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The 1.8 Å resolutionde noVo structure of nucleoside 2-deoxyribosyltransferase (EC 2.4.2.6) from
Trypanosoma brucei(TbNDRT) has been determined by SADa phasing in an unliganded state and several
ligand-bound states. This enzyme is important in the salvage pathway of nucleoside recycling. To identify
novel lead compounds, we exploited “fragment cocktail soaks”. Out of 304 compounds tried in 31 cocktails,
four compounds could be identified crystallographically in the active site. In addition, we demonstrated that
very short soaks of∼10 s are sufficient even for rather hydrophobic ligands to bind in the active site groove,
which is promising for the application of similar soaking experiments to less robust crystals of other proteins.

Introduction

Trypanosomatids are parasitic unicellular eukaryotic organ-
isms, infecting plants as well as animals. Several species within
the family are responsible for serious, but largely neglected,
diseases of humans and domestic animals. Most of these are
distributed in tropical and subtropical areas of the world. In
sub-Saharan Africa,Trypanosoma brucei, the causative agent
of sleeping sickness, is transmitted by the tsetse fly. If untreated,
this disease is fatal to humans. Estimations by the WHO indicate
nearly 60 million people at risk.1,2 In Central and South America
Trypanosoma cruzicauses Chagas’ disease, with an estimated
100 million people at risk. Furthermore, someTrypanosoma
bruceisubspecies have an economic impact on cattle farming,
since they cause a disease called “nagana”.1,2

Nucleoside 2-deoxyribosyltransferase (NDRT,a EC 2.4.2.6)
is essential for nucleoside recycling of purine and pyrimidine
phosphorylases in organisms missing those enzymes.3 It cata-
lyzes the cleavage of the glycosidic bonds of 2-deoxyribo-
nucleosides and transfers the deoxyribose to another base,
thereby playing an important role in recycling nucleosides.
Biochemical evidence of NDRT activity has been reported in
the kinetoplastid organismCrithidia luciliae.4 NDRTs can be
divided into two classes depending on their substrate specific-
ity: class I enzymes transfer deoxyribose between two purines,
whereas class II enzymes transfer deoxyribose between either

purines or pyrimidines. The structures of class I and class II
enzymes are very similar to each other and differ mainly in
one loop shielding the active site.3,5 Both enzymes are found in
variousLactobacillusspecies where the active enzyme consists
of a trimer of dimers.6

Trypanosoma bruceilacks enzymes ofde noVo purine
biosynthesis and, thus, is entirely dependent on scavenging
purine nucleosides from the host. Scavenged nucleosides
undergo metabolism by purine salvage/recycling enzymes in
order to provide the necessary nucleotides for cellular function
and replication. Since NDRT is involved in nucleoside salvage/
recycling, specific inhibition of this enzyme could have dramatic
effects on the growth and replication ofTrypanosoma. We
therefore not only solved the unliganded structure of the enzyme
from T. brucei but also employed a fragment-based cocktail
screening in combination with crystal X-ray analysis in order
to identify potential leads for future drug development. This
work was performed as part of the Structural Genomics of
Pathogenic Protozoa (SGPP) consortium effort to identify
structural targets for the development of antiprotozoan thera-
peutics (see also www.sgpp.org).

Crystallographic screening methods have been used to sample
large compound libraries in order to detect novel lead com-
pounds for drug development. Ligands are detected by extra
features in the electron density map compared to maps of
unliganded protein. The crystallographic method reveals im-
mediately the chemical environment of the bound ligand and
hence can be utilized directly for lead optimization. The term
“fragment” describes a low molecular weight compound (∼100-
300 Da), which typically is smaller than druglike molecules.
Fragments cover a wider range of “chemical space” usually
leading to higher hit rates and are therefore easier to exploit.
An initial and probably first exploration of the “cocktail soak”
crystallographic procedure was performed in the early 1990s
at the University of Groningen.7 More sophisticated procedures
are currently a popular tool for early lead discovery strategies.8-12

† Coordinates and structure factors have been deposited with the PDB
(accession codes 2A0K, 2F2T, 2F64, 2F62, 2F67).
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Here, commercially available compounds were chosen on the
basis of molecular weight range, a calculated logP range, a
maximum number of rotatable bonds, the presence of at least
one ring, and the absence of reactive functional groups.
Subsequently the remaining compounds were clustered in groups
of 10 on the basis of maximum shape diversity. Of the 70 virtual
cocktails obtained, 31 were made thus far. A detailed description
of the cocktail selection, contents, and modus operandi for
dissolution is in preparation (Verlinde et al.).

