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Engineering of an in-cell protein crystal for fastening a metastable 
conformation of a target miniprotein 
Mariko Kojima,a Satoshi Abe,a Tadaomi Furuta,a Duy Phuoc Tran,a Kunio Hirata,b Keitaro 
Yamashita,b, d Yuki Hishikawa,a Akio Kitao,a and Takafumi Ueno*a,c

Protein crystals can be utilized as porous scaffolds to capture exogenous molecules. Immobilization of target proteins using 
protein crystals is expected to facilitate X-ray structure analysis of proteins that are difficult to crystallize. One of the 
advantages of scaffold-assisted structure determination is the analysis of metastable structures that are not observed in 
solution. However, efforts to fix target proteins within pores of scaffold protein crystals have been limited due to the lack of 
strategies to control protein-protein interactions formed in the crystals. In this study, we analyze the metastable structure 
of the miniprotein, CLN025, which forms a β-hairpin structure in solution, using polyhedra crystal (PhC), an in-cell protein 
crystal. CLN025 is successfully fixed within the PhC scaffold by replacing the original loop region. X-ray crystal structure 
analysis and molecular dynamics (MD) simulation reveals that CLN025 is fixed as a helical structure in a metastable state by 
non-covalent interactions in the scaffold crystal. These results indicate that modulation of intermolecular interactions can 
trap various protein conformations in the engineered PhC and provides a new strategy for scaffold-assisted structure 
determination.

Introduction
Protein crystals have attracted attention in biomaterial science 
because their framework structures allow them to capture 
exogenous molecules.1, 2 Protein crystals can serve as porous 
scaffold materials by retaining solvent channels that range from 
30% to 65% of the volume of an entire crystal.3 Various foreign 
molecules, such as organic compounds, metal complexes, metal 
nanoparticles, and proteins, can be captured within pores of 
protein crystals by soaking or co-crystallization methods.4-6 
Immobilizing target molecules at well-defined positions within 
protein crystals has led to successful X-ray diffraction structural 
characterization of various exogenous molecules with different 
sizes.7-15 

One of the challenges of scaffold-assisted structure 
determination using protein crystals is to analyze target 
molecules with metastable structures that are not observed in 
solution.6, 16 The interaction between the molecules and the 
scaffold crystals is expected to allow a target molecule to 
remain in a metastable state, such as the intermediate states of 
cofactors and the transition states in reactions of organic 
molecules.17-20 For example, a biphenyl moiety immobilized in 

threonyl-tRNA synthetase as a non-canonical amino acid was 
trapped in its transition state by steric hindrance of the 
surrounding amino acids.18 This indicates that the engineering 
of scaffold protein crystals can be harnessed to fix the 
metastable conformation of peptides and proteins. 
Characterization of such metastable conformations is important 
in context of understanding the folding process and the 
dynamics in protein/peptides. Although computational studies 
have identified various metastable states, several states have 
not been experimentally validated.  A few attempts have been 
made to determine the structure of the flexible domains in the 
scaffold protein crystals.21-23 However, determining the 
metastable structure of the target protein in the scaffold 
crystals remains challenging because of the lack of methodology 
to fix the state by controlling non-covalent interactions.

In-cell protein crystals are suitable candidates for 
development as molecular scaffolds for structure 
determination.24-26 It has been reported that some proteins 
crystalize spontaneously in living cells when they are expressed 
at high concentrations.27, 28 The rapid development of X-ray 
diffraction data collection and analysis, such as serial 
femtosecond and multiple-crystal synchrotron crystallography, 
enables the structure determination of various in-cell protein 
crystals of less than 10 µm.26, 28-38 The high porosity and stability 
of in-cell protein crystals permit accumulation of foreign 
synthetic molecules and proteins.24, 39-43 These advantageous 
properties will promote collection of diffraction data for the 
target molecules in the crystals. While the structures of metal 
complexes immobilized in the pores have been determined,44, 

45 the structures of exogenous proteins and peptides have not 
yet been reported because procedures for fixation of the 
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proteins and peptides have not been established.24-26 Therefore, 
methods for retention of metastable structures of target 
proteins using in-cell protein crystals for their structural analysis 
are needed.

