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Abstract

The rate of hydrogen–deuterium exchange (HDX) in aqueous droplets of phenethylamine has been 

determined with submillisecond temporal resolution by mass spectrometry using nanoelectrospray 

ionization with a theta-capillary. The average speed of the microdroplets is measured using micro-

particle image velocimetry. The droplet travel time is varied from 20 μs to 320 μs by changing the 

distance between the emitter and the heated inlet to the mass spectrometer and the voltage applied 

to the emitter source. The droplets were found to accelerate by ~30% during their observable 

travel time. Our droplet imaging shows that the theta-capillary produces two Taylor cone–jets (one 

per channel), causing mixing to take place from droplet fusion in the Taylor spray zone. 

Phenethylamine (ϕCH2CH2NH2) was chosen to study because it has only one functional group 

(−NH2) that undergoes rapid HDX. We model the HDX with a system of ordinary differential 

equations. The rate constant for the formation of −NH2D+ from −NH3
+ is 3660±290 s−1, and the 

rate constant for the formation of −NHD2
+ from −NH2D+ is 3330±270 s−1. The observed rates are 

about 3 times faster than what has been reported for rapidly exchangeable peptide side-chain 

groups in bulk measurements using stopped-flow kinetics and NMR spectroscopy. We also applied 

this technique to determine the HDX rates for a small ten-residue peptide, angiotensin I, in 

aqueous droplets, from which we found a 7-fold acceleration HDX in the droplet compared to that 

in bulk solution.
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Hydrogen–deuterium exchange (HDX) has been very useful for the study of the dynamics of 

protein folding and ligand–protein interactions with NMR and mass spectrometry (MS).1,2 

Understanding how accessible amino acid residues in a protein are to HDX reveals how 

buried or surface-exposed they are to the surrounding aqueous solution. Typically, only the 

amide groups in the peptide backbone that slowly exchange hydrogens with D2O are 

considered for structural analysis with MS, because the exchange rate of labile hydrogens 

located in the side chains is about two orders of magnitude faster.1,3–7 Exposing an amino 

acid side chain with a primary amine or a hydroxyl group to D2O causes equilibrium to be 

reached usually within seconds; by contrast, the amides in the peptide back-bone may take 

several minutes to hours. Therefore, side-chain HDX is very difficult to observe with MS 

because the peptides are usually eluted with a liquid chromatography gradient with H2O in 

the mobile phase, causing rapid back-exchange. Being able to study the dynamics of HDX 

in side chains may provide useful complementary structural information. The extremely fast 

dynamics of peptide side chain HDX has limited studies to subsecond interactions with MS, 

in which peptides have been reacted with ND3 in the gas phase inside the ion transfer system 

of the MS.8–11 Un-fortunately, these reactions are far removed from bio-chemical liquid-

phase conditions. We present here a means for determining the liquid-phase rates of HDX in 

primary amines and peptides with MS. The method is general and may have wide 

applicability.

We used nanoelectrospray ionization (nanoESI) with a theta-capillary to enable 

measurements in the liquid phase of rapid HDX in functional groups located in the side 

chains of peptides. Previously, the Derrick and Williams groups extensively used theta-

capillaries for studies of rapid reactions with MS,12–16 where different analytes are loaded 

into each channel and then ejected through nanoESI17 by applying the same polarity of 

spray voltage to each channel. The technique can be considered an extension of reactive 

desorption electrospray ionization (DESI).18–20 In addition, experiments in which reactions 

take place through the fusion of microdroplets have been shown to occur at rates that are up 

to a million times faster than in bulk.19,21–26

Although there are similarities between the concepts of using theta-capillaries and DESI-

spray sources for microdroplet reactions, two major differences are the absence of sheath gas 

in the nanoESI setup with theta-capillaries and their much smaller tip size. These differences 
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make the resulting droplets much smaller and slower, effectively changing the mixing time 

of colliding droplets.27 Although measurements of droplet size and velocity have been made 

for DESI micro-droplet reactions, this has never been done for a nanoESI theta-capillary 

setup, leaving prior estimates of droplet reaction times for theta-capillaries mainly 

speculative.

Here we found that when using a constant tip size, spray voltage, and backing pressure, the 

reaction can be modulated by simply moving the theta capillary back and forth within a 

range of 0.5–3 mm, as this will change the reaction time during which the reagents interact 

(during microdroplet collisions), before they enter the mass spectrometer for detection. We 

loaded the theta-capillary with 1 μM phenethylamine or 1 μM angiotensin I in one channel 

and D2O in the other channel to study HDX (Figs. 1 and 2).

