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Abstract

N-glycosylation of eukaryotic proteins helps them fold and traverse the cellular secretory pathway
and can increase their stability, although the molecular basis for stabilization is poorly understood.
Glycosylation of proteins at naive sites (ones that normally are not glycosylated) could be useful
for therapeutic and research applications, but currently results in unpredictable changes to protein
stability. We show that placing a Phe residue two or three positions prior to a glycosylated Asn in
distinct reverse turns facilitates stabilizing interactions between the aromatic side chain and the
first N-acetylglucosamine (GIcNAc) of the glycan. Glycosylating this portable structural module,
an “enhanced aromatic sequon”, in three different proteins stabilizes their native states by —0.7 to
—2.0 kilocalories per mole and increases cellular glycosylation efficiency.

In eukaryaotic cells, N-glycosylation occurs co-translationally as the ribosome inserts
proteins into the endoplasmic reticulum (ER). The oligosaccharyl transferase (OST) attaches
the GlcsMangGIcNAc, (where Glc, Man, and GIcNAc are glucose, mannose, and N-
acetylglucosamine, respectively) oligosaccharide to the Asn side chain within some Asn-
Xxx-Thr/Ser sequons (where Xxxx denotes any amino acid except Pro) (1). The factors
governing glycosylation efficiency are incompletely understood. Asn-linked N-glycans
extrinsically affect protein folding efficiency in the ER because the glycan tag can direct the
protein into the calnexin/calreticulin (CNX/CRT) folding versus degradation pathway (2, 3).
Glycans can also intrinsically stabilize proteins (4-11).

Protein stabilization through N-glycosylation decreases the population of the aggregation-
prone, protease-sensitive unfolded state relative to the folded ensemble, increasing serum
half-life, improving shelf-life, and shielding immunogenic epitopes (12). Conferring these
properties by adding N-glycans to naive proteins (not normally glycosylated) or to
glycoproteins at naive sites could have useful applications. However, attempts to add N-
glycans to proteins by trial and error have unpredictable thermodynamic consequences, and
often lead to destabilization (13-15). Thus, we sought an increased understanding of glycan-
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protein interactions that mediate stabilization in order to identify a portable structural
module that could reliably stabilize proteins upon N-glycosylation.

Previous work on the adhesion domain of human CD2 (HsCD2ad, Fig. 1A) led us to believe
that it might contain such a module. HsCD2ad is known to be unfolded without
glycosylation at Asn65 (16). We previously showed that glycosylated HsCD2ad is —3.1 kcal
mol~1 more stable and unfolds 50x more slowly than its non-glycosylated counterpart (11),
a large effect that is atypical of most glycoproteins. Published NMR-based structural studies
(16) reveal that N-glycosylated Asn65 occupies the i+2 position of a type | B-turn with a G1
B-bulge (Fig. 1B), hereafter called a type | B-bulge turn (also classified as a 3:5 hairpin (17)).
This turn spans Phe63 (i) to Thr67 (i+4), with Gly66 occupying the i+3 bulge position (16).
These NMR data (16) show that the Phe63 side chain interacts with the hydrophobic o-face
of GIcNAc1 on Asn65 and the Thr67 side chain, forming a compact structure (Fig. 1C), and
that the Lys61 side chain is close to GIcNAc2.

As we began this work, the energetic contributions of these interactions had not been
assessed directly, but they were thought to play a key role in stabilizing HsCD?2ad (11, 16),
and in accelerating its folding (11). General stabilization of HsCD2ad via glycan-induced
unfolded-state destabilization had also been hypothesized (11, 16), though recent studies do
not support this proposed effect as a universal consequence of N-glycosylation (13-15). If
the tripartite interaction between Phe63, GIcNAc1, and Thr67 (in the context of a type | -
bulge turn) contributes to the large stabilizing effect of N-glycosylation on HsCD?2ad, it
could represent a stabilizing portable structural module that could be engineered into many
proteins, since the vast majority of proteins contain reverse turns. A survey of the Protein
Data Bank (PDB) supports this possibility; four other known proteins contain type | p-bulge
turns with Phe at the i position, an Asn(glycan) at i+2, Gly at i+3, and Thr at i+4 (Fig. 1D,
see Fig. S1 for examples where Trp, Tyr, and His occupy the i position) (18).

