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ABSTRACT: Understanding protein higher order structure and interfacial
interactions is crucial to understanding protein binding motifs and cellular
function, that is, an interactome. Polyubiquitylation is a post-translational
modification that functions as a tag for a diverse array of cellular processes,
wherein differences in chain length, branching, and linkage site encode
different cellular functions. Investigation of covalently linked diubiquitin
(diUbq) molecules specifically selects for the effect of covalent linkage site
on the conformational preference of the molecule and the interfacial
interactions between the subunits. Here, we report results for electrospray
ionization ion mobility-mass spectrometry (ESI-IM-MS) and collision-
induced unfolding (CIU) analysis of four diUbq ions to provide new
understanding of the differences in subunit interfacial interactions and
conformational preferences induced by the four most common covalent
linkage sites. The specific hydrophobic patch interface adopted by K48-linked diUbq results in unique CIU fingerprints
dominated by conformational broadening and primarily gradual unfolding, as opposed to the distinct transitions through gas-
phase unfolding intermediates observed of K6-, K11-, and K63-linked diUbq. Comparison of the intermediate conformational
families of K6-, K11-, and K63-linked diUbq suggests that K6- and K11-linked diUbq adopt a mixture of conformers stabilized by
either electrostatic interactions or hydrophobic interactions involving the I36 hydrophobic patch. Furthermore, conditions
favoring the partially folded A-state of monoubiquitin, that is, methanolic solution, induce conformational collapse and distinct
unfolding intermediates for all four linkage types, providing an end-point at which all solution-phase conformational “memory”
has been lost.

Many biological processes are attributable to specific
protein−protein interactions. The majority of proteins

function primarily as a subunit in a larger protein complex rather
than as a single entity. In yeast cells, rough estimates suggest that
the average protein may participate in 3−10 interactions with
other binding partners.1 Characterizing an interactome is
challenging, particularly due to the dynamic and often transient
nature of higher order structures. Electrospray ionization ion
mobility-mass spectrometry (ESI-IM-MS) has established wide-
spread applicability for evaluating the conformational preference
of biological molecules.2−5 IM-MS is capable of rapid character-
ization of heterogeneous conformational mixtures via separation
of ions on the basis of their three-dimensional shape and charge,
that is, their ion-neutral collision cross section (CCS). MS,
tandem MS, and IM-MS have been used with moderate success
for the characterization of protein complex identities and
quaternary structure.6−11 More recently, new applications of
gas-phase activation methods have been applied to the
characterization of complex quaternary structure, such as
surface-induced dissociation and collision-induced unfolding
(CIU).9,12−14 CIU is the stepwise increase in the internal energy
of the ion through collisional activation with a buffer gas and

subsequent structural analysis using IM-MS. As such, CIU results
in a gas-phase unfolding fingerprint that is often unique and
representative of the ion’s noncovalent interactions. CIU has
been applied to examine differences in protein complex
interfaces, intramolecular interactions, and lipid and anion
binding-induced stabilization.14−21

Ubiquitin (Ubq) is a 76 amino acid protein with a highly
conserved primary structure that has been studied extensively
both in solution and as a solvent-free, gas-phase ion.22−26 Despite
transfer into the gas phase, low charge states of Ubq ions are
known to exhibit CCS values similar to that reported for the
native-fold in solution.26−30 Ubq displays diverse biological
functionality as a tag, that is, ubiquitylation, for cellular processes
as defined by its oligomeric state; polyubiquitylation is a post-
translational modification wherein a chain of Ubq subunits is
covalently linked to a target molecule. Each Ubq subunit of a
polyubiquitin (polyUbq) tag is linked through a specific
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isopeptide bond between the C-terminus of one subunit and an
amino group of another subunit. The functionality of a specific
polyUbq tag is encoded by its distinct quaternary structure and
the resulting binding motif induced by differences in linkage site,
chain length, and branching.31−36 Ubq contains eight amino
groups (seven lysine side chains and the N-terminus) that may
form the covalent linkage, each encoding unique cellular
functions. For example, K48-linked tetraUbq functions primarily
as a tag for the proteosomal degradation of the target protein
within the 26S proteasome complex.31,37 The ubiquitin-
proteasome pathway is used to degrade misfolded proteins and
antigens;38 furthermore, the dysfunction of this pathway is
implicated in the pathogenesis of several neurodegenerative
diseases.39,40 K11-linked polyUbq is linked to regulation of cell
division and mitosis,41 whereas K63-linked tetraUbq is
implicated in DNA repair,42,43 inflammation,44 immune
response,38 trafficking,42 and antiviral response.45 Both K48-
and K63-linked polyUbq types have been implicated in the
oncogenesis of several cancers and as such are a target for cancer
therapy.46

