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Abstract

Unlike DNA, RNA, and protein biosynthesis, dogma describes glycosylation as primarily determined by
intrinsic cellular limitations, such as glycosyltransferase expression and precursor availability. However,
this cannot explain the commonly-observed differences between glycans on the same protein. By
examining site-specific glycosylation on diverse human proteins, we detected associations between
protein structure and glycan structure, broadly generalizable to human-expressed glycoproteins.
Through structural analysis of site-specific glycosylation data, we found protein-sequence and structural
features consistently correlated with specific glycan features. To quantify these relationships, we
present a new amino acid substitution matrix describing “glycoimpact”, i.e., the association of primary
protein structure and glycosylation. High-glycoimpact amino acids co-evolve with glycosites, and
glycoimpact is high when estimates of amino acid conservation and variant pathogenicity diverge. We
report thousands of disease variants near glycosites with high-glycoimpact, including several with known
links to aberrant glycosylation (e.g., Oculocutaneous Albinism, Jakob-Creutzfeldt disease, Gerstmann-
Straussler-Scheinker, and Gaucher’s Disease). Finally, glycoimpact quantification is validated by studying
oligomannose-complex glycan ratios on HIV ENV, differential sialylation on 1gG3 Fc, differential
glycosylation on SARS-CoV-2 Spike, and fucose-modulated function of a tuberculosis monoclonal
antibody. Finally, to test the causality of protein-glycan associations, we created 5 glycoimpact-designed
novel Rituximab variants, 4 of which substantially changed glycoprofiles as predicted. In all, we report
that site-specific glycan biosynthesis is influenced by underlying protein structure, enabling glycan

structure prediction and genetic sequence-guided glycoengineering.
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Introduction

DNA, RNA, and protein synthesis follow DNA and RNA templates. In contrast, glycosylation is
understood as primarily regulated by the cellular environment.>™ While glycosylation varies across
species, cell types and cell lines, specific glycosites on proteins reproducibly host different glycans,
termed glycosite-specific microheterogeneity.” Microheterogeneity suggests local protein structure may

also constrain glycosylation.

Many studies have identified specific examples of how primary protein structure or sequence can
influence glycosylation patterns. First, the N-glycosylation sequon® defines where glycans covalently
attach, i.e., to asparagines (N) with a downstream (N+2) serine (S) or threonine (T) separated by any
amino acid (X) except proline (NX[S/T]). Variation at N+1 impacts glycan complexity’ and accessibility
impacts glycosite occupancy.'® Glycosylation of sequons ending in threonine is ~40 times more efficient
than those with serine.'" Studies have identified specific examples wherein primary protein structure or
sequence can influence glycosylation patterns. Upstream of the glycosite, a phenylalanine (F) to alanine
(A) substitution in human 1gG3 can increase bi-galactose structures with a core-fucose.’® Additionally,
influenza evolves hemagglutinin glycosylation sites to facilitate immune evasion.”®> Glycoprotein-
determined glycan evolution, used by HIV for immune evasion, has been leveraged to engineer better
vaccine epitopes.*® Tools like GlycoSiteAlign®® and mutagenesis studies have offered expansions of the
founding sequon structure (NX[S/T]) including the enhanced aromatic sequon—an aromatic residue
upstream of the glycosite (N-2) that can influence glycan complexity®® with a variable impact given the
N+1 variation.” Several studies since 2002 have shown variable success in predicting glycosites from

18-21

sequons and hidden features using machine learning, though none have predicted beyond glycosite

presence or the root monosaccharide.

Beyond a protein primary structure (i.e., protein sequence), secondary structures (e.g., B-sheets and a-
helixes) can influence glycosylation”® while tertiary structures (concavity, accessibility and
hydrophobicity) also impact glycosite occupancy.’® Crucial bottlenecks in glycan processing such as,
ERManl (MAN1B1) and Golgi Mannosidase IA (MAN1A1), have been co-crystalized with a Man9 glycan
to study specific glycoconjugate features favoring or inhibiting this interaction.”*?® A study of >150
glycoproteins revealed differential glycosylation as a function of protein structure, wherein low
accessibility sites impacted core fucosylation and branching;*’ similar accessibility constraints predicted
oligomannose on the SARS-CoV-2 spike protein.”® Furthermore, a structural analysis found FUT8 activity

is impacted by glycosite depth.”® Site-specific kinetics for glycosylation of PDI (Protein Disulfide
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Isomerase and five additional glycoproteins® also showed that protein structure influences

20,34-36 T
">*°°, providing valuable tools for

occupancy. Recent studies have aimed to graft glycans to proteins
exploring mechanistic and steric associations between glycans and folded proteins. Yet, they do not
explore generalizable associations between glycan and protein structure features that can be mapped

back to the genome.

Here, we identified associations between glycosylation and local protein structures (1D to 3D). We did
this by analyzing trends in site-specific glycosylation’’ and comparing biosynthetic precursors of
observed glycans>® with local glycoprotein structure features.”® We call associations between protein
structures and glycan structures “Intra-molecular Relations” (IMR); IMR are quantified using metrics
associating protein structures and glycans structures (e.g., regression models, correlation, or Fisher
Exact test) . Further, we call the expected difference in glycan structure following protein sequence or
structure changes, “Glycoimpact;” the difference in IMR associated with protein sequence or structure
defining the change. Glycoimpact is detected and validated here by comparison to evolutionary
substitution matrices, variant pathogenicity scores, and glycosite co-evolution. Further, glycosite-
proximal pathogenic variants correspond to higher glycoimpact substitutions. Finally, glycoimpact
accurately predicts changes in glycan complexity, galactosylation, sialylation, and functional
glycosylation. These results show IMR represent generalizable associations between protein structure
and glycosylation (Figure 1). Consequently, IMR suggest protein structure can constrain glycosylation,

providing increased clarity of factors impacting microheterogeneity.

Results

UniCarbKB site-specific glycosylation is representative of human glycosites in PDB.

We first tested if glycan structure correlates with protein structure. To do this, we curated a Protein-
Glycan Dataset (PGD), a compendium of experimentally-measured and expert-curated site-specific
glycosylation on human glycoproteins collected from the UniCarbKB** and GlyConnect® databases
(description and URLs, see Methods). Glycan structures were decomposed into glycan substructures
(i.e., biosynthetic intermediates using GlyCompare®®). Glycosite-proximal protein structure features
were extracted from protein sequence and 3D structure models. “Sequence proximal” was defined as
five residues C- or N-terminus to the glycosite and spatial proximity was defined by minimum distance—

the minimum 3D Euclidean distance between the nearest atoms in each residue. The resulting dataset
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95 includes 111 human glycoproteins (98 glycoproteins with N-glycosylation sites and 38 glycoproteins with
96 O-glycosylation sites) 306 glycosylation sites and 4,263 glycosylation events (3,563 N- and 700 O-linked
97  glycosylation events) (Supplementary Figure 1). In this work, we focused training on human
98 glycoproteins and validated predictions to human-expressed glycoproteins. Human and human

99  expressed glycoproteins were used to assert consistency in the underlying biosynthetic machinery.

100  We verified that annotated glycosites in PGD are representative of all glycosite structures in the human
101  secretome;* all secretome glycosites fall within a dimensionality reduction trained only on PGD
102 glycosite structures (Figure 2a, see Supplementary Results, Supplementary Figure 2). Thus, PGD can

103  support generalizable conclusions about protein-glycan associations.

104  Site-specific glycosylation data contain significant associations between protein sequence, 3D
105  protein structures, and glycosylation

106 We next examined the associations between glycan substructures (e.g., bisecting GIcNAc) and glycosite-
107 proximal protein features (e.g., proximal tyrosine) within PGD. Substantial and significant
108 (Supplementary Figure 3a) associations between glycan substructures and protein features were termed
109 “intramolecular relations” (IMR) (Figure 1c). Fisher exact test selected 10,111 IMR with 9,296 positive

110  and 815 negative associations (Figure 2b).

111 Approximately 20% of IMR predict glycosylation from protein structure with high confidence

112  The PGD contains several highly deterministic amino acids (AA) specific IMR for which the presence or
113 absence of a glycan substructure is highly determined by the presence or absence of a proximal AA (i.e.,
114  Pr( glycan substructure | proximal amino acid ) is 0.999-1 or 0-0.001). Overall, confidence in glycan
115 presence increases when a specific protein structure feature is present (Supplementary Figure 4). For
116 IMR with a spatially proximal AA (within 6A), 20.2% are highly deterministic of glycan substructures.
117  Additionally, 32.4% and 17.5% of down- and upstream AA IMR (+/-5 AA) are highly deterministic. The
118 certainty with which an AA predicts a glycan structure decreases substantially when proximal AA are
119  absent (Supplementary Figure 4a). The high-confidence IMR count is proportional to the number of
120  unique substructures revealing that these IMR are not dominated by small numbers of glycan motifs,

121 notable substructures (Supplementary Figure 4b).

122 Among the highly deterministic protein-glycan relations (1,725 N-glycosylation events), 1,553 glycans
123 contain a N-acetylglucosamine (GIcNAc) on the a-1,6-mannose branch (Glc2NAc(Bf1l-6)Man(al-
124  6)Man(B1-4)GIc2NAc), indicative of complex N-glycosylation. All 75 high-confidence IMR with a
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125 downstream tryptophan (W) include glycans with the hybrid/complex substructure. These observations
126 suggest that W would be sufficient to escape oligomannose structures. Similarly, in 454 O-glycosylation
127 high-confidence IMR, 237 contain 6@-sialyl-N-acetyllactosamine (Neu5Ac(a2-6)Gal(f1-3)GalNAc). Of six
128 events containing a sequence-proximal W, each also contained a sialyl-T antigen. Thus, several IMR link

129 protein features, such as proximal W, with specific glycan features.

130  Glycosite-proximal, sequence, structure, and chemistry correlate with glycan structure

131  To generate testable hypothetical protein structural constraints on glycan biosynthesis, we modeled
132 IMR using hierarchical regression to minimize relevant bias. We quantified specific IMR using univariate
133 logistic generalized estimation equations (GEE) to probe the glycan-protein co-occurrences in PGD and
134  to control for protein identity effects (see Methods). A list of GEE odds ratios (OR) (each describing the
135 association between a protein structure and one of several glycan substructures) describes typical
136  glycosylation near a given protein structure; the OR list indicates the “expected substructure

137  abundance/absence” like an “expected glycoprofile” given a proximal protein structure.

138  We discovered 1,715 significant N-glycan IMR (FDR<0.1, |log(OR)|>0.1), many of which were associated
139  with spatially proximal (N+6A) and sequence-proximal AA (N+/-5 residues). Stratifying sequence-
140  proximal effects, we found almost twice as many IMR involving upstream (N-5, N-terminal) than
141 downstream (N+5, C-terminal) AA. Among the downstream AA effects, tryptophan (W), alanine (A),
142 serine (S), and F are most impactful (n = 99, 55, 55, and 48 IMR respectively). W also has many IMR
143 when downstream or spatially proximal (n = 26). Spatially proximal arginine (R) (n = 70) and downstream
144  glutamine (Q) (n = 35) are the largest effectors. Finally, glycosylation sites on turns have many IMR (n =

145  61) (Figure 2c).

