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The mechanism of matrix-to-analyte proton transfer in matrix-assisted laser desorption and ionization mass
spectrometry (MALDI-MS) has been investigated computationally by modeling the matiadyte interaction

of potential MALDI matrixes such as 2,5-dihydroxybenzoic acid (2,5-DHB) and 3,5-DHB with the tripeptide
valine—proline—leucine (VPL). A combination of molecular dynamics/simulated annealing calculations
followed by density functional theory geometry optimization using a reasonably large basis set has been
done on a large number of clusters in an attempt to study the ionization energy of each matrix in the cluster
environment and the intracluster proton transfer from the matrix to the tripeptide. The calculations show a
substantial reduction in the IP for both matrixes in their cluster environments. In the 2,5-system, proton
transfer can sometimes occur in the neutral clusters (preformed ions), whereas proton transfer in the cationic
clusters, which is actually a double proton transfer, is spontaneous and exoergic. Even though it is more
acidic from a thermodynamic perspective, the radical cation of 3,5-DHB is a less efficient proton donor to
VPL. The thermodynamics of proton transfer in the cationic clusters is discussed in detail.

Introduction interactions leading to proton transfer. One of our ongoing
q di h hani t ionizati . research areas is investigating thermodynamic properties such
lUn de_rstan Ing the m§|C anlsdm 0 |<_)n|zat|3n_ ProceSSes IN- 55 the jonization potential (IP), gas-phase acidity (GA), gas-
Vo vet n r?atrlxl\-/la:fglteMSasgr f_lslorptlorr]l ?In lonization m?ssphase basicity (GB), and gas-phase proton affinity (PA) of
Spec rorr?e_% ( "MS) 15 still a ¢ ?I endglng ;rgat otw potential MALDI matrixes®° We found that thermodynamic
s v . ssconias onoion s sy PrOPIES lch a5 GB, ga-phase PA, and GA o he neuta
ioniz%tion .roe:esse}s/ occur durin oryshortl after-the Ias%r ulgeanOI radical cation form of the matrix are not always predictive
: P . 9 Ye ) p of efficient MALDI matrixes; however, the IP of the matrix
and include the formation pathways of the first (primary) ions . ! .
o . . may play a more important role. Earlier studies have shown
from the neutral species in the matrix/peptide sample (here We ot most MALDI matrixes have IPs that lie above the two
restrict our study to MALDI spectrometry on proteins). These photon threshold of the nitrogen laser. These studies suggest

ions are often matrix-derived species. Secondary ions are P o . . .
generated in the ensuing desorption plume and result in thethe possibility of specific matrixanalyte interactions that result
formation of analyte ions. In the mass spectrum, primary and in substantial reductions in the IPs of the matrix/analyte clusters

')?é§—17
secondary ions are both usually observed. Secondary reactiong> compared to the IPS. of the freg MALDI matri 5 In
have been found to be largely under thermodynamic control. this area, we have previously studied both computationally and
In other words, if the relevant gas-phase thermodynamic data€Xperimentally the essential interactions in small clusters of the

are available, secondary processes would be relatively straight-COMmon MALDI matrix 2,5-dihydroxybenzoic acid (2,5-DHB)
forward to predict:? with the amino acids proline and arginifhe We found that

Our research focuses on developing fundamental unders’rand-hydrogen'bondlng interactions between the matrix and the

ing of the matrix-to-analyte proton transfer in MALDI. Several analyte lhave_ a Ialzgelsffefctz %nDtE% ele(fltrgnllc st;u;tur\? 0:] the
mechanistic studies have been published in attempts to under"atrx, lowering the [P of 2,5- well below 7.5 eV, the

stand the proton-transfer reactions from matrix-derived speciestWO photon threshgld. of the nitroggn laser. In efforts to approac h
to the analyté.Zenobi and Knochenmuss have published an better MALDI_reaI|St|C models,_ Kinsel et aI_. have also experi-
excellent review of these studid©ur interest in this subject ~Mentally studied the mechanism of matrix-to-analyte proton
has resulted in several experimental and theoretical stécfles, transfer in neutral clusters of 2,5-DHB and the tripeptide valine
in attempts to clarify the main aspects of matrix-to-analyte Proline-leucine (VPL)!8 These studies showed a reduction in
proton transfer. Here, we will briefly summarize these studies the 1P of 2,5-DHB/VPL, clusters of greater than 1 eV as
and rationalize our foundations. comparing to the IP (8.05 eV) of free 2,5-DHB for large clusters

