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Bacterial Mip-like FK506-binding proteins (FKBPs) mostly exhibit peptidyl–prolyl-cis/trans-isomerase
(PPIase) and chaperone activities. These activities are associated with various intracellular functions with
diverse molecular mechanisms. Herein, we report the PA3262 gene-encoded crystal structure of the
Pseudomonas aeruginosa PAO10s Mip-like protein PaFkbA. Biochemical characterization of
PaFkbA demonstrated PaFkbA’s chaperone activity for periplasmic protein MucD, a negative regulator
of alginate biosynthesis. Furthermore, structural analysis of PaFkbA was used to describe the key features
of PaFkbA chaperone activity. The outcomes of this analysis showed that the hinge region in the connect-
ing helix of PaFbkA leads to the crucial conformational state transition for PaFkbA activity. Besides, the N-
terminal domains participated in dimerization, and revealed its potential connection with FKBP domain
and substrate binding. Mutagenesis and chaperone activity assay supported the theory that inter-domain
motions are essential for PaFkbA function. These results provide biochemical and structural insights
into the mechanism for FKBP’s chaperone activity and establish a plausible correlation between
PaFkbA and P. aeruginosa MucD.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

FK506-binding proteins (FKBPs), the member of immunophilin
family, are characterized by a cis–trans peptidyl-prolyl isomerase
(PPIase) and chaperone activity [1,2]. FKBPs is a co-receptor for
the natural products FK506 and rapamycin. Besides, it is widely
distributed in prokaryotic and eukaryotic cells. FKBPs are involved
in multiple celluar functions, such as protein folding, assembly,
trafficking, function regulation, and various signaling pathways

[1,3]. In bacteria, virulence-related FKBP-type PPIase MIP (macro-

phage infectivity potentiator) was first identified in Legionella
pneumophila [4,5], after which Mip-like FKBPs have been continu-
ously discovered in different species and their potential functions
in pathogenesis were investigated [6].

L. pneumophila Mip (LpMip) is a cell-surface protein, which is
functionally similar to adhesin, it facilitates attachment on lung
epithelial cells with collagen IV [7]. Apart from transporting bacte-
rial cells across an epithelial cell barrier, LpMip plays a crucial role
in L. pneumophila motility, environmental stress adaptation, and
type II secretion system [8,9]. Mip-like PPIases from multiple
pathogenic bacteria and protozoan parasites, such as Coxiella bur-
netii [10], Burkholderia pseudomallei [11], Neisseria gonorrhoeae
[12], Chlamydia psittaci [13], Trypanosoma cruzi [14], and Leishma-
nia infantum [15] have cell location and biological properties sim-
ilar to that of LpMip. AlthoughMip-like proteins are not secreted to
the cellular surface in certain pathogens, Mip-like genes are essen-
tially required for the full virulence of these pathogens [16]. Mip
homologs, FkpA and FklB (also named as FKBP22), in periplasm
and cytoplasm of Escherichia coli have been implicated to be essen-
tial for various cellular processes such as cell motility, biofilm for-
mation, outer-membrane protein biogenesis, EspP autotransporter
function, and bactericidal colicin M uptake [17–19]. Therefore,
Mip-like FKBP, which regulates microbe-associated diseases, is
treated as a potential therapeutic target in the drug development
studies.

Previous structural studies on Mip and its homologs have
revealed a conserved V-shape dimeric assembly in MIP. In this
dimeric assembly each monomer is divided into three major parts:
an N-terminal dimerization module, a hinge region in connecting
a-helix, and a C-terminal FKBP domain [20,21]. FKBP domain’s
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biochemical analysis discern its peptidyl-prolyl isomerase mecha-
nism and binding pattern with the FK506 ligand [20–22]. In partic-
ular, the hinge-related domain motions and N-terminal-mediated
dimerization rely on Mip’s internal molecular interactions. Previ-
ous studies suggest that domain motions regulate the chaperone
activity of Mip-like FKBPs [23–26]. Rolf Kohler et al. showed that
LpMip(77-213) in monomeric fragment had a notably reduced chap-
erone activity for RCM-T1 folding, while Kaifeng Hu et al. addressed
the importance of the FKBP domain in the initiation of protein
binding [24–26]. These studies demonstrated the role of different
modules in the protein folding pathway. However, further in-
depth investigations are required to explore the impacts of the
domain association on Mip-like FKBPs function to better under-
stand the correlation between its structure and chaperone activity.

