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ESI FT-ICR Mass Spectrometry

Oxidized Peptides
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Oxidation Reaction

/ - Angll + O
O
Angll 3 ~ Angll + 30 Hs*

(~143uM) \
- Ang” + 4O Tyr*and His*




Asp-Arg-Val-Tyr-Ile-His-Pro-Phe




6T FT-ICR MS: PNNL
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Asp-Arg-Val-Tyr-lle-His-Pro-Phe
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Angll: charge delocalization




Asp-Arg-Val-Tyr(+0O)-lle- His(+30)-Pro-Phe




Asp-Arg-Val-Tyr(+0O)-lle- His(+30)-Pro-Phe
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Angll+O: b, fragment
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Asp-Arg-Val-Tyr(+0O)-lle- His(+30)-Pro-Phe




Asp-Arg-Val-Tyr(+0O)-lle- His(+30)-Pro-Phe
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Relative Intensity

Transition States

100 - '
_ RRKM Theory
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Collision Energy (eV)
[MH+nO]* DRVYIHPF DRVY'IHPF DRVYIH PF DRVY'IH'PF
M/Z 1046 1062 1110 1126
E,(eV) .14 1.20 .21 .24
ASt(cal/mol K) |-25.9 21.6 -17.0 2153
Relative E, 0 0.06 0.07 0.11
A, st 5.6x107 4.8x108 4.8x10° [.2x10!'0
--------------- Log (A) 7.7 8.7 9.7 10.1




AS*(cal/mol K)

Entropic
Considerations
-25.9 21.6 -17.0
@) Yy fragment
\ 0 / () b,+O fragment

© [Angll+30]-45

—> Side Chain
—> Backbone

—> Amide Bond



Conclusions

» Unmodified Ang Il
» Charge-remote selectivity towards y, fragment
» M+O adduct FECs suggest that the b, pathway is a charge-remote process.

» C-termTyr" - Backbone interaction leads to b, fragment ion.

» M+30 product FECs show both charge-remote and charge-directed selective
fragmentation channels are opened with the oxidation of the His residue.

» Loss of 45m/z and 7 m/z driven by strong H-bonding within the His" side chain.

» His® is thought to compete with Arg for the lone proton leading to the by and
[MH+30]"-88 charge-directed fragments.

» RRKM results imply destabilization due to entropic effects.

» Consistent with proposed fragmentation mechanisms for oxidation products



The Big Picture

» Structurally characterize peptide degradation by ozone exposure

» Contribution to Fundamental MSIMS Literature

» Understanding oxidized peptide fragmentation could benefit MS protein
structural research

» Method for increasing fragmentation sequence coverage for proteomic
studies




ESI FT-ICR Mass Spectrometry

Metal Sulfide Clusters




Dissolved lons o o

Clusters '
(Dissolved Polynuclear - ) — 1

Molecular Species)

Nanoparticles

(1-100nm) 10

¥

Solid state \\\l o |
material ‘ Size (nm)

Project Goal

* Metal Sulfide Precipitation

- Cluster Aggregationt

* Experimental Approach

- Capping Agents
| s
—_
[ =H

- lon-Molecule Reactions

tT. F. Rozan, M. E. Lassman, D. P. Ridge, G.W.
Luther. Evidence for iron, copper and
zinc complexation as multinuclear

sulphide clusters in oxic rivers.
Nature, 2000, 406, 879-882.



Dissolved lons

Clusters
|
|
|
|
|
|
: Nanoparticles
|
|
|
|
|

Solid state
material

Project Goal

Mass Spectrometry

UV/VIS Spectroscopy



7T FT-ICR MS: UD
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Salt Clusters Observed using ESI FT-ICR MS

Experimental: 520.8739 Da
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Relative Intensity
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Sampling was done using

separate aliquots for each

spectrum and

A single aliquot was
continually injected as
spectra were repeatedly
taken.

