 7-position were
prepared (Table 1). The introduction of a dimethylamino group
produced 1 as two-digit micromolar inhibitor. Subsequent re-
placement of one methyl group by a benzyl moiety (2) result-
ed in a fourfold increase in binding affinity. Obviously, intro-
duction of the sterically more demanding lipophilic side chain
did not result in a loss of affinity in this case. The crystal struc-
ture of 2 in complex with TGT demonstrates that the water
network is not perturbed by the benzyl moiety.[16] Instead of
addressing the small hydrophobic subpocket, the benzyl
moiety binds most likely towards the region occupied by
ribose 33 in the natural tRNA substrate as observed for the
other ligands.

Stimulated by these promising results, we changed our
design strategies now addressing the binding site of ribose 33
instead of the small hydrophobic pocket. This should avoid a
disruption of the water cluster network. lin-Benzoguanine was
again chosen as the parent scaffold; however, now focussing
on substituents in the 2-position. The crystal structure of un-
substituted lin-benzoguanine in complex with TGT has been
previously determined.[14] Its binding mode is similar to that of
preQ1 (Figure 1 A) and no interference with the water cluster
network is observed. Additionally, substitution of lin-benzogua-
nine in 2-position provides the desired side chain orientation
to address the ribose 33 subpocket. Several inhibitors with
alkyl, alkylamino, and arylalkylamino substituents were synthe-
sized and tested.[15] The mixture of small and large side chains
provided the possibility to experimentally investigate the influ-
ence of the side chain on the Gibbs free energy of binding.

Here, we present affinity data and crystallographic results of
the newly designed inhibitors. In addition, we emphasize the
introduction of a salt bridge between Leu231 and N1 of theACHTUNGTRENNUNGinhibitor which finally bore nanomolar inhibitors.

Results and Discussion

Binding mechanism and affinity data

A series of 2-substituted lin-benzoguanines was synthesized
and kinetically characterized (Table 2). Before the enzyme assay
was performed, the binding mechanism was investigated by a
trapping experiment.[17] For the newly synthesized inhibitors
(4–10), a purely competitive binding mechanism was found.
The inhibitors can only bind to TGT when no tRNA is bound. A
simultaneous binding of inhibitor and tRNA, as detected for 3,
can be excluded. Obviously, substitution with a single methyl
group in 2-position makes the skeleton already large enough
to avoid any contemporaneous binding of tRNA and inhibitor.

The affinity is determined by the exchange rate of guanine
against [8-3H]-guanine in position 34 of tRNATyr. The inhibitory
constants are calculated based on the decrease of the initial
velocity of the base-exchange reaction in presence of the in-
hibitor.

By introduction of a methyl group in 2-position (4) a 2.7-fold
increase in binding affinity could be measured compared to
the unsubstituted lin-benzoguanine (3). In an optimal situation,
correct placement of a single methyl group can increase affini-
ty up to tenfold, particularly when the surface of the added
methyl group is entirely buried.[18] According to the crystal
structure of 3, the guanine binding pocked provides additional
space for the methyl group.

The addition of an amino group in 2-position creates a gua-
nidinium-type moiety at our parent scaffold. From a synthesis
point of view, it provides a convenient anchoring point to dec-
orate the lead skeleton with a broad variety of side chains. Sur-
prisingly, a dramatic increase in binding affinity towards TGT
was recorded upon replacement of the methyl by an amino
group. A 20-fold higher affinity was measured for 5 compared
to 4. Subsequent addition of a further methyl group enhances
the affinity by 1.3-fold. With larger substituents at the nitrogen
atom, the affinity gradually improves towards one-digit nano-
molar range, as achieved by 9 and 10 (Table 1). Referring to
the previously determined crystal structure of 3 in complex
with TGT, the introduced guanidinium functionality offers the
opportunity to form a hydrogen bond to the peptide back-
bone carbonyl group of Leu231.[15] Considering the basic char-
acter of a guanidinium group, a protonation of this functional
group in the ligand appears most likely. In consequence there
would be a positive charge created on this portion of ligands
5–10. It will be delocalized through the conjugated system of
the ligand and should provoke, due to charge assistance, an
increasing strength of the hydrogen bond between the ligand
and the carbonyl group of Leu231. As a crude test of thisACHTUNGTRENNUNGhypothesis, the experimental pKa values of ligand 3–9 wereACHTUNGTRENNUNGdetermined in aqueous solution.[15] They actually point in the
direction for increasing basicity. However, as the situation in a

Table 1. Inhibitors based on a quinazolinone scaffold and their measured
binding affinity.

Compound Structure Enzyme Ki

1 ACHTUNGTRENNUNG(31�10) mm

2 ACHTUNGTRENNUNG(7.6�3.7) mm
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water environment is not of relevance to the present case, and
the protein environment can provoke pKa shifts of several loga-
rithmic units, Poisson–Boltzmann calculations within the bind-
ing pocket are performed based on our recently introduced
peoe_pb (partial equalization of orbital electronegativities for
Poisson–Boltzmann calculations) charges.[19]

In silico pKa calculation

The influences of specific charge distributions in protein bind-
ing sites are often ignored when protein–ligand interactions

are analyzed. The aim of the pKa calculation is to study the
shift of the pKa values of ligands upon protein binding.

