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Abstract  33	

GalNAc-T3 regulates FGF23 by O-glycosylating Thr178 in a furin proprotein 34	

processing motif RHT178RêS. FGF23 regulates phosphate homeostasis and deficiency 35	

in GALNT3 or FGF23 results in hyperphosphatemia and familial tumoral calcinosis. We 36	

explored the molecular mechanism for GalNAc-T3 glycosylation of FGF23 using 37	

engineered cell models and biophysical studies including kinetics, molecular dynamics 38	

and X-ray crystallography of GalNAc-T3 complexed to glycopeptide substrates. 39	

GalNAc-T3 utilizes a lectin domain mediated mechanism to glycosylate Thr178 40	

requiring prior glycosylation at Thr171. Notably, Thr178 is a poor substrate site with 41	

limiting glycosylation due to substrate clashes leading to destabilization of the catalytic 42	

domain flexible loop. We suggest GalNAc-T3 specificity for FGF23 and its ability to 43	

control circulating levels of intact FGF23 is achieved by FGF23 being a poor substrate. 44	

The GalNAc-T3 structure further reveals the molecular bases for reported disease-45	

causing mutations. Our findings provide the first insight into how GalNAc-T 46	

isoenzymes, with partly overlapping acceptor substrate specificities, achieve 47	

isoenzyme-specific non-redundant functions.  48	

 49	

  50	
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Polypeptide GalNAc-transferase T3 (GalNAc-T3) belongs to the large family of 51	

GalNAc-Ts (CAZy27) that initiate mucin-type (GalNAc-type) O-glycosylation in most 52	

eukaryotes1-3. These isoenzymes transfer a GalNAc moiety from UDP-GalNAc onto 53	

Ser/Thr residues of proteins. GalNAc-Ts are differentially expressed and have distinct 54	

albeit partly overlapping acceptor substrate specificities3-5. GalNAc-Ts are type II 55	

transmembrane proteins with a Golgi lumen located catalytic, GT-A fold, domain 56	

connected by a flexible linker to a ricin-type lectin domain. This latter domain not only 57	

modulates substrate specificity, but is also responsible for the enzyme's long-range or 58	

remote prior glycosylation activity, recognizing GalNAc-O-Thr/Ser residues on 59	

glycopeptide substrates ~6-17 residues distant to the acceptor site6-10.  60	

Deficiency of the GALNT3 gene results in the congenital diseases familial tumoral 61	

calcinosis (FTC) and hyperostosis-hyperphosphatemia syndrome (HHS), characterized 62	

by hyperphosphatemia and ectopic calcifications11. We previously demonstrated that 63	

GalNAc-T3 specifically glycosylates fibroblast growth factor 23 (FGF23) at Thr178 64	

within its subtilisin-like proprotein convertase (PC) site (RHT178RêS), and that site-65	

specific O-glycosylation at Thr178 inhibits furin PC processing and enables secretion of 66	

intact active FGF23 in CHO cells12. The importance of Thr178 site-specific O-67	

glycosylation is demonstrated by mutations in the RHTR179 sequon, which prevent PC 68	

cleavage of FGF23, and result in hypophosphatemic Rickets disease13 due to high levels 69	

of intact FGF23. In contrast, mutations in FGF23 that impair its folding, intracellular 70	

transport or stability result in FTC clinically indistinguishable from the loss of 71	

GALNT314. Regulation of FGF23 and its signaling through FGFR1c, is further 72	

complicated by phosphorylation of Ser180 adjacent to the PC processing site, by the 73	

Golgi-located FAM20C kinase15,16 and the need for the co-receptor alpha-Klotho17 (Fig. 74	

1a).  75	
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GalNAc-T3 has rather broad acceptor substrate specificity5,18,19 and contributes 76	

substantially to the overall O-glycoproteome of cells19,20, but the specific O-77	

glycosylation of FGF23 at Thr178 may represent its most important biological role. 78	

Indeed, other GalNAc-T isoenzymes exhibit similar highly specific roles that drive 79	

subtle biological processes despite their seemingly broad substrate specificities21,22. It 80	

has been a conundrum of how GalNAc-T isoenzymes with relatively broad 81	

glycosylation specificities, can serve in fine-tuned regulation of protein functions 82	

through glycosylation of highly specific glycosites in proteins. 83	

Here, we applied a multidisciplinary approach to elucidate that GalNAc-T3 utilizes its 84	

lectin-mediated long-range properties to glycosylate Thr178 in FGF23 both in vitro and 85	

in vivo. We demonstrate that GalNAc-T3 selectively rescues a minor fraction of intact 86	

FGF23 regardless of furin processing, which we attribute to FGF23 being a relatively 87	

poor and slow substrate. Thus, GalNAc-T3 is proposed to be the primary regulator of a 88	

stabilized intact FGF23. Finally we explored the molecular basis of many known 89	

disease-causing mutations in GALNT3.  90	

 91	

Results 92	

GalNAc-T3 utilizes its lectin domain to glycosylate Thr178 in vitro 93	

Since GalNAc-T3 shows long-range prior glycosylation preferences6,9, we tested if 94	

glycosylation of Thr178 in a FGF23 model peptide, FGF23a12, was lectin dependent, 95	

requiring prior Thr171 glycosylation (Fig. 1b,c,d). Time-course assays with wild type 96	

(WT) GalNAc-T3 and lectin domain inactivating mutants (GalNAc-T3D519H and 97	

GalNAc-T3D510X)23 against FGF23a demonstrated that GalNAc-T3WT initiated 98	

incorporation of GalNAc at Thr171 followed by glycosylation at Thr178 (Fig. 1c). In 99	
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contrast both GalNAc-T3 lectin domain inactivating mutants failed to substantially 100	

glycosylate the second Thr178 site (Fig. 1c).   101	

Kinetic studies with shorter FGF23 model (glyco)peptide substrates to further access 102	

the role of Thr171 [FGF23b (A171-T178), FGF23c (T*171-T178, where T*=Thr-O-103	

GalNAc), and FGF23d (T171); Fig. 1d and Supplementary Table 1] showed that 104	

glycosylation of Thr178 was several fold faster in the presence of glycosylated Thr171 105	

by both their Kcats and catalytic efficiencies (Fig. 1d and Supplementary Table 2). This 106	

confirms that glycosylation of FGF23 is initiated at Thr171 by any of several GalNAc-107	

Ts12 and only subsequently at Thr178 by GalNAc-T3 through a lectin-mediated 108	

mechanism.  109	

GalNAc-T3 uses its lectin domain to glycosylate Thr178 of FGF23 in cells 110	

We proceeded to confirm these in vitro findings in CHO cells by co-expressing C-111	

terminal myc/His-tagged versions of WT FGF23T178, and the FGF23T178A mutant, with 112	

or without co-expression of GalNAc-T3WT (Figs. 1b and 2a, and Supplementary Fig. 1). 113	

We and others12,16 typically observe that the secreted intact FGF23 migrates as two 114	

major bands (Fig. 2a, labeled #1 and #2, where the lower band #2 may further appear as 115	

two additional bands) which we attribute to differences in O-glycosylation state at the 116	

Thr171, Thr178, and Thr200 (Fig. 1a and Supplementary Fig. 2)12,16,24,25. Without co-117	

expression of GalNAc-T3, FGF23T178 migrated as two weak bands, while FGF23T178A 118	

migrated as only the lower band (#2). Co-expression of GalNAc-T3 significantly 119	

increases the secretion and/or stability of WT FGF23T178 (#1) compared to FGF23A178 120	

(#2). This confirms the identification of the upper band (#1) as intact FGF23 with O-121	

glycosylation at Thr178, and it also suggests that CHO cells have endogenous capacity 122	

for a very low level of glycosylation at Thr178, presumably by low expression of 123	
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GalNAc-T3. To probe the role of the catalytic and lectin domains of GalNAc-T3, we 124	

then co-expressed inactive lectin (D519H)26 and catalytic domain (D277H)23 GalNAc-125	

T3 mutants with WT FGF23T178 (Fig. 2a). That both mutants failed to induce the higher 126	

FGF23 band (#1) confirms that both activities of GalNAc-T3 are required.  127	

Interestingly, expression of the GalNAc-T3 mutants exaggerated the diffuse lower band 128	

(#2) that seemed to separate into two bands. We included co-expression of GalNAc-T2 129	

as a control, which cannot glycosylate Thr178 in vitro12, and as predicted this did not 130	

induce the upper band (#1) nor the partition of band #2 as seen with the GalNAc-T3 131	

mutants (Fig. 2a, compare lanes 2 and 8). This may suggest the co-expression of the 132	

GalNAc-T3 mutants interferes somehow with the efficiency of O-glycosylation at 133	

glycosites other than Thr178 in FGF23. 134	

Since these cell experiments were performed after 72 h culture, we explored the same 135	

experimental design using 35S-Met/35S-Cys metabolic labeling at 2 h to better evaluate 136	

the secretion of FGF23 (Fig. 2b, left panel). As expected, only co-expression of 137	

GalNAc-T3WT with WT FGF23T178 resulted in the appearance of the Thr178 138	

glycosylated band (#1) (Fig. 2b). Interestingly, the apparent secretion levels of FGF23 139	

without and with co-expression of GalNAc-T3 at this timepoint were not markedly 140	

different, and furthermore the C-terminal tagged fragment of FGF23 resulting from 141	

furin cleavage (band #3, ~15 kD) was detectable regardless of co-expression of 142	

GalNAc-T3 (Fig. 2b). We reproduced these findings in the CHO ldlD cell system12,27, 143	

where supplementation with GalNAc is required for initiation of O-glycosylation and 144	

supplementation with Gal for elongation of O-glycans (and N-glycans) are required 145	

