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Abstract

The rates and mechanisms of chemical reactions that occur at the phase boundary often differ
considerably from chemical behavior in bulk solution, but remain difficult to quantify. lon-neutral
interactions are one such class of chemical reactions whose behavior during the nascent stages
of solvation differs from bulk solution while occupying critical roles in aerosol formation,
atmospheric chemistry, and gas-phase ion separations. Using a gas-phase ion separation
technique coupled with a counter-current flow of deuterated vapor, we quantify the degree of
hydrogen-deuterium exchange (HDX) and ion-neutral clustering on a series of model chemical
systems (i.e. amino acids). By simultaneously quantifying the degree of vapor association and
HDX, the effects of cluster formation on reaction kinetics are realized. The results imply that
cluster formation cannot be ignored when modeling complex nucleation processes of atmospheric

aerosols and biopolymer structural dynamics.
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Data analysis. The data from the LTQ (.raw files) were converted to .mzML files using the tools
within the Proteowizard framework.[' All data analysis was performed using Python scripts
developed in-house and a representative workflow is provided in the Supplementary Information
(see Figure S1). The mzML files were used to extract ion chromatograms for a given mass
window of interest that encodes the mobility information for that particular mass range. The ion
chromatograms containing the frequency encoded mobility information were Fourier transformed
and converted to drift time spectra.’l. The shifts in mobility for amino acids were assessed by
calculating Ki/K, ratio where K; is the mobility of the amino acid with some concentration of
modifier introduced into the drift gas and K, is the mobility of the amino acid with no modifier.l3l A

ratio of 1 is indicative of situations where the modifier does not interact with the target analyte.

Serving as a system suitability check, cocaine was included in all experimental runs. Across the
data sets the reduced mobility of cocaine was continually assessed and found to be 1.16 + 0.01
in agreement with literature values. If the calculated mobility of cocaine for a given HDX
experiment was out of this range, it was excluded from further analysis and the replicate was
repeated. Because the functional groups hosting the charge-carrying proton possess
comparatively high proton affinities and the resulting proton is further stabilized by an adjacent

carbonyl group,®! there is no observed ion-vapor clustering or HDX.

Including cocaine, all analytes were evaluated in their singly charged form [M+H]* following
electrospray ionization. The m/z range encompassing the analyte’s monoisotopic m/z plus the
number of exchangeable hydrogens was used for evaluating HDX kinetics data where each
isotopologue peak is resolved (see Figure S2). The intensities for each m/z in the isotope

windows were extracted for each run with varying drift cell voltage and modifier flow rate.

To extract kinetic data from the isotope window, we utilized two different approaches. First,

semilog plots were prepared to linearize the data and calculate rate constants in accordance with


https://paperpile.com/c/2pi9Qo/HMT1
https://paperpile.com/c/2pi9Qo/zG3j
https://paperpile.com/c/2pi9Qo/DBNW
https://paperpile.com/c/2pi9Qo/dXIl
https://paperpile.com/c/2pi9Qo/hUCU
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pseudo-first order kinetics.[*-8 The linear form of the pseudo-first order kinetics integrated rate law
is shown in Equation (1) where [He] is the number of remaining hydrogens with some
concentration of modifier, [CH;0D] is the pressure of the modifier in torr, k is the rate coefficient,
tis the total time the amino acid is exposed to the modifier and [He,]o is the number of remaining

hydrogens with no modifier present.

In[H,,] =- [CH;0D]kt + In[H,,], (1)

