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Abstract: 

Tandem mass spectrometry (MS/MS) using fragmentation has become one of the most effective methods 

for gaining sequence and structural information of biomolecules. Ion/ion reactions are competitive 

reactions where either proton transfer (PT) or electron transfer (ET) can occur from interactions between 

multiply charged cations and singly charged anions. Utilizing ion/ion reactions with fluoranthene has 

offered a unique method of fragment formation for structural elucidation of biomolecules. Fluoranthene is 

considered an ideal anion reagent because it selectively causes electron transfer dissociation (ETD) and 

minimizes PT when interacting with peptides. However, limited investigations have sought to understand 

how fluoranthene – the primary, commercially available anion reagent – interacts with other 

biomolecules. Here, we apply deuterium labeling to investigate ion/ion reaction mechanisms between 

fluoranthene and divalent, metal-adducted carbohydrates (Ca2+, Mg2+, Co2+, and Ni2+). Deuterium labeling 

of carbohydrates allowed us to observe evidence of hydrogen/deuterium exchange (HDX) occurring after 

ion/ion dissociation reactions. The extent of deuterium loss is dependent on several factors, including the 

physical properties of the metal ion and the fragment structure. Based on the deuterium labeling data, we 

have proposed ETD, PTD, and intermolecular PT – also described as HDX - mechanisms. This research 

provides a fundamental perspective of ion/ion and ion/molecule reaction mechanisms and illustrates 

properties that impact ion/ion and ion/molecule reactions for carbohydrates. Together, this could improve 

the capability to distinguish complex and heterogenous biomolecules, such as carbohydrates. 
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1. Introduction 

Gas-phase ion/ion reactions1, 2 have become valuable within the mass spectrometry (MS) community 

because they enable structural characterization of a variety of analytes, including peptides,3, 4 intact 

proteins,5-7 and carbohydrates.8, 9 Electron transfer dissociation (ETD)10 is an ion/ion reaction in which an 

anion reagent transfers an electron to a multiply charged, cationic analyte. During the reaction, charge 

reduction of the cationic analyte occurs, limiting ETD to multiply charged parent ions. ETD is the most 

commonly used ion/ion reaction because unique fragments can be formed, compared to collision-induced 

dissociation (CID),11 allowing for increased and complementary fragmentation of biomolecules. 

Specifically, ETD can fragment protein backbones while retaining labile post-translational 

modifications.10, 12, 13 Additionally, ETD can minimize intramolecular hydrogen migration, enabling 

deuterium localization within labeled peptides and proteins, while CID causes significant intramolecular 

hydrogen migration.14-16 The unique fragmentation properties of ETD compared to CID are hypothesized 

to result from differences in fragmentation mechanisms.10, 17  

In ion/ion reactions, the anion reagent influences the reaction products. Though several anions have 

been effective as ETD reagents for fragmentation of peptides and proteins,18-20 fluoranthene efficiently 

transfers an electron to most biomolecules18 and will be the focus here. When fluoranthene interacts with 

peptides and proteins, electron transfer (ET) has been proposed to compete with proton transfer (PT).18 

However, fluoranthene is not a common PT reagent because many other anion reagents maximize PT.18 

Recent data from the Hunt lab has indicated that some reagents enable both PT and ET in a stepwise 

manner with a single anion.21 The primary purpose of PT with biomolecules has been to reduce the charge 

of ions to improve the resolution of fragments or intact species in mass spectra6, 7, 22, 23 with PT rarely 

causing dissociation, except for glycosaminoglycans24 and oligonucleotides.25  

The Jørgensen group proposed that intermolecular PT could occur between fluoranthene and a 

multiply protonated peptide.14 This intermolecular PT could induce the loss of labile hydrogens as they 

are replaced with hydrogens from the anion reagent. Unlike an initial PT reaction, intermolecular PT does 
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not change the charge of the ion. Therefore, intermolecular PT, which is a form of gas-phase 

hydrogen/deuterium exchange (HDX), can only be detected when using either deuterated analytes or 

reagent anions, resulting in mass differences between the hydrogen atoms in the cation and reagent anion. 

Intermolecular PT could occur from either an anion reacting with a fragment via an ion/ion reaction or by 

a neutral fluoranthene interacting with a fragment in an ion/molecule reaction. However, deuterium-

labeling data suggested that this proposed intermolecular PT was minimal for protonated peptides after 

dissociation from reactions with fluoranthene.14  

Glycans are biologically relevant carbohydrates and critical post-translational modifications that 

change protein and lipid function based on their structures.26-28 Carbohydrates are challenging to analyze 

because of the naturally abundant linkage, anomeric, and compositional isomers within biological 

systems.29-31 Mass spectrometry (MS) has become a valuable method for analyzing carbohydrates;32-35 

however, tandem MS (MS/MS) methods are necessary to distinguish isomeric species. Because isomers 

have the same mass-to-charge ratio (m/z), fragmentation methods can be used to create unique fragments 

based on the structure of the precursor ion. One promising MS/MS method for differentiating isomeric 

carbohydrates has involved using ion/ion reactions to induce fragmentation.8, 9 Ion/ion reactions using 

fluoranthene have resulted in formation of unique carbohydrate fragments that are not seen with other 

fragmentation methods, such as CID.  

Divalent metal ions, such as Ca2+, Mg2+, Co2+, or Ni2+, adduct to carbohydrates and form doubly 

charged gas-phase ions,36 which are necessary for ion/ion reactions due to the charge reduction. The 

fragments formed, including the extent of cross-ring cleavages, from ion/ion reactions with fluoranthene 

Table 1. Physical properties of metal ions.  

Metal 
Charge Density  

(1.6 x 10⁻¹⁹C/nm³) 
Second-Ionization Energy 

(kJ/mol) 
Electron 

Configuration 
Ca2+ 1350 1150 [Ar] 
Mg2+ 3140 1450 [Ne] 
Co2+ 2890 1650 [Ar]3d7 
Ni2+ 3500 1750 [Ar]3d8 
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are affected by the identity and properties of the metal adducted to the carbohydrate.8, 35 Table 1 shows the 

physical properties of the metals investigated here, including the charge density,37 second-ionization 

energy,38 and electron configuration. 

Here, we investigate the dissociation mechanism of ion/ion reactions between fluoranthene and metal-

adducted carbohydrates. Carbohydrates are structurally unique compared to peptides and readily ionize by 

metal adduction rather than protonation during ESI, making the charge carrier distinct between these 

biomolecules.39, 40 We use deuterium labeling to monitor the labile hydrogens of metal-adducted 

carbohydrates during and after ion/ion dissociation reactions with fluoranthene. We detect unique extents 

of deuterium loss based on the metal-charge carrier. Based on this data, we hypothesize that specific 

physical properties of the metal-charge carriers correlate to the fragments formed and the extent of HDX. 

We propose ETD, PTD, and intermolecular PT mechanisms to explain the deuterium labeling data. To 

our knowledge, this is the first report of HDX for metal-adducted carbohydrate fragments after ion/ion 

dissociation reactions with fluoranthene. These studies are significant in providing a fundamental 

understanding of ion/ion reaction mechanisms, specifically between fluoranthene and metal-adducted 

carbohydrates, which will continue to provide insight to analyzing carbohydrate isomers.   

