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Summary

The Mycobacterium tuberculosis protein Rv2377¢ (71 residues, MW = 8.4 kDa) has been
characterized using nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopy.
Rv2377c was the first identified member of the MbtH-like family of proteins. MbtH-like proteins
have been implicated in siderophore biosynthesis, however, their precise biochemical function
remain unknown. Size exclusion chromatography and NMR spectroscopy show that Rv2377c is a
monomer in solution. Circular dichroism spectroscopy indicates that Rv2377¢ unfolds upon
heating and will reversibly fold into its native conformation upon cooling. Using NMR-based
methods the solution structure of Rv2377c was determined and some of the dynamic properties of
the protein studied. The protein contains a three-strand, anti-parallel p-sheet (33:1:52) nestled
against one C-terminal a-helix (S44-N55). Weak or absent amide cross peaks in the 1H-1°N
HSQC spectrum for many of the B1 and B2 residues suggest intermediate motion on the ms to us
timescale at the B1:p2 interface. Amide cross peaks in the IH-15N HSQC spectrum are absent for
all but one residue at the C-terminus (W56 - D71), a region that includes a highly conserved
sequence WXDXR, suggesting this region is intrinsically disordered. The latter observation differs
with the crystal structure of another MbtH-like protein, PA2412 from Pseudomonas aeruginosa,
where a second ordered a-helix was observed at the extreme C-terminus.
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1. Introduction

Mycobacterium tuberculosis, the aetiological agent responsible for the chronic infectious
disease tuberculosis (TB), annually Kills 1.6 million people and newly infects another 8-9
million.1:2 These levels of TB infection show no signs of decreasing in the near future due to
the emergence of multi-drug and extremely drug-resistant M. tuberculosis strains along with
the prevalence of high human immunodeficiency virus infections.3-> Conventional treatment
of TB is a short course of multiple drugs over a long period of time, typically isoniazid,
rifampin, pyrazinamide, and ethambutol for two months followed by isoniazid and rifampin
for four months.® While such a therapy is often successful, incomplete implementation
contributes to the increasing levels of multi-drug (to at least isoniazid and rifampin) and
extreme-drug (to isoniazid and rifampin plus three or more second-line agents) resistant M.
tuberculosis strains.” Consequently, it is of fundamental importance to develop a new
generation of anti-TB agents.

One target of novel anti-TB drugs focuses on the disruption of the biochemical pathways
responsible for the sequestration of iron by M. tuberculosis.8:? Iron is an essential catalytic
and structural component of many proteins9 and one of the defense mechanisms of infected
eukaryotic hosts is to dramatically restrict its availability to the bacteria.ll To overcome iron
deficiencies in the host, M. tuberculosis and other bacteria have evolved sophisticated iron-
acquisition systems that make use of small molecules, called siderophores, that are excreted
into extracellular space, bind available iron, and then reinternalized with the iron into the
bacteria via specific cell surface receptors.12:13 M. tuberculosis produces two types of
siderophores, called mycobactins, that are based on a 2-hydroxyphenyloxazoline-ring
system and differ by the nature of a single fatty acyl side chain linked to the g-amino group
of N-hydroxy lysine.14-16 These two siderophores are biosynthesized through the action of a
number of proteins located in a cluster of genes involved in nonribosomal peptide and
polyketide synthesis.1” One of these genes encodes a small, 71-residue protein, MbtH,18 that
is the founding member of the MbtH-like (Mycobacterium tuberculosis) family of proteins
present in numerous non-ribosomal protein synthetase clusters responsible for siderophore
and antibiotic peptide synthesis. The function of the MbtH-like proteins remain unknown
with only one structure, PA2412 from Pseudomonas aeruginos'1? determined for the 150-
plus members of this family. To obtain further insights into the biological function of the
MbtH-like family of proteins that may enable the conception and development of new
therapies and strategies to treat and control TB, the solution structure for the first member of
the MbtH-like protein family, Rv2377c, has been determined by NMR-based methods. The
dynamics of Rv2377c is explored, the solution structure compared to the crystal and solution
structures of PA2412, and the thermostablity of Rv2377c assayed using circular dichroism
spectroscopy.