146  Turn-associated IMR include >3-fold increases in di- and tri-sialylated tetra-antennary and >2-fold
147  increases in mono- and di-galactosylated structures with core fucose; all positively correlated structures
148  have at least one galactose (Gal) while not all are core fucosylated. Increased complexity at a high-
149  exposure glycosite (i.e., turn) is consistent with prior results demonstrating an inverse association

150  between complexity and depth®*

. Structurally proximal Q is associated with a >20-fold increase in
151 monosialylated triantennary structures and a 10-fold decrease in tetraantennary structures (Figure 3a).
152 Histidine (H), threonine (T), and valine (V) show correlation with increasing GalNAc[4S] (Figure 3b).
153  Expanding on Figure 3a-b, we further interrogated IMR for specific protein structure features (i.e.,
154  proximal amino acid or local secondary structure) by comparing the IMR odds ratio to monosaccharide

155  count for several monosaccharides (Figure 3c). A biclustering highlights at least two major groups of
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156  glycan features differentially impacted by different protein structure influences, mirroring the N-
157 glycan/O-glycan dichotomy in glycosylation. Providing clues to the elusive O-glycosylation site, proximal
158 A is negatively correlated with Gal and GIcNAc but positively correlated with N-acetylgalactosamine
159 (GalNAc). Conversely, T and H are positively associated with GIcNAc and Gal but negatively correlated
160  with B-GalNAc. As expected, GIcNAc and complex-glycans follow similar trends to Neu5Ac. However,
161 Neu5Ac, GlcNAc and Gal trends diverge near proline (P), cysteine (C), and V; these amino acids may act

162  as limiters of high-complexity (Figure 3c).

163  Amino acid changes can predict glycan structural changes, “Glycoimpact”

164  The difference in expected glycosylation associated with two distinct amino acids can indicate the
165  expected change in glycosylation following substitution between these amino acids (AA). As mentioned
166 previously, the expected impact of substitution on glycosylation, is termed “glycoimpact.” Such
167  variations are estimated by comparing expected glycoprofiles (see above) for two AA-pairs (e.g.
168 proximal valine and isoleucine). Specifically, glycoimpact is measured as the difference (z-score
169 normalized Euclidean distance) in expected glycoprofiles between each AA-pair observed near glycosites

170  of two protein structures (Figure 3, see Methods).

171 Many AA-substitutions are glycoimpactful on glycan biosynthesis, as exemplified by the F to W
172 substitution (Figure 3d-e, Supplementary Results). Upstream F is associated with bi- and tri-antennary
173 (>3-fold) while upstream W is associated with tetraantennary terminal Gal (>2-fold) implicating this
174  substitution in branching (Figure 3d). Additionally, spatially proximal F is strongly associated with
175 increased sialylation (>10-fold) implicating this amino acid in glycan maturation (Figure 3e). These
176 predictions suggest that W to F substitution has a large impact on glycoprofiles. Relevant substitution
177  events are highlighted as “glycoimpactful” (significantly high glycoimpact) and structurally ambivalent
178  (BLOSUM>0) (Figure 3f); those high-glycoimpact (red) and low structural impact (thick line) are

179  substitutions of particular note as potential avenues of non-structurally impactful glycan modulation.

180  Glycoimpact explains divergence of BLOSUM and PAM substitution matrices

181  We call the glycoimpact AA-substitution matrix the BLOSUM-PAM Orthology matrix, BLAMO x:y, where x
182  and y refer to the log odds ratio and FDR thresholds respectively. Sub-threshold odds ratios, those
183 insignificant or unsubstantial by the x:y threshold, are excluded from the glycoimpact calculation. Figure
184  3f displays a subset of BLAMO 0.5:0.1 relations. Comparisons can be made at multiple thresholds
185 (Supplementary Figure 5) but BLAMO 0.5:0.1 presents as a more representative, normative, and stable

186 threshold.
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187  To further explore the relevance of glycoimpact, we compared it to conservation-based measures of
188 amino acid substitution impact. The PAM** and BLOSUM* AA substitution matrices are popular but
189 distinct estimates. PAM is based on global protein alignments and tends to reflect functional
190  conservation, while BLOSUM relies on local protein alighment reflecting mostly structural conservation

46,47

191 (e.g., domains). Thus, PAM and BLOSUM diverge more when protein function is not fully described

192 by protein structure.

193 Since changes in glycan structure can modify protein function in a protein structure-independent
194  manner, we examined consistency between PAM and BLOSUM estimates across null and high
195 glycoimpact substitutions. Comparing PAM and BLOSUM scores at multiple thresholds
196 (RMSE(PAM; ,BLOSUM;}), we found that error in 4 of 5 PAM-BLOSUM comparisons was significantly
197  correlated to glycoimpact (BLAMO 0.5:0.1) for high-glycoimpact (GI>2.5) substitutions (Figure 4a,
198  Supplementary Figure 5). Acknowledging the limited effect size (R<0.4), these associations are strongly
199 significant and consistent across multiple comparisons suggesting, as noted, a significant and global but
200 noisy trend. The correlation between high-glycoimpact substitutions and PAM-BLOSUM inconsistency is
201 maintained for most PAM and BLOSUM thresholds (Supplementary Figure 6). Both protein structure and
202 glycosylation are necessary to fully explain protein function, and these results suggest a positive
203 relationship between glycoimpact and the failure of structure (BLOSUM) to completely explain function
204 (PAM). Given this relationship, we refer to the glycoimpact substitution matrix as the BLOSUM-PAM
205  Orthology (BLAMO) matrix.

206  High glycoimpact residues are conserved around N-glycosites

207 If glycosite-proximal amino acids influence functional glycosylation, there should be evolutionary
208 pressure imposed beyond the classical NX[S/T] N-glycan sequon. To map the broader glycosite structure,
209  we aligned the surrounding sequences (five AA upstream and downstream) of N-glycosites (Figure 4b-c)
210 and examined conservation and evolutionary coupling (EC). EC-derived from 2,005 glycoprotein
211  alignments (see Methods, Supplementary Results),”® substantiates enrichment between N-glycosites
212 and flanking residues (Supplementary Figure 7a). We also observed several position-specific glycosite-
213 coupled residues including S and T at N+2, F at N-2, and tyrosine (Y) at N-1 (pooled hypergeometric,
214  FDR<0.1, Supplementary Figure 7c, Figure 4c). These findings are consistent with previous observations
215 of the original sequon and enhanced aromatic sequon."” Glycosite-coupled residues are also consistent
216 with IMR-observed high-impact residues (Figure 2c). Of the ten high-impact upstream residues, seven

217 show enriched glycosite-coupling when they appear upstream. To further highlight global glycosite
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218 structure, we clustered glycosites using coupling probabilities (Figure 4d, Supplementary Figure 8, see
219 Methods). The N+2 aspartic acid (Asp) enriched in the univariate analysis (Figure 4c) co-occurs with an
220 N-2 lysine (K) (Figure 4d, motif 1). Alternatively, glutamic acid (E) is more likely to co-occur with other E
221 residues (N -4, +1, and +3) with an N+2 T-containing sequon (Figure 4d, motif 4). These couplings are

222 reflective of evolutionary pressure surrounding the glycosylation sites.

223 We next aligned™ glycosites permitting a tetraantennary N-glycan lacking fucose or sialic acids (Figure
224  4b). We examined the glycosite alignment for consistency with high-influence AA (Figure 2c) and
225  glycosite-coupled residues (Figure 4c). Of 20 glycosite-flanking AA, 16 show consistency between the
226  first or second most common AA and either the high-influence or glycosite coupled residues (see
227 Supplementary Results). At nearly every glycosite-flanking residue (N+/-10) there is consistency

228 between these three analyses, further corroborating that protein structure constrains glycosylation.
229

230  Glycoimpact correlates with discrepancy between functional variant predictions

231  Dozens of algorithms predict functional and pathogenic effects of genetic variants,**™"

incorporating
232 information ranging from sequences to protein structure, thus sometimes reporting different variants as
233 deleterious. We hypothesized the differences in some pathogenicity scores between algorithms could
234 be explained by glycoimpact (BLAMO 0.5:0.1, see Methods). Across 3,549,910 nonsynonymous
235 mutations, we measured the disagreement (RMSE) between each of 27 rank-normalized functional
236 impact prediction tools, precomputed with dbNSFP;** pathogenicity score divergence was then
237 correlated with glycoimpact. After hierarchical clustering on the divergence-glycoimpact correlation
238  coefficients, pathogenicity estimates separated into two major clusters: one containing nearly all (6/7)
239  tools leveraging protein-structure and the other primarily containing conservation, sequence, and/or
240  epigenetic-based tools (Figure 5b). Nearly all variant pathogenicity score differences across the two
241  clusters correlated with glycoimpact. These correlations and clustering structure disappear when
242  glycoimpact scores are shuffled (Supplementary Figure 10); thus, like BLOSUM-PAM discrepancies,
243 glycoimpact correlates with discrepancies between conservation-based and protein structure-based

244  pathogenicity estimates. These observations further implicate glycosylation as a potent functional

245 regulator and glycoimpact as an appropriate proxy for the importance of glycosylation.
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246  Glycoimpact proposes mechanisms for pathogenic variants in ClinVar and PrP

247 Because glycoimpact correlates with evolutionary, structural, and functional AA-substitution metrics, we
248 hypothesized it is also pathologically relevant. Thus, we compared glycoimpact and clinical impact for
249  ClinVar-annotated variants within 15A, 204, and 30A of UniProtkB-annotated glycosites. For all three
250  distances tested, high glycoimpact (BLAMO 0.5:0.1) variants in ClinVar were robustly and significantly
251 higher (Wilcoxon p=2.6e-4, 2.2e-7, and 1.6e-10) for pathogenic variants close to glycosylation sites
252 compared to glycosite-proximal benign variants (Figure 5c¢). Similarly, glycoimpact is higher for likely-

253 pathogenic variants and variants of unknown significance near glycosites.