 

2. Methods 

a. Materials  

Melezitose (Glc(α1-3)Fru(β2-1α)Glc) was from Sigma Aldrich (St. Louis, MO). Calcium acetate 

and magnesium chloride were from VWR (Radnor, PA). Cobalt chloride, nickel chloride, methanol, and 

deuterated methanol (99.0%) were purchased from Fisher Scientific (Waltham, MA). All chemicals were 

used without further purification. Nanopure water was obtained from a Purelab Flex 3 purification system 

(Elga, Veolia Environment S. A., Paris, France).   

b. Sample preparation for deuterium experiments 
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Sample storage containers (1.5 mL, polypropylene) were cleaned with two 1-mL washes of 

nanopure water and two 1-mL washes of methanol and dried prior to use. Melezitose was mixed with 

each metal salt at 25 µM: 50 µM ratio (carbohydrate: metal salt) in either protonated (99.25: 0.75 (v/v) 

methanol: nanopure water) or deuterated (92.5: 6.75: 0.75 (v/v/v) deuterated methanol: methanol: water) 

solvent as described in previous protocols.41, 42 Samples were stored at 0 °C for 18-24 hours to allow 

complete deuterium labeling of labile protons in melezitose.  

c. Mass spectrometry 

All experiments used an Orbitrap Fusion Tribrid MS (Thermo-Fisher Scientific, Waltham, MA)43 

equipped with an EASY-Max NG ion source.44 Experiments employed spray voltage: 3.5 kV, capillary 

temperature: 120 °C, vaporizer temperature: 75 °C, RF Lens: 60%, and infusion flow rate: 5-8 μL/min. 

Aux gas: N2, 5-11 arb units, sheath gas: N2, 1-4 arb units, and sweep gas: N2, 1-2 arb units were optimized 

daily to maximize the precursor ion signal (~5.0x106 to 4.0x107). Spectra were recorded as an average of 

30 scans using a resolving power of 240,000 and a mass range from 150-700 m/z. To clean the ESI needle 

of residual salts and minimize metal carryover between experiments, ~200 µL of nanopure water was 

injected before and after use of each metal salt. Samples were injected for ~8 to 10 minutes before 

recording data for each trial to equilibrate the environment around the ESI source,45 improving deuterium 

uptake and preventing sample carryover from previous trials.  

 Ion/ion reactions were performed with fluoranthene as the anion reagent for reaction times 

between 50 ms and 150 ms. At reaction times longer than 150 ms, signal loss for fragments occurred due 

to significant neutralization.46 Fluoranthene signal target was set to 2.0x105. The fully deuterated and 

undeuterated precursor ions were isolated with a 0.5 m/z or 10.0 m/z isolation width.  

To monitor the formation of fragments from quadrupole isolation and HDX after collision-induced 

dissociation, control experiments were run using higher-energy collisional dissociation (HCD) because 

the software prevented 0 ms ion/ion reaction times. The fully deuterated and undeuterated precursor ions 

were isolated with isolation widths from 0.5 m/z to 20.0 m/z. HCD was used at 0% normalized collision 
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energy (NCE). The pressure in the HCD cell was ~0.008 torr. All other experimental settings were the 

same as described above. 

Experiments were run to examine if HDX could occur from interactions with fluoranthene. Fragments 

were formed by in-source activation using the conditions described above and then isolated using 

isolation widths of 10.0 m/z. The fragments were trapped in the presence or absence of fluoranthene using 

fluoranthene signal targets of 2.0x105 or 1.0, respectively. Trapping/reaction times were 50 ms or 150 ms. 

All other parameters were the same as described above.  

d. Data processing  

Melezitose is a nonreducing sugar; therefore, isotopic labeling could not be used to distinguish the 

isomeric reducing/non-reducing ends. Fragment labels include all possible isomers from both ends of 

melezitose according to the Domon and Costello fragmentation nomenclature.47 For example, a fragment 

label could be [1,4X2/A3, 0,3X2/A3 + C2/Y2 + Ca - H]+. The slash between 1,4X2 and 1,4A3 displays the 

isomeric fragments from both ends of the carbohydrate. The comma in the fragment label shows that the 

1,4X2 and 0,3X2 fragments are isomeric. The addition sign between the X/A and C/Y fragments means that 

this fragment is an internal cleavage that losses a fragment on both the reducing and nonreducing end. For 

example, the 1,4X2 cross-ring cleavage could be combined with a C2 glycosidic bond cleavage. Fragments 

were identified manually by computing theoretical m/z values with the assistance of Glycoworkbench48 

and Chemdraw 21.0. The signal-to-noise (S/N) was calculated by Thermo Scientific FreeStyle (ver 1.6). 

All identified, undeuterated fragments and precursors had a mass error tolerance of ±10.00 ppm and a S/N 

≥ 10.00. All deuterium-labeled fragments and precursors had a mass error tolerance of ±10.50 ppm and a 

S/N ≥ 3.00.  

Eq. 1 was used to calculate the weighted-average masses (M) of fully deuterated and undeuterated 

metal-adducted carbohydrates. This calculation requires experimentally determined m/z and intensities (I) 

for each peak. 
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In Eq. 2, the maximum deuterium uptake (Dmax) was calculated by finding the weighted-average m/z 

for the fully deuterated parent or fragment ion, subtracting the weighted-average m/z for the undeuterated 

parent or fragment ion, multiplying this difference by the charge (z), and dividing by the mass difference 

between deuterium and hydrogen (1.00627 Da).49  

𝐷௠௔௫ ൌ 𝑍 ∙
ெ೏೐ೠ೟೐ೝೌ೟೐೏ିெೠ೙೏೐ೠ೟೐ೝೌ೟೐೏

ଵ.଴଴଺ଶ଻
  (2) 

For experiments with quadrupole isolation widths greater than 0.5 m/z, a correction factor (CF) was 

used to calculate the contribution of the fully deuterated precursor to the detected Dmax value. A CF is 

unnecessary when using an isolation width of 0.5 m/z because the fully deuterated melezitose was isolated 

with no detected deuterium loss for the isolated precursor ion before or after the ion/ion reaction (CF = 1). 

When using an isolation width larger than 0.5 m/z, we isolated partially back-exchanged melezitose that 

had less than 11 deuteriums. A CF is necessary to compare data collected using different isolation widths. 

CF (Eq. 3) is calculated by determining the number of labile hydrogens in the analyte that could exchange 

with deuterium and dividing this value by the experimental Dmax (Eq. 2) of the ion. 

𝐶𝐹 ൌ
# ௢௙ ௟௔௕௜௟௘ ௛௬ௗ௥௢௚௘௡௦

௣௥௘௖௨௥௦௢௥ ஽೘ೌೣ
  (3) 

The corrected Dmax (Eq 4.) is determined by multiplying the CF (Eq. 3) by the Dmax (Eq. 2).  