In the opportunistic pathogen Pseudomonas aeruginosa, PA3262
gene-encoded Mip-like protein was predicted to contain a lipopro-
tein sorting signature for inner membrane localization [27]. Previ-
ous studies have associated Mip-like protein with bacterial cell
envelope secreted by outer membrane vesicles (OMVs) [28,29].
Due to the high sequence identity (39.4%) with E. coli FkpA
(EcFkpA), in this study, we denote the Mip-like protein as PaFkbA.
Proteomic analysis of PaFkbA revealed that it is involved in adapt-
ing the P. aeruginosa cells to the cystic fibrosis (CF) lung microen-
vironment [30]. However, literature related to the PaFkbA
function is minimal, and its underlying molecular mechanism
remains elusive.

In this study, we have shown that PaFkbA could mediate the
in vitro refolding of the periplasmic protein MucD, a negative reg-
ulator of alginate production in P. aeruginosa [31]. The outcomes of
structural and biochemical analyses of MucD demonstrated that
chaperone activity of MucD is dependent on its N- and C-
terminal domains. Moreover, different PaFkbA conformations in
crystal structure validated the importance of connecting a-helix
for inter-domain rearrangements. Site-directed mutagenesis stud-
ies unveiled that the inter-domain association is vital for the full
function of PaFkbA. The structural and biochemical characteriza-
tion of PaFkbA provided experimental evidence for the role of the
dynamic inter-domain movement in Mip-like FKBP function and
demonstrated the chaperone activity of PaFkbA for MucD.
2. Materials and methods

2.1. Bacterial strains and medium

Escherichia coli BL21(DE3), Escherichia coli DH5a and Pseu-
domonas aeruginosa PAO1 (from the laboratory collection) were
used in this study. All E. coli strains were grown in Luria broth
(LB) with 50 lg/mL ampicillin sodium. For preparation of genome
DNA, a single colony of P. aeruginosa PAO1 was cultured in LB med-
ium overnight in presence of 26 lg/mL irgasan at 37℃.
2.2. Protein expression and purification

The gene fkbA (Uniprot code Q9HYX8) and mucD (Uniprot code
G3XD20) were amplified from the P. aeruginosa genomic DNA by
polymerase chain reaction (PCR) and inserted into pET22b plasmid
between the start codon site and His6-tag by ClonExpress� MultiS
One Step Cloning Kit (Vazyme). For crystallization, PA3262 was
attached with a C-terminal sequence specificity of TEV protease.
Site-specific mutants were constructed by Blunting Kination Liga-
tion (BKL) Kit (Takara). All primers were shown in Table A1. These
constructs were confirmed by sequencing. All proteins were pro-
duced in E. coli strain BL21(DE3) and purified by a similar method.
Briefly, cells were cultured in LB medium in presence of ampicillin
at 37℃ to an OD600nm of 0.8 and induced with 0.4 mM Isopropyl-
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beta-D-thiogalactopyranoside (IPTG) for 16 h at 16 �C. Cells were
lysed by sonication in buffer A (25 mM Tris-HCl, pH 7.5, 150 mM
NaCl) and lysates were centrifuged for 30 min at 18,000 rpm to
remove insoluble materials. The supernatant was loaded onto
Ni–NTA resin (Qiagen) preequilibrated with buffer A, then washed
with buffer B (buffer A containing 30 mM imidazole). The protein
was eluted with buffer C (buffer A added with 300 mM imidazole),
further concentrated and purified by anion-exchange chromatog-
raphy and gel chromatography on an ENrich SEC 650 column
(Bio-rad). Peak fractions were analyzed by SDS-PAGE and stored
at �80℃.
2.3. Crystallization, data collection and structure determination

For crystallization, the His6 tagged PaFkbA-Dc (residues 23–
228, lacking the C-terminal residues of 229–253), purified in buffer
D (25 mM HEPES, pH 7.5, 150 mM NaCl) via a similar way, was
overnight treated with TEV protease at 4 �C and loaded onto Ni–
NTA resin before anion-exchange chromatography. Purified pro-
tein PaFkbA-Dc was concentrated to 13 mg/mL and crystallized
by a sitting-drop vapor diffusion method at 16 �C. Initial crystals
were grown in several reservoir solutions, after optimization, the
high-quality crystals of PaFkbA-Dc were obtained under conditions
of 0.1 M Tris (pH 8.0), 28% PEG4000 in 3–4 days. Single crystal was
rapidly swept through reservoir solutions containing PEG400 as a
cryoprotectant and flash-cooled in liquid nitrogen. X-ray diffrac-
tion data was collected at National Center for Protein Sciences
Shanghai (NCPSS) beamlines BL18U.

