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Abstract: o-Amylases are the workhorse enzymes of starch degradation. They are central to human health, including as
targets for anti-diabetic compounds, but are also the key enzymes in the industrial processing of starch for biofuels, corn
syrups, brewing and detergents. Dissection of the activity, specificity and stability of a-amylases is crucial to
understanding their biology and allowing their exploitation. Yet, functional characterization lags behind DNA
sequencing and genomics; and new tools are required for rapid analysis of a-amylase function. Here, we design,
synthesize and apply new branched a-amylase activity-based probes. Using both a-1,6 branched and unbranched a-1,4
maltobiose activity-based probes we were able to explore the stability and substrate specificity of both a panel of human
gut microbial a-amylases and a panel of industrially relevant a-amylases. We also demonstrate how we can detect and
annotate the substrate specificity of a-amylases in the complex cell lysate of both a prominent gut microbe and a diverse
compost sample by in-gel fluorescence and mass spectrometry. A toolbox of starch-active activity-based probes will
enable rapid functional dissection of a-amylases. We envisage activity-based probes contributing to better selection and

\engineering of enzymes for industrial application as well as fundamental analysis of enzymes in human health. )
Introduction resistant to hydrolysis and thus low glycaemic index (GI)

Retaining o-amylases, primarily found in CAZY family
GH13 (www.cazy.org),! are starch degrading enzymes with
myriad industrial and health implications. a-Amylases
hydrolyse a-1,4 p-glucosidic linkages to yield maltooligosac-
charides and maltose. The enzymes play central roles in
dietary starch degradation and glucose assimilation, and are
thus key targets for treatments for diabetes (recently
reviewed in Kaur et al., 2021).”! a-Amylases are also the key
players in industrial starch processing,” such as in the
breakdown of starch to ethanol and high-fructose corn
syrups, and also in societal processes such as brewing,
baking and in household detergents.” Starch itself consists
of an a-1,4 p-glucosidic backbone with varying extents of a-
1,6 branch points. These branches impact on the digestibility
of starch,F! both its rate (impacting on whether starches are

foods)!”! and the structure of the “limit dextrins” (the final
oligosaccharide products that can be digested no further by
the given enzymes). If, how and where o-amylases can
accommodate / harness branch points (for review see
MacGregor etal., 2001)" is therefore crucial to their
biological function and their deployment in industry and for
societal applications.

Starch is a main foodstuff for humans and other animals,
and in humans, salivary and pancreatic a-amylases break-
down dietary starch to shorter oligosaccharides, ultimately
to glucose which enters the bloodstream. a-Amylases are
therefore known therapeutic targets for commercial drugs;
an area still receiving major interest.*® Furthermore, lower
down the intestinal tract, members of the gut microbiota
ferment any starch that reaches the colon into short-chain
fatty acids, including acetate, propionate, and butyrate, all of
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which are believed to help maintain gut health.””’ The study
of polysaccharide utilization loci (PULs), discrete gene
clusters that encode the requisite proteins for starch
assimilation, in gut bacteria,'” has therefore revealed how
starch is degraded by key members of the human micro-
biota. In this community, a-amylases are the most predom-
inant enzymes,”™ which intensifies emerging interest in a-
amylase study.

a-Amylases, according to commercial estimates, are a
market currently worth ~USD 1900 M per annum, ap-
proaching 2700 M dollars by 2032.'"! Key market areas
include baking, household detergent applications!” and the
synthesis of high glucose or fructose corn syrups;" the latter
a process which demands conditions of high temperature,
extreme pH, and (to aid the other enzymes required) low
[Ca’"]. The main industrial o-amylases are those from
Aspergillus oryzae (TAKA) and various heat stable bacillus
species such as Bacillus licheniformis (BLA).'"? Further
progress, either through enzyme engineering or natural
discovery of enzymes better adapted to their application,
would benefit from rapid biochemical tools. All these
emerging applied processes, as well as dissecting the roles of
a-amylases in human disease and microbiotal health,
demand better knowledge of o-amylases, notably their
specificity and stability. But, such insights are rarely yielded
from primary sequence analysis or 3D structure comparison,
alone. Precision chemical tools are required to allow more
rapid functional analyses. Biochemical assessments lag many
years, arguably decades, behind the ease of genomic
sequencing. One set of tools that has been developed in
recent years, with the idea of speeding up functional
dissection (and enzyme discovery), are activity-based probes
(ABPs).®! Activity-based protein profiling (ABPP) has
emerged as a technique for the rapid, initially in-gel,
assessments of enzyme action, specificity, sensitivity to
inhibitors, and stability.'! The electrophilic warheads of
these probes target nucleophilic side chains in the enzymatic
reaction mechanism (Figure 1). In the case of retaining
glycoside hydrolases, the vast majority are known to use a
double displacement reaction mechanism, in which a cova-
lent intermediate is formed and subsequently hydrolysed via
oxocarbenium-ion-like transition states. This “Koshland”
mechanism™! demands two key catalytic residues, an
enzymatic nucleophile and an acid/base to activate the
leaving-group through protonation and the incoming water
in the second step by deprotonation."” It is the nucleophile
(typically Asp or Glu, occasionally Tyr or Cys) that is
targeted by the ABPP approach. Foundational work on
cyclophellitol™” ABPs for the lysosomal storage disease
(LSD) Gaucher’s has extended,' not only to a wider range
of precision tools for Pompe,'® Fabry!"! and other LSDs,
but also as anti-cancer compounds in the context of
heparanase inhibition and imaging.'**" More recently,
cyclophellitol-derived ABPs have been designed and applied
in the biotechnology sector notably, for example, for the
analysis of xylanases,?"! arabinofuranosidases,*
cellulases,””™ amylases™ and xyloglucanases.” With these
developments, it is clear that ABPs offer great potential for
rapid and dynamic analysis of glycoside hydrolases, and that
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tuning them to focus on current biological and industrial
challenges is a logical next step.

