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Thermal stability analysis of proteins awaits a residue-level elucidation of the structure—function relationships.
Herein, we integrated native mass spectrometry (nMS) and 193-nm ultraviolet photodissociation (UVPD) to
probe the relevant in-solution conformation dynamics of myoglobin (Mb) after heat treatment. The results
demonstrated that heating at 50 °C or 75 °C induced the stabilization of the heme-binding pocket, and a His93-
heme-His64 double coordination was formed at 75 °C, as seen by the reduced heme ion release. Molecular

dynamics (MD) simulation further confirmed the MS results. Moreover, heating at 85 °C substantially disrupted
the structural integrity of most protein, leading to a significant decline in MS signal.

1. Introduction

Characterization the protein structures with residue resolution are of
great significance for understanding the structure-function relation-
ships [1,2]. The thermal stability analysis of proteins requires efficient
structural analysis methods to elucidate molecular mechanisms. Owing
to the remarkable attributes of high sensitivity and conformational
selectivity, an array of mass spectrometry (MS)-based approaches is high
complementary to the conventional protein structure characterization
techniques, X-ray crystallography and cryo-electron microscopy (cryo-
EM) [3-6].

Different from the conventional bottom-up MS/MS analysis which
analyze the abundance changes of tryptic peptides, another series of MS
strategies realizes direct transfer of intact proteins or protein complexes
into the gas phase by the advent of native mass spectrometry (nMS)
employing nondenaturing electrospray ionization (nESI). nMS has been
established as a critical platform for characterizing the in-solution pro-
tein dynamics, offering exceptional sensitivity, high-throughput capac-
ity, and concurrent detection of multiple components within complex
mixtures [3,5-8]. It has been reported that the tertiary structure of
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protein is the key determinant of charge state distributions (CSDs) [9],
the compact conformation commonly exhibited low charge states, while
more charges could be grasped by extend conformation during native
ESI process. Besides, the collision cross-section (CCS) obtained by ion
mobility-MS (IM-MS) exams the overall size and shape of protein ions,
but also lacks of residual information. To obtain the molecular details of
protein structural changes, the native top-down MS (nTDMS) strategy
utilizing the dissociation methods following MS1 analysis could provide
sub-region and residue-level information of the protein conformation
dynamics [10]. However, the common dissociation methods such
collision-based methods or electron-based methods show less efficiency
for fragmentation of native-like protein ions, resulting the limited
structural information or low residue coverage [11-13]. Owing to the
fast activation process and the property of retaining structure-
informative noncovalent fragment ions, the integration of 193-nm ul-
traviolet dissociation (UVPD) with nMS have been shown to be an effi-
cient strategy for probing the molecular details of protein
conformational alterations, providing near complete coverage of resi-
dues [14-20].

In this study, we integrated nMS with 193-nm UVPD to
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comprehensively characterize the thermal stability and in-solution
conformation dynamics of myoglobin (Mb). nMS can probe the integ-
rity and overall structural changes of hemoprotein after heat treatment
based on the CSDs. Results demonstrated the high thermal stability of
Mb, which can maintain the majority of its tertiary structures after short-
term heat treatment below the melting temperature (T;,). Then, the
specific myoglobin-heme complex ions (hMb) with a charge state of 8+
sprayed from different solutions were isolated and subjected to 193-nm
UVPD, which offered a sensitive approach to capture the molecular
details in the heme-binding pocket. This strategy underscores the great
potential of UVPD on precise elucidation of protein stability at residue
level.

2. Method
2.1. Chemicals and reagents

Ammonium acetate (NH+«OAc), equine heart Mb, and other unspec-
ified chemical reagents were purchased from Sigma Aldrich (St. Louis,
MO). All deionized water used in the experiments was prepared using a
Milli-Q water purification system (Millipore, USA).

2.2. nMS and UVPD analysis

Prior to nMS and UVPD analysis, Mb was dissolved in deionized
water with a concentration of 20 pM, heated at 50 °C, 75 °C, or 85 °C for
3 min, cooled to room temperature, and then 1:1 (v/v) mixed with 400
mM NH4OAc to a final concentration of 10 pM. The control group was
directly dissolved in 200 mM NH4OAc with a concentration of 10 yM.

