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In brief

De Oliveira Silva et al. characterized the

unusual structure of a complex between a

lipase secreted by the pathogen

Acinetobacter baumannii and its

chaperone. Bioinformatic analyses show

that this chaperone family is more diverse

than previously thought, and key

conserved residues involved in

interactions between the two proteins are

highlighted.
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SUMMARY
Acinetobacter baumannii is a major human pathogen responsible for a growing number of multi-antibiotic-
resistant infections, and of critical priority for the World Health Organization (WHO). A. baumannii employs
a type II secretion system (T2SS) to secrete toxins extracellularly to enable cytotoxicity and colonization.
Lipase LipA, secreted by the A. baumannii T2SS, is required for virulence and fitness, and in the periplasm
is maintained in an active state by its essential foldase, LipB. Here we report that LipA is able to recognize
lipids of different chain lengths at extremes of pH and temperature, thanks to its stabilization by LipB through
an extended, highly helical ‘‘embrace.’’ A vast bioinformatic analysis indicates that LipB-like foldases are
widespread over numerous proteobacteria, and thus the extended foldase architecture shown here could
be widespread. These results provide new insight into A. baumannii’s adaptability as a pathogen in different
environments and could facilitate the development of novel antibacterials.
INTRODUCTION

Acinetobacter baumannii is anopportunistic humanpathogen that

in the last few years has presented multi-drug resistance (MDR)

rates that can be up to four times higher than those observed

for other major Gram-negative pathogens.1 A. baumannii is a

global threat in community and health care settings, where it

can resist prolonged periods of desiccation as well as disinfection

procedures.2 A. baumannii can form robust biofilms, hampering

treatment with different antibiotics,3 and theWorld Health Organi-

zation (WHO) has included carbapenem-resistant A. baumannii in

the list of pathogens for which novel treatments are most urgently

needed.

Several virulence factors have been shown to play roles both in

A. baumannii’s pathogenesis and its ability to generate biofilms.

This includes phospholipases, porins, and two-component

efflux pumps; capsular polysaccharide, in addition, is also rele-

vant for protection against complement-mediated killing.4 It is

of note that the transport of proteins and effectors to the environ-

ment is key to facilitate infection, competition and/or adaptation.

In order to do so, bacteria employ secretion systems, complex

nanomachineries that, in the case of Gram-negative bacteria,

span both inner and outer membranes. Up to eleven different
All rights are reserved, including those
secretion systems have now been identified, whose functions

range from injecting toxins directly into target cells to secreting

macromolecules into the immediate environment of the cell.5

A. baumannii has been reported to harbor type I, II, IV, V, and

VI secretion systems, attesting to its requirement for versatility

when it comes to interactions with its surroundings.2,6–9 The

type II secretion system (T2SS), in particular, plays a key role in

A. baumannii’s infectivity and colonization strategies; it is amulti-

protein complex that secretes fully folded proteins through both

bacterial membranes using a piston-like system. The T2SS in

A. baumannii has 11 components identified to date, including

the secretin (GspD), a b-barreled assembly that forms a pore

on the outer membrane through which toxins and effectors are

transported, and a pseudopilus (GspG, GspH, GspI, GspJ, and

GspK) that polymerizes to push the effector through the pore, us-

ing the energy of a cytoplasmic ATPase (GspE). In the inner-

membrane, GspC, GspF, GspL, and GspM form a platform

that connects the periplasm with the cytoplasm10–12 (Figure S1).

Five different effectors have been reported to be secreted

through the T2SS of A. baumannii, three of which are lipases

(LipA, LipH, and LipAN), one protease (CpaA), and one adhesin

(InvL). CpaA is the most extensively characterized virulence fac-

tor of the system, with roles linked to deregulation of human
Structure 33, 1–12, March 6, 2025 ª 2025 Elsevier Inc. 1
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blood coagulation and cleavage of glycoproteins involved in

activation of the complement system.13–15 InvL is an adhesin

implicated in uropathogenesis in a murine catheter-associated

urinary tract infection (UTI) model that can bind extracellular ma-

trix components and adhere to urinary cell lines in vitro.16 LipH

and LipAN have been shown to have lipase and phospholipase

activities, respectively, but further studies are needed to confirm

their roles in A. baumannii virulence.6,17 LipA, on the other hand,

is required for lipid utilization and in vivo fitness in a neutropenic

murine bacteremia model4,6; in addition, it supports coloniza-

tion,4 likely due to adaptation to different lipidic landscapes.18

Furthermore, a growing body of evidence suggests that extracel-

lular lipases are essential for biofilm formation and

composition.19–25

Lipases are frequently classified into families and subfamilies

based on sequence similarities and biochemical properties.

Many lipases from clinically relevant bacteria belong to subfam-

ilies I.1 and I.2, and share conserved characteristics such as cal-

cium-binding sites, disulfide bonds, and the requirement of an

accessory protein to achieve their final folds in the periplasm prior

to secretion.26,27 These accessory proteins are known as lipase-

specific foldases, or Lifs, that form a unique class of inner mem-

brane-anchored steric chaperones that do not present any signif-

icant level of homology to other protein families, and assist their

cognate lipases to overcome the final energetic barrier in their

folding pathway. Their action allows their cognate lipases to

achieve their active formand to subsequently be secreted through

the T2SS.4,28–37 Despite efforts to elucidate the role and nature of

the interactions between these proteins, the mechanisms by

which the foldase assists the lipase to transit from a near-native

conformation to its final, active form are still unknown. It has

been proposed that the foldase could facilitate the opening of

the lid that covers the lipase’s active site, based on molecular dy-

namics simulations.38 These computational analyses are, howev-

er, biased by the limited structural information available.

