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Atomic resolution structure of 
serine protease proteinase K at 
ambient temperature
Tetsuya Masuda1,2, Mamoru Suzuki2,3, Shigeyuki Inoue2,4, Changyong Song2,5, 

Takanori Nakane6, Eriko Nango2, Rie Tanaka2, Kensuke Tono7, Yasumasa Joti7, 

Takashi Kameshima7, Takaki Hatsui2, Makina Yabashi2, Bunzo Mikami8, Osamu Nureki6, 

Keiji Numata9, So Iwata2,10 & Michihiro Sugahara2

Atomic resolution structures (beyond 1.20 Å) at ambient temperature, which is usually hampered by 
the radiation damage in synchrotron X-ray crystallography (SRX), will add to our understanding of the 
structure-function relationships of enzymes. Serial femtosecond crystallography (SFX) has attracted 
surging interest by providing a route to bypass such challenges. Yet the progress on atomic resolution 
analysis with SFX has been rather slow. In this report, we describe the 1.20 Å resolution structure 
of proteinase K using 13 keV photon energy. Hydrogen atoms, water molecules, and a number of 
alternative side-chain conformations have been resolved. The increase in the value of B-factor in SFX 
suggests that the residues and water molecules adjacent to active sites were flexible and exhibited 
dynamic motions at specific substrate-recognition sites.

Protein structures at atomic resolution (beyond 1.20 Å)1 can provide insights into the delineation of active sites 
residues, substrate recognition sites, and catalytic mechanisms2–5. At such high resolution, the disposition and 
the protonation state of hydrogen atoms and a number of water molecules can be resolved, which promotes our 
understanding of enzyme functions directly linked to their structure6–13.

High brilliance X-ray and electron sources, sensitive detectors, and cryo-cooling techniques have facilitated 
high-resolution structure determination. Yet the ultimate wavelength-limited resolution can result in radia-
tion induced structure deformation. �e radiation induced structural damage can be reduced by keeping the 
specimens at 100–110 K during the measurements. However, at low temperature, crystals may shrink, are apt 
to increase the sample mosaicity and induces structural deformation14,15. Furthermore, in cryo-cooling X-ray 
analysis, cryoprotectants o�en block access to ligand binding sites. Since a large number of biological phenomena 
including enzyme reactions occur at an appropriate and optimal physiological temperature, obtaining the atomic 
resolution structures at ambient temperature can signi�cantly enhance our understanding how enzymes work at 
such a temperature. However, the progress on high resolution structures at ambient temperature has been slow.

Here we report the 1.20 Å resolution structure of proteinase K obtained at ambient temperature. Proteinase K 
(EC 3.4.21.64) acts as a catalyst for hydrolysis16,17 and aminolysis18,19. It is a subtilisin-like serine protease possess-
ing a catalytic triad (Ser-His-Asp) at its active site and an oxyanion hole20–23. For nearly all biological organisms, 
serine proteases are essential in digestion, post-translational processing of secreted proteins, blood coagulation, 
neurotransmitters and hormones24. Atomic resolution structures of these serine protease proteins at ambient 

1Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto University, Gokasho, Uji, Kyoto 
611-0011, Japan. 2RIKEN SPring-8 Center, Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan. 3Institute for Protein 
Research, Osaka University, Yamadaoka, Suita, Osaka 565-0871, Japan. 4Department of Cell Biology and Anatomy, 
Graduate School of Medicine, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 5Department 
of Physics, POSTECH, Pohang 790-784, Korea. 6Department of Biological Sciences, Graduate School of Science, 
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 7Japan Synchrotron Radiation Research 
Institute, Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan. 8Division of Applied Life Sciences, Graduate School of 
Agriculture, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan. 9Enzyme Research Team, Biomass Engineering 
Research Division, RIKEN Center for Sustainable Resource Science, Hirosawa, Wako-shi, Saitama 351-0198, Japan. 
10Department of Cell Biology, Graduate School of Medicine, Kyoto University, Yoshidakonoe-cho, Sakyo-ku, 
Kyoto 606-8501, Japan. Correspondence and requests for materials should be addressed to T.M. (email: masuda.
tetsuya.5u@kyoto-u.ac.jp) or M.S. (email: msuga@spring8.or.jp)

