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Abstract: Asparagine glycosylation is one of the most common and important post-translational modifications
of proteins in eukaryotic cells. N-Glycosylation occurs when a triantennary glycan precursor is transferred
en bloc to a nascent polypeptide (harboring the N—X—T/S sequon) as the peptide is cotranslationally
translocated into the endoplasmic reticulum (ER). In addition to facilitating binding interactions with
components of the ER proteostasis network, N-glycans can also have intrinsic effects on protein folding by
directly altering the folding energy landscape. Previous work from our laboratories (Hanson et al. Proc.
Natl. Acad. Sci. U.S.A. 2009, 109, 3131—3136; Shental-Bechor, D.; Levy, Y. Proc. Natl. Acad. Sci. U.S.A.
2008, 105, 8256—8261) suggested that the three sugar residues closest to the protein are sufficient for
accelerating protein folding and stabilizing the resulting structure in vitro; even a monosaccharide can have
a dramatic effect. The highly conserved nature of these three proximal sugars in N-glycans led us to
speculate that introducing an N-glycosylation site into a protein that is not normally glycosylated would
stabilize the protein and increase its folding rate in a manner that does not depend on the presence of
specific stabilizing protein—saccharide interactions. Here, we test this hypothesis experimentally and
computationally by incorporating an N-linked GIcNAc residue at various positions within the Pin WW domain,
a small s-sheet-rich protein. The results show that an increased folding rate and enhanced thermodynamic
stability are not general, context-independent consequences of N-glycosylation. Comparison between
computational predictions and experimental observations suggests that generic glycan-based excluded
volume effects are responsible for the destabilizing effect of glycosylation at highly structured positions.
However, this reasoning does not adequately explain the observed destabilizing effect of glycosylation
within flexible loops. Our data are consistent with the hypothesis that specific, evolved protein—glycan
contacts must also play an important role in mediating the beneficial energetic effects on protein folding

that glycosylation can confer.

Introduction

Approximately one-third of the human proteome is folded
in the endoplasmic reticulum (ER),* where most of these
proteins are cotranslationally N-glycosylated. In eukaryotes,
N-glycosylation is catalyzed by the oligosaccharyltransferase
enzyme complex (OST), which transfers the conserved tri-
antennary N-glycan precursor (GlcsMangGIcNAC,) en bloc
to the side-chain amide N of an Asn residue within the
recognition sequence, Asn—Xxx—Thr/Ser, known as the
N-glycosylation “sequon” (Figure 1).>~* The outer two Glc

residues from the A-branch of the conserved triantennary
glycan precursor are rapidly removed by glucosidase | and
glucosidase 11, thereby enabling the nascent chain of the
glycoprotein to enter the calnexin and calreticulin (CNX/
CRT)-assisted folding cycle in the ER,>® part of the ER
proteostasis network.”~® In this way, N-glycosylation has an
extrinsic effect on protein folding, trafficking, and function.®*°

Removal of the third Glc on the A branch of the glycan
precursor ablates binding of the glycoprotein to CNX/CRT and
allows the glycoprotein to exit the CNX/CRT cycle.® Properly
folded glycoproteins can then engage trafficking receptors and
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Figure 1. Extrinsic effects of N-glycosylation: N-glycosylation allows a glycoprotein to enter the calnexin/calreticulin-assisted folding cycle in the ER,
which allows it to fold and be secreted or to be targeted for degradation if attempts at proper folding are unsuccessful.

be exported from the ER by vesicular trafficking.**~** The ER
folding sensor UDP-glucose:glycoprotein glucosyltransferase
detects and reglucosylates misfolded proteins,**~*" allowing
them to re-enter the CNX/CRT cycle, which provides another
chance to acquire the proper fold. Glycoproteins that persistently
fail to fold properly eventually encounter ER-resident o(1—2)-
mannosidases,*® which remove a(1,2)-mannose residues from
the branches of the triantennary glycan precursor, thereby
reducing the ability of the glycoprotein to re-enter the CNX/
CRT cycle'®2° and ultimately allowing it to be targeted it for
proteasomal degradation in the cytosol via processes involving
dislocation from the ER to the cytosol and ubiquitination (Figure
1)_18,21,22

The triantennary glycan precursors on folded glycoproteins
are extensively remodeled in the Golgi,” which vastly expands
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the functional repertoire of the proteome, for example, by
enabling binding interactions within and especially outside of
the cell. While much is known about how N-glycans mediate
extrinsic biologically assisted glycoprotein folding or degrada-
tion through binding interactions (an area of continuing
investigation),>% considerably less is known about the intrinsic
or chemical basis for why so many eukaryotic proteins are
N-glycosylated.