All diffraction intensities were integrated and scaled by the
HKL2000 software package [32]. The data were processed to a res-
olution of 2.9 Å in space group P212121 with unit cell parameters of
a = 77.07 Å, b = 94.22 Å, c = 117.44 Å. The phase problem was
solved by using Phaser-MR (full-featured) as implemented in PHE-
NIX with the PPIase domain of EcFkpA (PDB code 1q6u, 39.4%
sequence identity) as a template [33]. The process of structure
building and refinement was monitored using PHENIX and Coot
[34]. Meanwhile, the torsion-angle-based NCS restraints was
implemented in refinement process. The figures were prepared
by using The PyMOL Molecular Graphics System [35].

2.4. MucD proteolytic activity assay

An internally quenched fluorescent peptide substrate (Abz)-
TVAW-pNA was commercially synthesized (ALL PEPTIDE). This
quenched fluorescence is liberated upon the cleavage of peptide
by MucD, resulting in increased fluorescence that could be moni-
tored fluorometrically. MucD (at a final concentration of 7 mg/
mL) was denatured using 10 M urea for 1 h, followed by diluting
urea to 0.25 M with buffer A containing 1 mM DTT and PaFkbA-
Dc (at varying concentration) for 30 min at 16 ℃. In the control
group, chaperone-free buffer A was added for renaturation. The
chaperone activity of PaFkbA-Dc was tested using a relative prote-
olytic activity of refolded MucD (chaperone or buffer A treated
MucD). Proteolysis system included 40 mL buffer A, 50 mL refolded
MucD, and 10 mL substrate (dissolved in 50% DMSO, at a concentra-
tion of 500 mM). Relative Fluorescence Unit was monitored using a
microplate reader at 310 nm for excitation and 420 nm for emis-
sion. Chaperone activity of PaFkbA-Dc was reflected by mucD pro-
teolytic cleavage rates. The activities of other mutants were
measured with a same method above.

2.5. Statistical analyses

Statistical analyses were performed with GraphPad Prism, and P
values for the differences between means were determined by the
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one-way analysis of variance (ANOVA) statistical test with equal
variances. Results were considered significant if the P value was
0.05＜(*), 0.01＜(**), 0.001＜(***), or 0.0001＜(****).
3. Results

3.1. Chaperone activity of PaFkbA towards the HtrA-like protease
MucD

In gram-negative bacteria, a porous outer membrane separates
periplasm from the external environment. Thus, the periplasmic
proteins are more readily exposed to stress conditions than their
cytoplasmic counterparts, increasing the protein’s unfolding and
folding events in the periplasm[36]. Periplasmic chaperones pre-
vent the aggregation of the newly synthesized or stress-
denatured proteins [37,38]. The periplasmic FkbA protein EcFkpA
from E. coli possesses intrinsic chaperone activity and inter-
play with DegP which is also a periplasmic chaperone belonging
to HtrA-type endo-serine protease family [17,21], implying that a
cooperative refolding mechanism of different chaperones may con-
tribute to the efficient protein refolding process [38–41]. In P.
aeruginosa, MucD, which is involved in alginate synthesis, is a DegP
homolog and, it may have a functional resemblance with PaFkbA
[42,43]. For biochemical assessment of the plausible interaction
between PaFkbA and MucD, we designed an in vitro PaFkbA chap-
erone activity assay using unfolded MucD as substrate. Purified
MucD was denatured using urea and subsequently refolded in
solution with or without PaFkbA (molar ratios of MucD to PaFkbA:
1: 1, 1: 5, 1: 10). Later, the proteolytic activity of refolded MucD
was detected using synthesized fluorescent substrate (Abz)-
TVAW-pNA [44].