2. Materials and Methods

2.1 Cloning, expression, and purification

The DNA coding sequence for the Rv2377¢ gene was cloned into a modified pET28b vector
(Novagen, Madison, WI1) that provided an N-terminal 6-histidine tag
(MGSSHHHHHHSSGLVPRGSH-) upstream of the Ndel site. This recombinant vector was
then transfected into the host Escherichia coli bacterial strain BL21PRO (Clontech, Palo
Alto, CA). Uniformly 15N- and 15N-, 13C-labeled Rv2377c was obtained following
established protocols that have been previously described in detail?? using the antibiotics
kanamycin and spectinomycin during cell growth in minimal medium, isopropyl p-D-1-
thiogalactopyranoside induction at 298 K, initial purification of the French pressed cell
lysate on a Ni-NTA affinity column (Qiagen, Valencia, CA), thrombin cleavage of the N-
terminal polyhistidine tag, and final purification on a Superdex75 HiLoad 10/30 column (GE
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Healthcare, Piscataway, NJ) that simultaneously exchanged Rv2377c into NMR buffer (300
mM NaCl, 20 mM TrisHCI, 1.0 mM dithiothreitol, pH 7.1). The final concentrations of the
NMR samples were between 1 and 2 mM.

2.2 Optical spectroscopy

Circular dichroism data were collected on a Aviv Model 410 spectropolarimeter (Lakewood,
NJ) calibrated with an aqueous solution of ammonium d-(+)camphorsulfonate.
Measurements were obtained on a Rv2377c sample (0.06 mM) in NMR buffer and in a
quartz cell of 0.1 cm path length. A thermal denaturation curve for Rv2377¢ was obtained
by recording and plotting the ellipticity at 210 nm in 2.0°C intervals from 10 to 80°C.
Wavelength scans for Rv2377c were recorded between 200 and 260 nm at 25°C, 80°C, and
25°C (post-heating) in 0.5 nm increments. Each wavelength spectrum was the result of
averaging two consecutive scans with a bandwidth of 1.0 nm and a time constant of 1.0 s.
The wavelength spectra were processed by subtracting a blank spectrum from the protein
spectrum and then automatically line smoothing the data using Aviv software. A rough
estimation of the elements of secondary structure in the protein at 25°C, presented in Table
2, was obtained by deconvoluting the spectrum using Aviv software.

2.3 NMR spectroscopy and resonance assignments

All NMR experiments were collected on 1 - 2 mM samples at 25°C using Varian 900-, 750-,
600- and 500-1nova spectrometers equipped with triple resonance probes and pulse field
gradients. The data were processed with Felix2007 (Felix NMR, Inc., San Diego, CA) and
analyzed with Sparky (v3.115). All chemical shifts were referenced to DSS (DSS = 0 ppm)
using indirect methods.?!

The 1H, 13C, and 15N chemical shifts of the backbone and side chain resonances were
obtained from standard two-dimensional 1H-1°N and 1H-13C HSQC spectra and three-
dimensional HNCACB, CBCA(CO)NH, HNCACB, HNCO, HCCH-TOCSY,
HBHA(CO)NH, HCC-TOCSY-NNH and CC-TOCSY-NNH spectra. Distance restraints
were obtained from a suite of three-dimensional, 13C- and 1°N-edited NOESY-HSQC
experiments using a mixing time of 80 ms. Deuterium-exchange studies were performed by
lyophilizing a NMR sample and re-dissolving in 99.8% D50 (the 1H-15N HSQC spectrum
of a lyophilized sample re-dissolved into 10% D,0/90% H,0 was essentially identical to
the 1H-15N HSQC spectrum obtained prior to lyophilization). Two-dimensional 1H-15N
HSQC spectra were recorded 0.2, 0.5 and 1.0 hour after the exchange. Steady-state
{H}-15N heteronuclear NOE values (NOE = lga/lynsat) Were measured from the ratios

of 1H-15N HSQC cross peak volumes in spectra recorded in the presence (lsz) and absence
(lunsat) OF three seconds of proton presaturation prior to the 1°N excitation pulse.22 An
overall rotational correlation time () for Rv2377c was rapidly estimated from backbone
amide 15N T1,/T; ratios measured using a modified 'H-1°N HSQC experiment to

record 15N-edited one-dimensional spectra.23 All pulse programs were from the Varian
BioPack suite.