The important role played by LipA in A. baumannii virulence

makes it an interesting potential target for novel antibacterial

development, vaccinology, and/or antibody treatment strate-

gies. However, the small number of studies concerning structure

and function of lipase-foldase complexes have hampered these

pursuits. Here, we report the crystal structure of A. baumannii

LipA in complex with LipB. The interaction mode is starkly

different from what has been observed in most effector-chap-

erone complexes involved in other secretion systems, in that

instead of interacting just with a specific region of the effector,

LipB surrounds LipA almost entirely, sharing with it a vast inter-

action region. This arrangement has been characterized in only

one other system, the complex between the I.2 subfamily lipase

and its cognate foldase of Burkholderia glumae.39 Notably, in the

T2SS of A. baumannii, LipA is active only while bound to LipB,

displaying substrate promiscuity toward fatty acids of different

lengths. An extensive bioinformatic analysis of LipB-like foldases

reveals that this family of proteins is widespread over different

proteobacterial classes and they could share similar architec-

tures. By using a combination of structural and sequence ana-

lyses, we identify conserved residues that can be key for binding

and activation of LipA by LipB, revealing surfaces that could be

used as targets for disruption of T2SS chaperone-lipase com-

plexes in different bacterial taxa.
2 Structure 33, 1–12, March 6, 2025
RESULTS

Distribution of foldase sequences
Lipase-specific foldases form a unique class of steric chaper-

ones that are not yet fully understood, and LipA is one of the

few T2SS effectors known to use a periplasmic chaperone in

its folding pathway.6 In order to understand the distribution of

this family of chaperones, we initially generated sequence simi-

larity networks (SSN) using an enzyme function initiative-enzyme

similarity tool (EFI-EST).40 Seven hundred and thirty-six LipB ho-

mologs were obtained from the UniRef90 database, and thirteen

clusters of sequences grouped by similarity were selected for

further analyses (Figure 1). To evaluate if the selected sequences

belonged to foldases associated to lipases potentially secreted

by a T2SS, we also evaluated the co-occurrence of lipA and

gspDwithin the selected genomes. This confirmed the presence

of genes encoding GspD in genomes from representatives of

each cluster, indicating the co-occurrence of T2SS and lipase-

specific foldases. Notably, lipase-encoding genes are located

upstream from foldase genes in species from all clusters except

for 7 and 9. In cluster 7, which includes A. baumannii, lipA is

located downstream of lipB, the gene encoding its foldase. In

cluster 9, no lipase-encoding genes could be identified either

directly upstream or downstream of the foldase genes, poten-

tially indicating a different role for this homolog of LipB (Fig-

ure S2). For this reason, this cluster was excluded from further

analyses.

Most foldase sequences were identified in Proteobacteria,

most notably in g-proteobacteria, b-proteobacteria, and d-pro-

teobacteria (Figure 1). Within g-proteobacteria, we found clus-

ters of sequences from the orders Pseudomonadales (clusters

1, 2, 3, 8, and 10), Moraxellalles (clusters 6 and 7), and Vibrio-

nales (clusters 12 and 13), including species from notable genera

such as Acinetobacter, Pseudomonas, Psychrobacter, Marino-

bacter, and Vibrio. Two clusters from b-proteobacteria consisted

of foldases fromBurkholderiales and Neisseriales (clusters 4 and

11), such as Burkholderia and Chromobacterium. The single

cluster of d-proteobacteria was composed of Myxococcales

(cluster 5), that includes Corallococcus and Sorangium. Mem-

bers of all aforementioned orders have been characterized as

biofilm-producing bacteria with either twitching or swarmingmo-

tilities,41–53 and studies in various bacterial species have demon-

strated that secreted lipases can be determinant factors in bio-

film formation and composition,19,22–25,28,54,55 making them

interesting targets for biofilm-inhibiting strategies.

It is widely accepted that the RXXFDY(F/C)L(S/T)A motif is

conserved among lipase-specific foldases,32 and mutations in

the highly conserved tyrosine or serine residues in this motif in

Lif of P. aeruginosa were shown to practically abolish the fol-

dase’s capacity to maintain LipA’s activity and to reduce the af-

finity between the foldase and the pre-active lipase.56,57 Our

sequence analysis suggests there is a much larger variation

between different clusters. Through multiple sequence align-

ments within the nodes in each cluster, we identified specific

variations of this motif (Table S1). Previous studies have

demonstrated that Lif from P. aeruginosa can substitute for

the one from P. alcaligenes, but not the ones from B. glumae

or A. calcoaceticus.58 In our analysis, Lifs from P. aeruginosa

and P. alcaligenes localize to the same cluster, while the



Figure 1. Distribution of Lifs and the Lif

conserved motif

Sequence similarity networks for lipase-specific

foldases were generated by comparing LipB from

A. baumannii DSM30011 with the UniRef90 data-

base. Clusters with more than 15 nodes were

selected for analysis. Nodes were colored ac-

cording to the taxonomic class of species to which

the sequences belong (legend underneath); the

node containing the A. baumannii sequence is

colored in yellow.
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homologs in Burkholderia and Acinetobacter are in separate

clusters. Thus, it is likely that as bacteria adapted to new niches,

lipases developed different biochemical properties, including

substrate specificities, leading Lifs to adjust in order to accom-

modate these changes.

