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Direct control of protein quaternary structure (QS) is challenging owing to the complexity of protein structure. As a protein
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with a characteristic QS, peroxiredoxin from Aeropyrum pernix K1 (ApPrx) forms a decamer, wherein five dimers associate

to form a ring. Here, we disrupted and reconstituted ApPrx QS via amino acid mutations and chemical modifications

targeting hot spots for protein assembly. The decameric QS of an ApPrx* mutant, wherein all cysteine residues in wild-type

ApPrx were mutated to serine, was destructed to dimers via an F80C mutation. The dimeric ApPrx*F80C mutant was then

modified with a small molecule and successfully assembled as a decamer. Structural analysis confirmed that an artificially

installed chemical moiety potentially facilitates suitable protein-protein interactions to rebuild a native structure. Rebuilding

of dodecamer was also achieved through an additional amino acid mutation. This study describes a facile method to regulate

protein assembly state.

Introduction

Protein assemblies have been extensively explored as promising
biomaterials.10 Artificially generated interactions have been
applied to form various architectures gathering the natural
structures of proteins. Protein units have often been chemically
modified, facilitating the formation and switching of
assemblies.810 However, few studies on protein assemblies thus
far have focused on the control of the quaternary structure
(QS). As a protein assembly forming a defined construct, the QS
of proteins is generated through specific supramolecular
interactions among protein domains, resulting in highly
sophisticated architectures such as spheres, tubes, ring-like
conformations, and bacterial compartments and viruses.11-13
These supramolecular assemblies of proteins play essential
physiological roles by imparting unique functional properties,
such as allosteric regulation, to proteins.1* The development of
a controllable protein QS would facilitate the switching of
protein functions and further extend the realm of artificially
designed functional biomaterials combined with the existing
artificial protein assemblies.

Alteration or control of the QS of proteins remains challenging
owing to the complex and strictly defined interactions among
the protein involved in QS The
conventional method of achieving QS control is amino acid (AA)
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mutation, which imposes limitations on the repertoire and
responsiveness.1>17 The other is a supramolecular approach
known as the “bump-and-hole” strategy, which harnesses
supramolecular recognition between the cavity on proteins and
small molecules to modify protein stability or assembly state.18-
20 As an alternative approach, covalent chemical modification
potentially facilitates simple and rapid modulation of QS;
however, it has not been used for the purpose.

Herein, we describe the control of QS of a ring-type protein via
combined AA mutations and chemical modification. The target
protein peroxiredoxin (Prx) is an antioxidant enzyme expressed
in most living organisms. It uses cysteine (Cys) as a catalytic
residue and forms characteristic QS including dimers, square
octamers, pentagonal decamers, and hexagonal dodecamers.21-
24 Such structural variations render Prx a noteworthy target for
studying  protein and its
nanotechnology.2>-27 example,

assembly

For
Aeropyrum pernix K1 (ApPrx) forms a characteristic ring-type
decamer via the assembly of five dimers.28 2° We confirmed that
hydrophobic interactions are essential for the dimers to
associate using an ApPrx* mutant (previously described as

application in

peroxiredoxin  from

ApPrx0Cys), in which all Cys residues were mutated to Ser, as a
model protein. Amino acid residues F46, F80, and W210 are
important in maintaining the decameric assembly. A mutation
causing changes in any of these residues to alanine (Ala)
disassembled ApPrx* to dimers owing to the absence of
hydrophobic interactions among the dimers.3% The elimination
of a single aromatic moiety per monomer disassembled
decameric ApPrx* to dimers. This inspired us to reconstitute its
QS through chemical modifications, wherein a synthetic
aromatic ring is added to a protein surface to recover protein-
protein interactions.
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Figure 1. Schematic representation of the preparation of R@ApPrx*. Decameric ApPrx*
was disassembled owing to the F8OC mutation through the loss of interactions among
dimers. ApPrx*F80C dimers were conjugated with R-Br to reassemble the ApPrx*F80C

dimers.

Results & Discussion

By initially incorporating Cys residues instead of the essential AA
residue to form decamers, hydrophobic interactions were
disrupted for protein disassembly and for generating protein
building units, each with a modification site (Figure 1).
Thereafter, protein-protein interactions were reconstructed
through chemical modification of small molecules to
reconstitute the protein assembly. Following this strategy, the
protein assembly should be regulated in response to chemical
modification.