The soluble and matured form of PaFkbA (23–253) without the
predicted N-terminal signal peptide was expressed and purified in
E. coli BL21[22]. Twenty-five residues at C-terminal tail were pre-
dicted to be flexible, which made them inapt for crystallization,
thus, we prepared the truncated form of PaFkbA-Dc (23–228).
The fluorescent substrate cleavage data showed that the PaFkbA-
Dc increased the MucD refolding in a dose-dependent manner
(Fig. 1A, Figure A1). Meanwhile, PaFkbA couldn’t refold two urea-
denatured serine proteases, algW and trysin (Figure A2). It sug-
gested that PaFkbA served as a chaperone to maintain MucD activ-
ity in vitro. Interestingly, PaFkbA-Dc exhibited 2.2-fold higher
chaperone activity than PaFkbA (Fig. 1B). It indicated that the C-
terminal flexibility might affect the PaFkbA’s chaperone activity.
Lack of the disorder C-terminal tail seems dispensable for the
activity. It is in line with the chaperon activity of other FKBP-like
PPIase, such as EcSlyD, which has several Ni2+ binding sites in
the C-terminal tail [45]. Thus, the PaFkbA tail interaction with a
macromolecular partner may confer stability to PaFkbA, which
could be used to regulate PaFkbA’s activity in vivo.
3.2. Overall structure of PaFkbA

In this study, both PaFkbA and PaFkbA-Dc were used for crystal-
lization trials. We obtained the PaFkbA-Dc crystal and solved its
crystal structure at 2.9 Å resolution in space group P212121. Resi-
dues 25–228 were modeled into the electron density, which
resulted in a final model with Rfree of 0.281 and Rwork of 0.245.
The detailed crystallographic and refinement statistics are shown
in Table 1.

The asymmetric unit entails four molecules (chain A/D/F/G)
with two cradle-shaped dimers (Fig. 2A). In line with other Mip-
like proteins [20,21], each PaFkbA-Dc monomer could be divided
into distinct functional modules. The N-terminal dimerization
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domain (residues 25–69) consists of two short a-helices, a1 (resi-
dues 31–47) and a2 (residues 57–69), entwining with the N-
domain helices of the adjacent monomer. The N-terminal domain
provides all inter-chain interactions by forming a non-canonical
anti-parallel four-helix bundle. The C-terminal FKBP domain (resi-
dues 120–227), which belongs to the typical FKBP fold, was charac-
terized by an anti-parallel six-stranded b-sheet flanked by a short
a-helix a4 (residues 178–186). FKBP domain is responsible for
FK506 binding and PPIase activity. Besides, the FKBP domain cat-
alyzes the interconversion of prolyl cis/trans conformation facili-
tating the correct folding of certain proteins [46]. The surface
representation of the FKBP domain demonstrates a substrate-
binding cavity with a surface area of 484.8 Å2. This cavity facilitates
the peptidyl-prolyl substrate binding within these regions
(Fig. 2B). FKBP and dimerization domains are connected through
oppositely placed long a-helix a3 (residues 77–115). In one of
the PaFkbA-Dc dimers, the connecting a3 from non-equivalent
monomers exhibits distinct orientations, resulting in monomers
with different inter-domain angles of 129.7� and 26.86� (Fig. 2C).
It indicates independent inter-domain motion within the PaFkbA
dimer. The plausible mechanism for Mip-like FKBPs binding to
large substrate proteins might involve different distances between
the FKBP domain and the dimerization domain, as per the previous
studies [23,26].
3.3. The functional domains of PaFkbA exhibit distinct conservation
patterns

Multiple structural studies have been carried out on Mip-like
proteins from E. coli, L. pneumophila, and Shewanella spp. SIB1
[20,21,25], and only near-full-length structures of EcFkpA (PDB
code 1q6u, 39.4% sequence identity to PaFkbA) and LpMip (PDB
code 1fd9, 41.3% sequence identity to PaFkbA) are available. The
flexible connecting a-helix resulted in high RMSD values (3.19–2.
74 Å) for LpMip, EcFkpA, and PaFkbA in an overall structure (25–
228 aa) superposition (Fig. 2D). However, their functional modules
exhibited high structural similarity. The individual domain super-
position for the FKBP domain (120–227 aa) and dimerization
domain (25–69 aa) had an average RMSD value of 0.89 Å and
1.6 Å, respectively.