Signal
Variance

* [Cd(CH;COO0),]
* [Cd,(CH;COO0O),]
* [Cd;(CH;COO0),T
* [Cd,(CH;COO),]
[Cd;(CH;CO0O),,T
[Cd,(CH;CO0),5]
* [Cd,(CH;COO) ]

* [Cdg(CH,CO0) 7T

0.3 mM cadmium acetate
. water/MeOH solution (I:1)



Important Points

» Variance in signal over time suggests that clusters
observed using ESI are forming in solution.

» Results highlight processes taking place in low dielectric
constant solvents

» Water/MeOH (£=667)
» Hydrothermal Fluids (€=10-23%)

tAkerlof, G. Dielectric Constant of some Organic Solvent-Water Mixtures at various Temperatures. J.Am. Chem. Soc.
1932, 54,4125-4139.

*Weingartner, H.; Franck, E. U. Supercritical Water as a Solvent. Angew Chem Int Ed Engl. 2005, 44,2672-2692.






Solution Chemistry: Mononuclear Anions
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Solution Chemistry: Binuclear Anions
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Solution Chemistry: Trinuclear Anions
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Important Points

» Sulfidic clusters are observed when 2-mercaptopyridine is
introduced.

» Reactivity with H,S is selective based on cluster size for
[Cdx(NO3)2x+I]- species.

» Sampling a solution based process

» Gas phase ion-molecule reactions






Cadmium Salt Clusters
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Relative Intensity
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[Cdzso]' [CdZ(NO3)5] +HZS

\?: 0.084 £ 0.004 5"
\?: 0.019 £ 0.001s"

H,S: 4x10- torr



[Cd,S,]- . Reaction
\?: 0.084 + 0.004 5" ~ Efficiency

e Assume fastest RXN is

\(‘f 0.019 + 0.001s"! collision rate limited

[Cd(NO,)(CH,OH)]*
k= 2.85 + 0.27 5"

* Capture Collision Theoryt

H,S: 4x10- torr



[Cd,S,]- . Reaction
\?: 0.084 + 0.004 5" ~ Efficiency

* Assume fastest RXN is

\(‘f 0.019 + 0.001s"! collision rate limited

[Cd(NO,)(CH,OH)]*
k,=2.85+ 027 s°!

* Capture Collision Theoryt

I
k Kk, ( w jz 4x10”° Torr
k., 2.85s"\29.19Da P

C X

H,S: 4x10- torr



[Cd,So]

\(:: 0.084 + 0.004 s°!
k,/k .= 0.031
\iz: 0.019 % 0.001s"'
k,/k= 0.0069

I
k Kk, ( w jz 4x10”° Torr
k., 2.85s"\29.19Da P

C X

H,S: 4x10- torr

Reaction
Efficiency

* Assume fastest RXN is
collision rate limited

[Cd(NO,)(CH,OH)]*
k,=2.85+ 027 s°!

* Capture Collision Theoryt



Anionic Cadmium Clusters

AH

Reactant k,/k k,/k k:/k

(kcal/mol) se e > e
[Cd(CH;COO0),] 4 -6.236082 0.032 0.034 0.023
[Cd(CH;COO0),] 9 -6.236082 0.035 0.042 0.030
[Cd,(CH;COO),J 4 0018 0.015 0.010 0.0020
[Cd,(CH;COO),J 9 0.019 0.015 0.0095 0.0034
[Cdy(CH;COO0), I 4 0.015 0.14 0.038 0.011 0.019 0.0073
[Cd,(CH;COO0),J 9 0.016 0.24 0.061 0.012 0.035 0.0082
[Cd,(CH;COO),J 4 0.013 0.034(24) 1.00% 1.00% 1.00% 0.0079 0.0097(15)
[Cd,(CH;COO),] 9 0.013 0.042(15) 1.00* 1.00* 1.00% 0.0080 0.015
[CA(NO,),] 489 9.71092| No RXN
[Cd,(NO,),] 4 0.031 0.0069
[Cd,(NO,), ] 4 0.046 0.035 0.00090
[Cd,(NO,).J 4 0.0094 0.0090 0.017
[CdCL,] 489 8.8245642 No RXN
[Cd.Cl . ] 489 No RXN




