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ABSTRACT:  The 261-residue Mycobacterium tuberculosis protein Rv0577 is a 

prominent antigen in tuberculosis patients, the responsible component for neutral red 

staining of virulent strains of M. tuberculosis, a putative component in a methylglyoxal 

detoxification pathway, and an agonist of toll-like receptor 2.  It also has 36% amino acid 

sequence identity to Streptomyces coelicolor AfsK-binding protein A (KbpA), a 

component in the complex secondary metabolite pathways in the Streptomycetes genus 

from which many commercial antibiotics are derived.  To gain insight into the biological 

function of Rv0577 and the family of KpbA kinase regulators, the crystal structure for 

Rv0577 was determined to a resolution of 1.75 Å (3OXH), binding properties with 

neutral red and deoxyadenosine (Ado) surveyed, backbone dynamics measured, and 

thermal stability assayed by CD spectroscopy.  The protein is composed of four 

approximate repeats with an βαβββ topology arranged radially in consecutive pairs to 

form two continuous eight-strand β-sheets capped on both ends with an α-helix.  The two 

β-sheets intersect in the center at roughly a right angle and form an asymmetric deep 

“saddle” on both sides of the protein, saddle one (P11 to A129) and saddle two (L143 to 

A258), that may serve to bind ligands.  NMR chemical shift perturbation experiments 

show that neutral red binds to Rv0577, further associating Rv0577 with the neutral red 

staining of virulent strains of M. tuberculosis.  Similar experiments show that adenosine 

also binds to Rv0577, although less tightly, with estimated dissociation constants of 4.1 ± 

0.3 mM for saddle one and > 1 M for saddle two.  Heteronuclear steady-state {1H}-15N 

NOE, T1, and T2 values were generally uniform through-out the sequence with only a few 

modest pockets of differences suggestive of slightly different motion in loops between β-

strands in saddle 1.  Circular dichroism spectroscopy characterization of the thermal 
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stability of Rv0577 indicated irreversible unfolding upon heating with an estimated 

melting temperature of 56 °C.  While it is not known if Rv0577 has a kinase regulatory 

role similar to its Streptomyces homolog KbpA, protein kinase and phosphatase signaling 

help M. tuberculosis adapt to the hostile host environment during infections.  

Consequently, new anti-tuberculosis drugs targeting Rv0577 may act by interfering with 

multiple mechanisms; a potential signaling machinery as well as toll-like receptor 2 

activation and the methylglyoxal detoxification pathway. 

  

 

Key Words: tuberculosis; Ser/Thr protein kinases; virulence factors; host-pathogen 

interactions; toll-like receptor 2 activation.   
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INTRODUCTION 

 

Approximately two thirds of all natural, commercial antibiotics are secondary metabolites 

produced by soil-dwelling bacteria from the genus Streptomycetes.1  The secondary 

metabolic pathways for these antibiotics are complex as are the signal transductions 

pathways that turn them on.  Perhaps the best understood system in Streptomycetes is the 

blue colored polyketide actinorhodin produced by Streptomyces coelicolor.2  As many as 

100 genes for actinorhodin biosynthesis are activated by the pathway-specific actII-ORF4 

transcriptional activators.   The actII-ORF4 activators are themselves activated by a 63-

residue protein, AfsS, after it forms a complex with RNA polymerase and is converted 

into a transcriptionally active open state with the energy available from ATP hydrolysis 

by AfsR, a transcriptional activator with ATPase activity that binds to the promotor of 

AfsS in the phosphorylated form.3  As shown schematically in Figure 1, cytoplasmic 

AfsR is phosphorylated by AfsK,4, 5 a serine/threonine kinase loosely bound to the 

membrane after AfsK auto-phosphorylates itself, likely upon sensing some external or 

internal stimuli.  The genome of S. coelicolor contains 36 serine/threonine or tyrosine 

kinases and at least two of them, PkaG and AfsL, phosphorylate AfsR suggesting that 

AfsR is an integrator of multiple signals sensed by these kinases.   Modulating the kinase 

activity of AfsK is KbpA (AfsK-binding protein A), a conserved hypothetical protein co-

expressed with AfsR that binds to unphosphorylated AfsK and prevent auto-

phosphorylation.6  Six KbpA paralogs are encoded in the S. coelicolor genome, 

suggesting that KbpA and its paralogs regulate the 36 S. coelicolor kinases.  The 
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 5

mechanism of kinase recognition and regulation by KbpA or its six paralogs remains to 

be determined.  

 

 

Figure 1.  A simplified hypothetical model highlighting the role of KpbA in the 

regulation of actinorhodin production in Streptomyces coelicolor.6 The AfsK-binding 

protein A, KbpA, binds to AfsK,  a protein loosely associated with the membrane (A).  

An unknown internal or external effector, labeled with a question mark, modulates the 

release of KbpA from AfsK (B) to allow activation of KpbA by autophosphorylation (C). 

Activated AfsK, as well as other kinases, phosphorylates AfsR which then binds to the 

AfsS promotor to activate AfsS transcription (D).  In turn the 63-residue protein, AfsS, is 

an actII-ORF4 promotor that turns on the transcription of the ~100 genes involved in 

actinorhodin biosynthesis.   AfsK is expressed during all stages of cell growth4 while 

KpbA is actively expressed after actinorhodin production has begun. 
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The Streptomycetes genus belongs to the same taxonomical order containing 

Mycobacterium tuberculosis, the etiological agent responsible for tuberculosis (TB), a 

chronic infectious disease that killed approximately 1.8 million people and infected 

another 10.4 million in 2015.7  The M. tuberculosis genome encodes eleven Ser/Thr 

kinases8 and two KbpA homologs, Rv0577 and Rv0911, whose amino acid sequence are 

36% and 33% identical to KbpA, respectively.  While the physiological roles of Rv0577 

and Rv9011 are unknown, Rv0577 is present in M. tuberculosis culture 

filtrates,{Rosenkrands, 2000 #249} is a prominent antigen in TB patients,9, 10  and is the 

responsible component for neutral red staining of virulent strains of M. tuberculosis.11  

Rv0577 has also been reported to be an agonist of toll-like receptor 2 (TLR-2), inducing 

dendrite cell maturation and driving a Th1 immune response.12  Overall, such correlations 

suggest that Rv0577 may play a role in virulence, and therefore, represent a potential 

target to base new strategies to treat and control tuberculosis.13, 14  To assist our 

understanding of the biological function of Rv0577 in M. tuberculosis infections and the 

apparently novel inhibitory mechanism of the S. coelicolor homolog KbpA, the crystal 

structure for Rv0577 was determined to 1.75 Å resolution.  This structure, together with 

the NMR amide chemical shift assignments for this 261-residue protein (BMRB ID 

17597)14 allowed us to use chemical-shift perturbation experiments15 to determine if 

Rv0577 binds neutral red and to map the potential ligand-binding surface.  
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MATERIALS AND METHODS 

 

Cloning, Expression, and Purification.  The Rv0577 gene was amplified by 

PCR from the genomic DNA of M. tuberculosis strain H37Rv and employed to generate 

two clones using the pET28b expression vector (Novagen, Madison, WI).  The difference 

between the two clones was that the expressed gene product for one contained an N-

terminal, 20-residue extension (MGSSHHHHHHSSGLVPRGSH-; nRv0577) and the 

other a C-terminal eight residue extension (-RSHHHHHH; Rv0577c).  Both recombinant 

plasmids were transformed into Escherichia coli BL21(DE3) cells (Novagen, Madison, 

WI) by a heat shock method.  The protein containing the N-terminal extension was used 

for crystallography and was purified as described previously for the sensor domain of 

PknD16 using three chromatography steps: immobilized metal ion affinity, HighTrap Q 

Sepharose ion exchange, and Superdex75 gel-filtration.  Pooled fractions from the last 

chromatography step were dialyzed into the buffer used for crystallization (50 mM NaCl, 

20 mM Tris, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP), 1% glycerol (v/v), pH 7.5) 

and the protein then concentrated to 20 mg/mL.  Selenomethionine-substituted (SeMet-) 

nRv0577 was expressed following a minimal media growth protocol that inhibited the 

methionine biosynthesis pathway17, 18 and purified following the same protocol except for 

the addition of 1 mM TCEP in all buffers.  Protein containing either the N- or C-terminal 

extension used for the solution studies was 15N-labeled using a standard minimal media 

based auto-induction approach19 and purified as previously described14 using two 

chromatography steps: immobilized metal ion affinity and Superdex75 gel-filtration.  The 

latter step exchanged Rv0577 into the NMR buffer used for the biophysical studies (100 
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 8

mM NaCl, 20 mM Tris, 1.0 mM dithiothreitol, pH 7.0).  For a few NMR experiments the 

N-terminal tag was removed from nRv0577 by concentrating the protein to ~ 20 mg/mL 

following the size exclusion chromatography step and diluting the protein 50% with 

thrombin digestion buffer (20 mM Tris, 100 mM NaCl, 2 mM CaCl2, pH 8.0).  N-

terminal cleavage was complete after room temperature overnight incubation with ~5 mg 

of thrombin (MP Biomedicals, Solon, OH).  Thrombin-cleaved nRv0577 was then 

purified and exchanged into NMR buffer by Superdex75 gel-filtration chromatography.  

