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Abstract
Context Beta-barrel enzymes are an important area of study in the field of structural biology. These proteins serve crucial 
roles, acting as porins, transporters, enzymes, virulence factors, and receptors. Recent research has unveiled a novel role for 
beta-barrel enzymes in the bacterial integral membrane as sentinels. They remain inactive when the integral membrane is 
intact but activate to carry out enzymatic catalysis in response to host immune responses and antibiotics that breach this bar-
rier. Understanding their structure and function is pivotal in grasping their sentinel role in the bacterial integral membrane. 
Here we present our structural molecular modeling analyses on four bacterial integral membrane beta-barrel enzymes: (a) 
OMPLA, (b) OmpT, (c) PagP from E. coli, and (d) PagL from Pseudomonas aeruginosa. We superposed the structures of 
native beta-barrel integral membrane enzymes with their AlphaFold2-predicted QTY variant structures that showed remark-
able similarity despite the replacement of at least 22.95% amino acids in transmembrane regions, the superposed structures 
displayed notable structural similarity, indicated by RMSD values ranging from 0.181 Å to 0.286 Å. We also analyze the 
hydrophobicity patches and the enhanced hydrophilic surfaces. Our research provide insights into the structural similarity 
of hydrophobic and hydrophilic beta-barrel enzymes, validating the utility of the QTY code for investigating beta-barrel 
membrane enzymes. Our results not only demonstrate that the QTY code serves as a straightforward tool for designing 
water-soluble membrane proteins across various biological contexts, but it may also stimulate experiments to validate our 
molecular modeling studies.
Methods All the QTY variant beta-barrel enzyme structure prediction was performed using the AlphaFold2 program (https:// 
github. com/ sokry pton/ Colab Fold) following the provided instructions. Computations were carried out on 11th Gen Intel 
Core i5-11300H processor with 16 GB RAM and Iris Xe Graphics, 512 GB NVMe SSD. The structures are publicly avail-
able on the AlphaFold2 database (https:// alpha fold. ebi. ac. uk) at the European Bioinformatics Institute (EBI). A custom 
Python script was used to extract the relevant information from the UniProt database. To predict the structures of the QTY 
variants, AlphaFold2 was utilized. The native sequences for these enzymes were retrieved from UniProt https:// www. unipr 
ot. org, and AlphaFold2 structural predictions were performed using the open-source implementation at https:// github. com/ 
sokry pton/ Colab Fold. The predicted variant structures were then superposed with the native structures using PyMOL https:// 
pymol. org/2/ for structural analysis and comparison. This work leverages public databases PDB, UniProt and open-source 
software AlphaFold2 and PyMOL to computationally model and analyze QTY variant integral membrane beta-barrel enzyme 
structures.
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Graphical abstract

Superposed images of four bacterial 
native integral membrane beta barrel 
enzymes and their AlphaFold2-
predicted water-soluble QTY variants.
The crystal structures of the native 
integral membrane beta-barrel enzymes 
(colored magenta) and the predicted 
structures of their water-soluble QTY 
variants generated by AlphaFold2 
(colored cyan) are depicted.

Keywords Hydrophobic to hydrophilic conversion · Membrane enzymes · Protein design · QTY code · Water-insoluble to 
water-soluble