254 Examining specific ClinVar-annotated variants, we identified multiple variants in glycosylation-related
255 diseases. For example, Tyrosinase:A355V (P14679) is a high-glycoimpact and glycosite-proximal causal

>233 While tyrosinase:A355V has not been examined for aberrant

256  variant in oculocutaneous albinism.
257  glycosylation, deglycosylation disrupts tyrosinase function consistent with type 1 oculocutaneous
258  albinism.”™’ Therefore, tyrosinase:A355V may act through aberrant glycosylation. We also observe
259 high-glycoimpact, glycosite-proximal (<30A), pathogenic (ClinVar) variants in multiple other glycan-

60,61

260  modulated diseases including prion diseases,”®* lysosomal storage disorders, and Gaucher’s

261  disease.t”™®

262  More broadly, of 1,228 non-benign ClinVar annotated variants on glycoproteins, 340 are high-
263 glycoimpact (GI>2.5) and closer than 30A to a glycosylation site (Table 1, Supplementary Table 1,
264  Supplementary Dataset 1). This includes major diseases not typically considered related to N-
265  glycosylation including cystic fibrosis, long QT syndrome, renal cell carcinoma, acquired
266  immunodeficiency syndrome, and multiple blood coagulation factor deficiencies. Notably,
267  approximately 36% of the non-benign ClinVar-annotated glycoprotein variants we examined may be

268 impacted by aberrant glycosylation, a potentially underappreciated mechanism of pathogenesis.

269  We further analyzed glycosite proximity among causal variants in prion disease. We measured 3D
270  Euclidean min-distance from the two PrP glycosylation sites, N181 and N197, to all residues in human

)**¢” and Gerstmann-

271 prion protein (PrP) (including variants causing Creutzfeldt-Jakob disease (CID
272 Straussler-Scheinker disease (GSS))**®° (Figure 5a, Supplementary Table 2). CJD-causing variants were
273 approximately twice as close to glycosylation sites than the background distribution of all PrP sites (One-
274  sided Wilcoxon p=0.0003). GSS-causative variants also trend closer to glycosites (One-sided Wilcoxon

275  p=0.07) (Figure 5a, Supplementary Figure 11a-b). Low expression mutants, an indication of possible
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276 aberrant glycosylation, trend closer to site N180 (One-sided Wilcoxon p=0.16) and appeared further
277  from N197 (One-sided Wilcoxon p=0.04) (Supplementary Figure 11c-d).

278 Table 1 — Summary of variants by disease type where variants are high glycoimpact, close to glycosylation sites, and annotated
279 in ClinVar as non-benign. Each specific disease is listed followed by gene name(s) and an integer indicating the number (if larger
280 than 1) of variants in that gene corresponding to each specific disease. “*” indicates a multisystemic disorder.

Cardiovascular
Disorders

Coagulation &
Hematologic

Ventricular tachycardia, polymorphic (CASQ2 (2)); Arrhythmogenic right ventricular cardiomyopathy, dysplasia,
hypertrophic (DSG2 (4)); Long QT syndrome, Brugada syndrome (KCNH2 (15) KCNE1 (2) KCNE2 TRHDE SCN1B (3));
Primary pulmonary hypertension (KCNK3); Coronary artery disease, autosomal dominant (LRP6); Atrial fibrillation
(SCN3B); Atrial septal defect 6 (TLL1); *Amyloidogenic transthyretin amyloidosis (TTR (6))

Upshaw-Schulman syndrome, Hereditary thrombotic thrombocytopenic purpura (TTP ADAMTS13); Platelet
glycoprotein IV deficiency (CD35); Hereditary factor Xl deficiency disease (F11 (2)); Factor VII deficiency (F7 (2));

Disorders Hemophilia (F9); Hereditary factor IX deficiency disease (F9 (5)); Glanzmann's thrombasthenia (/ITGA2B); Platelet-
activating factor acetylhydrolase deficiency (PLA2G7); Thrombophilia (PROC (3)); Antithrombin Il deficiency (SERPINC1
3)

Endocrine *Serkal syndrome (WNT4); Familial Hypobetalipoproteinemia (ANGPTL3); *Hypocalciuric hypercalcemia (CASR (7));

Disorders Laron syndrome (CGHR); *Deficiency of ferroxidase (CP (3)); * Dopamine beta hydroxylase deficiency (DBH); Laron-type
isolated somatotropin defect, short stature (GHR (3)); Isolated growth hormone deficiency (GHRHR (2)); Diabetes
mellitus, insulin-resistant (INSR); Leprechaunism syndrome (INSR); Hypercholesterolaemia (LDLR (2)); Gonadotropin-
independent familial sexual precocity, Leydig cell agenesis (LHCGR (2)); Hyperlipoproteinemia, type | (LPL);
Hemochromatosis (TFR2 HFE (2)); *Deficiency of iodide peroxidase (TPO (3)); Hypothyroidism, congenital, nongoitrous
(TSHR); *Ladd syndrome (FGF10)

Hearing Nonsyndromic Hearing Loss and Deafness (MET)

Disorders

Immune Cyclical neutropenia (ELANE (5)); X-linked severe combined immunodeficiency (IL2RG (2)); Severe combined

Disorders immunodeficiency disease (IL7R (2)); Myeloperoxidase deficiency (MPO); Complement deficiency, C1 esterase inhibitor
deficiency (SERPING1 (2)); Acquired immunodeficiency syndrome (AIDS) (/L4R)

Metabolic *Aspartylglycosaminuria (AGA); Infantile hypophosphatasia (ALPL (2)); Farber's lipogranulomatosis (ASAH);

Disorders Pseudocholinesterase deficiency, Bche, j variant (BCHE); *Biotinidase deficiency (BTD (13)); *Combined deficiency of

Musculoskeletal
Disorders

Neurologic
Disorders

Oncogenic

Ophthalmological
Disorders
Pulmonary &
Gastrointestinal
Renal Disorders

Rheumatologic
Disorders

sialidase and beta galactosidase, Galactosialidosis (CTSA (2)); Ceroid lipofuscinosis, neuronal 1, 10, and 13 (CTSF PPT1
(5) RP11-295K3.1 CTSD (3)); Glycogen storage disease |l (GAA); *Gaucher disease type 1, perinatal, lethal, subacute,
acute, neuronopathic (GBA (13)); *Fabry disease (GLA (4)); Tay-Sachs disease, B1 variant (HEXA (4)); *Sandhoff disease
(HEXB (2)); *Hurler syndrome, Gangliosidosis, Mucopolysaccharidosis, MPS-Il, MPS-IV-B, MPS-I-H/S, MPS-lI-A, MPS-l11-
B, MPS-IV-A, MPS-VII (ARSB (2) IDS (2) GLB1 (5) SGSH (2) NAGLU GALNS (4) MCOLN1 GUSB (3)); *Danon disease
(LAMP); *Sialidosis, type Il (NEU1); *Niemann-Pick disease type A, B, C1, Sphingomyelin/cholesterol lipidosis (NPC1 (7)
SMPD1 (2)); Hereditary acrodermatitis enteropathica (SLC39A4); *Congenital disorder of glycosylation type (STT3A
MOGS); *Multiple sulfatase deficiency (SUMF (2)); Crigler-Najjar syndrome (UGT1A8 UGT1A10 (2) UGT1A9 UGTIA7
UGT1A6 (3) UGT1AS5 UGT1A4 UGTIA3 (2) UGT1A1 (2))

Geleophysic dysplasia (ADAMTSL2); Chondrodysplasia punctata 1, X-linked recessive (ARSE); Orofacial cleft (BMP4);
Spondyloepiphyseal dysplasia with congenital joint dislocations (CHST3); Hypochondroplasia (FGFR3); Bruck syndrome
(FKBP10); Brachydactyly, type A2, fibular hypoplasia, complex brachydactyly (GDF5 (2)); Spondylocostal dysostosis
(LFNG); Short stature with nonspecific skeletal abnormalities (NPR2); Hyperphosphatasemia with bone disease
(TNFRSF11B); Osteogenesis imperfecta (WNT1); *Zimmermann-Laband syndrome (KCNH1 (3))

Metachromatic leukodystrophy, late-onset, late infantile (ARSA (4)); Holoprosencephaly (CDON); Myasthenic
syndrome, congenital, fast-channel, slow-channel (CHRNA1 (5)); Epilepsy, nocturnal frontal lobe, type 3 (CHRNB2);
*Congenital muscular dystrophy, Bethlem Myopathy (COL6A2 (4)); Febrile seizures, familial, 11 (CPA6); *Lipid
proteinosis (ECM1 (1)); Familial febrile seizures 8|not provided (GABRG2); Focal epilepsy with speech disorder with or
without mental retardation (GRIN2A (2)); Megalencephalic leukoencephalopathy (HEPACAM); Episodic ataxia type 1
(KCNA1); X-linked hydrocephalus syndrome (L1CAM); Charcot-Marie-Tooth disease (MPZ (2)); Early infantile epileptic
encephalopathy 9, 19, 32 (PCDH19 KCNA2 GABRA1); *Congenital muscular dystrophy-dystroglycanopathy (POMK);
Genetic prion diseases, Jakob-Creutzfeldt disease, Gerstmann-Straussler-Scheinker syndrome (PRNP (6)); Progressive
myoclonic epilepsy (SCARB2); Infantile Parkinsonism-dystonia (SLC6A3); Hyperekplexia (SLC6AS5); Dystonia (TOR1A);
Temple-Baraister syndrome (KCNH1)

*Hereditary diffuse gastric cancer, Endometrial carcinoma (CDH1 (2)); *Lynch syndrome (EPCAM); Renal cell
carcinoma, papillary (MET (2)); *Multiple endocrine neoplasia, type 2a, type 2 (RET (6))

Peters anomaly (EPHB2); Microphthalmia (GDF3); Retinitis pigmentosa 68, 12, 35, Cone-rod dystrophy 10 (SLC7A14
CRB1 SEEMA4A (2))

*Cystic fibrosis (CFTR (5)); *Alpha-1-antitrypsin deficiency (SERPINA1 (2))

Renal dysplasia (AGT); Diabetes insipidus, nephrogenic (AQP2); Nephrotic syndrome (LAMB2); Finnish congenital
nephrotic syndrome (NPHS1 (5)); Cystinuria (SLC3A1)
*Polyarteritis nodosa (CECR1 (2)); TNF receptor-associated periodic fever syndrome (TRAPS TNFRSF1A)
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Skin Disorders Diffuse palmoplantar keratoderma, Bothnian type (AQPS); Familial progressive hyperpigmentation with or without
hypopigmentation (KITLG); Adult junctional epidermolysis bullosa (LAMB3); *Kanzaki disease (NAGA); *Ectodermal
dysplasia-syndactyly syndrome 1 (PVRL4); *Oculocutaneous albinism, Waardenburg syndrome, Tyrosinase-negative,
Oculocutaneous albinism type 3 (TYR (5) TYRP1); Odonto Onycho Dermal dysplasia (WNT10A)

Vascular *Arterial calcification of infancy (ENPP1); Rienhoff syndrome (TGFB3)

Disorders

281  Protein structure correlates with glycan complexity in HIV gp160

282  To further validate our predictions, we compared IMR to glycosylation on specific glycoproteins. We first
283  found consistency between previously measured IMR (Figure 2b) and site-specific glycan complexity
284  measurements in HIV ENV gpl60 (Figure 6b).”° PGD-measured GEE-estimated IMR suggest that
285 downstream Q was significantly (FDR<1e-8; OR<0.5) predictive of complexity while spatially proximal P
286 and K were weaker but significant distinguishers (FDR<le-3, FDR<0.1 respectively, Figure 6a). As
287 predicted, gp160 glycosites with proximal P (min distance < 6A) present more oligomannose (Two-sided
288  Wilcoxon p=0.0033), whereas C-terminus-proximal Q glycosites have more complex glycans (Two-sided
289  Wilcoxon p=1le-4, Figure 6c). Spatially proximal K, while less significant (Figure 6c), had a nonlinear
290 impact on glycan complexity in HIV gpl60; first increasing with one proximal K then decreasing with
291  two. The two most significant IMR predicted from PGD (spatially proximal P and C-terminal Q) were

292  consistent with the site-specific glycosylation observed in HIV gp160.