Anionic Cadmium Clusters

P (107 AH
k,/k
Reactant corr) (keal/mol) k,/k, k,/k, ky/k, kylk, klk, kelk, Sk,
T T T T T T
I Most Anionic Metal Cluster reactions ;
: are < 5% efficient. I
————————————————————— o




Anionic Cadmium Clusters

P (107 AH

Reactant k,/k k,/k ks/k k,/k ky/k k/k k,/k
eactan tOI"I‘) (kcaIImoI) 1" ™c 2" M 3" ¢ 4" ¢ 5/ %¢ 6" " c 7' ™ c
: The Exception... |
_____ I_ — — — —
|

__________________ |
r
|
v
[Cd,(CH;COO),J 4 0.013 0.034(24) 1.00% 1.00% 1.00% 0.0079 0.0097(15)
[Cd,(CH,COO),] 9 0.013 0.042(15) 1.00% 1.00% 1.00% 0.0080 0.015
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CST = 0,013 [Cd,(CH,COO0),] +H,S (g)

N e

k,/k.=0.013 1 9x10? torr |
lofk= 0043 _ =777
-7 A [Cd,S,(SH);(CH;CO0), T
kolk=0.034 -~ " N
P 70 A R [Cd,S,(SH),(CH,COO)T
- \ A [Cd,S;(SH),T
\ k3/kC= |.0>'< ) \
N [Cd4s3]\\k4/kc= K [Cd,S,(SH)<]
oo L kylkE 1.0% | N
Axl07torr [Cd4s4]\ks/kc= L
\ - -
Vokgk=10% 2
\\ -

N \kélkc= 0.0080

k= 00079 >
[Cddel 1k = 0.015

AN

k,/k.= 0.0097
[Cd,S;]



Relative Intensity
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Anionic Cadmium Clusters

P (107 AH
Reactant k,/k k,/k k,/k k,/k k/k k./k
€actan tOI"I‘) (kcaIImoI) 1'% 2" N¢ 3" ¢ 4" ¢ 5/ %¢ 6" " c
[Cd(CH,COO0),] 4 -6.236 0.032 0.034 0.023
[Cd(CH,COO0),] 9 -6.236 0.035 0.042 0.030
e e e e B = e Gl = = B8 = = G Ul =

I Calculated reaction enthalpies are |

:_consistent with observed reactivity. :

[CA(NO,),] 489 9.711 No RXN

[CdCL ] 4&9 8.825 No RXN
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Relative Intensity

[Cd,(CH;CO0),]"+H,S (g)
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. [Cd,(SH)3(CH;CO0), ]
. [Cd,S(SH),(CH;CO0);]*
0.6} I ® [Cd4(SH),(CH;COO)(H,S)] .
J. : '
04 ¢ ° ’ : : ¢ °
02} TII e [Cd,(SH),(CH,CO0),]* [Cd,S(SH),(CH,COO)]
R [Cd.S(SH):(CH.COO).T [CA,S(SH)3(CH,COO),(HS)T"
A [CA(SH),(CH,COO (ST -
0.0 A&  ——v— 8§ 2 : . ®
0 10 20 30 40 50 50 70

Reaction Time (s)




Relative Intensity

0.8r
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@
T

o
=

0.2r

[Cd,(SH);(CH;CO0), ]
[Cd,S(SH),(CH,COO0),]*
[Cd,(SH),(CH;CO0)5(H,S)]"
[Cd,SH(CH,COO0),J*

Cd,(SH),(CH,COO).]*
%Cdjg(SIzlz)((CHZCOO))i]T [Cd,(SH),(CH,COO), "
es%e  [CdSH(CH,COO),(H,S)I* [Cd,S(SH);(CH,COO),I"
Lo’ e [Cd,(SH)3(CH;CO0),(H,S)]
AR Y N [Cd,S(SH),(CH,COO)]*
- . : [Cd,S(SH)3(CH,COO),(H,S)]*
0.0} '-",' =t = _. — ., .
0 1 5 ' 3 — i :