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐷௠௔௫ ൌ 𝐶𝐹 ∙ 𝐷௠௔௫ (4) 

Data is presented as the average ± standard deviation for a minimum of four replicate trials. For 

comparisons of Dmax values, a Student’s or Welch’s t-test was used based on the results of an F-test at the 

95% or 99% confidence intervals. 

e. Molecular Dynamics Simulations  
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Initial structures of melezitose were generated with the carbohydrate builder, GLYCAM-Web50 and 

optimized by density functional theory (DFT) using Gaussian 1651 at the B3LYP-6311++ G(d,p) level of 

theory. Molecular dynamics (MD) simulations were modeled in GROMACS/2018.352 using the 

CHARMM36 forcefield53 with molecular topologies of the optimized melezitose being generated with the 

CGenFF-4.0 server.54 The MD methodology adopted for simulating ESI of carbohydrates is based on 

protocols described by the Konermann55, 56 and Gallagher39 groups. To model ESI droplets, a single 

melezitose was inserted into a droplet with a 2.5 nm radius of TIP4P/200557 water along with seven ions, 

either Ca2+, Mg2+, Co2+, or Ni2+, corresponding to a droplet charge just below the Rayleigh limit. To 

model vacuum conditions, the droplet was simulated in a 999 nm3 box with maximum allowable values 

for non-bonded force cutoffs to enable the use of GPU acceleration with periodic boundary conditions.55 

The droplet was energy minimized and NVT/NPT equilibrated prior to production MD runs. The MD 

simulation was run at 370 K for 25 ns and 425 K for 15 ns to model in-source temperature with 

evaporated waters being deleted every 0.25 ns, resulting in complete droplet desolvation and 

carbohydrate-metal ion adduct formation. One hundred post-ESI structures of melezitose-metal adducts 

were optimized using DFT. The optimized structures were assessed with an in-house python script to 

calculate interatomic distances between the glycosidic oxygens and hydrogens on the terminal 

monosaccharides to determine the likelihood of specific disassociation mechanisms.  

 

3. Results and Discussion 

a. Metal ions influence fragment formation  

We examined ion/ion reactions between fluoranthene and melezitose adducted to Ca2+, Ni2+, Co2+, or 

Mg2+. We specifically selected Ca2+ and Mg2+ because these metals are known to improve ionization 

efficiencies for metal-adducted carbohydrate ions.8, 36 Ni2+ and Co2+ were selected because previous 

results showed higher fragmentation efficiency and formation of additional cross-ring cleavages 

compared with Mg2+- and Ca2+-adducted tetrasaccharides.8 These four metal ions have distinct physical 
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properties (Table 1), including charge density, second-ionization energy, and electron configuration, 

which have been hypothesized to impact fragmentation of metal-adducted carbohydrates.8 Specifically, 

higher charge-density metal ions have been seen to increase the number of energetically favorable 

fragmentation pathways for metal-adducted carbohydrates during ETD. Metals with a higher second-

ionization energy increase the interactions between the metal and lone pair electrons on oxygen atoms.36, 

58 This is hypothesized to lead to an increase in the number of fragmentation pathways and the 

fragmentation efficiency when comparing Mg2+- and Ca2+-adducted carbohydrates to Ni2+- and Co2+-

adducted carbohydrates. Finally, the electron configurations of Ni2+ and Co2+ contain d-orbitals that are 

neither half empty nor full, which is hypothesized to lead to an increase in fragmentation pathways 

compared with Mg2+- and Ca2+-adducted carbohydrates.8 
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We first investigated the ion/ion reaction spectra (50 ms reaction with fluoranthene) for undeuterated, 

metal-adducted melezitose to identify fragments that were formed from all four metal-ion adducts. Figure 

1 shows that the fragment intensities varied based on the metal-charge carrier. Similar to previous results, 

Co2+-adduction provided the most unique fragments compared with the other three metals.8 We only 

detected fragments; complexes of fluoranthene attached to either metal-adducted melezitose ions or 

fragment ions were not detected following the ion/ion reactions. Labeled fragments in Figure 1 are 

detected for all four metal adducts and examined below following deuterium labeling. Complete tables of 

all identified fragments can be found in the Supporting Information, Tables S1-S4.  

 

Figure 1. Representative ion/ion reaction spectra using an isolation width of 0.5 m/z for (A) Ca2+-, (B) Ni2+-, 
(C) Co2+-, and (D) Mg2+-adducted melezitose (M) reacted with fluoranthene for 50 ms. The precursor and 
neutral-loss fragments are labeled in black, glycosidic-bond cleavages are labeled in blue, and cross-ring or 
internal cleavages are labeled in red. For fragments produced from the same bond cleavage/cleavages (e.g., 
charge reduced and hydrogen loss), the neighboring peaks are labeled with the higher intensity fragment listed 
first. 



12 
 

We expected to see predominantly charge-reduced fragments for all metal adducts, of the form 

[fragment + metal]+, based on previous results.8 However, the data primarily showed fragments with 

hydrogen loss, as [fragment + metal - H]+, for all metal adducts (Figure 1, Tables S1-S4). Charge-reduced 

fragments were detected for every metal adduct, though Ni2+- and Co2+-adducted melezitose formed the 

most charge-reduced fragments (Tables S1-S4). The charge-reduced fragments tended to form from 

glycosidic-bond cleavages ([C2/Y2 + metal]+ or [B2/Z2 + metal]+) at much higher intensities compared to 

cross-ring cleavages ([1,4X2/A3, 0,3X2/A3 + metal]+ or [0,2X2/A3 + metal]+) (Figures 1B and 1C). This is 

important because charge reduction indicates that ET occurred, while hydrogen loss can occur from either 

ET or PT.59, 60 These results are similar to previous studies that primarily observed hydrogen loss for 

fragments formed following electron-capture dissociation (ECD)61 of divalent metal-adducted 

carbohydrates.58, 62 Based on the data, we hypothesize that Ni2+ and Co2+ have unique metal-ion properties 

that result in distinct ion/ion reaction mechanisms compared with Mg2+ and Ca2+. The higher second-

ionization energy and electron configurations of Ni2+ and Co2+ compared with Mg2+ and Ca2+ (Table 1) 

could allow for the formation of more charge-reduced fragments, implying that additional mechanistic 

differences for the ion/ion reactions occur with fluoranthene based on the metal adduct.  

In the ion/ion reaction spectra, we identified doubly charged fragments for every metal adducted to 

melezitose (Tables S1-S4), suggesting that fragmentation from collisional activation also occurred. 

Because we detected doubly charged fragments, we ran additional experiments (Figure 2) to determine 

the fragments formed during quadrupole isolation, which has been known to cause dissociation of other 

biomolecules.63, 64  

We saw distinct differences in the quadrupole-isolation induced collisional-activation spectra based 

on the metal adduct (Figure 2). With Ca2+-adducted melezitose, the fewest fragments were identified 

(Table S5), with none above a relative intensity of 0.005 (Figure 2A). More fragments were detected with 

Co2+ and Ni2+ compared with Ca2+ and Mg2+ (Figure 2 and Tables S5-S8). The number and relative 

intensity of the fragments increases as the second-ionization energy of the metal increases (Table 1). We 
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propose that metals with electron configurations with unfilled d-orbitals and higher second-ionization 

energies form less stable metal-adducted carbohydrate ions during ESI, causing facile dissociation during 

quadrupole isolation. In comparison, the charge density is likely less significant in regard to ion stability 

because the high charge densities of both Mg2+ and Ni2+ lead to different quadrupole-dissociation results. 

