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Abstract
Thermophilic proteins maintain their structure at high temperatures through a combination of

various factors. Here, we report the ligand-induced stabilization of a thermophilic Ser/Thr
protein kinase. Thermus thermophilusTpkD unfolds completely at 55 °C despite the optimum

growth temperature of 75 °C. Unexpectedly, we found that the TpkD structure is drastically
stabilized by its natural ligands ATP and ADP, as evidenced by the increase in the melting
temperature to 80 °C. Such a striking effect of a substrate on thermostability has not been
reported for other protein kinases. Conformational changes upon ATP binding were observed
in fluorescence quenching and limited proteolysis experiments. Urea denaturation of Trp

mutants suggested that ATP binding affects not only the ATP-binding site, but also the remote

regions. Our findings shed light on thermoadaptation of thermophilic proteins.
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The stability and dynamics of thermophilic and mesophilic proteins has been studied in
detail over several decades. Some studies have reported that thermophilic proteins are more
rigid than their mesophilic homologues [1,2], whereas others have shown the opposite [3,4].
This apparent discrepancy is derived from a variety of stabilizing forces, including greater
hydrophobicity, more surface charges, increased hydrogen bonding and salt bridges,
oligomerization, and complex formation with ligands [5-8].

Hanks-type Ser/Thr protein kinases (STPKs), also commonly named eukaryotic-like
Ser/Thr protein kinases, have been well studied [9]. STPKs are model systems for studying
the dynamic properties and allosteric regulation of proteins [10,11]. The core of STPKs is
composed of two domains: the N-lobe dominated by a five-stranded -sheet and the C-lobe
consisting of mostly a-helices [11]. Two ensembles of hydrophobic residues, the C-spine and
the R-spine, mediates the flexible connection between the lobes. Both spines are dynamically
assembled: especially the C-spine is completed when the ATP binds to a deep cleft between
the lobes. Through the activation process, STPKs achieve a specific configuration that allows
the phosphotransfer to occur. Although correlation between conformational dynamics and
activity in STPKs has been established, most of the previous researches have focused on
mesophilic STPKSs. In particular, stability and its relation to the dynamics of STPKs has not
yet been examined well enough.

Thermophilic bacteria also have STPKs, which are structurally and functionally similar
to eukaryotic STPKs [12,13]. Thermophilic proteins serve as model systems for
understanding thermodynamic aspects of proteins. Therefore, the physicochemical
characterization of thermophilic STPKSs is expected to provide important insights into the
relationship between the stability and dynamics of STPKs. However, no biophysical studies
have been reported for thermophilic STPKs.

In this study, we focused on TTHA 1370 (TpkD) of T. thermophilus HBS, an aerobic
Gram-negative eubacterium that grows at temperatures ranging from 50 to 82°C [14]. This
protein is one of four STPKs encoded in the 7. thermophilus HB8 genome. We investigated
phosphorylation of proteins in this bacterium [15,16] and also characterized its protein
kinases. During our biochemical studies, we discovered that the recombinant TpkD has
unusually low thermostability as a 7. thermophilus protein. We further found that ATP or ADP
binding dramatically increased the thermostability of TpkD. We also examined the effect of
ATP on urea denaturation of TpkD and some mutants. Our studies have implications for

understanding the ligand-induced stabilization of protein in thermophiles.



