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Abstract

Studying protonated or metal cationized amino acids and small peptides in the gas
phaseoffers an opportunity to better understand these systems on a molecular level, not
often afforded for macromolecules in solution. In the current thesis, proline containing
complex ions were eledsprayed and isolated in anlER cell where their unimoledar
chemistries, structures, and kinetics were explored using sustaingésaffance
irradiation collisioninduced dissociation (SORIID), infrared multiple photon
dissociation (IRMPD) spectroscopy and blackbody infrared radiative dissociation (BIRD).
These experiments were augmented by computational methods such as electronic structure,
simulated annealing, master equation modeling and atoms in molecules (AIM) calculations.

The purpose of the present study is to examine the gas phase structures of the
proton and sodiurrbound proline amino acids. Later the unimolecular chemistries of the
complexes of proline containing doubly charged first row transition and alkaline earth
metals were explored. Finally, the structures and the energetics of the coroplea@sng
isomeric ProLeu and LeuPro dipeptides bound alkali metal cations were discussed.
Reasonable agreements between the experimental data obtained from IRMPD spectroscopy
and BIRD results with the theoretical calculations for the lowest energy fomens
achieved. In the following sections the influence of the size and identity of the metal cation,
the gasphase basicity of the amino acid, anchor site of each ligand and peptide sequence

on the structures and energetics of molecules were considered.



Acknowledgments

The research presented in this dissertation would not have been possible without
the help and support from many wonderful people who have inspired me over the five years
of my Ph.D at Memorial University. | wish to express my gratitucst And foremost to
my PhD supervisor, Prof. Travis D. Fridgen, who inspired me to accomplish my goals. |
am greatly indebted to Prof. Travis D. Fridgen for his endless patient guidance throughout
this research. My research time was immensely valuablewéhdut Prof. Travis D.
Fridgen the success of this project could not have been possible. He was always very
positive and let me share my thoughts without worrying that | might have wrong opinions.
He was not only encouraging me about my research, biridnslly and cheerful nature
have made the last four years of my studying enjoyable times of learning. He has actively
given me plenty of opportunities to present my work at international conferences over the
world. Through these trips, | was able to getouch with a lot of wetknown people in

the mass spectrometry research community worldwide.

| am also thankful to have worked with all wonderful people in Prof. Travis. D
Fridgen O6s research group for provhaing
research in a very friendly environment. | would also like to thank my committee members,
Prof. Peter G. Pickup anBrof. Christopher M. Kozak for all their time, guidance, and
advice.l would also like to acknowledge my internal examiners, Prof. RayePand Prof.

Robert Davisand my external examiner, Profc@ Hopkinsfrom University of Waterlop



for their valuable feedback on my thesisvould love to empéasize on my special thanks
to Prof Robert Davis who encoaged me to continue pursuit ofy way toward the

completion of this work.

| definitely could not make it to this point without the neeading love of my
parents, who have kept me motivated in challenging times to get a better education and life

and | am very grateful to them.

My gratitude is aso extended to a number of worfdépeople in the general office
in the chemistry department, Ebony, Rosalind, Mary, DelalnieMelissafor making this

a great work place.

At the end, my deepest thanks go to Saleh Riahi, my life best friendrfging far

more than his fair share.



Table of Contents

Y 0111 = Tod PP UPPPPRRRN i
ACKNOWIEAGEMENL ... et eree e e e e e e e e e e e eeeeeessnnneeeeeeesd iii
Table Of NIENTS........cooiiiiee e e e e e e e e e e e e e e e e s s s smmmneaaeeeeee s M
IS o) o U (= PPPPRRRT X
LISt Of TADIES... .. e Xivv
LISt Of SCNEMES.... e e XVi
List of Abbreviations andyBnboIS.............ccoooiiiiiiiiie XVii
ISy o) AN o] o= o 1= PSS XXl
Co-authorship Statement and Status of ManusCrpPLS...........ccooviviiiieeeeee e, XXIV
Chapter 1T INrOAUCTION ........eiiiiiiiiiiiiiie et ceeei ittt e e erer e e e e e e e e e e e e e e e e e e e e e 1

1.1 Studying Biological MOIECUIES............ccooiiiiiiiie e 1

1.2 The Purpose of Studying Biomolecular lons in the GasE...............ccccceeennn.. 4

1.3. A Brief History of Important Early Scientific Advancements Leading to the
Development of the Study of the Physical Chemistry of&a&se lons................... 5
1.4. Determining the Structures of Biomolecules Using Mass Spectrometric
JLIC=Te] ] 01T U= U PRSPPPRRRPN 6
1.5.Mass Spectrometric Fragmentation Techniques of Gas Phas€Natently
BOUNA COMPIEXES.....eiiiiiiiiiiiiiit et 8
00 O 1 | 5 9
15.2. IRMPD

1.6. Other Mass Spectrometric TechniquesStudying Structures and Dynamics of

BiologiCal COMPIEXES.......uiiiiiiiiiiii i 15
1.6.1.1on Mobility Spectrometer (IMS)..........coooiiiiiiiiiiiieee e 15
1.6.2.Hydrogen Deuterium Exchange Maspé&ctrometry (HDMS).................... 21

1.7.Motivation for Studying Proline and Proline Containing Dipeptides............ 23

1.8.Contens Of ThiS TNESIS.....uuuuiiiiiii et ceeee et rnne e e e e e e e e e eeeeenees 24

I TN = (T (=] o = S 25



Chapter 217 Methods Of StUAY........coooiiiiiiiii e 29

2.1 Experimental Methods............ooooiiiiiiiiiie e 29
2.1.1. Principles of FTCR Mass Spectrometry..........ccccovvvvvvivviiemmeeeseeeeeeeeeennnnnns 29
2.1.2. Electrospray 10Nization (ES)..........uuuuiiiiiiiie e e e e e e e e aeeene s 36
2.1.3.1on Dissociation TECANIQUES............uuuiiiiiiiiiiieeeiiiiiieeee e 39

2.1.31. Sustained OfResmance Irradiation Collision Induced Dissociation

(5102401 15 ) TP 39
2.1.3.2.Infrared Multide Photon Dissociation (IRMPD)............cccceeeiiiiiieieeas 40
2.1.3.3 Blackbody Infrared Radiative Dissociation (BIRD).................cceeuee 43
2.1.3.31. BIRD MECNANISM....uuuiiiiiiiiie e 44
2.1.3.3.2. Master Equation Modeling iBIRD Kineticee ¢ € € € € é é é .47
2.2.Computational MethodS.........ccoiiiiiiiiiiiii e 49
221 AblnitoMethod® é e é e ée ééeéeéeéeéeéeéeéeé .49
2.2.2.Density Functional Theory (DFT) Methods..............oooiiiiiieene e 50
2.2.3.BASIS RS, ueiiiiiiiiiiiiiii e —————— 51
2.2.4.Molecular Dynamics (MD) Methods é é é € € € € . €€ é é é é é K4
P T (] (=] =] 1 = 57

Chapter 37 The Protonated and Sodiated Dimers of Proline Studied by IRMPD
Spectroscopy in the NH and OiH Stretching Region and Computational Methods

............................................................................................................................... 60
G0 R [ 11 o o [UTod 1T o ISP 60

G T |V =1 o T £ 62
3.2.1 Experimental Methods.............oooiiiiiiiee e 62
3.2.2 Computational Methods..........cccooiiiiiiiiiiiiieeeicc e 63
3.3 ReSUIt aNd DISCUSSIQMN......uuuiiiiiiieeeeeeeiiieeeie ettt ee e e e e e e eeeeeeeeennees 65
TR T [ o) 71 | S 65

TR T2 [ (2 o) 72 N - PSPPSRSO 07

G N o [od [ 1] o] o £ TSP 75
3.5. ACKNOWIEAQGEMENTS. ... .coiiiiii e e e e e e e e e e e e eaaaanan 76

Vi



3.6, REIEIENCES ... .o errer e e e e eene e e e aeaes 77
Chapter 41 Structures and Unimolecular Chemistry of M(Proz-H)* (M = Mg, Ca, Sr,
Ba, Mn, Fe, Co, Ni, Cu, Zn) by IRMPD Spectroscopy, SORICID, and Theoretical

S (Lo 1= U TP 81
7 I 1 0T (3o 1o RSP 81
|V 1 T T £ TR 84

A N d o T= T ] 1= | = | S SSPRR 34
4.2.2 Computational Mthods.............ooovviiiiiiiieeeeee e 85
4.3 RESUIS @Nd BCUSSION. ....uuuuuiiiiiiiee e e e e ettt eeeeisa s e e e e e e e e e e e e e eeeeeaenneeeeeeeeeeeeeensnnnnes 86
4.3.1 SORI/CID 0f [M(PrOR-H]" ... es et senen s 86
4.3.11. M =Mn, Fe, Co, Ni, aNd Cl......ccoeveiiiiiiiiiiiiieeee e eeeeeivievee e 86
4.31.2.M=Mg, Ca, Sr, and Ba..........ooovriiiiiiiiiieeee e 87
4.3.2 IRMPD spectroscopy of [M(ProJBi]+ .........ouveiiiiiiiiiiiiiiiieemiiieicceeeeeeeeen 90
4.32.1. M =Mn, Fe, Co, Ni, CUANA ZN.....ouiieiiiieiee e (0]
4.322M=Mg, Ca, Srand Ba...........ccoooviiiiiiiiiieee e 91
4.3.3[M(Pro)2-H]* Structures and Comparison of Computed IR Spectra to IRMPD
B oL ox = TP PP a1l
4.3.31. M=Mn, Fe, Co, Ni, CUANA ZN....ooviieiiiiieiee e a3
4.3.3.2M =M@, Ca, Srand Ba.........cuuuuuuiiiiiieii e eanena s 96
4.3.33. 6-31+G(d,p) VS. CRVTZ BaSIS Bl....ccoeveeiiiiiiiiiiie e 99
4.3.4.Metakto-Proline Bonding: AIM ARalySiS.......ccceeeeiiiiiieiiiiiiieeeiiee e, 100
N o ) o 1153 o] 1 103
4.5, ACKNOWIEAGEMENTS. .....uuiiiiiiiiiiiiieii ittt ettt e e e e e e e e e 105
4.6, REIBIBINCES. ... ittt ettt e a e 105

Chapter 571 Distinguishing Conplexes of Isomeric Peptides: Structures, Energesc

and Reactions of Sodium CatiorCoordinated ProLeu or LeuPro Trimers in The Gas

P IS . .. e ————— e 108
LSR8 I [ 011 (o Yo [ U3 101 o FUURUUE TR TR 108
LI |V, 11 4 a Lo Lo F- TP PR 111



5.2.1 Experimental SeCHON...........ccooviiiiiiiiiiice e 111

5.2.2 Computational MethodsS............ooooiiiiiiiiii e 112
5.3 RESULS @Nd DISCUSSIOL.......uuuiiiiiiiiiiiiiiiieesririeeeeeeeeeeeaaeeeeaesssmmeaeaaeeaeesssssnnnnns 113
5.3.1 SORI/CID of (LeuPro)M and (ProLeuy1” Where M = Li, Na, Rb, and Cs
...................................................................................................................... 113

5.3.11.IRMPD Spectroscopy on the Major Fragment Products of (ProLéu) Li
AN (LEUPTO)LI ...t 114
5.3.2 IRMPD Spectroscopy of Alkali Metal CancComplexes oProLeu or LeuPro
...................................................................................................................... 118
5.3.2. 1 (PrOLEU)M ..ttt ene e e e e e 118
5.3.2.2.(LEUPTO)M ...ttt 119
5.33. Structures, Energetics, and Comparison of Computed IR Spectra to IRMPD
Spectra of Proline/Leucine DIpeptides............oooiiiiiiiiemmn e 121
o0 B o [od 11 ] o] o £ 124
5.5, ACKNOWIEAQEMENTS... ..ot s 125
5.6 RETEIBNCES ... .ottt e et e e e e e e e e e e e e s s e e e as 125

Chapter 6 1 Distinguishing Complexes of Isomeric Peptides: Structures, Energetic,
and Reactions of Sodium CatiorCoordinated ProLeu or LeuPro Trimers in The Gas

[ 1T 128
6.1, INEFOAUCTION. ...ttt ee et e e e e e e e e e e e e e e e e s ammreeeeas 128
B.2. MEENOUS . ... e et et e e e e e e e e e e e e e s aamr e e e e e e eaeas 131

6.2.1 MASS SPECIIOMELNY......cceeeiiiiiiiieiiiiiteeme e et s 131
6.2.2 BIRD Kinetic Measurements and Master Equation Modelling............. 131
6.2.3.Infrared Multiphoton Dissociation (IRMPD) Spectroscapy................... 134
6.2.4.Electronic Structure CalculationS...........ooooiiiiiiiiiiiiie e 134
6.3. ReSUItS and DiSCUSSIQN........ccuurrirriniiisimeeeirrnniaesseeeeeeeeessmnnsssasseeeaeeeaeeeeees 134
6.3.1 BIRD KINEUICS.....ccieeeeieiiieieeiiiiiimmme ettt eme s e e e e e e eae e 134
6.3.2.IRMPD Spectroscopy and Stituces of Na(ProLeu} and N&d(LeuPro)
(07010 0] 0] 131 PP 138



6.3.3. Dissociation Thresholds: Master Equation Analysis and Electronic Structure

(01 (o101 F= 1[0 o 1 7P 141
B.4. CONCIUSIONS. ..ottt e e et e sttt e e et e e e e e e e e e e e e s ammeeeeeas 142
6.5. ACKNOWIEAQEMENTS. .....uuiiiiiie e rree e e e e e e e e eeaeaanaee 143
I T (] (=] =] [0S USSP 143

Chapter 77 Summary and OUIOOK. ... 147
A8 2= (=T =T [T T PP PP PP PRTRPPR 152
N o] 1= o [ o7 PPN 153



List of Figures

Chapter 1

Figure 1.1 Comparison of ion binding in a sodium (left) and potassium (i
channel. Left: Selectivity of NavMs channel to sodium ions (cyan color). |
Selectivity filter of KcsA channel to potassium ions (dark blue color). For clarity
two monomers are shown. Figure adapted with permission from EMBO, 2¢

O PP PP

Figure 1.2 (Top) Fragmentation pathway and dominant peaks obtained for cl¢
of protonated AlaAla-Ala-Pro-Ala, upon 16 eV collision energy. (Botto
Fragmentation pathways correspond to the padtxh AlaAla-Xxx-Pro-Ala. Along
with computed threshold energies (kcal Mpas well as the activation entropies
mol'! K'1) for the cleavage of amide bond for the protonatedAdaAla-Pro-Ala.
Figure adapted with permission from Journal of the American Society for

Spectrometry. 2011, 22, 103E039......coouiiiiiieeiiee e

Figure 1.3 Comparison of (a) the experimental IRMPD spectrum and calcula
spectra for the lowest energy structures of each form of the NZ and SB iso

[Gly2i H]- comple, at the B3LYP/6311++G** level of theory using scaling factot...

0.985. Figure adapted with permission from Phys. Chem. Chem. Phys. 2C

BOBAZ BOBAT ..ot e ——————

Figure 1.4 (a) A block diagram of key computational steps of an ion mobility
spectrometry (INIMS) (b) Schematic diagram of a drift cell along with dete
electrodes. Figure adapted with permission from Anal. Biodiaém. 2008, 39

057909 ...

Figure 1.5 Comparison of TWIMS spectra of (a) protonated and [M % Xhere >
= (b) Li, (c) Na,(d) K, or (e) Cs, for cisand transhydroxyproline using Nas drif
gas. Figure adapted with permission from Journal of the American Chemical ¢

///////////////////

Figure 1.6 lllustration of the lowestnergy structures for (a) protonated and [M #,
where X = (b) Li, (¢) Na, (d) K, or (e) Cs, for diydroxyproline. Energies are
B3LYP level of theory and-81++G(d,p) basis set for all atoms except for Cs for v
the pseudopotentiaiorrected SVPDbasis was used. Reported energies are ir
mol'! and the arrow shown in (a) indicates the protonation site. Figure adapt
permission from Journal of the American Chemical Society, Anal. Chem. 20:

.14

3300 BB07 ettt —_——————— e ettt e e e e a e 20



Figure 1.7. lllustration of the lowest energy structures for (a) protonated and [M,
where X = (b) Li, (c) Na, (d) K, or (e) Cs, for trangdroxyprolire. Energies are
B3LYP level of theory and-81++G(d,p) basis set for all atoms except for Cs for v
the pseudopotentialorrected SVPD basis was used. Reported energies are
mol'! and the arrow shown in (a) indicates the protonation siteré@giapted wit
permission from Journal of the American Chemical Society, Anal. Chem. 20:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Chapter 2

Figure 2.1 Top: The OPO lasers/Bruker Apex Qe 70 FTHUIS located at Memori
university Bottom: The schematic describes the Apollo Il included, ion sourc
(quadrupole/hexapole) collision cell, ion transfer optics and ICR cell at Me|
UNIVETSIEY OF N s 12222 e e e e e e e e

Figure 2.2 Left: Circular trajectory of charged ion in a uniform magnetic field. R

,,,,,,,,,,,,,,

Figure 2.3 A schematic of the side view of a cylinci geometric FTICR ma
analyzer located within a strong magnetic field generated by a superconducting

,,,,,,,

Figure 2.4. A schematic of the cross section view of an®RImass analyzer loca
within a strong magnetic field generated by a superconducting magnet in whicl
potential is applied to the excitation electrodes. The purple trace shows the e’
OF 10N PACKETLS. ...ttt e e e e e e e e e e e e e e e

Figure 2.5.1llustration of the processing of transformation of the time domain tra
of raw data to the frequency domain, and this resulting spectrum is then calib
L€ 05530 ) 1 10 72 USRS

Figure 2.6. Schematic depiction of an electrospray ionization process for a p
(o] g V4= 11 T0] 18 [0 o [ TSRS

Figure 2.7. Schematic depiction of the IEM and CRM models to produce gas

Figure 2.8.Schematic of the comparison of a) Harmonic vibrational energy leve
b) Anharmonic vibrational energy levels. The arrows depicted in figure shc
transitions thaare in resonant with the laser photons...............ccccoviiiiiiiiin.

Xi

.21

42



Figure 2.9.Schematic of the mechanism of IVR process in IRMPD. IVR, leads
increase in the internal energy of the molecule which increases iretiséydof thi
vibrational states. The IVR continues till the dissociation threshold of the inte
(o] I IS =T Tl 1Y SR 43

Figure 2.10.The number of degrees of freedom necessary for the Arrhenius act

energy Eto lie within 10% of the limiting higipressure E corresponding to the sa
dissociation reaction. Figure adapted with permission from John Wiley and Son

Chapter 3

Figure 3.1 Comparison of the IRMPD spectra from 3200 to 3800*dor [(Pro}H]*
(top) and [(PragNa]* (DOtOM)........uuuuiiiiiiieee e e ettt e 66

Figure 3.2 Ten lowest energy structures for [(Pid)". MP2/6311+G(3df,3pd).
B3LYP/6-31+G(d,p) and MP2/311+G(3dp,3pd)//IMP2/31+G(d,p); (italicized) 2€
KrelatveGi bbs eni®r giaas, eqthzilenpheses. Enegies
provided iN KI MOR..... ..o e 69

Figure 3.3. Comparison of the experimental IFRND spectrum of [(PreM]* with
calculated IR spectra of different isomers of the dimer..............cccccoeeeiiiiiiieennnnnee, 70

Figure 3.4. Eight lowest energy structures for [(Pfda]". B3LYP/6
311+G(3dp,3pd)//B3LYP/B1+G(d,p), B3LYP/6-311+G(3df,3pd)//B3LYPD3/
31+G(d, p) (i tw@d,i cainzde de)mi, liRgatbBhésesk|nergies
Provided iN K MOFE...... ..ot eaee e 74

Figure 3.5 Comparison of the experimental IRMPD spectrum of [(Pro)2Na]+

Chapter 4

Figure 4.1. SORI/CID spectra obtained for [Mn(Pseiji]*, [Fe(Pro)-H]*, [Co(Pro)-

Figure 4.2. SORI/CID spectra obtained for [Mg(Pseli]*, [Ca(Pro)-H]*, [Sr(Pro)-
= T T o S 89

Xii



Figure 4.3. Comparison of the experimental IRMPD spectra (a) from 1000 to
cm' twhere M = Mn, Fe, CO and Ni, (b) from 2700 to 3800 twhere M = Mn, Fe
Co, Ni, Cu, Zn and (c) from 2800 to 3800 'énwhere M = Mg, Ca, Sr ai

Figure 4.4. Comparison of the experimental IRMPD spectrum and calculat
spectra of the lowest energy structuregach form of the (a) [Zn(PréH]* and (b
[Cu(Pro}-H]* complexes in the 2700 to 3800 ‘dmegion. Energies are B3LYPD3
311+G(3df3pd)//B3LYPD3/81+G(d,p) 298 K Gibbs energies (and enthalpies) ¢
kJ mol* and are relative to the lowest energy structure shownéas. (i)................... 97

Figure 4.5. Comparison of the expemental IRMPD spectrum and calculated
spectra of the lowest energy structures of each form of the [Ce{Ffoin (a) 100(
to 2000 cm! region and (b) 2800 to 3800 thregion. Energies are B3LYPD3
311+G(3df3pd)//B3LYPD3/81+G(d,p) 298 K Gibbs enagas (and enthalpies) anc
kJ mol and are relative to the lowest energy structure shown@%(ig é é ¢ . . 99

Figure 4.6. Comparison of the experimental IRMPD spectrum and calculat
spectra for the lowest energy structures of each form ofthéAro»-H]* complex ir
the (a) 1000 to 2000 crhregion and (b) 2800 to 3800 thregion. Energies a
B3LYPD3/6-311+G(3df,3pd)//B3LYPD3/81+G(d,p) 298 K Gibbs energies (a
enthalpies) and in kJ maland are relative to the lowest energy structure shams\(i)
They grey line overlaying the experimental spectrum is a sum of complex (i) ai100

Figure 4.7. Comparison of the experimental IRMPD spectrum and calculat
spectra for the lowest energy structures of each form of the (a) [Mgtfirq)(b)
[Ca(Pro)-H]*, (c) [Sr(Pro)-H]" and (a) [Ba(Pre}H]* complexes in the 2700 to 3¢
cm' ! region. Energies are B3LYPD3M.1+G(3df3pd)//B3LYPD3/81+G(d,p) 29
K Gibbs energies (and enthalpies) and in kJ'tespect for Sr and Ba where
Def2TZVP basis sets were used and are relative to the lowest energy structur
as(ijpééeéeéeéeéeéeéeéeceécéeceéeeééeéeée. . 12

Chapter 5
Figure 5. SORI / CI D spectr a o bwhera M=li Nd Rbrar

S ettt e ————— 115

Figure 52.SORI / CI D spectr a o'whee VMh=eidNaf Rbrar
S ittt e e e e e et e e eeteeeet e e eaaeeeeta e et — 115

Xiii



Figure 5.3. Comparison of the experimental IRMPD spectra (black traces) of 1
m/z 138 and (b) m/z 122 fragment ions generated by CID of (Prolea)ic
(LeuPro)Li" with the calculated spectra of (projland (leu)Li. Energies are MG
2XD3/6-311++G(3df, 3pd)B-31+G(d,p), 298 K Gibbs energies (and enthalpies
N KT MOI L.ttt e te et et e te e eneas 117

Figure 54. Comparison of the experimental (black traces) IRMPD spect
(ProLeu)M with the IR spectra for the lowest emgy M062XD3/6-31+G(d,p
calculated StruCtures (gray traCeS)........uuuurruuriiieeeeeeeeeeeeeeeeeerr e e e e e e e e e eaaeeees 119

Figure 5.5 Comparison of the experimental (black traces) IRMPD spect
(LeuPro)M with the IR spetta for the lowest energy MEBXD3/6-31+G(d,p

""""""""""""

Chapter 6

Figure 6.1. Blackbody infrared radiative dissociation fumtder kinetics plots
various temperatures between 200°C for the Na(LEUPTIO}........cccvvveeeeeeiicnnnnene... 135

Figure 6.2. Blackbody infrared radiative dissociation fimtder kinetics plots
various temperatures betweeri 523°C for the Na(ProLeuX............cccccvvveviieeeennnn, 136

Figure 6.3 Arrhenius plots for the dissociation of the'fllaauPro} and N&d(ProLeu.
The error bars are from the fitting of the first order kinetics plots in Figures 6

/////////////////////////

6.2 ééééeéééceééeééeeééeéeéeecéeee. ... ... 13

Figure 6.5 Experimental IRMPD spectra (top traces) and calculated IR spectra
trace) for the lowest energy structures of the a)(Rl@Leu} and b) Na(LeuPro}
complexes in the 2800 to 3800 ¢émegion. The spectra were computed u

Xiv



List of Tables

Chapter 6

Table 6.1. Table of master equatiorny Ealues calculated at different A factors,
best master equation estimate B n dH fpr dissociation computed

XV



List of Schemes

Chapter 4

Scheme4.1. Thefour main [M(Pro}-H] " Structures............cccvveveeeeeiiiiiieeeeenens

XVi



(0 0]~
MPeiG
PeH

n?

A

A
ACEnet
AIM
AlaPro
B

R
B3LYP
BCP
BIRD
CFlI

CID
CLIO
CRM

q
CC-PVTZ

Crn'l' 1

List of Abbreviations and Symbols

electronic energy

relative Gibbs energy

relative enthalpy

Laplacian of electron density

Arrhenius preexponential factor

Angstroms

Atlantic Computational Excellence network

Atoms in Molecules

alaninepoline

magnetic field strength

geometrical factor

Becke, 3parameter, Le&angParrdensity functional theory

bond critical point

blackbody infrared radiative dissociation

Canada Foundation for Innovation

collision induced dissociation

Centre

Laser

charge residue model

collision cross section

Il nfrarouge

doOrsay

orrelatiorconsistent polarized valence trigteta basis set

wavenumbers; inverssntimeters

XVii



Cl

CS

d
Def2SVP
Def2TZVP
Do

DFT

DNA

Co

ECF
ECP
ENaC
Eo
Ea
EP
Eelec
Erot
Etrans
Evib
Ezp
ESI
fc

FAIMS

configuration interaction
charge solvated
diameter
Karlsruhe basis sesplit valence polarization
Karlsruhe basis setalence triplezeta polarization
0 K dissociation energy
density functional theory
deoxyribonucleic acid
ellipticity
extracellularfluids
effective core potentials
epithelial sodium channel
critical dissociation energy

Arrhenius activation eneyy

limiting rapid-exchange Arrhenius activation energy

electronic energy
rotational energy
translational energy
vibrational energy
zeropoint enegy
electrospray ionization

cyclotron frequency

high field asymmetric waveform ion mobility spectrometry

XVilii



FEL
FT-ICR
FTICR-MS
FWHM
GAFF
GlyHis
GTF

h

HDMS

HF

HisGly

ICR
IEM

IMS

IRMPD

IVR

kl,rad
k—l,rad
Kd

Kij

free electron laser
Fourier transform ion cyclotron resonance
Fouriertransform ion cyclotronasonance mass spectrometry
full width at half maximum
General AMBER force field
glycinenhistidine
Gaussian type functions
Pl anckds constant
hydrogen deuterium exchangaass spectrometry
rtreeFock
histidineglycine
intensity
ion cyclotron resonance
ion evaporation model
ion mobility spectrometry
infrared
infrared multipe photon dissociation
intramolecular vibrational energy redistribution
total angular momentum
rate constant for radiative absorption
rate constant for radiative emission
unimolecular dissociation rate constant

rate constants for all state-state transitions

XiX



Kobs observed (measured) rate constant

Kuni thermal unimolecular dissociation ratenstant
K temperature; Kelvin

ks Boltzmann constant

kJ mol? kilojoules per mole

KTP potassium titanyl phosphate, KTiORPO
Leu leucine

LeuPro leucinepline

LDT linear drift tube

m mass

M molarity; moles peliter

MO06-2X Minnesota density functionals

MALDI matrix-assisted laser desorption ionization
MD molecular dynamics

MEM master equation modeling

geL'th microlitersper hour

mmol L'? millimoles perliter

m/z massto-charge ratio

MP Magller-Plesset

MP2 Mglleri Plesset second order perturbation theory
MS mass spectrometry

N number of atoms in a molecule

Na/Ms Na’ channelfrom Magnetococcus marinus

XX



Nd:YAG neodymiumdoped yttrium aluminum garnet, NckAl5012
NZ nonzwitterionic

NSERC Natural Sciences and Engineering Research Coah€ianada

OPO optical parametric oscillator
PES potential energy surface
Pro proline

ProLeu prolinelicine dipeptide

QqTOF quadrupole/time oflight

Y angular velocity

| electron density
REX rapid exchange
RF radio frequency

S seconds

SB saltridge

SA simulated anneadg

SORICID sustained offesonance irradiation collision induced dissociation

STO Bter type orbitals

T tesla

TOF time of flight

TWIG travelling wave ion guide

TWIMSI MS traveling wave ion mobilifymass spectrometry
\% velocity

Z charge

XXi



ZW

zwitterionic

transition dipole monmg

XXii



List of Appendices

Appendix AT Supporting Information for Chapter.3...........ccccevviiiiie 315
Appendix B Supporting Information for Chapter.4...........ccceeeiiiiiiiiiiiiiiiis a6
Appendix Ci Supprting Information for Chapter 5. 1..23
AppendixD i Supprting Information for Chapter 6............cccceeeeiiiiiiiiiiiciiiieee 256

XXiii



Co-authorship Statement and Status of Manuscripts

The research presented @hapters & of this thesis has been cowetkd by the
author for the degree of Doctor of Philosophy under the supervision of Prof. Travis D.
Fridgen.
1.Jami-Alahmadi, Y.; Gholami, A.; Fridgen, T. DThe Protonated and Sodiated Dimers
of Proline by IRMPD Spectroscopy in the NH and O-H Stretching Region and
Computational Methods. Phys. Chem. Chem. Phy2014, 16, 268526863 This
published workKorms thebasis for the worklescribedn Chapter 3The two experimental
IRMPD spectra reported were recorded by Dr. Ameneh Gholami at Memorial University
Data analysis, theoretical calculations and preparation of the manuscript were done by
Yasaman Jarmilahmadi.Manuscript was edited by Prof. Travis D. Fridgen.