We probed the energetic consequences of these interactions using the rat ortholog of
HsCD2ad (RnCD2ad, Fig. 2A), because it does not require N-glycosylation to fold.
Published structural data (19) reveal that residues 63—67 of RnCD2ad have the same type |
B-bulge turn geometry found in HsCD2ad (Fig. 2A, inset), but this turn is not glycosylated
because it lacks a glycosylation sequon. We installed the HsCD2ad Asn65-Gly66-Thr67
sequon into RnCD2ad by mutating Asp67 to Thr (Asn65 and Gly66 were already present).
To ensure that RnCD2ad would be glycosylated only at Asn65, we removed three naturally
occurring sequons (by Asn72GIn, Asn82GIn and Asn89Asp mutations) (18). The RnCD2ad
sequence with these four mutations is referred to as RnCD2*.

RnCD2* has Glu and Leu at positions 61 and 63, instead of Lys and Phe, as in HsCD2ad (cf.
Fig. 1B and Fig. 2A, the latter showing the published structure of non-glycosylated wild-
type RnCD2ad (19)). These differences make RnCD2* ideal for studying the energetics of
the interactions between the N-glycan, Lys61, and Phe63, using eight RnCD2* variants in a
triple mutant cycle (20). Glycosylated variants (denoted by the prefix “g—") were produced
in Sf9 insect cells (see Table S1 for ESI-MS data), whereas non-glycosylated counterparts
were produced in E. coli (18). Table 1 summarizes the thermodynamic and kinetic data
determined by fluorescence-monitored chaotrope denaturation (Fig. 2B and Fig. S2) and
stopped-flow kinetics experiments (Fig. S3) (18).

Glycosylation does not significantly stabilize g-RnCD2* relative to RnCD2* (difference in
Gibbs free energy of folding (AAGs) = —0.6 + 0.6 kcal mol™2, —2.5 kcal mol™? less than the
glycosylation-induced stabilization of HsCD2ad) (Table 1). In contrast, g-RnCD2*-K and
g-RNCD2*-F are —1.5 + 0.6 and —1.8 % 0.4 kcal mol~1 more stable than their non-

Science. Author manuscript; available in PMC 2012 February 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Culyba et al.

Page 3

glycosylated counterparts, respectively. These effects are each ~ —1 kcal mol~1 greater than
the glycosylation-induced stabilization of g-RnCD2*.

While the Glu61Lys and Leu63Phe mutations are individually destabilizing to RnCD2*
(Table 1), triple mutant cycle analysis allows the energetic contributions of the stabilizing
interactions between the N-glycan, Lys61, and Phe63 to be clearly quantified. The
interaction energies of Lys61 (AAGs [g-RnCD2*-K]-AAG¢ [g-RNnCD2*]) and Phe63 (AAGs
[9-RNCD2*-F]-AAG+ [g-RnCD2*]) with the N-glycan are comparable: — 0.9 £ 0.8 and
—1.2 + 0.7 kcal mol™1, respectively (Table 1). Glycosylated variants harboring Phe63 unfold
20 to 200x more slowly than their non-glycosylated counterparts (Table 1), suggesting that
the Phe-glycan interaction in the type | B-bulge turn of RnCD2* stabilizes the native state of
RnCD2* more than the transition state (maximal influence on folding rate is 2x). This result
is consistent with reports that corresponding reverse turns in similar Ig domains are not
highly structured in the transition state (21). Analogous native-state interactions between the
N-glycan, Phe63, and Lys61 are also likely central to the unusually large stabilizing effect of
N-glycosylation on HsCD2ad. Thr67 is probably also energetically important, but we did
not test this hypothesis in RnCD2* because efficient cellular glycosylation requires Thr.

