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Traditional electrospray ionization tandem mass spectrometry (ESI-MS") has been a powerful tool in di-
verse research areas, however, it faces great limitations in the study of protein-small molecule inter-
actions. In this article, the state-of-the-art temperature-controlled electrospray ionization tandem mass
spectrometry (TC-ESI-MS") is applied to investigate interactions between ubiquitin and two flavonol
molecules, respectively. The combination of collision-induced dissociation (CID) and MS solution-melting
experiments facilitates the understanding of flavonol-protein interactions in a new dimension across vary-
ing temperature ranges. While structural changes of proteins disturbed by small molecules are unseen in
ESI-MS", TC-ESI-MS" allows a simultaneous assessment of the stability of the complex in both gas and
liquid phases under various temperature conditions, meanwhile investigating the impact on the protein’s
structure and tracking changes in thermodynamic data, and the characteristics of structural intermediates.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Protein-small ligand interactions are universal and of crucial
importance in cellular processes [1-3]. Flavonoids serve as spe-
cialized plant metabolites and often act as effective pharmaceuti-
cal agents [4-9]. Previous studies on the interactions of flavonols
and proteins, such as hemoglobin, bovine serum albumin, -
lactogolobulin, and others, reveal that flavonols form complexes
with proteins, generating diverse structural and physicochemical
characteristics [10-15]. However, limited information can be ob-
tained regarding how the intrinsic property of protein is affected
by flavonols.

Mass spectrometry (MS) has become an essential method for
exploring non-covalent interactions [16-22]. It only requires min-
imal sample quantities, and can be easily conducted without the
need for extensive purification or labeling [23-26]. By preserving
either covalent or non-covalent interactions during the transition
from solution to the gas phase, MS provides initial stoichiomet-
ric information on the composition of the complexes [27], their
average charge states, and excels in extracting stability from pro-
tein mixtures [28]. The combination of MS with other techniques
such as equilibrium dialysis, ion mobility (IM) and Forster reso-
nance energy transfer (FRET) can also provide more information
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of the interactions [29-31]. However, the correlation between so-
lution and gas-phase stabilities remains an unanswered question,
despite extensive efforts from researchers to comprehend the be-
havior of proteins [32-34] in both gas and solution phases.

Employing MS detection to track changes in protein struc-
tures, temperature-controlled electrospray ionization (TC-ESI), also
called variable-temperature electrospray ionization (vt-ESI), has
been emergingly used as an equivalent to conventional solution-
phase temperature annealing methods [35]. Measuring melting
temperature (T ) using calorimetry or spectroscopy is inherently
slow, requires a substantial amount of purified material (0.1-2 mg),
and poses challenges in terms of multiplexing. This creates a crit-
ical bottleneck for extracting stability measurements from protein
mixtures [36-38]. However, TC-ESI is also useful to depict protein
Tm values with MS-grade sensitivity and specificity, which proves
to be in line with traditional technologies [39-48]. Moreover, its
strength lies in its ability to unequivocally identify and quantify
each of the multiple coexisting stoichiometries in a mixture. Struc-
tural information on ligand binding has also been primarily inves-
tigated by these methods [49-51].

Tandem MS (MS"), usually using collision-induced dissociation
(CID), has been widely employed for native protein complexes
[52]. MS" for protein-ligand complexes in the gas phase may offer
valuable and quantitative insights into protein-ligand interactions
[53,54]. Nevertheless, the degree of ion dissociation following the
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implementation of CID is contingent on the dissociation rate con-
stant for the gaseous ion [55]. Therefore, the gas-phase stability of
protein-ligand complexes relies on the dissociation thermochem-
istry and kinetics of the complex in the gas phase. This is not
anticipated to accurately mirror solution-phase binding affinities
[55-57].

