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Modular assembly is a compelling pathway to create new proteins, a concept sup-

ported by protein engineering and millennia of evolution. Natural evolution pro-

vided a repository of building blocks, known as domains, which trace back to

even shorter segments that underwent numerous ‘copy-paste’ processes culminat-

ing in the scaffolds we see today. Utilizing the subdomain-database Fuzzle, we

constructed a fold-chimera by integrating a flavodoxin-like fragment into a peri-

plasmic binding protein. This chimera is well-folded and a crystal structure

reveals stable interfaces between the fragments. These findings demonstrate the

adaptability of a/b-proteins and offer a stepping stone for optimization. By

emphasizing the practicality of fragment databases, our work pioneers new path-

ways in protein engineering. Ultimately, the results substantiate the conjecture

that periplasmic binding proteins originated from a flavodoxin-like ancestor.

Keywords: chimeric proteins; homology; protein engineering; protein fold

evolution; sequence-based analysis; sub-domain

Proteins play an essential role in the biological processes

that support life. Therefore, their origin and evolution

have been a matter of in-depth analysis [1–4]. To make

sense of the vast structural diversity that we find today,

structured proteins are classified into folds; proteins that

are classified as the same fold have the same secondary

structure elements arranged with the same topological

connections. One of the most widely used protein data-

bases is the structural classification of proteins (SCOP)

[5]. This database is a hierarchical organization system

that groups the protein structures deposited in the pro-

tein data bank (PDB) [6] into families, superfamilies,

folds, and domains based on their three-dimensional

arrangements. In SCOP, proteins belonging to the

same family or superfamily are considered homologous

groups, while proteins belonging to different folds were

not traditionally considered homologous.

The boundaries of homology have recently been

expanded due to advancements in homology detection

tools. Nowadays we recognize local homologies among

proteins belonging to different folds [7,8]. Exploration of

the natural protein universe using hidden Markov

models has provided strong evidence for the existence of

an ancestral set of fragments, which can be regarded as
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fossils of the first folded proteins [9]. Similarly, other

groups have defined short protein sequences as bridging

themes connecting regions from different folds [10–13].
The application of such powerful tools for homology

detection based on sequence comparisons in combination

with efficient structural comparison algorithms [14] has

been used to build a database of homologous fragments

shared by different folded proteins [13]. These units hold

the potential for mimicking the copy-and-paste mecha-

nism of protein evolution to create custom-made protein

chimeras [15,16]. For instance, the (ba)8-barrel and

flavodoxin-like folds, both ancient and widespread in

nature [17], were successfully recombined to form a chi-

meric barrel [18]. In this regard, it has been established

that protein engineering studies profit from the analysis

of how protein folds originate and evolve [19].

From an evolutionary perspective, the Fuzzle data-

base has been used to shed some light on the origin and

evolution of the sugar-binding superfamily of the peri-

plasmic binding protein (PBP) fold [20]. The PBP-like

fold has been suggested to have evolved from a

flavodoxin-like precursor via gene duplication [21]. By

determining the structures of two permuted halves of

the ribose binding protein, evidence could be provided

for the origin of this protein from a precursor half its

size, which again adopts a flavodoxin-like fold [22]. In

fact, the modern ribose binding protein can be decon-

structed into a precursor half its size that can form a

functional heterodimer in vitro and in vivo that binds

the ligand ribose with a similar affinity to the modern

ribose binding protein [23]. The study of PBPs extends

beyond basic biology, as PBPs serve as a model for

functional dynamics and have been widely used as scaf-

folds to design biosensors. Upon ligand binding, they

undergo a major conformational change that captures

the ligand between the two protein lobes, often termed

the Venus flytrap mechanism. This dynamic feature can

be leveraged to generate a robust signal, for instance,

via the insertion of a fluorescent protein [24,25].

Another fold that mirrors the conformational

changes observed in PBP, characterized by the opening

and closing of its lobes [26], is the HemD-like fold, sug-

gesting its potential for biosensor applications. The

HemD-fold encompasses a single superfamily of

enzymes that are found in all kingdoms of life. These

enzymes catalyze the synthesis of uroporphyrinogen III,

which plays a crucial role in the biosynthesis of essential

cofactors such as heme, chlorophyll and cobalamin.

