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Conformation of Macromolecules in the Gas
Phase: Use of Matrix-Assisted Laser Desorption
Methods in lon Chromatography

Gert von Helden, Thomas Wyttenbach, Michael T. Bowers*

Conformational data for macromolecules in the gas phase have been obtained by the
coupling of a matrix-assisted laser desorption ion source to an ion chromatograph. A
series of polyethylene glycol (PEG) polymers ‘“‘cationized” (converted to a cation) by
sodium ions (Na*PEG9 to Na*PEG19) and a protonated neurotransmitter protein, bra-
dykinin, were studied. Mobilities of Na*PEG9 to Na* PEG19 are reported. Detailed mod-
eling of Na*PEG9 with molecular mechanics methods indicates that the lowest energy
structure has the Na™ ion “‘solvated” by the polymer chain with seven oxygen atoms as
nearest neighbors. The agreement between the model and experiment is within 1 percent
for Na*PEG9, Na*PEG13, and Na*PEG17, giving strong support to both the method and
the deduced structures. Similar agreement was obtained in initial studies that modeled
experimental data for arginine-protonated bradykinin.

Determination of the preferred conforma-
tions of large molecules traditionally has
been restricted to the condensed phase,
both as a means of inhibiting intramolecu-
lar motion and as a way of increasing the
number density of the target molecule. For
biomolecules such as proteins, the relation
between conformation and activity has long
been an active area of research, especially
the relation between protein folding and
genetic expression (1). With the advent of
matrix-assisted laser desorption ionization
(MALDI) (2) and electrospray ionization
(ESI) (3), it has become routine to desorb
molecules of nearly any size into the gas
phase, where they can be examined by mass
spectrometry (4). A primary focus of this
work has been the determination of struc-
tural features of these molecules. For exam-
ple, considerable progress has been made in
determining amino acid sequences of pro-
teins (5) and, as an adjunct to this work,
the importance of metal ions as cationizing
agents both for sequence studies and for
investigations of their influence on peptide
chemistry (6, 7).

More recently, attention has turned to
conformational studies of macromolecules.
For example, ESI charge distributions of
select, multiply charged ions can change
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with solution properties such as pH or sol-
vent. These results were interpreted in
terms of conformational changes in the bi-
omolecules of interest (8). Another ap-
proach involves counting the labile peptide
protons by isotopic exchange, because the
extent of exchange is believed to correlate
with the degree of folding of the protein
(9). Finally, the different collision cross sec-
tions that different conformers might ex-
hibit have been used to distinguish “larger”
conformers from “smaller” conformers of
multiply charged ions in triple quadrupole
instruments (10).

Each of the above conformational stud-
ies used ESI and hence dealt with multiply
charged ions rather than singly charged
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ions. In addition, although the conclusions
about the existence of different conforma-
tions were usually unambiguous, none of
the methods were designed to give any de-
tailed structural information on the various
conformers observed. In this report, we de-
scribe the use of MALDI in conjunction
with our recently developed ion chromatog-
raphy (IC) technique (11). When com-
bined with molecular mechanics-dynamics
methods, these data provide unambiguous
structural information on singly charged
cationized macromolecules in the gas phase.

We investigated the gas-phase structure
of various polyethylene glycol (PEG) poly-
mers in the range PEG9 to PEG19 (that is,
from 9 to 19 —(CH,CH,O)- monomer
units). These are ideal systems for an initial
study because they give a range of molecules
whose connectivities are known and that
change in a known way. Hence, the effect
of chain length on conformation can be
studied. A known series also provides a
stringent test of the IC method as it must be
able to reproduce and account for these
changes without changing the molecular
parameters used in modeling the system.
Moreover, because PEG is cationized by
Na™* in our experiments, we can investigate
the metal ion binding site (or sites) in a
series of macromolecules of significant size.
Finally, the distribution of PEG neutral spe-
cies results in a distribution of the cation-
ized polymers formed in the MALDI pro-
cess, reducing the intensity of any one sys-
tem by about an order of magnitude and
providing a real test of the sensitivity of the
method. The success of these experiments
prompted application to biopolymers, and
our initial work on the polypeptide brady-
kinin yielded parent ion signals an order of
magnitude greater than for individual PEG
systems, which made data acquisition much
easier. These results, which will be dis-
cussed briefly here, will be published else-
where (12).

Ions were made in a MALDI source built
at the University of California at Santa
Barbara, which is described elsewhere (13).
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Briefly, the sample was deposited on a cy-
lindrical drum that is attached to a screw
thread. A synchronous motor slowly turned
the screw such that a fresh area of sample
on the drum was exposed for each laser
shot. We used a Lambda Physik LPX-200
excimer laser running on N,, yielding 10-ns
pulses of ~1.5-m] energy at 337 nm. For
most studies, the sample was composed of a
matrix of sinapinic acid and ~0.1% PEG-
600. Ions emitted from the source were
accelerated to 5 kV, mass-selected by a
reverse—geometry sector mass spectrometer,
decelerated to a few electron volts, and
injected into the IC cell containing 5 torr
of He at 300 K. The 10-ns laser pulse pro-
duced bursts of ions at the IC cell less than
10 ps in width, and no further gating was
required. Arrival time distributions were
obtained at the detector after passage
through the quadrupole mass filter that fol-
lows the IC cell. Details of the instrument
are given elsewhere (14).