LipA is stable and active only in the presence of LipB
In order to further address the question of Lif-lipase recognition,

we set out to structurally and enzymatically characterize the

LipA-LipB complex from A. baumannii. We initially expressed

LipA either in the presence or the absence of LipB29, a soluble

form of LipB lacking the first 28 residues, which comprise the

transmembrane anchor region (Figure 2A). Overexpression of

LipA inEscherichia coliwithout LipB resulted in insoluble samples,

in line with what was observed before for foldase-dependent li-

pases from various Pseudomonas species,33,56,59 that formed in-

clusion bodieswith very low lipase activity or none at all. This issue

was overcomeby co-expressing LipA and LipB29, which led to the

purification of an apparent 1:1 complex after nickel affinity chro-

matography and gel filtration. This stoichiometry was confirmed
by SEC-RALS/LALS (size exclusion chro-

matography coupled to right angle light

scattering and low angle light scattering)

of the pure sample, which showed that

the complex can adopt two forms, with

calculatedmolecularmasses correspond-

ing to a heterodimer (68.10± 1.15 kDa; hy-

drodynamic radius: 3.58 ± 0.09 nm) and a

heterotetramer (135.36 ± 1.13 kDa; hydro-

dynamic radius: 6.48 ± 1.20 nm), indi-

cating that not only the 1:1 complex but

also a 2:2 complex can form spontane-

ously (Figure 2B). Moreover, the thermo-

stability of the heterodimer assayed by dif-

ferential scanning fluorimetry indicated an

apparent melting temperature of 65.5�C
(Figure S3).

In order to verify if LipA was active in

the foldase-bound form, we employed

a colorimetric activity assay using para-

nitrophenyl-butyrate (pNPB) as a sub-

strate. An initial analysis confirmed that

both the heterodimer and the heterote-

tramer were similarly active, so only

data relative to the dimer will be reported

here. To further characterize the enzy-
matic activity of the LipB29-bound LipA complex, effects of

pH and temperature were initially investigated using pNPB as

a substrate (Figures 2C and 2D). Optimal activity was obtained

at 40�C, with 40% activity retained up to 60�C. The highest ac-

tivity was observed in acidic pH values, with optimal activity

achieved at pH 6.5. Furthermore, we investigated LipA’s sub-

strate preference using para-nitrophenol-derived substrates

of different chain lengths. The highest measured activity was

obtained using the short-chain substrate pNPB (C4:0), but

LipA’s ability to catalyze the hydrolysis of medium- and long-

chain substrates was also evident (Figure 2E). Kinetic assays

of pNPB cleavage under optimal conditions revealed apparent

Km and Kcat values of 237.67 ± 24.47 mM and 28.79 ± 1.65 s�1,

respectively (Figure 2F). The low Km and high Kcat values indi-

cate that LipA is a highly efficient enzyme. Its ability to hydro-

lyze substrates of varied chain lengths, as well as to work under

higher temperatures and lower pHs could point to it being a very

useful asset for the pathogen during challenges imposed by

the host, such as nutrient limitation as well as acidic or heat

stress.60–62
Structure 33, 1–12, March 6, 2025 3
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Figure 2. Characterization of LipA bound to LipB

(A) Schematics of subdomain organization of the lipase and the foldase. MD1, mini-domain 1; EHD, extended helical domain; MD2, mini-domain 2; TM,

transmembrane helix; SP, signal peptide.

(legend continued on next page)
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Structure determination of the LipA-LipB complex
Initial attempts to crystallize the LipA-LipB29 complex were un-

successful. We subsequently submitted LipA-LipB29 to limited

proteolysis with multiple proteases followed by mass spectrom-

etry in order to identify a crystallizable form of the complex.

These analyses indicated that region 29–51, for which no sec-

ondary structure prediction could be obtained, was rapidly pro-

teolyzed. The LipB form lacking this unstructured region was the

most abundant form after proteolysis, indicating its stability and

potential compactness.

We thus generated a new, shorter LipB-expressing clone and

purified the complex as described for the longer form in the

methods section. The purified complex was submitted to crys-

tallization screenings at the automated protein crystallization fa-

cility (ROBOLAB) at the LNBio, CNPEM. Initial crystallization

conditions were improved bymanual refinement, yielding hexag-

onal-shaped crystals. X-ray data were collected at the Sirius

synchrotron in Campinas, Brazil. These crystals initially dif-

fracted to very low resolution, prompting further optimization us-

ing microseed matrix seeding. This process yielded a single

crystal that diffracted to 3.17 Å. The crystal belonged to space

group P3221 and contained one LipA-LipB heterodimer in the

asymmetric unit. Molecular replacement trials using a lipase-fol-

dase structure from B. glumae (PDB: 2ES4)39 (overall sequence

identity to A. baumannii LipA-LipB �29%) or that of an unchap-

eroned lipase from P. aeruginosa (PDB: 1EX9)63 (sequence iden-

tity to A. baumannii LipA�49%) did not yield promising initial re-

sults. We thus generated an AlphaFold model of A. baumannii

LipA-LipB and used it for molecular replacement. This approach

led to an initial Rfree of 38% that was further improved to 29% af-

ter several rounds of refinement. Data collection and refinement

statistics can be found in Table 1.