(Fig. 2b, right panel). CHO cells with and without capacity for O-glycosylation secreted 146	

not fully glycosylated FGF23 (#2), whereas only with the co-expression of GalNAc-T3 147	

under G/G conditions, secreted FGF23 was Thr178 glycosylated (#1; Fig. 2b). 148	
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Interestingly with the coexpression of GalNAc-T3 no markedly enhanced secretion of 149	

intact FGF23 (bands #1 & #2) was observed with O-glycosylation (G/G) compared to 150	

the absence of O-glycosylation (-G) (Fig. 2b). Note also that the C-terminal fragment 151	

(#3) is not affected by the general glycosylation capacity of CHO cells (compare G/G & 152	

-G lanes), with (or without) co-expression of GalNAc-T3 (Fig 2b). These findings 153	

suggest that a substantial fraction of FGF23 undergoes furin cleavage regardless of 154	

glycosylation by GalNAc-T3, and that the main reason for the higher amounts of intact 155	

fully glycosylated FGF23 observed after 72 h (Fig 2a) is due to its stability after 156	

secretion rather than an increase in the rate of secretion.  157	

GalNAc-T3 glycosylates and rescues only a fraction of the intact FGF23  158	

Since a substantial amount of FGF23 undergoes furin PC processing regardless of co-159	

expression of GalNAc-T3 (Fig. 2b), we explored the role of furin as well as FAM20C 160	

on this process. The sequence surrounding Thr178 (~RRHTR↓SAEDD~) contains a 161	

selective FAM20C phosphorylation site (underlined)16 and a furin cleavage site (italics). 162	

FAM20C phosphorylation of Ser180 was reported to inhibit GalNAc-T3 O-163	

glycosylation at Thr17816 (see also below), suggesting that these processes may 164	

compete to regulate FGF23 processing16 (see Fig. 2d). We therefore explored the effects 165	

of eliminating furin cleavage and phosphorylation by targeted knockout (KO) of the 166	

Furin and Fam20c genes in CHO K1 cells stably expressing GalNAc-T3 and FGF23 167	

(Fig. 2c). Analysis of FGF23 after 24 or 48 h revealed that the upper band (#1) 168	

representing intact FGF23 with Thr178 O-glycosylation was largely unaffected by KO 169	

of Fam20c and/or Furin, while KO of Furin resulted in a marked increase of the lower 170	

FGF23 band (#2) without Thr178 glycosylation (Fig. 2c). These results are in 171	

agreement with the above findings that GalNAc-T3 may only glycosylate a fraction of 172	

FGF23 in CHO cells regardless of the availability of excess intact FGF23 substrate. In 173	
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addition, this also implies that GalNAc-T3 inefficiently glycosylates FGF23 in CHO K1 174	

cells 175	

GalNAc-T3 glycosylation of FGF23 is a comparatively slow process   176	

GalNAc-T3 glycosylates FGF23c with a Kcat of 17 min-1, which is on the order of 177	

some of the slowest enzymes in Nature (i.e. lysozyme, Kcat of 5 min-1) (Supplementary 178	

Fig. 3)28. To understand GalNAc-T3's range in activity, GalNAc-T3 was characterized 179	

against a series of remote glycosylation probing (glyco)peptides (P1: -TPGP-, P2: -180	

TPGP--T*- and P3: -T*--TPGP-) that we previously used to characterize kinetic 181	

properties of GalNAc-T2 and T49,29 (Fig. 3a and Supplementary Table 2). These 182	

substrates contain the ~TPGP~ sequence motif common to most GalNAc-Ts including 183	

GalNAc-T35,6. GalNAc-T3 against P3 (-T*--TPGP-) was ~5 and ~17 fold more active 184	

compared to P1 or P2 (-TPGP-, -TPGP--T*-) and FGF23c, respectively (Fig. 3b and 185	

Supplementary Table 2). The enhanced activity with P3 over P1 and P2 is due to the 186	

long-range glycosylation preference of GalNAc-T36, while the low activity with the 187	

FGF23c must be due to its poor sequence motif. Thus, the N-terminal glycosylated 188	

residue of FGF23c is not sufficient to bring its activity up to that of P3.  189	

We next sought to determine an optimally active “naked” peptide motif for GalNAc-T3.  190	

For this we surveyed the activity of GalNAc-T3 against a series of peptides (designated 191	

OP1 to OP10) designed from our random peptide substrate preferences obtained for a 192	

panel of GalNAc-T isoenzymes (Supplementary Fig. 4)19. The proposed GalNAc-T3 193	

optimal substrate sequence (GAYAVTPGPAG, called OP1) was indeed the most 194	

active of the series (Fig. 3a and Supplementary Table 2). Interestingly, the “naked” OP1 195	

peptide was nearly as active as P3 (Fig. 3). We next asked if a remote N-terminal prior 196	

glycosylated site would further amplify the activity of OP1 using the OP1-T* 197	
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glycopeptide (-T*--YAVTPGP-) containing an N-terminal GalNAc moiety. Very 198	

similar Kcat and catalytic efficiency values were found for OP1-T*, OP1 and P3, 199	

suggesting that the maximal turnover and catalytic efficiency for GalNAc-T3 was 200	

achieved (Figure 3 and Supplementary Table 2). OP1 is therefore a nearly optimal 201	

substrate for GalNAc-T3, which cannot be significantly improved by the addition of 202	

prior N-terminal glycosylation. The OP1 and P3 substrates reflect the two different 203	

enzymatic processes for GalNAc-T isoenzymes in which OP1 probes optimal binding 204	

to the catalytic domain of GalNAc-T3, and P3 probes the lectin-assisted binding with 205	

glycopeptide substrates. Since all of our other transferase optimal peptides (OP) show 206	

lower but still significant activities with GalNAc-T3, we conclude that a unique 207	

sequence specific for glycosylation by GalNAc-T3 would have to be a sub-optimal 208	

sequence, lacking any of the common GalNAc-T isoenzyme substrate motifs.  209	

 210	

Architecture of the ternary complexes of GalNAc-T3 211	

To provide insight into GalNAc-T3's glycosylation of FGF23, several failed attempts to 212	

crystallize the human GalNAc-T3 and other GalNAc-T3 orthologues were made. We 213	

succeeded with the crystallization of the Taeniopygia guttata (Tg) GalNAc-T3 (80% 214	

sequence identity to the human (Hs) GalNAc-T3; Supplementary Fig. 5), which gave 215	

kinetic properties comparable to the HsGalNAc-T3 (Supplementary Fig. 6 and Table 2). 216	

Crystals of the TgGalNAc-T3 were obtained in the space group P212121 and 217	

subsequently soaked with UDP-MnCl2 and either P3 or FGF23c. Structures were 218	

obtained at 2.12 Å (with P3) and 1.96 Å (with FGF23c) (Online Methods, Fig. 4 and 219	

Supplementary Table 3), showing compact structures with a N-terminal catalytic 220	

domain GT-A fold and a C-terminal lectin domain (Fig. 4a). Except for the four C-221	
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terminal residues of FGF23c and the terminal residues of P3, the density for both 222	

glycopeptides and UDP/Mn+2 were well defined in both crystal structures (Fig. 4b). 223	

TgGalNAc-T3, HsGalNAc-T2 and T4 displays high similarities at the secondary 224	

structure level (Supplementary Fig. 7), however, at the tertiary structural level, the 225	

GalNAc-binding site of their lectin domains (i.e. T2 vs T3/T4) are located on opposite 226	

sides relative to their catalytic domains (Fig. 4c). We previously reported that the 227	

differences in the orientations of the lectin domains of GalNAc-T2 and T4 are due to the 228	

nature of their flexible linkers9. This readily explains the basis of GalNAc-T3's long-229	

range glycosylation preferences with FGF23c, P3 and other glycopeptide substrates, 230	

similar to GalNAc-T49,29. By atomic force microscopy and solution small-angle X-ray 231	

scattering an ensemble of compact structures were observed for the HsGalNAc-T3, in 232	

contrast to the compact, extended and dimeric forms reported for the HsGalNAc-T2 233	

(Supplementary Figs. 8,9,10a,b and Table 4).8 GalNAc-T3's compact structures are 234	

likely due to domain-domain interactions lacking in GalNAc-T2 (Supplementary Fig. 9 235	

and 10c).  236	

Our structures clearly show the catalytic domain flexible loop (residues 417-428) found 237	

in all other GalNAc-Ts, whose movement is necessary for the binding of substrate and 238	

transfer of GalNAc. This loop is disordered in the TgGalNAc-T3-UDP-FGF23c 239	

complex and ordered/closed in the TgGalNAc-T3-UDP-P3 complex (Fig. 4a,c,d). 240	

Oscillations of this loop between open and closed conformations define the inactive and 241	

active states of these isoenzymes3,8-10,30,31. Another feature of the structures is the 242	

conformation adopted by the catalytic Trp385 residue that interacts with the 243	

pyrophosphate group of UDP-GalNAc that moves in concert with the flexible loop (Fig 244	

4d). This residue with bound P3 adopts an “in” conformation and with FGF23c a “pre-245	

in” conformation, where an “in” conformation represents a closed flexible loop and an 246	
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active enzymatic state and the “pre-in” conformation a step immediately preceding the 247	

“in” conformation8. An “out” conformation for Trp385 would be associated with an 248	

open flexible loop and an inactive enzymatic state (Fig. 4a,c,d). 249	

Lectin domain substrate binding of GalNAc-T3 250	

Both structures reveal the GalNAc residue of each monoglycopeptide substrate bound to 251	

GalNAc-T3's lectin α-subdomain GalNAc-binding site (Fig. 5a,b). GalNAc interacts 252	

with conserved residues Asp517, Asn539, Tyr531, and His534 (in GalNAc-T28 and -253	

T49), and non-conserved residues Glu520 and Leu536 (unique to GalNAc-T3) 254	

(Fig. 5a,b and Supplementary Figs. 5 and 7). Most interactions are through hydrogen 255	

bonds in GalNAc-T2/T3/T49, although CH/π interactions are also observed between the 256	

