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Abstract

Interactions between proteins and carbohydrates are ubiquitous in biology. Therefore,
understanding the factors that determine their affinity and selectivity are correspondingly
important. Herein, we have determined the relative strengths of intramolecular interactions
between a series of monosaccharides and an aromatic ring close to the glycosylation site in an N-
glycoprotein host. We employed the enhanced aromatic sequon, a structural motif found in the
reverse turns of some N-glycoproteins, to facilitate face-to-face monosaccharide—aromatic
interactions. A protein host was used because the dependence of the folding energetics on the
identity of the monosaccharide can be accurately measured to assess the strength of the
carbohydrate—aromatic interaction. Our data demonstrate that the carbohydrate—aromatic
interaction strengths are moderately affected by changes in the stereochemistry and identity of the
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substituents on the pyranose rings of the sugars. Galactose seems to make the weakest and allose
the strongest sugar—aromatic interactions, with glucose, N-acetylglucosamine (GIcNAc) and
mannose in between. The NMR solution structures of several of the monosaccharide-containing
N-glycoproteins were solved to further understand the origins of the similarities and differences
between the monosaccharide—aromatic interaction energies. Peracetylation of the monosaccharides
substantially increases the strength of the sugar—aromatic interaction in the context of our N-
glycoprotein host. Finally, we discuss our results in light of recent literature regarding the
contribution of electrostatics to CH— interactions and speculate on what our observations imply
about the absolute conservation of GIcNAc as the monosaccharide through which N-linked
glycans are attached to glycoproteins in eukaryotes.

INTRODUCTION

N-linked glycosylation is a major co- or post-translational protein modification. Protein N-
glycosylation occurs in all three domains of life—bacteria, archaea, and eukarya—and is
mediated by the enzyme oligosaccharyltransferase (OST).™ In eukaryotes, OST catalyzes the
en bloc transfer of the preassembled, lipid linked oligosaccharide GlcgMangGIcNAc,— onto
the side chain amide nitrogen of an asparagine (Asn) residue in the acceptor sequence (or
“sequon”) Asn-Xxx-Ser/Thr (where Xxx can be any amino acid except Pro) harbored within
polypeptide chains that are inserted into the endoplasmic reticulum (ER).- N-glycosylation
influences both the folding and function of glycoproteins. Protein N-glycosylation enables
key interactions with the lectin-type chaperones of the ER glycoproteostasis network, which
influence whether the N-glycoprotein will be folded and trafficked or degraded.” N-
Glycosylation can also intrinsically alter the folding kinetics and thermodynamic stability of
N-glycoproteins, especially via native state intramolecular protein—carbohydrate
interactions. For example, in human CD2, protein—glycan interactions stabilize the native
state by —3.1 kcal mol~1 relative to the unfolded state.- In CD2, the protein—carbohydrate
interactions occur within an “enhanced aromatic sequon”.~ Enhanced aromatic sequons are
structural modules having the sequence Aro-(Xxx),-Asn(R1)-Yyy-Thr; where Aro is an
aromatic amino acid; n =1 or 2 (n can be 0 as well, but the stabilization is greatly
diminished); (Xxx), is any single amino acid or pair of amino acids; Yyy can be any amino
acid other than Pro, but is often Gly; and R, is the carbohydrate attached via N-
glycosylation to the Asn side chain. When enhanced aromatic sequons adopt certain
conformations (e.g., a type 1 f-bulge turn if n =1 or a type 2 B-turn within a six-residue loop
if n = 2) an interaction between the Aro side chain and R is enforced (Figure 1). This
contact is typically a face-to-face interaction between the a-face of the sugar residue directly
attached to Asn (GIcNAc-1) and the aromatic side chain of Aro that is driven by the
hydrophobic effect and by CH-m interactions.

Enhanced aromatic sequons exist in a number of N-glycoproteins. In addition to their ability
to stabilize protein native states, they also improve N-glycosylation efficiency by OST and
increase the homogeneity of N-glycan structures, which is accomplished by restricting N-
glycan processing in the Golgi. Herein, we use the enhanced aromatic sequon in the context
of a type 1 B-bulge turn to reliably position the sugar-of-interest relative to the aromatic side
chain in order to study the energetics of sugar-aromatic interactions. In a previous study, we
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transplanted five- and six-residue enhanced aromatic sequons into loop 1 of the 34-residue
WW domain from human Pin1, referred to hereafter as “Pin WW?”, to create a simple
GlcNAcylated protein. Pin WW, consisting of three f strands connected by two loops
(Figure 2), folds reliably and has been used extensively to study the energetics of protein
folding.: Recently, we reported a study wherein we varied Aro in order to parse the
contributions from the hydrophobic effect and CH—r interactions to the net energy of the
GIcNAc-1-aromatic interaction. We found that the hydrophobic effect and CH-7t
interactions both contributed substantially to protein—carbohydrate interactions. We also
found that the net energy of the CH—m component of the interaction between GIcNAc and
aromatic side chains (that is, the energy change upon going from the unfolded state in which
the GIcNAc CH groups and the aromatic protein side chain are solvated to the folded state in
which they are interacting with each other) was dominated by dispersion forces, with at most
a minor contribution from electrostatics.

Here we examine the energetics of protein—carbohydrate interactions from the point of view
of the carbohydrate; that is, by varying the structure of the sugar attached to the Asn side
chain amide nitrogen in the context of a five-residue enhanced aromatic sequon adopting a
type 1 B-bulge reverse turn within Pin WW, while keeping Aro constant as Phe. In addition,
we examined the influence of peracetylation of the sugars, as this has been shown to
strengthen protein—carbohydrate interactions. We also explored the energetic consequences
of replacing the sugars with purely hydrophobic cycloalkanes. We find that the stabilization
free energy derived from sugar—aromatic interactions is moderately affected by changes in
the stereochemistry of the hydroxyl groups on the sugar (for example, glucose (GlIc) vs.
galactose (Gal) or mannose (Man) or allose (All)) or by hydroxyl group deletion (for
example, glucose vs. cyclohexane). In addition, peracetylation of the sugars greatly and
generally increases the strength of the protein—carbohydrate interactions, in agreement with
previous findings.: We analyze the measured interaction energies in the context of NMR-
derived solution structures of several of the Pin WW glycovariants, and discuss the potential
for carbohydrate—aromatic interactions to contribute to the affinity and selectivity of
carbohydrate recognition. Finally, we revisit the driving forces for CH—m interactions and
speculate on the evolutionary selection pressures that may have contributed to GICNAc being
absolutely conserved as the residue by which N-glycans are attached to proteins in
eukaryotes.'

RESULTS

Pin WW domains with five-residue enhanced aromatic sequons are stabilized by
carbohydrate—aromatic interactions

The folding kinetics and thermodynamics of Pin WW domains have been extensively
characterized.~ Its three-stranded antiparallel B-sheet structure (Figure 2)~ folds by a two
state mechanism wherein loop 1 formation is generally rate-limiting.» The five-residue
enhanced aromatic sequon was incorporated into Pin WW by converting the native sequence
of loop 1 (Ser1g-Argy7-Serig-Serig-Glyog-Argo) to Pheqg-Alaig-Asnyg(R1)-Glyag-Thrag;
note that there is no residue 17 in the latter sequence, and that Ry is the N-glycan attached to
the side chain amide nitrogen atom of Asnqg. We previously solved the solution structure of
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Pin WW harboring the five-residue enhanced aromatic sequon by NMR spectroscopy, both
in its unglycosylated form (1; PDB ID: 2M9E, Figure 2A) and with R; = GIcNAc (2; PDB
ID: 2M9F, Figure 2B). In both cases, loop 1 adopted a type 1 B-bulge reverse turn

conformation. In variant 2, this conformation enforces the face-to-face interaction between
GIcNAc and Phe that is the signature of the enhanced aromatic sequon (Figures 1 and 2B).