Material and methods
Protein overexpression and purification

The expression plasmid of TpkD (pET-HisTEV/tthal370) was constructed by ligating
the amplified #thal370 fragment into the Ndel and BamHI sites of pET-15b-modified pET-
HisTEV vector [17] and introduced into Escherichia coli Rosetta2(DE3) (Novagen, Madison,
WI, USA). The transformant was cultured at 37°C for 24 h in an overexpression medium as
previously described [17]. After centrifugation, the harvested cells (10 g) were ultrasonicated
in buffer I (20 mM Tris-HCI, pH 9.0, and 200 mM NaCl). After centrifugation, proteins in
the supernatant were loaded onto a TALON metal affinity column (TaKaRa, Shiga, Japan)
and equilibrated with buffer I. After washing with buffer I, the bound proteins were eluted
with 200 mM imidazole in buffer I. The fractions containing the target protein were
precipitated with 40% saturation ammonium sulfate. After centrifugation, the precipitate was
dissolved with buffer I, the solution was treated with TEV protease at 25°C for 24 h, and
loaded onto a TALON column. The flow-through fractions were collected, precipitated with
ammonium sulfate, and dissolved in buffer I. The solution was loaded onto a HiLoad 16/600
Superdex 75 pg column (GE Healthcare Biosciences, Piscataway, NJ, USA) on an AKTA
explorer system (GE Healthcare Biosciences). The fractions containing the target protein
were concentrated using a Vivaspin concentrator (Sartorius AG, Gottingen, Germany) and
stored at 4°C. The His-tag was removed by TEV protease as previously described [17]. The
sample without the TEV protease treatment was designated as Hiss-TpkD. The
concentrations of the purified proteins were determined by using molar absorption
coefficients, calculated to be 29,841 M! cm™! at 278 nm for TpkD [18]. Autophosphorylation
activity of the purified protein was confirmed by incorporating radiolabeled phosphate from
[y-3?P]ATP into Hise-TpkD (further details are provided in the Supplementary Methods).

The expression plasmids for W55F, W191F, and G57L mutants were constructed by
QuikChange Site-Directed Mutagenesis (Stratagene, La Jolla, CA, USA), using pET-
HisTEV/tthal370 as a template and primers (Table S1). The expression plasmid for the
WO3F mutant was prepared by inverse PCR. All mutant proteins were prepared using the

same method as for the wild-type protein.

Circular dichroism (CD) spectroscopy



CD measurements were carried out with a Jasco spectropolarimeter, model J-720W. CD
spectra of 3 uM TpkD were measured in a I-mm cell in the far-UV region between 200 and
250 nm. Measurements were performed after incubating it at 25°C in 50 mM Tris-HCI, pH
7.5, and 150 mM NaCl. We assessed the thermostability by measuring CD values at 222 nm
at a 1°C/min rate. Measurements were also performed in the presence of 5 mM MgCl, and 1

mM adenine nucleotide (ATP, AMP-PNP, ADP, or AMP).

Fluorescence spectroscopy
The fluorescence emission spectra were measured with a Hitachi spectrofluorometer,
model F-4500. All measurements were taken with an excitation wavelength of 295 nmina 5
x 5-mm quartz cuvette at 25°C. The reaction mixture contained 50 mM Tris-HCI, pH 7.5,
150 mM NacCl, and either 3 uM TpkD or mutant proteins. Measurements were also made in
the presence of 5 mM MgCl; and 1 mM ATP. For the titration experiment with 0—12 uM
ATP, the fluorescence intensities at 351 nm were plotted against the ATP concentration and
the dissociation constant (Kq) of TpkD for ATP was determined by fitting Equation 1 to the
observed change of fluorescence intensity (AF) using Igor Pro (WaveMetrics, OR, USA).
AF =0.5-AFo-[([E]o + [L]o + Ka) —{([E]o + [L]o + Ka)* — 4[E]o[L]o}*°] (1)
where AF is the molar fluorescence intensity of the TpkD-ATP complex, [E]o and [L]o are
total concentrations of TpkD and ATP, respectively [19].
In quenching experiments, the reaction mixtures also contained 0-0.5 M CsCl or
acrylamide. Quenching data were analyzed by the Stern—Volmer equation [20].
Fo/F=Ksv[Q] + 1 (2)
where Fy and F are the fluorescence intensities before and after the addition of quencher

(concentration [Q]), and Ksv is the effective quenching constant.

Limited proteolysis

The TpkD (20 uM), with or without 1 mM ATP and 5 mM MgCl,, was treated with
trypsin in 50 mM Tris-HCI, pH 7.5, and 150 mM NaCl at a protein to protease molar ratio of
5:1 at 37°C for various time points. The reaction was stopped by adding the sample buffer
and the digests were separated by SDS-PAGE. The proteolytic fragments were identified by
LC-MS/MS and database searching (further details are provided in the Supplementary
Methods).