Ubiquitin monomers (monoUbq) adopt highly stable,
compact β-grasp fold structures, as characterized by NMR and
X-ray crystallography,22,47 and a high degree of this tertiary
structure is maintained for each subunit of polyUbq, including
the I44 (L8, I44, V70) and I36 (I36, L71, L73) hydrophobic
patches.35 Here, we examine four diUbq molecules linked
through K6, K11, K48, and K63 to better understand the
interfacial interactions induced by the different covalent linkage
types; the most common linkage types in yeast cells are observed
linked through the residues K48 (29.1%), K11 (28%), K63
(16.3%), and K6 (10.9%).48 Under physiological conditions,
K48-linked diUbq exists in equilibrium wherein conformers are
stabilized by interactions of the I44/I44 hydrophobic patches or
purely electrostatic interactions that expose the I44 patches for
binding.32,49,50 In more acidic environments, the electrostatic
interface is reportedly preferred due to protonation of basic
residues (K6, K11, R42, R72, and H68) in close proximity to the
I44 patches and the resulting Coulombic repulsion.50,51 Because
of steric hindrance, K63-linked diUbq molecules cannot form
interfacial interactions between the hydrophobic patches and
instead occupy an ensemble of conformations including closed
conformations stabilized by electrostatic interactions.36,52 The
conformational preferences of K6- and K11-linked diUbq are less
well-defined. Two solution-phase conformers of K11-linked
diUbq have been reported: one stabilized through I36/I36
interfacial interactions and the other through electrostatic
interactions.41,53−55 A single-crystal structure for K6-linked
diUbq exhibiting I36/I44 interfacial interactions has been
reported.56 More recent NMR spectroscopy and small-angle
neutron scattering (SANS) results have reported that a single
structure is a woefully incomplete representation of the
conformational space occupied by the different diUbq
molecules.57 Recent reports suggest that because the C-terminus
of Ubq is inherently flexible, diubiquitin (diUbq) molecules
adopt a dynamic ensemble of solution-phase conformations, and
thus these single structures are likely an oversimplification of
diUbq conformational preference and interfacial binding, further
complicating potential analyses.57,58

Fenselau noted that characterizing the role of each linkage type
is difficult: “The ubiquitin code is expected to correlate patterns
of ubiquitination with the functional fates conveyed to protein
substrates by conjugation. The code has been only partly
deciphered because no suitable analytical method is available.”59

Despite decades of research, few analytical methods are available
for characterization of polyUbq covalent linkage types, most
notably immunoprecipitation60 and the use of linkage specific
deubiquitinating enzymes (DUB);61 however, both immuno-
precipitation and the use of DUB enzymes suffer from a limited
understanding in terms of linkage specificity, the lack of binding
partners for all linkage types, and the ability to characterize
homogeneous or branched polyUbq structures. Mass spectrom-
etry fragmentation techniques have more recently been
introduced for the characterization of polyUbq isomers.62,63

We have recently reported the use of ESI-IM-MS and collision-
induced unfolding (CIU) for the evaluation of the conforma-
tional preference and interfacial interactions observed for the
noncovalent homodimer of Ubq through comparisons with K48-
and K63-linked diUbq.64 With current resolution limits, IMS
alone was insufficient to differentiate the conformational
preferences of K48- and K63-linked diUbq ions and the
noncovalent dimer of Ubq; however, collision-induced unfolding
(CIU) supplies an added dimension capable of differentiating
dissimilar noncovalent interactions. The results suggest that the
conformational preferences of K48- and K63-linked diUbq are
differentiable using CIU; furthermore, noncovalent Ubq dimer
ions exhibit noncovalent interfacial interactions and likely
conformational preferences similar to those of K48-linked
diUbq ions. Here, we report a more in-depth discussion of the
conformational preferences observed for the four most common
linkage types reported for polyUbq (K6-, K11-, K48-, and K63-
linkages)48 utilizing more intensive interpretation of diUbq ESI-
IM-MS results and CIU fingerprints with the aid of solvent-
induced denaturation.