Here, to identify a-amylases which can cut close to a-1,6
branches, the synthesis of branched a-amylase probes 2a-d
and 3a-d was undertaken. o-Amylases which can cleave
close to these branches are of major importance, both for
human digestion of recalcitrant starches, but especially in
industrial applications where subsite specificity, in respect of
branch accommodation, defines the structure of subsequent
limit dextrins contributing to the recalcitrance of starch and
dietary and “mouthfeel” properties.

Whereas AlphaFold2”! now provides rapid insight into
approximate 3D structure, information about substrate
specificity in the context of branch points, stability, and
expression profiles is impossible to determine from genetic
and sequence information alone. We therefore apply these
ABPs to study, first, pure o-amylases from prominent
human gut microbes, and then whole Bacteroides thetaiotao-
micron lysates grown on different carbon sources, with gene
knockouts in their polysaccharide utilization loci, identifying
labelled a-amylases using a pull-down proteomics experi-
ment. We then extend this analysis, in tandem with the
previously described maltobiosyl probes 1a—¢,*! to study a
panel of industrial enzymes, their pH and [Ca®*] activities
and their acceptance of a-1,6 branches in the —2 and
—1 subsites. Finally, we apply this technique to the discovery
of novel a-amylases for the industrial processing of starch
from a commercial composter, using a pull-down proteomics
experiment to detect enzymes from a diverse collection of
thermophilic bacteria.

Results and Discussion

Synthesis of Branched c.-Amylase Activity-Based Inhibitors and
Probes

We have previously shown that pseudo-disaccharide epoxide
compounds 1a—c are potent and selective inhibitors of, and
probes for, retaining o-amylases in complex biological
mixtures.”! We sought to extend this methodology by
synthesizing branch point mimics of natural substrates, as
tools to dissect substrate specificity of these enzymes. To
this end, we synthesized epoxide inhibitors and ABPs
incorporating an a-1,6 glucose —2 subsite or —1 subsite
branch. Accommodation of an a-1,6 branch in the —2 subsite
has not been extensively studied but there are structural
examples of branch point accommodation (AliC*" and
SusG™). There are no known a-amylases which have been
shown to cleave next to a —1 subsite branch and so these
probes may act as negative controls for non-specific labelling
but also may identify enzymes with novel activity. The
reporter tags were incorporated via the O4’ of the non-
reducing end of the a-1,4 glucose in the —2 subsite position.

Scheme 1 provides a representative synthesis of free
amine 2a, with the «-1,6 branch in the —2 subsite, and
showcasing a newly developed strategy to install, late stage
and in a stereospecific manner on glycosylated cyclohexene
precursors, the epoxide. Briefly, orthogonally and partially
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Figure 1. Design and mechanism of covalent inhibitors and activity-based probes targeting GH13 a-amylases, mimicking different substrate
specificities. (a) Mechanism of action of GH13 a-amylases including nucleophilic attack by the active site aspartic acid and the resulting covalent
intermediate. (b) Mechanism of epoxide activity-based probes to target the active site nucleophile and trap the bound enzyme. (c) Inhibitors and
activity-based probes described previously and those synthesized and used in this work to further understand substrate specificity of these

enzymes.

protected glucose-configured cyclohexene 7, obtained by
adaptation of existing routes,” was subsequently glycosy-
lated at O4 and the O6 to arrive at trisaccharidic cyclo-
hexene 12. The naphthalene protective group in 12 was then
exchanged for the tert-butyloxycarbonyl (12 to 13) setting
the stage for a stereospecific Bartlett carbonate iodocycliza-
tion event (13 to 14)."" Hydrolysis of the carbonate in 14
under basic conditions led to intramolecular iodine displace-

Angew. Chem. Int. Ed. 2024, 202415219 (3 of 14)

ment, overall delivering the epoxide stereospecifically from
the o-face of the alkene, and global deprotection then
yielded free amine 2a. Adaptation of this Scheme yielded
free amine 3a, and the amines in 2a and 3a were acylated to
give Cy5 fluorophores 2b and 3b, Cy3 fluorophores 2¢ and
3¢ and biotin derivatives 2d and 3d (Scheme S1-3).
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Scheme 1. Representative route of synthesis. Reagents and conditions:
a) Zn, THF/H,0, ultrasound, 40°C, 85 %; b) ethyl 4-bromocrotonate,
indium powder, La(OTf);, H,O, rt, 61%,; c) i) Grubb’s Il catalyst, DCM,
40°C, 85%; ii) DIBAL-H, THF, 0°C to rt; i) NaBH,, H,O, EtOAc, rt,
87% over 2 steps; iv) BnBr, 2-aminoethyl diphenylborinate, KI, K,COs,
MeCN, 60°C, 95%; d) 8, NIS, TMSOTf, DMF, DCM, 3 A MS, 0°C, 9
52%, 10 32%,; ) TBAF, THF, rt, 87%; f) 11, TMSI, OPPh,, 3 A MS,
DCM, rt, 82%; g) i) DDQ, DCM/H,0 (10/1), rt; ii) Boc,O, DMAP, THF,
0°C to rt, 75% over 2 steps; h) NIS, AcOH, DCM, rt, 61%; i) i)
NaOMe, MeOH, DCM, rt, 81 %; ii) polymer-bound PPh;, MeCN, H,O,
65°C, 88%,; iii) Pd(OH),/C, TFA, H,, dioxane, H,0, rt, quant.