GalNAc and Tyr471/Tyr531/Phe4758 respectively. An extra CH3-CH3 interaction is 257	

found between Leu536 and the acetamido group (Fig. 5a,b). As found in GalNAc-T429, 258	

there is a solvent exposed gap in glycopeptide substrate binding between the lectin 259	

domain GalNAc binding site and the catalytic domain peptide binding site (residues 260	

Gly4-Ala9 of P3 and Pro172-Arg176 of FGF23c, Fig. 4c and Fig. 5a,b) implying 261	

similarities between GalNAc-T3 and T4 in their binding of glycopeptide substrates. 262	

Such a gap in substrate binding is not observed for GalNAc-T28. Overall, FGF23c and 263	

P3 are recognized very similarly by the TgGalNAc-T3 lectin domain. Such binding is 264	

further supported by saturation transfer difference (STD)-NMR experiments that show 265	

high STD enhancements for the GalNAc moiety and low enhancements for the peptide 266	

residues (Supplementary Figs. 11 and 12 and Tables 5 and 6).  267	

Catalytic domain peptide-binding site of GalNAc-T3 268	

The peptide-binding site of TgGalNAc-T3 surprisingly reveals that both substrates are 269	

bound by a limited number of direct and water-mediated hydrogen bonds. Direct 270	
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hydrogen bonds are observed with Thr11P3 side chain and Arg416 backbone, and 271	

Pro13P3/Arg179FGF23c backbones and Trp337 side chain, while CH/π interactions occur 272	

between Pro15P3/Ala181FGF23c side chains and Trp337/Phe415 (Ala181FGF23c only 273	

interacts with Trp337; Fig. 5a,b). Water-mediated hydrogen bonds are observed through 274	

the Ala9/Thr12P3 backbones and Ser419/Arg416 backbones, Thr178FGF23c backbone and 275	

Arg416 backbone, and the Ser180FGF23c side chain and Ser306 side chain (Fig. 5a,b). 276	

Note that water-mediated hydrogen bonds form between the Thr12P3/Thr178FGF23c 277	

backbones with UDP β-phosphate, and the Arg176FGF23c backbone with UDP α-278	

phosphate (Fig. 5a,b). Assuming that the interactions between the GalNAc moiety of 279	

the two monoglycopeptides with the lectin domain are conserved, the observed 280	

differences in Km for these peptides (Supplementary Table 2) must be due to 281	

dissimilarities of their interactions at the peptide binding site (i.e. P3 establishes more 282	

direct interactions than FGF23c). Furthermore, the differences in position and mobility 283	

of the catalytic domain flexible loop are also likely to contribute to their different 284	

kinetic properties (Fig. 4a,c-d and 5c). For bound FGF23c, His177FGF23c sterically 285	

clashes with Lys418 of the flexible loop (Fig. 5c) leading to increased flexibility and 286	

instability, which is also observed from our MD simulations (see below). Such steric 287	

clash would impede (but not exclude) the adoption of a stable closed conformation (Fig. 288	

5d). Thus, the higher number of interactions with P3 together with a more stable and 289	

closed flexible loop likely explains the better Km of P3 over FGF23c.    290	

Thus, three structural features of the catalytic domain binding site likely dictate enzyme 291	

turnover, potentially accounting for the differences in Kcat between the two 292	

monoglycopeptides (Supplementary Table 2): (a) the stability of the hydrogen bond 293	

between the acceptor Thr (Thr12P3/Thr178FGF23c) and the UDP β-phosphate (simplified 294	

as O-HThr···OUDP); (b) the stability of the flexible loop closed conformation; and (c) the 295	
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stability of the Trp385's “in” conformation which relies on the hydrogen bond between 296	

Trp358 and the UDP β-phosphate. This “in” conformation also forms a stacking 297	

interaction between the GalNAc moiety of UDP-GalNAc and the Trp385 side chain in 298	

GalNAc-T24.  Our MD simulations further show that these features are more stable in 299	

the TgGalNAc-T3-UDP-P3 complex than the TgGalNAc-T3-UDP-FGF23c complex 300	

(Fig. 5d), providing an explanation for their different Kcat values. 301	

In the GalNAc-T3 optimal OP1 peptide substrate the Tyr at the position -3 appears to 302	

be key for optimal catalysis (Fig. 3, Supplementary Fig. 4 and Table 2). To address the 303	

role of this residue molecular docking and MD simulations were conducted that 304	

demonstrated that the Tyr forms a CH/π interaction with Trp385 (Fig. 5e). This 305	

interaction is key for enhancing binding of the peptide and guiding catalysis towards the 306	

acceptor Thr. This suggests that the binding of the -TyrAlaVal- motif at the catalytic 307	

domain may be equivalent energetically to the binding of a remote glycopeptide to the 308	

lectin domain, i.e. OP1 vs P3 (Fig. 5d), thus providing the molecular basis for how 309	

these two peptides can produce the maximum turn-over rate for GalNAc-T3 catalysis.  310	

Role of positively charged residues surrounding the acceptor Thr178 site 311	

To access the importance of the Arg and His residues around the FGF23 Thr178 312	

acceptor site (RHTR179), we characterized three additional glycopeptides, FGF23e-g 313	

against GalNAc-T3 (Supplementary Table 1). FGF23e mimics a rare mutation (H177N) 314	

found in the African population (gnomAD browser) that exhibits no known deleterious 315	

effects, while FGF23f (R176A-H177A) and FGF23g (R179A) address the effects of 316	

Arg176/His177 and Arg179, respectively. Note that the Arg176/Arg179 residues are 317	

essential for furin cleavage16. Kinetic studies of these substrates with HsGalNAc-T3 318	

revealed decreased Kcat values (~50%-75%) but similar or reduced (~50%) catalytic 319	
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efficiencies compared to FGF23c (Supplementary Fig. 13 and Table 2). These results 320	

suggest that the Arg and His residues flanking Thr178 of FGF23c indeed contribute to 321	

GalNAc-T3's substrate binding and catalysis5.  322	

Impact of FGF23 Ser180 phosphorylation on in vitro glycosylation  323	

It has been reported that Ser180 phosphorylation negatively affects GalNAc-T3 O-324	

glycosylation of a short FGF23 peptide without Thr171 in vitro16. We tested a longer 325	

FGF23 peptide containing both Thr171 and Thr178 acceptor sites with and without 326	

Ser180 phosphorylation (FGF23i and FGF23h respectively) (Fig. 5f and 327	

Supplementary Table 1). Time-course analysis of GalNAc-T3 glycosylation monitored 328	

by MALDI-TOF MS revealed glycosylation of Thr171 with both substrates, while the 329	

lectin-mediated glycosylation of Thr178 was severely affected, but not completely 330	

blocked by Ser180 phosphorylation in FGF23i (Fig. 5f). MD simulations of 331	

TgGalNAc-T3 complexed with UDP and FGF23i, shows that the peptide, including 332	

Thr178, is released from the peptide binding site (Fig. 5g). Eventually in the MD 333	

trajectory a distance of 11 Å is reached between Thr178-OH and the UDP β-phosphate.  334	

In addition, an interaction forms between pSer180 and Lys526, a residue conserved in 335	

the HsGalNAc-T3, (Supplementary Fig. 5) which is located in the lectin domain far 336	

from the peptide binding site (Fig. 5g). Overall, our data confirms that FAM20C 337	

phosphorylation of FGF23 significantly slows Thr178 glycosylation. Interestingly, 338	

Tagliabracci and coworkers suggested that phosphorylation of FGF23 slightly 339	

accelerate cleavage of FGF23 by furin16. This is in keeping with the finding that no 340	

substantial difference in FGF23 cleavage is observed with the over expression of 341	

FAM20C in osteocyte IDG-SW3 cells32 and consistent with our findings (Fig. 2c).   342	

The nucleotide-sugar binding site of GalNAc-T3 343	
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The structures of the UDP binding site among the GalNAc-T isoenzymes are the most 344	

conserved feature of GalNAc-Ts8,29. This is true for GalNAc-T3 where the pyrimidine 345	

moiety of UDP is sandwiched between His192 and Ile384, and Mn2+ is hexagonally 346	

coordinated by the UDP pyrophosphate group, His413, the D275XH277 motif, and a 347	

water molecule (Fig. 5a-b). UDP is tethered by hydrogen bonds with Val190, His192, 348	

Asp223 and Arg252 while its pyrophosphate interacts with His421, Trp385 and 349	

Arg416. However, in the TgGalNAc-T3-FGF23c complex, His421 and Trp385 do not 350	

interact with the pyrophosphate, as His421 is disordered and Trp385 adopts a “pre in” 351	

conformation.  This is consistent with the low activity of GalNAc-T3 against FGF23c. 352	

The GalNAc-T3 paralog, GalNAc-T6, is highly active against FGF23c  353	

Next we performed kinetic studies with GalNAc-T6, the closest paralog of GalNAc-T3 354	

(Supplementary Fig. 14), which has been shown to have nearly identical substrate 355	

specificity as GalNAc-T333. We also included two other isoenzymes, GalNAc-T4 and 356	

T12, which display the same long-range glycosylation preference as GalNAc-T36 357	

(Supplementary Fig. 15). The activity of GalNAc-T4 and T12 against non-glycosylated 358	

FGF23b was very low (Supplementary Fig. 15a), while both GalNAc-T3 and T6 359	

showed the highest Kcat values as would be predicted for GalNAc-Ts within the same 360	

subfamily3,33. The FGF23c was also only utilized by GalNAc-T3 and T6, and strikingly 361	

GalNAc-T6 gave a ~3.5-fold better Kcat than that of GalNAc-T3 (Supplementary Fig. 362	

15b). GalNAc-T6 also had a slightly better Km towards FGF23c, indicating that 363	

GalNAc-T6 is a better enzyme against FGF23c than GalNAc-T3. These kinetic 364	

differences were further supported by MD simulations of the TgGalNAc-T3 and 365	

HsGalNAc-T4, T6 and T12 complexed with UDP and FGF23c (Supplementary Movies 366	

1-4; numbered in order according to the isoenzyme number). According to the 367	

simulations these complexes are stable throughout the entire MD trajectory, except for 368	