[Cd,(CH;COO0),]"+H,S (g)

9% 10 torr




Cationic Cadmium Clusters

P AH
Reactant k,/k k,/k k./k k,/k k/k
Sactat (10 torr) (kcal/mol) fe £e se e e
[Cd(CH,COO0)]* 3.759 Not Obs
[Cd,(CH;CO0),]* 4 0.77 0.0033 0.0045
[Cd;(CH;CO0),]* 4 0.923 0.0722 0.0045 0.0013
[Cd;(CH;CO0),]* 9 0.88 0.073 0.0062 0.0066
[Cd,(CH;COO0),]* 9 0.37 0.54 0.28 0.0029 0.0016
[Cd(NO,)]* -17.442 Not Obs
[Cd(NO,)(CH,OH)]* 4 1.00
[Cd(NO,)(CH,OH)(H,0)]* 4 0.6l
[CdOH]* -27.183 Not Obs
[CdOH(CH,OH)]* 4 0.77
[CdCI]* -11.163 Not Obs
[CACI(CH,OH)T* 4 0.16 0.0062
[ZnCI]* -11.903 Not Obs

[ZnCI(CH;OH)]* 4 0.037




Cationic Cadmium Clusters

P AH
Reactant k,/k,
(10° torr) (kcal/mol)




Cationic Cadmium Clusters

P AH
Reactant k,/k k,/k k./k k,/k k/k
Sactat (10 torr) (kcal/mol) fe £e se e e
[Cd(CH,COO0)]* 3.759 Not Obs
[Cd,(CH;CO0),]* 4 0.77 0.0033 0.0045
[Cd;(CH;CO0),]* 4 0.923 0.0722 0.0045 0.0013
[Cd;(CH;CO0),]* 9 0.88 0.073 0.0062 0.0066
[Cd,(CH;COO0),]* 9 0.37 0.54 0.28 0.0029 0.0016
[Cd(NO,)]* -17.442 Not Obs
[Cd(NO,)(CH,OH)]* 4 1.00
[Cd(NO,)(CH,OH)(H,0)]* 4 0.6l
[CdOH]* -27.183 Not Obs
[CdOH(CH,OH)]* 4 0.77
[CdCI]* -11.163 Not Obs
[CACI(CH,OH)T* 4 0.16 0.0062
[ZnCI]* -11.903 Not Obs

[ZnCI(CH;OH)]* 4 0.037




Cationic Cadmium Clusters

P AH
Reactant k,/k k,/k k./k k,/k k/k
Sactelt (10 torr) (kcal/mol) fe £e S e sl
[Cd,(CH,COO),]* 4 0.77 0.0033 0.0045
[Cd;(CH;CO0),]* 4 0.923 0.0722 0.0045 0.0013
[Cd;(CH;CO0),]* 9 0.88 0.073 0.0062 0.0066
[Cd,(CH;COO0),]* 9 0.37 0.54 0.28 0.0029 0.0016
e e e e e e e e e e e e e =




Cationic Cadmium Clusters

Reactant k,/k k,/k
Sactat (10° torr) (kcal/mol) : ‘

[Cd(NO,)(CH,OH)]* 4 1.00
[Cd(NO,)(CH,OH)(H,0)]* 4 0.6l
[CdOH(CH,OH)T* 4 0.77

[CACI(CH,OH)T* 4 0.16 0.0062




Cationic Cadmium Clusters

P AH
Reactant k,/k k,/k ks/k k,/k ks/k
Sactat (10 torr) (kcal/mol) fe £e alke ke sflce
[Cd(CH,CO0)]* -3.759478 Not Obs
== == mm oem Em oEm oEm oEm em Em Em Em oEm Em Em Em oem Em Em =

I Calculated reaction enthalpy is |
! consistent with observed reactivity. '

e e e e e o O08  m m AOA o QS |
[CA(NO,)]* -17.441937 Not Obs
[Cd(NO,)(CH,OH)]* 4 1.00
[Cd(NO,)(CH,OH)(H,0)]* 4 0.61
[CdOH]* -27.182772 Not Obs
[CdOH(CH,OH)T* 4 0.77
[CdCI]* -11.162765 Not Obs
[CACI(CH,OH)]* 4 0.16 0.0062
[ZnCI]* -11.902944 Not Obs

[ZnCI(CH;OH)]* 4 0.037




Conclusions

» ESI of salt solutions show variation of cluster size vs. time.
» Data suggests that both % methanol and concentration play a role.
» Solution experiments show successive substitutions of mp for NO,

» Treatment with H,S leads to replacement of (NO;), with SO, for larger clusters.