2.4 Structure calculations

Structure calculations were performed iteratively using CYANA (v 2.1)?4 and the 1H, 13C,
and 1°N chemical shift assignments and peak-picked NOESY data as experimental inputs. A
total of 66 dihedral angle restraints for Phi (®) and Psi (¥) were introduced on the basis of
the elements of secondary structure identified in the early structural ensembles and TALOS
calculations.2> Twenty-six hydrogen bond restraints (1.8 — 2.0 A and 2.7 - 3.0 A for the
NH-0 and N-O distances, respectively) were introduced into the structure calculations on
the basis of proximity in early structure calculations and, for residues in 3-sheet regions, the
observation of slowly exchanging amides in the deuterium exchange experiment. Alpha-
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helical hydrogen bond networks generally exchange before hydrogens in B-strand hydrogen
bond networks28 and, for the small protein Rv2377c, had all exchanged before the
first IH-1°N HSQC spectrum could be acquired (< 12 minutes).

The final ensemble of 20 CYANA derived structures were then refined with explicit water?’
using force constants of 500 and 700 kcal for the NOE and dihedral restraints, respectively.
The upper boundary of the CYANA distance restraints was increased by 10% and the lower
bound was set to the vdw limit for the water refinement calculations. This final ensemble
was then used to calculate a mean structure and average RMSD values to the mean structure
using the structured regions of the protein (F13 - N55). Structural quality was assessed using
the Protein Structure Validation Suite (PSVS, v1.3).28 The structural statistics are
summarized in Table 1.

2.5 Protein structure accession numbers

3. Results
3.1 Solution

The atomic coordinates for the ensemble of 20 lowest energy structures for M. tuberculosis
Rv2377c have been deposited in the RCSB under PDB code 2KHR. The chemical shifts
assignments have been deposited with the BMRB under accession humber 16253. The non-
native three residues at the N-terminus, GSH-, are numbered sequentially starting with G1 in
the RSCB and BMRB depositions. However, here the three non-native residues are
numbered sequentially with an asterisk (G1*-H3*) and the first native residue, M4 in the
RSCB and BMRB depositions, is labeled as M1.

and Discussion

structure for Rv2377c

The elution time of Rv2377c on a size exclusion column was consistent with a monomeric
8,383 Da protein (data not shown). The experimentally estimated rotational correlation time
of 6.7 £ 0.2 ns (20°C) was also more consistent with a monomeric instead of a dimeric
protein.29 The line widths and chemical shift dispersion of the 1H-1>N HSQC spectrum for
Rv2377c, shown in Figure 1, was also characteristic of a folded, monomeric protein of
molecular weight in the 8.4 kDa range. Forty-nine amide resonances were observed in

the TH-1°N HSQC spectrum and 48 of these were unambiguously assigned. On the basis of
these amide assignments and extensive assignment of the 13C® and side chain proton and
carbon chemical shifts (BMRB ID 16253), an ensemble of structures were calculated
(Figure 2A) that satisfied all the available experimental NMR data (NOEs, chemical shifts,
deuterium exchange experiments, and TALOS calculations).

As summarized in Table 1, a total of 602 interproton distance restraints, 26 hydrogen bond
restraints, and 66 dihedral angle restraints were used in the final structure calculations. Each
member of the final ensemble of 20 calculated structures agreed well with the experimental
data with no upper limit violation greater than 0.05 A and no torsion angle violation greater
than three degrees. The quality of the structure ensemble was also shown to be good using
the PSVS validation software package.28 The Ramachandran statistics for all the residues in
the ensemble were overwhelmingly in acceptable space (87% of the (¢,y) pairs for Rv2377c
were found in the most favored regions and 12% within additionally allowed regions) and
all the structure quality Z-scores were acceptable (greater than minus five).

