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ABSTRACT

The dynamic interplay between phosphorylation and B-O-GlcNAcylation
(OGlcNAc) of serine and threonine plays critical roles in numerous intracellular
processes. Changes in phosphorylation and OGlcNAcylation are linked to Alzheimer’s
disease, diabetes, and cancer. We have conducted a systematic study on a model a-
helix to determine the structural effects of phosphorylation and OGlcNAcylation of
serine and threonine residues, on the N-terminus, C-terminus, and internal positions
(Ac-XKAAXAKAAXAKAAGY-NH;, Ac-YGAKAAAAKAAAAKAX-NH,). We
found that both phosphorylation and OGIcNAcylation on the N-terminus increase o-
helix stability, with phosphorylation exhibiting a greater increase in a-helix stability
than OGIcNAcylation. These stabilizing effects were found to be greater for threonine
than serine, and for the dianionic phosphate over the monoanionic phosphate. In
contrast, both phosphorylation and OGlcNAcylation reduced helix stability on internal
and C-terminal positions relative to serine or threonine. These effects are not simply
electrostatic interactions; we observe a unique cyclization of serine and threonine
residues due to an intra-residue phosphate-amide hydrogen bond. Furthermore this
interaction is greater for threonine than serine and for the dianionic phosphate over the
monoanionic phosphate. On the N-terminus NMR data are consistent with an a-helix
capping mechanism in which the phosphate hydrogen bonds to its own amide,
organizing and nucleating the first turn of the a-helix through an induced n—m*
interaction between the i—1 carbonyl and the i (phosphorylated) carbonyl. On internal

and C-terminal positions, a-helix destabilization is due to this phosphate amide intra-

xxi



residue hydrogen bond disrupting the backbone hydrogen bonding network.
Interestingly, the overall effects of phosphorylation and OGlcNAcylation on an a-
helix are analogous to the effects observed for proline, with the effects of
phosphothreonine greater than the effects of proline on the a-helix at all positions.

To further understand the effects of serine GlcNAcylation on a-helices, we
sought to explore possible side-chain interactions with neighboring residues, such as
hydrophobic, CH/r, or boronic acid/diol conjugates. A series of Baldwin model a-
helices (Ac-AKAAAAKAAAAKAAGY-NH,) were designed to explore i+2, i+3, i+4,
and i+7 interactions utilizing 4-iodo-phenylalanine (4-iodo-Phe) or 4-B(OH),-
phenylalanine (4-B(OH),-Phe) as interacting residues. Although no interaction was
found to exist between GlcNAc and either 4-iodo-Phe or 4-B(OH),-Phe, an a-helix
stabilizing interaction was found involving lysine and boronic acid in a relative i / i+4
relationship. The interaction between lysine and boronic acid exhibited an increase in
a-helix stability as the concentration of KF was increased, yet showed no increase in
a-helix stability when NaCl was used rather than KF. This observation is consistent
with fluoride ions playing a crucial role in the a-helix stabilizing interaction, as well as
a mechanism involving more than a simple electrostatic model.

Phosphorylation is known to affect protein structure when there is no defined
secondary structure such as an o-helix. Many examples exist where phosphorylation
sites have been identified in natively disordered proteins, such as the microtubule
binding protein tau. Hyperphosphorylation of fau is associated with numerous
neurodegenerative diseases, most notably Alzheimer’s disease (AD). Within tau,
phosphorylation of Sersp4 has shown to occur within patients with AD. Furthermore,

elevated rates of AD onset have been observed due to a mutation of Argags to Trpags.
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Given the roles of both Sers04 phosphorylation and R406W mutation in the onset of
AD and other neurodegenerative disorders, I sought to determine the local structural
effects of both phosphorylation and R406 W mutation within fau. Due to the lack of
organized secondary structure, one way to study regions of disordered proteins is to
study small peptide fragments. Tetra-peptides of the sequence TSPX, representing
residues 403-406 of tau, were synthesized, containing either or both phosphorylated
Thraos and Serso4 residues, containing either the native arginine or tryptophan
mutation. We have found that phosphorylation of Sersos and R406 W mutation both
independently and dependently lead to a higher population of cis amide bonds. To
validate the data obtained from tetra-peptides, larger fausos.4;; peptides with
synthesized with both unmodified and phosphorylated Sersos and either Arg406 or
Trpaos. The data herein are consistent with both phosphorylation of Sersos and R406W
mutation leading to a higher population of cis amide bonds within tau. This increase in

cis-Pro amide bond population may be directly correlated to the onset of AD.
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Chapter 1

STRUCTURAL EFFECTS OF PHOSPHORYLATION AND B-O-GlcNAcylation

ON o-HELICES AS A FUNCTION OF POSITION

Introduction

All living organisms exist in part due to highly regulated and complex
networks of proteins. Post-translational modifications (PTMs) constitute the major
mechanism in which proteins are regulated after transcription. The most common
PTM is phosphorylation. Approximately 30% of all human proteins contain a
covalently linked phosphate group, while the majority of intracellular proteins are
phosphorylated.' Protein kinases, which are responsible for adding a covalently linked
phosphate group to proteins, account for more than 2% of the human genome, with
over 518 kinases identified.* In contrast to phosphorylation, the enzymatic process of
adding B-p-N-acetylglucosamine (OGIcNAc) on serine or threonine (GlcNAcylation)
is controlled by only one OGlcNAc transferase (OGT), whereas the removal is
catalyzed by one OGIcNAcase (OGA) (Figure 1.1).*7 Currently, over 1000 proteins
have been identified to be OGIcNAcylated across all organisms, making
OGIcNAcylation one of the most common intracellular PTM. Interestingly, the
cycling of OGIcNAc on proteins occurs on a timescale similar to phosphorylation.> ®

Indeed, there often exists a dynamic interplay between phosphorylation and



OGIcNAcylation on the same threonine or serine residue, as is the case with c-Myc,

6.8-11 1t is therefore

estrogen receptor 3, RNA polymerase I, and many other proteins.
critical to understand the induced structural effects of phosphorylation versus

OGIcNAcylation on protein structure.
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Figure 1.1:  Phosphorylation and OGlcNAcylation are dynamic intracellular post-
translational modifications of serine and threonine residues. OGT = O-GlcNAc
transferase. OGA = O-GlcNAcase.

There have been studies performed to determine structural effects of
phosphorylation versus OGlcNAcylation in a few specific contexts. Li studied these
effects on a 17 residue model peptide from the N-terminus of murine estrogen receptor
B (mER-P). They found that OGIcNAcylation of Ser'® induced a type II B-turn-like
formation, whereas phosphorylation opposes the turn, adopting a more extended
conformation.’ Wong examined the effects of Thr(OGIcNAc) on the C-terminal

domain (CTD) of RNA polymerase II, which consists of highly conserved repeats of



the sequence (YSPTSPS),. In model peptides of the sequence (YSPTSPS) they found
that OGIcNAcylation led to a turn-like structure as well.'

The induced structural effects of phosphorylation and OGIcNAcylation have
also been studied in more general contexts. Chan studied the structural effects of these
PTMs on a designed a-helix hairpin model with modifications in the loop region.
They found minimal structural effects induced by both modifications.'' More recently,
our group studied the structural effects of phosphorylation versus OGlcNAcylation on
the proline-rich domain of tau and proline-rich model peptides. It has been established
that hyperphosphorylation of tau leads to the formation of neurofibrillary tangles
(NFTs), the major component of neurodegenerative disorders such as Alzheimer’s
disease (AD), chronic traumatic encephalopathy (CTE), Down’s syndrome, and other

5,12-14

taupathies. It has been shown that OGlcNAcylation regulates tau

phosphorylation and acts to stabilize tau in the soluble form.'* ¢

Work performed by
others in our group has demonstrated that within proline-rich sequences,
phosphorylated serine and threonine (pSer, pThr) favor polyproline II structure,
whereas GIcNAcylated serine and threonine (Ser(OGIcNAc), Thr(OGIcNAc)) oppose
polyproline II. Greater structural effects were observed for modification on threonine

over serine, and for phosphorylation over GlcNAcylation.'®

Previously reported
data suggest context dependence for the induced structural effects of phosphorylation
and OGlcNAcylation. Therefore, I sought to determine the effects of these PTMs in
the context of an a-helix, the most common protein secondary structure.

Doig performed the first study on the effects of phosphorylation on monomeric
a-helices.'” He found that pSer is stabilizing to o-helix when on the first three

residues, while on the N-terminus and destabilizing at residue 5 in the interior. The o-

helix stabilizing effects observed were attributed solely to electrostatics and



stabilization of the helix dipole, whereas helix disruption on internal positions was due
to a desolvation penalty associated with the phosphate group. Doig later examined the
effects of phosphoserine-lysine salt-bridges on a-helix stability. He found that
phosphoserine could be stabilizing at internal positions when in a relative i/i+4
relationship to lysine.** DeGrado examined the effects of pSer in helix bundles and
found that pSer at residue 2 had greater a-helix stabilizing effects than at residue 1.
Interestingly, computational models proposed a phosphate interaction with several
amide protons.”' Vinson found that pSer could be stabilizing at internal positions
within an a-helical coiled coil dimeric protein when adjacent to multiple arginines via
inter-helical interactions.”* He also found that pThr is destabilizing to a coiled coil.
Again, these destabilizing effects were attributed to desolvation penalties involving the
phosphate upon helix formation.”> Although these initial studies laid the ground work
for understanding structural effects of phosphorylation in the context of an a-helix,
they lack direct evidence to support their conclusions on the mechanism by which
phosphorylation stabilizes an a-helix at the N-terminus and destabilizes an o-helix at
internal positions. Furthermore, no direct comparisons have been made between pSer
and pThr in the context of a model a-helix.

In contrast to the effects of phosphorylation, substantially less work exists on
the effects of OGIcNAcylation on a-helices. Koksch and Hackenberger performed the
only study examining the effects of phosphorylation versus glycosylation on a-helix
structure. They demonstrated that within the context of a coiled coil, both
phosphorylation and glycosylation are destabilizing at internal solvent-exposed
positions.”* However, this study incorporated f-O-galactose, not B-OGlcNAc, for
structural analysis. Previous work has demonstrated that the configuration of

hydroxyls as well as the presence of an N-acetyl group can have a substantial impact



on structure.”® In light of these issues, we sought to conduct a systematic study on a
model a-helix to determine the structural effects of phosphorylation and

OGIcNAcylation of serine and threonine residues.

Results

A series of peptides was synthesized based on Baldwin a-helix model peptides
(Ac-AKAAAAKAAAAKAAGY-NH; or Ac-YGAKAAAAKAAAAKA-NH,).
Alanines were incorporated to ensure a-helicity, while lysines were incorporated for
solubility (Figure 1.1).%° Tyrosine was incorporated for concentration determination on
the C-terminus for peptides with N-terminal or internal modifications, and
incorporated on the N-terminus for all peptides with C-terminal modifications, to
avoid interactions with sites of modifications. Serine and threonine residues were
incorporated on the N-terminus at residues 1 (N1) and 2 (N2) (Ac-
XAKAAAAKAAAAKAAGY-NH; and N2 Ac-AXAAAAKAAAAKAAGY-NH,), at
internal positions at residues 5 (N5) and 10 (N10) (Ac-AKAAAXAKAAAAKAAGY-
NH; and Ac-AKAAAAKAAXAKAAGY-NH;), and on the C-terminus at residue 14
(N14) (Ac-YGAKAAAAKAAAAKAX-NH,). Peptides containing serine,
phosphoserine, threonine, and phosphothreonine were incorporated using trityl/Fmoc-
protected amino acids. Phosphorylation was conducted on solid-phase by selective
trityl-deprotection, phosphitylation, oxidation, and cleavage/deprotection yielding a
site selective phosphorylated residue.'”?” OGlcNAcylated peptides were synthesized
solid-phase incorporating Fmoc-Ser/Thr(Ac;OGlcNAc)-OH (synthesized solution-

phase via a modified method of Arsequell) at the intended site of modification,



followed by initial purification, deesterification of the sugar hydroxyls, and final
purification to obtain site specific incorporation of Ser/Thr(OGIcNAc).'® ** 2 All
peptides were examined by circular dichroism (CD) at 0.5 °C (Table 1.15 and Table
1.16). Percent a-helix was calculated by Baldwin’s method, where % helix =
100[([@]222 - [ @lc)/[ @] - [@]c)], where [@]c is the mean residue ellipticity (MRE) at
222 nm of 100% random coil, which equals 2220 - 537, [@]u is the MRE at 222 nm of
100% o-helix, which equals (-44000 + 2507)/(1 — 3/n), where T is the temperature in
degrees Celsius (0.5) and  is the number of residues (16).°”>" All peptides containing
serine or threonine were also analyzed by NMR at 278 K (Figures 1.42-1.52, Tables
1.21-1.40). Experiments on phosphorylated peptides were conducted at pH 4, where
the phosphate is monoanionic, and pH 7.2, where the phosphate is mostly dianionic
(typical pKa 5.5-6.0), to examine the effects of phosphate ionization state on structure.
Peptides with unmodified serine or threonine, or OGlcNAcylated serine or threonine,

were examined at pH 4.0.



Ala Ac-AKAAAAKAAAAKAAGY-NH,

OR
N1 Ac-XKAAAAKAAAAKAAGY-NH,
OR
N5 Ac-AKAAXAKAAAAKAAGY-NH,

OR
N14 Ac-YGAKAAAAKAAAAKAX-NH,
X = Ser or Thr
OR = OH, OPO3*, or p-OGIcNAc
OR'

N2 Ac-AXAAAAKAAAAKAAGY-NH,
OR'

N10 Ac-AKAAAAKAAXAKAAGY-NH,

X = Ser or Thr
OR = OH or OPO4*

Figure 1.2:  Peptide sequences examined in this study. Top: peptides with alanine
substitution at all variable positions. Middle: peptides with modifications on the N-
terminus at residue 1 (N1), at central residue 5 (N5), and on the C-terminus at residue
14 (N14). Bottom: peptides examining the effects of phosphorylation on the N-
terminus at residue 2 (N2) and at central residue 10 (N10). Peptides were also
synthesized with proline at positions N1, N2, N5, N10, N14, aminoisobutryic acid
(Aib) at N2, and alanine at N2.

Modifications on the N-terminal a-helical positions

All N1 serine peptide variants exhibited a-helicity similar to that of the alanine
peptide (Figure 1.3 and Table 1.1). Although alanine has a higher a-helical propensity

than serine, it is known that serine can function as an N-cap through a hydrogen bond

between the lone pair of electrons on oxygen to the free N-terminal amide protons.**

3234 Both phosphorylation (50.8% for the monoanionic phosphate 58.6% for the



dianionic phosphate) and OGlcNAcylation (50.6%) increase a-helicity relative to
unmodified serine (49.7%). As observed by Doig, the dianionic phosphoserine peptide
exhibits the greatest a-helicity. This observation is consistent with a favorable a-helix

dipole interaction, also observed for asparatate and glutamate, as well as possible N-

. . . 19,26,33,34
terminal amide capping. 7>
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Figure 1.3:  Left: CD spectra of Ac-SKAAAAKAAAAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ),
and Ser(OPO;%"). Green squares: unmodified serine; blue diamonds: Ser(OGlcNAc);
magenta circles: phosphorylated serine (pH 4.0); red circles: phosphorylated serine
(pH 8.0). Right: CD spectra of Ac-:AKAAAAKAAAAKAAGY-NH,. CD experiments
were conducted in water with 10 mM phosphate (pH as indicated) and 25 mM KF at
0.5 °C.



[6]222/
Peptide [6]220 [6]208 [6liso  [0loos  —[0]ioo/[6]20s % Helix

Ac-SerKAAAAKAAAAKAAGY-NH, -16621 -16434 32243 1.01 1.96 49.7
Ac-Ser(OGIcNAc)KAAAAKAAAAKAAGY-NH, -16944 -16358 35272 1.04 2.16 50.6
Ac-Ser(OPO;H )KAAAAKAAAAKAAGY-NH, -17030 -16635 33901 1.02 2.04 50.8
Ac-Ser(OPO;”" )KAAAAKAAAAKAAGY-NH, -19993 -18384 42092 1.09 2.29 58.6
Ac-AKAAAAKAAAAKAAGY-NH, -16325 -16775 30780 0.97 1.83 48.9

Table 1.1: Summary of CD data for peptides containing serine, serine
modifications, or alanine at residue 1. CD data were collected at 0.5 °C in 10 mM
aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF.

Peptides containing N-terminal serine and serine modifications were
further examined by NMR. The NMR data reveal a decrease in *J,n, which directly
correlates to the ¢ torsion angle and is consistent with serine adopting a more o-helical
conformation upon both phosphorylation and OGlcNAcylation (Figures 1.4 and Table
1.2). This observation is consistent with the CD data. Interestingly, SerOGIcNAc
exhibited the smallest increase in a-helicity of all serine post-translational
modifications, yet the smallest >J.x (3.3 Hz). This decrease upon OGlcNAcylation in
3Jx is consistent with SerOGIcNAc adopting a highly conformationally restricted
structure on the N-terminus of the a-helix. As observed by CD, the N-terminal
dianionic phosphoserine peptide exhibits greater structural changes than the peptide
with monoanionic phosphoserine. Both phosphorylated peptides exhibited a decrease
in *J.x compared to unmodified serine, with larger changes observed for the dianionic
phosphoserine over the monoanionic (*J.x = 4.4 Hz and 3.6 Hz respectively).
Interestingly, phosphoserine exhibits a large downfield chemical shift in the serine
amide proton; the magnitude of this shift is greater for monoanionic phosphoserine
(0.33 ppm) than dianionic phosphoserine (0.83 ppm). This downfield chemical shift is
suggestive of a hydrogen bond interaction between the serine amide proton and the

phosphate group, as observed by others.'®***” A small downfield shift of the N-



terminal acetyl protons was also observed due to phosphorylation, consistent with

polarization of the acetyl carbonyl due to the phosphate amide hydrogen bond.

Figure 1.4:  Phi (¢) torsion angle can be directly calculated from J,y values through
a parametrized Karplus relationship. Values of *Jx > 9 Hz are indicative of an
extended conformation of ¢, while values of 3JQN < 6 Hz are indicative of a more
compact conformation of ¢. Due to averaging of conformations, *J.x = 6-8 Hz are
indicative of random coil.

Peptide 5, H" *Jon 3, Ho 5, HB 3, H-Acety!

Ac-SerKAAAAKAAAAKAAGY-NH, 8.58 5.1 4.34 3.97, 3.90 2.10
Ac-Ser(OGIcNAC)KAAAAKAAAAKAAGY-NH, 8.62 3.3 433 4.11,3.95 2.13,2.07
Ac-Ser(OPO;H )KAAAAKAAAAKAAGY-NH, 8.91 4.4 4.40 4.20,4.17 213
Ac-Ser(OPO;* )KAAAAKAAAAKAAGY-NH, 9.41 3.6 4.29 4.14,4.08 2.15

Table 1.2 Summary of NMR data for peptides with serine and serine
modifications at residue 1. Chemical shifts (3) of serine amide proton (H"), alpha
proton (Ha), beta proton (Hf), N-terminal acetyl protons (H-Acetyl), and coupling
constants between serine alpha proton and amide proton (*J.x) are reported. Peptides
were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NaCl in
90% H,0/10% D,0. NMR experiments were performed at 5 °C.

To compare the effects of serine versus threonine post-translational
modifications, peptides were synthesized and analyzed with threonine and threonine
modifications at residue 1. Of peptides with serine or threonine derivatives at residue 1

in this series, unmodified threonine is the least a-helical peptide (45.1%), consistent
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with what others have observed for a-helix propensity of amino acids (Figure 1.5 and
Table 1.3).%*** Again, both phosphorylation and OGlcNAcylation lead to an increase
in a-helicity. GlcNAcylation of threonine led to a substantial increase in a-helical
conformation (51.4%), greater than that observed for Ser(OGIcNAc). Even greater
effects were observed for phosphorylation, with the dianionic phosphothreonine
leading to 60.0% a-helicity, while the monoanionic phosphothreonine led to 49.8% a-
helicity. Interestingly, the induced a-helical conformation due to both phosphorylation
and OGlcNAcylation are observed to be greater for threonine versus serine at residue
1. Although unmodified serine has greater a-helical propensity than threonine,

modified threonine induces more a-helicity at residue 1 than modified serine.
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Figure 1.5:  CD spectra of Ac-TKAAAAKAAAAKAAGY-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPOsH "), and Thr(OPOs”"). Green squares: unmodified threonine; blue
diamonds: Thr(OGIcNAc); magenta circles: phosphorylated threonine (pH 4.0); red
circles: phosphorylated threonine (pH 8.0). CD experiments were conducted in water
with 10 mM phosphate (pH as indicated) and 25 mM KF at 0.5 °C.

[0]o22/

Peptide [0]222 [6]208 [6]190 [6]20s  —[0]190/[0]208 % Helix
Ac-ThiKAAAAKAAAAKAAGY-NH, -14863 -15423 27161 0.96 1.76 451
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH, -17267 -17120 32808 1.01 1.92 51.4
Ac-Thr(OPO;H )KAAAAKAAAAKAAGY-NH, -16661 -15997 33161 1.04 2.07 49.8
Ac- ThI’(OPO_;Z_)KAAAAKAAAAKAAGY-NHg -20495 -18290 43519 1.12 2.38 60.0

Table 1.3: Summary of CD data for peptides with threonine and threonine
modifications at residue 1. CD data were collected at 0.5 °C in 10 mM aqueous
phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF.

The NMR data on threonine-containing peptides are consistent with the
CD data (Table 1.4). The largest *J.y observed corresponds to the unmodified
threonine peptide, which exhibited the least a-helicity of all peptides in this series.
ThrOGIcNAc exhibited a 3JuN of 5.1 Hz, consistent with the increased a-helicity

observed by CD but indicative of less conformational restriction than had been
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observed for SerOGIcNAc. Phosphorylation induces the largest structural changes by
both CD and NMR. The decrease in *J.y from unmodified to phosphorylated residue
for both the monoanionic (A*J,x = 1.4 Hz) and dianionic phosphothreonine (A*Jn=
2.7 Hz) is greater overall than that observed for phosphoserine, suggesting greater
conformational organization for threonine over serine due to phosphorylation. Similar
to serine, threonine exhibits a substantial downfield chemical shift of the amide proton
due to phosphorylation, suggesting an even stronger phosphate-amide interaction.
Again, the downfield change in chemical shift is greater for the dianionic (A*Jx = 1.17
ppm) than the monoanionic phosphothreonine (A*J.y = 0.40 ppm), relative to
unmodified threonine. Overall at residue 1, both phosphorylation and OGlcNAcylation
increased o-helicity for both serine and threonine; these effects are observed to be
greater for threonine over serine, phosphorylation over OGlcNAcylation, and for the

Ce . .. 18
dianionic over the monoanionic phosphate, as also observed by others.
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Peptide 5, H" ®Jon 3, Ho 5, HB 3, H-Acety!

Ac-ThiKAAAAKAAAAKAAGY-NH, 8.40 6.2 4.25 4.19 2,12
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH, 8.34 5.1 4.18 4.26 2.15,2.08
Ac-Thr(OPO;H )KAAAAKAAAAKAAGY-NH, 8.80 4.8 4.23 4.64 2.16
Ac-Thr(OPO;* )KAAAAKAAAAKAAGY-NH, 9.57 3.5 4.04 4.47 2.16

Table 1.4: Summary of NMR data for peptides with threonine and threonine
modifications at residue 1. Chemical shifts (8) of threonine amide proton (H), alpha
proton (Ha), beta proton (Hf), N-terminal acetyl protons (H-Acetyl), and coupling
constants between threonine alpha proton and amide proton (*J.y) are reported.
Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM
NaCl in 90% H,0/10% D,0 at 5 °C.

Doig and DeGrado independently observed that phosphoserine had
greater o-helix stabilizing effects at residue 2 on the N-terminus. To examine the
effects at residue 2, peptides were synthesized replacing lysine with serine, serine
modifications, threonine, threonine modifications, and alanine (Figure 1.6 and Table
1.5).""2! The peptide containing alanine at residue 2 exhibits an increase in o-helicity
due to the replacement of a lysine with alanine, consistent with alanine having a higher
a-helical propensity than lysine. Interestingly, the a-helicity of peptides containing
unmodified serine (49.8%) and threonine (46.1%) at residue 2 are identical to those
containing unmodified serine and threonine at residue 1, indicating no inherent
difference between either serine or threonine at residue 1 versus residue 2.
Surprisingly, addition of an alanine residue at position 1 in peptides containing
unmodified serine or threonine did not lead to an increase in a-helicity, yet led to an
increase in peptides with alanine at residues 1 and 2. These effects could possibly be
due to a lower a-helical propensity of unmodified serine or threonine at residue 2
compared to residue 1. In contrast to peptides containing unmodified serine and

threonine at residues 1 versus 2, phosphorylation of serine at residue 2 led to an
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increase in a-helicity (56.4% for the monoanionic phosphoserine and 65.0% for
dianionic phosphoserine) compared to phosphoserine at residue 1. Similar to
phosphoserine, peptides with phosphothreonine at residue 2 (56.2% for the
monoanionic phosphothreonine and 69.2% for dianionic phosphothreonine) were
observed to have greater a-helical conformation than those with phosphothreonine at
residue 1. The peptide containing dianionic phosphothreonine at residue 2 had the
highest a-helical content over all peptides examined in this body of work. a.-
Aminoisobutyric acid (Aib) has the highest a-helix propensity of any amino acid in
both proteins and designed a-helices.”®* A peptide incorporating Aib at residue 2 was
synthesized and analyzed via CD. The Aib-containing peptide yielded concentration-
dependent CD data, indicating aggregation at higher concentrations. At 12.5 pM
peptide concentration, the peptide containing Aib at residue 2 had an a-helical content
of 63.1%, greater than that of alanine and both unmodified threonine and serine, yet

less than that of both dianionic phosphorylated serine and threonine peptides.
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Figure 1.6:  CD spectra of peptides containing modifications at residue 2. Top left:
CD spectra of Ac-ASAAAAKAAAAKAAGY-NH; peptides with serine
modifications: unmodified Ser(free hydroxyl), Ser(OPOs;H ), and Ser(OPOs>). Green
squares: unmodified serine; magenta circles: phosphorylated serine (pH 4.0); red
circles: phosphorylated serine (pH 8.0). Top right: CD spectra of Ac-
ATAAAAKAAAAKAAGY-NH; peptides with threonine modifications: unmodified
Thr(free hydroxyl), Thr(OPOsH ), and Thr(OPOs*"). Green squares: unmodified
threonine; magenta circles: phosphorylated threonine (pH 4.0); red circles:
phosphorylated threonine (pH 8.0). Bottom left: CD spectra of Ac-
AAAAAAKAAAAKAAGY-NH; peptide. Bottom right: CD spectra of Ac-

A(AiIb) AAAAKAAAAKAAGY-NH; peptide at 12.5 uM concentration. CD
experiments were conducted in water with 10 mM phosphate (pH as indicated) and 25
mM KF at 0.5 °C.
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Peptide [0]220 [6]208 [0]190  [0]p00/[0]20s  —[0]100/[0]20s %o Helix

Ac-ASerAAAAKAAAAKAAGY-NH, 16650 -16246 32311 1.02 199 498
Ac-ASer(OPO;H )AAAAKAAAAKAAGY-NH, -19142 -17756 39137 1.08 2.20 56.4
Ac-ASer(OPO; )AAAAKAAAAKAAGY-NH,  -22401 -19376 47754 1.16 2.46 65.0
Ac-AThrAAAAKAAAAKAAGY-NH, -15248  -15328 29238 0.99 1.91 46.1
Ac-AThr(OPO;H )AAAAKAAAAKAAGY-NH, -19076 -17383 34079 1.10 1.96 56.2
Ac-AThr(OPO; )AAAAKAAAAKAAGY-NH, — -23977 -20776 50682 1.15 244 692
Ac-AAAAAAKAAAAKAAGY-NH; -21448  -19855 44597 1.08 2.25 62.5
Ac-A(Aib)AAAAKAAAAKAAGY-NH;® -21688 -20180 39844 1.07 197 6341
Table 1.5 Summary of CD data for peptides containing modifications at residue

2. CD data were collected at 0.5 °C with 80-100 uM peptide in 10 mM aqueous
phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF. “ CD data for the peptide
containing Aib at residue 2 were collected at 12.5 mM concentration due to
aggregation at higher concentrations.

NMR experiments performed on peptides containing serine or
threonine at residue 2 are consistent with the CD data (Table 1.6). Both serine and
threonine residues exhibit a substantial decrease in *Jx upon phosphorylation. Given
that smaller values of 3.LN are indicative of a more restricted ¢ torsion angle consistent
with a-helices; phosphorylation leads to a more structured o-helical conformation of
the serine and threonine ¢ torsion angles. Interestingly, dianionic phosphothreonine
exhibited unusual exchange dynamics (peak broadening and reduced peak size) and an
extremely downfield amide chemical shift (6 = 10.24 ppm, with an overall change in
chemical shift from unmodified to phosphorylated of 1.61 ppm) unlike any other
amide observed in this study. These observations could be explained by proton
exchange with the solvent or alternatively by the intra-residue phosphate amide
hydrogen bond. Temperature-dependent NMR and CD experiments were performed to
determine the nature of the exchange dynamics (Figure 1.7, Figure 1.37, and Figure
1.47). An increase in temperature led to a decrease in a-helicity as observed by CD.

NMR revealed an upfield chemical shift and a more resolved amide proton of
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phosphothreonine with an increase in temperature. If the amide proton was
exchanging with the solvent, I would have expected a decrease in the amide proton
peak magnitude resolution with an increase in temperature due to increased exchange
rates associated with an increase in temperature. These data are consistent with a
strong phosphate-amide hydrogen bond which weakens as temperature increases and
a-helicity decreases.

Alpha protons in 90% H,0O/D,0 are coupled to both the amide proton and the
beta proton, in order to obtain 3JHuH,; NMR experiments were performed in D,O to
exchange the amide protons with deuterium and eliminate the coupling with the alpha
proton. These experiments revealed a 3JH“H” of 10.4 Hz, consistent with
phosphothreonine at this position adopting a ; torsion angle almost exclusively -60°
(Figure 1.46). Interestingly, the peptide containing dianionic phosphothreonine at
residue 2 also has two of the most downfield alanine amide protons of any peptides
examined and the second largest standard deviation of alanine amide protons (0a1 =
8.97, 8.72; 6 = 0.32 ppm) (Table 1.59), suggesting formation of local structure

involving phosphothreonine.
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Peptide 5, H" ®Jon 3, Ho 5, HB 3, H-Acety!

Ac-ASerAAAAKAAAAKAAGY-NH, 8.62 5.7 4.41 4.02, 3.95 2.07
Ac-ASer(OPO;H )AAAAKAAAAKAAGY-NH, 8.97 5.1 4.51 4.25,4.20 2.09
Ac-ASer(OPO5* )AAAAKAAAAKAAGY-NH, 9.57 4.3 4.41 4.10 2.13
Ac-AThrAAAAKAAAAKAAGY-NH, 8.63 4.7 4.26 4.33 2.06
Ac-AThr(OPOsH )AAAAKAAAAKAAGY-NH, 9.08 n.d. 4.16 4.22 2.1
Ac-AThr(OPO5* )AAAAKAAAAKAAGY-NH, 10.24 3.7 4.02 4.51 2.15
285K 10.15 4.0 4.02 4.50 2.14
298 K 9.94 4.0 4.04 4.48 2.13
305 K 9.81 4.9 4.05 4.48 212

Table 1.6: Summary of NMR data for peptides containing threonine,
phosphothreonine, serine, and phosphoserine at residue 2. Chemical shifts (3) of
threonine amide proton (H"), alpha proton (Ha), beta proton (Hf), N-terminal acetyl
protons (H-Acetyl), and coupling constants between threonine alpha proton and amide
proton (*J.x) are reported. Peptides were dissolved in 5 mM phosphate buffer (pH 4.0
or 7.2) containing 25 mM NaCl in 90% H,0/10% D,0 at 5 °C or as indicated.
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Figure 1.7:  Temperature-dependent 'H NMR spectra (amide region) of Ac-

AT(OPO; ) AAAAKAAAAKAAGY-NH; peptide. The peptide was dissolved in 5
mM phosphate buffer (pH 7.2) containing 25 mM NaCl in 90% H,0/10% D,O.
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Figure 1.8:  Chi 1 () torsion angle can be directly calculated from *Jy,p,values
through a parametrized Karplus relationship.

Modifications on internal a-helical positions

To compare the effects of both post-translational modifications of
serine and threonine at an a-helical internal position, peptides were synthesized with
both modifications of serine and threonine at residue 5 of the a-helix. The peptide
containing unmodified serine at residue 5 exhibited 30.9% a-helicity, compared to
49.7% at residue 1 (Figure 1.9 and Table 1.7). These data highlight the preference for
serine to be at the N-terminus within a-helices. In contrast to N-terminal positions,
serine, phosphoserine and SerOGIcNAc were all found to be disruptive to the a-helix
on internal positions relative to alanine. OGlcNAcylation also leads to a decrease in o.-
helicity by 5.6 %, whereas phosphorylation leads to a larger decrease in a-helicity, as
was also observed by Doig at residue 5." Unlike the effects at N-terminal positions,
the a-helicity of the monoanionic and dianionic phosphoserines are nearly identical,
with the monoanionic phosphate exhibiting slightly greater structural effects.
Interestingly, although the dianionic phosphoserine leads to a less a-helical overall
structure (as observed by CD), it also leads to greater conformational restriction,
exhibiting a *J.x = >J.x = 4.5 Hz compared to the monoanionic phosphoserine 5.7 Hz

(Table 1.8). These data are consistent with greater induced structure for dianionic
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phosphoserine over the monoanionic phosphoserine. Again, phosphoserine exhibits a
large downfield chemical shift (6 = 9.06 ppm) compared to unmodified serine (6 =

8.44 ppm) consistent with the presence of the phosphate-amide interaction.
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Figure 1.9:  CD spectra of AccAKAASAKAAAAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ),
and Ser(OPO;%"). Green squares: unmodified serine; blue diamonds: Ser(OGlcNAc);
magenta circles: phosphorylated serine (pH 4.0); red circles: phosphorylated serine
(pH 8.0). CD experiments were conducted in water with 10 mM phosphate (pH as
indicated) and 25 mM KF at 0.5 °C.
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[6]222/
Peptide [6]220 [6]208 [6liso  [0loos  —[0]ioo/[6]20s % Helix

Ac-AKAASerAKAAAAKAAGY-NH, -9489 -12001 13623 0.79 1.14 30.9
Ac-AKAASer(OGIcNAc)AKAAAAKAAGY-NH, -7362 -10510 9108 0.70 0.87 25.3
Ac-AKAASer(OPO;H )AKAAAAKAAGY-NH, -5233 -8782 3170 0.60 0.36 19.6
Ac-AKAASer(OPOs* )AKAAAAKAAGY-NH, -5019 -9115 25 0.55 0.00 19.1

Table 1.7: Summary of CD data for peptides containing serine and serine
modifications at residue 5. CD data were collected at 0.5 °C with 80-100 uM peptide
in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF.

Peptide 5, H" *Jon 3, Ha 5, HB 3, H-Acetyl

Ac-AKAASerAKAAAAKAAGY-NH, 8.44 n.d. 4.37 3.95 2.05
Ac-AKAASer(OGIcNAC)AKAAAAKAAGY-NH, 8.45 n.d. 4.46 4.09 2.04,2.018
Ac-AKAASer(OPO;H )AKAAAAKAAGY-NH, 8.71 5.7 4.51 417 2.03
Ac-AKAASer(OPO5")AKAAAAKAAGY-NH, 9.06 45 4.44 4.09 2.03

Table 1.8: Summary of NMR data for peptides containing serine and serine
modifications at residue 5. Chemical shifts (3) of serine amide proton (H"), alpha
proton (Ha), beta proton (HP), N-terminal acetyl protons (H-Acetyl), and coupling
constants between serine alpha proton and amide proton (*J.x) are reported. Peptides
were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NaCl in
90% H,0/10% D,0 at 5 °C.

To compare the effects of serine and threonine modifications, peptides
were also synthesized and analyzed containing threonine and threonine modifications
at residue 5 of the a-helix. As was observed for the modifications in peptides with N-
terminal modifications, greater structural effects were observed for all threonine
peptides at residue 5 relative to modifications at serine, with all peptides exhibiting
decreased a-helicity (Figure 1.10 and Table 1.9). The peptide containing unmodified
threonine at residue 5 exhibited 17.9% a-helicity, compared to 45.1% at for threonine
residue 1. These data are consistent with what others have observed for the a-helical

propensity of threonine based on the position within an a-helix. f-branched amino
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acid and are known to sterically disrupt formation of an a-helix in favor of a more
extended conformation, consistent with the observed results of threonine and threonine

4143 1 contrast to N-terminal positions, the greatest structural effects of

modificaitons.
threonine modifications observed were for Thr(OGIlcNAc), which exhibited 6.2% a-
helicity, a far greater disruption of a-helicity than that observed for Ser(OGIcNAc).
The addition of a bulky GlcNAc unit increases the steric bulk of threonine, further
disfavoring a-helix formation. Surprisingly, and unlike any other phosphorylated
peptide in this study, greater structural changes were observed for the monoanionic
phosphothreonine (10.7%) than for the dianionic phosphothreonine (13.0%), with the

monoanionic species leading to greater a-helix disruption than the dianionic

phosphate.
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Figure 1.10: CD spectra of AccAKAATAKAAAAKAAGY-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPOsH "), and Thr(OPO;”"). Green squares: unmodified threonine; blue
diamonds: Thr(OGIcNAc); magenta circles: phosphorylated threonine (pH 4.0); red
circles: phosphorylated threonine (pH 8.0). CD experiments were conducted in water
with 10 mM phosphate (pH as indicated) and 25 mM KF at 0.5 °C.

24



[6]222/
Peptide [6]220 [6]208 [6liso  [0loos  —[0]ioo/[6]20s % Helix

Ac-AKAAThrAKAAAAKAAGY-NH, -4593 -8386 727 0.55 0.09 17.9
Ac-AKAAThr(OGIcNAc)AKAAAAKAAGY-NH, -145 -6835 -14035 0.02 -2.05 6.2
Ac-AKAAThr(OPO;H )AKAAAAKAAGY-NH, -1868 -6555 -5647 0.28 -0.86 10.7
Ac-AKAAThr(OPO5* )AKAAAAKAAGY-NH, -2742 -8292 -6777 0.33 -0.82 13.0

Table 1.9: Summary of CD data for peptides containing threonine and threonine
modifications at residue 5. CD data were collected at 0.5 °C with 80-100 uM peptide
in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF.

Peptides containing threonine and threonine modifications at residue 5 were
further examined by NMR (Table 1.10). Consistent with observed effects of threonine
phosphorylation on the N-terminus, dianionic phosphothreonine at residue 5 exhibited
a small *Jx of 4.1 Hz and a large downfield chemical shift of the amide proton (5 =
9.50 ppm, compared to unmodified threonine 6 = 8.29 ppm). The magnitude of the
structural effects observed by NMR were greater for threonine phosphorylation than
serine phosphorylation at residue 5 and for the dianionic phosphate over the
monoanionic phosphate (Table 1.9). Interestingly, this is the only series in which the
global structural effects and local structural effects are not consistent. Greater a-helix
disruption was observed for the monoanionic phosphate via CD, but greater locally
induced structural effects were observed for the dianionic phosphate via NMR. I have
previously observed the ability of dianionic phosphothreonine to strongly nucleate the
a-helix when on the N-terminus. The paradox of phosphothreonine at residue 5 could
be due to disruption of the overall 14 residue a-helix occurring in parallel to a-helix
nucleation of the remaining C-terminal 10 residues. This interpretation implies context

dependence for threonine and serine phosphorylation throughout the o-helix.
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Peptide 5, H" ®Jon 3, Ho 5, HB 3, H-Acety!

Ac-AKAAThrAKAAAAKAAGY-NH, 8.29 nd 4.23 4.26 2.04
Ac-AKAAThr(OGIcNAc)AKAAAAKAAGY-NH, 8.16 n.d. 4.34 4.24 2.06, 2.014
Ac-AKAAThr(OPO;H )AKAAAAKAAGY-NH, 8.57 n.d. 4.36 4.65 2.02
Ac-AKAAThr(OPO;" )AKAAAAKAAGY-NH, 9.50 4.1 4.11 4.39 2.01

Table 1.10:  Summary of NMR data for peptides containing threonine and threonine
modifications at residue 5. Chemical shifts (8) of threonine amide proton (H), alpha
proton (Ha), beta proton (Hf), N-terminal acetyl protons (H-Acetyl), and coupling
constants between threonine alpha proton and amide proton (*J.y) are reported.
Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM
NaCl in 90% H,0/10% D,0 at 5 °C.

To test this hypothesis, peptides were synthesized with serine,
phosphoserine, threonine, and phosphothreonine at residue 10 of the a-helix. Both
peptides containing serine (26.6%) and threonine (21.7%) at residue 10 exhibit
comparable a-helicity to that observed at residue 5. These data indicate no inherent
difference between serine or threonine residues at internal positions, consistent with
what others have observed (Figure 1.11 and Table 1.11).** Interestingly,
phosphorylation of both serine (13.6% for monoanionic phosphate and 6.9% for
dianionic phosphate) and threonine (4.8% for monoanionic phosphate and 0.6% for
dianionic phosphate) at residue 10 greatly reduced o-helix stability relative to both
phosphoserine and phosphothreonine at residue 5. In contrast to phosphoserine and
phosphothreonine at residue 5, and consistent with observed results on the N-terminus,
the observed structural effects were greater for threonine versus serine and for the
dianionic phosphate versus the monoanionic phosphate. These data are consistent with
context dependence for both phosphoserine and phosphothreonine in which overall a-
helix destabilization on internal positions are countered by nucleation effects on the

remaining C-terminal portion. Positioning phosphothreonine towards the C-terminus

26



leaves only 4 residues available to participate in the a-helix, forming an unstable o.-

helix.*>** This is evident in the observation that as the number of residues on the C-

terminal portion of the a-helix decreases, a-helicity decreases.
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Figure 1.11: Left: CD spectra of Acc:AKAAAAKAASAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OPOsH ), and Ser(OPO;).
Green squares: unmodified serine; magenta circles: phosphorylated serine (pH 4.0);
red circles: phosphorylated serine (pH 8.0). Right: CD spectra of Ac-
AKAAAAKAATAKAAGY-NH; peptides with threonine modifications: unmodified
Thr(free hydroxyl), Thr(OPO;H ), and Thr(OPOs*"). Green squares: unmodified
threonine; magenta circles: phosphorylated threonine (pH 4.0); red circles:
phosphorylated threonine (pH 8.0). CD experiments were conducted in water with 10
mM phosphate (pH as indicated) and 25 mM KF at 0.5 °C.
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[6]222/
Peptide [6]220 [6]208 [6liso  [0loos  —[0]ioo/[6]20s % Helix

Ac-AKAAAAKAASerAKAAGY-NH, -7883 -11530 8113 0.68 0.70 26.6
Ac-AKAAAAKAASer(OPO;H )AKAAGY-NH, -2936 -8145 -5752 0.36 -0.71 13.6
Ac-AKAAAAKAASer(OPO;” )AKAAGY-NH, -431 -6789  -14930 0.06 -2.20 6.9
Ac-AKAAAAKAAThrAKAAGY-NH, -6020 -10003 3732 0.60 0.37 21.7
Ac-AKAAAAKAAThr(OPO;H )AKAAGY-NH, 382 -5396 -13528 -0.07 -2.51 4.8
Ac-AKAAAAKAAThr(OPO;” )AKAAGY-NH, 1967 -5542 -18077 -0.35 -3.26 0.6

Table 1.11:  Summary of CD data for peptides containing serine, phosphoserine,
threonine, or phosphothreonine at residue 10. CD data were collected at 0.5 °C in 10
mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF.

Peptides containing serine, phosphoserine, threonine, and phosphothreonine at
residue 10 were further analyzed by NMR (Table 1.12). Consistent with
phosphorylation at all other positions, a large downfield chemical shift was observed
for both dianionic phosphoserine (6 = 9.01) and dianionic phosphothreonine (6 =
9.41), with larger shifts observed for the dianionic phosphate over the monoanionic,
and for threonine modification over serine modification. Surprisingly, phosphoserine
(3.3 Hz, the smallest *J,y of any phosphorylated residue in this study) and
phosphothreonine (4.1 Hz) both exhibit small *Jx coupling constants, indicating a
highly restricted and a-helical ¢ torsion angle while the peptides remain in a globally
random coil state as observed by CD. Interestingly, dianionic phosphothreonine
exhibits the largest dispersion of alanine amide protons of any peptide in this study (o
=0.43 ppm) (Table 1.59), with alanine amide protons at 8.80 ppm and 8.61 ppm,
suggestive of formation of local structure while remaining globally unstructured as

observed via CD.
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Peptide 5, H" ®Jon 3, Ho 5, HB 3, H-Acety!

Ac-AKAAAAKAA SerAKAAGY-NH, 8.30 n.d. 4.37 3.92, 3.90 2.06
Ac-AKAAAAKAASer(OPO;H )AKAAGY-NH, 8.54 n.d. 4.50 4.18,4.14 2.03
Ac-AKAAAAKAASer(OPO; " )AKAAGY-NH, 9.01 3.3 4.42 4.05 2.03
Ac-AKAAAAKAAThrAKAAGY-NH, 8.19 6.8 4.25 4.21 2.06
Ac-AKAAAAKAAThr(OPO;H )AKAAGY-NH, 8.44 n.d. 4.40 4.62 2.02
Ac-AKAAAAKAAThr(OPO;” " )AKAAGY-NH, 9.41 4.5 4.09 4.34 2.03

Table 1.12  Summary of NMR data for peptides containing serine, phosphoserine,
threonine, or phosphothreonine at residue 10. Chemical shifts (5) of threonine amide
proton (HY), alpha proton (Ha), beta proton (HB), N-terminal acetyl protons (H-
Acetyl), and coupling constants between threonine alpha proton and amide proton
(*Jx) are reported. Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% DO at 5 °C.

