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Polyglycine Conformational Analysis: Calculated vs Experimental Gas-Phase Basicities and
Proton Affinities

Introduction

The simplest peptide containimyesidues is the polyglycine

Alice Chung-Phillips*
Department of Chemistry and Biochemistry, Miami Lésity, Oxford, Ohio 45056
Receied: December 15, 2004; In Final Form: May 3, 2005

Structures of neutral and protonated polyglycines (@lyd GlyH* with n = 1—6) in the vicinity of global

energy minima were calculated using the density functional theory at the B3LYP/#643%1* (A) and B3LYP/
6-31+G** (B) levels. Ninety-three structures were chosen for conformation and protonation studies. Geometries
of the peptides are found to vary from open chains to multiple rings. Intramolecular hydrogen bonding is
deduced to be the driving force for conformational stability. The preferred protonation sites are shown to be
the terminal nitrogen atom and its adjacent amide oxygen atom. Structural series are developed according to
geometrical form, hydrogen bonding, and protonation site. Physical factors that influence the relative electronic
and thermodynamic stabilities of different structural series are examined. To obtain ab initio values of highest
quality for gas-phase basicity (GB) and proton affinity (PA), electronic energies forl—6 and thermal
corrections to Gibbs free energy and enthalpy rio= 1—3 were calculated at level A, supplemented by
thermal corrections fon = 4—6 at level B. Calculated GB and PA values are compared with mass spectral
results obtained by the kinetic method (KM) and reaction bracketing (RB). The KM results and the ab initio
values derived from structurally compatible pairs of lowest free energies are generally in good agreement,
but the RB results for GB are lower by-B8 kcal/mol forn = 2—6. Several reaction pathways are proposed

to elucidate the experimental results. On the basis of theoretical structures consistent with the measurements,
it is concluded that KM mostly samples the neutral and protonated structures of highest populations at thermal
equilibrium, whereas RB targets those with sterically most accessible sites for protonation and deprotonation.

n = 1-6 using both KM and RB. Comparisons of the reported
data showed substantial discrepancies between the KM and RB

Gly,, with the molecular formula NYCHy(CONHCH),-1COOH. results?

Devoid of side chains and their functional groups, &yrms The most direct approach to find the energies and structures
the backbones of amino acids, peptides, and protehusentific of neutral and protonated molecules is to apply the ab initio
findings from rigorous investigations on Glgre importantto ~ molecular orbital theory based on quantum mechéahiés.

the study of a wide range of biological systems. comprehensive review on ab initio calculations of amino acids

The biological activities of a peptide depend on its three- and peptides by Scfex, Newton, and Jiafigrovides a valuable
dimensional structure and locations of basic sites. In the gassource of references. For gaseous glycine and its protonated
phase, the preferred conformations, favored protonation sites,ions, Gly and GlyH, the level of theor§ progressed from
and pathways of proton migration from one site to another are Hartree-Fock (HF), second-order MglleiPlesset perturbation
the intrinsic structural properties of a peptide and its protonated (MP2), to Becke 3-parameter-Le&ang—Parr (B3LYP) func-
ions. A versatile experimental tool to study gas-phase ion tional® of the density functional theory (DFT), in combination
chemistry of biomolecules is mass spectrométrythe positive with small (3-21G) to large (6-31+G**) basis sets. Repre-
ion analysis, the protonated ion is of primary concern. The sentative topics ranged from conformational anahsi§ to
location of the proton affects the fragmentation pattern of the intramolecular proton migratiol:*8But for Gly, and GlyH™"
ion which in turn provides structural information for the with n > 3, rigorous analyses were rarely attempted due to a
identification of the unknown peptideTwo intrinsic thermo- lack of practical procedures to circumvent the seemingly
dynamic properties of a peptide M are gas-phase basicity (GB) insurmountable work required by the ab initio approach.
and proton affinity (PA), which can be measured quantitatively  The first GB and PA calculations at the HF/3-21G and HF/

as the respective-AG and —AH of the protonation reaction
M + HT — MH*. The GB and PA values of a number of

6-31G* levels were carried out by Zhang et al. of this laboratory
to provide pertinent data for Gly, GlyGlys, Ala, Alay, GlyAla,

oligopeptides were measured by the kinetic method (KM) and AlaGly, and their protonated specie¥2°The work proceeded

reaction bracketing (RB) in the past decade. A critical review
on this topic was given by HarrisdnEor polyglycines Gly,

Wu and Fenselauestimated the GBs and PAs of= 2—10
using KM, Wu and Lebrill& determined the GBs af = 1-5
using RB, and Zimmerman and Cassatheasured the GBs of

to higher theoretical levels for Gly and Glyt16-17-21resulting

in the best calculated GB and PA values for glycine, 203.5 and
211.1 kcal/mol, at the composite level MP4/6-34G(3df,2p)
over MP2/6-31%G** geometries. The ab initio values are in
excellent agreement with the NIST vali8203.7 and 211.9

*To whom correspondence should be addressed. E-mail: philiac@ Kcal/mol, evaluated by Hunter and Lias. From other laboratories,

muohio.edu.

Strittmatter and William® computed six PAs of Gly(n = 1,
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Figure 1. The extended form of hexaglycine: conformational dihedral angles and notations for nitrogen and oxygen atoms (top); atomic partial
charges in 1¢? e at the B3LYP/6-311+G** level (bottom). Atoms are identified by color (H, none; C, black; N, blue; O, red).

3-5, 7, and 10) at the B3LYP/6-31G* level starting from Merck 311++G** (A) and B3LYP/6-31+G** (B) are used. Our
molecular force field (MMFF$) geometries; the plot of their ~ previous work on glycine demonstrated that level A yields better
calculated PAs va resembles well the plot from mass spectral protonation energy and geometry than MP2/6-&* and
PAs of Wu and Fenselau. In a mechanistic study of proton gives results comparable to those of MP2/6-8#G**. 21
migration and tautomerism in GM*, Rodriquez et af Initial Geometries. The extended form of hexaglycine in
deduced the GB and PA values of Glat the B3LYP/6- Figure 1 is used to illustrate a polyglycine structure. The
31++G** level; their values agree favorably with mass spectral conformation (top) is specified by the conformational dihedral
values. angles (CDAs) using the conventional symhpléphi), v (psi),

This work is part of a continuing project to bring ab initio  and w (omega) for peptides.The structure may be viewed
applications to biomoleculé8.Recent advances in supercom-  regionally in terms of conformational units= 1—6 determined
puter technology have facilitated accurate studies of moleculespy the corresponding;, 1i, andw;. In this study the low-energy
of the size of hexaglyine using the B3LYP method with large conformers on the PESs of Glgnd GlyH* with n = 1—6 are
basis sets. The present objective is to find relevant structuressearched using internal coordinates for geometriesatrix®
of Gly, and GlyH" (n = 1—6) for conformation and protonation  that contains the CDAs explicitly is constructed to give a precise
studies. To achieve this goal a proficient algorithm for optimiz-  definition to the peptide conformation. Thzematrix elements
ing peptide geometries using internal coordinates is developedare sequenced to attain maximum ease in transferring geo-
and conformational potential energy surfaces (PESs) around themetrical parameter values of individual conformational units
global minima of the respective species are searched. Thefrom one conformer to another. Using this procedure a library
resulting structures supply the source data for an in-depth of low-energy conformers is built from glycine to hexaglyctfe.
analysis of conformational properties, exploration of pathways The stationary point of lowest electronic energy is designated
for protonation and deprotonation, rigorous calculations of GB as the global minimum.
and PA, and a rational explanation at the molecular level for  G5ussian Calculations The Gaussian 98 computer program
the highly different GB values measured by KM and RB. The 5 employed to carry out all requisite calculatiGi&or clarity,
calculated structures and related studies bring new knowledgethe Gaussian commands atalicized Given a trial structure,
and physical insight to polyglycines. geometry optimizationdpt or opt = calcall) using the self-

The work represents the first major attempt to carry out consistent-field iterative procedure is carried out to determine
accurate ab initio calculations for neutral and singly protonated he optimized geometry and electronic energy, followed by
peptides containing more than three residues. The extensivecg|culations of harmonic vibrational frequencies (freq or
compilation of structural and energetic data, accompanied by calcall) to produce the relevant thermal corrections. Al
simple schemes developed for conformational analysis and cajculated structures satisfy the default convergence criteria of
protonation mechanisms, provide important references to futuretne Gaussian program. A local minimum has all positive
theoretical and experimental studies of gas-phase ion chemistryyyile each transition state (TS) has only one negatjve
of polypeptides. The freq or calcall procedure involves analytical force
constants and therefore requires significantly greater computer
memory and longer execution time than the defaoiit

Theoretical Levels.The B3LYP and MP2 levels of theory  procedure. In fact, the memory requirement constitutes the
with basis sets comparable or larger than 6-&t* have been bottleneck to ab initio applications to large molecular systems.
found reasonably accurate?”28 Although MP2 incorporates  Given the available computer resources, it is feasible to optimize
electron correlation more completely than B3LYP, MP2/6- geometries at level A up ta = 6. To calculate frequencies,
31+G** geometry optimizations fon > 3 would overburden level A is practical up ton = 3, but a lower level (level B)
the current computing capacity. For this reason, B3LYP/6- needs be used far = 4—6.

