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ABSTRACT

The class B G protein-coupled receptor (GPCR) walm receptor (CTR) is a drug target for
osteoporosis and diabetes. N-glycosylation of agpae 130 in its extracellular domain (ECD) enhance
calcitonin hormone affinity with the proximal GlcNAesidue mediating this effect through an unknown
mechanism. Here, we present two crystal structafesalmon calcitonin-bound, GIcNAc-bearing CTR
ECD at 1.78 and 2.85 A resolutions and analyzearteehanism of the glycan effect. The N130 GIcNAc
does not contact the hormone. Surprisingly, thecatres are nearly identical to a structure of rarea
bound, N-glycan-free ECD, which suggested thatGleNAc might affect CTR dynamics not observed
in the static crystallographic snapshots. Hydrodeuterium exchange mass spectrometry and molecular
dynamics simulations revealed that glycosylati@bidized ap-sheet adjacent to the N130 GIcNAc and
the N-terminala-helix near the peptide-binding site, while inciagsflexibility of the peptide-binding
site turret loop. These changes due to N-glycasgylahcreased the ligand on-rate and decreasaffits
rate. The glycan effect extended to RAMP-CTR amsgiceptor complexes and was also conserved in the
related CGRP receptor. These results reveal thgtydbsylation can modulate GPCR function by

altering receptor dynamics.

KEYWORDS

G protein-coupled receptor (GPCR), post-translafiomodification, N-linked glycosylation, peptide

hormone, receptor dynamics, ligand binding kinetilymiamic allostery



INTRODUCTION

The calcitonin receptor (CTR) is a class B G pretmupled receptor (GPCR) and its activation
regulates calcium homeostasis and bone turnove}.[CTR is a drug target for treating Paget’s atse
osteoporosis, and hypercalcemia, which all resathfabnormal bone turnover and calcium regulatton.
32-amino acid peptide hormone salmon calcitoninrs@hich has higher affinity than human calcitgnin
has been developed as a drug for these clinicdicagipns [3]. CTR can form a heterodimeric complex
with any of three accessory Receptor Activity-Meiif) Proteins (RAMPSs), which enhance affinity for a
37-amino acid peptide hormone amylin [4-6]. Amyinco-secreted with insulin from pancrediicells
and activates the CTR:RAMP complexes expressedhénhbirain [7, 8]. The amylin receptors are
designated AMY, AMY ,, and AMY; for CTR complexes with RAMPL1, -2, and -3 respeativ Amylin
improves blood glucose control by reducing appesitewing gastric emptying, and inhibiting glucagon
secretion [9]. A chimera of rat and human amyliarplintide has been developed to treat type | apd ty
Il diabetes [10]. Understanding the molecular me@ra of how peptide hormone binding affinity is
determined at CTR will provide an important fournidaal basis to develop peptide drugs targeting both

CTR and the amylin receptors.

CTR has an extracellular domain (ECD) and a plasmebrane-embedded seven transmembrane
domain (TMD). A general mechanism of peptide horenémteraction with class B GPCRs has been
proposed; the receptor ECD first binds to the @teal half of the peptide hormone to increase tuall
concentration of the N-terminal half of the peptiddich subsequently binds and activates the recept
TMD [11]. Our previous report with alanine-scannimgutagenesis of sCT(22-32) and molecular
modeling suggested a relatively unstructured ECDablosCT conformation with f-turn near its C-
terminus [12]. This model was consistent with sstalystructure of CTR ECD bound with a sCT analog,
which showed precisely how the hormone binds th® EL3]. More recently, the cryo-EM structure of
full length CTR in complex with sCT(1-32) and thetérotrimeric Gs protein revealed the molecular

interaction of the N-terminal half of sCT with CTRVD [14, 15]. sCT(8-19) formed an amphipathic
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helix toward a hydrophobic TMD environment and saldnydrogen bond interactions were observed
between sCT N-terminal residues and CTR TMD. Theptor residues needed for association with hCT
and rat amylin have been examined by mutagenesihenpresence and absence of RAMP1 [16].
Interestingly, this study examined the interfaceRé&fMP1 ECD with CTR, and suggested that RAMP1

might exert its functions, at least in part, beatig the dynamics of the CTR.

CTR is a glycoprotein with four N-glycosylationest all of which are located in the ECD: N28,
N73, N125, and N130. The first of these sites iseabin a functional splice variant [17]. We repdrt
that CTR N-glycosylation enhanced calcitonin bigdaffinity ~10-fold for the isolated ECD [18]. The
proximal GIcNAc residue of CTR N130 was largelypessible for the affinity enhancement along with a
small contribution from the proximal GIcNAc at N128% addition, Liang et al. showed that N-
glycosylation of CTR N130 enhanced both peptidedinig affinity and signaling potency ~10-fold at
full-length CTR [14]. To date, the molecular bafisthis significant glycan effect on the functiohthis
clinically important GPCR remains unknown. The sCTR ECD crystal structure used N-glycan-free
ECD expressed irE. coli. The full-length cryo-EM CTR structure included gNrcosylated ECD,
however, the ECD was poorly resolved and not maddige to apparent inter-domain flexibility even
when bound by ligand. Thus, despite the recentsfral insight into the molecular pharmacology of
ligand binding to the CTR we still lack a structunaderstanding of the glycan effect. More broatig
effects of N-glycosylation on GPCR structure andcfion in general remain poorly understood despite

other notable examples of significant modulatioG&fCR function by N-glycosylation [19].

In the current study, we sought to understand heghfdosylation modulates GPCR function using
CTR as a model system. We obtained two crystatsires of sCT-bound human CTR ECD containing
the proximal GIcNAc residues at the N-glycosylatgites and compared them to the prior N-glycan-free
structure. Molecular dynamics (MD) simulations dndirogen-deuterium exchange mass spectrometry
(HDX-MS) were performed to gain a molecular insighto the receptor dynamics between the

glycosylated and non-glycosylated forms of the E@Dalysis of the low frequency oscillations between
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the simulations highlighted key structural diffecea which are consistent with the effects of theNalc
residues on sCT binding kinetics and CTR ECD dyweardetermined experimentally by HDX-MS. Our
results indicate that while glycosylation at CTR 381does not directly contact sCT and does not
significantly alter the global conformation of ti@fTR ECD, it does modulate the ECD dynamics. In
addition, we show that the glycan effect is maimadi in the heterodimeric AMMand AMY, receptors
and is also conserved in at least one other cla€PBR. This study is the first, to our knowledge, t

show that N-glycosylation can modulate GPCR fumchy controlling receptor dynamics.



RESULTS
Crystal structures of sCT bound to proximal GlIcNAc-bearing CTR ECD

The human CTR ECD was fused with maltose-bindirmgin (MBP) at its N-terminus to facilitate
crystallization [20] and a (Hig}ag at its C-terminus for purification. Two venssoof the fusion protein
were constructed with CTR residues 38-141 or 4Q-T4E fusion proteins were expressed as secreted
proteins in HEK293 GnTlcells [21] and the three glycosylation sites ia BCD, N73, N125, and N130
were trimmed to single GIcNAc residues with EndfoHcrystallization. Crystals of the 38-141 constru
obtained with sCT(16-32) at neutral pH diffractexl .78 A resolution and crystals of the 40-141
construct obtained with sCT(22-32) at pH 4.7 diffeal to 2.85 A resolution. Both structures wereeo!
by molecular replacement and refined to good gegnaetd R factors (Table 1). The 1.78A structure had
two molecules in the asymmetric unit and the 2.8&&cture had a single molecule (Figure S1). The tw
complexes in the 1.78A structure were similar extiegt the C72-C112 disulfide in the Mol B CTR ECD
was partially broken, which required fitting altative mainchain conformations for a segment near th
disulfide. Despite this issue, the peptide-bindingde was the same in both complex@sF,-DF
electron density maps showed clear density fopth&imal GIcNAc residue of CTR ECD N130 in both
structures (Figure S2). Electron density for theBIGIcNAc residue in the 1.78A structure was very
poor so this glycan was omitted from the final no@#ectron density of moderate quality was obsérve

for the N73 GIcNAc in both structures. Hereafteruse Mol A of the 1.78A structure for Figures.

The two structures exhibited the same binding nfod¢he primary ECD-binding 22-32 portion of
the peptide despite their crystallization at siigaiftly different pH values (Figure 1A and 1B). The
defining peptide feature was a typeHurn near the C-terminus. The affinity-enhancint38 GIcNAc
residue adopted the same conformation in both tstre and notably, there were no direct contacts
between the GIcNAc and the sCT peptide. The N-tesimil helical region of CTR ECD adopted a

different conformation in the 1.78A and 2.85A stures, which may be in part affected by fusion to



MBP (Figure 1A, 1B, and S1). Key molecular inteiraes of sCT with the glycosylated CTR ECD
include hydrogen bonds between sCT T25 and CTR DfiH type IIB-turn of sCT G28 to T31

contacting the CTR turret loop, the C-terminal R82raction with CTR W79 “Trp Shelf’, and hydrogen
bonds between the sCT P32 amide and the CTR Stk®dmze (Figure 1C and 1D). A unique interaction
not previously observed is CTR Y41 in the flexibleregion forming a hydrogen bond with sCT T25 in

the 1.78A structure (Figure 1C). This interacticaswot present in the 2.85A structure (Figure 1D).
Effects of mutating CTR ECD residues near the N130 proximal GIcNAc