Substrate Specificity of Human Gut Bacterial a-Amylases

The human gut microbiome contains many bacteria which
express o-amylases to digest complex carbohydrates. The
substrate specificity of many of these enzymes, and how
they aid human digestion, is unknown. We hypothesized
using our suite of a-amylase ABPs to probe the substrate
specificity of these enzymes. To this end, we selected six a-
amylases from prominent gut bacteria which themselves are
known to grow on pullulan (a substrate consisting of
maltotriosyl moieties linked by a-1-6 bonds, and hence a
surrogate for branch point accommodation). GH13Bg,, from
Bacteroides ovatus®" SusA and SusG from Bacteroides
thetaiotaomicron,"™ Amy13B and Amyl3 K from Eubacte-
rium rectale and Amy5 from Ruminococcus bromii® were
all expressed in E. coli and purified to homogeneity. The
enzymes were first reacted with the original disaccharide
probes, either epoxide 1b, aziridine 1d or monosaccharide
a-glucosidase probe 15% for 1hour at 37°C, and a
fluorescence gel scan of the SDS-PAGE performed (Fig-
ure Sla). Both BoOGH13Bg,, and BtSusA are equally labelled
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by 1b and 1d, whilst ErAmy13B is labelled more strongly
by aziridine 1d. In contrast BtSusG,

ErAmy13 K and RbAmyS5 are either not or only weakly
labelled by 1d. This preference between 1b and 1d has been
observed previously with the industrial a-amylase, TAKA,
with epoxide 1b labelling much more effectively than
aziridine 1d.”” This was hypothesized to be because of
favourable interactions between the —3 subsite in the a-
amylase and the O4’ substituents of 1b and unfavourable
alkyl substitution of the aziridine warhead of 1d. These
subtle differences in probe preference of the human gut
bacterial a-amylases could be an influence of either the type
of electrophilic warhead or, more likely, a result of differing
interactions between the a-amylase substrate groove and the
O4> or N’ reporter handles, thus also informing on the
architecture of the binding subsites. All six human gut
bacterial a-amylases were then reacted with 1b, 2b or 3b at
pH 6 (Figure 2a; the reaction pH optimum of all six enzymes
with both 1b and 2b was 6 (Figure S1b-+c)). A stoichio-
metric ratio of protein to probe was sufficient to give strong
signal in the Cy5 fluorescence gel scan of the SDS-PAGE.
All enzymes, except for ErAmy13 K, were labelled by both
disaccharide and —2 branched probes 1b and 2b but not —1
branched probe 3b (indeed, there are no known a-amylases
which accept a —1 a-1,6 branch). In fact, for these five
enzymes, stronger labelling occurred with 2b than 1b,
suggesting the pseudo-trisaccharide may have higher affinity
for the active site than the pseudo-disaccharide. ErAmy13 K
is faintly labelled by 1b but not 2b, indicating a —2a-1,6
branch is not accepted by this enzyme.

To confirm preference of the human gut bacterial o-
amylases for the —2 branch over the linear, a competition
experiment was performed. The enzymes were treated with
either 1 uM 1b or Cy3 —2 branched ABP 2¢ or 1 uM 1b in
combination with increasing concentrations of 2¢. Cy5 and
Cy3 fluorescence gel scans were overlaid (Figure 2b). Except
for ErAmyl3 K, 1b was outcompeted by 2¢ at concen-
trations as low as 100 nM, confirming the suspected prefer-
ence of these a-amylases for more complex substrates.

As a measure of the efficacy of the labelling reaction and
to confirm the in-gel results, intact mass spectrometry of the
human gut bacterial panel before and after reaction with
inhibitors 1a and 2a was performed (Figure 2c and S2).
Conversion to the covalent product was observed in all
cases, with complete conversion observed with 2a for all
enzymes. Complete conversion with 1a was only observed
with ErAmy13B and RbAmysS5.

Crystal Structures of Bacteroides thetaiotaomicron SusA and
SusG and Ruminococcus bromii Amy5 in Complex with
Branched ABP 2a

Branch point accommodation in a-amylases, whilst ex-
tremely important, has rarely been studied or observed at
the structural level (rare examples include AliC*" and
SusG®*l). Whether, and how well, branch points are
accommodated defines the structure of limit dextrins (the
oligosaccharide(s) that remain after hydrolysis) which

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Substrate specificity of human gut bacterial a-amylases. (a) Treatment of human gut bacterial a-amylases with stoichiometric amounts of
disaccharide probe 1b, —2 branch point mimic 2b or —1 branch point mimic 3b. Cy5 fluorescence gel scans are the top panel and total protein
Coomassie stained gels on the bottom. (b) Competitive ABPP of human gut bacterial a-amylases with Cy5 disaccharide probe 1b and Cy3 branch
point probe 2¢c. Cy3 (red) and Cy5 (blue) fluorescence gel scans are overlaid in the top panel and total protein Coomassie stained gels are on the
bottom. (c) Intact mass spectrum of BtSusA in the absence and presence of disaccharide probe 1a and —2 branch point probe 2a.

impacts on diverse processes such as the completeness of
starch degradation (and thus the need for, and identity of,
other enzymes), dietary glucose uptake and the mouthfeel
of beer. To validate both these branch point preferences,
and the use of our ABPs to predict substrate specificity, the
crystal structures of BfSusA, BtSusG and RbAmyS were
solved in complex with 2a to 2.4, 2.6 and 1.4 A resolution
respectively. The inhibitor reacted to form a covalent bond
with the nucleophilic aspartic acid in each structure and the
ligand was modelled at an occupancy of 1 (notably, this also
represents the first structure of B:SusA; Figure 3a). There
are six chains in the unit cell of BtSusA, with PISA
analysis®! indicating the interface of chains D and F most
energetically favourable. Size-exclusion chromatography-
multi angle light scattering (SEC-MALS) of BtSusA in
solution revealed a dimer as the only species present
(Figure S3). The ligand makes many key hydrogen bonding
interactions with neighbouring residues of BtSusA, including
O3 of the original epi-cyclophellitol ring with Asp440
(23 A), 02 and O3 of the glucose in the —2 subsite with
Argd93 (2.7 A) and Asp489 (2.4 A) respectively, and weak

