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ABSTRACT: Mycobacterium tuberculosis (Mtb) depends on biotin synthesis for survival during infection. In the
absence of biotin, disruption of the biotin biosynthesis pathway results in cell death rather than growth arrest, an
unusual phenotype for anMtb auxotroph. Humans lack the enzymes for biotin production, making the proteins
of this essentialMtbpathway promising drug targets. To this end,we have determined the crystal structures of the
second and third enzymes of the Mtb biotin biosynthetic pathway, 7,8-diaminopelargonic acid synthase
(DAPAS) and dethiobiotin synthetase (DTBS), at respective resolutions of 2.2 and 1.85 Å. Superimposition
of the DAPAS structures bound either to the SAM analogue sinefungin or to 7-keto-8-aminopelargonic acid
(KAPA) allowed us to map the putative binding site for the substrates and to propose amechanism by which the
enzyme accommodates their disparate structures. Comparison of the DTBS structures bound to the substrate
7,8-diaminopelargonic acid (DAPA) or to ADP and the product dethiobiotin (DTB) permitted derivation of
an enzymemechanism. There are significant differences between theMtb enzymes and those of other organisms;
the Bacillus subtilis DAPAS, presented here at a high resolution of 2.2 Å, has active site variations and
theEscherichia coli andHelicobacter pyloriDTBShave alterations in their overall folds.Wehave begun to exploit
the unique characteristics of the Mtb structures to design specific inhibitors against the biotin biosynthesis
pathway in Mtb.

Biotin is a cofactor for essential enzymes that function in
carboxylation, decarboxylation, and transcarboxylation reac-
tions found in many processes such as fatty acid biosynthesis,
gluconeogenesis, and amino acid metabolism (1).Whereas plants
and bacteria, including Mtb,1 have enzymes for production of
this cofactor, mammals do not, instead obtaining biotin through
diet and the action of gut bacteria. This makes the Mtb biotin
synthetic pathway an attractive drug target.

Mtb relies on biotin utilizing pathways, especially fatty acid
biosynthesis, during latency (2), and multiple lines of evidence
suggest that biotin production is essential for mycobacterial sur-
vival in vitro and in vivo. In the model organism Mycobacterium
smegmatis, the bioA gene, which encodes the second enzyme in
the biosynthetic pathway 7,8-diaminopelargonic acid synthase
(DAPAS), is required for optimal stationary phase growth in

rich, biotin-replete medium (3). This suggests that de novo biotin
biosynthesis is required during the stationary phase and that
mycobacteria in this phase are unable to acquire biotin from the
medium. In Mtb expression of bioD, the gene encoding dethio-
biotin synthase (DTBS), the third enzyme in the biosynthetic
pathway, is upregulated after 96 h of nutrient starvation (4), a
condition thought to mimic bacterial persistence in vivo (2).
Finally, disruption of the Mtb biotin biosynthesis machinery by
transposon mutagenesis results in rapid clearance of the mutants
in the early stages of infection (5). This is unsurprising, as biotin
auxotrophy has been linked to the attenuation of virulence in
other bacterial pathogens (6).

The Mtb H37Rv genome encodes all four enzymes needed to
convert pimeloyl-CoA to biotin (Figure 1) (7), although the source
of pimeloyl-CoA inMtbhas not yet been identified.KAPAsynthase
(BioF:Rv1569), a pyridoxal 50-phosphate (PLP) dependent enzyme,
catalyzes the first step of biotin biosynthesis, the decarboxylative
condensation of pimeloyl-CoA with L-alanine to produce 7-keto-
8-aminopelargonic acid (KAPA). In the second step of the
pathway, the PLP-dependent DAPA synthase (BioA: Rv1568)
uses S-adenosylmethionine (SAM) to transaminate KAPA into
7,8-diaminopelargonic acid (DAPA). Dethiobiotin synthetase
(BioD: Rv1570) carboxylates DAPA to form the ureido ring of
dethiobiotin (DTB) in the ATP- and magnesium-dependent third
step of the pathway. Finally, biotin synthase (BioB: Rv1589), an
iron-sulfur cluster enzyme, converts DTB into biotin, generating a
free radical via SAMin the fourth and final step of biotin production.

There have been initial biochemical characterizations of the bio-
tin biosynthetic enzymes inmicrobes such asBacillus sphaericus (8)
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and Bacillus subtilis (9), the lower eukaryote Saccharomyces
cerevisiae (10), and in the plant Arabidopsis thaliana (11), but
the pathway has been most thoroughly studied in Escherichia
coli (12-20). Indeed, the E. coli enzymes’ crystal structures
have served as the basis for several studies that attempted to
define inhibitors of the plant biotin pathway for herbicide
development (21-23).

Here we present the structural characterization of two Mtb
biotin biosynthetic enzymes, DAPAS and DTBS, and our
subsequent efforts to develop inhibitors of this Mtb pathway.
Although there are two known natural inhibitors with strong
whole cell activity, amiclenomycin (MIC= 3.1 μg/mL) (24) and
acidomycin (MIC= 0.0625-0.125 μg/mL) (25), both amicleno-
mycin (26) and acidomycin (27) were demonstrated to be inactive
in a mousemodel of tuberculosis (Figure 2). Previous transposon
mutagenesis work indicates that Mtb is not able to scavenge
biotin from the host, and the failure of acidomycin towork in vivo
appears to be the result of limited bioavailability (27). We show
here that the biotin biosynthesis pathway is required for Mtb
survival in vitro, a surprising finding for an Mtb auxotroph.

The Mtb DAPAS and DTBS structures also shed light on the
enzymes’ kinetics and mechanisms of action. With a 48%
sequence identity, the efficiency of Mtb DAPAS is similar to its

E. coli counterpart (kcat forMtb andE. coliDAPASare 1( 0.2/min
and 0.78/min, respectively) (14, 28); however, theKm value for its
amino donor SAM is higher (750( 200 μM inMtb compared to
150 μM in E. coli) (14, 28). We present evidence that differences
between the active site architecture of the Mtb and E. coli
DAPAS enzymes may account for the small but noticeable
differences in the kinetic behavior between them. Structures of
substrate-bound Mtb DAPAS and of its B. subtilis homologue
also provide insight into the mode of and variability in dual
substrate recognition at the active site of this aminotransferase.
Finally, comparison of the apo and substrate-bound forms of
MtbDTBSdelineates the bindingmode of the substrate aswell as
the mechanism of enzyme catalysis, while comparison of DTBS
structures frommultiple species highlights the substantial natural
variability in structural folds.

MATERIALS AND METHODS

Growth of Mycobacterium tuberculosis. Mtb H37Rv
ΔbioFwasmaintained inMiddlebrook 7H9mediumwith glycerol
and Tween 80 or in Sauton’s medium supplemented with 50 μM
biotin (5).
Cloning, Protein Expression, and Purification. The bioA

(Rv1568) and bioD (Rv1570) genes from Mtb H37Rv genomic
DNA were amplified and cloned into the pET28b vector
(Novagen) with the TEV site using the NdeI and HindIII sites.
The Y25A mutant of Mtb DAPAS was constructed using the
QuikChange site-directed mutagenesis kit (Stratagene) and
cloned into the same modified pET28b vector. The NdeI site
containing the ATG start codon and the stop codon precedes the
HindIII site. Both clones were then transformed into the E. coli
overexpression host BL21(DE3). The transformed cell culture
was grown in LB medium with kanamycin (50 μg/mL) at 37 �C
until the A600 reached 0.8 and then was induced with 0.5 mM
IPTG at 25 �C and grown overnight. There was no overexpres-
sion seen at temperatures lower than 25 �C. The cells were
harvested by centrifuging at 4000 rpm for 30 min and resus-
pended in 50 mM Tris buffer (pH 7.5), 500 mM NaCl, 1 mM
PMSF, DNase (20 μg/mL), and 100 μMPLP (for DAPAS only).
The cells were lysed using a French press at 1200 psi, and cell
debris was removed by centrifuging the cell lysate at 15000 rpm
for 1 h. The filtered supernatant was then loaded on a preequili-
brated (50mMTris buffer (pH 7.5), 500mMNaCl) Hitrap nickel
column (GE Healthcare) and washed. Protein elution with an
imidazole gradient (50-400 mM) followed. The fractions con-
taining pure protein were pooled and dialyzed overnight against

FIGURE 1: The Mtb biotin synthetic pathway showing the four
enzymes required to convert pimeloyl-CoA and alanine to biotin.

FIGURE 2: The chemical structures of the known inhibitors of the
biotin biosynthetic pathway: (A) acidomycin; (B) amiclenomycin.
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a buffer containing 25 mM Tris buffer (pH 7.5), 50 mM NaCl,
1 mM EDTA, and 1 mM DTT. The purity of the proteins was
judged from a 4-12% gradient SDS-PAGE gel.

The B. subtilis bioA gene was PCR-amplified from B. subtilis
168 genomic DNA (Bacillus Genetic Stock Centre, Ohio State
University) and further cloned and purified in the same way as
Mtb DAPAS and DTBS.
Spectroscopic Studies of Mtb DAPAS and DTBS.