LipB surrounds LipA in a stabilizing embrace
Each copy of the complex displays LipA bound to LipB52 in a 1:1

ratio, confirming the SEC-RALS results. The structure is highly

unusual for a chaperone-effector complex, in that LipB52 con-

sists of an extended a-helical architecture that embraces LipA

on the outside of the lipase (Figure 3A). Surface analyses using

PDBePISA indicate a large interface area of 3,318 Å2, with

roughly 28% of the residues of each protein forming the pro-

tein-protein interface. This is in clear contrast to structures of

other chaperone-effector complexes in secretion systems,

where the chaperone interacts with a limited section of the

effector (see the following text).64–70 The only exception is the

previously reported lipase-foldase complex from B. glumae,39

where the lipase is also surrounded by an extended helical part-

ner; however, the positions, extensions and kinks of the helices

of the chaperones display differences (Figures S4A and S4B),

providing a potential explanation for the initial unpromising re-
(B) The LipA-LipB complex elutes in two peaks in size-exclusion chromatograp

135.36 ± 1.13 kDa; hydrodynamic radius: 6.48 ± 1.20 nm) and a (II) heterodimer (

SEC-RALS/LALS (right). Data are represented as mean (n = 3).

(C and D) Effects of temperature (C) and pH (D) on lipase activity were assayed

(E) Substrate preference was evaluated using para-nitrophenyl esters of differen

average value in each experiment, which was set as 100%. Data are represente

(F) Kinetic parameters were determined for pNPB cleavage under optimal cond

represented as mean ± SD (n = 3).
sults obtained for our molecular replacement efforts when we

employed the B. glumae structure (aforementioned). This

embracing architecture could explain how the lipase retains its

activity even at higher temperatures and under extreme acidic

conditions, when in complex with its partner foldase. It is of

note that lipases from B. glumae and P. aeruginosa interact

with their cognate foldases with affinities in the nanomolar

range,39,56 lending support to the importance of the stabilizing

role of the chaperone.

LipA displays a typical a/b hydrolase fold with six b-strands

forming a central parallel b-sheet, surrounded by eight a-helices

(Figure 3B). According to the modular classification for hydro-

lases, this lipase can be classified as a Core + Lid (b+1/b+2) hy-

drolase,71 presenting a lid region formed by a hydrophobic helix

(a5). The function of the lid in lipases is to control substrate ac-

cess to the active site, and it can often be a determinant of sub-

strate specificity, thermostability and activity.72 In the LipA-LipB

structure, the lid does not make contact with LipB and is neither

in fully ‘‘open’’ or ‘‘closed’’ conformations, as seen in other lipase

structures, adopting instead an intermediate conformation that

partially exposes the active site (Figure S4C). In fact, previous

molecular dynamics simulations have shown that an open

conformation is the most favorable when the lipase is bound to

the foldase in P. aeruginosa.38 The active cleft is at the bottom

of a funnel decorated by hydrophobic side chains that could

potentially accommodate the lipidic substrate (Figure 3C). The

catalytic serine of LipA is located in a nucleophilic elbow be-

tween b3 and a3 and is part of a classical catalytic triad

(Ser121-His290-Asp268), expected to be involved in the nucleo-

philic attack that leads to substrate hydrolysis. His122 and

Met51 are proximal to the catalytic site and are in equivalent po-

sitions to residues that form the oxyanion hole in the structure of

the homologous lipase in P. aeruginosa, in which they are

required to stabilize intermediates during catalysis.63 Previous

studies have suggested that activation of LipA by LipB could

be linked to the formation of a short b-hairpin in the N-terminal

region of the lipase,56 but that does not seem to be the case in

our structure. Instead, the equivalent region remains unstruc-

tured in the active lipase (Figure S4D).

The LipA-LipB interface reveals details of foldase
dependence by LipA
LipB52 is composed of 11 helices, organized into an N-terminal

globular mini-domain (MD1, helices a1–a3), a C-terminal glob-

ular mini-domain (MD2, helices a9–a11) and a connecting

extended helical region (EHD) (Figures 2A and 4A). The large

interface between LipB and LipA involves more than 70 residues

from each protein. Assuming that residues that are highly

conserved would play an important role in stabilizing the interac-

tion, we aligned representative LipB sequences from each
hy (left), which were characterized as a (I) heterotetramer (molecular weight:

molecular weight: 68.10 ± 1.15 kDa; hydrodynamic radius: 3.58 ± 0.09 nm) by

using pNPB as substrate. Data are represented as mean ± SD (n = 3).

t chain lengths. Relative activity (%) was calculated using the highest activity

d as mean ± SD (n = 3).

itions. (Apparent Km) = 237.67 ± 24.47 mM; Kcat = 28.79 ± 1.65 s�1. Data are

Structure 33, 1–12, March 6, 2025 5



Table 1. Data collection, phasing, and structure refinement

statistics

Data collection

X-ray source (Beamline) Sirius (Manacá)

Detector Pilatus 2M

Wavelength (Å) 0.97718

Scan-range (o) 360

Oscillation (o) 0.1

Space group P3221

a (Å) 133.69

b (Å) 133.69

c (Å) 139.71

a (o) 90

b (o) 90

g (o) 120

Mosaicity (o) 0.358

Overall resolution (Å) 48.30–3.17

No. observed/unique reflections 454,688/23,444

High resolution shell (Å) 3.37–3.17

Completeness (%) (last shell) 96.2(97.4)

Rsym (%) (last shell) 61.3 (1003.2)

I/s(I) (last shell) 5.57 (0.30)

CC1/2 99.7 (21.4)

Wilson plot B-factor (Å2) 104.87

Molecular replacement

Phaser RFZ/TFZ/LLG 4.20/25.50/435.44

Refinement

Initial Rwork/Rfree (%) 33.31/38.42

Final Rwork/Rfree (%) 27.71/29.50

B-factor (Å2) global 151.15

B-factor (Å2) protein 151.34

B-factor (Å2) waters 92.58

B-factor (Å2) ligands Ca 109.33

B-factor (Å2) ligands Cl 123.26

Stereochemical quality

RMS deviation, bond lengths (Å) 0.006

RMS deviation, bond angles (�) 1.265

No. of atoms 4621

No. of protein atoms 4605

No. of calcium atoms 1

No. of chlorine atoms 1

No. of water molecules 15

Residues in most favored/allowed

region of Ramachandran plot (%)

