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Abstract 

Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) is a powerful technique to monitor protein 

intrinsic dynamics. The technique provides high-resolution information on how protein intrinsic dynamics 

are altered in response to biological signals, such as ligand binding, oligomerization or allosteric networks. 

However, identification, interpretation and visualization of such events from HDX-MS datasets is challenging 

as these datasets consist of many individual datapoints collected across peptides, timepoints and 

experimental conditions. Here we present PyHDX, an open-source python package and web server, that 

allows the user to batch-extract the universal quantity Gibbs free energy at residue level over multiple 

protein conditions and homologues. The output is directly visualized on a linear map or 3D structures or is 

exported as .csv files or pymol scripts.  

 

Keywords: HDX-MS, Mass spectrometry, near-residue resolution, Gibbs 

free energy, Normal mode analysis, proteins, protein intrinsic 

dynamics 

Introduction 

Intrinsic dynamics underlie protein function1. These dynamics are intrinsic to the protein polymer 

chain and arise as a consequence of its tertiary structure and are induced by thermal fluctuations. 

Hydrogen/deuterium exchange mass spectrometry (HDX-MS) is a powerful monitor of these dynamics2, 

and despite the fact that challenges related to experimental reproducibility and interpretation remain3,4, 

the method can resolve protein dynamics spanning several orders of magnitude5 and approaches near-

residue resolution6,7. 

 In typical ‘bottom-up’ HDX-MS (Figure 1a)3, proteins are D-labelled in deuterated buffers. Exchange 

is quenched to limit back-exchange (through lowered pH/temperature8), proteins are proteolyzed into 

multiple overlapping peptides that are analysed by liquid chromatography-MS. D-uptake on each peptide 

is calculated from average mass changes between the deuterated  and undeuterated form4. 
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D-uptake values are generally presented as heatmaps (Figure 1b) or curves (Figure S1). These 2D slices 

of the full 3D dataset (time, deuteration, peptide; Figure S1), fail to capture the full breadth of the 

experimental information. It is desirable to display HDX-MS datasets as a single value per residue, but direct 

single residue resolution HDX-MS is only possible using MS/MS-ETD ECD capable mass spectrometers9. 

Instead, the overlap between peptides can be exploited7,10–12 since HDX-MS yields deuteration values of 

each peptide	 in	 toto	 and not those of its individual amino acids. Several software tools are currently 

available which exploit such overlap12–18. 

HDX-MS analysis faces four remaining hurdles. Specifically, a) the large parameter space (one fit 

parameter per residue, i.e. typical several hundreds) can render data analysis several hours-long b) 

experimental variations (temperature, pH, peptides) hamper comparison between multiple datasets. c) 

Analysis tools often have complicated installation or commercial licensing. d) for HDX-MS-derived protein 

dynamics to have a wider impact and interface with orthogonal methods, output should yield universal 

quantities (e.g. Gibbs free energy). 

Here we present PyHDX that addresses many of these issues: it is fast, open source, with detailed 

documentation and derives Gibbs free energy (ΔG) at residue level. Data is input as ‘HDX data’ tables in 

CSV format (peptide list, D-exposure time and D-uptake), obtained by treatment of HDX-MS spectra with 

other software (eg DynamX, Waters) submitted either as a single or multiple experiments. The full analysis 

and Gibbs free energy level classification of residues and visualization is accomplished in a web interface 

(Figure S2), within minutes and exported as text or a script to colour 3D structures in PyMOL (Schrödinger, 

LLC). 

Experimental section 

Protein purification 

ecSecB4 was purified as described19. ecSecB2 was generated by mutating 3 residues (Y109A, T115A, S119A) 

that form the dimer-dimer interface and purified by nickel affinity purification as described19. Mutations were 

introduced by the Quick-Change Mutagenesis System (Pfu turbo, Agilent) using plasmid pIMBB490 (pET16b 

secB) as a template and listed primers (Table S1). 

