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ABSTRACT OF THE THESIS 

 

Structural Insights into Fibrinogen Dynamics Using Amide Hydrogen/Deuterium 

Exchange Mass Spectrometry  

 

by 

 

Henry Shun Guan 

 

Master of Science in Biology 

University of California, San Diego, 2013 

Professor Timothy Morris, Chair 
Professor Russell Doolittle, Co-Chair 

 

Fibrinogen is a large, elongated, tri-globular plasma protein that serves as the 

precursor of the fibrin clot. Fibrinogen consists of two identical disulfide-linked subunits, 

each containing three non-identical polypeptide chains, Aα, Bβ, and γ.   The amide 

hydrogen/deuterium exchange profile of native human fibrinogen has been determined 

under physiologic conditions. After optimization of the quench and proteolysis 

conditions, more than 1,200 peptides were identified by mass spectrometry spanning 



 

 xiii 

more than 90% of the constituent Aα, Bβ, and γ chain amino acid sequences.  The 

compact central and distal globular regions of fibrinogen were well-protected from 

deuterium exchange, with the exception of the unfolded amino-terminal segments of the 

Aα and Bβ chains extending from the central region and the short γ chain “tail” extending 

from each distal globular region.  The triple-helical coiled-coil region, which bridges the 

central region to each distal region, was also well protected with the exception of a 

moderately fast-exchanging area in the middle of the coiled coil adjacent to the γ chain 

carbohydrate attachment site.  This dynamic region likely represents the “hinge” that 

provides flexibility to the fibrinogen molecule.  The segment corresponding to the γ chain 

“out loop” also exchanged rapidly.  The αC domain (Aα 392-601), whose structure has 

been a matter of considerable debate, exchanged rapidly, with the exception of a short 

segment sandwiched between a conserved disulfide linkage in the N-terminal αC 

subdomain.  These findings are consistent with a mostly disordered structure for the αC 

domain in native fibrinogen.
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INTRODUCTION 
 
1.1 Hydrogen/Deuterium Exchange Mass Spectrometry 
 

 In order to fully understand human diseases and in order to continue the 

advancement in developing groundbreaking pharmaceutical drugs a full understanding of 

protein structure, dynamics and conformational changes are necessary. Due to individual 

characteristics of each protein, it is very difficult, and most of the time impossible to 

obtain the necessary information on these essential protein properties. Over time, 

techniques have been developed, such as fluorescence spectroscopy and X-ray 

crystallography, in order to observe and provide information on protein-protein/substrate 

interactions. However, these methods still only provide limited information on protein 

structural dynamics, and may require high amounts (milligram) of pure protein1. 

 Peptide amide hydrogen/deuterium exchange mass spectrometry (DXMS) has 

become one of the front-runners to study protein structural dynamics. Originally, 

hydrogen exchange studies were traditionally followed by NMR analysis2. However, the 

continual development in mass spectrometry technology and the field has made it the 

favored choice for protein hydrogen-exchange studies3. A few advantages that DXMS 

provides compared to other techniques is the small amount of protein needed for an 

experiment (400 -1500 picomoles), and the elimination of protein crystals due to protein 

analysis in solution4.  Normally, protein functionality is determined by the proteins’ 

individual structure and dynamics in solution. Any variation or abnormalities in these 

characteristics can alter the protein function dramatically. DXMS applications have 

recently included the ability to purpose and verify protein function during disease 

progression, and identify structural conformational changes of pathological proteins 
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compared to wild type versions of the protein. Moreover, high-resolution DXMS systems 

have been used to study dynamic structures in proteins related to numerous human 

diseases such as, extracellular matrix degradation5, neurodegenerative diease6, and viral 

infection7, 8. In this study, DXMS is applied to human fibrinogen, which an abnormality 

in functionality is related to Chronic Thromboembolic Pulmonary Hypertension 

(CTEPH). 

 

1.2 Hydrogen Exchange Background and Theory 

  On the backbone of a peptide, only the amide hydrogen can continuously and 

constantly interchange with hydrogens in the solvent solution.  If we replace the solvent 

hydrogen with a heavier isotope such as deuterium, the mass increase due to exchange 

properties can be identified to the precise location by mass spectrometry. The rate of 

hydrogen-deuterium exchange is determined by the protein structure and solvent 

accessibility9. Through all of this information, it can provide valuable insight on the 

structural dynamics of a protein in physiological state10.  

Hydrogens that have the ability to exchange are separated into 3 groups.  Hydrogen’s 

found on functional groups of amino acids (-COOH, -NH2, -SH, -OH) exchange too 

rapidly and cannot be measured, and majority of the deuterium is back exchanged with 

hydrogen during mass spectrometry processing.  The hydrogens attached to carbon are 

covalently bonded and do not display any measurable exchange properties. DXMS can 

only measure hydrogen exchanged by those bonded to the amide on backbone of the 

protein with the exception of the amino acid proline (Figure 1). Under physiological 
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conditions, these amide hydrogens have exchange rates ranging from a few milliseconds 

to days, and in some instances many weeks11, 12.  

Amide hydrogen exchange rates can be affected by local factors such as steric 

hindrance of neighboring amino acids and solvent accessibility of the amide hydrogen. In 

order for the hydrogen exchange to occur, amide hydrogens must make physical contact 

with the deuterium solvent13. In a natively folded protein, if an amide hydrogen is located 

in unstructured regions and/or regions lacking in hydrogen bonding it will display rapid 

exchange rates on the magnitude of milliseconds to seconds. If the amide hydrogen is 

concealed deep within a hydrophobic interior or involved in hydrogen bonding can take 

up to magnitudes of a few days to many weeks, or in some instances even months to 

finally exchange14, 15. Overall, the amide hydrogen exchange rates will ultimately provide 

information on the dynamic structural conformation of a natively folded protein in 

solution. 