FKBP domain is a highly conserved motif, which is found in
numerous species. Despite sharing a high degree of structural sim-
ilarity with the PPIase fold, multiple FKBP domains are inactive as
the PPIase activity essentially relies on the integrity of active site
residues [47]. In human FKPB12, numerous hydrophobic, specifi-
cally aromatic residues (Y27, F37, F47, F49, V56, I57, W60, Y83,
I92, and F100) constitute the half b barrel shaped active site cavity,
which is flanked by several charged residues (D38, R43, E55, and
H88). The key active-site residues for PPIase activity are central
hydrophobic and D38 residues [47]. The vital role of these sites
in FK506 binding was validated in LpMip and EcFkpA [20,21].
The outcomes of sequence alignment showed that important resi-
dues were 100% conserved in Mip-like FKBPs except for the posi-
tions corresponding to the F47 and F49 in HuFKPB12, where the
Phe residues were replaced by I169 and L171 in PaFkbA (Fig. 3).
Based on the FK506-complexed EcFkpA structure (PDB code 1q6i)
[21], we constructed an FK506-PaFkbA binding model by superim-
posing the FKBP domains (Fig. 4A). We observed that FK506 was
well-fitted into the hydrophobic pocket and interacted extensively
with the equivalent functional hydrophobic residues of PaFkbA.
The pipecolinyl ring that mimics a peptidyl-prolyl bond was in
close proximity to W180, Y149, F220, and Y203 residues. Substitu-
tions of Phe residues with smaller hydrophobic I169 and L171 did
not introduce any steric clash, but it enhanced the accessibility for



Fig. 1. Proteolytical assay of refolded MucD. A. Molar ratios between MucD and PaFkbA-Dc. B. Comparing the chaperone activities of full length PaFkbA (PaFkbA-FL) and
PaFkbA-Dc. Molar ratio (MucD: PaFkbA) used was 1:10. Error bars represent the standard deviation of three duplicate trials. Statistical significance was calculated by one-way
ANOVA (*, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; ns, not significant).

Table 1
Statistics on the qualities of diffraction data and model refinement.

Data Collection Wavelength (Å) 0.97853
Space group P212121
Cell dimensions
a, b, c (Å) 77.07 94.22 117.44
Resolution (Å)a 40.00–2.90 (3.00–2.90)
No. of unique reflections 19,438 (1904)
CC (1/2) 0.99 (0.69)
Rmerge (%)b 9.9 (47.2)
I/r (I) 48.8 (2.15)
Completeness (%) 99.8 (99.7)
Redundancy 8.6 (6.2)
Rpim (%)c 1.7 (20.1)

Refinement Wilson B-factor (Å2) 68.5
Rwork/Rfree (%)d 24.5/28.1
B-factors (Å2)
Protein (global) 84.4
Water 66.5
No. atoms 6195
Protein 6138
Water 57
R.m.s deviations
Bond lengths (Å) 0.012
Bond angles (�) 1.59
Ramachandran plot (%)
Total favored 96.28
Total allowed 3.22
Total outlierse 0.5

a The number in parentheses is for the outer shell.
b Rmerge =

P
hkl
P

i |I i(hkl)- < I(hkl) > |/
P

hkl
P

i I i(hkl), where I i(hkl) is the intensity
measured for the ith reflection and < I(hkl) > is the average intensity of all reflec-
tions with indices hkl.

c Rpim =
P

hkl [1/(N-1)]1/2
P

i |I i(hkl)- < I(hkl) > |/
P

hkl
P

i I i(hkl).
d Rwork =

P
hkl | |Fobs (hkl)|-|Fcalc (hkl)| |/

P
hkl |Fobs(hkl)|; Rfree is calculated in an

identical manner using 10% data excluded from refinement.
e Four outliers were found around A202 in chain A/D/F/G, as shown in Figure A3.
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FK506. Thus, the extensive conservation of the active site residues
indicates that the PPIase activity is a common feature in Mip
orthologs.