» Gas phase ion-molecule reactions between metal salt clusters and H,S result in the
formation of a variety of metal sulfide species.

» Anionic clusters display < 5% reaction efficiency with the exception of
[Cdy(CH;COO),]

» Cationic metal clusters show higher initial reaction efficiencies which decreases
significantly with successive SH- substitution.

» DFT calculations are consistent with gas phase reactivity (Kaitlin Papson).

» Similarities between gas and condensed phases highlighted by salt nucleation in
binary solvents, spectator solvent molecules, and similarities in [Cd,(NO;),,.,] reactivity.



Dissolved lons o ° Project Goal

Mass Spectrometry
Clusters '

Spectroscopy

Solid state material



The Big Picture

» Elucidation of initial steps for metal sulfide formation

» Gas phase ion-molecule reactions as models for aqueous metal sulfide reactions

» The Next Step: high pressure source-side reactions.

» Structural characterization
» Surface deposition



Tying it all together....

» The technique: FT-ICR MS

» Understanding environmental chemical processes
» Atmospheric: Biomolecules
» Aquatic: Inorganic clusters

» Analytical Chemistry

» Mass Spectrometry
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Environmental Perspective

» Evidence of Salt Nucleation at Hydrothermal Sites
» Salt depositst
» gyser-like brine discharges?
» ‘salt diapirs?’ (di-e - pir)
Buoyant/Mobile salt layer piercing the brittle overlying rock

tHovland, M.; Rueslatten, H. G.; Johnsen, H. K.; Kvamme, B.; Kuznetsova, T. Salt Formation Associated with Sub-Surface Boiling and
Supercritical Water. Mar. Pet. Geol. 2006, 23, 855-869.

tHovland, M,; Fichler, C.; Rueslatten, H.; Johnsen, H. K. Deep-Rooted Piercement Structures in Deep Sedimentary Basins -
Manifestations of Supercritical Water Generation at Depth? J. Geochem. Explor. 2006, 89, 157-160.
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Why we care? Past Research
Making Clusters

Gas Phase Moving Forward

| . | | Fourier Transform
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nergy Resolved FECs: Angll+30

30 | —MH+30)-45 (d)
] - - (MH+30)-71

25 { —b,

] - - (MH+30)-88

20 | —y,430

Relative Intensity




Asp-Arg-Val-Tyr(+0O)-lle- His(+30)-Pro-Phe




[Angll+30]-45

1ge. 1




[Angll+30]-71

16881




Asp-Arg-Val-Tyr(+0O)-lle- His(+30)-Pro-Phe




Angll+30: b: fragment




[Angll+30]"-88 fragment




[Angll+30]"-88 fragment




RRKM Modeling: Dr. Julia Laskin

TST: Arrhenius Equation

Energy Deposition _
________ A k _ A e E/ RT
: Survival Curves : ‘1,
,  Frequencies o I;\P_\|ZI‘;| L _ _ _, Frequencies
I Activation energy | D E, & ASt
! Act:vatlon Entropy | ! :
[
v
[MH+nO]* DRVYIHPF DRVY'IHPF DRVYIH PF DRVY'IH'PF
M/Z 1046 1062 110 1126
E,(eV) .14 1.20 .21 .24
AS#(cal/mol K) |-25.9 216 -17.0 1153
Relative E, 0 0.06 0.07 0.11
A, sl 5.6x107 4.8x108 4.8x10° [.2x10!0
Log (A) 77 8.7 9.7 10.1