293  IMR predict differential glycosylation on the SARS-CoV-2 spike glycoprotein
294  We also predicted glycosylation on SARS-CoV-2 spike protein S1 subunit in the ancestral strain to the
295  Gamma and Delta variants. Several of the >20 glycosylation sites’*’? have been implicated with stability,

7277% \We found multiple glycosite-proximal

296  target engagement, furin cleavage, and immune evasion.
297 mutations within 15A (min-distance, cubic (3D) expansion of the 6A IMR training threshold). Gamma
298 spike S1 contains multiple mutations close to glycosylation sites including N17 (L18F, T20N, & D138Y),
299  N61 (P26S & R190S), N122 (L18F, D138Y, & R190S), N616 (D614G), and N657 (H655Y). In the Delta S1,
300 N17 and N122 have 5 and 4 proximal mutations (relative to ancestral S1), respectively, while N165 and
301 N616 each have one high-proximity mutation. Of the glycosite proximal substitutions, only L18F in
302 Gamma and F157V in Delta have a high predicted glycoimpact by IMR. L18F appears within 15A of N17,
303 N74, N122 in Gamma. Similarly, F157V appears within 15A of N17, N122, and N165 in Delta. High-impact

304  substitutions appear close to N17 and N122 in both variants.

305 We measured HEK293-expressed SARS-CoV-2 S1 variant glycan heterogeneity using DeGlyPHER, a mass
306 spectrometry (MS)-based glycoproteomics method,”’ to determine glycan state and occupancy at each
307  glycosite. We performed two independent technical replicate analyses of the S1 subunit comparing

308  Ancestral to the Gamma and Delta variants and examined 11 of the 12 canonical S1 glycosites (N17 was
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309 excluded due to variable signal peptide trimming). Site-specific unoccupied, complex, and
310  oligomannose/hybrid proportions were compared between variants using a Mann-Whitney U test.”” P-
311 values were pooled across the two independent replicate analyses using the Fisher method (FDR-
312  corrected). We observed three significant differential glycosylation events (Figure 6d). Complex glycans
313 observed at N122 in Ancestral S1 were converted to more oligomannose/hybrid in both Delta
314  (oligomannose/hybrid observations increased nearly 4-fold from 13.9% in S1 to 52.5%; FDR=3.3e-9) and
315 Gamma (oligomannose/hybrid observations nearly doubled to 27.6%; FDR=7.9e-4) variants. Complex
316 glycans at N331 increased marginally from Ancestral S1 in Delta variant (from 93.7% to 99.7%;
317 FDR=0.031). Complex glycans seen at N657 in Ancestral S1 decreased in Gamma variant (by over 2-fold
318  from 53.3% to 21.1%; FDR=1.27e-3). The Gamma S1 monomer was consistently expressed with two

319 novel complex glycosites at N20 and N188.

320 Based on proximal high-glycoimpact substitutions, we predicted changes at N17, N74 (Gamma only),
321 N122, and N165 (Delta only). Three of four (N122 in Gamma and Delta, N657 in Gamma) predicted
322  differential glycosylation events were consistent with the four observed changes (sensitivity=0.75).
323 Meanwhile, 15 sites where no change was predicted, were consistent with the 17 sites where no change
324  was observed (specificity=0.88). This correct prediction of differential glycosylation is most substantial at
325 N122 in the S1 monomer providing a proof-of-concept that motivates further inspection of differential
326 glycosylation on the more physiological spike trimer and whole virus. This can provide further insights

327 into how differential glycosylation may participate in immune evasion by SARS-CoV-2 and other viruses.

328  Glycosite-proximal variation in 1gG sequence predicts differential Fc N-glycosylation
329  We next predicted differential glycosylation for the ighgl missense mutation (F299Il) in the IgG1 heavy

330  chain.”? IgG1 glycosylation impacts both adaptive humoral response”® >

and monoclonal antibody (mAb)
331  response.* ™ Experimentally, the 1gG1:F299I substitution shows a strong glycoimpact. The IgG1 variant
332  expressed in C57BL/6 and BALB/c mouse strains shows less sialylation and digalactosylation compared

87-89

333  to similarly expressed wt IgG1. Additionally, BALB/c-expressed 1gG1:F299I glycosylation is more
334  similar to C57BL/6-expressed 1gG1:F299I glycosylation than to glycans on wt IgG1 expressed in the same
335  BALB/c animals (Figure 7b-c). Fc N-glycans on 1gG1:F299I expressed in both BALB/c and C57BL/6 animals
336 have more agalactosylation (Mann-Whitney p=1.02e-6), less digalactosylation, and less mono-, di- and
337  total sialylation (Mann-Whitney p<0.0073) compared to wt I1gG1 expressed in the same animals (Figure
338 7¢, Supplementary Table 3). The increase in galactosylation in wt 1gG1:F299 is consistent with PGD

339 predicted IMR for upstream (N-terminal) F (Figure 7a). Upstream F is associated with increased di-
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340  galactosylated biantennary structures (OR>2), while upstream isoleucine (I) is associated with
341 tetraantennary galactosylation. Since only biantennary structures are generally permitted on IgG, the
342 galactose-promoting function of upstream isoleucine should be unrealized in this glycoprotein. The
343 increased sialylation in wt 1gG1:F299 is also consistent with PGD IMR which show an association
344 between structurally proximal F and disialylated structures (OR>10). These results suggest that

345 glycoimpact can accurately predict several specific glycan epitopes.

346  Core-fucose preference is associated with percent fucosylation and high-ADCC

347  To further demonstrate IMR accuracy and functional importance, we compared predicted core-fucose
348 preference to observed fucosylation abundance and ADCC in a Fab-constant Fc-variant antibody panel®
349 (Figure 7d-e). Core-fucose preference was calculated as the preference of variant compared to the wild
350 type for N-glycan core motif with or without a core fucose, i.e., Man(bl-4)GlcNAc(b1-4)[Fuc(al-
351  6)]GlcNAc(b1-4)-Asn and Man(b1-4)GIcNAc(b1-4)GIcNAc(b1-4)-Asn, respectively (see Methods).

352 We compared core-fucose preference for Fc-variant glycosylation on a surface-binding Mycobacterium
353  tuberculosis-specific monoclonal antibody (clone 24c5) to demonstrate the accuracy of IMR-based
354  predictions. We determined core-fucose preference predicted from GEE-derived IMR (see Methods) for
355 multiple Fc-variants. We then compared predicted core-fucose preference to the capillary
356  electrophoresis measured relative abundance of fucosylated glycans. The Fc-variants naturally stratified
357  into fucose-saturated (fucosylated glycans > 90%) and unsaturated variants (Supplementary Figure 16).
358 Fucose saturated variants showed no significant association with predicted fucose preference. However,
359  fucose-unsaturated variants alone (Figure 7d) show a strong correlation between predicted core-fucose
360  preference and percent fucosylation (R=0.9, p=0.013). 24c5 Fc glycosylation profiles therefore

361  demonstrate another instance of glycan predictability.

362 To determine if predicted changes in glycosylation can also predict glycan-modulated behaviors, we
363  examined our ability to predict increases in antibody-dependent cellular cytotoxicity (ADCC) from
364  predicted decreases in core-fucosylation, a well-characterized property of therapeutic antibodies.*® We
365 identified 10 glycosite-proximal variants (Figure 7e) from the REFORM Fc variant panel® and stratified
366 the ADCC-enhancing variants from those associated with no change in ADCC. Of the five sequence-
367 proximal variants, the non-enhancing variant (T307A) shows a positive preference for core-fucose while
368  all four ADCC associated variants have a negative core-fucose preference. Among spatially proximal
369  variants, several substitutions occur in multiple variants and are not uniquely associated with ADCC

370  enhancement or non-enhancement (greyed out, Figure 7e). Of the two-remaining spatially proximal
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371  variants, the non-enhancing variant (L235A) shows a positive preference for core-fucose while the
372 ADCC-associated variant (G236A) has a negative core-fucose preference. These ADCC associations with
373 core-fucose preference are consistent with percent fucosylation in 24c5 Fc. T307A and L235A are highly
374  fucosylated in 24c5, predicted to prefer core-fucose, and do not enhance ADCC. Conversely, S298A is
375 least fucosylated in 24c5, shows a negative preference for core-fucose, and is associated with ADCC
376  enhancement. Our predictions therefore recapitulate the immunological implications of allotype-driven

377  differential glycosylation.

378  IMR-guided novel Rituximab variants are predictably and differentially glycosylated

379  To demonstrate our genetic control over glycosylation, we designed 5 Rituximab variants. Fc-variants
380 were created using IMR-designed single amino acid substitutions to modulate branching and
381 fucosylation. Rituximab variants were transiently expressed in 1mL cultures of ExpiCHO cells, purified
382  using affinity chromatography and glycoprofiled using LC-MC-backed UPLC. By creating novel Fc variants
383  we can explore a maximally ab initio design space to avoid confounding influence from unrelated design

384  objectives used to create pre-existing Fc variants.

385 We observed a profound change in glycoprofiles for 4 of the 5 Fc¢ variants including a substantial
386 increase in branching in AB1050 (Figure 7f); increased branching is a notable achievement as Fc glycans
387  are almost exclusively biantennary. To better understand the robustness of IMR predictions we
388  compared our structure- and sequence-based predictions to random predictions measured against a
389 binomial distribution. Both structure- and sequence-based predictions performed significantly better
390 than random at predicting fucosylation, and terminal GIcNAc or Gal (Figure 7g). Both sequence- and
391  structure-based fucosylation predictions performed significantly better than random (structure- and
392  sequence-based performance were not significantly different from each other). In all, IMR can design

393  completely novel variants to substantially transform glycoprofiles by modifying single residues.

