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ABSTRACT 

Hydrogen exchange-mass spectrometry (HX-MS) is widely promoted for its ability to  

detect subtle perturbations in protein structure, but such perturbations will result in small 

differences in HX. However, the detection limit of HX-MS has not been widely investigated, nor is 

there a useful approach for defining the detection limit of HX-MS measurements. In this work, we 

designed a well-characterized structural variant spiking model to investigate the detection limit of 

conventional peptide-based HX-MS. The detection limit was challenged by spiking small fractions 

of a structural variant (modeled using maltose binding protein W169G mutant) into a reference 

protein (wild-type maltose binding protein). As little as 5% of the structural variant could be 

detected. The small structural perturbation was not resolvable by far UV circular dichroism, 

differential scanning calorimetry, or size exclusion chromatography. Furthermore, we validated 

the ability of the hybrid statistical analysis approach, presented in a companion paper (Hageman 

and Weis, Anal. Chem 2019), to reliably identify small, significant differences in HX-MS 

measurements. With our structural variant spiking model, we demonstrate a benchmarking 

approach for determining a detection limit of HX-MS for detection of changes in higher-order 

structure that might be encountered in protein structural comparability and similarity assessment 

applications.  

INTRODUCTION 

 Detecting subtle changes in higher-order structures of proteins that relate to stability and 

function is an important analytical challenge. While X-ray crystallography and NMR are powerful 

methods capable of determining high-resolution protein structures and revealing changes in 

structure,1-3 these methods can be limited by requirements such as crystallization, isotopic 

labeling, protein size, and low throughput. Alternative methods, such as circular dichroism (CD), 

differential scanning calorimetry (DSC), fluorescence, and infrared spectroscopy are routinely 

used for identifying changes in structure.3,4 While these methods have higher throughput and 

generally consume less sample than X-ray crystallography and NMR, they lack resolution, 



 
 

providing only global structural information. In contrast, hydrogen exchange-mass spectrometry 

(HX-MS) has proven to be useful for higher-order structural analysis, capable of providing 

localized structural information in a variety of applications.5-8 To identify changes in structure, HX 

of two or more protein samples are compared to identify differences in HX kinetics.9 Differences 

in HX can be localized in the protein primary structure by using bottom-up, middle-down, or top-

down workflows.10-14 In addition, identified HX differences can be mapped onto a solved or 

modeled three-dimensional protein structure to support the structural interpretation of HX-MS 

results.15  

 The magnitude of changes in higher-order structure will vary widely. Thus, the differences 

observed in differential HX-MS measurements could be large or small. For example, the observed 

HX differences in a high affinity protein-protein complex may be large, corresponding to the 

interaction interface.16 In contrast, the observed HX differences as a result of a single residue 

modification may be small, corresponding to the impact of the modification.17 When considering 

small differences in HX, a frequently asked question is “When is a difference real and significant?”. 

The continued growth in the use of HX-MS in the biopharmaceutical industry has emphasized 

addressing this question, especially for structural comparability of protein-based therapeutics 

during development and production and for biosimilars.18,19 Traditionally, HX-MS is highlighted as 

a method that is capable of localizing subtle perturbations in higher-order structure. However, the 

detection limit of HX-MS for detecting subtle differences in protein structure has not been widely 

investigated.  

A systematic investigation of detection limits in HX-MS has several requirements. First, a 

significance testing approach that reliably identifies significant differences in HX-MS 

measurements is essential because HX differences approaching the detection limit will be small. 

In our companion paper, we established a hybrid significance testing approach to reliably identify 

significant differences in HX-MS measurements. Next, a protein model in which the differences 

observed by HX can be related to the magnitude of change in structure is needed. An ideal model 



 
 

would be a protein for which the higher-order structure could be systematically varied by a 

quantifiable amount. The differences in HX could then be correlated with the magnitude of change 

in structure. A model of this nature could be created by using denaturants to shift the 

conformational ensemble.20 However with denaturants, maintaining the precision of the 

denaturant concentration would be a challenge. Instead of denaturants, point mutations could be 

used to slightly perturb structure. However, the change in structure from a mutation would need 

to be quantified and a wide panel of mutants would be necessary to challenge the HX-MS 

detection limit. Alternatively, the conformational ensemble of a reference protein could be 

artificially shifted by introducing fractions of a structural variant. Following this approach, the 

concentration of the structural variant could be varied to establish the detection limit of HX-MS. 

