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Abstract 

Bacterial cell envelope polymers are commonly modified with acyl groups that provide fitness advantages. 
Many polymer acylation pathways involve pairs of membrane-bound O-acyltransferase (MBOAT) and 
SGNH family proteins. As an example, the MBOAT protein PatA and the SGNH protein PatB are required 
in Gram-negative bacteria for peptidoglycan O-acetylation. The mechanism for how MBOAT-SGNH 
transferases move acyl groups from acyl-CoA donors made in the cytoplasm to extracellular polymers is 
unclear. Using the peptidoglycan O-acetyltransferase proteins PatAB, we explore the mechanism of 
MBOAT-SGNH pairs.  We find that the MBOAT protein PatA catalyzes auto-acetylation of an invariant Tyr 
residue in its conserved C-terminal hexapeptide motif. We also show that PatB can use a synthetic 
hexapeptide containing an acetylated tyrosine to donate an acetyl group to a peptidoglycan mimetic. Finally, 
we report the structure of PatB, finding that it has structural features that shape its activity as an O-
acetyltransferase and distinguish it from other SGNH esterases and hydrolases. Taken together, our results 
support a model for peptidoglycan acylation in which a tyrosine-containing peptide at the MBOAT’s C-
terminus shuttles an acyl group from the MBOAT active site to the SGNH active site, where it is transferred 
to peptidoglycan. This model likely applies to other systems containing MBOAT-SGNH pairs, such as those 
that O-acetylate alginate, cellulose, and secondary cell wall polysaccharides. The use of an acyl-tyrosine 
intermediate for MBOAT-SGNH acyl transfer is also shared with AT3-SGNH proteins, a second major group 
of acyltransferases that modify cell envelope polymers.      

Main Text 
  
Introduction 
  
Bacteria produce a wide array of polysaccharide materials as regular components of the cell envelope1. 
Although some envelope structures, like the peptidoglycan (PG) cell wall, are highly conserved across 
bacterial taxa2, others are highly diverse even at the level of species and strain3. Many envelope polymers 
are modified enzymatically, and these modifications serve to enhance bacterial fitness through boosting 
antimicrobial resistance4–6, regulating polymer turnover and metabolism7,8, or limiting the host immune 
response to these molecules9–11. 
  
The O-acetylation of PG at the C6 hydroxyl of N-acetylmuramyl (MurNAc) residues is a widespread 
modification12. In Gram-positive bacteria, where the cell wall is exposed to the extracellular environment, 
PG O-acetylation confers resistance to lysozyme and other exogenous lytic enzymes4 and correlates with 
virulence and survival in the host13,14. A single gene, oatA, is necessary and sufficient for PG O-acetylation 
in Gram-positive organisms13. The mechanism of OatA activity has been delineated, whereby an N-terminal 
membrane domain belonging to the acyltransferase 3 (AT3) family uses acetyl-Coenzyme A (acetyl-CoA) 
as a donor to auto-acetylate an invariant Tyr residue on a peptide loop at the surface of the cytoplasmic 
membrane15. The C-terminal extracellular domain of OatA, which belongs to the SGNH hydrolase family, 
then uses a conserved Ser-His-Asp catalytic triad to transfer this acetyl from the Tyr on the membrane 
domain to the Ser of the extracytoplasmic domain, and then directly onto PG. Other polymer-modifying 
pathways in bacteria encode fused AT3 acyltransferase and SGNH hydrolase domains, including O-
acetyltransferases for lipooligosaccharides and lipopolysaccharides16.   
 
The PG O-acetylation machinery in Gram-negative bacteria is genetically and structurally distinct from that 
in Gram-positive organisms12,17. A three-gene operon, encoding the PG O-acetyltransferases A (PatA) and 
B (PatB) and the O-acetyl PG esterase 1 (Ape1), is responsible for the O-acetyl PG phenotype18.  Rather 
than belonging to the AT3 family like the N-terminal domain of OatA, PatA belongs to the evolutionarily 
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unrelated membrane-bound O-acyltransferase (MBOAT) family. Both PatB and Ape1 belong to the SGNH 
hydrolase family. Genetic experiments have identified patA and patB as necessary and sufficient for PG O-
acetylation19, while ape1 mutants exhibit a hyper-O-acetyl PG phenotype. This is consistent with the 
characterization of Ape1 as a de-O-acetylase17–19. Gram-negative PG O-acetylation regulates the activity 
of endogenous autolysins involved in PG remodeling during growth and division20. Although the mechanism 
of PatB as a direct PG O-acetyltransferase has been characterized21–23, little is known about the mechanism 
of PatA beyond that the putative catalytic histidine residue conserved across all MBOAT proteins24 is 
required for its function (Fig. 1A)19. 
 
The mechanism of a related bacterial cell envelope polymer acylation system, that of the Dlt pathway for D-
alanylation of (lipo)teichoic acids, was recently elucidated25. Like in Gram-negative PG O-acetylation, 
teichoic acid D-alanylation relies upon the activity of an MBOAT protein and an SGNH protein, called DltB 
and DltD, respectively26. However, instead of using acyl-CoA as a substrate, DltB uses a carrier protein 
containing a D-Ala thioester on its phosphopantetheinyl arm as an acyl donor.  DltB transfers the D-Ala 
group on this carrier protein, DltC, to an invariant Tyr near the extracellular C-terminus of the membrane 
microprotein DltX, which binds to both DltB and DltD as part of a heterotrimeric complex. DltX then offloads 
the D-Ala moiety onto the catalytic Ser of DltD, which catalyzes ultimate transfer of the D-Ala residue to 
lipoteichoic acid. The critical Tyr of DltX is found within a highly conserved six-amino acid ‘acyl shuttle’ motif 
(FXYXXF). Other bacterial acylation pathways that include an MBOAT protein lack a microprotein similar 
to DltX. However, these MBOAT proteins contain a C-terminal motif on the final of two additional TM helices 
not found in DltB that is very similar to that found in DltX (Fig. 1B), suggesting a shared mechanism25.  
 
Here, using PatB from the human pathogens Neisseria gonorrhoeae and Campylobacter jejuni and PatA 
from the latter pathogen as models, we explore the mechanism of Gram-negative PG O-acetylation. We 
find that PatA uses acetyl-CoA to auto-acetylate the invariant Tyr residue in its conserved C-terminal motif, 
and we present evidence that this acetylated motif then shuttles the acyl group to PatB for transfer to PG. 
Importantly, MBOAT/SGNH protein pairs encoded in operons lacking dltX-like genes are found throughout 
bacteria and are responsible for acetylation of an array of cell envelope polymers. These include alginate 
in Gram-negative bacteria (AlgIJFX)27,28, secondary cell wall polysaccharides in Gram-positive bacteria 
(PatA1B1)29,30, and cellulose in both Gram-negative (WssHIFG) and Gram-positive (CcsHI) organisms31–

34. These systems share the conserved C-terminal acyl shuttle motif found in both DltX and PatA and it is 
likely that they follow a similar mechanism. Although the acyltransferase domains in AT3-SGNH proteins 
are structurally distinct from MBOAT acyltransferases, they have also been shown to form a covalent acyl-
Tyr intermediate15. The finding that divergent bacterial acyltransferase systems share this common 
mechanism suggests that transfer from a thioester to a serine ester via a tyrosyl ester is an energetically 
favored pathway for shuttling acyl groups to the cell envelope.  
  