Computational Methods
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TABLE 1: Relative Electronic Energies (AEg), Thermal Corrections (AG), and Gibbs Free Energies AG) of Polyglycine
Structures at the B3LYP/6-31H+G** (A), B3LYP/6-31+G** (B), and Composite (A/B) Levels, in kcal/mok

glycine diaglycine triglycine

structure  AE((A) AG(A) AG(A) structure  AEg(A) AG(A) AG(A) structure  AE(A) AG(A) AG(A)
le 0.00 0.00 0.00 2n —1.64 0.36 —1.28 3f —3.87 2.94 —0.93
im 0.42 0.46 0.89 2f —-1.61 0.32 -1.29 3m -3.01 4.04 1.04
1c 1.45 0.11 156 2m —1.51 2.32 0.81 3e 0.00 0.00 0.00
1b 152 —-0.60 0.92 2e 0.00 0.00 0.00 3oh —235.92 10.93 —224.98
1d 5.61 —-0.24 5.37 2nT 2.19 1.20 3.39 3fh —235.31 13.42 —221.89
1dT 12.62 —0.99 11.64 2eh —229.22 9.89 —219.33 3lh —233.62 10.60 —223.02
leh —219.14 9.12 —210.02 2lh —228.17 9.72 —218.45 3eh —233.19 10.65 —222.54
1bh —214.66 8.52 —206.15 2mh —226.63 10.07 —216.56 3mh —230.46 11.40 —219.06

tetraglycine pentaglycine hexaglycine

structure  AE(A) AG((B) AG(A/B) structure AE(A) AG(B) AG(A/B) structure AE(A) AG(B) AG(A/B)
49 —6.67 7.84 1.17 50 —10.32 9.81 —0.51 69 —10.85 12.00 1.15
Af —5.98 5.94 —0.44 5f3 —9.36 10.63 1.27 692 —8.43 12.36 3.93
am —3.78 5.37 159 5m —3.88 6.89 3.01 6m —3.18 8.62 5.44
4e 0.00 0.00 0.00 5e 0.00 0.00 0.00 6e 0.00 0.00 0.00
4gh —245.14 16.77 —228.37 5gh —251.20 18.98 —232.22 6f3h —254.92 20.63 —234.30
4oh —239.27 10.79 —228.48 5f2h —250.13 17.80 —232.33 6g2h —251.37 20.10 —231.27
4lh —236.17 10.75 —225.42 5lh —237.55 11.23 —226.32 6lh —238.41 11.40 —227.16
4mh —233.18 1290 -—220.28 5mh —234.55 14.63 —219.92 6mh —233.33 16.26 —217.07

aSee Figures 26 and Tables 1S, 23\G(A) = AEL(A) + AG(A) and AG(A/B) = AEL(A) + AG(B).

Electron population analysipgp) and atomic partial charges by flipping the original graph from right to left by 18Gand
(pop = chelpg are included in the discussion. An example for turning clockwise by 90in the other two directions.
the CHELPG chargé® is provided for Gly in Figure 1 In Figures 2-6 the neutral group is placed before the
(bottom). For mechanistic studies, the TS is found usipg= protonated group; members within each group are presented in
gst2accompanied by optimized geometries for the initial and order of decreasing electronic stability. Structures are named
final states oropt = ts starting with a trial TS geometry. In  nx, nyh, and T for the neutral, protonated, and TS species
some cases the TS is verified using the intrinsic reaction wherex, y, and z are indicators of certain geometrical and
coordinate ifc). For protonation calculations, the basis set physical properties. The Glyninima are exemplified by, c,
superposition error (BSSE) is evaluated usoig massage  andmin the extended form, arfcandg in the folded form. For
which is carried to convergence for most @lyith n = 1-3 the Gly,H™ minima, eh fh, and gh are named for amino
and up to about 15 cycles otherwise. In the situation where the N-protonations with “h” added to the parent neutral structures
ghost-atom is located in a congested area, causing severe energy, f, andg, but the namesh, oh, andmh are used to indicate
fluctuation, the result from the first cycle is used, which is different modes of O-protonations. Each TS species has “T”

equivalent to a single-point (sp) BSSE. appended to the name of the most relevant local minimum in
question. In Figure 7 the structures are grouped for recognition;
Computational Results AG data are provided for comparisons with those in Table 1.

Ninety-three Gly and GlyH* structures (10 fon = 1, 18
forn=2, 22 forn= 3, 16 forn =4, 13 forn =5, and 14 for
n = 6) were selected for conformation and protonation studies.  Ab initio conformational analysis of peptides are generally
Values of electronic energ¥e, zero-point energyEzp, and carried out for model neutral peptides that replace the terminal
thermal correctionsl, and G to enthalpyH, and Gibbs free NH,CH, and CHCOOH by H or CH to replicate the main-
energy,G, at 298.15 K and 1 atm are provided in Tables 1S chain conformations of large peptidés?2In recent years greater
and 2S of Supporting Information. The directly computed values attention has been given to the intermolecular interactions of
are shown in Table 1S for the extended conformers of,Gly small peptides or peptide zwitterions with polar solvent mol-
(1e—66) chosen as the reference structures; values relative toecules®® As for thebona fidegas-phase Glyand GlyH™ where
the reference values are listed for all Gind GlyH* structures the two terminal groups are kept intact, much is to be learned
forn=1-6 in Table 2S. The\E,, AG,, andAG data of interest about the influence of intramolecular H-bonds on conformational
to energy analysis are presented in Table 1. The CDAs of the stability. In fact, the exceptional physical dexterity and distinc-
structures are provided in Table 3S. Examples of calculated bondtive chemical properties of the terminal groups bring new
lengths, bond angles, and dihedral angles are provided in thepossibilities and complexity to gas-phase conformations.
outputz-matrixes for the neutral, N- and O-protonated triglycines  As a guide to conformational analysis, 11 structural series
in Table 4S. (e, c, m,f, g, eh |h, oh, mh fh, gh) covering 56 energy minima

Structures representing lower to lowéstand G and those are catalogued in Table 2. The combined series notagens
deemed to have significant presence in the KM and RB (for eplusc), fg (for f plusg), andfgh (for fh plusgh) are used
measurements are shown in Figures62for n = 1-6. occasionally in plotting and discussion. Structures in each series
Additional structures of loviE, are presented in Figure 7 far generally follow a similar hydrogen bonding(H-bonding) pattern
= 2, 3, 4, and 6. For most structures, the graph shows the as the chain lengtmj increases, but the relative stability among
N-terminus on the left and the main chain extending horizontally structures of the sama in different series may change
to the right before bending to the left. But for the folded significantly asn increases. A comparison of the relative
structures oh = 4—6, a clearer view of H-bonds is obtained electronic AEe) and free AG) energies of the neutral series

Conformational Analysis



5920 J. Phys. Chem. A, Vol. 109, No. 26, 2005 Chung-Phillips

1b 1eT

1e

1d 1dT 1eh 1ehT 1bh

7 208
2eh 2Ih 2mh 2thT 2mhT

Figure 2. Structures of glycinde—1bh and diglycine2n—2mhT optimized at the B3LYP/6-3H+G** level. H-bond lengths in A are shown
by dashed lines. The protonated atom is marked by an asterisk.

3fh

3thT

208 3fohT

3fthT
Figure 3. Triglycine structures3f—3fohT optimized at the B3LYP/6-3H+G** level.

m, andfg is made in Figure 8 to show the role of H-bonding on e, ¢, m, fg, eh Ih, oh, mh, andfgh are shown in Figure 9 to
stabilities. Free energy plots of the neutral and protonated seriesreveal the structures of lower to lowe& important in
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4gh 40h 4lh

5gh 5f2h Slh
Figure 5. Pentaglycine structurésg—5Ih optimized at the B3LYP/6-3H+G** level.

experimental measurements. Here conformational stability is to the segment between terminal groups and “ring-closing”
made synonymous with electronic stability and thermodynamic applies to an-membered ring withm > 7.)
stability with free energy stability. In the following a general The N-terminak-NH; can becis or transto its adjacent amide
description of H-bonds and the dispositions of the terminal O along the NCCO chaincis as in2e andtransas in2n. The
groups is given before specific topics are discussed. barrier of the coupled internal rotations arouged and 1

The H-bond is represented by(X—H---Y) which has a  between the two minima i&nT (irN):
ring-like structure containingn atoms closed by H-Y. Atom
labels (Figure 1) may be employed for the H-donor X and 2e(0.00)— 2nT (3.39)— 2n (—1.28) (irN)
acceptor Y to identify a specific H-bond. The-HY distancer
is the H-bond length which has been used widely as an indicatorwhereAG in kcal/mol are provided in parentheses. The energies
of bond strength. In Figures-Z, r < 2.3 A is shown with a show a moderat&-barrier (3-4 kcal/mol) on flipping—NH>
dashed line to indicate the presence of a normal to strongfrom the “up” to the “down” position. At the N-terminus, there
H-bond?3* A protonated H-bond is noted with an asterisk;*C are three kinds of interactions between the amino group and its
(X* —H--+Y), where X* is the protonation site. The main-chain, adjacent amide group: bifurcated MHO, Gs(NH>) in g, single
ring-closing, and N1-protonated H-bonds of the N type, NH:-+-O, G(NH) in ¢, and NH--N involving the amino N lone
are designated simply as,@nd G,*. Special designations are  pair, G(N1) in m, oh, mh f, andg with the exception o692
given to certain interactions involving terminal groups and the ~ The C-termina-COOH can beis or transalong the OCOH
OH:---O, OH---N, and NH--N types. (Here “main-chain” refers  chain: cis as inle andtrans as in1d. The barrier of internal
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6f3h
Figure 6. Hexaglycine structure8g—6lh optimized at the B3LYP/6-31#+G** level.