Received: 23 January 2017

Accepted: 01 March 2017

Published: 31 March 2017

OPEN

A Self-archived copy inKyoto University Research Information Repositoryhttps://repository.kulib.kyoto-u.ac.jp

mailto:masuda.tetsuya.5u@kyoto-u.ac.jp
mailto:masuda.tetsuya.5u@kyoto-u.ac.jp
mailto:msuga@spring8.or.jp


www.nature.com/scientificreports/

2Scientific RepoRts | 7:45604 | DOI: 10.1038/srep45604

temperature, to monitor room-temperature conformational ensembles that are essential for catalysis, ligand bind-
ing and allosteric regulation14, can help to clarify part of their mechanistic roles biological functions. Although 
the atomic resolution structure of proteinase K at 0.98 Å is known at cryogenic temperature, the ambient temper-
ature structure at a resolution greater than 1.5 Å has not been available20.

We now provide the �rst ambient temperature, atomic resolution structure of proteinase K. Femtosecond 
X-ray pulses of 13 keV photon energy were used for crystallographic data collections. For serial sample load-
ing, we employed a cellulose matrix as protein carrier with low background scattering noise. Di�raction data of 
~82,000 indexed patterns obtained by SFX enable the detection of hydrogen atoms in secondary structures at 
ambient temperature. �e proteinase K structure resolved at 1.20 Å clearly reveals �exible conformation of the 
residues adjacent to active sites as well as substrate binding sites and the presence of speci�c water molecules at 
ambient temperature.

Methods
Sample preparation. For SFX experiments, proteinase K from Engyodontium album (No. P2308, Sigma) 
was crystalized by mixing a 1:1 ratio of 40 mg ml−1 protein solution in 20 mM MES–NaOH (pH 6.5) and precipi-
tant solution composed of 0.5 M NaNO3, 0.1 M CaCl2, 0.1 M MES–NaOH (pH 6.5). Microcrystals (size 8–12 µ m) 
were produced by incubation for 5–10 min at 18 °C. A 1.0-ml sample of crystallization solution was centrifuged 
at 20 °C and 3,000 g for 3 min, and then the supernatant solution was removed. �e crystals of proteinase K were 
suspended in 1.0 ml of the crystallization reagent. �e crystal suspensions were �ltered through a mesh (pore size, 
30 µ m). �e crystal number density was adjusted to 4.9 ×  107 crystals/ml. �e sample was stored at 18 °C.

A hydroxyethyl cellulose (No.09368, Sigma) was introduced as a novel carrier matrix for SFX. A�er a 100-µ l 
sample of the storage solution was centrifuged for 10 sec, a 90-µ l aliquot of supernatant solution was removed. A 
10-µ l aliquot of the crystal solution was dispensed into 90 µ l of a mixture solution of 20–22% (w/v) hydroxyethyl 
cellulose aqueous solution (50 µ l) and the crystallization solution (40 µ l) was placed on a glass slide and then 
mixed with a spatula. An aliquot (30 µ l) of the sample was extruded into a 100-µ l syringe (No.1710, Hamilton).

For synchrotron experiments, di�raction-quality crystals of proteinase K (size 100 ×  100 ×  200 µ m) were 
obtained using the oil microbatch method25. A crystallization drop of 1.0 µ l, was created by mixing a 1:1 mixture 
of 40 mg ml−1 protein solution in 50 mM MES–NaOH (pH 6.5) and precipitant solution composed of 250 mM 
NaNO3, 50 mM CaCl2, and 50 mM MES–NaOH (pH 6.5) was placed in a well of a Nunc HLA crystallization plate 
(Nalge Nunc International) which was then covered with 20 µ l of para�n oil.

