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ABSTRACT:In the past, many intensive attempts failed to capture or underestimateel > <ri2= <mits cpuss
the copopulated intermediate conformers from the protein folding/unfolding rea tum@ » | J‘ “ I
2 >

We report a promising approach to kinetically trap, resolve, and quantify proté&ir

unfolding of three model proteins (cytochranmayoglobin, and lysozyme), and tk

corresponding reaction aliquots upon decreasing the pH were electrosprayed:i@atiie
eld asymmetric waveform ion mobility spectrometry (FAIMS) measurementst LURe)

copopulated conformers were resolved, visualized, ancdupnt two-dimensional
mapping of the FAIMS output. Contrary to expectations, all the above proteins appeared

metamorphic (multiple-folded conformations) at the physiological pH, and cytaaxbibiged an unusualonformational

shuttling before forming the molten globule state. Thus, in contrast to many previous studies, a wide variety of thermodynamic

stable intermediate conformers, including compact, molten globule, and partially unfolded forms, was trapped from solution, pro

the unfolding mechanism in detail.

Compensation Field

INTRODUCTION subsequently diluted using the samerbuhenever required,

Despite more than half a century of research and tremendddfad then, the protein concentration was determined using
advances in probing techniques, the mechanistic understandihy Vis absorption at the specwavelength mentioned in

of protein folding/unfolding is still obscliré.Protein  the product information datasheet of the protein (supplied by
unfolding, misfolding, and aggregation could be the primafye commercial source). All FAIMS experiments were
cause and consequences of several dis@smefore, performed using 10M protein solution in the same ley,
detecting and quantifying the associated intermediates undeit pH was adjusted by adding hydrochloric acid (HCI) or
equilibrium is paramount in deciphering the pathway(s) thaammonia wherever required. The pH measurements of the
guide a protein to fold or unfold. Often, these intermediatelsu er and sample solutions were performed using a highly
are so sparsely populated that they are challenging to probedayisitive pH meter (pH resolution 0.001) as mentioned in the
spectroscopic techniques. rétwer, spectroscopic study Supporting Information

records the average signal contributed by copopulatedTyo identical sets of protein solutions were prepared, one
conformational ensembles at a speandition. This spectral  for pH measurement and the other for optical spectroscopic
signature, if deconvoluted, may underestimate the actug|gies (UV Vis, uorescence, and circular dichroism (CD)).
number of conformers involvediofe 1, Supporting  continyous titration of the protein solution with HCI (from a

lnr];())t;%at(l;g?j dHbeen?ﬁérttehior%oTé?(rr:;]%t#on?(levlignglscaeg?ﬁnjte tock solution) was simultaneously performed on both sets to
b b P y hduce the protein denaturation. A similar approach was

In this view, the present work has tracked the protei .
: ' : ; : : - _fallowed for the ultraFAIMS/ESI-MS experiment.
fol f \ . . .
unfolding process by capturing a wide variety of intermedia Lysozyme reduction was carried out by incubatingVl00

species from the associated reaction aliquot in vitro anq X o . .
quantied their abundance during the progress of the® lysozyme with 10 mM of dithiothreitol (DDT) overnight at

unfolding reaction. Thisparoach allowed a thorough 30 °C followed by raising the temperature td@or 30

investigation of mechanistic pathways of protein unfoldinflin.” The above stock solution (DTT was not removed) of

revealing some previously unrecognized structural featuresthe reduced lysozyme was kept back in the incubatdCat 70
after every pH sample preparation for the ultraFAIMS/ESI-MS

MATERIALS AND METHODS

Chemicals. All necessary chemicals and solvents werg€ceived: November 14, 2021
obtained from commercial sources as mentioned in thgeVised: December 27, 2021
Supporting Information Published: January 27, 2022

