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A B S T R A C T   

ATP-dependent proteases FtsH are conserved in bacteria, mitochondria, and chloroplasts, where they play an 
essential role in degradation of misfolded/unneeded membrane and cytosolic proteins. It has also been 
demonstrated that the FtsH homologous protein BB0789 is crucial for mouse and tick infectivity and in vitro 
growth of the Lyme disease-causing agent Borrelia burgdorferi. This is not surprising, considering B. burgdorferi 
complex life cycle, residing in both in mammals and ticks, which requires a wide range of membrane proteins 
and short-lived cytosolic regulatory proteins to invade and persist in the host organism. 

In the current study, we have solved the crystal structure of the cytosolic BB0789166–614, lacking both N- 
terminal transmembrane α-helices and the small periplasmic domain. The structure revealed the arrangement of 
the AAA+ ATPase and the zinc-dependent metalloprotease domains in a hexamer ring, which is essential for 
ATPase and proteolytic activity. The AAA+ domain was found in an ADP-bound state, while the protease domain 
showed coordination of a zinc ion by two histidine residues and one aspartic acid residue. The loop region that 
forms the central pore in the oligomer was poorly defined in the crystal structure and therefore predicted by 
AlphaFold to complement the missing structural details, providing a complete picture of the functionally relevant 
hexameric form of BB0789. We confirmed that BB0789 is functionally active, possessing both protease and 
ATPase activities, thus providing novel structural-functional insights into the protein, which is known to be 
absolutely necessary for B. burgdorferi to survive and cause Lyme disease.   

1. Introduction 

Borrelia burgdorferi is the causative agent of Lyme disease and can be 
transferred between infected Ixodes ticks and mammalian organisms 
during the tick's blood meal [31,39]. To function effectively in different 
host organisms and acquire necessary metabolites, such as amino acids, 
nucleotides, and lipids, which B. burgdorferi cannot synthesize on its 
own, the pathogen relies on various transmembrane proteins, many of 
which are transport proteins, including lipoprotein secretion and pro-
cessing proteins [15]. Lipoproteins, proteins that are covalently 
attached to fatty acids from the membrane bilayer, are particularly 
crucial for B. burgdorferi to adapt to its environment, as they are involved 
in tasks such as nutrient binding, attachment to various target receptors, 
and defence against the immune system. Therefore, the secretion and 
processing of these proteins must work without interruption [16,24]. To 
prevent the accumulation of misfolded or unneeded proteins that could 
disrupt other biological processes, a proteolytic mechanism is essential 

for removing abnormal membrane proteins and short-lived soluble 
regulatory proteins. Among several systems capable of regulating pro-
tein degradation in bacteria, FtsH stands out because it is a membrane- 
attached and highly conserved protein degradation system found in 
bacteria, mitochondria, and chloroplasts of eukaryotes. The absence of 
this machinery leads to cell death [18,21,22]. Interestingly, FtsH has 
also been observed to exhibit chaperone activity, which might play an 
important role in an organism's growth and development, even if the 
proteolytic activity of FtsH is lost [26,28]. 