■ EXPERIMENTAL SECTION
Sample Preparation. K6-, K11-, K48-, and K63-linked

diubiquitin were purchased from R&D Systems Inc. (Minneap-
olis, MN). All were used without further purification. Each was
dissolved in 18 MΩ water (Barnstead Easy Pure II, Thermo
Scientific) and stored at −20 °C for later use. All solutions were
prepared with a final concentration of 10 μM in either 99.9/0.1%
(v/v %) water/formic acid or 49.9/50/0.1% (v/v %) water/
methanol/formic acid.

ESI-IM-MS and CIU Analysis. ESI-IM-MS spectra were
acquired using a Waters Synapt G2 HDMS mass spectrometer
(Manchester, UK). Instrument conditions were chosen to
minimize instrumental heating: sample cone, 10 V; extraction
cone, 1 V; trap bias, 25 V; API gas flows, off; helium cell flow rate,
200 mL/min; IMS nitrogen flow rate, 60 mL/min; TWIMS wave
height, 20 V; TWIMS wave velocity, 300 m/s.30 CCS values were
calibrated as previously described using reported values for acid
and acetonitrile denatured ubiquitin, cytochrome c, and
myoglobin.65 All CCS profiles were normalized to the most
abundant feature.
Different collision energies for CIU were imparted by

changing the voltage drop between the exit of the quadrupole
and the entrance to the TWIG-trap region filled with the collision
gas argon. Note that a 5 V drop was necessary to maintain
transmission through the trap and transfer regions and will be
referred to as low collision energy. Reported lab-frame collision
energies were calculated as the product of ion charge and
acceleration voltage. CIUSuite was used to assemble all CIU heat
maps from IM-MS spectra; the “compare” function of CIUSuite
was used to produce difference plots, used to draw attention to
differences in CIU heat maps, and to produce RMSD values, used
to summarize those differences.20 The MOBCAL trajectory
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method was used to calculate theoretical CCS values from PDB
files.66,67

■ RESULTS AND DISCUSSION

Charge-Induced Unfolding of DiUbq Ions. Figure 1
shows the full ESI-IM-MS mass spectra and CCS profiles
acquired using instrument conditions that minimize collisional
activation to preserve more native-like conformations30 for K6-,
K11-, K48-, and K63-linked diUbq acquired from 99.9% water
and 0.1% formic acid. All ions discussed throughout this Article
are charged only through differences in protonation; therefore,
ions of the form [diUbq + nH]n+ will be abbreviated as diUbqn+

for the remainder of the text. The charge state distributions
observed of all four diUbq types from water/formic acid exhibit a
narrow distribution of high abundance, low charge states (10−
11+) and a broad distribution of low abundance, high charge
states (13−25+). Note, however, that the abundances of each
charge state differ for the different linkage sites of diUbq.
It has been shown that ESI−MS charge state distributions can

be correlated to protein conformational preference.68,69 That is,
the charge state of a protein in the ESImass spectrum is related to
the solvent accessible surface area (SASA), as related to solvent
exposure of basic/acidic residues and the presence of intra-
molecular interactions.70−72 Under acidic conditions, monoUbq
produces a narrow distribution of low charge states centered
around the Ubq7+ ion and a low abundance of higher charge

states, which suggests retention of native-like states, but the
observed higher charge states, IMS CCS profiles, and radical-
directed fragmentation experiments provide evidence for a small
population of unfolded conformers.26,73 The mass spectra
acquired for all four diUbq linkage types from water/formic
acid illustrate similar behavior, suggesting retention of native-like
conformations (Figure 1A). Note, however, that the abundances
of the charge states differ for the different linkage sites of diUbq,
suggesting differing exposure of basic residues due to differences
in conformation or intramolecular bonding. K63- and K48-linked
diUbq in particular populate on average lower charge states than
do K6- and K11-linked diUbq. This finding is consistent with
results reported by Lee et al.; complexation of the K6 or K11
side-chains of monoUbq by host−guest chemistry destabilizes
the native conformation and induces preference for higher
charge states.74

The CCS profiles of diUbq ions (Figure 1B) indicate
sensitivity to the charge state of the ion and to the linkage site
when higher charge state ions are sampled; however, the CCS
profiles of diUbq9+ ions are relatively narrow for all linkage types
and suggest two conformational families: ∼1500 and 1750 Å2.
The larger of the twoCCS values is similar to the theoretical CCS
values of K48-linked diUbq reported previously (1780 Å2 for the
“closed” conformation PDB 2PEA, 1816 Å2 for the “open”
conformation PDB 3NS8),64 suggesting that these ion
populations retain much of the solution-phase structure.