Sample Preparation. A stock solution of 40M of each
protein was freshly prepared in 0.5 mM ammonium acetate
bu er containing 3% methanol. This stock solution was
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experiment to avoid the formation of diéillinkages in the 0.04 min step size and organized in a matrix of charge states

protein. versus time points to make the contour plots (FAIMS/ESI-MS
Optical Spectroscopic Measurements. The protein mapping). The intensity values in the matrix were handpicked

unfolding/conformational change was monitored by Jasco rranually from the high-resolution XCalilei(details in the

1500 CD and Jasco FP-8500rometers along with a UV~ Supporting InformatidnThe conversion of time scale (from

Vis spectrophotometer (Agilent Cary series\i8/ NIR). the FAIMS output) to CF scale was carried out using a
Aliquots from the same sample were used for three parali®inversion template provided by Owlstone Medical Pvt. Ltd.
measurements: UVis, CD, anduorescence at @irent pH. on their website.

A standard 1 min equilibration time was set for the protein Relative Quantitation of Conformers. We determined
solution prepared at dirent pH before its optical the fractional abundance of conformers as a function of pH
spectroscopic measurement. Further details can be foundfiem the FAIMS/ESI-MS data for the quantitative estimation
the Supporting Information of gradual conformational change. The abundance of a protein
Ultrahigh Field Asymmetric Waveform lon Mobility conformation can be represented by the summation of signal
Spectrometry. The high eld asymmetric waveform ion intensities of all the charge states belonging to the CSD of that
mobility spectrometry (FAIMS) experiment was carried ou¢conformer. Therefore, we extracted the ion signal intensities
using a miniaturized ultraFAIMS device (Owlstone Medicdabsolute) of the CSD at the spedCF (sed-igure S4s an
Ltd., Cambridge, UK), which was interfaced between a homexample) of derent conformers observed in the FAIMS/ESI-
built ESI source and a high-resolution mass spectrometer (948 map to calculate their relative (fractional) abundance.
below). The above chip-based FAIMS was equipped with &4hen two or more nearby CSDs tend to overlap, we
ND chip (Owlstone), which has an analytical gap width of 10deconvoluted the corresponding CSD data presenting the
m, trench length of 97 mm, and a chip thickness ofi700 combination of multiple Gaussian curves (CSDs) and then
Experiments were carried out at 160chip temperature picked up the intensity values from the resulting (deconvo-
unless otherwise stated. At F&D chip temperature, the luted) Gaussian curves (Ségure Sas a typical example) to
dispersioneld (DF) can be varied anywhere between 0 to 33@stimate the fractional abundance of the associated con-
Td. The optimum DF value for separating the proteinformers. It should be noted that this quaation, although it
conformers was investigated by tuning the DF from 30 toay not be highly accurate, is a ballpark estimate of the
330 Td with a step size of 10 Td, while the compensatibn  copopulated conformational ensembles, which is otherwise
(CF) scan from 10 to +10 Td was set. The CF scan rate wagli cult to decipher by an alternate technique.
xed at 0.21 Td/s. An equilibration time of 30 min was
allowed for the chip temperature to reach the set value before RESULTS AND DISCUSSION
starting the experiment. After each sample run, a blank of Elgure I1shows our experimental wank involving ultrahigh
water/methanol was electrosprayed to clean the chip ane@ld asymmetric waveform ion mobility spectrometry (ultra-
capillaries.
Mass Spectrometry.All mass spectrometry (MS) studies  Fingerprints of multiple conformers
were conducted under identical conditions. The protein 2D
solution was electrosprayed at +5 kV potential using a home: mapping o
built electrospray ionization (ESI) source kept before the ' =
ultraFAIMS Figure SDaThe ESI source was composed of an
inner fused silica capillary (1@@inner diameter and 36
outer diameter) and an outer stainless-steel capillary (0.5 mrmr
inner diameter and 1.6 mm outer diameter) placed coaxially.
The sample ow rate wasxed at 4 L/min along with a
coaxial sheath gasw (N,) at 110 psi backpressure. A spray
potential of +5 kV was applied to the stainless-steel needle o0 2
the solvent syringe. The distance from the spraying tip to the g ESI source
FAIMS inlet capillary was maintained at 2 cm, and the FAIMS ‘§
inlet capillary length was 2.5 cm. This allowed the charged ¢ o
droplet to travel enough distance (a total distancé®tm) s =)
under the coaxial sheath gaw to cause analyte desolvation
e ectively before entering the FAIMS chip. A high-resolution
mass spectrometer (Orbitrap Elite Hybrid lon Trap-Orbitra
Mass Spectrometer, ThermoFisher Saehewington, NH,
USA) was coupled to the ultraFAIMS to detect the transmitte
ions. We maintained the MS inlet capillary temperature at 300
°C and the S-lens RF level at 69.5% under positive ion modeAIMSY° coupled to mass spectrometry (MS) employed in
The mass spectra were recorded over a range @00 this study (sedlote 2 in the Supporting Information and
4000 at a resolution of 60,000. The data acquisition wadgure STor details).
performed for 1.62 min (same as the CF scan time) using We followed the acid-induced unfolding/structural changes
XCalibur software (ThermoFisher Sciepti of three proteins (cytochronge myoglobin, and lysozyme;
Data Analysis. Optical spectroscopic and mass spectrofigure SR which are the most extensively studied model
metric data were extracted in Microsoft Excel and plotted usipgoteins for conformational changes. While gradually lowering
Origin 2020b software. The protein ion signal intensities wethe pH of the protein solution in steps, we pipetted out a small
measured from the FAIMS spectrum (ion chronogram) at g&olume (50 L) of the reaction aliquot in each stage for

