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Oscillator strengths for C 1s, N 1s, and O 1s excitation spectra of gaseous glycine and the dipeptide, glycyl
glycine, have been derived from inner-shell electron energy-loss spectroscopy recorded under scattering
conditions where electric dipole transitions dominate (2.5 keV residual enérgy2°). X-ray absorption

spectra of solid glycine, glycylglycine, glycyglycyl—glycine, and a large protein, fibrinogen, were recorded

in a scanning transmission X-ray microscope. The experimental spectra are assigned through interspecies
comparisons and by comparison to ab initio computed spectra of various conformations of glycine and glycyl
glycine. Inner-shell excitation spectral features characteristic of the peptide bond are readily identified by
comparison of the spectra of gas-phase glycine and ghglytine. They include a clear broadening and a

~0.3 eV shift of the C 1s~ n*c—o peak and introduction of a new pre-edge feature in the N 1s spectrum.
These effects are due to s 7*amige transitions introduced with formation of the peptide bond. Similar
changes occur in the spectra of the solids. The computational results support the interpretation of the
experimental inner-shell spectra and provide insight into electron density distributions in the core excited
states. Possible conformational dependence of the inner-shell excitation spectra was explored by computing
the spectra of neutral glycine in its four most common conformations, and of glgbydine in planar and

two twisted conformations. A strong dependence of the computed C 1s, N 1s, and O 1s spectra of glycyl
glycine on the conformation about the amide linkage was confirmed by additional ab initio calculations of
the conformational dependence of the spectra of formamide.

1. Introduction transitions and molecular structure, specifically those changes

Proteins are chains of amino acids linked together by peptide @ rélate to formation of the peptide bond. .
bonds. Each protein is characterized by its primary structure ~ Glycine, also denoted-aminoacetic acid, is the simplest
(the amino acid sequence), its secondary structure (chain@mMinO acid. In the _sc_)hd phase, g_lycme exists in a“zwme_nomc;“
folding), and often a tertiary structure (subunit assembly). form, where the aCI.dIC hydrogen is transferred to the basic amino
Although the biological activity of a protein is a function of all.  9roup. Upon heating, glycine vaporizes and converts to its
structural aspects, as well as associated entities such as metdlonionic form. In aqueous solution at low pH, glycine is found
ions and cofactors, at the root of modern biochemistry is a belief I its cationic form, at neutral pH the zwitterionic form is
that it is the particular amino acids present and the way in which dominant, and at high pH the anion is the dominant species.
they are linked together in sequence that gives each protein its' "€ Simplest species which incorporates a peptide bond is
unique function and character. Thus, understanding the bonding@!ycy! —glycine, in which two glycine molecules are combined
between specific pairs of amino acids is one component of IN & head-to-ta_ul arrangement with ellmlnanon. of a water
understanding the sequencstructure relationships of proteins. ~Molecule. In this work we have measured the inner-shell (C

Inner-shell spectroscopy, using either X-ray absorption 1S: N 1S, O 1s) spectra of two gaseous species, glycine (Gly)
(NEXAFS) or electron impact (ISEELS), is a useful technique 2nd glycyl-glycine (Gly-Gly), and the inner-shell (C 1s, N
for understanding bonding in complex moleculeditis asite- 1S O 15) spectra of four solid species, glycine, glygycine,
specific probe with well-understood selection rules. Inner-shell the tripeptide glycytglycyl—glycine (Gly-Gly—Gly), and a
spectra can be calculated with reasonably accutdtye goal protein, fibrinogen. Comparisons of the spectra of the gaseous
of this paper is to use comparisons of the inner-shell excitation @1d solid species, and experimental results with ab initio
spectra of glycine and glycylglycine in the gaseous and solid calculations, have provided |ns]ght into the eleqtronlc structure
states, along with conformation-specific ab initio calculations changes that accompany peptide bond formation.

to probe in detail the links between inner-shell spectral ~ Glycine and glycyt-glycine have several functional groups
and low symmetries and could thus exhibit complex spectros-
*To whom correspondence should be addressed. E-mail: copy. They are nitrogen-containing organic compounds which
ap?%m,vclm?“eac?- . are of interest owing to potential technical uses and their

cMaster Liniversity. biological importance. In addition to our interest in exploring
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motivation for the present study is to support emerging efforts  The energy scales of all spectra were calibrated by acquiring
to differentiate and thus possibly map the locations of peptides the spectra of a stable mixture of the analyte molecule and a
and possibly small proteins using NEXAFS microscépyThe reference compound. The C 1s and O 1s spectra of both
C 1s NEXAFS spectra of the 20 common amino acids (as solids molecules were calibrated using the C-tsz* transition of
deposited from acidic solution) were reported recehtlhe CO, (290.74(4) eV3*2>and the O 1s— z* transition of CQ

next step after characterizing the individual amino acids is to (535.4(2) eV)}?® The N 1s spectra were calibrated using the N
examine the effect of peptide bond formation on the inner-shell 1s— z* (401.10(2) eV) transition of K425

spectrum. Further work on characterizing inner-shell spectra of  The excitation spectra associated with a particular inner-shell
larger peptides in the gas and condensed phases is planned. eqge are isolated from the underlying valence-shell and core
In the present work, electron energy-loss spectroscopy (EELS)onization continua by subtracting a smooth curve determined
has been used to measure the C 1s, N 1s, and O 1s inner-sheffom a curve fit of the functiora(E — b)° to the pre-edge
excitation spectra of gaseous glycine and glyaylycine. All experimental signal. The background subtracted spectra are

the spectra were acquired under small momentum-transferconyerted to absolute oscillator strength scales using previously
conditions where electron scattering is dominated by electric gescribed methods.

dipole transitions and therefore simulates photoabsorption. The 2.3. NEXAFS Spectroscopy of SolidsThe NEXAFS spectra

phot_oelectron spectra of gaf-phase amino acids and Smalk/vere recorded using the bending magnet scanning transmission
peptides have been reportéd: Also previously reported are X-ray microscope at the Advanced Light Souf&é?Milligram

g]digblezsd NI 1cs|n ;ﬁgaﬁ)l 218 (i(f_trt?g f:;?;gﬁo:niggcgc? d(;fassutr;‘]?r(]:e- amounts of the pure materials were dissolved to form dilute
gy ’ aqueous solutions. Although the pH was not controlled with

i .8 in i i .
gerjst’héhg ?slspse%(tar(:r; c;fetlzlcnt;l(ljmasmoi;§ea|1?:i0(§(sedaﬁg1Isne(i/gfaﬂljz,rnalpwers to avoid any background, the pH of these dilute solutions
peptides (Gly-Tyr, His—Phe, Gly-Trp, Arg—Gly, and Gly- was such that the species are expected to be predominantly in

Gly—Gly).1> Quantum chemical calculations have been reported zwitterion form. A small drop £0.5uL) of this solution was

. laced on a thin (100 nm) i, window and allowed to
for surface-adsorbed glycite'® and all of the 20 common P ; 3 :
amino acid$1517To our knowledge, this is the first report of dehydrate to form a film sufficiently thin~{100 nm) to allow

the inner-shell spectra ofgaseousmino acid or peptide. Gas- transmission measurements with an optical density of about 1

phase spectroscopy of these species is difficult due to theirat the strqng € 1s.p.eak. The glyeyg. lycine and triglycine
. . . samples did not exhibit any polarization effects, and the spectra
tendency to decompose on heating. Several amino acids have

been found not to decompose upon heatfhg® which makes of all regions of the sample were the same. However, the dried

them amenable to study in the gas phase. Comparisons of theegCIne sample was highly crystalline. Regions which appeared

inner-shell excitation spectra of the gas phase and solid phase\ljvgzrﬁtﬂgig v\\;::e Cfrg);elr:)];(;rtigfaiu[g(g?igtr?’g#t:c]:go?:tcggm
of the same species are of interest in order to understand the Y

sensitivity of different types of inner-shell excitation features ?rgfe/iegéggﬁﬂgﬁ Olgevr\]lgast'c’?: V;g?jhazrgd;;ti?a?g{jers%?fjt?()ps?r-l a
to the local environmert.22 : p prep

wet cell with X-ray-transparent silicon nitride windows. Al-

2. Experimental Section though the sample actually partly solidified due to incomplete
2.1. SamplesGlycine (GHsNO,, NH,CH,COH), glycyl— se_aling and partial_dry_ing, t_he solid mat_erial was a randomly

glycine (GHgN20s, NH,CH,CONHCHCO,H), and glycy+ oriented gel, showing |d¢nt|cal spectra in all areas. The C 1s

glycyl—glycine (GH1iN3Os, NH;CH,CONHCH.CONHCH- and N 1s spectra of glycine presented here are those from that

