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Raman spectral characterization of the 3-TUBB2A E-hook hexapeptide, EGEDEA, is determined through experi-
mental analysis combined with full geometry optimizations and corresponding harmonic vibrational frequency
computations employing DFT methods. The hexapeptide is first broken down into di- and tetrapeptide fragments
which are analyzed both quantum chemically and experimentally, and then combined to achieve an energetic
minimum of the large EGEDEA hexapeptide. The Raman spectral characterization of EGEDEA band positions
are then verified via the literature and comparison to the small fragment's similarly located band positions.
The approach employed provides further evidence for the use of fragments as a helpful tool in characterization
of the vibrational band positions of large peptides.
Statement of significance: To investigate 3-TUBB2A E-hook hexapeptide, a unique approach is employed whereby
the hexapeptide is broken into fragments, EG, ED, EA, EGED, and EDEA and analyzed via experimental Raman
spectroscopy of the crystalline solids. The experimentally observed vibrational band positions are compared to
those computed using and scaled from DFT methods and Pople's 6-311+G(2df,2pd) basis set. The reported vibra-
tional band positions are also confirmed by previously reported bands of similar peptides in the literature. This
methodology facilitates differentiation between the behaviors of various side chains and their influence on the
structure of the hexapeptide, providing insight into not only the nature of the peptide but also defining regions
for potential protein and cytoplasmic interactions, without requiring excessive computing resources or overly-
sensitive experimental methods.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Microtubules (MTs) are pervasive throughout cells and serve as
structural filaments, enable dynamic machinery, such as the mitotic
spindle, and act as tracks for molecular motor proteins [2-5]. MTs con-
sist of a- and B-tubulin dimers and contain disordered, C-terminal tails,
known as E-hooks, which extend from the MT surface to interact with
the cytoplasmic environment [7,8]. While the MT core is conserved,
the highly negatively charged E-hook composition differs depending
on its location and proposed function [8-13]. The presence and upregu-
lation of BIII E-hooks have been correlated with tumor development,
cancer aggressiveness, and resistance to MT-based chemotherapies
[9,13-15]. E-hooks also engage in the binding and processive motility
of kinesin and dynein molecular motors [8,10,16-19]. These motor pro-
teins “walk” along MTs through conformational changes via ATP
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hydrolysis to perform essential tasks such as directed cargo transport
[4,8-10,17,20-24].

Despite the E-hook's clear importance in cytoskeletal regulation and
function, its molecular structure is not well understood. Structural char-
acterization and manipulation methods have been used to investigate
tubulin and its interaction with motor proteins, but the E-hook structure
alone remains elusive. Crystallography has produced high-resolution
structures of the tubulin core but has been unable to resolve the disor-
dered E-hook tail [26-28]. In addition, NMR and single molecule
methods have characterized and evaluated the effect of E-hook muta-
tions on cell function [9,27-29]. Molecular dynamics simulations have
scored E-hook interactions with tubulin or microtubule associated pro-
teins (MAPs) [11,26,30,31], but physiological environmental influences
on its structure are not well known.

Raman spectroscopy, surface enhanced Raman spectroscopy (SERS),
and quantum chemical approximations in both the solid state and solu-
tion have been essential tools in investigating amino acid molecular
structure through vibrational analysis [1,6,25,32-38]. Raman spectros-
copy is insensitive to water and thus its use in studying biological mol-
ecules in aqueous environments provides information that other
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methods commonly used in investigation of molecular structure (FTIR,
X-ray diffraction, NMR) cannot. Most notably, Raman spectroscopy de-
tails environmental effects and can predict and capture the effects of
inter-and intramolecular hydrogen bonding on molecular structure
and molecular vibrations. Furthermore, Raman spectroscopy requires
little to no sample preparation and is not destructive to the material
under study. Thus, such a spectroscopic approach preserves the biolog-
ical activity of the molecule and allows investigation of conformational
changes to occur in real time and in vivo [40]. Several reference
databases of biological molecules, including the amino acids glycine, L-
alanine, and L-glutamic acid, compare the Raman spectra of the individ-
ual amino acids to the Raman spectra of larger biomolecules such as cel-
lulose, acetyl coenzyme A, and riboflavin [41]. Larger peptide fragments
have been investigated with DFT analysis compared to experimental vi-
brational spectra to elucidate the molecular vibrations and implications
of solvation on molecular structure, including isolated amino acid resi-
dues [6,25,34-37,42-44], dipeptides [39,45-53], tripeptides [54-60],
and larger peptide fragments [17,48,61-65]. SERS employed on small
peptide fragments and proteins has also achieved the signal necessary
to assign band positions of large molecules [67-72].