Results 
 
PatA forms a covalent O-acetyl-Tyr intermediate 
We hypothesized that PatA uses its conserved C-terminal motif to form a covalent acyl-tyrosyl 
intermediate25. To test this, we began by expressing and purifying recombinant C. jejuni PatA from E. coli. 
PatA is predicted to have a topology in which its N-terminus is periplasmic, so we adapted an approach 
used for expression of a bacterial K+ channel that also has an N-terminal out topology35. In this strategy, a 
tandem chimeric pectate lyase (PelB) signal sequence, maltose-binding protein (MBP), and 3C protease 
recognition site tag is fused to the N-terminus of PatA (Fig. S1A) such that the MBP is directed to fold in 
the periplasmic space and can be cleaved by 3C protease following purification. The construct expressed 
well in E. coli, but we could only purify low amounts of solubilized protein despite efforts to optimize the 
purification scheme (Fig. S1B/C). Nevertheless, the amount was sufficient to test PatA activity.  
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To assess the activity of PatA, we incubated purified protein with [14C]acetyl-CoA. Enzyme reaction 
products were separated by SDS-PAGE and the gel was subjected to autoradiography. We observed a 
radioactive signal corresponding to the apparent molecular weight of PatA, implying that PatA was 
covalently labeled by [14C]acetyl-CoA (Fig. 1C). PatA, like other bacterial MBOATs, contains a C-terminal 
FXYXXF motif, and it was proposed that the invariant Tyr in this motif forms a covalent acetyl-intermediate 
(Fig. 1B).25 To test if PatA is acetylated at this Tyr, we generated and purified a (Tyr445Phe)PatA variant 
and incubated it with [14C]acetyl-CoA. Unlike with wildtype PatA, we did not observe radioactivity with 
(Tyr445Phe)PatA (Fig. 1C). We therefore concluded that Tyr445 in the conserved C-terminal motif is 
required for PatA auto-acetylation.  
 
We also evaluated a PatA variant in which the universally conserved His residue found in all MBOAT 
proteins (His315 in C. jejuni PatA) was replaced with Ala.  This equivalent His residue in DltB is required 
for activity25,36 and several other MBOAT family proteins37–41 (Fig. 1B). We did not detect a radioactive 
signal in the autoradiogram when (His315Ala)PatA was incubated with [14C]acetyl-CoA (Fig. 1C), showing 
that this His residue is required for PatA auto-acetylation. This finding is consistent with the proposed 
catalytic role of the invariant His, likely as a catalytic base in the transferase reaction. 
  
To confirm the specific site of PatA auto-acetylation, we introduced unlabeled acetyl -CoA to wild-type PatA 
and digested the enzyme with sequencing-grade AspN aspartic protease. We analyzed the resulting 
peptides by LC-MS and found a distinct m/z 878.39 species corresponding to the CjPatA-(452-458)-C-
terminal heptapeptide sequence DFIYSSF (Fig. S2A). We also observed two similar peptides with an m/z 
of 920.40 but with increased retention times; these corresponded to the addition of a single 42.0 Da acetyl 
group to this same sequence (Fig. S2B). MS/MS fragmentation of these peptides allowed us to 
unambiguously assign the acetyl group in each peptide to Tyr455 and Ser456 (Figs. 1D, S3). Because our 
gel autoradiography experiment showed complete loss of radioactive signal when Tyr455 was modified, 
and Ser456 is not conserved in other PatB orthologs, we attribute the acetyl group on this Ser to acyl 
migration42,43 from Tyr455 during preparation of the sample for mass spectrometry. Taken together, our 
findings showed that PatA forms an acyl-tyrosyl intermediate in its conserved C-terminal motif.  
 
PatB contains a single-pass transmembrane helix  
 Previous work and bioinformatic predictions disagreed about whether PatB is a periplasmic or membrane 
protein21. To determine PatB’s localization, we cloned the gene encoding full-length protein from C. jejuni 
into an overexpression vector with a C-terminal His6 tag (Fig 2A). Following expression in E. coli, we 
fractionated cells by osmotic shock and collected periplasmic, cytoplasmic, and membrane contents 
separately. Assay of these fractions for alkaline phosphatase activity indicated successful separation of our 
subcellular fractions (Fig. S4). We probed these fractions for the presence of PatB by Western blot and 
found it accumulated in the membrane fraction (Fig. 2B). We then solubilized the membrane contents with 
sodium lauroyl sarcosinate, a detergent selective for the inner membrane contents44. We observed near 
total recovery of PatB, indicating that PatB is an inner membrane protein (Fig. S5A). 
 
We tested two N-terminally truncated variants of PatB to assess how it associates with the membrane. One 
variant lacked the first thirty residues (CjPatB∆31), including a predicted transmembrane helix, and the other 
lacked the first 112 residues (CjPatB∆113), including the transmembrane (TM) helix and the 82 residues 
preceding the SGNH domain (known as a DUF459-type SGNH hydrolase domain). Both variants 
accumulated as cytoplasmic proteins (Fig. S5B). We concluded that the first 30 residues of PatB are 
necessary to target it to the membrane, consistent with predictions that it contains a single-pass TM helix. 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 19, 2024. ; https://doi.org/10.1101/2024.09.17.613324doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613324
http://creativecommons.org/licenses/by-nc-nd/4.0/


The first 112 residues of PatB are dispensable for O-acetyltransferase activity 
As only the 30 most N-terminal residues were necessary for PatB membrane integration, we wondered if 
the remainder of the 113-residue region N-terminal to the SGNH hydrolase domain might play a functional 
role in shaping the catalytic domain, as has been observed for the AT3-SGNH domain acyltransferase OafA 
involved in O-antigen acetylation45. We were able to purify wildtype PatB and both truncated constructs 
using Ni2+ affinity chromatography. We used our previously developed in vitro acetyltransferase assay46 to 
assess the kinetics of each form of CjPatB. All three forms of the enzyme were active as O-acetylesterases 
and had similar kinetic parameters when the rate of acetylesterase activity was measured with p-nitrophenyl 
acetate (pNP-Ac; Fig. 2C). We also introduced chitopentaose as an acceptor into these reactions, which 
we have previously shown is a soluble mimetic of PG that can be used as a PatB substrate22,23. We 
observed that each form of the enzyme displayed an increased enzymatic rate relative to the donor-only 
reaction when chitopentaose was present at any concentration we tested, suggesting that acetyltransferase 
activity was present for all enzyme forms (Fig. S6). When we analyzed the reaction products by LC-MS, 
we found that we could detect an acetylated product for each enzyme form (Fig. 2D). Taken together, these 
experiments show that entire region N-terminal to the SGNH domain is dispensable for both acetyl-donor 
and acetyl-acceptor binding and transfer in vitro.  
  
The crystal structure of the PatB SGNH domain. 
 To understand the mechanism of MBOAT-SGNH acyl transfer, we determined the experimental structure 
of PatB. Efforts to crystallize full-length CjPatB or CjPatB∆31 were unsuccessful, but we were able to 
crystallize both CjPatB∆113 and a truncated form of N. gonorrhoeae PatB we previously characterized 
(herein NgPatB∆100). We solved the initial structure of NgPatB∆100 by single-wavelength anomalous 
dispersion on a selenomethionine-labelled variant (see Methods for complete details of crystallization and 
structure determination) and then the structures of the native variants by molecular replacement with this 
structure. A complete set of X-ray diffraction and refinement statistics for our PatB structures are presented 
in Table S1. The structures of the SGNH catalytic domains of CjPatB (PDB 8TLB) and NgPatB 
(selenomethionine-labelled, PDB 7TLB; native, PDB 7TJB) are overall highly similar, with at most a root 
mean-squared deviation (RMSD) of 1.02 Å across all 217 equivalent residues between them.  
 