Angew. Chem. Int. Ed. 2024, 202415219 (5 of 14)

interactions between the o-1,6 linked glucose and Thr295
(~32A). A small flexible region was observed in chain B
(residues 332-336) adjacent to the active site nucleophile,
but this change did not affect the binding pose of 2a.

2a makes similar hydrogen bonding interactions in
BtSusG as those observed in BtSusA, apart from interac-
tions observed between the pseudo-O6 (CH,0OH) and
Met298 and His243 in BrSusA which are not observed
(Phe345 in this position in BtSusG; Figure 3b). An addi-
tional un-reacted molecule of 2a was observed bound to
chain A confirming a known™ surface starch-binding site.
SEC-MALS analysis demonstrated the protein is a mono-
mer in solution (Figure S3), in agreement with previous
studies. SEC-MALS analysis also confirmed RbAmyS is a
monomer in solution (Figure S3). Similar hydrogen bonding
interactions were observed in RbAmy5 as BtSusA, with
Ser213 in the place of Thr295 (Figure 3c).

The structure of the GH13 domain of ErAmyl3 K is
currently experimentally undetermined but in the Alpha-
Fold model of ErAmyl3K (AF-A0A450VHTS-F1),*
Trp820 clashes with the o-1,6 linked glucose of 2a in the

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Crystal structures of human gut bacterial a-amylases BtSusA, BtSusG and RbAmy5 covalently bound to branched inhibitor 2a. (a) Overall
fold of the BtSusA dimer and one active site showing interactions of the protein with covalently bound ligand 2a. The two chains (D +F) of the
homodimer are depicted in purple and dark green, the bound ligand in sea green and the 2F;—F. map around the ligand in blue at levels of 1. (b)
The active site interactions of BtSusG with covalently bound inhibitor 2a. The protein chain is depicted in blue, the bound ligand in sea green and
the 2F,—F¢ map around the ligand in blue at levels of 16. (c) The active site interactions of RbAmy5 with covalently bound inhibitor 2a. The protein
chain is depicted in gold, the bound ligand in sea green and the 2F,—F. map around the ligand in blue at levels of 1.

overlaid RbAmyS5 structure (Figure S4). This clash in the in
silico determined structure, may explain the lack of labelling
of ErAmy13 K by branched probe 2b.

Selective Labelling of Bacteroides thetaiotaomicron a-Amylases
in Whole Cell Lysates

To test the probes on a more complex system and to study
the prominent gut bacteria’s a-amylases further, Bacteroides
thetaiotaomicron cells were grown on glucose, maltose,
pullulan, autoclaved soluble potato starch or autoclaved
corn starch. The whole cell lysates were harvested and
treated with either 1 uyM 1b, 2¢, or 1b and 2c¢ in
combination, and their protein content resolved by SDS-
PAGE. The Cy5 and Cy3 fluorescence gel scans were

Angew. Chem. Int. Ed. 2024, 202415219 (6 of 14)

overlaid (Figure 4a). Two bands corresponding to BtSusA
(71 kDa) and BtSusG (78 kDa) were observed when grown
on maltose or higher order oligosaccharides. Detection of
maltose or a higher order oligosaccharide by the transcrip-
tional regulator, SusR, is required for expression of the Sus
operon.’**! Regardless of the carbon source, labelling of
both a-amylases by 1b is completely abolished by competi-
tion with branched probe 2b. An additional band of around
50 kDa is observed for potato starch lysates when reacted
with 2b.

The Bacteroides thetaiotaomicron VPI-5482 genome
encodes seven GH13 (potential a-amylase) enzymes (see
www.cazy.org/b134.html). Of these, only SusA and SusG
show a fitness defect when grown on starch and the roles of
the five remaining enzymes (four of which are predicted to
be intracellular and thus may play a role in glycogen

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

QSUDIT SUOWIWO)) dATEAI)) d[qeorjdde oy) Aq POUIOAOS a1k SI[IILIE Y SN JO SN 10§ ATeIqIT duI[uQ AJ[IA UO (SUODIPUOI-PUB-SULID} WO K[ 1M KTeIqrjourjuoy/:sdny) suonipuo)) pue swd ], 3yl 3RS *[$z07/10/80] uo Areiqry auruQ L[IpM 831 Aq 617S 1HT0T QIUB/Z00 T 01 /10p/wod Kajim: Kreqrjaurjuoy/:sdny woiy papeojumod ‘0 ‘€LLETTST


http://www.cazy.org/b134.html

Angewandte

L]
~_~7 R esear. Ch Ar tic I e imemasional Edition’y Chemie
a

1uM 1b 1 uM 2¢ 1uM1b + 2¢
§ g B 5

)] ] [0} = [0] =
2 25 & 3 2 2 &5 & @ 2 2 5 £ 3
s £ 3 7 ¢ c £ 3 [ ¢ c £ 3 €
2 ® S5 © o 2 ® 5 B o 2 ® 5 © O
©=2cd8 ©®©=2&8&8 ® =& & 3

