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Abstract: Top7 is a de novo designed protein whose amino acid sequence has no evolutional trace.
Such a property makes Top7 a suitable scaffold for studying the pure nature of protein and protein
engineering applications. To use Top7 as an engineering scaffold, we initially attempted structure
determination and found that crystals of our construct, which lacked the terminal hexahistidine
tag, showed weak diffraction in X-ray structure determination. Thus, we decided to introduce
surface residue mutations to facilitate crystal structure determination. The resulting surface mutants,
Top7sm1 and Top7sm2, crystallized easily and diffracted to the resolution around 1.7 Å. Despite
the improved data, we could not finalize the structures due to high R values. Although we could
not identify the origin of the high R values of the surface mutants, we found that all the structures
shared common packing architecture with consecutive intermolecular β-sheet formation aligned in
one direction. Thus, we mutated the intermolecular interface to disrupt the intermolecular β-sheet
formation, expecting to form a new crystal packing. The resulting mutant, Top7sm2-I68R, formed
new crystal packing interactions as intended and diffracted to the resolution of 1.4 Å. The surface
mutations contributed to crystal packing and high resolution. We finalized the structure model with
the R/Rfree values of 0.20/0.24. Top7sm2-I68R can be a useful model protein due to its convenient
structure determination.

Keywords: Top7; surface entropy reduction; crystal packing engineering

1. Introduction

Top7 is a de novo designed protein consisting of two α-helices and five β-strands [1].
Because of the lack of an evolutional trace, Top7 is an ideal model protein to study the pure
nature of protein structure. The high stability of Top7 also provides a suitable property
for protein engineering. For example, the replacement of hydrophobic core residues to
polar hydrogen-bonded residues in this protein has been used to evaluate the effect of an
“inside out” protein design, which could be stable in organic solvents [2]. The stable nature
of the Top7 scaffold was also used for grafting a target binding loop [3,4] or an antigenic
epitope [5,6].

We had started a protein engineering project using Top7, and we tested the structure
determination process of Top7 by X-ray crystallography, which reported previously [1].
Unfortunately, our attempt to determine the crystal structure failed. We tested not only the
reported crystallization condition but also 192 crystal screening conditions. We found that
the protein forms nice single crystals in several screening conditions, but they diffracted
poorly at a synchrotron facility. Therefore, we could not obtain diffraction data beyond a
resolution of ~3.0 Å. Considering the fact that the original Top7 structure was determined to
the resolution of 2.5 Å, sequence differences between the original protein and our construct
may explain this discrepancy (Figure 1a). Our construct had an N-terminal hexahistidine
tag that was later removed by protease during a purification step, while the original
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construct contained a C-terminal hexahistidine tag. It is also possible that the Top7 crystals
show varied diffraction quality, and testing many numbers of crystals may be required
to obtain the ~2.5-Å resolution data because we found our Top7 crystals showed varied
resolution from ~8 Å to ~3.5 Å. Thus, it is important to develop a Top7 variant whose
structure can be determined easily to facilitate the Top7 engineering research. Here, we
aimed to develop a Top7 mutant whose structure can be easily determined with better
resolution via a surface entropy reduction approach, which replaces large flexible residues
on the protein surface to smaller ones to promote crystallization packing [7–10]. Eventually,
we successfully determined a surface mutant structure of Top7 at a resolution of 1.4 Å. We
will further discuss the structural details below.
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Figure 1. (a) Amino acid sequences of Top7 and its variants used in this study. Mutated residues
are shown in green characters. (b) Purified protein samples analyzed by SDS-PAGE. M: molecular-
weight marker, 1: Top7, 2: Top7sm1, 3: Top7sm2, 4: Top7sm2-I68R. (c) Analytical size-exclusion
chromatography. Chromatograms at 280 nm absorbance were shown. Each chromatogram is shifted
vertically for clarity. (d) Far-UV CD spectra of TOP7 surface mutants.