3D structure modeling

A model structure of TpkD was predicted by the Robetta server
(http://robetta.bakerlab.org/). Model structures of ATP-bound TpkD were predicted by a
docking program, AutoDock Vina [21]. The predicted structures were compared with the
crystal structure cAMP-dependent protein kinase catalytic subunit (PKAc) complexed with
ATP (PDB ID: 1ATP), and the structure with the least root-mean-square deviation of ATP

was selected as the best model.

Urea denaturation

CD and fluorescence measurements were performed after incubation at 4°C for 2 h in 50
mM Tris-HCI, pH 7.5, 150 mM NacCl, 3 uM TpkD, 5 mM MgCl,, and the indicated urea
concentrations. Measurements were also performed in the presence of 1 mM ATP. Other
conditions were the same as described above.

To analyze the fluorescence spectra, the average wavelength was calculated after
collecting all the emission spectra (in the range of 310450 nm) as follows:

Average wavelength =X (4ix[) / Z [ 3)
where /i is the emission wavelength and /; is the fluorescence intensity [22].

For urea-induced denaturation, the spectral data were analyzed using a two-state or three-
state transition model. The two-state transition model recognizes the native (N) and the
unfolded (U) conformations. The average wavelength (fluorescence) or molar ellipticity at
222 nm (CD) were plotted against the urea concentration and the thermodynamic parameters

were determined by fitting Equation 4 to the observed spectroscopic signal (Yo) change using

Igor Pro (WaveMetrics).
D]-AG,
Y, +Y, exp(mU_N[ ;T o }
Y= 5 4
1+exp My yIP1=AGy
RT

where R is the gas constant, 7 is the absolute temperature (K), Y~ and Yy are the signal
intensity for native and unfolded states, respectively, [D] is the urea concentration, AG%y_x is
the change in Gibbs free energy upon the total unfolding of the native state, and my - is an
empirical constant corresponding to the slope of a plot of AG against [D].

The three-state transition model recognizes the native (N), intermediate (I), and unfolded

(U) conformations. The thermodynamic parameters were determined by fitting Equation 5 to



the observed signal intensities.

D]-A 0 D]l— A 0 Dl=A 0
YN+YIeXp[m1N[ ] GIN)"'YUGXPEmIN[ ] G]N]exp[ml”[ ] GU[]

Y RT RT RT
0 =
147, exp m, ,[D]-AG) , +exp m, [D]-AG! xp m, [D]-AG_,
RT RT RT

(5)
where 17 is the signal intensity for intermediate state, mi~, and my-1 are m-values for the

respective transitions.

Results
Thermostability of TpkD is drastically increased by ATP

TpkD (TTHA1370) is a 253-residue protein, which consists only of the catalytic core of
STPK (Fig. 1). Most of the functionally important motifs were conserved in TpkD, except for
Gly in the DFG motif, which was substituted with Asp (Fig. 1A). We further generated a
model structure of TpkD by homology modeling using a Mycobacterium STPK (PknA; PDB
ID, 4x3f) as a template (Fig. 1B). Sequence identity and the root mean square deviation of
Co atoms between them were 30% and 2.6 A (205 atoms), respectively. The predicted TpkD
structure was composed of the N-lobe and C-lobe, which was similar to that of the core of
eukaryotic STPKs including PKAc (cAMP-dependent protein kinase catalytic subunit). The
N-lobe and C-lobe were assembled by hydrophobic residues, which constitute C-spine and R-
spine. It should be mentioned that Gly57, a non-hydrophobic residue, was situated between
Val68 and Phe144 in the predicted R-spine. Autophosphorylation activity (Fig. S1) and weak
ATPase activity (data not shown) were observed for Hiss-TpkD, indicating the purified TpkD
was active. It should be noted that autophosphorylation was observed for His6-TpkD, but not
for TpkD, suggesting that TpkD phosphorylated amino acid residue(s) in the His-tag
sequence, but not in the activation segment.