SFX data collection. We carried out the experiments using femtosecond X-ray pulses from the SPring-8 
Angstrom Compact Free Electron Laser (SACLA). �e X-ray wavelength was kept at 0.95 Å (13 keV) with a 
pulse energy of ~200 µ J. �e pulse duration was < 10 fs. Data were collected using X-ray beams of 1.5 ×  1.5 µ m2  
focused by Kirkpatrick–Baez mirrors26. �e crystals in the matrix were serially loaded using a syringe injec-
tor27,28 installed in a helium-ambiance di�raction chamber. �e experiment was carried out using the Diverse 
Application Platform for Hard X-ray Di�raction in SACLA (DAPHNIS)29 at BL330. �e microcrystals embedded 
in the matrix were kept at a temperature of approximately 20 or 4 °C in a sample injector. �e sample chamber 
was kept at a temperature of ~25 °C and humidity greater than 80%. Di�raction patterns were collected using a 
custom-built 4 M pixel detector with multi-port CCD sensors31. �e cellulose matrix with randomly oriented 
crystals was extruded through an injector nozzle with an inner diameter of 110 µ m. �e sample �ow rate was 
0.34–0.46 µ l min−1. Data collection was guided by real-time analysis in the SACLA data processing pipeline32.

Di�raction patterns were �ltered and converted by Cheetah33 adapted32 for the SACLA data acquisition sys-
tem34. Each pattern with more than 20 spots was accepted as a hit, and indexed and integrated using CrystFEL 
version 0.6.235. �e detector metrology was re�ned by geoptimiser36. Di�raction peak positions were determined 
using the built-in Zae�erer algorithm (threshold 400, minimum gradient 500,000, minimum signal-to-noise 1) 
and passed on to DirAx 1.16 for indexing37. Images with estimated resolution worse than 1.9 Å were rejected. 
Measured di�raction intensities were merged by process_hkl in the CrystFEL. No sigma cuto� or saturation cuto� 
were applied in the Monte-Carlo integration (Supplementary Table 1).

SRX data collection. A proteinase K crystal was placed in a cold nitrogen gas stream a�er a brief soaking in 
a cryoprotectant solution: 30%(w/v) glycerol in the precipitant solution. X-ray di�raction images were collected 
using an RAXIS-V area detector (Rigaku, Tokyo, Japan) with synchrotron radiation in the wavelength of 0.80 Å 
at the BL26B1 station of SPring-8 (Hyogo, Japan)38. �e data obtained were processed, merged, and scaled using 
the HKL2000 program package39.

Structure determination for SFX and SRX data. Each structure for SFX and SRX was determined 
by di�erence Fourier synthesis using a search model (PDB code: 4b5l). Manual model revision was performed 
using the Coot40 program. �e program PHENIX41 was used for structure re�nement. Water molecules were 
incorporated where the di�erence in density exceeded 3.0σ  above the mean and the 2mFo–DFc map showed a 
density of more than 1.0σ . All re�ections were included with no σ  cuto�; 5% of the data were randomly selected 
and omitted during re�nement for cross validation by means of the free R-factor. �e occupancy of the major 
conformation was re�ned �rst, and then the minor conformation was assigned and re�ned based on its mFo–DFc 
map. Anisotropic B-factor re�nement was performed, and �nally hydrogen atoms were automatically added to 
the models. Hydrogen atoms were included in the protein and glycerol atoms but not in the nitrate/solvent atoms. 
�e hydrogen omit maps were created by deleting all the hydrogen atoms from the model and re�ned through 
PHENIX.