For calculating the pKa shifts, all residues within a radius of
12 � around the guanine binding pocket were selected
(Table 3). The protonation states of the considered amino acids
are responsible for changes of the pKa values of the ligands
upon binding to the protein.

A first calculation of the unoccupied binding pocket at dif-
ferent pH values is necessary to study the protonation states
of the participating residues (Table 3). The calculation only con-
siders side chains where the protonation state might change
under the applied pH conditions (so-called titratable groups).

Table 2. Structures of the inhibitors based on a lin-benzoguanine scaffold, and the corresponding inhibition constants determined by the enzyme assay,
and pKa values for the deprotonation of the imidazolium moiety in the parent scaffold.

Compound Structure Enzyme Ki Experimental pKa
[a] Calculated pKa

[a] DpKa shift[b]

3 ACHTUNGTRENNUNG(4.1�1) mm 5.2 7.2 2.0

4 ACHTUNGTRENNUNG(1.5�0.4) mm 5.4 7.5 2.1

5 ACHTUNGTRENNUNG(77�12) nm 6.3 8.3 2.0

6 ACHTUNGTRENNUNG(58�36) nm 6.2 8.6 2.4

7 ACHTUNGTRENNUNG(35�9) nm 5.8 7.4 1.6

8 ACHTUNGTRENNUNG(55�11) nm 5.9 7.0 1.1

9 ACHTUNGTRENNUNG(6�6) nm 5.3 6.5 1.3

10 ACHTUNGTRENNUNG(10�3) nm – – –

[a] For 3–9, experimental pKa values for imidazolium deprotonation were measured in aqueous solution and, additionally, the pKa values of the inhibitors
in complex with TGT were calculated. [b] The shift of the pKa values equals the difference between calculated and experimental ones.
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The study was performed at three different pH conditions (5.5,
7.0, and 8.5). The results are listed in Table 3. A value of 1.00

corresponds to 100 % and a value of 0 to 0 % protonation or
deprotonation of a titratable group. The deprotonation of
Asp102 and Asp280, as previously assumed for the catalytic re-
action, was verified by the calculation for all three pH condi-
tions.[7] The deprotonation of Asp280 allows the nucleophilic
attack towards the ribose 34 C1’ atom during the base-ex-
change reaction.

Recently, the importance of Glu235 as a trigger residue for
the peptide flip of Leu231 was suggested.[14] Depending on
the substrate bound in the guanine binding pocket, either the
NH group or the CO group of Leu231 is facing the carboxyl
functionality of Glu235 (Figure 2 A). Based on a pKa value of 2.7
in the calculation, Glu235 would be considered as charged at
all pH conditions while NH is facing Glu235 (Table 3).

As mentioned, the pKa values for the ligands were experi-
mentally determined in aqueous solution.[15] A shift of approxi-
mately one logarithmic unit has been measured for the imida-
zolium or 2-aminoimidazolium moiety comparing the lin-ben-
zoguanines (5.2–5.4) and the 2-amino-lin-benzoguanines (5.8–
6.3; Table 2).

The pKa calculation for the complex structures is performed
at pH 7. For the inhibitors, the experimentally determined pKa

values are taken as starting values. The calculation reveals, that
upon complexation all pKa values of the ligands are shifted to-
wards basic range, overall by about 1.2 to 2.4 logarithmic units
(Table 2). As described above, this shift suggests a permanent
protonation of the ligands at the binding site under assay con-
ditions (pH 7.3). The protonation of the guanidinium group
creates a positive charge on this molecular portion. It increases
the strength of the hydrogen bond between the imidazolium-
type nitrogen atom of the ligand and the carbonyl group of
Leu231. Towards the inner of the protein, the NH group of the
amide bond of Leu231 is stabilized by the deprotonated
Glu235. The resulting arrangement suggests formation of aACHTUNGTRENNUNGhydrogen bond with charge-assisted salt bridge character. The
charged interaction enhances binding affinity of the 2-amino-
lin-benzoguanines towards TGT.

Crystal structures

For the parent skeleton lin-benzoguanine and the modified 2-
amino-lin-benzoguanines crystal structures in complex with
TGT were determined (represented by using 5 in Figure 1 B).
The binding mode is similar to the one of preQ1 (Figure 1 A).
Accordingly, the peptide bond between Leu231 and Ala232 is
found in its flipped orientation with the carbonyl group ex-
posed towards the recognition site (Figure 2 A). For the newly
synthesized compounds 4, 5, 7, and 9, binary complexes with
Z. mobilis TGT could be obtained. The maximum resolution
achieved by the structure determinations varies from 1.28 � to
1.78 �. Details about the refinement statistics are given in
Table 4 and information about the data collection can be
found in Materials and Methods. The binding mode, previously
discovered for 3, is confirmed by 4, 5, 7, and 9. As expected,
the water network between Asp102 and Asp280 is not disrupt-
ed. The peptide bond between Leu231 and Ala232 is flipped