The structures suggested possible interaction @ N30 GIcNAc with neighboring CTR ECD
residues; F119, W128, T132, M133, and T109 all hat@ms within 4.5 A of the GIcNAc. We
investigated the mutational effects of these ressdon peptide hormone affinity. In addition, wetads
whether peptide affinity is still decreased by PN&&-catalyzed receptor deglycosylation. If antheke
residues mediates the GIcNAc effect, then mutatibthe residue should decrease peptide affinity and
peptide affinity should be unaffected or less-afdcwhen N-glycans are removed by PNGase F
treatment. We expressed and purified MBP-CTR ECth thie single F119H, F119L, W128H, M133A,
or T109V mutation using HEK293T cells. T132 was matitated, because this would eliminate N-
glycosylation of N130. A fluorescence polarizateméotropy assay was used to examine binding affini
of the purified fusion proteins for a FITC-labeladyh-affinity calcitonin analog AC413(6-25) Y25P
probe as previously described [18]. F119H and Fldfiltations of CTR ECD designed to eliminate
contact with the GIcNAc acetyl moiety decreased pieptide affinity by 3-fold. However, PNGase F
treatment of these mutant receptors showed a furth@-fold decrease in peptide affinity (Figure $3B
S3C, S3F, and S3G). CTR ECD W128 locates in thels@ding pocket and is within the hydrogen bond
distance of the main chain carbonyls of sCT T27 @28 (Figure 1C and 1D). The W128H mutation
designed to maintain this hydrogen bonding potentidle removing the indole contact with the GICNAc
acetyl moiety dramatically diminished the peptideding affinity. When the W128H mutant receptor

was treated with PNGase F, the peptide affinityeappd to be further decreased, although the full
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binding curve could not be obtained due to very kvaffinity (Figure S3J and S3K). The M133A
mutation of CTR ECD did not alter peptide affingignificantly (Figure S3N). CTR ECD T109 forms
hydrogen bonds with two water molecules that con@@9 to N130 GIcNAc through hydrogen bonds
(Figure S30). The T109V mutation designed to elatenthe hydrogen bonds decreased the peptide
affinity, but once again the peptide affinity wasrther decreased ~10-fold by PNGase F treatment
(Figure S3P and S3Q). These results suggesteththatde chains of these CTR residues do not neediat

the GIcNAc effect.
The GIcNAc-bearing structures differ little fromthe structure of sCT bound to N-glycan free CTR ECD

We compared our structures to the structure of b@Inhd to bacterially produced, N-glycan free
CTR ECD [13] to look for GIcNAc effects on ECD aad/peptide conformations. Surprisingly,
superimposition of our structures with the thred@ <TR ECD complexes present in the asymmetric unit
of PDB ID 5I10 (2.1 A resolution) revealed very sian receptor and peptide conformations (Figure 2A
and 2B). Mol A ECD of the 1.78 A structure aligntedthe three ECD molecules of 5110 with RMSD
values of 0.377 A, 0.378 A, and 0.349 A, respettivEhe 2.85 A structure ECD aligned to the three
ECD molecules of 5110 with RMSD values of 0.35801298 A, and 0.359 A, respectively. The primary
difference among the ECDs was the variability ie ttonformation of the N-terminal part oflL,
indicating flexibility of this region that is molkely enabled by residue Gly 44. An interestindeshote
is that Y41 of CTR ECD Mol C in the glycan-freeustiure appears as though it might have formed a
hydrogen bond with sCT T25 as observed in our AZ8ructure, if not for a urea molecule from the
crystallization solution taking its place (Figuré)SThe binding conformation of sCT for the CTR ECD
was largely unchanged by N-glycosylation. sCT 129382 residues were minimally affected, if atlayl,
CTR glycosylation. Y22 to R24 sCT residues pos#irin several directions, which is likely due to
increased flexibility of Y22 to R24 that escape theptide-binding pocket of CTR ECD. These
comparisons of static crystallographic snapshateddo provide an obvious explanation for the glyc

effect.



Receptor N-glycosylation increases the on rate and slows the off rate of sCT binding

We reasoned that the N130 GIcNAc might alter remeptynamics. Indeed, our previous study
suggested that RAMP1 functions in part by altei@BR ECD dynamics [16]. To enable experiments
testing this hypothesis we expressed and purifigdPNree CTR ECD to remove any complications from
the presence of MBP. This was done by purifying MBEY cleavage site-CTR ECD fusions and
removing the MBP with TEV protease. Three versioh€TR ECD were purified: Endo H-treated CTR
ECD WT and N130D mutant produced in HEK293S Gnddlls, and glycan-free CTR ECD WT
produced inE. coli. Endo H was used to trim the glycans to the praki®IcNAc residues. The CTR
ECDs were highly purified, although the Endo HteeleCTR ECD WT and N130D proteins did exhibit a
second minor band on SDS-PAGE due to incompleteoBthdrimming (Figure S5). The glycan-free
ECD exhibited a tendency to aggregate at high etrations; Johansson et al. also noted this behavio
[13], and they crystallized their protein in thegence of 2 M urea to overcome this problem. Fataip,
the N130D ECD exhibited better solubility charaistiies than theE. coli-produced protein, but it still

could not be concentrated as high as the glycasyMtT ECD.

First, we measured the equilibrium binding affidtiof SCT for the three CTR ECDs in the FP assay.
The CTR ECD N130D mutation or the complete abseasfcHN-glycans significantly decreased FITC-
labeled sCT affinity by over 5-fold (Figure 3A aldble 2). Competitive binding assays also showed th
affinity decrease of non-labeled sCT(22-32) by ME30D mutation or with glycan-free CTR ECD
(Figure 3B and Table 2). These results are comsistéh our previous findings with MBP-CTR ECD
fusion proteins. Next, we analyzed the kineticdiofling to dissect the N-glycosylation effect oe tin
and off rates. For these experiments we used l@pliayerferometry to measure real-time bindinghsf t
purified ECDs to sCT immobilized on the sensor.tipigure 3C-3E shows the binding profile generated
from each of the three CTR ECD proteins. Both d@asion and dissociation rates for CTR ECD were
altered by receptor N-glycosylation; sCT assocdmtias 2.8-fold decreased, whereas sCT dissociation

was over 2-fold increased by the N130D mutatiogiFé 3C and 3D and Table 3). The complete absence
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of N-glycans inE. coli-produced CTR ECD further decreased the sCT adimtiate (Figure 3D and 3E
and Table 3). The calculated affinitiespjrom association and dissociation rates were coafparto

the K, values obtained from the equilibrium FP assays.
N-glycosylation of CTR N130 alters ECD conformational dynamics

The N-glycosylation effect on the conformationalndgnics of CTR ECD was analyzed using a
combination of hydrogen-deuterium exchange masstgpeetry (HDX-MS) (Figure 4) and molecular
dynamics simulations (Figure 5). HDX-MS probes é&ixehange rate between amide hydrogens within a
protein and deuterium in the solvent, which is etffd by solvent exposure and conformational dynamic
and/or flexibility of the protein; higher deuteriumptake represents more solvent-exposure and/behig
conformational dynamics of the protein. For thegeeeiments we compared the Endo H-treated WT and
N130D CTR ECD proteins. The N-terminal part of @R ECD WTal helical region (residues 41-52)
showed significantly less HDX signal than the N13®@iDtant (Figure 4A). The HDX signal of residues
41-52 reached a plateau over time. We found tr@p3hstrand and its adjacent loops (residues 84-96)
showed a decrease in HDX signal with N-glycans (Fég4B). The peptide fragment of residues 81-90
showed minimal changes by N-glycans (Figure S7pesiing that the HDX signal of residues 84-96
resulted from residues 91-96. TP strand and its distal residues (residues 107-aL8&TR ECD WT
also showed a significant decrease in HDX signahmared to the N130D mutant (Figure 4C).
Interestingly, the conformational dynamics of therét loop residues 119-127 in CTR ECD WT was
greater than that of the N130D mutant (Figure 4. also obtained HDX-MS results of CTR ECDs in
the presence of an excess of sCT (22-32). Therdiftees in HDX signal between sCT-bound CTR ECD

WT and N130D were consistent with those with ligémeg CTR ECD WT and N130D (Figure S6).

We used molecular dynamics (MD) simulations coupl&ti principle component analysis (PCA) to
investigate if CTR ECD dynamics are altered by peme N-glycosylation. The first seven, non-zero,

eigenvectors which covered 87-91% of the total amtivere analyzed for each structure. Our high
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resolution 1.78A CTR ECD structure and glycan-fs&ecture (PDB 5110) were used for the simulations.
In the glycan-free CTR ECD crystal structure, thm@ecules of CTR ECD were in the asymmetric unit
and the conformation of amino-terminal residuesA34was different among three molecules (Figure 2
and S4). The residue 136 of the 1.78 A CTR ECDcsire was modeled as the C-terminal end of the
CTR ECD since electron density beyond this residizes very weak to model. For exact residue
comparison, MD simulations were performed withdasis 44 to 136 of the GIcNAc-bearing and glycan-
free CTR ECD. PCA highlighted that the N-termin&lhelical domain showed a significant reduction in
the RMSF (Root Mean Squared Fluctuation) in thecstires containing the GIcNAc residues compared
to the non-glycosylated form. The reduced motiodamain can be attributed directly to the presarfce
the glycosylation (Figure 5A and 5C). The simulatiesult was consistent with the decreased flétibil
inferred by HDX-MS in which CTR ECD residues 415®, 84 to 96, and 107 to 118 were stabilized by
the GIcNAc residues (Figure 5A, 5C, 5D, and 5E)tHe simulations, N-glycosylation also stabilized
residues 61-63 at the beginning of the loop folfayvil (Figure 5A and 5D). Residues at the apex of the
turret loop showed slightly increased flexibilitytiv GIcNAcs compared to the loop of glycan-free CTR
ECD, although this effect was subtle when visuadipresented (Figure 5F). We also performed MD
simulations with the 1.78 A CTR ECD structure moaliéér the GIcNAc residues of N73 and N130 were
deleted. The CTR ECD with GIcNAcs removed produgetdially the same RMSF as that of glycan-free
CTR ECD (PDB 5l10) (Figure 5B). The RMSF patternsnfi MD simulations were consistent with the
HDX-MS results and together they strongly suggest the N130 proximal GIcNAc residue stabilizes the

adjaceng-sheet and the N-terminalhelix while increasing turret loop flexibility.
Receptor N-glycosylation also enhances peptide hormone affinity for amylin and CGRP receptors

Since glycosylation affected CTR ECD conformatiodghamics we asked if the glycan effect was
altered by binding of the RAMP1 or RAMP2 accessmgteins to CTR in the context of the AMand
AMY , receptor ECD complexes. First, we expressed arifigalia tethered fusion protein of the RAMP1

and CTR ECDs secreted from HEK293S GreElls and compared its peptide binding selectipityfile
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to that of the isolated CTR ECD in the FP assaye RAMP1-CTR ECD fusion showed a marked
increase in affinity for the amylin analog AC413ewhcompared to CTR ECD alone, whereas sCT bound
both proteins with similar affinities (Figure S8AdS8B). The tethered RAMP1-CTR ECD fusion thus
exhibited the peptide binding profile expectedref AMY; receptor. Next, we examined the effects of N-
glycosylation on hormone binding to the RAMP1-CTRCIE fusion. RAMP1, which lacks N-
glycosylation sites, is predicted to bind to thegkminala-helix of CTR and make minimal contact with
the peptide (Figure S8C). PNGase F treatment oRtBIP1-CTR ECD fusion dramatically decreased
the affinity of AC413 (Figure S8D and S8E and TableThe N130D mutation in CTR of the RAMP1-
CTR ECD fusion also significantly decreased thetidepaffinity, although not to the same extent as
PNGase F treatment probably due to a small conivibufrom the N125 glycan as we previously
observed for CTR ECD (Figure S8D and Table 2) [¥8& also purified a RAMP2-CTR ECD fusion. In
this case RAMP2 ECD adds one additional N-glycdgyfesite. The RAMP2-CTR ECD fusion showed a
higher amylin analog AC413 affinity, compared toRCEECD alone (Figure S9A and S9B). Consistent
with the results of RAMP1-CTR ECD fusion, PNGasetr€éatment of RAMP2-CTR ECD fusion

significantly decreased the AC413 affinity (Fig@88C and S9D).