�e quality of the �nal model was assessed using PROCHECK42 and RAMPAGE43. �e CCP4 package was 
used for the manipulation of data and coordinates44. �e electron density maps and structural images were 
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generated using PyMOL45. �e comparisons of water molecules were performed by WATERTIDY implemented 
in CCP4. �e coordinates and observed intensities of proteinase K have been deposited in the PDBj (accession 
code 5kxu for SFX and 5kxv for SRX). �e total absorbed dose was calculated by RADDOSE46. Details of data 
collection and re�nement statistics are shown in Table 1.

Results and Discussion
Hydrogen atoms in the secondary structures detected at room-temperature. Using ~82,000 
indexed patterns at 13 keV photon energy (Supplementary Fig. 1), the room-temperature structure of proteinase 
K was determined to a resolution of 1.20 Å by SFX (Supplementary Fig. 2). To determine the ‘high resolution limit’, 
we performed paired re�nement tests based on the theory that proper use of weaker and noisier, but higher-reso-
lution data, can provide better models47,48. �e inclusion of noisy high-resolution data (Supplementary Fig. 3a,b) 
produces a better analysis of SFX data49,50. �e result of paired re�nement tests showed that including higher-res-
olution data provided a better model than rejecting it (Supplementary Fig. 3c). We therefore chose to use data up 
to 1.20 Å resolution. We noticed that intensity fall-o� at higher resolution shells was quicker than the prediction 
from the Wilson plot. �is was possibly caused by two factors. First, the still-Lorentz factor is not modeled by 
CrystFEL. Second, variations in B factors are not scaled by Monte Carlo integration50. Developments in data-pro-
cessing algorithms for post-re�nement will further improve data quality and reduce the necessary amount of 
data51–55. However, our detector system in SACLA was not yet fully supported by the programs. It has suggested 
that signi�cant alternations in atomic scattering factors were observed even in the structures determined by 
XFEL56. Although these XFEL-derived structures possesses relatively higher model free R factor, R/Rfree factors of 
our re�ned structure converged to 11.3/12.9% (Table 1), suggesting this structure is high of quality.

Among 2,185 hydrogen atoms, about 250 atoms could be detected in the hydrogen omit map. Hydrogen atoms 
forming hydrogen bonds in the α -helix, β -sheet and turn have been successfully assigned (Fig. 1a–c). �e elec-
tron densities of hydrogen atoms in helix (n) N-H∙∙∙O =  C (n–4) were re�ned for helices α 3, α 4 (Fig. 1a), and α 5. 
Similarly, hydrogen atoms in the β -sheet were located in the central pleated β -sheet between β II1 to β II3 (Fig. 1b). 
�e electron densities for hydrogen atoms in the turns (n) N-H∙∙∙O =  C (n–3) and (n) N-H∙∙∙O =  C (n–4) were 
detected in type I β -turn, and designated t17 consisting of Glu196–Leu199 (Fig. 1c). In SFX structure, hydrogen 
atoms were visible in the α -helix, similar to the SRX structure (Supplementary Table 2).

Comparison to cryo-cooled SRX structure. To compare the structures obtained via SFX and synchro-
tron radiation crystallography (SRX), we also collected cryo-cooled high resolution data using synchrotron 
X-rays. We determined the structure of proteinase K at the resolution of 0.98 Å by SRX (Table 1). Substantial 
di�erences between SFX and cryo-cooled SRX structures were also found in disul�de bonds as well as the Ca 
binding site, which are responsible for the stability and activity of proteinase K (Supplementary Fig. 4). �ese 
results indicate that the SFX approach produces minimal radiation damage at ambient temperature and can deter-
mine the atomic positions with high accuracy. To overcome the radiation damage problem, helical and grid data 
collection using synchrotron sources were developed57,58. Recently, synchrotron-based serial crystallography data 
collection at room temperature has also been demonstrated59–61. �is development enables structure determina-
tion with minimal radiation from cryo- or room-temperature crystals. However, XFEL with ultrafast X-ray pulses 
allows data collection from highly radiation-sensitive proteins62–64.