Previous studies of Raman spectra of short peptide fragments com-
pare well with separate spectra of large proteins, providing insight
into the molecular conformation and topology of more complex mole-
cules [1,33,39,52,59]. Kausar and co-workers reported Raman spectra
of both the solid state and aqueous solution of the dipeptide L-
aspartyl-L-glutamic acid (DE) [39]. Elstner et al. quantum chemically
computed the geometries and relative energies of small glycine and al-
anine based polypeptides containing up to eight residues via density
function theory (DFT) [33]. This and other studies reveal that compari-
son of experimental Raman vibrational modes to DFT-predicted
modes agree well and have successfully described the vibrational mo-
tions of the investigated biomolecules [25,39,49,51,55,59,73,74].
Sjoberg and coworkers reported the experimental Raman band posi-
tions of tripeptides with the basic formula GlyAAGly where the central
amino acid (AA) varied. B3LYP/6-311+G(2df,2pd) band positions of
the amino acid side chains tracked well with experiments and showed
that the band positions of the side chains blue shift in the tripeptides
compared to the free amino acids [59].

3-TUBB2A tubulin's C-terminal tail, or E-hook, is composed of the
amino acid residues EGEDEA at its periphery. The hexapeptide is ana-
lyzed here using Raman spectroscopy in conjunction with electronic
structure computations and the literature via a stepwise build-up mech-
anism. This approach allows for the utmost control over the interpreta-
tion of the peptide's vibrational modes. E-hooks are usually 10-18
residues in length, and the last six residues, EGEDEA [13,18], are highly
electronegative and directly interact with proteins and the environ-
ment. The last six residues of the 3-TUBB2A E-hook are used as a repre-
sentative peptide due to its overall negative charge, and a shorter
peptide is more manageable to analyze spectroscopically and quantum
chemically. Description of the vibrational band positions in a complex
peptide first requires breaking the peptide into small fragments and
then performing vibrational analysis on those, as described in the liter-
ature [50,55,64]. The spectroscopic patterns revealed in the fragments
can then be used to assign the intense vibrational positions in the larger
peptide with greater accuracy [50]. Furthermore, peptide fragments
have been employed to describe structural insight and characterize
vibrational motions, such as the secondary structures of large peptides,
obtained from a variety of different techniques (SERS, FTIR, Raman, Vi-
brational Circular Dichroism, ssNMR) and have proven to provide accu-
rate representations of the parent peptide [1,44,46,50,55,59,62,64,75].
Thus, the 6-amino acid EGEDEA peptide is broken into small fragments,
EG, ED, EA, EGED, and EDEA, and analyzed both experimentally and via
DFT (density functional theory) and WFT (wave function theory) anal-
ysis. The fragments are then compared to experimental and quantum
chemical analysis of the full EGEDEA hexapeptide to validate that the
build-up approach accurately describes the full peptide spectrum. This

methodology facilitates differentiation between the behaviors of vari-
ous side chains, providing insight into not only the nature of the peptide
but also aids in elucidating the driving forces for protein and cytoplas-
mic interactions with the E-hook.

2. Methods
2.1. Materials

The 3-TUBB2A E-hook in the form of a synthetic peptide of charged
amino acid sequence EGEDEA*™ is acquired in crystalline form from
Genscript at >95% purity. Additional peptide fragments EG' ~, ED>~,
EA'~, EGED?>~, and EDEA3~ are also acquired in the same manner and
purity. The samples are stored at —20 °C to maintain their integrity
for experimental Raman analysis.