-
Ton signal

Compensation Field (CF)

FAIMS separated
proteins

ow

Mass spectrometer

FAIMS chip

High voltage —

F1:igure 1. ESl-ultraFAIMS-MS experimental set-up to capture,
aeparate, and detect copopulated protein conformers in solution.
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Figure 2 Monitoring acid-induced unfolding of horse heart cytochimr{a) Soret absorptions at 409 nm (red dots) and 394 nm (black dots),

(b) Trp uorescence emission at 340 nm upon excitation at 280 nm, (c) Soret CD band at 418 nm, (d) CD signal at 289 nm for the breakdown
the tertiary structure, (e) CD signals at 222 nm (black dots) and 208 nm (red do&)tfon ¢he secondary structure, and (f) average charge
state calculated from the ESI-MS data (FAINNSegorded at dierent pH levels of the protein aliquot (Skerials and MethddsRight

palettes (gr) present the ultraFAIMS/ESI-MS mapping ofMIithorse heart cytochroroat varying pH (red dots in (b)), showing the charge

state distribution as a function of compensagilmhapplied to the FAIMS chip kept under a 330 Td dispesdib(optimized) and 15TC
temperature. The most intense ion signal is normalized to 100% in each palette drawn as a false-color map (inset of (g)) along with
interpolation between the discrete charge states for viewing convenience. Metamorphic cQpf@meand @) transitioned to unfolded
conformer (@) via molten globule (g:) and partially unfolded (g) states Figure 3. The electric eld is expressed in Townsends (Td; see

