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The serine protease Tk-subtilisin from the hyperthermophilic archaeon Ther-

mococcus kodakarensis possesses three insertion loops (IS1-IS3) on its sur-

face, as compared to its mesophilic counterparts. Although IS1 and IS2 are

required for maturation of Tk-subtilisin at high temperatures, the role of IS3

remains unknown. Here, CD spectroscopy revealed that IS3 deletion arrested

Tk-subtilisin folding at an intermediate state, in which the central nucleus

was formed, but the subsequent folding propagation into terminal subdomains

did not occur. Alanine substitution of the aspartate residue in IS3 disturbed

the intraloop hydrogen-bonding network, as evidenced by crystallographic

analysis, resulting in compromised folding at high temperatures. Taking into

account the high conservation of IS3 across hyperthermophilic homologues,

we propose that the presence of IS3 is important for folding of hyperther-

mophilic subtilisins in high-temperature environments.

Keywords: archaea; folding; hyperthermophile; maturation; subtilase

Tk-subtilisin is an extracellular serine protease from a

hyperthermophilic archaeon Thermococcus kodakaraen-

sis [1]. Like mesophilic subtilisins, Tk-subtilisin is syn-

thesized as a precursor consisting of a signal sequence

(Met[-24]-Ala[-1]) and a propeptide (TKpro, Gly1-

Leu69) attached to the N terminus of the catalytic sub-

tilisin domain (TKS, Gly70-Gly398). The inactive pro-

form (proTKS, Gly1-Gly398) is secreted with the assis-

tance of the signal sequence. Then the pro-form

matures into an active-form (TKS) through folding,

autoprocessing, and TKpro degradation [2–6]. The

maturation process of Tk-subtilisin is similar to that of

mesophilic subtilisins but different as Ca2+ ions are

required for TKS folding, folding is completed before

Abbreviations

proSA, proTKS with Ser324 ? Ala mutation; proSA/D356A, proSA with Asp356 ? Ala mutation; proSA/L349A, proSA with Leu349 ? Ala

mutation; proSA/P350A, proSA with Pro350 ? Ala mutation; proTKS, a precursor form of Tk-subtilisin (Gly1-Gly398); proTKS/D356A, proTKS

with D356 ? Ala mutation; proTKS/P350A, proTKS with Pro350 ? Ala mutation; proTKS/DIS3, proTKS with deletion of IS3 (Gly346-Ser358);

Suc-AAPF-pNA, N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide; TKpro, an N-terminal propeptide of Tk-subtilisin (Gly1-Leu69); TKS, a subtilisin

domain of Tk-subtilisin (Gly70-Gly398); Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl] glycine.
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autoprocessing, and a high temperature (≥ 80 °C) is

necessary for TKpro degradation. Notably, the folding

machinery of Tk-subtilisin is attributed to the unique

insertion sequences in the subtilisin domain.

Tk-subtilisin harbors three insertion sequences, IS1

(Gly70-Pro82), IS2 (Pro207-Asp226), and IS3 (Gly346-

Ser358) in the subtilisin domain unlike mesophilic sub-

tilisins (Fig. 1). IS1 and IS2, but not IS3, are responsi-

ble for Ca2+ ion binding to Tk-subtilisin [7,8]. IS1

forms a long linker extending from the TKS N termi-

nus to the TKpro C terminus and allows the forma-

tion of the Ca1 site before autoprocessing, resulting in

a fully folded un-autoprocessed form [9,10]. The highly

conserved Ca1 site formation is the final step in the

folding of many subtilisin-like proteases (subtilases).

Mesophilic subtilisins lacking IS1 are partially

unfolded and thermally unstable until autoprocessing

due to the absence of Ca2+ ions [11–13]. Tk-subtilisin
bypasses such an unstable intermediate to enhance the

folding efficiency at high temperatures. IS2 forms a

Ca2+-binding loop, to which four Ca2+ ions (Ca2-Ca5)

bind and promote TKS folding by stabilizing the cen-

tral aba-substructure [14]. TKpro also acts as a chap-

erone through interactions with the same substructure

[15,16] as commonly seen in mesophilic subtilisins [17].

This unique cooperative chaperone system, including

the Ca2+-binding loop and TKpro, ensures robust

TKS folding at high temperature. Both IS1 and IS2

are important for efficient folding and thus maturation

of Tk-subtilisin at high temperatures where the host

organism grows.

