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Progress Report for the three year funding period April 2001-March 2004. 
Our BES funded research is aimed at determining structure(s) of model gas-phase ions and 

understanding how structure influences unimolecular reactivity. The model gas-phase ions include 
positional isomers of di- and tri-amino acids synthesized in my laboratory, i.e., RGG, GRG, and GGR,i to 
peptides derived from proteolytic digestion of biologically relevant proteins.  We are especially interested 
in understanding the role of intramolecular interactions in the stabilizing ion structure and how changing 
the charge-site affects structure.  The location of charge of gas-phase ions can be manipulated by 
changing the position of the charge carrying amino acid (basic vs. acidic side chains) and by 
derivatization of the N- and/or C-terminus.  For example, the proton of [M + H]+ ions is mobile and 
migrates over the entire molecule, whereas Li+, Na+, and to some extent K+ prefers to bind to the C-
terminal or side-chain carboxylic acid groups, and Cu+ binds exclusively to the N-terminus and/or basic 
side-chains such as H, K, and R.  The studies are carried out using tandem TOF mass spectrometry, viz. 
193 nm (6.43 eV) photodissociation, low (Elab = 10-100 eV) and high kinetic energy (Elab = 1-10 keV) 
collision-induced dissociation (CID) and surface-induced dissociation (SID)(Elab = 20-70 eV).  These 
techniques are used to probe the structure of model gas-phase ions, i.e., to determine the amino acid 
sequence of the peptide ions or metal ion (alkali metal and/or transition metal ions) binding site(s) or the 
site(s) of other charge-carrying functional groups, i.e., oxidized side-chains as well as phosphate or sulfate 
groups.  We are especially interested in understanding how metal ion binding alters the secondary/tertiary 
(2o/3o) structure of the peptide, i.e., intra-molecular interactions.  We have also combine these studies 
with solution-phase studies and ion mobility spectrometry (IMS)), which can be used to study 2o/3o 
structure of low-internal energy (collisionally stabilized) ions. It is difficult to probe 2o/3o structure of gas-
phase ions using fragmentation chemistry, because the energy barriers to inter-conversion of different 
structural forms lie below the fragmentation threshold, studies of low internal energy ions are more suited 
for these studies. 

A major challenge for gas-phase ion research is the design of experimental structural probes that can 
be used in parallel with computational chemistry, molecular modeling and/or classical structural 
diagnostic tools to aid interpretation of the experimental data.  Our experimental design and selection of 
research problems is guided by this philosophy.  The following section of the progress report focus on 
three main issues: (i) technique and instrument development, and (ii) studies of ion structure and ion 
chemistry. 
 
Summary of recent work. 

Matrix-assisted laser desorption ionization (MALDI) and Photofragment Mass 
Spectrometry MALDI has had tremendous impact on mass spectrometry, as evidenced by the 2002 
Nobel Prize being awarded to K. Tanaka for his pioneering work, but there are many details about 
MALDI that are still poorly understood.  Experimental parameters that influence MALDI ion yields and 
relative abundances of protonated molecules vs. fragment ions have been extensively studied and 
discussed in a series of papers recently published in Chemical Reviewsii. On the other hand, there have 
been relatively few studies aimed at understanding the structure(s) of ions formed by MALDI.  Of 
particular importance to ion structure studies is the internal energies deposited into the ions during the 
ionization process.  An equally important parameter, but clearly more difficult to evaluate, are the 
effect(s) of sample preparation and matrix on internal energy and structure.  In earlier work we showed 
that matrix and sample preparation (i.e., binary matrices) can be used to control internal energies, and 
overlayer sample deposition significantly decreases the abundances of post-source fragment ions, i.e., 
these methods produce a greater abundance of low internal energy ions 2, 9.  For many analytical 
applications of MALDI, i.e., peptide mass fingerprinting or molecular weight determinations, these issues 
may not be of great importance; however, a complete understanding of the underlying mechanism(s) of 
energy transfer and ionization as well as photomechanical processes involved in desorption-ionization, 
                                                 
i The single letter amino acid designation will be used throughout the text.  
ii February 2003 “Laser Ablation of Molecular Substrates,” S. Georgiou, F. Hillenkamp, Guest Editors.  
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may advance the applications or serve as seed for next-generation experiments, i.e., matrix-less 
desorption ionization or efficient ionization from liquids. 