We used CD (circular dichroism) analysis to investigate thermostability of TpkD. The
far-UV CD spectrum at 25°C had two negative peaks at around 210 nm and 225 nm (Fig.
2A), indicating the presence of a-helix. The signals at 222 nm, indicative of changes in
helical content, diminished abruptly when the temperature was approximately > 55°C (Fig.
2B). The melting temperature (7m) of TpkD was 50°C. In the cooling process following the

heating, the magnitude of the CD signals was not restored (data not shown), indicating that



the thermally induced unfolding was irreversible. This result was unexpected because the
optimum temperature for growth of 7. thermophilus HB8 was 65 to 72°C [14].

Then we examined the effect of ligand on the thermostability of TpkD (Fig. 2B).
Interestingly, in the presence of 1 mM ATP and 5 mM MgCl,, the T, was drastically
increased to 80°C. The Ty, values were 53 and 50°C in the presence of ATP alone and MgCl,
alone, respectively. In a fixed concentration of 5 mM MgCl,, the increase in 71, was
dependent on the ATP concentration and saturated at 50 uM ATP (Fig. 2C).

Furthermore, we examined the effect of other adenine nucleotides on the thermostability
of TpkD (Fig. 2D). In the presence of 1 mM ADP, the T}, also increased to 84°C, showing a
similar effect to ATP. AMP-PNP, an unhydrolyzable ATP analogue, showed a significant but
smaller stabilizing effect (7, = 67°C). In contrast, in the presence of 1| mM AMP, the T, was
52°C, showing no significant stabilizing effect.

We did not monitor thermal unfolding process of TpkD by fluorescence spectroscopy

since fluorescence intensity decreases strongly with temperature.

ATP binding induces structural change in TpkD

To reveal how ATP stabilizes TpkD and results in an increase in the 7w, we used several
different methods to analyze structural changes of TpkD. In the intrinsic (Trp) fluorescence
emission spectra of TpkD excited at 295 nm, the intensity of the peak (351 nm) increased in
the presence of ATP and MgCl (Fig. 3A). No shift was observed in the maximum
wavelength. The increase in the peak intensity was dependent on the ATP concentration (Fig.
3B). The data could be fitted to a hyperbolic equation describing a bimolecular binding
reaction, suggesting that the ATP binding caused the spectral change. The dissociation
constant (Kq) of ATP for TpkD was determined to be 0.5 uM. This value was similar to the
Km of ATPase by other protein kinases [23]. Since the fluorescence properties of Trp residues
are sensitive to the microenvironment of fluorophores in proteins, this could suggest that
local and/or global changes occurred in the tertiary structure of TpkD upon ATP binding. In
contrast, the far-UV CD spectra showed no significant difference from those without
nucleotides, suggesting no change in the secondary structure (Fig. 2A).

Quenching experiments with CsCl and acrylamide also suggested a conformational
change of TpkD upon ATP binding. The intrinsic fluorescence intensity of TpkD decreased
when the quenchers were added both in the absence and presence of ATP (Figs. 3C and D).
For CsCl, the slope of the Stern—Volmer plot was smaller in the presence of ATP than in its



absence (Fig. 3C). In contrast, no significant difference in the plots for acrylamide were
observed between in the absence and presence of ATP (Fig. 3D). The slope of the Stern—
Volmer plot reflects largely the quenching of the more accessible residues. These suggested
that ATP binding decreased the accessibility of a Trp residue probably through
conformational change.

Furthermore, limited proteolysis supported conformational changes of TpkD upon ATP
binding. The presence of ATP altered the proteolysis pattern of TpkD with trypsin, compared
with that in its absence (Fig. 3E). The fragments were observed as relatively discrete bands
on the gel in the presence of ATP, but not in its absence. Mass spectrometric analysis
revealed that the about 20 kDa fragment contained the region of residues 26-212 (Fig. S2),
which encompass most of the N- and C-lobes. These results suggested that ATP binding

caused certain conformational changes that increased resistance of TpkD to trypsin digestion.