Here, we report the crystal structure ofT. bruceiNDRT (Tb-
NDRT, SGPPID:Tbru015777AAA, GeneDB Tb05.30H13.400)
and the results of probing its active site by fragment cocktail
crystallography. Interestingly, NDRTs are absent in humans,
where the nucleoside recycling is carried out by purine and
pyrimidine phosphorylases, making this enzyme worth exploring
as a drug target.

Results

Overall Structure of the Unliganded TbNDRT. The de
novo structure of TbNDRT was solved to 1.8 Å by applying
SAD X-ray techniques to SeMet substituted protein. The refined
structure has aRwork of 17.5% and aRfree of 20.6%, with
excellent geometry (Table 1). The overall fold of the monomer
is anR/â domain with approximate dimensions of 76 Å× 39
Å × 42 Å, while the dimer has dimensions of 76 Å× 60 Å ×
54 Å. A central, parallel, five-strandedâ-sheet with topology
12347 and a shortR-helix (R1) form the core of the molecule
with R-helicesR2 andR7 on one side and withR3 andR4 on
the other side of theâ-sheet. Additionally two smaller helices
(R5, R6) and two â-strands (â5, â6) are observed in the
proximity of the substrate binding pocket (Figure 1A). A SO4

2-

ion is bound to each of the N-terminal His6 tags (Figure 1B),
which are involved in crystal packing.

A dimer is observed in the asymmetric unit, with the dimer
interface burying a∼4000 Å2 solvent accessible surface as
reported by the PROFUNC server.13 The dimer interface mainly
involves residues from helicesR3, R5, andR6. There is no
evidence for a higher molecular arrangement (e.g., a hexamer);
both DLS and size exclusion experiments indicate a dimer in
solution for TbNDRT (data not shown). Also, crystal contacts
of the dimer with neighboring subunits do not result in large
buried surfaces.

The active site nucleophile Glu905 is buried in a 14 Å deep
and 7 Å wide L-shaped pocket, which also includes one glycerol
molecule at the bottom of the pocket and several waters (Figure
1B). The volume of each of the two active site pockets per
dimer, calculated with a probe radius of 1.4 Å using AR-
EAimol,14 is ∼1180 Å3 and is formed by 13 residues of one
subunit and 6 residues of the other subunit. The total number
of residues forming the pocket is 19, with 9 hydrophobic, 4
charged, and 6 neutral side chains.

The closest structural homologue to TbNDRT, according to
the EBI SSM server,15 is NDRT fromLactobacillus helVeticus
with a rmsd of 2.1 Å for 165 residues and a sequence identity
of 26% (PDB accession code 1S2I).5 The biological unit in
Lactobacillus helVeticus is a hexamer formed by a trimer of
dimers.6 The “building blocks” of theLactobacillus helVeticus
hexameric enzyme correspond to the dimer of TbNDRT.

Fragment Cocktail Crystallography. “Fragment cocktail
soaking” was carried out at 4°C. A total of 69 crystals were
examined probing 304 different compounds in 31 cocktails,
including variations in soaking times for several of the cocktails.
Diffraction was evaluated by automated screening at SSRL
beamlines 1-5, 9-1, 9-2 and manual screening at ALS 8.2.1,
8.2.2, and 5.0.3. Figure 2A displays the resolution distribution
for these experiments, demonstrating that very few of the

Table 1. Data Collection and Refinement Statisticsa

a In the unliganded structure of TbDNRT, the rms deviation for the CR atoms between the two subunits of the dimer in the asymmetric unit is 0.021 Å;
for all other atoms it is 0.31 Å. The rms deviation for theB factors between all proteins atoms of the two subunits is 14.4 Å2.
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fragment cocktails had a detrimental effect on the resolution
for these particular protein crystals. The fragment cocktail soaks
that resulted in diffraction worse than 3 Å were rescreened with
shorter incubation times in a second experiment and then
diffracted better than 2.5 Å. Soaking protein crystals in 10%
DMSO enriched mother liquor without any cocktail compound
also showed no significant effect on the resolution limit even
after 1 week of incubation. A typical example of a cocktail
composition is represented in Figure 2B. The full set of cocktails
will be published elsewhere (Verlinde et al., in preparation).