2. Results and Discussion
2.1. Mutant Constructions and Preparation

To determine the molecular structure of Top7, we chose the high-entropy surface
residues Lys42, Gln43, and Lys46 to apply the surface entropy reduction method. We intro-
duced K42A, Q43A, and K46A mutations and the resulting mutant was named Top7sm1
(Figure 1a; sm indicates surface mutations). Furthermore, we chose additional high entropy
residues, Lys57 and Lys58. We mutated these two residues to serine and called this mutant
Top7sm2. Three residues of Top7sm1 were mutated to low entropy alanine to reduce
the conformational entropy loss during crystal contact formation. For the additional two
mutations of Top7sm2, serine mutations were introduced instead of alanine to prevent the
surface from being too hydrophobic.
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Top7sm1 and Top7sm2 were expressed in E. coli and purified by a one-step Ni-NTA
purification. After removal of the N-terminal hexahistidine tag, purified protein samples
were obtained (Figure 1b). Although the chain lengths of these mutants are identical, the
mutations altered the number of positively charged residues. This could yield different
mobilities during electrophoresis.

2.2. Size-Exclusion Chromatography and CD Measurements

Size-exclusion chromatography (SEC) was performed to measure the size of the protein
samples (Figure 1c). All surface mutants were eluted as a monomer at a similar elution
volume to Top7, indicating that the surface mutations did not cause the intermolecular
association. CD measurements evaluated the secondary structure and demonstrated that
the surface mutants showed similar CD profiles at far-UV regions with that of wildtype.
This indicates that the secondary structure was not affected by the surface mutations
(Figure 1d). Taken together, these results confirm a minimal structural impact, resulting
from the mutated surface residues.

2.3. Structure Determination of Top7sm1 and Top7sm2

We successfully crystallized Top7sm1 and Top7sm2 and obtained diffraction data at a
resolution of 1.7 Å, 1.65 Å, and 2.5 Å for TOP7sm1 with the P3221 space group, Top7sm2
with the P3221 space group, and Top7sm2 with the space group P21, respectively. Two P3221
data points were isomorphous with that of the original Top7 structure (PDBID 1QYS), and
one P21 datum of Top7sm2 contained six molecules in an asymmetric unit (Figure 2a). Since
two P3221 crystals had moderate resolutions, we could see relatively clear electron density
maps for these mutants (Figure 2a). However, despite the high quality of the diffraction
data of the P3221 crystals, the R values remained high (R/Rfree = 0.26/0.29 and 0.26/0.29
for Top7sm1 and Top7sm2, respectively). Considering their resolution, these values were
beyond the acceptable range of structure refinement. Although we have tested several
refinement strategies, we could not improve the R values. The R values for the Top7sm2
P21 mutant were also a bit high, even considering its resolution (2.5 Å; R/Rfree = 0.27/0.31).
Due to the high R values, we could not finalize the structure models to fulfill the deposit
criteria for the Protein Data Bank (PDB). We analyzed these incomplete models to evaluate
the reason for the high R values. PDB files of these mutants (Top7sm1 and Top7sm2) can be
found in the supplemental materials.

All Top7 variants shared a very similar structure with Top7 with the root mean square
deviation (RMSD) values of Cα atoms below 0.8 Å. The Top7sm1 and Top7sm2 structures
with the P3221 space group showed isomorphous crystals with the original Top7 structure.
It appears that the surface mutations did not alter the crystal packing. It is possible that
removal of positive charges of lysine residues may contribute to the improved resolutions,
electrostatically. Top7sm2 structure with the P21 space group contained six molecules
within the asymmetric unit. Interestingly, these six molecules formed a consecutive string
via an intermolecular β-sheet (Figure 2a). Such consecutive strings of the β-sheet also exist
in the P3221 crystals generated by symmetry operations (Figure 2b). Thus, all the variant
structures share the common one-directional β-sheet string via intermolecular association.
Although the reason for the high R values of data of the Top7 variants is not clear thus far,
it may be possible that with crystal packing alterations, we could obtain new crystal forms
with improved refinement statistics.