	 16	

GalNAc-T12, where the peptide departs from the lectin domain GalNAc binding site. 369	

The calculations also show that the FGF23c Thr178 hydroxyl approaches UDP in the 370	

correct orientation for transfer only with GalNAc-T3 and T6. In contrast, with GalNAc-371	

T4 and T12, the hydroxyl group of Thr178 is greater than 8 Å from the phosphate group 372	

of UDP. The latter would likely prevent glycosylation of the peptide.   373	

HsGalNAc-T6 has a limited expression pattern in normal tissues compared to 374	

HsGalNAc-T32,34, and is not expressed in bone and osteocyte/blasts18,33 where FGF23 is 375	

produced. Interestingly, both GalNAc-T3 and T6 are overexpressed or de novo 376	

expressed in many types of carcinomas, which may contribute to the tumor-induced 377	

osteomalacia associated with overexpression of FGF23 in benign tumors35.  378	

 379	

Evaluation of disease-causing mutations in GALNT3  380	

The structure of TgGalNAc-T3 enables us to examine the structural roles of reported 381	

FTC and HHS disease-causing mutations36,37 (http://www.hgmd.cf.ac.uk/ac/index.php) 382	

(Fig. 6a,b and Supplementary Figs. 5 and 16). Fourteen frameshift and point-nonsense 383	

mutations were identified that would lead to truncated inactive proteins (Fig. 6b). 384	

Fourteen single point missense mutations have been reported at residues conserved in 385	

both HsGalNAc-T3 and TgGalNAc-T3, ten of these are located in the catalytic domain 386	

and four in the lectin domain (Fig. 6a). Four mutations (G256V, C280Y, L366R and 387	

H415Q) are located in or very close to the UDP-GalNAc binding site, and likely disrupt 388	

the binding of UDP-GalNAc (Supplementary Fig. 16a). At least three mutations 389	

(T359K, A440E and I220N) potentially destabilize the enzyme by placing a charged or 390	

polar residue into a hydrophobic environment (Supplementary Fig. 16c,f,g). Two other 391	

mutations (E281G and R162Q) likely destabilize the human enzyme by the loss of ionic 392	
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interactions between neighboring amino acid residues (Supplementary Fig. 16d,e). One 393	

missense mutation, C574G, disrupts a disulfide bridge in the lectin domain that may 394	

disrupt function and/or structure (Supplementary Fig. 16b), but regardless of whether 395	

the protein product is misfolded and degraded or only has lost its lectin function, the 396	

present results predict that the essential glycosylation function of FGF23 is lost. The last 397	

four FTC mutations (R180H, T272K and R438H/C) will require additional 398	

experimental study because they are partly or completely exposed to solvent and are not 399	

obviously involved in other interactions (Fig. 6a).  400	

Discussion  401	

The key findings of this study are that the unique selectivity of GalNAc-T3 for the 402	

critical Thr178 glycosite in FGF23 is obtained via lectin-mediated substrate binding and 403	

that poor catalysis leads to glycosylation of only a fraction of FGF23. We demonstrated 404	

that glycosylation of Thr178 both in vitro and in cells require prior GalNAc-405	

glycosylation at Thr171 and a functioning GalNAc-T3 lectin domain, representing the 406	

first confirmation of the lectin-mediated function of a GalNAc-T being used in a 407	

cellular context. Furthermore, our findings provide insights into how GalNAc-T 408	

isoenzymes with apparent extensive overlapping specificities achieve non-redundant 409	

isoenzyme-specific functions. Such specificity is achieved by utilizing catalytically poor 410	

substrates, at the expense of optimal kinetic properties, and in the case of GalNAc-T3 411	

and FGF23 through the assistance of its lectin domain. This may provide for optimal 412	

fine-tuning of O-glycosylation of highly specific glycosites in order to regulate 413	

important biological functions.  Indeed, the expression of GalNAc-T3 in bone appears 414	

to be regulated by the level of circulating phosphate as a feedback loop for the secretion 415	

of stabilized FGF2338.  Similarly, we have recently demonstrated for GalNAc-T11 that 416	
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its specific non-redundant substrate sites are glycosylated in a tight enzyme dose-417	

dependent fashion which also appears subsaturated in cell lines39.   418	

In summary, we propose that the site specific and inefficient glycosylation of FGF23 is 419	

the key limiting step in regulating intact biological active FGF23 and phosphate 420	

homeostasis. We predict that these findings will apply to other isoenzymes of the 421	

GalNAc-T family to control distinct biological processes.  422	

  423	
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ONLINE METHODS  424	
 425	
Stable expression of FGF23 mutants and GalNAc-transferases in CHO ldlD, CHO 426	

K1 and CHO GS-/-cells 427	

Expression constructs of human FGF23 (FGF23(RHTR)) with C-terminal myc and His 428	

tags and full-coding human GalNAc-T3 in the pcDNA3.1 vector (Invitrogen) were 429	

prepared as previously reported12 (Fig. 1b). Mutant FGF23(A178) constructs were 430	

obtained by PCR using FGF23(T178) as template with the following primer pairs: 431	

RHAR(A178)-5’, 5´-CCACGGCGGCACGCCCGGAGCGCC-3´ and RHAR(A178)-3’, 432	

5´-GGCGCTCCGGGCGTGCCGCCGTGG-3´. Full length GalNAc-T2 was amplified 433	

from human salivary gland RNA (Clontech, USA) using primer pairs EBHC69 (5’-434	

GCGAATTCGCCGAGTTGGGAGAATGCGGC-3’)/68 (5’-435	

GCGAATTCCTACTGCTGCAGGTTGAGC-3’). EBHC68 and M-MLV RT (Promega, 436	

USA) were used to generate template cDNA using High Fidelity polymerase (Roche, 437	

USA). EcoRI digested GalNAc-T2 product was inserted into the EcoRI site of 438	

pCDNA3-zeo (Invitrogen, USA). Based on the previously reported secreted GalNAc-T3 439	

construct a histidine tagged expression construct was generated by PCR using primer 440	

pairs T3HIS (5’- 441	

GCGGGATCCCCACCATCACCATCACCATCCAAGGATGGAAAGGAACATG-442	

3’)/EBHC215, pAcGP67-GalNAc-T3sol DNA as template and High Fidelity 443	

polymerase (Roche, USA). BamHI digested product was inserted into the BamHI site of 444	

pAcGP67 (Pharmingen) generating histidine tagged secreted GalNAc-T3his-sol. Quick 445	

Change kit (Stratagene, USA) was utilized as previously described40 to generate mutant 446	

constructs of GalNAc-T3: full coding GalNAc-T3D519H using primers T3D519HF (5’-447	

AGCCTCTATGTCTGCATGTTGGAGAAAAC-3’)/T3D519HR (5’-448	

GTTTTCTCCAACATGCAGACATAGAGGCT-3’) using full coding pCDNA3-449	
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GalNAc-T3 as template; secreted HIS tagged GalNAc-T3D519H using 450	

T3D519HF/T3D519HR and secreted HIS tagged GalNAc-T3D277H using T3D273HF 451	

(5’-CGCTCACATTTTTACATGCTCACTGTGAG-3’)/T3H273HR (5’-452	

CTCACAGTGAGCATGTAAAAATGTGAGCG-3’ using pAcGP67-GalNAc-T3his-453	

sol as template. CHO ldlD27 cells and CHO K1 cells were grown in Ham’s F12/DMEM 454	

(1:1) supplemented with 3% FBS and 1 mM glutamine. CHO GS-/- cells were grown as 455	

suspension cultures in serum-free media (EX-CELL CHO CD Fusion, supplemented 456	

with 4 mM L-glutamine. Cells were transfected with pcDNA3.1 constructs using 457	

Metafectine reagent (Biontex Laboratories) and stable transfectants were screened by 458	

selecting with 0.4 mg/mL G418 and/or 0.4 mg/mL Zeocin (Invitrogen) and the 459	

expression of FGF23, GalNAc-T3, and GalNAc-T2 39were confirmed by cell staining 460	

with anti-myc antibody (Invitrogen), anti-6xHis antibody (Thermo) and monoclonal 461	

antibodies raised against human GalNAc-T3 (2D10) and human GalNAc-T2 (4C4)41. 462	

Monoclonal mouse anti-human GalNAc-T4 antibody (4G2) was used for negative 463	

control. To evaluate the effects of O-glycosylation, CHO ldlD transfectant cells were 464	

grown in medium supplemented with 0.1 mM Gal, 1 mM GalNAc, or a combination. 465	

Culture media was collected and used for Western blot analysis. 466	

Precise Gene Targeting using CRISPR/Cas9 in CHO GS-/- cells 467	

Gene targeting was performed as described before42 in stably FGF23 expressed CHO 468	

GS-/- cell lines with targeted KI of human GalNAc-T3. Briefly, 2x106 of CHO cells 469	

were transfected by Amaxa Nucleofector 2B (Amaxa kit V and program U24) with 1 µg 470	

each of endotoxin free plasmid DNA of Cas9-GFP and gRNA targeted FURIN or 471	

FAM20C gene. 48 h after transfection, GFP-positive cells were enriched by FACS, and 472	

following 1 weak of culture, cells were single-sorted in 96 well plates. KO clones with 473	
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frame-shift mutations were identified by Indel Detection by Amplicon Analysis (IDAA) 474	

as described43 and selected clones were further verified by Sanger sequencing.  475	

SDS-PAGE Western blotting 476	

CHO GS-/- stably FGF23 expressed cells were seeded at 0.5 × 10 cells/mL in 50 mL 477	

TPP TubeSpin® Bioreactors with 180 rpm shaking speed at 37°C and 5% CO2. After 478	

48 hrs cultivation the medium was centrifuged at 500x g for 5 min and collected as 479	

supernatant used for Western blot analysis. The supernatant were separated on 480	

16%/10%/6% Tris-Tricine gels at 125V for 150 min and transferred onto 0.22 µm 481	