Here, we report the X-ray crystallographic analysis of 
CLN025, a miniprotein consisting of 10 amino acids,46 by fusing 
it with cypovirus polyhedra crystal (PhC), an in-cell protein 
crystal of the polyhedrin monomers (PhM).29 PhC is a porous 
protein crystal that enables the immobilization of a wide range 
of sizes of exogenous molecules, including organic molecules 
and enzymes.44, 47, 48 CLN025 is a well-known protein that 
spontaneously folds into a β-hairpin structure in solution 
through intramolecular interactions. The MD simulation of 
CLN025 has suggested the folding pathway from the unfolded 
structure with the elongated distance between N- and C-termini 
to the β-hairpin structure, which is the most stable state.49 
However, the intermediate structures in which N- and C-termini 
are fixed in apart have not been determined experimentally. If 
the structures are experimentally observed as metastable 
structures, the conformational change of CLN025 can be 
understood in detail. Here, we use the term metastable to refer 
to a stable structure for a protein subdomain that can be 
observed by a constrained environment in protein crystal. We 
designed mutant PhMs fused to CLN025 by deleting amino acid 
residues at the interface in PhC because it forms a space for 
immobilizing target molecules while retaining the original 
crystal lattice structure.44, 47, 48 We succeeded in the in-cell 
crystallization and high-resolution structure determination of 
PhC mutants fused with CLN025 (Fig. 1). The observed structure 
of CLN025 contained the partial helix and the unusual dihedral 
angles (φ, ψ) of D74, that is different from the previously 
reported β-hairpin turns of CLN025. MD simulations reveal that 
the structure of CLN025 in PhC obtained by X-ray structure 
analysis is the metastable structure retained by the 

Fig. 1 In-cell crystal engineering for fixing a metastable structure of a target miniprotein. 
(a) Structure of the target miniprotein, CLN025 (PDB ID: 5AWL). (b) Structure of 
polyhedrin monomer, PhM (PDB ID: 5GQM) and construction of CLN025 fused PhM. (c) 
Schematic representation showing the in-cell crystallization of CLN025 fused PhM and 
structure determination to visualize the real-space structure of a metastable conformer 
of CLN025. The red loop indicates a selected region which was replaced by CLN025 
(green loop).

Intermolecular interactions at the interface with scaffold 
proteins in the crystal. These results clarified the necessary 
factors for a target miniprotein to be locked in the metastable 
state which would not have been predicted by calculations 
within scaffold protein crystals, suggesting that designing 
interactions between the target and scaffold proteins in the 
crystal enables characterization of dynamic structures of 
various proteins and peptides. Furthermore, the success of this 
in-cell protein crystal method suggests that it has potential for 
development as a powerful tool for new high-throughput 
structural analysis methods.

Results

Crystal design

To determine the metastable structure of CLN025 in PhC, we 
designed fusion proteins of CLN025 with the polyhedrin 
monomer (PhM). CLN025 comprises ten amino acids 
(YYDPETGTWY) and forms a β-hairpin structure in solution by 
intramolecular interactions (Fig. 2a).46 The crystal structure of a 
single CLN025 molecule (CLN0255AWL, PDB ID: 5AWL) shows that 
the distance of N/Y1–N/Y10 is 4.4 Å (Fig. 2a). We attempted to 
control the N–N distance in the fused PhM to change the 
original folding of CLN025. We selected loop 1 (L1) from E70 to 
N77 in the wild-type PhM (WT-PhM) to fuse the CLN025 
fragment into PhC because L1, which has a high B factor, is not 
expected to inhibit the crystallization of PhC (Fig. 2b). We 
designed three PhM mutants, 1-PhM, 2-PhM, and 3-PhM, in 
which the E70-N77 (Site 1), the R72-H76 (Site 2), and the E73-
G74 (Site 3), of PhM, were replaced with CLN025 (Fig. 2c and 
Table 1). The distances of N/E70–N/N77, N/R72–N/H76, and 
N/E73–N/G74 of WT-PhM are 8.6 Å, 7.1 Å, and 3.5 Å, 
respectively (Fig. 2c). We also introduced a EAAK linker on both 
sides at Site 1 (1-PhM) named 4-PhM (Fig. 2c and Table 1) by 
deleting an alanine residue from the rigid helical linker (EAAAK) 
to fix CLN025 into the restricted space of scaffold protein 
crystals.50 Four CLN025 fused PhCs, 1-PhC, 2-PhC, 3-PhC, and 4-
PhC, were successfully obtained in the Spodoptera frugiperda 
cell line IPLB-Sf21-AE (Sf21) (Fig. S1). We obtained crystals with 
a size range of 0.3-2.5 µm (Fig. S2). SDS-PAGE indicates that 
each crystal consists of the corresponding protein (Fig. S3). The 
MALDI-TOF MS spectra of the crystals were assigned to each 
mutant PhC (Fig. S4). These results show that CLN025 was 
successfully fused within PhCs without preventing 