Several researchers have suggested that glycans play an
intrinsic role in (1) stabilizing protein structure,®* (2) accelerating
folding,? (3) promoting the formation of secondary structure,?®*
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(4) reducing aggregation, possibly by shielding hydrophobic
surfaces, 4% and (5) increasing folding cooperativity,*? all
through built-in mechanisms. That glycans can play such
intrinsic roles is further supported by evidence that the N-glycan
alone can rescue protein folding in cells when CNX/CRT are
absent or nonfunctional or when the N-glycan itself is truncated
and unable to interact with CNX/CRT.?4*

Previous work in our laboratories***® and by others
suggests that the first two or three sugars of an N-glycan (those
that are directly adjacent to protein) play an intrinsic role in
accelerating protein folding and stabilizing the resulting struc-
ture. Even a single N-linked N-acetyl-p-glucosamine (GIcNAC)
residue can have a dramatic effect on protein thermodynamics
and kinetics. These three proximal sugars, two GIcNAc residues
followed by one b-mannose (Man) residue, form a triose core
that is strictly conserved among eukaryotic N-glycans. The
highly conserved nature of the Asn—GIcNAc,Man triose led
us to speculate that N-glycosylation might be a part of a general
strategy to accelerate and stabilize protein folding intrinsically,
especially in proteins where the sequence required for function
might be at odds with optimal folding energetics.*®

We hypothesized that N-glycosylation of a naive protein (i.e.,
one that is not normally glycosylated) would destabilize the
denatured ensemble of the protein relative to the native state
(by restricting the conformational entropy of the denatured
ensemble,?6:32:3436.37.3948 and/or by blocking residual enthal-
pically favorable interactions*®), thus increasing the folding rate
and thermodynamic stability of the glycoprotein relative to the
nonglycosylated protein. We expected this effect to be general
and independent of specific interactions between the oligosac-
charide and protein side-chain or backbone groups.*® Recent
theoretical work supports this hypothesis: the glycosylation-
naive Src SH3 domain is generally stabilized by the addition
of a model glycan in native topology-based simulations,
provided that the glycan is not appended to a highly structured
position.*®*® The model glycan in these simulations was an
entropic chain that can only have generic excluded volume
effects on the protein, suggesting that glycosylation can stabilize
proteins without requiring specific favorable protein—oligosaccha-
ride interactions. However, the simulations also indicate that
glycan-based excluded volume effects are not universally
stabilizing. The flexibility and structural characteristics of the
glycosylation site can have a substantial impact: at positions
involved in a-helical or 3-sheet secondary structure, glycosy-
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lation tends to destabilize the protein, presumably because the
bulky glycan disrupts important native state interactions.
Here, we describe an experimental and computational study
in which we have employed a WW domain protein to decipher
the effect that glycosylation has on protein folding thermody-
namics and kinetics. The WW domain of human Pin 1 (Pin
WW) is a 5-sheet protein in which three antiparallel 5-strands
are connected by two loops, with loop 1 connecting -strands
1 and 2 and loop 2 connecting S-strands 2 and 3 (Figure
2A,C).>°~52 The folding kinetics and thermodynamics of Pin
WW have been characterized extensively.>%37% Pin WW is
relatively stable (T,, = 57.5 °C, see Table 1), tolerates mutations
at most of its 34 residues, and is naive to glycosylation (as a
domain in a cytosolic protein, Pin WW is not normally
glycosylated). Importantly, the short length of the Pin WW
domain sequence allows us to prepare homogenously glycosy-
lated” (Asn—GIcNAC) variants by solid-phase peptide synthesis.”* "
The results of the Asn—GIcNAc scan through the Pin WW
domain demonstrate that an increased folding rate and enhanced
thermodynamic stabilization are not general, context-indepen-
dent consequences of N-glycosylation. In the rare cases where
stabilization was observed in the Pin WW domain as a result
of Asn—GIcNAc incorporation, the magnitude was 20-fold less
than what was observed upon the addition of a GICNAc residue
to the 3-sheet-rich human glycoprotein CD2ad, suggesting that
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Figure 2. (A) Amino acid sequences for the parent protein, Pin WW, and 16 other variants in which residues in the parent sequence were replaced by either
Asn or Asn-linked GIcNAc. (B) Structure of Asn—GIcNAc. (C) Ribbon diagram of Pin WW domain (rendered in Pymol) showing the location of the
positions where Asn or Asn—GIcNAc have been incorporated (see ref 50; PDB: 1PIN).

Table 1. Experimentally Measured Melting Temperatures of Pin WW Variants with Asn or Asn—GIcNAc at the Indicated Positions with
Comparisons to the Computationally Predicted Changes in Melting Temperature®

structural context protein residue at indicated position Ta (°C) ATy (°C) measured % change in T,? predicted % change in Ty