To effectively approach this mechanistic problem, it has been (morn greater than 1). In additi.on, proton transfer is initiated
essential to study (1) relevant thermodynamic properties of bY formation of the cluster radical cation. It was also found
MALDI species and (2) the nature of the specific matrix/analyte ghggthe (;PSOééheVZ*S'DHB/ VPL=n = 1) cluster is between

.99 and 8.05 eV.

*To whom correspondence should be addressed. E-mail: dennis@ N this paper, we extend the previous work on the 2,5-DHB/
uta.edu. VPL system by presenting an extensive computational study

10.1021/jp058257c CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/09/2006



Matrix—Peptide Interactions

|
CHCH; CHs
CHg
I
00 24 9
C—N—CHC—OH
OH T
i CHz
+ | H3N*™-CHC—N
HO !
CHCH; CHs
CHg

‘00
OH o
Il
+ | HaN*-CHC—HN*
HO L
GHCHs
CHs

(o] (e}
n H I n, I}
C—N—CIZHC—O HC-"NH, \Cl)HC—O'
I 2 I CH>
or HoN=CHC—HN" |  Crch, or HoN—CHC—N CHCH;
9HCH3 CI:H3 (FHCH3 CI:H3
CHs CHs
(0] (0] 0} (0]
n H n m, I
C—N—(I)H'C—OH HC-"NH, *(llH'C—OH
Q CH Q CH
or H2N—CI;H'C—HN+ CHCH, or HQN—(|3HC—N CHCHs
GHCH; (I:Hs GHCH, (|)H3
CHs CHg
n, ? Q Q
HC-*NH, —(l:H'C—O' HC-*NH, ~G¢HC-O
Lo CHa 0 > CH2
or H3N ngN 9H‘CH3 or HZN—CI)H‘C—HN CI:H'CH:;
FHOH; & GHoH, .
CHs CHg

J. Phys. Chem. A, Vol. 110, No. 10, 2008321

Figure 1. Starting points for molecular dynamics simulations. (1) DHBcanonical VPL, (II) DHB+ zwitterionic VPL, (Ill) deprotonated DHB
+ canonical-protonated VPL, and (IV) deprotonated DHtB witterionic-protonated VPL.

of the same system. In addition, to probe the differences betweencanonical VPL, (1) DHB+ zwitterionic VPL, (Ill) deprotonated
an active MALDI matrix and a similar but totally inactive one,
we present a parallel study of the 3,5-DHB/VPL system. One zwitterionic-protonated VPL (Figure 1). All possible sites of
aim of this computational study is to provide insights into the protonation were considered, resulting in 10 chemically distinct
mechanism of the IP reduction and matrix-to-analyte proton clusters for each matrix. Deprotonation of the matrix in the
transfer that occur in neutral and cationic 2,5-DHB/VPL clusters. neutral clusters was assumed to occur at the carboxylic acid
Another aim is to demonstrate important features that make 2,5-site, because our previous studies have shown that this is the
DHB an efficient matrix and 3,5-DHB a nonfunctional matrix.
The structures and intermolecular interactions involved that lead was used to find the candidate structures for each system. During
to IP reduction of these matrixes are characterized and reportecthe molecular dynamic (MD) simulations, the systems were
in this paper for both clusters. Finally, we investigate the analyte heated to 1200 K in 40 ps followed by a run time of 60 ps and
protonation, which is a key aspect of secondary ionization cooled to 20 K in 40 ps. The candidate structures were then
reactions, in the two clusters. Donation of a proton from the optimized at the HF/3-21G level. All structures within 50 kJ/
matrix to analyte is found to proceed without barrier in many mo| of the lowest-energy structure at this level were then
of the cationic complexes, and in some of the neutral systems. optimized using the B3LY# functional with the 6-33G**

In addition, the key structural and electronic differences between pasis set on the O, N, and H atoms and the 6-31G** basis set

2,5-DHB and 3,5-DHB leading to the former being a superior op the carbon atoms (B3LYP/gen). All structures were char-

matrix, are discussed.

