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Abstract: The genus Mycobacterium comprises major human pathogens such as the causative

agent of tuberculosis, Mycobacterium tuberculosis (Mtb), and many environmental species.
Tuberculosis claims ~1.5 million lives every year, and drug resistant strains of Mtb are rapidly

emerging. To aid the development of new tuberculosis drugs, major efforts are currently under

way to determine crystal structures of Mtb drug targets and proteins involved in pathogenicity.
However, a major obstacle to obtaining crystal structures is the generation of well-diffracting

crystals. Proteins from thermophiles can have better crystallization and diffraction properties than

proteins from mesophiles, but their sequences and structures are often divergent. Here, we
establish a thermophilic mycobacterial model organism, Mycobacterium thermoresistibile (Mth), for

the study of Mtb proteins. Mth tolerates higher temperatures than Mtb or other environmental

mycobacteria such as M. smegmatis. Mth proteins are on average more soluble than Mtb proteins,
and comparison of the crystal structures of two pairs of orthologous proteins reveals nearly

identical folds, indicating that Mth structures provide good surrogates for Mtb structures. This

study introduces a thermophile as a source of protein for the study of a closely related human
pathogen and marks a new approach to solving challenging mycobacterial protein structures.
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Introduction

Tuberculosis remains a main cause of death from in-

fectious diseases, but Mtb pathogenesis is still poorly

understood. Structural biology is an integral part of

efforts to understand Mtb biology and to develop

novel drugs,1 but many Mtb proteins remain intrac-

table to crystallization and structure determination.

One method for obtaining crystals from proteins

that are refractory to crystallization is the use of
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homologs from thermophiles.2 Thermophiles have

evolved to maintain protein function in extreme tem-

peratures, and thermal stability of proteins, in turn,

can translate into better crystallization and diffrac-

tion properties.2

Thermal stability of proteins is not well under-

stood, but involves all levels of protein structure.3

Thus, the engineering of more stable proteins is

impractical on a large scale, making native sources

of evolutionarily-selected thermostable proteomes

invaluable. Because of their divergence from meso-

philes, however, structures from thermophiles often

provide information only about the general fold of

orthologs of interest, limiting their use for applica-

tions such as structure-guided drug development

that require more detailed information.

Human pathogens constitute only a small group

within the Mycobacterium genus, whereas most myco-

bacteria are environmental bacteria that are better

adapted to survive high temperatures than obligate

pathogens. Mth is an environmental, non-tubercular

mycobacterium that was isolated from soil in 1966.4 It

was named for its growth at 52�C, indicating higher

temperature tolerance thanMtb. Although an environ-

mental bacterium, Mth can opportunistically infect

immunocompromised patients, and cause granuloma

formation in the lung.5,6 The unique combination of

thermoresistance and similar pathogenicity makes

Mth a particularly useful model organism forMtb.

Here, we introduce Mth as a source for Mtb pro-

tein orthologs with higher solubility and potentially

better stability and crystallization properties that

are yet similar enough to infer detailed information

about their Mtb counterparts.

Results and Discussion

To directly compare Mth and Mtb and to further

define the limits of Mth heat resistance, we tested

growth, metabolic activity, and survival of Mth and

Mtb over a range of temperatures [Fig. 1(A)]. Mtb

tolerated only a very narrow temperature range,

with growth ceasing at 39�C. Mth growth, in con-

trast, was still optimal at 50�C (data not shown).4

The colony forming units assay showed killing of

Mtb at 55�C, whereas Mth could withstand heating

to 70�C for several minutes. The alamarBlue assay

as a measure of cellular reducing potential confirmed

these phenotypes, with loss of signal at 60�C for Mtb

after a 10 min heat shock, but no loss of signal even

at 70�C for Mth. Heat resistance of another environ-

mental mycobacterium, M. smegmatis, was interme-

diate, with loss of colony forming units beginning at

60�C, and complete killing at 65�C [Fig. 1(B)].