Appreciable extent of flexibility in the substrate recognition site revealed by SFX. SFX data 
have enabled accurate modeling of alternative conformations in side-chains. Altogether, 22 of the 279 residues 
have been modeled in two conformations and four serine residues have been modeled in three conformations. 
�e most prominent feature of the alternative conformations was the serine residues, which represented more 
than 30% (eleven residues) among the alternative conformations. Seven asparagine, three aspartic acids, two 
glutamine and glutamic acids residues were also had alternative conformations. �ese alternative conformations 
were randomly distributed in a molecule. �e disordered of Asn161 might be related to the position of the oxya-
nion water (W46) to initiate the substrate catalysis for Ser224, which is a member of the catalytic triad (Fig. 2). 
�e oxygen atom (Oγ ) of Ser224 is also hydrogen bonded to a nitrogen atom (Nε 2) of His69. In the SFX structure, 
the distance was 2.99 Å and is similar to the SRX structure (2.98 Å) (Fig. 3a). We have detected, only in the SFX 
structure, a hydrogen bond with the peaks expected to be hydrogen atoms adjacent to Nε 2 of His69 (Fig. 2). No 
peaks were detected near Nε 2 of His69 in the SRX structure with similar crystallization conditions at pH 6.5. No 
signi�cant peak was detected in the σ A-weighted mFo–DFc map between His69 and Asp39 in the SFX structure, 
and the distance between Nδ 1 of His69 and Oδ 1 of Asp39 was 2.70 Å (Fig. 2b) and is su�ciently longer than the 
donor-to-acceptor distance, suggesting proteinase K might not form a low energy barrier hydrogen bond, pro-
posed by the nuclear magnetic resonance (NMR) study65.

�ree water molecules (W46, W123 and W132) participate in hydrogen bonded to catalytic residues of His69 
and Ser224. An electron density map of these three water molecules are visible when contoured at 1.5σ  (Fig. 2a), 
suggesting that the three water molecules in the SFX structure are stabilized by two components from His69, 
Ser224 and Asn161. In contrast, one of the three water molecules (W132) was not involved in the hydrogen bond 
formation in the cryo-SRX structure (Fig. 3a). �e distance between the oxygen atom (Oγ ) Ser224 and oxyanion 
water (W46) and W123 in SFX was 2.93 Å and 3.08 Å, respectively (Fig. 2b). �ese were slightly longer than the 
cryo-SRX data. Whereas one of the three waters in SFX (W132) had behaved quite di�erently when compared to 
the cryo-SRX data (Fig. 3a). Although in SFX, the distance between W132 and the Ser224 was 2.93 Å, the distance 
between Ser224 and the nearest the water in the cryo-SRX was 3.87 Å, which is considerably longer than the SFX 
data. �is water (W132) is also stabilized by the Asn161 which possesses alternative side-chain conformations. In 
SFX, the distance was 3.26 Å which is longer than the SRX data (2.59 Å). �us, it appears that the con�gurations 
of waters in the oxyanion hole are di�erent between ambient temperature and cryo-cooled temperature, and our 
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atomic resolution analysis enabled us to assign the presence of three water atoms how interact with one of the 
catalytic residues of Ser224 at ambient temperature.

In order to assess the di�erences in structural features between SFX and SRX more clearly, both structures 
were superposed and r.m.s.d. was investigated (Supplementary Fig. 5). For the main-chain, clear peaks were 
observed in the residues from Asn99–Gly102, Ser262–Asn263, Phe266, and Tyr277–Ala279. Ser262 was hydro-
gen bonded to Asp187 and Arg189, contributing to its stability. Tyr277–Ala279 was located in the C-terminal. 
Notably, residues Gly100–Tyr104 participate in the formation of the substrate-binding subsites S2–S420,66. �e 