PVDF membrane using the iBlot system (Invitrogen). Membranes were blocked in 5% 482	

skimmed milk in TBS-T, washed x3 in TBS-T prior to overnight incubation at 4 ºC with 483	

anti-6xHis mouse IgG (Thermo), followed by washing and incubation with HRP-484	

conjugated secondary antibodies (Dako) for 1 h at room temperature.  485	

Metabolic-labeling 486	

CHO K1 or CHO ldlD cells were seeded in 12 well plates with serum-containing 487	

medium, and allowed to grow until 80% confluent. Depletion of intracellular 488	

methionine was achieved by culturing in L-methionine/L-cysteine-free Dulbecco's 489	

modified Eagle's medium containing 3% FBS (dialysed MWCO 3,500) for 1 h. Cells 490	

were labeled with 100 µCi/ml of promix 35S-Label (which includes radioactive L-491	

methionine and L-cysteine) for 1 h or 2 h in the same medium. Immunoprecipitation of 492	

FGF23 using anti-myc from cell lysates and culture medium was performed as follows: 493	

The supernatant culture medium was subject to immunoprecipitation together with the 494	

culture medium. Supernatant and medium were precleared with 1:10 vol/vol protein-G 495	

Sepharose (Amersham Biosciences), incubated with anti-myc antibody overnight (5 496	

µg/ml), and the IgG1 antibody precipitated with protein-G Sepharose (1:20 vol/vol). 497	
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The precipitate was analyzed by 4-12% Bis-Tris gradient NuPAGE (Invitrogen) blotted 498	

on nitrocellulose membranes (Bio-Rad) and detected using a STORM 820 499	

PhosphorImager.  500	

 501	

Immunocytology 502	

Immunostaining of CHO K1 cells was performed with washed cells on multi-well slides 503	

using fixation with 3% paraformaldehyde and permeabilization with 0.5% Triton X-504	

100. Slides were incubated overnight at 4ºC with anti myc, GALNT2 (4C4), GALNT3 505	

(2D10), GALNT4 (4G2), followed by fluorescein isothiocyanate-conjugated rabbit anti-506	

mouse immunoglobulins (F261, Dako) and detection on a Zeiss fluorescence 507	

microscope using epi-illumination. 508	

In vitro glycosyltransferase Assays 509	

Recombinant human WT and mutant GalNAc-T3 enzymes for portions of the study 510	

were produced as soluble truncated proteins in insect cells as previously described44. 511	

The recombinant GalNAc-transferases were purified on Ni-NTA (QIAGEN) and 512	

assessed the purity by Coomassie stained SDS-PAGE gels and Western blot analysis 513	

with monoclonal anti-GalNAc-T3 antibody (2F6). In vitro glycosylation assays for 514	

GalNAc-T3 glycosylation of peptides and phosphopeptides were performed as 515	

described before and monitored with MALDI-TOF19. Reactions were performed as 516	

product development assays in 25 µL buffer (25 mM cacodylic acid sodium, pH 7.4, 10 517	

mM MnCl2, 0.25% Triton X-100), 2 mM UDP-GalNAc (Sigma), 0.4 µg of purified 518	

GalNAc-T3, and 10 µg of acceptor peptides (FGF23a, FGF23h and FGF23i). 519	

Reactions were incubated at 37 °C and 1 µL of the reaction mixtures were taken at the 520	



	 23	

indicated time points and analyzed by MALDI-TOF MS. In order to determine sites of 521	

incorporation, the glycosylated peptides were digested with endo-Arg and products 522	

analyzed by MALDI-TOF. 523	

Cloning and purification of human GalNAc-T3  524	

The DNA sequence encoding amino acid residues 92-633 of the human GalNAc-T3 525	

(HsGalNAc-T3) was codon optimized and synthesized by GenScript (USA) for 526	

expression in Pichia pastoris. The DNA, containing at the 5’ end a recognition 527	

sequence for XhoI and a KEX2 cleavage signal, and at the 3’ end a sequence encoding a 528	

histidine tag, a stop codon and a recognition sequence for SacII, was cloned into the 529	

pUC57 vector (GenScript). Following digestion with XhoI and SacII, the construct was 530	

subcloned into the protein expression vector pPICZαA, resulting in the plasmid 531	

pPICZαA-HsGalNAc-T3. The linearized plasmid after digestion with SacI-HF was 532	

transformed into the SMD1168 Pichia pastoris strain. Transformants were selected, 533	

grown and harvested as previously described30.  534	

For the HsGalNAc-T3 purification, supernatant was dialyzed against buffer A (25 mM 535	

Tris-HCl pH 7.5, 10 mM β-mercaptoethanol) and loaded into a His-Trap Column (GE 536	

Healthcare). Each protein was eluted with an imidazole gradient in buffer A from 10 537	

mM up to 400 mM. Buffer exchanged to buffer B (20 mM MES pH 6.7, 10 mM β-538	

mercaptoethanol) was carried out using a HiPrep 26/10 Desalting Column (GE 539	

Healthcare) in order to trim the two potential N-glycosylation sites of HsGalNAc-T3 540	

with the maltose binding protein (MBP)-Endo N-acetyl-β-D-Glucosaminidase H 541	

(EndoH) fusion protein. A ratio of 0.012 mg of MBP-EndoH per milligram of enzyme 542	

was used to N-deglycosylate HsGalNAc-T3. After 20 hours of reaction at 18 ºC, the 543	
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difference in size between non-cleaved HsGalNAc-T3 and the cleaved preparation was 544	

verified through SDS-PAGE.  545	

Once HsGalNAc-T3 EndoH deglycosylation was completed, buffer B was exchanged to 546	

buffer C (25 mM Tris-HCl pH 7.5, 150 mM NaCl) using again a HiPrep 26/10 desalting 547	

Column (GE Healthcare). The MBP-EndoH fusion protein was removed from the 548	

solution by the affinity binding to a MBPTrap HP Column (GE Healthcare). 549	

HsGalNAc-T3 was finally purified by size exclusion chromatography using a HiLoad 550	

26/60 Superdex 75 Colum (GE Healthcare), previously equilibrated with buffer C. 551	

Fractions containing HsGalNAc-T3 were dialyzed against buffer D (25 mM Tris-HCl 552	

pH 7.5, 1 mM Tris(2-carboxyethyl)phosphine (TCEP)), concentrated and used for 553	

biophysical experiments. The quantification of the enzyme was carried out by 554	

absorbance at 280 nm using its theoretical extinction coefficient (90,145 M-1 cm-1). 555	

Cloning and purification of Taeniopygia guttata GalNAc-T3  556	

Although multiple attempts were performed, we were unable to obtain crystals of 557	

HsGalNAc-T3. Due to this, we conducted a search for the HsGalNAc-T3 orthologs that 558	

were expressed and purified as shown above. Hereafter, we focused on the TgGalNAc-559	

T3 as it was the only ortholog for which we could obtain crystals and because of its 560	

high sequence homology (~80%) with HsGalNAc-T3. The DNA sequence encoding 561	

amino acid residues 91-631 of the TgGalNAc-T3 was codon optimized and synthesized 562	

by GenScript for expression in Pichia pastoris. The TgGalNAc-T3-encoding DNA 563	

construct contained the same features as described for the HsGalNAc-T3-encoding 564	

DNA construct except for the absence of the sequence encoding a histidine tag. All the 565	

subsequent steps were conducted in the same manner as described above. For the 566	

TgGalNAc-T3 purification, the supernatant was first dialyzed against buffer E (50 mM 567	
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sodium acetate pH 5.4, 10 mM β-mercaptoethanol) and loaded into a HiTrap SP 568	

Sepharose FF Colum (GE Healthcare). The enzyme was eluted by a NaCl gradient up to 569	

1 M in buffer A. Subsequent steps of the purification (N-glycan trimming and size 570	

exclusion chromatography) were the same as the described for the HsGalNAc-T3. The 571	

quantification of the enzyme was carried out by absorbance at 280 nm using its 572	

theoretical extinction coefficient (86,290 M-1 cm-1). 573	

Expression and purification of human GalNAc-T6 and T12  574	

The pGEn2-HsGalNAc-T6 and pGEn2-HsGalNAc-T12 plasmids encoding HsGalNAc-575	

T6 and HsGalNAc-T12 were courteously provided by Professor Kelley Moremen from 576	

the University of Georgia, Complex Carbohydrate Research Center. Both proteins were 577	

cloned as a green fluorescent protein (GFP) fusion construct that contained a N-terminal 578	

six-histidine-tag together with a Tobacco Etch Virus (TEV) cleavage site between the 579	

GFP and the GalNAc-T6/T12.  580	

Both plasmids were transfected into HEK293F cell line as described below.  Cells in 581	

2x500 ml cell culture flasks were first grown to 1-1.5 x 106 cells/mL in F17 serum-free 582	

media with 2% Glutamax and 0.1 % P188.  For each 500 mL of culture, 500 µg of 583	

HsGalNAc-T6 or HsGalNAc-T12 plasmid (1 µg/µL) was diluted to 8.4 mL with sterile 584	

300 mM NaCl.  Meanwhile, 500 µg of PEI-MAX (1 mg/mL) was diluted to 7.85 ml 585	

with sterile 300 mM NaCl and added to the plasmid DNA solution. This mixture was 586	

incubated for 10 minutes and carefully added to each 500 mL cell culture flask.   Cells 587	

were harvested 4 days post transfection by spinning down at 300 x g for 5 minutes, after 588	

which the supernatants were collected and centrifuged at 40000 x g for 10 min.  589	