In contrast to the widely distributed and highly conserved FKBP
domain, the N-terminal dimerization domain and the connecting
a3 are present only in Mip-like FKBPs, displayed low sequence
similarities (Fig. 3). Dimerization is essential for the function of
Mip-type FKBP [24]. Thus, the residues essential for the dimer
associations are relatively conserved, especially the two pairs of
hydrophobic ‘‘zipper knot” residues, I39/M43 and V60/I64
(Figs. 3 and 4B). These residues are involved in the primary mech-
anism for the symmetric inter-chain contacts between the anti-
parallel helices. Similarly, in the a3 region, a hydrophobic patch,
F109 and V119 in PaFkbA (Fig. 4B) that mediates the interaction
with the FKBP domain also displays high conservation (Fig. 3).
Overall, these conserved structural elements ensure a common
2463
scaffold, reflecting a unique accessory function of the N-terminal
domains.
3.4. The hinge region at a3 is essential for the inter-domain
arrangement

NMR spectroscopy and molecular dynamics (MD) simulation
studies on LpMip have identified the independent interdomain
motions and speculated that it might be crucial for LpMip to act
as a clip during substrate recognition [23]. Similar domain flexibil-
ity was also observed when the LpMip with EcFkpA were com-
pared. These structural variations might result from the dynamic
structural adaption of the connecting a3. Besides, they might be
involved in controlling the cleft region’s shape to accommodate
the unfolded protein substrate and provide an additional layer of
control to the prolyl isomerization of FKBP domains [21]. LpMip
and EcFkpA structures available so far reveal a set of closely related
‘‘open” conformation where the cleft is exposed to the solvent
[20,21]. However, as mentioned above, the two PaFkbA monomers
within one dimer were folded into two different conformational
states. The cleft of one PaFkbA monomer (average B-factor of main
chain: 92.5 Å2) showed an approximate width of 26.2 Å (distance
of C-alphas from E78 to R165), whereas another monomer (average
B-factor of main chain: 83.5 Å2) displayed a much smaller cleft of
approximately 8.2 Å. Thus, PaFkbA monomer with a smaller cleft
is more likely to represent a ‘‘closed” state due to a narrower cleft
region occluding the entrance by the N-terminal dimerization
domain from the neighboring monomer (Fig. 5A). Furthermore,
examination of the closed conformation revealed some ‘‘charge
patches” (N42, K45, Q73, E164 and R165 from chain G; D77 and
E78 from chain A), involved in mediating the compact domain
organization (Fig. 5B), containing the residues facing the
hydrophobic cavity on N-terminal half of the cleft. It suggested that
domain closure might be linked to the substrate-binding
mechanism.

The conformational transitions discussed above indicated that
the structural feature of a3 may affect the enzymatic efficiency
and mechanism of the PaFkbA. The structural determinants
responsible for the domain mobility were traced by superposing
the dimerization domains of ‘‘open” and ‘‘closed” PaFkbA struc-
tures. We observed that a positive charge region (R90 and R94)
was located at the middle of a3 and a negative charge cluster
(D53 and D54) at the turn between a1 and a2 (Fig. 5C). Thus, we
hypothesized that the formation and disassociation of the ionic
interactions between these two opposing charged surfaces might
be associated with the transition of the ‘‘closed”-‘‘open” states.
Accessory domain in multi-domain PPIases serves as a scaffold
for complex formation and regulates PPIase domain activity
[48,49]. The molecular interactions at the a3 hinge may serve as



Fig. 2. Schematic representation of the crystal structure of the PaFkbA-Dc. A. The overall structure in cartoon representation. One monomer is colored in blue (chain A) and
the other is in pink (chain G). The secondary structural elements including six b-sheets and four a-helices are labeled. B. PaFkbA-Dc FKBP domain in surface representation,
where the yellow region indicates the conserved FK506-binding pocket. The Accessible Surface areas suite in CCP4Interface was used. C. Structural comparison of Chain A and
Chain G using the FKBP domain as an anchor point. It was calculated with structural analysis suite in Chimera. D. Superpose of PaFkbA (blue), EcFkpA (black) and LpMip
(green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Multiple Sequence alignment of PaFkbA-Dc and homologous Mip-like proteins from different organisms. Proteins are shown as Legionella pneumophila (LpMip, Uniprot
code: Q5ZXE0), Homo sapiens (HuFKBP12, Uniprot code: P68106) and Escherichia. coli (EcFkpA, Uniprot code: P45523), Pseudomonas syringae pv. Tomato (PsPPIase, Uniprot
code: Q88B84), Aedes aegypti (AaPPIase, Uniprot code: Q1HR83), Candida auris (CaPPIase, Uniprot code: A0A2H1A4Z6), Plasmodium vivax (PvPPIase, Uniprot code: A5K8X6),
Plasmodium falciparum (PfPPIase, Uniprot code: Q8I4V8), Shewanella sp. SIB1 (SIB1PPIase, Uniprot code: Q765B0). Conserved ‘‘zipper knot” residues (blue), hydrophobic
residues in FK506 binding cavity (red) and hinge helix that mediate interaction with FKBP domain (purple) are colored respectively. Other conserved residues are shown in
bold format. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a switching module to tether the long helix in specific
conformations.