Beamline SACLA BL3 SPring-8 BL26B1

Data collection

 Beam energy* or photon �ux ~200 µ J/pulse 5 ×  1010 phs/s

 Absorbed dose (MGy)# ~6 0.015

 Detector octal multiport 
CCD RAXIS-V

 Temperature (K) 298 (in chamber) 100–110

 Space group P43212 P43212

 Cell dimension (Å) a =  b =  68.5, 
c =  108.6

a =  b =  67.577, 
c =  107.140

 Unit cell volume (Å3) 509,578.4 489,271.0

 X-ray wavelength (Å) 0.95 0.80

 Resolution limit (Å) 27.2–1.20 
(1.23–1.20)

50.0–0.98 
(1.00–0.98)

 Number of collected images 362,074 180

 Number of hits 158,777 —

 Number of indexed lattices 141,735 —

 Number of used lattices (or crystals) 82,074 1

 Total re�ections 97,358,594 2,364,635

 Number of unique re�ections 81,343 141,389

 Redundancy 1,196.9 (419.5) 10.7 (10.3)

 Completeness (%) 100 (100) 99.5 (99.2)

 < I/σ (I)> ‡ 13.4 (1.26) 58.41 (6.47)

 Rsplit
† (%) 4.61 (87.84) n/a

 Rmerge
†† (%) n/a 7.6 (48.9)

 CC1/2 0.997 (0.474) 0.999 (0.923)

Re�nement

 Number of molecules in ASU

  Protein 1 1

  Ca ion 2 2

  NO3 ion 1 1

  Glycerol — 2

  H2O 219 468

 Resolution (Å) 27.2–1.20 16.9–0.98

 Unique re�ections 81,247 141,318

 Rwork/Rfree (%) 11.3/12.9 10.0/11.4

 Average B factor whole (Å2) 19.90 9.40

 Protein main chain 16.21 7.68

 Protein side chain 21.34 10.06

 Ca ion 18.94 8.76

 NO3 ion 32.97 15.95

 Glycerol n/a 16.15

 H2O 37.76 27.09

r.m.s.d bond (Å) 0.009 0.006

r.m.s.d angle (°) 0.873 0.967

Table 1.  Data collection and re�nement statistics. Values in parenthesis are for the highest resolution shell. 
*XFEL beam energy calculated from the re�ectivity or the transmittance of the components between the beam 
monitor and the sample position (attenuator, KB mirrors, Be windows and air path). #As calculated by 
Raddose-3D. ‡Note that σ (I) estimation method was di�erent for CrystFEL and HKL2000 and they cannot be 

compared. † =
∑ −

∑ +
R 1/ 2

I I

I Isplit 1 / 2
hkl even odd

hkl even odd

. ††
=
∑ ∑ −

∑ ∑
R ,

I hkl I hkl

I hklmerge
( ) ( )

( )
hkl i i

hkl i i

 where Ii(hkl) is the ith 

observation of re�ection hkl and < I(hkl)>  is the weighted average intensity for all observations, i, of re�ection hkl.
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substrate-binding subsite S4 is formed between two polypeptide segments of residues Gly100–Tyr104 and 
Ser132–Tyr137. In contrast, the residues Ser132–Tyr137 showed relatively low r.m.s.d. values. Average B-factors 
in Asn99–Tyr104 were also greater than 20 Å2, suggesting that the dynamic motion of these residues might 
help accommodate various types of substrate. Recent studies have shown that there are a number of di�erences 
between cryo-cooling and non-cryo-cooling data, suggesting that important conformational dynamics are existed 
in proteins at ambient temperature. In this report, we could revealed alternative conformations of side-chain of 
proteins and a number of water molecules by SFX approach. Flexible conformations and dynamic motions of 
proteins as well as assignment of water molecules in substrate binding sites at ambient temperature would provide 
important insights in simulating catalytic mechanisms of enzymes more accurately and designing more e�ective 
inhibitors.