Absorbance spectra for wild-type Mtb DAPAS with 1 mM
SAM, sinefungin, or SAH and for the Y25A mutant DAPAS
with SAM and DAPA were measured on the Cary 50 spectro-
photometer (Varian) in the range of 300-600 nm. Fluorescence
emission scans forMtb DAPAS with 1 mM sinefungin and SAH
were followed in the range of 300-450 nm on the LS 55 lumine-
scence spectrometer (Perkin-Elmer Instruments) with constant
stirring. All experiments were carried out at room temperature.
The buffer used was 50 mM AMPSO (pH 8.5), 150 mM NaCl,
10% glycerol, 4 mM β-mercaptoethanol, and 100 μM PLP.

Coupled assays for wild-type and D47A mutant Mtb DTBS
with pyruvate kinase/lactate dehydrogenase (29) were carried out
to determine the kinetic parameters of ATP and DAPA by
keeping the other substrate at a saturating concentration of 3mM
and 50 μM, respectively. The buffer used for the 500 μL assay con-
tained 50 mM Tris (pH 7.5), 150 mM NaCl, 10 mM NaHCO3,
and 5 mM MgCl2. ADP formation in the DTBS reaction was
measured by monitoring the decrease in NADH absorbance
at 340 nm. These assays were carried out using a Cary 100
spectrophotometer. DAPAS and DTBS concentrations were
calculated from their absorbance at 280 nm using extinction
coefficients (ε = 64490 mM-1 cm-1 and ε = 12840 mM-1

cm-1, respectively) (30).
Crystallization and Data Collection. The crystal trials for

Mtb and B. subtilis DAPAS and Mtb DTBS were carried out at
18 �C using Crystal Screens I and II, Index, Membfac, and PEG/
Ion screens (Hampton Research) and the Wizard I, II, and III
screens (Emerald Biosystems). Initial hits were obtained using
robotic screening with a 1:1 ratio of protein to precipitant on
96-well Intelli-Plates (Hampton Research).

Yellow crystals for Mtb DAPAS appeared after heavy pre-
cipitation under different conditions with PEG 8000 as the com-
mon precipitant. These crystals were obtained from a DAPAS
protein with a random mutation at position 315 (H315R). A
high-resolution data set for the Mtb DAPAS crystal obtained in
10% PEG 8000, 0.1 M Tris buffer (pH 7.0), and 0.1 M MgCl2
(Wizard II no. 43) was collected at Cuwavelength using the home
source to a resolution of 2.2 Å. The data set for sinefungin-bound
DAPASwas obtained by soaking the crystal in 10mMsinefungin
for 45 min. The crystal was obtained in Hampton Research’s
Index screen no. 46 (20% PEGMME 5000, 0.1MBis-Tris buffer
(pH 7.5)). Soaking the crystals for a longer amount of time or
using a higher concentration of sinefungin resulted in significant
deterioration of diffraction or no diffraction at all. The data set
was collected in-house on a Rigaku R-axis IVþþ detector at a
resolution of 2.2 Å.

Crystals for B. subtilis DAPAS were obtained in a 4 μL
hanging drop with a 1:1 ratio of protein (10 mg/mL) to
precipitant in 20% PEG 3350 and 0.2 M sodium thiocyanate
(PEG/ion screen no. 13; Hampton Research). The quality of the
crystal greatly improved with the addition of 5% xylitol from the
additive screen (no. 56 of Hampton Research). The PLP-bound
structure and PLP- and KAPA-bound structures were obtained
by cocrystallization of the DAPAS protein with 1 mM PLP or

1mMPLPand 5mMKAPA, respectively, in hanging dropplates.
Simple soaking of DAPAS crystals in drops containing PLP or
KAPA resulted in no diffraction.

The native Mtb DTBS protein crystals were obtained in 1 M
sodium citrate and 0.1 M imidazole (pH 7.5) (Wizard I no. 36).
Molecular replacement using the E. coli DTBS structure (PDB
code: 1BYI) (31) as a template was not successful. Thus native
DTBS crystals were soaked in 50 mM samarium chloride for 1 h,
and a data set at 2.6 Å resolution was collected using a Rigaku
Raxis IVþþ detector at Cu wavelength (1.54 Å). The DAPA-,
KAPA-, and DTB-ADP-complexed DTBS structures were ob-
tained by soaking the native crystals overnight in 10 mMDAPA,
10 mM KAPA, or 10 mM DTB, 10 mM ADP, and 10 mM
MgCl2, respectively. The DAPA- and KAPA-bound data sets
were collected from the crystals obtained in the same condition as
the native. The DTB-ADP complexed structure was obtained
from crystals in 0.4 M sodium phosphate/1.6 M potassium
phosphate, 0.1 M imidazole (pH 8.0), and 0.2 M NaCl.

All diffraction data were collected at 120 K using DAPAS and
DTBS crystals cryoprotected in paratone oil.
Data Processing, Structure Determination, and Refine-

ment. Mtb and B. subtilis DAPAS and Mtb DTBS data were
reduced and scaled using the HKL 2000 suite (32), d*trek (33),
mosflm (34), and SCALA (35).

The structure of PLP-boundMtbDAPAS was determined by
molecular replacement using PHASER (36) to provide clear
solutions. The E. coli DAPAS monomer (PDB code: 1QJ5) (15)
was used as the model (LLG = 1437.551). The structure of
sinefungin-bound DAPAS was solved by molecular replacement
using the PLP-bound Mtb DAPAS as the model (LLG =
4189.75). Phasing of the B. subtilis DAPAS data set was also
achieved by the molecular replacement method using the co-
ordinates of Mtb DAPAS chain A (LLG = 279) as the search
model for PHASER. The LLGwas 243 using the E. coliDAPAS
monomer (PDB code: 1QJ5).

For determination of the Mtb DTBS structure, four sites for
samarium (Sm) were found as the anomalous difference Patter-
son peaks using SHELXD (37). After refining these Sm sites and
performing initial phasing with AutoSHARP (38), we obtained a
density-modified map by solvent flattening using DM. The
phases were further extended to a high-resolution native data
set of 1.85 Å for the DTBS apo structure. DAPA-, KAPA-, and
DTB-, ADP-, and Pi-complexed structures were obtained by
refining the DTBS apo structure against these data, which have
similar unit cell dimensions.

Iterative rounds of model building were performed using
Xtalview (39) and Coot (40) with the Shake&wARP (41) un-
biased electron density maps. Initially, one round of simulated
annealing at 4000 K using CNS (42) was performed to improve
the geometry of the models and to remove bias from the model.
Watermolecules were then added to themodels after theR-factor
and Rfree were below 30% and inspected manually after refine-
ment. The quality of themodels was validated byRamachandran
plot using the program PROCHECK (43).

RESULTS AND DISCUSSION

Biotin Synthesis Is Required for Bacterial Survival in
Vitro.Wepreviously constructed anMtb strainwith an in-frame
deletion of bioF, the gene that encodes KAPA synthase. This
mutant is unable to establish an infection in mice and is rapidly
cleared (5). We found that in vitro growth of the bioF strain is
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completely dependent on the addition of exogenous biotin to the
culture medium (Figure 3). Unexpectedly, there is nomeasurable
survival of the mutant following 2 weeks of biotin depletion even
after replating on medium supplemented with biotin (Figure 3).
This irreversible cell death phenotype is unusual as Mtb auxo-
trophs typically do not diewhen starved for their given nutrient in
vitro but instead enter a nonreplicative phase that can be reversed
by addition of the nutrient (44, 45). Biotin appears to be different;
mycobacteria may be unable to sense biotin depletion and grow
in the absence of essential metabolites whose synthesis is biotin-
dependent. In this regard, theMtb bioFmutant is reminiscent of
theM. smegmatis dapA strain, which lyses because it continues to
grow despite being unable to synthesize a normal cell wall (46).
Alternatively, biotin may aid in defense against a continual,
unknown stress.

Analysis of whole genome screening data suggests that it is
unlikely that bioF has a unique role in mycobacterial physiology
and virulence. Mutations in two (bioA and bioB) of the three
other predicted biotin synthesis genes lead to decreased in vivo
growth (5).Although the degree of attenuation is not as profound
as that produced by the bioF mutation, this type of screen is not
perfectly quantitative. Thus, biotin synthesis at any step is likely
essential for Mtb growth during infection and for survival in
culture.
Biochemical Characterization ofMtbDAPAS. The PLP-

dependent enzymeDAPAS transfers the amino group fromSAM
to KAPA to form DAPA. Aminotransferases are generally able
to use a variety of substrates, including Asp, Glu, Met, and
aromatic amino acids Phe, Tyr, and Trp to donate amino groups
for the transamination reaction (47, 48). Besides SAM, however,
no other substrate has been found to act as an amino donor for
Mtb DAPAS, even at concentrations of 5 mM (28).

The kinetic properties ofMtbDAPASwith the substrate SAM
have been reported (28, 49). To investigate DAPAS catalysis
further, we took advantage of the chromophore properties of the
cofactor PLP to follow the half-reaction ofMtbDAPAS, forma-
tion of the pyridoxamine phosphate (PMP) complex, with the
SAM analogues sinefungin and S-adenosylhomocysteine (SAH)
by spectroscopic methods. SAM, sinefungin, and SAH differ in
their δ carbons; SAM and SAH have a sulfonium ion at that
position (this is methylated in SAM) whereas sinefungin has an
amine (Figure 4). Anabsorbance scan ofMtbDAPAS showed an
absorption maximum at 420 nm, characteristic of the PLP form
of the enzyme. This absorption reduced upon reactionwith 1mM

sinefungin, resulting in an increase in absorbance at 335 nm that
is characteristic of the PMP form of the enzyme. Similar results
were observedwhen the PLP-complexedDAPASwasmixedwith
the product DAPA. However, the intermediate quinonoid form
of the aminotransferase reaction observed at 487 nm in theE. coli
DAPAS reaction with SAMwas not detected (50). This suggests
that there is no accumulation of the intermediate in the Mtb
DAPAS reaction and that the quinonoid is quickly converted
into product.

