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ABSTRACT: Glycoproteins play a central role in many biological processes
including disease mechanisms. Nevertheless, because glycoproteins are heteroge-
neous entities, it remains unclear how glycosylation modulates the protein
structure and function. Here, we assess the ability of tandem-trapped ion mobility
spectrometry—mass spectrometry (tandem-TIMS/MS) to characterize the
structure and sequence of the homotetrameric glycoprotein avidin. We show
that (1) tandem-TIMS/MS retains native-like avidin tetramers with deeply buried
solvent particles; (2) applying high activation voltages in the interface of tandem-
TIMS results in collision-induced dissociation (CID) of avidin tetramers into ‘
compact monomers, dimers, and trimers with cross sections consistent with X-ray molecules sehs
structures and reports from surface-induced dissociation (SID); (3) avidin g,
oligomers are best described as heterogeneous ensembles with (essentially)
random combinations of monomer glycoforms; (4) native top-down sequence
analysis of the avidin tetramer is possible by CID in tandem-TIMS. Overall, our results demonstrate that tandem-TIMS/MS has the
potential to correlate individual proteoforms to variations in protein structure.

tandem-TIMS

AN 7
different glycans

he function of proteins is directly linked to the (“macro-heterogeneity”). Furthermore, because the glycan

conformations they adopt and to the motions by which moiety is structurally flexible,"” it is difficult to obtain accurate
they interconvert." This causal relationship between the structural information by traditional biophysical methods that
conformational heterogeneity” of a protein and its biological measure convoluted signals in bulk.'® For these reasons, the
activity’ has been documented even for species as small as current structural understanding of glycoproteins often stems
ubiquitin. The link between the biological function of a from studies where the glycan has been enzymatically released
protein and its structural heterogeneity takes on increased from the protein.'*’
complexity when differentially modified variants (proteoforms) Hence, to relate individual proteoforms to variations in
coexist’ and, furthermore, when the protein forms a protein structure, a method is required that (1) characterizes
complex.”™” Here, the conformational heterogeneity of the distinct conformations of (2) individual proteoforms from a

protein complex is convolved with structural effects caused by
post-translational modifications and variations in the amino
acid sequence.

One of the most common protein modifications is the post/
cotranslational glycosylation of asparagine or arginine residues
in the endoplasmic reticulum by glycosyltransferases (N-
glycosylation).'”"" Glycoproteins are involved in most major
diseases including cancer,'” cardiovascular diseases,”® and
HIV/AIDS.*” Because glycosylation profoundly influences the
physical and chemical properties of the protein,' ™" it is
imperative to characterize the structures of glycoproteins.

The structural analysis of glycoproteins and their complexes Received: December 3, 2019
remains challenging, however, because protein glycosylation is Accepted:  February 21, 2020
not a well-regulated process.'”' Glycoproteins typically exist Published: February 21, 2020
as a heterogeneous mixture of glycoforms that differ in both
the isomer of the attached glycans (“micro-heterogeneity”) as
well as in the location of the glycosylated amino acid residues

heterogeneous mixture. The conformational heterogeneity of
proteins and protein complexes can be characterized by native
ion mobility spectrometry—mass spectrometry methods.*' >
These measurements preserve protein conformations close to
their native structures and characterize them by their
momentum transfer cross section. Top-down sequence analysis
using (native) high-resolution mass spectrometry identifies
amino acid sequence and also the type and the location of
post-translational modifications.”*™** However, the ability of
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Figure 1. Tandem-TIMS/MS retains intact, native-like avidin tetramers. (A) Tetramers with charge states 17+ to 19+ predominate in the native
mass spectrum recorded for avidin by tandem-TIMS/MS. (B) Cross sections obtained for avidin tetramers by tandem-TIMS (black circles) agree
with cross sections obtained on a drift tube (red squares) and the X-ray structures (shaded). (C) Mass spectrum obtained for avidin tetramers 18+
and 19+ with calculated m/z for nonglycosylated and glycosylated tetramers for charge state 18+ (red arrows). (D) Broad tetramer peaks are
observed in the ion mobility spectra, here shown for charge state 18+.

currently available methods to carry out both tasks in one
instrumental setup is limited.