 

1.3 Determining Hydrogen/Deuterium Exchange by Mass Spectrometry 

In a DXMS study there are two parts: digestion optimization and deuterium on-

exchange. Digestion optimization is the initial process of defining the optimal proteolysis 

conditions such as proper denaturant concentration and conditions, the arrangement and 

type(s) of protease column, and finally the appropriate flow rate over pepsin column. In 

order to determine these conditions, non-dueterated protein samples are added to a 

variety of “quench” buffers, which contain a wide concentration range of, the denaturing 

salt, guanidinium hydrochloride. After this step, the samples are then injected over a 

protease column to be proteolyzed into fragments between 5 to 30 amino acids. These 
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peptides are separated from each other by reverse-phase liquid chromatography. A 

primary data-dependent MS1 scan for parent mass identification was done to identify the 

newly made pepsin peptides for each digestion or quench condition, and then followed by 

a MS/MS scan for identification of fragment ions peptide sequence. Using Proteome 

Discoverer, a database search algorithm, which analyzes the data and further identifies 

the parent peptides along with the sequence and their chromatographic retention times for 

additional data reduction. The best quench composition, which yields the highest 

coverage of the primary amino acid sequence and highest number peptides, will be 

determined and used for further deuterium on-exchange experiments.  

Deuterium on-exchange measures the degree of deuterium incorporated based on the 

difference of protein incubation in H2O buffer and protein incubation in D2O buffer over 

a period of time. Deuterium on-exchange is performed under native physiological 

conditions, and in order to begin the exchange reaction, a protein solution is incubated in 

physiological buffer with D2O for various time ranges. When a pre-set incubation time 

has passed, an aliquot of the exchange solution is “quenched” by mixing it with 

“exchange quench” and lowering the temperature to 0oC.  The “exchange quench” lowers 

the solution pH to 2.5, which is the pH where acid/base catalyzed exchange reactions are 

at a minimum16 (Figure 2). The quench condition at pH 2.5 also greatly decreases the 

ability of a deuterium to back-exchange with the H2O solvent. Quenching the solution 

essentially locks the deuterium in place and thus allows the deuterium-labeled peptides to 

be analyzed by mass spectrometry and peptide identification using the same procedures 

as mentioned before. Now, the masses of the deuterated peptides can be matched and 

compared to the masses of the same peptides obtained from the non-deuterated peptides. 
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Based on all of the comparison information gathered from the peptides, a detailed map 

can be generated displaying the deuterium incorporation overtime, and thus showing 

structural information for specific regions of interest or verify ligand/substrate binding 

domains. Figure 3 outlines this DXMS data analysis process. 

 

1.4 Human Fibrinogen Protein 

 Fibrinogen is large, multi-domain glycoprotein found in the blood plasma of all 

vertebrates.  The molecule is a dimer with each half molecule containing three non-

identical polypeptide chains termed Aα, Bβ, and γ.  The predominant forms of these 

chains in circulating human fibrinogen have 610, 461 and 411 amino acids and 

approximate molecular masses of 66,000, 54,000 and 48,000 Da, respectively.  The Bβ 

and γ chains each have a single N-linked biantennary oligosaccharide attached to Asn 

364 and Asn 52, respectively.  Further heterogeneity results from non-stoichiometric 

phosphorylation of the Aα chain at Ser 3 and Ser 345, minor alternate splicing of the Aα 

and γ chains, and common genetic polymorphisms at Aα 312 and Bβ 448. 

The fibrinogen molecule has an elongated, triglobular shape and consists of 

several structural regions.  Two terminal globular regions (fragment D) are each 

connected to a compact central domain (fragment E) by triple-helical coiled-coil 

segments.  The amino-terminal segments of the six chains from two halves of the 

molecule are held together in the central domain by a network of disulfide bonds.  Medial 

segments of the Aα, Bβ and γ chains comprise each coiled-coil region.  The distal 

globular regions each contain tightly folded domains from the C-terminal portions of the 

Bβ and γ chains.  The C-terminal portion of each Aα chain departs from each distal 
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region to form highly mobile αC regions thought to interact with each other near the 

central domain. 

The conversion of fibrinogen to fibrin results in its spontaneous polymerization 

and formation of a fibrin clot that prevents blood loss at the site of vascular injury.  This 

process is initiated by the thrombin-catalyzed removal of short peptides from the amino-

termini of the Aα and Bβ chains.  The newly exposed Gly-Pro-Arg (A knob) and Gly-

His-Arg (B knob) sequences fit into ever-present “holes” on neighboring monomers to 

form half-staggered, two-molecule thick protofibrils, which laterally associate to form 

thick fibrin fibers.  As polymerization proceeds, thrombin-activated factor XIII rapidly 

crosslinks neighboring γ chains, and more slowly, neighboring α chains as well.    The 

binding of the C-terminal portion of γ chains to glycoprotein IIb-IIIa receptors on 

platelets, and the binding of RGD sequences to receptors on endothelial cells in vessel 

walls complete the clotting process.  Polymerized fibrin also enhances tissue plasminogen 

activator-mediated conversion of plasminogen to plasmin, which triggers fibrinolysis by 

cleaving fibrin at specific sites within the coiled coils among others. 

While the crystal structure of a protein provides a snapshot of a single 

conformational state, it does not provide much information regarding the protein’s 

dynamic features such as those involved in catalysis, ligand binding, and/or protein-

protein recognition.  The rate of hydrogen exchange at backbone peptide amide linkages 

has been used for many years as a sensitive probe for detecting changes in protein 

structure and dynamics17.  Moreover, it is also useful for gaining insight into protein 

structure when x-ray crystallography is impractical due to either limited amounts of 

purified protein or inadequate crystal growth.  The hydrogen exchange method is based 
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on the fact that the rates at which amide hydrogen atoms in proteins exchange with 

deuterium in the bulk solvent are highly dependent on protein conformation.  Therefore, 

regions that are tightly folded into compact domains exchange slowly, while those that 

are more disordered or otherwise accessible to solvent exchange orders of magnitude 

faster.  When proteins are subsequently fragmented by acid-stable proteases, 

hydrogen/deuterium exchange detected by mass spectrometry (DXMS) can be used to 

determine deuterium levels in short segments of proteins.   

