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ABSTRACT: We determined an empirical correlation that relates the amide I vibrational
band frequencies of the glutamine (Q) side chain to the strength of hydrogen bonding, van der
Waals, and Lewis acid—base interactions of its primary amide carbonyl. We used this
correlation to determine the Q side chain carbonyl interaction enthalpy (AH,,) in monomeric
and amyloid-like fibril conformations of D,Q;oK, (Q10). We independently verified these
AH,, values through molecular dynamics simulations that showed excellent agreement with
experiments. We found that side chain—side chain and side chain—peptide backbone
interactions in fibrils and monomers are more enthalpically favorable than are Q side chain—
water interactions. Q10 fibrils also showed a more favorable AH,, for side chain—side chain
interactions compared to backbone—backbone interactions. This work experimentally
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demonstrates that interamide side chain interactions are important in the formation and stabilization of polyQ fibrils.

T en neurodegenerative diseases, including Huntington’s,
are linked to mutational expansions of polyglutamine
(polyQ) repeats in proteins." The increase in polyQ repeats
greatly enhances misfolding and aggregation of affected
proteins. Although the exact mechanism of neurotoxicity is
still heavily debated, the pathological hallmark of all of these
diseases is the formation of neuronal aggregates composed of -
sheet-rich amyloid-like fibrils.”~* Given their potential role in
neurotoxicity, there is great interest in understanding polyQ
fibril formation, as well as developing therapeutic strategies to
inhibit aggregation.

PolyQ_peptides contain both primary amides from their
glutamine (Q) side chains and secondary amides from their
backbone peptide bonds. Despite the hydrophilic nature of the
Q side chain, experimental studies indicate that polyQ peptides
with pathologically relevant repeat lengths adopt structurally
disordered collapsed conformations, which suggests that water
is acting as a poor solvent.’ '’ These findings are also
supported by computational studies,"' ~'* which suggest that
polyQ peptides are largely disordered due to the multiplicity of
different hydrogen bonding interactions possible between side
chain and backbone amides. Other computational studies
suggest that interamide hydrogen bonds between side chains
contribute most significantly to the structural stability of polyQ
amyloid-like fibrils."

These and other studies"”'® underscore the crucial role that Q
side chain hydrogen bonding interactions play in dictating the
solution-state conformational behavior and the strong
aggregation propensities of polyQ peptides. Surprisingly,
however, no experimental studies have quantified the relative
energetic favorability of side chain versus backbone amide
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hydrogen bonding interactions in polyQ peptides. Thus,
developing new experimental tools that can quantify the
relative energies of different side chain and backbone hydrogen
bonding interactions is important to formulating a more
complete, molecular-level understanding of polyQ fibril
formation mechanisms.

Infrared and Raman spectroscopies can specifically probe
interactions between different molecular species. One approach
is to correlate the solvatochromatic frequency shifts of specific
vibrational bands in solvents of different polarities to variations
in interaction energies and hydrogen bonding strengths,'” as
first shown by Badger and Bauer.'® Recent work by the Boxer
groupw’20 and others,”””> however, has shown that the
solvatochromatic shifts of many probes can often, but not
always, be attributed to the vibrational Stark effect. Con-
sequently, frequency shifts due to the vibrational Stark effect
can be used to determine the local electric fields felt by the
probes.

Using UV Resonance Raman (UVRR) spectroscopy, we
previously showed that vibrational modes localized on the
amide groups of Q’s side chains are sensitive to their local
structure,” hydrogen bonding, and dielectric environments.”*
For example, the amide I band of primary amides (denoted as
AmlI") sensitively probes the local hydrogen bonding of the Q
side chain carbonyl group. The carbonyl stretching AmI” band
frequency and Raman cross section dramatically decrease in
water relative to acetonitrile. Both of these spectral trends can
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be rationalized by the fact that, compared to acetonitrile, water
stabilizes the primary amide ground-state “O—C=NH,"
resonance structure compared to the O=C—NH, resonance
structure.”*