2.4. I68R Mutation on Top7sm2 to Disrupt the Continuous β-Sheet in Crystal Packing

To obtain the different crystal packing of Top7 variants, we mutated the intermolecular
residue to disrupt the consecutive β-sheet observed in all Top7 structures. We scrutinized
the crystal packing of Top7sm2 and found Ile68 at β-strand-4 to be a promising site for
the mutation. Ile68 is located where an intermolecular β-strand and a symmetry-related
molecule interact (Figure 3a). We mutated Ile68 to arginine to introduce repulsive electro-
static force by positive charges and steric hindrance at the interface. The resulting mutant,
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Top7sm2-I68R, was monomeric in solution as confirmed by SEC. This mutant also showed
a similar CD profile to that of Top7 (Figure 1c,d).
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Figure 2. Crystal structures of Top7sm1 and Top7sm2. (a) Protein structures in asymmetric units are
shown with cartoon and stick representations. Six monomers in the asymmetric unit of the Top7sm2
P21 crystal are shown by six different colors. Electron density maps (contour level of σ = 1.0) for
P3221 crystals are shown in rectangles with mesh representations. (b) Crystal packings of Top7sm1
P3221 and Top7sm2 P21. Proteins in the asymmetric units are shown in red. One-directional arrays
via intermolecular β-sheet are indicated with salmon color of symmetry-related molecules.

We successfully determined the crystal structure of Top7sm2-I68R with a resolution of
1.4 Å (Figure 3b and Table 1). The crystal belongs to the P21 space group, containing two
molecules in the asymmetric unit (mol-A and mol-B). The two molecules had very similar
structure with an RMSD value of Cα atom as 0.36 Å. As intended, the mutant formed new
crystal packing without forming the continuous β-sheet string that was observed in the
other Top7 structures (Figure 3c), and the R values (R/Rfree: 0.20/0.24) were dropped to
a relatively decent range for the resolution. The structure was deposited to PDB with a
PDBID of 7FAO.
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Figure 3. Mutant design and crystal structure of Top7sm2-I68R. (a) Intermolecular packing of
Top7sm2 P3221, which is commonly shared in other Top7 crystals. I68 residues are shown in red with
sphere representations. (b) Crystal structure of Top7sm2-I68R. Two molecules in the asymmetric
unit are shown (mol-A: green, mol-B: cyan). Mutated R68 residues are shown in red with CPK
representations. (c) Crystal packing of Top7sm2-I68R structure. Two molecules in the asymmetric
unit are shown in red ribbon representation. (d) Close view of the crystal packing. Surface mutations
in sm1 (K42A, Q43A, and K46A) are shown in orange and those in sm2 (K57S and K58S) are shown
in pink. Symmetry-related molecules are shown in gray.

Two molecules in the asymmetric unit were positioned in a side-by-side manner with
a pseudo-twofold symmetry (Figure 3b). Arg68 slid by each other to avoid steric crash
and repulsive electric force, as intended. The surface mutation residues were located near
the crystal contact regions (Figure 3d). Although there is no direct contact at K42A, Q43A,
and K46A, these mutations seem to prevent steric crash with a neighboring molecule by
the removal of the long Lys and Gln side chains. K57S and K58S mutational portions
directly form a crystal contact with the Glu28 of a neighboring molecule. Such favorable
influences of the surface mutations should contribute to the improvement of the resolution
and reduction of the R values.

It has been reported that the resolution improvement can be achieved by the surface
engineering of protein. For example, RhoGDI and IGFRK-0P structures received improved
resolutions from 2.0 Å to 1.2 Å and 2.7 Å to 1.5 Å, respectively, via surface mutations [11,12].
The critical difference of our approach is aiming for alternating crystal packing by intro-
ducing a bulky charged residue onto the symmetric crystal contact position to alternate
the crystal packing because the original crystal packing of Top7 induces continuous inter-
molecular β-sheet and may result in unfavorable statistical values. Thus, an intentional
insertion of a disruptive mutation on crystal packing as shown in this study could be a
useful strategy to obtain different type of crystal packings.
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Table 1. Statistics for the crystal structure.

