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ABSTRACT: O-glycosylation is a post-translational protein modification essential to life. One of the enzymes involved in this
process is protein O-fucosyltransferase 1 (POFUT1), which fucosylates threonine or serine residues within a specific sequence
context of epidermal growth factor-like domains (EGF-LD). Unlike most inverting glycosyltransferases, POFUT1 lacks a basic
residue in the active site that could act as a catalytic base to deprotonate the Thr/Ser residue of the EGF-LD acceptor during the
chemical reaction. Using quantum mechanics/molecular mechanics (QM/MM) methods on recent crystal structures, as well as
mutagenesis experiments, we uncover the enzyme catalytic mechanism, revealing that it involves proton shuttling through an active
site asparagine, conserved among species, which undergoes tautomerization. This mechanism is consistent with experimental kinetic
analysis of Caenorhabditis elegans POFUT1 Asn43 mutants, which ablate enzyme activity even if mutated to Asp, the canonical
catalytic base in inverting glycosyltransferases. These results will aid inhibitor development for Notch-associated O-glycosylation
disorders.
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lycans attached to proteins and lipids are essential 1 and 2 (POFUT1 and POFUT?2, respectively). POFUT1 is

molecules in nature; they coat cells in our body and are particularly interesting because of its involvement in the Notch
involved in multiple biological functions, such as regulation of signaling pathway (NSP), an essential cell—cell communication
cellular communication, protein folding, and targeting of pathway conserved in all multicellular animals.”” The NSP
specific proteins.”” The formation of the glycosidic linkages in participates in numerous cell-fate decisions both during
glycans is catalyzed by glycosyltransferases (GTs), highly development and in the mature organisms.10 Malfunction of
specific enzymes that utilize an activated donor sugar substrate the NSP has been linked to several diseases in humans, such as
that contains a substituted phosphate leaving group.3 Under- Dowling—Degos disease,'” leukemia,'" and colorectal cancer.'”
standing GTs, not only by elucidating their structures but flso POFUT1 catalyzes one of the first steps of the Notch
by uncovering their molecular mechanisms of action,” is receptors’ maturation, shaping it to be a critical regulator of the

important for controlling their function, boosting future Notch cascade.'>* As such. POEUTI is a
bioengineering applications to synthesize novel glycans.’ '

Fucose is one of the few sugars in metazoans with L
stereochemistry, being a common terminal modification on
protein and lipid glycans.® There are several fucosyltransferases
responsible for attaching a fucosyl unit to glycans, but only two
of them catalyze the direct attachment of L-fucose to Ser/Thr
residues, an important post-translational modification in higher
eukaryotic organisms.” These are protein O-fucosyltransferases
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Figure 1. (A) Schematic picture of glycosylated EGF. Disulfide bonding lines are shown as black bold lines. The site of O-fucosylation and GIcNAc
elongation are indicated by a red triangle and a blue square, respectively. S/T indicates serine/threonine residues. (B) Ternary complex of
POFUT1 obtained from QM/MM MD simulations guided by structures PDB SKY3 and SKXH (Figure S2). Hydrogen atoms of active site
residues have been omitted for clarity, except those attached to heteroatoms.
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Figure 2. Reaction mechanism of inverting glycosyltransferases. (A) Classical inversion mechanism, in which a carboxylic acid residue acts as
general base. The donor sugar is a generic one. (B) Proposed mechanism of POFUT1 on the basis of crystal structures. The transfer of the Thr/Ser
acceptor proton to the f-phosphate can take place directly or via a water molecule. (C) Mechanism obtained in this work from QM/MM
metadynamics simulations.

therapeutic target for the aforementioned Notch-related belongs to GT family 65 and exhibits a GT-B type fold,

disorders. consisting of two domains separated by a cleft in which the
POFUTT1 catalyzes the transfer of L-fucose from GDP-f-L- acceptor substrate binds. The enzyme is located in the
fucose (hereafter fucose and GDP-Fuc, respectively) to the endoplasmic reticulum, where it catalyzes the O-fucosylation
hydroxyl of Ser or Thr with inversion of configuration at the of properly folded epidermal growth factor-like domains (EGF-
anomeric carbon."® From a structural point of view, POFUT1 LDs), small protein domains of about 40 residues that usually
9927 https://doi.org/10.1021/acscatal.1c01785
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Figure 3. Reaction mechanism of POFUT1 obtained from QM/MM metadynamics simulations. (A) Reaction free energy profile. (B) Evolution of
relevant distances along the reaction coordinate. (C) Representative structures of the Michaelis complex (MC), the reaction transition state (TS),
and the reaction products (P). Hydrogen bonds are represented by dotted lines, whereas bonds being broken or formed are represented by red
dashed lines. Hydrogen atoms attached to carbon atoms have been omitted for clarity.