The well-studied amide I bands of secondary amides
(denoted as AmI®) similarly show sensitivities to the solvation
and local hydro§gn bonding of the peptide bond backbone
carbonyl groups.” >’ Wang et al.”’ previously showed that the
AmI® frequency is linearly dependent on the solvent’s acceptor
number (AN), which is a measure of the strength of the
solvent’s hydrogen bondin(g, Lewis acid, and van der Waals
interactions with solutes.”’ Using the AmI® frequency—AN
correlation, Wang et al. showed that the AmI® frequency can be
used to estimate the change in enthalpy due to these
interactions (AH,,) for the secondary amide peptide bond
carbonyl groups relative to that of these carbonyl groups in
vacuum.

Inspired by Wang et al.’s”” work, we investigated whether the
AmI” frequency could be used to determine the AH,, of the
primary amide carbonyl groups with their chemical environ-
ments. We initially focused on the small primary amide model
compound formamide because its AH,, values in various
solvents are known.”' We used the formamide solvent
dependence of the AmI" frequencies measured by Cutmore
and Hallam™ and the AmI” frequency of formamide in water
by Eaton et al.”” to determine the frequency dependence on the
solvent AN and donor number (DN).

Figure la shows the formamide AmI” frequency dependence
on the solvent AN and DN. There is a robust linear correlation
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Figure 1. AmI" frequency dependence of formamide on the (a)
solvent AN, solvent DN, and (b) interaction enthalpy. The number
labels in the figure correspond to the following solvents: (1)
triethylamine; (2) pyridine; (3) acetonitrile; (4) nitromethane; (5)
chloroform; (6) ethanol; (7) methanol; (8) H,O; (9) vapor phase.
The frequency dependence of formamide on the different solvents was
obtained from data of Cutmore and Hallam®” and Eaton et al.**

between the AmI” frequency and solvent AN. The least-squares
linear fit obtained from the AmI” frequency dependence on the
solvent AN is:

AmI® = b + m(AN)

=1715cm ™ + (=0.50 cm™ " acc# ") (AN) (1)
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where b = 1715 em™ and m = —0.50 cm™' acc# ™' for
formamide.

The donor number is a measure of a solvent’s hydrogen
bond accepting strength and Lewis basicity, which do not affect
solvent—amide carbonyl group interactions.”” Therefore, as
expected, there is no correlation between the AmI® frequency
and solvent DN.

We also examined the AmI" frequency dependence on the
AH,;,, between the formamide carbonyl and different solvents
using previously reported thermodynamic data.’’ For example,
the AH,,, values for the formamide carbonyl group in hydrogen
bonding donor solvents such as ethanol, methanol, and
chloroform and in the vapor phase are —4.8, —4.5, —3.2, and
0 kcal mol™, respectively (Figure 1b), indicating that the AmI”
frequency linearly depends on AH,,,, with m’ = 8.8 cm™" kcal™*
mol and b’ = 1735 cm™ for formamide:

Aml® = b’ + m'(AH,,)

=1735cm™ + (8.8 cm ™" keal ™ mol)(AH,,) (2)

Numerous studies have characterized the dependence of the
AmI” frequencies on the solvent AN. Unfortunately, few studies
have characterized the dependence of the AmI® frequencies on
AH,,. Fortunately, we can convert the AmlI® frequency
dependence upon AN to its dependence upon AH;, by
relating eqs 1 and 2, as prescribed by Wang et al.”’

First, the AN value of the solvent “vacuum” is determined by
equating eqs 1 and 2 for formamide in vacuum. We calculate
that AN = —40 (acc#) for the “vacuum solvent”. Thus, the eq 2
intercept is b’ = b + m (—40 (acc#)). The AN of vacuum, as
well as that of other solvents, is independent of the solute
present. Thus, the intercept of eq 2 can be determined for any
primary amide as long as the AmI® frequency dependence on
AN is known.