With an isolation width of 0.5 m/z, 53 of the 65 total fragments formed from quadrupole-isolation induced 

dissociation for all four metal-ion adducts were also detected from the ion/ion reactions. Thus, ~23% of 

the doubly and singly charged fragments detected after the ion/ion reaction were formed from collisional 

activation in the quadrupole (Tables S1-S8). Additionally, 11 fragments detected following quadrupole-

isolation induced dissociation are doubly charged ions that were not detected following ion/ion reactions, 

which could indicate that these doubly charged ions could be further fragmented during the ion/ion 

reaction and detected as singly charged fragments.  
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Increasing the isolation width can minimize fragmentation of non-stable ions by decreasing the 

kinetic energy applied to the ions moving through the quadrupole.63 The decrease in kinetic energy lowers 

the probability of collisions with other ions or neutrals during movement through the quadrupole, which 

minimizes the transfer of vibrational energy to the ion and dissociation. We investigated changing the 

isolation width with Co2+-adducted melezitose because we observed the largest extent of fragmentation 

during quadrupole isolation for this metal-adducted carbohydrate (Figure 2C). The number of identifiable 

fragments from collisional activation of Co2+-adducted melezitose decreased as the isolation width 

increased from 0.5 m/z to 20.0 m/z (Tables S7, S9 – S12). Therefore, we used isolation widths of 0.5 m/z 

and 10.0 m/z for all additional experiments.  

b. HDX is metal-charge carrier dependent 

 
Figures 2. Representative quadrupole-isolation induced collisional-activation spectra for (A) Ca2+-, (B) Ni2+-, 
(C) Co2+-, and (D) Mg2+-adducted melezitose (M) using an isolation width of 0.5 m/z. Fragment colors and 
labels are the same as Figure 1.  
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We then fragmented metal-adducted melezitose following deuterium labeling to determine if ion/ion 

reactions predominantly yielded fragmentation products with minimal HDX, as previously seen for 

protonated peptides. Here, we used isolation widths of 0.5 m/z with the goal to isolate only the fully 

deuterated precursor (Figures 3A, 3D, and S1), which allowed us to predict the number of deuterium 

labels on each fragment based on ECD mechanisms proposed by the Costello group.65 We used proposed 

ECD mechanisms because the initial electron capture/electron transfer steps leading to dissociation have 

been hypothesized to be mechanistically similar.66  

Ni2+ and Mg2+ have multiple isotopic masses, which adds complexity to the mass spectra when 

examining deuterium-labeled melezitose. For Ni2+- and Mg2+-adducted melezitose, the most intense 

precursor peaks are associated with the 58Ni2+ and 24Mg2+ isotopes, respectively. Lower intensity peaks 

exist for the 60Ni2+, 25Mg2+, and 26Mg2+ isotopes. Thus, partially back-exchanged precursors ([M + 60Ni2+ + 

9D]2+, [M + 25Mg2++ 10D]2+, [M + 26Mg2++ 9D]2+) can be isolated with the fully labeled precursors ([M + 

58Ni2+ + 11D]2+, [M + 24Mg2+ + 11D]2+) when using an isolation width of 0.5 m/z. Ca2+ and Co2+ only have 

one predominant isotope (>95%), 40Ca2+ and 59Co2+, simplifying the spectra for the isolated precursors 

compared to Ni2+ and Mg2+. However, when calculating Dmax, we use a mass-error selection criteria of 

10.5 ppm. The m/z of 60Ni2+-, 25Mg2+-, and 26Mg2+-adducted precursors and fragments are above the 10.5 

ppm mass-error threshold when calculating Dmax for the 58Ni2+ and 24Mg2+ peaks, leading to their 

exclusion from the Dmax calculations. Thus, the high mass accuracy of the Orbitrap Fusion allowed us to 

selectively monitor the fragments resulting only from the fully deuterated precursors, even though 

additional ions were isolated using an isolation width of 0.5 m/z.  



16 
 

We initially focused on deuterium labeling for the C2/Y2 fragments because these fragments were 

detected with all four metals at high relative intensities (Figure 1). For the C2/Y2 fragment adducted to 

Ni2+, we expected to see seven or eight deuterium labels (Figure 3B) because we detected both the [C2/Y2 

+ Ni - H]+ and [C2/Y2 + Ni]+ fragment, at 399.0412 m/z and 400.0490 m/z, respectively. With the Ni2+-

adducted C2/Y2 fragments, we detected between three and eight deuterium labels, though the most intense 

peak had eight deuterium (Figure 3C). For the Ca2+-adducted C2/Y2 fragments, we expected to detect 

seven deuterium labels on the fully deuterated fragments because we only identified fragments with 

hydrogen loss ([C2/Y2 + Ca - H]+) at 381.0687 m/z (Figure 3E). The data, however, showed a distribution 

with the fragments having between one and seven deuterium at a reaction time of 50 ms with the most 

 

 

Figure 3. Representative spectra for (A) Ni2+- and 
(D) Ca2+-adducted, fully deuterated precursors; 
(B) Ni2+- and (E) Ca2+-adducted, undeuterated 
C2/Y2 fragments (solid) and theoretical, fully 
deuterated C2/Y2 fragments (dashed); and (C) 
Ni2+- and (F) Ca2+-adducted C2/Y2 fragments after 
ion/ion reactions (50 ms). All isolation widths 
were 0.5 m/z. D represents the number of 
deuterium in the fragments. For Ni2+, the first and 
second number represent deuterium for the 
charge-reduced ([C2/Y2 + Ni]+) and hydrogen loss 
([C2/Y2 + Ni - H]+) fragments, respectively. 
Unlabeled peaks in the spectra were excluded 
from the Dmax calculations due to the m/z values 
being outside the mass-error threshold. 
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intense peak containing four deuterium (Figure 3F). Only ~3% of Ca2+-adducted C2/Y2 fragment ions 

retained the expected seven deuterium, indicating that ~97% of the Ca2+-adducted C2/Y2 fragments 

underwent HDX. HDX was also detected for the C2/Y2 fragments adducted to Mg2+ and Co2+ (Figure S1), 

with a trend of Ca2+> Mg2+>Co2+>Ni2+ for the most HDX to the least HDX. 

c. Reaction time and fragment identity alter the extent of HDX  

The reaction time for ion/ion reactions alters the intensity of the detected fragments;46 therefore, we 

examined how changing the ion/ion reaction time altered HDX. We hypothesized that longer reaction 

times would increase the potential for interactions with fragments, leading to more HDX. Figure 4 shows 

the Dmax for the Ni2+, Co2+, Mg2+, and Ca2+-adducted C2/Y2 fragments at increasing reaction times. We 

detected a difference in the Dmax values between reaction times of 50 ms and 150 ms for C2/Y2 fragments 

adducted to Ni2+, Co2+, and Ca2+ (Table S13). For example, the Dmax of the Ca2+-adducted C2/Y2 fragments 

changed from (3.86 ± 0.09) D to (3.08 ± 0.09) D at reaction times of 50 ms and 150 ms, respectively 

(Figure 4). The change in Dmax for Ca2+-adducted C2/Y2 fragments can also be seen in the deuterium 

distributions as the peak with maximum intensity shifted from four deuterium at a reaction time of 50 ms 

to three deuterium at a reaction time of 150 ms (Figures 3B and S2). This data indicates that more HDX 

can occur at longer reaction times for certain metal-ion adducts. 
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Figure 4 shows that the change in Dmax is also dependent on the metal-charge carrier. The Dmax 

decreased by 0.78 D for the Ca2+-adducted C2/Y2 fragments and increased by 0.10 D and 0.7 D for the 

Ni2+- and Co2+-adducted C2/Y2 fragments, respectively, when comparing the Dmax after reaction times of 

50 ms and 150 ms. The Dmax for Mg2+-adducted C2/Y2 fragments was within experimental error when 

comparing reaction times of 50 ms and 150 ms. The increase in Dmax at longer reaction times was unique 

to Co2+- and Ni2+-adducted C2/Y2 and B2/Z2 fragments (Table S13). Formation of the Co2+- and Ni2+-

adducted C2/Y2 fragments can occur from both quadrupole isolation and interactions with fluoranthene 

(Figure 2, Tables S7- S8); therefore, the effects of quadrupole isolation on HDX are examined in more 

detail below (Figure 5). Yet, this data shows that both the reaction time and metal adduct are important 

for HDX.  