Phenethylamine is a small aromatic compound (121.2 Da) with a single primary amine; 

hence, it has two rapidly exchangeable hydrogens (Fig. S1A). Angiotensin I is a peptide 

with 10 amino acid residues and a monoisotopic mass of 1295.7 Da (Fig. S1B). The peptide 

has 17 groups that have exchangeable hydrogens, out of which 4 are considered to be rapidly 

exchangeable (primary amines and hydroxyl groups). We monitored HDX of 

phenethylamine at [M+H]+ (Fig. 1) and angiotensin I at [M+2H]2+ (Fig. 2). The reaction 

time is determined by the average time it takes for droplets to mix and travel from the 

beginning of the mixing zone outside the theta-capillary tip to the MS inlet. We used choline 

and choline-d9 as internal standards in each capillary (Fig. S2) to monitor the effective 

mixing rate of analytes reaching the MS. The mixing ratio was found to be ~1:1 H2O:D2O. 

Moving the capillary be-yond a 3 mm distance should further increase the reaction time; 

however we found that at such a distance the signal intensity was too low for analyte 

detection. We measured the velocity field for microdroplets emitted from a theta-capillary, 

obtained by imaging the spray with micro-particle imaging velocimetry using two Nd:YAG 

lasers.28–30 The droplets were on average 4.3 μm in diameter and travelled at average speeds 

of 8–23 m·s−1 depending on the electric field between the capillary tip (2.00±0.18 μm) and 

the MS inlet (Table 1, Fig. S3–S6, SI Notes 1 and 2).

For phenethylamine, the high mass resolution of the instrument we used allowed us to 

independently monitor the abundance of the naturally occurring isotopes and the deuterated 

isotopes as a function of reaction time (Fig. 1 and 3A). A decay of the monoisotopic peak 

was observed for phenethylamine while the deuterated peaks were growing. The deuteration 

of a com pound with n exchangeable hydrogens can be described as a system of coupled 

reactions with forward and backward reaction rates ki and k-i (Scheme 1). We modeled the 

reaction as a system of ordinary differential equations (SI Note 3) and fitted the rate 

constants for the observed reactions (Table 2), which were 3660±290 s−1 for the formation 

of −NH2D+ from −NH3
+ and 3330±270 s−1 for the formation of −NHD2

+ from −NH2D+, a 

3-fold higher rate than what has been observed for primary amines in stopped flow kinetic 

experiments performed in bulk.1,3–7 For angiotensin I, we observed subsequent shifting of 

the isotopic envelope to the right (Fig. 2). Spectral deconvolution of the data obtained for 

angiotensin I allowed us to calculate the molar fraction of each component. Figure 3B shows 

the relative abundance of several isotopes as a function of time. Just like phenethylamine, a 

decay of the monoisotopic peak was observed for angiotensin I while the deuterated peaks 
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were growing. The first deuterated isotope peak was observed to reach a plateau and then 

regress, which is expected as HDX of the peptide progresses over time. Table 2 presents the 

rate constants. For comparison, the decay of the monoisotopic peak for phenethylamine is 

attributed solely to its primary amine group, but the decay of the monoisotopic peak in 

angiotensin I is a result of HDX at an ensemble of sites. However, because the exchange rate 

of the primary amine phenethylamine is ~3 times slower than the measured rate of 

angiotensin I, it is reasonable to consider that HDX in angiotensin I initially happens at 

hydroxyl groups in the side chain of the peptide. HDX at hydroxyl groups, for example in 

tyrosine, is 1.5–3 times faster compared to primary amines.1,3–7 If the decay rate of 

angiotensin I is attributed solely to the tyrosine group that has the fastest exchange rate of all 

side-chain groups, the lower limit of the rate we observed is 7-fold faster compared to the 

literature values obtained in bulk reactions, and the ratio between the exchange rate for 

phenethylamine and angiontensin I in microdroplets appear to be similar to the ratio in bulk.
1,3–7

Previous reports suggested that the increased rate observed in microdroplet reactions is a 

result of evaporation and resulting concentration increase, which in turn would drive the 

reactions at higher rates.19,21 However, in the present study the initial droplet mixing yields 

a million-fold excess of D2O in relation to the analyte under study for HDX. We modeled 

the convective evaporation rate for droplets travelling in air and found that in our system the 

droplet size is at most de-creased by ~1.2% during its flight time (Fig. S8, SI Note 4).31 This 

corresponds to a 3.6% reduction of the initial volume. Thus, we can rule out evaporation 

effects on concentrations and reaction rates. Where does the shift in reaction rates come 

from? HDX can be acid, base, and/or water catalyzed.6,32 Therefore, we hypothesize that the 

observed changes of rates compared to bulk measurements arise from local pH shifts in the 

droplets on the surface,33,34 caused by a large number of positive charges deposited in the 

droplets through the ESI mechanism or through concentration redistribution of the positively 

charged analytes to the surface.22,35

In a nanoESI setup where theta capillaries are used, the reagents contained in the two 

channels will not interact until they are ejected from the tip of the theta capillary. However, 

no previous studies using a theta-capillary system for nanoESI have attempted to measure 

the velocity or size of the resulting droplets, such that the effective mixing time has 

remained unknown. We found two separate Taylor cone–jet regions that repel each other 

during nanoESI with theta-capillaries (Fig. S5, SI Note 1), by imaging the resulting spray at 

