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Abstract

The work is dedicated to further development of our described method for analyzing mass spectra of biomolecules acquired
as a result of hydrogen—deuterium exchange reactions (HDXs). The modified method consists of separating HDX distribu-
tions via their approximations by a minimum number of components corresponding to independent H/D substitutions and
independent charge carrier retentions in different spatial isoforms or conformations of biomolecules with unknown primary
structures. In this case, neither the natural isotopic distribution nor the exact number of active sites involved in HDXs and H*
or D* attachments can be determined in advance. Original H/D electrospray mass spectra of an apamin solution were taken
from our previous work. In that work, taking into account the natural isotopic distribution of apamin molecules, three main
conformations of apamin ions were found as a result of separating the H/D mass spectra of the apamin solution for the gas
flow with the addition of about 10% ND; molecules. Using the proposed modified method that does not require knowledge
of the primary structure of the biomolecules gave similar results with slight deviations of calculated HDX distributions of
the apamin ions from those obtained earlier. The maximum difference between mean values of the calculated HDX distribu-
tions for ions of the same charge in both cases does not exceed a few percent. In addition, HDX mass spectra of the apamin
complex with an adduct of unknown structure were processed. Such analysis gave also three main fractions of ions with
relatively large contributions when ND; was injected into a radio-frequency quadrupole. In the absence of ND; flow, the
results of calculations for apamin and its complex were close to each other too. The formation of the apamin complex most
probably in solution was confirmed by performed calculations.

Keywords Electrospray mass spectrometry - H/D exchange - Proton and deuteron retention probabilities - Central limit
theorem

Introduction

The determination of changes in the native structure of pro-
teins in solutions may be important for solving many prob-
lems including early diagnosis of Alzheimer’s, Parkinson’s,
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and Huntington’s diseases. It is believed that the folded
globule partial opening may indicate the ability of these
proteins to form fibril-like structures, which leads in turn
to the development of such diseases. Therefore, achieving
high sensitivity and information density in a relatively short
analysis time is in this case not only of theoretical interest.
Mass spectrometry in combination with other modern meth-
ods of separation of biopolymer mixtures ensures maximum
sensitivity and reliability of identification, in particular of
known proteins, or allows us at least a partial establishment
of their primary structure when such proteins are not in the
relevant databases. Mass-spectrometric data obtained by
electrospray ionization of solutions gives an opportunity, as
a rule, to distinguish between folded and denatured forms
of the protein based on the width of the charge distributions
of its multicharged ions. A more detailed analysis of these
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distributions, obtained, for example, by H/D exchange, could
open up the possibility of detecting relatively small changes
in the spatial structure of the protein molecules in solution.

Since the 1950s, the hydrogen—deuterium exchange
(HDX) is widely used in structural and conformational stud-
ies of biomolecules. The transition to mass spectrometric
measurements (HDX-MS) happened in the 1990s, including
the ionization of biomolecule solutions by electrospray. A
very informative review of this and somewhat later period
is given in [1]. Currently, it is a growing highly diversi-
fied area. The first international conference on hydrogen
exchange mass spectrometry was held in 2017 (Gothenburg,
Sweden). A number of participants of this conference (more
than 40 people) presented their recommendations for con-
ducting and interpreting classical HDX-MS measurements
[2] for proteins and their complexes. The application areas
of the HDX-MS method and the stages of sample prepara-
tion and measurements were structurally described in this
work. Among them, the HDX quench, enzymatic hydrolysis,
UHPLC separation of the resulting peptides, and their mass
analysis with the interpretation of the data obtained were
considered. To obtain quantitative conclusions about the
degree of HDX in the isolated peptides, it is assumed that
the entire sequence of described measurements is performed
including the initial absence of HDX of the original biomol-
ecules or when the contact time of these biomolecules with
D,0 has being changed.

Actually, this approach was the further evolution of a tech-
nique originally developed and widely used earlier to probe
"H/?H exchange for the protein investigation. The group
headed by D.L. Smith was the first to realize the transition
from *H to 2H in this approach and actually implemented
about 30 years ago the steps close to those just described [3].

This method seems to be very informative for the pro-
teins with a single or close several spatial structural forms in
investigated samples. Otherwise, it may be difficult to assign
peptides after hydrolysis to specific protein spatial isoforms.

A detailed review of various aspects of HDX-MS
measurements including those that differ from classical
approaches was provided in [4]. In particular, the review
is of value for studying the conformational dynamics of
biomolecules, as well as for obtaining essential information
about the structure of individual compounds and the compo-
sition of complex natural mixtures. A detailed overview of
the pharmaceutical applications of HDX-MS measurements
is presented in [5].

The reactions of hydrogen—deuterium exchange in solu-
tion are likely to be most important for obtaining the infor-
mation about a “natural” structure of biopolymers. However,
for a usual electrospray ion source, the processes of H/D
substitution of biomolecules in the gas phase are expected
to be inevitable. Thus, not only theoretical interest in this
case is represented by investigation of such processes [6,
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7]. Kinetic HDX measurements can be used to characterize
various exchangeable hydrogen atoms of a biomolecule [8].
However, this characterization is only possible for hydrogen
atoms that differ significantly in the ability of H/D substi-
tution. In case of the presence of several spatial structural
forms of a biomolecule, it is not always clear how to distin-
guish between these forms for affiliation the characterized
hydrogen atoms. Additional information can be obtained
for the cases when kinetic measurements are carried out in
conjunction with collision-induced dissociation of ions [9].
Alternative methods of ionization, e.g., MALDI, can be used
for research not only on proteins and peptides but lipids as
well [10].