 

Figure 4. Dmax values for the metal-adducted 
C2/Y2 fragments formed by ion/ion reactions with 
fluoranthene at multiple reaction times (0.5 m/z 
isolation width). Dmax for [C₂/Y₂ + Ni]⁺/[C₂/Y₂ + 
Ni - H]⁺ are shown as yellow circles, [C₂/Y₂ + Co - 
H]⁺/[C₂/Y₂ + Co]⁺ are green squares, [C₂/Y₂ + Mg 
- H]⁺ are blue diamonds, and [C₂/Y₂ + Ca - H]⁺ are 
red triangles. Data points represent the average 
Dmax with error bars showing the standard 
deviation (n=12). 
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We examined the extent of HDX for the precursor ions that remain after ion/ion reactions. For all 

metals, the fully deuterated melezitose that remained after 150 ms of reaction showed no detectable HDX, 

maintaining 11 deuterium labels (Table 2, S13). This difference in HDX for the precursor ions compared 

to the C2/Y2 fragments (Figure 3) suggests that the HDX that we are observing occurs after ETD or PTD. 

Thus, the structures of the fragment ions appear to play a role in the magnitude of HDX that is observed.  

We examined HDX in different fragments (Table 2). We first examined the Dmax of Ca2+-adducted 

fragments because we saw the most extensive HDX with Ca2+-adducted C2/Y2 fragments. The Dmax for 

the [1,4X2/A3, 0,3X2/A3 + Ca - H]+
 and [1,4X2/A3, 0,3X2/A3 + C2/Y2 + Ca - H]+ fragments display less HDX 

compared with the other four fragments adducted to Ca2+ (Table 2). For example, for the [1,4X2/A3, 

0,3X2/A3 + Ca - H]+
 fragments, we expected a Dmax of seven or eight deuterium from the proposed 

structures of the fragments (Figure S3). Table 2 shows that [1,4X2/A3, 0,3X2/A3 + Ca - H]+ had a Dmax of 

(6.76 ± 0.07) D at a reaction time of 150 ms. The Dmax for [1,4X2/A3, 0,3X2/A3 + Ca - H]+ is ~10 % below 

the expected Dmax, whereas the Dmax for [C2/Y2 + Ca - H]+ is ~56 % below the expected Dmax at a reaction 

time of 150 ms. This indicates that HDX for Ca2+-adducted fragments is also dependent on the fragment. 

Table 2. Dmax for Ca2+-adducted fragments and remaining precursor ions identified in Figure 1A from ion/ion 
reactions with fluoranthene at multiple reaction times using an isolation width of 0.5 m/z.  

Fragment/Precursor  
Theoretical 

Dmax
a 50 ms Dmax

 b 100 ms Dmax
 b 150 ms Dmax

 b 
[M + Ca]2+ 11.00 10.9990 ± 0.0003 10.9997 ± 0.0002 11.0000 ± 0.0002 
[C₂/Y2 + Ca - H]+ 7.00 3.86 ± 0.07 3.48 ± 0.09 3.08 ± 0.09 
[M + Ca - H]+ 10.00 5.70 ± 0.03 5.13 ± 0.06 4.69 ± 0.06 
[1,4X2/A3, 0,3X2/A3 + C2/Y2 + 
Ca - H]+  

5.00 4.70 ± 0.03 4.66 ± 0.03 4.69 ± 0.07 

[1,2X2/A3, 2,3X2/A3, 3,4X2/A3 
+ C2/Y2 + Ca - H]+ 

7.00 4.22 ± 0.08 3.83 ± 0.06 3.4 ± 0.2 

[0,2X2/A3 + Ca - H]+  7.00 4.0 ± 0.2 3.7 ± 0.2 3.3 ± 0.3 
[1,4X2/A3,

 0,3X2/A3 + Ca - H]+ 7.00/8.00 7.01 ± 0.02 6.87 ± 0.03 6.76± 0.07 
a Different theoretical Dmax exist for isomeric fragments, which are listed based on the fragment order. 
b Data represents the average ± standard deviation (n=12). 
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We then compared HDX in fragments adducted to the other metals to examine the dual effects of the 

charge carrier and the fragment structure (Tables 2-3 and S13). Minimal HDX was observed for the Ni2+-, 

Co2+-, and Mg2+-adducted [1,4X2
/A3, 0,3X2/A3 + metal - H]+

 fragments, similar to the trend observed for 

Ca2+-adducted fragments. The Dmax value for all examined fragments followed the trend observed for the 

C2/Y2 fragments with Ca2+<Mg2+≤ Co2+≤ Ni2+ (Table S13). Although, there were some cases where the 

Dmax for a Mg2+-adducted fragment was higher than the Dmax for the same Co2+-adducted fragment, as 

seen with the [1,4X2/A3, 0,3X2/A3 + metal - H]+ fragments (Table 3). The data here suggests that specific 

interactions occur for each fragment and charge carrier, resulting in different amounts of HDX. 

Differences between the experimental and theoretical Dmax for different fragments adducted to the 

same metal (Table 2) suggest that structural differences effect HDX. It has been suggested that these 

differences in structure can be due to differences in how the metal-charge carrier is coordinated to the 

carbohydrate oxygens.67 We ran MD simulations of ESI and optimized the resulting structures with DFT 

to determine probable coordination sites for each metal interacting with melezitose (Figures S4 – S7). The 

simulations suggest that metal coordination is similar for Ca2+ and Mg2+ with both metals preferring to 

bind in the “pocket” between all three monosaccharides in ~80 % of trials (Figure S4 – S5). Ni2+ and Co2+ 

show similar trends to each other with a smaller preference (~55 %) for binding in the “pocket” compared 

to Ca2+ and Mg2+ (Figure S6 – S7). The simulation data for Ca2+ and Mg2+-adducted melezitose agrees 

with low-resolution ion-mobility (IM) data in that structures with similar gas-phase conformations were 

detected for Ca2+- and Mg2+-adducted melezitose.68, 69 Previous research has shown that electron 

transfer/proton transfer no dissociation (ET/PTnoD) followed by IM also impacts the collisional-cross 

Table 3. Dmax for Ni2+-, Mg2+-, and Co2+-adducted [1,4X2/A3, 0,3X2/A3 + metal - H]+ fragments from ion/ion 
reactions with fluoranthene at multiple reaction times using an isolation width of 0.5 m/z.  