Figure 1. (A,C) Full mass spectra and (B,D) CCS profiles acquired with minimal collsional activation for K6 (black)-, K11 (red)-, K48 (blue)-, and K63
(green)-linked diUbq acquired from (A,B) 99.9% water and 0.1% formic acid and (C,D) 50% methanol, 49.9% water, and 0.1% formic acid. Select
charge states are labeled.
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Furthermore, K63-diUbq9+ is not observed populating an open
conformation (calculated CCS of 2086 Å2, PDB 2JF5). The
smaller of the two CCS values was previously defined as that of
acid-induced molten globule conformations through comparison
with CCS profiles acquired from buffered solution.64 The
MOBCAL calculated theoretical CCS values for diUbq
structures reported in the PDB are 1829 and 1845 Å2 for K6-
and K11-linked diUbq, respectively (PDB structures 2XK5 and
2XEW, respectively). The percent difference between these
structures and those reported for K48-linked diUbq is
approximately 3%; consequently, the inability to differentiate
K6-, K11-, and K48-linked conformations using IM-MS is
unsurprising.
The CCS profiles of the higher charge states shift to larger

CCS values, suggesting increasing degrees of gas-phase unfolding
due to their increasing Coulombic repulsion and lab-frame
collision energies. The diUbq10+ and diUbq11+ ions of all four
linkage types exhibit broad distributions with distinct conforma-
tional populations. Peak deconvolution of diUbq11+ ion CCS
profiles is shown in Figure 2. The CCS profiles of K6-, K11-, and
K63-diUbq11+ ions each demonstrate four broad conformational
families where CCS centroid values vary less than 3% for each
linkage type; the primary difference between the three linkage
types is the relative abundance of the different conformational
families. The K48-diUbq11+ distributions are better represented
with a fit that involves two more broadened peaks with CCS
centroid values shifted relative to the other linkage types. The
CCS profiles of diUbq12+ ions are still broad, but relatively
featureless; however, the degree of unfolding varies relative to
linkage site. Themajority of K6- and K11-diUbq13+ ions populate
a narrow distribution of extended conformers, whereas the K48-
and K63-diUbq13+ ions retain a broad distribution of ions with
largely intermediate CCS values. diUbq14+ ions of all linkage
types populate primarily narrow CCS distributions of extended
conformers that likely represent gas-phase equilibrium con-
formations.
Solvent-Induced Denaturation of DiUbq. Upon addition

of >40% methanol to acidic solution (pH ≈ 2), monoUbq is
known to populate the “denatured” A-state conformation,
wherein part of the N-terminal portion of the β-sheet is retained,
but the rest of the structure is in a flexible conformation with a
high degree of α-helical character.47,75−77 The mass spectra
acquired of monoUbq exhibit a broad distribution of high charge
state ions consistent with the increased SASA.24,26 The calculated
CCS for the A-state of monoUbq is larger than that of the N-
state, and experimental CCS profiles of monoUbq are
consistently shifted to larger CCS when acquired from

methanolic solutions with low pH.26,29,78 Figure 1C and D
shows the full ESI−MS mass spectra and CCS profiles,
respectively, for K6-, K11-, K48-, and K63-linked diUbq acquired
from 49.9% water, 50% methanol, and 0.1% formic acid. The ESI
mass spectra of diUbq acquired from these denaturing conditions
indicate a broad distribution of high charge states, similarly
suggesting increased SASA, but the spectra differ for each linkage
type. K48-linked diUbq exhibits a more narrow charge state
distribution centered at the 18+ charge state. K6- and K11-linked
diUbq exhibit bimodal charge state distributions centered on the
18+ and 22+ charge states. K63-linked diUbq exhibits an even
broader charge state distribution, possibly trimodal, centered at
the 17+ charge state. The presence of multiple broad
distributions of high charge states for K6-, K11-, and K63-linked
diUbq from the denaturing solution conditions suggests a high
degree of conformational heterogeneity in solution. The
distribution of charge states for K6- and K11-linked diUbq is
significantly higher than those observed for K48- and K63-linked
diUbq indicative of further increased SASA.
The CCS profiles of low charge state diUbq ions of all four

linkage types acquired from acidic 50% methanol solution
(Figure 1D) suggest that the ions adopt more compact
conformers than those observed from acidic aqueous solution.
This observed preference for compact conformers is contrary to
the larger CCS observed for monoUbq under similar conditions,
suggesting the collapse of the ion’s tertiary structure.
Interestingly, the CCS of the more compact diUbq9+ conformer
observed from denaturing conditions is similar to that of the
∼1500 Å2 diUbq9+ conformer previously attributed to an acid-
induced molten globule conformation. Thus, we attribute the
more compact conformer observed from denaturing conditions
to a collapsed, partially folded conformation likely possessing a
high degree of α-helical character or a molten globule-type
conformation.