Average m/z values for each amino acid replicate with variable CH;OD flow rates were calculated
by a weighted average of the intensities and m/z values in the isotopic window. The number of
remaining exchangeable hydrogens was calculated by subtracting the average m/z from the m/z
if all theoretically exchangeable hydrogens were deuteriums. Modifier vapor pressures were
calculated from the density and flow rate of the liquid modifier when mixed with the total gas flow
rate using the ideal gas law. The introduction of all gasses was controlled by two mass flow
controllers (main drift gas: MKS Model #M100B53CS1BV--S, modifier inlet: Cole Parmer
Masterflex model #EW-32907-69). Deduction of the individual rates and associated reaction times
for HDX was accomplished by extrapolating the time associated with the gas-phase ion mobility
of the individual ions measured within the drift cell to include the total distance spanning the
desolvation and drift regions shown in Figure 2. While there is a temporal component between
droplet formation from an electrospray emitter and a bare ion entering in the gas phase, recent
works by Mortenson and Williams have suggested this time is less than 300 s using considerably
lower flow rates and smaller emitters than the present work.®l However, their work did not include
the presence of a counter-current flow of gas. When factoring in the differences between
experiment conditions, it is our estimation that the droplet to gas-phase ion evolution still remains

well below 1 ms. It is for this reason that the total length of the drift cell (i.e. 231 mm) was used


https://paperpile.com/c/2pi9Qo/wCqN+r5Ds+Sc07
https://paperpile.com/c/2pi9Qo/wCqN+r5Ds+Sc07
https://paperpile.com/c/2pi9Qo/wCqN+r5Ds+Sc07
https://paperpile.com/c/2pi9Qo/0p4R
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for evaluating total reaction times. Inclusion of a small temporal adjustment to the total time does

not meaningfully alter the resulting quantitative numbers and the subsequent interpretation.

Most importantly, the resulting semilog plots consistently show two linear regions with a slope
equivalent to -k of the HDX reaction. A piecewise linear fit was done with the pwlf python package
to deduce the respective slopes, intercepts, and breakpoints for each amino acid data set.l'” To
aid in the interpretation of experimental results we also elected to fit rate constants using a solution
to a system of differential equations. This exercise served to evaluate the theoretical boundaries

for HDX under the experimental conditions.

Computationally Informed Exchange Rates. As an alternative form of analysis, we also fit
results to a population balance model, i.e. we examine the concentration change of a species
containing an isotopologue with n hydrogens (C,) exchanged for deuterium. The change in this

dc

. . . . . . —= kn - 1Cn 1Py~ kncnpv .
concentration with time is described by the equation dt where tis time, k,

is the rate coefficient for D,—D,.1, and p, is the vapor pressure of the modifier gas. Assuming
that k, is not strongly sensitive to n (mainly to simplify inversion), a solution was determined for
these equations for all observable isotopomers for each analyte using 4th order Runge-Kutta
method. In solving these equations, we systematically varied a single k (p,) function to minimize
the square error between measured isotopomer distributions and modeled distributions. More
specifically, to infer the function k (p,), we varied k (p,) at each vapor pressure used in experiments
and calculated time evolution of each isotopomer relative concentration C, by the system of
equations for ~27 ms (with 0.1 ms time steps), which is the residence time in experiments from
the electrospray source and through the drift tube. Performing this operation for all experimental
vapor pressures yielded k(p,) at all test vapor pressures, with linear interpolation used for values

intermediate to experimental results. The tested range of the reaction constant was set as 102 to


https://paperpile.com/c/2pi9Qo/bjvS

Supporting Information

10" times of ky, where kj is a reaction constant calculated with the assumption under the reaction
constant is not function of the vapor pressure (e.g., ko is 558 Torr-'s-! for cysteine ions). While the
rate coefficient may be a function of vapor pressure, the rate coefficient k(p,) should not differ
from ko by multiple orders of magnitude. This is confirmed in fitting; we found in all instances that
the squared error function for the difference between measurements and predictions is a convex
downward curve with a local minimum value always within the same order of magnitude of kg (as
shown in Figure S8). For this reason, the applied range in fitting of 102 to 10" times of ky is
reasonable, and with minimal inputs, this approach provided a level of validation for not
necessarily the absolute values observed for exchange rates, but rather, the overarching trends

observed in the experimental data.

