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The structural properties of Mycobacterium tuberculosis (Mtb) ribonucleotide reductase R2 protein were
studied under varying pH and temperature conditions by circular dichroism (CD) spectroscopy as well as
dynamic light scattering (DLS). Under physiological conditions this protein has a high a-helical content, similar
to the corresponding protein from other species, e.g. mouse. Decreasing the pH induced significant structure
conversions. When pH was below 6.5 an aggregated structure was observed and reached a maximum at pH 4.
The aggregated state of this protein was verified by DLS and was found to be rich in 3-structure. This amyloid-
like structure transformed into a molten globule state with high temperature stability (between 25 and 80 °C)
at pH below 3. The corresponding mouse protein R2 under similar conditions showed no evidence of an
DLS aggregated state around pH 4.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ribonucleotide reductase (RNR) are enzymes responsible for
providing the deoxyribonucleotide precursors for DNA replication and
repair in all DNA-dependent organisms. Three separate classes of
ribonucleotide reductases are known: Class I — O, dependent, class Il —
0, independent and class III — O, inhibited. Class I enzymes are
composed of the two homodimeric proteins R1 and R2, generally in an
32 configuration. Two subclasses Ia and Ib have been distinguished,
based on sequence similarities and allosteric regulation properties. Class
la is found in mammalian cells and certain bacteria such as E. coli,
whereas class Ib is common for most bacteria. Protein R1 has the
substrate binding site, whereas R2 has a stable free radical on a tyrosine
residue, neighboring an antiferromagnetically coupled high spin Fe(IlI)-
Fe(1II) site [1-5] in each polypeptide of the R2 dimer. The radical/diiron
site is necessary for the enzyme activity. Recent reports show that a
stable manganese(IV)/iron(Ill) cofactor is responsible for the RNR
activity in Chlamydia trachomatis functioning without a tyrosyl radical,
thus giving rise to a new RNR subclass Ic [6-8].
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The Mycobacterium tuberculosis (Mtb) RNR belongs to subclass Ib
[5,9]. Two genes encoding the small RNR subunit denoted R2-1 and
R2-2 respectively have been characterized [10]. The R2-2 is generally
the enzymatically active form. Reactivity studies as well as data,
characterizing the tyrosyl radical and diiron site in Mtb RNR have been
reported [11-13].

Earlier studies on RNRs concern predominantly the properties of
the tyrosyl radical and the metal site, which are responsible for the
catalytic function of these enzymes [1,3-6,14-18]. The structural
properties of several RNR enzymes have been characterized by X-ray
crystallography, generally of proteins R1 and R2 separately. Secondary
structures of the proteins in the solution state have also been studied
by CD spectroscopy. For E. coli, mouse, yeast and Mtb R2 proteins at
ambient conditions [19-21] the secondary structure is predominantly
a-helical for R2 proteins under these conditions, also in agreement
with the crystal structures.

Here we have explored pH and temperature dependent secondary
structure variations of Mtb R2 and compare with the results from mouse
R2 protein, which has a very similar three-dimensional structure in the
native state. We have used circular dichroism (CD) and dynamic light
scattering (DLS) to characterize the structural states. Interestingly we
find evidence of wide structural variations for MtbR2, involving both
aggregation and concomitant conversion to 3-structure, as well as
further conversion to a molten globule-like structure as the pH is
lowered from pH 7 to pH 2. This is in contrast to the behavior of mouse
R2, which displays no intermediate aggregated structure.
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2. Experimental
2.1. Expression and purification of native R2 proteins

Mtb R2-2 and mouse R2 proteins were overexpressed in
logarithmically growing Rosetta 2(DE3)pLysS bacteria containing
PETR2 plasmids encoding native Mtb and mouse R2 proteins. For
expression of both R2 proteins, an overnight culture of Rosetta 2(DE3)
pLysS inoculated with Mtb R2 was diluted 200 times in 4.8 1 of Luria-
Bertani medium, containing 34 mg/ml of chloramphenicol and
100 mg/ml of carbenicillin. The bacteria were grown at 37 °C until
they reached an Asgs of 0.6-0.8 and then induced with 400 mM
Isopropyl beta-D-1-thiogalactopyranoside and grown for additional
18 h at 14 °C before harvesting. The mouse R2 protein was purified
using the protocol described in Narvaez et al. [15]. For Mtb R2-2
protein purification the same protocol was used with small modifica-
tions during the chromatographic step. Two washing steps were
applied using a 10 mM phosphate buffer with 80 mM and 150 mM KCl,
respectively, to wash the protein. The protein was then eluted using a
10 mM phosphate buffer with 230 mM KCL.