Modifications on C-terminal a-helical positions

No previous studies on the effects of phosphorylation or
GlcNAcylation of serine or threonine residues on the C-terminus of a model a-helix
have been performed. To determine the effects of these modifications on the C-
terminus, peptides containing serine, serine modifications, threonine, and threonine
modifications were synthesized and analyzed via CD and NMR (Figure 1.12 and
Tables 1.13). Both serine (35.9%) and threonine (30.1%) exhibited lower a-helicity
than at N-terminal positions, but greater o-helicity than at internal positions. These
results are consistent with the ability of both serine and threonine to function as C-

26:32:46 I contrast to effects at

terminal a-helix caps via their hydrogen bond acceptors.
N-terminal positions, GlcNAcylation of both serine and threonine led to a decrease in
a-helicity relative to unmodified peptides. Interestingly, the peptide containing
Ser(OGlcNAc) (28.2%) at residue 14 had similar a-helicity to Ser(OGIcNAc) at
residue 5 (25.3%). In contrast to serine, Thr(OGIcNAc) (23.5%) had far greater a-

helicity relative to Thr(OGIcNAc) at residue 5 (6.2%). Placing a B-branched amino
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acid on the C-terminus is inherently more stable than at internal positions due to
sterics, consistent with the observed effects of threonine GlcNAcylation.*® Effects of
phosphorylation on the C-terminus of an a-helix have never before been examined.
Doig noted based on calculations that a C-terminal phosphoserine may be
destabilizing, and to a greater extent than at internal positons.'’ As expected,
phosphorylation of both serine (20.7% for monoanionic phosphate and 15.7% for
dianionic phosphate) and threonine (19.0% for monoanionic phosphate and 14.8% for
dianionic phosphate) led to a decrease in a-helicity relative to unmodified residues.
Interestingly, the effects of both phosphoserine and phosphothreonine on a-helicity
are similar on the C-terminus relative to residue 5. These data suggest that the local
effects of phosphorylation in disrupting the a-helix hydrogen bonding backbone lead
to greater helix destabilization than positioning a negatively charged phosphate on the

negatively charged C-terminus of the a-helix macro-dipole.
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Figure 1.12: Left: CD spectra of Ac-YGAKAAAAKAAAAKAS-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ),
and Ser(OPO;”"). Green squares: unmodified serine; blue diamonds: Ser(OGlcNAc);
magenta circles: phosphorylated serine (pH 4.0); red circles: phosphorylated serine
(pH 8.0). Right: CD spectra of Ac-YGAKAAAAKAAAAKAT-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPOsH "), and Thr(OPO5”"). Green squares: unmodified threonine; blue
diamonds: Thr(OGIcNAc); magenta circles: phosphorylated threonine (pH 4.0); red
circles: phosphorylated threonine (pH 8.0). CD experiments were conducted in water
with 10 mM phosphate (pH as indicated) and 25 mM KF at 0.5 °C.
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[6]222/
Peptide [6]220 [6]208 [6liso  [0loos  —[0]ioo/[6]20s % Helix

Ac-YGAKAAAAKAAAAKASer-NH, -11375  -13477 20103 0.84 1.49 35.9
Ac-YGAKAAAAKAAAAKASer(OGIcNAc)-NH, -8461 -11840 12910 0.71 1.09 28.2
Ac-YGAKAAAAKAAAAKASer(OPO;s;H )-NH, -5630 -9603 4445 0.59 0.46 20.7
Ac-YGAKAAAAKAAAAKASer(OPO;”")-NH, -3734 -8814 -2015 0.42 -0.23 15.7
Ac-YGAKAAAAKAAAAKAThr-NH, -9190 -12024 13630 0.76 1.13 30.1
Ac-YGAKAAAAKAAAAKAThr(OGIcNAc)-NH, -6685 -11064 5746 0.60 0.52 23.5
Ac-YGAKAAAAKAAAAKAThr(OPOs;H )-NH, -4984 -9420 1437 0.53 0.15 19.0
Ac-YGAKAAAAKAAAAKA Thr(OPO;”")-NH, -3417 -8524 -2248 0.40 -0.26 14.8

Table 1.13:  Summary of CD data for peptides containing serine, serine
modifications, threonine, and threonine modifications at residue 14. CD data were
collected at 0.5 °C in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with 25
mM KF.

Peptides containing serine, phosphoserine, threonine, and phosphothreonine at
the C-terminus were further analyzed by NMR (Table 1.14). Interestingly, both
dianionic phosphoserine (*J,x = 6.3 Hz) and dianionic phosphothreonine (*J.x= 6.2
Hz) exhibit larger *J.y values than at any other positions in peptides in this study,
along with an upfield chemical shift of the amide protons relative to other positions.
These data are consistent with both phosphorylated serine and threonine residues
possessing ¢ torsion angles divergent from those in a-helices. Indeed tyrosine, which
does not participate in the a-helix, displays *J.y values of 6.4-6.6 Hz, similar to that of
both phosphorylated residues at the C-terminus. These results suggest a weakening of
the phosphate-amide interaction for phosphorylated residues on the C-terminus,
leading to a more extended conformation of both serine and threonine residues. Also
observed was an upfield chemical shift in one of the carboxamide amide protons of
dianionic phosphothreonine (6 = 7.89 ppm; all other peptides exhibited carboxamide
peaks in the range of 6 = 7.59-7.71 ppm), consistent with weakening of the hydrogen

bond between the carboxamide and the i-4 carbonyl. The data are also consistent with
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the phosphate interacting with the C-terminal carboxamide. In contrast to
phosphorylation on the N-terminus, placing a negatively charged phosphate on the
negatively charged end of the a-helix macro-dipole would be destabilizing to both the
overall a-helix as well as the phosphate-amide interaction. Data herein as well as work
performed by others on the effects of positive and negatively charged residues on the
C-terminus of a-helices support this observation.”® ** Again, observed effects are
greater for phosphorylation over OGIcNAcylation, for threonine over serine, and for

the dianionic phosphate over the monoanionic phosphate.

Peptide 5, H" % Jan 3, Ha 5, H 5, H-Acetyl

Ac-YGAKAAAAKAAAAKA Ser-NH; 8.22 n.d. 4.37 3.93, 3.91 1.99
Ac-YGAKAAAAKAAAAKA Ser(OGIcNAc)-NH, 8.30 n.d. 448 4.11,3.89 2.03, 1.981
Ac-YGAKAAAAKAAAAKA Ser(OPO;H )-NH, 8.57 6.8 450 4.18, 4.09 1.97
Ac-YGAKAAAAKAAAAKASSer(OPO5>)-NH; 9.02 6.3 442 4.06 1.98
Ac-YGAKAAAAKAAAAKA Thr-NH; 8.18 7.9 4.29 4.29 1.98
Ac-YGAKAAAAKAAAAKA Thr(OGIcNAc)-NH, 8.18 8.0 442 4.34 2.05, 1.975
Ac-YGAKAAAAKAAAAKA Thr(OPOsH )-NH, 8.42 7.9 4.39 4.64 1.98
Ac-YGAKAAAAKAAAAKA Thr(OPO5>)-NH; 8.93 6.2 4.26 4.46 1.99

Table 1.14: Summary of NMR for peptides containing serine, serine modifications,
threonine, and threonine modifications at residue 14. Chemical shifts (8) of threonine
amide proton (H"), alpha proton (Ha), beta proton (Hf), N-terminal acetyl protons
(H-Acetyl), and coupling constants between threonine alpha proton and amide proton
(*Jx) are reported. Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,0O at 5 °C.

The dichotomy of phosphothreonine

Of all the peptides examined in this study, phosphothreonine at residue
2 exhibited the greatest a-helicity, while phosphothreonine at residue 10 exhibited a
complete random coil structure. Heteronuclear NMR spectroscopy was conducted

using 'H-""C HSQC experiments to determine the residue-specific effects of threonine
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phosphorylation at both of these positions via chemical shift index analysis (Figure
1.13). An upfield shift in Ho, a downfield shift in Ca., and an upfield shift in C are

. g . . . 49-51
indicative of increased o-helical content.

Phosphothreonine at residue 2 causes a
global upfield shift in Ho (Ad = 0.24 ppm) and downfield shift in

Ca (Ad = -3.41 ppm) in all residues that participate in the a-helix compared to data on
unmodified threonine here. The average chemical shift of alanine and lysine amide
protons in peptides containing unmodified threonine is 50.7 ppm (alanine) and 54.9
ppm (lysine), while the peptide containing phosphothreonine at residue 2 exhibits
average amide proton chemical shifts of 51.4 ppm (alanine) and 55.6 ppm (lysine)
(Table 1.63 and Table 1.64). Phosphorylation induces the largest structural changes in
threonine, leading to a dramatic 3.41 ppm downfield shift in threonine Co and a 0.24
ppm upfield shift in Hat.

Although threonine at residue 2 (46.1% o-helicity) and threonine at residue 10
(21.7%) exhibit very different a-helical content, the threonine chemical shifts of both
Ha (4.26 ppm for residue 2 and 4.25 ppm for residue 10) and Ca (59.81 ppm for
residue 2 and 59.72 ppm for residue 10) for both peptides are almost identical. In
contrast to the results for threonine at residue 2, phosphothreonine at residue 10 causes
a downfield shift in Ho (A8 = 0.23 ppm) and an upfield shift in Ca (A =-0.61
ppm) in all alanine and lysine residues, consistent with a decrease in a-helicity. The
average chemical shift of alanine and lysine for unmodified threonine is 50.1 ppm and
53.9 ppm, respectively, while the phosphorylated peptide exhibits averages of 49.3
ppm and 52.9 ppm. Interestingly, unlike all other residues, phosphothreonine exhibits
a downfield shift in Ca and an upfield shift in Ha.. These data are consistent with CD

data, in which phosphorylation induces structural changes in all alanine and lysine
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residues causing them to become more a-helical with phosphorylation at residue 2, or

less a-helical with phosphothreonine at residue 10.
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Figure 1.13: 'H-"C HSQC spectra (Ho-Coa. region) of peptides containing
unmodified threonine (green) and phosphothreonine (red). (a) Peptides containing
threonine or phosphothreonine at residue 2. (b) Peptides containing threonine or
phosphothreonine at residue 10. Data were collected at 5 °C in D,O containing 5 mM
phosphate (pH 4.0 for unmodified peptides and pH 8.0 for phosphorylated peptides)
and 25 mM NacCl.

In order to identify the ability of phosphorylation to act as an inducible
switch for a-helicity, peptides with phosphothreonine at residue 2 and
phosphothreonine at residue 10 were incubated with Antarctic phosphatase, a non-
specific phosphatase (Figure 1.14). The effects of dephosphorylation on structure were
monitored via CD. The peptide with phosphothreonine at residue 2 exhibited a
decrease in a-helicity upon incubation with phosphatase; after 240 min of incubation,
dephosphorylation had progressed to 76% completion (as determined by HPLC)

(Figure 1.39). At this point the peptide exhibited a-helicity similar to that of the
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peptide containing unmodified threonine at residue 2. In contrast, the peptide with
phosphothreonine at residue 10 exhibited an increase in a-helicity upon incubation
with phosphatase; after 480 min of incubation, dephosphorylation had progressed to
90% completion as determined by HPLC (Figure 1.41). Phosphatases generally prefer
to dephosphorylate proteins and peptides that are in a random coil state, which lack
secondary and tertiary structure. Interestingly, the activity of the phosphatase was
lower for the peptide containing phosphothreonine at residue 10, which exhibits a
random coil conformation. This decrease in phosphatase activity, along with NMR
data, suggests the formation of a local structure around phosphothreonine, despite the
random coil signature by CD. These data, combined with NMR data, are suggestive of
interactions between the phosphate, and the amides of both threonine and two
alanines. In all, these results demonstrate the ability of phosphatases and kinases to
turn off or on secondary structure, and the ability of phosphorylation to act as

inducible structural switches.
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Figure 1.14: Left: CD spectra of a solution containing 25 uM peptide Ac-
AT(OPO3; ) AAAAKAAAAKAAGY-NH, in buffer (40 mM Tris-HCI (pH 8.0), 25
mM KF, 1 mM MgCl,, and 100 uM ZnCl,) at 0.5 °C as a function of time of
incubation with phosphatase. Data were collected at initial time (dark blue). To this
solution were added 10 units (2 uL) of Antarctic phosphatase and the solution
incubated in a 37 °C water bath. The total duration of incubation was 240 min. CD
spectra were collected at time points of 60 min (light blue), 120 min (green), and 240
min (red). Right: CD spectra of a solution containing 25 uM peptide Ac-
AKAAAAKAAT(OPO;*)AKAAGY-NH, in buffer (40 mM Tris-HCI (pH 8.0), 25
mM KF, 1 mM MgCl,, and 100 uM ZnCl,) at 0.5 °C as a function of time of
incubation with phosphatase. Data were collected at initial time (purple). To this
solution were added 40 units (8 uL) of Antarctic phosphatase and the solution
incubated in a 37 °C water bath. The total duration of incubation was 480 min. CD
spectra were collected at time points of 20 min (dark blue), 60 min (light blue), 120
min (green), 240 min (orange), and 480 min (red). At each time point, the sample was
cooled to 0.5 °C for 5 min and data were collected. The sample was then placed back
in the water bath until the next time point.
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Structural effects of post-translational modifications are analogous to proline

We have observed that both phosphorylation and OGIcNAcylation of
serine and threonine stabilize an a-helix on the N-terminus, with greater stabilization
observed for phosphorylation versus GlcNAcylation, and for threonine versus serine.
In contrast, both phosphorylation and OGlcNAcylation of serine and threonine
destabilize an a-helix on internal positions, with greater destabilization observed for
threonine modifications. Proline behaves in a similar manner to serine and threonine
modifications. Proline on the N-terminus acts to cap the helix through a favorable
interaction between its carbonyl and i+4 amide proton, while on internal and C-
terminal positions destabilizes the a-helix via disruption of the amide backbone
hydrogen bonding network due to the absence of an amide proton, as well as

- - - .1 41,5255
unfavorable sterics with the prior residue.”

To directly compare the effects of
proline with serine and threonine modifications, a series of proline peptides was
synthesized and analyzed incorporating proline at residues 1, 2, 5, 10, and 14.

As expected, proline on the N-terminus exhibits significant a-helicity,
consistent with what others have observed, though to a far lesser extent than
phosphothreonine (Figure 1.15, Figure 1.16, and Table 1.15). In contrast to both
phosphothreonine and phosphoserine, proline exhibits lesser helicity when at residue 2
(33.4%) than at residue 1 (37.6%).** **°® Proline at residues 5 (2.8%) and 10 (2.5%)
substantially destabilized the a-helix, comparable to the effects Thr(OGIcNAc) at
residue 5 and phosphothreonine at residues 10. Unlike phosphothreonine, the relative
internal position of proline did not have an impact on a-helicity; proline at residue 5

and 10 both had the same CD signature, consistent with results DeGrado obtained

studying the natural propensity of amino acids occurring within a-helices of
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proteins.** Proline at residue 14 on the C-terminus was destabilizing as well, but to a
lesser extent than at internal positions. Proline exhibited a modest decrease in o.-
helical content on the C-terminus similar to ThrOGlcNAc. Overall, proline exhibited a
wide range of a-helix modulation, as expected. The a-helical content of proline is
similar to that of threonine modifications at internal and C-terminal positions, yet

induced less of an a-helix on the N-terminus relative to threonine modifications.
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Figure 1.15: Comparison of the effects of threonine modifications and proline as
function of position. Left: Proline (black triangles) and dianionic phosphothreonine
(red circles) on the N-terminus at residue 1 (closed triangles and circles) and at residue
2 (open triangles and circles). Right: Proline (black triangles), ThrOGIcNAc (blue
diamonds), and dianionic phosphothreonine (red circles) on internal positions at
residue 5 (closed triangles, diamonds, and circles) and residue 10 (open triangles, and

circles).
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Figure 1.16: Left: CD spectra of Ac-YGAKAAAAKAAAAKAX-NH; peptides with
proline and threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPO;H "), and Thr(OPOs>"). Black triangles: proline; green squares: unmodified
threonine; blue diamonds: Thr(OGIcNAc); magenta circles: phosphorylated threonine
(pH 4.0); red circles: phosphorylated threonine (pH 8.0). Right: Peptides with proline
as a function of position. Red: residue 1; orange: residue 2; green: residue 5; light
blue: residue 10: dark blue: residue 14.

[0]222/
Peptide [0]222 [6]208 [6]190 [6]20s  —[0]190/[0]208 % Helix
Ac-Prok AAAAKAAAAKAAGY-NH, -12026  -13891 16191 0.87 1.17 37.6
Ac-AProAAAAKAAAAKAAGY-NH; -10462 -11395 11687 0.92 1.03 33.4
Ac-AKAAProAKAAAAKAAGY-NH, 1147 -7230 -16913 -0.16 -2.34 2.8
Ac-AKAAAAKAAProAKAAGY-NH, 1261 -7756 -17185 -0.16 -2.22 2.5
Ac-YGAKAAAAKAAAAKAPro-NH, -5527 -10737 3261 0.51 0.30 20.4

Table 1.15:  Summary of CD data for peptides containing proline at residues 1, 2, 5,
10, and 14. CD data were collected at 0.5 °C with 80-100 uM peptide in 10 mM
aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with 25 mM KF.

40



Phosphothreonine adopts a highly restricted conformation

Throughout this study, we have observed through *J.x coupling constants that
dianionic phosphothreonine adopts a highly restricted conformation. The %, torsion
angle for phosphoserine and phosphothreonine, which defines the angle between the
beta-carbon and gamma-phosphorous atoms, was determined using coupled *'P NMR
at pH 8.0 (Table 1.16). Brister et al. reported findings that phosphothreonine may
adopt a conformation in which the C,-H, is in a near-eclipsed conformation relative to
the O~-P bond."® *Jpy, in an eclipsed conformation would be approximately 10.4 Hz
based on a parametrized Karplus equation.’” The *Jpy, of peptides was examined as

a function of peptide identity and a-helical content. In general, conditions that
favored a-helicity (such as low temperature and trifluoroethanol (TFE)) exhibited
larger *Jpy, (Table 1.16). This eclipsing conformation correlates with the presence of a
phosphate-amide hydrogen bond. As such we would expect larger *Jpy, for peptides
with the strongest phosphate-amide hydrogen bond and smaller *Jpy, for peptides with
weaker hydrogen bonds. Dianionic phosphothreonine at residue 2 in 30% TFE
exhibited the largest 3JpHﬁ 0f 9.6 Hz. Along with "H NMR data, these results are
consistent with the phosphate-amide hydrogen bond being strongest at this position. In
contrast, phosphothreonine at reside 14 on the C-terminus exhibited the smallest
3 Jon, of 7.8 Hz, Along with "H NMR data, these results suggest a weakening of the
phosphate-amide hydrogen bond. Interestingly, all values of *Jpy, for
phosphothreonine were greater than that of the second most a-helical peptide in this
study, with phosphoserine at residue 2 (7.4 Hz at 278 K, consistent with what others
have observed for phosphoserine).”® This finding emphasizes the greater

conformational restriction of phosphothreonine over phosphoserine.
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Peptide *Jony
Ac-Thr(OPOs " )KAAAAKAAAAKAAGY-NH,

278 K 8.6

298 K 7.9
Ac-ASer(OP0O;)AAAAKAAAAKAAGY-NH,

278 K 6.7

298 K 7.4
Ac-AThr(OPO; )AAAAKAAAAKAAGY-NH,

278 K (30% TFE) 9.6

278 K 9.5

298 K 9.0

310K 8.3

323 K 75
Ac-AKAA Thr(OPO;s* )AKAAAAKAAGY-NH,

278 K 8.9

298 K 8.8
Ac-AKAAAAKAAThr(OPO;*")AKAAGY-NH,

278 K 8.5

298 K 8.4

310K 8.3

323 K 8.3

338 K 8.1
Ac-YGAKAAAAKAAAAKA Thr(OPO5*)-NH,

278 K 7.8

298 K 7.8

Table 1.16: *'P NMR of peptides containing phosphothreonine and phosphoserine
at residue 2 in 5 mM phosphate buffer pH 8.0 with 25 mM NacCl in D,O.

Discussion

This body of work is the first to describe the global and local structural
effects of both phosphorylation and OGIcNAcylation of both serine and threonine
residues on N-terminal, internal, and C-terminal positions of an a-helix. I found that
the global effects of phosphorylation and OGlcNAcylation were similar in direction at
all positions, with both modifications stabilizing the a-helix on the N-terminus and
destabilizing the a-helix on internal and C-terminal positions. In general, both
phosphorylation and OGlcNAcylation had greater global and local structural effects
on threonine than serine, with greater structural effects observed for the dianionic
phosphate over the monoanionic. Peptides containing threonine were found to be less

a-helical than those containing serine at the N-terminus, yet peptides containing both
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modifications on threonine were found to be more a-helical than serine peptides with
these modifications. Serine and threonine on the N-terminus had a greater a-helical
propensity than alanine at the same position.

In contrast, both modifications led to a substantial decrease in a-helicity on
internal positions, leading to almost a complete random coil in some cases. Increased
destabilization that was observed at residue 10 over residue 5 for phosphorylated
peptides highlights the dichotomy of both phosphoserine and phosphothreonine, with
the ability to nucleate as well as disrupt a-helicity. These results emphasize the
context dependence of phosphorylation. Others have observed the stabilizing effects of
phosphoserine on the N-terminus and the disrupting effects of both phosphoserine and
phosphothreonine on internal positions, yet none have identified either the dramatic
effects of phosphothreonine on the N-terminus or the dichotomy of both
phosphoserine and phosphothreonine on internal positons.'**"

The data herein highlight the context dependence of both phosphorylation and
OGIcNAcylation on positions within a-helices. On a model a-helix, both
OGIcNAcylation and phosphorylation stabilize the helix on the N-terminus and
destabilize the helix on internal and C-terminal positions. Together, these PTMs can
magnify the natural a-helix propensities of both serine and threonine (Figure 1.17 and
Figure 1.18). Often, a-helices in proteins are short in length and stabilized by capping
boxes comprised of motifs that add extra stability not only to the a-helix but also to
the overall tertiary structure of a protein.”” ® Overall, the a-helical population of
peptides containing unmodified serine varied between 49.7% (residue 1) to 26.6%
(residue 10) indicating an overall range of a-helicity of 23.1% based on position.
Phosphoserine varied from 65.0% (residue 2) to 6.9% (residue 10), indicating an

overall range of 58.1%. Ser(OGIcNAc) varied from 50.6% (residue 1) to 25.3%
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(residue 5) indicating an overall range of a-helicity of 25.3%. All effects of these
PTMs were observed to be greater for threonine than serine, particularly for
GlcNAcylated peptides. The a-helical population of peptides containing unmodified
threonine varied between 46.1% (residue 1) to 17.9% (residue 5), indicating an overall
range of 28.2 % a-helicity whereas Thr(OGlcNAc) and phosphothreonine exhibited
ranges of 45.2% and 68.6%, respectively. Given that phosphorylation and
OGIcNAcylation are involved in regulating transcriptional activity and the role of o.-
helix recognition leading to transcriptional activity, these data suggest that these post-
translational modifications may play a large role in regulating transcriptional elements

via induction or disruption of a-helices, especially those which are marginally stable.®

9, 62-66
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Figure 1.17: Comparison of the effects of serine post-translational modifications as a
function of position: (top left) unmodified serine; (top right) SerOGIlcNAc; (bottom)
phosphoserine (pH 8.0). Red: modifications at residue 1; orange: residue 2; green:
residue 5; cyan: residue 10; blue: residue 14.
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Figure 1.18: Comparison of the effects of threonine PTMs as a function of position:
(top left) unmodified threonine; (top right) ThrOGIcNAc; (bottom) phosphothreonine
(pH 8.0). Red: modifications at residue 1; orange: residue 2; green: residue 5; cyan:
residue 10; blue: residue 14.

The overall effects observed for both phosphorylation and GlcNAcylation are
comparable to those observed for proline. On the N-terminus, proline stabilizes the o-

helix through a favorable capping interaction between its carbonyl and the i+4 amide
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proton, while lacking a free amide proton of its own.*' On internal positions, proline is
highly disruptive to the a-helix through both a steric clash with the i—1 residue as well
as termination of the amide backbone hydrogen bonding network due to lacking an

- 52-55
amide proton.

Interestingly, proline does not differentiate between internal
positions at residue 5 and 10, consistent with what others have observed.** The
discrepancy which phosphoserine and particularly phosphothreonine exhibits on c.-
helicity based on position originates from the ability of both phosphorylated residues
to strongly nucleate a-helices at their N-terminus. Proline does not strongly nucleate
a-helices in a similar manner to phosphorylated serine and threonine residue. These
differences lead to similar internal propensities of proline throughout the helix. Proline
is also destabilizing on the C-terminal position due to lacking an amide hydrogen
suitable for capping a free i-4 carbonyl. Together, these results suggest that both
phosphorylation and GlcNAcylation can act similar to proline, but as inducible start
and stop signals in a-helices.

The observed similar structural effects of phosphorylation and
OGIcNAcylation on a-helices stands in contrast to results from our group and others.
Li found that on the N-terminus of mER-B, OGlcNAcylation of Ser'® led to a type II
B-turn-like structure, whereas phosphorylation opposed this structure adopting a more
extended conformation.” Wong also found that OGIcNAcylation of threonine on the
CTD of RNA polymerase II induced a turn-like structure in model peptides
(YSPTSPS)." Others in our group found in the context of a polyproline helix that
phosphorylation and OGlcNAcylation have opposing structural effects as well;
phosphorylation favors polyproline helix, while OGlcNAcylation opposes it.'® The
context dependence of both OGIcNAcylation and phosphorylation on secondary

structure may be interpreted through their general mode of action. The stabilizing
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effects of OGIcNAcylation on the N-terminus could be due to free amide proton
capping interactions between the multiple alcohols on the sugar and amide hydrogen.
Alternatively, stabilization of the a-helix could be due to a decrease in entropic
penalties associated with a-helix formation from the induced conformational
restriction caused by the GIcNAc unit on serine or threonine, as observed in the
decrease in *Jy upon the addition of GIcNAc. On internal and C-terminal positions,
OGIcNAcylation is destabilizing to a-helix formation, most likely due to the sterics
caused by addition of a bulky sugar group. a-helices form a compact structure in
which sterically demanding residues are destabilizing due to steric clashes with
adjacent residues. Previous work performed in the context of polyproline helices
demonstrated that GIcNAcylation reinforced the inherent propensity of threonine and
serine in disfavoring polyproline helices (PPII).'” '*-%! On the N-terminus where
GlcNAcylation was stabilizing to o-helix, GIcNAcylation led to a decrease in *Jx
values, indicative of conformational restriction of the ¢ torsion angle. On all other
positions, GlcNAcylation was observed to be destabilizing. Although *J.x values on all
destabilizing positions were not obtained, ThrOGIcNAc on residue 14 was observed to
have a 3LN of 8.0 Hz, consistent with a more extended conformation here. These data
suggest that an increase in *J,y should also be observed for positions that disfavor o
helix formation. The observation that GIcNAcylation disfavors both a-helicity and
PPII suggests that the role of GIcNAc is significantly steric in nature and can favor
more extended conformations.

In contrast to GlcNAcylation, the primary mechanism of phosphorylation
appears to be dictated by stereoelectronic effects associated with the phosphate amide
hydrogen bond. Every phosphorylated residue in this study was observed to have a

dramatic downfield chemical shift of its amide proton, consistent with an intra-residue
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18,6770 The formation of this

phosphate-amide hydrogen bond, also observed by others.
hydrogen bond dictates that serine and particularly threonine adopt a highly
conformationally restricted structures. In every position, phosphorylation decreased
the *J.y of the serine or threonine residue (Table 1.44 and Table 1.53). In the context
of a-helices and polyproline structures (¢ in ideal structures are —57° and —75°,
respectively, for a-helix and PPII), the induction of conformational restriction and a
more compact ¢ would be favorable. However, as observed within a-helices, internal
phosphoserine and phosphothreonine are highly disruptive to a-helix, despite
maintaining a-helical values of ¢, due to the disruption of the hydrogem bonding of
the helix backbone. In contrast to a-helices, internal positions of polyproline helices
do not have these issues, as the amide hydrogens do not participate in secondary
structure stabilization. Conformational restriction, occupancy of the amide proton, and
electronic effects all must be considered when understanding the effects of
phosphoserine and phosphothreonine on secondary structure.

Interestingly, *J.x (ordering of structure), the amide hydrogen chemical shift,
and the Ha chemical shift of phosphorylated residues followed no consistent trend
relating to a-helicity (Figure 1.19). *J.y directly correlates to the ¢ torsion angle. A
decrease in 3.LN is indicative of conformational restriction and ordering. Both
phosphoserine and phosphothreonine exhibit >/, values that increase when a-helicity
decreases, as expected. A dramatic increase in 3.LN is observed for C-terminal
phosphorylated residues. For unknown reasons, the major outlier in this series is
phosphoserine at residue 10, which exhibits a particularly small *J.. Interestingly,
phosphoserine and phosphothreonine are divergent in the alpha proton chemical shift
at residue 2, with the serine alpha proton exhibiting a downfield chemical shift and

threonine exhibiting an upfield chemical shift. These data provide further evidence
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that the NMR data do not necessarily follow a-helical trends, and are strongly

associated with the significant local interactions of the phosphorylated residue.
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Figure 1.19: Summary of NMR data for peptides containing phosphothreonine (red

circles) and phosphoserine (blue squares). Top left: *Jx coupling constant as a
function of a-helical position. Top right: chemical shift of the threonine/serine alpha
proton as a function of a-helical position. Bottom: chemical shift of threonine/serine

amide hydrogen as a function of a-helical position.
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Phosphorylated residues on the N-terminus strongly stabilize the a-
helix. Greater stabilization was observed for phosphothreonine over phosphoserine
and for phosphorylation at residue 2 over residue 1. Indeed, within a-helices
phosphoserine and phosphothreonine most commonly occur on the N-terminus as
observed within high-resolution crystal structures in the Protein Data Bank (PDB)
(pSer: 1h4x, 2fwn, 3mkl1, 3q16, 2w5w, 2bik, 3f3z, 1mki, 3qic; pThr: 30t9, 4iza, 2ga3,
2jfl, 2w8d, 2wtv, 3u02). Although Doig suggested electrostatics as the primary
mechanism of a-helix stabilization by phosphorylation at the N-terminus, these
structures suggest a common a-helix capping motif based on multiple non-covalent
interactions (Figure 1.20)." The phosphate participates in an intra-residue hydrogen
bond with the amide proton on the phosphorylated residue, forming a seven-member
ring. This phosphate-amide intra-residue hydrogen bond caps its own amide and
polarizes the i—1 amide carbonyl, which is conjugated to the i residue phosphorylated
amide hydrogen. This polarizes has two effects: it strengthens the backbone hydrogen
bond between the i—1 carbonyl and the i+3 amide hydrogen while also inducing an
n—r* interaction between the oxygen’s lone pair electrons and the LUMO of the i
(phosphorylated residue) carbonyl.'® 7*"® This n—sn* interaction polarizes the i
(phosphorylated residue) carbonyl, strengthening the backbone hydrogen bond
between the i carbonyl and the i+4 amide proton. This structural model is also
consistent with the observed downfield acetyl chemical shifts (Table 1.57). The
greatest position for a-helix stabilization upon phosphorylation was observed to be at
residue 2."”*' We have demonstrated that phosphorylation induces a restricted
conformation of the phosphorylated residue, creating a more a-helical conformation
of ¢ torsion angle. This conformational restriction could act to organize the i-1

residue, decreasing the entropic penalty of a-helix formation. Alternatively, it may
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align the i-1 residue act more favorably in hydrogen bonding with an i+2 or i+3 amide

hydrogen.

Hydrogen
bond

=
=
=
-
=

Hydrogen bond
1.8A

Figure 1.20: Crystal structure of the N-terminus of an a-helix on B. subtilis
lipoteichoic acid synthase, 2.35 A resolution, residues 296-301 (pdb 2w8d).
Phosphate-amide hydrogen bonds indicated with black dashed lines; the n—m*
interaction is indicated with a red dashed line.
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Herein, I have conducted a rigorous examination of the effects of
phosphorylation and OGlcNAcylation of threonine and serine on the stability and
structure of a-helices. In general, I have found that the structural effects are
qualitatively similar, with both phosphorylation and OGlcNAcylation stabilizing the
a-helix on N-terminal positions, while destabilizing the a-helix on internal and C-
terminal positions. Greater structural effects were observed for modifications on
threonine over serine, for phosphorylation over OGlcNAcylation, and for the dianionic
phosphate over the monoanionic phosphate. These data indicates that both
phosphorylation and OGlcNAcylation can act as inducible start and stop signals in a-
helices. Across all peptides, phosphorylation induced a large downfield chemical shift
of the amide proton, consistent with an intra-residue phosphate-amide hydrogen bond.
This hydrogen bond may be the proper context in which to interpret the effects of

phosphorylation of serine and threonine residues on secondary structure.
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Experimental

Materials

Fmoc-L-amino acids were purchased from Chem-Impex (Wood Dale, IL) or
Novabiochem (San Diego, CA). O-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU), Rink amide resin (loading capacity of 0.37 mmol/g),
and diisopropylethylamine (DIPEA) were purchased from Chem-Impex. 1,2-
Ethanedithiol (EDT) was purchased from TCI America (Portland, OR). Trifluoroacetic
acid (TFA), triethylsilane (TES), phenol, thioanisole, N, N -diisopropylcarbodiimide
(DIC), and tetrazole were purchased from Acros. Boron trifluoride diethyl etherate
(BF;3*OEt,) and piperidine were purchased from Aldrich. Acetonitrile (MeCN)),
methylene chloride (CH,Cl,), methanol (MeOH), chloroform (CHCls),
tetrahydrofuran (THF), dimethylformamide (DMF), pyridine, diethyl ether (Et,0),
sodium chloride, acetic acid, and acetic anhydride were purchased from Fischer. 3-p-
Glucosamine pentaacetate (Ac;O-GlcNAc), 2,2,2-trifluoroethanol (TFE), and O,O -
dibenzyl-N, N-diisopropylphosphoramidite was purchased from Alfa Aesar. Antarctic
phosphatase was purchased from New England BioLabs (Ipswich, MA). Deionized
water was purified by a Milipore Synergy 185 water purification system with a

Simpak?2 cartridge.
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Phosphorylation of serine/threonine on peptides on solid phase

HO__ .R 1.2% TFA, 5% TES, 93% CH,Cl, #03PO__ R
2. 3% Tetrazole,
RN\N Re O,0*dibenzyl-N,N-diisopropylphosphoramidite_ RN‘\Njﬁ(RC
H 3. 3 M #-Butyl hydroperoxide, CH,Cl, H

0 @)

4. TFA cleavage/deprotection

Figure 1.21: Scheme for the chemical phosphorylation of peptides on resin and
subsequent cleavage/deprotection. R = CHj (Thr) or R = H (Ser).

Trityl-protected serine/threonine residues were incorporated at intended
sites of chemical phosphorylation to allow for selective modification of the peptides
on resin. The resin was swelled in CH,Cl in a fritted reaction vessel for 45 minutes.
Trityl deprotection was effected using a solution of 2% TFA, 5% TES, and 93%
CHxCl; (3%3 mL, 1 minute each), followed by washing of the resin with CH,Cl,. To
the resin was added 3 mL of 3% tetrazole solution in MeCN (1.35 mmol) and 500 pL.
of 0,0 ’-dibenzyl-N, N-diisopropylphosphoramidite (1.52 mmol). The phosphitylation
reaction was allowed to mix for 6 hours. The resin was then washed with DMF (3x3
mL) and CH,Cl; (3%3 mL). The resin was then treated with 4 mL of 3 M tert-butyl
hydroperoxide in CH,Cl, for 1 hour, after which it was washed with DMF (3x3 mL),
MeOH (3%3 mL), and CH,Cl, (3%x3 mL). The resin was dried after washing with
diethyl ether. The phosphorylated peptide was then subjected to cleavage from the
resin and deprotection using reagent K (84% TFA and 4% each of
H,0O/phenol/thioanisole/ethanedithiol) or 92.5% TFA/5% TES/2.5% H,O for 3 hours.

56



Synthesis of Fmoc-Ser(Ac;O-GlcNAc)-OH and Fmoc-Thr(Ac;O0-GleNAc)-OH

A
/OAc OAc OAc

Aﬁ?m/om BFyOEt, Ay&.ﬁg\ DIPEA, Fmoc-X(OH)-OH, Oxazoline Ag\QM/o R
ACHN CH,Cl, 01035 °C, 24 . NYO 2:1 CH,CI,:;MeCN, 0 Cto rt, 96 h AGHN l

FmocHN™ “COOH

Figure 1.22: Synthesis of peracetylated 2-acetamido-2-deoxy-p-D-glycosides of
Fmoc-Thr-OH (R = CH3) and Fmoc-Ser-OH (R = H).

To a vacuum-dried mixture of B-D-Glucosamine pentaacetate (1.92 g,
2.5 mmol) and 4 A molecular sieves was added CH,Cl, (32 mL). At 0 °C, BF3*OEt;
(1.6 mL, 15.3 mmol) was added dropwise. The solution was then heated at 35 °C for
24 hours with the reaction monitored by TLC (10% MeOH/CHCIs) and visualized
using cerium molybdate. When formation of the oxazoline was complete, the reaction
was cooled to 0 °C and DIPEA (800 pL, 4.6 mmol) was added dropwise over 5
minutes. The solution was then warmed to room temperature and was allowed to react
for an additional 10 minutes. Fmoc-L-Thr(OH)-OH (1.73 g, 5.08 mmol) or Fmoc-L-
Ser(OH)-OH (1.66 g, 5.08 mmol) was dissolved in 18 mL of 2:1 CH,Cl,:MeCN and
added to the solution. After 24 hours, a second batch of the oxazoline was added to the
solution and the combined solution allowed to react for an additional 72 hours. The
solution was then diluted with 80 mL CH,Cl, and filtered through Celite. The solution
was washed with saturated Na,CO; (100 mL) and brine (100 mL). The aqueous layers
were combined and extracted with CH,Cl, (3%x50 mL). The organic layers were
combined, dried over sodium sulfate, and the solvent removed under reduced
pressure.’' The crude mixture was then purified via flash column chromatography

(S102; 100% EtOAc, followed by a series of mixtures composed of
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EtOAc/MeCN/MeOH/H,0 with relative volumes of 70/2.5/1.25/1.25, followed by
70/5/2.5/2.5, then 70/10/5/5).” Isolated products were dried over sodium sulfate and
concentrated under reduced pressure. Fmoc-L-Thr(Ac;O-GIlcNAc)-OH was obtained
as a white solid (1.10 g) in 32% isolated yield. Fmoc-L-Ser(Ac;O-GIlcNAc)-OH was
obtained as a white solid (1.36 g) in 40% isolated yield. Product identity was

confirmed via comparison to previously reported NMR data.”

Synthesis and characterization data for all peptides

Peptides were synthesized on a Rainin PS3 peptide synthesizer on Rink amide
resin via standard Fmoc solid phase peptide synthesis, using HBTU as a coupling
reagent for all canonical amino acids, and using HATU for all glycosylated amino
acids. 60 minute couplings were performed with 4 equivalents of canonical amino
acids. Glycosylated amino acids were coupled twice for 3 hours each using 1.5
equivalents of amino acid. All non-glycosylated peptides were acetylated on the N-
terminus using 5% acetic anhydride in pyridine. Glycosylated peptides were acetylated
using 1:1 0.5 M DIC:acetic acid in THF for 1 hour. All peptides contain a C-terminal
amide.

Non-glycosylated peptides were subjected to cleavage from resin and
deprotection for 3 hours using reagent K (84% TFA and 4% each of
H,O/phenol/thioanisole/ethanedithiol) or a solution of 92.5% TFA, 5% TES, and 2.5%
H,O. Glycosylated peptides were subjected to cleavage from resin and deprotection
for 90 minutes using a solution of 92.5% TFA, 5% TES, and 2.5% H,O. TFA was
removed by evaporation. Peptides were precipitated with cold ether and the precipitate

was dried. The peptides were dissolved in water, then filtered through a 0.45 pm
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syringe filter. The peptides were purified using reverse phase HPLC on a Vydac C18

semi-preparative column (250 x 10 mm, 5-10 pm particle, 300 A pore) or on a Varian

Microsorb MV C18 analytical column (250 x 4.6 mm, 3-5 pm particle, 100 A pore)

using a linear gradient of buffer B (20% water, 80% MeCN, and 0.05% TFA) in buffer

A (98% water, 2% MeCN, and 0.06% TFA). Dried Acylated O-GlcNAcylated

peptides were subjected to deesterification by adding 1.4 mL of a solution of 25 mM

NaOMe in methanol and allowed to react for 2 hours. The solutions were then

neutralized with 35 pL of 1 M AcOH, lyophilized, and purified on HPLC. Peptide

purity was verified via the observation of a single peak upon reinjection on an

analytical HPLC column. Peptides were characterized by ESI-MS (positive ion mode)

on an LCQ Advantage (Finnigan) or Shimadzu mass spectrometer.

Table 1.17:  Purification procedure for synthetic peptides.

Peptide sequence

Peptide purification

tr

Ac-SerKAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 44.3 min
Ac-Ser(Ac;0GIcNAc)KAAAAKAAAAKAAGY-NH, | 0-30% buffer B in buffer A over 60 minutes 49.6 min
Ac-Ser(OGIcNAc)KAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 48.4 min
Ac-Ser(OPO5 )KAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 48.4 min
Ac-ThriKAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 48.1 min
Ac-Thr(Ac;0GIcNAc)KAAAAKAAAAKAAGY-NH, | 0-30% buffer B in buffer A over 60 minutes 51.0 min
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 50.5 min
Ac-Thr(OPO5* )KAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 51.5 min
Ac-ASerAAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 57.1 min
Ac-ASer(OPO5” )AAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 51.7 min
Ac-AThrAAAAKAAAAKAAGY-NH, 0-30% buffer B in buffer A over 60 minutes 50.2 min
Ac-AThr(OPOs” )AAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 54.9 min
Ac-AKAASerAKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 53.1 min
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Ac-AKAASer(Ac;0GIcNAc)AKAAAAKAAGY-NH, | 0-25% buffer B in buffer A over 60 minutes 55.5 min
Ac-AKAASer(OGIcNAc)AKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 54.1 min
Ac-AKAASer(OPO; )AKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 49.1 min
Ac-AKAAThrAKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 55.8 min
Ac-AKAAThr(Ac;0GIcNAc)AKAAAAKAAGY-NH, | 0-25% buffer B in buffer A over 60 minutes 54.8 min
Ac-AKAAThr(OGIcNAc)AKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 46.6 min
Ac-AKAAThr(OPO; )AKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 53.2 min
Ac-AKAAAAKAASerAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 52.1 min
Isocratic 100% buffer A over 10 minutes followed by
Ac-AKAAAAKAASer(OPO;* )AKAAGY-NH, a linear gradient of 0-20% buffer B in buffer A over 50.6 min
an additional 50 minutes
Isocratic 100% buffer A over 10 minutes followed by
Ac-AKAAAAKAAThrAKAAGY-NH, a linear gradient of 0-20% buffer B in buffer A over 49.2 min
an additional 50 minutes
Isocratic 100% buffer A over 10 minutes followed by
Ac-AKAAAAKAAThr(OPOf')AKAAGY-NHz a linear gradient of 0-20% buffer B in buffer A over 47.7 min
an additional 50 minutes
Ac-YGAKAAAAKAAAAKASer-NH, 0-20% buffer B in buffer A over 60 minutes 53.6 min
Ac-YGAKAAAAKAAAAKASer(Ac;0GIcNAc)-NH, | 0-30% buffer B in buffer A over 60 minutes 48.8 min
Ac-YGAKAAAAKAAAAKASer(OGIcNAc)-NH, 0-20% buffer B in buffer A over 60 minutes 52.3 min
Isocratic 100% buffer A over 10 minutes followed by
Ac-YGAKAAAAKAAAAKA Ser(OPOs")-NH, a linear gradient of 0-20% buffer B in buffer A over 51.9 min
an additional 50 minutes
Ac-YGAKAAAAKAAAAKAThr-NH, 0-20% buffer B in buffer A over 60 minutes 59.6 min
Ac-YGAKAAAAKAAAAKAThr(Ac;0GIcNAc)-NH, | 0-25% buffer B in buffer A over 60 minutes 55.3 min
Ac-YGAKAAAAKAAAAKAThr(OGIcNAc)-NH, 0-20% buffer B in buffer A over 60 minutes 54.4 min
Ac-YGAKAAAAKAAAAKA Thr(OPOs7)-NH, 0-20% buffer B in buffer A over 60 minutes 50.9 min
Ac-Prok AAAAKAAAAKAAGY-NH, 0-25% buffer B in buffer A over 60 minutes 51.3 min
Ac-AProAAAAKAAAAKAAGY-NH, 0-30% buffer B in buffer A over 60 minutes 52.5 min
Isocratic 100% buffer A over 20 minutes followed by
Ac-AKAAProAKAAAAKAAGY-NH, a linear gradient of 0-20% buffer B in buffer A over 57.3 min
an additional 40 minutes
Isocratic 100% buffer A over 20 minutes followed by
Ac-AKAAAAKAAProAKAAGY-NH, a linear gradient of 0-20% buffer B in buffer A over 50.3 min
an additional 40 minutes
Ac-YGAKAAAAKAAAAKAPro-NH, 0-20% buffer B in buffer A over 60 minutes 54.2 min
Ac-AKAAAAKAAAAKAAGY-NH, 0-20% buffer B in buffer A over 60 minutes 59.5 min
Ac-AAAAAAKAAAAKAAGY-NH, 0-30% buffer B in buffer A over 60 minutes 54.1 min
Ac-A(Aib)AAAAKAAAAKAAGY-NH, 0-35% buffer B in buffer A over 60 minutes 51.5 min
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Table 1.18:  Characterization data for synthetic peptides.

Peptide sequence Calculated mass Observed mass

Ac-SerKAAAAKAAAAKAAGY-NH, 1460.8 731.6 (M+2H)™
Ac-Ser(Ac;0GIcNAc)KAAAAKAAAAKAAGY-NH, 1788.9 896.1 (M+2H)*
Ac-Ser(OGIcNAc)KAAAAKAAAAKAAGY-NH, 1662.9 832.9 (M+2H)*
Ac-Ser(OPO;" )KAAAAKAAAAKAAGY-NH, 1540.6 771.6 (M+2H)*
Ac-ThriKAAAAKAAAAKAAGY-NH, 1474.8 738.6 (M+2H)™
Ac-Thr(Ac;0GIcNAc)KAAAAKAAAAKAAGY-NH, 1803.9 903.1 (M+2H)*
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH, 1677.9 840.0 (M+2H)*
Ac-Thr(OPOs" )KAAAAKAAAAKAAGY-NH, 1554.7 778.6 (M+2H)*>
Ac-ASerAAAAKAAAAKAAGY-NH, 1403.8 703.2 (M+2H)*>
Ac-ASer(OPO;" )AAAAKAAAAKAAGY-NH, 1483.7 7431 (M+2H)*
Ac-AThrAAAAKAAAAKAAGY-NH, 1417.8 710.2 (M+2H)*>
Ac-AThr(OPO;" )AAAAKAAAAKAAGY-NH, 1497.3 750.1 (M+2H)*
Ac-AKAASerAKAAAAKAAGY-NH, 1460.8 731.6 (M+2H)™
Ac-AKAASer(Ac;0GIcNAc)AKAAAAKAAGY-NH, 1788.9 896.2 (M+2H)*
Ac-AKAASer(OGIcNAc)AKAAAAKAAGY-NH, 1662.9 833.2 (M+2H)™
Ac-AKAASer(OPO;” )AKAAAAKAAGY-NH, 1540.6 771.6 (M+2H)**
Ac-AKAAThrAKAAAAKAAGY-NH, 1474.8 738.7 (M+2H)™
Ac-AKAAThr(Ac;0GIcNAc)AKAAAAKAAGY-NH, 1803.9 903.4 (M+2H)*
Ac-AKAAThr(OGIcNAc)AKAAAAKAAGY-NH, 1677.9 840.2 (M+2H)*
Ac-AKAAThr(OPO;" )AKAAAAKAAGY-NH, 1554.8 778.7 (M+2H)*
Ac-AKAAAAKAASerAKAAGY-NH, 1460.8 731.7 (M+2H)*
Ac-AKAAAAKAASer(OPO; " )AKAAGY-NH, 1540.6 771.5 (M+2H)*
Ac-AKAAAAKAAThrAKAAGY-NH, 1474.8 738.6 (M+2H)™
Ac-AKAAAAKAAThr(OPO; " )AKAAGY-NH, 1554.8 778.7 (M+2H)*
Ac-YGAKAAAAKAAAAKASer-NH,» 1460.8 731.7 (M+2H)*
Ac-YGAKAAAAKAAAAKASer(Ac;0GIcNAc)-NH, 1788.9 896.3 (M+2H)*
Ac-YGAKAAAAKAAAAKASer(OGIcNAc)-NH, 1662.9 833.1 (M+2H)*>
Ac-YGAKAAAAKAAAAKASer(OPO5”)-NH, 1540.6 771.7 (M+2H)*
Ac-YGAKAAAAKAAAAKAThr-NH, 1475.7 738.7 (M+2H)™
Ac-YGAKAAAAKAAAAKAThr(Ac;0GIcNAc)-NH, 1803.9 903.3 (M+2H)*
Ac-YGAKAAAAKAAAAKAThr(OGIcNAc)-NH, 1677.9 840.1 (M+2H)*
Ac-YGAKAAAAKAAAAKA Thr(OPO5”)-NH, 1554.8 778.7 (M+2H)*
Ac-ProKAAAAKAAAAKAAGY-NH, 1470.8 736.7 (M+2H)™
Ac-AProAAAAKAAAAKAAGY-NH, 1414.7 708.2 (M+2H)*
Ac-AKAAProAKAAAAKAAGY-NH, 1493.8 736.7 (M+2H)™
Ac-AKAAAAKAAProAKAAGY-NH, 1493.9 736.6 (M+2H)*
Ac-YGAKAAAAKAAAAKAPro-NH, 1470.8 736.7 (M+2H)™
Ac-AKAAAAKAAAAKAAGY-NH, 1444.8 723.8 (M+2H)*
Ac-AAAAAAKAAAAKAAGY-NH, 1387.8 695.1 (M+2H)*>
Ac-A(Aib)AAAAKAAAAKAAGY-NH, 1401.8 702.2 (M+2H)*

Circular dichroism (CD) spectroscopy

CD spectra were collected on a Jasco J-810 Spectropolarimeter in a 1 mm cell
at 0.5 °C unless otherwise indicated. The concentrations of the peptides were

determined by UV absorption using ;50 = 1280 M"'cm™ for tyrosine. Peptide
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concentrations were 80 to 100 uM in in 10 mM aqueous phosphate buffer (pH 4.0, 7.0
or 8.0) with 25 mM KF. The pH of each individual solution was recorded and adjusted
to the indicated pH using dilute HCI or NaOH as necessary. Individual scans were
made at 1 nm intervals with 2 nm bandwidth and an averaging time of 4 s. Data are the
average of at least three independent trials. Data were background corrected but were
not smoothed. Error bars indicate standard error. Percent a-helix was calculated using
a method from Baldwin where %Helix = 100*(([0]222 — [0]c)/([0]a — [O]c), where [0]c
= mean residue ellipticity at 222 nm of 100% random coil = 2220 — 537, [0]y = mean
residue ellipticity at 222 nm of 100% o-helix = (—44000 +2507)/(1 — 3/n), T =

temperature in °C (0.5), and » = number of residues (16).