Fitting with the population balance model (see Figure S7) consistently suggests the exchange
rate coefficient decreases with increasing vapor pressure, and there is a clear correlation
between the shift in rate coefficient and shift in mobility for the five amino acid ions examined.
Methionine’s trends in mobility shifts and concentration dependent rate coefficients are nearly
identical. Cysteine’s rate coefficient interestingly increases slightly before it decreases, matching
a phenomenon that was constant in the mobility shift data set. Glycine, serine, and tryptophan
also show clear relationships between the concentration dependent nature of HDX reaction rate

coefficient and shifts in mobility from transient ion-vapor clusters.
Estimating the Fraction of Time with Methanol Bound

lon mobility theory shows that the length of the drift tube, L, can be related to the time an ion

takes to traverse a drift tube, t4, by the mobility coefficient, K, and the electric field, E.

LIKEtd (1)
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If the total length is viewed as a summation of the ion with no vapor bound, one vapor, and so
on(L=Lo+Ls+Ly+...), then each of those environments has its own K and t4 but the same

E.

Ki
o) t ZEOO_L_
KEt,=KoEty + K Ety + KyEty + .. =L0KEt gng g0 @ "K'

(2)
It has been shown in previous publications that the probability of having greater than 2
molecules bound is negligible for these smaller ions and the vapor pressures examined,;
otherwise, we would observe substantially larger mobility shifts, such as those observed in Li
and Hogan, 2019 (doi: 10.1080/02786826.2017.1288285) for salt cluster ions. Equation 2 can
then be simplified.

KO Kl
t,=—t,+—t, =t +t
d KO Kl 0 1

3)

Equation 3 can be rearranged and used to calculate the relative time spent in a cluster and as a

bare ion.
K,
—-1
t, K, K-K,
1-—
K (4)

All the necessary variables are attained from the experiment: Ko, the mobilities with no modifier
present, K, the mobilities with some flow rate of modifier, and K, which is estimated to be the

maximum percent shift mobility data as shown in Table 2.
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In [9]:
import pandas as pd
import os, glob
import numpy as np
from scipy.optimize import curve_fit
import pwlf
os.chdir("/Users/haleyschramm/Desktop/AR HDX Final")
#Read the dataframe from the preprocesses .csv file
df=pd.read_csv('MnCoc_HDXfullwMobChange 19Jun2021.csv')
#methionine has 4 exchangeable hydrogens. Defining the isotopic window.
monoiso_mz=150
allD mz=154
isoNames = sotope_l1", "Isotope_2", "Isotope_. "Isotope_4", "Isotope In [10]:

5"
# the total length of IMS cell
total_dtlength=23.10 #cm

#the length of the drift region
drift length=11.068 #cm

df_mean=df .groupby( 'Modifier Flow Rate').mean()
df_std=df.groupby('Modifier Flow Rate').std()

def _2exponential(x, a, k1, b, k2, ¢):
Teturn a*np.exp(x*kl) + b*np.exp(x*k2) + ¢

#these are the parameters for each isotope found by fitting a double exp
onential to Glycine's isotopologue changes

guess_params = {'Isotope_l': [34.69598861472788, -0.14587097899451226,
0.8134296466350788, -780.2176316230428, -34.53058092570203],

‘Isotope_2': [-0.998673789368358, -948.1491922201636, 0.9979853638851334
» —231.3464433617378, 0.011532548713126683],
'Isotope_3': [-87.04903672447851, -138.59964352114113, 87.07029220006905

s, —137.12089994996637, -0.04936061077020537],

‘Isotope_4 [-94.35460529309096, -407.7462355815526, 94.0055195518227,
-409.8822919220871, 0.3583884156768291],

'Isotope_5': [-1648.0035153446624, 0.5656034704671017, 563.3848841720936
» 1.6770391905427184, 1084.6046450507279])

totalsum = df_mean['Isotope 1']+df mean['Isotope 2']+df mean['Isotope 3'
]+df_mean[ 'Isotope_4° ]+df_mean[ 'Isotope 5']

fit_diet ={)
for i,v in enumerate(isoNames):
popt_2exponential, pcov_2exponential = curv&Jfit( Zexponential, np.f
loat64(df mean['Torr x s']), np.float64(df meanfE)/totalSum), maxfev=100
000, p0=guess_params[v]) (&)
a = popt_2exponential[0]

e. The full

k1= popt_2exponential[1] m.v
b = popt_2exponential[2] =]
k2 =popt_2exponential[3] [72]
¢ = popt_2exponential[4] 7]
fit_list=[] [O]
for r in df mean['Torr x s']: (&]
fit y= 2exponential(r, a, k1, b, k2, yO
fit list.append(fit y) mu
fit dict{v]=[fit_list]
# initialize piecewise linear fit with your x m@ y data

my_pwlf = pwlf.PiecewiseLinFit(df['Torr x s'], M_w_ 'Lo(remaining Hs)'])
# fit the data for two line segments e
res = my_pwlf.fit(2) -