6g2h

rotation aroundv; between the two minima i&dT (irC):
1e(0.00)— 1dT (11.64)— 1d (5.37) (irC)

showing a largeG-barrier (1112 kcal/mol) on convertingis
to trans. At the C-terminus, the ©&H---O=C attraction incis-
COOH is named gOH), which is taken as a H-bond despite
its occurrence in a functional group. This terminaj(@H)
appears in all the extended series (exaapand in the folded
seriesf andfh. Conversion froncis- to trans-COOH releases
the hydroxyl OH to form a H-bond with the adjacent amide O,
OH:--0, as the OH) in them, g, andgh series. The §OH)
is stronger than §OH) on account of a shorte(H:--O) in the
former.

Neutral Series.The neutral serieg(c, m, f, andg) are simple
to decipher with regard to correlating conformational stability
with H-bonding. A casual inspection of the Glynain-chain
conformations in Figures-26 reveals the frequent occurrence
of the 5- and 7-membered NHO bonds, G and G. The G
bonds are prominent in the extended which evolve into
“repeated €32 in the larger structures (e.dle— 6€). As the
C7 bonds increase with “repeated«(& Cr,a9"3* in the folded
fg, the stability offg increases relative tec This observation
implies that G is a stronger bond thans@nd is confirmed in
part by the shorter in C; compared with that in € When the
folded structures begin to form the ring-closing,CGCi7, and
Coo, the ring-like structures over 4, 5, and 6 residues emerge,
respectively. The single-ringor g carries repeated{plus one
Cm with m > 7, while the multiple-ringfs or gs contains &’
such rings. Clearly the £and G2 bonds are responsible for
the significantly greater stability df vs ec The extendedn
contains “repeated 4 in an open-chain forn¥? its stability
is intermediate between thoseaafandfg. This can be explained
in part by the stronger £in m as compared with thesdn ec
and a lack of G,+> in min contrast to the presence of such
bonds infg. Between the two-folded seriegjs expected to be
more stable tha owing to a stronger £OH) than G(OH).
The analysis is consistent with the relative stabilities of the four
major series from tetra- to hexaglycines shown in Tablegl:
> f > m > e. Among the extended series, the structures of
areg;-rotamers ofe: thec series is introduced along with the
eT series (not shown in Table 2) in the discussion of deproto-
nation mechanisms. The relative stabilityeis c, indicating a

6lh

more stable bifurcated4NH,) in e than the single §NH) in
c at the N-terminus.

Factors other than H-bonding that influence conformational
stability can be broadly described as structural strain to
destabilize and electronic enhancement to stabilize. Steric
repulsion occurs when nonbonded atoms are in close proximity,
e.g., wheny; or y; approaches Electronic strain occurs when
s-electron delocalization among the conjugated covalent bonds
in the planar amide or carboxyl group is disrupted, i.e., when
w; deviates from 180or w, deviates from @ or 18C. For the
smaller peptides, minimizing structural strain becomes relevant
to attain greater electronic stability. Examples incliées 1m
and the open-chaigf and 3f vs 2m and3m (Table 1).

One distinct electronic enhancement for peptides is the
“z-bond cooperativity®* that induces electron transfer and
polarization between favorably oriented adjacent-N& and
NH---O bonds. For example, the extendeelxhibits noticeable
stabilization as the H-bond chain elongates, evidenced by the
decreasing of Cs as a result of linking the planars®onds.
This is not the case for the extendedwhich has virtually
constant of C; from 3m to 6m. On the other hand, there is a
significant decrease in all the H-bond lengths for the folded
from 4gto 6g, partly due to a contraction of the peptide ring
size to form the ring-closing G, Ci7, and Go. Despite the
increasing ring strain, a greater increase in the stabilitg of
relative to that ofe is seen as a result of a greater increase in
H-bonding attraction from the decreasimg The relative
electronic stabilityfg > m > efor n = 4—6, is displayed vividly
in Figure 8. Overall, the major driving force for conformational
stability is H-bonding although other factors may become
important at times.

Protonated SeriesThe basicity of different protonation sites
in a peptide is expected to follow the trend (t1):

amino N> amide O> amide N> carboxyl carbonyl O

(t1)

which is supported by the GB values of NIST in kcal/mol: 210
for the N-protonation of ethylamine, 189.1 for the O-protonation
of formamide, 175 for the N-protonation of formamide, and
169.8 for the carbonyl O-protonation of formic aéidSeparate
calculations at the B3LYP/6-3#1+G** level for the respective
GBs yield 210.0, 189.4, 172.6, and 168.2 kcal/#%6IThese
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AT
199 4k
2ph (2.75)
(-201.49)

4f2h
2k 2fh (-226.67)
(7.83) (-213.93)

4fh
(-225.35)
3uh
(3.61) (-219.19)
4f3h
(-223.07)
198
3vh 6gh
(4.67) (-215.69) (-227.54)

Figure 7. Additional structures of diglycin@v—2fh, triglycine 3u—3vh, tetraglycine4k—4f3h, and hexaglycin&gh optimized at the B3LYP/
6-311++G** level. The free energy value in kcal/mol is shown below the name of each structure (cf. Tald&{A) for n = 2 and 3;AG(A/B)
for n =4 and 6.

values reflect the relative gain in the overall stability of each atoms which in turn produce the respective strongest and next
positive ion on forming the new X*H covalent bond in the  strongest N*=H and O*H covalent bonds (cf. t1 and t2). The

absence of H-bonding as shown in trend (t2): major factor that determines which one of the two sites is more
. ) basic is likely to be the increase in H-bonding brought by
N*—H at amino N> O*—H at amide O> protonation. For N1-protonation, the geometrical freedom of

N*—H at amide N> O*—H at carboxyl carbonyl O (t2)  the terminal—N*H3 facilitates H-bond formation of varying
bond length and strength of the NHD type, designated asC
Cg*, C11*, C14*, C17%, and Gy* in eh and fgh. Note all N1-
protonated species with folded structurgg) adoptcisNCCO
at the N-terminus which requires a conversion fioamsNCCO

Note that the omission of carboxyl hydroxyl O in the two trends
is due to the destruction of the<® bond on forming the KO
component in the resulting positive ion compléx.The

calculated GB for the hydroxyl O-protonation of formic acid is . ! o . .
151.3 kcal/moPS¢ a value low enough to make the hydroxyl O in the parent neutral spemeﬁg)(wa internal rotations (cf. irN
an unlikely basic site for protonation. in reverse over &-barrier of 4-5 kcal/mol).

Protonations of the structures in-Gand G-based extended In the case of O1-protonation, two fairly localizeg(©1* —
seriese andmand the G-induced folded serigsandg generate ~ H**N1) and G*(O1*—H---O2) interactions, designated as
the protonated serigh, |h, oh, mh, fh, andgh. The most stable ~ Cs*(O1) and G*(O1), are found to be prominent. The'@01)
structures are found to result from protonations at N1 and O1: is formed with the neighboring N1; this bond is seefhinThe
this is consistent with the expectations that the amino N and C;*(O1), formed with the neighboring O2, has exceptionally
amide O atoms are the respective first- and second-most basicshortr (1.42 A in3oh and 1.38 A indoh) and consequently is
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TABLE 2: Structural Series of Selected Polyglycine Energy Minim&
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NCCO OCOH series structures H-bohds
extended forms
cis cis e le—6e Cs(NHy), (n — 1)Gs, C4(OH)
c 1lc—6¢c Cs(NH), (n — 1)Gs, C4(OH)
trans trans m 2m—6m Cs(N1), (n — 2)Cy, C/(OH)
cis cis eh leh—6eh Cs*, (n — 1)Gs, C4(OH)
Ih 2lh—6lh Cs*(01), (n — 1)Gs, C4(OH)
trans cis oh 3oh—60h Cs(N1), G*(01), (n — 2)Cs, C4(OH)
trans cis mh 2mh—6mh Cs(N1), (n — 2)Cr, C*[O(n — 1)], C4(OH)
folded forms
trans cis f 2f, 3f, 4f Cs(N1), (n — 2)C7, Canta, C4(OH)
5f3 Cs(N1), 2G;, Cia, Cis, Ci6, C4(OH)
trans trans g 4g, 5g, 6g Cs(N1), (n — 2)C7, Canta, C7(OH)
692 4C7, C17, Czo, C7(OH)
cis cis fh 2fh, th, 4fh Cs*, (n - 3)C7, C3|-|+2*, C4(OH)
4f2h Cs*, Cs, Cit*, (C7), (C11), G(OH)
4f3h Cg*, C11*, C14*, C4(OH)
5f2h Cs*, C7, Cia*, C17*, C4(OH)
6f3h Cs*, 2Cy, Cis*, C17%, Co0*, C4(OH)
cis trans gh 4gh, 5gh, 6gh Cs*, (n — 3)Cy, Can+2*, C7(OH)
692h 2C7, C;[]_*, Czo*, C7(OH)

2The series are distinguished by the conformations of atom chains NCCO and OCOH at the termini and the number and types df Altbonds.