2. JamiAlahmadi, Y.; Fridgen, T. D.Structures and Unimolecular Chemistry of
M(Pro2-H)* (M = Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Cu, Zn) by IRMPD Spectroscopy,
SORI-CID, and Theoretical Studies Phys. ChemChem. Phys.2016 18, 20232033

This published workforms the basis for the worllescribedon Chapter 4. All the
experimental design, data collection/analysis, theoretical calculations and manuscript
preparation were done by Yasaman Jatahmadi Editsto the manuscript were done by
Yasaman Jarmilahmadi and Prof. Travis D. Fridgen.

3. JamiAlahmadi, Y.; Linford, B. D.; Fridgen, T. IDistinguishing Isomeric Peptides:

The Unimolecular Reactivity and Structures of (LeuPro)M and (ProLeu)M* (M =

Alkali Me tal). J. Phys. Chem..B2016, 120, 130323046.This published workorms the

XXV



basis for the worklescribedon Chapter 5. Experimental design, data collection in 2700
3800 cm' region and analysis, theoretical calculations and manuscript preparation were
done by Yasaman Janiihe IRMPD spectra in the range of 90800 cm' were collected

by Prof. Travis D. FridgerandMr. Bryan D. Linford at the CLIO facility in Paris, France.
Edits to the manuscript were done by Yasaman-#datimadi and Prof. Travis Driegen.

4. JamiAlahmadi, Y.; Fridgen, T. D Distinguishing Complexes of Isomeric Peptides:
Structures, Energetic, and Reactions of Sodium Catie€oordinated ProLeu or
LeuPro Trimers in The Gas Phase(Just accepted)his work that was just published
forms the basis for the worttescribedon Chapter 6. All the experimental design, data
collection/analysis, theoretical calculations and manuscript preparation were done by
Yasaman Jami. Edits to the manuscript were done by Yasamalrmmadi and Prof.

Travis D. Fridgen.

XXV



Chapter 1

Introduction

1.1. Studying Biological Molecules. Molecular level knowledgeabout the intrinsic
structures of small to large biological molecules such as amino peftgjesand proteis
is the starting point foa detdied understandingf their functionalityunderphysiological
conditions.Details regardingroteiri ligand interactions wherethe ligand could be any
other species such eazyme, watermoleculesor evenanother proteimevealthe nature
of the variousactivities happeningwithin the living cells! A lot of unknownprocesses
causing diseases living cellsareidentifiedin moredetailby understandinghe structues
and reactivities of these molecules which may be related to the abnormal

functionality234°

The very first proposedconcept ofthe interactions between atoms resulting from
thar tendencyto equally share electrons formingcavalent bond, or the electrostatic
interaction betweewery polar bonds and electronegat@®ems resultingin hydrogen
bonding,refeis back to 1919and 1936, respectively Although covalent bonding is the
strongest interaction between atoms, the importance ofcowaient interactions in
molecular associatiencannotbe neglected. Metal cationinteractions in complexes
involving amino acids, peptidesind proteinghrough strong inter and intramolecular
interactionsare key compnents controllingnany chemical processes iiving things
Identification of the nature of thesenteractions has had an important impact in

understanding much of the chemistryité bt themolecular level.



Since each protein hasuniqueamino acid sguencethe detailsof manyprotein
interactions with othebpiologicallyimportantmolecules such anzyme active siggmetal
cationsptherproteins peptidesandamino acidsarestill unknown Thepresencef a metal
cation can change ttstructural poperties of these systems resultimgifferent biological
functionalities Understandinghestructures and thermodynamics of metal catioelaton
to macromolecules helps in identifying tdetailsof interactions between thespeces.
For exampletheselectivity ofthe epithelial sodium channéENaC)to Na' is importanin
the regulation ofodiumion in the extracellulafiuids (ECF)and hence controllinglood
pressureSince ©dium channelsontaina proline side chain ieNaC, $ructural change
caused by mtationof channelsubunitsresultin atnormal bindingsitesand consequently
cau® diseases such as kidneyloddled syndrome191112 |nterestingly the structures of
thevoltagegate Na channefrom Magnetococcus marinysla,Ms) showshigh selectivity
of the channeto createa pore andliscriminate betweertertain ions Coordination of
hydrogenrbondedwater moleculesn sodium channels preventse directinteractionof
ionswith the side chais of sodium channeldn contrast, in potassium channels, icas
directly interactwith the side chain of the polypeptideatherthan coordinateto water
moleculegsee Figure 1.1

Metalion coordination can stabilize the zwitteriofu®/V) form of amino acids, but
depends on factors such as the size and valency of the metal ion andpghasgabasicity
of the amino acids, or even on the preseneesofvent such as watér117188rief details
of amino acids and peptides, along with their possible structures, are discussed in later

sections.



Mavhis

Figure 1.1. Comparisonof ion binding ina sodium (left) and potassium (right) channiegft:
Selectivity of NaMs channelo sodium iongcyan color) Right Selectivity filter of KcsAchannel
to potassium ion&arkblue color).For clarity, only two monomers are showdigure adapted with
permission fronEMBQO, 2016 1-11.*

The rest othis chapterdescribeghe purpose of studying biomolecular ions in the
gas phasandhow mass spectrometric techniquesvide detded insighs into thegas
phasechemistry ofionic complexes involving biologicallyelevant moleculesn Chapter
2, the instrumentation and @hapters 36, applications oimassspectrometric techniques
in thecharacterizatioof non-covalent interactionand thermodynamics giotonated and
metal cationbound proline andoroline containing peptideomplexesare discussed
Severalexperimentatechniques such asfrared multiple photon dissociation (IRMPD)
spectroscopy, sustained -@ésonance irradiatio collision induced dissociation (SORI
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CID), and blackbody infrared radiative dissociation (BIR&ye usedin this researctand
arediscussed in theshaptersin addition, detailgsbout howgas phase mass spectrometric
technguesare combinedwith theoeetical methods$o help indeducingthe mostprobable
gasphasestructuresre revealedComputational methods suchdensity functional theory
(DFT) and simulated annealing (SAglp todeterminghe dominant structures of different
complexes in the gahipse.The current thesis caserve asan example ofesearch on gas
phase iommolecule reactionthat provides wider understanding into moleculgroperties

such asstructurethermochemistry, and reactivitf these interesting molecules

1.2. The Purpog of Studying Biomolecular bns in the Gas Fhase. The detailed
structures and the reactivivy biologically interesting molecules can be obtained when the
disruptingeffects induced by other chemical agents such as solvent moleculas are
minimum.Resarch on gaphase ions and iemolecule reactions provides information on
thar intrinsic physical properties) the absence of solvemh addition, under low pressure
conditions, the time between collisions is long enough to slow down rates of reaction
which would, under normal conditions, be too fast to follow. Since the pressure is so low,
ions can be storedor a long timeand spectroscopic studseof mass selected ions are

possible for these typically reactive species.

Interestingly, lhe effect of slvation can be studied systematically by generating and
studying a series of ions of the tyf(solvent))", wherek isthenumber oiheutralsolvent
moleculessuch as water or alcohol and M is the ion of intengt the chargen. 9202122
For example, pincreasing the number oflgent moleculestheintrinsic properies can be

compared with solution phase properties that can help us understand the role of solvent.
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This cooperation explains why we believe gas phase investigations allow us to gain some
insightinto the physical chemistry of these complexes that, ircime, may be useful to
rationalize the behavior of more complicated systems which present similar badiaisites
aretoocomplicated to studin the solution phas&as phasstudesof protonated or metal
cationized amino acids peptidesoffers an oportunity to better understand these systems

on a molecular level, not often afforded foacromolecules in solutioGas phasstudies
provide a good understanding of nesovalent interactions and useful structural
information on biomolecular and other sgmus ions. These fundamental intrinsic
propertiedead toanunderstanding of howoncovalent interactionstabilizebiomolecules

in living organisms.

1.3. A Brief History of Important Early Scientific Advancements Leading to the
Development of the Studyof the Physical Chemistry of GasPhase lons.In 190623 J.
J. Thomsorwas awarded the Nobel prize in physits the development of a way to
conduct electricity in gasemd separatingotopes In 1913 Thompsonand F. W. Aston
createda mass spectrograplior thevery first time. Astonwasawardedhe Nobel prize
in chemistry in 1922 fordevelopment ofthe mass spectragph which was able to
differentiate between the isotopest large numbers ofnaturally occurring elementsy
expressingthat the atomic mass osotopic elementsis a whole number multiple of

hydrogen atomic mag4252¢

In 1961 ,John Charles Polangiscoverednfraredchemiluminescendeased ontte
ideathatwhenmoleculesareexcited theyemit infrared light Hewas able taneasurdghe

emitted light through chemical reactiors, and differentiate between vibrational and
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rotationa energiesThe importancef his workhad a significant impacdh the discovery
of thesources of infraredadiationlasers Along with Dudley Herschbach and Yuan T. Lee
the three werawardedthe Nobel Pize in cthemistryin 1986for their work related tdhe

dynamics of chemicakactions.

German physicist Wolfgang Paul conducted pioneering work on
developng electric quadrupole field® trap charged particlei® three dimensions. The
guadrupole ion trap wasicknameda Paul trap in honor ofhis work in thisfield. He
inventedtheion trapping mass analyzandwasawarded the physics Nobel pr#Zza 1989
together with Norman Ramsay andr$ Dehmelivho developedbn-cyclotron resonance

spectrometers

John B. FennandKoichi Tanakareceived onequarter of the Nobel prizefor
chemistryin 2002, forthe inventiorof soft ionization métods(ESI and MALDI).?® This
brief review of the historyfosciencerevealsthat thegenesis of the advant@struments

in MS is built onthe earlier work by other

1.4. Determining the Structures of Biomolecules Using Mass Spectrometric
Technigues A mass spectrometer is typically composed of three main parts: the ion source,
the analyzer and thaetector. However, the proper choice of ion source and analyzer type
depends on the nature of teempleand the desired information, respectivellyany
different types of massspectrometerdiave been developedsing different types of

ionization sourcg, mass analyzergnd mass analyzer configuration.



The ion source ian essential part of every maggctrometer where ions are formed
by a wide range of methodis the present workglectrosprayionization (ESI)wasused
exclusivelyasthe mehod ofionizationandis described in more detail the next chapter.
The mass analyzer is the heart of every mass spectrometer since the mass of ionized species
is determinedn this part ofthe MS instrument. In all mass analyzers, ions are essentially
organizedaccording to theimas$toi charge ratiorf/2. Mass analyzers apharacterized
by a fewparametersancludingresolving power, masange, mass accura@nd coupling
compatibility. They can generally be categorized into two classeded) type mass
andyzers and (2) ion trapping mass analyzérdeam type mass analyzers, such as time
of flight (TOF), aftertheir formation ions travelcontinuouslythrough a patirom the
source tdhe detectorOn the other hand, trapping analyzers like the Fouaestformion
cyclotronresonancenass analyzer (FTIQRAS) can isolate and store ions for Iqreriods
of timesgiving more control of ions. lons of interest chaisolated based on maasd
stored inside the ion trapping instrument for further desiredpukations aneéxperimendal

activation processes, such as photodissociation experifients

The FTICR mass spectrometer has found a wide rariggplications. This mass
analyzer is knowms anultra-high resolution mass analyzer with great mass accuracy that
is able to resolve isotopic firgructures of proteins with masses up to 100 RbaFTICR
has manydvantages, such ashighupper massimit. The theoretical upper mass linst
the mass in which the radius of the ion cyclotemhievesthe radius of the trag-or
exampleusing a 7TeslalCR in a trapsizeof oneinch crosssectional radiusfor asingly-

chargel ion atroom temperaturéhistheoreticaupper mass is around 5.8@a.3%*2 Other



advantages are theassresolving power, thenumberof ions trappedand trapping
duration. TheFTICR mass spectrometes an excellentmass analzer especially when
usingslow activation techniqudike low energy @D andBIRD is desired Some of these
benefitsand limitationsarediscussed in the activation technique section (next section).
On the other hand, there are other ion trapping mass analyzers suetdagqle
ion traps orbitraps® and high order linear tragp such aghe 22-pole iontrap® that are
valuable todd for investigatingon-molecule reaction¥ All thesetrappinginstrumentsare
usedin conjunction with techniquesuch as CID and IRMPD in whidghe fragmentation
of ions isrequired® 22-Pole ion traps are particularly useful forcollision processes and
whenchemical reactionareto be studiect low temperaturesin the 22-pole®®*” jon trap,
twenty two rodsith lengths 060 mmand 1 mm diameteare used to generate @lectric
radio frequencyfield with opposite phase In the axial direction ions are trappedsing
eledrostatic volages appéd to the twaylindrical electrodesThereforejn a22-poleions
are confired by oscillating electric fields which excite the ions translationalhereasn
anICR cellthe iontranslational energs in thermalequilibriumwith thesurroundngs and
trapped witha high-field magnet The 22-poles are capable of performing experiments at
low temperaturgin which ions areooled using a buffer gadqwn to a nominal 3.8 K)
However, umder multiple collisions with the gasmoleculesin the trap ions are well

thermalizecandtrappedfor along period of time83°

1.5. Mass Spectrometric Fragmentation Techniques of Gas Phase NGovalently-
Bound Complexes Mass spectrometrgrovides useful information such as the mdes

charge ratio of the ion, but to obtain further information, it is necessagmioy



fragmentation tehniques Fragmentation methods amgsed to determine structural
characteristics as well as thermochemical quantities. To fragment a@ind@mergy of that

ion is increased above its dissociation threshold by om&aofmethodssuch aollisions,

laser absorption electron attachmentor absorption of ambient blackbodwpfrared
radiation Besides fragmentation patterns, appearance and disappearance rates of species

can bedeterminedo obtain useful information abotlteir structure.

As mentioned ea#dr, proteins and peptides function through hoovalent
interactions with metals, other peptiae proteinsor even cofactor®* Due to the larger
number of structural conformations irrger moleculegompared tsimple amino acids,
the identification of macromolecular structures is more difficult. Therefore, gas phase
studies are appropriate models to ustendthe physical properties of themino acids,
peptides andmpteins *? For example,dw energyCID is a usefutharacterizatiotechnique
to slowly activate lower energy dissociation channels of large peptmtisoteins

Forthiswork, gas phaséagmentatioriechnques such a€ID, IRMPD, and BIRD

are usedo study the properties of proline and prolcantaining dipeptide complexes

1.5.1. CID.CID is one of the earliest activation technigues used in mass@petry and

it is the most common. During the CID proce® translational energpf an ionis
increased and it isollidedinto an inert target gasonverting a portion of its translational
energy to internal energy. The ion dissociates as the arabeimérgy deposited surmounts

the dissociation threshold. CID can be coupled to any mass spectrometer inblkeatmg
typeinstrumentsand ion trapping mass spectrometers, but its performance and applications

are highlydependanon the type of mass analyz&here are two regimes of translational
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energy that are used, dependargthe mass spectrometer. For example, in TOF or sector
instruments, the kinetic energies of the ioas be in the kV range so that only one collision
is necessary to indualssocation In ion trappingdevices, the collision energies are on
the order of a fewenths of aneV up to about 100 eV so that multiple collisicare
necessary to affect fragmentation. Low energy is useful to slowly actordteat) the ion

of interest, reulting in only thdower energy dissociation channddsing accessed

As shownFigure 1.2 when aprotonatedpeptide undergoes fragmentation, the
cleavagetypically occursfrom eitherthe C-terminus producing b ionspr N-terminus
producing y ionsBleiholder and cdworkers® used collision induced dissociation to
discover thdragmentatiompatterrs of protonated peptidgkatcontain prolineand alanine,
(Ala-Ala-Xxx-Pro-Alawhen Xxx = Ala, Ser,Leu, Val, Phe, and Trp,The resultshowed
that the higher poton affinity at the @erminusof a peptideis due to the existence of
proline possessg high protonaffinity, which favos the production of yspeciesn the
fragmenation patem. In order to perform thexperiment, aelectrospray/quadrupole/time
of flight (QqTOF) mass spectrometeasused.As shown in Figure 1.2he cleavage of
the amide bond Nerminusto proline residues results in-ign formation The most
dominant pelain the main fragmentation channel of Alda-Xxx-Pro-Ala peptides, when
Xxx = Leu, Val, Phe, and Trps the y product ion(depictedin Figure 1.2top). The
dominating ¥ product ionin thePro-Ala sequencgormed by cleavage of the amide bond
is theresultof the existence of prolineesiduein the peptide backbonds indicatedin
Figure 12 top the production of theayion is followed by a less abundang peak. In

addition, the yfragmentdue toprotonated XxxPro-Ala that isgenerated from lossf C-
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terminusAla residue.The very weak peaks shown the CID spectruntorrespond to
thebsandbsionsthat reveal thésion is producedrom the cleavage of the XxRro amide
bond instead ofbsY bsgpathway. In order to rationalize the observed patiisva
computational techniggs were applied to calculatbe relative energies of different

backbone protonation sites and transition structures of the amide bond cleavage.

Theobtainedthreshold energiesf themechanisticchannelof transition structures
for thecleavage of amide bonds thie backbone Nerminusto the prolineveremeasured
to be the lowest pathwayhe N-terminusamide bond cleavage of the proline residues is
preferred This isdue to the existence of thésnino acid inthe peptide backbwee which
stabilizes the protonationof the amide nitrogenpositionin Ala-Pro. The reason for the
observed cleavage was the high proton affinity of proline as a result of this bond breakage.
This cleavage increases the proton affinity of the gener@tssiminus fragment and

therefore, the formation of the fragment

1.5.2.IRMPD. IRMPD is performed by taking advantage of the fact that ions can reach
the dissociation threshold through sequential absorption of photons from a high intensity
infrared lasertypically a CQ laser. IRMPD activation is a slow process, like CID, and the
lowest energy dissociation pathways are observed. IRMRiBected by an intense source

of light that is used to simply dissociate ions, much like irttigsional activatiormethod.

Using a tunable infrared laser, one can also do spectroscopy experiments by determining
which wavelengths of the laser are resonant with vibrational modes of the ion, causing

dissociation.
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Ala-Ala-Ala-Pro-Ala, upon 16 eV collision energ{Bottom) Fragmentation pathways correspond
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An IRMPD spectrum can be obtained by recording ion fragmentatiariuastion
of laser wavelengtHRMPD spectroscopy is considered a consequence spectroscopy since
the consequence of multiphoton absorption dissociation is deféétddore details of this

fragmentatiortechniquearediscussed in the neghapter.

Williams and coworker® combinedRMPD with DFT calculationgo investigate
the effecs of hydrogen bonding on tregructure of anionicglycinedimers Theyrecorded
the IRMPD spectra irthe 600to 1800 cm' regionas shown in Figure 3. The results
showed that the formation of intramolecular hydrogen bonsiialilizes the zwitterionic
form of the complex Previous gas phase studies of the cationic pratdndimers of
glycine using IRMPD"4¢ and BIRD*® techniquesshowedthe nonzwitterionic form of
glycine dimergo bethe predominanform. TheZW form, alsoknown assalt bridge £B)
form, is different from the non-zwitterionic (NZ) form in which the proton has been
transferred toward Nito form NH* onone sideandthe CO,' grouponthe other side of
glycine. It was found thatin the anionic complexhe intramolecular ldrogen bonding
and the @ulombic attractiorstabilizethe ZW form. As shown inFigure 1.3, in the non
zwitterionic form, thedeprotonated glycine is atteed to the ©H group of the carboxylic
acid in the intact glycinevhich forms a strong ionichydrogen bondOE Hi O). The N H
bond in each NEIgroup is also involved in an intramolecular hydrogen bond to an oxygen
atom of a carboxyl/carbongroup.In the ZW form, shown inFigure 13, both oxygen
atoms of the deprotonated anionic glycine are attempting to form two hydrogen bonds with
hydrogen atoms located in the BiHyroup. Thereare alsowo intramolecular hydrogen

bondng Ni HE O between NH bonds and the daoxylate groupsin the experimental
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spectrum, thepositions of prominent modes, such as, -NHCH, wagging, and

NHs" umbrella vibrationsgree with the computed spectrum of 8iform.
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Figure 1.3. Comparison of (a) the experimental IRMPD spectruch @lculated IR spectra for the
lowest energy structures of each form of the NZ and SB isomers ofi [@lyomplex, at the
B3LYP/6-311++G(d,p) level of theory using scaling factor of 0.98bigure adapted with
permission fronPhys. Chem. Chem. Phy@15 17, 30642 306474°
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More importantly, the existence of a sharp experimental band 4tctidd is in
agreement with theomputed IR spectrum for the S&merandindicates thathis is a
possible form of this complext should be noted tham this study, the theoretical results
showeda difference of 1&J mot! in the Gibbsenergieof the two lowest energyorms.
Altogether the computed IR spectra of the anionic zwitterion comphdnch is the best

matched with the IRMPD spectrymeveals the ZW formasthe possible structure

1.6. Other Mass Spectrometric Techniques for Studying Struaires and Dynamics of
Biological Complexes There are other spectrometric techniques to study the physical
chemistry of gas phase ignolecules such as ion mobility spectrometry (IR#8)and H/D
exchange*3>4> These techniques are not used in this thesis but, it is worth briefly

mentioning some of their functionalities.

1.6.1. lon Mobility Spectrometer(IMS). IMS is agas phasspectometric techniquén
which ionsare essentially separated according to tmeibilitiesthrough a higher pressure
regionfollowed by mass analysi$his method has the ability to identify speaned only

based onheir masgo-chargeratio, but also aceding to theircollision cross sectio(q )

IMS has a lot ofapplicationsrangng manly from the structural identificatiorof
biological ions and conformational dynamicef specie® to chemical detectorthat are
usedin security and drug detectiéh® An importantadvantage of this method over other
techniques is thatvo ionswith the samenass but different shapes are separabletalue
ther differing speedhrough a buffer ga$n this method, under the influence of an electric

field, the movements of molecules under studydiceated by theimobility. A drift gas
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such as helium, neonitrogen, argon or carbon dioxide thatpedes he 1 on of
motion is also preseft®’In IMS, ions are generated in an ionization regismgvarious
ionization technigugand then entea drift region where they can be pulsiedo a drift
tube.Figurel.4 shows a block diagraof anion mobility spectrometeBecause ions have
different sizes, the timeequired totravesethe drift tube varies. Larger ions with higher
collision cross sectiof qundergo more collisions with the inert buffer gas ke longer

to reach the detectomherefore, m IMS, ion separatiofis based orboth m/z and the
mobility of ions CouplingESIor MALDI with IMS increassthe efficiency othis method
for conformationalanalysis inthe millisecond time scafé There are thremaintypes of
IMS, linear drift tube (LDT), travelling wave ion guide (TWIG), and high field asymmetric
waveform ion mobility spectrometry (FAIMS$$52 Details about the functionality of each
of the types arbeyond the scope of thilsesis. But, it should be stated that in otdenave

a complete understandirmgf molecular structurecompuational methodsare typically
required IMS has advantages bfgh sensitivityand precision, being very fast anaving

a very low detection iimit. In addition to theadvantagesdescribedabove, a lot of
capabilitiesof IM-MS have been achieved throudje tspeed of this method, such as the

investigation of the dynamics of protein folding proc¥ss.

Previous structural investigations of metal cationizedulstituted proline
diastereomers have been conducted by Bartberger and cobusimg a traveling wave
ion mobilityi mass spectrometry (TWIM$S). Since these isomers have the sanie
they cannot be identified by only them/z hence, IMS was employed to differentiate

between isomers.
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Figure 14. (a) A block diagramof key computational steps ah ion mobility mass spectrometry
(IMTMS) (b) Schematic diagram of a drift callong with detector electroddsigure adapted with
permission fom Anal. Bioanal. Chen2008 391, 9059095

As a result of change in chirality of the substituents on proline, the metal cations
adopt different binding sites. Results of TWINVES spectra are shown in Figure 1.5 and
revealed that the measured collisional cross sectionsfordy) of [transhydroxyproline
+ NaJ" was larger than that of the [digydroxyproline+Na]. I n addi tingn to
of [M + NaJ for both cis and trash ydr oxypr ol i ne wasf thear ger
protonated complexes. Comparison of the TWIMS spectra for the protonated
hydroxyprolines, Figure 1.5. (a) and [M +*Xwhere X = Li, Na, K, and Cs, Figure 1.5.

(b-e), indicates the effect of the metal oatsize on the gas phase structureigfandtrans
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hydroxyproline. In general, by increasing the metal size, the meagquredifference

between diastereomers decrealastefore, this method was able to distinguish between

the structure®f the diastereomers.n or der to compare tnhe exp:
results,theoretical calculationsvere done with the aim of findig t he val ues o
theoretically.In the lowest energy structures of these complexes (Figures 1.6 ariael.7)

position of the proton is on the nitrogen atom of the pyrrolidine ring indstlandtrans
hydroxyproline. There are also small differendesthe orientation of the hydroxyl
substituent of the ring. Ge mevalaek lfoy the t he
protonated cis and trans forms agree with tie®tétical results. As shown ingares 1.6

(a) and 1.7(a), both cis/trans protonated sttureshave similar conformationgliarge

solvated or C3, while the cis/trans conformation differs when a metal cation is présent.

the experimental data, as the size of the metal cat@yeases, in the alkali metal groups

of elements from Lito Cs, the resolution of both cis/trans isomers decred&ased on

the obtained results, theatallateccis-hydroxyproline wasound to be in the C#®rm. The
experiment al dat a aiadue forithedsihydmxypolina isosnera | | er

which is in a compadCSform.