Supernatants were dialyzed against buffer A (25 mM Tris-HCl pH 7.5, 10 mM β-590	

mercaptoethanol) and loaded into a His-Trap Column (GE Healthcare). Each protein 591	
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was eluted with an imidazol gradient in buffer A from 10 mM up to 400 mM. Buffer 592	

exchange to buffer B (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM β-593	

mercaptoethanol) was carried out using a HiPrep 26/10 Desalting Column (GE 594	

Healthcare). TEV protease (Sigma Aldrich) was then added in a ratio 1:50 (TEV: 595	

protein) to both fusion constructs in order to cleavage the bound His-GFP. After 20 596	

hours of reaction at 18 ºC, the cleavage was verified through SDS-PAGE. 597	

TEV protease and GFP were later removed using a His-Trap Column (GE Healthcare), 598	

to which they bound. Isolated HsGalNAc-T6 and HsGalNAc-T12 were finally dialyzed 599	

against buffer C (25 mM Tris-HCl pH 7.5, 1 mM TCEP), concentrated and used for 600	

biophysical experiments. Quantification of both enzymes was carried out by absorbance 601	

at 280 nm using their theoretical extinction coefficients (ε280 nm
HsGalNAc-T6 = 93850 M-602	

1cm-1 and ε280 nm
HsGalNAc-T12 = 88810 M-1cm-1).  603	

Crystallization 604	

For the TgGalNAc-T3-UDP-P3 complex, crystals of the TgGalNAc-T3 were grown by 605	

sitting drop experiments at 18 ºC by mixing 0.5 µL of protein solution (3.6 mg/mL 606	

TgGalNAc-T3, 5 mM UDP, 2 mM MnCl2 and 5 mM of MUC5AC-3 peptide in the 607	

buffer D) with an equal volume of a reservoir solution (1.3 M Na/K hydrogen 608	

phosphate pH 6.5).  Note that MUC5AC-3 is an additive that we have previously found 609	

to assist GalNAc-T crystallization9. Under these conditions, crystals appeared within 610	

15-30 days. The obtained crystals were then soaked for 20 min with a solution of 70 611	

mM P3, 20 mM UDP and 5 mM MnCl2. Crystals were finally cryoprotected in a 612	

saturated solution of lithium sulfate and immediately frozen in a nitrogen gas stream 613	

cooled to 100 K.  614	
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For the TgGalNAc-T3-UDP-FGF23c complex, crystals of the TgGalNAc-T3 were 615	

grown by sitting drop experiments at 18 ºC by mixing 0.5 µL of protein solution (3.6 616	

mg/ml TgGalNAc-T3, 5 mM UDP, 2 mM MnCl2 and 5 mM of MUC5AC-3 peptide in 617	

the buffer D) with an equal volume of a reservoir solution (Molecular Dimensions, 618	

Morpheus precipitant mix 4, 0.1 M nitrate phosphate buffer and 0.2 M Morpheus buffer 619	

System 1). Under these conditions, crystals appeared within 15-30 days. The obtained 620	

crystals where then soaked for 40 min with a solution of 30 mM FGF23c, 15 mM UDP 621	

and 4 mM MnCl2. Crystals were finally cryoprotected in the precipitant solution 622	

containing an additional 20% ethylene glycol and immediately frozen in a nitrogen gas 623	

stream cooled to 100 K. Note that the soaking experiments were performed using a 624	

large excess of either FGF23c or P3 regardless of the different incubation times and 625	

concentration reported for each glycopeptide substrate. 626	

Structure determination and refinement 627	

Diffraction data were collected on synchrotron beamline I24 of the Diamond Light 628	

Source (Harwell Science and Innovation Campus, Oxfordshire, UK) at a wavelength of 629	

0.97 Å and a temperature of 100 K. Data were processed and scaled using XDS45 and 630	

CCP446,47 software packages. Relevant statistics are given in Supplementary Table 3. 631	

The crystal structure was solved by molecular replacement with Phaser46,47 using the 632	

PDB entry 5NQA, for the human GalNAc-T4, as the template.  Initial phases were 633	

further improved by cycles of manual model building in Coot48 and refinement with 634	

REFMAC549. ARP/wARP50 was used to build 503 out of 541 residues.  Further rounds 635	

of Coot and refinement with REFMAC5 were performed to obtain the final structure. 636	

Note that the crystal structure of TgGalNAc-T3 co-crystallized with MUC5AC-3 and 637	

UDP alone displayed no electron density for either the peptide or UDP.  The final 638	

models of crystals soaked with P3/FGF23c and UDP were validated with PROCHECK, 639	
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model statistics are given in Supplementary Table 3. The asymmetric unit of the P212121 640	

crystal contained one molecule of TgGalNAc-T3.  641	

Molecular Dynamics (MD) simulations in explicit water 642	

The crystal structures of the TgGalNAc-T3 in complex with P3 and FGF23c (without 643	

the unobserved C-terminal EDDS residues) were used as starting coordinates for most 644	

of the simulations. For comparing the conformational state of the FGF23c bound to 645	

GalNAc-T3, -T4, -T6 and –T12 during the simulations, we generated homology models 646	

of the human GalNAc-T6 and T12 by utilizing the TgGalNAc-T3 and the human 647	

GalNAc-T4 (PDB entry 6H0B29) crystal structures as templates, respectively. The 648	

homology models were generated using the swiss-model server51. Whenever it was 649	

necessary, the glycopeptides found in these crystal structures were replaced by the 650	

peptides studied in this work by editing the original residues with Pymol 2.0 651	

(https://pymol.org/2/). MD simulations were carried out with AMBER 18, implemented 652	

with ff14SB, and Gycam0652 force fields. Each conjugate was immersed in a 10 Å 653	

water box with TIP3P water molecules and charge neutralized by adding explicit Na+ 654	

counter ions. A two-stage geometry optimization approach was performed. The first 655	

stage minimized only the solvent molecules and ions, while the second stage was a 656	

unrestrained minimization of all the atoms in the simulation cell. The system was then 657	

heated by incrementing the temperature from 0 to 300 K under a constant pressure of 1 658	

atmosphere under periodic boundary conditions. Harmonic restraints of 10 kcal·mol–1 659	

were applied to the solute, and the Andersen temperature coupling scheme was used to 660	

control and equalize the temperature. The time step was kept at 1 fs during the heating 661	

stages, allowing potential inhomogeneities to self-adjust. Hydrogen atoms were kept 662	

fixed through the simulations using the SHAKE algorithm. Long-range electrostatic 663	

effects were modelled using the particle-mesh-Ewald method. An 8 Å cutoff was 664	
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applied to Lennard-Jones interactions. Each system was equilibrated for 2 ns with a 2-fs 665	

time step at a constant volume and temperature of 300 K. Production trajectories were 666	

then run for additional 0.5 µs under the same simulation conditions. 667	

Enzyme kinetics 668	

In vitro glycosylation reactions were performed against a series of peptide/glycopeptide 669	

substrates (listed in Supplementary Table 1) with human GalNAc-T6, T4, T12, T2, -670	

T3 isoenzymes and TgGalNAc-T3. Reactions (20µl) were carried out with 0.02 to 0.03 671	

uM enzyme, 0.02 mM to 0.7 mM substrate, 100 mM sodium cacodylate (pH 6.5), 1 mM 672	

β-mercaptoethanol, 10 mM MnCl2, and 0.2 mM UDP-[3H]-GalNAc (~5.5x107 673	

DPM/µmole, American Radiolabeled Chemicals Inc). Reactions were incubated at 37°C 674	

and quenched with 40ul of 250 mM EDTA at the appropriate reaction time. Reaction 675	

time points were chosen based on preliminary experiments to optimize each peptide's 676	

initial rate determination. To account for the loss of transferase activity over long 677	

storage time, rates were normalized to the activity of P3 obtained on fresh transferase. 678	

After quenching, non-hydrolyzed UDP-[3H]-GalNAc was removed on a small Dowex 679	

1X8 anion exchange column. Overall GalNAc utilization was determined by 680	

scintillation counting (Beckman LS6500 scintillation counter), by comparing [3H]-681	

GalNAc in the Dowex pass through to the starting UDP-[3H]-GalNAc. GalNAc transfer 682	

to peptide substrate was determined by Sephadex G10 gel filtration chromatography 683	

which separates [3H]-GalNAc transferred to substrate from [3H]-GalNAc transferred to 684	

water (the latter due to UDP-[3H]-GalNAc hydrolysis  i.e. non-productive GalNAc 685	

transfer). 686	

Kinetics values were calculated from initial rates, where < 30% of the UDP-GalNAc 687	

donor was consumed and less than 15% product formed. Experiments at each substrate 688	
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concentration were repeated 2-5 times and values fit to non-linear Michaelis-Menten or 689	

Michaelis-Menten with substrate inhibition programs in GraphPad Prism 7.03 from 690	

which the kinetic constants of Km and Vmax and Ki were obtained.  We have reported 691	

Vmax in terms of Kcat and Vmax/Km or catalytic efficiency (nmol*min-1) after 692	

normalizing rates to enzyme amount (in nmol).  The more established Kcat or turnover 693	

number (min-1) were calculated by further normalizing the rates to the enzyme 694	

concentration in mM.   695	

Glycosylation site determination by Edman amino acid sequencing 696	

The site of glycosylation of FGF23b (178) was determined by Edman amino acid 697	

sequencing using a Shimadzu PPS-Q53A Edman protein sequencer as previously 698	

described. G10 purified products were spotted onto polybrene precycled glass fiber disk 699	

(GFD) and sequenced using a modified glass fiber disk (GFD) program. The 700	

glycosylated PTH-Thr derivatives, were collected directly into scintillation vials on a 701	

Shimadzu fraction collector and scintillation counted for [3H]-GalNAc content 702	

(Beckman LS6500 scintillation counter). The presence of [3H]-GalNAc lag after a site 703	

of glycosylation is commonly observed in these determinations due to the poor 704	

extraction of the hydrophilic glycosylated-PTH residues from the glass fiber disks. 705	