Chemical synthesis of Pin WW glycovariants

The sugar substituents that were attached to the side chain amide nitrogen of Asnyg in Pin
WW are shown in Chart 1. All of these Pin WW glycovariants were prepared by solid phase
peptide synthesis (SPPS) employing an Fmoc chemistry strategy. The synthesis of Fmoc-
(OAC)allose-Asn, depicted in Scheme 1, is representative of the preparation of the protected
monosaccharide-Asn conjugates used for SPPS. Allosyl amine 16 with a f-configuration at
the C1 or anomeric carbon was afforded by reduction of the corresponding p-glycosyl azide
15, followed by the subsequent coupling with Fmoc-Asp-OtBu using benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) for dehydration. This
previously unexplored approach for attaching 1-amino sugars to Fmoc-Asp-OtBu was
efficient (60 to 90% yields). After acid-mediated removal of the #butyl group, the Fmoc-
and acetyl-protected glycosyl-asparagine amino acids (for example, 18) were incorporated
into Pin WW sequences using a previously published Fmoc-based solid phase synthesis of
Pin WW glycovariants.’ This strategy, exemplified in Scheme 1, was employed to make the
15 monosaccharide-containing Pin WW variants shown in Chart 1. In addition, Pin WW
variants with cycloalkyl substituents attached to the side chain amide nitrogen of Asnyg (10,
11, 12, and 13) were prepared by a similar procedure. The necessary Fmoc-protected
asparagine derivatives were prepared by coupling the desired cycloalkyl amines to the
unprotected side chain carboxylic acid of Fmoc-Asp(OH)-OtBu, followed by deprotection of
the #butyl group and incorporation of the protected amino acid residues into Pin WW by
Fmoc SPPS.

Sugar stereochemistry and structure influences the folding energetics of the Pin WW
glycovariants

Far-UV circular dichroism (CD) spectroscopy-monitored thermal denaturation curves were
recorded and processed as described previously to extract the folding free energies of the Pin
WW glycovariants summarized in Figure 3 (detailed thermodynamic data are reported in
Table S1).» The midpoint temperature for thermal denaturation (T,) of unglycosylated Pin
WW (variant 1) was found to be 66.1 £ 0.2 °C. Modification of Asnyg by attaching a
GIcNACc to its side chain amide nitrogen increased the T, to 75.2 £ 0.2 °C. This change in
Tm (ATr) of 9.1 £ 0.3 °C indicates that GIcNAcylation of Asnqg stabilizes variant 2 by a
free energy of folding difference (AGgy) of —=1.03 + 0.07 kcal mol~1 at 60 °C relative to 1
(Table S1; all data are reported as the mean + standard error unless otherwise noted). These
data are in excellent agreement with previously reported values for these variants.:

Examining the folding energetics of Pin WW glycovariants 2 through 9, which all have fully
deprotected monosaccharides attached to the side chain amide nitrogen of Asnqg, reveals
that N-glycosylation of Asnqg with virtually any monosaccharide stabilizes the native state
of Pin WW (Figure 3, Table S1). Note that in Figure 3 and our discussion of the data
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presented therein we use changes in Ty, as a surrogate parameter for the changes in folding
energetics because it can be measured quite accurately and because changes in Ty, faithfully
reflect folding free energies. In particular, in Pin WW variants a difference of 1 °C in T
corresponds to a difference of about —0.11 kcal mol=t in AG¢ at 60 °C (see Table S1). In
addition, the values of AG¢ at 60 °C for all Pin WW glycovariants are reported in Table S1.

The data in Figure 3 and Table S1 demonstrate that the stereochemistry and structure of the
sugar ring can affect the degree to which it stabilizes Pin WW, though the effect is modest.
For example, replacing the C2 hydroxyl group with an acetamide (see Chart 1 for
monosaccharide ring numbering scheme) slightly increases the native state stabilization due
to glycosylation; compare the T, values of variants 2 and 4 (R1 = GIcNAc and glucose) and
those of 3 and 5 (R1 = N-acetylgalactosamine (GalNAc) and galactose). This effect is
statistically significant only for the latter pair (for 2 vs. 4 AT, =0.7 £ 0.3 °C, p=0.06; for 3
vs. 5 ATy, =1.8 £ 0.3 °C, p=0.005; p-values are for two-sided Student's T-tests), though 3
is much less stable than 2. Changing the stereochemistry of the functional groups that
project from the pyranose ring from their disposition in glucose (in which they are all
equatorial) has variable effects on the native state stabilization due to glycosylation.
Epimerization at C4 consistently diminishes the stability of Pin WW glycovariants, as seen
from the difference in the folding energetics of glycovariants 2 vs. 3 (R; = GIcNAc vs.
GalNAc, AT, =-1.3 £ 0.3 °C) and glycovariants 4 vs. 5 (AT, = —2.2£ 0.3 °C).
Epimerization at either C2 or C3 increases the stability of Pin WW glycovariants, as seen by
comparing the differences in folding energetics of glycovariants 4 and 6, which differ by
epimerization at C2 (Rq = glucose vs. mannose, AT, = 1.6 £ 0.3), and between
glycovariants 4 and 7, which differ by epimerization at C3 (Ry = glucose vs. allose, AT, =
2.7+0.3).

Based on the previously reported structure of glycovariant 2, we anticipated that epimerizing
C5 would lead to a steric clash between the hydroxymethyl substituent on C5 and the phenyl
ring of Phejg. As expected, epimerization at C5 greatly diminishes the stability of Pin WW,
as seen by comparing glycovariants 4 vs. 8 (Figure 3; Ry = glucose vs. L-idose, AT, = -5.4
+ 0.3 °C). However, it does not completely eliminate the stabilization due to glycosylation
with L-idose, as the Ty, of variant 8 is 3.0 = 0.3 °C higher than that for non-glycosylated Pin
WW 1. Surprisingly, deletion of the exocyclic hydroxymethyl group, affording Pin WW
variant 9 in which Ry = xylose, has only a small effect on the glycosylation-mediated
stabilization of the native state relative to glucose (R = ATy, = 0.7 £ 0.2 °C; cf. variants 4
vs. 9, Figure 3). Thus, the negative effect caused by changing the NHAc group to OH, as
shown between variants 2 and 4, is compensated by the removal of the hydroxymethyl group
from 4. It is, however, noteworthy that a gain of stabilization was observed by replacing the
equatorial NHAc group of variant 2 with the axial OH group in variant 6 although the basis
for this is unclear. We next explored the effects on Pin WW stability of eliminating the free
hydroxyl groups in the monosaccharides either by peracetylation or by deletion, /.e.,
replacing the monosaccharide substructure with a cycloalkane substructure.
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Peracetylation enhances protein—carbohydrate interactions in Pin WW glycovariants

The peracetylated version of each Pin WW glycovariant is actually that glycovariant's
synthetic precursor (see Scheme 1, e.g., 7-Ac), and is therefore very conveniently obtained.
The only peracetylated variant that could not be obtained in pure form from its synthetic
precursor was 8, in which Ry = L-idose. In this case the fully peracetylated version could not
be separated from partially deacetylated contaminants. Far-UV CD monitored thermal
denaturation experiments were carried out as described above to characterize the folding
thermodynamics of each peracetylated Pin WW glycovariant (variants 2-Ac through 9-Ac;
Figure 3, Table S1).