Last, we asked if the glycan effect is conservedrin other class B GPCRs. Amino acid sequence
alignment of the ECDs of the fifteen human clas&BCRs revealed that the CTR N130 glycosylation
site is conserved in six of the receptors includihg related CTR-like receptor (CLR), the two
parathyroid hormone receptors and the two cortiqitr releasing factor receptors (Figure S10A). G&R
an obligate heterodimer with RAMPs and the CLR:RAM&mplex is the calcitonin-gene related
peptide (CGRP) receptor, which binds both CGRP adenomedullin (AM) peptides. We built a
RAMPL1:CLR ECD model bearing proximal GIcNAc residuby adding the glycans to the recently
reported cryo-EM structure of the CGRP receptorBRIE3Y) [22] (Figure S10B). Although the cryo-
EM density for the ECD complex was low resolutidensity for the proximal GIcNAc was apparent at

each of the three glycan sites. This modeling éseravas consistent with the CLR N123 proximal
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GIcNACc (equivalent to CTR N130) adopting the sameformation observed in our CTR ECD structures
and being too distant to contact the bound peptide. purified a tethered RAMP1-CLR ECD fusion
protein secreted from HEK293T cells and evaluabedeffect of receptor N-glycosylation on bindingaof
high-affinity AM analog in the FP assay. PNGaseadatiment significantly reduced the peptide affinity
and the CLR N123 site was largely responsible lfiig &ffect as indicated by reduced affinity of the
RAMP1-CLR fusion containing the CLR N123D mutatiifigure S10C and S10D and Table 2). These
results indicated that the affinity-enhancing effefcreceptor N-glycosylation is conserved in atskeone

other class B GPCR.
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DISCUSSION

Structures of SCT bound to the glycosylated CTR ECD

The two new crystal structures of glycosylated (HBD with bound sCT C-terminal fragments
reported here revealed receptor and peptide coafayns in good agreement with those previously
reported for the sCT-bound glycan-free ECD [13].glMcosylation clearly does not cause major
conformational changes in the receptor or the bauemtide.. Apart from the issue of how N-glycans
affect ligand-receptor interaction our structuregealed new information potentially relevant to te
terminus of CTR and its ability to contact the hidga In our high-resolution structure we observed a
unique interaction of CTR Y41 with T25 of the peletihormone that was not previously observed. This
could be an artifact resulting from fusion of th€E with MBP, but it nonetheless demonstrates the
potential for N-terminal CTR residues to conta& figand. Considerable flexibility of this CTR regiis
evident in comparisons of all the structures nowailable (Figure 2). Interestingly, previous crossdng
data with full-length CT and CTR identified proxiyibetween residue 26 of CT and residue 30 of CTR
[23]. It thus appears that the N-terminal region @FR, including several residues lacking in our
crystallization constructs, is probably quite dymamand thereby able to approach the ligand. Whether
such contacts play a significant role in CT sigmglin cells is unclear. Notably, structural studiéthe
related CGRP and adrenomedullin receptors did mmiv¢he same level of flexibility in the N-terminal
a-helix of CLR [24-26]. The CTR ECD appears to berendynamic than that of CLR, at least for this

region, and this might contribute to differenceghie pharmacology of these two related receptors.
Mechanism of N-glycan-mediated enhancement of CTR peptide hormone affinity

N-glycosylation has been reported to play multifalections, such as in protein folding, stability,
and receptor-ligand interactions, all of which czmntribute to ligand binding affinity [28-30]. N-
glycosylation effects on sCT-CTR interaction haeémelusive with mixed results [31-33] until recent

reports clearly demonstrated a significant enhaecerof hormone affinity conferred by N-glycosylatio
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of CTR N130 [14, 18]. Nonetheless, the moleculacmamism of the glycan effect remained unknown.
The crystal structures with GIcNAc-bearing CTR pr@sd here showed that the proximal GIcNAc
residue of N130 does not make direct contact withsCT peptide. When we compared these structures
to that of the glycan-free CTR ECD, the structudéferences were minimal. This suggested that the
static crystal structures were missing importaffedénces in dynamics. We used MD simulations and
HDX-MS in combination to probe the conformationaindmics of the glycosylated vs. the non-
glycosylated forms of the protein. While MD and HBJS do report on the conformation dynamics, it
should be noted that HDX will only report on matyilivhere there are changes in solvent accessibility
the peptide backbone; thus it would not be expetttatithere would be perfect agreement between MD
simulations and HDX experiments [34]. In additioour HDX-MS experiments compared WT
glycosylated ECD to the N130D mutant that retaigsagylation at the N73 and N125 sites, whereas the
MD simulations compared WT ECD with GIcNAcs to gyefree WT ECD. Unfortunately, solubility
challenges with the MBP- and glycan-free WT ECDvprged us from obtaining good HDX-MS data on

this sample.

Despite the imperfect comparison, the HDX-MS resalhd the MD simulations were largely in
agreement and together they indicated that the §IB0 N-glycan altered CTR ECD conformational
dynamics. These effects on dynamics enhancedgaedion rate and slowed its off rate. Several reggio
of the ECD were stabilized by glycosylation incluglithe N-terminal region of the CTdRhelix, which is
distant from the N-glycan sites, tlffesheet comprising th@3 and 4 strands adjacent to the N130
GIcNAc responsible for ligand affinity enhancemeand residues 61-63 near the N73 GIcNAc. The
stabilization of residues 41-52 may indirectly emteathe residency time of the bound peptide bygcti
as a buttress to position th&-2 loop of the receptor against the ligand. The sig&in of Met 48 of
CTR ECD is within ~4 A distance from the W79 Trpelhin our crystal structures. The stabilized
dynamics of Met 48 could help Trp 79 confine itsiion and interact with C-terminal Pro 32 of the

calcitonin peptide (Figure 1C). Thgsheet is a crucial structural element of the EQ@MDI,fso its
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stabilization would be expected to contribute terall domain stability including the peptide-bingisite.
The changes in residues 61-63 probably result féfects of the N73 GIcNAc on the adjacent Arg 74,
which forms polar interactions with residues 62 88dThis is likely of little importance because k73
glycan has no effect on peptide hormone affinit§][lIn contrast to the multiple areas of decreased
flexibility resulting from glycosylation, flexibity of the turret loop adjacent to the N130 glycda was
increased, although this effect was more evidenhénHDX-MS data than in the MD simulations. The
basis for this small discrepancy is unclear, buateter the reason any alteration in turret loopadyics

is likely very relevant to ligand residency becatisepeptidgs-turn directly contacts this loop.

How does the N130 GIcNAc exert its effects on CTHRaiics? Despite the apparent interaction of
the GIcNAc with neighboring CTR residues such at9and W128, we were unable to find evidence
that these residues mediated the GIcNAc effechodgh mutation of some of the residues in the iticin
of the GIcNAc resulted in decreased peptide affinih all cases examined the affinity of the mutant
receptor was still further decreased by enzymasglytosylation. These results suggested that the
GIcNAc effect is either mediated through a comhoratof these residues such that mutating any one
alone does not reveal a significant effect or thateffect is mediated directly through the N13€idee
itself or perhaps T132, which we could not mutBe=vious studies with glycopeptides have shown that
N-glycans can alter conformational preference ef peptide backbone near the glycosylation site [35,
36]. The CTR N130 GIcNAc effect could be mediatdaotigh effects on the N130 backbone.
Interestingly, the N130 backbone amide and carborakke hydrogen bonds with the backbone of T109
in the B4 strand, thus providing a physical link betwees 130 glycan site and the adjacpreheet that
is stabilized by the glycan. Additionally, glycoatibn has recently been shown in MD simulations to
control fluid dynamics of the bulk solvent and aski@aock on effect of this altering allosteric
communication to non-juxtaposed regions of the parg37]. In these cases, the underlying mechanism
seems to be at least in part due to dynamic atlpsaere changes in the dynamics (rather tharstiiic

structure) of a protein at one site cause effecesraore distant location [38, 39]. In broad terass the
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glycosylation at N130 is close to tilesheet and turret loop it seems plausible thaiainitffects may
occur on these elements and may then be progrbssigsasmitted back down the rest of the receptor,

appearing as regions of redua@denhanced flexibility as observed.