CO,H) were obtained commercially from Sigma Aldrich in the sample. They agree with spectra der_ived fro_m the crystalline
form of crystalline powders, each with a stated purity better S2MPple as a weighted average of regions which had extremely
than 99%. They were used without further purification. Plas- o-dommated_ and eXt_remely—d_oml_nated spectra. Since the
minogen-depleted human plasma fibrinogen was obtained from randomly _orlented solid d_eposned in the wet cell was still very
Calbiochem. It is reported to be95% pure, clottable by hydrated, it was not possible to obtain a reliable O 1s spectrum.
thrombin, and homogeneous as judged by SPBGE. It was Therefore, th_e O 1s spectrum of glycme Was_taken from the
used without further purification. symmetry-_vve_lghted average of the dried crystalhne s_ample. That
2.2. Electron Energy-Loss SpectroscopyElectron energy- spectrum is in re_asonable agreement Wlth an estimate of the
loss spectra of gaseous glycine and glyeylycine in the glycine contribution to the mixed glycme water spectrum
regions of C 1s, N 1s, and O 1s excitation were acquired with récorded on the wet cell sample. At high radiation doses, all
a gas-phase ISEELS spectrometer that has been described ifree of the fully dried samples exhibited additional spectral
detail previously:23 The glycine and glycytglycine samples features associated W|th radlatlon qfa\mage. The spectra prese_nted
were placed inside a small aluminum tube attached directly to here were recorded using acquisition methods (rapid scanning
the collision cell of the spectrometer. The cell was then heated Of linés or areas using a defocused beam) which kept the dose
with an internally mounted quartzhalogen bulb, while the end @t @ Ieyel where no significant radiation damage occurred.
plates of the gas cell were water-cooled to trap the vaporized Interestingly, the damage rate for the wet glycine sample was
sample and avoid insulating deposits on sensitive parts of theSignificantly lower than that for the dry glycine samples. The
spectrometer. Multiple spectra were recorded to confirm repro- NEXAFS spectra of glycine were calibrated by measuring its
ducibility and to check the heat sensitivity of the samples. The SPectrum simultaneously with the spectra of gaseoug 8¢
spectrometer was operated under conditions of small momentumand Q, introduced into the STXM chamber. The energy scales
transfer—small Scattering ang|e\(2°) and h|gh electron impact for the spectra of the other solid samples were then calibrated
energy (2.5 ke\+ energy lossywhere electric dipole transi-  relative to glycine spectra recorded in a short time interval, over
tions dominate. The spectrometer resolution depends on thewhich the energy scale of the instrument is known to be stable.
electron beam current and analyzer pass energy but is typically 2.4. Computational Methods.To gain insight into how the
0.75 eV full width at half-maximum (fwhm) at a beam current electronic structure changes that occur with peptide bond
of 20 uA and 0.5 eV fwhm at a beam current ofL uA. formation are reflected in inner-shell excitation spectra, calcula-
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SCHEME 1: Conformers of (A) Glycine and (B) Gly— 53%; llp, 9%; lllp, 30%; and IVn, 7%. According to the
Gly calculated total energies, the other four conformers should
A P p comprise only~2% of the molecular population.

Oo—H For glycyl—glycine, many more molecular conformations are
/ // possible. For this computational study, we have restricted the
c part of the molecule containing the amine and amide groupings
(H2N—CH,—CONH) to have a conformation similar to that of
the Ip conformer of glycine, since this is the lowest energy
configuration. This allows some degree of intramolecular
1p Vn hydrogen bonding between the oxygen of the amide group and

//o H*‘ o—H the H’s of the NH group. We have then performed calculations
C

,,,,,,

on structures with three different orientations of the carboxyl
\ B \\ part of the molecule (CL,COOH) relative to the amide and
amine parts. X-ray diffraction, in conjunction with theoretical

Hartree-Fock calculationg? indicates that the preferred ori-
entation is one where the molecular “backbone” (NCCNCCOH)
B “0° planar” “90° twisted” “180° twisted” is planar and the C¥COOH group is positioned on the side of
H the molecule opposite to the GNH, group. Intramolecular
o/ hydrogen bonding can then take place between ti® ©xygen
%/ AN 40 of the carboxyl group and the H of the NH amide group. We
T ¢ have called this orientation the “@lanar” conformation. We
H’a :H

H

N

i

have then constructed two other possible conformations, one
Himns C where the CHCOOH group is rotated about the NKCH, bond

W \ __H by 9¢° (“90° twisted”), and the other where it is twisted by

T 180 (“180° twisted”). We have performed GSCF3 calculations

. Y " on each of these conformers in order to investigate possible
\C /*%o‘ \C _— %O H\C /Cko conformation-dependent as_p_ects of _the mner-shel_l excitation
' spectra of molecules containing peptide bonds. This aspect of
L 'L ‘ our work provides a qualitative indication of the sensitivity of
AN Nw NSy ISEELS and NEXAFS spectra to conformations about the amide
H linkages in peptides. Since the secondary structure and thus
details of protein folding depend on the conformation at
successive amide linkagé&sthere would be potential applica-
tions to structural investigations of peptides and possibly
proteins, if there is a conformational sensitivity of the inner-
shell excitation spectra.

Table 1 lists the geometries and the basis sets used in the

tions were performed using GSCF3 (Gaussian self-consistent
field version 3)3%31 which is an ab initio code designed
specifically for inner-shell excitation and ionization calculations.
The program uses the HartreEock SCF approach to solve
for the energies and molecular orbitals of the system under

investigation. The basis sets used are those of Huzinag&%t al. h ical calculati h lculati ‘
The improved virtual orbital (IVO) metho#33which explicitly GSCF3 theoretical calculations. The calculations are performed

takes into account the core hole in the Hartreck ap- in three steps. In step one, the eigenvectors (MOs) and
proximation, is used to perform quantum calculations on core- €igenvalues of the ground state are calculated, and the core MO
excited molecules. In this approach, the core electron is removegthat Will lose the electron is determined. In the second step, the
directly from an inner-shell orbital specified by the user. The COre ion state is computed by removing the user-specified core
virtual orbitals of this system provide a good approximation to electron and allowing the system to relax and reorganize in the
the term values of the core excitation features at that site. A Presence of the core hole. The difference in the total energy of
separate calculation is performed for each distinct chemical sitethe core-ionized and ground states gives the core level ionization
in each molecule (see Scheme 1). potential (IP), with a typical accuracy of 1 eV. The third step
There are several stable conformers of glycine in the gas determines the core excitation energies and transition prob-

phase. Theoretical studies have found as many as eightabilities in terms of the IVO approximatioi:33 The absolute
conformers¥-39 which are labeled Ip, IIp, lllp, IVn, Vn, Vip, accuracy of the computed core excitation energies depends on

Vlip, and VIlin (p denotes &ssymmetry conformer, while n  the size of the basis set used. However, the core state term values

denotes &C;-symmetry conformer). However, only a few of ~(TV = IP — E) are more accurate and relatively independent
these have been observed experimentally. Ip and lIp have beerPf b_aS|s set choices. The core excitation term values and optical
identified by microwave spectroscopy;*4 while the presence  0scillator strengths are generated by the third step of the GSCF3
of at least one other conformer has been inferred from infrared calculation. These are used to generate simulated core excitation
spectroscopy of glycine trapped in inert gas matrfée$o spectra by summing Gaussian lines at an energy given by the
investigate the sensitivity of inner-shell excitation spectra to the term value, an area given by the oscillator strength for excitation
different glycine conformers, and also, if necessary, to take into to each improved virtual orbital, and a width chosen as a
account their respective contributions to the experimental spectrafunction of the term value. In the discrete region, the chosen
reported in the present work, we have performed separateline width is that of the instrument, while larger line widths are
GSCF3 calculations on the four conformers of glycine predicted used for the lifetime-broadened continuum resonances. The
by the most elaborate levels of thedty?® to have the highest ~ widths used are summarized in footnotes to the tables which
relative abundances at the estimated temperature of the gas irsummarize the computational results. In comparing the com-
the present electron energy-loss experimentd00 K): Ip, puted and experimental spectra, the calculated transition energies
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TABLE 1. Geometries and Basis Setsfor GSCF3 Computations