According to the theoretical results, the larger metal catwitts higher steric
effects contribute in a weaker interactionnbe destabilizinghe compact CS8is-proline
structure. On the other hand, theoreticaculations showed that timeetal cation bound
transhydroxyproline form adogt a SB conformation that islso consistent with

theq n2 valuesas shown in jurel.7. Therefore, combination of both theoretical methods
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and experimental IMS technique helped theto determire both the cis/trans ariie

SB/CSforms of hecationized 4substituted proline diastereomers

(a) Protonated (d) Potassiated

2T A

ZEA .2 8k
?Thw
+0.000 +0.046

(b) Lithiated (c) Sodiated +0.000 +1.604

m-.m

1EA

2T A

+0.000 +0.000 +2.310
(e) Cesiated

A A 204

13 33- o 234 I A 1A

. 4 34 ¥
304) 'l 104 o
&+ oA

+0.000 +0.543 +1.010 +1.397

iiA 3.3#

.” el Q
“‘" :u:m ’rg-

+1.840 +2.422 +2. 851 +2 BB2

Figure 1.6. lllustration of the lowest energy stturres for (a) protonateahd [M + XJ", where X =
(b) Li, (c) Na, (d) K, or (e) Cs, farishydroxyproline. Energies are BBLYP level of theory and
6-31++G(d,p) basis set for all atoms except for Cs for which the pseudopetentedted SVPD
basiswas used. Reported energies are in kcal 'tahd the arrow shown in (a) indicates the
protonation site. Figure adapted with permission fdmurnal of theAnal. Chem2015 87, 3300
33075
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(a) Protonate (c) Sodiated
Ak 234
. I .
2 P, !A T34
+0.000 +0.183 +0.000 +0.355 +2,989
(b) Lithiated {d) Potassiated
6:"" 7 2T A
204 .Z
TTY '.ﬂ; 264 }% !A }‘g»—
+0.000 +0.266 +0.000 +0.416
154 20 15’5'..;-1:4 .35"‘l
+1.635 +1.722 +2 956
(e) Cesiated
3144
o 9 }.Q, o {Q@
Ada
20 & }ﬂ.dx}\q . - Zaa
104
+0.000 +0.516 +2.668 +2.913

Figure 1.7. lllustration of the lowest energy structures for (a) protonatetl[M + XJ", where X =

(b) Li, (c) Na, (d) K, or (e) Cs, foirans-hydroxyproline. Energies are B3LYP level of theory
and 631++G(d,p) basi set for all atoms except for Cs for which the pseudopotemiatcted
SVPD basisvas used. Reported energies are in kcal’mot the arrow shown in (a) indicates the
protonation site. Figure adapted with permission fdwarnal of Anal. Chem2015 87, 3300
3307%

1.6.2.Hydrogeni Deuterium Exchange Mass Bectrometry (HDMS). In this technique,
the rate that the amide hydrogen of a peptide or pratedergoes exchange with a
deuterated reageint the gasor solutiorphase, is measured. The availability of the amide

hydrogen in each residue, (except for proline which does not have an amide hydrogen

depends on thieackboneenvironment of the residaeTherefore, the rate of this exchange
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is significantlyinfluenced bythe structure and the dynamics of the specific residue of the

peptide or protein due to itlsvolvementin intramolecular hydrogen boné.

For example, if an amide participates in an intramolecular hydrogen bond, its
hydrogen exchange rate will be slower than an amide hydregeh is eyosed to the
solventmoleculeson the surface dheprotein Until a few years ago, hydrogen exchange
was observed by NMR in solution in order to understand the conformations and dynamics
of protein folding®” Some types of hydrogens within peptides or proteins undergo very
rapid exchange with the solvent to beasured. These hydrogens are the ones located on
the side chains, such asNH», 8 OH, 8 SH,d CONH,, 8 COOH. Hydrogens that are
covalently bonded to thaliphatic and aromaticarbons, are very hard to exchange.
Backbone amide hydrogens do exchange with vgryiates depending on their
environment as mentioned abow&hen a protein is in its folded form, due to the
intramoleculainteractions, some hydrogens are tightly shielded, thereforelthekbone
amidehydrogensare harder to be replaced than those fesnunfolded proteirSince the
mass of hydrogen differBom the mass of deuteriudoy one unit, introducing a mass
spectrometer gives the capability to record thigeaseof one massunit for the entire

protein

H/D exchange is a very good techniqustiedy conformational changes associated
with processes such as the protein foldfhdue to the high sensitivity of amide hydrogens
in thefoldedstage Besides, the conditi@around the side chain amnsilydrogen, lhe rate
of HD exchange deendsonfactors such as, pH, temperature antlition componentsn

general, a decrease in both temperature and pH will decrease the rate of H/D exchange so
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these factors can be adjusted accordifitf§.HDMS in both the solutidnand gasphase
provides useful informatioabout thentramolecular hydrogen bondiray van der Waals
interactions vs riteractions with solvent molecul€s’>”® Comparison of the results
obtained from the gas and solution phasegeals the importance of intramolecular
interaction and solventcontribution to protein structure A combination of
hydrogen/deuterium (H/Dyith electrospray ionizatioas theonizationsourcé* and tools
such asion mobility separatioft’®’” or other techniqué® has facilitatedthe study of
biomolecules in the gas phaddore detai$ regardingthe instrumatation and procedure
of how to dilutethe solutios of proteirs of interest or thelabeling method will not be

discussedhere.

1.7. Motivation for Studying Proline and Proline Containing Dipeptides.Proline is

different than all other 19 DN&ncoded amino acids because it is the only one that has a
secondary amine, involved in a fimeembered ring, giving uncommon rigidity to this

amino acid and locally in peptides in which it is involved. Since proline does not provide

any amide hydrogef?,it is not able to participate in hydrogen bonding stabilization and,

thee f or e, -hblices. ddéweverlit is frequently found in the first residue of alpha
helices and in the edge strands of beta sheets, where the hydrogen bond to the imino
nitrogen does not play a key role in the stabilizatiopof | y pe pt i d edity,dBe ol i ne
to its cyclic form, allows the peptide backbone to adopt a suitable angle in a beta turn.
Prolineds high basicity and proton affinit
under physiological conditions it is one of the most solublearacid<® The rigidity of

the proline ring makes proline very suitable iabdlizing hydrogen bonding interactioffs.
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It induces a lot of important functionalities in plants such as, osmoprotective
functionality® or behaving as a signaling molecule in order to modulate mitochondrial
functions in peptide® Proline also plays a critical role in the recovery of plants under
environmental water stre8&° One of the ratdimiting steps in the protein folding is the

cis/trans isomerization dhe proteins that contain prolifie#’88

1.8. Contentsof This Thesis. In this thesis, applications of mass spectrometric studies to
protonated and metal cationized proline and the ProLeu d?rbgpeptides are preged.

In Chapter 2 the instrumentation required to perform the experiments and computational
techniques & described in more detail. Ih&pter 3 the structures of proline prdtbound
complexes are investigated using IRMPD spectroscopy in the 3200a@88@&nd in the

1000 to 2000 cnhregions.

In Chapter 4theunimolecular chemistrgnd structures d¥1(Proz-H)* whereM =
Mg, Ca,Sr, Ba, Mn, Fe, Co, Ni, Cu, Zmsingdifferent MS methods, such as CHhd
IRMPD spectroscopyare described In both Chagers 3 and 4 the naming systemis
simplified with the use oftheword dimer for proline complexes. Buh fact, in Chapter3
one proline igprotonatedor sodiatedwhile in Chapter 4one proline isdeprotonated and
the other on&s in its intactform. Chegpter 5 examingtheapplication of IRMPD aa useful
technique in determiningeptide sequenceand demonstratig structural differencem
different peptide sequencinghen bounded talkali metals In Chapter Gt is shownthat
BIRD kinetic measuremeniis combinations withhe IRMPD spectroscopgan be usetb
differentiate between the binding energassd structure®f the [Na(ProLeds]* vs the

[Na(LeuPrgs]* complexesn the gas phase
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Chapter 2
Methods of Study

The purpose of this chapter is to introduce the experimental and theoretical methods that

have been used to study the intrinsic properties efmofecule complexes in the gas phase.

2.1. Experimental Methods. The experimental results were conducted in the Laboratory
for the Study of the Energetics, Structures, and Reactions of Gaseous lons at Memorial
University which houses a Bruker Apex Qe7 Fourier tramsfion cyclotron resonance
(FTICR) mass spectrometek photograph of this instrument is shown in the top of Figure
2.1. The basic principles of FKIR instrumentation, electrospray ionization, and gas phase
fragmentation techniques will be introduced in théction. A schematic of the KOIR
coupled with arApollo Il electrospray ionization source is depicted in the bottom of Figure
2.1 andshows the ionization source, quadrupole/hexapegdgon, ion transfer optics and
ICR cell. The lowpressure environment of the FTICR facilitates the incorporation of ion
dissociation techniques such as collision induced dissociation (CID), infrared multiphoton
dissociation (IRMPD), and blackbody infrared radiative dissociation (BIRD). The

mechanism of fragmentation involved in each method will also be discussed below.

2.1.1. Principles of FTICR Mass Spectrometry.The mass analyzer used in this work was
an FTICR mass analyzer. The FTICR mass spectrometer allows ions to be isolated and

stored for long times with minimal collisiof$?
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Figure 2.1.Top: The OPO lasers/Bruker Apex Q& FTICR-MS located at Memorial klversity.
Bottom: The schematic describes the Apollo Il included, ion source, Qh (quadrupole/hexapole)
collision cell, ion transfertics and ICR cell at Memorialriversity of NL.

According to equation 2.1 and as shown igufFe 2.2, oncens of massm, moving

with velocity, &, and chargeg, enterinto a uniform magnetic fieldP, they areinfluenced

by themagneticcomponent of the Lorentz force.

D NbaP ¢
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When an ion is introduced intouniform magnetic fielthat is perpendicular to its velocity,
the particle will underga circular motion® Because the Lorentz force is equal to the
centrifugal force, the following can be written,

.. ., Guv

6 —— c¥
The frequency of an iom a magnetic fielarbiting perpendicular to the direction d¥is

called the cyclotron frequency,, and is related to the l@city of the ionby equation 2.3.

) c_l €1 cCd“1 v Cd

Rearranging equation 2.2 feyields

11 0
“na— ca

and equating to equation 2.3 yields
a O @
Ao °
According toequation 2.5y is directly proportional to the strengtiithe magnetic field
B, as well as the reciprocal of/qof ion®"® As a result, whe is constantall ions of a
given m/q ratio rotate with the samecyclotron frequency which i;mdependent ofon
velocity. Becaus@=ze wherezis the charge number aerds the elementary charge, in a

uniform magnetic field, them/z ratio of an ion can be determined by measuring the

cyclotron frequency,
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53 c&®
The strength of the magnetic field is sufficient tgptransin the xy or radial direction
(Figure 2.2, right). To trap ions in the third dimensiongbattric fieldis appliedat both

ends of thdCR cell.

®Udl

<l

Figure 2.2. Left: Circular trajectory of charged iom a uniform magnetic field. Right: How
magnetic field confine ions only in xy direction.

The configuration,depicted in Figure 2.&here ions arérappedboth in the radial
andaxial dimensions using a magnetic and an electric field, respectigekyjown asa
Penning trap. As depicted in Figu.3, a cylindricalCR is composed of two trapping,
two excitation, and two detection platésgure 2.4 shows the excitation and detection
plates and their position wirespect to each other. Before detec@oradio frequency, RF,

electric field is aplied to thetwo excitationplates and 1 f the i onds
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in resonance with thiBF potentia) the trapped ions start accelerating and their radius of

orbit and velocity increases, leaving the frequency of orbit unchgiigae2.4).

\ Trapping

Detection /'/
/ Excitation

Detection 7z

y
Trapping ﬁ \L'X

B,

Figure 2.3.A schematic of the side view afcylindrical geometric HCR mass analyzer located
within a strong magnetic field generated by a superconducting magnet in which an RF potential is
applied to the excitation electrodes.

During excitaton, all RF frequencies are swept to excite all masses of ions to a
detectable radius.nlthe cross section view of the ICR cell shown in FigRu& the
excitation plates are the top and bottom plafssdepicted irthe left of Figure 2.4, the
excitationevent isa critical stefgo convert the incoherent orbital motiohtheion packet

to a detectableoherent motion (Figure 2.4 right side).
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)

Excitation Detection
Figure 2.4. A schematic of the cross section view of an FTICR mass analyzer located within a

strong magnetifield generated by a superconducting magnet in whidRFRapotential is applied
to the excitation electrodes. The purple trace shows the excitation of ion packets.

As the ions orbit the centre of the ICiRey passhe detection plates. Thedectric
fields of the coherently orbiting igmacketsnduce an image chargm the two detection
platesdepictedon theleft and right sides in the cross section view of the ICR cell in Figure
2.3. For example, ifpositive ionspass close byhe detection plate, elgons are drawn
toward thesurface of theplate. As they continue to orbit and pass the seciatelction
plate, the image charge is drawn through a circuit to the second plate. This sinusoidal
oscillation of the image charge is known as the image cuifBatimage current contains
the frequency and abundance information for all the ions present in the ion trap (also called
transientsinusoidal signabr transient for short) which is measured as a function of time.
The transient is converted to the frequedomain using amathematical procede known
as a Fourier transform, and finally the frequencies are convertef tsing equation 2.6

(Figure 2.5).
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Details about thelescription of Fourier transform algorithnssheyond the scope

of this work and arennecessary to describe here.

Time domain image-current signal

80 ' 240 T 400

lFT

‘ Mass Spectrum in Hz

Frequency (Hz)

l Conversion to m/z

Mass Spectrum in m/z

Figure 2.5.1llustration of the processing of transformation of the time domain transient of raw data
to the frequency domain, and this resulting spectrum is then calibrated in terms of m/z.
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The trappingallows ions to be stored long enou@hrder of second to hours) to
determire the cyclotron frequenges with high precision Trappingions for extended
periods of timeprovidesplenty of time for tie ions to experiencdesiralte interactions
with neutral moleales or to underganimolecular decompositianor be irradiated with a
laser In addition, by isolating only the degiréon, all other ions can be excited and
removed from the ICR cell guaranteeing that the products of dissociation originate from
only the parent ion. Hengéhe ICR cellis a very suitable mass analyzer éoxtracing the

information about structure, thermochemisteactivity, and kineticsf ionic complexe$.

2.1.2.Electrospray lonization (ES). Since 1968, when Malcolm Ddfused theifst ESI

source coupled with mass spectrometry, the combination of ESI and MS has significantly
broadenedhe application of MS fothe characterization of biomolecufgd?31415ES] is

used to softly trasfer ions from solution to the gas phase under atmospheric pressure. First,
the sample is dissolved in a proper solvent, #reh passd througha thin condwting
capillary at high voltagdJnder the influence of a strong electric figddound 16V m?,

at the tip of the capillary, the assemblage of charge near the droplet surface is converted to
a cone, known as the Taylor col§é’181%20 Charged droplets containing analyte, with a
strong potential applied across the capillary, are emitted from the Taylor cone apex. In a
heated glass capillary, the droplets undergo evaporatioarasttessed due to repulsive
Coulombic forces, thecharged droplets will begin splitting into smaller droplets.
Eventually, the desolvated ions are released to the gas phase and enter the high vacuum

region of the mass spectrometer, Figure 2.6.
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Figure 2.6. Schematic depiction of an electrospray ionization process for a positive ionization
mode.

There are two proposedhechanismghat explain the formation of gas phase
charged analyteshich very briefly will be discussed hel®12223 The first mechanism is
called the charge residue model (CRM), and second one is the ion evaporation model

(IEM), shown in Figure 2.7.

Depending on theize,geometry and polarity”* of the analyte, either of the two
mechanisms are at play. The IEM, which is depicted in the top of Figyrexplains the
electrospray process foelatively small analytesontaining high charge density. In the
IEM, once the droplet has shruttkaround 20 nrsize, as a result ofdilombic repulsion
of theions in the droplet, the small analyte ioreimitted from the surface directly to the

gas phase before completeaporatiorof the solvent molecules.

The CRM is used to explain the electrospray process for large biomolecular ions.

As depicted in the bottom of Figure 2i@ CRM some droplets contain as few ane
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analyte ion. In this model, thanalyte ion is left behind when the solvent molecules
evaporateesulting inmultiply charged ionsln the CRM only one analyte owning a part
of the charge of the initial droplet remains, whereas in IEM when the tsipdedecreases
close to the Rayleigh limib reduce the Columbic repulsiahthe surfacesingly or less

multiply chargedons are directly desorbed from the droplet to the gas phase.

t+ 4+ ++
" + + 2N
o N +
IEM model + + + L +
Tt T + @

4
y + +++++ L+
+
CRM model + — +©++ ﬂ-:_ 'I-‘l_
++
= TFE

Figure 2.7.Schematic depiction of the IEM and CRM models to producglase ions.

It is worth mentioning that the reason the ICR cell is separated from the ion source
is that different pressures are needed for the operation of the ion source (high pressure,
~mbar) and the mass analyzer which works in high vacuum!’~tear. After ESI is
completed, and ions are transferred to the gas phase, they enter sequentially lower pressures

until they reach the ICR cell.
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2.1.3.lon Dissociation TechniquesOnce the ions are trapped in the ICR cell, a mass
spectrum can be generateddiscussed above. On the other hand, by similar RF excitation
techniques, all ions except a particurafz ion can be ejected from the ICR, thereby
isolating an ion of interest. Once trapped and isolated, ions can be further studied by a
number of activiion techniques. Three activation techniques; collision induced
dissociation (CID), infrared multiple photon dissociation (IRMPD), and blackbody infrared

radiative dissociation (BIRD), will be explained here.

2.1.31. Sustained OftResonance Irradiation llision Induced Dissociation (SOR{

CID). In CID experimerd in general, thenformation about thestructure of the mass

selected precursaon is determinedby collisionally activating the ions and observihg
fragmentationin high (keV), low (0-100eV), or very low (<10 eV) energy Cizollision

with an inert target gas (AN2, CO; or He) converts a portion ani onds transl a
energy to internal energy resulting in fragment ions that can be analyzed-C3DmR

considered a very low energy i&ettion process.

The maximumkinetic energy converted into internal energy is called the centre of
masscollision energyEcom equation 2.7Ec.om depends on the lab frame kinetic energy,
Eian, and the molar mass of the target gas and parent ion, repetdgniN and my,

respectively:

&
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In SORICID the trapped ions are irradiated with a 250 ms ré@iguency pulse
offr esonance with the ionbés cycl otichdney fr equ
undergotranslational excitation.nl order to surpass the dissociation threshioldlSOR}
CID, manyl 0 O dcsllisiont are requiretf.In SORI, the kinetic energy varies during the
activation time. The maximum kinetic energy that ions obtain during SBM3J,can be
obtained from quation 2.8
hnow

© ot d4Quwu &

wherel3is ageometrical facto(0.92 for our instrumentyl is the diameteof the ICR cell
(0.06 m) q is the charge on the ioNip is the peak to peagxcitation voltagem is the
mass of the ion, an@ vis the difference between the ion natural cyclotron frequency and

RF excitation frequency (500 Hz).

SORICID can be performed to explore tlimgmentationpathwaysof both
precursorandfragmentions which is due to the ability of the FTICR mass spectrometer to
actas atandemin-time instrumentin the first stage of tandem mass spectrometry, the
parent ion is isolated using an rf pulse ejecting all but the ion of interest. A stageds
then used by isolatingne of thgproducs of primary fragmentatiorrhis procedure can be
repeatedon all fragment ions as well as the products of secondary, tertiary, etc.

fragmentation.

2.1.3.2.Infrared Multiple Photon Dissociation (IRMPD). IRMPD is a slowactivation

process, like CIDdue to the absorption of small amounts of energy equal to the photon
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energy, between 10 and 40 kJ rhalith the lasers used in this thesis. As sulh,lowest
energy dissociation pathways aypically obseved?” 3?For IRMPD to occur, there must
be a vibrdional mode belonging to the ion of interast resonancewith the IR laser

frequencyallowing thelaserphotonsto beabsorbedc =0 —1 transition). After the first

absorption, subsequent absorptions of a monochromatic laser are striatgsonant with

a subsequent transition due to anharmonicity, as depicted in Figutdéov8ver, in the
absence of collisions, the enerditlee absorbed photon can be distributed throughout the
ion in a process known as intramolecular vibrational eneegistribution (IVR).
Following IVR, the original mode, resonant with the laser, is free to absorb another photon.
The repeating process absorption followed by IVR, slowly increases the total internal
energy of the ion until it exceeds the threshold for dissocidtiBigure 2.9 shows how the

IR laserphotons are sequentially absorbea@dtivate bonds.

IRMPD spectroscopy is a special case of IRMPD activation performed with a
tunable infrared laser. By observingdmaentationdueto IRMPD as a function of laser
wavelength, an IRMPD spectrum can be obtain®&MPD spectroscopyis a useful
technique in determining structured species in the range of small complexes, such as
amino acid¥ 4 or nucleic acid basé¥*® peptides’? 52 proteinsand other interesting
biomoleculeg”325361 The intensity in alRMPD spectrumthe IRMPD efficiency, is
determined from the relative intensities of the paremn and fragment,|l, and Iy,
respectively, according to thellowing equation:

- - . §O)
‘OY DL 000 Q0w QQ & &)%7 B0 8o
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Figure 2.8 Schematic of thecomparison of a) Harmonic vibrational energy levels and b)
Anharmonic vibrational energy levelsh& arrows depicted in figure show tinansitions that are
in resonancevith the laser photons.

In this thesis, twaource oftunableinfrared radiation were used in two different
wavelength regions. A free electron laser (FBLYheCentreLaserinfrar ouge do6 Or s a
(CLIO) just outside Paris, France covers the fingerprint region (+2@®0 cm') and an
optical parametric oscillator (OPO) at Memorial University of Newfoundland covers the

C-H/N-H/O-H stretching region (27003800 cm?).
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Figure 2.9 Schematic of thenechanism of IVR process in IRMPD. IVR, leads to an increase in
the internal energy of the molecule which increases in the density of the vibrational states. The IVR
continues till the dissociation threshold of the interested ion is rdache

A detailed description of laser operation is not discussed in this thesis. The
applicationof IRMPD to determine structures of ionic complexes, particularly for systems
composed of amino acid apéptides, will be discussed irh@pters 3, 4, 5 and 6.
2.1.3.3.Blackbody Infrared Radiative Dissociation(BIRD). In BIRD, ions undergo a
very slowunimolecular dissociatigrthe rate of which is increaseth absorptionof a

single infrarecohotonprovided by the vacuum chamber acting as a blackbody ertitier.
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first hypothesis of the activation of unimolecular dissociation by blackbody radiation
absorption was introduced by Perrinin 193BloweverPer r i nd6s r astbwasat i on |
discreditedoy Langmuir®® who showed that the radiation field was not intense enough, or

of high enough energy to cause dissociation of strebglynd molecules.The
subsequently accepted Lindemanuilision theory of unimolecular activatiGfhwas that

energy exchange occutwough bimoleculacollisions

However, the radiation hypothesis was reinstituted after the first observation of
unimolecular dissociation of very weakly bound tamlecule complexes, in the absence
of collisions,in anFTICR bytheMcMahon group in 199% McMahan was the firsto use
anFTICR for trapping weakly bound ions an extremely lowpressuresnvironment, in
the absence of collisionk these experiments, the energy required for the dissociation of
weakly-bound complex ions is achieved through the emghaof blackbody radiation with
the ionds surroundings.
2.1.3.3.1BIRD Mechanism. Since BIRD is a very slow process, observation of ion decay
ti mes on the order of sierequired 8Becausef thelorgn 10 0 ¢
trapping timesale requred under thermal conditions, these experiments are typically
conducted in an ACR.?® An important factor inBIRD is that the trapped ionare
thermalizedand theinternal energyistribution of thetrappedions can bedescribedoy a
Boltzmann distributionThe mechanism for activation and dissociatioABfunder BIRD

conditions isshown in equation 2.10.

1 -
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Here,kansandkemare therate constantsr absorption and emission, respectivelgdky is
the dissociation rate constantsng the steadytate approximation, thapparentrate

constant for unimolecular decompositiény, iS given in by equation 2.11.

Q e ¢ p

From the slope of théogarithnic plot of precursor ion abundanes a function of reaction
time, the correspondingobserved unimolecular dissociatiorate constant kuni, is
determined” If | is thenormdized intensity andt is the time;Q  can be determined using

equation 2.12.

0 Q P q

By plottinglogkuni @s a function of inverse temperatufeaccording to guation 212, the
Arrhenius activatiorenergy of the dissociatiorEs, and preexponential factorA, are

obtained wherés is the Boltzmanmtonstant,

Q 0Q ¢ o

The entropy A tanhedtermwen using eguatiogpsi14,

. ’Q"YQ —
0 ) P

If the molecules are large thdnave many vibrational degrees of freedom and
emission and absorption rate constants ameded to be large. Furthermore, at the
threshold for dissociation for larger molecules, the dissociation rate constant is expected t

be smaller because the energgdomized throughout the molecule must find itself in the
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correct modes to undergo dissimn. For large molecules, thate of dissociation is
expected to bsignificantly smaller than theate of emissiomand theobservedkun, can be

simplified from equation 2.11 to 2.15

Q = QL Q ¢d L

For large molecules, in the absence of collisions, thermal equilibrium can be
reached through the rapid exchange (RBEKXradiation®6%707%72 At the REX limit, also
known as the higipressure limit due to the similarity of reaching thermal equilibrium,

kabs=kemtherefore, equation 2.mplifies to:

~ ~

(R ® ¢

In this large molecule limit, thimns havereached thermaquilibrium andthe Arrhenius
analysis of the temperature dependence of thecoatsants,kuni, is expected to yield the
trueenergythresholdfor dissociation.

If the size of the system is smaller, however (less than about 100 degrees of
freedom) then the dissociation may be too fast compared to the absorption and emission
rate constantso that the above assumptions cannot be made, and thermal equilibrium of
the ions with their surrounding may not fully be reached. Hereatieeofdissociation is
largerthan therate of emissiontherefore th&a valuesunderestimatéhe true dissociain
threshold Eo. Because of this, the espmentally obtained values differ frotine true high
pressure limit values aralproperkinetic modelingmethod must be uséd’**Dunb ar 6 s
regime for hydrocarbcederived molecules depicted in Figurd @ provides an overview

of unimoleculadissocation kineticsof smallor mediumto largesize iondased ospecific
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variables.The elation between the number of degrees of freedmtropy ofactivation
and the reaction rate reveals whether the dissociation process is in the REX limit or not. In
general,the number oflegrees of freedormnd the émperature dependent dissociation rate
constantsn which the reactiomakes place are not sufficietat describe theninimum size
necesary for REX behaviour of systemBhe thirdvariablethat needs to beonsidereds
theentropy ofactivationbased on thaformationabout the nature afietransition statef
the reaction(loo< or tight transitionstatg

Thedetailed analysis of the relative size regimes of ions is not discussed here, but
a solution, vinen theREX limit is not attained, is thahe dissociation energies cae
extracted using master equation analy$ee systems in Gapter 6have 321 vibrational
degrees of freedom and are expected to be strongly absorbing in the infrared. However, the
room temperature BIRD rate constants for these complexes, in &' 18gime, are on
the border between small andga molecule kineticsAs such, master equation mbdg
of the Arrhenius plots is required to obtain true thardissociation threshadd
2.1.3.3.2.Master Equation Modeling in BIRD Kinetics. One solution to obtain quasi
experimental thermodynamic parameters from experimental BIRD dissociation of ions is
to usemaster equation modey (MEM). For small molecules that do not obey the REX
limit, the correcthermodynamidactors can be obtained using MEMEM simulates the
changsin population of the internal energy levelgloésystem ovetime. In simple terms,
it simulates all of the processes occurring in the BIRD mechanism and egadilaif the

rate constants composing equation 2.11.
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Figure 2.1Q The number of degrees of freedom necessary for the Arrhenius activation epergy E

to lie within 10% of the limiting higipressure B corresponding to the same dissociation reaction.
Figure adapted with permission from John Wiley and Sons. Mass Spectrom. Rev., 2004,23, 127.