H-bond lengths<2.3 A except GNH>), Cs(NH), C4(OH), and the (C7) and (C11) if2h. For 2f and3f, omit Ca12. For 2fh, omit G* and (n —

3)Cr.
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Figure 8. Relative electronic and free energies of polyglycines,.Gly Figure 9. Relative free energies of polyglycines, Glagnd GlyH"

with n = 1-6, for the neutral structural seriesm, andfg. Names of

with n = 1-6, for the neutral structural seriesc, m, andfg (top) and

selected structures are shown. Ranges of energy values in kcal/mol:protonated structural series, |h, oh, mh, andfgh (bottom). Names of
electronic energy from-12 to 2; free energy from-2 to 6.

selected structures are shown. Ranges of energy values in kcal/mol:

neutral series, left axis, from2 to 6; protonated series, right axis,
from —240 to —205.

exceptionally strong. The formation of either H-bond further

enhances molecular stability by allowing greateelectron
delocalization in the peptide linkage OCN involving O1,
exemplified by the respective-801 and C-N2 bond lengths
of 3Ih (1.29 and 1.30 A) v8eh(1.23 and 1.32 A). Despite the

the formation of a new O*H brings less stabilization tth
andoh than the new N*H to eh andfgh (cf. t2). Moreover,
the repeated £in oh are weaker than the repeated i€ fgh.
After balancing these different factoBeh turns out to be the

strong H-bond strength and the induced electronic enhancementpnly O1-protonated structure amidst the N1-protonatu 2eh
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4gh, 5gh, and6f3h in the group of protonated structures with  cally: C,4* from 1.67 in 4f2h, to 1.71 in4fh, and to 2.26 in
lowestEe. 4f3h; Cy7* from 1.62 in5ghto 1.85 in5f2h; and Gg* at 1.91

The O2-protonated H-bond iBmh, C;*(O2*—H-+-03) or in 6f3h vs 1.76 in6g2h
C#(02), involves the carboxyl carbonyl O as the H-acceptor. ~ Series of Secondary ChoiceThree additional groups of
The r of C*(02) in 3mh (1.56 A) is longer than the of structures were investigated: the smaller members and associ-
C*(01) in 3oh which involves an amide O as the H-acceptor. ated H-bonds of interest are provided in Figure 7 as examples.
On this basis it can be generalized that(©3)—C;*(05) in (1) Neutral conformers that contain motifs of typgstturn and
the respectivedmh—6mh are all weaker H-bonds than the 310 helix:3132the precursor8u and3yv, respectively, with G-
C%(01) in 4oh—60h (OH) for Cig(O—H-++O1), G5(O—H-++N3), and G(N3—H-+-N2).

The relative stabilities of the protonated structures are affected N larger peptides the O+O and OH--N interactions are
by many factors, among which are (a) the stabilization brought "€Placed by the NH-O and NH--N interactions. (2) The O1-
by forming the new covalent bond (e.g., NH vs O*—H), (b) protongted species containing,'@01) with m > 7: 3uh and
the strength of the protonated H-bond [e.g*(01) vs Gans2*], 3vh with Cyo*(O1) for Ci*(O1*—H---0). (3) The neutral
(c) the increased conjugation in the peptide bond linkage from SPecies containing £O—H---N1): 1m previously withm =
amide O-protonation [e.g.,&01) vs G4, (d) the strength of > 2k with m = 8; and 4k with m = 14. (4) The amide
the main-chain H-bonds (e.g.7@s G), and (e) the effect of ~ N-Protonated speciephwith Cs*(N2* —H---02). In this case
“7-bond cooperativity” (e.gJh vs mh). the original ;r-conjugation in 'Fhe .GNZ peptide bond is
destroyed. The new structures in Figure 7 are found less stable
in free energy than the top two best of those in Table 1 and
Figures 2-6. Nonetheless, the additional information adds
breadth and depth to the overall discussion.

Ring Series.Special mention is in order for the ring structures
of thefg andfgh series which were not well-known in the past.
Upon folding with repeated (£zq Cr7.ay, the limits for single-
ring formations are reached around= 6: both6g and 6gh
exhibit noticeable ring strain. The multiple-ring structures begin
to develop atn = 4, 4f2h and 4f3h, and rapidly become
competitive in stability as shown [f3, 5f2h, 6g2 6f3h, and While conformational analysis can be carried out without
6g2h (Figures 2-7 and Table 1). The most complex multiple  knowing precisely the extent of H-bonding contribution, it is
structures are represented bf8 which has a most compact  worthwhile to attempt a direct evaluation of the individual
shape an@f3h which is exceptionally stable. The N1-protonated H-bond strength based on the physical attributes of the atoms
structures with all three H atoms ofN*H; engaged in  and geometry involved. An independent knowledge of the
H-bonding are4f3h, 5f2h, and6f3h. The moderately complex  relative strength of different H-bonds will help understand
structures aretf2h, 6g2 and6g2h A complex multiple-ring analytically their collective influence on the electronic and free
structure usually has a soccer-ball shape made of rigid, energies.

intertwining rings of atoms and is distinctly different from a Several indicators of H-bond strength emerge from crystal-

Hydrogen Bonding

single-ring structure such &, 4g, 59, 6g, 2fh, 3th, 4fh, 4gh, lographic data of biological structufésind ab initio calculations
5gh, or 6gh. on dimers of small hydride®:bond electron populatiop, bond
An oligoglycine ofn-residues in ars-ring conformation is lengthr, and bond energB, all between the two H and Y atoms

composed o$ single-ring conformations sharing parts with one in X—H---Y. The following guidelines on H-bonds are found
another. Brief analyses of three multiple-ring conformers are useful heré*35p(H---Y) in e, 0.01-0.03 typically and>0.10
given next using H-bonds (Table 2) for illustration. (1) #feh for a strong bondt(H++-Y) in A, 3.0—1.5 for a weak-to-normal
ion, which contains €, C7, C11*, (C7), and (C11), can be seen bond and 1.51.2 for a strong bond; anB(H:--Y) in kcal/

as portions oBfT [(C7), (C11)] on top an@fh (Cs*, C11*) at mol, <5 for a weak bond and& 10 for a strong bond. In this
the bottom with a gain of € [The terminal G(OH) is omitted analysisp is the Mulliken overlap populatidnand B = —E

for convenience.] This 2-ring Gl is therefore a conglomer- ~ whereE is approximated as an electrostatic attraction between
ate of two single rings, Glyand a GlyH™, stacked together.  the CHELPG chargegy andgg separated by. Thep, g, O,

Note the H-bonding pattern of the near parallel pair, Ci1) andr dat&® of 20 bond energy terms selected from structures
or (G, Ci1%), is also seen ibf3, 5f2h, and6g2h (2) The4f3h with simple bonding patterns are presented in Table 3. The
ion with Cg*, C11*, and G4* appears to grow fron2fh (Cg*) derivation ofE follows Coulomb’s law as shown below.

to 3th (C11*) to 4fh (Ci4*) with a loss of G* and G;: the The CHELPG charges are atomic partial charges derived from

composite ion is taken to be a 3-ring G/ from overlapping molecular electrostatic potentiadThe molecular dipole mo-
the single rings GhH™, GlysH™, and GlyH*. Due to the limited ment (in debye) calculated from CHELPG charges replicates
chain length of4f3h the carbonyl 02, O3, and O4 are made closely the ab initio value calculated from the molecular
into the H-acceptors forN*Hs. In larger peptide ions with a  electronic distribution and atomic nuclear charges, e.g., 12.12
fully H-bonded—N*H 3, main-chain H-bonds can be added to (CHELPG) vs 12.33 (ab initio) for the hexaglycine structure in
increase the overall stability of the ion. Examples include the Figure 1. Considering that a large part of H-bonding is