J. Phys. Chem. A, Vol. 107, No. 32, 2008147

A. Geometry of Conformers of Glycine

position (A) position (A)
atom X y z atom X y z
Ip Conformer
C 0.56356 —0.85777 0.00000 H 0.56620 2.3388 0.00000
N —0.41686 —1.9219 0.00000 H 1.2144 —0.95036 0.87443
C, 0.00000 0.55239 0.00000 H 1.2144 —0.95036 —0.87443
O, 0.99612 1.4717 0.00000 H —1.0198 —1.8383 —0.81094
O, —-1.1735 0.84380 0.00000 H —1.0198 —1.8383 0.81094
Ilp Conformer
C —0.82840 —0.59630 0.00000 H 1.41116 —0.48834 0.00000
N 0.03356 —1.7821 0.00000 H —1.4767 —0.55570 0.87852
C, 0.00000 0.69372 0.00000 H —1.4767 —0.55570 0.87852
O, 1.32388 0.48908 0.00000 H —0.11649 —2.3606 0.81697
O, —0.51003 1.78733 0.00000 H —0.11649 —2.3606 —0.81697
Illp Conformer
C —0.85697 —-0.61761 0.00000 H 1.76895 1.2365 0.00000
N —0.20502 —-1.9118 0.00000 H —-1.5113 —0.53499 0.87259
C, 0.00000 0.63996 0.00000 H —-1.5113 —0.53499 —0.87259
O, 1.32951 0.37375 0.00000 H 0.39374 —2.0061 0.81226
O, —0.44912 1.7630 0.00000 H 0.39374 —2.0061 —0.81226
1Vn Conformer
C 0.72591 —0.70797 0.15628 H —2.3908 —0.09728 —0.11449
N 1.8704 0.099651 —0.23160 H 0.64571 —1.5901 —0.48259
(o) —0.53718 0.10503 0.01983 H 0.73561 —1.0613 1.19996
O —1.6258 —0.68999 —-0.09721 H 1.7979 1.01960 0.19012
O, —0.59237 1.3122 0.05774 H 2.7315 —0.32842 0.08722
B. Geometry of Conformers of GlycireGlycine
position (A) position (A)
atom X y z atom X y z
“0° Planar” Conformer
C 0.000 0.000 0.000 H 1.523 2.023 0.000
C 1.532 0.000 0.000 H 5.577 3.895 0.000
O 2.237 —1.000 0.000 H —0.573 —1.990 0.778
N1 —0.552 —-1.361 0.000 H —0.573 1.990 —-0.778
N> 2.093 1.203 0.000 H —0.189 0.598 0.880
Cs 3.532 1.380 0.000 H —0.189 0.598 —0.880
Cy 3.928 2.858 0.000 H 3.700 0.760 0.880
(073 3.153 3.781 0.000 H 3.700 0.760 —0.880
O3 5.278 2.976 0.000
90° Twisted Conformer
C —1.389 —0.647 0.000 H 0.000 1.830 —0.863
C 0.000 0.000 0.000 H 0.000 5.239 2.020
O 1.062 —0.608 0.000 H —-1.067 —2.693 0.778
N1 —-1.314 —-2.114 0.000 H —-1.067 —2.693 —-0.778
N> 0.000 1.327 0.000 H —-1.812 —0.185 0.880
Cs 0.000 2.096 1.230 H —-1.812 —0.185 —0.880
Cy 0.000 3.603 0.964 H 0.880 1.605 1.644
O, 0.000 4,112 —0.128 H 0.880 1.605 1.644
O3 0.000 4.280 2.138
180° Twisted Conformer
C —1.389 —0.647 0.000 H 0.863 1.830 0.000
C 0.000 0.000 0.000 H —2.020 5.239 0.000
O 1.062 —0.608 0.000 H —-1.067 —2.693 0.778
N1 —-1.314 —-2.114 0.000 H —-1.067 —2.693 —-0.778
N> 0.000 1.327 0.000 H —-1.812 —0.185 0.880
Cs —1.230 2.096 0.000 H —-1.812 —0.185 —0.880
Cy —0.964 3.603 0.000 H —-1.644 1.605 0.880
O 0.128 4,112 0.000 H —-1.644 1.605 —0.880
(073 —2.138 4.280 0.000

aBasis sets (Huzinaga-contracted Gaussian-type orbitals): HTS8X, 411121 21111 for core hole; PGM6G, xxx for 2* d-polarization (xxx
element-specific) on core hole; HTS6X 6, 63 5 for non-core hole C, N, O; HTS3X 1, 6 fdBHInd lengths of Gly-Gly were taken from average
of peptide link46 plus the glycine geometry for the non-peptide part of the molecule. The conformation of the lowest energy planar conformer was
determined by reference to the geometry shown in the X-ray diffraction/theoretical study by Abramd¥ et al.

are retained, but a rigid shift of the computed energy scale 3. Results and Discussion

relative to the experimental energy scale is built into the plot

presentation. These shifts, which range from 1.2 to 3.3 eV, are  3.1. Comparison of Gas- and Condensed-Phase Spectra.
indicated in the figure captions. They are typical of the Figure 1 compares the C 1s spectra of solid glycine, glycyl
inaccuracies found in other applications of GSCF3 to core glycine, glycylglycyl—glycine, and fibrinogen with the C 1s
excitation. ISEELS spectra of gaseous glycine and glyeylycine. The
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Figure 1. Comparison of the C 1s NEXAFS spectra of solid glycine, Figure 2. Comparison of the N 1s NEXAFS spectra of solid glycine,
solid Gly—Gly dimer, solid Gly-Gly—Gly trimer, and fibrinogen, solid Gly—Gly dimer, solid Gly-Gly—Gly trimer, and fibrinogen,
recorded in a scanning transmission X-ray microscope (STXM), with recorded by STXM, and the gas-phase spectra of Gly ane-Gly,

the C 1s spectra of gas-phase glycine and glyg§ycine, recorded recorded by ISEELS. The intensity scale of the background-subtracted
by inner-shell electron energy-loss spectroscopy (ISEELS) in the dipole spectra is in terms of oscillator strength per nitrogen atom, and the
regime. The intensity scale of the background-subtracted spectra is indata are plotted with offsets for clarity.

terms of oscillator strength per carbon atom, and the data are plotted

with offsets for clarity. features attributable to the R groupshe intensity of the amide

) ] ] w* is much weaker relative to the continuum in fibrinogen on
gas-phase spectra (all edges) can be obtained in electronic formyccount of dilution of the peptide bond signal with the
from http://unicorn.mcmaster.ca/corex/cedb-title.html for those ¢ontributions of the R groups.

readers who wish to see the finer details of these spectra. The Figure 2 compares the N 1s spectra of solid glycine, ghycyl

C 1s spectra of glycin®;*'3"glycyl—glycine ™ and fibrino- glycine, Gly-Gly—Gly, and fibrinogen with the N 1s ISEELS
gert” have been reported previously, the latter in comparison spectra of gaseous glycine and glyeglycine. To our knowl-

to the C 1s spectrum of albumti#® All spectra have been edge, only the N 1s spectrum of alburiirf® has been reported
background subtractgd and normalized to the continuum ospil- previously. The spectra have been background subtracted and
lator strength for a single C atom. Offsets are used for clarity. normalized to the continuum oscillator strength for a single N
All six spectra are dominated by the C 1stO) — 7*c-o atom. Offsets are used for clarity. In contrast to the C 1s spectra,
transition in the range of 288-288.6 eV. There is &-0.3 eV there are rather dramatic differences between the gas-phase and
shlft to lower energy between the spectra of SO|I.d glycine and gqjig-state N 1s spectra. The N 1s spectra of both gaseous
solid Gly—Gly or Gly—Gly—Gly, and a further shift to lower  species have relatively strong contributions from excitations to
energy of~0.15 eV between GlyGly—Gly and fibrinogen. yjrtual levels of Rydberg character. Although occasionally
These shifts reflect the changes from only a carboxyl group in gisputec?? Rydberg levels of a gas are believed to be broadened
glycine to a mixed (carboxyl, amide) situation in Gigly or into excitonic state® or eliminated in the solid state. The latter
Gly—Gly—Gly, to one with a large number of amide groups s clearly the case in glycine(s). The peak at 401.5 eV in the
and only one carboxyl group in a protein. A similar shift can spectra of solid Gly-Gly, Gly—Gly—Gly, and fibrinogen is due

be seen in a previous comparison of the C 1s spectra of glycineto the N 15— 7* c—o(C=ONH) transition, i.e.a N 15— 77* amide

and Gly-Gly—Gly,'s and the origin of that shift in terms of  transition, indicating a partia* character at the amide nitrogen.
change from a carboxyl to an amide group was noted in that This feature is absent in the N 1s spectrum of solid glycine
work. Several other features differ between the C 1s spectra ofsince there is no amide bond. Since most nitrogen atoms in a
a large protein and the simplest dipeptide, 6Gly. The small protein are amide nitrogen sites, the N 1s spectrum of fibrinogen
peak at 285.1 eV in fibrinogen arises from amino acid residues should be similar to the N 1s spectra of solid &fgly and

with phenyl groups. There is a weak shoulder belowthe-o Gly—Gly—Gly, as observed. We note that, in the N 1s spectrum
resonance and a filling-in of the 28291 eV region in the of albumin#84°the 7* amigeSignal is actually much stronger than
spectrum of fibrinogen relative to the small peptides, again that in fibrinogen. This is one of a number of observations of
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AL LN BELNL I A TABLE 2: Energies, Term Values, and Proposed
Ol1s Assignments for C 1s Spectral Features of Glycine
Fibrinogen (s) (Gas, Solid)

gas solid

E (eV), term valué (eV) E(ev), assignment (final orbital)