3.5. Probe the structural characteristics important for PaFkbA
chaperone activity

To evaluate the significance of the structural features of PaFkbA,
we introduced multiple site-directed mutations at N-terminus
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(N42, K45, Q73, D77, E78), hinge region (D53, D54, R90, R94) and
C-terminus (I177, Y203), and purified FKBP domain’ truncated ver-
sion (PaFkbA-DFKBP). These purified samples were folded and sub-
jected to the MucD refolding assay (Figure A4). As anticipated, all
mutants showed remarkably reduced chaperone activity for MucD
(Fig. 6). Notably, PaFkbA-DFKBP did not exhibit any refolding effect
on MucD. It suggested the indispensable role of the FKBP domain of
MucD folding in contrast with EcFkpA. Based on previous studies



Fig. 4. Model of FK506-binding complex and structural distribution of critical sites for interdomain interaction. A. The modeled hydrophobic pocket of PaFkbA-Dc and
interaction details between FKBP domain (blue) and peptide substrate FK506 (orange) are shown in sticks and labeled. B. Important residues for domain dimerization and
interdomain interactions between FKBP domain and hinge region are displayed in sticks. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Hinge in the connecting a3-helix controls domain motions. A. Effect of hinge
region in inter-domain flexibility. The distance between FKBP domain and
dimerization domain varies over time, allowing a wider cleft to bind to target
molecules. B. Essential residues involved in forming a narrower cleft, which
indicates a ‘‘close” state. C. Critical residues contribute to the flexibility of hinge
helix are shown.

Fig. 6. Enzyme activity of refolded MucD in presence of PaFkbA-Dc mutants. The
enzymatic experiment of refolded MucD by PaFkbA-Dc (WT, vertical bar) was
performed as previously, while eleven mutants in dimerization domain (slash),
hinge region (backslah) and a truncation of FKBP domain (grid line) were
introduced and compared with control group (blank). Error bars represent the
standard deviation of three duplicate trials. Statistical significance was calculated
by one-way ANOVA (*, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, not significant).
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on EcFkpA and LpMip [17,50], we constructed multiple PPIase
function mutants by replacing the key active hydrophobic sites
I177 and Y203 with Ser or Ala, respectively. These two PaFkbA
variants also failed to promote the MucD folding in solution. Previ-
ous studies have shown that chaperone-like activity of Mip-like
FKBPs is mainly associated with the N-terminal domain [17,21].
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The FKBP domain truncated EcFkpA could catalyze the MalE31 or
citrate synthase folding. Thus, the dependence of the FKBP domain
and probably its PPIase activity on PaFkbA-MucD association
reflects a possible specific recognition mechanism of PaFkbA.

PaFkbA’ closed conformation indicated that charge patches dis-
tributed over the inner surface of the V-cleft region might be nec-
essary for inter-domain coupling. Consequently, when Ala
substitutions were introduced at the corresponding charge resi-
dues (N42, K45, Q73, D77, and E78), the chaperone activity
decreased by 3.1 to 5.5-folds. These findings validated the impor-
tance of these sites in PaFkbA function and implicated that the
N-terminal domain and FKBP domain coordinate to execute the
function of the substrate-loading clamp.