This model uses a set of coupled linear finster ordinary differential equations
which takeinto consideratiorall possilbe energy transfer processescluding radiative
absorption, emissigmand dissociationlf i andj are the tweenergy levelsNi(t) andN;(t),
show the energy population of the corresponding levels, respectively.cAumed
equationsareequal to

Q) o o~ w s e
o Q0 0 QU o P X

In the equation 2.1k;j andkg are the rate constants for radiative exchargkdissociation
processegespectively. The first term in egtion 2.17 is called the radiative exchange rate
which,in thezeropressure environment of BIRD experimgms$ calculated using equation

2.18.
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kirad @andkyrad are theradiativeabsorptio and emissiomates, respectivelyThere area
few adjustable parameterstilemodelingprocessncludingEo, whichis selected in a range
that fits better based ahe specificity of the reactiorfwo other factors arganstion
dipole momenie), and the higpressure prexponential A®) which are varied ogr a
range of reasonablg values,to give acceptable fitef the model tahe exerimentally
measuredesults.

In the modeling process, onadBoltzmann distribtion has reached a steastsite
at adesired temperature, from the linear BIRD kingtibe unimolecular decomposition
rate constant can be obtaindthe defined MEMrate constants at the highest amdest
temperatures are compared with the values of the BIRD experiment anddsigotti
activation energies are calculated.

2.2. Computational Methods. In this thesis, theoretical methods are usedetermine
structures and thermochemistries to compare to the experimentally obtained results.

Described here are the details of the patational techniques that were used.

2.2.1 Ab Initio Methods. Ab initio techniques are methods in which tB®rm
Oppenheimempproximations are used to simplify the Schrdodinger equdtiormany
electron systems. Based on the B@ppenheimer approximai, the nuclear motion is
decoupled from electronic motidhThis allowsabinitio methods to be applied for a fixed
nuclear configuration to systematically vary nuclear degrees of freedom to dieain
electronic energy of the ground staiée obtained electronic energy as a function of the

reaction coordin@ determines the potential energy surface (PES).
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The Hartred~ock (HF) scheme is one of tlad initio methodsused tosolve the
Schidingerequation a form of asingle determinant typeyhich is popular since it ia
computationally fast methodlhe pos-HartreeFock methods, such as MgHetesset
(MP)’87® and configuration interaction (CRveredevelopedindaccount for the correlation
energy to a certaiextent However, these calculations become computationally expensive
andrequire significantly more computational tinecondorder perturbatioMP2 is dso
a postHartreeFock method which applies the effects of electron correlation to the total

energy

2.2.2.Density Functional Theory (DFT) Methods.The computationally expensive nature

of post HartreeFock wave function methods, like MP2 was an incentivethe
development of methods based on the electron density, density functional theory (DFT).
DFT methods are based on the HohenbEighn theorem that states existence of a unique
one-to--one map between the electron density and energy of the systdm:-3tmam

theory provided a scheme/method to obtain energy of the system from the electron density.
Using this theorythe energy is expressed as a functional of the electron density which is
obtained from the molecular orbitals. In this thesis, DFT methoelshe main ones that

are used to predict the minimum energy structure of given molecules in the gas phase.
Using this theory (kohlisham) the energy is expressed as a functional of the electron
density which is obtained from the molecular orbitaighis thesis, DFT methods are the
main ones that are used to predict the minimum energy structure of given molecules in the

gas phase.
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2.2.3.Basis ®ts All the above calculations are performed usamgumber offunctions

known as basis sets. Aadis set is finite set of functions called basis functidosmake
molecular orbitals. Gaussian type functions (GTF) amtensively used®08828384
Depending on the type of the basis set one or more basis functions might be assigned to
describe the core and the valence shell orbitals. Thevgidihce basis set represented as
K-LMG nomenclature, is a popular class of basis set anbasis set ugkin this thesis.

The K part represents the number of core Gaussian functions (G) and the LM part
corresponds to the valence shell atomic orbitals which may include extensions with

optional polarization and diffuse functions to them.

Polarization functionswhich arefunctions of higher angulanomentumguantum
number, unoccupied itheatom can be added to the basis setadd more flexibility and
gain better resultS'hey are, for example, shown as (d or *), meaning thatuamction is
added tothe heay atoms in the selected basis set, or (d,p or **) in wipiclarization
functions are also added to light atof@p orbital). In addition to the polarization functions,
the proper diffuse function, shown plsis sign+ or aug, might be added to the basst.
The use of polarization and diffuenctions depenan the type of atoms in the molecule
For instance, in the case of anions and excited states, basis sets with diffuse functions
should be used to obtain more reliable restiltBor larger goms contaimg many
electrons such as the complexetudied in Gapters 4 and 5,ffective core potential
(ECP) areused.ECP is a method in that a psepdtentid is used instead of &ussian
functions forcore electroa. For example, in Gapter 4 and She Def2TZVP basis set is

applied for Sr, Ba, Rb and Cs atoms.
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The calculations usually start with an initial guess of the geometry constructed from
chemical intuiton which is done using the Gauss view progfablowed by thegeometry
optimization and the frequency calculatioAsfull geometry optimization is an iterative
process based on geometry convergence criteria, vidicbntinueduntil the minimum
geometryis achievedin the frequency analysis based on the forces applied to each nucleus
(from the second derivative/gradient of potential energy) the namodke calculation is

performed.

By determining the second derivatives of #émergy with respect to thea@esian
nuclear coordin@s, the vibrational frequency, of each of the n normal modes
calculatedGeneraly, in a molecule with N atomshe vibrational energyEvi» is thesum
of the energy of each normal vibrational maseich is calculated usingquation 2.19

wherehni s Pl anckds constant

%

allxel

After the normal mode analysthe frequency of each vibratial normal mode is defined.

The energ of each mode is used to acnt for the zergooint energy andhis energy is
added to the electronic energy. From the frequency calculations and their contributions to
the enthalpyH) and entropy of the molecyléhe enthalpy and Gibbs ergy (G) of the
system is computedherefore, thdrequency analysis on the optimiz&tducture yieldthe
thermochemistry and the obtained IR spectrum could be compared with the spectrum

resulted from the IRMPD experiment
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If the Eiot represent the totatternal energ of themolecule which ishe sum of the
electronic, vibrational, rotationalranslational, and zefpoint energiesin based on

equation 2.20
% % % % % % ¢® T

H, and G, can be calculated from the internal energthéyfollowing thermochemical

relations
0O % Y'Y ¢’ p
0O % Y'Y "B 0O "8 & ¢

In most computational parts of this thesis, depending on the type of system, different
basis setand level of theoryvere selectedSingle point calculationare thercarried out

in a higher level using a geometry which wadrojgted at a lower level of theary

In thisresearch, akhb initio and density functional calculations were done with the
Gaussian 0% program For thepurposes of this thesis, the selected computational methods
mainly density functional methoda,e used to obtain the geomatptimization, enthalpies
and Gibbs energie$he final commentis aboutincluding dispersion correction to DFT
methods. The dpersion correctionmainly consides the shorirange and London
dispersion interacti@between moleculeandimproves the performance of DFT methods.
B3LYPD3is a modified version of the DFT methods with extension to more elements using
Gri mmeds thahe originah D3wdamping functidh which was applied to

optimizations

53



Determining the global minimum is difficuind it is highlydependenbn the
starting structureMolecular dynamics simulations appwerful tools that are used in
Chapters 3, 4 and 5 to overcome the global minimum problEonsiorefully explore the
potental energy surface and as many posssttectures andgonformationsas possible,
methodssuch as simulated annid (SA), have ben developed. Simulated annealing is

method implemented in molecular dynamics packages, is designed tths®pmblem.

2.2.4.Molecular Dynamics (MD) Methods.MD is a computer simulation technique that

i's based on integr atmotion toNEamtirajectores of particlen d | 8
interactions through classical potentials between them. In MD, particles propagate in time
based on the bonding and nonbonding forces that are applied to them. In order to find the
structures of molecules, the lawf classical physics are used. In MD, a proper force field

is used for simulation of biological and organic systems to calculate the intermolecular and
intramolecular interactionsSince the MD techniques alormeght not be computationally
efficient, a ombination of molecular dynamics simulation and DFT methods can be used
as a powerful complementary tool. For instance, MD is used to do the conformational
search of a given molecule. Afterwaedpumber of minimum energy structures obtained

by MD are seleted as initial structuresf DFT calculations. In MD, a force fieldas been

used to calculate the intermolecular and intramolecular interactions. For example, for the
conformational search in SA, GABHorce fields are carried out. A successfuktfield

should work for both biological and organic molecules. Several general force fields such
as AMBER, MMFF94, MM3, MM4, CHARMM, and OPLS have been developed.

MMFF94, MM4, MM3 and OPLS force fields can not be widely used in studying
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biological systemsbut AMBER and CHARMM are used for both biological and organic

systems. In General AMBER force field (GAFF) potential energy is;

: s . we o, 6 6 nn
—_ 0,
(0] Q1 i Q < p 6€E %o Y v v Cq o

This equation consists of two parts, bonded and nonboridesl.londed part
includes bond andangle harmonic vibrations, shown mga n dqthdtare equibration
bond length and angkndkq and k thatare force constants. The next bonded interaction
in the equation 2.2B corresponded to thadihedral energy. The nbonded part includes
the Van der Waalsnd electrostatic interactioAjj and By Lennad-Jonesparameters and
g, g areparial charges. More detailsbout the force fields and molecular dynasng

beyond the scope of thisesis and is not described héte
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Chapter 3
The Protonated and Sodiated Dimers of Proline tBdied by
IRMPD Spectroscopy in the NH and Oi H Stretching Region

and Computational Methods

This chapter is reproduced with permission from
JamiAlahmadi, Y.; Gholami, A.; Fridgen, T. D.

AThe protonated and sodiated dimers of prc
NiH and G H stretchingregionand o mput at i onal met hods o

Phys. Chem. Chem. Phy2014 16, 2685526863.

3.1 Introduction

Research on ggshase ions and idmolecule reactions provides us with
information on the intrinsic properties of ions. Mass spectrometric techniques are uniquely
suited to determine the reactivity and thermochemical properties of gas phase ions and can
even be used to elicit structural characteristics. These techniques include blackbody
infrared radiative dissociation (BIRDY, high pressure mass spectrometry (HBMS
collision induced dissociation (CIB¥;**high energy CID;'21*and the kinetic methot¥
17

The three dimensional structures of biological macromolecules such as proteins are
governed by nofovalent interactions such as hydrogen bonding ana ibpdrogen
bonding. Typical ionic hydrogen bonds can have energy higher than 130 k3 mol

significantly higher than the normal hydrogen bd#é& The strength of these ionic
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hydrogen bonds and their ubiquitousness in biomacromolecules make their fundamental
study of utmost importanc@ver the last decade, infrargtlltiple dissociation (RMPD)
spectroscopd 24 has been providing much more direct information on the subtleties of
bonding, allowing for elucidation of the detailed structures of gaseous ions involving, for
example, amino acids?>2%32and peptide$?33¥4° IRMPD spectroscop combined with
electronic structure calculations is indeed a powerful combination of tools to help
determine the structures of gas phase i@nstonated amino acid dimers have been the
topic of several recent IRMPD spectroscopic studies due to the redstd# strong
intermolecular ionic hydrogen bonding in these species as well as strong intramolecular
hydrogen bonding interactiods?®4144 For example IRMPD spectroscopic studies on
glycine, alanine, valin& and serin® protonated dimers showed ttthe nonrprotonated

amino acid in the dimer was canonical (i.e. 4zavitterionic) but in the proline protonated
dimer, neutral proline is predominantly zwitterioff®ue to a band observed at 1733 ém
which could not be ascribed to the zwitterionic protonated dimer, Wu and McKfatism
concluded that an isomer where the neutral proline was in its canonical form was also
present in the gaghase mixture. These small protbound dimers can be modébs larger
systems where strong ionic hydrogen bonding exists, such as proteins. Metal ions also play
a huge role in stabilizing biological polymers. Metal ion complexation can stabilize
zwitterionic structures of amino acids depending on the size aedoyabf the metal atom

and gasphase basicity of the amino acitig>4¢

Proline is one of the twenty common amino acids that comprise proteins and

obviously plays an important role in human biology. Proline and itstpasslationally
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modified analoguehydroxyproline, are secondary amines and are among the main
structural materials of fibrous proteins from which bones, tendons, ligaments, and skin are
composed, owing to the rigidity of the cyclic structffréProline helps tissue repair

following injuries such as burns, and after surdéfy.

The present work is focused on the structural characterization of the protonated and
sodiated dimers of proline using IRMPD spectroscopy in thel Wnd G H stretching
region, 32004000 cm ! We also augment thexperimental results with electronic
structure calculations. Due to the existence of an immense number of possible structures of
the gas phase ions under study, using only chemical intuition to come up with starting
structures mayat be a robust method to determine the global minimum. In order to fully
explore the potential energy surface, different methods such as simulated annealing (SA)

have been developed and us&ef:>!
3.2. Methods
3.2.1. Experimental Methods.

The protonad proline dimers, [(Pra]®, were electrosprayed from 100
micromolar aqueous solutions of proline to which a few drops of 100 micromolar aqueous
formic acid were added. Similarly, the sodiated proline dimers, [Rad) were
electrosprayed from solutig to which a few drops of 100 micromolar NaCl were added.
The laboratory for the study of energetics, reactions, and structures of gaseous ions at
Memorial University housean ApexQe Bruker FTICR mass spectrometer to which a

tunable IR laser (OPO) hasdremated. The coupling of these two instruments and their
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details have been published previol’d§?°3Briefly, the laser power is at a maximum of

60 mJ at about 3800 ¢mand decreases smoothly to about 10 mJ at 310G Spectra
presented in this paper have not been corrected for power fluctuations. Electrosprayed ions
were stored in the hexapole storage cell for about 2 s before being transferred to the ICR
cell wherethey were isolated by standardIER techniques. lons were irradiated for 3 s at
each wavenumber value between about 3820 and 3180atn2 cm lintervals. The
IRMPD efficiency is the negative of the natural logarithm of the ratio of the precursor ion
intensity over the sum of the precursor and fragment ion intensities. The IRMPD spectrum

is a plot of the IRMPD efficiency vs. wavenumber.
3.2.2. Computational Methods.

The AMBER®* suite of programs with the Generalized AMBER force field

(GAFF)® was usedo explore the conformational space of [(RH}) and [(Pro)Na]*. For

the [(Pro}Na]" complexes Na was positioned in chemically relevant positions between the
organic components and assigned an integer charge. Minimized energy conformations of
the complers were equilibrated for 10 ps at time steps of 0.5 fs at 300 K before undergoing
2000 cycles of simulated annealing (each 31 ps total, 0.5 in fs time step) starting with drastic
heating from 300 K to 750 K over 3.00 ps and equilibrated for 1 ps. Thifol@ased by

cooling increments of 50 K over 2 ps with 1 ps of equilibration at each temperature until
300 K. The lowest energy structure from each annealing cycle was used to begin the
subsequent round of simulated annealing. After each cycle the lowyer@riprmation

was cooled to O K over 5 ps, minimized, and the potential energy calculated.
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Simulated annealing resulted in many different structures for Kffo)and
[(ProxNa]". For example, 8000 structures were obtained for [fAl6¥rom four different
simulated annealing runs, two for protonated proline complexed to zwitterionic proline,
and two for protonated proline complexed with canonical proline. A potential energy vs.
simulated annealing cycle plot is shown indgAl.1. Rearrangement of the data in the
order of energy along the abscissa reveals groups of structures with emeilgies as can
be seen in Figurdl1.2. From the 8000 structures produced from the simulated annealing
runs, about 120 unique structures were chosen for geomeinyizgiion and frequency
calculations using B3LYP/81+G(d,p). These optimized structures were then subjected to
single point calculations using B3LYP in conjunction with tH&18 +G(3df,3pd) basis set.

All ab initio and density functional calculations wetone with the Gaussian®8uite of
programs. To compare the computed IR spectra with the experimental IRMPD spectra, the
former were scaled by 0.964 along the wavenumberdfishi e r el at i wel, ent ha
and 298 K Gi ki6,sdenetedesr BgLYRB/6311+Cf3df,3pd)//B3LYP/6
31+G(d,p) are the electronic energies from the sipglat calculations combined with the
thermal corrections to the enthalpy and Gibbs energy from the B3LYIR/6(d,p)
calculations and are reported relative to the loveeeergy structure found. All relative
energies are provided in kJ méand were calculated using a temperature of 298 K. For
comparison, geometry optimizations were done at the B3L-8P16-G(3df,3pd) and
MP2/63 1 +G(d, p) Il evel seHa mh db & dereksoepued vatin d = @
these electronic energies with thetmarrections from the B3LYP/81+G(d,p) frequency
calculations. MP2/@811+G(3df,3pd) single point calculations were also done on the

MP2/6-31+G(d,p) optimized geometries. Finally, for comparison, dispersion corrected
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B3LYP (B3LYPD3) calculations using Gnme's D3 version with the original D3 damping
functiorP® were done with optimizations and frequency calculations using-818-6(d,p)
basis set and single point calculations using #815B+G(3df,3pd) basis set. All the

thermochemistries from these cakttibns are reported in Tables A1.1 and Al1.2.
3.3. Result and Discussion

Upon resonant absorption of the infrared OPO laser, the only dissociation pathway
observed was loss of proline for both [(BH)' and [(ProjNa]*. The IRMPD spectra of
[(ProxH]" ard [(ProkNa]" are compared in Fige3.1 in the 32003800 cnm region. Both
spectra contain a strong absorption at about 360Caresponding to ani® stretching
vibration of a carboxylic acid group. Both also contain a feature associated with what is
most likely an N'H stretch at 3400 ¢m! The IRMPD spectrurof [(Pro)H]* also contains
a broad absorption spectrum centered at about 3268adrith most likely corresponds to
Ni H stretches that are red shifted due to hydrogen bonding. These IRMPD spectra can be
compared with infrared spectra computed for varigsosers in order to help determine
their structure. The structures and spectra of both [Rfoand [(Pro)Na]" are discussed

in turn below.
3.3.1. [(PropH]*

[(PropH]" consists of a protonated proline bound to a neutral proline. It is
fundamentally imprtant to know whether the neutral proline is zwitterionic (ZW) or

canonical. In the literature when the amino acid is canonical and bound to an ion the
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structure has -bekmatredned( @8haagd we adopt

paper.
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Figure 3.1. Comparison of the IRMPD spectra from 3200 to 3800*dor [(Pro)xH]* (top) and
[(ProkNa]" (bottom).

A combination of simulated annealing an
structures for [(PreH]*. Of thesestructures, 21 are within 16 kJ mbin Gibbs energy
based on MP2/311+G(3df,3pd)//B3LYP/&1+G(d,p) calculations. There is good
correlation in ordering and magnitude between the MP2 calculations and the B3LYP
calculations as can be seen in Table Allle Ten lowesenergy structures are shown
in Figure 3.2, and the remaining 11 below 16 kJ ha@re shown in FigresAl.3a and

66


http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig2

A1.3b. Of the top 21 structures within 16 kJ hipkwo thirds are ZW, and 8 of the 10
lowest energy structures, in fact the six lowest, are ZW. The first two lowest energy
structures differ only in ring puckering of the protonated proline (on the right cehkecb
figure) and are separated by only 1.3 kJ'hiol Gibbs energy according to the MP2/6
311+G(3df,3pd)//B3LYP/&1+G(d,p) calculations. The conformations of the protonated
proline in ZW1 and ZW2 are identical to the first and second leemstgy stratures
determined by Marinet al>®for bare protonated proline, exo and endo conformations,
respectively, and with the carbonyl oxygen interacting with both the protonated amine and
hydroxyl hydrogens. The zwitterionic prolines in both ZW1 an&/2Zare in endo
conformations, similar to the lowest energy structure of neutralznitterionic
proline® ZW5 is similar to ZWL except that the ring puckering of the zwitterionic proline

is exo, and is almost 5 kJ rhbhigher in Gibbs energy. The prolines in ZW3 have the same
ring puckering as ZW1, but the two differ by what is effectively a rotation aboutithe O
H*i N. In all the zwitterionic structures, one of the carboxylate oxygens of the zwitterionic
proline is inwlved in an intramolecular hydrogen bond to an amine hydrogen. In ZW1, 2,
3, 5 and 6 the zwitterionic proline is bound to the protonated amine by the other carboxylate
oxygen. In ZW4 and ZW8, however, the zwitterionic proline is bound through the same
carloxylate oxygen that is also hydrogen bonded to the ammydeogen, leaving one
carboxylate oxygen free from any hydrogen bonding interactions. This is important as the
infrared spectra of these two sets of ZW structures may be expected to be diffement in t
C=0 stretching regioryide infra ZW4 is only 3.7 kJ mét higher in energy than Zw1
while ZW8, which differs in ring puckering of the protonated proline, is 8.1 kJ

mol' ! relative to ZW1.
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The lowest energy CS structure, CS7, is calculated to be fokJthigher in
Gibbs energy than ZW1. The conformations of the prolines are identical in CS7 and ZW2,
the only difference is that the neutral proline in the latter is zwitteriemi€igure 3.3, the
computed spectra of the five lowestergy ZW structures along with CS7 are compared to
the experimental IRMPD spectrum. All the zwitterionic structures have virtually identical
predictel spectra in the NH/Oi H stretching region, ani® stretch at about 3600 &
and a free NH stretch of the zwitterionic proline predicted at about 3390 ‘ca third
vibration corresponds to the stretching of tHeHNbond in protonated proline that is not
bound to the neutral proline, but is involved in an intramolecular ictterawith the
carbonyl oxygen which is responsible for its +#tdfting to between 3200 and 3300
cm' Yrom a normal amine NH stretchThe fluctuation in the position of this band in
different structures is due to that mode being sensitive to hydrogenhstr@mgth. All of
the ZW structures agree well with the experimental spectiline. breadth of the
experimental band at about 3260' clis about 50 cm(fwhm) significantly broader than
the 3600 crhband which is about 20 ém(fwhm). The range of predietl positions for
the N'H stretch responsible for the 3260 ‘ctfeature is consistent with more than one

structure being responsible for the observed infrared spectrum.

This is also consistent with so many (5) fewergy structures predicted to be within
5 kJ mol lin Gibbs energy of the lowest energy structure. The otliét $tretch for the
zwitterionic proline in the ZW structures is predicted to occur below 2850 stnongly
red-shifted due to a strong hydrogen bonding interaction with the carboxyagermand

outside the range of our las@he CS structures also have bands predicted at about 3600
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cm and between 3200 and 3300'chwhich correspond to the same vibrational modes
as discussed above for the ZW structures. The difference is theifréstietch of the
neutral proline. For the CS structures this band is predicted B&dem to the blue of

that predicted for the zwitterionic structures. The predicted lower wavenurmblestitch

for theZW structure is due to a slight weakening offitte N'H bond due to protonation

at the N. While this band is weak, there is no sign of it in the experimental IRMPD spectrum
and this is consistent with the predicted thermochemistry, being 7.5 kJmgbier in
energy corresponding to a population olyoh9% relative to ZW1. It is concluded, based

on the agreement of the IR spectra of the ZW structureghatiRMPD spectrum and the
computed thermochemistries, that [(BH]) is zwitterionic. Previous research has been
conducted on the proton boundrdir of proline using IRMPD spectroscopy in the 000
2000 cm Yregion in conjunction with electronic structure calculatitiiBheir calculations
showed that the four lowest energy struesuof [(ProjH]* were zwitterionic and the next
seven structures are CS structures, more than 8 KJ'mgter in energy. The results
presented here are perfectly consistent with Wu and McMahon in that the first CS structure
is almost 8 kJ mblthigher inenergy than the lowest energy structtfr@heir IRMPD
spectrum also better matched the IR spectrum &Vas#ucture consistentith theresults

in the 32003800 cm range presented here. However, none of their ZW structures had a
predicted band that could account for a nicely resolved band observed at 173Fuair
lowest energy CS structure, identical to CSFigure 3.2here, did have a predicted band
matching the onebserved at 1733 ¢mdue to the carbonyl of neutral proline, red shifted

from the normaD1800 cm position due to irdraction with protonated proline.
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Figure 3.2. Ten lowest energy structures for [(Pid)". MP2/6311+G(3df,3pd)// B3LYP/6
31+G(d,p) and MP2/311+G(3dp,3pd)//MP2/31+G(d,p); (italicized) 298 K relative Gibbs
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Figure 3.3. Comparison of the experimental IRMPD spectrum of [(#P)with calculated IR
spectra of different isomers of the dimer.

They concluded that the species respondibtetheir IRMPD spectrum were a
combination of zwitterionic structures and the high energy canonical structure. However,
we present another explanation for this 1733 dmnd. ZW4 inFigure 3.2is 3.7 kJ
mol'! lower in energy than CS7, and has a predicte® Gtretching vibration consistent

with the 1733 ¢t band in the Wu and McMahon spectfidifsee Figuré\1.4). The GO
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stretch responsible for this band is the free carbonyl from zwitterionic proline which is blue
shifted from the normal carboxylate-Q stréching position because it is not involved in a
hydrogen bond; the other is involved in two hydrogen bonds.

The lowest energy structures for [(P#d)" were optimized using MP2/6
31+G(d,p) and the electronic energies were refined with MB216-G(3df,3pd)single
point calculations. Dispersion corrected B3LYP calculations were also done for
comparison. The thermochemistries computed for [¢6Pi{d)structures are in Table Al.1
and are also included Figure 3.2 It can be seen that the calculations using MP2/6
311+G(3df,3pd) on either the B3LYREL+G(d,p) or MP2/81+G(d,p) geometries are
consistent with a few minor differences. Foamyple, structure ZW4 actually becomes the
second lowest energy structure and higher in Gibbs energy than ZW1 by only 0.6 kJ mol
corresponding to a ZW4 population 78% that of ZW1. A simulated spectrum constructed
of a weighted average of ZW1 and ZW4te ©00 2000 cm region is providedh Figure
Al.4 and shows an excellent match to the experimental spedfvienconclude that the
IRMPD spectra in both the 1008000 and 3201800 cm regions, as well as the
computed thermochemistries are most consistéhta mixture of ZW structures and the

lowest energy CS structure is probably a minor, unobserved component.
3.3.2.[(Pro)2Na]*

[(ProkNa]" consists of a sodium cation bound to two proline dimers. Unlike the proton in
[(Pro}H]", the sodium ion is morevenly shared between the two monomers. Simulated
annealing calculations combined with chemical intuition resulted in 36 unique structures

of [(PropNa]". The B3LYP/6311+G(3df,3pd)//B3LYP/&1+G(d,p) thermochemistries
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were used to rank the sodium bound eliratructures and it has been observed in the past
that density functional theory provides better agreement with experimenta

thermochemistries for alkadind alkaline earth metal containing comple¥es.

The eight lowest energy structures are showkigare 3.4 The rest of the
structures tat were identified computationally aawailable in Figure#\1.5a, A1.5b and
the thermochemistries are summarized in Table Al1.2. Fifteen of these structures are within
10 kJ mol Yof Gibbs energy and in all of these at least one of the prolines is ZW. The
lowest energy structures are a mixture of iZW, where both prolines are zwitterionic,
and ZW CS, where one of the prolines is canonical. The lowest energ@&Structure is
about 12 kJ mdl'with respect to the lowest energy structure, ranked 18th of all the
structures computed. This is consistent with previous research which shows that for the
sodiated monomer, proline is zwitterioritd*%2so it would be expected that lower energy

structures might have at least one of the prolines in its zwitterionic structure.