In agreement with previously reported findings that peracetylation of carbohydrates
strengthens carbohydrate—aromatic interactions,” we found that peracetylation of the
hydroxyl groups on the sugar substantially increased the thermodynamic stability of all of
the monosaccharide-containing Pin WW glycovariants. The difference in T, values between
the normal and peracetylated Pin WW glycovariants ranged from 1.6 + 0.2 °C for the
mannose-based variants (6 vs. 6-Ac) to 6.8 + 0.4 °C for the GIcNAc-based variants (2 vs. 2-
Ac), though the trend is different from that of the nonacetylated glycovariants. A likely
explanation for this stabilization, as proposed by Laughrey and co-workers, is that
acetylation of a sugar's hydroxyl groups increases sugar hydrophobicity, making it more
favorable for the sugar to transfer from being solvated to being packed against an aromatic
ring. However, there are alternative explanations that cannot be ruled out based on our data.
For example, peracetylation could increase the polarization of the C—H bonds, leading to
stronger CH—m interactions. In addition, the acetyl groups could themselves interact with the
aromatic ring in the enhanced aromatic sequon or with other side chains or the main chain
via hydrophobic interactions (with the acetyl methyl group) or hydrogen bonding (with the
ester carbonyl oxygen). The latter possibility is consistent with the variability of the effect of
peracetlyation as a function of the stereochemistry and orientation of individual acetylated
hydroxyls.

Complete deletion of the pyranose hydroxyl groups: the hydrophobic effect in
carbohydrate—aromatic interactions

To further understand the forces involved in the carbohydrate—aromatic interaction in
enhanced aromatic sequons, we synthesized Pin WW variant 10 in which a cyclohexyl group
rather than a monosaccharide is attached to the side chain amide nitrogen of Asnig. Pin WW
variants 4 and 10 (R = glucose and cyclohexyl, respectively) have similar T, values (for 4,
Tm=745£0.2; for 10, T, = 75.2 £ 0.2; AT, = 0.7 £ 0.3; Figure 3, Table S1).

It is perhaps surprising that two Rq groups as different as cyclohexane and glucose should
interact with the Pheqg side chain with similar energetics. However, upon careful
examination it is in fact reasonable to expect that the two main energetic components of this
interaction—the CH—m interaction and the hydrophobic effect—will be similar between
these two moieties. First, while it is true that the C—H bonds in carbohydrates are more
polarized than those in cyclohexane, this difference in polarization is not sufficient to result
in a substantive difference in the strength of the CH-m interaction with the Phe side chain.
This statement is based on our previous observation that electrostatics make at most a small
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contribution to the strength of the CH—m interaction in the enhanced aromatic sequon, as
well as computational/experimental studies demonstrating that the electrostatic energies of
benzene—carbohydrate (fucose, in particular): and benzene—cyclohexane gas-phase
complexes are both small, while their dispersion energies are similar and much larger.
Second, despite glucose being highly hydrophilic overall, it interacts with the Phey¢ side
chain via only its a-face, which is composed entirely of methine groups, and the methylene
portion of the exocyclic C6 hydroxymethyl group. The T, values of Pin WW variants 4 and
10 being similar implies that these parts of glucose taken in isolation may be as hydrophobic
as a pure hydrocarbon like cyclohexane.

The rigidity of six-membered rings is an important factor in carbohydrate binding

Most of the monosaccharides that are common in nature are six-membered pyranose rings.
Six-membered rings stand out among the smaller rings formed by saturated organic
compounds in that they are quite rigid conformationally. The conformational rigidity of six-
membered rings could play a role in protein—carbohydrate interactions (as well as other
ligand binding processes), since packing of the ring against a protein surface could restrict
the motion of the ring. Unfortunately, it is difficult to test this notion with carbohydrates
because many factors would be confounded with the conformational entropy difference
between the pyranose and furanose forms of a carbohydrate, in particular the types and
positions of the substituents on the ring. Therefore, to determine whether the rigidity of six-
membered pyranose rings might enhance their ability to pack with aromatic rings in protein—
carbohydrate interactions, we compared the folding energetics of Pin WW variant 10, in
which Rq = cyclohexyl, to variants 11, 12, and 13, in which Ry = cyclobutyl, cyclopentyl,
and cycloheptyl, respectively, since four- five- and seven-membered rings are more
conformationally heterogeneous than six-membered rings.’

Based on hydrophobicity alone, one would expect the native state stabilization by cycloalkyl
substituents appended to Asnyg to simply increase with the size of the ring. However, the
data in Figure 3 and Table S1 show that the native state stabilization peaks when Ry =
cyclohexyl and is diminished for the cycloheptyl, cyclobutyl and cyclopentyl rings. This
decrease is unlikely to be due to steric constraints, since the cycloheptyl group is
considerably smaller than GIcNAc. Rather, it is more consistent with the notion that the
interaction of the Asng substituents with the phenyl ring of Pheg is accompanied by a
decrease in their conformational mobility, which places a greater entropic burden on four-,
five-, and seven-membered rings than on six-membered rings. This result suggests that the
rigidity of pyranose rings likely increases the strength of protein—carbohydrate interactions.

Structure-stability assessment by NMR

We used NMR spectroscopy to determine the solution structures of the Pin WW
glycovariants, and thereby to gain a better understanding of the energetics and of the
interaction geometry between Asnjg-bound sugars and the Phey¢ side chain in our Pin WW
glycovariants. Four monosaccharide-containing Pin WW variants were investigated: the
galactose variant 5 (in which C4 is inverted relative to glucose), the allose variant 7 (in
which C3 is inverted), the L-idose variant 8 (in which C5 is inverted), and the xylose variant
9 (in which C6 is deleted). A set of 2D-TOCSY, NOESY, and COSY spectra for each of the
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glycovariants were collected to enable structure determination, as described previously. To
assign the Pin WW resonances, the backbone NH and CHa protons were first assigned
utilizing the TOCSY and NOESY spectra. The protein side chains were then assigned using
the TOCSY spectrum. The sugar resonance assignments were made after Pin WW had been
assigned, again with the aid of the COSY, TOCSY, and NOESY spectra.

Sugar resonances are shifted upfield due to their proximity to the Phe;g phenyl ring

When a CH-mt interaction occurs, the chemical shift(s) of the proton(s) attached to the sugar
should be shifted depending on their position relative to the aromatic ring current.» In
particular, the 1H chemical shift of a sugar C—H bond involved in a CH-m interaction will be
shifted upfield since the C—H protons will be in the shielding cone of the aromatic ring.
Thus, significant sugar chemical shift perturbations serve as an indicator of a CH-=
interaction. In order to produce relevant reference spectra for the monosaccharides used in
Pin WW variants 5, 7, 8, and 9 (that is, spectra lacking aromatic chemical shift
perturbations), we prepared asparagine conjugates with galactose (19), allose (20), L-idose
(21), and xylose (22)—depicted in Chart 2—from their protected precursors (compounds S5,
18, S22, and S27, respectively) by treating them with piperidine to remove the Fmoc group
followed by 10% hydrazine to remove the acetyl groups (as described for the conversion of
7-Ac to 7). The resonances of the monosaccharide protons were assigned with the aid of
two-dimensional DQF-COSY 1H spectra (Figures S1-S4).