Fluorescence emission spectra of PLP-complexedMtbDAPAS
on excitation at 280 nm result in a peak at 335 nm. The reaction
with sinefungin on excitation at 280 nm results in a decrease
in this emission peak and a subsequent increase in the peak at
385 nm. The increase in emission at 385 nm represents a F€orster
resonance energy transfer (FRET) effect in which PMP absorbs
light at 335 nm emitted by the aromatic residues and, in turn,
emits at 385 nm. This result confirms PMP formation in the
aminotransferase reaction with sinefungin and indicates that the
SAM analogue can bind at the DAPAS active site and donate its
amino group to PLP to form PMP (Figure 5). Thus, sinefungin
can act as a substrate for Mtb DAPAS.

Similar kinetic studies with the SAM analogue SAH showed
no absorption peak at 335 nm, even at concentrations up to 3mM.
This suggests that SAH is unable to donate its amino group to
PLP and correspondswell with studies that demonstrate the same
inability of the analogue to act as the amino donor forE. coli (51)
and B. sphaericus DAPAS (8).

We also employed a single-turnover half-reaction with Mtb
DAPAS to measure the increase in absorbance at 335 nm. We
obtained the Km

app and kmax values for sinefungin as 0.7 (
0.2mMand 0.009/s, respectively. The equivalent values for SAM
are 0.45( 0.2 mM and 0.012/s. kmax/Km

app for theMtbDAPAS
reaction with sinefungin (0.013 mM-1 s-1) are lower than those

FIGURE 3: Survival of the bioF Mtb mutant is dependent on biotin.
AΔbioFMtb strainwas grown inSauton’smedium in the presence or
absence of 50 μM biotin. Surviving colonies were quantified by
measuring growth on biotin-containingMiddlebrook 7H10 medium
at the indicated timepoints.Data representmean( SEMof triplicate
samples. The threshold of detection is 100 colonies.

FIGURE 4: The chemical structures of SAM and its analogues sine-
fungin and S-adenosylhomocysteine.
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obtained with SAM (0.03 mM-1 s-1), indicating that the
analogue has a lower affinity for Mtb DAPAS than the natural
substrate and that the corresponding reaction is slower.

Since aminotransferases catalyze a reversible reaction, we also
studied the half-reaction of the PLP-complexed Mtb DAPAS
with the DAPA product. Between 300 and 500 nm, the absorp-
tion spectra of this reaction show a decrease in the absorption
peak at 420 nm and a subsequent increase in absorbance at
335 nm. This change in the absorption peaks represents the
formation of PMP in the single-turnover reaction with DAPA
(Figure 6). However, comparison of the absorbance spectra
reveals that this half-reaction (0.5 mM) is much slower than
the half-reaction of Mtb DAPAS with SAM (1 mM) (49).
Biochemical Characterization of Mtb DTBS. DTBS

catalyzes the carboxylation of DAPA, closing the ureido ring
to formDTB. To determine the kinetic parameters ofMtbDTBS

catalysis, we carried out the coupled reaction ofMtbDTBS with
pyruvate kinase and lactate dehydrogenase and tracked ADP
formation by monitoring the decrease in NADH absorbance at
340 nm. We measured the Km and Vmax for ATP as 29 μM and
3.5 μM min-1 mg-1, respectively, and for DAPA as 2 μM and
6 μM min-1 mg-1, with the other substrates at saturation. The
Km for ATP inMtbDTBS is four times higher than that ofE. coli
DTBS (7 μM) (52).
Structure ofMtbDAPAS.We solved the three-dimensional

structure of the 46 kDa Mtb DAPAS at 2.2 Å resolution by
molecular replacement usingE. coliDAPAS as a template. Based
on the Ramachandran plot, the structure has good geometry,
with the exception of two residues: Lys283, which is covalently
linked to PLP, and Val222. However, these residues have good
electron density in both chains. The structure was refined to an
R-factor of 19% and an Rfree of 24%. The electron densities for
the six histidine tag and the preceding six residues at the
N-terminus are not visible, perhaps the result of flexibility in a
region containing three alanine and two glycine residues. The
data collection, refinement, and geometric statistics are provided
in Table 1.

Like E. coli DAPAS, the Mtb DAPAS subunit structure
indicates two distinct domains, the small domain, composed of
amino acid residues 1-60 and 339-437, and the large domain,
containing residues 61-338. TheN-terminus of the small domain

FIGURE 5: Fluorescence spectra ofMtbDAPASwithSAManalogue
sinefungin. Fluorescence emission spectra of 12 μM DAPAS alone
(blue) and its reaction with 1 mM sinefungin (purple) were recorded
at room temperature in the 300-450 nm range at 30 s.

FIGURE 6: Absorption spectra of wild-type Mtb DAPAS with
DAPA. Absorption spectra of 5 μM DAPAS alone (red), immedi-
ately after addition of 0.1 mM DAPA (blue), and after 30 s of the
reaction (green) were recorded in the range of 300-600 nm at room
temperature.

Table 1: DataCollection,Refinement, andGeometryStatisticsofMtbDAPAS

Mtb-DAPAS

Mtb-DAPAS

þ sinefungin

PDB code 3BV0 3LV2

data collection

space group P212121 P212121
unit cell dimensions

a, b, c (Å) 63.1, 66.5, 203.4 62.6, 83.4, 157.9

R = β = γ (deg) 90 90

molecules per ASUa 2 2

wavelength (Å) 1.54 1.54

resolution range (Å) 35-2.2 35-2.2

highest resolution bin (Å) 2.3-2.2 2.3-2.2

observed reflections 253218 545792

unique reflections 40606 43549

completeness (%)c 92.9 (78.4) 98.7 (95.7)

average redundancyc 6.2 (3.6) 12.5 (12.3)

I/σ(I)c 21.3 (3.5) 33.4 (7.0)

Rsym
c 0.07 (0.31) 0.07 (0.36)

refinement statistics (REFMAC)

R value (%) 19 18

Rfree value (5%) 24 23

no. of protein residues 824 836

no. of water molecules 200 309

rmsdb bond lengths (Å) 0.009 0.009

rmsdb bond angles (deg) 1.2 1.2

average B factor (Å2)

Wilson plot 32.5 32.5

protein 22.5 27.3

water 21.6 27.6

PLP 19.8 18

sinefungin 31.4

Ramchandran plot (PROCHECK)

most favored region (%) 629 (90.4) 634 (90.2)

additional allowed regions (%) 60 (8.6) 60 (8.5)

generously allowed regions (%) 3 (0.4) 5 (0.7)

disallowed regions (%) 4 (0.6) 4 (0.6)

aASU, asymmetric unit. brmsd, root-mean-square deviation. cValues in
parentheses for the highest resolution bin.
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consists of one helix (R1) and three antiparallel β-strands (β1-
β3) connected by a long loop, and the C-terminus consists of a
helix-loop-helix containing three antiparallel β-sheets (β11-
β13) and three helices (R10-R12) which lie against the β-strands.
The large domain consists of seven β-strands (β4-β10-β9-β8-β7-
β5-β6) that are parallel with the exception of β10. The β-strands
are interconnected by helices R2-R9, which also contain the
cofactor binding site.

The asymmetric unit of the crystal consists of a homodimer
that is formed by extensive contact between the large domains of
both subunits (Figure 7). The buried surface area between these
subunits is approximately 4000 Å2, 13.6% of the total subunit
surface area. In this dimer formation, helixR2 (Pro74-Arg85) of
the large domain of subunit A is antiparallel to helix R2 of the
large domain of subunit B at a 2-fold axis of noncrystallographic
symmetry. Both ends of the helix have one hydrogen bond
contact between the main-chain oxygen of Leu84 and Asp77-
OD1 through an ordered water molecule. There are several other
hydrophobic interactions throughout this interface. Additional
subunit contact is present in the hydrogen bond between His71-
ND1 and Asp88-OD1 (2.7 Å) at the loop region, connected with
helix R2. There are also hydrogen bonds between the N-terminal
part of the small domain and the large domains of the two sub-
units at the His20-ND1-Asp1160 (2.5 Å) and the His23-ND1-

Phe930 (2.8 Å) main-chain oxygens. Helix R1 of the small domain
from one subunit crosses over helixR30 of the large domain of the
other subunit, primarily involving hydrophobic interactions with
Pro, Val, and Ile residues from both. Superimposition of the two
subunits ofMtbDAPASusing 435CR atoms results in an rmsd of
0.38 Å, indicating that there is no major flexibility between the
domains in contrast to what has been reported for aminotrans-
ferases of subgroup I (53, 54).