Note 2 in the Supporting Informatfion

directly injecting to a home-built electrospray ionization (ESIxnd Methoddor details). The unfolding of protein results in
source that rapidly transferred the protein species froexpanding its solvent-accessible surface area, leading to an
solution to the gas phase. The pneumatic force carried timcrease in CSH?° Although multiple conformers could
gaseous protonated proteins, thus formed through theontribute to a monomodal CSD, we distinguished those
orthogonally placed ultraFAIMS chip consisting of miniconformers based on their elution a¢mdint CF. It should be
aturized electrodes. While passing through this chip, protaioted that the residence time of the analyte molecule in the
conformers were separated based on theéreditial ultraFAIMS chip is less than 25%F At a specic CF, the
mobilities under the inence of alternating low and high CSD reects the memory of the corresponding protein
electric elds (dispersioneld, DF) in combination with a conformer intercepted from the solution irrespective of the
direct current electrield called compensatioeld (CF)° subtle conformationalictuation (tertiary structure) that may
Thus, dierent conformers were separated, transmitted fromappen in the gas phase on a millisecond timesosade 6
the chip on ramping the CF, and then detected by a massid 6, Supporting Informatjon
spectrometerNote 3, Supporting Informatjott The entire Study on Cytochrome c¢. We began our investigation
process, including gaseous protein formation from electrospraing horse heart cytochroo{€yt. ¢, a small heme protein
droplets? FAIMS separatidh,and mass spectrometric ( 12.4 kDa) that participates in the electron-transfer process
detection takes a few millisecontioté 4, Supporting in mitochondria. The unfolding reaction was performed by
Informatio. In contrast to many previous repbits? we gradually adding hydrochloric acid (HCI) to the protein
evaluated the ESI-FAIMS-MS data to resolve and visualigelution in 0.5 mM ammonium acetateeicontaining 3%
ngerprints of derent protein conformers in solution based methanol. We selected this ESI-MS-friendlgrbas both
on their di erential mobilities (related to CF) and charge stateammonium acetate and a trace amount of methanol is known
distributions (CSDs), which were plotted in two dimensiongo enhance and stabilize the signal intensity of the protonated
(2D) as the CSD vs CF contour pléidure 1seeMaterials specie§?*! The unfolding study was subjected to four parallel
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measurements: UVis, uorescence, circular dichroism-
(CD), and MS Figure 2. Optical spectroscopic dakgure

2a e andNote 7, Supporting Informat)andicated pH 2.86
as the onset acidic pH for Cgtunfolding. Based on these
results, 12 pH points of interest (red dotgigure b) that
covered the entire unfolding landscapigu(e 2 were
replicated for the ultraFAIMS-MS study.

The performance of ultraFAIMS on resolving Cyt.
conformers at a typical pH of 6.47 (no HCI added) vghs
optimized using a CF/DF sweep that resulted in maximum
resolution at 330 Td DR-{gure SB Figure g r presents the
ultraFAIMS/MS mapping of Cyt.conformational evolution
upon acid-induced unfolding (ddeterials and Methods
Each conformer and its abundance are manifested by the
characteristic CSD at a spe@F in the FAIMS/MS palette.
Interestingly, at around the physiological pHc@gs found
to be a metamorphic protéin®> adopting three distinct
compact native (or native-like) conformerg;,(Cy,, and
Cys) in equilibrium Eigure 8).2° Hackenbrock and co-
worker$’ have shown earlier that although in the mitochon-
drial environment, cytochromexists in multiple conforma-

t|onfs. Wh”?hgﬁ was fou(r;tho tga the tdo.Tl[nagt native Figure 3.(a) Schematic presentation of acid-induced conformational
contormer, the narrower QfGuggests it to be more transition of cytochrome as deciphered by ultraFAIMS/ESI-MS