Note that three non-native residues, GSH-, remained at the N-terminal of nRv0577 after 

thrombin cleavage.         

 

Nuclear Magnetic Resonance (NMR) Spectroscopy.   The NMR data were 

collected at 30 °C on 15N-labeled samples using Varian spectrometers with 1H resonance 

field strengths of approximately 600, 750, or 800 MHz.  All spectrometers were equipped 

with a triple resonance probe and pulse field gradients with the highest field instrument 

containing a cyroprobe.  Chemical shift perturbations studies with nRv0577 and Rv0577c 

(250 uL, 0.2 (Ado) and 0.3 (neutral red) mM) were conducted with adenosine (Ado; 

Research Product International) and the dye 3-amino-7-dimethylamino-2-

methylphenazine hydrochloride (neutral red; Sigma Aldrich, St. Louis, MO) in a Shigemi 

NMR tube (Shigemi Inc., Allison Park, PA) using 50 mM stock solutions of each 

compound prepared in NMR buffer.  An 1H-15N HSQC spectrum was collected after the 

addition of a two microliter aliquot of each compound at increasing compound:protein 

molar ratios up to 10 to one.  An overall rotational correlation time (τc) for nRv0577 and 

Rv0577c was estimated at 20 °C from backbone amide 15N T1ρ/T1 ratios measured using 
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 9

a modified 1H-15N HSQC experiment to record an 15N-edited one-dimensional 

spectrum20, 21  Nitrogen-15 T1 and T2 values were measured (30 °C, 750 MHz 
1H 

resonance field strength) for Rv0577c using previously described experiments 22 with the 

following time delays (s):  0.0, 0.1, 0.2, 0.3. 0.4, 0.6, 0.8 (T1); 0.01, 0.03, 0.05, 0.07, 0.09, 

0.11, and 0.13 (T2).  Values for T1 and T2 and an estimate of their associated errors were 

obtained using the rate analysis function in Sparky (v3.115)23 by fitting the measured 

peak heights to a two-parameter exponential function, I(t) = Ioexp(-t*T1,2).  The average 

values for T1 and T2 were used to estimate τc at 30 °C using the following equation
20: 

 

τc  ≅ (1/4πνΝ)(6(T1/T2) – 7)
-1/2   where νΝ = 

15N frequency in Hz (1) 

  

Steady-state {1H}-15N heteronuclear NOE values (NOE = Isat/Iunsat) were 

measured (30 °C, 800 MHz 1H resonance field strength) in triplicate by taking the ratio of 

1H-15N HSQC cross peak volumes in spectra recorded in the presence (Isat) and absence 

(Iunsat) of 3.0 s of proton presaturation prior to the 
15N excitation pulse.22  All NMR data 

was processed using Felix2007 (MSI, San Diego, CA) software and analyzed with the 

program Sparky (v3.115) making use of previous amide chemical shift assignments 

(BMRB ID 17597).14  Note that in the published 1H-15N HSQC spectrum14 two 

assignments were mislabeled, F181 = R181 and A181 = A188. 

 

 Circular Dichroism (CD) Spectroscopy.  An Aviv Model 410 

spectropolarimeter (Lakewood, NJ) was used to collect circular dichroism data on a 400 

µL 0.02 mM sample of Rv0577c (100 mM NaCl, 20 mM Tris, 1.0 mM dithiothreitol, pH 
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 10

7.0) in a quartz cell of 0.1 cm path length.  A thermal denaturation curve was obtained by 

recording the ellipticity at 220 nm in 2.0 °C intervals from 10 to 80 °C.  The first 

derivative of the thermal denaturation curve24 provides a quantitative estimation of the 

melting temperature, Tm, for Rv0577c.  A steady-state wavelength spectra was recorded 

in 0.5 nm increments between 200 and 260 nm at 25 °C.  The reported steady-state 

wavelength spectrum is the average of two consecutive scans, collected with a bandwidth 

of 1.0 nm and a time constant of 1.0 s, processed by subtracting a blank spectrum from 

the protein spectrum and automatic line smoothing using Aviv software. 

 

Isothermal Titration Calometry (ITC).  The interactions between Rv0577c and 

dAdo were measured on a MicroCal iTC200 calorimeter (MicroCal, Northampton, MA) 

using standard procedures. The same NMR buffer used in the Superdex75 gel-filtration 

chromatography step to purify Rv0577c was used to prepare Rv0577c dilutions and stock 

solutions of Ado.  Two hundred twenty µL of 0.14 mM Rv0577c was placed in the 

mixing cell and titrated with 10 mM Ado.  Each titration experiment was performed at 37 

°C with 2.0 µL injections of 4 s duration in 180 s intervals with a mixing rate of 1000 

rpm.  The resulting isotherms were deconvoluted and fit to a single-site binding model by 

nonlinear least-squares regression using the Origin software package supplied with the 

instrument.  A blank reference titration was recorded for Ado to account for the heats of 

dilution into the sample buffer.  The reported disassociation constant (Kd) was 

determined from the average of two titrations.  
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 11

Protein Crystallization, X-ray Diffraction, and Model Building.  Conditions 

for the growth of diffraction quality crystals were identified from vapor-diffusion 

crystallization trials using the hanging drop method at 18 °C by mixing equal volumes of 

the protein (20 mg/mL) and the precipitant.  For native nRv0557, crystals were observed 

with precipitant containing 1.3 M sodium citrate, 4% butanol (v/v), 50 mM MES, pH 6.5, 

with 1 mM p-chloromercuricbenzene sulfonic acid (PCMBS) added to solution prior to 

freezing.  For the SeMet-labeled nRv0577, crystals were obtained with precipitant 

containing 0.9 M sodium citrate, 50 mM MES, 8% butanol, pH 6.5.  All crystals were 

mounted on nylon cryo-loops, immersed briefly in a drop of the well precipitant adjusted 

to 0.75 M NaCl and 14% xylitol (v/v), flash-frozen in liquid nitrogen, stored under liquid 

nitrogen, and shipped to the Lawrence Berkeley National Laboratory Advanced Light 

Source for X-ray data collection.    

All X-ray diffraction data was collected at beamline 8.3.1 with an ADSC 

Quantum 210 detector.  Diffraction data were initially collected on a single PCMBD-

derivatized native crystal to a resolution of 1.75 Å resolution, however, MAD/SAD 

phasing was unsuccessful, and because no structure had yet been determined from this 

family of proteins it was not possible to obtain a solution using molecular replacement.  

Consequently, a three-wavelength MAD data set was collected on a single SeMet-labeled 

crystal of nRv0577 to a resolution of 2.3 Å and used to solve the structure.   The MAD 

data were integrated and scaled using HKL2000 software25 and the program SOLVE26 

used to identify, refine, and obtain phases from seven selenium sites.  Phases were 

improved by density modification with RESOLVE27 to produce an interpretable electron 

density map at 2.3 Å resolution.  The program SHARP28 was then used to further refine 
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 12

the selenium sites and phasing.  Approximately 90% of the model was built automatically 

using ARP/wARP.29  The native data were integrated and scaled using Elves software.30  

Due to slight non-isomorphism of the native and SeMet derivative crystals, molecular 

replacement with EPMR31 was used to place the partial model obtained from the SAD 

data in the unit cell of the native data.  The model was then refined against the native data 

set using REFMAC32 cycled with manual building in O.33  The stereochemical quality of 

the final model was evaluated using the programs MolProbity34 and PROCHECK35 and 

any conflicts addressed.  MolProbity analysis showed that the overall geometry of the 

final deposited model ranked in the 93rd percentile (MolProbity score = 1.50) with an 

“all-atoms” clash score of 5.73.  PROCHECK analysis indicated that 97.1% of the Φ/Ψ 

pairs were in most favored region and the remainder in additionally allowed regions.  The 

data collection and structure refinement statistic are listed in Table 1.  The native 

diffraction data and coordinates for the final model have been deposited to the Protein 

Data Bank (PDB entry 3OXH).      