394

395 Discussion

396 Here, we identified constraints on glycan biosynthesis through the analysis of site-specific protein
397  features® and glycan substructures®® and then used these learned associations to effectively engineer
398 glycosylation. With our Protein-Glycan Dataset (PGD), we enumerated and quantified intramolecular
399  relations (IMR) between protein and glycan structure in human glycoproteins. We then computed the

400 expected differential glycosylation, the “glycoimpact,” associated with specific protein structure
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401 changes. We validated the importance of glycoimpact by comparison to substitution matrices,
402 evolutionary couplings, and pathogenicity scores. We further examined glycoimpact sensitivity and
403 specificity by comparing predictions with observed glycosylation on PrP, HIV gpl60, and IgG
404  glycoproteins. The existence and utility of glycoimpact suggests that glycosylation is constrained by
405 protein structure. We anticipate these constraints depend on which glycosyltransferases can dock and

406 continue glycosylation resulting in a range of feasible or preferred glycosylation for specific glycosites.

407  The relationship presented here between glycan and protein structures seen in PGD suggests that
408 protein structure provides important information regarding glycan structure. Of course, in extreme
409 expression systems, protein-based predictions of glycosylation and microheterogeneity breakdown as
410 proteostatic stress increases, the unfolded protein response is triggered, and glycosylation machinery

91,92

411  fails to meet opportunity for glycosylation. Such low fulfillment is seen in high-yield expression

94-96 Low

412 systems93 necessitating, in some cases, supplementation with maturing glycoenzymes.
413  fulfillment is not inconsistent with protein-based constraints, rather it is a condition which subverts

414 those constraint.

415 Our quantified protein-glycan IMR describe an expanded glycosite structure, beyond the original sequon
416 definition (NX[S/T]).2 We discovered many new sequence-proximal AA IMR both upstream and
417 downstream of traditional glycosites. The enhanced aromatic sequon (EAS)!’ corroborates one such
418 sequon-expanding IMR. Upstream phenylalanine IMR predicts an increase in Man7 structures (i.e., N-
419 glycan with seven-mannoses) and a decrease in Man6 structures, suggesting an increase in larger high-
420 mannose structures (Figure 3d). The predicted difference in oligomannose is consistent with reported
421 EAS glycosylation; upstream phenylalanine (N-2) can decrease glycan processing and increase
422 homogeneity.'” Structurally, W and Y are known to stabilize the chitobiose core through dispersion and
423 increasing glycan accessibility for maturation; F lacks a dipole and therefore does not support similar

424  maturation’ %

. Both the EAS and selective aromatic stacking results are consistent with glycoimpact.
425  We predict limited expected differential glycosylation following a W to Y substitution but a substantial
426  decrease in processing following substitution from W or Y to F (Figure 3f, Supplementary Figure 5). The
427  expanded sequon scaffolded by the IMR (Figure 2), glycoimpact substitution matrix (Figure 3f,
428 Supplementary Figure 5), and glycosite-coupled residues (Figure 4c-d) together represent a portable and
429 dynamic summary of our findings that can be easily applied to predict glycosylation following novel

430  substitutions. We believe that the large number of both high glycoimpact and low structural impact
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431 substitutions (around 50% of AA have one such substitution) will be useful in understanding pathogenic

432 variants, viral evolution, and glycoprotein engineering.

433 Glycoimpact can be further used to inform the mechanism of pathogenesis when disease variants are
434  close to glycosites that impact glycosylation. We can examine known annotated-pathogenic variants and
435 propose novel mechanisms of pathogenesis. Unannotated variants can be automatically labelled for
436 likelihood of glycan modulation. Though this study does not deeply interrogate causal associations with
437 glycan-modulated pathogenesis, we found several prior works implicating high-glycoimpact glycosite
438 proximal variants as pathogenic, including one thorough study of oculocutaneous albinism implicating
439 variant-proximal glycosylation as a causal pathogenic modulator. The highest glycoimpact relation with a
440 high BLOSUM score, a Valine-Isoleucine substitution, is known to have a negligible protein structural
441 impact while dramatically changing glycosylation. As expected, pathogenic variant PrP:V180! (adjacent
442 to glycosite N181) is a causal mutation in Creutzfeldt-Jakob disease.’® Similarly, a glycosite-proximal
443 V84l substitution in HIV-gpl120 deactivates the virus; otherwise achieved by mutagenic glycosite-
444  ablation.'® Similarly, tyrosinase:A355V (P14679) is a sufficient cause of oculocutaneous albinism.****
445 A355V is also a high glycoimpact variant and close to the function-critical N371 glycosite (<20A;

55,104

446 PDB:5M8N); tyrosinase glycosylation is critical for proper folding, N371 glycosite ablation results in

447  decreased protein abundance and activity,'”

and non-mutagenic post-expression tyrosinase
448 deglycosylation also interrupts function.>” Using glycoimpact, we can propose A335V as a glycan-based
449 mechanism of pathogenicity. Beyond tyrosinase, we identified thousands of variants across hundreds of
450  diseases that may be similarly explained by aberrant glycosylation. While aberrant glycosylation can also

451  be caused by environmental changes and proteostatic stress,”*

glycoimpact opens a new an additional
452 perspective on mechanisms by which aberrations in glycosylation may be transduced. There may be
453 millions of high glycoimpact variants close to glycosites beyond the narrower scope of Clinvar

454  annotation for which glycoimpact can suggest a possible pathogenic mechanism.

455  Just as amino acid substitution can assert pathogenic glycosylation on human proteins, similar
456  substitutions can enable immune evasion for viruses. Consistent with glycoimpact predictions, we show
457  that glycosite proximal proline and glutamine are associated with glycan complexity across HIV gp160.
458  These results both validate our model and propose mechanisms for evolutionary control over the viral

14,28,106,107
d.

459 glycan shiel Across three SARS-CoV-2 Variants of Concern, we show that high glycoimpact

460  variations close to glycosites produce IMR-consistent differential spike glycosylation. If IMR can predict
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461 differential glycosylation as viruses evolve, these predictions could help predict immune evasion and

462  predict the viral evolutionary landscape for many viruses."**%1%

463 Functional differential glycosylation is also critical in protein therapeutics. Glycoengineering for

464  therapeutics is often costly, application-specific, and siloed from protein design. Glycans can be

109-111 112-114

465 modified indirectly through genome editing of glycosyltransferases or media optimization,

115120 Here, we examined AA-

466 and such strategies can be guided by models of the biosynthetic pathways.
467 specific differential glycosylation events on antibodies. On the previously-characterized and
468  differentially-glycosylated mouse IgG1 allotype (1299F), we see IMR-predictable glycosylation encoded
469 directly into the glycoprotein primary sequence. Similarly, in glycosite-proximal and high glycoimpact
470  mAb-Fc-variants, both fucosylation and fucose-modulated functional response (ADCC) correlated with

471  GEE-IMR core-fucose preference. In the most extreme challenge, we show that novel Rituximab variants

472 can be designed with IMR to deliberately and effectively change glycoprofiles. In these examples, IMR is

79-81 90,121-124

473  a biologically and therapeutically useful method for connecting allotype, glycosylation, and
474  effector function. Therefore, IMR present an opportunity to embed glycoengineering directly into the
475 glycoprotein sequence and combine the currently separate paradigms of glycoengineering and protein
476 engineering to a unified practice of glycoprotein engineering: considering the structure of both protein

477 and glycan and their mutual influence.

478 Our direct results focus on human-expressed glycoproteins and global trends, rather than specific
479 mechanisms such as aromatic chemistry, or chaperone proteins. While the specific glycoimpact trends
480 may not extend to other organisms, the chemistry of carbohydrate-protein interactions suggests that
481 glycoimpact is foundational and therefore exists in some form across glycosylated proteins. Additionally,
482 these observations speak to glycosylation potential and will be most accurate in nascently-expressed
483 proteins under limited proteostatic stress when glycogenes are expressed and substrates are available.
484  We do not suggest these predictions to describe the only glycoprofile but rather the set of plausible

485 glycans that may comprise a site-specific glycoprofile.

486  The evidence presented demonstrates the constraint of glycosylation by protein structure and the
487 relevance of glycoimpact. These findings are corroborated by multiple distinct analyses and datasets
488 with which protein structure appears to bound glycosylation. In all, protein structure appears to inform
489 glycan biosynthesis. Predictability in glycosylation from protein structure will unlock a wealth of
490 theoretical, exploratory, and corroborative analysis making it inexpensive and easy to leverage

491 glycobiological insights in fields throughout biology.
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508 Methods

509 Enrichment of glycan-protein site-matched data to generate the Protein-Glycan Enriched
510  Structure Dataset (PGD)

511 Starting from site-specific glycosylation events, we extended the annotation of each glycosylation site
512 and glycan to include detailed site-specific protein structural annotation and recorded the number of
513  times each substructure (defined below) appeared in each glycan. Only human glycoproteins were
514  analyzed. The final database includes 111 human glycoproteins (98 glycoproteins with N-glycosylation
515  sites and 38 glycoproteins with O-glycosylation sites) 306 glycosylation sites and 4,263 glycans (3,563 N-
516  and 700 O-linked glycans). We initially used site-specific glycosylation events documented in UniCarbKB
517  (original deprecated, latest version archived at data.glygen.org/GLY_000040) and in the January 2022
518 release of GlyConnect’” (glyconnect.expasy.org/)).*" Later and current work was informed by
519  glycosylation events documented in GlyConnect™® with supplemental information from GlyGen."’

520  Known glycosylation events from the UniCarbKB and GlyConnect were used to inform much of the core
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521 analysis. Glycomes and glycoproteomes in UniCarbKB were collected from GlycosuiteDB,**

522 EUROCarbDB,"* and expanded meta-analysis data.”” GlyConnect was built on the fall 2017 release of
523 UniCarbKB and spans glycomes and glycoproteomes predominantly (70%) curated from experiments

524 distinct from UniCarbKB.

525  The protein structure annotation was done using the Structural Systems Biology (ssbio) package in
526 python.* The package uses several tools to perform a variety of annotations. For each human protein,

140

527 empirical and homology modeled structures were collected from the Protein Data Bank (PDB)*™ and

142 protein

528 SWISMOD,™ respectively. Proteins without existing models were modelled using I-TASSER.
529 structures and chemistry close to the glycosylation sites were annotated multiple software packages
530 through ssbio: sequence properties (EMBOS:pepstats),"*® sequence alignment (EMBOS:needle),'*?
531  secondary structure (DSSP,'** SCRATCH::SSpro*** and SCRATCH::SSpro8), solvent accessibility (DSSP and
532 FreeSASA), and residue depth (MSMS). Additional amino acid aggregate features were calculated using

533 R::seqinr. Spatial proximity was defined using “min-distance” between two amino acids; the minimum

534  distance between any pair of atoms spanning the amino acids.

