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Abstract. Characterizing supramolecular interactions offers significant challenges using NMR or crystallographic techniques
either because of size limitations or the difficulty in forming suitable crystals, while mass spectrometry is largely limited to low
resolution mass information. Here we report gas phase measurements of intact virus particles using electrospray ion mobility
spectrometry with an accuracy in radial measurements that were sufficient to differentiate closely related species. In addition,
measured diameters indicate that iscosahedral virus particles retain their structure in the gas phase as well as undergoing a slight
compaction in the absence of solvent. Analysis of the human pathogen adenovirus represents the largest and most sophisticated
biomolecular complex detected in the gas phase to date. These results, on a diverse set of viral systems, suggest that ion mobility
spectrometry may have broad applications for the analysis of biological complexes.

1. Introduction

Direct structural characterization of large macromolecular complexes is a technically challenging prob-
lem and has generally required structural inference from the analysis of separate components of the
complex. Recently, intact macromolecular non-covalent complexes (of mega-Dalton mass) have been
- directly observed by electrospray ionization (ESI) mass spectrometry analysis in combination with a
time-of-flight mass analyzer and a novel charge detection device [1-3]. This ESI charge-detection mass
spectrometer [1,4] provided the first mass measurements of intact viruses and suggested that ESI could
also be used to examine structural features if coupled with ion mobility spectrometry (IMS).

In order for the application of IMS to multi-component protein complexes to be meaningful, tertiary
and quaternary interactions must be retained in the gas phase. ESI has previously been demonstrated
to generate intact non-covalent complexes in the gas phase [5,6] and empty virus particles have been
successfully mass measured [7]. Specifically, hapten binding by an antibody [8], stability of protein
conformers [9] and enzymatic activity [10] in the gas phase all suggest that the native fold of a protein
can be retained. It should be noted that gas phase binding affinities [11] and the distribution of folding
intermediates [12] can differ from the solution conformation. Interestingly, the structure and infectivity of
avirus (a mega-Dalton non-covalent nucleo-protein complex) were retained after electrospray ionization
and mass selection [2].

The technique of IMS has primarily been used for the characterization of small molecules by corre-
lating diffusion rate with size and shape [13,14]. Ion mobilities are measured by determining the time
required for a pulse of ions to traverse a uniform electric field in the presence of a buffer gas [15,16]
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and the size of the particle is directly related to its mobility. A recent study successfully compared the
diameter of 32 monomeric and multimeric globular proteins based on their ion mobility [17] and demon-
strated the potential of IMS for studying intact virus particles. A second IMS study reported that the
modal diameter of MS?2 particles could be measured using IMS [18].

Viruses are an ideal model system for studying the gas phase conformation of proteins because a
change in secondary, tertiary, or quaternary structure is likely to have a dramatic effect on the overall
capsid architecture. Here we report the IMS analysis of four icosahedral viruses with sufficient accu-
racy and resolution to distinguish between similar virus species and even between identical capsids that
package different RNA molecules.

2. Experimental section

Plants were inoculated from stocks of RYMV (ATCC PV-515) and CPMV by the direct application
of virus to primary leaves. Infected secondary leaves were homogenized in 0.1 M phosphate buffer pH
7.0 and filtered through two layers of cheesecloth. The extract was clarified by centrifugation at 15,0009
for 20 minutes. The final step was a (w/v) CsCl gradient. The samples were dialyzed against 25 mM
ammonium acetate at acidic (2.8) and neutral (7.4) pH. MS2 was purified as previously described [18].

IMS analysis was conducted using a GEMMA 3980 Macromolecule Analyzer (TSI Inc. Shoreview,
MN). Virus solutions (0.1 mg/ml) were infused into a moderately heated (37°C) capillary at 50 nl/min in
a solution of 25 mM ammonium acetate. A sheath flow of nitrogen gas at 15 I/min assisted desolvation
and the direction of the electrosprayed ions. A voltage of 1800 volts was applied to the electrospray
needle, and the electrostatic classifier was scanned from 0 to 15 kV to monitor the particle size range of
interest. Virus particles were detected with an ultra-fine condensation particle counter detection.

3. Results

Four non-enveloped icosahedral viruses were examined in these studies: rice yellow mottle virus
(RYMV), cowpea mosaic virus (CPMV), bacteriophage MS2, and the human pathogen adenovirus.
RYMYV, CPMYV, and MS2 have single stranded RNA genomes [19]. RYMV and CPMV are plant viruses
and MS2 is a bacteriophage. Adenovirus has a double-stranded DNA genome and is well known as a
major contributor to human respitory aliments. We selected these viruses for analysis because they rep-
resent viruses from four families, infect three different phyla, have three different capsid architectures,
and exemplify both RNA and DNA viruses.

RYMV is a member of the sobemovirus family of single stranded RNA plant viruses. The capsid is
composed of 180 copies of a single protein arranged with 7' = 3 iscoahedral symmetry [20]. The mole-
cular weight of the protein capsid and packaged RNA is 8 mega-Daltons. RYMV was introduced to the
gas phase from a 0.1 mg/ml solution in 25 mM ammonium acetate. The IMS analysis was straightfor-
ward and gave a spectrum corresponding to a diameter of 28.5 nm (Fig. 1). This is slightly smaller than
the diameter calculated from the crystal structure which is 29 nm across the 2-fold and 32.2 nm across
the 5-fold axis [20]. Present in the spectrum are low intensity signals from smaller components (~10 and
20 nm) which are possibly a result of viral particle degradation prior to or during the ESI process. Solu-
tion conditions (e.g., pH, ionic strength, and viscosity) are critical for maintaining virus particle integrity,
as well as providing robust electrospray signals.
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Fig. 1. Ion mobility spectra of virus particles. Top, RYMV analyzed from a solution of 25 mM ammonium acetate at
0.1 mg/ml. Bottom, purified CPMV-M. Models of the virus particles are based on electron cryomicroscopy data (Viper web site
http://mmtsb.scripps.edu/viper/viper.html).