Figure 2. A) Superposition of the TGT complexes with preQ1 (PDB ID: 1P0E;
carbon = green, nitrogen = blue, oxygen = red) and compound 5 (PDB ID:
2Z7K, carbon = orange, nitrogen = blue, oxygen = red). The shift in the back-
bone of the protein between the residues 230 and 235 is about 1 �. The car-
bonyl group of Leu231 is orientated into the guanine binding pocket and a
hydrogen bond between preQ1 or 5 is formed (for 5, additional hydrogen
bonds to Ala232 and a close by water molecule W (red), which is part of the
water cluster solvating the two catalytic aspartate side chains, are possible).
The conformation of Leu231 is stabilized by the deprotonated Glu235. Hy-
drogen bonds in complex with preQ1 are shown as dashed lines in green
and for the complex with 5 in orange. B) TGT in complex with 4 (PDB ID:
3C2Y, carbon = gray, nitrogen = blue, oxygen = red). In the guanine binding
pocket the 2-methyl-lin-benzoguanine skeleton of 4 (orange) fits perfectly
into the difference electron density (green). 4 is fixed in the binding pocket
by several hydrogen bonds to the surrounding amino acids (orange dashes).
Three water molecules are bound between the catalytically active aspartates
(red; hydrogen pattern = yellow dashes). Superimposed is a ligand (PDB ID:
1Y5W; carbon = cyan, nitrogen = blue, oxygen = red) with a hydrophobic
side chain addressing a small hydrophobic subpocket that is created by
Val282, Val45, Leu68, and Leu100. The hydrophobic side chain disturbs the
water molecules between Asp102 and Asp280 upon binding.
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and the carbonyl oxygen forms a hydrogen bond to N1 of the
ligand scaffold.

For cocrystallization and soaking of TGT crystals two condi-
tions have been discovered, one at pH 5.5 and another at
pH 8.5. With respect to structures of TGT in complex with
preQ1 significant geometric differences, depending on pH con-
ditions, have been observed.[20] At pH 5.5 (PDB ID: 2Z1X),
Asp102 is rotated to 75 % into the guanine binding pocket
whereas at pH 8.5 (PDB ID: 2NQZ) the same residue is oriented
to 100 % out of the pocket. In order to evaluate whether the
presence of a ligand can provoke the inwards orientation of
Asp102, 7 was soaked into the apo crystal at a pH of 8.5. The
observed electron density of 7 in complex with TGT discloses
that Asp102 is actually rotated into the binding pocket. Obvi-
ously, a rotation of Asp102 is induced by the presence of the
lin-benzoguanine scaffold. This is in contrast to previously
studied protein–ligand complexes exhibiting different scaf-
folds. In all these examples, rotation of Asp102 towards the
bound ligand was not observed at pH 8.5.

For 2-methyl-lin-benzoguanine (4), a dataset with a maxi-
mum resolution of 1.78 � could be collected. The above-de-
scribed 2.7-fold increase in binding affinity compared to the
unsubstituted lin-benzoguanine (3) can be ascribed to an addi-
tional efficient van der Waals contact to Cb of Ala232 (calcu-
lated with the program contacsym;[21] Figure 3).

By the introduction of the alkylamine substituent in 2-posi-
tion, a dramatic increase of the binding affinity was observed.
The analysis of the complexes with 5, 9, and 10 stresses anACHTUNGTRENNUNGadditional hydrogen bond to the carbonyl group of Ala232ACHTUNGTRENNUNGexhibiting an average length of 2.8 � (representatively shown
for 5, Figures 1 B and 2 A).

Based on the performed in silico pKa studies, the protona-
tion of 5–10 appears most likely. With the complexes of 5, 7,
and 10, this hypothesis has been further validated. A data set
of TGT in complex with 5 could be collected to a maximum
resolution of 1.28 �. Based on the high resolution of this struc-
ture, a detailed picture of the protein could be obtained, in-

ACHTUNGTRENNUNGdicating split conformations for several amino acids. The inhi-ACHTUNGTRENNUNGbitor in the guanine binding site is well defined and formsACHTUNGTRENNUNGhydrogen bonds to Leu231, Ala232, Asp156, and Asp102
(Figure 4). The superposition of 2-amino-lin-benzoguanine (5)
and preQ1 in complex with TGT reflects a very similar hydrogen
bond length towards the carbonyl group of Leu231 (2.7 �
preQ1, PDB ID: 1P0E; 2.8 � 5, PDB ID: 2Z7K) (Figure 2 A and B)
although the inhibitor has no extracyclic amino function. In
order to maintain the same distance, the backbone between
residue 231 and 235 has been shifted towards the inhibitor
and the hydrogen bond is formed to the nitrogen atom of the
imidazole moiety facing the CO group of Leu231.

In 7 (6-amino-2-[(thiophene-2-ylmethyl)-amino]-1,7-dihydro-
imidazo [4,5g]quinazolin-8-one), a thiophene-2-methylene
moiety has been chosen as substituent to grow the inhibition
skeleton towards the ribose 33 binding pocket (Figure 5 A).
Surprisingly, no properly defined electron density could be ob-
served for the sulfur-containing ring system. At most, an ethyl
group could be built into the electron density. The poorlyACHTUNGTRENNUNGdefined electron density indicates that the thiophene ring is
probably scattered over multiple configurations. By taking the
complex of TGT with bound tRNA as a reference for the super-
position with the present complex, it is possible to model the
thiophene ring into the same region of the binding site asACHTUNGTRENNUNGoccupied by ribose 33 in the natural substrate (Figure 5 A). This
superposition suggests that the methylene spacer has the ap-
propriate size to reach out into the ribose 33 binding pocket
and to correctly place a terminally decorated thiophene
moiety.