contain six or eight conserved cysteine residues (6-Cys, 8-Cys).
POFUT1 only O-fucosylates acceptor Thr or Ser residues in 6-
Cys EGF-LDs, which are present in around 100 human
proteins, most notably the four Notch receptors.'®'” A
consensus sequence for fucosylation of POFUT1 has been
identified as C*-X-X-X-X-S/T-C% C? and C® being the second
and third conserved cysteines, respectively, in the EGF-LDs
(Figure 1A).

The first crystallographic structure of POFUTI, as well as
the first one among GT6S family members, was solved in 2011
for Caenorhabditis elegans POFUTL."® Recently, structures of
Mus musculus'® and Homo sapiens'® POFUT1 have also been
reported. Analysis of these structures revealed that the active
site of POFUT1 differs from that of typical inverting GTs. The
most striking feature is that the active site lacks a basic residue
that could act as a catalytic base able to deprotonate the Thr
nucleophile residue of the acceptor during the expected Sy2
chemical reaction. Typically an aspartate, glutamate, or a
coupled His/Glu plays the role of such a catalytic base (Figure
2A).>"% Interestingly, site-directed mutagenesis studies on
CePOFUT1 and Drosophila melanogaster POFUT1 showed
that two active site residues, an arginine and an asparagine, are
essential for enzyme activity.”” Both residues are conserved
among species (see Supporting Information, SI, Figures S1 and
$2).7"° The arginine residue (Arg240 in CePOFUT1/
DmPOFUT1 or Arg24S in MmPOFUT1) forms hydrogen
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bonds with the GDP phosphate groups and the fucosyl
glycosidic oxygen (Figure S2) and this residue was suggested
to facilitate the cleavage of the glycosidic bond.'>'® The role of
the conserved asparagine residue among species (Asn43 in
CePOFUT1/DmPOFUT1 or AsnS1 in MmPOFUTl) remains
unknown, although it was assumed that it could help to orient
the hydroxyl of the Thr/Ser residues of the EGF-LD acceptor
in the proper catalytic configuration.

The absence of a catalytic base close to the Thr nucleophile
residue led to the proposal of a mechanism in which the
oxygen of the B-phosphate group directly abstracts the Thr
proton (Figure 2B), acting as a catalytic base. Li et al. later
suggested that an active site water molecule might assist this
process by shuttling the Thr hydroxyl proton toward the f-
phosphate oxygen.'® The reaction was expected to follow a
type of Syl mechanism'>'¢
oxocarbenium ion would be formed. Interestingly, Li et al.'®
pointed out that, even though the interaction between the
acceptor Thr and AsnS1 would not likely facilitate an Sy2-like
reaction, the possibility of a proton transfer role for AsnS1 via
amide tautomerization could be envisaged, which could be
tested by computational approaches.

Here, we uncover the mechanism of catalysis of POFUT1 by
computer simulation for the first time, using quantum
mechanics/molecular mechanics (QM/MM) metadynamics
methods (see SI for details).'””" Metadynamics is an efficient

in which a short-lived
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technique for enhancing the sampling in molecular dynamics
simulations. One the strengths of metadynamics is that it does
not rely on an initial guess of the reaction pathway, and as such
the method has been recently used to discover catalytic
mechanisms of several glycoside hydrolases (GHs)”'~*° and
GTs.”*™*’ Our simulations show that the Asn51 residue plays
an essential catalytic role by mediating proton transfer from the
Thr hydroxyl group to the leaving acceptor phosphate. This
computational prediction explains previous mutagenesis data
showing that enzyme activity is knocked down when AsnS1 is
mutated to Ala,">'” as well as new kinetic data (this work)
showing that the activity cannot be rescued when it is replaced
by an aspartate residue as found in classical inverting GTs.