2.2. Experimental methods

A Horiba Scientific LabRAM HR Evolution Raman Spectroscopy sys-
tem with CCD camera detection is used to analyze the crystal solids of
the peptide fragments. Raman spectroscopy is preferable to infrared ab-
sorption spectroscopy because of the favorable relative Raman activities
of water to biopolymers. A 532 nm laser line is used as the excitation
source, and either a 600 or 1800 grooves/mm grating is used for detec-
tion, affording a resolution of less than 1 cm™". The instrument allows
for the characterization of the effects of the environment through anal-
ysis of vibrational spectroscopic shifts. Additionally, Raman studies at
—100 °C utilize a temperature-controlled stage allowing formation of
crystals via controlled flow of liquid nitrogen over the sample. The
vibrational characterization of only the EGEDEA hexapeptide is per-
formed with the temperature-controlled data acquired.

2.3. Theoretical methods

All computations are performed using the Gaussian16 software pro-
gram [76]. Full geometry optimizations and harmonic vibrational fre-
quency computations determine a structural local minimum of the
peptide and the corresponding vibrational frequencies and Raman ac-
tivities of the normal modes. Finding the global minimum of the 77
atom hexapeptide is computationally unapproachable; thus, our ap-
proach breaks the polypeptide into manageable fragments and tracks
how the band positions and Raman activities evolve with increasing
basis set size. Molecular dynamics simulations are commonly employed
to investigate the interactions of large proteins in different solvation
shells. However, recently, more accurate quantum chemical methods
have facilitated more detailed analysis of peptide molecular structure
[9,23,29-31]. Investigation of the quantum chemically approximated vi-
brational frequencies of increasingly large systems at higher levels of
theory is an evolving frontier [9,23,29-31].

A low-energy local minima for the EGEDEA hexapeptide is produced
by breaking down the peptide into three amino acid dipeptide frag-
ments, EG, ED, and EA and optimizing them using the B3LYP method
with increasing basis sets: 3-21G, 6-31G, 6-31+G(d,p), and 6-311+G
(2df,2pd) [77-79]. The B3LYP/6-311+4G(2df,2pd) level of theory has
been used in the literature to describe smaller biological peptides
[25,39,59,73]. Diffuse hydrogen orbitals are also included because the
peptide is an anion with an overall —4 charge necessitating their inclu-
sion. Harmonic vibrational frequency computations are undertaken at
each of the aforementioned levels of theory. The optimized dipeptides
are then coupled into two different tetrapeptides, EGED and EDEA and
the minimum-energy structures are again obtained using the same
method described above. The accuracy of the vibrational band positions
in comparison to the EGEDEA Raman experimental bands is validated
by optimizing the hexapeptide with a guess conformation determined
from the tetrapeptides coupled to form the hexapeptide structure at
the B3LYP method and 3-21G, 6-31G, 6-31+G(d,p), and 6-311+G
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(2df,2pd) basis sets. There are various ¢ and s rotations large peptide
sequences can explore, but this step-wise analysis promotes accurate
characterization of rotation about the peptide bond without doing a
full potential energy rotamer scan, as demonstrated by comparing
Raman spectra in the Results and Discussion.

Simulated Raman spectra are created by summing Lorentzian pro-
files for each calculated normal mode and weighting with the corre-
sponding Raman activity. A scaling factor of 0.97 is used for all levels
of theory to partially account for the anharmonicity of the computed
harmonic vibrations. This value has been previously reported to correct
the overestimation of the vibrational frequencies acquired using B3LYP/
6-311+G(2df,2pd) [80].

Performing a total energy distribution (TED) on molecules of this
size is nearly impossible, thus determination of which atomic motions
are part of the vibrational frequencies is performed qualitatively by vi-
sually determining which atomic motions are most intense for each vi-
brational frequency. Analysis of the vectors of the atomic motions for
each vibration is interpreted as we have qualitatively defined them.
Throughout the characterization of each peptide fragment, all of the
atomic motions are described in the “Assignment” column, with the
greatest contribution (most intense displacement) represented in
bolded text (ESI, Tables S1-S6).