<

B

# predict for the determined points
xHat = np.linspace(min(df[ Torr x s']), amx.uiWann x 5']), num=10000)
yHat = my_pwlf.predict(xHat) .

X >
#Parameters obtained from the fit: T
print('Predicted number of exchangeable hydrogefp: ...@mﬁlum.mkﬁae\_ui.m
.intercepts[0]}))) O @
print{'The breakpoint between the two lines: ;,.eﬂum::.t Torr x sec'
) -
print( 'The r-squared value: ,+unn.aw\u::.n\uucbna@
slopes = my pwlf.calc_slopes() [

[0]

(%]
# finding k from the slope (Valentine's mmvnnmnm o)
kl=slopes[0]*np.log(13/30}/0.00017 o)
k2=slopes[1]*np.log(13/30)/0.00017 #these are Eumwnda sec
# 1 Torr = 3.296 x 10°16 molecules/cm"3 >

kl=k1/(3.296el6) =)

k2=k2/(3.296el6) —_ 0O
=

rel_rate=k1/k2 —

print('The relative rate is: ', rel_rate) o m

Predicted number of exchangeable hydrogens: 3.6 .:awuowun:

The breakpoint between the two lines: 0.00447%0

Xgm

muammn.» TOorr x sec

The r-squared valu 0.9841533695963314 e b
The relative rate i 3.52213578913721 ©
; DO
/Users/haleyschramm/anaconda3/lib/python3.7/sitg=packages/pwlf/pwlf.py:
1109: RuntimeWarning: invalid value m:obn:rmnmnm éwimlmnmwwnm
(self.fit breaks[i+l]-self.fit breaks[i]) y—
S E
-—
o ©
c %
»n O
c ©
o <
o ®©
—
o9
nE
)
- C
w @
(0]
o O
>0
2 2
L o

IC amino acl

Figure S2. Schematics for “exchange competent” ion-neutral complexes for a gener

and methanol-OD using two hydrogen bonds (depicted by dotted lines). The suggested structures
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depict exchange using the A) amino- group and B) carboxylic acid where the deuterium on the
methanol is labeled in red and the added proton from electrospray on the amino group is labeled
in blue.

Average %
Fit Predicted| Theoretic | Fast Rate (cm?| Slow Rate (cm3 | k. Cocaine
Analyte #of H,, |al # of H,,| molecule' s') [ molecule! s) | /ksjow KilKo

Tryptophan 3.7 5 9.09E-12 (7%) | 2.81E-12 (18%) | 3.23 100 £ 1
Methionine 3.7 4 1.01E-11 (4%) | 2.86E-12 (6%) | 3.53 | 99.7 £ 0.6
Met ME 2.9 3 5.54E-12 (2%) | 2.59E-12 (8%) | 2.14 [ 100.0+ 0.4
Serine 4.6 5 9.37E-12 (5%) | 4.89E-12 (9%) | 1.92 | 100.0 £ 0.3
Cysteine 4.0 5 2.63E-11 (1%) | 8.95E-12 (7%) | 2.94 | 100.1 £ 0.3
Glycine 3.9 4 1.69E-11 (6%) | 9.33E-12 (8%) | 1.81 | 100.4 + 0.6