Page 3 of 19

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

4 

Hydrogen/deuterium exchange mass spectrometry 

D-exchange was initiated by diluting 100 pmol of SecB by 10-fold into D2O buffer (50 mM Tris-HCl pHread 8.0, 

50 mM KCl, 1 mM MgCl2, 4 µM ZnSO4, 2 mM TCEP) reconstituted in 99.9% D2O (Euroiso-top) to obtain a final 

D2O concentration of 90%. Continuous deuterium labelling was carried out for 6 timepoints (10 s, 30 s, 1 min, 

5 min, 10 min, 100 min) at 30 °C. The reaction was quenched by the addition of pre-chilled quench buffer 

(1.5% formic acid, 4 mM TCEP, 0.1% DDM) in a 1:1 ratio. The reaction was injected into a nanoAcquity UPLC 

system with HDX technology (Waters, UK) coupled to a Synapt G2 ESI-QTOF mass spectrometer. Protein 

digestion was carried out by an online home-packed immobilized pepsin (Sigma) column (2mm x 2 cm, Idex) 

at 18 °C. LC was done using described instrument parameters 20. The 100% full deuteration (FD) control was 

obtained by incubating SecB in D2O buffer containing 6 M UreaD4 (98% D, Sigma) overnight at room 

temperature. Peptide identification was carried out in ProteinLynx Global Server (PLGS, Waters UK) and 

deuterium exchange data was analysed in DynamX 3.0 (Waters, UK). ‘State data’ was exported from DynamX 

in the form of csv files. mtSecB HDX-MS data were corrected for back-exchange by assuming a constant 28% 

back-exchange for all peptides. All other proteins were corrected for back-exchange using a FD control 

sample. HDX-MS data of other proteins were from previously published datasets (hPREP20, ecSecA21) or will 

be described in detail elsewhere (ecTF, hBcl-2, ecSctV ecPpiB, ecPpiA and ecMBP). 

Theory 

We used the commonly employed Linderstrøm-Lang model (Figure 1c) for H/D exchange22,23. In this model, 

backbone amides can be either in a D-exchange-incompetent ‘closed state’, with amide hydrogens hydrogen-

bonded in secondary structures, or in a D-exchange-competent ‘open state’, with compromised hydrogen 

bonds: 

 

Here, NH represents an amide hydrogen and ND an amide deuterium. The intrinsic exchange rate kint  

(frequently also referred to as chemical exchange rate, kch) is dependent on the pH and temperature at which 

the deuterium labelling reaction takes place, as well as the primary structure of the peptide, and can be 

calculated accurately24–27. This intrinsic rate is a major influence on the observed kinetics of D-exchange as it 
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can vary up to three orders of magnitude (e.g. pH 6, 0°C, vs pH 8, 30°C). Using the rate of D-exchanged 

measured by HDX-MS (kobs) the Gibbs free energy differences ΔG between the ‘open’ and ‘closed’ states can 

be calculated (Figure 1c). 

To correct for back-exchange3,28, a FD control sample is used. The experimentally determined FD provides 

the maximal degree of D-exchange possible for any given peptide. The corrected D-uptake for each peptide 

is then calculated as28: 

  (2) 

Where D(t) is the experimentally measured D-uptake, DFD the D-uptake of the fully deuterated control. D(t) 

and DFD input values are optionally corrected by subtraction of with a non deuterated control sample.  fFD and 

fFD(t) represent the fractional D-content of the FD control buffer and the D-labelling buffer, respectively. nlabile 

is the number of exchange-competent amide groups in the peptide, equal to the number of residues in the 

peptide, minus the number of proline residues and minus the first (or first two, user configurable) residues 

as these residues have high intrinsic rates of exchange and can be assumed to fully exchange back. 