The overall structure of PatB reveals a central fold that is typical of the Rossman-like SGNH hydrolase 
family47 (Fig. 3A). A central five-stranded parallel β-sheet (β2–4 and 7–9) is found at the core of the fold, 
flanked by four α-helices (α1–3 and 6). Two short, parallel β-strands (β1 and 11) fix the N- and C-terminal 
loops in proximity to the N-terminal side of the central β-sheet. The active site is contained in a shallow, 
surface-exposed depression at the C-terminal face of the central β-strand (Fig. 3B). A search on the DALI 
server for structural homologs of PatB returned a variety of known SGNH hydrolase superfamily members 
(Fig. S7). 
 
An unusual feature of PatB is the presence of two “wing-like” β-hairpins that sit at the C-terminal face of the 
central β sheet that encloses the active site pocket (Fig. 3A/B). To our knowledge, PatB is the only 
structurally resolved SGNH hydrolase family member to contain these β-hairpins. These β-hairpins shape 
a flat, 62.7 Å wide surface on one face of PatB (Fig. 3B). An inspection of the crystallographic B-factors in 
our structures (Fig. 3C) demonstrated high local anisotropy about these β-hairpins, consistent with poor 
local electron density in our experimental maps at these locations. Interestingly, the molecular surface that 
they shape is rich in hydrophobic and positively charged polar residues (Figs. 3D, S8), and many 
contributing residues appear to be conserved among PatB orthologs. We suggest that these β-hairpins 
shape the interaction surface for PatA, PatB’s MBOAT protein partner. They may also play a role in binding 
the PG substrate. Interestingly, these β-hairpins are not a feature of other SGNH acyltransferases with a 
predicted MBOAT partner27,29. 
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The native structures of NgPatB∆100 and CjPatB∆113 contained electron density consistent with a sulfate and 
chloride ions in their respective oxyanion holes (Fig. S9A,B), while the selenomethionine variant of 
NgPatB∆100 apparently contained an empty oxyanion hole. The sulfate-bound and empty structures 
superimposed on each other with an all-atom RMSD of 0.12 Å, suggesting no conformational changes 
occurred upon ligand binding. To provide further support for this, we treated NgPatB∆100 with 
methanesulfonyl fluoride, a known covalent and irreversible inhibitor of serine proteases and esterases48.            
We observed electron density in its crystal structure (PDB 7TRR) consistent with a methylsulfonyl adduct 
of Ser133, the predicted catalytic residue of PatB22 (Fig. S8C). This structure superimposed on our 
selenomethionine-labelled, ligand-free structure also with a RMSD of 0.12 Å, suggesting no significant 
conformational changes occur with the formation of a covalent acyl-serine intermediate. 
 
The PatB active site shows a non-canonical oxyanion hole. 
 Despite sharing low sequence identity, members of the SGNH/GDSL family are characterized by the 
presence of four conserved consensus motifs, referred to as Blocks I, II, III, and V49,50. Blocks I and V 
contain the catalytic triad of Ser-His-Asp, with the Ser nucleophile found within the Block I loop, while Block 
V loop provides the catalytic Asp and His residues (Fig. 3E). The previously characterized catalytic residues 
of NgPatBΔ100, Ser133, His305, and Asp30222 were found to be appropriately aligned to serve as the active 
center of the enzyme. The corresponding homologous residues in CjPatB are Ser138-His310-Asp307. In 
both the native and selenomethionine-labelled structures of NgPatB, ambiguous electron density is 
observed for the Oδ atom of catalytic Ser133, and so the sidechain was modelled as two alternate 
conformers, pointing both towards the His305 sidechain and away from it with approximately equal 
occupancy (0.56/0.44 and 0.55/0.45 towards/away in the selenomethionine and native structures, 
respectively; Fig. S9A). 
 
The oxyanion hole is a feature of serine proteases, esterases, and lipases that is proposed to stabilize the 
transition states during the reaction mechanism51,52. In PatB, this is formed in part by the sidechain Nδ2 
atom of Asn196 in NgPatB and Asn200 in CjPatB of the Block III, a conserved sequence feature of almost 
all families in the SGNH hydrolase superfamily47. However, we observed that the highly conserved Gly-
containing loop residues of most SGNH hydrolase family members, which are primarily predicted or 
characterized esterases (i.e. non-transferases) in Block II are present as KQST in NgPatB and KQNT in 
CjPatB, with the conserved Gly replaced by Ser161 and Asn165, respectively. Structurally, this results in a 
type I β-turn, which also resembles the Block II found in the C-terminal domain of OatA from S. 
pneumoniae53, in contrast to the typical type II β-turn found in most enzymes of this family (Fig. 3E). The 
amide N atoms from this β-turn also contribute to the oxyanion hole in proximity to the Block III Asn 
sidechains. PatB, like OatA, shares the feature of a hydrophobic “wall” near the active site that was shown 
to hinder the appropriate approach of water to the active center and thereby shape activity as a transferase 
rather than as an esterase53,54. Leu250/Ile304 (NgPatB) and Leu254/Val309 (CjPatB) form hydrophobic 
patches behind the catalytic Ser from which a water molecule would need to approach the acetyl-enzyme 
intermediate for hydrolysis. This altered geometry and increased hydrophobicity appear to be characteristic 
of the known O-acyltransferases and may be a structural feature that delineates them from the true 
hydrolases/esterases in the family. 
 
Acetyl-tyrosine serves as an acetyl donor to PatB. 
We attempted to reconstitute acetyl transfer from CjPatA to full-length CjPatB but observed nonspecific 
labeling of CjPatB by acetyl-CoA even in the absence of PatA (Fig. S10). We wondered if we could supply 
a minimal PatA acetyl-peptide to PatB as a substrate, or if a larger PatA surface is required to correctly 
align the acetyl in the PatB active site. To eliminate the possibility of acetyl group migration between the 
Tyr and Ser in the C-terminal motif of CjPatA, we used the C-terminal peptide of NgPatA with the 
corresponding NgPatB ortholog. This ortholog contains the C-terminal sequence F473-IYAN-F478 (Fig. 
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1B), which would preclude any possibility for acetyl migration between adjacent residues. We chemically 
acetylated a synthetic peptide with the sequence FIYANF using acetic anhydride to yield a product with an 
acetyl-Tyr (Fig. S11). We then assessed if this peptide could serve as an acetyl donor for the O-acetylation 
of chitopentaose catalyzed by NgPatB∆100. We found that the peptide was deacetylated in a NgPatB∆100-
dependent fashion (Fig. 4A), and that chitopentaose added to these reaction mixtures became O-
acetylated (Fig. 4B), confirming productive acetyltransferase activity when an O-acetylated PatA peptide 
was used as a substrate for our in vitro assay. We also tested the minimal substrates O-acetyl-Ser and O-
acetyl-Tyr as possible acetyl donors. We found that O-acetyl-Tyr, but not O-acetyl-Ser, were sufficient for 
transacetylation of chitopentaose by NgPatB (Fig. S12). Along with our results that PatA can auto-acetylate 
its C-terminal motif Tyr (Fig. 1C), these experiments support our model that the C-terminal motif on PatA 
forms a covalent acyl-Tyr intermediate that PatB uses to acetylate PG. 
 