We have recently developed a tandem-trapped ion mobility
spectrometer (tandem-TIMS), incorporated into a Qg-TOF
mass spectrometer.36 Here, we investigate the ability of
tandem-TIMS/MS to characterize the structural heterogeneity
and the sequence of glycoprotein complexes. We use avidin, a
homotetramer of a 128 amino acid residue protein with a
glycosylation site at Asn17.”” Several glycoforms and sequence
variants have been reported for avidin.’*~*" We first
demonstrate the ability of tandem-TIMS/MS to retain intact
avidin tetramers. Collision-induced unfolding (CIU) and
dissociation (CID) for mobility-selected avidin tetramers
reveal the presence of buried solvent particles within the
intact tetramer as well as the glycosylation patterns of various
avidin assemblies. Our data suggest the presence of compact,
folded avidin monomers, dimers, and trimers from CID of the
tetramer. Finally, we demonstrate the ability of tandem-TIMS/
MS to perform top-down sequencing on native, intact avidin
tetramer by TIMS? and TIMS?*~MS?* workflows.

B EXPERIMENTAL DETAILS

Tandem-TIMS/MS Instrumentation and Measure-
ments. Tandem-TIMS® is incorporated in an ESI-QqTOF
mass spectrometer (Bruker Daltonics, Billerica, MA, USA, see
Figures S1 and S2 in the Supporting Information). Tandem-
TIMS comprises two TIMS analyzers,*' ~** each composed of
an entrance funnel, an analyzer tunnel, and an exit funnel.
Samples were infused into the electrospray ionization (ESI)
source in positive mode through a gastight syringe. Nitrogen
was used as buffer gas.

A full description of the experimental details are found in the
Supporting Information (Section S1). Briefly, ions are
mobility-selected and collisionally activated in the interface
between TIMS-1 and TIMS-2. As described elsewhere,>®
mobility selection is achieved by applying a transmitting DC
voltage at aperture-2 only when the ions of interest are eluting.
Mobility-selected ions can be collisionally activated by DC-
only electric fields between aperture-2 and deflector-2. To
increase the electric field strength in the interface of tandem-
TIMS, two nickel microgrids were installed in aperture-2 and
deflector-2 (200 lines per inch, mn32, Precision eForming,
Cortland, NY). The opening and the wire line widths are 112
and 15 pm, respectively. The grids are attached to aperture-2
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and deflector-2 of our original tandem-TIMS design by means
of conductive silver epoxy (McMaster, Atlanta, GA). More
details are found in Figure S3 (Supporting Information).

Materials and Sample Preparations. Avidin, ammonium
acetate, and high-concentration ESI tuning mix were obtained
from Thermo Fisher Scientific (Waltham, MA), Sigma-Aldrich
(St. Louis, MO), and Agilent (Santa Clara, CA). Avidin
samples (30 uM) were prepared in 100 yM ammonium acetate
solution. ESI tuning mix was used as obtained for ion mobility
calibration.

Calibration of lon Mobilities and Momentum Trans-
fer Cross Sections. Ion mobilities in tandem-TIMS are
determined via a calibration procedure. For calibration, we
used reduced ion mobilities of perfluorophosphazenes
contained in ESI tuning mix as described elsewhere.*"*>**
The ion mobilities were previously converted** from cross
sections reported by Stow el at.*> All ion mobilities and cross
sections are reported for nitrogen gas. More details on the
calibration procedure are found in Section S7 (Supporting
Information).

B RESULTS AND DISCUSSION

Tandem-TIMS Retains Intact, Native-Like, Folded
Avidin Tetramers. Avidin is a noncovalent protein
assembly’” and therefore potentially sensitive to collisional
activation. However, dissociation of peptide/protein assem-
blies can be avoided by applying low DC voltages (“soft
settings”) throughout the instrument. Using this strategy, we
previously demonstrated that TIMS and tandem-TIMS
preserve weakly bound peptide assemblies*® and native-like
structures of the protein ubiquitin.’**’

Figure 1A shows the mass spectrum recorded on our
tandem-TIMS instrument under optimized, “soft” settings for
avidin (see Section S1.2, for details). The mass spectrum
shows three dominant peaks between ~3200 to ~4000 m/z
that correspond to avidin tetramers with charge states 17+ to
19+ (minor abundances of charge states 16+ and 20+ are also
observed). Minor abundances between ~5000—6000 m/z
suggest the presence of aggregated avidin tetramers in line with
prior work."**

Figure 1B compares cross sections obtained by tandem-
TIMS for charge states 16+ to 19+ (CCSy, = 4089—4178 A?)
to cross sections recorded on a drift tube (CCSy, = 4150—
4160 A% charge states 15+ to 17+)°° and those calculated by
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the PSA method®' ™ for avidin X-ray structures (see Figure
S4). Figure 1B shows that the three data sets agree with one
another. Furthermore, the cross sections observed by tandem-
TIMS increase only marginally (<3%) with increasing charge
state (16+ to 19+). These observations imply that avidin is
kinetically trapped in a folded, native-like conformation.