Fragment/Precursor Theoretical Dmax
a 50 ms Dmax

 b 100 ms Dmax
 b 150 ms Dmax

 b 
[1,4X2/A3,

 0,3X2/A3 + Ni - H]+ 7.00/8.00 7.72 ± 0.01 7.69 ± 0.02 7.68 ± 0.02 
[1,4X2/A3,

 0,3X2/A3 + Mg - H]+ 7.00/8.00 7.67 ± 0.02 7.62 ± 0.02 7.60 ± 0.02 
[1,4X2/A3,

 0,3X2/A3 + Co - H]+ 7.00/8.00 7.57 ± 0.02 7.53 ± 0.04 7.50 ± 0.05 
a Different theoretical Dmax exist for isomeric fragments, which are listed based on the fragment order. 
b Data represents an average ± standard deviation (n=12). 
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section of carbohydrates adducted to group II metals (Ca2+ and Mg2+). However, low-resolution IM could 

not separate ET/PTnoD ([M + metal – H]+) products from precursors of melezitose adducted to either 

Ca2+ or Mg2+, while HDX can distinguish Ca2+- and Mg2+-adducted fragments based on differences in 

Dmax values, including the ET/PTnoD fragments (Dmax values of (5.70 ± 0.03) D and (6.79 ± 0.06) D, 

respectively, Table S13). The work here suggests that the extent of HDX could be a complementary 

analysis method to other MS and IM techniques, with the extent of HDX being dependent on both the 

fragment structure and charge carrier.  

Ion/ion reactions between protonated peptides and fluoranthene commonly yield charge-reduced 

fragments from ETD.14, 16 Minimal HDX has been detected for these peptide fragments. Peptide 

fragments have been proposed to lose a hydrogen following ETD.18, 60 Research by the Pagel and Brodbelt 

groups has predicted that deprotonated-carbohydrate ions have highly mobile deprotonation sites 

compared to deprotonated peptides.70, 71 Based on previous ab initio MD simulations, the location of 

carbohydrate deprotonation delocalizes, causing rapid gas-phase charge migration on the ps timescale. 

The delocalization of the deprotonation site is due to a low energy barrier (<10 KJ/mol) for changing the 

location of the deprotonation site within carbohydrates.  

Here, Ca2+- and Mg2+-adducted fragments were only detected with the loss of a hydrogen and 

exhibited more extensive HDX, while Ni2+- and Co2+-adducted fragments were detected with greater 

numbers of charge-reduced fragments and exhibited less extensive HDX (Figure 4 and Table S13). Thus, 

we hypothesize that charged-reduced fragments form more energetically stable fragments that can 

minimize HDX, while fragments with hydrogen loss have low energy barriers for charge migration, 

enabling greater amounts of HDX. Because the physical properties of the metal-charge carrier influence 

fragment formation, they also affect HDX. We hypothesize that higher charge-density metals (Mg2+, Co2+, 

and Ni2+) minimize HDX by minimizing charge migration. Furthermore, the second-ionization energy 

and electron configuration appear to be important metal properties because Ni2+, which has the highest 

second-ionization energy and a unique electron configuration (Table 1), minimizes HDX more than the 
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other metals examined here (Figure 3, Figure 4, Table 3, and Table S13). The higher second-ionization 

energy and electron configuration may help prevent the rapid migration of protons by increasing the 

energy barrier to HDX through charge localization and increased energetic stability.  

d. HDX can occur during quadrupole isolation after collisional activation 

 Figure 4 and Table S13 show that Dmax increased significantly at longer reaction times for Ni2+- and 

Co2+-adducted C2/Y2 and B2/Z2 fragments. Fragmentation can occur during quadrupole isolation (Figure 

2), where collisional activation creates only doubly charged fragments ([fragment + metal]2+) and, singly 

charged fragments that lose a hydrogen ([fragment + metal - H]+). We determined that for some 

fragments, including the Co2+-adducted C2/Y2 fragments, the average relative-intensity ratio of the 

charge-reduced fragments ([C2/Y2 + Co]+) to the hydrogen-loss fragments ([C2/Y2 + Co - H]+) increases 

with increasing ion/ion reaction time. For example, the ratio between the relative intensities of the charge 

reduced to hydrogen-loss C2/Y2 fragments was 0.06: 0.21 at 50 ms and 0.08: 0.23 at 100 ms (Table S14). 

The increase in the Dmax at longer reaction times is unique to the Co2+- and Ni2+-adducted C2/Y2 fragments 

because charge-reduced fragments are not detected for the Mg2+- and Ca2+-adducted C2/Y2 fragments 

(Tables S1 -S4). As described above, we predict that charge-reduced fragments minimize HDX due to 

their energetic stability compared to hydrogen-loss fragments. Thus, as the ratio of charge-reduced 

fragments increases at longer reaction times, the Dmax increases for Co2+-adducted C2/Y2 fragments 

(Figure 4). This data suggests that the lower Dmax at shorter reaction times may be related to the formation 

of hydrogen-loss fragments, such as those generated by quadrupole isolation before the ion/ion reaction.   

We examined if HDX occurred in the quadrupole for Co2+-adducted C2/Y2 fragments without the 

presence of fluoranthene by using HCD at 0% NCE (Figure 5). In Figure 5A, we see the undeuterated 

spectra, for Co2+-adducted C2/Y2 fragments formed from quadrupole-isolation induced dissociation 

(isolation width of 0.5 m/z). The Co2+-adducted C2/Y2 fragment was the only fragment we examined 

because the deuterated fragments adducted to Ni2+, Mg2+, and Ca2+ had signal intensities too low to 

examine after quadrupole-isolation induced activation. When examining deuterium-labeled melezitose, 
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only ~10-20% of the precursor ions are detected as fully deuterated due to back exchange that occurs in 

the instrument source,45 reducing the signal intensity of each metal-adducted precursor ion. Furthermore, 

the fragments maintain different numbers of deuterium, dispersing the signal over multiple m/z values and 

further reducing the signal intensity for any particular m/z. Thus, only the Co2+-adducted fragments had 

sufficient S/N for these analyses. For the Co2+-adducted C2/Y2 fragments, we expected seven deuterium 

labels on the fragments that lose a hydrogen ([C2/Y2 + Co - H]+). However, we detected between 0 D and 

7 D with the most intense peak at 4 D (Figure 5B). Increasing the isolation width decreases fragment 

formation from quadrupole-isolation induced collisional activation (Tables S7, S9 – S12). Therefore, we 

evaluated if increasing the isolation width from 0.5 m/z to 20.0 m/z would affect HDX. In Figure 5C, we 

show that the Dmax for the C2/Y2 fragment increases from (4.6 ± 0.2) D at an isolation width of 0.5 m/z to a 

Dmax of (6.1 ± 0.2) D at an isolation width of 20.0 m/z (Table S15). The data in Figure 5 shows that by 

using larger isolation widths to minimize collisional activation, we can minimize fragment formation and 

HDX before the ion/ion reaction.  
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The increase in Dmax values from using a larger quadrupole isolation width suggests that HDX occurs 

in the quadrupole and not in the ion routing multipole. This is significant because we can alter interactions 

 

 

Figure 5. Representative spectra for the Co2+-
adducted undeuterated (A, solid), predicted fully 
deuterated (A, dashed), and deuterated (B) C2/Y2 

fragment at an isolation width of 0.5 m/z using 
HCD at 0% NCE. D represents the number of 
deuterium. (C) Dmax values for the Co2+-adducted 
C2/Y2 fragment ([C₂/Y₂ + Co - H]⁺) produced from 
HCD (0 % NCE) at different isolation widths. 
Data represents an average ± standard deviation 
(n=12). 
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(collisions) within the quadrupole by altering the m/z isolation width, whereas ion interactions in the ion 

routing multipole are constant as ions are focused into either the linear-ion trap (LIT) for ion/ion reactions 

or the orbitrap for m/z detection.  