Here we apply DXMS to gain insights into the structure of native human 

fibrinogen under physiologic conditions.  The goals of the study are to validate the 

technique by comparison of the deuterium exchange profile to the known crystal structure 

of human fibrinogen18, and to gain further insights into regions not resolved in the crystal 

structure such as the αC region, which comprises nearly two-thirds of the Aα chain.
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MATERIALS AND METHODS 
 
2.1 Fibrinogen Protein Expression and Purification 
 

Fibrinogen was purified from citrated human plasma by cold ethanol precipitation 

as previously described19.  The fibrinogen stock solution (4.0 mg/ml in 20 mM sodium 

citrate, 150 mM NaCl, pH 7.0) was divided into small aliquots and stored at -70°C.  

Human α-thrombin (2,997 NIH units/mg) was purchased from Enzyme Research 

Laboratories (South Bend, IN).  Porcine pepsin (3,200-4,500 units/mg protein) and fungal 

protease from Aspergillus saitoi (type XIII) were purchased from Sigma (St. Louis, MO) 

and coupled to Poros AL-20 µm resin (Life Technologies, Grand Island, NY) at 30 mg 

protease/ml resin according to the manufacturer’s instructions.  C18 trap columns 

(MAGIC C18AQ, 0.2×2 mm) and C18 analytical columns (MAGIC C18AQ 3 µ 200 Å, 

0.2×50 mm) were purchased from Bruker-Michrom (Auburn, CA).  Deuterated water 

(D2O) was obtained from Cambridge Isotope Laboratories (Andover, MA) and tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) was from Sigma (St. Louis, MO).  All 

other chemicals were reagent grade purity or better. 

 

2.2 Characterization of Fibrinogen  

 Fibrinogen purity was assessed by SDS PAGE on 4-12% Bis-Tris polyacrylamide 

gels (Life Technologies) under reducing and non-reducing conditions after staining with 

Colloidal Blue (Life Technologies).  Percent clottable protein was determined by 

incubating fibrinogen (1 mg/ml) in the presence and absence of thrombin (0.5 units/ml) 

plus 10 mM CaCl2 for 1 h at room temperature, and then measuring the absorbance of the 

solution phase of both samples at 280 nm.  DNA sequencing of the fibrinogen genes 
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FGA, FGB, and FGG as well as liquid chromatography-mass spectrometry of purified 

fibrinogen were performed as previously described20. 

 

2.3 Establishment of Optimal Proteolysis Conditions  

Prior to conducting hydrogen/deuterium exchange experiments, test samples were 

prepared in non-deuterated buffer containing various concentrations of guanidine HCl 

and TCEP to determine optimal proteolysis conditions.  A sample of fibrinogen stock 

solution (12 µl) was diluted in 36 µl of H2O buffer (8.3 mM Tris, 150 mM NaCl, pH 

7.16).  Aliquots (8 µl) were mixed with 12µl of a quench solution containing various 

concentrations of guanidine HCl (0.5-6.4 M) and TCEP (0.05 M or 1.0 M) in 0.76% (v/v) 

formic acid. The quench solution denatures the protein, reduces disulfide bonds, and 

lowers the pH to 2.2-2.5, which, in subsequent experiments, slows the rate of amide 

hydrogen/deuterium back-exchange.  After incubating on ice for 5 min, the samples were 

diluted with 0.76% (v/v) formic acid containing 16.6% (v/v) glycerol, transferred to 

autosampler vials, and then frozen at -80oC for further analysis.  

When ready for proteolysis and mass spectrometry, the samples were thawed at 

4°C and applied to one of three protease column configurations (16 µl bed volume) at 

0°C: (1) pepsin alone, (2) fungal protease alone, or (3) pepsin and fungal protease 

columns connected, respectively, in series.  Proteolytic fragments were eluted at 20 

µl/min and collected on a C18 trap column at 0°C.  The peptides were separated on a C18 

reversed phase analytical column at 0°C using a linear gradient of 0.046% (v/v) 

trifluoroacetic acid, 6.4% (v/v) acetonitrile to 0.03% (v/v) trifluoroacetic acid, 38.4% 

(v/v) acetonitrile over 30 min with the column effluent directed into an OrbiTrap Elite 
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Mass Spectrometer (ThermoFisher Scientific, San Jose, CA).  The instrument was 

operated in the positive ESI mode with a sheath gas flow of 8  units, a spray voltage of 

4.5  kV, a capillary temperature of 200°C, and an S-lens RF of 67%.  Mass spectroscopy 

data were acquired in both MS1 profile mode and data-dependent MS1:MS2 mode.  The 

resolution of the survey scan was set at 60,000, at m/z 400 with a target value of 1x106 

ions and 3 microscans.  The maximum injection time for MS/MS fragmentation was 

varied between 25 and 200 ms. Dynamic exclusion was 30 s and early expiration was 

disabled.  The isolation window for MS/MS fragmentation was set to 2, and the five most 

abundant ions were selected for product ion analysis.  Proteome Discoverer software 

(ThermoFisher) was used to identify the sequence of the peptide ions.  The centroids of 

the isotopic envelopes of non-deuterated peptides (and in subsequent experiments, 

functionally- and equilibrium-deuterated peptides) were measured using DXMS Explorer 

software (Sierra Analytics, Modesto, CA) and then converted to corresponding 

deuteration levels according to Zhang and Smith21. 