Table S1: HDX kinetics results for select amino acids examined. The fit predicted number of
exchangeable hydrogens is determined from the y-intercept of the fast exchange linear
regression. For the fast and slow rates reported, the percentage in the parentheses is the percent
error in the slope from the linear regression. The reported error is the standard deviation for the
mobility shift. The maximum shift is the percent change in the mobility at the highest concentration
of modifier in the drift cell. The average % cocaine Ki/Ky is included and shows that there is no
mobility shift for cocaine in the experiment
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Methionine Methyl Ester Isotopologue Intensities, Exchange, and Clustering
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Figure S3: Methionine methyl ester results of the HDX and ion-neutral clustering experiment. The
structure is the same as naturally occurring methionine except for the carboxylic acid is converted
to a methyl ester so that the analyte has one fewer exchangeable hydrogen. All exchangeable
hydrogens must be on the protonated amino group. While the relative rates are quite similar, the
individual rates are slower. The carboxylic acid hydrogen does exchange faster, but it is not the
source of nonlinearity.
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A) Glycine Isotopologue Intensities, Exchange, and Clustering
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Figure S4: A) Glycine isotopologue intensity changes with a double exponential fit and B) semilog
plot calculated from the average number of remaining hydrogens. Glycine does not show a clear
breakpoint between two rates. The isotope ratios change rapidly for D, and D, with gradual
increase rather than decrease for D, and D3 while D4 continues to climb to the most intense peak.
While little clustering is observed, mobility shifts are observed after the breakpoint is calculated.
The Ki/K, then slowly declines to a minimum of 0.96, a 4% change in mobility.
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Serine Isotopologue Intensities, Exchange, and Clustering
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Figure S5: A) Serine isotopologue intensity changes with a double exponential fit and B) semilog
plot calculated from the average number of remaining hydrogens. Serine is structurally the same
as cysteine with a hydroxyl side chain rather than sulfhydryl and exchanges all five theoretically
exchangeable hydrogens. This is explained by the capability of hydrogen bonding of the hydroxyl
rather than a sulfhydryl group. The isotope change is similar to that of cysteine where the D, and
here D5 isotope increase steadily throughout the experiment while the others reach a peak
intensity and then decrease. The clustering data show mobility shifts until 0.95 within the range
of the experiment similar to cysteine and glycine.
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A) Tryptophan Isotopologue Intensities, Exchange, and Clustering
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Figure S6: A) Tryptophan isotopologue intensity changes with a double exponential fit and B)
semilog plot calculated from the average number of remaining hydrogens. The bulky, aromatic
side chain of tryptophan with one possibly exchangeable hydrogen serves an interesting case to
assess steric bulk on kinetic rates and clustering. Only four of the five theoretically exchangeable
hydrogens are observed on the timescale of the experiment. The side chain indole group is either
too far to form a stable hydrogen bond or is sterically blocked from exchange during the time scale
of the ion mobility experiment. The isotopologues approach a steady state similar to what is
observed with methionine, but the breakpoint is at much higher flow rates and very little clustering
occurs. The mobility shift is not statistically different from one until after the breakpoint near 120

pL/hr and only changes about 3%.
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Figure S7: Average mobility shifts for each amino acid compared to the modeled rate constants,

k. Inferred rate constants are in units of Torr' s-'.
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Figure S8: Plots of the squared error for variable trial reaction coefficients for cysteine ion HDX
experiments for Dg-Dg4ions.
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Figure S9: Composite data from respective tables (Tables 2 and S1) illustrating the range of
behavior for the target analytes with respect to determined breakpoints between rates and the
degree of ion neutral clustering observed. While the compound set probed in this effort is by no
means exhaustive, it does suggest that multiple rates of HDX are elusive without ion-neutral
clustering. The values shown for the breakpoints and degree of clustering were normalized to the
range of values observed for the amino acids evaluated. This normalization was set to span a
total value of 1 with a center point of 0.
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Figure $10: Composite data from respective tables (Tables 2 and S1) illustrating the range of
behavior for the target analytes with respect to the degree of clustering and HDX observed. The
HDX is expressed as a ratio between the fast and slower exchanging slopes shown in the
summary plots (e.g. Figure S3). The values shown for the rate ratio and degree of clustering were
normalized to the range of values observed for the amino acids probed. This normalization was
set to span a total value of 1 with a center point of 0.
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