The development of TC-ESI primarily focused on the tempera-
ture control methods (Scheme 1) [58], but it was seldom combined
with other MS techniques. The integration of TC-ESI with MS"
greatly expands the application field of this ion source, enabling
more effective exploration of interactions between biomacro-
molecules and ligands. Furthermore, due to the capability of block
heating to effectively control parameters such as heating time, flow
rate, and temperature, it is highly suitable for compensating MS"
method to study subtle changes in protein-small molecule inter-
actions. Combining TC-ESI with MS" allows for a rapid and si-
multaneous assessment of the stability of the complex in both
gas and liquid phases under various temperature conditions. Ad-
ditionally, it facilitates the examination of how these conditions
affect protein structure, highlighting structural alterations in pro-
teins affected by small molecules that often go undetected in
traditional ESI-MS". Temperature-controlled ESI-MS in combina-
tion with tandem mass spectrometry (TC-ESI-MS") experiments al-
low for the observation of differences in dissociation patterns and
affinities of complexes across various temperature dimensions in
the gas phase. By integrating with TC-ESI experiments, it can facil-
itate a more comprehensive comparison of flavonol-protein inter-
actions between gas and solution phases. Furthermore, this com-
bined strategy will provide new insights into proteins and enable
careful tracking of changes in thermodynamic data, and the char-
acteristics of structural intermediates. Compared with traditional
ESI-MS, this method can offer unprecedented insights and an ad-
ditional layer of detail into protein-small molecule interactions. A
schematic drawing of the experimental setup is shown in Fig. S1
in Supporting information.

In this work, a prototype protein ubiquitin (U), one of the most
investigated proteins with +5 to +8 charge states under native
MS conditions, is firstly selected [59]. Then, TC-ESI-MS" is used
to study the interaction of ubiquitin with two typical flavonols
(Scheme 2), quercetin (Q) and rutin (R), respectively.

At room temperature, the spray of ubiquitin and quercetin mix-
ture in methanol/water solution produces ions in U, U-Q; to U-
Qs at +5 and +6 charge states (Fig. 1a). The 1:1 U-Q; complex
is to date the most abundant in the spectrum while the 1:2U-Q,
complex is of lower abundance. Similarly, rutin and ubiquitin com-
plex solution sprays to forms U, U-R; to U-R, at +5 and +6 charge
states (Fig. 1b).

Weighted average charge state of ubiquitin (Fig. 2) and mass
spectra (inset of Fig. 2) versus solution temperature of ubiquitin
obtained in methanol/water mixture are in line with temperature-
dependent unfolding transitions of ubiquitin observed by El-Baba
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Scheme 2. Structures of (a) quercetin (Q, left) and (b) rutin (R, right).

[ U

o
o
—
Y
~

100 (b)
uF*
[UF*

, - | uRe "
| lIUQ:;]ﬁ+ L[ULQzls ]nz[R] |[UR2]G+ [UI?]S [UR,*

1200 1600 2000 1200 1600 2000
m/z m/iz

Uit Qe

o

Relative abundance (%)
w
o

Relative abundance (%)
(42
(=]

Fig. 1. Mass spectra of ubiquitin with different flavonols.
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Fig. 2. Weighted average charge state of ubiquitin versus solution temperature with
midpoint melting temperature T,, = 45.4°C. Inset shows mass spectra of ubiquitin
in 20% (v/v) methanol in water in an acidified aqueous solution collected at 25, 50,
and 70°C at flow rate of 5 pL/min. Weighted average charge state is calculated using
Eq. S1 in Supporting information. The values are presented as mean =+ standard
deviation (n=3).

et al. [42]. Notably, the melting temperature derived in Fig. 2 is
45°C, which is different from previous results, such as in aque-
ous solution with pH 3 [60]. This result is consistent with earlier
studies and is primarily attributed to changes in solvent conditions
within the solution (Figs. S2 and S3 in Supporting information)
[61,62].

As shown in Fig. 3a, investigation on temperature-dependent
effects of flavonols binding to ubiquitin has been conducted. As
temperature grows, binding of quercetin keeps the same binding
stoichiometries. A zoomed mass spectrum for ubiquitin-quercetin
(Fig. 3b) shows the formation of the noncovalent U-Q; to U-Q3
complex during thermal denaturation. However, the peaks for +5
and +6 ions decrease against increasing temperature, making it
challenging to intuitively compare the binding affinities between
ligands and ubiquitin. Similarly, thermal denaturation of ubiquitin-
rutin complex (Figs. 3c and d) has similar trend mass spectra dur-
ing the entire heating process and no obvious new binding peaks
of U-R complex are observed.