Peptide [0]220 [6]208 [06]100  [6]220/[0]208  —[0]190/[0]a0s % Helix
Ac-SerKAAAAKAAAAKAAGY-NH, -16621 -16434 32243 1.01 1.96 49.7
Ac-Ser(OGIcNAc)KAAAAKAAAAKAAGY-NH, -16944 -16358 35272 1.04 2.16 50.6
Ac-Ser(OPO3;H )KAAAAKAAAAKAAGY-NH, -17030 -16635 33901 1.02 2.04 50.8
Ac-Ser(OPO5 )KAAAAKAAAAKAAGY-NH, -19993 -18384 42092 1.09 2.29 58.6
Ac-ThrKAAAAKAAAAKAAGY-NH, -14863 -15423 27161 0.96 1.76 45.1
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH, -17267 -17120 32808 1.01 1.92 51.4
Ac-Thr(OPO3;H )KAAAAKAAAAKAAGY-NH, -16661 -15997 33161 1.04 2.07 49.8
Ac-Thr(OPO5* )KAAAAKAAAAKAAGY-NH, -20495 -18290 43519 1.12 2.38 60.0
Ac-ASerAAAAKAAAAKAAGY-NH, -16650 -16246 32311 1.02 1.99 49.8
Ac-ASer(OPO;H )AAAAKAAAAKAAGY-NH, -19142 17756 39137 1.08 2.20 56.4
Ac-ASer(OPOs” )AAAAKAAAAKAAGY-NH, -22401 -19376 47754 1.16 2.46 65.0
Ac-AThrAAAAKAAAAKAAGY-NH, -15248 -15328 29238 0.99 1.91 46.1
Ac-AThr(OPO;H )AAAAKAAAAKAAGY-NH, -19076 -17383 34079 1.10 1.96 56.2
Ac-AThr(OPOs” )AAAAKAAAAKAAGY-NH, -23977 -20776 50682 1.15 2.44 69.2
Ac-AKAASerAKAAAAKAAGY-NH, -9489 -12001 13623 0.79 1.14 30.9
Ac-AKAASer(OGIcNAc)AKAAAAKAAGY-NH, -7362 -10510 9108 0.70 0.87 25.3
Ac-AKAASer(OPO;H )AKAAAAKAAGY-NH, -5233 -8782 3170 0.60 0.36 19.6
Ac-AKAASer(OPO;” )AKAAAAKAAGY-NH, -5019 -9115 25 0.55 0.00 19.1
Ac-AKAAThrAKAAAAKAAGY-NH, -4593 -8386 727 0.55 0.09 17.9
Ac-AKAAThr(OGIcNAc)AKAAAAKAAGY-NH, -145 -6835 -14035 0.02 -2.05 6.2
Ac-AKAAThr(OPO;H )AKAAAAKAAGY-NH, -1868 -6555 -5647 0.28 -0.86 10.7
Ac-AKAAThr(OPOs” )AKAAAAKAAGY-NH, -2742 -8292 -6777 0.33 -0.82 13.0
Ac-AKAAAAKAASerAKAAGY-NH, -7883 -11530 8113 0.68 0.70 26.6
Ac-AKAAAAKAASer(OPO;H )AKAAGY-NH, -2936 -8145 -5752 0.36 -0.71 13.6
Ac-AKAAAAKAASer(OPO;* )AKAAGY-NH, -431 -6789 -14930 0.06 -2.20 6.9

62



Ac-AKAAAAKAAThrAKAAGY-NH;
Ac-AKAAAAKAAThr(OPO;H )AKAAGY-NH,
Ac-AKAAAAKAAThr(OPO;”")AKAAGY-NH,

Ac-YGAKAAAAKAAAAKASer-NH;
Ac-YGAKAAAAKAAAAKASer(OGIcNAc)-NH,
Ac-YGAKAAAAKAAAAKASer(OPO;H )-NH,
Ac-YGAKAAAAKAAAAKASer(OPO5*)-NH,

Ac-YGAKAAAAKAAAAKAThr-NH,
Ac-YGAKAAAAKAAAAKAThr(OGIcNAc)-NH,
Ac-YGAKAAAAKAAAAKAThr(OPO;H )-NH,
Ac-YGAKAAAAKAAAAKA Thr(OPO5*)-NH,

Ac-AKAAAAKAAAAKAAGY-NH,
Ac-AAAAAAKAAAAKAAGY-NH;
Ac-A(Aib)AAAAKAAAAKAAGY-NH;

Ac-ProKAAAAKAAAAKAAGY-NH,
Ac-AProAAAAKAAAAKAAGY-NH,
Ac-AKAAProAKAAAAKAAGY-NH,
Ac-AKAAAAKAAProAKAAGY-NH,
Ac-YGAKAAAAKAAAAKAPro-NH,

30 % TFE

Ac-AThr(OPO;)AAAAKAAAAKAAGY-NH,
Ac-AKAAAAKAAThr(OPO;”")AKAAGY-NH,

-6020
382
1967

-11375
-8461
-5630
-3734

-9190
-6685
-4984
-3417

-16325
-21448
-21688

-12026
-10462
1147
1261
-5527

-25994
-2346

-10003
-5396
-5542

-13477
-11840
-9603
-8814

-12024
-11064
-9420
-8524

-16775
-19855
-20180

-13891
-11395
-7230
-7756
-10737

-23478
-7823

3732
-13528
-18077

20103
12910
4445
-2015

13630
5746
1437

-2248

30780
44597
39844

16191
11687
-16913
-17185
3261

54742
-3311

0.60
-0.07
-0.35

0.84
0.71
0.59
0.42

0.76
0.60
0.53
0.40

0.97
1.08
1.07

0.87
0.92
-0.16
-0.16
0.51

1.1
0.30

0.37
-2.51
-3.26

1.49
1.09
0.46
-0.23

1.13
0.52
0.15
-0.26

1.83
2.25
1.97

1.17
1.03
-2.34
-2.22
0.30

2.33
-0.42

21.7
4.8
0.6

35.9
28.2
20.7
15.7

30.1
23.5
19.0
14.8

48.9
62.5
63.1

37.6
33.4
2.8
2.5
20.4

74.5
12.0

Table 1.19:  Summary of CD data for all peptides. CD data were collected at 0.5 °C
with 80-100 uM peptide in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with
25 mM KF. “n.a. = no local maximum or minimum was observed.

A at A at A at local
local [6]min, local [6]min, local [B]maxs
[6]min, deg cm® [6]min, deg cm® [O]max, deg cm®
Peptide nm dmol™ nm dmol™ nm dmol™
Ac-SerKAAAAKAAAAKAAGY-NH, 221 -16668 208 -16230 192 33258
Ac-Ser(OGIcNAc)KAAAAKAAAAKAAGY-NH, 221 -17047 209 -16377 191 36196
Ac-Ser(OPO3;H )KAAAAKAAAAKAAGY-NH, 221 -17335 208 -16635 192 35986
AC-Ser(OPO32_)KAAAAKAAAAKAAGY-NHg 221 -20480 209 -18582 192 44154
Ac-ThiKAAAAKAAAAKAAGY-NH, 221 -14891 207 -15474 191 28123
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH, 221 -17328 208 -17120 191 33681
Ac-Thr(OPO3;H )KAAAAKAAAAKAAGY-NH, 221 -16741 208 -15997 192 35156
Ac- Thr(OPOf')KAAAAKAAAAKAAGY-NH2 221 -20571 209 -18538 192 45696
Ac-ASerAAAAKAAAAKAAGY-NH, 221 -16684 208 -16246 192 33618
Ac-ASer(OPO;H )AAAAKAAAAKAAGY-NH, 221 -19112 209 -17823 191 40473
AC-ASeI’(OPng_)AAAAKAAAAKAAGY-NHg 221 -22466 210 -19731 192 50364
Ac-AThrAAAAKAAAAKAAGY-NH, 221 -15313 208 -15328 191 30423
Ac-AThr(OPO;H )AAAAKAAAAKAAGY-NH, 221 -19143 209 -17595 192 38407
Ac-A Thr(OPO;,z')AAAAKAAAAKAAGY-NHg 221 -24362 210 -21449 192 53581
Ac-AKAASerAKAAAAKAAGY-NH, 222 -9489 205 -13024 191 13649
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Ac-AKAASer(OGIcNAc)AKAAAAKAAGY-NH,
Ac-AKAASer(OPO;H )AKAAAAKAAGY-NH,
Ac-AKAASer(OPO;" )AKAAAAKAAGY-NH,

Ac-AKAAThrAKAAAAKAAGY-NH;
Ac-AKAAThr(OGIcNAc)AKAAAAKAAGY-NH,
Ac-AKAAThr(OPO;H )AKAAAAKAAGY-NH,
Ac-AKAAThr(OPO; )AKAAAAKAAGY-NH,

Ac-AKAAAAKAASerAKAAGY-NH;
Ac-AKAAAAKAASer(OPO;H )AKAAGY-NH,
Ac-AKAAAAKAASer(OPO;”")AKAAGY-NH,

Ac-AKAAAAKAAThrAKAAGY-NH;
Ac-AKAAAAKAAThr(OPO;H )AKAAGY-NH,
Ac-AKAAAAKAAThr(OPO;”")AKAAGY-NH,

Ac-YGAKAAAAKAAAAKASer-NH;
Ac-YGAKAAAAKAAAAKASer(OGIcNAc)-NH,
Ac-YGAKAAAAKAAAAKASer(OPO;H )-NH,
Ac-YGAKAAAAKAAAAKASer(OPO5*)-NH,

Ac-YGAKAAAAKAAAAKAThr-NH,
Ac-YGAKAAAAKAAAAKAThr(OGIcNAc)-NH,
Ac-YGAKAAAAKAAAAKAThr(OPO;H )-NH,
Ac-YGAKAAAAKAAAAKA Thr(OPO;*)-NH,

Ac-AKAAAAKAAAAKAAGY-NH,
Ac-AAAAAAKAAAAKAAGY-NH;
Ac-A(Aib)AAAAKAAAAKAAGY-NH;

Ac-ProKAAAAKAAAAKAAGY-NH,
Ac-AProAAAAKAAAAKAAGY-NH,
Ac-AKAAProAKAAAAKAAGY-NH,
Ac-AKAAAAKAAProAKAAGY-NH,
Ac-YGAKAAAAKAAAAKAPro-NH,

30 % TFE

Ac-AThr(OPO;)AAAAKAAAAKAAGY-NH,
Ac-AKAAAAKAAThr(OPO;”")AKAAGY-NH,

222
222
223

222
n.a.
223
224
221

224
231

222
n.a.
n.a.

221
221
222
222

221
220
222
222

221
221
221

221
222
n.a.
n.a.
221

221
200

-7362
-5233
-5023

-4593

n.a.
-1914
-2837

-7895
-2921
-643

-6020
n.a.
n.a.

-11435
-8533
-5630
-3734

-9211
-6770
-4984
-3417

-16343
-16343
-14528

-12072
-10463
n.a.
n.a.
-5596

-26121
-14491

205
199
199

202
197
199
200

204
200
198

203
197
197

208
205
203
201

205
203
202
201

207
207
209

206
206
197
197
203

210
n.a.

-12242
-14689
-16939

-12425
-22764
-14689
-17019

-13506
-16446
-23248

-13174
-21024
-26722

-13477
-12940
-12376
-14623

-12930
-13784
-13082
-14553

-16778
-16778
-13279

-14191
-11951
-24321
-25830
-13728

-24309
n.a.

190
n.a.
n.a.

190
218
n.a.
n.a.

n.a.
216
218

190
218
219

191
190
190
n.a.

190
190
190
n.a.

191
191
193

191
191
220
221
217

193
190

9108
n.a.
n.a.

727

25
n.a.
n.a.

n.a.
-2611
95

3732
612
2161

20119
12910
4445
n.a.

13630
5746
1437

n.a.

31845
31845
31550

16379
11706
1264
1329
-5501

58778
-3311

Table 1.20:  Summary of CD data for all peptides. CD data were collected at 0.5 °C
with 80-100 uM peptide in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with
25 mM KF. “n.a. = no local maximum or minimum was observed.
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CD spectroscopy under standard conditions

Ac-SKAAAAKAAAAKAAGY-NH , Ac-S(OGIcNAC)KAAAAKAAAAKAAGY-NH
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Figure 1.22: CD spectra of peptides with serine and serine modifications at residue
1. Top: CD spectra of Ac-SKAAAAKAAAAKAAGY-NH; (left) and Ac-
S(OGIcNAc)KAAAAKAAAAKAAGY-NH; (right); peptides were dissolved in 10
mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectrum of
Ac-S(OPO3;H )AKAAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH
4.0) containing 25 mM KF. Bottom right: CD spectrum of Ac-

S(OPO;" ) KAAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Ac-TKAAAAKAAAAKAAGY-NH . Ac-T(OGIcNAC)KAAAAKAAAAKAAGY-NH )
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Figure 1.23: CD spectra of peptides with threonine and threonine modifications at
residue 1. Top: CD spectra of Ac-TKAAAAKAAAAKAAGY-NH; (left) and Ac-
T(OGIcNAc) KAAAAKAAAAKAAGY-NH; (right); peptides were dissolved in 10
mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectrum of
Ac-T(OPO3;H )AKAAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH
4.0) containing 25 mM KF. Bottom right: CD spectrum of Ac-

T(OPO;" ) KAAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Ac-ASAAAAKAAAAKAAGY-NH 2 Ac- AS(OPO H )AAAAKAAAAKAAGY -NH,
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Figure 1.24: CD spectra of peptides with serine and serine modifications at residue
2.Top left: CD spectrum of Ac-ASAAAAKAAAAKAAGY-NH; in 10 mM
phosphate buffer (pH 7.0) containing 25 mM KF. Top right: CD spectrum of Ac-
AS(OPO3;H )AAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 4.0)
containing 25 mM KF. Bottom middle: CD spectrum of Ac-

AS(OPO3; ) AAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Figure 1.25: CD spectra of peptides with threonine and threonine modifications at
residue 2. Top left: CD spectrum of Ac-ATAAAAKAAAAKAAGY-NH; in 10 mM
phosphate buffer (pH 7.0) containing 25 mM KF. Top right: CD spectrum of Ac-
AT(OPOsH ) AAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 4.0)
containing 25 mM KF. Bottom left: CD spectrum of Ac-
AT(OPO;")AAAAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Ac-AKAASAKAAAAKAAAAKAAGY-NH , Ac-AKAAS(OGICNAC)AKAAAAKAAGY-NH,,
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Figure 1.26: CD spectra of peptides with serine and serine modifications at residue
5. Top: CD spectra of Ac-AKAASAKAAAAKAAGY-NH; (left) and Ac-
AKAAS(OGIcNAc)AKAAAAKAAGY-NH; (right); peptides were dissolved in 10
mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectrum of
Ac-AKAAS(OPO;H )AAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH
4.0) containing 25 mM KF. Bottom right: CD spectrum of Ac-
AKAAS(OPO;" ) AAKAAAAKAAGY-NH, in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Figure 1.27: CD spectra of peptides with threonine and threonine modifications at
residue 5. Top: CD spectra of AccAKAATAKAAAAKAAGY-NH; (left) and Ac-
AKAAT(OGIcNAc)AKAAAAKAAGY-NH; (right); peptides were dissolved in 10
mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectrum of
Ac-AKAAT(OPO3;H )AAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH
4.0) containing 25 mM KF. Bottom right: CD spectrum of Ac-
AKAAT(OPO;* ) AAKAAAAKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Figure 1.28: CD spectra of peptides with serine and serine modifications at residue
10.Top left: CD spectrum of Ac-AKAAAAKAASAKAAGY-NH; in 10 mM

phosphate buffer (pH 7.0) containing 25 mM KF. Top right: CD spectrum of Ac-

AKAAAAKAAS(OPOs;H )AKAAGY-NH; in 10 mM phosphate buffer (pH 4.0)
containing 25 mM KF. Bottom middle: CD spectrum of Ac-

AKAAAAKAAS(OPO3;* ) AKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)

containing 25 mM KF.
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Figure 1.29: CD spectra of peptides with threonine and threonine modifications at
residue 10. Top left: CD spectrum of AccAKAAAAKAATAKAAGY-NH; in 10 mM
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phosphate buffer (pH 7.0) containing 25 mM KF. Top right: CD spectrum of Ac-
AKAAAAKAAT(OPOs;H )AKAAGY-NH; in 10 mM phosphate buffer (pH 4.0)
containing 25 mM KF. Bottom middle: CD spectrum of Ac-

AKAAAAKAAT(OPO;*)AKAAGY-NH; in 10 mM phosphate buffer (pH 8.0)

containing 25 mM KF.



Ac-YGAKAAAAKAAAAKAS-NH, Ac-YGAKAAAAKAAAAKAS(OGICNAC)-NH,
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Figure 1.30: CD spectra of peptides with serine and serine modifications at residue
14. Top: CD spectra of Ac-YGAKAAAAKAAAAKAS-NH; (left) and Ac-
YGAKAAAAKAAAAKAS(OGIcNAc)-NH; (right); peptides were dissolved in 10
mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectrum of
Ac-YGAKAAAAKAAAAKAS(OPO;sH )-NH; in 10 mM phosphate buffer (pH 4.0)
containing 25 mM KF. Bottom right: CD spectrum of Ac-
YGAKAAAAKAAAAKAS(OPO;3*)-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Figure 1.31: CD spectra of peptides with threonine and threonine modifications at
residue 14. Top: CD spectra of Ac-YGAKAAAAKAAAAKAT-NH, (left) and Ac-
YGAKAAAAKAAAAKAT(OGIcNAc)-NH; (right); peptides were dissolved in 10
mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectrum of
Ac-YGAKAAAAKAAAAKAT(OPOsH )-NH; in 10 mM phosphate buffer (pH 4.0)
containing 25 mM KF. Bottom right: CD spectrum of Ac-
YGAKAAAAKAAAAKAT(OPO;*)-NH; in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF.
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Figure 1.32: CD spectra of peptides with proline at residue 1, 2, 5, 10. Top left: CD
spectrum of Ac-PKAAAAKAAAAKAAGY-NHj;; top right: CD spectrum of Ac-
APAAAAKAAAAKAAGY-NH;; bottom left: CD spectrum of Ac-
AKAAPAKAAAAKAAGY-NH;; bottom right: CD spectrum of Ac-
AKAAAAKAAPAKAAGY-NH;; peptides were dissolved in 10 mM phosphate
buffer (pH 7.0) containing 25 mM KF.
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Figure 1.33: CD spectra of peptides proline at residue 14; alanine at residue 1, and
2; Aib at residue 2. Top left: CD spectrum of Ac-YGAKAAAAKAAAAKAP-NH;;
top right: CD spectrum of AKAAAAKAAAAKAAGY-NH;; bottom left: CD
spectrum of Ac-AAAAAAKAAAAKAAGY-NH;; bottom right: CD spectrum of Ac-
A(Aib)AAAAKAAPAKAAGY-NH; (12.5 mM); peptides were dissolved in 10 mM
phosphate buffer (pH 7.0) containing 25 mM KF.
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CD spectra in 30% TFE/H,0
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Figure 1.34: CD spectra of peptides with phosphothreonine at residue 2 or 10 in
30% TFE. Left: CD spectrum of Ac-AT(OPO32_)AAAAMAAAKAAGY-NH2;
right: CD spectrum of AKAAAAKAAT(OPO;* )AKAAGY-NH,; peptides were
dissolved in 10 mM phosphate buffer (pH 8.0) containing 25 mM KF and 30% TFE.
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CD spectra in the absence and presence of MgCl,

All experiments herein were conducted in the absence of MgCl, except those
involving phosphatase. CD experiments were conducted in the absence and presence
of MgCl, to determine the effects of Mg** on the structure of peptides containing a
phosphorylated threonine residue. The data indicate that there are no apparent effects
of Mg** on the structure of a peptide containing a phosphorylated threonine residue.
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Figure 1.35: CD spectra of peptides in the absence and presence of MgCl,. CD
spectra of Ac-AT(OPO32_)AAAAKAAAAMAGY-N H;: red circles: 0 mM MgCly;
blue circles: 2 mM MgCl,. Peptides were dissolved in 10 mM aqueous phosphate
buffer (pH 8.0) containing 25 mM KF.
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Temperature-dependent CD spectra
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Figure 1.36: Termperature-dependent CD of peptides containing serine and serine
modifications. Top: CD spectra of Ac-SKAAAAKAAAAKAAGY-NH; (left) and
Ac-S(OGIcNAc)KAAAAKAAAAKAAGY-NH; (right); peptides were dissolved in
10 mM aqueous phosphate buffer (pH 7.0) containing 25 mM KF. Bottom: CD
spectrum of Ac-S(OPO32_)KAAAAMAAAMAGY-N H; in 10 mM aqueous
phosphate buffer (pH 8.0) containing 25 mM KF. All peptides exhibit an isodichroic
point at 204 nm.
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Ac-T(OGICNAC)KAAAAKAAAAKAAGY-NH, Ac-T(OP032')KAAAAKAAAAKAAGY-NH )
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Figure 1.37: Termperature-dependent CD of peptides containing threonine and
threonine modifications.Top left: CD spectrum of Ac-

T(OGIcNAc) KAAAAKAAAAKAAGY-NH; in 10 mM aqueous phosphate buffer
(pH 7.0) containing 25 mM KF. Top right: CD spectrum of Ac-
T(OPO32_)MAAAIQAAAAKAAGY-NH2; bottom left: CD spectrum of Ac-
AT(OPO32_)AAAAKAAAAKAAGY-NH2; peptides were dissolved in 10 mM
aqueous phosphate buffer (pH 8.0) containing 25 mM KF. All peptides exhibit an
isodichroic point at 204 nm.
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Dephosphorylation of the peptide Ac-AT(OPO;" ) AAAAKAAAAKAAGY-NH, by
Antarctic phosphatase: CD spectra

Ac-AT(OP032')AAAAKAAAAKAAGY-NH 2

Ac-AT(0P032')AAAAKAAAAKAAGY-NH )

—— T -14,000 —4—F—m————————————————————
50!000' ——0 min L
L 60 min L
L 00 - -16,000 | ]
'S 30,000f 5 » . ]
£ g E
t 5 ! ]
w_ 20,000} o -18,000 | . ]
£ ; £ , ]
G 10,000} o
g [ g t 1
] O 8 -20,000 | ]
;10,000 8
-20,000 S.-22,000 | o ]
80,000 ] A
190 200 210 220 230 240 250 0 50 100 150 200 250
nm time, min

Figure 1.38: Phosphatase assay for peptides containing phosphothreonine at residue
2. Top: CD spectra of a solution containing 25 uM peptide Ac-
AT(OPO3; ) AAAAKAAAAKAAGY-NHj in buffer (40 mM Tris-HCI (pH 8.0), 25
mM KF, 1 mM MgCl,, and 100 uM ZnCl,) at 0.5 °C as a function of time of
incubation with phosphatase. Data were collected at initial time (dark blue). To this
solution were added 10 units (2 uL) of Antarctic phosphatase and the solution
incubated in a 37 °C water bath. The total duration of incubation was 240 min. CD
spectra were collected at time points of 60 min (light blue), 120 min (green), and 240
min (red). At each time point, the sample was cooled to 0.5 °C for 5 min and data were
collected. The sample was then placed back in the water bath until the next time point.
Bottom: Mean residue ellipticity at 222 nm as a function of time incubated with
phosphatase.
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Figure 1.39: HPLC analysis of dephosphorylation by phosphatase for
phosphothreonine at residue 2. pT indicates phosphorylated peptide, T indicates
unmodified peptide. (a) Peptide was incubated at 37 °C with 10 units of Antarctic
phosphatase for 60 min; pT (56%), T (44%). (b) Peptide was incubated at 37 °C with
10 units of Antarctic phosphatase for 240 min; pT (24%), T (76%). (¢) Coinjection of
(b) with AccATAAAAKAAAAKAAGY-NH;. (d) Coinjection of (b) with Ac-
AT(OPO;")AAAAKAAAAKAAGY-NH,. (e) Reinjection of Ac-
ATAAAAKAAAAKAAGY-NH;. HPLC experiments in (a)-(e) were conducted
using a linear gradient of 0-35% buffer B in buffer A over 60 minutes. (f) Reinjection
of Ac-AT(OPO32_)AAAAKAAAAMAGY-N H; using a linear gradient of 0-30%
buffer B in buffer A over 60 minutes.
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Dephosphorylation of the peptide Ac-AKAAAAKAAT(OPO;" ) AKAAGY-NH, by
Antarctic phosphatase: CD spectra

Ac-AKAAAAKAAT(OPO_*)AKAAGY-NH Ac-AKAAAAKAAT(OPO *)AKAAGY-NH ,
10,000 e e 4,000
- ol _ 2000 i 1
5 | 5 |
£ i £ »
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Figure 1.40: Phosphatase assay for peptides containing phosphothreonine at residue
10. Top: CD spectra of a solution containing 25 uM peptide Ac-
AKAAAAKAAT(OPO;*)AKAAGY-NH, in buffer (40 mM Tris-HCI (pH 8.0), 25
mM KF, 1 mM MgCl,, and 100 uM ZnCl,) at 0.5 °C as a function of time of
incubation with phosphatase. Data were collected at initial time (purple). To this
solution were added 40 units (8 uL) of Antarctic phosphatase and the solution
incubated in a 37 °C water bath. The total duration of incubation was 480 min. CD
spectra were collected at time points of 20 min (dark blue), 60 min (light blue), 120
min (green), 240 min (orange), and 480 min (red). At each time point, the sample was
cooled to 0.5 °C for 5 min and data were collected. The sample was then placed back
in the water bath until the next time point. Bottom: Mean residue ellipticity at 222 nm
as a function of time incubated with phosphatase.
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Figure 1.41: HPLC analysis of dephosphorylation by phosphatase for
phosphothreonine at residue 10. HPLC analysis of dephosphorylation by phosphatase.
pT indicates phosphorylated peptide, T indicates unmodified peptide. (a) Peptide was
incubated at 37 °C with 40 units of Antarctic phosphatase for 120 min; pT (57%), T
(43%). (b) Peptide was incubated at 37 °C with 40 units of Antarctic phosphatase for
480 min; pT (10%), T (90%). (¢) Co-injection of (b) with Ac-
AKAAAAKAATAKAAGY-NH;. (d) Co-injection of (b) with Ac-
AMAAAMAT(OPO32_)AKAAGY-NH2. (e) Reinjection of Ac-
AKAAAAKAATAKAAGY-NH,. HPLC experiments in (a)-(e) were conducted
using isocratic 100% buffer A over 10 minutes followed by a linear gradient of 0-30%
buffer B in buffer A over an additional 50 minutes. (f) Reinjection of Ac-
AMAAAMAT(OPO32_)AKAAGY-NH2 using isocratic 100% buffer A over 10
minutes followed by a linear gradient of 0-25% buffer B in buffer A over an additional
50 minutes.
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NMR spectroscopy

NMR spectra of peptides were collected at 278 K or 298 K on a Briiker
AVC 600 MHz NMR spectrometer equipped with a triple resonance cryoprobe or a
TXI probe. Peptides were dissolved in a solution containing 5 mM phosphate buffer
(pH 4.0, 7.2, or 8.0) and 25 mM NaCl in 90% H,0/10% D,O. The pH of each
individual sample was recorded and adjusted as necessary using dilute HCI or NaOH.
All NMR spectra were internally referenced with 100 uM TSP. 1-D NMR spectra
were collected with a Watergate pulse sequence and a relaxation delay of 3 s.
Coupling constants between the amide and o-protons (*Juy) were determined directly
from the 1-D spectra. Errors in 3JaN are estimated to be < 0.2 Hz. TOCSY NMR
spectra were collected with a Watergate TOCSY pulse sequence, sweep widths of
6009 Hz in ¢, and 1, 400 x 2048 complex data points, 8 scans per ¢, increment, a
relaxation delay of 1.5 s, and a TOCSY mixing time of 60 ms.

'"H-"C HSQC (heteronuclear single quantum coherence) spectra were
recorded for both phosphorylated and unmodified peptides Ac-
ATAAAAKAAAAKAAGY-NH; and Ac-AKAAAAKAATAKAAGY-NH;. The
peptides were dissolved in 5 mM phosphate buffer (pH 8.0 for phosphorylated
peptides or pH 4.0 for unmodified peptides) in D,O with 25 mM NaCl and 100 uM
TSP. NMR spectra were acquired on samples with natural abundance "°C, using sweep
widths of 20833 and 5388 Hz in ¢, and #,, respectively, 400 x 2048 complex data
points, 24 scans per ¢; increment, and a relaxation delay of 2.0 s.

3'P NMR spectroscopy was performed on a Briiker DRX 400 MHz
NMR spectrometer equipped with a BBO probe. The peptides were dissolved in 5 mM
phosphate buffer (pH 8.0) with 25 mM NaCl in D,0 or 30% TFE/D,O. *'P spectra

were collected with 65536 data points and a relaxation delay of 2 or 5 seconds. An
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exponential multiplication with 1 Hz of line broadening was applied prior to Fourier
transform. The NMR spectra were externally referenced by placing a capillary filled
with H3PO,4 in an NMR tube containing phosphate buffer and referencing the H;PO4

peak to 0 ppm.
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"H NMR spectra of all peptides (amide region (stacked spectra))

Ac-SKAAAAKAAAAKAAGY-NH,
pH 4,278 K )

Ac-S(OGIcNAC)KAAAAKAAAAKAAGY-NH,
pH 4,278 K

Ac-S(OPOSH')KAAAAKAAAAKAAGY-NH2

N

pS

y
Ac-S(OP032')KAAAAKAAAAKAAGY-NHz 1
pH 7.2, 278 K
. | H
” A r\ “‘UMWM
| f HIW\/\ |
I\ N\ Uy A \\WWJL

9
8, ppm

Figure 1.42: 'H NMR spectra (amide region) of Ac-SKAAAAKAAAAKAAGY-
NH; peptides with serine modifications: unmodified Ser(free hydroxyl),
Ser(OGIcNAc), Ser(OPOsH™), and Ser(OPO:%). pS indicates phosphorylated serine
residue. gS indicates Ser(OGIlcNAc) residue. Peptides were dissolved in 5 mM

phosphate buffer (pH 4.0 or 7.2) containing 25 mM NaCl in 90% H,0/10% D,0. Data
were collected at 278 K.
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Peptide 5, HY  PJan 3, Ha 5, HB

Ac-SerKAAAAKAAAAKAAGY-NH,

Ser 8.58 51 4.34 3.97, 3.90
Lys 8.74 5.7 4.24 1.82
8.20 n.d.? 4.15 1.85
8.06 n.d. 4.15 1.82
Ala 8.46 4.2 4.22 1.39
8.32 n.d. 417 1.43
8.30 n.d. 4.24 1.46
8.27 4.4 4.20 1.46
8.22 n.d. 4.25 1.46
8.19 n.d. 4.24 1.43
8.14 n.d. 4.22 1.43
8.10 n.d. 4.26 1.40
8.07 n.d. 4.15 1.40
8.05 n.d. 4.18 1.43
Gly 8.13 n.d. 3.93,3.84 n.a.
Tyr 8.06 n.d. 4.54 3.09, 2.93
Ac-Ser(OGIcNAc)KAAAAKAAAAKAAGY-NH,
GlcNAc 8.43 9.8 n.a. n.a
Ser 8.62 3.3 4.33 4.11, 3.95
Lys 8.54 5.1 4.21 1.86
8.19 n.d. 4.16 1.90
8.03 n.d. 4.16 1.86
Ala 8.47 4.0 4.24 1.43
8.29 n.d. 4.23 1.47
8.29 n.d. 4.23 1.47
8.26 4.0 4.20 1.47
8.21 n.d. 4.25 1.47
8.16 n.d. 4.24 1.46
8.13 n.d. 4.23 1.46
8.12 n.d. 4.22 1.45
8.07 n.d. 4.26 1.42
8.05 n.d. 4.20 1.49
Gly 8.11 n.d. 3.94, 3.85 n.a.
Tyr 8.05 n.d. 4.54 3.10, 2.96

Table 1.21:  Summary of '"H NMR data for peptides with serine and Ser(OGIcNAc)
at residue 1. Data were collected in 5 mM phosphate buffer (pH 4.0) containing 25
mM NaCl. “n.d. = not determined due to spectral overlap. ”n.a. = not applicable.
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Peptide 5, H" 3 Jouy 5, Ha 5, HB
Ac-Ser(OPO-H )KAAAAKAAAAKAAGY-NH,
Ser 8.91 4.4 4.40 4.20,4.17
Lys 8.62 55 4.26 1.85
8.18 nd.’ 415 1.90
7.99 n.d. 413 1.86
Ala 8.43 4.4 4.25 1.44
8.31 46 423 1.49
8.23 47 419 1.48
8.19 n.d. 416 1.47
8.16 n.d. 4.24 1.49
8.13 n.d. 423 1.48
8.10 n.d. 422 1.48
8.07 n.d. 4.20 1.44
8.02 n.d. 4.27 1.41
8.01 n.d. 418 1.44
Gly 8.07 n.d. 3.93,3.86 n.a.
Tyr 8.02 n.d. 4.54 3.11,2.95
Ac-Ser(OPO;” )KAAAAKAAAAKAAGY-NH,
Ser 9.41 3.6 4.29 4.14,4.08
Lys 8.56 5.4 4.26 1.88
8.16 n.d. 413 1.92
7.95 n.d. 413 1.89
Ala 8.47 4.2 4.24 1.46
8.30 n.d. 4.24 1.50
8.29 n.d. 417 1.48
8.23 43 4.20 1.49
8.14 47 4.26 1.50
8.11 47 4.24 1.49
8.08 43 423 1.49
8.03 45 4.20 1.48
7.98 n.d. 419 1.47
7.97 n.d. 4.28 1.44
Gly 8.03 n.d. 3.95, 3.86 n.a.
Tyr 8.02 n.d. 4.55 3.11,2.96

Table 1.22: Summary of '"H NMR data for peptides with phosphoserine at residue
1. Data were collected in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM

NaCl. “n.d. = not determined due to spectral overlap. ” n.a. = not applicable.
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Ac-TKAAAAKAAAAKAAGY-NH, |
pH 4,278 K

Ac-T(OGICNAC)KAAAAKAAAAKAAGY-NH,
pH 4,278 K ﬂ

Ac-T(OPOaHz')KAAAAKAAAAKAAGY-N H2

N

Ac-T(OPO;’)KAAAAKAAAAKAAGY-NH2
pH 7.2, 278 K /L

V |
A /| \Jv\,/\/ v ww,,«/L.m

10.5 10 95 9 8.5 8 75
5, ppm

Figure 1.43: 'H NMR spectra (amide region) of Ac-TKAAAAKAAAAKAAGY-
NH; peptides with threonine modifications: unmodified Thr(free hydroxyl),
Thr(OGIcNAc), Thr(OPOsH"), and Thr(OPOs>). pT indicates phosphorylated
threonine residue. gT indicates Thr(OGIcNAc) residue. Peptides were dissolved in 5
mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90% H,0/10% D,O.
Data were collected at 278 K.
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Peptide 5, H" 3 Joy 3, Ha 5, HB

Ac-ThrKAAAAKAAAAKAAGY-NH,

Thr 8.40 6.2 4.25 4.19
Lys 8.68 5.6 4.22 1.83
8.22 4.2 4.15 1.86
8.08 n.d.? 4.15 1.83
Ala 8.50 4.3 4.23 1.40
8.34 5.1 4.18 1.43
8.30 5.0 4.24 1.46
8.28 4.6 4.20 1.44
8.25 n.d. 4.24 1.46
8.21 n.d. 4.23 1.45
8.16 n.d. 4.21 1.43
8.16 n.d. 4.21 1.43
8.13 n.d. 4.25 1.41
8.09 n.d. 4.19 1.43
Gly 8.16 n.d. 3.92,3.85 n.a.
Tyr 8.06 n.d. 4.53 3.10, 2.95
Ac-Thr(OGIcNAc)KAAAAKAAAAKAAGY-NH,
GlcNAc 8.52 9.9 n.a. n.a.
Thr 8.34 5.1 4.18 4.26
Lys 8.60 5.1 4.20 1.84
8.21 n.d. 4.16 1.89
8.05 n.d. 4.16 1.85
Ala 8.47 4.2 4.22 1.42
8.30 n.d. 4.26 1.48
8.29 n.d. 4.18 1.46
8.26 4.5 4.20 1.47
8.21 n.d. 4.24 1.48
8.18 n.d. 4.24 1.47
8.13 n.d. 4.22 1.45
8.12 n.d. 4.21 1.42
8.09 n.d. 4.27 1.41
8.07 n.d. 4.20 1.44
Gly 8.12 n.d. 3.94, 3.86 n.a.
Tyr 8.05 n.d. 4.53 3.11,2.97

Table 1.23: Summary of '"H NMR data for peptides with threonine and
Thr(OGIcNAc) at residue 1. Data were collected in 5 mM phosphate buffer (pH 4.0)
containing 25 mM NaCl. “n.d. = not determined due to spectral overlap. ”n.a. = not
applicable.
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Peptide 5, H" 3 Jay 5, Ha 5, HB
Ac-Thr(OPO-H )KAAAAKAAAAKAAGY-NH,

Thr 8.80 4.8 4.23 4.64
Lys 8.56 5.2 4.21 1.85
8.18 n.d.? 4.15 1.90
7.99 n.d. 4.14 1.87
Ala 8.53 4.5 4.23 1.44
8.34 4.5 4.23 1.49
8.26 3.9 4.16 1.46
8.24 4.4 4.19 1.47
8.17 n.d. 4.24 1.50
8.15 n.d. 4.23 1.47
8.10 n.d. 4.23 1.46
8.07 n.d. 4.19 1.44
8.02 n.d. 4.26 1.42
8.02 n.d. 4.18 1.44
Gly 8.07 n.d. 3.93,3.85 n.a.’
Tyr 8.03 n.d. 4.53 3.10,2.95
Ac-Thr(OPOs” )KAAAAKAAAAKAAGY-NH,
Thr 9.57 3.5 4.04 4.47
Lys 8.87 4.5 4.20 n.d.
8.14 n.d. 4.15 1.94
7.95 n.d. 4.14 1.89
Ala 8.56 3.8 4.23 1.45
8.41 4.4 4.18 1.50
8.31 4.2 4.27 1.51
8.24 4.4 4.20 1.50
8.19 4.6 4.27 1.51
8.14 n.d. 4.26 1.50
8.08 n.d. 4.22 1.50
8.03 n.d. 4.20 1.47
7.98 n.d. 4.18 1.47
7.94 n.d. 4.28 1.44
Gly 8.04 n.d. 3.95, 3.86 n.a.
Tyr 8.03 n.d. 4.56 3.12,2.97

Table 1.24: Summary of 'H NMR data for peptides with phosphothreonine at
residue 1. Data were collected in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25
mM NaCl. “n.d. = not determined due to spectral overlap. " n.a. = not applicable.
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Ac-ASAAAAKAAAAKAAGY-NH2
pH 4,278 K }
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Figure 1.44: 'H NMR spectra (amide region) of AccASAAAAKAAAAKAAGY-
NH; peptides with serine modifications: unmodified Ser(free hydroxyl), Ser(OPO3;H ),
and Ser(OPO;™). pS indicates phosphorylated serine residue. Peptides were dissolved
in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NaCl in 90% H,0/10%
D,0. Data were collected at 278 K.
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Peptide 5, H" S Jay 8, Ho 5, HB
Ac-ASerAAAAKAAAAKAAGY-NH,

Ser 8.62 5.7 4.41 4.02,3.95
Lys 8.17 5.0 4.16 1.90
8.00 n.d® 4.16 1.87
Ala 8.59 4.5 4.24 1.43
8.53 3.9 4.28 1.46
8.35 4.0 4.18 1.46
8.28 4.3 4.24 1.49
8.24 n.d. 4.25 1.49
8.23 n.d. 4.21 1.48
8.12 n.d. 4.25 1.48
8.1 n.d. 4.24 1.48
8.09 n.d. 4.25 1.46
8.05 n.d. 4.27 1.43
8.02 n.d. 4.19 1.46
Gly 8.09 n.d. 3.95,3.87 n.a.
Tyr 8.04 n.d. 4.55 3.12,2.97
Ac-ASer(OPO;H )AAAAKAAAAKAAGY-NH,
Ser 8.97 5.1 4.51 4.25,4.20
Lys 8.14 n.d. 4.15 1.92
7.96 n.d. 4.15 1.88
Ala 8.63 4.0 4.23 1.45
8.45 3.8 4.28 1.48
8.34 n.d. 4.18 1.49
8.21 n.d. 4.22 1.50
8.20 n.d. 4.24 1.50
8.16 n.d. 4.24 1.51
8.1 n.d. 4.24 1.49
8.08 n.d. 4.23 1.50
8.04 n.d. 4.21 1.46
8.00 n.d. 4.28 1.45
7.99 n.d. 4.19 1.45
Gly 8.05 n.d. 3.96, 3.85 n.a.
Tyr 8.02 n.d. 4.57 3.13,2.97

Table 1.25: Summary of '"H NMR data for peptides with serine or phosphoserine at
residue 2. Data were collected in 5 mM phosphate buffer (pH 4.0) containing 25 mM
NaCl. “n.d. = not determined due to spectral overlap or peak broadening. “n.a. = not
applicable.
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Peptide 5, H" % Jouw 3, Ha 5, H
Ac-ASer(OPO; )AAAAKAAAAKAAGY-NH,

Ser 9.57 43 4.41 4.10
Lys 8.13 4.9 4.16 1.93
7.93 n.d.? 4.15 1.90
Ala 8.65 4.0 422 1.48
8.57 3.9 4.30 1.47
8.32 4.1 4.26 1.53
8.28 45 4.18 1.51
8.22 45 423 1.51
8.19 4.1 4.27 1.51
8.10 n.d. 4.26 1.51
8.07 n.d. 4.25 1.51
8.01 n.d. 4.20 1.47
7.97 n.d. 4.20 1.47
7.95 n.d. 4.29 1.46
Gly 8.02 n.d. 3.94,3.89 n.a.
Tyr 8.01 n.d. 4.57 3.13,2.98

Table 1.26: Summary of '"H NMR data for peptide with phosphoserine at residue 2.
Data were collected in 5 mM phosphate buffer (pH 4.0) containing 25 mM NaCl. “n.d.
= not determined due to spectral overlap or peak broadening. " n.a. = not applicable.
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Figure 1.45: 'H NMR spectra (amide region) of AccATAAAAKAAAAKAAGY-
NH; peptides with threonine modifications: unmodified Thr(free hydroxyl),
Thr(OPO3H"), and Thr(OPOs>). pT indicates phosphorylated threonine residue.
Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM
NaCl in 90% H,0/10% D,O. Data were collected at 278 K or 305 K.

96



Peptide 5, H" 2 Jay 8, Ho 5, HB
Ac-AThrAAAAKAAAAKAAGY-NH

Thr 8.63 47 4.26 4.33
Lys 8.20 n.d.? 4.15 1.89
8.01 n.d. 4.15 1.86
Ala 8.56 3.8 4.27 1.45
8.44 4.2 4.25 1.43
8.28 n.d. 4.16 1.49
8.28 n.d. 4.23 1.49
8.23 n.d. 4.24 1.48
8.23 n.d. 4.21 1.48
8.12 n.d. 4.23 1.47
8.10 n.d. 4.22 1.47
8.09 n.d. 4.21 1.44
8.05 n.d. 4.26 1.41
8.03 n.d. 4.19 1.44
Gly 8.10 n.d. 3.92,3.86 n.a.
Tyr 8.03 n.d. 4.54 3.11,2.95
Ac-AThr(OPO;H )AAAAKAAAAKAAGY-NH,
Thr 9.08 n.d. 4.21 4,62
Lys 8.15 n.d. 4.15 1.92
7.94 n.d. 412 1.88
Ala 8.69 3.5 4.19 1.45
8.62 3.3 4.24 1.44
8.38 3.9 4.15 1.48
8.29 45 4.25 1.51
8.22 45 4.19 1.49
8.13 n.d. 4.25 1.50
8.09 n.d. 4.24 1.49
8.06 n.d. 4.22 1.49
8.02 n.d. 4.19 1.45
7.97 n.d. 4.19 1.45
7.96 n.d. 4.28 1.45
Gly 8.02 n.d. 3.94,3.85 n.a.
Tyr 8.01 n.d. 4.55 3.12,2.97

Table 1.27: Summary of '"H NMR data for peptides with threonine or
phosphothreonine at residue 2. Data were collected in 5 mM phosphate buffer (pH 4.0)
containing 25 mM NaCl. “n.d. = not determined due to spectral overlap or peak
broadening. ”n.a. = not applicable.