Introduction

Outer membrane proteins (OMPs) represent an important 
class of proteins located in the outer membrane of gram-
negative bacteria, mitochondria, and chloroplasts that 
carry out vital biological functions (Zhang et al. 2014; Xu 
et al. 2023). The integral membrane possesses an asym-
metric phospholipid bilayer, with phospholipids occupying 
the inner leaflet and lipopolysaccharide (LPS) glycolipids 
constituting the integral leaflet (Sun et al. 2022; Funa-
hara and Nikaido 1980). The proteins found in the inte-
gral membrane fall into two categories: lipoproteins and 
beta-barrel proteins. Lipoproteins possess lipid portions 
that are linked to a cysteine residue at the amino end of 
the protein (Sankaran and Wu 1994), these proteins are 
not thought to be transmembrane (TM) proteins (Silhavy 
et al. 2010). Nearly all integral transmembrane proteins 
form β-barrel structures (Silhavy et al. 2010; Hermansen 
et al. 2022). These integral membrane proteins (IMPs) 
are found in the integral membranes of Gram-negative 
bacteria and exhibit antiparallel beta-barrel structures. 
Despite their prevalence, very few of these proteins func-
tion as enzymes (Bishop 2008). In addition, they have been 
adapted to perform a variety of essential cellular functions 
such as porins, transporters, enzymes, virulence factors, 
and receptors (Fairman 2011).

Recent research has demonstrated that beta-barrel 
enzymes also serve as sentinels, remaining dormant when 
the integral membrane permeability barrier is intact, but 
being activated by host immune defenses and antibiotics 

that disrupt this barrier. The integral membrane is the first 
target of external assault but it receives the least support 
from cellular utilities, making it susceptible to irreversible 
damage. It is essential to comprehend the structure and 
function of beta-barrel enzymes and their role as senti-
nels in the bacterial integral membrane (Bishop 2008). 
Beta-barrel enzymes are crucial in how pathogens induce 
disease. Understanding how beta-barrel enzymes function 
could aid in developing new treatments for bacterial infec-
tions (Fairman 2011).

We previously applied the QTY) code (glutamine, thre-
onine, tyrosine) (Zhang et al. 2018; Zhang and Egli 2022) 
for designs of detergent-free beta-barrel, alpha-helix trans-
membrane (TM) protein chemokine receptors, cytokine 
receptors and antibodies for various uses using conven-
tional computing programs (Zhang et al. 2018; Sajeev-
Sheeja et al. 2023; Qing et al. 2019; Hao et al. 2020; Li 
et al. 2023). QTY code is a bidirectional simple molecu-
lar code which systematically replacing water-insoluble 
amino acids (L, V, I and F) with water-soluble amino acids 
(Q, T and Y) in the transmembrane region (Zhang et al. 
2018; Sajeev-Sheeja et al. 2023; Meng et al. 2023). The 
QTY code is based on two key similarities between amino 
acids: (1) some amino acids have very similar structures 
despite stark differences in hydrophobicity (e.g., Leu vs 
Gln/Asn, Ile/Val vs Thr, Phe vs Tyr), and (2) these struc-
turally similar amino acids tend to have similar secondary 
structure propensities. The analyses using the highly accu-
rate protein structure prediction tool AlphaFold2 showed 
that the structures of QTY variants closely overlay the 
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native protein structures. This demonstrates that the QTY 
variants retain the key structural features of the original 
native proteins (Sajeev-Sheeja et al. 2023; Li et al. 2023; 
Skuhersky et al. 2021; Tao et al. 2022; Smorodina et al. 
2022; Smorodina et al. 2022).

We here report structural bioinformatic studies of four 
bacterial beta-barrel integral membrane enzymes, they 
include a) OMPLA (a phospholipase) (Snijder et al. 1999), 
b) OmpT (a protease) (Vandeputte-Rutten et al. 2001), c) 
PagP (a phospholipid-lipid A palmitoyltransferase) (Ahn 
et al. 2004), and d) PagL (a lipid A 3-O-deacylase) (Rut-
ten et al. 2006a). Among these, OMPLA, OmpT, and PagP 
are the only three β-barrel enzymes known to exist in the 
integral membrane of E.coli and have been characterized at 
the molecular structural level. Additionally, structural details 
have also been elucidated for PagL from Pseudomonas aer-
uginosa (Bishop 2008).