The starting model structure for the simulations was built
from the available crystal structures. A ternary complex of wild
type POFUT1 with intact donor (GDP-Fuc) and acceptor
proteins (EGF-LD) is not available. However, there are two
recent high resolution structures'® that can be used to build
the ternary complex. On one hand, there is a structure of
MmPOFUT]1 in complex with GDP-Fuc and a mutant of the
EGF-LD acceptor (the nucleophile Thr101 was replaced by
Ala; PDB 5KY3, at 1.53 A resolution). There is also a structure
of MmPOFUTT1 in complex with GDP and the intact EGF-LD
Factor VII acceptor (PDB SKXH, at 1.33 A resolution). We
used the former structure as a template and reverted the
Thr101Ala mutation by taking the Thr101 coordinates from
the latter structure (Figure S2).

Molecular dynamics simulations (300 ns), using the Amber
suite of programs (see SI for details), showed that the structure
of the reconstructed Michaelis complex is stable in time, thus it
is a reasonable model to start QM /MM simulations. We found
that Thr101 can adopt two different orientations (Figure S3),
with one of them displaying the hydroxyl group in an optimal
orientation to attack the anomeric carbon of the donor sugar
(Ortheror-C1 & 4 A, Figure 3B and Table S1). The simulations
also show that there is no basic residue near Thr101 that could
deprotonate its hydroxyl during the reaction, as predicted in
structural studies.'>'® A water molecule remains in the active
site in a fluctuating position between AsnS1 and the f-
phosphate. Interestingly, this floppy water molecule is often
near the hydroxyl group of Thr101 (Figure 2B), suggesting
that it could mediate proton transfer among the two. The
asparagine residue, AsnS1, could also play this role, since its
amide carbonyl interacts with the Thr101 hydroxyl group and
its amide nitrogen interacts with the f-phosphate via the water
molecule. Nevertheless, it is not possible to predict the detailed
mechanism from the modeled Michaelis complex alone.

To uncover the POFUT1 reaction mechanism, we took a
snapshot of the MD-equilibrated structure in which Thr101 is
in a plausible orientation for catalysis (Ory10;--C1 & 4 A), and
we initiated QM/MM metadynamics simulations of the
glycosyltransfer reaction. The QM region (Figure SS5) was
chosen to include part of the GDP-Fuc (the two phosphates
and the fucose moiety), the side chain of AsnS1, and the active
site water molecule (55 QM atoms, 75 170 MM atoms). One
collective variable (CV) was used to drive the reaction from
reactants (GDP-Fuc + EGF-LD) to products (GDP +
fucosylated EGF-LD). The CV was selected as involving the
two main covalent bonds that need to be broken and formed,
respectively, during the chemical reaction: the distance
between the fucose anomeric carbon and the GDP phosphate
(C1-0y, the glycosidic bond to be broken, Figure 1B) and the
distance between the hydroxyl oxygen atom of Thr101 and the
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fucose anomeric carbon (C1—Ory,, the glycosidic bond to be
formed). This choice of CV does not self-select who
deprotonates Thr101, thus any of the mechanisms that had
been previously proposed, namely, the direct deprotonation of
Thr101 by the p-phosphate of GDP or the indirect
deprotonation mediated by a water molecule, are possible.
The chosen CV does not preclude a mechanism via AsnS1
either.

The QM/MM metadynamics simulation successfully drove
the reactants (GDP-Fuc + EGF-LD) toward the products
(GDP + fucosylated EGF-LD). The free energy profile
reconstructed from the simulation, shown in Figure 3A,
shows that the reaction is exergonic. The computed energy
barrier, 16 kcal mol™’, is in good agreement with the values
estimated from experimental reaction rates (17—19 kcal
mol™1),"***3! which gives confidence in our model. Interest-
ingly, the reaction free energy profile features a single transition
state, indicative of a concerted reaction. Additional QM/MM
MD simulations of the commitment probability in the region
around the TS (see SI) did not show evidence of any even
short-lived intermediate. Therefore, our simulations are
consistent with an Sy2 reaction for POFUT], as reported for
other inverting GTs”'®*® and contrary to the Syl type of
reaction that was previously suggested in structural studies."*"®