Interestingly, the binding of either RAMP1 or RAMRQ CTR did not appear to alter the glycan
effect in the amylin receptors. Based on simyatit the CGRP receptor, the RAMPs very likely bind
the CTRa-helix. Presumably these contacts do not substiyriter the dynamics of the CTR ECD that
are relevant to the glycan effect, although we hpreviously suggested that a major component of
RAMPL1 action is to alter the dynamics of the CTPRedfically the loop betweefi3 andp4, the loop
distal top4 and the turret loop and C-terminus [16]. It isiguing that in the current study, we again find

evidence for changed mobility in all of these areasept for the extreme C-terminus.
Overall effects of N-glycosylation on receptor function

The functions of protein N-glycosylation have betudied for several decades. Protein folding and
consequential quality control of producing functibprotein are often critical roles of N-glycans3]2
Glycans can modulate molecular interactions esfhgcidth the proteins expressing lectin domains or
through steric effects on protein conformation doalding [29]. McElroy et al., reported a dramatic
example of intermolecular binding promotion mediaby N-glycosylation of a cell surface receptorttha
bears similarities to our results presented hefd. [#hey showed that N-glycosylation of the IL-7
receptora unit (IL-7Ra) ectodomain significantly increased IL-7 bindirf§iraty. From the kinetics assay,
this large affinity increase was primarily derivéfdm an accelerated association rate of IL-7. They
obtained crystal structures of glycosylated and-gignosylated IL7/IL-7FR complex and found that N-
glycosylation of IL-7Ru did not induce large conformational changes amd lih-7 did not contact the
receptor N-glycans. They speculated that the Nagigaltered the receptor conformational dynamigs, b
did not present evidence for this. N-glycan-meatiatlteration of receptor dynamics may be a more

widespread mechanism affecting ligand-receptoraatéons than has been appreciated.
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Studies with structural comparison were reportddguavailable crystal structures of glycosylated
proteins and their corresponding non-glycosylatedsions [41, 42]. These reports found that N-
glycosylation generally does not induce dramaticfaonational changes of protein structure, constste
with our findings for CTR. Lee et al. further parfted MD simulations and reported that N-glycosglati
decreased the dynamic fluctuations of the proté#ssed, which probably increased their stabilities.
Interestingly, in the case of our CTR results shdwne we not only observed an N-glycan-mediated
stabilizing effect, but also an increased flextiitif the turret loop in the peptide-binding sifur results
thus suggest that N-glycans may in some casesrasmse protein dynamics to enhance ligand-recepto

interactions.

N-glycosylation effects on other class B GPCRs

The class B GPCR ECD fold is highly conserved. Higtasix of the fifteen human class B GPCRs
have an N-glycosylation site equivalent to CTR N1&88ing the possibility that ligand interactionghw
other class B GPCRs may be also be affected byybbgllation. Early reports on N-glycosylation
effects on the related CLR yielded conflicting leswith evidence both for and against a role of N-
glycosylation in ligand binding at CLR [43, 44]. tée we showed that the glycan effect is consermed i
the heterodimeric CGRP receptor (RAMP1-CLR) and tha N123 site was responsible for the effect.
Given the modeling of GIcNAcs on the CGRP recepiasented in Figure S10 it seems likely that the
CLR N123 GIcNAc does not contact the bound pepiligend and probably does not significantly alter
the binding mode. Thus, we propose that the CLRINlycan alters CLR dynamics similar to what

we observed here for CTR.

Interestingly, although the PTH1R receptor has y¢agh sites equivalent to CTR N130 and N125 in
the turret loop there is clear evidence that PTHNEBlycosylation has no effect on receptor function.
Tunicamycin treatment with the human PTH type leptor (PTH1R) expressed in mammalian cells

showed no changes in PTH binding affinity and PTtepcy for the receptor activation [45]. The recent
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crystal structure of the human full-length PTH1Rhwhound PTH showed that a fucose attached to the
proximal GIcNAc residue of PTH1R N161 in the turtedp locates in proximity to the main chain of
PTH Y34 and forms a polar interaction [46]. Howewbe N161D mutation of PTH1R did not change the
binding affinity for PTH indicating that the glycanteraction with PTH Y34 observed in the crystal
structure is dispensable for PTH binding to itseptor. Figure S10E shows structural comparison with
PTH1R ECD-PTH and CTR ECD-sCT. The proximal GlcNfasidue of PTH1R N166 positions
similarly to that of CTR N130. However, the ECD diimg C-terminal part of PTH was much closer to
the al region of PTH1R than corresponding sCT. In addijtithe turret loop of PTH1R ECD is more
distant from PTH than the distance of the turreplof CTR ECD from sCT. These structural difference
may contribute to the differences in N-glycosylatieffects at these two receptors. Compared to a
relatively stable PTH helical domain, the flexildenformation of sCT may also be involved in the

affinity-enhancing effect of receptor N-glycosytati

Other class B GPCRs have also been reported tib Mliglycosylation effects on their functions.
Chen et al., showed that the glucagon-like peptideceptor (GLP-1R) significantly reduced GLP-1
affinity and signaling potency by the double mwas of two N-glycosylation sites [47]. Pituitary
adenylate cyclase activating polypeptide (PACAREty (PAC1) receptor showed a significant 30-fold
decrease in PACAP-27 affinity by tunicamycin treatrnh without altering binding capacity [48]. In
addition, mutagenesis of N-glycosylation sites wegorted to diminish the expression level of the
glucose-dependent insulinotropic polypeptide (GHReptor [49], the vasoactive intestinal peptidéPjV
1 receptor [50], the glucagon receptor (GCGR) [®td the secretin receptor [52]. The corticotropin
releasing factor receptor type 1 (CRF1R) with aglginN-glycosylation site mutation expressed the
receptor comparable to WT. However, the combinedatiuns of three sites decreased the receptor
expression and consequentially reduced ligand hindind CRF potency for receptor activation [53].
Interestingly, the corresponding N130 residue oRECTD is conserved as N98 of CRF1R and CRF2R.

How N-glycans of CRF1R N98 contribute to CRF birgdaffinity still remains to be clearly addressed in
19



a future study.
Closing remarks

Class B GPCRs are physiologically important reaepamd drug targets of multiple drugs. Evidence
provided by this study suggests that N-glycosytatid CTR extracellular domain modulates receptor
dynamics rather than global conformation. Amylird@@dGRP receptors also enhance ligand affinity by
receptor N-glycosylation. Most of other class B &Cand various cell surface receptors have shown
that N-glycans at least to some degree contribat¢heir cell surface expression and/or functions.
Although there are exceptions against the currekitigwn functions of protein N-glycans, structural
mechanism provided by this study suggests thatrdimallostery, an important concept little applied
GPCRs, may be significant for understanding theicimanisms. This information will inform the GPCR

field and can be considered for peptide drug dewraémt towards improved binding profile.
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MATERIALSAND METHODS

Reagents

DMEM with 4.5 g/L glucose and L-glutamine, and rnessential amino acid mixture were purchased
from Lonza (Basel, Switzerland). FBS was from Lifechnologies (Carlsbad, CA). HEK293S Grdid
HEK293T cells were purchased from ATCC (Manassas) ®&hd ThermoScientific (Waltham, MA),
respectively. PNGase F was purchased from New BdgBiolabs (NEB, Ipswich, MA). Gibson
Assembly Master Mix and required restriction enzgmeere purchased from NEB. Crystal screening
blocks were purchased from Hampton Research (Afigjo, CA). All other reagents were purchased

from Sigma-Aldrich (St. Louis, MO), unless otheraisoted.

Cdl lines

HEK293S GnTl cells were used to express glycosylated MBP-CTR E@th MansGIcNAc, N-
glycans, which are sensitive to Endo H-mediatedydan trimming. CTR ECD WT and N130D mutant
and RAMP1-CTR ECD fusion WT and N130D mutant wde® &xpressed from HEK293S GnTElls.
HEK293T cells were used to express fully glycosdamMBP-CTR ECD, RAMP1-CLR ECD fusion, and
their mutants. HEK293T cells were cultured at 3B% CQ in Dulbecco’'s Modified Eagle Media
(DMEM) plus 10% fetal bovine serum (FBS). HEK2938TG& cells were cultured at the same condition
and media as those used for HEK293T cells excgptlementing non-essential amino acid mixture to
the culture media. Both cell lines were directlyrghased from the suppliers and have not been

authenticated. Information on sex of the cell lireesot available.

Bacterial céells
Origami B DE3 cells from Novagen containing theB gor mutations were used for expression and

purification of MBP-TEV cleavage site-CTR ECD frdmncaoli.

Plasmids

pHLsec-based vectors were used for N-glycosylatedeim expression from mammalian cells as
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secreted proteins [54]. The Gibson Assembly methas used for constructing plasmids and
mutagenesis of receptor ECDs. pHLsec/MBP-hCTR.38H4 (pSL015) and pHLsec/MBP-hCTR.40-
141-H; (pSLO17) were generated for crystal screening BPMCTR ECD. pHLsec/MBP-hCTR.38-141-
Hs W128H (pSL018), F119L (pSL019), F119H (pSL020),33A (pSL021), and T109V (pSL022) were
produced for a mutagenesis study. MBP in abovenptisscontain a linker sequence NAAAEF at the C-
terminal end of MBP sequence. Plasmids of pHLsedMEV cleavage site-hCTR.34-141-(bSL052),
pHLsec/MBP-TEV cleavage site-hnCTR.38-143-WT (pSL031) and N130D (pSL033), pHLsec/MBP-
TEV cleavage site-hRAMP1.24-111-(GSACTR.34-141- WT (pSL041) and N130D (pSL048),
pHLsec/MBP-TEV  cleavage  site-hRAMP2.55-140-(GSALTR.38-141-4  (pSL042), and
pHLsec/MBP-TEV cleavage site-hRAMP1.24-111-(GBYLR.29-144-H WT (pSL039) and N123D
(pSL047) were generated to produce MBP-free recep@Ds. A pETDuet-1 vector was used for the
expression of MBP-TEV cleavage site-CTR.38-141fidm E.coli as a glycan-free from (pSL035). The
TEV cleavage site represented in above plasmidedesc GSSSGGGENLYFQGS including a linker
prior to a TEV cleavage site. Coding sequenceslloplasmids were confirmed by automated DNA
sequencing performed by the University of Oklahd#®alth Sciences Center Laboratory for Molecular
Biology and Cytometry Research core facility. Thesesmids were purified for transient transfection

using a Macherey-Nagel Midi or Giga kit accordinghe manufacturer’s directions.

Glycosylated receptor ECD expression and purification

General procedures of glycosylated receptor MBP-ERpression and purification were previously
described [12, 18]. All purifications were perforinat 4°C unless otherwise noted. To produce MBP-
CTR ECD bearing proximal GIcNAcs for crystallizatioglycosylated MBP-CTR ECD was expressed
from HEK293S GnTlcells in six roller bottles (MIDSCI, Cat# HRBV-1901900 cribottle, rolling
speed 0.2 RPM) at 37°C for 4 days after plasmidsfiection with polyethyleneimine (PEIl). The
expressed MBP-CTR ECD was purified with immobilizdd metal affinity chromatography (IMAC).