The final set of 20 calculated structures in the ensemble converge well, as shown
mathematically by the statistics in Table 1 and visually by the superposition in Figure 2A.
The RMSD of the structured core region (F13 - N55) in the ensemble to the mean structure
is 0.62 A for the backbone atoms (N-C%-C=0) and 1.10 A for all heavy atoms. Both the N-
and C-terminal regions, G1*- A12 and W56 - D71, respectively, are disordered, and
therefore, most of the residues at the termini are not shown in the ensemble in Figure 2A.
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Note that there is evidence for intermediate motion (ms to us) at the interface between p1
and B2 (Section 3.3), and consequently, due to dynamic averaging of NOEs that bias shorter
distances, the ensemble of calculated structures may also be slightly biased in this region. A
cartoon representation of the secondary structure of Rv2377c is shown in Figure 2B. The
central core of the protein contains a three-strand, anti-parallel f-sheet composed of residues
F13-N18 (B1), S23-P26 (B2), and W35-H39 (B3). The third B-strand contains a one residue
B-bulge (\V38) and overall the B-sheet contains a conspicuous B-sheet twist30 as illustrated in
the ensemble and the single structure closest to the average in Figure 2A and 2C,
respectively. Completing the structure is a single a-helix (S44 - N55) nestled on one side of
the B-sheet that is held in place by an hydrophaobic core of side chains: V15 (B1), L25 ($2),
V39 (B3), Y51 (al) and V52 (al).

3.2 Optical spectroscopy

Circular dichroism spectroscopy was used to characterize the secondary structure of
Rv2377c over a range of temperatures.3! Figure 3A shows the CD spectra for Rv2377¢ at
two temperatures. The solid line is the CD spectrum of a fresh, ~ 0.06 mM sample collected
at 25°C in the same buffer used to collect NMR data for the structure calculations. The
double minimum at ~225 and ~207 nm and projected maximum at a wavelength < 200 nm
is characteristic of a structured protein with a mixture of B-sheet, a-helical, and random coil
content.31:32 Sych a mixture of secondary structure is corroborated by the deconvolution of
the CD data and the calculated NMR-based structure, as shown in Table 2. The red dotted
line in Figure 3A is the CD spectrum of the same sample at 80°C. Relative to the spectrum
collected at 25°C, the minimum at ~225 nm has disappeared and the minimum originally at
~207 nm has increased and shifted ~ 2 nm to shorter wavelength. These observations at
80°C indicate that Rv2377c¢ is more unstructured at elevated temperatures. However, the
absence of an extrapolated negative minimum at ~198 nm and a positive maximum at ~218
nm indicates that Rv2377c is not entirely random coil at 80°C and still possesses spectral
properties consistent with primarily p-sheet structure (single minimum). When the sample is
cooled back to 25°C, the CD spectrum, indicated by the dashed blue line in Figure 3A, is
very similar to the original CD spectrum collected prior to heating (solid black line). This
indicates that the temperature-induced effects to the structure of Rv2377c are largely
reversible.

To assay the thermal stability of Rv2377c, the ellipticity at 220 nm was measured as a
function of temperature between 5 and 80°C. Typically, a phase transition can be detected
when a structured protein becomes denatured by monitoring the increase in the ellipticity at
220 nm with increasing temperature.33:34 As shown in Figure 3B, a gradual increase in
ellipticity at 220 nm is observed beginning at ~20°C with a tailing-off starting at ~70°C.
There isn't a well-defined inflection point, but, the midpoint of the plot is around 55°C.
Because the CD spectra in Figure 3A suggest that at 80°C the protein is not entirely
unstructured and will refold upon cooling back to 25°C, the end point of the temperature
study in Figure 3B likely does not represent a fully unstructured protein. Because p-strands
are typically more robust than a-helices2® the structure remaining at high temperature may
be primarily B-strands as suggested by the CD spectrum at 80°C in Figure 3A.