Fig. 2 Molecular structures of target and scaffold proteins.  (a) Crystal structure of 
CLN0255AWL. (b) Crystal structure of WT-PhM (PDB ID: 5GQM). (c) Three sites in the L1 
region fused with CLN025 and the N–N distances. N and O atoms in (a) and (c) are colored 
in blue and red, respectively. The cartoon model in (b) is colored by the B factor with 
values ranging from 6Å2 (green) to 15 Å2 (red).
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Table 1. Amino acid sequences of L1 regions of the designed mutant crystals of WT-PhM, 1-PhM, 2-PhM, 3-PhM, 4-PhM, and 2-PhMD74R and summary of crystal structure analysis.

a The CLN025 sequences are underlined.

crystallization. 

Structural determination of the CLN025 fused PhCs

To determine the crystal structures of the mutant PhCs, the 
microcrystals were diffracted using a micro-X-ray beam of the 
SPring-8 BL32XU beamline equipped with multiple-crystal 
synchrotron crystallography (MSX) and ZOO, which is an 
automatic data processing system.51 The crystal structures of 1- 
PhC, 2-PhC, 3-PhC, and 4-PhC were determined at 1.55-1.85 Å 

 
Fig. 3 Crystal structure of 2-PhC (PDB ID: 7WYR). (a) Structure of the 2PhM trimer (2-
PhT). The monomers are designated 2-PhM-i, 2-PhM-ii, and 2-PhM-iii. CLN0252-PhCs are 
located at the interface of 2-PhM-i/2-PhM-ii, 2-PhM-ii/2-PhM-iii, and 2-PhM-iii/2-PhM-
i. (b) Structure of two 2-PhMs, 2-PhM-i and 2-PhM-iv, in contact at the interface of two 
2-PhTs. (c) Close-up view of the CLN0252-PhC fusion site of 2-PhM-i. (d) Structure 
comparison of CLN0252-PhC and CLN0255AWL. (e,f) Non-covalent interactions between 
CLN0252-PhC and the surrounding residues at the positions of (e) Y72i(Y1) and Y73i(Y2), 
and (f) D74i(D3)–T77i(T6). CLN0252-PhC is colored green. The monomers interacting with 
CLN0252-PhC are displayed as white cartoon models. The selected 2|Fo|-|Fc| electron 
density maps at 1.0σ are shown in blue. An oxygen atom of a water molecule (Owat) is 
displayed as a red sphere. The red arrows in (d) show the distance of N/Y72i(Y1)–

N/Y81i(Y10) in CLN0252-PhC and N/Y1–N/Y10 in CLN0255AWL, respectively. The hydrogen 
bonds are shown as black dashed lines.  