Unlike most other proteases, FtsH consists of two N-terminal trans-
membrane α-helices that attach the soluble part to the cytosolic side of 
the cell membrane, which is thought to be important for its ability to 
interact with membrane proteins [9]. Between the transmembrane he-
lices, there is a small periplasmic α + β domain of about 70 amino acids, 
which plays a role in the oligomerization of FtsH and its proteolytic 
activity [1,35]. The soluble cytosolic part of FtsH consists of AAA+
ATPase domain (InterPro entry: IPR003593) from the AAA superfamily 
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(ATPases associated with various cellular activities) and the peptidase 
M41 domain (InterPro entry: IPR000642) from zinc metalloprotease 
family. These two domains are linked with a short loop region [40]. The 
AAA+ domain is found in various proteins across all domains of life, 
where the energy released from ATP hydrolysis is converted into 
conformational change that drives diverse processes, including DNA 
recombination, replication, and repair; protein translocation and 
unfolding; molecular transport, and cilia/flagella movement [38]. The 
AAA+ domain contains several characteristic features, including Walker 
A and B motif that supports ATP binding and hydrolysis, the second 
region of homology (SRH) involved in oligomerization and ATP hy-
drolysis, and the FVG motif for target protein recognition and trans-
location [18,34]. In turn, peptidase M41 domain is characterized by 
being composed of 8 α-helices (though one of these α-helices is weakly 
pronounced, and the domain can be considered to be made from 7 
α-helices) and a short antiparallel β-ribbon, which together may be 
regarded as an α-β-α triple sandwich [5]. The first α-helix in the pepti-
dase domain contains the HEXXH motif (where X can be any uncharged 
residue), and both histidines along with an Asp residue from a different 
helix (e.g., Asp490 in E. coli) coordinate the zinc ion [5]. The zinc ion is 
essential for the proteolytic activity, and mutations in the histidine 
residues of the HEXXH motif or the nearby glutamic acid residue, which 
ensures a proper conformation of the HEXXH motif, disrupt the pro-
teolytic function in FtsH protein [33,43]. 

In FtsH protein, the AAA+ and zinc protease domains are arranged in 
a hexameric ring structure. The hexameric state is essential for the 
proper functioning of the AAA+ and protease domains, as it ensures the 
formation of a central pore region lined with aromatic residues [5,19]. 
FtsH recognizes a specific sequence motif in the target protein, known as 
a degron (which is at least 20 residues long, unstructured, diverse in 
sequence, and usually located at the N- or C-terminus) to bind to the 
pore region [10]. As a result of conformational caused by ATP hydro-
lysis, the target protein is translocated in an unfolded state to the active 
site of the zinc-dependent protease [4]. The hydrolysis of the target 
protein leads to peptide fragments with an average size of 10 residues, 
which then escape from the hexameric complex through openings in the 
side [34]. The unfoldase activity, generated by the pulling forces during 
ATP hydrolysis, is particularly effective against membrane proteins due 
to geometric constraints resulting from the close proximity of the cyto-
solic FtsH hexamer to the membrane [17,20]. Recently, it has been 
revealed that four FtsH hexamers are assembled together with the help 
of the scaffolding proteins HflK/C, as the transmembrane helices of 
HflK/C surround and seal the FtsH complex. However, in the case of 
B. burgdorferi, the loss of HflK/C did not affect the physiology of the 
bacterium [11,27]. 

To gain both structural and functional insights into the protein that is 
known to play an essential role in the ability of B. burgdorferi to survive 
and cause Lyme disease, we determined the crystal structure of the 
soluble FtsH homologous protein BB0789. One of our aims was to assess 
its similarity to other FtsH proteins and to identify the presence of the 
key residues necessary for translocation and proteolytic activity. As 
mentioned earlier, FtsH in some organisms has lost its proteolytic ac-
tivity while still retaining an essential role [28]. Therefore, we con-
ducted experiments to confirm that Borrelia FtsH homologous protein 
BB0789 indeed functions as an ATP-driven protease. 

2. Materials and methods 

2.1. Cloning, expression and purification of BB0789 

To produce recombinant BB0789146–639 (UniProtKB: O51729), cor-
responding to the protein region containing the putative AAA+ ATPase 
and peptidase M41 domain, a gene from genomic B. burgdorferi B31 DNA 
was amplified by PCR using the following primers: 5′CAT GCC ATG GGC 
GGC GGT GGG AAG GTT TTT -3′ and 5′-GCT TGC GGC CGC TTA ACC 
TTT TAC ATC CTC CCC -3′ (NcoI and NotI recognition sites in the primers 

are underlined). The product was ligated into the pETm-11 expression 
vector, resulting in a construct encoding an N-terminal 6xHis tag fol-
lowed by a tobacco etch virus (TEV) protease cleavage site. The protein 
was expressed in Escherichia coli BL21(DE3) using the same approach as 
previously described for B. burgdorferi protein BBE31 [7]. For Se-Met 
protein expression, a similar method was employed as previously 
described for B. burgdorferi BB0689 [8]. After expression, the protein 
was purified using affinity chromatography, and the 6xHis tag was 
removed by proteolytic cleavage, following a procedure similar to that 
described previously for BBA65 and BSA64 [6]. To prepare the protein 
for subsequent crystallization, it was concentrated to 10 mg/ml by using 
an Amicon centrifugal filter unit (Millipore, Burlington, MA, USA). 