ATP also increases stability against urea-mediated denaturation of TpkD

ATP also had a stabilizing effect on the chemical denaturation of TpkD as well as the
thermal denaturation. We first studied the effect on TpkD of increasing the urea
concentration by fluorescence measurements (Fig. 4). When the urea concentration was
increased, the intrinsic fluorescence intensity of TpkD gradually decreased both in the
absence and presence of ATP (Fig. 4A and B). However, the presence of ATP increased the
midpoint concentration (Cr,) values of urea in the denaturation curves based on the
fluorescence intensities at 350 nm (Fig. 4C). The average wavelengths plotted against urea
concentrations showed the effect of ATP more clearly (Fig. 4D). In the absence of ATP, the
urea-induced denaturation of TpkD was considered as a three-state transition: the average
wavelength was blue-shifted in 4-6 M urea, and then red-shifted above 6.0 M urea. However,
when ATP was added to TpkD, only the single transition from 6.5-8.0 M urea was observed,
indicating a two-state transition. In other words, the first transition at around 4.5 M urea
without ATP was almost diminished in its presence. These results suggested that
conformational changes by ATP binding stabilized TpkD against urea denaturation. Since
dilution experiments indicated the urea-induced unfolding was reversible, the thermodynamic
parameters of unfolding were determined by curve-fitting the wavelength shift data to a two-
state or three-state transition model (Table S2).

A similar effect of ATP was observed in the CD profiles for urea-mediated denaturation
(Fig. S3). In the absence of ATP, TpkD showed a three-state transition: the first Cy was 4.1 M
urea and the second Ci, was 6.4 M urea. When ATP was added to TpkD, the profile was



changed to a two-state transition with C, of 6.0 M urea. Together with the fluorescence data,
these results suggested that ATP affected the secondary and tertiary structural changes

induced by relatively low urea concentrations.

Effects of ATP binding reach the region including Trp191

We generated mutants of these three residues, W55F, WI93F, and W191F, to examine
their respective contributions to the fluorescence changes in urea-mediated denaturation.
Figure 5 shows the fluorescence spectral changes dependent on urea concentration in the
absence or presence of ATP. All three mutants had lower fluorescence intensities than the
wild type and in the absence of ATP showed a three-state transition in the profiles of the
fluorescence intensity as well as the wild type (Figs. 5A, B, E, F, I, and J). The stabilizing
effect of ATP was also observed for all three mutants (Figs. 5C, G, and K). However, W191F
showed two obvious differences in the denaturation processes. In the absence of ATP, its
stability was significantly lower than the wild type and the other two mutants, and in the
presence of ATP it showed a three-state transition (Fig. 5K), in contrast to the others (Figs.
4C, 5C, and G). These results suggested that Trp191 and/or the surrounding region are
important for structural stability and ATP-induced stabilization of TpkD.

The profiles of average wavelength provided evidence that the effect of ATP reached the
Trp191-surrounding region. W55F and W93F showed a three-state transition in the absence
of ATP, but a two-state transition in its presence (Figs. 5D and H). These behaviors were
similar to those of the wild type. In contrast, W191F showed a two-state transition not only in
the presence of ATP, but also in its absence (Fig. 5L). In other words, the first transition at
around the 4 M urea in the wild type profile (Fig. 4D) disappeared in the W191F profile
without ATP. This indicated that Trp191 mainly contributed to the fluorescence change as
the first transition. This further suggested that ATP binding caused some structural change in
the region including Trp191. A set of thermodynamic parameters was obtained for these

mutants based on the average wavelength data (Table S2).