All procedures during the protein extraction and purification were
done at 4 °C or on ice. Protein concentration was determined as
previously described [20,22].

2.2. Sample preparation

Both R2 proteins were in 50 mM Tris buffer-HCI, pH 7.4 at room
temperature (RT). From now on the term “normal medium” will be
used for samples in this buffer. The desired pH was achieved by adding
appropriate amounts of 1 M HCl or NH3 in water. The pH was measured
by a pH meter ORION, mode 320. It was not possible to measure pH of
samples with very high acid/base concentration and in the text below
we will mention their concentrations, not pH. R2 concentration in the
text refers to the molar concentration of R2 polypeptide.

2.3. Circular dichroism (CD) spectroscopy

CD spectra were recorded in the far-UV range between 190 and
250 nmin the temperature interval between 4 and 100 °Con aJasco J-720
Spectropolarimeter by using a quartz cells with a 0.1 and 0.2 mm optical
path length. The scanning speed was 100 nm/min, bandwidth — 2 nm
and resolution — 0.5 nm.

Samples of Mtb R2 with polypeptide concentration of 17 and 2 uM
and pH between 12 and 2 as well as samples with the same
polypeptide concentration and very high HCl or NH3 concentrations
(up to 200 mM) were used. Samples of mouse R2 with polypeptide
concentration of 17 uM and pH between 7.4 and 2 as well as a sample
with the same polypeptide concentration and HCl concentration of
200 mM were investigated. For the pH dependence measurement,
samples were stored at 25 °C for 15 min and then measured at the
same temperature. For the temperature dependence measurement,
samples of 17 uM Mtb or mouse R2 polypeptide in “normal medium”
or low pH medium were prepared at room temperature (RT, about
25 °C), stored at 25 °C for 15 min and measured at gradually increased
temperatures. The time for temperature stabilization between every
two measurements was 5 min. All CD spectra were baseline corrected,
using a spectrum of 50 mM Tris-HCl buffer, pH 7.4 at RT.

The theoretical analysis of CD spectra was performed by the
DicroWeb program, analysis program — CDSSTR, reference set 7, with
input and output data in mean residue ellipticity units [23,24]. The
mean residue ellipticity was calculated by using a manufactured
program and the number of the amino acids residues R2 polypeptide
was taken from a protein database. The results were obtained in terms
of the secondary structures introduced in Sreema et al. [25]. The
authors define a-helices and B-strands as divided into two classes,
corresponding to regular and distorted helices and strands, respec-

tively, and in addition turns, and unordered structures. Here we have
grouped the different structures into three distinguishable classes — a
sum of both types of a-helices, a sum of both p-structures and turns,
and disordered structure.

2.4. Dynamic light scattering (DLS)

DLS was used for the protein particle size determination. The
measurements were performed on a Zetasizer Nano ZS Malvern
Instrument. The signal/noise was automatically optimized. The results
were presented as volumes distribution. Samples with Mtb R2
polypeptide concentrations of 17 uM were used. The range of pH
was between 7.5 and 2. For the pH dependence measurement,
samples were stored at 25 °C for 15 min and then measured at the
same temperature. All CD and DLS measurements were performed
three times, either on the same sample or on three similar samples.

2.5. Light absorption spectroscopy

Electronic spectra were recorded on a Jasco V-560 UV/VIS
spectrophotometer at room temperature. A cell with 1 cm path length
was used. The band width was 2 nm, the scanning speed was 100 nm/
min, and the data pitch was 1 nm. Samples with Mtb R2 polypeptide
concentration of 100 uM in media with pH between 7.4 and 2 were
measured.