  

RESULTS AND DISCUSSION 

 

Crystal Structure of nRv0577.  Recombinant nRv0577 was expressed in E. coli 

and crystallized by vapor diffusion using a citrate/butanol solution.  The crystal structure 

of this 281-residue protein (including the 20-residue tag) was determined at 1.75 Å 

resolution using MAD analysis of a selenomethionine derivative (Table 1).  The refined 

model (R/Rfree = 0.176/0.219) contained one molecule each of xylitol and p-

chloromercuricbenzene sulfonic acid (PCMBS) used to prepare a heavy-atom derivative, 
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two chloride ions, and 271 water molecules.   No electron density could be mapped to 18 

residues of the native Rv0577 sequence: V42-G46, P70-G72, E173-N179, and P259-

Q261.  The N-terminal hexahistidine tag was partially ordered in both the SeMet and 

native crystals through degenerate contacts between adjacent molecules that made it 

possible to model H-13 to S-10 and G-3 to H-1 of the tag into the electron density as well 

(including the first methionine of the native sequence, labeled M0).   Because the overall 

model was the same in both structures, aside from differences in the linker region of the 

tag (outside the cleft), only the native structure was completely refined. 

 

Table 1.  Summary of the diffraction data collection and refinement statistics for 

Rv0557. 

 

 
 SeMet Native 

Data Collection   
X-ray source ALS beamline 8.3.1 ALS beamline 8.3.1 
Detector ADSC Quantum 210 ADSC Quantum 210 
X-ray wavelength (Å) 0.892 1.0094 
Temperature (K) 100 100 
Space group P21212 P21212 
Unit-cell parameters   
a (Å) 80.65 81.6 
b (Å) 83.35 81.98 
c (Å) 36.42 36.04 
α =β= γ 90º 90º 
Matthews coefficient (Å3Da-1) 2.07 2.03 
Solvent content (%) 44.6 43.9 % 
Resolution range (Å) 41.67-2.25 (2.33–2.25) 20 – 1.75 (1.81 – 1.75) 
Mean I/σ(I) 22.9 (2.0) 16.8 (1.9) 
No. of observed reflections 12162 (1162) 25186 (1230) 
Completeness (%) 99.9 (98.9) 99.7 (98.9) 

Multiplicity 4.0 (4.05) 7.0 
Rmerge (%)

2 7.6 (28.7) 7.3 (56) 
Rmeas (%)

3 8.8 (33.0) 8.6 
   

Refinement   

No. of used reflections - 25186 
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Rwork (%)
4 - 17.6 (21.3) 

Rfree (%)
5 - 21.2 (23.5) 

Mean B factor (Å2) - 22.9 
RMSD bonds (Å) - 0.01 
RMSD angles (°) - 1.35 
   
Model Validation   

MolProbity Ramachandran analysis   
Most favored (%) - 97.1 
Additionally allowed (%) - 2.9 
MolProbity

6
   

Clash score, all atoms [percentile] - 5.73 [93th] 
MolProbity score [percentile] - 1.50 [93th] 
   
PDB identifier - 3oxh 
 

1Value in parenthesis are statistics for the highest resolution shell (1.81 - 1.75 Å). 
2Rmerge = ΣhΣi|Ii(h) - <I(h)>|/ΣhΣiIi(h). 
3Rmeas = {Σh[nh/(nh-1)]

1/2
Σi
nk|Ih-Ih,i|}|ΣhΣi

nhIh,n, where Ih = (1/nh)Σi
nkIh,i. 

4Rwork =    Σ||Fobs| - Fcalc||/Σ|Fobs| where Fobs and Fcalc are the observed and calculated 
structure factors, respectively. 
5Rfree = Σh||Fobs| - Fcalc||/Σh|Fobs|.  The free R factor was calculated using 5% of the 
reflections omitted from the refinement. 
6Calculated adding hydrogens and making the suggested flips. 

 

 As illustrated in Figures 2, the four approximate repeats in the Rv0577 sequence 

adopt a similar structure with a βαβββ topology (����), comprising a mixed, four-

stranded β-sheet with the helix packed parallel to the β-strands.  This fold is commonly 

found in glyoxylases and microbial antibiotic sequestration proteins.36  The repeat motifs 

are arranged radially in consecutive pairs with the first β-strand in each pair anti-parallel 

(β1:β5 and β9:β13).  The consequence is two continuous eight-strand β-sheets 

(β2:β3:β4:β1:β5:β8:β7:β6 and β10:β11:β12:β9:β13:β16:β15:β14) capped on both ends 

with an α-helix.  The two β-sheets intersect in the center at roughly a right angle and 

form a deep saddle on both sides of the protein with an inter-saddle loop from β8 to β9 

running underneath one side of this center.  The cores of the two saddles (residues P11 to 
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A129 (saddle 1) and L143 to A258 (saddle 2)) align well, with an overall Cα root-mean-

square deviation (RMSD) of 2.1 Å. 
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Figure 2. A) Crystal structure of nRv0577 (3OXH) with the four approximate βαβββ 

repeats colored purple, green, red, and grey sequentially starting from the N-terminus.  

Shown is the face of the first of two saddles composed of two sequential repeats that form 

a continuous eight-strand β-sheet (β2:β3:β4:β1:β5:β8:β7:β6) capped on both ends with 

α1 and α2.  The two saddles, connected by an inter-saddle loop between β8 and β9, 

intersect near the center at roughly a right angle and form a deep cleft on both sides of the 

protein. B)  The primary amino acid sequence of Rv0577 with the four approximate 

repeats shaded in purple, green, red, and grey boxes and the α-helices and β-strands 

colored red and gold, respectively.  The repeats sequentially form two saddles of two 

repeats each: residues P11 - A129 (saddle 1) and L143 - A258 (saddle 2).  Arginine-4 and 

T136 form a single hydrogen-bond β-bridge.  Residues with either missing or unassigned 

amide resonances in the 1H-15N HSQC spectrum14 are underlined and residues missing 

electron density in the crystal structure are colored cyan.  The most conserved residues 

identified by the ConSurf server (http://consurf.tau.ac.il/2016/)37 are identified with a 

magenta (9) and pink (8) rectangle above the residue.   

 

No configuration of residues appropriate for binding a metal ion was found in 

either of the two saddles.  Glyoxylases and dioxygenases metalloenzymes in this fold 

family typically have up to four residues involved in metal coordination.38  In the E. coli 

glyoxalase, this site is formed by two glutamates and two histidines, which together with 

two water molecules coordinate a Ni2+ (or similar) ion with octahedral geometry39.  The 

human glyoxalase I binds zinc in a similar arrangement but with one histidine replaced by 

glutamine.40  Although several of these residue types are present in both clefts, their 

locations do not appear to permit chelation of a metal ion, and several are instead 

involved in a conserved hydrogen-bonding network (described below).  The absence of 

metal bound to the protein was corroborated by NMR spectrometry where no change was 

observed in the 1H-15N HSQC spectrum of Rv0577c upon making the solution 5 mM in 
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EDTA or upon titrating Rv0577c with excess divalent cations (Zn2+, Co2+, and Mg2+; data 

not shown).     

 Microbial antibiotic sequestration proteins in this fold family typically bind ligand 

in one, or both, of the fold saddles without performing any catalytic function.36  As 

illustrated in Figure 3, one of the two saddles, saddle 1, was partially occupied by a 

segment of the hexahistidine tag (yellow) of a crystallographically related molecule in the 

crystals of both the native and selenomethionine-labeled protein.  Only three histidines 

and a serine from the tag could be distinguished in the density.  However, aside from 

these residues, there was no significant buried surface due to intermolecular association 

in the crystal and the PDBe PISA server (http://www.ebi.ac.uk/pdbe/pisa/) predicts the 

biological unit of nRv0577 is a monomer.  This conclusion was supported by solution 

observations.  nRv0577 eluted off a Superdex75 26/60 size exclusion column with a 

retention times (110 min) characteristic of a monomeric protein and a rotational 

correlation time estimated (20 °C) from a modified 1H-15N HSQC experiment (18.7 ± 1.1 

ns) was in the range expected for a monomeric ~28 kDa protein.   
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Figure 3.  Cartoon representation of the crystal structure of nRv0577 (3OXH) with the 

ligands observed associated with the structure shown as spherical representations: xylitol 

(magenta), p-chloromercuricbenzene sulfonic (PCMBS, cyan), and H-13 – S-10 (-HHHS-

, yellow).  Residues P70-G72 were not observed in the crystal structure. 