500 ns intervals with ≤25 ns light pulses from Nd:YAG lasers, effectively “freezing” the 

drop-lets in each frame. The two channels at the tip orifice are separated by a 0.15 μm thick 

borosilicate wall (a good insulator). A small wetted interface between the two channels 

should exist; however, we estimate that mixing between the analytes in the Taylor cone–jet 

region is at least 105 times smaller than (Fig. S7, SI Note 2 inertial mixing between droplets 

colliding with one another in the spray region. The reaction is expected to be quenched upon 

entry in the heated capillary as previous studies suggest.23,24 Because charged analytes 

could leave the droplets with no charge left behind on the large droplet through Coulombic 

fission, our measurements of droplet time of flight should be considered as an upper limit of 

reaction time. Fission resulting in droplets that are one order of magnitude smaller than the 

parent droplets (~0.1 μm) are calculated to evaporate within 30 μs and could result in 
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reaction times that are even shorter than what we estimate through the time of flight for the 

parent droplets. As such, we have here provided a lower limit of the acceleration of reaction 

rates in microdroplets.

Chemical reactions in microdroplets are interesting to study because the dispersion of a 

liquid into droplets shifts the regime from bulk to surface reactions, and the various 

techniques used are able to characterize reactions down to submillisecond timescales. Also, 

the apparent rates for many reactions are faster compared to the rates in bulk,21–24,26 

emphasizing a strong shift of the dynamic behavior of reactions during the transition from 

bulk to the microscale environment. We suggest that this technique may prove useful for 

general inter-rogations of dynamic interactions between ligands and the side chains in a 

protein.

Supplementary Material
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Figure 1. 
Hydrogen–deuterium exchange observed in phenethylamine m/z 122.096 (D0), with 

nanoESI using a theta-capillary. The extent of deuteration (D1, m/z 123.103; D2, m/z 
124.109) increases by moving the capillary further back from the inlet of the mass 

spectrometer. (A) Δt = 22 μs, TIC: 2.4 x 105; (B) Δt = 46 μs, TIC: 3.1 x 105; (C) Δt = 79 μs, 

TIC: 2.5 x 105; (D) Δt = 114 μs, TIC: 1.4 x 105; and (E) Δt = 198 μs, TIC: 6.4 x 104; where 

Δt is the average dwell time for droplets in air before entering the mass spectrometer, and 

TIC is the total ion current. The inset on the right (m/z 123.09–123.11) of each panel shows 

the relative intensities of the naturally occurring 13C isotope (left) and the D1 isotope (right) 

of a protonated phenethylamine ion.
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Figure 2. 
Hydrogen–deuterium exchange observed in angiotensin I, m/z 648.85, with nanoESI using a 

theta-capillary. The extent of deuteration increases by pulling the capillary further back from 

the inlet of the mass spectrometer. (A) Δt = 34 μs, TIC: 2.6 x 106; (B) Δt = 133 μs, TIC: 8.4 

x 104; (C) Δt = 185 μs, TIC: 8.0 x 103; and (D) Δt = 319 μs, TIC: 5.6 x 103; where Δt is the 

average dwell time for droplets in air before they enter the mass spec-trometer, and TIC is 

the total ion current.
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Figure 3. 
Isotopic patterns resulting from HDX in (A) phenethylamine and (B) angiotensin I (after 

spectral deconvolution) provided the kinetic behavior of individual components. Labels 

indicate the monoisotopic peak D0, first deuterated peak D1, second deuterated peak D2, 

etc. The graphs show the solutions for the systems of ordinary differential equations based 

on the obtained forward and backward reaction rates. Increasing the distance between the 

capillary tip and the inlet of the mass spectrometer results in an increased reaction time. As a 

result, the monoisotopic compound decreases in intensity as HDX proceeds.

Jansson et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2019 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Coupled reactions of HDX in n states.
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Table 1.

Electric field strength E, average droplet velocity u, and capillary flow rates Q during nanoESI as a function of 

distance d, and spray voltage ϕ, when 10 psi N2 backing pressure was applied.

ϕ (kV) d (mm) E (V·cm−1) u (m·s−1) Q (μl·min−1)

1 0.92 10870 15.3±1.4 1.31±0.24

1.45 6900 13. 6±2.5 1.05±0.19

1.69 5920 12.7±2.2 0.99±0.18

2.58 3880 7.8±1.0 0.64±0.11

1.5 0.65 23080 23. 3±3. 3 1.89±0.34

1.63 9200 15.2±2.9 1.16±0.21

1.71 8770 16.0±3.9 1.14±0.21

1.88 7980 13.6±3.3 0.96±0.17

2.45 6120 12.8±2.0 1.02±0.18
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