[-strand 1 14 Asn 3214+08 —20 -7 2.4
149 Asn—GIcNACc ~10

loop 1 17 Asn 54.7+0.3 —-08+04 -0.2 35
179 Asn—GIcNACc 539+0.3
18 Asn 56.0 £ 0.2 —24+04 -0.7 3.1
189 Asn—GIcNAc 53.6 £0.3
19 Asn 56.3 £ 0.2 —29+0.3 —0.9 4.0
199 Asn—GIcNAc 53.4+0.3
20 Asn 53.0+£0.3 18+04 0.5 27
209 Asn—GIcNAc 548 £0.2

f-strand 2 23 Asn 30+2 -20 -7 -0.5
23g Asn—GIcNAC ~10
Pin WW Asn 57.5+0.3 —50 —14 —24
269 Asn—GIcNAc ~10

loop 2 Pin WW Asn 575+0.3 13+05 0.4 3.6
30g Asn—GIcNAc 58.8 + 0.4

p-strand 3 33 Asn 405+ 0.6 —44+11 —-14 -0.8
33g Asn—GIcNAc 36.1+1.0

2 Variants for which experimental observations agree with computational predictions are italicized. Measured melting temperatures were obtained via
variable temperature circular dichroism (CD) experiments on 100 «M solutions of each Pin WW domain variant in 20 mM sodium phosphate buffer (pH
7). Variable temperature CD experiments for each variant were repeated at least three times; the uncertainties in melting temperature values represent
the resulting standard error in T, (see the Supporting Information for details). ® Percent change in melting temperature for each pair of variants was
calculated using absolute melting temperatures (in K) rather than melting temperatures in °C.
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Table 2. Experimentally Measured and Computationally Predicted Folding Free Energies for Pin WW Variants Having Either Asn or

Asn—GIcNAc at the Indicated Positions®

structural context protein residue at indicated position measured AG; (kcal/mol)® measured AAG; (kcal/mol)® predicted AAG; (kcal/mol)®

B-strand 1 14 Asn 1.80 +0.17 —d —0.30
149 Asn—GIcNAc —d

loop 1 17 Asn 0.02 £ 0.03 0.07 £0.05 —0.45
179 Asn—GIcNAc 0.10 £ 0.04
18 Asn —0.10 + 0.02 0.22 +0.05 —0.30
189 Asn—GIcNACc 0.13 +£0.04
19 Asn —0.13+0.03 0.28 £ 0.05 —0.53
199 Asn—GIcNAc 0.15 £+ 0.03
20 Asn 0.18 +0.03 —0.16 + 0.05 —0.35
20g Asn—GIcNAc 0.02 +0.03

B-strand 2 23 Asn 2.12+0.28 —d 0.08
23g Asn—GIcNAC —d
Pin WW Asn —0.25 £ 0.04 - 0.30
269 Asn—GIcNAc —d

loop 2 Pin WW Asn —0.25 + 0.04 —0.12 + 0.07 —0.60
30g Asn—GIcNACc —0.36 & 0.05

p-strand 3 33 Asn 1.24 +0.08 0.31+0.17 0.10
33g Asn—GIcNACc 155+0.15

aVariants for which experimental observations agree with computational predictions are italicized. P Folding free energies for each Pin WW variant
were derived from experimental variable temperature circular dichroism data and were calculated at 55 °C (the fit parameters used to calculate these
values are given in the Supporting Information). °Predicted changes to folding free energy resulting from the Asn to Asn(GIcNAc) mutation at the
indicated positions were calculated on the basis of the all-atom native-topology model at the calculated melting temperature of the corresponding
nonglycosylated Pin WW variant (unlike the measured folding free energies, which are all at 55 °C). Uncertainties represent standard errors in each
value. ¢ AG; and AAG; values for positions 14g, 23g, and 26g could not be calculated because of the low thermal stability of these variants.

context-specific, evolved protein—glycan contacts play an
important role in mediating the thermodynamic and Kinetic
effects of glycosylation on protein folding.

Results

We selected nine positions in Pin WW wherein residues in
the sequence of the parent protein Pin WW were replaced with
either Asn (as in proteins 14, 17, 18, 19, 20, 23, and 33; note
that the parent Pin WW sequence already has Asn at posititions
26 and 30) or an Asn-linked GIcNAc residue (Asn—GIcNAc,
as in proteins 14g, 17g, 18g, 199, 20g, 239, 269, 30g, and 33g;
see Figure 2A, where the number in the name of each protein
indicates the position of the substitution, and proteins with
Asn—GIcNAC at these positions are denoted with a lowercase
g). These positions occur in a variety of secondary structural
contexts: position 14 is in S-strand 1; positions 17—20 are in
loop 1; positions 23 and 26 are in B-strand 2; position 30 is in
loop 2; and position 33 is in S-strand 3 (Figure 2C).

In the subsequent discussion, we use the term glycosylation
loosely to refer to both biological N-glycosylation and to the
Asn to Asn—GIcNAc substitution used to generate the Pin WW
variants in Figure 2A. However, it is important to note that this
Asn to Asn—GIcNAc substitution differs from biological
N-glycosylation in at least two ways. First, biological N-
glycosylation appends a triantennary glycan to an Asn residue,
whereas our approach uses the much smaller Asn—GIcNAc,
which can be incorporated into chemically synthesized proteins
using a commercially available protected amino acid (compare
Figures 1 and 2B). Despite the smaller size of GIcNAc relative
to the triantennary glycan, we hypothesized that the Asn to
Asn—GIcNAC substitution would nevertheless have a significant
effect on protein folding energetics. Such was the case previ-
ously for CD2ad, in which addition of a single GICNAc residue
stabilizes the protein by 2.0 kcal/mol.*® Several spectroscopic
studies of the conformations adopted by GIcNAc-modified
glycopeptides, 2628073335739 319ng with computational model-
ing of glycosylated Src SH3 domains,*® provide additional
support for this hypothesis.