AlthoughMtbDAPAS, at 437 residues, is eight residues longer
than itsE. coli counterpart, the two share a similar overall second-
ary structure. The orientation and length of the Mtb DAPAS
loop regions (rmsd for 420 CR atoms=1.07 Å) Asp51-Gly52,
Thr111-Asp116, Pro189-Asp196, and Ala307-Asn322, how-
ever, differ from those of the E. coli enzyme, as does the helix
Pro197-Glu213 with a transition of 2 Å. Furthermore, there are
a large number of interactions unique toMtbDAPAS which are
not observed in E. coli DAPAS. These include a salt bridge
betweenArg246 andGlu204 (2.7 and 3.1 Å) and hydrogen bonds
between Tyr195-OH-Asp239-OD2-Ser200-γO, Lys105-NZ-
Asp109 (2.9 and 2.7 Å), and Trp45-NE1-Glu418-OE2 (3 Å).
Analysis of DAPAS Active Site Architecture. The Mtb

DAPASactive site is a 24 Å deep pocket with an entrance of 22 Å�
23 Å that narrows to 14 Å � 10 Å at the bottom. The pocket
is composed of loop regions Pro24-Ser34, Arg156-Asp160,
Gln224-Gly228,Arg400-Arg403,Ala3070-Asn3220, andMet870-
His970 from the small and large domains of one subunit and the
large domain of the neighboring subunit to accommodate two
dissimilar substrates, SAM or KAPA/DAPA (the prime (0)
indicates the residues in the adjacent subunit). Residues from
both chains make up the catalytic site, and the two active sites
are approximately 18 Å apart. The entrances to the cavities are at
opposite sides of the dimer axis (Figure 7). In the Mtb structure,
the loop at the entrance of the active site (Tyr25-Val33) and the
long loop that lines the active site (Gly3070-Pro3160) are in
disorder. The latter has four alanine and three glycine residues in
the sequence at the entrance of the tunnel (AGAAGALMHGP),
rendering it flexible on solvent exposure. The contrasting lack of
flexibility at the dimer interface of the E. coli structure may
explain its higher efficiency, although there are also 13 residues
lining the Mtb DAPAS active site that are not conserved in the
E. coli enzyme.

The continuous electron density between PLP and Lys283 in
the Mtb DAPAS structure highlights an inherent feature of
aminotransferases, the covalent link between the cofactor and
the Nε group of the conserved Lys283. Like E. coliDAPAS,Mtb
DAPAS is a PLP fold type I enzyme in which all residues
interacting with PLP are conserved.
DAPAS Substrate Binding Site. The binding site of the

amino donor in the DAPAS active site has not been reported to
date. Initial crystallization trials of the Mtb DAPAS with SAM,
both by soaking and cocrystallization, were not fruitful. Our
spectrophotometric analysis demonstrates that the SAM analo-
gue sinefungin can act as a substrate for this enzyme,with aKm

app

of 0.7 ( 0.2 mM for the first half-reaction (Km
app for SAM is

0.45( 0.2mM). Therefore, we determined the crystal structure of
Mtb DAPAS complexed with sinefungin at 2.2 Å and refined to
anR-factor of 18% and anRfree of 23%. Sinefungin occupies the
extra electron density adjacent to the C40 atom of PLP at the
active site of DAPAS chain A. In chain B the electron density for
sinefungin is broken due to disorder. In the structure of subunit
A, PLP is covalently attached to Lys283, and there is nothing in
the PMP form that would be indicative of product formation.

FIGURE 7: Ribbon diagram representation of the PLP-bound Mtb
DAPAS crystal structure showing domain arrangement in the com-
pact dimeric form of Mtb DAPAS. The N-terminal residues of the
small domain are shown inpurple and theC-terminal residues inblue.
The large domain is colored in different shades of green to differ-
entiate between the two chains. As seen, the active sites are present at
the interface, 18 Å apart. This dimeric interface primarily involves the
large domain interactions. PLP molecules are shown in space-filling
representation (carbon atoms are in yellow, oxygen atoms in red,
nitrogen atoms in blue, and phosphorus atoms in aquamarine color)
to indicate the position of the active site.
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This may result from the short soaking period for sinefungin
(10 mM for 45 min); longer soaking or higher substrate con-
centrations resulted loss of diffraction. The sinefungin-bound
Mtb DAPAS structure thus depicts the precatalytic state of
substrate binding (Figure 8).

From chainA the amino group of sinefungin points toward the
internal aldimine in this structure, oriented to form the external
aldimine complex required for subsequent amino group dona-
tion. The carboxy oxygen atoms of sinefungin form hydrogen
bonds with the main-chain amide of Gly3160 (3.4 Å) and the
hydroxyl group of Tyr157 via a water molecule at the active site.
The five-membered aliphatic chain of sinefungin spans the entire
length of the active site pocket and forms van der Waals contacts
with the side chains of Trp64, Trp65, andPhe402. At the entrance
of the active site pocket, the electron density for part of the ribose
sugar and the adenine ring of sinefungin is highly disordered
from complete solvent exposure. A loop (Ser26-Ala32) near the
entrance of the pocket is also disordered, similar to that of the
native structure. However, unlike the apo structure, the loop
region in chain A (Gly3070-Pro3160) lining the active site at the
dimer interface of the sinefungin structure is ordered from the
presence of the ligand. Tyr25, which may be involved in a
stacking interaction with the adenine ring of sinefungin, is also
more ordered than it is in the PLP enzyme structure. Support for
the interaction of Tyr25 with the adenine ring is analogous to the
interaction of Tyr85 in the structure of 1-aminocyclopropane-
1-carboxylate (ACC) synthase complexed with the amine-oxy
SAM analogue [2-(aminooxy)ethyl](50-deoxyadenosin-50-yl)-
(methyl)sulfonium (AMA) (PDB code: 1M4N) (55).

Superimposition of the sinefungin-bound Mtb DAPAS struc-
ture on the PLP-bound structure shows that the enzyme does not
undergo major conformational changes (the rmsd for 429 CR
atoms is 0.3 Å) except for movement of the side chains of Trp64,
Trp65, Met409, and Phe402 to accommodate sinefungin at the
active site pocket; this may be partially accounted for by the
flexibility of subunit B. The indole side chains of both Trp64
and Trp65 rotate 90�, causing the side chain of Met409 to move
by 2 Å. Comparison of these structures provides the putative binding

site for SAM in a wide active site cleft. We speculate that the
change in the unit cell dimension of the sinefungin-boundDAPAS
Mtb structure (a=62.6 Å, b=83.4 Å, c=157.9 Å, R=β=γ=90�)
compared to the PLP-bound structure (a=63 Å, b=66.5 Å, c=
203.4 Å, R=β=γ=90�) is the result of crystal packing.

Based on the precatalytic sinefungin-bound structure, we
further modeled SAM to a position 2 Å inside the Mtb DAPAS
active site pocket (Figure 9A). Movement of SAM inside the
active site would allow its amino group to form a Schiff’s base
with the C40 group of PLP. The carboxy oxygen atoms of SAM
would then interact with the hydrogen bond network of Tyr157-
OH-Asp160-OD2, the aliphatic chain would span the hydro-
phobic active site pocket, and the adenine ring would form a
stacking interaction with the phenol ring of Tyr25. Most sub-
group II aminotransferases, in contrast, have hydrogen bonds
between the carboxy groups of the amino donor and arginine
residues in the active site (56, 57). The sulfonium ion of SAMmay
hydrogen bond with the hydroxyl group of the conserved Tyr407,
and the oxygen atom of the ribose sugar may form similar
interactions withArg400 and theN-atom of Trp65 imidazole ring.

We were unable to produce Mtb DAPAS crystals complexed
with KAPA, the amino group acceptor. Therefore, to locate the
substrate binding site, we superimposed theKAPA-boundE. coli
DAPAS structure (PDB code: 1QJ3) (15) on the Mtb enzyme
structure. In the E. coliDAPAS structure, KAPA is bound to the
PLP form of the enzyme, an unproductive enzyme complex (15).
Based on this superimposition, the 7-keto group of KAPApoints
toward the internal aldimine and is approximately 2.6 Å, and the
8-amino group forms a hydrogen bond with the hydroxyl group
of Tyr25 (2.5 Å) aswell aswith themain-chain oxygen ofGly3160

(2.5 Å) in Mtb DAPAS. Conserved residue Tyr25 is thought to
stabilize KAPA binding by forming a hydrogen bond with the
amino group. The carboxyl group of KAPA has specificity for
the conserved Arg400, whose side chain moves 3 Å toward
KAPA to form a salt bridge (2.6 and 3.15 Å) and break the
hydrogen bond between itself and Thr389. The movement of
the Arg400 guanidinium group in response to KAPA binding at
the active site is not seen with sinefungin binding. The rest of the
KAPA aliphatic chain is within van der Waals distance to active

FIGURE 8: Precatalytic binding of sinefungin at the Mtb DAPAS
active site. This figure shows the stereoviewof the precatalytic state of
sinefungin binding at the catalytic site of the Mtb DAPAS. The
electron density (2Fo - Fc) for sinefungin (light blue) is contoured at
the 1σ level. Most of the surrounding residues at the active site have
been shown. Arg315 has been truncated for the clarity of the figure.
The amino donor sinefungin is shown in ball and stick form, cofactor
PLP is shown in green, and the surrounding residues are shown in
yellow stick representation. The water molecule is shown in purple.
Oxygen atoms are shown in red, nitrogen atoms are in blue, and
phosphorus atoms are in cyan.