Gas-Phase Unfolding of DiUbq Ions.CIU is similar to gas-
phase annealing; collisional activation (unfolding) is followed by
collisional cooling (thermalization) prior to IM separation;
consequently, CIU provides information concerning the gas-
phase potential energy surface en route to the gas-phase
equilibrium conformation as defined by their noncovalent
interactions. CCS profiles for the four linkage types of diUbq
were acquired with increasing collisional activation and
assembled into heat maps, or CIU fingerprints, to illustrate the
changing conformational preference of the protein en route to
the gas-phase equilibrium conformation (Figure 3; see Figures
S1−4 for raw CCS profiles used to assemble CIU plots). Overall,
the CIU fingerprints of each linkage type acquired under N-state

Figure 2. Deconvolution of (A) K6-, (B) K11-, (C) K48-, and (D) K63-diUbq11+ CCS profiles. The raw data are represented as data points, the
cumulative fit is represented as a black line, and the fitted peaks are filled such that like colors depict fit peaks.
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conditions differ noticeably from one another (Figure 3A).

These differences are highlighted by the use of difference plots

(Figures S5−8) and calculated RMSD values (summarized in

Figure 4).

The RMSD values and difference plots indicate that the CIU of

K48-linked diUbq differs most significantly from the other

linkage types due to the absence of distinct unfolding

intermediates and generally more compact extended conformers

Figure 3. CIU heat maps for K6-, K11-, K48-, and K63-linked diUbq (top to bottom) with 9−13+ charge states (left to right) acquired from (A) 99.9%
water and 0.1% formic acid and (B) 49.9% water, 50% methanol, and 0.1% formic acid.
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than those observed of the other linkage types. Specifically, the
CIU fingerprints of lower charge states of K48-linked diUbq
indicate that the ions undergo gradual unfolding until the late
stages of the unfolding process, whereas the CIU profiles of K6-,
K11-, and K63-linked diUbq indicate interconversion between
distinct intermediate conformers. Furthermore, K48-diUbq10+,
diUbq11+, and diUbq12+ populate three distinct extended
conformers, most apparent of the 11+ ion, which remain stable
until fragmentation. An exception to the exclusively large RMSD
values observed for K48-linked diUbq ions are the large RMSD
values observed for K63-diUbq10+ ions due to large differences in
the late stages of unfolding. The most extended conformer of
K63-[diUbq +10H]10+ is observed only after a high degree of
collisional activation and in much higher abundance than a
similar conformer observed of K11- and K48-diUbq10+ (see
Figure S1 for details). The distinct unfolding intermediates of
K6-, K11-, and K63-linked diUbq ions exhibit CCS values similar
to one another but with differing stabilities. This suggests that
these ions populate similar conformational populations en route
to the gas-phase equilibrium structure. This observation is
consistent with that reported by Eschweiler et al. wherein
collisional activation of albumin homologues populates very
similar conformational unfolding intermediates, but the stability
of each varied with differing 1° structure.79

The CIU fingerprints of the diUbq ions acquired from
denaturing conditions bear striking differences from those
acquired from “native” conditions, but also interesting
similarities in the late stages of unfolding (Figure 3B). These
observations are demonstrated most vividly by difference plots

(see Figure 5 for diUbq9+ and diUbq13+ ions; see Figure S9 for all
charge states). As discussed previously, the CCS profiles of the
“denatured” diUbq ions are shifted to lower CCS than those
acquired from “native” conditions. Interestingly, the CIU profiles
of K48-linked diUbq ions acquired from the denaturing
conditions exhibit the distinct unfolding intermediates observed
of the other linkage types in “native” conditions. This suggests
that the gradual unfolding observed previously is characteristic of
the native K48-linked diUbq solution-phase structure. The CCS
profiles of all diUbq linkage types acquired from “native” and
“denatured” conditions converge to similar conformational
families upon application of high collision energies. This provides
an indication as to when all aspects of the solution-phase
“conformational memory” are lost in favor of gas-phase
equilibrium conformations. The CIU profiles of K48-linked
diUbq acquired from both solution conditions are increasingly
similar with increasing charge state. Oddly, the gas-phase
equilibrium conformers of the higher charge states of K6-,
K11-, and K63-linked diUbq ions acquired from the denaturing
solution conditions adopt a smaller CCS than those acquired
from more native conditions.
Shi et al. have previously reported that the relative abundances