AlphaFold Model of the PatAB Complex 
 Previous AlphaFold modelling of the PatAB proteins from N. gonorrhoeae suggested that they form a 
complex25, and we found that the same was true for the C. jejuni homologs. In fact, the top-scoring model 
predicted by AlphaFold-Multimer55 (Fig. 5A) had an overall interface template modelling score (iPTM) of 
0.895 and an overall local difference distance test (pLDDT) score of 87.7 (Fig. S13), ranking it among the 
most reliable structural models of a protein complex possible with contemporary methods55. In the model, 
CjPatA is an all α-helical membrane protein, typical of the MBOAT family36. There are 12 transmembrane 
passes and two re-entrant regions, totaling 17 α-helices that form a single, funnel-containing domain largely 
restricted to the membrane space. Helices 3-14 are part of a conserved MBOAT core that has been 
described for the experimentally resolved members of the family56. Several conserved features of MBOAT 
proteins are present, including a series of conserved Arg residues which line a putative acyl-coenzyme A 
(CoA) binding pocket at the cytoplasmic face56,57. A solvent-accessible lumen is formed by the core of the 
PatA fold that contains the putative catalytic residue His315 adjacent to the invariant Tyr455 of the C-
terminal motif that sits atop the lumen near the periplasmic surface of the protein (Fig. 5A). The C-terminal 
α-helices of PatA, which do not align well with experimentally resolved MBOAT sequences, are modelled 
with confident scores (>70 pLDDT). The membrane-spanning helix α15 is distorted on the cytoplasmic side 
into a peripheral helix (α16), followed by a second transmembrane-spanning helix (α17, which carries the 
conserved motif linked to its terminus) back towards the periplasmic face (Figs. 5A, S13).  
 
The PatB N-terminal region resides in the membrane-embedded region and associates with PatA through 
contacts with both α1 and α17, corroborating the important role of α17 in PatA. This N-terminal region 
comprises three helices, with the first 32 amino acids modelled as an extended transmembrane helix with 
confident (> 78) pLDDT scores (Fig. S13). The PatB TM helix is modelled to interact with the strictly 
conserved Glu7 at the top of the PatA α1 via any of Tyr28, Lys32, or invariant Tyr33, modelled at distances 
of 2.4 to 3.4 Å. Following the TM helix are two amphipathic membrane-peripheral helices. A short coil 
connects the two helices, which sit on the membrane surface and are approximately perpendicular to the 
top of the N-terminal helix, together forming a “Y” shaped membrane-associating region. Between this Y-
shaped α-helical grouping and the SGNH hydrolase domain is a region modelled as a loop with very low (< 
42) pLDDT scores. The SGNH hydrolase domain itself is oriented with two β-hairpins facing toward PatA, 
one of which is in contact with the PatA periplasmic surface. The model of the two proteins shapes a small 
tunnel ranging from 10 to 18 Å wide between the two proteins, with the catalytic Ser of PatB and the catalytic 
Tyr/His of PatA both at opposite surfaces of this cavity (Fig. 5A). This positioning suggests that the C-
terminal motif of PatA can move back and forth between the PatA funnel and the PatB active site, similarly 
to the proposed ability of the DltX C-terminal motif to move between the DltB and DltD active sites. 
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Discussion  
 
Here, we have established the mechanism for Gram-negative PG O-acetylation. Two enzymes, PatA and 
PatB, were known to catalyze this process18,19, but the chemical mechanism was unclear. We show that 
PatA transfers the acetyl group from acetyl-CoA to a Tyr residue in a conserved C-terminal hexapeptide 
motif. This motif then shuttles the acetyl group to PatB’s active-site Ser22, and PatB then transfers the acetyl 
group onto PG (Fig. 5B)21-23. Other pathways that use membrane-bound O-acyltransferases to acylate 
bacterial cell envelope polymers contain a similar C-terminal hexapeptide motif25 and we conclude they 
share the same mechanism. More broadly, it is now clear that the use of an acyl-Tyr intermediate is 
conserved in diverse cell envelope acylation pathways. 
 
Acylation of extracellular polymers is a critical process in both eukaryotes and prokaryotes. In bacteria, two 
major systems catalyze polymer acylation. One system uses a membrane-bound O-acyltransferase 
(MBOAT) protein and a separate SGNH protein to effect acylation; the other uses a single bifunctional 
enzyme containing an AT3 domain fused to an SGNH domain. The teichoic acid D-alanylation (Dlt) pathway 
was the first mechanistically characterized acylation pathway that uses an MBOAT/SGNH pair25. In the Dlt 
pathway, D-Ala is first loaded onto a carrier protein (DltC) and is then transferred by the MBOAT protein 
DltB to an invariant tyrosine in the C-terminal hexapeptide of a membrane microprotein called DltX. DltX 
shuttles D-Ala to the SGNH protein (DltD) active site where it forms a covalent intermediate before being 
transferred to lipoteichoic acid25,26. Other MBOAT/SGNH acylation pathways lack a similar carrier protein, 
evidently because they use an acyl-CoA donor, as we showed here for PatA. These MBOAT/SGNH 
acylation pathways also lack a DltX-like membrane microprotein. However, they contain an identical C-
terminal hexapeptide motif fused to the C-terminus of the MBOAT protein, suggesting they share the same 
chemical mechanism involving formation of an acyl-Tyr intermediate25. Using PatAB as a paradigm, we 
have now shown that the MBOAT protein PatA catalyzes auto-acetylation of the invariant Tyr residue in its 
C-terminal acyl shuttle motif.  This acyl-Tyr intermediate serves as a donor for PatB to acetylate 
peptidoglycan through a covalent serine intermediate.  
 
The first mechanistically characterized AT3-SGNH enzyme is OatA from S. aureus, which O-acetylates 
PG4,15. In the presence of acetyl-CoA, the AT3 domain of OatA auto-acetylates a tyrosine that then serves 
as the acetyl donor for the SGNH domain15. The SGNH domain transfers the acetyl group from this donor 
to PG via a covalent acetyl-Ser intermediate53,54. Unlike in the MBOAT/SGNH systems, where the invariant 
Tyr residue is found in a well-conserved motif at a protein’s C-terminus, in AT3-SGNH systems the invariant 
Tyr is proposed to sit between TM helices in a region of relatively low conservation. In OatA specifically, 
this Tyr was shown by LC-MS/MS to be acetylated when the OatA SGNH domain was inactivated by 
replacement of the active site Ser15. The evidence that AT3-SGNH proteins form an acyl-Tyr intermediate 
is strong and points to a conserved chemical mechanism for transmembrane acylation. 
 