The outer membrane phospholipase A (OMPLA) was 
the first characterized integral membrane β-barrel enzyme 
in E.coli (Scandella and Kornberg 1971). OMPLA consists 
of 12 antiparallel β-strands that fold into a transmembrane 
β-barrel. Normally, this enzyme is inactive but dimerizes 
when phospholipids migrate to the integral leaflet, creat-
ing two active sites where Ca2 + ions can bind and activate 
OMPLA to restore integral membrane asymmetry by remov-
ing phospholipids (Bishop 2008; Dekker et al. 1997; Dekker 
2000). Its activation helps cells respond to assaults on the 
integral membrane (Michel and Stárka 1979; Audet et al. 
1974). Some pathogens lack OMPLA activity, while in oth-
ers it promotes host interactions by inducing cell surface 
changes (Bishop 2008; Grant et al. 1997; Bukholm et al. 
1997; Tannaes et al. 2005).

OmpT is an integral membrane protease in E. coli that 
specifically cleaves between paired basic amino acids (Sug-
imura and Nishihara 1988; Fiss et al. 1979). The enzyme 
forms a 10 antiparallel β-barrel strands, prominently rises 
above the integral surface of the bilayer (Vandeputte-Rutten 
et al. 2001). It helps provide resistance against antimicrobial 
peptides by degrading them when they penetrate the cell 
surface (Stumpe et al. 1998; Guina et al. 2000). OmpT activ-
ity helps overcome host defenses (Thomassin et al. 2012). 
Though OmpT homologs fulfill distinct functions, their 
conserved active site architectures classify them as omptins 
(Kukkonen and Korhonen 2004). Thus OmpT activity ena-
bles bacteria to evade immune system components and pro-
mote infection.

The PagP enzyme transfers palmitate from phospholip-
ids to lipid A in the integral membrane of Gram-negative 
bacteria (Bishop et al. 2000; Bishop 2005). This palmitoyla-
tion provides resistance to cationic antimicrobial peptides 
and attenuates signaling through the host TLR4 pathway, 
helping bacteria evade the immune response (Bishop 2005; 
Guo et al. 1998; Kawasaki et al. 2004). The eight-stranded 

antiparallel β-barrel of PagP contains a short alpha helix at 
its N-terminus and is tilted approximately 25 degrees within 
the plane of the membrane (Evanics et  al. 2006). PagP 
homologs are important for disease causation in respira-
tory pathogens like Legionella and Bordetella by providing 
resistance to antibody-mediated lysis (Preston et al. 2003). 
Overall, this enzyme palmitoylation activity allows evasion 
of host defenses in some pathogens, but may conflict with 
virulence strategies in others.

PagL is an integral membrane lipid A 3-O-deacylase acti-
vated when L-Ara4N is absent from lipid A (Kawasaki et al. 
2005, 2007). Its eight-stranded antiparallel tilted β-barrel 
structure has the catalytic triad facing outward to encoun-
ter lipid A (Rutten et al. 2006b). Unlike constitutive PagP 
expression, PagL is only active under PhoP/PhoQ regulation 
(Trent et al. 2001). This enzyme removes an acyl chain from 
lipid A, conferring polymyxin resistance and reducing endo-
toxicity (Kawasaki et al. 2004, 2007). PagL homologs are 
more common than PagP (Preston et al. 2003; Geurtsen et al. 
2006). Inactivation of PagL during P. aeruginosa adaptation 
in cystic fibrosis is observed (Ernst et al. 2006). Dimeri-
zation may inhibit PagL when L-Ara4N is present. Thus 
it alters lipid A to promote antibiotic evasion and immune 
system evasion (Bishop 2008; Rutten et al. 2006a).

In this structural bioinformatic study, we used Alpha-
Fold2, publicly released in 2021, to predict protein struc-
tures. This deep learning tool can accurately predict 3D 
protein structures, offering insights into function and aiding 
drug development (Jumper et al. 2021). In July 2022, Deep-
Mind released a database of over 214 million AlphaFold2-
predicted structures, covering almost all known proteins.

Recently, we asked if QTY could also solubilize these 
beta-barrel integral membrane enzymes, enabling their bio-
logical study without detergents.