X-ray data sets of fragment cocktail soaked crystals were
analyzed by molecular replacement using the unliganded
TbNDRT coordinates 2A0K. We were able to identify four
ligands in the active site (Table 2, Figure 3). Two data sets
showed additional density in the active site, but the density could
not be identified as belonging to a specific compound yet. These
cocktail soaks need to be further investigated by follow-ups with
single-compound soaks.

Time Course Experiment. After identification of the first
compound benzo[cd]indol-2(1H)-one in the active site by a 12
h soaking experiment, a time course experiment was performed
in order to evaluate and establish requirements for future
successful binding of ligands. Crystals were first isolated and
equilibrated in artificial mother liquor prior to fragment soaking.

Figure 1. Structural overview ofT. bruceinucleoside 2-deoxyribo-
syltransferase (TbNDRT): (A) TbNDRT subunit representation, where
R-helices are shown in blue andâ-strands in red; (B) transparent surface
representation of the TbDNRT dimer showing subunit A in red and
subunit B in blue, where the active site pocket is highlighted in green
and the SO42- ion is shown as a stick model.

Figure 2. Fragment cocktail crystallography of TbNDRT. (A) Shown is the diffraction limit distribution plot. The graph shows a plot of number
of crystals (vertical) versus their resolution limit after fragment soaking experiments for a total of 69 crystals. A cutoff value of better than 2.5 Å
was used as useful limit for data acquisition. Fragment soaks with crystals diffracting worse than 2.5 Å were rescreened with shorter incubation
times. (B) Shown is a schematic drawing of the compounds present in SGPP fragment cocktail no. 4. Encircled is the identified compound benzo-
[cd]indol-2(1H)-one.

Table 2. In Vitro Inhibition Assay Results
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Fragment cocktail no. 4 (Figure 2B) was 10-fold diluted into
artificial mother liquor and thoroughly mixed. Crystals were
then transferred individually and incubated for 30 min, 10 min,
3 min, 1 min, and 10 s, then flash-frozen in liquid nitrogen and
examined at a synchrotron radiation source.

The ligand benzo[cd]indol-2(1H)-one could be identified
unambiguously from the difference density map contoured at
2.5σ even in the shortest soaking experiment of only 10 s (Figure
3A). Furthermore, specific soaks with only benzo[cd]indol-
2(1H)-one dissolved in DMSO were carried out, confirming the
previous results obtained from cocktail soaking experiments
(data not shown).

These results show that very short incubation times are
sufficient to unambiguously reveal specific binding of small

molecules in appropriate pockets, suggesting that short quick-
dip experiments might be worthwhile to evaluate in cases where
protein crystals are less robust to cocktail crystallography
procedures.

Identification of the Bound Ligands. A total of 4 ligands
from 31 cocktails containing 304 fragments in total were
identified in the active site. The ligands in their observed
positions are shown in Figure 4A after superimposing the 316
CR atoms of the ligand-bound dimers onto the unliganded
structure. The rmsd values for the CR atoms ranges from 0.11
to 0.24 Å (2F2T, 0.18 Å; 2F62, 0.24 Å; 2F64, 0.11 Å; 2F67,
0.17 Å) when compared to the unliganded state. The residues
representing the walls of the active site pocket show a rmsd of
0.09-0.11 Å over 19 CR atoms and 0.59-0.75 Å over 153

Figure 3. (Continued on next page)
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atoms when including the side chains. In all five structures a
glycerol molecule was identified buried deep inside the active
site pocket.

Comparing the unliganded with the four ligand-bound
structures indicates a small movement upon ligand binding.
HelicesR3, R4, R6 and most of theâ-sheet core stay rigid,
while R2 and R7 move slightly inward toward the dimer
interface by approximately 0.5 Å. The identified ligands are
shown in more detail in Figure 3. The active site pocket shows
a longitudinal distribution of polar patches and larger hydro-
phobic patches, as can be seen in Figure 4A. This architecture
arrests the compounds in similar orientations, which vary only
in rotation about an axis perpendicular to the planar face of the
compounds. This binding mode has also been observed inL.
helVeticusNDRT.5

Superimposing structures ofLactobacillus helVeticusNDRT
(LhNDRT) with substrate analogues bound onto the present
TbNDRT structures indicates the functional importance of
components of the glycerol molecule at this specific position
within the active site pocket in our structure. The oxygens of
the glycerol molecule lie within 0.4 and 0.8 Å of the corre-
sponding O3 and O5 atom positions observed for the bound
substrate in LhNDRT. This is by itself of potential interest from
a drug design point of view because such groups might be

incorporated into future inhibitors (Figure 4B). This glycerol
molecule originates from the 5% glycerol present in the standard
SGPP protein buffer.