535 Glycan structures were used to represent shared structures between specific observations. Several
536 authors have relied on the representation of glycans as graphs starting with early computer encodings
537  such as KCF**® or GlycoCT™* and all the way to latest glycan language models**®. Grounding our work in
538  this trend, we consider a substructure as a subgraph of the full graph that represents a whole structure.
539  Substructures were annotated using a combination of glypy** and GlyCompare® for structure parsing
540  and comparison respectively. All glycan substructures, a connected subset of monosaccharides with and
541 without linkage information, were extracted from each glycan, merged to make a superset of
542  substructures, then mapped to each glycan. Thus, resulting in a mapping from every glycan in the input

543 database to shared substructures. We define motifs as notable glycan substructures.
544

545  Software and packages

546 Protein structure analysis was performed in Python v2.7.15 using ssbio v0.9.9.8 to retrieve and
547  calculate: existing empirical and homology models from PDB and SWISSMOD (PDBe SIFTS),"* de novo
548 homology models (I-TASSER v5.1), sequence properties (EMBOS v6.6.0.0 pepstats), sequence
549 alignment(EMBOS v6.6.0.0 needle), secondary structure (DSSP v3.0.0, SCRATCHv1.1::SSpro and
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550  SCRATCHv1.1::SSpro8), solvent accessibility (DSSPv3.0.0 and FreeSASAv2.0.2), and residue depth

551 (MSMSv2.2.6.1). Additional amino acid aggregate features were calculated using R::seqinr.

552 Statistical analysis was performed in R v3.6.1. R::entropy v1.2.1 was used for entropy, Kullback-Leibler
553 divergence and other information-theoretic calculations. Generalized Estimating Equations (GEE) were
554  fit using R::geepack v1.3.1. Gaussian Mixture Models were used to z-score normalize the glycoimpact
555 using R::mixtools v1.1.0. BLOSUM and PAM substitution matrixes were accessed from R::Biostrings

556  v2.52.

557  Probability event space, information gain and conditional probability

558 Here we define an event (a row in our enriched glycosylation-glycosite database) as “the observation of
559 a glycan at a glycosylation site in an experiment.” If two separate experiments in the input database
560 both report the same glycan at the same site on the same protein, we consider that event to have
561  occurred twice. Within each event, we ask if the glycan structure random variable (the presence or
562 absence of a specific glycan substructure) is present or absent in the observed glycosylation event and if
563 the protein structure random variable (a proximal amino acid, a secondary structure or another discrete
564  protein structural feature). A Fisher exact test (R::base::fisher.test) was used to estimate the odds ratio
565 (OR) and significance (p) of each intra-molecular relation (IMR). P-values were corrected for False
566 Discovery Rate (FDR, q) permitting 10% false discovery (g<0.1); a common threshold for systems-level
567  analyses and distinct from p-values. Conditional probability was calculated by dividing joint probability
568 by the marginal probability of protein and glycan structure presence. Kullback-Leibler divergence (KLd,
569 R::entropy::KL.Dirichlet, pseudo count=1/6) was calculated by comparing the conditional probability
570  distribution to the marginal probability distributions. In summary, we quantify an individual IMR as the
571 Fischer exact test odds ratio (OR), significance (p), that were corrected for by the false discovery rate

572 (FDR), which were later analyzed by clustering.

573  Quantitative characterization of Intra-Molecular Relations (IMR) using Generalized Estimation
574  Equations (GEE)

575  To characterize the IMR in the PGD while controlling for protein-specific confounding effects and handle
576 nonlinear relations we used a population-averaging approach; logistic Generalized Estimating Equations

577  (GEE) with glycoprotein identity as the cluster identifier."™"

We used an exchangeable correlation
578  structure to describe and balance the in-protein similarity. Models were fit to predict glycan
579  substructure binary (presence or absence) from either z-score-normalized continuous or binary

580  (presence or absence) protein structures. For each model, the data from PGD was isolated for one
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581 glycan-type (N-glycan or O-glycan), one glycan substructure and one protein structure. Incomplete
582 observations (events/rows) were removed and then several checks on each data-slice were run to
583 minimize overfitting. Glycan substructures were excluded from modelling if standard deviation was less
584  than 1le-6 or if there were fewer than 5 observations of the structure within the pertinent data-slice.
585 Discrete protein structure features were excluded if there were fewer than 4 observations within the
586  data-slice. Models were excluded if there were fewer than 4 instances in any cell (of the 2x2
587 absence/occurrence matrix) or if the chi-squared expected value of any cell was less than or equal to 5.
588 Observations were weighted by the reciprocal-count of the corresponding label type to balance label
589 contributions to the model and scaled by exponentiated c-score to maximize the contribution of high-
590  quality protein structure models (w; = 2° / n); c is the c-score given by |-TASSER and n is the number of
591 times a structure is present (1) or absent (0). Models with |log(OR)|> 50 were excluded as likely overfit.
592 Quasi-likelihood under independent model criterion (QIC) and the Wald tests were used to evaluate the
593  significance and magnitude of the estimated IMR. We also ran this analysis using publication identifiers
594  as a group/cluster identity variable to account for researcher and group biases; this produced similar
595 results likely because protein identity is strongly correlated with the publications in which the proteins

596 appear.

597  Calculating glycoimpact from IMR and populating a BLAMO matrix
598  Glycoimpact is the z-score normalized Euclidean distance between the significant log{(OR) for all motifs
599  associated with a protein structure; the null distribution of Euclidean distances was determined using

600  Gaussian mixture models (Supplementary Figure 5)

601  Glycoimpact is calculated for every pair of AAs as the Euclidean distance between significant and
602  substantial log odds ratios for each AA; the Euclidean distance between expected glycoprofiles for each
603  AA. The substantial (log(OR)>X) and significant (FDR<Y) log(OR) values are retained while insignificant or
604  unsubstantial log(OR) values are set to zero. The resulting matrix describes the expected glycoimpact
605  due to each AA-substitution, termed the BLAMO XY matrix where X and Y denote the log(OR) and FDR

606  thresholds respectively.

607  Glycoimpact values from a BLAMO XY matrix can then be z-score normalized to a Gaussian Mixture
608  Model™ estimated null distribution. We use z=2.5 as a heuristic but stringent cutoff between

609  “impactful” (z>2.5) and “null” (z<2.5) substitutions.
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610  Comparison of SNP pathogenicity scores with glycoimpact

611 Functional prediction rank normalized scores were obtained from dbNSFP (v3.2) for the following 27
612 tools: SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, GERP++, MutationTaster, Mutation Assessor, FATHMM,
613 LRT, SiPhy, 2x PhyloP, MetaSVM, MetalR, CADD, VEST3, PROVEAN, 4x fitCons scores, fathmm-MKL,
614  DANN, 2x phastCons, GenoCanyon, Eigen and Eigen-PC.*® Variants were excluded from the analysis if
615 they had more than 3 missing functional score predictions, did not result in an amino acid change, or not

616 on proteins that had known glycosylation sites.

617  Assignments of “prediction-type” and “structure-usage” (Figure 5b) were adapted from classifications

618  provided by dbNSFP.*

619  Estimation and Analysis of Evolutionary Couplings (EC)

620 For EVCouplings calculation, hits composed of more than 50% gaps were filtered from the alignment,
621 and sequences with homologs more than 80% identical were down-weighted to compute N, the
622  effective number of sequences.*® ECs were calculated using pseudo-likelihood maximization,">™* as
623 implemented previously.”> The A, term was scaled by the number of amino acids minus one times the

624 number of sites in the model minus one. Pre- and post-processing was performed using the EVCouplings

625  Python package.™®

626 High-ranking EC events are generally considered those ranking less than L a measure of sequence length
627 where only residues with fewer than 30% gaps were counted.*® Specifically, the gap threshold (minimum
628 column coverage parameter) was set to 70%. Therefore, residue positions with more than 30% gaps
629 disregarded. We also used a fragment filter of 70%, meaning that individual sequences had to have 30%
630 non-gap characters in each row as well. We explored multiple high-rank thresholds between L/5 and 3L.
631  To explore the increased coupling with glycosylation sites, we examined couplings between each amino
632 acid with glycosites (GN), asparagines (N) and any amino acid (AA). We compared the number of high-
633 ranking coupling events, the distributions of EC probabilities and the relative numbers of high and low-
634 ranking ECs for each group with various amino acids at relative positions N+/-6. Distributions were
635 compared with a one-sided Wilcoxon test and high/low-ranking counts were compared with
636 hypergeometric enrichment. The hypergeometric enrichment of glycosite-coupling was performed at
637 multiple high-rank thresholds (L/3, /2, L, 2L, 3L) and p-values were pooled for each amino acid at each
638 relative position across ranks using Fisher’'s method. Finally, the pooled p-values were corrected for

639 multiple tests using the Benjamini-Hochberg method.
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640 To examine larger structures in ECs, we used EC rank to mask extended sequons (N+/-6) then clustered
641 the sequons and extracted motifs. For each sequon, the residues were retained if the residue-glycosite
642 coupling rank was less than L4. The extended and masked sequons were distinguished using a hamming
643 distance (DECIPHERv2.18.1)"" then clustered using agglomerative hierarchical clustering
644  (factoextra::hcut v1.0.7). Motif logos were generated using custom-scaled position-specific scoring
645 matrices'*® reflecting the cumulative rank of amino acids at each glycosite relative position. Specifically,
646  the aggregate score, S, for each amino acid, a, at each position, p, was aggregated over EC score ranks, r,

647  within each extended-masked sequons, s, in a cluster, ¢, such that S, ,, = logq, ( Yeee LJr )

648  Mouse breeding and Samples

649  The Collaborative Cross (CC) recombinant inbred mouse strains (N = 333, 95 strains, age 20-117 weeks)
650  were produced by Geniad Pty Ltd and housed at Animal Resources Centre (Murdoch, WA, Australia).**
651  The CC strains were genotyped using the MegaMUGA platform (GeneSeek; Lincoln, NE). C57BL/6 (N =
652 10) and BALB/c mice (N = 10), sex- and age-matched (10 weeks old, 1:1 male:female) were obtained
653  from Elevage Janvier (Le Genest-Saint-Isle, France).* The studies received appropriate ethics approvals

654 from the Animal Ethics Committee of the Animal Resources Centre’® and the Ethical Committee of the

655  District Government of Lower Franconia.®

656  Liquid Chromatography — Mass Spectrometry (LC-MS), Normalization and Statistical Analysis of
657  Mouse Fc-linked 1gG N-glycopeptides
658 Immunoglobulin G was isolated from 100-500 ul of mouse serum on 96-well Protein G monolithic plates

659  (BIA Separations) as described previously.”®®

LC-MS analysis of tryptic Fc-glycopeptides was performed
660 as described in.”*®® In brief, approximately 10-20 ug of isolated I1gG was digested with 200 ng trypsin
661 (Worthington, USA). The resulting glycopeptides were purified by reverse-phase solid phase extraction
662 using Chromabond C18ec beads (Marcherey-Nagel, Germany) as described in.?® Tryptic digests were
663  analyzed on a nanoACQUITY UPLC system (Waters, USA) coupled to a Compact mass spectrometer
664  (Bruker Daltonics, Germany). Peak areas were calculated by summing areas for doubly and triply

665  charged ions determined with LaCyTools v 1.0.1 b.7 software™ and normalized to the total integrated

666 area per lgG subclass.