Interestingly, the crystal structure shows a split conformation
for Asp280 and Cys281 (Figure 5 B). This observation is particu-
larly surprising as Asp280 is involved as a nucleophile in the
catalytic mechanism. It might be possible that the thiophene
ring perturbs to some degree the conformation of Asp280.
Subsequently, the steric displacement of the thiophene moiety
translates into a 1808 rotation of Cys281 from an orientation

Table 3. Calculation of pKa values of different titratable groups of TGT active site.

pH 5.5 pH 7.0 pH 8.5
Residue[a] pKa protonated : deprotonated protonated : deprotonated protonated : deprotonated

Cys158 10.7 1.00 : 0 1.00 : 0 0.99 : 0.01
Cys281 8.4 1.00 : 0 0.96 : 0.04 0.46 : 0.54
Asp156 4.1 0.04 : 0.96 0 : 1.00 0 : 1.00
Asp102 �0.4 0 : 1.00 0 : 1.00 0 : 1.00
Asp280 1.7 0 : 1.00 0 : 1.00 0 : 1.00
Lys125 10.3 1.00 : 0 1.00 : 0 0.98 : 0.02
Lys264 12.2 1.00 : 0 1.00 : 0 1.00 : 0
Glu157 4.9 0.18 : 0.82 0.01 : 0.99 0 : 1.00
Glu235 2.7 0 : 1.00 0 : 1.00 0 : 1.00
Tyr072 11.3 1.00 : 0 1.00 : 0 1.00 : 0
Tyr106 11.6 1.00 : 0 1.00 : 0 1.00 : 0
Tyr161 9.7 1.00 : 0 1.00 : 0 0.94 : 0.06
Tyr258 14.4 1.00 : 0 1.00 : 0 1.00 : 0

[a] For the calculation of the pKa values all titratable groups within a radius of 12 � around the active site were determined (Cg of Tyr106 was taken as
origin of the selection). Each residue has an assigned pKa value based on the modified peoe_pb charges. For each residue, the ratio of protonation vs.ACHTUNGTRENNUNGdeprotonation at three different pH values (5.5, 7.0, and 8.5) is determined (a value of 1.00 corresponds to 100 % protonation or deprotonation).
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towards the surface of the protein into the cavity that is usual-
ly occupied by uracil 35 in the natural substrate.

The best binding affinity is observed for 6-amino-2-(2-mor-
pholin-4-yl-ethylamino)-1,7-dihydro-imidazo ACHTUNGTRENNUNG[4,5g]quinazolin-8-
one (9). This compound shows an affinity of 6 nm. The skeleton
does not fit entirely into the difference electron density. The

ethyl linker between the 2-amino-lin-benzoguanine and the
morpholino moiety can be assigned to difference electron den-
sity (jFo j� jFc j map at 2.5 s) but for the highly scattered mor-
pholino ring, no properly defined electron density could be
observed (Figure 6 A).

In a previous communication, the structure of a derivative
with a naphthyl side chain added to 2-amino-lin-benzoguanine
(8) skeleton has been presented.[15] In this complex, it was
partly possible to assign the side chain of the ligand to theACHTUNGTRENNUNGdifference electron density (PDB ID: 2QZR). Interestingly, the
lower part of the naphthyl moiety, which is covalently attached
to the lin-benzoguanine skeleton is visible in the difference
electron density. The upper six-membered ring is ill-defined.
Likely this corresponds to a kind of wiggling motion of the
naphthyl moiety perpendicular to the protein surface.

Compared to the complex of 9, the hydrogen bonds be-
tween the guanidinium moiety of 8 and the carbonyl oxygen
atom of Leu231 and Ala232 are expanded (hydrogen bond to
Leu231: 5 : 2.8 �; 8 : 3.0 �; to Ala232: 9 : 2.7 �; 8 : 3.6 �;
Figure 7). Obviously, the naphthyl side chain of 8 pushes the
lin-benzoguanine scaffold away from Ala232. Accordingly, it in-
duces a slight rotation of Tyr106 and Val233. Tyr106 closes up
the binding pocket once no ligand or substrate is accommo-
dated by TGT. In the apo structure, it forms a hydrogen bond
to Asp156. When a ligand is entering the guanine binding

Figure 3. Crystal structure of 4 in the binding pocket of TGT determined at
1.78 � resolution. The solvent-accessible surface of the protein is shown in
gray. In addition some selected amino acids (carbon = gray, nitrogen = blue,
oxygen = red) in the guanine binding pocket recognizing 4 are shown. The
hydrogen bonds between TGT and 4 are highlighted by yellow dashed lines.
Compound 4 is contoured at 2.5s in the jFo j� jFc j density map (green) of
the structural model refined without the ligand. The ligand (carbon = or-
ange, nitrogen = blue, oxygen = red) is well depicted in the binding pocket.
Several hydrogen bonds (orange dashes) are formed between the ligand
and the protein. A short van der Waals interaction (3.3 �, red arrow) be-
tween the methyl group in 2-position of the lin-benzoguanine scaffold and
Cb of Ala232 is present. In addition, three water molecules (red) are bound
between Asp102 and Asp280 (H-bonds: yellow dashes).