3.3 Dynamics

Protein dynamics often plays a role in the binding and catalysis properties of proteins at, and
around, active sites.3° Information regarding the dynamics along a protein's backbone can be
extracted from the properties of the amide resonances. For example, in the absence of
intermolecular associations, weak or absent amide cross peaks in the 1H-15N HSQC
spectrum often identify regions that are not rigidly structured in solution and qualitatively
implies that these residues are undergoing conformational exchange on an intermediate
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timescale (millisecond to microsecond) that broadens their resonances beyond detection.
35-37 The plot in Figure 4A indicate the residues with missing (solid purple column) or weak
(purple asterisk) amide cross peaks in the TH-15N HSQC spectrum of Rv2377c¢ in Figure 1.
Aside from K62, amide cross peaks are absent from W56 to D71 suggesting that the C-
terminal region is unstructured in solution. Indeed, the adjacent a-helix is also somewnhat
dynamic (breathes) as the amide resonances in al all exchanged with D,O 12 minutes into
the deuterium exchange experiment. The other region with a significant clustering of weak
or missing amide resonances is p2 (S23 - P26) where the amide resonances were absent.
While none of the B2 amide resonances were visible, most of the side chain carbon and
proton resonances for B2 were assigned. The 13C® and 13CP chemical shifts in 2 were
characteristic of a B-strand and 1H-1H NOEs were observed between side chains of p1 and
B2. The resonances of the amides in B1 facing p2, F14, L16, and N18, were also weak.
Collectively, this data indicates that the S23 - P26 sequence does form a p-strand and
interacts with 1, however, there is motion on the intermediate time scale (ms to ps)
between the two strands.

Backbone motion on the fast time scale (picosecond) may be identified by regions with
small, or negative, heteronuclear steady-state {*H}-1°N NOE values.38 Figure 4B is a plot of
the backbone {H}-1°N heteronuclear NOE values measured for Rv2377c. Due to spectral
overlap, and weak or missing amide resonances, the only region with continuous data is
between D31 - W56. The heteronuclear steady-state {*H}-1°N NOE values in this region are
all 0.7 or greater indicating an overall structure that is rigid and an absence of residues
undergoing motion on a picosecond timescale.

3.4 Anintrinsically disordered region containing a highly conserved sequence

The MbtH-like family of proteins contains over 150 members and they all share highly
conserved regions as illustrated for the two MbtH-like proteins with solved structures in
Figure 5.19 Universally conserved are three tryptophan residues, W25, W35, and W56. The
relative orientation of these side chain are illustrated for Rv2377c in Figure 2B. The side
chain indole rings of W25 and W35 sit parallel to each other at a distance of ~9 A, but, are
not immediately over top each other. This is in slight contrast to the corresponding indole
rings in both the crystal and NMR structure of PA2412 from P. aeruginosa that sit more
directly over top each other at a closer distance of ~7 and ~8 A, respectively. One possible
explanation for the difference between the crystal structure of PA2412 and solution structure
of Rv2377c is that F, - F. differential electron density was observed in the tryptophan
pocket suggesting a small molecule of unknown identity was bound to the protein in the
crystal structure.1® The third tryptophan, W56, is the first residue in the C-terminal highly
conserved sequence WXDXR that is in a disordered region of the protein. Another highly
conserved region, SXWP, is part of 32, a structured region with motion in the intermediate
time scale. The two other highly conserved regions, (V/L)XN and PXGW, form B1 and the
loop plus first residue of B3, respectively. Hence, of the four highly conserved regions of
Rv2377c, two are associated with mobile elements and two are more rigid.