Discussion

This is the first report on the biochemical characterization of a protein kinase from a
thermophilic bacterium. Thermus thermophilus is an extreme thermophile, which grows
optimally at 65—72°C [14]. However, CD analysis indicated that TpkD was unfolded
completely at 55°C. Unexpectedly, we found that ATP and Mg?* stabilized the TpkD
structure: the 7, was increased to 80°C. ADP, but not AMP, stabilized TpkD similarly, and

10



AMP-PNP was less effective than ATP and ADP. These results imply that ATP and ADP,
natural ligands for TpkD, can have stabilizing effects. More than 50 uM ATP with Mg?" was
enough to stabilize TpkD above 70°C. The K4 value of TpkD for ATP was determined to be
approximately 0.5 M, which is in a similar range to the K values of other protein kinases
[23]. The intracellular ATP level in bacteria is reported to be 1-5 mM [24], and the
physiological ATP/ADP concentration ratio is ~10—-1000 [25,26]. Therefore, it is probable
that TpkD exists in an ATP- or ADP-bound state in 7. thermophilus cells and can retain its
tertiary structure, and subsequently its activity, at its growth temperature.

Conformational changes in TpkD by ATP binding were suggested by the results of
fluorescence quenching, limited proteolysis, and urea denaturation of Trp mutants. During the
urea denaturation process of the wild type, the average fluorescence emission wavelength
was blue-shifted and then red-shifted. However, in the presence of ATP, the blue shift was
lost. Interestingly, the W191F mutant also lost this peak shift. These results suggest that ATP
binding changes the microenvironments around Trp191, leading to the loss of the blue shift of
the fluorescence. A TpkD model structure predicts that Trp191 is located in the C-lobe and
far from the ATP-binding site. This suggests that ATP binding affects the stability of not only
the ATP-binding site, but also the remote regions.

Such far-reaching influence might be ascribed to intrinsic dynamics of STPKs. In the
core architecture of STPK, the C- and R-spines are anchored to the long hydrophobic "F-
helix" in the C-lobe [11]. In a model structure of TpkD, Trp191 is located in the helix
corresponding to the "F-helix" (Fig. 1B). ATP binding completes the C-spine, which contains
Ile188 and Met192 in the F-helix. Therefore, it is probable that ATP binding affects the
conformation and stability around Trp191.

The observed drastic stabilization of TpkD by ATP might be partly due to the structural
architecture intrinsic to STPKs. However, such a striking effect of a substrate on
thermostability has not been reported previously for other STPKs. The 7, values of apo-
PKAc, 46.9°C, is increased to 52.5°C with Mg-ATP and to 54.2°C with an inhibitor H89
[27]. The Ty, values of MEK1, 54.6°C, is increased by 3.2°C with Mg-AMPPNP and by
2.9°C with Mg-ADP [28]. Non-substrate ligand-induced stabilization has also been known
for several STPKs. The T value of PDK1 was increased by 20°C with an inhibitor UCN-01
[29]. In the crystal structure of UCN-01-bound PDK1, this compound binds in the ATP-
binding site and interacts with the hydrophobic residues in N- and C-lobes [30]. As UCN-01
is larger and more hydrophobic than ATP, the mechanism of its effect on PDK1 structure is

likely to be different from that of ATP on TpkD. Therefore, the stabilization by ATP might be

11



a specific mechanism for substantial stabilization of thermophilic STPKSs. This stabilization
mechanism also might be unique in the sense that a substrate induces stabilization. It should
be noted that the putative gap (Gly57) in the R-spine was not associated with the drastic
stabilization by ATP since the G57L mutant, in which Leu was expected to fill the gap, also
showed the increased T value in the presence of ATP (data not shown).

Ligand-induced stabilization has been reported for other proteins [31]. Binding of 8-
anilinonaphthalene-1-sulfonic acid increases Tm of BSA from 59 to 80°C [32]. Binding of
biotin to streptavidin increased the 7m from 75 to 112°C [33]. In the former case, binding the
ligand to multiple sites is considered a major cause of the large stabilizing effect [34]. In the
latter case, stabilization of the tetrameric form of streptavidin is thought to increase the Tm
[33]. Therefore, it is possible to suppose that ligand binding be adopted as a stabilization

mechanism for other proteins in thermophiles including 7. thermophilus.
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Figures legends

Fig. 1. (A) Sequence alignment of TpkD, PknA of Mycobacterium tuberculosis, and human
PKAc. The amino acid residues composed of C-spine and R-spine are colored yellow and red,
respectively. "P site" indicates an autophosphorylation site. Trp residues are colored magenta.
(B) A model structure of TpkD-ATP complex shown in two orthogonal views. The structure is
shown in a schematic representation. The amino acid residues composed of C-spine and R-

spine are represented as a space-filling model. ATP is represented as a stick model.