RnCD2* variants appear to be more efficiently glycosylated when Phe is present, as
observed by Western blot of conditioned media from Sf9 baculovirus infections expressing
g-RnCD2*-K and g-RnCD2*-F (Fig. 2C and Fig. S4) (18). This observation could have
important implications for N-glycoprotein production, as discussed below.

The Phel-Xxx-Asn(glycan)-Gly-Thri*4 sequence within a type | -bulge turn appears to be a
stabilizing structural module, which we call an enhanced aromatic sequon. We next explored
whether it could stabilize the native states of other proteins. We engineered the enhanced
aromatic sequon into a reverse turn of human muscle acylphosphatase (AcyP2). AcyP2 is
cytosolic and thus, glycosylation-naive. Reverse turn residues 43 to 47 are not well enough
defined in the published NMR structure of horse AcyP2 (95% identical to human, with
100% identity in residues 43 to 47) to discern their precise conformation (Fig. 2D shows one
conformation of wild-type AcyP2 that is consistent with the NMR data) (22), but previously
reported crystallographic data (23) show that homologous residues in human common type
acylphosphatase (57% identical, also non-glycosylated) adopt a type | B-bulge turn. The i+4
position in AcyP2 is already Thr (Fig. 2D); thus, Thr43Phe (i) and Lys45Asn (i+2)
mutations (Fig. 2D) install the enhanced aromatic sequon. Additional sequons present in
wild-type AcyP2 were removed by Ser to Ala mutations to produce a modified version of
AcyP2 (called AcyP2*) that is glycosylated only at Asn45 (18).

Four AcyP2* variants, differing at position 43 (Phe or Thr) and 45 (Asn or Asn(N-glycan))
were prepared (Table 1, see Table S1 for ESI-MS data). Their folding free energies were
determined by fluorescence-monitored urea denaturation experiments (Fig. 2E and Fig. S5)
(18). Glycoprotein g-AcyP2*-F is —2.0 + 0.7 kcal mol~1 more stable than non-glycosylated
AcyP2*-F (Table 1). In contrast, g-AcyP2* is not significantly stabilized by glycosylation
(AAGs [g-AcyP2*] = +0.5 + 0.8 kcal mol™1). Thus, introducing the N-glycan into g-
AcyP2*-F is —2.5 + 1.1 kcal mol™1 more stabilizing than introducing the N-glycan into g-
AcyP2* (Table 1). This interaction energy compares favorably with the corresponding
interaction energy in RnCD2* (Table 1). We infer from these data that the stabilization is
due to an interaction between Phe43 and the Asn45(glycan) (and perhaps Thr47), consistent
with the positioning of these side chains that is predicted by the structure of non-
glycosylated wild-type AcyP2.

Phe-containing enhanced aromatic sequons in RnCD2* and AcyP2* appear to be much
more efficiently glycosylated by OST in baculovirus-infected Sf9 insect cells (Figs. 2C, F
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and Figs. S4, S6) than sequons lacking Phe (18). A published PDB survey (24) is consistent
with this observation, as aromatic amino acids are overrepresented two positions before
glycosylated Asn residues. A likely explanation for this observation is that the enhanced
aromatic sequon is a better substrate for OST; if this feature of the enhanced aromatic
sequon proves to be general, it would be useful for enhancing glycoprotein yields in research
and pharmacologic applications. Even in the absence of enzymological data, it is tempting to
speculate that OST evolved to favor sequences that are likely to stabilize proteins upon
glycosylation.

The data in Fig. 1 and 2 suggest that the stability conferred by glycosylating the enhanced
aromatic sequon depends on the type | B-bulge turn conformation, which potentially brings
Phe, GIcNAc1, and Thr into contact, enabling carbohydrate-r interactions (25), burial of
hydrophobic surface area (Fig. 1C), and, at least in the case of HsCD2ad, formation of three
solvent-excluded hydrogen bonds (Fig. 1B) (16). In principle, other reverse turns could
facilitate these stabilizing interactions by similarly positioning Phe, GIcNAc1, and Thr.