2.2. Crystallization of BB0789 

BB0789 was crystallized in 96-well sitting drop plates (SWISSCI AG, 
Neuheim, Switzerland) by using the 96-reagent sparse-matrix screens 
JCSG+ and Structure Screen 1&2 (Molecular Dimensions, Newmarket, 
UK). A total of 0.4 μl of protein at a concentration of 10 mg/ml was 
mixed with 0.4 μl of precipitant using a Tecan Freedom EVO100 
workstation (Tecan Group, Männedorf, Switzerland). After extensive 
manual optimization of the crystallization conditions, cubic-shaped 
crystals were obtained. These crystals appeared after 2–3 days in a 
precipitant solution containing 0.2 M sodium citrate tribasic dehydrate, 
0.1 M Tris (pH 8.5), and 28% PEG 400. The crystals selected for data 
collection were subjected to cryoprotection by increasing the concen-
tration of PEG 400 in the mother liquor to 35% and then frozen in liquid 
nitrogen. 

2.3. Data collection and structure determination 

Diffraction data for Se-Met B. burgdorferi BB0789 were collected at 
the MX beamline instrument BL 14.1 at Helmholtz-Zentrum, Berlin [29]. 
Reflections were indexed by MOSFLM and scaled by AIMLESS from the 
CCP4 suite [3,14,44]. The initial phases were obtained by SHELX C/D/E 
[36]. The initial protein model was built automatically in BUCCANEER 
and improved by manual rebuilding in COOT [12,13]. Crystallographic 
refinement was performed using REFMAC5 [30]. A summary of the data 
collection, refinement and validation statistics for BB0789 is given in 
Table 1. AlphaFold v2.0 [23] was used to predict the 3D structure for 
B. burgdorferi BB0789 and FtsH proteins from Leptospira santarosai and 
Treponema pallidum using our local processing hardware as described 
previously [2]. 

2.4. ATPase and protease activity assays 

The measurement of ATPase activity was conducted using the 
colorimetric ATPase Assay Kit from Abcam (Cambridge, UK), following 
the manufacturer's instructions. In a 96-well plate, 4 μl of protein solu-
tion (4.3 mg/ml) was combined with 96 μL of ATPase assay buffer and 
100 μL of a reaction mix containing the ATPase substrate. The reaction 
mixture was then incubated at 25 ◦C for a duration of 30 min. Following 
this, 30 μl of ATPase assay developer (containing malachite green) was 
added and allowed to incubate for an additional 30 min at 25 ◦C. The 
formation of a dark green-colored complex, resulting from the interac-
tion between malachite green and the inorganic phosphate released 
during ATP hydrolysis was assessed by measuring the absorbance at 650 
nm using a microplate reader. 

For the measurement of protease activity, the Protease Activity Assay 
Kit (Abcam, Cambridge, UK) was used, which employs fluorescein iso-
thiocyanate (FITC)-labeled casein as a substrate. The assay was carried 
out in accordance with the manufacturer's instructions. Briefly, protein 
solutions at concentrations of 0.5, 1.0 and 2 μM (final concentration) 
were mixed with 10 mM ATP, 20 mM MgCl2, assay buffer, and the re-
action mix. The fluorescence intensity was measured at Ex/Em = 485/ 
530 nm initially and then re-measured after the reaction mixture was 
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incubated in the dark at 25 ◦C for 30 min. 