Ligand Interactions. The experimental electron density
observed for four chemical fragments is shown in Figure 3.

Benzo[cd]indol-2(1H)-one (12B).As mentioned earlier, time
course experiments were carried out with this compound as part
of cocktail mixture no. 4 (Figure 2B). We also prepared single
compound soaks of benzo[cd]indol-2(1H)-one (2F67) for 15 min
at 4 °C, varying the concentration from 0.001 to 0.1 mM. In
the case of the highest concentration soak only, the bound ligand
was identified (data not shown).

The ligand is burying a 405 Å2 solvent accessible surface
area and is mainly stabilized by numerous hydrophobic contacts
with residues Val19, Phe20, Pro46, Thr47, Glu50, Ile57, Asn61,
Glu90 from chain A and Leu135 and Met136 from chain B.
Additionally, the oxygen (OAL) forms a hydrogen bond to
Asn134(B) OD1 and ND2 with 2.7 and 3.2 Å distance as well
as to Glu127(B) OE2 at 2.8 Å. The nitrogen atom (NAE) makes
a 2.9 Å hydrogen bond to the O2 atom of the neighboring
glycerol from the cryoprotectant, which by itself is stabilized
through contacts of its O1-hydroxyl to Asn134(B) ND2 at 3.0
Å and to Asp84(A) OD2 at 2.5 Å. Finally, the O3-hydroxyl
makes contact with the backbone nitrogen of Gly16(A) at 2.8
Å (Figure 3A).

Figure 3. Stereoviews of the active site of TbNDRT with bound ligands. Only part of the CR backbone (blue) is shown for clarity. Residues
forming the active site pocket are depicted as ball-and-stick in colors according to the subunit. TheσA weighted 2mFO - DFC maps are shown at
the 1.5σ contour level in green, with the ligands omitted during structure factor calculation: (A) benzo[cd]indol-2(1H)-one (2F67); (B)
5-aminoisoquinoline (2F2T); (C) 2-ethylbenzyl alcohol (2F62); (D) 1-methylquinoline-2(1H)-one (2F64) in two orientations (see also text).

Figure 4. Comparison of ligand binding to TbNDRT. (A) Superposition of identified ligands. The ligands and the glycerol molecule are drawn as
sticks. The transparent surface of the L-shaped pocket is approximately 14 Å deep and 7 Å wide at the entrance. Hydrophobic areas on the surface
of TbNDRT are in gray and polar regions are in orange. (B) Superposition ofLactobacillus helVeticus(in a ribosylated ester intermediate state with
the ribose moiety covalently bound to Glu1015 plus free adenine (orange, 1S2D)) onto ligand-bound TbNDRT (blue and red, 2F67). Benzo[cd]indol-
2(1H)-one occupies almost the same position as the adenine ring, and the glycerol molecule mimics part of the ribose.
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5-Aminoisoquinoline (5IQ). Here, the ligand is stabilized
by hydrogen bonds from its NAJ nitrogen to Glu127(B) OE2
and Asn134(B) OD1 and O1 of the glycerol with distances of
2.9, 3.0, and 3.6 Å, respectively. All other contacts are
hydrophobic in nature (Figure 3B) and, like in the case of benzo-
[cd]indol-2(1H)-one, involve side chains Val19, Phe20, Pro46,
Ile57, Asn61 from chain A and Leu135, Met136 from chain B
of TbNDRT.

2-Ethylbenzyl Alcohol (12M). The density for this compound
is well-defined, as can be seen in Figure 3C. The ligand oxygen
OAJ makes contacts at 2.7 and 3.3 Å to Asn134 (B) OD1 and
ND2. The nearby glycerol molecule is contacted via its O1 and
O2 atoms at 3.2 and 3.0 Å distances to OAJ of the ligand; all
other contacts are hydrophobic (Figure 3C).

