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Biophysical Tools for Characterizing Higher Order Structure

Traditional methods
DSC, CD, IR, light scattering, FLR, UV…

Chromatographic + others:
SEC, AUC, EM

MS-based tools:
HDX-MS, native MS, 

covalent labelling 

X-ray, 
NMR

HDX-MS:
Changes in protein structure and 

dynamics
Solvent accessibility and hydrogen 

bonding

Why HDX?
Small protein amounts 
No chemical labeling of protein
 Limit unwanted structural perturbations
Relatively quick turnaround time vs 

other techniques

Adapted from: J. Ahn, K. Yu and S. J. Skilton, LCGC Europe. 2013, 26 (6), 344-353. 
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Uses for HDX-MS

Protein-protein / protein-ligand 
interactions

Changes in protein structure/dynamics

Epitope mapping—design and 
mechanism of action

Biosimilar structural analysis

Characterizing reversible self-
association/aggregation

Confirming higher order structure

Structural impact of post-translational 
modifications

Target protein binding site 
identification / specificity 
Mode of Action (screening)
Binding affinity / dynamics

Stability (PTM effects)
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HDX to Characterize the Architecture and Self-assembly of Sars-CoV-2 
Nucleocapsid Protein

Comparative Analysis with Previously Characterized 
Viral Proteins 

• Secondary structure and solvent accessibility across an entire 
protein

• Loop regions showed increased exchange rates, consistent 
with their flexibility

• “systematically examine the epitopes”
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HDX for SARS-CoV-2 S protein:ACE2—Reveals Novel Allosteric 
Targets

Conformational dynamics of prefusion spike (S) protein trimer

Map of receptor binding domain (RBD) isolated:angiotensin-
converting enzyme 2 (ACE2) interactions
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HDX-MS for mAbs and Covid-19 Target Protein Binding
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HDX Useful for Biotherapeutics
“Developments in Hydrogen/Deuterium Exchange 
Mass Spectrometry” J Engen et al. Analytical 
Chemistry. Oct 28, 2020

• Vaccines, therapeutics
• HOS, Epitope mapping

HDX use in New Modalities 
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Typical HDX-MS workflow

Dilute sample into D2O

N-H N-D
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Typical HDX-MS workflow

Digest

Quench

LC-MS

Compare
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HDX: Pausing for Fundamentals

How?
• Reversable Isotopic labeling of accessible H with D
• Use rate of exchange to measure 

accessibility/flexibility in structure

Goal: Structural Resolution

Most information from the sample better the structural resolution

Challenge
Scrambling, back-exchange

Fast Analysis to Capture all Relevant  Information
• Striving for high separation in fast chromatography
• Add ion mobility to increase analytical peak capacity
• Sensitivity for capture of low abundant species
• Isotopic fidelity
• Complementary fragmentation techniques

Alternate
Covalent modification
 Risk of unwanted 

structural perturbations
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Taking Advantage of Nested Analytical Timescales

Adapted from May, et al. Anal. Chem. 2015, 87, 1422-1436.

Seconds: Chromatography

ms: Ion Mobility

µs: ToF MS

Increase Analytical Peak Capacity
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ion mobility example

m/z

Ion Mobility Increase Peak Capacity

Time (min)
1.00 3.00 5.00 7.00 9.00 11.00

mAb 150 kDa

6 min gradient
+Ion Mobility

HOS 2016 Talk John Engen

Increased Separation and Clean Detection of Deuterium Mass Shifts 
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HDX on Cyclic IMS-MS
• Step Wave XS

– Improved sensitivity

• Improved IMS resolution
– Multiple passes

• Dual-gain Detector
– Enhanced mass resolution & 

accuracy
o > 60K V-mode
o > 100K W-mode

– Extended dynamic range

• Multiple Fragmentation 
Options
– CID and ECD
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~350 peptides
~99% sequence coverage

Cyclic IMS data collected in HDMSE mode 
(Ion Mobility enabled DIA—default mode 
for peptide analysis)

• Increased peptide ID
• Increase sequence coverage
• Reduced back exchange

HDX on Cyclic IMS



15©2022 Waters Corporation

Advances in Ion Mobility Enabled HRMS and HDX

Improved HDX MS 
Performance

~350 peptides
~99% sequence coverage

~150 peptides
~70% sequence coverage

~250 peptides
~95% sequence coverage
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Improved Detection of Low Intensity Peptide
High quality spectra with peptide identification only obtained by the SELECT SERIES Cyclic IMS

High quality fragment ion spectrum and sequence assignment:

Cyclic IMS: Additional Sequence Coverage

Excellent quality deuterated spectra enable confident uptake measurement:
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Arrival time / ms

5 passes

After five passes, four species were observed in the Arrival Time Distribution (ATD)

1

2

3

4

High Ion Mobility Resolutions for Separating Deuterated 
Peptides in a Mixture
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Arrival time / ms

1

2

3

4

1

2

3

4

Improved separation provides information rich clearer spectra

IM Separated Deuterated Peptides in a Mixture

5 passes
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SYNAPT G2-Si Cyclic IMS

Example: An intense peptide found in both SYNAPT G2-Si data and Cyclic IMS data

Zoomed-in spectra of isotopic peaks:

Intensity 1.14e6 Intensity 7.68e6

Dual gain ADC offers extended dynamic range and ensures correct peak intensities in the output spectrum