Based on the decrease in HDX using wider quadrupole-isolation widths, we re-ran the ion/ion 

reaction experiments with fluoranthene using an isolation width of 10.0 m/z (Table S16). For the Co2+-

adducted C2/Y2 fragments (Figure 6) and B2/Z2 fragments (Table S13, S16), we saw an increase in Dmax 

when the isolation width was increased from 0.5 m/z to 10.0 m/z for a 50 ms reaction time. This suggests 

that using a larger isolation width can minimize HDX for fragments formed during quadrupole isolation 

to obtain higher Dmax values for specific fragments at shorter reaction times.  

We examined the deuterium distribution used for the corrected Dmax calculations at an isolation width 

of 10.0 m/z to further quantify HDX occurring after the ion/ion dissociation reactions with fluoranthene. 

We focused on deuterium labeling distribution for the ET/PTnoD fragments (Figure 7) because these 

fragments were formed from ion/ion reactions and not from dissociation in the quadrupole (Figure 1 and 

Figure 2). The ET/PTnoD fragment was examined because we expect that, at most, one deuterium label 

 

Figure 6. Dmax values for Co2+-adducted C2
/Y2

 

fragments ([C₂/Y₂ + Co - H]⁺, ([C₂/Y₂ + Co]⁺) 
from ion/ion reactions with fluoranthene at 
multiple reaction times with isolation widths of 
0.5 m/z (green squares) or 10.0 m/z (blue 
triangles). Data represents an average ± standard 
deviation (n=12). 
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could be lost during the ion/ion reaction for ET/PTnoD fragments if no HDX occurs. For the ET/PTnoD 

fragments adducted to Ni2+, we expected to detect the ET/PTnoD species with eight ([M + metal – H]+) or 

nine ([M + metal]+) deuterium (Figure 7B) if no HDX occurs because the precursor ion was detected with 

nine deuterium (Figure 7A). With Ni2+-adducted ET/PTnoD fragments, we detected the most intense peak 

with seven deuterium (Figure 7B). For the Ca2+-adducted ET/PTnoD fragments, we expected to detect 

nine deuterium labels on the ET/PTnoD fragment if no HDX occurs because the most intense precursor 

peak has 10 deuterium labels (Figure 7C). The data, however, shows that the most intense peak contains 

five deuterium (Figure 3D), indicating that the Ni2+- and Ca2+-adducted ET/PTnoD ions lose an average 

of two and four deuterium, respectively, during the 50 ms ion/ion reaction times. These deuterium 

distributions indicate that HDX occurs after ion/ion dissociation . Furthermore, Ca2+-adducted fragments 

experience greater HDX than Ni2+-adducted fragments, similar to C2/Y2 fragments (Figure 3). Yet, as the 

isolation width increases, it is more difficult to predict the number of deuterium labels on a fragment due 

to the heterogeneous population of isolated precursor ions with different numbers of deuterium labels, 

adding complexity to interpreting the data collected with isolation widths greater than 0.5 m/z.   
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The differences between Dmax values in Tables S13 and Table S16 could result from multiple different 

sources. It has previously been hypothesized that primary hydroxyls exchange at a faster rate compared 

with secondary hydroxyls,72, 73 yielding locations that retain or lose deuterium with higher probability 

before fragmentation, which could impact the corrected Dmax values. When using an isolation width of 

10.0 m/z, we are isolating and fragmenting a distribution of deuterated precursors that have between 5 and 

11 deuterium (Figure 7A and 7C) compared to 11 deuterium on all precursors when using an isolation 

width of 0.5 m/z (Figure 3A and 3D). Therefore, differences in the corrected Dmax could occur because we 

are isolating a distribution of deuterated species compared to the Dmax values that come from only the 

fully deuterated species. This distribution of deuterated precursors likely impacts HDX because certain 

sites on the metal-adducted melezitose are more likely to remain deuterated after back-exchange during 

the ESI process.45 This source of error suggests that using a larger isolation width to examine deuterium 

labeling of ion/ion reactions may have some limitations.  

  

 

Figure 7. Representative spectra for the (A) Ni2+- 
and (C) Ca2+-adducted, fully deuterated precursor 
and (B) Ni2+- and (D) Ca2+-adducted ET/PTnoD 
fragments after ion/ion reactions (50 ms). All 
isolation widths were 10.0 m/z. D represents the 
number of deuterium in the fragments. For Ni2+, 
deuterium labels are the same as described in 
Figure 3. Unlabeled peaks in the spectra were not 
used for Dmax calculations due to the m/z values 
being outside the mass-error threshold.  
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We hypothesize that MS contaminants can cause HDX with fragments formed by either quadrupole 

isolation or ion/ion dissociation reactions. It is challenging to completely eliminate contaminants because 

the samples require storage containers that contain plasticizers and polymer additives74 that could undergo 

HDX via ion/molecule reactions. HDX could also be due to collisions with background water or solvent 

(e.g., methanol) vapor because the pressure in the quadrupole (~5.0x10-5 torr)75 and the LIT (~5.0x10-5 

torr) are unlikely to completely remove these vapors.  

e. Fluoranthene is a source of HDX after the ion/ion dissociation reaction 

Co2+- and Ni2+-adducted fragments were formed at greater intensity than Ca2+- and Mg2+-adducted 

fragments during quadrupole isolation. Yet, more HDX was observed for Ca2+-adducted fragments, 

compared to Co2+- and Ni2+-adducted fragments following ion/ion reactions (Figure 4). This suggests that 

Ca2+-adducted fragments experience HDX due to interactions with fluoranthene. Fragments with a m/z > 

425 are formed from interactions with fluoranthene, suggesting that HDX for these high m/z fragments 

can also be attributed to interactions with fluoranthene. Thus, only ~25% of the examined fragments 

would be affected by HDX prior to ion/ion reactions. 

We ran additional experiments to determine if HDX was primarily occurring from interactions with 

fluoranthene or due to interactions with isolated contaminants or background water during the reaction 

time in the LIT. We accomplished this by examining the corrected Dmax for the neutral hydrogen loss 

product, [M + Co - H]+, (Table S17) because [M + Co - H]+ can only be produced from either the ion/ion 

reaction or in-source CID, but not from collisional activation in the quadrupole (Tables S3, S7). 

Therefore, we can directly compare the change in corrected Dmax values at different reaction times to 

determine if more HDX occurs when fluoranthene is present. Other metals were not examined due to the 

low intensity of the neutral-loss product produced from in-source CID. Here, we see that the corrected 

Dmax value changes by 0.2 D when comparing a trapping/reaction time of 50 ms and 150 ms when the [M 

+ Co - H]+ fragments only interact with ionized contaminants, water, and/or solvent vapors (Table S17). 

However, with the introduction of fluoranthene, the corrected Dmax changes by 0.59 D when comparing 
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reaction/trapping times of 50 ms and 150 ms (Table S16). Thus, the change in corrected Dmax increases by 

~300% when fluoranthene is present in the LIT. This data further suggests HDX occurs due to 

interactions between the fragment ions and fluoranthene. 

f. Proposed mechanisms of ETD, PTD, and intermolecular PT  

Based on detection of [fragment + metal - H]+ with all metal-charge carriers, we propose that 

fragmentation for metal-adducted carbohydrates with fluoranthene can be initiated by either PT or ET. 