2-ring 5f2h gaining one @ on forming G*, Ci:*, and G7* electrostatic, the CHELPG charges are employed to estimate
with O1, O3, and O5 as acceptors and the 3-6fgh adding the energy by means of the equati&v= c-qy-gg/r, wherec is
one G* and two G on forming G4*, C17*, and Gg* with O4, a calibration factor. Two glycine conformers are used tacfix

05, and O6. (3) The neutrabg?2 (4C;, Ci7, Cyg) can be lewhich has a ©-H---O=C interaction incis-COOH, G(OH)
recognized as two superimposed ring5gf(3C;, Ci7) and6g atr(H-+-0) = 2.30 A; andld which resemblegein all respects
(4G, Cy) with slight modifications on & (from N1—H---O5 except for thetrans-COOH atr(H---0) = 3.01 A, without an
to N2—H---06) and Go (from N1—H---O6 to N1-H---O) and apparent G{OH). In this model thé of C4(OH) in trans-COOH
a loss of G(N1). [The terminal G(OH) is omitted for conven- is assumed zero. Akeis 5.61 kcal/mol more stable thdm in
ience.] Finally, the H-bond lengths of multiple-ring peptides E., the E of C4(OH) in 1eis assigned the value5.61 kcal/
are highly variable as a result of geometrical constriction. In mol. Using thiskE value and they andr data for G(OH) from
particular the ring-closing bond lengths (in A) fluctuate dramati- Table 3,c = 0.00455 kcald/(mol-10-4-€?) is obtained for
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TABLE 3: Hydrogen Bonding (X —H=Y) in Selected
Polyglycine Structures at the B3LYP/6-313%+G** Level2b

type  structure XH---Y p(H---Y) r(H--Y) g4 av B(H---Y)
neutral
C4(OH) le O—H---01 0 2.30 48-59 5.6
Cs(N1) 2f N2—H---N1 -3 217 25-89 4.7
Cs 3e N2—H---02 6 219 25-55 2.9
Cy 3f N3—H---0O1 11 2.02 42-64 6.1
C7(OH) 49 O—H---03 13 1.78 41-58 6.1
Cio(OH) 3v  O—H--01 19 1.89 46-68 7.5
CiOH) 4k  O—H--N1 -7 1.91 30-59 4.2
Cua 49 N1—H---04 6 2.24 42-60 51
Cy7 59 N1-H---O5 8 2.13 43-58 5.3
Cxo 69 N1—-H---O6 5 2.08 45-61 6.0
protonated
Cs* 3eh N1*—H---O1 15 1.68 30-53 4.3
Cg* 2fh  N1*—H---02 10 201 31-61 4.3
Cs*(01) 3lh O1*—H--*N1 12 1.78 36-85 7.8
C#(01) 3oh O1*—H--02 19 142 54-59 10.2
Ci0*(01) 3vh O1*—H---03 4 1.70 52-63 8.8
C#(02) 3mh 02*-H---03 15 156 53-58 9.0
Car* 3th  N1*—H---O3 11 1.78 22-63 3.5
Cig* 4gh  N1*—H---O4 26 1.65 28-60 4.6
Cai7* 5gh N1*—H---O5 22 1.62 32-62 5.6
Cao* 6gh N1*—H---O 5 1.74 27-67 4.7
aUnits: electron populatiop and atomic chargesin 1072 e, length

rin A, and energyB in kcal/mol.? Cs(N2) for Cs(N3—H---N2) in 3v:
p=1r=237,04 = 21,gv2 = —26, andB = 1.0.

calculating theB values in Table 3. Note thgH---O) of C4(OH)

in leis zero, a correct condition for the electrostatic model.
But in most G, and G,* of polyglycines thep values are
positive, showing some degree of covalency. In such cases th
B values are underestimated.

The calculated indicator values in Table 3 fall in the following
ranges:—0.07 to 0.26e for p; 2.3 to 1.4 A forr; and 3 to 10
kcal/mol for B. The ranges reflect mostly weak to normal
H-bonds based on the guidelines forand B. But for the
protonated H-bonds in Table 3, 80% hgve- 0.1 e and only
10% show & > 10 kcal/mol, which is not expected from the
guideline forp. Obviously, the calculate® values for most
Cn* are underestimated owing to a significant presence of
covalency in H-bonding.

On the basis oB and taking into accourg andr in certain

€

Chung-Phillips

and O*H over N*H. One important piece of data for NHN
is provided in footnote b of Table 3.

For the gas-phase peptides containing more than three
residues the driving force to form stable conformers is intramo-
lecular H-bonding. This is the operating principle upon which
the low-energy conformers were constructed by thenatrix”
approach. The initial strategy was to maximize the number of
H-bonds by engaging every proton donor to a prospective
acceptor with the use of appropriate CDAs. The best examples
are4g, 5g, and6g for which the initial CDAs were set up to
connect all amide and terminal groups by H-bonds in a
continuous pattern so that maximal electron polarization may
be attained to gain maximal stabilization. The fact #gt5g,
and6gwere calculated to be the most stable neutral conformers
for n = 4—6 confirms the success of the-fnatrix” approach
as well as the importance of H-bonding in locating global energy
minima.

Thermodynamically, H-bonding decreases entropy, increases
the thermal correctiors,,, and ultimately increases the free
energyG. A glance at Table 1 finds that more or stronger
H-bonds yield largerAGy, i.e., AGy is usually greater for
multiple rings than single rings and greater for theb@sed
series than the £based series. In Figar8 a measure oAGy
can be visually assessed by comparing the sdi@)(and the
dashed AE,) line plots pertaining to the same series. The
difference in the two plotsAG — AE,, gives an indication of
how the AG of the series changes as the peptide increases in
size. The most critical finding is the faster increase inAlt&.
of fg andm relative toe, consistent with the rapid increase of
H-bonding energies ifig and m relative toe. The resulting
thermodynamic stabilityXG) indicates thainis the least stable,
fg is most stable frorm = 2—5, while e increases in stability
slowly but surely relative tdg. In fact, atn = 6, 6e has lower
G than 6g, showing how H-bonding make8g most stable
electronically but not thermodynamically. In Figure 9, variations
of thermodynamic stability XG) for both the neutral and
protonated series are shown.

Structures of Lowest Electronic and Free Energies

The calculated data and deductions presented in the preceding

groupings, the relative strengths of the neutral and protonatedgiscussion on conformational analysis and H-bonding have built

H-bonds are proposed as follows:

Co(OH), C(OH), C, > Cyp, Cyy Cyy C,(OH) >
C:(N1), C,,(OH), G;

C4(01), G*(02), Cy¢*(01) >
Cs*(01), G,

* *
14 » CZO

> Cg*, Cgt, Cyg*
which are consistent with the deductions drawn from the
preceding conformational analysis. In particular, the main-chain
Cs is shown to be weak and;@s estimated to be-3 kcal/mol
more stable than £ this helps explain the greater stability of
m andfg overe. The ring-closing bonds & Ci7, and Gg are
reasonably large to help establish the significant difference in
stability betweerfg andm. The strong @OH) involving the
terminal OH &6 kcal/mol) effectively putd second tog in
stability. Finally, the G*(O1) is indisputably the strongest
H-bond (> 10 kcal/mol) responsible for makir@ph the lowest
AEe and both3oh and4ohthe lowestAG of the protonated tri-

a body of evidence to establish the leading neutral and
protonated structures of Table 1 and Figure2o be those
at or near the global electronic energy minima of the respective
species. The order of stabilities can be verified by the number
and relative strengths of H-bonds, structural strain and electronic
enhancement, and other factors intrinsic to the conformers. In
view of the fact that electronic stability does not directly translate
into thermodynamic stability, rationalization has been sought
and assurance is given to identify the structures with lower to
lowest free energies (Figures 8 and 9). At this point the
exhaustive search for the most stable conformers is ended.
For glycine, the most stable and abundant neutral and
protonated structures are indisputatiy and 1eh11-1416 For
di- and triglycines, sufficient data were presented previously
on the relative basicities of different protonation sité32°Yet,
several most important structuren( 2f, 3s and3oh) seem to
have been overlooked. In the case of £ihe po-rotamers2n
and2f have nearly the same stability but individually represent
the conformers of lowed andG, respectively. Thes-rotamer

and tetraglycines. As regards the relative strengths of H-bond of 3f, 3sin Tables 2S and 3S, is the next lowé&sEonformer

types, OH:-O > NH:-:O > OH:--N > NH---N for neutral
bonding and O*H--O > O*H---N > N*H---O for protonated
bonding are expected from the greater acidity of OH over NH

among Gly. For the Ol-protonated GJ{*, Rodriquez et al.
first noted the exceptionally short H-bond length of©1) in
their conformer 4” but predicted conformer2” with Cs*(01)
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TABLE 4: Protonation and Deprotonation Pathways Using Structures of Glycine, Diglycine, and Triglycine as Examplés

protonations
path neutral site protonated
pl le N1 [lehT]— 1eh
plO im Ol1— N1 1leh
p2 2f N1 [2fhT] — 2eh
p20 2n o1 2nh (0.0)— 2IhT (7.3)— 2lh (—5.0)
p3 3f — [3fT] N1—01 3fh (0.0)— 3fhT (4.2)— 3lh (=1.1)— 3IhT (11.1)— 3nh (4.4)— 30hT (10.6)— 3oh (—3.1)
p3t 3e N1— 01 3eh(0.0)— 3thT (0.6)— 3lh (—0.4)
KM dissociations
path site neutral — (dimer) — protonated
d2k N1 2f [2fhT] 2eh
d3Nk N1 3f [3thT] 3fth
d30k o1 3f [3fohT] 3oh
RB deprotonations
path protonated site neutral
dib leh N1 le 1c(0.0)— 1eT(0.5)— 1e(—1.6)
d10b leh O0—01 im
d20b 2lh — [2IhT] o1 [2nT]—2n
d3Nb 3fth N1 [3fT] — 3f
d3tb 3lh O1—N1 3c(0.0)— 3eT (0.6)— 3e(—1.2)

a See text for details. Relative Gibbs free energies in kcal/mol deduced from Table 2S are enclosed in parentheses.