Recently, an approach has been developed that allows
performing on-line exchange reactions directly in the ion
source with ionization by electrospray at atmospheric pres-
sure [11-13]. The information obtained in these cases, as
in many other works on the analysis of mass spectra of
H/D exchange, is usually limited to the average number of
exchanged hydrogen atoms for deuterium in the studied mol-
ecules. In some cases, when H/D exchange is carried out in
the gas phase, it was shown that there are several structural
conformations even within the same charge state of the pro-
tein and that these conformations can pass into each other
[14]. Most often, such conclusions are made based on the
observation of several local maxima in the intensity distri-
butions of HDX fixed-charge ions. The transition from the
folded to denatured form of the studied protein during HDX
in the liquid phase by kinetic schemes EX1 or EX2 can also
be established on this basis and peak width analysis [15].
The separation into Gaussian components of distributions
of H/D substituted ions of a certain charge can also be used
to characterize the transition between structural conforma-
tions of ions [10, 16].

For elucidation of structural information from distribu-
tions of related mass-spectral peaks, a new approach to ana-
lyze these data was developed and described in [17-22]. It
is based on the decomposition of the mass spectra of bio-
molecules with a known primary structure, which in certain
places undergo modification of the same type, for example,
proton attachment or its release for certain groups in the
molecule. Another possible type of related modification is
demonstrated by the products of ion-molecular substitution
reactions of certain atoms in the molecules, in particular,
isotopic substitution in the HDX reaction. In all cases, when
implementing the calculation scheme, the independence of
the considered modifications in different localities for a
specific structural form of the molecule was assumed. This
assumption was confirmed by a number of decomposition
calculations when initial data were approximated with appli-
cable accuracy by distributions calculated through found
probabilities of considered modifications for a given number
of specific sites in the molecule. In all described examples,
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the considered molecules had presumably a single preferable
structural form. It was found that independent modifications
result in a unimodal shape of calculated ion peak distribution
(having a single local maximum). In all considered cases,
this property was valid.

When characterizing the active centers of relatively sim-
ple molecules based on HDX reactions, the application of
the proposed decomposition method to mass-spectral data
provides quantitative information about a degree of activ-
ity of each of the H atoms, i.e., the probability of the HDX
process for it [18]. This approach differs significantly from
the simplified model for calculating the distributions of deu-
terium-substituted ions based on the division of exchanged
hydrogen atoms into three sets, i.e., those quickly, intermedi-
ate, and slowly replaced by D atoms [16] with reaction rate
constants that differ sequentially by an order of magnitude.
The more detailed information obtained in our case can be
useful to characterize the isomers in establishing the struc-
ture of the investigated sample. This knowledge is important
in explaining the mechanism of the H/D exchange reactions.

All these data were processed in the context of the so-called
one-dimensional decomposition procedure. A generalization
of this approach to the case of an arbitrary number of charge
carriers (multidimensional decomposition) was described
and tested later [23-25]. In [26], we described an approach
that combines the decomposition of two-dimensional mass
and charge distributions with their separation into minimum
number of components with found sets of probabilities for
independent retention of charge carriers by ionogenic groups
of a biomolecule. The results of testing this approach on two-
dimensional mass—charge distributions of cytochrome ¢ with
H" and Na* as the charge carriers are also given there. In
[27], we compared these results with a similar analysis of one-
dimensional charge distributions for cytochrome ¢ obtained by
“convolution” of two-dimensional distributions and showed
the importance of individual consideration of two charge car-
riers that form the biomolecule ions.

The next step was the development of the corresponding
method for HDX in multicharged ions of biomolecules [28].
The main difference between this method and that described
earlier [26] is taking into account a contribution of the natu-
ral isotopic distribution of the studied biomolecule to the
observed distributions of HDX ions, which leads to their
broadening. This requirement significantly reduces the appli-
cability of the method. To calculate the natural isotopic dis-
tribution of this molecule, its elemental composition should
be known.

In fact, the exact natural isotopic distribution of the ana-
lyzed biomolecule may not be known. For such cases, a
method suitable for such situations should be developed.
The aim of the present work is expanding the possibili-
ties of the previous approach without using the “exact”
natural isotopic distribution included in the observed H/D

distributions. Another objective is determining the condi-
tions for the adequacy of analysis of H/D exchange data on
this basis for biomolecules and their complexes.

Materials/methods

The apamin HDX mass spectra obtained earlier [28] were
used as initial data to test the proposed approach for analysis
of HDX electrospray mass spectra in the case of an unknown
natural isotopic distribution of biomolecules. These mass
spectra are shown in Fig. 1 by the insertions A (1-3), B
(1-3), and C (1-3).