667 Batch correction was performed on the log-transformed values using the ComBat method (R package
668  “sva”) to remove possible experimental variations due to LC-MS analysis having been performed on

669  several 96-well plates within each cohort. Derived glycosylation traits describing relative abundance of
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670 N-glycans sharing specific structural features (agalactosylated, galactosylated, sialylated,
671 monogalactosylated, digalactosylated, monosialylated, disialylated structures, structures with bisecting
672 GIcNAc) were calculated in a subclass-specific manner.®® Statistical analysis and data visualization were

673 performed using R programming language v 4.0.3.

674  Glycoproteomics for SARS-CoV-2 Spike glycoproteins

675 His-tagged recombinant SARS-CoV-2 Spike S1 protein, expressed in HEK293 cells were purchased from
676 Sino Biologics (Wayne, PA). Lyophilized glycoproteins corresponding to the original 2019 strain (40591-
677 VO8H), the Gamma variant (40591-VO8H14 with L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y,
678  D614G and H655Y mutations), and the Delta variant (40591-VO8H23 with T19R, G142D, E156G, 157-158
679  deletion, L452R, T478K, D614G and P681R mutations). Samples were analyzed using DeGlyPHER."’

680 Briefly, glycoproteins were digested with Proteinase K (30 min or 4 h) or trypsin, sequentially
681  deglycosylated with Endo H (creating residual mass signature of +203 Da) to signify high
682 mannose/hybrid glycans, and then with PNGase F in H,'®0 (creating residual mass signature of +3 Da) to
683  signify the remnant complex glycans on any sequon (NXS|T, where X is any amino acid except P)
684  asparagine. Unoccupied sequons will have no additional signature mass. Analysis of samples was done
685 on a Q Exactive HF-X mass spectrometer (Thermo), injecting directly onto a 25 cm, 100 um ID column
686  packed with BEH 1.7 um C18 resin (Waters). Liquid chromatography separation was achieved at a flow
687 rate of 300 nL min-1 on an EASY-nLC 1200 (Thermo). Buffers A and B were 0.1% formic acid in 5 and
688  80% acetonitrile, respectively. The gradient used was 1-25% B over 160 min, an increase to 40% B over
689 40 min, an increase to 90% B over another 10 and 30 min at 90% B for a total run time of 240 min. The
690  column was re-equilibrated with solution A before injecting sample. Peptides eluting from the tip of the
691  column were nanosprayed directly into the mass spectrometer by application of 2.8 kV at the back of
692  the column. The mass spectrometer was operated in a data-dependent mode. Full MS1 scans were
693  collected in the Orbitrap at 120000 resolution. The 10 most abundant ions per scan were selected for
694  HCD MS/MS at 25 NCE. Dynamic exclusion was enabled with a 10 s duration and +1 ions were excluded.
695 Peptides were identified with Integrated Proteomics Pipeline (IP2, Bruker Scientific LLC). Tandem mass

696 spectra were extracted from raw files using RawConverter'®" and searched with ProLuCID*®

against a
697 database comprising UniProt reviewed proteome for Homo sapiens (UPO00005640), including additional
698 UniProt amino acid sequences for Endo H (P04067), PNGase F (Q9XBMS8), and Proteinase K (P06873), the
699 amino acid sequences for the SARS-CoV-2 S1 subunits, and a list of general protein contaminants. The

700 search included no protease specificity (all fully tryptic and semitryptic peptide candidates when treated
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701 with trypsin). Carbamidomethylation (+57.02146 C) was used as a static modification. Deamidation in
702 the presence of H,"0 (+2.988261 N), GlcNAc (+203.079373 N), oxidation (+15.994915 M), and N-
703  terminal pyroglutamate formation (-17.026549 Q) were used as differential modifications. Data were
704  searched with 50 ppm parent mass tolerance and 50 ppm fragment mass tolerance. Identified proteins

163

705 were filtered using DTASelect2™™ while using a target-decoy database search strategy to limit the false

.1%* At least one peptide per protein and no tryptic end (or

706 discovery rate to 1%, at the spectrum leve
707 one tryptic end when treated with trypsin) per peptide were necessary, and precursor delta mass cutoff
708  was fixed at 10 ppm. Statistical models for peptide mass modification {(modstat) were applied (trypstat
709 was additionally applied for trypsin-treated samples). Semi-quantitative label-free analysis was
710 performed based on the precursor peak area, with a 10 ppm parent mass tolerance and 0.1 min

711  retention time tolerance, Census2. % “

Match between runs” was used to find missing peptides between
712 runs. GlycoMSQuant (v.1.4.1, https://github.com/proteomicsyates/GlycoMSQuant)’”’ was used,
713 summing precursor peak areas across the 3 conditions — 30 min and 4 h Proteinase K, and trypsin,
714  discarded peptides without glycosites, and discarded misidentified peptides when N-glycan remnant
715 mass modifications were localized to non-glycosite asparagines and corrected/fixed N-glycan mis-
716 localization where appropriate, to finally calculate proportions of 3 glycosylation states at each glycosite,

717  with +/-SEM (standard error of mean). Pairwise-statistical comparison between variants was performed

718 using Mann-Whitney U Test.

719  The entire DeGlyPHER pipeline and measurement were run twice to collect two independent technical
720 replicates. Using the Fisher's method for pooling independent p-values, we combined the Mann-
721 Whitney U-derived p-values for each glycosite comparison. Pooled p-values were adjusted for multiple-
722 testing using FDR. The N17 glycosite was inconsistently cleaved with the signal peptide precluding stable

723 measurements needed for robust comparison.

724  Estimation of glycomotif preference from IMR

725 Here, we define glycomotif (e.g., core-fucose) preference. Briefly, this is the preference for a glycomotif
726  following a substitution compared to the wildtype (WT) and a close (within one monosaccharide)
727 precursor of the glycomotif of interest. When the IMR relating the lost (WT, x-axis) and gained (variant,
728  y-axis) amino acids association (IMR) to the glycomotif and glycomotif precursor, the variant preference
729 can be calculated as the distance between the glycomotif and glycomotif-precursor points; distance is
730  the component perpendicular to the line of equity (y=x). Supplementary Figure 15 demonstrates this

731  calculation visually.
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732 Glycomotif preference can be described in more precise terms. Given a substitution where X and Y are
733 WT and mutant amino acids respectively at an amino acid residue at index I, we may describe the
734 substitution as X1Y. When [ is glycosite-proximal, we may describe a substitution, XIY, as a point, p,
735  with a pair of IMR (p) relating each amino acid to a single glycomotif, py;y = (0x, py)- The IMR-pair,

736 pyry = (px, py), may also be described as a vector terminating on that point, py;y. We may also
737 represent the line of equality (y = x) by the normalized vector 7 = (\/%\/%) Here, the glycoimpact is

738  the minimum distance, G = d(p, 7). To calculate the component of § parallel to 71, we project p onto 7,

L

<y

739  p; === 7. Therefore, G = d(p, 1) =p — Pz

S

Sy

740  With this definition of G, we can define G; and G, as the glycoimpact corresponding to the glycomotif of
741 interest and the contract glycomotif respectively. Then, the relative preference by first calculating the
742 perpendicular component of the difference in glycoimpact vectors projected onto 7#, such that
743 153 = (G; — G,) . Then R is the [?-norm of the vector difference, R = s|rz|. For r; = (x,y), we define

744 thesign, s, as positive if y > x and negative if x > y. The sign is not defined if x = y.

745  Glycoprofiling of 25¢4 monoclonal antibody using capillary electrophoresis

746  As was recently described,'®® 54 Fc variants of 25c4 were cloned from the REFORM Fc variant panel.”
747  The REFORM plasmid library®™ is comprised of golden gate cloning plasmids*®” with Bsal restriction sites
748  flanking distinct antibody domains and a furin 2A cleavage site to enable self-cleavage and successful
749  assembly of a complete antibody from a single open reading frame.'®® Variable Light chains containing
750 REFORM variants and 25c4 Variable Heavy chains were simultaneously transfected at a 1:1 ratio in CHO

751 cells, purified using a Protein A chromatography resin, then dialyzed and concentrated with Phosphate

752 Saline Buffer (PBS).

753 Fc glycosylation was then measured on purified 25c4 antibodies. Purified antibodies were incubated
754  with magnetic G protein beads (Millipore) and separated from Fab fragments following enzymatic
755 digestion (IdeZ, NEB). Fc glycans were released and labelled using the GlycanAssure ATPS kit (Thermo
756 Fisher Scientific) then separated using 3500xL Genetic Analyzer (Thermo Fisher Scientific). As previously
757 described,'® retention times (RT) were matched to glycan standards using Glycan Acquisition Software
758  Version 3500 v1.0.3 and Glycan Analysis Software v1.1. Abundance (area under peaks) was normalized
759 to total area per sample to calculate relative abundance of each glycan. Non-uniquely determined

760  glycans were excluded (where the difference in RT was below the detection threshold).
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761  Expression, purification and glycoprofiling of Rituximab variants using LC-MS-backed UPLC

762  Rituximab titers were determined in triplicate on an Octet® Red96 biolayer interferometry (BLI)
763 instrument. Binding to ProA biosensors was recorded for 120 s at 30 °C. Binding rates were converted to
764  concentrations based on a standard curve generated using wildtype Rituximab, produced and purified

765 in-house.

766  The Rituximab variants were purified by affinity chromatography using a 1-mL MAb Select Sure column
767 (Cytiva) mounted on an Akta Pure instrument. Equilibration and washing steps were performed using 20
768 mM sodium phosphate, 0.15 M NaCl, pH 7.2. The antibody was eluted with 0.1M Sodium citrate, pH 3.
769 Elution fractions were neutralized with 0.2 V of 1 M Tris, pH 9. Next, the protein solutions were desalted
770 using 5-mL Zeba™ Spin desalting columns (7K MWCO, Thermo Fisher) and dPBS as eluent. Finally, the
771 desalted solutions were concentrated on 4-mL Amicon centrifugal filter units (50K MWCO, Millipore)
772 aiming for a concentration of approximately 0.5 mg/mL. The final concentrations were determined by
773 measuring absorbance at 280 nm on a Nanodrop 2000 spectrophotometer using an extinction

774  coefficient of 1.46 (mg/mL)ecm™.

775 Purified and concentrated protein extract were fluorescently labelled (N-glycan labeling using the
776  GlycoWorks RapiFluor-MS N-Glycan Kit, Waters, Milford, MA). Fluorescent glycans were stratified and
777 measured using a HILIC-FLR with ACQUITY UPLC Glycan BEH Amide column (2.1 x 150 mm, 1.7 pm,
778  Waters, Milford, MA) mounted on an Ultimate 3000 UPLC system and a Fusion Orbitrap mass
779 spectrometer (Thermo Scientific). Acetonitrile (100%) and ammonium formate (50 mM, pH 4.4) were

780 used as mobile phases.