99.80

Clashscore 1.4

Sidechain outliers 0.4%
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cluster in our SSN to that of A. baumannii and calculated

sequence conservation using ConSurf.73 Out of 79 interfacing

residues from LipB, only 24 were conserved across representa-

tives of all clusters, 13 of these participating in interactions

(Table S2). Although interacting residues are distributed in the
6 Structure 33, 1–12, March 6, 2025
subdomains, roughly half of the total conserved residues and po-

lar interactions detected are localized in MD1, highlighting the

importance of this mini-domain. It is of note that the conserved

Lif motif in MD1 is essential for LipB function since mutagenesis

of single residues practically abolishes the activity of the LipA-

LipB complex of the T2SS of P. aeruginosa.57

The same analysis was performed with the cognate lipases,

revealing 24 conserved interfacing residues in LipA. By

combining the sequence conservation analyses of LipA and

LipB, we were able to identify conserved interactions across

different bacterial classes (Figure S5). Two conserved interac-

tions occur between MD1 of LipB and a8 of LipA (Ser66/

LipB:Arg318/LipA and Asn73/LipB:Arg313/LipA) (Figure 4B), as

well as MD2 of LipB and helices a2 and a3 of LipA (Arg325/

LipB:Glu97/LipA and Thr328/LipB:Tyr129/LipA) (Figures 4C

and 4D). Notably, LipA’s Tyr129 is located in the same helix as

the catalytic serine, which could suggest a role for this interac-

tion in the lipase-activating function of the foldase. The relevance

of one of the interactions mentioned previously was demon-

strated in a previous study in a homolog Lipase-Lif complex

from Acinetobacter sp. XMZ-26, in which a substitution of

Arg325 in the foldase into any other amino acid was enough to

hinder foldase-lipase interactions in co-precipitation and in yeast

two-hybrid assays,29 possibly due to the disruption of the inter-

actions with Glu97 in a2 of LipA. The conservation of interactions

in this and the other aforementioned positions indicate not only

that the MD1 and MD2 regions of LipB play key roles in the inter-

action with LipA from A. baumannii, but also that homologous

residues should be essential for lipase-folding interactions in

numerous bacteria identified in the aforementioned clusters.

DISCUSSION

Secretion systemsmediate transport of effectors through bacte-

rial membranes, thus frequently playing key roles in infection

and/or colonization processes. Effectors often require the partic-

ipation of foldases or chaperones for stabilization and activity

maintenance; however, these auxiliary proteins employ different

strategies to recognize their cognate partners. In the well-

studied T3SS, for example, effectors are stabilized by chaper-

ones within the bacterial cytoplasm and are transported in

unfolded form through the polymerized needle structure.74,75

Interestingly, T3SS chaperone-effector complexes often involve

small interaction regions, as is the case for ExoU:SpcU of

P. aeruginosa, as well as SipA:InvB of S. enterica. ExoU is a high-

ly active phospholipase, whose N-terminal region is stabilized by

hydrophobic patches in SpcU64; SipA is an actin-binding protein

that is contacted by InvB through an extended C-terminal loop

region65 (Figure 5, top). Such limited interactions could facilitate

the highly regulated release and unfolding steps that must occur

prior to threading of the effector through the interior of the

needle.75

In order to be secreted in folded form through theA. baumannii

T2SS, effectors are translocated through the inner bacterial

membrane using the Tat or Sec systems77 and require a chap-

erone or foldase recognition step in the periplasm. These are

often membrane-associated proteins that are not themselves

secreted through the system and maintain effector stability and

activity. This differential mode of action is reflected in the nature



Figure 3. LipB embraces LipA

(A) Structure of LipA-LipB complex from

A. baumannii described in this work. LipB plays a

foldase role by positioning itself around LipA as if

in an embrace, forming awide contact surface that

is atypical for chaperone-effector complexes in

secretion systems.

(B) LipA presents a classical a/b hydrolase fold in

which a central b-sheet is surrounded by a-heli-

ces, one of them being the lid (a5, red), capable of

covering the active site, where the catalytic

Ser121 is located in a nucleophilic elbow between

a helix and a strand. The yellow sphere represents

a calcium atom.

(C) Surface diagram of LipA where acidic residues

are indicated in red and basic residues in blue. The

active site, located at the bottom of a funnel, is

indicated in purple.
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of the complexes themselves. CpaA, a protease secreted by

A. nosocomialis, surrounds the chaperone CpaB, which stabi-

lizes mostly its central region,66 while the LipA-LipB complex

from B. glumae is highly reminiscent of the one from

A. baumannii solved in this work, where the lipase effector is sur-

rounded by the partner. Nevertheless, the ‘‘embrace’’ provided

by LipB guarantees LipA stability and activity; this is supported

by our in vitro data reported here, that confirms that the expres-

sion of LipA in the absence of LipB leads to an aggregated, inac-

tive lipase. The stability of such an embrace raises questions

regarding the mechanism of LipA secretion through the T2SS

system. Unlike in the case of protease- chaperone complexes,

where the protease can remove its cognate chaperone autopro-

teolytically, the separation of the LipA-LipB complex most prob-

ably requires its interaction with base components of the T2SS

secretion machinery and other periplasmic factors. In

P. aeruginosa, GspC, GspL (XcpY), and GspM (XcpZ), all of

which are anchored in the inner membrane (Figure S1), have

been shown to participate in different stages of effector recruit-

ment prior to secretion, with the latter two undergoing oligomer-

ization and heterodimerization steps that are triggered upon

effector recognition.78,79 It is tempting to propose that, in the
case ofA. baumannii, LipA can potentially

directly contact the components

mentioned previously and subsequently

be appropriately positioned at the tip of

the pseudopilus. However, this still

leaves open the question of how LipA

and LipB are separated, and if LipB is re-

cycled for further use (or proteolyzed) af-

ter LipA is secreted. Further work is

required to pinpoint the stepwise mecha-

nism of this process.