A second difference is that biological N-glycosylation only
occurs at Asn residues that are located within an Asn—Xxx—Thr/
Ser sequon (with Thr or Ser at the +2 position, two residues
closer to the C-terminus of the protein than the modified Asn),
whereas our chemical approach allows us to examine the effects
of the Asn to Asn—GIcNAc substitution at any position in the
Pin WW domain, whether or not Thr or Ser is present at the
+2 position. This approach does not address the possibility that
interactions between the N-glycan and the Thr/Ser side-chain
at the +2 position might contribute to the effect of the Asn to
Asn—GIcNAC substitution on glycoprotein folding. However,
GIcNAc—Thr interactions were not observed previously in
several conformational studies of GIcNAc-modified glyco-
peptides.®* 3 Furthermore, excluded volume effects (which we
anticipated would be the major consequence of the Asn to
Asn—GIcNACc substitution) should not depend on the exact
identity of side-chains near the glycosylation site. Consequently,
we chose not to modify the wild-type side-chain at the +2
position in each Asn or Asn—GIcNAc-containing variant.

We hoped that the comparison between the Pin WW variants
with Asn and Asn—GIcNACc at each site would generate insights
into the general thermodynamic and Kinetic effects of glyco-
sylation on naive protein sequences. We also hoped that the
differences between the predicted and experimental thermody-
namic and kinetic results for each site would provide insights
into the factors that allow glycosylation to accelerate folding
and stabilize the folded state relative to the denatured ensemble.

We used the simplified native topology-based model*®™ to
predict the thermodynamic and kinetic effects of the Asn or
Asn—GIcNAC substitutions at each of the nine selected posi-
tions. We also measured the kinetic and thermodynamic
consequences of these substitutions experimentally using vari-
able temperature circular dichroism and laser temperature jump
kinetic experiments,®>"® and compared variants containing
Asn—GIcNACc at each position with corresponding variants,

(74) Levy, Y.; Cho, S. S.; Onuchic, J. N.; Wolynes, P. G. J. Mol. Bial.
2005, 346, 1121-1145.
(75) See the Supporting Information for details.
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Table 3. Experimentally Measured and Computationally Predicted Folding Rates for Pin WW Variants Having Either Asn or Asn—GIcNAc at

the Indicated Positions®

(ki [Asn-GIcNAG)/(k; [Asn])

structural context protein residue at indicated position measured folding rate? (10° s77) measured predicted®

B-strand 1 14 Asn —d —d 2
14g Asn—GIcNAc —d

loop 1 17 Asn 10.6 £ 0.7 0.76 + 0.06 3.6
179 Asn—GIcNAc 81+0.3
18 Asn 10.3+ 0.6 0.78 £ 0.05 3.7
18g Asn—GIcNAc 8.1+0.3
19 Asn 104+ 0.4 0.80 £ 0.06 2.8
199 Asn—GIcNAc 83+05
20 Asn 79+0.3 1.13 £+ 0.06 24
209 Asn—GIcNAc 9.0+04

B-strand 2 23 Asn —d —d 11
23g Asn—GIcNAc —d
Pin WW Asn 115409 —d 0.9
269 Asn—GIcNAc —d

loop 2 Pin WW Asn 115+ 0.9 115+ 0.11 34
30g Asn—GIcNAc 13.3+0.6

p-strand 3 33 Asn 145+1.0 059+ 0.11 0.8
33g Asn—GIcNAc 87+15

aVariants for which experimental observations agree with computational predictions are italicized. ® Measured folding rates at 55 °C (328.15 K) were
calculated on the basis of relaxation data from laser temperature jump experiments on 100 «M solutions of each Pin WW domain variant in 20 mM
sodium phosphate buffer (pH 7; see the Supporting Information for details). Uncertainties represent the standard error in folding rates. © Predicted
folding rate ratios at the indicated positions were calculated on the basis of the all-atom native-topology model at the calculated melting temperature of
the corresponding nonglycosylated Asn-containing Pin WW variant (in contrast with the measured folding rate ratios, which are all at 55 °C).  The
folding kinetics of peptides 14, 14g, 23, 23g, and 26g could not be analyzed via laser temperature-jump experiments due to their low thermal stability.