The chemical shift perturbations of the monosaccharide proton resonances in Pin WW
glycovariants 5, 7, 8, and 9 relative to the corresponding protons in the Asn-monosaccharide
conjugates 19, 20, 21, and 22 are shown in Figure 4 (see also Table S2). A negative value
indicates an upfield chemical shift (shielding), whereas a positive value indicates a
downfield shift (deshielding). For galactose variant (5) and allose variant (7), the C-H
protons H5, H6a, and H6b exhibited the largest upfield shifts, with H5a and H6a being the
most significant, whereas the chemical shift perturbations for the remainder of the sugar ring
protons were moderate or small, strictly analogous to the previously reported chemical shift
perturbations of GIcNAc in glycovariant 2 (also shown in Figure 4). This indicates that the
orientations of the phenyl rings and the a-faces of the monosaccharide rings are likely very
similar in Pin WW glycovariants 2, 5, and 7. It is noteworthy, however, that the H6b proton
of Gal in variant 5 displays a much smaller upfield shift (A5 = —0.48 ppm) relative to the H6
protons in other variants. We will address this observation below in light of the three-
dimensional structure of Pin WW variant 5.

For the xylose Pin WW variant 9, which lacks the C6 carbon, the two H5 protons exhibit
large upfield chemical shifts. In addition, the other four C-H groups of xylose all displayed
moderate upfield shifts, which were greatest for the H3 and H4 protons. This result suggests
that the aryl-sugar packing arrangement in the xylose Pin WW glycovariant (9) is likely
somewhat different than it is for the GIcNAc (2), galactose (5), and allose (7) Pin WW
glycovariants.

In the L-idose Pin WW glycovariant 8, the C5 and C6 proteins are not shifted upfield to the
extent that they are in Pin WW variants 2, 5, and 7. Instead, all of the L-idose C—H protons
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are moderately upfield shifted, consistent with multiple phenyl ring—sugar packing
arrangements that are in fast exchange on the NMR timescale or an altogether different
packing geometry relative to 2, 5 and 7.

General features of the structures of Pin WW glycovariants 5, 7, 8, and 9

To solve the NMR solution structures of Pin WW glycovariants 5, 7, 8, and 9, we used the
assigned NOEs to identify distance restraints (Table S3) and generated 100 structures for
each N-glycovariant by restrained molecular dynamics simulated annealing using the
AMBER 11 software package as described previously. As was the case for the previously
published structure of GIcNAcylated Pin WW glycovariant 2, the Pin WW backbone
structure did not change relative to unglycosylated Pin WW for any of the monosaccharide-
containing Pin WW glycovariants studied herein, /7.e, 5, 7, 8, and 9. An overlay of the
twenty lowest energy structures derived from the 100 calculated structures for each
glycovariant is shown in Figure 2, enabling comparison to 2 and unglycosylated Pin WW 1.
The tertiary structure of Pin WW is not significantly affected by alteration of the
carbohydrate ring, as shown by the small backbone RMSD (~ 1 A) between the average
structures of 2, 5, 78, and 9. These structures displayed minor variations only at the extreme
N- and C-termini. Structural alterations within the type 1 -bulge enhanced aromatic sequon
of the glycovariants 5, 7, 8, and 9 relative to the GIcNAc glycovariant 2 were also minor
(exhibiting a RMSD of about 0.3 A for residues 9-16).

Conformations of the Asnig—glycan linkages in Pin WW glycovariants 5, 7, 8, and 9

A previously reported analysis of the conformation of Asn—GIlcNAc linkages based on
glycoprotein structures in the PDB shows that this bond has one dominant conformer with
onNs W dihedral angles of 260.2° +21.1°, 176.8° + 12.0° (all dihedrals are reported as mean
+ standard deviation). The average ¢p, wn dihedral angles of the N-linked sugars in 5, 7, and
9 were all close to these ranges (Figure 5): ¢, Wy = 246.8° £ 2.5°, 171.6° + 2.4° for 5; ¢,
YN =245.1° £ 3.6°, 172.6° £ 1.9° for 7; and ¢, wn = 259.9° + 8.8°, 185.5° + 1.5° for 9.
These dihedral angles are consistent with those in the previously reported NMR structure of
2 (N, WN = 255.3° £ 16.3°, 174.4° + 21.2°; Figure 5A). Notably, the ¢p dihedral angle in
the L-idose Pin WW glycovariant 8 is quite different (100.3° + 8.5°) relative to the average
¢n angle in the other structures (252°), indicating that the glycosidic linkage populates a
different rotamer in 8 than it does in 2, 5, 7, and 9. Thus, the sugar in 8 must be rotated
relative to its orientation in 2, 5, 7, and 9 such that L-idose engages in a different interaction
with the phenyl ring of Pheg (Figure 5D). Thus, the decrease in the ability of L-idose to
stabilize the native state of Pin WW is accompanied by a major change in the protein—
carbohydrate interaction geometry. We revisit the unusual nature of the interaction between
L-idose and Pheyg below.

NMR structures are consistent with the chemical shift perturbation data and provide a
potential explanation for the relatively weak interaction between Phe;g and galactose

Overall, the sugar-Pheg packing arrangement within Pin WW glycovariants 5, 7, 8, and 9 is
consistent with the chemical shift perturbation data summarized in Figure 4. Similar
interactions are observed between the aromatic ring of Pheqg and the galactose (5, Figure
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5B), allose (7, Figure 5C) and GIcNAc (2, Figure 5A) substructures. The Pheyg aryl ring
interacts predominantly with the axial H5 hydrogen and the two H6 hydrogens (Figures 5B
and C). This result is consistent with the chemical shift perturbation data, wherein the H5
and H6 protons exhibit the largest upfield chemical shifts (Figure 4). However, a unique
structural feature of the galactose Pin WW glycovariant 5, not seen in the GIcNAc
glycovariant 2 or the allose glycovariant 7, is that the exocyclic hydroxymethyl group that
projects from C5 of the pyranose ring populates two rotamers, the gauche™ and gauche*
rotamers (also known as the gg and gt rotamers, torsion angles o ~ 300° and 60°,
respectively). Ten of the twenty lowest energy structures adopt each rotamer (Figure 6). In
contrast, only one of the twenty lowest energy structures of 7 and none of the twenty lowest
energy structures of 2 adopted the gauche® rotamer. This finding is notable because in the
gauche® rotamer only one of the two diastereotopic hydrogens attached to C6 (specifically,
the pro-S hydrogen) is pointed toward the Pheqg phenyl group, whereas both of the C6
hydrogens are pointed toward the Pheqg phenyl group in the gauche™ rotamer (Figure 6).
This result reflects the intrinsic conformational preferences of the exocyclic hydroxymethyl
group in the free monosaccharides. In free f-D-galactose, the gauche*:gauche™ ratio is about
3:1, whereas in B-D-glucose the ratio is 1:1. It also explains why the upfield shift of one of
the H6 protons in the galactose Pin WW glycovariant 5 is relatively small (-0.48 ppm;
Figure 4). Finally, it is worth noting that this galactose conformational preference may
inhibit its ability to make optimal stabilizing contacts with the Phe;g phenyl ring. Both C6
hydrogens make contact with the Phe;g phenyl ring in the gauche™ rotamer. The gauche*
rotamer places one C6 hydrogen and an OH group proximal to the Pheg phenyl ring—
thereby providing a rationale for why glycosylating the enhanced aromatic sequon with
galactose stabilizes the native state less than glycosylating it with GIcNAc, glucose,
mannose, or allose (Figure 3).