The last highly conserved region in MbtH-like proteins, WXDXR, is in a disordered region
of the protein. Intrinsically disordered proteins represent a unique functional and structural
category of proteins3®: 40 implicated in several vital biological functions.*! As the name
suggests, these regions lack a rigid, well-ordered structure and exist as a highly dynamic
ensemble in solution. Intrinsically disordered proteins or regions of proteins are often
involved in binding interactions with other proteins, nucleic acids, or small molecules,
undergoing a disorder to order transition upon ligand binding.? Relationships between
amino acid sequence and intrinsic disorder have been identified, and consequently, it is
possible to predict the tendency of a polypeptide to be disordered (and ordered) from the
primary amino acid sequence using programs such as PONDR (www.pondr.com).43: 44 The
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top of Figure 4 is a graphical output of a PONDR prediction for Rv2377c plotted over the
experimentally determined secondary structure. The PONDR score for residues A12 - D50
are all below 0.2, values highly predictive of an ordered structure. These residues embrace
all the ordered regions of the protein determined from the NMR-based structure, including
B1 and B2 residues with absent or weak amide resonances in the 1H-15N HSQC spectrum.
Residues at both the N- and C-termini have PONDR scores above 0.5, values predictive of
disordered structure. These termini are disordered in the ensemble of calculated NMR-based
structures for Rv2377c. While it is not unusual to observed disordered regions at the termini
of proteins, the presence of a highly conserved region near the C-terminal of Rv2377c
suggests this may be an intrinsically disordered region of the protein still in search of its
binding partner.

Further evidence that the highly conserved WXDXR sequence is intrinsically disordered is
from the solution structure determined for PA2412. Figure 6 compares the XRD- and NMR-
determined structures for PA2412 with the NMR-determined structure for Rv2377c. The
core of each structure is similar, a three-strand anti-parallel -sheet with a C-terminal o-
helix. However, in the crystal structure of PA2412, a short, well-ordered second a-helix was
also observed at the extreme end of the C-terminal. While a subset of the NMR-determined
structures for PA2412 also contain a second a-helix, Figure 6 clearly indicates that this
region exists as a highly dynamic ensemble in solution, as observed for Rv2377c. The
dynamic C-terminal region of PA2412 also contains the highly conserved WXDXR
sequence. This means that each of these two independently determined solution structures of
proteins in the MbtH-like family show the highly conserved WXDXR is disordered in
solution. The second ordered helix observed in the PA2412 crystal structure may be a state
stabilized by crystal packing interactions, or indeed, be due to the binding of an unknown
small ligand suggested by the presence of unidentifiable electron density in the crystal
structure.19

3.5 Insights into biological function

To identify a possible biochemical function for Rv2377c based on its structure, the Protein
Data Bank was searched for structures with similarities to Rv2377c using the DALI search
engine.*> Only two proteins with DALI Z-scores greater than 3.0 were identified and these
were the crystal (4.6) and NMR (3.9) structures determined for the P. aeruginosa protein
PA2412. The confinement of the protein fold to the MbtH-like family of proteins may
indicate that these proteins have a unique biological function.

While the exact biological function for MbtH-like family of proteins is unknown, there is
substantial evidence that this protein plays a role in helping M. tuberculosis survive low-iron
conditions. DNA microarray studies of M. tuberculosis response to low-iron and high-iron
conditions show elevated levels of mMRNA encoding Rv2377¢ under low-iron conditions.6
Under conditions more relevant to biological infection, inside macrophage, elevated levels
of mRNA for MbtH and other genes in the nonribosomal protein synthetase clusters
responsible for siderophore and antibiotic peptide synthesis were found to be
intraphagosomally induced using microarray experiments.4” Some bacteria contain more
than one non-ribosomal protein synthetase cluster each with their own or multiples copies of
mbtH-like genes. It has been shown that the mbtH-like genes in Streptomyces coelicolor are
able to cross-talk between biosynthetic pathways and can functionally replace each other.
48,49 On the other hand, the entire genome of P. aeruginosa contains only one MbtH-like
gene, PA2412. Studies with a deletion mutant of PA2412 demonstrated that the MbtH-like
protein was necessary for the normal production or secretion of pyoveridine, a siderophore
found in P. aeruginosa.l® Because the addition of pyoveridine to the PA2412 mutant cell
line restored normal growth it was concluded that the MbtH-like protein was likely involved
in the maturation, stabilization, or export of the siderophore. The function of PA2412 likely
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does not involve direct interaction with pyoveridine because MbtH-like proteins are found in
gene clusters of various species that generate diverse types of siderophores. Hence, Drake et
al.19 concluded that the conserved regions of the MbtH-like proteins may interact with the
conserved regions of the other proteins in their gene clusters.