Solid-phase peptide synthesis (SPPS) 706	

(Glyco)peptides were synthesized by stepwise microwave assisted solid-phase synthesis 707	

on a Liberty Blue synthesizer using the Fmoc strategy on Rink Amide MBHA resin (0.1 708	

mmol). Fmoc-Thr[GalNAc(Ac)3-α-D]-OH (2.0 equiv) was synthesized as described in 709	

the literature53 and manually coupled using HBTU [(2(1H-benzotriazol-1-yl)-1,1,3,3-710	

tetramethyluronium hexafluorophosphate], while all other Fmoc amino acids (5.0 711	

equiv.) were automatically coupled using oxyma pure/DIC (N,N'-712	
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diisopropylcarbodiimide). The O-acetyl groups of GalNAc moiety were removed in a 713	

mixture of NH2NH2/MeOH (7:3). (Glyco)peptides were then released from the resin, 714	

and all acid sensitive side-chain protecting groups were simultaneously removed using 715	

TFA 95%, TIS (triisopropylsilane) 2.5% and H2O 2.5%, followed by precipitation with 716	

cold diethyl ether. The crude products were purified by HPLC on a Phenomenex Luna 717	

C18(2) column (10 µm, 250 mm × 21.2 mm) and a dual absorbance detector, with a 718	

flow rate of 10 mL/min.   719	

Peptide preparation 720	

All the peptides used in this work were dissolved at 100 mM in buffer 25 mM Tris-HCl 721	

pH 7.5. The pH of each solution was measured with pH strips and when needed 722	

adjusted to pH 7-8 through the addition of 0.1-5 µL of 2 M NaOH.  723	

Saturation Transfer Difference (STD) NMR studies of FGF23c and P3 724	

glycopeptide substrates 725	

All NMR experiments were recorded on a Bruker Avance 600 MHz spectrometer 726	

equipped with a triple channel cryoprobe head. The 1H NMR resonances of the peptides 727	

were completely assigned through standard 2D-TOCSY (30 and 80 ms mixing time) 728	

and 2D-NOESY experiments (400 ms mixing time). Solution conditions used for the 729	

NMR characterization studies were 1-3 mM glycopeptide, 25 mM perdeuterated Tris-730	

d11 in 90:10 H2O/D2O pH 7.4, 7.5 mM NaCl and 1 mM DTT. The assignments were 731	

accomplished either at 278K (Supplementary Table S5 and S6). The resonance of 732	

2,2,3,3-tetradeutero-3-trimethylsilylpropionic acid (TSP) was used as a chemical shift 733	

reference in the 1H NMR experiments (δ TSP = 0 ppm). Peak lists for the 2D-TOCSY 734	

and 2D-NOESY spectra were generated by interactive peak picking using the 735	

Computer Aided Resonance Assignment (CARA) software. 736	
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Samples for STD-experiments were prepared in perdeuterated 25 mM Tris-d11 in 737	

deuterated water pH 7.4, 7.5 mM NaCl and 1 mM DTT.  STD-NMR experiments of 738	

glycopeptides with GalNAc-Ts (human GalNAc-T3 and TgGalNAc-T3) were 739	

performed in the presence of UDP, MnCl2 at 298 K and with a molar ratio adjusted to 740	

65:1 peptide/GalNAc-T.   741	

The STD-NMR spectra were acquired with 1920 transients in a matrix with 64k data 742	

points in t2 in a spectral window of 12335.53 Hz centered at 2819.65 Hz, using the 743	

protocol previously described8,32.  Control experiments were performed with the ligands 744	

in the presence and absence of the protein to optimize the frequency for protein 745	

saturation (−1 ppm) and to ensure that the ligand signals were not affected. However, all 746	

glycopeptides, when irradiated at -1 ppm in the absence of protein, showed residual 747	

saturation on the aliphatic methyl groups in the STD-NMR spectra.  This nonspecific 748	

saturation was corrected for by subtraction, when quantifying the STD-NMR data in the 749	

presence of transferase. A blank STD experiment with only the protein was also 750	

recorded which upon subtraction eliminated the background signal of the protein. The 751	

STD-NMR total intensities were normalized with respect to the highest STD-NMR 752	

response. The signal of the anomeric proton of GalNAc, as well as, the Hα protons of 753	

the Ala residues could not be analyzed in the STD-NMR spectra due to their close 754	

proximity to the HDO resonance. The H6s protons of P3 could not be analyzed due to 755	

the close proximity to the Tris buffer signal. 756	

Atomic force microscopy imaging 757	

HsGalNAC-T3 in buffer A (100 nM transferase, 25 mM MES pH 6.0, 1 mM TCEP and 758	

400 nM MnCl2) was incubated on freshly cleaved muscovite mica pieces (Electron 759	

Microscopy Sciences) for 10 min at room temperature. The enzyme was further 760	
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incubated with 1 µM UDP, 1-4 µM FGF23c and 1-4 µM MUC5AC-3 for 15 min under 761	

mild stirring at room temperature. Note that MUC5AC-3 was previously reported to be 762	

a monoglycopeptide substrate for GalNAc-T323. After sample incubation, the substrate 763	

was washed extensively with the buffer to remove unbound molecules. AFM 764	

measurements were performed in buffer A at 20 °C using the Tapping Mode on a 765	

MultiMode 8 AFM system (Bruker, Santa Barbara, CA) at 18 kHz, using a 2 nm 766	

ultrasharp V-shaped silicon nitride cantilevers (SNL-D; Bruker Probes) with a spring 767	

constant of 0.06 N/m and nominal resonant frequency of 18 kHz.  768	

AFM images were further analyzed with the WSxM software54. At least, three samples 769	

per condition were analyzed using data obtained from 10 images of 10 different 500 770	

nm2 area regions55.  Each feature was further analyzed using the zoom function of the 771	

WSxM program, performed without losing image information and discarding non-clear 772	

artifacts56. 773	

Small-angle X-ray scattering  774	

SAXS experiments were conducted on the SWING beamline at the SOLEIL 775	

synchrotron  (Gif-sur-Yvette Cedex, FR) at a wavelength of λ = 1.033 Å. The Aviex 776	

charge-coupled device detector was positioned to collect data in the q-range 0.006–0.60 777	

Å− 1 (q = 4πsinθ λ− 1, where 2θ is the scattering angle). All solutions were mixed in a 778	

fixed-temperature (15 °C) quartz capillary with a diameter of 1.5 mm and a wall 779	

thickness of 10 µm, positioned within a vacuum chamber. 50 µL of monodisperse 780	

HsGalNAc-T3 at a concentration of 7 mg/mL was injected onto a size-exclusion 781	

column (SEC-3, 300 Ǻ Agilent) using an Agilent HPLC system, and eluted directly into 782	

the SAXS flow-through capillary cell at a flow rate of 0.3 mL/min. The elution buffer 783	

consisted of 25 mM Tris-HCl pH 7.5 and 1mM TCEP. Identical experiments were 784	
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performed in the presence of 1 mM of UDP/MnCl2, and with 1 mM of UDP/MnCl2 and 785	

1mM MUC5AC-3. Note that the ligands were also in the elution buffer at the indicated 786	

concentrations.  SAXS data were collected continuously, with data collecting frames of 787	

1 s and with a dead time between frames of 0.25 s. Selected frames corresponding to the 788	

main elution peak were averaged using FOXTROT. A large number of frames were 789	

collected during the first minutes of the elution and averaged to account for 790	

buffer/substrate scattering for subsequent subtraction from the signal obtained during 791	

protein elution. Data reduction to absolute units, frame averaging and subtraction were 792	

done using FOXTROT (synchrotron SOLEIL). Data were analysed using the ATSAS 793	

2.7.3 software suite57. 794	

Ranch2.058 was used to generate 10,000 structures using the homology model of the 795	

HsGalNAc-T3, which was obtained by using the swiss-model server51 and the 796	

TgGalNAc-T3 crystal structure as the template. Three structural pools were generated 797	

that differed in the presence or absence of ligand in the pdb files (either UDP-Mn+2 or 798	

UDP-Mn+2-MUC5AC-3, (where MUC5AC-3 was added using the modeller 799	

software59) and the TgGalNAc-T3-UDP-P3 complex.  Only the flexible linker (residues 800	

492-504) was considered as a flexible region. Two-hundred independent cycles of the 801	

EOM2.0 Genetic Algorithm (Gajoe)60 were run on each structural pool to estimate the 802	

variability in the distribution of the Rg values. The relatively high values of χ2 observed 803	

for the Ensemble Optimization Method (EOM)  (Supplementary Fig. 10) may be 804	

explained by the fact that flexibility was not allowed in the catalytic domain flexible 805	

loop. Atomic models were refined using DADIMODO (software for rigid-body 806	

refinement of atomic models of multi-domain proteins against SAXS data; 807	

https://dadimodo.synchrotron-soleil.fr) enabling flexibility in the loop (residues 417-808	
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428) and the flexible linker (residues 492-504). Ten models for each sample were 809	

generated and ranked according to their χ2. 810	

SUPPLEMENTARY MATERIALS 811	

Supplementary information includes 16 Figures, 6 Tables and 4 Movies. 812	
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FIGURE LEGENDS 836	

Figure 1.  Structure of FGF23 bound to its receptor complex and in vitro evidence 837	

that GalNAc-T3 glycosylates FGF23 Thr178 utilizing its lectin domain. (a) FGF23 838	

bound to FGFR1c and α-Klotho showing the extended structure of the C-terminal 839	

portion of FGF23 (PDB: 5W2125). Arrows point to the side chains (in blue) of known 840	

phosphorylated (Ser180) and O-glycosylated sites (Thr171, Thr178 & Thr200) on 841	

FGF23. The globular FGF23 N-terminal fragment (n-FGF23) and extended 842	

unstructured C-terminal fragment (c-FGF23) are colored red and green respectively. 843	

Sequence motifs for FGF23's furin cleavage site and FAM20C phosphorylation site are 844	

illustrated in the box. Note that the non-cleavable FGF23 R176Q-R178Q was used for 845	

crystallization25. (b) GalNAc-T3 expression constructs showing location of the catalytic 846	

and lectin domain inactivating mutants. Also shown is the FGF23 expression construct.  847	

(c) Glycosylation of the FGF23a substrate as a function of time for WT and mutant 848	