We tested this hypothesis using the 34-residue WW domain from human Pin 1 (Pin WW), a
glycosylation-naive protein with three anti-parallel g-strands connected by two loops.
Previous structural data (26) on this non-glycosylated protein reveals that loop 1 contains a
four-residue type Il B-turn within a larger six-residue loop (Fig. 3A). The side chain B-
carbons of Ser16 (i), Ser19 (i+3), and Arg21 (i+5) are within 5-6 A of each other (26). Cp-
Cp distances between i, i+2, and i+4 positions in the type | B-bulge turn of HsCD2ad (16)
are similar, suggesting that introducing Phe, Asn(glycan), and Thr at positions 16, 19, and
21 in Pin WW by mutagenesis could enable a stabilizing tripartite interaction. In this reverse
turn context, Phe is three residues before the glycosylated Asn.

We chemically synthesized Pin WW to examine the interactions of both the Phe and Thr
side chains with the N-glycan (18). Glycosylated Pin WW variants contained a single Asn-
linked GIcNAc (Asn(GIlcNAc)) for synthetic simplicity; previous work (11, 15, 16)
demonstrated that a single GIcNAc can still confer substantial stability. We prepared eight
Pin WW variants for a triple mutant cycle (20), comprising all combinations of Ser16Phe,
Asn19Asn(GIcNACc), and Arg21Thr mutations (Tables 1 and S2). The thermodynamic
stability and folding and unfolding rate ratios (Table 1, see Table S3 for folding and
unfolding rate constants) were determined by variable temperature circular dichroism
spectroscopy (Fig. 3B, Figs. S7-S10) and laser temperature jump fluorescence experiments
(Figs. S11-S18), respectively (18).

As was observed for RnCD2*, the Ser16Phe, Asn19Asn(GIcNAC), and Arg21Thr mutations
are each individually destabilizing. However, triple mutant cycle analysis allows
quantification of the energetic contributions of stabilizing interactions between Phel6,
Asnl19(GIcNAC), and Thr21. The N-glycan-dependent contribution of Phel6 to Pin WW
stability at 55°C increases from —0.19 + 0.09 kcal mol™1 (AAGs [g-WW-F] — AAGs [g-
WW]) to —0.78 + 0.11 kcal mol™1 (AAG; [g-WW-F,T] — AAG¢ [g-WW-T]) when Arg21 is
changed to Thr (Table 1). Similarly, the N-glycan-dependent contribution of Thr21 at 55°C
increases from —0.18 + 0.10 kcal mol™1 (AAGt [g-WW-T] — AAGs [g- WW]) to —0.77 +
0.10 kcal mol™1 (AAGs [g-WW-F,T] — AAG; [g-WW-F]) when Ser16 is changed to Phe.
These data suggest that both Phe and Thr contribute to the stabilizing effect of glycosylating
the enhanced aromatic sequon and that the tripartite interaction between Phe, GIcNAc, and
Thr can be successfully applied in reverse turns other than type | B-bulge turns. Glycoprotein
g-WW-F, T folds 2x faster and unfolds 1.4x slower than its non-glycosylated counterpart,
presumably because the interaction between Phe, GICNAc, and Thr stabilizes the transition
state and native state conformations of loop 1 (this loop is structured in the folding transition
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state of WW domains). Thr has long been known to be essential for OST-mediated
glycosylation (1, 27); these results provide evidence for its energetic importance.