which contain only Asn. Tables 1 and 2 summarize the
thermodynamic results. Glycosylation is stabilizing to Pin WW
at just two of the nine positions. At position 20 in loop 1, the
melting temperature T, increases by 1.8 °C when Asn (20) is
replaced by Asn—GIcNAc (20g). Similarly, at position 30 in
loop 2, the Ty, increases by 1.3 °C when Asn (Pin WW) is
replaced by Asn—GIcNAc (30g). The increase in thermody-
namic stability upon glycosylation at each of these two positions
is consistent with the computational predictions and is similar
to the increase observed previously upon glycosylation of the
naive helical protein Im7 (in which Ty, increases by 0.6 °C).%’
However, the magnitude of the change (AAG ~ —0.1 kcal/
mol at 55 °C) is ~20-fold smaller than was observed upon
adding GIcNAc to human CD2ad (AAG = —2.0 kcal/mol).*

Glycosylation is destabilizing to Pin WW at the other seven
positions. The computational model accurately predicts this
destabilizing result at three of the seven positions. At position
23 in B-strand 2, replacing Asn (23) with Asn—GIcNAc (23g)
results in a dramatic loss in stability with T, decreasing by ~20
°C. Glycosylation at positions 26 (compare Pin WW with 26g)
and 33 (compare 33 with 33g) is similarly destabilizing, with
Tm decreasing by ~50 and 4.4 °C, respectively. The fact that
these destabilizing substitutions occur at positions that make a
large number of contacts with nearby residues in the compu-
tational model™ agrees with the rough inverse correlation
between number of native contacts and glycosylation-induced
increases in protein stability previously observed in silico with
Src SH3.%% This result suggests that adding a bulky GIcNAc
residue to positions 23, 26, and 33 disrupts important stabilizing
intramolecular interactions in the native state structural ensemble.

However, the location, structure, connectivity, and dynamics
of a particular site do not always provide sufficient information
to accurately predict whether glycosylation at that site will
stabilize the protein. For example, the computational model
predicts that the Asn to Asn—GIcNAc substitution will be
stabilizing to Pin WW at position 14 in S-strand 1, and at
positions 17, 18, and 19 in loop 1. In fact, we observe the
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opposite. Ty, decreases by ~20 °C upon glycosylation at position
14 (compare 14 with 14g); at positions 17, 18, and 19, Ty
decreases by 0.8 °C (compare 17 with 17g), 2.4 °C (compare
18 with 18g), and 2.9 °C (compare 19 with 19g), respectively,
upon glycosylation. The destabilizing effect of glycosylation
at positions 17, 18, and 19 in loop 1 is particularly noteworthy
because loop 1 is relatively flexible and is extended away from
the tightly packed core of the Pin WW domain; such a location
seems ideally suited for stabilization via glycan-based excluded
volume effects. These results suggest that glycan-based excluded
volume effects and the structure, connectivity, and dynamics
of a particular position provide an incomplete understanding
of how glycosylation at that position will change the thermo-
dynamics of protein folding.

The kinetic data present a similar picture. Table 3 shows
folding rates at 55 °C for Pin WW variants that have either
Asn or Asn—GIcNAc at selected positions, along with compu-
tationally predicted changes in the folding rate at each position
upon glycosylation. Table 4 shows unfolding rates at 55 °C for
Pin WW variants that have either Asn or Asn—GIcNAc at
selected positions, along with computationally predicted changes
in unfolding rate at each position upon glycosylation. In Tables
3 and 4, the computationally predicted folding and unfolding
rate ratios for each mutant were calculated at the predicted T,
of the corresponding Asn-containing variant.

The modest stabilizing effect of the Asn to Asn—GIcNAc
substitution at positions 20 and 30 appears to be a result, in
part, of an increased folding rate. Glycosylation at position 20
(compare 20 with 20g) increases the folding rate ~1.1-fold
(Table 3). Glycosylation at position 30 (compare 30 with 30g)
has a similar effect. These small folding rate increases agree
with the predictions of the computational model and could be
consistent with a small amount of denatured-state destabilization
as a consequence of glycosylation. However, the decreased
unfolding rate of 20g relative to 20 (also predicted by the model)
could indicate that glycosylation at position 20 actually stabilizes
the folding transition state and native state simultaneously. The
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Table 4. Experimentally Measured and Computationally Predicted Unfolding Rates for Pin WW Variants Having Either Asn or Asn—GIcNAc

at the Indicated Positions®

(ks [Asn-GlcNAc])/(k, [Asn])

structural context protein residue at indicated position measured unfolding rate? (10° s77) measured predicted®

B-strand 1 14 Asn —d —d 0.50
14g Asn—GIlcNAc —d

loop 1 17 Asn 11.0+ 1.0 0.86 + 0.10 0.58
179 Asn—GIcNAc 9.4+0.6
18 Asn 89+0.6 1.10+£0.11 0.56
18g Asn—GIcNAC 9.8+0.7
19 Asn 8.6+05 1.22 +0.12 0.33
199 Asn—GIcNACc 105+0.8
20 Asn 105+ 0.7 0.88 + 0.08 0.45
209 Asn—GIcNAC 9.3+0.6