The AmI” frequency is linearly proportional to both AN and

nt

AH,,. Thus, we can calculate the conversion factor between
AN and AH,, for formamide from the slopes of eqs 1 and 2:
—0.50 cm™! . 8.8 cm™’
= == —

1 acc# 1 keal mol ™
1y _ 8.8 cm™' keal ' mol _
(1 acc#™) = e O~ _18keal 'mol

—0.50 cm™* 3)

Assuming that the conversion factor is constant for all
primary amide compounds, eq 2 can be written as follows:

Aml® = b’ + m'(AH,,) = (b + m(—40 acc#))

+ (=18 keal ' mol(m(AH,,,))) 4

Using eq 4, we can estimate AH;, for any primary amide
compound from its AmI” frequency dependence on AN.

Because Q and polyQ peptides have very limited solubility in
low AN solvents, we often utilize propanamide as an alternative
compound to model the Q side chains.”***** We previously
found, using UVRR spectroscopy, that the AmI” frequency of
propanamide (CH;CH,CONH,) is 1669 cm™ in water and
1692 cm™ in acetonitrile.”* Because the AN of water is 54.8
while that of acetonitrile is 18.9,>° we can calculate the linear
dependence of the propanamide AmI” frequency on AN. We
find that m = —0.64 cm™ (acc#)™ and b = 1704 cm™ for
propanamide. By substituting these values into eq 4, we derive
eq 5, which can be used to estimate AH,, for propanamide:
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Table 1. Estimated AH,

int

AmlI® (em™)
Q_amino acid 1679
PPIL 1680
P-strand 1660, 1679
fibrils prepared from f-strand monomers 1659
fibrils prepared from PPII monomers 1665

“s.c.: side chain; p.b.: peptide backbone; w: water.

expt. (kcal mol™)

—4.3
—4.2
=5.8,
=5.9
-S54

Values for Q Side Chain Carbonyl Groups in Different Peptide Conformations

MD sim. (kcal mol™) H-bonding type®

- 5.C.—W
—4.4 s.c.—w

—4.3 —4.7, —4.4, —4.6 s.c.—p.b, s.c.—w, s.c.—s.c.
—6.2 s.c.—s.c.
—6.2 s.c.—s.c.

AmI’(em™) = 1730(em™) + (12 cm ™ keal ™ mol)(AH,,)
()

Because propanamide models the Q side chain, we can use
eq S to estimate the AH;,, of side chain carbonyl groups in
monomeric Q and in the polyQ peptide D,Q;,K, (Q10) in any
environment. The AH,, of each system is measured with
respect to the vapor phase, where AH,, is zero. In the case of
monomeric Q in aqueous solution, where the side chain
carbonyl groups are hydrogen bonded to water, the AmI” band
is located at 1679 cm™".* As shown in Table 1, this frequency
corresponds to a AH,,, of —4.3 kcal mol ™.

We recently showed that Q10 adopts two stable monomeric
conformations in aqueous solution.”* One solution conforma-
tion is a polyproline II (PPII)-like structure, which can be
prepared using a standard “disaggregation” protocol.*® The side
chain and peptide backbone amides of this PPII-like
conformation are hydrogen bonded to water molecules. The
other conformation is a collapsed f-strand-like conformation,
which is simply prepared by dissolving the synthesized peptide
in water. The side chains of the f-strand-like conformations are
intramolecularly hydrogen bonded, as well as to solvating water
molecules. Both PPII-like and collapsed p-strand-like Q10
conformations can be poised to aggregate into different
amyloid-like fibril polymorphs when incubated in aqueous
solutions at elevated temperatures for about 1 week. The cores
of fibrils grown from both monomeric conformations are
composed almost exclusively of antiparallel f-sheets, though
slight structural differences between the two polymorphs are
observed.”” Both fibril polymorphs, however, form interamide
side chain hydrogen bonds between neighboring strands within
a given f-sheet.”’