 

In addition to a segment of the hexahistidine tag, electron density was also 

modeled for a molecule of the mercury compound PCMBS (cyan) and the sugar alcohol 

xylitol (magenta) associated with the protein as shown in Figure 3.  The PCMBS is bound 

to one of the histidines of the tag, and together the PCMBS and tag occupy a large part of 

the surface area defined by saddle 1, hinting that a binding function for this site may be 

conserved.  Several residues lining this cleft (D16, Q18, D78, and Y80) form hydrogen 
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bonds with nitrogen atoms in the histidine side chains or the backbone of the tag; 

however, van der Waals and/or hydrophobic interactions dominate.  On the other hand, 

the xylitol is found in the second saddle, covering a smaller surface area than the 

PCMBS-tag, and appears to be held by a single hydrogen bond to the side chain of N139.  

 

Rv0577 and the βαββββαββββαββββαβββ-fold Family.  Searching for similar folds using the NCBI 

VAST41 and DALI42 servers largely retrieved proteins annotated as dioxygenases, 

glyoxylases, or glyoxalase/bleomycin resistance proteins.  These three families of 

proteins all contain four βαβββ repeats arrayed either as four tandem repeats in a single 

polypeptide chain or a dimer of two tandem repeats.36  Over the complete Rv0577 

sequence, only six structures were identified using VAST that contained four tandem 

βαβββ repeats in a single sequence.  The folds of these six proteins aligned poorly and 

showed limited homology with nRv0577, with backbone RMSD alignments between 

3.89 to 4.11 Å and sequence identity ranging between 7 to 15%.  Because of this lack of 

sequence identity, none of these structural homologs (or any of the other proteins in this 

structural class) were detected by a BLAST search using the primary sequence of Rv0577 

or KbpA.  All six VAST identified proteins contain a metal binding site, a feature not 

observed in Rv0577, with the sequence identity confined mostly to hydrophobic residues 

in the core of the structure.  While these six proteins display the same general 

arrangement of four βαβββ repeats organized into two saddles as observed in 

nRv0577,43-47 the absence of a metal binding site suggests Rv0577 does not perform the 

catalytic functions attributed to dioxygenases and glyoxylases, but instead, recruited the 

scaffold from a different metabolic pathway to bind ligands.48      
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To assist identification of possible functional sites in Rv0577, we performed 

multiple sequence alignment of Rv0577 using the ConSurf server 

(http://consurf.tau.ac.il/2016/)37 to identify the most conserved residues. These ConSurf 

identified residues are shown with pink (8-score) and magenta (9-score) bars over the 

primary amino acid sequence of Rv0577 in Figure 2B.  Overall, more conserved residues 

are observed in saddle 1 (29) over saddle 2 (23) suggesting both clefts are not 

symmetrical.  Such asymmetry is also observed in the dioxygenases where, for example, 

the metal binding site is present only on one face.44  Many of the conserved patches are 

motifs characteristic of the βαβββ proteins in general36 and include a DPXG sequence at 

the turn between β7 and β8 in the first saddle and β15 and β16 in the second saddle 

(Figure 2B).  As shown in Figure 4, both saddles contain a conserved quartet of residues, 

WYD/EY, whose side chains line the surface in the deepest part of both saddles and are 

candidates for ligand binding.  While not among the saddle 1 residues more perturbed by 

the addition of Ado in the chemical shift perturbation study (Figure 5, discussed in 

following section), three of the residues in the quartet, W14, D16, and Y49, are adjacent 

to two of the more perturbed residues, V15 and V48, supporting a ligand binding role for 

at least part of this conserved quartet surface.  Unlike saddle 2, saddle 1 contains a 

conserved tryptophan (W127) and isoleucine (L107) whose side chains sit near the 

WYDY quartet, potentially assisting in ligand binding (Q128 is one of the more 

perturbed residues in the Ado chemical shift perturbation study).  The largely 

hydrophobic nature of these conserved quartet motifs suggest a ligand-binding 

mechanism similar to the hydrophobic "sandwich" formed in the Streptomyces 

mitomycin-C resistance protein48 and bleomycin resistance protein49 where the quinone 
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moiety of 1,2-cis-hydroxy-2,7-diaminomitosene and bithiazole moiety of bleomycin, 

respectively, is sandwiched between a tryptophan and a histidine, and two tryptophan 

side chains.  With Rv0577, the planar three-ring moiety of neutral red or the base of Ado 

may be sandwiched between aromatic side chains in the conserved quartet.  Indeed, the 

phenyl ring of PCMBS contacts the edge of this pocket in the crystal structure presented 

here for nRv0577, sitting half-way over the top of Y49 (Figure 4).  To further explore 

ligand binding to one or both saddles, solution state chemical shift perturbation 

experiments15 were performed that made use of the previous amide chemical shift 

assignments for Rv0577c14 and the crystal structure presented here for nRv0577.  

 

 

Figure 4.  Cartoon representation of the deepest part of the saddles on opposite faces of 

the crystal structure of nRv0577 highlighting the side chains of conserved residues 

identified by the ConSurf server (http://consurf.tau.ac.il/2016/).37  Both saddles feature a 

highly conserved WYD/EY quartet.  A)  Saddle 1 with the bound PCMBS and -HHHS- 

shown and colored cyan and yellow, respectively.  B)  Saddle 2 with the xylitol observed 
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in the crystal structure of nRv0577 not shown because it sits just outside the deep part of 

the saddle below W146.    

   

Chemical Shift Perturbation Studies.  One of the properties of Rv0577 is its 

association with neutral red staining of virulent strains of M. tuberculosis.11  Multiple 

attempts to generate a co-crystal of Rv0577c with neutral red were unsuccessful.  

Consequently, to determine if neutral red bound to Rv0577c and to map the ligand 

binding surface if it did bind, a chemical shift perturbation study15, 50 with neutral red was 

performed by titrating neutral red into 15N-labeled Rv0577c and collecting 1H-15N HSQC 

spectra at each titration point at dye:Rv0577c molar ratios of up to six to one.  As 

summarized in Figure 5, the major observation was the disappearance of amide cross 

peaks in the 1H-15N HSQC with the addition of dye.  At a dye:Rv0577c molar ratio of 

4:1, 34 amide cross peaks (full-lines plus half-line with asterisk) disappeared and the 

chemical shifts of 11 amide cross peaks (half-lines) shifted slightly.  Except for a couple 

residues, most of the cross peaks in the latter group of 11 had disappeared at a 

dye:Rv0577c molar ratio of 2:1 although cross peaks were not observed to simply shift 

until higher dye:Rv0577c molar ratios, typically 4:1 (data not shown).  At dye:Rv0577c 

molar ratios of 5:1 and 6:1, cross peaks reappeared for 5 residues identified with blue 

asterisks in Figure 4, although at slightly different chemical shifts.  Overall, the 

disappearance of a select set of amide cross peaks in the 1H-15N HSQC spectra of 

Rv0577c upon addition of neutral red indicates that the dye is binding to the protein.  

While the majority of the perturbations are scattered through-out the first saddle, there are 

two pockets of perturbation in the second saddle, suggesting neutral red binds to the 

surface of both clefts.  In summary, neutral red appears to be binding to multiple sites on 
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Rv0577 with saddle 1 more covered then saddle 2 and suggests that neutral red staining 

of virulent strains of Mycobacterium may be due to the dye physically binding to 

Rv0577.   

 

Figure 5.  Summary of the Rv0577c titration studies with deoxyadenosine (Ado) and 

neutral red (NR) at 8:1 and 4:1 molar ratios, respectively. NR)  The most significant 

perturbations to the amide chemical shifts of nRv0577 upon titration with neutral red 

were their disappearance in 1H-15N HSQC spectra.  The chemical shifts of a smaller 

number of amides also shifted with some reappearing after first disappearing at lower 

neutral red concentrations.  Therefore, the plot for neutral red categorizes amides into 

three groups: missing, shifted, and reappeared with a change in chemical shift following 

disappearance.  A full line represents an amide cross peak that disappeared, a half-line 

represents an amide cross peak that shifted, and a half-line with a blue asterisk on top 

represents an amide cross peak that disappeared in early titration points and re-appeared 

at a different position at higher neutral red molar ratios.  Ado)  Combined average 

chemical shift change in the amide 1HN and 15N resonances of Rv0577c after the addition 

of an eight-fold molar excess of Ado.  The average chemical shift change = ∆ave (ppm) = 

[((∆1NH)2 + (∆15N/5)2)/2]1/2. The dashed red line represents a ∆ave of 0.07 ppm.  On top of 

the graphs is a schematic representation of the elements of α-helical (red) and β-strand 

44

1 2 43 5 876 9 12 13 14 15 164321
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(yellow) secondary structure observed in the crystal structure of nRv0577 with β-strands 

10 and 11 not numbered for clarity. 