Sequence-based profile–profile alignments of HemD-

like and flavodoxin-like proteins revealed similarities,

proposing that the HemD-like fold might have origi-

nated from the flavodoxin-like fold involving a short

six-residue insertion thereby facilitating a segment-

swapped association followed by a gene duplication and

fusion event resulting in the formation of a bi-lobular

architecture. This could be demonstrated by experimen-

tally reconstructing the most likely evolutionary path to

the canonical flavodoxin-like architecture [27]. These

combined findings point towards the flavodoxin-like

fold as an ancestral template, which can be found in

more contemporary folds, an evolutionary link that is

experimentally supported by the use of homologous

regions to build well-folded chimeras.

In the present work, we explore the modularity and

plasticity of the PBPs by performing a molecular

handcraft with a shared fragment between a leucine

binding protein and a chemotaxis response regulator,

which belong to the PBP and the flavodoxin-like folds,

respectively. In a process of ‘molecular copy-paste’, we

introduce a homologous fragment from the

flavodoxin-like fold into one of the lobes of the PBP

scaffold to create a well-folded protein without per-

forming any computational optimization. The resulting

protein hybrid showed biophysical properties similar

to the PBP-like parent, and an X-ray crystal structure

revealed structural integrity but also unexpected struc-

tural differences from the intended design. Overall, our

work demonstrates how sequence information can be

utilized to detect pieces of proteins that can then

be recombined to create folded protein chimeras. The

experiment highlights the plasticity of proteins and

the potential of such ‘hopeful monsters’ [28] to

undergo modifications and give rise to new domains.

Materials and methods

Bioinformatic analysis

To generate sequence-based Hidden Markov Models, mul-

tiple sequence alignments were built for SCOP [29] folds

c.23.1.1 (CheY response regulator, flavodoxin-like fold) and

c.93.1 (leucine binding protein, PBP-like fold type I) con-

tained in the astral database release 1.07 [30]. The align-

ments were generated employing PSI-BLAST [31], this

program is included in the build.pl, the protocol described

by S€oding [32]. This protocol was employed to generate

profile–profile comparisons with default parameters. The

secondary structure prediction was turned off (ssm = 0) in

order to perform a strictly sequence-based search. The

matched homologous regions were aligned with TM-align

[14] and manual selections with PDBeFold [33]. The final

alignment to perform the chimera building was obtained by

filtering according to sequence identity, the highest

sequence identity (12%) for the longest aligned fragments

with the smallest RMSD (2.6 �A) using default parameters.

In summary, we performed a customized version of the

protocol used to build the Fuzzle database [13,34,35].
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Cloning of wildtype proteins and chimeric

variants

The CheY fragment was amplified from a pET21b-CheY

construct [18] while the LBP protein was amplified from

Escherichia coli genomic DNA. The chimeric genes were

assembled by PCR employing two fragments from the LBP

gene, encoding amino acid 1–140 and 251–346, and one frag-

ment from the CheY gene, encoding residue 2–104. All three

fragments contained overlapping regions to facilitate anneal-

ing. The generated DNA pieces were purified by gel extrac-

tion and mixed in equimolar amounts for assembly via PCR.

The amplification was performed using primers bearing

restriction sites for XhoI and NdeI. The obtained gene was

digested and cloned into a pET21b expression vector, yield-

ing the construct pET21b-LBP-CheY. The derived gene

LBPCheY-Dbb was amplified with appropriate primers to

remove the C-terminal bb-hairpin from the pET21a-LBP-

CheY construct and cloned into pET21b for expression, as

described earlier, yielding pET21b-LBPCheY-Dbb. All con-

structs were validated via DNA sequencing.