MALDI using 212.8 nm (5th harmonic) Nd:YAG laser and liquid matrices.  We recently 
found that 212.8 nm MALDI from liquid matrices (i.e., 4-nitrobenzyl alcohol) is an effective technique 
for forming low internal energy ions, and we are evaluating a number of potential matrices for our 
studies.  We are especially interested in liquid matrices (i.e., 4-nitroaniline, glycerol and glycerol 
containing small amount of uv absorbing dyes) having a range of polarities.  Our interest in developing 
such matrices is to give additional controls over the 2o/3o structure of peptides ions.  For example, peptide 
structure is highly dependent on solvent (see below)30, 36.  In addition, such matrices could yield gas-phase 
ion structures that are inaccessible or formed in low abundances from solid matrices. 

MALDI using 0.2-50 kHz repetition rate lasers. We have demonstrated the use of kHz pulse-rate 
(frequency tripled (355nm) diode-pumped micro-crystal (Nd:YAG) lasers for MALDI, 18 which greatly 
increases the duty-cycle (approaches 100%) of TOF-MS and IM-TOF-MS over that of 20-30 Hz. (<1% 
duty-cycle) nitrogen laser typically used for MALDI.  We do not see any differences for kHz vs. 20 Hz in 
high-vacuum MALDI; however, at high repetition rates and atmospheric pressure (AP) plume stagnation 
occurs and gas-phase collisions within the plume lead to changes in the mass spectrum.  It may be 
possible to increase the sensitivity of AP-MALDI in this way, because the yield for protonated peptides 
increases by a factor of 20-500.19  We also observe an increase in the relative abundances of cluster ions, 
i.e., adduct ions of peptides with matrix molecules attached, which are likely formed by collisional 
relaxation of sputtered ionic clusters.  The role of cluster emission in MALDI and other desorption 
ionization processes has received renewed attention in the last few years, and it appears that high-pressure 
MALDI may prove useful for studies of these processes.  Additional studies are currently underway. 

193 nm Photodissociation and Tandem TOF-MS.  During the past 18 months we have redesigned 
the photodissociation tandem TOF-MS.  The original instrument consisted of a linear TOF (0.5 meters 
pathlength) and an off-axis reflectron TOF (3o reflecting angle; 1.5 meter pathlength), photofragment ion 
spectra were acquired using post-source decay (PSD) focusing techniques.  That is, PSD spectra were 
acquired in small mass ranges, due to the limited range of focus (in terms of temporal focusing) of the 
reflectron.  Thus a complete photofragment ion spectrum consisted of 15-20 mass regions that must be 
stitched together.  To acquire PSD spectra having good S/N requires signal-averaging 200-300 MALDI 
laser shots; 200 laser shots X 20 mass regions (4,000 laser shots) operating the MALDI and 
photodissociation lasers at 20 Hz requires ca. 200 seconds for data acquisition.  The total time required to 
acquire the data, which includes time to select voltages ranges and optimize laser spot in terms of ion 
yields, is a factor of 2-10 times greater.  This is further complicated because most sample spots are 
depleted before acquiring data from 4000 laser shots. 