IS3 forms a hairpin loop following an a8 helix, con-

taining Ser324, one of the catalytic residues (Fig. 1).

Although IS3 is not responsible for Ca2+ ion binding,

it is essential for the molecular architecture of Tk-sub-

tilisin. Several studies have demonstrated the impor-

tance of the loops not only for connecting secondary

structure elements but also for protein folding [18–23].
The loop formation allows the unfolded polypeptide

chain to explore energetically favorable interactions

during the early stage of the folding process. In addi-

tion, the amino acid sequence of IS3 is highly con-

served among a wide range of hyperthermophilic

subtilases (Fig. S1). These findings led us to hypothe-

size that IS3 also has a pivotal role in the folding and,

thus, maturation of Tk-subtilisin at high temperatures,

which is yet to be investigated. In this study, we con-

structed a series of mutants with deletion or single

amino acid substitutions in IS3 and characterized the

mutant proteins using biochemistry and crystallogra-

phy. Based on the results of our experiments, we dis-

cuss the underlying mechanism of IS3-mediated Tk-

subtilisin folding at extremely high temperatures.

Materials and methods

Plasmid construction

We previously generated pET25b vectors for overproduc-

tion of proTKS and proSA [7]. These plasmids were used

as a template for mutagenesis. The pET25b derivatives for

overproduction of proTKS/DIS3, proTKS/P350A, proTKS/

D356A, proSA/L349A, proSA/P350A, and proSA/D356A

were constructed using a KOD mutagenesis kit (Toyobo,

Kyoto, Japan). The PCR primers were designed such that

IS3 (Gly346-Ser358) was removed from proTKS for

proTKS/DIS3 and Leu349, Pro350, and Asp356 were sub-

stituted with alanine for other mutants. All DNA oligomers

summarized in Table S1 were synthesized by Hokkaido

System Science (Sapporo, Japan). PCR was performed with

a GeneAmp PCR system 2400 (Applied Biosystems, Tokyo,

Japan). The DNA sequences were confirmed by a Prism

310 DNA sequencer (Applied Biosystems).

Fig. 1. Tertiary structure of a precursor form of Tk-subtilisin (PDB

ID: 2E1P). The propeptide region is coloured light pink. In the

subtilisin domain, three insertion sequences IS1, IS2, and IS3 are

shown in blue, magenta, and orange, respectively, and the central

aba-substructure is shown in wheat. Other regions are coloured

gray. The Ca2+ ions (Ca1–Ca6) are shown as cyan spheres. Two

active-site residues (Asp115 and His153) and Ala324, which is

substituted for the catalytic serine residue, are represented as

yellow sticks, in which the oxygen and nitrogen atoms are

coloured red and blue, respectively. N and C represent the N and C

termini, respectively.
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Protein preparation

Escherichia coli BL21-CodonPlus (DE3) was used as a host

strain for overproduction of all proteins. Proteins were

overproduced as inclusion bodies, solubilized with urea,

and purified in a denatured form as described previously

[2]. Briefly, an insoluble fraction of cell lysates was col-

lected by centrifuge after sonication, dissolved in 20 mM

Tris/HCl pH 9.0 containing 8 M urea and 5 mM EDTA and

loaded onto Hitrap Q column (GE Healthcare, Little Chal-

font, Buckinghamshire, England). Proteins were eluted by

0 ? 0.3 M NaCl linear gradient. proTKS and its deriva-

tives were dialyzed against 20 mM Tris/HCl (pH 7.0) and

stored in a molten globular Ca2+-free form at 4°C until use.

To obtain active enzymes, the proteins were denatured in

the presence of 6 M GdnHCl and in turn refolded by 100-

fold dilution with 50 mM CAPS-NaOH (pH 9.5) containing

10 mM CaCl2 and 1 mM DTT. For complete maturation,

refolded proteins were incubated on ice for 10 min and

then at 80 °C for 30 min to degrade TKpro. Degradation

of TKpro was confirmed by 15% Tricine SDS/PAGE

(SDS/PAGE using Tricine buffer) [24]. For refolding at

high temperature, denatured proteins were added to refold-

ing buffer pre-incubated at 80 °C and further incubated for

60 min. For proSA and its derivatives, denatured proteins

were dialyzed against 20 mM Tri-HCl (pH 7.0) for a Ca2+-

free form or 20 mM Tris/HCl (pH 7.0) containing 10 mM

CaCl2 and 1 mM DTT for a Ca2+ bound form. For crystal-

lization, the Ca2+ bound form of proSA/D356A was further

purified by chymotrypic digestion, heat treatment and size

exclusion chromatography as described for proSA [7]. The

purity of the protein was analyzed by a 12% SDS/PAGE

and 15% Tricine SDS/PAGE, followed by staining with

Coomassie Brilliant Blue (CBB). The protein concentration

was determined by measuring UV absorption at 280 nm

(A280) using a cell with an optical path length of 10 mm.