250 « & ™
130 [ - — ;
100:; o - g = = -l b — ==
7o B B B2 B £ - == = ==
%~§ EE;-ma,gﬂ- — =
sewmEEET _=SE8 | 1=} ==
25 - g -
15 - i
b 1 UM 1b + c
TuM1b 1 uM 2c 2c
Q O o o | '
9% $9% 9% : :
AR APERRRER BB E T 4 3 i e e
4449249429412 2 3 :
3 3 : :
2 | z
5 : i
S 2- : :
> i i
o [ [ ittt e
T 14 s s
0- HEPUO
-10 0 10

log,(fold change(2d/DMSO))

[ R
-

Figure 4. Detection of SusA and SusG in Bacteroides thetaiotaomicron whole cell lysates. (a) Bacteroides thetaiotaomicron was grown on minimal
media with either glucose, maltose, pullulan, autoclaved potato starch or autoclaved corn starch, the cells lysed and the lysates reacted with 1 yM
of either Cy5 disaccharide probe 1b (blue), Cy3 branched probe 2¢c (red) or both in competition. (b) Bacteroides thetaiotaomicron with the genes
encoding SusA, SusG or SusA—G removed and wild type (WT) were grown on maltose and the lysates reacted with 1 pM of either Cy5 disaccharide
probe 1b (blue), Cy3 branched probe 2¢c (red) or both in competition. In (a) and (b) an overlay of Cy5 (blue) and Cy3 (red) fluorescence is shown
in the top panel and the Coomassie stained gel is shown below. (c) Volcano plot of the identified proteins from the Bacteroides thetaiotaomicron 2d
pull-down analysis by LC-MS/MS. SusA is indicated in green and SusG in blue on the graph. A minimum log, fold change of 5 over the DMSO
control and a Benjamini-Hochberg adjusted p value of lower than 0.05 (equivalent to a log,, value of 1.3) was required for a hit. All identified
proteins are described in Supplementary File 2. The Benjamini-Hochberg adjusted p values are plotted here and non-adjusted p values are plotted
in Figure S6.
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metabolism) are unknown; they do not lie in PULs.P”! To
determine the identity of the labelled a-amylases, deletion
mutants of Bacteroides thetaiotaomicron were obtained in
which either SusA, SusG or the whole Sus operon
removed.® These mutants were grown on maltose and their
lysates treated with either 1 uM 1b, 2¢ or 1b and 2c¢ in
combination (Figure 4b). When SusA was deleted the band
at ~71 kDa disappeared and when SusG was removed, the
band at ~78kDa was not visible. When the whole Sus
operon was removed, no labelled proteins were observed
with either probe. The unknown band at ~50 kDa is only
visible in the wild type and ASusA cells. This unknown
protein is therefore likely to be a SusG degradation product,
with the mass corresponding roughly to the larger subunit of
the structure.

A pull down of Bacteroides thetaiotaomicron lysates with
biotinylated probe 2d was performed, to confirm the
selectivity of —2 branched probes for SusA and SusG. First,
lysates were treated with Cy5 probe 2b and biotin probe 2d
in a competitive ABPP experiment (Figure S5). The Cy5
fluorescence gel scan and streptavidin-HRP western blot
showed that 2d can label at least one a-amylase and can
outcompete 2b when present in excess. The lysates were
then treated with 1 uM 2d before pull-down using magnetic
streptavidin beads. An on-bead digest was performed, and
the tryptic peptides analysed using a TIMS-TOF HT LC-
MS/MS. Peptides identified as belonging to SusA and SusG
were only present in the probe-treated samples and not in
the negative control and these were the only proteins which
were significantly enriched by the probe (Figure 4c).

Profiling pH and Temperature Dependence of a Panel of
Industrial a-Amylases

We then aimed to apply our suite of probes to the industrial
processing of starch. We envisaged using the probes to
quickly profile panels of enzymes to select the correct a-
amylase for the correct condition, but to also identify new a-
amylases with novel properties. With the previously de-
scribed maltobiose inhibitors and ABPs in hand,” we used
them to profile known industrial a-amylases rapidly. Five a-
amylases commonly used in industry were either bought in
powder form (‘TAKA’ from Aspergillus oryzae)™ or ex-
pressed and purified from E. coli (‘BHA’ from Bacillus
halmapalus,* “BLA’ from Bacillus licheniformis*! ‘K38’
from Bacillus sp. KSM-K38" and ‘AliC’ from Alicycloba-
cillus sp. 18711""). All five purified enzymes were labelled
by original Cy5 maltobiose epoxide probe 1b at pH 6 after
incubation with a 10x molar excess of ABP (Figure S7a).
TAKA was labelled most strongly, likely reflecting its
shorter active centre with fewer subsites contributing to
binding. The “industrial panel” was then reacted at pH 3 to
9, with different pH values giving optimum activity for
different enzymes (Figure Sa and S7b). TAKA was labelled
most strongly at pH 5, compared to a literature optimum for
catalysis of pH 5.6 (activity measured using the Blue Value
method, which is a simple colorimetric assay for the
presence of starch amylose).*”! Both BLA (reported max-
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imal activity between pH 5 and 8§, also using the Blue Value
method)®! and AIliC (optimum pH not reported) also
labelled best at pH 4.5, K38 at pH 5.5 (reported optimum of
8.0 to 9.5, using dinitrosalicylic acid (DNSA) reducing sugar
assay)! but BHA labelled consistently over a range of pHs
(noted to demonstrate activity above pH 9;*"! increasing
activity from pH 6 to 10 using a PNP-glucose assay!*!). The
optimum pH for labelling with ABP 1b is consistently 1-
2 pH units below the pH activity optima reported using
other methods.