resolution (Table S1 and Fig. S5a-d). All structures have the 
same space group (I23) and lattice constants comparable to WT- 
PhC. The root-mean-square deviations of the Cα atoms (Cα- 
RMSD) of all the mutant PhCs from WT-PhC were less than 0.3 
Å.  The electron density corresponding to the CLN025 fragment 
in 2-PhC (CLN0252-PhC) was observed between Y71 and N82 (Fig. 
3a-c). The full-length CLN0252-PhC was determined based on the 
2|Fo|-|Fc| and |Fo|-|Fc| electron density maps except for the 
side chains of W80(W9) (ESI). The structure of 2-PhM indicates 
that CLN0252-PhC fused in 2-PhM-i contacts two other 2-PhMs; 
2-PhM-ii within a trimer, and 2-PhM-iv in the neighboring 
trimer (Fig. 3a and b). Although only Y70(Y1) and Y79(Y10) of 
the CLN025 fragments in 1-PhC were observed, all the 
fragments in 3-PhC, and 4-PhC could not be determined due to 
a lack of the corresponding electron density (Fig. S6a-c). 

Structure of CLN025 in 2-PhC

CLN0252-PhC folds differently from the β-hairpin structure of 
CLN0255AWL (Fig. 3d).46 The Cα-RMSD value of CLN0252-PhC from 
CLN0255AWL is 6.2 Å. The distance of N/Y72i(Y1)–N/Y81i(Y10) of 
CLN0252-PhC (11.9 Å) is longer than that of CLN0255AWL (4.4 Å). 
The structural change suggests fixation of an alternate state of 
CLN025 in 2-PhC from the original stable structure. The 
Ramachandran plot of Y73i(Y2)–W80i(W9) of CLN0252-PhC 
reveals that the dihedral angles (φ, ψ) of P75i(P4), E76i(E5), 
T77i(T6), and G78i(G7) are (-67.6, -22.5), (-61.8, -16.7), (-86.2, -
8.8), and (-100.4, 5.9), respectively, which are in the helical 
region (right-handed) (Fig. S7a).52 Since the dihedral angles of 
P75i(P4), E76i(E5), and T77i(T6) in CLN0252-PhC are located in the 
same region as CLN0255AWL  (Fig. S7b), the formation of the 
helical structure is attributed to a change in the dihedral angle 
of G78i(G7) from CLN0255AWL. The dihedral angles of adjacent 
D74i(D3) (59.5, 51.0) and T79i(T8) (-42.4, -59.1) in CLN0252-PhC 
are significantly changed from D3 (-75.6, 133.6) and T8 (-104.0, 
153.3) in CLN0255AWL (Fig. S7). Interestingly, the results show 
that D74i(D3) is fixed in the left-handed helix conformation in 
the crystal.53 Generally, aspartic acid and asparagine are more 
likely to adopt a left-handed helix conformation than other 
amino acids except for glycine.54 One of the reasons was 

Mutant Sequencea Insert 
structure

Resolution
(Å)

PDB ID

51                      61                      71                        81                      91                       
WT-PhM -INKNSQYKVG ISETFKALKE YRKGQHNDSY DEYEVNQSIY 

YPNGGDARKF-
- - 5GQM

1-PhM -INKNSQYKVG ISETFKALKY YDPETGTWYD SYDEYEVNQS IYYPNGGDAR- disordered 1.55 -
2-PhM -INKNSQYKVG ISETFKALKE YYYDPETGTW YNDSYDEYEV NQSIYYPNGG- ordered 1.75 7WYR
3-PhM -INKNSQYKVG ISETFKALKE YRYYDPETGT WYQHNDSYDE YEVNQSIYYP- disordered 1.70 -
4-PhM -INKNSQYKVG ISETFKALKE AAKYYDPETG TWYEAAKDSY DEYEVNQSIY- disordered 1.85 -

2-PhMD74R -INKNSQYKVG ISETFKALKE YYYRPETGTW YNDSYDEYEV NQSIYYPNGG- disordered 1.70 -
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suggested that an intra-residue interaction between the side 
and main chain carbonyl groups stabilizes the left-handed helix 
conformation. However, such interaction was not observed in 
CLN0252-PhC. It indicates that the left-handed helix conformation 
of D74i(D3) of CLN0252-PhC is stabilized by restricted 
environment in 2-PhC. 

