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We present comprehensive measurements of the C (carbon) K edge near-edge X-ray absorption (NEXAFS)
spectra of all 20 amino acids commonly occurring in nature. Qualitative trends among the spectra of amino
acids with similar chemical character are identified and spectral features are compared with extensive ab
initio calculations. The contributions of individual units and substitutional groups have been determined to
explore their fingerprinting character using the building block concept. Several such units are found. Two
that give particularly clear features in the C 1s NEXAFS spectra are the carboxyl group (which can be clearly
identified by a pronounced structure due to the €-&%c—o transition with maximum at 288.65(5) eV) and
modified phenol rings in aromatic amino acids (which give sharp-€si's—c structures). The latter transitions

are located around 285 eV, and their shape is specific for each aromatic amino acid. Other building blocks,
such as the CNfgroup and the CH, CC, CO, CN pair bonds, are also identified, although their characteristic
features are less pronounced ie i K edge spectra than the carboxylic and aromatic structures. This study
provides the basis for rigorous assignment of the NEXAFS spectra of the amino acids, and will be helpful in
developing X-ray absorption spectroscopy for quantitative analysis of proteins.

1. Introduction powerful probe of molecular electronic and geometric structures.
. . . This has led to many applications including the determination
This work extends early experimeritaind computation&? of the electronic structure and orientation of molecules in the

studies of the near edge X-ray absorption (NEXAFS) spectra solid state and absorbed on surfat€aalitatively, it is possible
of amino acids and small polypeptides. These previous measureto correlate specific NEXAFS features with functional groups
ments demonstrated the ability of NEXAFS spectroscopy to and in some cases, individual bonds, such that the total spectrum
identify particular amino acids and to use their characteristic can be considered as a linear combination of elementary sfectra.
features for chemical mapping in soft X-ray spectromicroscopy. This conceptual approach, named the “building block principle”,
It was found that amino acids with aromatic side chains have provides a useful starting point for the interpretation of the
distinct spectra with signatures that do not change during the spectra of very complicated molecules. However, there are
peptide bond formation. Subsequent computational andlysis  clearly limits to the building block approach. Delocalization of
helped to identify the origin of individual peaks and motivated electronic charge across multiple functional groups leads to new
a more extended analysis of experimental data and theirmolecular orbitals (MO) combining the properties of the
spectroscopic assignments. In this work we present a compre-conjugated groups. In such cases the NEXAFS features of the
hensive set of significantly improved experimental spectra, individual groups can be changed significantly and new features
including now all 20 major amino acids, and give a detailed may appeaf One theme of this work is to explore these limits
spectral interpretation on the bases of experimentally observedin the case of amino acids and to determine which “building
trends for each group of amino acids and on the bases of abplocks” can be considered to be the best for descriptions of the
Initio computations. NEXAFS spectra of amino acids and of larger protein com-
Studies applying innershell excitation spectroscopy to many plexes.
molecule8 have proven that NEXAFS spectroscopy is a It is well-known that amino acids exist in different charge
states depending on the local environment, or pH in the case of
*To whom the correspondence should be addressed. Canadian Lightaqueous solution. We have explored these effects and a detailed
fgfﬁgﬁhel(g)7c|stsr;2kF§3ad’ Saskatoon, SK S7N 5C6 Canada. E-mail: 5,4y of NEXAFS dependence on ion-state formation in the
t Department of Bioorganic Chemistry, Box 581, Uppsala University, Case of glycine will be presented elsewtféneconjunction with
75123 Uppsala Sweden. a study of how NEXAFS reflects peptide bond formation. It
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was found that C 1s NEXAFS spectra are sensitive to proto- With TFA, no polarization dependence of the NEXAFS spectra
nation/deprotonation of the carboxyl and amine groups, even was recorded. However, we found that there was a small residue
though such proton transfers do not directly bond to the carbon of TFA which leads to additional NEXAFS structure at 293
skeleton. Because most of the NEXAFS measurements presente@97 eV?! Since the films prepared from TFA solution were
here have been performed on dried films, where the degree ofsuperior for spectroscopy, we have adopted the TFA preparation
protonation depends on the preparation method, we present somenethod for all the samples reported here, notwithstanding the
of the glycine data to explain the charge structure which is spectral contamination above 293 eV. Additional discussion of
formed with our particular sample preparation method. the charge state of amino acids in solvent cast films from
Initial comparisons of new experimental data with the earlier aqueous or TFA solution and their influence on the NEXAFS
calculationd revealed limitations of the theoretical approxima- spectra is given in section 3.1 which describes the NEXAFS
tions used in the initial calculations. This stimulated the spectra of different glycine preparations in detail.
application of a new modélbased on a polarized ion static The SUNY-Stony Brook scanning transmission X-ray
exchange (STEX) technique. The new calculation method hasmicroscope (STXMp-13at the X-1A beam lin¥ of the National
helped to resolve discrepancies between experiment and some&ynchrotron Light Source (NSLS) at Brookhaven National
of our previous simulationHere, we present new theoretical Laboratory (BNL) was used to measure the C 1s NEXAFS
data, as well as the scheme of the Ca'CUlationS, reerCting theSpectra of the 20 common amino acids at room temperature'
importance of relaxation effects and indicating the limits of the - Ajthough the microscope is capable of imaging thin specimens
static exchange approximation. in transmission with a spatial resolution of about 50 nm, only
This article is organized in the following manner. After the specimens dried from aqueous solution with normal pH
description of the experimental techniques and approximations required study at high spatial resolution. All other samples were
used in the calculations, we present and analyze the NEXAFSmeasured in a defocused mode with a beam size of the order of
spectra of glycine for different charge states. Because controla micron in order to minimize radiation damage (the resulting
of the charge state is done by tuning solution pH, this section dose of about 10Gray is below the threshold for observable
includes a description of the sample preparation methods for mass loss in dry biological speciméfs Some samples were
wet specimens. The main method of preparation of the dried checked for radiation induced damage or chemical modification
films is reported in a separate section. The C 1s experimentalpy imaging the specimen before and after the NEXAFS
NEXAFS spectra of all the amino acids are grouped according spectrum was recorded. Bleaching or other changes in the
to “biological functionality”. Within each group, we present not  specimen structure were not observed for the radiation doses
only arguments which can lead to rigorous assignment of the ysed in these experiments.

NEXAFS spectrum of a particular amino acid, but also focus 16 ¢ 15 spectra presented here were recorded with an energy
on common spectroscopic trends for the group. Wherever ooy tion of 150 meV full width at half-maximum (FWHM),
possible the experimental data are discussed in comparison with,¢ jatermined by measurements of the 3p/4p Rydberg transitions

the results fth our Fheore_t(ijcal calcf:lulatic()jn_s. Jg;Aggmmon” of CO..'® Energy scales were calibrated by adjusting the
properties of the amino acids as reflected in SPeclra strumental scale to place the 3s Rydberg transition i &0

are discussed briefly, and the capability of NEXAFS spectros- 595 g e\17in conjunction with each measurement to ensure high
copy to identify specific amino acids is evaluated. A short accuracy (50 meV) and reproducibility

summary is given in the last section of the paper. 2.2. Calculations.Among ab initio methods commonly used
for calculations of electronic excitation, the static-exchange
approximation (STEX} occupies a special place. It is a separate
2.1. Experimental Methods and Sample PreparationThe state approach in which the excited state is approximated by
amino acids used in this study were obtained from Sigma- the coupling of a target ionic state and an excited orbital
Aldrich in the form of crystalline powders with minimum purity ~ optimized in the static field of the molecular ion. In a sense,
of 99%. They were used without further purification. Most of the STEX method is also the lowest order in a hierarchy of
the measurements were performed on naturally dried specimenspropagator methods. Excitation energies and transition prob-
For thin film preparations the powder was dissolved in a solvent abilities are computed by a single calculation for discrete and
(water or trifluoracetic acid, TFA) and then naturally dried on continuum spectra with respect to the ground and core-ionized
a SgN4 window!® under ambient conditions. The 100 nm thick reference states that are calculated at the Harfreek level.
SizN4 windows (half-transparent for X-rays in the investigated The X-ray photoabsorption spectrum is obtained from singly
energy region) were not treated beyond the KOH etch, acid rinse,excited states described in an independent electron picture using
and water rinse steps of the window fabrication process. Empty the virtual orbitals of the core-ionized system. These orbitals
windows did not show any spectroscopic features across the Care the eigenvectors of a one-particle Hamiltonian that describes
K edge. The concentration of the solutions (typicalfy mg/ the motion of the excited electron in the field of the remaining
mL) was adjusted to produce thin films that partly absorb X-ray molecular ion corresponding to a specific core-hole. In the direct
light. Two different solvents were explored. Amino acids implementation of the STEX approximation used in the present
deposited from aqueous solutions form a highly textured investigationt® the Hamiltonian matrix is constructed directly
structure with typical grain sizes of the order of micrometers, from one- and two-electron integrals computed in the atomic
and with the orientation of crystallites affected by the chemical orbital basis set. A standard orbital basis set for the calculation
properties of the surface ad-layérin such samples we found  of the reference states is extended by several additional diffuse
a strong orientational dependence of the NEXAFS spectra, functions centered at the ionized site (the so-called double basis
which varied for differently oriented crystallites. Such crystallites set technique). Electronic relaxation around the core hole is taken
were too thick for accurate C 1s NEXAFS measurements in into account by the\SCF (self-consistent field) procedure and
transmission. is assumed to be independent of the excited electron, with the
Trifluoroacetic acid (TFA) dries faster and produces more excitation levels converging to a common ionization limit. The
homogeneous films of amino acids than aqueous solutioAs do. inter-channel coupling between different core excitation channels

2. Experimental and Theoretical Methods
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is neglected because of the significant energy and/or spatial(His) which define a spectroscopically distinct group, due to

separation between core holes in most of the molecular systemsthe presence of low-lyingt* structure. The analysis of
The major limitations of the static exchange approximation experimental results versus theoretical calculations for these

are related to electron correlation effects and the effect of species is given in section 3.6.