A280 values for 0.1% solution (1.0 mg�mL�1) are 1.24 for

precursors (proTKS, proSA, and their derivatives), which

contain 16 tyrosine and five tryptophan residues, and 1.47

for mature Tk-subtilisin, which contains 15 tyrosine and

five tryptophan residues. These values were calculated by

using an absorption coefficient of 1526 M�1�cm�1 for tyro-

sine and 5225 M�1�cm�1 for tryptophan at 280 nm [25].

Enzymatic activities

The protease activity was determined at 80 °C using azoca-

sein (Sigma) or at 20 °C using N-succinyl-Ala-Ala-Pro-Phe-

p-nitroanilide (Suc-AAPF-pNA) (Sigma) as described previ-

ously [2]. Briefly, 10 µL of protein solution was mixed with

90 µL of substrate solution containing 2% (w/v) azocasein

and incubated at 80 °C for 20 min. The reaction buffer

was 50 mM CAPS-NaOH (pH 9.5) and 1 mM CaCl2.

Enzyme reaction was terminated by addition of 15% TCA.

The mixture was cooled on ice for 15 min and centrifuged.

An aliquot of the supernatant was withdrawn and mixed

with 2 M NaOH and measured for absorption at 440 nm

(A440). One unit of activity was defined as an amount of

enzyme that increases the A440 value of the reaction mix-

ture by 0.1 in 1 min. A change in activities during matura-

tion was measured using 2 mM Suc-AAPF-pNA. Enzyme

reaction was performed at 20 °C for 20 min to prevent fur-

ther maturation. The reaction buffer was 50 mM Tris/HCl

(pH 8.0) and 5 mM CaCl2. After reaction, the amount of p-

nitroaniline released from substrate was determined by

measuring an absorption at 410 nm with an absorption

coefficient of 8900 M�1�cm�1. The specific activity was

defined as an activity per milligram of protein.

CD spectra measurement

The far-UV CD spectra of protein were measured on a J-

725 spectropolarimeter (Japan Spectroscopic Co., Tokyo,

Japan) at 20 °C. Protein was dissolved in 20 mM Tris/HCl

(pH 7.0) containing 10 mM CaCl2 for a Ca2+ bound form

and 20 mM Tris/HCl (pH 7.0) for a Ca2+-free form. The

protein concentration and optical path length were

0.1 mg�mL�1 and 2 mm. The mean residue ellipticity [h],
which has the units of deg cm2�dmol�1, was calculated

using an average amino acid molecular mass of 110 Da.

For refolding experiments, proteins were denatured by

incubation in 20 mM Tris/HCl (pH 7.0) containing 6 M

GdnHCl at room temperature for 1 h. Refolding reaction

was initiated by a rapid dilution of the denatured proteins

with 20-fold volume of refolding buffer (50 mM Tris/HCl

(pH 7.0) containing 10 mM CaCl2 and 1 mM DTT) pre-in-

cubated at 30, 40 or 50 °C. The CD value at 222 nm was

monitored for 10 min.

For thermal denaturation analysis, denaturation curves

of proSA derivatives were obtained by monitoring a change

in CD values at 222 nm as previously described [10]. Pro-

tein was dissolved in 10 mM Tris/HCl (pH 7.5) containing

6 M GdnHCl. The protein concentration and optical path

length were 0.1 mg�mL�1 and 2 mm. The temperature was

linearly increased from 25 to 100 °C at a rate of approxi-

mately 1 °C�min�1. The fraction unfolded (Fu) was deter-

mined by normalization of the molar ellipticity (h)
according to the following equation; Fu = ([h]obs � [h]u)/
([h]n � [h]u), where [h]obs is the observed molar ellipticity at

the given temperature, [h]u is the molar ellipticity of fully

unfolded proteins, and [h]n is the molar ellipticity of the

native proteins. The midpoints of the transition of these

thermal denaturation curves, T1/2, were calculated from the

resultant normalized curves.