The Lif-lipase systems from B. glumae

and P. aeruginosa have been used as

models to understand the role of foldases

in lipase activation. The lipase from

B. glumae belongs to subfamily I.2, and

these enzymes are known to have

shorter lid helices and an insertion be-
tween strand b5 and helix a7, thus presenting two antiparallel

b-strands in comparison to lipases from subfamily I.1.63,80 LipA

from P. aeruginosa is the prototypical lipase from subfamily I.1,

but no structure of this lipase in complex with its foldase is avail-

able. These differencesmay explainwhy, despite the similarities in

sequence and overall fold, the structures of the LipA-LipB com-

plex from B. glumae and LipA from P. aeruginosawere less useful

as models for molecular replacement trials for the A. baumannii

structure reported here. In fact, cognate lipases of foldases from

most clusters in our bioinformatic analysis classify as being mem-

bers of subfamily I.1. Thus, the LipA-LipB complex of A. bauman-

nii presented here includes a lipase from subfamily I.1 and could

facilitate further structural studies of similar complexes.

Lifs from closely related species have been shown to activate

each other’s lipases, while Lifs from more phylogenetic distant

species are not able to.58 Our sequence analysis agrees with

these studies, separating Lifs that cannot substitute for each

other into different clusters. The conserved Lif motif, critical

for foldase function, presents cluster-specific variations, and

these changes may be linked to the specificity for the cognate

lipases, in order to maintain the high affinity that has been

observed in P. aeruginosa and B. glumae (clusters 1 and 11,
Structure 33, 1–12, March 6, 2025 7



A

DC

B Figure 4. The LipA-LipB interaction surface

(A) Structure of LipB showing residues that

interact with LipA. Note that all three domains of

the foldase contribute residues toward the inter-

action with LipA, providing stability to a vast region

of the lipase. The conserved Lif motif is highlighted

in blue.

(B–D) Conserved interactions between LipA (cyan)

and LipB subdomains MD1 (magenta), EHD (or-

ange), and MD2 (green). Residues involved in

conserved interactions are in bold/underlined.
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respectively). Only one residue was found to be invariable

across all clusters, Tyr96. Mutations of this residue greatly

decreased the affinity between the foldase and the lipase and

were enough to disrupt lipase activation.57 Interestingly, neither

in A. baumannii nor in B. glumae’s lipase-foldase structures

does this residue seem to be directly interacting with the lipase,

reinforcing the idea that it exerts a long-range effect on LipA.56

In addition, through sequence conservation and structure ana-

lyses, we identified four conserved interactions between LipA

and LipB that could be crucial for foldase activity, one of which

was experimentally demonstrated in a study in a homologous

system (Arg325/LipB:Glu97/LipA, Figure 4D). We hypothesize

that the conserved interactions identified here are essential

for complex formation and for the Lif embrace observed in the

LipA-LipB structure.

A. baumannii’s ability to persist in tissues is key for the estab-

lishment of chronic infections. Two main characteristics are

linked to this capability: its capacity to resist antibiotics with

different mechanisms of action, and to adapt to modifications

in its microenvironment.2 A. baumannii is a colonizer of the hu-

man respiratory tract, and thus is commonly found in airway sur-

face liquid (ASL). Studies performed with pneumonia patients in

intensive care unit (ICU) settings indicated that the pH of respira-

tory mucus can vary throughout the infection process, maintain-

ing stability during the initial colonization phases but becoming

acidic once pneumonia is established81; ASL of cystic fibrosis

patients, for example, is both dehydrated and acidic.82 In order

to adapt to such modifications, A. baumannii has been reported

to display reversible phases, even introducing in-host mutations

in key proteins.83 In addition, LipA, a virulence factor that plays a

role in colonization and infection,4 maintains close to 100% lipid-

hydrolysis activity at pH 5.0 and still displays up to 30% activity
8 Structure 33, 1–12, March 6, 2025
at pH 4.0, even in its LipB-bound, unsecreted form. These abili-

ties attest to LipB’s capacity to maintain LipA in active form by

stabilizing the lateral region of the lipase, allowing unencum-

bered active site access (Figure 3B), thus supporting

A. baumannii’s great versatility as a pathogen in microenviron-

ments that are constantly changing.
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Figure 5. Structures of chaperone-bound effectors in T2SS

and T3SS

In the structures of T3SS chaperone-effector complexes, small regions of the

chaperones contact the effectors, as seen for ExoU-SpcU64 (PDB: 4AKX,

T3SS class Ia chaperone), SipA-InvB65 (PDB: 2FM8, T3SS class Ib chap-

erone), YscX-YscY76 (PDB: 7QIH, T3SS class II chaperone), and PscF-PscG-

PscE67 (PDB: 2UWJ, T3SS class III chaperones). In T2SS, the effector CpaA

embraces the chaperone CpaB66 (PDB: 6O38), while the chaperone LipB has

been shown to embrace the effector LipA in B. glumae39 (PDB: 2ES4). Effec-

tors are colored cyan, chaperones are colored red.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Escherichia coliDH5a cells were used in the cloning, mutagenesis, and large-scale plasmid production procedures. E. coliBL21 Star

(DE3) cells were used for recombinant protein expression.