as the conformer of lowe$ on the basis of an energy profile M and a known base B
for tautomerism (Scheme 1, in reference 25). Note tht “

differs from3ohin the —COOH orientation and2” resembles M+ BH" — (MHB") —MH" + B (r2)
3lh. In this work,3ohinstead of3lh is shown to be the lowes#
conformer under the condition of thermal equilibrium. followed by an application of the absolute rate theory to

As for the larger polyglycines) = 4—6, thefg andfgh series determine theAH,; and AG; of r15 The RB method brackets
are likely to be brand new while, eh andIh are simple the GB of the unknown M between those of the known bases
extensions of known structures of lower The CDAs for the B in deprotonation reactions (r3) using Mkhs the reactant:

e, m, andfg structures are consistent with those obtained from

model studies by Bam?! and Sctifer et al32 Some of the large MH"+B—M + BH" (r3)
cyclic bonds, G and G;* with m > 7, appeared in the MMFFs

conformations of the GlyGly,H* pairs forn = 3—5 by where B represents each of the two bases with GBs above and
Strittmatter and Williams (cf. Figure 1 of ref 23). below the GB of M!

With the knowledge that all major conformational features ~ TO correlate theoretical calculations with experimental pro-
and protonation sites have been examined and on the basis of€sses, reaction paths’(rt3’) are constructed for some specific
the calculated data oAE. and AG, the following statements  pairs of M/MH" in the presence of B and BHn Table 4. The
are made. The leading neutral structutes2n, 3f, 4g, 5g, and protonation path rlis portrayed by the structural changes of
6gand protonated structuréeh 2eh 3oh, 4gh, 5gh, and6f3h the neutral structurg M(i), before and after reacting with BH
are deduced as the global minima. Most of the same structuresto produce the protonated structyreMH™(j):
also have the lowest free energy; the exceptions are to be
replaced by2f, 4f, 6e 4oh, and 5f2h (cf. Table 1). But M(i) + BH" — (intermediatesy> MH () +B (r1)
structurally,6g is more compatible witl6f3h than6e and5gh ] ]
is more compatible with5g than 5f2h. In the interest of The “intermediates” are weakly bounq or n(_)nbonded clusters
protonation studies botbg and5gh are retained. The resulting  Such as [Mf)-H'B] and [MH'(2)-B] in which M(x) and
neutral/protonated paifise’leh 2f/2eh 3f/3oh, 4f/4oh, 5g/5gh, MH?(4), or simply [] and [i], represent conformations
and 6g/6f3h are taken to be the best representative pairs (cf. 'esembling those of some nearby local minimum or TS

Figure 9). Atomic Cartesian coordinates for the six pairs are Structuresc and4. The path may be separated into neutral and
listed in Table 5S. protonated regions in the abbreviated expressiofit [«] -

[4] — ], where B and BH are omitted for clarity. Analogously,
the KM dissociation paths tare abbreviated as— [y] — ]

where [/, the peptide portion of the dimer ion, tends to B¢ [
By definition the GB and PA of a peptide M are thG, to the right and 4] to the left. Structural compatibility between

Protonation and Deprotonation Pathways

and AH; of the protonation reaction rl1 x and 4, and hence andj, appears to be a prerequisite. For
convenience the protonated conformatidhif adopted. The
M+H" —MHT (r1) RB deprotonation route 3 depicted asj — [u] *** [v] — kK,

involving structures with sterically accessible protonation and
The mass spectral methods for measuring these quantitiesdeprotonation sites. The present goal is to identify., v, u,
concern primarily the structuref @ M or MH™ species in a andv as road signs for the three types of proposed routes.
dynamic process of protonation or deprotonation. The KM  Several reaction paths using structures of glycine, diglycine,
method measures the rates of two competing dissociationand triglycine are given in Table 4 as examples. The primary
reactions (r2) from a proton-bound dimer between the unknown protonation routes involving the most abundant structures in
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N1 and N1— O1 protonations ar@l (1€1leh), p2 (2f/2eh),
andp3 (3f/3oh): these are precursors to three KM dissociation
pathsd2k d3Nk andd3Okand two RB deprotonation paths
dlbandd3Nh The secondary routes concerning ©IN1, O1,
and N1— Ol protonations among structures of sufficient
abundance arpl1O (1m/1eh), p20 (2n/2lh), andp3t (3€/3Ih):
these precede the respective RB path®h d20h andd3th.

Chung-Phillips

has only one contact between M and B, the #4---B bridge,
and an “ideal” form that has the bridge and additional H-bonding
between M and B. An ideal form is proposed first because it is
designed to yield more stable dissociation products. For
example, the ideal GHB™ in d2kmay be visualized as [2fhT]

--B with N¥*—H* from B intercepting the “@"” in [2fhT] to
form a 10-membered ring closed by NH--N¥—H*--02.

All these are conceptual pathways to interpret mass spectralObviously, the role of R—H*---O2 is to stabilize the cluster
results. A brief guide to the proposed paths is given below using and to break apart when the dimer ion dissociates. Dissociations
Figures 2-7 and Table 3S as visual aids and Tables 1 and 2S take place by a cleavage of NiH to form 2f and separately

for free energy references.

Glycine. The protonation patplis straightforward. Adding
H* to the lone pair of N1 irLeyields [1ehT] which relaxes to
lehwith the formation of G*. The deprotonation ofeh path
d1b involves the N1 of-N*H3. Removing one of the two H
atoms not H-bonded to O1 leads1eT or 1eT which relaxes
to 1e If the H-bonded H atom is removedg or 1c results.
The low-barrierleT in the path betweehc and1leshould allow
le to reach thermal equilibrium. Note that and 1eT, the
mirror images ofLlcandleT, undertake a symmetry-equivalent
path. Thus, all pathways aflblead tole/leh the RB pair for
n= 1. (Introduction ofLlc and1eT serves as a reminder to the
existence of all symmetry related structures in polyglycines.)

The Ol-protonation of glycine prefedam, p10O, with H*
approaching the carbonyl O ofans-COOH in the direction of
cis-H*---:O=C—0O—. The bonding interaction with Htriggers
a “spontaneous” H migration from the hydroxyl O to N1 along
the H-bonding path €O—H---N1) to form 1eh”16 Schemati-

by a cleavage of H:N* to yield 2eh The KM pair forn = 2
is 2f/2eh
Next, consider the simple GIMB* which has N1:-H---N*
only. The absence of IN-H*---O2 facilitates ag,-rotation to
form the C-terminus €in 2ehprior to dissociations and a stay
at 2e after severing N%-H. Consequently, the conversion of
2eto the more stabl@f is skipped on forming th&e2eh pair.
The O1l-protonation ofn, p20, sees the H transfer from
the “left” to produce2nh, followed by crossing the barri@hT
to reach the more stab®h. The protonated structur@sh and
2IhT are conformationally similar to the neutral structugss
and 2nT, except for the extra H atom bonded to O1 in the

principal rotational changes ip; take the—NH, in 2nh (y1 =

0°) to halfway up in2lhT (y1 = —80°) and all way up in2lh

(y1 = 180), parallel to the changes @h to 2nT to 2e As for
the deprotonation dlh in d20h the —NH, goes halfway down

to [2IhT] to make room for the capture of the H atom bonded

cally, the mechanism may be expressed in terms of the six atomsto O1. The departure of Hfrom the O1 in [2IhT] leaves behind

involved directly in the migration:

H* 4+ O=C—0—H-**N — (H—0=:C=2:0—H--N)" —
(H—0—C=0---H—N)*

The deprotonationd10h reverses the mechanism above by
removing the acidic H from theis-COOH of 1eh this triggers

a “spontaneous” H migration from N1* to Ol along the
H-bonding path @(N1*—H---O1) to form 1m. The word
“spontaneous” refers to an intramolecular H migration with no
apparent barrier. The RB pair follObis 1m/leh

[2nT] which directs the—=NH, all way down to2n. The RB
pair forn = 2 is 2n/2lh.