The mass spectra were acquired using a high-resolution
time-of-flight mass spectrometer with orthogonal ion injec-
tion (Ortho-TOFMS) [29]. A segmented radio-frequency
quadrupole operating in continuous ion transfer mode was
used as a molecular-ion reactor. To obtain the apamin ions,
an apamin solution at a concentration of 10 pM in a mix-
ture with CH,OH, H,0O, and HCOOH at a volume ratio of
the components Vio:Venson: Viacoon = 100:400:1 with
pH=3.16 was fed into the electrospray ion source. Three
apamin mass spectra for the ions with charges from z=2 to
z=4 were used for calculations under different conditions
of the ND; feed into the reactor: Fig. 1A, without ND; feed;
Fig. 1B, under continuous flow of ND; in a mixture with N,
at the N,:ND;component ratio of 9:1, concentration of ND;
molecules in the reaction zone being of ~ 10 em™3; Fig. 1C,
after turning off the flow of ND; molecules, a residual air
pressure in the reactor being ~20 mTorr. In addition to the
peaks of the apamin ions, the mass spectra included the
corresponding peaks shifted along the mass scale by about
560 Da (Fig. 1D-F). It means that probably mass spectra of
the apamin complex with some adducts were found. These
mass spectra also contain peaks corresponding to 5-charged
ions of a complex of an apamin molecule with some adduct.
Estimations of the ion m/z values corresponding to some
peaks are shown near the arrows of the lines coming from
the tops of these peaks. They are calculated as centroids of
these peaks cut off at their half heights. Mass values corre-
sponding to some monoisotopic peaks are calculated from
their found m/z values. The masses marked by red corre-
spond to their elemental compositions. Shifts in the mass of
small peaks related to the largest peaks in HDX distributions
are marked by red as well.

To provide more exact confirmation of measured mass
spectra which belong to apamin with elemental composition
C79H131N31024S4 and monoisotopic mass 2025.886 Da,
two types of mass scale calibration of time-of-flight mass
spectra were used. One of them uses two mass-spectral peaks
of compounds specially added to the investigated solution.
Such calibration was used in mass spectrum recorded before
introducing the gas flow with ND;. This mass spectrum is
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Fig. 1 The mass spectra of

multicharged HDX apamin ions:

A no ND; feed into the reactor
(Apalni), B the gas flow with
ND; was introduced into the
reactor (ApaNDj3), C the gas
flow was turned off (ApaF),
D-F the corresponding mass
spectra of apamin complex ions
in the same order of changes

in the mass spectra acquisition
conditions as for A-C
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presented in insertion A (1-3) of Fig. 1. Another approach
uses large-enough peaks in HDX distributions of apamin
itself for calibration of the mass scale in the considered mass
spectrum. It was performed for the mass spectrum given in
insertion C (1-3). The latter approach is less convenient as
the shifts caused by an influence of natural isotopic peaks
should be taken into account. However, the precision of such
calibration may be better. Acceptable confirmation of the
expected apamin composition was obtained for both types
of calibration. A comparison of the measured and calculated
masses (marked by red) for the first peaks in HDX distri-
butions is given in graphs A (2, 3) and C (2, 3). Also, the
increased probability to form a “circular” structure of apamin
ions as the ion charge increases by connecting, for example,
their C- and N-terminuses was confirmed by losing the water
molecule whose mass is close to 18 Da. The corresponding
mass loss is marked by red in graphs Al, B1, B2, C1, C3,
D2, D3, D4, El, E3, E4, F2, F3, and F4. Visible loss of 17 Da
in A2, D1, E2, and F1 may correspond to additional H/D
exchange of the produced amide H-atom after coming out of
H,O and connecting, for example, the C- and N-terminuses.
Mass difference close to 19 Da may be explained by a loss of
deuterated water molecule HDO. Practically, no such events
were observed for two-charge ions (graphs A3, B3, and C3).
It probably means that in two-charge ions, charge carriers are
strongly connected with side chains of arginine residues in
apamin, and even one of them cannot transfer to the N-termi-
nus of apamin to attract the possibly negative C-terminus to
form an amide bond and to lose a water molecule. It is inter-
esting to note that noticeable ion peaks corresponding to the
loss of a water molecule were found for double-charged peaks
of apamin complex ions: D4, E4, and F4. It may correspond
to the connection of the adduct to the apamin molecule by
some transformation of at least one arginine residue in the
apamin molecule, which can significantly reduce its affinity
to H* and D™ ions. Another possibility to lose the water is
producing this molecule by the adduct itself. For example, in
case this adduct is some small peptide, its N-terminus may
become connected to the corresponding C-terminus with loss
of the water molecule.

Differences in the m/z of the corresponding intense ions
in the mass spectra of apamin and the apamin complex
give estimates of the adduct mass, since the shifts of their
measured m/z values caused by overlap of natural isotopes
do not exceed 0.001 Da. Estimation of the adduct mass
for 4- and 3-charged ions in mass spectra (D, A) are (64
8.092 —508.216) x4=1559.504 Da and (863.797 —677.2
86) X 3=559.533 Da. The same estimations for 4-charged
corresponding ions in mass spectra (F2, C1) is (648.113
—508.231)%x4=559.528 Da. Such estimations for 3- and
2-charged ions mass spectra (F, C) are (863.819 —677.305
)X3=559.542 Da and (1294.721 —1015.46) x 2=1558.522
(+1.006=559.528) Da. The last maximal peak for z=2 of

the apamin complex is shifted down the mass scale by one
H/D exchange with mass difference ~ 1.006 Da. The aver-
age value of adduct mass estimations is 559.527 Da. So the
expected monoisotopic mass of the apamin complex is 202
5.886+4559.527=2585.413 Da.