Gly-gly-gly (s) +0.08 Ten,  Tcoow +0.08 Ch COOH
288.56 65 288.73 7 oo
289.3(sh) 3.0 289.3 (sh) 3p
290.8 (Sh) 15 291.3 O'*cfH, O'*chfH U*NfH
292.3 IP

Gly-gly (s) 294 (br)  —1.7 294.3 o
295.¢ P
297 -2 0*c-c,0%c-n  O0"c-oH
Gly-gly (g) 303 (br) -8 301 0*c—c 0*c-o

2The gas-phase spectra can be obtained in electronic form from
http://unicorn.mcmaster.ca/corex/cedb-title.httilerm value= ioniza-
tion potential (IP)— excitation energyc Calibration: gas,—2.18(4)
eV relative to CQ x*; solid, —4.01(6) relative to Cg 3s @ = 0).
4From XPS3?

Io.ooa ev!

Glycine (s)

environment. An O 1s(EOH) — 7* coon peak is expected in
Gly—Gly (g) and is clearly visible at 535.7 eV. Its intensity is
much reduced since the hydroxyl oxygen is only one of the
three oxygen atoms. This peak is also shifted 0.4 eV to higher
energy than the corresponding feature in Gly(g) for reasons not
presently understood. The O 1s spectra of solid-€&yy and
Gly—Gly—Gly are similar, with each exhibiting a single peak
e at 532.2 eV, which is dominated by the O s 7*conn
528 536 544 552 transition but has minor contributions from O 1s 7*coo
transitions. The O 1s> 7*conn peak in fibrinogen is shifted
Energy (eV) further to lower energy (531.6 eV), and its intensity is
Figure 3. Comparison of the O 1s spectra of solid glycine, solid-6ly  significantly reduced relative to the continuum, probably due

Gly dimer, solid Gly-Gly—Gly trimer, and fibrinogen, recorded by  tg contributions from side-chain oxygen atoms in saturated
STXM, and the gas-phase spectra of Gly and-@B}y, recorded by bonding environments

ISEELS. The intensity scale of the background-subtracted spectra is ) . .
in terms of oscillator strength per oxygen atom, and the data are plotted  3-2. Detailed Analysis of Gas-Phase Spectra Aided by
with offsets for clarity. GSCF3 Calculations.3.2.1. C 1s Spectrarigure 4 plots the

C 1s spectra computed by GSCF3 for the Ip conformer of
rather large variations in the N 1s spectroscopy of proteins andglycine and the “0 planar” conformation of glycytglycine,
related species, which may be associated with a strong sensitivitywhich are expected to be the lowest energy conformers of each
of the N 1s spectrum to the environment of the amide bonds in species. The site-specific components of the calculations are
the sample (see also section 3.3 and the note at end of the paperlso shown. The experimental C 1s spectra of glycine and

Figure 3 compares the O 1s Spectra of solid G|y,-@y’ glycyl—glycine are also included for Comparison. The other
Gly—Gly—Gly, and fibrinogen with the O 1s ISEELS spectra glycine conformers studied theoretically, lip, Ilip, and IVn, show
of gaseous glycine and glyeyblycine. To our knowledge, ©  only small differences in peak positions and intensities (these
1s spectra have not been presented for any of these materials2re discussed in section 3.3). Note that the energies and
The spectra have been background subtracted and normalizedntensities are on absolute scales for both the computed and
to the continuum oscillator strength for a single O atom. Offsets experimental results (offsets are used for clarity). In contrast to
are used for clarity. There are rather dramatic differences Figures 13, the intensity scale in Figures— is oscillator
between the gas-phase and solid-state spectra, particmanystrength for the full molecule, not per atom. The energies, term
between the O 1s spectrum of gaseous neutral g|ycine, Whichvalues, and proposed aSSignmentS for the features in the C 1s
shows two prominent discrete resonances, and the other fourspectrum are presented in Table 2 (for glycine) and in Table 3
species, which are dominated by, or exclusively exhibit, a single (for glycyl—glycine). The experimental term values (FvIP
low-lying 7*c—o resonance. The two peaks of comparable — E) were determined from published ionization potentials
intensity in Gly(g) are characteristic of gaseous carboxylic (IPSP*—292.3 eV for the methyl and 295.1 eV for the carboxylic
acid$® and are associated with the existence of two oxygen carbon of glycine-or estimated from the IPs of carbon atoms
atoms in very different environments 0 vs G—OH). These in similar molecular structures. Table 8 summarizes the
features coalesce into a single peak, with a transition energycalculated transition energies, oscillator strengths, and orbital
close to the lower energy peak, in the carboxylate and dimer characters of selected low-energy states of glycine in the Ip
forms of the molecule® Thus, the absence of a double-peaked conformation. Table 9 summarizes the calculated transition
structure in the O 1s Spectrum of G|y(s) indicates that the oxygen energies, oscillator Strengths, and orbital characters of selected
atoms are either in a dimer structure (if neutral) or, more likely, low-energy states for the “planar” conformation of glycyt
in a carboxylate environment in solid glycine, consistent with glycine.
the expected zwitterionic form. The much higher intensity = The C 1s spectrum of glycine shows a strong peak at 288.6
relative to the continuum in Gly(s) relative to Gly(g) is a eV, corresponding to the C 1s(COOH} x* coon transition
consequence of both oxygen atoms in Gly(s) being in the sameassociated with the carboxyl group. Thtresonance in acetic

Continuum normalized intensity

Glycine (g)
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Figure 4. C 1s oscillator strength spectra of gaseous glycine and ghglytine compared to computed spectra of the Ip conformer of glycine and

the “0° planar” conformer of glycyt-glycine. The geometry of the “Oplanar” conformer was estimated by analogy with that of the Ip conformer

of glycine, along with information from the crystal structure and the theoretically optimized geoth&trg.hatched line indicates the C 1s IP, as
determined by X-ray photoelectron spectroscopy or estimated from values for similar stré&flinesspectral contributions of the chemically
different sites are plotted. The computed spectra are plotted on absolute oscillator strength scales (total for the full molecule) with offsets. The
computed energy scales are plotted with a shift relative to experiment of 3.0 (Gly) and 3.3 eMJ@)yin order to align the first peak. The
sketches are for the (C T3DOH) 1,7* coor) (Gly) and the (C 1LONH) 1, 7* conn) (Gly—Gly) molecular orbitals.

TABLE 3: Energies, Term Values, and Proposed Assignments for C 1s Spectral Features of GlyeyGlycine (Gas, Solid)

gas solid

E (eV), term valué (eV) E (eV), assignment (final orbital)

+0.08 TcHoNH, TconH TcH,cooH Tcoon +0.08 CH,NH, CONH CH,COOH COOH
288.26 5.7 288.48 TT* CONH
288.6 (flt}j 6.5 ﬂ*CQOH
289.7 2.6 2.6 3p 3p
291 (Sh) 1.3 1.3 291 U*(;H, o* NH; O*cc U*(;H, o* NH; G*cc
292.3 IP IP
293.1 2.0 o* OH
294.G¢ IP
295.F P
296 (bl’) -1 294.5 0*cc 0*cc 0*cc 0% coH
298 —4 298 0*c=o
303 (br) -8 302 0*co

aThe gas-phase spectra can be obtained in electronic form from http://unicorn.mcmaster.ca/corex/cedb-tiflehtmbalue= ionization
potential (IP)— excitation energyc Calibration: gas;-2.48(4) eV relative to C@r*; solid, —4.26(6) relative to C@3s (v = 0). ¢ This value was
taken from fitting the first peak to two component&stimated from XPS of analogous sped&srigly(s) peaks observed at 288.33(8) (calibration,
4.11(6) relative to C@3s (v = 0)); 290.0, 291.2, 294.8, 301.

