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Stabilizing AqdC, a Pseudomonas Quinolone Signal-
Cleaving Dioxygenase from Mycobacteria, by FRESCO-

Based Protein Engineering

Sandra C. Wullich,” Hein J. Wijma,*™ Dick B. Janssen,” and Susanne Fetzner*®

The mycobacterial PQS dioxygenase AqdC, a cofactor-less
protein with an a/B-hydrolase fold, inactivates the virulence-
associated quorum-sensing signal molecule 2-heptyl-3-hydroxy-
4(1H)-quinolone (PQS) produced by the opportunistic pathogen
Pseudomonas aeruginosa and is therefore a potential anti-
virulence tool. We have used computational library design to
predict stabilizing amino acid replacements in AqdC. While 57
out of 91 tested single substitutions throughout the protein led
to stabilization, as judged by increases in T:F° of >2°C, they all
impaired catalytic activity. Combining substitutions, the pro-

Introduction

An arsenal of virulence factors, combined with a variety of
antibiotic resistance mechanisms and high adaptability to
diverse environments, makes Pseudomonas aeruginosa a very
potent bacterial pathogen and a major cause of nosocomial
infections." Like many other opportunistic pathogens, P.
aeruginosa uses cell-to-cell communication (“quorum sensing”)
systems, relying on the production and detection of signal
molecules, to regulate and coordinate virulence-associated
processes such as biofilm formation or the production of
virulence factors. A complex QS network that integrates the N-
acylhomoserine lactone dependent las and rhl systems and the
2-alkyl-4-quinolone-based pgs system tunes the expression of
hundreds of target genes involved in motility, biofilm forma-
tion, cytotoxicity, and virulence factor production.* The pgs
system uses 2-heptyl-3-hydroxy-4(1H)-quinolone (the “Pseudo-
monas quinolone signal”, PQS) as a major signal molecule. PQS
plays an important role in regulating the synthesis of a series of
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teins AqdC-G40K-A134L-G220D-Y238W and AqdC-G40K-G220D-
Y238W showed extended half-lives and the best trade-off
between stability and activity, with increases in T:*" of 11.8 and
6.1°C and relative activities of 22 and 72%, respectively,
compared to AqdC. Molecular dynamics simulations and
principal component analysis suggested that stabilized proteins
are less flexible than AgdC, and the loss of catalytic activity
likely correlates with an inability to effectively open the
entrance to the active site.

virulence factors and antimicrobials, furthermore, it has iron-
chelating, pro-oxidant and immunomodulatory properties.>¢!

Tools to interfere with QS include small-molecule inhibitors
of signal biosynthesis or signal detection, as well as enzymes
mediating the inactivation of signal molecules by catalysing
chemical modification or cleavage reactions.”” These so-called
quorum quenching enzymes include a small group of cofactor-
less dioxygenases which catalyse the 2,4-dioxygenolytic cleav-
age of PQS to form carbon monoxide and N-octanoylanthrani-
late, thereby attenuating virulence factor production of P.
aeruginosa.""* PQS dioxygenases belong to the HQD subfam-
ily within the o/f-hydrolase (ABH) fold superfamily, which
comprises dioxygenases acting on the 3-hydroxy-4(1H)-quino-
lone ring™ (Figure 1A). These enzymes are of potential
therapeutic use by suppressing P. aeruginosa virulence. To
explore such applications, long-term stability of the enzymes at
body temperature is an important prerequisite. The PQS
dioxygenase AqdC of Mycobacteroides abscessus unfortunately
is rapidly inactivated at 37°C. However, the crystal structure of
this enzyme has been solved,"? enabling structure-based
enzyme engineering approaches. The crystal structure of AqdC
revealed a core domain consisting of the typical ABH fold
comprising eight f-strands, of which the second one is
antiparallel, surrounded by a-helices. A four helices insertion
into the core domain results in a cap domain covering the
upper part of the core (Figure 1B). However, the canonical
catalytic triad of classical ABHs, consisting of a strictly conserved
histidine, an acidic residue, and a nucleophile, is not complete
in AqdC as it lacks a nucleophile at the respective position, and
catalysis depends on the His/Asp dyad."

Both the core and the cap domain contribute to the
formation of a bipartite tunnel that traverses the enzyme,
providing two entrances from the surface of the protein to the
substrate cavity. One funnel-shaped opening, leading to the
catalytic histidine, is most probably the main entrance to the

733 © 2020 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 1. Reaction and structure of 3-hydroxy-4(1H)-quinolone dioxygenases
(HQDs). A) Cleavage of (2-alkyl)-3-hydroxy-4(1H)-quinolones as catalysed by
HQDs. B) Schematic representation of the secondary structure of a typical
HQD. a-Helices and B-strands are depicted as red barrels and blue arrows,
respectively. The positions of the HQD catalytic dyad (a conserved histidine-
aspartate charge relay) and of the canonical nucleophile of the classical o/p-
hydrolases are indicated by circles."™”

active site that provides access for the substrate to the cavity.
The second, “distal” part of the tunnel, shown to harbour the
alkyl side chain of substrate and product and having a truly
tunnel like character, leads to another opening that might serve
as an exit for product release.™ Surrounding the substrate
cavity, a series of hydrophobic residues tightly enclose the
substrate PQS, which additionally is stabilized by hydrogen
bond interactions. AqdC thus is highly specific for PQS, with a
Michaelis constant (K,) in the low-micromolar range."*™
Because the concentration of PQS in, for example, the sputum
of cystic fibrosis patients is around 2 pM or less,"® besides
adequate thermal stability a high affinity for PQS is indispen-
sable for the use of PQS dioxygenases as quorum quenching
enzyme.