A rationale for the relatively strong interaction between allose and the Phel6 phenyl ring
based on the NMR structure of 7 is more elusive. It is noteworthy that the allose ring, which
stabilizes Pin WW to a greater extent (AT, = 11.1 + 0.3 °C) than any of the non-
peracetylated monosaccharides, is pitched somewhat higher in the structure of 7 (Figure 5C),
i.e., the angle between the carbohydrate and phenyl rings (pitch angle = 28.4° £ 2.0°) is
greater than the angle exhibited by GIcNAc in the structure of 2 (pitch angle = 13.9° + 2.1°).
This places the H5 of allose closer to being above the center of the phenyl ring (dogfset = 0.46
+0.06 A) than the H5 of GIcNAC is in 2 (dgffset = 0.78 £ 0.10 A). However, the geometry of
the galactose—phenyl ring interaction in 5 is similar to that of the allose—phenyl ring
interaction in 7 (Figure 5B, angle = 22.1° + 3.6°, dyfset = 0.54 + 0.16 A,; all quantities
relating to the geometry of the carbohydrate—aromatic interactions are reported as the mean
+ standard deviation from the corresponding 20 lowest-energy NMR structures). Thus, while
the geometry of the allose—pheny!l ring interaction may contribute to the stabilization energy,
other factors probably contribute as well. For example, the stereochemistry of the hydroxyl
groups around the pyranose ring can affect how the ring is solvated: and the sugar's
electrostatic surface potential. In addition, carbohydrate—protein interactions other than the
CH-m interaction could be involved. In particular, Thryq was found previously to make a
small contribution to the stabilization afforded by five-residue enhanced aromatic sequons.
In fact, the y-hydroxyl group of Thry; accepts a hydrogen bond from, or donates a hydrogen
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bond to, the C2 substituent of the carbohydrate (acetamido in 2 and hydroxyl in 5, 7, and 9)
in many of the calculated structures of Pin WW glycovariants 2, 5, 7, and 9. However, given
that the mannosylated Pin WW glycovariant 6—in which the C2 hydroxyl cannot make this
interaction because C2 is epimerized—is more stable than most of the monosaccharidylated
Pin WW glycovariants (Figure 3), it seems unlikely that this (highly solvent exposed)
hydrogen bond makes a substantial contribution to native state stability.~ If carbohydrate—
Thryq interactions modulate stabilization by enhanced aromatic sequons, it probably would
be related to the burial of the non-polar parts of Thryq by the carbohydrate.

L-idose in Pin WW glycovariant 8 interacts differently with Pheg than other
monosaccharides do

The L-idose in Pin WW glycovariant 8 features a C5 inversion relative to GICNAc. In the
chair conformer that is usually adopted by pyranose sugar rings—the 4C; conformer that can
be seen in Pin WW variants 2, 5, and 7 (Figure 5A, B, and C)—this stereochemistry at C5
would place the exocyclic C6 hydroxymethyl group in an axial position, leading to a steric
clash with the Pheg phenyl ring (as well as a desolvation requirement). This arrangement is
conformationally unstable, and as a result the pyranose ring of L-idose can flip to the

other 1C, chair conformer (Figure 5D; L-idose is also depicted in the 1C, conformation in
Chart 1). Specific evidence that L-idose in Pin WW glycovariant 8 adopts a 1C, chair
conformation is apparent in the NOESY spectrum, which shows strong intramolecular NOEs
between the H2, H3, and H4 ring protons (which would only be observed when they are in
equatorial positions). These considerations suggest that L-idose will have to interact very
differently with the Phe1g phenyl ring than other monosaccharides. This expectation is
consistent with the unusual ¢ and wy dihedral angles for the L-idose glycosidic bond noted
above. Moreover, this atypical interaction is demonstrated by the full three-dimensional
structure of Pin WW glycovariant 8 (Figure 5D).

Only two medium-strength NOEs were observed between L-idose ring protons and the rest
of Pin WW, indicating that L-idose does not pack as well with Pin WW as other sugars do.
The sugar hydrogens H1, H2, and H3 are the closest hydrogens to the phenyl ring of Pheqg
in the twenty lowest-energy structures of Pin WW variant 8 (Figure 5D), which agrees with
the chemical shift perturbation data (Figure 4), showing that the H1, H2, and H3 protons
exhibit the largest (yet still modest) upfield shifts. Another unique feature of L-idose Pin
WW glycovariant 8 was the location of the axial C3 hydroxyl group, which is positioned just
above the Pheyg ring. Although the polar hydroxyl group can make an OH-m interaction
with the Pheyg side chain, its desolvation is likely to be energetically costly and would
diminish the net interaction free energy. In fact, the small increase in Ty, upon L-idosylation
of Pin WW (AT, = 3.0 £ 0.3 °C) corresponds to a folding free energy difference of only
about —0.3 kcal mol~1 (see Table S1). This energy is barely larger than the stabilization
energy due simply to the effect of N-glycosylation on the conformational preferences of
Asnyg (-0.2 kcal mol~1) determined previously. Thus, the interaction of L-idose with the
Pheyg side chain is likely a very weak one, if it occurs at all.
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The NMR structure of Pin WW glycovariant 9 suggests how xylose maintains a strong
interaction with Phe,g despite lacking a C6 exocyclic hydroxymethyl group

The exocyclic C6 hydroxymethyl group that is present in hexoses like GIcNAc, galactose,
and allose is absent in xylose, which is a pentose; in other words, xylose has two hydrogen
atoms on C5 instead of one hydrogen atom and a hydroxymethyl group. As a result, xylose
cannot interact with Pheg via the two H6 protons, as occurs in Pin WW glycovariants 2, 5,
and 7. To compensate for the loss of this interaction, the pitch angle between the planes of
the aryl ring of Pheyg and the xylose ring in Pin WW glycovariant 9 is significantly greater
(57.7 £ 9.3°; Figure 5E) than the corresponding angles in the GIcNAc, galactose, and allose
Pin WW glycovariants 2, 5, and 7 (Figure 5A, B, and C) The H5a hydrogen of glycovariant
9 is situated almost directly above the center of the aryl ring of Pheqg, with dggfse; = 0.24
+0.22 A. The H5b hydrogen atom is not as close to the center of the Phe16 phenyl ring as
H5a (doffset = 1.68 £ 0.16 A), but because the xylose ring is pitched at such a steep angle
relative to the Phel6 phenyl ring, H5b is at a similar height above the ring (dcq—; = 2.80
+0.06 A) as H5a (dcy_r = 2.85 + 0.21 A), and likely can contribute to the carbohydrate—
aromatic interaction. This observation could explain how xylose, despite lacking an
exocyclic hydroxymethyl group, is as stabilizing in the enhanced aromatic sequon as
GIcNAc and slightly more stabilizing than glucose (Figure 3 and Table S1). Apparently the
dual interaction between H5a and H5b with the Phe1g phenyl ring balances the loss of any
interactions between the exocyclic hydroxymethyl group and the Pheqg phenyl ring.

DISCUSSION

CH-rt interactions enable affinity and, to a lesser degree, selectivity in carbohydrate

binding

Carbohydrates appear, at first glance, as if they should be relatively difficult species for
proteins to bind. They are often uncharged, removing the possibility of attractive
electrostatic interactions, and they are exceptionally well solvated by water. Nevertheless,
proteins and carbohydrates can interact productively, and this interaction is often driven by
CH-mt interactions between CH groups projecting from the carbohydrate and aromatic amino
acid side chains on the binding protein. Such interactions occur both intramolecularly,
between the glycan and protein components of glycoproteins,— as well as intermolecularly,
between lectins and their carbohydrate ligands or the carbohydrate-binding modules of
carbohydrate-active enzymes and their substrates.” Furthermore, our result that
monosaccharides and cyclohexane interact with Phe,g with similar energetics suggests that
the a-faces of carbohydrates may have local hydrophobicities that are comparable to
hydrocarbons. Thus, hydrophobic burial contributes substantially to the energetics of
carbohydrate—aromatic interactions.