Table 4. Data collection and refinement statistics for TGT in complex
with 4, 5, 7, and 9.

Crystal data 4 5 7 9
PDB ID 3C2Y 2Z7K 3C2Z 3C2N

A) Data collection and processing
no. crystals used 1 1 1 1
l [�] 1.5418 0.97803 1.5418 0.97803
space group C2 C2 C2 C2
unit cell parameters
a [�] 90.3 90.5 90.2 90.7
b [�] 64.8 65.1 64.7 64.5
c [�] 70.3 70.6 70.4 70.3
b [8] 96.0 96.2 96.0 95.5

B) Diffraction data
resolution range [�] 50–1.78 30–1.28 50-1.65 25–1.58
unique reflections 36 907

(1780)[a]

10 2059
(5228)[a]

48 527
(2416)[a]

54 350
(2524)[a]

R(I)sym [%][b] 5.5 (37.0)[a] 3.8 (24.9)[a] 6.0 (51.0)[a] 4.4 (22.3)[a]

completeness [%] 95.0
(92.3)[a]

99.6 (97.4)[a] 99.9
(99.5)[a]

98.0
(91.1)[a]

redundancy 1.9 (1.9)[a] 2.7 (2.5)[a] 3.7 (3.2)[a] 3.0 (2.1)[a]

I/s(I) 15.0 (2.3)[a] 21.4 (3.8)[a] 20.6 (2.4)[a] 23.0 (4.0)[a]

C) Refinement
program used SHELXL SHELXL SHELXL SHELXL
for refinement
resolution range [�] 10–1.78 10–1.28 10–1.65 10–1.58
reflections used 35 094 96 866 46 663 52 369
in refinement
final R values
Rfree (Fo ; Fo>4 s)[d] 21.4

(15.0)[a]

18.6
(14.8)[a]

21.7
(20.5)[a]

21.7
(20.6)[a]

Rwork (Fo ; Fo>4 s)[c] 16.4
(14.0)[a]

16.2
(14.0)[a]

17.2
(16.2)[a]

16.8
(16.7)[a]

no. of atoms (non-hydrogen)
protein atoms 2809 2895 2760 2714
water molecules 274 375 233 302
ligand atoms 16 15 18 18
RMSD, angle [8] 2.1 2.4 2.3 2.3
RMSD, bond [�] 0.009 0.015 0.010 0.010
Ramachandran plot[e]

most favored regions 95.5 95.1 95.0 94.6
[%]
additionally allowed 4.2 4.6 4.3 5.1
regions [%]
generously allowed 0.3 0.3 0.7 0.3
regions [%]
mean B-factors [�2]
protein atoms 15.4 13.7 13.5 16.1
water molecules 27.0 29.0 23.6 30.7
ligand atoms 12.1 11.4 15.3 15.3

[a] Values in parenthesis are statistics for the highest-resolution shell.
[b] R(I)sym = [ShSi j Ii(h)�hI(h)i j /ShSiIi(h)] � 100, where hI(h)i is the mean of
the I(h)observation of reflection h. [c] Rwork =Shkl jFo�Fc j /Shkl jFo j . [d] Rfree

was calculated as for Rwork but on 5 % of the data that were excluded
from refinement. [e] From Procheck.
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pocket, Tyr106 performs a p-stacking with the aromatic ring
system of the bound ligand. In the case of binding the naph-
thyl derivative, the position of Tyr106 is distorted. In addition,

Val233 is rotated out of the binding pocket. The distance be-
tween Tyr106 Ce and Val233 Cb increases in the complex of 8
(6.7 �) compared to the complex of 9 (5.4 �) leading to an
opening of the guanine binding pocket (Figure 7). Astonishing-
ly, the complex of 8 is up to now the only example where the
side chain of the inhibitor could be fitted to a reasonably de-
fined electron density. Probably, the binding mode with an or-
dered side chain orientation is based on a steric interaction of
the naphthyl moiety with Tyr106, leading to a shifted place-
ment of the lin-benzoguanine scaffold in the guanine recogni-
tion pocket. Nevertheless, the affinity falls into the same range
as for other ligands exhibiting a guanidinium-type moiety.
Therefore, the opening of the guanine binding pocket has sup-
posedly no impact on the affinity of ligand binding.

All lin-benzoguanines are based on a tricyclic aromatic scaf-
fold. It is remarkable that this ring system is not always planar
(Figure 8). In complex with 5, 7, and 9, the electron density for
the scaffold is bent out of plane by approximately 7.58. In a re-
finement cycle, where the ligand was artificially constrained to
a planar geometry, residual negative and positive difference
electron density has been received. The unexpected non-pla-
narity can likely be explained by a protonation of the conjugat-
ed system of the guanidinium-like moiety, providing further
crystallographic evidence that the 2-amino-lin-benzoguanines
are protonated upon binding to TGT.