The main assumption for the development of our approach
for HDX analysis is proposed mutual independence of HDX
processes and charge retention processes for each structural
form of a biomolecule. The independence of the charge reten-
tion was mainly demonstrated earlier [17, 21, 22]. Since H/D
exchange for some labile H atom leads to minimal change in
the ion mass, such modification has preferable chances com-
pared to other modifications (e.g., attachment of alkali ions
instead of H") to have no noticeable influence for HDX for
other labile H atoms of the ion. Our recent measurements for
HDX in NH;* and H,O" ions show the applicability of bino-
mial distributions valid for independent equally probable HDX
despite the fact that all exchangeable H atoms in these ions are
located close to each other [30]. Another example of HDX of
23 equivalent H atoms in the negative ion cluster of 8 molecules
H;PO, shows that binomial distribution is also valid in this case
[12]. The only known reason to produce some deviation from
such independence may be HDX for H atoms participating in
hydrogen bonds. Here, the changes in molecule structure are
expected because HDX in this case is possible mainly when the
corresponding hydrogen bond is destroyed by some molecule
fluctuation [31]. The probability of such event is rather small,
so enumeration of number HDX events in globular proteins
of known primary structure may give estimation of H atoms
producing hydrogen bonds in these proteins in solutions [32].
The independence of HDX from the ion charge for a given ion
structure was confirmed by relevant measurements [33].

Actually, HDX for multi-charged biomolecule ions is
similar to replacements of protons by other charge carri-
ers, for example, sodium ions [27]. Such substitutions are
equivalent to H, Na*, or D* possible attachment to some
specific sites of a formed virtual negative ion. These sites
of the virtual ion are considered to be formally or actually
deprotonated. In case of HDX for peptides and proteins,
such residues may comprise besides acidic protons (a)
amide H atoms adjacent to peptide bonds with exception
of proline residue and (b) H atoms linked to N, O, and S
atoms in the side chains of amino acid residues. Basic
amino acid residues, including N-terminal amino acid, are
considered to be not protonated in the virtual ion. The
main feature in this situation is that the natural isotope
distribution of the atoms included into the ion is super-
imposed on the mass spectra of H/D exchange and must
be taken into account when analyzing these mass spectra.
For other, heavier charge carriers (Na*, K*, and so on),
natural isotopic distributions can usually be included into
the composition of the convoluted ion peaks with known
numbers of charge carriers of the considered mass and
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charge distributions for corresponding data analysis. In
[28], the formalism was developed to describe HDX in
multiply charged ions. It may be considered as a special
case of a mass and charge two-dimensional distribution.

The state of each biomolecule site with number i sub-
jected to HDX may be described by a random variable J;
with three outcomes: 1 (no charge carrier), H (a proton is
attached), and D (a deuterium ion is retained). The charge
sign T is omitted here for relative simplicity of the formal-
ism description. For an ensemble of hypothetical biomol-
ecule virtual ions with a single H/D substituting at the ith
site, the expected distribution of the virtual ion with pos-
sible additional charge carriers can be described by the for-
mal average value of the corresponding random variable §,,
expressed as a corresponding trinomial:

E(5;) = ¢'P+y'PH + ,'PD

Here, P is the probability for any charge carrier absence
in the ith site, ;,'P is the probability of proton retention for
this site, and ,'P is the probability of the deuteron attach-
ment at that location. H and D are considered as formal vari-
ables. Since these probabilities describe a complete set of
incompatible events, their sum is equal to 1:

o P+ P+pP=1

When the protons and deuterons are “attached” to N pos-
sible sites, an additional part A of the charge carrier com-
position of the virtual ion can be written as a product of
random variables J; describing the states of the exchangeable
sites of the biomolecule:

A=Hj’11 5

If the random variables 6, are independent, then the aver-
age value of their product is equal to the product of the aver-
age values of these variables:

e =£(]} o0 =T, £6)

=TI, (o'P+'PH + ,'PD) = ZZ}_:O ayH'D

ey

Y, (¢'P + 4'PH + ,/PD)

-[0.2832+0.2962 + 0.217( L

b
H

)2 +0.1 185(5)3 +0.0535(L—))4 +0.0206(§)5 +0.0()67<'

The resulting two-dimensional polynomial of the formal
variables H and D describes the expected distribution of the ion
peaks due to HDX at all possible N sites. At the same time, the
term aijij corresponds to the peak of ions with k attached
protons and j retained deuterons. The numerical value a; is
equal to the relative intensity of this peak when normalized by
the unit sum of these intensities:

N 1
a,: =
ZkJ:O ki

For comparison with the observed mass spectrum, it is
necessary to take into account the natural isotopic distribu-
tion of the considered ions. To demonstrate the application
of the developed method, apamin mass spectra obtained by
electrospray of its solution were used. Apamin is a polypep-
tide consisting of 18 amino acids with a molecular monoi-
sotopic mass of 2025.886 Da and elemental composition as
it was pointed above:

C79H131N31024S4

Each of the atoms in this composition has a number of
isotopes with known abundances and masses that are close
in atomic mass scale to integer values.

Not taking into account the fine structure of isotopic
peaks, which is only distinguishable for ultra-high-reso-
lution mass spectrometers, such as ICR spectrometers and
orbital ion traps, the polyisotopic composition of apamin
leads to sequences of peaks similar to those of polyproto-
nated apamin with a step close to unit in the atomic mass
scale. As upper estimation, there are 49 sites in apamin that
are potentially capable of HDX [28], five of which may be
positively charged. Since in this case 44 hydrogen atoms
are assumed to be initially “removed” from the molecule,
they will not participate in the “natural” isotopic distribu-
tion of the virtual apamin ion. So this isotopic distribution
should be calculated for the composition C5oHg;N3,0,,S,.
The superposition of the “natural” isotopic distribution on
the peaks of HDXions (1) leads to the splitting of these
peaks with the shift of their masses and the conservation
of charge. So the resulting observed HDX ion peak distri-
bution should correspond to a polynomial written in the
form (5) of [28]:

@

)6 + 0.0019(5)7 + 0.0004(5)8 + 0.0001(5)9}

b
H

A set of the recorded peaks of multiply charged HDX ions
for some biomolecule after normalization for unit sum of the
areas of these peaks can be represented as a two-dimensional
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mass and charge distribution of ion intensities for the num-
bers of H* and D* held by this biomolecule virtual ion.
It may be written as a power polynomial of two variables
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of H and D in accordance with H" and D with powers
equal to the numbers of corresponding charge carriers and
coefficients. The latters are equal to the areas of the corre-
sponding peaks divided by the sum of the areas of all these
peaks. Assuming the independence of H* or D*retention by
all sites, the observed H/D distribution for this structural
apamin form should be approximated by the expression (2),
where the values P, ;;/P, and ;,'P must be determined. To
do this, the corresponding decomposition procedure was
developed without preliminary elimination of the “natural”
isotopic distribution from the initial data [28].