The peak fractions were pooled and incubated witB tatio (w/w, Endo H: protein), while dialyzing t
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25 mM MOPS (pH 6.5) and 150 mM NaCl at 4°C overhi¢fext day, pH of the mixture was adjusted to
pH 7.5 with 1 M Tris HCI (pH 9.0) and purified wittMAC. The peak fractions were pooled and
concentrated using a spin concentrator with 10kD&®O (Millipore). The concentrated solution was
purified with size-exclusion chromatography (SEThe Endo H-treated MBP-CTR ECD purified as a
monomer and was used for crystal screening. Fijigogylated MBP-CTR ECD WT and mutants were
expressed from HEK293T cells in six T175 flasks 3adays at 37°C after PEI transfection and purified
with IMAC and following SEC. The monomer peak fiaos were pooled, dialyzed to storage buffer (25

mM HEPES pH 7.5, 150 mM NacCl, and 50% (v/v) glydeowernight, and stored at -80°C until use.

For BLI and HDX-MS experiments, Endo H-treated, MB& CTR ECD WT and N130D were
produced as below. MBP-TEV cleavage site-CTR ECD Wil N130D were first expressed from
HEK293S GnTlcells in six roller bottles as described aboveyressed proteins were purified by IMAC
and the peak fractions were pooled and incubatéd s ratio (w/w, TEV protease: protein) at 204¢ f
6 h. Then, the reaction mixture was incubated &ittD ratio (w/w, Endo H: protein), while dialyzirig
25 mM MOPS (pH 6.5) and 150 mM NacCl at 4°C overhigext day, pH of the equilibrated mixture
was adjusted to pH 7.5 with 1M Tris HCI (pH 9.0pahe pH-adjusted mixture was further purified with
IMAC and following SEC. The peak fractions were |eah) dialyzed to storage buffer described above,

and stored at -80°C until use.

To produce MBP-free RAMP1-CTR ECD and RAMP1-CLR E@iBions, MBP-TEV cleavage site-
receptor ECD was expressed from HEK293S Grofl HEK293T cells. The expressed MBP-TEV
cleavage site-receptor ECD was initially purifiegd IMAC. Then, the peak fractions were pooled and
incubated with 1:5 ratio (w/w, TEV protease: projeat 20°C overnight. After TEV protease reactide,
mixture was purified with IMAC and following SECh€& peak fractions were pooled, dialyzed to storage
buffer described above, and stored at -80°C ust. lReceptor ECD concentrations were measured by
either UV absorbance at 280 nm using extinctionffments calculated from Tyr, Trp and Cystine

residues or Bradford assay with a BSA standardecurv

23



Glycan-freereceptor ECD expression in bacteria and purification

General procedures of glycan-free MBP-CTR ECD esgiod and its purification were previously
described [18]. MBP-TEV cleavage site-CTR ECD ezpeel fronE. coli Origami B (DE3) was purified
with IMAC. The peak fractions were pooled and satgd to disulfide shuffling reaction in the presenc
of RAMP2 ECD at 20°C overnight for proper foldingext day, the reaction mixture was purified with
amylose affinity chromatography and following SEfie purified sample was incubated with 1:5 ratio
(w/w, TEV protease: protein) at 20°C for 6 h. Thimg reaction mixture was dialyzed to 50 mM TrisIHC
(pH 7.5), 150 mM NaCl, 10% (v/v) glycerol at 4°Cepmight to remove bound maltose. Next day, the
equilibrated mixture was applied to amylose affimbhromatography. The peak fractions were poolet an
further purified with IMAC. The final peak fractisnwere dialyzed to storage buffer described abade a

stored at -80°C until use.

Synthetic peptides

All peptides used in this study were custom-syritees and HPLC-purified by RS Synthesis
(Louisville, KY). The lyophilized powders were didged in sterile ultrapure water at an approximate
peptide concentration of 10 mg/mL and multiple aditp were stored at -80 until use. The peptide
stock concentration was determined by UV absorbah@80 nm using extinction coefficients calculated
from Tyr, Trp and Cystine residues after the peptichs 50-fold diluted with 10 mM Tris and 1 mM
EDTA (pH 8.0). A FITC extinction coefficient (72,00M™ cm* at 495 nm, pH 8.0) was used to measure

the concentration of FITC-labeled peptides.

Crystallization, diffraction data collection, structure solution, and refinement

Endo H-treated MBP-CTR.38-141stAind MBP-CTR.40-141-Hwere incubated with sCT(16-32)
and sCT(22-32), respectively at 1:1.3 molar ratimtein: peptide) for 1 h on ice. The protein-pegti
mixture was concentrated to 30 mg/mL as previodsigcribed [24]. Crystals of MBP-CTR.38-143-H
with sCT(16-32) were grown by hanging drop vapdfudion in 34% (v/v) pentaerythritol ethoxylate

(15/4 EO/OH), 0.05M Bis-Tris (pH 6.8), and 0.1 M mwnium sulfate. In addition, crystals of MBP-
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CTR.40-141-H with sCT(22-32) was grown by hanging drop vapdfudion in 1.94 M ammonium
sulfate and 0.1 M sodium acetate (pH 4.7). The MBHR.38-141-H crystals were flash frozen in liquid
nitrogen without any additional cryoprotectant, wdes the MBP-CTR.40-141gHrystals were dialyzed
overnight to the reservoir solution supplementeth wb% (v/v) ethylene glycol for cryoprotection and
flash frozen in liquid nitrogen. Diffraction dataeve collected remotely at the LS-CAT beamlines 24-I

F and -G of the Advanced Photon Source (Argonng,Alset of diffraction images from a single crysta
was processed with HKL2000 [55] and the CCP4 46i6¢ Phaser was used for molecular replacement
(MR) with MBP and CTR ECD (PDB 510, chain A) asaseh models (both ligand-free). The MR model
was rebuilt and ligands and GIcNAcs were added ®@OT [57]. REFMACS [58] was used for TLS
and restrained refinement. Automatic NCS restraiese applied for the sCT(16-32)-bound MBP-

CTR.38-141-H structural model with two molecules in the asyrmiuatnit.

For modeling GIcNAcs with energetically favoraBi® conformation, the torsion angles of GIcNAc
(three letter code for REFMAC library: NAG) werestigined. The process of GIcNAc model building
with the*C, conformation was previously described [59]. A natiNAG library file was generated with
ACEDRG software in the CCP4 suite [60], which proeldi the lowest energy NAG conformer. Torsion
angles of the lowest energy conformer were measusatj Pymol. The generic torsion angles of the
NAG library file were replaced with the measuretsimn angles of the lowest energy NAG conformer.
The torsion angle-restrained NAG was added to agjyae of CTR ECD using a carbohydrate module in
COOT. The normal NAG-ASN linker file was also geated using JLigand [61] and was combined with
the torsion angle-restrained NAG library file taguce a single library file for REFMACS refinement.
After final refinement with REFMACS5, Privateer sefire in the CCP4 suite was used to validate the
geometry and conformation of GIcNAcs [62]. All Glakis added in the CTR ECD structural models

retained théC, conformation without any stereochemical problems.

Fluor escence polarization/anisotropy (FP) peptide binding assay

Equilibrium peptide binding assay with saturatiow aompetition binding formats was performed
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as previously described at room temperature [18].CHabeled sCT(22-32), AC413(6-25) WT,
AC413(6-25) [Y25P], and AM(37-52) [S45W/Q50W] weaueed as probes. The reaction buffer consists
of 50 mM HEPES (pH 7.4), 150 mM NacCl, 0.5 mg/mLtyaacid-free BSA, 0.5 mM maltose, 0.5 mM
EDTA, and 0.1% (v/v) Tween 20. A probe concentrati® nM was used in all experiments except 7 nM
was used for FITC-AM(37-52) [S45W/Q50W]. For the mgmetition-binding assay, a receptor
concentration that is two times the Kalue was used (K501 nM, K, 1995 nM, and K 2691 nM for
Endo H-treated CTR ECD WT, N130D, afid coli-produced CTR ECD, respectively). A PolarStar
Omega plate reader (BMG Labtech) was used to fteadetcence polarization/anisotropy. Data analysis

and nonlinear regression curve fitting were perfedrwvith PRISM 7.0 as previously described [18].

PNGase F-catalyzed deglycosylation
Glycosylated receptor ECDs produced from HEK293S'IGar HEK293T cells were treated with

PNGase F to remove all N-glycans as previously ritesd [18].

BL1 Kinetic assay

Endo H-treated CTR ECD WT and N130D dgdcoli-produced glycan-free CTR ECD WT were
used for BLI kinetic assay. An Octet-RED96 systeithwgtreptavidin-coated sensors (ForteBIO, SAX
biosensors) was used to measure binding kinetidh wh immobilized, biotinylated sCT(1-32)
[C1A/CTA] peptide. The assay buffer was 50 mM HERRS 7.4), 150 mM NaCl, 5 mg/mL fatty acid-
free BSA, 0.5 mM maltose, 0.5 mM EDTA, and 0.1%Wween 20. All steps were conducted at 25°C
with each biosensor stirred at 1000 RPM in 0.2 rhiamples. The biosensors were pre-equilibratel wit
the assay buffer for at least 30 min before use. ddnsors were first equilibrated with the assdfebu
for 120 sec. Then, the sensors were loaded wit2biotinylated sCT for 200 sec, which occupiess%2
of total binding capacity of each sensor. Afters#@ washing and additional 120 sec equilibriumsstep
with the assay buffer, the sensors were dipped@itB ECD samples to measure an association rate for
50 sec. Then, the sensors were transferred to ¢fls with assay buffer alone for 100 sec to staet t

dissociation phase. The standard kinetics (5.0neramging by 20) was used as an acquisition rate.
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ForteBio data analysis software (version 8.1) waeduto obtain kinetic parameters. Five different
concentrations of CTR ECD were used for the kinatisay. Endo H-treated and glycan-free CTR ECDs
in the assay buffer did not show non-specific bigdio the sensor. Endo H-treated CTR ECD N130D
showed non-specific binding for the sensor to sdegrees particularly ati4M concentration. The non-
specific binding of high concentration CTR ECD N8t an empty sensor was subtracted from the total
binding signal of the samples. The reference wéh whe assay buffer alone was used as baseline for
other samples for data processing. After referevele subtraction, Y axis was aligned according td B
signal during the last 5 sec of the equilibriumpsfeior to the association. Inter-step correctiomsw
performed by aligning to the dissociation phase 8aulitzky-Golay filtering option was applied. Both
association and dissociation phases from the psotata were used for curve fitting by applying & 1:
binding model and a global fitting option. Proces&.| signals and their curve fitting results (Uirfg0d

sec of the dissociation phase) were exported fromteBio data analysis software and PRISM 7.0 was

used for figure representation.