Docking experiments

For the complexes of 7 and 9 with TGT, it was not possible to
fit the side chain of the inhibitor into the electron density.
Only some weak peaks of residual electron density are visible
(Figures 5 A and 6 A). In order to estimate possible orientations

Figure 4. Surface presentation (gray) of TGT in complex with 5 determined
at 1.28 �. In the guanine binding pocket 5 is shown in orange (carbon = or-
ange, nitrogen = blue, oxygen = red) and the surrounding amino acids are
shown in gray (carbon = gray, nitrogen = blue, oxygen = red). The jFo j� jFc j
density map of 5 of the structural model refined without the ligand is
shown at 2.5s (green). The inhibitor occupies completely the deep binding
pocket of guanine. Several hydrogen bonds (orange dashes) are formedACHTUNGTRENNUNGbetween 5 and the protein. Three water molecules are placed between
the carboxyl groups of Asp102 and Asp280 (red, hydrogen bonds = yellow
dashes).

Figure 5. Superimposition of TGT in complex with a preQ1 modified tRNA loop (PDB ID: 1Q2S; blue, only the ligand is shown) and compound 7 (PDB ID:
3C2Z; protein: surface presentation in gray; ligand: carbon = orange, nitrogen = blue, oxygen = red). For the 2-amino-lin-benzoguanine scaffold the difference
electron density is well defined (jFo j� jFc j density map at 2.5s in green for the structural model refined without the ligand). A) The thiophene ring of 7 is dis-
located, but based on the position of the ethyl linker a localization of the thiophene ring similar to ribose 33 can be anticipated. B) For Asp280 and Cys281
two conformations are refined (conformation A: carbon = green, nitrogen = blue, oxygen = red, sulfur = yellow; conformation B) carbon = blue, nitrogen =

blue, oxygen = red, sulfur = yellow). Conformation A orients the thiol group of Cys281 towards the surface of the protein whereas in conformation B the thiol
group is rotated by 1808 and faces to the interior of the protein. In addition, the position of Asp280 is slightly shifted; this is especially remarkable because
Asp performs the nucleophilic attack towards C1’ of the ribose during the base-exchange reaction. C) Superposition of 20 docking solutions (carbon = purple,
nitrogen = blue, oxygen = red; sulfur = yellow) generated with the program GOLD. The sulfur atom of the thiophene ring is fitted into the difference electron
density, as it would contribute most as the strongest scatter to the density.

ChemBioChem 2009, 10, 716 – 727 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 723

TGT Ligands

www.chembiochem.org


of the side chain, docking experiments by using the program
GOLD were performed.[22] In Figure 5 C, the docking solutions
for 7 are visualized. The docked geometries show a cluster for
the side chain orientations close to the ribose 33 binding site
as already indicated by the crystal structure. For 9, the docking
delivers two clusters (Figure 6 B) for the morpholino side chain.
The placement of the docking solutions supports the assump-
tion that the side chain is rather solvent exposed, and no par-

ticular arrangement with a set of preferred interactions ap-
pears possible.

Conclusions

The synthesis of new TGT inhibitors with the aim to address
the ribose 33 binding pocket led to a dramatic increase in
binding affinity. The modification of the scaffold lin-benzogua-
nine to synthetically easily accessible 2-amino-lin-benzogua-
nines changed the characteristics of our inhibitors. With this
skeleton, it is now possible to form an additional hydrogen
bond at the far end of the guanine binding pocket between
the carbonyl group of Ala232 and the exocyclic amino function

Figure 6. Surface representation of TGT in gray; ligand: carbon = orange,ACHTUNGTRENNUNGnitrogen = blue, oxygen = red; jFo j� jFc j density map at 2.5s in green of
the structural model refined without the ligand 9 in the guanine binding
pocket. The morpholino ring system of 9 is not shown because no properly
defined electron density could be observed during refinement. B) A total of
20 docking solutions derived with the program GOLD are superimposed on
the complex with 9. The docking solutions show that the morpholino side
chain is solvent exposed and multiple conformations are possible.

Figure 7. Superposition of TGT in complex with 8 (PDB ID: 2QZR; carbon =

green, nitrogen = blue, oxygen = red, hydrogen bonds = orange dashes) and
9 (PDB ID: 3C2N; carbon = orange, nitrogen = blue, oxygen = red, hydrogen
bonds = yellow dashes). The side chain of Val233 is shifted in the complex
of 8, which results in a larger distance between Tyr106 and Val233 (8 : 6.7 �,
blue dashes; 9 : 5.4 �, red dashes).

Figure 8. Complex of 5 and TGT. The jFo j� jFc j density map of 5 of the
structural model refined without the ligand is shown at 2.5 s in green. The
inhibitor is slightly bent in the guanine binding pocket (approximately 7.58).
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of the inhibitor (Figure 4). However, the most important contri-
bution to the increased binding affinity results from a change
of the physico-chemical properties of the scaffold. With theACHTUNGTRENNUNGintroduction of the guanidinium functionality, a permanent
charge is most likely created on this portion of the inhibitor
which results in the formation of a charge-assisted hydrogen
bond to the carbonyl group of Leu231. This interaction is fur-
ther stabilized by the negative charge of the deprotonated
Glu235 facing the NH of Leu231 from the back. For the evalua-
tion of the charge-assisted hydrogen bond between the li-
gands and TGT, we performed a novel application of in silico
pKa calculation. So far the pKa calculation with modified peoe_
pb charges were only used to characterize the protonation
state in active sites of HIV protease and other proteases, such
as trypsin and thrombin, but it was never consulted to explain
trends in affinities.[23, 24] This evaluation shows that pKa calcula-
tions can also be applied to study affinity relationships ofACHTUNGTRENNUNGprotein–ligand complexes. The results of the pKa calculation
support the increasing basic character of our inhibitors, partic-
ularly once bound to the protein, which strengthens the inter-
action to Leu231.