1-Methylquinoline-2(1H)-one (12Q).The ligand 12Q could
be placed in two equally occupied conformations, as judged by
the electron density (Figure 3D). In one conformation, the 12Q
(OAL) hydroxyl forms hydrogen bonds to Glu127 (B) OE2 and
O1 of the glycerol molecule at 3.0 Å. The second conformation
makes hydrogen bonds to Glu50 (A) OE1 and OE2 at 3.1 and
2.9 Å, respectively. All other contacts are mediated by
hydrophobic contacts, similar to those seen in the three previous
cases.

In Vitro Screening for Effect on Growth of Trypanosoma
brucei brucei. The four identified ligands were assayed in
triplicate for their growth inhibition effect against bloodstream
form T. bruceicell cultures. Solubility tests showed that three
of the four compounds would stay in solution up to 5 mM in
HMI-9 medium containing 0.5% DMSO. However, in this
medium benzo[cd]indol-2(1H)-one forms a fine suspended
precipitate when the concentration exceeds 1 mM. Table 2
shows that these four compounds have activity in the high-
micromolar range against the parasites; benzo[cd]indol-2(1H)-
one was the most active growth inhibitor with an ED50 of 120
µM.

Discussion

By employing X-ray crystallography and fragment cocktail
crystal soaking procedures, we successfully identified four
ligands in the active site of TbNDRT at high resolution. This
enabled us to probe the chemical environment of the active site,
which might be beneficial for future development of compounds
with higher affinity. We also discovered adventitiously a
glycerol bound to the active site. Creating compounds that
combine the hydrophobic characteristics of our fragments with,
for example, mimics of glycerol in the hydrophilic “tip” of the
cavity (Figures 3 and 4) could result in molecules that may out-
compete natural substrates ofTrypanosoma. It is worth men-
tioning that 84.2% (16 out of 19) of the pocket-forming residues
in theT. cruzihomologue and 89.5% (17 out of 19) inL. major
andL. infantumare identical, potentially allowing drug design
for all of these species simultaneously (Figure 5). Observations
made with substrate analogues and inhibitors inL. helVeticus
are unlikely to help significantly because only 21.0% (4 out of
19) of the pocket-forming residues are identical withT. brucei.

Purine salvage/recycling in trypanosomatid parasites is clearly
essential because of the absence of enzymes forde noVo purine
biosynthesis. One of the processes of purine salvage/recycling
entails the removal of the ribose or deoxyribose moieties from
purine nucleosides. This process is accomplished by at least
three types of enzymes: either purine nucleoside phosphorylases
(EC 2.4.2.1), purine nucleoside hydrolases (EC 3.2.2.1), or
nucleoside deoxyribosyltransferases (EC 2.4.2.6). The latter
enzyme (the topic of this report) removes a deoxyribose from

a nucleoside and transfers it to a nucleobase. In the absence of
an acceptor nucleobase, NDRT displays nucleoside hydrolase
activity.5 Enzymes of these three categories are present in the
genomes inTrypanosoma brucei, Trypanosoma cruzi, and
Leishmania major. The overlapping functions of these enzymes
and those of other enzymes of purine salvage have made it
difficult to identify, by metabolic predictions, specific purine
salvage enzymes that are essential.16 The validation ofT. brucei
NDRT as a drug target will need to be accomplished by gene
interruption or gene knockdown methods in future studies. It
should be kept in mind that it may be possible to exploit theT.
bruceiNDRT by a strategy in which multiple specific compo-
nents inhibit several enzymes to block purine salvage inT.
brucei.16 The fact that there is no NDRT homologue in humans
makesT. bruceiNDRT a particularly attractive target within
the purine salvage/recycling pathway for drug development.

The crystal structures described here with bound small-
molecule ligands provide the basis for developing inhibitors of
the TbNDRT for potential therapeutic purposes. It is remarkable
that they all bind in the active site with their ring systems
essentially in the same place, relatively close to a second ligand,
glycerol bound even deeper in the active site pocket. Hence,
our studies not only have provided the three-dimensional
structure of a potential sleeping sickness drug target but by
application of a fragment cocktail crystallography strategy also
show a collection of ligands bound to a critical region of
TbNDRT. This combination of results is a promising platform
to arrive at improved inhibitors and possibly new pharmaceu-
ticals.