screening of the excited electron. The former can eventually be  The discussion of the first two entries in the list above are

reduced to the correlation between the target and the excitedcomplemented with results from theoretical calculations per-
electron, but the residual relaxation of the bound electron due formed for Ala, Val, Ser, and Cys.

to the screening cannot be considered negligible for the lowest
excited states. STEX is evidently more suitable for those excited
states that can be reasonably described by “single excitations”,
and, among those, for high-energy excited states of Rydberg or
continuum character. For the lowest core excited states of
valence (oftent*) character, the missing screening results in

We believe that the classification given above reflects not
only the fundamental properties of amino acids, such as the
types of biochemical reactions in which they participate and
their influence on protein structure and reactivity, but it also
highlights the common spectroscopic features within the various

energy errors of about-12 eV. It was recently shown that a groups of amino acid molecules and thus helps to assign their
simple modification of the static-exchange potential can be NEXAF,S featu.res. o .
effective in the short range around the excitation site, while ~ The discussions of the NEXAFS spectra of individual amino
retaining the correct asymptotic behavior for the potentiaPtail. acids are preceded by section 3.1, which, through a discussion
We have applied this screened static-exchange potential ap_of the_NEXAFS spectra of various preparations of glycine (Gly),
proach in the calculation of the NEXAFS spectra of glycine. describes (a) common aspects of the NEXAFS spectra for all
Geometry optimizations and initial SCF calculations of the @mino acids and (b) the ion state expected from the sample
reference ground and core-ionized states were carried outPreparation method employed, and its influence on the NEXAFS
employing triple¢ basis sets with polarizing and diffuse SPectra.
functions. There are of “cc-pVTZ” type with (10s,5p,2d)/ 3.1. C 1s NEXAFS Spectroscopy of Glycinelhe evapora-
(5s,2p)—>(4s,3p,2d)/(3s,2p) functioffSbut without inclusion of tion rate of amino acids even close to their decomposition
f-functions. The STEX Hamiltonian was then calculated by temperature is very lo? which makes it difficult to perform
adding to this basis set a large number of diffuse functions gas-phase NEXAFS spectroscopy in the transmission mode even
(20s18p,20d) to give an augmented basis set. The optimized for a selected set of the amino acids. The low-solubility of most
geometries of the amino acids have been obtained for theamino acids also complicates NEXAFS measurements in
zwitterionic forms and are found to be very close to the solution even at th C K edge. Alternatively, a thin film dried

computed geometries reported previolily. from a solution or deposited from the gas phase can be an ideal
sample for NEXAFS spectroscopy. However, we have observed
3. Results and Discussion that samples obtained by drying unbuffered aqueous solutions

All amino acids have a common backbone of a carboxylic at room temperature tend to form textured structures, which in

acid group and an amino group attached to a saturated carbor{0St cases are oo dense for transmigsion SPectroscopy in. the
atom, referred to asdC Although more than 300 different amino Soft X-ray region. I_n cont_rast, deposition from aC|d|9_med|a
acids have been found in nature, only 20 are commonly found Produces rather uniform films under the same conditions for
as constituents of mammalian proteins. The 20 common aminodrying, and the thickness of these films can be easily controlled

acids have been the focus of this study. They may be subdividedPY @PPropriate dilution. This is a major reason for our choice
into five categories, based on the nature of the side chain (R) ©f trifluoro acetic acid (TFA) as a solvent, and to use naturally
bonded to thex-carbon atom (@): dried specimens as the samples for NEXAFS spectroscopy of
1. Amino acids with simple aliphatic side chains, such as @Mino acids. This choice of preparation raises some questions
alanine (Ala), valine (Val), leucine (Leu), and isoleucine (lle) worth considering. _Wha_t is the charge state_of the amino acid
Their NEXAFS spectra are described in section 3.2, with an S8mPples prepared in this way? How does this state differ from
emphasis on the role af*cy bond formation. the charge state of the respective amino acids in aqueous
2. Amino acids with alcohol-OH, —SH, and—SCHy group ~ Solution?
side chain, including serine (Ser), threonine (Thr), cystein (Cys), ~For the ground state of amino acids, gas-phase experiments
and methionine (Met). Their NEXFAS spectra are discussed in have shown that the carboxyl and amine functional groups are
section 3.3, including discussion of the effect of hetero- well preserved? In unbuffered aqueous solution as well as in
substituted carbons on the C 1s spectrum. the solid state, amino acids predominantly form a zwitterionic
3. Amino acids with carboxylic acid or amide group side structure, with a protonated amino group and a deprotonated
chains, such as aspartic (Asp) and glutamic (Glu) acids, andcarboxyl group (HN*—CHR—COO", where R is the amino
asparagin (Asn) and glutamine (GIn). acid residue). In solution there is a dynamic equilibrium between
4. Amino acids with strongly basic group side chains, such the uncharged ground state, the zwitterionic form, and possible
as lysine (Lys) and arginine (Arg). Their NEXAFS spectra are charged species. The position of this equilibrium depends on
considered together with those of the previous category due tothe pH of the solution. In the case of dilute Gly agueous
common trends; the splitting and energy shift observed for high- solutions with a pH lower than thekp = 2.34, most of the
energy n* structure due to carboxyl substitution and the molecules remain in the ionized form {N—CH,—COOH)".
spectroscopic fingerprint of<€N bond have primarily attracted At higher pH the Gly is predominantly in the zwitterionic form.
our attention and are discussed in section 3.5. The result forFor very high pH (pH> pK; = 9.60), the amino group loses
proline (Pro) is also included with this group to distinguish the the proton as well and forms gN—CH,—COO) ions. Are
characteristic features of an imino group (cyclic amine) relative these charged structures preserved upon drying? In an attempt
to the amino group. to answer this question, as well as to check the influence on
5. Amino acids with aromatic side chains, such as phenyl- the NEXAFS spectra of the different charge states, we have
alanine (Phe), tryptophan (Trp), tyrosine (Tyr), and histidine performed NEXAFS measurements of Gly solutions with
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Figure 1. NEXAFS C K edge spectra of glycine. Except where noted, experimental data are shown as plotted points; individual fitted peaks and
the edge step-function are shown as continuous lines; and the total fitted spectrum is shown as a dashed line. (a) Spectra of glycine in 1.3 M, pH
= 6.4 aqueous solution (top), in pH 1.2 acetic aqueous solution (middle) and dried from this solution (middle; solid line shifted upward), and
dried from trifluoroacetic acid (TFA) solution (bottom) along with the gas-phase spectrum of TFA (bottom; dashed line). (b) Expansion of the
NEXAFS spectra of Gly in solution (pH 1.2 above, pH= 6.5 below) for the near-IP energy region.. The oscillator strengths (right axis) of
individual transitions, as calculated in a screened STEX approximation, are shown by vertical bars (fine bars for carboxyl transitions, and thicker
bars for Qx transitions). (c) Detail of the NEXAFS spectrum of Gly, dried from TFA solution. Individual transitions, as calculated using a nonpolarized
core STEX modified to coincide with the experimental spectrum, are again shown by vertical bars.

TABLE 1: Absolute Energies, Term Values and Proposed Assignment for the Features in C 1s NEXAFS Spectrum of Glycine

STEX
energy (eV) 289.7 289.9 291.
term valué 4.0 3.8 4.7
STEX origin 0% cNH o*cH T* c=0

IP={293.7,295%
STEX with polarized core

energy (eV) 288.3 288.9 289.8 291.6 292.3
term value 7.4 4.8 3.9 2.1 1.4
STEX origin T* c=0 o*cn 0*cH o*/Rydberg

IP={293.7,295.y
experiment, peak position
IP={292.3 (Gv), 295.1 (CO)

energy (eV) 288.6 289.4 290.8 294.3 300.4

(acidic media) 297.0 302.0
term valué 6.5 3.0 15 —2(0) -5.3

(acidic media) -1.9 —6.9
glycine (Gly) assignment T* =0 0* envlo* ch o*cN o*cc 0*cc 0*coo- 0*c=o0

2Term value= ionization potential (IP)- excitation energy, where IP values for Gly is taken from gas-phase XPS“data.

controlled pH. A more detailed publication will folloWin this in the NEXAFS spectra. The cell was examined under an optical
article we restrict our attention to acidic media only. microscope, and Newton-type interference rings were used to
A 1.3M aqueous solution of Gly (pH 6.3) was mixed with estimate the thickness of the liquid layer.

4 M HCI to prepare samples with different pH. A tiny drop The NEXAFS spectra of Gly aqueous solutions are presented
(~50 uL) of amino acid solution was placed on onesN\gj in Figure la. The peak positions and assignments of the
window. A second silicon nitride window was then gently transitions in the NEXAFS spectrum of Gly are outlined in Table
pressed upon the lower one, and aligned and sealed with gluel. Only NEXAFS spectra of the samples with normal (pH
(Torr Seal epoxy, Vacuum Product Ltd.) to prevent water 6.3) and lowest pH (pt 1.2) of the dried samples are reported
evaporation and drying. No sign of glue pollution was observed here; others exhibit similar trends. Fits to multiple Gaussian
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lines were performed to determine the positions, widths and is lower than K1, then the carboxyl group is protonated and
relative intensities of individual bands. The continuum step there is a COOH structure, as in the vapor phase. This results
function centered at 292.3 eV is generated by the convolution in two distinct C-O bonds. The bond lengths for gaseous Gly
of a square step with a Gaussian. This function was assumedareRe—o = 1.21 A, andRc_on = 1.35 A, typical of bond lengths

to be the same for all Gly spectra. In our analysis we used a for protonated carboxyl groups in other organic substances. On
single-step function, although for has phase there are two the bases of these bond lengths and the bond length correla-
ionization potentials (IP) at 292.3 and 295.1 eV for the &hd tions?® the expected term values ares and—2 eV, respec-
carboxyl groups, respectivel.A two-step function fit leads tively. The fitting analysis performed for the spectra of samples
qualitatively to the same picture, only with intensities of the at pH below [K; reveals such a splitting with term values of
~291 and~294.3 peaks slightly renormalized. Because the —6.9 and—1.9 eV, calculated assumingdfon = 295.1 eV
qualitative picture remains the same, and because quantitativeFigure 1a supports our assignment: the same two-peak structure
oscillator strengths are not the subject of this work, we have is observed for both dried (shown as a thin continuous line
used only a single-step function to fit the continuum contribution shifted up) and wet (the experimental points as triangles)
and Gaussian functions for the discrete line shapes. In Figure 1specimens. The NEXAFS spectra therefore indicate that the
and other plots, individual fitted peaks are shown by fine lines, charge state of the Gly molecule is preserved through the drying
experimental data as markers with the sum of the fitted line processes. This conclusion is also supported by the observation
drawn through, and residual functions as lines at the bottom, of a different texture formed by films dried from solutions with
indicating the fitting quality. Note that the Gaussian fits used pH below and abovel;.