Our previous studies’™” examined the AmI” frequencies of
these Q10 fibrils, as well as of the PPII-like and f-strand-like
solution monomers. Table 1 shows these frequencies and their
corresponding estimated AH;,, values determined using eq S.
As expected, the AH;, of side chain carbonyl—water
interactions in PPII-like and f-strand-like monomers are
identical to those of monomeric glutamine in aqueous solution.
In contrast, the AH;, of side chain carbonyl—peptide
interactions that occur in the pf-strand-like monomers are
—5.8 kcal mol™!, a value similar to that estimated for side
chain—side chain interactions in polyQ fibrils. For fibrils
prepared from PPII-like monomers, we determine that the
AH,,, value of side chain—side chain interactions is —5.4 kcal
mol™!, while that prepared from J-strand-like monomers is
found to be —5.9 kcal mol™". This result may suggest that fibrils
prepared from the PPII monomer have weaker side chain—
peptide interactions. However, the difference between AH,,
values for fibrils grown from the two different monomer states
is within the estimated error, as discussed in the Supporting
Information.
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In determining these AH, values, we implicitly assume that
there is no significant coupling between AmI® oscillators.
Strong coupling of neighboring oscillators would cause
“excitonic” splitting of the AmI’ band frequency, which
would complicate the determination of AH,,. In dilute
solutions of amides, such as for monomeric glutamine in
water, no coupling of the AmI” vibrations can occur. In the case
of Q10 PPIl-like and p-strand-like peptide monomers, we
expect that coupling will likely be weak, so that the impact of
band splitting on the AmI® frequency is essentially negligible.

In contrast, neighboring oscillator coupling could impact the
AmI” band of polyQ fibrils. In antiparallel f-sheet conforma-
tions, for example, the backbone AmI® frequency is impacted by
coupling with neighboring oscillators, which results in band
splitting (vide infra). However, in the case of the AmI’, we see
no evidence of coupling between the neighboring oscillators of
Q10 fibrils. Our previously reported UVRR AmI" bands of Q10
fibrils are very narrow and consist of only single bands,*’
suggesting no excitonic splitting. This conclusion is further
reinforced by the fact that the Raman AmI” frequencies of Q10
fibrils are essentially the same as reported IR frequencies of
fibrils prepared from similar polyQ peptides.”**” This fact
precludes the possibility that we only observe “bright” (Raman-
active) exciton modes of the AmI”, but no “dark” (Raman-
inactive) modes.

We sought to compare the AH;, of side chain—side chain
and backbone—backbone hydrogen bonds in Q10 fibrils. To
estimate the AH,, of backbone—backbone interactions, we
used an equation derived by Wang et al.”’ for the AmI® band.
However, the fibril AmI® bands are impacted by coupling. As a
result, it was first necessary to determine the uncoupled AmI®
frequencies of Q10 fibrils prepared from PPII-like and f-strand-
like monomer solutions.

The excitonic splitting pattern of the AmI® band in
antiparallel f-sheets is well understood. Given the approximate
D, symmetry of antiparallel f-sheets, the AmI® vibration is
predicted to split into four vibrational states, the A, B}, B,, and
B, modes, all of which are Raman-active. We curve fit the AmI®
bands of Q10 fibrils from our previously published data (Figure
S1) and assigned the A, By, B,, and B; modes using the work of
Krimm and co-workers**~* as a guide. Our spectral analysis of
QI0 fibrils prepared from f-strand-like monomer solutions
indicates that the A mode is located at 1665 cm™), the B, mode
is at 1695 cm™, the B, mode is at 1625 cm™", and the B; mode
is at 1680 cm™".>’ In contrast, for fibrils prepared from PPII-like
monomers, the AmI® A, B, B,, and B; modes are located at
1660, 1688, 1617, and 1675 cm ™}, respectively.37

To estimate the unperturbed AmI® frequencies, we utilize the
perturbation theory approach developed by Miyazawa,”* where
the observed frequencies of the AmI® bands are given by:

AmI*(8, 8') = Y, + Z I cos(s8) cos(t5")
s,t (6)
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where 1, is the unperturbed AmI® frequency, and D, are the
interaction constants between peptide backbone amides
separated by s amide groups and ¢ chains along the tth peptide
chain. § and & are the phase angles between adjacent AmI®
oscillators along a given peptide chain or between hydrogen
bonded peptide backbone amides on neighboring chains.