 

2.4 On-Exchange Protein Deuteration Samples 

After the best proteolysis condition was determined, exchange-deuterated samples 

of fibrinogen were prepared in three states nondeuterated (ND), partially deuterated (PD), 

and equilibrium deuterated (FD). These samples were all processed in the same 

procedure as described above. For the partially deuterated sample, a 12µl of 4.0 mg/ml 

stock fibrinogen suspended in 20mM Sodium Citrate, 150mM NaCl (pH7) was mixed 

with 36µl of cold deuterium oxide, D2O, buffer in (8.3mM Tris, 150mM NaCl (pDread 

7.16). The sample incubated in the cold room on ice for 10s, 30s, 100s, 300s, 1,000s, 
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3,000s, and 10,000s. After a time-point had passed 6µl of the exchange mixture was 

aliqouted and mixed with 9µl of quench containing 6.4M GuHCl and 1M TCEP. Each 

sample was then allowed to incubate on ice for 5 minutes before the addition of 45µl of 

0M GuHCl, 150mM 0.8% formic acid, and 16.6% glycerol. This solution was then 

separated into 3 tubes of 20µl each. Samples were transferred to pre-chilled autosampler 

vials, frozen on dry ice, and stored at -80oC until they were ready for processing.  

The non-deuterated samples were prepared by addition of 3µl of stock fibrinogen 

at 4.0 mg/ml suspended in 20mM Soldium Citrate, 150mM NaCl (pH 7) with 9µl of H2O 

buffer containing 8.3mM Tris, 150mM NaCl (pH 7.16) and quenched with 18µl of 6.4M 

GuHCl and 1M TCEP. This was allowed to incubate on ice for 5min before the addition 

of 90µl of the 0M GuHCl, 150mM 0.8% formic acid, and 16.6% glycerol, and then 

aliquoted into 6 samples of 20µl each.  

The equilibrium-deuterated samples were prepared by adding 3µl of fibrinogen in 

20mM Soldium Citrate, 150mM NaCl (pH 7) to 9µl of 100% D2O buffer, 0.8% Formic 

Acid and incubated for 24 hours. After the 24-hour incubation, the sample was then 

quenched with 18µl of 6.4M GuHCl and 1M TCEP. After the addition of quench, the 

samples were allowed to incubate on ice for 5 min before the addition of 90µl of 0M 

GuHCl, 150mM 0.8% formic acid, and 16.6% glycerol. The sample was then separated 

into 6 vials with 20µl each. In a single 8-hour run all data for all deuterated samples sets 

were acquired with MS1 profile analysis only. Subsequent data reduction was done with 

DXMS data reduction software described below.   
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2.5 DXMS Data Processing 

To be able to identify the expected sequence of parent peptide ions from the large 

amount of MS/MS data generated from the mass spectrometer, a program called 

Proteome Discoverer was used to test the initial identifications. Proteome Discoverer is 

DXMS specific data reduction algorithm software, developed in collaboration with 

ThermoFisher, Fairlawn, NJ. All originally identified peptides were pooled and passed 

through a primary quality control threshold established by the Proteome Discoverer 

software. Each individual peptide was then manually checked for accuracy and quality of 

the mass to spectral signal envelope fitting along with the calculated mass envelope for 

further data reduction. If a peptide contained several ionization charges, then the highest 

signal/noise ion was selected. Generally speaking, the peptides with the lowest charge 

state gave the best and most accurate signals.  

Finally, we also need to take account a phenomenon known as “back-exchange” 

or the loss of exchange-labeled deuterium on peptides during processing. This occurs due 

to the presence of H2O and the ability to exchange during the mass spectrometry 

processing phase.  In order to correct for the “back-exchange” of deuterium to hydrogen 

during processing the following two equations, developed by Zhang and Smith, were 

used to determine the level of deuterium and deuterium incorporation for each peptide21. 

 
MaxD  x  

m(N) - m(F)
m(N) - m(P)    (number)ion Incorporat Deuterium

100  x  
m(N) - m(F)
m(N) - m(P)    (%) Leveln Deuteratio

=

=
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In each of the equations m(P), m(N), m(E) are the centroid values for partially 

deuterated peptides, non-deuterated peptide, and equilibrium deuterated peptides, 

respectively. MaxD is defined as the maximum value of deuterium that can be 

incorporated onto the peptide. MaxD is calculated by subtracting the sum number of 

proline residues that do not appear in the first two amino acid residues, and two from the 

total number of amino acid residues in the peptide of interest. The later is done due to the 

assumption that the first two amino acids residues back-exchange too rapidly to retain 

any measurable deuterons22. 

 

2.6 Acknowledgement 

The Materials and Methods section, in part is currently being prepared for 

submission for publication of the material with the thesis author and coauthors James 

Marsh, Sheng Li, Peter Chiles, and Timothy Morris  
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RESULTS 
 
3.1 Characterization of Fibrinogen  

 The fibrinogen preparation was >95% pure as judged by SDS PAGE (Figure 4A) 

and contained 94.1±0.3% clottable protein.  Typical heterogeneity of the Aα chain23 as 

well as trace amounts of the γ’ chain24 were observed.  DNA sequencing of the fibrinogen 

genes and standard liquid chromatograph-mass spectrometry analysis of the fibrinogen 

chains disclosed normal fibrinogen structure, including common alleles at polymorphic 

sites Aα 312 and Bβ 448 (Figure 4B).    