Protein expression

BL21 (DE3) and Artic Express (DE3) E. coli cells were

transformed with the constructs. Cultures were grown in LB

medium with 100 lg�mL�1 ampicillin at 30 °C and shaken

until an OD600 of ~ 0.6 was reached. Protein expression was

induced with 1 mM IPTG for 4 h at 20 and 11 °C, respec-
tively. Cells were harvested by centrifugation and stored at

�80 °C. The pellets were resuspended in buffer A (50 mM

KP, pH 7.5) supplemented with EDTA-free protease inhibi-

tors. Cells were lysed by sonication at 30% amplitude for

1 min (0.5 s pulse, 0.5 s pause). The resulting lysates were

loaded onto an anion exchange column HiLoad26/10 QHP

(GE Healthcare, Chicago, IL, USA) previously equilibrated

with buffer A. After loading, the column was washed, and

then the target proteins were eluted with a salt gradient by

mixing with buffer B (50 mM KP, 250 mM NaCl, pH 7.5).

Fractions containing the target protein were collected and

loaded onto a gel filtration column HiLoad 26/600 Superdex

75 pg (GE Healthcare) previously equilibrated with buffer B.

All proteins eluted in a single peak corresponding to mono-

meric species. Because only a small fraction of the expressed

protein was found in the soluble fraction, all proteins were

refolded to make use of the high yields of expressed protein

in the inclusion bodies. For this, the pellet after sonication

was resuspended in 10 mL 6 M guanidine hydrochloride

(GdHCl) and incubated for 60 min at 4 °C. Next, 10 mL 1 M

GdHCl was added incubating for another 60 min at 4 °C
after which the insoluble fraction was removed by centrifuga-

tion (26 672 g, 60 min, 4 °C). The soluble protein in the

supernatant was diluted with 2 M GdHCl to a final volume

of 50 mL, which was finally dialyzed in 3 9 5 L of buffer so

that further purification could be continued.

To validate that the refolded proteins corresponded to

the native proteins, the obtained refolded proteins were

compared via circular dichroism (CD) and fluorescence to

the parental proteins to corroborate native folding. The

pure protein fractions were loaded onto an analytical gel

filtration column Superdex 200 10/30 GL (GE Healthcare).

All protein variants migrated as monomers and eluted in a

single peak.

Biophysical characterization

Analytical gel filtration was performed on a calibrated ana-

lytical Superdex S75 10/30 GL (GE Healthcare) column with

a flow rate of 0.5 mL�min�1 in 50 mM KP, 250 mM NaCl,

pH 7.5. CD spectra were recorded with a JASCO model J-

810 spectropolarimeter in 50 mM KP, pH 7.5 in a 1 mm

cuvette at room temperature. Fluorescence measurements

were carried out in the same buffer with a JASCO FP-6500

spectrofluorometer exciting at 280 nm. Temperature-induced

unfolding was analyzed by following the far-UV CD signal

at 222 nm at slowly increasing temperatures (1 °C�min�1).

The protein concentrations used for spectroscopic measure-

ments were about 0.25 mg�mL�1. Differential scanning calo-

rimetry (DSC) was measured with a Malvern Panalytical

Ltd (Malvern, UK) automated PEAQ-DSC. Endotherms

for LBPCheY-Dbb were collected in a temperature range

from 15 to 80 °C with a heating rate of 1 °C�min�1 and a

sample concentration of 2 mg�mL�1 in 50 mM KP pH 7.5.

Data was analyzed after buffer subtraction using the PEAQ-

DSC software. Best data interpretation was achieved by

applying a ‘non-two state fit’ with three transitions.

Crystallization and X-ray structure determination

of LBPCheY-Dbb

Well-shaped single crystals were obtained in hanging drops

following a micro-seeding protocol in 0.3 M Li sulfate,

0.1 M TrisHCl pH 8.5, and 30% PEG 4000 with protein in

50 mM Tris pH 7.5, 250 mM NaCl at a concentration of

6 mg�mL�1. Crystals were mounted and flash-cooled in liq-

uid nitrogen. A dataset was collected from a single crystal.