Initially, a protein building unit based on ApPrx*
mutationally designed. We selected residue 80 as a site for
chemical modification because the crystal structure of
ApPrx*F80A revealed an adequately large space to
accommodate a small molecule (Figure S1). Gel-filtration

was

chromatography and dynamic light scattering (DLS) revealed
that the ApPrx*F80C mutant in solution assumed the dimeric
state. Gel-filtration chromatography revealed that ApPrx*F80C
eluted at 15.1 mL, which is the equivalent elution volume of an
ApPrx*F80A mutant assuming a dimeric state (Figure S2a,
Figure 2a).3% The hydrodynamic diameter measured by DLS was
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4.85-5.61 nm at a protein concentration of 1.3—20 g/L, which
corresponded to the size of dimeric ApPrx*F80A (Figure S2b).
Considering that ApPrx*F80C still forms dimers at
concentrations up to 20 g/L, the interaction among dimers
seemed almost negligible. Electrospray
spectrometry (ESI-MS) for ApPrx*F80C revealed an m/z of
28485.22, which matched the m/z calculated for
C1290H2005N35903615s, 28479.60.

The ApPrx*F80C mutant was then conjugated with small
molecules to reconstruct hydrophobic interactions among
protein domains. We selected the following molecules with
various aromatic moieties for conjugation (Figure 1): 2-
bromoacetophenone  (Ph-Br), 2-bromoacetylnaphthalene
(Naph-Br) and 1-(bromoacetyl)pyrene (Pyr-Br). Reacting Ph-Br
and Naph-Br with ApPrx*F80C resulted in the formation of a
stable protein solution of Ph@ApPrx* and Naph@ApPrx*,
respectively, whereas that with Pyr-Br formed a precipitate,
indicating that an excessively large aromatic ring, including
pyrene, causes unselective protein interactions resulting in
protein aggregates. Previous studies on pyrene modification of
proteins resulted in soluble pyrene-modified protein.3l. 32
Compared with these, ApPrx*F80C has a symmetrical
conformation and its conjugation site C80 is positioned on an
accessible protein surface, potentially facilitating the
aggregation. The ESI-MS of Ph@ApPrx* and Naph@ApPrx*
revealed corresponding m/z (obs. 28604.33 calcd. 28598.7 and,
obs. 28652.60 calcd. 28648.7, respectively) of these conjugates
as a single component, suggesting quantitative conjugation.
Ellman tests using 5,5'-dithiobis(2-nitrobenzoic acid) as a thiol
detection reagent further confirmed the quantitative
consumption of the thiol groups in Ph@ApPrx* and
Naph@ApPrx* because increases in absorbance at 412 nm
were essentially undetectable (Figure S3).33

The assembly behaviour of Ph@ApPrx* and Naph@ApPrx* was
assessed using gel-filtration chromatography. Ph@ApPrx* (1.0
g/L protein) exhibited multiple broad peaks ranging from 12.0
mL to 15.1 mL (Figure 2a). The chromatographic findings
depended on the protein concentration (Figure S4a,b),
suggesting that conjugation with the Ph moiety could not
completely reassemble the decameric structure; however,
partially associated dimers with weak interactions under
equilibrium. Because the attached phenyl group in Ph@ApPrx*
was separated by three bond lengths from the sulphur atom of
C80, the affinity between dimers was not same as that of
ApPrx*, wherein the phenyl group of F80 imparted
hydrophobicity. In contrast, Naph@ApPrx* eluted as a single
peak at 11.1 mL (Figure 2a). This elution volume corresponded
to decameric ApPrx, suggesting that the Naph moiety
reassembled the five ApPrx*F80C dimers into the decameric
structure, similar to native ApPrx, by recovering protein-protein
interactions. The chromatogram of Naph@ApPrx* exhibited
limited dependence on the protein concentration, suggesting
strong interactions among protein dimers within a
concentration range of 0.25-2.0 g/L (Figure S4c,d).

To further investigate the assembly process, ApPrx*F80C was
treated with 0-1.4 eq. of Naph-Br in 0.2 eq. increments and
then subjected to gel-filtration chromatography (Figure 2b).

ionization mass
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Starting from ApPrx*F80C at 15.1 mL, the peak at 13.5 mL
initially increased from 0.2 to 0.4 eq. of added Naph-Br.
Considering its middle elution volume and initial increase, the
peak at 13.5 mL was attributable to tetramer formation. One of
two Cys residues in a dimer might be functionalized by Naph-Br,
causing partial interaction to form a tetramer. The addition of
0.6 eq. Naph-Br generated almost equivalent amounts of the
dimer, tetramer, and decamer, in accordance with the peak
proportions (Figure 2b, inset). Adding 1.2 eq. of Naph-Br was
sufficient to transform 85% of proteins to decamers.

