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Fig. 2. Nonconserved residues in the catalytic flexible loop of GalNAc-T12. (A) P366, A369, and R373 are uniquely found within the catalytic flexible loop of
GalNAC-T12 and in the corresponding positions of GalNAc-T4 (salmon). (B) The CRC variant GalNAc-T12%373" is less active against the GalNAc-T12-specific peptide
T12_Pep compared with the wild-type enzyme. A P366R mutation further reduces the activity of GalNAc-T12%373"_(C) Active site comparison of GalNAc-T12 bound
to T12_Pep substrate (dark colors) to GaINAc-T2 bound to EA2 mucin peptide (PDB ID code 2FFU; light colors). GaINAc-T12-R373 interacts with UDP, the backbone
carbonyl of T12_Pep residue Y12, and the backbone amide of T12_Pep acceptor residue T14 through indirect interactions with water (encircled red sphere).
GalNAc-T2-H365 superimposes over GalNAc-T12-R373 and similarly interacts with the peptide backbone of EA2 and the p-phosphate of UDP. GaINAc-T2 contains
an additional R362 corresponding to GalNAc-T12-P366 that indirectly coordinates UDP through interactions with water (encircled salmon sphere). (D) The catalytic
flexible loops of GaINAc-T12 (dark green) and GalNAc-T4 (salmon) adopt a similar conformation that is distinct from the conformation of the GaINAc-T2 loop (light
cyan). GalNAc-T12-K367 is positioned to make CH-r bonds with a neighboring W262. Peptide residue R16 interacts with the catalytic flexible loop. The pink

conformation makes backbone interactions with P366, and the purple conformation makes indirect interactions with F365 and W262.

verifying a preference for lectin domain recognition of GalNAc in
the N-terminal region of a glycopeptide (20).

The Unique Catalytic Domain GalNAc-Binding Pocket of GalNAc-T12.
The catalytic domain GalNAc-binding pocket interacts with
Thr17-O-GalNAc and consists of hydrogen-bonding interactions
with the backbone atoms of V259, 1268, and Q275 (Fig. 3B).
V259 is semiconserved, while 1.268 and Q275 are not conserved
(Fig. 3C). Interestingly, the only side chain interaction occurs
between GalNAc and N270, the least conserved residue in that
pocket (Fig. 3 B and C). To probe catalytic domain GalNAc
binding, we compared the activity of the unglycosylated T12_Pep
substrate with that of a monoglycosylated substrate T12_Pep-17*
and observed activity enhancements with T12_Pep-17* (Fig. 3D
and SI Appendix, Fig. S3D), verifying the proposed role of the
GalNAc-T12 catalytic domain in GalNAc binding and substrate
selectivity (20). Interestingly, enhancement of the catalytic
domain-binding substrate increased the V., to a similar degree
as the lectin domain-binding substrate. Although T12_Pep-17*
has an ~25% higher Vi, it also has a slightly higher Ky, than
T12_Pep-5*%; thus, the catalytic efficiencies (V./Km) of both
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monoglycosylated peptide substrates are essentially the same
(Fig. 3D and SI Appendix, Table S2). This is in contrast to
GalNAc-T4, in which catalytic domain-mediated activity is sig-
nificantly lower than lectin domain-mediated activity (12). This is
likely due to the different catalytic domain GalNAc-binding
modes; in GalNAc-T4, GalNAc has minimal interactions with
surface residues, while in GalNAc-T12, GalNAc has extensive
interactions with residues in the pocket.