Triglycine. The search for reaction paths are more difficult

because of the increased number of geometrical variables. As a
result, the proposed paths are less precise. The N1-protonation
of 3f, p3, is postulated to have theNH, moving halfway up
to [3fT] to make room for the H transfer to N1 to forn8fh.
The deprotonation oBfh, d3Nh removes the only non H-
bonded H atom in-N*H 3 to become [3fT] and continues with
ai;-rotation to take the resultingNH; all way down to form
3f.

With the knowledge that the N1-protonatgft is less stable

Among the selected peptides nine pairs have the structuralthan the O1-protonate8oh, p3is extended fronsfh to 3oh,

properties for spontaneous H migratiorlem/1eh and 2k/2fh
using the O-+H---N1 path,3u/3uh and 3v/3vh taking the G-
-H---O1 path, ancdhm/nmh (n = 2—6) adopting the @-H---O

parallel to the Scheme 1 of Rodriquez efafvide supra):

1(0.0)— TS(1—+2) (4.3)— 2 (—~1.3)—

(n— 1) path. All these pairs are responsive to RB measurements Tg(2—3) (11.1)— 3 (4.3)— TS(3—4) (11.0)— 4 (-1.2)

due to the spatial accessibility 6fCOOH for protonation and
deprotonation. As for measuring GB, orlyn/1leh 2m/2mbh,
and 3m/3mh are viable because the initial structures in the
preceding protonation stepsn at O1,2f at O1, andBsat O2)

whereAG in kcal/mol are enclosed in parentheses. Despite a
difference in the basis sets (6-8+G** vs 6-311++G**) and
minor differences in the conformations of some members, the

are present in sufficient abundance to ensure measurabletwo sets of calculations are in good agreement. Assuming the
quantities of the protonated structures in the deprotonation stepsbarrier at3fhT, 4 kcal/mol, is high enough to obstruct the

(1eh 2mh, and3mbh, all at the hydroxyl O).

Diglycine. The N1-protonation of2f, p2, is physically
demanding: first the-NH, in 2f moves halfway up as ianT
to make room for the H transfer to N1; next the resulting
—N*H3 rises further to [2fhT] which has one H atom forming
Cs*(N1* —H---O1) and another poised for §€, a weak N1*—
H---O2 interaction with—COOH; and finally “G*” breaks up
and stretches int@eh by strengthening the existings€and
forming a new G(N2—H---O2). Note the initial breakup of
Cs(N2—H---N1) in 2f is made easier by a lack of covalency in
H-bonding p = —0.03ein Table 3).

In the following discussion the KM dimer ion, MHBin (r2),
is presented in two structural forms: the “simple” form that

conversion of3th to 3lh before deprotonation id3Nh the RB
pair for n = 3 is assignedf/3fh.

Like the 2fhT in diglycine, the conformation ad3fthT in p3
has G*(N1* —H---O1) and a favorably orienteeN*H 3 relative
to —COOH for forming the ¢* in 3fh. The KM dissociation
paths ofd3Nkare therefore analogous to thosel@k The ideal
dimer ion is [3fhT}--B which contains a 13-membered ring
closed by Ni--H---N¥—H*.--03. Sequential cleavages of the
left N1---H and right H--N¥ in the N21:--H---N* bridge lead to
3f and 3fh, respectively. The KM path for the N1-protonation
of 3f is 3f/3fh.

The O1-protonation of diglycine in the confirmed rougs,
— [2mhT] — 2mh, prompted the search of a direct route to
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O1-protonation of triglycine,3f — [3fohT] — 3oh. The
conformations of3f and 2mhT were used initially for the
synthesis of the intermedia®&ohT. The KM pathd30k is
introduced with a dimer ion [3fohT{-B in the ideal form of a
12-membered ring closed by @aH-:-N*—H*---03. Immedi-
ately following the cleavage of O%H, a y,-rotation creates
C7(N3—H---01) to form3f. After breaking H--N*, the strong
C7#(0O1*—H---02) snaps in place while @s-rotation lowers
—COOH to form G(N3—H---0O3) in 3oh. The KM pair forn
= 3 is assignedf/3oh.

The tautomerism ip3 also projects the formation 8th from
the N1— O1 protonation of3f. Although 3lh is 2 kcal/mol
higher than3oh in G, it is insulated from3oh by two high
barriers a3IhT and3ohT. The KM pair 3f/3lh would call for
a dimer ion conformationally closer to [3fh*F{B than [3fohT}
--B (Figure 3) and would appear physically more accessible
than 3f/3oh.

Larger Polyglycines.Considering the rather complex routing
for p3, similar investigations fon = 4—6 are not attempted.
Meanwhile,d30kandd3Nkmay be consulted in devising the
KM paths for the4f/4oh and5g/5gh pairs that result from O1-
and N1-prontonations, respectively. Clearly, any KM path for
the 6g/6f3h pair would seem highly speculative.

When thee series emerges in the same I@&wegion adg in
Figure 9, protonations o#e—6e need be addressed. The
following pathways concerninge were developed as models.
The N1-protonation o8ein p3t produces3ehwhich converts
to 3lh after a H migration from N1 to O1 across a low barrier
at3thT (Figure 3). The deprotonation 8fh in d3tbyields either
3c or 3¢ which converts tBe via a low barrier3eT or 3eT.
Similar conversions foneh andnc with n = 4, 5, and 6 were
found with the respectivé-barriers of 0.2, 0.3, and 0.2 athT
and 0.4, 0.5, and 0.3 aeT, all in kcal/mol. These barriers are
lower than the 0.6 a8thT and 0.6 at3eT for triglycine and
thus promise faster conversions to the respeatieand ne.
Considering further thatlh is unlikely to convert to the more

stable protonated structures on account of high barriers exempli-

fied by p3, the most likely RB pairs fon = 4—6 would be
ne/nlh. Henceforth, the RB paths far = 4—6 are formally
assigned asintb, preceded by the protonation rouiast

Gas-Phase Basicities and Proton Affinities

Ab Initio Calculations. The protonation reaction of an ideal
gas involving the selected pair of neutral (i) and protonated (j)
structures is expressed as

Gly,(i) + H" — Gly H(j)

The AG; and AH; of this reaction at 298.15 K and 1 atm in
kcal/mol are

AG, = G(j) — G(i) + 6.28
AH, = H(j) — H(i) — 1.48

1)
@)

where the constants result fromTHand PV workZ! After
correcting for BSSE, the calculated GB and PA associated with
the i/j pair are:

GB
PA

—(AG, + BSSE)
—(AH, + BSSE)

®3)
(4)

The AG; of eq 1 is calculated from thAG terms for i and j in
Table 1, usingAG(A) at level A forn = 1—3 but AG(A/B) at
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level A/B for n = 4—6. Analogously, theAH,; of eq 2 is
calculated withAH(A) = AE4(A) + AH(A) and AH(A/B) =
AELA) + AH(B) using theAEL(A), AHi(A), and AH(B)
data from Table 2S. Far = 4—6, the errors from substituting
AG andAH of level A by the less accurate level B for the i/j
pair are likely to be smaller than 0.2 kcal/mol. (See footnote b
of Table 2S.) The BSSE values in kcal/mol are generally
accurate to better than 0.001 for= 1-3 and 0.01 fom =
4—6.

In the previous study on glycine the conformational equilib-
rium effect (CEE) is included by calculating teandH terms
ofiand jin egs 1 and 2 as weighted averages of contributions
from all low-G conformers based on Boltzmann distributi@hs.
The present approach is to choose a structurally compatible i/
pair present in the highest population for the calculations. In
this study the equilibrium populations for glycine € 1) at
298 K are 64%le 14%1m, 13%1b, and 9% total forlc and
1¢ for Gly, and for GlyH 99.9% leh and 0.1% lbh.
Incorporating these populations, the GB of glycine including
CEE is: [GBO= GB(1¢/1leh) + 0.38 kcal/mol. As the poly-
glycine increases in sizen(= 2 — 6), the contribution from
the protonated conformers to CEE becomes increasingly sig-
nificant. A more effective cancellation of contributions from
the neutral and protonated conformers is expected to result in
a minimal overall CEE correction to GB.

The GB and PA values calculated for the six best representa-
tive pairs are entered as the first entries in the two “calcd”
columns of Table 5 for each GlyThese values may be taken
as the “best” values corresponding to the “best” pairs. The
protonation sites are N1 for glycinkg/leh and diglycine2f/
2eh, O1 for triglycine 3f/3oh and tetraglycinetf/4oh, and N1
for pentaglycinebg/5gh and hexaglycin€g/6f3h. Note that N1-
protonation is preferred; the greater stability of the O1-
protonatedBoh and4oh over the foldedBfh and4ghis mainly
due to the exceptionally strong H-bondy*@1*—H---02).
Taking into account the omission of CEE and the use of level
B for Gic andHy in the case oh = 4—6, the error estimates
for the best values are withi#t0.5 kcal/mol forn = 1—-3 and
+1.0 kcal/mol forn = 4—6.