The Mb solution was directly infused into MS via a static ESI source
operated with a spray voltage at 1.2 kV. All nMS and UVPD analyses
were performed on an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher, San Jose, CA, USA) equipped with a 193 nm ArF exci-
mer laser (Gam laser, Orlando, FL, USA) as described in our previous
works [17-19]. All mass spectra were collected at a mass resolution of
240 K by averaging 500 micro scans. The normalized AGC target (%)
and maximum injection time (ms) of MS1 was set at 200, 200 while of
MS2 was set at 1000, 200. All UVPD experiments were performed
through activation by a single pulse of laser irradiation (5 ns, 1.5 mJ)
and the MS2 data was collected with an isolation width of 2 m/z. Three
replicates were performed for all experiments.

2.3. UVPD data analysis

The acquired UVPD raw files were successively converted to mzML
format by MSConvert and deconvoluted by TopFD_GUI with an S/N
ratio of 3 [21,22]. Using a custom R script, 12 UVPD fragment ion types
includinga,a+1,a+2,b,c,x,x+1,y,y — 1,y — 2,z,and z + 1 ions
with +2 ppm mass accuracy threshold were considered for database
search. Fragment ions were filtered as confident identifications based on
high repeatability (> 16 of 20 scans per replicate) and an isotope pattern
similarity (Pearson correlation coefficient > 0.7) between calculated
and experimental patterns. Differential analysis between control and
experimental groups were based on the common fragment ions that
identified in both groups. The intensities of identified fragment ions
were median normalized. Residue FYs were calculated by using the
normalized intensities of all fragment ions [20].

2.4. Molecular dynamics simulation

Mb (PDB: 1dwr) was simulated in tip4pew water models using the
ff19SB force fields with Amber22. We simulated the system positioned
15 A from the boundary within a simulation box employing periodic
boundary conditions. A steepest descent energy minimization was per-
formed, followed NVT ensemble from 0 to 298 K and 348 K over 600 ps
simulation period with CA atoms constrained, respectively. Initial
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conditions for the 15 ns production simulations were taken from the
final structures and velocities of the equilibration simulations. The
simulations were conducted in the NPT ensemble at 1 atm, without any
special mass repartitioning. SHAKE was applied to constrain bond
lengths involving hydrogen atoms, and a simple coulomb term was
managed to handle electrostatics. The cutoff for nonbinding interactions
was set at 10 A, and MD time step was 2 fs.

3. Results and discuss
3.1. nMS probes the overall structural changes

Investigating the thermal stability and elucidating the in-solution
structural changes of Mb are critical for understanding their perfor-
mance and potential applications. In this study, we employed nMS to
assess the impact of thermal treatment on the structural integrity of
hMb. Previous research has demonstrated that CSDs obtained in ESI-MS
provide a reliable means for monitoring global protein structural
changes. Specifically, proteins with compact conformation exhibit lower
CSDs than those with extended conformation. The ESI mass spectrum of
hMb ions under native-like conditions (200 mM NH40ACc) is observed
with CSDs ranging from 7+ to 9+, with 8+ being the most predominant
(Fig. 1a). In the experimental groups, thermal treatments at 50 °C or
75 °C, have no observable impact on the CSDs of hMb (Fig. 1b, c),
indicating that the compact tertiary structures are largely retained.
However, when the temperature was increased to 85 °C, the CSDs of
hMb remained largely unchanged, but a notable reduction in overall MS
intensity was observed (Fig. 1d). This significant decrease in intensity
was accompanied by the appearance of a small fraction of apo-
myoglobin (aMb), likely due to the unfolding and subsequent precipi-
tation of a substantial portion of the protein. These observations are
consistent with the previously reported T;, of hMb, as determined by IM-
MS [23]. Therefore, nMS successfully monitored the structural stability
of hMb following heat treatment at various temperatures. Our results
demonstrate that the compact tertiary structure of hMb remains stable
following short-term heat treatment below the T;,,, while heating above
the Ty, leads to irreversible disruption of its three-dimensional structure.

3.2. 193-nm UVPD probes the structural details

As nMS primarily probes overall structural changes through CSDs,
the observation that the three-dimensional structure of Mb remained
almost unchanged after heat treatments at 50 °C or 75 °C prompted us to
employ UVPD for further investigation into conformational changes at
the residue- or secondary- structure level by the structure informative
photofragments. Thus, we applied UVPD to explore the detailed
conformation changes of hMb®* after 50 °C or 75 °C heating treatments
(Fig. 2, 3). The resulting sequence coverages for the control group and
each denaturation condition were comparable, each attaining approxi-
mately 90 %, thereby enabling detailed interrogations of hMb confor-
mation with high residue coverage (Fig. 2a). Notably, the substantial
differences in heme binding affinities were observed across the various
denaturation treatments (Fig. 2b), indicating altered conformations of
hMb8* within the binding pocket. Specifically, heat treatment at 75 °C
led to a significant increase in heme binding affinity, which was re-
flected by a 7.2 % decrease in the relative intensities of ejected heme
ions in the UVPD spectra compared to the control group (without heat
treatment). These findings suggest that, despite maintaining consistent
charge states indicative of similar overall conformations, irreversible
structural changes in the secondary structure of hMb8™ occurred
following heat treatments at different temperatures.