Thus, the detection limit of HX-MS could be defined by the lowest concentration of the structural 

variant when significant differences are observed in HX.      

The goal when adding the structural variant is to slightly shift the observed HX relative to 

the amount of variant added. Ideally, the observed HX for each peptide will be a weighted average 

of HX by the structural variant and HX by the reference protein. This would only be the case for 

peptides from the structural variant and reference protein with the same sequence that co-elute. 

If the peptides or the retention times are different, then the observed HX will not be a weighted 

average but instead will be representative of only one of the two populations. Recently, 

Bonnington et al.21 described HX-MS of an IgG1 monoclonal antibody (mAb) that was spiked with 

varying concentrations of a structural variant. In their study, the structural variant was generated 

by methionine oxidation. Following a bottom-up HX-MS workflow, increasing HX as a function of 

oxidized variant concentration was detected in peptides corresponding to the structurally 

perturbed regions. The peptides with oxidized methionines were not compared because the 

modified and unmodified peptides had different monoisotopic masses, different retention times, 

and likely different rates of back-exchange. Thus, in order to measure a limit of detection when 

using structural variant with primary structure modifications, it is essential that the structural 



 
 

perturbations extend beyond the modification site. In the case of methionine oxidation of an IgG1 

mAb, it is well documented that structural perturbations do extend beyond the oxidation site.22,23 

However, because there are multiple sites of modification, it is likely that there will be multiple 

subpopulations with differing amounts of oxidation and oxidation at different sites. Reproducibly 

generating a homogenously modified structural variant (e.g., singly oxidized at exactly one 

methionine) with chemical stress or even environmental stress is challenging. Heterogeneity in 

the structural variant will complicate HX-MS analysis because the sample will contain 

subpopulations with varying magnitudes of structural perturbation. For these reasons, a 

homogenous structural variant is more desirable. There are alternative modification approaches 

that are useful for generating homogenous structural variants of proteins such as N-terminal 

PEGylation, deglycosylation (i.e., for glycosylated proteins), or addition of a fusion protein.18,24,25 

To investigate the detection limit of HX-MS, we propose generating a structural variant having a 

single point mutation. The detection limit can then be determined by measuring the HX differences 

between the spiked and reference samples as a function of the amount of variant. In this way, 

homogeneity of the structural variant can be systematically controlled. A single point mutation will 

result in a different amino acid sequence at the mutation site. However, the mutation can be 

designed such that the structural perturbation extends beyond the mutation site. Furthermore, the 

designable aspect of point mutations offers the ability to vary structural perturbation by introducing 

conservative or aggressive mutations. In this work, we demonstrate the use of this structural 

variant model and hybrid significance testing approach (from our companion paper) as a general 

method to determine detection limits for HX-MS.  

EXPERIMENTAL 

Details of the expression and purification of wild-type (WT) maltose-binding protein (MBP) 

and mutant (W169G) MBP are described in the Supporting Information. Also described in the 

Supporting Information are the details about circular dichroism spectroscopy, differential scanning 

calorimetry, and size exclusion chromatography.  



 
 

Hydrogen exchange-mass spectrometry (HX-MS) 

MBP WT and W169G stock samples (50 µM) were removed from –80°C storage and 

adjusted to 8 µM with protein buffer. 5%, 10%, 15%, 20%, and 25% W169G spiked samples were 

prepared by volume-to-volume mixtures of WT and W169G at ratios of 19:1, 9:1, 17:3, 4:1, and 

3:1, respectively. HX labeling was performed on a LEAP Technologies HDX PAL robot. Labeling 

was initiated by diluting 3 µL of 8 µM MBP samples in 57 µL of labeling buffer (100 mM sodium 

chloride, 20 mM sodium phosphate, pD 7.0 in D2O, pH was corrected for isotope effect26). Each 

MBP sample was labeled at 25 °C in triplicate for each label time (30, 240, 1800, and 14400 s). 