acicPlis located at 288.7 eV, which is close to tiieresonance which is shifted about 0.3 eV toward lower energy. This shift
position for glycine measured in the present work. In general, is a manifestation of peptide bond formation in which a carboxyl
this position is consistent with trends in positions of C-&s group is replaced by an amide group. Since the carbon atom at
m*c—o transitions as a function of electronegativity of the the amide (peptide) bond is surrounded by an oxygen and one
substituents, which have been characterized recently by solid-nitrogen atom, rather than the two oxygen atoms at the
state and computational studies by Urquhart and®Adad by carboxylic acid carbon, the C 1s(CONHR) core level is less
gas-phase spectroscopy and computation by Lessardet al.  tightly bound, causing a shift of the correspondirfgresonance

Since Gly-Gly contains three carbon atoms which are in toward lower energies. The 0.3 eV shift observed between the
similar environments to counterparts in glycine and only one carboxyl n*c—o peak in Gly and the amida*conn peak in
carbon atom which differs strongly, namely the carbon at the Gly—Gly is fully consistent with the recently reported correla-
amide group, we should expect only small changes in the overalltions of the energy of C 1s¢€0) — n*c—o transitions as a
spectrum. Relative to the spectrum of glycine, the C 1s spectrumfunction of the electronegativity of the immediate environ-
of glycyl—glycine exhibits a significantly broader* peak, ment>3:54
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Figure 5. N 1s oscillator strength spectra of gaseous glycine and ghglytine compared to computed spectra of the Ip conformer of glycine and
the “0° planar” conformer of glycytglycine. See caption to Figure 4 for further details. The computed energy scales are plotted with a shift
relative to experiment of 3.0 (Gly) and 3.0 eV (GIgly) in order to align thes* c_n resonance at 405 eV. The sketches are for the (NA%coon)

(Gly) and the (N 1s(CQH) 17* conn) (Gly—Gly) molecular orbitals.

TABLE 4: Energies, Term Values, and Proposed TABLE 5: Energies, Term Values, and Proposed
Assignments for N 1s Spectral Features of Glycine Assignments for N 1s Spectral Features of GlycytGlycine
(Gas, Solid) (Gas, Solid)
gas solid assignment gas solid
E(eVv),£0.1 termvalu(eV) E(eV),£0.1 (final orbital) E(ev), termvalué(eV) gy assignment (final orbital)
401.3 4.3 3s +0.1 T, Tconn +0.1 NH, CONH—R
402.5 3.1 3p
401.0(sh) 4.6 3s
jgg'g, 03 405.3 (sh) f; C-Ny O N-H 401.9 40 4015 T conm
: . 402.8(sh) 2.8 3p
408.7 G 405.6 P
417 (W) -1 shake-up 4057 0.1 406.7 0*c y, 0*n ot
aThe gas-phase spectra can be obtained in electronic form from 405.9 IP
http://unicorn.mcmaster.ca/corex/cedb-title.hthilerm value= ioniza- 408.6 -3 O*N-H
tion potential (IP)— excitation energy¢ Calibration: gasi1.4(1) eV 413 =74 413 0% CoNH
;(ellDastIQIZe to N % solid, —0.6 eV relative 1o 3p(= 0) of Nz. ¢ From 2The gas-phase spectra can be obtained in electronic form from
: http://unicorn.mcmaster.ca/corex/cedb-title.httilerm value= ioniza-

tion potential (IP)— excitation energy¢ Calibration: gas;+0.8(1) eV
With regard to the computed spectra, tifefeatures in the relative to N *; solid, —5.8 eV relative to 3p { = 0) of N,
C 1s spectra are reproduced reasonably well once a rigid energy Estimated from IPs of similar speciesTrigly peaks observed at 401.5
shift between calculation and experiment is made. In particular, (=58 eV relative to 3p« = 0) of N,), 406.6, 413.
the calculation for Gly-Gly predicts a separation of 0.3 eV
between the C 1s(CONH)> 7*conn and C 1s(COOH)— valence levels ofr symmetry to be ob* c—p/0* c-n—n/0* N—H
7* coon transitions. The general agreement between the theoreti-character. These can be assigned to the intensity at 290.8 eV in
cal calculations and the experimental ISEELS data at higher the glycine spectrum and at 290.7 eV in the glyeglycine
energies in the C 1s (and N 1s and O 1s) core ionization continuaspectrum. The peak in the glycine spectrum at 294 eV can be
is less satisfactory, although there are correlations between theassigned &.a C 1s— m*cp,nh, transition, with some C 1s~
more intense computed states and the near-threshold broad™o-+ character, the peak at 297.0 eV as C-2%*c—on and
resonances, which are interpreted as excitations to quasi-boundC 1s— ¢*c-c transitions, and the peak at 303 eV as mainly C
o* states. The positions of these features can be approximatelyls — o*c_o with small contributions fronv*c_c transitions.
correlated with local bond lengtsA detailed discussion of  In the glycyl-glycine spectrum, the transitions analogous to
the present computational results with respect to the conforma-the last three features in the glycine spectrum are located at
tions of glycine and glycytglycine is given in section 3.3. 293.1, 296, and 303 eV, respectively. In the case of glycyl
The shoulders at 289.3 eV in the C 1s spectrum of glycine glycine, there is relatively more spectral intensity in th291—
and at 289.7 eV in the C 1s spectrum of glyeglycine are 293 eV energy region than there is in the glycine spectrum.
tentatively assigned as C s 3p (Rydberg) transitions. The  This can be rationalized by the GSCF3 calculations, which
theoretical GSCF3 calculations for both glycine and glycyl indicate that there are additional C-+S0* c(amigey-covHy @and C
glycine predict the lowest energy C 1s excitations to virtual 1S—s*ccoom)-nH transitions in this region for glycytglycine.
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Figure 6. O 1s oscillator strength spectra of gaseous glycine and ghglytine compared to computed spectra of the Ip conformer of glycine and
the “0° planar” conformer of glycytglycine. See caption to Figure 4 for further details. The computed energy scales are plotted with a shift
relative to experiment of 1.0 (Gly) and 1.2 eV (Glgly) in order to align the first peak. The sketches are for the (O @QS(B) 1,7* coon) (Gly)

and the (O 1s(ONH) %7*conn) (Gly—Gly) molecular orbitals.

TABLE 6: Energies, Term Values, and Proposed The lowest energy feature, observed at 401.3 eV (shoulder)
Assignments for O 1s Spectral Features of Glycine in the experimental N 1s spectrum of glycine, is associated with
(Gas, Solid) the N 1s— 3s (Rydberg) transition. A feature associated with
gas solid the 3s Rydberg transition is observed in the glyeylycine
E(ev), term valué (eV) E(ev), _ assignment (final orbital) spectrum,_but is _rela_tively _Iess intense. The feature located at
101 T  Ton 401 =0 O—H 402.5 eV in glycine is assigned as the N-3s3p (Rydberg)
T32F 61 oo trangition. Note that, in Figure 2, the N 1s spectrum of solid
- ' 532.4 (n*c;oin glyc_;me doe'_s not show any _peaks in the 4Q03 eV energy
carboxylate form) region, confirming these assignments since Rydberg transitions
535.3 47 536.8 T* =0 are quenched in the solid state. Our calculations for glycine do
538.2 IP not show the Rydberg features since these are only predicted
540.0 P by the GSCF3 method if a much larger basis set is used and
gig (sh) -18 _a 545 Z*Z’ig the IVO approximation is not used. Relative to glycine, the N

1s spectrum of GlyGly(g) differs most around 402 eV. In
htta ';'/he_gas—phase ?pecét‘;a Ca:/ b?jbotbttlairr]f?%rin e|90|'[r°ni<_3 form from particular, there is a strong, narrow peak at 401.9 eV in-Gly
1p:/iunicorn.memaster.ca/corexiceab-tite. ifmierm value= 1oniza- Gly(g). This is assigned to the N 1s(amide)r* conn transition,
te's/nreﬁg:ﬁ/g"t%l ((:IQP)];; géﬁgﬁofe;%?se)r?gfaﬁsgt;;ag?;: dg,fr%’r_nsx?l’jlgz) reflecting the fagt that there is a significant co_ntribu_tiqn of the
N 2p atomic orbital to ther* cony molecular orbital. Similar N
1s —a*conn transitions are seen in the N 1s spectrum of
formamide3® and a corresponding peak is very prominent in
the N 1s spectra of the solid species (&ly, Gly—Gly—
Gly, fibrinogen) as well as albumit{—4°
The broader peaks located at 405.3 eV in glycine and 405.7
eV in glycyl—glycine are assigned as N #so*c-ny and N 1s