The Q H stretching band at 3600 thin the IRMPD spectrum of the sodium bound
dimer (Figure 3.9, clearly suggests that at least part of the population of observed ions
contains a structure in which there is at least one canonical proline withlaydi@yen
bonded or freed Oi H bond. The ZWZW structures do not have a hydroxyl group, and
the Q H stretch is reghifted out of the range of the laser for Z@6 structures.g. ZWi
CS1 which has an identical predicted spectrum td €88 in the NH/Oi H stretching

region) where the hydroxyl group is hydrogen bonded to the amine.
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Figure 34. Eight lowest energy structures for [(PMga]". B3LYP/6-311+G(3df3pd)//B3LYP/6-
31+G(dp), B3LYP/6311+G(3df,3pd)//B3LYPD3/8 1 + G( d, p) (it adGi andzed) ,
e nt h a lid, i(parenthesep). Energies are provided in kJ fol

However, structures such as Z®S4 and ZWCS6 (which have identical
predicted spectra in theiN/Oi H strething region which are only 3.1 and 3.7 kJ
mol' ! higher in energy than the lowest energy structure, respectively) can account for the
Oi H stretching vibration with a freei® moiety. In fact, ZWCS4 is the lowest energy
structure computed using dispersairected density functional theory (B3LYPD3, Table
Al.2) with ZWi ZW2 and ZW CS6 being 1.5 kJ mdihigher in Gibbs energy. The relative
intensities of the experimental N stretch and ©H stretch are also most consistent with

the predicted spectrum of ZWZS4 (and ZWCS6). It is concluded that [(PedNa]" is
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predominantly composed of a zwitterionic proline bound tévidahe two carboxyl
oxygens and the canonical proline is bound through the carbonyl O and the amine N with

a free @H bond that is observdd absorb at about 3600 tn
3.4. Conclusions

A combination of IRMPD spectroscopy and computational chemistry has been used
to determine that the protoand sodiurrbound dimers of proline exist as a mixture of a
number of different structuresSimulated annealing computations wealso used to
augment chemical intuition to determine the unique structures of the dimeric complexes.
The protorbound dimer structure exists as afpidtonated proline bound to zwitterionic
proline. No spectroscopic evidence in the 3ZBD0 cm? region was observed for a
canonical structured well resolvedC=0 band at 1733 chifrom a previous spectroscopic
study*? was reassigned from a high energy canonical isomer to a lower energy zwitterionic

structure.

Computationally, there are many low energy sadibound dimers of proline
computed to be within 10 kJ méin Gibbs energy and eight structures within 5 kJ'fol
None of the ZWZW structures can necessarily be ruled out based on the experimental
spectrum. They all have ani N stretching band prediaein the same position as that
observed experimentally. However, only Z@S structures that have a freeHDbond can
be responsible for the band28600 cm. The sodiurrbound dimer may exist as a mixture

of a number of different structures, but at lemst of these must be a 2\WS structure,
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such as ZWCS4 with a free hydroxyl group. Diffusion corrected B3LYP calculations

predict this ZW CS4 structure to be the lowestergy structure.

exp IRMPD

Lw-0a

&

Aenigle ; Aysusiu) palenoen
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Figure 3.5. Comparison of the experimental IRMPD spectrum ofdffNa]* with calculated IR
spectra of different isomers of the dimer.
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Chapter 4

Structures and Unimolecular Chemistry of M(Pro2>-H)* (M =
Mg, Ca, Sr, Ba, Mn Fe, Co, Ni, Cu, Zn) by IRMPD
Spectroscopy, SORICID, and Theoretical Sudies

This chapter is reproduced with permission from
JamiAlahmadi, Y.; Fridgen, T. D.

AStructures and uni msH)dM=uMgalOa, Sg Baehmj Fe,tCpo,y o f
Ni, Cu, Zn) by IRMPD spectroscopy, SORID, and theoretical stui e s 0

Phys. Chem. Chem. Phy2Q16, 18, 20232033.

4.1. Introduction

Interactions between transition or alkediearth metal dications and biomolecules

are of great interest and have garnered much attention due to the important roles they play
in biological processes. Furthermore, it is anticipated that the detailed fundamental
chemistry that can be learned from studying these small complexes will be transferrable to
larger, more biologically relevant systems. Transition metals are present in tracesamount
in living organisms complexed by peptides, proteins, or nucleic acids. The effects of metal
cations can be positive, in fact necessary, stabilizing or binding substrates or acting as redox
centres in enzyme catalyzed reactions; their effects can alsedagive, destabilizing
proteins or helical structures and acting as poisons. The nature of their effect depends on

factors such as the identity of the metal cation and its concenttation.
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The coordination of amino acids to transition metal ions has been studied in solution
using techniques such as,-rXy diffraction, electron paramagnetic resonance
(EPR)? optical absorption and FTIR studi€BlNMR,® UV-Vis spectroscopyand
computational chemistrd® Gasphase studies of metabund amino acid complexes have
the advantage that the effects of counter ions and solvent can be eliminated. A more detailed
understanding of the intrinsic physical chemistry of the ion/molecule lesngan be
obtained in the gas phase, providing a baseline to which sgitiast experiments can be
compared and provide information for models of metal idi@molecule interactions.
IRMPD spectroscopy has proven to be one excellent tool to probe triittieies of amino
acid bound metal ion complex&$° The positions of prominent modes, such as th®,C
Ni H, and OH stretch carshift significantly with changes in their bonding environment
making this technique especially useful for the structural investigation of ionic amino acid
complexes.

Proline is one of the twenty DNAncoded amino acids and is unique in that its
amine groups bound to its side chain making it a highly basic, secondary amine. Due to
the ring structure of proline, when incorporated into a peptide or protein, it imparts a rigidity
in the peptide backbone. For example, it has been proposed thatimitatg step in the
protein folding is theigtransisomerization of the proteins that contain profh&ecently
in our lab, IRMPD spetroscopy and theory were used to conclude that the structure of the
[Zn(Pro-H)]" complex in the gas phase can be described as an N/C2 or N/C5
dehydrogenated proline moleculee(Deprotonated at N and either C2 or C5 of proline)
with ZnH" bound to the inme N and carbonyl O. It was also found to predominantly lose

neutral Zn upon collisional or IRMPD activation leaving the protonated dehydrogenated
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proline as the ionic product. Interestingly, the major fragmentation product for the
Adi mer i copH]" pohplgx Rvasofound to be sequential double dehydrogenation
unlike any of the primary amines studied. Sarcosine, another secondary amino acid, also
underwent dehydrogenatidhTo our knowledge this is the first report of dehydrogenation

of a gasphase amino acid complex and one of the motivations of this study was to
determine whether Zfis unique or whether other [M(Peei]* conplexes would also
dehydrogenate in the gas phase. Dehydrogenation of amino acids in biological systems
occurs under the influence of amino acid oxidases using FAD as an oxidizing agent to
dehydrogenate the substrate amino acid to the imino acid formwkal@xidation, the

imino acid is transaminated to the algteto acic?>2*

Transition metals in complexes can differ in terms of the metal oxidation state. To
detemine the geometry of transition metal bound ligand complexes, the degree of splitting
of the d orbitals is significant and directs how orbitals can be filled and whether the complex
is high spinvs.low spin. Metals such as Mn, Fe, Co and Ni are capabtbfierent d
orbital splitting and can adopt different possible spin states; this makes it more complicated
to calculate all of the possible electronic geometries of these compleXdhe
cooperation between mass spectrometry techniques and density functional theory (DFT)
calculations would allow gaining some understanding on the structural information of
amino acid bound metatbat, in principle, may be useful to rationalize thehaviorof
more complicated systems which present similar basic sites.

In this work we explore the unimolecular fragmentation pathways of the [M{Pro)

H]* complexes initiated by sustained -ofisonance irradiation collisiorinduced

dissociation (SORCID) in a Fourier transform ion cyclotron resonance (FTICR) mass
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spectrometer. We also present IRMPD spectroscopy in thé 2800 cm? region, and for
some complexes, in the 1QAMB0O0 cm!region which isbacked by theory to help

determine the structures of these [M(P#id)" complexes.
4.2.Methods
4.2.1 Experimental

All mass spectrometry experiments were performed using a Bruker ApexQe 7.0
FTICR. [M(Pro}-H]* (M = Mn, Fe, Co, Ni, Cu, Zn, Mg, Ca, Sr, aBd) ions were formed
by electrospray ionization (ESI) of 1 mL of 10 mmof hqueous solution of proline to
which 15 ecLl'aqudOusmobdiamnsiti on metalnesalt
earth metal salt were added. ESI was done with an Apollo Il ESI source using a syringe
pump oper at €idMnElt, FeCl) Oo(N®s)z, Nikl,, CuChk, ZnCh, MgSQ,

CaCb, SrCh, and BaC] were the source of metal dications used in these experiments.

For SORICID experiments, the ions of interest were first isolated in the ICR cell
then accelerated into argon gas under multiplestofii SORI conditions. SORI/CID was
completed inside the ICR cell which was followed by an Ar pulse to a pressure of

D10 ® mbar. SORI powers were applied in the range ofidL 4® eV for 250 ms.

IRMPD experiments were performed by using two setups. IRMPD spectra in the
2700 4000 cm? region were obtained in the Laboratory for the Study of the Energetics,
Structures, anBReactions of Gaseous lons at Memorial University using an FTICR coupled
to an IR OPO, manufactured by Laser Spec. T

a bandwidth of 2 cht. The OPO, built around a periodically poled LiNjfystal, is
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pumped bya diode pumped solid state Nd:YAG laser. The OPO operates at 20 kHz, with

pul se duration of few nanoseconds and genei
the power was limited to 1 W in the present experiments. For IRMPD spectra in the
fingerprintregion an FTICR was coupled to a ridrared free electron laser (FELwith

a 5 cm! bandwidth at the Centre Laser Infrarouyd Or say ( CL1 O) . | RMPLC
times were between 1 and 2 s. The experimental IRMPD spectra were obtained by plotting

the IRMPD efficiency (negative logarithm of the complex intensity divided by the total ion
intensity) as a function of the radiationweamumber. No attempts were made to correct the

IRMPD spectra for fluctuations in laser power.
4.2.2.Computational Methods

Al calculations were performed using Gaussiari08ince all the transition metals
studied here, except zinc, have unpaired electrons in their valence shells, the unrestricted
open shell version of the B3LYP method (UB3LYP) was used. For Zn, which is a full d
shell orbital, and the alkali metals the restricted B3LYP was used. Geometry optimizations
and calculations of the infrared spectra for the optimized structures were carried out using
the 631+G(d,p) basis set on all atoms except for Sr and Ba, for whecb&f2SVP basis
set was wused. Empirical correction for di s
with the original D3 damping function, B3LYPD3AIl harmonic frequencies were
corrected using scaling factors of 0.980 and 0.955 in the fingerprint i@dNCH/Oi H
stretching regions, respectively. These scaling factors are typical for the complexes and
regions studied. ComputeR kpectra were convoluted using Gaussian functions with a 10

cm' twidth (fwhm). Electronic energies were refined with single point calculations using
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B3LYPD3/6-311+G(3df,3pd) for all atoms except Sr and Ba for which the Def2TZVP basis
set was used. Justrfoomparison, geometry optimizations and frequency calculations were
done using B3LYPD3 in with the quVTZ basis set on some of the Co, Mn, and Mg

complexes.

The bonding within the lowestinergy structures was analyzed by locating the bond
critical points (BCPs) using atomm-molecules (AIM) theory:which is based on a
topological analysis of the electronic density at the B@Rd,is a good descriptor of the

bond strength or weakness. This analysis was conducted using AIMAIl soffware.
4.3.Results and Dscussion
4.3.1.SORI/CID of [M(Pro) 2-H] *

43.1.1.M = Mn, Fe, Co, Ni, and Cu.As depicted irFigure 4.1, all the [M(Pro)-

H]* complexes containing doubly charged first row transition metals, except Cu, were
found to lose K H.O, and CQas the primary fragmentation pathways upon SORI
activation. The Zn complexvas found to undergo the same primary fragmentation
processe$’ The MS/MS spectra for the [M(PrMH]* complexes where M = Mn,eCo,

and Ni are in Figur&2.1i A2.4, respectively, and confirm the three primary fragmentation
pathways. The SORI mass spectra and MS/MS spectra also reveal secondary
fragmentations which include furthep lbsses. [Mn(Pre}H]* and [Fe(Pra}H]* also Ise

a second C&molecule. Interestingly, [Co(PreH]* and [Ni(Pro)-H]" seem to not lose a
second C@ but formic acid, HCOOH, instead. While this loss of 46 Da could originate

from a loss of CQfollowed by H loss, orvice versaMS/MS experiments wengot able
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to reveal the ion resulting in two G@sses. However, the MS/MS on some 063s
products which were also dehydrogenated were indeed found to lesed&@®xample, the
ion atm/z240 in the SORI spectrum of [Co(Ps#j]"is the result of double
dehydrogenation and loss of @@Vhen isolated and subjected to SARD, m/z 240 was
found to produce fragment ions resultfingm loss of 44 and 46 Da (Figu.3). HCOOH

is apparently a neutral loss, rather than loss of CO followed by losgbHice versa

In FigureA2.1, for example, Mn(PeeH)* loses HO to form 266 and also forms 238 with
loss of 46 Da. However, 266 does not lose 28 Da, ruling out sequesdiat BO loss. No
CO loss was observed for these complexes; this indicates but dgesvethat CO loss

followed by HO loss does not occur.

[Cu(Pro}-H]" (m/z292) has a significantly different unimolecular chemistity
was found to undergo loss of €8s its sole primary dissociation producimg 248.
MS/MS studies (Figurd2.5) show hat this primary loss of C{Os followed mainly by
loss of HNCO, formingn/z 205 as well as a minor loss of®l The fragment ion atvz 205
was found to lose HCOOH. It is worthwhile noting that none of these complexes lose
proline, clearly due to very sing metdlproline interactions. Also, the fragmentation
patterns and extent of fragmentatidnso loss of N in any fragmentation except for
secondary HNCO loss in [Cu(Psell]*0 signifies strong metaN binding in the

complexes.

4.3.1.2.M = Mg, Ca, Sr, andBa. The SORICID spectra for [M(Pra}H]", where M are

the alkaline earth metals are showrrigure 4.2 The Sr and Ba complexe®we found to
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Figure 4.1. SORI/CID spectra obtained for [Mn(Psel]*, [Fe(Pro}-H]*, [Co(Pro}-H]*,
[Ni(Pro)-H]*and [Cu(Proy-H]*.

primarily undergo loss of proline as their main fragmentation, although [SHPro)
H]" underwent a small amount ofcagessive HO loss as seen by fragment ionsnét 299
and 281. [Ca(Pre)H]* also underwent a significant amount of proline loss, but loss@f H
strongly competes. A small amount of HCOOH loss was also observed for [G&{Pro)
MS/MS (FigureA2.7) confrms that the ion atVz207 is due to a secondary loss of
CO; following H20 loss. Interestingly, following the loss of proline, [Ca@Pfd” was seen

to exhibit H loss.
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Figure 4.2.SORI/CID spectra obtained for [Mg(Psehl]*, [Ca(Pro)}-H]*, [Sr(Pro}-H]*, [Ba(Pro}-

H]".

The main primary fragmentation observed for [Mg(R#d)" (m/z 253) was loss of

water with a small peak also observed for loss of HCOOIHzA207, asseen from the

MS/MS data in FiguréA2.6. The fragment ion atVz217 is due to a send water loss
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from m/z235. The small peaks afz205, 191, and 189 are due to secondary losses of

H>CO, CQ and HCOOH, respectively.

The trend in the fragmentation patterns observed for the alkaline earth metals is
expected if the binding to the metaltion is electrostatic. The larger Bawith less charge
density, binds less strongly to proline resulting in its loss. The smaller the central cation,
the higher the charge density and the stronger the metal to proline interaction, resulting in
fragmentéion of the proline ligand. The binding in [Mg(Psell]* is so strong that, like the
transition metal cation complexes, which have a similarly small size and high charge

density, no loss of proline and only proline fragmentation is observed.
4.3.2.IRMPD Spectroscopy of [M(Proy-H]*

4.3.2.1.M = Mn, Fe, Co, Ni, Cu and Zn.The experimental IRMPD spectra in the 2i700
3800 cm!and 10001850 cm'ranges for [M(Pra}H]*, (M = transition metal) are
depicted inFigure4.3a and brespectively. The spectra for all transition metals contain
absorptions at about 3550 cnand about 3370 crhcorresponding to a carboxylic acid O

H stretch and dree N H stretch, respectively. The presence of thiddGtretch in the
IRMPD spectrum clearly indicates structures in which one of the prolines has an intact
carboxylic acid groug not deprotonated and nawitterionic. Weak bands below 3000

cm'  can be agibed to G H stretching. In the fingerprint region, 10A®50 cm?, for the
metals we have spectra for, each have two bands between 165%@Gndm1800

cm' ! assigned to the <€D stretching of two different carbonyl groups, one fid&780

cm' ) and one thahas been weakened by an interaction, probably with the metal cation
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(D1660 cm?). Also there is a set of pronounced features at around 1230rcthe region
corresponding to modes such as COH bending, as well asoCking. The spectrum in
the fingerpmt region for [Mn(Pro}H]" is clearly different than the rest. It contains an
intense band at 1450 &hthat could correspond toi COO stretching and HNC bending
as well as a pronounced shoulder at about 1620 tbat could be assigned to

NH: scissoringnotions. The intense 1330 thiband is also unique to [Mn(Peei]".

4.3.2.2M = Mg, Ca, Sr and Ba.A comparison of the experimental IRMPD spectra in the
28003800 cm'region for the [Mg(Pro}H]*, [Ca(Pro)-H]*, [Sr(Pro}-H]*, and

[Ba(Pro)-H]* compleses is displayed ifigure4.3c

The IRMPD spectra of the [Mg(PesiH]* complex is similar to the transition metal
bound complexegontaining absorptions corresponding to a fréélNtretch as well as
an QH stretching vibration, along with i@ stretching observed below 3000 '¢m
Interestingly, the complexes where M = Ca, Sr or Ba do not have tHest@etching band,
and only show the freeiM stretching feature corresponding to the zwitterionic form of
proline at 3370 cit. There are also very strong and broad bands below@&G0that are
indicative of hydrogen bonded'N or O’ H stretches.
4.3.3.[M(Pro) 2-H] * Structures and Comparison of Computed IR Spectra to IRMPD

Spectra

Based orcalculations, [M(Pra}H]* complexes consist of a deprotonated proline

and an intact prolinghe latter of which could adopt either a canonical or zwitterionic form,
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Figure 4.3.Comparison of the experimental IRMPD spectra (a) from 1000 to 1900ndrare M
= Mn, Fe, CO and Ni, (b) from 2700 to 3800'énvhere M = Mn, Fe, Co, Ni, Cu, Zn and fcom
2800 to 3800 chi where M = Mg, Ca, Sr and Ba.

both coordinated to the metal cation. The carboxylic acid is the most acidic site in proline
and is the site of deprotonation in these M{R)" complexes. The[M(Pro):-

H]* complexes can adopt one foiur main groupings of structural isomers as depicted

in Scheme 4.1The first label (NO or OO) describes the coordination ofiteect proline

to the metal cation and the second corresponds to binding of the deprotonated proline. The
third label, CS or ZW, corresponds to canonical (charge solvated) or zwitterionic intact
proline. First, NONOi CS structures are those where the medtibn is coordinated to N

and an O atom of the carboxylic acid group of both canonical intact proline and the N and
one of the O atoms of the carboxylate group of deprotonated proline. In tHe@IGCS

structures the metal cation is also bound throughd\tarbonyO of the canonical proline
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and both oxygens of the carboxylate group of deprotonated proline. In the third general
group of structures, G@OI ZW, both zwitterionic proline and deprotonated proline are
bound through the carboxylate oxygens. Rinah OO NOi ZW structures a zwitterionic
proline is bound through both carboxylate oxygens and deprotonated proline is bound
through one carboxylate O and N. As in a previous work on the protonated and sodiated
dimers of prolin€®the same expressions for the ring puckering type as outlined by
Marino et al3® are used, E for endo, and X for exo puckering. The first lable name

corresponds to intact proline, and the second corresponds to deprotonated proline.

Scheme 4.1The four main [M(Pra}H]* structures.

4.3.3.1M = Mn, Fe, Co, Ni, Cu and Zn.Cl/?* and Zr#* each have one spin state, doublet

and singlet, rgsectively. C3* complexes are afbur coordinatevhile Zr?* structures all

have tetrahedral coordination. Mn can potentially have a doublet, quartet, or sextet spin
state, but the high spin sextet complexes are sogmifiy lower in energy (Table AD).

The lowest energy sextet complexes are tetrahedral whereas the doublets and quartet all

optimized to be square planar. Similarly, for Fe, the high spin quintet complexes are the

93


http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit20
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit35

lowest in energy (Table A2.2) and are all tetrahedral. In contrast, the lemezgly Co and

Ni complexes are the low spin doublets and singlets, respectively (Tables A2.3 and A2.4),
and form square planar complexes. For Co, the quartéNODZW, NOi OOi CS, and

OGi OO ZW complexes are lower in energy than the doublet. For Ni, tHett@@ NOi

ZW structures are lower in energy than the singlet. All of the high spin Co and Ni
complexes were computed to be tetrahedral and the low spin complexes were square planar.
There is not as mudtifference in energy between the higher spin and i@pm states for

the Co NONOI CS complexes as there is for the Ni, Mn, and Fe complexes, but the
difference is enoughX10 kJ molY) that only the lowest energy NAIOi CS spin states,

in fact the lowest energy spin states for eafcthe four general strtieral isomer groups,

will be discussed further.

The lowest energy structures for all of the [M(R+d]* complexes are NONOi
CS and there is little difference in the energies of the different ring puckeringrowns.
As can be seen from Figu2.10, for [Cu(Pro}-H]" and [Ni(Pro)-H]*, the computed
spectra for all four of the ring puckering conformers of thef NOi CS complexes are
virtually identical and infrared spectroscopy could not be used to distinguish between them
in either the NH/Oi H stretchingor the fingerprint regions. In the discussions below we
only compare the computed IR spectrum of the lowest energy conformer for each of the
four strictural isomer groups.

In Figure 4.4the experimental spectra for both the [Zn(Ri#d)" and [Cu(Proy
H]* complexes in the 2708800 cm? range are compared to the computed IR spectra for

the lowest energy structures of each of the four structural isomer groups. The positions of
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the experimental (H, Ni H, and G H stretching vibrations are weklind besteproduced

by the computed spectfar the lowest energy NKNOi CS structures. Also, iRigure4.5,
FigureA2.17, and A2.18, the experimental spectra in both the riimt and 27003800

cm ! regions are compared to computed IR spectra for [CodPHd) [Fe(Pro)-H]*, and
[Ni(Pro)-H]*, respectively. Once again, and in both regions of the infrared, the lowest
energy NONOI CS structures best reproduced the experimental IRMPD spectrum.

As mernioned above, the experimental spectrum for [Mn(PH) is more
complex than the other transition metal complexes having intense bands at about 1330 and
1450 cm?!and a strong shoulder at about 1620'érrin Figure 4.6, the experimental
IRMPD spectrum is compared with the computed spectra for the lowest energy structure
from each of the structural isomer groups. It is clear thalotest energy NONOi CS
structure does not account for the 1620, 1450, or 1330 ands observed in the
experimental spectrum. The NNOICS structure also does not account for the
observation that the INH stretch is stronger than thd B stretching band which is not
observed for any of the other transition metal cation complexesul@abns were done on
each of the isomers shownHkigure 4.6, where two water molecules were added to the
complex. The lowest engy structuresound for each are shown in Figuk2.19 but most
importantly, the energy of the solvated G@Oi ZW structure is the lowest in energy, 13
kJ molllower than the NONOiCS structure. The grey spectrum underlying the
experimental IRMPD spectrum in kigg 4.6 is a simple sum of the computed IR spectra
for the NO NOi CS and O©OOi ZW structures and better reproduces the experimental
spectrum than eithesf the two individual computed spectra. Admittedly, the hydrogen

bonded NH stretch region is not well reproduced by thei@Q@i ZW complex, but this
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is expected for harmonic calculations. For comparison, the same solvation calculations
were done on [Cu(PyeH]" (Figure A2.20) and while the energies of the zwitterionic
structures did decrease slightly with respect ta' NOi CS for the solvated complexes,

they were still found to be significantly higher in energy, by 13 and 56 kJ‘.nidle
observation of both the charge solvated and zwitterionic structures for [MatHfa)an

be attributed the zwitterionic structure being more stable when microsolvated. During the
last stages of desolvation, the energy barrier for the zwittetiooltarge solvated structure

is too high to surmount and the lowest energy, microsolvated zwitterionic [Mg{Pro)

H]* complex survives in the gas phase. It has been shown in the past that the last stages of
desolvation during electrospray, as well as theowam of energy imparted during

desolvation can influence the structure of the gas phase ions ob%erved.

4.3.3.2M = Mg, Ca, Srand Ba.All computed structures for the [M(Pr#l)]* complexes
where M = Mg, Ca, Srand Ba are available in Figures2.21i A2.24. All the
Mg?* complexes are tetrahedral about3dhe C&" complexes are all tetrahedral except
for the NO OO CS complexes wibh have a very distorted geometry for four coordinate

species.

Al four interactions of the Ga with the prolines occur on one hemisphere allowing
for an apparent weak interaction between H on C5 of the intact proline and N of the
deprotonated proline (8 A). Similar geometries for the Band B&* NOi OOi CS
complexes were compute@he OQ OOi ZW structures for St and B&*take on an

elongated tetrahedral shape.
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Figure 4.4. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the
lowest energy structures of each form of the (a) [ZngRd) and (b) [Cu(Pra}H]* complexes in

the 2700 to 3800 crhregion. Energies are B3LYPD38&.1+G(3df3pd)//B3LYPD3/631+G(d,p)

298 K Gibbs energies (and enthalpies) and in kJ'raald are relative to the lowest energy structure
shown as (i).

The OQ NOi ZW and NG NOi ZW for both Sf* and B¥* and the NOOGi CS
for Ba?* have a square pyramidal or distorted square pyramidal geometry with the metal
cation at the apex, allowing the two prolines to interact with one andihdy. for
[Mg(Prox-H)] " is the NG NOi CS structure the lowest in energy, as was the case for the
transition metal complexes. The OO0 ZW complex is onlyD8 kJ mol! higher in
energy. The IRMPD spectrum for [Mg(RB+#Bl)]* is shown inFigure4.7aand contains an
OiH stretch, NH stretchand GH stretching bands, consistent with the computed
spectrum for the NONOi CS structure. However, the broad band at about 310Dam

the significantly more intensei stretch compared to thé 8 stretch is not reproduced.
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The second highest energlyucture, OONOi ZW, does not have ani® stretch because

it is zwitterionic and there is a band predicted to occur at 3106 due to a hydrogen
bonded NH streth. Solvation calculations (Figur&a2.25), like those done for the

Mn?* and Cd* complexes,eveal that the zwitterionic structures are significantly stabilized
with respect to the charge solvated structures. In fact, the addition of solvent decreases the
energy of the OONOi ZW structure such that it is lower in energy by some 30 kJ3'mol

As it was concluded for the Mhcomplex, it is suggested that some of the solvent phase

structure (OONOI ZW) survives the electrospray process and persists in the gas phase.

For [Ca(Pre-H)]*, the lowest energy structure is the GBEDi ZW structure. The
IRMPD spetrum (Figure 4.7b) is consistent with that predicted for the QDI ZW
structure. The NDOGi CS complex cannot be ruled out spectopscally, but the absence
of an Q H stretch in the IRMPD spectrum does rule out the chsofyated structures. The
intense broad band observed between 2800 and 32U00scoonsistent with hydrogen
bonded NH stretching. The computed hydrogen bondé&tHNnd O’ H stretching bands
generally agree with the strong red shifting from the-hgdrogen bonded iNH and G H
stretches that is observed in the experimental spectra, but due to the harmonic nature of the
calculations, they do not reproduce the broadnesbeobbserved band&or [Sr(Pre-

H)]" and [Ba(Pre-H)]*, the lowest energy structures are found to bé& Q' ZW. The
computed IR spectra for the zwitterionic complexes are consistent with the IRMPD spectra
for both Figures 4.7c and)dAs was the case for [Ca(BRrbl)]" the charge solvated
structures are not observed due to the absencé ldfsetching features in the IRMPD

spectra.
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Figure 4.5. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the
lowest energy structures of each form of the [Co@@}) in (a) 1000 to 2000 cthregion and (b)

2800 to 3800 ch region. Energies are B3LYPD3&1.1+G(3df3pd)//B3LYPD3/631+G(d,p) 298

K Gibbs energies (and enthalpies) and in kJ' haoid are relative to the lowest energy structure
shown as (i).