After labeling, 50 µL of each sample was quenched with 50 µL of quench buffer (200 mM sodium 

phosphate, pH 2.5 in water) at 1 °C. All replicates for all samples of each individual HX labeling 

time were completed within a single day. Non-deuterated controls were identically prepared 

except with protein buffer (100 mM sodium chloride, 20 mM sodium phosphate, pH 7.0 in water) 

in the place of labeling buffer. Details of the HX-MS analysis are described in the companion 

paper.[Hageman and Weis, paper 1] 115 MBP peptic peptide assignments (94% sequence 

coverage, see Figure S1 of the Supporting Information) were confirmed by CID-MS2. With the 

peptic peptide database, HX-MS data files were processed in HDExaminer (versions 2.3 and 2.4, 

Sierra Analytics, Modesto, CA). After automated analysis, a single charge state that contained 

high quality spectra for all replicates, all samples, and across all HX labeling times was selected 

to represent HX for each peptide. The extent of HX based on peptide centroid mass (݉) for each 

peptide at each HX label time was exported to Microsoft Excel and Systat SigmaPlot for post-

processing. For each peptide at each HX label time, mean centroid masses ( ഥ݉ ) were determined 

for triplicate measurements (n = 3). For HX uptake plots (Da vs. labeling time), the undeuterated 

centroid mass (݉଴) for each peptide was subtracted from deuterated centroid masses.  Within, 

we report differences in HX (∆ܺܪതതതത ൌ ഥ݉ୱ୮୧୩ୣ െ ഥ݉୛୘), where ഥ݉ୱ୮୧୩ୣ is the mean centroid mass of a 

peptide for spiked samples and ഥ݉୛୘  is the corresponding peptide mean centroid mass for wild-



 
 

type MBP. All sample standard deviations (ݏ௠) presented within this work were calculated using 

equation (1). 
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Hybrid significance testing was performed for all data following the approach demonstrated in our 

companion paper.[Hageman and Weis, paper 1] Additional details about the HX-MS experiments 

and calculations are provided in the Supporting Information.  

RESULTS 

In this work, we demonstrate an approach to establish a detection limit for differential HX-

MS measurements. Furthermore, we demonstrate that the hybrid significance testing approach 

developed in our companion paper [Hageman and Weis, paper 1] can reliably identify subtle 

differences in higher-order structure that approach the detection limit. Maltose-binding protein 

(MBP) was selected as a model for this study because it is a well-characterized, stable, 

monomeric, and moderately sized protein (41.5 kDa). MBP wild-type (WT) and a mutant of MBP 

were used to model the reference protein and a structural variant, respectively. To generate a 

structural variant of MBP, a buried hydrophobic tryptophan (residue 169), residing in one of the 

two lobes of MBP, was substituted with a glycine. The MBP mutant structural variant (W169G) 

was spiked into WT to evaluate the detection limit for HX-MS. It is obvious that many analytical 

methods would be capable of detecting the spiked content of W169G solely based on the mutation 

itself (i.e., differences in primary structure); in this study the mutation was explicitly used to 

generate a higher-order structural variant.  

The MBP mutant modestly altered higher-order structure  

A structural variant model with subtle perturbation to structure is required in order to define 

the detection limit of HX-MS. Structural heterogeneity, such as a partially aggregated variant or 

heterogeneously oxidized methionines, will complicate analysis for determination of a detection 

limit. Meanwhile, a completely unfolded variant will not challenge the detection limit since there 



 
 

would be gross differences in HX kinetics. Therefore, evaluating the integrity of the structural 

variant and characterizing the extent of perturbation to structure is essential. To evaluate the 

integrity of the structural variant and characterize the extent of perturbation induced by the 

mutation, samples of WT and W169G were compared by circular dichroism (CD), differential 

scanning calorimetry (DSC), size exclusion chromatography (SEC), and HX-MS. Overlaid far-UV 