To examine the effects of simultaneous lectin and catalytic gly-
copeptide binding, we assessed the activity of GalNAc-T12 toward
a di-glycosylated substrate (T12_Pep-5*,17*) (Fig. 3D and SI Ap-
pendix, Fig. S3D and Table S2). We found that GalNAc-T12 is
most active at low substrate concentrations, with an apparent V.«
identical to that of T12_Pep-17*, but, more interestingly, has an
apparent Ky, that is ~6- to 9-fold lower than that of either mon-
oglycosylated substrate. This is due to the synergistic binding of
both GalNAcs of the di-glycosylated peptide to GalNAc-T12. In-
triguingly, the activity of the transferase is inhibited at higher
concentrations of T12_Pep-5%,17* (K; ~70 to 80 pM), suggesting
that tight binding of GalNAc-T12 to the di-glycosylated peptide
may indeed inhibit product release at high substrate concentrations
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Fig. 3. GalNAc recognition by GalNAc-T12. (A) The lectin domain o repeat-binding pocket of GaINAc-T12 showing GalNAc (yellow) superimposed over an Fo-Fc
omit map contoured at 3 ¢ hydrogen bonding to side chains of conserved residues (pink). The CRC variant C479F destabilizes the GalNAc-binding pocket by
disrupting the disulfide between C479 and C458 that is adjacent to the a-binding pocket. (B) Catalytic domain-binding pocket of GaINAc-T12 showing GalNAc
(yellow) superimposed over an Fo-Fc omit map contoured at 3 ¢ hydrogen bonding to backbone atoms of nonconserved residues (dark green) with the exception of
N270, which makes side chain interactions. (C) Sequence alignment showing that the catalytic GaINAc-binding residues in GalNAc-T12 are not conserved in human
GalNAC-Ts. (D) GaINAc-T12"T and GaINAc-T12V?7°A enzyme activity derived from the kinetic plots in S/ Appendiix, Figs. S3D and S4A. Catalytic efficiency (Vimax/Kw) is
reduced with N270A, verifying that this pocket is important for GalNAc binding and activity due to increases in Ky, values of the glycopeptide substrates.

(SI Appendix, Fig. S3D and Table S2). Alternatively, it is possible
that at high substrate concentrations, nonproductive binding of the
glycosylated Thr residues to incorrect binding sites (i.e., Thr*5 at
the catalytic domain and Thr*17 at the lectin domain) could lead
to reduced activities, as was recently proposed for GalNAc-T4 (12).

N270 Is a Nonconserved Residue That Is Important for Binding
GalNAc. We tested GalNAc-T12M7A against our substrates and
found that its V,.x values were nearly identical to those of wild-
type GalNAc-T12, while its Ky, values against the glycopeptide
substrates T12 Pep-5*, T12_Pep-17*, and T12 Pep-5*,17* were
all significantly higher than those of the wild-type enzyme (Fig. 3D
and SI Appendix, Fig. S44 and Table S2). On this basis, the cat-
alytic efficiency of the mutant is reduced to approximately two-
thirds for the monoglycosylated peptide substrates and to ap-
proximately one-fifth for the di-glycosylated peptide substrate (Fig.
3D and SI Appendix, Table S2). Interestingly, the activity of the
mutant against the unglycosylated peptide shows an apparent ~2-
fold decrease in its Ky, which doubles its catalytic efficiency. This
may be consistent with the structure showing that N270A changes
a hydrophilic side chain to a hydrophobic side chain that sub-
sequently could better interact with the T17 methyl group on a
small movement of the loop containing N270A (Fig. 3B).

To assess the sugar specificity of the binding pocket, we mod-
eled in galactose, mannose, and glucose (SI Appendix, Fig. S4B).
Galactose makes similar contacts as GalNAc and likely binds with
comparable affinity, since the N-acetylamino group of GalNAc is
not directly contacting the enzyme. With mannose, C4-OH ap-
pears to be 3.8 A from N270, while with glucose, C4-OH is ~5 A
away from N270. Based on these distances, we predict a slightly
decreased affinity for mannose in the pocket and weak interactions
with glucose (SI Appendix, Fig. S3B).

The GalNAc-T12 preference for extant GalNAc in the +3 po-
sition overlaps with a well-characterized preference for Pro at the
+3 position for GalNAc-Ts (13, 19, 20, 23). Kinetic studies indeed
show that GalNAc-T12 has an ~8-fold higher preference for Pro
over Thr at the 43 position (i.e., ~TPRP~ vs. ~TPRT~) and an
~15-fold preference for a GalNAc (~TPRT*~) at this position (SI
Appendix, Fig. SAC). A structural alignment of Pro pockets of
GalNAc-T2, -T4, and -T12 shows that residues in the 3 enzymes
are well aligned despite the presence of GalNAc in the GalNAc-
T12 structure (SI Appendix, Fig. S4D). However, the GalNAc-T2
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equivalent of the GalNAc-T12-N270 residue (GalNAc-T2-A266)
cannot form appropriate side chain interactions with GalNAc,
while for GalNAc-T4, the equivalent Q269 side chain would clash
with GalNAc (SI Appendix, Fig. S4D). GalNAc would similarly not
likely be accommodated in the hydrophobic Pro pocket of
GalNAc-T1, PGANTY, or T10 (SI Appendix, Fig. SAE).