3. Results and discussion

Here, the vibrational band positions of the E-hook's C-terminal se-
quence are characterized through coupling analysis of experimental
spectra and computationally predicted vibrations. The representative
amino acid sequence EGEDEA is broken down into component dipep-
tides EG, ED, and EA for analysis via experimental Raman spectroscopy

and with the B3LYP/6-311+4G(2df,2pd) level of theory (Fig. 1). The
dipeptides are then coupled computationally to form tetrapeptides
EGED and EDEA, and finally the tetrapeptides into the final EGEDEA
hexapeptide, and compared to experimental spectra for each fragment.
The experimental Raman spectral signatures of E-hook di-, tetra-, and
hexapeptide fragments, which consist of similar amino acids but varying
in size and order, exhibit remarkable agreement with one another
(Table 1, Fig. 2). The Raman vibrational modes of the E-hook
hexapeptide are characterized from analysis of the smaller peptide frag-
ments, clearly linking the atomic motions to the experimental modes
(Table 1). The DFT band positions, in combination with previously
reported band positions in the literature, characterize the peptide frag-
ments studied here. One of the challenges of characterizing the vibra-
tional modes of peptides is the large number of motions that can occur
at each band position. Often, the stretching of one amino acid side
chain results in full peptide bends and twists in response, as evidenced
by visualizing the vibrations from our DFT calculations. The literature
has worked around this issue by reporting all of the motions found at
each band position; however, descriptions of these vibrations are open
to interpretation without correlating to known atomic behavior such
as that from smaller molecules incorporated into larger systems.

The agreement found among the experimental Raman spectra for
each of the dipeptides, tetrapeptides, and hexapeptide indicates that
small peptide fragments can be used to assign Raman bands in larger
peptides (Fig. 2). The simulated spectrum for each fragment also agrees
well with experiment, supporting its use to verify the vibrational mo-
tions occurring at each band (ESI, Figs. S1-S6, Tables S1-S6). Full vibra-
tional analysis (as described in Section 2.3 Theoretical methods) was
performed on each of the peptide fragments, and resulting data is in-
cluded in the ESI (Tables S1-S6).

Fig. 1. Molecular geometries for the dipeptide fragments, EG, ED, and EA, tetrapeptide fragments, EGED and EDEA, and full hexapeptide, EGEDEA computed at the B3LYP/6-311+G

(2df,2pd) level of theory. Dotted lines represent locations of intramolecular hydrogen bonding.
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Table 1

Excerpt from the comparison of the experimental vibrational band positions corresponding to the same vibrational motions confirmed with harmonic frequency calculations for the EG,
ED, and EA dipeptide fragments, EGED and EDEA tetrapeptide fragments, and the full EGEDEA hexapeptide. The assigned vibrational modes are compared to previously reported vibra-

tional motions in the literature (Reference). Values are Raman Shift (cm™1).

EG ED EA EGED EDEA EGEDEA Reference®

Assignment”

828 804 750 829 840 842 V(C—N),

(NH) [25], 5(NHz) [39]

1183 1207 1210 1196 1205 1209  T(CH,)[25], T(CHs) [39], p(CH,) [6]

1305 1300 1306 1313 1281 1314  7(CHa)[2559,66], v(C—N) [39], v(C—C) [1,6], vs
(COO0-) [1], p(CHy) [6]

1338 1322 1351 1328 1322 1327  v(COO-), »(N-C-H)[1], (CH,) [6,35,39,59],
©(CH,) [37,39,66], T(CH,) [25]

1448 1430 1438 1435 1442 1437  6(CH,)[6,25,35,39], T(CH,) [37], o (CH,) [59,66]

1518 1425 1462 1479 1482 1508  T(NH,)[66]

1648 1620 1651 1622 1678 1611  v,(C0O0-)[1,25,35,37,39,59,66]

1733 1700 1723 1686 1705 1679  v(C=0)se [25,35,37,39,59], 6(H-0-H) [25],
V(C—N) [39], 5(NH;) [59,66]

2017 2894 2920 2896 2882 2914  E residue v(CH,) [25], vs(CH,) [37,39,66]

3305 3371 3282 3367 3382 3174  vy(N—H)[25]

V(C—C) [1],6(C-C-0) [1], ©(CO0-) [6], T

p(aNH7), E1 residue vs(aN*-aCg;-C), 8(aN*-atCg1-C), Vs(C—C), V45(C-C-cC),
8(0-cC=0)

G residue v4(N-aCs-C(0),) & T(CH,), E2 residue o(C—H) & p(CH,), o(N—H)
v5(0-aC*=0), A residue 6(CH3) & o(aCa-H),

E2 and D residue v5(0-cC=0), o(aC-H), & p(CH,), A residue 5(CH3) &
®(aCa-H)