These factors together provide a foundation on which to build strong protein—carbohydrate
interactions. In fact, we found that, with the exception of L-idose, all of the monosaccharides
used in this study substantially stabilized Pin WW when attached to the side chain amide
nitrogen of Asnqg in the five-residue enhanced aromatic sequon. The average AT, for the
non-peracetylated Pin WW glycovariants (excluding the L-idose glycovariant 8) relative to
unglycosylated Pin WW was 8.8 °C, and the AT, values for all of the Pin WW
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glycovariants were within 2.6 °C of this value. Thus, the effects of changing the
stereochemistry of the functional groups on the sugar are relatively modest compared to the
overall effect of glycosylation. This finding demonstrates the robustness of carbohydrate—
aromatic interactions—and in particular the CH—m interactions that are their foundation—to
sugar structural perturbations in enhanced aromatic sequons. Thus, CH-m interactions can
improve the affinity with which proteins bind to virtually any carbohydrate. It is important to
note, however, that the effect (or lack thereof) of sugar structural perturbations on Pin WW
stabilization could be a function of the geometry of the carbohydrate—aromatic interaction
that is enforced by the enhanced aromatic sequon. In the enhanced aromatic sequon, only
one corner of the monosaccharide (the part in the vicinity of C5) interacts with the aromatic
ring. Cases in which the monosaccharide is centered above the aromatic ring could be more
sensitive to changes in the stereochemistry of the substituents on the monosaccharide.

While the differences between the stabilizing effects of particular monosaccharides are small
compared to the overall interaction strength, carbohydrate—aromatic interactions can
nevertheless contribute to the selectivity of carbohydrate binding. For example, in a binding
site that had a carbohydrate—aromatic interaction similar to that in an enhanced aromatic
sequon, one would expect binding of galactose to be disfavored relative to other
monosaccharides. The degree of discrimination between monosaccharides that is possible
solely via carbohydrate—aromatic interactions is modest, but can nevertheless supplement
other sources of selectivity (for example, hydrogen bonding complementarity).

Electrostatics vs. dispersion forces in the energetics of CH—mr interactions

We reported previously that the contribution of electrostatic forces to the net energy of CH-
7 interactions was small in our system. This finding was based on our observation of a lack
of correlation between the extent to which N-GIcNAcylation of Asn,g stabilized Pin WW
and the presence of electron-donating or electron-withdrawing substituents on the Pheqg
ring. Consistent with this earlier result, here we have found that galactose, which has a more
electropositive a-face than glucose, stabilizes Pin WW to a lesser extent than glucose does.
Moreover, this trend holds for the N-acetyl hexosamine versions of galactose and glucose
(GalNAc vs. GIcNAC) as well as for the peracetylated versions of these monosaccharides
(AcgGal vs. AcyGlc and AczGalNAC vs. Ac3GIcNAC; see Figure 3 and Table S1). Thus, the
higher electropositivity of the a-face of galactose does not lead to its interacting more
strongly than glucose with the Phe;g phenyl side chain in the enhanced aromatic sequon.
This finding again suggests that the contribution of electrostatics to CH-m interactions
between carbohydrates and the Pheyg side chain is small in our system.

Our conclusion about the contribution of electrostatics to CH-m interactions are in contrast
with results recently reported by Hudson et al. and Jiménez-Moreno et al.» The former group
of authors found by mining the RCSB Protein Data Bank that binding sites for galactose,
which as noted above has the most positively charged a-face of the common sugars, were
richer in aromatic amino acids (and especially tryptophan) than binding sites for other
monosaccharides. Moreover, they showed that galactose associated more strongly than
glucose with indole in aqueous solution, and that the strength of the galactose—indole
interaction depended on how electron rich the indole ring system was. The latter group used
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a dynamic combinatorial approach to measure the facial interaction strength for all
combinations of a large series of monosaccharides and aromatics. They found that electron
withdrawing substituents on the monosaccharides and electron donating substituents on the
aromatics tended to increase the strength of the CH—m interaction.: In both cases, the results
are consistent with a substantial electrostatic contribution to CH—m interactions.

A likely explanation for the differences between our system and those used by Hudson et al.
and Jiménez-Moreno et al. is that, in our studies with the enhanced aromatic sequon, we
have used relatively weakly charged substructures as reference points. In our previous work,
we used GIcNAc as the sugar and varied the aromatic, but the a-face of GICNAc is much
less electropositive than the a-face of galactose. Similarly, in this work we have used the
phenyl side chain of Phe;g as the CH-m acceptor, which is much less electron rich than the
side chains of Tyr or Trp. We hypothesize that this choice muted the electrostatic
contributions to the CH-m interactions that we studied and thereby brought the contributions
from dispersion forces to the foreground. Thus, we view our results as complementary to
(and not in conflict with) those obtained in other systems. Importantly, our results combined
with those of Hudson et al. and Jiménez-Moreno et al.: suggest that CH—r interactions
between different partners can be strong for different reasons: CH donors with highly
polarized C—H bonds interact strongly with 7 systems that are electron rich via dispersion
forces that are substantially supplemented by electrostatic interactions (for example,
galactose with indole rings), whereas CH donors with weakly polarized C—H bonds interact
strongly with 7 systems that are less electron rich via dispersion forces alone (for example,
GIcNAc with phenyl rings). This observation is in some ways reminiscent of the concept of
hardness and softness of Lewis acids and bases: hard acids prefer to react with hard bases
and soft acids prefer to react with soft bases. It should also be noted that the geometry of the
carbohydrate—aromatic interaction in our system is constrained by the covalent linkage of
the carbohydrate to Asnyg. This factor may limit the contribution of electrostatic forces to
the CH—m interaction in our system, as electrostatic interactions can be very sensitive to the
relative orientations of the groups involved.:

Why are N-glycans always attached to proteins via GIcNAc residues in eukaryotes?

Most of the proteins that traverse the secretory pathway in eukaryotes are glycosylated.
Thus, the intramolecular interaction between a glycoprotein and its attached glycan is an
especially common type of protein—carbohydrate interaction. N-glycans are particularly
interesting because, as noted in the Introduction, the sequence and composition of the glycan
that is initially transferred by OST to asparagine side chains are almost universally
conserved among eukaryotes.: N-glycans are always attached to asparagine side chains via a
GIcNAc residue. This privileged position means that GICNAc-1 is involved in many protein—
carbohydrate interactions, which in turn suggests the question: why was GIcNAc
evolutionarily selected for in this position? According to our results, GIcNAc forms neither
the weakest nor the strongest interactions with Phe;g among the common monosaccharides.
While undoubtedly many factors drive the evolutionary choice of one chemical substructure
over another at a particular site in a biomacromolecule, metabolic constraints or
compatibility with the relevant biosynthetic machinery are always possibilities. However, it
can still be useful to speculate about such issues in terms of the suitability of the chemical
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substructure to its role at the site in question. Such speculation has led to insights into, for
example, the choice of phosphates vs. alternatives such as arsenate or silicate and the choice
of pentoses vs. hexoses in the backbones of nucleic acids. If the choice of GIcNAc for the
stem of N-glycans is to be understood in this way, it seems that there may be a “Goldilocks
principle” in operation. GICNAc can interact reasonably strongly with proteins, enabling it to
stabilize protein native states when in certain structural contexts (for example, in enhanced
aromatic sequons™). On the other hand, GIcNAc-aromatic interactions are not so strong that
they cause N-glycans to always adhere tightly to protein surfaces, which could inhibit the
very important biological process of N-glycan maturation in the Golgi.» Thus, it seems
possible that GIcNAc may have been selected for as the monosaccharide through which N-
glycans are attached to proteins because it interacts with aromatics with a free energy that is
“just right”.