Moore and Krimm®**~** have shown that for an infinite size
antiparallel f-sheet system (which is an appropriate limit for
Q10 fibrils) eq 6 can be written as:

AmI®(§, &) = Yy + Dyy + Dy cos(s8) + Dy, cos(t8)

+ Dy, cos(s6)cos(t5") 7)

For antiparallel f-sheets, the following set of equations can
be written from eq 7 by assuming different combinations of 0
or 7 phase angles:

AmI®(0,0) = 1, + Dy, + D,y + Dy, + Dy,
AmI*(0, ) = Yy + Doy + Dy — Dy, — Dy

AmI®(z, 0) = v, + Dy, — Dy, + Dy, — Dy,

AmI’(z, 7) = vy + Dyg — Dyy — Doy + Dy, (8)
where AmI®(0, 0) corresponds to the A mode, while AmI®(0,
7), AmI%(z, 0), and AmI°(z, 7) correspond to the Bj, B,, and
B, modes, respectively. The unperturbed frequency of the AmI®
cannot be exactly determined in eq 7 because there are too
many unknown coefficients to solve. However, we can estimate
an effective unperturbed frequency by substituting v, with:

Vo = 1 + Dy ©)
Thus, using the experimentally observed AmI® A, B, B, and
B, mode frequencies for Q10 fibrils prepared from f-strand-like
(PPII-like) monomer solutions, we determine v’y to be 1663
em™ (1660 cm™), Dy, to be 6.3 cm™ (7.5 cm™), Dy, to be
—21.3 em™' (=21.5 cm™), and D;; to be 13.8 cm™ (14 cm™).
Our calculated v'(, Dy, D,y, and D, constants match in sign
and are close in value to those determined by Krimm and co-
workers for polyalanine and polyglycine antiparallel p-
sheets.**™** This gives us confidence that 2y can be used to
robustly estimate AH,, for interamide hydrogen bonds formed
between peptide bonds in the core of polyQ fibrils.
To estimate AH;,, from v/, we used the following equation

derived by Wang et al.”” for N-acetyltrialanine methyl ester:

AmI® = 1699.3 cm™" + (9.46 mol cm ™" keal ") (AH,,,)

(10)

Using eq 10, we estimate that the AH;, of backbone—
backbone interactions is —3.8 kcal mol™" for fibrils prepared
from both Q10 f-strand-like and PPII-like monomers. This
interaction strength is similar to NMA—NMA hydrogen
bonding strengths previously measured.**~*

The above AH,, values indicate that backbone—backbone
interactions in QI0 fibrils are enthalpically less favorable than
side chain—side chain hydrogen bonding interactions. It is
possible that the difference in the AH,,, values for interamide
backbone versus side chain interactions results from our use of
V' instead of v, when calculating AH; . Krimm and co-workers
estimate that Dy, is relatively small (roughly —5 cm™). Using a
Dy value of —S cm™’, we roughly estimate that side chain—side
chain interactions are still enthalpically more favorable (by ~—1
keal mol™) than backbone—backbone interactions.
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In our previous work, we used metadynamics and molecular
dynamics (MD) simulations, in conjunction with UVRR, to
investigate the monomer solution-state and fibril structures of
Q10.>**" Here, we use our previously simulated Q10 structures
as initial coordinates to perform classical MD simulations on
solution-state and fibril Q10 conformations. We use these
simulations to independently calculate AH,, values of various
backbone and side chains interactions and compare them to
that obtained via UVRR.

Figure 2 shows the simulated PPII-like, B-strand-like, and
fibril structures. For each structure, we determined the average
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Figure 2. Structures and backbone Ramachandran angles of MD
simulated Q10 structures in the (a) monomeric collapsed f-strand-
like, (b) monomeric PPII-like, and (c) antiparallel fibril conformations.
The bar graphs show the average number of various hydrogen bonding
interactions per peptide residue.

number of interamide (e.g, side chain—side chain, side chain—
backbone, and backbone—backbone) and amide—water hydro-
gen bonding interactions formed per peptide (Figure 2). We
define a hydrogen bond as having a geometry such that the
heavy atom donor to acceptor distance is <3.0 A with a bond
angle of 180° (£30).