2.6. Amino acid sequences analysis

Mtb and mouse RNR R2 protein sequences were taken from the NCBI
databases [26] and the analysis including amino acid sequences identity/
similarity or hydrophobicity was done using EMBOSS Pairwise align-
ment algorithms or Mobyle program for bioinformatics analyses [27,28].

3. Results

Circular dichroism (CD) and dynamic light scattering (DLS) have
been used to characterize secondary structures under varying
experimental conditions in Mtb and mouse R2 proteins from RNR.
Both proteins are homodimers with molecular weights of 2x36 991
Da and 2x45 095 Da, respectively, with 324 or 390 residues per
monomer.

3.1. Light absorption spectroscopy

The absorbance between 300 and 700 nm of the diiron cluster and
free radical of Mtb R2 was studied at varying pHs (data not shown). At
pH 7.4 the spectrum showed the typical features of native R2, similar
to those presented in Liu et al. [20]. At pH below 6.6 and down to pH
below 4 the spectrum was dominated by light scattering. However, at
pH 2 the light absorption of a typical protein without the diiron/
radical cluster was observed. The pH dependence of light absorption

Table 1
Secondary structures evaluated for Mtb R2 protein in aqueous solvents with different
pH — results from CD spectra calculations with the DichroWeb program

pH Helices, % B-structures, % Unordered, %
74 89 6 4
6.77 82 14 5
5.97 90 6 3
4.65 33 39 30
3.97 41 36 22
3.22 78 12 9
2.36 67 21 11
2 63 21 16

Experimental conditions: 25 °C measurement temperature, R2 polypeptide concentration —

17 pML.
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Table 2
Secondary structures evaluated for mouse R2 protein in aqueous solvents with pH 7.4, 2
or 20 mM HCl — results from CD spectra calculations with DichroWeb program

Sample Helices, % B-structure, % Unordered, %
pH 74 66 25 19
pH 2 16 49 34
200 mM HCl 48 34 19

Experimental conditions were: measurement temperature — 25 °C, R2 concentration —
17 pM for polypeptide.

spectrum of Mtb R2 protein initiated a more detailed study of its
behavior by other techniques.

3.2. CD spectroscopy and spectra analysis

CD spectra of native Mtb and mouse R2 protein at pH between 7
and 8 showed a dominant a-helical secondary structure with minima
in the recorded signal at 208 and 223(4) nm — in general agreement
with previously reported spectra for these proteins under similar
conditions. A theoretical analysis by the DichroWeb simulation
program gave results about the different types of secondary structure,
present in the native Mtb and mouse R2 proteins as shown in Tables 1
and 2. In Mtb R2 we calculated 89% of a-helix with very little -
structure and unordered structure. For mouse R2 the corresponding
numbers are 66% for the a-helix and 25% and 19% for p-structure and
unordered structures, respectively.

The pH dependent conversion of the secondary structures of the R2
proteins was studied in CD experiments using samples containing
17 uM of Mtb and mouse R2 proteins (polypeptide concentration).
Spectrawere recorded at 25 °C with a path length of 0.1 mm. CD spectra
of samples with Mtb R2 protein, recorded in the interval of pH between
7.4 and 2 are shown in Fig. 1. Towards lower pH the Mtb R2 secondary
structure undergoes significant changes, characterized by loss of CD
intensity and shifts in the CD spectra extremes. Similar experiments for
Mtb R2 were repeated on samples with polypeptide concentration of
2 uM, using a quartz cell with 0.2 mm path length. There was no
obvious protein concentration dependence when comparing the
results for 17 and 2 uM of the R2 polypeptide (data not shown).

(]
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Quantitative evaluations of the CD spectra showed a significant
loss of CD intensity for Mtb R2 protein in the pH range between 4.7
and 4, accompanied by a relatively high increase of the percentage of
-structure and unordered structures (Table 1). At lower pH, a further
secondary structure conversion took place, which gave rise to
increased o-helical structures to a percentage almost equivalent to
the native one. This high a-helical structure was conserved even at
very high acid concentrations in the solvent (up to 200 mM HCl) and
no protein precipitation was observed under these conditions (data
not shown). Such refolding has been observed for other proteins
under different conditions, and has been associated with a molten
globule state formation [29-32].