compact than  or Gy (Figure Sy On reducing the  mapping figure g r). (b) Fractional abundance of efient
solution pH up to 4.37, the relative abundance of the C conformers upon decreasing the pH of the cytoctvswiation.
conformer initially increases and then decreases, indicatingTae pH ranges over which elient conformers are observedire
equilibrium-mediatedonformational shuttlihgetween ¢, 2g r) are indicated by horizontal bars on the top of the graph.
and G (Figure g i). This shuttling behavior was more
evident at 78C chip temperaturé={gure S8ac). While the  fractional abundance of each conformer in solution as a
exact reason for this conformational shuttling is currentlyinction of pH Figure B), which is otherwise diult to
uncertain, this phenomenon appears to be without precedefiiantitate by other techniquegjure Sresents a typical
and needs to be investigated further in the future. Moreovefeconvolution procéss to resolve CSDs of two or more
Cy. also transformed intoyCupon lowering of the pH.  overlapping conformers at a given CF to quantify’titem.
Further pH reduction developed swellegh jGand molten  should be noted that all detected conformers are thermody-
globulé® (Cye) conformers as indicated by the slight shift ofnamically stable as they exist over a wide range Bigpire(
the CSD center from +7 to +&ifure §. This result also  3b). Figure B shows that molten globule and unfolded
suggested that the Cgtnolten globule state is slightly larger conformers start forming at pH levels of 4.37 and 2.86,
( 8% dierence in radius) than the native statetd 8, respectively. This can also be attributed to the slight
Supporting Informaticand Table S).%° uctuation of secondary CD bands observed between these
We traced the partially unfolded>(CCSD centering at two pHs (circled ifrigure 2). These trends are even followed
+10) the unfolded (G; CSD centering at +14) conformers, at 75°C FAIMS chip temperaturEi¢ure S8S10), although
which started forming from pH 2.86, which is the onset acidigith a slight variation of resolution and sensitivity caused by
pH for Cyt.c unfolding also observed in the correspondinghe heating ect in the FAIMS stage.
optical spectroscopic dafagure 2 e). This result makes us  After experiencing the evaporative cooliegt gduring
believe that solution conformers are kinetically trapped durinfjoplet evolution), the electrospray-generated bare protein
the electrospraying of proteins into the gas phase, which th®lecules might not be heated much in the ultraFAIMS stage
Clemmer grou’g has also reviewed lately. The abundance ofthermal and eld heating)**® to cause dramatic structural
the unfolded conformer was found to be the highest with thelteration since we noted an overall good agreement between
simultaneous appearance of another compact molten globstgution (optical) and ultraFAIMS studigSig(ire 2.
state (G ) in the vicinity of pH 2 Figure 8,r andFigures However, subtle confornwatal change by ultraFAIMS
S5 and S6which is consistent with the earlier observation byheating cannot be completely ignoted.
the Fink group® Our data Figures S5 and JSéuggest that Study on Myoglobin. We also monitored acid-induced
Cue is more compact than,gand is possibly derived from structural changes of horse-heart myoglobin (Mb), a non-
the Gyg by binding chloride anions, which minimizes thecovalently bound heme protein. The optical spectroscopic
intramolecular charge repulsion. This chloride adduct fostudies of the solution phaseg(re S11 and Note 9 in the
mation is prominent in the mass spectra recorded at low pHupporting Informatipncorresponded well with the ultra-
(Figures S56). FAIMS/ESI-MS mapping-ijgure SIPat the optimum DF
Based on the above observatibitgjre @ presents the (Figure S13 The MS data suggested that the gradual
structural transition of metamorphic @yduring the acid-  reduction of solution pH results in heme release from the
induced unfolding process. All the associated precursonglo form (holo-Mb), which starts and completes in the
intermediates, and product conformers (total of 8) wereicinity of pH 4.0 and 3.3, respectivElgfres S14 and §,15
FAIMS-separated and detected by the M&ue 2. The leading to the apo-form (apo-Mb), which consistent with the
contour plotting ffigure g r) also enabled us to predict the optical measurementsdure S1)1 Our 2D mapping method
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facilitates selective analysis of the holo- and apo-forms due to
their di erentm/z values. At the physiological pH, three
myoglobin conformers (metamorphigMVly,, and M)
were resolved~{gure S1% although one among those was
found to be the dominant form (). A prior study’
revealed that the mechanism of acid denaturation of holo-Mb
proceeds through a distended holo-state before forming the
apo-Mb. In another studfythis distended holo-Mb with
insignicant changes in secondary structure but with perturbed
tertiary structure was attributed to the molten globule state of
holo-Mb that was obtained in the presence of polyethylene
glycol (denaturant). In our study, we could also trace this
molten globule formF{gure S12d), which is slightly larger
( R 9.5%,Table S} than the native state, that started
forming from pH 4.79 and continued to exist until holo-Mb
vanished (transformed completely into apo-Mb) below pH
3.35. Figures S12i and §1Surprisingly, we also detected,
albeit less in quantity, the partially and fully unfolded forms of
holo-Mb (heme still attached to the protein!) at pH 3.35,(M
and M;; Figure S12ibefore it was completely converted to
apo-Mb. Many past observations suggested that the nature of
apo-Mb at pH 4 is similar to a molten globule tat2.
Therefore, we annotated the apo-Mb conformers observed at
pH 3.99 as molten globuleg,(Aand Ayg,, Figure S1¥jand
corresponding CSDs were also similar to that of the molten
globule holo-Mb (\g; Figure S13g

