Raman study and DFT calculations of amino acids
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ABSTRACT

Intense Raman signals were observed of nano gram
quantities of three amino acids (histidine, valiggjcine)
using visible laser excitation (488nm) at relatwidw laser
power (5mW) and short acquisition time (2min).
Considerable variations in the Raman signal weseoked
when changing the pH of the amino acid solutiorar®ng
electron microscopy reveals considerable differenoehe
crystallite structure of histidine, valine and ghe and for
different pH. Narrow vibrational bandse correlated with
formation of crystallites. H/D substitution and pH
dependence experiments were used to identify vilal
bands associated with the functional groups able to
exchange protons. The observed spectral bandsratiyl
compared with density functional calculations teigs the
vibrational bands in histidine, valine and glyciniée effect

of hydration is studied at neutral pH in the théice
calculations.

Keywords: Raman spectroscopy, amino acids, density
functional calculations, scanning electron micr@sgo
micro-crystals

1 INTRODUCTION

Raman spectroscopy is a powerful non-invasive tool
obtain information on structure, function and reamt of
biological molecules such as proteins. [1] The afiianal
spectra of amino acids in peptides and proteinsenidp
sensitively on organization and interaction withs it
environment and give hence important information on
conformation and function. Amino acids are the tbasi
building blocs of proteins and have been studiedRbgnan
spectroscopy and theoretical simulations have losed to
assign the observed spectf@-4] The native 20 amino
acids have no chromophores in the visible spectnage,
no electronic resonances can be used to enhané&athan
signal in the visible spectral range and relatividyge
samples volumes (powders, crystals) or concentratare
necessary to study amino acids. To take advantdge o
electronic resonances of chromophores of amincsastidh
aromatic residue side chains and peptide bondsaneise
UV Raman spectroscopy. UV Raman has been incrdgsing
applied to study proteins and their secondary sirec
[5.6]

We have recently observed an enhancement of the
Raman signal of the amino acid histidine using blési
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excitation at low laser power (<5mW). This was awvbkd

by drying droplets of mM solutions of histidine &iO,/Si
surfaces. [7] The drying process formed spontarigous
needle shaped micro crystals (diameter 80nm, skvera
micrometers long). We have applied the same metbod
other amino acids and investigated the influencptbfand

H/D substitution on the vibrational spectra. Scagni
electron microscopy of the micro crystals is usedlarify

if the shape of the crystals influences the obskrve
enhancement. A strong influence of the pH of thet&m

on the vibrational spectra is found. Amino grouprave
studied by proton/deuterium substitution experireeitte

find that intense Raman signals can also be obdefare
amino acids such as valine and glycine. We compare
experimental Raman spectra a@b-initio calculations and
propose an assignment of the observed vibratioaahd®
bands.

2 EXPERIMENTAL

Histidine, glycine and valine (Sigma Aldrich) ineth
zwitterionic form ((HsNCHRCOQO) were first dissolved in
1ml of de-ionized water (or @) at a concentration of
30mM and then single droplets (15ul) were deposied
SiO./Si plates. The droplet was dried on a heatingepéat
80°C. For the liquid or powder sample spectra, all5
droplet or 0.3-0.4 mg respectively was deposite@d gtass
plate (estimated thickness 50 micrometers).

Raman spectra were recorded (Dilor XY) using 488nm
excitation. The incident laser beam was focusedtren
sample through a microscope with an x100 objecfie
resulting spot size is less than 1qurithe power on the
sample has been 4mW.

3 THEORETICAL CALULATIONS

All calculations were performed using state of #me
density functional theory (Gaussian-03 Packagd]). T
considered geometries and vibrational frequencyewer
calculated within the Becke's three parameters axgh
hybrid functional B3LYP associated with the Geniesd
Gradient Approximation (GGA) of Lee Yang and Parr.
[9,10] The electronic wave functions were describgdhe
6-311++G** basis set. The polarization and diffuse
functions are crucial to the treatment of both ttestatic
interactions and hydrogen bonds. [3] This approhek
proven to be efficient in describing structuraleatonic
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and vibrational properties of many molecular systesuch
involving amino acids.