Diffraction data were collected at 100 K on a Pilatus 6 M

at the beamline X10SA (PX II, Swiss Light Source, PSI)

and processed using XDS [36]. The protein formed crystals

in tetragonal space group P 41 21 2 with a = b = 129.56,

c = 43.64 containing one protein molecule per asymmetric

unit. Molecular replacement was performed with PHASER

[37] using as templates for the model search the respective

fragments from LBP (PDB: 1USG) and CheY (PDB:

1TMY). After identifying the phases, we proceeded with

auto-build and refinement cycles to obtain a structure

with an overall resolution of 2.45 �A. This structure was

deposited already a few years ago in the PDB database

with the accession code 4QWV. We now reanalyzed the

original data to a resolution of 2.15 �A, processed it with
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XDSAPP3 [38] and performed molecular replacement with

PHASER [37] using 4QWV as a search model. The resulting

model was manually rebuilt with COOT [39] and refined with

PHENIX.REFINE [40]. Coordinates and structure factors were

validated and deposited in the PDB database with the

accession code 8Q52.

Results

Sequence-based comparisons of proteins with

PBP and flavodoxin-like folds

The periplasmic-binding protein-like I fold has been

described as a potential duplication of the flavodoxin-

like fold in SCOP [29]. Similarly, the CATH database

[41] and the evolutionary classification of protein

domains (ECOD) [42] trim and classify some PBP lobes

in the same category as the flavodoxin-like domain, pre-

sumably due to their high structural resemblance. How-

ever, in the dissection process, the amino acid sequence

is split at three sites (Fig. S1). Taking this observation

into account, we anticipated that an evolutionary tra-

jectory for the emergence of the PBP fold from the

flavodoxin-like fold must have involved more events

than just gene duplication and fusion.

To study the likely evolutionary scenario for the

emergence of PBP from flavodoxin-like, we performed

Hidden Markov model comparisons using HHSUITE [32]

as described in the methods. We found that different

flavodoxin-like superfamilies match PBP domains with

diverse lengths (Fig. S2). For instance, flavodoxin-like

domains match both, the N- and C-terminal halves of

the PBP D-ribose-binding protein family [22], while it

only matches either the N- or C-termini of the remain-

ing PBP families.

In this work, we focused on a particular match that

involves a member of the flavodoxin-like fold, the che-

motaxis response regulator CheY from Thermotoga

maritima, and a member of the PBP-type I fold, the

leucine-binding protein (LBP) from Escherichia coli.

CheY has already been used previously to build

flavodoxin-like/TIM-barrel fold-chimeras [18]. It has

been selected in this work to test whether the

flavodoxin-like fold may have acted as an evolutionary

template for the elaboration of a number of distinct

protein architectures. The homologous region shared

by CheY and LBP spans 107 residues (Gly2 to Ser104

and Asp1 to Gln109, respectively) at 90.65% HHsuite

probability, P-value of 0.038, and 12% sequence iden-

tity. The region involves the secondary structural ele-

ments b1a1b2a2b3a3b4 in CheY, and b6a7b7a8b8a9b9a10
in LBP as depicted in Fig. 1.

Constructing the LBPCheY chimera

The structural and sequence similarities suggest that at

least one lobe of LBP may have originated from the

flavodoxin-like fold (Fig. 1). Therefore, we wanted to

test the hypothesis by chimeragenesis [15] utilizing a

flavodoxin-like fold fragment to recreate the bi-lobular

architecture of the PBP-fold and decided to build a

chimeric gene using the response regulator CheY as

ancestral fragment to be pasted into the LBP protein

as acceptor scaffold (Fig. 2).

Two intertwined lobes compose the LBP protein

(Fig. 1). The N-terminal lobe crosses the hinge region

to the C-terminal lobe at the end of b5. The b-sheet
from the C-terminal lobe starts in b6 and goes back to

the N-terminal lobe in b10, to finally cross one more

time after b10 to complete the extended b-sheet from

the lobe with a C-terminal b-hairpin (composed of the

last two b-strands). The pairwise alignment that was

obtained through profile-profile comparisons covers the

CheY protein sequence from residue 2 in b1 until resi-

due 108 at the beginning of a5. In LBP, the alignment

reaches from residue 138 in b6 to residue 253 in b10.
The web server PDBeFold [43] allows users to per-

form range-restricted structural alignments; we

Fig. 1. Sequence and structural comparison of the Leucine-binding protein and the CheY response regulator. (A) The crystal structures of