Cyclic IMS: Detector Dynamic Range 
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Optimal Fragmentation for Structural Resolution

fragmentation

Long peptides 

Larger groups of backbone 
amides 

Lower structural resolution

Shorter peptides 

Smaller groups of backbone 
amides 

Higher structural resolution
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Improving Peptide Fragmentation and Limiting Deuterium Scrambling

Deuterium scrambling
CIDETD, ECD, UVPD

1,4-dicyanobenzene

Nitrosobenzene

Fluoranthene

ETD reagent

• ETD is advantageous for the fragmentation 
of longer peptides

• Leaves labile PTMs intact

• Electron transfer between anion and 
analyte induces fragmentation

• ETD reagents are often toxic

• Challenges associated with maintaining 
transmission of both +ve analyte ions and 
–ve ETD reagent

Electron transfer dissociation (ETD)
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Electron Capture Dissociation (ECD)

Rhenium ECD filament

ECD unit from eMSion

Heated Rhenium filament produces electrons, which are captured by analyte ions as they 
pass through causing fragmentation
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Peptide P1 ECD Fragmentation
No IMS

P1 - TimePoint 0 seconds

m/z
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550

%

0

100

m/z
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550

%

0

100
211210_TEST_P1_no_IMS_descramble_check_01 159 (2.736) Cm (155:168) 1: TOF MSMS 517.30ES+ 

1.20e6517.6617

517.3282

517.9954

518.3292

211210_TEST_P1_no_IMS_descramble_check_01 159 (2.736) Cm (155:169) 1: TOF MSMS 517.30ES+ 
1.21e6x280 517.6617

429.2304

328.2376
292.1653

186.9639

184.9622
275.1364

267.0749

232.1303 293.1688

357.2795

358.2809

485.3819

471.6405

430.2335

517.9954 775.9927

703.3632
566.2961

521.9880

522.3264

522.6583

654.4012

567.3016

598.4673

599.4722

654.9001

698.9445

688.9359

710.9475

711.4481

711.5615

734.9622

776.4911

777.4966

848.6238

840.4250

777.9997

796.4106

985.6933

849.6237

953.5172

850.6285

1194.7067

1066.6080986.6971

987.6969

1122.7516

1068.6156

1123.7592

1124.7573

1195.7103

1260.8284

1196.7146 1261.8230
1550.96791469.92921421.8885

C2
+

C3
+

C4
+ C5

+

C6
+

C7
+ C8

+ C9
+Z+13

+
Z+14

+

Z+15
+

Z+17
+Z+16

+

Z+18
+

Z+19
+ Z+110

+

(M + 3H)3+

280x Zoom

Quad selection of 517.3 m/z (3+)

Rhenium (from ECD filament)

H–H–H–H–H–H–I–I–K–I–I-K

(M + 3H)2+

(M + 3H)1+
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ECD of PhosB Peptides from Online Pepsin Digests
Raw output

m/z
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350

%

0

100

m/z
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350

%

0

100
211216_PhosB_3Targets_03 20 (6.350) Cm (15:33) 2: TOF MSMS 669.30ES+ 

9.07e5670.3800
907396

669.8790
659883

669.3743
267650

670.8813
687948

671.3865
342319

671.8881
130068

672.3900
47858

211216_PhosB_3Targets_03 20 (6.350) Cm (15:32) 2: TOF MSMS 669.30ES+ 
9.06e5x280 670.3800

906030
186.9639

7717

668.5854
2164

668.3882
1710

568.9373
1563

523.2988
1062

419.2334
830

374.2679
365

197.1606
153 375.2729

203

473.3394
776

419.7350
472

420.2398
189

474.3449
446

475.3482
213

568.7379
885

524.3022
551

539.2958
152

569.1367
1413

569.3396
924

586.4285
725

587.4339
571

655.8536
447

655.5195
358

670.8813
686579

710.9241
1245

710.6700
617

1339.7542
1199

1323.7378
1115

711.1743
1113 1191.6978

936
1076.6455

930
961.6123

724
1077.6416

806
1192.7003

845 1281.7261
667

1341.7623
842

1342.7670
509

1343.7827
204

1344.7827
105

(M + 2H)2+

280x Zoom

(M + 2H)•+

C3
+

Z+111
+

C4
+

C5
+

C7
+

C8
+

C9
+ C10

+

Z+110
+Z+19

+
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%

0
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211218_PhosB_600sec_01_MS_ONLY 2: TOF MSMS ES  
TIC

1.91e6
6.34

670.85

6.03
670.32

211218 PhosB 600sec 01 MS ONLY 3: TOF MSMS ES+ 

Sequence = ISRVLYPNDNF
RT = 6.35 min
Z = 2
m/z = 669.3
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Higher Structural Resolution From ECD
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Conclusions
Cyclic IMS provides significantly improved 
structural resolution
• Increased sequence coverage / number of 

peptides / redundancy for HDX 

Stepwave XS
• Improved sensitivity and suggested reduction in back exchange
Higher Mobility Resolution
• Contributes to increased sequence coverage / no. of peptides
• Resolving differently charged overlapping isotopic envelopes
Increased detector dynamic range
• Dual gain ADC detector provides increased dynamic range
• Improvement in isotopic fidelity for improved automatic peak detection
• Increased range of useable peptide intensities
ECD
• High quality fragmentation of deuterated peptides on the LC timescale
• Provide higher Structural Resolution 
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