CRC-Associated Residues D303 and R297 Are Located in a
Semiconserved Loop. GalNAc-T12P3®N and GalNAc-T12R*7V
occur widely among CRC patients (17, 18). D303 and R297 are
located in a semiconserved loop within the catalytic domain and
interact with glycerol (Fig. 4 A and B). Another CRC mutation,
V290F, introduces a bulky hydrophobic side chain in the loop that
would clash with nearby residues and destabilize that region of the
enzyme (Fig. 4B and SI Appendix, Fig. S54). GaNAc-T12R#7W jg
nearly inactive against the Muc5Ac peptide and T12_Pep, while
GalNAC-T12%N retains partial activity against both peptides (ST
Appendix, Fig. S5B) (18). Thus, we used D303N to assess the
function of the loop and performed a detailed kinetic analysis of
the GaINAc-T12°*"N mutant to determine whether its peptide or
glycopeptide activities were differentially altered. As with previous
findings, GalNAc-T12®N is ~50% less active than GalNAc-
T12%" against T12 Pep and monoglycosylated peptide substrates
(Fig. 4C and SI Appendix, Fig. S5C and Table S2). The decreased
activity of GaINAc-T12P3%N s less pronounced in the presence of
T12_Pep-5*,17*. This may be due to the synergy of di-glycosylated
peptide binding by GalNAc-T12P3*N, where GalNAc-binding
sites in both the catalytic and lectin domains are not likely to be
altered by the mutations. These results indicate that GalNAc-
T12239N does not have significantly altered activities against gly-
copeptide substrates compared with the unglycosylated substrate,
and that the role of the semiconserved loop in modulating activity
is independent of extant GalNAc binding.

How CRC mutations alter the function of the loop containing
D303 and R297 is unclear from the crystal structure, since the loop
is ~25 A from the active site and does not have extensive inter-
actions with surrounding amino acids. We performed loop simu-
lations that suggest alternate low-energy conformations, including
1 where the loop undergoes an ~14-A movement that signifi-
cantly changes the spatial position of R297 (Fig. 4B). Thus, it is
possible that the loop may be influencing the activity of the enzyme
through transient movements that are not observed in the static
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Fig. 4. Effect of CRC-associated mutations D303N and R297W on the function
of GalNAc-T12. (A) Sequence alignment highlighting the CRC-associated resi-
dues R297 and D303. (B) Both residues are located on a semiconserved loop
near the C terminus of the peptide substrate (purple, GalNAc in yellow spheres)
and are coordinating glycerol (gray). The crystal structure loop (dark green) is
superimposed over 2 of the low-scoring loop conformations from computa-
tional studies (orange) and depicts a movement of ~14 A that repositions the
loop at the C terminus of the peptide substrate. (C) Activity assay verifying that
the CRC-associated variant D303N has lower activity than wild-type GalNAc-T12
against all the T12_Pep substrates.

GalNAc-T12 structure. Due to the presence of bound glycerol, we
conducted docking simulations that predicted potential sugar-binding
pockets with interaction energies comparable to those of known
GalNAc-binding pockets. We found that GalNAc is more likely to
interact with the back side of the loop, where glycerol is bound in
the structure (Fig. 4B and SI Appendix, Fig. S5 D-F and Table S3).
Interestingly, the docking simulations are consistent with kinetic
results showing that GalNAc-T12 binds GalNAc efficiently in its
lectin and catalytic domain, while GalNAc-T4 binds GalNAc ef-
ficiently in its lectin domain but not its catalytic domain (SI Ap-
pendix, Fig. S5F) (12). However, since extant GalNAcs on a
substrate do not alter the activity of GaINAc-T12P*®N, a role for
sugar binding in the loop is currently not clear.