Protein Top7SuMu2 I68R

Data collection statistics
Space group P 1 21 1

Cell parameters a = 24.02
b = 86.30
c = 40.13
β = 97.18

Beamline KEK-PF BL5A
Wavelength 1.0000

Resolution (Å) a 19.91–1.43
Completeness(%) 98.64 (99.46)

I/s (I) 17.0 (2.5)
Rmerge

b 0.034
Average redundancy 3.2(3.2)

Refinement statistics
Resolution range (Å) 19.908–1.430 (1.481–1.430)

Reflections used (free) 29,515 (2957)
R factor c 0.2029

Rfree
d 0.2422

RMS deviations
Bonds (Å) 0.005
Angles (◦) 0.73

No. protein residues 96
No. waters 127

Ramachandran plot statistics
Favored (%) 98.94
Allowed (%) 1.06
Outliers (%) 0.00

a Highest resolution shell is shown in parenthesis. b R-merge = ΣhklΣi| I(hkl)i − <I(hkl)>| /ΣhklΣi<I(hkl)i>
over i observations of a reflection hkl. c R-factor = Σ||F(obs)| − |F(calc)||/Σ|F(obs)|. d Rfree is R with 5% of
reflections sequestered before refinement.

2.5. Top7sm2-I68R as a Model Protein

We successfully constructed the Top7 surface mutant (Top7sm2-I68R) that easily forms
a single crystal and has a different crystal packing structure from the original Top7. We
could expand the resolution from 2.5 Å of the original Top7 to 1.4 Å by surface engineering.
The original Top7 structure model (PDBID 1QYS) lacks several side chain atoms, while the
Top7sm2-I68R structure contains all side chain atoms because of the high-resolution data.
Easy structure determination and the resolution improvement are important for structural
analysis investigating the molecular detail of further engineered Top7.

We noticed that the molecular surface of Top7 has a relatively high number of charged
bulky residues (Lys and Glu), possibly resulting from the de novo designing procedure.
Thus, surface engineering for de novo designed proteins may be a feasible approach for
general crystal structure determination.

3. Materials and Methods
3.1. Sample Preparations

A synthetic gene of Top7 was purchased from Eurofins genomics (eurofinsgenomics.jp;
accessed on 20 October 2021) and subcloned into a pET28 vector. Expression vectors of
the Top7 variants were constructed by a PCR-based mutagenesis using a PrimeSTAR DNA
polymerase (Takara Bio Inc., Shiga, Japan). All protein samples were expressed by E. coli
BL21(DE3) strain using Studier’s autoinduction medium [13]. After one-step purification
with Ni-NTA agarose resin (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan),
the N-terminal hexahistidine tag was removed by thrombin cleavage. The protein samples
were re-applied to the Ni-NTA column to remove the cleaved tag and uncleaved protein.
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Analytical SEC was performed using a Superdex200 10/300 column (GE Healthcare,
Chicago, IL, USA) equilibrated with a 50 mM phosphate pH 7.0, 150 mM NaCl buffer by
monitoring 280 nm absorbance.

CD spectra were measured using a CD spectrometer J-820 (JASCO, Tokyo, Japan) with
10 µM protein samples in a 50 mM phosphate pH 7.0, 150 mM NaCl buffer, and 25 ◦C. A
1 mm quartz cell was used.