The crystal structures emphasize the conserved binding
mode of the scaffold of the lin-benzoguanines in the guanine
binding pocket. The introduced side chains in 2-position can
bind to the ribose 33 binding pocket. The disruption of the
water cluster network which had a detrimental effect on the
binding energy in previous studies could not be observed for
4–10. With our new design strategy we could bear the first
nanomolar TGT inhibitors.

An additional interesting feature can be observed from the
complexes of 7 and 9, where it is not possible to fit the com-
plete side chain of the ligand into the electron density. Never-
theless, the binding affinity is still increased compared to the
complex of 6 (for 7 the increase is 1.7-fold, for 9 it is nearly
tenfold). The side chain is not fixed in one preferred orienta-
tion and in our docking experiments the thiophene and the
morpholino moiety are scattered over multiple conformations.
The residual mobility of the side chain in the protein-bound
state obviously enhances binding affinity of a less intimate and
shape-complementary complex between ligand and protein.
Certainly, upon complex formation, the overall residual confor-
mational entropy is reduced, but is usually compensated for
by an enhanced enthalpy contribution experienced by the
newly formed interactions with the ligand. In the present case,
the residual amount of degrees of freedom resulting from the
still activated conformational mobility of the side chain is ben-
eficial for the entropic contribution to binding. A partial loss of
degrees of freedom pays a smaller price in entropy. Overall, an
enhanced Gibbs free energy of binding is observed, particular-
ly for 9. As important message from this study, it can be con-
cluded that enhancement of binding affinity does not necessa-
rily correlate with one unique and well-defined shape-comple-
mentary conformation of the ligand or its portions. Recently,
we could report a similar case where the complete disorder of
a ligand side chain was not detrimental to binding affinity.[25]

In this case, the binding constant, a typical free energy entity,
is determined predominantly by either an enthalpic and en-

tropic contribution. Possibly, our traditional thinking in terms
of lead optimization in medical chemistry is too strongly
biased towards an enthalpic view, only accepting structural
evidence once a properly defined ligand configuration can be
discovered in the difference electron density of the complex.
Also, a beneficial residual configuration entropy contribution
can result in an improved protein–ligand binding.

Experimental Section

Trapping experiment : For the characterization of the kinetic prop-
erties of the ligand 5 mm Z. mobilis TGT, 100 mm E. coli tRNATyr, and
10 mm of the particular inhibitor dissolved in DMSO were incubat-
ed for 1 h at 25 8C. Furthermore, SDS loading buffer (10 mL) was
added, and the mixture was incubated for an additional hour at
25 8C. Each sample (5 mL) was loaded onto a 15 % SDS gel and
stained with 0.1 % Coomassie brilliant blue.[13] For a competitive in-
hibitor only one band was visible on the SDS gel representing TGT.
In contrast two bands were obtained on the SDS gel for a mixed
inhibition, one for TGT and an additional one for TGT in complex
with tRNA.

Inhibition constant determination : The inhibitor kinetic constants
were acquired in an assay solution of 19 nm Z. mobilis TGT, 200 mm

HEPES buffer, pH 7.3, 20 mm MgCl2, 2.95 mm Tween 20 containing
both substrates, 8-[3H]-guanine HCl and E. coli tRNATyr in various
concentrations. In addition, the assay solution contained 5 %
DMSO to ensure solubility of the inhibitors.

The assay reaction was started by adding the substrates and its
turnover was measured by taking an aliquot (15 mL) four times, at
three minute intervals. The aliquots were directly transferred to
glass fiber filters (GC-F, Whatman), quenched in 10 % (w/v) tri-
chloroacetic acid (20 min), and washed in 5 % (w/v) trichloroacetic
acid (2 � 7 min) to wash out tRNA-unbound 8-[3H]-guanine. The fil-
ters were dried at 60 8C, and tRNA-incorporated tritium was quanti-
fied by using liquid scintillation counting.

For the calculation of the inhibitor constants, the method intro-
duced by Gr�dler et al. and modified by Meyer et al. was ap-
plied.[6, 13] Here, TGT was incubated with 20 mm 8-[3H]-guanine,
1.5 mm tRNATyr in the presence of five different inhibitor concentra-
tions. The initial velocity of the base-exchange reaction was de-
creased by the added inhibitor. This enabled the calculation of
competitive inhibition constants for each inhibitor.

In silico pKa calculations : A consistent charge model was pro-
duced by a modified version of the charge distribution algorithm
that was suggested by Gasteiger and Marsili, named “partial equali-
zation of orbital electronegativities” (PEOE).[26]

The in silico calculation was based on the charge distribution in
the active site of TGT derived from the modified peoe_pb charges.
Another value important for the calculation was the assigned di-ACHTUNGTRENNUNGelectric constant e. For the binding site an approximate estimation
of this value was crucial. To adjust a reasonable value that closely
resembled the properties of the binding site, we tested two differ-
ent values: e= 10 and e= 20. A shift of about one logarithmic unit
to a more basic range for all inhibitor complexes was obtained by
using a dielectric constant of e= 20. At a value of e= 10, the pKa

shift was larger (2.4–4.4) and resulted in values that appearedACHTUNGTRENNUNGexaggerated to correctly represent the observed effects of the
formed protein–ligand complex.
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For the calculation of the pKa values all titratable groups in a
radius of 12 � around the active site were determined (Cg of
Tyr106 was taken as centre of the selection; Table 3). With the pro-
gram REDUSE all hydrogens were added to the protein where all
acidic amino acids were deprotonated and basic amino acids were
protonated.[27]

SYBYL ligand atom types were assigned to the ligands to generate
its unprotonated and its protonated form. Based on the modified
peoe_pb charges a total net charge was assigned for both ligand
states. After this preparation, the Poisson–Boltzmann calculation
was started. The resulting pKa shifts were listed in Table 2 at a pH
of 7.0.