In line with other reports on avidin**** and comparable
protein complexes,””*” the tetramer peaks observed in the
mass and ion mobility spectra are broad (Figure 1C,D).
Additionally, the nested ion mobility/mass spectra reveal
broad, asymmetric peaks (see Figure SS), which imply that an
increase in mass correlates with an increase in cross section.
Thus, each charge state is probably composed of a number of
unresolved avidin tetramer species that differ in their masses
and ion mobilities. Further, the observed mass peak for
tetramer 18+ is shifted to higher m/z when compared to the
m/z calculated from the sequence mass for nonglycosylated
avidin and nine possible homotetrameric glycoforms (Figure
1C). As discussed previously,”® this m/z shift indicates
adduction of salts or solvent in the native-like avidin tetramers.

Avidin Tetramers Are a Heterogeneous Ensemble of
Stable, Noninterconverting Species. Clemmer and co-
workers previously used a tandem-drift tube ion mobility
spectrometer to discuss the nature of broad ion mobility
spectra of the protein ubiquitin from native electrospray.”” By
selecting narrow ion mobility windows within a charge state,
they demonstrated that the broad peak of native-like ubiquitin
arises from structurally distinct, unresolved conformations that
do not interconvert on the time scale of the ion mobility
measurement.

Figure 2 shows equivalent measurements carried out on our
tandem-TIMS instrument for avidin. Figure 2A plots the arrival
time distribution for charge state 18+ upon mobility separation
in TIMS-1 but transmission-only in the interface region and
TIMS-2. We then mobility-selected several regions within this
peak to allow only the selected ions to pass into TIMS-2 (see
Figures 2B, S6, and S7). As shown in Figure 2B, these
mobility-selected “slices” reconstruct the shape of the peak,
demonstrating the ability of tandem-TIMS to probe ions with
well-defined ion mobilities.

Next, we probed structural changes of the mobility-selected
ions by conducting a second mobility analysis in TIMS-2.
Figure 2C compares the complete avidin tetramer peak to nine
selected “slices” after mobility analysis in TIMS-2. The plot
shows that the full tetramer peak can be represented as a sum
of individual mobility-selected regions. The data show that the
selected ions retain their mobilities and relative abundances
(see Figure S7). Furthermore, the corresponding mass spectra
of mobility-selected ions show that an increase in cross section
correlates with an increase in mass (Figure S7). Thus, the
mobility-selected regions reproduce the asymmetry noticed in
the nested ion mobility/mass spectrum of the tetramer
precursor (Figure SS).

These observations reveal that the avidin tetramer is best
described as a heterogeneous ensemble composed of a
multitude of tetramer species with different ion mobilities
and masses that do not interconvert on the ~100 ms time scale
of the tandem-TIMS measurement. The structural complexity
of the avidin tetramer potentially arises from four different
aspects. First, solvent or salts may remain attached to the
protein complex. Second, several sequence variants are
reported for avidin in UniProt. And third, a number of distinct
glycoforms were reported for monomeric avidin.**~*’ Finally,
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Figure 2. Tandem-ion mobility experiments for avidin tetramer 18+.
(A) A broad peak is observed for avidin tetramers 18+ upon mobility
analysis in TIMS-1. (B) Four mobility windows (“slices”) within
tetramer 18+ are selected in the interface of tandem-TIMS and
transmitted through TIMS-2. The mobility-selected regions recon-
struct the shape of the full tetramer 18+ peak shown in (A). (C) Nine
mobility “slices” are selected in the interface and mobility-analyzed in
TIMS-2. The overlay of mobility-selected peaks reconstructs the full
tetramer 18+ peak. For clarity, the abundances of the mobility-
selected traces are scaled by a constant factor of 1.56.

each species may also adopt different conformations with
similar mobilities that are unresolved by the experiment.