The next 10 “backup” pairs in Table 5 should have sufficient
populations to be accountable since at least one member of each
pair has the lowest or near-lowest Five additional pairs that
yield comparable GB values but consist of less stable structures
are included in footnote b.

Experimental Results.The experimental values in the “KM”
and “RB” columns of Table 5 were adjusted to the current NIST
basicity scal&? from the originally reported valués.® The
linear regression procedures employed previously for°RM
were followed here. Among the 32 PA and GB values for the
reference amines, all have four significant figures except the
GBs of ethylamine and triethylamine. Deleting triethylamine
from the data set for the GB of pentaglycine improves the
correlation coefficient from 0.984 for 270 kcal/mol to 0.9996
for 226.6 kcal/mol (vide infra).

Experimental uncertainties in kcal/mol were reported within
+0.8 for both the KM2and RB measurements on polyglycines
and estimated to be no better thatl for each reference base
in prior measurementsConservative estimates for the total
uncertainties would therefore fall withift2 for the KM and
+3 for the RB values.

The measured GB and PA values for 3are dependent on
experimental designs. To interpret an experimental outcome,
pathways become relevant with regard to identifying the
dominant i/j pair being measured. The primary protonation
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TABLE 5: Calculated Proton Affinities and Gas-Phase Basicities for Polyglycines: Comparisons with Experiment8

structures protonation proton affinities gas-phase basicities
i j site pathways BSSE calcd KM calcd Kive RB!
glycine
le leh N1 pl,dib 0.6 210.9 - 203.1 - 202.5
im leh o1 p10, d10b 0.2 211.9 204.4
diglycine

2f 2eh N1 p2, d2k 0.4 220.0 220.2 211.4 212

2e 2eh N1 (cf.d2K 0.6 221.3 212.5

2n 2lh o1 p20, d20b 0.2 219.6 210.7 209.7

triglycine

3f 3oh o1 p3, d30k 0.3 225.9 224.6 217.4 216.8

3f 3lh o1 (cf.d3Nk d30K 0.3 223.2 2155

3f 3fh N1 d3Nk d3Nb 0.4 223.4 214.3 213.6
tetraglycine

4f 4oh o1 (cf.d30K -0.3 228.3 229.7 222.1 221.7

4g 4gh N1 (cf. d3NK 0.3 231.2 223.0

de 4lh o1 p4t, d4tb 0.0 230.9 219.1 219.4
pentaglycine

59 5gh N1 (cf. d3NK 0.3 233.8 234.8 225.1 227

59 5f2h N1 - 0.3 232.2 225.2

5e 5lh o1 p5t, d5tb 0.1 230.7 219.9 219.6
hexaglycine

69 6f3h N1 - —0.6 237.2 238.2 229.8 231

6e 6lh o1 p6t, d6tb -0.2 231.8 221.1 222.8

2 All values in kcal/mol. See Table 4.The “calcd” values are based on egs 3 and 4. Structural pairs of lower populations including (BSSE, PA,
GB): 2m/2mh (0.2, 218.6, 210.93€/3eh (0.6, 225.3, 215.78m/3mh (0.0, 221.6, 213.8%f3/5f2h (sp 1.0, 232.5, 226.3), arGhy26g2h (sp—0.5,
235.9, 229.4)¢ Experimental values by the kinetic method, ref 5, adjusted from linear regression calculations using values 6fEepe@mental
values by reaction bracketing, refs 7 and 19, adjusted by C. J. Cassady using values of ref 22.

routespl—p3 have been proposed as the most probable physical of a successful theoretical modeling of an experimental process.
routes for checking the KM and RB values. To begin, each Compared with KM, RB measures a smaller portion of the
measured GB value is compared with the best value in Table sample and the dominant structures in the measured portion can
5. If there is a good numerical agreement and the proposedbe quite different. The latter is confirmed by the significant
pathway is consistent with the measurement, the measured valualifferences in the GB values reported by the two methods: the
is listed on the same line as the best value. If not, the pair takenRB values are lower than the KM values by 2 kcal/mol in
to be the next highest in population with the appropriate pathway diglycine to 8 kcal/mol in hexaglycine.
is examined for matching. Following this procedure the KM It has been well accepted that the measured basicities
and RB values are entered into Table 5. represent a number of conformatids:” In this study 21
All the best KM pairs coincide with the best pairs for= structural pairs are shown as acceptable candidates for GB
2—6. The excellent agreement is not surprising in view of the calculations (Table 5), among which 11 have already been
fact that the unknown peptide usually contains enough functional assigned as the best KM and RB pairs. The present task is to
groups to ensure the formation of a stable proton-bound dimer scrutinize the relevance of the remaining 10 pairs which are
with the reference base. Naturally the most abundant dimer ionsexpected to contribute less to the observed values due to lower
would contain the conformations related to the most abundant populations. Extrapolating from the prior discussion on KM
i or j of the best i/j pair at thermal equilibrium. pathways, the KM pair2e2eh and 3f/3lh appear to be
Contrary to KM, the best RB pairs are all different from the energetically less favored than the best pairs but physically easier
best pairs except glycine. Obviously RB targets different to accomplish. The8e3eh and 4g/4gh pairs have precedents
populations from the KMs when seeking sterically accessible among those already proposed, while “simple” dimer ions may
basic sites in i or protonated sites ifiljp the RB pairs fon = be suggested to explain the pathway&gbf2h, 5f3/5f2h, and
1-3, 1€1eh 2n/2lh, and3f/3fh, the amino N1 lone pair ik, 6926g2h that contain multiple-ring structures. The RB pairs
amide O1 lone pair i2n, and the non H-bonded N#*H in 1m/leh 2m/2mh, and3m/3mh share the structural properties
the terminal—N*H 3 of 1ehand 3fh are indeed geometrically  of “spontaneous H migration” exemplified by tiEQ/d10b
and chemically favorable sites for protonation or deprotonation. paths.
The strongest support to the supposition of steric factor comes Comparisons of ResultsThe deviation of calculated value
with the RB pairs fom = 4 and 54&4lh and5¢&/51h, resulting from the mass spectral value listed on the same line in Table 5,
from the pathwayp4td4tbandp5t¢d5th The protonation routes  dX = X(calcd) — X(exptl) whereX = PA or GB in kcal/mol,
choose the unencumbered N1 lone pairs of the exteAdadd gives a measure on how closely the proposed theoretical
5e instead of the H-bonded N1 lone pairs of the more populous structures and pathways depict the experimental process. A close
4f and5g, for easier access to the N1 basic site. A peculiarity agreement imparts credibility to both experiment and theory.
in the measured GBs in kcal/mol has been noted, i.e., the GBWith regard to the proton affinities by KM;1.4 < 6PA < 1.3
increase fon=4—5is only 0.2, which is significantly smaller is within the estimated experimental uncertainty-62. The
than the incremental increase of 5.8 for= 3 — 4. Yet, this results for gas-phase basicity fare bette: < 0GB < 1 for
peculiarity is confirmed by the calculated GB increase of 0.8 KM and —0.6 < 6GB < 1.0 for RB, with one exception each.
forn=4—5vs 4.8 fom = 3— 4 using the proposed structures The largestdGB for KM, 2 for pentaglycine, could reflect a
for the RB paths. The verification provides the best evidence failure to form the ideal dimer ion for thgg/5gh pair. It could
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also be a problem with significant figures in the regression services on the Cray SV1 from the Ohio Supercomputer Center
analysis (vide supra). Note a smaller deviatioGgB = 1.5, are gratefully acknowledged.

would result if the problematic data point were removed. The

largestoGB for RB, 1.7 for hexaglycine, is likely an anomaly Supporting Information Available: Values ofEe, Ezp, Hic,

in view of the low reaction efficiency during the measurement Gy, andG for the reference structurde—6ein Table 1S (page
and the computational difficulty in locating the energy minimum S1); the corresponding energy values of 93 structures relative
in a flat PES. In either case the largest deviation is within the to those of the reference structures for= 1—6 in Table 2S
estimated limits of:2 for KB and £3 for RB. (pages S2 S4); conformational dihedral angles for the structures

In general, a structural analysis of the KM measurement is in Table 3S (pages S557); the optimizedzmatrixes of
difficult, owing to the ambiguity in the dimer ion and its triglycine structuresf, 3fh, and3ohin Table 4S (pages S8
dissociation products. The RB approach, on the other hand, isS9); atomic Cartesian coordinates for the six best representative
straightforward. As for the theoretical PA and GB, there is the Gly/Gly:H™ pairs in Table 5S (pages St816). This material
inherent advantage of cancellation of errors when energy is available free of charge via the Internet at hhtp://pubs.acs.org.
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