Electrospray Mechanism

@ ™
. ® ® .
(large ions)
Charge Residue Model
> +

' 4
. .. Solvent Evaporation & ®
\

Ion Evaporation Model

(small ions)




Solution Chemistry: Tetranuclear Anions

310" l [Cd,(NO,),]"
A) 3 mM aqueous solution of 2x10" A
Cd(NO;),*4H,0 diluted 50/50 -
with MeOH. - mmm |
@ ; 4:5 3.6
B) 1.5 mM aqueous solution of £ 1ICANO)mMp))] . 5:4 1
Cd(NO,),*4H,0 and 2- g 240 |72 -
mercaptopyridine (1:1) diluted < . ' B
50/50 with MeOH. g ™0
g o
C) H,S(g) bubbled through a 3 mM : ST
aqueous solution of 5 i) [Cd,(NO,),(mp),SO,]
Cd(NO;),*4H,0 followed by .
addition of 2-mercaptopyridine Lax10"4 &
(1:1), then diluted 50/50 with 5.0x10°
MeOH. 0.0 ]
1000 1050 1100 1150 1200 1250 1300
m/z



Solution Chemistry: Pentanuclear Anions

8.0x10° 4 ¥ [Cd.(NO,), ]
A) 3 mM aqueous solution of 4.0x10° — A
Cd(NO;),*4H,0 diluted 50/50 ]
with MeOH. 55 v - m
)]
B) 1.5 mM aqueous solution of § o [Cd,(NO,) (mp) ] 4:7
. ] - R " .
Cd(NO;,), 4I-I2.O and 2 ‘ E | 5:6 B
mercaptopyridine (I:1) diluted < 6| 6:5
50/50 with MeOH. g M0 74
C) H,S(g) bubbled through a 3 mM .
aqueous solution of 12xiS ] e [Cd,(NO,) (mp) SO,]" 3:6 2:7
Cd(NO;),*4H,0 followed by 8.0x10° c
addition of 2-mercaptopyridine 1
(1:1), then diluted 50/50 with 4.0x10 ] |l””|} A’
MeOH. £ m‘%ﬂﬂﬂ’u

0.0

1250 1300 1350 1400 1450 1500 1550 1600
m/z



Bimolecular Rate Constants

1
I |
I |
: [Cd(NO,)(CH,OH)]* |
* Determine [H,S] | s 8; . ;7 o |
* Assume fasted measured k is collision rate limited. I e :
* Capture Collision Theory : 4x10-Torr |
N /
N 7/
2 +0.509
5:0.9754+(T/‘F f 0<t<242
k, 10.526

Mp dipole moment

| \/? (0.97 D)
7= 85.1 IuD'(—)
o'T

o' volume polarizability
(3.67 Ad)

d
“l
M’ reduced mass (29.193 Da)

/2
kL=2.34ZZ( J 10~ cm’molecule”'s™




Bimolecular Rate Constants

1
' |
' |
| [Cd(NO;)(CH,OH)]* |
* Determine [H,S] | o, 3; oy ;7 . |
* Assume fasted measured k is collision rate limited. ! - e :
* Capture Collision Theory : 4x 109 Torr |
N /
N /

- - . - O . S S o .

L
[H,S]

k? =1.216x10~° cm®molecules™ =
|

Slowest reaction observed —— 5  kj =0.0024 +0.0007s™'

k? =1.21+0.12x10~° cm’molecule's™ k2 =1.03+£0.31xI0"*cm’molecule”'s™

Fastest Slowest



Reaction Efficiency [Cd(NO;)(CH;OH)T*

K —2.85+027s"
| ' P ki =1.21£0.12x10” cm’molecule™'s™
k  k, ( W, jz 4x10”" Torr
k. 2.85s~ \29.19Da P LN
k.
k; =2.85+0.27s" ki =0.0024 +0.0003s™"'
k? =1.21+0.12x10~° cm’molecule's™ k2 =1.03+0.13x10"*cm’molecule”'s™
k k
—=1.0£0.1 — =0.000896 +0.0001
kc I(c
Fastest Slowest