EXPERIMENTAL SECTION

General procedure for the preparation of peracetylated p-linked glycosyl amino acids

2,3,4,6-per-O-acetyl-B-p-allopyranosyl amine (16)—In a round-bottomed flask
containing 1,2,3,4,6-per- O-acetyl-p-p-allopyranose 14 (2.2 g, 5.64 mmol) was added HBr in
AcOH (30 mL) at 0 °C. The mixture was stirred overnight before removing the solvent /in
vacuo. The resulting mixture was dissolved in THF (50 mL) followed by the addition of 1M
TBAF in THF (8 mL, 8 mmol) and TMSN3 (1.05 mL, 8 mmol). After 5 h, the mixture was
diluted with CH,Cl,, and washed successively with water, sat. ag. NaHCO3, and brine. The
organic portion was collected, dried over MgSQOy4, and concentrated. The crude product was
purified by EtOAc/Hex 1:2 to obtain 15 (1.4 g) in 72% as a colorless oil. To a round-
bottomed flask containing 15 (1.4 g, 4.02 mmol) was added THF (30 mL). The solution was
treated with PtO, (50 mg). The flask was evacuated and filled with H,, repeating several
times. The reaction mixture was then stirred under a hydrogen atmosphere for 3 h. The
mixture was filtered through a pad of Celite and the solvent was removed /n vacuo. The
reaction residue was purified by silica gel chromatography (EtOAc/Hex 4:1) to afford
compound 16 (1.05 g, 75%) as a colorless oil. 1H NMR (500 MHz, CDCl3) § 5.58 (t, /= 2.9
Hz, 1H), 4.86 (dd, /= 10.3, 2.9 Hz, 1H), 4.74 (dd, /=9.2, 2.9 Hz, 1H), 4.49 (d, /=9.2 Hz,
1H), 4.13 (d, /= 3.1 Hz, 2H), 4.04 — 3.95 (m, 1H), 2.11 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H),
1.95 (s, 3H). 13C NMR (126 MHz, DMSO-dg) § 170.30, 170.25, 82.22, 70.98, 70.25, 68.99,
67.05, 63.10, 21.13, 20.94. The NMR spectra for 16 are shown in full in the Supporting
Information. HRMS (ESI-TOF) calcd for C14H,1NOg (M + H)*, 348.1273; found,
348.1348.

Fmoc-Asn(Acy-p-p-allose)-OtBu (17)—To a stirred solution of 16 (530 mg, 1.53
mmol) in CH,Cl5 (16 mL), A-Fmoc-Asp-OtBu (628.4 mg, 1.53 mmol), benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) (953 mg, 1.83 mmol), and
diisopropylamine (DIPEA) (0.55 mL) were added successively. The reaction was stirred for
18 h and then washed successively with water and brine. The collected organic portion was
dried over MgSO,4 and concentrated. The residue was purified by flash chromatography
(EtOACc/Hex 1:1) to afford 17 (918 mg) as a white solid in 81 % yield. 1H NMR (600 MHz,
CDCl3) 6 7.79 (d, J=7.6 Hz, 2H), 7.63 (d, /= 7.5 Hz, 2H), 7.42 (t, /= 7.5 Hz, 2H), 7.33 (t,
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J=7.5Hz, 2H), 6.35 (d, /= 9.5 Hz, 1H), 5.94 (d, J= 8.6 Hz, 1H), 5.69 (t, /= 2.9 Hz, 1H),
5.62 - 5.56 (m, 1H), 4.93 (td, /= 9.9, 9.4, 2.8 Hz, 2H), 4.53 (dt, /= 9.3, 4.8 Hz, 1H), 4.46
(dd, J=10.6, 7.2 Hz, 1H), 4.38 — 4.31 (m, 4H), 4.30 — 4.22 (m, 2H), 4.16 (ddd, J=10.3, 4.3,
1.9 Hz, 1H), 4.11 (d, /= 12.5 Hz, 1H), 2.87 (dd, J= 16.3, 4.6 Hz, 1H), 2.75 (dd, J= 16.2,
4.7 Hz, 1H), 2.21 (s, 3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.49 (s, 9H). 13C NMR
(151 MHz, CDCl3) 6 170.74, 170.63, 169.89, 169.79, 169.31, 156.11, 143.88, 143.75,
141.29, 127.73, 127.07, 125.17, 125.13, 120.00, 82.49, 75.62, 71.28, 68.21, 68.13, 67.20,
66.06, 61.92, 51.09, 47.13, 38.22, 27.89, 20.78, 20.71, 20.68, 20.53. HRMS (ESI-TOF)
caled for C33H37N3013 (M + H)*, 741.2865; found, 741.2861.

Fmoc-Asn(Ac,-p-p-allose)-OH (18)—To a round-bottomed flask containing 17 (300
mg, 0.41 mmol) was added 10 mL of TFA/H,0 (95% (v/v)) and triisopropylsilane (100 pL).
The reaction was stirred for 3 h. The reaction mixture was concentrated followed by
lyophilization to obtain compound 18 as a white powder. 'H NMR (600 MHz, CD30D) §
7.79 (d, J=7.6 Hz, 2H), 7.66 (dd, J= 7.5, 3.0 Hz, 2H), 7.39 (t, /= 7.4 Hz, 2H), 7.31 (td, J=
7.4,4.8 Hz, 2H), 5.70 (t, /= 2.9 Hz, 1H), 5.52 (d, J= 9.5 Hz, 1H), 4.92 (dd, /= 10.2, 2.9
Hz, 1H), 4.57 — 4.52 (m, 1H), 4.33 (qd, J= 10.5, 7.1 Hz, 2H), 4.26 — 4.19 (m, 2H), 4.18
(ddd, /=10.4, 4.5, 2.0 Hz, 1H), 4.13 (dd, J=12.2, 2.1 Hz, 1H), 2.81 (dd, /= 16.3, 4.1 Hz,
1H), 2.75 (dd, J=15.8, 7.1 Hz, 1H), 2.16 (s, 3H), 1.99 (s, 3H), 1.99 (s, 3H), 1.94 (s,
3H). 13C NMR (151 MHz, CD30D) & 170.90, 170.40, 169.77, 169.59, 143.90, 143.78,
141.15, 141.13, 127.38, 126.80, 126.76, 124.93, 124.89, 119.51, 74.94, 71.26, 68.43, 67.82,
66.71, 66.16, 62.03, 19.16, 19.14, 19.11, 19.06. The NMR spectra for 18 are shown in full in
the Supporting Information. HRMS (ESI-TOF) calcd for C33H3gN2014 (M + H)*, 685.2273;
found, 685.2273.

Per-O-acetyl-allopyranosyl Pin WW (7-Ac)—Fmoc-glycine- O-tritylchloride resin
(0.05 mmol) was swollen in CH,ClI, for 30 min before conducting the synthesis. Peptide
couplings were then performed to yield the sequence NHo-KLPPGWEKRMFAN(per- G-
acetyl-allopyranose)GTVYYFNHITNASQFERPS-CO,H. HBTU (0.25 mmol), HOBT (0.25
mmol), and DIEA (0.5 mmol) were used for each amino acid coupling. The per-O-acetylated
allose-attached Asn (18; 0.1 mmol) was double coupled. Each coupling was taken for 30
min with gentle shaking. The deprotection of Fmoc group was achieved by using 20%
piperidine in DMF. After each coupling and deprotection, the resin was washed by DMF
(3%), MeOH (3x), and CH,Cl, (3x%) successively. After the last step of Fmoc deprotection of
lysine, the peptide was deprotected and cleaved from the resin by mixing with a deprotection
cocktail (trifluoroacetic acid 8.5 mL + 0.5 mL water + 500 mg thiophenol + 0.25 mL
thioanisole + 0.1 mol ethane dithiol + 0.1 mL triisopropylsilane) for 3 h. The crude peptide
was then dissolved in MeCN/water and purified by preparative HPLC (20% MeCN to 40%
MeCN) to afford glycopeptide 7-Ac. The identity of 7-Ac was confirmed by electrospray
ionization mass spectrometry (ESI-MS; Table S4).