Here, we report structural molecular modeling studies 
of the molecular structures of four experimentally deter-
mined beta-barrel integral membrane enzymes and their 
AlphaFold2-predicted water-soluble QTY variants. The 
native structures and their QTY variants of these beta barrel 
enzymes share remarkable structural similarities and super-
pose very well with residue mean-square distances (RMSD) 
between 0.181 Å and 0.286 Å despite the replacement of at 
least 22.95% transmembrane hydrophobic amino acids, L, 
V, I, F with Q, T, Y.

We also show that native and QTY variants have differ-
ent hydrophobicity surface patches, and the QTY variants 
have more hydrophilic surfaces. Our study not only provides 
important insights into the differences between hydrophobic 
and designed hydrophilic beta-barrel, but also it validates the 
QTY code for studying beta-barrel membrane enzymes and 
perhaps other hydrophobic aggregated proteins. Our findings 
in this study demonstrate that the QTY code as a simple tool 
for studying beta-barrel integral membrane enzymes.
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Previously we observed that QTY-variant receptors exhib-
ited tunable ligand affinities and enhanced solubility, allow-
ing for functional characterization without the use of deter-
gents (Qing et al. 2019). Additionally, we found that the G 
protein-coupled receptor CXCR4, when designed using the 
QTY code, became more hydrophilic while retaining its cell 
signaling activity (Tegler et al. 2020). Specifically, our find-
ings indicated that the QTY modification allowed CXCR4 to 
maintain its ability to bind to its ligand CXCL12 and initi-
ate cellular signaling upon transfection into HEK293 cells. 
Based on our structural analysis and previous research find-
ings with the QTY code, we believe that this modification 
will have significant potential impacts on protein activity.

Recently, we also demonstrated that a designed bacterial 
membrane protein histidine kinase using the QTY code, it 
became water-soluble; the histidine kinase not only retained 
its intact structure, but it also retained its four biological 
functions, exhibiting expected biophysical properties and 
highly preserved native molecular function, including the 
activities of (1) autokinase, (2) phosphotransferase, (3) phos-
phatase, and (4) pH and potassium signaling (Li et al. 2024).

Our structural bioinformatic study again demonstrates 
that the QTY code can successfully design water-soluble 
beta-barrel membrane enzymes, providing a simple tool to 
study this class of membrane enzymes without detergents. 
Our findings validate applying the QTY code to design 
water-soluble variants of beta-barrel integral membrane 
enzymes for functional characterization and biotechnologi-
cal applications.

Methods

Protein sequence alignments and other 
characteristics

The proteins analyzed were identified on UniProt (https:// 
www. unipr ot. org), where protein ID, entry name, descrip-
tion, and FASTA sequences were retrieved. The native pro-
tein sequences of beta-barrel integral membrane enzymes 
and their corresponding QTY-variant sequences were 
aligned utilizing previously described methods. The Expasy 
website (Expasy-Compute pI/Mw tool) was used to compute 
the molecular weight (MW) and isoelectric point (pI) of the 
protein sequences.

AlphaFold2 prediction

All the QTY variant beta-barrel enzyme structure predic-
tion was performed using the AlphaFold2 program (https:// 
github. com/ sokry pton/ Colab Fold) following the provided 
instructions. Computations were carried out on 11th Gen 
Intel Core i5-11300H processor with 16 GB RAM and Iris 
Xe Graphics, 512 GB NVMe SSD. The structures are pub-
licly available on the AlphaFold2 database (https:// alpha fold. 
ebi. ac. uk) at the European Bioinformatics Institute (EBI). A 
custom Python script was used to extract the relevant infor-
mation from the UniProt database.