Formation of a decameric structure was also indicated through
DLS experiments. The hydrodynamic size of ApPrx*F80C in a 20
mM 3-(N-morpholino)propanesulphonic acid (MOPS) buffer
containing 150 mM NaCl increased from 4.85 to 8.72 nm when
Naph-Br was added while Naph@ApPrx* formed (Figure 2c).
After adding 1 eq. of Naph-Br, the size approached 8.72 nm,
which roughly indicated the stoichiometric conjugation of
Naph-Br and the resulting formation of the decameric
assembly. The response was notably rapid; the sizes were
measured within 5 min after adding Naph-Br. In contrast, the
treatment of the ApPrx*F80A mutant with Naph-Br did not
affect protein size. Furthermore, the ApPrx*F80A/H123C
mutant, harbouring a Cys residue at position 123 (Figure S1),
remained dimeric after Naph-Br addition. Moreover, the
addition of naphthalene (Naph-1), 2-methylnaphthalene
(Naph-2), or 2’-acetonaphthone (Naph-3) to ApPrx*F80C did
not promote the reassembly even with 10 eq. to protein (Figure
2d). Because ApPrx*F80C does not have a discrete cavity to
associate naphthalene derivatives, supramolecular recognition
was not applicable for controlling ApPrx assembly. These
findings confirmed that the selective covalent modification of
C80 in Naph@ApPrx* is critical for reconstituting the decameric
structure.

The reassembly of ApPrx*F80C upon the addition of Naph-Br
proceeded orthogonally in the presence of other proteins. A
mixture of proteins, including 1.0 g/L of ApPrx*F80C,
thyroglobulin (MW, 660,000; elution volume, 9.1 mL) and
chymotrypsinogen A (MW, 25,000; elution volume, 16.8 mL),
was treated with Naph-Br (2 eq. to ApPrx*F80C) and assessed
through gel-filtration chromatography after 30 min (Figure 3a).
Before adding Naph-Br, the three primary peaks appeared at
9.1 (thyroglobulin), 15.1 (ApPrx*F80C), and 16.8 mL
(chymotrypsinogen A). After adding Naph-Br, three primary
peaks appeared at 9.1 (thyroglobulin), 11.1 (Naph@ApPrx*),
and 16.8 mL (chymotrypsinogen A). This peak shift confirmed
the formation of Naph@ApPrx* in the presence of the other
two proteins. Although the efficiency of decamer formation
decreased below that of purified protein,
ApPrx*F80C dimer was converted to a decamer in accordance
with a peak shift to 11.1 mL, indicating selective reassembly
with specific interactions among Naph@ApPrx* dimers. Even
when an equivalent mixture of ApPrx*F80C (1 g/L) and
structurally very similar ApPrx*F80A (1 g/L) mutant was added
Naph-Br (2 eq. to ApPrx*F80C), half of the protein was
assembled, suggesting the highly selective recognition and
assembly among Naph@ApPrx* proteins (Figure 3b).

most of the
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Figure 2. Analysis of protein size through gel-filtration chromatography and DLS
measurements. a) ApPrx*F80C (black), Ph@ApPrx* (dashed), and Naph@ApPrx* (red) in
1.0 g/L. b) Peak shifts when ApPrx*F80C (1.0 g/L) was added 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4 eq. of Naph-Br (4.0 mM) dissolved in dimethyl sulfoxide (DMSO). Inset, peak
proportions for 15.1 mL (black), 13.5 mL (gray), and 11.1 mL (red). c) Hydrodynamic sizes
after adding Naph-Br (4 mM) dissolved in DMSO to ApPrx*F80C (red), ApPrx*F80A (gray),
and ApPrx*F80A/H123C (green) (0.20 g/L) in 20 mM MOPS (pH 7.0) 150 mM NacCl. d)
Hydrodynamic sizes of ApPrx*F80C (0.20 g/L) in 20 mM MOPS (pH 7.0) 150 mM NaCl
after adding 1.0 g/L of Naph-1 (black circle), Naph-2 (black cross), or Naph-3 (red square)
dissolved in DMSO.
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Figure 3. Gel-filtration chromatograms of protein mixtures containing a) 1.0 g/L of
thyroglobulin, chymotrypsinogen A, and ApPrx*F80C, or b) 1.0 g/L of ApPrx*F80A and
ApPrx*F80C before (black) and after (red) adding Naph-Br (2.0 eq. to ApPrx*F80C) in
DMSO.