 

3.2 Optimization of Proteolytic Fragmentation of Fibrinogen  

 Prior to performing deuterium exchange experiments, conditions that produced 

optimal fragmentation and recovery of identifiable peptides from all three fibrinogen 

chains was determined by varying the concentrations of guanidine HCl and TCEP in the 

quench solution and by varying the protease(s) used for fragmentation.  The goal was to 

obtain a large number of overlapping peptides that spanned the entire amino acid 

sequence of each chain.  The results of a typical experiment using a quench solution with 

low guanidine HCl (0.5 M) and low TCEP (0.05 M) followed by proteolysis with pepsin, 

fungal protease, or both proteases is presented in Table 1.  Pepsin alone gave reasonably 

good fragmentation of all three chains, but very few peptides were recovered from a large 

portion of the αC region.  The peptides spanned 93.4%, 89.2%, and 87.6 % of the Aα, 

Bβ, and γ chain amino acid sequences, respectively.  Compared to pepsin, the fungal 

protease produced fewer peptides, especially in the Bβ and γ chains, and significant 

coverage gaps were observed in the coiled-coil regions of all three chains.  However, the 
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fungal protease gave a much higher density of peptides in the αC region compared to 

pepsin.  The greatest number of peptides and the best coverage for all three chains was 

achieved when both pepsin and fungal proteases were used in combination (Table 1).  It 

was noted that some coverage gaps in all three chains occurred in cysteine-rich regions 

known to be involved in disulfide bonding (Aα 156-168, Bβ 67-81, Bβ 191-198, and γ 

132-142).  As shown in Table 2, increasing the concentration of reducing agent (TCEP) 

and denaturant (guanidine HCl) in the quench solution to 1.0 M and 6.4 M, respectively, 

increased the number of peptides recovered from the Aα and Bβ chains by 7% and 22%, 

respectively, compared to the quench solution containing 0.05 M TCEP and 0.5 M 

guanidine HCl.  In addition, the aforementioned coverage gaps in the Bβ and γ chains 

were eliminated by using the high TCEP and guanidine HCl quench solution and resulted 

in >90% coverage for all three chains (Table 2).  Neither the number of peptides 

recovered nor the coverage was improved by using other combinations of guanidine HCl 

and TCEP concentrations (data not shown).  Therefore, the optimized conditions used in 

the deuterium exchange experiments described below included a quench solution 

containing 6.4 M guanidine HCl and 1.0 M TCEP, and fragmentation with both pepsin 

and fungal proteases.). 

     

3.3 Deuterium On-Exchange Profile of Fibrinogen 

To assess the deuterium exchange profile of native fibrinogen, the protein was incubated 

in deuteration buffer for 10-10,000 s at 0°C and then quenched with a low-pH buffer to 

slow the back-exchange rate during subsequent analysis.  In addition, non-deuterated and 

equilibrium-deuterated sets were prepared.  The extent of deuterium incorporation at each 
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time point was determined by mass spectrometry and reported as percent deuteration as 

described in Materials and Methods.  To be included in the deuteration profile, each 

peptide had to be identified in the non-deuterated, functionally-deuterated (all time 

points), and equilibrium-deuterated states.  This resulted in fewer peptides as well as 

additional and/or larger gaps than were previously observed in the optimization 

experiments.  An abbreviated coverage map showing peptides satisfying the deuteration 

profile criteria is shown in Figure 5.  This abbreviated map is designed to show the 

extent of coverage across the complete amino acid sequence for each chain, but does not 

show all of the recovered peptides.  (Complete deuteration profile coverage maps for the 

Aα, Bβ, and γ chains are presented as Figs S1, S2, and S3, respectively, in 

Supplementary Materials.)  For the Aα chain, 309 peptides were identified covering 

81.6% of the amino acid sequence.  Substantial coverage gaps at Aα 145-174 and Aα 

270-347 were consistently observed regardless of the quench conditions employed or the 

protease(s) used for fragmentation (Figure 5A); however, full coverage and high peptide 

density was found within the αC domain (Aα 392-610).  For the Bβ chain, 224 peptides 

were identified covering 89.8% of the amino acid sequence.  Considering that the 

Proteome Discoverer software is not able to identify peptides to which complex 

carbohydrates are attached, the gap at Bβ 361-374 was expected because it surrounds the 

carbohydrate attachment site at Bβ Asn 364 (Figure 5B).  For the γ chain, 177 peptides 

were identified covering 87.8% of the amino acid sequence.  As shown in Figure 5C, 

two gaps were consistently observed (γ 48-65, 142-154).  For the reason mentioned 

above, the gap at γ 48-65 was expected because it surrounds carbohydrate attachment site 



 

 

17 

at γ Asn 52.  The deuterium exchange profile of the Aα, Bβ and γ chains of fibrinogen are 

presented in Figures 6, 7, and 8, respectively. 

 

3.4 DXMS Profile of the Central Region of Fibrinogen  

 The amino-terminal segments of the Aα and Bβ chains (Aα 1-26 and Bβ 1-54) 

extending from the compact central domain were fully deuterated within 10 s (Figures 6, 

7).  These segments include fibrinopeptides A and B, respectively, and they do not 

resolve in the crystal structure.  The compact part of the domain includes segments from 

pairs of all three chains (Aα 27-49, Bβ 58-80, and γ 14-23), which are held together by 11 

disulfide bonds.  With the exception of the amino-terminal portions of the Aα and Bβ 

chains, these segments were well protected from deuterium exchange (Figures. 6-8).     