The use of a Tyr residue as a nucleophile is relatively uncommon in biology. Tyrosine phosphorylation plays 
a crucial role in a number of signaling cascades58,59 and tyrosine sulfation modulates extracellular protein-
protein interactions60. In the context of enzymatic mechanisms, the most well-studied nucleophilic role for 
a Tyr residue is in DNA topoisomerases and recombinases (including Cre recombinase), where the Tyr 
side chain attacks phosphate in the DNA backbone to form a covalent intermediate and thereby cleave the 
DNA61–64. Additionally, nucleophilic Tyr residues are used by neuraminidases and trans-sialidases for the 
purpose of glycosidic bond cleavage65–67. In the case of the MBOAT/SGNH and AT3-SGNH fusion systems 
used by bacteria for cell envelope modification, we have expanded the known roles Tyr residues play to 
include a role as a carrier for acyl intermediates being moved across the membrane. These acyl groups 
begin as energetically activated thioesters in the cytoplasm generated through the use of ATP. They then 
move to a Tyr side chain hydroxyl group, resulting in an ester, with the help of a His residue that likely 
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activates the Tyr for nucleophilic attack. Finally, they are transferred to their ultimate destination (an alcohol 
group on the polymer) by the SGNH domain, involving another covalent ester intermediate on the SGNH 
serine. As the acyl groups move through these systems, they move favorably from higher energy to lower 
energy at each step, with the pKa’s of the groups that house the acyl group moving from ~9.6-9.8 
(CoA/phosphopantetheine)68 to ~10-10.5 (Tyr)68 to ~13-14 (Ser)69. This thermodynamically favorable 
stepwise process allows for cytosolic ATP to power the movement of the acyl group without any further 
energy input being required. We postulate that nature has conserved this mechanism as an effective 
strategy to move acyl groups across the membrane and onto extracytoplasmic polymers. 
 
The structures presented here also provide some clues to how the SGNH domains in these MBOAT/SGNH 
and AT3-SGNH systems maintain transferase activity over hydrolase activity. Most characterized SGNH 
superfamily members have activity as esterases or hydrolases47, but the structures of the ectodomains of 
OatA and now PatB suggest how this conserved fold can adopt new activities. The replacement of the 
Block II Gly residue, present in most SGNH hydrolases, with a Ser or Asn residue results in a type I β-turn 
rather than the more typical type II β-turn47,53. This change in secondary structure, coupled with the 
hydrophobic “wall” at the back of the active site in OatA and PatB, prevents the approach of a water 
molecule and therefore hydrolysis of the acyl-enzyme intermediate22. These structural features help shape 
the preference of these enzymes to act as transferases instead of hydrolases. 
 
It remains unanswered whether PatAB modifies newly formed, uncrosslinked PG or mature crosslinked 
PG. The topology of the PatAB complex implies that PG O-acetylation must occur at the periplasmic face 
of the membrane. However, Lipid II, the membrane-anchored precursor for PG polymerization, is not a 
substrate for O-acetylation70,71 so the modification is installed during or after polymerization. Because PatB 
contains a large, presumably unstructured linker between its TM helix and soluble SGNH domain, the 
acetylated SGNH domain can plausibly dissociate from PatA, raising the possibility that it might modify PG 
strands that are crosslinked into the cell wall matrix. However, this mechanism seems unlikely because 
PatB does not contain any canonical carbohydrate binding domains that could target it to the cell wall. PG-
binding domains are commonly found appended to autolytic enzymes with amidase, peptidase, or other 
PG-associated activities. For example, Ape1, the SGNH hydrolase found in the same cluster as PatAB, 
has a typical SGNH hydrolase fold and recognizes PG using its appended family 35 carbohydrate-binding 
module72. Assuming PatB remains associated with PatA, it seems more likely that it acts on newly formed 
PG near the membrane surface. AlphaFold modeling predicts that a lateral tunnel forms at the interface 
between PatA and PatB, and it is possible that nascent PG threads through this tunnel and is modified 
before being crosslinked into the sacculus.  
 
The modification of bacterial cell envelope polymers plays important physiological roles and is often 
important for virulence9–11, colonization10,31, or antimicrobial resistance4,5. Both the MBOAT/SGNH 
pathways (e.g., the Dlt system as well as the PatAB system studied here) and AT3-SGNH pathways (e.g. 
OatA) appear to rely upon conserved Tyr residues in the membrane component that act as nucleophiles. 
Furthermore we have shown that the SGNH components of both types of pathways can recognize and use 
peptide mimetics of the regions that contain these Tyr residues. This observation strongly implies that these 
pathways could be inhibited with similar peptide mimetics, which would have far-reaching consequences 
for bacterial physiology and may represent a viable anti-virulence strategy.  
 
Materials and Methods 
 
Bacterial strains and culture conditions 
All biochemicals and reagents were purchased from either Millipore Sigma Canada (Oakville, ON) or 
Millipore Sigma Inc. (Burlington, MA) unless otherwise stated. The bacterial strains used in this study are 
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listed in Table S2. Unless otherwise specified, E. coli was selected for and maintained at 37 °C in 
lysogeny broth (LB) or on agar (1.5% w/v) supplemented with carbenicillin, (100 µg/mL) ampicillin (100 
µg/mL), kanamycin (50 µg/mL), or chloramphenicol (34 µg/mL) as appropriate.  
 
Plasmid construction 
A list of plasmids and primers used in this study is presented in Table S2. PatB genes were PCR-
amplified from C. jejuni 81-176 and N. gonorrhoeae FA1090 chromosomal DNA using the appropriate 
primers. PCR amplicons were digested with the appropriate restriction enzymes (New England Biolabs 
Ltd., Whitby, ON) according to the manufacturer’s protocol and ligated to the corresponding expression 
plasmids pre-digested with the same enzymes. Plasmids were assembled using T4 DNA ligase (NEB) 
according to the manufacturer’s protocol. Assembled plasmids were verified by sequencing and 
restriction digestion analysis. PCR-based site-directed mutagenesis of expression plasmids was 
performed using the protocol of Liu and Naismith73. Plasmids were transformed into chemically competent 
E. coli BL21(DE3) for NgPatB∆100 or E. coli C43(DE3) for CjPatB derivatives using the heat-shock 
method74.  
 
For pBS216, the entire insert of the expression construct (SSPelB through CjPatA; Fig. S1A), plus some 
sequence matching pET-26b(+) on both sides (Figs. S14, S15), was synthesized by Twist Bioscience 
(South San Francisco, CA) and placed into the pTwist Amp Medium Copy vector. The insert was then 
amplified by PCR using primers oBS584 and oBS585, and empty pET-26b(+) was digested with NdeI and 
XhoI. The insert was assembled into the digested backbone using In-Fusion assembly, and the 
assembled plasmid was transformed into chemically competent Stellar cells. For pJL002 and pJL005, 
both plasmids were generated by site-directed mutagenesis of pBS216 using primers oJL003/4 (for 
pJL002) and oJL008/9 (for pJL005). The primers were used to amplify the entire sequence and alter the 
desired codon. The linear sequences were ligated using T4 polynucleotide kinase and T4 ligase and 
transformed into chemically competent Stellar cells. 
 
Protein production 
For PatB expression in E. coli, overnight cultures were diluted 1:100 into sterile Super Broth media (32 g 
tryptone, 20 g yeast extract, 10 g sodium chloride per L culture). Unless specified otherwise, cultures 
were grown at 37 °C with aeration to an OD600 of 0.5 to 0.8, and induction was accomplished with the 
addition of isopropyl β-D-1-thiogalactopyranoside (IPTG; 1 mM) for CjPatB derivatives or L-arabinose (1 
mM) for NgPatB∆100. Induction was continued for 12–18 h at 15 °C. Following induction, cell pellets were 
harvested by centrifugation (5,000 x g, 15 min, 4 °C) and stored at -20 °C. For uniformly L-
selenomethionine-labelled NgPatB∆100, E. coli cultures were grown overnight in LB and washed thrice in 
M9 minimal media. The resulting culture was diluted 1:100 into M9 minimal media containing 40 mg L-
selenomethionine and 40 mg all other biological L-amino acids per liter. Culture induction and harvest 
from minimal media were completed the same way as for rich media.  
 