of different extended conformers of monoUbq are influenced by
the addition of methanol.78,80 The addition of methanol appears
to have a similar influence on the conformational preference of
extended K48-diUbq11+ conformers; specifically, the more
compact of the extended conformers is less preferred. The
most likely explanation for these differences in gas-phase
equilibrium conformation would be differences in charge
location as defined during the ESI process. The residues K6,
K11, and K63 are located near the N- and C-termini, meaning
fully extended conformations of diUbq covalently linked through
those residues are nearly linear. Contrarily, K48 is located near
the center of the sequence, meaning a fully extended
conformation of K48-linked diUbq would resemble a “T”
shape. Consequently, differences in charge location would more
likely result in multiple extended conformations upon collisional
activation.

Unraveling Differences in Noncovalent Intramolecular
DiUbq Interactions. The effect of collisional activation on the
conformation of multidomain proteins is oft-debated, mainly due
to observed asymmetric charge partitioning between dissociated
subunits. Wysocki et al. suggest that asymmetric charge
partitioning is evidence that collisional activation results in
subunit unfolding,12 whereas Loo and Loo posit that charge state
differences may be a function of salt bridge rearrangement such
that collisional activation may still result in disassociation of the
subunit interface.81 Eschweiler et al. have recently used chemical
probes to monitor the sequential unfolding of albumin domains;
distinct unfolding intermediate transitions were correlated with
the loss of subunit bound ligands, suggesting sequential subunit
unfolding upon collisional activation.79 We have previously
suggested that the subunit interface of K48-linked diUbq ions
persists until the late stages of unfolding via comparisons with
noncovalent Ubq dimer unfolding and disassociation energies.64

The specific gas-phase unfolding pathway of monoUbq has
been previously discussed by Skinner et al. using electron capture
dissociation experimental results82 and by Chen et al. using
molecular dynamics simulations.30 The N- and C-terminal β-
strands located in the center of the β sheet structure are in
particular only weakly stabilized in the gas phase, meaning
collisional activation likely results first in the loss of the five-
stranded β-sheet structure. This “weakness” provides much

Figure 4. Root-mean-square deviation values calculated for two CIU
heats maps, DiUbq (1) minus DiUbq (2). For example, the blue bar in
the 9+, K11 cluster represents the RMSD value for K11- and K48-
diUbq9+ ion CIU profiles.
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insight into the unfolding patterns observed of the diUbq ions.
The residues of the I44 patch are located on three individual β-
strands, including both the N- and the C-terminal; consequently,
any subunit interfacing with the other via the I44 patch would
benefit from significant stabilization of the β-sheet. The residues
from the I36 patch are located on the C-terminal β-strand, but
not on the N-terminal β-strand, such that participation of the I36
patch in the subunit interface will have no effect on the stability of
the β-sheet. K48-linked diUbq preferentially forms I44/I44
interfacial interactions unless Coulombic repulsion of R42 and
R72 in close proximity to the I44 hydrophobic faces induces the
preference for electrostatic interfacial interactions.32,50 On the
basis of the aforementioned possible influence of I44 patch
interactions on the stability of each subunit, it would be expected
that an I44/I44 interface would impart dramatic stabilization of
both Ubq subunits. We have previously reported that the unique
gradual unfolding observed in the CIU fingerprints of K48-
diUbq9+ and diUbq11+ is indicative of I44/I44 hydrophobic

interfacial interactions; furthermore, the R42 and R72 residues
play an important role in stabilization of the subunit inter-
face.64,83 The observed gradual unfolding of the additional charge
states further supports the differentiation of the K48-linked
diUbq subunit interface as unique from that observed of other
linkage sites.
As noted repeatedly, K6-, K11-, and K63-linked diUbq ions

demonstrate substantial CIU similarity. With increasing collision
energy, each undergoes conversion between distinct intermedi-
ates en route to the most extended conformations. As discussed
previously, K63-linked diUbq is stabilized exclusively by
electrostatic interactions; consequently, the most obvious
conclusion that can be drawn from the similarity between the
CIU fingerprints of K6-, K11-, and K63 linked diUbq is that the
lower charge states of all three linkage types exhibit electrostatic
interfacial interactions. The gas-phase stability of an electrostatic
interface would depend greatly on the number of salt bridges and
ionic hydrogen bonds formed between the subunits resulting in