4 RESULTSAND DISCUSSION

4.1 Raman intensity and scanning
electron microscopy

Glycine is the simplest amino acid and valine has a
hydrophobic side chain in contrast to the more agtilic
side chain in histidine. No Raman signal was olestfvom
a 30mM solution of glycine using the 488nm excitatiine
at 4mW. But after drying a single droplet of sabutiwe

recorded intense Raman signals (Figure 1) which are

similar to what is observed for spectra recordeamfr
powder but corresponding to a much larger quantity.
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Figure 1: Raman spectra of glycine (a) 30mM pOHt
pH 7.8 (b) powder (c) solution 30mM in@ at pH 7.8
dried on silica

Figure 1 compares the Raman signal of glycine dwxbr
on the SiQ/Si surface with glycine in powder form. No
signal is detected at comparable experimental tiondifor
the solution and the spectrum is comparable tepeetrum
recorded from powder of glycine after crystallipati We
find the same behavior for valine. Amino acids ¢teve
different protonation states depending on pH whidght
influence the molecular packing in the micro crista

pH values between different pKa values were seleitie
have the most uniform protonation state. The Raman
spectra of dried glycine from a solution at pH IZ8 and
12 are shown in Figure 2. The intensities of thenRa
signal are comparable at pH 1.2 and pH 7.8. At gHtlie
intensity is significantly lower (Figure 2, 10x Iger
acquisition time at pH 12). The observed vibratldmends
depend clearly on the pH of the solution. Figureh®ws
the pH dependent Raman spectra of valine. We hawadf
similarly intense signals at pH 1, but significaoiver
signals at pH 12 (acquisition time x10 longer). Weorded
spectra for histidine at four different pH valugsd(1.6,
3.8, 7.8, and 12).
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Figure 2: Raman spectra after evaporation of gbscin
dissolved in HO de-ionized at different pH (a) pH 1.2 (b)
pH 2.4 (c) pH 7.8 and (d) pH12 on silica.
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Figure 3: Raman spectra after evaporation of valine
dissolved in HO de-ionized at different pH (a) pH 1 (b) pH
7.8 and (c) pH 12 on silica.
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Figure 4: Raman spectra of aqueous histidine &treifit
pH evaporated on silica (a) pH 1.6 (b) pH 3.8 (€ 8.
The intense vibrational band at 52Itmorresponds to the
SiO,/Si substrate.
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Figure 4 shows an intense spectrum for pH 1.6aB887.8.
At pH 12 the spectrum disappeared nearly completely

For all three amino acids micro crystals, no vilonal
bands due to the presence of water (OH: 340Qonere
observed, in contrast of previous study on larggstals.
[11] This does not exclude the presence of watethn
crystalline structure but shows that the amountvafer in
the crystals must be small.

4.2  Density Functional Calculations

We used density functional calculations to get tebe
insight on the organization of amino acids and rtiic
nature in condensed form. We find through structudt
optimization that a totally dehydrated zwitteriofdem of a
single histidine molecule is unstable, giving fisex proton
transfer from the NE to the COO group upon
minimization. To explore the zwitterionic form ohe
amino acids, we focus on the polar regions andsiyate
how they couple through intermolecular interactionsvith
residual water molecules. For this purpose, we stigate
the vibrational response of the amino acids asation of
the degree of saturation of their polar regionsMager. We
build different hydration models for the glycinetwiup to
six surrounding water molecules (table 1). Fornaland
histidine, we only consider the simplest cases gu$imo
water molecules. We use the information derivedmfro
glycine for the assignment of the main vibratiolpanhds.

Glycine (HsNCH,COO) is the simplest amino acid and
is abundant in various proteins and enzymes (up.380).

It is the only amino acid which has no stereo iso(met

optically active). Several studies of Raman barfdgyzine

are reported in the literature. [3,12,13] The obsdiRaman
bands of glycine at pH 7.8 are listed in table 1.

In order to test the assignment, in particular loé t
vibrational modes that correspond to the jNigroup, we
made H/D exchange experiments (Figure 5). The only
exchangeable protons of glycine at neutral pH lagettiree
protons of the Nk group (CH does not exchange and
COQO is de-protonated).

When H was replaced by D in NHseveral vibrational
bands appeared at 832¢m@71cmt, 992cnt, 1006cnt,

1575cni, 1511cnt, 1143cnt and 897cil. The band at
1511cm* disappears in the O spectrum and corresponds
accordingly to the assignment to the NHleformation
vibration. The bands at 1114¢rand 1143cm disappear in
the D spectrum and they correspond to the vibration
related to N (N-H, N-C) according to the assignméifite
band at 897cfh is attenuated in the D spectrum and is
attributed to C-C vibration indicating that the Bfluences
the C-C vibration. Some of the vibrations are hifin
energy by incorporating D. The vibrational band 329cm

! is shifted to 1320cthin 100% BO. This is in line with
the theoretical calculations which show the coutidn of
NHs to this band. The same is found for the 1426&and
which shifts to 1410crh
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1278cnt, and some bands disappeared or are attenuated at

WavenumbersCalculation
(cm®) (cm®) Assighment

360, 318 8(CCN)

597| 574 3(CCN)