The high frequency of glycosylation in the reverse turns of secreted proteins (24, 28)
suggests that this portable stabilizing module should be readily incorporated into proteins at
naive sites, including those within protein drugs, which are often multiply glycosylated (2—-4
glycosylation sites per glycoprotein) (29). It is important to note that N-glycosylation and
the Phe mutation alone do not consistently improve protein stability as isolated
modifications (Table 1) (18). Rather, it is the tripartite interaction between Phe, the N-
glycan, and likely Thr in a reverse turn context that stabilizes the native states of RnCD2*,
AcyP2* and Pin WW by —0.7 to —2.0 kcal mol™1. GIcNAc1 of the N-glycan interacts with
the Phe and Thr side chains to form a stabilizing hydrophobic core that would likely not
otherwise form. In addition to native state stabilization, the enhanced aromatic sequon
notably increases glycosylation efficiency in RnCD2* and AcyP2*, which facilitates
glycoprotein production and purification. Owing to the compact structure of the enhanced
aromatic sequon (Fig. 1C) and the central location of the N-glycan (Fig. 1B), the one or two
local mutations that install this portable stabilizing module into proteins should be shielded
by the glycan, minimizing immunogenicity. These features and the additional beneficial
pharmacokinetic attributes of N-glycosylation discussed above highlight the potential for
using the enhanced aromatic sequon as a portable stabilizing module for research and
therapeutic applications. (30)
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Asn65(GIcNAc1)
Lys64 (i+2)

GlcNAc2

GlcNAc1 )
P

GIcNAc

Figure 1.

(A) Ribbon diagram of the published NMR structure of HsCD2ad (PDB: 1GYA) (16). The
N-glycan, Asn65, Phe63, and Lys61 are highlighted in yellow. (B) Stick and (C) space-
filling representations of the type | B-bulge turn in HsCD2ad; the (i+2)-position
Asn65(GIcNAcL) packs against the i-position Phe63, and the i+4 Thr67. Dashed lines
indicate hydrogen bonds. (D) Glycosylated type | B-bulge turns with an i-position Phe from
known proteins in the PDB (green: HsCD2ad; blue: 1G82; orange: 1FJR; red: 1ICF; and
black: 3DMK). All structures rendered in Pymol (www.pymol.org).
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[Urea] (M)

(A) Ribbon diagram of a type | B-bulge turn in the known crystal structure of RnCD2ad

(PDB: 1HNG) (19), rendered in Pymol,;

inset shows the backbone alignment of this turn

with the corresponding reverse turn from HsCD2ad. Overlaid text shows the amino acids to
be perturbed at positions 61 (i-2), 63 (i), 65 (i+2), and 67 (i+4), which are highlighted in

yellow. wt, wild type (B) Fluorescence-

monitored urea denaturation curve for glycoprotein

g-RnCD2*-K,F (purple circles) and non-glycosylated RnCD2*-K,F (white circles). Fits of

the data (18) appear as purple and gray

lines, respectively. (C) Western blot (anti-FLAG tag)

of conditioned media from infected Sf9 cells expressing g-RnCD2*-K and g-RnCD2*-F.
(D) Ribbon diagram of a reverse turn in the known NMR structure of horse AcyP2 (PDB:
1APS; 95% identical to human, with 100% identity in residues 43 to 47) (22), rendered in
Pymol. Overlaid text shows the amino acids to be perturbed at positions 43 (i), 45 (i+2), and
47 (i+4), which are highlighted in yellow. (E) Fluorescence-monitored urea denaturation
curve for glycoprotein g-AcyP2*-F (green circles) and non-glycosylated AcyP2*-F (open
circles). Fits of the data to a two-state folding model (18) appear as green and gray lines,
respectively. (F) Western blot (anti-FLAG tag) of conditioned media from infected Sf9 cells

expressing g-AcyP2* and g-AcyP2*-F.
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Figure 3.

(A) Stick representation of loop 1 in the known crystal structure of Pin WW (PDB: 1PIN)
(26), rendered in Pymol. Overlaid text shows the amino acids to be perturbed at positions 16
(i), 19 (i+3), and 21 (i+5), which are highlighted in yellow. Dashed lines indicate hydrogen
bonds in wild-type Pin WW. (B) Variable temperature circular dichroism data (monitored at
227 nm) for glycoprotein g-WW-F, T (orange circles) and non-glycosylated WW-F, T (open
circles). Fits of the data to a two-state folding model (18) are shown in orange and gray
lines, respectively.
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