Initially assuming a single structure form of the consid-
ered biomolecule, the values P, ,'P, and,,'P are searched
iteratively when other values /P, ;/P,and,/P for j#1 in
(2) are taken as they were previously found. The values
o'P, 'P,and,'P under such conditions should minimize
the squared deviation the distribution (2) from experimen-
tally measured distribution of corresponding ion peak areas
after their normalization to unit sum. Taking into account
the essential property ‘P + ,'P + ;,'P = 1, the minimiza-
tion procedure in this case is reduced to solving the linear
system of two algebraic equations (with two variables, for
example, ,'Pand,)'P) and taking also into account the fol-
lowing restrictions /P + ,/P < 1,0 < ,/P<1,0< /)P < 1.
After some number of these iterations when searched values
remain the same with a given accuracy this step of searching
procedure is considered to be finished.

In case the considered biomolecules are present in sev-
eral space structural forms or conformations, it becomes
impossible to approximate with expected accuracy the
initial data on the base of the single polynomial (2). For
this case, such approximation can be constructed as a
linear combination of polynomials of the type (2) for a
consistently increasing number of such forms with dif-
ferent sets of ('P, ,'P,and,,'P. After that, the next level of
iterations is organized. After establishing the first set of
o'P1, y'Py andp' Py, the corresponding HDX distribution cal-
culated from this set with estimated the best factor of con-
tribution is subtracted from initial data. The second set of
o'Py, y' Py andp' P, is calculated for the found data difference
by the same iteration procedure as described for the first set.
After that the corresponding HDX distribution calculated
from this second set with estimated the best factor of con-
tribution is subtracted from initial data and this difference is
used for recalculation of the first set. Further, the procedure
is repeated with a new found the first set for searching the
next approximation of the second set. This cycle of calcula-
tions is repeated for obtaining unchanging results for both
sets of probability values with a given accuracy. In neces-
sary cases iterative searching the next HDX component may
be organized by subtracting the previous found components
from initial data and returning to recalculation of the first
component by subtracting all other found components from

initial data and repeating the described iteration procedure.
The calculations are finished in case the accuracy of initial
data approximation by weighted sum of found HDX distri-
butions is better than some expected value or contribution
factor for some component becomes significantly negative.
In the latter case, we return back to previous number of
found components. In case this negative factor is rather
small, the calculations may be continued and sometimes
on the further steps of calculations this negative value may
be replaced by some positive one.

In the original scale of conventional mass-spectrum
recording (m/z), each of the found polynomials (2) is trans-
formed into a set of unimodal distributions, the sum of
which approximates the original data with acceptable accu-
racy [28]. This can be interpreted as a splitting the ensemble
of observed biomolecule ions into its conformations without
preliminary separating them and recording the correspond-
ing individual mass spectra.

If the primary structure of the studied biomolecule is
unknown its natural isotopic distribution cannot be calcu-
lated. There is one circumstance that allows us to hope to
get rid of the need taking the natural isotopic distribution
into account for separation of HDX mass spectra for suf-
ficiently large biomolecules. The fixed-charge ion masses
of a given biomolecule for independent HDX together
with natural isotopic substitution of all other atoms can
be considered as a sum of independent random variables
with values equal to the possible mass for each atom of
the biomolecule. Due to the statement of the central limit
theorem of probability theory [34], for a sufficiently large
number (N) of these random variables (with not zero or
unit probabilities of atom isotopic substitution—signifi-
cant independent random terms), the distribution of their
sum may be approximated by some normal distribution
(or Gaussian curve) with improving accuracy at increasing
the N number. The normal distribution is characterized by
only two parameters, i.e., the average or mean value and
the variance. Therefore, with an increase of the number
of significant independent random terms, the resulting dis-
tribution of their sum loses gradually some of its specific
features. Accurate information about the terms number and
their specific parameters that are invested in this resulting
distribution is averagely converted to the values close to the
average or mean value and variance of this distribution. In
this case, we can expect that observed distribution under
consideration can be approximated by “formal” HDX in a
certain number of sites of the biomolecule without taking
into account the natural isotopic distribution. And so found
formal “probabilities” of charge carrier retention for a con-
sidered set of the biomolecule sites will have no former
sense as in case of using natural isotopic distribution but
their cumulate effect will result in distributions hopefully
close to those received by the method realized in [28].
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Results and discussion

The natural isotopic distributions of ions in the HDX mass
spectra in our case can be represented as a sequence of rela-
tive areas with corresponding degrees of equivalent H/D
substitutions in square brackets of formula (2). Replacing the
influence of the natural isotopic distribution by correspond-
ing change in HDX distribution, the initial data of a certain
conformation of apamin or the apamin complex with the
considered adduct can be approximated using the following
product:

I, (O’P +,'PH + D’PD) 3)

The sign of tilde is used here to show that the searched
values only formally play the role of probabilities of reten-
tion of charged carriers as in expression (2). Their function
is to produce acceptable approximation of HDX distributions
of components as it was occurred for expression (2).