The strong and broad features in 880 cm? region are consistent withilMl (or
Oi H) stretching vibrations that are strongly hydrogen borié&tThe behaviour, laer
cations favouring the zwitterionic amino acid, have been observed before, for example in

alkali metal cation complexes of histidine and threo#fiife.

4.3.3.36-31+G(d,p)vs.cc-pVTZ Basis St. In Figures A2.2VA2.29,Figure 4.5, 4.6, and
4.7aare reproduced only with the IRMPD spectra compareddotspcalculated using the

CC-pVTZ basis. These two basis sets produce almost identical results for the four isomers

99


http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit37
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit8
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig5
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig5

b) i) NO-NO-CS-X-X

-

L8
sete @
2,

-

‘i‘.i.

;"-*f

if) DO-NO-ZW-E-X
;*.«
g gt he.
g
9.2(11.4)
i} MHO-00-C5X-X

IRMPD efficiency

IRMPD afficiency
Caculated Intensity S arbitary

iv) OO0-00-ZW-E-X
ol
o ;'J
ab P
’?,": L
29.7(36.1)

Caculated Intensily / arbiary

T T T T T
1000 1200 1400 1600 1800 ZEO0 D00 3300 3400 3500 3800

wavenumber / oo wavenumber £ e

Figure 4.6. Comparison of the experimental IRMPD spectrum and calculated IR spectra for the
lowest energy structures of each form of fMn(Pro)-H]* complex in the (a) 1000 to 2000
cmiregion and (b) 2800 to 3800 thmegion. Energies are B3LYPD3/6
311+G(3df3pd)//B3LYPD3/631+G(d,p) 298 K Gibbs energies (and enthalpies) and in kJ
mol ! and are relative to the lowest energy structurevshas (i). They grey line overlaying the
experimental spectrum is a sum of complex (i) and (iv).

of the M(Pre-H)" (M = Co, Mn, Mg) complexesSimilarly, the relative energies are
compared in Table#2.151A2.17. A comparison reveals no major differencesthe

computational methods used in this work for these complexes.

4.3.4.Metal-to-Proline Bonding: AIM A nalysis

In Tables A2.5A2.14 are a summary of the AIM analyses done for the complexes
studied in this work. For all of the complexes, the Laplaciah@tharge density ¢) is

positive for all the metal to proline (O or N) interactions. The positive valugafheans
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a depletion of the charge density at the critical point suggesting closed shell or electrostatic

interactions.

As discussed aboviMg(Pro-H)]* behaves very much like the transition metals in
both the CID and IRMPD spectroscopy experiments. Indeed, these experimental findings
are also consistent with electrostatic metal catosligand interactions. Theomplexes of
thelarger andéssdensely charged metal cations {C&r*, and B&") exist as zwitterions
and predominantly loose proline following collisional or IRMP activation. the other
hand, the smaller, and more densely charged transition metal &id¢afigns are more
strangly bound to their ligands which are shown to fragment and the intact proline is
predominantly in the charge solvated form in the complé&ese findings are consistent
with the results of the alkale earth metal dication/tryptoph#rand
phenylalaning' complexes where the larger metal cations were found to favour the
zwitterionic ~ structure.  Similarly, alkali metal cationized complexes of
arginine}?>*3serinet® and methionin¥ showa tendency toward zwitterionic structures as
the metal cation increases in siltecontrast, the zwitterionic structures of aliphatic amino
acids (including proline) were found to be stabilized by theallem alkali metal
cations® This latter trend was convincingly explained using the principle of hard and soft
Lewis acids and dses; the smaller, harder metal cations prefer to bind to the harder
carboxylate base while the larger, softer metal cations prefer to bind to the softer carbonyl.
The question, then, is how to explain the opposite trend in the present experiments where
the zwitterionic proline structure is observed for the larger catiorts, 84", and B&" and

the charge solvated structure is observed for the smaller cations.
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Figure 4.7. Comparison of the experimental IRMPD spectrum and calculated IR spectra for the
lowest energy structures of each form of the (a) [Mg@td), (b) [Ca(Proj-H]*, (c) [Sr(Pro)-

H]* and (a) [Ba(PreyH]* complexes in the 2700 to 3800 'dmegion. Energies are B3LYPD3/6
311+G(3df3pd)//B3LYPD3/631+G(d,p) 298 K Gibbs energies (and efgles) and in kJ

mol Yexpect for Sr and Ba where the Def2TZVP basis sets were used and are relative to the lowest
energy structure shown as (i).
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The principles of hard and soft Lewis acids and bases were developed based on
observations of chemical bonding the condensed phase and included solvent
contributions*® The results of the AIM analysis shows that the interaction betifeen
metal cation and the ligands are all electrostatic in nature. Since the-MPRro
interactions are electrostatic, either ionic oriidipole interactions, the smaller more
densely charged cations would favour ani @ipole interaction between M(PRig#)" and
neutral proline which occurs in the chagmvated complexes. Indeed, the M#Pro
H)* moiety is bound to canonical proline along its dipole. For the larger more polarizable
cations, the iohdipole complex is not as strong. So, to maximize bonditegactions and
overall stablilization of the complex, the M(PiH)* cation interacts with the negative end

of the zwitterionic neutral proline.
4.4.Conclusions

The unimolecular chemistries and structures of ten gas phase BPA(Pro
H]* complexes have beemxplored using a combination of SGRID, IRMPD
spectroscopy, and computational methods. It was shown that the complexes containing the
larger metal cations, €4 S*, and B&* predominantly lose neutral proline. Furthermore,
their structures are showa have a zwitterionic neutral proline moiety. On the contrary,
the complexes of Mg and the transition metal dications tend to fragment losing small
neutral molecules such as water and carbon dioxide. Furthermore, the neutral proline
molecule in these coptexes involving the smaller metal cations is canonical (or charge
solvated). The chargsolvation structures for the complexes involving the smaller cations

are rationalized based upon the formation of stronigdipole complexes for these species.
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The lager cations do not make as strong an ion dipole complex. To maximize bonding they
form strong Ai oni co FH" anel rthee cnegativen end of glew e e n
zwitterionic structure.

As a final comment, it was also shown, that upon collisional or IRME&Nation,
all complexes involving transition metal dicatiemsepthe one with the Ciilose
H2 upon collisional or IRMPD activation. This was first observed for [Zn{P)*,?% and
a mechanism was proposed involving H transfer from C5 to Zn, followed by eventual
elimination of B from Zn and N, and thatdbriginates from the intact (not deprotonated)
proline. The surprising laservation that the Zticomplex is not alone in its ability to
undergo H elimination but rather the Guicomplex is alone (among the transition metals
studied) in its inability to producezHlt is important to speculate as to why this might be.
NeitherIRMPD spectroscopy, nor the calculations reveal any unique structure for the Cu
complex, so the difference in reactivity is not due to a difference in the lowest energy
structure. However, one unique property of copper, compared to the other transiéitsn met
explored in this study is its positive standastluction potential (see Figurs2.26),
meaning that compared to the other transition metals, copper prefers to keep its electrons.
A comparable property in the gas phase is the ionization energy; doggpéne highest
second ionization energy of all the transition metals. It is reasonable to assume that at some
point during H elimination electron density is required by proline, and*Qwith a very
high affinity for its electrons, does not readily acenodate the need for electron density

to allow for H elimination
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Chapter 5

Distinguishing Isomeric Peptides: The Unimolecular Reactivity
and Structures of (LeuPro)M" and (ProLeu)M™*

(M = Alkali Metal)

This chapter is reproduced with permission from
JamiAlahmadi, Y.;Linford, B. D.; Fridgen T. D.

ADistinguishing Isomeric Peptides: The Unimolecular Reactivity and Structures of
(LeuPro)M and (ProLeu)M (M = Alkali Metal)o

J. Phys. ChenB., 2016, 120, 1303913046

5.1. Introduction

While covalenbonding is regarded as the strongest interaction between atoms, the
prevalence of noncovalent interactions in molecular associations makes their study of
utmost importancé.In this regard, electrospray ionization tandem mass spectrometry
techniques are peerful for characterizing noncovalent interactions such as intramolecular
hydrogen bonding and met al cationidipol e
functionality of biomolecular species such as DNA, RNA, and proteirfBifferent
experimental andheoretical methods have been used in order to determine the binding
sites of alkali metal cations to molecules such as amino acids or péptilesides metal
ion binding strength and metian size! °' tife amino acidequence in peptides has an

influential role in defining the structures, binding sites, and binding energies of Aiéfals.
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Leucine is one of the amino acids that
disease (PD), a neurodegenerative disoftférMutations of an encoded gene called
leucinerich repeat kinas2, or LRRK2, result in an abnormal assemblage of proteins in
the brain which causes the progression of'PD.There is also considerable interest in
studying proline which isan amino acid with a secondary amine containing a five
membered ring. Pr ol i n-belicalsetandar strugtures in grateinf i r s |
folding processe$ 23 Interestingy, it exhibits unusual properties in molecules containing
proline residues. For example, the folding kinetics of a protein containing three prolines
were investigated by Che and CHrkising fluorescence emission. Proline substitution
showed that proling@lays a critical role in stabilizing intermediates created during the
unfolding stage of wildype RICK-=CARD, a small helical protein associated with many
tissues, which consequently changes the kinetics of the refolding mutants. The role of
proline contaning peptides and proteins also cannot be neglected in defining the
proteiniprotein interaction which results
example is the SRC homology 3 domain, comp
which prefersto interact with prolingich peptide ligand sequences, hence playing an
importantrolein nt er mol ecul ar proteiniprof®ih inte

Moision and Armentrod® measured binding energies of faufive-, and six
membered ring anagjues of proline bound to LiNa", and K using a guided ion beam
mass spectrometer. Comparisons of theoretical and experimental binding energies show
that proline was most likely zwitterionic when bound to alkali metals. Analysis of the
results shows tha bi ndi ng in metalTproline compl ex

conformational mobility in the skmmembered ring, having an additional carbon atom, is
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increased related to the fivee mber proline ring. Ot her stu
complexes reveathe zwitterionic form of this complex as the preferred structure.

|l nterestingly, due to the formation of a s
has no effect on the ring side distortion of proline, alkali metals are attached tightly to the
proline in its zwitterionic fornt?

Mass spectrometric techniqgues have become powerful tools in the field of
proteomics by identifying different amino acid sequences of protefisMore
specifically, MS is also a predominant technique that is used ntifidthe sequences of
specific peptides containing both proline and leucine residiéfend has an important
effect in the field of peptide research and all other connected fields in which the
identification of protein structures is required. Work oro teequences of dipeptides
revealed that the conformations they adopt depend on factors such as the amino acid
sequence, the identity of the metal cation, and the anchor site of each dipeptidé*ligand.
The structures of divalent metal cations bound to esanpeptides, GlyHis or HisGly and
PheAla oAlaPhe, were investigated using IRMPD spectroscopy in combination with DFT
methods:* Depending on binding strength, larger ions such &5 Bafer the zwitterionic
(ZW) form over the charge solvated (CS, aleomed canonical) and iminol forms. In
contrast, more strongly binding metals such as"™Nagd N?* preferentially adopt the CS
and iminol forms, respectively, rather than the ZW. In addition to the metal binding
strength, dipeptide sequence is also irtgodrin determining the form of the peptide bound
to metal ions. For example, it was observed that Bad C&" make the ZW form of the
GlyHis the predominant form while being bound to the HisGly sequence makes the CS

configuration the majority form of #se dipeptides. The reason for this sequence depends
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on the existence of an-dérminusside chain located in the histidine residue of the HisGly
isomer which makes it able to wrap and interact properly with the metal cation and hence
favor the charge solt@ad conformer. The absence of thidenaction through the N
terminusside in the histidine residue in GlyHis favors the ZW for this dipeptide, unlike the
GlyHis isomer.

Herein, we report on the investigations of the structures of the two isomeric
dipeptices, ProLeu and LeuPro, bound to alkali metal ions using SIR(MS/MS) and
IRMPD spectroscopy in the gas phase combined with theoretical methods. Spectra in both
the 10007 1800 & medion2we® ecoBl&aoddetermine the structures of

alkalimetalc at i oni zed prolinell.eucine containing

5.2. Methods

5.2.1.Experimental Section. All experiments were performed using a Bruker Az

7T FTICR. lons were electrosprayed from 1 mL of 50 mmékiqueous solution of either

ProLeuor LeuPr¢ o whi ch 5 ¢ L "tadueous lalkali rhefal saftrincal50/50

mi xture of 18 Mq c¢cm water and met hanol wer
h'! using a syringe pump into an Apollo Il ESI source in which 1 mL of 50 mrhbl L

agueous solutionfo di pepti de to which 5 €L of the a
Alkali metal chlorides (LiCl, NaCl, KCI, RbClI, and CsCl) were the source of metal cations

used in this study.

Multiple stages of sustained a#sonance irradiation collision inducedsbciation

(SORICID) on the alkali metal complexes with both peptides were done by exciting the
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ion of interest in the presence of Ar gas to a pressupd @ mbar. Infrared multiphoton
dissociation (IRMPD) spectra were recorded from 2700 to 380binrthe Laboratory for

the Study of the Energetics, Structures, and Reactions of Gaseous lons at Memorial
University using an FTICR coupled to an IR OPO manufactured by LaserSpec which is
tunable from 1.4 to 4. 5% EhenORQIid it araundoaa n d wi d
periodically poled LiNb@crystal which is pumped by a diodepumped solid state Nd:YAG

laser. The OPO operates at 20 kHz, with pulse duration of a few nanoseconds, and generates
out put power near 3 W at 3 em;Wimdhesev er ,
experiments by limiting the pump laser power. For IRMPD spectra in the fingerprint region,
the facility at Centre Laser I nfrarouge d©o
coupled to a midnfrared free electron laser (FER)with a 5 cm! bandwidth. IRMPD

irradiation times were between 1 and 2 s. The experimental IRMPD spectra were obtained

by plotting the IRMPD efficiency, the negative logarithm of the precursor intensity divided

by the sum ofprecursor and fragment ion intensities, asuaction of the radiation

wavenumber

5.2.2.Computational Methods. Using Gaussian 0%,structures were optimized, and IR

spectra were computed at the MPK/6-31+G(d,p) and B3LYPA31+G(d,p) levels of

theory on all atoms except for Rb and Cs, for whighDef2SVP basis sets and effective

core potentials were used. Unlike th&5+G(d,p) basis, the Def2SVP basis set on the
cations does not include any diffuse functions. An empirical dispersion correction was done
using Gri mmeb6s D3 |\D2damgingfunction, B3hYPDFaed MOG i gi n a

2XD3.38 M06-2X methods have shown good results for the thermochemistry of systems
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containing noncovalent interactiohd.” Previous research on various functionals has

shown M062XD3%8 to yield better results than without the D3 functional. For calculated
spectra, scaling factors of 0.95 in the fi.|
regions were used to coctethe harmonic frequencies (for the MRBD3 calculations).

The computed IR spectra were convoluted using Gaussian functions with a width of 15

cm't (fwhm). Electronic energies were refined with single point calculations using M06
2XD3/6-311+G(3df,3pd) foall atoms except Rb and Garfwhich the Def2TZVP basis

set? and effective core potentialere used.
5.3. Results and Discussion.

5.3.1.SORI/CID of (LeuPro)M* and (ProLeu)M* Where M = Li, Na, Rb, and Cs.

Under CID conditions both (LeuPro)Mand (ProLe)M*, where M = Rb and Cs, lost
ProLeu or LeuPro leaving only the metal cation as seen in Figuresd5.2. While the
intensity of (LeuPro)K and (ProLeu)K decreases dramatically during CID experiments,

no fragmentation products were observed, indigathat the sole loss for both is the
dipeptide as observed for the Rb andcGmplexesWhen M = Li and Na, CID of both
isomeric dipeptides resulted in losses of 113 and 97 Da as the main primary fragmentation
pathways (Figure$.1 and5.2). The masses dhe product ions corresportd either
(Pro)Li* (m/z 122) and (Leu)Li(m/z 138) or (Pro)Na(m/z 138) and (Leu)Ndm/z 154).

When M is a smaller ion, as observed in earlier studies on ptotered uracit* dimers,

due to the strong densely charged aheationto-proline interactions, these complexes
fragment, breaking covalent bondConversely,her t I

the larger C§ Rb", and K with less charge density bind less strongly to ProLeu and LeuPro
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resulting in their @avage from the metal cation. (ProLeu)NéLeuPro)N&a, and
(ProLeu)Li" also underwent a small amount of fragmentation to lose 18 B@)(&hd a

loss of 62 Da (either #£Os or H20 followed by CQloss). The only differentiable features

in the CID mass sp&a for these metatationized dipeptide isomers were that (ProLeu)Li

lost 18 and 62 Da, whereas these fragmentations were completely absent in the (LeuPro)Li
CID spectra.Figures A31 ard A3.2 show the MS/MS spectra of (ProLeu)Land
(LeuPro)Li", respetively, which resulted in loss of water and ammonia from m/z 138 in
both isomers. MS/MS on m/z 122 resulted in losses of 52, 46, and 18 DBa amjor

fragmentation pathways.

5.3.1.1 IRMPD Spectroscopy on the Major FragmentProducts of (ProLeulLi* and
(LeuPro)Li*. As shown above, CID of both (ProLeu)laind (LeuPro)Ligenerated losses

of 113 Da (m/z 122, presumably ProLand 97 Da (m/z 138, presumably LeJLiThe
fragment ions were isolated, dhregionweMdPD sp
recorded (Figur®.3). The m/z 138 ions generated from both (ProL€wghd (LeuPro)Li

are generally quite similar in that the same features are present in the IRid&Easin

both spectra there are strong absb3b50ti ons
cm?) , ami ne NITDA35Gdnt) gt calidistregding (centered2910 cm?).

The computed spectrum for the lowest energy structure of (Le(udlerlying gray trace

in Figure5.3a) agrees well with the experimental spectriihe computed spectrum for the

lowest energy zwitterionic structure, some 21 kJ'floigher in energy, does not agree

with the expemental IRMPD spectrum (Figur3.3).
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Figure 5.2.SORI/CID spectra obtained for (Leu o ) “iwihere M = Li, Na, Rb, and Cs
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For m/z 122 from both (ProLeu)Land (LeuPro)Li, the IRMPD spectra both
gnerally agree well. TherD8550cshl)a laowd r oinmted I
stretching feature3330 cm) , and Ci H stretchingdH(cente
Calculations for the lowest energy canonical and zwitterionic forms of lithiated¢erke
shown at the bottom of Figure 5.3b. Clearly, the zwitterionic (Praymnnot account for
the experimental | RMPD spectrum since the

However, this feature is | ess ieatreense t han

An arithmetic average of the computed spectra for the lowest energy canonical and
zwitterionic structures is compared to the experimental IRMPD spectra (underlying gray
traces). In general, there is agreement between the experimental spectra avetrdhe
computed spectra for both the zwitterionic and canonical structdwgsmpts to
electrospray (Pro)Lifor comparison were not successful; even at the lowest concentrations
of proline, only the lithiated proline dimers were present. Previousilasiins using
B3LYP/6-311++G(d,p) show that the lowest energy zwitterionic structure was very close
in energy to the lowest energy canonical structure that we are showing. IRMPD
spectroscopy experiments in the fingerprint region showed that there wasripwit
(Pro)Li*, but were inconclusive as to whether the canonical form was pféééem the
basis of the infrar ed?regpremdsentad hera, (Ptojli® 2700
concluded to be present in both zwitterionic and canonical forms, at least when generated
by CID of (ProLeu)Li and (LeuPro)Li. Interestingly, both (LeuPro)Liand (ProLeu)Li

peptides form (Pro)Liand (Leu)Li when activated.
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Figure 5.3.Comparison of the experimental IRMPD spectra (black traces) of the (a) m/z 138 and
(b) m/z 122 fragment ions generated by CID of (ProLeudbhid (LeuPro)Li with the calculged
spectra of (R)Li* and (Leu)Li*. Energies are MOG8XD3/6-311++G(3df, 3pd)//&@1+G(d,p), 298

K Gibbs energies (and enthalpies) and in kJ ol

A proposed mechanism for formation of the lithiated amino acids from both
lithiated peptides is presented in Figure A3To form (Pro)Li from (ProLeu)Lf, and
(Leu)Li* from (LeuPro)Lf, cleavage of the amide bond with a transfer of OH from the C
teminus to the Nlerminus amino acid of the peptide is required. The formation of (Leu)Li
from (ProLeu)Li, and (Pro)Li from (LeuPro)Lf, can be thought of as a simple amide
bord cleavage and transfer of ant&fminus proton to the -@rminus amino acidnlthe
latter cleavages, a double ring systemhisven as the neutral produthere is likely a ring
opening to form one simmembered ring, but there would aistially be charge separation.

The final neutral product identities are unknown.

117



5.3.2.IRMPD Spectroscopy of Alkali Metal Cation Complexes of ProLeu or LeuPro.
IRMPD of M(ProLeu) and M(LeuPro) produced the same photofragments as observed

for SORLICID.

5.3.2.1(ProLeu)M*.Figure54 s hows the experiment al I RMPD
and 23300 o' regions for metatationized ProLeu. The IRMPD spectra in the
270071 3'8eion far ati alkali metals (Figur@4b) have bands at about 3580'ém
corresponding to the OTH stretch of a free
the pesent structures in which proline is canonical rather than zwitterionic. When the metal
cation is Rb or Cs, another intense bandliserved centered at 3310 'énwhich
corresponds to hydr og e # Absooptiodshelows8000 dihare NT H s |

assigned to CiH stretching.

I n the finger pr i h(Figuresg)jeachisomérha®s @b $tréng 0 ¢ m
bands between 1630 and around 1750 '@ssigned to the €D stretching of the amide
and carboxyl carbonyl groups. It is also interesting to riegtonounced blue shift of the
C=0 stretching band as the metal changes fromid_Cs, indicating binding of the metal
cation, at least in part, to the carbonyl. As the metal cation gets larger, its binding to the
peptide is weaker which in turn weakdhe G=O bond to a lesser extent. The strong band
between 1500 and 1600 thtorresponds predominantly with the HNC bending of the
amide. Weak CHCHz bending and Chiscissoring modes are observed between 1200 and
1600 cm?. Finally, there is a set of pronounced features below 1200 eomresponding

with COH bending as well &H. rocking
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5.3.2.2(LeuProjM*. The | RMPD spectra in theélrehion® 07 190
of (LeuPro)M where M = Li, Na, Rb, and Cs are depicted in Figbf Similar to

(ProLeu)M , all four complexes contain a band at around 3580 correspondig to the

OrTH stretch of the free carboxylic acid grc
form of this peptide. In all the (LeuPro)\Mpectra, the asymmetric Nldtretches show

only very weak features between 3300 and 3400.cfhereareats br oad CT H st r e
features observed between 2800 and 30006.dmthe fingerprint region each isomer has

two bands between 1600 and 1800 tm

IRMPD efficiency
o
°

wavenumber / cnf’ wavenumber / cnt’

Figure 5.4.Comparison of the experimental (black traces) IRMPD spectra of (ProLevijiMthe
IR spetra for the lowest energy MEBXD3/6-31+G(d,p) calculated structures (gray traces).
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The higher energy one is theQ stretching of the carboxylic acid, and theer
energyone is another G2 stretch of the amide. Like the (LeuPrd)cbmplex, the €O
stretches in all other (LeuPro)Mcomplexes are also mixed with the NBkcissoring
motions. Also, below 1200 crhthere are sets of pronounced features corresponding to
COH bending and C#rocking of these isomers. The absorptions between 1300 and 1500
cm' ! correspond to the combinations of all £€Hs bending and Chiscissoring stretches
as well as NHwagging andwisting. One interesting feature about the IRMPD spectra that
will be addressed more fully belois that the carboxylic acid @ stretch position

increases in the following order of metal cation complex<Rita’ a8 Cs" < Li*
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Figure 5.5.Comparison othe experimental (black traces) IRMPD spectra of (LeuPtayith the
IR spectra for the lowest energy MR&D3/6-31+G(d,p) calculated structures (gray traces).
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5.3.3. Structures, Energetics, and Comparison of Computed IR Spectra to IRMPD
Spectra of Proline/Leucine Dipeptides The gray traces in Figure 5.4 are the IR spectra
computed for the lowest energy structures for each of the (ProLaaiplexes. For the

Li* and Nd complexes, the metal cation is bound to both carbonyl oxygens and the very
basic amie nitrogen. The computed spectra for these complexes agree very well with the
experimental IRMPD spectra. In Figures A3.5 and A3.6, the computed IR spectra for some
higher energy structures, including a zwitterionic structure, are compared to the
experimatal IRMPD spectrum. The best matches for the IRMPD spectra are the ones for

the lowest energy structures.

For Rb and C§, the lowest energy structure is one where both carbonyls are bound
to the metal cation, but the amine nitrogen is hydrogen bondbd tomide hydrogen. The
IR spectra computed for these structures, including the amideshetch centered about
3300 cm?, are in very good agreement with the IRMPD spectrum. While the structures
where the metal is bound to both carbonyl oxygens arairiree nitrogen do not reproduce
the amide MH stretch, they cannot be ruled out completely on the basis of either
spectroscopic or computational terms since they are computed to fadywidaenergetic
(see Figures A3.7 and A. What is clear is that ¢hstructures with the larger and less
acidic metal cations are stabilized by making an intramolecular hydrogen bond whereas the
smaller, very acidic Naand Li* prefer to bind directly to the amine N. In AlaGly and
GlyAla, Na" was found to only bind to th®vo carbonyl oxygens, and there was an amide
H to amine N hydrogen borfd This shows that the identity of the metal cation is not the

only factor to decide whether this type of intramolecular interaction occurs. The basicity of
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the Niterminusamino acid,n the present case proline, plays a very important role in the
structure, as expected.

For LeuPro, the computed IR spectra for the lowest energy structures agree very
well with the experimental IRMPD spectra (Fig&). In all complexes, the amide Nsha
no hydrogen and therefore cannot be a hydrogen bond donor like in LieeiRmnplexes,
and hence, there is the absence of a stron
as observed in the Rand C$ ProLeu complexes

In the Li" and Nd complexes, the metal is bound to the amide O and amine N. In
contrast to (ProLeu)Liand (ProLeu)N3, in LeuPro the aminet¥ is hydrogen bonded to
the carbonyl oxygen of the carboxylic acid, and therefore, the carboxylic acid carbonyl is
not bound to the metal. The Rand C$ complexes have very similar computed spectra.
The main differene i s t hat the hydrogen bonded NITH
redshi fted, but experimentally, the amine NI
value in structure elucidation. Spectroscopically, the two types of structures cannot be
distinguished.

The trend in the mition of the carboxylic acid G stretch is very interesting.
There is a red shift observed in going fromi id Na'. Purely on the basis of electrostatic
interactions, it would be expected that the more acidiavauld resultin a longer MH
bond than that for the N@omplex. The computed geometry does show this to be the case,
but not substantially so; the hydrogen bondééliis only slightly longer. It is 1.023 A in
the Li* complex and 1.022 A in the N@omplex. It might be expected théhere be a

stronger hydrogen bonding interaction in thé ¢omplex which should result in a more
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red-shifted G=O stretch. Howeer, this is not observed; the O=stretch in the Nacomplex

is observed to be significantly rethifted compared to the onbserved in the Licomplex.

The reason for the reshifted G-O stretch for (LeuPro)Nanust be because of the stronger
hydrogen bond in that complex. The calculations show that the hydrogen bond irf the Na
complex is significantly shorter, 2.358 A compated®.483 A for the hydrogen bond in

the Li" complex. The reason for the weaker hydrogen bond in theobnplex is because

of the stronger interaction betweeri bind the amine nitrogen and amide oxygen. Due to
the inflexibility, inherent with the prolineing and that brought on by the strong metal
binding, the hydrogen bond is constrained to a longer distance.