CD spectra of WT and W169G indicate there are no major differences in overall secondary 

structure (see Figure S2 of the Supporting Information). The W169G mutation decreased the 

thermal stability by 4°C based on far-UV CD and by 4.8°C based on DSC  (see Table S1 and 

Figure S3 of the Supporting Information). SEC chromatograms (see Figure S4 of the Supporting 

Information) show a 0.22 minute decrease in retention time for W169G suggesting that W169G 

has a larger hydrodynamic radius than WT  (see Table S1 of the Supporting Information). Overall, 

based on low-resolution biophysical techniques, the W169G mutation modestly destabilized the 

structure of MBP.  

To evaluate impact of the W169G mutation on overall structure and conformational 

dynamics, intact HX-MS was measured for WT and W169G protein samples (intact HX-MS 

experiment details are provided in the caption of Figure S5 of the Supporting Information). Intact 

HX of W169G was slightly faster than WT with a mean HX difference of +28 Da, equivalent to a 

+8% HX difference for 354 exchangeable backbone amides (see Figure S5 of the Supporting 

Information). The increased backbone dynamics are consistent with the low-resolution 

biophysical measurements, indicating that the structure of MBP is modestly perturbed by the 

W169G mutation. To localize the extent of structural perturbation induced by the mutation,  

 

 

 



 
 

peptide-level HX-MS was performed. Representative HX plots comparing WT and W169G 

peptides are shown in Figure 1A. Peptides 32-46, 81-86, and 105-114 reside in the lobe not 

containing the mutation, while peptides 192-205, 246-253, and 262-273 reside in the lobe 

containing the mutation. Based on the structure of MBP,28 peptides 81-86, 192-205, and 262-273, 

which show faster HX for W169G, are proximal to the mutation site, while peptides 32-46, 105-

114, and 246-253, which show similar HX for W169G, are distal from the mutation site. To display 

the local impact of the mutation, residue-averaged, normalized mean peptide HX (ܰܦ) values27,29 

are mapped onto the structure of MBP for WT (Figure 1B) and W169G (Figure 1C). The 

 

Figure 1. Representative peptide HX plots of WT (black) and W169G (red) (A); residue-
averaged, normalized mean peptide HX (ܰܦ) values mapped onto a cartoon of a MBP 3-
dimensional structure (PDB 1OMP28) for WT (B) and W169G (C); and the difference in ܰܦ 
values (D). For (A) the limits on the vertical axis are equal to the number of slowly back-
exchanging amides for each peptide. For (B) and (C), the blue-red color gradient scale 
corresponds to peptideresiude-resolved averaged normalized deuteration ranging differences 
(ND) values27 from 0.0 (no HX) to 1.0 (fast HX). W169 is denoted by black sticks in (B) and 
red sticks in (D). For (D), the red-white-blue color gradient scale corresponds to the peptide-
resolved differences between W169G and WT normalized deuteration values, ∆ܰܦ, where 
+1.0 is faster HX for W169G and –1.0 is slower HX for W169G. Regions colored grey represent 
residues for which HX values were not obtained because of missing coverage or by accounting 
for rapid back-exchange of the first two N-terminal residues of each peptide. Details of ∆ܰܦ 
calculations are provided in the Supporting Information. 



 
 

differences in normalized residue-averaged HX shows slightly faster HX for regions of W169G 

(Figure 1D). Regions with slightly faster HX are proximal to the lobe of MBP containing the 

W169G mutation. Residue-resolved HX obtained from peptide-level measurements shows 

W169G is locally destabilized, but many native structural features are conserved in the lobe of 

MBP without the mutation. Based on this extensive characterization, the W169G mutation 

modestly perturbed the higher-order structure which validates the suitability of this mutant as a 

structural variant to investigate the detection limit of HX-MS. 