Comparison of water molecules in SFX and room temperature SRX structures. Water molecules 
play signi�cant roles in the structural integrity of proteins, and are buried at varying depths in the interior of mol-
ecules. In proteinase K, water clusters are involved in stabilization and assist with connecting surface segments 
through hydrogen bonding20. As mentioned above, the locations and the con�gurations of waters molecules in 
SFX are relatively di�erent when compared to the cryo-SRX structure; however, it was still unknown whether 
these di�erences could also be detected when compared against the non-cryo cooling SRX structure. To clarify 

Figure 1. Stereo views of hydrogen atoms in secondary elements in SFX structure. Typical hydrogen 
atoms are assigned in SFX structure, in (a) α -helix, (b) β -sheet, and (c) turn. �e σ A-weighted mFo–DFc maps 
omitting hydrogen atoms contoured at 2.0σ  are shown in pink.
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these problems, our SFX structure was compared to two non-cryo cooled SRX structures [PDB: 2prk67 and 4b5l 
(Jakoncic, J. et al. 2012): Dose ~0.04 MGy]. �e overall crystal structure of the SRX at room temperature (PDB 
code 4b5l) was highly similar to the SFX structure (Supplementary Fig. 5). Next we examined water molecules 
in active sites.

�e distance between the oxygen atom (Oγ ) Ser224 and oxyanion water for 2prk and 4b5l was 2.86 Å and 
2.87 Å, respectively, and the distance between the nitrogen atom (Nδ 2) Asn161 and oxyanion water for 2prk and 
4b5l was 2.73 Å and 2.65 Å, respectively (Fig. 3b,c). �ese values are similar when compared to the SFX structure 
[2.93 Å for (Oγ ) Ser224 and, 2.66 Å for (Nδ 2) Asn161A] (Fig. 2b), suggesting that the location of the oxyanion 
water was conserved in the data from non-cryo conditions. In the SFX structure, the oxyanion water molecule 
(W46) also hydrogen bonded to the water molecules, W123 and W132, at distances of 2.56 Å and 3.29 Å, respec-
tively. W123 was also engaged in hydrogen bonding to (Oγ ) Ser224 (3.08 Å) and (Nɛ 2) His69 (3.01 Å). W132 was 
also hydrogen bonded to (Oγ ) Ser224 (2.93 Å) and (Nδ 2) Asn161B (3.26 Å).

In the SRX structure (PDB: 2prk), oxyanion water molecule also forms hydrogen bonding to another water 
molecule (2.78 Å)20, but this water molecule does not seem to be engaged in the hydrogen bonding to (Oγ ) 
Ser224 (3.74 Å) or (Nɛ 2) His69 (3.46 Å). Furthermore, no water molecule such as W132 in SFX was present 
around Ser224. As to the SRX structure (PDB: 4b5l), oxyanion water molecules also form hydrogen bonding 
to another water molecule (2.26 Å)20, which is in turn also hydrogen bonded to (Oγ ) Ser224 (2.75 Å) and (Nɛ 2) 
His69 (2.83 Å), similar to the SFX structure. Another water molecule located in a similar position as W132 in SFX 
was also hydrogen bonded to (Oγ ) Ser224 (3.19 Å), but not hydrogen bonded to (Nδ 2) Asn161B (3.72 Å).

�us locations of water molecules in oxyanion hole, except oxyanion water, are quite di�erent even under 
non-cryo conditions, we next investigated the di�erences in the distribution of each water molecule. In order to 
extract the di�erences in locations of water molecules between SFX and SRX, we selected water molecules which 
are located within a distance of 1.00 Å between SFX and SRX, and then omitted them. As shown in Fig. 4a,b, a 
number of SFX-speci�c water molecules (magenta) are distributed in molecules and notably SRX-speci�c water 
molecules (cyan) are also observed. It has been suggested that water molecules in substrate recognition regions as 

Figure 2. Electron density maps around catalytic triad and oxyanion hole in SFX structure. �e  
σ A-weighted 2mFo–DFc maps contoured at (a) 1.5σ , (b) 4.5σ , are shown in blue meshes. �e σ A-weighted  
mFo–DFc maps contoured at 2.5σ  and − 2.5σ  are shown in green and red meshes, respectively.
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well as prime recognition regions play signi�cant roles in forming water clusters. However, a few water molecules 
were detected in previous non-cryo SRX structures in the absence of a substrate68,69. However our SFX atomic 
resolution structure revealed, for the �rst time, several water molecule candidates in these regions.