The enzyme panel was next profiled for thermal stability
at temperatures ranging from 15 to 95°C (Figure 5b). Each
enzyme was incubated at the indicated temperature at pH 6
for 1 hour before cooling to room temperature and subse-
quent reaction with 1b at 37°C. The different thermal
stabilities of each enzyme measured using the ABPP in-gel
method were compared to those observed by nano-differ-
ential scanning fluorimetry (nano-DSF) of the unliganded a-
amylase (Figure S7c). Nano-DSF is a measure of the
intrinsic fluorescence of a protein’s tryptophan residues,
changes in which can be correlated to protein unfolding.
TAKA and K38 were the least thermostable in the
conditions used, reflected in their nano-DSF melting tem-
peratures of 61 and 59°C respectively, whereas BHA and
BLA, which are prized for their greater thermostability, are
indeed active up to 75°C (nano-DSF melting temperatures
67 and 80°C respectively).

Calcium Dependence of Industrial a-Amylases

Given the importance of amylase activity at low [Ca’"] for
high-fructose corn syrup manufacture, we then set out to
investigate whether our probes could be used to monitor
calcium sensitivity of o-amylases. We took the reported
calcium-independent a-amylase, K38, and compared directly
with well-studied calcium-dependent o-amylase, BLA. K38
and BLA were incubated at 40°C for 2 hours at pH 10 with
chelating agents EDTA or more potent Ca’' chelator
EGTA, in order to directly compare with experiments
performed by Hagihara et al® The proteins were then
buffer exchanged to pH 6, with concurrent removal of the
chelating agents, before treatment with 1b (Figure 5¢). To
validate the results, a reducing sugar assay with colorimetric
dye DNSA was also performed, where both K38 and BLA
were incubated at pH 10 with EDTA or EGTA for 2 hours
before the o-amylase activity on 1% potato starch was
monitored (Figure 5d). K38 activity was consistent between
the no chelating agent control and the EDTA and EGTA
reactions, as also observed from the reducing sugar assay
with DNSA. Conversely, BLA activity proved sensitive to
EDTA and EGTA in both the ABPP assay with 1b and the
reducing sugar assay.

Substrate Specificity of Industrial a-Amylases

To study industrial a-amylase substrate specificity, we again
used branch point mimetic probes 2b and 3b in combination
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Figure 5. Profiling of industrial a-amylases for condition and substrate specificity. (a) The panel of industrial o-amylases was reacted at pH 3, 4.5, 6,
7.5 and 9 with a 10x excess of ABP 1b. (b) The enzymes were first incubated at the indicated temperature for 1 hour at pH 6 before treatment with
a 10x excess of 1b at 37°C. (c) The enzymes were incubated at 40°C, pH 10 for 2 hours with either 5 mM EDTA, 5 mM EGTA or water control,
before treatment with 1b at 37°C at pH 6. (d) Activity of each enzyme after incubation at 40°C, pH 10 for 2 hours, measured using the 3,5
dinitrosalycylic acid (DNSA) assay, normalized to the activity at pH 6 without chelating agent. Plotted as the average of three repeats (each the
average of two technical repeats) £SD. An unpaired t test was performed to declare significance (for ns (non-significant), p >0.05, for *, p <0.05
and for **, p<0.01). (e) Treatment of the industrial enzymes with 10x excess disaccharide probe 1b, —2 branch point mimic 2b or —1 branch
point mimic 3b. (f) Crystal structure of K 38 a-amylase depicting the active site interactions with covalently bound inhibitor 2a. The protein chain is
depicted in orange, the bound ligand in sea green and the 2F,—F map around the ligand in blue at levels of 1 6. In (a—c) and (e) Cy5 fluorescence
gel scans are the top panel and total protein Coomassie stained gels on the bottom.

Angew. Chem. Int. Ed. 2024, €202415219 (9 of 14) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

QSUAOIT suowtio)) dAnear) sjqedsrjdde ayy £q pauroAoS are saponIE Y $asn Jo sa[nI 10j A1eIqr] ouruQ K[IA\ UO (SUONIPUOI-PUB-SULId)/WI0d KA[IM" ATeIqI[aur[uo//:sdny) suonipuo)) pue suid ], ay) 39S ‘[Sz0z/10/80] U0 Areiqry auruQ L1p 1891 £q 61ZSTH20T 1UR/Z001 0 1/10p/wod Kapim Kreiqrjaurfuoy/:sdny woiy papeojumod ‘0 ‘€LLETTST



GDCh
=

with disaccharide probe 1b. Each enzyme was incubated
with a 10x excess of either 1b, 2b or 3b at pH 6 (Figure 5Se).
TAKA was most strongly labelled by the maltobiose probe
1b, whereas AliC, which is known to accommodate a —2
branch point (as well as +1 and 42 branch points),”” was
labelled most strongly by 2b. The substrate specificity of
K38 has not yet been described and the finding that K38
reacts most effectively with the —2 branched ABP 2b
strongly points towards its preference to process branched
substrates (this finding is supported by structural analysis,
see below). BHA and BLA are weakly labelled by both 1b
and 2b but TAKA is only labelled by 1b. There is
unexpected, but very weak labelling of all five enzymes by
the —1 branched probe 3b suggesting a very small degree of
accommodation (which may demand structural rearrange-
ments), or perhaps a low level of non-specific binding at the
high probe concentrations.

To investigate further the unexpected strong labelling of
K38 by branched probe 2b, the crystal structure of the
enzyme in complex with 2a was solved to 2.0 A resolution
through co-crystallisation (Figure 5f). Clear density of
reacted 2a was observed protruding from Asp252, allowing
the ligand to be modelled at an occupancy of 1. The probe
reacted to form a covalent adduct with Asp252 with the
unhindered —2 a-1,6 branch making key hydrogen bonding
interactions, such as O3 of the a-1,6 linked glucose and the
backbone nitrogen of Val75 (2.9 A), O3 and O4 of the
cyclitol with His348 (2.9 A) and Asp 349 (2.8 A), and O3 of
the a-1,4 linked glucose and Ser355 (2.6 A).