The crystal structures of ApPrx*F80C, Ph@ApPrx* (Figure S5),
and Naph@ApPrx* (Figure 4) were determined. All protein
crystals were prepared under the same conditions with a
resolution of 2.10-2.20 A (Table S1). ApPrx*F80C assembled a
decamer-like crystal form although it was dimeric in solution,
suggesting that ApPrx*F80C packed
structure, similar to the native form in crystal but does not

into the decameric

assemble in solution because of the lack of interaction among
dimers, as previously observed for the ApPrx*F80A mutant.3°
The crystal structures of Ph@ApPrx* and Naph@ApPrx* also
represented ring-type decamers similar to native ApPrx. The Ph
and Naph moieties were linked on C80. The structures of
ApPrx*F80C, Ph@ApPrx*, and Naph@ApPrx* are similar,
except for the conjugated Ph and Naph moieties, confirming
that these small molecules played crucial roles in assembling
sets of five dimers into decamers (Figure S5). The Naph moiety
is surrounded by P43, T47, H123, and M145, indicating broad
contact with the neighbouring dimeric unit (Figure 4b).
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Figure 4. Crystal structure of Naph@ApPrx* (PDB ID: 7C8A). a) Overall structure. Naph
moieties are shown as magenta spheres. b) Zoomed view around Naph moiety. Blue
mesh, 2Fo-Fc map of C80 and Naph moiety contoured at 1.00. Water and citrate
molecules are omitted for clarity.

Based on the structures determined herein, we computationally
analyzed the interactions among the protein dimers using the
Molecular Operating Environment (MOE) software (Chemical
Computing Group, Montreal, QC, Canada).3* Because all
proteins were assembled into the similar pentagonal shape in
crystals regardless of the assembly state in solution, the
interactions could be compared in parallel. The contacting
surface areas between the neighbouring dimeric units in the
crystal structures of ApPrx*, ApPrx*F80C, Ph@ApPrx*, and
Naph@ApPrx* were respectively estimated as 1565, 1479,
1654, and 1749 A2, indicating larger contact areas in the
synthetically modified proteins. The protein contact energies
were determined between the 80th residue and the
neighbouring dimeric unit in each protein (Table S2). Only
distance-dependent van der Waals (vdW) interactions were
detected based on the distance cut-off of 4.5 A, although this
program can evaluate the other interactions including
hydrogen-bonding, arene, covalent, ionic, and metal
interactions. Both the F80 of ApPrx* and C80 of ApPrx*F80C
exhibited negative energies, indicating the enthalpically
favoured interactions with the neighbouring dimeric unit. In
contrast, the C80 linking Ph moiety of Ph@ApPrx* and the C80
linking Naph moiety of Naph@ApPrx* exhibited positive

This journal is © The Royal Society of Chemistry 20xx
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energies, indicating enthalpically unfavoured interactions. In
particular, P43 and H123 exhibited positive energies upon
interactions with Ph or Naph ligands, probably owing to close
contact. To detect interactions in more detail, we conducted
surface patch analyses through MOE. Consecutive hydrophobic
surfaces of the neighbouring dimeric unit for the 80th residue
of chain A were detected and analyzed. The AA residues forming
the hydrophobic surfaces are listed in Table S3. Although F80 of
ApPrx* contributed to the formation of
hydrophobic surfaces of the neighbouring dimeric unit, C80 of
ApPrx*F80C decreased the hydrophobic surface both in number
and area (Figure S6a,b). The hydrophobic patch areas were
significantly decreased from 550 A2 of ApPrx* to 380 A2 of
ApPrx*F80C through the F80C mutation, indicating the loss of
hydrophobic interactions among dimers. However, both
Ph@ApPrx* and Naph@ApPrx* successfully formed large and
consecutive hydrophobic patches with 580 and 610 A2,
respectively, indicating that hydrophobic interactions were
recovered through chemical modification (Figure S6c,d). In
particular, Naph@ApPrx* generated large hydrophobic
contact, contributing to a stronger decameric assembly,
indicating that the decameric assembly in these proteins was
better described through entropically driven hydrophobic
interactions than the enthalpic factors including vdW
interactions. Surface analyses via eF-surf (https://pdbj.org/eF-
surf/top.do) further support the formation of hydrophobic
interactions.3> F80 of ApPrx* is filling the hydrophobic pocket of
the neighbouring dimeric unit (Figure S7a-c). Ph moiety of
Ph@ApPrx* is placed differently from native F80, moderately
recovering the interaction (Figure S7d,e). Naph moiety of
Naph@ApPrx* is large enough to approach the hydrophobic
M145 residue and have large contact with the H123 residue
(Figure S7f,g), effectively preventing solvent intrusion into the
hydrophobic pocket.