Figure 2 shows the distributions of ion peak areas found
from expressions (2) and (3) both in m/z scale and in HDX
number scale, which are equivalent to integer shifts of iso-
tope masses from the mass of the monoisotopic apamin
ion. Figure 2A (1-3) presents three data sets in m/z scale
from the mass spectra ApaF of 4-, 3-, and 2-charged apamin
ions (Fig. 1C, 1-3). Contributions of four found sets of the
apamin ions were calculated taking into account the natural
isotopic distribution of the apamin molecule for 49 possible
H* and D*attachment sites in the molecule (N) and 5 poten-
tially positively charged ones. Expression (2) with N=49
was used for that. The contributions are 92.2%, 3.9%, 3.5%,
and 0.7%. The relative squared deviation of the sum of the
four components from the initial spectral data (£?) is 5.3.
The values expressed in terms of £ are given to estimate
the quality of the initial data approximation by the sum of
the components. To obtain this estimate, before summing,
the squared deviations are divided by the value of the initial
data and after summing by the number of data points. Thus,
in the case where the only error source is ion statistics, this
value should be close to 1. A possible reason for the increase
in this value is the contribution of chemical noise.

Figure 2B (1-4) presents the HDX distributions in HDX
number scale of these four components for 2-, 3-, and
4-charged ions. The received data are approximated by
Gaussian curves. Estimations of the average values and the
widths of the corresponding Gaussian curves are presented
as well. The errors of these values are close to each other
for all ion charges, so they are shown only for the maximum
Gaussian curve with + before them.

Figure 2C (1-4) presents HDX distributions obtained
by separating the same initial data, not taking into account
the natural isotopic distribution of the apamin molecule
based on expression (3) to approximate the searched data
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(ApaFnolso).The presented results demonstrate a relatively
good approximation of the found distributions by Gaussian
curves and quite acceptable coincidence between the results
obtained using both expressions (2) and (3). This means that
for molecules with sizes of the apamin molecule and larger,
it is quite acceptable to use expression (3) for the calcula-
tions without formally taking into account natural isotopic
distributions. It is also interesting to note that HDX distribu-
tions for less ion charge comparing to that of increased by
1 ion charge are shifted in HDX scale to low values by the
number not more than one. Such result is expected for the
model of independent HDX reactions when additional H/D
substitution may be prescribed to additional proton giving
additional charge of the ion. Such property is valid almost
for all found HDX distributions of apamin and apamin com-
plex. Exceptions may be found for relatively small distribu-
tions and may be prescribed to enlarged errors of distribu-
tions localization in these cases.

Figure 2D and E present the results of data processing
the residual HDX from the mass spectra (Apalni) given in
Fig. 1C. The number of possible H" and D*attachment sites
in the apamin molecule was 39, which is for 10 units less
compared to the data on Fig. 2A—C. The values of the con-
tributions of four found components are 91.8%, 3.7%, 4%,
and 0.7%. Some difference for the main component with a
contribution more than 90% can be explained by different
concentrations of protonated water molecules in the reactor.
During the electrospray process, water molecules penetrate
into the mass spectrometer and provide a quasi-stationary
concentration of H;O" ions in the zone of residual HDX,
probably on the surface of the interface at the entrance of the
mass spectrometer. Apparently, the concentration of H;O*
ions in the reaction zone before turning on the flow with ND;
is higher than after turning off the flow, since some of the
H;O™ ions participate in HDX reactions. Attachment reac-
tions of additional protons to 3-charged ions of apamin can
be the reason for the relative increase in the peak intensity
of 4-charged ions compared to the peak of 2-charged ions.
Attachment of additional protons to ions of apamin inside
the radio-frequency quadrupole is impossible as small ions
such as H;O" are discharged on quadrupole rods. The radio
frequency and voltage applied to the quadrupole rods are
selected so as to ensure high transmission of heavy ions and
not to pass the light ions.

Figure 3 shows the results of separating the apamin mass
spectra ApaND3 acquired in the case of the ND; introduc-
tion into the reactor (Fig. 1B). Two sets of conditions for
this data processing were used. The first one is usual of the
most previous calculations of apamin mass spectra. The
number of exchangeable H atoms is 49 and the number of
possible positively charged sites is 5. Figure 3A (1-3) pre-
sents three HDX distributions in m/z scale for the 4-, 3-,
and 2-charged ions. Four components with contributions of
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Fig.2 The results of the separation of the apamin mass spectra
acquired under conditions of no ND; introduction into the reactor
(Fig. 1A, C): A the obtained peak areas and the sum of these areas
in m/z scale for 4-, 3-, and 2-charged ions of four found components
of the apamin ions from the mass spectra on Fig. 1A: white square—
the obtained peak areas for 4-, 3-, and 2-charged ions; black solid
line—the sum of four components; blue inverted triangle, green tri-
angle, red circle, and black square—four components of the apamin
ions with contributions of 92.2%, 3.9%, 3.5%, and 0.7%, respectively;
B the HDX distributions in HDX number scale for four components