A phylogenetic analysis of Mth 16S rRNA shows

that Mth clusters with the fast growing M. smegmatis

[Fig. 1(C)]. Although Mth is more closely related to

M. smegmatis than Mtb, the genome size of 4.87 Mb

is more similar to Mtb (4.4 Mb) than M. smegmatis (7

Mb). The similar genome size suggests that Mth can

provide a complete set of Mtb orthologs. The Mth ge-

nome sequence is now available from the National

Center for Biotechnology Information (Accession

number NZ_AGVE00000000.1) and provides a

resource for recombinant expression of all Mth ortho-

logs. For initial expression and structural analysis,

we identified 110 Mth orthologs from a set of 183 Mtb

proteins from DrugBank (http://www.drugbank.ca).

The amino acid identity between these proteins

ranged between 20% and 92%, with an average of

60%. To compare solubility of recombinant Mth and

Mtb proteins, we determined the number of soluble

proteins obtained from a partly overlapping sample

set. Seventy-six percent of the Mth targets were solu-

ble (n ¼ 56) when expressed in E. coli, compared to

66% of Mtb proteins (n ¼ 126). This difference in solu-

bility was also apparent comparing direct orthologs,

with 10% more soluble proteins obtained from Mth (n

¼ 45). This comparison is likely to underestimate the

solubility of Mth proteins because some well-soluble

proteins that had already been obtained from Mtb

were excluded.

To structurally compare orthologs of Mtb and

Mth, we solved the crystal structures of Rv3283 and

Rv1496 and their Mth orthologs. A sequence align-

ment of Mtb Rv3283 and Rv1496 to their Mth ortho-

logs by BLAST shows 80% (79%) sequence identity

and 89% (90%) sequence similarity between the Mth

and Mtb proteins. The structures of Rv3283 and its

Mth ortholog have an overall Ca RMSD of 0.75 Å,

showing almost identical overall fold [Fig. 1(D)]. For

the second structural pair, Rv1496 and its Mth ortho-

log, the structures agree within an RMSD of 1.1 Å

[Fig. 1(E)]. The structures of Rv3283 and its ortholog

were solved at a resolution of 2.1 Å, but the Mth

structure could be refined to a lower Rcryst/Rfree and

had a lower average B-value of 21.7 Å2 compared to

33.7 Å2 (Supporting Information Table 1). For the

Rv1496 and Mth ortholog structural pair, we also

observed a higher B-factor for the Mtb structure (46)

than for the Mth structure (37) at comparable resolu-

tion (data not shown). The B-factor is a measure of a

crystal’s thermal motion and could indicate better

ordering of the Mth crystals. The RAS superfamily

GTPase Rv1496 was solved bound to GDP for both

Mtb and Mth and all residues that contact the prod-

uct dinucleotide were conserved across both species.

Many Mtb proteins, for example RpoB, the target

of the first line drug rifampicin, and EmbB, the target

of ethambutol, have proven refractory to crystalliza-

tion, calling for novel approaches to solve challenging

structures. Mth is an environmental mycobacterium

identified from soil, but also an opportunistic human

pathogen that can cause granuloma formation in the

lung,5,6 a hallmark of Mtb infection. These observa-

tions suggest that while primarily an environmental

mycobacterium with some evolutionary distance from
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the Mtb complex, Mth can serve as a model organism

that is likely to recapitulate certain aspects of Mtb

pathogenesis. Despite these similarities, Mth has

adapted to withstand higher temperatures than the

obligate pathogen Mtb. Although thermoresistance

provides advantages for protein crystallization, pro-

teins from extremophiles are inevitably more diverged

from their mesophile orthologs, limiting their use for

detailed structural understanding of a protein. Mth

reconciles the trade-off between similarity to the

human pathogenMtb and thermoresistance.