 

Using a dye-based affinity chromatography assay for nucleosides and nucleotides, 

it was shown that Rv0577 bound to deoxyadenosine (Ado) and a couple adenosine base-

methylated derivatives (2-methyl adenosine and 6N-methyl adenosine).51   While this 

assay indicated Ado bound to Rv0577 less tightly then the methylated derivatives, Ado 

was used in our chemical shift perturbation studies because it is readily available.  As 

summarized in Figure 5, titration of Ado into Rv0577c resulted in the perturbation of a 

subset of chemical shifts with increasing Ado concentrations suggesting that Ado was 

binding to the protein.  Amide cross peak in the 1H-15N HSQC spectra were observed to 

move, and not split into two, during the titration indicating that we were observing the 

average of two states due to “fast exchange”, a feature attributed to low affinity ligand 

binding ((Kd  > 100 µM).
52  Eleven residues were above the arbitrary average chemical 

shift perturbation threshold of 0.7 ppm and these were almost equally located in saddle 1 

and 2.  Out of the six most perturbed amide chemical shifts in saddle 1, only the side 

chains of two residues, M51 and F115, were located on the surface of saddle 1 suggested 

that perhaps the other perturbations were due to internal structural changes upon ligand 

binding.  Out of the five most perturbed amide chemical shifts in saddle 2, none are side 

chain exposed on the surface of saddle 2 with four of the side chains in loops between β-

strands.  Hence, in terms of direct perturbations to residues with side chains on the 

surface of each saddle, the surface of saddle 1 was more affected than the surface of 

saddle 2.      
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Dissociation Constant (Kd) Measurement.  Often a crude estimation of Kd may 

be obtained from the cross peak pattern observed in 1H-15N HSQC spectra collected 

during titration with a ligand due to the NMR chemical shift timescale.  Ligands with 

high affinity for the protein (Kd < 10
-7 M) usually are in “slow exchange” and display two 

resonances representing the bound and unbound state.  On the other hand, ligands with 

low affinity for the protein (Kd  > 10
-5 M) are usually in “fast exchange” and display a 

single resonance that is the average between the bound and unbound state.  In between 

these two extremes is a region of intermediate affinity (Kd approximately 10
-5 – 10-7 M) 

in “intermediate exchange” where the chemical shifts broaden out beyond detection.  

Neutral red binding to Rv0577c, characterized largely by the disappearance of amide 

cross peaks in 1H-15N HSQC spectra, is a feature attributed to intermediate affinity (Kd = 

0.5 – 100 mM).  On the other hand, Ado binding to Rv0577c, characterized by a shifting, 

single amide cross peak in 1H-15N HSQC spectra, is a feature attributed to low affinity 

ligand binding ((Kd  > 100 µM).  Together these two observations indicate that Rv0577c 

had a greater affinity for neutral red than Ado.  

To more accurately define Kd the chemical shifts perturbations for the Ado 

titration were analyzed using a 1:1 binding model and the online webserver 

www.supramolecular.org.  Using the proton chemical shift of V15, V48, M51, I62 and 

Q128, residues located in the first saddle with the largest chemical shift perturbation, the 

best fit was obtained using a single binding site to obtain a Kd of 4.2 ± 0.3 mM.  On the 

other hand, it was not possible to obtain a good fit for the proton chemical shifts for any 

of the five major resonances in the second saddle.   In the latter case, the data was best fit 

with a straight line with a small slope, suggesting weak binding in the M range.  
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Together, these analyses suggested that saddle 1 was the primary binding site for Ado 

with weaker binding in saddle 2 (efforts to fit the data to two sites failed likely because 

binding to the second site was weak).  A similar analysis was not possible for neutral red 

because the disappearance of resonances indicating that binding was in the intermediate 

exchange region.52   Moreover, a subset of amide cross peaks only changed chemical shift 

or disappeared and then re-appeared at higher neutral red concentrations at a slightly 

different chemical shift, suggest that neutral red binding to Rv0577c was complicated and 

likely involved multiple events.          

To corroborate the Kd determined from the chemical shift perturbation studies, a 

value was obtained for Ado using isothermal titration calometry.53  A representative ITC 

isotherm for the titration of Ado into Rv0577c is shown in Figure 6.  Using a binding 

stiocheometry of 1:1, a Kd of 1.11 ± 0.06 mM was obtained at 37 ºC which is of the same 

magnitude (4.2 ± 0.3 mM) as obtained from the analysis of the chemical shift 

perturbation data.  Although the chemical shift perturbations suggested Ado bound to 

both saddles, the ITC data could not be fit to a two-site model.  On the other hand, while 

the ITC experiments with neutral red suggested the ligand was binding to Rv0577c, as 

suggested by the observations in the chemical shift perturbation study, it was not possible 

to analyze the data to generate a Kd.  
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Figure 6.  Raw and fit ITC isotherms for Ado titrated into Rv0577c collected at 37 ºC. 

 

Backbone Dynamics.  The chemical shift perturbation studies indicate that Ado 

and neutral red bind to Rv0577c and identify residues that may play a role in ligand 

binding.  However, upon ligand binding it is possible for the chemical shifts of amides 

distant from the binding site to also be perturbed due to propagated structural changes 

manifested by ligand binding.  An alternative method to identify regions of a protein 

responsible for ligand binding may be obtained by measuring the relaxation properties of 

the amide resonances (heteronuclear steady-state {1H}-15N NOE, T2, and T1) to probe the 

dynamics along the protein backbone.  This is because localized protein dynamics can 

play a role in the binding and catalysis properties at, and around, active sites.  Figure 7 is 
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a plot of the backbone {1H}-15N heteronuclear NOE, T1, and T2 values measured for 

Rv0577c at 30 ºC.  Small, or negative, heteronuclear {1H}-15N NOE values identify 

regions of the protein with fast time scale (picosecond) motion.54  Such fast time scale 

motion may also effect the longitudinal (T1) and transverse (T2) 
15N relaxation times at or 

near these regions.  As illustrated in Figure 7A, the majority of the heteronuclear {1H}-

15N NOE values were above 0.8 with an average value of 0.85 ± 0.13.  There were four 

pockets of slightly lower values clustered in loops between β-strands 2 and 3, 4 and 5, 10 

and 11, and 12 and 13.  The T1 and T2 values, summarized in Figure 7B and 7C, 

respectively, were also relatively uniform through-out the sequence of Rv0577c with 

many of the small changes from the average in the same regions containing the smallest 

heteronuclear {1H}-15N NOE values.  Overall, the relaxation properties of amide 

resonances were relatively uniform throughout the backbone with mild differences 

observed in four loops.  Out of these four loops with mild differences, all except the loop 

between β-strands 4 and 5 contained some of the most significant chemical shift 

perturbations upon titration with Ado (Figure 5).  The loop between β-strands 4 and 5 is 

adjacent to the site of PCMBS binding in the crystal structure of nRv0577.  In summary, 

the relaxation data do not unambiguously flag any specific regions of the protein with 

unusual dynamics that may signal a region with a role in ligand binding or catalysis.   
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Figure 7.  Backbone amide (A) {1H}-15N heteronuclear NOE (purple), (B) T2 (blue), and 

(C) T1 (red) values for Rv0577c at 30 ºC.  On top of the graphs is a schematic 

representation of the elements of α-helical (red) and β-strand (yellow) secondary 

structure observed in the crystal structure of nRv0577 with β-strands 10 and 11 not 

numbered for clarity. 

 

Note that the T1 and T2 values appear consistent with estimations of τc for 

Rv0577c.  The average T1 and T2 values were 1427 ± 248 and 55 ± 9 ms, respectively, 

and consistent with a previous estimation of τc for Rv0577c at 20 ºC.  This consistency 

conclusion was reached by inserting the average T1 and T2 values at 30 ºC into equation 

(1) to generate a τc of 12.7 ns that is near the 12.8 ns value for τc calculated using the 

Stokes equation and the 14.2 ± 0.5 ns value determined for Rv0577c at 20 ºC with 15N-

edited one-dimensional experiments.14    
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Transient Protein-Protein Association.  As reported earlier14 and shown in 

Figure 8, the 1H-15N HSQC spectrum of Rv0577c (magenta) contains amide cross peaks 

with good chemical shifts dispersion in both the 1H and 15N dimensions, features 

characteristic of a structured protein.55  On the other hand, while the 1H-15N HSQC 

spectrum of nRv0577 (Figure 8 black) also contained amide cross peaks with good 

chemical shift dispersion in both dimensions, relative to the 1H-15N HSQC spectrum of 

Rv0577c these amide cross peaks were generally broader and of non-uniform intensity.  