Computational Methodology

DHB + canonical-protonated VPL, (IV) deprotonated DHB

most acidic site for both DHB isomefsThe MMFF force field

acterized as true minima on the potential energy surfaces by
vibrational frequency analysis at the same level of theory. The
final electronic energies of all the structures within 25 kJ/mol

Molecular dynamics and simulated annealing were performed of the lowest energy structure at the B3LYP/gen level were then
to identify the candidate structures for each of the two clusters determined at the B3LYP/6-3%H-G (2df, 2p)//B3LYP/gen
(VPL/2,5-DHB and VPL/3,5-DHB) starting from (1) DHB-

level. Vertical IPs were calculated as the energy difference



3822 J. Phys. Chem. A, Vol. 110, No. 10, 2006 Yassin and Marynick

10

Figure 2. Ten minima for the 2,5-DHB/VPL gas-phase complex at the B3LYP/gen level.

between the neutral and ionized species at the geometry of the The MD simulations were carried out using macromodel 8.1
neutral species. This level of theory has been shown to yield from Schrodinger, Iné! Ab initio and DFT calculations were
accurate IP’s for five related systems: 2,5-DHB, 2,3-DHB, 2,5- carried out using the Gaussian?®3uite of programs.
DHB(proline), 2,5-DHB(proline)} and 2,5-DHB-(proline.

The average absolute error is only 0.10 eV, but the error iS Results and Discussion

highly systematic, with the calculated values being too high.

Koopmans’ theorems IPs (KTIPs) were calculated at the HF/  2,5-DHB/VPL Clusters. Ten distinct minima (Figure 2)
gen//B3LYP/gen level. Group natural chargfeand Mulliken within 21.2 kJ/mol of each other were found at the B3LYP/gen
spin populations were determined at the B3LYP/gen level. level (Table 1).
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TABLE 1: Calculated Relative Energies and lonization Potentials of the 2,5-DHB/VPL Clustergb

B3LYP/Gen B3LYP/6-31%+G(2df,2p)//B3LYP/Gen HF/Gen

relative energy P group spin relative energy P KTIPd

cluster (kJ/mol) (ev)y charge population (kJ/mol) (eV) (eV)
1 0.0 7.49 —0.10 0.76 0.0 7.62 8.10
2 2.0 7.56 —0.10 0.73 0.6 7.67 8.21
3 1.8 7.45 —0.10 0.76 16 7.56 8.05
4 9.9 7.52 —0.10 0.72 8.0 7.63 8.17
5 8.6 7.17 —-0.21 0.91 9.1 7.28 7.67

6 20.5 7.49 0.00 0.75 12.3 7.60 8.12

7 20.4 7.49 —0.05 0.66 12.5 7.61 8.26
8 20.8 7.69 —0.05 0.70 134 7.80 8.39
9 21.3 7.47 —-0.11 0.74 17.9 7.58 8.13
10 194 7.10 —0.28 0.97 21.2 7.20 7.59

a All energies were evaluated at the B3LYP/gen optimized geomefrlBsis in eV, AE in kJ/mol. ¢ The calculated IP of free 2,5-DHB at this
level is 8.06 eV f The calculated KTIP of free 2,5-DHB at this level is 8.39 eV. Geometries optimized at the B3LYP/gen level.

TABLE 2: Calculated Relative Energies and lonization Potentials of the 3,5-DHB/VPL Clustergb

B3LYP/Gen B3LYP/6-31%+G(2df, 2p)//B3LYP/Gen HF/Gen

relative energy P group spin relative energy P KTIP

cluster (kJ/mol) (eVv)ye charge population (kJ/mol) (eV) (ev)d
1 0.0 7.70 —0.09 0.76 0.0 7.80 8.36
2 115 7.73 0.00 0.46 4.6 7.84 8.82
3 12.7 7.79 —0.06 0.57 13.6 7.89 8.70
4 194 7.78 —0.08 0.54 17.1 7.88 8.76
5 18.7 7.65 —0.09 0.80 17.4 7.76 8.32
6 21.1 7.77 —0.06 0.82 28.2 7.85 8.44

a All energies were evaluated at the B3LYP/gen optimized geomefrlBsis in eV, AE in kJ/mol ¢ The calculated IP of free 3,5-DHB at this
level is 8.47 eV4 The calculated KTIP of free 3,5-DHB at this level is 8.82 eV.