The number of backbone—backbone hydrogen bonds is
negligible for both the PPII-like and f-strand-like monomeric
Q10 structures. For the monomeric PPII-like structure, we find
that 94% of side chain amides are hydrogen bonded to water,
2% of side chains are hydrogen bonded to backbone amides,
and 4% of side chains are hydrogen bonded to other side
chains. For the f-strand-like structure, 66% of side chain amides
are hydrogen bonded to water, 20% of side chains are hydrogen
bonded to backbone amides, and 16% of side chains are
hydrogen bonded to each other. In contrast, the Q10
antiparallel fibril structure’s interior backbone and side chain
amides are hydrogen bonded exclusively to other backbone and
side chain amides.

From our MD simulations, we calculated average AH,,
values for each simulated structure. We define AH;, as the
sum of the Lennard-Jones (AEY,,) and Coulombic potential
energy (AE®*,) terms, where the A signifies the difference in
energy of the carbonyl oxygen atoms with their interacting
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partner atoms in close proximity relative to being infinitely
separated. Due to the negligible change in volume throughout
the simulations, the AH;,, can be accurately approximated as
the change in the energy of interaction (AE,,)

— AElelec + AE»LJ

int int

AH,, ~ AE,, (11)
When calculating AH;,, we define interacting groups as
those with heavy atoms at distances of less than or equal to S A.
Thus, our calculated AH,, is not limited to strong hydrogen
bonding interactions, which generally occur for heavy atom
distances less than 3 A. For the QIO antiparallel S-sheet
conformation (Figure 2c), the six innermost buried side chain
and backbone amide groups were used to calculate the AH,
because they best model the interior of the fibril core.

The AH,, values calculated from the MD simulated Q10
structures are shown in Table 1. Overall, these calculated AH,,
values from the MD simulations are in excellent agreement with
our experimentally determined values. We calculate an average
AH,,, value of —6.20(+0.63) kcal mol™ for side chain—side
chain interactions and —4.30(+0.67) kcal mol™" for backbone—
backbone interactions for the Q10 fibril model. For both the
PPII-like and the collapsed f-strand-like monomer structures,
we determine that the AH;, of side chain carbonyl—water
interactions is —4.4(+0.61) kcal mol™". For the f-strand-like
monomer structure, we calculate that the AH,, of side chain—
backbone hydrogen bonding is —4.70(+0.57) kcal mol™', while
that of side chain—side chain hydrogen bonding is
—4.63(£0.53) kcal mol™".

Our experimental and computational results indicate that the
AH,, values of side chain—side chain and side chain—backbone
interactions of QIO fibril and monomeric p-strand-like
structures are enthalpically more favorable than side chain—
water. Interestingly, our results also indicate that in polyQ
fibrils side chain—side chain interactions are more favorable
than backbone—backbone interactions. The importance of this
work is that, to our knowledge, these are the first results that
experimentally quantify the relative enthalpic favorability of
hydrogen bonding interactions in solution-state and fibril
polyQ_peptides. This work further validates the hypothesis that
interamide side chain and backbone interactions play important
roles in thermodynamically driving polyQ-rich proteins toward
fibril structures.

B COMPUTATIONAL DETAILS

MD simulations were performed using the NAMD software,"”
and VMD was used for visualization and analysis. All
simulations were conducted under constant atom number,
pressure (1 atm), and temperature (300 K) (NPT). The
CHARMMS36* force field was utilized for potential energy and
force calculations. The initial coordinates of the simulated
structures shown in Figure 2 were from our previously
published, experimentally validated work.’**” Each system
was solvated in TIP3P water.”” The simulated model fibril
system, including water, consisted of a total of 20284 atoms.
The simulations for monomeric PPII-like and f#-strand-like Q10
structures with explicit water each consisted of 17 189 atoms.
Each system was simulated for 5 ns, and 500 snapshots were
extracted from the simulations for analysis. The initial
coordinates of each simulated structure, as well as the scripts
used in our analysis, are provided in the Supporting
Information.
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