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ABSTRACT: How mutations impact protein stability and structure dynamics is crucial for understanding the pathological process
and rational drug design. Herein, we establish a time-resolved native mass spectrometry (TR-nMS) platform via a rapid-mixing
capillary apparatus for monitoring the acid-initiated protein unfolding process. The molecular details in protein structure unfolding
are further profiled by a 193 nm ultraviolet photodissociation (UVPD) analysis of the structure-informative photofragments.
Compared with the wild-type dihydrofolate reductase (WT-DHFR), the M42T/H114R mutant (MT-DHFR) exhibits a significant
stability decrease in TR-nMS characterization. UVPD comparisons of the unfolding intermediates and original DHFR forms indicate
the special stabilization effect of cofactor NADPH on DHEFR structure, and the M42T/HI114R mutations lead to a significant
decrease in NADPH-DHEFR interactions, thus promoting the structure unfolding. Our study paves the way for probing the mutation-
induced subtle changes in the stability and structure dynamics of drug targets.
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Figure 1. Schematic diagram of TR-nMS and 193 nm UVPD for the capture/transfer dissociation (EXD)‘W_IQ It is demonstrated
exploration of mutation-induced alterations on protein stability and that 193 nm UVPD can PrOVide rich types of structure-
unfolding dynamics. informative photofragments for the characterization of protein
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slight thermally driven structure fluctuations at equilibrium and
large-scale structure rearrangements under nonequilibrium
transitions."”” Considering the dynamic properties of proteins
in performing biological functions, it is of great significance to
analyze their stability and structure dynamics in both
physiological and pathological processes. Pathogenic mutations
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Figure 2. (a) TR-nMS characterization of Mb unfolding initiated by online mixing of 20 M holo-Mb with 0.02% FA (1:1, v/v) for different mixing
times. The filled circle indicates the Mb-heme complex (holo-Mb) while the unfilled circle indicates the Mb without heme (apo-Mb). (b)
Representative UVPD spectra of holo-Mb with 8+ (without FA), 10+ (0.8S s), and 11+ (1.7 s) charge states. (c, d) UVPD comparisons of the
residue FYs of holo-Mb with 8+, 10+, and 11+ charge states. Residues that are known to interact with heme based on the crystal structure were

marked with the symbol “*”

holo-Mb unfolding were mapped on the crystal structure (PDB: 1wla).

. Rectangles with different color codes indicate helix A to H. (e, f) Residues with significant FY alterations during the

structure alterations and protein—protein, protein—ligand
interactions.” > On the other hand, collision induced
unfolding (CIU) coupled with ion mobility-MS (IM-MS)
and variable temperature-ESI MS (VT-ESI MS) are the state-
of-art MS strategies for protein stability and structure
unfolding analysis with high efficiency.”*~** Besides, combined
with a continuous flow mixing technique, classical subsecond
time-resolved ESI-MS can be realized to study the protein
folding kinetics.”*”*" These MS strategies can characterize the
overall changes in protein structures via collision cross sections
(CCSs) or charge state distributions (CSDs) but without
molecular details.
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Dihydrofolate reductase (DHFR) catalyzes the reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF) with
nicotinamide adenine dinucleotide phosphate (NADPH) as a
cofactor.”” DHFR is involved in purine and thymidylate
synthesis and is recognized as an important drug target of
diseases such as cancer and rheumatoid arthritis.”** Recently,
Cho et al. reported the M42T/H114R mutant (MT-DHFR)
was less stable than the wildtype one (WT-DHFR) and was
more prone to aggregation through misfolding.35 However, the
molecular mechanisms of M42T/H114R induced stability and
structure alterations have not been fully understood.

In this study, we developed a time-resolved nMS (TR-nMS)
apparatus by using a capillary-based rapid flow mixer followed
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Figure 3. TR-nMS characterization of (a) WT- and (b) MT-DHFR unfolding triggered by online mixing of 20 uM DHFR with 0.1% FA (1:1, v/v)
for different mixing times. The filled circle indicates holo-DHFR while the unfilled circle indicates apo-DHFR. Fractions of (c) unfolding
intermediates with charge states from 10+ to 12+ and (d) extensively unfolded states with charge states from 13+ to 25+ among the total intensity

of all charge states at different mixing times.