Using the steady-state approximation, assuming that the fractional population of NHopen is small, the 

observed rate of formation of the deuterated residue ND is given by29: 

  (3) 

Assuming that the protein dynamics are faster than the exchange reaction (kopen + kclose >> kint) and introducing 

the substitution PF = kclose / kopen, the expression reduces to: 

  (4) 

Where PF	is the protection factor23,30 for this particular protein residue. This ratio of rates is equivalent to 

the system’s Boltzmann factor and thus relates to the Gibbs free energy difference between the closed and 

open states: 

 (5)   

Where the sign of ΔG is chosen such that ΔG is positive when the energy of the open state is higher 

compared to that of the closed state, as is generally true for rigidly structured proteins. A low value of ΔG 
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indicates highly dynamic or disordered proteins. The approximations made above are generally true in the 

so called EX2 regime of H/D-exchange (i.e. kclose >> kint; Figure 1c)31. Typical proteins measured under native 

conditions show mostly EX2 behaviour where only disordered parts of the protein exchange according to 

EX1 kinetics32. The presence of cooperative EX1 kinetics can be identified in isotopic envelopes as their 

distribution becomes bimodal33,34. It is recommended to exclude such peptides from PyHDX analysis. Even 

without cooperative exchange, when kclose << kint, the approximations made to derive equations 3 and 4 

break down, thereby introducing errors. For highly disordered parts of the protein, PyHDX therefore only 

informs on differential dynamics qualitatively. 

To find ΔG values which best describe the data, we formulate a Lagrangian (cost function), composed of 

the Mean Square Error (MSE) and two regularizers (Lagrange Multipliers)17,18 (Figure 1d), that constrain the 

possible solutions of ΔG. 

As amino acids of a peptide each have varying intrinsic H/D exchange rates that HDX-MS cannot 

determine directly, similar values of the Lagrangian can be satisfied with multiple combinations of ΔG 

assignments per amino acid, leading to non-identifiability4. To alleviate this, a regularizer λ1 acts along the 

primary structure minimizing differences in ΔG between consecutive residues, unless overruled by 

experimental D-uptake values that support such differences. 

Given a protein with Nr residues r and an HDX-MS experiment which yielded Np peptides p at Nt timepoints 

t, each with an associated measured deuterium uptake Dπτ  (Table S2), the Lagrangian is: 

 (6) 

With: 

(7) 

Where Dπτ is the corrected D-uptake and X is a ‘coupling matrix’ describing to which residues each peptide 

corresponds: 
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 (8) 

Such that its elements are 1 when the corresponding residues are found in a given peptide. 

 

HDX-MS can inform on a protein’s dynamic response to external triggers, e.g. changes in 

oligomerization, mutations or ligands35. Such differential HDX-MS experiments3,36, compare D-uptake of 

reference and test states. As PyHDX derives single ΔG/residue, differential dynamics can be obtained by 

simply subtracting two datasets without the need for comparison of matching peptides.  

However, experimental variables (e.g. proteolysis, exchange timepoints and/or kint) can lead to 

artefactual “differences” between datasets. To alleviate this, a second regularizer (λ2) operates along the 

sample axis, minimizing differences between identical residues across datasets, unless experimental data 

support such a difference (Figure 1d). 

When expanding to global fitting of Ns HDX-MS samples (e.g. liganded, oligomers, homologues, 

pH/temperature variation) the Lagrangian becomes: 

(9)	

With 

(10)	

And the second regularizer is given by: 

(11)	

Covariances are obtained from the diagonal elements of the inverse of the Hessian, calculated from χ2: 

  (12) 
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Here the Lagrangian is used without regualizer terms. Covariances reflect the shape of the Lagrangian 

landscape; higher covariances indicate a flat landscape and therefore represent more difficulty to locate 

minima. 	

Implementation 

In PyHDX, all quantities are PyTorch37 Tensors or Numpy38 arrays, with shapes as indicated in Table S3, 

such that the Lagrangian can be computed through matrix multiplications, where in the 3D case 

multiplication is done in batch along the first axis, according to Python’s PEP465 convention. 