 

3.5 DXMS Profile of the Coiled-Coil Region of Fibrinogen 

 The triple-helical coiled-coil region includes segments from all three chains 

(Aα 50-160, Bβ 81-192, and γ 24-134), and is delimited at each end by a set of disulfide 

rings.  Whereas the deuteration profile was slow exchanging at either end of the coiled 

coil, relatively fast-exchanging segments were observed near the middle of all three 

chains in the vicinity of plasmin cleavage sites (Figures. 6-8).  These fast-exchanging 

segments were rich in polar amino acids.  A large gap in the deuteration profile of the Aα 

chain at the distal end of the coiled coil (Aα 145-176; Figures. 6) was consistently 

observed despite efforts to identify peptides in this region by altering the fragmentation 

and/or quench conditions (data not shown).  As mentioned previously, the gap at γ 48-67 

was anticipated due to the carbohydrate attachment site at γ Asn 52 (Figures. 8). 
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3.6 DXMS Profile of the Distal Globular Region of Fibrinogen 

 The globular region at each end of the fibrinogen molecule is made up of tightly 

folded βC and γC globular domains.  The Aα chain does not enter the globular region but 

instead makes an abrupt turn at the end of the coiled coil within the distal disulfide ring, 

and then forms a fourth helix running opposite to the direction of the three-stranded 

coil18, 25, 26.  Of note, the segment corresponding to the fourth helix (Aα 175-190) was 

well protected from deuterium exchange (Figure 6). 

The segment comprising the βC domain (Bβ 194-461) exchanged slowly, 

although a short segment (Bβ 386-392) became fully deuterated within 5 min (Figure 7).  

This latter segment is in close proximity to the B knob polymerization pocket.  Once 

again, the gap at Bβ 361-376 was anticipated because of the carbohydrate attachment site 

at Bβ Asn 364. 

The segment comprising the γC domain (γ 136-394) was also well protected, 

although several short segments became highly deuterated upon prolonged incubation 

(Figure 8).  One segment (γ 319-326) was in close proximity to the calcium binding site, 

while two others (γ 296-303 and γ 350-359) were in the vicinity of the A knob 

polymerization pocket.  The γ chain “tail” extending from the globular domain, which 

includes the glutamine and lysine residues involved in factor XIIIa-catalyzed 

crosslinking, was fast exchanging and did not resolved in the crystal structure. 

αC region.  The αC region (Aα 221-610) consists of a compact domain (Aα 392-610) and 

a flexible connector (Aα 221-391) that tethers the entire region to the bulk of the 

fibrinogen molecule.  Although the crystal structure of native fibrinogens have failed to 

identify any discernible electron density in this region18, 26 recent NMR studies with 
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recombinant fragments of the αC domain have revealed some core structure within the N-

terminal half of the αC domain27, 28, 29. 

As shown in Figure 6, the deuterium exchange profile revealed that the segment 

between the fourth helix and the αC connector (Aα 191-220) was well protected in the 

middle but relatively fast exchanging at either end.  An early plasmin cleavage site is 

contained within this segment.  With the exception of a short rather slow-exchanging 

segment at Aα 228-240, the αC connector was fully deuterated within 10 s.  However, a 

large gap at Aα 270-349 was consistently observed, precluding any definitive conclusions 

regarding the folding behavior of this segment.  Of note, this gap included a series of 13-

residue imperfect tandem repeats beginning at Aα 26430. 

The entire αC domain (Aα 392 -610) was very fast exchanging, suggesting a 

mostly disordered structure.  Many overlapping peptides were identified in this region 

(Figure 6), implying that even short segments of ordered structure should have been 

detected.  In this regard, a slightly more protected segment (Aα 450-462) was found 

within the N-terminal αC subdomain (Aα 425-503) precisely where NMR studies have 

identified some core structure29. 

 

3.7 Association of Deuteration Profile with Crystal Structure  

 To illustrate how well the deuteration profile of all three pairs of chains 

corresponded to the known three-dimensional structure, the crystal structure of human 

fibrinogen was color-coded according to the deuteration profile of each chain (Figure 

9A).  The 10-s deuteration time point was chosen for this representation because it 

seemed to show the greatest sensitivity to deuteration across the entire amino acid 
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sequence of each chain.  For reference, the same structure, color-coded by chain, is 

shown in Figure 9B.  In general, there was a very good concordance between the 

deuteration profile and the three-dimensional structure.  The tightly folded βC and γC 

domains of the terminal globular regions were well protected from deuterium exchange.  

The α-helices comprising the three-stranded coiled-coil regions bridging the central and 

terminal regions were also slow exchanging with three notable exceptions: an 18-residue 

loop extending from the γ chain in the middle of the coiled coil, and two short juxtaposed 

α-helical segments in the Aα and Bβ chains slightly upstream from the γ chain loop.  

Unfortunately, the deuteration profile of the γ chain in this dynamic region could not be 

ascertained due to the presence of the carbohydrate attachment site.  Despite a general 

lack of much secondary structure, the segments of the Aα, Bβ, and γ chains comprising 

the small tightly folded central region were well-protected from deuterium exchange. 
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DISCUSSION 
 
In the present study, we demonstrate the feasibility of using DXMS to gain insights into 

the structure and dynamics of native human fibrinogen in solution under physiologic 

conditions, focusing in particular on regions that do not resolve in the crystal structure 

such as the αC domain.  With a total of 1,482 amino acid residues in each set of three 

polypeptide chains, and 29 inter- and intra-chain disulfide bonds, fibrinogen is arguably 

one of the largest and most structurally complex proteins to be studied thus far using this 

technique.  After optimization of the quench and proteolysis conditions, more than 1,200 

peptides were identified, spanning over 90% of the amino acid sequence of all three 

chains.  For regions that resolve in the crystal structure, the deuteration profile of all three 

chains was, for the most part, slow exchanging as expected.  One notable exception was a 

very fast-exchanging segment in the middle of the coiled-coil region (γ 68-78), which 

coincided precisely with the γ chain “out-loop” in the crystal structure of human 

fibrinogen (Figure 9A).  A similar departure from helicity occurs at virtually the same 

location in the γ chain from other species25, 26, although the physiologic relevance of this 

“loop” is yet to be determined.  Another intriguing area within the coiled coil involved 

two relatively fast-exchanging, juxtaposed segments (Aα 81-86 and Bβ 108-116) slightly 

upstream of early plasmin cleavage sites in this region (Figure 9A).  These segments are 

both composed of runs of polar amino acids that are uncharacteristic of α helices.  This 

area is also adjacent to a segment that contains the γ chain carbohydrate attachment site.  