Native-Like Avidin Tetramers Are Composed of
Various Glycoforms with Buried Solvent Adducts. To
probe the presence of solvent adducts and/or different
glycoforms in the avidin tetramer, we first selected two
mobility regions within tetramer charge state 18+ and then
collisionally activated the selected ions in the interface between
TIMS-1 and TIMS-2 (see Figures S2, S3, and S6). The
corresponding mass spectra and ion mobility spectra for the
two mobility windows obtained upon collisional activation of
up to 100 V are found in Figures S8 and S9.

Figure 3A plots the relative abundances of avidin tetramers
and monomers as a function of the activation voltage. The data
show that collisionally activated tetramers begin to dissociate
(CID) at activation voltages around 80 V. The data further
show that the abundance of the avidin tetramer 18+ is
negligible for activation voltages of ~100 V. Figure 3B plots
the tetramer cross sections as a function of the activation
voltage. The data reveal marginal changes of the cross section
for activation voltages below 70 V, at which point the cross
sections abruptly increase until about 80 V, indicating a
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Figure 3. Collisional activation of mobility-selected avidin tetramers
reveals stages of cleaning, unfolding, and dissociation. (A) Relative
abundances of avidin tetramers (solid) and monomers (open) as a
function of activation voltage. Strong increase of monomer abundance
above 80 V indicates collisional-induced dissociation of the tetramer.
(B) Tetramer cross sections increase significantly between 70 to 80V,
indicating collision-induced unfolding. (C,D) The fwhm and center of
the tetramer mass peaks decrease between 70 and 80 V. Both
observations suggest that solvent molecules are released during
unfolding. (K, indicated in (A).)

collision-induced unfolding (CIU). Hence, in line with prior
reports,57 our results show that avidin tetramers are unfolded
before they dissociate.

Figure 3C,D show the full-width-at-half-maximum (fwhm)
and the center of the tetramer mass peaks as a function of the
activation voltage. The figures reveal that both the center and
the width of the peaks decrease as the ions are collisionally
activated. We stress that our data in Figure 3 cannot be
rationalized by fragmentation of the glycans or the protein
backbone (see Figure S8A). Thus, our data imply that
noncovalently bound solvent particles detach from the avidin
tetramer upon collisional activation, in line with “collisional
cleaning” reported for similar systems.’®

Our tandem-TIMS data, however, reveal that loss of solvent
particles occurs in two distinct stages. Some solvent particles
are lost by collisional activation of up to 70 V, i.e, before the
CIU and CID processes have begun. This means that loss of
these solvent particles is unrelated to structural changes of the
avidin tetramer. Hence, these solvent particles were most likely
nonspecifically bound to the surface of avidin but then
detached upon collisional activation. By contrast, other solvent
particles appear to be lost only during the unfolding process.
The fwhm and center of the tetramer peak decrease during the
CIU process (see Figure 3B—D and Table S1). These solvent
particles thus dissociate from the tetramer as it unfolds,
implying that these particles were initially buried in the native-
like avidin tetramer, i.e., within pockets of the monomer chains
or, alternatively, in the binding interfaces of the monomers. We
stress that water molecules buried inside the avidin tetramer
are reported in X-ray structures®’ (see Figure S4C).

Finally, for activation voltages lower than 80 V (onset of
CID), we observe similar solvent-loss behavior for the two
mobility fractions. Thus, the broadness of the mass and ion
mobility peaks observed for native-like avidin tetramers
(Figure 1C,D) cannot arise from solvent adducts alone. If
this were the case, then ions with larger cross sections and
greater masses (i.e., more solvent adducts) would have shown
a more significant loss of solvent upon collisional activation.
Further, a slight increase of tetramer mass peaks at activation
voltages >80 V is apparent for the high-mobility fraction (K,
= 0.88—0.90 cm?/(V s), Figure 3D), which we rationalize by
different dissociation energy thresholds for distinct avidin
glycoforms (see Figure S10). This observation further supports
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Figure 4. Collision-induced dissociation (CID) of native-like avidin tetramers in the interface of tandem-TIMS. (A) At an activation voltage of 140
V, avidin dissociates mainly into extended monomers and compact trimers indicating a “typical” CID mechanism. (B) At an activation voltage of
260 V, compact monomers and dimers emerge, which indicates the presence of an “atypical” CID mechanism at higher activation voltages. (C)
Cross section distributions for avidin trimers 10+ generated at 120 V (black), 160 V (blue), and 240 V (red) reveal that the trimers unfold at higher
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Figure 5. Charge-deconvolved mass spectra for avidin monomers, dimers, trimers, and tetramers. (A) Charge-deconvolved mass spectrum obtained
for avidin monomers at activation voltage of 260 V. The repetitive pattern with a 40.5 Da spacing arises from the presence of avidin glycoforms.
(B—D) Charge-deconvolved mass spectra recorded for avidin dimers (B), trimers (C), and tetramers (D) reveal repetitive patterns with 40.5 Da
spacing. (E,F) Comparison of experimental (black, box-filtered) and expected (red) spectra obtained by convolving two monomer spectra (E) and
a dimer with a monomer spectra (F). The experimental and expected spectra are consistent with each other in term of peak position; however, they
differ slightly in peak intensity (insets). (G) Random association of two dimer spectra (red, shifted by +200 Da) compared to the experimental
tetramer spectrum (black, box-filtered). (H) Proposed structure for avidin tetramer detected by tandem-TIMS/MS with solvent molecules (red)
and glycans with mannose (green) and glycosaminoglycan (blue) residues indicated.