To improve the robustness of AqdC for potential application
as a quorum quenching enzyme, we aimed at enhancing its
stability against thermal denaturation. We used the FRESCO
workflow, which combines well-established computational
prediction methods and molecular dynamics-based screening
to avoid excessive laboratory testing"” to predict and engineer
more stable AqdC variants, and investigated their stability and
catalytic activity.

Results
Computational library design
FoldX, Rosetta, and a sequence consensus protocol were used

to pick stabilizing single substitutions at 246 positions within
AqdC. Of the 266 residues of AqdC, 20 were excluded as active

ChemBioChem 2021, 22, 733-742 www.chembiochem.org

were excluded to prevent the unexpected formation of disulfide
bonds. Therefore, maximally 4428 (i.e., 246x18) amino acid
substitutions were possible. With FoldX and Rosetta, standard
protocols were used to predict stabilizing substitutions."’"'”
The consensus method predicted the change in folding energy
based on the frequency of the existing amino acid in AqdC
versus alternative residues at that position in homologues
(Eg. (1), Experimental Section). With these protocols, a total of
650 substitutions were selected as potentially stabilizing. Of
these variants, 266 were selected by FoldX, 492 by Rosetta, and
27 by the phylogenetic method.

MD simulations were carried out for all of these proteins,
followed by visual inspection to eliminate variants with
problematic features. The visual inspection was done according
to the recently published protocol."” As a result, 537 substitu-
tions were eliminated because of the introduction of a hydro-
phobic group on the protein surface (156), appearance of
unsatisfied H-bond donors or acceptors (89), increase in protein
flexibility (159), or because of other reasons such as blocking of
the entrance to the active site (17). Almost a quarter of the
eliminated variants (114) were dismissed because they occurred
at positions where basically every substitution was predicted to
be stabilizing, suggesting a systematic calculation error at
certain positions. Of the remaining 113 single amino acid
substitutions (Table S2 in the Supporting Information), spread
over the whole structure of AqdC, 51 variants were initially
selected by FoldX, 79 by Rosetta, and 15 by the phylogenetic
method (some substitutions were selected by more than one
prediction method).

Screening of AqdC proteins with single amino acid
substitutions

From the 113 AqdC variants with single replacements that
resulted from computational library design, 91 were successfully
constructed and expressed as soluble proteins (Table S3). All
proteins were prepared following the high-throughput (HT)
protocol and subsequently subjected to thermal shift assays to
determine their apparent melting temperature (T:™). Stabilizing
substitutions were found throughout the protein, without a
preference for highly flexible positions, and with a very
satisfactory success percentage of 63%. The highest ATP
values were +8-8.5°C for four different mutant proteins
(Table S3 and 1). Variants having a lower, equal, or < +2°C
higher T:* compared to wild-type (WT) AqdC (T;>P: 44.1°C)
were excluded in order to reduce the number of candidates.
For the remaining 57 variants, which after preparation by the
HT protocol showed an increase in T:*° of > +2°C, the catalytic
activity was determined (Table S3). From the variants with the
highest stability and catalytic activity, ten substitutions were
selected for combination (Table 1, Figure 2). The AqdC-E20G
protein has a lower TP than the WT protein but was the most

734 © 2020 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Table 1. Selected AqdC variants for combination of substitutions.
Substitution TP [°C]™ Specific activity™ AAGy4 [kJ/mol] ¥ as predicted by

[U/mg] at 30°C Rosetta FoldX Sequence consensus B-fitter rank
WT - 44.0+0.5 139+1.8 - - - -
- E20G 43.0+04 223408 —3.2 -1.0 —6.4 29
1 G40K 52.0 34401 —23 —-4.9 3.0 201
2 A134L 52.0+0.0 58+1.0 —8.1 —5.5 -1.9 67
3 G137V 51.0 39+05 —6.7 —25 1.1 41
4 E146A 50.0+1.1 3.5+0.9 —6.4 1.3 -1.0 4
5 G147A 475+04 104+0.6 —6.3 —-2.0 —-14 17
6 E189A 48.5 56+1.0 —6.3 —-0.8 —4.1 24
7 E202Q 55.8+4.9 2.1+0.8 —4.8 1.4 13.9 63
8 H216R 51.5+04 1.6+0.4 —6.3 —-13.0 —-2.0 35
9 G220D 480+1.8 92+14 8.8 9.1 —8.0 83
10 Y238W 48.0 10.3+0.9 —-13.1 22 6.7 177
[a] Depending on the clarity of the melting curve, a single experiment was performed, or 2 to 4 biological replicates were analysed. [b] Specific activities were
determined for enzymes enriched using the HT protocol (n =2 technical replicates). All errors represent standard deviations. [c] Bold AAG,4 values indicate
that the particular substitution was selected because it met the initial selection criteria of the particular (set to —3.5 kJ/mol for Rosetta and FoldX, and <
—5 kJ/mol for the sequence consensus predictions). [d] Used as a control variant in MD simulation.

@ >oc
@ stooc

Figure 2. Location of substituted residues in AqdC and their effect on
protein stability. A) Flexibility, as indicated by B-factors. Blue corresponds to
the lowest B-factors and red to the highest. a-Helices of the cap domain are
indicated. B) Location of all substituted residues and the effect of the best
substitutions at those positions. The labelled positions are those of which
the stabilizing substitutions were subsequently recombined.

active variant among all proteins tested (Table S2) and therefore
served as a control in further MD simulations.

The ten substitutions of the selected proteins originated
from different computational sources. Rosetta selected eight of
these replacements, FoldX three, and the phylogenetic protocol
two (Table 1). Two substitutions were selected both by FoldX
and Rosetta. It is also noteworthy that from these top
substitutions in terms of T:*P increase and catalytic activity, only
three had a B-fitter rank within the top-30 (Table 1). Thus, eight
out of the ten top substitutions would have been missed by
using the B-fitter approach to select the most promising
positions for stabilization. Furthermore, eight out of the ten
substitutions were predicted to be destabilizing by only one
method (Table 1). These would have been missed by a
computational selection of only elite-ranked mutations, pre-
dicted to be stabilizing by all methods.