Figure 5. Difference plots calculated using CIUSuite, where the CIU heat maps of diUbq9+ (left) and diUbq13+ (right) ions acquired from 50%
methanol/49.9% water/0.1% formic acid (blue) are subtracted from the CIU profiles acquired from 99.9% water/0.1% formic acid (red). Note that the
difference plots for all other charge states can be found in the Supporting Information.
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differing stabilities, dependent on linkage site and charge state.
Thus, differences in the unfolding pathway could be the product
of different available electrostatic interactions induced by the
changing proximities of charge groups induced by the covalent
linkage site. A solution-phase structure of K11-linked diUbq is
reported that demonstrates electrostatic interfacial stabiliza-
tion;55 however, another reports an I36/I36 interface.53

Both K6- and K11-linked diUbq have reported conformations
utilizing the I36 hydrophobic patch for interfacial interaction.
The crystal structure of K6-linked diUbq, specifically, was
reported to exhibit an I36/I44 interface, where the I36 patch of
the proximal Ubq subunit interacts with the I44 patch of the
distal Ubq subunit. Thus, it would be expected that the proximal
subunit would unfold upon collisional activation due to the
instability of its β-sheet, followed by the unfolding of the distal
subunit. Both subunits of K11-linked diUbq would be expected
to unfold upon collisional activation due to the preference for an
I36/I36 interface. As such, K6- and K11-linked diUbq would be
expected to demonstrate significantly different unfolding path-
ways. Consequently, the resemblance between the K6-, K11-,
and K63-linked diUbq CIU fingerprints could be attributed to
two scenarios: all three adopt electrostatic interfacial inter-
actions, or the unfolding pathway of interfacial interactions
involving I36 is similar to that demonstrated by K63-linked
diUbq ions.
As noted above, the intermediate charge states (i.e., 10+ and

11+) of K6-, K11-, and K63-linked diUbq exhibit low energy
CCS profiles, suggesting similar conformational preferences (see
Figure 2). Upon collision activation, these diUbq ions transition
through similar conformational families en route to gas-phase
equilibrium conformers. Furthermore, through comparison of
CIU profiles for diUbq ions acquired from native and denaturing
conditions, the collision energy after which gas-phase conformers
are populated is known; that is, any unfolding intermediates
observed prior to forming gas-phase conformers are character-
istic of a solution-phase structure. Upon collisional activation of
K6- and K11-linked diUbq10+ and diUbq11+ ions, each adopt two
distinct unfolding intermediates, labeled as IE (CCS ≈ 2400 Å2)
and IH (CCS ≈ 2600 Å2) in Figure 6. A relatively small
population of K6-linked diUbq10+ and diUbq11+ ions transition
through the more compact unfolding intermediate (IE).
Interestingly, the IH unfolding intermediate is not observed in
the unfolding pathways of K63-linked diUbq10+ and diUbq11+

ions. This suggests that IE unfolding intermediates may be
characteristic of diUbq ions exhibiting purely electrostatic
interfacial interactions, whereas IH unfolding intermediates may
be characteristic of diUbq ions exhibiting alternative interfacial
interactions, such as hydrophobic interfacial interactions via the
I36 hydrophobic patch. This is consistent with the aforemen-
tioned two distinct structures previously reported for K11-linked
diUbq ions exhibiting either I36/I36 hydrophobic interactions or
electrostatic interfacial interactions;41,53−55 a relatively high
abundance of both unfolding intermediates is observed upon
CIU of K11-linked diUbq10+ and diUbq11+ ions, suggesting a
mixture of two conformational populations with distinctly
different unfolding pathways. However, these data are the first
to suggest that K6-linked diUbq may adopt a mixture of
conformers wherein a relatively small population may exhibit
electrostatic interfacial interactions.

■ CONCLUSIONS
Here, we demonstrate the use of ESI-IM-MS and CIU to probe
the differences in noncovalent intramolecular interactions

responsible for the conformational heterogeneity of the most
abundant covalent linkage types of diUbq. The ESI mass spectra
of each linkage type suggest that the ions sampled are “native-
like” in conformation. Furthermore, the CCS profiles of diUbq9+

ions are centered on a CCS similar to theoretical CCS values
calculated from PDB structures; however, because the CCS of
the “native-like” conformers are within the error of the IMS
experiment, solution-phase and gas-phase denaturation provides
the additional information necessary to differentiate the
conformational differences induced by the covalent linkage site.
Unfolding upon removal of solvent, driven by Coulomb