3. Results and discussion 

3.1. Overall structure of BB0789 

The crystal structure of recombinant B. burgdorferi BB0789146–639, 
lacking both N-terminal transmembrane helices and the periplasmic 

domain, was successfully solved. The resolved region covers residues 
169–603, as the electron density for the first 23 residues and the last 36 
residues in BB0789146–639 was not observed (Fig. 1). The probable 
reason for this observation is that residues 146 to 168 form a loop region 
following the second transmembrane α-helix, which connects the α-helix 
within the membrane to the cytosolic structural domain. Consequently, 
these loop residues are not well-defined in the crystal structure. At the C- 
terminal end, residues 604–639 correspond to an unstructured region as 
predicted by AlphaFold structure of the full-length BB0789 (Fig. 2A). 
This unstructured region lacks a well-defined secondary structure and 
remains flexible in the crystal structure. 

Additionally, the electron density was poorly defined for several loop 
regions. As a result, the backbone for the following residues was not 
built: Glu243, Gly277-Gly287, Gly306-Asn310, Asn396-Asp404, 
Met414-Ile423, Arg461-Leu475 and Asp538-Lys553 (Fig. 1). The crys-
tals of BB0789146–639 belonged to the space group C2, with six mono-
mers per asymmetric unit. Notably, all six monomers were organized in 
a biologically relevant hexameric ring-like structure. The hexameric 
assembly had a diameter of approximately 110 Å and height of 60 Å 
(Fig. 3A). This hexameric arrangement is significant as it is crucial for 
the proper function of the protein, given its role as an ATP-driven 
protease. 

In the hexameric structure of recombinant B. burgdorferi FtsH ho-
mologous protein BB0789, each monomer is composed of an AAA+
domain and a protease domain. These domains give rise to two distinct 
rings within the hexamer. The AAA+ domain is located towards the N- 
terminus and the substrate enters FtsH through the AAA+ domain, 
therefore it can be considered as the upper layer, whereas the protease 
forms the bottom layer. In the crystal structure, certain loop regions, 
including the loop region that forms the central core region of the 
hexameric structure, were not well-defined due to weak electron den-
sity. To complement the experimental data, the AlphaFold predicted 
model of BB0789 was used. However, the mutual positions of the AAA+
and protease domains in the AlphaFold predicted structure did not 
match what was observed in the crystal structure (Fig. 2B). This 
discrepancy can be attributed to the flexibility of the loop region be-
tween both domains, which was reflected by a low AlphaFold per- 
residue confidence score or pLDDT [41] for that specific region 
(pLDDT <80). To address this, the crystal structure of BB0789 was 
superimposed with the separated AAA+ and protease domains of the 
predicted BB0789 (Fig. 3B). The predicted structures of the individually 

Table 1 
Statistics for Data and Structure Quality.  

Dataset BB0789 

X-ray diffraction data  
PDB entry 7ZBH 
Beamline 14.1 BESSY II, Helmholtz-Zentrum, Berlin 
Space group C 21 

a, b, c (Å) 153.8, 192.8, 114.1 
α, β, γ (◦) 90.0, 124.3, 90.0 
Wavelength (Å) 0.91840 
Resolution (Å) 96.56–3.30 
Highest resolution bin (Å) 3.43–3.00 
No. of reflections 155,533 
No. of unique reflections 40,345 
Completeness (%) 97.9 (99.0) 
Rmerge 0.03 (0.29) 
CC1/2 0.99 (0.89) 
I/σ (I) 16.3 (2.9) 
Multiplicity 3.9 (3.9) 
Refinement  
Rwork 0.278 (0.359) 
Rfree 0.331 (0.405) 
Average B-factor (Å2)  
Overall 118.1 
From Wilson plot 106.1 
No. of atoms  
Protein 16,396 
Water 0 
RMS deviations from ideal  
Bond lengths (Å) 0.006 
Bond angles (o) 1.432 
Ramachandran outliers (%)  
Residues in most favored regions (%) 90.26 
Residues in allowed regions (%) 7.47 
Outliers (%) 2.27 

Values in parentheses are for the highest resolution bin. 