the notion that distinct glycoform combinations contribute to consistent with Figure 3 and reflect the typical CID behavior of
the broadness of the native avidin peak. protein complexes mentioned above. By contrast, the data
Tandem-TIMS Reveals Subunit Architecture of Avidin plotted in Figure 4B (260 V activation voltage) reflect an
Tetramers. As discussed above, activation voltages of ~80 to “atypical” CID behavior. While extended monomers still
100 V in the interface of tandem-TIMS lead to dissociation of predominate, the plot shows a significant abundance of species
avidin tetramers into monomers and trimers. These monomers that were not abundant upon collisional activation at 140 V.
are highly unfolded with cross sections (CCSy;,) ranging from These additional species are avidin monomers with low charge
2104 to 2740 A* (see Table S2) and approximately half of the states (3+ to 6+) as well as avidin dimers (charge states S+ to
charge (7+ to 11+) of the precursor tetramers. By contrast, the 7+). The cross sections of these additional monomers (CCSy,
trimers (charge states 7+ to 10+) are compact with cross = 1568—1671 A?) and dimers (CCSy, = 2439—2499 A% see
sections (CCSy,) between 3161 to 3274 A’ These Table S2) indicate that their structures are compact. Indeed,
observations are consistent with a “typical” CID mechanism these avidin dimers are only slightly larger than neutravidin
of protein complexes,”’~> which starts with charge migration dimers™ produced by surface-induced dissociation (SID).
and unfolding of one avidin monomer chain. Subsequently, the Considering that neutravidin is a deglycosylated form of avidin,
unfolded avidin monomer detaches while taking up approx- this means that the structure of avidin dimers in Figure 4B
imately half of the total charges. Hence, the product ions do potentially resembles those generated for neutravidin by SID.
not reflect the subunit architecture of the native protein Figure 4C plots the ion mobility spectrum of avidin trimers
complex. 10+ produced by CID of the tetramer 18+ at activation
Figure 4A,B show nested ion mobility—mass spectra, in voltages ranging from 120 to 240 V. The cross section of the
which avidin tetramer 18+ ions are mobility-selected, colli- trimers (CCSy, ~ 3250 A%) at low activation voltages indicates
sionally activated, and then mobility-analyzed in TIMS-2. The a folded structure. As the activation voltage is increased, an
data shown in Figure 4A (140 V activation voltage) are extended structure (~3650 A®) emerges and predominates
4463 https://dx.doi.org/10.1021/acs.analchem.9b05481
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above 240 V. These observations imply that the compact
trimer jons produced at low activation voltages cannot be
refolded gas-phase structures. Further, compact monomers,
dimers, and trimers agree with the native-like tetramers in
terms of their mass density (Figure S11). Thus, our results
imply that the compact subunits produced by CID in tandem-
TIMS at high activation voltage might reflect their topology
within the native, folded avidin tetramer. A conclusive
structural interpretation of our data, however, would require
a detailed computational analysis by our structure relaxation
approximation (SRA) method,” as carried out for the protein
ubiquitin. Due to space constraints, we defer this discussion to
a separate publication.