Z. mobilis TGT crystallization : Z. mobilis TGT was cloned and ex-
pressed in E. coli. This procedure and the purification of the protein
have been described in detail elsewhere.[1, 28, 29] Crystals appropriate
for soaking ligands were obtained in a two-step procedure. First
microcrystals were grown via hanging-drop, vapor diffusion
method at 273 K. Therefore, protein solution (2 mL; 16.8 mg mL�1

TGT, 2 m NaCl, 10 mm TRIS-HCL pH 7.8, 1 mm EDTA, 1 mm DTT) was
mixed with reservoir solution (2 mL) at pH 8.5 (8 % (w/v) PEG 8000,
100 mm TRIS–HCl, 1 mm DTT, 10 % DMSO) or at pH 5.5 (13 % (w/v)
PEG 8000, 100 mm MES, 1 mm DTT, 10 % DMSO) to a droplet.
During a few days microcrystals with the size of 0.05 mm3 were ob-
served. In a second step, a macro-seeding was performed where
the crystals grew to a size of about 0.7 � 0.7 � 0.2 mm. For the
macro-seeding one micro-crystal was transferred to a droplet with
protein solution (2 mL) and reservoir solution (2 mL). The reservoir
solution was similar to the one used in the first step but had a de-
creased concentration of PEG 8000 (pH 8.5: 5 % (w/v) ; pH 5.5: 8 %
(w/v)). The ligands were dissolved in DMSO and mixed with reser-
voir solution to a final concentration of 5 mm. A single crystal was
introduced into a droplet of this mixture and soaked for about one
day.

Data collection : The soaked crystals were transferred for about
10 s into a solution containing glycerol as cryo-protectant (pH 8.5:
50 mm Tris–HCl, 0.5 mm DTT, 0.3 m NaCl, 2 % DMSO, 4 % PEG 8000,
30 % glycerol ; pH 5.5: 50 mm MES, 0.5 mm DTT, 0.3 m NaCl, 2 %
DMSO, 4 % PEG 8000, 30 % glycerol) and afterwards directly flash-
frozen in liquid N2.

Data sets for 4 and 7 were collected at cryo conditions (100 K)
with CuKa radiation (l= 1.5418 �) by using a Rigaku RU-H300R ro-
tating-anode generator at 50 kV and 90 mA equipped with focus-
ing mirrors (Xenocs mirrors) and an R-AXIS IV or R-AXIS IV++ (MSC,
USA) image-plate system.

The data sets for 5 and 9 were collected at cryo conditions (100 K)
as well at the BESSY-PSF Beamline 14.2 in Berlin. Synchrotron radia-
tion (at wavelength l= 0.97803 �) was used. A MAR CCD 165 mm
detector was utilized for data collection.

The protein crystallizes in the monoclinic space group C2 contain-
ing one monomer per asymmetric unit with Matthews coefficients
of 2.3–2.4. Unit cell dimensions for all crystals are listed in Table 3.
Data processing and scaling were performed by using the
HKL2000 package. Data collection and processing statistics are
given (Table 3).[30]

Structure determination and refinement : For the complexes of 4,
5, 7, and 9 the coordinates of the TGT apo structure (1P0D) were
directly used for an initial rigid-body refinement and a cycle of
maximum likelihood energy minimization, simulated annealing,
and B-factor refinement by using the CNS program package was
performed.[31]

The high resolution of the structures allows a further refinement
with the program SHELXL.[32] Here, at least 20 cycles of conjugate
gradient minimization were performed with default restraints on
bonding geometry and B-values: 5 % of all data were used for Rfree

calculation. Amino acid side chains were fit to sA-weighted jFo j�
jFc j and 2 jFo j� jFc j electron density maps by using COOT.[33] In
the electron density water, glycerol molecules, and the ligand were
located, and subsequently included to further refinement cycles. In
a final refinement, riding H-atoms were placed for the protein (not
for ligand) without using additional parameters. All final validation
of the model was performed with PROCHECK.[34]

Figure were prepared by using Isis Draw and Pymol.[35]

Protein Data Bank accession codes : The PDB accession code for
the TGT in complex with 4 is 3C2Y, 5 is 2Z7K, 7 is 3C2Z, and 9 is
3C2N (also given in Table 3).

Docking experiments : The docking was performed with GOLD 4.0
by using default settings for the genetic algorithm. Inhibitors 7
and 9 were docked 20 times into the guanine binding side of the
corresponding crystal structure. The water molecules between the
catalytic aspartates were included in the docking run and were
kept as fixed.
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