E3 residue 5(CH,) & A residue 6(CHs)

Amide [ V(C—N), 5(03=C-N), & »(N—H)

Amide V1(C=0s5), V,5(0-aC*=0) & v(aCp- aC*)

8(aNHZ), Amide I v(C=0), vs(aCg1-C(0);1-N), Amide I1 v(C=0,), vs
(aCg-C(0)2-N), E3 residue v,5(0-cC=0) & protonated »(0—H)

E1 residue vs(CHy)

v(aN*-H), vs(aNHZ)

Symbols: & = Bending, v = Stretching, T = Twisting, p = Rocking, » = Wagging, T = Deformation, o = Scissoring, as = antisymmetric, s = symmetric, skel = full peptide, aN* = o-

Amino terminal N, aC* = a-Carboxy terminal C.
¢ Previously assigned vibrational modes in other peptides with citations.
b Ppeptide vibrational modes assigned in this study.

Fig. 2 and Table 1 compare the experimental Raman spectra for solid
EG, ED, and EA dipeptides, EGED and EDEA tetrapeptides, and EGEDEA
hexapeptide. The full characterization table can be found in the ESI
(Table S13). The most intense band in each spectrum corresponds to
the E1 residue symmetric C—H stretching, vs(CHs) (closest to the N ter-
minus). This same band, corresponding to the same vibrational motion,
is found to be the most intense band in nearly the same position in all of
the peptide fragments under study. In the EGEDEA hexapeptide exper-
imental Raman spectrum, this band appears at 2914 cm™ . As the pep-
tide fragment is decreased from six amino acids to four, this band red
shifts to 2882 cm™' (EDEA) and 2896 cm ™' (EGED). This red-shifting

trend is again observed when decreasing the peptide fragment size to
include the ED amino acids, with the band appearing at 2894 cm™ . In
the EG and EA spectra (Fig. 2), this band is actually blue-shifted from
the original EGEDEA band at 2914 cm™ !, appearing at 2917 cm ™!
(EG) and 2920 cm ™! (EA) [1,25,39]. This behavior can be explained by
the nature of the amino acid side chains represented by each fragment.
In the EG and EA dipeptides, the negatively charged glutamic acid resi-
due is offset by a nonpolar glycine and alanine residue. There is a lesser
extent of partial conjugation into the peptide bond due to the presence
of only two carboxylic acids donating electron density into the partially
conjugated backbone. The C-terminal carboxy group is offset by a

EGEDEA

EDEA

EGED

EG

/

Fr[rrrryrrryrrr|yrrr|rrr|rrr|rrrr|rrr|rrrj

200 400 600 800 1000 1200 1400 1600 1800

VA L R N R R R R RN |

2800 3000 3200 3400 3600

Raman Shift (cm-)

Fig. 2. Experimental Raman spectra for each of the dipeptide fragments (EG, ED, and EA) compared to the tetrapeptide fragments (EGED and EDEA) compared to the full hexapeptide,

EGEDEA.
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nonpolar glycine or alanine residue, resulting in a decrease in the mag-
nitude of charge delocalization when compared to the fragments con-
taining multiple neighboring charged amino acid side chains. This
side-chain effect results in a decrease in energy of this vibrational
band and corresponding red-shifted photons. When introducing a
greater number of charged side chains, however, the presence of addi-
tional negative charge and corresponding electron density represented
by the fragment results in a greater extent of partial conjugation and
thus blue-shifted photons. This is apparent with the ED, EGED, and
EDEA peptide fragments' (all of which contain neighboring negatively-
charged amino acid side chains) bands blue-shifted to higher energy
positions.