for Figure 1, and in all other spectral analyses in this paper, are  The NEXAFS spectrum of dried Gly, deposited from TFA
free fits without fixed or constrained parameters. Fits which splution, is shown in the lower panel of Figure 1a and details
have different numbers of lines with quite different line of the low-energy region are plotted in Figure 1) (experimental
parameters (widths, positions) could be envisaged which would points are marked as diamonds). Above the ionization edge
be considered better representations of the underlying spectra{g > 292 eV), the experimental spectrum of dried Gly deposited
physics. However, we have chosen to retain this fitting approach from TFA solution shows three peaks at about 293.6, 295.7,
which has the virtues of simplicity and minimal presupposition and 297.5 eV. Because these three peaks are absent for samples
of the final answer. Perhaps the most common limitation of from the aqueous solutions, and because the NEXAFS spectrum
these fits is the frequent occurrence of an overly large continuum of gaseous TFA (drawn by a light thin continuous line in the
step width that results in an intense |OW-energy tail which robs lower pane| of Figure ]_a) shows three Sha'rfrresonances at

spectral intensity from some of the discrete peaks. the same energi@8,we may confidently trace their origin to
The building block principle applied to Gly predicts distinct the TFA solvent, which apparently was not removed completely
peaks in the NEXAFS spectrum dueddc-n, 0*c-c, 0*c-n, by the air-drying. The peak height of these impurity lines

0*c—o, anda* c—o states. The energy of C-t* transitions suggests that only a small amount of TFA is left after drying.
can be correlated with the length of the associated B&nd; Except for the carboxyfr* structure, TFA does not have any
the term values (T\V= IP — E) for C—N(Rc—n = 1.46 A), intensity below 292 eV, and so the low-energy region of the
C—C(Rc—c = 1.52 A), and &O(Rc—o0 = 1.25 A) bonds are  Gly samples deposited from TFA solvent looks similar to the
typically 1, —1, and—5 eV, respectively* For the NEXAFS NEXAFS spectra of specimens crystallized from aqueous
spectrum of Gly (solution, pH 6.3, Figure 1a), peaks are found solutions. To be exact, the main peak is a little wider in the
at 290.8, 294.3, and 300.4 eV. Assuming the ionization case of TFA-deposited Gly, and it is better fit by a combina-
potentials (IPs) for Gly to be equal to 292.3 eV for the methyl tion of two separate peaks, as shown below. The low-energy
and 295.1 eV for the carboxylic carbon, as found in gas-phaseintense peak is presumably coming from TFA, where it is shifted
XPS measurementd,the experimental term values (TV) are by 0.1 eV to lower energy relative to the gas phase TFA
1.5,—2, —5.3 eV. We therefore identify the 290.8 eV peak as spectrunt®
arising from C 1s(@)—o*c-n transitions, the peak at 294.3 The detailed low-energy structure for the NEXAFS spectra
eV as C 1s(@)—o*c-c transitions, and the peak at 300.4 €V of Gly thin films crystallized from pH controlled solutions are
as C 1s(GO)—o*c-o transitions. These assignments are shown in Figure 1b, with the spectrum of acidic solution (pH
in close agreement with those proposed for Gly adsorbed on~ 1.2) marked as light triangles shifted up with respect to the
Cu(110)?2" The broad peak at-291 eV, assigned above to  NEXAFS spectrum of the unbuffered solution (dark triangles).
C 1s—o0*c-n transitions, has a fwhm of 3 eV. This feature was The low-energy parts of the two spectra are similar: they are
not observed in the spectrum of chemisorbed Gly as an dominated by a sharp peak at 288.6 eV. Such a peak can be
individual peak, but it may correspond to a shoulder seen in found in the NEXAFS of all carboxyl compounds. It can be
polarization resolved spectf&?’ The difference between the  assigned unambiguously to the C 1s(COOHY transition. Its
chemisorbed and solid state Gly spectra may be the result ofposition remains the same within the accuracy of our measure-
chemisorption which modifies mostly states related to N and ments (50 meV) whether the carboxyl group is protonated.
O, i.e., the two atoms which are closest to the Cu surface This peak, contrary to that reported for acetic a”@|dj]as no
participating in the chemisorption bonding. Still, the peak seems yisible low-energy shoulder. The fitting suggests there is an
too wide for a Single bond; pOSSiny different transitions near additional peak at 289.3 eV, as shown in Figure 1c. This m|ght
the IP contribute to the strength of this peak. According to the pe considered to be an asymmetry of the main line rather than
calculations (shown below) there are many low-intensity transi- 3 separate peak, and could possibly be an artifact of our fitting
tions associated with the carbenarbon bonds that are in the analysis (recall that a Gaussian line shape was assumed).
same energy range. As a result, the relative intensity of this However, polarization measurements of the textured aqueous
peak should probably increase for the larger amino acid cast samples show that this is indeed a separate peak which is
molecules. well distinguished for some crystallites and which shows a clear
In highly acidic media the~300 eV peak in the NEXAFS  orientational dependence different from that of the m&isoon
spectrum of Gly is expected to spilt into two peaks. If the pH peak.
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Figure 2. Detailed C K edge NEXAFS spectra of the aliphatic amino acids: alanine, valine, leucine, and isoleucine. The spectra are normalized
to the mass absorption coefficients for the appropriate elemental comp®4itigive a direct measure of the molecular mass absorption coefficient.
The spectra were fit to multiple Gaussian peaks (solid lines) as described in the text: the sum of these fits is shown as a dashed line, the data are
shown as points near this line, and the residuals of the fits are shown at bottom.

The theoretical spectra of Gly are shown below the experi- amino acids are shown in Figure 2 while the energies, term
mental spectra in Figure 1b,c as bar diagrams with bar heightsvalues, and proposed assignments of spectral features are
proportional to the oscillator strength. These computed spectrasummarized in Table 2. The spectra were normalized to atomic
are discussed later in conjunction with the results of the STEX scattering facto in order to give a direct measure of the amino
calculations. Here we note that in both standard and polarizedacid mass absorption strength. The lower energy side of each
ion STEX approximations, the main peak at289.5 eV spectrum was fit with a combination of Gaussian functions in
originates from the C 1s@—o*cnn excitations. As an order to determine the spectroscopic trend. The separate peak
independent confirmation we have measured NEXAFS spectracontributions are drawn in thin lines and the fitted spectrum is
of Gly thin films crystallized from aqueous solutions having shown as a continuous line drawn through the experimental
different pH, and the specimens with pHpK; (above which points shown by markers. We have restricted the analysis to
the amino group loses a proton) show different NEXAFS the part below 292 eV in order to avoid overlap with the TFA
features at-290 eV? This is clearly a deviation from the simple  peaks. The high-energy side is fit by a step function, broadened
building block approach since the NEXAFS spectrum cannot by a Gaussian. The number of Gaussian lines used, as well as
be reduced to the sum of pair bond features; instead, the wholetheir parameters, were determined from optimization of a free
amino group (more accuratetyCNHs;) needs to be considered fit, i.e., without any parameter constraints. This likely leads to
as a building block. To summarize: a situation where contributions of individual states remained

o First, although the sample preparation procedure leaves theunresolved in some cases and so appear as a single broad band.
amino acid molecules in a charged state, the low-energy partin particular, as in the case of Glyotho* c—c ando* c—n bonds
of the spectra does not exhibit any additional structure with contribute to the oscillator strength near the IP. In the present
respect to the zwitterionic state and so can be directly comparedanalysis their contributions cannot be distinguished from near-
with our calculations of the C K edge spectrum of the IP excitations, so the energy position of the step function, as

zwitterionic form. well as its Gaussian broadening, are left to be determined by
» Second, we can identify two building blocks common for the fitting procedure, and thus the step function represents all
all amino acids: the carboxytCOOH group, and theCNH; near-IP excitations.

group. The carboxyl group leads to the sharp, intense line at The fit reveals four groups of peaks present innre@X edge
288.65 eV, assigned to the C1s* state. Theo* excitations spectrum, as shown in Figure 2. All experimental spectra are
originating from the C-O bond of the carboxyl group appear dominated by a strong peak at 288450.05 eV that can be
on the high-energy side of the spectra and can be observed eitheassigned unambiguously to C 1s(CO®x* transitions. Except
as two separate peaks (protonated), or one broad (deprotonatedpr a small shift from Gly to Ala €0.05 eV), the peak does
peak depending on the charge state. not change position and coincides with th& resonance

« Third, the methyl group, which leads to a low-energy peak reported previously for acetic and propionic acii$wo lines
at~288 eV in chemisorbed GRF:2” cannot be considered as a separated by 0.2 eV make a better fit for theAlspectrum,
good building block. Instead the CNH3z group, which can be  although for Val they are spaced more closely € 0.1 eV).