Figure 4D plots the abundances of the avidin tetramer and
its product ions as we increase the activation voltage from 85
to 260 V (the corresponding mass spectra are found in Figure
S12). The plot reveals that compact monomers and dimers
become significant at activation voltages above ~150 V and
that their abundances increase with activation voltage. Finally,
at 260 V, the compact monomers and dimers account for
about ~15% of the total ion count. Thus, our data suggest that
a gradual transition occurs from a “typical” CID process
predominating at low activation voltages to an “atypical” CID
process at higher activation voltages. Such “atypical”
dissociation pathways were previously reported for CID at
high drift gas temperatures®’ and for charge reduced protein
complexes.””**

We rationalize the significant abundance of “atypical” CID
product ions in our tandem-TIMS system by the combination
of high electric field strengths (~10° V/m, see Figure S3) and
a short distance for activation (1.6 mm). In other words: ions
are collisionally activated in the interface of tandem-TIMS by
highly energetic ion—neutral collisions over a short time scale.
Another explanation would be that activated ions might closely
approach the metallic wire-mesh grid located at deflector-2,
thereby colliding with the “surface” of the wire. Hence, both
the compact nature of the product ions and also the activation
mechanism of this “atypical” CID mechanism appear to
resemble surface-induced dissociation (SID).*’

Tandem-TIMS Reveals the Glycoform Combinations
in Avidin Assemblies. Variations of the glycan and amino
acid sequence strongly influence the biological activity of a
glycoprotein (complex), as shown by the env glycoproteins
gp41 and gp120 in HIV® and the plasma proteins al-acid
glycoprotein and haptoglobin.’® Therefore, identification and
quantification of individual glycoproteoforms both in mono-
meric and oligomeric states is important. Here, we examine the
mass spectra of subunits generated upon CID of avidin
tetramers in order to reveal the relationships between
monomeric and oligomeric avidin glycoproteoforms.

Figure SA—D shows charge-deconvolved mass spectra for
avidin monomers, dimers, trimers, and tetramers obtained
upon collisional activation. All spectra exhibit a broad
envelope. A closer inspection reveals a distinct fine structure
with a 40.5 Da repeat pattern superimposed on each envelope
(Figure SA—D). The 40.5 Da interval can be linked to the
mass differences between an N-acetyl glucosamine (203.20
Da) and a mannose residue (162.10 Da) of the glycans. Thus,
the peak pattern observed for avidin monomers and oligomers
indicates the presence of distinct glycoforms.

Figure S13 shows the charge-deconvolved mass spectra
acquired for avidin monomers at activation voltages of 140 V
(extended, charge state 8+ to 11+), and 260 V (compact,
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charge states 3+ to 6+). We notice that the positions and
intensities of the peaks do not vary with activation voltage.
Hence, the data are inconsistent with neutral losses (NHs,,
H,0) or other fragmentation during collisional activation.
Indeed, we can assign individual peaks to the same monomeric
avidin glycoforms reported by Oliver et al.** (Table S3).

Further, we investigate how monomeric glycoforms of avidin
combine to form the dimers. If avidin dimers were composed
of random combinations of monomeric glycoforms, then the
dimer mass spectrum would be given by a convolution of the
monomer spectrum (Figure SA) with itself. We superimpose
this convoluted, “random dimer” spectrum on the experimental
dimer spectrum in Figure SE. The plot shows overall a strong
agreement (Pearson correlation coefficient p ~ 0.98) with
respect to both the position and the width of the mass spectral
envelope and with respect to the fine structure comprising the
40.5 Da spacing between the peaks. Hence, the broad envelope
visible in the dimer spectrum is consistent with the presence of
many glycoform combinations that our time-of-flight mass
detector is unable to resolve. Furthermore, we notice that the
relative intensities for a number of peaks in the experimental
spectrum are lower than expected for a random combination of
glycoforms (Figure SE, inset). This implies that some
glycoform combinations are less favored than others.

Figure SF compares the experimental mass spectrum of the
avidin trimer to the spectrum obtained by convolving a
monomer spectrum with that of a dimer. As observed for the
dimers, the position and width of the broad envelope as well as
the fine structures in the spectra agree well with each other
(Figure SF, inset; p ~ 0.99). By contrast, the mass spectrum
recorded for the avidin tetramer at an activation voltage of 85
V is shifted by ~200 Da with respect to the mass spectrum
expected for a random combination of a monomer and trimer
(Figure SG, p = 0.98). We rationalize this observation by
solvent particles that remain bound to the extended avidin
tetramer, likely buried within cavities or the interfaces between
the subunits.