HDX-MSanalysis

Following protein samples are prepared in 108: Endo H-treated CTR ECD WT and N130D
either with or without 100 uM sCT. Hydrogen/deuteri exchange was initiated by mixingik of each
protein samples with 26 pL of,D buffer (25 mM HEPES, pD 7.4, 150 mM NacCl, 10%ocgiol) and
incubating for 10, 100, 1000, or 10000 sec on kae.the sCT-bound samples, 15 uM salmon calcitonin
was additionally added in the,© buffer. At the indicated time points, each migtwas quenched by
adding 3QuL of ice-cold quenching buffer (0.1 M NaP{,, pH 2.01, 20 mM TCEP, 1 M guanidine
hydrochloride). For non-deuterated samplgsl4f protein samples are mixed with 26 uL gfHbuffer
(25 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerolll suenched by 30L of ice-cold quench buffer.
Back-exchange level was not corrected becausbeatldta is comparison of different states anduhg f
deuterated samples were aggregated. The quencingplesawere digested by passing through an

immobilized pepsin column (2.1 x 30 mm) (Life Teologies, Carlbad, CA, USA) at a flow rate of 100
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pL/min with 0.05% formic acid in O at 12°C. The digested fragments were collectedaaDl18
VanGuard trap column (Waters, Milford, MA, USA) addsalted with 0.15% formic acid in,®. The
fragments were subsequently separated by ultrasgmrediquid chromatography using an ACQUITY
UPLC C18 column (1.7 um, 1.0 mm x 100 mm) (Watktiord, MA, USA) at a flow rate of 40 uL/min
with an acetonitrile gradient starting with 8% d@ndreasing to 85% over 7.5 min. To minimize thekbac
exchange of deuterium to hydrogen, the system didutrapping and UPLC column was maintained at
0.5°C during the analysis and all buffers were stdjdi to pH 2.5. Peptic peptides were identifiedhftbe
non-deuterated samples with ProteinLynx Global 8&e(PLGS) 3.0 (Waters, Milford, MA, USA). The
following parameters were applied: monoisotopic snasnspecific enzyme digestion allowing up to one
missed cleavage, automatic fragment mass tolemmt@utomatic peptide mass tolerance. Searches were
performed with the variable methionine oxidation dification. The amount of deuterium of peptic
peptides at each time point was determined by miggsthe centroid of the isotopic distribution ugin

DynamX 3.0 (Waters, Milford, MA, USA).

M D simulations

Replica Exchange Monte Carlo (REMC) simulationsemeerformed using Gromacs software [63]
with sixteen temperatures ranging between 300-50DKiode a temperature point were used in all
simulations.Three chains (Mol A, B, and C) of glycan-free CTRIE structure (PDB 5II0), two chains
(Mol A and B) of 1.78A CTR ECD structure, and theion-glycosylated versions without GIcNAc
residues were used. Residues 44 to 136 of the 1@8BR ECD structure were selected for MD
simulations to make a complete comparison to ghfoeen CTR ECD (PDB 5I10). Alternative backbone
A of 1.78A CTR ECD Mol B structure was chosen sifitcis more consistent with the corresponding
region of CTR ECD Mol A. The REMC simulations usHéltemperatures ranging between 300 to 500K
and lasted for 500 ns. The resulting trajectorthoée chains of glycan-free CTR ECD and two chains
either glycosylated or non-glycosylated CTR ECD eaveombined and first eigenvector was used to

calculate RMSF. VMD was used to visualize CTR E@Bibility during the MD simulations [64].
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Molecular modeling and structurefigures

Pymol (Schrodinger) was used for the representatiadhe structural figures. The structural models
of MBP-CTR ECD W128H, F119H, F119L, M133A, and T0%utants were generated by the
mutagenesis wizard in Pymol. Glycosylated and giyitee CTR ECDs were superimposed by aligning
CTR ECDs with Pymol. For the glycosylated CGRP ptaeECD structure, the cryo EM structure of the
full-length CGRP receptor was used (PDB 6E3Y) dmal iroximal GIcNAc residues of its ECD were
modeled with COOT based on the cryo EM density miN-glycans. The homology model of the
amylin receptor ECD was generated based on thdefulith CGRP receptor structure (PDB 6E3Y) by
replacing CLR ECD with the 2.85A CTR ECD structafter alignment. PTH1R ECD (PDB 6FJ3) was

aligned with the 2.85A CTR ECD structure using Pymo

Sequence alignment of classB GPCR ECDs

ClustalX2 was used with identity matrix for sequeraignment [65]. The alignment was adjusted
minimally for conserved residues. The following ramclass B GPCR ECDs were used: calcitonin
receptor (CALCR, CBN80566.1), calcitonin-like retap(CLR, AAA62158.1), parathyroid hormone
receptor 1 (PTH1R, AAR18076.1), parathyroid hormoreceptor 2 (PTH2R, EAW70451.1),
corticotropin-releasing factor receptor 1 (CRFRAG%9993.1), corticotropin-releasing factor receior
isoform 2 precursor (CRFR2b, NP_001189404.1), gondike peptide-1 receptor (GLP1R,
AAA17021.1), glucagon-like peptide 2 receptor (GER2NP_004237.1), glucagon receptor (GCGR,
AAC52063.1), secretin receptor (SCTR, AAA64949.@)pwth hormone-releasing hormone receptor
(GRHR, AAA35890.1), GIP receptor (GIPR, AAA84418.})ituitary adenylate cyclase activating
polypeptide 1 receptor (PAC1l, EAW93978.1), vaseactintestinal peptide receptor 1 (VIPR1,
AAH64424.1), and vasoactive intestinal peptide ptae2 (VIPR2, EAX04596.1). ESPript 3.0 was used
for figure representation [66].
Statistical analysis

Three or more independent experiments (on diffedaent) were performed both for FP equilibrium
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binding assay and BLI kinetic assay, unless otrmrwinoted. Duplicate samples of each receptor
concentration were used for the individual FP elgilm binding experiment, while BLI kinetics assay
used a single sample of each receptor concentrgtiGnand pK from FP binding assay arkg, Ko, and
calculated pl§ from BLI kinetic assay were reported as Maa8EM. PRISM 7.0 was used for one-way
analysis of variance (ANOVA) followed by Tukey's stehoc test for multiple comparisons. For HDX-
MS, a Student’s t-test was us@ds 0.05 was regarded as statistical significante details of statistical

analysis used for the representative figures cdouma in the figure legends.
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FIGURE LEGENDS

Figure 1. Crystal structures of sCT bound to prati@lcNAc-bearing CTR ECD

(A) The 1.78A CTR ECD structure. (B) The 2.85A CERD structure. See Figure S1 for MBP-fused
CTR ECD in the asymmetric unit cell. MBP is omittied clarity. See Figure S2 for the electron densit
of N130 GIcNAc. (C and D) The detailed view of s@iferaction with CTR ECD. Hydrogen bonds are

represented as a gray dotted line. See also F&jlire

Figure 2. Comparisons of the GIcNAc-bearing strrgguo the N-glycan free CTR ECD structure
(A) 1.78A and (B) 2.85A sCT-CTR ECD complexes waligned with Mol A of the sCT-bound glycan-
free CTR ECD from PDB ID 5I10. Mol B and Mol C o€3-bound glycan-free CTR ECD were also

aligned with sCT-bound glycan-free CTR ECD Mol A&eXalso Figure S4.

Figure 3. Equilibrium and kinetic analyses of sGfiding to CTR ECD glycoforms

(A) Equilibrium saturation binding FP assay assegbinding of the indicated CTR ECD glycoforms to a
FITC-sCT(22-32) probe. (B) Equilibrium FP compaeititi binding assay assessing displacement of the
probe by unlabeled sCT(22-32). FP assay was peefbrmith duplicate samples at each receptor
concentration using FITC-sCT(22-32) as a probealpaints in the plot were shown as mean with SEM
as error bars. When the error bars were shorterttfteheight of the symbol, the error bars werettehi
(C-E) sCT binding kinetics was measured with bietaypterferometry assay. Mean values @f k;,, and

ko« were shown. Representative curves of both FP ametik assays were shown from at least three

independent experiments.

Figure 4. N-glycosylation of CTR N130 alters EChfaymational dynamics
Selected CTR ECD residues corresponding to thédeefitgments were color-coded on the 2.85A CTR

ECD structure, and the deuterium uptake plots weowvided. See Figure S6 for HDX results in the
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presence of excess sCT. See also Figure S7. HDiMgegere shown as mean = SEM from at least three
independent experiments. The statistically sigaificdifferences were analyzed by a Student’s t(tegt

< 0.05).

Figure 5. Molecular dynamics (MD) simulations WiifR ECD with or without GIcNAcs

(A) RMSF (Root Mean Squared Fluctuation) for theatyics of the GlcNAc-bearing 1.78A CTR ECD
and glycan-free CTR ECD (PDB 5I110). Residues 44-t#&8e used for all MD simulations. Averaged
RMSF values were shown from two molecules of t@A.structure and three molecules of glycan-free
CTR ECD present in the asymmetric unit. (B) RMSFtfee dynamics of the GlcNAc-removed 1.78A
CTR ECD and glycan-free CTR ECD (PDB 5I10). (C-RYI8F of CTR ECD was visualized using VMD
showing five representative frames during the Miwations. Two end frames of each direction were

colored with blue or red, and the middle frame wa@lsred with gray.

33



REFERENCES

[1] Purdue BW, Tilakaratne N, Sexton PM. Molecuysaarmacology of the calcitonin receptor. Receptors
& channels. 2002;8:243-55.

[2] Masi L, Brandi ML. Calcitonin and calcitoningeptors. Clin Cases Miner Bone Metab. 2007;4:117-
22.