Limited proteolysis

The denatured proteins of proSA and proTKS/DIS3 in the

presence of 6 M urea were refolded by dialysis against
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20 mM Tris/HCl (pH 7.0) containing 10 mM CaCl2 and

1 mM DTT at 4 °C overnight. Proteins were then dialyzed

against 20 mM Tris/HCl (pH 7.0) containing 10 mM CaCl2
to remove DTT. The refolded proteins were treated with

chymotrypsin at 30 °C for 1 h at the range of chy-

motrypsin : subtilisin ratios from 1 : 10 to 1 : 10 000 (w/

w). The proteolytic reaction was terminated by addition of

10% TCA. The precipitated proteins were collected by cen-

trifugation, washed with 70% Acetone, and analyzed by

15% SDS/PAGE.

Molecular mass analysis

The molecular mass of chymotrypsin-digested fragments

was determined by a matrix-assisted laser desorption ion-

ization reflectron-type time-of-flight (MALDI-TOF) mass

spectrometer (Autoflex, Bruker Daltonik GmbH, Bremen,

Germany). The TCA precipitated protein was dissolved in

deionized water, mixed with 3,5-dimethoxy-4-hydroxycin-

namic acid matrix and spotted onto the MALDI target

plate for ionization. Mass calibration was performed using

protein calibration standard II (Bruker Daltonik GmbH).

Raw data were analyzed by the program Findpept World

Wide Server (Bruker Daltonik GmbH).

Crystallization and X-ray diffraction data

collection

proSA/D356A was dialyzed against 10 mM Tris/HCl (pH

7.0), concentrated up to 10 mg�mL�1 using ultrafiltration

system (Amicon Ultra, Millipore Co.) and crystallized

under the same condition as proSA [7]. The single crystals

suitable for X-ray diffraction data collection appeared after

1 week. X-ray diffraction data sets were collected at a

wavelength of 0.9 �A without additional cryoprotectant at

the BL44XU stations in SPring-8 (Hyogo, Japan). The data

sets were indexed, integrated and scaled using the

HKL2000 suite [26]. The structure was solved by the

molecular replacement method using MOLREP [27] in the

CCP4 program suite [28]. The crystal structure of proSA

(PDB code: 2E1P) was used as a starting model. Model

building and structure refinement were done using Refmac

[29] and Coot [30]. Progress in the structure refinement was

evaluated by the free R factor and by inspection of stereo-

chemical parameters calculated by PROCHECK [31]. The

statistics for data collection and refinement are summarized

in Table S1. The figures were prepared using PYMOL (http://

www.pymol.org).

Protein Data Bank accession number

The coordinates and structure factors for proSA/D356A

have been deposited in the Protein Data Bank as entry

3WIV.

Results and Discussion

IS3-deleted mutant reveals the importance of IS3

in TKS folding

Three insertion sequences (IS1-IS3) in the subtilisin

domain of Tk-subtilisin form short surface loops in

the tertiary structure [7,8]. We previously showed that

IS1 and IS2 allow Tk-subtilisin to bind Ca2+ ions,

which facilitate the folding and maturation at high

temperatures [10,13,14]. IS3, in contrast, is not respon-

sible for Ca2+ ion binding, yet this insertion loop

seems necessary for the molecular architecture. To

directly address the role of IS3, we analyzed the matu-

ration of the proTKS mutant lacking IS3 (proTKS/

DIS3). When proTKS and proTKS/DIS3 were refolded

in the presence of Ca2+ ions, proTKS/DIS3 did not

undergo autoprocessing and TKpro degradation and

remained inactive until the end of incubation, whereas

proTKS completed these processes within 10 min

(Fig. 2A,B). Because the C-terminal peptide of TKpro

(Ala66-Leu69) lies in the active site of TKS, autopro-

cessing between Leu69 and Gly70 occurs immediately

upon proTKS folding [8]. We expected refolded

proTKS/DIS3 to assume a molten globule state where

the active site is not fully formed. Then, we investi-

gated the secondary structure of proTKS/DIS3 using

far-UV CD spectra (Fig. 2C). The spectrum of

refolded proTKS/DIS3 in the presence of 10 mM Ca2+

ions, which is far beyond the concentration of Ca2+

ions (1 mM) sufficient for complete folding of Tk-sub-

tilisin [15,16], was distinct from that of refolded proSA

in the same condition, while the spectra of both pro-

teins were similar in the absence of Ca2+ ions. proSA,

in which a catalytic Ser324 is replaced with alanine,

assumes the un-autoprocessed native structure of

proTKS in the presence of Ca2+ ions, while the Ca2+-

free protein has a molten globule state [7]. Therefore,

proTKS/DIS3 assumed an intermediate structure,

which was intrinsically formed in the transition from

the Ca2+-free molten globule state to the native struc-

ture, indicating that proTKS/DIS3 could not complete

folding.