with a tip-pulled delay capillary, which could be switched to
different lengths and inner diameters to adjust the mixing time
of the protein sample with acid solution. The acid-initiated
protein unfolding intermediates were transferred into MS by
ESI. Then, the specific unfolding intermediate was isolated and
subjected to 193 nm UVPD, providing the unfolding molecular
details (Figure 1). To test this TR-nMS system, holo-
myoglobin (holo-Mb) was introduced, mixed online with
0.02% formic acid (FA) solution for 0.85—11.8 s, and
characterized by MS (Figure 2a). Without FA mixing, the
CSD of holo-Mb was from 7+ to 9+, with 8+ the most
abundant. After mixing with FA solution for 0.85 s, the CSD of
holo-Mb unfolding intermediates were mainly shifted to 9+ to
13+, with 10+ the highest form, indicating their compact
tertiary structures were mainly retained but with a certain
degree of unfolding. Besides, the extensively unfolded apo-Mb
ions without heme were also observed in the low mass range
with charge states 14+ to 26+. Then, the dominant charge state
of unfolding intermediates was shifted to 11+ with 1.7 s FA
mixing time. After 11.8 s mixing time, only the denatured apo-
Mb ions with 14+ to 26+ charges were observed, indicating
their compact structures were totally unfolded. Therefore, this
TR-nMS strategy can successfully probe the acid-initiated
protein unfolding intermediates with different CSDs at
subsecond time scale.
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CSDs have been proposed as the representatives of protein
structures in solution.>®*” Thus, the unfolding intermediates
[holo-Mb + 10H]'* and [holo-Mb + 11H]"* were subjected
to 193 nm UVPD analysis and compared with the original state
[holo-Mb + 8H]®*" (Figure 2b—f and S1). For [holo-Mb +
10H]'%, residues exhibiting the most significant fragmentation
yield (FY) alterations were the aromatic residues, which are
commonly buried inside the protein hydrophobic core. Briefly,
Phe33 in helix B, Phe43 in helix C, Phe46 in C—D loop,
Phel06 in helix G, and Phel23 in G—H loop all showed
significant FY increases, indicating these regions were prone to
unfolding and had extended local structures. Interestingly,
several residues around the heme-binding pocket exhibited
significant FY decreases including Phel38, Ile142, Tyrl46,
Lys147, Leul49, and PhelS1, demonstrating their local
structures became more compact. Thus, it seems there also
exists structure refolding around the heme-binding pocket
during the initiation of holo-Mb unfolding. Compared with
[holo-Mb + 8H]**, strong heme binding could be still retained
in [holo-Mb + 10H]'®* and the released heme ions in UVPD
exhibited little change (Figure 2b). For [holo-Mb + 11H]'"*,
nearly all residues showed significant FY increases and the key
regions of heme binding were also unfolded including helix E
and F. This was further validated by the weakening of heme
binding strength as the ejected heme ions were greatly

https://doi.org/10.1021/jacs.4c00316
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Figure 4. (a) Residues with significant fragmentation differences between [holo-DHFRM” + 8H]** with [holo-DHFR"" + 8H]* based on the
abundances of a/x ions and (b) the results were mapped on the crystal structure of holo-DHFR (PDB: Irx1). NS, Sig, and NA represent not
significant, significant, and not available residues, respectively. (c) UVPD fragmentation propensity comparisons of unfolding intermediate 10+
versus original 8+ of WT- and MT-DHER based on the summed abundances of a/x ions, and (d) the results were mapped to the crystal structure.
Blue indicates suppression, and red indicates enhancement of UVPD FYs. Gray and purple rectangles indicate the well-defined helix and loop

regions, respectively.

increased in UVPD (Figure 2b). Therefore, the overall
structure of holo-Mb might be unfolded during the second
stage of unfolding. The above UVPD results of different
unfolding stages are consistent with the sequential mechanism
of protein unfolding proposed by Hermans and co-work-
ers.”®™*! Overall, UVPD analysis can provide molecular details
in the protein unfolding process.

Next, we applied the TR-nMS system to interrogate the
M42T/H114R mutation-induced alterations on the DHFR
stability and unfolding dynamics. After online mixing with
0.1% FA solution for 0.51-2.55 s, the gradual unfolding of
compact tertiary structures of WT- and MT-DHFR was
depicted by the CSDs in MS spectra (Figure 3a, b). Without
FA mixing, similar distributions of apo-DHFR and the DHFR-
NADPH complex (holo-DHFR) were observed in both WT-
and MT-ones with CSDs from 7+ to 9+. It is difficult to
differentiate WT- and MT-DHER stability directly by nMS at
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their original states. After mixing with FA solution for 0.51 s,
the CSDs of both WT- and MT-DHFR unfolding
intermediates were mainly shifted to 10+ to 12+, with 10+
being the highest form. However, extensively unfolded and
denatured forms with CSD from 13+ to 25+ were observed
only in MT-DHFR, indicating that its stability was much lower
than the WT one. When the acid mixing time was increased
from 0.51 to 2.5S s, the intensity of unfolding intermediates
(CSD 10+ to 12+) was gradually decreased while the intensity
of extensive unfolded states (CSD 13+ to 25+) was greatly
increased (Figure 3c, d). The WT-DHFR exhibited signifi-
cantly higher stability in all time points. Particularly, 60.6%
unfolding intermediates of WT-DHFR could still be retained,
and 29.6% was extensively unfolded even at 2.55 s. In contrast,
only 5.7% unfolding intermediates could be retained and
93.6% of the M42T/H114R mutant was serious denatured at
2.55 s (Figure 3¢, d). Obviously, our TR-nMS system can

https://doi.org/10.1021/jacs.4c00316
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quantitatively characterize the mutation induced stability
alterations of the target proteins.