[3] Chesnut CH, 3rd, Azria M, Silverman S, Engetttavl, Olson M, Mindeholm L. Salmon calcitonin: a
review of current and future therapeutic indicasio®steoporosis international : a journal establishs
result of cooperation between the European Foumddtir Osteoporosis and the National Osteoporosis
Foundation of the USA. 2008;19:479-91.

[4] Christopoulos G, Perry KJ, Morfis M, TilakaratrN, Gao Y, Fraser NJ, et al. Multiple amylin
receptors arise from receptor activity-modifyingptgin interaction with the calcitonin receptor gene
product. Molecular pharmacology. 1999;56:235-42.

[5] Muff R, Buhlmann N, Fischer JA, Born W. An aritylreceptor is revealed following co-transfection
of a calcitonin receptor with receptor activity nifgohg proteins-1 or -3. Endocrinology. 1999;14(229

7.

[6] Armour SL, Foord S, Kenakin T, Chen WJ. Pharatagical characterization of receptor-activity-
modifying proteins (RAMPs) and the human calcitomaceptor. Journal of pharmacological and
toxicological methods. 1999;42:217-24.

[7] Liberini CG, Boyle CN, Cifani C, Venniro M, HepBT, Lutz TA. Amylin receptor components and
the leptin receptor are co-expressed in singlearad postrema neurons. The European journal of
neuroscience. 2016;43:653-61.

[8] Bower RL, Eftekhari S, Waldvogel HJ, Faull RTajti J, Edvinsson L, et al. Mapping the calcitonin
receptor in human brain stem. Am J Physiol RegilgnComp Physiol. 2016;310:R788-93.

[9] Hay DL, Chen S, Lutz TA, Parkes DG, Roth JD. im: Pharmacology, Physiology, and Clinical

Potential. Pharmacological reviews. 2015;67:564-600
34



[10] McQueen J. Pramlintide acetate. Am J Healtst rarm. 2005;62:2363-72.

[11] Hoare SR. Mechanisms of peptide and nonpegtgind binding to Class B G-protein-coupled
receptors. Drug Discov Today. 2005;10:417-27.

[12] Lee SM, Hay DL, Pioszak AA. Calcitonin and AlimyReceptor Peptide Interaction Mechanisms:
INSIGHTS INTO PEPTIDE-BINDING MODES AND ALLOSTERICMODULATION OF THE
CALCITONIN RECEPTOR BY RECEPTOR ACTIVITY-MODIFYINGPROTEINS. J Biol Chem.
2016;291:8686-700.

[13] Johansson E, Hansen JL, Hansen AM, Shaw ACk&eP, Schaffer L, et al. Type Il Turn of
Receptor-bound Salmon Calcitonin Revealed by X@aystallography. J Biol Chem. 2016;291:13689-
98.

[14] Liang YL, Khoshouei M, Radjainia M, Zhang Y]u&hova A, Tarrasch J, et al. Phase-plate cryo-EM
structure of a class B GPCR-G-protein complex. NatR017;546:118-23.

[15] Maso Ed, Glukhova A, Zhu Y, Garcia-Nafria it& CG, Atanasio S, et al. The Molecular Control of
Calcitonin Receptor Signaling. ACS Pharmacologyr@rBlational Science. 2019;2:31-51.

[16] Gingell J, Simms J, Barwell J, Poyner DR, WiaskHA, Pioszak AA, et al. An allosteric role for
receptor activity-modifying proteins in defining GR pharmacology. Cell Discov. 2016;2:16012.

[17] Albrandt K, Brady EM, Moore CX, Mull E, Sierga ME, Beaumont K. Molecular cloning and
functional expression of a third isoform of the famrcalcitonin receptor and partial characterizatbn
the calcitonin receptor gene. Endocrinology. 1996;3377-84.

[18] Lee SM, Booe JM, Gingell JJ, Sjoelund V, Hal, Pioszak AA. N-Glycosylation of Asparagine
130 in the Extracellular Domain of the Human Calgibh Receptor Significantly Increases Peptide
Hormone Affinity. Biochemistry. 2017;56:3380-93.

[19] Soto AG, Smith TH, Chen B, Bhattacharya S,ddwa IC, Kenakin T, et al. N-linked glycosylation
of protease-activated receptor-1 at extracelldap|2 regulates G-protein signaling bias. Proc Ma#d
Sci U S A. 2015;112:E3600-8.

35



[20] Pioszak AA, Xu HE. Molecular recognition of naghyroid hormone by its G protein-coupled
receptor. Proc Natl Acad Sci U S A. 2008;105:5034-9

[21] Reeves PJ, Callewaert N, Contreras R, Khok@aStructure and function in rhodopsin: high-level
expression of rhodopsin with restricted and homegas N-glycosylation by a tetracycline-inducible N-
acetylglucosaminyltransferase I-negative HEK292Zblst mammalian cell line. Proc Natl Acad Sci U S
A. 2002;99:13419-24.

[22] Liang YL, Khoshouei M, Deganutti G, Glukhova Koole C, Peat TS, et al. Cryo-EM structure of
the active, Gs-protein complexed, human CGRP recedature. 2018;561:492-7.

[23] Dong M, Pinon DI, Cox RF, Miller LJ. Importamcof the amino terminus in secretin family G
protein-coupled receptors. Intrinsic photoaffinifibeling establishes initial docking constraints tioe
calcitonin receptor. J Biol Chem. 2004;279:1167-75.

[24] Booe JM, Walker CS, Barwell J, Kuteyi G, SimdisJamaluddin MA, et al. Structural Basis for
Receptor Activity-Modifying Protein-Dependent Seiee Peptide Recognition by a G Protein-Coupled
Receptor. Mol Cell. 2015;58:1040-52.

[25] Booe JM, Warner ML, Roehrkasse AM, Hay DL, $1ak AA. Probing the Mechanism of Receptor
Activity-Modifying Protein Modulation of GPCR LigahSelectivity through Rational Design of Potent
Adrenomedullin and Calcitonin Gene-Related Peptidatagonists. Molecular pharmacology.
2018;93:355-67.

[26] Roehrkasse AM, Booe JM, Lee SM, Warner ML,SR2ak AA. Structure-function analyses reveal a
triple beta-turn receptor-bound conformation of eemmedullin 2/intermedin and enable peptide
antagonist design. J Biol Chem. 2018;293:15840-54.

[27] Dong M, Pinon DI, Cox RF, Miller LJ. Moleculapproximation between a residue in the amino-
terminal region of calcitonin and the third extri&dar loop of the class B G protein-coupled caloin
receptor. J Biol Chem. 2004;279:31177-82.

[28] Helenius A, Aebi M. Intracellular functions bi-linked glycans. Science. 2001;291:2364-9.

36



[29] Ohtsubo K, Marth JD. Glycosylation in cellulanechanisms of health and disease. Cell.
2006;126:855-67.

[30] Wormald MR, Dwek RA. Glycoproteins: glycan pemtation and protein-fold stability. Structure.
1999;7:R155-60.

[31] Ho HH, Gilbert MT, Nussenzveig DR, GershengtM@. Glycosylation is important for binding to
human calcitonin receptors. Biochemistry. 1999;866L72.

[32] Moseley JM, Findlay DM, Gorman JJ, MichelangéP, Martin TJ. The calcitonin receptor on T
47D breast cancer cells. Evidence for glycosylafidre Biochemical journal. 1983;212:609-16.

[33] Quiza M, Dowton M, Perry KJ, Sexton PM. Eleghoretic mobility and glycosylation
characteristics of heterogeneously expressed aaigiteceptors. Endocrinology. 1997;138:530-9.

[34] Devaurs D, Antunes DA, Papanastasiou M, MollRicklin D, Lambris JD, et al. Coarse-Grained
Conformational Sampling of Protein Structure Imm®vhe Fit to Experimental Hydrogen-Exchange
Data. Front Mol Biosci. 2017;4:13.

[35] Imperiali B, Rickert KW. Conformational imphtions of asparagine-linked glycosylation. Procl Nat
Acad Sci U S A. 1995;92:97-101.

[36] Live DH, Kumar RA, Beebe X, Danishefsky SJ.nBwmational influences of glycosylation of a
peptide: a possible model for the effect of glydatgn on the rate of protein folding. Proc Natla&cSci

U S A. 1996;93:12759-61.

[37] Ramya L. Role of N-glycan in the structurabalges of myelin oligodendrocyte glycoprotein asd it
complex with an antibody. J Biomol Struct Dyn. 20120.

[38] Haliloglu T, Bahar I. Adaptability of proteistructures to enable functional interactions and
evolutionary implications. Curr Opin Struct BioD15;35:17-23.

[39] Motlagh HN, Wrabl JO, Li J, Hilser VJ. The emsble nature of allostery. Nature. 2014;508:331-9.
[40] McElroy CA, Dohm JA, Walsh ST. Structural anidphysical studies of the human IL-7/IL-7Ralpha
complex. Structure. 2009;17:54-65.

37



[41] Lee HS, Qi Y, Im W. Effects of N-glycosylatioon protein conformation and dynamics: Protein
Data Bank analysis and molecular dynamics simuiattady. Sci Rep. 2015;5:8926.

[42] Xin F, Radivojac P. Post-translational modifions induce significant yet not extreme changes t
protein structure. Bioinformatics. 2012;28:2905-13.

[43] Gujer R, Aldecoa A, Buhlmann N, Leuthauser Muff R, Fischer JA, et al. Mutations of the
asparaginell? residue of a receptor activity-maalfyprotein 1-dependent human calcitonin gene-
related peptide receptor result in selective Idgarmction. Biochemistry. 2001;40:5392-8.

[44] Kamitani S, Sakata T. Glycosylation of humaRLR at Asn123 is required for ligand binding and
signaling. Biochim Biophys Acta. 2001;1539:131-9.

[45] Bisello A, Greenberg Z, Behar V, Rosenblatt 8yva LJ, Chorev M. Role of glycosylation in
expression and function of the human parathyroitniooe/parathyroid hormone-related protein receptor.
Biochemistry. 1996;35:15890-5.

[46] Ehrenmann J, Schoppe J, Klenk C, Rappas M, e, Dore AS, et al. High-resolution crystal
structure of parathyroid hormone 1 receptor in dempvith a peptide agonist. Nat Struct Mol Biol.
2018;25:1086-92.