4. Conclusions

Rv2377c, the founding member of the MbtH-like family of proteins, is a small, 71-residue
polypeptide that folds into a three-strand anti-parallel p-sheet with a C-terminal a-helix
nestled onto one side. The structure is robust as CD spectroscopy shows it will refold after
heating to 80°C. This core structure is similar to that observed in the XRD- and NMR-
determined structure for the MbtH-like protein from P. aeruginosa, PA2412. A DALI search
indicates that this fold is unique to the MbtH-like family of proteins, suggesting these
proteins may also have a unique function. Further characterization of the dynamics of
Rv2377c¢ indicated that the interface between B1 and 2 displays features characteristic of
motion on the ms to us time scale and the C-terminal is highly disordered. Because these
regions also contain residues highly conserved in all proteins in the MbtH-like family, the
dynamics of these regions may be necessary for the hypothesized interactions with other
proteins in their gene cluster. Indeed, intrinsically disordered regions are associated with
binding to multiple partners® or functional diversity,5! and hence, perhaps it is even
possible that Rv2377c binds to more than one specific substrate and has more than one
biological function. The observation that mtbH-like genes are able to cross-talk between
biosynthetic pathways and functionally replace each other supports multiple binding
partners and functional diversity.#8:4% Experimental evidence suggest the MbtH-like proteins
play a biochemical role in virulence as various microarray studies of the M. tuberculosis
response to iron deprivation show that Rv2377c levels are upregulated. Hence, the MbtH-
like family of proteins may become a target for a new generation of anti-TB agents. Further
studies are necessary to uncover the biochemical function of Rv2377¢ with an emphasis
directed at determining if it interacts with any of the other proteins within their gene cluster
responsible for siderophore and antibiotic peptide synthesis. When a function for Rv2377c¢ is
found, the structure presented here will assist the molecular understanding of its function
and potentially speed up the conception and development of new therapies to treat and
control the spread of tuberculosis around the world.
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Figure 1.

Assigned 1H-15N HSQC spectrum of double-labeled Rv2377¢ collected at 25°C in NMR
buffer (300 mM NaCl, 20 mM TrisHCI, 1.0 mM DTT, pH 7.1) at a 1H resonance frequency
of 900 MHz. Side chain resonances are indicated by horizontal solid lines and the single

significant unassigned amide cross peak with a question mark.
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Figure 2.

A) Superposition of the ensemble of 20 lowest energy structures calculated for Rv2377c.
Because both the N- and C-terminal regions are disordered, G1* - A12 and W56 - D71,
respectively, most of these regions have been removed from the Figure for clarity. B)
Secondary structure diagram of Rv2377c¢. The a-helix is drawn as a red ovals and the -
strands as solid blue arrows with the residue number at the beginning and the end of each
structural element shown. The B-sheet contains a bulge at residue V38. A solid pink line
between the B-strand residues indicates dual hydrogen bonds between two residues in an
antiparallel B-sheet. C) Ribbon representation of the structure in the ensemble closest to the
average structure for Rv2377¢ highlighting the position of the three exclusively conserved
tryptophan residues in the MbtH-like family of proteins. While the side chains of W25 and
W35 superimpose well in the ensemble, W56 assumes many positions. The B-strands are
colored blue and the a-helix is colored red.
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Figure 3.