Table 1  Characteristics of four 
bacterial outer membrane beta-
barrel enzymes in their native 
form and water-soluble QTY 
code variants

Note: The term “TM variations” refers to the percentage of amino acid residues that were changed within 
the transmembrane domains of these enzymes. The numbers in parentheses represent the percentage of 
altered residues in the transmembrane regions, which is calculated by dividing the number of substituted 
residues in the TM domains by the total number of residues that make up those domains. “Overall vari-
ations” indicates the number of amino acids that were replaced with the QTY code compared to the total 
count of amino acids in the full enzyme

Name RMSD pI MW (kDa) TM variations (%) Overall variations (%)

OMPLA
P0A921

– 5.01 27.69 – –

OMPLAQTY 0.189 Å 5.01 28.01 25.53 (36/141) 15 (36/240)
OmpT
P09169

– 5.38 33.46 – –

OmpTQTY 0.240 Å 5.38 33.65 22.95 (42/183) 14.14 (42/297)
PagL
Q9HVD1

– 5.01 16.09 – –

PagLQTY 0.181 Å 5.01 16.26 30.85 (29/94) 19.33 (29/150)
PagP
P37001

– 5.75 18.47 – –

PagPQTY 0.286 Å 5.75 18.71 29.76% (25/84) 15.92 (25/157)

https://www.uniprot.org
https://www.uniprot.org
https://github.com/sokrypton/ColabFold
https://github.com/sokrypton/ColabFold
https://alphafold.ebi.ac.uk
https://alphafold.ebi.ac.uk
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Superposed structures

The molecular structures presented in this work were 
obtained from the PDB https:// www. rcsb. org and include 
the following beta-barrel enzymes: OMPLA (PDB: 1QD6), 
OmpT (PDB: 1I78), PagL (PDB: 2ERV), and PagP (PDB: 
1THQ). To predict the structures of the QTY variants, 
AlphaFold2 was utilized. The native sequences for these 
enzymes were retrieved from UniProt https:// www. unipr ot. 
org, and AlphaFold2 structural predictions were performed 
using the open-source implementation at https:// github. com/ 
sokry pton/ Colab Fold. The predicted variant structures were 
then superposed with the native structures using PyMOL 
https:// pymol. org/2/ for structural analysis and comparison. 
This work leverages public databases PDB, UniProt and 
open-source software AlphaFold2 and PyMOL to computa-
tionally model and analyze QTY variant integral membrane 
beta-barrel enzyme structures.

Structure visualization

Two main software tools were used for visualizing and ana-
lyzing the predicted molecular structures. PyMOL (https:// 
pymol. org/2/) and UCSF ChimeraX 1.4 (https:// www. rbvi. 
ucsf. edu/ chime ra/). PyMOL enabled structural superposi-
tion and comparison of the native and QTY variant models. 
ChimeraX was utilized to compute and visualize hydropho-
bicity surfaces for the beta-barrel enzyme models, provid-
ing insights into the hydrophobic patches. This combined 
approach using PyMOL and ChimeraX allowed detailed 
structural analysis of the modeled mutant enzymes in rela-
tion to their native counterparts.

Data availability

The QTY variants of these four beta-barrel enzymes 
including: a)  OMPLAQTY, b)  OmpTQTY, c)  PagLQTY,and 

Fig. 1  Sequence alignments of four native integral membrane beta-
barrel enzymes and their corresponding water-soluble QTY vari-
ants. Vertical lines (|) and asterisks (*) denote identical and different 
amino acid residues, respectively. Note the glutamine (Q), threonine 
(T), and tyrosine (Y) substitutions (highlighted in red). Beta-pleated 
sheets (colored magenta) are displayed above the protein sequences. 