The conformation of CLN0252-PhC is fixed by the non-
covalent interactions in 2-PhC (Fig. 3e, f, S8, and Table S2). At 
the N-terminus of CLN0252-PhC, Y73i(Y2) retains its SH---π 
interaction with Sγ/C216i (4.0 Å), and its NH---π interaction with 
Nη2/R214i (4.1 Å) (Fig. 3e).55 In addition, Oη/Y73i(Y2), and 
N/Y73i(Y2) participate in a hydrogen-bonding network with 
R214i, E63i, A67i, K69i, and water (Fig. 3e).56 At the C-terminus 
of CLN0252-PhC, Oη/Y81i(Y10) forms a hydrogen bond with 
Oδ2/D86iv (2.3 Å) (Fig. S8). The main chain of W80i(W9) forms a 
hydrogen bond of O/W80i(W9) –N/D83iv (3.3 Å) (Fig. S8). At the 
middle region of CLN0252-PhC, the hydrogen bond at O/P75i(P4)–
N/G78i(G7) 　 (3.0 Å) and the salt bridges at Oδ1/D74i(D3)– 
Nζ/K66ii and Oε1/E76i(E5)-Nζ/K66ii (2.6 Å and 2.8 Å, 
respectively) are formed, which retains the 310 helix from P75i 
to G78i (Fig. 3f and S9).57 Oδ1/D74i(D3), Oδ2/D74i(D3), and 
Oγ1/T77i(T6) participate in a hydrogen bonding network with 
N91ii, N217i, R218i, and water molecules (Fig. 3f).56 To clarify the 
effect of the non-covalent interactions of D74i(D3) in CLN0252-

PhC, the D74R mutant (2-PhCD74R) was crystallized (Table 1, ESI). 
While the crystal structure of 2-PhCD74R was determined with a 
resolution of 1.70 Å, the CLN025 fragment of 2-PhCD74R (D74R-
CLN025) was not observed due to a lack of electron density 
corresponding to the Y72(Y1)–Y81(Y10) (Fig. S5e, S6d, and Table 
S1). Moreover, the conformation of the main chain of Y71 of 2-
PhCD74R is altered from that of 2-PhC (Fig. S10). Structural 
changes were also observed on K66ii, R103iv, K104iv, and R214i 
surrounding D74R-CLN025 (Fig. S10). This result suggests that 
the D74i(D3) residue is crucial to fix the conformation of 
CLN0252-PhC.

Fig. 4 Analysis of conformations of CLN0252-PhC in MD simulations. (a-c) The initial 
structures in MD simulations of (a) the CLN0252-PhC fragment (isolated), (b) 2-PhM 
(monomer) and (c) 2-PhT (trimer). (d-f) Time courses of the Cα-RMSD values of CLN0252-

PhC in (d) the isolated system, (e) 2-PhM and (f) 2-PhT from the initial structures. (g-i) the 

structures at 300 ns in MD simulations of (g) the isolated system, (h) 2-PhM and (h) 2-
PhT. Red squares in (b) and (c) show the positions of the CLN0252-PhC fragments. Three 
runs (run 1, 2, and 3) were performed for the isolated system and 2-PhM, and their data 
are colored with black, red, and green, respectively (d-e). Data from each monomer, 2-
PhM-i, -ii, and -iii, in 2-PhT are colored in black, red, and green, respectively (f).