Fig. 2. Thermostability of TpkD. (A) Far-UV CD spectra with or without 1 mM ATP and 5
mM MgCl. (B) Heat denaturation curves (relative values of [ #]222) with or without 1 mM
ATP and/or 5 mM MgCls. (C) Dependence of Ti, values on ATP concentration with 5 mM
MgCl,. (D) Effects of various adenine nucleotides (1 mM) on TpkD denaturation with 5 mM
MgCl,.

Fig. 3. Changes of TpkD structure upon ATP binding. (A) Intrinsic fluorescence spectra with
or without 1 mM ATP and 5 mM MgCL. (B) ATP-binding curve (relative fluorescence
intensity at 351 nm) based on titration measurements. (C, D) Stern—Volmer plots for CsCl
(C) or acrylamide (D) quenching of TpkD fluorescence with or without I mM ATP and 5
mM MgClL. (E) Limited proteolysis with trypsin in the absence (upper panel) or presence
(lower panel) of | mM ATP and 5 mM MgCl,. The digests were separated by SDS-PAGE

and stained with Coomassie brilliant blue.

Fig. 4. Fluorescence spectral changes in urea-induced denaturation of TpkD. (A, B) Emission
spectra in the absence (A) and presence (B) of | mM ATP. (C, D) Denaturation curves based
on relative fluorescence intensity at 350 nm (C) and average wavelength (D) with or without

1 mM ATP.

Fig. 5. Fluorescence spectral changes of TpkD mutants. (A, E, I) Emission spectra of W55F
(A), WI3F (E), and W191F (I) in the absence of ATP. (B, F, J) Emission spectra of W55F
(B), WI3F (F), and W191F (J) in the presence of ATP. (C, G, K) Denaturation curves based
on relative fluorescence intensity at 350 nm of W55F (C), W93F (G), and W191F (K). (D, H,
L) Denaturation curves based on average wavelength of W55F (D), W93F (H), and W191F

(L).
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Structural changes induced by ligand binding drastically increase
the thermostability of the Ser/Thr protein kinase TpkD from
Thermus thermophilus HB8

Yusuke Fujino, Takero Miyagawa, Masayuki Torii, Masao Inoue, Yuki Fujii, Hiroki

Okanishi, Yoshikatsu Kanai and Ryoji Masui

Supplementary Methods

Autophosphorylation assay

For measurement of autophosphorylation activity, the reaction mixture contained 50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl, 3 uM TpkD or His¢-TpkD, and 10 uM ATP
containing 0.1 uCi/uL [y*>-P]ATP. Reactions were performed at 37°C for 21 h. After adding
the sample buffer for SDS-PAGE and heat-treatment at 95°C for 10 min, the samples were
analyzed by SDS-PAGE followed by autoradiography.

LC-MS/MS analysis

Each sample was injected via the autosampler of an Ultimate 3000 chromatography
system (Thermo Fisher Scientific, Waltham, MA, USA), and subsequently washed with
solvent A (0.1% formic acid in water) on an Acclaim PepMap100 (Cis, 5 um, 100 A pore
size, 300 pm i.d. and 5 mm length; Thermo Fisher Scientific). The peptides were separated at
a flow rate of 300 nL/min on a nano HPLC capillary column (Cis, 3 pm, 100 A pore size, 75
pum i.d. and 120 mm length; Nikkyo Technos, Tokyo, Japan) with the following gradient: 1%
solvent B (0.1% formic acid and acetonitrile) for 3 min; 1-35% solvent B for 30 min; 40—
90% solvent B for 2 min; and 90% solvent B for 10 min. The eluted peptides were introduced
into a Q-Exactive orbitrap mass spectrometer (Thermo Fisher Scientific) controlled by
Xcalibur 4.2 software and measured in a scan range between m/z 350 to 1,500 with a
resolution of 70,000 at m/z 200 for MS1. The 10 most abundant ions with charge state from
2" to 7" were subject to MS/MS with an automatic gain control target of 1.0e°, a maximum
injection time of 60 ms, and isolation windows of m/z 1.6. The ions were fragmented via
higher energy collision dissociation at normalized collision energy 27. MS2 scan had a