ChemBioChem 2021, 22, 733-742 www.chembiochem.org

Combination of single substitutions

Amino acid substitutions of the ten variants, which ranked top
according to TP and activity, were scheduled for combination
in the order listed in Table 2, as suggested by MD calculations.
The combination variants (Table 2, entries I-X), as well as the
WT protein, the most active single-substitution variant (AqdC-
E20G), and the variant we started the combination with (AqdC-
A134L), were again purified in a larger scale, using gravity flow
columns. Kinetic data and melting temperatures of each pure
protein were determined (Table 2).

The first substitution, A134L (positioned in aCap1), caused a
significant increase of T3*® by 7°C compared to the WT protein,
but decreased the specific activity by 40 U/mg (—67 %), due to
both a decrease of k., (—60%) and an increase of Ky (+45%;
Table 2). While the T3*" was not affected, the specific activity
was again decreased by additionally introducing G137V
(aCap1), mainly due to a 75% decrease in k., (variant I).
Similarly, re-introducing G137V into proteins V and VIl to
generate VI and IX, respectively, reduced the catalytic activity,
without significant stabilization. The substitution G220D (loop,
at the beginning of a5) had an increasing effect on both k.,
and Ky without affecting T:*" (variant AqdC-A134L to Il, and llI
to IV). The introduction of Y238 W to variant Il decreased the
ke but also, more importantly, decreased the K, without
changing the T2* (variant IV). Adding the substitution G40K
(a1) to variant IV had a somewhat negative effect on K}, and k_,
but stabilized the protein by 5.2°C (variant V). Introducing
E189A into variant IV to generate protein VIl increased K, by
11.5 uM, resulting in the highest K, (24.9 uM) of all proteins
generated in this study. Revoking A134L, the initial substitution,
in variant V, VI, and VIl to generate proteins VIlI, IX, and X,
respectively, led to a loss in T3*" by 4.7-5.7 °C, while the specific
activities increased dramatically by 21.6-30.4U/mg (~46-
232%). The effects caused by this substitution exemplarily
illustrate a common trend. Indeed, while a series of substitu-
tions tested led to stabilization of the AqdC protein as judged
by the increases in T, they all impaired catalytic activity.

735 © 2020 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Table 2. Melting temperatures and kinetic data of combination variants, WT-AqdC, combination starting variant (AqdC-A134L), and most active variant
(AqdC-E20G).
Substitution(s) TP [eC] Specific activity Ky [uM] Ko [s7'1 Keat/ K
[U/mg] at 30°C
WT - 44.1£0.1 60.2+2.2 58+04 419+1.1 73+£06
- E20G 423+04 56.2+2.8 33+0.7 35.6+26 11.0£1.6
- A134L 51.1+£09 20.2+26 84+0.2 16.5£1.9 20£03
| A134L-G137V 51.0+25 52425 11.2+£1.2 42+14 04+0.2
1l A134L-G220D 51.0+04 233+2.1 188+1.2 274+4.2 1.54+0.1
LI} A134L-Y238W 503+1.0 20.0+1.5 11.5+£05 176+£14 1.54+0.2
\% A134L-Y238W-G220D 50.7+04 2241424 134£1.7 19.7+0.9 1.5+£0.3
\ G40K-A134L-G220D-Y238W 559+04 13.1£0.2 22.1+4.1 159+£1.0 0.7£0.1
Vi G40K-A134L-G137V-G220D-Y238W 5334819 47+04 21.1+14.7 5.7+£09 0.3+0.2
Vil A134L-E189A-G220D Y238W 50.1+0.8 19.5+0.3 249+0.6 24.4+0.6 1.0+0.1
Vil G40K-G220D-Y238W 50.2+0.5 435+4.7 3.7+£03 27.0+28 74+£0.1
IX G40K-G137V-G220D-Y238W 515+23 263+05 46+1.3 17.6+£2.2 4.0+0.7
X E189A-G220D-Y238W 454+0.1 43.6+5.5 3.1+£09 262+29 9.0£3.6
All data were determined from high-purity enzymes using n=3 biological and >3 technical replicates each. All errors represent standard deviations. [a]
Ambiguous results caused by an unusual melting curve.

Among the ten combination variants, proteins V (AqdC-
G40K-A134L-G220D-Y238W) and VIII  (AqdC-G40K-G220D-
Y238W) showed the best trade-off between stability and
activity, with increases in T;*" by 11.8 and 6.1°C, and relative
activities (compared to WT-AqdC) of 22 and 72%, respectively.
Their catalytic half-life was determined at 37°C to assess their
potential applicability at the human body temperature. Remark-
ably, protein V showed an about 30-fold prolonged half-life
compared to the WT protein, which in the long term may
outweigh its 3.7-fold decrease in activity at 37°C (Table 3). The
half-life of protein VIIl was about five times higher than that of
WT-AqdC. However, the highly active AqQdC-E20G protein was
even less stable than the WT protein (Table 3).