identified by the peaks at290.8 eV (with mostly C 1s'oc—n* Such a splitting is likely a sign of more complex internal
character) and the shoulder at 289.3 eV, can be used as atructure of the main C 1s(COS)z* line. We attribute this
building block. internal structure to vibronic broadening, although an additional
3.2. Amino Acids with Simple Aliphatic Side Chains: peak may result from TFA solvation. More precise gas or liquid
Alanine, Valine, Leucine, Isoleucine Aliphatic amino acids, phase experiments are needed to unambiguously establish the

such as alanine (Ala), valine (Val), leucine (Leu), and isoleucine source of the apparent splitting of th&c—o peak in Ala and
(lle), have nonpolar side chains which do not bind to a surface, Val.

which do not release protons, and which do not participate in  In all four molecules, the spectra of which are plotted in
hydrogen or ionic bonds. The side chains of these amino acidsFigure 2, there is clear evidence for a shoulder on the high-
can be thought of as “oily” or lipid-like, a property that promotes energy side of the main line, at abot289 eV. It is most
hydrophobic interactions. NEXAFS spectra of this class of evident in Ala. The peak position is0.4 eV lower than a
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TABLE 2: Absolute Energies, Term Values, and Proposed
Assignment for the Features in C 1s NEXAFS Spectra of
Aliphatic Amino Acids

(a) Alanine (Ala)

exptl theory (STEX, no screening)
IP>: Co=292.2(1), IP: Ca=292.9,
Cehain= 2910(2)1 Cchain= 291.6,
COOH=295.0(1) COO =294.3
assignment energy (eV) term(eV) energy (eV) term (eV)
CHsz 0*cn ?287.6 34 287.9 37
288.8 2.8
CH—NH3z* 0*cnn 289.6(2) 2.6 289.1 3.7
COOHx* 288.6(1) 6.4
(b) Valine (Val)
exptl theory (STEX, no screening)
IP: Co=292.2(1), IP: Ca =292.6,
Cehain= 2910(2), Cchain= 291.4,
COOH=295.0(1), CO0=294.2,
Chranch= 290.5(2) Chranch= 290.5/291.2
assignment energy (eV) term(eV) energy (eV) term (eV)
CHo*ch 287.5(1) 3.0 287.6 2.9
CHsz 0*cn 25 ~288.5 ~2.5
CH—NH3z*" 0*cnn 289.0(2) 3.2 289.2 3.8
COOHz* 288.6(1) 6.4
(c) Leucine (Leu)
exptl
IPP: Cau = 292.2(1), COOH= 295.0(1), Ghairt = 290.7(3)
assignment energy (eV) term (eV)
CH2 U*CH 2879(1} 2.8
CH, CH; 0*ch 287.2(1) 35
CH_NH3+ U*CNH 2890(2) 3.2
COOH* 288.6(1) 6.4
(d) Isoleucine (lle)
exptl
IPP: Cau = 292.2(1), COOH= 295.0(1), Ghairt = 290.7(3)
assignment energy (eV) term (eV)
CHy 0*ch 287.6(1) 3.0
CH—NH3z* 6*cnm 288.8(2) 34
COOH* 288.6(1) 6.4
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for such short molecular chains consisting of branch€@H,—
CHs pairs. In addition, the line width seems to be more
appropriate foro* bonding.

Core-excited Rydberg states have been identified in the past
generally on the basis of characteristic term values, which for
the lowest energy s, p, and d Rydberg states are arourd 4.5
3.5eV, 3.2-2.4 eV, and 1.6 eV, respectively. Transitions to
Rydberg states should form a series of sharp peaks, but these
are rarely observed in core excitations on account of large
natural line widths and peak overlap. As noted for gas&ous
and solid® alkanes, the assignment of low-energy peaks in
aliphatic systems is somewhat controversial with both Rydberg
and C-H valence-type resonances assignments proposed. Outka
et al®® have shown that low-eneydC K edge peaks in oriented
polyethylene and aliphatic LangmuiBlodgett films exhibit a
polarization dependence which seems inconsistent with Rydberg
assignments. One may furthermore have Rydberg-valence
mixing making it impossible to make an either-or assignment
of the peak character. In the solid phase the extended Rydberg
states form bands instead of a series of individual péa¥s.

As a result, the intensity of Rydberg related NEXAFS peaks is
supposed to decrease. We believe that even for small amino
acids, such as Gly and Althere is no evidence of contributions
from Rydberg states so we choose to label such pealtsqas

For Val, a low-energy peak appears at 287.5 eV, while the
spectrum of Leu is better fit by two closely spaced lines at 287.2
and 287.9 eV. These two lines appear to merge to form a broad
line at 287.6 eV with a 1.25 eV fwhm in lle. The-€C and
C—H distances are almost the same for the different aliphatic
side chains, so we do not expect a shift of tfigpeaks due to
bond length dependence. The positions of individual lines may
still vary due to differences in IP or as the result of splittings
due to bond-bond interactions. The calculated partial charges
of the side-chain carboffsare as follows:qcs(Ala) = —0.09
ecu; terminated atoms of Va —0.072 ecu; Leu= —0.011
ecu, where two others haved.074 ecu; lle= —0.02,-0.075,
0.075, and—0.075 ecu. If we assume that the energy position
of this peak is primarily determined by electrostatic energy, we
should have one peak for Val. In addition to this peak, the Leu
spectrum should have a shoulder/peak at high energy, and the

aThe lines whose energies are in boldface are well-resolved and Il€ spectrum should look like that of Val, only with higher peak
may be clearly seen on Figure 2Experimental XPS data for Gly gés
is modified for other amino acids to reflect the tendency, reported for with only one difference: the low-energy tail for Val starts at

saturated hydrocarbof%. ¢ Estimated, based on similar data for

saturated hydrocarbdf.

intensity. This is very close to the experimental observation,

287 eV, while for Ala it begins at 287.3 eV. We speculate that
this is evidence for electron redistribution in the C4sgc_y

similar peak in Gly, and remains the same from Val to lle. Its ©xcited states, such that excitations on the side-chain atom next

origin has already been discussed in the case of Gly. Theory!0 theo-carbon are affected by the amino group.
suggests assignment of this peak to*gny state, with C 1s(@)
and C 1s(side chain) excitations tdc—y and o*c—c states
contributing to the oscillator strength in this region.

The NEXAFS spectra of Val, Leu, and lle also contain one 7*c—o peak. The increase of the continuum intensity for

or more low-energy peaks~@87.6 eV), the position and

In the experimental spectra the intensity above Afie—o
peak grows from Gly to lle, in proportion to the number of
carbon atoms, at a more rapid rate that the intensity below the

complex molecules compared to that of a simple one (Gly) is

intensity of which depend on the character of the side chain. consistent with absorption cross section calculations based on
Similar low-energy side peaks have been reported for saturatedatomic scattering factof,and reflects the ThomasReiche-
hydrocarbong? where they were assigned to mixelc, ch,/
3p Rydberg transitions. Further investigations performed for absence of any other distinguishable features above 290 eV may
oriented polyethylene films reveal a polarization dependence be explained in a different manner. If we assume that broad
and suggests the presence of two bands assigned asd
0* c—n bonds®34The resonances associated withr* cy bonds
become broadened upon chemisorption, forming bands insteadange, and the near constant intensity of the “289 eV” line in
of the individual peaks. Our calculations for Ala and Val (Figure the AlaVal-Lewlle sequence, suggests that a major density of

3a,b) suppdra C 1s(@)—C—H origin of the low-energy bands,

but an assignment to C 1s(side chatw)*cn transitions may
be more appropriate, since th& symmetry will not be strict

Kuhn sum rulé®4! applied to these species. However, the

peaks around 292 eV correspond to C-&C—C transitions,
then the low-intensity of the peaks in the 28788 eV energy

the wave function of the carbon atom in the side chain is
concentrated on the carbon atoms, with very little associated
with C—H bonds. It thus seems that increasing delocalization
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Figure 3. Calculated oscillator strengths for transitions in alanine, valine, cysteine, and serine, along with their experimentally observed spectra.
For clarity, side-chain carbon contributions are shown as negative-going lieesp@ributions are shown as wider positive-going lines, and
carboxyl contributions are shown as narrower positive-going lines. The energies for oscillator transitions were calculated in the nonp@arized co
STEX approximation; the theoretical energy scale had to be shifted to match the experimental scale by using IP values of 0.6 eV for alanine, 0.4
eV for valine, 1.7 eV for cysteine, and 0.9 eV for serine. The energy positions of the C 1st€0®@)o transitions were shifted to lower energy

by 2.1 eV for alaning2.3 eV for valine, 1.7 eV for serine, and 1.1 eV for cysteine to account for incomplete screenihgtafes in the nonpolarized

STEX calculations.