METHOD DETAILS

Construct design
All genes were amplified from the genomic DNA of A. baumannii DSM 30011. The region of lipA corresponding to the soluble domain

of LipA without a signal peptide (residues 25-324) was amplified using primers LipA_N25_F (5’-AAAGGATCCAATGCCGAGCAAGTC

AAAAGC-3’) and LipA_R (5’-AAAGTCGACTTATAATCCTTGAAGTTTTAAACGGTTAGCGTGTTG-3’) and cloned into vector pJET 1.2

(CloneJET PCR Cloning Kit, Thermo Scientific�). The product was subcloned into a modified pACYC vector, containing sequences

for a 6xHis-tag and the monomeric yellow fluorescent protein (mCitrine) followed by a Tobacco Etch Virus (TEV) protease cleavage

site, using BamHI and SalI restriction sites. LipB29 was generated by amplifying the region of lipB corresponding to the soluble

domain of LipBwithout a signal peptide or a transmembrane helix (residues 29-343) using primers (5’- AAACATATGTGGAGCCACCC

GCAGTTCGAAAAGGGAAGCCCAGACTCGGAAAATACTTCACCTCAG-3’) and (5’- AAACTCGAGCTAGTAGTTAAAGGGTAGTTCA

CCTCCTTGG-3’), which include the coding sequence for an N-terminal Strep-tag, and cloned into pJET 1.2. The gene was subse-

quently subcloned into pET30b using NdeI and XhoI. Subsequently, based on our limited proteolysis analysis, a shorter proteolysis-

resistant version of LipB (LipB52, residues 52-343) was generated by PCR-based mutagenesis using primers (5’- TCCCTTTTCG

AACTGCGG-3’) and (5’- ACTTTAAATTCACCATTAAACGAAAATAC-3’). NCBI accession numbers for LipA and LipB are Genbank:

PNH16507.1 and Genbank: PNH16508.1, respectively.

Protein expression, purification and crystallization
Vectors encoding LipA and LipB52 were co-transformed into E. coli BL21 Star (DE3) cells and grown at 37�C and 200 rpm in TB

medium supplemented with kanamycin at 100 mg/ml and chloramphenicol at 34 mg/mL. When the absorbance at 600 nm reached

0.6 A.U., protein expression was induced by adding 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG). Cultures were grown

for 16 h at 20�C and 200 rpm, and harvested by centrifugation at 10,000 x g for 30 min at 4�C. The cell pellet was resuspended in

lysis buffer [50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5 mM CaCl2 supplemented with 1mM phenylmethylsulfonyl fluoride (PMSF),

0.1 mg/mL lysozyme and 5 U/mL benzonase], then sonicated on ice. The cell lysate was centrifuged at 15,000 x g for 1 hour at 4�C.
The supernatant was loaded onto a nickel–nitrilotriacetic acid (Ni-NTA) column pre-equilibrated in buffer A [50 mM Tris-HCl

(pH 8.0), 200 mM NaCl, 5 mM CaCl2], then a two-step wash was performed using buffer A followed by buffer B [50 mM Tris-

HCl (pH 8.0), 200 mM NaCl, 5 mM CaCl2, 35 mM Imidazole]. The sample was eluted in buffer containing 50 mM Tris-HCl

(pH 8.0), 200 mM NaCl, 5 mM CaCl2, and 100 mM Imidazole. Imidazole was removed from the sample by discontinuous diafiltra-

tion. The 6xHis + YFP tag was removed from LipA by incubating the sample overnight at 4�C with 1:15 (m/m) TEV protease, fol-

lowed by a 2-hour incubation at room temperature. For separation of the cleaved protein, the sample was loaded onto a Ni-NTA

column pre-equilibrated in buffer A. The flow-through was loaded onto a HiLoad 16/600 Superdex 200 column (Cytiva) equilibrated

in buffer A.

Crystals were obtained by vapor diffusion using the hanging drop method and a sample at 7 mg/mL. Initial poorly diffracting LipA-

LipB crystals were obtained in 1.5M ammonium sulfate and 0.1MBis-Tris propane (pH 7.5). Crystals were improved using themicro-

seeding technique in 1.5 M ammonium sulfate, 0.1 M Bis-Tris propane (pH 7.5) and 5% polyethylene glycol (PEG) 400.
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Limited proteolysis
Pure LipA-LipB29 samples were incubated with either trypsin, chymotrypsin or papain in a 1:200 (m/m) ratio at 37�C for 24h. Samples

were collected at different time points, and reactionswere stopped by the addition of protein loading dye containing 10%SDS and by

heating samples at 95�C for 5 minutes, followed by freezing at -20�C. The extent of proteolysis was verified by running samples on a

polyacrylamide gel.

Light Scattering
The oligomeric state of the purified LipA-LipB complex was determined in a SEC-RALS/LALS (Size Exclusion Chromatography

coupled to Right Angle Light Scattering and Low Angle Light Scattering) experiment. Two different oligomeric states of the complex

could be isolated from a preparative size exclusion chromatography column (HiLoad Superdex 200 16/600, Cytiva) in buffer A. Sam-

ples were treated separately, concentrated to 1 mg/mL and injected onto a Superdex 200 10/300 GL (Cytiva) column in buffer A at

0.3 mL/min, using an OmniSEC system (Malvern Panalytical). Molecular weights and hydrodynamic radii were calculated by the

OMNISEC Software. Experiments were performed in triplicate.