3.2. Crystallization and Structure Determination

Initial crystallization conditions were screened using Crystal screen 1/2 and JCSG+
(192 conditions in total). Hanging drop vapor diffusion was used for crystallization. Protein
crystals were formed in conditions of 20% PEG3350, 0.25 M ammonium formate (pH 6.6) for
Top7sm1 (26 mg/mL protein concentration), 12% PEG8000, 12% glycerol, 0.16 M calcium
acetate, 0.1 M cacodylic acid (pH 6.5) for Top7sm2 (25 mg/mL protein concentration), and
15% PEG8000, 0.1 M magnesium acetate, and 0.1 M cacodylic acid (pH 6.5) for Top7sm2
I68R (25 mg/mL protein concentration). As a cryoprotectant, glycerol was added to the
crystallization buffer at concentrations of 15~30%. We collected diffraction data at Photon
Factory beamline BL-5A and processed with xds [14]. For the initial phase determination,
the Top7 structure was used (PDBID 1QYS). Structural refinements were performed using
Phenix [15] and Coot [16]. The final structural model of Top7sm2-I68R was deposited to
PDB with the PDBID of 7FAO. PDB format files for Top7sm1 and Top7sm2 are available
as supplemental files. Molecular visualization was shown by PyMol (www.pymol.org;
accessed on 20 October 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms23020701/s1.

Author Contributions: Conceptualization, H.K. and K.M.; experimental analysis, Y.I., T.A. and S.S.;
data deposition, Y.I.; writing—original draft preparation, Y.I. and K.M.; writing—review and editing,
H.K. and K.M.; visualization, Y.I. and K.M.; supervision, K.M.; project administration, K.M.; funding
acquisition, K.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported by the Sumitomo Foundation for basic science. This work
was supported in part by YU-COE program of Yamagata University.

Data Availability Statement: Structure data for Top7sm2-I68R is available at PDB with the ID
of 7FAO.

Acknowledgments: We thank the beamline staff at KEK-PF, Tsukuba, Japan, for their assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kuhlman, B.; Dantas, G.; Ireton, G.C.; Varani, G.; Stoddard, B.L.; Baker, D. Design of a Novel Globular Protein Fold with

Atomic-Level Accuracy. Science 2003, 302, 1364–1368. [CrossRef] [PubMed]
2. Basanta, B.; Chan, K.; Barth, P.; King, T.; Sosnick, T.R.; Hinshaw, J.R.; Liu, G.; Everett, J.K.; Xiao, R.; Montelione, G.T.; et al.

Introduction of a polar core into the de novo designed protein Top7. Protein Sci. 2016, 25, 1299–1307. [CrossRef] [PubMed]
3. Boschek, C.B.; Apiyo, D.O.; Soares, T.A.; Engelmann, H.E.; Pefaur, N.B.; Straatsma, T.P.; Baird, C.L. Engineering an ultra-stable

affinity reagent based on Top7. Protein Eng. Des. Sel. 2009, 22, 325–332. [CrossRef] [PubMed]
4. Soares, T.A.; Boschek, C.B.; Apiyo, D.; Baird, C.; Straatsma, T. Molecular basis of the structural stability of a Top7-based scaffold

at extreme pH and temperature conditions. J. Mol. Graph. Model. 2010, 28, 755–765. [CrossRef] [PubMed]
5. Viana, I.F.T.; Soares, T.A.; Lima, L.F.O.; Marques, E.T.A.; Krieger, M.A.; Dhalia, R.; Lins, R.D. De novo design of immunoreactive

conformation-specific HIV-1 epitopes based on Top7 scaffold. RSC Adv. 2013, 3, 11790–11800. [CrossRef]
6. Viana, I.F.T.; Dhalia, R.; Krieger, M.A.; Marques, E.T.A.; Lins, R.D. Influence of Scaffold Stability and Electrostatics on Top7-Based

Engineered Helical HIV-1 Epitopes BT. In Advances in Bioinformatics and Computational Biology; Setubal, J.C., Almeida, N.F., Eds.;
Springer International Publishing: Cham, Switzerland, 2013; pp. 94–103.