Six of these structures are of type | (2,5-DHBcanonical ion state. In the radical cation, an electron has been ionized
VPL), two of them are of type Il (2,5-DHB- zwitterionic VPL), from the 7 system of the 2,5-DHB, leaving one unpaired
and two are of type IV (deprotonated 2,5-DHBzwitterionic electron on 2,5-DHB. This unpaired electron is partially

protonated VPL). No structures are of type Ill (deprotonated delocalized over both molecules. Mulliken population analyses
2,5-DHB + canonical protonated VPL). Although the majority (Table 1) confirm that the unpaired electron is distributed on
of these conformers are of type |, the lowest-energy structure average about 70% on the 2,5-DHB and 30% on the VPL. This
is of type Il. electron delocalization stabilizes the cation in the ionized
To investigate the effects of the matrix-to-analyte interactions structure and lowers the IP.
on the electronic structure, the change in the IP of free 2,5- 3,5-DHB/VPL Clusters. Six distinct minima (Figure 3)
DHB compared to that for 2,5-DHB in each of the cluster within 28.2 kJ/mol of each other were found at the B3LYP/gen
environments has been calculated at the B3LYP/gen andlevel (Table 2). Four of these structures are of type I, including
B3LYP/6-31H+G (2df, 2p)//B3LYP/gen levels (see Figure 2 the lowest energy conformer. The third and sixth conformers
and Table 1). The IP of free 2,5-DHB at the former level is are of type Il. The calculated IPs vary from 7.76 to 7.89 eV.
8.06 eV. The IPs decrease an average of about 0.6 eV in eachThere are no experimental data available in the literature for
of these clusters except for clusters 5 and 10. These clusterghis system.
exhibit a ground-state matrix-to-analyte proton transfer and have A distinct and possibly very important difference between
very low IPs (7.28 and 7.20 eV, respectively) because the DHB the 2,5- and 3,5-DHB clusters is that there are no energetically
moiety is formally an anion. The vertical IP of the lowest energy competitive 3,5-DHB clusters in which the proton has transferred
structure is 7.62 eV, well within the rather broad experimental in the ground (neutral) state. The lowest energy structure of
range of 6.99-8.05 eV18 this type (not shown) is about 50 kJ/mol less stable than the
The KTIP of free 2,5-DHB is 8.39 eV. On going from the minimum energy cluster reported in Table 2. In comparison,
free 2,5-DHB to 2,5-DHB in each of the clusters excluding the most stable 2,5-DHB/VPL cluster exhibiting proton transfer
clusters 5 and 10, the KTIP drops on average about 0.2 eV, orin the ground state is only 9 kd/mol less stable than the minimum
about half of the average vertical IP reduction of 0.6 eV. energy cluster (cluster 5, Table 1). This is fully consistent with
Because KTIPs only take ground states into account, it is clearthe relative gas-phase acidities of neutral 2,5-DHB (1331 kJ/
that only part of the overall IP reduction is a ground-state effect. mol) and 3,5-DHB (1374 kJ/mol).
As we demonstratédn our earlier work on the proline/2,5- The IP of free 3,5-DHB is 8.47 eV at the B3LYP/gen level,
DHB system, the ground state effect is associated with a build which is significantly higher than any of the IPs of all of the
up of charge on the 2,5-DHB via inductive donation (principally reported clusters. Similar effects are seen in these clusters. Both
hydrogen bonding between DHB OH groups and the nitrogens ground and ion state effects are operative; however, the cluster
in the peptide). This results in a net negative group charge onIPs are in general somewhat higher than those found in the 2,5-
the 2,5-DHB, which raises the energy of all of the frontier DHB system. This is not surprising given that the IP of free
orbitals and lowers the IP. This is clearly indicated by natural 3,5-DHB is about 0.4 eV higher than that of the 2,5-isomer.
population analysis, which yield an average group charge of Proton Transfer in the Cationic Clusters. In attempts to
—0.10e on 2,5-DHB (Table 1). The second important mech- investigate the structural rearrangement occurring in the cationic
anism for the lowering of the IP is spin delocalization in the clusters immediately following ionization, the geometries of all
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Figure 3. Six minima for the 3,5-DHB/VPL gas-phase complex at the B3LYP/gen level.