Ion/ion reactions between protonated peptides and anion reagents have shown that PT causes minimal 

dissociation;18 however, ion/ion reactions with anionic glycosaminoglycans and cation reagents cause PT 

or ET followed by dissociation.24, 76 7,8-Benzoquinoline, which has previously been reported to cause 

PTD of glycosaminoglycans, has a similar polyaromatic hydrocarbon structure to fluoranthene. 

Fragmentation by PTD has been associated with the proton affinity of the reagent.24 7,8-Benzoquinoline 

(961 kJ/mol) has a lower proton affinity and causes more dissociation than 1,8-

bis(dimethylamino)naphthalene (1028 kJ/mol). Fluoranthene has a lower proton affinity (829 kJ/mol)77 

than 7,8-benzoquinoline, which further suggests that PT from fluoranthene could cause dissociation of 

fragile ions, such as metal-adducted carbohydrates. 

Proposed mechanisms for ETD and PTD of melezitose are shown in Schemes 1 and 2, respectively. 

As previously mentioned, MD simulations indicated that all four metals preferentially bind in the central 

“pocket” between the three monosaccharides within melezitose. Using the DFT optimized structures, we 

examined the distances between hydroxyl-H atoms and the glycosidic bonds within the precursor ions. 

Previously proposed ETD and ECD mechanisms have suggested that proton movement is important in 

initiating fragmentation,61, 65, 78 with the most energetically favorable hydroxyl hydrogen being closest to 

the glycosidic bond.79 The modeling data suggested similar distances between hydroxyl-H atoms and the 

glycosidic bonds for all the metal adducts examined here (Tables S18 – S21). Therefore, we hypothesize 

that the chemical mechanisms for ETD, PTD, and intermolecular PT (or HDX) are independent of the 
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metal ion to produce a specific cleavage, though the metal-ion properties affect the likelihood of ETD, 

PTD, and HDX for a given fragment.  

In ETD (Scheme 1), we hypothesize that an electron is initially accepted by the metal ion, which 

decreases the charge from +2 to +1. This aligns with ECD mechanisms in which the electron is first 

transferred to the metal.58, 65, 80 Then, radical bond formation between a glycosidic-bond oxygen and the 

Ni+ radical is proposed to occur, followed by cleavage of the glycosidic bond to form a radical, neutral 

glucose and the [C2/Y2 + Ni - H]+ fragment with hydrogen loss (1A). A deuterium can be abstracted from 

the neutral glucose to form the charge-reduced [C2/Y2 + Ni]+ fragment (1B). Scheme 1 shows Ni2+ as the 

metal adduct because both the charge-reduced and hydrogen-loss [C2/Y2 + Ni]+/[C2/Y2 + Ni - H]+ 

fragments form (Figure 1B) with either eight or seven deuterium labels, respectively (Figure 3D). Based 

on the simulated structures for all four metal-adducts, we predict that the hydrogen in the carbon-2 

hydroxyl is closest to the glycosidic bond at ~3.5 Å (Tables S18 – S21). All other hydrogens attached to 

Scheme 1. 
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hydroxyls are ~1.5 Å farther from either glycosidic bond, making it unlikely for deuterium to be 

abstracted from those hydroxyls.  

The proposed PTD mechanism for forming Ca2+-adducted C2/Y2 fragments is shown in Scheme 2. 

Fluoranthene initially abstracts a deuterium from a melezitose hydroxyl, shown here to be the carbon-2 

hydroxyl, on the outer glucose. Then, the deprotonated oxygen attacks carbon-1, causing cleavage of the 

glycosidic bond. Formation of an anhydroglucose fragment has been proposed to occur in CID 

mechanisms for either deprotonated or Na+-adducted carbohydrates supporting the hypothesis that these 

fragments can form.81, 82 It is also possible for a deuterium from another hydroxyl to be abstracted, and the 

Scheme 2. 
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deprotonation site to shift to the carbon-2 hydroxyl before attacking the glycosidic bond. Scheme 2 shows 

Ca2+ as the metal adduct because only the [C2/Y2 + Ca - H]+ fragments with hydrogen loss formed (Figure 

1A) with seven deuterium labels (Figure 3B). The attack of carbon-1 by the carbon-2 oxygen is expected 

to be favored because the distance between the glycosidic bond and carbon-2 oxygen is ~1.5 Å shorter 

than the distances to the other oxygen atoms (Tables S18 – S21).  

Based on the deuterium labeling data, we hypothesize that primarily fragments with the loss of a 

hydrogen ([Metal + fragment - H]+) undergo HDX through ion/molecule or ion/ion reactions after their 

initial dissociation reactions. The proposed mechanism for HDX with the Ca2+-adducted C2/Y2 fragment 

is shown in Scheme 3. Here, we show that a hydrogen-loss fragment formed from ETD (Scheme 1) or 

PTD (Scheme 2) can abstract a proton (labeled in blue) from nearby, neutral fluoranthene. In Scheme 3, 

Scheme 3.  
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fluoranthene has a radical, which would indicate that PT initially occurred to form the neutral 

fluoranthene. However, if the neutral fluoranthene was formed from ET, a radical would not be present in 

Scheme 3. It is also possible that HDX could occur between carbohydrate-fragment cations and 

fluoranthene anion reagents that have not yet reacted. Although the deprotonated site is shown as the 

glycosidic oxygen in Scheme 3, the deprotonation site is likely rapidly migrating (on the order of ps) 

between oxygens with labile hydrogens/deuteriums.70 We postulate this delocalization of deprotonation 

could allow for rapid HDX reactions with fluoranthene by quickly shifting structures to form 

conformations where HDX is more energetically favorable.  

4. Conclusions 

Here, we have shown that deuterium labeling can effectively be used for mechanistic analyses of 

ion/ion reactions between metal-adducted carbohydrates and fluoranthene. Below is a list of key 

conclusions. 

1. The formation of charge-reduced fragments ([fragment + metal]+) from ion/ion reactions between 

carbohydrates and fluoranthene is dependent on the metal-charge carrier, with Co2+ and Ni2+ 

forming significant numbers of charge-reduced fragments. 

2. Co2+ and Ni2+ form fragile ions when adducted to carbohydrates, which fragment during 

quadrupole isolation. 

3.  The extent of HDX following ion/ion dissociation reactions is related to the metal-charge carrier 

and the carbohydrate fragment structure.  

4. Carbohydrate fragments formed in the quadrupole after ion activation can undergo HDX. 

5. HDX is observed for metal-adducted carbohydrate fragments after the initial ion/ion dissociation 

reaction with fluoranthene, which is distinct from previous data examining protonated peptides.  

Here, our data shows that HDX occurs for metal-adducted carbohydrate fragments, potentially due to 

interactions with fluoranthene, water vapor, solvent vapor, and/or other contaminants. Fluoranthene is 
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commonly used for ion/ion reactions that fragment metal-adducted carbohydrates. Therefore, future 

research could further explore the specific impact of fluoranthene in these HDX reactions. Regardless of 

the source, the existence of HDX indicates a fundamental mechanistic distinction between ion/ion 

reactions of carbohydrates with fluoranthene and other electron fragmentation methods, e.g., electron 

capture dissociation (ECD).61 ECD is often considered to be analogous to ion/ion reactions with 

fluoranthene, but this data suggests that HDX is a product of ion/ion and/or ion/molecule reactions that 

can occur after the initial ion/ion dissociation reaction. These mechanistic experiments can provide insight 

into carbohydrate analysis via tandem MS and will enable further characterization of this important class 

of biomolecules. 
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