repulsion as well as collisional activation, shows that K48-linked
diUbq is unique in its conformational preference and gas-phase
stability. We posit that this difference is the result of added
stabilization of the β-sheet structure induced by I44/I44
interfacial interactions. Solvent-induced denaturation disrupts
the hydrophobic patches apparent in the native fold of the
subunits and reduces the burial of hydrophobic side chains within
the interior of the structure; therefore, any remaining non-
covalent interactions are unlikely to involve hydrophobic
interactions. Upon solvent-induced denaturation, the gradual
unfolding observed of K48-linked diUbq ions is no longer
observed in favor of distinct unfolding intermediates.
Reported K6- and K11-linked diUbq structures suggest

interfacial interactions involving either the I36 patch or
electrostatic interactions. Because of the inaccessibility of
hydrophobic patch interactions induced by covalent linkage
through K63, electrostatic interactions are preferred for K63-
linked diUbq interfacial interactions. K6-, K11-, and K63-linked
diUbq ions demonstrate very similar unfolding pathways

Figure 6. Stacked CCS profiles after varying degrees of collisional
activation (collision voltage was 5−45 V in 5 V increments) for the 10+
(left) and 11+ (right) charge states of protonated K6 (black)-, K11
(red)-, and K63 (green)-linked diUbq acquired from 99.9% water/0.1%
formic acid. Unfolding intermediate peaks with similar CCS values are
denoted as IE (shaded red) and IH (shaded blue). Note that shading ends
at the point where the CCS profiles no longer differ from those acquired
from denaturing conditions.
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including distinct unfolding intermediate conformers very similar
in CCSs but differing in relative stabilities. Therefore, the
similarities between the K6-, K11-, and K63-linked diUbq CIU
profiles could be indicative that K6- and K11-linked diUbq ions
also adopt primarily electrostatic interfacial interactions.
However, interfacial interactions involving the I36 patch would
not lead to substantial stabilization of the weakly bound β-sheet
structure, and thus such structures may unfold in a manner
similar to those of K63-linked diUbq ions. Further comparison of
CIU intermediates observed of K6-, K11-, and K63-linked diUbq
ions suggests that both K6- and K11-linked diUbq adopt a
heterogeneous mixture of conformers exhibiting electrostatic
interfacial interactions or hydrophobic interfacial interactions
involving the I36 hydrophobic patch. Overall, we have shown
that ESI-IM-MS and CIU can provide a wealth of information
concerning the noncovalent interactions stabilizing the con-
formational preference of diUbq ions; however, as with many
IMS experiments, molecular dynamics simulations or solution-
phase NMR would be excellent complementary techniques to
provide more detailed atomistic information. Furthermore, the
observed unique CIU fingerprints may provide the ability to
perform fast screening of the covalent-linkage site of Ubq
isomers and possibly characterization of longer, branched, or
heterogeneous polyUbq, a heretofore challenging analytical
problem due to the complexity and diversity of the Ubq code.
As noted in the introduction, covalent linkage between Ubq

subunits is observed for all eight amino groups, each with unique
functions. In addition to the four most common linkage types
discussed here, covalent linkage between Ubq subunits is
observed via the N-terminus (M1-linked or linear diUbq) and
the three other lysine side chains (K27, K29, and K33).31,37

Casteñada et al. have performed extensive analyses usingNMRof
the noncanonical linkage types of diUbq, reporting that K27-,
K29-, and K33-linked diUbq exhibit little subunit interfacial
interactions, and, most notably, hydrophobic patch interfacial
interactions were not observed.58 Furthermore, Casteñada et al.
report that K29-linked diUbq adopts the most heterogeneous
distribution of conformers and the isopeptide linkage of K27-
linked diUbq is uniquely solvent inaccessible.58 However,
Kristariyanto et al. report a crystal structure for K33-linked
diUbq demonstrating I36/I36 interfacial interactions84 and a
crystal structure for K29-linked diUbq with polar interfacial
interactions.85 Only recently has a quasi-racemic X-ray crystal
structure of K27-linked diUbq been reported confirming the
burial of the isopeptide linkage and absence of hydrophobic
interfacial interactions, but suggesting a more compact con-
former preference.86 Linear diUbq reportedly adopts an open
conformation nearly equivalent to that of K63-linked diUbq,87

but a closed conformation of linear diUbq has yet to be reported.
Overall, the conformational preferences of the noncanonical
linkage types of diUbq are much less resolved and oft debated
than those of the more canonical K48- and K63-linked diUbq; as
such, CIU could provide invaluable information concerning the
structural propensities of these alternative linkage types of diUbq
and differentiation of heterogeneous conformer populations.
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