For PatA expression in E. coli, plasmids containing the PatA fusion construct (pBS216 and derivatives) 
were transformed into chemically competent C43(DE3) cells and plated at 30 ºC overnight on LB-agar 
plates with carbenicillin. Five colonies were picked from plates and inoculated into 50 mL of Terrific Broth 
supplemented with carbenicillin. Overnight cultures (grown at 37 ºC with aeration by shaking) were diluted 
1:100 into 3 L of Terrific Broth supplemented with carbenicillin. The large cultures were grown at 37 ºC 
with aeration by shaking. Upon reaching OD600 values of 0.8-1.0, cultures were placed on ice for ~10 
min., expression of the PatA fusion was induced with 100 µM IPTG (final concentration), and cells were 
further grown with shaking at 18 ºC overnight. Cells were harvested by centrifugation at 4 ºC (5,000 x g), 
washed with 1x PBS, re-pelleted, flash-frozen in liquid nitrogen, and stored at -80 ºC until purification. 
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Protein purification 
For purification of CjPatA, cell pellets were thawed in an ice bath. The cell pellet (from 3 L total culture) 
was resuspended in 90 mL of Lysis Buffer (50 mM HEPES, pH 7.4, 500 mM NaCl, 10% (v/v) glycerol, 1 
mg/mL lysozyme, 250 µg/mL Dnase I, 10 mM MgCl2). Resuspended cells were stirred in an Erlenmeyer 
flask at 4 ºC for 30 min before lysis on an EmulsiFlex-C5 cell disruptor (Avestin Inc., Ottawa, ON). Cells 
were lysed by passaging through the EmulsiFlex-C5 at 20,000 psi for five cycles. Cellular debris were 
pelleted at 10,000 x g for 10 min at 4 ºC. Membranes were isolated by ultracentrifugation of the 
supernatant at 140,000 x g for 45 min. Membrane pellets were then homogenized in homogenization 
buffer (50 mM HEPES pH 7.4, 500 mM NaCl, 10% (v/v) glycerol, 1% (w/v) n-dodecyl-α-D-maltoside 
(DDM)) using a Dounce tissue grinder (Wheaton, DWK Life Sciences, Millville, NJ). The final volume was 
adjusted to 40 mL with homogenization buffer, and the resulting solution was tumbled at 4 ºC for 2 h. A 
second ultracentrifugation step at 140,000 xg for 30 min was performed to remove non-solubilized 
membranes. To the resulting solubilized membranes was added 1 mM imidazole (final conc.) and this 
was combined with 0.5 mL settled TALON resin (Takara Bio USA, Inc., San Jose, CA) that had been pre-
washed with homogenization buffer. The solubilized fraction was incubated with the TALON resin for 30 
min. at 4ºC with end-over-end rotation. All column steps were performed at 4 ºC. The batch-bound 
homogenate/resin mixture was added to a 25 mL disposable column, and the liquid was allowed to flow 
through by gravity. The resin was then washed with 10 mL Wash Buffer 1 (50 mM HEPES pH 7.4, 500 
mM NaCl, 10% (v/v) glycerol, 1% (w/v) DDM, 5 mM imidazole), 10 mL Wash Buffer 2 (50 mM HEPES pH 
7.4, 500 mM NaCl, 10% (v/v) glycerol, 0.2% (w/v) DDM, 10 mM imidazole), 5 mL Wash Buffer 3 (50 mM 
HEPES pH 7.4, 500 mM NaCl, 10% (v/v) glycerol, 0.1% (w/v) DDM, 15 mM imidazole) and 5 mL Wash 
Buffer 4 (50 mM HEPES pH 7.4, 500 mM NaCl, 10% (v/v) glycerol, 0.05% (w/v) DDM, 18 mM imidazole). 
Finally, the resin was incubated with 10 mL Elution Buffer (50 mM HEPES pH 7.4, 500 mM NaCl, 10% 
(v/v) glycerol, 0.05% (w/v) DDM, 150 mM imidazole), rocking at 4ºC for 10 min. The resulting elution 
fraction was then collected. Excess imidazole was removed by repeated concentration-dilution cycles on 
a 50 kDa MWCO Amicon centrifugal filter unit (Amwith 50 mM HEPES pH 7.4, 500 mM NaCl, 10% (v/v) 
glycerol until the estimated imidazole concentration was below 2 mM.  
 
To isolate and purify PatA from the fusion protein, in-house-purified HRV 3C protease was added to a 
final concentration of 1:10 (w/w) protease to fusion.Cleavage reactions were incubated overnight at 4ºC 
with end-over-end rotation. The next day, the cleavage reactions were concentrated on a 30 kDa 
(MWCO) Amicon centrifugal filter unit to a volume less than 250 µL. This fraction was then further purified 
by size-exclusion chromatography with a pre-equilibrated Superdex 200 Increase 10/300 GL column 
(Cytiva, Marlborough, MA), with FPLC buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 
0.05% (w/v) DDM) as the eluent. Fractions containing PatA were collected and further concentrated on a 
30 kDa MWCO Amicon Ultra centrifugal filter unit down to a final concentration between 20-30 µM, as 
measured via Nanodrop A280 (theoretical extinction coefficient, 8.267 x104 M-1·cm-1) The final protein was 
aliquoted out, flash frozen in liquid nitrogen, and stored at -80 °C. 
 
For purification of PatB proteins, E. coli cells were thawed and resuspended in 40 mL of lysis buffer (50 
mM Tris pH 7.5, 300 mM NaCl) per L of culture, supplemented with RNase A (10 µg), DNase I (5 µg), and 
an EDTA-free protease inhibitor cocktail (Roche, Mississauga, ON). For purification of full-length CjPatB, 
cells were disrupted by probe sonication at 4 °C and unbroken cells were removed by centrifugation 
(12,000 x g, 20 min, 4 °C). The membrane fraction was isolated from the lysate by ultracentrifugation 
(142,000 x g, 1 h, 4 °C). The membrane fractions were solubilized in lysis buffer supplemented with DDM 
(2% w/v) at 4 °C for 12–18 h with nutation. Debris were removed from the resolubilized membrane 
preparation by ultracentrifugation (142,000 x g, 1 h, 4 °C) and the resulting supernatant was loaded onto 
1 mL of cOmplete Ni purification resin (Roche). The resin was washed three times in 10 mL of lysis buffer, 
then three times in 10 mL of wash buffer (lysis buffer plus 50 mM imidazole). The protein was eluted into 
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elution buffer (50 mM Tris pH 7.5, 150 mM NaCl, 300 mM imidazole) and was dialyzed against 50 mM 
Tris pH 7.5, 150 mM NaCl at 4 °C. 
 
For purification of NgPatB∆100, cells were disrupted by probe sonication at 4 °C and the insoluble fractions 
was removed by centrifugation (28,000 x g, 30 min, 4 °C). Primary purification was performed using Ni2+ 
affinity chromatography as previously described75, with the N-terminal His-SUMO tag removed by 
treatment with Ulp1 according to the protocol of Reverter and Lima76 and purified by ion-exchange 
chromatography as described previousl75.  
 