781 Captions

782 Figure 1 — (a) DNA, RNA, and protein biosynthesis are template-driven processes. Glycan biosynthesis is described as

783 metabolically and enzymatically constrained. (b) Glycoprotein 2D and 3D structural features are considered in relation to
784 proximal glycosylation. (c) Site-specific glycosylation data (left) are used to estimate associations between site-specific protein
785 glycan occurrence and proximal sequence (b, left) or structure (b, right), as quantified with our Intra-Molecular Relations (IMR)
786 metric {(middle). Following amino acid changes, IMR reflect the agreement between expected glycosylation and a glycoprotein
787 structure, while disagreement is singled out and called “glycoimpact” to capture glycan sequence changes (right). Glycans are
788 represented using IUPAC-extension for glycans and the Symbol Nomenclature for Glycans (SNFGl’z); Mannose (Man), Galactose
789 (Gal), Sialic Acid (Neu5Ac), N-Acetylglucosamine (GlcNAc), Fucose (Fuc). {(d) We validated predictions of glycoprotein structure
790 constraining glycosylation with computational results, published experimental data, and novel experimental results across
791 pathogenic gene variants, evolution, viral proteins, and antibodies.

792 Figure 2 — N- and O-glycan substructures associated with glycosite-proximal protein structure. (a) Dimensionality reduction

793 trained on UniCarbKB glycosite-proximal protein structures. When projected into the UniCarbKB-trained space, all human
794 UniProt annotated glycosites appear within the UniCarbKB sequence space implying that UniCarbKB glycosites are sufficiently
795 representative of most documented glycosites. The scatterplots show a two-dimensional projection of the FAMD using a
796 Uniform Manifold Approximation and Projection (UMAP)."® Each point is a site on a glycoprotein, each color indicates the

797 source of that protein. (b) Volcano plot of the log odds ratio and False Discovery Rate adjusted p-values from a Fisher exact test
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798 between co-occurring glycan and protein structures. We observe IMR, with most significant relations associated with alanine,
799 cysteine, valine, and glutamine (A, C, V, Q, respectively). (c) IMR were also estimated by logistic GEE controlling for protein-bias.
800 The number of significant (FDR<0.1, |log(OR)|>0.1) IMR relating to structurally proximal AAs (N+6A), sequence proximal AAs C-
801 terminal (N+5), N-terminal (N-5) or either direction (N+/-5), predicted secondary structure from sequence (SSpro8) and
802 structure (DSSP): alpha-helix (ss.H), extended strand (ss.E), beta-bridge (ss.B), turn {ss.T) bend (ss.S), other (ss.C).

803 Figure 3 — Glycosite-proximal amino acids impact glycosylation. Specific IMRs were discovered by logistic GEE controlling for
804 protein-bias. (a-b) IMR (FDR<0.1, |log(OR)|>0.1) relating structurally-proximal amino acids to motifs stratified by the number of
805 Sialic Acids (a) and 4-Sulfated GalNAc (b). (c) Spearman correlation between the monosaccharide count of glycan substructures
806 from protein-structure features; protein structure features with an average absolute correlation > 0.2 were retained. Terms
807 used here are consistent with panel a but “aa” denotes a structurally proximal amino acid, “aaUp,” “aaDown,” and “aaAll”
808 denotes N-terminus, C-terminus, or any sequence proximal amino acid. (d-e) IMR (FDR<0.1, | log(OR)|>0.1) compared across
809 two sequence-proximal (d) and spatially proximal (e) amino acids, phenylalanine (F) and tryptophan (W). The direct comparison
810 of proximal-amino acid effects visualized the expected change in glycosylation associated with that substitution. (f) Network

811 depicting the glycoimpact (see Methods) of spatially proximal (within 5&) substitutions for structurally low impact (BLOSUM62)
812 substitutions. Panel f shows glycoimpact predicted from BLAMO 0.5:0.1 (|log(OR)| > 0.5, FDR<0.1), see Supplementary Figure 5

813 for additional thresholds, raw scores, and sequence-proximal substitution predictions. Note that plots including glycan
814 substructures were manually curated to summarize the selected glycan substructures.
815 Figure 4 - Glycoimpact of amino acid substitution correlates with evolution metrics and conservation. (a) Comparison of the

816 error between the PAM and BLOSUM substitution matrices and the glycoimpact for corresponding substitutions. Linear
817 regressions are split into null glycoimpact (<2.5) and glycoimpactful (>2.5). Glycoimpact scores from BLAMO 0.5:0.1 were used;

818 those computed from strong IMR (|log(OR)| > 0.5, FDR<0.1). Error (y-axis) was calculated as the root mean square error
819 between PAM and BLOSUM scores. Pearson’s Correlation (r) significance indicated as <0.001 (***), <0.01 (**), and <0.05 (*).
820 (b) Glycosite Alignments B corresponding to GlyConnect-documented tetraantennary structures (Hex:7 HexNAc:6) with no sialic
821 acid or fucose. See Supplementary Figure 9 for full alignment. The first (top line) and second (bottom line) most popular amino

822 acids are displayed for each position N+/-30. Consensus AAs consistent with other analyses are highlighted in bold and marked
823 with a “+” (Glycosite-coupled, Figure 4h) or “*” (high-influence AA, Figure 2c). (c) An aggregation of all residue-glycosite
824 enrichments at N+/-10 (hypergeometric enrichment illustrated in panel Supplementary Figure 7c). The proportion of high-

825 ranking Evolutionary Couplings (EC) for each amino acid (rows) at the column-specified relative position was compared with
826 glycosites (GN), asparagines (N), or any residue (X). An opaque red circle indicates that for the residue (row) in the given
827 position (column), high-EC proportion is higher with GN than N. An opaque black triangle indicates high-EC proportion is higher
828 with GN than X. A transparent circle or square indicates GN was not significantly more coupled (hypergeometric test).

829 Significance was assessed at multiple EC-rank thresholds between L/3 and 3L (see Methods) and pooled using Fisher’s method
830 (FDR <0.1). {d) Hierarchical clustering of coupling-masked (Rank<4L) amino acids surrounding a glycosite (+/-6 AA). Each of 5
831 clusters was summarized as a motif. Height is the log of cumulative reciprocal EC-Rank with a pseudo-count of 0.25. The
832 asparagine at the center was fixed at 2 for context. Residues are colored by chemical properties. A more granular clustering, 25
833 clusters is included in the supplement (Supplementary Figure 8).

834 Figure 5 - Substitution glycoimpact predicts pathogenicity. (a) Boxplots show the min-distance from all residues within human
835 PrP to the N197 or N181 glycosylation sites. Residues are stratified by all sites (All) and causative mutations of prion disease

836 including Creutzfeldt-Jakob disease (CID) and Gerstmann-Straussler disease (GSS), (one-sided Wilcoxon test). For glycosite-
837 specific proximity, see Supplementary Figure 11. (b) A hierarchical clustered heatmap (average-linkage with Euclidean distance)
838 of Spearman correlation coefficients between glycoimpact (BLAMO 0.5:0.1) and error between variant impact prediction
839 scores. Prediction-type and protein structure indicate the training data used to build various tools as described in dbNSFP .
840 Each row and column refer to a variant function prediction tool. (c) Null and impactful glycoimpact (BLAMO 0.5:0.1) stratified
841 by variant pathogenicity in ClinVar within 20A (min-distance) of an N-glycosylation site. Two-dimensional density plots compare

842 glycoimpact and the glycosite-mutation distance.

843 Figure 6 — Changes in high-mannose, hybrid, and complex glycosylation are predicted by glycosite-proximal high-glycoimpact
844 substitutions in HIV, SARS-CoV-2. (a) GEE-calculated IMR from PGD denoting relations between sequence (triangle & square) or
845 structural protein features (circle & plus) and motifs containing >3 mannose (hybrid & high-mannose). (b) The range of mass
846 spectrometry peaks consistent with either oligomannose or hybrid glycans (N203) or complex glycan peaks (N3) at each site on
847 the HIV envelope gp160 (BG505 SOSIP.664, PDB:4TVP).70 Relative abundance is represented as a ratio of oligomannose-hybrid
848 to complex glycan peaks (N203/N3). (c) Distributions of oligomannose-hybrid to complexity (N203/N3, panel b) glycan peaks
849 stratified by proximal protein structure features selected in panel a. For the N203/N3 distribution of select IMR, see
850 Supplementary Figure 12. (d) Mean proportion of mass-spectrometry-observed peptide with mass offsets corresponding to
851 complex glycan peaks (+3, purple), oligomannose or hybrid glycan peaks (+203, green), or no glycosylation (+0, grey) in the
852 SARS-CoV-2 S1 subunit at 3 sites with significant glycosylation differences between the original ancestral strain, and the Delta
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853 and Gamma variants (see Supplementary Figure 13 for all sites). Peak count for each glycosylation offset type (+3, +203, or +0)
854 for each glycosylation site is divided by the total number of peaks for that site to determine the site-specific proportion of each
855 glycosylation type. Significant differential glycosylation (FDR<0.05) in VOC compared to ancestral is indicated by “*”.

856 Figure 7 —Differential glycosylation is predicted by high-glycoimpact events near glycosylation sites in IgG (a) GEE-learned IMR
857 relating to sequence-proximal (upstream/N-terminal) effects of | and F. IgG allotypes, F299 and 1299, segregated by Principal
858 Component Analysis of relative abundance (b) separate by allotype, not strain. (c) Galactose (Gal), Sialylation (Neu5Ac) and
859 Bisecting GlcNAc abundance distributions for IgG1 F299 and 1299 allotypes across BALB/c and C57BL/6 mice (see Supplementary
860 Figure 14). (d-e) Core-fucose preference (see Methods, Supplementary Figure 15) for each glycosite-proximal variant in the
861 REFORM Fc variant panel.” Variants are colored by index. (d) Variants are stratified continuously (top) by percent of
862 fucosylated Fc-cleaved glycans observed on the 24C5 monoclonal antibody. (e) Variants are stratified categorically (bottom) by
863 association with enhanced ADCC.*® Variants appearing in Fc regions associated with both no-enhancement and enhanced ADCC
864 are shown as transparent. Only L235A and G236A are uniquely associated with ADCC. (f) UPLC chromatogram of PNGaseF-
865 released mAb Fc glycans. The expected Rituximab glycoprofile (black) and GlycoTemplated Rituximab variant AB1050 (red) are
866 shown to visualize the changes to the glycoprofile (glycans verified via LC-MS). (g) Number (n) of Rituximab variants (of 5)

867 correctly predicted (n) to increase, decrease, or not-change fucosylation, terminal galactose (gal) or terminal N-
868 acetylglucosamine (GIcNAc). Predictions were either from Random estimation, sequence-based IMR-guided predictions (Seq
869 Pred), or protein structure-based IMR-guided predictions (Struct Pred). Significance of consistency between experimental

870 observations and predictions was calculated by a binomial distribution (* < 0.05, ** < 0.01, *** < 0.001)

871

872
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