Another region of interest is ~1435 cm~'. In the EGEDEA
hexapeptide experimental Raman spectrum, this band appears at
1437 cm~! and corresponds primarily to an H-C-H bending motion
(8(CHy)) in the E3 and A residues (closest to the C-terminal end of the
fragment). This band appears in the EG dipeptide spectrum
at 1448 cm™!, the EA spectrum at 1438 cm™', and the ED spectrum at
1430 cm™!. This band appears in the tetrapeptide fragments at
1435 cm ™! (EGED) and 1442 cm~! (EDEA). In the EG, ED, and EGED
spectra, this band is the E residue methyl bending motion, (E2 residue
in EGED), 6(CH,) [1,25,42,59]. Interestingly, in each of the peptide frag-
ments that display the EA amino acids together (EA, EDEA, and
EGEDEA), this band corresponds to a coupled motion, including both
the E and A residue methyl bending vibrations §(CH;) and &(CHs)
[35,37]. As the peptide fragment is increased from the dipeptide, EA,
to the tetrapeptide, EDEA, this band is blue-shifted from 1438 cm ™! to
1442 cm™ . The addition of the two negatively-charged side chains, E
and D, to the dipeptide results in a greater extent of charge density
delocalized into the conjugated peptide backbone, resulting in this
band shifting to higher energy. Upon addition of the EG residues to
the EDEA tetrapeptide, however, this band red-shifts to 1437 cm™!
which can be attributed to the nonpolar G residue side chain disrupting
the delocalization into the backbone and resulting in red-shifted pho-
tons, or a shift to lower energy. In the peptide fragments containing
neighboring charged amino acid side chains but lacking the A residue
(ED: 1430 cm ™' and EGED: 1435 cm™ '), this band is red-shifted from
the fragments containing both E and A residues. The motion corre-
sponds to only the E residue methyl bending motion (E2 residue in
the EGED tetrapeptide). Without the neighboring A residue, there is
less disruption of the distribution of the E residue's negative electron
density into the peptide backbone, resulting in shortening of the
bonds and corresponding decrease in energy. The only exception is
the EG dipeptide, in which the E residue's methyl bending vibration
(8(CH,)) is blue-shifted from all of the other bands, to 1448 cm ™. With-
out the nonpolar A residue's 6(CHs3) motion and a neighboring D residue
adding electron density into the molecule, the E residue’s methyl bend
6(CH,) results in lengthening of the bonds and a corresponding shift
to a higher energy position.

Several of the peaks appear to be broadened in the larger peptide
fragments, arising from a greater extent of intermolecular interactions
and possibly disordering of the crystalline solids. The peak at
~1680 cm ™' (EG-1733 cm™'; ED-1700 cm™'; EA-1723 cm™'; EGED-
1686 cm™'; EDEA-1705 cm ™!, EGEDEA-1679 cm™ ') generally corre-
sponds to a backbone carbonyl stretching motion, V(C=0)se|
[25,35,37,39,59], as well as bending of the charged N terminus,
8(NH3"). Despite the broadness of the peaks, there is close agreement
between the EGED spectrum at 1686 cm ™!, the EDEA spectrum at
1705 cm™ !, and EGEDEA spectrum at 1679 cm™". In each of these
band positions, the vibration primarily corresponds to the Amide I
V(C=0,) stretch and 5(NH5") bend. Together, the agreement confirms
the location of this mode and demonstrates the advantage of using
smaller peptide fragments to describe larger biomolecules.

There are a number of peaks present in the larger fragments that are
not visible in the dipeptide spectra simply because there are a greater
number of residues in the larger fragments. Additionally, many of the

vibrational band positions in the larger fragments arise from coupling
of motions that are not possible in the smaller fragments due to the
lack of residues. There are three peptide bonds present in each of the
tetrapeptide fragments and five peptide bonds present in the EGEDEA
hexapeptide. The resolution provided by the Raman spectrometer
employed allows for discernment of each of the amide stretching vibra-
tional motions, ¥(C—N). In the EGEDEA hexapeptide, the Amide I
v(C—N) motion appears at 1508 cm™', Amide II at 1494 cm™!, Amide
11 at 1480 cm ™', Amide IV at 1487 cm ™!, and Amide V coupled with
both the Amide Il and Amide IV stretches at 1494 and 1487 cm ™. This
is similarly observed in the tetrapeptide fragments. For example, in
the EGED tetrapeptide, the Amide I stretching motion v(C—N) appears
at 1479 cm™!, Amide Ilat 1533 cm™', and Amide Il at 1490 cm~'. Com-
bined with DFT computations performed at the triple-¢ level of theory,
these individual motions are isolated and confirmed, which is difficult
for molecules of this magnitude. These results imply that such a buildup
mechanism can clearly elucidate vibrational spectra and molecular
structure without the need for over-complicated experimental tech-
niques or molecular dynamics simulations.
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