In vitro assays demonstrated that these compounds had rather
weak activity against bloodstream formT. brucei(i.e., the most
potent compound showed an IC50 of 120 µM). Clearly, these
initial compounds that are small in size need substantial

Figure 5. Structure-based sequence alignment. The secondary structure
elements of TbNDRT and LhNDRT are depicted in the top and bottom
rows, respectively. Conserved residues are shown in red, and pocket-
forming residues of the active site groove are indicated with green
asterisks. Pocket amino acid differences betweenT. brucei, T. cruzi,
L. major, andL. infantumare indicated with arrows.
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optimization to achieve the necessary binding affinities to
effectively inhibit T. bruceiNDRT.

Materials and Methods

Protein Expression and Purification. cDNA was reverse-
transcribed fromT. bruceiTREU927/4 GUTat10.1 using standard
methods and subcloned in the pET14b expression vector using
ligation independent cloning (LIC) techniques. BL21 Star cells were
transformed using this plasmid and grown in 1 L of ZYP-5052
autoinduction media overnight at 37°C and then further induced
overnight at 18°C. Cells were harvested and lysed by sonication
in a standard buffer containing 25 mM HEPES, pH 7.5, 500 mM
NaCl, 5% (v/v) glycerol, and 0.025% (w/v) sodium azide, supple-
mented with 1 mg/mL lysozyme and 0.2% (w/v) sodium cholate.
After centrifugation, the protein was purified from clarified
supernatant through application to nickel-NTA resin, washed twice
with the standard buffer used for sonication plus 10 and 20 mM
imidazole, respectively, and eluted with 250 mM imidazole in
standard buffer.

The protein was then concentrated by centrifugation, dialyzed
against SGPP standard buffer (25 mM HEPES, pH 7.5, 500 mM
NaCl, 5% (v/v) glycerol, 2 mMâ-mercaptoethanol, 0.025% (w/v)
sodium azide), and further purified by size exclusion chromatog-
raphy on a Superdex 75 column at 4°C. The molecular weight for
TbNDRT was determined through analytical size exclusion chro-
matography to be 35.5 kDa, which is consistent with a dimer. A
final yield of 31.3 mg/L was concentrated to 27 mg/mL, flash-
frozen, and stored at-80 °C for crystallization experiments.17

Initial Crystal Screening, Optimization, and Dynamic Light
Scattering. TbNDRT was shipped on dry ice for high-throughput
crystallization screening at the Hauptman-Woodward Medical
Research Institute.18 After thawing at 23°C, crystallization experi-
ments were set up using the microbatch under oil technique19 with
a Robbins Scientific Tango liquid handling system. Each of the
1536 experiments contained 200 nL of crystallization cocktail
solution combined with 200 nL of protein solution under paraffin
oil (Fluka catalog no. 76235) contained in a 1536-well plate (Greiner
BioOne catalog no. 79101). The experiment plate was stored at 4
°C for 1 week and imaged at 23°C. Images were manually
reviewed; 80 of the 1536 crystallization conditions produced
outcomes considered to be suitable for further optimization trials.

A subset of the initial crystallization conditions found during
high-throughput screening were optimized using the vapor diffusion
sitting drop method to obtain the crystals used in the current study.
An amount of 400 nL of 27 mg/mL TbNDRT was mixed with 400
nL of the reservoir solution in a 96-well Intelli-plate (Hampton
Research) and incubated at 4°C. Plates were set up with a Hydra
liquid handling robot, and the final optimized crystal growth
conditions were as follows: 30% PEG MME 2000, 0.2 M (NH4)2-
SO4, 0.1 M sodium acetate trihydrate, pH 4.6. Dynamic light
scattering measurements were made using a DynaPro light-
scattering instrument (Wyatt).

Fragment Cocktail Soaking.Fragment cocktails were prepared
by mixing 7-10 compounds with mutually distinct shapes and
chemical properties in 100% DMSO at concentrations ranging from
10 to 100 mM (Verlinde et al., manuscript in preparation).

To evaluate the effects on the crystals by addition of DMSO
alone, a control experiment was carried out with a subset of crystals
using a final concentration of 10% DMSO (without fragments)
before attempting fragment cocktail soaks. Three time points where
selected for this procedure: 10 min, 1 h, and 24 h of incubation in
mother liquor containing 10% DMSO. Before cocktail soaks with
a new batch of crystals were attempted, a subset was tested for
good diffraction quality beforehand, as an aging effect could be
observed after 5-6 weeks. Preferably batches that diffracted better
than 2.5 Å on average where selected for further fragment cocktail
soaking experiments.