97



Peptide 5, H" ® Jouw 3, Ha 5, H
Ac-AThr(OPOs” )AAAAKAAAAKAAGY-NH,

Thr 10.24 3.7° 4.02 4.51
Lys 8.16 4.3 4.14 1.94
7.91 n.d.? 413 1.91
Ala 8.97 37 4.26 1.44
8.72 3.2 412 1.49
8.40 4.4 4.27 1.56
8.31 4.1 4.16 1.51
8.24 4.3 4.19 1.52
8.12 4.3 4.27 1.53
8.08 n.d. 4.25 1.52
8.06 n.d. 4.23 1.51
7.99 n.d. 4.19 1.48
7.95 n.d. 418 1.48
7.92 n.d. 4.28 1.44
Gly 7.99 n.d. 3.97,3.86 n.a.
Tyr 8.01 n.d. 4.57 3.13,2.97
Ac-AThr(OPOs")AAAAKAAAAKAAGY-NH,
Thr 9.81 4.9° 4.05 4.48
Lys 8.02 n.d. 4.25 1.93
7.90 n.d. 4.20 1.89
Ala 8.71 3.4 4.25 1.48
8.47 4.3 4.20 1.47
8.22 n.d. 4.24 1.52
8.18 n.d. 417 1.49
8.07 n.d. 4.20 1.49
8.01 n.d. 4.27 1.50
7.98 n.d. 4.27 1.49
7.98 n.d. 4.27 1.43
7.98 n.d. 4.27 1.43
7.94 n.d. 4.24 1.50
7.90 n.d. 4.20 1.46
Gly 8.07 n.d. 3.94,3.85 n.a.
Tyr 7.93 n.d. 4.57 3.12,2.97

Table 1.28: Summary of '"H NMR data for peptide with phosphothreonine at
residue 2. Data were collected at 278 K (top) or 305 K (bottom) in 5 mM phosphate
buffer (pH 7.2) containing 25 mM NaCl. “n.d. = not determined due to spectral
overlap. " n.a. = not applicable.  Coupling constant was determined using exponential
(-4.2 Hz) and Gaussian smoothing (2.4 Hz).
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'H NMR spectrum of Ac-AT(OPO;")AAAAKAAAAKAAGY-NH; in D,0

At:-AT(OPO:_)AAAAKAAAAKAAGY-NH2

o ke Jk i J -

D,0, pH 8, 278 K

Ac-AT(OPO;‘)AAAAKAAAAKAAGY-NH2
DZO, pH 8, 278 K

O U U |

5, ppm 35

Figure 1.46: The '"H NMR spectra of Ac-AT(OPO;* ) AAAAKAAAAKAAGY-
NH; was collected in D,O to eliminate coupling between threonine alpha and amide
protons, in order to determine the coupling constant between Thr(OPOs>") Ha and Hb.
Peptide was dissolved in buffer containing 5 mM phosphate buffer (pH 8.0)
containing 25 mM NaCl in D,O. The 3JH“HB coupling constant for Thr(OPO327) 18
indicated (10.4 Hz).

99



Temperature-dependent NMR spectra (amide region) for
Ac-AT(OPO;" ) AAAAKAAAAKAAGY-NH,
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Figure 1.47: Temperature-dependent 'H NMR spectra (amide region) of Ac-

AT(OPO; ) AAAAKAAAAKAAGY-NH; peptide. The peptide was dissolved in 5
mM phosphate buffer (pH 7.2) containing 25 mM NaCl in 90% H,0/10% D,O.
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Figure 1.48: 'H NMR spectra (amide region) of AccAKAASAKAAAAKAAGY-
NH; peptides with serine modifications: unmodified Ser(free hydroxyl),
Ser(OGIcNAc), Ser(OPOsH™), and Ser(OPO:%). pS indicates phosphorylated serine
residue. gS indicates Ser(OGIcNAc) residue. Peptides were dissolved in 5 mM

phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90% H,0/10% D,0. Data
were collected at 278 K.
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Peptide 5, H" 8 Jouw 3, Ho 5, HB
Ac-AKAASerAKAAAAKAAGY-NH,

Ser 8.44 n.d.® 4.37 3.95
Lys 8.56 6.4 4.25 1.81
8.31 58 4.19 1.83
8.19 n.d. 4.20 1.82
Ala 8.51 4.6 4.20 1.39
8.47 5.0 4.26 1.44
8.45 n.d. 4.25 1.42
8.37 5.0 4.29 1.46
8.34 4.9 4.21 1.44
8.27 n.d. 4.25 1.45
8.25 n.d. 4.23 1.42
8.24 n.d. 4.25 1.43
8.23 n.d. 4.25 1.44
8.18 n.d. 4.20 1.42
Gly 8.24 nd.  3.93,3.86 n.a.’
Tyr 8.09 7.4 4.53 3.11, 2.96
Ac-AKAASer(OGIcNAc)AKAAAAKAAGY-NH,
GlcNAc 8.36 n.d. n.a. n.a.
Ser 8.45 n.d. 4.46 4.09
Lys 8.53 6.6 4.27 1.77
8.36 n.d. 4.22 1.84
8.24 n.d. 4.20 1.79
Ala 8.49 n.d. 4.20 1.38
8.47 n.d. 4.25 1.43
9.47 n.d. 4.25 1.44
8.44 n.d. 4.26 1.41
8.35 n.d. 4.22 1.43
8.34 n.d. 4.26 1.43
8.30 n.d. 4.25 1.42
8.30 n.d. 4.25 1.42
8.27 n.d. 4.24 1.42
8.24 n.d. 4.20 1.41
Gly 8.28 n.d. 3.94, 3.87 n.a.
Tyr 8.11 7.4 4.52 3.11,2.97

Table 1.29: Summary of '"H NMR data for peptides with serine and Ser(OGIcNAc)
at residue 5. Data were collected in 5 mM phosphate buffer (pH 4.0) containing 25
mM NaCl. “n.d. = not determined due to spectral overlap. ”n.a. = not applicable.
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Peptide 3, H" 8 Jouw 3, Ha 5, H
Ac-AKAASer(OPO;H )AKAAAAKAAGY-NH,
Ser 8.71 5.7 4.51 417
Lys 8.55 n.d.? 4.29 1.79
8.43 6.2 4.21 1.85
8.19 n.d. 4.20 1.81
Ala 8.55 n.d. 4.30 1.43
8.52 5.1 4.26 1.42
8.48 4.7 4.28 1.44
8.46 5.3 4.23 1.32
8.38 5.0 4.20 1.43
8.25 n.d. 4.24 1.43
8.25 n.d. 4.24 1.43
8.25 n.d. 4.24 1.43
8.25 n.d. 4.24 1.43
8.20 n.d. 4.19 1.42
Gly 8.25 n.d. 3.93,3.85 n.a.
Tyr 8.09 7.4 4.52 3.11,2.96
Ac-AKAASer(OPOs" )AKAAAAKAAGY-NH,
Ser 9.06 45 4.44 4.09
Lys 8.55 n.d. 4.29 1.81
8.49 6.3 4.25 1.87
8.20 n.d. 4.19 1.82
Ala 8.62 4.6 4.28 1.43
8.60 5.2 4.28 1.42
8.55 n.d. 4.29 1.44
8.46 5.3 4.25 1.37
8.41 4.8 4.21 1.44
8.33 45 4.25 1.45
8.27 n.d. 4.25 1.43
8.25 n.d. 4.26 1.42
8.25 n.d. 4.26 1.42
9.25 n.d. 4.26 1.42
Gly 8.26 n.d. 3.94, 3.86 n.a.
Tyr 8.09 7.5 4.54 3.11,2.96

Table 1.30: Summary of '"H NMR data for peptides with phosphoserine at residue
5. Data were collected in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM

NaCl. “n.d. = not determined due to spectral overlap. ” n.a. = not applicable.
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Figure 1.48: 'H NMR spectra (amide region) of AccAKAATAKAAAAKAAGY-
NH; peptides with threonine modifications: unmodified Thr(free hydroxyl),
Thr(OGIcNAc), Thr(OPOsH"), and Thr(OPOs>). pT indicates phosphorylated
threonine residue. gT indicates Thr(OGIcNAc) residue. Peptides were dissolved in 5
mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90% H,0/10% D,O.
Data were collected at 278 K.
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Peptide 5, H" 8 Jouw 3, Ho 5, HB
Ac-AKAAThrAKAAAAKAAGY-NH,
Thr 8.29 n.d.? 4.23 4.26
Lys 8.55 6.4 435  1.84,1.78
8.42 6.0 4.21 1.82
8.24 n.d. 422  1.83,1.79
Ala 8.48 n.d. 4.32 1.45
8.48 n.d. 4.22 1.38
8.45 n.d. 4.27 1.41
8.38 n.d. 4.27 1.43
8.36 n.d. 4.23 1.43
8.34 n.d. 4.26 1.42
8.30 n.d. 4.25 1.42
8.30 n.d. 4.23 1.42
8.29 n.d. 4.23 1.42
8.24 n.d. 4.21 1.42
Gly 8.29 nd.  3.95,387 n.a.’
Tyr 8.11 7.5 453  3.11,2.97
Ac-AKAAThr(OGIcNAC)AKAAAAKAAGY-NH,
GlcNAc 8.47 n.d. n.a. n.a.
Thr 8.16 n.d. 4.34 4.24
Lys 8.52 n.d. 4.31 1.83,1.73
8.45 n.d. 423  1.83,1.76
8.36 n.d. 422  1.79,1.76
Ala 8.53 n.d. 4.31 1.42
8.46 n.d. 4.25 1.40
8.44 n.d. 4.23 1.38
8.44 n.d. 4.23 1.38
8.44 n.d. 4.23 1.38
8.44 n.d. 4.23 1.38
8.42 n.d. 4.25 1.38
8.41 n.d. 4.25 1.39
8.38 n.d. 4.24 1.39
8.28 5.2 4.30 1.40
Gly 8.39 n.d. 3.92,3.85 n.a.
Tyr 8.14 n.d. 4.51 3.09, 2.96

Table 1.31:  Summary of '"H NMR data for peptides with threonine and
Thr(OGIlcNAc) at residue 5. Data were collected in 5 mM phosphate buffer (pH 4.0)
containing 25 mM NaCl. “n.d. = not determined due to spectral overlap. ”n.a. = not

applicable.
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Peptide 5, H" % Jou 3, Ha 3, H
Ac-AKAAThr(OPO;H )AKAAAAKAAGY-NH,

Thr 8.57 n.d.? 4.36 4.65
Lys 8.65 6.3 4.24 1.84
8.54 7.0 4.32 1.82,1.77
8.25 n.d. 4.19 1.82,1.79
Ala 8.58 n.d. 4.34 1.43
8.51 n.d. 4.26 1.41
8.51 n.d. 4.26 1.41
8.43 n.d. 4.23 1.35
8.42 n.d. 4.22 1.40
8.42 n.d. 4.21 1.41
8.35 4.9 4.24 1.42
8.31 n.d. 4.24 1.41
8.29 n.d. 4.23 1.42
8.25 n.d. 4.23 1.40
Gly 8.30 n.d. 3.93,3.86 n.a.’
Tyr 8.10 7.4 4.52 3.10,2.96
Ac-AKAAThr(OPO; " )AKAAAAKAAGY-NH,
Thr 9.50 4.1 4.11 4.39
Lys 8.61 n.d. 4.23 1.85
8.53 6.8 4.30 1.80
8.25 n.d. 4.21 1.83, 1.80
Ala 8.82 47 4.28 1.42
8.63 n.d. 4.30 1.40
8.56 4.9 4.26 1.43
8.48 4.8 4.24 1.43
8.42 n.d. 4.23 1.42
8.41 n.d. 4.24 1.35
8.30 n.d. 4.27 1.41
8.30 n.d. 4.24 1.40
8.29 n.d. 4.23 1.42
8.26 n.d. 4.22 1.41
Gly 8.30 n.d. 3.92,3.86 n.a.
Tyr 8.10 7.3 4.53 3.11,2.97

Table 1.32: Summary of '"H NMR data for peptides with phosphothreonine at
residue 5. Data were collected in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25
mM NaCl. “n.d. = not determined due to spectral overlap. " n.a. = not applicable.
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Figure 1.49: 'H NMR spectra (amide region) of AccAKAAAAKAASAKAAGY-
NH; peptides with serine modifications: unmodified Ser(free hydroxyl),
Ser(OPO;H™), and Ser(OPO;”"). pS indicates phosphorylated serine residue. Peptides
were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NaCl in
90% H,0/10% D,0O. Data were collected at 278 K.
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Peptide 5, H"  *Jan 3, Ha 3, Hp
Ac-AKAAAAKAASerAKAAGY-NH,

Ser 830 nd.? 4.37 3.92,3.90
Lys 8.59 6.1 4.22 1.81
826  nd. 4.19 1.84
8.21 6.1 4.20 1.84,1.79
Ala 8.54 4.2 4.18 1.39
8.44 4.9 4.24 1.41
8.38 4.9 4.20 1.42
835 nd. 4.26 1.46
834 nd. 4.24 1.45
829 nd. 4.25 1.40
829 nd. 4.25 1.43
828 nd. 4.24 1.42
827 nd. 4.22 1.42
825  nd. 4.26 1.43
Gly 829 nd. 3.92,3.86 n.a.’
Tyr 8.1 7.4 4.52 3.10,2.95
Ac-AKAAAAKAASer(OPO;H )AKAAGY-NH,
Ser 854  nd. 4.50 4.18,4.14
Lys 856  n.d. 4.25 1.82,1.77
836  nd. 8.35 1.80
835 nd. 8.35 1.80
Ala 8.49 4.9 4.20 1.37
847 nd. 4.27 1.43
846  nd. 4.25 1.39
844  nd. 4.25 1.41
843 nd. 4.25 1.41
842 nd. 4.23 1.40
840 nd. 4.24 1.38
835 nd. 4.25 1.40
833  nd. 4.24 1.40
832 nd. 4.25 1.40
Gly 8.36 n.d. 3.91, 3.85 n.a.
Tyr 8.12 7.3 4.49 3.09, 2.96

Table 1.33:  Summary of '"H NMR data for peptides with serine or phosphoserine at
residue 10. Data were collected in 5 mM phosphate buffer (pH 4.0) containing 25 mM
NaCl. “n.d. = not determined due to spectral overlap. ” n.a. = not applicable.
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Peptide 5, H'  *Jon 3, Ha 3, HB
Ac-AKAAAAKAASer(OPO;” )AKAAGY-NH,

Ser 9.01 3.3 4.42 4.05
Lys 8.55 n.d. 4.28 1.83, 1.76
8.43 n.d. 4.27 1.78
8.39 n.d. 4.27 1.79
Ala 8.62 3.9 4.26 1.39
8.56 n.d. 4.29 1.41
8.52 n.d. 4.28 1.43
8.47 n.d. 4.26 1.39
8.47 n.d. 4.24 1.38
8.47 n.d. 4.23 1.37
8.43 n.d. 4.27 1.41
8.42 n.d. 4.27 1.41
8.39 n.d. 4.27 1.40
8.37 4.6 4.27 1.39
Gly 8.41 n.d. 3.92, 3.86 n.a.
Tyr 8.13 7.3 4.51 3.10, 2.98

Table 1.34: Summary of 'H NMR data for peptide with phosphoserine at residue
10. Data were collected in 5 mM phosphate buffer (pH 7.2) containing 25 mM NaCl. “
n.d. = not determined due to spectral overlap. ”n.a. = not applicable.
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Figure 1.50: 'H NMR spectra (amide region) of AccAKAAAAKAATAKAAGY-
NH; peptides with threonine modifications: unmodified Thr(free hydroxyl),

Thr(OPO3H"), and Thr(OPOs>). pT indicates phosphorylated threonine residue.

Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM
NaCl in 90% H,0/10% D,0O. Data were collected at 278 K.
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Peptide 3, H" % Jouw 3, Ha 5, H

Ac-AKAAAAKAAThrAKAAGY-NH;

Thr 8.19 6.8 4.25 4.21
Lys 8.57 6.3 4.25 1.83
8.31 n.d.? 4.25 1.82
8.24 n.d. 4.24 1.89
Ala 8.52 4.4 4.21 1.41
8.36 5.0 4.23 1.45
8.34 5.0 4.33 1.49
8.31 n.d. 4.26 1.46
8.31 n.d. 4.26 1.46
8.29 n.d. 4.27 1.41
8.28 n.d. 4.27 1.46
8.27 n.d. 4.27 1.46
8.24 n.d. 4.27 1.42
8.24 n.d. 4.27 1.42
Gly 8.29 n.d. 3.95,3.85 n.a.
Tyr 8.10 7.4 4.52 3.13,2.97
Ac-AKAAAAKAAThr(OPO;H )AKAAGY-NH,
Thr 8.44 n.d. 4.40 4.62
Lys 8.56 6.9 4.27 1.79
8.53 n.d. 4.27 1.81,1.75
8.38 n.d. 4.27 1.80,1.77
Ala 8.50 n.d. 4.35 1.42
8.48 n.d. 4.25 1.38
8.47 n.d. 4.24 1.39
8.46 n.d. 4.24 1.38
8.45 n.d. 4.24 1.38
8.45 n.d. 4.24 1.38
8.44 n.d. 4.24 1.38
8.43 n.d. 4.24 1.38
8.36 n.d. 4.26 1.39
8.35 n.d. 4.26 1.39
Gly 8.41 n.d. 3.90, 3.85 n.a.
Tyr 8.13 7.3 4.50 3.08, 2.96

Table 1.35:  Summary of '"H NMR data for peptides with threonine or
phosphothreonine at residue 10. Data were collected in 5 mM phosphate buffer (pH
4.0) containing 25 mM NaCl. “ n.d. = not determined due to spectral overlap. n.a. =
not applicable.
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Peptide 5, H" ®Jouw 3, Ha 5, H
Ac-AKAAAAKAAThr(OPO;” )AKAAGY-NH,

Thr 9.41 45 4.09 4.34
Lys 8.53 n.d.? 4.28 1.82,1.76
8.50 n.d. 4.26 1.77
8.40 n.d. 4.28 1.80
Ala 8.80 5.2 4.26 1.38
8.61 5.7 432 1.38
8.53 n.d. 4.26 1.40
8.50 n.d. 4.26 1.38
8.50 n.d. 4.26 1.38
8.48 n.d. 4.26 1.40
8.45 n.d. 4.25 1.39
8.45 n.d. 4.25 1.39
8.39 n.d. 4.27 1.39
8.38 n.d. 4.26 1.39
Gly 8.44 n.d. 3.91,3.86 n.a.
Tyr 8.15 7.3 4.51 3.10,2.98

Table 1.36: Summary of '"H NMR data for peptide with phosphothreonine at
residue 10. Data were collected in 5 mM phosphate buffer (pH 7.2) containing 25 mM
NaCl. “n.d. = not determined due to spectral overlap. ” n.a. = not applicable.
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Figure 1.51: 'H NMR spectra (amide region) of Ac-YGAKAAAAKAAAAKAS-
NH; peptides with serine modifications: unmodified Ser(free hydroxyl),
Ser(OGIcNAc), Ser(OPOsH™), and Ser(OPO:%). pS indicates phosphorylated serine
residue. gS indicates Ser(OGIlcNAc) residue. Peptides were dissolved in 5 mM

phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90% H,0/10% D,0. Data
were collected at 278 K.
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Peptide 5, H" % Jouw 3, Ha 3, H

Ac-YGAKAAAAKAAAAKASer-NH;

Ser 8.22 n.a. 437  3.93,3.91
Lys 8.39 5.1° 4.18 1.85
8.19 n.d. 417 1.87
8.11 n.d. 423  1.87,1.84
Ala 8.33 n.d. 4.20 1.39
8.32 n.d. 4.19 1.44
8.31 n.d. 4.19 1.44
8.27 n.d. 4.24 1.47
8.25 n.d. 4.30 1.45
8.24 n.d. 4.22 1.45
8.18 n.d. 4.24 1.45
8.18 n.d. 4.25 1.45
8.11 n.d. 4.23 1.45
8.07 n.d. 4.25 1.44
Gly 8.65 59  3.93,3.86 n.a.’
Tyr 8.50 6.5 445  3.05,2.95
Ac-YGAKAAAAKAAAAKASer(OGIcNAc)-NH;
GlcNAc 8.36 n.d. n.a. n.a.
Ser 8.30 n.d. 448  4.11,3.89
Lys 8.40 6.0 4.20 1.84
8.22 n.d. 4.20 1.85
8.14 n.d. 425  1.87,1.80
Ala 8.33 n.d. 4.21 1.43
8.32 n.d. 4.28 1.42
8.31 n.d. 4.28 1.42
8.29 n.d. 4.24 1.43
8.29 n.d. 4.24 1.42
8.28 n.d. 4.24 1.42
8.24 n.d. 4.15 1.45
8.19 n.d. 4.27 1.45
8.14 n.d. 4.25 1.45
8.09 n.d. 4.26 1.44
Gly 8.65 6.0 3.92,3.86 n.a.
Tyr 8.49 6.4 445  3.06,2.95

Table 1.37: Summary of '"H NMR data for peptides with serine and Ser(OGIcNAc)
at residue 14. Data were collected in 5 mM phosphate buffer (pH 4.0) containing 25
mM NaCl. “n.d. = not determined due to spectral overlap. ”n.a. = not applicable.
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Peptide 5, H" % Jouw 3, Ha 5, HB

Ac-YGAKAAAAKAAAAKASer(OPO;H )-NH,

Ser 8.57 6.8 450 4.18, 4.09
Lys 8.39 6.2 4.20 1.82
8.26 n.d.? 4.24 1.82
8.24 n.d. 4.22 1.82
Ala 8.48 n.d. 432 1.43
8.28 n.d. 4.23 1.42
8.27 n.d. 4.25 1.43
8.27 n.d. 4.25 1.43
8.25 n.d. 4.26 1.42
8.25 n.d. 4.26 1.42
8.24 n.d. 4.26 1.42
8.22 n.d. 4.23 1.43
8.17 n.d. 4.27 1.41
8.16 n.d. 4.26 1.42
Gly 8.62 6.1 3.89,3.85 n.a.
Tyr 8.48 n.d. 4.45 3.05, 2.96
Ac-YGAKAAAAKAAAAKASer(OPO5”)-NH,
Ser 9.02 6.3 4.42 4.06
Lys 8.42 6.0 4.22 1.83
8.29 n.d. 4.25 1.88,1.79
8.25 n.d. 4.24 1.84
Ala 8.53 5.4 4.35 1.46
8.42 n.d. 4.23 1.42
8.42 n.d. 4.23 1.42
8.29 n.d. 432 1.44
8.29 n.d. 432 1.44
8.27 n.d. 4.24 1.44
8.27 n.d. 4.24 1.44
8.23 n.d. 4.25 1.43
8.18 n.d. 4.28 1.42
8.16 n.d. 4.28 1.43
Gly 8.64 n.d. 3.92, 3.86 n.a.
Tyr 8.49 6.6 4.47 3.07,2.95

Table 1.38: Summary of '"H NMR data for peptides with phosphoserine at residue
14. Data were collected in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM
NaCl. “n.d. = not determined due to spectral overlap. ” n.a. = not applicable.
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Figure 1.52: 'H NMR spectra (amide region) of Ac-YGAKAAAAKAAAAKAT-
NH; peptides with threonine modifications: unmodified Thr(free hydroxyl),
Thr(OGIcNAc), Thr(OPOsH"), and Thr(OPOs>). pT indicates phosphorylated
threonine residue, gT indicates Thr(OGIcNAc) residue. Peptides were dissolved in 5
mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90% H,0/10% D,O.
Data were collected at 278 K.
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Peptide 5, H" 8 Jouw 3, Ha 3, H

Ac-YGAKAAAAKAAAAKAThr-NH,

Thr 8.18 7.9 4.29 4.29
Lys 8.39 6.0 4.20 1.84
8.22 n.d.? 4.18 1.86
8.14 n.d. 425  1.87,1.81
Ala 8.33 n.d. 4.20 1.43
8.32 n.d. 4.36 1.44
8.30 n.d. 4.23 1.42
8.28 4.3 4.24 1.43
8.25 4.8 4.23 1.44
8.21 n.d. 4.25 1.47
8.20 n.d. 4.24 1.47
8.14 n.d. 4.25 1.44
8.13 n.d. 4.25 1.44
8.10 n.d. 4.26 1.43
Gly 8.65 6.0 3.92,3.85 n.a.’
Tyr 8.50 6.4 4.46  3.06,2.97
Ac-YGAKAAAAKAAAAKAThr(OGIcNAc)-NH;
GlcNAc 8.47 n.d. n.a. n.a.
Thr 8.18 8.0 4.42 4.34
Lys 8.39 n.d. 4.21 1.82
8.23 n.d. 4.21 1.82
8.17 n.d. 427  1.86,1.76
Ala 8.37 n.d. 4.35 1.44
8.33 n.d. 4.23 1.40
8.33 n.d. 4.23 1.40
8.27 n.d. 4.23 1.43
8.27 n.d. 4.23 1.43
8.24 n.d. 4.22 1.43
8.23 n.d. 4.21 1.43
8.21 n.d. 4.23 1.43
8.13 n.d. 4.25 1.42
8.13 n.d. 4.25 1.42
Gly 8.63 6.0 3.90,3.85 n.a.
Tyr 8.48 n.d. 4.46  3.05,2.94

Table 1.39:  Summary of '"H NMR data for peptides with threonine and
Thr(OGIcNAc) at residue 14. Data were collected in 5 mM phosphate buffer (pH 4.0)
containing 25 mM NaCl. “n.d. = not determined due to spectral overlap. ”n.a. = not
applicable.
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Peptide 5, H" % Jouw 3, Ha 3, HB

Ac-YGAKAAAAKAAAAKAThr(OPO;H )-NH,

Thr 8.42 7.9 4.39 4.64
Lys 8.39 6.3 4.21 1.82
8.23 n.d.? 4.25 1.83, 1.80
8.23 n.d. 4.25 1.83, 1.80
Ala 8.46 n.d. 4.40 1.44
8.33 n.d. 4.20 1.40
8.33 n.d. 4.20 1.40
8.27 n.d. 4.24 1.38
8.27 n.d. 4.24 1.38
8.24 n.d. 4.23 1.41
8.23 n.d. 4.23 1.41
8.22 n.d. 4.23 1.41
8.16 n.d. 4.26 1.41
8.15 n.d. 4.26 1.41
Gly 8.62 6.0 3.90, 3.83 n.a.
Tyr 8.47 n.d. 4.45 3.03, 2.94
Ac-YGAKAAAAKAAAAKAThr(OPOs”)-NH,
Thr 8.93 6.2 4.26 4.46
Lys 8.41 6.1 4.23 1.82
8.30 n.d. 4.29 1.84, 1.80
8.27 n.d. 4.23 1.83
Ala 8.51 5.7 4.38 1.44
8.35 n.d. 4.23 1.41
8.35 n.d. 4.23 1.41
8.30 n.d. 4.30 1.44
8.29 n.d. 4.26 1.44
8.28 n.d. 4.25 1.44
8.26 n.d. 4.25 1.44
8.25 n.d. 4.24 1.44
8.21 n.d. 4.27 1.42
8.19 n.d. 4.28 1.42
Gly 8.63 5.4 3.91,3.84 n.a.
Tyr 8.48 6.6 4.48 3.06, 2.96

Table 1.40: Summary of '"H NMR data for peptides with phosphoserine at residue
14. Data were collected in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM
NaCl. “n.d. = not determined due to spectral overlap. ” n.a. = not applicable.
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Figure 1.53: TOCSY spectra of Ac-SKAAAAKAAAAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ),
and Ser(OPO;>). pSer indicates phosphorylated serine residue; gSer indicates
Ser(OGlcNAc) residue. Green: unmodified serine; blue: Ser(OGIcNAc); magenta:
phosphorylated serine (pH 4.0); red: phosphorylated serine (pH 7.2). Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90%
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Figure 1.54: TOCSY spectra of Ac-TKAAAAKAAAAKAAGY-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPO;H"), and Thr(OPOs>). pThr indicates phosphorylated threonine residue;
gThr indicates Thr(OGIcNAc) residue. Green: unmodified threonine; blue:
Thr(OGlcNAc); magenta: phosphorylated threonine (pH 4.0); red: phosphorylated
threonine (pH 7.2). Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,O. Data were collected at 278 K.
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Figure 1.55: TOCSY spectra of Ac-:ASAAAAKAAAAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OPOs;H ), and Ser(OPO3Y).
pSer indicates phosphorylated serine residue. Green: unmodified serine; magenta:
phosphorylated serine (pH 4.0); red: phosphorylated serine (pH 7.2). Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90%
H,0/10% D,0. Data were collected at 278 K.
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Figure 1.56: TOCSY spectra of AccATAAAAKAAAAKAAGY-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OPO3H ), and
Thr(OPO;”"). pThr indicates phosphorylated threonine residue. Green: unmodified
threonine; magenta: phosphorylated threonine (pH 4.0); red: phosphorylated threonine
in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,O. Data were collected at 278 K. The
phosphorylated threonine amide proton (6 = 10.24 ppm) is not observed in the
TOCSY spectrum at pH 7.2 and 298 K due to exchange dynamics. The peak at 10.24
ppm was assigned based on temperature-dependent NMR spectroscopy (Figure S25).
At pH 7.2 at 305 K, this phosphothreonine is readily observed (8 = 9.81 ppm) in the

(pH 7.2). Peptides were dissolved

TOCSY spectrum.
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Figure 1.57: TOCSY spectra of Ac-:AKAASAKAAAAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ),
and Ser(OPOs>). pSer indicates phosphorylated serine residue; gSer indicates
Ser(OGlcNAc) residue. Green: unmodified serine; blue: Ser(OGIcNAc); magenta:
phosphorylated serine (pH 4.0); red: phosphorylated serine (pH 7.2). Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90%
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Figure 1.58: TOCSY spectra of Acc:AKAATAKAAAAKAAGY-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPO;H"), and Thr(OPOs>). pThr indicates phosphorylated threonine residue;
gThr indicates Thr(OGIcNAc) residue. Green: unmodified threonine; blue:
Thr(OGlcNAc); magenta: phosphorylated threonine (pH 4.0); red: phosphorylated
threonine (pH 7.2). Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,O. Data were collected at 278 K.
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Figure 1.59: TOCSY spectra of Acc:AKAAAAKAASAKAAGY-NH; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OPOs;H ), and Ser(OPO3Y).
pSer indicates phosphorylated serine residue. Green: unmodified serine; magenta:
phosphorylated serine (pH 4.0); red: phosphorylated serine (pH 7.2). Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90%
H,0/10% D,0. Data were collected at 278 K.
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Figure 1.60: TOCSY spectra of Acc:AKAAAAKAATAKAAGY-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OPO3H ), and
Thr(OPO;”"). pThr indicates phosphorylated threonine residue. Green: unmodified
threonine; magenta: phosphorylated threonine (pH 4.0); red: phosphorylated threonine
(pH 7.2). Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,O. Data were collected at 278 K.
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Figure 1.61:

TOCSY spectra of Ac-YGAKAAAAKAAAAKAS-NH,; peptides with
serine modifications: unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ),
and Ser(OPOs>). pSer indicates phosphorylated serine residue; gSer indicates
Ser(OGlcNAc) residue. Green: unmodified serine; blue: Ser(OGIcNAc); magenta:
phosphorylated serine (pH 4.0); red: phosphorylated serine (pH 7.2). Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2) containing 25 mM NacCl in 90%

H,0/10% D,0. Data were collected at 278 K.
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Figure 1.62: TOCSY spectra of Ac-YGAKAAAAKAAAAKAT-NH; peptides with
threonine modifications: unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPO;H"), and Thr(OPOs>). pThr indicates phosphorylated threonine residue;
gThr indicates Thr(OGIcNAc) residue. Green: unmodified threonine; blue:
Thr(OGlcNAc); magenta: phosphorylated threonine (pH 4.0); red: phosphorylated
threonine (pH 7.2). Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,O. Data were collected at 278 K.
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"H-"C HSQC spectra of phosphorylated and unmodified Ac-
AKAAAAKAATAKAAGY-NH,
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Figure 1.63: 'H-"C HSQC spectra of AccATAAAAKAAAAKAAGY-NH,
peptides with unmodified Thr(free hydroxyl) and Thr(OPOs>). pThr indicates
phosphorylated threonine. Green: unmodified threonine; red: phosphorylated
threonine (pH 8.0). Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 8.0)
containing 25 mM NaCl in D,O (278 K).
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Peptide 5, H" 3, Ha 3, Ca 5, CB
Ac-AThrAAAAKAAAAKAAGY-NH,

Thr 8.63 4.26 59.81 66.72
Lys 8.20 4.15 55.36 29.70
8.01 4.15 54.49 29.70

Ala 8.56 4.27 50.73 15.14
8.44 4.25 50.71 15.03

8.28 4.16 49.91 15.18

8.28 4.23 51.12 15.19

8.23 4.24 51.09 15.22

8.23 4.21 50.94 15.30

8.12 4.23 50.27 15.64

8.10 4.22 50.30 15.70

8.09 4.21 50.91 15.76

8.05 4.26 50.73 15.76

8.03 4.19 51.39 15.83

Gly 8.10 3.92, 3.86 42.20 n.a.
Tyr 8.03 4.54 54.60 35.69
Acetyl n.a. 2.06 21.27 n.a.

Ac-AThr(OPO;")AAAAKAAAAKAAGY-NH,

Thr 10.24 4.02 63.22 67.42
Lys 8.16 4.14 56.17 29.59
7.91 4.13 54.97 29.59

Ala 8.97 4.26 49.93 14.52
8.72 4.12 51.76 14.68

8.40 4.27 51.70 14.82

8.31 4.16 51.44 15.09

8.24 4.19 51.57 15.67

8.12 4.27 51.44 15.27

8.08 4.25 50.62 15.09

8.06 4.23 51.20 15.36

7.99 4.19 51.44 15.36

7.95 4.18 52.07 15.69

7.92 4.28 52.07 14.68

Gly 7.99 3.97, 3.86 42.19 n.a.
Tyr 8.01 4.57 54.59 35.59
Acetyl n.a. 2.15 21.57 n.a.

Table 1.41:  Summary of '"H-"C HSQC and TOCSY NMR data at 278 K of
peptides with Thr and pThr at residue 2. 'H-">C HSQC spectra were collected at pH
4.0 for unmodified threonine and at pH 8.0 for phosphorylated threonine. Data were
collected in 5 mM phosphate buffer containing 25 mM NaCl in D,O. TOCSY data
were collected at pH 4.0 for unmodified threonine and at pH 7.2 for phosphorylated
threonine. Data were collected in 5 mM phosphate buffer containing 25 mM NaCl in
90% H,0/D,0.
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"H-"C HSQC spectra of phosphorylated and unmodified Ac-
AKAAAAKAATAKAAGY-NH,
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Figure 1.64: 'H-"C HSQC spectra of AccAKAAAAKAATAKAAGY-NH,
peptides with unmodified Thr(free hydroxyl) and Thr(OPOs>). pThr indicates
phosphorylated threonine. Green: unmodified threonine; red: phosphorylated
threonine (pH 8.0). Peptides were dissolved in 5 mM phosphate buffer (pH 4.0 or 8.0)
containing 25 mM NaCl in D,O (278 K).
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Peptide 5, H" 5,Ha &, Ca 3,CB
Ac-AKAAAAKAA ThrAKAAGY-NH

Thr 8.19 4.25 59.72 66.61
Lys 8.57 4.25 54.13 29.88
8.31 4.25 54.06 29.88

8.24 4.24 53.64 29.88

Ala 8.52 4.21 50.12 15.75
8.36 4.23 50.02 15.71

8.34 4.33 49.75 15.69

8.31 4.26 49.99 15.73

8.31 4.26 50.07 15.77

8.29 4.27 50.04 15.80

8.28 4.27 50.04 15.83

8.27 4.27 50.07 15.85

8.24 4.27 50.21 15.87

8.24 4.27 50.38 15.89

Gly 8.29 3.95, 3.85 42.04 n.a.
Tyr 8.10 4.52 54.67 35.85
Acetyl n.a. 2.06 21.22 n.a.

Ac-AKAAAAKAAThr(OPO5” )AKAAGY-NH,

Thr 9.41 4.09 60.33 68.85
Lys 8.53 4.28 53.01 30.05
8.50 4.26 52.96 30.13

8.40 4.28 52.87 30.13

Ala 8.80 4.26 49.15 16.14
8.61 4.32 49.04 16.14

8.53 4.26 49.31 16.08

8.50 4.26 49.31 16.08

8.50 4.26 49.33 16.08

8.48 4.26 49.33 16.07

8.45 4.25 49.33 16.06

8.45 4.25 49.43 16.06

8.39 4.27 49.54 16.06

8.38 4.26 49.55 16.06

Gly 8.44 3.91, 3.86 41.89 n.a.
Tyr 8.15 4.51 54.73 35.82
Acetyl n.a. 2.02 21.11 n.a.

Table 1.42:  Summary of '"H-"C HSQC and TOCSY NMR data at 278 K of
peptides with Thr and pThr at residue 10. "H-">C HSQC spectra were collected at pH
4.0 for unmodified threonine and at pH 8.0 for phosphorylated threonine. Data were
collected in 5 mM phosphate buffer containing 25 mM NaCl in D,O. TOCSY data
were collected at pH 4.0 for unmodified threonine and at pH 7.2 for phosphorylated
threonine. Data were collected in 5 mM phosphate buffer containing 25 mM NaCl in

90% H,0/D,0.
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3p spectra of phosphorylated peptides.
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Figure 1.65: *'P NMR spectra of peptide Ac-T(OPO;* )KAAAAKAAAAKAAGY-
NH; in 5 mM phosphate buffer (pH 8.0) containing 25 mM NacCl in D,0.
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Figure 1.66: *'P NMR spectra of peptide Ac-AS(OPO;* ) AAAKAAAAKAAGY-
NH; in 5 mM phosphate buffer (pH 8.0) containing 25 mM NacCl in D,0.
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Figure 1.67: *'P NMR spectra of peptide Ac-AT(OPO;* ) AAAKAAAAKAAGY-

NH; in 5 mM phosphate buffer (pH 8.0) containing 25 mM NacCl in DO or 30%
TFE/D,O.
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Figure 1.68: *'P NMR spectra of peptide Ac-AKAAT(OPO;* )AKAAAAKAAGY-
NH; in 5 mM phosphate buffer (pH 8.0) containing 25 mM NacCl in D,0.
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Figure 1.69: *'P NMR spectra of peptide Ac-AKAAAAKAAT(OPO;* )AKAAGY-
NH; in 5 mM phosphate buffer (pH 8.0) containing 25 mM NacCl in D,0.
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Figure 1.70: *'P NMR spectra of peptide Ac-YGAKAAAAKAAAAKAT(OPO;™)-
NH; in 5 mM phosphate buffer (pH 8.0) containing 25 mM NacCl in D,0.

138



Quantitative analysis of NMR data

8, HY

Ser(OH) Ser(OGIcNAc) Ser(OPOsH") Ser(OPOs*")
N1 8.58 8.62 8.91 9.41
N2 8.62 n.a. 8.97 9.57
N5 8.44 8.45 8.71 9.06
N10 8.30 n.a. 8.54 9.01
N14 8.22 8.30 8.57 9.02

Table 1.43:  Amide proton chemical shifts of unmodified and modified serine
residues on peptides with unmodified Ser(free hydroxyl), Ser(OGIcNAc),
Ser(OPOsH ) at pH 4.0, and Ser(OPOs>) at pH 7.2. The positions of modified and
unmodified serine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), residue 10 (N10), and residue 14 (N14).

3
Jon

Ser(OH) Ser(OGIcNAc) Ser(OPO;H") Ser(OPOs*")
N1 5.1 3.3 4.4 3.6
N2 5.7 n.a. 5.1 4.3
N5 n.d. n.d. 5.7 4.5
N10 n.d. n.a. n.a. 3.3
N14 n.d. n.d. 6.8 6.3

Table 1.44:  Coupling constants between serine amide and alpha protons of
unmodified and modified serine residues on peptides with unmodified Ser(free
hydroxyl), Ser(OGlcNAc), Ser(OPOsH ) at pH 4.0, and Ser(OPO;>) at pH 7.2. The
positions of modified and unmodified serine residues are indicated: residue 1 (N1),
residue 2 (N2), residue 5 (N5), residue 10 (N10), and residue 14 (N14).
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9, Ha

Ser(OH) Ser(OGicNAc) Ser(OPO;H") Ser(OPO5*")
N1 4.34 4.35 4.40 4.29
N2 4.41 n.a. 4.51 4.41
N5 4.37 4.46 4.51 4.44
N10 4.37 n.a. 4.50 4.42
N14 4.37 4.48 4.50 4.42

Table 1.45:  Alpha proton chemical shifts of unmodified and modified serine
residues on peptides with unmodified Ser(free hydroxyl), Ser(OGIcNAc),
Ser(OPOsH ) at pH 4.0, and Ser(OPO;>) at pH 7.2. The positions of modified and
unmodified serine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), residue 10 (N10), and residue 14 (N14).

o, HB

Ser(OH) Ser(OGIcNAc) Ser(OPOsH") Ser(OPO5*")
N1 3.97, 3.90 411, 3.95 4.20, 417 4.14, 4.08
N2 4.02, 3.95 n.a. 4.25, 4.20 4.10
N5 3.95 4.09 417 4.09
N10 3.92, 3.90 n.a. 4.18,4.14 4.05
N14 3.93, 3.91 411, 3.89 4.18, 4.09 4.06

Table 1.46: Beta proton chemical shifts of unmodified and modified serine residues
on peptides with unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOsH ) at pH
4.0, and Ser(OPO5>") at pH 7.2. The positions of modified and unmodified serine
residues are indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10
(N10), and residue 14 (N14).
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0, H-Acetyl

Ser(OH) Ser(OGIcNAc) Ser(OPOsH) Ser(OPOs*")
N1 2.097 2.127, 2.068 2.133 2.154
N2 2.069 n.a. 2.090 2.127
N5 2.049 2.040, 2.018 2.029 2.026
N10 2.059 n.a. 2.033 2.033
N14 1.989 2.029, 1.981 1.974 1.983

Table 1.47:  Chemical shifts of acetyl protons on the N-terminus of peptides with
unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOs;H ) at pH 4.0, and
Ser(OPO5*") at pH 7.2. Chemical shifts of acetyl protons on GlcNAc are also reported
for peptides containing Ser(OGIcNAc). The positions of modified and unmodified
serine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10
(N10), and residue 14 (N14).

0, Carboxamide (-CONH,)

Ser(OH) Ser(OGIcNAc) Ser(OPOs;H) Ser(OPOs>")
N1 7.66, 7.24 7.66, 7.24 7.65,7.24 7.65,7.25
N2 7.64, 7.23 n.a. 7.64,7.24 7.63, 7.23
N5 7.68, 7.22 7.69, 7.22 7.67,7.22 7.68, 7.23
N10 7.68, 7.22 n.a. 7.69, 7.22 7.70, 7.23
N14 7.64,7.34 7.64, 7.38 7.65, 7.35 7.73,7.30
Table 1.48: Chemical shifts of carboxamide protons on the C-terminus of peptides

with unmodified Ser(free hydroxyl), Ser(OGIcNAc), Ser(OPO3H-) at pH 4.0, and
Ser(OPO32-) at pH 7.2. The positions of modified and unmodified serine residues are
indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and

residue 14 (N14).
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Mean 5, HNA|a

Ser(OH) Ser(OGIcNAc) Ser(OPOs;H) Ser(OPOs*")
N1 8.21+0.12 821 +0.12 817 +0.12 8.16+0.15
N2 8.24+0.18 n.a. 822 +0.19 8.21+0.22
N5 8.33 +0.11 8.47 +0.34 8.36+0.13 8.50+0.28
N10 8.34 +0.09 n.a. 8.41+£0.06 8.47 +0.07
N14 8.23+0.08 8.25+0.08 8.26 +0.08 8.31 +0.11
Table 1.49: Mean chemical shifts of alanine amide protons on peptides with

unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOs;H ) at pH 4.0, and
Ser(OPO5*") at pH 7.2. The positions of modified and unmodified serine residues are
indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and
residue 14 (N14). Standard deviations of the mean values are indicated.

Mean 5, HaA|a

Ser(OH) Ser(OGIcNAc) Ser(OPOsH™) Ser(OPOs*")

N1
N2
N5
N10
N14

Table 1.50:

4.21 £0.03
4.24 +0.03
4.24 +0.03
4.23 +0.02
4.23 +0.03

4.23 +0.02
n.a.
4.24 +0.02
n.a.
4.24 + 0.04

4.22 +0.03
4.23 +£0.03
4.24 +£0.03
4.24 +£0.02
4.26 +£0.02

4.23 £0.03
4.24 +0.02
4.26 £0.02
4.26 £0.02
4.27 +0.04

Mean chemical shifts of alanine alpha protons on peptides with

unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOs;H ) at pH 4.0, and
Ser(OPO5>") at pH 7.2. The positions of modified and unmodified serine residues are
indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and
residue 14 (N14). Standard deviations of the mean values are indicated.
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Mean 5, HﬁA|a

Ser(OH) Ser(OGIcNAc) Ser(OPOs;H™) Ser(OPOs*)

N1 1.43 £0.02 1.46 +£0.02 1.46 £0.03 1.48 £0.02

N2 1.47 £0.02 n.a. 1.48 £0.02 1.49+0.02

N5 1.43 £0.02 1.42 +£0.02 1.42+0.03 1.42+0.02

N10 1.42 £0.02 n.a. 1.40£0.02 1.40+£0.02

N14 1.44 £0.02 1.42 +£0.01 1.41 £0.01 1.43+0.01
Table 1.51: Mean chemical shifts of alanine beta protons on peptides with

unmodified Ser(free hydroxyl), Ser(OGlcNAc), Ser(OPOs;H ) at pH 4.0, and
Ser(OPO5*") at pH 7.2. The positions of modified and unmodified serine residues are
indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and
residue 14 (N14). Standard deviations of the mean values are indicated.

Quantitative analysis of NMR data: peptides containing threonine
and modified threonine residues

8, HN

Thr(OH) Thr(OGIcNAc) Thr(OPO3H") Thr(OPOs*")
N1 8.40 8.34 8.80 9.57
N2 8.63 n.a. 9.08 10.24
N5 8.29 8.16 8.57 9.50
N10 8.19 n.a. 8.44 9.41
N14 8.18 8.18 8.42 8.93
Table 1.52: Amide proton chemical shifts of unmodified and modified threonine

residues on peptides containing unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPO,;H") at pH 4.0, and Thr(OPO,™) at pH 7.2. The positions of modified and
unmodified threonine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), residue 10 (N10), and residue 14 (N14).
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3
Jon

Thr(OH) Thr(OGIcNAc) Thr(OPO3;H") Thr(OPOs")
N1 6.2 5.1 4.8 3.5
N2 4.7 n.a. n.d. 3.7
N5 n.d. n.d. n.d. 41
N10 6.8 n.a. n.d. 4.5
N14 7.9 8.0 7.9 6.2

Table 1.53:  Coupling constants between threonine amide and alpha protons of
unmodified and modified threonine residues on peptides containing unmodified
Thr(free hydroxyl), Thr(OGlcNAc), Thr(OPOsH ) at pH 4.0, and Thr(OPOs*) at pH
7.2. The positions of modified and unmodified threonine residues are indicated:
residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and residue 14
(N14).

9, Ha

Thr(OH) Thr(OGIcNAc) Thr(OPOs;H") Thr(OPOs*")
N1 4.25 418 4.23 4.04
N2 4.26 n.a. 4.21 4.02
N5 4.23 4.34 4.36 4.11
N10 4.25 n.a. 4.40 4.09
N14 4.29 4.42 4.39 4.26

Table 1.54:  Alpha proton chemical shifts of unmodified and modified threonine
residues on peptides containing unmodified Thr(free hydroxyl), Thr(OGIlcNAc),
Thr(OPO3H ) at pH 4.0, and Thr(OPOs>) at pH 7.2. The positions of modified and
unmodified threonine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), residue 10 (N10), and residue 14 (N14).

144



5, Hp

Thr(OH) Thr(OGIcNAc) Thr(OPOz;H") Thr(OPOs*")
N1 419 4.26 4.64 4.47
N2 4.33 n.a. 4.62 4.51
N5 4.26 4.24 4.65 4.39
N10 4.21 n.a. 4.62 4.34
N14 4.29 4.34 4.64 4.46

Table 1.55:  Beta proton chemical shifts of unmodified and modified threonine
residues on peptides containing unmodified Thr(free hydroxyl), Thr(OGIlcNAc),
Thr(OPO3;H ) at pH 4.0, and Thr(OPOs>) at pH 7.2. The positions of modified and
unmodified threonine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), residue 10 (N10), and residue 14 (N14).