FIGURE 9: Substrate recognition at the Mtb DAPAS active site. (A)
Interaction of amino group donor SAM, shown in green ball and
stick form, with DAPAS. The DAPAS active site residues are shown
in yellow stick form. The amino group of SAM points toward PLP,
the carboxy group interacts with the network of Tyr157 and Asp160,
and the Tyr25 residue forms a stacking interaction with the adenine
ring of SAM. Trp64 and Trp65 have changed their orientations to
accommodate SAMat the active site. (B) Interaction of amino group
acceptor KAPA, shown in green ball and stick form, with DAPAS.
KAPA binds at a similar position as SAM at the active site. Here,
Tyr25 changes its orientation to form a hydrogen bond with the
amino group of KAPA. The carboxy group of KAPA forms a salt
bridge with Arg400.
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site residuesTyr25, Trp64, Tyr157, andPhe402 (Figure 9B). Ana-
logous to sinefungin binding, modeled KAPA binding to DA-
PAS does not result in major conformational changes (rmsd=
0.3 Å for 429 CR atoms) apart from the movement of a few
residues’ side chains (Trp64, Trp65, and Met409). Higher con-
centrations of KAPA (14( 2 μM) inhibit DAPAS by forming a
dead end complex in the active site (28). These data suggest that
KAPA and SAM, despite differences in size and other character-
istics, bind at the same place in the active site.
Possible DAPAS Substrate Recognition. Aminotrans-

ferases use two main mechanisms, alone or in combination, to
identify dual substrates at the same active site: the “induced fit”
mechanism (58, 59), in which the conformation of the active site
changes on substrate binding, and the “lock and key” mechan-
ism (60), in which the active site and substrate are complemen-
tary to each other. Subgroup I enzymes aspartate aminotransfer-
ase (53, 54) and glutamine phenylpyruvate aminotransferase (48)
employ an induced fit mechanism, with large movement of the
small domain (13� rotation) as a rigid body for substrate recogni-
tion. Other transaminases such as lysine aminotransferase use the
glutamate switch (61), while tyrosine aminotransferase (57) and
GABA aminotransferase (56) use the arginine switch. Acetylor-
nithine aminotransferase employs a combination of a lock and key
and induced fit mechanisms for recognition of its acetylornithine
and R-ketoglutarate substrates (57).

The reaction catalyzed by Mtb DAPAS proceeds via a ping-
pong bi-bi reaction mechanism (28). The enzyme differs from
most aminotransferases in that its amino donor, SAM, does not
resemble its amino acceptor, KAPA. To accommodate such
disparate substrates, DAPAS appears to use a local induced fit
mechanism inwhich certain residues at the active site change their
side chain orientations but avoid large conformational changes
in the form of domain movement. When SAM binds at the
DAPAS active site, its amino group forms a Schiff’s base with
PLP and its carboxy group hydrogen bonds to the Tyr157-OH-
Asp160-OD2 network. The conserved Tyr25 residue changes the
orientation of the phenol ring by approximately 180� to provide a
platform for stacking interactions with the adenine ring. Follow-
ing the release of SAM, KAPA binds at the same active site
region of the PMP form of DAPAS, and the Tyr25 side chain
again changes its orientation by rotating 90� clockwise to form a
hydrogen bond interaction with the 8-amino group of KAPA.
This bond positions KAPA to accept the amino group from
PMP. In response to this interaction, the guanidinium group of
Arg400 moves 3 Å toward KAPA to form a salt bridge with the
carboxy group of the substrate (Figure 9B).
Variation in the Mode of DAPAS Substrate Binding.

To confirm the role of Tyr25 in Mtb DAPAS substrate recogni-
tion suggested by our structural studies, we constructed a Y25A
mutant and spectrophotometrically followed the half-reactions

Table 2: Data Collection, Refinement, and Geometry Statistics of Bs DAPAS

Bs-DAPAS Bs-DAPAS þ PLP Bs-DAPAS þ PLP þ KAPA

PDB code 3DRD 3DOD 3DU4

data collection

space group P21 P21 P21
unit cell dimensions

a, b, c (Å) 58.1, 102.8, 74.5 58.1, 102.8, 74.5 57.7, 105.1, 75.1

R = γ (deg) 90 90 90

β (deg) 105.1 105.1 105.2

molecules per asymmetric unit 2 2 2

wavelength (Å) 1.54 1.54 1.54

resolution range (Å) 35-2.2 35-1.9 30-2.2

highest resolution bin (Å) 2.3-2.2 1.97-1.9 2.28-2.2

observed reflections 279606 397953 184127

unique reflections 41693 65688 43651

completeness (%)b 93 (63.5) 99.1 (98) 99.4 (95)

average redundancyb 6.7 (4.4) 6.1 (6.2) 4.2 (3.5)

I/σ(I)b 26.1 (3.8) 10.5 (2.8) 7.2 (2.8)

Rsym
b 0.063 (0.32) 0.072 (0.48) 0.11 (0.37)

refinement statistics (REFMAC)

R value (%) 20 20 20

Rfree value (5%) 26 24 26

no. of protein residues 836 833 894

no. of water molecules 250 385 261

rmsda bond lengths (Å) 0.009 0.009 0.01

rmsda bond angles (deg) 1.28 1.26 1.4

average B factor (Å2)

Wilson Plot 32.5 33.8 31.5

protein 27.6 48.2 28.8

water 22.7 48.7 25.3

PLP 42.6 27.2

KAPA 38.2

Ramachandran plot (PROCHECK)

most favored region (%) 654 (89.1) 658 (90.0) 681 (87.3)

additional allowed regions (%) 71 (9.7) 68 (9.3) 94 (12.1)

generously allowed regions (%) 5 (0.7) 1 (0.1) 1 (0.1)

disallowed regions (%) 4 (0.5) 4 (0.5) 4 (0.5)

armsd, root-mean-square deviation. bValues in parentheses for the highest resolution bin.
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of the mutant enzyme with SAM and DAPA. Compared to the
native protein, the Y25A mutant does not show detectable
activity at 335 nm with SAM, even up to concentrations of
3 mM, and shows approximately 70% reduced activity with high
concentrations of DAPA (0.5 mM). These results support a role
for Mtb DAPAS Tyr25 in both a stacking interaction with the
adenine ring of SAMand proper positioning ofKAPA for amino
group acceptance.

InE. coliDAPAS, the Tyr to Phe mutation results in a 60-fold
reduction in enzyme activity in the second half of the reaction
withDAPA but has no effect on the first half of the reaction with
SAM (13) because Phe can still stack with SAM’s adenine ring.
Interestingly, based on sequence alignment of different DAPAS
proteins, Bacillus species B. subtilis and B. cereus as well as
Brucellamelitensis andAquifex aquenox have a Phe residue in this
position of the protein sequence, raising the question of how
substrate binding, especially KAPA binding, occurs in these
organisms.

To investigate alternative mechanisms of KAPA binding, we
solved the crystal structure of the B. subtilisDAPAS apoprotein,
its PLP-bound complex, and its ternary complex with PLP and
KAPAat resolutions of 2.2, 1.9, and 2.2 Å, respectively (Table 2).
Sequence alignment of these enzymes shows that B. subtilis
DAPAS has a 32% sequence identity with Mtb DAPAS and
33% with the E. coli enzyme. The overall structure of B. subtilis
DAPAS is similar to its Mtb and E. coli counterparts, with a
pairwise rmsd of ∼1 Å for 325 CR atoms. Unlike the Mtb and
E. coliDAPAS, however, a large part of the active site (Lys143-
Glu172) is completely disordered in both chains. PLP binding
does not help to order this region of the active site. However, we
were able to trace the active site of the enzyme using the KAPA-
bound structure in which electron density for these 29 residues is
clearly visible in both chains.

In the unproductive KAPA-bound B. subtilis structure, the
carboxy group of the substrate forms a salt bridge with the
guanidinium group of Arg403 (2.8 Å). The Arg residue moves
backward 2.2 Å, in contrast to E. coli DAPAS. In the absence
of Tyr17, the amino group of the KAPA hydrogen binds to the
OH group of Tyr146 (2.8 Å) and to the main-chain oxygen of
Gly3150 (2.65 Å) while maintaining the hydrogen bond network
of Tyr146-OH-Asp149-OD2. Comparing this to the KAPA-
bound E. coli DAPAS, these interactions result in a 1 Å shift in
the active site’s KAPA binding position where it approaches
Tyr146 for hydrogen bond formation (Figure 10). The substrate
hence stabilizes the loop region of the B. subtilis active site. In the
E. coli Y17F mutant structure (PDB code: 1S0A) (13), a water
molecule fills the role of the hydroxyl group of Tyr17 in the
active site, further indicating the importance of the Tyr157-
Asp160-Tyr25 hydrogen bond network in maintaining active
site structure. We note that two consecutive Trp residues and a
Gly are present in the Mtb and E. coli DAPAS active sites,
replacing the Val53, Trp54, and Leu820 residues found in the
B. subtilis enzyme. The void created by Val53 at the active site is
filled byLeu820 from the neighboring subunit. Thus theB. subtilis
DAPAS structures shed light on the maintenance of enzyme
activity in the absence of Tyr25. Analysis of a DAPAS phylo-
genetic tree shows that the B. subtilis enzyme evolved long before
Mtb or E. coli DAPAS, suggesting that the Tyr residue may
represent a recent adaptation toward greater efficiency.
Search for anMtbDAPAS Inhibitor. PLP is a cofactor for

several enzymes that catalyze diverse reactions, some ofwhich are
implicated in human disease. Part of the mechanism by which

these reactions occur involves aldimine formationwith PLP. This
interaction is the target for many of the most potent inhibitors
against this class of enzymes.