Computational analysis of flexibility and conformational
preferences

MD simulations were carried out to investigate the differences
in flexibility of some AqdC variants. While selecting a protocol
for these MD simulations, it was considered that multiple
relatively short MD simulations, on a single protein, provide a
much better conformational sampling than a single much
longer MD simulation.?®! Therefore, for each of the ten
selected (single and multi-site) variants, as well as for AqdC-
E20G, for comparison, 20 independent MD simulations (of

Table 3. Specific activity and half-life (t,;,) of selected AqdC proteins at
37°C.
# Substitution(s)

Specific activity t,, [h] at 37°C®

[U/mg] at 37°C*®

WwT - 60.6+1.0 0.324+0.09
- E20G" 49.2+28 0.1140.01
\ G40K-A134L-G220D-Y238W  16.5+2.7 9.714+0.02
Vil G40K-G220D-Y238W 469+23 1.63+0.28

All errors represent standard deviations. [a] n=3 biological replicates (3
technical each), [b] n=3 biological replicates (1 technical each). [c]
Unstable but highly active variant for comparison.

ChemBioChem 2021, 22, 733-742 www.chembiochem.org
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12 ns) were carried out (giving a total simulation time of
2.6 us=11x20x12ns). To avoid as much as possible simula-
tion artefacts caused by starting with a possibly wrongly
modelled variant structure, mainly proteins carrying single
substitutions were selected for MD simulation (no X-ray
structures were available for the variants). Additionally, three
multi-site substitution variants were selected, including AqdC-
A134L-G137V showing poor catalytic activity.

The MD simulations predicted that most mutant proteins
were slightly less flexible than WT-AqdC (see Figure 3 for
examples; Figure S1 shows all the tested proteins). The most
flexible areas were located in the cap domain (residues 124-
195) and at a loop in the core domain (residue 61-67;
Figure S2).

The flexibility at the loop was not strongly affected in any of
the tested mutant proteins. The most flexible parts of the cap
domain were around residues 129 and 172. The former is
located at the start of the first a-helix of the cap domain
(aCap1) and close to the funnel-like entrance to the active site.
Residue 172, located in a loop between aCap3 and aCap4, is
part of the distal, alkyl-tail tunnel. Only a few tested variants
were more flexible in the cap domain than the WT protein,
namely AqdC-E20G (the only less thermostable variant ana-
lysed), AqdC-G220D (higher flexibility around position 172 but
lower flexibility around position 129), and the four-fold mutant
protein V (AqdC-G40K-A134L-G220D-Y238W; Figure S1). The
latter was more rigid at positions 129 and 172, but much more
flexible around position 160 (which is located at the loop
between aCap2 and aCap3 and does not directly border the
tunnel). Thus, most stabilized variants display during the MD
simulations a noticeable decrease in flexibility near the assumed
entrance part of the tunnel.

For the variant with the lowest activity, AqdC-A134L-G137V,
the RMSF dropped from 1.5 to 1.0 A around residue 129 and
from 2.1 to 1.8 A at residue 172. Somewhat surprisingly, the
AqdC-A134L protein displayed a very similar drop in flexibility
while it is almost 4-fold more active than AqdC-A134L-G137V.
Because the effects on flexibility were not very dramatic and

© 2020 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. Comparison of mutant protein conformational flexibility and its
main components. A) Protein flexibility, as observed during MD simulation
plotted against residue number. The structure of the cap domain is indicated
with red for a-helices and grey for loops. B) Contributions of principal
components (PC) 1 and 2 to protein flexibility.

there was no apparent relation to catalytic activity, as often
proposed, we wondered whether it was not so much the
changes in flexibility that diminished catalytic activity but rather
the conformational preferences of the enzyme.

To identify trends in the conformations visited by AqdC
during MD trajectories and the effect of substitutions, a
principal component (PC) analysis was carried out. PC analysis
can reveal the main correlated conformational changes occur-
ring in a protein and suggest functional implications.?*?% The
first two PCs found with WT-AgqdC both concerned motions in
the cap domain, in the same regions where also the highest
flexibility was observed (Figure 3). Visualization of the involved
structural changes showed that along both PC axes, the shape
of the proposed active site entrance channel was changed
dramatically, making it vary from narrower to broader (Figure 4
and movies M1 and M2 in the Supporting Information). At
negative values of both PCs, this part of the tunnel, surrounded
by aCap1 and aCap2, opened up due to the increased distance
between the two helices.

A visualization of the conformational preferences of the
different AqdC variants (Figures 5 and S3) revealed that from all
these investigated variants, the WT protein displayed the most
open conformations (i.e., with the most negative values for PC

ChemBioChem 2021, 22, 733-742 www.chembiochem.org

Figure 4. Funnel-like entrance to the active site of AqdC and the first
principal component of conformations observed during MD simulation. A)
Structural elements of AqdC with product bound (PDB ID: 6RB3"") visible
while looking into the active site through the entrance; a-Helices are shown
in red, B-strands in blue, and grey represents turns and coils. All helices in
the cap domain are labelled as “aCap” with their number. The strands and
helices of the main domain are not labelled. B) Molecular surface
representation with the protein in magenta and the bound product (van der
Waals spheres) with yellow carbon atoms, red oxygen atoms, and blue
nitrogen. The view shows the tunnel to the AqdC active site with the
enzyme in the same orientation as in the other three panels. C) The
conformations belonging to principal component 1. The colour scale
corresponds to a range for principal component 1 from —20 (red) to + 20
(purple). D) Conformations corresponding to principal component 2. Here
the colour scale ranges from —22 (red) to + 22 (purple).