This dynamic region, seen for the first time in native fibrinogen under physiologic 

conditions, likely represents the coiled coil “flexible hinge” originally proposed based on 

crystal structure alignments within the coiled-coil region of fibrinogens from various 
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species18, 25, 26.  This pivot point is believed to provide flexibility to individual molecules 

as well as to fibrin strands.  This region is also a “touch point” where the coiled coils 

from different molecules associate in an anti-parallel fashion in the crystal structure18; 

these kinds of associations may also occur in fibrin.  Of note, fibrinogen Caracas VI, 

which lacks Aα Asn-8031, and fibrinogen Kyoto IV, which lacks Bβ Ser-11132, both 

exhibit defective fibrin formation. 

The structure of the hydrophilic αC region has long been a matter of debate33.  

According to the popular view, the αC domains in fibrinogen interact intra-molecularly 

near the central domain, while in fibrin, they interact inter-molecularly to form αC 

polymers, which are covalently crosslinked by factor IIIa34, 35.  The switch from intra- to 

inter-molecular interactions is facilitated by the removal of fibrinopeptides from the 

central region and by the intrinsic flexibility of the αC connector region.  The αC domain 

was first visualized by electron microscopy36, 37 and was characterized as an independent 

folding unit by calorimetry38, 39.  More recent spectroscopic studies with recombinant αC 

fragments predict a compact globular structure for the αC domain27, 28, 29.  However, 

evidence including sensitivity to a variety of proteases30, a rapid rate of evolutionary 

change40, and the absence of any discernible structure in electron density maps from X-

ray diffraction data18, 26 has supported the conclusion that the αC region, including αC 

domain, is mostly disordered.  Our deuterium exchange data with native fibrinogen under 

physiologic conditions appears to favor a mostly disordered structure for the αC domain, 

with essentially the entire region exchanging within the same time frame as the unfolded 

amino-terminal segments of the Aα and Bβ chains.  However, DXMS analysis of 

fibrinogen using the flow quench approach41, which involves rapid mixing of the protein 
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with D2O so that mixing and quench steps can be accomplished within milliseconds, may 

be required to detect subtle regions of organized structure.  NMR studies with 

recombinant fragments representing full length and truncated bovine αC domains have 

detected the presence of two β-hairpins forming a mixed parallel/antiparallel β-sheet in 

the N-terminal αC subdomain28.  A similar structure representing the first but not the 

second β-hairpin was found in the human counterpart29.  The sequences from bovine and 

human species in the area of the first β-hairpin (and anti-parallel β-sheet) are sandwiched 

between highly-conserved disulfide linkages (Cys 442 and Cys 472 in human fibrinogen) 

and display more than 90% homology, implying a nearly identical fold29.  In our 

experiments with native fibrinogen, a short segment slightly more protected from 

deuterium exchange (Aα 450-462) was found within this region (Figure 6). 

DXMS has been increasingly applied to the study of intrinsically disordered proteins 

and intrinsically disordered regions within otherwise structured proteins42.  Some such 

proteins are only unfolded until they find their binding partner, and then fold upon 

binding, which is reflected by a change in the protein’s deuterium exchange profile.  The 

inhibitor IκBα, which binds to various members of the NFκB transcription factor family, 

exemplifies this type of behavior43.  Many other intrinsically disordered proteins tend to 

aggregate or undergo oligomer formation, which is accompanied by a shift to a more 

ordered structure as revealed by slower deuterium exchange rates in certain regions of the 

protein42. This latter behavior is reminiscent of the oligomer formation that occurs with 

recombinant αC domains and may contribute to αC polymer formation in native fibrin as 

well.  Recombinant fragments corresponding to full-length αC domains and N-terminal 

αC subdomains both formed oligomers in a concentration dependent manner28, 29, 44.  
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Moreover, analysis of CD spectra revealed that αC self-association resulted in an increase 

in the level of regular structure and was accompanied by an increase in thermal stability29, 

44.  DXMS offers an attractive opportunity to study these structural transitions in more 

detail using recombinant αC fragments as well as soluble native fibrin oligomers45. 

We have recently identified several dysfibrinogenemias associated with chronic 

thromboembolic pulmonary hypertension20.  These fibrinogen variants result from 

heterozygous missense mutations leading to non-conservative amino acid substitutions in 

one or more of the fibrinogen chains.  All are associated with abnormal fibrin clot 

structure and delayed fibrinolysis.  Two of these variants have mutations affecting the 

coiled-coil region: one at the proximal end (Aα 69 Leu/His) and one at the distal end (γ 

114 Tyr/His).  Another variant has a mutation affecting tightly folded βC domain in the 

distal globular region.  In this case, the highly conserved Bβ 235 Pro is replaced with a 

Leu.  The deuterium exchange profile surrounding each of these sites is now well 

characterized, and in each case was found to be very slow exchanging.  DXMS may 

therefore be useful for probing the structure of these as well as other clinically relevant 

fibrinogen variants for perturbations in the folding behavior surrounding the affected 

sites.  This in turn may provide insights into structure/function relationships in fibrinogen 

and fibrin. 