Analysis of the species along the reaction coordinate (Figure
3B,C) revealed the details of the chemical reaction mechanism.
At the Michaelis complex (MC), the acceptor threonine forms
a hydrogen bond with the amide oxygen of AsnS1. Such a
hydrogen bond was previously observed in the crystal structure
of POFUTI in complex with GDP and the EGF-LD
acceptor.'® The reaction begins by the approach of the
acceptor threonine to the donor anomeric carbon. The GDP-
fucose glycosidic bond becomes partially broken at the
transition state (TS; C1—Op = 2.56 A, Table S1), in which
the new bond between the Thr oxygen and the C1 atom is
partially formed (C1—Ory, = 2.18 A; Table S1). At the same
time, Arg24S tightens its interaction with O (OanArg245
decreases from 2.30 A at the MC to 1.79 A at the TS, Table
S1), assisting the cleavage of the glycosidic bond. The fucosyl
ring changes conformation during the reaction. It evolves from
an inverted chair (*C,) at MC, which is the most stable
conformation of L-fucose,” to a distorted half-chair con-
formation (*H,) at the TS, consistent with the formation of an
oxocarbenium-ion like species.

Significant atomic rearrangements in the active site take
place as the Thr101 hydroxyl group approaches the C1 atom of
GDP-Fuc. As shown in Figure 3C, the AsnS51 side chain
slightly rotates such that its amide nitrogen interacts with the
p-phosphate. At the TS, the AsnS1 forms tight hydrogen bonds
with both Thr101 and the p-phosphate (Figure 3C).
Eventually, the amide carbonyl group of AsnS1 abstracts the
Thr101 proton, and simultaneously, its amide amino group
delivers a proton to the f-phosphate (as shown in Figure 3B,
both N,,—H and Op,—H distances evolve together),
resulting in Asn51 in the imidic acid tautomeric form. While
the Thr101 and AsnS1 protons are being transferred, the new
glycosidic bond forms and the fucose returns to its most stable
'C, conformation (P in Figure 3C). Therefore, the simulations
reveal that the f-phosphate is the ultimate base that accepts
the proton of the incoming Thr nucleophile, with AsnS1
mediating proton transfer (Figure 1C).

The involvement of the active site Asn in the chemical
reaction might seem surprising a priori, since it does not agree

https://doi.org/10.1021/acscatal.1c01785
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with the main mechanisms that were previously put forward
(Figure 2B). Nevertheless, it shares some similarities with
them. For instance, the final recipient of the Thr101 proton is
an oxygen atom of the #-phosphate, as previously proposed. In
the computed reaction pathway, the proton does not “arrive”
to GDP directly from Thr101—or indirectly via a bridging
water molecule—as previously assumed but via an active site
residue (AsnS1) that acts as a proton shuttle, as hypothesized
by Li et al.'® The fact that Asn31 was not included in the
collective variable used in the simulation reinforces this result,
as the system just took the most favorable reaction pathway. A
slight rotational motion of Asn51 places it such as to bridge
Thr101 with the GDP fB-phosphate in an optimal configuration
for catalysis (Figure 3C). Additional simulations avoiding
proton transfer toward AsnS1 (SI page S4) did not lead to the
direct proton transfer mechanism of Figure 2B, which is not
surprising as a water molecule does not optimally connect
Thr101 with the GDP S-phosphate.

To investigate further the role of the active site Asn in
catalysis, we performed kinetic experiments on a CePOFUT1
variant in which the corresponding residue (Asn43) is replaced
by either an Ala or an Asp. To validate that both mutants were
stable and properly folded, we estimated their melting
temperatures (T,,) by performing a thermal shift-assay
experiment. T, values for Asn43Ala and Asn43Asp mutants,
including those for the CePOFUT1 wild type, were highly
similar and ~50 °C (Figure S7 and Table S2), implying that
the mutations did not alter the stability and likely the folding of
CePOFUT1.