The intrinsic dynamic domain arrangements of the MIP pro-
teins, including the rocking and wobbling motions of the a3, were
visualized by comparing the open and closed states of PaFkbA
(Fig. 5A). However, displacements of this large domain did not
require disruption of the hinge helix structure. It indicated a rigid
orientation of the connecting a3. Thus, the complementary charge-
based interactions around the a3 hinge could be one of the mech-
anisms to withstand the bending deformations. A decrease in these
local contacts could affect the inter-domain mobility, impairing the
PaFkbA function, which was evident in the chaperone activity
assay of this study, where point mutations altering the charge resi-
dues within the functional hinge region remarkably reduced or
even abrogated its chaperone activity. Taken together, the struc-
tural and biochemical results demonstrated the indispensable roles
of both N-terminal and FKBP domains and suggested the functional
importance of the potential core hinge residues at a3.
4. Discussion

In this work, we demonstrated the crystal structure of FKBP-
type PaFkbA-Dc from P. aeruginosa. The overall structure of
PaFkbA-Dc could be categorized into three parts, identical to other
members of the MIP-like family. Moreover, our in vitro observa-
tions provided evidence for the role of PaFkbA in MucD folding.
We were intrigued by the correlation between the PaFkbA’s chap-
erone activity and its structure. Our structural analysis, together
with key residues mutants and domain truncation constructs, fur-
thered our understanding of PaFkbA’s structural characteristic and
PaFkbA mediated protein refolding.

We observed that conformational change in PaFkbA may be
required for target protein binding. A previous study revealed that
the dynamic hinge motion in LpMip permitted the FKBP domain
movement, which affected its ability to bind to its substrates [23].
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Mother’s arms model representing the relevance of hinge bending
with its chaperone activities in EcFkpA was proposed in the previ-
ous report [26]. In PaFkbA-Dc structure, two forms of the hinge
region, i.e., bending and stretching states, were presented simulta-
neously. It allowed us to exploit the interdomain movement for
PaFkbA. Structural analysis of PaFkbA and mutagenesis data
revealed the hinge domain’s role, which defined the protein confor-
mation. Disrupting the local structure of the hinge region sharply
reduced the PaFkbA’ chaperone activity. This finding validated the
importance of the hinge region in the PaFkbA function. We pro-
posed a basic hypothesis based on the proximity of the N-
terminus residues and the hydrophobic pocket of the C-terminus
in the closed PaFkbA structure. We hypothesized that these two
parts could form a cleft for substrate binding. The outcomes of
our analysis demonstrated that PaFkbA chaperon activity for MucD
folding depends on the PPIase and the N-terminal domains.

Most bacteria contain a complex stress response mechanism to
deal with adverse environmental conditions. Molecular chaper-
ones are the central components of bacterial stress responses and
serve as direct virulence factors in multiple pathogens [17,51].
Without providing any energy input to the cellular periplasm,
gram-negative bacteria employ multiple specialized chaperones
to assist the protein folding and stabilization. EcFkpA and DegP
are multi-function periplasmic chaperones that are involved in
the sigma E pathway in E. coli. These chaperones have been sug-
gested to perform a general periplasmic folding function, particu-
larly under heat shock conditions. These chaperons might
substitute each other, or they are required for the survival of bac-
teria under specialized circumstances. Previous studies have
addressed their overlapping roles and physiological significance
in bacterial adhesion, motility, biofilm formation, and virulence
and implicated their crosstalk and connection during bacterial
infections [17,18,52]. EcFkpA and DegP orthologs (PaFkbA and
MucD) in P. aeruginosa were found to be associated with bacterial
adaptation in host niches[30]. In this study, for the first time, we
proved the chaperone activity of PaFkbA for MucD folding; besides,
we biochemically demonstrated the direct correlation between
these two chaperones. Chaperone activity of Mip-type PPIase was
found to be distinct from the FKBP domain-independent chaperone
activity [21]. PaFkbA chaperone function for MucD required the
context of the whole protein, and it was found to be highly sensi-
tive to mutations in both the N-terminal and C-terminal domains.
These observations provided evidence for the PaFkbA-MucD cou-
pling. The indispensable role of the additional domain for chaper-
one activity has been reported in many other multidomain PPIases
such as trigger factor, a ribosome-associated PPIase [53]. However,
its chaperone-like activity and its efficient folding activity for
unfolded proteins required both FKPB and accessory domains.
The interplay between PaFkbA and MucD suggests a coordinated
function of multiple periplasmic chaperones. Nevertheless, the
contribution of the PPIase activity of PaFkbA for MucD protein fold-
ing still needs additional evaluation. More research investigation
and guidance are required to discern the detailed biological aspects
associated with the PaFkbA-MucD coupling.
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