Acknowledgment: The Discussion section, in part is currently being prepared for 

submission for publication of the material the thesis author and coauthors James Marsh, 

Sheng Li, Peter Chiles, and Timothy Morris. 
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FIGURES 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
H = Amide Hydrogen     H = Carbon hydrogen     H = side chain hydrogen 

 
Figure 1:  The three main groups of exchangeable hydrogen on amino acids are shown. 
The hydrogen on the functional group (blue hydrogen) exchange deuterium too rapidly 
and any incorporation cannot be measured. The hydrogen on carbons (green hydrogen) 
does not display any measureable exchange properties that the mass spectrometer can 
measure. The amide hydrogen (red hydrogen) does have measureable exchange rates 
monitored by DXMS (adapted from Hsu)6.  
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Figure 2:  Hydrogen/Deuterium exchange rate shown as a function of pH. At pH 2.5, the 
hydrogen/deuterium exchange is at a minimum (adapted from Tsutsui and Winrode)10. 
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Figure 3:  Schematic Overview of a DXMS project.  
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Figure 4:  Analysis of purified fibrinogen.  Panel A:  Fibrinogen purity was assessed by 
SDS PAGE on 4-12% polyacrylamide gels under reducing (R) and non-reducing (NR) 
conditions (1.5 µg per lane).  The mobility of intact fibrinogen (Fgn) as well as the 
constituent Aα, Bβ, and γ chains is shown.  Masses of molecular standards (in kDa) are 
shown on the left.  Fibrinogen purity was >95% based on densitometric scanning of the 
stained gel.  Panel B:  Standard liquid chromatography-mass spectrometry analysis of 
reduced and denatured fibrinogen showing non-phosphorylated (P0), mono-
phosphorylated (P1) and di-phosphorylated isoforms of the Aα chain (top), and the 
mono-sialylated (S1) and di-sialylated (S2) isoforms of the Bβ chain (middle), and of the 
γ chain (bottom). 
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Figure 5: Abbreviated peptide coverage maps for the Aα (panel A), Bβ (panel B), and γ 
(panel C) chains of deuterated fibrinogen.  Fibrinogen was incubated in the absence and 
presence of deuteration buffer as described in Materials and Methods and then quenched 
with a solution containing 6.4 M guanidine HCl and 1.0 M TCEP followed by proteolytic 
fragmentation with pepsin and fungal proteases, and mass spectrometry analysis.  Only 
those peptides identified in the non-deuterated, functionally-deuterated, and equilibrium-
deuterated states are shown (maximum of 12 peptides per cascade).  The amino acid 
sequences of the Aα, Bβ, and γ chains of circulating fibrinogen were taken from 
GenBank accession numbers NP_068657, NP_005132, and NP_000500, respectively. 
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Figure 6: Deuterium exchange profile of the fibrinogen Aα chain after on-exchange at 
0°C.  The deuteration level at each time point is indicated below the amino acid sequence 
as a colored bar (see inset).  On-exchange times are indicated to the left of the sequence.  
Absence of amide hydrogen causes gaps at proline residues.  Vertical lines indicate the 
ends of overlapping peptides used to calculate deuteration levels.  The thrombin cleavage 
site, plasmin cleavage sites, and in vivo phosphorylation sites are indicated by black, 
gray, and white arrows, respectively. 
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Figure 7: Deuterium exchange profile of the fibrinogen Bβ chain after on-exchange at 
0°C.  The deuteration level at each time point is indicated below the amino acid sequence 
as a colored bar (see inset).  On-exchange times are indicated to the left of the sequence.  
Plasmin cleavage sites are indicated by gray arrows and the oligosaccharide attachment 
site is indicated by an asterisk.  See the legend to Figure 3 for additional details. 
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Figure 8: Deuterium exchange profile of the fibrinogen γ chain after on-exchange at 0°C.  
The deuteration level at each time point is indicated below the amino acid sequence as a 
colored bar (see inset).  On-exchange times are indicated to the left of the sequence.  
Plasmin cleavage sites are indicated by gray arrows and the oligosaccharide attachment 
site is indicated by an asterisk.  See the legend to Figure 3 for additional details. 
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Figure 9: Crystal structure of fibrinogen as represented by the 10-second deuterium on-
exchange profile.  Panel A:  The Aα, Bβ and γ chains of human fibrinogen (PDB entry 
3GHG) are color-coded according to the 10-s deuterium exchange profile of the 
respective chains (see Fig. 3 inset for interpretation of deuteration color codes).  
Deuteration gaps are colored white.  Panel B: For comparison, the same fibrinogen 
structure color-coded according to chain (Aα, red; Bβ, green; γ, blue). 
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TABLES 
 

 

Table 1: Effect of protease treatment on fibrinogen fragmentation* 

Chain (residues) Protease # of peptides # of residues covered % coverage 

Aα (610) 

Pepsin 414 570 93.4 

Fungal 411 435 71.3 

Pepsin + Fungal 587 572 93.7 

Bβ (461) 

Pepsin 248 411 89.2 

Fungal 112 322 69.8 

Pepsin + Fungal 266 413 89.6 

γ (411) 

Pepsin 274 360 87.6 

Fungal 175 268 65.2 

Pepsin + Fungal 318 376 91.5 

 

*The quench solution contained 0.5 M guanidine HCl and 0.05 M TCEP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

35 

 
Table 2.  Effect of guanidine HCl and TCEP concentrations in the quench solution on 
fibrinogen fragmentation** 
 

Chain 

(residues) 

Guanidine HCl 

(M) 

TCEP 

(M) 

# of 

peptides 

# of residues 

covered 

% 

coverage 

Aα (610) 
0.5 0.05 587 572 93.7 

6.4 1.0 627 572 93.7 

Bβ (461) 
0.5 0.05 266 413 89.6 

6.4 1.0 324 444 96.3 

γ (411) 
0.5 0.05 318 376 91.5 

6.4 1.0 306 376 91.5 

 
**Both pepsin and fungal proteases were used for fragmentation. 
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SUPPLEMENTAL FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 1: Peptide coverage map for Aα chain of deuterated fibrinogen 
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Supplemental Figure 2: Peptide coverage map for Bβ chain of deuterated fibrinogen 
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Supplemental Figure 3: Peptide coverage map for γ chain of deuterated fibrinogen 
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