W169G mutant is a good model of a structural variant for HX-MS 

To mimic a structural perturbation that slightly shifts the protein conformation ensemble 

for some regions while leaving other regions unaffected, we spiked MBP W169G, the structural 

variant, into WT MBP, the reference protein. Except for peptides containing the W169G mutation, 

the observed HX values for each peptide monitored in the spiked samples are thus expected to 

be a weighted average of HX by WT and HX by W169G. However, if the HX rates are very 

different, two separated isotopic spectral profiles would be observed or new peaks would appear 

on the higher m/z side of the spectral profile. This would suggest that the magnitude of structural 

perturbation of the structural variant is too large to define the detection limit. Also, a single centroid 

mass cannot be measured if there are two separated isotopic spectral profiles. Meanwhile, if the 

HX rates were only slightly different, the centroid mass of the isotopic spectral profile would shift 

slightly caused by increased abundance in the higher m/z peaks. Thus, the observed extent of 

HX would slightly increase, which is the desired outcome to define the detection limit. Based on 

the HX differences between the WT and W169G we expect to observe comparable HX rates for 

regions of MBP not impacted by the mutation (see Figure 1D) in all spiked samples. Meanwhile, 

the regions of MBP impacted by the mutation will shift the HX values in relation to the spiked 

fraction of the structural variant if the HX rates are only slightly different. However, if the HX rates 

are very different, then bimodal distributions will appear. Identifying subtle increases in HX 

resulting from slightly different HX rates will indicate the detection limit is being challenged.  



 
 

In the same manner as our WT and W169G HX-MS experiments, HX measurements were 

collected for samples with spiked W169G into WT at fractions ranging from 5% to 25%. HX in 115 

peptic peptides, excluding peptides with the mutation site, were monitored (see coverage map in 

Figure S1 of the Supporting Information). Peptides with the mutation site were excluded because 

the retention times are different and the observed HX is not a weighted average but instead is 

representative of each individual population. 

 Representative HX plots for 9 peptides are shown in Figure 2. HX was similar across all 

samples for peptides 47-54, 279-289, and 313-321, which are in the lobe of MBP without the 

mutation. HX by W169G was slightly faster for peptides 73-81 and 322-332, which also are in the 

 
Figure 2. Representative peptide HX plots of WT (black); W169G (red); and spiked WT with 
W169G fractions of 5% (blue), 10% (cyan), 15% (green), 20% (purple) and 25% (pink). Error 
bars are 99% confidence intervals from triplicate measurements. Zoomed plots in the right-
hand column correspond to the boxed regions (dashed black lines) with arrows in adjacent 
peptide HX plots. A complete set of HX plots for all peptides is available in Figure S9 of the 
Supporting Information. 



 
 

lobe of MBP without the mutation but are in the interface between the lobes and are proximal to 

the mutation site. Peptide 126-145, which resides in the mutation-containing lobe and is distal to 

the mutation site, shows slightly faster HX by W169G. HX by W169G is noticeably faster for 

peptides 147-159, 207-221, and 351-361, which span the mutation-containing lobe of MBP. 

Increased HX rates relative to fraction of structural variant is evident in the zoomed regions of the 

peptide HX plots where there are obvious HX differences between W169G and WT. As expected, 

the HX rate increases towards the HX rate of W169G as the fraction of structural variant 

increases. 

A potential issue with an HX-MS spiking experiment of this nature is excessive structural 

perturbation in the structural variant. A large structural change (e.g., complete unfolding of the 

protein) will drastically increase the rate of HX by the structural variant. In this case, the HX-MS 

spectra for peptides in a structural variant spiked reference protein sample will contain separated 

isotopic spectral profiles (i.e., bimodal distributions) corresponding to the populations of reference 

protein and structural variant. A single centroid cannot be reliably used to determine the extent of 

HX for bimodal spectra.30,31 None of the peptide mass spectra for W169G and WT protein samples 

show any completely separated isotopic spectral profiles (see Figure S6 of the Supporting 

Information). One of the largest HX differences in our data was 3.9 Da for peptide 351-361 after 

30 seconds of labeling. Even in this case, the isotopic spectral profiles overlap (see Figure S6 of 

the Supporting Information). In the spiked samples, the distribution of peaks in isotopic spectral 

profiles shifted where differences were present between W169G and WT. In the case of the spiked 

samples, there were not any new peaks on the higher m/z side of the spectral profile. Rather, the 

abundance increased in the higher m/z peaks in the spectral profile (see Figure S7 of the 

Supporting Information). Although there is a slight high mass skew in the isotopic distributions, 

the addition of the mutant does not cause severe distortions of the distributions. The absence of 

completely separated isotopic spectral profiles and the observation of differentially weighted 

isotopic spectral profiles with respect to fraction of structural variant spiked in our data, 



 
 

demonstrates that our structural variant spiking model is suitable to investigate a detection limit 

for HX-MS.  