B-strand 2 23 Asn —d —d 0.77
23g Asn—GIcNAc —d
Pin WW Asn 79408 —d 43
269 Asn—GIcNAc —d

loop 2 Pin WW Asn 79+08 0.96 £+ 0.13 0.70
30g Asn—GIcNAc 7.6+0.7

f-strand 3 33 Asn 97.7 £ 139 0.96 £ 0.31 2.4
33g Asn—GIcNAC 93.8 +27.3

aVariants for which experimental observations agree with computational predictions are italicized. ® Measured unfolding rates at 55 °C (328.15 K)
were calculated on the basis of relaxation data from laser temperature jump experiments on 100 «M solutions of each Pin WW domain variant in 20
mM sodium phosphate buffer (pH 7; see the Supporting Information for details). Uncertainties represent the standard error in unfolding rates. © Predicted
unfolding rate ratios at the indicated positions were calculated on the basis of the all-atom native-topology model at the calculated melting temperature
of the corresponding nonglycosylated Asn-containing Pin WW variant (in contrast with the measured unfolding rate ratios, which are at 55 °C). ¢ The
unfolding kinetics of peptides 14, 14g, 23, 23g, and 26g could not be analyzed via laser temperature-jump experiments due to their low thermal

stability.

destabilizing effect of glycosylation at position 33 (compare 33
with 33g) appears to come only from a reduced folding rate,
and not from a change to unfolding rate (whereas the model
predicted a decreased folding rate and an increased unfolding
rate).

As was the case for the thermodynamic results, the glyco-
sylation-induced changes to folding rate at positions 17 (compare
17 with 17g), 18 (compare 18 with 18g), and 19 (compare 19
with 19 g) do not agree with computational predictions. Whereas
glycosylation at each of these positions was predicted to increase
the folding rate, we observe the opposite (Table 3). The observed
changes to unfolding rate at positions 18 and 19 are similarly
inconsistent with the computational predictions. Whereas the
Asn to Asn—GIcNAc subsitution at these positions was pre-
dicted to decrease unfolding rate, we observe either no change
or a slight increase in unfolding rate. In contrast, glycosylation
at position 17 appears to decrease unfolding rate slightly, which
does agree with the computational predictions.

Discussion

Although we have focused here on comparing Pin WW
variants that have either Asn or Asn—GIcNAc at a given site,
it should be noted that replacing wild-type residues with Asn
is often destabilizing to Pin WW (Table 1), especially at position
14 in B-strand 1, 23 in B-strand 2, and 33 in S-strand 3 (where
the wild-type residues are Arg, Tyr, and Gln, respectively;
Figure 2C). This loss of stability may reflect the inability of
Asn to form favorable contacts with nearby residues as
efficiently as do the wild-type side chains; it may also reflect
the lower j-strand propensity of Asn relative to Arg, Tyr, and
GIn.”® Glycosylation at each of these positions results in even
further decreases in stability, possibly as a result of rigidifying
unfavorable Asn side-chain conformations.*?

(76) Mufoz, V.; Serrano, L. Proteins: Struct., Funct., Genet. 1994, 20,
301-311.

The computational model successfully predicts the sign of
the effect of glycosylation on the thermodynamic stability of
Pin WW at positions 20, 23, 26, 30, and 33, although the
predicted and experimental magnitudes are quite different in
some cases. The model fails to predict accurately the sign of
the thermodynamic effect of glycosylation at positions 14, 17,
18, and 19. The predictions appear to be most accurate at
positions where the Asn to Asn—GIcNAc substitution is strongly
destabilizing. Asn to Asn—GIcNAc substitution was predicted
to be destabilizing at positions 23, 26, and 33, presumably
because these positions are highly structured in the folded state
of wild-type Pin WW and each make a large number of contacts
with nearby residues. Our observations agree with these
predictions in each case, suggesting that glycosylation at highly
structured locations disrupts important stabilizing interactions
in the native state structural ensemble via generic glycan-based
excluded volume effects.

In contrast, the model is less accurate at predicting positions
where the Asn to Asn—GIcNAc substitution is stabilizing to
Pin WW. Of the six sites predicted by the model to be stabilized
by glycosylation (positions 14, 17, 18, 19, 20, and 30), only
two are actually stabilized (positions 20 and 30). The discrep-
ancy between experiment and computation is particularly notable
at positions 17, 18, and 19 in flexible loop 1, which is relatively
far removed from potentially destabilizing steric clashes with
side-chains in the tightly packed core of the Pin WW domain,
and seems ideally suited for the stabilizing glycan-based
excluded volume effects that we hypothesized would be so
significant.