For purification of CjPatB∆31 and CjPatB∆113, cells were disrupted by probe sonication at 4 °C and 
unbroken cells were removed by centrifugation (12,000 x g, 20 min, 4 °C). The soluble fraction was 
isolated from the crude lysate by centrifugation (28,000 x g, 30 min, 4 °C). The resulting supernatant was 
loaded onto 2 mL of cOmplete Ni purification resin. The resin was washed three times in 10 mL of lysis 
buffer, then three times in 10 mL of wash buffer (lysis buffer plus 50 mM imidazole). The protein was 
eluted into elution buffer (50 mM Tris pH 7.5, 150 mM NaCl, 300 mM imidazole) and was dialyzed against 
50 mM Tris pH 7.5, 150 mM NaCl at 4°C. 
 
PatA autoradiography 
PatA proteins were added to a final concentration of 5 µM in a buffer containing 50 mM HEPES pH 7.4, 
150 mM NaCl, and 100 µM [acetyl-1,2-14C]acetyl coenzyme A (100 nCi/µL; American Radiolabeled 
Chemicals, Inc., St. Louis, MO). Final reaction volumes were 10 µL. The reactions were incubated at 30º 
C for 15 min and then quenched with 3 µL of 6X SDS-PAGE loading dye. The samples were loaded onto 
a 4–20% polyacrylamide TGX gel (Bio-Rad) and run at 180 V until the dye front approached the bottom of 
the gel. Gels were removed and incubated in a solution of 40% (v/v) methanol, 5% (v/v) glycerol, and 
55% water for 5–10 min. Gels were then dried in a Bio-Rad model 583 gel dryer for for 2 h and 45 min at 
65° C on the slow incline setting. The dried gel was then exposed to a phosphor screen (Cytiva 
Multipurpose BAS-IP MS 2025 E storage phosphor screen, size 20 cm × 25 cm) for 72 h before imaging 
using a Typhoon FLA 9500 imager (1000 V, 50 µm). 
 
Trapping of the covalent PatA intermediate 
PatA proteins were added to a final concentration of 5 µM in a buffer containing 50 mM HEPES pH 7.4, 
150 mM NaCl, and 100 µM acetyl-CoA. Final reaction volumes were 20 µL. The reactions were incubated 
at 30º C for 15 min and then quenched with 6 µL of 6X SDS-PAGE loading dye. The samples were 
loaded onto a 4–20% polyacrylamide TGX gel (Bio-Rad, Hercules, CA) and run at 180 V until the dye 
front approached the bottom of the gel. The gel was removed, rinsed with MilliQ water, and stained in 
InstantBlue (Expedeon Ltd., Harston, UK) stain for 1 h then rinsed in water. Gel pieces with a band 
corresponding to PatA protein were excised, stored in MilliQ water, and sent to the Harvard Medical 
School Taplin Mass Spectrometry Center for modification analysis with digestion by AspN protease. 
 
Cell fractionation and protein detection 
For cellular fractionation, the periplasmic contents of cells were isolated using the cold osmotic shock 
protocol of Neu and Heppel77. The resulting spheroplasts were disrupted by probe sonication and the 
membrane fraction was isolated by ultracentrifugation (142,000 x g, 1 h, 4 °C). Proteins were detected by 
SDS-PAGE and Western immunoblotting using anti-His antibodies (Invitrogen Canada Inc., Burlington, 
ON). Fractions were monitored for alkaline phosphatase activity by assay with 2 mM p-nitrophenyl 
phosphate. Assays (100 µL) were performed in triplicate in microtiter plates. Relative activity units were 
derived with the following formula: 
     Relative activity = 1000 x (∆Abs405nm) / (T x V x P) 
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where T is time in minutes, V is assay volume in mL, and P is total protein concentration of the respective 
fraction (in mg/mL). 
 
Crystallization and structure determination 
For NgPatB∆100, purified protein was concentrated to 30 mg/mL. Crystallization was performed using the 
sitting-drop vapor diffusion method against 2.08 M ammonium sulfate and 0.1 M phosphate-citrate buffer, 
pH 5.5. Drops of 3 µL volume were prepared by mixing 1.5 µL each of enzyme and reservoir and 
equilibrated against 70 µL of reservoir. Crystals appeared after 10 to 14 days and grew to their maximum 
size after 30 days. Crystals were harvested and cryoprotected in 20% (v/v) ethylene glycol followed by 
vitrification in liquid nitrogen. For the methanesulfonyl-bound structure, 2.5 mM methanesulfonyl fluoride 
was added to the concentrated protein and was incubated at ambient temperature for 30 min prior to 
preparation of vapour diffusion experiments. Inhibition was confirmed by performing an activity assay with 
2 mM p-nitrophenyl acetate (pNP-Ac) and after confirming no detectable enzymatic rate, crystallization 
was performed as described above. L-Selenomethionine labelled NgPatB∆100 crystals were grown in the 
same way as native crystals. 
 
For CjPatB∆113, protein was concentrated to 10 mg/mL following purification. Crystallization was 
performed using the hanging-drop vapor diffusion method against 100 mM HEPES:NaOH pH 7.5, 200 
mM NaCl, and 25% (w/v) poly(ethylene glycol) 3500. Drops of 2 µL volume were prepared by mixing 1 µL 
each of enzyme and reservoir and equilibrated against 500 µL of reservoir. Crystals appeared after 48 to 
72 h following drop setting and grew to their maximum size in 12 to 14 days. Harvested crystals were 
cryoprotected in a solution of 50% (v/v) glycerol and vitrified in liquid nitrogen. Data collection was 
performed on beamline 08-ID1 at the Canadian Light Source synchrotron using incident radiation with a 
wavelength of 0.97955 Å for native crystals and 0.97800 Å for the L-selenomethionine labelled NgPatB∆100 
crystal. Collected data were processed with XDS78. 
  
For NgPatB∆100 crystals, a P 32 space group was determined with one copy of NgPatB∆100 in the 
asymmetric unit for all crystal forms. Phases for the anomalous dataset were calculated using the AutoSol 
Experimental Phasing function within PHENIX79 using the single-wavelength anomalous dispersion 
method. A protein model was generated for the resulting electron density map using PHENIX AutoBuild. 
This model was then used to calculate the phases of the native and methanesulfonyl-bound crystal data 
sets via molecular replacement using Phaser-MR coupled with AutoBuild to generate a protein model for 
the native data set, both within the PHENIX software suite. Further refinement of both datasets was 
accomplished by iterative cycles of manual building/remodeling and refinements using Coot80 and 
PHENIX.Refine respectively. The refinement progress was monitored by the reduction and convergence 
of Rfree as calculated by PHENIX. 
 
For CjPatB∆113, a P 61 space group was determined with a single copy of CjPatB∆113 in the asymmetric 
unit using POINTLESS, then scaled using SCALA and data reduction performed using CTRUNCATE71 
using a maximum resolution of 1.6 Å to ensure data completeness. The processed data were solved by 
molecular replacement with NgPatB∆100 (PDB, 7TJB) as the search model using the Phaser tool in 
PHENIX. Structural refinement was also performed using a maximum resolution of 1.6 Å using iterative 
rounds of the automated Refine tool in PHENIX, followed by manual refinement and solvent placement 
using Coot. Figures were prepared with PyMOL (v2.5.4). 
 