Thr, Hy

Thr(OH) Thr(OGIcNAc) Thr(OPO3;H") Thr(OPOs>")
N1 1.27 1.23 1.40 1.32
N2 1.27 n.a. 1.35 1.30
N5 1.26 1.20 1.36 1.32
N10 1.25 n.a. 1.33 1.31
N14 1.25 1.18 1.34 1.31

Table 1.56: Gamma proton chemical shifts of unmodified and modified threonine
residues on peptides containing unmodified Thr(free hydroxyl), Thr(OGlcNAc),
Thr(OPO3H ) at pH 4.0, and Thr(OPOs*) at pH 7.2. The positions of modified and
unmodified threonine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), residue 10 (N10), and residue 14 (N14).
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0, Acetyl

Thr(OH) Thr(OGIcNAc) Thr(OPO;H)  Thr(OPO5*)
N1 2.123 2.148, 2.080 2.162 2.154
N2 2.060 n.a. 2.108 2.147
N5 2.038 2.059, 2.014 2.016 2.013
N10 2.059 n.a. 2.019 2.025
N14 1.981 2.054, 1.975 1.975 1.985

Table 1.57:  Chemical shifts of acetyl protons on the N-terminus of peptides
containing unmodified Thr(free hydroxyl), Thr(OGlcNAc), Thr(OPOs;H ) at pH 4.0,
and Thr(OPOs>) at pH 7.2). Chemical shifts of acetyl protons on GlcNAc are also
reported for peptides containing Thr(OGlcNAc). The positions of modified and
unmodified threonine residues are indicated: residue 1 (N1), residue 2 (N2), residue 5
(N5), resi\due 10 (N10), and residue 14 (N14).

0, Carboxamide (-CONH,)
Thr(OH Thr(OGIcNAc) Thr(OPOsH) Thr(OPOs*)

N1
N2
N5
N10
N14

Table 1.58:

7.66, 7.23
7.65,7.23
7.68,7.22
7.68,7.22
7.59, 7.32

7.66, 7.23
n.a.
7.70, 7.22
n.a.
7.50, 7.39

7.65,7.25
7.63,7.23
7.68,7.22
7.69, 7.21
7.67,7.30

7.65,7.24
7.64,7.25
7.69, 7.23
7.71,7.22
7.89,7.25

Chemical shifts of carboxamide protons on the C-terminus on peptides

with unmodified Thr(free hydroxyl), Thr(OGlcNAc), Thr(OPOs;H ) at pH 4.0, and
Thr(OPOs*) at pH 7.2). The positions of modified and unmodified threonine residues
are indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and

residue 14 (N14).
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Mean 5, HNA|a

Thr(OH) Thr(OGIcNAc) Thr(OPOsH™) Thr(OPOs*)

N1
N2
N5
N10
N14

Table 1.59:

8.24 +0.11
8.22 +0.16
8.36 +0.08
8.32 £ 0.08
8.23 +£0.08

8.21 +0.12
n.a.
8.42 + 0.06
n.a.
8.25 +£0.08

8.19+£0.15
8.22+0.24
8.41 +£0.10
8.44 +0.05
8.27 £0.09

8.19+£0.19
8.25+0.32
8.45+0.17
8.31 £0.43
8.30 +£0.09

Mean chemical shifts of alanine amide protons on peptides with

unmodified Thr(free hydroxyl), Thr(OGlcNAc), Thr(OPOsH ) at pH 4.0, and
Thr(OPO;”") at pH 7.2. The positions of modified and unmodified threonine residues
are indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and
residue 14 (N14). Standard deviations of the mean values are indicated.

Mean 5, HaA|a

Thr(OH) Thr(OGIcNAc) Thr(OPOsH™) Thr(OPOs>)

N1
N2
N5
N10
N14

Table 1.60:

4.22 +£0.02
4.23 +0.04
4.25 +0.03
4.26 +0.03
4.25 +0.04

4.22 +0.03
n.a.
4.25 +0.03
n.a.
4.24 +0.04

4.21 £0.03
4.22 +0.04
4.25 +0.03
4.26 +0.02
4.25 +0.05

4.23 +0.04
4.22 +0.05
4.25 +£0.02
4.27 £0.02
4.27 £0.04

Mean chemical shifts of alanine alpha protons on peptides with

unmodified Thr(free hydroxyl), Thr(OGlcNAc), Thr(OPOsH ) at pH 4.0, and
Thr(OPO;”") at pH 7.2. The positions of modified and unmodified threonine residues
are indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and
residue 14 (N14). Standard deviations of the mean values are indicated.
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Mean 5, HﬁA|a

Thr(OH) Thr(OGIcNAc) Thr(OPOs;H") Thr(OPOs*)

N1
N2
N5
N10
N14

Table 1.61:

residue 14 (N14). Standard deviations of the mean values are indicated.

1.43 +£0.02
1.46 +0.03
1.42 +0.02
1.44 +0.03
1.44 +0.02

1.45 +0.02
n.a.
1.39 £ 0.01
n.a.
1.42 +£0.01

1.46 +0.02
1.47 +0.02
1.41 +0.02
1.39 £ 0.01
1.41 +0.02

1.49 +0.02
1.50 +0.04
1.41 +0.02
1.39 £ 0.01
1.43 +0.01

Mean chemical shifts of alanine beta protons on peptides with
unmodified Thr(free hydroxyl), Thr(OGlcNAc), Thr(OPOsH ) at pH 4.0, and
Thr(OPO;”") at pH 7.2. The positions of modified and unmodified threonine residues
are indicated: residue 1 (N1), residue 2 (N2), residue 5 (N5), residue 10 (N10), and

Thr(OH) Thr(OPO5*") Ad
5, C*
N2 59.81 63.22 +3.41
N10 59.72 60.33 +0.61
5, CF
N2 66.72 67.42 +0.70
N10 66.61 68.85 +2.24
Table 1.62:  Alpha and beta carbon chemical shifts of threonine on peptides

containing unmodified Thr(free hydroxyl) and Thr(OPO;*") at pH 8.0. The change in
chemical shifts from unmodified to phosphorylated threonine is indicated.
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Thr(OH) Thr(OPO5*")
Mean 6 Mean 6 Ad
C%Ala
N2 50.74 + 0.41 51.39 £ 0.60 +0.65
N10 50.07 +£0.16 49.33 +£0.16 -0.74
CPaia
N2 15.43 £0.29 15.11 £0.38 -0.32
N10 15.79 £ 0.07 16.08 +£ 0.03 +0.29
Table 1.63: Mean alpha and beta carbon chemical shifts of alanine residues on

peptides containing unmodified Thr(free hydroxyl) and Thr(OPOs>") at pH 8.0.
Standard deviations of mean values are indicated. The change in mean chemical shift

of alanine between the peptides indicated.

Thr(OH) Thr(OPOs*")
Mean 6 Mean 6 Ad
Lys, Cy
N2 54.94 55.60 +0.66
N10 53.93 52.95 -0.98
Table 1.64: Mean alpha carbon chemical shifts of lysine residues on peptides

containing unmodified Thr(free hydroxyl) and Thr(OPO;”") at pH 8.0. The change in
mean chemical shift of lysine between the peptides is indicated.
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Chapter 2

NEIGHBORING RESIDUE SIDE-CHAIN INTERACTIONS OF -OGIlcNAc

Introduction

I previously examined the effects of OGIcNAcylation of an isolated serine or
threonine residue on the structure of an a-helix. I found that both Ser(OGIcNAc) and
Thr(OGIlcNAc) stabilize an a-helix when located at the N-terminus while both
destabilize the a-helix when located at internal and C-terminal positions. However, in
nature the contexts in which OGIcNAcylation functions are far more complex than
isolated a-helical peptides. In biological systems, recognition of carbohydrates can
occur through CH-m interactions where the a-face of the carbohydrate interacts with
the face of an aromatic side chain, as is commonly found with lectin recognition of
saccharides as it relates to immune system functions.'” Alternatively, carbohydrates
are also known to form covalent complexes with boronic acids through diol exchange,

common in synthetically designed recognition motifs.'***

Within these two contexts, I
sought to develop carbohydrate recognition motifs using peptides containing aromatic
and/or boronic acid functional groups.

There are several different methods for studying the effects of
carbohydrate/aromatic interactions using model systems, two of which involve small
molecules and peptides. Cuevas found through NMR and theoretical calculations that
fucose and benzene in an aqueous environment have a stabilizing interaction of

approximately 3.0 kcal/mol. This experiment was modeled after a galactose/tyrosine

interaction occurring between the influenza virus hemagglutinin and 2,3-
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15. 16 . . . ..
*” Bernardi synthesized a series of small molecules containing a

sialyllactose.
phenylalanine with an N-terminal ether linkage to four different monosaccharides
(glucose, galactose, N-acetyl-glucosamine (GlcNAc), and N-acetly-galactosamine).
Using a combination of NMR and computational studies, she found the strength of the
carbohydrate/aromatic interaction to be between 1.2-4.4 kcal/mol, consistent with

results obtained by Cuevas and others.'”"®

Using a combinatorial approach, Asensio
was able to determine how structural variations in the carbohydrate structure can
affect the energy of CH/x interactions by 0.7 kcal/mol in his model system.'’ In
several systems CH/m interactions have been used to design host-guest sugar sensors
based on synthetic lectins.” % *°

Relatively fewer model systems exist for studying the effects of
carbohydrate/mw interactions in isolated peptide systems. Kelly and coworkers have
found that sequences of F-X-N-X-T and F-N-X-T (for type I B-turn) and F-Y-Z-N-X-
T (for type II B-turn) in the WW domain of human Pinl protein exhibit enhanced (0.7-
2.0 kcal/mol) stability when Asn(NGIcNAc) is present due to a CH/m interaction (X =

2122 More recently, they studied the

any residue, Z = any residue except Pro).
contribution of the CH/x interaction in residues 6-39 of Pinl WW domain for both 5
and 6 residue sequons (sequence of consecutive amino acids serving as an attachment
site for saccharides), finding that both hydrophobic and CH/rt interactions contribute
significantly to the overall interaction.”> Waters has utilized a p-hairpin model to
examine the effects of Ser(OGIcNAc) interactions with a cross-strand tryptophan
residue, finding a stabilization of 0.5 kcal/mol due to the GIcNAc/Trp interaction.
Interestingly, she found different NOE signatures between GIcNAc and other sugars

examined, although the data remain consistent with an interaction between the face of
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Trp and the a-face of GIcNAc.** To date, no model peptide systems have been
designed utilizing a-helices to explore carbohydrate/m interactions.

Aryl boronic acids have been widely utilized in saccharide recognition for a
variety of different applications such as oligosaccharide sensors, selective membrane

- - L 25-33
fusion systems, and microbicides.

Designed boronic acid-containing peptides have
been developed in limited numbers for the detection of free saccharides in an aqueous
environment.’>** Currently, there are no designed sensors for the specific detection of
glycosylation of proteins utilizing boronic acids; all current designs are based on the
detection of free saccharides. Having found the ability of Ser(OGIcNAc) to serve as
inducible start and stop signals in a-helices, I sought to explore intra-helical
interactions between Ser(OGIcNAc) and neighboring side chains containing aromatic
and aryl boronic acid residues (Figure 2.1). To examine both CH/x and
GlcNAc/boronic acid interactions, peptides were synthesized using 4-lodo-
phenylalanine (4-I-Phe) as the aromatic amino to explore CH/m interactions. 4-1-Phe

was readily converted to 4-B(OH),-Phe via aryl borylation producing the aryl boronic

acid to explore GIcNAc/boronic acid interactions.
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Figure 2.1:  Schematic representation of proposed intra-a-helical interaction
between GlcNAc and 4-B(OH),-Phe or 4-I-Phe. Diols of the GlcNAc unit could form
a conjugate with 4-B(OH);-Phe (a). Axial protons of the GIcNAc unit could form a
CH/r interaction with the aromatic face of 4-I-Phe (b).

Results
A series of peptides was synthesized based on our previous Baldwin o-helix
model peptides (Ac-AKAAAAKAAAAKAAGY-NHy), to allow direct comparison to
peptides previously analyzed. Work performed by others has established both covalent
and non-covalent interactions of natural and unnatural side-chains within a-helices to
be stabilizing in relative i/i+3, i/i+4, and i/i+7 relationship along one a-helical face
with one interacting partner at position 7 and the other at position i+3, i+4, or i+7 (3,

4, or 7 residues respectively, subsequent in the sequence).”>*

The series of peptides
herein are designed to explore interactions between positions i+3, i+4, i-4, and i+7 all
relative to serine at residue 1 or at residue 5 (for i-4 interactions) of the a-helix (Figure
2.2). Serine or Ser(OGIcNAc) is denoted by position i, while 4-1-Phe varies in position
(Figure 2.1 (a)). A peptide containing Ser(OGIcNAc) at residue 1 and 4-1-Phe at

residue 3 was also synthesized to explore possible CH/m interactions in a relative i+2

position. Given the observation that greater structural effects were observed for
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Thr(OGlcNAc) than Ser(OGIcNAc), peptides were also synthesized containing Thr or
Thr(OGlcNAc) at residue 1 and 4-1-Phe at residue 5. Phosphorylation and
OGIcNAcylation are dynamic competing intracellular processes. To better understand
the biological contexts of these PTMs regarding neighboring aromatic residues;
peptides were also synthesized with phosphoserine or Ser(OGIcNAc) at residue 1 and

Trp at residue 5 (Figure 2.2 (¢)).

OH OH

HO o HO oW \\

AcHN W ‘AcHN

i/i+3 . AC-XKAZAAKAAAAKAAGY-NH, Vi+2 Ac-XKZAAAKAAAAKAAGY-NH,
ol ~r? X = Ser(OGIcNAC)
AcHN X Z=1
i/i+4 Ac-XKAAZAKAAAAKAAGY-NH, oH
" “"ﬂ 98
Z o OH HO o, (Q/
| P o OH AcHN N
. NiiAe i/i+4 Ac-XKAAZAKAAAAKAAGY-NH,
i/i-4 Ac-ZKAAXAKAAAAKAAGY-NH,
O . X = Thr or Thr(OGIcNAc)
Ho Q Z=1
HO o
AcHN N
Vi+7 Ac-XKAAAAKZAAAKAAG Y-NH, C
RO

X = Ser or Ser(OGIcNAc) .
Z =1or B(OH), Vi+4 Ac-SKAAWAKAAAAKAAGY-NH;

OR = OH, OPO4*, or 3-OGIcNAc

Figure 2.2:  Peptide sequences examined in this study. (a) Peptides synthesized to
examine the effects of Ser or Ser(OGIcNAc) (residue 1 or 5) interactions in a relative
i+3, i+4, i-4, and i+7 relationship to Ser or Ser(OGIcNAc). (b) Peptides exploring the
effects of Ser(OGIcNAc) and 4-1-Phe in an i/i+2 relationship and Thr/Thr(OGlcNAc)
and 4-1-Phe in an i/i+4 relationship. (¢) Peptides containing Ser, phosphoserine, and
Ser(OGIcNACc) in an i/i+4 relationship to Trp.
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OGIcNAcylated peptides were synthesized on solid-phase support
incorporating Fmoc-Ser/Thr(Ac;OGlcNAc)-OH (synthesized in solution phase via a
modified method of Arsequell) at the intended site of modification, followed by initial
purification, deesterification of the sugar hydroxyls, and final purification to obtain
site-specific incorporation of Ser/Thr(OGIcNAc) (Figure 2.3).* Peptides containing 4-
I-Phe were readily converted to 4-B(OH),-Phe via solid-phase aryl borylation (Figure
2.4).% Peptides containing phosphoserine were incorporated using Fmoc-S(trityl)-OH.
Phosphorylation was conducted on solid-phase by selective trityl-deprotection,
phosphitylation, oxidation, and cleavage/deprotection yielding a site-selective
phosphorylated serine residue (Figure 2.5). All peptides were analyzed by circular
dichroism (CD) at 0.5 °C.

OAc OAc OAc

v
Aﬁ&&ﬁuom BF,-OEt, Ag@&% DIPEA, Fmoc-X(OH)-OH, Oxazoline Aﬁ&&uo R
e CH,Cl,, 01035°C, 24 K N?O 24 CH,Cl,MeCN, 0"C to 1t, 96 h o l

FmocHN™ “COOH

Figure 2.3:. Synthesis of peracetylated 2-acetamido-2-deoxy-p-D-glycosides of
Fmoc-Thr-OH (R = CH3) and Fmoc-Ser-OH (R = H).
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B(OH),

1) PdCly(dppf), dppf
RN\ RC\ KOAC, BzPinz _ R‘N\N R'C

N
H o O DMSO, 80 °C, 24 h H
2) TFA cleavage/deprotection

o)

Figure 2.4:  Synthetic scheme of solid-phase aryl borylation of peptides containing
4-1-Phe. Rn/R’Ny = N-terminal portion of the peptide containing Ser(OAc;GlcNAc) at
residue 1. Rc = C-terminal portion of the peptide on solid support containing protected
amino acids. R’c = C-terminal portion of the peptide deprotected and cleaved from
solid support.

HO__ .R 1. 2% TFA, 5% TES, 93% CH,Cl, 203PO__ R
2. 3% Tetrazole,
RN\N Re 0,0"dibenzyl-N,N-diisopropylphosphoramidite_ RN‘\N Re
H 3. 3 M t-Butyl hydroperoxide, CH,Cl, H

) o)

4. TFA cleavage/deprotection

Figure 2.5:  Scheme for the chemical phosphorylation of peptides on resin and
subsequent cleavage/deprotection. R = CHj (Thr) or R = H (Ser).

Effects of Ser/Ser(OGIlcNAc) and 4-1-Phe with an i/i+2 relationship

The first positions examined for possible hydrophobic or CH/x
interactions between sugars and aromatic amino acids are the relative i/i+2 positions
of the a-helix, with both Ser and Ser(OGIcNAc) at residue 1 and 4-1-Phe at residue 3
(Figure 2.6 and Table 2.1). GIcNAcylation of serine at this position led to a small
increase in a-helicity from 27.9% (Ser) to 31.7% (Ser(OGIcNAc)). Our previous work
on the isolated effects of Ser and Ser(OGIcNAc) suggest that this small increase in o-
helicity is due to the isolated effects of the GIcNAc sugar on the N-terminus rather
than any interaction with 4-I-Phe, consistent with no interaction between GIcNAc and

4-1-Phe in this sequence relationship.
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Figure 2.6:  CD spectra of Ac-SK(4-I-Phe) AAAKAAAAKAAGY-NH; peptides
with unmodified Ser(free hydroxyl) and Ser(OGIcNAc). Green squares: unmodified
serine; blue diamonds: Ser(OGlcNAc). CD experiments were conducted in water with
10 mM phosphate (pH 7.0) and 25 mM KF at 0.5 °C.

Peptide [0]222 [0]208 [6]190 [6]222/[6]208 —{0]190/[0]208 % Helix
Ac-SK(4-1-Phe)AAAKAAAAKAAGY-NH, -8352 -9487 13055 0.88 1.38 27.9
Ac-S(GIcNAc)K(4-1-Phe)AAAKAAAAKAAGY-NH, -9791 -10412 16521 0.94 1.59 31.7

Table 2.1: Summary of CD data for peptides with i/i+2 orientation. CD data were
collected at 0.5 °C in 10 mM aqueous phosphate buffer pH 7.0 with 25 mM KF.

Effects of Ser/SerOGIcNAc and 4-1-Phe/4-B(OH),-Phe with an i/i+3 relationship

Side chain-side chain interactions in a relative i/i+3 position have been
shown to exist with both electrostatic interactions and stapled peptides, although the
interacting geometry provides less residue overlap than with the relative i/i+4
orientation. Peptides with Ser/Ser(OGlcNAc) at residue 1 and 4-1-Phe or 4-B(OH),-
Phe at residue 4 demonstrated moderate variations in a-helicity (Figure 2.7 and Table
2.2). In contrast to every other peptide in this body of work, Ser;/4-I-Phe;:3 showed

greater o-helicity than Ser(OGIlcNAc)/4-1-Phe 13, despite the observation that
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OGIcNAcylation of serine leads to an increase in a-helicity while on the N-terminus.
This observation is consistent with no favorable interactions being present between
GlcNAc and 4-I-Phe when in an i/i+3 relationship. Ser(OGlcNAc)/4-B(OH);-Phe; 3
exhibited greater a-helicity then the peptides with the unmodified serine. These data
are consistent with the observed isolated effects of GlcNAcylation of serine on the N-

terminus and not with an interaction between GlcNAc and the boronic acid.

e P
Ser / 4-B(OH)2-Phe
S(GICNAC) / 4-I1-Phe
S(GIcNAC) / 4-B(OH)2-Phe

>eeonm

20,000

-1

10,000 4

2

[6], deg cm™ dmol
i’

-10,000}

-20,000““‘ “““““ | B Lau
190 200 210 220 230 240 250

nm

Figure 2.7:  CD spectra of Ac-SKA(4-X-Phe) AAKAAAAKAAGY-NH, peptides
with unmodified Ser(free hydroxyl) and Ser(OGIcNAc). Green squares: unmodified
serine/4-1-Phe; black circles: unmodified serine/4-B(OH),; blue diamonds:
Ser(OGlcNAc)/4-1-Phe; red triangles: Ser(OGlcNAc)/4-B(OH),-Phe. CD experiments
were conducted in water with 10 mM phosphate (pH 7.0) and 25 mM KF at 0.5 °C.
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Peptide [6]200 [6]208 [0]i90  [0]222/[6]208  —[0]190/[0e0s % Helix

Ac-SKA(4-I-Phe)AAKAAAAKAAGY-NH, -7186  -8941 7597 0.80 0.85 24.8
Ac-SKA(4-B(OH).,-Phe)AAKAAAAKAAGY-NH, -6222  -8056 7259 0.77 0.90 22.2
Ac-S(GIcNAc)KA (4-1-Phe)AAKAAAAKAAGY-NH, -7006 -8366 10753 0.84 1.29 24.3
Ac-S(GIcNAc)KA(4-B(OH),-Phe) AAKAAAAKAAGY-NH,  -7403 -9217 11143 0.80 1.21 25.4

Table 2.2: Summary of CD data for peptides with i/i+3 orientation. CD data were
collected at 0.5 °C with 80-100 uM peptide in 10 mM aqueous phosphate buffer pH
7.0 with 25 mM KF.

Neighboring side-chain interactions with an i/i+4 relationship

The most geometrically favorable interaction of side-chains on an a-helix face
occurs with an i/i+4 relationship. Peptides were synthesized and analyzed with
Ser/Ser(OGIcNAc) at residue 1 with 4-1-Phe or 4-B(OH),-Phe at residue 5. In
addition, peptides were synthesized with a reversed polarity orientation, to determine
the dependence of interactions on a-helical position (N-terminal versus internal)
(Figure 2.8 and Table 2.3). For peptides with Ser at residue 1, a modest increase in o-
helicity was observed due to GlcNAcylation, consistent with previous results on
peptides lacking an aromatic residue. None of the peptides exhibited any substantial
changes in a-helicity due to the presence of either 4-1-Phe or 4-B(OH),-Phe,
consistent with no interaction between GIcNAc and either the boronic acid or aromatic

group with a relative i/i+4 relationship.
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Figure 2.8:  CD spectra of Ac-SKAA(4-X-Phe)AKAAAAKAAGY-NH, peptides
with unmodified Ser(free hydroxyl) and Ser(OGIcNAc). Green squares: unmodified
serine/4-1-Phe; black circles: unmodified serine/4-B(OH),; blue diamonds:
Ser(OGlcNAc)/4-1-Phe; red triangles: Ser(OGlcNAc)/4-B(OH),-Phe. CD experiments
were conducted in water with 10 mM phosphate (pH 7.0) and 25 mM KF at 0.5 °C.

Peptide [6]200 [6]208 [0]i90 _ [0]220/[6]20s  —[0]100/[0]208 % Helix
Ac-SKAA (4-1-Phe)AKAAAAKAAGY-NH, -8670 -9327 12733 0.93 1.37 28.7
Ac-SKAA(4-B(OH),-Phe)AKAAAAKAAGY-NH, -8241 -9658 10702 0.85 1.11 27.6
Ac-S(GIcNAC)KAA (4-1-Phe)AKAAAAKAAGY-NH, -9607 -10413 16572 0.92 1.59 31.2
Ac-S(GIcNAc)KAA(4-B(OH),-Phe)AKAAAAKAAGY-NH,  -10083 -11121 16837 0.91 1.51 32.4

Table 2.3: Summary of CD data for peptides with i/i+4 orientation. CD data were
collected at 0.5 °C in 10 mM aqueous phosphate buffer pH 7.0 with 25 mM KF.

Previous work has demonstrated that both Ser and Ser(OGIcNAc) are both
destabilizing to the a-helix on internal positions, with Ser(OGIcNAc) decreasing o.-
helix stability by 0.12 kcal/mol relative to Ser. The CD signatures of peptides with
both 4-I-Phe and 4-B(OH),-Phe at residue 1 and Ser(OGlcNAc) at residue 5 are
almost identical, indicating no inherent difference between the two aromatic residues
on the N-terminus (Figure 2.9 and Table 2.4). Ser(OGIcNAc) at residue 5 with either

aromatic at residue 1 exhibits a decrease in helix stability by 0.12 kcal/mol, consistent
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with the observed isolated effects of GIcNAcylation on an a-helical interior position.
Taken together, these results indicate that there is no significant interaction between

GlcNAc and either the 4-1-Phe or 4-B(OH),-Phe with an i/i-4 relative orientation.

I At By
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Figure 2.9:  CD spectra of Ac-(4-X-Phe)KAASAKAAAAKAAGY-NH, peptides
with serine unmodified Ser(free hydroxyl) and Ser(GIcNAc). Green squares:
unmodified 4-1-Phe/serine; blue diamonds: 4-1-Phe/Ser(GlcNAc); red triangles: 4-
B(OH),-Phe/Ser(GlcNAc). CD experiments were conducted in water with 10 mM
phosphate (pH 7.0) and 25 mM KF at 0.5 °C.

Peptide [6]200 [6l20s  [6ligo  [B]a0o/[0]20s  —[0l100/[Bl20s % Helix
Ac-(4-1-Phe)KAASAKAAAAKAAAAKAAGY-NH, -5058 -6711 5300 0.75 0.79 19.2
Ac-(4-1-Phe)KAAS(GIcNAC)AKAAAAKAAAAKAAGY-NH, -3840 -6794 1566 0.57 0.23 15.9
Ac-(4-B(OH), -Phe)KAAS(GIcNAc)AKAAAAKAAAAKAAGY-NH, -3637 -6929 1701 0.52 0.25 15.4

Table 2.4: Summary of CD data for peptides with i/i-4 orientation. CD data were
collected at 0.5 °C in 10 mM aqueous phosphate buffer pH 7.0 with 25 mM KF.
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Although no significant interactions were found with i/i+4 relationships
between Ser(OGIcNAc) and 4-1-Phe or 4-B(OH),-Phe, it is plausible that a larger,
more electron-rich natural amino-acid such as tryptophan could interact with GIcNAc
in this relative geometry. It is also known that anion/rt interactions are repulsive,
suggesting that GIcNAc/aromatic interactions may stabilize the a-helix while
phosphate/aromatic interactions may destabilize the a-helix, acting as a molecular
switch for secondary structure. Such a mechanism would be similar to work performed

by Waters involving p-hairpin peptides.*” **

To determine the context dependence of
phosphorylation and GlcNAcylation in proximity to Trp, peptides were synthesized
containing serine, phosphoserine, or Ser(OGIcNAc) at residue 1 and Trp at residue 5
with a relative i/i+4 relationship (Figure 2.10 and Table 2.5). Interestingly, the
addition of Trp alone leads to an increase in a-helicity of approximately 14% relative
to 4-I-Phe and 4-B(OH),-Phe. Previous studies have demonstrated that the effects of
different hydrophobic aromatic residues (Trp, Tyr, and Phe) at internal positions of a-

49, 50

helices are negligible. Trp at residue 5 is in a relative i/i+3 relationship to lysine,

potentially suggestive of a stabilizing cation/m interaction, observed by others in a
relative i/i+4 orientation on a-helices.** !

Both Ser(OGlcNAc) and phosphoserine led to an overall increase in a-helicity
relative to serine at the N-terminus of an a-helix. The peptide with Ser(OGlcNAc)
exhibited a small increase in a-helicity, consistent with the observed isolated effects
of GlcNAcylation in model peptides. These data suggest that there is no significant
interaction of the sugar with the Trp residue. Phosphorylation led to a large increase in

a-helicity and stabilized the a-helix by 0.23 kcal/mol, comparable to the 0.20

kcal/mol stabilization observed with the isolated effects of serine phosphorylation.
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Taken together, these results suggest no observable interaction between either the

phosphate or GlcNAc with Trp.
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Figure 2.10: CD spectra of Ac-SKAAWAKAAAAKAAGY-NH; peptides with
unmodified Ser(free hydroxyl) and Ser(OGIcNAc). Green squares: unmodified serine;
red circles: phosphorylated serine (pH 8); blue diamonds: Ser(OGlcNAc). CD
experiments were conducted in water with 10 mM phosphate (pH 7.0 or 8.0) and 25
mM KF at 0.5 °C.

Peptide [6]200 [6]208 [0]i90 _ [0]222/[6]208  —[0]190/[020s % Helix
Ac-SKAAWAKAAAAKAAGY-NH, -13508 -14847 24321 0.91 1.64 415
Ac-S(GIcNAc)KAAWAKAAAAKAAGY-NH, -14677 -15379 31017 0.95 2.02 44.6
Ac-Ser(OPO;” )KAAWAKAAAAKAAGY-NH, -17504 -17555 34788 1.00 1.98 52.1

Table 2.5: Summary of CD data for peptides containing serine modifications at
residue 1 and tryptophan at residue 5 of the a-helix. CD data were collected at 0.5 °C
with 80-100 uM peptide in 10 mM aqueous phosphate buffer pH 7.0 with 25 mM KF.
To further explore the nature of these interactions, 1-D 'H and TOCSY NMR
experiments were performed on peptides containing phosphoserine or Ser(OGIcNAc)

in a relative i/i+4 relationship to Trp (Table 2.6). As was observed for the isolated

peptides containing only these post-translational modifications, Ser(OGlcNAc) at
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residue 1 led to greater conformational restriction than phosphorylation, as evident by
the small decrease in *J,x comparing phosphorylation to GleNAcylation (5.0 Hz for
Ser(OGIcNAc) and 5.2 Hz for Ser(OPO;”)). The magnitude of the conformational
restriction due to both modifications is overall smaller than that observed in peptides
without Trp, most likely due to the decrease in overall a-helicity that results from
substitution of Trp for Ala. Alternatively, interactions between the Trp residue and
phosphoserine or Ser(OGIcNAc) residues could affect the ¢ torsion angle of serine.
Again, a downfield chemical shift of phosphoserine amide proton is observed, yet to a

smaller extent then for isolated peptides.

Peptide 8 H'Y °Jan 8,Ho &, H
Ac-Ser(GIcNAc)KAAWAKAAAAKAAGY-NH, 850 5.0 4.32 3.98,3.80
Ac-Ser( OP032')KAAWAKAAAAKAAGY-N Ho 877 52 439 4.16,4.11

Table 2.6: Summary of NMR data for peptides containing serine modifications at
residue 1 and tryptophan at residue 5 of the a-helix. Chemical shifts (8) of serine
amide proton (H"), alpha proton (Ha), beta proton (Hf), and coupling constants
between serine alpha proton and amide proton (*J,y) are reported. Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 6.5) containing 25 mM NacCl in 90%
H,0/10% D0 at 5 °C.

NMR spectroscopy reveals a small downfield chemical shift of all
GlcNAc protons of approximately 0.06 ppm in changing i/i+4 alanine to tryptophan
substitution, consistent with a weak interaction between the hydrogen and the ring

current of the aromatic (Figure 2.1 1).24

This trend could alternatively be explained
by effects of a-helicity on the chemical shift of GIcNAc protons. However, the extent

of peptide a-helicity had no observed effects on the chemical shift of GIcNAc protons
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for isolated Ser(OGIcNAc) or Thr(OGIcNAc) peptides without Trp. As was observed
for peptides with alanine at residue 5, phosphorylation of serine induces a downfield
shift of the serine amide proton. The a-helicity of phosphoserine i/i+4 to Trp was
determined to be 52.1% at pH 8.0 via CD. I had previously determined the a-helicity
of phosphoserine at residue 1 i/i+4 alanine to be 50.8 % helicity at pH 4.0 and 58.6%
helicity at pH 8.0. The observed effects of the phosphorylation-induced downfield
chemical shift originates from the hydrogen bond between the phosphate and the
phosphorylated residue amide hydrogen; position, temperature, and pH all have had
effects on the extent of downfield shift. The phosphoserine at residue 1 in an i/i+4 to
Trp, demonstrates the least downfield amide proton at 8.77 ppm (compared to
phosphoserine at residue 1 i/i+4 to alanine 8.91 ppm (pH 4.0) and 9.41 (pH 7.2)) and
the largest *J.x (5.2 Hz) (compared to phosphoserine at residue 1 i/i+4 to alanine 4.4
Hz (pH 4.0) and 3.6 Hz (pH 7.2)). These data suggest a weakening of the phosphate-
amide hydrogen bond, even though the a-helicity is in between that of phosphoserine
at residue 1 in an i/i+4 orientation to alanine (pH 4-8). This finding suggests the
presence of other a-helix stabilizing interactions within the Trp-containing peptide
that are not present in other peptides, such as a possible i/i+3 Lys/Trp cation/nt

interaction.
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Figure 2.11: Comparative TOCSY spectra of the amide region of peptides Ac-

S(OGIcNAc)KAAAAKAAAAKAAGY-NH; (black) and Ac-
S(OGIcNAc)KAAWAKAAAAKAAGY-NH; (blue). gSer indicates Ser(OGIcNAc).
Peptides were dissolved in 5 mM phosphate buffer (pH 4.0) containing 25 mM NaCl
in 90% H,0/10% D,0. Data were collected at 278 K.
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Previously, I had demonstrated that greater structural effects were generally
observed for modifications on threonine than for modifications on serine. To explore
the possibility of CH/m interactions of Thr(OGIcNAc), peptides were synthesized with
Thr or Thr(OGIcNAc) at residue 1 and 4-I-Phe at residue 5. The peptides were
analyzed via CD (Figure 2.12, Table 2.7). GlcNAcylation of threonine in an i/i+4
relationship to 4-1-Phe led to a small increase in a-helicity by 5%, consistent with the
observed effects of GIcNAcylation of threonine in stabilizing an a-helix on the N-
terminus and not consistent with any significant interaction between the GIcNAc unit
and the aromatic ring of 4-I-Phe. These results are consistent with the results obtained

for Ser(OGIcNAc) with aromatic residues in the same relative orientation.
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Figure 2.12: CD spectra of Ac-TKAA(4-I-Phe) AKAAAAKAAGY-NH; peptides
with threonine unmodified Thr(free hydroxyl) and Thr(GIlcNAc). Green squares:
unmodified threonine; blue diamonds: Thr(GlcNAc). CD experiments were conducted
in water with 10 mM phosphate (pH 7.0) and 25 mM KF at 0.5 °C.
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Peptide [6]222 [6]208 [0li00  [0]o22/[0]208  —[0]100/[0]20s % Helix
Ac-TKAA(4-I-Phe)AKAAAAKAAGY-NH, -7777 -8892 9998 0.87 1.12 26.3
Ac-T(GIcNACc)KAA(4-1-Phe)AKAAAAKAAGY-NH, -9614  -10458 15407 0.92 1.47 31.2

Table 2.7: Summary of CD data for threonine and 4-I-Phe containing peptides.
CD data were collected at 0.5 °C with 80-100 uM peptide in 10 mM aqueous
phosphate buffer pH 7.0 with 25 mM KF.

Neighboring side-chain interactions with a relative i/i+7 orientation

Another common orientation of interactions involved in intra-o-helical
side-chain interactions occurs with residues with a relative i/i+7 relationship. To
explore the possible interactions with this geometry, peptides were synthesized with
Ser or Ser(OGIcNAc) at residue 1 and 4-1-Phe or 4-B(OH),-Phe at residue 8 of the a-
helix. Overall, the largest changes in o-helicity in peptides in this chapter occurs with
Ser or Ser(OGIcNAc) at residue 1 and 4-1-Phe or 4-B(OH),-Phe at residue 8 in an
i/i+7 orientation; demonstrating an overall range of approximately 10% helicity
(Figure 2.13, Table 2.8). The data suggest that the presence 4-B(OH),-Phe at residue 8
and GIcNAc at residue 1 are independently responsible for a-helix stabilization. Both
peptides containing 4-B(OH),-Phe had comparable CD signatures, which overall
exhibited greater a-helical population than the peptides containing 4-1-Phe. Within
peptides containing 4-B(OH),-Phe or with 4-I-Phe, the peptide with Ser(OGlcNAc)
demonstrated greater a-helical conformation than the peptide with serine, consistent
with the observed stabilizing effects of GIcNAc on the N-terminus of a-helices. In
contrast to every other series in this study, the two most a-helical peptides in this
series contained 4-B(OH),-Phe, while the least a-helical peptides contained 4-1-Phe.

This observation is consistent with the presence of an additional stabilizing interaction
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involving the presence of the boronic acid independent of the presence of the GlcNAc
unit, suggesting no interaction between GlcNAc and either 4-1-Phe or 4-B(OH),-Phe.

To confirm that this stabilizing interaction does not involve an
interaction between GIcNAc and the boronic acid, CD experiments were performed on
peptides containing Ser or Ser(OGIcNAc) at residue 1 and 4-B(OH),-Phe at residue 8,
in the absence or presence of 12.5 mM f-D-fructose. 3-D-fructose is known to have a
high association constant with boronic acids (Keq = 160 M with phenylboronic acid
in 100 mM phosphate buffer (pH 7.4)) and could potentially favor association of

%:33-34 The presence of B-D-

fructose over any interaction with GlcNAc (Figure 2.14).
fructose only affected peptides containing 4-B(OH),-Phe, regardless of the presence of
GlcNAc, confirming that this interaction is due solely to the boronic acid and not the
presence of GlcNAc. Surprisingly, the addition of fructose slightly increased the o.-
helicity of boronic acid-containing peptides. Interestingly, both peptides containing 4-
B(OH),-Phe are in a relative i/i+4 position to lysine and demonstrate increased o.-
helical character, with an average helix stabilization energy of 0.14 kcal/mol. Binding
of fructose to the boronic acid could induce the sp® hybridized anion of boron. This
anionic species could possibly have a favorable electrostatic interaction with lysine,
forming an i/i+4 salt-bridge, which is also observed in other contexts.*>*% !

Alternatively, fructose adds several hydrogen bonding donors that could also

potentially interact favorably with lysine.
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Figure 2.13: CD spectra of Ac-SKAAAAK(4-X-Phe)AAAKAAGY-NH, peptides
with serine unmodified Ser(free hydroxyl) and Ser(OGIcNAc). Green squares:
unmodified serine/4-I-Phe; black circles: unmodified serine/4-B(OH),; blue diamonds:
Ser(OGlcNAc)/4-1-Phe; red triangles: Ser(OGlcNAc)/4-B(OH),-Phe. CD experiments
were conducted in water with 10 mM phosphate (pH 7.0) and 25 mM KF at 0.5 °C.

Peptide [6]200 [6]208 [0i90 _[0]222/[6]20s  —[0]100/[0]208 % Helix
Ac-SKAAAAK (4-1-Phe)AAAKAAGY-NH, -7382 -8468 10101 0.87 1.19 25.3
Ac-SKAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, -10037  -11269 14697 0.89 1.30 32.3
Ac-S(GIcNACc)KAAAAK (4-1-Phe)AAAKAAGY-NH, -8338 -9149 13675 0.91 1.49 27.8
Ac-S(GIcNAc)KAAAAK (4-B(OH),-Phe)AAAKAAGY-NH,  -10982 -11783 19349 0.93 1.64 34.8

Table 2.8: Summary of CD data for peptides with a relative i/i+4 orientation. CD
data were collected at 0.5 °C with 80-100 uM peptide in 10 mM aqueous phosphate
buffer pH 7.0 with 25 mM KF.
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Figure 2.14: CD spectra of Ac-SKAAAAK(4-X-Phe)AAAKAAGY-NH; peptides in
the presence and absence of B-D-Fructose with serine unmodified Ser(free hydroxyl)
and Ser(GIcNAc). Black circles: unmodified serine/4-B(OH),; red triangles:
Ser(GlcNAc)/4-B(OH),-Phe; blue diamonds: Ser(GIcNAc)/4-1-Phe. CD experiments
were conducted in water with 10 mM phosphate (pH 7.0), 25 mM KF, and 12.5 mM

B-D-Fructose (open shapes) at 0.5 °C.

The a-helix stabilization proposed between lysine and 4-B(OH),-Phe could be
due to cation/m interactions or electrostatics. In order to determine the nature of this
interaction, CD experiments were performed on peptides containing serine at residue 1
and 4-I-Phe or 4-B(OH),-Phe at residue 8 in 1 M KF, 25 mM NaCl, and 1 M NaCl
(Figure 2.15 and Table 2.9). The peptides containing 4-I-Phe exhibited similar o.-
helicity in both NaCl and KF, with the CD spectra at 1 M NaCl and 1 M KF identical.
The boronic acid-containing peptides exhibited similar a-helicity in both 25 mM NaCl
and 25 mM KF. In contrast to 4-1-Phe, the boronic acid-containing peptides exhibited
a substantial increase in o-helicity in 1 M KF relative to 1 M NaCl, suggesting
dependence on the presence of the fluoride anions. The data herein suggest that this

stabilizing interaction cannot be ascribed to simple electrostatics. '°F and ''B NMR
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were performed to potentially identify an interaction directly. However, no NMR

resonances were detected for either experiment.
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Figure 2.15: CD spectra of Ac-SKAAAAK(4-X-Phe)AAAKAAGY-NH, peptides.
(Left) peptides containing serine at residue 1 and 4-1-Phe at residue 8. (Right) peptides
containing serine at residue 1 and 4-B(OH),-Phe at residue 8. CD experiments were
conducted in water with 10 mM phosphate (pH 7.0) and 25 mM KF (light blue
squares), 1 M KF (dark blue squares), 25 mM NaCl (light green triangles), or 1 M
NaCl (dark green triangles) at 0.5 °C.
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Peptide [6]200 [6]208 [0i90 _[0]222/[6]208  —[0]100/[0]208 % Helix
Ac-SKAAAAK (4-1-Phe)AAAKAAGY-NH,

6321  -7766 n.a. 0.81 na. 22.5

1 M NaCl 9572 -9620 n.a. 1.00 na. 31.1

7382 -8468 10101 0.87 1.19 25.3

1 MKF -9616  -9823 15285 0.98 1.56 31.2
Ac-SKAAAAK (4-B(OH),-Phe)AAAKAAGY-NH,

-8668  -10666 n.a. 0.81 na. 28.7

1 M NaCl 10282 -10972 n.a. 0.94 na. 33.0

10037  -11269 14697 0.89 1.30 32.3

1 MKF 12898  -13051 22100 0.99 1.69 39.9

Table 2.9: Summary of CD data in KF and NaCl. CD experiments were conducted
in water with 10 mM phosphate (pH 7.0) and KF or NaCl (at indicated concentrations)
at 0.5 °C.

Discussion

Herein, I have conducted a rigorous examination to determine potential
neighboring side chain interactions between Ser(OGlcNAc) and either 4-I-Phe or 4-
B(OH),-Phe at relative i/i+3, i/i+4, i/i-4, and i/i+7 positions within an a-helical
context. Peptides containing serine, phosphoserine, Ser(OGlcNAc), Thr, and
Thr(OGIlcNAc) at residue 1 and Trp at residue 5 were also examined to determine
potential interactions involving a larger, more electron-rich natural amino acid. I have
found no data to support any significant interaction between GlcNAc and either an
aromatic ring or an aryl boronic acid within an a-helix. The data herein suggest that
the major role of Ser/Thr(OGIcNAc) in isolated a-helical peptides, is predominantly
steric in nature and has no significant interactions with neighboring aromatic side-
chains. Within an a-helix, hydrogen-bonding interactions may be possible between the
GlcNAc unit and neighboring residues, although not explored in this study. Indeed,
several structural studies exist demonstrating that the major role of Ser/Thr(OGIcNAc)
is to direct backbone conformation through conformational restriction and/or sterics,

not through stabilizing side-chain interactions, although there is a dearth of work in
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353% previous work by Doig has demonstrated that residues containing larger

this area.
and bulkier side-chains at residue 1 on a-helices exist almost exclusively with a y; of
g" or g% % Although many of these residues have been shown to participate in i/i+4
interactions, Ser/Thr(OGlcNAc) may have greater steric restrictions than canonical
amino acids, with the sugar moiety extending out from the N-terminus away from i+4
aromatic side chains. In such a conformation, it would not be possible for a CH/x or
boronic acid/diol interaction to occur on one face of an a-helix, as consistent with
observations herein.

Peptides were also examined to explore the effects of serine modifications in a
relative i/i+4 relationship to Trp. The presence of Trp had no appreciable stabilizing or
destabilizing effects on a-helicity relative to either serine or modified serine.
However, both serine and Ser(OGlcNAc) demonstrated greater a-helicity with Trp at
residue 5 compared to similar peptides containing 4-1-Phe or 4-B(OH),-Phe at the
same relative position as Trp. In contrast to our observations, Baldwin and DeGrado
both found that the differences between hydrophobic aromatic residues at internal
positions of a-helices have a negligible impact on a-helix stability, suggestive of
additional helix stabilizing interactions existing only in peptides containing Trp at
residue 5.*°° Compared to alanine-rich peptides, substitution of alanine at residue 5
with Trp led to peptides with a similar extent of a-helical population, with differences
of only 6-8% a-helicity from Trp to Ala substitution. This finding is not consistent
with previously established a-helical propensities of Trp and Ala in alanine-rich
peptides.* In the same study, Chakrabartty and Baldwin found that tyrosine had a
slightly higher a-helical propensity than tryptophan when both residues were in a
relative i/i+3 relationship with lysine, although in this case lysine was C-terminal to

the aromatic residues. In our study and in contrast to similar studies, Ac-
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SKAAXAKAAAAKAAGY-NH; exhibited higher a-helical content when lysine was
i+4 to Trp (41.5%), versus 4-1-Phe (28.7%) or 4-B(OH),-Phe (27.6%). Similar results
were obtained for Ac-S(OGIcNAc)KAAXAKAAAAKAAGY-NH;. GlcNAcylation
and phosphorylation are dynamic intracellular processes. Thus peptides containing
phosphoserine at residue 1 and tryptophan at residue 5 were also analyzed to
determine potential intra-a-helical electrostatic interactions between tryptophan and
the phosphate.