To further obtain insights into the intermediate

structure of proTKS/DIS3 formed in the presence of

Ca2+ ions, we performed limited proteolysis and

sequencing of proTKS/DIS3. Consistent with the

results of previous study [7], we found that the native

structure of proSA was highly tolerant to chymotryptic

digestion (Fig. 2D, lanes 1 and 2). In contrast,

proTKS/DIS3 in the intermediate state was vulnerable,

and it was degraded into two major fragments, large

and small fragments (Fragm L and Fragm S,
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respectively), that were tolerant to further proteolysis

at chymotrypsin : subtilisin ratios of 1 : 100 and

1 : 10 (Fig. 2D, lanes 6 and 7). This suggested that the

intermediate form of proTKS/DIS3 included a folded

core structure along with the unstructured portions

that could be susceptible to proteolysis. It should be

noted that the Ca2+-free forms of proSA and proTKS/

DIS3 were highly susceptible to chymotryptic diges-

tion, and Fragm L did not appear in any chy-

motrypsin : subtilisin ratio (Fig. S2). These results

emphasized that the intermediate structure formation

was dependent on the presence of Ca2+ ions. The N-

terminal four residues of Fragm L were determined to

be S100ITD by peptide sequencing. Using MALDI-

TOF mass spectrometry, we found that the molecular

size of Fragm L was 28 566.8 daltons, which was

nearly identical with the theoretical molecular mass of

the Ser100-Gly377 fragment (28 570.73 daltons). We

did not obtain the peak corresponding to Fragm S in

the MALDI-TOF mass analyses. We presumed that

Fragm S would include the N-terminal TKpro (Gly1-

Leu69), which maintains the native structure without

TKS and is highly resistant to proteolysis [3], because

Fragm S appeared by proteolysis of proTKS/DIS3

Fig. 2. Folding deficiency of proTKS/DIS3 into the native structure. (A, B) Maturation of proTKS and proTKS/DIS3. Denatured proteins were

refolded on ice for 10 min and then incubated at 80 °C for up to 60 min. At the time indicated at the top of the gel, (A) proteins were

analyzed by 15% Tricine SDS/PAGE (upper panel in A, proTKS; lower panel in A, proTKS/DIS3) and (B) the activities of proTKS (open red

circle) and proTKS/DIS3 (open blue triangle) were measured using synthetic peptide substrate Suc-AAPF-pNA. In B, the data represent the

mean of three independent experiments. The error bars indicate the standard deviation (sd) (n = 3). (C) The far-UV CD spectra of proSA

refolded in the absence of Ca2+ ions (broken red line) and in the presence of Ca2+ ions (thick red line), and proTKS/DIS3 refolded in the

absence of Ca2+ ions (broken blue line) and in the presence of Ca2+ ions (thick blue line). (D) Limited proteolysis by chymotrypsin. The Ca2+

bound forms of proSA (lanes 1, 2) and proTKS/DIS3 (lane 3–7) were treated with chymotrypsin at 30 °C for 1 h. The

chymotrypsin : subtilisin ratios were 1 : 10 000 (lane 4), 1 : 1000 (lane 5), 1 : 100 (lane 6) and 1 : 10 (lane 2, 7). Lane 1 and 3 contained

undigested proteins. Lane M was a low molecular weight marker. The image is composite of different loading positions on the same gel,

and the stitch is indicated by a vertical line.
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both in the presence and absence of Ca2+ ions

(Fig. 2D and Fig. S2). Consequently, Fragm L was

devoid of terminal subdomains but included the cen-

tral aba-substructure as shown in Fig. 1. Several stud-

ies have proposed that subtilisin folding initially

occurs in the aba-substructure with the assistance of

an intramolecular chaperone and subsequently propa-

gates into the N and C terminus [32,33]. ProTKS/DIS3
could fold the central aba-substructure that was

induced by Ca2+ ion binding to IS2. However, the

mutant failed to propagate the folding, leading to the

trapped intermediate structure. These results, in turn,

suggested that the IS3 loop was a key structural ele-

ment for efficient Tk-subtilisin folding.