As expected from the poor activity of the Asn43Ala mutant
in the GDP-Fuc hydrolysis experiment,”> this mutant was
completely inactive for glycosyltransfer (Figure 4A). Even
though this does not prove a catalytic role for the active site
Asn, it is consistent with it. Concerning the Asn43Asp mutant,
we first note that replacement of Asn by Asp was expected to
restore enzyme activity, since Asp is one of the residues
typically present in inverting GTs, including POFUT2.*
However, Asn43Asp CePOFUT1 showed an unexpected
complete loss of activity (Figure 4A). Additional MD
simulations on AsnS1Asp MmPOFUT1 explained this result.
The simulations showed that the side chain of AspS1 rotates
away from the active site with respect to wild type
MmPOFUT1 (Figure 4B), most likely due to repulsive
electrostatic interactions with the GDP p-phosphate, while
water molecules penetrate in the active site. This scenario is
not very different from the one observed for the Ala variant,
which is also inactive. In this configuration, AspS1 cannot act
as catalytic base, and thus the enzyme cannot work.

The presence of an asparagine residue as an acid/base
catalyst in GTs is unusual. Inverting GT's typically involve an
aspartate, a glutamate, or even a histidine as a catalytic base."®
However, Asn is known to act as an acid/base residue in
enzymes that catalyze light-activated processes.”* Amide—
imide tautomerization has also been proposed, although not
confirmed, for glycoprocessing enzymes such as families 45
and 85 glycosidases.””*® The computed mechanism for
MmPOFUT1 explains why the active site Asn, conserved
among species, is an essential residue. Once the reaction takes
place, its most stable amide form can be easily recovered as
water molecules enter the active site (AG* for imide-amide
tautomerization in water is ~8 kcal/mol, and it requires only
one water molecule).””

9930

A

FN

1 - CePOFUT1 wild type
-=- CePOFUT1 Asn43Ala
1 -« CePOFUT1 Asn43Asp

w

POFUT1 activity (fmol/sec)
N

* ™

20

=]

EGF-LD (uM)

GDP-Fuc

Fuc

EGF-LD
Ser362

Asp51

Thr101
l MD

GDP-Fuc

VD ..... > 6A
¥ | EGF-LD
1
Am ........ Y
Thr101

Figure 4. Effect of the Asn43/AsnS1 mutants. (A) Kinetic results
comparing the wild type CePOFUTI1 with the Asn43Ala and
Asn43Asp variants. Acceptor (human factor IX EGF-LD)-dependent
enzymatic activities of the recombinant CePOFUT1 proteins are
shown. Values indicate mean + SD. Assays were performed for 10
min at 37 °C, pH 7.0, with 10 uM GDP-fucose (details in SI). For the
WT enzyme, the apparent kg, is 0.2 s™', and the apparent K,, for
EGF-LD is 21 yM. (B) Evolution of the MmPOFUT1 AsnS1Asp

mutant active site during MD simulations.

An interesting question that emerges from our study is, why
has nature placed a catalytic Asn in a GT active site rather than
Asp or Glu? We think that this is ultimately dictated by the
acceptor specificity of POFUT1, which can only fucosylate
certain types of peptide domains. The particular structural
arrangement of the donor and acceptor in the POFUT1 active
site, with the acceptor nucleophilic hydroxyl group being close
to the donor f-phosphate and oriented toward it, unlike in
classical inverting GTs,> precludes the presence of a canonical
general base in the active site.

In summary, QM/MM metadynamics simulations have
revealed for the first time the reaction mechanism by which
POFUT1 glycosylates its natural substrate EGF-LD Factor VII
or other EGF-like substrates from GDP-Fuc. The chemical
reaction follows an Sy2 mechanism, as in classical inverting
glycosyltransferases, but an asparagine residue rather than a
basic residue deprotonates the hydroxyl group of the Thr
nucleophile. This is possible in POFUT1 because Asn51 can
reorient such that it bridges the nucleophile residue with the
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negatively charged f-phosphate, shuttling a proton between
the two, a scenario that is reminiscent to the one predicted, but
not yet confirmed, for other carbohydrate-active enzymes.**°
This crucial role of Asn51 explains why mutation of this
residue to either Ala or Asp results in a lack of enzyme activity.
Our data solve the conundrum of how the enzyme works in the
absence of a canonical basic residue in the active site that
assists catalysis and offer a plausible mechanism for other GT's
that might contain an Asn residue in a similar position to that
of POFUT1. The mechanistic insight provided by our study
will also be important for the development of mechanism-
based inhibitors of POFUT]1 to target diseases associated with
Notch signal transduction.
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