Establishing a detection limit for HX-MS 

Faster HX by the spiked samples is evident in the peptide HX plots in Figure 2. However, 

subjective interpretation of the HX plots for 115 peptides is not suitable to evaluate significance 

of differences in HX, nor for establishing a detection limit. An objective significance test is needed 

to detect significant differences in order to establish a detection limit because the magnitude of 

significant HX differences will be small. In our companion paper [Hageman and Weis, paper 1] 

we validated a hybrid significance testing approach that reliably identifies significant differences 

in large differential HX-MS data sets using null measurements of WT MBP. In hybrid significance 

testing, significance is determined by evaluating the observed difference in HX (∆ܺܪതതതത) against a 

defined global ∆ܺܪതതതത significance threshold representative of experimental error. Any observed 

 ,തതതത exceeding the global threshold is filtered by a second significance criterion, Welch’s t-testܺܪ∆

that evaluates the observed ∆ܺܪതതതത in relation to technical replicate variability. The hybrid 

significance testing results can be displayed using a volcano plot, with ∆ܺܪതതതത on the horizontal axis, 

p-value on the vertical axis, and marked significance limits results that exceed significance 

criteria. To evaluate the capability of this approach to reveal subtle differences in differential HX-

MS data, we applied it to our HX-MS structural variant spiking data.  

Our spiking data had a pooled standard deviation of 0.030 Da, the same value we found 

in our previous null experiments of MBP WT presented in our companion paper. Using the pooled 

standard deviation, a global ∆ܺܪതതതത significance threshold was determined to be ±0.110 Da (see 

Supporting Information). The results of hybrid significance testing are displayed as volcano plots 

in Figure 3A. The ∆ܺܪതതതത significance limits (vertical red dashed lines) at +0.110 Da and –0.110 Da 

represent the calculated global significance threshold, while the t-test significance limits 

(horizontal red dashed lines) represent α = 0.01 for Welch’s t-test. Any data point exceeding both 



 
 

limits is classified as significant. In the volcano plots, significant differences are obvious in the 

spiked samples and the number of significant differences increases with the fraction of spiked 

structural variant, as quantified in Figure 3B. The absence of significant differences in 0% spiked 

samples (i.e., no false positives) validates the reliability of the differences classified as significant 

in the spiked samples. These results indicate the detection limit of HX-MS with this MBP model 

is less than 5% of the structural variant. A positive bias (ΔHX > 0 Da) in the distribution of data in 

the 5% sample compared to null is also notable suggesting that altered HX in the collection of 

measurements might be detectable even if individual differences are not significant. 

To confirm the reliability of the differences classified as significant in the spiked samples, 

we compared significant differences in spiked samples to significant differences identified in the 

W169G sample (i.e., 100% spiked). A volcano plot of hybrid significance testing results for HX 

differences between W169G and WT is shown in Figure 3C. Supporting Information Figure S8 

 

Figure 3. Volcano plots of observed ∆ܺܪതതതത values (horizontal axis) and Welch’s t-test p-values 
(vertical axis) for 0% (null comparisons of MBP WT), 5%, 10%, 15%, 20%, and 25% MBP 
W169G spiked samples (A). Number of significant differences identified from hybrid 
significance testing (B). No significant differences were found in the 0% spiked sample (i.e., 
null comparisons of MBP WT). 5. Volcano plot for W169G (i.e., 100%) and WT (i.e., 0%) 
comparison (C). This figure uses different axis scales. For the volcano plots, the horizontal p-
value significance limits (red dashed lines) are defined at α = 0.01 and vertical significance 
limits (red dashed lines) are defined at ±0.110 Da from ݏ௣ calculated ∆ܺܪതതതത significance limits 
representative of α = 0.01, as detailed in the Supporting Information. 