696| 681 3(CCN)

897! 853 -g01 v(C-C),5(COO).
1040| 954 -1017 V(C-N)st
1114| 1088 -

1153 3(CHy)ows S(NH3)uy
1143 1122 -

1194 8(NHg)y, 3(CHy)y,
1329 1273 -

1371 | v(COO), 5(CH,), (NH5)
1420 1306-

1357 S(CH2)w: 0(NH3)u
14451 1416 V8, 8(CHy)w, 8(NHa),
1462| 1475-

1482 3(CHy)sc
1511 1618 -

1575 8(NHS)umb
1575
1676| 1776-

1694 V(COO)s
2984 5957 V(CH,)s
3019) 3915 V(CHyp)as

Table 1: List of experimental and calculated vilmaal
frequencies for glycine (pH 7.8). Bold numbers et
calculation column account for glycine surroundedsix
water molecules (normal text accounts for two water
molecules around the amino acid).

The vibrational band at 1278Enwhich is not present in
the protonated spectrum, can be attributed to a N-D
deformation vibration. In agreement with the assignt,
we find the bands of CHat 2984critand 3019cnit which
are not influenced by D substitution (i.e. 2986cmand
3020cnt). It is not clear why the band at 1676&m
assigned tov(COO) disappears in the D spectrum. A
possible explanation is that the COO is engaged in
hydrogen bond which is modified as a result of H/D
substitution. As the signal to noise ratio is tteme in
100% HO and 100% BO we can conclude that the effect
of signal increase is active in both cases. Thedban
897cm’ is shifted to lower and the band at 1676cis
shifted to higher energies when the pH is reduoquH 1.2.
This is consistent with the assignment of the twads to
COO vibrations (see Table 1).

Valine is an amino acid and has a branched-chaincam
acid like leucine and isoleucine. Valine containsirgle
hydrocarbon side chain making it hydrophobic and is
usually found in the interior of proteins. Its hgghobicity
contributes with other hydrophobic amino acids e t
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tertiary and quaternary structures of proteins. 3fectrum
of valine contains a larger number of vibrationahtds than
glycine due to the larger side chain (iosopropglug).
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Figure 9: Raman spectra after evaporation on sitita
glycine in solution (a) 100% 40, (b) 100% BRO.

Only the Raman spectra at low and neutral pH have
shown intense bands. At low pH the CQO® protonated
and forms a COOH. As a result the bands assign€DiO
are expected to shift most upon reducing the pH Bénd
of COO at 1323crit, 906cm® and 853crit are not found at
low pH. The bands which shift less (<5&nare in the high
frequency range at 2979&m2921cmt, 2890cn and in
the intermediate frequency range at 1358crh334cnt,
1195cmt, 1069cm' and 969crl. All these bands are
assigned to vibrations including C-H of the isoplogide
or C alpha chain. At high pH we observe only oagow
band at 1069ch Its origin is not clear at this point.

We observe that vibrational bands are influenced by
crystallization. The bands are narrower, shifted aew
bands appear in microcrystalline form. [7] By vagithe
pH in histidine we find that almost all bands ahéfted.
This shows that the pH variation affects not onbnds
directly related to groups of atoms that are detprated
(NH3", COO and imidazole group), but the entire molecule.
We propose that the presence of the imidazole gwatlp
its possible delocalized electrons and the formatad
hydrogen bonds with the carboxylate group influetive
electronic structure of the microcrystal.

In the case of the H/D exchange usingdDmost bands
shift in the 800-1800cthregion. The bands above 2900cm
! assigned to localized GHibrations are not affected by
the D/H exchange as expected.

5 CONCLUSION

We show that the method to crystallize histidine to
observe intense Raman signals using visible lasgta¢ion
can be extended to other amino acids. We find tthepH
influences the spectrum considerably which shows tie
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crystalline order depends on the protonation stdt¢he
molecule. This simple method allows detecting iaten
Raman signals of glycine, valine and histidine autral
and acidic pH at the nano gram level. We expedtdtizer
amino acids dried on surfaces the same way exttibit
same enhancment on the Raman signal. We note, sowev
that high pH resulted in reduction of the Ramamaig
which could be related to the overall negative ghar the
presence of Naons in the solution.

The observed narrow Raman bands provide an
interesting basis for the study of the crystallsteucture
using state of the art DFT calculations. The resaft the
theoretical modeling show the importance of therdegf
saturation by water of each polar region which cffe
strongly the calculated vibrational modes. We fihdt the
zwitterionic form of the amino acids give betteregment
with observed modes compared to the neutral forrergvh
the polar regions appear to be saturated. It isclesr at
this point how the saturation is taking place.
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