1 and PC 2). The variant with the lowest activity, AqdC-A134L-
G137V, displayed the most dynamic shift away from these open
conformations, with the edges of the observed conformations
shifting roughly 5 units away from the most open conforma-
tions along PC 1 and approximately 12 units along PC 2
(Figure 5). Mutant proteins with intermediate activity, such as
AqdC-A134L and AqdC-G137V, displayed intermediate charac-
teristics (Figures 5 and S3). AqdC-A134L displayed open con-
formations along PC 1 to a similar extent as WT-AqdC but
retreated by roughly 6 units along PC 2. AqdC-G137V exhibited
fewer open conformations than the WT protein for both PC 1
and PC 2, but to a lesser extent than AqdC-A134L-G137V. For
the complete set of nine variants with intermediate catalytic
activity, only AqdC-G40K-G137V-G220D-Y238W (which was 2.3-
fold less active than the WT, but 4-fold more active than AqdC-
A134L-G137V), displayed similar retreats from the most open
conformations as the variant with the lowest activity AqdC-
A134L-G137V  (Figure S3). Thus, with only one exception
amongst ten tested variants, the ability to display open
conformations at the active site tunnel agreed with the catalytic
activity of these variants. From these results, it appears that the
mutant proteins are less catalytically active because they have
lost the ability to open the active site entrance funnel
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A134L

wild type

observed
distribution
{counts)

G137V A134L-G137V

wild type
distribution
{background)

0

principal component 2

principal component 1

Figure 5. Examples of closure of the funnel-like entrance to the enzyme’s
active site by substitutions that decrease catalytic activity. For both principal
components, the more negative values correspond to more open conforma-
tions at the main entrance to the active site. A grey background, which
corresponds to the distribution of conformations observed for the WT
protein, is shown behind each variant to facilitate comparison between
mutant proteins and WT-AqdC. For every mutant protein, more closed
conformations are observed than for WT-AqdC, which is the most active
protein. Variant AqdC-A134L has an activity corresponding to 39% of the WT
activity (based on k), AqdC-G137V 28% (based on specific activity), and
AdC-A134L-G137V 14% (based on k).

effectively. The most likely effect caused by the impaired
opening of the cap domain, a reduced substrate entry, would
be rate-limiting for the catalytic activity of stabilized variants.

The effects at the second, alkyl-tail part of the bipartite
tunnel were also analysed (Figure S2, movies M3 and M4 in the
Supporting Information). More negative values for PC 1 clearly
corresponded to a more closed distal opening, the opposite of
what was found for the funnel-shaped active site entrance.
Thus, for the distal part of the tunnel, it does not appear that
more open conformations along PC 1 are related to the catalytic
process. Negative values of PC 2 corresponded with a more
open tunnel, the same trend as found for the presumed
“substrate entry” part of the tunnel, but the opening up of the
active site was much smaller than the closing by PC 1. Thus, for
this part of the tunnel, there is no clear trend showing that a
decreased tendency of the protein to adopt open conforma-
tions can explain a lower catalytic activity. Therefore, substrate
entrance or product release through the distal part of the
tunnel (if any) is likely not rate-limiting.
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Discussion

In this study, the PQS dioxygenase AqdC was engineered with
the goal of obtaining a more stable enzyme, because robust-
ness is a prerequisite for the potential use of AqdC as quorum
quenching enzyme in vivo. The melting temperature (T*) of an
enzyme is, in general, a good descriptor for stability, and the
reported improvements by individual protein engineering
projects are typically in the range of 2 to 15°C.%"** For AqdC,
the combination variant V (AqdC-G40K-A134L-G220D-Y238W)
that showed the best stability gain while preserving reasonable
catalytic activity, displayed a T2® increase of 11.8°C relative to
the WT protein. The k., of this protein was 2.6-fold lower than
that of WT-AqdC, and its K,, was 3.8 times higher. However, this
activity loss was more than offset by its 30-fold increase in half-
life (t,,; from about 30 min to almost 10 h). Another most
promising combination variant is protein VIII (AqdC-G40K-
G220D-Y238W), with its TP increased by 6.1°C compared to
WT-AqdC, and a half-life at 37°C of 1.6 h. The stabilizing effect
of the A134 L substitution as present in protein V is remarkable.
However, the substitution significantly impairs catalytic activity,
mainly due to inducing an increase in K. Interestingly, the K,
value of 3.7 uM of protein VIII for PQS is among the lowest
observed for all AqdC proteins tested, and its catalytic efficiency
(k../K\) corresponds to that of the WT protein. For potential use
as a quorum quenching enzyme, a low K, value for the signal
molecule is an important feature.

While it was possible to engineer more stable variants of
AqdC, it seems that gains in thermostability were traded against
losses in catalytic activity. When engineering enzyme stability, it
can occur that (some of) the stabilizing substitutions cause
activity loss®™ even though it is more often observed that
catalytic activity is well preserved at low temperature.®'™ It is
certainly unusual that virtually all stabilizing substitutions give a
decrease in activity, as observed here for AqdC (Table S3). As a
result, for AqdC, it was only possible to combine four single
amino acid substitutions while maintaining a reasonable
catalytic activity. For comparison, very recently, a ketoreductase
was engineered using the same FRESCO method resulting in a
ninefold combination variant that featured a 45°C higher TP
and no loss in catalytic activity at low temperatures.®

The decreases in catalytic activity as a consequence of
stabilizing amino acid substitutions are probably related to
decreased flexibility in the cap domain of AqdC. For another
ABH-fold enzyme with a cap domain, the dehalogenase DhIA
from Xanthobacter autotrophicus, it was found that the flexibility
in its cap domain influenced the catalytic activity.**>" Muta-
tional, kinetic, and thermodynamic evidence confirmed that a
considerable opening up of the active site entrance of DhIA is
required to facilitate the release of halides, which probably
need to be solvated by multiple water molecules to become
released from their binding site in the active site.***" When
applying FRESCO stabilization to another ABH-fold dehaloge-
nase (LinB),“? it was observed that several stabilizing substitu-
tions, located in the cap domain and near the active site
entrance, decreased catalytic activity. Furthermore, the Dam-
borsky group has found that mutations in the entrance tunnel
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of various related dehalogenases can strongly affect both
catalytic activity and stability."*™*"

Most importantly, the MD simulation results for AqdC
corroborate the hypothesis that the stabilizing substitutions —
which all led to impairments in catalytic activity to varying
extents — consistently result in a more rigid cap domain. The
substrate PQS is relatively large and bulky, which would require
at least one entrance to the active site to open up during the
catalytic cycle. A more rigid cap domain could result in a slower
overall reaction rate because substrate entry or product release
becomes rate-limiting. Also, while the WT enzyme has the same
catalytic activity at 30 and 37°C, the stabilized variants feature
increased catalytic activities at the higher temperature (Tables 2
and 3), probably caused by increased flexibility at higher
temperatures.