Identification of a critical residue primarily

involved in IS3-mediated Tk-subtilisin folding

In order to identify the residue(s) within IS3 responsi-

ble for the IS3-mediated Tk-subtilisin folding, we

mutated Leu349, Pro350, and Asp356, which are

highly conserved among hyperthermophilic subtilases

(Fig. S1). We substituted these residues in proSA with

alanine producing proSA/L349A, proSA/P350A, and

proSA/D356A, and kinetically analyzed their folding

using CD spectroscopy as described previously [10].

All three mutant proteins folded as fast as proSA at

30 °C (Fig. 3A, top panels). However, when the tem-

perature was increased to 40 and 50 °C, proSA/P350A

and proSA/D356A exhibited slower refolding than

proSA and proSA/L349A (Fig. 3A, middle and bot-

tom panels). Notably, while proSA, proSA/L349A,

and proSA/P350A exhibited rapid refolding with the

increasing temperature, proSA/D356A showed a

reduced refolding rate. Consequently, the folding

defect in proSA/D356A increased in a temperature-de-

pendent manner. ProSA/P350A also exhibited slightly

slower refolding than proSA, but its refolding rate

increased depending on temperature, similar to that of

proSA and proSA/L349A. Next, we examined the

thermal denaturation of these proteins in the presence

of 6 M GdnHCl, where the TM value of proSA was

77.1 � 0.3 °C (Fig. 3B). The TM values of the mutant

proteins were not markedly different from that of

proSA (Fig. 3B), indicating that the mutation of any

of the three conserved residues did not affect the sta-

bility of proSA. In addition, the far-UV CD spectra

revealed that these mutations on IS3 did not signifi-

cantly alter the native structure of proSA (Fig. S3).

These results suggested that the structural vulnerability

was not the cause of the compromised folding ability

of proSA/P350A and proSA/D356A at higher temper-

atures.

To explore the impact of the reduced folding rate

caused by P350A and D356A mutations on Tk-subtil-

isin maturation, we tested whether proTKS, harboring

P350A and D356A, undergoes maturation in two dis-

tinct folding conditions. First, we investigated the mat-

uration of these proteins under moderate folding

conditions. Proteins were refolded on ice for 10 min

and subsequently incubated at 80 °C for 60 min. The

prolonged incubation at 80 °C was designed to ensure

complete degradation of TKpro, which is required to

release active TKS [2–6]. At this temperature, proTKS

and its derivatives were converted to mature proteins

at a similar efficiency within 60 min, and each matured

protein exhibited comparable enzymatic activities

(Fig. 3C). These results indicated that D356A and

P350A did not severely impair the catalytic activity or

the thermal stability of Tk-subtilisin. Next, we added

the denatured proteins directly to the refolding buffer

pre-incubated at 80 °C and continued incubation for

60 min. In this extreme folding condition, even

proTKS produced a modest fraction of mature pro-

teins (Fig. 3C). The enzymatic activities of the protein

folded under the extreme folding condition relative to

that under the moderate folding condition (E/M ratio)

was 15%, 16%, and 1.6% for proTKS, proTKS/

P350A, and proTKS/D356A, respectively. Remark-

ably, proTKS/D356A was poorly activated under the

extreme folding condition.

TKS degrades the unfolded and misfolded proteins

during maturation [2]. Even proTKS underwent

autodegradation under the extreme folding condition,

yielding only 15% of active Tk-subtilisin obtained in

the moderate folding condition. More severely,

proTKS/D356A failed to yield approximately 98% of

active proteins due to inefficient folding at a high tem-

perature (Fig. 3A). ProTKS/P350A yielded active sub-

tilisin at a comparable amount to proTKS, although

P350A slightly reduced the refolding rate (Fig. 3A).

Given that proSA/P350A refolding was significantly

tolerant to the increasing temperature, the reduced

refolding rate by P350A might be dispensable for the

maturation of proTKS even under the extreme folding

condition. These results indicated that Asp356, which

contributes to IS3-mediated folding, was required for

the enhanced maturation efficiency of proTKS at high

temperatures.