All-atom MD simulation

All-atom MD simulations using AMBER were performed to 
investigate the fixation of CLN0252-PhC by the interactions with 
surrounding residues in 2-PhC. Three systems of the isolated 
CLN0252-PhC fragment, the monomer 2-PhM, and the trimer of 
2-PhM (2-PhT) were subjected to 300 ns MD simulations (Fig. 4, 
S11, and S12, ESI). The Cα-RMSD value of CLN0252-PhC from the 
initial structure in the isolated system is higher than the 
corresponding value for 2-PhM and 2-PhT (Fig. 4d-f). For the 
isolated system, the CLN0252-PhC fragment did not converge to 
specific conformation in runs 1 and 3 within the 300 ns 
simulation (Fig. S11a and S13), while the fragment in run 2 
changed to a β-hairpin-like structure formed by intramolecular 
hydrogen bonds of O/D74i(D3)–N/G78i(G7), O/D74i(D3)–
N/T79i(T8), O/P75i(P4)–N/G78i(G7) (Fig. 4g, S11a, S12a, and 
S12b). On the other hand, the dihedral angles (φ and ψ) of 
D74i(D3) in Ramachandran plot were changed to a β-sheet 
region from the left-handed helix in all runs (Fig. S13). 
Moreover, the angles of P75i(P4), E76i(E5), T77i(T6), T79i(T8), 
and W80i(W9) in the Ramachandran plot also fluctuate 
between the β-sheet and the helix in runs 1 and 3 because of 
the conformational flexibility, while the initial region in the 
Ramachandran plot was maintained in run 2 (Fig. S13). These 
observations suggest that the molecular environments of 2-
PhM and 2-PhT play an important role in fixing CLN0252-PhC. 

The simulations of 2-PhM and 2-PhT indicate restraint

Fig. 5 Analysis of non-covalent interactions stabilizing CLN0252-PhC in 2-PhC in MD 
simulations. (a) The frequency of salt bridge formation at Oδ1/D74i(D3) (Nη1/D74Ri)–
Nζ/K66ii and Oε1/E76i(E5)–Nζ/K66ii in 2-PhT and 2-PhTD74R. (b) The mean distance of the 
salt bridges at Oδ1/D74i(D3) (Nη1/D74Ri)–Nζ/K66ii and Oε1/E76i(E5)–Nζ/K66ii in 2-PhT 
and 2-PhTD74R. The frequency of intramolecular (c) hydrogen bonds and (d) NH---π and 
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SH---π interactions in 2-PhT, 2-PhM, and 2-PhTD74R. The frequencies indicate the 
percentages of structures in which non-covalent interactions were formed in each MD 
trajectory (regarding trimers, data for all three CLN0252-PhC were included). The cut-off 
distances of non-covalent interactions are 4.0 Å for salt bridges, 3.5 Å for hydrogen 
bonds, and 4.2 Å for SH---π and NH---π interactions.55-57 The cut-off angle for salt bridges 
and hydrogen bonds is 135°.

behavior of CLN0252-PhC by interacting with the other regions in 
the scaffold proteins. The Cα-RMSD values of CLN0252-PhC in 2-
PhM from initial structure vary in the range of 1-3Å (Fig. 4e). For 
2-PhM, runs 1 and 3 demonstrate a structural change of 
CLN0252-PhC to generate a loop structure with conversion of the 
dihedral angles of D74i(D3) from helix to β-sheet (Fig. 4h, S11b, 
and S14). The dihedral angles of E76i(E5) and W80i(W9) were 
retained in the initial state over the simulation in all runs, in 
contrast to their flexibility in the isolated system (Fig. S14). For 
2-PhT, the Cα-RMSD values of CLN0252-PhC were retained at less 
than 2 Å (Fig. 4f) and the structures maintained their initial 
conformations in all runs (Fig. 4i, S11c, and S15). The high 
structural conservation of CLN0252-PhC in 2-PhT suggests that 
intermolecular interactions within the trimer trigger the fixation 
of the helical structure of CLN0252-PhC.