One potential explanation for this discrepancy in loop 1 is
that the computational model is based on the NMR structure of
wild-type Pin WW5* and assumes that the native states of our
Asn- or Asn—GIcNAc-containing variants have the same three-
dimensional structure, an assumption that may not reflect reality
in atomic detail. The similar shape of the CD spectra of each
of our Asn- and Asn—GIcNAc-containing variants suggests that
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their three-dimensional structures are similar,”® but our melting
temperature data show that glycoproteins 17g, 18g, and 199
are each slightly less stable than are proteins 17, 18, and 19. It
is possible that these small changes in thermodynamic stability
are accompanied by structural rearrangements in either the native
state or the denatured ensemble for which the computational
model does not account. If so, calculations based on the wild-
type Pin WW NMR structure might be unable to predict
accurately the effect of glycosylation at those positions. The
discrepancy between computational predictions and experimental
observations at positions 17, 18, and 19 could reflect the
presence of glycosylation-associated structural rearrangements
that prevent the formation of favorable interactions between Asn
and other protein side-chain or backbone groups. These rear-
rangements would themselves be evidence that glycan-based
excluded volume effects play a less significant role in changing
glycoprotein folding energetics at unstructured positions than
we originally hypothesized.

A related possibility is that glycan-based excluded volume
effects generally destabilize proteins (by disrupting important
native state interactions) unless there are specific favorable
interactions between the saccharide and protein side-chain or
backbone groups. For example, the observed increased stability
and increased folding rate of 20g relative to 20, and of 30g
relative to 30, could be the result of simultaneous transition
state and native state stabilization (rather than destabilization
of the denatured ensemble), reflecting the presence of favorable
glycan—protein contacts at these positions. Similarly, the
observed destabilizing effect of glycosylation at positions 17,
18, and 19 in loop 1 could reflect the unanticipated absence of
favorable GIcNAc—protein interactions at these positions. The
results of our study show that generic glycan-based excluded
volume effects do not provide a sufficient explanation for the
effect of the Asn to Asn—GIcNAc substitution at flexible
positions and suggest that specific, context-dependent GIcNAc—
protein interactions play a more significant role than we
originally hypothesized.

Conclusions

While the basis for the differences between the predicted and
experimental data can be debated, co-consideration of the
experimental and computational data allows definitive conclu-
sions to be drawn. First, the stabilizing effects of glycosylation
on the naive Pin WW domain, when observed, were an order
of magnitude smaller than those reported for the evolved
glycoprotein CD2ad (—2.0 kcal/mol), suggesting that specific,
evolved protein—glycan contacts play an important role in
mediating the unusually large effects of glycosylation on the
folding energetics of CD2ad, and are likely important in other
glycoproteins as well. Second, increased thermodynamic sta-
bilization and increased folding rate (whether from denatured
ensemble destabilization or from transition state and native state
stabilization) are apparently not general, context-independent
consequences of introducing a glycosylation site into a naive
protein, even when the glycosylation site is placed within a
flexible region such as a loop, where excluded volume effects
would be predicted to be most influential. Finally, factors other
than glycan-based excluded volume effects (accompanied by
consideration of local structure, connectivity and dynamics)
strongly influence whether or not glycosylation will be stabiliz-
ing to Pin WW at positions in flexible loops. These factors could
include significant structural rearrangements of Pin WW upon
glycosylation and/or the presence or absence of explicit stabiliz-
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ing interactions between GIcNAc and protein side-chain or
backbone groups. The hypothesis that specific GIcNAc—protein
side-chain interactions play an important role in stabilizing
proteins by N-glycosylation is currently being explored.

Experimental Section

Protein Synthesis. WW domain variants were synthesized as
C-terminal acids employing a solid-phase peptide synthesis ap-
proach using a standard Fmoc Na. protecting group strategy either
manually or via a combination of manual and automated methods.
Amino acids were activated by 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU, purchased from
Advanced ChemTech) and N-hydroxybenzotriazole hydrate (HOBL,
purchased from Advanced ChemTech). Fmoc-Gly-loaded Novasyn
TGT resin and all Fmoc-protected o-amino acids with acid-labile
side-chain protecting groups were purchased from EMD Bio-
sciences, including the glycosylated amino acid Fmoc—
Asn(AcsGlcNAc)—OH (N-a-Fmoc-N-{-[3,4,6-tri-O-acetyl-2-(acetyl-
amino)-deoxy-2-B-glucopyranosyl]-L-asparagine).”>"® Piperidine
and N,N-diisopropylethylamine (DIEA) were purchased from
Aldrich, and N-methyl pyrrolidinone (NMP) was purchased from
Applied Biosystems.

Acid-labile side-chain protecting groups were globally removed,
and peptides were cleaved from the resin by stirring the resin for
~4 h in a solution of phenol (0.5 g), water (500 uL), thioanisole
(500 uL), ethanedithiol (250 uL), and triisopropylsilane (100 uL)
in trifluoroacetic acid (TFA, 8 mL), and peptides were precipitated
from the TFA solution by addition of diethyl ether (~45 mL).
Acetate protecting groups were subsequently removed from the
GIcNAC 3-, 4-, and 6-hydroxyl groups in Asn(GlcNAc)-containing
peptides by hydrazinolysis, as described previously.”” Peptides were
purified by preparative reverse-phase HPLC on a C18 column using
a linear gradient of water in acetonitrile with 0.2% v/v TFA.
Peptides were identified by matrix-assisted laser desorption/
ionization time-of-flight spectrometry (MALDI-TOF), and purity
was determined by analytical HPLC.”®