3.2.2. N 1s Spectréigure 5 plots the N 1s spectra computed
by GSCF3 for the Ip conformer of glycine and the® ‘filanar”
conformation of glycyt-glycine. The computed N 1s spectra
of the other glycine conformers, lip, lllp, and 1Vn, show only
small differences in peak positions and intensities. The experi-

mental spectra of glycine and glyeyglycine are aiso included —s*y—p transitions. The shorter length of the partially conju-

for comparison. Note that both energies and intensities (full gated amide €N bond gives rise to a shift to higher transition
molecule) are on absolute scales for both the computed andenergy foro* conn compared witho* c_ni,. There are broad

experimental results (offsets are used for clarity). The energies, yeaks at 405.7, 408.6, and 413 eV in the N 1s spectrum of Gly
term values, and proposed assignments for the N 1s spectrag|y. These features are attributed to N-ts7* c_np,, 0% cnr,
features of glycine are presented in Table 4, while the values gnd g* .oy transitions. Since the N 1s o* conn transition is

for glycyl—glycine are presented in Table 5. Table 8 summarizes not present in glycine, the GlyGly spectrum shows higher
the calculated transition energies, oscillator strengths, and orbitalintensity in these regions than the glycine spectrum (this is
characters of selected low-energy states of glycine, while Table readily observed in the difference spectrum plotted in Figure
9 summarizes the corresponding quantities for thfegianar” 10).

conformation of glycyt-glycine. A detailed discussion of the 3.2.3. O 1s Spectrdigure 6 plots the O 1s spectra computed
present results with respect to the conformations of glycine and by GSCF3 for the Ip conformer of glycine and the’ ‘fflanar”
glycyl—glycine is given in section 3.3. conformation of glycyt-glycine. The computed O 1s spectra
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TABLE 7: Energies, Term Values, and Proposed Assignments for Features in the O 1s Spectra of GlyeyGlycine

gasg solid
E (eV), term valué (eV) E (eV), assignment (final orbital)

+0.1 Tconn Tcoon Town +0.1 C=ONH C—OCH O—H
531.7d (flt) 7.5 TT* cooH
532.24 (fit) 5.8 532.2 TT* CONH
534.0 (w) 4.0 0*cNo 0*cno
535.7 4.3 535.2 TT* coom
538 1P
539.2 P
539 (br) 1 538.6 (br) 0*o-H
540.¢ P
542 (br) -2 542 (br) 0*c-oH
546 (br) -6 -5 0*c-o

aThe gas-phase spectra can be obtained in electronic form from http://unicorn.mcmaster.ca/corex/cedb-tiflehtmbalue= ionization
potential (IP)— excitation energy¢ Calibration: gas, center of first peak at3.7(1) eV relative to C@x* (the centroid of the first peak in
Gly—Gly is shifted—0.3 eV relative to that in glycine); solidy1.41(8) relative to @z*. 4 The comparison to glycine (Figure 3) reveals that the
first peaks contains two components. These energies are based on spectral subtraction and fits to two GausSistifiaeésd from IPs of
similar specie$§? Trigly peaks observed at 532.2 (calibratich].36(8) relative to @x*), 535.2, 538.8 (br), 542 (br).

TABLE 8: Selected Eigenvalues, Oscillator Strengths, and TABLE 9: Selected Eigenvalues, Oscillator Strengths, and
Orbital Characters for Computed Core Excited States of the Orbital Characters for Computed Core Excited States of the
Ip Conformer of Glycine “0° Planar” Conformer of Glycyl —Glycine
orbital —e f orbital —e f
site P character no. (evVyR (x1073 site IP character no. (eV) (x107?
C1(CH,) 293.65 7*(C=0O0H) 21 295 0.02 Ci(CH,—NH,)  293.63 7*(CONH) 37 152 0.03
o*(C—H)lo*(C—N) 23 001 1.60 o*(C—NHz), 40 —0.30 0.90
*(C—N) 22 -056 0.63 0*(C—Hy)
o*(C—N)lo*(C—H) 26 -0.80 1.93 o*(C—Hy) 41 -0.37 1.60
7*(CH,—NHy) 30 —-263 213 0*(C—NHy) 50 -1.20 2.39
C,(C=0) 297.78 7*(C=0O0H) 21 6.47 7.56 C, (CONH) 296.04 7*(CONH) 41 468 7.10
0*(0O—H) 22 —-030 0.72 C3 (CH,—COOH) 293.77 7*(COOH) 36 3.21 0.05
*(C—OH) 33 -3.05 247 7*(CONH) 37 056 0
N 406.37 7*(C=0OO0H) 21 1.71  0.00 0*(C—NH) 56 0.01 2.67
o*(N—H) 24 —-054 0.83 o*(C—H2) 40 —0.66 1.50
o*(N—H) 25 —126 248 o*(C—C) 41 -157 1.60
a*(C—N) 30 -—261 245 C,4 (COOH) 298.39 7*(COOH) 37 6.73 7.31
0, (C=0) 540.48 7*(C=0) 21 420 041 Nz (NH2) 405.79 7*(CONH) 37 019 0
o*(O—H) 24 142 172 a*(C—N)/ 45 -1.62 231
0*(C—OH) 31 —-2.09 224 0*(N—Hy)
0O, (OH) 538.86 7*(C=0) 21 593 1.53 o*(C—N) 48 —-3.03 232
0*(0—H) 22 -154 031 N2 (CONH) 406.86 7*(CONH) 37 227 045
0*(C—OH) 23 341 o081 a*(COOH) 36 2.06 0.08
* pa— —

@ The predicted spectra were generated using Gaussian lines of area g (aO*(CH—)’C) 44 0.52 117
given by the computed oscillator strengfin #nd widths of 0.8 < o*(N—H?2) 57 —1.02 1.16
—2eV),20(20<c<20eV),40(20<e<80eV),and6.0eV o conp) 537.24 7*(CONH) 37 392 128
(¢>8.0eV) 0,(C=00H)  539.15 7*(COOH) 37 620 1.52

05 (OH) 540.62 7*(COOH) 36 452 0.40
of other conformers, llp, lllp, and 1Vn, show only small 0*(0O—H) 42 1.64 1.45
differences in peak positions and intensities. The experimental 0*(C—OH) 73 -195 230
O 1s spectra of glycine and glyeyglycine are also included aThe predicted spectra were generated using Gaussian lines of area

for comparison. Note that both energies and intensities are ongiven by the computed oscillator strengfih ¢nd widths of 0.8 <
absolute scales for both the computed and experimental results-2 €V), 20 ¢2.0< e <2.0eV), 4.0 (2.0< ¢ <8.0eV), and 6.0 eV
(offsets are used for clarity). The energies, term values, and (€ >8.0¢eV).

proposed assignments fo_r the spectral features Of. glycine At the O 1s level, and in part because the core hole shielding of
presented in Table 6, while the values for glyeglycine are

ted in Table 7. Table 8 ; h N dan atom distant from the main electron density of the optical
presented In fable 7. 1able summarizes th€ Computed ., 0q a5 orbital is less than that for core excitation at an atom
energies, oscillator strengths, and orbital characters of selecte lose to the main electron densfy/According to the GSCF3
Iow-energy_states of_ glycme, while Table 9 summarizes the results, the broad feature at 540 eV is due to O-4&* o_p
corresponding quantities for the *@lanar” conformation of

. - X . _transitions, while the broad peak at544 eV in glycine is
glycyl—glycine. A detailed discussion of the present results with 5<cociated with O 15 o* oo transitions.

rgspegt to thg conformations of glycine and glyeglycine is The O 1s spectrum of GiyGly is quite different from that

given in section 3.3. of Gly. Relative to the O 1s continuum intensity, the intensity
The O 1s spectrum of glycine(g) shows two strong peaks. of the lower energy peak in GiyGly is much increased. This

The lower energy feature at 532.1 eV is the O Es@ — reflects the fact that GlyGly has two G=O double bonds

7* coon transition, while the higher energy feature at 535.3 eV versus only one in Gly. Note that the apparently singi@eak

is the O 1s(OH)~ 7* coontransition. The latter feature is shifted  at 532 eV in Gly-Gly consists of an unresolved overlap of the

to considerably higher energy, in part due to the chemical shift O 1s(carboxyl)— 7*coon and the O 1s(amide)> a*conn
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Figure 7. Computed C 1s, N 1s, and O 1s spectra of the four most common conformers of glycine. The top bold curve is a weighted sum using
the predicted relative abundances at 400 K.

transitions. As shown in Figure 6, the GSCF3 calculations spectral features without being unduly influenced by small

successfully predict both the spectral overlap and the increasedconformational or symmetry changes. The largest differences
intensity of the lowestr* peak relative to Gly. However, the  occur for conformer Ilp, especially in the N 1s and O 1s spectra.
peak energy ordering deduced from experiment (via comparisonThis conformer is expected to comprise onl9% of the

to Gly in the spectral subtraction, see Figure 10) is O 1s(amide) molecular population at the experimental temperature.