For minimization of the Lagrangian, we use the PyTorch machine learning framework, such that its autograd 

automatic differentiation engine can be used to accelerate the process. The Stochastic-Gradient Descent 

(SGD) method is used by default. 

To further ensure convergence to the correct solution, the ∆G	is initialized with guess values obtained from 

weighted averaging (by inverse peptide length) of all peptides for a given timepoint. This procedure yields a 

kinetic uptake curve per residue from which apparent exchange rates are determined. 

PyHDX was built on top of the scientific python ecosystem. Computation is done using the packages numpy38, 

pandas39, scipy40, scikit-image41 and symfit42. Fitting of ΔG is implemented on the machine learning platform 

PyTorch37. Computationally intensive tasks are scheduled to be processed in parallel through Dask43. Intrinsic 

exchange rates are calculated as previously described24–27 and implemented by HDXRate44. Graphical output 

is generated with either matplotlib45, ProPlot46 or bokeh47. PyHDX features an API for data analysis in Jupyter 

notebooks48 and a web application implemented in panel49 using NGL50,51 to visualize proteins. 

 

Results and Discussion 

We assessed PyHDX on the tetrameric E. coli chaperone SecB (ecSecB4)52. D-uptake was measured across 

six timepoints (10 sec-100 min; 30°C, pHread 8; peptide heatmap (t=30s; Figure 1b; all timepoints in Figure 

S1). PyHDX-calculated Gibbs free energies for all residues (Figure 1e; regularizer λ1 = 2). Fit curves for each 

peptide can be autogenerated in a pdf report file and are shown in Figure S3. Setting λ1 sufficiently low 

allows the algorithm to extract features at high-resolution (Figure S4). Covariances are shown as error bars, 
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where a high covariance indicates that the protein’s flexibility in these regions lies outside of the range of 

ΔG values resolved by the experiment (as determined by temperature, pH and particularly timepoints). In 

these regions, no sufficient change in D-uptake values is measured over the duration of the experiment to 

be able to accurately determine its exchange kinetics, either because the peptide is (almost) fully 

deuterated at the first timepoint or the peptide is (almost) fully undeuterated at the last timepoint. The 

obtained energies were classified into three regimes of relative flexibility: ‘rigid’ (40kJ mol-1, blue), ‘flexible’, 

(25 kJ mol-1, green) and ‘hyper-flexible’ (10 kJ mol-1, red), and assigned colours by linear interpolation 

between them. The resulting dynamics landscape was visualized onto the structure of ecSecB4 (Figure 1g).  

To highlight the importance of overlapping residues to resolve ΔG per residue, we randomly sub-

sampled the peptides in the ecSecB dataset thrice with different fractions of the original dataset (0.75, 0.50 

and 0.25, Figure S5). The figure shows that the overall ΔG profile remains well resolved even at 50% of the 

original peptides. However, as the peptide overlap decreases some high-resolution features are lost. For 

example, in Figure S5 IIIc, residues 60-75, only a single peptide is present while from the temporal 

information residues with different degrees of flexibility are resolved.  As there is only one peptide, it is 

impossible to determine to which residues the different ΔG values should be assigned. When more 

peptides are added, the region is resolved into a ‘rigid’ and ‘flexible’ part. 

Therefore, when interpreting ΔG results obtained by PyHDX, it is important to refer to the original 

peptide coverage map to verify if sufficient peptide overlap is present to support biological conclusions 

relying on (near) residue-level resolution. 