The further red shift in the @rstretch for (LeuPro)Rtxompared to (LeuPro)Na
is due to a structure change. The lowest energy structure foedvéer metal cations is
one where the metal is bound to both carbonyl oxygens and the amine nitrogen; therefore,
the carboxylic acid €O stretch is weaker than that in the"ldamplex, and the absorption
is observed to the red. A blue shift observed&darboxylic acicC=0 stretch for the Cs
complex compared to the Ris due to the lower acidity of Csresulting in a weaker
interaction with the peptide.

Spectroscopically and by comparison with the computed spectra, the hydrogen
bonded structures caat be ruled out for the Rland C$ complexes (Figures AB1 and
A3.12). However, the tridentate structures which are slightly higher in energy for‘the Li
and Nd complexes can be ruled out by comparison i computed spectra (Figures

A3.9 andA3.10).
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5.4. Conclusions.

A combination of mass spectrometric and computational techniques has been used
to identify the sequence and chemical differences of two @alin euci ne r esi
containing dipeptides. Except in the case of the lithiated complexes; SIDRilone is not
sufficient to distinguish between the two isomers; the use of IRMPD spectroscopy was
quite useful to distinguish the two isomers and determiai #tructures. Interestingly,
through IRMPD spectroscopy experiments, it was shown that both lithiated dipeptides
fragmented to form both (Pro)Li(m/z 122) and (Leu)Li (m/z 138). This further
exaggerates the difficulty in distinguishing these isomeztides by fragmentatieanly

methods.

IRMPD spectroscopy experiments on the metdlonized dipeptides in the
fingerprint and CH/NH/OH regions wecenducted. Due to thel® stretching features in
all computed spectra, all complexes are in their canonical form rather than zwitterionic; the
latter is computed to be significantly higher in energy. For rubidiated and cesiated ProLeu,
the existence of a strong hydrogen bondétl &nine stretch reveals structures in which
the metal is bound to both carbonyls and t|
and the amine nitrogen of proline. On the other hand, the lithiated and sodiated complexes
have the metal bound to both canlyls as well as the proline nitrogen. Rubidiated and
cesiated LeuPro species also have the metal cation bound to both carbonyls and the amine
nitrogen, whereas for lithiated and sodiated LeuPro, the metal is bound to the amide oxygen
and amine nitrogen W the amine group also hydrogen bonded to the carboxylic acid

carbonyl. The computed spectra agree very well with the IRMPD spectra for the computed
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lowest energy structures. IRMPD spectra in the fingerprint region, especiallydiiernpo
of the carboxyt acid G=O stretch, are also very telling as to the nature of the interactions

of these carbonyls.

This work shows the importance of both the sequence of the peptide and size of the

metal cation in determining the structure of metionized peptides.
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Chapter 6

Distinguishing Complexes of Isomerideptides: Structures,
Energetics, and Reactions of Sodium CatiorCoordinated

ProLeu or LeuPro Trimers in The Gas Phase

This chapter is reproduced with permission from
JamiAlahmadi, Y.; Fridgen, T. D.

fiDistinguishing Complexes of Isomeric Peptides: Stnes, Energets; and Reactions of
Sodium CatiorCoordinated ProLeu or LeuPro Trimers in The Gas Rhase

Int. J. MassSpectrom.2017(Just accepted)

6.1. Introduction

Electrostatic interactions and hydrogen bonding are the two fundamental non
covalent brces that stabilize the structures of proteins that play key roles in regulating
cellular activities. Proteins and peptides are responsible for many chemical reactions that
take place under physiological conditions such as, cellular regenérasigmal
transductior,® enzymatic activitie$, gene expressiohtransportation of hemoglobfh,
antibacterial activitied,® and so on. On the other hand, sometimes dileet@hanges in
3D-conformation, instead of normaltfelding, proteins or peptides adopt a misfolded state
which often results in peptide aggregation such as in amyloid asseffiBfigsbnormal
functionality of the peptide or protein through aggregation is associated with
neurodegenerative diseases such as Al zhei mi
as tye |l diabetes and cell dedth* In the folding process, an aggregated peptide can
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stabilize itself through intermolecular interactions with other peptides rather than the
intramolecular forces within the protein or peptide its&lf. For such reasons, the
identification of the nature of necovalent interactions and aggregation structures of
peptides at the molecular level will help to understand Hielogical activities on a larger

scale.

Prolinecontaining motifs show unique properties due in part to the steric effects
induced by the proline side chain. The conformational restrictions cause unusual
functionality in prolinecontaining proteins. Plioe is known as a helix break¥rsince it
lacks an amide hydrogen and cannot donate a hydrogen bond, it breaks the helical structure
when it exists in an alpha helix. The existence of metibn interactions with the protein
that impart importaneffects in molecular association also cannot be neglected. For
example, Nadependent proline rich motif transporters in humans are responsible for the
regulation of sodium ion in the extracellular fluids (ECF) and hence controlling blood
pressure? Sodium transport through cell membranes viawodihannel regulatioim the
kidney shows high selectivity of the channel meaning that it greatly discriminates against
other ionst®19202122 |ndeed, understanding how amino acids or peptides bind with metal
cations has an important impact in understanding much of the chemistry of life at the

molecuar level.

Gas phase fragmentation techniques in combination with tandem mass
spectrometry, have helped to reveal vast amounts of information about the structures and
dynamics of peptides in a solvednée environment. Electron capture dissociation

(ECD)23?* electron transfer dissociation (ETEY® collision induced dissociation
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(CID),?"?® infrared multiphoton dissociation (IRMPBJ?’ electron detachment
dissociation (EDD¥° and surfacénduced dissociation (SIBY)are some fragmertian

methods that have been used to provide information toward peptide identification.

Differentiation of isomeric peptides by mass spectrometry is important and methods
such as iormmobility are rather welbuited to this taskZ3® Differential mobility
spectrometry (DMS) is a specialseaof ionmobility where an asymmetric radiofrequency
field is applied between two parallel plates. In the presence of a chemical modifier such as
water or methanol, etc. i1isomeric 1 onsd mobi
field. Essentidy, two isomers will cluster to a different extent with the chemical modifier
and their mobilities then difféf:3® Blagojevic et al. studied different modifiers to
significantly separate GlyAla from AlaGly and GlySer from SerGly by D¥fS. Using
multicomponent modifiers in DMS, Blagojevic and Bohifhweere even able to separate
conformational isomers of both Bradykinin and hexaglycine and were ablenitonay

H/D exchange kinetics for the different exchangeabtirdryens of each of the isomers.

There has also been a significant amount of research in the recent past, to investigate
the structures and energetic of biomolecules using a variety of massospedric
techniques such as IRMPD spectroscopy or BIRD kinétf41424344 To differentiate
between two isomeric peptide complexes,’(ReoLeu} and Nd&(LeuPro}, IRMPD
spectroscopy is used to help shed light on thestires, and blackbody infrared radiation
induced dissociation (BIRD) is used to compare the relative dissociation energies. The
present study provides insight irnttee understanding afie effects of sodium metal cation

on the aggregated proline contamidipeptides using mass spectrometric techniques that
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are backed by theoretical methods. The results reveal how the structure and dissociation
energy of sodium cation bound peptide complexes are affected by the intramolecular

hydrogenbonding network, whic varies as the peptide sequence differs.
6.2. Methods

6.2.1. Mass Spectrometry.All experiments were performed in the Laboratory for the
Study of the Structures, Energetics, and Reactions of GaseouS &nMemorial
University, which houses a Bruker Ag@e7 Fourier transform ion cyclotron resonance
mass spectrometer, FTIGRS. Gaseous ions were transmitted from solution to the gas
phase using an Appollo Il eleospray ionization (ESI) sourceNa'(ProLeu} or
Na‘(LeuProxcomplexes were formed by eledpray ionization (ESI) of 1 mL of 50 mmol

L1 aqueous solution of ProLeu or 1 mL of 25 mmdl aqueous solution of-leucykL-

proline (LeuPro) hydrochloride dipeptide to which 0.1 mL of 10 mmbagueous sodium
chloride in 50/50 solutions of water (ngnuwe) and methanol (99.8%, ACFhemicals)

were added. ESI was done with an Apollo Il ESI source using a syringe pump operated at

0.14 mL h.

6.2.2.BIRD Kinetic Measurementsand Master Equation Modeling. At the University

of Waterloo, McMahoff was the first to observe the unimolecular dissociation of weakly
bound cluster ions by absorption of blackbody infrared radiation. These otunstevere
trapped in an FTICR under extremely kpressure such that collisional activation was
minimal; the process was originally called zgressure thermal radiation induced

dissociation or ZTRIBY which was later chaged to BIRD*? In these experiments the
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energy required for the dissociation of weaklbyund complex ions is achieved through the

exchange of blackbody r ad¥*%¥i on with the i

Here, the BIRD rate constants for the unimolecular dissoaiaif Na(ProLeu}
and Nd(LeuPro} complexes were measured by first isolating them in the ICR cell*dt 10
mbar and measuring the intensities of the precursor ion and their dissociation products as a
function of time until the precursor ion intensityalsout 10% of the total ion abundance.
Experiments were repeated at various temperatures over the temperature ranges of 292
357K for Na(LeuPro} and 314357K for Na(ProLeu). According toauation 2.11the
unimolecular BIRD rate constari;ni, is deterrmed by fitting the normalized intensity of
the precursor iorl, vs timet. The temperature was adjusted and controlled using a-water
cooled heating jacket placed around the entire vacuum chamber, which was controlled by
an AC input voltage. The temperegwf the walls of the vacuum chamber were measured
using a Jdype thermocouple and the temperature at the center of the ICR cell was

determined using a previous calibration based on the vacuum chamber wall temferature.

By plotting kuni @s a function of inverse temperatufgaccording to guation 2.13,
the Arrhenius activation energids;,, and preexponential factorA, were obtained where
Ris the ideal gas constant, 8.314 3 iol. Errors in the reported Arrhenius activation
energies and prexponential factor aredsed on the standard deviations of both the rate

corstant at each temperature and that of the lifiefar the Arrhenius equation.

In BIRD experiments, the experimentally obtained thermodynamic information can

only be reliable if the rates of photon exoba are faster than the dissociation rates. If the
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ions are not sufficiently large, this may not be the case the case, and true thermal
dissociation energies can be extracted using a master equation &ttalydaster equation
simulates the change in populations of the internal energy levels of system awge afra

time. Briefly, this model uses a set of coupled linear foter ordinary differential
eqguations and the radiative absorption, emission and dissociation rstientsmf all state
to-state transitions to find the probability of energy transfer between all possible energy
states. In the modeling process, once a Boltzmann distribution of ion populations and a
steadystate is reached at a, the unimolecular decortipnsate constants can be obtained.
The dissociation threshold,, are varied to obtain a good fit to the temperature
dependence of the experimental rate constants. The vgisi¢hE one which is used in the
modeling to best match the slope of theakpental Arrhenius plot as long as the modelled

Ea is within a standard deviation of the experimental and the modelled rate constants are
within a factor of five of the experimental rate const&fité To compute the dissociation

and radiative rate corssits, the computed vibrational frequencies and intensities were used
for the lowest energy trimer complexes found. Thegxgonential factors depend on the
nature of the transition state, | oose or
dissociaibns to involve any rearrangements so the transition states are expected to be
neutral to loose, with transition state entropies of about 0 to about T8MAIK. To obtain

these transition state entropies (or-prponential factors) the lowest energymplex
vibration frequencies were scaled by an appropriate factor. The uncertainties in the
extracted gvalues were taken as the rang&etalues used to model the Arrhenius plots

with over arange of plausible A factors.
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6.2.3. Infrared Multiphoton D issociation (IRMPD) Spectroscopy. IRMPD
spectroscop experiments were performed in 27800 cm' region using an IR optical
parametric oscillator, OPO, manufactured by LaserSpec. This OPO laser is tunable from
7100 to 2200 cm, with a bandwidth of 2 crh Built around a periodicalipoled LiNbG

crystal, the OPO is pumped by a diquenped solid state Nd:YAG laser and operates at
20 kHz with pulse duration of few nanoseconds. The output power is near 1 W at 3300 cm
1. The experimental IRMPD spectra wetgtained by plotting the IRMPD efficiency as a

function of the radiation wavenumber.

6.2.4.Electronic Structure Calculations. The lowestenergy structures of both complexes
were computed using Gaussian®%Geometry optimizations and frequency calculations
for the optimized structures were carried out at the B3LYP level of theory with-the 6
31+G(d,p) basis set. Empirical corrections for disparsiowe r e done using
version with the original D3 damping function, B3LYPEF3All harmonic frequencies
were corrected using scaling factors of 0.95. Computed IR spectra were convoiged us

Gaussian functions with a 25 ¢rwidth (fwhm).
6.3.Results and Discussion

6.3.1. BIRD Kinetics. Within the temperature ranges used, the exposure ¢Pid_eu}

and Nd(LeuPro} to ambient blackbody photons resulted in the loss of a neutral ProLeu or
LeuPro dipeptide, respectively. While the fragmentation pattern for both isomers is
identical, the NgProLeu} complex is observed to dissociate through the loss of a neutral

dipeptide at a significantly slower rate. In fact, at?@0BIRD of Na(ProLeu} was too
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slow to observe with a reasonable time delay. To compare, the BIRD rate constant for
Na'(ProLeu} at 66°C was 5.1+0.4x18s' whereas that for N@d_euPro} was found to be

more than 5 times larger, 28.2+0.1%16", at the same temperature.s &xpected, the
BIRD rate constants increase with temperature and were observed to be 73s2ahd
202+5x10° st at 108°C for Na'(ProLeu} and Nd(LeuPro}, respectively. The firsbrder

BIRD plots for Nd(LeuPro} and N&d(ProLeu} along with the BRD rate constants are

shown in Figure$.1 and6.2, respectively.

0.0
-0.5 4
-1.0 4

-1.5 4

Ln [Tri-LeuPro-Na]*

-2.0 4

-2.5 4

0 200 400 600 800 1000

Time (s)

Figure 6.1. Blackbody infrared radiative dissociation fhamtder kinetics plots at various
temperatures betweeniZ0L0°C for the N&(LeuPro}.

From the temperature dependencehefdissociation rate constants, Figéi& the

Arrhenius activation energies and entropies were determined for dipeptide loss from each
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isomeric complex. There is an excellent linear fit in both Arrhenius plots ttilues of

0.973 to 0.993 for NgdLeuProk and Nd(ProLeu}, respectively.

Ln [Tri-ProLeu-Na]*

-2.5 T T T T T T

0 100 200 300 400 500
Time (s)

Figure 6.2. Blackbody infrared radiative dissociation fhamtder kinetics plots at various
temperatures betweeniBdl3°C for the N&(ProLeu}.

The experimentally determined activation energies were fomifee about 20 kJ
mol? higher for Nd(ProLeu} than for Na(LeuPro}, 92+5 kJ mol vs 73+4 kJ mot,
respectively. Evidently, the experimentally determined BIRD rate constants and BIRD
activation energies for dissociation are able to be used to distmtna LeuPro or ProLeu
complexes. The measurements of the activation energies of th&eNRro} and

Na“(ProLeu} are the first of their kind and there are no comparisons of sodiated trimers of
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peptides. ldwever, using high pressure mass spectrometrgpétev and McMahon did
measure the binding energies of the protonated trimers of glycine to be in a similar range
as the binding energies found here, 77 kJ'mdThe experimental prexponential factors

(InA) were determined to be 28.9 and 23.4, for"(ReoLeu} and Nd&(LeuPro},
respectively, yielthg (298 K) entropies of activation ef3+2 J K! mol* and-59+5 J K!

mol?, respectively, lower than expected for dissociation reactions that are expected to occur
without a significant barrieThe Nd(ProLeu} and N&(LeuPro} complexes have 321
vibrational degrees of freedom and are expected to be strongly absorbing in the infrared.
However, the room temperature BIRD rate constants for these complexes, irftsie 10
regime, are on the border between small and large molecule kirfétjosg A41).48:4952

As such, master equation modelling of the Arrhenius plots is required to obtain true thermal

dissociation thresholds (see sectih.3.3.2.

Na+(LeuPr0;
E=734 kJ mol

" -1 -1
NnS=-59+5J K mol

In (kis™)

Na+(ProLeu3

E=92+5 kJ mol .
i -1 -1

NS =13+2J Kmol

0.0028 0.0030 0.0032 0.0034 0.0036
T (KYH

Figure 6.3. Arrhenius plots for the dissociation of the*flaeuPro} and Na(ProLeu}. The error
bars are from the fitting of the first order kinetics plots in Figures 6.1 and 6.2.
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6.3.2. IRMPD Spectroscopy and Structures of N&ProLeu)s and Na‘(LeuPro)s
Complexes. The lowest energy computed structures found for th&Maleu} and
Na‘(LeuPro} complexes are shown in Figu&4 a and b, respectively, and other unique
structures are depicted irFigures A4.2 and A&. along with their relative
thermochemistries. The lowest energy structure fof(RtaLeu} adopts a distorted
octahedral geometry in whichd metal cation interacts with both carbonyl oxygens of all
three ProLeu dipeptides. This structure is stabilizgthtramolecular hydrogen bonding
occurring between each of the amine nitraggamd amide hydrogens in all three dipeptides
similar to thoseseen before in dipeptidmetal complexe&?’ There is also a hydrogen
bond between one of theldgroups and an amide oxygen of another dipeptide offier

two O-H groups are free of hydrogen bonding interaction. In contrast, théNdero
complex, which lacks an amide hydrogen, is stabilized through the interactions of the
sodium cation with two of the amide oxygens and all three of the amingyenigo
Interestingly, this structure is stabilized through the intramolecular interactions occurring

between the carboxylate-B and either the two carbonyl oxygens or an amide oxygen.

The experimental spectra for the ‘KRroLeu} and Na(LeuPro} complexesare
shown in Figure§.5a and b. The spectra are dominated by broad absorptions between 2800
and 3500 cm for Na'(ProLeu} and 2800 and 3300 chfor Na'(LeuPro} the breadth of
which is due predominantly to hydrogen bonde#i Gtretching. The broad feaks are not
completely featureless, however. For example, maxima are observed in both spectra at
about 2890 and 2980 cheorresponding to & stretching. Similarly, in the spectrum for

Na'(ProLeu} there is a maximum at about 3330 toorresponding to ydrogen bonded
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amide NH stretching. Hydrogen bondedstretching absorptions are predicted at about
3050 cm' for Na*(ProLeu} and at 3130 and 3300 crfor Na'(LeuPro}, the latter of which

is observed at 3220 ch As expected, these very anharmonjdriogen bonded ®i
stretching vibrations are not well reproduced by the harmonic vibrational frequencies
predicted by the electronic structure calculations. Finally, a distinguishing feature of the
isomers, and also in agreent with the computed structgreare a pair of free (nen
hydrogen bonded) carboxylic acid-KD stretching features cenéd at about 3550 ctn
Anotherdistinguishing feature betweeapectraof the two complegsis the breadth of the
broad band, encompassing the hydrogen bonded amkuttistMtching band out to 3400

cm! for Na'(ProLeu.

Figure 6.4.TheB3LYPD3/6-31+G(d,p)computedowestenergystructureof a)Na (ProLeu}
and bNa‘(LeuPro}.
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Figure 6.5. Experimental IRMPD spectra (top traces) and calculated IR spewoivar(trace) for
the lowest energy structures of theNaf(ProLeu} and b)Na“(LeuPro} complexes in the 2800 to
3800 cmt region. The spectra were computed using B3LYPER/6G(d,p) at 298 K and scaled

by 0.95.

It should be noted that experimentallyeth a mi ne NT H stretchincg
weak to be of any value in structure elucidation. In a previous study on sodiated LeuPro
and ProLeu monomeric complexes, it was observedtiee ami ne NI H str et

are too weak to be experimentally obser¥ed.

Comparison of the experimental IRMPD spectra with the computed IR spectra of
the higher energy isomers are shawirigures A3.4 and A3. While few of these can be

ruled out by spectroscopic means, the computed lowest energy structures are indeed
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consistent with the experimental IRMPD spectra. Furthermore, the very different IRMPD

spectra of the two complexes, RroLeu} and Na(LeuPro}, clearly distinguishes them.

6.3.3.Dissociation Thresholds: Master Equation Analysis and Electronic Structure
Calculations. In Table 6.1, the results of the master equation modeling are provided.
Values of A ranging from f0to 1¢°s?, corresponding to 19 of 10 to 130Q) K* mol*

as it is expected that the dissociations are neutral to loose. Over this range of Athvalues

Eo values were determined to be between 97 and 123 k3foroNa'(ProLeu} and 92 to

116 kJ motf for Na'(LeuPro} and values of10(+13) and 103(*+13) kJ mbkeem to be

best master equation estimates of the dissociation thresholds. The master equation estimates
are slightly higher than the experimental activation energies (92 and 73 k)] bwdlnot
excessively so, which is csistent with the size of the complex being borderline for large

molecule BIRD kinetics.

The computed enthalpies for the loss of peptide, froni(PtalLeu} and
Na*(LeuPro} (see Tablé.1) are 120 and 113 kJ mblrespectively, which are consistent
with the master equation values and are also consistent with the higher stability to BIRD

observed for N§ProLeu}.

Master equation calculations were performed with A factors equal to the
experimental ones. For N#roLeu), the Edetermined was 95 kJ mblhowever, the rate
constants computed were between 5 and 10 times the experimental values. For
Na'(LeuPro), the computed slopes did not compare well with any slope usivajues

that produced rate constants within an order of magnitude of the experinadusl. i hese
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results are consistent with the clusters displaying small molecule BIRD kinetics and that
the experimental £and In A values are not the true values as would be obtained if the

dissociating population were thermally equilibrated.

6.4. Concludons

The structures and stabilities of the sedsembled NéProLeu} and Na(ProLeu}
complexes have been studied in the gas phase bsihgxperimental (BIRD and IRMPD
spectroscopy) and theoretical methods (master equation and electronic structure
calculations). Experimentally observed BIRRinetics energies forboth isomeric
complexes were measured aace sufficient to distinguish between the complexes
composed of isomeric peptides, showing the'(ReoLeu} being more stable A
temperature dependenage the BIRD rate constants also resultedaiarger activation
energy forNa“"(ProLeu}. Master equation modelingavein slightly higher dissociation
thresholdghan the activation energies, buas also consistent witthe greater stability
observed foNa'(ProLeu}. Computed enthalpies of dissociation also agreed well with the
Aexperi mental 06 di ssociation thresholds. Th
spectroscopy. The computed IR spectra for the lowest energy structures were consistent

with the experimental IRMPD spectra.
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Table 6.1. Table of master equatiof values calculated at different A factors, the best master
equation estimateoandgeH for dissociation computed by B3LYPD3B.+G(d,p). All energies
in kJ mot™.

Alst
Specie 1.2x104 | 1.3x10° | 1.1x10% | 1.2x16° Eo* DH
r
Na'(ProLeu} 97 101 116 123 110(+13) | 120
Na'(LeuPro} 92 97 106 116 103(x13) | 113

* best estimate from master equation modeling.

6.5. Acknowledgements

The authors dmowledge the computatiah resources provided by ACENET
Westgrid, and SharcNet for these studies. The authors wish to thank the financial
contributions from NSERC, CFI, and Memorial University. The authors congratulate Dr.

McMahon on many decades of elest science and look forward to decades more.

6.6. References

1. Johnson, T.Koria, P.BioDrug.2016 30,117 127.

2.Zhou, R.; Yuan, Z.; Liu, JLiu, J.Mol. Med. Rep2016 13, 46894696.

3. Richards, JP.; Bowles, E. A.; Ellsworth, M. L.; Stephenson, A. H.; Sprague, R. S.
ISBT Sci. Se016 11, 325 331

4. Musrati, A. A.Tervahartiala, T.; Glrsoy, M.; Kononen, E.; Fteita, D.; Sorsa, T.; Uitto,
V. J; Gursoy, U. KArch Oral Biol.2016 66, 1i 7.

5. Svensson, D.; Nebel, D.; Nilsson, 8. Inflamm. Res2015 65, 25i 32.

6. Thévenod, E.Wolff, N. A. Metallomics 2016 8, 17-42.

7.Zhang, D. L.;Guan, R. Z., Huang, W. S.; Xiong,Kish Shellfish ImmunoR013 35,

143



625 31.

8.Belmonte, R.; Cruz, C. E.; feis, J. R.Daffre, S.Peptide2012 37, 120/ 127.

9. NedjarArroume, N; DuboisDelval. V.; Adje, E. Y.; Traisnel, J.; Krier, F.; Mary, P.;
Kouach, M.; Briand, G.; Guillochon, Peptides2008 29, 969 977.

10. Tartaglia, G. G Pawar, A. P.; Campioni,.Dobson, C. M.; Chiti, F.; Vendruscolo,
M. J. Mol. Biol.2008 380, 425 436.

11. Stefani, M.;Dobson, C. MJ. Mol. Med.2003 81, 678 699.

12.Aguzzi, A; O 6 Co mMat.drev, Drug Disco01Q 9, 237 248.

13.Chaudhuri, T. K.Paul, SFEBS J2006 273 1331 1349

14. Ahmad, E; Ahmad, A.; Singh, S.; Arshad, M.; Khan, A. H.; Khan, RBtbchimie
2011, 93,793 805

15.Routledge, K. E.; Tartaglia, G. G.; Platt, G. W.; Vendruscolo, M.; Radford, B. E.
Mol. Biol. 2009 389 776 786.

16. Stefani, M.Biochim. Biophys. ActaMol. Basis Dis2004 1739 5i 25.

17.Vanhoof, G.; Goossens, Bg Messter, |.;Hendriks, D; Scharpé, SFASEB J1995
9, 736 744.

18.Eaton, D. C.; Malik, B.; Bao, FF.; Yu, L.; Jain, L.Proc. Am. Thorac. So201Q 7,
54i 64.

19.Brder, A; Balkrishna, S.; Kottra, G.; Davis, S.; Oakley, A.; Broenvisl. Membr.
Biol. 2009 26, 333 346

20.Ronzaud, C.Staub, OPhysiology 2014 29, 16/ 26.

21.Brandsch, MAmino Acids2006 31, 119 136.

22.Takanaga, H.; Mackenzie, B.; SkzuyY.; Hediger, M. A.J. Biol. Chem2005 280,
8974 8984

23.Tsybin, Y.; Vvorobyev, A.; Zhurov, KLaskay, U.Eur. J. Mass Spectror@015 21,
451 458

24.Medzihradszky, K. F.Chalkley, R. JMass Spectrom. Re2015 34, 43i 63.
25.Hunt, D. F.; Shaénowitz, J.Bai, D. L.J. Am. Soc. Mass Spectro2.15 26, 1256
1258

26.Nardiello, D; Palermo, C.Natak, A.; Quinto, M..Centonze, DAnal. Chim. Acta
2015 854,106/ 117.

27.MoghaddamM. B.; JamiAlahmadi, Y.;Fridgen, T. DChemPhysChen2015 15,
31901 3301.

28.Greer, S. M.; Parker, W. RBrodbelt, J. SJ. Proteome Re2015 14,26262632.
29.Van Stipdonk, M. J.; Patterson, K.; Gibson, J. K.; Berden, G.; Oomdns, J Mass
Spectrom2015 379, 165 178

30.Budnik, B. A; Haselmann, K. FZubarev, R. AChem. Phys. LetR001, 342 299
302

31.Meroueh, O.Hase, W. LJ. Am. Chem. So2002 124, 1524 1531

144



32.Lapthorn, C;, Pullen, F.Chowdhry, B. ZMass Spectrom. Re2013 32,43/ 71.
33.Bleiholder, C.;Bowers, M. TAnnu. Rev. AlaChem.2017,10, 365-386.

34.Campbell, J. L.; Zhu, MHopkins, W. SJ. Am. Soc. Mass Spectro?d.14 25,

1583 1591.

35. Schneider, B. Bint. J. lon Mobil. Spectron2013 16, 207 216.

36. Blagojevic, V,; Koyanagi, G. K.Bohme, D. KJ. Am. Soc. MasSpectrom2014 25,
4901 497.

37.Blagojevc, V.; Chramow, A.Schneider, B. B.Covey, T. R.Bohme, D. KAnal.
Chem.2011 83,3470 3476.