Circular Dichroism Spectroscopy. Circular dichroism (CD)
measurements were made with an Aviv 62A DS circular dichroism
spectrometer, using quartz cuvettes with a 0.1 ¢cm path length.
Peptide solutions were prepared in 10 mM sodium phosphate buffer,
pH 7, and peptide concentrations were determined spectroscopically
on the basis of tyrosine and tryptophan absorbance at 280 nm in 6
M guanidine hydrochloride + 20 mM sodium phosphate (e, =
5690 M~ cm™, ey, = 1280 M™* cm™).”® CD spectra were
obtained by monitoring molar ellipticity from 340 to 200 nm, with
5 s averaging times. Variable temperature CD data were obtained
by monitoring molar ellipticity at 227 nm from 0.2 to 98.2 at 2 °C
intervals, with 90 s equilibration time between data points and 30 s
averaging times. Variable temperature CD data were fit to equations
for two-state thermally induced unfolding transitions (in cases where
clear pre- and post-transition baselines were apparent), and T, and
other relevant thermodynamic parameters were obtained for each
peptide as parameters of the fit.”®

Laser Temperature Jump Experiments. Relaxation times
following a rapid laser-induced temperature jump of ~12 °C were
measured by monitoring Trp fluorescence of a 100 M solution of
each Pin WW domain peptide in 20 mM sodium phosphate (pH 7)
using a nanosecond laser temperature jump apparatus, as described
previously.>>7978% The fluorescence decay of a Trp residue in each
WW variant was monitored following a laser-induced temperature

(77) Ficht, S.; Payne, R. J.; Guy, R. T.; Wong, C.-H. Chem.-Eur. J. 2008,
14, 3620-3629.

(78) Edelhoch, H. Biochemistry 1967, 6, 1948-1954.

(79) Ballew, R. M.; Sabelko, J.; Reiner, C.; Gruebele, M. Rev. &ci. Instrum.
1996, 67, 3694-3699.

(80) Ballew, R. M.; Sabelko, J.; Gruebele, M. Proc. Natl. Acad. Sci. U.SA.
1996, 93, 5759-5764.

(81) Ervin, J.; Sabelko, J.; Gruebele, M. J. Photochem. Photobiol., B 2000,
54, 1-15.
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jump at each of several temperatures. The time evolution of the
decay traces was best fit to a monoexponential equation, yielding
the observed rate constants at each temperature as parameters of
the fits. The observed rate constants obtained in the temperature
jump experiments were combined with equilibrium constants from
the variable temperature CD experiments to calculate unfolding and
folding rates.”

Native Topology Model Calculations. We applied a native
topology-based model*®"* (Go model) to study the folding of Pin
WW domain variants with Asn or Asn—GIcNAc at various positions
of interest. All local, secondary, and tertiary native contacts between
amino acids are represented by the Lennard-Jones potential without
any discrimination between the various chemical types of the
interactions. The Hamiltonian of the system and its parameters can
be found elsewhere.®2#2 The simulations were preformed using the
GROMACS software package.®® Multiple trajectories were simu-
lated using the Langevin equation with friction constant of 0.5 ps™2.
The trajectories were analyzed using the weighted histogram
analysis method (WHAM)®* to study the folding thermodynamics.

(82) Whitford, P. C.; Noel, J. K.; Gosavi, S.; Schug, A.; Sanbonmatsu,
K. Y.; Onuchic, J. N. Proteins 2009, 75, 430-41.

(83) Noel, J. K.; Whitford, P. C.; Sanbonmatsu, K. Y.; Onuchic, J. N.
Nucleic Acids Res. 2010, 28, W657—W661.

(84) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg,
J. M. J. Comput. Chem. 1992, 13, 1011-1021.

The GIcNAc-conjugated variants were built using the Glyprot web
server.®5 Additional details can be found in the Supporting
Information.

Acknowledgment. We thank S. R. Hanson and E. K. Culyba
for helpful discussions. This work was supported in part by the
Skaggs Institute for Chemical Biology, the Lita Annenberg Hazen
Foundation, and by National Institutes of Health (NIH) grant
GM51105 to J.W.K. and E.T.P. J.L.P. was supported in part by an
NIH postdoctoral fellowship (F32 GM086039). A.D. and M.G. were
supported by National Science Foundation grant MCB 1019958.
Y.L. was supported by the Kimmelman Center for Macromolecular
Assemblies and the Israel Science Foundation. Y.L. holds the Lillian
and George Lyttle Career Development Chair.

Supporting Information Available: Complete experimental
methods, compound characterization, circular dichroism data,
and laser temperature jump Kinetic data. This material is
available free of charge via the Internet at http://pubs.acs.org.

JA106896T

(85) Bohne-Lang, A.; von der Lieth, C. W. Nucleic Acids Res. 2005, 33,
W214-W219.

J. AM. CHEM. SOC. m VOL. 132, NO. 43, 2010 15367