Figure SH graphically summarizes our observations that (1)
the broad avidin oligomer peaks arise from the presence of a
plethora of glycoform combinations that differ in their masses
but remain unresolved by our mass analyzer; (2) avidin
assemblies are composed of (almost) random glycoforms
combinations; (3) native-like avidin tetramers contain deeply
buried solvent particles, presumably the water molecules
observed in biotin-binding pockets or interfacial water
observed by X-ray crystallography (Figure S4C).

Tandem-TIMS Enables Native Top-Down Sequence
Analysis. In order to link conformational heterogeneity to
proteoform variations of protein complexes, tandem-TIMS/
MS must be capable to conduct native top-down protein
sequence analysis. We previously demonstrated the ability of
tandem-TIMS to dissociate ubiquitin (8.6 kDa) by CID in the
interface between TIMS-1 and TIMS-2.’® Here, we want to
assess the utility of tandem-TIMS to perform native top-down
sequencing on avidin, a 64 kDa glycoprotein with strongly
bonded subunits.

We mobility-selected avidin charge state 18+ and collision-
ally activated the selected ions by an activation voltage of 270
V, followed by mobility analysis in TIMS-2. The resulting
nested ion mobility—mass spectrum is shown in Figure 6A. In
addition to extended monomer peaks (8+ to 11+), the
spectrum shows many fragment ions produced from cleavage
of the avidin backbone. These fragment ions separate into

https://dx.doi.org/10.1021/acs.analchem.9b05481
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Figure 6. Native top-down sequence analysis of avidin by tandem-
TIMS/MS. (A) Nested ion mobility—mass spectrum recorded by
mobility-selecting avidin charge state 18+, followed by collisional
activation at 270 V and mobility analysis in TIMS-2. A plethora of
fragment ions, mostly y-ions, are observed, with a sequence coverage
of ~29%. (B) Mass spectrum for the region marked in (A) with y-ions
annotated.

several bands, as commonly observed in bottom-up proteomics
using ion mobility spectrometry.””*® These bands correspond
mainly to fragment ions with charge states 1+ to 4+, of which
the band with predominantly doubly charged ions is shown in
Figure 6B.

We manually assign the fragment ion spectrum by
comparing the isotopic patterns observed in Figure 6A to
those expected for a-, b-, and y-fragment ions for avidin,
including their neutral loss fragment ions (see Figure S14). We
achieve an overall sequence coverage of 29%. All identified ions
correspond to cleavages C-terminal of the disulfide bond
(Cys4—Cys83, see fragmentation map in Figure 6A). Overall,
the sequence coverage of avidin tetramer recorded in our
tandem-TIMS is similar to the one reported for a traveling
wave ion mobility instrument.*®

One additional feature of the tandem-TIMS/MS instrument
is the ability to mass-select generated fragment ions in the
quadrupole, followed by CID in the collision cell (Figure
S15A). This allows us to perform TIMS*—~MS* experiments,
which enable the sequencing of fragment ions and increase the
sequence coverage. Here, we mass-selected fragment ions
generated by CID of the avidin tetramer 18+ with m/z 1159 +
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S in the quadrupole, which corresponds to y;,>* and an internal
ion (Figure S15C). We then collisionally activated the m/z-
selected ions by 90 V bias in the collision cell. The resulting
MS/MS spectrum confirms the presence of y;o** (see Figure
S15D—F).

B CONCLUSIONS

Using the glycoprotein complex avidin as a reference system,
we demonstrated the versatility of tandem-trapped ion
mobility spectrometry—mass spectrometry (tandem-TIMS/
MS). Utilizing various operational modes in tandem-TIMS/
MS, we conclude from our data

(1) Tandem-TIMS preserves intact, native-like avidin
tetramers with buried solvent particles attached.

(2) The native-like avidin tetramer is a heterogeneous
ensemble of noninterconverting species.

(3) Avidin tetramers are composed of (almost) random
glycoform combinations, whereas some combinations
appear favored over others in the dimer subunits.

(4) Collision-induced dissociation in the tandem-TIMS
interface at low activation voltages produces compact
trimers that likely resemble the structure of the trimer
within the folded tetramer.

(5) At high activation voltages in the tandem-TIMS

interface, native avidin tetramers dissociate into compact

monomers and dimers with cross sections consistent
with X-ray structures and reports from surface-induced
dissociation (SID).

Native top-down sequence analysis of the avidin

tetramer is possible by CID in the interface between

two TIMS analyzers. In addition, MS” experiments using
the quadrupole/collision cell allow the sequence
identification of fragment ions produced in tandem-

TIMS.

(6)
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