Fig. 1. The crystal structure of B. burgdorferi BB0789 (PDB ID 7ZBH). The structure is displayed in two different angles, rotated by 180 degrees. The coloring scheme 
goes from blue at the N-terminus to red at the C-terminus, representing the sequence direction. In the structure, a zinc ion is illustrated as a grey sphere, while ADP is 
represented as a ball-and-stick model, with carbon atoms in green, oxygen atoms in red, and nitrogen atoms in blue. The loop regions that showed poor electron 
density, and therefore, the backbone was not built are illustrated in white colour. The residues corresponding to the terminal parts of the missing fragments are 
indicated in the structure. (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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superimposed AAA+ and protease domains exhibited very high simi-
larity to the crystal structure (RMSD 0.92 Å). Additionally, the predicted 
structure provided valuable insight into the loop regions in the central 
part of the hexamer that were not visible in the crystal structure 
(Fig. 3C). This complemented the experimental data and offered a more 
comprehensive understanding of the protein's structure. 

The interactions between the monomers in the hexameric complex of 
BB0789 are primarily polar, with a few additional hydrophobic in-
teractions. Due to the flexibility of the AAA+ domain in FtsH proteins, 
the binding between the protease domains is more dominant. This 
binding involves specific residues, such as Tyr490, Tyr493, Gln508, 
Asp561 and Lys568 (Fig. 3D). 

In the crystal structure of BB0789, each AAA+ domain is found in an 
ADP-bound state. The interaction between ADP and the AAA+ domain is 
mainly mediated by backbone NH groups from residues Gly215, Thr216, 
Lys218, Thr219, Leu220, and Ala379 (Fig. 4). In addition to the ADP- 
binding site, the crystal structure reveals the coordination of a zinc 
ion within the protease domain. The zinc ion is coordinated by specific 
residues, namely His434, His438, and Asp510 (Fig. 4). 

3.2. B. burgdorferi BB0789 as an FtsH 

In B. burgdorferi, the FtsH homologous protein BB0789 is encoded by 
a single gene located on a chromosome, similar to the gene organization 
in most other bacteria. For instance, orthologs of BB0789 can be iden-
tified in other spirochetes, where a single gene is also responsible for 
encoding this protein, and the overall structure remains highly 
conserved (Supplementary Fig. S1). When comparing the crystal struc-
ture of BB0789 with other structures deposited in the Protein Data Bank 

(PDB) using the PDBeFold tool [25], it revealed structural matches with 
ATP-dependent zinc metalloprotease FtsH from three different organ-
isms (Table 2). 

The three FtsH proteins from different organisms, including 
A. aeolucis, T. maritima, and T. thermophilus, have been experimentally 
confirmed to be active proteases based on ATPase and protease activity 
assays [5,40,42]. When the crystal structures of these FtsH proteins were 
superimposed with the crystal structure of BB0789, it revealed that the 
overall architecture is highly similar, including the positions of ADP and 
the zinc ion (Fig. 5B and Table 2). 

As mentioned previously, both the AAA+ domain and the protease 
domain in FtsH proteins are known to contain several characteristic 
motifs that are essential for their structural and functional integrity 
[18]. The AAA+ domain possesses essential motifs such as the Walker A 
and B motif, the SRH motif and the FVG motif. Similarly, the protease 
domain contains the HEXXH motif, which is important for coordinating 
the zinc ion and thereby facilitating the proteolytic activity. By per-
forming a multiple sequence alignment of BB0789 with FtsH proteins 
from A. aeolucis, T. maritima and T. thermophilus and conducting struc-
tural analysis, it was confirmed that B. burgdorferi BB0789 possesses all 
of these characteristic motifs. Furthermore, these regions in BB0789 
contain all of the functionally important residues (Fig. 5A and C). 

The observation that the residues in BB0789 found at the interface 
between the monomers in the hexameric structure are not conserved 
with the other FtsH proteins (as indicated in Figs. 3D and 5A) is 
noteworthy. 