Moreover, relative to the 1H-15N HSQC spectrum for Rv0577c, 41 cross peaks were 

missing (circled) and a smaller subset of cross peaks were slightly shifted in the 1H-15N 

HSQC spectrum for nRv0577.  These spectral features are suggestive of intermolecular 

association56 and are corroborated by a comparison of the size exclusion chromatography 

behavior and τc estimations for nRv0577 and Rv0577c.  nRv0577 eluted off a 

Superdex75 26/60 size exclusion column with a slightly shorter retention time than 

Rv0577c, 110 versus 112 min, respectively, suggesting that nRv0577 was behaving as a 

slightly larger species.  The rotational correlation time estimated (20 °C) for nRv0577 

was larger than for Rv0577c, 18.7 ± 1.1 versus 14.2 ± 0.5 ns,14 respectively, also 

suggesting that nRv0577 was behaving as a larger species.  Collectively, these values are 

not characteristic of dimer or higher order aggregates, and hence, the poor NMR spectral 

properties of nRv0577 relative to Rv0577c is likely be due to transient association and 

not stable oligomer formation.56 
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Figure 8.  Overlay of 1H-15N HSQC spectra for Rv0577c (magenta) and nRv0577 (black) 

collected at a 1H resonance frequency of 800 MHz, 30 ºC.  The amide cross peaks 

observed in Rv0577c but missing in nRv0577 are circled, labeled, and colored blue 

(saddle 1), cyan (saddle 2), or orange (inter-saddle linker).  

 

 In the crystal structure reported here for nRv0577, part of the N-terminal 

polyhistidine tag in one nRv0577 molecule is observed bound in saddle 1 of a second 

nRv0577 molecule (Figure 3), providing strong support for the role of the N-terminal tag 
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in initiating intermolecular interactions between nRv0577 molecules.  The distribution of 

the 41 missing resonances in the 1H-15N HSQC spectrum for nRv0577 relative to 

Rv0577c suggests this interaction is intermolecular and not intramolecular.  In Figure 8, 

nRv0577 amide resonances missing for residues in saddle 1, saddle 2, or the inter-saddle 

linker are colored blue, cyan, and orange, respectively.  Eighteen backbone amide 

resonances are missing in saddle 1, 15 in saddle 2, and six in the inter-saddle linker 

region.  If the N-terminal tag folded into saddle 1 intramolecularly, amide resonances 

should primarily be missing in saddle 1 due to intermediate exchange or heterogeneous 

interactions.  Because a similar number of amide resonances are missing in both saddles 

suggests the N-terminal tag folds over saddle 2 intramolecularly and binds to saddle 1 

intermolecularly with intermediate exchange or heterogeneous binding surface 

contributing to the missing amide resonances at the dimer interface.57  Because the major 

difference between the two constructs of Rv0577 was the tag at either termini of the 

protein, it was hypothesized that the transient interactions observed in solution were 

manifest by the 20-residue N-terminal tag.  Three experiments were conducted to test this 

hypothesis with mixed results.         

First, the chemical shift binding experiments presented here show that Ado binds 

to Rv0577c with greater affinity for saddle 1.  Because saddle 1 is the same face where 

part of the polyhistidine tag is observed in the crystal structure of nRv0577, it was 

postulated that it may be possible to reverse transient association by adding Ado to 

nRv0577 to displace the polyhistidine tag.  This was observed upon the addition of 

approximately eight-fold molar excess dA to nRv0577; all the amide resonances missing 

in the 1H-15N HSQC spectrum of nRv0577 returned and the overall cross peak line shape 
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became more uniform (data not shown), suggesting that Ado and the polyhistidine tag 

shared the same binding surface on nRv0577 with the protein having greater affinity for 

Ado than the N-terminal tag.   

Second, a synthetic peptide corresponding to the N-terminal of nRv0577 

(MGSSHHHHHHSSGLVPR; Genscript, Piscataway, NJ) was titrated into Rv0577c.  

Even at a peptide:Rv0577c molar ratio of 10:1 there was no evidence of perturbations in 

the 1H-15N HSQC spectrum of Rv0577c to suggest this peptide bound to the protein.  

This experiment indicates that if the intermolecular association of nRv0577 was initiated 

by the N-terminal tag, it was very weak (as may be expected by its transient nature).  It is 

also possible that while the N-terminal tag may be responsible for initiating transient 

association, interactions between other regions on the protein surface also contribute to 

the intermolecular association.           

Third, if the N-terminal tag of nRv0577 was solely responsible for the transient 

association, removing the tag should eliminate transient association and generate an 1H-

15N HSQC spectrum similar to the one observed for Rv0577c.  Treatment of nRv0577 

with thrombin removed most of the N-terminal tag to leave only three non-native 

residues at the N-terminal.  Aside from the appearance of four additional resonances, the 

1H-15N HSQC spectrum of cleaved nRv0577 was essentially identical to the 1H-15N 

HSQC spectrum for uncut nRv0577 indicating that transient association was still 

occurring with cleaved nRv0577.  Consequently, either the three additional N-terminal 

residues, GSH-, was sufficient to effect transient association, or, the C-terminal tag, -

RSHHHHHH, sterically prevented transient association with saddle 2 (T11 is the first 

residue in an element of secondary structure in the crystal structure, hence, there is a 
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significant, 10-residue N-terminal available for intermolecular interactions).  Regardless 

of the mechanism responsible for transient association in nRv077 and not Rv0577c, the 

transient association with nRv0577 appeared to assist crystallization as crystal screens 

with Rv0577c or cleaved nRv0577 failed to generate crystals.  This is consistent with the 

conclusion that a good 1H-15N HSQC spectrum is not predictive of crystallization 

success58 and an example where leaving the purification tag on the native protein assisted 

crystal growth.       

  

Thermal Stability.  Circular dichroism, a valuable technique to characterize 

protein structure in solution and follow gross structural changes under different 

conditions,24, 59 was used to characterize the structure of Rv0577c and the stability of this 

structure over a range of temperatures.  Figure 9A shows the steady-state wavelength 

spectrum for Rv0577c in NMR buffer at 25 ºC.  The profile is highlighted by a single 

minimum at 218 nm with a very faint suggestion of a shoulder around 210 nm and an 

extrapolated maximum under 200 nm.  Such a profile is characteristic of a folded protein 

dominated by β-strand secondary structure60, 61 as expected given the crystal structure 

(43% β-strand, 15% α-helical).  To assess the thermal stability of Rv0577c, the ellipticity 

at 218 nm was measured at 2.0 degree intervals between 10 and 80 ºC.  Typically, during 

the denaturation of a structured protein with increasing temperature the transition may be 

followed by the concomitant increase in ellipticity of the negative band.62  The raw 

temperature data for Rv0577c is plotted in Figure 9B and shows the protein is relatively 

stable to ~ 50 ºC and then a very distinct inflection point characteristic of a transition to a 

denatured state is observed.  Insoluble precipitate was visible when the temperature of the 
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sample was returned to 25 ºC, indicating the transition was irreversible and preventing a 

thermodynamic analysis of the CD data.62  However, a quantitative estimation of the Tm 

for this transition can be obtained by assuming a two-state model and taking a first 

derivative of the curve in Figure 9B.24  The maximum of this first derivative, shown in 

Figure 9C, is 56 ºC. 

 

Figure 9. A)  Circular dichroism steady-state wavelength spectrum for Rv0577c (0.02 

mM) at 25 ºC obtained in buffer containing 100 mM NaCl, 20 mM Tris, 1.0 mM 

dithiothreitol , pH 7.0.  B)  The CD thermal melt for Rv0577c obtained by measuring the 

ellipticity at 220 nm in 2.0 ºC intervals between 10 and 80 ºC.  C)  First derivative of the 

220 nm thermal melt curve indicates the protein has a melting temperature of 56 ºC.   

 

  

The KpbA Family of Kinase Regulators.  Rv0577 has 36% sequence identity 

with the S. coelicolor kinase regulator KbpA and the structure reported here for Rv0577 

represent the first from the KbpA family of proteins.  In S. coelicolor the protein KbpA 

and its six known paralogs regulate AfsK and the 36 known S. coelicolor kinases by 

binding to AfsK to prevent activation by autophosphorylation (Figure 1).6  While the 

mechanism of kinase recognition and regulation by KpbA remains to be determined, 
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protein-protein interactions between AfsK and KpbA are one component in the proposed 

mechanism.  The transient association observed in the 1H-15N HSQC spectrum of 

nRv0577 (Figure 8) and the N-terminal polyhistidine tag observed bound to the protein in 

the crystal structure (Figure 3) imply that Rv0577 has a disposition for protein-protein 

interactions.  The asymmetry of the two saddles in Rv0577, including a wider conserved 

hydrophobic binding surface in one saddle (Figure 4), offers potential mechanisms of 

kinase regulation for KpbA.  If these clefts are functionally distinct, one face of KbpA 

may bind an AfsK monomer preventing autophosphorylation.  Autophosphorylation 

prevention may be accomplished by KpbA sterically blocking phosphorylation sites or by 

preventing kinase dimer formation which is necessary for the M. tuberculosis Ser/Thr 

kinase PknB.63  In turn we speculate that KpbA may release ApsK upon binding an 

internal ligand (Figure 1A) on the opposite open saddle by effecting structural changes in 

the protein binding saddle that causes the protein to be released, or, the internal target 

ligand may simply displace the bound protein.  In mild support of the latter hypothesis, 

the titration studies reported here showed that the addition of Ado to nRv0577 prevented 

transient protein-protein association.  