Though alpha-helical structures are present in the membrane beta-
barrel enzymes, they are omitted from the QTY design modifications. 
The alignments shown are: a OMPLA vs  OMPLAQTY, b OmpT vs 
 OmpTQTY, c PagL vs  PagLQTY and d PagP vs  PagPQTY. Refer to the 
Supplementary Figure S1 for enlarged details

https://www.rcsb.org
https://www.uniprot.org
https://www.uniprot.org
https://github.com/sokrypton/ColabFold
https://github.com/sokrypton/ColabFold
https://pymol.org/2/
https://pymol.org/2/
https://pymol.org/2/
https://www.rbvi.ucsf.edu/chimera/
https://www.rbvi.ucsf.edu/chimera/
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d)  PagPQTY are curated at https:// github. com/ Akash 2000A/ 
OMPs

Results and discussions

Protein sequence alignments and other 
characteristics

The QTY code was designed to substitute four hydropho-
bic amino acids including leucine (L), isoleucine (I), valine 
(V), and phenylalanine (F) with three neutrally polar amino 
acids glutamine (Q), threonine (T), and tyrosine (Y). In the 
transmembrane segments, the hydrophobic amino acids were 
replaced with Q, T, and Y residues. Table 1 shows the over-
all variations seen in the membrane enzymes after using the 
QTY code on the native membrane proteins. Remarkably, 
these variations had little effect on the protein overall struc-
ture (Fig. 2, Fig. 3).

We protein-sequence-aligned the native integral mem-
brane beta-barrel enzymes with known crystal structures 
to their corresponding QTY variants (Fig.  1). Despite 
substantial QTY replacement of hydrophobic residues 
(22.95–30.85%) in the transmembrane domains of the 
integral membrane β-barrel enzymes, the isoelectric point 
(pI) and molecular weight (MW) remained comparable 
(Table. 1). This is attributable to the uncharged, polar nature 
of the Q, T, and Y amino acids, which introduce hydrophilic 
side chains. The -NH2 side chains of Q (glutamine) can form 
4 hydrogen bonds with water, with two donors from -NH2 
and two acceptors through the oxygen of –C = O. The –OH 
groups of T (threonine) and Y (tyrosine) can form three 
hydrogen bonds with water molecules, with one donor from 
H (hydrogen) and two acceptors from O (oxygen). As such, 
the hydrophobicity of the transmembrane β-barrels is mark-
edly reduced. For instance, the transmembrane β-sheets in 
the protein sequences of PagL and OmpT show differences 

Fig. 2  Structures of the four bacterial native integral membrane beta-
barrel enzymes and their AlphaFold2-predicted water-soluble QTY 
variants. The crystal structures of the native integral membrane beta-
barrel enzymes are colored magenta, while the predicted structures of 

the water-soluble QTY variant enzymes generated by AlphaFold2 are 
colored cyan. These enzymes are shown in the identical orientations. 
a OMPLA vs  OMPLAQTY, b OmpT vs  OmpTQTY, c PagL vs  PagLQTY, 
and d PagP vs  PagPQTY

https://github.com/Akash2000A/OMPs
https://github.com/Akash2000A/OMPs
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of 30.85% and over 22%, respectively, compared to their 
water-soluble QTY variants (Table. 1).

The selected targets have a range of isoelectric focusing 
points (pIs), all being acidic. Notably, the pIs are identical 
between the native and QTY variants. All four beta barrel 
enzymes have mild acidic pIs, OMPLA (pI 5.01), OmpT 
(pI 5.38), PagL (pI 5.01), and PagP (pI 5.75), despite the 
substantial number of QTY amino acid substitutions. The 
amino acids glutamine, threonine, and tyrosine (Q, T, Y) 
are uncharged at neutral pH. Consequently, the isoelectric 
point (pI) of the protein is largely unaffected by substitutions 
involving these residues. This observation is particularly rel-
evant since changes in pI can promote nonspecific protein 
interactions, underscoring the need to carefully consider the 
impact of specific amino acid substitutions on protein func-
tion and behavior.