CPMV is also a single stranded RNA virus that infects plants. The capsid is composed of 60 copies
of two different proteins arranged with pseudo 7' = 3 icosahedral symmetry [21,22]. CPMV has a bi-
partate genome with two RNA’s (3481 and 5889 nucleotides) which get packaged into separate capsids.
When purified from host plants, three particle types can be separated by CsCl density centrifugation.
These CPMV species are referred to as CPMV-T (no RNA), CPMV-M (small RNA), and CPMV-B
(large RNA). CPMV-M analyzed from a 0.1 mg/ml solution produced a single molecular species with a
measured diameter of 25.9 & 0.2 nm (Fig. 1). Structural models based on X-ray crystallography data for
each of the CPMV particle types have the same icosahedral cross sections (28-32 nm) [23]. Interestingly,
analysis of particles that package different RNA molecules revealed a difference in mobility (Fig. 2). The
resolution of the measured diameters as full width at half maximum (FWHM) for both samples was 12.
This is consistent with a previous analysis of human rhinovirus [17]. While the resolution of the IMS was
not sufficient to completely resolve the two species, a reproducible difference was detected. Unlike tradi-
tional electrospray ionization mass spectrometry, measurements of charge-reduced ions are independent
of the charge distribution on the complex. However, the broad distribution common with electrospray
mass spectral measurements of porous irregular biopolymer complexes most likely contributes to the
peak width of electrospray ion mobility measurements [24,25].

To test whether IMS could be used to distinguish virus particles from a mixture, a solution containing
RYMV and MS?2 was analyzed. Like RYMV, the MS2 capsid is composed of 180 copies of a single
protein with 7" = 3 symmetry [26]. The crystal structure of MS2 has ordered RNA within the capsid,
suggesting strong protein:RNA interactions and iscosahedral symmetry of the packaged genetic material.
A 1:1 mixture of RYMV and MS2 was introduced into the instrument. These virus particles differ in
size by only 4 nm (15%), yet could be differentiated with baseline resolution (Fig. 3).
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Fig. 2. Diameter of identical virus particles is altered by packaged RNA. CPMV-M ion mobility FWHM: 25.6-26.8 nm,
RNA = 3481 nucleotides. CPMV-B ion mobility FWHM: 26.1-27.5 nm, RNA = 5889 nucleotides.

RYMV

Ms2

10 20 30
Diameter (nm)

Fig. 3. IMS can be used to separate mixtures of virus particles. The RYMYV and MS2 capsid diameter ditfers by only 4 nm, yet
baseline resolution of the two particles was possible. MS2 modal diameter: 23.6 nm, FWHM: 22.9-24.3 nm. RYMV modal
diameter: 27.9 nm, FWHM: 27.0-28.6 nm.

Non-enveloped viruses that cause human pathogenesis typically have a sophisticated capsid in part to
avoid detection by the immune system. To test the potential application of IMS to health related viruses,
Adenovirus a causative agent of respiratory ailments was analyzed. The adenovirus capsid contains 10
different proteins that assemble into 252 capsomers. Twelve of the capsomers form large spikes at the
five-fold axis of symmetry. These protein spikes, protrude ~10 nm from the surface and are involved
in receptor binding. Of interest was how this type of capsid structure would effect IMS measurements
of cross sectional area. Adenovirus has a diameter of 60-90 nm (with and without spikes) and was
analyzed under the same conditions as the plant viruses (Fig. 4). The calculated diameter from the IMS
experiment was 80 nm. The spectrum of adenovirus was of lower resolution and lower signal to noise
ratio than the other viruses analyzed. A number of factors including stability, charge state, and purity
could be responsible for this.

4. Discussion

The gas phase mobility measurements of virus particles were consistent with the known icosahedral
capsid architecture. These results confirm that non-covalent macromolecular structure can be maintained
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Fig. 4. The human pathogen adenovirus. Modal diameter: 79.1 nm, FWHM: 72—88 nm. The electron micrograph reveals the
icosahedral capsid and spikes which protrude from the five fold axis (Viper web site http://mmtsb.scripps.edu/viper/viper.html).

in the gas phase. A rapid and sensitive method for the structural characterization of biologically relevant
macromolecular complexes would be of general interest to health scientists. Currently, medium to high
resolution techniques such as X-ray crystallography, electron microscopy, and SAXS require substantial
commitments of time and money to generate structural information. The work presented here demon-
strates the potential of IMS as a rapid and facile method for characterizing the shape of non-covalent
complexes.

The calculated diameters of RYMV, MS2, and CPMV were within 15% of the values obtained from
X-ray models. It is of interest that the diameters from gas phase measurements were consistently smaller
than solution phase estimates based on X-ray data. This is also consistent with the previous measure-
ment of rhinovirus, which also was smaller than the X-ray model [17]. Protein crystals are typically
50-80% H,O, nearly all of which would be removed during the IMS electrospray/ionization process.
Desolvation of the particle could result in an overall compaction of the structure as water was removed
from protein:protein and protein:nucleic acid interfaces [27]. It is intriguing to consider the difference
in the diameter of the two CPMV particles in this context. It is likely that the less dense packing of
RNA in CPMV-M results in a more compactable particle when dehydrated. Packaged RNA has been
shown to have a structural role [28] and can modulate capsid protein dynamics [29]. Further investiga-
tion of the gas phase radii of particles packaging different RNA molecules may lead to new insight about
protein/nucleic acid interactions.
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