in a longer chain affects excited orbitals with density concen- specified in each case). The resulting modified spectrum is then
trated along the €C bonds more than those that are relatively further shifted by the difference between the experimental and
localized on G-H bonds. calculated IPs, which is typically 0-5L eV. As a result of this
The computed spectra of Ala, Val, Cys, and Ser are presentedoperation the position of ther* peak coincides with the
in Figure 3. The bars represent the oscillator strengths of experimental value. The resulting total shift is 2.7 eV for Ala
particular transitions. They are displayed in three categories: and Val, 2.6 eV for Ser, and 2.8 eV for Cys (Figure 3). One
fine-type lines are associated with transitions at the carboxyl may argue that such an “arbitrary” shift would also affect the
atom, while solid lines indicate C 1s andx@Xxcitations. The intensity as well as the energy position of other states. This is
combined contributions from side-chain carbons are shown with correct, but we expect this to be a small effect for the electronic
a negative sign, so that they appear below the zero line. To states that originate on the side-chain carbons because of high
compare to experiment, the sum of the theoretically calculated spatial separation. Its influence arcarbon states is also minor
oscillator strengths is overlaid on the experimental spectrum due to the difference in polarization behavior. Fer,&he most
(which is in turn shown by markers). As already discussed for pronounced terms originate froo cny States mixed witlo* oy
Gly, the STEX approximation overestimates the C & (~289 eV), which have mostly an-planeorientation, whereas
excitation energy, while reproducing well excitations involving thes* peak has mostlput-of-planecharacter, and so they have
o* and Rydberg statesThis is of no surprise if we assume very little overlap with each other. To prove the validity of such
that the major unaccounted contribution in STEX is associated a semiempirical approach, we prepared the Gly spectrum
with a Coulomb interaction between the created core-hole andaccording to the suggested procedure (carboxyl contribution is
the excited electron. The perturbation of a virtual orbital by a shifted by 2.3 eV) and compared it to the polarized core STEX
core hole will be proportional to the weight of that orbital at calculations in Figure 1b,c. Good agreement is observed.
the core-hole atom. As a result, the shift fdrexcitations which Although contributions from side-chain carbons to the
results from higher electron density at the excited atom is much NEXAFS spectra are obscured and mixed with transitions
larger relative to that for the less localizetistate excitations. coming from thea-carbon atom, the calculation reveals a shift
As we see in Figure 1b, the “polarized core approximation” of side-chain carbon oscillator strength with respectdo This
almost accounts for such a shift in the case of Gly, so the is already evident in the case of the theoretical analysis of Ala,
carboxylz* structure appears at an energy very close to that where the lower energy €H transitions from chain carbons
observed experimentally. As in the experimental spectrum, the (shown below the zero line) are shifted by 0.7 eV relative to
theoretical modeling shows the C-tg* transition is the lowest the lower energy & contribution. Experimental spectra indicate
energy structure in Gly followed by less intense C-1¢ the same behavior, but suggest smaller oscillator strengths for
transitions at the-CNH3; and —CHj functional groups (Table  the states associated with low-energy i€ excitations in the
1). The resulting shift of less than 0.5 eV is also reflected in a side chain. In the case of Val, the low-energy peak (at 287.6
comparison of IP values, and there is very good correspondenceeV) is dominated by C 1s(CGit—o*c—y excitations. The
between experimental and theoretical data. On the other handcalculated IP values (290.5 eV foryg 291.3 eV for G,, and
the ordinary STEX underestimates the term value for-Gi%s 291.4 eV for @) are consistent with computed partial charge
transitions and predicts an extended preedge structure (Tablenumbers’! which supports the idea that low-energy peak
1). Note that the position as well as the oscillator strength positions in aliphatic amino acids are primarily determined by
associated witlo* lines vary little, and so, in the absence of electrostatic electronAnuclear attraction.
extended ab initio calculations with polarized core for the larger  Another effect of R-group size on C 1s(side chain) excitations
amino acids, we have used the following renormalization predicted by the calculation is intensity transfer from the discrete
procedure to improve the ordinary STEX results in an ad hoc peaks to the continuum. This is consistent with the experimental
fashion. The “additional screening” from the core hole-excited trends where, as already noted, the intensity of the preedge
electron Coulomb interaction may be taken into account by structure E < 289 eV) decreases relative to that of the high-
shifting the 7z* peak alone to lower energy in the spectrum energy signallE > 289 eV) as the side-chain length increases.
computed in the standard STEX approximation (by2leV as Because the intensity of Rydberg states at the carboxyl group
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Figure 4. Detailed C K edge NEXAFS spectra of serine, threonine, cysteine, and methionine. The solid lines are the result of spectral decomposition
into Gaussian components using least-squares curve fitting. Data processing and symbols as described in the caption to Figure 2.

Cys is estimated to be 290.7(3) eV, similar to that of thiol&he,
which gives ao*cs term value of 3.3 eV, 0.6 eV higher than
that in thiolane. Although such a high term value is in agreement
with bond length correlatidf (the C-S bond length for cysteine
is 1.83 A compared to 1.53 A for thiolane and 1.39 A for
thiophene A = 3.2 eV)), we believe that the peak positions
for sulfites are mostly determined by the IP value, as one can
see in the case of Met. After renormalization, the STEX
calculation reproduces nicely the Cys experimental spectrum.
As seen from Figure 3c, the intensity on the low-energy side
of the 7* c—o peak is mostly obr* cs origin. The existence of a
and —SCHz Groups: Serine, Threonine, Cysteine, and low-energy @ contribution is more controversial. The large
Methionine. The amino acids of this group have uncharged shift (1.7 eV) which was needed to align the theoretical and
polar side chains and a zero net charge at neutral pH. SerineexperimentaC K IP values for Cys is most likely due to the
(Ser), threonine (Thr), and tyrosine (Tyr, see section 3.6) eachlimited basis set for S used in the calculation. This basis set
contains a polar hydroxyl group that can participate in hydrogen factor may also affect the CIP value and thus it could push
bond formation. This class of amino acids, as well as asparaginedown artificially the C 1s(@)—0o*cnn transition energy.
(Asn) and glutamine (GIn), plays a major role in the formation ~ The fitting of the Met NEXAFS spectrum shows there are
of the tertiary structures of proteins. Among the most important two peaks in the low-energy signal at 287.2 and 287.9 eV. This
is cysteine (Cys), which contains a mercapto-groufii). Cys appears to be a contradiction to assignment of the low-energy
plays an active role in enzymes. In proteins th8H group of excitation to C 1s(€ S)—o*cs transitions, because the-G
two cysteines can become oxidized to form a dimer (cystine) bond lengths of-C—SH and—S—CHjs groups are equivalent,
which contains a covalent cross-linked disulfide bort5{ and are about 0.05 A shorter than that of cysteine, so a single
S—). Polar hydroxyl groups (Syr and Thr) can participate and peak at somewhat higher energy is expected. The calculations
serve as an attachment site for the phosphate group andof the ground-state chargésuggest that the main difference
oligosaccharide chains in glycoproteins. between those two carbons arises from partial charge9df9
The NEXAFS spectra of these compounds are presented inecu and-0.12 ecu for the carbons in theC—SH and—S—CHjg
Figure 4, while the results of theoretical calculations for Cys groups, respectively. For aliphatic amino acids, we estimate a
and Ser are shown in Figure 3c,d. Energies, term values, andcharge difference of 0.1 ecu can shift a peak by 1 eV, which is
proposed assignments are summarized in Table 3. In contrastlose to the observed 0.7 eV splitting between the two low-
to the aliphatic amino acids, the members of this group have O energy peaks in Met.
and S atoms in the side chains, making it appropriate to study The spectrum of Ser, as that of Gly, does not exhibit structure
the influence of atoms with different electronegativity {SC below the main C 1s(COB)w* c—o transition. The integrated
~ 2.6 and O~ 3.4 > C), particularly on the low-energy part 7*c—o intensity is comparable to that of Ala, although the peak
of the C K edge NEXAFS spectra. As the L shell of the S atom is more compact in Ser and so a distinct shoulder appears at
has a substantial cross section in the investigated energy rangethe high-energy side with no intensity below the carbaxyl
all S-contained amino acids (Cys and Met) are semiabsorbingpeak. The calculation of Ser seems to be in accordance with
even below the carbon K edge. the experimental picture (Figure 3d). After renormalization of
There is a pronounced pre-peak structure at 287.4 eV in the energy scales, the C 1s(gtto* cy transition appears0.5
Cys that is absent in Ala and Ser. This can be assignedeV higher than that originating from thexxcitation, and both
unambiguously to the carbon connected to the mercapto group.peaks are predicted to occur on the high-energy side of the main
Assignment of this peak to C 1s{€S)y—o0*¢s transitions is a* peak.
supported by comparison with early studies of organo-sulfur  Based on the molecular structure, the spectrum of Thr should
compounddg?-*4which showed that C so*cstransitions are ~ be related to those of Ala and Ser. It shows indeed a
located 2-4 eV below the C 1s(€S) IP with very little low-intensity preedge signal as in Ala, and an intense shoulder
dependence on the-€S bond length. The C 1s(€S) IP in as in the Ser spectrum. Our fit togtl€ K edge spectrum of Thr

is small or negligible, the intensity of the high-energy part of
the spectrumBE > 291 eV) is dominated by excitations at the
side-chain carbon, in particular tc_c states. For instance,
the contributions from the € atom and the carboxyl group in
the NEXAFS spectrum of Ala appear to be similar to their
counterparts in the Gly spectrum, but with an additional,
relatively strong absorption at 290 eV originating from methyl
group carbon 1s excitations &c—y ando* c—c near-degenerate
levels. Further details of our interpretation of the C 1s NEXAFS
spectra of the aliphatic amino acids are provided in Table 2.
3.3. Amino Acids with Side-Chain Alcohol —OH, —SH,
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TABLE 3: Absolute Energies, Term Values, and Proposed
Assignment for the Features in C 1s NEXAFS Spectra of
Amino Acids with Side-Chain Alcohol —OH, —SH, and

Kaznacheyev et al.

media (such as in TFA solution), all these side groups as well
as the backbone amino and carboxyl groups are protonated, and
as we saw in the case of Gly, the drying preserves the charged

—SCHj; Groups? . . . -~ . ;
: P state that existed in solution. As indirect evidence of protonation

due to the presence of TFA, we note that the peaks at-294
theory 298 eV (not shown) that are associated with residual TFA were

(a) Serine (Ser)

exptl (STEX, no screening) about twice as intense as those for Arg and Lys as for the other
IPP: Cou = 292.2(3), IP: Co=292.8, amino acids. Twice as much TFA is needed to neutralize the
COOH=295.0(1), CHOH = 293.4, doubly charged Arg and Lys ions deposited from TFA solution.
CH,OH? = 292.5(3) COO =294.2