A) Circular dichroism spectra of a single sample of Rv2377¢ (0.06 mM) in NMR buffer
collected at 25°C (black solid line), 80°C (red dotted line), and 25°C post-heating (blue
dashed line). B) The CD thermal melt for Rv2377¢ obtained by measuring the ellipticity at
210 nm in 2.0°C intervals between 10 and 80°C.
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A) Backbone {H}-15N heteronuclear NOE values for Rv2377c. The position of proline
residues in the sequence are indicated by purple circles. Amide cross peaks that were absent
or very weak in the original 1H-15N HSQC spectrum are indicated by purple bars and
asterisks, respectively. B) Graphical output of a PONDR prediction on Rv2377c¢ using the
VL-XT algorithm. Consecutive values above and below 0.5 predict disordered and ordered
regions, respectively, within the protein. The experimentally observed elements of
secondary structure are shown between the two plots: cyan = B-strand, red = a-helix.
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Rv2377c MSTNPFDDDN GAFFVLVNDE DQHSLWFVFA DIPAGWRVVH GEASRAACLD YVEKNWTDLR PKSLRDAMVE D
PA2412 (XRD)-MTSVFDRDD IQFQVVVNHE EQVSIWFEYK EIPQGWRAAG KSGLKKDCLA YIEEVWTDMR PLSLRQHMDK AAG
PA2412 (NMR)-MTSVFDRDD IQFQVVVNHE EQVSIWPEYK EIPQGWRAAG KSGLKKDCLA YIEEVWTDMR PLSLRQHMDK AAG

Figure 5.

Alignment of the amino acid sequences for the three determined structures of proteins from
the MbtH-like family: M. tuberculosis Rv2377c (2KHR); P. aeruginosa PA2412 (2PST
(XRD)19 and 2GPF (NMR)). The sequences are colored coded according to the observed
regions of secondary structure: blue = B-strand; red = a-helix. The residues conserved in
>95% of the family members are highlighted with grey shaded boxes.
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Figure 6.

Comparison of the structure of P. aeruginosa PA2412 determined by XRD (2PST) and
NMR (2GPF) methods with the NMR determined structure of Rv2377¢ (2KHR). The
structure in the NMR ensemble closest to the average structure is shown. The position of the
second a-helix in 2GPF, relative to the structured core, is shown for each of the 20 structures
in the PDB deposited ensemble. Similarly, a short part of the C-terminal region for the PDB
deposited ensemble for 2KHR is also shown. In both cases the extreme N- and C-terminal
regions for 2GPF and 2KHR have been removed for clarity, but, do include the highly
conserved region, WXDXR. The B-strands are colored blue and the a-helices are colored
red.
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Summary of the structural statistics for Rv2377c?

Table 1

Restraints for Structure Calculations

Total NOEs 602
Intraresidue NOEs 142
Sequential (i, i + 1) NOEs 196
Medium-range (i, i +j; 1 <j < 4) NOEs 77
Long-range (i, i +j; j > 4) NOEs 187
Phi (@) angle restraints 33
Psi (¥) angle restraints 33
Hydrogen bond restraints 26
Structure Calculations
Number of structures calculated 100
Number of structures used in ensemble 20
Structures with Restraint Violations
Distance Restraint Violations > 0.05A 0
Dihedral Restraint Violation > 2° 1
Dihedral Restraint Violation > 3° 0
RMSD to Mean (A) Ordered Residues: 13-55
Backbone N-C®-C=0 Atoms 0.62+0.15
Heavy Atoms 1.10+0.20
All Atoms 1.25+0.19
Ramachandran Plots Ordered Residues
Most favored regions 87.3%
Additionally allowed regions 12.4%
Generously favored regions 0.1%
Disallowed 0.1%

Global Quality Scores - Ordered ResiduesP

Z-score (Raw)

Procheck (all) -3.02 (-0.51)
Procheck (@, V) -1.53 (-0.47)
MolProbity clash score -1.26 (16.22)
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a . s . . .
All statistics are for the 20-structure ensemble deposited in the Protein Data Bank (2KHR) using the residues of the structured central core

(13-55).

bCalculated for the ordered residue, 13-55, using the PSVS program.28
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Table 2
Elements of secondary structure in Rv2377c as determined from the NMR structure and
estimated from the deconvolution of the CD spectrum

Method | a-helix | B-strand | turn | random coil

NMR 16% 20% 22% 42%

CD 29% 20% 18% 33%
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