the ionized species were allowed to relax at the B3LYP/gen
level. In most 2,5-DHB and 3,5-DHB cationic clusters, a proton
transfer from the matrix to the tripeptide occurs via an exoergic
reaction without a barrie® In the 2,5-DHB clusters, proton
transfer does not occur in clusters 5, 6 and 10 (for clusters 5
and 10, the proton transfer occurs before ionization). For the
3,5-DHB system, no proton transfer is observed in clusters 2
and 3. In all but one case (cluster 4 of the 3,5-DHB/VLP
system), the carboxylic acid proton transfers to VPL; however,
in the 2,5-DHB system, there is a second intramolecular proton
transfer from the 2-OH group to the carboxylic acid group. If
A is the proton accepting group, then the proton-transfer stepx
occurs as follows:

A
Figure 4. Optimized structures for the cations of clusters 2 and 3 for
the 2,5-DHB/VPL system showing the double proton transfer.
H TABLE 3: Energetics of Proton Transfer for the Cationic
\ Clusters?
o o 4\ _
" matrix
| cluster 2,5-DHB 3,5-DHB
o 1 -95.7 —49.2
2 —83.4 no proton transfer
3 —97.0 no proton transfer
4 —110.2 —25.3
o] 5 b —50.7
6 no proton transfer —96.5
H 7 —27.0
8 —43.7
Two of these relaxed structures, corresponding to clusters 2 1?) E 1021

and 3 of the 2,5-DHB system, are shown in Figure 4. The double

proton transfer is apparent in both. The overall mafﬂpepnde akJ/mol, at the B3LYP/gen//B3LYP/gen levélProton transfers in
proton transfer reaction is much more exoergic for the 2,5-DHB neutral clusters

clusters than for those of 3,5-DHB, especially for the lowest proximately 18 kJ/mol greater than that of 3,5-DHIRhus 3,5-
energy clusters (Table 3). At first, this might seem surprising, DHB*" is more acidic than 2,5-DHB'. (Recall that the gas-
because the gas-phase acidity of free 2,5-DHBs ap- phase acidity is defined as the free energy change for the



Matrix—Peptide Interactions J. Phys. Chem. A, Vol. 110, No. 10, 2008325

deprotonation reaction; therefore the larger the gas-phase acidityfo eliminate hydrogen bonding and a wider variety of tripeptides
the weaker the acid.) Free 2,3-DHB is more acidic than the 2,5 and matrixes are examined, will verify the importance of
isomer because the site of deprotonation is the 2-OH group in preformed ions, IP reductions and matrix radical cation acidi-
the former, which is subsequently stabilized by hydrogen ties?®

bonding interactions from both the COOH and 3-OH group.
This double hydrogen bond stabilization cannot be achieved in )
2,5-DHB because the site of deprotonation is the 5-OH group. the Welch Foundation (Y-0743). We also thank Professor Gary
However, the relevant comparison for these clusters is not the Kinsel for helpful discussion and Dr. Kaori Ueno-Noto for
overall gas-phase acidity, but rather the acidifythe protons ~ @ssistance with some of the calculations.

actually irvolved in the proton transfer, in this case the  gypporting Information Available: Optimized Cartesian
carboxylic acidprotons. Although the most acidic protons in 4 rdinates for each cluster are available free of charge via the
both radical cations are on the OH groups, the carboxylic acid |hternet at http://pubs.acs.org.

proton of 2,5-DHB" is far more acidic than that of the 3,5-
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we think it is Iikely that many of the fundamental ideas explored phenomenon observed here in the clusters: Loss of the carboxylic acid
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