A typical mass spectrum is shown in Fig.
1. A commercial sample of PEG-600 pro-
duced a series of peaks centered near a
mass-to-charge ratio of 600 that corre-
sponds to PEG species cationized by Na*.
Intensities were sufficient for IC studies of
Na*PEG9 to Na*PEG19.

A typical arrival-time distribution (ion
chromatagram) is given in Fig. 2 for
Na*PEG9. From distributions such as
these, mobilities of the various Na*-cation-
ized PEG species can be obtained (15). The
transport equations of an ion drifting
through He gas under a uniform electric
field can easily be solved (16), which yields
the dashed line in Fig. 2 for an ion mobility
of 4.2 cm? V™! s71; clearly, the agreement
with experiment is excellent. The impor-
tant point is that the IC peak can be fit

Mobility (cm? V-1 5°1)

a0, 55 50 45 l I:o 35

6004
£
g
i
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Drift time (p.3)

Fig. 2. An arrival time distribution (ion chromata-
gram) for Na*PEG9. The solid line is the experi-
mental result, and the dashed line is a fit obtained
by solving the transport equations for a single spe-
cies with a mobility of 4.2 cm?2 V- s~1. The two
arrows indicate a shift in the peak center of +2.5%
(see text).

1484

essentially exactly with a single mobility.
This fit excludes the existence of stable
conformers that vary by more than 0.1 cm?
V= 157! from 4.2 cm? V™! 57! (that is, by
more than 2.5%). These conformers would
appear as obvious shoulders or as asymme-
tries in the experimental peak shape. Ar-
rows in Fig. 2 are placed *2.5% from the
peak center, and no deviations from the
expected peak shape were observed within
these boundaries. However, the fit does not
exclude rapidly interconverting isomers
that yield an average mobility. of 4.2 cm?
V=1 571, Similar results were obtained for
Na*PEG10 to Na*PEG19.

The question that now arises is: What is
the structure of the conformer or set of
conformers that gives rise to the IC spectra
we obtain. We have discussed in detail the
method we used to obtain such structures in
our work on carbon clusters (17). In that
work, we calculated a potential conformer
structure by using either ab initio or
semiempirical methods. The angle-averaged
collision cross section of the conformer
with He was then obtained with Monte
Carlo methods. The mobility is simply in-
versely proportional to the cross section in
the hard-sphere limit. If the mobility of the
predicted structure was within 2% of the
experimental value, then it became a can-
didate for the actual conformer structure.
Usually, the agreement was within 1% for
successful candidates.

The Na*PEG systems considered here

Fig. 3. A ball-and-stick structural representation
of the lowest energy conformer of Na*PEG9. The
O atoms are shown as the larger speckled circles
and the C atoms as the small, darker circles. The
H atoms are not shown (for clarity). The sizes of
the various atoms were chosen to highlight the
interaction of Na* with the O atoms.
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are too large for either ab initio or
semiempirical methods, so instead we pet-
formed molecular mechanics calculations
with the force field found in the Sybyl set
of programs (18). We began with
Na*PEG9 and used the random selection
aspect of the program to generate 400
stable conformers. Their relative energies
varied over a range of ~60 kcal mol™!,
and the associated mobilities from ~4.3 to
~2.5 cm? V7! 571, Examination of the
structures of the lowest energy conformers
showed that all of them had multiple O
atoms coordinated about the Na* center.
A series of annealings and energy minimi-
zations (13) generated the lowest energy
structure. This structure is shown in Fig. 3
for Na*PEG9. In order to best compare
with experiment, we performed a 300 K
molecular dynamics simulation on this 0 K
structure for 200,000 fs. We calculated
mobilities by sampling the instantaneous
structure at 100-fs intervals (2000 mobil-
ity calculations in all), yielding a value of
K, = 420 * 0.10 cm®* V7! s71. The
uncertainty given is the maximum spread
obtained in the simulation. This value
agrees very well with the experimental
value of K, = 4.18 = 0.05 cm? V™! 571
No adjustable parameters were used to
obtain a fit of the model to the experiment
(19-21).