LBP from E. coli (PDB: 1USG, left) and CheY from T. maritima (PDB: 1TMY, right) are depicted as cartoons. Gray regions represent

segments of the structures where no homology was detected at the sequence level. Purple and green regions represent segments aligned

by HHsuite. Topological diagrams are presented below each structure. The central panel illustrates the superimposed homologous regions

(RMSD of 2.6 �A over 95 Ca, Z-score of 5.3) with identical residue positions highlighted as pink spheres. (B) The alignment using CheY as

query ‘Q’ and LBP as target ‘T’ spans 103 residues, with a 90.65% HHsuite probability and 12% sequence identity. Identity refers to the

percentage of aligned residue pairs of the query and template master sequences that are identical (highlighted in pink). The line in the

middle shows the column score between the query and template amino acid distributions providing a valIable indication of the alignment

quality. Similarities are highlighted as gray spheres in the alignment. Symbols such as ‘=’, ‘-’, ‘.’, ‘+’, and ‘|’ are used to represent column

scores, indicating the degree of similarity or dissimilarity between aligned residues as follows: ‘=’ column score below �1.5; �: column

score between �1.5 and �0.5; ‘.’ column score between �0.5 and +0.5; ‘+’ column score between +0.5 and +1.5, and ‘|’ column score

above +1.5. The alignment also displays the consensus sequences of the aligned profiles as well as the predicted secondary structure for

query and hit, where ‘H’, ‘E’, and ‘L’ refer to helix, strand and loop, respectively.
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therefore, only superimposed the regions of the folds

that were aligned by sequence. Similar to the sequence

alignment, the structural superposition includes the

CheY residues from 2 to 104 and in LBP the residues

138 to 248 (Fig. 2A). The structural scores are as

follows: an RMSD of 2.667 �A for 95 Ca atoms with a

Z-score of 5.35. Interestingly, a Z-score between 3 and

8 is defined as the twilight zone for structural homol-

ogy [44]. However, if we consider sequence (P-value

4.3E-05) and structure-based (Z-score 5.35) scorings
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and the significantly long alignment, we could imply a

common evolutionary origin (at least locally) of both

proteins. Based on the length of the alignment, the

high HHsuite probability of 90.65, and the low

RMSD upon superposition, it is highly unlikely for

the similarity to have evolved through convergent

evolution.

To build a homology model of the chimeric design

we used Modeler with a structure-based alignment of

CheY and LBP as input [45]. From the visual evalua-

tion of the model, we expected that b13 from LBP

would establish hydrogen bonds with b5 of CheY in

order to generate a chimeric b-sheet. Finally, a6 from

LBP must establish hydrophobic interactions with the

core of CheY (Fig. 2C). We superimposed the model

onto the target scaffold (LPB wild type) and obtained

an RMSD of 1.3 �A over 322 Ca (95% residues

aligned). The model deviates only somewhat from the

scaffold in loop areas, as CheY shows different residue

composition in the loops compared to LBP. Next, we

continued to build the synthetic gene as described in

the methods.

Gene assembly and biophysical characterization

of wild-type LBP and LBPCheY chimeric variants

Two chimeric designs were generated, LBPCheY and

LBPCheY-Dbb. The latter was constructed by removing

a bb-hairpin from the C-terminal end of LBP on the

one hand to test its effect on the structural characteris-

tics as well as to potentially facilitate crystallization as it

might be rather flexible (Fig. 2). Similar residues align

between b5 in CheY (FIV) and b10 in LBP (MLV) that

could allow the formation of a mixed b-sheet in the chi-

mera. On the contrary, residue W336 in b13 that in

LBP completes a hydrophobic cluster might be difficult

to accommodate in the LBPCheY, which is why both

constructs were tested. Analytical gel filtration revealed

that both, LBPCheY and LBPCheY-Dbb eluted with

similar profiles to the LBP wild-type protein (Fig. 3A),

Fig. 2. Construction of the LBPCheY chimera. (A) Cartoon representation of the alignment of LBP from E. coli (purple) and CheY from

T. maritima (green). Hybrid genes (purple-green) depict the inserted regions from the parental proteins. The dashed region corresponds to

the bb element that was removed from the LBPCheY chimera (LBPCheY-Dbb) for crystallization purposes. (B) Crystal structure of LBP

(PDB: 1USG, purple) and CheY (PDB: 1TMY, green) displaying homologous regions as detected with HHSUITE as cartoon and non-homologous

regions as ribbon. (C) Cartoon representation of the C-terminal lobe of the chimeric protein LBPCheY-Dbb superposed on a surface model.