To determine the electrostatic effects of serine phosphorylation in a relative
i/i+4 relationship to tryptophan, I synthesized and analyzed by NMR Ac-
S(OPngf)KAAWAKAAAAKAAGY—NHz. Previous data, as well as work performed
by others, have found a dramatic downfield chemical shift of phosphorylated serine

. . . . . . . 58
and threonine amide hydrogens relative to unmodified serine and threonine residues.™

61-64 1 have previously demonstrated that within model a-helices, the strength of this
phosphate-amide hydrogen bond can be qualitatively viewed through both the extent
of the downfield chemical shift as well as the increase in conformational restriction of
the peptide via *J.x. NMR spectroscopy was performed at pH 6.5 on the Trp-
containing peptide, leading to a mixed protonation state of the phosphate group.
Interestingly, the peptide containing pSer i/i+4 to Trp at pH 8.0 has an oa-helical
population (via CD) between that of the peptide containing pSer i/i+4 to Ala at pH 4.0
(monoanionic phosphate) and 8.0 (dianionic phosphate). Furthermore, the peptide
containing pSer #/i+4 to Trp exhibited a more upfield chemical shift of the
phosphoserine amide proton (8.77 ppm for Trp at pH 6.5) than for the peptide
containing pSer i#/i+4 to Ala (8.91 ppm for Ala at pH 4.0, and 9.41 ppm for Ala at pH
9.41) as well as an increase in *Jx (5.2 Hz for pSer i/i+4 to Trp at pH 6.5, 4.4 Hz for

pSer i/i+4 to Ala at pH 4.0, and 3.6 Hz for pSer i/i+4 to Ala at pH 7.2). These data are
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consistent with a weakening of the phosphate-amide hydrogen bond due to
substitution of Ala for Trp. The data herein suggest an additional a-helix stabilizing
interaction unique to peptides containing Trp at residue 5. The origin of this added
stabilization most likely comes from an interaction with lysine at residue 2 engaging in

44,51 .
> Previous work has demonstrated

a favorable i/i+3 cation/rt interaction with Trp.
the overall preference for Trp to participate in such interactions over other aromatic
amino acids due to increased electron density and surface area of the aromatic ring,
providing insight into why this interaction was not observed for 4-I-Phe or 4-B(OH),-
Phe.®> % Alternatively, the increased stability could also be due to increased
hydrophobicity of Trp over other 4-1-Phe or 4-B(OH),-Phe.

Although no appreciable effects were observed by CD, analysis of peptides
containing Ser(OGIcNAc) at residue 1 and Trp at residue 5 revealed a small upfield
chemical shift of all protons on the sugar’s ring system relative to that of peptides with
alanine at residue 5. The a-hydrogen of GlcNAc exhibited the largest upfield shift
(0.06 ppm) of all GIcNAc hydrogens. Work performed on the isolated effects of
GlcNAcylation revealed no chemical shift differences among the protons on the
sugar’s ring system as a function of a-helicity, although changes in the N-acetyl amide
proton chemical shift were observed. Given the expected conformation of
Ser(OGIcNACc) at residue 1, and given that chemical shift changes were observed for
all hydrogens on the GIcNAc ring system and not solely on one face, it would seem
unlikely that these effects are due to specific CH/x interactions within the a-helix
involving Trp.

Although no evidence of interactions was detected between the GIcNAc and
either 4-1-Phe or 4-B(OH),-Phe by CD, a stabilizing interaction was detected within

peptides containing the boronic acid at specific residues (Figure 2.10). CD analysis of
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peptides as a function of aromatic positions revealed that 4-1-Phe maintains a constant
a-helical population throughout the peptide, consistent with similar aromatic residues
such as tyrosine and phenylalanine.™ In contrast to 4-I-Phe, 4-B(OH),-Phe
demonstrates specific a-helical conformational preferences within the peptide. These
preferences are generally not dependent on the presence of the GIcNAc, indicating
interactions within the peptide other than those involving GlcNAc. As there would be
no precedence for an interaction with alanine, the most likely residue would be lysine.
The a-helical trend in stabilization observed in peptides containing the boronic
acid is as follows as a function of 4-B(OH),-Phe position (Figure 2.16): residue 8 (¢) >
residue 5 (b) > residue 4 (¢). Doig has previously determined the preferred ; of
phenylalanine (67% ¢ and 32% g"), tyrosine (66% ¢ and 33% g "), and lysine (46% ¢
and 52% g") at internal positions of a-helices (Figure 2.17).° These models suggest
that the boronic acid is interacting with lysine in relative i/i+3 and i/i+4 positions. The
peptide exhibiting the most a-helicity contains 4-B(OH),-Phe in a relative i/i+4
position to lysine, leading to favorable geometric overlap for interactions of side-chain
residues. There also exists the possibility of a cation/x interaction between the
positively charged amine and the aromatic face of the aryl boronic acid, which could
help to coordinate the amine into proximity of the boronic acid and/or contribute to the
overall stabilizing effects. The stabilizing effects of 4-B(OH),-Phe at residue 5 is more
likely due to an i/i+7 interaction with lysine, over a relative i/i-3 interaction, based on
both the preferred conformation of lysine and 4-B(OH),-Phe, as well as favorable
geometry of the amine and aryl boronic acid while in preferred rotamers. No effects
were observed for the boronic acid at residue 4, likely due to 4-B(OH),-Phe needing to

adopt a ; of g” for an interaction in a relative i/i+3 relationship to lysine at residue 7
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(both phenylalanine and tyrosine rarely adopt a x; of g while at internal positions of

a-helices).
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Figure 2.16: CD comparison of 4-I-Phe and 4-B(OH),-Phe as a function of position.
(Top left) CD spectra of peptides containing serine at residue 1 and 4-1-Phe. (Top
right) CD spectra of peptides containing serine at residue 1 and 4-B(OH),-Phe.
(Bottom left) CD spectra of peptides containing Ser(OGlcNAc) at residue 1 and 4-1-
Phe. (Bottom right) CD spectra of peptides containing Ser(OGlcNAc) at residue 1 and
4-B(OH);,-Phe. Peptides containing 4-1-Phe or 4-B(OH),-Phe at relative positions to
serine: (red triangles) i+3, (green squares) i+4, and (blue diamonds) i+7. CD
experiments were conducted in water with 10 mM phosphate (pH 7.0), 25 mM KF at
0.5 °C.
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Figure 2.17: Representative a-helix models with 4-B(OH),-Phe at residue 4 (a),
residue 5 (b), and residue 8 (¢). Models were created using MacPyMOL version 1.3
and Chimera version 1.6.1. %; was chosen based on the most common rotamer for
internal lysine (; = +60°), while 4-B(OH),-Phe (¢ = +180°) was based on
phenylalanine and tyrosine at internal positions of o-helices.”
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Although the data are consistent with an interaction between lysine and
the aryl boronic acid, the exact nature of the interaction is more obscure. Aryl
boronates are known to exchange with hard anions in aqueous environments, leading
to a complex equilibrium in the presence of aqueous KF. Work performed by Perrin
has demonstrated that the addition of ArBF; to an aqueous solution containing 192
mM phosphate buffer (pH 7.0) and 100 mM KF leads exclusively to species 6 (Figure
2.18)*” He expanded on his study by incorporating both electron-donating groups
(EDG) and electron-withdrawing groups (EWG) para to the aryltrifluoroboronate. No
boron-fluoride species were found to be stable within the aqueous environment,
suggesting that fluoride should play no mechanistic role other than electrostatic within
the interaction between 4-B(OH),-Phe and lysine. In other studies performed under

aqueous conditions, no boron-fluoride species were detected at pH > 7.

HO H* H0 H* oH OH

KF - -
F F F F F F F OH
L o~ BL B B, P P Bo"
\‘r@F TF [ QoH OH O oH (\‘r OH ©OH
~ @ S - _ e - =
R K kF R “o F R “OH R F R “OH R
1 2 3 4 5 6 7

H R

Figure 2.18: Partial scheme for the equilibrium of the boronic acid species in 192
mM aqueous phosphate buffer (pH 7.0) and 100 mM KF at pH 7.0 (R = EWG or
EDGQG). Green denotes the only stable species observed (6).%

However, James has demonstrated that the aryl boronate-flouride species can
be stabilized in the presence of an amine in 50% H,O/MeOH (pH 5.5).”° He found that
aryl-B(OH),F was stabilized by a proposed intramolecular H-F hydrogen bond with an
adjacent protinated tertiary amine, which could alternatively be interpreted as an
electrostatic interaction between the boronate and the protonated amine, both

consistent with ''B and '’F NMR data obtained. A similar mechanism could explain
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the observed 4-B(OH),-Phe / lysine interaction, and explain why this interaction
strengthens in high concentrations of KF (Figure 2.19). One could envision two
separate, yet similar pathways where one equilibrium involves coordination via
cation/r interaction 1. In either case, the presence of the adjacent amine may create a
localized basic environment around the boronic acid, facilitating the formation of 2a
and 2b, which would be enhanced by the localization of the amine due to a cation/n
interaction.”' Furthermore, the formation of 2b would increase the electron density in
the aromatic ring which is known to occur when arylborates change their hybridization
from sp” to sp’, further increasing the magnitude of the cation/r interaction. The
positively charged amine could also stabilize the negatively charge boronate after the
addition of the fluoride creating a stabilizing i/i+4 salt bridge. Alternatively, release of
the hydroxide anion would form species 3a and 3b. The presence of a hydrogen bond
between fluoride and the amine proton could exist in either species 2 or 3, although
this is unlikely as fluorines are poor hydrogen bond acceptors. The equilibrium of this
interaction would dictate that elevated concentrations of KF could push the

equilibrium towards either species 2 or 3.
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Figure 2.19: Plausible equilibrium involved in stabilizing interactions observed
between 4-B(OH),-Phe and lysine in a relative i/i+4 relationship in the presence of

KF.
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An alternate equilibrium involving lysine and 4-B(OH),-Phe may be involved
in stabilizing the a-helix, rationalized through a direct interaction between boron and
the lysine nitrogen. Commonly known as an activated boronic acid, positioning an
amine or oxygen adjacent to boronic acids (typically o to boron forming a 5 membered
ring) forms the tetrahedral boron species through donation of the lone pair electrons

8,9, 30,33, 71-74 .
I This preforms the aryl-

into boron’s empty p-orbital (Figure 2.20 (2)).
boronate, which is enthalpically costly to form from the trigonal species. The
positively charge lysine may further stabilize the negatively charged boronate species.
Furthermore, hard anions such as fluoride are known to exchange with other species
on aryl boronic acids and preformation of the boronate makes exchange more
enthalpically favorable. This kinetic equilibrium may explain why elevated
concetrations of fluoride and fructose led to increased o-helicity. Alternatively, the
observed stabilization could be a mixed equilibrium between schemes 2.3 and 2.4
and/or involving intermediates not pictured. Alternatively, the small increase in -
helicity observed due to this interaction could have been caused by a small population
of peptides exhibiting a large increase in a-helicity, such as stapled peptides.
However, further characterization would be necessary to determine the nature of such
interactions. One such experiment would be to analyze the peptide Ac-(4-B(OH),-
Phe)-AAAKAAAAKAAAAGY-NH; to confirm the optimal orientation of the lysine
to the boronic acid. These peptides may also be further studied in helix-bundles.”

Such molecules could have applications in medicinal chemistry, as drug delivery

systems, encodable sensors for lysine acetylation, sugar sensors, and fluoride sensors.
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Figure 2.20: Plausible equilibrium involved in stabilizing interactions observed
between 4-B(OH),-Phe and lysine in a relative i/i+4 relationship in the presence of
KF.

190



Experimental

Materials

Fmoc-L-amino acids were purchased from Chem-Impex (Wood Dale, IL) or
Novabiochem (San Diego, CA). O-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU), Rink amide resin (loading capacity of 0.37 mmol/g),
and diisopropylethylamine (DIPEA) were purchased from Chem-Impex. 1,2-
Ethanedithiol (EDT) was purchased from TCI America (Portland, OR). Trifluoroacetic
acid (TFA), triethylsilane (TES), phenol, thioanisole, N,N’-diisopropylcarbodiimide
(DIC), and tetrazole were purchased from Acros. Boron trifluoride diethyl etherate
(BF3<0OEt2), 1,1’-Bis(diphenylphosphino)ferrocene (dppf), palladium (II) chloride,
bis(pinacolato) diboron, dimethylsulfoxide, and piperidine were purchased from
Aldrich. Acetonitrile (MeCN), methylene chloride (CH2CI12), methanol (MeOH),
chloroform (CHCI3), tetrahydrofuran (THF), dimethylformamide (DMF), pyridine,
diethyl ether (Et20), sodium chloride, acetic acid, and acetic anhydride were
purchased from Fischer. B-D-Glucosamine pentaacetate (Ac30-GIcNAc), 2,2,2-
trifluoroethanol (TFE), and O,0’-dibenzyl-N,N-diisopropylphosphoramidite was
purchased from Alfa Aesar. Antarctic phosphatase was purchased from New England
BioLabs (Ipswich, MA). Deionized water was purified by a Milipore Synergy 185

water purification system with a Simpak?2 cartridge.
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Phosphorylation of serine/threonine on peptides on solid phase

HO._.R 1. 2% TFA, 5% TES, 93% CH,Cl, #05P0__ R
2. 3% Tetrazole,
RN\N Re 0,0"dibenzyl-N,N-diisopropylphosphoramidite_ RN‘\N Re
H 3. 3 M t-Butyl hydroperoxide, CH,Cl, - H

@) 0]

4. TFA cleavage/deprotection

Figure 2.21: Scheme for the chemical phosphorylation of peptides on resin and
subsequent cleavage/deprotection. R = CHj (Thr) or R = H (Ser).

Trityl-protected serine/threonine residues were incorporated at intended
sites of chemical phosphorylation to allow for selective modification of the peptides
on resin. The resin was swelled in CH,Cl in a fritted reaction vessel for 45 minutes.
Trityl deprotection was effected using a solution of 2% TFA, 5% TES, and 93%
CH)Cl; (3%3 mL, 1 minute each), followed by washing of the resin with CH,Cl,. To
the resin was added 3 mL of 3% tetrazole solution in MeCN (1.35 mmol) and 500 pL.
of 0,0 ’-dibenzyl-N, N-diisopropylphosphoramidite (1.52 mmol). The phosphitylation
reaction was allowed to mix for 6 hours. The resin was then washed with DMF (33
mL) and CH,Cl; (3%3 mL). The resin was then treated with 4 mL of 3 M tert-butyl
hydroperoxide in CH,Cl, for 1 hour, after which it was washed with DMF (3x3 mL),
MeOH (3%3 mL), and CH,Cl, (3%x3 mL). The resin was dried after washing with
diethyl ether. The phosphorylated peptide was then subjected to cleavage from the
resin and deprotection using reagent K (84% TFA and 4% each of
H,0O/phenol/thioanisole/ethanedithiol) or 92.5% TFA/5% TES/2.5% H,O for 3 hours.
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Synthesis of Fmoc-Ser(Ac;O-GlcNAc)-OH and Fmoc-Thr(Ac;O0-GleNAc)-OH

A
/OAc OAc OAc

Aﬁ?m/om BFyOEt, Ay&.ﬁg\ DIPEA, Fmoc-X(OH)-OH, Oxazoline Ag\QM/o R
ACHN CH,Cl, 01035 °C, 24 . NYO 2:1 CH,CI,:;MeCN, 0 Cto rt, 96 h AGHN l

FmocHN™ “COOH

Figure 2.22: Synthesis of peracetylated 2-acetamido-2-deoxy-p-D-glycosides of
Fmoc-Thr-OH (R = CH3) and Fmoc-Ser-OH (R = H).

To a vacuum-dried mixture of B-D-Glucosamine pentaacetate (1.92 g,
2.5 mmol) and 4 A molecular sieves was added CH,Cl, (32 mL). At 0 °C, BF3*OEt;
(1.6 mL, 15.3 mmol) was added dropwise. The solution was then heated at 35 °C for
24 hours with the reaction monitored by TLC (10% MeOH/CHCIs) and visualized
using cerium molybdate. When formation of the oxazoline was complete, the reaction
was cooled to 0 °C and DIPEA (800 pL, 4.6 mmol) was added dropwise over 5
minutes. The solution was then warmed to room temperature and was allowed to react
for an additional 10 minutes. Fmoc-L-Thr(OH)-OH (1.73 g, 5.08 mmol) or Fmoc-L-
Ser(OH)-OH (1.66 g, 5.08 mmol) was dissolved in 18 mL of 2:1 CH,Cl,:MeCN and
added to the solution. After 24 hours, a second batch of the oxazoline was added to the
solution and the combined solution allowed to react for an additional 72 hours. The
solution was then diluted with 80 mL CH,Cl, and filtered through Celite. The solution
was washed with saturated Na,CO; (100 mL) and brine (100 mL). The aqueous layers
were combined and extracted with CH,Cl, (3%x50 mL). The organic layers were
combined, dried over sodium sulfate, and the solvent removed under reduced
pressure.” The crude mixture was then purified via flash column chromatography

(S102; 100% EtOAc, followed by a series of mixtures composed of
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EtOAc/MeCN/MeOH/H,0 with relative volumes of 70/2.5/1.25/1.25, followed by
70/5/2.5/2.5, then 70/10/5/5).7 Isolated products were dried over sodium sulfate and
concentrated under reduced pressure. Fmoc-L-Thr(Ac;O-GIcNAc)-OH was obtained
as a white solid (1.10 g) in 32% isolated yield. Fmoc-L-Ser(Ac;O-GIlcNAc)-OH was
obtained as a white solid (1.36 g) in 40% isolated yield. Product identity was

confirmed via comparison to previously reported NMR data.

Solid-phase Aryl Borylation of peptides containing 4-I-Phe

1) PdCl,(dppf), dppf
Rc KOAC, BzPinQ Ry

N ~
ol O DMSO, 80 °C, 24 h
2) TFA cleavage/deprotection

Figure 2.23: Solid phase arylborlyation of peptides containing 4-lodo-Phe.

To a 2 mL vial containing 30 mg of resin with the 4-iodophenylalanine-
containing peptide (1.0 mM), potassium acetate (7.7 mg, 78 uM), PdCly(dppf) (1.7
mg, 2.3 uM), dppf (1.1 mg, 1.3 uM), and bis(pinacolato) diboron (13.2 mg, 52 uM)
was added DMSO (470 pL). The vial was sparged with nitrogen gas and then capped.
The mixture was then stirred in an oil bath set to 80 °C for 24 h. The resin was then
washed with DMF (3 x 4 mL), CH,Cl; (3 x 4 mL), and then dried with ether. The
peptide was then cleaved (2.5% H,0, 5% TES, and 92.5% TFA) and purified via

HPLC.”"7®
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Synthesis and characterization data for all peptides

Peptides were synthesized on a Rainin PS3 peptide synthesizer on Rink amide
resin via standard Fmoc solid phase peptide synthesis, using HBTU as a coupling
reagent for all canonical amino acids, and using HATU for all glycosylated amino
acids. 60 minute couplings were performed with 4 equivalents of canonical amino
acids. Glycosylated amino acids were coupled twice for 3 hours each using 1.5
equivalents of amino acid. All non-glycosylated peptides were acetylated on the N-
terminus using 5% acetic anhydride in pyridine. Glycosylated peptides were acetylated
using 1:1 0.5 M DIC:acetic acid in THF for 1 hour. All peptides contain a C-terminal
amide.

Non-glycosylated peptides were subjected to cleavage from resin and
deprotection for 3 hours using reagent K (84% TFA and 4% each of
H,0O/phenol/thioanisole/ethanedithiol) or a solution of 92.5% TFA, 5% TES, and 2.5%
H,O. Glycosylated peptides were subjected to cleavage from resin and deprotection
for 90 minutes using a solution of 92.5% TFA, 5% TES, and 2.5% H,O. TFA was
removed by evaporation. Peptides were precipitated with cold ether and the precipitate
was dried. The peptides were dissolved in water, then filtered through a 0.45 pm
syringe filter. The peptides were purified using reverse phase HPLC on a Vydac C18
semi-preparative column (250 x 10 mm, 5-10 pm particle, 300 A pore) or on a Varian
Microsorb MV C18 analytical column (250 x 4.6 mm, 3-5 pm particle, 100 A pore)
using a linear gradient of buffer B (20% water, 80% MeCN, and 0.05% TFA) in buffer
A (98% water, 2% MeCN, and 0.06% TFA). Dried Acylated O-GIcNAcylated
peptides were subjected to deesterification by adding 1.4 mL of a solution of 25 mM

NaOMe in methanol and allowed to react for 2 hours. The solutions were then
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neutralized with 35 pL of 1 M AcOH, lyophilized, and purified on HPLC. Peptide

purity was verified via the observation of a single peak upon reinjection on an

analytical HPLC column. Peptides were characterized by ESI-MS (positive ion mode)

on an LCQ Advantage (Finnigan) or Shimadzu mass spectrometer.

Table 2.10:

Purification procedure for synthetic peptides.

Peptide sequence

Peptide purification

tr

0-35% buffer B in buffer A over 60

Ac-SK(4-1-Phe)AAAKAAAAKAAGY-NH; oo ! 51.1 min
Ac-S(AcsOGIcNAC)K (4-1-Phe)AAAKAAAAKAAGY-NH, (;;i‘; ?J?;:“ﬁer B in buffer A over 60 50.9 min
Ac-S(OGICNAC)K (4-I-Phe)AAAKAAAAKAAGY-NH, &ﬁﬁ;:“ﬁer B in buffer A over 60 53.3 min
Ac-SKA (4-1-Phe)AAAKAAAAKAAGY-NH, &;?J?;:“ﬁer B in buffer A over 60 51.5 min
Ac-S(Ac;OGICNAC)KA (4-1-Phe)AAKAAAAKAAGY-NH, (;;i‘; ?J?;:“ﬁer B in buffer A over 60 50.5 min
Ac-S(OGICNAC)KA(4-I-Phe)AAKAAAAKAAGY-NH, &;?J?;:“ﬁer B in buffer A over 60 56.0 min
Ac-SKA (4-B(OH),-Phe) AANKAAAAKAAGY-NH, &ﬁi?;:“ﬁer B in buffer A over 60 49.2 min
Ac-S(Ac;OGICNAC)KA (4-B(OH),-Phe) ANKAAAAKAAGY-NH, &ﬁﬁ;:“ﬁer B in buffer A over 60 43.6 min
Ac-S(GIcNAC)KA (4-B(OH),-Phe)AAKAAAAKAAGY-NH, &ﬁ%?;:“ﬁer B in buffer A over 60 59.1 min
Ac-SKAA (4-I-Phe)AAKAAAAKAAGY-NH, &ﬁﬁ;:“ﬁer B in buffer A over 60 47.9 min
Ac-S(AcsOGICNAC)KAA (4-I-Phe)AKAAAAKAAGY-NH, (;;i‘; i?;:“ﬁer B in buffer A over 60 45.8 min
Ac-S(OGICNAC)KAA (4-1-Phe)AKAAAAKAAGY-NH, &ﬁﬁ;:“ﬁer B in buffer A over 60 47.7 min
Ac-SKAA (4-B(OH),-Phe)AKAAAAKAAGY-NH, &ﬁi?;:“ﬁer B in buffer A over 60 50.1 min
Ac-S(Ac;OGICNAC)KAA (4-B(OH),-Phe)AKAAAAKAAGY-NH, &;?J?;:“ﬁer B in buffer A over 60 50.6 min
Ac-S(GIcNAC)KAA (4-B(OH),-Phe)AKAAAAKAAGY-NH, &ﬁi?;:“ﬁer B in buffer A over 60 49.2 min
Ac-SKAAWAAKAAAAKAAGY-NH; &;?J?;:“ﬁer B in buffer A over 60 53.1 min
Ac-S(Ac;OGIcNAC)KAA WAKAAAAKAAGY-NH, &ﬁﬁ;:“ﬁer B in buffer A over 60 52.4 min
Ac-S(OGICNAC)KAA WAKAAAAKAAGY-NH, &;?J?;:“ﬁer B in buffer A over 60 52.3 min
Ac-S(OPO;2 )KAAWAKAAAAKAAGY-NH, &;?J?;:“ﬁer B in buffer A over 60 55.3 min
Ac-TKAA(4-1-Phe)AAKAAAAKAAGY-NH, &ﬁﬁ;:“ﬁer B in buffer A over 60 50.7 min
Ac-T(Ac;0GICNAC)KAA (4-1-Phe)AKAAAAKAAGY-NH, (;;i‘; ?J?;:“ﬁer B in buffer A over 60 50.2 min
Ac-T(OGIcNAc)KAA(4-1-Phe)AKAAAAKAAGY-NH, 0-30% buffer B in buffer A over 60 57.1 min
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minutes

0-40% buffer B in buffer A over 60

Ac-(4-I-Phe)}K AASAKAAAAKAAGY-NH, o0 ! 47.4 min
- 0, i
Ac-(4-I1-Phe)KAAS(Ac;0GIcNAC)AKAAAAKAAGY-NH, 2“‘:1 ?Jt/;:“ﬁer B in buffer A over 60 55.0 min
- 0 i
Ac-(4-I1-Phe)KAAS(OGICNAC)AKAAAAKAAGY-NH, 2“3[1?] t/;Sb“ﬁer B in buffer A over 60 49.1 min
0-20% buffer B in buffer A over 120 101.8 min
Ac-(4-B(OH),-Phe)KAAS(Ac;0GIcNAC)AKAAAAKAAGY-NH, | minutes :
0-20% buffer B in buffer A over 60 48.5 min
Ac-(4-B(OH),-Phe)KAAS(OGICNAC)AKAAAAKAAGY-NH, minutes :
- 0, i
Ac-SKAAAAK (4-I-Phe)AAAKAAGY-NH, %;?J(;:“ﬁer B in buffer A over 60 53.5 min
- 0, i
Ac-S(AcsOGIcNAC)KAAAAK (4-I-Phe)AAAKAAGY-NH, %ﬁ%{;:“ﬁer B in buffer A over 60 51.0 min
- 0, i
Ac-S(OGICNAC)KAAAAK (4-1-Phe)AAAKAAGY-NH, %;?J(;:“ﬁer B in buffer A over 60 53.3 min
- 0, i
Ac-SKAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, %ﬁ%{;:“ﬁer B in buffer A over 60 58.7 min
- 0, i
Ac-S(Ac;OGIcNAC)KAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, %;?J(;:“ﬁer Bin buffer Aover 120 | 444 5 in
- O i
Ac-S(OGICNAC)KAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, 0-25% buffer B in buffer Aover 120 | 47 5 i

minutes

Table 2.11:  Characterization data for synthetic peptides.
Peptide sequence Calculated mass | Observed mass
Ac-SK (4-I-Phe)AAAKAAAAKAAGY-NH, 1663.7 (M+H) 832.5 (M+2H)
Ac-S(Ac;OGICNAC)K (4-1-Phe)AAAKAAAAKAAGY-NH, 1991.9 (M+H) 997.1 (M+2H)
Ac-S(OGICNAC)K (4-1-Phe)AAAKAAAAKAAGY-NH, 1865.8 (M+H) 933.9 (M+2H)
Ac-SKA(4-I-Phe)AAAKAAAAKAAGY-NH, 1663.7 (M+H) 832.5 (M+2H)
Ac-S(Ac;OGICNAC)KA(4-I-Phe)AAKAAAAKAAGY-NH, 1991.9 (M+H) 997.2 (M+2H)
Ac-S(OGICNAC)KA(4-1-Phe)AAKAAAAKAAGY-NH, 1865.8 (M+H) 934 (M+2H)
Ac-SKA(4-B(OH).-Phe) ANKAAAAKAAGY-NH; 1580.8 (M+H) 791.4 (M+2H)
Ac-S(Ac;0GICNAC)KA(4-B(OH).-Phe) AAKAAAAKAAGY-NH, 1910.0 (M+H) 997.2 (M+2H)
Ac-S(GICNAC)KA (4-B(OH).-Phe)AAKAAAAKAAGY-NH, 1783.9 (M+H) 956.3 (M+2H)
Ac-SKAA(4-I-Phe)AAKAAAAKAAGY-NH, 1663.7 (M+H) 833 (M+2H)
Ac-S(Ac;0GICNAC)KAA(4-I-Phe)AKAAAAKAAGY-NH, 1991.9 (M+H) 997.2 (M+2H)
Ac-S(OGICNAC)KAA (4-1-Phe)AKAAAAKAAGY-NH, 1865.8 (M+H) 934 (M+2H)
Ac-SKAA(4-B(OH):-Phe)AKAAAAKAAGY-NH, 1580.8 (M+H) 792 (M+2H)
Ac-S(Ac;0GICNAC)KAA(4-B(OH),-Phe)AKAAAAKAAGY-NH; 1910.0 (M+H) 638 (M+3H)
Ac-S(GICNAC)KAA (4-B(OH).-Phe)AKAAAAKAAGY-NH, 1783.9 (M+H) 893 (M+2H)
Ac-SKAAWAAKAAAAKAAGY-NH, 1575.8 (M+H) 789.2 (M+2H)
Ac-S(Ac;0GICNAC)KAAWAKAAAAKAAGY-NH, 1905.0 (M+H) 953.7 (M+2H)
Ac-S(OGICNAC)KAAWAKAAAAKAAGY-NH, 1778.9 (M+H) 890.7 (M+2H)
Ac-S(OPO;* )KAAWAKAAAAKAAGY-NH, 1655.8 (M+H) 829.1 (M+2H)
Ac-TKAA(4-I-Phe)AAKAAAAKAAGY-NH, 1676.7 (M+H) 840.2 (M+2H)
Ac-T(Ac;0GICNAC)KAA (4-1-Phe)AKAAAAKAAGY-NH; 2005.9 (M+H) |  1004.2 (M+2H)
Ac-T(OGICNAC)KAA(4-I-Phe) AKAAAAKAAGY-NH, 1879.8 (M+H) 941.1 (M+2H)
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Ac-(4-I-Phe)K AASAKAAAAKAAGY-NH, 1663.7 (M+H) 832.3 (M+2H)
Ac-(4-I-Phe)K AAS(Ac;0GIcNAC)AKAAAAKAAGY-NH, 1991.9 (M+H) 997.2 (M+2H)
Ac-(4-I-Phe)K AAS(OGICNAC)AKAAAAKAAGY-NH, 1865.8 (M+H) 623 (M+3H)
Ac-(4-B(OH),-Phe)KAAS(Ac;0GIcNAC)AKAAAAKAAGY-NH; 1910.0 (M+H) 956 (M+2H)
Ac-(4-B(OH).-Phe)KAAS(OGIcNACc)AKAAAAKAAGY-NH, 1783.9 (M+H) 596 (M+3H)
Ac-SKAAAAK (4-I-Phe)AAAKAAGY-NH, 1663.7 (M+H) 832.6 (M+2H)
Ac-S(Ac;0GIcNAC)KAAAAK (4-1-Phe)AAAKAAGY-NH, 1991.9 (M+H) 997.1 (M+2H)
Ac-S(OGICNAC)KAAAAK (4-I-Phe)AAAKAAGY-NH, 1865.8 (M+H) 934 (M+2H)
Ac-SKAAAAK (4-B(OH).-Phe)AAAKAAGY-NH, 1580.8 (M+H) 791.5 (M+2H)
Ac-S(Ac;0GIcNAC)KAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, 1910.0 (M+H) 956.1 (M+2H)
Ac-S(OGICNAC)KAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, 1783.9 (M+H) 596 (M+3H)

Circular dichroism (CD) spectroscopy

CD spectra were collected on a Jasco J-810 Spectropolarimeter in a 1 mm cell
at 0.5 °C unless otherwise indicated. The concentrations of the peptides were
determined by UV absorption using €,s0: 1569 M"'ecm™ for peptides containing
tyrosine and 4-I-Phe (280 M'em™), 1508 M'em™ for peptides containing tyrosine and
4-B(OH),-Phe (228 M'em™), or 6970 M™'em’" for peptides containing tyrosine and
Trp (5690 M'ecm™). Peptide concentrations were 80 to 100 xM in in 10 mM aqueous
phosphate buffer (pH 4.0, 7.0 or 8.0) with 25 mM KF. The pH of each individual
solution was recorded and adjusted to the indicated pH using dilute HC1 or NaOH as
necessary. Individual scans were made at 1 nm intervals with 2 nm bandwidth and an
averaging time of 4 s. Data are the average of at least three independent trials. Data
were background corrected but were not smoothed. Error bars indicate standard error.
Percent a-helix was calculated using a method from Baldwin where %Helix =
100*(([0]222 — [0]c)/([0]1 — [0]c), where [0]c = mean residue ellipticity at 222 nm of
100% random coil = 2220 — 537, [0]x = mean residue ellipticity at 222 nm of 100% o.-
helix = (—44000 +2507)/(1 — 3/n), T = temperature in “C (0.5), and n = number of
residues (16).
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Summary of CD data

Peptide [6]222 [6]208 [6]190 [6]222/[0]208 —{0]190/[020s % Helix
Ac-SK(4-1-Phe)AAAKAAAAKAAGY-NH, -8352 -9487 13055 0.88 1.38 279
Ac-S(GIcNAc)K (4-I-Phe)AAAKAAAAKAAGY-NH, -9791 -10412 16521 0.94 1.59 31.7
Ac-SKA(4-1-Phe)AAKAAAAKAAGY-NH, -7186 -8941 7597 0.80 0.85 24.8
Ac-SKA(4-B(OH),-Phe)AAKAAAAKAAGY-NH, -6222 -8056 7259 0.77 0.90 222
Ac-S(GIcNAc)KA(4-I1-Phe)AAKAAAAKAAGY-NH, -7006 -8366 10753 0.84 1.29 24.3
Ac-S(GIcNAc)KA(4-B(OH),-Phe) AAKAAAAKAAGY-NH, -7403 -9217 11143 0.80 1.21 25.4
Ac-SKAA(4-1-Phe)AKAAAAKAAGY-NH, -8670 -9327 12733 0.93 1.37 28.7
Ac-SKAA(4-B(OH),-Phe)AKAAAAKAAGY-NH, -8241 -9658 10702 0.85 1.1 27.6
Ac-S(GIcNAc)KAA(4-1-Phe)AKAAAAKAAGY-NH, -9607 -10413 16572 0.92 1.59 31.2
Ac-S(GIcNAc)KAA(4-B(OH),-Phe)AKAAAAKAAGY-NH, -10083 -11121 16837 0.91 1.51 324
Ac-SKAAWAKAAAAKAAGY-NH, -13508 -14847 24321 0.91 1.64 415
Ac-S(GIcNAc)KAAWAKAAAAKAAGY-NH, -14677 -15379 31017 0.95 2.02 44.6
AC-SEI’(OPO;;Z_)KAA WAKAAAAKAAGY-NH, -17504 -17555 34788 1.00 1.98 52.1
Ac-TKAA(4-1-Phe)AKAAAAKAAGY-NH, -7777 -8892 9998 0.87 1.12 26.3
Ac-T(GIcNACc)KAA(4-1-Phe)AKAAAAKAAGY-NH, -9614 -10458 15407 0.92 1.47 31.2
Ac-(4-1-Phe)KAASAKAAAAKAAAAKAAGY-NH, -5058 -6711 5300 0.75 0.79 19.2
Ac-(4-1-Phe)KAAS(GIcNAc)AKAAAAKAAAAKAAGY-NH, -3840 -6794 1566 0.57 0.23 15.9
Ac-(4-B(OH), -Phe)KAAS(GIcNAc)AKAAAAKAAAAKAAGY-NH, -3637 -6929 1701 0.52 0.25 15.4
Ac-SKAAAAK (4-I-Phe)AAAKAAGY-NH, -7382 -8468 10101 0.87 1.19 25.3
Ac-SKAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, -10037 -11269 14697 0.89 1.30 32.3
Ac-S(GIcNAc)KAAAAK (4-1-Phe)AAAKAAGY-NH, -8338 -9149 13675 0.91 1.49 27.8
Ac-S(GIcNAc)KAAAAK(4-B(OH),-Phe) AAAKAAGY-NH, -10982 -11783 19349 0.93 1.64 34.8

Table 2.12:  Summary of CD data for all peptides. CD data were collected at 0.5 °C
with 80-100 uM peptide in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with
25 mM KF.
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Peptide A at local [8],2,”,‘, deg‘ A at local [8],2,”,‘, deg‘ M at local local ge]max' fi‘eg
[6]min, NM cm® dmol [6]min, NM cm® dmol [0]max, NM cm® dmol
Ac-SK(4-1-Phe)AAAKAAAAKAAGY-NH, 221 -8377 207 -9707 191 13201
Ac-S(GIcNAc)K (4-1-Phe)AAAKAAAAKAAGY-NH, 221 -9892 207 -10516 191 16706
Ac-SKA(4-1-Phe)AAKAAAAKAAGY-NH, 222 -7186 204 -10069 190 7597
Ac-SKA(4-B(OH),-Phe)AAKAAAAKAAGY-NH, 221 -6257 206 -8500 191 7297
Ac-S(GIcNAC)KA(4-1-Phe)AAKAAAAKAAGY-NH, 221 -7061 206 -8926 190 10753
Ac-S(GIcNAC)KA(4-B(OH),-Phe) AAKAAAAKAAGY-NH, 219 -7544 207 -9351 191 11236
Ac-SKAA (4-1-Phe)AKAAAAKAAGY-NH, 221 -8683 206 -9648 191 13139
Ac-SKAA (4-B(OH),-Phe)AKAAAAKAAGY-NH, 221 -8292 207 -9723 191 11103
Ac-S(GIcNAC)KAA(4-1-Phe)AKAAAAKAAGY-NH, 221 -9637 207 -10594 191 16736
Ac-S(GIcNAC)KAA(4-B(OH),-Phe)AKAAAAKAAGY-NH, 220 -10200 208 -11121 191 17249
Ac-SKAAWAKAAAAKAAGY-NH, 221 -13539 207 -15101 191 24516
Ac-S(GIcNAc)KAAWAKAAAAKAAGY-NH, 221 -14715 208 -15379 191 31554
Ac-Ser(OPO;" )KAAWAKAAAAKAAGY-NH, 221 -17602 208 -17555 191 35774
Ac-TKAA(4-1-Phe)AKAAAAKAAGY-NH, 221 -7815 206 -9546 191 10119
Ac-T(GIcNAc)KAA(4-1-Phe)AKAAAAKAAGY-NH, 221 -9646 207 -10640 191 15503
Ac-(4-1-Phe)KAASAKAAAAKAAAAKAAGY-NH, 221 -5098 204 -7754 190 5300
Ac-(4-1-Phe)KAAS(GIcNAC)AKAAAAKAAAAKAAGY-NH, 221 -3860 202 -10166 190 1566
Ac-(4-B(OH), -Phe)KAAS(GIcNAC)AKAAAAKAAAAKAAGY-NH, 219 -3795 203 -8841 190 1701
Ac-SKAAAAK (4-1-Phe)AAAKAAGY-NH, 221 -7403 206 -9001 190 10101
Ac-SKAAAAK (4-B(OH),-Phe)AAAKAAGY-NH, 221 -10110 207 -11325 191 15174
Ac-S(GIcNAC)KAAAAK (4-1-Phe)AAAKAAGY-NH, 221 -8422 207 -9278 191 13928
Ac-S(GIcNACc)KAAAAK (4-B(OH),-Phe) AAAKAAGY-NH, 220 -11170 208 -11783 191 19681

Table 2.13:  Summary of CD data for all peptides. CD data were collected at 0.5 °C
with 80-100 uM peptide in 10 mM aqueous phosphate buffer (pH 4.0, 7.0, or 8.0) with

25 mM KF.
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CD spectroscopy under standard conditions

Ac-SK(4-1- Phe)AAAKAAAAKAAGY NH Ac- S(OGIcNAc)K(4 -1- Phe)AAAKAAAAKAAGY NH
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Figure 2.24: CD spectra of Ac-SK(4-I-Phe)AAAKAAAAKAAGY-NH; (left) and
Ac-S(OGIcNAc)K(4-1-Phe) AAAKAAAAKAAGY-NH; (right); peptides were
dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C.
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Ac- SKA(4 -1-| Phe)AAKAAAAKAAGY NH Ac-SKA(4- B(OH! Phe)AAKAAAAKAAGY -NH
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Figure 2.25: CD spectra of Ac-SKA(4-1-Phe) AAKAAAAKAAGY-NH; (top left),
Ac-SKA(4-B(OH),-Phe) AAKAAAAKAAGY-NH; (top right), Ac-
S(OGIcNACc)KA(4-1-Phe) AAKAAAAKAAGY-NH; (bottom left), and Ac-
S(OGIcNACc)KA(4-B(OH),-Phe) AAKAAAAKAAGY-NH; (bottom right); peptides
were dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C.
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Ac-SKAA(4-1-Phe)AKAAAAKAAGY-NH Ac- SKAA(4 B(OH) Phe)AKAAAAKAAGY NI5|
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Figure 2.26: CD spectra of Ac-SKAA(4-1-Phe) AKAAAAKAAGY-NH; (top left),
Ac-SKAA(4-B(OH),-Phe) AKAAAAKAAGY-NH; (top right), Ac-
S(OGIcNACc)KAA(4-1-Phe) AKAAAAKAAGY-NH; (bottom left), and Ac-
S(OGIcNAc)KAA(4-B(OH),-Phe) AKAAAAKAAGY-NH; (bottom right); peptides
were dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C.
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Ac-SKAAWAKAAAAKAAGY-NH Ac- S(OGIcNAc)KAAWAKAAAAKAAGY -NH
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Figure 2.27: CD spectra of Ac-SKAAWAKAAAAKAAGY-NH; (top left), Ac-
S(OGIcNAc) KAAWAKAAAAKAAGY-NH; (top right); peptides were dissolved in
10 mM phosphate buffer (pH 7.0) containing 25 mM KF. Bottom left: CD spectra of
Ac-S(OPO;* )KAAWAKAAAAKAAGY-NH, in 10 mM phosphate buffer (pH 8.0)
containing 25 mM KF at 0.5 °C.
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Figure 2.28: CD spectra of Ac-TKAA(4-1-Phe)AKAAAAKAAGY-NH; (left) and
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Ac-T(OGIcNAc)KAA(4-1-Phe) AKAAAAKAAGY-NH; (right); peptides were
dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C.
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Ac-(4-1- Phe)KAASAKAAAAKAAGY NH Ac-(4-1-Phe)KAAS(OGIcNAC)AKAAAAKAAGY-NH
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Figure 2.29: CD spectra of Ac- (4-1-Phe)KAASAKAAAAKAAGY-NH; (top left),
Ac- (4-1-Phe)KAAS(OGIcNAc)AKAAAAKAAGY-NH; (top right), and Ac- (4-
B(OH),-Phe)KAAS(OGIcNAc)AKAAAAKAAGY-NH; (bottom left); peptides were
dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C.
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Ac-SKAAAAK(4-1- Phe)AAAKAAGY -NH

Bttt N—
40,000 ]
~ 30,000f ]
© [
€ 20,000[ ]
o ¥
NE t
1 : ]
& 10,0004m,
= %,
) L
= | i .\/*//_.'
- F °
— F ()
2,-10,000 ]
-20,000 [ ]
190 200 210 220 230 240 250
nm
Ac-S(OGICNAC)KAAAAK(4-1- Phe)AAAKAAGY lgH
Trrr T
40,0001 ]
~ 30,000F ]
g [
£ 20,000; ]
N
oo,
£ [ e ]
5 10,000: .
U, L L]
% 0} “‘ vf'
- 3 °
— b o
2,-10,000f ]
-20,000 ]
190 200 210 220 230 240 250
nm

-1

2

[6], deg cm” dmol

-
0

2

[6], deg cm” dmol

-10,000F

-20,000f

-10,000

-20,000

Ac- SKAAAAK(4 B(OH)-Phe)AAAKAAGV NH

40,000}
30,000

20,000}

10,000F

of

190

1
200

1
210

1 1 1
220 230 240 250
nm

Ac- S(OGIcNAc)KAAAAK(4 B(OI;I-)Phe) AAAKAAGY -NH

40,000F
30,000F
20,00040e,
10,000}

ok

190

1
200

1
210

1 1 1
220 230 240 250
nm

Figure 2.30: CD spectra of Ac-SKAAAAK(4-1-Phe) AAAKAAGY-NH; (top left),
Ac-SKAAAAK(4-B(OH),-Phe) AAAKAAGY-NH; (top right), Ac-
S(OGIcNAc)KAAAAK(4-1-Phe) AAAKAAGY-NH; (bottom left), and Ac-
S(OGIcNAc)KAAAAK(4-B(OH),-Phe) AAAKAAGY-NH; (bottom right); peptides
were dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C.