Discussion

The fundamental challenge in understanding how GalNAc-T
dysfunction may potentially contribute to cancer initiation and/or
progression has been determining how each member in this large
family of enzymes uniquely recognizes and modifies substrates. In
this study, we investigated the unique functions of the glycopeptide-
preferring family member GalNAc-T12, in which mutations
resulting in the reduction or loss of activity are found in a subset of
patients with CRC. We found that the clinical variant GalNAc-
T128373H alters the nonconserved catalytic loop residue R373 that
aligns the active site for catalysis. The related isoenzyme GalNAc-
T4 also contains an Arg at that position, where it appears to have a
similar role in coordinating substrate recognition (12). The data
further reveal a unique catalytic flexible loop stabilization that
occurs through interactions between a conserved K367 in the loop

1. K. Bergstrom et al., Defective intestinal mucin-type O-glycosylation causes sponta-
neous colitis-associated cancer in mice. Gastroenterology 151, 152-164.e11 (2016).

2. H. O. Duarte et al., Mucin-type O-glycosylation in gastric carcinogenesis. Biomolecules
6, E33 (2016).
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and a nearby nonconserved W262. The loop conformation is
influenced by the nonconserved residue P366, which also interacts
with R16 at the +2 position of the peptide, which was uniquely
shown to enhance the activity of GalNAc-T12. Overall, these re-
sults highlight the distinct mechanisms and interplay between
unique and conserved residues used by different family members
to modulate activity.

The ternary structure verifies that GalNAc-T12 binds to extant
GalNACc on a substrate in the o repeat of its lectin domain and
GalNAc at the 43 position through a nonconserved pocket in the
catalytic domain and explains how the +3 position is unique to
GalNAc-T12. Peptides with Pro in the +3 position have been
shown to enhance enzymatic activity for most of the isoen-
zymes, including GalNAc-T12 (20, 23), yet GalNAc-T12 pre-
fers GalNAc over Pro. This is unsurprising, given that our
kinetic studies show that GalNAc at specific positions on the
peptide substrate greatly enhances the activity of GalNAc-T12,
suggesting that even if the enzyme had a sequence prefer-
ence, it still would function more efficiently as a glycopeptide-
preferring enzyme.

Finally, the structure of GalNAc-T12 shows that the CRC
mutations V290F, D303N, and R297W occur on a semiconserved
loop that that binds to glycerol. The importance of this loop is
presently not clear from the structure, but computational simula-
tions suggest that it could adopt various conformations. Thus, it is
possible that this loop is mobile in solution and undergoes dynamic
conformational changes to influence function by, for instance,
potentially folding over to help position substrates in the active site
or changing conformation to stabilize transient states of the en-
zyme during catalysis. The loop glycerol-binding pocket could play
a role in GalNAc or sugar binding, although previous studies and
these data show that GalNAc-T12 does not have a preference for
extant GalNAcs at the C-terminal position of a peptide (20). While
this remains to be further investigated, the structure reveals a
functionally important region in the catalytic domain unique to
both GalNAc-T12 and GalNAc-T4. Overall, we anticipate that the
structure and supporting biochemical data will provide a starting
point for designing in vivo experiments for discovering the bi-
ological substrate(s) of GaINAc-T12 and potentially explain how
aberrant glycosylation states of its substrate in patients with CRC
contribute to cancer progression.

Methods

In brief, Hise-TEV-GalNAc-T1239°8" was cloned from the template GALNT12
(NM_024642.4) into pPICZa A for secreted protein expression in Pichia pas-
toris. GaINAc-T12 mutants were constructed by site-directed mutagenesis (S/
Appendix, Table S4). Proteins were purified on a HisTrap HP column, fol-
lowed by treatment with TEV protease to remove the Hisg tag (S/ Appendix,
Table S5). Crystals of GalNAc-T12 bound to T12_Pep-5*,17*, Mn?*, and UDP
formed in 0.2 M NaCl and 20% PEG 3350 (wt/vol), and the structure was
solved by molecular replacement. Enzyme kinetics were measured by
quantifying the transfer of either [*H]-GalNAc or ['*C]-GalNAc to peptide
substrates. Loop structure predictions were conducted using Rosetta KIC,
and GalNAc docking was done using RosettalLigand. The methodology is
described in detail in SI Appendix.
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