Asp356 enables efficient folding through IS3 at

high temperatures

Our mutational analysis revealed that Asp356, but not

Leu349 and P350, was a critical residue responsible for

the IS3-mediated Tk-subtilisin folding. Its significance
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on Tk-subtilisin maturation became more apparent

when folding occurred at higher temperatures. In the

tertiary structure of proSA, Asp356 was located in the

turn structure of the IS3 loop flanked with a8 and a9
helices (Fig. 4). The side chain of Asp356 served as a

center of intra-loop hydrogen-bonding interactions:

Asp356 Od1-Thr353 N, Asp356 Od1-Thr353 Oc,

Asp356 Od2-Ile357 N, Asp356 Od2-Ser358 N, and

Asp356 Od2-Ser358 Oc.

In protein folding, the turn structure acts as a nucle-

ation site for structural formation that propagates

from the corner residues toward the flanking sec-

ondary structure elements, or as a flexible connector

that is passively formed as a consequence of structural

Fig. 3. Effect of mutation of the highly conserved residues in IS3 on folding, stability, and maturation of Tk-subtilisin. (A) Refolding traces of

proSA and its derivatives at various temperatures. The trace is fit to a single exponential function as represented by red line. (B) Thermal

stabilities of proSA derivatives. The thermal denaturation of proSA (open inverted triangle), proSA/L349A (open circle), proSA/P350A (closed

triangle), and proSA/D356A (open square) was measured by monitoring the change in CD values at 222 nm in the presence of 6 M GdnHCl.

The denaturation curves and TM values are shown in the graph. (C) Maturation of proTKS and its derivatives in the moderate and extreme

refolding condition. Denatured proteins were refolded in the refolding buffer pre-incubated on ice or at 80 °C for the moderate or extreme

condition, respectively. Proteolytic activities toward azocasein were measured after incubation for 60 min. The error bars indicate the

standard deviation (sd) (n = 3).
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consolidation from other regions [34]. Formation of

the turn structure, primarily mediated by the backbone

hydrogen bonds in a transition state, is critical for the

folding of several proteins [35–37]. Similarly, the turn

structure in the IS3 loop may have a role as a mechan-

ical propagator, which is initially formed through

Asp356-mediated interactions in the intermediate state

and prompts terminal substructure folding, such as a9
helix. Despite its importance for Tk-subtilisin folding,

loss of the hydrogen bonds in proSA/D356A did not

reduce the thermal stability of the native structure

(Fig. 3B). This finding was consistent with the X-ray

crystal structure of proSA/D356A, which greatly

resembled proSA (Fig. S4). The IS3 loop structure of

proSA/D356A was nearly identical to that of proSA,

despite the complete loss of intraloop interactions

(Fig. 4). Hence, the intra-loop interactions mediated

by Asp356 were required to form the turn structure

during folding but not to maintain it upon comple-

tion of folding. BLAST search showed that Asp356

was conserved in all hyperthermophilic subtilases

harboring IS3 and its hydrogen-bond partner resi-

dues, such as Thr353 and Ser358, which were occa-

sionally substituted with small polar residues that

acted as a hydrogen donor (Fig. S1). As observed

for proTKS in extreme folding conditions (Fig. 3D),

Asp356-assisted folding might be required for these

subtilases to become active in hyperthermophilic

environments.

In general, folding at high temperatures is a chal-

lenge for proteins. Tk-subtilisin is equipped with dual

chaperone machinery to efficiently achieve folding in

harsh environments [14,15]. We previously reported

that IS1 and IS2 are required for the efficient matura-

tion of proTKS at high temperatures where the host

organism grows [7,14]. In this study, we found that

IS3 further enhances the folding rate and, thereby, the

maturation efficiency of proTKS by 10-fold. Hence, all

three insertions in TKS (IS1-IS3) are eventually

required for maturation at a high temperature,

although the underlying mechanisms are different

[10,13,14]. Such insertions can also be found in other

groups of hyperthermophilic subtilases [38]. Pyrolysin

is one of the well-characterized examples. This protein

has large insertions including calcium-binding motifs,

which are important for protein stability and matura-

tion [39]. Given that both Tk-subtilisin and pyrolysin

work at extremely high temperatures, acquiring inser-

tions would be a common strategy among hyperther-

mophilic subtilases to adapt to their native

environments.
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Fig. 4. The structures of IS3. The residues of IS3 in proSA/D356A

(PDB ID: 3WIV) and proSA (PDB ID: 2E1P) are shown as green

sticks and gray sticks, respectively. The entire structure of proSA

is shown. Hydrogen-bonding network mediated by Asp356 is

shown as dashed lines.
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