— m*conn < O 1s(carboxyly— 7* coon, Whereas the GSCF3 Figure 8 presents the results of GSCF3 calculations for C
calculations predict the reverse order. It is interesting to note 1s, N 1s, and O 1s excitation of glyeyylycine in the “180
that, experimentally, both the C 1s and O s 7*conn twisted” (upper panel) and “awisted” (lower panel) confor-

transitions occur at slightly lower energies than the C 1s and O mations described in section 2.4. The corresponding spectra of
1s — s*coown transitions, whereas theoretically, the order the “0° planar” conformation have already been presented in
reverses between the C 1s and O 1s shells. The transitionFigures 4-6. In this case, there are very significant differences
energies involved are very close though, and depend on bothbetween the calculated spectra for the *®@isted” geometry

the energies of the final orbitals and the energy required to createand the “0 planar” or “180 twisted” geometries, caused mainly
the core holes, so it is not surprising that the theoretical method by changing interactions between thit systems of the amide
struggles in this case to get the energy ordering correct. and carboxyl groups. The computed spectra of tifegl@nar”

The O 1s(OH)— 7* coon peak of glycyl-glycine occurs at (Figures 4-6) and “180 twisted” (upper panel of Figure 8)
535.7 eV. This feature is weaker and shifted 0.4 eV to higher geometries are quite similar, perhaps surprisingly given that the
energy relative to its counterpart in Gly. The calculations overall geometry has changed so drastically. Although the details
indicate this transition should occur at 536 eV, and at the same of the individual transitions are slightly changed, the resultant
energy in both molecules. In comparison with glycine, there is spectra are generally very similar to each other because*the
one additional feature in the O 1s spectrum of GSBly at 534.0 systems of the amide and carboxyl groups are planar in both
eV. According to the GSCF3 calculations, this is probably cases and can therefore still interact with each other in similar
associated with the O 1s- o*cno transitions from both the  ways. However, the calculated spectra for the*®@@isted”
carbonyl and the hydroxyl oxygen atoms. geometry (lower panel of Figure 8) show quite different spectral

3.3. Influence of Molecular Conformation on the Glycine features, with significant changes in all three core-level spectra.
and Glycyl—Glycine Inner-Shell Spectra.Figure 7 presents  In particular:
the results of GSCF3 calculations of the C 1s, N 1s, and O 1s (&) Thex* region of the C 1s spectrum shows two distinct
spectra of the Ip, lip, lllp, and IVn conformers of glycine (see peaks, which arise from the C 18 7*conn and the C 1s—
Figures 4-6 for comparison to experiment). There are few *coontransitions having significantly different energies in the
differences between the calculated spectra for the different “90° twisted” species.
conformers, suggesting that inner-shell excitation is not very  (b) The N 1s spectrum is calculated to have negligible
sensitive to the molecular conformation of glycine. This lends intensity for the N 1s—~ 7* cony transition, associated with the
confidence that the glycine calculations reproduce the main fact that the N 2p orbital cannot interact with th&co orbital.
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Figure 8. (Uppen Computed C 1s, N 1s, and O 1s spectra of glyglycine in the “180 twisted” geometry, in which the top part of the molecule
is rotated 180 relative to planar geometryLower) Computed C 1s, N 1s, and O 1s spectra of glyajycine in the “90 twisted” geometry. The

MOs sketched are those of the& o orbital with amide N 1s excitation. The spectra for each distinct site, as well as the weighted sum, are
indicated.

(c) Thex* region in the O 1s spectrum exhibits two peaks, of the carbonyl group, is as large as shifts associated with
for the same reason as in the C 1s signal, although in this casechanges in the electrostatic environment of a carbonyl group
the peaks are closer together than in the C 1s region. within a planar geometr§2>*Because the geometry dependence

While the disappearance of the N 4sx* transition in the of the computed C 1s and O 1s spectra of gly@llcine is so
“90° twisted” geometry was expected from simple orbital dramatic, we have investigated further by performing GSCF3
overlap considerations, the large changes in the C 1s and O 1<alculations on formamide, the simplest species wittf gonn
spectra were unexpected. These results indicate that the energgrbital. We have computed the C 1s, N 1s, and O 1s spectra of
shift associated with delocalization of th&co orbital onto the HCONH; in the equilibrium planar geometry and in a “90
amide N atom, with exactly the same electrostatic environment twisted” geometry, where the two H atoms of the Ngtoup
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Figure 9. Computed C 1s spectra of formamide in “planar” and*®fisted” (about the €N bond) geometries (see text for details), compared
to the experimental oscillator strength spectrum derived from ISEET®e MOs sketched are those of th&co orbital with C 1s excitation in

the two geometries.

are twisted 90 out of the plane of the HCO moiety. This is
equivalent to rotation about the-N bond, as was done for
glycyl—glycine. A computer-optimized geometry using a 6-31G
basis set was used. For the’@®@isted geometry, only the twist
angle was constrained in the geometry optimization. We have
also carried out the core excitation calculation with a range of

see in species where the number of amide groups in a twisted
geometry was large compared to those in a planar geometry.
3.4. Inner-Shell Spectra of the Peptide BondTo more
clearly reveal the effect of peptide bond formation, Figure 10
compares the C 1s, N 1s, and O 1s spectra of gaseous glycine
with the spectrum of glycytglycine, along with the difference

basis sets. We found the answer to be essentially independenspectra computed as 2(Ghsly) — Gly for C 1s and N 1s, but
of small changes in bond lengths or basis set details. The resultsas 1.5(Gly-Gly) — Gly for the O 1s spectrum, to account for
of these calculations are presented in Figure 9 in comparisoncorrect number of atoms of each type. This procedure isolates

to the experimental spectrum of formamiteSimilar effects

the spectral signature of the amide C 1s contribution, assuming

are observed in the conformational dependence of the C 1s, Nthere is very little difference in peak positions or relative
1s, and O 1s spectra of formamide as were observed in theintensities of theo-C or the terminal COOH carbon signals.

glycyl—glycine spectra. The twisted geometry gives rise to a C
1s— z*conn transition at significantly lower energy than the
planar C 1s— 7* conn transition; the N 1s~ z* conw transition
loses all intensity in the twisted geometry; and the O—is
7T* conn transition occurs at lower energy for the twisted case
than the planar case. Plots of th&orbital for C 1s excited
formamide in the planar and twisted geometries (Figure 9)
demonstrate that, in the planar formamide molecule,sthe
orbital is both C-N and C-O antibonding, while in the 90
twisted case it has only-€0 antibonding character. This results
in this orbital being of significantly lower energy (byl—1.5
eV) in the twisted forms of formamide and glyeyglycine than
in the planar forms, thus giving rise to C 3 7*conn
transitions at significantly lower energies. The same features
are observed in the orbital pictures for O 1s excitation (not
shown).

These computational results indicate there is a significant

These are considered reasonable assumptions, given that these
sites are isolated from the change in peptide bond formation
by at least one saturatedC bond.

These difference spectra clearly reveal the effect of peptide
bond formation on inner-shell excitation. The C 1s difference
signal for the two gas-phase species is dominated by a narrow,
strong band at 288.2 eV. The position of this band is in good
agreement with that found in the C 1s spectra of prot&in3,
where the peptide bond*c—o transition dominates. A very
similar difference spectrum is found between the C 1s spectra
of solid glycine and solid glycytglycine. The situation for the
difference in the gas-phase N 1s spectra is somewhat more
complicated because the conn peak overlaps with Rydberg
transitions. However, the difference spectrum is clearly domi-
nated by a strong, narrow band at 401.7 eV. The corresponding
difference of the N 1s spectra of the solid species is also very
much dominated by the* conn, Which peaks at 401.1 eV. This

conformational dependence of the inner-shell spectra (all threeis about 0.6 eV lower than in the difference of the gas-phase

core edges) of GlyGly and presumably of all peptides, in

particular a sensitivity to twist angle at the peptide bond. This
suggests that it may be possible to use inner-shell excitation
spectra as a probe of the conformation of amide linkages in

spectra. This suggests that the strongest discrete peak in the N
1s spectrum of GlyGly may actually be Rydberg in origin,
and the N 1s— 7* conn peak could actually be the shoulder at
401.1 eV, Generally speaking, the position of theseonn

peptides or even proteins. These effects would be most easy tqpeaks are in good agreement with the positions of peaks found
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Figure 10. Experimental C 1s, N 1s, and O 1s oscillator strength spectra of gaseous glycine and gllyciyle, and their difference, which is an
estimate of the spectral signature of the peptide bond. The weightings used to account for stoichiometry when taking the difference are explained
in the text. The bottom curve in each panel (bold) is the corresponding difference signal from the solid-state STXM measurements.