38.Blagojevic, V.; Bohme,D. K. Int. J. Mass Spectror2015 378 180 185

39.Dunbar, R. C.; Oomens, J.; Berdéh; KaiChi Lau, J.; Verkerk, U. H.; Hopkinson,

A. C.; Siu, K. W. M J. Phys. Chem..&013 117, 5335 5343

40.Dunbar, R. C.; Martens, J.; Berden, Ggmens, JPhys. Chem. Chem. Phy€16

18, 26923 26932

41.Peckelsen, KMartens, J.; Berden, @Qomens, J.; Dunbar, R. C.; Meijer, A. J. H.

M.; Schafer, MJ. Mol. Spectros017, 332 38i 44.

42.Mikhailov, V. A,; Liko, I.; Mize, T. H.; Bush, M. F.; Benesch, J.; Robinson, C. V.
Anal. Chem2016 88, 7060 7067.

43.Jami-Alahmadi, Y.; Gholami, A.; Fdgen, T. DPhys. Chem. Chem. Phy§114 16,
26855 26863

44, Price, W. D.;Schrner, P. D.;Williams, E. R.Anal. Chem1996 68, 859 866.

45.Rajabi, K.; Easterling, M.; Fridgen, J. Am. Soc. Mass Spectroa®09 20, 411

418

46.Thoelmann, D.; TonneBD. S.;McMahon, T. BJ. Phys. Chen1994 98, 2002 2004.
47.Dunbar, R. G.McMahon, T. B.; Thoelmann, D.; Tonner, D. S.; Salahub, D. R.; Wei,
D.J. Am. Chem. So995 117, 12819 12825

48.Tonner, DS.; Thélmann, D.; McMahon, T. Ehem. Phys. Letl.995 233 324 330
49.Gillis, E. A. L.; Demireva, M.; Nanda, K.; Beran, G.; Williams, E. R, Fridgen, T. D.
Phys Chem Chem Phy2012 14, 33043315.

50.Dunbar, R. CMass Spectrom. Rex004 23, 127 158 (2004).

51.Frisch, M. J.; Frisch, M. J.; Truck&. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A;;
Nakatsuiji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng,
G.; Sonnenberg, J. L.; Hada, NEhara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A.
Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.;
Staroverov, V. N.; Kobayasg R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J.
C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.;
Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;

145



Yazyev, O.; Aust, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. GaussiarfQRevision A.01; Gaussian, Inc.: Wallingford, CT, 2009.
52.Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. AChem Phy<201Q 132, 15
53.Raspopov, S. AMcMahon, T. B. AJ. Mass Spectron2005 40, 1536 1545
54.MoghaddamM. B.; Fridgen.T. D. J. Phys. Chem. B2013 117, 6157 6164.
55.JamiAlahmadi, Y.;Linford, B. D.; Fridgen, T. DJ. Phys. Chem..R016 120,

13039 13046.

146



Chapter 7

Summary and Outlook

In this work, the structures and energetics of -oovalent complexes were
investigated using mass spectrometric methods. Sustaineesoffance irradiation
collisionrinduced dissociation (SORCID), infrared multiple photon dissociation
(IRMPD) spectroscopy in conjunction with computational techniques have been offering
much nore direct information on the subtleties of bonding, allowing for elucidation of the
detailed structures of gaseous iohke positions of prominent modes, such as the C=0,
Ni H, and Q@ H stretcling can shift significantly with changes in their bonding eowment
making the IRMPD spectroscopy technique especially useful for the structural
investigation of ionic complexe3he results were supported by comparing the IRMPD
spectra with computed IR spectra obtained from the lowest energy isomers of each
molecuk. Furthermoretheblackbody infrared radiative dissociation (BIRD) technique, in
an FTICR has helped to quantitatively determine the dissociation kinetics and

thermochemistry of these gas phase ions.

In the hapter 3, mass spectrometric techniques haen applied to identify the
unimolecular fragmentation pathways of protonated and metal eadmndinated proline
complexes. SORLCID and IRMPD spectroscopy combined with simulated annealing (SA)
have provided unique structural information. ThispeEr@ion explains whyspecially gas

phase investigations allows one to gain some insight into the physical chemistry of these
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complexes that, in principle, may be useful to rationalize the behavior of more complicated
systems which present similar basic sigssed on IRMPD spectroscopy and theoretical
calculation, it was found that the structures of gaseous proton bound proline dimers exist
as an Nprotonated proline in which the intact amino acid is in the zwitterionic (ZW) form.
Since there was no spectropic evidence in the 3208800 cm? region for a charge
solvated (CS) structure, a well resolved C=0 band at 1733 thom a previous
spectroscopic studyvas reassigned from a high energy CS isomer to a lower energy ZW
form of the intact proline sid€omparison of experimental IRMPD spectra with coragut
spectra from computationally obtained structures of the sodium bound dimer of proline
revealecamixture of these species to skin the gas phase. The presewica free hydroxyl

group may well be explained based ondRistenceof at least one CS fm in the mixture

of sodium bound prolines in the gas phase.

The research described inh&pter 3 opens several directions for further
investigation of intramolecular interact®im stabilization of the ZW form of amino acids
over the CS form, even in tlgas phaseGas phase addition of one water molecule at a
time can imitate the role of water as a proton transfer in zwitterionic amino acids which

may provide a better overall picturetbe contributionof waterin living organisms.

The importance of botthepolarizability and size of the metal cation in determining
the structure of metalationized peptides are the signifitadiscoveries of Gapter 4.
IRMPD spectroscopy in the 2708800 and 10001850 cm! regions combined with SORI
CID and computationahethods have been used to determine thepgase structures of

the [M(Pro}-H]* when M=Mn, Fe, Co, Ni, Cu, Zn, Mg, Ca, Sr and Ba. Under CID
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conditions the unimolecular fragmentation pathways of [M@P)J showedthatall the
complexes containing smallmetal dications tend to lose small neutral molecules such as
water and carbon dioxide as main fragmentation pathways. When M was replaced by
heavier metals, Ca, Sr and Ba, the loss of a proline was the main fragmentation pathway.
With the exception of QPre-H)*, all complexes involving transition metal dications and

Mg lose H upon collisional or IRMPD activation. IRMPD spectroscopy combined with
the DFT calculations for [M(PreH]* have revealed that all deprotonated transition
metals, which are rougjhthe same size, have similar bands. The comparison of results
reveals that the neutral proline fagstrong iofi dipole complexes betwedhe CS form of

the intact proline and metal cation. On the contrary, the complexes containing larger metal
cation, C&', SP*, and B&", tend to maximize interaction between M(P)" and the
negative end of the i nt adhe |REIND spectalforbott i n
Mg(Pra-H)* and Mn(Pre-H)* are concluded to have contributions from both CS and ZW
structuresinterestingly, the calculations using both restricted open shell (ROB3LYP) and
unrestricted (UB3LYP) DFT methods have shown that the lowest energy structure of
[Mn(Pro)-H]" is a high spin complex with a sextet spin multiplicity, while in the [CogPro)

H]* and [Ni(Pro}-H]" complexesdoublet and singlet states are the lowesergy

structure, respectively.

Previous work in our group has shown loss of Hom [Zn(Pre-H)]* which we
decided to expand updy replacing Zn with other first row doublsharged transition
metalions. However, as mentioned, except copper, theghaived similar dissociation

patterns. From this chapter, new insights into the reactivity of copper compared to the other
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transition metalsvere obtainedNeither a difference in the lowest energy structure was
observed based on the IRMPD spectroscopyditbthe calculations revealed any unique
structursfor the Cu complex. However, copper has a positive standard reduction potential,
meaning that compared to the other transition metals cappdifficult to oxidize A
comparable property in the gas phas the ionization energy; copper has the highest
second ionization energy of all the transition metals. It seems that at some point during H
elimination electron density is pushed hyroline ring, but Cé& with a very high affinity

for its electronsdoes not readily accommodate the need for electron density to allow for
H> elimination.It is of interest to consider this conclusion for future investigations using
other secondary amino acidsth similar basicity to better understthe role of prolie

as an importantnechanistic factor in complexe®ntaining Pro residselt would be also
beneficid to look into the complexes containimgher metals, such as gold and thallium,
that have similar second ionizati energies as replacementsdopper inproline clusters.
Using the same apprdawould more strongly relate the standard reduction poteatiaé

experimentally recorded dissociation pattern of this complexes

The unimolecular fragmentation pathways and structures of the alkali metal ion
coordinated isomeric ProLeu/LeuPdeptides was investigated im&pter5. While CID
of both isomers showed identical fragmentation pathways and could not differentiate
between most isomers, the IRMPD spectroscopy in both the fingerprint and the CH/NH/OH
regions has identified the structural differences of these isoinetfee ProLeu isomer, it
was observed that if the metal cation is small,dnd N4, it is bound to both carbonyl

oxygens and the amine nitrogen. In contrast, for the largeafbCs the amine nitrogen
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is hydrogen bonded to the amide hydrogen, and metal cation is bounded to the two carbonyl
groups. In the lithiated and sodiated LeuPro, the metal cation is bound to the amide carbonyl
and the amine nitrogen while the amine nitrogen isdyein bonded to the carboxylic acid
carbonyl. However, there is no hydrogen bond in the rubidiated and cesiated complexes;
the metal cation is bound to both carbonyl oxygens and the amine nitrogen. The structures
of metal cation bound dipeptides, therefoiepend on several competing factors: -non
covalent interactions; influence of peptide sequence on peptida binding, and size of

the metal cation.

The structures and stabilities of the ssembled NéProLeu} and Na(LeuPro}
have been studied inh@pter 6.In an attempt to differentiate between isomeric peptide
complexes, IRMPD spectroscopy was used to help shed light on the structures, and BIRD
is used to compare the relative dissociation energies @PMd.eu} and Nd(LeuPro}
complexes in thgas phase. According to the BIRDnletics results, the rate constant for
Na'(ProLeu} at, for example, 66C was 5.11+ (0.36 x 102 s! whereas that for
Na'(LeuPro} was found to be more than 5 times larger, 28(@.04) x 10° s*. From the
temperaturedependence of the dissociation rate constants, the Arrhenius activation
energies and entropies were determined for dipeptide loss from each isomeric complex. An
excellent linear fit in both Arrhenius plots withvalues of 0.973 to 0.993 for NaeuPro)
and N&a(ProLeu} was found, respectively. The experimentally determined activation
energies were compared with the energies obtained from master equation modeling

(MEM). Comparison of the experimentally obtained binding energies with those computed
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from dectronic structure calculations and MEM are consistent with a larger binding energy

for the Nd(ProLeu} complex.

Comparison of the experimental IRMPD spectra and the calculated spectra
correspond to the lowest energy structures of both trimers in tigei 2¥B0 cmt region
has supported the BIRD results. The proposed structures were found to be the best
candidates for the interpretation of the experimental spectrum in CH/NH/OH region. Based
on IRMPD results, the positions of prominent modes the IRMPDBniqae, useful for

revealing the chemical differences of two

Finally, the current work addresses thgplicability of themass spectrometric
techniques that can be used for both spectroscopic identificatich@energetic approach
of the complexes composed of amino acids and peptides. The simplicity of systems
presented in this thesis may make it easier to grasp the conceptadvadant interactions
for future investigations in the fields in which theemtification of behavior of larger

structures is required.
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Appendix A T Supporting Information for Chapter 3

Table Al.1 Table of relative Gibbs Energies and Enthalpies (298 K, in k3)rfarl the different
protoribound proline dimer isomers.

AwiG{ Al AwiG{ AvelH) NG AvelH) Arel G Avetb) MeetG{ AcelFf) A Gl AvelH) AueiG{ AvelH) Acel G AcetF)
Srne | Sl | oo pn | 3oty | st | esoap | ssimciesnn | sadp | 63
B3LYP/ BILYPi6- MP26-31-Gid p) BILYP-D3/
631+Gidp) 31-Gidp) 6314G(dp)
w1 0.0{0.0) 0.0(0.0) 0.0(0.0) 0.0{0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0{0.0)
w2 | 19(01) 17(-1.4) 13(0.7) 17(-0.4) 2.6(0.5) 1.8(03) 17(-0.1) 17(-0.1)
w3 21(37) 2.0(3.6) 2.7(4.3) 0.3(1.7) 1.6(3.6) 13(33) 4.8(3.5) 49(3.7)
wa | 7.3(9.6) 7.3(9.6) 3.7(6.0) 7.49.7) 0.8(3.1) 0.5(2.8) 9.9(5.6) 9.8(5.5)
ws 2.3(3.0) 2.4(3.1) 4.9(5.6) 24(3.1) 4.0(4.7) 5.4(6.1) 5.2(4.7) 4.9(4.4)
W6 | 3.4(54) 33(52) 6.5(8.8) 3.2(5.2) 6.6(8.5) 7.8(9.8) 6.5(7.5) 65(7.5)
cs7 7.2(88) 4.9(6.4) 7.5(9.0) 2.9(6.3) 13.6(15.1) 8.0(8.4) 9.6(9.2) 11611.1)
w8 | 9.3(9.8) 10.6(10.4) 9.5(9.3) 10.5(10.4) 6.1(5.9) 7.3(7.2) 10.7(7.6) 102(7.1)
css | 81(108) 5.6(8.3) 9.7(12.4) 5.5(8.2) 15.6(18.3) 106(133) | 12.4(12.1) 14.7(14.3)
wio | 9.9(9.7) 10.6(10.4) 9.9(9.7) 10.7(10.4) 6.1(5.8) 7.4(7.1) 10.7(7.6) 102(7.1)
11 | 8.4(103) 5.8(7.6) 10.0(11.9)
w12 | 87(119) 9.4(12.6) 10.0(13.3)
€s13 | 7.4(110) 5.1(8.7) 10.2(13.7)
cs14 | 8.6(108) 6.0(8.2) 10.4(12.6)
cs1s | 11.2(12.3) 11.7(12.8) 105(11.6)
C516 7.4(11.7) 4.9(9.2) 11.0(15.3)
W17 | 14.4(15.9) 14.8(16.3) 12.4(13.9)
W18 | 12.1(13.0) 12.9(13.9) 15.2(16.2)
W19 | 13.7(15.0) 14.6(16.0)

W20 18.0(16.9) 19.2(18.1)

w21 | 12.9(1955) 13.8(20.8)

2W22 | 15.0(14.8)

€523 | 18.4(24.8)

cs24 | 219(27.0)

cs25 | 21.6(27.9)

IW26 21.6(27.9)

cs27 | 22.0(203)

€528 | 22.2(27.1)

cs29 | 235(27.2)

Cs30 | 24.0(28.8)

Zw31l 25.3(26.1)

€532 | 25.7(30.5)

Zw33 | 25.8(294)

W34 | 265(29.2)

w35 | 30.1(28.4)

7w3s | 32.1(208)

Cs37 | 323(37.9)

zw3g | 35.1(323)

w3 | 405(38.4)

ZWaD | 42.6(42.0)

w4l 49.1(52.0)

w42 55.6(51.9)
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Table Al1.2 Table of relative GibbEnergies and Enthalpies (298 K, in kJ #dbr the different
sodiuntbound proline dimer isomers.

Acal F(AcalFT) At G Al ) Arel G ArelFT) Arel G Acet 1) Al Acerff) Arel (7l AseaFT) Arel G ArelF)
Structure B3LYP/ B3LYP/ B3LYP/ MP2/ MP2/ B3LYP-DD3/ B3LYP-D3/
6-31+G(d.p) 6-311+G(3dE3pd)i | 6-311+G(3d13pd) 6-31+G(d.p) 6-3114+G3AL3pd)Y | 6-314G(d.p) | 6-311+G(3dL3pd )/
BILYP/ MP2/6-314+G(d,p) R3LYP-DI/
6-31+G(d.p) 6-31+G(d.p)
ZW-Cs1 | 0.0(0.0) 0.0{0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 3.4(5.8) 2.9(5.3)
ZW-ZW2 | -1.0(-5.9) 1.6(-3.3) 1.6(-3.3) -9.0(-13.9) 2.2(-0.6) 4.4(2.0) 1.5(-0.9)
ZW-CS3 1.9(3.8) 2.5(4.5) 0.6(2.5) 2.2(4.1) 3.6(5.5) 7.8(10.0) 7.2(9.5)
ZW-CS4 | 3.5(-0.8) 3.1(-1.2) 3.1(-1.2) 1.0(-3.3) 4.9(0.6) 0.0(0.0) 0.0(0.0)
ZW-CS5 | 2.9(-1.6) 3.6(-0.9) 1.6(-3.3) 1.0(-3.5) 1.9(-2.6) 2.0(2.7) 1.4{2.1)
ZW-CS6 6.1(0.4) 3.7(-1.9) 7.7(2.1) 4.2(-1.4) 8.1(2.5) 1.3(1.9) 1.5(2.1)
IW-ZW7 | 1.3(-6.5) 3.8(-3.8) 3.8(-3.9) -6.6(-14.4) 0.8(-6.9) 6.6(1.3) 3.8(-1.6)
IW-ZW8 | 6.1(0.4) 4.9(-0.7) 8.2(2.8) -3.0(-8.4) 6.0(0.5) 7.8(7.0) 4.7(3.9)
ZW-ZwW9 2.5(-3) 5.3(-0.2) 7.5(2.0) -3.7(-9.2) 5.3(-0.2) 2.3(-0.6) 2.5(-0.4)
ZW-C510 | 6.8(1.5) 6.2(0.9) 7.6(4.0) 4.5(3.0)
ZW-CS11 | 7.4(6.3) 6.8(5.7)
IW-CS12 | B.2(2.7) 7.9(2.4) 10.1(4.6) 7.1(1.6) 12.5(6.9)
ZW-CS13 | 8.3(3.7) 8.0(3.4)
ZW-CS514 9.3(4.8) 8.9{4.3)
ZWZW15 | 6.5(0.9) 9.4(3.9)
ZWZW16 | 8.0(1.6) 10.9(4.5) 13.1(6.7) 3.5(-2.8) 14.1(7.7)
Zw-Cs17 | 12.0(0.8) 11.2(0.0)
cs-cs18 | 12.4(11.1) 11.5(10.1)
CS-CS19 | 14.2(13.4) 13.1(12.2)
€5-C520 | 19.8(16.1) 16.3(12.7)
ZW-Cs21 | 19.7(16.0) 19.3(15.7)
ZW-CS22 | 20.0(15.9) 19.6(15.5)
€5-C523 | 23.9(18.2) 19.9(14.1)
ZW-CS24 | 23.2(19.3) 23.0(19.1)
ZW-C525 | 19.5(19.2) 23.1(19.1)
ZW-CS26 | 28.0(24.6) 23.6(20.2)
ZW-CS27 | 27.9(24.5) 24.0(20.7)
C5-C528 | 28.9(27.7) 26.6(25.5)
Zw-Cs29 | 32.0(33.7) 30.2(31.5)
ZW-CS30 | 33.9(33.9) 31.6(31.6)
ZW-CS31 | 31.2(28.5) 32.8(30.1)
ZW-CS32 | 42.3(37.2) 39.3(34.2)
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Figure Al.1 Plot of potential energy vs.
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Figure Al.3a Relative 298 K Gibbs energies and (enthalpies) computed for J{ftajsing
MP2/6-311+G(3df,3pd)//B3LYP/&1+G(d,p). Energies are provided in kJ thol
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Figure Al1.3b. Relative 298 K Gibbs energies and (enthalpies) computed for fpra)sing
MP2/6-311+G(3df,3pd)//B3LYP/@1+G(d,p). Energies are provided in kJ thol

\J\J‘—’“’@‘

s @
2"
ZW17

ZW18 205
12.4(13.9) 9 13.9(16.9)

73)33. \ "
@
zZw1o ¥ Lide
14.2(15.6) 9 w20
14.8(15.8)

fr‘{'
zw21
14.8(21.6) J

156




Figure Al.4. IRMPD spectrum of (Preli* investigated by McMahon and \Whetween(1000
2000cnt!) compared with the B3LYP/81+G(d,p) predicted spectra for ZW1, ZW4.
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Figure Al.5a Relative 298 K Gibbs energies and (enthalpies) computed for J{ijd)using
B3LYP/6-311+G(3df3pd)//B3LYP/631+G(d,p)). Energies are provided in kJ hhol
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Figure Al.5b. Relative 298 K Gibbs energies and (enthalpies) computed for J{ifd)using
B3LYP/6-311+G(3d,3pd)//B3LYP/631+G(d,p)). Energies are provided in kJ hhol
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Appendix BT Supporting Information for Ch apter 4

Figure A2.1. SORI/CID MS/MS spectra of [Mn(Pzd)(Pro)J".
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Figure A2.2. SORI/CID MS/MS spectra of [Fe(P&s)(Pro)f'.
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Figure A2.3. SORI/CID MS/MS spectra of [Co(Fd)(Pro)}'.
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Figure A2.4. SORI/CID MS/MSspectra of [Fe(P@)(Pro)f'.
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Figure A2.5. SORI/CID spectra of the [Cu(FAd)(Pro)}'.
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Figure A2.6. SORI/CID spectra of the [Mg(Pad)(Pro)J'.
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Figure A2.7. SORI/CID spectra of the [Ca(Rtt)(Pro)J'.
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Figure A2.11a Relative 298 K Gibbs energies (and enthalpies) computed at the B3.YP/6
311++G@Rdf,3pd//6831+G(d,p) (black) and B3LYPZB1+G(d,p) (redl are reported for the NO
NOZCS [Zn(Pro)2H]* complexes.
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Figure A2.11h Relative 298 K Gibbs energiesn(h enthalpies) computed at the B3LYR/6
311++G@Rdf,3pd//6831+G(d,p) (black) and B3LYPZB1+G(d,p) (redl are reported for the QO
NOZW [Zn(ProkZi]* complexes.
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Figure A2.11c Relative 298 K Gibbs energies (and enthalpies) computed at the B3.YP/6
311++G@df,3pd//6831+G(d,p) (black) and B3LYPZB1+G(d,p) (red) are reported for the O
OOZW [Zn(Pro.4]* complexes.
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Figure A2.11d Relative 298 K Gibbs energies (and enthalpies) computed at the B3A_.YP/6
311++G@df,3pd//6831+G(d,p) (black and B3LYP/&@1+G(d,p) (redl are reported for the NO
OOZCS [Zn(Pro)ZH]+ complexes
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Figure A2.12a Relative 298 K Gibbsenergies and (enthalpies) computed using B3LYP/6
311++GQdf,3pd//631+G(d,p) (black) and B3LYPZ1+G(d,p) (red) for confornme of the NQ&
NOZCS isomers of the [Cu(Pr@]* complex. The structures are all doublets.
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Figure A2.12b Relative 298 K Gibbs energies and (enthalpies) computed using B3ZYP/6
311++G@df,3pd//6431+G(d,p) (black) and B3LYPZB1+G(d,p) (red) for cdiormers of the OQ
NOZW isomers of the [Cu(PregH]* complex. The structures are all doublets
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Figure A2.12c Relative 298 K Gibbs energies and (enthalpies) computed using B3ZYP/6
311++G@df,3pd//631+G(d,p) (black) and B3LYPZ1+G(d,p) (rel) for conformers of the NB©
0O0ZCS isomers of the [Cu(Pr@H]* complex. The structures are all doublets.
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Figure A2.12d Relative 298 K Gibbs energies and (enthalpies) computed using B3ZYP/6
311++GQdf,3pd//6431+G(d,p) (black) and B3LYPZB1+G(dp) (red for conformers of the OB
OOZW isomers of the [Cu(PrggH]" complex. The structures are all doublets.

EE1 Xx2 o
2 2}’“5 ‘w&ff xy**.’ o 33>
71.0(85.5) 75.0(90.1)
71.7(86.2) 80.1(95.2)
XE3 a 29 EX4 S
N o y
ﬁ*f,’tg %‘:@i}% ?
) ‘Jﬂb‘ ‘@ 2 >l
77.7(89.7) 82.6(93.8)
82.6(94.6) 87.9(99.1)

168



Figure A2.13a Relative 298 K Gibbs energies and (enthalpies) computed using B3_.YP/6
311++G@df,3pd//6831+G(d,p) (black) and B3LYP#B31+G(d,p) (red) for conformers of the MO
NOZCS isomers of the [Ni(PregH]* complex. The structures are all singlets.
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Figure A2.13b Relative 298 K Gibbs energies and (enthalpies) computed using B3.YP/6
311++G@df,3pd//6831+G(d,p) (black) an83LYP/6Z31+G(d,p) (red) for conformers of the @O
NOZW isomers of the [Ni(PredH]* complex. The structures are all triplets.
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Figure A2.13c Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6
311++G@df,3pd//6-31+G(d,p) (back) and B3LYP/&1+G(d,p) (red) for conformers of the NO
OO-CS isomers of the [Ni(PreH]* complex. The structures are all singlets
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Figure A2.13d. Relative 298 K Gibbs energies and (enthalpies) computed using B3ZYP/6
311++G@Rdf,3pd//631+G(dp) (black) and B3LYP/B1+G(d,p) (red) for conformers of the @O
OO0ZW isomers of the [Ni(PredH]* complex. The structures are all triplets.
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Figure A2.14a. Relative 298 K Gibbs energies and (enthalpies) computed using B3ZYP/6
311++G@df,3pd//6831+G(d,p) (black) and B3LYPZB1+G(d,p) (red) for conformers of the MO
NOZCS isomers of the [Co(Pr@H]* complex. The structures are all doublets.
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Figure A2.14b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6
311++G@df,3pd)//6-31+G(d,p) (black) and B3LYP/81+G(d,p) (red) for conformers of the ©0O
NO-ZW isomers of the [Co(PreH]* complex. The structures are all quartets.
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Figure A2.14c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6
311++G@df,3pd//6-31+G(d,p) (blackand B3LYP/631+G(d,p) (red) for conformers of the NO
OO-CS isomers of the [Co(PreiH]* complex. The structures are all quartets.
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Figure A2.14d. Relative 298 K Gibbs energies and (enthalpies) computed using BB8BLY
311++G@df,3pd//6231+G(d,p) (black) and B3LYPZ1+G(d,p) (red) for conformers of the @O
O0OZW isomers of the [Co(PregH]* complex. The structures are all quartets.
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Figure A2.15a. Relative 298 K Gibbs energies and (enthalpies) computed) B3LYP/6
311++G@df,3pd//6-31+G(d,p) (blackand B3LYP/631+G(d,p) (re)ifor conformers of the NO
NO-CS isomers of the [Fe(Peal]* complex. The structures are all quintets
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Figure A2.15b. Relative 298 K Gibbs energies and (enthalpies) coetputsing B3LYP/B
311++G@df,3pd//6231+G(d,p) (black) and B3LYPZB1+G(d,p) (redifor conformers of the OB
NOZW isomers of the [Fe(PrgH]* complex. The structures are all quintets.
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Figure A2.15c. Relative 298 K Gibbs energies and (enthalpies) computed (B3LYP/6
311++G@df,3pd//6-31+G(d,p) (black) and B3LYP/@1+G(d,p) (red) for conformers of the NO
OO-CS isomers of the [Fe(Peehi]* complex. The structures are all quintets.
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Figure A2.15d. Relative 298 K Gibbs energies and (enthalpies) edetp using B3LYP/6
311++G@df,3pd//6-31+G(d,p) (black) and B3LYP/@1+G(d,p) (red) for conformers of the ©0O
OO0-ZW isomers of the [Fe(PreH]* complex. The structures are all quintets.
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Figure A2.16a. Relative 298 K Gibbs energies and (enthedp computed using B3LYP/6
311++G@df,3pd//6-31+G(d,p) (blackand B3LYP/631+G(d,p) (re)ifor conformers of the NO
NO-CS isomers of the [Mn(PrgH]* complex. The structures are all sextets.

Figure A2.16b. Relative 298 K Gibbs energies and ttealpies) computed using B3LYPR/6
311++G@df,3pd//6-31+G(d,p) (blackand B3LYP/631+G(d,p) (re)ifor conformers of the OO
OO0-ZW isomers of the [Mn(PreH]* complex. The structures are all sextets.
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