Crystals of TbNDRT were first isolated and allowed to equilibrate
for 1-5 min in cryoprotected mother liquor consisting of 30% PEG
MME 2000, 10% DMSO, 0.2 M (NH4)2SO4, 0.1 M sodium acetate

trihydrate, pH 4.6, before addition of a defined amount of fragment
cocktail solution dissolved in 100% DMSO to the drop. All
incubation steps were carried out at 4°C. At various time points,
crystals were harvested from the drop and flash-frozen in liquid
nitrogen for further examinations at synchrotron facilities. Specific
soak experiments containing only the previously identified fragment
were carried out with 0.1-100 mM fragment concentration and an
incubation time of 15 min.

Data Collection and Structure Determination. Crystals were
collected at beamlines ALS 5.0.3, ALS 8.2.1, ALS 8.2.2., SSRL
9-1, SSRL 9-2, and SSRL 1-5 at the Se K absorption edge with
1-2° rotation images and 1-3 s of exposure time depending on
the mosaicity of the crystals as determined by MOSFLM.20

Data reduction was carried out with Wedger ELVES21 as a front
end for MOSFLM/SCALA20 from the CCP4 package.14 The crystals
belonged either to the monoclinic space groupC2 with a ) 60.00
Å, b ) 75.16 Å,c ) 87.37 Å, andγ ) 90.03° or to space group
P1 with a ) 41.20 Å,b ) 41.50 Å,c ) 42.90 Å,R ) 95.5°,â )
112.2°, and γ ) 91.4°, in both cases with two subunits per
asymmetric unit resulting in a solvent content of 54.2% and 40.1%,
respectively. A total of 14 Se sites were located by the program
SHELXD.22 Subsequent density modification carried out with
SHELXE23 resulted in an interpretable electron density map, which
was submitted to ARP/wARP24 for automatic model building. A
complete sequence-assigned trace was obtained, and minor modi-
fications were carried out using the program Coot.25 Each subunit
contained a SO42- ion bound to the His6 tag and a glycerol molecule
in the active site groove. TLS refinement was performed with
REFMAC526 using the TLS groups determined by the TLSMD Web
server.27 The TbNDRT structure without a bound ligand was refined
to a crystallographicRwork of 17.5% (Rfree ) 20.6%).28 The rms
deviations of the final model from ideal geometry are 0.008 Å for
bond lengths and 0.953° for bond angles (see Table 1).29 The final
models were analyzed with validation tools in Coot25 as well as
MOLPROBITY30 and SFCHECK.14

Fragment soaked TbNDRT crystal structures were solved by
molecular replacement using the unliganded TbNDRT structure
(2A0K) and MOLREP.31 The anomalous signal from the Se atoms
in resultant anomalous difference maps with calculated phases was
a useful confirmation of the correct solution. Extra electron density
was determined by applying the Coot25 routine “find unmodeled
blobs” in aσA weighted 2mFO - DFC difference density map at
the 2.5σ level. After visual inspection of these blobs, the coordinates
of the expected ligands were loaded into Coot25 and an attempt
was made to automatically place those ligands in the extra electron
density map. Correctly placed ligands were examined manually,
and only those that fitted the difference density were used for further
refinement with Refmac526 until no further improvements were
achieved. Coordinates and cif libraries for the individual ligands
were generated with the PRODRG server.32

Parasite Cultures and in Vitro Compound Screening Assays.
T. brucei brucei(bloodstream-form strain 427 received from K.
Stuart, Seattle Biomedical Research Institute, Seattle, WA) was
cultured in HMI-9 medium containing 10% heat-deactivated fetal
bovine serum and 1% penicillin and streptomycin at 37°C with
5% CO2.33 Compound sensitivity of theT. brucei strain was
determined in 96-well microtiter plates in triplicate with an initial
inoculum of 1× 104 trypomastigotes per well. Compound stock
solutions were prepared in DMSO at 1.0 M and diluted in HMI-9
medium to 5 mM, 0.5% DMSO, then added in serial dilutions for
a final volume of 200µL/well. Parasite growth was quantified at
48 h by the addition of Alamar Blue (Alamar Biosciences,
Sacramento, CA).34 Pentamidine isethionate (Aventis, Dagenham,
U.K.) was included in each assay as a positive control. The ED50

values (effective dose that causes 50% growth inhibition) were
calculated using Microsoft Excel and nonlinear regression in Prism
(Graphpad Software, Inc.).
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