In an earlier report, Dobo and Kaltashtnad deconvo-
luted the CSD pattern obtained from the ESI-MS of apo-Mb in
the pH range of 2.5 to 8.6 to propose the presence of four
di erent conformers. These conformers were N (native-like), |
(pH 4 intermediate), E (extended conformer), and U
(unfolded state). Our results also comply with the same
theory, but some notable eliences are present, as discussed

below. , Figure 4.Schematic presentation of acid-induced conformational
The intermediate form | corresponds to the molten globulgansitions of (a) holomyoglobin, (b) apomyoglobin, (c) lysozyme,
conformer that accumulates at pH 4. Unlike their report, wegnd (d) reduced lysozyme as deciphered by their ultraFAIMS/ESI-
resolved the intermediate species at this pH and detected #8 mappingsHigure S124, S12jr, S23, and S2fespectively).
presence of two metamorphic apo-conformgysaAd Ayg,,
as shown ifrigure S12jAccording to Goto and Fifikthe Study on Lysozyme. Analogous studies were also
intermediate state at this pH has a 60% higher hydrodynangerformed on the hen egg lysozyme (Lys) for both native
radius compared to the native form. This was mainly attributg&Figures S21S26¢ and disulde-reducedRigures S2753
to the unfolding of the B and E heliteShus, the two  forms (Note 10, Supporting InformafjorAs expected,
isoforms observed here may be due to tleeedit unfolding  native lysozyme (nonreduced-Lys) did not show any
patterns of these helices. We traced the formation of furthgigni cant unfolding owing to its disi#-rendered robustness
partially unfolded conformersyfand A, emerging from  (Figure S23 However, we report minor tertiary structure
Avei and Aygy, respectively, as shownFigures S12k and aberrations based on optical probe features and 2D mass
S17 While Dobo and Kaltashidpresumed conforme’ as spectrometric magsgure S21suggests a two-step transition
the molten globule state (prominent at pH 3.5 in their study)of nonreduced-Lys during acid-induced uncoiling, and the
this state seems relatable $g;An our caseKigure S12jn corresponding changes are also visible in palettd-jats (
Further reduction of pH led unfolded conforme(Rgure S23. The contour plots show the emergence of two swelled
S12nr) along with another partially unfolded statg,4A  conformers |, and Ly, from the native conformerg,land
that started forming below pH 3Bdures S12p and S18 Ly» (metamorphic), respectiveliqure S23eg). These new
possibly because of chloride adduct formation (similar to Cytonformers tend to show 9.2 and 6.8% expansion in radii
0. compared with their precursorsalfle S pH 2.12 and pH
Based on all these observations, we have proposed stepwi82 mark the formation of compact molten globule states,
unfolding mechanisms for both holo-Mb and apoFidfoire namely, ki1 and lyg, (Figure S23B,l This feature agrees
4a,b) along with the fractional abundance of the conformersith Lee and Kita ndindg" that conrmed the suppression of
throughout the unfolding landscaperes S19 and 920 unfolding and triggering of refolding by HCI at low pH.
Literature report$*® on the acid-induced unfolding of apo- Indeed, the molten globule statgg;land Lyg, seem to
Mb using optical spectroscopy and ESI-MS suggest shrink with radius changes of 10.1 and 7.1% from their
noncooperative unfolding process that would involve multipkespective native counterpaftshle S). The optical probes
interconverting conformations. Our observations from thialso reconciled well with these changes below pH-Rya2:(
study are also in accordance with those proposed models. S21ac).
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