ΔG values were also obtained for the dimeric mutant ecSecB2 (Figure 2f; λ1 = 2, λ2 = 2) and values 

from the two states (ΔΔG) were subtracted and coloured differently (10kJ mol-1, dark purple-increased 

rigidity; 0 kJ mol-1, white-no change; 10 kJ mol-1; dark green-increased dynamics). In ecSecB4, the 

internalized multimerization helix and the preceding β4 strand are most rigidified. ΔΔG values of near zero 

indicate that data is insufficient to substantiate dynamics differences between two states. Specifically, in 

regions of extreme dynamics (e.g. highly disordered/rigid), experimental D-exchange timepoints must be 

chosen to adequately resolve differences if present. In the absence of such measurements, the regularizer 
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λ2 ensures that ΔΔG values in these regions show no change (e.g. ecSecB4 C-tail, residues 140-160, Figure 

S6). 

Next, we tested the dynamics of the 901-residue SecA (Figure 2a), in 6 different biochemical 

contexts (monomer, dimer, ΔC-tail; +/- ADP)21. Despite the larger computational challenge (8883 peptide-

timepoints; 5364 fit parameters), PyHDX converged to a solution within 6.5 minutes. PyHDX fits several 

states in parallel, at manageable computation times (e.g. 25 minutes on an i7-9750H CPU to test 26 

conditions, 23244 fit parameters; not shown). ΔG and ΔΔG values were mapped onto linear maps of SecA1 

or SecA2 or SecA-ΔC2 (Figure 2a) and on the SecA1 structure (Figures 2a and 2b). Nucleotide binding 

decreased dynamics/increased ΔΔG mainly in helicase motifs21,53 (Figure 2c). 

We next compared two structural homologues, analysed at different experimental conditions: 

ecSecB and mtSecB, from M. tuberculosis showing modest sequence conservation (13% identity/27% 

similarity), measured at 20 °C, pD 6, 4 timepoints 10s – 30 min54. When aligned by secondary structure54, 

both flexibility profiles show a large degree of similarity (Mean absolute ΔG difference 8.2 kJ/mol, Figure 

S7a). Initial apparent differences decrease after applying a small value of λ2 = 1 between aligned residues 

(Figure 2d, Figure S7b, Figure S8; 4.7 kJ/mol). This effect is most apparent at the ΔG resolution limit of the 

experiment (Figure S7, yellow shaded regions) where experimental differences (pH, temperature) would 

result in artefactual ΔG differences between the proteins, despite being unsubstantiated by the 

experimental data. The regularizer λ2 can thus be used to select for the most significant differences 

between datasets (see also Figure S6). 

A Clustal sequence alignment yielded a similar result (Figure S7c). We ensured that λ2 did not 

artefactually remove differences, by confirming that flexibility differences remain in non-aligned sequences 

(Figure S7d). These observations imply that protein flexibility might be evolutionarily selected for prior to 

individual amino acids.  This conservation of flexibility profiles is a common feature in protein 

superfamilies55–57. 

To test the applicability of PyHDX to a wider protein space, we derived ΔG/residue values for a total 

of 9 proteins and visualized their collective distribution independently of sequence position (Figure 2f). ΔG 

values per residue indicate a wide range of flexibility (0-40 kJ mol-1) being distributed within each protein in 
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two, rarely three, distinct populations, predominantly a rigid and a hyper-flexible one (Figure 2e), that 

quantitatively shift between them when additional interactions take place (e.g. dimerization; Figure 2f). 

 

Conclusions 

In summary, PyHDX rapidly processes single and multiple HDX-MS datasets and visualizes residue-level Gibbs 

free energies on linear and 3D structures. Residue level energies open up previously unavailable possibilities 

for evolutionary, structural and functional studies and a universal description of protein flexibility. PyHDX is 

fully open source and its and documentation are available online. A companion interactive web application 

returns results within minutes, allowing users to get feedback on obtained fit results and directly interact 

with and explore their data. The PyHDX infrastructure established as part of this work will allow us to 

implement additional models which go beyond steady-state EX2 approximation and the Linderstrøm-Lang 

model. Future development of PyHDX could include extending models taking into account EX1 kinetics29,58 

and temperature dependence59. We anticipate that these updates will allow us to extract more information 

on the cooperative behaviour of global- and local unfolding events, which lie at the basis of H/D exchange 

kinetics. 
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Figures               

 