in the N 1s spectra of proteiri§;*° where the peptide bond N glycine clearly identifies changes associated with the structural
1s— m* connr dominates relative to the contribution from the changes that occur upon peptide bond formation. These include
terminal NH. It is fair to say that the appearance of the-onkr a clear broadening anda0.3 eV shift of the C 1s~> 7*c—o

peak with formation of the amide band is the single most peak and introduction of a new pre-edge feature in the N 1s
characteristic feature of peptide formation. This is particularly spectrum, both due to s z* amigetransitions introduced with
clear in the solid state, where the Rydberg transitions do not formation of the peptide bond. Comparison to theoretical
appear. The difference in the O 1s spectra of the gaseous Glycalculations supports the spectral interpretation developed from
and Gly-Gly species is the most complicated, but it can be the direct spectral comparison and emphasizes the need to
readily interpreted when one realizes there is removal of an OH consider shifts in both core and* energies in spectral
bond as well as the introduction of the amide group upon peptide assignments. Theoretical investigations of the dependence of
bond formation. The negative-going peak~a535 eV arises the inner-shell spectra on molecular geometry have revealed a
from loss of one of the two O 1s(OH} 7* coon transitions, as sensitivity to the geometry around peptide bonds which may
well as shifts in the energy of the remaining O 1s(OH) have potential use as a probe of molecular conformation of the
7T* coon contribution relative to that in Gly. In the solid, the amide groups in peptides or proteins. Although prior compari-
oxygen atoms are likely in a symmetric environment in the sons of the C 1s NEXAFS of mono-, di- and triamino acid
zwitterion form of glycine, so there is no O 1s(OH) 7* coon systems have been presentethat work considered only the
transition. Thus, the difference of the solid spectra is predomi- C 1s edge, and the spectral interpretation was rather limited
nantly a single peak at 532.1 eV, corresponding to the ©-1s  compared to the present treatment. Further investigation of the

7T* conn transition at the peptide bond. spectra of tri- and larger peptides are needed to reinforce these
spectral interpretations and to provide further insight into how
4. Summary NEXAFS spectroscopy can be used to study peptide bond

C 1s, N 1s, and O 1s inner-shell electron energy-loss Spectraconformation. Such studies will help to guide future applications

of gaseous glycine and glyeylycine have been compared to of NEXAFS microscopy to studies of short-chain peptides in
X-ray absorption spectra of solid glycine, glyeydlycine, and biological systems.

triglycine. Differences in the gas- and solid-state spectra have .
been rationalized in terms of differences in the molecular 5. Note Added in Proof

structure of the gas and solid, along with intermolecular solid-  After the review of this paper was completed, we were
state effects. Comparison of the spectra of glycine and glycyl provided with a preprint by Zubavichus et®lof a parallel
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study of partial-yield NEXAFS spectra of thin films of Gly,
Gly—Gly, Gly—Gly—Gly, and the cyclic dimer, 2,5-diketo-
piperazine (DKP). Zubavichus etlinterpret ther* co region

of their C 1s spectra as consisting of two overlapping peaks at

Gordon et al.

(5) Ade, H.; Urquhart, S. G. I€hemical Applications of Synchrotron
Radiation Sham, T. K., Ed.; World Scientific Publishing: River Edge, NJ,
2002; p 285.

(6) Hitchcock, A. P.J. Synchrotron Radia001, 8, 66.

(7) Meyer-lise, W.; Hamamoto, D.; Nair, A.; Léliee, S. A.; Denbeaux,

288.3 and 288.7 eV in all three noncyclic species, and only a G-; Johnson, L.; Pearson, A. L.; Yager, D.; Legros, M. A.; Larabell, C. A.

single 288.3 eV peak in DKP. On the basis of this, they attribute
the 288.3 eV signal to the C 18 7* conn @amide signal (as in
this work) and the 288.7 eV signal to C-4sx* oo transitions,
with the C 1s— s*coon transition considered to overlap the
288.3 eVr*conn @amide signal. On the basis of these assign-

J. Microsc.2001, 201, 395.

(8) Kaznacheyev, K.; Osanna, A.; Jacobsen, C.; Plashkevych, O.;
Vahtras, O.; Ayren, H.; Carravetta, V.; Hitchcock, A. B. Phys. Chem. A
2002 106, 3153.

(9) Cannington, P. H.; Ham, N. 3. Electron Spectrosc. Relat. Phenom.
1983 32, 139.

(10) Ricker, G.; Sandorfy, C.; Nascimento, M. A. G. Electron

ments, they interpret the changes in their spectra in terms of Spectrosc. Relat. Phenori984 34, 327.

different amounts of carboxylate, carboxylic acid, and amide

groups in their sample, which they suggest could be a mixture

of neutral and zwitterionic forms. Significantly, their spectrum
for glycine is dominated by the 288.3 eV signal. In the N 1s
region, Zubavichus et &f.observe a strong signal at 401.5 eV
in glycine (as well as signal at the same energy, but with
increasing intensity, in the N 1s spectra of Gly, Glgly, Gly—
Gly—Gly, and DKP). They attribute the 401.5 eV signal in
glycine and at least part of that in the other species to N-1s
o*nn transitions. This observation is in strong contradiction to

(11) Bomben, K. D.; Dev, S. BAnal. Chem1988 60, 1393.

(12) Hasselstnm, J.; Karis, O.; Weinelt, M.; Wassdahl, N.; Nilsson, A.;
Nyberg, M.; Pettersson, L. G. M.; Samant, M. G.}I8ta). Surf. Sci.1998
407, 221.

(13) Nyberg, M.; Hasselstm, J.; Karis, O.; Wassdahl, N.; Weinelt, M.;
Nilsson, A.; Pettersson, L. G. M. Chem. Phys200Q 112, 5420.

(14) Tanaka, M.; Nakagawa, K.; Koketsu, T.; Agui, A.; Yokoya,A.
Synchrotron Radiat2001, 8, 1009.

(15) Boese, J.; Osanna, A.; Jacobsen, C.; Kird, Electron Spectrosc.
Relat. Phenom1997, 85, 9. i

(16) Carravetta, V.; Plashkevych, O.gfen, H.J. Chem. Phys1998
109, 1456. )

(17) Yang, L.; Plashkevych, O.; Vahtras, O.; Carravetta, \greh, H.

the current work, where signal is not detected at this energy in J. Synchrotron Radiatl999 6, 708.

solid glycine. Two possible explanations could be (1) strong
polarization effects in our work, which we discount since the

N 1s spectra were taken from the gel sample, where no

polarization effects were detected in the C 1s region, or (2)
formation of some Gly-Gly or other peptides in their sample

(18) Debies, T. P.; Rabalais, J. \l.Electron Spectrosc. Relat. Phenom.
1974 3, 315.

(19) Klasinc, L.J. Electron Spectrosc. Relat. Phenal®76 8, 161.

(20) Cannington, P. H.; Ham, N. $. Electron Spectrosc. Relat. Phenom
1979 15, 79.

(21) Steinberger, I. T.; Teodorescu, C. M.; Gravel, D.; Flesch, R.;
Wassermann, B.; Reinhardt, G.; Hutchings, C. W.; Hitchcock, A. Phj,Ru

associated with polymerization in the condensed state. We dog, phys. Re. B 1999 60, 3995.

note that the shape of the 401.5 eV signal in their N 1s spectrum

of glycine is very “r*"-like (i.e., similar to that in the peptides)

(22) Weiss, K.; Bagus, P. S.; WoCh. J. Chem. Phys1999 111, 6834.
(23) Hitchcock, A. PPhys. Scr199Q T31, 159.
(24) Brion, C. E.; Daviel, S.; Sodhi, R. N. S.; Hitchcock, A. RP

and quite different from the Rydberg signals observed in gaseous: ¢ ‘proc 1982 94, 429.

Gly and Gly—Gly. It is difficult to reconcile the results of that

(25) Sodhi, R. N. S.; Brion, C. B. Electron Spectrosc. Relat. Phenom

study with our results since the experimental results differ, and 1984 34, 363.

yet the two sample preparations appear to be similar. As

Zubavichus et al’ also concluded, further studies of different
solid-state preparations are required to clarify the role of the
ionic form and possible polymerization before one can conclu-
sively resolve the differences in these two studies.
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