We have redesigned the instrument to allow acquisition of the full fragment ion mass spectrum by 
adding a biased photodissociation cell (see Figure 1), which includes a lens system to decelerate the ions 
prior to entering the photodissociation cell, and following the photodissociation region the ions 
(undissociated precursor ions and fragment ions) are reaccelerated and separated on the basis of m/z by 
the reflectron.  The instrument performance, in terms of mass resolution (2,000-5,000) and mass 
measurement accuracy (2-10 ppm), is comparable to other TOF-TOF instruments (ABI 4700 TOF-TOF), 
and a complete photofragment ion spectrum can now be acquired in 10-15 seconds (200 laser shots 
operating at 20 Hz).  A representative photofragment ion spectrum of fibrinopeptide A is contained in 
Figure 2.   Note:  The noise level in the spectrum shown in Figure 2 is higher than normal.  This 
is due to an error in the design of the photodissociation cell.  We are correcting this problem; 
however, it requires re-fabrication of several parts, and this will not be completed for several 
weeks.  Due to the limited diameter of the entrance/exit for the laser beam and a misalignment 
with the ion beam, we cannot get good overlap of the two beams without the laser striking the 
metal surface, which produces ions. 
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Development of ion mobility (IM)-TOF-MS.   We have developed two IM-TOF-MS instruments 

for fundamental studies.  The drift tube design consists of a series of linear and non-linear electric fields, 
which increases the ion transmission by several orders of magnitude over that of uniform electric field 
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design.   The linear-nonlinear fields increase ion transmission by reducing losses due to radial diffuse as 
the ions traverse the drift tube 28.  The combination of linear and non-linear electric fields has been 
previously described as periodic electrostatic focusing ion guides’ a,b and we have stuck with this 
terminology.  Using this device we have increased the IM-MS detection limits for peptides from picomole 
to sub-femtomole levels. 

We have also adapted IM to high resolution (reflectron) TOF mass analysis.  Using a home-built 
reflectron we achieved mass resolution of approximately 5,000.  Additional improvements to the IM 
interface, better pumping, should increase the mass resolution to 10,000 or better.  The improved mass 
resolution will be especially important for our IM-TOF-MS research on gas-phase ion structures.  For 
example, we have demonstrated IM-MS for separation of peptide ions on the basis of 2o/3o structure, and 
we have also shown that we can acquire fragment ion (SID) spectra of the separated ions 36.  The long-
term objective of this research is to understand intramolecular interactions that stablize specific 
secondary/tertiary structural motifs, i.e., helices, B-sheets, and random coils.  In addition, we have 
demonstrated potential for these same experimental techniques for studies of post-translational 
modifications.  Two papers describing this work have been published. The first paper describes separation 
of different peptide conformers,12 and the second paper demonstrates separation of post-translational 
modified peptides.14  We will continue these studies during the new funding period to further establish the 
utility of IM-TOF-MS for studies of gas-phase ion structures. 

We have also developed surface-induced dissociation (SID) as an ion activation method for IM-MS, 
i.e., ions exiting the IM drift tube are accelerated and activated by collisions with a surface 6, 33.  The SID 
fragment ions are then analyzed by TOF-MS,6,9, 10 and the fragment ions appear in a 2-D drift time vs. m/z 
plot at the same apparent drift time as the precursor.  The IM-SID-TOF MS apparatus has enormous 
potential for studies of gas-phase ions.  An advantage of this technique is the ability for simultaneous 
acquisition of MS-1, which provides molecular weight information, and MS-2, fragment ion spectra, 
which provides structural information for the ion, i.e., the amino acid sequence of a peptide ion.  We have 
also demonstrated that peptide conformers separated on the basis of ion mobility (paragraph above) can 
be fragmented and sequenced by SID.   During the new funding period we plan to continue development 
of the SID experiment and more critically evaluate the utility of IM-SID-TOF by comparing fragment ion 
yields and types of fragment ions contained in SID spectra with CID and photodissociation. 

212.8 nm Photodissociation of Ions Separated by IMS  We are investigating the use of 
photodissociation, specifically 212.8 nm, in combination with IM-MS.  The photodissociation laser is 
used to irradiate ions exiting the IM drift tube, and photofragment ions are mass-analyzed by TOF-MS, 
analogous to the IM-SID-TOF-MS experiment.  The instrument and photodissociation layout are shown 
in Figure 3.  The ions exiting the drift are spatially disperse (see arrow Figure 3A), thus the laser beam is 
focused in a long narrow ribbon to give maximum overlap between the photon and ion beams (see Figure 
3B). 