Figure 1 | Pipeline of a bottom up HDX-MS experiment (top) analysed with PyHDX (bottom). a, HDX-MS 

experimental workflow consisting of deuterium exposure, quenching and pepsin digestion, and identification 

of peptides by LC/MS60. b, Overlapping peptides obtained as in a for ecSecB (UniProt P0AG86) showing a D-

uptake heatmap relative to a fully deuterated control sample for all derivative peptides at t=30 s. c, 
Linderstrøm-Lang model22,23 of H/D exchange used in PyHDX to describe exchange in terms of Gibbs free 

energy (ΔG) between the closed non-exchanging and the open exchange-competent states. d, Two 

regularizers (λ1, λ2 ) are applied across two axes: the residue axis (λ1), minimizing variation in ΔG between 

consecutive residues, and the sample axis (λ2), minimizing variation in ΔG between residues along a set of 

HDX conditions (e.g. ligands, oligomeric state) or homologues. e, Output ΔG values per residue plotted 

against the linear sequence of ecSecB (top) coloured according to a gradient colour map (right). Residue 

colours are additionally shown as a linear bars (bottom), regions without peptide coverage are coloured grey. 

Error bars are covariances (see Methods). f, Differential dynamics between ecSecB4 and ecSecB2 shown as 

differences in ΔG of both states (ΔΔG). Regions in purple are rigidifying in ecSecB4 compared to the dimeric 

state g, 3D structure of ecSecB4 coloured according to ΔG/residue from e. (PDB 5JTR61, ligand removed) h, 3D 

structure of ecSecB4 coloured according to the per residue ΔΔG from f. 
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Figure 2 | PyHDX analysis applied to a wider protein space. a, Protein flexibility of monomeric, dimeric and 

C-tail deleted SecA as coloured linear bars (ΔG, top bars; blue: rigid/red:flexible) and their differential 

dynamics upon ADP binding (ΔΔG, bottom bars; ADP-rigidified regions in purple). Helicase motifs (Q, I, Ia, Ib, 

Ic, II, III, IV, IVa, V, Va, Vb and VI; critical regions in ATP hydrolysis and function)21,53 are indicated. b, Gibbs 

free energies (ΔG) of protein flexibility from HDX-MS for SecA1 apoprotein mapped onto its 3D structure (PDB 

ID 2VDA, ligand removed62). c, ADP-driven differential dynamics in monomeric SecA shown as differences in 

ΔG (ΔΔG). Regions in purple rigidify upon ADP binding. d, Alignment of ecSecB (top) and mtSecB (bottom) 

based on both sequence alignment and secondary structure as performed in54. Residue similarity is indicated 

in the middle: * = identical residues, : = strongly similar, . = weakly similar (according to the Gonnet PAM 250 

matrix). Colours indicate ΔG/residue. e and f, Raincloud plots63 of ΔG/residue for the indicated proteins (e) 

and two dimeric derivatives (f).  
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Code Availability 

Code for PyHDX analysis software is open source and released under the MIT license and available at: 

www.github.com/jhsmit/pyhdx. 

Code for generating figure panels in the paper will be made available on publication. 

Data Availability 

ecSecB HDX-MS state data is available on the PyHDX GitHub repository. SecA HDX-MS state data was 

published previously21. 

Supporting Information 

Supplementary figures S1-S8: Example of an HDX-MS dataset, screenshot of PyHDX web application, peptides 

uptake curves and fit curves, influence of regularizers λ1 and λ2, influence of peptide redundancy on ΔG, effect 

of different alignments between ecSecB and mtSecB. Supplementary Tables 1-3: Primers for generating 

ecSecB2, Lagrangian symbols, indices, variables and shapes. 
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