Based on the crystal structure of 2-PhC, two intermolecular 
salt bridges, Oδ1/D74i(D3)–K66ii and Oε1/E76i(E5)–K66ii, are 
expected to be essential to fix CLN0252-PhC in 2-PhT (Fig. 3f). The 
frequencies of the salt bridges of Oδ1/D74i(D3)–Nζ/K66ii and 
Oε1/E76i(E5)–Nζ/K66ii are 36.8% and 52.1%, respectively (Fig. 
5a). The mean distances of Oδ1/D74i(D3)–Nζ/K66ii and 
Oε1/E76i(E5)–Nζ/K66ii during 300 ns simulation are 3.62±0.88 Å 
and  3.50±1.00 Å, respectively (Fig. 5b and S17).57 These results 
suggest that stable bridge geometry is maintained during the 
entire run time. The slightly higher probability value of the salt 
bridge of Oε1/E76i(E5)–Nζ/K66ii suggests that E76i(E5)–K66ii 
mainly contributes to stabilizing the extended structure of 
CLN0252-PhC, which is reinforced by D74i(D3). Comparing the 
frequency of the other eight intramolecular interactions of 
CLN0252-PhC between 2-PhM and 2-PhT shows that the 
hydrogen bonds of Y73i(Y2)–E63i and the SH---π interaction of 
Y73i(Y2)–C216i in 2-PhT exhibit a higher probability value than 
in 2-PhM (Fig. 5c and d). Therefore, these interactions are not 
enough to fix the conformation of CLN025 but enhance the 
stability of the partially helical structure of CLN0252-PhC by the 
salt bridges at Oδ1/D74i(D3)–Nζ/K66ii and Oε1/E76i(E5)–
Nζ/K66ii at the interface of the trimers.

To evaluate the effect of the salt bridge at D74i(D3) for 
structural fixation of CLN0252-PhC in 2-PhC, an MD simulation of 
2-PhTD74R was performed. The Cα-RMSD value of the D74R-
CLN025 fragment in a monomer of 2-PhTD74R undergoes more 
significant fluctuation than in 2-PhT (Fig. S18). The lack of a salt 
bridge of D74i(D3)–K66ii and electrostatic repulsion between 
D74Ri(D3R) and K66ii has the effect of decreasing the frequency 
of other intermolecular and intramolecular interactions (Fig. 5a, 
c, d, and S19). The mean distances of Νη1/D74Ri(D3)–Nζ/K66ii 
and Oε1/E76i(E5)–Nζ/K66ii during 300 ns simulation are 
increased to 9.87±3.90 Å and 8.98±6.02 Å, respectively (Fig. 5b). 
Therefore, D74i(D3) plays a crucial role in fixing CLN0252-PhC into 
the helical structure, consistent with the experimental results.

Discussion
The 2-PhC structure shows that CLN0252-PhC retains a unique 
extended structure with a partial helical conformation at 
P75i(P4)–G78i(G7), which is quite different from the hairpin 
structure of CLN0255AWL (Fig. 3a).46 It was reported that folding 
of CLN0255AWL is triggered by the formation of a turn from P4 to 
G7 followed by formation of hydrogen bonds involving D3 and 
other residues, and finally stabilized by hydrophobic 
interactions at the N terminus and the C terminus.49, 58 In 
CLN0252-PhC, the helix at P75i(P4)–G78i(G7) is stabilized by the 
hydrogen bond of O/P75i(P4)–N/G78i(G7) (Fig. S9 and Table S3). 
Additional hydrogen bonds are essential for the β-hairpin 
formation of CLN025 as suggested by MD simulations.49 The 
hydrogen bond of O/P75i(P4)–N/G78i(G7), which is not retained 
in CLN0255AWL, is a specific interaction formed in the metastable 
structure predicted from the MD simulation of the CLN025 
fragment. The MD simulation using only the CLN0252-PhC 
fragment structure composed of 10 residues includes a fold of 
the protein into a β-hairpin structure by the hydrogen bonds at 
O/D74i(D3)–N/G78i(G7) and O/D74i(D3)–N/T79i(T8) 
spontaneously formed (Fig. S12a and b). The formation of these 
hydrogen bonds is consistent with the folding pathway of 
CLN0255AWL revealed by a previous MD simulation study.49 
Therefore, CLN0252-PhC appears to be a metastable structure, in 
which D74i(D3) is prevented from interacting with other 
residues promoting β-hairpin formation in 2-PhC. 