To better understand the complex mechanism, Eq. 1 has been
utilized to assess the relative binding affinities of flavonols [63],
where I(M) and I(1:n) represent the relative abundance of each
charge state of the free ubiquitin and various binding stoichiome-
tries of ubiquitin-flavonol complexes. It is assumed that the rela-
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Fig. 3. (a) Mass spectra of the ubiquitin-quercetin complex. (b) Zoomed-in mass

spectra (m/z 1450-1650) of the [U-Q;_3]%* ions. (c) Mass spectra of the ubiquitin-

rutin complex and (d) zoomed-in mass spectra (m/z 1500-1700) of the [U-R;_]%*

ions, all at different temperatures, respectively.
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Fig. 4. Binding affinities based on TC-ESI-MS measurements of flavonol-ubiquitin
complexes at different temperatures. The values are presented as mean + standard
deviation (n=3).

tive intensities of the proteins or complexes in the mass spectra
are directly proportional to their relative abundances in the solu-
tion [63,64]. The higher fraction value of ubiquitin in the TC-ESI-
MS experiment indicates greater binding affinities.

I(1:1) + I(1:2) + ---
IM) + I(1:1) + I(1:2) + -~

As shown in Fig. 4, the relative ligand affinities of flavonol-
ubiquitin complexes at different temperatures can be calculated
from their extractive mass spectra, respectively. It illustrates two
distinctly different trends. The binding affinity between quercetin
and ubiquitin consistently decreases as temperature rises. In con-
trast, the binding affinity between rutin and ubiquitin increases
with temperature elevation.

The discrepancy in the interaction of proteins with quercetin
and rutin is proposed to be attributed to the structural differences
between the flavonoid ligands [65,66]. The U/Q complex becomes
less stable at elevated temperatures, indicating an exothermic na-
ture of their interaction as in soy protein [67]. In contrast, the
binding affinity of U/R complexes exhibits notable increments as
the temperature rises, indicating that these complexes are formed
through endothermic processes. These results align with those ob-

Fraction =

(1)
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Fig. 5. Dissociation profiles of (a) U-Q;, (b) U-Q,, (c) U-R; and (d) U-R;, at different
temperatures. The values are presented as mean = standard deviation (n=3).

served in the interactions between rutin and soybean protein iso-
lates [68]. Hydrogen bonds and hydrophobic interactions are re-
ported to have key roles in the non-covalent binding of flavonoids
and proteins [69]. The strengthening of the hydrophobic interac-
tions in the U/R complexes at higher temperatures could poten-
tially enhance their stability [70], while the binding between ubiq-
uitin and quercetin may primarily be mediated by hydrogen bonds.

In order to further explore the interactions between the com-
plexes in gas phase, the gas phase stability of the two ligand com-
plexes by TC-ESI-MS" has been introduced. What deserves expect-
ing is that combination of CID to quantify the stability of the
protein-ligand complexes in the gas phase can offer meaningful
and quantitative insights into the interactions.

Fig. 5 shows the dissociation profiles of the TC-ESI-MS" experi-
ment performed on the +6 charge state of the ubiquitin-flavonols
complex, with molar ratios of 1:1 and 1:2 at various temperatures.
As will be shown, structural changes of proteins disturbed by small
drug molecules are unseen in traditional ESI-MS", but the intro-
duction of temperature dimension in this study can reveal subtle
interactions of flavonols on ubiquitin.

The half-wave collision energy (E;,) is defined as the collision
energy at which the relative abundance of the complex precursor
ion, reaches 0.5 [71]. Eqj; corresponds to Ty in a ubiquitin melting
curve. The larger the E;, value, the more stable the complex in
the gas phase. As depicted in Figs. 5a and b, quercetin gives sim-
ilar Eyj, values for its complexes with ubiquitin at different tem-
peratures. The similarity in the dissociation profiles suggests that
the noncovalent complexes adopt very similar gas-phase confor-
mations even when they transition into an unfolded state. Mean-
while, as the molar ratio of the complex increases from 1:1 to 1:2,
the Eqj, value increase significantly. The observed greater stability
of U-Q, complex may be due to the stronger and more opportu-
nities of intramolecular interactions between the two ligands. This
pattern is consistent with the data shown in Figs. 5¢ and d. Rutin
exhibits comparable Eyj, values for its interactions with ubiquitin
across various temperatures.