Parts that originate from LBP are in purple, and parts from CheY are in green.
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with apparent molecular masses of 36.5, 34.5 and

37.9 kDa, respectively. These values correspond to the

calculated molecular masses of the monomeric proteins

with 41.0, 37.6 and 39.4 kDa, respectively. As expected,

LBPCheY eluted earlier than LBPCheY-Dbb due to the

absence of the C-terminal bb-hairpin.
To evaluate the secondary structural content of the

chimeras, circular dichroism (CD) spectroscopy was

employed. The CD spectra for all three proteins showed

the typical signal expected for an a/b protein, with two

negative bands at around 208 and 220 nm (Fig. 3B).

Spectroscopic analysis following tryptophan fluorescence

confirmed that both chimeras contained aromatic

residues that were shielded from solvent thereby indicat-

ing tertiary structure formation (Fig. 4C). We then con-

ducted thermal denaturation experiments using the CD

signal at 220 nm to assess the stability of the chimeric

proteins in comparison to wild-type LBP (Fig. 3D).

While LBP exhibited thermal stability with an apparent

melting temperature of ~ 62 °C, both chimeras,

LBPCheY and LBPCheY-Dbb, showed lower thermal

stability with melting temperatures of ~ 40 °C. Despite

the differences in denaturation profiles, both chimeras

retained some of the cooperative denaturations observed

for LBP. Interestingly, LBPCheY-Dbb displayed two

transitions at different temperatures which could hint at

Fig. 3. Biophysical characterization of LBP, LBPCheY and LBPCheY-Dbb. (A) Analytical size exclusion chromatography displays the retention

volumes for the corresponding variants. All proteins elute in a single peak. As expected, the larger LBPCheY chimera elutes first, followed

by the truncated version LBPCheY-Dbb and LBP. (B) Circular dichroism showing typical spectra of a/b proteins with two strong minima at

208 and 222 nm. (C) Intrinsic fluorescence of the variants excited at 280 nm showing shielding of aromatic residues indicative of globular

packing. (D) Thermal denaturation showed a higher stability for the wild type protein at ~ 55 °C and a loss in thermal stability for the

engineered variants that unfold at ~ 35–40 °C. All proteins show mostly cooperative unfolding. However, the truncated variant LBPCheY-

Dbb presents a two-step denaturation, compared to the wild type and the LBPCheY chimera.
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the uncoupled unfolding of the two lobes without the bb-
hairpin that fixes the conformation of the lobes to each

other. This is further supported by the endotherm

obtained using DSC, where we observe a major unfold-

ing transition at 37.1 °C, followed by two transitions at

49.9 and 59.9 °C (Fig. S3).

In summary, the biophysical characterization shows

that the chimeras are homogeneous and well-folded

and thus were successfully designed by combining

homologous elements from two different folds identi-

fied through sequence information alone.

X-ray structure determination and analysis of

LBPCheY-Dbb

We set out to crystallize the chimera LBPCheY to

understand how the different fragments interact in the

new structural context. The crystals we produced dif-

fracted unfortunately only to 7 �A resolution for the

LPBCheY variant. Considering the possibility that b13
of LBP may not establish productive contacts with b5
from CheY in the chimera we decided to remove the

C-terminal bb-hairpin generating LBPCheY-Dbb
(Fig. 2).

LBPCheY-Dbb crystallized in space group P41 21 2.

Initially, we performed molecular replacement using

for the model search the respective fragments from

LBP (PDB: 1USG) and CheY (PDB: 1TMY). After

identifying the phases, we proceeded with auto-build

and refinement cycles to obtain a final structure with

Rwork = 0.20, Rfree = 0.23 and an overall resolution of

2.45 �A, which was deposited in the PDB as 4QWV.