after switching out the gas flow with ND;: green triangle—2-charged
ions; red circle—3-charged ions; black square—4-charged ions;
green, red, and black lines—Gaussian curves approximating these
data. The HDX distributions plots show the ion charges (z) and the
positions of the Gaussian curves maxima (xc) and their width (w),
which are twice the standard deviation of these curves; C the dis-
tributions by separating the same initial data without taking into
account the natural isotopic distribution of the apamin molecule; D, E
the corresponding separation results obtained for data from the mass
spectra acquired before ND;introduction into the reactor
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Fig.3 The results of the separation of the apamin mass spectra acquired
by introducing NDj into the reactor (Fig. 1B). A The results of search-
ing components in the case of 49 H/D exchangeable sites and 4 poten-
tially positively charged ones: white square—the obtained peak areas for
4-, 3-, and 2-charged ions; black line—the sum of four found compo-
nents for the HDX distributions of the apamin ions in m/z scale; blue
inverted triangle, green triangle, red circle, black square—four compo-
nents with contributions of 54.1%, 38.1%, 6.3%, and 2.4%, respectively;
B the results of searching components in the case of 38 H/D exchange-
able sites and 4 potentially positively charged ones: white square—the
obtained peak areas for 4-, 3-, and 2-charged ions; black line—the sum
of five found components for the HDX distributions of the apamin ions
in m/z scale; orange diamond, blue inverted triangle, green triangle,
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red circle, black square—five components with contributions of 52.7%,
37.6%, 6.7%, 2.3%, and 1.3%, respectively; C the HDX distributions
in HDX numbers scale for the 2-, 3-, and 4-charged ions for four found
components:
ions; black square—4-charged ions; green, red, and black lines—Gauss-
ian curves approximating these data. For comparison, data for the natu-
ral isotopic distribution (blue inverted triangle) are added to the plot of
the component with contribution of 2.4%. The average value of the cor-
responding distribution was calculated in this case (nAv); D the HDX
distributions for five found components: green triangle—2-charged ions;
red circle—3-charged ions; black square—4-charged ions; green, red,
and black Gaussian curves approximating these data. The data for the
component with contribution of 2.3% are shown by broken lines
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54.1%, 38.1%, 6.3%, and 2.4% were found in this case. As
a result of attempts to distinguish additional components,
the components with significant negative contributions were
found. The relative squared deviation X from the initial val-
ues for these data was found to be 17.39.

As two potential charge retention sites in apamin molecule
are located very close to each other, namely the histidine
side group at the N-terminus of the peptide and the NH,
terminal group, it is reasonable to expect that these two sites
can really work as a single charge location site. This can
explain the absence of distinguishable peak of 5-charged ions
in apamin mass spectra. Based on this assumption, one can
likely reduce the number of possible charge locations to 4 and
to repeat the search of apamin structural components for this
case. It may be of additional interest to reduce the number of
supposed H/D exchange sites, for example, to 38 as the cal-
culation time becomes significantly shorter in this case. Fig-
ure 3B shows the results of the corresponding calculations.
Five components with contributions of 52.7%, 37.6%, 6.7%,
2.3%, and 1.3% were found. The relative squared deviation of
13.75 was slightly less than that in previous case. Figure 3C
(1-4) and D (1-5) presents the HDX distributions for 4 and 5
components, respectively. The distributions for the significant
three components were found to be rather close to each other
in both these cases. The components with contributions of
2.4% (Fig. 3C, 4) and 2.3% (Fig. 3D, 4) cannot be directly
approximated with acceptable accuracy by Gaussian curves.

To provide Gaussian approximation of the data (Fig. 3C
(4)) with 2.4% contribution, artificial zero data for virtual
HDX number -1 was added to the real data.

Figure 4 shows the results of separating the data of the mass
spectra of apamin complex ions (apamin molecule connected
with an unknown adduct with a mass of about 560 Da) both
before (Admixini) ND; introduction into the reactor and after
(Admix) turning off the flow (Fig. 1, D to F).The number of
potentially positive charged sites in this complex was accepted
to be 6: 5 sites for the apamin molecule and 1 site for the adduct.
The number of possible HDX sites in the absence of NDj intro-
duction was taken to be 30, and the number of such sites under
conditions after the flow was turned off was assumed to be
50. The relative squared deviations were 4.25 and 5.22 for the
first and the second cases, respectively. In the first case, five
components were found with contributions of 87.8%, 8.4%,
3.2%, 0.7%, and 0.1%. In the second case, four components
were determined with contributions of 90.5%, 7.5%, 3%, and
0.04%. The HDX distributions shown in m/z scale look very
similar in both cases. The shapes of the HDX distributions in
HDX numbers scale for the main components are similar in
both cases (Fig. 4B, 1, 2; D, 1, 2); moreover, they are similar
to the HDX distribution shapes for the main components of the
apamin ions (Fig. 2B, 1, 2; C, 1, 2; E, 1, 2). Howeyver, the mean
values of the HDX distributions for apamin complex ions unex-
pectedly turned out to be less than those for the apamin ions

by about 0.3—1.1. Perhaps, this means that the formation of the
apamin complex occurs in the liquid phase in the electrospray
ion source, and the connection between the apamin molecule
and the adduct may be provided by an H-bond formation. As
the H atom involved in H-bonds has a lower probability of H/D
exchange, positions of HDX distributions can shift to the left.
The components with contributions of 3.2% (Fig. 4B, 5) and 3%
(Fig. 4D, 3) cannot be directly approximated with acceptable
accuracy by Gaussian curves.