With such a distinction in mind, we anticipate to observe: (a)

assignment energy (eV) term(eV) energy (eV) term(eV)  gninfluence of substituted carbonyls@OX, X = NH, or OH)
CHy 0% cn 289.8 3.6 on the location of the C 137* co structure, (b) spectroscopic
CH-NHz" o*cnv 289.6(2) 2.6 289.3 35 features of &N double bonding, and (c) a possible distinction
COOHx 288.6(1) 64 between imino and amino groups in regards to their appearance
(b) Threonine (Thr) at the carbon K edge.
exptl The C K edge spectra of this group are presented in Figure
IP>: Co = 292.2(3), COOH= 295.0(1), 5 while energies, term values, and assignments are listed in
CHg®=290.7, CHOM = 291.5(3) Table 4. The spectra of the amino acids with two carboxyl
assignment energy (eV) term (eV) groups (Glu and Asp) have an intense line centered at 288.60(5)
CHs 0% o 287.6(1) 31 eV with a fwhm of 0.6 eV, which is narrower than th&c—o
COOH0*cn ' 39 pea_lk of Gly. The fitting_for both Asp_ and Glu suggests that the
CH—NH3" 0* e 289.3(2) 2.9 main i* c=o peak consists of two lines separated by 0.2 eV.
COOHz* 288.6(1) 6.4 High-resolution gas-phase experiments could help to confirm
(c) Cysteine (Cys) this su_ggestion. The major difference from Gly is t_he presence
" of a high-energy shoulder on the 289292 eV region. This
ey feature is similar to that found in the aliphatic amino acids. In
exptl (STEX, no screening) L
1P Ca = 292.2(1), IP: Cou = 293.0, contrast, Gly has a distinct peak at 291.2 eV.
COOH= 295.0(1), Cenain= 292.4, Asparagine (Asn) and glutamine (GIn) have structures similar
Clohain=290.7(3) COO” =294.4 to those of Asp and Glu, respectively, except for the substitution
assignment energy (eV) term(eV) energy (eV) term(ev) Of the —OH group by—NH,. Both have a maim*c—o peak
HS—CHy 0% s 287.4(1) 33 289.0 34 with maximum at 288.5(1) eV, which is wider (FWHM 0.8
CH—NH3z" 0* o 289.3(2) 29 289.5 35 eV) than that in Asp or Glu (Figure 5). The fit indicates that
COOHz* 288.6(1) 6.4 the additional width is associated with a second low-energy peak
(d) Methionine (Met) with a separation of 0.3 eV (Asn) or 0.4 eV (GlIn). The effect
y of substitutients (X) with different electronegativity on the
exp energy and oscillator strength of thetc—o orbital has already
b- = L=
_ P Ca = 292.2(1), COOH= 295.01), Conan= 290.7(3) been reported in a study of formamide, formic acid, and formyl
assignment energy (eV) term (eV) fluoride #® It was found that the smaller electronegativity of X
CHS o*chs 287.2(1) 35 = —NHj; relative to—OH decreases the term value by 1.2 eV,
CHoNH ;g;-gg; 22-89 although the energy position changes only a litted(1 eV)
—NH3" 0% cnm . . .
COOHA 288.6(1) oa because the IP value is lowered by the same amount. The

oscillator strength of the major C st* peak also decreases
aThe lines whose energies are in boldface are well-resolved and from —COOH to—CONH,. Comparison of the Asp (Glu) and
may be clearly seen on Figure 3Experimental XPS data for Gly gids the Asn (GIn) spectra shows exactly the same trend. Following
is modified for other amino acids to reflect the tendency, reported for the same arguments as in ref 45 we conclude thatrtheo
saturated hydrocarbof%. ¢ Estimated, based on similar data for orbital is less tightly bound when the hydroxyl group is
P
saturated hydrocarbdf. @ Estimated, based on data for alcohBls. substituted by—NH,. There is clearly an effect of hypercon-

suggests that the low-energy signal is from a broad edgejugation of thewr* c—o bond, which results in shortening of the
function. However, we believe this to be an artifact of the fit, C—N distance Rc-n = 1.33 A for Asn).
and prefer to interpret the low-energy signal as arising from C ~ Comparison of the spectra of this group with those of the
1s(CH)—0* cn transitions as in the case of Ser. aliphatic amino acids (section 3.2) clearly shows that the
3.4. Amino Acids with Side Chains Containing Carboxylic oscillator strength related with transitions at side-chain atoms
Acid or Amine Groups: Aspartic Acid, Glutamic Acid, and amino groups is seriously suppressed for a side-chain
Asparagine, and Glutamine. Most biological reactions take terminated by a €O group. Even for Glu with a relatively
place in aqueous solution, where the reactivity is crucially long chain the low-energy region of the NEXAFS spectrum is
influenced by the pH of the solution. Being proton donors, closer to Ala than to Val, and shoulders assignable to C 1s-
amino acids may control the ionic content of solution. At neutral (CHy)—oc*cn transitions are not observed. The results also
pH the side chains of amino acids that contain carboxylic acid suggest a shift of the* c—o peak to higher energy for this group
groups (Asp and Glu) are fully ionized, containing a negatively of amino acids, or the presence of an additional peak on the
charged carboxylate group-COO) . The side chains of some  high-energy side of the main carboxyt structure. In the case
basic amino acids, such as lysine (Lys) and arginine (Arg) of —NH, substitution it may be an additional C 2&*cnn
(section 3.5), accept protons and are positively charged. Aparttransition, which in the case of formamide was found to lead
from these effects, protonation of the amino group in amino to a separate peak at 290.7 #8\The origin of the high-energy
acids results in the creation of zwitterions. In extremely acidic signal around 290 eV for Asp and Glu is unclear.
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Figure 5. Detailed C K edge NEXAFS spectra of aspartic acid, asparagine, glutamicaadcylutamine. Data processing and symbols as described
in the caption to Figure 2.
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Figure 6. Detailed C K edge NEXAFS spectra of arginine, lysine, and proline. Note that the chemical formula appearing in these figures reflects
the expected amino acid charge state. Data processing and symbols as outlined in caption to Figure 2.

TABLE 4: Absolute Energies and Proposed Assignment for the Features in C 1s NEXAFS Spectra of Amino Acids with Side
Chains Containing Carboxylic Acid or Amide Groups, Strong Basic Group, and Cyclic (Secondary) Amino Acids

aspartic acid (Asp) asparagine (Asn) glutamic acid (Glu) glutamine (GIn)
energy (eV)  288.50(5) 288.70(5) 290.1(1)  288.30(5) 288.60(5) 289.8(1)  288.50(5) 288.70(5) 289.1(1)  288.20(5) 288.60(5) 289.7(1)
assignment  m*coon  T*coon  O*cnw T*CoNH2  T*cooH  OFcnH m*cooH  T*cooH  OFcnH T*CoNH2  T*cooH  O%cnH
arginine (Arg) lysine (Lys) proline (Pro)
energy (eV) 288.60(5)  289.30(5) 289.2(1) 287.8(1) 288.50(5) 288.70(5)  289.5(1) 287.6(1) 288.65(5) 289.3(1)
assignment TT* cooH T _HNCNH;~NH, O CNH 0%cH T TEA TT* CooH 0% cNH 0*cH 7 cooH 0% cNH

3.5. Amino Acids with Side Chains Containing Strongly the positions ofr*c—o transitions as a function of the elec-
Basic or Cyclic Groups: Lysine, Arginine, and Proline.The tronegativity of adjacent grouffs*” support this interpretation.
spectra of the amino acids with basic groups arginine (Arg), To summarize, the following tendency for the C s peak
lysine (Lys), and proline (Pro) are presented in Figure 6 while is obtained. The carboxyl peak positier288.6 eV is lowered
the energies, term values, and proposed assignments are listedue to the —NH; substitution by—0.1 eV as a result of
in Table 4. In arginine (Arg) the discrete structure consists of conjugation oft* c—o. For Arg the second peak appears shifted
two strong peaks. The lower energy peak at 288.6 eV is the by 0.6 eV making it a fingerprint of INHN=C—NH— group.

7* c=o Signal based on comparison to all the other amino acids. The influence of a side-chain amino group is evident by
The higher energy peak at 289.24(5) eV is thus attributed to C comparison of the NEXAFS spectra of Lys and Pro (Figure
1s(C=N)—x* c=n transitions. At first sight the high energy of 6b,c) with those of the aliphatic amino acids (Figure 2).
the 7* =N peak is puzzling since the higher electronegativity Although the peak positions are very similar (consistent with

of O relative to N would suggest the C 1sfQl)—x*c=n expectations since these molecules contain many of the same
transition might occur below the C 1s(COOH)* c—o transi- “building blocks”), the relative intensity of the low-energy step
tion. However, the &N carbon is actually bonded to three N (~287.6 eV) and high-energy shoulderZ90 eV) differ. In
atoms, which shifts the C 1s€€N) IP and thus ther* peak the case of Pro and Lys, the low-energy peak is less pronounced,

above that ba C 1s(COO) site. Recent systematic studies of whereas the high-energy shoulder gains intensity relative to the
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Figure 7. Detailed C K edge NEXAFS spectra of phenylalanine, tyrosine, tryptophan, and histidine. Some carbon atoms are numbered in the
displayed chemical formulas to clarify their spectroscopic assignment. Data processing and symbols as outlined in caption to Figure 2.
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Figure 8. Computed NEXAFS spectra of phenylalanine, tyrosine, tryptophan, and histidine. The energy positions and intensities of optical transitions
are calculated in the nonpolarized STEX approximation. The experimental mass absorption coefficients are shown, along with bars that indicate the
energy and oscillator strengths of various transitions. Side-chain carboncandn@ibutions are shown below the zero line (negative intensities);
aromatic ring and carboxyl contributions are shown above the zero line (positive intensities). In addition, transitions originated from different
carbon atoms are shown by different line style. Some lines are numbered and correspond to transitions at the numbered atoms in Figure 7. The
computed carboxyl contribution has been shifted to lower energy by 1.3 eV for phenylalanine, 0.4 eV for tyrosine, 1.3 eV for tryptophan, and by
1.4 eV for histidine to reflect the core ion relaxation effect, as described in the text.