It is also worth noting that when ubiquitin with one ligand is
activated, it dissociates to give back the ubiquitin. When ubiqui-
tin with two ligands is activated, it initially loses one ligand before
reverting to ubiquitin itself (Figs. S4 and S5 in Supporting infor-
mation). The CID results of corresponding ubiquitin-flavonol com-
plexes fail to reflect the solution behavior. This can be attributed
to the destruction of the specific interaction between the flavonols
and the ubiquitin in the protonated complex. A possible explana-
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Fig. 6. (a) Weighted average charge state versus solution temperature for ubiquitin
(blue triangles), ubiquitin + rutin (red circles), ubiquitin + quercetin (black squares).
The midpoint melting temperatures (T,) determined from sigmoidal curve are
shown with colored arrows. (b) AG values for ubiquitin (blue rectangle), ubiqui-
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at various temperatures. The values are presented as mean -+ standard deviation
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tion is that the charge state of U-Q or U-R depends on the aquas
structure. Thus, U-Q or U-R with the same charge state but pro-
duced from different temperatures have the same or similar con-
formations, resulting in unchanged gas phase stability. Therefore,
the addition of small molecule ligands under different temperature
conditions does not alter the gas-phase stability of the complex,
in contrast to the alterations observed in the liquid phase. How-
ever, it should be noted that the comparison between gas phase
with solution stabilities does not provide insights into the stabil-
ity changes of ubiquitin itself under the influence of quercetin and
rutin.

To even further understand the thermal denaturation of ubiqui-
tin in the presence of quercetin and rutin, thermal stability is in-
vestigated [72]. The average charge states of ubiquitin in the mixed
solutions are then calculated from the intensities, and plotted as a
function of temperature (Fig. 6a).

In the presence of quercetin or rutin, the melting temperatures
of ubiquitin are both increased from 45.4°C to 53.4°C or 52.8°C,
respectively. The results indicate that the binding of quercetin and
rutin significantly enhances the stability of ubiquitin. Yet the shape
of the melting curve appears to be similar to ubiquitin individually,
suggesting no big changes happen during the ubiquitin unfolding
process. One common approach to assess ligand binding affinities
is by calculating the ATy values obtained from experiments con-
ducted with and without the ligand. Based on MS-melting studies,
the two flavonols obtain similar ATy, values and show their signif-
icant stabilization.

Gibbs free energy (AG) derived from the MS-melting experi-
ment is used to simulate the direction of unfolding process of pro-
teins during heating. As the solution temperature increases, the
folded ubiquitin transforms into the unfolded form, and the un-
folding process can be described and calculated (Eqs. S2 and S3 in
Supporting information). As shown in Fig. 6b, in the presence of
quercetin and rutin, AG increases significantly as the temperature
increases from 25°C to 55 °C, demonstrating that ubiquitin necessi-
tates higher energy input for denaturation. However, AG does not
change significantly at above 55 °C, implying that ubiquitin has the
similar tendency to unfold. Notably, at 55°C, AG values of isolated
ubiquitin are negative, but in the presence of quercetin and rutin,
AG values remain positive. This demonstrates that in a solution
containing only ubiquitin, a spontaneous unfolding process occurs
at this temperature.

In summary, TC-ESI-MS" is used to study the interactions of
ubiquitin with two typical flavonols: quercetin and rutin in both
solution and gas phases. The interactions at different temperature
conditions can be obtained and determined from the MS data.
The capability to distinguish and quantify distinct binding stoi-
chiometries, binding affinities and stabilities in both solution and
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gas phases at various temperatures offers detailed insights into the
complexes formed by ubiquitin and flavonols.

These results further demonstrate that TC-ESI-MS" also has the
capacity to investigate protein T, and AG that aligns with con-
ventional technologies. In the presence of quercetin and rutin,
the Ty and AG of ubiquitin are significantly higher than ubiqui-
tin alone, indicating an enhanced stability of ubiquitin. As com-
pared to conventional ESI-MS" experiment, TC-ESI-MS™ has yielded
more valuable insights into the protein-small molecule complexes.
It simultaneously and rapidly compares the stability of complexes
in both the gas and condensed phases, and further reveals the
intrinsic property of proteins. Since there are quite few studies
on ubiquitin-flavonol complexes using TC-ESI-MS" previously, this
combined strategy will provide new insights into proteins and in-
spire further studies on a wider-range of protein-small molecule
interactions.
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