We now reanalyzed the data and obtained a structure

to a resolution of 2.15 �A (Table 1). One molecule is

Fig. 4. Structural analysis of the LBPCheY-Dbb crystal structure. (A) A side-by-side comparison of the LBPCheY-Dbb model (left) and the X-

ray structure (PDB: 8Q52) illustrates the different relative lobe orientations. The bb-element in the protein model is highlighted in yellow and

the helix interacting with the CheY fragment is highlighted in pink shade. (B) The X-ray structure was rotated 45 degrees to show details of

the interface between the fused regions. Boxes indicate the position of the detailed views shown in the next panels. (C) Detail on a loop

from LBP that establishes hydrogen bond interactions in b-sheet like fashion with the fifth b-strand from the flavodoxin-like fold fragment.

Interactions include Q223-D121 and F237-Q124 whose backbone is depicted as sticks. Furthermore, the interaction involving the backbone

of V239 with G125 and P241 is highlighted. (D) The distal part of the interaction shows how the LBP fragment establishes mainly

hydrophobic interactions to shield the flavodoxin-like fragment from solvent: I132 and V136 (in purple) with V141, I143, L154, I158, V165,

I186, I215, I238 (in green), see text for details.
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found in the asymmetric unit and all parts of the chi-

meric protein are well resolved.

In the crystal structure, we observe a large surface

of the LBP part interacting with the CheY part in a

twisted conformation (Fig. 4). Essentially helix a5
from LBP is shielding the hydrophobic core of CheY,

which was expected, however, with somewhat different

interactions. The helix packs at in a different angle

against the b-sheet of CheY (Fig. S4A). Its plasticity is

noteworthy. Compared to LBP it unwinds from its N-

terminal end and adopts a length that is similar to the

natural helix found in CheY, but much shorter com-

pared to the helix found in wildtype LBP (Fig. S4B).

For example, I132 and L133 form hydrophobic inter-

actions and pack against L162 in a7 of LBP. In the

chimera I132, L133 and V136 pack against Y161 in

the equivalent helix from CheY. However, the preced-

ing segment, which in LBP extends the helix, adopts a

completely different conformation in the chimera

where it mimics a distorted b-strand that completes

the b-sheet from the flavodoxin-like fragment. The b5
from the flavodoxin-like fold (residues Asp-236 to Lys-

240) establishes interactions with the loop after a5 in

LBP (residues Ser-123 to Pro-126) adopting a more

extended conformation. Notably, Q124 and G125 are

positioned to establish hydrogen bonds to F237 and

V239 (Fig. 4C). This unusual conformation under-

scores the protein’s flexibility in overcoming structural

challenges. With respect to the missing bb-hairpin and

respective loss of interactions in LBPCheY-Dbb, this

loop completed the b-sheet pattern instead. The inter-

face between both protein fragments, in particular the

helix from LBP that shields the core of CheY, is

mainly composed of hydrophobic interactions. Hydro-

phobic cluster analysis with the ProteinTools web

server [46] shows that the biggest cluster of residues

belonging to the two different folds is comprised of 10

amino acids with Ile 133 and Val 136 from the LBP

parent and the other eight residues belonging to the

CheY parent (Fig. 4D). The cluster displayed 31 con-

tacts and a total area of 40.4 �A of area/residue.

Discussion

The study of protein evolution has advanced the field of

protein design tremendously. Mimicking the way pro-

teins evolve has been and continues to be a powerful

source of inspiration for the engineering of protein

architectures. In this work, we explored an evolutionary

relationship between the PBP-like I fold and the ancient

flavodoxin-like superfold. By using sensitive tools for

homology detection, we discovered subdomain-sized

regions that display sequence and structural conserva-

tion. Next, we used the fragment from the more ances-

tral fold to replace the corresponding sub-domain part

in the more derived scaffold and constructed a protein

chimera. Two insertions/deletions (InDels) in the align-

ment are due to longer loops in LBP compared to

CheY, presumably required for its binding activity.