To further assess the assembling behaviour of Naph@ApPrx*,
we checked the effects of temperature and salt concentration.
Circular dichroism (CD) and DLS findings at a high temperature
indicated that Naph@ApPrx* maintained similar
thermostability to that of native ApPrx. The CD spectra of
Naph@ApPrx* did not significantly change as the temperature
increased from 20°C to 90°C (Figure S8a). The temperature of
the protein solution was decreased to 20°C to recover the prior
CD spectrum. The hydrodynamic sizes of Naph@ApPrx* at 20—
90°C estimated through DLS were within 9.8-10.7 nm (Figure
S8b), suggesting that morphological changes and precipitation
did not occur within this temperature range. When a solution
containing Naph@ApPrx*
precipitate was formed. DLS measurements indicate precipitate

consecutive

was cooled to 3 °C, a white
formation upon cooling (Figure S9). The precipitate was
dissolved upon heating to 20 °C, and precipitation was
reversible for several times. This type of precipitation was not
observed for ApPrx*F80C, indicating that the precipitate was
formed from Naph@ApPrx* and its Naph moiety played a key
role in precipitation. However, decameric ApPrx* disassembled
into dimers at 3 °C in this buffer condition, as the observed size
on DLS gradually decreased to <10 °C. Because hydrophobic
interactions typically become weak at low temperatures,3® we

This journal is © The Royal Society of Chemistry 20xx

hypothesized that the precipitate occurred when
Naph@ApPrx* was disassembled to dimers and the naphthyl
group was exposed to the solvent, resulting in nonspecific
interactions. As expected, the precipitate was formed when the
salt was removed from the solution through desalting because
the hydrophobic interactions were weakened by removing the
salt. Naph@ApPrx* was homogeneously dissolved in a 20 mM
MOPS buffer containing 150 mM NaCl at 20 °C, while
Naph@ApPrx* formed a white precipitate when the solvent
was substituted to a 20 mM MOPS buffer without NaCl. The
addition of NaCl reversibly dissolved the precipitate (Figure
S10).

Finally, reconstitution of dodecameric assembly was achieved
through mutation to the building block ApPrx*F80C protein. As
we reported previously, ApPrx*K84A mutant forms hexagonal
dodecamer, in which the 84th AA residue located in the
boundary of dimers is mutated to Ala to modify the interface
interaction.3? Subsequently, we determined its crystal structure
at 2.9 A resolution, confirming the hexagonal assembly (Figure
S11). The newly prepared ApPrx*F80C/K84A mutant (1.0 g/L)
was added 2 eq. of Naph-Br to form Naph@ApPrx*K84A and
analyzed through gel-filtration chromatography (Figure 5). A
clear peak shift from 15.1 mL (ApPrx*F80C/K84A) to 10.5 mL
(Naph@ApPrx*K84A) was observed upon the addition of Naph-
Br. The elution volume 10.5 mL corresponded to that of the
dodecameric  ApPrx*K84A  mutant, confirming that
Naph@ApPrx*K84A also assembles into the dodecamer.
Introduction of the K84A mutation to ApPrx*F80C converts the
finally obtained assembly state from the pentagonal decamer
to hexagonal dodecamer and easily extend the repertoire of
shapes. Furthermore, these results indicate that the rebuilding
strategy described herein highly preserves the original shape of
the target protein assembly.
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Figure 5. Gel-filtration chromatograms. ApPrx*F80C/K84A mutant (1.0 g/L) before
(black) and after (green) the addition of 2 eq. of Naph-Br (4 mM) dissolved in DMSO,
and ApPrx*K84A mutant (1.0 g/L, orange). Inset shows the chromatograms of
Naph@ApPrx*K84A (green) and Naph@ApPrx* (red).

Conclusions

In this report, we rebuilt a ring-type QS of ApPrx via chemical
modification. Conjugating Ph-Br and Naph-Br to ApPrx*F80C
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reconstructed the interaction between protein dimers to
reassemble them partially or completely, to form a decameric
QS. The added synthetic chemicals resulted in reconstructed
protein-protein interaction. Although chemical modification is
known to affect protein assemblies,3” the present study showed
for the first time that chemical modification directly modulated
the disassembly and reassembly of a protein QS. The
reassembly process responded rapidly and selectively, enabling
the protein structure to switch, even when other proteins were
present. Additional mutation easily modified the finally
obtained assembly from a pentagonal decamer to a hexagonal
dodecamer. This controllable QS of ApPrx leads to a useful
protein-based molecular template, which can order the bound
molecules or fused proteins in response to the ApPrx
assembling state because of its unique structure. These results
would contribute to the development of novel methodologies
for regulating protein structures and their corresponding
functions.
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