Figure 5 shows the results of separating the mass spec-
tra of the apamin complex ions acquired under conditions
of the ND; introduction into the reactor (Fig. 1E). These
results were obtained for different numbers of possible HDX
sites and different numbers of potentially charged sites. In
cases with 49 (5 potentially charged sites) and 50 possible
HDX sites (6 potentially charged sites), seven components
were found (Fig. SA-D, 1-2). The values of the relative
squared deviations from the original data were 13.36 and
10.74, respectively. In the case of 30 possible HDX sites
(6 potentially charged sites), ten components were found
(maximum possible number for our computer program)
with one small negative component — 0.6% (Figs. 5, A-D;
3). The value of the relative squared deviation X2 in this
case is 5.61. It means that the proposed model for approxi-
mating the obtained HDX data by components with inde-
pendent HDX events for some number of sites can also be
considered as valid in the case of the apamin complex.

Conclusions

The previously developed method [28] for the decomposition
and the separation of HDX mass spectra of multiply charged
ions of biomolecules with known natural isotope distributions
was modified for use in the case of unknown natural isotope
distributions of the biomolecules. This method was tested on
the same apamin mass spectra as in [28], and on mass spec-
tra of a complex of apamin molecule with unknown adduct
with molecular mass of about 560 Da. The results of separat-
ing the apamin mass spectra without taking into account the
natural isotopic distribution of apamin molecule turned out
to be almost identical to those presented in [28]. The errors in
estimating the distributions of the components and their con-
tributions were no more than 2-3% of the maximum values.
It is probably due to the action of the central limit theorem,
when the observed HDX distributions can be approximated
with increasing accuracy by normal distributions with an
increase in the number of substituted H atoms for independ-
ent H-D substitution of labile hydrogen atoms. Therefore,
it is possible to conclude that the developed approach to the
analysis of HDX distributions of multiply charged ions with-
out taking into account their natural isotope distributions will
be quite adequate for sufficiently large biomolecules with
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Fig.4 The results of the separation of the apamin complex ion mass
spectra acquired under conditions of no NDj; introduction into the reac-
tor (Fig. 1D, F). A—the results of searching components in the case of
30 possible HDX sites and 6 potentially positively charged ones: white
square—the obtained peak areas for 5-, 4-, 3-, and 2-charged ions; black
line—the sum of five found components; orange diamond, blue inverted
triangle, green triangle, red circle, black square—five components of the
apamin complex ions with contributions of 87.8%, 8.4%, 3.2%, 0.7%, and
0.1%, respectively; B the HDX distributions in HDX numbers scale for the
2-, 3-, 4-, and 5-charged ions for five components: blue inverted triange—
2-charged ions; green triangle—3-charged ions; red circle—4-charged
ions; black square—5-charged ions; blue, green, and red lines and black
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Fig.5 The results of the separation for the mass spectra of the apamin
complex ions acquired by introducing NDj; into the reactor (Fig. 1E).
A-D (1)—the results of searching components in the case of 49 H/D
exchangeable sites and 5 potentially positively charged ones: white
square—the obtained peak areas for 5-, 4-, 3-, and 2-charged ions;
black line—the sum of seven found components; orange triangle,...,
black square—the seven components with contributions of 40.3%, ...,
and 4.3%, respectively; A—-D (2)—the results of searching components
in the case of 50 H/D exchangeable sites and 6 potentially positively

an increase in accuracy for larger molecules. The Gaussian
approximation used for the observed HDX distributions of
the apamin ions proved to be quite acceptable. Only small
deviations from the initial data can be observed in the “tails”
of the Gaussian curves. An even better approximation can be
seen for the apamin complex being about 25% heavier than
the apamin molecule. Calculations performed for a reduced
number of H/D exchangeable sites and a reduced number of
ones able to retain charge carriers gave similar results of the

charged ones: white square—the obtained peak areas for 5-, 4-, 3-,
and 2-charged ions; black line—the sum of seven found components;
orange triangle,..., black square—the seven components with contri-
butions of 39.2%,..., and 1.9%, respectively; A-D (3)—the results of
searching components in the case of 30 H/D exchangeable sites and
6 potentially positively charged ones: white square—the obtained
peak areas for 5-, 4-, 3-, and 2-charged ions; black line—the sum of
ten found components; violet circle, ..., black square—the ten compo-
nents with contributions of 31.1%, ..., and 1.0%, respectively

HDX distribution separation. Thus, exact information about
the numbers of such sites may not be needed to obtain accept-
able information about composition of observed HDX distri-
bution, and our assumption of independence HDX processes
seems to be correct.

The numbers of the found main components (3) are the same
for the apamin molecule and the apamin complex in the case of
ND; introduction into the reactor, and the calculated contribu-
tions are rather close. Probably, it indicates that the structural
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conformation of the apamin complex is close to that for the
apamin molecule. This is confirmed by the fact that the shifts in
the positions of the H/D distributions for the two largest com-
ponents of the complex in HDX number scale relative to those
for apamin molecule are practically the same.

The obtained data for residual H/D distribution maxima
mass shifts for adduct attachment being less than average
molecular mass of adduct may be explained by attachment
of adduct in the liquid phase before H/D exchange. Adduct
attachment to apamin molecule after HDX should result to
mass shift less than mass of adduct. Probably, it means that
the adduct is present in the initial apamin solution used in
the measurements.

Insufficient resolution of initial data may be the reason
for the developed method to be prevented for application
at increase of biomolecule sizes. One outlet here is transi-
tion to other ways of isotopic exchange, for example, O'®for
0'3 [35]. Another way is recorded ion charge reducing [36].
Essential step for mass spectra analysis of large molecules
may be direct approximation of received isotopic distribu-
tions by Gaussian curves, as such approximation should
become more and more applicable with increase of biomol-
ecule sizes due to central limit theorem [34].
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