X-ray crystallography determines protein structures by 
measuring electron density maps from X-ray diffraction 
patterns (Dessau and Modis 2011). These maps reveal 
electron densities that are compared to known amino acid 

structures to deduce the protein’s amino acid sequence 
and 3D structure. The proposed amino acid placements 
are iteratively fitted into the experimental electron den-
sity maps to derive the final atomic-resolution structure 
(Yao and Moseley 2020). As evident in the electron den-
sity maps (Zhang and Egli 2022), leucine (L) with glu-
tamine (Q), isoleucine (I) and valine (V) with threonine 
(T), and phenylalanine (F) with tyrosine (Y) are among 
the amino acid pairs with the greatest structural similarity. 
Readers can refer to our previous studies for more details 
on the QTY code and electron density maps. By substi-
tuting the CH3- groups on leucine and valine with -OH 
groups on glutamine (Q) and threonine (T), and by add-
ing an -OH group to phenylalanine (F) to form tyrosine 
(Y), the transmembrane β-sheets of these four beta-bar-
rel enzymes underwent QTY substitutions ranging from 
22.95 to 30.85%. These substitutions slightly increased 
the molecular weight of each protein (Table 1). Visual 
inspection (Fig. 2) and RMSD values (Table 1) revealed 
minute structural changes in the transmembrane β-sheets 
after QTY substitution. The β-barrel structures appear 
highly similar, as evident in the superimposed structures 
shown in Fig. 3.

Structural alignment of native β‑barrel membrane 
enzymes and their water‑soluble QTY variants

Structural alignments were performed between native inte-
gral membrane β-barrel enzymes solved by X-ray crystal-
lography, and their corresponding QTY variants that were 
predicted by Alphafold2. The molecular structures of the 
native enzymes are available for OMPLA (PDB: 1QD6), 
OmpT (PDB: 1I78), PagL (PDB: 2ERV), and PagP (PDB: 
1THQ). We superposed the experimentally determined 
native structures (magenta) with the AlphaFold2 predicted 
QTY variant structures (cyan) (Fig. 3). The transmembrane 
β-barrel enzymes showed a high degree of structural simi-
larity between the native and QTY-substituted structures, 
as evident in Fig. 3. These structural superpositions suggest 
that the QTY code is applicable to the β-sheets of these 
transmembrane enzymes. However, as expected, some devi-
ations were observed in the unstructured loops since Alpha-
Fold2 is less reliable for predicting such disordered regions. 
These loop regions exhibiting deviations are indicated by 
arrows in Fig. 3.

Analysis of hydrophobic surface for native 
and QTY‑substituted β‑barrel membrane enzymes

The hydrophobic characteristics of the transmembrane 
domain in native β-barrel enzymes were well-studied. 
The solubility and stability of these proteins can vary 

Fig. 3  Superposed images of four bacterial native integral mem-
brane beta barrel enzymes and their AlphaFold2-predicted water-
soluble QTY variants. The crystal structures of the native integral 
membrane beta-barrel enzymes (colored magenta) and the predicted 
structures of their water-soluble QTY variants generated by Alpha-
Fold2 (colored cyan) are depicted, with arrows indicating deviations 
in unstructured loop regions. For the superimposed structures, the 
(RMSD) is given in Å (). These superposed structures are shown: a 
OMPLA vs  OMPLAQTY (0.189 Å), b OmpT vs  OmpTQTY (0.240 Å), 
c PagL vs  PagLQTY (0.181  Å), d PagP vs  PagPQTY (0.286  Å). The 
superposed native and water-soluble QTY variant structures are very 
similar
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substantially depending on the specific β-barrel and its envi-
ronment. Since integral β-barrel transmembrane enzymes are 
inherently hydrophobic, detergents are essential to solubilize 
and stabilize them in aqueous solutions after extraction from 
the native membrane. In crystal structures of native β-barrels 
membrane enzymes, the β-sheets are directly embedded in 
the hydrophobic lipid bilayer, with hydrophobic side chains 
including leucine (L), isoleucine (I), valine (V), and pheny-
lalanine (F) interacting with the membrane lipids.

The hydrophobic surfaces are reduced by substituting 
hydrophobic amino acids, including L, I, V, and F, with the 
more hydrophilic residues Q, T, and Y (Zhang et al. 2018; 
Zhang and Egli 2022). The alterations in hydrophobicity 
arising from the QTY substitutions that convert the hydro-
phobic β-sheets to hydrophilic ones are shown in Fig. 4.