    

Biological Role of Rv0577 in M. tuberculosis Infections.  The first evidence that 

Rv0577 was secreted by M. tuberculosis was its identification in cell culture filtrates.64  

Shortly thereafter it was observed that clinical isolates from TB patients expressed 

elevated levels of Rv0577 relative to laboratory-adapted strains of M. tuberculosis.9  

Moreover, in part of the same study Rv0577 was identified in the sputum of TB patients 

with the suggestion it may be a good diagnostic marker for the disease.9  Using an M. 
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tuberculosis cosmid library in Mycobacterium smegmatis (a closely related, non-

pathogenic Mycobacterium species), Rv0577 was identified as the responsible component 

for neutral red staining of virulent strains of M. tuberculosis,11 a well-established assay to 

distinguish virulent strains of Mycobacterium.65  The chemical shift perturbations studies 

reported here corroborate this last finding, showing that purified Rv0577 binds to neutral 

red.  Rv0577 was also identified as a highly antigenic protein in exosomes released by 

Mycobacterium infected macrophages.10  These observations are important because they 

suggest that Rv0577 may be an M. tuberculosis virulence factor and its secretion part of 

the bacteria’s defense against host mycobacteriocidal immune mechanisms.9  

The host immune response consists of an orchestrated balance of pro- and anti-

inflammatory events to remove, but not over-zealously, threat agents.  Secretion of 

Rv0577 during M. tuberculosis infection may serve to tilt the delicate balance in its 

favor.66  For example, interleukin-10 is a transforming growth factor that is part of the 

anti-inflammatory cascade and elevated levels of interleukin-10 have been correlated 

with M. tuberculosis infections.9  Rv0577 has also been reported to be an agonist of toll-

like receptor 2 (TLR-2), inducing dendrite cell maturation and driving a Th1 immune 

response,12 all pro-inflammatory events to combat infection.67  However, there is 

evidence suggesting that TLR-2 signaling by M. tuberculosis may be part of a complex 

strategy used by M. tuberculosis to escape the immune response as TLR-2 stimulation 

has a greater effect on the levels of anti-inflammatory modulators, such an interleukin-10, 

than pro-inflammatory modulators.68  Protein-protein interactions between Rv0577 and 

TLR-2 have been shown12 and are required for TLR-2 stimulation.  Protein-protein 

interactions are also required for the protein homologous to Rv0577 in S. coelicolor, 
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KbpA, to inhibit AfsK autophosphorylation.  With regards to TB, perhaps M. 

tuberculosis recruited the scaffold from S. coelicolor, bacteria in the same taxonomical 

order, to bind to TLR-2.        

In addition to its potential role as a virulence factor, Rv0577 has also been 

associated with a putative methylglyoxal detoxification pathway involving the 

metabolism of glycerol.69  The association was made with the identification of a group of 

novel pyrimidine-imidazole compounds potent to M. tuberculosis cells cultured in vitro 

with media containing glycerol but not potent to M. tuberculosis cells grown in vivo 

where glycerol was absent.  Rv0577 was identified by pulling it out of a mycobacterial 

cell lysate passed over sepharose beads containing a covalently linked pyrimidine-

imidazole.  The hypothesis was that the pyrimidine-imidazoles bind tightly to Rv0577, 

preventing methylglyoxal removal/neutralization and the accumulation of toxic sugar 

phosphates.  While the mechanism of putative methylglyoxal detoxification by Rv0577 is 

unknown and its role in methylglyoxal detoxification may be surreptitious, like other 

similarly structured four βαβββ repeat proteins, such as the mitomycin-C and bleomycin 

resistance proteins, one of Rv0577’s biological roles may involve self-protection from 

and/or exportation of harmful compounds generated internally.    

While the crystal structure reported here for Rv0577 along with previous NMR 

chemical shift assignments14 provide blueprints for understanding the function of 

Rv0577, further research is necessary to tease out the potential biological role(s) of 

Rv0577 in M. tuberculosis infections.  Additional clues may be revealed by extending 

our efforts to better understanding the protein Rv0576.  Transcriptional analysis of the M. 

tuberculosis genome suggests that the Rv0577 gene is part of an operon containing the 
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gene Rv0576 upstream that codes for a 434-residue protein.11  While Rv0576 has not 

been biophysically characterized, a BLAST search indicates that the N-terminal contains 

a region similar to transcriptional regulators and the C-terminal contains a region similar 

to conserved hypothetical proteins.  It may also be useful to explore if Rv0577 has a 

kinase regulatory role, similar to the one reported for its homolog KbpA in Streptomyces.  

Protein kinase and phosphatase signaling play a significant role in helping M. 

tuberculosis adapt to the hostile host environment during infection.70  Interfering with 

proteins in this signaling machinery may be a promising strategy for the next generation 

of anti-tuberculosis drugs.       
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FIGURES 

 

Figure 1.  A simplified hypothetical model highlighting the role of KpbA in the 

regulation of actinorhodin production in Streptomyces coelicolor.6  The AfsK-binding 

protein A, KbpA, binds to AfsK,  a protein loosely associated with the membrane (A).  

An unknown internal or external effector, labeled with a question mark, modulates the 

release of KbpA from AfsK (B) to allow activation of KpbA by autophosphorylation (C). 

Activated AfsK, as well as other kinases, phosphorylates AfsR which then binds to the 

AfsS promotor to activate AfsS transcription (D).  In turn the 63-residue protein, AfsS, is 

an actII-ORF4 promotor that turns on the transcription of the ~100 genes involved in 

actinorhodin biosynthesis.   AfsK is expressed during all stages of cell growth4 while 

KpbA is actively expressed after actinorhodin production has begun.           

   

Figure 2. A) Crystal structure of nRv0577 (3OXH) with the four approximate βαβββ 

repeats colored purple, green, red, and grey sequentially starting from the N-terminus.  

Shown is the face of the first of two saddles composed of two sequential repeats that form 
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a continuous eight-strand β-sheet (β2:β3:β4:β1:β5:β8:β7:β6) capped on both ends with 

α1 and α2.  The two saddles, connected by an inter-saddle loop between β8 and β9, 

intersect near the center at roughly a right angle and form a deep cleft on both sides of the 

protein. B)  The primary amino acid sequence of Rv0577 with the four approximate 

repeats shaded in purple, green, red, and grey boxes and the α-helices and β-strands 

colored red and gold, respectively.  The repeats sequentially form two saddles of two 

repeats each: residues P11 - A129 (saddle 1) and L143 - A258 (saddle 2).  Arginine-4 and 

T136 form a single hydrogen-bond β-bridge.  Residues with either missing or unassigned 

amide resonances in the 1H-15N HSQC spectrum14 are underlined and residues missing 

electron density in the crystal structure are colored cyan.  The most conserved residues 

identified by the ConSurf server (http://consurf.tau.ac.il/2016/)37 are identified with a 

magenta (9) and pink (8) rectangle above the residue.   

 

Figure 3.  Cartoon representation of the crystal structure of nRv0577 (30XH) with the 

ligands observed associated with the structure shown as spherical representations: xylitol 

(magenta), p-chloromercuricbenzene sulfonic (PCMBS, cyan), and H-13 – S-10 (-HHHS-

, yellow).  Residues P70-G72 were not observed in the crystal structure.   

 

Figure 4.  Cartoon representation of the deepest part of the saddles on opposite faces of 

the crystal structure of nRv0577 highlighting the side chains of conserved residues 

identified by the ConSurf server (http://consurf.tau.ac.il/2016/).37  Both saddles feature a 

highly conserved WYD/EY quartet.  A)  Saddle 1 with the bound PCMBS and -HHHS- 

shown and colored cyan and yellow, respectively.  B)  Saddle 2 with the xylitol observed 
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in the crystal structure of nRv0577 not shown because it sits just outside the deep part of 

the saddle below W146.     