GalNAc-T3 monitored by MALDI-TOF MS showing the role of GalNAc-T3 lectin 849	

domain. The number of GalNAc residues incorporated at each peak are given in 850	

parenthesis next to the mass values. Sites of glycosylation were determined by MALDI-851	

TOF MS after digested with endo-Arg.  (d) Peptide glycosylation kinetics of the human 852	

GalNAc-T3 against a series of FGF23 (glyco)peptides; FGF23b (A171-T178), FGF23c 853	

(T*171-T178) and FGF23d (T171) demonstrating the role of prior N-terminal 854	

glycosylation for glycosylating Thr178.  Plotted lines represent the Michaelis–Menten 855	

non-linear fit of the data using the kinetic values given in Supplementary Table 2.	856	

Figure 2. Glycosylation of Thr178 in FGF23 by GalNAc-T3 in cells requires its 857	

lectin domain activity. (a) Anti-myc NuPAGE Western blot analysis of culture 858	

medium of CHO K1 cells stably transfected with C-terminal myc labeled WT 859	

(FGF23(T178)) and mutant (FGF23(A178)) FGF23 with or without co-expression of 860	
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WT and mutant GalNAc-T3 and WT GalNAc-T2. Medium was collected and analyzed 861	

after 72 h growth. The different glycosylation states of full length FGF23 are labeled: 862	

upper band (#1) FGF23 fully glycosylated at T178, lower band (#2) FGF23 lacking 863	

glycosylation at T178 but glycosylated at Thr171 and/or Thr200. (b) Left panel shows 864	

NuPAGE analysis of 35S-Met labeled (2 h without chase) FGF23 (C-terminal myc 865	

tagged) expressed in CHO K1 cells with or without co-expression of WT and mutant 866	

GalNAc-T3 and with GalNAc-T2. Right panel shows NuPAGE analysis of 35S-Met 867	

labeled FGF23 expressed in CHO ldlD cells with or without co-expression of GalNAc-868	

T3.  CHO ldlD cells (80% confluence) were 35S labeled for 1 h in medium without (-G) 869	

or with 1 mM GalNAc and 0.1 mM Gal (G/G), and chased for the indicated time (min). 870	

FGF23 was immunoprecipitated by anti-myc from medium as indicated. Note that intact 871	

fully glycosylated FGF23 is detectable at the first timepoint (t = 0) in the presence of 872	

GalNAc-T3 and G/G supplemented medium, likely due to the increased stability of this 873	

glycoform.  The bands at (#3) represent the furin cleaved FGF23 C-terminal fragment. 874	

(c) Western blot analysis of culture medium of CHO, CHO-ΔFAM20c, CHO-ΔFURIN 875	

and CHO-ΔFAM20c-ΔFURIN cells stably transfected with WT FGF23 and GalNAc-T3 876	

demonstrating GalNAc-T3 only partially glycosylates FGF23 Thr178 under these 877	

conditions. (d) Schematic representation of the possible fates of FGF23. Numbers to the 878	

right of the species correspond to the gel bands labeled in panels a-c. 879	

Figure 3. Glycosylation kinetics of human GalNAc-T3 against a series of 880	

(glyco)peptides. (a) Glycosylation kinetics of GalNAc-T3 against the N-terminal prior 881	

glycosylated FGF23c (T*171-T178) glycopeptide in comparison to P1, P2, P3 (left) 882	

and OP1 and OP1-T* (right). (b) Graphs summarizing the Kcat and catalytic efficiency 883	

values for the plot on the left panel. The Michaelis–Menten kinetic values used to fit the 884	

data are given in Supplementary Table 2. Note that the fitting of OP1-T* included 885	
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substrate inhibition.  Also note that data for the OP1 plot included partial data from a 886	

longer OP1 peptide (GA-GAYAVTPGPAG-AG) that gave indistinguishable results 887	

from the OP1. 888	

Figure 4. Crystal structures of TgGalNAc-T3 in ternary complexes with UDP-889	

Mn+2-P3 and UDP-Mn+2-FGF23c. (a) Ribbon structures of TgGalNAc-T3 ternary 890	

structures with glycopeptides FGF23c (left) and P3 (right). Note that the FGF23c 891	

glycopeptide is unstructured, resembling the unstructured region of the FGF23 C-892	

terminus within the alpha Klotho-FGF23-FGFR1c complex25. (b) Zoomed in structures 893	

showing the bound Mn+2, UDP and peptides (FGF23c, upper, and P3, lower). Electron 894	

density maps are FO–FC (blue) contoured at 2.2 σ for P3/FGF23c and UDP. Note that 895	

no electron density was visible for any of the Arg side chains and the EDDS sequence.  896	

In (a) and (b) the catalytic and lectin domains are colored in gray, the flexible linker and 897	

catalytic domain active site loops are depicted in red and yellow, respectively. The 898	

GalNAc moieties of P3 and FGF23c are shown as orange carbon atoms, while the 899	

remaining residues are shown as green carbon atoms. The UDP nucleotide is depicted 900	

with brown carbon atoms whereas the manganese atom is shown as a pink sphere. The 901	

remaining N-linked GlcNAc moiety bound to Asn482 is shown with orange carbon 902	

atoms. (c) Surface representations of the complexes of GalNAc-T3-FGF23c/P3, 903	

GalNAc-T4-P3 (PDB entry 5NQA) and GalNAc-T2-MUC5AC-13 (PDB entry 5AJP) 904	

showing the different orientations of the lectin domain (compare GalNAc-T3/T4 with 905	

GalNAc-T2). The proteins, flexible loops, nucleotides, GalNAc moieties and peptide 906	

substrates are colored in grey, yellow, brown, orange and green, respectively.  (d) 907	

Expanded views of the TgGalNAc-T3-UDP-P3, TgGalNAc-T3-UDP-FGF23c, 908	

GalNAc-T2-UDP-MUC5AC-13 and GalNAc-T2-MUC5AC-Cys13 complexes showing 909	

their bound glycopeptide and the catalytic domain active site flexible loops (in yellow). 910	
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Note that Trp331 in GalNAcT2-UDP-MUC5AC-13 and GalNAcT2-MUC5AC-Cys13 911	

complexes adopt “in” and "out" conformations, respectively, while Trp385 in the 912	

TgGalNAc-T3-UDP-P3 and TgGalNAc-T3-UDP-FGF23c complexes adopt “in” and 913	

“pre-in” conformations, respectively.  914	

 915	

Figure 5. Structural features of the peptide, UDP, and lectin-domain-GalNAc 916	

binding sites of TgGalNAc-T3. View of the complete sugar nucleotide, peptide, and 917	

lectin-domain-binding sites of TgGalNAc-T3-UDP-FGF23c (a) and TgGalNAc-T3-918	

UDP-P3 (b) complexes. Residues forming the sugar-nucleotide, peptide, and lectin-919	

domain-binding sites are depicted as black, yellow, and gray carbon atoms, respectively. 920	

UDP and the glycopeptide are shown as brown and green carbon atoms, respectively. 921	

Mn2+ and GalNAc moiety are depicted as a pink sphere and orange carbon atoms, 922	

respectively. Hydrogen bond interactions are shown as dotted green lines. Water 923	

molecules are depicted as red spheres. Note that only water-mediated interactions in 924	

which only one water molecule acts as a bridge between the residues are shown. In the 925	

TgGalNAc-T3-UDP-FGF23c complex, a phosphate and a Tris molecule are identified 926	

in the catalytic domain active site. (c) Close-up view of the superimposed TgGalNAc-927	

T3-UDP-P3 (flexible loop in yellow) and TgGalNAc-T3-UDP-FGF23c (flexible loop 928	

in orange) complexes. Amino acid residues of P3 and FGF23c are colored green and 929	

aquamarine, respectively, while their GalNAc moieties are colored aquamarine and 930	

orange, respectively. Trp385 in either the “in” or “pre in” conformation is colored as red 931	

and black carbon atoms, respectively. (d) (left panel) Extent of hydrogen bond 932	

formation (in percent) between the acceptor Thr OH and UDP phosphate and Trp385 933	

and UDP phosphate obtained from 0.5 µs MD simulations of TgGalNAc-T3-UDP-P3, 934	

TgGalNAc-T3-UDP-FGF23c and TgGalNAcT3-UDP-OP1. Note that for the MD 935	
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simulations of TgGalNAc-T3-UDP-FGF23c we used the FGF23c without the EDDS 936	

sequence as no electron density for the EDDS sequence was visualized in the crystal 937	

structure. (Right panel) Ensemble of structures obtained from the MD simulations 938	

showing differences in the stability of the flexible loop for the closed conformation. (e) 939	

(left panel) Analysis of the CH/π interaction between the optimal OP1 Tyr3 and 940	

GalNAc-T3 Trp385 obtained by MD simulations. (right panel) Close-up view of the 941	

CH/π interaction between Tyr3 and Trp385. (f) Comparison of the glycosylation of the 942	

FGF23 pS180 phosphopeptide, FGF23i, with the nonphosphorylated peptide, FGF23h, 943	

by HsGalNAc-T3 monitored by MALDI-TOF MS. The estimated number of GalNAc 944	

residues incorporated are indicated next to each mass value. (g) Close-up view of the 945	

TgGalNAc-T3 FGF23c-pSer180 structure derived from 0.5 µs MD simulation.  946	

Figure 6. Mapping HsGalNAc-T3 familial tumoral calcinosis (FTC) mutations to 947	

the structure of TgGalNAc-T3. (a) Structure of TgGalNAc-T3 where human FCT 948	

missense mutations are mapped as blue spheres (human residue numbers in 949	

parentheses). (b) TgGalNAc-T3 structure showing the FCT frameshift and point-950	

nonsense mutations mapped as red spheres (human residue numbers in parentheses). 951	

Note the R14Sfs*8 and the R87Tfg*19 mutants in the inset are located in the GalNAc-952	

T3 stem. See Supplementary Figs 5 and 16 for more information on the structural 953	

consequences of these mutations.   954	

  955	
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