 
 

summarizes all significant results compared with 100% spiked sample.  The much larger number 

of significant differences identified in the 100% spiked sample than in the 5-25% spiked samples 

in Figure 3, shows there are many false negatives in the 5-25% spiked samples. These false 

negatives indicate there are many HX differences in the 5-25% spiked samples that simply fall 

below the HX detection limit. Conversely, any significant difference identified in a spiked sample 

that is not also identified in the 100% spiked sample must be a type I error (i.e., false positive). 

No such false positives were observed.  

Spiking challenges the detection limit of conventional biophysical techniques 

 DSC and SEC detected differences between WT and W169G (see Figures S3 and S4 of 

the Supporting Information). To compare the HX-MS detection limit with detection limits for the 

 

Figure 4. Far-UV CD spectra (A), DSC thermograms (B), and SEC chromatograms (C) of WT, 
5% spiked, and 10% spiked samples.  



 
 

biophysical methods, samples containing 5% and 10% spiked structural variant were compared 

to WT by CD, DSC, and SEC as shown in Figure 4. The 5% and 10% spiked MBP samples were 

essentially indistinguishable from the wild-type sample. The intensity of absorbance in the mean 

CD spectrum of the 10% spiked samples is slightly different (Figure 4A). Given the differences 

observed in the baseline at 260 nm for the 10% spiked samples, the mean CD spectrum for 5% 

and 10% spiked structural variant samples are similar within the repeatability of the measurement. 

The thermograms from DSC were also indistinguishable (see Figure 4B) and there is no evidence 

of a shoulder at a lower thermal transition temperature which would indicate detection of W169G 

in 5% and 10% spiked samples. The thermal transition temperatures obtained from CD melts and 

DSC were equal within experimental error (see Table S1 of the Supporting Information). SEC 

chromatograms of 5% and 10% spiked samples (Figure 4C) are similar to WT and there is no 

evidence of chromatographic peak shoulders at earlier retention times indicating the presence of 

W169G. Although the biophysical techniques were capable of distinguishing WT and W169G, 

these methods did not resolve distinguishable differences between the 5% and 10% spiked 

samples and the WT. Meanwhile, with HX-MS, differences were readily identified in 5% and 10% 

spiked samples.  

DISCUSSION 

In this study, our objective was to demonstrate a structural variant spiking approach that 

can be used to establish a detection limit for HX-MS. We generated a structural variant by 

introducing a mutation that modestly perturbed the higher-order structure of MBP. Then we spiked 

the structural variant into the reference protein at different fractions, performed HX-MS 

measurements, and using differential HX, compared the extent of HX between spiked and 

reference samples. Because there were only modest differences in the structural variant, the 

differences in HX in the spiked samples were subtle. In order to determine a detection limit, a 

reliable statistical analysis approach was necessary to determine significance for these 

differences. In our companion paper, we demonstrated that a hybrid significance testing approach 



 
 

is superior, in terms of type I and type II error, to commonly used approaches. Here in this work, 

to evaluate the ability of the hybrid significance testing approach to identify subtle changes in 

higher-order structure, we applied hybrid significance testing to our spiking results. The resulting 

volcano plots, displaying hybrid significance testing criteria, show an increase in the number of 

significant differences as the fraction of spiked structural variant increases. In Figure 5, the 

regions exhibiting significantly different HX are mapped onto the structure of MBP. The significant 

differences correspond to peptides in the vicinity of the mutation. The progressive expansion of 

the significant differences as the fraction of structural variant increases is consistent with the 

impact of the W169G mutation shown in Figure 1D. These results demonstrate that the hybrid 

significance testing approach is reliable for identifying subtle changes in higher-order structure 

using differential HX-MS measurements.   