In silico modelling of PatAB 
Prediction of PatB topology was performed with SignalP81 (v6.0) and TMHMM82 (v1.0.24). Modelling of 
PatA and PatB were performed with AlphaFold Multimer55 and figures were prepared with PyMOL 
(v2.5.4). 
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Measurement of PatB rates 
The assay for PG O-acetyltransferase was used to measure the activity of recombinant PatB proteins as 
described previously46. Briefly, pNP-Ac or acetyl-amino acids (1 mM) were added to PatB proteins (1 µM) 
at the specified concentration (acetyl donor) with or without the addition of chitopentaose (acetyl acceptor; 
Megazyme, Wicklow, Ireland) in 50 mM sodium phosphate pH 7.0. Measurement of chitopentaose 
kinetics was performed at a fixed pNP-Ac concentration of 2 mM, which exceeds the measured KM of all 
enzyme forms for this acetyl donor. Reactions (100 µL) were performed in triplicate at ambient 
temperature and the absorbance at 405 nm was monitored in an imaging microplate reader (BioTek, 
Winooski, VT) for 30 min. Enzyme-free controls were used to measure the background rates of pNP-Ac 
hydrolysis and all rates were corrected for a matched enzyme-free control. All rates reported represent 
the mean and standard deviation of three replicate reaction measurements. Model-fitting and kinetic 
parameters were derived with GraphPad Prism (v9.5.1: GraphPad Software, Boston, MA). Detection of 
acetylation was carried out by direct analysis of enzymatic reactions by LC-MS on an Agilent 1200 
instrument coupled to an Agilent UHD 6530 Q-TOF mass spectrometer (Agilent Technologies Canada, 
Mississauga, ON) as described previously29. 
 
PatA C-terminal peptide preparation and analysis 
The peptide H3N+-FIYANF-COO- was synthesized and provided as a lyophilized trifluoroacetate salt by 
GenScript (Piscataway, NJ). The peptide (2–4 mM) was resuspended in 50 mM phosphate, pH 7.4 and 
50% DMSO and chemically acetylated with the addition of 30 equivalents of acetic anhydride. The 
reaction was monitored at 278 nm until complete, typically 15 min. The resulting reaction mixture was 
purified directly by HPLC using an Agilent 1200 liquid chromatograph equipped with a semi-preparative 
C18 column (Gemini C18, 10 x 250 mm, 5 µm: Phenomenex, Torrance, CA) with the following solvents: 
water with 0.1% formic acid (A) and acetonitrile with formic acid (B). The column was equilibrated in 2% B 
and elution was achieved with a linear gradient to 65% B over 35 min with monitoring at 278 nm. 
Fractions were directly assessed by LC-MS and the product was identified using available MS/MS for 
assignment. The purified acetyl-peptide was dried under vacuum and resuspended at a final 
concentration of 100 µM in 50 mM phosphate buffer, pH 6.5 with 50% v/v DMSO and 1 mM 
chitopentaose. The reaction was monitored at 278 nm in a UV-transparent quartz glass cuvette for 5 min, 
and then NgPatB∆100 was added to a final concentration of 10 µM. The reaction was monitored at 278 nm 
for an additional 55 min and the product was then filtered through a 0.45 µm filter and used directly for 
LC-MS analysis. 
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  Figure 1. PatA forms a covalent acetyl-Tyr intermediate. (A) Previous model for PatAB-

catalyzed O-acetylation of PG. It was known that PatB transfers acetyl groups to PG via an 
acetyl-Ser intermediate, but the donor of acetyl to the pathway and how PatA acetylates this 
Ser on PatB was unknown. (B) Partial multiple sequence alignment of bacterial MBOAT 
proteins encoded with SGNH proteins. Both the His and Tyr residues essential for PatA activity 
are strictly conserved. Cj, C. jejuni; Sa, S. aureus; Pa, P. aeruginosa; Pf, P. fluorescens; B. 
anthracis. (C) SDS-PAGE autoradiography of PatA variants incubated in the presence of 
[14C]acetyl-CoA. (D) MS/MS sequencing analysis of O-acetylated peptide from tryptic digest of 
PatA incubated with acetyl-CoA.  
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Figure 2. PatB is a membrane protein and its N-terminal domain is required for 
membrane insertion but is dispensible for activity. (A) Cartoon presentation of the 
AlphaFold2 model of full-length PatB toplology. Numbering in parentheses denotes residues 
associated with the domains. CM, cytoplasmic membrane. (B) Anti-His Western blot analysis 
of subcellular fractions of full length PatB from E. coli cells. (C) Acetylesterase activity of full-
length CjPatB (black), CjPatBΔ31 (blue), and CjPatBΔ113 (red) on pNP-Ac as substrate. The 
enzyme variants (1 µM) in 50 mM sodium phosphate pH 7.0 at 37 C with pNP-Ac at the 
concentrations indicated. Error bars denote standard deviation (n=3).  (D) LC-MS analysis of 
reaction products of PatB variants acting as O-acetyltransferases.  Chitopentaose (G5) and 
pNP-Ac served as acceptor and donor substrates, respectively, for (a) no enzyme control, (b) 
CjPatBΔ113, and (c) CjPatBΔ31. 
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Figure 3. The overall structure of PatB. The native structure of NgPatBΔ100 (7TJB) is 
presented as a representative of all the structural models of the PatB SGNH domain. (A) 
Ribbon presentation of PatB depicting a central α/β fold typical of the SGNH hydrolase family. 
Two extended β-hairpin motifs at the C-terminal face of the central β-sheet are present, which 
is not a feature of any structurally resolved SGNH hydrolase member. A short, two-stranded 
β-sheet joins the N- and C-terminal loops of the SGNH domain at the opposite face to the β-
hairpins. (B) Surface representation showing the catalytic triad and oxyanion hole residues (as 
sticks) arranged on the surface of NgPatB. The β-hairpin motifs extend the SGNH fold along 
the face that contains the active site to an approximate 60 planar surface. (C) B-factor putty 
model of PatB. The width and coloring of residues is based upon B-factor. The central SGNH 
fold contains lower (<30) B-factors, while the β-hairpin motifs display the highest B-factors (> 
50). (D) The surface electrostatic potential of PatB. Several positively charged Lys and Arg 
residues are positioned above the active site and across the β-hairpins. (E) The active site of 
NgPatBΔ100 depicting the positions of the Block I, II, and IV residues. An unusual Block II motif 
results in a family-atypical type I β-turn that composes the oxyanion hole, together with the 
Block III Asn residue. A hydrophobic “wall” is formed behind the active site. A sulfate ion is 
coordinated by Ser133, Ser161, Asn196 and His305.  
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Figure 4. O-Acetylated C-terminal peptide of PatA as acetyl donor for PatB. (A) Esterase 
activity of NgPatBΔ100 was monitored at A278nm as the tyrosyl residue in the C-terminal peptide 
FIYANF of NgPatA was de-O-acetylated with the addition of the enzyme (arrow). (B) LC-MS 
analysis of the reaction products of the transferase reaction involving incubation of NgjPatBΔ100 
with chitopentaose (G5) as acceptor in the (a) absence (negative control) and (b) presence of 
the O-acetylated peptide. 
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Figure 5. Models of the PatAB complex. (A) AlphaFold Multimer model. The overall 
orientation of CjPatB is maintained, with the N-terminal region interacting with both the 
membrane and PatA (left). A cross-section (right) demonstrates that Tyr455 and His315 of 
PatA are positioned at the top of a solvent-accessible cavity where CoA presumably binds. 
Above the PatA active site is a solvent-accessible tunnel lined on top by the active site of PatB. 
(B) The working model for PG O-acetylation in Gram-negative bacteria. PatA transfers an 
acetyl group from a cytoplasmic CoA donor to a conserved periplasmic Tyr residue. PatB then 
transfers this acetyl group via a covalent Ser intermediate to PG. 
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