Although larger datasets will be required to

comprehensively determine the benefits of Mth

orthologs for crystallization, our initial analysis

points towards several advantages. Mth proteins

were on average more amenable to recombinant

soluble expression than Mtb proteins. The Mth

ortholog of Rv3283 crystallized much more readily

than the Mtb protein, and Mth crystallographic

parameters were consistent with better crystal pack-

ing. In the case of a nitrilotriacetate monooxygenase,

the Mth ortholog was the only one of 21 homologs

Figure 1. Mth is more heat-resistant than Mtb and Mth and Mtb structures are highly similar. A: Mth survives heating to 70�C

for short periods, as shown by cfu assay. Mtb begins to lose viability at 55�C and is killed at 60�C. Msm shows intermediate

heat resistance. Boxes indicate survival at 60�C. Mth shows characteristic yellow pigmentation. B: Metabolic activity as

measured by alamarBlue assay shows disappearance of reducing potential in Mtb after 10 min heat shock at 60�C, whereas

Mth is not affected even at 70�C. One representative of at least three independent experiments is shown. C: Phylogenetic tree

of eight Mycobacterium 16S ribosomal RNA (rRNA) sequences. Sequences were aligned with the outgroup sequence from

shared suborder Rhodococcus rhodnii. The unrooted HKY UPGMA tree is based on 1475 aligned nucleotide positions of the

16S rRNA gene, and bootstrap consensus percentages over 50% are shown at the nodes. Branch color represents growth rate,

where blue is slow, red is rapid, purple is intermediate. Green denotes non-mycobacterial. D: Superposition of the

sulfurtransferase SseA (Rv3283) and E: RAS superfamily GTPase (Rv1496) with their Mth orthologs shows almost identical folds.
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from eight mycobacterial species that produced dif-

fracting crystals.7 The structural comparison of the

Mth and Mtb orthologs of Rv3283 and Rv1496 shows

that Mtb and Mth structures are indeed highly simi-

lar, indicating that detailed structural information

about Mtb proteins can be inferred from their Mth

orthologs.

In summary, we establish the thermophile Mth

as a model system for obtaining Mtb protein struc-

tures, adding a new tool for solving challenging

mycobacterial structures.

Materials and Methods

Growth of cultures and heat shock treatment

Mth was obtained from the American Type Culture

Collection. Stationary cultures were diluted to an

OD600 of 0.2 in temperature-equilibrated 7H9 me-

dium and incubated at the indicated temperatures

in a thermocycler. At each time point, sample in

duplicate was placed on ice. To assess viability, heat-

treated samples were spotted on a 7H10 plate for

cfu determination. For alamarBlue assay, 10 lL of

alamarBlue reagent was added to 90 lL sample and

incubated at 37�C for 3 h.

Sequencing, target selection, protein

expression, and purification

The Mth sequences were obtained from a prelimi-

nary Mth genome sequence generated by Illumina

paired-end sequencing. Targets for recombinant

expression were selected by a BLASTP sequence

similarity search with the Mtb target proteins

against GLIMMER-predicted Mth ORFs. Additional

targets were identified by searching for M. smegma-

tis homologs of the targets by BLASTN and analysis

of matching Mth ORFs with the EMBOSS getorf

tool. A BLASTP protein similarity search of the 280

retrieved M. smegmatis targets against the predicted

Mth ORFs yielded 129 additional targets. Incomplete

sequences were removed to yield a final set of 110

Mth targets. Genes were cloned, expressed, and pro-

tein purified as recently described.8

Crystallization, data collection, and structure

determination

Proteins (36.6 mg/mL for Mtb Rv3283 or 48.2 mg/

mL for Mth Rv3283 ortholog) were crystallized at

16�C with an equal volume of precipitant against

reservoir (80 lL) in sitting drop vapor diffusion for-

mat. Mtb crystals grew in 2.4M ammonium sulfate,

0.1M BisTris pH 6.5. Mth crystals grew in 8% PEG

4000 and 0.1M NaOAc pH 4.6. The Mtb and Mth

crystals were harvested, cryoprotected in precipitant

with 15–20% ethylene glycol, and vitrified in liquid

nitrogen. Data were collected at 100 K, reduced, and

the structures solved by molecular replacement with

Phaser,9 using the Thermus thermophilus rhodanese

structure (1UAR) as a search model for the Mtb

structure, and the Mtb structure as the search

model for the Mth structure. The final models were

obtained by refinement in REFMAC10 and manual

building in COOT.11 Structures were validated using

Molprobity.12 Coordinates and structure factors have

been deposited in the Protein Data Bank with acces-

sion numbers 3P3A, 3HZU, 3MD0, and 3TK1.
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