 
Significant differences were detected using HX-MS in samples with as little as 5% 

structural variant, indicating that the detection limit for this particular structural variant is less than 

5%. Estimating an absolute HX-MS detection limit is challenging because the number of 

significant differences is not a linear function of spiked fraction of structural variant. In this study, 

the ~5% detection limit is representative only for this particular structural variant. The degree of 

structural perturbation in the variant is a critical component of the detection limit. The detection 

limit will depend on the structural perturbation in the variant. A larger fraction (i.e., higher detection 

limit) of a variant with minor structural perturbation may be necessary to observe significant 

  
Figure 5. Peptides classified as significant (red) by hybrid significance testing (Figure 3) 
mapped onto a cartoon of the structure for MBP (PDB 1OMP). The tryptophan side chain 
displayed as black sticks corresponds to the site of the mutation (W169G). 



 
 

differences in HX. In contrast, a smaller fraction (i.e., lower detection limit)  might be found for of 

a variant with major structural perturbation. For example, Bonnington et al. estimated a detection 

limit of 1% for a mAb variant generated by methionine oxidation.21 There is an unmet need for a 

deeper understanding of the interplay between HX kinetics and protein structural changes. For 

this purpose, structural variant spiking HX-MS experiments with a structurally well-defined and 

characterized variant would be invaluable.  

The design of the structural variant is a critical factor. Here we used a single point 

mutation. Other approaches such as induced oxidation and altered glycosylation have proven 

useful to generate a structural variant for spiking studies.21,32 However, unlike these other 

approaches, the mutation approach offers more control of sample homogeneity because the 

variant is itself homogeneous. Also, a mutation approach is not constrained to specific residues 

and locations since a mutation can be designed for nearly any residue in a protein. Regardless of 

the approach used to generate a structural variant, the structural changes should be irreversible 

(i.e., not refolding in dilute buffer conditions), free of heterogeneity, and should induce subtle 

changes that will approach the detection limit. A potential limitation of a structural variant spiking 

approach to investigate the detection limit of HX-MS arises from relying on a minority population 

to shift the measured HX signal (i.e., centroid of the isotopic spectral profile) of the major 

population. A large structural perturbation in the minority population might result in complete 

separation of HX signals of the major and minor populations. To avoid this limitation, one could 

compare HX-MS by directly comparing a mutant with one or more conservative mutations to wild-

type. The challenge in such an approach would be quantifying the structural changes between 

the populations to determine the detection limit. With a spiking approach, the detection limit can 

be defined simply by the fraction spiked. Meanwhile, the degree of structural perturbation in the 

structural variant is related to the detection limit. Thus, identifying the degree of structural 

perturbation by extensive characterization of the structural variant is important to provide 

credibility in the determined detection limit.  



 
 

To date there has not been a study to determine the detection limit of HX-MS using a 

homogenous, well-defined spiked-in structural variant. Our results with such a model demonstrate 

that HX-MS is capable of detecting a structural variant that was below the limit of detection of 

conventional biophysical methods. In a similar context, comparability and similarity assessments 

of higher-order structure of protein-based therapeutics has placed greater demands on traditional 

characterization methods to detect subtle structural changes that could potentially impact product 

quality. In particular, the growing market of biosimilars highlights the need for methods that can 

demonstrate structural similarity in support of licensing. Although this need cannot be met by any 

single method, improved methods to substantiate similarity of higher-order structure are desirable. 

HX-MS is a popular candidate for fulfilling this role. Thus, determination of detection limits of HX-

MS for structural changes is essential. Our study demonstrates a benchmarking approach for 

determining a detection limit of HX-MS for detecting subtly altered structure that might be 

encountered in structural comparability assessment applications. The relatively low detection limit 

of HX-MS for structural changes, compared to other conventional biophysical approaches, 

suggests that HX-MS could be sufficiently sensitive to subtle changes in structure that it would a 

be useful method for establishing similarity of higher-order structure for therapeutic proteins. 

However, to evaluate similarity, alternative statistical approaches are necessary: significance 

should be demonstrated in terms of equivalence testing rather than in terms of the absence of 

significant differences.  
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