Then, detailed conformation changes at the residue level were
analyzed by examining the changes of fragmentation yield (FY) in
hMDb®™ after different denaturation treatments (Fig. 3). Compared to the
control group without heat treatment, the majority of the residues along
the protein sequence showed significant FY increase but not induce
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Fig. 1. nMS spectra of Mb acquired at different ESI conditions.
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Fig. 2. (a) the coverage maps and (b) the MS/MS spectra of hMb®* ionized from different solutions in 193-nm UVPD analysis.

significant tertiary structure unfolding after 50 °C or 75 °C heating
treatments. Consecutive regions with decreased FYs were observed for
residues E59 — G65 in helix E, A90 — H93 in helix E after 50 °C heat
treatment, and residues K42 — K47 in helix E, K62 — G65 in helix E after
75 °C heat treatments. Interestingly, most of residues with decreased FYs
were located in the heme-binding pocket, indicating the intramolecular
interactions in the heme-binding pocket were strengthened and regions
surrounding the ligand even refolded into a more stable conformation.
Significantly, the FYs of H64 decreased as the temperature rose from
50 °C to 75 °C, suggesting that the H64 local interactions were further
strengthened. Moreover, the significant increase in H64 interactions
finally induced the formation of a double coordination between H93/
H64 and heme upon 75 °C heat treatment, as reflected by the significant
decrease of released heme ions in UVPD spectra. The integration of nMS

and UVPD techniques in this study highlights their utility in assessing
the thermal stability and elucidating the related molecular mechanisms.

3.3. Molecular dynamics simulations at different temperatures

We also performed MD simulations of hMb at 298 K and 348 K
(Fig. 4). The root mean square deviation (RMSD) of Mb backbone heavy
atoms were computed along with trajectories and were found to remain
below 1.2 A (Fig. 4a), suggesting that the tertiary structure of the protein
has not changed much. However, discrepancies observed in the UVPD
fragmentation data hinted at alterations in the intramolecular in-
teractions, prompting us to investigate these interactions further,
particularly focusing on hydrogen bonds (H-bonds). Statistical analysis
indicated that the frequency of H-bond formation between heme and Mb
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Fig. 3. (a) The alterations of residue FYs with significant differences (p value <0.05) of hMb®* ionized from different solutions in 193-nm UVPD analysis and (b) the

results were mapped to the crystal structure (PDB: 1dwr).
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Fig. 4. (a) RMSD change curve of Mb backbone heavy atom and (b) the representative conformations in MD simulations at 298 K and 348 K.

was higher at 348 K compared to 298 K (Table S1), consistent with the
enhanced binding affinity observed in UVPD. Interestingly, H64 might
also participate in coordinating with the heme group at elevated tem-
peratures, similar to the hypothesis proposed by Olson et al. [24]. We
computed the average distances between the nitrogen atom in H64’s
side chain and the iron atom in the heme group (Table S2) and
confirmed that H64 was closer to the heme at higher temperatures. This
finding supports the possibility of a double coordination between H93/
H64 and heme at 348 K, which could contribute to a more stable binding
pocket. We also performed cluster analysis on the conformations derived
from the MD simulation trajectories. The representative conformations
obtained from the analysis showed a tightened binding pocket, which
corroborated with the experimental observations (Fig. 4b). Overall,
these findings supported the conclusion that elevated temperatures led
to the formation of new intermolecular interactions, resulting in a more
compact heme-binding pocket and reduced heme ion release.

4. Conclusion

In this paper, nMS and UVPD were used for an integrated strategy to
characterize the thermal stability of Mb and elucidate the in-solution
conformation dynamics. nMS analysis revealed that heat treatment
above T, induced irreversible damage to the overall conformation of
proteins, as reflected by the significant decrease in MS signal. In
contrast, Mb maintained the overall structural integrity below T,, while
the stabilization of the heme-binding pocket was observed. MD simu-
lation results at 298 K and 348 K were consistent with the UVPD results.
This work established a high-throughput analytical platform for
assessing the thermal stability of proteins.
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