After exposure to the high acid medium the initial CD signal of
native Mtb R2 could not be restored by back titration with NHs. This
was investigated using protein samples in a solvent with initially
50 mM HCI. The result indicates that the structure conversion after
high acid treatment is irreversible under these conditions. At a pH
higher than 7.4 and with very high base concentrations (up to 200 mM
NHs) in the solvent, the secondary structure of the Mtb R2 protein did
not change significantly: the evaluated CD spectra showed 66% and
22% for a-helix and p-structure, respectively.

The structural conversions of mouse R2 protein towards low pH
were different from those observed for Mtb R2. In the pH interval from
7.5to0 2.6, mouse R2 did not significantly change its secondary structure
and no CD intensity loss was observed. At pH 2 and slightly lower than
2, the protein obviously unfolds. For the spectrum recorded at 25 °C
(Fig. 2) we calculated 16% of a-helix, 49% of B-structure and 34% of
unordered structure (Table 2). Very high acid concentration in the
medium (200 mM HCI) changed the secondary structure of this protein
to a somewhat lower percentage of a-helix compared to pH 7.4 (48%
related to 66%).

The temperature dependence of the CD spectra of Mtb and mouse
R2 protein were studied in “normal medium” and at pH 2. CD spectra
were recorded in the temperature interval 25-100 °C, at 5 °C intervals.
The CD intensity at 223 nm as a function of temperature is shown in
Fig. 3. For Mtb R2 at pH 7.4 the CD intensity shows a transition in the
temperature range 65-85 °C, whereas the CD spectra at pH 2 show
transitions only above 80 °C. For mouse R2 at pH 7.4, a structure
transition was observed between 55 and 65 °C, related to loss of CD

190 200 210

220 230 240 250

Wavelength, nm

Fig. 1. Far-UV CD spectra of Mtb RNR R2 protein in aqueous solvents with different pH: 1 — pH 6.8, 2 — pH 4.65, 3 — pH 4,4 — pH 3.2, 5 — pH 2.7 and 6 — pH 2. Spectra measurement

temperature was 25 °C, R2 concentration was 17 puM for polypeptide.
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Fig. 2. Far-UV CD spectra of mouse RNR R2 protein in aqueous solvents with different pH: 1 — pH 7; 2 — pH 2; 3 — 200 mM HCl. Spectra measurement temperature was 25 °C, R2 concentration

was 17 uM for polypeptide.

intensity at 223 nm and conversion from a-helical to unordered
structure (Fig. 3). At pH 2 mouse R2 has predominantly disordered
structure, but with a relatively high percentage of B-strands (up to
35%) in the whole temperature range (data not shown).

3.3. Dynamic light scattering

DLS measurements were performed to study pH dependent protein
aggregation for the Mtb R2 protein, suggested by the secondary
structure transformations and CD intensity loss at pH around 4.
Samples contained 17 pM Mtb R2 polypeptide in solvents with pH
between 7.4 and 2. From the scattering curves, hydrodynamic radii
could be evaluated (Fig. 4). The results showed that the hydrodynamic
diameter of the protein particles increases significantly when pH is

Mouse pH 7.4

-1.2

Mol. Ellipt./ x10%, deg cm? dmol™!

-1.6

lowered towards 4 and it goes back to values close to the initial ones at
pH 7.4. Three different maxima were observed at pH 6.4 — at 17,47 and
426 nm suggesting a heterogeneous aggregated state of the protein.
Apparently even a moderate decrease of pH from 7.4 to about 6.4
causes aggregation of the Mtb R2 protein. At pH 4 we measured only
one peak with a maximum above 2000 nm. Inspection by eye showed
that the sample at pH 4 was not optically clear, but whitish and bigger
aggregates could be seen. The results at pH 4 suggest that the protein
reaches a highly aggregated state, which is shown also by the loss of CD
intensity and increased B-structure content (Fig. 1, Table 1). Increase of
[-structure accompanied by aggregation is a common designator of
amyloid structure [33].