7* =0 peak. As we noted earlier, most of the C 1s(side chain) the aromatic ring. The fitted experimental spectra of the four
oscillator strength contributes to the near IP featureless stepcommon aromatic amino acids phenylalanine (Phe), tyrosine
function (296-292 eV), and, to a smaller extension, to low- (Tyr), tryptophan (Trp), and histidine (His) are presented in
energyo* cy excitations. The same tendency exists in the amino Figure 7, while the corresponding spectra computed with the
acids with side groups containing electronegative hydroxyl STEX method are presented in Figure 8. The energy scale of
groups (Ser and Thr), where no low-energy side shoulder is the calculated spectra was shifted by 2.1 eV for Phe, by 2.2 eV
seen. We conclude that there is a general tendency wherebyfor Tyr, by 2.1 eV for Trp, and by 2.0 eV for His. In addition,
substitution of carbon in the side chain by more electronegative the carboxyl peak alone was moved toward lower energy by
atoms (N and O) primarily affects the intensity of the low-lying 1.3 eV for Phe, 0.4 eV for Tyr, 1.3 eV for Trp, and by 1.4 eV
0*cn states, although their location~287.5 eV) does not  for His. Table 5 lists peak energies, term values, and proposed
change. There is a small shift of the high-energy shoulder at assignments for these species.

~289-290 eV to higher energy in Lys and Pro relative to the ~ The “building block” principle predicts that the spectrum of

other species. ThC K edge spectrum of pyrrolidiffeexhibits Phe should resemble the sum of the spectra of benzene and
a pronounced peak at 290.7 eV, which is assigned*ton Ala. The spectrum of gas-phase benzene consists of three low-
states. This comparison suggests that C +E—o* cn transi- energy lineg®>1 The most intense line with a maximum at

tions may also contribute to the oscillator strength around 290 285.1 eV is identified a a C 1s>1x7*(ey,) transition. The next
eV. This actually may explain a similar shift observed for Asn peak is a low-intensity line at 287.2 eV attributed ddcn/

and GIn. Rydberg excitations. The third line at 288.9 eV is attributed to
3.6. Amino Acids with Aromatic Side Chains: Phenyl- a C 1s~2n*(byg) transition, although there is some controversy
alanine, Tryptophan, Tyrosine, and Histidine. Amino acids over that assignmeft.In addition to these low-lying features,

with aromatic side chains are readily distinguished from other there are strong, broad continuum resonances in benzene of
amino acids since their NEXAFS spectra show pronounced o*c—c character at 293.5 and 299.8 é3%2°The aliphatic acids
structures around 285 eV, associated with #fie—c states of have a strongr* c—o peak at 288.6 eV, with a low-energy tail
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TABLE 5: Absolute Energies, Term Values, and Proposed Assignment for the Features in C 1s NEXAFS Spectra of Aromatic
Amino Acids?

(a) Phenylalanine (Phe)

exptl theory (STEX, no screening)
IP Co=292.2(1), Ghain= 291.0(2), IP: Co=293.0, Ghain= 292.8,
COOH=295.0(1), Ging® = 290.3(1) COO =295.7, Gng=291.3
assignment energy (eV) term (eV) energy (eV) term (eV)
Ciing %1 285.0(1) 5.3 287.2 4.1
Csm*, 285.3(1) 5.0 287.5 3.8
CHying 0* cul* 287.6(1) ~2.5 288.6 4.2
COOHx* 288.6(1) 6.4
CH—NH3" 0* cnm 289.0(2) 3.3 289.9 3.1
Ciing 0*/IP 290.3(2) ~0
(b) Tyrosine (Tyr)
exptl theory (STEX, no screening)
1P Cou=292.2(1), Ghain= 291.0(2), COOH= 295.0(1), IP: Co.=293.0, Ghain= 291.8, COO = 294.8,
Ciing® = 290.2(1), COHM = 292.0(2) Ciing = 291.3, COH= 293.0
assignment energy (eV) term (eV) energy (eV) term (eV)
Cring T*1 285.0(1) 5.3 287.2 4.1
Cs*> 285.4(1) 4.9 287.6 3.8
Ce %> 287.0(1) 3.6 289.1 3.9
CHiing 0* cHl* 287.5(1) ~3.5 289.6 2.2
COOH7* 288.5(1) 6.5
CH—NH3" 0% cnm 288.8(2) 3.4 289.9 3.1
Ciing 0*/IP 290.3(2) ~0
(c) Tryptophan (Trp)
exptl theory (STEX, no screening)
IP Cou=292.2(1), Ghain= 291.0(2), COOH= 295.0(1), IP: Co.=292.8, Ghain= 291.8, COO = 295.5,
Ciing® = 290.3(2), CNH=291.8 Ciing ~ 291.0, CNH=291.8
assignment energy (eV) term (eV) energy (eV) term (eV)
Cring T*1 285.0(1) 5.3 287.2 3.8
Caio m*2 285.5(1) 4.7 287.6 3.2
Cy o, 286.0(1) 5.0 289.1 3.6
Cg 1% 2" CHying 0* cult* 286.6(1) ~5.2 288.9 2.9
289.8 2.0
COOHz* 288.6(1) 6.4
CH—NH3s" 0*cnn 288.9(2) 3.3 289.9 3.1
(d) Histidine (His)
exptl theory (STEX, no screening)
IP>: Ca = 292.2(1), Grain= 291.0(2), COOH= 295.0(1), IP: Ca = 293.2, Gnain= 292.3, COOH= 296.0(1),
C£=291.8,G*=290.5 G*=291.1 C,=293.1,=291.8, G=292.6
assignment energy (eV) term (eV) energy (eV) term (eV)
Cymr* 286.5(1) 4.6 288.7(gs %) 3.4
Cspat* 287.0(1) ~5 289.2 (G¥) ~3.3
?TFA 288.5
COOHz* 288.7(1) 6.3
289.8 ¢*ch) 25
290.0 ¢*cnm) 3.2

a Carbon atoms are assigned as shown in Figure 7; the energy positions of their peaks are in boldface and are clearly resolved and primed by
dash.” Estimated, based on XPS data for gaseous berf2ehEstimated, based on XPS data for gaseous pHénbEstimated, based on XPS data
for gaseous imidazol@.