InDels within flavodoxin-like domains have been impli-

cated to induce segment-swapping of this domain

thereby enabling to assemble, for example, the bi-

lobular architecture of the HemD-like fold [27]. Thus,

the flavodoxin-like fold can be seen as a protein tem-

plate for the emergence of widely represented protein

architectures such as the TIM-barrel, HemD-like and

Table 1. Data refinement statistics of the LPBCheY-Dbb structure

(PDB: 8Q52). Statistics for the highest-resolution shell are shown

in parentheses.

Data collection

Wavelength (�A) 1.0

Resolution range (�A) 41.36–2.15 (2.23–2.15)

Space group P 41212

Unit cell

a, b, c (�A) 129.56, 129.56, 43.64

a, b, c (°) 90, 90, 90

Total reflections 537 458 (53 588)

Unique reflections 20 824 (2040)

Multiplicity 25.8 (26.3)

Completeness (%) 99.9 (98.9)

Mean I/sigma (I) 14.41 (0.62)

Wilson B-factor 43.7

Rmerge 0.313 (6.080)

Rmeas 0.319 (6.198)

Rpim 0.062 (1.197)

CC1/2 0.999 (0.320)

CC* 1.000 (0.696)

Refinement

Reflections used in refinement 20 823 (2019)

Reflections used for Rfree 1041 (102)

Rwork 0.200 (0.327)

Rfree 0.252 (0.394)

CCwork 0.973 (0.616)

CCfree 0.946 (0.553)

Number of non-hydrogen atoms 2599

Macromolecules 2416

Solvent 168

Protein residues 320

RMS (bonds) (�A) 0.002

RMS (angles) (°) 0.420

Ramachandran favored (%) 97.80

Ramachandran allowed (%) 1.89

Ramachandran outliers (%) 0.31

Rotamer outliers (%) 1.17

Clashscore 2.25

Average B-factor 46.8

Macromolecules 46.4

Solvent 48.6
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PBP-like I folds. While both HemD and PBPs are bi-

lobular, their similarities to the flavodoxin-like-fold are

clearly distinct and thus are expected to have evolved

separately from each other though from similar precur-

sor fragments (Fig. 5).

The biophysical characterization of the hybrid pro-

tein revealed similar structural features when com-

pared to the wild-type protein LBP. Although

attempts to determine the crystal structure of the full-

length chimera were not successful, it was possible to

determine the structure of a truncated version that

lacks the C-terminal bb-hairpin. While this structure

displays a different conformation of the two lobes

towards each other than the intended target design, it

illustrates the incredible plasticity of a/b-proteins, and
Rossman-type proteins in particular [47]. For example,

in our design, hydrophobic interactions incorporating

a new helix on the one side and a mixed b-sheet on

the other side stabilized this ‘copy-paste’ protein mak-

ing it available for further adaptations.

It is important to note that in this approach we did

not include any step of computational design or muta-

genesis. Simply the sequence-based information was

sufficient to identify a suitable fragment for exchange

and gain a well-folded protein that might be optimized

in subsequent steps of protein engineering to generate

control of the bilobular orientation and a more native-

like LBP structure. This approach could be powerful

enough to put together chimeric binding sites that are

complementary and might in theory produce bifunc-

tional enzymes. While the crystal structure of the

LBPCheY-Dbb chimera displayed new interactions

that were not intended in the design, it is remarkable

that the independent lobes have the ability to reorder

and form a single unit. These observations highlight

the plasticity of the bi-lobular rossmannoid architec-

tures, which is particularly evident in the structural

variations among the PBP proteins associated with

structural dynamics in this fold [48].

This ‘hopeful monster’ not only illustrates how evo-

lution may have created new folds by recycling and

modifying existing gene segments [19] but also demon-

strates how evolutionary sequence information can be

used to identify combinable units for protein design.
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Fig. S2. Homologous regions between the periplasmic-

binding protein-like I fold (PBP) and eight flavodoxin-

like (FL) superfamilies.

Fig. S3. DSC measurement of LBPCheY-Dbb.
Fig. S4. Comparison of the LBPCheY-Dbb structure

to its parents.
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