The principal component analysis revealed that changes in
conformational preferences, namely towards more closed
states, can also cause the observed decrease in catalytic activity.
Both a higher rigidity and increased prominence of more closed
conformations could relate to the increased stability of the
enzyme. For natural variants of the same enzyme, it is, in
general, observed that the thermostable variants are more rigid
and less catalytically active at lower temperatures than their
mesophilic analogues.”*>" In larger proteins, thermal inactiva-
tion often starts with a local unfolding.®” Based on the current
results with AgqdC and previous results with stability engineer-
ing of various dehalogenases,*>**¥ it seems reasonable to
assume that for these enzymes, this early unfolding takes place
in the cap domain. The cap domain, in any case, needs to open
up to allow the substrate to enter and product to leave, and the
opened form could be the starting point for early unfolding.
Therefore, substitutions that lead to more closed conformations
in the cap domain could result in stabilization.

Principal component analysis on the distal opening to the
active site of AqdC showed no apparent correlation to activity
(Figure S2). It is noteworthy that this part of the bipartite tunnel
is not conserved; it is present in AqdC but not in the structurally
highly homologous 3-hydroxy-2-methyl-4(1H)-quinolone 2,4-
dioxygenase Hod.™** Together, this suggests that the second,
distal opening of the tunnel of AqdC is not involved in a step
that is rate-limiting for the overall reaction.

Alternative explanations for the consistent decrease of
catalytic activity by stabilizing substitutions are possible but
appear less likely. Perhaps, with AqdC, the substrate needs to
reorient after entering the active site to adopt a catalytically
productive orientation, and this could become rate-limiting due
to small increases in protein rigidity. Such a mechanism could
explain the consistent drop in activity with stabilizing substitu-
tions. Alternatively, stabilization may change the active site
shape such that the enzyme is less reactive, but it is unclear
why this should happen for all the different substitutions.

To decrease the number of variants that need to be
screened experimentally, there are methods available to
prioritize substitutions by predicting the early unfolding region
of a protein and only mutate at positions with the highest
priority. The B-fitter approach®® is based on the idea that
highly flexible parts of the protein are more likely to be the first
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sites of unfolding. While the usefulness of such methods is
often reported and stabilized enzymes are indeed obtained,
hardly ever controls are presented in which also substitutions at
positions that are predicted to be unimportant, are character-
ized. Earlier results with FRESCO stabilized enzymes consistently
revealed that stabilizing substitutions also occurred in relatively
rigid parts of the enzyme that would not have been targeted
with the B-fitter approach. Also, for AqdC, it is now found that
most stabilizing substitutions occur in regions that would not
have been targeted by the B-fitter approach (Table 1, Figure 2),
confirming that stabilizing mutations frequently occur at
relatively rigid positions and that approaches excluding these
positions, such as the B-fitter approach®™*®” will miss stabilizing
substitutions.

Conclusion

In this study, computational library design, MD simulations, and
biochemical studies were combined to design and analyse
variants of the mycobacterial PQS dioxygenase AqdC with
improved thermostability. The study not only yielded a more
stable variant of AqdC with a much longer half-life, but also
new insights on activity-stability relationships of ABH-fold
enzymes were gained. The phenomenon that an increase in
enzyme stability is associated with a decrease in catalytic
activity is a mild-to-severe problem for a significant part of the
enzymes that are targeted by stability engineering. AqdC turns
out to demonstrate this phenomenon to an extreme degree.
Also, because of its potential medical relevance, AqdC could
serve as a model system to better understand this phenomen-
on. The results here indicate that not only increased rigidity can
cause a decrease in activity (as is well established), but that also
an increased closing of the entrances to the active site could be
the source of the activity drop. This insight has the potential to
inspire new design techniques to generate substitutions that
increase stability without affecting catalytic activity.

Experimental Section

Computational library design: The X-ray structure of AqdC (PDB ID:
6RA2™)) was used for molecular modelling. Protein molecule E,
which is the only monomer in the asymmetric unit that does not
contain gaps, was chosen for all modelling. Residues predicted to
be involved in substrate positioning and catalysis were not allowed
to mutate. At the beginning of this study, an X-ray structure of
AqdC with bound substrate was not available. To define the
substrate-binding site, the AqdC structure was superimposed on
the closely related structure of Hod (PDB ID: 2WJ4), which has the
substrate 3-hydroxy-2-methyl-4(1H)-quinolone bound.®™ Residues
within 5.5 A from the substrate were excluded from mutagenesis.
Single substitutions were selected based on their predicted effect
on the change in Gibbs energy of folding (AAGg,y).

A new addition to the FRESCO method was to predict the AAGg,q
of variants with a phylogenetic protocol. Sequence alignment was
performed with MAFFT®" using sequences that were at least 25%
identical to AqdC. The sequences were collected from the UNIREF90
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database.®” The abundance of amino acids at a given position was
translated into an energy scale using

oredicted [alternative AA] 4 0.01
AAGHe ™ = RTn [current AA] 4 0.01 )

in which [current AA] equals the percentage of occurrence of an
existing amino acid at that position in AqdC, and [alternative AA]
the considered alternative®® R is the gas constant, and T the
absolute temperature (298 K was used). The 0.01% is added to the
nominator and denominator to prevent both the logarithm of zero
and division by zero. If, with this method, the predicted AAG,4 for
a substitution was < —5 kJ/mol, the substitution was selected for
further evaluation using short molecular dynamics (MD) simula-
tions.