resolution of 17,500 at m/z 200.
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MS and MS/MS spectral data were analyzed using the Proteome Discoverer 2.3 software
(Thermo Fisher Scientific). In short, MS raw files were analyzed by Sequest HT. A mass
tolerance 7 ppm for precursor ions and 0.02 Da for product ions were set. The peak lists of
precursor and product ions were assigned against to tryptic peptides of TpkD supplemented
with cRAP database to avoid misassignment. A maximum of 2 miscleavage sites were

allowed for trypsin digestion.
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Supplementary Tables

Table S1. The list of primers used for construction of the plasmid for the mutants.

Primer name Sequences
WS55F fw ccgggaccgggagctttttgtggggcgaaggcteg
WSS5F rv cgagccttcgecccacaaaaagetceeggteeegg
WO3F fw ggaggagctcggecgctttatggggaaaageeccg
WOI3F rv cgggecttttccccataaageggecgagetectce
WI9IF fw cgggatcatcctctactttatgctcaccggggage
WI9IF rv gctceecggtgageataaagtagaggatgatcecg

Table S2. Thermodynamic parameters of the urea-induced unfolding of TpkD and the
mutants.?

Three-state unfolding

N->1 [->U

ATP MIN AGIN CmiN mu-1 AGu Cmu-1

(kJ/mol/M) (kJ/mol) M) (kJ/mol/M)  (kJ/mol) (M)
Wild type — 49+0.6 219+25 45+0.7 6.7+05 455+33 68+0.7
WS55F — 6.4+1.2 272+48 43+1.1 58+04 374+28 64+0.7
WOI3F — 55+04 225+13 4.1+04 5703 375+£22 6.6+0.5

Two-state unfolding
N->U
MU-N AGu~N Cmu-N

ATP (4 mol/M)  (kJ/mol) (M)
Wild type  + 13734 974+237 7.1+25

WS55F + 93+1.5 64.1+10.1 69+1.6
— 48+0.5 31.7+£28 6.6+09
+ 6.4+0.3 422+21 6605

WIOIF

2These parameters (with standard deviations) were obtained from the data of the fluorescence
average wavelength.
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Supplementary Figures

Hise-TpkD  TpkD

Mgt - + — +

(CBB)
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Fig. S1. Autophosphorylaion activity of Hise-TpkD and TpkD. The assay was performed in
the presence or absence of 5 mM MgCl,. Other experimental conditions are described in the
Supplementary Methods. The gel was stained with CBB (upper panel) and autoradiographed

(lower panel).
1 51 101 151 201 255
Sequence  Modification List
1 11 21 31 41 51 61 Tl 81 91
His-tagged Tp} 1 GHMSLVCGKTL SCGRYRVVRPL ARGALARVYL AFDPFGTPYA LKLFPPKARP RRDRELWVGR RLAHPNLNPV LEALDLEEGP ALLLAYAPCE ELGRWMCKSP
His-tagged_Tp} 101 AFSQAMRVFH QLLLALAHMH EKGLVHRDVK PENILVNAGE ARLLDFDLSG PAQERFOKPL LLGTPAYLAP ELLRGLPSGP EADVYAAGII LYWMLTGEHP
His-tagged Tp} 201 FADPSGOVSL DPDRGPHPPV AGLGEEAALY LERLLAPDPK ARFPTAQEAL KAFPF

Fig. S2. Identification of the 20 kDa fragment from trypsin-treated TpkD in LC-MS/MS

analysis. The identified regions are colored green in the TpkD sequence. Note that the first

two residues (Gly-His) are from the His-tag and the 3rd Met is the original N-terminal
residue of TpkD.
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Fig. S3. Denaturation curves based on CD intensity at 222 nm ([ #]222) with or without 1 mM
ATP.
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