The rationale underlying the QTY code’s pairwise sub-
stitution approach for predicting protein secondary structure 
from amino acid sequences is the presence of a conserved 
molecular motif in several protein classes. Beta-pleated 
sheets, based on their chemical properties, can be catego-
rized into three discrete types. Type I beta-sheets exhibit 
hydrophilicity and water-solubility and are found within 
globular proteins such as green fluorescent protein (GFP) 
(Ormö et al. 1996). In contrast, Type II beta-sheets dis-
play hydrophobicity and water-insolubility and are present 

in transmembrane beta-barrel proteins (Horne et al. 2020; 
Diederichs et al. 2020). Amphipathic Type III beta-sheets, 
containing both hydrophobic and hydrophilic faces, are char-
acteristic silk-like proteins (Huang et al. 2018; Preda et al. 
2013). The QTY code enhances the solubility, structural 
preservation, and characterization of beta-barrel integral 
membrane enzymes while potentially retaining their bio-
logically functional capabilities for biotechnological appli-
cations. Despite variations in chemical properties, all forms 
of beta-sheets share similarities in structure, with adjacent 
strands aligned and stabilized through backbone hydrogen 
bonding (Eisenberg 2003).

AlphaFold2 predictions

Predicting how proteins fold into 3D shapes has been a 
major goal in structural biology since the 1960s, but has 
been very difficult to achieve. Recently, a new AI tool 
AlphaFold2 has made breakthrough in this area. Alpha-
Fold2 uses machine learning to predict protein structures 
with high accuracy. Before AlphaFold2, many protein 
structures were impossible to decipher, especially mem-
brane proteins. AlphaFold2 now allows us to predict these 
hard-to-study protein molecular structures. This is opening 
up many new discoveries not only for protein function, 

Fig. 4  Hydrophobic surfaces of 
four bacterial integral mem-
brane beta barrel enzymes and 
their AlphaFold2 predicted 
water-soluble QTY variants. 
Surface hydrophobicity changes 
for integral membrane beta-
barrel enzymes after mutating 
hydrophobic residues L,I,V,F to 
hydrophilic Q, T, Y. Brown-
ish hydrophobic surfaces of 
native enzymes (left) become 
more cyan and hydrophilic in 
QTY variants (right) due to 
substitutions on transmembrane 
beta-sheets. Native and variant 
structures shown side-by-side 
for comparison. a OMPLA 
vs  OMPLAQTY, b OmpT vs 
 OmpTQTY, c PagL vs  PagLQTY, 
and d PagP vs  PagPQTY. The 
hydrophobic surfaces are appar-
ently reduced
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especially for membrane proteins but also for designing 
new proteins.

In this study, we used AlphaFold2 to predict structures 
of water-soluble QTY variants of integral membrane beta-
barrel enzymes. The predicted QTY variant structures 
closely matched the native beta-barrel conformations. This 
study again validates that the QTY code can confer water-
solubility while maintaining the structure and may apply to 
other transmembrane beta-barrel or alpha-helical membrane 
enzymes. This demonstrates using AlphaFold2 to gain struc-
tural insights into engineered water-soluble integral mem-
brane enzyme QTY variants.

The growing problem of antibiotic resistance underscores 
the urgent need for new classes of antibiotics (Mancuso 
et al. 2021). Recent data from the World Health Organi-
zation highlights the global rise in antibiotic resistance, 
which leads to extended hospitalizations and patient deaths 
(Martin-Loeches et al. 2022). Without new solutions, com-
mon infections and minor injuries could once again become 
lethal. We desperately need to spur the development of mul-
tiple creative antibiotic options if we want to get ahead of 
bacterial antibiotic resistance (Zerbe et al. 2017). The water-
soluble integral membrane enzymes QTY variants are useful 
for designing new antibiotics.
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