Biochemical characterization
The catalytic performance of LipA-LipB was assessed using a 96-well plate format with a reaction volume of 100 mL. Each reaction

contained 1 mMpara-nitrophenyl-butyrate (pNPB) in a 40mM sodium phosphate buffer (pH 6.5). Reactions were conducted at 30�C
for 10 minutes using a Veriti Thermal Cycler (Applied Biosystems, Thermo Fisher Scientific) and terminated by adding 100 mL of pure

acetonitrile (Sigma-Aldrich). Enzymatic hydrolysis was monitored by the release of para-nitrophenyl (pNP) at 405 nm using an Infin-

ite�200 PROmicroplate spectrophotometer reader (TECAN). All experiments were performed in triplicate, and nonenzymatic hydro-

lysis effects were subtracted from the measurements. Results were expressed as relative activity (%), normalized against the

maximum catalytic activity observed in each experiment. The optimum temperature was evaluated using a range from 30�C to

60�C, while optimum pH was assessed from pH 4.0 to 7.5 using sodium citrate (pH 4.5 to 6.0) and sodium phosphate (pH 6.5 to

7.5) buffers, each at a final concentration of 40 mM, at 40�C.
Substrate specificity was examined using various para-nitrophenyl (pNP) esters containing variable acyl chain lengths, namely

pNP acetate (C2:0; CAS Number 830-03-5), pNP butyrate (C4:0; CAS Number 2635-84-9), pNP caprylate (C8:0; CAS Number

1956-10-1), pNP decanoate (C10:0; CAS Number 1956-09-8), pNP laurate (C12:0; CAS Number 1956-11-2), and pNP palmitate

(C16:0; CAS Number 1492-30-4). All pNPs esters were purchased from Sigma-Aldrich� and prepared at a stock concentration of

50 mM. Enzyme activity was determined in a reaction containing 1 mM of each p-nitrophenyl reagent (C2 to C16) buffered with

40 mM sodium phosphate buffer pH 6.5 at 40�C.
Regarding enzyme kinetics, the apparent Michaelis-Menten parameters (Km and Kcat) were determined under optimal pH and tem-

perature conditions using pNPB as a substrate. Data analysis was performed using Origin 8.1 software (OriginLab) through nonlinear

regression of the Michaelis-Menten plot.

Sequence analyses
Sequence similarity networks were generated by submitting the full-length sequence of LipB from A. baumannii DSM30011 to

EFI-EST (Enzyme Function Initiative – Enzyme Similarity Tool)84 using the UniRef90 database and excluding fragments. An alignment

score cutoff of 35 was selected and SSNs were imported into Cytoscape.85 An identity cutoff of 45%was used to separate clusters,

and clusters with more than 15 sequences were selected for further analyses. Consensus sequences for the conserved Lif motifs

were generated by multiple sequence analyses of all sequences in each cluster using the EXPRESSO algorithm on the T-COFFEE

server.86 Alignment images were generated using ESPript (https://espript.ibcp.fr).87

To compare clusters, representative sequences were selected by aligning all sequences in each cluster using the Uniprot Align tool

and selecting the centroid sequence, except when a Swiss-Prot curated sequence was available, in which case this was the

sequence used. Lipases encoded by genes adjacent to each selected foldase gene were chosen as the representative sequences.

Multiple sequence alignments of representative sequences were generated and submitted to Consurf73 for conservation analyses,

and sequences with Consurf scores of 7 or higher were considered ‘‘Highly conserved’’.

Data collection, structure determination and refinement
Crystals were flash cooled in liquid nitrogen in a solution composed of the crystallization conditions supplemented with 30 % PEG

400. X-ray diffraction data were collected under a nitrogen stream at 100 K on theMANACÁ beamline of Sirius, LNLS, Brazil (Table 1).

Data were collected to 3.17 Å. X-ray diffraction images were indexed and scaled with XDS.88 ADXV89 and XDSGUI90 were used to

perform data quality and resolution cutoff check-ups.101 Themaximumpossible resolutionwas determined using STARANISO.91 The

reduced X-ray diffraction data was imported into the CCP4 program suite.92 The LipA-LipB structure was solved by molecular

replacement using PHASER93 and an AlphaFold2 ColabFold94-generated model. The structure was completed by cycles of manual

model building with COOT.95 Water molecules were added to the residual electron density map as implemented in COOT.102 Crys-

tallographic macromolecular refinement was performed with REFMAC.96 Cycles of model building and refinement were performed

until Rwork and Rfree converged.103–105 The stereochemical quality of the refined models was verified with MOLPROBITY,97

PROCHECK98 and PDB-REDO.99 Figures displaying protein structures were generated with UCSF Chimera.100 A stereo depiction
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of a representative part of the electron density map is shown in Figure S6. Final refinedmodel coordinates and structure factors were

deposited in the Protein Data Bank (PDB, http://www.rcsb.org), ID code: 9G8U.

QUANTIFICATION AND STATISTICAL ANALYSIS

SEC-RALS/LALS experiments were performed in triplicate. Molecular weight and hydrodynamic radii calculations and statistical

analysis were performed using the OmniSEC software as instructed by the equipment manufacturer.

Biochemical assays were also performed in triplicate. Mean and standard deviation were calculated using GraphPad Prism

(GraphPad). Data analysis for enzyme kinetics was performed using Origin 8.1 software (OriginLab) through nonlinear regression

of the Michaelis-Menten plot.

X-ray diffraction data was processed as described in theMethod section. Statistical information related to data processing, refine-

ment, and validation is shown in Table 1.
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