207



CD spectroscopy in the presence and absence of B-D-Fructose

Ac- SAKAA(4 B(OH)-Phe)AKAAAAKAAGY NI;I Ac- S(OGICNAc)AKAA(4 -1- Phe)AKAAAAKAAGY NH
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Figure 2.31: CD spectra of peptides in the presence and absence of fructose. CD
spectra of Ac-SKAA(4-B(OH),AKAAAAKAAGY-NH; (top left), Ac-
S(OGIcNAc)KAA(4-1-Phe) AKAAAKAAGY-NH; (top right), Ac-
S(OGIcNAc)KAA(4-B(OH),-Phe) AKAAAAKAAGY-NH; (bottom left), and Ac-
SKAAAAK(4-B(OH),-Phe) AAAKAAGY-NH; (bottom right); peptides were
dissolved in 10 mM phosphate buffer (pH 7.0) containing 25 mM KF at 0.5 °C. Black
circles: 0 mM fructose; light blue diamonds: 12.5 mM fructose; dark blue triangles: 25
mM fructose. No differences were observed between 12.5 mM and 25 mM fructose.
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CD spectroscopy in the presence of 25 mM NaCl, 1M NaCl, and 1M KF
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Figure 2.32: CD spectra of the peptides in the presence of 25 mM NaCl, 1M NacCl,
and 1M KF. Top: CD spectra of Ac-SKAAAAK(4-I-Phe)AAAKAAGY-NH; (left)

and Ac-SKAAAAK(4-B(OH),)-Phe) AAAKAAGY-NHj; (right) in 10 mM phosphate
buffer (pH 7.0) containing 25 mM NacCl at 0.5 °C. Bottom: CD spectra of Ac-

SKAAAAK(4-1-Phe)AAAKAAGY-NH; (left) and Ac-SKAAAAK(4-B(OH),)-

Phe) AAAKAAGY-NH; (right) in 10 mM phosphate buffer (pH 7.0) containing 1 M

NaCl at 0.5 °C.
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Ac- SKAA(4 B(OH) Phe)AKAAAAKAAGY NI;I Ac-SKAAAAK(4-I- Phe)AAAKAAGY NH
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Figure 2.33: CD spectra of the peptides in the presence of 25 mM NaCl, 1M NacCl,
and 1M KF. CD spectra of Ac-SKAA(4-B(OH),-Phe) AKAAAAKAAGY-NH; (top
left), Ac-SKAAAAK(4-I-Phe) AAAKAAGY-NH; (top right), and Ac-SKAAAAK(4-
B(OH),-Phe) AAAKAAGY-NH; (bottom left); peptides were dissolved in 10 mM
phosphate buffer (pH 7.0) containing 1 M KF at 0.5 °C.
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NMR spectroscopy

NMR spectra of peptides were collected at 278 K or 298 K on a Briiker
AVC 600 MHz NMR spectrometer equipped with a triple resonance cryoprobe or a
TXI probe. Peptides were dissolved in a solution containing 5 mM phosphate buffer
(pH 4.0, 7.2, 8.0, or 8.5) and 25 mM NacCl in 90% H20/10% D20. The pH of each
individual sample was recorded and adjusted as necessary using dilute HCI or NaOH.
All NMR spectra were internally referenced with 100 uM TSP. 1-D NMR spectra
were collected with a Watergate pulse sequence and a relaxation delay of 3 s.
Coupling constants between the amide and a-protons (3JaN) were determined directly
from the 1-D spectra. Errors in 3JaN are estimated to be < 0.2 Hz. TOCSY NMR
spectra were collected with a Watergate TOCSY pulse sequence, sweep widths of
6009 Hz in t1 (7200 Hz for Trp containing peptides) and t2, 400 x 2048 complex data
points, 8 scans per t1 increment, a relaxation delay of 1.5 s, and a TOCSY mixing time

of 60 ms.
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Figure 2.34: 'H NMR spectra (amide region) of peptides with serine modifications:
unmodified Ser(free hydroxyl), Ser(OGIcNAc), and Ser(OPO;%). pS indicates
phosphorylated serine residue. gS indicates Ser(OGIcNAc) residue. Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0, 7.0, or 7.2) containing 25 mM NaCl in
90% H,0/10% D,0O. Data were collected at 278 K.
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Peptide 5, H" *Jn 3, Ha 8, HB
Ac-Ser(OPO;” )KAAWAKAAAAKAAGY-NH,

Ser 8.77 5.2 4.39 4.16, 4.11
Lys 8.54 5.7 4.23 1.83, 1.81
8.12 n.d. 4.20 1.85
8.03 n.d. 414 1.82
Trp 8.25 n.d. 4.48 3.4
Ala 8.32 4.5 4.22 1.37
8.25 n.d. 4.09 1.28
8.20 4.2 4.16 1.42
8.10 n.d. 419 1.42
8.10 n.d. 4.25 1.42
8.09 n.d. 419 1.42
8.06 n.d. 4.09 1.39
8.03 n.d. 414 1.42
8.02 n.d. 4.16 1.42
Gly 8.13 n.d. 3.93, 3.84 n.a.
Tyr 8.05 n.d. 4.52 3.10, 2.94
Ac-Ser(GIcNAc)KAAWAKAAAAKAAGY-NH,
GlcNAc 8.36 n.d. n.a. n.a
Ser 8.50 5.0 4.32 3.98, 3.80
Lys 8.40 n.d. 418 1.77
8.11 n.d. 4.09 1.82
8.08 n.d. 4.16 1.80
Trp 8.28 n.d. 4.50 3.38
Ala 8.35 5.3 4.21 1.34
8.28 n.d. 419 1.41
8.27 n.d. 4.09 1.27
8.15 n.d. 4.21 1.41
8.14 n.d. 4.24 1.42
8.13 n.d. 4.20 1.41
8.09 n.d. 4.16 1.41
8.08 n.d. 4.16 1.42
8.07 n.d. 417 1.41
Gly 8.17 n.d. 3.93, 3.84 n.a.
Tyr 8.06 n.d. 4.53 3.09, 2.95

Table 2.14: Summary of '"H NMR data. Data were collected in 5 mM phosphate
buffer (pH 4.0 or 7.2) containing 25 mM NaCl. “ n.d. = not determined due to spectral
overlap. “n.a. = not applicable.
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Peptide 5, H" Sdn 3, Ha 5, HB

Ac-Ser(GIcNAc)KAAAAK(4-B(OH).-Phe)AAAKAAGY-NH,

Ser 8.56 5.5 4.36 3.95, 3.88
Lys 8.72 6.1 4.28 1.85, 1.80
8.23 n.d. 413 1.79, 1.68
8.19 n.d. 417 1.76, 1.63
4-B(OH)2-Phe 8.28 n.d. 4.57 3.22,3.13
Ala 8.43 4.8 4.23 14
8.34 4.7 4.19 1.41
8.29 n.d. 4.24 1.45
8.28 n.d. 4.16 1.42
8.23 n.d. 4.22 1.41
8.23 n.d. 4.22 1.41
8.23 n.d. 4.22 1.41
8.23 n.d. 412 14
8.18 n.d. 417 14
Gly 8.25 n.d. 3.92, 3.84 n.a.
Tyr 8.10 7.5 4.52 3.10, 2.94

Table 2.15: Summary of '"H NMR data. Data were collected in 5 mM phosphate
buffer (pH 7.0) containing 25 mM NaCl. “n.d. = not determined due to spectral
overlap. “n.a. = not applicable.
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Chapter 3

STRUCTURAL EFFECTS OF PHOSPHORYLATION AND R406W ON tau3os.
411

Introduction

Alzheimer’s disease (AD) is a common form of dementia, with over 5 million
cases of AD in the United States.' These numbers are expected to drastically increase
as the baby-boomer population continues to age. Thus, determining the causes of AD
onset continues to be a major goal. Development of AD has been associated with the
formation of both extracellular neural plaques and intracellular neurofibrillary tangles
(NFTs) in the brain, as described originally by Alzheimer in 1906. Extracellular
plaques observed in AD brains, composed of B-amyloid fibers formed by A peptide
aggregation, are associated with neuritic degradation and signaling defects.”
Intracellular NFTs are composed of mostly paired helical filaments (PHFs) which
aggregate and lead to neurodegeneration.” The major protein components of PHFs are
hyperphosphorylated variants of the microtubule-associated protein (MAP) fau.*"!
Tau in its native state is natively disorded and highly soluble.'*"” Structurally, au is
subdivided into several domains; a N-terminal domain, central proline rich domain
(PRD) followed by a tubulin binding domain (TBD) consisting of sequence repeats,

1821 Mandelkow has suggested, based on detailed

and a carboxyl-terminal region.
FRET experiments, a global hairpin or “paper clip” model for tau stabilization in
which the C-terminal tail is layered between the TBD and N-terminus.** Interestingly,

protease-resistant segments of fau repeats have been discovered within AD brains. >
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Furthermore, others have observed that the repeat domain of ftau more effectively

13-25 These findings suggest that apoptotic

aggregates in vitro than full-length tau.
caspase cleavage of fau at the N-terminal and/or C-terminal ends may lead to
aggregation in vivo.*”* Furthermore, others have demonstrated that truncation of fau on
the C- terminus leads to an increase in polymerization rate when in the presence of
polyanions.’®>" Others have suggested that the C-terminal portion of fau interacts with
the repeat domain, functioning to prevent polymerization.’"** Current models suggest
that phosphorylation of Sersoea04 on the C-terminal tail of fau causes disassociation of
the C-terminus with the repeat region, leading to aggregation through fau-tau
interactions.>> ** Consistent with this model, Sersoq404 are known to be phosphorylated

within AD brains.*>®

Both Sersos and Serso4 precede a proline residue, requiring
proline-directed kinases for phosphorylation. Two main kinases responsible for
phosphorylation of serine residues are cyclin dependent protein kinase-5 (cdk5) and

glycogen synthase kinase-3p (GSK-3p).>"*!

Importantly, phosphorylation of Serso4 by
cdk5 promotes subsequent phosphorylation of of both Sersos and Sersgo by GSK—3ﬁ.37’
*2 In addition to the role of hyperphosphorylation of fau in the onset of AD, within
animal models, R406 W mutation of tau leads to filament formation and associative

4345 Tau mutation R406W has also

memory deficit identical to that found within AD.
been associated with Parkinson’s disease and frontotemporal dementia within humans.
Given that phosphorylation of Ser44 is observed in patients with AD, and R406W
mutation is observed to lead to increased rates of AD formation within animal models,
we sought to elucidate the mechanism by which both events structurally modify tau.
From a structural biologist’s perspective, it is interesting that R/Wag6 follows

Proaps, due to proline's unique ability to facilitate cis amide bonds in Pro-aromatic

sequence motifs. Amino acids within peptides and proteins are linked through amide
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bonds via the carboxylate carbon and the amine nitrogen. The partial double bond
character of the amide bond restricts rotation and leads to two energetically preferred
conformations (zrans and cis) with a rotational barrier of approximately 20 kcal/mol.*
Within the context of all amino-acids within proteins, the frans amide bond has been
demonstrated to be the most energetically favorable, with cis bonds composing 0.5-
1.5% of all bonds.*”** Proline exhibits a higher propensity for cis amide bonds, with
Xxx-Pro amide bonds exhibiting 5-6% cis bonds, but those amides without proline
containing approximately 0.05% cis bonds.*> **** In model peptides and proteins
found within the PDB, aromatic-proline and proline-aromatic sequences exhibit the
highest propensity for cis amide bonds, suggestive of cis bond stabilization due to the

- - - 46,49, 52-62
presence of the aromatic residue (Figure 3.1)." ™

While studying the structure of
bovine pancreatic trypsin inhibitor (BPTI), Creighton observed that residues 1-15 of
BTI exhibited 20% cis amide bonds when tyrosine was present and 5% in the absence
of tyrosine following Prog-Prog. He suggested the increase in cis population was due to
a stabilizing interaction between the aromatic side-chain and the side-chain of
proline.”® Studying the structure of type VI p-turns, Dyson and Wright found that
SYPYDYV and SYPFDV (charged termini) sequences revealed NOE connectivities
between the proline and aromatic ring protons, suggestive of hydrophobic stacking.’*
>> Raleigh later demonstrated that these interactions are more general and were
observed to stabilize the cis conformation in Ac-GXPG-NH; systems containing only
one aromatic residue preceding proline.”® These interactions were shown to exist in
Ac-AXPAL-NH; (aromatic-cis-Pro) and Ac-PPF-NH,; (cis-Pro-aromatic) models, and
formed pseudo-turns within proteins, demonstrating that these interactions persisted
52,57, 63

outside of sequences prone to -turns and peptides with neutral termini.

Interestingly, the observed aromatic-proline interaction in GXPG and Ac-AXPAL-
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NH; peptides were found to have an aryl electronic component, with greater cis
population observed for Aromatic-Pro sequences containing more electron-rich
aromatics. These observations are not fully rationalized by hydrophobic interactions

proposed by Dyson and Wright.””®

They are, however, consistent with a CH/nt
interaction between the aromatic face and the proline side chain (Ha, Hf3, and/or HJ)
(Figure 3.1).%% *7! Within our own lab, the Ac-TXPN-NH, model system has been
utilized extensively to demonstrate control of cis/frans isomerism by electronic control
of both the aromatic and/or proline residues via natural/unnatural amino acids and

- - - 62,7177
solid-phase chemical modifications.™
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Figure 3.1:  Local aromatic-proline interactions. (a) cis-trans isomerism of an
aromatic-Pro amide bond. The cis conformation is stabilized by CH/r interactions
between Ha and HP of proline and the aromatic face (blue dashed lines). (b) cis-trans
isomerism of a Pro-aromatic amide bond. The cis conformation is stabilized by CH/n
interactions between either the side chain of proline and the aromatic face (left, center)
or Ha of the i-2 residue and the aromatic (7) (right) face (blue dashed lines). (c) (left)
An aromatic-cis-Pro interaction in the sequence SFPN (PDB 1H4I). (c) (center) An
Aromatic-cis-Pro and cis-Pro-Aromatic interaction in the sequence TYPY (PDB
1ADE). (c) (right) A Ha(i-2)-cis-Pro-aromatic(i) interaction in the sequence KPY
(PDB 2DUR). The cis conformation is stabilized by CH/m interactions between the
side chain of proline and the aromatic face (left, center) or Ha of the i-2 residue and
the aromatic (i) face (right) (blue dashed lines).

224



Stabilizing CH/m interactions observed in Xxx-cis-Pro-aromatic sequences also
occur through interactions between the aromatic (i) face and the alpha protons of the i-

59, 62,63, 78

2 residue (Figure X). Recently, Basu confirmed in tripeptides (Ac-PPX-NH,

and Ac-XPY-NH,) the presence of a cis stabilizing Hou(i-2)-cis-Pro-aromatic(7)

CH/r interaction.”® %

Furthermore, it was demonstrated on Ac-XPY-NH, peptides
that all canonical amino acids (except for asparagine) exhibited increased populations
of cis amide bonds relative to Ac-XPA-NH; peptides. Interestingly, R406W mutation
leads to the sequence SPW within fau, analogous to the Ac-PPW-NH, peptides found
to have a Ha(i-2)-cis-Pro-aromatic(i) CH/m interaction, suggesting R406W may play a
role in cis-trans isomerism within tau. Protein phosphatase 2 (PP2A), the major Pro-
directed phosphatase, is responsible for dephosphorylating exclusively trans

81.82 ppOA is assisted by Pinl, a peptidyl-prolyl isomerase,

pSer/pThr-Pro motifs.
responsible for catalyzing the cis-trans isomerization of the peptide bond between
pSer/pThr-Pro amide bonds. Interestingly, Pinl is found to be down regulated and/or
inhibited by oxidation in patients with AD, leading higher cis bond populations.****
In light of these findings, we hypothesized that both phosphorylation of Sersos
and increased cis amide bond via R406W cis-Pro-aromatic interactions may play a
critical role in cis/trans isomerism within tau leading to higher cis populations. To
identify the possibility and strength of Hou(i-2)-cis-Pro-aromatic(i) CH/m interactions
in an analogous system to fausos-406, Ac-TGPX-NH; peptides were examined where X
= natural and non-natural aromatic amino acids containing both electron-donating and
electron-withdrawing groups at position 4 of the aromatic ring. Tau-derived peptides
Ac-TSPR-NH, and Ac-TSPW-NH; were examined to identify the possibility and

strength of Hau(i-2)-cis-Pro-aromatic(i) CH/m interactions within tau. Both tausgs-406

analogues were further examined to determine the effects of serine and/or threonine
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phosphorylation. To our knowledge, the effects of phosphorylation on aromatic-

proline interactions have not be established.

Results

To improve our understanding of proline-aromatic sequences, a series of
peptides was synthesized of the sequence Ac-TGPX-NH,, where X= electron-rich,
electron-neutral, or electron-deficient aromatic residues (Figure 3.2). As a control,
peptides were also synthesized containing Asn or cyclohexylalanine (Cha) at residue
4. Threonine was chosen to maintain homology between tau403-406 S€quences
(TSPR/W) and our TGPX model. Given that a proposed interaction involves the alpha
protons at residue 2 and the aromatic ring of residue 4, glycine was chosen at residue 2
due to greater CH/m interactions of glycine Ha over other canonical amino acids
(Glycine lacks of conformational and steric restrictions observed with other amino

62.78 To elucidate the local

acids (entropic penalties associated with y; restriction)).
structural effects of phosphorylation and R406W on fau403.406 , a series of tetra-
peptides was synthesized of the sequence TSPR/W. Serine and threonine amino acids
were incorporated using trityl/Fmoc-protected amino acids. Phosphorylation was
conducted on solid-phase by selective trityl-deprotection, phosphitylation, oxidation,
and cleavage/deprotection yielding a site selective phosphorylated residue. To confirm
the observed results in fauags-406 are consistent with larger fau segments, fauzos.a11

peptides were synthesized containing Argaos and Ser/pSeraos or Trpags and Ser/pSeraps.

All peptides were analyzed by NMR at 298 K.
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TGPX Peptides

J:,\(HC A N iﬂc R N/('EC P NJ;?/RN N7 iﬂc RN NJiSFE/RN N/[ ;Rc Ry~ N/[ ;Rc Rn- NI‘ Re

His 4-CF;-Phe 4-NO,-Phe  4-I-Phe

b
tau Peptides
tauyg3.406 TSP TpSP pTSP pTpSP
tauyo3.406R406W TSPW TpSPW pTSPW pTpSPW
tausgs 411 K365SPVVSGDTSPRHLSNV 41
tauzgs.411PS404 K395SPVVSGDTpSPRHLSNV 44
tausgs 411Ra06W K305SPVVSGDTSPWHLSNV

tausgs 411R406W PSa04  K3gsSPVVSGDTpSPWHLSNV 44

Figure 3.2:  Peptide sequences examined in this study. (a) Tetra-peptides of the
sequence Ac-TGPX-NH, were examined with residue 4 containing amino acids with
aromatic side-chains containing electron-rich, electron-neutral, or electron-deficient
aromatic amino acids. Peptides were also synthesized containing asparagine or
cyclohexylalanine (Cha) as controls. (b) Sequences of fau-derived peptides examined
in this study. Tetra-peptides of faus3-40¢ Were initially studied containing either Argaos
or Trpaoe with unmodified Thr and Ser, phosphorylated Ser or Thr, and phosphorylated
Ser and Thr residues. Larger tausos.411 peptides were studied containing either
phosphorylated or unmodified Sersos and Argaos or Trpaos. All peptides in this study
were acylated on the N-terminus and contained a C-terminal carboxyamide.
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Analysis of Ac-TGPX-NH; peptides

The primary goal of these experiments is to identify the electronic component
of an Ha(i-2)-cis-Pro-aromatic interaction. Such an interaction within Ac-TGPX-NH,
would that the the same interaction might be important in tau due to R406W. Peptides
Ac-TGPX-NH; were synthesized and analyzed by NMR to identify the possibility and
strength of an Hou(i-2)-cis-Pro-aromatic interaction leading to increases in the
population of cis-Pro amide bond (Kyansis) (Figure 3.1). Kpyanseis describes an
equilibrium expression determined by NMR; the ratio of the concentration of peptide
with a trans amide bond to the concentration of peptide with a cis amide bond. Given
that Kjqnscis 18 an equilibrium expression between two states, the free energy (AG)
differences between the two states may be calculated (AG = -RT InKirang/cis). The
residue cyclohexyl-alanine was also examined as a control, due to similar size as
aromatic residues without the aromatic component. All peptides containing aromatic
residues (except TGPH(H") at pH 4.0) favored the cis conformation relative to the
control peptides TGPN (Kyanscis = 7.4) or TGPCha (Kyanscis = 4.5) (Table 1). Notably,
in previous studies on this model sequence, peptides with asparagine at the same
position was observed to have the highest population of cis-Pro amide bonds of all

60-62 previously reported data on TYPN exhibiting a

nonaromatic/nonproline residues.
Kiransreis of 2.7 1s consistent with Tyr stabilizing the cis state by -0.60 kcal/mol due to
stabilization of Tyr-cis-Pro CH/m interactions.’” °>7* Surprisingly, there was no
overall common trend of cis population among the aromatic residues relative to the
electronics of the aromatic ring in Kyqnscis- The peptide with tyrosine was observed to
have a Kjqnscis 0f 3.0, exhibiting a higher population of cis than that of the peptide

with the more electron-rich tryptophan (K anscis = 3.7). Peptides containing electron-

neutral phenylalanine and weakly electron-withdrawing 4-1-Phe were observed to have
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the highest content of cis bond population (Kygnscis = 2.5). These deviations may be
rationalized by the entropic penalty associated with the conformational restraint in the
cis state competing with the favorable enthalpy associated with the CH/x interaction.*
Among the electron-deficient aromatic amino acids, a clear trend was observed in
Kiransyeis relating to the electronics of the aromatic amino acid: 4-I-Phe > 4-CF3-Phe >
4-NO,-Phe > His, with His at pH 4.0 exhibiting the greatest population of trans
(Ktransreis = 10.0). Interestingly, the control peptide containing Cha was also observed
to have a high population of the cis isomer, in contrast to Ac-TXPN-NH; peptides

°“ The observed increase in cis-Pro amide bonds could

with aromatic-Pro sequences.
possibly be explained by hydrophobic effects, where the hydrophobic face of the
cyclohexyl ring associates with the hydrophobic surface of the aliphatic proline ring.
Overall, cis-trans isomerism of TGPX was modulated by 0.82 kcal mol™. To

determine the nature of the observed higher K 4sis for Tyr over Trp, additional NMR

experiments were performed on TGPW and TGPY peptides.
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TGPX, X= Kiransrcis A Giransscis Kcal m0|-1

TGPH (pH 4) 10 -1.36
TGPH (pH 8.5) 4 -0.82
TGPW 3.7 -0.77
TGP(4-NO»-Phe) 3.6 -0.76
TGP(4-CFs-Phe) 3.5 -0.74
TGPY 3 -0.65
TGPF 25 -0.54
TGP(4-1-Phe) 25 -0.54
TGPCha 4.5 -0.89
TGPN 7.4 -1.18
TYPN 2.7 -0.58

Table 3.1:  NMR-derived data for Ac-TGPX-NH, and Ac-TYPN-NH,*” model
peptides. AG = -RT InKians/cis- Peptides were dissolved in 5 mM phosphate buffer (pH
4.0 or 8.5) containing 25 mM NaCl in 90% H,0/10% D,0O. Data were collected at 298
K.

In order to identify the glycine alpha protons of Ac-TGPY-NH; and
Ac-TGPW-NHj; in both trans and cis states, TOCSY NMR experiments were
performed. These experiments revealed a large upfield chemical shift of the glycine
alpha protons for cis isomers for peptides containing aromatic amino acids (Figure 3.3
and Figure 3.4). These observations are consistent with a CH/mx interaction between
the aromatic face and the glycine alpha hydrogens due to ring current effects of the

83-% Interestingly, the magnitude of the chemical

aromatic face on the alpha hydrogens.
shifts were not the same for both glycine alpha hydrogens within each cis isomer. The
glycine hydrogens for TGPY cis isomer were found to have chemical shifts of 3.59

ppm and 2.94 ppm, where the same hydrogens in the trans state exhibited a chemical
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shift of 4.01 ppm. The glycine hydrogens for TGPW cis isomer were found to have
chemical shifts of 3.19 ppm and 2.48 ppm, where the same protons in the trans state
exhibited chemical shifts of 4.00 ppm and 3.90 ppm. Overall, a greater upfield
chemical shift was observed for TGPW glycine alpha hydrogens for the cis isomers
over that of TPGY, consistent with a stronger CH/r interaction involving the aromatic
face of the indole over tyrosine; expected for the more electron-rich indole ring.
Although unconfirmed by TOCSY NMR, shifts in Gly Ha protons were observed for
all peptides of the TGPX series (Figure X) when i-2 to the aromatic residue. Notably,
no upfield shift was observed for the Gly alpha hydrogen in the peptide containing
Cha, as expected for a non-aromatic interaction. Surprisingly, the observed CH/x
interaction does not have the expected correlation with the observed K ans/cis,
suggestive of other factors, such as entropy contributions to the overall Ky qs/cis.
Collectively, these data are consistent with Hou(i-2)-cis-Pro-aromatic
interactions occurring within Ac-TGPX-NH, peptides in the presence of an aromatic
residue. Furthermore, these data suggest that these interactions may be common,
occurring within peptides and proteins containing XP-aromatic sequences. These
CH/m interactions exist in both TGP-aromatic, GP-aromatic, and PP-aromatic
sequences, suggesting their presence in faus03.406 TSP-aromatic sequences.”” * Single
point substitution of serine for glycine allows for direct correlation between Ac-

TGPX-NH; peptides and Ac-TSPX-NH, fauso3-406 derived peptides.
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Figure 3.3:  The 'H NMR spectra of (top) Ac-TGPY-NH, and (bottom) Ac-
TGPW-NH,. Peptides were dissolved in 5 mM phosphate buffer (pH 4.0) containing
25 mM NaCl in 90% H,0/10% D,0O. Data were collected at 298 K. Glycine alpha
protons are labeled for both the trans (Ho,) and cis (Ho..) isomers.
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Figure 3.4: The 'H NMR spectra of Ho region of Ac-TGPX-NH,: X = Phe, His
(pH 8.5), 4-1-Phe, 4-CF3-Phe, 4-NO,-Phe, His (pH 4). Peptides were dissolved in 5
mM phosphate buffer (pH as indicated) containing 25 mM NaCl in 90% H,0/10%

D,0. Data were collected at 298 K.
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Structural implications of pThr43/pSers4 and R406W on tau peptides

Substitution of serine for glycine allows the direct comparison between
Ac-TGPX-NH; and faus403.406 Ac-TSPX-NH; model peptides. Peptides were
synthesized and analyzed by NMR with all combinations of modifications
(phosphorylation versus unmodified) at Thrao3 and/or Sersos with both Argsos or Trpaos.
In addition, a control peptide was synthesized and analyzed with Asnsge to directly
compare the effects of glycine to serine substitution on model peptides Ac-TXPN-NH,
(Table 3.2). Substitution of Gly of Ser destabilized the cis isomer by 0.21 kcal/mol.
Within model peptides, Basu found substitution of Ser for Gly lead to destabilization
of the cis isomer by 0.25 kcal/mol (Ac-XPA-NH;) and 0.19 kcal/mol (Ac-XPY-NH,),
consistent with our observations.* These results are consistent with smaller entropic
and steric penalties upon forming the cis isomer associated with glycine, which lacks a
side chain. Within fau R406W is known to lead to increased rates of AD formation in
animal models. Substitution of R406W in Ac-TSPX-NH; stabilized the cis isomer by -
0.17 kcal/mol. These results are consistent with Basu’s observations that substitution
of Tyr for Ala in Ac-SPX-NH, stabilized the cis isomer by -0.19 kcal/mol.*® Within
tau, phosphorylation of Ser44 is also associated with the onset of AD. To determine
the structural effects of Ser4o4 phosphorylation, peptides Ac-TSPR-NH, and Ac-
TSPW-NH,; with phosphorylation at Sers4 (pSer) and/or Thrao; (pThr) were examined
by NMR.

Taugoz-406-derived peptides containing phosphorylated residues were examined
at both pH 6.5 and 7.2 (typical pK, = ~5.5-6.0) to determine the electronic contribution
of the phosphate on structure. Furthermore, it is important to study these effects at

physiological pH (~ 7.2). Differences in structure due to both states may be directly
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correlated to interactions involving the phosphate. Surprisingly, phosphorylation of
Serso4 led to an increase in the cis amide population for both peptide TpSPR (K ans/cis =
5.1 at pH 7.2, Kyans/eis = 5.5 at pH 6.5) and TpSPW (Kyansreis = 3.2 at pH 7.2, Kirans/eis =
3.5 at pH 6.5). Interestingly, greater cis population was observed for the dianionic
phosphate (data at pH 7.2) due to the dianionic phosphate carrying a more negative
charge. Surprisingly, phosphorylation of Thry3 increased the cis population of pTSPR
(Keransreis = 8.0 at pH 7.2, Kyansieis = 9.6 at pH 6.5), yet decreased the cis population of
PTSPW (Kyanscis = 12.3 at pH 7.2, Kiyansreis = 12.0 at pH 6.5) relative to unmodified
peptides. Destabilization observed for TSPW peptides could be due to repulsive
effects between the indole ring and the phosphate group while in the cis
conformation.®® ® Overall the structural effects of pThrys were different in Ac-
pTSPR-NH,; and Ac-pTSPW-NH; peptides. Interestingly, fau is also known to be
phosphorylated at both Thry3 and Ser404.90

To determine the structural effects of both pThras and pSeras, double-
phosphorylated tau3-406 Ac-pTpSPR/W-NH, peptides were synthesized and analyzed
by NMR. Double-phosphorylated peptides pTpSPR (Kyansicis = 4.4 at pH 7.2, Kiyansreis =
5.6 at pH 6.5) and pTpSPW (Kyanscis = 4.7 at pH 7.2, Kyanseis = 4.3 at pH 6.5)
exhibited values of Ki4us.cis comparable to that of the mono-phosphorylated Ser4
peptides. Interestingly, double-phosphorylated pTpSPR stabilized the cis isomer by -
0.08 kcal/mol (pH 7.2 for pTpSPR) more than phosphorylation of serine alone,
consistent with both phosphorylation events stabilizing the cis-Pro amide bond in
TSPR peptides. In contrast to TSPR, double phosphorylation of TSPW destabilized
the cis isomer by 0.23 kcal/mol relative to TpSPW. Inversely, phosphorylation of
serine stabilized pTSPW cis isomer by -0.57 kcal/mol. Furthermore, the

destabilization observed for pTpSPW was greater at pH 7.2 than 6.5, suggesting
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phosphate electrostatics play a direct role in cis-destabilization. These data are
consistent with a cis-destabilizing interaction involving phosphorylation of threonine
and R406W. Alternatively, these data may be explained by a trans-favoring interaction
involving phosphorylation of threonine and R406W, although this was not observed in
TSPR peptides. Additional NMR experiments were performed to identify specific

interactions due to both Serso4 phosphorylation and R4osW substitution.

Ktrans/cis A Gtrans/cis Ktrans/cis A Gtrans/cis Ktrans/cis A Gtrans/cis
pH7.2  kcalmol' pH6.5 kcalmol' pH4.0 kcal mol’
pH 7.2 pH 6.5 pH 4.0
TSPN n.a. n.a. n.a. n.a. 104 -1.39
TSPR n.a. n.a. n.a. n.a. 114 -1.44
TpSPR 5.1 -0.96 5.5 -1.01 n.a. n.a.
pTSPR 8.0 -1.23 9.6 -1.34 n.a. n.a.
pTpSPR 4.4 -0.88 5.6 -1.02 n.a. n.a.
TSP n.a. n.a. n.a. n.a. 7.9 -1.22
TpSP 3.2 -0.69 3.5 -0.74 n.a. n.a.
pTSP 12.3 -1.49 12.0 -1.47 n.a. n.a.
pTpSP 4.7 -0.92 4.3 -0.86 n.a. n.a.

Table 3.2: NMR-derived data for tauags-406 Ac-TSPX-NH, peptides. AG = -RT
InKans/cis- Peptides were dissolved in 5 mM phosphate buffer (pH 4.0, 6.5, or 7.2)
containing 25 mM NaCl in 90% H,0/10% D,O. Data were collected at 298 K. pS =
phosphorylated serine residue, pT = phosphorylated threonine residue.

Previous work has demonstrated that phosphorylation of serine and
threonine residues leads to an intra-residue phosphate-amide hydrogen bond.”'*
NMR experiments performed on tauss.ao6 peptides revealed a downfield chemical
shift of the amide proton of the phosphorylated residue in all peptides (Table 3.3).

Both TSPR and TSPW sequences had similar chemical shifts for Thr (8.22 ppm, 8.19
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ppm) and Ser (8.41 ppm, 8.40 ppm). Phosphorylation of Sers4 led to a downfield
chemical shift of Ser in both TpSPR (8.71 ppm at pH 7.2 and 8.69 ppm at pH 6.5) and
TpSPW (8.78 ppm at pH 7.2 and 8.70 ppm at pH 6.5) peptides. The NMR data also
reveals a decrease in *J.y for all phosphorylated residues, which directly correlates to
the ¢ torsion angle and is consistent with serine and threonine adopting a more
compact conformation (ordering of structure) upon both phosphorylation.
Phosphorylation led to a decrease in 3J(,[N for Serso4 in TSPW, from 6.7 Hz to 5.3 Hz at
pH 7.2 and 6.1 Hz at pH 6.5. Phosphorylation of Thrsos led to a downfield chemical
shift in both threonine residues in pTSPR (8.75 ppm at pH 7.2 and 8.61 ppm at pH
6.5) and pTSPW (8.84 ppm at pH 7.2 and 8.66 ppm at pH 6.5) peptides.
Phosphorylation also led to a decrease in 3JmN for Thraos in TSPR peptides; from 8.1
Hz (unmodified threonine) to 6.1 Hz (pThr, pH 7.2) and 6.6 Hz (pThr, pH 6.5).
Similar effects were observed due to phosphorylation of Thrso3 in TSPW peptides;
from 8.0 Hz (unmodified threonine) to 5.8 Hz (pThr, pH 7.2) and 6.5 Hz (pThr, pH
6.5). Double-phosphorylated peptides exhibited similar chemical shifts of the
phosphorylated serine residues (8.89 ppm pTpSPR (pH 7.2) and 8.75 ppm for
dianionic pTpSPW (pH 7.2) peptides) to the monophosphorylated TpSPX peptides.
The *J.x coupling constant of phosphoserine (4.4 Hz for pTpSPR (pH 7.2) and 5.7 Hz
for pTpSPW (pH 7.2)) was similar to TpSPX peptides. Together, these data are
consistent with organization occurring within both serine and threonine residues upon
phosphorylation.

The downfield chemical shift and decrease in *J,y observed for phosphorylated
residues are consistent with an intra-residue phosphate amide hydrogen bond.”'**
Consistent with other work, phosphorylation of threonine in TSPW peptides led to an

overall greater decrease in J,y values than serine phosphorylation.*"-***! On the N-
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terminus of a-helices and within Ac-KXPP-NH, peptides, threonine phosphorylation
led to an overall greater decrease in *Jyy than serine phosphorylation. The *Jyy directly
correlates to the phi torsion angle within peptide and protein structure. a-Helices and
polyproline helices (PPII) are highly ordered and are characterized by phi torsion
angles of approximately -57° for a-helices and -75° for PPII. The observed increase in
cis population for peptides containing phosphoserine may be due to the formation of
this intra-residue phosphate amide hydrogen bond, suggested by both the downfield
chemical shift of the phosphorylated residue amide hydrogen and a decrease in the phi
torsion angle. In all cases, phosphorylation of serine and threonine within peptides led
to conformational restriction, and effects only differed in magnitude. The observed
increase in cis population for peptides containing phosphoserine may be due to the
formation of this intra-residue phosphate amide hydrogen bond. The alpha protons of
serine were further examined to determine effects of both phosphorylation of serine

and R406W.
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(PH=<6.5) (pH=<6.5) (pH7.2) (pH 7.2)
Peptide Residue 3., (Hz) &, H" (ppm) 3Jon (H2) &, HY (ppm)

TSPR Thr 8.1 8.22 n.a. n.a.
Ser n.d. 8.41 n.a. n.a.
TpSPR pSer 5.6 8.69 4.4 8.71
pTSPR pThr 6.6 8.61 6.1 8.75
pTpSPR pThr 7.0 8.59 5.3 8.91
pSer 5.8 8.75 4.4 8.89
TSP Thr 8.0 8.19 n.a. n.a.
Ser 6.7 8.40 n.a. n.a.
TpSP pSer 6.1 8.70 5.3 8.78
pTSP pThr 6.5 8.66 5.8 8.84
pTpSP pThr 6.9 8.58 5.9 8.84
pSer 6.0 8.72 5.7 8.89
TSPN Thr 8.0 8.22 n.a. n.a.
Ser 6.8 8.45 n.a. n.a.

Table 3.3: NMR-derived data for tausgs-406 Ac-TSPX-NH, peptides. Peptides were
dissolved in 5 mM phosphate buffer (pH 4.0 or 8.5) containing 25 mM NacCl in 90%
H,0/10% D,0. Data were collected at 298 K. n.d. = no data due to spectral overlap.
n.a. = not applicable.

Further examination of serine and phosphoserine alpha hydrogens
revealed an upfield chemical shift of all serine alpha protons in the cis conformation
relative to the trans conformation (Table 3.4). The magnitude of this upfield shift
ranged between -0.19 ppm (pTS(Ha)PR) to -0.20 ppm (TS(Ha)PR) for all TSPR
peptides, consistent with phosphorylation having no effect on the chemical shift of the
serine alpha proton (table). Furthermore, the control peptide TSPN exhibited a -0.23
ppm shift in the serine alpha proton from trans to cis states, consistent with that of
TSPR peptides. Substitution of Trp for Arg led to a -0.40 ppm upfield chemical shift

of the serine alpha proton from trans to cis states, twice the magnitude of that observed
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for TSPR and consistent with a favorable CH/r interaction in Trp-containing peptides.
This observation is consistent with R406W leading to an increased cis population due
to a favorable CH/m interaction. These observations are also consistent with the
observed upfield chemical shifts of glycine alpha protons for both TGPY (-1.07 ppm
and -0.42 ppm) and TGPW (-1.52 ppm and -0.71 ppm) peptides when in a cis
conformation. Again, no difference in serine alpha proton chemical shifts were
observed due to phosphorylation alone, with overall Ser Ha changes from trans to cis
states of TpSPW being identical to that of TSPW. Furthermore, no differences were
observed in phosphoserine alpha proton chemical shift due to differences in pH.
Together, these data are consistent with phosphorylation having no direct effects on
the serine Ho chemical shift, consistent with previous observations in a-helices.””
Interestingly, pTSPW exhibited the smallest upfield chemical shift in the serine alpha
hydrogen in the cis versus trans conformation (-0.05 ppm), suggesting potentially an
interaction involving phosphothreonine and tryptophan that is destabilizing to the
observed CH/m interaction observed within other peptides. Phosphorylation of serine
to form pTpSPW led to an upfield chemical shift in the serine alpha proton in the cis
state relative to trans. The observed upfield chemical shift is greater at pH 6.5 (-0.30
ppm) than at pH 7.2 (-0.22 ppm). Serine phosphorylation in all cases led to an increase
in cis population but only led to an upfield chemical shift in cis serine alpha protons
for pTpSPW. These data are consistent with the presence of a serine Ha(i-2)-cis-Pro-
aromatic(7) interaction stabilizing the cis state. Phosphorylation of Thrsg; destabilizes
this interaction leading to an increase in trans population. The source of this
destabilization is most likely due to anion/r repulsion.®™ * Although these effects may
be general for tetra-peptides, they may deviate in larger tau segments due to the

formation of secondary structures.
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0, 0, AJd,
Peptide pH Hatrans (ppm) Hac|s (ppm) Hacis'Hatrans (ppm)

TGPY 4.0 4.01 3.59, 2.94 -1.07, -0.42
TGPW 40  4.00,3.90 3.19, 2.48 152, -0.71
TSPN 4.0 4.80 4.57 .0.23
TSPR 4.0 4.79 4.59 -0.20
6.5 4.86 4.68 -0.18
TpSPR 7.2 4.81 4.65 -0.16
6.5 4.78 4.60 -0.18
PTSPR 7.2 4.80 4.61 -0.19
6.5 4.85 n.d. n.d.
PTPSPR 4.81 n.d. n.d.
TSP 4.0 4.72 4.32 -0.40
6.5 4.74 4.35 -0.39
TpSP 7.2 4.69 4.30 -0.39
6.5 4.68 4.63 -0.05
pTSP 7.2 4.68 4.63 -0.05
6.5 4.72 4.42 -0.30
PTpSP 7.2 4.70 4.48 -0.22

Table 3.4: NMR-derived Ser Ha data for fau403.406 Ac-TSPX-NH; and Gly Ha
data for Ac-TGPX-NH,; peptides. Peptides were dissolved in 5 mM phosphate buffer
(pH 4.0, 6.5, or 7.2) containing 25 mM NaCl in 90% H,0/10% D,O. Data were
collected at 298 K. n.d. = no data due to peak resolution.

To determine the generality of these effects, larger tausos.411 peptides were
synthesized and analyzed via NMR containing unmodified and phosphorylated Sersos
both with either Argage or Trpage (Table 3.5). The unmodified tausgs.411 was observed
to have a Kygnscis 0f 10.8 at pH 6.5, similar to that of the tetra-peptide TSPR (Kyans/cis =
11.4). Phosphorylation of Sers4 led to a slight increase in the cis population (Kyans/cis =
9.1) greatly favoring the frans isomer relative to TpSPR (Kyanscis = 5.1). Although no
data were obtained for tauzos.411 R406W, the combined effects of Serso4

phosphorylation and R406W substitution led to a significant increase in the cis
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population (Kiygns/cis = 6.0) for the mixed mono/dianionic phosphate (pH 6.5). The
tetra-peptide data would suggest that greater cis populations would be observed at the
more physiologically relevant pH 7.2. Overall, phosphorylation of Serso4 and R406 W

each led independently to an increase in cis population in fausgs.411 peptides.

Ser/pSer pSer
(pH < 6.5) (pH =7.2)
K{rans/cis Ktrans/cis Ktrans/cis BJ(xN ) HN BJ(xN ) HN

Peptide pH72 pH6.5 pH4.0 (Hz) (ppm) (Hz) (ppm)
tauzos-a11 n.a. 10.8 n.a. n.d. n.d. n.a. n.a.
tausgs.411 pS4o4 9.1 8.8 n.a. 55 8.61 4.5 8.67
tausgs.411 R406W n.a. n.d. n.a. n.d. n.d. n.a. n.a.
tausgs.411 R406W n.d. 6.0 n.a. 5.8 8.76 54 8.82

Table 3.5: NMR-derived data for tausgs.411 peptides. Peptides were dissolved in 5
mM phosphate buffer (pH 4.0 or 8.5) containing 25 mM NacCl in 90% H,0/10% D,O.
Data were collected at 298 K. n.d. = no data due to spectral overlap. n.a. = not
applicable.

Discussion

Herein, I have conducted a preliminary examination focusing on the
effects of R406W mutation and phosphorylation events that may impact cis-trans
isomerism of the prolyl amide bond within model peptides Ac-TGPX-NH,, Ac-
TSPR/W-NH,, and fausos.411 variants. To examine the relationships between the
electronic identity of the aromatic amino acid, the Ha(i-2)-cis-Pro-aromatic(i) CH/nt
interaction, and cis-trans isomerism, peptides of the sequence Ac-TGPX-NH, were
analyzed by NMR, differing in fau403.406 by one residue, incorporating both natural

(His, Trp, Tyr, Phe, and Asn) and unnatural amino-acids (4-NO,-Phe, 4-CF;-Phe, 4-I-
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Phe, and Cha) at residue 4. I have also conducted the first study on the effects of
phosphorylation on cis-trans isomerism of Ser-cis-Pro-Xxx motifs; taugs3-406-derived
peptides Ac-TSPR/W-NH,, serine analogues of Ac-TGPX-NH,, were analyzed by
NMR, focusing on the structural implications of threonine and serine phosphorylation
events in both the presence and absence of R406W, and their role in cis-trans
isomerism within tauag3-406. These studies were expanded to fau3es.41; to examine the
effects of Sersos phosphorylation and R406 W mutation, and their structural roles in a
larger tau context.

All TGPX peptides containing an aromatic residue, with the exception of
TGPH at pH 4.0 (His(H")), exhibited higher cis populations than the control peptides
TGPN and TGPCha. Interestingly, canonical aromatic residues (except for His)
followed the opposite of the expected trend based solely on electronics of the aromatic
group of Kyanscis as a function of aromatic electronics: His(H+) (10.0) > His (4.0) > Trp
(3.7) > Tyr (3.0) > Phe (2.5). Work performed on Ac-GXPG-NH; sequences, an
analogue of Ac-TGPX-NH,, demonstrated an expected trend based solely on aromatic
electronics: Phe (Kyans/cis = 4.9) > Tyt (Kyansrcis = 4.0) > Trp (Kerans/eis = 3.0).50
Interestingly, these results are similar to work performed by Meng et al. on Ac-TYPX-
NH; peptides. They, and others, found that Ac-TYPF-NH; stabilized the cis-Pro amide
bond by -0.15 kcal/mol more than Ac—TYPW—NH2.54’ 80 Unlike aromatic-cis-Pro and
cis-Pro-aromatic interactions on the restriction of two amino acids, Hou(i-2)-cis-Pro-
Aromatic interactions involve the rotational restriction of three residues including an
interaction with a non-proline residue (CH/m interactions involving proline are less
disfavorable in entropy due to the already restricted side chain), leading to greater
entropic penalties associated with formation of the cis amide bond and subsequent,

and enthalpically favorable, CH/x interaction. Basu analyzed Ac-PPX-NH, models to
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reveal tyrosine and tryptophan both had unfavorable entropic values of approximately
-5 cal/deg/mol (Trp exhibited slightly more unfavorable entropy than Tyr), yet had
favorable enthalpic values of -1.7 kcal/mol (Trp) and -1.1 kcal/mol (Tyr), with a cis-

favoring trend of Tyr > Phe > Trp > His.>> "

Further work revealed an entropic cost of
-9.8 cal/mol/deg and a favorable enthalpy of -2.4 kcal/mol associated with Ac-GPY-
NH, forming the cis conformation, greater than all other amino acids at residue 1.”’
These findings rationalize the peptide Ac-TGPW-NH, exhibiting the largest upfield
chemical shift in Gly alpha protons (trans = 4.00 ppm, 3.90 ppm; cis = 3.19 ppm, 2.48
ppm) relative to Ac-TGPY-NH; (frans = 4.01 ppm; cis = 3.59 ppm, 2.94 ppm), yet
due to entropic penalties the Tyr variant maintains a higher cis population than Trp.
Based solely on aryl electronics, the trend in Kguscis 0f Ac-TGPH-NH; is consistent
with a cis stabilizing Hou(i-2)-cis-Pro-Aromatic interaction. Protonated His pH 4.0 is
electron deficient compared to neutral His at pH 8.0, yet are entropically identical. If
the observed interaction is enthalpically based on aromatic electronics, then we would
expect a higher cis population for neutral His versus His(H").

In contrast to canonical aromatic amino acids, all TGPX peptides containing
phenylalanine derivatives did follow an expected trend in Ky 4ns/cis telative to the
electronic nature of the aromatic: 4-NO,-Phe (Kanscis = 3.6) > 4-CF3-Phe (Kyans/eis =
3.5) > Tyr (Kyansreis = 3.0) > 4-1-Phe (Kyansreis = 2.5) = Phe (Kyans/cis = 2.5). The
functional groups contribute minimally to the entropic cost of the cis isomer, allowing
an expected trend in Kjqscis based on aryl electronics. Further temperature dependent
NMR and subsequent van’t Hoff analysis would be necessary to support these
proposed models. Entropic penalties of forming the cis isomer, the K qnscis values, and

the dramatic upfield chemical shift in cis Gly alpha hydrogens for TGPW and TGPY

peptides, are all consistent with the presence of a cis-stabilizing Hou(i-2)-cis-Pro-
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Aromatic interaction within all peptides containing aromatic amino acids. Substitution
of serine for glycine allows direct correlation between TGPX and both unmodified and
phosphorylated tauso3-406 (Ac-TSPR/W-NH,) variants.

Single point substitution allowed for direct comparison of results between Ac-
TGPX-NH; peptides and faus3-406 derived peptides Ac-TSPR/W/N-NH,. Control
peptide Ac-TSPN-NH; exhibited a Ky 4nscis of 10.4, comparable to that of Ac-TSPR-
NH; (Kiyansreis = 11.4) and less than that of Ac-TGPN-NH; (K ans/cis = 7.4). The
decrease in cis population due to Gly/Ser substitution is most likely due to increased
steric and entropic penalties associated with forming the cis isomer.”* ’” Substitution
of R406W led to an increase in the amount of cis amide bond (K 4nscis = 7.9) and an
upfield chemical shift in Sers4 alpha proton of -0.40 ppm. These data are consistent
with Hou(i-2)-cis-Pro-Aromatic interactions present for cis isomers of both TGPX and
tauss-a06 R406W peptides. Smaller upfield chemical shifts between -0.19 ppm and -
0.23 ppm were observed for all TSPR peptides due to formation of the cis isomer, an

effect observed by others. % 3% 7677

Within fau, phosphorylation of Sers4 is directly
correlated with the onset of AD. To explore the effects of Serso4 phosphorylation, both
tauss-a06 derived peptides with Argaos and Trpags were analyzed with pSeroa.