The natural antibiotic amiclenomycin irreversibly inhibitsMtb
DAPAS in vitro (Ki=12( 2 μM) (16) and is effective againstMtb
in cell culture (24). To examine the mechanism of irreversible
inhibition, we superimposed the cis-amiclenomycin-bound struc-
ture of E. coli DAPAS (PDB code: 1MLY) (16) on the Mtb
enzyme. In thismodel, amiclenomycin occupies the same position
asKAPA, forming an irreversible aromatic adduct with PLP by a
covalent bond with the C40 carbon atom of the cofactor and
tilting it at an angle of 17�. Hydrophobic interactions with Trp64,
Trp65, and Phe402 further stabilize the aromatic adduct. Tyr25,
however, does not seem to form hydrogen bonds with the amino
group of amiclenomycin.

The side chain of Arg400 translates 3 Å to form a salt bridge
with the carboxy group of the antibiotic (2.8 and 2.5 Å) and
provides specificity to the inhibition. This may be the reason that
drugs such as cycloserine (62) and gabaculine (63, 64) do not
inhibit Mtb DAPAS despite working well against alanine race-
mase (Ki=360 μM) andGABAaminotransferase (Ki=2.86 μM),
respectively, though they employ similar mechanisms of inhibit-
ing aromatic adduct formation with PLP (28). We also find that
vigabatrin, a potent inhibitor of GABA aminotransferase and
an effective epilepsy treatment (65), is ineffective against Mtb
DAPAS, possibly because the compound is not long enough to
form bonds with both PLP and Arg400. There are no other Arg
residues lining the active site of the enzyme to provide specificity
by interacting with the carboxy groups of vigabatrin covalently
bonded to PLP.

We are currently pursuing the design of more effective
inhibitors of Mtb DAPAS using a structure-based drug design
approach including virtual screening experiments of the rigid
active site against commercially available libraries of drug-like
compounds.
Structure of Mtb DTBS. In the penultimate step of biotin

biosynthesis, DTBS carboxylates DAPA to form the ureido ring
of dethiobiotin (DTB) in an ATP- and magnesium-dependent
manner.We solved the crystal structure of theMtb enzyme using
single anomalous dispersion (SAD) with the lanthanide metal
samarium at Cu wavelength (1.54 Å). The phases obtained were
further extended to high-resolution native data of 1.85 Å and
refined to a final R-factor of 22% and an Rfree of 26%. On
PROCHECK evaluation (43), no outliers were apparent in the

FIGURE 10: Stereoview of KAPA binding at the B. subtilis DAPAS
active site. Superimposition of KAPA-bound E. coli DAPAS (PDB
code: 1QJ3) in blue andB. subtilisDAPAS in orange shows the bind-
ing pattern ofKAPA in the absence ofTyr17.KAPA is represented in
stick form, dark green inE. coli and light green inBacillus.There is a
transition of KAPA in Bacillus by approximately 1 Å for hydrogen
bond formation with Tyr145.



Article Biochemistry, Vol. 49, No. 31, 2010 6755

disallowed region of the Ramachandran plot. The data collec-
tion, refinement, and geometry statistics of this enzyme are pro-
vided in Table 3.

The asymmetric unit of the Mtb DTBS structure has four
molecules, and each pair ofmolecules (chainsA andB and chains
C and D) forms a dimer. The electron density for the entire
polypeptide chain is well-defined in all four subunits. Each
subunit of the 226 amino acid DTBS consists of one globular
domain containing seven parallel β-sheets (β3-β2-β4-β1-β5-β6-
β7) interconnected with R-helices. Like other synthetases, the
structure consists of the classical P-loop motif (also called the
Walker A motif), Gly8-X-Gly10-X-Gly12-Val13-Gly14-Lys15-
Thr16, which binds the phosphate group of the nucleotide. Here,
the motif is in a loop region between strand β1 and helix R1 at
the N-terminus of the protein. There is also a Walker B motif
at strand β4 (Leu104-Thr105-Leu106-Val107-Glu108). The
dimer formation occurs in a buried surface area of approximately
1300 Å2 (7.5% of total surface area of the dimer). The 37.2 Å
elongated dimer interface mainly involves the R3 (Pro74-Ala81),
R6 (Gly144-Gln159), and R7 (Leu177-Ile189) helices, the loop
(Gly109-Leu124) between strand β5 and helix R5, and the
phosphate-binding loop (Thr9-Gly14) between strand β1 and
helix R1 of both the subunits (the prime (0) indicates the residues
in the adjacent subunit). There are six helices present at the

subunit-subunit interface, the inner helices, R5 and R50, of both
subunits, and the outer helices,R6 andR30 and R3 andR60, which
are perpendicular to each other. Because the dimer forms at the
2-fold noncrystallographic axis, all residual contact occurs twice.
The interface of helicesR5 and R50 involves a stacking interaction
of the imidazole rings of His148 and His1480. The interface of
helices R3 and R60 makes hydrogen bond contacts between
Arg188-NH2 and Glu790-OE2 (3.5 Å) and hydrophobic interac-
tions with Met72, Leu177, and Val178. Other interactions at the
dimer interface include hydrogen bonding between the Thr9
main-chain oxygen of the P-loop and His148-NE2 (2.7 Å),
hydrogen bonding between the Asn147-OD1 of one monomer
and the main-chain amide nitrogen of Leu114 of the other
(2.9 Å), and a salt bridge between Arg125 and Glu154 of both
chains (2.85 and 3.0 Å). Superimposition of chainAon chainB of
the dimer shows little variation in the overall structure (rmsd=
0.62 Å), indicating a lack of flexibility.
Binary Complexes of DTBS with DAPA and with Its

AnalogueKAPA.Tounderstand the substrate-bindingmode at
theMtbDTBS active site, we soaked the enzyme crystals with the
DAPA substrate. The 2.2 Å crystal structure of Mtb DTBS
reveals a long, distinct density at the dimer interface that fits
DAPA in all four chains of the asymmetric unit as well as
additional electron density attached to the N7 atom of DAPA

Table 3: Data Collection, Refinement, and Geometry Statistics of Mtb DTBS

DTBS-Sm native DTBS

DTBS

þ DAPA

DTBS

þ KAPA

DTBS þ DTB

þ phosphate

PDB code 3FGN 3FMF 3FMI 3FPA

data collection

space group P212121 P212121 P212121 P212121 P212121
unit cell dimensions

a, b, c (Å) 55.9, 104.2, 152.3 55.4, 104.7, 151.4 55.3, 103.8, 151.5 55.3, 105.1, 151.6 55.1, 104.5, 151.1

R = β = γ (deg) 90 90 90 90 90

molecules per asymmetric unit 4 4 4 4 4

wavelength (Å) 1.54 1.54 1.54 1.54 1.54

resolution range (Å) 22-2.6 32-1.85 31.5-2.05 30-2.18 35- 2.3

highest resolution bin (Å) 2.7-2.6 1.95-1.85 2.12-2.05 2.26-2.18 2.4-2.3

observed reflections 397900 312728 270190 640379 315813

unique reflections 52748 73844 50636 46066 39525

completeness (%)b 100 (99.8) 99 (93.7) 91.2 (80.6) 97.6 (96.3) 99.9 (99.8)

average redundancyb 7.5 (7.3) 4.2 (2.3) 5.3 (4.9) 13.9 (13.5) 8.0 (7.7)

I/σ(I)b 9.5 (4.9) 17.2 (1.4) 29.5 (8.4) 38.0 (7.3) 17.0 (2.0)

Rsym
b 0.15 (0.41) 0.16 (0.54) 0.05 (0.17) 0.06 (0.39) 0.05 (0.21)

refinement statistics (REFMAC)

R value (%) 21 20 21 21

Rfree value (5%) 25 24 27 26

no. of protein residues 907 904 904 904

no. of water molecules 320 298 195 180

rmsda bond lengths (Å) 0.01 0.01 0.016 0.012

rmsda bond angles (deg) 1.3 1.3 1.8 1.6

average B factor (Å2)

Wilson plot 31.5 25.3 40.4 45.3

protein 35.5 23.3 36.7 37.2

water 31.7 21.3 31.7 32.1

DAPA 22.5

KAPA 34.7

DTB 44.0

PO4 33.2

Ramachandran plot (PROCHECK)

most favored region (%) 726 (95.2) 714 (95.1) 712 (94.9) 696 (92.4)

additional allowed regions (%) 36 (4.7) 36 (4.8) 37 (4.9) 50 (6.6)

generously allowed regions (%) 1 (0.1) 1 (0.1) 1 (0.1) 5 (0.7)

disallowed regions (%) 0 0 0 0

armsd, root-mean-square deviation. bValues in parentheses for the highest resolution bin.
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that fits the carbon dioxide molecule (Figure 11). The carboxy
groupof the carbamate occupies the positionof thewatermolecule
(W11) at the active site of the apo structure, and the carboxy
oxygen atoms are within hydrogen bond distance to the catalytic
Lys37 (3 and 3.4 Å) and to the Thr41 main-chain amide nitrogen
(2.8 Å). There are hydrogen bond links between the N7 atom of
DAPA-carbamate and Thr41-OG1 (2.89 Å) and between the N8
atom and Thr11-OG1, both through water molecules. The long
aliphatic chain of this unnatural amino acid spans the active site
pocket, which is located at the dimer interface and is composed of
a stretch of residues from helix R6 (Leu1430-Asn1470) and loops
Pro71-Pro74 and Ala110-Gly112.