Allopyranosyl Pin WW (7)—The crude peptide 7-Ac was treated with 5 mL of 10%
hydrazine and 100 mM dithiothreitol (DTT) in MeCN/water for 4 h. The reaction mixture
was then quenched by trifluoroacetic acid and lyophilized. The residue was purified by
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preparative HPLC (20% MeCN to 35% MeCN) to afford Pin WW glycovariant 7. The
identity of 7 was confirmed by ESI-MS (Table S4).

CD thermal unfolding experiments—Unfolding measurements were obtained by
monitoring the ellipticity signal at 227 nm from 0.2 to 108.2 °C in 2 °C increments on an
Aviv 62A DS circular dichroism spectrometer using quartz cuvettes with a 1 cm path length.
Peptide concentrations were 5-10 uM in 20 mM phosphate buffer (pH 7.0). Thermal
denaturation data were fit to the van't Hoff equation assuming a two-state transition and
linear pre- and post-transition baselines, as described previously.

Determination of NMR Solution Structures of Pin1 WW domain
Glycovariants—!H 2D NMR spectra were obtained on Bruker DRX 600 MHz
spectrometers at 285 K. Proton-Proton distance restraints were derived from 2D 1H NOESY
spectra acquired with a 100 ms mixing time. These distance restraints were employed in
molecular dynamics simulations as described below. Details of the NMR restraints and
resulting structure statistics are included in Table S3. The 20 lowest energy structures were
analyzed using PROCHECK-NMR. All structures are available in the RCSB protein data
bank with the following PDB IDs: galactose (Gal) Pin WW glycovariant 5, PDB ID: 2NC4;
allose (All) Pin WW glycovariant 7, PDB ID: 2NC3; L-idose (L-ldo) Pin WW glycovariant
8, PDB ID: 2NC6; xylose Pin WW glycovariant 9, PDB ID: 2NC5.

Generation of Molecular-Dynamics-Refined Structures for use in NMR
Structure Determination—Details of the simulations are provided in the Supporting
Experimental Section of the Supplemental Information. Briefly, input coordinates were
based on the protein structure of Pin WW glycovariant 2 in PDB ID 2M9E and generated by
computational glycosylations of the protein by the Glycoprotein Builder utility at
GLYCAM_Web (http://glycam.org/gp) or by the Nucleic Acids Builder utility in
AmberTools. Parameter-topology files were built from the resulting structures using a
combination of the ILDN and NMR modifications to the ff99SB force field and an updated
form of the GLYCAM-06 force field. The structures were subjected to a simulated annealing
protocol using the SANDER utility in AMBER 11 in implicit solvent and using atomic
restraints as dictated by the NMR results described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GIcNAc

Figure 1.
A five-residue enhanced aromatic sequon in the context of the WW domain from the human

protein Pinl (PDB ID: 2M9F). Hydrogen atoms are omitted for clarity except for those on
the pyranose ring of GIcNAc. Dashed lines indicate CH-m interactions.
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GlcNAc Pin WW (2) Galactose Pin WW (5)

Pin WW (1)

Asnyg

All

Allose Pin WW (7) L-idose Pin WW (8) Xylose Pin WW (9)

Figure 2.

Page 22

Overlay of the twenty lowest-energy three-dimensional NMR-based structures of Pin WW
N-glycovariants. (A) Unglycosylated Pin WW variant 1 (PDB ID: 2M9E). (B) GIcNAc
PinWW glycovariant 2 (PDB ID: 2M9F). (C) Galactose (Gal) Pin WW glycovariant 5 (PDB
ID: 2NC4). (D) Allose (All) Pin WW glycovariant 7 (PDB ID: 2NC3). (E) L-idose (L-Ido)
Pin WW glycovariant 8 (PDB ID: 2NC6). (F) Xylose Pin WW glycovariant 9 (PDB ID:
2NC5). Note the overall similarity of the three-stranded -sheet structure independent of the

monosaccharide attached to Asnjg.
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Pin WW glycovariant
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10 1" 12 13
CeHi1  CsqH7  CsHg  CrHyg

Thermal denaturation midpoints of Pin WW glycovariants. Dark gray bars are for
unprotected glycovariants. Light gray bars are for peracetylated glycovariants. Data are
reported as means and standard errors from triplicate measurements (except glycovariant 1,
which was measured in duplicate). See Table S1 for detailed thermodynamic data.
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Page 24

Carbohydrate ring proton chemical shift perturbations in Pin WW glycovariants relative to
the same carbohydrate attached to the free asparagine amino acid. Note the inverted scale on
the y-axis. Negative numbers indicate upfield shifts; positive numbers indicate downfield
shifts. The diastereotopic H6 protons in L-idose in Pin WW glycovariant 8 are represented
by a single bar because they are not distinguishable. The data for Pin WW glycovariant 2

(R1 = GIcNAC) were previously reported in ref. 14.
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Figure 5.

Carbohydrate-aromatic interaction modes in the NMR solution structures of (A) GIcNAc Pin
WW glycovariant 2 (PDB ID: 2M9F); (B) galactose (Gal) Pin WW glycovariant 5 (PDB ID:
2NC4); (C) allose (All) Pin WW glycovariant 7 (PDB ID: 2NC3); (D) L-idose (L-1do) Pin
WW glycovariant 8 (PDB ID: 2NC6); (E) xylose Pin WW glycovariant 9 (PDB ID: 2NC5).
For each structure, we indicate the ¢ and v dihedral angles of the glycosidic linkage between
Asn and the monosaccharides. For 2, 5, 7, and 9, we indicate the angle between the pyranose
and phenyl rings (“pitch”); the distance between the H and the plane of the aromatic ring in
the CH-m interaction (“dcy_."); the distance from the center of the aromatic ring to the
projection of H5 onto the plane of the aromatic ring (“doftset”); and the angle by which the
C-H bond vector deviates from being perpendicular to the plane of the aromatic ring (“6”;
see ref. 59). (F) An illustration defining the aforementioned quantities.
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hydroxymethyl
in gauche*
conformation

hydroxymethyl
in gauche~
conformation

Figure 6.
Two structures from the twenty lowest energy structures of the galactose Pin WW

Page 26

glycovariant 5 showing the exocyclic hydroxymethyl torsion () in the (A) gauche and (B)

gauche* conformations.
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Top: The sequence of Pin WW used in these studies. The residues that constitute the loop 1
enhanced aromatic sequon are shown in bold and the asparagine (Asnqg) that is glycosylated
is shown in red. Bottom: Sugar and cycloalkane substructures incorporated as Ry groups
attached to the side chain amide nitrogen of Asnig. Hydroxyl groups with stereochemistry
that differs from that in glucose are highlighted in blue. Acetyl groups are highlighted in red.
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Asn-monosaccharides 19-22 synthesized to determine the unperturbed chemical shifts of the

sugar protons.
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Scheme 1.
Representative synthesis of a protected glycosylated asparagine derivative (in this case,

allosyl asparagine, 18) and its incorporation by solid phase peptide synthesis (SPPS) into Pin
WW.
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