 

Figure 5.  Summary of the Rv0577c titration studies with deoxyadenosine (Ado) and 

neutral red (NR) at 8:1 and 4:1 molar ratios, respectively. NR)  The most significant 

perturbations to the amide chemical shifts of nRv0577 upon titration with neutral red 

were their disappearance in 1H-15N HSQC spectra.  The chemical shifts of a smaller 

number of amides also shifted with some reappearing after first disappearing at lower 

neutral red concentrations.  Therefore, the plot for neutral red categorizes amides into 

three groups: missing, shifted, and reappeared with a change in chemical shift following 

disappearance.  A full line represents an amide cross peak that disappeared, a half-line 

represents an amide cross peak that shifted, and a half-line with a blue asterisk on top 

represents an amide cross peak that disappeared in early titration points and re-appeared 

at a different position at higher neutral red molar ratios.  Ado)  Combined average 

chemical shift change in the amide 1HN and 15N resonances of Rv0577c after the addition 

of an eight-fold molar excess of Ado.  The average chemical shift change = ∆ave (ppm) = 

[((∆1NH)2 + (∆15N/5)2)/2]1/2. The dashed red line represents a ∆ave of 0.07 ppm.  On top of 

the graphs is a schematic representation of the elements of α-helical (red) and β-strand 

(yellow) secondary structure observed in the crystal structure of nRv0577 with β-strands 

10 and 11 not numbered for clarity.   

 

Figure 6.  Raw and fit ITC isotherms for Ado titrated into Rv0577c collected at 37 ºC.   
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Figure 7.  Backbone amide (A) {1H}-15N heteronuclear NOE (purple), (B) T2 (blue), and 

(C) T1 (red) values for Rv0577c at 30 ºC.  On top of the graphs is a schematic 

representation of the elements of α-helical (red) and β-strand (yellow) secondary 

structure observed in the crystal structure of nRv0577 with β-strands 10 and 11 not 

numbered for clarity.    

 
 
Figure 8.  Overlay of 1H-15N HSQC spectra for Rv0577c (magenta) and nRv0577 (black) 

collected at a 1H resonance frequency of 800 MHz, 30 ºC.  The amide cross peaks 

observed in Rv0577c but missing in nRv0577 are circled, labeled, and colored blue 

(saddle 1), cyan (saddle 2), or orange (inter-saddle linker).   

 

Figure 9. A)  Circular dichroism steady-state wavelength spectrum for Rv0577c (0.02 

mM) at 25 ºC obtained in buffer containing 100 mM NaCl, 20 mM Tris, 1.0 mM 

dithiothreitol , pH 7.0.  B)  The CD thermal melt for Rv0577c obtained by measuring the 

ellipticity at 220 nm in 2.0 ºC intervals between 10 and 80 ºC.  C)  First derivative of the 

220 nm thermal melt curve indicates the protein has a melting temperature of 56 ºC. 
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Figure 1.  A simplified hypothetical model highlighting the role of KpbA in the regulation of actinorhodin 
production in Streptomyces coelicolor.6 The AfsK-binding protein A, KbpA, binds to AfsK,  a protein loosely 
associated with the membrane (A).  An unknown internal or external effector, labeled with a question mark, 

modulates the release of KbpA from AfsK (B) to allow activation of KpbA by autophosphorylation (C). 
Activated AfsK, as well as other kinases, phosphorylates AfsR which then binds to the AfsS promotor to 

activate AfsS transcription (D).  In turn the 63-residue protein, AfsS, is an actII-ORF4 promotor that turns 
on the transcription of the ~100 genes involved in actinorhodin biosynthesis.   AfsK is expressed during all 

stages of �cell growth4 while KpbA is actively expressed after actinorhodin production has begun.   
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Figure 2. A) Crystal structure of nRv0577 (3OXH) with the four approximate βαβββ repeats colored purple, 
green, red, and grey sequentially starting from the N-terminus.  Shown is the face of the first of two saddles 

composed of two sequential repeats that form a continuous eight-strand β-sheet 

(β2:β3:β4:β1:β5:β8:β7:β6) capped on both ends with α1 and α2.  The two saddles, connected by an inter-
saddle loop between β8 and β9, intersect near the center at roughly a right angle and form a deep cleft on 

both sides of the protein. B)  The primary amino acid sequence of Rv0577 with the four approximate 
repeats shaded in purple, green, red, and grey boxes and the α-helices and β-strands colored red and gold, 
respectively.  The repeats sequentially form two saddles of two repeats each: residues P11 - A129 (saddle 
1) and L143 - A258 (saddle 2).  Arginine-4 and T136 form a single hydrogen-bond β-bridge.  Residues with 
either missing or unassigned amide resonances in the 1H-15N HSQC spectrum14 are underlined and residues 

missing electron density in the crystal structure are colored cyan.  The most conserved residues identified by 
the ConSurf server (http://consurf.tau.ac.il/2016/)37 are identified with a magenta (9) and pink (8) 

rectangle above the residue.    
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Figure 3.  Cartoon representation of the crystal structure of nRv0577 (30XH) with the ligands observed 
associated with the structure shown as spherical representations: xylitol (magenta), p-

chloromercuricbenzene sulfonic (PCMBS, cyan), and H-13 – S-10 (-HHHS-, yellow).  Residues P70-G72 were 
not observed in the crystal structure.  � � Residues P70-G72 were not observed in the crystal structure.    
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Figure 4.  Cartoon representation of the deepest part of the saddles on opposite faces of the crystal 
structure of nRv0577 highlighting the side chains of conserved residues identified by the ConSurf server 
(http://consurf.tau.ac.il/2016/).37  Both saddles feature a highly conserved WYD/EY quartet.  A)  Saddle 1 

with the bound PCMBS and -HHHS- shown and colored cyan and yellow, respectively.  B)  Saddle 2 with the 
xylitol observed in the crystal structure of nRv0577 not shown because it sits just outside the deep part of 

the saddle below W146.  
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Figure 5.  Summary of the Rv0577c titration studies with deoxyadenosine (Ado) and neutral red (NR) at 
8:1 and 4:1 molar ratios, respectively. NR)  The most significant perturbations to the amide chemical shifts 
of nRv0577 upon titration with neutral red were their disappearance in 1H-15N HSQC spectra.  The chemical 

shifts of a smaller number of amides also shifted with some reappearing after first disappearing at lower 
neutral red concentrations.  Therefore, the plot for neutral red categorizes amides into three groups: 
missing, shifted, and reappeared with a change in chemical shift following disappearance.  A full line 

represents an amide cross peak that disappeared, a half-line represents an amide cross peak that shifted, 
and a half-line with a blue asterisk on top represents an amide cross peak that disappeared in early titration 
points and re-appeared at a different position at higher neutral red molar ratios.  Ado)  Combined average 
chemical shift change in the amide 1HN and 15N resonances of Rv0577c after the addition of an eight-fold 
molar excess of Ado.  The average chemical shift change = ∆ave (ppm) = [((∆1NN)2 + (∆15N/5)2)/2]1/2. The 
dashed red line represents a ∆ave of 0.07 ppm.  On top of the graphs is a schematic representation of the 
elements of α-helical (red) and β-strand (yellow) secondary structure observed in the crystal structure of 

nRv0577 with β-strands 10 and 11 not numbered for clarity.  � �   
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Figure 6.  Raw and fit ITC isotherms for Ado titrated into Rv0577c collected at 37 ºC.  
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Figure 7.  Backbone amide (A) {1H}-15N heteronuclear NOE (purple), (B) T2 (blue), and (C) T1 (red) values 
for Rv0577c at 30 ºC.  On top of the graphs is a schematic representation of the elements of α-helical (red) 
and β-strand (yellow) secondary structure observed in the crystal structure of nRv0577 with β-strands 10 

and 11 not numbered for clarity.  
 

109x71mm (300 x 300 DPI)  

 

 

Page 58 of 60

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 8.  Overlay of 1H-15N HSQC spectra for Rv0577c (magenta) and nRv0577 (black) collected at a 1H 
resonance frequency of 800 MHz, 30 ºC.  The amide cross peaks observed in Rv0577c but missing in 

nRv0577 are circled, labeled, and colored blue (saddle 1), cyan (saddle 2), or orange (inter-saddle linker).   
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Figure 9. A)  Circular dichroism steady-state wavelength spectrum for Rv0577c (0.02 mM) at 25 ºC 
obtained in buffer containing 100 mM NaCl, 20 mM Tris, 1.0 mM dithiothreitol , pH 7.0.  B)  The CD thermal 

melt for Rv0577c obtained by measuring the ellipticity at 220 nm in 2.0 ºC intervals between 10 and 80 
ºC.  C)  First derivative of the 220 nm thermal melt curve indicates the protein has a melting temperature of 

�56 ºC.   
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