One of the C1-carboxy oxygen atoms of DAPA coordinates
with the main-chain amide of Leu1460 (2.78 Å) and an ordered
water molecule (2.6 Å), while the other hydrogen bonds with the
main-chain amide of Asn1470 (2.6 Å) in helix R6 of the adjacent
subunit and with the R7 helix’s Asn1820-OD1 through a neigh-
boring water molecule (3 Å). This water molecule is absent from
the active site of the Mtb DTBS apo structure. The presence of
the water molecule causes a peptide flip at Gly111 of the loop
region 110-112, a phenomenon not seen in E. coliDTBS despite
identical sequence in the 106-112 region (LVEGAGG). Finally,
Tyr1870 in helix R6 of the substrate-bound E. coli structure,
replaced by Asn1820 in the correspondingMtb structure, changes
its side chain orientation approximately 90� uponDAPAbinding
and hydrogen bonds with the carboxy oxygen of DAPA.

Similar interactions are also visible for KAPA at the DTBS
active site. As evident from the weak electron density for KAPA
and its high B factor, however, the occupancy of KAPA (0.5) is
much lower than DAPA (1.0) at the active site of all four chains
of the asymmetric unit. The low occupancy of KAPA suggests
that it may have low affinity as a substrate for DTBS.

The KAPA-bound enzyme structure has a sulfate ion from
the crystallization solution bound at the P-loop (Gly8-Thr16),
mimicking the β-phosphate of the nucleotide. The 7-keto oxygen
atom of KAPA points toward the sulfate ion with an ordered
water molecule occupying a similar position to the γ-phosphate
of the nucleotide at the active site (3.2 Å). TheN8 atom ofKAPA
forms a hydrogen bond with Thr41-OG1 (3 Å) at the active site.
Thus, KAPA and DAPA occupy similar positions in the hydro-
phobic pocket of the enzyme, away from the P-loop.

The substrate-bound Mtb DTBS structures illustrate that the
first substrate, DAPA, can bind to the enzyme in the absence of
the second substrate, ATP. They may also indicate Mtb DTBS
specificity for N7-DAPA-carbamates as the crystallization con-
ditions did not introduce bicarbonate.
DTBS Interactions with ATP/ADP. To further character-

ize the interaction of ATP with Mtb DTBS and the resulting
conformational changes upon binding, we attempted to deter-
mine the crystal structures of the enzyme bound toADP or to the
ATP analogues AMP-PCP and ATP-γ-S. Only partial electron
density for these entities at the active site was visible, phosphate

FIGURE 11: Mode ofDAPA-carbamate binding at theMtbDTBSactive site. (A) There is clear electron density (2Fo- Fc) forDAPA-carbamate,
shown in yellow stick form, at the 3 σ level. (B) Residues interactingwith the substrateDAPA-carbamate in theDTBSactive site are shown in this
figure. This plot has beenpreparedusingLigplot (72). The protein residues are coloredorange, and the ligandDAPA-carbamate is colored purple.
The water molecules are colored cyan. Hydrogen bonds are shown in green dotted lines. Hydrophobic interactions are shown in brick red
sunbursts. Atoms are colored by type (C, black; O, red; N, blue; S, yellow).
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ions were clear at the P-loop, but electron density for the rest of
themolecules was poorly defined.Hence, to pinpoint the residues
involved in the interactions of the nucleotides at the active site, we
superimposed the ADP-complexed E. coliDTBS structure (PDB
code: 1DAM) (18) on the Mtb structure. Surface representation
of the Mtb DTBS active site shows that the 17 Å long, nucleo-
tide-binding region is completely exposed to solvent, resulting
in disordered electron density for ATP/ADP (Figure 12). This
might be due toMtb variation in the conformations of theGln168-
Val176 loop region and of Leu196-Asp204 near the adenine ring
binding pocket. A unique feature of the loop region is the pre-
sence of multiple proline residues, Pro172, Pro174, and Pro175,
which likely decrease loop flexibility. The only apparent interac-
tion ofDTBSwith the nucleotide ribose sugar occurs between the
O20 atom and the carboxy group of Glu52 via a water molecule.
This glutamic acid residue is present on helix R2 and is 5.3 Å
closer to the active site than its E. coli counterpart, Glu211. The
E. coli DTBS Glu211 residue makes direct hydrogen bond
contact with the O20 of the nucleotide ribose sugar and is present
in the loop region (Trp209-Glu212) between strand β7 and helix
R9. This interaction orders the ADP-bound E. coli DTBS loop
region (PDB code: 1DTS), an event that has been reported for
other GTPases (66, 67). Intriguingly, the unligandedMtbDTBS
structure also displays clear density for this loop, possibly the
contribution of the long helix R7 that is absent in the E. coli
enzyme and resides just behind the loop region. The nitrogen
atoms of the adenine ring make hydrogen bond interactions with
the peptide loop (Leu196-Gly199), the N1 atom with the main-
chain amide of Gly199 (2.7 Å), and the N7 atom with the main-
chain oxygen of Gly169 (2.7 Å). Superimposition of the ADP-
complexed E. coli DTBS structure on the Mtb enzyme structure
thus shows that the solvent-exposed nucleotide-binding site is
located adjacent to the hydrophobic DAPA binding pocket in
Mtb DTBS.

DAPA and ATP have distinct binding sites in both E. coli and
MtbDTBS.When theγ-phosphate ofATP is bound to onemono-
mer, the distance (23.8 Å) to the carboxy group of the DAPA-
carbamate bound to the same monomer is too far to perform
the catalytic reaction. We therefore hypothesize that the two
DTBS active sites are composed of two subunits each such that
the enzyme reaction combines the ATP from one monomer with
theDAPA substrate from the other. The active sites of the enzyme
are approximately 13 Å apart at the dimer interface and have
entrances facing the same side (Figure 12).

Substrate binding does not produce drastic changes in DTBS
conformation. However, there are local conformational changes

in the orientations of the Thr9-Gly14 (2.4 Å), Gly109-Leu113
(1 Å), and Thr1400-Gly1440 (0.8 Å) loop regions upon substrate
binding, and these alterations appear to compress the active site
for better interactions.
Analysis of the DTBS-Product Complex at the Active

Site. To study the mechanism of Mtb DTBS catalysis, we
attempted to capture the ternary complex of the products by
soaking the enzyme crystal with DTB, ADP, and Mg2þ. The
2.3 Å electron density map ofMtbDTBS clearly reveals the posi-
tion of the productDTB just opposite the P-loop in the active site.
As with DAPA, the C1-carboxyl group of DTB buried inside the
pocket forms a hydrogen bond with the main-chain amide
nitrogen atoms of Leu1460 (2.8 Å), Asn1470 (2.6 Å), and Asn1820

via a water molecule. This water molecule also causes a peptide
flip at Gly111 such that the main-chain oxygen of the residue
forms a hydrogen bond with Thr7-OG1. The aliphatic chain of
DTB spans the two subunits, making hydrophobic contacts with
Pro74, Ala73, Gly111, and Val115. The N7 atom of the ureido
ring ofDTB is hydrogen bonded to the Asp47-OD1 of the P-loop
(3.3 Å), and the N8 atom is hydrogen bonded to Thr11-OG1
(3.4 Å). This breaks the salt bridge between Arg45 and Asp47 at
the active site. Comparison of the DAPA-bound and the DTB-
and ADP-bound Mtb DTBS structures shows clearly that the
substrate and product occupy the same position in the active site.
The carboxy end of the tail of the ligand is always involved in
anchoring to the other subunit of the dimer, and the diamino end
participates in catalysis. The DTB aliphatic chain is in a different
confirmation when compared to E. coli DTBS because the N1-
ureido ring hydrogen bonds with Asp47 rather than Thr41 (18).
The Mtb DTBS active site is lined by a short loop (Gly42-
Asp47) whereas the active site of the E. coli enzyme is an exten-
sion of two antiparallel β-strands (Gly42-Ser53). There are three
continuous Asp residues in this region of the Mtb DTBS active
site: Asp47, which hydrogen bonds with Arg45 as well as the
substrate or product, Asp48, which hydrogen bonds with Arg67
(3.5 and 3.3 Å), and Asp49-OD1, which hydrogen bonds with
Lys37-NZ (2.9 Å) or a Mg2þ ion.

It appears that the phosphate ion present in the crystallization
condition of the DTB- and ADP-bound Mtb DTBS structure
outcompetes ADP for the nucleotide-binding site. However,
there is one phosphate ion bound at the P-loop that is similar
to the β-phosphate of ADP and a second phosphate ion present
between the P-loop-bound phosphate andDTB that occupies the
γ-phosphate position. This mimics the position of the intermedi-
ate DTB-Pi-ADP complex at the active site just prior to
product release. The phosphate bound at the P-loop causes all
of the main-chain amide nitrogen atoms in this region, Thr11-
Lys15, to orient inward and create a positively charged environ-
ment for tight binding of the nucleotide phosphate group. The
Thr11 side chain also changes its rotamer 90� in response to
hydrogen bond formation with the γ-phosphate-O4, with a
transition of 1 Å toward the active site. These phosphate ions
are kept in position by conserved lysine residues (15 and 37) and
the magnesium ion. Analysis of the DTB- and phosphate-bound
Mtb DTBS structure thus demonstrates that the P-loop is
involved in binding both substrates at the enzyme active site,
providing a rationale for the unusually long peptide sequence at
this region.