The rest of the procedure to select stabilizing substitution was
standard, as described in detail elsewhere."” User-friendly scripts
can be downloaded from https://groups.google.com/forum/#!fo-
rum/fresco-stabilization-of-proteins, and are also available upon
request. The AAG;,y values were also predicted using Rosetta'™
and FoldX."® For the latter, the standard settings were applied with
five repeat calculations, of which the outcomes were averaged. For
Rosetta, the accurate and computationally cheap Row3 settings'
were used. If the predicted AAGyqy with either of these two
methods was < —3.5 kJ/mol for a substitution, then the resulting
variant was also selected for short MD simulations.

The short MD simulations consisted of five independent MD
simulations of 100 ps for each protein variant. Snapshots were
recorded every 5 ps, and the last 50 ps were analysed. The precise
protocols were described in detail elsewhere.'”* The averaged
structure from each MD trajectory was visually inspected and
compared to that of the WT AqdC. Proteins that displayed an
increase in flexibility or recognizable destabilizing features (like
increased water exposure of hydrophobic side chains or the
introduction of unsatisfied H-bond donors or acceptors) were
eliminated. All variants that did not reveal such problems were
selected for experimental characterization.

Computational analysis of flexibility and conformational prefer-
ences: After experimental characterization, further computational
analysis was carried out for a small subset of mutant proteins with
single and multisite substitutions. The three-dimensional structures
of these variants were modelled using the standard FRESCO script
“CombineMutations.mcr”, which is available via the forum above.
MD simulations were done with YASARA®' using the Yamber3
force-field, which is an Amber99 derivative that was optimized for
structural accuracy.®® After an energy minimization to remove
strain from the structure, the temperature was gradually increased
from 5 to 298 K in 30 ps. The MD simulation was subsequently run
for an additional 11970 ps, of which the last 8 ns were analysed for
RMSF and principal components. Snapshots were recorded every
25 ps. In total, 20 MD simulations were started for each variant,
each with a different seeding for the initial atom velocities (all atom
velocities did obey a Maxwell-Boltzmann distribution), resulting in
different trajectories.”>? The same 20x 12 ns protocol was used
before to compare the flexibility of an engineered and much more
stable peptide amidase variant, which had retained the same
catalytic activity as the WT protein.”” The predictions for that
system were that the thermostable variant was just as flexible as
the WT. The peptide amidase is larger (490 amino acids) than the
currently studied AqdC (266 amino acids). Together, this confirms
that the protocol provides for sufficient conformational sampling to
estimate the relative flexibility of the mutants.
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The principal component analysis was done within R software®®

using the Bio3d package.®™ The 11 variants were analysed
simultaneously to make the principal components of the different
variants directly comparable. The analysis was done using all heavy
backbone atoms (the C, O, N, and Ca, instead of using only the Ca),
which facilitated three-dimensional visualization. The principal
component analysis took only 100 min on a single CPU and
required only 28 Gigabytes of memory even though 75 million
atom positions were involved (=70620 [snapshots]x266 [resi-
dues]x4 [atoms/residue]). It was verified that when the mutant
proteins were analysed individually, the first two principal compo-
nents were the same. Two-dimensional histograms (heatmaps)
were created using the Hexbin package”®’" within R. Structural
visualizations, including movies, were created using YASARA."?

The B-fitter approach is a commonly used method to predict which
positions in a protein should be mutated to stabilize an
enzyme.?**” To retrospectively compare positions where stabilizing
substitutions were found with positions that would have been
suggested by the B-fitter method, the same subunit E of 6RA2 was
used. As is standard for the B-fitter method, the B-factors of all non-
hydrogen atoms were collected for each residue and averaged
(manual at http://www.kofo.mpg.de/en/research/biocatalysis). The
residues with the highest average B factors received the best
ranking.

Chemicals and other materials: All chemicals were obtained from
commercial sources at the highest purity available. Escherichia coli
TOP10 was used for cloning purposes as well as for the
heterologous production of AqdC proteins. Incubation of cultures
was performed in a New Brunswick Innova 44 orbital shaker
(Eppendorf).

Mutagenesis of agdC: The E. coli codon-optimized aqdC gene from
M. abscessus subsp. abscessus (DSM 44196), attached to a sequence
encoding an N-terminal TEV-protease cleavable octa-histidine tag,
was amplified from pET28b::his8-TEV-agdC" using the primers pair
aqdC—N-Ncol_fw/ aqdC—C-Hindlll_rv (Table S1) and inserted into
the pBAD/His A vector (Invitrogen) by restriction cloning, resulting
in plasmid pBAD::his8-TEV-aqdC.

Individual amino acids in AqdC were substituted by site-directed
mutagenesis using pBAD::his8-TEV-aqdC as a template with over-
lapping mutagenic primers as indicated in Table S2. The PCR
reactions (20 pL) contained 10 puL 2 xPfuUltra Il Hotstart Master Mix
(Agilent), 5ng template plasmid, and 0.5 uM of each primer. A
touchdown PCR-protocol was used: 2 min at 95°C, 17 cycles of 20 s
at 95°C, 20 s at 65°C (—1°C/cycle), 2.5 min 72°C, 10 cycles of 20's
at 95°C, 20 s at 45°C, 2.5 min 72°C and a final 10 min-step at 72°C.
After Dpnl digestion (10 U, 2 h, 37°C), 5 pL of Dpnl-digested PCR
product were used to transform chemically competent E. coli
TOP10 (Life Technologies) cells. From each transformation, one of
the overnight grown colonies was picked and sent for plasmid
extraction and sequencing (Eurofins Genomics) in order to confirm
the mutations. Transformants containing verified mutant plasmids
were cultivated in LB medium with ampicillin (100 pgmL™")
supplemented with 15 % glycerol and stored at —80°C.