Overlay of the new K38 structure with published
structures of TAKA, BHA and BLA suggest the o-1,6
branch in the —2 position may be sterically hindered in
TAKA by Trp83 (alanine in the three other enzymes) and
His80 (threonine in the three other enzymes; Figure S8).
The branch may be accepted in BHA and BLA, as indicated
by labelling with 2b, as there are no clashes with the branch
when overlaid with the K38 structure. Although weaker
overall binding of BHA and BLA with the disaccharide
ABPs, reflecting the comparatively extended binding clefts
of these enzymes compared to TAKA, makes this harder to
quantify without structural evidence.

Identification of Thermophilic o-Amylases from Commercial
Compost

To assess the utility of the ABPs to find new o-amylases
with favourable properties, such as high thermostability, the
probes were used with a species-rich commercial composter
sample treated with high temperatures. A sample was taken
from four-day old material in an in-vessel composting
process, with domestic waste as starting material including
leaves, twigs, grass and food waste, which had been
subjected to an initial 48-hour period at 70°C. The sample
was cultured in minimal media plus glucose overnight and
this pre-culture was used to then inoculate minimal media
supplemented with autoclaved soluble potato starch for
growth at 55°C. The cells were lysed at pH 6 and treated
with 10 uM 1b, 2b or 3b (Figure 6a) and subjected to the in
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gel ABPP protocol. A strong band was observed around
70 kDa with both 1b and 2b, and a less intense one when
using 3b. To rule out degradation of the branched probes by
endogenous a-glucosidase enzymes in the lysate mixture, the
samples were also pre-incubated with covalent a-glucosidase
inhibitor 16" and non-covalent inhibitor 1-deoxynojirimy-
cin (DNJ) before treatment with the ABPs (Figure S9a).
Labelling was not inhibited by pre-treatment with these
probes, suggesting the probes are not degraded in the lysate
environment. ABPP was then performed on samples
exposed to varying pH and temperature (Figure 6b+c). The
strong band at ~70 kDa is observed between pH 6 and 9,
suggesting tolerance of some, or all, of the ABP-active
enzymes to high pH. The lysate was next pre-incubated at
temperatures from 15 to 75°C before treatment with 1b or
2b as a test of thermal stability. Consistent activity was
observed after incubation at 55, but not 75°C.

To identify the species that make up the commercial
composter sample, the total genomic DNA was then
extracted from the cultured cells and sequenced. DNA from
Aeribacillus pallidus, Geobacillus thermodenitrificans, Para-
geobacillus toebii, Paenibacillus sp 320W, Thermobacillus
composti, Hydrogenophilus thermoluteolus, Tepidiphilus
thermophilus, Pseudoxanthomonas suwonensis and Tepid-
iphilus margaritifer was detected and the proteomes of these
bacteria were used to generate a library which was used as a
proteomics database. Both whole cell lysates and concen-
trated secretomes after growth on autoclaved potato starch
were reacted with 1e, 2d or 3d, pulled down with
streptavidin beads, on-bead digested, and the resultant
tryptic peptides analysed by LC-MS/MS (Figure 6d-f). The
results were searched against the sequenced proteomics
database using MSFragger®™ in  FragPipe,*! with
IonQuant™” used to reduce the false discovery rate. Three
proteins were pulled down by disaccharide probe 1c¢ with a
log, fold change of greater than 5 compared to the DMSO
control and a Benjamini-Hochberg adjusted p value of lower
than 0.05 (the Benjamini-Hochberg adjusted p values are
plotted in Figure 6d—f and the non-adjusted values in
Figure S10). These were annotated as neopullulanases from
Parageobacillus toebii (AOA150MUK?2 and AOA150MULO)
and Geobacillus thermodenitrificans (A41KYS8). Surprisingly,
one of these annotated neopullulanases (A0OA150MUK2)
was not also captured by —2 branched probe 2d. Study of
the AlphaFold structures of the three putative neopullula-
nases overlaid with the structure of R. bromii AmyS5 reacted
with 2a (Figure S11), reveals AOA150MUK?2 may not accept
a —2 branch point due to blockage of this subsite by Trp127
(Asp in R. bromii Amy5, AOA150MULO and A4IKY8) and
Tyrl69 (Ser in R. bromii Amy5 and Tyr in A0 A150MULO
and A4IKYS8 but with an alternate predicted loop config-
uration). No proteins were captured by —1 branched probe
3d. A pull-down experiment was also performed on the
concentrated secretome after growth on autoclaved potato
starch, but this yielded no significant hits over three
biological repeats. These results highlight the use of ABPs
to quickly and easily discover novel a-amylases from
complex, crude environmental samples, whilst also predict-
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Figure 6. Discovery of novel GH13 enzymes from a complex commercial composter sample. (a) Whole cell lysates from growth of a commercial
composter sample on minimal media plus potato starch were treated with probes 1b, 2b and 3b. The Cy5 fluorescence gel scan is shown on the
left and the coomassie stained gel on the right. (b) Cell lysate was treated with 1b or 2b at different pH points. The Cy5 fluorescence gel scan is
shown here and the Coomassie stained gel in Figure S9b. (c) Cell lysate was incubated at the indicated temperature for 1 hour before treatment
with 1b or 2b at 37°C. The Cy5 fluorescence gel scan is shown here and the Coomassie stained gel in Figure S9c. (d—f) Volcano plot of observed
proteins in LC-MS/MS analysis of the cell lysate treated with 1c (d), 2d (e) or 3d (f) and pulled down using streptavidin beads. A minimum log,
fold change of 5 over the DMSO control and a Benjamini-Hochberg adjusted p value of lower than 0.05 (equivalent to a log;, value of 1.3) was
required for a hit. The Benjamini-Hochberg adjusted p values are plotted here and the significant values are highlighted in blue and labelled. Non-
adjusted p values are plotted in Figure S10. All identified proteins are described in Supplementary File 2.

ing their substrate specificity without the need for structural
information.