DTBS, like other nucleotide-binding proteins, uses divalent
metal ions such as Mg2þ for stabilizing the phosphate groups,
mostly β and γ, of the nucleotides. The DTB- and ADP-bound
Mtb DTBS structure displays octahedral coordination of the

FIGURE 12: Surface representation of theMtbDTBS active site. The
MtbDTBSactive site is composedof both subunitA, colored in gray,
and subunit B, colored in rose brown. DTB is positioned inside the
pocket and is anchored to the other subunit.Adjacent toDTB, Pi and
ADP are completely exposed to the solvent. DTB, Pi, and ADP
molecules are shown in stick form.
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Mg2þ ion between the two oxygen atoms from each of the β- and
γ-phosphate groups and the side chains of residues Thr16-OG1,
Asp49-OD1, and Glu108-OE1. These residues are conserved in
E. coliDTBS and nearly conserved inHelicobacter pyloriDTBS,
with Asp49 replaced by Asn46.
Comparison with Other DTBS Structures. Superimposi-

tion of the Mtb and E. coli DTBS structures (PDB code: 1BYI,
sequence identity 28%) results in an rmsd of approximately
1.79 Å and reveals significant structural differences, justifying the
failure ofmolecular replacement using theE. coliDTBS structure
as a searchmodel (Figure 13). Interestingly, when theMtbDTBS
structure was overlaid with a recently solved DTBS structure
fromH. pylori (PDB code: 2QMO, sequence identity 18%, rmsd=
1.05 Å for 111 CR atoms), similar differences in the overall
structure were found. First, there are two extended antiparallel
β-strands of unknown function between residuesGly42-Ser53 at
the E. coli DTBS active site in place of the short loop (Gly42-
Asp47) present in Mtb. The active site of the H. pylori enzyme
contains a long loop (Lys35-Ser49) in this region. Second,
whereas the E. coli and H. pylori enzymes have a long loop
followed by a short, one-turn helix in residues Arg62-Pro72
(E. coli) and Leu61-Ile70 (H. pylori), Mtb DTBS has a single
β-strand (β3) in the corresponding Gln61-Leu65 region. Third,
there is a stretch of three short one-turn helices connected by
loops in the E. coli DTBS C-terminal region (Pro209-Asn224),
with some disordered parts in both the apo and substrate
complexed enzymes (PDB codes: 1DTS, 1DAI, 1DAE), while
theMtbDTBShas a long helix (R9,Ala205-Ala215) followed by
a short one-turn helix in the same region. The short stretches of
helix at the C-terminus of E. coliDTBS might be responsible for
its flexibility and subsequent disordered electron density upon
solvent exposure. The H. pylori DTBS has an entirely different
structure at its C-terminus, a short loopwith one-turn helix in lieu
of the β7 strand and R-helices 8 and 9 of the Mtb enzyme. Since
we have seen that the adenine ring of the nucleotide binds to this
region in Mtb and E. coli DTBS, the exact mode of nucleotide
binding in the H. pylori DTBS is unclear and awaits elucidation
by a nucleotide-bound enzyme structure.

The residues in the P-loopmotif are different in all threeDTBS
proteins: theMtb enzyme has glycine residues and its E. coli and
H. pylori counterparts have charged residues, Glu and Asp, and

Asn, respectively. In E. coli DTBS, Lys148 forms a salt bridge
withGlu12. Binding of the nucleotide to theWalkermotif breaks
this bond, and theGlu12 side chain turns toward the β-phosphate
of ATP and DAPA-carbamate at the active site. Indeed, Lys148
stabilizes the P-loop by supporting the pocket formed at the back
of the loop through its interaction with Glu12. The Mtb DTBS
has glycine and aspartate residues in place of Glu12 and Lys148
and therefore lacks the ionic interaction found in the active site of
the E. coli enzyme.
PossibleMechanism ofDTBSReaction.Based on theMtb

DTBS structures complexed with substrate and products, we can
outline a reaction mechanism for this amidoligase. Like E. coli
DTBS catalysis (68), the Mtb enzyme reaction involves three
steps: carbamylation of theN7 position ofDAPA, formation of a
carbamate-phosphoric anhydride intermediate, and, ultimately,
closure of the ureido ring to form DTB and release of the
inorganic phosphate.

Carbamylation is possible at both the N7 and N8 positions of
DAPA in solution (69). The DAPA-boundMtbDTBS structure
suggests that this enzyme has specificity for N7-carbamate, but it
is not clear whether the carbamylation is catalyzed or whether it
happens freely in solution. In the next step of the reaction, one of
the carbamate oxygen atoms attacks the γ-phosphate of ATP,
evident by the positions of the carbamate-carboxyl group and
Pi in the DAPA- and DTB-complexed structures. Protonation of
the linking oxygen atom facilitates cleavage of the bond between
the β- and γ-phosphates of ATP. A water molecule (W221 in
chain A) in the active site abstracts one of the protons from the
adjacent N8 amino group. The Lys37 remains in close enough
proximity to the phosphate-carbamate anhydride intermediate
to stabilize the complex. Closure of the DTB ureido ring requires
a second deprotonation of the N8 atom of the carbamate
phosphoric anhydride for attack on the carboxy carbon. Pre-
viously, it was thought that Asp47 acted as a base for this proton
abstraction. Asp47 is present in the loop region of the active site,
a unique feature of this DTBS enzyme. However, kinetic studies
show that a D47A mutation does not abolish enzyme activity,
suggesting that the residue may not be involved in proton
abstraction (data not shown). In the Mtb enzyme the lack of a
carbamate phosphate anhydride-complexed DTBS prevents un-
ambiguous identification of the residue responsible for proton
abstraction. However, based on a structural comparison of
carbamate phosphate anhydride complex and native E. coli
DTBS (19) as well as analogy to the p21ras protein mechan-
ism (70, 71), the oxygen atom on the phosphate of the inter-
mediate complex may act as a base. A second oxygen atom in the
same phosphate groupmight extract another proton from theN8
atom of the complex after ureido ring closure, thereby neutraliz-
ing one of its negative charges, releasing the inorganic phosphate,
and forming DTB.
Implications for DTBS Inhibitors. The natural antibiotic

acidomycin has a chemical structure similar to DTB and
biotin and has good whole cell activity against Mtb (MIC=
0.0625-0.125 μg/mL) (25). However, our studies show that
MtbDTBS is not the target of acidomycin as the drug fails to
inhibit the DTBS reaction at concentrations up to 200 μM.
Low yield of the enzyme precluded further kinetic analysis
with different compounds. Future candidates for Mtb DTBS
inhibitors include DAPA carbamate analogues and vari-
able length analogues of DAPA and KAPA. Mimics of the
carbamate-phosphoric anhydride complex may also be good
inhibitors.

FIGURE 13: Superimposition of CR atoms of E. coli and Mtb DTBS
monomers. Ribbon diagram of an overlay of E. coli DTBS (PDB
code: 1BYI) structure (cyan) onMtbDTBS (blue). All core β-strands
(gold) fromboth of the structures overlay verywell. The arrows point
toward themajor differences in the two structures (red). The rmsd for
224 CR atoms for both chains is 1.79 Å.
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CONCLUSION

Wehave determined the crystal structures of twoMtb biotin bio-
synthetic enzymes, 7,8-diaminopelargonic acid synthase (DAPAS)
and dethiobiotin synthetase (DTBS). These enzymes are promis-
ing drug targets as the biotin biosynthesis pathway is required for
Mtb survival during infection but absent in humans. Moreover,
abolition of biotin production leads to irreversible cell death
whenMtb is starved for the compound, suggesting that inhibitors
of the pathway could be bactericidal.

Beyond their utility as potential drug targets, theMtbDAPAS
and DTBS crystal structures yield basic biological insights into
their mechanisms of catalysis. The mode by which the DAPAS
recognizes dual substrates, the amino donor SAM and acceptor
KAPA,was not knowndespite the availability of theE. coli crystal
structure. The Mtb and E. coli DAPAS structures have similar
folds and conserved active site residues, making comparison
studies feasible. Superimposition of the Mtb DAPAS structure
bound to the SAM analogue sinefungin on the KAPA-complexed
E. coli enzyme indicates that the mechanism of substrate recogni-
tion for this enzyme is different than other aminotransferases.
Both Mtb and E. coli DAPAS have an active site tyrosine that is
critical for substrate interaction. Interestingly, the DAPAS of
certain Bacillus species lack this residue. We solved the apo and
KAPA-bound B. subtilis DAPAS structures to show that there is
an alternate KAPA binding pattern in the absence of the tyrosine.
The B. subtilis, E. coli, and Mtb DAPAS structures also reveal
the importance of the hydrogen bond network Tyr25-Tyr157-
Asp160 for maintenance of the active site structure.

The overall fold of Mtb DTBS differs from other organisms.
On the basis of our substrate- and product-bound DTBS struc-
tures, we identified key components required for catalysis, some
of which are not conserved in E. coli, and from these derived an
enzyme mechanism.

Finally, we have found that the active site of Mtb DTBS is
more solvent exposed than Mtb DAPAS, which has a tunneled
active site. Our characterization of the Mtb DAPAS and DTBS
active sites and of the mechanism by which they bind substrates
and products is a starting point in the design of new inhibitors
against these enzymes and, by extension, a metabolic pathway
that is critical for Mtb survival.
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