The structure shown in Fig. 3 is a stick-
and-ball structure with artificial atom sizes
selected to highlight the location of the
Na* ion and the O atoms. The H atoms are
excluded (for clarity). The PEG9 structure
coils around the Na* ion such that five O
atoms are nearest neighbors in a plane, and
single additional O atoms both above and
below the plane give a total of seven O
nearest neighbors. Each O atom is ~2.2
from the Na™* ion. A space-filling model in
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Fig. 4. A plot of K,~" versus number of mono-
mers for the cationized PEG species Na*PEG9
through Na+*PEG19. The open squares are the
experimental data. The filled circles are the model-
generated mobilities for Na*PEG9, Na*PEG13,
and Na+PEG17. The sizes of the points were cho-
sen to include the uncertainties in the numbers.
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which the van der Waals radii of the atoms
are used indicates that the Na™ ion is com-
pletely encased by the coiled PEG9.

The experimental data for other systems
are given in Fig. 4 as a plot of K, 7! versus
the number of monomers. A regular, near-
linear increase with monomer number is
observed as expected for members of a sin-
gle structural family (17). We have modeled
Na*PEG13 and Na*PEG17 in addition to
Na*PEGY, and these three data points are
shown in Fig. 4 for comparison. Excellent
agreement was obtained between the model
and experiment. Modeling of the complete
series will be reported elsewhere (13).

The Sybyl molecular mechanics programs
were also used to model the possible stable
conformers of the neutral PEG9. A series of
400 stable conformers were randomly gener-
ated with resulting relative energies over a
range of ~20 kcal mol™!. Several of the
more stable species were annealed and sub-
jected to energy minimization. The most
stable of these was then subjected to 200,000
fs of molecular dynamics at 300 K, and 2000
structures were extracted at 100-fs intervals.
The mobilities these species would have gen-
erated if singly charged were in the range K
= 3.5+ 0.4 cm? V™! s7L. This lower value
of K, indicates that a much more open struc-
ture is predicted for neutral PEG9 relative to
Na*PEGY, and the molecular dynamics sim-
ulation reveals that a much wider range of
conformers is sampled at 300 K. Both results
are consistent with rather weak intramolec-
ular interactions in neutral PEG9 relative to
Na*PEG9.

A few words of comparison with our
bradykinin results (12) are useful. Bradyki-
nin is almost exclusively cationized with
protons, rather than with Na™ in our ex-
periments, regardless of the matrix. Protons
prefer to form localized bonds, and, if the
charge is shared, they usually involve only
two centers. Furthermore, bradykinin has
two arginine units, one at the NH,-termi-
nus and one at the COOH-terminus, which
are preferred sites of protonation (22).
Hence, one might expect a more open
structure for protonated bradykinin (a nine-
residue peptide chain) than for Na*-cation-
ized PEG structures. Our modeling suggests
that this is the case. The experimental mo-
bility is 2.20 + 0.05 cm? V™! 57!, and our
preliminary modeling results, assuming pro-
tonation at arginine, yield a mobility of
~2.1 ecm? V71 571 for the lowest energy
structure. The model result needs to be
subjected to molecular dynamics averaging,
and searches for other possible protonation
sites need to be done. Nonetheless, the
agreement is remarkably good and lends
strong support both for the Sybyl molecular
mechanics force field (18) and for our
method for determining the van der Waals
radii of the involved atoms (19-21).
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Control of IkB-a Proteolysis by Site-Specific,
Signal-Induced Phosphorylation

Keith Brown, Susan Gerstberger, Louise Carlson,
Guido Franzoso, Ulrich Siebenlist*

IkB-a inhibits transcription factor NF-«kB by retaining it in the cytoplasm. Various stimuli,
typically those associated with stress or pathogens, rapidly inactivate IkB-«. This liberates
NF-kB to translocate to the nucleus and initiate transcription of genes important for the
defense of the organism. Activation of NF-kB correlates with phosphorylation of IkB-o and
requires the proteolysis of this inhibitor. When either serine-32 or serine-36 of IxB-a was
mutated, the protein did not undergo signal-induced phosphorylation or degradation, and
NF-kB could not be activated. These results suggest that phosphorylation at one or both
of these residues is critical for activation of NF-xB.

Proteolytic degradation of IkB-a is essen-
tial for activation of NF-kB (1-4). When
degradation is blocked by certain protease
inhibitors that target proteasomes, activa-
tion of NF-kB is prevented. Physiologic
stimulation also induces phosphorylation of
IkB-a (1-7), but the significance of this
phosphorylation for activation of NF-kB in
cells has remained unclear. Induced phos-
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phorylation does not in itself dissociate
complexes of IkB-a and NF-«B in vivo (I,
2, 4, 7). The question arises as to how
proteolysis of IkB-a is triggered.

To identify regions in IkB-a essential for
signaling and degradation, we systematically
mutated the human IkB-a gene and stably
transfected the altered genes into mouse
EL-4 T lymphocytes (8—10). Human IkB-a
was distinguished from endogenous murine
IkB-a by its slower mobility on SDS gels.
The exogenous human wild-type IkB-a and
endogenous murine IkB-a were degraded
with similar kinetics upon cellular stimula-
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