While BB0789 has been shown to be essential for B. burgdorferi 
viability [11], it is important to recognize that in some organisms, FtsH 
proteins have lost their proteolytic activity but still retain novel and 

Fig. 2. The predicted structure of full-length B. burgdorferi BB0789 and comparison to the crystal structure of BB0789146–639. (A) The predicted structure of full- 
length B. burgdorferi BB0789. BB0789 is colored according to protein domains/segments as named in the fig. (B) Superimposed full-length structure of BB0789 
with the crystal structure of BB0789146–639 (Cα root-mean-square deviation of 1.90 Ǻ over 232 residues). BB0789146–639 is colored in blue. (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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Fig. 3. (A) The hexameric ring-like structure of B. burgdorferi BB0789 is illustrated in both side and top views. Each monomer is presented in different colour, 
allowing for clear visualization of the individual subunits. (B) The crystal structure of BB0789 is superimposed with the predicted structure of BB0789. The predicted 
structure is shown in blue, while each monomer in the crystal structure is in a different colour. (C) The central part of the superimposed crystal structure and 
predicted structure hexamer is displayed, highlighting the core-forming loop region. (D) An interface between two monomers from the hexameric structure is 
illustrated, showing the residues involved in the interaction. One of the monomers is colored pink, while the other is green. The carbon atoms in the residues are 
colored accordingly to facilitate visualization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 4. The crystal structure of BB0789 hexamer with ADP binding site illustrated on the left and zinc binding site on the right. The residues involved in the 
interaction with ADP and zinc are illustrated. 

Table 2 
PDBeFold search results against BB0789.  

No. Protein Organism PDB ID Z-score RMSD (Å) Identity (%) N residues 

1. ATP-dependent zinc metalloprotease FtsH (Uniprot: O67077) Aquifex aeolicus 6gco 15.4 1.75 47.3 339 
2. ATP-dependent zinc metalloprotease FtsH (Uniprot: Q9WZ49) Thermotoga maritima 2cea 15.3 3.03 47.5 292 
3. ATP-dependent zinc metalloprotease FtsH (Uniprot: Q5SI82) Thermus thermophilus 2dhr 10.6 2.80 46.1 319  
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critical functions [28]. The multifunctionality of FtsH proteins in 
different organisms highlights their versatility in biological processes 
and underscores the complexity of their roles within cellular pathways. 
To confirm that BB0789 is indeed an ATP-dependent protease, enzy-
matic activity assay was conducted using fluorescein isothiocyanate- 
labeled casein as a substrate. According to the fluorescence assay con-
ducted using concentrations of 0.5 μM, 1.0 μM, and 2 μM of BB0789, the 
enzyme activity of 0.022 mU/ml was detected. This assay is a standard 
method to assess protease activity, and its successful demonstration with 
BB0789 further supports its classification as an ATP-dependent protease. 
Additionally, colorimetric ATPase activity test indicated that BB0789 is 
able to hydrolyze ATP releasing ADP and a free phosphate ion. Together, 
the combination of structural, sequence, and enzymatic activity data 
provides a comprehensive understanding of BB0789 as an FtsH protease 
and sheds light on its significance in B. burgdorferi's survival and 
pathogenicity. 

4. Conclusions 

Our study provides further insights into the ATP-dependent protease 
FtsH homologous protein BB0789 from B. burgdorferi, which plays a 
crucial role in the survival and pathogenicity of Lyme disease causing 
agent. By solving the crystal structure of the cytosolic region of BB0789 
we revealed the essential hexameric ring arrangement of the AAA+
ATPase and the zinc-dependent metalloprotease domains, which is 
critical for its ATPase and proteolytic activities. We showed that BB0789 
contains all the structural motifs found in functional ATP-dependent 
proteases and we confirmed that BB0789 is functionally active, pos-
sessing both protease and ATPase activities further emphasizing its 
significance in the degradation of misfolded/unneeded membrane and 
cytosolic proteins in B. burgdorferi. Overall, the elucidation of the crystal 
structure and functional characterization of BB0789 enhances our un-
derstanding of the molecular mechanisms underlying the infectivity and 
survival of the pathogen in both mammalian hosts and ticks. This 
knowledge may have significant implications for the development of 
novel therapeutic strategies against Lyme disease, targeting BB0789 as a 
potential key component of the pathogen's survival machinery. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbapap.2023.140969. 
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The coordinates and the structure factors for B. burgdorferi BB0789 
have been deposited in the Protein Data Bank with the accession number 
7ZBH. 
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