[47] Chen Q, Miller LJ, Dong M. Role of N-linkedyglosylation in biosynthesis, trafficking, and funot

of the human glucagon-like peptide 1 receptor. ARiysiol Endocrinol Metab. 2010;299:E62-8.

[48] Cao Y, Gimpl G. A constitutively active pitaity adenylate cyclase activating polypeptide (PALAP
type | receptor shows enhanced photoaffinity lataebf its highly glycosylated form. Biochim Biophys
Acta. 2001;1548:139-51.

[49] Whitaker GM, Lynn FC, Mcintosh CH, Accili EARegulation of GIP and GLP1 receptor cell
surface expression by N-glycosylation and recelpéderomerization. PLoS One. 2012;7:€32675.

[50] Couvineau A, Fabre C, Gaudin P, Maoret JJ,ultite M. Mutagenesis of N-glycosylation sites in
the human vasoactive intestinal peptide 1 recepdence that asparagine 58 or 69 is crucial forect
delivery of the receptor to plasma membrane. Biotbiey. 1996;35:1745-52.

38



[51] Johswich A, Longuet C, Pawling J, Abdel RahmnRyczko M, Drucker DJ, et al. N-glycan
remodeling on glucagon receptor is an effector wfrient sensing by the hexosamine biosynthesis
pathway. J Biol Chem. 2014;289:15927-41.

[52] Pang RT, Ng SS, Cheng CH, Holtmann MH, Millex, Chow BK. Role of N-linked glycosylation
on the function and expression of the human secretieptor. Endocrinology. 1999;140:5102-11.

[53] Assil 1Q, Abou-Samra AB. N-glycosylation of ERreceptor type 1 is important for its ligand-
specific interaction. Am J Physiol Endocrinol Metab01;281:E1015-21.

[54] Aricescu AR, Lu W, Jones EY. A time- and cefficient system for high-level protein productiion
mammalian cells. Acta Crystallogr D Biol Crystaltog006;62:1243-50.

[55] Otwinowski Z, Minor W. Processing of X-ray flidiction data collected in oscillation mode. Method
Enzymol. 1997;276:307-26.

[56] Winn MD, Ballard CC, Cowtan KD, Dodson EJ, HeysP, Evans PR, et al. Overview of the CCP4
suite and current developments. Acta Crystallog@i@ Crystallogr. 2011;67:235-42.

[57] Emsley P, Lohkamp B, Scott WG, Cowtan K. Feasuand development of Coot. Acta Crystallogr D
Biol Crystallogr. 2010;66:486-501.

[58] Murshudov GN, Vagin AA, Dodson EJ. Refinemehmacromolecular structures by the maximum-
likelihood method. Acta Crystallogr D Biol Crystadr. 1997;53:240-55.

[59] Agirre J, Ariza A, Offen WA, Turkenburg JP, Rerts SM, McNicholas S, et al. Three-dimensional
structures of two heavily N-glycosylated Aspergllisp. family GH3 beta-D-glucosidases. Acta
Crystallogr D Struct Biol. 2016;72:254-65.

[60] Long F, Nicholls RA, Emsley P, Graaeulis S, s A, Vaitkus A, et al. AceDRG: a
stereochemical description generator for ligandsaArystallogr D Struct Biol. 2017;73:112-22.

[61] Lebedev AA, Young P, Isupov MN, Moroz OV, VaghA, Murshudov GN. JLigand: a graphical

tool for the CCP4 template-restraint library. A€ystallogr D Biol Crystallogr. 2012;68:431-40.

39



[62] Agirre J, Iglesias-Fernandez J, Rovira C, BaviJ, Wilson KS, Cowtan KD. Privateer: softwane fo
the conformational validation of carbohydrate stmues. Nat Struct Mol Biol. 2015;22:833-4.

[63] Lindahl E, Hess B, van der Spoel D. GROMACS®: & package for molecular simulation and
trajectory analysis. J Mol Model. 2001;7:306-17.

[64] Humphrey W, Dalke A, Schulten K. VMD: visualafecular dynamics. J Mol Graph. 1996;14:33-8,
27-8.

[65] Larkin MA, Blackshields G, Brown NP, ChennaM¢Gettigan PA, McWilliam H, et al. Clustal W
and Clustal X version 2.0. Bioinformatics. 2007 2Z8Bt7-8.

[66] Robert X, Gouet P. Deciphering key featurepiintein structures with the new ENDscript server.

Nucleic Acids Res. 2014;42:W320-4.

40



TABLES

Table 1. X-ray diffraction data collection and refimnent statistics.

Data collection
Space grou
Cell dimension

a, b, c(A)
o B,y ()

Resolution (A
Rmerq<

CCyp

| /ol
Completeness (¢
Redundanc

Refinement
Resolution (A
No. reflection
Rwork/ Rfree
Protein molecules/AS
No. atoms
Protein(+GIcNAC) /peptide

P652:
121.07, 121.07, 263.6

90, 9C, 12¢
50.0— 1.7¢
0.066 (0.954°
(0.628°
29.82 (1.3€°
99.0 (97.0°
7.4 (5.9°

49.86-1.7¢
10315¢
0.1£6/0.214
2

8740

8037

Heterogen atoms (Maltose, etc.pl

Water
No. of TLS group
B-factors (Mo A/B or Mol A)
MBP
CTR ECD (+GIcNAc
sCT
Wate
RMS deviation:
Bond lengths (A
Bond angles°}
RamachandraAnalysis”
Preferred regions (¢
Allowed regions (%
Outliers (%
All-atom Clashsco®
MolProbity scor®

652
6

27.4/33..
48.3/34.
36.2/39.
35.C

0.C1t
1.6¢

97.1

2.6

0

2.44 (9¢" percentile
1.35 (97" percentile

P413:

181.29, 181.29,
181.29

90, 90, 9

50.0— 2.8E

0.122 (1.44C°
(0.614°

21.24 (1.32°

99.0 (99.7°

9.3(9.3°

48.45-2.8¢
2287¢
0.193/0.22
1

3874

3845

27

2

3

84.¢
73.<
97.¢
68.2

0.01¢
1.8¢

97.2

2.7

0

3.28 (10" percentile
1.78 (10(" percentile

&/ alues in parentheses are for highest-resolutiefl.sh

*As defined by COOT.

‘As determined by MolProbity. Values in parenthesegresent rank among structures of

resolution.

similar



Table 2. Peptide ligand affinity measured by FRiass

Receptor ECD Expression Enzyme N Mean £ SEM

treatment
Figure 34 pKp of FITC-sCT(2:-32)
CTR.3¢-141 W1 HEK293S GnT° Endo H 5 6.30+0.0%(0.50 + 0.03
CTR.3¢-141 N130L HEK293S GnT° Endo H 3 5.70£ 0.0 (2.0+£0.13
Glycar-free CTR.3-141 WT E. coli None 4 557+0.08(2.7£0.20
Figure 3E pK, of sCT(2z-32)
CTR.3¢-141 W1 HEK293S GnT° Endo F 4 581+0.02(1.6+0.12
CTR.3¢-141 N130L HEK293S GnT° Endo F 3 5.26+ 0.0 (5.6+ 0.48
Glycar-free CTR.3-141 W1 E. coli None 4 497+0.07(11+ 1.7,
FigureS8A pKp of FITC-AC413(€-25)
RAMP1-CTR.34141 W1 HEK293S GnT° None 3 5.89+0.0¢(1.3+0.21
CTR.34141 W1 HEK293S GnT" None 3 467+£0.12(23+5.8
Figure S8E pKp of FITC-sCT(22-32)
RAMP1-CTR.34141 W1 HEK293S GnT- None 3 6.56%0.0€(0.28 +0.04
CTR.34141 W1 HEK293S GnT° None 3 6.43%£0.0€(0.38 £ 0.06
FigureSeD pKp of FITC-AC413(€-25)
RAMP1-CTR.34141 W1 HEK293S GnT" None 3 6.04+0.02(0.92+0.07
RAMP1-CTR.34-141WT HEK293S GnT Inactive PNGase 3 6.01+0.02(0.97+0.06
RAMP1-CTR.34-141WT HEK293S GnT° PNGase 3 <5.((>10)
RAMP1-CTR.34-141N130C HEK293S GnT None 3 5.12+0.07 (7.9t 1.4
FigureS1(C pKp of FITC-AM analog
RAMP1-CLR.2€-144WT HEK293T None 3 6.51+0.02(0.31+0.01
RAMP1-CLR.2€-144WT HEK293T Inactive PNGase 3 6.56+ 0.07(0.28+ 0.05
RAMP1-CLR.2€-144WT HEK293T PNGase 3 5.87+0.0¢(1.4+£0.13
RAMPI1-CLR.2€-144N123C HEK?2931 None 3 6.13+0.07(0.74+ 0.01

®p < 0.05 compared to the glycosylated receptor ECDWIith Endo H treatment (Figure 3A and 3B) or

none treatment (Figure S8D and S10C). ANOVA withkdyis post hoc test was used for statistical

analysis® K, or K, values inuM are given in parenthesis.



Table 3. sCT binding kinetic parameters from bielapterferometry

CTR.38-141 Mean + SEM

N kon(1 x 1CYMs) Kot (1/S) Calculated K (uM)  Steady state K(uM)
Evano k-treatec 5 178400 0.37 +0.02 21+0.1 1.9+0.2
Endo F-treatec
N130D 3 6.3+1.0 0.73+0.08 124+28 119+1.7
\Cfv'¥car'free 3  21+08 0.61 +0.03 30.9+5.3 10.8+2.3

All kinetic parameters were produced from Forte8aba analysis software (version 8.1).
®p < 0.05 compared to Endo H-treated CTR.38-141 WNIOXA with Tukey's post hoc test was used

for statistical analysis.
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HIGHLIGHTS (85 CHARACTERSPER BULLET POINT)

How N-glycosylation enhances ligand affinity of the calcitonin receptor is unknown.
Crystal structures of calcitonin bound to N-glycosylated calcitonin receptor ECD.

MD simulations and HDX-M S experiments show that N-glycans modulate ECD dynamics.
N-glycans similarly enhance ligand affinity of related amylin and CGRP receptors.

N-glycosylation of GPCRs can modulate their function by altering receptor dynamics.