and a low-intensity shoulder on the high-energy side. At first This is clear from the calculated spectra, where two groups of
sight, there appears to be a good match between the sum of thehe peaks (48; both marked as* criing) are located 1.8 eV
spectra of benzene and Ala with the spectrum of Phe (Figure above thet* c—o peak. The side-chain contribution, shown with
7a). Quantitative comparison reveals that although the overall reversed sign below the zero line, is shifted by 0.7 eV to higher
picture is correct, the line at 287.65 eV and the high-energy energy. As the location of the C 1s(side chain) peaks coincides
shoulder at 290 eV are both more intense than would be well with the experimentally observed peak, we assign them to
expected from a simple sum of constituted parts. 0* cHehain AS NO other peaks are seen in the spectrum, we believe
Theory and experiment agree that the peak at 287.65 eV isthat there is an electron density redistribution relative to the
C 1s—o*ch in character but the excitation site is not clear. The “parent” compounds such that transitionsditchring are sup-
C 1s IP of benzene is 290.3 eV, whereas that of saturatedpressed, while for the chain carbons the intensities of the
hydrocarbons i$~290.7 eV in the gas phas&Consequently, 0* cHehain transitions are enhanced.
o0*cn lines from the aromatic ring carbons should appear 0.7 A broad intense peak leading to a “bump” is apparent in the
eV lower than those associated with the GHitle-chain carbon.  spectra of Phe at 290.3 eV and Tyr at 290.5 eV. Such a peak is
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absent in the NEXAFS spectra of both aliphatic amino acids Due to the complexity of the tryptophan (Trp) spectrum
and of the benzene molecule. We assign this peak ¢g states (Figure 7c), we limit our discussion to the* peaks coming
with possible admixture from the 72(byg) states? This from the aromatic ring. The influence of aromatic states on
assignment requires a significant shift of ée-c line relative position and intensity of electronic transitions, originating from
to its counterpart in benzene, which appears at 293.5 eV. Thisthe “aliphatic amino acid building block”, is difficult to identify.
can be rationalized by the reduction of the 6-fold symmetry of The fit leads to an unrealistically broad step feature in the
the phenyl ring in Phe. As a result, the-C bond lengths, which ~ spectrum. The aromatic component of Trp may be considered
are 1.40 A for benzene, 1.42 A for,€Cs, C;—Cg pairs, and as a fusion of two aromatic molecules: benzene and pyfrole.
1.36 A in the apex (€-Cs, Cs—Cs, Cs—Cy, and G—Cs) (carbon It is interesting to consider if a building block approach to
atoms are numbered as shown in the Figure 8) of Phe. For Tyr,describing its NEXAFS spectra has any validity. As in the
due to an additional-OH group, the bond lengths are even case of benzene derivatives such as aniline, phenol, and mono-
more distributed with values of 1.38 A for atoms close to the fluorobenzené? the break up of the six- fold symmetry splits
side-chain carbon, 1.36 A for carbons next te@ bond, and the 1r* peak. To account for such symmetry reduction we
1.44 A between the middle atoms in the ring. ThiRe—c compare the Trp spectrum to those of anitihand pyrrol&8
empirical relationship has a slope-66 eV/0.1 A2>When this rather than benzene. Pyrrole has two intense lines centered at
is applied to thes* cc peak position in the phenyl rings of Phe 286.8 eV with a peak separation of 0.6 eV which correspond
and Tyr, it predicts an average2 eV shift of theo* peak in to C—wg* and G—um4* transitions, where the £is the atom
Phe compared to benzene. Although such a “predicted” position adjacent to N. In addition ter* structure similar to that of
is still about 1 eV higher than that we found in the experiment, benzene (285.4 eV), aniline shows a low-intensity peak (
we mark this peak as* c—ciing. We note that the application of (b)) symmetry, which is shifted by 1.2 e¥54The experimental
the bond length correlation to benzene is a specialPtagth spectrum of Tyr shows a five peak structure with the maxima
considerable controversy. at 285.1, 285.5, 286.0, 286.6, and 287.0 eV. It is clear that the
Strictly speaking all six C atoms combined in the benzene substantial conjugation in the fused ring structure of Trp leads
ring are not chemically equivalent in Phe. However, as was to a different electronic structure, one which cannot be derived
already observed in previous investigations of substituted from the “building block” principle. The STEX calculatiohs
benzene moleculé$; 58 the unique C 1s(EX)—1x* line (X suggest the following assignment. The group of peaks centered
= the C atom directly connected to the chain) shows a at 285.1 eV is due to C 1slz* transitions at the four carbon
remarkable shift (Figure 8a). All other*ing States have almost ~ atoms of the benzene ring distant from the benzgmerole
the same value with maximum at 285.05(5) eV (Figure 7a). double bond. The energy positions of twof peaks, one
The fit to the Phe spectrum indicates that the 285 eV line originated from the carbon atom connected to the chain, and
consists of two peaks separated by 300 meV. Although this is another from its neighbor carbon participating in the benzene-
very close to that expected from theory (200 meV between the to-pyrrole double bond, coincide at 287.8 eV. Accounting for
peaks marked as-38 and 3, Figure 8a), such a result must be an expected-2.2 eV normalization shift, these* peaks should
interpreted cautiously. High-resolution spectra of benZmed correspond to the experimentally observed peak at 285.5 eV.
other systems with phenyl substituents such as polyst§tene The contribution of the carbon placed between N and the side-
clearly show vibrational fine structure with a similar line shape chain carbon is shifted down by 1.45 eV, so the 286.0 eV peak
as seen in Phe (and Tyr): a sharp= 0” spike with a broader =~ may be assigned to*c,. The carbon atom which participates
shoulder about 400 meV at higher energy. At the present energyin the benzene-pyrrole double bond formation, next to the N
resolution (FWHM~ 150 meV) we cannot differentiate this atom, has the largest shift;1.7 eV compared to the “bare”
expected vibrational structure from the expected shifts of the benzene line. In the experimental spectrum this peak appears
1s—x* states associated with the different carbon sites around 0.2 eV lower in energy, possibly due to overlap witfty States.
the ring. However, we clearly see a difference between Phe andThe unique feature suggested by the calculation is due*to
Tyr since the second shoulder in Tyr is shifted by 400 meV, bond formation and to conjugation of the aromatic rings and
which is in agreement with the theoretical prediction (Figure 8b). the carboxyl group. The experiment does not show any
The role of chemical substitution is emphasized in the Substantial oscillator strength in that energy region. We speculate
Spectrum Of the Tyr (F|gure 7b) Tyr can be Considered as athat |f th|S Iine iS Sh|fted 0.5 eV to |0Wer energy, |t W|” be
derivative of Phe in which ar-OH group is substituted in the ~ Mixed withz*c, and so be part of the broad peak at 286.6 eV
para position. Calculations (Figure 8) show that the contributions (Figure 7c).
of the carbon atoms not directly involved in theOH bond In histidine (His), the imidazole group takes place of the
formation are almost unchanged. For the carbon atom bondedphenyl ring of Phe, and thus it is convenient to analyze the
to the hydroxyl group, the strong electronegativity of the O atom spectrum of His by comparison with the spectrum of imidaZole
induces a large positive shift which leads to a separate narrowwhich has two peaks in the energy range below 290 eV. By
peak at 287.0(1) eV. The splitting of the C 1s{OH)—1z* analogy, the intense peak at 286.7 eV in His (Figure 7d) has
and C 1s(G-H)—1z* transitions in Tyris 1.9 eV, in agreement  been assigned to the C-24x* state. However, its fwhm=
with calculation. This value is similar to what was found 1.5 eV suggests that this peak arises from the overlap of a
previously for phenot®1so one can unambiguously identify number of unresolved C %slx* transitions associated with
the peak at 287.0 eV as the C 1s{OH)—L1x* transition. The different C 1s chemical shifts for the three chemically inequiva-
intensity redistributions caused by hydroxyl group substitution lent carbon atoms. It is followed by a less pronounced peak at
produce an apparent reduction in intensity of the lines near 285.1288.5 eV, assigned to the C-2&x* transition. His (Figure
eV relative to the intensity of the carboxyl* peak. This is 7d) shows a peak at 287.0(1) eV, which apparently is not a
primarily due to a splitting of the oscillator strength and transfer single state. There is a pronounced low-energy shoulder at 286.5
of intensity to the C 1s(EOH)—1x* peak. The fit suggests eV and the high-energy side may contain a separate peak as
that the—OH substitution also increases the intensity of the C well. Theory suggests the following interpretation: due to the
1s—0* c—c transitions around 290 eV. larger electronegative shift, the contribution from the carbon
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atom that is placed between the two nitrogen atoms shifts to weight involves CH C 1sl—x* transitions. It seems that the

higher energy by 0.35 eV, whereas the C L$(€lr* and C exact position may depend on the partial charge at a particular
1s(G)—L1x* transitions essentially coincide. An alternative carbon in the chain rather than due to chain geometry/ branching.
assignment is the following. The relaxation shift, which we The intensity is controlled by the presence and position of hetero
discussed in the case of Phe, could lead to the low-energysubstituted atoms. For instance, in a sequence of similar
shoulder of the main C tsz* peak. This shift could reverse  molecules such as Ala, Cys, and Stae presence of a sulfur

the sign, if carbons in the ring become more electronegative atom in Cys leads to a prominent peak at 287.4 eV. For Ala

relative to the carbon connected to the chain. This would lead
to the shoulder at the low-energy side of the mafr—o peak
(~287 eV), as found in the fit. This suggests that the 286.5 eV
peak could be the C 1s§E~1x* transition, whileo* cy states

contribute to the high-energy side (287.6 eV) of the same peak.

(no substitution), there is only a tail for 288 eV, and this signal
is completely absent in Ser, where the side chain is terminated
by an —OH group. As the side chain grows, 8287 band
increases relative to the carboxyl peak, but the high-energy
signal (296-292 eV) grows more rapidly.

As we already reported in the case of acidic amino acids, more A detailed spectrum above the IP ¢ 285 eV) was measured
electronegative substitution in the chain leads to a suppressiononly in the case of glycine (Gly), but for a different charging

of oscillator strength associated with transitions todhey and
0*cc. The comparison of His and Phe spectra follow the same
path.
4. Summary

The C K edge NEXAFS of all 20 amino acids commonly

state of the molecule. We expect that this part of the spectrum
has a character common to all amino acids, as the main peaks
which contributes to a high-energy side originated from@

and C-O C 1s—x* transitions. The experimental data clearly
shows the difference between carboxylGOOH) and carbonyl
(—=COO") functional groups and may so be used to determine

occurring in nature have been reported. From our spectral the charging state of the amino acid molecules. Two different
analysis we conclude that the common backbone structure of ahonding lengths of CO pairs in carboxyl lead to two separate
carboxylic acid group and an amino group attached to a saturatechroad peaks (at 297 and 302 eV), whereas carbonyl has only

carbon atom is reflected in the C edge NEXAFS spectra. In
particular there is a sharp*c—o peak (always within 0.1 eV

of 288.6 eV). In addition there is often a peak or prominent
shoulder at higher energy around 290 eV, associatedatighn

one peak at 300.4 eV.

The limitations of early STEX calculatiohwere overpassed
by accounting for core hole polarizati®ihis newly developed
calculational scheme showed good correspondence with ex-

states. These features may be used as fingerprints of amino acidgerimental data for glycine and led to an empirical correction

The first peak does not change its position for any of the amino

scheme that has allowed a more satisfactory correlation of theory

acids and does not depend on the charge state, be it a zwitteriorand experiment than available previously.

or a positively charged ion as in the case of acidic media. A

In summary, based on comparison among related molecules

similar feature has been observed in the C 1s spectrum of alland ab initio calculations, we have assigned all major peaks in

other acid€?3! and can be firmly identified as a carboxyl/
carbonyl C 1s—x* transition. Although the FWHM~0.7 eV)

the carbon K edge NEXAFS spectra of the commonly occurring
20 amino acids. The fingerprinting capability of NEXAFS has

does not change substantially among the small amino acidpeen demonstrated. The ability to make plausible, internally
molecules, there are indications of peak structure, possibly dueconsistent assignments of all spectral features suggests that

to vibrational excitations, or in some cases overlapping transi-

NEXAFS spectroscopy may be useful at differentiating peptide

tions as suggested in detailed discussion above. Asparaginesequences, at least for species where averaging over a large

(Asp), glutamine (Glu), and particular arginine (Arg) show a
splitting or a shift of the 288.6 eV line. An additional structure,
identified as being dueota C 1s(HN—C=O)—x* transition

in the case of Asp (Glu), is shifted by 0.1 eV to a lower energy.
In addition, the (KHN),—C=NH, functional group in Arg has a
C 1s(C=N)—x*c=\ peak at 289.3 eV. The amino group signals
are less pronounced, since the. Contribution overlaps other
transitions. Still we can identify the289 eV peak sa.a C 1s-
(—CNHz")—x* transition on the bases of its pH dependence
and on the theoretical analysis.

Although the NEXAFS spectrum of each amino acid is
unique, only five of them have sufficiently distinct features
which can be used readily for chemical identification. Arg has
the C 1s(G=N)—x* —n peak at 289.3 eV. Aromatic amino acids
(Phe, Tyr, Trp, and His) have a characteristic NEXAPSng
signal around 285 eV, which uniquely identify them. Hydroxyl
substitution in Tyr leads to a large shift of C 1s(OH)—1xz*
and a unique identifying signal at 287 eV. The pyrrole side
group in Trp can be identified by a set of narrow peaks at 285.0,
285.5, 286.0 eV followed by broad band at 286.6 eV. The

number of residues does not blur the underlying differentiation
based on the spectral features of the individual residues. A more
challenging application would be to use differences in the
NEXAFS spectra for mapping different proteins. This is
probably only possible for smaller proteins that have substantial
differences in composition (e.g., aliphatic-rich versus sulfide
rich, etc). Still, the present results provide a firm basis for further
experimental and theoretical work aimed at exploring the limits
of applicability of NEXAS spectroscopy as an analytical tool
for peptides and proteins. In our opinion such studies are highly
warranted.
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