Conclusions

Branched amylase activity-based probes allow the detailed
and rapid dissection of starch degrading enzymes, individu-
ally and as parts of ecosystems. Bacterial a-amylases are
amongst the most prominent enzymes expressed in the gut
environment and have evolved to digest the complex a-
glucans provided by the host. A recent study of 354 different
human and animal Bacteroidota strains demonstrated that
a-glucans are the most widely utilized complex
polysaccharide.*”? Of a panel of several dozen different
plant, animal, and microbial carbohydrates, pullulan was the
most widely utilized by these Bacteroidota, suggesting some
specialization by these bacteria to accommodate or tolerate
a-1,6 linkages within an a-1,4 polymer. The substrate
specificity of many of these gut bacterial enzymes has not
been well studied, however the structure of SusG from
Bacteroides thetaiotaomicron has previously been solved
with an a-1,6 branch in the —2 position.”

Angew. Chem. Int. Ed. 2024, 202415219 (11 of 14)

Six a-amylases from prominent gut bacteria, which can
grow on ao-1,4-a-1,6 linked pullulan in isolation, were ex-
pressed and purified to homogeneity. All the representative
gut bacterial a-amylases demonstrated a preference for —2
branched probe 2b over pseudo-disaccharide 1b, with the
exception of ErAmyl3 K, suggesting specificity and higher
affinity for branched substrates. Structural studies with 2a
confirmed accommodation of the —2a-1,6 branch, high-
lighting the power of the ABPP approach to rapidly under-
stand substrate specificity. As an illustration of this, Bacter-
oides thetaiotaomicron was grown on several carbohydrate
sources and the resultant lysates treated with 1b and 2b, to
probe for a-amylase substrate specificity in a complex
bacterial cell lysate. Bands suspected to correspond to SusA
and SusG were detected when grown on maltose or a higher
order oligosaccharide, consistent with the fact that detection
of maltose by SusR is required for expression of the Sus
operon.'”*! Both proteins reacted more readily with 2b
than with 1b, in agreement with the results from the pure
proteins studies and ASusA, ASusG and ASusA—G knockout
strains allowed identification of the two labelled bands. Pull-
down of the SusA and SusG using biotinylated —2 branched
probe 2d both confirmed the identity of the in-gel labelled
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enzymes and demonstrated the use of the ABPs to detect a-
amylases in complex environments. We next used disacchar-
ide probe 1b to profile industrially useful bacterial o-
amylases for their resilience against a range of conditions.
These pH and temperature optimums and calcium-sensitiv-
ities of the industrial a-amylases correlated with known
values measured by alternative methods, validating the use
of the probes to quickly and accurately identify the correct
enzyme for a required condition. The substrate specificities
were also annotated, with known o-1,6 accommodating o-
amylase AliC,”! but also K38, demonstrating a strong
preference for —2 branched 2b over 1b. Comparison of the
active sites of these five a-amylases corroborated the lack of
labelling of TAKA by 2b. This agreement between the
labelling and structural studies, validates our more straight-
forward method to assign substrate specificity.

Finally, to demonstrate how our ABPs could be used to
find new commercially advantageous o-amylases, the bio-
tinylated probes were used to identify enzymes from a
complex industrial composter sample. Novel putative neo-
pullulanases were detected which had not previously been
characterized and their substrate specificities assigned.
These enzymes were active with both 1b and 2b from pH 6
to 9 and after incubation at temperatures as high as 55°C,
characteristics which are advantageous for the industrial
processing of starch. Work to further profile these enzymes
is needed, but their discovery highlights the usefulness of
this technique to find societally useful a-amylases from less
well-characterized bacteria.

In conclusion, our suite of a-amylase ABPs and inhib-
itors allow quick evaluation of optimum conditions for
activity and substrate specificity for both biotechnological
applications and study of starch digestion in the human gut.
These tool compounds could facilitate understanding of how
starch is degraded by the human gut microbiome, including
the use of the probes to identify expression of these enzymes
in complex gut microbiome samples. Levels of specific o-
amylases, in response to different dietary factors, could be
identified using the biotinylated probe, pull-down method,
linking diet to bacterial starch degradation. The probes
enable highly specific identification of novel GH13 enzymes
from crude environmental samples with advantageous
reaction optimums. We envisage using the probes to quickly
identify ideal a-amylases, selected for activity under specific
conditions in the industrial processing of starch. The here
presented activity-based o-amylase probes and ABPP tech-
nology may find use, both to identify new industrially
relevant a-amylases and their resilience towards varying
(extreme) conditions, and to directly monitor levels of a-
amylases in human gut microbiomes.
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Activity-based probes were designed as
a method to annotate substrate specific-
ity of retaining a-amylases. Fluorescent
probes were used in activity-based pro-
tein profiling experiments with pure
protein, a prominent gut microbe and in
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fold change (probe vs no-probe)

a species-rich composter sample. Pro-
teomics experiments were performed to
identify, and annotate the substrate
specificity of, novel a-amylases with
favourable properties for the industrial
processing of starch.
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