The metastable structure of CLN0252-PhC in 2-PhC is 
maintained by intramolecular interactions of 2-PhM, and 
intermolecular interactions at the interfaces of 2-PhM-i/2-
PhM-ii and 2-PhM-i/2-PhM-iv (Fig. 3). A previous study has 
reported that CLN025 is used as a bending segment of the de 
novo protein, AF.p17.59 AF.p17 co-crystallizes with a CH2-CH3 
domain (CH2-CH3) of the human immunoglobulin G, indicating 
that Y33(Y1)–W41(W9) (which corresponds to CLN025) forms a 
β-hairpin structure with hydrogen bonds at N/D35(D3)–
O/T40(T8) and Oγ1/D35(D35)–N/G39(G7) (Fig. S20a, b, and 
Table S3, PDB ID: 3WKN).59 The CLN025 fragment in AF.p17 is 
fixed by an intramolecular interaction at Y33(Y1) and Y34(Y2) 
and intermolecular interactions at Y33(Y2), D35(D3), and 
E37(E5), while retaining the β-hairpin structure (Fig. S20c, d,  
and Table S3). Y34(Y2) forms intramolecular hydrogen bonds at 
N/Y34(Y2)–O/W18 and O/Y34(Y2)–Oγ1/T17 and includes β-
sheet structure from E27 to T32 (Fig. S20c and Table S3). These 
results indicate that the 2-PhM fusion site makes CLN0252-PhC an 
extended conformation, inhibiting the formation of hydrogen 
bonds that allow the fragment to form a β-hairpin 
conformation.

The intermolecular salt bridges fix the helical structure of 
CLN0252-PhC at D74i(D3)–K66ii and E76i(E5)–K66ii (Fig. 3f). The 
MD simulation for 2-PhT revealed that these salt bridges retain 
the helix structure from P75i(P4) to G78i(G7) of three CLN0252-

PhCs in 2-PhT over the entire run time (Fig. 5a and b). Two salt 
bridges act as an anchor to guide formation of subsequent 
intramolecular hydrogen bonds and an SH---π interaction of 
Y73i(Y2)–E63i and Y73i(Y2)–C216i, respectively (Fig. 5c and d). 
The low electron density observed corresponding to D74R-
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CLN025 in 2-PhCD74R indicates that a missing salt bridge at 
Oδ1/D74i(D3)–Nζ/K66ii destabilizes the helical structure of 
CLN0252-PhC (Fig. S6d). The MD simulation of 2-PhTD74R indicates 
that the electrostatic repulsion around D74Ri influences the 
multi-conformation of CLN025 fragment (Fig. S19). On the other 
hand, in the CLN025 fragment of AF.p17, D35(D3) forms an 
intermolecular salt bridge which contributes to stabilization of 
the β-hairpin conformation (Fig. S20d).59 This result suggests 
that the exact arrangement of salt bridges in the crystal controls 
the conformation of the CLN025 fragment. Thus, the lack of 
electron density of CLN025 in 1, 3, 4-PhC, and 2-PhCD74R could 
be due to failure of D74i(D3) and K66ii to adopt configurations 
which induce formation of the intermolecular salt bridges.

Conclusion
In conclusion, the metastable structure of CLN025 was 
successfully fastened using non-covalent interactions in a 
protein crystal scaffold. The crystal structure analysis reveals 
that CLN025, which has a hairpin structure in solution, takes on 
an extended structure including a helix in 2-PhC. The MD 
simulation and mutation experiments of 2-PhC indicate that 
intermolecular salt bridges in 2-PhT are essential for 
maintaining the extended structure of CLN025, which is further 
stabilized by intramolecular interactions in 2-PhM. Our findings 
will lead to new methods to trap and analyze intermediate or 
transition state conformations of proteins, which have been 
studied only by transient observations, by reconstructing the 
environment that induces various intermolecular interactions in 
protein crystals. Furthermore, this method can be expanded to 
enhance structure determination and stabilization of 
metastable proteins, such as amyloid-β oligomers and 
intrinsically disordered proteins. An additional advantage of in-
cell protein crystals, such as PhC, is that they can be adapted to 
construct pipelines for automated crystallization and structure 
determination.45, 60 Thus, engineering of in-cell protein crystals 
is expected to open up new areas of structural biology and 
biomaterials science.
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