7. Derewenda, Z.S.; Vekilov, P.G. Entropy and surface engineering in protein crystallization. Acta Crystallogr. Sect. D Biol. Crystallogr.
2005, 62, 116–124. [CrossRef]

8. Derewenda, Z.S. Rational Protein Crystallization by Mutational Surface Engineering. Structure 2004, 12, 529–535. [CrossRef]

www.pymol.org
https://www.mdpi.com/article/10.3390/ijms23020701/s1
https://www.mdpi.com/article/10.3390/ijms23020701/s1
http://doi.org/10.1126/science.1089427
http://www.ncbi.nlm.nih.gov/pubmed/14631033
http://doi.org/10.1002/pro.2899
http://www.ncbi.nlm.nih.gov/pubmed/26873166
http://doi.org/10.1093/protein/gzp007
http://www.ncbi.nlm.nih.gov/pubmed/19321520
http://doi.org/10.1016/j.jmgm.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20185346
http://doi.org/10.1039/c3ra41562g
http://doi.org/10.1107/S0907444905035237
http://doi.org/10.1016/j.str.2004.03.008


Int. J. Mol. Sci. 2022, 23, 701 8 of 8

9. Cooper, D.R.; Boczek, T.; Grelewska-Nowotko, K.; Pinkowska, M.; Sikorska, M.; Zawadzki, M.; Derewenda, Z. Protein crystalliza-
tion by surface entropy reduction: Optimization of the SER strategy. Acta Crystallogr. Sect. D Biol. Crystallogr. 2007, 63, 636–645.
[CrossRef] [PubMed]

10. Derewenda, Z. The use of recombinant methods and molecular engineering in protein crystallization. Methods 2004, 34, 354–363.
[CrossRef] [PubMed]

11. Mateja, A.; Devedjiev, Y.; Krowarsch, D.; Longenecker, K.; Dauter, Z.; Otlewski, J.; Derewenda, Z.S. The impact of Glu→Ala and
Glu→Asp mutations on the crystallization properties of RhoGDI: The structure of RhoGDI at 1.3 Å resolution. Acta Crystallogr.
Sect. D Biol. Crystallogr. 2002, 58, 1983–1991. [CrossRef] [PubMed]

12. Munshi, S.; Hall, D.L.; Kornienko, M.; Darke, P.L.; Kuo, L.C. Structure of apo, unactivated insulin-like growth factor-1 receptor
kinase at 1.5 Å resolution. Acta Crystallogr. Sect. D Biol. Crystallogr. 2003, 59, 1725–1730. [CrossRef] [PubMed]

13. Studier, F.W. Protein production by auto-induction in high-density shaking cultures. Protein Expr. Purif. 2005, 41, 207–234.
Available online: http://internal-pdf//Studier-2005-Protein-production-b-0113570596/Studier-2005-Protein-production-b.pdf
(accessed on 20 October 2021). [CrossRef] [PubMed]

14. Kabsch, W. XDS research papers. Acta Crystallogr. Sect. D Biol. Crystallogr. 2010, 66, 125–132. [CrossRef] [PubMed]
15. Adams, P.D.; Afonine, P.V.; Bunkóczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.-W.; Kapral, G.J.; Grosse-

Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr.
Sect. D Biol. Crystallogr. 2010, 66, 213–221. [CrossRef] [PubMed]

16. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2126–2132.
[CrossRef] [PubMed]

http://doi.org/10.1107/S0907444907010931
http://www.ncbi.nlm.nih.gov/pubmed/17452789
http://doi.org/10.1016/j.ymeth.2004.03.024
http://www.ncbi.nlm.nih.gov/pubmed/15325653
http://doi.org/10.1107/S090744490201394X
http://www.ncbi.nlm.nih.gov/pubmed/12454455
http://doi.org/10.1107/S0907444903015415
http://www.ncbi.nlm.nih.gov/pubmed/14501110
http://internal-pdf//Studier-2005-Protein-production-b-0113570596/Studier-2005-Protein-production-b.pdf
http://doi.org/10.1016/j.pep.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15915565
http://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
http://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
http://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765

	Introduction 
	Results and Discussion 
	Mutant Constructions and Preparation 
	Size-Exclusion Chromatography and CD Measurements 
	Structure Determination of Top7sm1 and Top7sm2 
	I68R Mutation on Top7sm2 to Disrupt the Continuous -Sheet in Crystal Packing 
	Top7sm2-I68R as a Model Protein 

	Materials and Methods 
	Sample Preparations 
	Crystallization and Structure Determination 

	References