Then, [holo-DHFRW! + 8H]3* and [holo-DHFRM! + 8H ]
at their original states without acid mixing were subjected to
193 nm UVPD analysis, which resulted in similar fragmenta-
tion patterns and >93% cleavage site coverages (Figure S2),
demonstrating the overall structure of holo-DHFR was not
significantly affected by the M42T/HI114R mutations. We
compared the FYs of a/x ions between [holo-DHFR"T +
8H]* and [holo-DHFRM' + 8H]** (Figure 4a, b). The
residues including Ile41, GIn6S, Val78, Asp79, Ile82, and
Arg98 exhibited significant FY increases, all located around the
adenosine group of NADPH. The increased flexibility around
NADPH indicates the decrease of ligand-binding strength after
the mutations (Figure 4b). On the other hand, the residues
with decreased FYs mainly located around the central f-sheet
including Trp30, Arg33, and Asn34 in helix B, TyrlS1 in
strand H, Phel25 in F—G loop, and Phel37 in G—H loop,
implying the increased hydrophobic interactions among these
closely distributed secondary structures in holo-DHFRMT, The
M20 loop also exhibited a flexibility decrease with a higher
interaction with the nicotinamide-ribose moiety of NADPH
after mutation, indicated by the deceased FYs of Ile14, Alal9,
Met20, and Trp22. The decreased flexibility of M20 loop, F—G
loop, and G—H loop may make the central f-sheet more open,
resulting in a higher aggregation tendency of holo-DHFRM'
(Figure 4b).

Compared with the original [holo-DHFRWT/MT 1 8H]%, the
unfolding intermediates [holo-DHFRW™MT 4 10H]'* showed
significant FY increase in the overall structure except for the
sequence region from Phe31 to Thr68, indicating the
intramolecular interactions were extensively disrupted during
the acid-initiated unfolding (Figure 4c, d, and S2).
Interestingly, the residues with decreased FYs were mainly
located around NADPH, indicating an unusual stabilization
effect of NADPH during the initiation of unfolding (Figure
4d). Besides, this stabilization effect was weakened in the
mutant as residues Glul7, GlyS1, and Gly67 showed significant
FY increases only in holo-DHFRM, Thus, the binding strength
of NADPH is a key determinant of the unfolding rate. The
binding pocket of NADPH unfolds slower than the other parts
of DHFR. We also performed UVPD comparisons of the
original [apo-DHFRY" + 8H]** and [apo-DHFR™" + 8H]**
(Figure S3 and S4). Most residues in the peripheral region of
the apo-DHFRM" central f-sheet exhibited significant FY
increases, indicating enhanced flexibility and weakened local
interactions. Interestingly, this region bears most of the basic
residues (Figure SS), resulting in a high propensity for
unfolding during the acid-initiated denaturation. Thus, apo-
DHFRM" unfolding is faster than the WT one. Overall, the
lower interactions between NADPH and holo-DHFRM?®
accelerate the NADPH loss and structure unfolding during
acid denaturation compared to the WT one. After NADPH
loss, the apo-DHFRMT has weaker intramolecular interactions
in the basic region, resulting in a much faster unfolding rate to
form the extensively unfolded structures.

In conclusion, we developed a TR-nMS strategy coupled
with 193 nm UVPD analysis to interrogate the mutation-
induced subtle alterations in protein stability and structure
unfolding dynamics. The species and relative intensities of
acid-initiated protein unfolding intermediates can be moni-
tored in TR-nMS via their unique CSDs at subsecond time
scale. Then, UVPD analysis can interrogate the specific sites
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and regions involved in the structure unfolding process. We
quantitatively evaluated the effects of M42T/H114R mutations
on DHEFR stability, which could not be directly measured by
nMS. In addition, we observed that the cofactor NADPH had
an unusual stabilization effect on the DHFR structure during
the acid-initiated unfolding process. The M42T/H114R
mutations led to a significant decrease in NADPH-DHFR
interactions, promoting the structure unfolding rate due to the
weaker intramolecular interactions of apo-DHFRMT. Our
results underscore the great potential of TR-nMS and UVPD
analysis in addressing mutation-induced pathological mecha-
nisms and rational drug design.
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