Figure 3. Comparison of SFX and SRX structures in the active site. Catalytic residues and water molecules 
for SFX and cryo-temperature (a), two room temperature SRX structures [PDB codes: 2prk (b) and 4b5l (c)] are 
indicated in cyan, green and magenta, respectively.
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As to water molecules found in both SFX and SRX structures located in positions within a distance of 1.00 Å 
were further analyzed based on their B factor. �e average B factor for water molecules in the SFX structure was 
37.76 Å2, and was larger than the SRX structure of 2prk (27.25 Å2) and 4b5l (25.80 Å2); suggesting that water 
moleculues in the SFX structure are highly �exible structures. Moreover, when compared to B factor values of 
water molecules in the SRX structures (Fig. 4c,d), a striking increases of B factor was found in the interior part 
of molecule (2prk, Fig. 4e) or in two water molecules (4b5l, Fig. 4f) in the SFX structure (shown in red). As 
mentioned, the location of oxyanion water is strictly conserved among cryo-SRX as well as non-cryo-SFX and 
SRX-structures, but it is noteworthy that the B factor of oxyanion water in SFX (29.36 Å2) was approximately 1.5 
times larger than that in SRX (19.70 Å2 for 2prk, 18.47 Å2 for 4b5l), SFX suggests that oxyanion water is �exible.

It has suggested that the functionally most interesting parts of biomolecules, such as sites for recognition, 
binding, or catalysis may susceptible to cryoartifacts70,71. Detailed comparison with ambient temperature high 
resolution structure data are therefore required to validate not only cryo-cooling data, but ambient data. Our 
atomic resolution SFX study revealed water molecules in catalytic site are encompassed in quite di�erent manners 
when compared to cyro-SRX data. �ese di�erences may be re�ected on the results of entropic/enthalpic tradeo� 
during cryo-cooling and these insights are especially important given the prominence of crystallographic and 
MD water in drug design and the controversies surrounding short strong hydrogen bonds and/or the coupling of 
hydrogen bonds through waters.

In summary, we have obtained the atomic resolution structure of proteinase K at ambient temperature. �e 
resolution of 1.20 Å was attained using ~82,000 indexed patterns from SFX. �is atomic resolution structure 

Figure 4. Comparison of water molecules in SFX and SRX structures. (a,b) Water molecules speci�c for SFX 
and two room temperature SRX structures [PDB codes: 2prk (a) and 4b5l (b)] are indicated in magenta and 
cyan, respectively, as sphere models. (c,d) All water molecules found in both SFX and SRX structures [(c) 2prk 
and (d) 4b5l] which are located in the positions within the distance of 1.00 Å are plotted based on their B factor. 
Striking increases of B factor of water molecules are indicated in red. (e,f) Substantial higher B factor of water 
molecules [for (e) 2prk and (f) 4b5l] are indicated in red as sphere model. Catalytic residues are show in pink as 
stick models.
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clearly visualized hydrogen atoms forming hydrogen bond in secondary structures and protonation state of cat-
alytic residues of His69. Electron density distributions from this room temperature SFX provided new structural 
details such as dynamic motion of substrate binding site and the detailed con�gurations of active-site regions 
including water molecules. �ese directly visualize how enzymes are functioning in physiological conditions. 
�e accurate con�gurations of atoms acquired by this study will serve to unveil the functional mechanisms of 
enzymes at ambient temperature.
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