Arrival time distribution (ATD) for WHWLQL+ with 40 eV kinetic energy and a mobility field 
strength of 50 V cm-1 Torr-1 is shown in Figure 4A.  Theoretical ATDs (Figure 4B) illustrate the laser-
ion beam overlap using a 25 mm interaction region. The shaded regions indicate the laser-ion overlap for 
different ion kinetic energies.  Figure 5 contains a 2D-IM-MS plot for WHWLQL+ (M.W. = 882 Da). 
The ATD is contained in the left most box, and the mass spectrum integrated over the ATD 380-410 µs 
(outlined by black dased-lines) is shown at the bottom. Figure 5 contains the 212.8 nm photofragment ion 
spectrum for WHWLQL+ and the 193 nm photofragment ion spectrum for WHWLQL+ obtained by 
MALDI-TOF/TOFMS. 



 5

Figure 3 

Sample
probe

Drift gas
inlet

Ion mobility drift cell

Ion trajectory

Turbomolecular pump
(550 L/s)

Turbomolecular pump
(550 L/s)

Photodissociation
field-free region

(213 nm light-sheet)

Optical baffle

2-stage
reflectron
TOFMS

MCP
detector

MALDI
laser

(337 or 355 nm)

Frequency-quintupled
Nd:YAG (213 nm)

Cylindrical lens
(250 mm F.L.)

Cylindrical lens
(50 mm F.L.)

Laser light sheet
(4 ns pulse width)

Post-ion mobility
ion beam propagation

1 mm

25 mm

(A)

(B)

 
 
Figure 4 
 

(A)

30

20

10

0

90

60

50

40

80

70

100

N
or

m
al

iz
ed

 si
gn

al
 in

te
ns

ity
 (%

)

390380 410400 420 430
Arrival time distribution ( s)µ

R = 28.9

14 sµ

(B)

30

20

10

0

90

60

50

40

80

70

100

N
or

m
al

iz
ed

 si
gn

al
 in

te
ns

ity
 (%

)

485475 505495 515 525
Arrival time distribution ( s)µ

R = 30

R = 40

R = 50

R = 100

100 eV

10 eV

20 eV

40 eV

 



 6

Figure 5 
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Soft-landing ions separated by IMS onto surfaces.  In the 2001 renewal application I described 
experiments aimed at using IM-MS to “soft-landing” ions onto surfaces.  The funding provided for the 
2001-2004 period was not sufficient to adequately develop this work; however, we have “boot-leg” 
preliminary studies.  We have “soft-landed” peptide and protein ions onto surfaces and analyzed the 
deposits by MALDI MS, and the preliminary experiments demonstrate the potential for collecting 
sufficient amounts of materials to grow crystals suitable for structural characterization using X-ray 
crystallography. A paper describing preliminary results is in preparation and will be submitted early 
spring 2004, and we are seeking alternate funding (both private sector and federal agencies) for these 
experiments. 

Spin-off research activities from this project We have successfully extended our BES funded basic 
research to other important research programs in chemistry, molecular biophysics, structural biology, and 
chemical biology and instrument development, and these activities positively impact the BES. For 
example, we recently acquired a new Applied Biosystems, Inc. MALDI STR, Q-Star ESI-MS (Q-TOF), 
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and ABI 4700 TOF-TOF instrument.  These instruments are used as needed for our BES research.  We 
also work very closely with Dr. A. Schultz, President, IonWerks, Inc., Houston, Texas, to develop new 
detector technology (multi-anode MCP (8, 16, and 32 pixel systems are operational) for advanced TOF 
instruments and new instruments for photodissociation, CID, and SID with ion mobility-TOF-MS.  
During the past three years we have developed advanced mass spectrometry based methods to investigate 
protein folding-unfolding (see “Collaborative Papers” 20, 21) studies of protein-protein interactions in E. 
coli 26, and studies of viral protein expression, 27 and these collaborations continually provide challenges 
for our basic, fundamental research. 
. 
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