Protein production: For the first high-throughput (HT) protein
production, frozen stocks of each recombinant strain were used to
inoculate 1 mL LB supplemented with ampicillin (100 pgmL™") in
96-deep-well plates. After overnight incubation (37°C, 200 rpm),
150 pL of these cultures were used to inoculate 5-10 mL of TB in
24-deep-well plates supplemented with ampicillin (100 ugmL™").
For the high-purity (HP) purification of single proteins, 150 mL TB
was inoculated to an ODgy,~0.05-0.1 using 10 mL overnight
cultures inoculated with frozen stocks. All cultures were incubated
at 37°C, with 200 rpm (HT) or 150 rpm (HP) orbital shaking. At
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ODgp0~0.9 (HT) or 0.6-0.8 (HP), the expression of the variants was
induced by the addition of 0.2% arabinose. After 4 h at 24°C and
200 rpm (HT) or 150 rpm (HP), the cells were harvested by
centrifugation (HT: 4°C, 2530g, 15 min; HP: 4°C, 8820g, 15 min).

High-throughput (HT) protein preparation: Cells were thawed,
washed (2 mL, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% (v/v)
glycerol; centrifuged at 4°C, 2530g, 15min), and lysed by
resuspension in 200 uL lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 10 mM MgCl,, 1 mg/mL lysozyme, 0,5 mg/mL DNase I, 10%
(v/v) glycerol, 1 tablet of ,cOmplete™, EDTA-free Protease Inhibitor
Cocktail”/10 mL) and incubation at 20°C for 25 min. After a freeze
(—80°C) and thaw (4°C) cycle, the cell-free crude extract was
obtained by centrifugation (4°C, 25309, 15 min). The crude extract
was diluted using two volumes of binding buffer (50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 20 mM imidazole), loaded
on a 96-well filter plate (AcroPrep, 1.2 um Supor, PALL) filled with
100 uL Ni—NTA resin pre-equilibrated in binding buffer, and
incubated (4 °C, 40 min, nutating shaker). The plate was centrifuged
(4°C, 5009, 1 min) and washed with 800 pL binding buffer. Elution
was carried out by centrifugation, using 130 uL HT elution buffer
(50 mM Tris-HClI pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 250 mM
imidazole). A desalting plate (PD Multitrap G-25, GE) was used to
remove the imidazole. The eluted fractions were stored in storage
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% (v/v)
glycerol) at —20°C.

High-purity (HP) protein preparation: Cells were thawed, resus-
pended in binding buffer, and lysed by sonication (Bandelin
Sonopuls, amplitude 100%, pulse 1s, break 0.5s, up to 3 times
4 min cycles). The soluble fraction was obtained by centrifugation
(18000g, 15 min, 4°C) and applied on a 2 mL Ni—NTA gravity-flow
column pre-equilibrated in binding buffer. The flow-through was
collected and - after washing the column with 5 mL binding buffer
- re-applied. After a 10 mL washing step with binding buffer, 6 mL
HP elution buffer 1 (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 10% (v/v)
glycerol, 66 mM imidazole) was applied to wash away unspecifically
bound proteins. The next elution step (using 6 mL HP elution buffer
2 (50 mM Tris-HCl pH 7.5, 150 mM NacCl, 10% (v/v) glycerol, 250 mM
imidazole)) was collected, the imidazole was removed by buffer
exchange using ultrafiltration, SDS-PAGE was performed to check
the purity (Figure S4), and the protein was stored in storage buffer
at —80°C.

Activity assay: The catalytic activity of AqdC and its variants was
determined spectrophotometrically by measuring PQS conversion
at 337 nm at 30 or 37°C (as indicated), using an initial PQS
concentration of 20 uM. The assay buffer contained 50 mM Tris-HCl
pH 8.0, 2 mM EDTA, 4% (v/v) DMSO, 10% (w/v) PEG 1500 (DMSO
and PEG 1500 solubilize and stabilize PQS). The extinction
coefficient of PQS, determined at these conditions, is
10169 M~'cm™". The steady-state kinetic constants were estimated
by fitting the Michaelis-Menten equation to the activity data,
measured using different PQS concentrations.

Thermal-shift assay: The apparent melting temperature (T5") of
each protein was deduced from thermal shift assays. For the first
HT assays, 20 uL of desalted protein in storage buffer was
transferred to a qPCR plate and mixed with 5 L of 100-fold diluted
SYPRO Orange (5000x fluorescent dye, Merck) to an end concen-
tration of 10x SYPRO Orange. For the analysis of HP purified
proteins, 20 uL samples consisting of 2 pM protein in storage
buffer, and 12.5x SYPRO Orange were prepared. After air bubbles
were removed by centrifugation (short spin), the fluorescence of
the samples was measured in a qPCR cycler (Bio-Rad, CFX96 C1000
Touch Thermal Cycler) over a range from 20 to 99°C (0.5°C
increments, 10 s measurement delay at each temperature step).
The fluorescence signal was plotted as a function of the temper-
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ature (BIORAD CFX Manager 3.1). The T¥® of each variant was
identified by plotting the first derivative of the fluorescence
emission as a function of temperature (—dF/dT vs. T [°Cl); T, is
represented by the minimum of the curve.

Thermostability at 37 °C: Purified proteins were incubated at 37°C
at a concentration of 20 ng/uL in storage buffer. The residual
activity was determined at appropriate time points. The resulting
plot of activity over time was used to calculate the half-life (t,,;
period required for the enzymatic activity to decrease to half of its
initial value).
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