To our knowledge, there are no examples of phosphorylation significantly
affecting cis-trans isomerism of Ser-cis-Pro-Xxx motifs. Surprisingly, phosphorylation
of Serso4 stabilized the cis isomer by -0.48 kcal/mol (pH 7.2) and -0.43 kcal/mol (pH
6.5) in TpSPR peptides. Phosphorylation of Sersos in TpSPW stabilized the cis isomer
by -0.53 kcal/mol (pH 7.2) and -0.48 kcal/mol (pH 6.5). Variations in stability
between the different protonation states indicate that the negative charge carried by the

phosphate correlates to stability of the cis amide bond. In addition to an increase in

cis-Pro amide bond, phosphorylated serine residues within both peptides exhibited a
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downfield chemical shift in the amide proton of the phosphorylated residue along with
a decrease in *Jyy, consistent with significant ordering within the phosphorylated

residue. The magnitudes of both the downfield chemical shift and decrease in 3JmN are
lesser than those observed in a-helices and polyproline structures, and consistent with

a weaker phosphate-amide intra-residue hydrogen bond.*”"

Interestingly,
phosphorylation of Ser4p4 and no impact on the chemical shift of phosphoserine alpha
protons, consistent with observed results of serine phosphorylation on the N-terminus
of a-helices, and in contrast to the mean downfield chemical shift of 0.13 ppm
(dianionic phosphate) observed due to phosphorylation of serine residues within the

T - 90,91
proline-rich domain of tau.”™

Further temperature-dependent NMR studies
performed by Ganguly have suggested a hydrogen bond between the serine amide and
the carboxy-amide terminus that stabilized the frans isomer. Phosphorylation may
eliminate this interaction via the intra-residue phosphate-amide hydrogen bond. These
data are consistent with Sers04 phosphorylation and R406W have unique and additive
mechanisms of cis-Pro stabilization within zau4o3.406 model peptides. These data also
suggest that within full-length fau, both phosphorylation of Serso4 and R406 W
mutation may lead to an increase in cis-Pro bond population,

Interestingly, Thrsos has also been found to be phosphorylated in fau from AD
brains.”’ The effects of Thrsos phosphorylation were investigated on peptides with
Argaoe or Thrage. Surprisingly, phosphorylation of Thrsg; in pTSPR led to stabilization
of the cis isomer by -0.21 kcal/mol at pH 7.2 and -0.10 kcal/mol at pH 6.5. In contrast,
phosphorylation of Thr4o; in pTSPW led to stabilization of the frans isomer by -0.27
kcal/mol at pH 7.2 and -0.25 kcal/mol at pH 6.5. Again, a downfield chemical shift in
the amide proton of the phosphorylated residue of 0.39 ppm (pTSPR pH 7.2) and 0.47

ppm (pTSPW pH 7.2), along with a decrease in *Jy of 1.5 Hz for pTSPR (pH 7.2) and
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1.5 Hz for pTSPR (pH 7.2), indicate of ordering within the phosphothreonine residue.
The magnitudes of both the downfield chemical shifts and decreases in 3J(m are less
than those observed in a-helices and polyproline structures, and consistent with a
weaker phosphate-amide intra-residue hydrogen bond. As expected, threonine
phosphorylation in Arg-containing peptides had no effect on the chemical shift of cis
serine alpha proton. Surprisingly, threonine phosphorylation in Trp peptides had a
dramatic effect on the chemical shift of only cis serine alpha protons, leading to a 0.05
ppm upfield chemical shift from frans to cis isomers and a downfield chemical shift of
0.31 ppm from Thr-Ser-cis-Pro-Trp to pThr-Ser-cis-Pro-Trp. These data are consistent
with Thrsos phosphorylation destabilizing the Hou(i-2)-cis-Pro-Aromatic interaction
between the aromatic face of Trpaos and Sers4 alpha proton. The source of the cis-Pro
destabilization is most likely due to enthalpically disfavorable anion/x interaction
between the phosphate on Thr4o3 and the aromatic face of Trpaos, present through
space during a Hou(i-2)-cis-Pro-Aromatic interaction. Alternatively, there may be a
enthalpically favorable trans-Pro stabilizing interaction involving phosphorylated
threonine and an unidentified interaction. The later is less likely and is in stark contrast
to the observed pTSPR peptide data. These data suggest that phosphorylation of Thrsg;
maybe be a mechanism by which R406W fau mutants may be stabilized by favoring
the trans isomer. Interestingly, both Thrso; and Sers04 have been found to be
phosphorylated within AD brains.”"

To investigate the effects of phosphorylation of both Thrsg; and Serss,
peptides were analyzed with both phosphorylated residues and Argaos or Trpaos
Interestingly, double-phosphorylated peptides stabilized the cis-Pro amide bonds for
pTpSPR peptides by -0.56 kcal/mol at pH 7.2 and -0.42 kcal/mol at pH 6.5. Again, a

downfield chemical shift was observed for the amide protons of both dianionic
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phosphorylated residues (0.34 ppm for pSer and 0.37 ppm for pThr), along with a
decrease in *Jyy of 1.1 Hz for pThr. Consistent with pThr/Trp cis-Pro destabilization,
Thrso3 phosphorylation of TpSPW (pTpSPW) destabilized the cis-Pro amide bond by
0.23 kcal/mol at pH 7.2 and 0.12 kcal/mol at pH 6.5. Interestingly, threonine
phosphorylation of TpSPR led to a downfield chemical shift in the cis phosphoserine
amide proton of 0.17 ppm for the dianionic phosphate and 0.09 ppm for the
monoanionic phosphate. In all, the cis conformations of both peptides are stabilized by
double phosphorylation relative to the unmodified peptides.

Together, these data present a unique and novel switch to tune cis-Pro amide
bonds. Data from TGPX series, along with data from others, have demonstrated that
Ha(i-2)-cis-Pro-Aromatic interactions suffer from entropic penalties associated with
side chain and main chain restrictions. For these reasons, proline and glycine residues
are observed to have the highest population of cis amide bonds within Xxx-cis-Pro-
aromatic sequence contexts due to the interaction of the i-1 residue Ha with the i+1

. 54,77
aromatic face.”™

Formation of the cis-Pro isomer for TSPX sequences may require
conformational restraint on both serine and threonine side chains. Data herein are
consistent in every phosphorylated peptide with phosphorylation leading to a
phosphate-amide intra-residue hydrogen bond. The formation of this hydrogen bond is
enthalpically favorable and may counter the entropically disfavorable formation of the
cis isomer. Phosphothreonine and phosphoserine residues may act as proline
analogues in a structurally similar yet functionally distinct manner than proposed for
a-helices.”’ Supporting this hypothesis would require temperature-dependent NMR
studies to establish the entropic contribution of the phosphate amide hydrogen bond.

To confirm the generality of the observations within tau4o3-406, analysis of larger tau

segments is required.
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Four larger fausgs.411 analogues were synthesized and analyzed via NMR
containing unmodified and phosphorylated Serss along with Argaos or Trpags. The
native and unmodified faus9s.41; was observed to have a Kyauscis of 10.8 at pH 6.5,
similar to that of Ac-TSPR-NH; (Kyanseis = 11.4). Consistent with phosphorylation of
Ser4o4 in tetra-peptides, phosphorylation of Sersos in fauses.ai; led to decrease in Ky gn/cis
= 8.8, and a downfield chemical shift in the phosphorylated amide proton.
Interestingly, R406 W mutation with phosphorylated pSersos in fausos.4;; led to a
substantial increase in cis-Pro population (K anscis = 6.0) and a downfield chemical
shift in pSers04 amide proton. These findings are suggestive of a Hau(i-2)-cis-Pro-
Aromatic interaction in addition to pSer-cis-Pro stabilization within faus9s.41; R406W.
The observed values and changes in Ky qnscis Observed in fausoes.a;; are consistent with
tauso3-a06 tetrapeptides.

Together, these data suggest a general mode in which phosphorylation of Ser
or Thr residues preceding Pro-aromatic sequences may function to stabilize the cis-Pro
amide bond, via distinct yet cooperative mechanisms. The data herein are consistent
with an enthalpically favorable Hou(i-2)-cis-Pro-Aromatic interaction present in
TGPX, TSPW, and tausgs.411 R406W peptides stabilizing the cis-Pro isomer. The role
of Sers4 phosphorylation is less clear. Given that Thrss phosphorylation stabilizes
TSPR cis-Pro amide bonds proximally, and that both phosphorylation events stabilize
TSPR, phosphorylation of Serso4 may be a mechanism by which the enthalpically
favorable intra-residue phosphate amide hydrogen bond locks the side chain of serine,
removing entropic penalties associated with Ho(i-2)-cis-Pro-Aromatic interactions.

Current models of AD suggest that phosphorylation of Ser4p4 on the C-terminal
tail of fau leads to disassociation of the C-terminus with the repeat region and

27,28

subsequent aggregation through tau-tau interactions. PP2A is responsible for
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dephosphorylating exclusively trans pThr/pSer-Pro motifs and is assisted by the prolyl
isomerase Pinl, which is found to be downregulated and/or inhibited by oxidation
within patients with AD.”® 7 The data herein suggest that both pSers4 and R406W in
full-length fau may lead to an increase in phosphoserine-cis-Pro amide bonds,
preventing dephosphorylation by PP2A, leading to dissociation of the C-terminal tail
from the repeat region. Phosphorylation of Ser4o4 also leads to phosphorylation of
Sersoo and Sersgs through processive phosphorylation by GSK-3f. Thus, increased cis
amide bond at pSers04-Prosos also leads to increased phosphorylation at Sersos and
Sersgo. Dissociation of the C-terminal tail due to phosphorylation exposes the repeat
region for tau-tau aggregation and subsequent onset of AD (Figure 3.5). To confirm
the findings herein, further kinetic studies involving PP2A and GSK-3f must be
conducted on tausgs.411. Although these studies have been directed at fau, these data
suggest that pSer-Pro and possibly pThr-Pro sequences may be widespread in nature

as method for tuning cis/trans isomerism within proteins.
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Experimental

Materials

Fmoc-L-amino acids were purchased from Chem-Impex (Wood Dale, IL) or
Novabiochem (San Diego, CA). O-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU), Rink amide resin (loading capacity of 0.37 mmol/g),
and diisopropylethylamine (DIPEA) were purchased from Chem-Impex. 1,2-
Ethanedithiol (EDT) was purchased from TCI America (Portland, OR). Trifluoroacetic
acid (TFA), triethylsilane (TES), phenol, thioanisole, and tetrazole were purchased
from Acros. Piperidine was purchased from Aldrich. Acetonitrile (MeCN), methylene
chloride (CH,Cl), methanol (MeOH), chloroform (CHCI;), tetrahydrofuran (THF),
dimethylformamide (DMF), pyridine, diethyl ether (Et,O), sodium chloride, acetic
acid, and acetic anhydride were purchased from Fischer. 2,2,2-trifluoroethanol (TFE),
and O, O ’-dibenzyl-N, N-diisopropylphosphoramidite was purchased from Alfa Aesar.
Deionized water was purified by a Milipore Synergy 185 water purification system

with a Simpak?2 cartridge.
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Phosphorylation of serine/threonine on peptides on solid phase

HO._.R 1. 2% TFA, 5% TES, 93% CH,Cl, #05P0__ R
2. 3% Tetrazole,
RN\N Re 0,0"dibenzyl-N,N-diisopropylphosphoramidite_ RN‘\N Re
H 3. 3 M t-Butyl hydroperoxide, CH,Cl, - H

@) 0]

4. TFA cleavage/deprotection

Figure 3.6:  Scheme for the chemical phosphorylation of peptides on resin and
subsequent cleavage/deprotection. R = CHj (Thr) or R = H (Ser).

Trityl-protected serine/threonine residues were incorporated at intended
sites of chemical phosphorylation to allow for selective modification of the peptides
on resin. The resin was swelled in CH,Cl in a fritted reaction vessel for 45 minutes.
Trityl deprotection was effected using a solution of 2% TFA, 5% TES, and 93%
CHxCl; (3%3 mL, 1 minute each), followed by washing of the resin with CH,Cl,. To
the resin was added 3 mL of 3% tetrazole solution in MeCN (1.35 mmol) and 500 pL.
of 0,0 ’-dibenzyl-N, N-diisopropylphosphoramidite (1.52 mmol). The phosphitylation
reaction was allowed to mix for 6 hours. The resin was then washed with DMF (33
mL) and CH,Cl; (3%3 mL). The resin was then treated with 4 mL of 3 M tert-butyl
hydroperoxide in CH,Cl, for 1 hour, after which it was washed with DMF (3x3 mL),
MeOH (3%3 mL), and CH,Cl, (3%x3 mL). The resin was dried after washing with
diethyl ether. The phosphorylated peptide was then subjected to cleavage from the
resin and deprotection using reagent K (84% TFA and 4% each of
H,0O/phenol/thioanisole/ethanedithiol) or 92.5% TFA/5% TES/2.5% H,O for 3 hours.
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Synthesis and characterization data for all peptides

Peptides were synthesized on a Rainin PS3 peptide synthesizer or manually on
Rink amide resin via standard Fmoc solid phase peptide synthesis using HBTU as a
coupling reagent for all amino acids. 60 minute couplings were performed with 4
equivalents of canonical amino acids or 3 equivalents of unnatural amino acids. All
peptides were acetylated on the N-terminus using 5% acetic anhydride in pyridine. All
peptides were subjected to cleavage from resin and deprotection for 3 hours using
reagent K (84% TFA and 4% each of H,O/phenol/thioanisole/ethanedithiol) or a
solution of 92.5% TFA, 5% TES, and 2.5% H,0. TFA was removed by evaporation.
Peptides were precipitated with cold ether and the precipitate was dried.

Resin containing Ac-TSPR peptide was swelled in CH,Cl, for 1 hour then
rinsed (3 X 5 min) with a solution containing 5% TES, 2% TFA, and 93% CH,Cl; (to
remove trityl protection groups on serine and threonine residues) then washed with
CH,Cl,. The resin was then washed with 10 mL of a solution containing 5% TES,
10% TFA, and 85% CH,Cl, to selectively cleave the Pbf protected peptide from resin.
The elution was collected in a 10 mL solution of HO/MeCN (1:1) and subjected to
reduced pressure to remove TFA and CH,Cl,. The solution was then lyophilized and
purified via HPLC. The purified Ac-TSPR(Pbf)-NH, peptide was then deprotection
for 2 hours using reagent K (84% TFA and 4% each of
H,O/phenol/thioanisole/ethanedithiol). The TFA was removed by evaporation.
Peptides were precipitated with cold ether and the precipitate was dried.

Resin containing Ac-T(OPO(OBn),S(OPO(OBn),PR(Pbf) was swelled in
CH,Cl; for 1 hour then washed with 10 mL of a solution containing 5% TES, 10%
TFA, and 85% CH,Cl, (to selectively cleave the protected peptide). The elution was

collected in a 10 mL solution of H,O/MeCN (1:1) and subjected to reduced pressure to
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remove TFA and CH,Cl,. The solution was then lyophilized and purified via HPLC.
The purified peptide Ac-T(OPO(OBn),S(OPO(OBn),PR(Pbf)-NH, was then
deprotection for 2 hours using reagent K (84% TFA and 4% each of
H,O/phenol/thioanisole/ethanedithiol). The TFA was removed by evaporation.
Peptides were precipitated with cold ether and the precipitate was dried.

All dried peptides were dissolved in water, then filtered through a 0.45 pum
syringe filter. All peptides were purified using reverse phase HPLC on a Vydac C18
semi-preparative column (250 x 10 mm, 5-10 pm particle, 300 A pore) or on a Varian
Microsorb MV C18 analytical column (250 x 4.6 mm, 3-5 pm particle, 100 A pore)
using a linear gradient of buffer B (20% water, 80% MeCN, and 0.05% TFA) in buffer
A (98% water, 2% MeCN, and 0.06% TFA). Peptides were characterized by ESI-MS
(positive ion mode) on an LCQ Advantage (Finnigan) or Shimadzu mass

spectrometer.
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Table 3.6:  Purification procedure for synthetic peptides.

Peptide sequence Peptide purification tr
Ac-TGPN-NH, Isocratic 100% buffer A over 30 minutes 7.8 min
Ac-TGPCha-NH, 0-25% buffer B in buffer A over 60 minutes 53.1 min
Isocratic 100% buffer A over 10 minutes followed by a
Ac-TGPH-NH, linear gradient of 0-10% buffer B in buffer A over an 15.2 min
additional 20 minutes
Ac-TGP(4-NO,-Phe)-NH, 0-25% buffer B in buffer A over 60 minutes 48.4 min
Ac-TGP(4-CF;3-Phe)-NH, 0-35% buffer B in buffer A over 60 minutes 51.0 min
Ac-TGP(4-I-Phe)-NH, 0-30% buffer B in buffer A over 60 minutes 55.1 min
Ac-TGPF-NH, 0-15% buffer B in buffer A over 60 minutes 50.4 min
Isocratic 100% buffer A over 10 minutes followed by a
Ac-TGPY-NH, linear gradient of 0-10% buffer B in buffer A over an 42.9 min
additional 50 minutes
Ac-TGPW-NH, 0-15% buffer B in buffer A over 60 minutes 52.6 min
Ac-TSPN-NH, Isocratic 100% buffer A over 30 minutes 7.4 min
Ac-TSPR(Pbf)-NH, 0-45% buffer B in buffer A over 60 minutes 47.7 min
Ac-TSPR-NH, Isocratic 100% buffer A over 30 minutes 20.7 min
Ac-TS(OPO3*)PR-NH, Isocratic 100% buffer A over 30 minutes 10.3 min
Ac-T(OPO5*)SPR-NH2 Isocratic 100% buffer A over 30 minutes 7.1 min
Ac-T(OPO(OBnN),)-S(OPO(0OBnN),)-PR(Pbf)-NH, | 0-100% buffer B in buffer A over 60 minutes 47.0 min
Ac-T(OPO5*)S(OPO3*)PR-NH, Isocratic 100% buffer A over 30 minutes 5.3 min
Ac-TSPW-NH; 0-15% buffer B in buffer A over 60 minutes 58.7 min
Isocratic 100% buffer A over 20 minutes followed by a
Ac-TS(OPO3*)PW-NH, linear gradient of 0-20% buffer B in buffer A over an 46.1 min
additional 40 minutes
Ac-T(OPO5*)SPW-NH, 0-15% buffer B in buffer A over 60 minutes 43.0 min
Isocratic 100% buffer A over 20 minutes followed by a
Ac-T(OPO5*)S(OPO5*)PW-NH, linear gradient of 0-15% buffer B in buffer A over an 44.4 min
additional 40 minutes
Ac-KSPVVSGDTSPRHLSNV-NH, 0-30% buffer B in buffer A over 60 minutes 48.5 min
Ac-KSPVVSGDTS(OPO;”)PRHLSNV-NH, 0-20% buffer B in buffer A over 60 minutes 50.8 min
Ac-KSPVVSGDTSPWHLSNV-NH, 0-25% buffer B in buffer A over 60 minutes 50.0 min
Ac-KSPVVSGDTS(OPO;”)PWHLSNV-NH, 0-30% buffer B in buffer A over 60 minutes 55.4 min
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Table 3.7:  Characterization data for synthetic peptides.

Calculated Observed

Peptide sequence mass mass

Ac-TGPN-NH, 428.2 | 451.3 (M+Na)'™
Ac-TGPCha-NH, 467.6 | 490.3 (M+Na)'"™
Ac-TGPH-NH, 451.2 | 474.4 (M+Na)"™
Ac-TGP(4-NO2-Phe)-NH, 506.5 | 529.3 (M+Na)"
Ac-TGP(4-CF-Phe)-NH, 5205 | 552.3 (M+Na)"
Ac-TGP(4-1-Phe)-NH, 587.4 | 610.2 (M+Na)"
Ac-TGPF-NH, 461.2 | 484.3 (M+Na)'™
Ac-TGPY-NH, 477.2 | 500.3 (M+Na)'
Ac-TGPW-NH, 500.2 | 523.4 (M+Na)'™
Ac-TSPN-NH, 458.5 | 481.4 (M+Na)'™
Ac-TSPR(Pbf)-NH, 753.9 | 775.4 (M+Na)"
Ac-TSPR-NH, 500.6 501.3 (M+H)"*
Ac-TS(OPO;*)PR-NH, 580.5 | 603.3 (M+Na)'*
Ac-T(OPO5”)SPR-NH, 580.5 581.2 (M+H)"*
Ac-T(OPO(OBN),)S(OPO(OBN),PR(Pbf)-NH, 12725 | 1273.3 (M+H)"
Ac-T(OPO5*)S(OPO3*)PR-NH, 660.5 | 683.4 (M+Na)'*
Ac-TSPW-NH, 531.6 | 553.3 (M+Na)'
Ac-TS(OPO3*)PW-NH, 610.5 | 633.3 (M+Na)'
Ac-T(OPO5”)SPW-NH, 610.5 | 633.2 (M+Na)'*
Ac-T(OPO;”)S(OPO5*)PW-NH, 690.5 727.4 (M+K)"™
Ac-KSPVVSGDTSPRHLSNV-NH, 1821.2 | 911.3 (M+2H)*
Ac-KSPVVSGDTS(OPO;”)PRHLSNV-NH, 1899.9 | 951.2 (M+2H)*
Ac-KSPVVSGDTSPWHLSNV-NH, 1849.9 | 927.3 (M+2H)*
Ac-KSPVVSGDTS(OPO;”)PWHLSNV-NH, 1929.9 | 966.3 (M+2H)**

NMR spectroscopy

NMR spectra of peptides were collected at 278 K or 298 K on a Briiker
AVC 600 MHz NMR spectrometer equipped with a triple resonance cryoprobe or a
TXI probe. Peptides were dissolved in a solution containing 5 mM phosphate buffer
(pH 4.0, 7.2, 8.0, or 8.5) and 25 mM NacCl in 90% H>0/10% D,0O. The pH of each
individual sample was recorded and adjusted as necessary using dilute HCI or NaOH.
All NMR spectra were internally referenced with 100 uM TSP. 1-D NMR spectra
were collected with a Watergate pulse sequence and a relaxation delay of 3 s.
Coupling constants between the amide and o-protons (*Juy) were determined directly

from the 1-D spectra. Errors in 3JaN are estimated to be < 0.2 Hz. TOCSY NMR
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spectra were collected with a Watergate TOCSY pulse sequence, sweep widths of
6009 Hz (7,200 Hz for Trp-containing peptides) in ¢, and #,, 400 x 2048 complex data
points, 8 scans per #; increment, a relaxation delay of 1.5 s, and a TOCSY mixing time

of 60 ms.

TGPH, pH 4.0

TGPH, pH 8.5

o JV\AJM
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Il Il Il

TGPF(CF ), pH 4.0

L

9 8.7 8.4 8.1 7.8

5, ppm

Figure 3.7: 'H NMR spectra (amide region) of Ac-TGPX-NH, peptides. Peptides
were dissolved in 5 mM phosphate buffer (pH 4.0 or 8.5) containing 25 mM NaCl in
90% H,0/10% D,0O. Data were collected at 298 K.
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Figure 3.8: 'H NMR spectra (amide region) of Ac-TGPX-NH, peptides. Peptides

were dissolved in 5 mM phosphate buffer (pH 4.0 or 8.5) containing 25 mM NaCl in
90% H,0/10% D,0O. Data were collected at 298 K.
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TGPY, pH 4.0

TGPW, pH 4.0
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Figure 3.9: 'H NMR spectra (amide region) of Ac-TGPX-NH, peptides. Peptides
were dissolved in 5 mM phosphate buffer (pH 4.0 or 8.5) containing 25 mM NaCl in
90% H,0/10% D,0O. Data were collected at 298 K.

260



. 8, H" a 8, Ha 5, Hp 5, Hy 5, Hé
Peptide  lsomer  (pom)  n(H2) (ppm) (ppm) (ppm) (ppm)
TGPY
Thr cis 8.22 n.a. 4.41 4.31 1.24 n.a.
trans 8.24 8.3 4.38 4.27 1.24 n.a.
Gly cis 8.22 n.d. 3.59, 2.94 n.a. n.a. n.a.
trans 8.40 5.8 4.01 n.a. n.a. n.a.
Pro cis n.a. n.a. 4.43 2.33, 2.02 1.87,1.70 3.48
trans n.a. n.a. 4.35 2.15,1.94 1.71,1.63 3.60
T cis 8.61 8.5 4.71 3.22,2.84 n.a. n.a.
yr trans 8.16 7.8 457 3.17, 2.94 na. n.a.
TGPW
Thr cis 8.18 n.d. 4.38 4.29 1.23 n.a.
trans 8.21 8.5 4.37 4.25 1.22 n.a.
Gly cis 8.00 6.4 3.19, 2.48 n.a. n.a. n.a.
trans 8.22 n.d. 4.00, 3.90 n.a. n.a. n.a.
Pro cis n.a. n.a. 4.30 2.27,1.98 1.81,1.60 3.36
trans n.a. n.a. 4.30 2.06, 1.55 2.03 3.45
T cis 8.48 8.4 4.85 3.41, 3.15 n.a. n.a.
P trans 7.87 75 4.67 3.38, 3.25 na. n.a.
Table 3.8: Summary of "H NMR data. Data were collected in 5 mM phosphate

buffer (pH 4.0) containing 25 mM NaCl. Data were collected at 298 K. “n.d. = not
determined due to spectral overlap. “n.a. = not applicable.
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Figure 3.9: 'H NMR spectra (amide region) of Ac-TSPX-NH, peptides. Peptides
were dissolved in 5 mM phosphate buffer (pH 4.0 or 8.5) containing 25 mM NaCl in
90% H,0/10% D,0O. Data were collected at 298 K.
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. 5, H" s 8, Ha 5, Hp S, Hy 5, Hd
Peptide  Isomer (ppm) Jon (H2) (ppm) (ppm) (ppm) (ppm)
TSPN

A cis n.a. n.a. n.a. n.a. n.a. n.a.
¢ trans n.a. n.a. 2.09 n.a. n.a. n.a.
Thr cis 8.18 8.0 4.32 416 1.18 n.a.
trans 8.21 7.6 4.32 417 1.18 n.a.
Ser cis 8.26 7.0 4.57 3.75 n.a. n.a.
trans 8.45 6.8 4.80 3.85 n.a. n.a.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.45 2.30, 2.03 3.85, 3.77 1.96
Asn cis 8.70 7.3 4.66 2.84,2.78 n.a. n.a.
trans 8.39 8.1 4.65 2.83, 2.71 n.a. n.a.
cis n.a. n.a. n.a. n.a. n.a. n.a.
NH,
trans n.a. n.a. n.a. n.a. n.a. n.a.
TSPR
Ac cis n.a. n.a. n.d. n.a. n.a. n.a.
trans n.a. n.a. 2.09 n.a. n.a. n.a.
Thr cis 8.15 8.0 4.30 418 n.d. n.a.
trans 8.22 8.1 4.34 4.20 1.21 n.a.
Ser cis 8.20 n.d. 4.59 3.75 n.a. n.a.
trans 8.41 n.d. 4.79 3.86 n.a. n.a.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.45 2.32,2.03 1.94 3.86, 3.74
Arg cis 8.63 6.6 4.27 n.d. n.d. n.d.
trans 8.39 n.d. 4.28 1.86, 1.77 1.68 3.22
NH cis n.a. n.a. 7.66, n.d. n.a. n.a. n.a.
2 trans n.a. n.a. 7.55,7.15 n.a. n.a. n.a.
TSPW
Ac cis n.a n.a. n.d. n.a. n.a. n.a.
trans n.a n.a. 2.08 n.a. n.a. n.a.
Thr cis 8.08 8.5 4.33 416 1.19 n.a.
trans 8.19 7.9 4.32 4.18 1.18 n.a.
Ser cis 8.16 6.9 4.32 3.70 n.a. n.a.
trans 8.39 6.7 4.72 3.76, 3.69 n.a. n.a.
Pro cis n.a. n.a. 4.67 2.14, 2.00 1.77 3.38, 3.26
trans n.a. n.a. 4.30 2.12,1.84 1.61, 1.51 3.70, 3.48
Trp cis 8.31 6.8 4.65 3.35 n.a. n.a.
trans 7.71 7.6 4.70 3.38, 3.21 n.a. n.a.
NH cis 7.45,7.03 n.a. n.a. n.a. n.a. n.a.
2 trans 7.26,7.12 n.a. n.a. n.a. n.a. n.a.

Table 3.9: Summary of "H NMR data for Ac-TSPX-NH, peptides. Data were
collected in 5 mM phosphate buffer (pH 4.0) containing 25 mM NaCl. Data were
collected at 298 K.. “n.d. = not determined due to spectral overlap or peak resolution. ”
n.a. = not applicable.
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Figure 3.10: 'H NMR spectra (amide region) of Ac-TpSPX-NH, peptides. pS
indicates phosphorylated serine residue. Peptides were dissolved in 5 mM phosphate
buffer (pH 6.5 or 7.2) containing 25 mM NaCl in 90% H,0/10% D,0O. Data were
collected at 298 K.
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. 8, H" s 8, Ha 8, HB 8, Hy 5, Hd
Peptide  lIsomer (ppm) Jn (2 (opm) (ppm) (epm) __ (ppm)
TpSPR, pH 6.5

cis n.a. n.a. n.d. n.a. n.a. n.a.
Ac
trans n.a. n.a. 2.12. n.a. n.a. n.a.
Thr cis 8.12 8.4 4.32 419 1.22 n.a.
trans 8.21 8.3 4.37 4.25 1.22 n.a.
pSer cis 8.42 7.0 4.68 3.95 n.a. n.a.
trans 8.69 5.6 4.86 4.10 n.a. n.a.
Pro cis n.a. n.a. 4.89 2.42,1.98 2.14 3.60
trans n.a. n.a 4.44 2.32,1.96 2.06 3.85
Arg cis 9.04 71 4.31 1.80 1.67 n.d.
trans 8.34 7.6 4.33 1.85 1.65 3.21
NH cis 7.69 n.a. n.a. n.a. n.a. n.a.
2 trans 7.57,7.13 n.a. n.a. n.a. n.a. n.a.
TpSPR, pH 7.2

cis n.a. n.a. n.d. n.a. n.a. n.a.

Ac
trans n.a. n.a. 2.11 n.a. n.a. n.a.
Thr cis 8.13 8.3 4.33 419 1.22 n.a.
trans 8.22 8.4 4.37 4.26 1.22 n.a.
pSer cis 8.45 4.4 4.65 3.95, 3.87 n.d. n.d.
trans 8.71 4.8 4.81 4.08, 4.04 n.d. n.d.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.44 2.09, 2.05 1.96 3.87
Arg cis 9.10 6.9 4.32 1.79 n.d. n.d.
trans 8.35 7.4 4.34 1.85 1.66 3.21
NH cis 7.69 n.a. n.a. n.a. n.a. n.a.
2 trans 7.57,7.13 n.a. n.a. n.a. n.a. n.a.

Table 3.10:

Summary of "H NMR data for Ac-TpSPR-NH, peptide. Data were

collected in 5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NacCl. Data
were collected at 298 K. “n.d. = not determined due to spectral overlap or peak

resolution. * n.a. = not applicable.
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. 8, H" s 3, Hat 8, HB 8, Hy 5, Hé
Peptide lsomer (ppm) (M2 (opm) (ppm) (ppm) (ppm)
TpSPW, pH 6.5

cis n.a. n.a. 2.07 n.a. n.a. n.a.

Ac

trans n.a. n.a. 211 n.a. n.a. n.a.

Thr cis 8.02 8.7 4.33 417 1.20 n.a.

trans 8.19 8.2 4.34 4.24 1.22 n.a.

pSer cis 8.28 6.0 4.35 3.93, 3.89 n.a. n.a.

trans 8.59 6.1 4.74 4.02 n.a. n.a.

Pro cis n.a. n.a. 4.76 n.d. n.d. n.d.
trans n.a. n.a. 4.31 2.12 1.90 3.72, 3.55

Trp cis 8.44 7.0 4.64 3.38, 3.30 n.d. n.d.

trans 7.88 71 4.68 3.36, 3.30 n.d. n.d.

NH cis 7.46,7.04 n.a. n.a. n.a. n.a. n.a.

2 trans 7.30, 7.07 n.a. n.a. n.a. n.a. n.a.

TpSPW, pH 7.2
cis n.a. n.a. n.d. n.a. n.a. n.a.
Ac

trans n.a. n.a. 211 n.a. n.a. n.a.

Thr cis 8.00 8.6 4.34 419 1.19 n.a.

trans 8.18 8.3 4.35 4.26 1.20 n.a.

pSer cis 8.42 55 4.30 3.88 n.a. n.a.

trans 8.76 5.3 4.69 3.97 n.a. n.a.

Pro cis n.a. n.a. n.d. n.d. n.d. n.d.

trans n.a. n.a. 4.31 2.13, 1.91 1.84,1.62 3.88

Trp cis 8.51 6.7 4.64 3.39, 3.30 n.a. n.a.

trans 7.95 7.2 4.68 3.35, 3.30 n.a. n.a.

NH cis 7.48,7.06 n.a. n.a. n.a. n.a. n.a.

2 trans 7.31,7.08 n.a. n.a. n.a. n.a. n.a.
Table 3.11:  Summary of '"H NMR data for Ac-TpSPW-NH, peptide. Data were

collected in 5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NacCl. Data
were collected at 298 K. “n.d. = not determined due to spectral overlap or peak
resolution. * n.a. = not applicable.
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Figure 3.11: 'H NMR spectra (amide region) of Ac-pTSPX-NH, peptides. pS
indicates phosphorylated serine residue. Peptides were dissolved in 5 mM phosphate
buffer (pH 6.5 or 7.2) containing 25 mM NaCl in 90% H,0/10% D,0O. Data were
collected at 298 K.
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. 8, H" s 3, Hat 8, HB 8, Hy 5, Hé
Peptide lsomer (ppm) (M2 (opm) (ppm) (ppm) (ppm)
pTSPR, pH 6.5

Ac cis n.a. n.a. n.d. n.a. n.a. n.a.
trans n.a. n.a. 2.09 n.a. n.a. n.a.
oThr cis 8.75 6.3 416 418 1.30 n.a.
trans 8.61 6.6 4.31 4.51 1.30 n.a.
Ser cis 8.13 7.7 4.60 3.77 n.a. n.a.
trans 8.40 6.5 4.78 3.87 n.a. n.a.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.46 2.34 2.06, 1.94 3.87,3.73
Arg cis 8.69 6.9 4.29 n.d. n.d. n.d.
trans 8.47 7.5 4.31 1.88 1.75, 1.66 3.21
NH cis 7.73,7.12 n.a. n.a. n.a. n.a. n.a.
2 trans 7.57,7.16 n.a. n.a. n.a. n.a. n.a.
pTSPR, pH 7.2
Ac cis n.a. n.a. n.d. n.a. n.a. n.a.
trans n.a. n.a. 2.08 n.a. n.a. n.a.
oThr cis 8.91 5.6 410 4.37 1.30 n.a.
trans 8.75 6.1 4.24 4.43 1.29 n.a.
Ser cis 8.16 8.1 4.61 3.76 n.a. n.a.
trans 8.41 6.2 4.80 3.87 n.a. n.a.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.45 3.87,3.73 2.34 2.05,1.93
Arg cis 8.70 n.d. n.d. n.d. n.d. n.d.
trans 8.46 7.5 4.31 1.89 1.76, 1.69 3.23
NH, cis 7.74,7.12 n.a. n.a. n.a. n.a. n.a.
trans 7.57,7.15 n.a. n.a. n.a. n.a. n.a.
Table 3.12: Summary of 'H NMR data for Ac-pTSPR-NH, peptide. Data were

collected in 5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NacCl. Data
were collected at 298 K. “n.d. = not determined due to spectral overlap or peak
resolution. * n.a. = not applicable.
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. 8, H" s 3, Hat 8, HB 8, Hy 5, Hé
Peptide lsomer (ppm) (M2 (opm) (ppm) (ppm) (ppm)
pTSPW, pH 6.5

Ac cis n.a. n.a. n.d. n.a. n.a. n.a.
trans n.a. n.a. 2.08 n.a. n.a. n.a.
oThr cis 8.53 7.3 4.29 4.49 1.32 n.a.
trans 8.66 6.5 4.23 4.47 1.28 n.a.
Ser cis 8.26 6.6 4.63 3.38, 3.32 n.a. n.a.
trans 8.40 6.9 4.68 3.75, 3.66 n.a. n.a.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.46 2.33 2.05,1.94 3.87,3.74
Trp cis 8.17 6.8 4.34 3.72 n.a. n.a.
trans 7.73 7.9 4.69 3.38, 3.19 n.a. n.a.
NH cis 7.47,7.07 n.a. n.a. n.a. n.a. n.a.
2 trans 7.23,7.15 n.a. n.a. n.a. n.a. n.a.
pTSPW, pH 7.2
Ac cis n.a. n.a. n.d. n.a. n.a. n.a.
trans n.a. n.a. 2.06 n.a. n.a. n.a.
oThr cis 8.7 6.6 4.21 4.42 1.31 n.a.
trans 8.84 5.8 4.15 4.38 1.27 n.a.
Ser cis 8.25 n.d. 4.63 3.37, 3.31 n.a. n.a.
trans 8.44 6.5 4.68 3.75, 3.68 n.a. n.a.
Pro cis n.a. n.a. n.d. n.d. n.d. n.d.
trans n.a. n.a. 4.45 2.33 2.05,1.94 3.86, 3.73
Trp cis 8.23 n.d. 4.36 3.74 n.a. n.a.
trans 7.72 n.d. 4.68 3.38, 3.20 n.a. n.a.
NH, cis 7.47,7.07 n.a. n.a. n.a. n.a. n.a.
trans 7.23,7.16 n.a. n.a. n.a. n.a. n.a.
Table 3.13: Summary of '"H NMR data for Ac-pTSPW-NH, peptide. Data were

collected in 5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NacCl. Data
were collected at 298 K. “n.d. = not determined due to spectral overlap or peak
resolution. * n.a. = not applicable.
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Figure 3.12: 'H NMR spectra (amide region) of Ac-pTpSPX-NH, peptides. pS
indicates phosphorylated serine residue. Peptides were dissolved in 5 mM phosphate
buffer (pH 6.5 or 7.2) containing 25 mM NaCl in 90% H,0/10% D,0O. Data were
collected at 298 K.
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. 8, H" s 3, Hat 8, HB 8, Hy 5, Hé
Peptide lsomer (ppm) (M2 (opm) (ppm) (ppm) (ppm)
pTpSPR, pH 6.5

Ac cis n.a. n.a. n.d. n.a. n.a. n.a.

trans n.a. n.a. 2.10 n.a. n.a. n.a.

oThr cis 8.66 6.6 4.23 4.44 1.31 n.a.

trans 8.57 7.0 4.36 4.52 1.31 n.a.

pSer cis 8.94 7.0 n.d. 3.96 n.a. n.a.

trans 8.73 5.5 4.85 4.07 n.a. n.a.

Pro cis n.a. n.a. n.d. 2.39, 2.13 1.97 3.60
trans n.a. n.a. 4.45 2.33, 2.09 2.04, 1.96 3.91, 3.83

Arg cis 8.37 n.d. 4.69 n.d. n.d. 3.94

trans 8.39 7.6 4.32 1.89, 1.83 1.68 3.22

NH cis 7.71,7.09 n.a. n.a. n.a. n.a. n.a.

2 trans 7.55,7.12 n.a. n.a. n.a. n.a. n.a.

pTpSPR, pH 7.2

Ac cis n.a. n.a. n.d. n.a. n.a. n.a.

trans n.a. n.a. 2.06 n.a. n.a. n.a.

oThr cis 9.01 n.d. 4.30 4.07 1.31 n.a.

trans 8.91 5.3 4.19 4.36 1.30 n.a.

pSer cis 9.01 n.d. n.d. 4.09 n.a. n.a.

trans 8.89 4.5 4.81 4.07,4.04 n.a. n.a.

Pro cis n.a. n.a. 4.94 241,212 1.99 3.60
trans n.a. n.a. 4.44 2.33, 2.09 2.05, 1.97 3.90, 3.87

Arg cis 8.50 7.0 4.67 n.d. n.d. 3.91

trans 8.33 7.5 4.32 1.86 1.68 3.20

NH cis 7.70,7.08 n.a. n.a. n.a. n.a. n.a.

2 trans 7.55, 7.01 n.a. n.a. n.a. n.a. n.a.

Table 3.14: Summary of '"H NMR data for Ac-pTpSPR-NH, peptide. Data were
collected in 5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NacCl. Data
were collected at 298 K. “n.d. = not determined due to spectral overlap or peak

resolution. * n.a. = not applicable.
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. 8, H" s 3, Hat 8, HB 8, Hy 5, Hd
Peptide lsomer (ppm) (M2 (opm) (ppm) (ppm) (ppm)
pTpSPW, pH 6.5

Ac cis n.a. n.a. 2.08 n.a. n.a. n.a.

trans n.a. n.a. 2.09 n.a. n.a. n.a.

oThr cis 8.40 n.d. 4.33 4.49 1.32 n.a.

trans 8.57 6.8 4.32 4.53 1.32 n.a.

pSer cis 8.41 n.d. 4.42 3.93 n.a. n.a.

trans 8.71 6.0 4.72 3.99 n.a. n.a.

Pro cis n.a. n.a. n.d. n.d. 1.78 3.18
trans n.a. n.a. 4.33 2.13,1.92 1.82, 1.61 3.75, 3.58

Trp cis 8.37 7.3 4.63 3.40, 3.29 n.a. n.a.

trans 7.95 7.2 4.65 3.32, 3.30 n.a. n.a.

NH2 cis 7.46 n.a. n.a. n.a. n.a. n.a.

trans 7.31,7.08 n.d. n.a. n.a. n.a. n.a.

pTpSPW, pH 7.2

Ac cis n.a. n.a. 2.06 n.a. n.a. n.a.

trans n.a. n.a. 2.07 n.a. n.a. n.a.

oThr cis 8.65 6.9 4.23 4.42 1.32 n.a.

trans 8.83 5.9 4.20 4.42 1.31 n.a.

pSer cis 8.56 51 4.48 3.89 n.a. n.a.

trans 8.88 5.7 4.70 3.97 n.a. n.a.

Pro cis n.a. n.a. n.d. n.d. 1.78, 1.68 3.16
trans n.a. n.a. 4.32 2.13,1.92 1.83, 1.60 3.77, 3.59

Trp cis 8.39 7.3 4.63 3.40, 3.29 n.a. n.a.

trans 7.99 7.2 4.66 3.32 n.a. n.a.

NH2 cis 7.43, n.d. n.a. n.a. n.a. n.a. n.a.

trans 7.31,7.06 n.a. n.a. n.a. n.a. n.a.

Table 3.15: Summary of 'H NMR data for Ac-pTpSPW-NH, peptides. Data were
collected in 5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NacCl. Data
were collected at 298 K. “n.d. = not determined due to spectral overlap or peak
resolution. * n.a. = not applicable.
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Figure 3.13: 'H NMR spectra (amide region) of Ac-KSPVVSGDTxSPXHLSNV-
NH; peptides. pS indicates phosphorylated serine residue. Peptides were dissolved in
5 mM phosphate buffer (pH 6.5 or 7.2) containing 25 mM NaCl in 90% H,0/10%
D,0. Data were collected at 298 K.
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Full TOCSY Spectra of all Peptides

Ac-TGPY-NH; (pH 4.0, 298 K)
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Figure 3.14: Full TOCSY spectra of Ac-TGPY-NH, (pH 4.0, 298 K). Peptide was

dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H>0/10% D-O.
Data were collected at 298 K.
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Ac-TGPW-NH; (pH 4.0, 298 K)
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Figure 3.15: Full TOCSY spectra of Ac-TGPW-NH; (pH 4.0, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,0/10% D-O.
Data were collected at 298 K.
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Ac-TSPN-NH; (pH 4.0, 298 K)

8 2 0
0- )
Y §
'! ;
2- 8 M p)
; TR
— . L -
£ 4 4
a v ¢
& L © ae ’
T ' e
<)
6 )
o K3
R
s .
8+ -8
8 2 | 0

Figure 3.16: Full TOCSY spectra of Ac-TSPN-NH, (pH 4.0, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H»>0/10% D-O.
Data were collected at 298 K.
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Ac-TSPR-NH; (pH 4.0, 298 K)
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Figure 3.17: Full TOCSY spectra of Ac-TSPR-NH; (pH 4.0, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-TSPW-NH,; (pH 4.0, 298 K)
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Figure 3.18: Full TOCSY spectra of Ac-TSPW-NH; (pH 4.0, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,0/10% D-O.
Data were collected at 298 K.
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Ac-TpSPR-NH, (pH 6.5, 298 K)

8 2 9
0] f ='lo
'
: 2 )
e s
) o v Y 3
21 ° N ) 12
‘vfmo !
K : )
i i
o ¥4 . 20 i
T4, " b4
o ! ' ] |
o o g0 ® o @®® M ‘
x et e ‘ .
<]
61 e
8- ‘18
!
. :
: :'
Y
8 2 | 0

W, - H (ppm)

Figure 3.19: Full TOCSY spectra of Ac-TpSPR-NH, (pH 6.5, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-TpSPR-NH, (pH 7.2, 298 K)
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Figure 3.20: Full TOCSY spectra of Ac-TpSPR-NH, (pH 7.2, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.

Data were collected at 298 K.
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Ac-TpSPW-NH; (pH 6.5, 298 K)
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Figure 3.21: Full TOCSY spectra of Ac-TpSPW-NH, (pH 6.5, 298 K). Peptide was

dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H»>0/10% D-O.
Data were collected at 298 K.
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Ac-TpSPW-NH; (pH 7.2, 298 K)
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Figure 3.22: Full TOCSY spectra of Ac-TpSPW-NH, (pH 7.2, 298 K).Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,0/10% D-O.
Data were collected at 298 K.
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Ac-pTSPR-NH, (pH 6.5, 298 K)
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Figure 3.23: Full TOCSY spectra of Ac-pTSPR-NH, (pH 6.5, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H»>0/10% D-O.
Data were collected at 298 K.
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Ac-pTSPR-NH, (pH 7.2, 298 K)
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Figure 3.24: Full TOCSY spectra of Ac-pTSPR-NH, (pH 7.2, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-pTSPW-NH; (pH 6.5, 298 K)
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Figure 3.25: Full TOCSY spectra of Ac-pTSPW-NH, (pH 6.5, 298 K).Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,0/10% D-O.

Data were collected at 298 K.
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Ac-pTSPW-NH; (pH 7.2, 298 K)
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Figure 3.26: Full TOCSY spectra of Ac-pTSPW-NH, (pH 7.2, 298 K). Peptide was

dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.

286



Ac-pTpSPR-NH; (pH 6.5, 298 K)
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Figure 3.27: Full TOCSY spectra of Ac-pTpSPR-NH, (pH 6.5, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-pTpSPR-NH; (pH 7.2, 298 K)

8 6 4 2 0
0 ! —o
‘ ,
A . v
) A: e @ :W
5 ' ,: ;5 s " g '@ >
Lo ® ‘r'»o
‘! ,
; |
¢
e, P wa
g 4 0 ; q. uﬂ ° 8 B0 4
g S IO . el
4 ;
g XG
) |
6 L 6
»
3
i
81 : 8
s 6 4 2 0
w, - "H (ppm)

Figure 3.28: Full TOCSY spectra of Ac-pTpSPR-NH, (pH 7.2, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-pTpSPW-NH; (pH 6.5, 298 K)
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Figure 3.29: Full TOCSY spectra of Ac-pTpSPW-NH; (pH 6.5, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.

Data were collected at 298 K.
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Ac-pTpSPW-NH,; (pH 7.2, 298 K)
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Figure 3.30: Full TOCSY spectra of Ac-pTpSPW-NH; (pH 7.2, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-KSPVVSGDTSPRHLSNV-NH; (pH 6.5, 298 K)
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Figure 3.31: Full TOCSY spectra of fauszos.a11 (pH 6.5, 298 K). Peptide was

dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.

Data were collected at 298 K.

291



Ac-KSPVVSGDTSPWHLSNV-NH; (pH 6.5, 298 K)
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Figure 3.32: Full TOCSY spectra of fausgs.a11 R406W (pH 6.5, 298 K). Peptide was

dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,0/10% D-O.
Data were collected at 298 K.
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Ac-KSPVVSGDTpSPRHLSNV-NH, (pH 6.5, 298 K)
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Figure 3.33: Full TOCSY spectra of fausos.a11 pSersos (pH 6.5, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,>0/10% D-O.
Data were collected at 298 K.
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Ac-KSPVVSGDTpSPRHLSNV-NH, (pH 7.2, 298 K)
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Figure 3.34: Full TOCSY spectra of fausos.a11 pSersos (pH 7.2, 298 K). Peptide was
dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90% H,0/10% D-O.

Data were collected at 298 K.
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Ac-KSPVVSGDTpSPWHLSNV-NH; (pH 6.5, 298 K)
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Figure 3.35: Full TOCSY spectra of fausos.a11 pSersoa R406W (pH 6.5, 298 K).
Peptide was dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90%
H,0/10% D,0. Data were collected at 298 K.
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Ac-KSPVVSGDTpSPWHLSNV-NH,; (pH 7.2, 298 K)

8 0

0 - 4'to

vl
LA ]

2] ' Lo
4 0 L. 4
o -
= Lo
I ' .
<)

6- L6

) 'II.
) ’l
URRTI
8- , "
8 0

®, - 'H (ppm)

Figure 3.36: Full TOCSY spectra of fau3gs.a11 pSerspa R406W (pH 7.2, 298 K)
Peptide was dissolved in 5 mM phosphate buffer containing 25 mM NaCl in 90%

H,0/10% D,0. Data were collected at 298 K.
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