When the pH is further decreased to 2 the protein shows no
aggregation. The hydrodynamic diameter (maximum at 10.5 nm) is

Mtb pH 2

30 40 50

60 70 80 920

Temperature, °C

Fig. 3. Plot of CD intensity at 223 nm as a function of the temperature. Samples with Mtb or mouse R2 polypeptide concentration 17 uMj, in “normal medium” or in medium with pH 2.

Temperature was gradually increased from 25 to 100 °C.
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Fig. 4. Plot of DLS results for samples containing 17 pM Mtb R2 polypeptide in aqueous solvents with different pH: 1 — pH 7.4, 2 — pH 6.4, 3 — pH 4 and 4 — pH 2.6. Measurement

temperature was 25 °C. Peak maxima are indicated by arrows.

not very different from that of the native protein at pH 7.4 (a maximum at
7.5 nm). The CD spectra showed a considerable amount of the a-helical
structure, and the spectra intensities at pHs close to 2 are comparable
with those at pH close to 7 (Fig. 1).

Using the equation for hydrodynamic radii suggested by
Danielsson et al. [34] for fully unfolded and folded proteins we
could calculate expected average values for the hydrodynamic
diameter of Mtb R2 molecules to be 14.6 and 6.6 nm, respectively,
assuming the protein to be a dimer with a molecular weight of about
75 kDa. Similarly, a prediction using the results of Wilkins et al. [35]
for unfolded and native folded proteins after their NMR studies, gave
calculated values for the hydrodynamic diameter of 17 and 6.2 nm,
respectively. Comparing the calculated values and the experimentally
obtained ones we suggest that the increase of hydrodynamic diameter
at pH 2 and lower is a result of protein unfolding, without much loss of
secondary structure. The experimentally derived diameter for native
proteins at pH 7.4 is close to that predicted for folded dimers.

4. Discussion

The present study presents an unexpected structural variability of
the Mtb R2 protein, up to now known to be a highly a-helical protein
[19]. Around pH 4 the protein exists in a highly aggregated state. The
measured hydrodynamic diameter is large compared to the native
state and the secondary structure is rich in B-structure. We consider
this to be an amyloid-like state. A further decrease of the pH gives rise
to a state where the «-helix content is again high and the
hydrodynamic diameter is only marginally larger than that of the
native protein. This is a molten globule state. The native structure for
Mtb R2 at pH 7.4 undergoes a temperature-induced structure
conversion around 75 °C, whereas the pH 2 structure is relatively
resistant to temperature changes.

It is interesting to note that mouse R2 protein is quite different
from Mtb R2 in terms of structure stability and conversions. The two
proteins are quite similar in their structural architecture in the native
state [26]. They have 17% sequence identity and 33% sequence
similarity [27]. Despite these similarities mouse R2 is less temperature
stable in its native form, and it is unable to form the amyloid-like
structure at pH 4. At pH 2 it is almost completely disordered. Another
interesting aspect in our observations is the stability of Mtb R2 molten

globule state. A possible explanation may be the high hydrophobicity
of this protein — the moles of amino acids per polypeptide with very
high and high hydrophobicity are 67% [28]. The corresponding value
for mouse R2 is 60% [28]. A study on a-lactalbumin supports this
hypothesis [36] — the authors report about mutations to higher
hydrophobic residues, which significantly stabilize the molten globule
state in this protein. They suggest that the hydrophobic core in a
globular protein plays an important role in stabilization of the molten
globule state in general.

Behavior similar to that of Mtb R2 has been reported for a number
of proteins, for which the ability to aggregate even at ambient
conditions is related to amyloid formation and sometimes pathologic
phenomena, e.g. in Alzheimer's disease, transmissible spongiform
encephalopathies or type II diabetes [37-41]. The present study
concerns the pH sensitivity of an analogue of an essential
mammalian protein in a pathogenic bacterium. Obviously the energy
landscapes of the two proteins, Mtb and mouse R2, are very different,
with Mtb R2 exhibiting quite dramatic structure conversions towards
lower pH values. The results raise some intriguing questions about
whether pH induced aggregation, perhaps promoted by therapeutic
intervention, and could be a defense mechanism against an invading
pathogen.
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